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Foreword

The management of patients with acute coronary syndromes (ACS) has evolved
dramatically over the past decade and, in many respects, represents a rapidly moving
target for the cardiologist, internist, emergency medicine specialist, intensivist, and
clinical pathologist—all of whom seek to integrate these recent advances into contem-
porary clinical practice.

Unstable angina and non-ST-segment elevation myocardial infarction (MI) comprise
a growing percentage of patients with ACS and is emerging as a major public health
problem worldwide, especially in Western countries, despite significant improvements
and refinements in management over the past 20 years. In the United States alone, over
2.3 million people are admitted to coronary care units annually with either unstable
angina or acute MI, the great majority of whom now present with non-ST-segment eleva-
tion ACS. Consequently, much attention has been directed toward optimizing the diagno-
sis and management of such patients, where risk stratification remains a pivotal
component to sound clinical decision-making. The clinical spectrum of ischemic heart
disease is diverse, ranging from silent ischemia to acute MI to congestive heart failure.
Fundamental initial components of assessing a patient with ischemic heart disease—and
properly gauging risk—include the clinical history, physical examination, 12-lead elec-
trocardiography, and, increasingly, the measurement of biochemical markers.

Over the past decade, however, there has been a progressive evolution of cardiac
marker testing in patients with ACS, MI, and CHF. Not only has this resulted in a
dramatic shift in how we view the diagnosis of these clinical conditions, but it has also
extended the role of cardiac marker testing into risk stratification and guidance of treat-
ment decisions. By the year 2000, the development of highly sensitive and cardiac-
specific troponin assays had resulted in a consensus change in the definition of acute
MI, placing increased emphasis on cardiac marker testing with troponins as the new
“gold standard.” Furthermore, and perhaps more importantly, the role of the troponins
as superior markers of subsequent cardiac risk in acute coronary syndrome patients has
now become firmly established.

But, with so much attention directed at troponin as the dominant cardiac marker, it
has likewise become increasingly clear that, for both diagnostic and risk stratifica-
tion purposes, cardiac troponin testing alone may only quantify risk incompletely for
many subsets of ACS, MI, and CHF patients. For example, the use of high-sensitivity
(hs) C-reactive protein (CRP) and other novel inflammatory markers may add sig-
nificantly to our ability to correctly identify patients presenting with ACS who are at
high risk for future cardiovascular events. The predictive value of CRP appears to be
independent of, and additive to, troponin. Individuals with evidence of heightened
inflammation may benefit most from aggressive life-style modification and intensifi-
cation of proven preventive therapies such as aspirin and statins. Moreover, the ben-
efits of an early invasive strategy may also be greatest among those with elevated
levels of inflammatory biomarkers.
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viii Foreword

In addition, other novel cardiac markers, including B-type natriuretic peptide (BNP)
and pro-BNP, have become important determinants of risk and prognosis in both
patients with CHF and ACS. Thus, as increasingly more sophisticated biochemical
testing modalities become available clinically, there will be an even greater ability to
delineate various risk strata for patients with ACS, MI, and CHF who present to emer-
gency departments and coronary care units and, equally importantly, to direct, or tai-
lor, the magnitude and extent of therapy to the level or severity of risk. Such an
approach holds great promise to optimize event-free survival among all subsets of
patients by balancing the benefits and risks of various treatment strategies.

Against this swiftly evolving landscape, Dr. Alan Wu has once again assembled a
distinguished cadre of opinion leaders and subject matter experts to update the expand-
ing field of cardiac markers. In Cardiac Markers, Second Edition, Dr. Wu expands our
applications of biomarkers beyond the general analytic and clinical use of troponins in
ACS patients and provides a much-needed, lucid, and more comprehensive assessment
of the role of early cardiac marker use in myocardial ischemia and risk stratification.
Both the diagnostic and prognostic roles of troponins, as well as novel, emerging mark-
ers (such as BNP, ischemia-modified albumin, free fatty acids, glycogen phosphory-
lase BB, among others) as well as hs-CRP are discussed in detail for their application
to patients with ACS, MI, and CHF.

As we seek ever-improving technologies and pharmacologic approaches to enhance
clinical outcomes in patients with cardiac disease, so too, do we seek concomitant,
sophisticated diagnostic modalities that provide clinicians with greater precision in
delineating various strata of risk that will permit the more timely, efficient, and cost-
effective application of event-reducing therapies. Without question, the future of diag-
nostic testing will evolve increasingly toward a more refined approach to using multiple
cardiac markers to better and more reliably identify which patients with ACS, MI, and
CHF will benefit from an increasingly wide array of aggressive or conservative treat-
ment strategies, and Dr. Wu has helped significantly to elucidate the critical role such
cardiac markers play today in arming physicians with the tools they need to achieve
these goals.

Thus, Cardiac Markers, Second Edition, is a valuable resource for both clinicians
and laboratory medicine specialists who require a thorough understanding of this excit-
ing and important diagnostic area, and is must reading for all healthcare professionals
who want to keep abreast of this rapidly evolving field in cardiovascular medicine.

William E. Boden, MD, FACC

Professor of Medicine

University of Connecticut School of Medicine
Director, Division of Cardiology

Program Director, The Henry Low Heart Center
Hartford Hospital

Hartford, Connecticut



Preface

The incidence of cardiovascular disease has decreased in the last several years with
a better understanding of the pathophysiology of acute coronary syndromes (ACS),
widespread implementation of lipid lowering drugs, improved surgical treatments such
as stent placements, and new therapeutic regimens such as the statins, low molecular
weight heparins, and platelet glycoprotein IIb/Illa receptor inhibitors. Nevertheless, it
remains today as the leading cause of morbidity and mortality in the Western world.

Serologic markers of cardiac disease continues to grow in importance in the diagno-
sis and management of patients with ACS, as witnessed by the recent incorporation of
cardiac troponin into new international guidelines for patients with acute coronary syn-
dromes (/-5). Of paramount importance to the field of cardiac markers is the redefini-
tion of myocardial infarction, putting emphasis on cardiac troponin (4).

Cardiac troponin are not only useful for diagnosis and risk stratification of ACS
patients, but also in the optimum selection of therapies. Technical advances continue
to be developed at a rapid pace, especially in the implementation of point-of-care
testing (POCT) devices. Evidence for the efficacy of POCT has accumulated in the
last few years.

Despite the success of cardiac troponin, there is still a need for development of early
markers that can reliably rule out acute cardiac disease from the emergency room at
presentation. The American College of Emergency Physicians concluded that none of
the existing markers are reliably in early rule out reversible coronary ischemia (5). This
second edition of Cardiac Markers documents the importance of early rule out, and the
research markers that have been studies to date in this regard. With the population
getting older, and more patients are surviving episodes of acute coronary disease, the
incidence of congestive heart failure is growing at a dramatic rate. The second edition
details discussion of cardiac markers for diagnosis and management of patients with
heart failure, an area where biochemical tests have traditionally not played any role.
With the characterization of the natriuretic peptides, this promises to be an emerging
field of laboratory medicine.

As with the first edition, Cardiac Markers is intended for clinicians and laboratori-
ans working in the fields of cardiology, pathology and laboratory medicine, and emer-
gency medicine. With the emergence of the natriuretic peptides, this book also has
relevance to critical care, geriatrics, and family practice medicine. This book is appro-
priate to clinical and research scientists, and sales, marketing and product support per-
sonnel who work in the in vitro worldwide diagnostics industry.

Alan H. B. Wu
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Part I

Cardiac Markers in Clinical Practice







1

Early Detection of Myocardial Necrosis
in the Emergency Setting and Utility of Serum
Biomarkers in Chest Pain Unit Protocols

Andra L. Blomkalns and W. Brian Gibler

INTRODUCTION

Chest pain accounts for nearly 8 million Emergency Department (ED) patient visits
each year and represents the second most common emergency complaint (7). Although
nearly half of these patients are admitted to inpatient units for further evaluation and
treatment, only one third of these individuals are ultimately found to have the diagno-
sis of an acute coronary syndrome (ACS) (2). The cost to society is large, approx 3—6
billion dollars per year in the United States for admissions involving ‘“noncardiac” chest
pain 36 (3). With continued economic constraints discouraging unnecessary or prevent-
able inpatient admissions, EDs and physicians have developed various strategies for
identifying and “ruling out” low- to moderate-risk patients with chest pain. Emergency
physicians are challenged with the task of sifting through this high cost, high volume,
and high morbidity complaint to distill an appropriate evaluation of a dynamic process
within the first few hours of symptom onset. Cardiac markers are an integral part of these
strategies. They serve not only to identify patients with acute myocardial infarction (AMI),
but also to provide risk stratification to help dictate initial patient treatment as well as
in-hospital disposition.

Chest pain units (CPUs) and ED observation units using various cardiac marker proto-
cols have been successful in identifying patients with or at risk for adverse cardiac events
in a timely and cost-efficient manner. Point-of-care testing (POCT) or bedside testing
of cardiac markers at the patient’s bedside allows for even more timely determination.

This chapter outlines the use of cardiac markers in heterogeneous patients present-
ing to EDs with chest discomfort. Specific cardiac marker strategies are reviewed along
with their contribution to CPU protocols. We discuss the impact of POCT on marker
determination and briefly discuss ED treatment modalities based on marker results.

CARDIAC MARKER PROTOCOLS IN THE ED

Initial assessment of ED patients with chest pain begins with a careful history, physi-
cal examination, and initial electrocardiogram (ECG). Each of these components contrib-
utes to an initial chest pain risk stratification impression. A fourth component, cardiac

From: Cardiac Markers, Second Edition
Edited by: Alan H. B. Wu @ Humana Press Inc., Totowa, NJ
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4 Blomkalns and Gibler

markers, helps to complete the picture and more appropriately identify patients at high
risk. While the initial aim of the emergency physician is to “rule out MI,” an equally
important goal of ACS risk assessment is aided by these markers as well.

Low- to moderate-risk patients can now typically be evaluated in the ED setting or CPU.
CPUs arose from the necessity for decreasing inpatient admissions to reduce costs and
minimizing inappropriate ED discharge by providing efficient care to those patients
presenting with chest pain. Early CPUs and other accelerated diagnostic protocols have
proved to be efficient, safe, and cost effective for the evaluation of patients in the ED with
low- to moderate-risk chest pain (4—6). Their popularity continues to grow in a variety
of settings. Many CPUs and ED chest pain evaluation protocols utilize a system of car-
diac marker determination combined with serial ECG determination, perfusion imaging,
and/or provocative testing. These combination marker strategies include several varia-
tions over several different time courses ranging from 3 to 24 h. Ideally a CPU will eval-
uate patients for evolving myocardial necrosis and ongoing myocardial ischemia not
detected initially on presentation to the hospital.

Cardiac markers have undergone an amazing transformation from aspartate amino-
transferase (AST) and lactate dehydrogenase (LDH) to the three cardiac marker fami-
lies available at present for routine use in ED for the evaluation of the chest discomfort:
myoglobin, creatine kinase (CK) and the MB isoenzyme of CK (CK-MB), and the tropo-
nins [ and T (cTnl and ¢cTnT). Each of these has well known kinetics of release from
dying myocardial cells and should be carefully applied to each patient as directed by
timing of symptoms and presentation (7). Myoglobin has been touted as an early marker
with a high negative predictive value but low specificity. CK and CK-MB represent the
“gold standard” for the diagnosis of MI as defined by the World Health Organization
criteria. The troponins are cardiac-specific proteins with high degrees of both sensitivity
and specificity for myocardial necrosis. These serum markers of necrosis have been well
studied in high-risk groups with a high prevalence of AMI. Promising research has also
proven benefit in lower-risk patients in the CPU setting (§).

Inflammatory markers such as C-reactive protein (CRP) and markers of platelet acti-
vation such as P-selectin are currently being studied but have not yet been accepted for
widespread use, particularly in the setting of CPUs.

CK-MB Protocols

Early myocardial necrosis “rule-out” protocols challenged the traditional notion of
a 24-h period required to detect AMI. Lee and colleagues’ multicenter trial validated a
12-h algorithm using CK and CK-MB in patients identified as “low risk” through assess-
ment of clinical characteristics in the ED. “Low risk” was defined as the probability of
AMI <7%. Among patients with CK-MB levels <5% of the total CK without recurrent
chest pain after 12 h, there was a 0.5% missed AMI rate while 94% of AMI patients were
identified (9). Farkouh et al. demonstrated the utility of a CPU protocol and CK-MB
measurements for patients identified as intermediate risk for adverse cardiac events. In
this study, patients underwent 6 h of observation followed by provocative testing. This
protocol identified all patients with short- and long-term cardiac events while using
fewer resources over a 6-mo time period (70).

Symptom onset to patient presentation is a crucial factor in the use of cardiac marker
protocols. Marker release kinetics vary with time and as time to ED presentation may
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be as short as 90 min or as long as several days, no single marker determination is suit-
able for adequately “ruling out” ACS (4,11,12). In one of the first studies with CPU pro-
tocols, Gibler et al. used a 9-h protocol with serial CK-MB at 0, 3, 6, and 9 h along with
continuous ECG monitoring, echocardiography, and exercise testing. They found that
serial markers alone had a sensitivity and specificity for AMI of 100% and 98%, respec-
tively (4). The American Heart Association currently recommends serial cardiac marker
determinations to increase sensitivity for detecting necrosis, rather than a single deter-
mination on ED presentation.

Several other studies have examined the value of cardiac markers in the risk stratifi-
cation of heterogeneous patients with chest pain presenting to the ED. In a multicenter
study of more than 5000 patients in 53 EDs, the relative risk of ischemic complications and
death for ED patients with positive CK-MB at 0 or 2 h was 16.1 and 25.4, respectively (13).
Serial CK-MB results have also proved to be sensitive in MI detection when collected at
0 and 3 h after ED presentation. Young et al. found a 93% and 95% sensitivity and speci-
ficity when combining 0, 3, and net change in CK-MB level. As expected, this sensitivity
improved with increased time from symptom onset (74). Serial marker measurements and
comparison of marker elevation over 3—6 h also improved sensitivity for MI (15-17).
Even minor elevations of CK-MB as small as twice the upper limit of normal are associ-
ated with an increased 6-mo mortality when compared to those with normal levels (18).

Serial CK/CK-MB protocols have largely become the diagnostic standard for AMI in
the CPU setting. Almost all of the studied protocols use a specific threshold, levels above
which are diagnostic for AMI or ACS. Fesmire et al. studied a promising novel approach
of change in CK-MB levels within the normal range over the course of ED evaluation.
In his population of 710 CPU patients, a CK-MB increase or delta of 1.6 ng/mL over 2 h
was more sensitive for AMI than a second CK-MB drawn 2 h after patient arrival (93.8%
vs 75.2%) (17). Validation of these novel protocols will add to the utility of markers in
the CPU setting.

CK-MB (CK-MB, and CK-MB,) isoforms are additional markers with promising
results in the CPU setting. A small study of 100 patients with AMI prevalence of 41%
found that CK-MB isoform were equal or more sensitive than CK-MB and myoglobin
when measured >2 h after symptom onset (79). In the Diagnostic Marker Cooperative
Study, 955 ED chest pain patients were evaluated using a 24-h marker protocol utiliz-
ing CK-MB isoform, CK-MB, myoglobin, ¢cTnl, and ¢cTnT. CK-MB isoforms were found
to be most sensitive and specific (91% and 89%) for AMI within 6 h of symptom onset.
In addition, CK-MB isoforms were elevated in 29.5% of unstable angina patients as
compared to myoglobin (23.7%), ¢Tnl (19.7%), and cTnT (14.8%). This study concluded
that protocols utilizing CK-MB isoforms could reliably triage chest pain patients, thereby
improving treatment and reducing costs (20). Puleo et al. demonstrated CK-MB iso-
form sensitivity for AMI of 95.7% 6 h after symptom onset in a population whose prev-
alence of AMI was 18% as compared to 48% for the conventional CK-MB assay. The
specificity of this marker protocol was 93.9% and 96.2% among hospitalized and dis-
charged patients, respectively (21).

Mpyoglobin Protocols

Myoglobin is a small cytosolic protein found in striated muscle. The diagnostic strength
of myoglobin lies in its early release kinetics and sensitivity, while its primary weakness
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is a lack of specificity. Davis et al. showed that serial myoglobin levels were 93% sen-
sitive and 79% specific in detecting MI in patients within 2 h of arrival (22). Similarly,
Tucker et al. showed a myoglobin sensitivity of 89% in patients with nondiagnostic
ECGs within 2 h of ED presentation (7). Myoglobin appears to achieve maximal diag-
nostic accuracy within 5 h of symptom onset (23).

Therefore, it is reasonable and recommended that myoglobin should be combined
with other more specific cardiac markers when used in CPU protocols. Brogan et al.
found that a combination of carbonic anhydrase I1I and serum myoglobin was more sen-
sitive and equally specific as CK-MB in patients presenting early, within 3 h of symptom
onset (24). Contrastingly, Kontos et al. reported less encouraging results from a study
0f 2093 patients combining CK, CK-MB, and myoglobin obtained at 0, 3, 6, and 8§ h. A
CK-MB level >8.0 ng/mL at 3 h was 93% sensitive and 98% specific for AMI, adding myo-
globin decreased the sensitivity to 86% with no significant increase in sensitivity (25).

Much like the other cardiac markers, myoglobin levels also increase in utility when
used in a serial fashion. In a study of 133 consecutive admitted chest pain patients, myo-
globin levels were obtained at 2, 3, 4, and 6 h after symptom onset. This regimen was
found to be 86% sensitive for AMI at 6 h. The negative predictive value in patients with
negative myoglobin levels during 6 h of evaluation and without doubling over any 2-h
period was 97% (26).

Data from protocols using myoglobin measurements in patients with lower risk for
AMI are sometimes conflicting. In a study of 3075 low-risk CPU patients with AMI
prevalence of 1.4%, a 4-h serial myoglobin protocol was reported as 100% sensitive for
AMI (27). Conversely, in a study of 368 patients whose MI prevalence was 11%, the sen-
sitivity and specificity of myoglobin at 0 and 2—3 h were only 61% and 68%. Myoglo-
bin change or increase did not improve diagnostic performance either (76).

Myoglobin in the ED setting is probably best used in a serial fashion along with another
cardiac marker of necrosis. It is most valuable when used in patients presenting very early
in the time course of symptoms and less so for remote events.

Troponins Protocols

cTnl and ¢TnT are the newest commonly available highly specific cardiac markers
that have been proven extremely valuable and sensitive in the diagnosis of myocardial
necrosis (28,29). In addition to diagnosis of myocardial necrosis in acute ischemic syn-
dromes, the troponins are more valuable in risk stratification of both low- and high-risk
patient populations. Troponin release begins about the same time as CK-MB, but persists
for days to weeks after AMI.

The main issues surrounding the cardiac troponins include (1) cutoff values for cTnl
and (2) appropriately defining the time of chest pain onset in the context of the ED pres-
entation. Although exhaustive time and study have been performed to determine the
more superior troponin, most large studies and analyses have determined that cTnl and
c¢TnT can both identify patients at risk for adverse cardiac events (30,31).

Cardiac TnT is detected at slightly lower serum levels than cTnl and has proved valu-
able in the emergency setting for early identification of myocardial necrosis. Recently,
the Global Use of Strategies to Open Occluded Coronary Arteries in Acute Coronary
Syndromes (GUSTO)-II investigators compared cTnl and ¢TnT in short-term risk strat-
ification of ACS patients. This model compared troponins collected within 3.5 h of ische-
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mic symptoms. Ohman and colleagues found that cTnT showed a greater association
with 30-d mortality (x> = 18.0, p < 0.0001) than c¢Tnl (3> = 12.5, p = 0.0002) (32). These
authors concluded that ¢cTnT is a strong, independent predictor of short-term outcome in
ACS patients, and serial levels were useful in determining the risk of adverse cardiac
events (33).

As with all new cardiac markers, initial studies on troponin risk stratification were ini-
tially performed on patients with known ACS. Studies using cTnl in ACS patients showed
a statistically significant increase in mortality among those patients with levels >0.4 ng/
mL (34). Stubbs and colleagues showed that patients with elevated baseline ¢TnT levels
have up to four times higher mortality than ACS patients with normal values (35,36).

Although the increased risk of troponin-positive patients is now well established, the
degree of risk varies greatly between studies and patient populations. Meta-analyses have
helped consolidate conclusions and clinically useful parameters when using troponins
for the evaluation of patients. One such analysis in high-risk patients performed by Wu
demonstrated a cumulative odds ratio of a positive ¢TnT for the development of AMI
or death from hospital discharge to 34 mo was 4.3 (2.8-6.8 95% CI) (37). The cumula-
tive odds ratio of a positive cTnT for predicting need for cardiac revascularization within
the same period was 4.4 (3.0-6.5 95% CI). Another analysis involving more than 18,000
patients in 21 ACS studies found that troponin-positive patients had an odds ratio of 3.44
for death or MI at 30 d. Troponin-positive patients with no ST-segment elevation and
patients with unstable angina carried odds ratios of 4.93 and 9.39 for adverse cardiac out-
comes (31).

Benamer et al. compared the prognostic value of ¢cTnl combined with CRP in patients
with unstable angina. They found that whereas 23% of patients with elevated cTnl had
major in-hospital cardiac events; there was no such prognostic significance associated
with CRP (38).

Troponin applications in low- to moderate-risk patients presenting to EDs have shown
similar encouraging results. Tucker et al. used a comprehensive marker strategy includ-
ing myoglobin, CK-MB, cTnl, and ¢TnT in ED patients over 24 h after arrival. As expected
within the first 2 h of presentation, CK-MB and myoglobin maintained better sensitiv-
ity. The troponins were useful only when measured 6 h or more after arrival, exhibiting
sensitivities and specificities of 82% and 97% for ¢cTnl and 89% and 84% for ¢cTnT (7).
Troponin use seems to be more beneficial in later or delayed patient presentations. In a
study of 425 patients using serial cTnl and CK-MB over 16 h, Brogan et al. showed no
increase in sensitivity or specificity between troponin and CK-MB in patients with symp-
toms <24 h. However, in patients presenting with >24 h of symptoms, troponin I had a
sensitivity of 100% compared to CK-MB (56.5%) (39).

Sayre et al. showed that patients with a ¢cTnT level of 0.2 ng/mL or greater were 3.5
times more likely to have a cardiac complication within 60 d of ED presentation (40).
In a CPU population, Newby et al. determined that cTnT-positive patients had angio-
graphically significant lesions (89% vs 49%) and positive stress testing (46% vs 14%)
more frequently than cTnT-negative patients. Long-term mortality was also higher in
cTnT-positive patients (27% vs 7%) (41). Johnson et al. studied a heterogeneous patient
population admitted from an urban teaching hospital and found that cTnT was elevated
in 31% of patients without MI who had major short-term complications as compared to
CK-MB activity and mass (29).
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Other authors have found that although patients with troponin positivity are at higher
risk for adverse cardiac events, the test in isolation lacks sensitivity. Kontos et al. found
that although cTnl-positive patients were more likely to have significant complications
(43% vs 12%), the sensitivity for these end points was low (14%) (42). Similarly, Polanczyk
et al. demonstrated that peak cTnl >0.4 ng/mL was associated with only a 47% sensitiv-
ity and 80% specificity for a major cardiac event within 72 h of presentation (43).

POINT-OF-CARE TESTING

As cardiac markers gain acceptance for diagnosis and risk stratification, the need to
obtain these results in a timely and reliable manner becomes paramount. POCT at the
patient’s bedside could increase cardiac marker utility and promote more efficient use
of pharmacologic and interventional therapies, particularly in institutions where central
laboratory determination requires significant time.

Several generations of bedside testing for several cardiac markers have entered the
clinical arena for evaluation. An earlier study evaluating a rapid assay for CK-MB iso-
forms concluded that the rapid assay had a sensitivity for detecting MI within 6 h of
symptom onset of 95.7% as compared to only 48% in the conventional CK-MB analy-
sis (21). Bedside tests of ¢cTnT and ¢Tnl proved to be strong independent predictors of
death or MI at 30 d in an ED population chest-pain cohort. Event rates for patients with
negative tests were 1.1% for ¢TnT and 0.3% for cTnl (44). Panteghini and colleagues
determined that a bedside whole blood assay for CK-MB mass (CARDIAC STATus)
was helpful in early detection of MI and hence implementation of various revascular-
ization strategies (45). However, in studying alternative uses of thrombolytic agents, the
Serial Markers, Acute Myocardial Infarction, and Rapid Treatment Trial (SMARTT)
trial found no benefit of bedside myoglobin and CK-MB results (46).

A Thrombolysis in Myocardial Infarction (TIMI) 11A substudy found that 33.6% of
patients with a positive bedside cTnT assay had an end point of death, nonfatal MI, or
recurrent ischemia within 14 d as opposed to only 22.5% in patients with a negative
cTnT (p = 0.01). Hospital stays were longer in the cTnT-positive group as well, 5 vs 3 d
(47). In a GUSTO-III substudy involving more than 12,000 patients receiving thrombol-
ysis for acute ST-segment elevation MI, elevated bedside whole blood ¢TnT patients
had two- to threefold higher 30-d mortality rates (48).

Most recently, Newby et al. used a bedside multimarker strategy for risk stratification
of CPU patients. Bedside myoglobin, CK-MB, and c¢Tnl were measured serially over
24 h in 1005 patients and end points of 30-d death or infarction were compared with
the local laboratory single marker method. Patients with positive and negative baseline
triple multimarker status had an event rate of 18.8% and 3.0%, respectively, compared to
13.6% and 5.5% for the local laboratory. This study concluded that a bedside multi-
marker strategy could more efficiently identify patients at risk for adverse cardiac events.

POCT testing may improve test turnaround time and hence time to diagnosis and
treatment, but it is also hampered by regulatory, logistical, and interpretive issues. Some
institutions are unable or unwilling to invest the resources and commitment necessary
to perform bedside testing. Further study in this area is therefore warranted that includes
analyses for cost-effectiveness.
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CARDIAC MARKERS
AND EMERGENCY DEPARTMENT TREATMENT

Recent investigation with cardiac markers suggests that not only are markers impor-
tant for diagnosis and risk stratification, but they also identify patients with ACS that
benefit from antiplatelet and antithrombotic pharmacologic management.

The Fragmin in Unstable Coronary Artery Disease (FRISC) study group found that
patients with ¢TnT elevation had improved outcomes with prolonged dalteparin treat-
ment. Dalteparin significantly reduced short-term incidence of death or MI in patients with
a positive ¢cTnT from 6.0% to 2.5% (p < 0.05) as compared to an insignificant decrease
from 2.4% to 0% in patients with normal levels of cTnT (p = 0.12). The incidence of
long-term death and MI in cTnT-positive patients at 40 d was 14.2% and 7.4% in placebo
and dalteparin treatment groups, respectively. There was no difference in long-term
outcome in the troponin-negative patients (49).

Platelet glycoprotein IIb/I1la (GP IIb/Illa) receptor antagonists are used in patients
with ACS and the subgroup of patients undergoing interventional procedures. Several
landmark studies such as the Chimeric c7E3 AntiPlatelet Therapy in Unstable Angina
Refractory to Standard Treatment Trial (CAPTURE), Platelet Glycoprotein I1b/Illa in
Unstable Angina Receptor Suppression Using Integrilin Therapy (PURSUIT), and Plate-
let Receptor Inhibition in Ischemic Syndrome Management (PRISM) collaboratives have
demonstrated significant benefit of GP IIb/Illa receptor antagonists in the setting of ACS
by reducing death, MI, and refractory ischemia (50—52). The cardiac troponins help
identify ACS patients who may benefit from these agents. The PRISM study investiga-
tors showed that tirofiban lowered the risk of death (adjusted hazard ratio 0.25) and MI
(0.37) at 30 d in cTnl-positive ACS patients undergoing medical management or coro-
nary revascularization. No significant treatment effect was evident for cTnl-negative
patients (53). The CAPTURE investigators correlated angiographic findings such as visi-
ble thrombus, lesion severity, and TIMI flow with cTnT to determine which patients
might benefit from abciximab therapy. In this study of 853 patients, cTnT was a more
powerful predictor of cardiac risk and efficacy of abciximab treatment than either lesion
characteristics or thrombus formation alone. The authors suggested that cTnT was a sen-
sitive marker for identifying patients with unstable angina who benefit from antiplatelet
therapy (54). In another analysis of patients with refractory unstable angina, the relative
risk of death or nonfatal MI in patients treated with abciximab and elevated cTnT levels
was 0.32 (95% CI 0.14-0.62) when compared to cTnT-negative patients (55).

CONCLUSIONS

The ideal cardiac marker evaluation protocol varies between institutions, laboratories,
patient populations, and resource availability. Specific marker regimens should be tailored
to meet the objectives of diagnosing MI and providing risk stratification. Cardiac markers
have proved extremely valuable for diagnosis, risk stratification, and treatment of patients
in the emergency setting. Further research will likely further clarify how myocardial
necrosis markers can be combined with testing for rest ischemia and exercise-induced
ischemia to identify and institute consistently and efficiently treatment for ED patients
with ACS.
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ABBREVIATIONS

ACS, Acute coronary syndrome(s); AMI, acute myocardial infarction; AST, aspar-
tate aminotransferase; CAPTURE, Chimeric ¢7E3 AntiPlatelet Therapy in Unstable
Angina Refractory to Standard Treatment Trial; CI, confidence interval; CK, creatine
kinase; CPUs, chest pain units; CRP, C-reactive protein; cTnT and cTnl, cardiac tro-
ponins T and [; ECG, electrocardiogram; ED, emergency department; FRISC, Fragmin
in Unstable Coronary Artery Disease; GP I1b/Il1a, glycoprotein I1b/I1la; GUSTO, Global
Use of Strategies to Open Occluded Coronary Arteries in Acute Coronary Syndromes;
LDH, lactate dehydrogenase; POCT, point-of-care testing; PRISM, Platelet Receptor
Inhibition in Ischemic Syndrome Management; PURSUIT, Platelet Glycoprotein I1b/
IITa in Unstable Angina: Receptor Suppression Using Integrilin Therapy; SMARTT, Serial
Markers, Acute Myocardial Infarction, and Rapid Treatment Trial; TIMI, Thrombolysis
in Myocardial Infarction.
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Management of Acute Coronary Syndromes

Constantine N. Aroney and James A. de Lemos

CLINICAL SYNDROME AND PATHOPHYSIOLOGY

The term “acute coronary syndrome” (ACS) describes the spontaneous presentation
of acute ischemic heart disease, and encompasses the diagnoses of unstable angina, non-
ST elevation myocardial infarction (MI) (NSTEMI), and ST elevation MI (STEMI).
Because Q waves can be detected only retrospectively, previous classification schemes
based the presence or absence of Q waves are less useful than schemes that classify patients
based on the presence or absence of ST-segment elevation.

Acute coronary syndromes represent a spectrum of disease, with a common patho-
physiologic base (Fig. 1). The extracellular lipid core in the plaque is encapsulated by
a collagen cap, which can be infiltrated by macrophages. Intracoronary ultrasound has
demonstrated that atheromatous plaques that are vulnerable to plaque rupture and the
development of acute coronary syndromes are more likely to be eccentric, with a shallow
lipid-rich echolucent zone (7). Macrophages, T lymphocytes, and mast cells are found
in high concentrations within the shoulder region of the vulnerable plaque. Rupture or
erosion of the fibrous cap of the plaque exposes circulating platelets and coagulation
factors to subendothelial collagen and von Willebrand factor, resulting in platelet aggre-
gation and varying degrees of coronary thrombosis, coronary vasospasm, and distal
platelet microembolization. Whether the patient develops non-ST or ST elevation MI
is determined by the degree and duration of reduction in coronary flow, the quality of
collateral flow to the jeopardized myocardium, and the nature of the thrombus forming
at the site of plaque rupture. Patients with NSTEMI usually develop white (platelet) thrombi,
whereas 80% of STEMIs are associated with red (fibrin with entrapped erythrocytes)
thrombus (2). These differences in pathophysiology and presentation are also reflected
by the effectiveness of platelet glycoprotein IIb/Illa (GP IIb/IlIa) inhibitors and antithrom-
botic therapy (Table 1) in NSTEMI compared with the utility of fibrinolytic therapy for
STEMI.

The platelet is now recognized as the first component of coronary thrombosis. With
endothelial injury, platelets adhere via both integrin and non-integrin receptors to exposed
connective tissue. Platelets then become activated, extruding filopodia (spiculation)
and causing a release of the contents of storage granules, which include ADP, serotonin,
and thromboxane A,. These agonists lead to platelet aggregation (white thrombus) at the
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Acute Coronary Syndrome - Terminology

Pre-“consensus” Low-risk | High-risk Non-ST ST Elevation MI
Definitions: UAP UAP Elevation
MI
Post-“consensus” . ST Elevation MI
Definitions: UAP Non-ST Elevation MI
Troponin
and
/ / Mortality
— Creatine
Kinase (total)

no detectable troponin detectable troponin detectable troponin
Serum markers o, CK normal CK and elevated SK

ST depression

: ST elevation
ECG at evaluation normal ECG or transient ST elevation
ECG at discharge normal ECG no Q wave Q wave

Fig. 1. New terminology, diagnosis, and risk stratification of the ACS. (Adapted from Aroney
et al., Management of Unstable Angina Guidelines—2000. Med J Aust; 173: S65-88, with con-
sideration of the new consensus guidelines /5/.)

site of the injury, whereby platelets are bound together by crosslinking of GP IIb/IIla
receptors with fibrinogen. Thrombin may be generated, leading to a deposition of fibrin
and the development of red thrombus, which may lead to total vessel occlusion.

With the advent of the cardiac troponins as preferred and specific markers of myocar-
dial injury, a need arose to identify a new group of patients with an adverse prognosis
who have a cardiac troponin elevation without an elevation of total creatine kinase (CK)
(Fig. 1). The differentiation between the diagnosis of unstable angina and NSTEMI has
become clouded, with a subgroup of patients with cardiac troponin elevation in the absence
of CK or MB isoenzyme of CK (CK-MB) elevation being labeled as having “minor myo-
cardial damage” (3). These patients with minor myocardial damage have an adverse car-
diac prognosis (4) and form a newly identified subgroup of patients with an acute coronary
syndrome. The differentiation between minor myocardial damage and MI is necessarily
an empiric one, and a new consensus document () recommends an MI diagnostic cutoff
at the 99th percentile of the normal range for cardiac troponin. However, further changes
to the definition are likely (6). The diagnoses of unstable angina, minor myocardial dam-
age, and NSTEMI may, however, be considered a continuum, with prognosis closely cor-
related with troponin concentration.

RISK STRATIFICATION OF ACSs

Clinical risk stratification (7,8) of the acute coronary syndrome has been well described.
Several quantitative risk scores have been proposed and are described in Table 2. Markers
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Table 1
Targets for Antiplatelet Inhibitors and Anticoagulant Therapy

a. Platelet Aggregation (white thrombus) mediated by:

1. Thromboxane A, Aspirin
2. ADP receptor Clopidogrel
Ticlopidine
3. GP IIb/Illa receptor Abciximab
(platelet bridging via fibrinogen) Tirofiban
Eptifibatide
Lamifiban

b. Fibrin Generation (red thrombus) mediated by:
Factors VII, IX, Xa: high-concentration multiplier effect
Factor Ila (thrombin): catalytic conversion of fibrinogen to fibrin

1. Anti-Xa > anti-Ila effect LMWHs
2. Anti-Ila > anti-Xa effect UFH
(indirect effect via ATII)
3. Direct anti-1la effect hirudin Hirulog
Inogatran
Argatroban
4. Mixed effects (II, VII, IX, X) Warfarin

(vitamin K dependent factors)

that identify cardiac myocyte injury (cardiac troponins) and inflammation [C-reactive pro-
tein (CRP) and the total white cell count] are increasingly utilized for risk stratification.

Cardiac Troponins

The cardiac troponins are markers of myocyte injury caused by proximal thrombo-
tic coronary occlusion or distal vascular microembolization of platelet aggregates. It is
controversial whether cytosolic troponin is released with reversible myocardial ischemia,
but accepted that, with myocyte necrosis, the structurally bound troponins are released.
The concentration of troponin at the time of presentation to the hospital is used for the
diagnosis and risk stratification of unstable angina and also identifies patients who
benefit from aggressive medical or invasive therapy. Patients with increased troponin
concentrations benefit from treatment with low-molecular-weight heparins, GP I1b/Illa
inhibitors, and early percutaneous coronary intervention (PCI). There is additional prog-
nostic value in measuring a 6—8 h troponin concentration, particularly if the baseline
concentration is normal. In the Global Use of Strategies to Open Occluded Coronary
Arteries in Acute Coronary Syndromes (GUSTO) Ila study, 30-d mortality was 10%
with a positive baseline cardiac troponin, 5% with a late positive concentration, and zero
in those patients with both normal baseline and late troponin concentrations.

Patients with a positive troponin but a normal CK and CK-MB are at significantly
increased risk for recurrent ischemic events. It has been suggested that with the advent of
the troponins as the preferred markers of myocardial injury, CK-MB should be regarded
as an obsolete assay. As it is not cost effective to measure both cardiac troponin and
CK-MB, and because of the superior prognostic value of the troponins, many cardiac units
have abandoned the use of CK-MB.
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Table 2
Quantitative Risk Stratification Systems for the ACS

A. RUSH model (89,90)
Mathematical algorithm that uses the following variables:
* Admission following a MI in the past 14 d
* Not receiving a 3-blocker or rate-lowering calcium channel blocker at admission
* ST depression on admission ECG
* History of diabetes
* Age

B. TIMI Risk Score (91)
Age 265 yr
Three or more coronary risk factors
Prior coronary stenosis of 50% or more
ST deviation on presenting ECG
Two or more anginal episodes in prior 24 h
Aspirin use in prior 7 d
Increased serum cardiac markers

Score Adverse cardiac event in 14 d
0/1 4.7%
2 8.3%
3 13.2%
4 19.9%
5 26.2%
6/7 40.9%
C. MGH Model (92)
Age >65 yr

Prior coronary bypass grafting
Antecedent aspirin use
Antecedent B-blocker use

ST depression on ECG

Score Adverse event in 7 d
0/1 6.5%
2 14.6%
3 22.7%
4/5 37.1%

C-Reactive Protein

Instability of coronary plaques is associated with macrophage accumulation (9),
inflammation, and an increase in acute phase proteins such as high-sensitivity CRP and
serum amyloid A (70). High concentration of both baseline (//-16) and discharge (17)
high-sensitivity CRP are independent predictors of subsequent events (17,12,18). CRP
and cardiac troponin have been shown to be independent and additive in the prediction
of cardiac death (13,19). Although high-sensitivity commercial assays required to detect
minimal increases of CRP have only recently been released, the concentrations of CRP
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ST Elevation i)r new LBBB

ASA

/ 1V B-blocker \
[

v
Cath lab Cath lab Ongoing Ischemia
available 5 not available or
& & ¥ Cardiogenic Shock™*
l sy T
& Contraindication to
GP IIb/I11a fibrinolytic therapy? l
inhibitor lno
) Fibrinolytic ‘ Reperfusion Therapy
1°PCl Therapy
Stent if < /
possible

\ Risk Stratification

Secondary prevention with aspirin,
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Fig. 2. Algorithm for reperfusion therapy in patients with STEMI. See text for details. *For
patients < 75 yr old who present with cardiogenic shock, immediate percutaneous revascular-
ization is the treatment strategy of choice.

associated with risk in the early period after presentation with ACS are approximately
tenfold higher than the concentration associated with risk in a healthy population.

White Cell Count

Like CRP, the white cell count is a marker of inflammation. Two recent retrospective
studies of the white cell count in the Platelet Glycoprotein IIb/I1la in Unstable Angina
Receptor Suppression Using Integrilin Therapy (PURSUIT) and Chimeric c7E3 AntiPlate-
let Therapy in Unstable Angina Refractory to Standard Treatment (CAPTURE) studies
(12,213 patients) (20) and the Orbofiban in Patients with Unstable Coronary Syndromes
(OPUS) study (10,288 patients) (2/) demonstrated a strong relationship between the total
white cell count and mortality at 30 and 180 d.

MEDICAL MANAGEMENT
WITH ANTITHROMBOTIC AND ANTIPLATELET DRUGS

Reperfusion Therapy for STEMI

The pathophysiologic substrate for STEMI is complete thrombotic occlusion of an
epicardial coronary artery. As a result, management centers on immediate restoration
of epicardial blood flow (Fig. 2). Either fibrinolytic therapy or primary PCI are accept-
able reperfusion options for patients presenting within 12 h of symptom onset with ST
elevation or new left bundle branch block (LBBB) on the presenting electrocardiogram
(ECG). Owing to concerns about suboptimal efficacy and increased risk for intracranial
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hemorrhage in elderly patients (22,23), primary PCI is preferred in this population. Fibri-
nolytic therapy is not recommended routinely for patients presenting between 12 and
24 h after the onset of symptoms or for those who have a blood pressure above 180/110,
and is contraindicated for patients presenting >24 hours after the onset of symptoms,
and in those with only ST depression on the presenting ECG, unless a true posterior MI
is suspected.

Primary percutaneous coronary intervention is considered an alternative to fibrino-
lytic therapy for patients with ST elevation or presumed new LBBB, if the following
criteria are met: anticipated door-to-balloon time of 90 min or less; high-volume oper-
ators; and a collaborative environment that includes experienced support staff and close
integration between the emergency room and the cardiac catheterization laboratory.
Primary PCI is the treatment of choice for patients presenting with cardiogenic shock,
provided they are <75 yr old, and can be treated within 18 h of the onset of shock and
within 36 h of the onset of symptoms (24). An algorithm for the management of STEMI
is shown in Fig. 2.

Fibrinolytic Therapy for Non-ST Elevation ACS

In the TIMI I1IB study (25), 1473 patients with unstable angina or non-Q MI were ran-
domized to tissue plasminogen activator (tPA) or placebo, in addition to unfractionated
heparin (UFH) and aspirin. It was found that fibrinolytic therapy did not lead to an
improvement in clinical end points, but was associated with an increase in fatal and non-
fatal MI at 6 wk and 1 yr (7.5% vs 4.9%, p = 0.04). Cerebral hemorrhage occurred in four
patients with tPA and in no control patients (p = 0.06). As a result of this and other trials,
fibrinolytic therapy is contraindicated for patients without ST elevation or new LBBB on
the presenting ECG.

Aspirin and Dipyridamole

Aspirin irreversibly inhibits cyclooxygenase I, preventing platelet synthesis of throm-
boxane A,, a potent vasoconstrictor and stimulator of platelet aggregation. It is indicated
for all patients with ST elevation and non-ST elevation ACSs and it reduces the rate of
death or MI by about 50% (26). Despite clear evidence of benefit in all patient subgroups
with acute coronary syndromes, aspirin is frequently underutilized. In the Global Unstable
Angina Registry and Treatment Evaluation Study (GUARANTEE) Registry (27) of unsta-
ble angina patients, only 82% of patients received aspirin. In subjects without known
cardiac disease enrolled in the Physicians’ Health Study (28), the benefits of aspirin were
shown, particularly in those with higher serum concentrations of CRP. In this setting,
CRP may be serving predominantly as a marker of those at the highest risk for adverse
events. However, part of the benefit of aspirin could relate to its antiinflammatory proper-
ties, which could reduce plaque rupture and its sequelae. In patients with unstable angina,
dipyridamole does not confer benefit when added to aspirin (29).

Thienopyridines: Ticlopidine and Clopidogrel

Ticlopidine is an ADP-receptor antagonist that has been shown to be useful in patients
intolerant to aspirin (30). However, this agent is associated with frequent side effects,
and, more important, is also associated with an increased risk for neutropenia and throm-
botic thrombocytopenic purpura. Clopidogrel is another ADP-receptor antagonist that has



Management of Acute Coronary Syndromes 21

replaced ticlopidine in clinical practice owing to a more favorable side effect profile and
the fact that it is not associated with neutropenia. At steady state, this drug inhibits plate-
let aggregation by 40-60%. In patients with recent MI, stroke, or peripheral arterial dis-
ease, clopidogrel and aspirin appear to provide similar long-term secondary prevention
benefits (31). Thus, clopidogrel is indicated as secondary prevention for patients who
have either allergy or intolerance to aspirin. In the Clopidogrel in Unstable Angina to
Prevent Recurrent Events (CURE) trial, the combination of clopidogrel and aspirin was
compared with aspirin alone in a population of patients with ACS (32). Compared with
aspirin alone, the combination of clopidogrel and aspirin led to a 20% relative reduction
in the composite end point of cardiovascular death, MI, and stroke from 11.5% to 9.3%
at a mean of 9 mo follow-up (RR: 0.80, CI: 0.72-0.89, p < 0.00005). The benefit was
driven by a reduction in MI (6.7% to 5.2%; RR: 0.77, CI: 0.68-0.89, p <0.001), but there
were also trends to reduction in cardiovascular death (5.5% to 5.1%; RR: 0.92, CI: 0.79—
1.07) and stroke (1.4% to 1.2%). Reduction in events began within 2 h of the administra-
tion of the 300-mg loading dose. These benefits were achieved at the cost of an increase
in major bleeding events (2.7% to 3.6%, RR: 1.34, p <0.003) and transfusions (2.2% to
2.8%, RR: 1.28, p < 0.03).

Unfractionated Heparin

Heparin binds with antithrombin, enhancing its ability to inactivate factor Xa and
thrombin. Clinical data to support the use of UFH in addition to aspirin for patients with
non-ST elevation ACS are surprisingly limited. A meta-analysis of six randomized short-
term trials assessed the value of adding UFH to aspirin for the treatment of unstable angina
in 1353 patients (33). There was a trend toward reduced mortality and MI (RR: 0.67; 95%
CI: 0.44-1.02, p = 0.06) in the patients receiving heparin. However, only four studies
reported results to 12 wk, when much of the trend in benefit was attenuated (RR: 0.82,
95% CI: 0.56-1.20, p = 0.76).

Although it has not been definitively established that the combination of heparin
and aspirin is superior to either aspirin or heparin alone, guidelines usually recommend
their combined use in patients with unstable angina or NSTEMI. Rebound ischemia on
cessation of treatment may occur, particularly in those patients not taking aspirin. The
target activated partial thromboplastin time (aPTT) is recommended to be in the range
of 45-60 s on the basis of evidence from randomized trials (34). Control may be facili-
tated by the use of bedside monitoring and dosing indexed to patient weight.

A number of factors may contribute to limited efficacy of UFH. These include the need
for antithrombin for its action, and reduced effectiveness of the heparin—antithrombin com-
plex in the presence of fibrin monomers. The release of platelet factor 4 in response to
heparin may also contribute to reactivating acute ischemia. Other limitations of UFH are
the need for continuous infusions and difficulty in achieving target activated partial throm-
boplastin times, because of wide variation in antithrombotic response. Heparin-induced
thrombocytopenia occurs in 1-3% of patients (35).

Low-Molecular-Weight Heparins

Low-molecular-weight heparins (LMWHs) are derived from UFH by depolymeriza-
tion. They have a number of practical advantages, including greater activity against fac-
tor Xa than thrombin, and greater bioavailability than UFH because of lower binding
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to plasma proteins and endothelial cells. This leads to a more predictable antithrombotic
dose-response relationship, and eliminates the need for routine laboratory monitoring
of the anticoagulant effect. The long half-life of about 4 h after subcutaneous injections
enables once or twice daily subcutaneous injection. LMWHs have an increase in minor
(cutaneous) bleeding compared to UFH, but have the distinct advantages of not requiring
aPTT monitoring, have a reduced rate of heparin-induced thrombocytopenia (35), and
intravenous site infections are avoided. Because of the long half-life of LMWH, and dif-
ficulties in achieving rapid reversal of effect, UFH is often preferred in those patients
in whom early or immediate intervention is planned, and in patients with marked obesity
or renal failure. However, administration of protamine sulfate results in approx 60% rever-
sal of the anti-factor Xa effects of LMWH and may result in decreased bleeding (36,37).

The only clinical trial of a LMWH (dalteparin) compared with placebo in patients on
aspirin (Fragmin in Unstable Coronary Artery Disease [FRISC]) (38) showed a bene-
fit in death and MI (1.8% vs 4.8%) at 6 d, which persisted at 40 d. In this study, patients
were required to have an unstable coronary syndrome and transient or persistent ECG
changes (ST depression of 0.1 mV or more, or T-wave inversion of 0.1 mV in two adja-
cent leads). In FRISC, a positive troponin T (=0.1 ng/mL) differentiated between those
patients who responded to dalteparin (48% lower incidence of death or MI at 40 d) from
nonresponders (39) (Fig. 3). Similarly, in the Thrombolysis in Myocardial Infarction (TIMI)
11B study troponin I predicted response to enoxaparin (40) (Fig. 3).

Several major clinical studies of LMWHs have examined their efficacy compared
with intravenous unfractionated heparin. Both the FRISC study (4/) (dalteparin) and the
Fraxiparine in Ischemic Syndrome (FRAXIS) study (42) (nadroparin) demonstrated equiv-
alence but no advantage over UFH. Two studies of enoxaparin (Efficacy and Safety of
Subcutaneous Enoxaparin in Non-Q-wave Coronary Events [ESSENCE] /43/ and TIMI
11B /44]) demonstrated superiority over UFH with reduction in the composite end point
of death, infarction, recurrent angina, or revascularization. A prospectively planned meta-
analysis of the two trials of enoxaparin (ESSENCE and TIMI 11B /45/) demonstrated
superiority with a 20% reduction in the combination of death and MI when compared with
UFH (p = 0.05) at 8, 14, and 43 d. Benefit has been confirmed to persist at 1 yr (46).
Economic analyses of data from ESSENCE show cost savings both at 30 d (47) and 1 yr
(48) in patients treated with enoxaparin.

The LMWHs differ in their ratio of anti-Xa/anti-Ila activity, with enoxaparin having
relatively greater anti-Xa activity (3.5:1) than dalteparin (2.5:1) (49). The LMWHs also
vary in their pharmacologic effects (50,517), including their rates of clearance, the amount
of nonspecific binding, duration of effect, and effects on von Willebrand factor. In the
absence of direct comparisons in clinical trials the relative effectiveness of the different
LMWHs is uncertain. The current evidence, however, demonstrates the clinical benefit
of enoxaparin over UFH, which is not proven with dalteparin or nadroparin.

It was hoped that the LMWHs might be particularly effective for prolonged therapy
in patients at high risk for recurrent ischemic events. However, this has not been substan-
tiated with a 3-mo study of twice daily dalteparin, compared with placebo (FRISC II)
showing a reduction in the composite end point of death and MI at 1 mo, which was not
sustained at 6-mo follow-up (52). Another study (TIMI 11B) of prolonged enoxaparin
for 35 d after initial stabilization demonstrated no incremental benefit for prolonged
therapy, with an increased risk of major bleeding (44).
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Fig. 3. Benefits of therapy in troponin-positive patients. (A) Efficacy of LMW heparins: daltep-
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Efficacy of an invasive strategy (66,

67) in troponin-positive patients. In each of these studies

there was no significant benefit of these treatments in troponin-negative patients.
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Direct Antithrombins

Hirudin, hirulog, inogatran, and argatroban are selective antithrombin agents that have
been subjected to clinical trials. They differ from heparin in that they do not require inter-
action with an intermediate enzyme and bind directly to the catalytic site of thrombin.
Their proposed benefits over heparin include the ability to inactivate clot-bound thrombin,
and reduction in thrombin-induced platelet activation, factor V and VIII activation, and
endothelin release. The direct antithrombins are not inhibited by platelet factor 4, remain
active in platelet-rich environments, and are not associated with thrombocytopenia.

Despite these theoretical advantages, large-scale trials of direct antithrombins have
been disappointing. Only a small incremental benefit has been shown over standard UFH
in large-scale studies. A meta-analysis (53) of the hirudin trials from the Organization
to Assess Strategies for Ischemic Syndromes (OASIS) pilot, OASIS-2, and GUSTO-IIb
of non-ST elevation ACS patients demonstrated a trend to risk reduction at 35 d (RR: 0.90,
p =0.06). Hirudin was associated with a higher rate of bleeding requiring transfusion than
heparin. Similarly, a study of inogatran (54) showed no improvement in ischemic end points
despite a clear dose-related improvement in activated partial thromboplastin time.

Early benefit at 7 d (53,55) may be attenuated by 30 d because of rebound activation
of the coagulation system after termination of treatment (54,56). Owing to low event rates
in these large trials, it has been difficult to demonstrate significant differences in out-
comes, and apparent gains appear to be small. In addition, these agents are associated with
an increase in major bleeding and are more expensive than heparin.

Warfarin

Warfarin antagonizes carboxylation of glutamate residues on vitamin K-dependent
proteins, thereby inhibiting the biologic activity of coagulation factors 11, VII, IX, and
X. Warfarin monotherapy appears to be at least as effective as aspirin for secondary
prevention in patients following MI (57). Owing to its improved safety profile and ease
of use, however, aspirin is preferred for all patients except those with MI complicated
by atrial fibrillation or severe left ventricular dysfunction (particularly following large
anterior MI), as in these circumstances the risk for systemic embolization is markedly
increased. Studies have also evaluated the combination of warfarin and aspirin post-MI.
Neither fixed-dose warfarin nor low-dose warfarin titrated to an INR of approx 1.5-2.5
appears to be superior to monotherapy with either agent alone, and the combination is
associated with excess bleeding risk (58—61). Thus, although warfarin is a suitable alter-
native to aspirin following MI in selected patients, there is currently no evidence to sup-
port a combination regimen of warfarin plus aspirin.

GP I1b/111a Inhibitors

By blocking the final common pathway of platelet aggregation, GP IIb/I1la antago-
nists potently inhibit platelet aggregation in response to all types of stimuli. The first GP
IIb/I1a antagonist to reach clinical practice was abciximab, a murine monoclonal Fab
antibody fragment. Subsequently, both peptide (eptifibatide) and nonpeptide small mole-
cules (tirofiban, lamifiban, sibrafiban, xemilofiban, and orbofiban) have been assessed
in clinical trials. At their recommended doses, all three of the currently approved agents
(abciximab, eptifibatide, and tirofiban) inhibit platelet aggregation by >80%.
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In the Platelet Receptor Inhibition in Ischemic Syndrome Management in Patients
Limited by Unstable Signs and Symptoms (PRISM-PLUS) study (62), the combination of
aspirin, heparin, and tirofiban, compared with aspirin and heparin alone, reduced the com-
posite end point of death, nonfatal infarction, and refractory ischemia at 7 d (12.9% vs
17.9%, p =0.004), 30 d (18.5% vs 22.3%, p = 0.03), and 6 mo (27.7% vs 32.1%, p = 0.02).
Death and nonfatal infarction were reduced at 7 d (4.9% vs 8.3%, p = 0.006) and 30 d
(8.7% vs 11.9%, p = 0.03), but not at 6 mo (12.3% vs 15.3%, p = 0.06). The combination of
aspirin, heparin, and eptifibatide (63) similarly reduced the combination of death and MI
from 15.7% to 14.2% (p = 0.042) at 30 d when compared to heparin and aspirin alone.

In the Platelet Receptor Inhibition in Ischemic Syndrome Management (PRISM) study
(64) comparing tirofiban with heparin, 13% of patients who were troponin I positive had
a cardiac event (death, MI) at 30 d, compared with 4.9% in troponin-negative patients
(» <0.0001). At 30 d, in cTnl-positive patients, tirofiban lowered the risk of death (adjusted
RR: 0.25, 95% CI: 0.09-0.68, p = 0.004) and MI (RR: 0.37, CI: 0.16-0.84, p = 0.01)
(Fig. 3). This benefit was seen in medically managed patients (RR: 0.30, CI: 0.10-0.84,
p =0.004) and in those undergoing revascularization (RR: 0.37, CI: 0.15-0.93, p = 0.02)
after 48 h of infusion treatment. In contrast, no treatment effect was seen for cTnl-neg-
ative patients.

In the GUSTO IV-ACS study (65), patients with non-ST elevation ACS were rando-
mized to an abciximab bolus with a 24- or 48-h infusion, or to placebo. All patients
received aspirin and either UFH or dalteparin. Patients were required to have chest pain
lasting at least 5 min in the previous 24 h, with either 0.5-mm ST depression or positive
cardiac troponin, but were excluded if revascularization was planned within 30 d. The trial
enrolled 7800 patients and the primary end point (death or MI at 30 d) was reached in 8.0%,
8.2%, and 9.1% of the placebo, 24-h infusion, and 48-h infusion groups, respectively (p =
NS). There was no improvement in outcome in the troponin-positive or ST depression
groups. Minor and major bleeding was increased, particularly in the 48-h infusion group.

The benefits of the small molecule GP IIb/Il1a inhibitors, tirofiban (62) and eptifiba-
tide (63), have been consistent in patients with ACSs: early reductions in death, MI, and
refractory ischemia have been observed, but there has been some attenuation of benefit
at 6 mo. The combination of GP IIb/Illa receptor antagonists together with LMWHs
has not yet been evaluated in large clinical trials, although large studies are currently
underway. A small study (66) of tirofiban in combination with enoxaparin demonstrated
more consistent inhibition of platelet aggregation than when combined with UFH. As
yet, there are no head-to-head studies of GP IIb/Illa inhibitors compared with LMWHs.

Some GP IIb/Il1a inhibitors may have other clinically important effects on long-term
inflammation and hyperplasia. Abciximab binds the leukocyte Mac-1 receptor (67),
which may have long-term benefits in reducing inflammation, and also blocks the vitro-
nectin receptor (68), which integrin is involved in tissue proliferation. Despite hopes
that oral GP IIb/Illa inhibitors could provide prolonged receptor inhibition and prevent
recurrent ischemic events, all studies to date have been disappointing and these agents
have no role in contemporary practice (Table 3).

Antiischemic Therapy

B-Blockers exert their beneficial effect in ACS by decreasing myocardial contractility
and heart rate, improving the balance between oxygen supply and demand. In patients
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Table 3
Summary of Evidence for Antithrombotic and Antiplatelet Drugs in the ACS

* Aspirin reduces progression to MI and cardiac mortality by about 40%.

*  When used with aspirin, clopidogrel leads to a significant reduction in the composite of
cardiovascular death, MI, and stroke, and in particular reduces MI by 23%, but at a cost of
increased major bleeds.

* Dipyridamole does not confer any additional reduction in coronary events when added to
aspirin.

» UFH, when used with aspirin, only marginally reduces death and MI when compared with
placebo.

» Dalteparin reduces death and MI when compared with placebo.

* Enoxaparin is superior to UFH in reducing death and MI, whereas dalteparin and
nadroparin are not.

* Prolonged use of LMWHs shows no additional benefit over short-term use.

« Direct antithrombins appear to have a marginal advantage and have the risk of increased
bleeding.

» Intravenous thrombolytic therapy is ineffective and may be harmful.

* Warfarin has minimal benefits over aspirin.

* In the ACS the intravenous administration of GP IIb/Illa inhibitors (tirofiban and
eptifibatide, but not abciximab) in combination with aspirin and UFH reduce death and
MI in the first months after treatment, but with attenuation of effect at 6 mo.

* The benefits of GP IIb/Illa inhibitors are additive to the use of revascularization.

with STEMI, B-blockers reduce infarct size and prevent short-term mortality. The reduc-
tion in early mortality is largely due to prevention of sudden cardiac death, which is
caused predominantly by early ventricular arrhythmias and ventricular rupture (69). In
patients with normal left ventricle (LV) function, the primary benefit of long-term ther-
apy with B-blockers is the prevention of recurrent infarction (69), whereas in patients
with LV dysfunction, long-term B-blocker therapy markedly reduces mortality (70). In
recent guidelines, the recommendations for B-blocker use have broadened to reflect a
growing appreciation for the role of these agents in patients with LV dysfunction and
mild-to-moderate congestive heart failure (CHF). Currently, early (intravenous followed
by oral) B-blockers are recommended for all patients with ACS, unless moderate to
severe heart failure, significant bradycardia, or severe bronchospasm is present. Long-
term secondary prevention with B-blockers is indicated for most patients discharged
with ACS.

Because they favorably affect both myocardial oxygen supply and demand, nitrates
are of particular value in the early management of ACS. Current guidelines recommend
that sublingual followed by intravenous nitroglycerin be given to patients for the imme-
diate relief of ischemia and CHF symptoms. Clinical trial evidence does not support
routine administration of nitrates after the first 24—48 h in patients without ongoing ische-
mic symptoms. Although effective at relieving symptoms, nitrates have not been shown
to lower mortality.

The indications for angiotensin-converting-enzyme (ACE) inhibitors in patients with
ACS have expanded rapidly in recent years. Previous guidelines focused on the role of
ACE inhibitors following STEMI to prevent adverse ventricular remodeling, CHF, and
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death. With the publication of the Heart Outcomes Prevention Evaluation Study (71),
it is now clear that this class of agents also prevents ischemic complications in patients
with established vascular disease and in patients at high risk for vascular disease. As a
result, ACE inhibitors are now indicated for most patients with ACS who do not have
hypotension (systolic blood pressure < 100) after initial treatment with B-blockers.

While recommendations for the use of -blockers and ACE inhibitors have been
extended in recent guidelines, the role of calcium channel blockers continues to dimin-
ish. In contrast to evidence for B-blockers and ACE inhibitors, clinical trials do not sug-
gest that calcium channel blockers lower mortality. No clear indication exists for calcium
channel antagonists in STEMI, and in non-ST elevation ACS, diltiazem or verapamil
is recommended only in patients who meet the following criteria: (1) contraindication to
-blocker or ACE inhibitors, (2) persistent or frequently recurring ischemia, (3) absence
of severe LV dysfunction, and (4) presence of refractory hypertension or tachycardia. It
is also recommended that short-acting dihydropyridine calcium channel blockers be
avoided altogether.

Lipid-Lowering Therapy

Long-term therapy with lipid-lowering agents (statins) is currently recommended for
patients with ACS provided the concentration of LDL is > 100 mg/dL, based on results
from a number of landmark secondary prevention trials (72—74). Recently, several lines
of clinical evidence have converged to suggest that initiation of statin therapy should be
advanced from the discharge phase to the hospital phase in patients with ACS. First,
patients initiated on statins in the hospital are much more likely to remain on therapy at
long-term follow-up (75). Second, in-hospital initiation of high-dose statins reduces recur-
rent ischemic events when compared with traditional strategies in which statins are ini-
tiated after several months of dietary intervention (76). A variety of mechanisms likely
explain the benefits of statins in the early phase following ACS, including low-density-
lipoprotein (LDL) reduction, improved endothelial function, reduced inflammation,
and inhibition of thrombin generation.

EARLY INVASIVE MANAGEMENT
AND UPSTREAM MEDICAL THERAPY

It was hoped that intensive medical therapy of unstable angina with antiplatelet and
antithrombin therapy might “passivate” the coronary plaque. Results have been disap-
pointing, however: at 6—9 mo death or MI occurs in approx 12% of patients and 40% of
patients undergo ischemia-driven revascularization (77). Two recent studies comparing
invasive and conservative strategies and using differing upstream therapies have clari-
fied the role of invasive management. The FRISC II study (77) examined an early inva-
sive strategy in 2457 patients with unstable angina who had ECG changes or positive
serum markers. Patients first received dalteparin for at least 2 d before a randomized
comparison of an early invasive strategy employing early PCI (stenting in 61-70%) or
bypass surgery, which significantly reduced death and MI by 22% (the primary end
point) from 12.1% to 9.4%, (p = 0.03) at 6 mo, compared with a conservative strategy in
which revascularization was driven by recurrent or ongoing ischemia. The event curves
continued to diverge at 6 mo after randomization. In addition, there was a trend to reduc-
tion (by 35%) in total mortality alone (from 2.9% to 1.9%, p = 0.10). Total mortality
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was significantly reduced in men but not in women treated with the invasive strategy. MI
alone was significantly reduced from 10.1% to 7.8% (p < 0.05) at 6 mo. There were also
highly significant reductions in angina (22% vs 39%, p <0.001), class III-IV angina (3%
vs 8%, p < 0.001), requirement for long-acting nitrates (17% vs 38%, p <0.001), and
hospital readmission rates (31% vs 49%, p < 0.001) in the invasive compared with the
noninvasive group.

PCI was performed at a median of 4 d and coronary bypass surgery at a median of 7 d.
Upstream medical therapy with dalteparin for an average of 4 d prior to angiography and
intervention may have been synergistic in leading to an improved outcome. The bene-
fits of an even earlier invasive strategy, which included upstream treatment with tirofi-
ban and heparin, were examined in 2220 patients in the Treat Angina with Aggrastat and
Determine Cost of Therapy with an Invasive or Conversative Strategy (TACTICS)-TIMI
18 study (78). Patients with accelerating, recurrent, or prolonged (>20 min) angina within
24 h were entered in the study provided they had new ST depression of 0.5 mm or trans-
itory ST elevation of 1 mm, T-wave inversion of 0.3 mV in two leads, increased cardiac
markers, or a history of documented coronary disease. Patients received aspirin, IV tiro-
fiban, and UFH and those randomized to an invasive strategy underwent coronary angio-
graphy between 4 and 48 h and revascularization in 61%. PCI was performed in 41% at
a median of 25 h and bypass surgery in 20% at a median of 89 h. Conservatively managed
patients underwent angiography if they had recurrent pain associated with ischemia on
ECG or changes in cardiac markers, hemodynamic instability, a positive stress test, stress
echocardiogram or myocardial perfusion study, rehospitalization with angina or infarc-
tion, or class III or IV angina.

An early hazard with intervention (which was found in FRISC II) was not found in
TACTICS-TIMI 18, which employed upstream and postprocedural tirofiban and intra-
coronary stents in 83% of patients. The TACTICS-TIMI 18 study provided the lowest
adverse event rate of an intervention study in patients with high-risk unstable angina.
The primary end point (death, nonfatal MI, or rehospitalization with unstable angina at
6 mo) was reduced from 19.4% to 15.9% (OR: 0.78, CI: 0.62—0.97, p = 0.025). Death
and nonfatal infarction were also reduced from 9.5% to 7.3% at 6 mo (p < 0.05). Bene-
fit with an invasive strategy was particularly found in patients with ST changes, increased
troponin concentration (Fig. 3), and high TIMI risk score. The TIMI IIIB (25) and Veter-
ans Affairs Non-Q-Wave Infarction Strategies in Hospital (VANQWISH) studies (79),
two previous and smaller studies (1473 and 920 patients, respectively), which included
the use of balloon angioplasty prior to the widespread availability of intracoronary stents
and GP IIb/IIla receptor antagonists, did not demonstrate an overall reduction in death
or infarction from an early invasive approach.

In the PRISM-PLUS study (62) of IV heparin with tirofiban vs heparin, coronary
angiography was encouraged at 2—4 d after randomization, leading to a 90% rate of early
angiography. Consequently, there was a 54% rate of early revascularization overall (31%
angioplasty and 23% bypass surgery). Although there was no randomization between
invasive and medical strategies, the reduction in the composite end point with heparin/
tirofiban was significant only in patients undergoing angioplasty (RR: 0.55, 95% CI:
0.32-0.94) and not in patients treated medically (RR: 0.87, 95% CI: 0.60—1.25). This
suggests that the major benefits of this aggressive medical management accrue when it
is used as complementary therapy with an early invasive strategy. An angiographic sub-
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group assessment (80) of patients treated with tirofiban and heparin in the PRISM-PLUS
study demonstrated persistent thrombus in 45% of patients. Persistent thrombus was asso-
ciated with an increase in both death (RR: 2.4, 95% CI: 1.3-4.3) and MI (RR: 2.0, 95%
CI: 1.3-3.1) at 30 d. This problem raises the need for possible complementary mechani-
cal revascularization, as well as the need for continued research to develop more effec-
tive medical regimens.

In conclusion, the complementary use of upstream medical and invasive approaches
should be considered in all patients with high-risk features. Early coronary angiogra-
phy and revascularization with either PCI or coronary bypass surgery is associated with
significant and sustained reductions in death, infarction, recurrent angina, and readmis-
sion to hospital.

INVASIVE MANAGEMENT
AND DOWNSTREAM MEDICAL THERAPY

The platelet also plays a central role in complications after PCI or stenting. Use of the
GP IIb/II1a platelet receptor inhibitor abciximab has been shown to improve outcomes
in patients undergoing PCI and stenting, particularly in patients with unstable angina
or MI (81). The troponin concentration can predict which patients will benefit from
abciximab therapy with a risk ratio of MI at 6 mo of 0.23 (95% CI: 0.12-0.49, p <0.001)
for troponin-positive patients receiving abciximab compared with placebo (82). Improved
outcomes are maintained 3 yr following treatment. The GP 1Ib/I1la platelet receptor inhib-
itor eptifibatide also reduces adverse events in patients undergoing PCI with a reduction
in death or MI at 6 mo from 11.5% to 7.5% (RR: 0.63, 95% CI: 0.47-0.84, p = 0.002) (§3).
The TARGET study (84) compared adjunctive treatment with abciximab compared with
tirofiban in 4812 patients undergoing PCI. Patients receiving tirofiban had a higher adverse
cardiac event rate at 30 d than those receiving abciximab (7.55% vs 6.01%, RR: 1.26,
p=0.038), with this difference greatest in those patients undergoing PCI for an ACS. How-
ever, by 6 mo this difference in event rates was less evident (14.4% vs 13.8%, RR: 1.04,
p=0.51).

After stent implantation, treatment with the combination of aspirin and clopidogrel
for 2—4 wk has been shown to provide excellent protection against thrombotic compli-
cations (Tables 4 and 5) (85,86).

COMPETING STRATEGIES AND GAPS IN KNOWLEDGE

There are currently many choices in managing high-risk ACS patients but directly com-
parable data between strategies is incomplete. Definitive recommendations for any spe-
cific strategy are therefore difficult. Aspirin should be administered to all patients unless
there is a specific contraindication to its use. In addition, the following strategies are
variably supported by clinical trial evidence, as detailed previously in this chapter.

* Administration of subcutaneous LMWH for at least 3—4 d followed by an invasive strategy
(77). (Breakthrough ischemia might be treated with the addition of intravenous tirofiban or
eptifibatide before proceeding to an invasive strategy.)

» Immediate administration of tirofiban (but not abciximab) along with UFH, before proceeding
to an invasive strategy (62,78). (The infusion of tirofiban with heparin is continued during and
after percutaneous coronary intervention.)
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Table 4
Upstream Therapy and Early Invasive Management

(o)

In high-risk patients managed with an early invasive strategy, the benefit from PCI is

enhanced by upstream heparin/tirofiban.

In addition to aspirin, either LMWH or IV tirofiban with UFH is recommended:

¢ In high-risk patients.

* In geographically isolated patients requiring transfer to a tertiary facility, or patients not
suitable for an invasive approach (very elderly, severe comorbidities).

IV tirofiban and UFH may be particularly useful where LMWH fails and in high-risk

patients for whom an invasive strategy is planned.

The complementary use of aggressive medical and invasive approaches should be considered

in all patients with high-risk features.

Table 5
Indications for an Early Invasive Strategy

With the exception of patients of advanced age or with severe or multiple comorbidities, an
early invasive approach should be considered in the following high-risk groups:

Positive serum markers (troponin I or T).

ECG changes (ST depression or T inversion in multiple leads).
Pain or ischemia refractory to medical therapy.

Associated heart failure or hemodynamic instability.
High-risk features on early exercise testing.

Recent MI or revascularization.

A planned early invasive strategy, with use of IV heparin but avoiding GP IIb/Il]a receptor
antagonists until cardiac catheterization is performed when a GP IIb/I1la receptor antagonist
is administered at the time of percutaneous coronary intervention (83,87,88).

Bolus and maintenance administration of clopidogrel at the time of presentation and continued
long term, with or without the use of IV or LMWHs (32). Although trial data on the conco-
mitant administration of clopidogrel with tirofiban or eptifibatide are not available, the com-
bination has frequently been used in patients undergoing PCI without adverse effects in this

group.

Clearly, there is an ongoing need for further comparative studies including those test-

ing the efficacy, synergism and safety of combinations of the antiplatelet and antithrombo-

tic

agents discussed in the preceding, and their role in association with the invasive approach.

ABBREVIATIONS

ACE, Angiotensin converting enzyme; ACS, acute coronary syndrome(s); aPTT,

activated partial thromboplastin time; ATACS, Antithrombotic Therapy in Acute Coro-
nary Syndromes Research Group; CAPTURE, Chimeric ¢7E3 AntiPlatelet Therapy in
Unstable Angina Refractory to Standard Treatment; CHF, congestive heart failure; CK,
creatine kinase; CK-MB, MB isoenzyme of CK; CPR, C-reactive protein; CURE, Clopi-
dogrel in Unstable Angina to Prevent Recurrent Events Trial; ECG, electrocardiogram;
ESSENCE, Efficacy and Safety of Subcutaneous Enoxaparin in Non-Q-wave Coronary
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Events; FRAXIS, Fraxiparine in Ischemic Syndrome; FRISC, Fragmin in Unstable Coro-
nary Artery Disease; GP IIb/I1la, glycoprotein IIb/Illa; GUARANTEE, Global Unstable
Angina Registry and Treatment Evaluation Study; GUSTO, Global Use of Strategies
to Open Occluded Coronary Arteries in Acute Coronary Syndromes; LBBB, left bundle
branch block; LDL, low density lipoprotein; LMWH, low molecular weight heparin;
LV, left ventricle; OASIS, Organization to Assess Strategies for Ischemic Syndromes;
OPUS, Orbofiban in Patients with Unstable Coronary Syndromes; PCI, percutaneous
coronary intervention; PRISM, Platelet Receptor Inhibition in Ischemic Syndrome
Management; PRISM-PLUS, Platelet Receptor Inhibition in Ischemic Syndrome Man-
agement in Patients Limited by Unstable Signs and Symptoms; PURSUIT, Platelet Gly-
coprotein IIb/I1la in Unstable Angina: Receptor Suppression Using Integrilin Therapy;
STEMI, ST elevation myocardial infarction; TACTICS, Treat Angina with Aggrastat
and determine Cost of Therapy with an Invasive or Conservative Strategy; TARGET, TIMI,
Thrombolysis in Myocardial Infarction; tPA, tissue plasminogen activator; UFH, unfrac-
tionated heparin; VANQWISH, Veterans Affairs Non-Q-Wave Infarction Strategies in
Hospital.
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Evolution of Cardiac Markers in Clinical Trials

Alexander S. Ro and Christopher R. deFilippi

INTRODUCTION

The use of biochemical markers has long been one of the major parameters for detect-
ing and stratifying risk in acute coronary syndromes (ACS). In the past, however, the
value of biochemical markers was limited by their rather simplistic ability to catego-
rize patients into one of two groups—those with myocardial infarctions (MI) and those
without. Their initial place in clinical trials was therefore often confined to defining
specific patient populations for further testing, or they were used to diagnose strict study
end points based on a binary definition of ischemic heart disease. The current ability to
detect smaller quantities of myocardial cell injury with serum markers in patients who
would not previously have been diagnosed with MIs led to the realization that the past per-
spective of ACS was incomplete. With the development of more sensitive and specific
assays for detecting myocardial injury, clinicians have come to appreciate the continu-
ous, wider spectrum of ACS as well as the dynamic influence of plaque instability (7). With
newer serum markers for ischemic heart disease come the possibilities of earlier diag-
nosis, better assessment of clinical risk, and a more complete fundamental knowledge of
what truly constitutes unstable coronary artery disease.

At present, a better understanding of the pathogenesis of ACS, coupled with the con-
straint of limiting medical costs in the face of significant improvement in treatments,
has led physicians to attempt to target the most aggressive and expensive therapies to
those patients who would most benefit from them (2). Previous study methods, based
on the binary principle of “rule-in”/“rule-out” MI, relied on the electrocardiogram (ECG),
clinical features, and classic biomarkers of MI (creatine kinase [CK] and MB isoenzyme
of CK [CK-MBYJ), were not sufficient to help physicians satisfactorily accomplish this
goal beyond the realm of patients who had ST-segment elevations. It is clear now that
various cardiac markers can be used as harbingers of adverse outcomes and can identify
where patients lie on the ACS risk continuum (3). Clinical trials have made use of this
knowledge prospectively and through post hoc analysis to test novel and more aggressive
therapies. In these trials newer cardiac markers have proven their worth as an effective
means for the risk stratification of individual patients. Their evolution in clinical trials has
established them as powerful tools for defining a broader patient population at risk while
focusing attention on a subset of patients for whom future targeted therapies can be tested
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and applied (4). This chapter reviews the clinical data that support the use of commercially
available cardiac markers to guide the management of ACS patients and discusses their
potential future applications.

EARLY ROLES OF CARDIAC MARKERS

Cardiac markers have played an important role in the diagnosis and treatment of ACS
for more than four decades. From the introduction of aspartate aminotransferase (AST)
in 1954 (5) to the establishment of CK as a marker of myocardial cell injury in 1965 (6),
markers have been vital in helping to risk stratify patients who may otherwise have been
inappropriately diagnosed. It is clear that many Mls are “silent” and patients often pres-
ent without the classic symptom of chest pain. The Framingham patient population
verified this and demonstrated that 25% of MIs were initially unrecognized because of
absence of chest pain or because of the presence of “atypical” symptoms (7). For this
very reason, serum myocardial markers of injury have taken on an important role. Mea-
surement of serum protein levels remains one of the most accurate means of diagnos-
ing acute myocardial infarction (AMI) (§).

The importance of being able to establish a diagnosis of AMI with regard to clinical
trials is clear. The World Health Organization (WHO) established a definition of MI that
utilized biochemical markers as one of three major criteria used to establish this diag-
nosis (9). It defined a specific subset of patients who were at increased risk for future
cardiac events. Markers have also helped to determine infarct size, which has been proved
to be an important determinant for predicting increased mortality (/0,/1). These find-
ings had important implications for past clinical trials that focused on the treatment of
ACS. They helped to establish specific negative patient end points that could hopefully
be avoided with therapy, and helped to define a patient population with increased risk
for whom therapy could be specifically directed and tested.

The importance of platelet aggregation and thrombus formation in the pathogenesis
of unstable coronary artery disease became increasingly evident throughout the 1980s
and 1990s (12,13). Experimental animal models suggested a major role for platelets and
platelet-derived thromboxane A, in ACS (74). To define further the clinical usefulness
of therapies directed against these factors, numerous controlled clinical trials were required
(15-19). The primary and specific role that cardiac enzymes played during these earlier
studies, which involved aspirin, heparin, and thrombolytics, was identifying MI as a
negative study end point in the treatment of unstable coronary syndromes.

A more interesting observation is, however, the manner by which these markers were
used to define specific patient populations for study. A minority of early studies actually
used markers as exclusion criteria for patient selection (15—17). By doing so, investi-
gators attempted to focus solely on a group of patients who could be labeled as having
unstable angina (UA). Separate studies were then required for patients who would even-
tually rule-in for MI from serial enzyme measurements. While attempting to determine
which therapies would most benefit this subgroup of patients, investigators became in-
creasingly aware that ACS were on a continuum rather than a binary phenomenon (78, 19).

In 1988, Theroux et al. published a study exemplifying the above points. They evalu-
ated the usefulness of heparin and aspirin in the setting of UA (17). Using a typical popu-
lation of patients hospitalized with UA, the study set out to determine the efficacy of
aspirin, intravenous heparin, or a combination of the two. Each patient was, however,
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required to have a CK level less than twice the upper limit of normal, which effectively
eliminated those who might have ruled-in for MI at presentation. MI as a study end point
was defined as a new doubling of CK levels from baseline in addition to having an abnor-
mally elevated CK-MB fraction. Findings indicated reduced incidence of M1 in all groups
compared to placebo at 6 £ 3 d.

Because the diagnosis of AMI was usually made retrospectively, it was often neces-
sary to lump patients with UA and non-ST elevation myocardial infarctions (NSTEMI)
together at presentation. It is not surprising therefore that the literature was flooded
with studies of patients with NSTEMI, UA, or a variable mixture of the two (7). While
these initial trials were underway, other investigators were slowly demonstrating that the
pathogenic mechanisms of NSTEMI and UA were very similar (/2,13). Findings from
angiographic studies looking at the morphology of suspected responsible lesions were
similar for both groups (20). It was subsequently suggested that plaque disruption was
a common link between both syndromes (27). Given the fact that aspirin and heparin had
previously been shown to decrease the mortality of patients with UA (15—-17), it was log-
ical that these therapies would eventually be applied directly to patients with NSTEMIs.

Two studies, the Research Group on Instability in Coronary Artery Disease (RISC)
study (18) and the Antithrombotic Therapy in Acute Coronary Syndromes Research Group
(ATACS) trial (19), demonstrate this dynamic. In an effort to define further the role of
heparin and aspirin in ACS, these studies were initiated with the intent of including both
UA patients and NSTEMI patients. The RISC study eventually enrolled 796 patients, approx
50% of whom qualified as having a NSTEMI at enrollment based on the WHO criteria
for AMI. Results showed the usefulness of 75 mg a day of aspirin for reducing adverse
event rates at 3 mo (18). The ATACS trial was initiated in the wake of trends seen in the
RISC study, which suggested a positive benefit from treatment prolonged past the acute
hospital phase. Again, UA patients and NSTEMI patients were included in the study. Large
reductions in total ischemic events were revealed in the combination group of aspirin
with long-term anticoagulation compared with the aspirin-alone group (79).

The ultimate value of both of these studies was the post hoc analysis of their data to
evaluate these treatments in the specific subgroups of UA and NSTEMI diagnosed at
presentation. In the RISC study population, it was determined that aspirin was equally
as effective in preventing events in UA patients and in NSTEMI patients. In the ATACS
trial, 46 of the 214 patients enrolled qualified for the NSTEMI diagnosis retrospec-
tively. Of the patients treated with aspirin alone, 32% had an event compared to 17% of
patients treated with the combination of aspirin and anticoagulation at 14 d. This differ-
ence paralleled a trend seen in the UA group. On the basis of these findings it was becom-
ing evident that the definition of NSTEMI relying on CK and CK-MB elevations had a
limited ability to differentiate patients into high-risk groups who might ultimately bene-
fit from therapy.

CARDIAC MARKERS IN TRIALS
OF NEWER TREATMENT MODALITIES

With substantial morbidity and mortality persistently associated with UA and NSTEMI,
along with early invasive protocols under debate (22,23), clinicians turned their attention
to promising novel medical treatment modalities that might prove more useful than hepa-
rin or aspirin. In particular, low-molecular-weight heparin (LMWH) theoretically offered
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a targeted treatment against clot propagation that could prove useful for patients with ACS
(24). Promising results from a pilot study (25) prompted investigators to test further the
usefulness of LMWH for patients spanning the continuum of unstable coronary disease.
Cardiac markers were again used in the diagnosis of NSTEMI so as to enroll patients
who were putatively at higher risk than traditional UA patients (Table 1).

The Fragmin during Instability in Coronary Artery Disease I (FRISC I) study (26), the
Fragmin in Unstable Coronary Artery Disease (FRIC) study (27), and the Efficacy and
Safety of Subcutaneous Enoxaparin in Non-Q-Wave Coronary Events (ESSENCE) trial
(28) helped to establish the effectiveness of LMWHs in the setting of ACS. Subgroup
analysis of the FRISC I study revealed that the beneficial effects of dalteparin at 40 d
seemed to be confined primarily to the 80% of the study population who were smokers
and to those who qualified for the study with a diagnosis of NSTEMI. This was one of
the first studies published to indicate that cardiac markers could effectively define a sub-
group of ACS patients who could specifically benefit from a particular treatment (26).

The development of platelet glycoprotein IIb/I1la receptor inhibitors (GP IIb/Illa
inhibitors) offered the possibility of an even more directed means of stabilizing the unsta-
ble coronary plaques and thrombi that are the etiology of unstable coronary syndromes
(29). With hopes of expanding the clinical role of GP IIb/Illa inhibitors, Theroux and col-
leagues tested the use of lamifiban, a synthetic low-molecular-weight nonpeptide com-
pound (30). Two important observations were made at the end of the study. For one, patients
with NSTEMI at enrollment had poorer outcomes than those labeled with UA (death or
Ml/recurrent MI in 11.4% of 44 patients with NSTEMI vs 4.4% of 321 patients with UA).
Second, although not statistically significant because of the small sample, patients with
NSTEMI at admission appeared to receive a more beneficial effect from higher doses of
lamifiban than patients in the UA subgroup (reduction from 18.8% to 4.8% for NSTEMI
patients; reduction from 6.5% to 2.1% for UA patients).

UNSTABLE ANGINA REDEFINED

The WHO definition of MI, utilizing CK and CK-MB values, is prevalent through-
out the literature described above. It has proved to be an effective means of stratifying
patients into a high-risk group as well as defining specific end points for the testing of
various treatments. The limitations of the WHO criteria for diagnosing MI become evi-
dent as greater insight into the pathophysiology of ACS became available (712,13,20,21).
Although the WHO definition clearly made the distinction between equivocal and unequiv-
ocal diagnoses of MI by delineating the required pattern of the rise and fall of serial serum
levels (9), how arise and fall were defined varied between studies, limiting the aggregate
meaningfulness of their findings. Furthermore, this early binary stratification failed to iden-
tify a gradient of risk among patients classified as having UA. It is not surprising there-
fore that for some time the literature remained confusing and often contradictory regarding
the significance of detectable marker levels.

Various investigators have attempted to risk stratify patients into predefined sub-
groups, such as age, sex, characterization of pain, and other comorbidities. ST alterations
on ECG at presentation have long been known to predict higher frequencies of future
cardiac events (3/,32). Synthesizing years of clinical data, in 1989 Braunwald proposed
a clinical classification for UA (33). The Braunwald classification scheme depended
on three factors: severity of symptoms, clinical circumstances, and ECG findings. In
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Table 1

Cardiac Markers (CK, CK-MB) to Differentiate Patients at Risk

and Define Outcomes in Trials of Newer Treatment modalities (LMWH)

Study—year n Treatment Admission MI defined Endpoint MI defined Results NSTEMI vs UA
Gurfinkel et al. 219  Aspirin vs aspirin + N/A—acute MI excluded 1, MB > 50 IU/L 50% reduction of N/A
—1995 (26) heparin vs aspirin + in-hospital recurrent
nadroparin angina for nadroparin

FRISC study 1506 Daltaparin vs placebo  Retrospective classification 1, 2. Reduction in composite Beneficial effect
group—1996 based on markers, endpoint of death/MI/ of daltaparin at
(27) n=>572 urgent revascularization 40 d primarily seen

at 6 and 40 d in patients with MI

as qualifying event
ESSENCE— 3171 Enoxaparin vs UFH 1, CK > 2x normal, and Same as admit, Reduction in cumulative N/A
1997 (29) elevated MB at least 3% post PCI MI defined 14- and 30-d event rates
total CK as 1 or CK>3xnl of death/MI/ recurrent
or > 50% previous angina (16.6% vs 19.8%,
nadir p=10.019)
FRIC study 1482  Daltaparin vs UFH New Q waves excluded, 1, 2 (CK-MB above No significant difference  Event rates similar
group—1997 patients with subsequent nl or total CK > 2x nl) between either treatment in both treatment
(28) biochemical evidence group at 6 and 45 d groups regardless
remained eligible (16%) of Dx of UA or
NSTEMI

TIMI 11B— 3910 Enoxaparin vs UFH 1 or Elevated MB 1 or elevated MB Benefit from enoxaparin UA showed more
1999 (60) (23% total CK) or total (250% previous value) for reducing death/MI/ of a trend in favor

CK > 2x nl

or T CK (= 2x nl and

> 25% previous value)
or T CK > 50% previous
value. Post PCI MI
defined as CK-MB > 3x
nl and > 50% previous
value

urgent revascularization
through 43 d (17.3% vs
19.7%, p = 0.048)

of enoxaparin at
14 d than NSTEMI

1 =New Q waves on ECG; 2 =2 of 3 (chest pain, ECG changes, rise in biochemical markers).
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1994, national guidelines refined these definitions (34), assigning patients to one of
three appropriate risk groups (low, intermediate, and high) in an attempt to initiate tar-
geted therapy as well as to determine appropriate follow-up care. A growing emphasis
was placed on the need to suppress ischemia early and aggressively in high-risk groups
and it was becoming increasingly important to determine which patients would be most
appropriately targeted for therapy. Most pertinent to this discussion is that Braunwald’s
definition and subsequent guidelines provided a precise basis for enrolling patients into
future clinical trials.

The Braunwald classification system has subsequently been validated in numerous
clinical trials, including a high correlation with the severity of underlying disease as
determined by angiography (35). In addition, the concept of risk stratifying unstable coro-
nary patients further was supported by growing evidence that UA, NSTEMI, and ST
elevation MIs (STEMI) were all linked to abrupt reductions in coronary blood flow of
varying degrees (12,13,21). This reduction was likely caused by a dynamic and repeti-
tive process of atherosclerotic plaque disruption leading to thrombus formation made
up of varied amounts of erythrocytes, fibrin, and platelets (12,13,21). These early guide-
lines placed only modest emphasis on the use of biomarkers to assist in the risk strati-
fication of UA. This position reflected the limitations of technology and limitations in
understanding the complexities of ACS at the time.

THE EVOLVING ROLE OF CK-MB

Until recently and since the 1960s, the CK-MB isoenzyme level has been considered
to be the “gold standard” for making the diagnosis of AMI. Historically it has been
measured by electrophoresis and enzymatic analysis with reference intervals dependent
on the methods used. For activity-based assays (electrophoresis and column chroma-
tography) the upper limit of normal (ULN) ranged between 10 and 20 U/L. For immuno-
assays (mass measurements) the ULN usually ranged between 5 and 10 ng/mL. Once
the CK-MB assay was optimized via monoclonal antibodies, it became the standard for
biochemical assessment of myocardial injury (36). Typically, however, diagnosis of
AMI required not only elevated CK-MB levels, but also elevated CK levels greater than
one to two times the ULN (8). These standards have been in place and have served physi-
cians for nearly three decades.

Working from arguments in favor of developing better risk stratifying tools, inves-
tigators focused their attention on the clinical significance of elevated CK and CK-MB
levels that fell outside the standard WHO criteria for defining MI. Minimal elevations
of CK-MB in the setting of UA had been known to occur for years, but its pathogenesis
and significance remained unknown. Investigators during the past 20 yr have thus eval-
uated the significance of CK-MB elevations in the absence of total CK elevation and in
the setting of UA. These studies span the evolution of the assays’ abilities to measure
CK-MB and subsequent improvement in their accuracy for the detection of this marker
(37-43). The message is remarkably consistent: minor elevations of CK-MB in the
setting of UA portend an increased risk of subsequent MI and death (Table 2).

The clinical usefulness of the above findings was tested most definitively in a sub-
analysis of the Platelet Glycoprotein IIb/IIla in Unstable Angina: Receptor Suppression
Using Integrilin Therapy (PURSUIT) trial (43,44). The purpose of the original study was
to evaluate prospectively the efficacy of eptifibatide (Integrilin) for up to 72 h for patients



Cardiac Markers in Clinical Trials 43

presenting with ACS. All enrolled patients either had ECG changes consistent with ische-
mia or serum CK-MB levels elevated above normal values. Results showed a 1.5% abso-
lute reduction in the primary event of death or MI/recurrent MI at 96 h (14.2% vs 15.7%)).
The observed benefits persisted for 30 d. There was an even larger risk reduction for
patients who eventually had angioplasty (44).

Following this original publication came a retrospective analysis designed to deter-
mine if the prognostic significance of CK-MB elevation was comparable with results
from the studies described above (43). Eight hundred and twenty-five patients with ACS,
but without ST elevations on ECG, were followed up for outcomes for 30 d and 6 mo,
and the findings were that peak elevation of CK-MB strongly correlated with mortal-
ity. In addition, the data showed that the increased risk began when marker levels rose
just above the ULN. This finding was based on the observation of a trend for worse out-
comes even for those patients who exhibited levels just one to two times greater than
normal values. Because increased risk was independent from pharmacologic treatment
and was the same for patients who received eptifibatide or placebo, the implication was
that CK-MB levels alone could not specifically define a subset of patients who would
most benefit from eptifibatide treatment. This finding would prove to be consistent in
future studies of treatment with GP IIb/Illa inhibitors.

TROPONINS

Although the clinical usefulness of minor elevations of CK and CK-MB continued
to be investigated in the setting of ACS, more questions were arising than answers sup-
plied. For one, with the availability of more accurate assays, CK-MB demonstrated
less specificity for myocardial injury than once believed. False-positives were caused by
muscle disease, alcohol, diabetes mellitus, trauma, exercise, and convulsions. The num-
ber of false-positives could be effectively decreased by raising discriminator levels,
but at the expense of identifying fewer patients with minor myocardial injuries. The
ability of CK-MB to risk stratify patients further with UA thus hit a biologic ceiling. In
efforts to overcome the limitations inherent in assessing CK-MB, the focus changed to
newer serum biomarkers that were potentially more specific for myocardial injury.

To this end, in 1989 cardiac troponin T (¢TnT) was introduced (45), followed by car-
diac troponin I (¢Tnl) in 1992 (46), initially as a complementary biochemical means of
detecting AMIs. The troponins are three distinct proteins that play an important role in
the actin—myosin interaction of muscle contraction and relaxation. The cardiac isoforms
for cTnT and cTnl are encoded on different genes than their skeletal muscle counter-
parts (47). Combined with detection by sensitive and specific immunoassays, measure-
ments of ¢cTnT and cTnl provided the ability to differentiate myocardial injury from
skeletal muscle injury, whereas CK and CK-MB measurement had fallen short of this
goal (48).

The significance of being able to detect smaller quantities of myocardial cell necro-
sis has challenged researchers and clinicians alike to rethink what truly constitutes an
MI. Development of highly sensitive markers has shown that irreversible damage occurs
beyond the parameters of an MI as defined by traditional WHO criteria (47). This find-
ing had previously been confirmed by pathologic studies of patients with UA who died
suddenly (49). The myriad of trials that followed confirmed the ability of the cardiac
troponins to define a group of patients with increased risk for future cardiac events (4).
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Table 2

Studies of the Prognostic Significance of Minor Elevations of CK-MB in ACS Patients

CK-MB criteria

Assay

Outcomes

Study—year n
White et al. 244
—1985 (37)

Hong et al. 347
—1986 (38)

Markenvard et al. 101
—1992 (39)

Ravkilde et al. 156
—1992 (40)

Pettersson 102
—1992 (41)

Lloyd Jones et al. 595
—1999 (42)
Alexander et al. 8250
—2000 (43)

Uncertain AMI defined as CK-MB range

of 1-24 TU/L (n = 22)

Normal CK levels but elevated CK-MB%
> 5% total CK with typical enzyme curves

(n=40)
CK-MB between 10 and 20 ng/mL,
“gray zone” (n = 29)

Negative MI by WHO criteria but

“changing” CK-MB levels as determined

by statistical variance of serial
measurements (n = 24)
No traditional evidence for AMI but

increases in CK-MB defined as a 1.5- to

2.0-fold increase between 2 adjacent
samples (n = 14)

Elevated MB relative index but normal

CK levels (n =263)

At least one CK-MB sample collected

during index hospitalization

Agarose gel electrophoresis

Agarose gel electrophoresis

Enzyme immunoinhibition

Enzyme immunoinhibiton

Enzyme immunoinhibition

Monoclonal antibody based
immunoassay

Enzyme immunoinhibition

One-year cardiac mortality rate
similar to those patients with AMI
Increased incidence of major CHF,
in-hospital mortality, and longer
hospitalizations

Significantly higher risk of
developing an AMI or requiring
revascularization at 6 mo
Significantly worse outcomes than
for patients with stable CK-MB
levels out to 30 mo

50% mortality rate at 1 yr

One-year mortality rate
intermediate between NSTEMI
and ST elevation MI

Increased risk of mortality at 30 d
begins with CK-MB levels just
above normal—1-2 times upper
limit of normal (1.8% vs 3.3%,

p <0.001)
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By providing improved risk stratification, and helping effectively target therapy in ways
that CK and CK-MB had failed to, it became clear that sensitive detection of minor
myocardial necrosis was as, if not more, important than the ability to establish the tra-
ditional diagnosis of AMI.

Hamm and colleagues, in their landmark study in 1992, identified the prognostic
ability of cardiac troponins to predict subsequent adverse cardiac events for patients with
the diagnosis of UA (50). Observing 109 patients, they showed that cTnT levels > 0.2 ng/
mL were associated with worse outcomes during hospitalization. Ten out of 33 of these
patients (30%) had subsequent MIs, compared with 1 of 51 patients without cTnT ele-
vations (p < 0.001). Four years after Hamm’s initial publication, two large multicenter
studies confirmed the observations of Hamm and those from earlier small trials of assess-
ing cTnT for risk stratification (51,52).

Blood samples taken within 2 h of enrollment from 855 patients, enrolled in the Glo-
bal Use of Strategies to Open Occluded Coronary Arteries in Acute Coronary Syndromes
(GUSTO IIA) study, were analyzed to evaluate the prognostic ability of early cTnT and
CK-MB compared with results from the ECG (51). This was a randomized trial of recom-
binant hirudin, the prototypical direct thrombin inhibitor, vs standard heparin. There
was a significant difference in 30-d mortality for the 289 patients with cTnT levels > 0.1
ng/mL vs patients with lower ¢TnT values (11.8% vs 3.9%, p < 0.001). A multivariate
analysis confirmed that a cTnT level could better differentiate the risk of cardiac death
than CK-MB level or ECG findings.

The FRISC I study also compared the prognostic utility of cTnT with the clinical risk
indicators available at that time (52,53). For a subset of patients (n = 976) from the orig-
inal FRISC I population, blood samples obtained at enrollment were analyzed and cor-
related with events at 5 and 36 mo follow-up. A cTnT level > 0.06 ng/mL remained an
independent predictor of cardiac death during long-term follow-up (Fig. 1) (53). ¢TnT
remained an independent prognostic indicator.

Similar results were found by measuring cTnl levels. In a retrospective study of serum
samples taken from patients on presentation in the Thrombolysis in Myocardial Infarc-
tion (TIMI) IIIB study, cTnl was identified as an excellent risk stratifier of adverse car-
diac outcomes in ACS patients (54). At 42 d, patients with ¢cTnl levels > 0.4 ng/mL had
higher mortality rates than patients without levels > 0.4 ng/mL (3.7% vs 1.0%, p <0.001).
As with ¢TnT levels, this result was independent from baseline clinical and ECG char-
acteristics. The ability of both ¢TnT and c¢Tnl levels to risk stratify patients with ACS
has recently been summarized in a meta-analysis (Table 3) (4).

Moving beyond the traditional ACS patient enrolled in clinical trials on the basis of
clinical or ECG criteria, several studies extended the prognostic utility of troponins.
One study includes a broad cohort of patients seen in the emergency department (ED)
with chest pain and considered to be low risk by established clinical indicators. Hamm
et al. found that rapid qualitative bedside testing of both cTnT and c¢Tnl provided strong
independent prognostication of 30-d cardiac events in this heterogeneous group (535).
Only one patient with a negative cTnT result at presentation and 4 h later had a cardiac
event within 2 wk. No patient with an MI was inappropriately discharged home. This
was one of the first studies that allowed troponin levels to be immediately available to
practicing ED physicians. deFilippi et al. studied the prognostic role of ¢TnT for chest
pain patients sent exclusively to “low-risk” chest pain observation units (56). Patients
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Fig. 1. Cumulative probability of death from cardiac causes in relation to maximal cTnT
levels during the first 24 h after enrollment. The long-term results of the FRISC I study. (Repro-
duced with permission from the Massachusetts Medical Society, N Engl J Med 2000;343:1142.)

with ¢cTnT > 0.1 ng/mL (9% of patients) had increased cardiac events (death, MI, re-pre-
sentation with UA) after as long as 1 yr (32.4% vs 12.8%). Furthermore, despite the
initial low clinical risk, angiography, which was routinely performed in cTnT-positive
patients, revealed multivessel disease in 63% and complex morphology in 51%. Kontos
et al., using cTnl as part of a rapid 8-h protocol in the ED, found that a level >2.0 ng/mL
indicated an increased incidence of future complications, including M1, at 1 wk and
death at 5 wk (57). This finding still held for patients without ischemic ECG changes.

ROLE OF TROPONINS FURTHER DEFINED

By the late 1990s, the prognostic abilities of cardiac troponin measurements in patients
presenting with signs and symptoms suggestive of ACS were no longer debated. This
change of attitude is reflected by the incorporation of troponin results into the original
Braunwald UA classification scheme in the year 2000 (58). Furthermore, angiographic
data supported the concept that cardiac troponin elevation in this setting was associated
with a high prevalence of high-risk angiographic features, including complex lesion mor-
phology, visible thrombus, and multivessel coronary artery disease (56,59). Troponins
were therefore increasingly interpreted as downstream markers of unstable intracoro-
nary atherosclerotic plaques, thrombus formation, distal embolization, and subsequent
myocyte cell death.


GUEST


Cardiac Markers in Clinical Trials 47

Table 3
Summary Results for Troponin and Mortality
Troponin T Troponin |
Clinical Cohort Clinical Cohort
trials studies trials studies
Total patients 2904 2255 4912 1491
Mean age (yr) 64 60 63 63
Male (%) 68 66 69 69
Troponin-positive (%) 40 21 33 23
Death rate, troponin-positive (%) 3.8 11.6 4.8 8.4
Death rate troponin-negative (%) 1.3 1.7 2.1 0.7
Medial follow-up (wk) 4 18 4 8
Summary OR (95% CI) 3.0 5.1 2.6 8.5
(1.6-5.50)  (3.2-8.4) (1.8-3.6)* (3.5-21.1)¢
Study heterogeneity p value 0.28 0.11 0.28 0.16

“p = 0.01 for difference between trial and nontrial troponin I results; a p value < 0.05 indicates signifi-
cant heterogeneity between trials in the mortality odds ratio for a positive troponin. CI, confidence interval,
OR, odds ratio. (Adapted from ref. 4.)

In the absence of persistent ST elevation, dichotomizing MI from non-MI patients
using previous standards seemed less clinically meaningful. This led the professional
societies of both laboratorians and cardiologists to incorporate cardiac troponin values
into new definitions of AMI (60,61). It was, however, the clinical studies leading up to
these revisions as well as the trials that followed where the troponins would prove their
value beyond risk stratification and triage of patients. To accomplish what biochemical
cardiac markers had never effectively demonstrated, the troponins could target patients
for increasingly specific and aggressive therapies. As a consequence, the standard of care
for ACS would require revisions once again (2).

In 1997 a retrospective analysis of the FRISC-I study of dalteparin vs placebo was
published that created interest for using troponins to identify ACS patients who could
benefit from a specific antithrombotic treatment (62). Patients with ¢cTnT levels < 0.1 ng/
mL showed no difference in benefit from dalteparin compared to placebo with regard to
cardiac death or MI during 40 d of active treatment (4.7% vs 5.7%). In contrast, patients
with levels > 0.1 ng/mL demonstrated a significant reduction in adverse events from
dalteparin treatment (7.4% vs 14.2%, p < 0.01) (Fig. 2).

Attempting to examine further the usefulness of LMWHSs for ACS on the basis of
trends established by the FRISC I trial, the TIMI 11B trial tested the acute and long-
term use of enoxaparin vs unfractionated heparin (UFH) in 3910 patients with UA or
NSTEMI (63). In a subanalysis of 359 CK-MB negative patients, elevated cTnl levels
(>0.1 ng/mL) measured within 24 h of enrollment were predictive of a risk reduction
for the combined end point of death/MI/urgent revascularization at 14 d for patients
treated with enoxaparin vs UFH (21% vs 40%, p = 0.007). In contrast, for patients with-
out cTnl elevation (n = 179) there was no difference in outcomes based on enoxaparin
vs UFH (9% vs 6%, p = NS for death, MI, urgent revascularization) (64).
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Fig. 2. Cumulative hazard curves for death or MI in patients with and without dalteparin treat-
ment and with and without elevation of troponin T (tn-T). (Reproduced with permission from
the American College of Cardiology 1997;29:47.)

In addition to LMWHSs, GP IIb/Illa platelet inhibitors were attracting considerable
attention for the treatment of non-ST elevation ACS. The significance of findings in
this heterogeneous population, although positive for the use of these agents, was at times
less than overwhelming (44,65—67). With considerable insight into the mechanism of
troponin elevation in this setting, Hamm and Heeschen evaluated the role of troponins
to potentially identify patients who would derive maximal efficacy with these potent
platelet inhibitors. Their retrospective analysis of two major GP IIb/Il]a inhibitor ACS
trials set the stage for routine use of cardiac troponins to direct early therapy in ACS (68,69).

The ¢7E3 AntiPlatelet Therapy in Unstable Refractory Angina (CAPTURE) study
was designed to determine the efficacy of abciximab (a monoclonal Fab fragment that
binds to the activated GP 1Ib/Illa platelet receptor) infusion before and during single-
vessel angioplasty with a suitable culprit lesion in the setting of UA refractory to medical
management (65). Specifically, the study enrolled patients with evidence of recurrent
myocardial ischemia despite appropriate initial treatment with heparin and nitrates.
Each patient had a suitable target stenosis at angiography and was scheduled for coro-
nary angioplasty 18-24 h after presentation. Patients were randomized to receive abcixi-
mab or placebo along with heparin after the initial diagnostic catheterization through 1 h
after intervention. The primary difference seen for patients receiving abciximab vs pla-
cebo was the reduction of MI/death/urgent revascularization at 30 d (11.3% vs 15.9%,
p =0.012). At 6 mo follow-up, however, there was no difference in outcome.

A follow-up analysis evaluated the serum samples from 890 of the 1265 enrolled
patients (68). Patients with cTnT > 0.1 ng/mL at the time of enrollment had a dramatic
reduction in occurrence of MI or death when treated with abciximab vs placebo for as
long as 6 mo posttreatment (9.5% vs 23.9%, p = 0.002). In contrast, patients with cTnT
levels below this cutoff level showed no difference in outcomes based on assigned treat-
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Fig. 3. Rates of cardiac events in the initial 72 h after randomization (A) and during the 6 mo
of follow-up (B) among patients with serum ¢TnT levels above and those with levels below the
diagnostic cutoff point. Cardiac events were death and nonfatal MI. Percutaneous transluminal
coronary angioplasty was performed 18-24 h after randomization. (Reproduced with permission
from the Massachusetts Medical Society, N Engl J Med 1999;340:1626.)

ment (Fig. 3). Of note, although an elevated CK-MB level did prove to be a significant
predictor of events at all time periods, it did not distinguish the specific patients who
derived benefit from abciximab.

A retrospective analysis of troponin values in the Platelet Receptor Inhibition in Ische-
mic Syndrome Management (PRISM) study (69) followed the lead of the CAPTURE study.
This study investigated the role of tirofiban (a nonpeptide small molecule competitive
inhibitor of the platelet GP IIb/II1a receptor) vs UFH in a more diverse patient population
presenting with probable signs and symptoms of ACS. In the overall study there was a
modest, but significant, reduction in the risk of death at 30 d in those treated with tirofi-
ban vs heparin (2.3% vs 3.6%, p = 0.02). Serum samples were available for 2200 of 3200
patients at the time of enrollment (a mean of 8 h after symptom onset). Both ¢Tnl and
cTnT samples were analyzed and an outcomes analysis similar to the CAPTURE study
was performed. The investigators were able to confirm the prognostic abilities of troponins,
and they also showed a significant reduction in the risk of death and MI in the troponin-pos-
itive patients treated with tirofiban. No such effect was seen in troponin-negative patients.
Results were similar for both ¢TnT and cTnl. Finally, consistent with the CAPTURE study
findings, CK-MB levels were unable to differentiate patients who would or would not
benefit from treatment with tirofiban vs heparin.

PROSPECTIVE USE OF TROPONIN TO GUIDE THERAPY

The concept of detecting minimal myocardial damage as a harbinger of continued
plaque instability appeared to be a legitimate argument for using troponins as a means
of triaging patients and delivering care in the ACS population. Measurement of cardiac
troponins provided accurate detection of minor amounts of irreversible myocardial
injury, whereas previous serum markers and clinical risk factors had fallen short of this
goal. As surrogates of plaque instability, they could also clearly define which patients
benefited most from aggressive anticoagulant therapies. The next logical step was to
validate these findings via large prospective clinical trials for which troponin levels
could serve as inclusion criteria for enrollment.
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FRISC II was one of the first large clinical trials to use this prospective approach
(70). Seeking to determine the optimum treatment duration for LMWH in a high-risk
ACS population, investigators used cTnT level as a criterion for enrollment. They ana-
lyzed 2267 patients who had symptoms of ischemia that raised the suspicion of ACS.
Ischemia had to be verified by ECG findings or by raised biochemical marker levels,
either CK-MB or ¢TnT. Overall, approx 60% of the patients entered in the study had an
elevated ¢TnT > 0.1 ng/mL.

A simultaneous arm of the FRISC II trial, using the same inclusion criteria, com-
pared a routine invasive vs an initial noninvasive treatment strategy in ACS (71). This
was the first major study to identify that patients undergoing an invasive strategy (the
majority having angiography within 7 d) had a decreased incidence of death and MI
compared to those treated conservatively (angiography only for evidence of spontane-
ous or inducible ischemia). Whereas this alone was a remarkable finding, further strati-
fication determined that only patients with ¢TnT levels > 0.03 ng/mL were those who
benefited from an early invasive strategy (72). FRISC II prospectively validated the con-
cept that troponin measurements could be used to identify high-risk patients and demon-
strated that cardiac troponin measurements could guide ACS patients to the most beneficial
nonpharmacologic treatments.

This hypothesis was recently confirmed by the TIMI-18 (Treat Angina with Aggrastat
and determine Cost of Therapy with an Invasive or Conservative Strategy [TACTICS])
trial (73). For this prospective study of 2220 patients with non-ST elevation ACS, ele-
vated cardiac troponin levels sufficed for study entry. All patients received tirofiban and
heparin. In addition, patients were randomly assigned to receive an early invasive inter-
vention (4-24 h to angiography) or to be treated more conservatively. Once again,
patients assigned to an early invasive strategy had a lower incidence of death and MI
at 6 mo compared with patients who were initially treated conservatively (7.3% vs 9.5%,
p <0.05).

Characteristics that further identified patients who benefited from this early invasive
approach included ST-segment depression (16.4% vs 26.3%, p = 0.006) and a value for
cTnT >0.01 ng/mL (14.3% vs 24.2%, p < 0.001). This latter finding was particularly
intriguing, as it suggested clinical relevance for the detection of myocardial injury
with ¢TnT levels 10 times lower than levels traditionally used for the cutoff to diagnose
ACS. In addition, ¢Tnl results (Bayer Diagnostics, Tarrytown, NY) based on a cutoff
of 0.1 ng/mL (lower limit of detection 0.03 ng/mL) provided efficacy similar to that of
cTnT (Fig. 4) (74). Ultimately, even more sensitive means of detecting myocardial injury
or plaque rupture will likely play important roles in the future treatment of ACS.

A prospective approach to the use of cardiac troponin measurement has also been
applied in studies involving GP IIb/Illa inhibitors. Newby et al. prospectively evalu-
ated the role of cTnT for risk stratification in Platelet IIb/IIla Antagonism for the Reduc-
tion of Acute Coronary Syndrome Events in a Global Organization Network (PARAGON
B) (75), a placebo-controlled trial to test the efficacy of the small-molecule GP IIb/IIla
inhibitor lamifiban in 1160 patients with non-ST elevation ACS. Their initial hypothe-
sis, based on prior retrospective analyses of pharmacologic studies detailed above, was
that patients with ¢TnT elevation would have a greater treatment effect with the study
drug compared to placebo. Entry criteria were similar to FRISC II and TACTICS. For
the 40.2% of patients who had cTnT levels > 0.1 ng/mL, there was a significant reduc-
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Fig. 4. Benefit of an early invasive vs conservative management strategy through 30 d strati-
fied by baseline concentrations of ¢cTnl and ¢TnT. (Reproduced with permission from the Ameri-
can Medical Association, JAMA 2001;286:2419.)

tion in the primary end point of MI or death at 30 d (19.4% to 11.0%, p = 0.01) with
lamifiban vs placebo. In contrast, this beneficial effect was not seen in cTnT-negative
patients (11.2% to 10.8%, p = 0.86). Overall, combining the cTnT-positive and -nega-
tive groups resulted in no overall benefit of lamifiban vs placebo.

It was evident that ACS studies incorporating either a retrospective or prospective
analysis of troponins demonstrated remarkable consistency in identifying patients who
would ultimately benefit from specific therapies. This was true whether the treatment
was an antithrombotic therapy, an antiplatelet therapy, or a revascularization strategy.
In 2001, however, publication of the GUSTO 1V trial presented a challenge to the use-
fulness of troponin measurement for guiding therapy for ACS patients (76). Using a
patient population that included selection on the basis of ¢TnT >0.1 ng/mL, patients
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were randomized to placebo, abciximab for 24 h, or abciximab for 48 h. Of the 7800
patients enrolled, 1000 qualified via elevated troponin levels alone. All patients received
aspirin and either UFH or LMWH. Despite this aggressive treatment protocol, study
results were unlike those in the CAPTURE trial with abciximab or with those from the
other GP IIb/Illa trials discussed earlier.

For both abciximab regimens, patients received no benefit above that seen in the
placebo group for the risk of MI and death at 30 d. Furthermore, analysis using ¢cTnT
levels drawn from all patients at enrollment, showed no benefit from treatment in the
subgroup with elevated levels. Several hypotheses have been proposed to explain the
negative results of this trial. These include suboptimal dosing regimens, differences in
local and core laboratory troponin measurements, infrequent use of coronary revascular-
ization (2% vs 100% in the CAPTURE study), and selection of patients who were inher-
ently at very low risk of a poor outcome. Regardless of the reasons for the negative results
of this study, the GUSTO 1V trial forced all clinicians to rethink how most appropriately
to use troponins and GP IIb/Illa inhibitors in the setting of ACS.

UNSTABLE ANGINA/MI REDEFINED

The role that cardiac markers played in the preceding studies helped redefine unstable
coronary syndromes and the manner by which we approach them. In 2000, Braunwald
revised his classification of UA to include the use of troponins, suggesting that these
markers could act as surrogates for thrombus formation to effectively guide aggressive
antiplatelet/antithrombotic therapy (58). In conjunction with this recommendation, the
American College of Cardiology/American Heart Association guidelines for unstable
angina/NSTEMI made clear recommendations that biochemical markers of cardiac
injury should be measured in all patients who present with chest discomfort consistent
with ACS, and that cardiac-specific troponin is the preferred marker. In addition, they
recommended that a platelet GP IIb/IIla receptor antagonist should be administered, along
with aspirin and UFH, to patients with continued ischemia or with high-risk features, which
includes patients with elevated troponin levels (2). The optimal cutoff for the various tro-
ponin assays remains to be defined.

Along similar lines, the profile of MI was also redefined to reflect the increased capac-
ity of the cardiac troponins to detect accurately small quantities of myocardial necrosis.
Both the National Academy of Clinical Biochemistry (60) and the European Society of
Cardiology/American College of Cardiology (61) recently recommended that increased
troponin concentrations become part of the accepted definition for AMI. The impact that
these new definitions of MI will have on clinical trials is quite clear. As CK and CK-MB
were often used in the past for defining clinical end points based on their ability to diag-
nose Mls, troponins will likely become the standard for defining the end points of future
studies.

There are still obvious questions and debates about issues that need to be addressed.
Many clinicians feel that although elevations in cardiac troponin values may indicate
cardiac injury, they are not synonymous with MI (77). Moreover, the definition proposed
by the European and American societies of cardiology sets a standard (greater than the
99th percentile of normal) that is well below the current clinical cutoffs for all troponin
assays and challenges the low-end accuracy of most commercial assays (78). In addition,
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there are uncertainties regarding the appropriate timing for collecting samples, as well
as a need for a standardization of cTnl assays (79). This is extremely important from a
clinical trials perspective. Ideally, data would be presented so that the patients included
and the clinical end points obtained can be translated from one study to another, thus
facilitating exchange of meaningful information (617).

Finally, it should be noted that the absence of troponin elevations identifies a lower
risk group, but not necessarily a low-risk group (80). Although further refinements of
commercial troponin assays will inevitably improve their low-end accuracy, there ulti-
mately may be limitations to the clinical utility of identifying myocyte cell death. What
the next direction will be for cardiac markers is not yet certain, but preliminary evidence
for markers that can detect coronary artery plaque instability (§1), cardiac neurohormo-
nal activation (82), cardiac ischemia in the absence of myocyte cell death (83), and clin-
ically silent coronary artery disease (84) are exciting potential candidates. This implies
that further testing of newer markers will inevitably be required, and it is clear that these
markers will have to undergo the same scrutiny and evolution in clinical trials that has
been described for currently available markers.

ABBREVIATIONS

ACS, acute coronary syndrome(s); AMI, acute myocardial infarction; AST, aspar-
tate aminotransferase; ATACS, Antithrombotic herapy in Acute Coronary Syndromes
Research Group; CAPTURE, Chimeric ¢7E3 AntiPlatelet Therapy in Unstable Angina
Refractory to Standard Treatment Trial; CK, creatine kinase; CTnT, cTnl, cardiac tro-
ponins T and [; ECG, electrocardiogram; FRISC, Fragmin during Instability in Coronary
Artery Disease; GP, glycoprotein; GUSTO, Global Use of Strategies to Open Occluded
Coronary Arteries in Acute Coronary Syndromes; LWMH, low molecular weight heparin;
MI, myocardial infarction; NSTEMI, non-ST elevation myocardial infarction; PARAGON,
Platelet IIb/I1Ia Antagonism for the Reduction of Acute Coronary Syndrome Events in
a Global Organization Network; PRISM, Platelet Receptor Inhibition in Ischemic Syn-
drome Management; PURSUIT, Platelet Glycoprotein IIb/Illa in Unstable Angina: Recep-
tor Suppression Using Integrilin Therapy; RISC, Research Group on Instability in Coro-
nary Artery Disease; STEMI, ST elevation myocardial infarction; TACTICS, Treat Angina
with Aggrastat and determine Cost of Therapy with an Invasive or Conservative Strategy;
TIMI, Thrombolysis in Myocardial Infarction; UA, unstable angina; UFH, unfractionated
heparin; ULN, upper limit of normal; WHO, World Health Organization.
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Assessing Reperfusion and Prognostic
Infarct Sizing with Biochemical Markers

Practice and Promise

Robert H. Christenson and Hassan M. E. Azzazy

INTRODUCTION

Pioneering work in the early 1970s initiated the “thrombolytic era” (/). During this
era the therapeutic approach to acute myocardial infarction (AMI) focused on treat-
ments aimed at limiting infarct size by improving myocardial oxygen supply, lowering
myocardial oxygen demand, and minimizing autolytic damage to myocytes (2,3). The
thrombus became the primary therapeutic target for reperfusion therapy and monitoring
because it is a keystone pathophysiological feature of the “acute coronary syndromes”
(ACS), a continuum of ischemic disease ranging from unstable angina, associated with
reversible myocardial cell injury, to frank MI with large areas of necrosis. This approach
was validated in large randomized clinical trials during the 1980s and 1990s that unequiv-
ocally demonstrated the benefit of thrombolytic therapy (4,5). Thrombolytic therapy
has become critically important for AMI patients having characteristic electrocardio-
graphic (ECG) features for resolving the thrombotic occlusion, reestablishing patency
to the infarct-related artery (IRA), and improving “downstream” tissue reperfusion (6).
This chapter focuses on the utilization of cardiac markers for noninvasively assessing
the success of reperfusion therapies and use of biochemical marker release to deter-
mine “infarct size” and, more important, prognosis. Prognostic infarct sizing is based
on the notion that as myocytes die, cardiac function is compromised proportionately,
resulting in a worse clinical outcome. The bridge uniting reperfusion assessment and
prognostic infarct sizing is that both utilize serial monitoring of biochemical marker
release. The contrast is that the focus of reperfusion assessment is the early 90-min time
frame after thrombolytic therapy, whereas prognostic infarct sizing involves examining
the entire cardiac marker release curve.

PATHOPHYSIOLOGY AND THE “OPEN ARTERY” HYPOTHESIS

Using canine models of coronary occlusion, Reimer et al. and Baughman et al.
showed that infarct size directly related to the duration of epicardial occlusion—a find-
ing later termed the “wavefront phenomenon” of myocyte death (7,8). In the ACS, the
fundamental event leading to coronary thrombus is rupture of an atherogenic fibrous
plaque. Plaque rupture occurs in a focal segment of an epicardial coronary artery, which
exposes subendothelial proteins such as collagen and von Willebrand factor (vWF) to
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Fig. 1. Pathophysiological overview of events following acute coronary occlusion.

circulation, leading to adhesion of platelets having surface receptors for these proteins
(9). This interaction triggers platelet activation and a change in the platelet’s shape from
disk to stellate (9). The membrane of activated platelets causes generation of the enzyme
thrombin from prothrombin, its circulating precursor. Thrombin converts fibrinogen
to fibrin that subsequently forms polymers that make up the framework of a thrombus.
Because fibrinogen and vWF are multivalent, they bind to multiple activated platelets,
leading to their aggregation, serving to magnify the activation-thrombus formation pro-
cess. Shortly after plaque rupture and intracoronary thrombus formation, ischemia causes
ultrastructural damage to myocytes and the microcirculation soon after coronary occlu-
sion (10). Evidence shows that the amount of tissue, or “size,” of the MI is associated
with left ventricular function and survival (71,12).

The goal of reperfusion therapy for M1 is to reestablish quickly the flow of nutritive,
oxygenated blood to myocytes, whose function and survival are threatened by throm-
botic occlusion of the IRA (17,2). Correlations between sustained patency of the IRA
and improved clinical outcomes culminated in the “open-artery hypothesis,” the guid-
ing principle and cornerstone of AMI therapeutic strategies in the modern reperfusion
era for more than a decade (13). This hypothesis suggests that reestablishing patency of
the IRA with normal antegrade flow salvages stunned myocardial tissue, which, in turn,
preserves left ventricular mechanical function and enhances clinical outcomes (74).

It is important to note, however, that about 25% of patients show no reperfusion of
the myocardial tissue despite restoration of normal flow in the epicardial IRA (15,16).
Figure 1 shows a diagram of the many complex interactions that, if blocked, may lead
to disrupted myocardial tissue perfusion after fibrinolysis, despite having patent epicar-
dial infarct vessels (14—16). Even though prompt relief of epicardial occlusion was clearly
shown to halt the wavefront of myocyte death, microvascular dysfunction in the infarct
zone was identified as the limiting factor in the restoration of myocardial tissue perfusion
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(6). In detailed histological studies, Kloner et al. showed that epicardial occlusion caused
myocardial cellular damage first, followed by microvascular damage within 60-90
min of the onset of ischemia (/7). Despite restoration of normal epicardial flow, how-
ever, microvascular damage was shown to hinder perfusion of myocardial tissue in the
canine model; this effect was coined the “no-reflow” phenomenon (18). Reperfusion
also was shown to exacerbate microvascular dysfunction, through generation of oxygen
free radicals and stimulation of the tissue inflammatory response when blood flow was
restored to the infarct region (719,20). However, assessment of epicardial patency is not
the whole story; there is less recovery of left ventricular ejection fraction, progressive
left ventricular dilation, increased mortality, and increased congestive heart failure (CHF)
in patients found to have impaired myocardial perfusion after epicardial reperfusion
(21-23). Therefore, historical observations defined the continuum of reperfusion—from
upstream epicardial patency to downstream tissue perfusion—and emphasized that the
ultimate goal of treatments for AMI should be the restoration of myocardial perfusion,
smaller infarct size, and enhanced myocardial salvage (24).

The (epicardial) open-artery hypothesis may be an oversimplification, because the
goal of reperfusion therapy should be not only the restoration of upstream epicardial
patency and flow but also downstream myocardial tissue perfusion. Markers for indi-
cating this downstream myocardial perfusion both in terms of acute reperfusion moni-
toring and prognostic infarct sizing will become increasingly important (6).

REFERENCE STANDARD FOR ASSESSING MYOCARDIAL PERFUSION

Coronary angiography was first established for identification of thrombotic occlusion
and M1 in 1980 (25) and remains the “gold standard” for evaluating patency in patients
treated with reperfusion therapies (6). To standardize angiographic characterization of
reperfusion, the Thrombolysis in Myocardial Infarction (TIMI) investigators classified
epicardial blood flow into four grades: TIMI 0, no flow past the occlusion; TIMI 1, par-
tial flow past the occlusion; TIMI 2, coronary flow with abnormal filling past the obstruc-
tion; and TIMI 3, normal coronary flow (26). The Global Utilization of Streptokinase
and TPA (alteplase) for Occluded Coronary Arteries (GUSTO I) angiographic substudy,
however, showed definitively that only restoration of TIMI grade 3 flow (normal epi-
cardial flow) at 90 min is associated with improved short- and long-term survival and
improved recovery of left ventricular function (5). TIMI grade 0 or 1 flow was empiri-
cally considered to represent failed reperfusion, while TIMI grades 2 and 3 indicated
epicardial patency and were initially considered to represent successful reperfusion
(27). This survival advantage closely matched the differences in mortality seen with the
different fibrinolytic regimens tested in the overall GUSTO I trial (5,27). These find-
ings, which linked therapeutic efficacy to the early, complete restoration of normal flow
in the epicardial infarct artery, redefined the goal of reperfusion therapy (6).

Although restoration of TIMI grade 3 flow has since been used as the benchmark for
reperfusion success, distal coronary flow varies considerably despite TIMI grade 3 grade
flow in the epicardial vessel. Gibson developed the corrected TIMI frame count (CTFC)
to quantify distal coronary flow based on the number of cineangiographic frames needed
for contrast dye to reach distal coronary landmarks (28,29). Recent evidence suggests
that the CTFC can be used to further risk-stratify patients with TIMI grade 3 flow into
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lower- and higher-risk subgroups after thrombolysis (30). Refinement of the angiographic
characterization of reperfusion over the last decade has emphasized the role of the micro-
circulation in the restoration of myocardial tissue perfusion (6).

The spectrum of reperfusion defined by angiography should be considered a stepwise
process that represents the pathophysiology of the coronary artery after occlusion. As
indicated in Fig. 1, plaque rupture and thrombus formation initially lead to persistent epi-
cardial occlusion (TIMI grade 0 or 1 flow) (31). Initially, reperfusion therapy restores
epicardial patency with disrupted epicardial flow (TIMI grade 2 flow), followed by nor-
mal epicardial flow with disrupted microvascular flow (TIMI grade 3 flow with a high
CTFC). Successful reperfusion occurs only with restoration of normal epicardial and
microvascular flow (TIMI grade 3 flow with a low CTFC) (31).

FOCUS OF NONINVASIVE
REPERFUSION MONITORING AND INFARCT SIZING

As indicated above, the unstable coronary plaque represents the common pathophys-
iological feature of the ACS. Figure 2 shows that acute coronary syndrome patients can
be classified according to their ECG findings. The full continuum of acute coronary
syndromes consists of approx 19% ST elevation MI (STEMI), 22% non-ST elevation
MI (NSTEMI), and approx 60% of patients with unstable angina (UA) (32). It is of
note that although some proportion of patients will shift from the UA to NSTEMI group
because of the recent redefinition of MI (33), this redefinition will have no effect on
the STEMI group.

STEMI and patients with left bundle branch block are the primary focus for use of
biochemical markers in assessing reperfusion. This is because evidence clearly shows
that not all patients within the ACS continuum benefit from administration of thrombo-
lytics, and in fact the therapy is contraindicated in NSTEMI and UA patients (34). For
this reason, the ECG is essential for targeting fibrinolytic therapy. ST elevation >2 mm
appears to be important physiologically because such patients characteristically have
thrombus that is rich in fibrin (35), and therefore responsive to early fibrinolytic therapy
using intravenous streptokinase or tissue plasminogen activator. In contrast, patients
with NSTEMI generally have clot that is platelet rich (35); therefore, fibrinolytic therapy
in NSTEMI patients is contraindicated because they are subjected to risk of untoward
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side effects without a high probability of benefit. Furthermore, thromobolytic therapy
is not applicable to approx 10-25% STEMI patients, because of contraindications includ-
ing of age, bleeding diathesis, or drug allergies (34). Guidelines for thrombolytic ther-
apy include ST elevation >2 mm in contiguous ECG leads, age <75 yr, bundle branch
block with a history suggestive of MI, and presentation <12 h after the onset of chest
pain (34).

Monitoring the success of reperfusion therapy is important because thrombolytic
therapy does not result in successful reperfusion for all treated patients. Approximately
10-20% have TIMI 0, 1 flow; 20% achieve TIMI 2 flow; and 45-60% achieve suc-
cessful, TIMI 3 grade flow (36). Also, after thrombolysis approx 10-15% of TIMI 2
and 3 patients reocclude (36). Timing of reperfusion assessment is important because
both in-hospital mortality and 30-40-d mortality were shown to be statistically related to
TIMI flow at 90 min post-initiation of thrombolytics (5). Approximately 2—3% mortal-
ity was reported in TIMI 3 patients (37).

As with reperfusion monitoring, the main focus of prognostic infarct sizing using bio-
chemical markers has been ST elevation. In this group, biochemical markers including
myoglobin, the MB isoenzyme of creatine kinase (CK-MB), cardiac troponin T (¢TnT)
or I (cTnl), and lactate dehydrogenase or its isoenzyme hydroxybutyrate dehydroge-
nase (HBDH) for assessing myocardial injury have been associated with important clin-
ical outcomes such as death, (re)MI, and CHF. On the other hand, for NSTEMI patients
there is a paucity of data associating important clinical outcomes with biochemical marker
release. Although such relationships may be intuitive, there is at present little evidence
from clinical trials. UA patients have reversible cell injury with ischemia, and therefore
monitoring biochemical markers of necrosis will show no rise and limited prognostic infor-
mation in these patients.

The general approach used for monitoring the success of reperfusion with biochemi-
cal markers involves monitoring the washout phenomenon after administration of throm-
bolytics. Successful reperfusion will involve lysis of the clot and robust washout of cardiac
markers compared to the situation of persistent occlusion. The general approach for prog-
nostic infarct sizing has been serial measurement of markers in blood in the hours and
days following an index event. By mathematically modeling the time-release profile, and
then examining fitted parameters such as the cumulative release or integrated curve area,
it was possible to determine important clinical outcomes.

CLINICAL INDICATORS AND OTHER
TECHNOLOGIES FOR REPERFUSION ASSESSMENT

Simply observing and grading the rapid resolution of chest pain after thrombolytic
therapy is associated with an increased probability of having a patent IRA (38,39) and
TIMI 3 grade flow (40). Data indicate, however, that clinical indicators alone are not suf-
ficiently sensitive or specific to guide therapeutic or interventional decisions (38). But
in combination with other variables associated with reperfusion such as biochemical
markers and time to treatment, resolution of chest pain adds significantly to the ability
to predict patency by angiography (41).

In addition to biochemical markers, a number of invasive and noninvasive technol-
ogies have been investigated and used for reperfusion assessment after thrombolytic
therapy. Table 1 lists a number of these technologies, many of which are undergoing
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Table 1
Technologies Other than Biochemical Markers
for Assessing Reperfusion After Thrombolytic Therapy

Diagnostic technology

(references) Description
Invasive technologies
Coronary Doppler flow During angiography coronary flow can be measured to
wires (110,111) estimate the degree of microvascular dysfunction in the

infarct zone. Appears to predict recovery of regional left
ventricular function. Reproducibility has not been thoroughly
studied.

Myocardial contrast During angiography sonicated contrast solution is injected into
echocardiography (75)  the recanalized IRA to examine myocardial contrast enhance-
ment, which reflects tissue perfusion in the infarct zone. New

contrast agents are under development for bedside use.

Magnetic resonance Comprehensive imaging technology that can be useful for
imaging (23,24) assessment of coronary flow, myocardial tissue perfusion left
ventricular volumes, and regional and left ventricular function.
Although one of the most comprehensive techniques available,
long procedure times and inability to accommodate unstable
patients are significant limitations.

Noninvasive technologies

Technetium-99m- SPECT appears promising for cumulative infarct size measure-
sestamibi, single-photon ments to determine left ventricular damage and myocardial
emission computed salvage after reperfusion therapy. Performance is often
tomography (SPECT) difficult while treating MI; the ideal time for performance
(112) after reperfusion therapy is unclear.

Static ST-segment Serial ECG assessment for evaluating ST resolution is a useful
resolution (45—48) bedside marker of reperfusion success. The degree of ST-

segment resolution is a reliable predictor of mortality that has
been validated in multiple clinical studies.

Continuous ST-segment  Continuous monitoring can be used to determine the exact
monitoring (49,50) timing of reperfusion; ST segment monitoring has been
applied to estimate infarct size, left ventricular recovery,
and clinical efficacy of new therapies.

substantial improvement and/or in combination with biochemical markers may enhance
the ability of angiography for assessing reperfusion status and predicting outcome. The
invasive technologies listed in Table 1 involve interventions such as cardiac catheriza-
tion. Noninvasive perfusion imaging such as positron-emission tomography (PET) can
be used directly to assess coronary vasodilatory function, and myocardial perfusion (42)
allows direct assessment of tissue perfusion. Cardiac magnetic resonance imaging (MRI)
appears to be the most comprehensive noninvasive technique to evaluate coronary flow,
myocardial perfusion, left ventricular volume, and regional and global left ventricular
function (43,44). But the utility of noninvasive imaging is currently restricted by high
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costs, long procedure times, limited availability, and inability to accommodate unstable
patients (6).

Various formats of the ECG allow dynamic monitoring of IRA patency after throm-
bolytic therapy. ECG monitoring is predictive of clinical outcome and may add powerful
independent information to biochemical markers for more accurately assessing reper-
fusion. Use of static electrocardiograms for assessing ST resolution was shown 25 yr ago
to be a useful bedside marker of reperfusion success and interest in this tool has recently
been rekindled (6). Rapid ST-segment resolution within 30—60 min of successful pri-
mary angioplasty (a patent IRA with TIMI grade 3 flow) predicts greater improvement in
ejection fraction, reduced infarct size, and improved survival compared with later ST-
segment resolution (45,46). The prognostic significance of ST resolution has been vali-
dated in GUSTO-III, TIMI-14, and a meta-analysis of almost 4000 patients (47,48).

Rapid, intermittent events (such as cyclic flow in the IRA) that often are missed with
static measures of reperfusion produce a highly characteristic appearance in continuous
ST-segment recordings. Continuous monitoring of ST-segment resolution is advanta-
geous as the only method that can precisely capture the timing, stability, and quality of
reperfusion (6,49,50). Quantitative variables derived from continuous ST-segment
resolution analysis have been applied to estimate infarct size, left ventricular recovery,
therapeutic effects of new drugs, and clinical efficacy (6). In patients from the GUSTO-I
trial, ST-segment reelevation within 24 h of fibrinolysis (after initial resolution) inde-
pendently predicted 30-d and 1-yr mortality (6,49,50). Continuous ST-segment moni-
toring is one of the most promising tools for evaluation of reperfusion efficacy and risk
stratification in patients with AMI. However, further integration and application of this
method remain dependent on the development of widely available, user-friendly ECG
monitoring devices (6).

BIOCHEMICAL MARKERS
FOR CORONARY REPERFUSION ASSESSMENT

Overview and Background of Reperfusion Assessment

A simple model for noninvasive assessment of reperfusion begins with thrombus
forming a sustained coronary occlusion resulting in downstream ischemia and myo-
cyte death. The key assumption for reperfusion assessment using biochemical markers
is that after thrombolytic therapy there is a detectable difference between the biochemi-
cal marker release pattern (washout) for patients with successful reperfusion compared
to those for whom thrombolytic therapy has failed. For optimum performance, the ideal
biochemical marker must demonstrate brisk washout with restoration of epicardial
patency and myocardial tissue perfusion. The ideal marker has high specificity for car-
diac tissue and the ability to differentiate TIMI 3 from TIMI 0-2 grade epicardial flow
with 100% accuracy, reflect myocardial tissue perfusion, detect reocclusion, and have
a strong association with important clinical outcomes.

An essential corollary involves timely reperfusion assessment, because if thrombo-
lytic therapy is unsuccessful in restoring IRA patency, then strategies such as cardiac
catheterization and percutaneous coronary intervention (PCI) or coronary artery bypass
surgery can be quickly implemented to preserve myocardium (36). Therefore, reper-
fusion assessment and decision within 60—120 min after thrombolytic therapy must be
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Table 2
Characteristics of Cardiac Markers and their Suitability to Evaluate Reperfusion
Marker Size Advantages Disadvantages
(kDa) as a reperfusion marker as a reperfusion marker
Myoglobin 18.0 Abundant in myocytes Not cardiac specific
Reaches a peak 6-9 h after
necrosis
FABP 15.0 Rapid release after opening Tests not widely available
of the artery (performs equally well as
Abundant in cardiomyocytes myoglobin)
CK-MB 85.0 Predictable release profile Some issues with cardiac
Release completed in 24-30 h. specificity in skeletal injury
Used for modeling prognostic patients

infarct sizing

c¢TnT 37.0 Excellent cardiac specificity Unpredictable release pattern
because release occurs up to
5-7 d after the index event

and often shows a bimodal pattern

c¢Tnl 23.5 Excellent cardiac specificity Unpredictable release pattern;
many assays with different
characteristics

the target because evidence (5) indicates that this time frame both allows time for clot
lysis and marker washout and is soon enough to allow alternative reperfusion strate-
gies for preserving myocardium if thrombolysis has failed. To meet this goal the marker
must have rapid bedside or central laboratory availability at reasonable cost.

Table 2 shows various cardiac markers released into circulation after myocardial
necrosis, including myoglobin, fatty acid binding protein (FABP), CK, CK-MB, and
cTnl and cTnT. The rate at which these proteins are available for “washout” is deter-
mined by a number of factors including molecular size, cellular location (cytosolic vs
structural), mechanism of clearance, and so on. Also, the characteristics of assay “mea-
surement tools” play an important role. Unfortunately the ideal biochemical marker
for reperfusion assessment has yet to be discovered. As a generalization, the character-
istics of myoglobin appear to approximate most closely the ideal (re)perfusion marker.
FABP, a small cytosolic protein that is abundant in myocytes, and myoglobin have been
compared in several reports finding no difference in performance between these markers
(51-53). Until assays are commercially available, FABP use will be limited.

Figure 3 shows comparative CK-MB release patterns for two MI patients, one for
whom thrombolytic therapy was successful and the other for whom thrombolysis failed
at 90 min. As stated above, the importance of timely assessment requires that all nonin-
vasive reperfusion strategies focus on the early, 0—120-min part of curve. Careful study
of this portion of these washout curves reveals several possible strategies for discrimi-
nating successful from failed thrombolytic therapy. In fact, the strategies that have
been utilized are relatively straightforward and include collecting blood samples shortly
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Fig. 3. CK-MB release curves for two patients who received thrombolytic therapy and coro-
nary angiography at the times indicated (arrow). The top panel shows a patient who had suc-
cessful thrombolysis and demonstrated TIMI 3 grade flow in the IRA. The bottom panel displays
a patient for whom thrombolysis was unsuccessful and who had TIMI 0 grade flow. This
patient’s IRA was opened to TIMI 3 grade flow with angioplasty at the time indicated (arrow).

before thrombolytic therapy (pretreatment) and then at a later time(s) (posttreatment),
usually at 60 and/or 90 min. With measurement of markers in these pre- and posttreat-
ment samples, the slope (rate of release) can be determined, the posttreatment/pretreat-
ment ratio can be calculated, or simply the raw marker values can be used. A few studies
have used strategies that combine information from biochemical markers with other vari-
ables such as clinical indicators, ST resolution, and time to treatment.

It must be noted that the ACS include many complex and dynamic physiological pro-
cesses and interactions involving disrupted plaque, coagulation cascade, platelet acti-
vation, other cellular responses, endothelial and vascular responses, hormonal release,
as well as the effects of any medications administered. Other factors involve blood
pressure, recent ischemic and nonischemic coronary events, myocardial tissue perfusion,
and collateral flow in the region of the IRA. However, the context is that thrombolysis
fails in 25% of patients (34,36), and there is no noninvasive tool for reliable perfusion
assessment. Therefore, in spite of these physiological caveats, the use of biochemical

markers can be a valuable clinical tool, and good performance for assessing reperfusion
has been shown.

Association of Biochemical Markers of Reperfusion with Outcomes

Although the outcome goal on angiography for epicardial perfusion is TIMI 3 grade
flow (37), studies have also defined successful thrombolysis as TIMI 2-3 grade flow
(27,54). Table 3 shows a summary of data from a number of key studies that examined
biochemical markers and combined strategies for noninvasively assessing reperfusion
status. Association of important clinical outcomes such as death, (re)MI, and CHF with
biochemical markers and perfusion status has also been examined.
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TIMI 2-3 vs TIMI 0-1 Grade Coronary Flow as Outcome

Table 3 displays the operating characteristics from several studies. The receiver oper-
ator characteristic (ROC) curve area is perhaps the most important column in Table 3
because it allows direct comparison of the marker strategies in the same patient popu-
lation. ROC areas are not dependent on use of a cutoff as are sensitivity, specificity,
positive predictive value (PPV), and negative predictive value (NPV).

In addition to the data listed in Table 3, preliminary studies that examined myoglo-
bin, CK-MB, and c¢Tnl indicated that use of these markers was promising for assessing
reperfusion status (55,56). The ability of biochemical markers to predict spontaneous
reperfusion, that is, reperfusion that occurs in MI patients prior to administration of
thrombolysis, was examined in a study of 16 patients (57). A ratio of myoglobin/total
CK activity that was >5, measured in samples collected before administration, showed
sensitivity 75%, specificity 96%, and accuracy of 92% in this small study (57). The
impact of infarct size on the ability of markers (myoglobin) to predict patency status
has also been reported (57,58). Including only patients with larger infarcts, the NPV of
myoglobin for predicting reperfusion improved from 44% to 100% in a study of 49
patients (58). In a separate study of 115 MI patients, the ROC curve area for myoglobin
was improved to 0.86 when accounting for infarct size; the PPV improved from 87% to
95% and the NPV improved from 42% to 52% when combined with infarct size (57).
The larger the infarct, the better is the ability of biochemical markers to discriminate
successful from failed thrombolysis.

Myoglobin strategies demonstrated the best performance across the studies in Table 3,
showing ROC areas in the range of 0.80—0.90, with sensitivities at approx 90% and with
relatively high specificity. The better performance of myoglobin is evidently due to its
fundamental characteristic of robust washout. CK-MB and the troponins demonstrated
ROC areas that were lower, in the range of 0.70—0.80; this performance is reflected in
the comparatively lower sensitivities and specificities for discriminating TIMI 01 from
TIMI 2-3 grade flow. Although similar ROC areas for myoglobin, CK-MB, and the
troponins were demonstrated in one study (59), coronary angiography was performed
earlier than in other studies at 60 min, which may have diminished the performance of
myoglobin. A comparison of CK-MB, cTnT, and myoglobin by logistic regression anal-
ysis showed that myoglobin was the only marker that was an independent predictor of
IRA patency (60). Consistent with this finding, a separate analysis showed that inclusion
of myoglobin added significantly (p < 0.04) to a model that included CK-MB for pre-
dicting TIMI 2-3 patency (61). Overall, the ROC areas for the various markers indicate
that they have substantial potential for discriminating TIMI 0—1 from TIMI 2-3 grade
coronary flow, perhaps permitting use as part of a rapid triage strategy by ruling out IRA
occlusion (59).

TIMI 3 vs TIMI 0-2 Grade Coronary Flow as Outcome

Several studies comparing the performance biochemical markers for predicting TIMI 3
grade coronary flow are displayed in Table 3. One study examined predictive perfor-
mance of the markers using both 60-min and 90-min ratios (62). Although ROC curve
areas were not reported, there were no apparent differences in the ability of the ratios to pre-
dict TIMI 3 patency (61). As expected, the ROC areas and performance characteristics
for all biochemical marker strategies were decreased compared to the less restrictive
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Table 3

Selected Clinical Studies Investigating the Use of Cardiac Markers for Detection of Reperfusion

TIMI 2,3 vs TIMI 0,1

Reference  Marker Strategy? Sensitivity  Specificity PPV NPV ROC area Comment
113 CK-MB 90/0 Ratio 91 100 100 75 — n = 36; Ratios: >2.5 for LAD;
>2.2 for RCA
60 Myo 0,90 Slope 94 88 94 82 0.89 n=063
CK-MB 0,90 Slope 87 71 89 67 0.79
c¢TnT 0,90 Slope 80 65 93 55 0.80
51 Myo 0,90 Slope 67 71 88 42 — n=115; CAG at 120 min
CK-MB 0,90 Slope 52 75 87 34 —
59 Myo 60/0 Ratio 69 68 89 36 0.71 n =422; CAG was performed at
60 min
CK-MB 60/0 Ratio 62 68 87 34 0.70
cTnl 60/0 Ratio 68 62 88 31 0.71
41 CK-MB 0,90 Slope 68 70 — — 0.72 n =97; CK-MB alone as the only
predictive variable
61 Myo 90 Value — — — — 0.82 n = 96; Myo was only predictive

variable (compare ROC value
to that under combined analyses)

(Continued)
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Table 3 (Continued)

TIMI 3 vs TIMI 0,1,2

Reference  Marker Strategy Sensitivity  Specificity PPV NPV ROC area Comment
62 Myo 90/0 Ratio 84 73 73 84 — n =105; ROC curve analysis
performed but areas were
60/0 Ratio 92 59 69 89 — were not reported. Visually,
the ROC areas for myo and
CK-MB 90/0 Ratio 91 49 61 87 — CK-MB curves appeared to be
larger than for cTnT.
60/0 Ratio 93 60 76 86 —
cTnT 90/0 Ratio 95 58 65 94 —
60/0 Ratio 97 43 63 94 —
63 Myo 90/0 Ratio 75 63 62 75 0.72 n =97; the ROC areas were
0.84 (myo) and 0.83 (¢TnT)
CK-MB 90/0 Ratio 45 68 56 69 0.62 in a subset of 49 patients
treated >3 hours after onset
cTnT 90/0 Ratio 70 66 62 73 0.66 of symptoms.
61 Myo 90 Value — — — — 0.71 n = 96; Myo was only predictive

variable




I/

Combined variable analyses

Reference  Marker Patency Sensitivity ~ Specificity PPV NPV~ ROC area Comment

41 CK-MB TIMI 2-3 88 70 44 — 0.85 n = 97; Variables included
chest pain intensity, time from

TIMI 3 — — — — 0.73 symptoms onset to thrombolytic

therapy, and CK-MB slope

65 Myo, 60/0 TIMI 3 — — — — 0.70 n =169; Variables included ECG
criteria, chest pain resolution,

TIMI 0-1 0.84 and myoglobin 60/0

61 CK-MB TIMI 2-3 88 78 — — 0.88 n = 96; Variables included Myo

90 value, CK-MB slope, chest
& Myo TIMI 3 — — — — 0.74 pain intensity, and time from

symptoms onset to thrombolytic
therapy

CAG, coronary artery graft; CK-MB, MB isoenzyme of creatine kinase; cTnT, cardiac troponin T; ¢Tnl, cardiac troponin I; Myo, myoglobin; NPV, negative
predictive value; PPV, positive predictive value.
“All numbers are in units of minutes.
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patency goal of TIMI 2-3 flow. Only the ROC area for myoglobin exceeded 0.70 for
discriminating TIMI 3 from TIMI 0-2 grade flow (61,63).

Of interest, the importance of time to thrombolytic therapy was examined in a sub-
set of 49 patients who were treated >3 h after symptom onset (63). This examination
found a very substantial improvement in the ability of myoglobin to discriminate TIMI
3 grade flow from TIMI 0-2 in these later presenting patients, as indicated by the ROC
area increasing from 0.70 to 0.85 (63). Furthermore, the ability of CK-MB, ¢TnT, and
myoglobin to discriminate between TIMI 2 and TIMI 3 grade flow was examined in a
later study, finding that time to treatment was important (64). The difference between
TIMI 2 and TIMI 3 grade flow was statistically significant for only the 90-min/pretreat-
ment myoglobin ratio, and only among patients treated >3 h after onset of symptoms
(64). This finding, that of timing from symptom onset to treatment is important, is con-
sistent with the significant contribution of time from symptom onset to thrombolytic
therapy reported in studies of combined variables (41,61).

Combining Biochemical Markers
with Other Noninvasive Indicators of Reperfusion

It should not be surprising that combining noninvasive indicators of reperfusion status
improves the ability to discriminate successful from failed thrombolysis. There is little
doubt that the combined approach will be used clinically in the future for reperfusion
assessment.

Variables including CK-MB slope, time from onset of symptoms to thrombolytic
therapy, and chest pain intensity were combined in a model to predict reperfusion (41).
Although CK-MB slope added the most information to the model, Table 3 shows that use
of the combined strategy significantly improved the ability to predict coronary patency
as indicated by the ROC curve areas increasing from 0.72 for CK-MB slope alone to 0.85
for the combined model (41). A separate analysis combined the 90-min myoglobin value,
the CK-MB slope, time from onset of symptoms to thrombolytic therapy, and chest pain
intensity (61). Figure 4 shows the box plot and corresponding ROC curve for discrimi-
nating TIMI 0—1 from TIMI 2-3 coronary flow with this model (ROC area 0.88). As
stated above, myoglobin added significantly to the model including CK-MB slope for
the ability to predict IRA patency (61). The ability of this model to predict TIMI 3 grade
patency from TIMI 0-2 was 0.74, which is consistent with performance appropriate for
clinical diagnostic utilization.

ST-segment resolution, chest pain resolution, and the (60-min/pretreatment) myoglo-
bin ratio were combined in a model to predict TIMI 3 grade flow (65). The ROC areas
were similar to those in other studies; a value of 0.70 was reported for predicting <TIMI
grade 3 flow, and an ROC area of 0.84 was reported for predicting TIMI 0-1 grade flow
(65). Importantly, these authors note that the use of combined markers can aid in the
early noninvasive identification of candidates for rescue PCI (65).

Risk Stratification and IRA Patency with Biochemical Markers

A logistic regression model incorporating baseline predictors of 30-d mortality showed
that both ST resolution and a positive qualitative myoglobin result were independent
predictors of mortality (66). Table 4 shows data from this study indicating that patients



Reperfusion and Prognostic Infarct Sizing 73

o T

Model Output
]

o2{ | -T_——_

|

|

|

’I

I
©

o oy
O T
TIMI Grade 0-1 Flow  TIMI Grade 2-3 Flow
100
R@Dmodtﬂ output = 0.10
80 (Sensitivity = 5.7, Specificity = 55.4)
\ model output = 0.24
(Sensitivity = 82.6, Specificity = 78.5}
> 601
2z
o
‘%
: X
())o 404 model output = 0.40
@ {Sensitivity = 47.8, Specificity = 81.5)
20+
0 o T T T T
0 20 40 60 80 10

1 - Specificity
Fig. 4. (Top) Patency groups illustrated by box plots displaying the range (bars) and 25th/
median/75th percentile (box) for values from the combined model that included myoglobin,

CK-MB, time to treatment, and chest pain intensity in the TIMI 0-1 and TIMI 2-3 groups. The

broken lines correspond to cutoff values displayed in the ROC curve (bottom panel). The ROC
curve (bottom) area is 0.88.

having both positive myoglobin and ST resolution <70% are at high risk of in-hospital,
30-d, and 1-yr adverse events. This study suggested that within 90 min of thrombolytic
therapy, clinicians can determine the risk for adverse events with a bedside myoglobin
assay and 12-lead ECG, and facilitate triage after thrombolytic therapy (66).
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Table 4
Clinical Outcomes for Combinations
of Baseline Qualitative Myoglobin (Myo) and ST Resolution

Number In-hospital 30-d 1-Yr 30-D

Combinations of patients death death death death/CHF
Negative Myo and ST resolution >70% 242 0 0.4 7.0 0.8
Positive Myo or ST resolution <70% 538 43 4.8 15.6 6.5
Positive Myo and ST resolution <70% 239 7.9 9.6 218 12.6

p <0.001 for trends in all variables.
Data from ref. 66.

In 140 patients, cTnT >0.1 ng/mL on admission predicted lower rates of postpro-
cedural TIMI 3 flow and more severely compromised myocardial perfusion as reflected
by myoglobin washout, despite normal epicardial flow (67). These findings may, in part,
explain the clearly higher-risk profile of troponin-positive patients (68). Because cTnT-
positive patients are less likely to have TIMI 3 grade flow, this study suggested that they
might require more aggressive adjunctive therapy when treated with PCI (67). Although
strategies involving myoglobin demonstrated the best performance, there is clearly a
role for CK-MB and particularly troponin, as indicated by risk stratification and out-
come-based studies (61,67).

Interpretation, Insight, and Future Trends
for Reperfusion Assessment with Biochemical Markers

Although biochemical markers by themselves provide substantial information regard-
ing epicardial patency, their performance is improved markedly by using a combined
approach with time to treatment, clinical indicators, and ECG criteria (Table 3). The tim-
ing of decisions implicit with reperfusion assessment require rapid testing, a need best
met by point-of-care testing. Of interest, myoglobin clearance was accepted as a surro-
gate for improved myocardial perfusion (67). This is important because factors in addi-
tion to TIMI 3 epicardial perfusion must be the goal of reperfusion therapy (6), and
biochemical markers may better indicate microvascular flow and myocardial tissue per-
fusion. Biochemical markers will undoubtedly play a role in the downstream shift of the
ACS treatment paradigm (6).

BIOCHEMICAL MARKERS FOR PROGNOSTIC INFARCT SIZING
Overview and Background of Prognostic Infarct Sizing

The ideal marker for prognostic infarct sizing must be released only on death of myo-
cytes. Specificity for cardiac tissue is highly desirable and, importantly, the release pattern
must be predictable so that a minimum number of samples are required to characterize
the curve fully. Furthermore, the marker’s release must strike a balance between early
rise and then completion of the curve in a “reasonable” time frame. On the one hand,
markers having a very early and rapid rise and fall may not allow elucidation of the entire
curve if there is any delay in patient presentation or sampling. On the other hand, markers
having an extended lifetime in blood may require sampling for many days or even weeks
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for accurate characterization of the release curve. Measurements of CK total activity
and CK-MB have been particularly well suited for determining infarct size (69,70).

Since the 1970s investigators studied the use of markers for quantifying (sizing) myo-
cardial necrosis (7/—74). In addition to total CK (75) and CK-MB (76), markers includ-
ing HBDH (77) and myoglobin (78) have been employed. Total CK and CK-MB remain
the most practical markers because they are released only on cell death (79); their release
begins within 4-10 h after MI and is complete within approx 24 h (80). Figure 3 shows
CK-MB curves for sampling over 20 h for two patients after thrombolytic therapy. In con-
trast to reperfusion assessment in which the first 90-min samples are in the spotlight, the
focus for prognostic infarct sizing includes the entire curve. Inspection of Fig. 3 reveals
that one could compare variables such as curve area, peak time, peak concentration, or
a variety of other parameters between the patients.

General Strategies for Reperfusion
Assessment and Infarct Sizing and Prognosis

Approaches to prognostic infarct sizing have ranged from very simple strategies such
as use of the highest value in a limited number of samples collected over a time period,
that is, 24 h, to frequent sampling and use of rather complex equations for curve-fitting
the data. Although simple, the “highest value” approach has been used to show valuable
associations between outcomes (8/,82) and interventions (83,84). Early curve-fitting
attempts involved determining the amount of a biochemical marker within myocardial
cells and then serially measuring the marker in blood in the hours and days following the
index event. By mathematically modeling the release profile and then integrating the area
of the time-release curve it was possible to determine the quantity of myocardial tissue
that was injured irreversibly. Curve-fitting the temporal pattern of cardiac marker release
has been shown to be the most accurate method for prognostic infarct size using these
markers. One of two curve-fitting approaches has been used extensively: 1. calculation
of the cumulative release of HBDH or 2. assessment of area, peak, and so on from curve-
fitting equations.

Quantifying the cumulative release of HBDH, first developed in the early 1980s (85,
86), is a strategy for prognostic infarct sizing by estimating the gram-equivalents of myo-
cardium per liter of plasma. To accomplish this estimation, cumulative HBDH activity
between the onset of symptoms (¢ = 0) and time ¢ is calculated according to the following
equation (85,86):

O(1) = C(1) + TER « JexpERRE-D « C(1)dt + FCR * [C(t)dr

where C(z) = plasma activity of HBDH, TER = fractional transcapillary escape rate con-
stant, exp = exponential function, ERR = fractional extravascular return rate constant,
and FCR = fractional catabolic rate constant for elimination of HBDH.

The cumulative release of HBDH can be assessed over various time periods, repre-
sented by the ¢ variable above, and may be 6 h, 12 h, or 72 h after the onset of symptoms
(¢=0). In these cases Q(t) in the above equation is designated as 0(6), O(12), or O(72).
Various ratios of cumulative release over different time periods can be expressed by
0(6)/0(72), O(12)/Q(72), and so on. A possible issue with the cumulative HBDH strat-
egy is that the nature of the marker used requires sampling over a 72-h period for reliable
results.
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A more straightforward approach is to utilize the log-normal function for curve-fit-
ting. This approach aims at finding the best fit of the characteristic time-release curve,
rather than attempting to explain complex physiological events such as clearance rates,
transcapillary escape rates, and so on. Curve-fitting models have used numeric integra-
tion with the following functions: first-order kinetic model (§7), a two-compartment
model (88), the gamma function (75), a validated exponential expediential function (89),
as well as the log-normal function (90). These functions were compared using a stan-
dard data set (97). Using criteria that included visual inspection, convergence of the
data, and evaluation of the trend of residuals with time, the log-normal function dem-
onstrated the best curve-fit properties (9/). The log-normal equation and its variables
are listed below:

Y () =a*exp{—0.5 ¢ [(Int - b)/c]*}

where y = CKMB concentration predicted by the model , # = time from onset of infarct,
a = peak CK-MB value of the fitted curve, b = natural logarithm of time from onset to
peak, and ¢ = a parameter reflecting the width of the curve.

Figure 5 shows a typical fitted curve for CK-MB, which illustrates the various param-
eters that can be determined from the log-normal model including curve area, peak
height, and time of peak height. Figure 5 shows an additional parameter termed the fall-
off constant (k,), which may be a new nonmortality end point valuable for both assess-
ing treatment effects in clinical trials and for clinical prognosis of patients with acute
coronary syndromes (92). Logically, the value of (k) reflects the quality of reperfusion;
the more rapid the falloff of the curve, the better the quality of reperfusion (93). Mathe-
matically, &, is derived from the slope of the log-normal curve as described by the
following equation:

dy/dt = a * exp(u) du

where u =—0.5 * [(Inf — b)/c]>. This equation may be simplified to dy/dt = y(t) du, which
represents the rate of change in CK-MB concentration. Because dy/dt = y(t) du has the
same form as a first-order rate equation, du may be viewed as a rate constant having its
maximal value at the inflection point. As illustrated in Fig. 5, this rate constant, du at
the inflection point, is defined as the falloff constant (k). k; represents the balance
between the rate of release of CK-MB from tissue into circulation and the protein’s
rate of elimination. Given normal CK-MB elimination, differences in k predominantly
reflect variation in the rates of CK-MB release into the bloodstream, which in turn reflects
the rate of CK-MB tissue clearance.

It is worth noting that models of marker release have been criticized in the past
because the calculated quantity of biochemical markers often did not accurately relate
to infarct size, commonly expressed in grams of infarcted tissue, in dogs with induced
coronary occlusion (94,95). Although the comparison of marker release and grams of
infarcted tissue may be appropriate for use in animal models, in humans a semiquan-
titative pathological means is advocated for classifying myocardial cell death after
prolonged ischemia according to the following four classifications: microscopic, with
focal necrosis; small, <10% of the left ventricle; medium, 10-30% of the left ventricle;
and large, >30% of the left ventricle (33). However, estimating the infarct size in grams
of myocardium should not be the goal, even though this is possible in theory. Instead,
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Fig. 5. Log-normal curve fitting for CK-MB measurements from an MI patient: the log-
normal function is y (2) = a * exp{-0.5 * [(In¢ — b)/c]*}; where a = peak height; b = In (peak time);
¢ = curve width parameter; and k,= fall off constant.

the focus for use of biochemical markers in living patients should be prognostic infarct
sizing, relating marker release to patient outcomes and treatment differences. Anatomic
infarct sizing should be left to the autopsy pathologist (91).

Performance of Prognostic Infarct Sizing

Much of the clinical utilization of examining the shape of biochemical marker release
and prognostic infarct sizing in individual patients has been semiquantitatively based
on experience and anecdotal information. In particular, a bimodal shaped CK-MB curve
has been associated with infarct extension for decades (96). In addition, higher CK-MB
peak values and larger CK-MB curve areas have been associated with more extensive
cardiac necrosis and worse outcomes for individual patients. From a scientific perspec-
tive, the association between total CK, CK-MB, and HBDH with infarct size and prog-
nosis and important outcomes has been well established when examining groups of
patients, rather than individuals. In most studies, biochemical marker release is consid-
ered (or demonstrated) reflective of the quantity of myocardium infarcted and there-
fore prognosis.

The use of biochemical markers to indicate infarct size has been used to demonstrate
the cardiac protective effect of preinfarction angina in a number of studies (97—-100).
These studies have found that CK-MB is an important prognostic marker. A recent study
of GUSTO I patients found that the measured peak CK-MB value was significantly cor-
related to 5-yr outcome, and was a more powerful predictor than time to treatment, pre-
infarction angina, and age (101). In the setting of PCI, it has been shown that elevations
in CK-MB that exceed twofold the upper limit of normal are at proportionate increased
risk of death, MI, and urgent revascularization at both 30 d and 6 mo (§4). CK-MB has also
been used as an indicator of infarct size when evaluating infarct sizing scoring systems
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(102) and strategies that include rotablator artherectomy (83). Although CK-MB measure-
ments in these studies revealed important prognostic information, the measured peak
value of the enzyme in the 24 h after the index event was used. Compared to mathemati-
cal modeling, this approach has limitations because information is lost in the assumption
that the measured value captures the true peak. In addition, modeling allows objective esti-
mation of the curve area, kﬁ time to peak, and other parameters. Properties of the cardiac
marker release pattern can be used to represent an overall measure of myocardial cellular
injury and clinical outcome. Infarct sizing and prognosis have shown that the cumulative
release of cardiac markers after AMI could be used to estimate infarct size, predict recov-
ery of left ventricular function, and predict survival (105—107). The term prognostic infarct
sizing is used here to represent systematic strategies that have been associated to out-
comes and treatments.

Cumulative release of HBDH has been used to indicate the extent of cell death and
to predict recovery of left ventricular function and survival (105-107). With regard to
reperfusion therapy, cumulative HBDH release was used to compare fibrinolytic treat-
ment with streptokinase (SK) or tissue plasminogen activator (tPA) (7105). This study
showed a significant difference in median infarct size for tPA-treated patients (p < 0.04)
by cumulative HBDH release, which was consistent with survival differences between
treatments (105). A comparison between thrombolytic treatment with SK and PCI also
utilized HBDH cumulative release as a prognostic indicator of infarct size, finding that
PCI resulted in smaller infarct size. Furthermore, cumulative HBDH release showed that
despite successful thrombolysis, PCI was superior to thrombolytic therapy with regard to
infarct size (36). The results of prognostic infarct sizing were consistent with lower mor-
tality and improved ejection fraction at discharge for the PCI-treated patients (36,105).

Log-normal curve fitting was performed in a substudy of Thrombolysis and Angio-
plasty in Myocardial Infarction (TAMI) 7 patients to relate in-hospital outcomes and
CK-MB parameters after thrombolysis (108). Sampling for CK-MB mass measurements
in TAMI 7 was performed at enrollment and 30 min, 90 min, 3 h, 8 h, and 20 h after throm-
bolysis. The calculated CK-MB maxima were significantly related to ejection fraction
at 90 min (p = 0.0004) and at 5-7 d (p = 0.0014), as was curve area (p = 0.0076 and
0.030, respectively). Both CK-MB maxima and curve area predicted CHF (p = 0.008
and p = 0.042, respectively) and a composite of CHF or death (p =0.004 and p = 0.047,
respectively). In summary, this study showed that CK-MB maxima determined by log-
normal curve fitting with a limited number of samples collected over only 20 h related
well to infarct zone function, left ventricular function, and in-hospital outcomes after
thrombolysis for MI (108).

Clinical trials in which the incidence of short-term mortality and other outcomes is
relatively low have need for nonmortality end points (33). Prognostic infarct sizing with
the log- normal equation was used to model CK-MB release in 581 MI patients enrolled
in the Promotion of Reperfusion by Inhibition of Thrombin During Myocardial Infarc-
tion Evolution (PRIME) and Efegatran Sulfate as an Adjunct to Streptokinase versus
Heparin as an Adjunt to Tissue Plasminogen Activator in Patients with Myocardial
Infarction (ESCALAT) trials (109). In these studies CK-MB mass measurements and
log-normal curve fitting were performed in serum specimens collected at enrollment,
and then at 1, 6, 12, 24, 36, and 72 h later. CK-MB maxima and area under the curve
(AUC) from curve fitting CK-MB release were compared to infarct sizing by nuclear
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imaging at hospital discharge, finding a significant correlation (both p < 0.0001). Fur-
thermore, CK-MB maxima and AUC demonstrated a significant relationship with dis-
charge ejection fraction determined 5—7 d after MI (p = 0.02 and p = 0.026, respectively).
The conclusion of this study was that parameters from quantitative CK-MB curve fitting
provide a reasonable surrogate end point of infarct size and function in phase II clinical
trials (109).

Interpretation, Insight, and Future Trends
for Reperfusion Assessment with Biochemical Markers

Nonmortality endpoints, including use of prognostic infarct sizing with biochemical
markers and the technologies listed in Table 1, are currently being used in clinical trials
of devices and therapies. Although, clearly troponin is important for risk stratification,
the characteristic release of CK-MB, and to a lesser extent HBDH, are more predictable
and there is far more evidence for their use in prognostic infarct sizing. Innovative strat-
egies that employ combinations of technologies will become increasingly important as
overall mortality from the acute coronary syndromes continues to decrease and therapies
aimed at the non-ST elevation and UA are further developed (6). Clinically, the anecdo-
tal use of biochemical markers for prognosis should be standardized and automated so
that systematic study is possible.

SUMMARY OF REPERFUSION
MONITORING AND PROGNOSTIC INFARCT SIZING

Despite significant advances in the treatment of AMI, thrombolytic therapy is nei-
ther successful in, nor appropriate for patients in the entire spectrum of ACS. Many
new therapies are emerging, which are designed to further improve reperfusion strate-
gies, reduce infarct size, and improve outcome. Current tools for assessing the success
of reperfusion therapies are invasive, expensive, and are not generally available 24 h a
day, 7 d per week at all medical centers. Combinations of rather simple, widely avail-
able tools enhance the ability for evaluating reperfusion therapies (Table 3). Evalua-
tion of microvascular dysfunction—the physiological “bottom line”—after epicardial
reperfusion will increasingly become a focus (6); myoglobin release has been accepted
as a surrogate for microvascular perfusion (67). Relationships between infarct size, the
ability to predict IRA patency on angiography, and important clinical outcomes are com-
pelling; it has been stated that all studies involving cardiac markers should include infarct
sizing (33,110). The information gained from quantitatively examining the shape and
pattern of early and late marker release is currently limited, except for evaluating infarct
extension. There is need for rapid turnaround of cardiac marker measurements to opti-
mize many emerging applications. The serial measurements of cardiac markers that are
routinely performed can add insight into early (re)perfusion monitoring and over the
total coronary for prognosis.

ABBREVIATIONS

ACS, Acute coronary syndrome(s); AMI, acute myocardial infarction; AUC, area
under the curve; CHF, congestive heart failure; CK, creatine kinase; CK-MB, MB iso-
enzyme of CK; CTFC, corrected TIMI frame count; cTnT and cTnl, cardiac troponins
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T and I; ECG, Electrocardiogram; ESCALAT, Efegatran Sulfate as an Adjunct to Strep-
tokinase versus Heparin as an Adjunct to Tissue Plasminogen Activator in Patients with
Myocardial Infarction; FABP, fatty acid binding protein; GUSTO, Global Use of Strat-
egies to Open Occluded Coronary Arteries in Acute Coronary Syndromes; HBDH,
hydroxygutyrate dehydrogenase; IRA, infarct-related artery; MI, myocardial infarc-
tion; MRI, magnetic resonnance imaging; NPV, negative predictive value; NSTEMI,
non-ST elevation MI; PCI, percutaneous coronary intervention; PET, positive-emission
tomography; PPV, positive predictive value; PRIME, Promotion of Reperfusion by Inhi-
bition of Thrombin During Myocardial Infarction Evolution; ROC, receiver operating
characteristic; STEMI, ST elevation MI; TAMI, Thrombolysis and Angioplasty in Myo-
cardial Infarction; TIMI, Thrombolysis in Myocardial Infarction; tPA, tissue plasmino-
gen activator; VWF, von Willegrand factor.
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The Use of Cardiac Biomarkers to Detect Myocardial
Damage Induced by Chemotherapeutic Agents

Eugene H. Herman, Steven E. Lipshultz, and Victor J. Ferrans

INTRODUCTION

The treatment of neoplastic diseases with chemotherapeutic agents was initiated more
than 50 yr ago. Since then, antineoplastic agents have been derived from diverse sources,
such as synthetic chemicals, antibiotics, plant products, antibodies, and enzymes. These
agents have contributed to prolongation of disease-free intervals and an increase in over-
all survival. It was thought that the toxicity associated with chemotherapeutic agents would
most likely occur in rapidly proliferating tissues, such as the bone marrow and gastrointes-
tinal tract. However, since the report by Tan et al. (1) of delayed heart failure in children
treated with the anthracycline daunorubicin, there has been an increased awareness of the
potential for cardiovascular side effects during the course of cancer chemotherapy.

CARDIAC TOXICITY OF ANTINEOPLASTIC AGENTS:
GENERAL CONSIDERATIONS

A wide variety of antineoplastic agents has been found to exert toxic effects on the car-
diovascular system (Table 1). Five of these agents, 5-fluorouracil (5-FU), cyclophospha-
mide, anthracyclines, mitoxantrone, and Herceptin (trastuzumab), have been found to be
frequent causes of cardiotoxicity when used clinically.

5-Fluorouracil

The myocardial alterations induced by 5-FU consist of anginal chest pain, which can
progress to the clinical and pathological picture of myocardial infarction (MI) (2). This
toxicity develops acutely, soon after the administration of the drug, and has been attrib-
uted to drug-induced coronary arterial spasm. The chest pain induced by 5-FU can be
evaluated by means of the techniques in current use for the diagnosis of ischemic chest
pain resulting from coronary atherosclerosis.

Cyclophosphamide

Very acute cardiotoxicity also can be caused by cyclophosphamide, which has been
used in very large doses, either alone or in combination with other chemotherapeutic
agents, to ablate bone marrow in preparation for bone marrow transplantation (3,4).

From: Cardiac Markers, Second Edition
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Table 1
Chemotherapeutic Agents with Cardiotoxic Effects
Class/agent Toxic effect(s)
Anthracyclines
Doxorubicin Arrhythmias, CHF
Daunorubicin Arrhythmias, CHF
Epirubicin CHF
Idarubicin Arrhythmias, angina, CHF
Mitoxantrone Arrhythmias, CHF
Alkylating agents
Cyclophosphamide Myocarditis, pericarditis, CHF
Ifosfamide Arrhythmias, CHF
Mitomycin CHF
Antimetabolite
5-FU Angina, M1
Antimicrotubule agents
Paclitaxel Arrhythmias
Etoposide MI, ECG changes
Teniposide Arrhythmias
Vinca alkaloids MI, ECG changes, arrhythmias
Antibody
Trastuzumab (Herceptin) Cardiomyopathy
Miscellaneous
Tretinoin Pleural—pericardial effusions, MI
Pentostatin Angina, MI, CHF, arrhythmias

This toxicity is manifested by hemorrhagic myocarditis and pericarditis, both of which
can occur within a few hours or days after the administration of the drug. These changes
are associated with cardiac microthrombosis and cardiopulmonary failure.

Anthracyclines

In contrast to the preceding two drugs, the cardiotoxicity produced by anthracyclines
(doxorubicin, daunorubicin, epirubicin, idarubicin) can show a wide spectrum of clini-
cal and morphological variations, depending on how the drugs are administered in clinical
practice and on the amount of time elapsed after the completion of therapy. The cardio-
toxicity produced by anthracyclines can be classified into the following subtypes: acute,
subacute, chronic, and greatly delayed (5). The first three of these subtypes can be repro-
duced in a consistent manner in experimental animal models (6). In addition, single, extre-
mely large, lethal doses of anthracyclines have been given to experimental animals. Such
doses cause death due to extensive ulceration of the gastrointestinal tract (with subse-
quent sepsis) within a few days, before the classic cardiac morphologic changes have had
time to develop. It is necessary to emphasize that great caution is required in the inter-



Myocardial Damage from Chemotherapy 89

pretation of data obtained from these types of studies, which do not have a direct relevance
to the clinical use of anthracyclines.

The acute toxicity (electrocardiographic [ECG] changes) produced by anthracyclines
is evident within a few minutes to several hours after administration of the drug (7). It is
manifested by decreased QRS voltage, sinus tachycardia, ventricular and supraventricu-
lar arrhythmia, and prolongation of the QT interval. The subacute type is characterized
by acute myocarditis and pericarditis, which develop after a relatively small cumulative
dose of the drug and occur uncommonly (§).

The most important manifestation of anthracycline cardiotoxicity is the chronic form,
which is dose related (incidence, 7% in patients receiving cumulative doses of 550 mg/
m? of body surface, 18% incidence at total dose of 700 mg/m?), and can develop either
during the course of therapy or several months after its completion (7). It is manifested
by the insidious onset of congestive heart failure (CHF), which eventually can be fatal
and is associated with characteristic morphological changes in the cardiac myocytes.
These cells show progressively increasing loss of myofibrils and cytoplasmic vacuo-
lization (9). The latter is due to dilation of the tubules and cisterns of the sarcoplasmic
reticulum. These changes can be graded semiquantitatively, and there is a good corre-
lation between their severity and that of the clinical manifestations of cardiomyopathy
(10). Because of the frequency and importance of this complication, it is highly desirable
to employ techniques for its detection at the earliest possible time. As discussed below,
the development of these techniques has become an area of very active research.

The greatly delayed type of cardiac toxicity of anthracyclines becomes evident sev-
eral years after successful completion of the chemotherapy, and is also manifested by
CHF. It is most frequently observed in children and adolescents, but also has been recently
described in adults. The pathophysiology of this cardiotoxicity remains poorly understood.

Mitoxantrone

Mitoxantrone has pharmaceutical effects similar to those of anthracyclines, and it also
produces cardiotoxicity that in many ways resembles that caused by the latter agents
(11). Therefore, noninvasive monitoring of the cardiac effects of mitoxantrone is also
considered to be of great clinical importance, particularly as this agent is frequently used
after a course of anthracyclines has been administered. Furthermore, mitoxantrone has
been proposed for the treatment of multiple sclerosis (72).

Herceptin

Cardiac toxicity has been recently reported to occur following treatment with the
recombinant human anti-HER2/neu (c-Erb-B2) antibody trastuzumab (Herceptin), in
women with breast cancer. The HER?2 proto-oncogene is a transmembrane receptor tyro-
sine kinase that belongs to the epidermal growth factor family. This receptor is over-
expressed in 10-35% of patients with cancer and is associated with decreased disease-free
and overall survival in women with breast cancer. Decreases in cardiac function (>10%
reduction in ejection fraction) or cardiomyopathy has been observed in approx 5% of
patients receiving Herceptin alone (73) and 13% of women receiving Herceptin in com-
bination with other chemotherapeutic agents (14). Herceptin has been found to increase
both the therapeutic and toxic effect of doxorubicin (/5).
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THE USE OF BIOMARKERS FOR THE DETECTION
OF DRUG-INDUCED MYOCARDIAL INJURY

A number of noninvasive methods (ECG, echocardiography, radionuclide ventricu-
lography, and various other forms of myocardial imaging) have been used to detect
and evaluate the extent of chemotherapy-induced myocardial damage (16,17). These
techniques have not been able to detect the early stages of doxorubicin cardiotoxicity, in
which deterioration of cardiac function has not yet developed (16,17). As a result, there
has been interest in identifying other types of noninvasive methods that can be used,
either alone or in conjunction with cardiac functional studies, to detect the initial stages
and the progression of the cardiotoxicity to optimize the chemotherapeutic dose.

A more recent and promising approach for the detection of myocardial injury involves
monitoring the serum concentrations of cytoplasmic enzymes (creatine kinase [CK],
MB isoenzymes of CK [CK-MBY], lactic dehydrogenase [LDH], LDH isozymes) or other
cellular components (cardiac troponin T [cTnT] and cardiac troponin I [cTnl]) that are
released from damaged myocytes into the circulating blood (78). Most of the initial obser-
vations that detected increases in serum levels of these substances were associated with
the cardiac damage produced by MI. These potential biomarkers can be classified into two
categories, according to whether they are normally present in small concentrations in serum.
The natriuretic peptides represent an exception to this generalization, as increases in their
plasma levels indicate a response to cardiac dysfunction rather than a direct expression
of myocyte damage.

LDH and CK

LDH is a cytoplasmic enzyme with a high activity in heart, skeletal muscle, liver,
kidney, and red blood cells. At least five isozymes of LDH have been identified. The
clinical usefulness of the assay for LDH was improved by electrophoretic separation of
the isozymes, which found that the LDH]1 isozyme was the predominant form found in
serum after acute MI (79). The LDHI isozyme is also found in high concentration in the
renal cortex and red blood cells. Other LDH isozymes (2, 3, and 4) also are found in the
heart, kidneys, red blood cells, and several other tissues. Because LDH is not tissue-spe-
cific, increases in serum levels also may occur in a wide variety of noncardiac disorders,
other than cardiac damage.

CK 1is another cytosolic enzyme that shows increased serum activity after acute MI.
The sensitivity of this assay was also improved by monitoring CK-MB or CK mass (20,
21). CK and CK-MB have been used in clinical and nonclinical studies to detect myo-
cardial damage induced by various drugs and toxic agents. The specificity of such
determinations is limited because significant amounts of CK-MB are present in skele-
tal muscle (22). In addition, drugs such as benzodiazepines, tricyclic antidepressants,
pyridoxine, and high doses of acetylsalicylic acid can cause elevations of CK-MB (23).
The usefulness of these enzymes as biomarkers for detecting drug-induced myocyte
damage is limited because the amount of acute muscle injury produced by most drugs is
considerably lower than that which occurs after MI. In addition, the timing of the release
of these enzymes also may differ markedly in acute or chronic myocardial injury, thus
making it more difficult to evaluate these types of data accurately.
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Studies in Mice

The mouse has been utilized in many experiments involving acute anthracycline car-
diotoxicity. Single high doses of doxorubicin or other anthracylines, ranging from 5 to
20 mg/kg, have caused significant increases in the serum levels of CK and/or LDH.
Many investigators have attempted to utilize changes in the activities of these two enzymes
as a means to identify potential cardioprotective agents.

Early protection studies in the mouse showed that the increases in CK, CK-MB, and
LDH following treatment with daunorubicin were attenuated when the drug was incorpo-
rated into a synthetic biodegradable polymer or liposomes (24,25). Electron microsco-
pic evaluation also indicated that the lesions induced by 35 mg/kg of liposomal dauno-
rubicin were less severe than those caused by the free form of the drug (25 mg/kg) (24).

Other studies in mice have examined the potential protective activity of a variety of
antioxidant compounds. Serum levels of CK and LDH increased following treatment
with 12-20 mg/kg of doxorubicin (26—31). Administration of WR-1065 (the dephos-
phorylated metabolite of WR-2721 [S-(3-aminopropylamino) ethylphosphorothiocic acid])
(26), PZ-51 (Ebselen) (27), 5,6,7,8-tetrahydroneopterin (28), flavonoids (29), thymo-
quinone (30), or S-allylcysteine (3/) significantly attenuated the increases in serum activ-
ity of these two enzymes. In the study of Al-Shabanah et al. (30) the maximal CK and
LDH levels were 1300 IU and 1100 IU, respectively, 24 h after doxorubicin compared to
800 IU and 600 IU, respectively, at the same time in animals pretreated with thymoquin-
one. Morphologic confirmation of reduced doxorubicin-induced myocardial lesions was
obtained by light microscopy (30,31) and electron microscopy (28).

A transgenic mouse model in which metallothionein is overexpressed only in the heart
was studied to determine whether elevation of this substance alters doxorubicin car-
diotoxicity (32). Administration of 20 mg/kg of doxorubicin caused significant increases
in serum CK activity and myocardial lesions in nontransgenic controls, effects that were
significantly attenuated in the metallothionein transgenic animals (32). Increases in
serum CK associated with buthionine sulfoxine-enhanced doxorubicin toxicity in non-
transgenic mice were also significantly reduced in the myocardium in the transgenic mouse
model of metallothionein overexpression (33). Doxorubicin-induced increases in serum
CK activity were prevented when mice were pretreated with zinc, an inducer of metallo-
thioneins (34). Lack of protective activity has also been detected. Mice treated with a sin-
gle 10 mg/kg dose of doxorubicin had significantly increased LDH (1.8 times), CK (2.5
times), and CK-MB (7.5 times) serum activity within 24 h (35). Neither the mortality
nor the levels of these enzymes were affected by pretreatment with L-histidinol (35).

Studies in Rats

New Zealand black rats were used by Olson and Capen (36) as models of doxorubi-
cin toxicity. These investigators found that high doses of doxorubicin (5-20 mg/kg)
caused significant elevations in serum LDH, LDH1, LDH2, and LDH3, and the LDH1/
LDH2 ratio. Maximal levels were observed 48 h after dosing. Because of widespread
tissue damage, these findings were thought to be too nonspecific to imply a cardiac source
for the increases of these enzyme levels.

Monitoring the levels of CK and LDH following the administration of high doses of
doxorubicin has been utilized in a number of acute cardioprotection studies. Increasing
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doses of doxorubicin (4-30 mg/kg) in rats caused a dose-related increase in serum CK
(37,38). A 29% and 41% decline in peak CK levels was observed in animals given 10
mg/kg of butylated hydroxyanisole plus 10 mg/kg of doxorubicin, or 30 mg/kg of buty-
lated hydroxyanisole plus 30 mg/kg of doxorubicin, respectively, compared to animals
receiving 10 or 30 mg/kg of doxorubicin alone (37,38). Increased levels of CK and
LDH developed within 2448 h in rats given a single 6 or 10 mg/kg dose of doxorubi-
cin (39-41). Pretreatment with >25 IU/kg of vitamin A (39), 50 and 100 mg/kg of pro-
polis (42), 300 mg/kg of WR-2721, and/or 1.6 mg/kg of sodium selenite (40) or 100 mg/
kg/d x 3 d of phenobarbital (4/) significantly lowered the serum levels of CK and LDH
to values that were close to those observed in control animals. The lower values of the
two enzymes in animals pretreated with propolis correlated with a reduction in cardiomy-
opathy scores from 2.5-3.0 (doxorubicin alone) to 1-1.5 (propolis + doxorubicin) (42).

Wistar rats developed sarcoplasmic and mitochondrial alterations 96 h after treat-
ment with a single 15 mg/kg dose of doxorubicin (43). At 24 h after treatment, the levels
of CK in these animals were comparable with those in control animals; however, they
were significantly elevated (twofold) at 96 h (43). The potential protective effects of des-
ferrioxamine (44), captopril (45), and thymoquinone (46) were examined in adult Wistar
and Swiss albino rats. Pretreatment with 250 mg/kg of desferrioxamine or 60 mg/kg of
captopril just prior to treatment with 15 mg/kg of doxorubicin attenuated the increases
in serum CK, CK-MB, LDH, and LDH isozyme activities seen 24 and 48 h after treat-
ment with doxorubicin alone (44,45). The cardiac isozymes of LDH and CK increased
194% and 68%, respectively, 48 h after treatment with doxorubicin alone, but the increases
were significantly lower in rats pretreated with desferrioxamine prior to doxorubicin
(56% and 17%, respectively) (44). Thymoquinone, given in the drinking water starting
5 d before doxorubicin, also exerted protective activity, as shown by 30.5% and 62.3%
decreases in LDH and CK activities, respectively, over the increases observed in rats
given doxorubicin alone (46). Changes in serum CK activity were monitored in normal
and streptozoticin-diabetic hamsters and rats following treatment with 15 mg/kg of doxo-
rubicin (47). Serum CK activity peaked 6 h post-dosing in both groups of rats; how-
ever, doxorubicin appeared to be more toxic in diabetic rats. Maximal levels of CK were
significantly higher in the diabetic animals (47).

Several recent pretreatment studies in rats have utilized single doses of doxorubicin
that ranged from 20 to 30 mg/kg. Animals pretreated with 200 mg/kg/d of curcumin
for 10 d (48), 5 mmol/kg/d of glutathione for 10 d (49), or 25-200 mg/kg of desferriox-
amine (50) all had significantly attenuated increases in LDH and CK levels compared
to those observed in rats that received doxorubicin alone. The levels of CK-MB and
LDH were increased 4.8- to 5.35-fold over control values in animals given 25 mg/kg of
doxorubicin (50). Pretreatment with various doses of desferrioxamine significantly reduced,
but did not completely eliminate, the increases in serum enzyme activity. Cardiomyopa-
thy scores were reduced from 3 (doxorubicin alone) to 1 in desferrioxamine-treated ani-
mals (125-500 mg/kg) (50).

Few studies have been reported in which serum enzymes were monitored in rats after
chronic treatment with doxorubicin. One such investigation sought to evaluate the poten-
tial protective activity of tetracycline (51). Male Sprague—Dawley rats were treated with
2 mg/kg/wk of doxorubicin (weekly) and 10 mg/kg/d of tetracycline for 8 wk. At the
end of the experiment, the mean CK activity in doxorubicin-treated animals was 104
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IU, compared with 96 1U in animals pretreated with tetracycline and 59 IU in saline-treated
control animals (51). Based on the level of CK activity, the study concluded that tetra-
cycline did not prevent doxorubicin cardiotoxicity.

Experiments in rats also have utilized changes in serum enzyme levels to assess the
cardiotoxic potential of anthracyclines other than doxorubicin. Serum CK and CK-MB
activities were monitored 3—6 d after the fourth daily treatment with 2.5 mg/kg of
epirubicin (52). CK-MB activity in control rats was 16% of the total CK activity. Three
days after treatment with epirubicin, CK-MB isozyme activity increased approximately
fivefold and amounted to 60% of the total CK activity (52,53). The level of CK-MB
returned to near predosing levels by d 6. Total CK activity increased to 160% of pre-
dosing levels and declined toward control activity in parallel with CK-MB. A single 10
mg/kg dose of epirubicin was given to a separate group of rats. The level of CK-MB
activity observed was higher after the 10 mg/kg cumulative dose regimen than after the
single 10 mg/kg high dose of epirubicin. Vitamin E (0.1 mg/kg), given orally prior to
each of the 2.5 mg/kg doses of epirubicin, suppressed the increase in serum CK activity.
Doxorubicin was not included for comparison nor was histopathological information
reported in this study. The cardiotoxic potential of epirubicin was compared with that of
seven other antitumor agents in a study that utilized serum enzyme activity to evaluate
cardiotoxicity. Wistar rats were treated with 5 mg/kg of epirubicin, 5 mg/kg of chloram-
bucil, 5 mg/kg of cisplatin, or 3 mg/kg of methotrexate daily for 5 d (54). Serum enzyme
activity was increased by all four agents. However, epirubicin caused the most profound
changes and was the only agent that increased levels of all enzymes monitored (CK,
CK-MB, and LDH) (54). The study concluded that epirubicin was considerably more
cardiotoxic than cisplatin, chlorambucil, and methotrexate.

Studies in Rabbits

Although the rabbit was the first animal in which the chronic cardiotoxicity of doxo-
rubicin and daunorubicin was detected, very few studies include monitoring serum
enzymes in the analysis. In an early study, 0.7 mg/kg of doxorubicin was given to New
Zealand rabbits every other day until reaching cumulative doses of 18-36 mg/kg (55).
Mean terminal serum LDH and CK levels of rabbits with cardiomyopathy were increased
2.5- and 2.8-fold over control values, respectively, in animals with significant cardiac
lesions. No elevations in the activity of either enzyme were seen in rabbits with little or
no cardiac changes. The protective effects of vitamin E (200 mg/d for 4 d) was evaluated
in New Zealand rabbits treated with a single 7 mg/kg dose of doxorubicin (56). Within
24 h serum CK increased two times over pretreatment levels and all rabbits died within
7 d. Treatment with vitamin E for 4 or more days prevented the elevation in CK activity
and increased survival. The myocardial lesions observed by light and electron microscopy
reflected the attenuation in CK activity and were less severe in the animals that had been
given vitamin E and doxorubicin than in those given doxorubicin alone.

Studies in Dogs

The dog has been used primarily in chronic studies in which attempts have been made
to mimic clinical treatment regimens. Very few of these studies included serum enzyme
analyses. In a safety assessment study beagle dogs were given a single dose of 1.75 mg/
kg of doxorubicin or 0.125 or 0.25 mg/kg of mitoxantrone once every 3 wk for a total of
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eight or nine cycles (57). A significant increase in CK-MB was detected 1 d after the
ninth dosing (24 wk) in four of six doxorubicin-treated dogs (57). CK-MB levels remained
normal in the mitoxantrone-treated dogs. It was concluded that, at the doses utilized,
mitoxantrone was not cardiotoxic (57). A comparison was made of the sensitivity of
various modes {electrocardiogram, cardiac ultrastructure and serum enzymes (CK-MB,
a-hydroxybutyrate dehydrogenase [a-HBDH])} to detect cardiotoxicity in beagle dogs
given 1.5 mg/kg of doxorubicin once a week for 3 wk (58). Electrocardiographic abnor-
malities (progressive decrease in QT intervals, reduction in T-wave amplitude and sinus
tachycardia) and ultrastructural changes in the myocardium (dilation of sarcoplasmic
reticulum, alterations of T tubules) were detected by the fourth week of the study. How-
ever, the levels of both CK-MB and a-HBDH were comparable to pretreatment values
(58). These investigators concluded that CK-MB and a-HBH are not reliable markers
of slowly developing myocardial damage, such as that caused by anthracyclines.

Studies in Humans

The use of serum enzymes for monitoring anthracycline cardiotoxicity during treat-
ment regimes has also been very limited. Neri et al. (59,60) monitored CK-MB prior to
and 15 h after anthracycline dosing. They determined that elevations of 8 IU or more
after treatment are indicative of acute cardiac toxicity. In a group of nine patients that
were tested with doxorubicin for a total of 66 therapeutic cycles (maximum cumulative
dose, 540 mg/m?), CK-MB increased by more than 8 IU in 31 (57%) of the 66 cycles.
In comparison, patients treated with 121 cycles of epirubicin (maximum dose of 720 mg/
m?) experienced increases in CK-MB in only 16 cycles of the 121 (13%) (60). Based on
CK-MB data and echocardiographic analysis the study concluded that epirubicin was
40% less cardiotoxic than doxorubicin. Both CK-MB and myoglobin were monitored
in 15 patients 3, 5, 12, 24, and 36 h following administration of 25-50 mg/m? of doxo-
rubicin (61). No significant change in CK-MB levels was observed up to 36 h after treat-
ment. Significantly elevated myoglobin values were found in eight patients. The highest
concentrations were observed 24 h after treatment. Because doxorubicin was adminis-
tered with other drugs, it was not clear to what extent the other drugs may have been
responsible for the increases in myoglobin levels.

Evaluation of serum enzymes has been reported only in very few patients with 5-FU
cardiotoxicity. A young man without heart disease received 5-FU (25 mg/kg every 24 h
by continuous infusion over a period of 5 d) (62). He experienced severe chest pain on
the second day of treatment. During the periods of pain both the ECG and serum CK
levels were normal (62). A group of 104 patients received 24—30 mg/kg of 5-FU/d by
8-h infusion (63). Cardiotoxic effects (ECG changes, palpitations, or cardiac distress)
were observed during 25 of 192 treatment cycles. However, no consistent changes
in serum enzyme activity were detected (63). The serum CK levels in a patient who had
received 4 wk of 5-FU and levamisole therapy rose to >1000 U/L. In this instance, the
patient did not experience cardiac symptoms and the source of the enzyme was deter-
mined to be skeletal muscle (64).

Three cases of acute cardiopulmonary toxicity that mimicked acute cardiac ischemia
were reported following treatment with vinorelbine (65). However, neither elevations
in CK activity nor ECG changes were observed.
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Cardiac Troponins

Measurement of serum levels of ¢cTnT and cTnl are used clinically for the detection
of myocardial damage in various conditions (78). The troponins are localized in at
least two intracellular compartments. Small quantities of ¢cTnT and cTnl (3-7%) are
found in the cytoplasm, and the remainder is complexed with actin (78) in the myo-
fibrils. These proteins are products of different and unrelated genes. Both ¢TnT and
cTnl are expressed in different isoforms in slow and fast-twitch skeletal muscle and
cardiac muscle (66,67). cTnl contains 31 amino acid residues at the amino terminus that
differ from that of the fast or slow skeletal muscle isoforms (66). As a result, there is a 40%
difference between the structure of cTnl and that of the other isoforms. ¢Tnl is expressed
only in myocardium, even with ongoing chronic disease processes. These properties
are favorable for a specific marker of myocardial injury. There are several commerci-
ally available immunoassays for the quantitative determination of ¢Tnl in blood. These
assays give varying measures of cTnl because of differences in calibration and epitopes
recognized by the corresponding monoclonal antibodies (68).

cTnT differs by only 611 amino acid residues from skeletal muscle isoforms (67).
The skeletal muscle form can be reexpressed in human myocardium under certain stress-
ful conditions (69). cTnT is expressed in a “fetal form” in embryonic skeletal muscle,
but is not normally found in adult skeletal muscle. Nevertheless, this fetal form can be
reexpressed in skeletal muscle of patients who have certain skeletal muscle diseases and
in renal failure (68). However, Ricchiuti et al. (70) have determined that the second-
generation commercial assay will not detect the ¢cTnT isoforms that are reexpressed in
patients with renal or skeletal disease. An improved third-generation assay for cTnT
retains specificity and requires less time to perform (71). The increased specificity and
sensitivity of these new assays have served to extend their clinical usefulness for diag-
nosing subtle myocardial injury related to exposure to cardiotoxic agents and for deter-
mining the efficiency of cardioprotective procedures in both preclinical and clinical
situations.

The antibodies used in the first- and second-generation immunoassays for human
c¢TnT also have been shown to recognize cTnT epitopes in a variety of animals (72).
Rat hearts had the highest cross-reactivity, and chicken and fish hearts, the lowest (72).
Skeletal muscle from rats, pigs, and goats had 10% of the reactivity of ¢TnT as deter-
mined by the first-generation cTnT assay but only 1% of the cTnT with the second-gen-
eration assay (72). It appears that the second-generation assay for cTnT has sufficient
reactivity and selectivity to distinguish between cardiac and skeletal muscle damage. In
a recent study, Fredericks et al. (73) measured the cardiac troponins and CK isoenzymes
(using commercially available assays) in cardiac and skeletal muscle samples from rats,
dogs, pigs, and monkeys. In all four species, the content of cTnl and ¢TnT detected in
skeletal muscle was <0.6% of that found in the myocardium. In all species, the amount
of CK was greater in skeletal muscle than in cardiac tissue, and the CK-MB/total CK
ratio was lower in skeletal muscle than in myocardium. The differences in CK-MB con-
tent between skeletal and heart muscle were considerably less than the tissue differences
in the amounts of the two cardiac troponins in the same tissues. These findings pro-
vide additional support for the specificity of cardiac troponins as biomarkers of experi-
mentally induced myocardial damage.
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Only a single commercial cTnT assay (which is standardized) is currently available,
in contrast to several ¢cTnl immunoassays (with no standardization consensus). At pres-
ent, it has not been determined whether all the antibodies developed for the various
cTnl assays, which are directed against different epitopes of the human c¢Tnl protein,
would also be appropriate for monitoring ¢Tnl in animals. Immunoassays for cTnT have
been used to detect myocardial injury induced by a variety of means, such as ischemia
(rats and dogs) (74,75), rejection of transplanted hearts in rats (76), viral myocarditis
(mice) (77,78), and drug toxicity (rats and mice) (75,79). cTnT was monitored in all the
studies except that of Smith et al. (78), which utilized one of the ¢Tnl immunoassays.
The findings derived from these studies also tend to support the notion that monitoring
serum levels of cTnT, and possibly of ¢Tnl, can provide a sensitive means to detect and
monitor myocardial injury in experimental studies.

The quantity of ¢TnT that reaches the blood varies according to the type of myocar-
dial injury. The serum concentration of ¢cTnT can reach levels of several nanograms per
milliliter after acute MI (78). In experimental ischemia—reperfusion studies, the serum
concentrations of cTnT increased to 13 ng/mL after 4.5 h of reperfusion in dogs and 10
ng/mL after 130 min of reperfusion in rats (75). Rats given two doses of isoproterenol
developed myocardial necrosis and had high serum concentrations of ¢TnT (3.75 ng/
mL) (79). In contrast, considerably less ¢TnT is released from the myocardium damaged
by anthracyclines. The highest concentration of ¢cTnT detected by Herman et al. (80)
was 0.66 ng/mL in a spontaneously hypertensive rat (SHR) given a total cumulative dose
of 12 mg/kg of doxorubicin, with a maximal cardiomyopathy score of 3. Other SHRs
with doxorubicin-induced cardiac lesions had serum levels of 0.30 ng/mL or less (80).
The terminal sampling in a study of daunorubicin-treated rabbits found a mean serum
c¢TnT concentration of 0.13 ng/mL (81). In children treated with doxorubicin, ¢cTnT con-
centrations increased from 0.01 ng/mL to between 0.03 and 0.09 ng/mL. This increase
in ¢cTnT concentration was found to be clinically meaningful as a predictor of subsequent
cardiotoxicity (82,83). Thus, the small changes in cTnT detected after anthracycline ther-
apy can provide useful diagnostic information.

Studies in Mice

A study was initiated to determine whether cTnT levels would increase after various
types of experimentally induced myocardial damage (75). As part of this study, mice
were treated with 10 mg/kg of doxorubicin daily for 5 d. cTnT levels of 10 ng/mL were
detected in the blood of these animals at the conclusion of doxorubicin treatment (75).
No information regarding cardiac morphology was reported.

Studies in Rats

Evidence for the usefulness of ¢cTnT as a biomarker of doxorubicin cardiotoxicity
in SHR was initially reported by Seino et al. (§4). These investigators found increased
serum cTnT levels in SHR that were treated once a week with 1.5 mg/kg of doxorubi-
cin for 8 wk. More recently, Herman et al. (§0,85) detected increases in serum levels of
c¢TnT in SHRs given cumulative doses of 2—12 mg/kg of doxorubicin. The magnitude
of the increase in serum ¢TnT concentrations correlated with the total cumulative dose
of doxorubicin and with the severity of the cardiomyopathy scores. An important find-
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ing was the small increase in serum concentrations of ¢cTnT found after treatment with
low cumulative doses of doxorubicin. Seven of 10 SHRs treated with either 2 or 4 mg/kg
of doxorubicin had neither observable morphologic alterations nor changes in serum
cTnT levels (80). However, three other SHRs in these treatment groups had lesion
scores of 1 or 1.5 and minimal increases in the serum concentration of ¢TnT (0.03 in
one animal and 0.05 ng/mL in two animals). Each of these concentrations was above
the limit of the assay (0.0123 ng/mL) and the highest nontreatment control level (0.02
ng/mL) (79). In SHR, the 6 mg/kg cumulative dose of doxorubicin was the threshold
dose that induced cardiac lesions (score of 1.5) and increased serum concentrations of
cTnT (average = 0.13 ng/mL) in all animals. These findings strongly suggest that moni-
toring the levels of cTnT provides important information concerning both the inci-
dence and the extent of doxorubicin-induced cardiotoxicity.

The cTnT released from damaged cells can arise from two separate troponin pools
in the myocyte (a soluble cytosolic pool and a major pool bound to the contractile appa-
ratus) (18). It seems likely that both the cytosolic and the myofibrillar forms of ¢cTnT
contribute to the increased serum levels of this protein detected in doxorubicin-treated
SHRs. Some of the cytosolic pool of ¢TnT could leak from the cardiac myocytes as a
result of doxorubicin-induced oxidative damage to the cell membrane (86). Myofibril-
bound cTnT could also be released when myofibrillar loss occurs as a result of exposure
to doxorubicin. Herman et al. (80,85) found evidence for the release of ¢TnT from myo-
fibrils. The antibody used in the commercial cTnT assay was found to stain specifically
myofibrillar-associated cTnT in myocytes of SHRs. The intensity of this staining was dimin-
ished in the myocytes of SHRs that had been treated chronically with doxorubicin and had
elevated serum levels of ¢cTnT (80,85).

The usefulness of serum levels of ¢TnT to detect myocardial damage from other che-
motherapeutic agents, such as mitoxantrone, was evaluated by Herman et al. (/7). Both
doxorubicin (10 mg/kg cumulative dose) and mitoxantrone (6 mg/kg cumulative dose)
were given chronically to SHRs. The degree of cardiotoxicity induced by doxorubicin
in this study was similar to that reported previously at comparable cumulative doses
(80,85). The study also confirmed that the serum concentrations of cTnT are increased
(0.79 £ 0.3 ng/mL) in SHRs given cumulative doses of 10 mg/kg of doxorubicin (80,
85). This study also provided evidence that serum levels of cTnT are decreased (0.79 = 0.3
to 0.24 = 0.13 ng/mL) in association with reduced cardiomyopathy scores (mean of 2.5
and 1.5) in SHRs given the cardioprotectant agent, dexrazoxane prior to doxorubicin.
The myocardial lesions observed after a cumulative dose of 6 mg/kg of mitoxantrone
were similar to those found in an earlier study (87). As in the case of doxorubicin-
induced cardiac lesions, this cardiomyopathy was also accompanied by an increase in the
serum levels of ¢cTnT (mean 0.20 & 0.12 ng/mL). This represents the first report show-
ing that the cardiotoxicity of mitoxantrone can be detected by monitoring serum concen-
trations of ¢TnT. This study also assessed the cardioprotection provided by pretreatment
with dexrazoxane, which clearly attenuated mitoxantrone cardiotoxicity. Cardioprotec-
tion was detected by both the reduction in cardiac lesion scores (2.1 vs 1.3) and the reduc-
tion in serum levels of cTnT (0.20 vs 0.04 ng/mL). This observation constitutes the first
report of amelioration of mitoxantrone-induced cardiomyopathy by dexrazoxane in the
SHR model.
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Studies in Rabbits

Adamcova et al. (81) evaluated the usefulness of ¢TnT as a biomarker of cardiac
damage caused by daunorubicin and Oracin (a new chemotherapeutic agent of the iso-
quinoline type). They administered 3 mg/kg of daunorubicin/wk (for 9 wk) or 10 mg/
kg of Oracin/wk (for 10 wk). cTnT levels were within the normal range (i.e., <0.1 ng/
mL) through the fifth week of dosing. The initial (pretreatment) concentrations of cTnT
were nearly zero, but showed small but significant elevations prior to the fifth dosing.
Mean c¢TnT levels of 0.22 + 0.08 ng/mL were detected in the three animals that had
severe cardiac lesions and died after the eighth dose of daunorubicin. No increase in
c¢TnT concentration occurred after 10 doses of Oracin, and this finding correlated with
the lack of changes in cardiac function and cardiac morphology after treatment with
this agent.

Studies in Humans

The results of the animal experiments have provided the impetus for evaluating the
potential utility of monitoring the serum levels of the cardiac troponins to detect anthra-
cycline cardiotoxicity in patients. In an early report, Genser et al. (88) monitored the
plasma concentrations of ¢cTnT and CK-MB mass in children 0, 6, 12, 24, and 72 h
after receiving chemotherapy with doxorubicin (z = 13) or daunorubicin (n =4). Plasma
concentrations of both ¢cTnT and CK-MB mass remained within the normal range at all
time points up to 72 h post-dosing. None of the children showed any overt clinical or
ECG signs of myocardial damage. These investigators concluded that the dosage regi-
men of anthracyclines used in this study did not cause acute myocardial damage. A sub-
sequent clinical study also found no change in ¢cTnT levels in children who had received
three to five doses of doxorubicin, daunorubicin, or idarubicin chemotherapy (89). These
investigators may not have been able to detect small increases of cTnT because the cri-
terion for elevation was established at a level of 0.2 ng/mL or greater. Raderer et al. (90)
monitored serum cTnT concentrations for up to 48 h in adult patients after initial doses of
50 mg/m? doxorubicin or 100 mg/m? epirubicin. As in the previous studies, no elevation in
cTnT levels was detected. They interpreted these observations as indicating that anthracy-
cline-induced cardiotoxicity does not develop from acute myocardial damage. In contrast,
Ottinger et al. (§2) found that serum concentrations of cTnT increased from nonmeasur-
able to low concentrations in children undergoing treatment with doxorubicin. Subse-
quently, using the second-generation commercial assay, Lipshultz et al. (83) found that
the low-level increases in serum c¢TnT (0.03—0.09 ng/mL) observed after the initial induc-
tion dose of doxorubicin or succeeding intensification doses (45-222 mg/m?) were indic-
ative of risk for left ventricular abnormalities (dilation and wall thinning) in children.

cTnl concentrations have also been monitored in patients undergoing chemotherapy
with anthracyclines. Increases in serum levels of ¢Tnl were reported by Missov et al. (91),
who found mean c¢Tnl concentrations of 71.3 £29.2 pg/mL in adults treated with inter-
mediate cumulative doses of doxorubicin (240-300 mg/m?) compared to 35.8 + 17.5
pg/mL found in patients with cancer but not receiving anthracyclines. It should be noted
that for some undetermined reason, ¢Tnl concentrations were above baseline (17.5 +
17.9 ng/mL), even in some of the normal control subjects. Cardinale et al. (92) evaluated
the value of monitoring serum levels of cTnl, CK, and CK-MB in a subgroup of 204
adults with aggressive neoplasms undergoing different combinations of high-dose che-
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motherapy (three or four cycles) containing potentially cardiotoxic drugs (200 mg/m? of
epirubicin, 4-7 g/m? of cyclophosphamide, 10 g/m? of ifosfamide, 85 mg/m? of taxot-
ere, and 45 mg/m? of idarubicin). Plasma c¢Tnl, CK, CK-MB, and CK-MB mass were mon-
itored prior to and 12, 24, 36, and 72 h after each cycle of chemotherapy. No change in CK
levels was observed, whereas CK-MB levels were elevated in three patients who also had
increases in ¢Tnl levels. Patients were divided into ¢Tnl— (n = 139) or cTnl+ (n = 65)
subgroups depending on the maximal cTnl levels detected after chemotherapy. A patient
was included in the ¢Tnl+ group (range 0.5-2 ng/mL) if a ¢Tnl concentration >0.5 ng/
mL was detected at any time point after a cycle of chemotherapy, whereas patients in the
cTnl— group had cTnl concentrations of <0.5 ng/mL in every determination. A progres-
sive decline in left ventricular (LV) ejection fraction that was maximal 3 mo after comple-
tion of therapy was observed in the cTnl— patients. By 6 mo posttreatment this functional
alteration had returned to normal values. By comparison, the decline of LV ejection frac-
tion in the ¢Tnl+ patients was more severe and was still apparent 6 mo after chemother-
apy was terminated. These authors concluded that the increase in ¢Tnl detected in patients
subjected to high-dose chemotherapy serves as an accurate biomarker for the subsequent
development of irreversible depression of myocardial function.

We have recently studied (93) ¢cTnT in nearly 4000 serum samples obtained from more
than 200 children newly diagnosed as having high-risk acute lymphoblastic leukemia.
Approximately 10% of these patients have low-level elevations of ¢TnT, indicating the
presence of active myocardial injury. These findings are very useful, as they identify a
patient subpopulation that may be at high risk of developing doxorubicin-induced myo-
cardial toxicity due to the fact that they have preexisting active cardiac injury prior to
receiving this drug. This may reflect the fact that some children with newly diagnosed
cancer can be in acutely poor health due to myocardial leukemic infiltrates, shock, anemia,
acidosis, or other disorders leading to acute cardiac injury. Such patients are appropri-
ate targets for individualized cardioprotective strategies to be used in conjunction with dox-
orubicin therapy. This study also showed that the maximal cTnT elevations in these children
were below those found in adults with acute MI or unstable angina, and that there was
a correlation between the cumulative dose of doxorubicin and the duration and degree
of elevation of ¢TnT. Some children receiving doxorubicin had single isolated elevations
of ¢TnT; however, other children had chronic elevations in ¢cTnT for months, suggest-
ing continuing myocardial injury. These findings also may serve to guide cardioprotec-
tive therapy in these patients.

In a randomized, blinded study of children with newly diagnosed leukemia, Lipshultz
et al. (unpublished observations) found that both the duration and the magnitude of the
elevation in serum c¢TnT levels were reduced by half in patients receiving the combina-
tion of doxorubicin and dexrazoxane compared to those in patients receiving doxoru-
bicin alone. This suggests that continuing cardioprotection with dexrazoxane may be
advisable in such cases (i.e., beyond the period of treatment with doxorubicin). How-
ever, the additional benefit of such therapy remains to be demonstrated.

Natriuretic Peptides

Both atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) are normally
detectable in blood (94,95). They are secreted by the cardiac myocytes as a result of
increases in atrial or ventricular wall stretch. Elevated levels of ANP and BNP occur in
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patients with various types of myocardial diseases (94), associated with CHF. It has been
suggested that the natriuretic peptides and their N-terminal propeptides (NT-proANP
and NT-proBNP) may be useful biomarkers for evaluating the severity of cardiac dys-
function (94,96-98). In this regard, BNP and NT-proBNP are thought to be superior to
ANP or NT-proANP (99).

There is interest in determining whether changes in plasma levels of the natriuretic
peptides could be useful in assessing cardiac function during chemotherapy with cardio-
toxic drugs such as the anthracyclines. Both ANP and BNP exert natriuretic, diuretic,
and vasodilating activity and are released in response to increases in systemic arterial
pressure and plasma volume (7/00). They are therefore indicators of cardiac homeostatic
responses and dysfunction and not of cardiac damage, per se.

Studies in Rats

Yokota et al. (101,102) compared the plasma levels of BNP in normal Wistar rats and
in rats that developed a nephrotic syndrome after treatment with a single 7 mg/kg dose
of doxorubicin. Plasma levels of BNP rose with time and more than doubled by 3 wk
after dosing (2.3 £ 0.6 vs 0.8 = 0.2 pmol/mL). Parallel increases in ANP were also
observed. Examination of cardiac structure and function was not included in this study,
and the rise in peptide levels was attributed to decreased renal elimination of sodium
and water. In a cardiac-oriented study, Bernardini et al. (103) treated female Wistar
rats with either a single 10 mg/kg dose of doxorubicin or 3 mg/kg doses once a week
for 3 wk. Plasma ANP levels were significantly decreased 3 h (12.5 + 2.9 compared to
the untreated control mean value of 35.1 £5.7 pg/mL) and 6 h (19.4 £+ 1.2 compared to
the untreated control mean value of 37.9 = 4.1 pg/mL) in animals following a single 10
mg/kg dose of doxorubicin. Rats given multiple doses of doxorubicin had significantly
elevated plasma ANP levels 21 d (88.3 = 7.7 pg/mL compared to 41.8 £+ 8.0 pg/mL in
control rats) and 31 d (61.00 + 14.3 pg/mL compared to 26.5 £+ 7.2 pg/mL in saline con-
trol animals) after the third dose of doxorubicin. However, ANP levels in these rats
returned to control values by 42 d post-dosing. Thus, changes in plasma ANP levels
observed in the rats were considered to represent an indication of a doxorubicin-induced
myocardial damage. However, no direct evidence of myocardial damage was presented.

Studies in Rabbits

The rabbit was used as a model to study the effect of chronic doxorubicin treatment on
cardiac B-adrenergic receptors (104). Cardiovascular alterations characteristic of chronic
heart failure (pulmonary congestion, hydrothorax, and ascites) were seen to varying
degrees in male rabbits that were treated with 1 mg/kg of doxorubicin twice a week for
9 wk. Down-regulation of cardiac B-adrenergic receptors was detected in doxorubicin-
treated rabbits. This down-regulation correlated with the severity of the heart failure. A
fourfold increase in plasma ANP levels was found at the end of the study (68.8 = 14.3 vs
17.1 £ 3.0 fmol/mL in saline control animals). As the hearts were used for determining
the density of B-adrenergic receptors, no cardiac morphological information was obtained.

Studies in Dogs

Toyoda et al. (105) gave intracoronary doxorubicin (0.7 mg/kg once a week for 5 wk)
to induce experimental cardiomyopathy in dogs. Significant alterations in myocardial
structure and function were observed 3 mo after the final infusion. During this same
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period, plasma ANP concentrations increased from 33.8 + 7.0 to 76.5 + 14.8 pg/mL.
These investigators concluded that doxorubicin-induced depression of left ventricular
function is accompanied by alterations in plasma ANP, in accord with observations made
in patients with heart failure.

Studies in Humans

Studies in patients have produced conflicting results regarding the use of ANP in
evaluating anthracycline-induced cardiotoxicity. Neri et al. (/06) monitored changes
in myocardial function (radionuclide ventriculography) and ANP levels in 26 female
patients who had received between 3 and 10 cycles of epirubicin (120 mg/m?/cycle).
The administration of epirubicin was limited to cumulative doses of 840 and 1200 mg/
m? because of a 25% decrease in LV ejection fraction and a progressive increase in
plasma ANP levels. Two patients who developed symptoms of CHF had significantly
elevated ANP concentrations (49% and 56%). The study indicated that monitoring
plasma ANP is useful in detecting the severity of hemodynamic compromise in patients
with anthracycline-impaired cardiac function. Bauch et al. (107) also reported changes in
ANP associated with doxorubicin chemotherapy. Plasma levels of ANP were increased
in 6 of 16 children (136.2 + 23.3 pg/mL vs 33.3 + 4.1 pg/mL in the 10 other patients).
Significant increases occurred within 3 wk after the last dosing. Five of the six patients
with elevated ANP levels were treated with 160-370 mg/m? of doxorubicin and subse-
quently developed CHF. Yamashita et al. (108) reported that plasma endothelin-1 levels
progressively increased in two women who were treated with doxorubicin and ultimately
developed CHF. They then carried out a prospective study with 30 patients treated with
doxorubicin in whom plasma endothelin-1, plasma ANP, and M-mode echocardiography
were monitored serially. The plasma concentrations of endothelin-1 increased progres-
sively in five of the patients, two of whom ultimately developed CHF. In contrast, plasma
ANP levels and measures of cardiac function remained stable until the development of
CHEF. This study concluded that monitoring plasma endothelin-1 would be more useful
than plasma ANP for predicting the risk of doxorubicin-induced cardiotoxicity.

Tikanoja et al. (7109) monitored serum levels of N-terminal ANP (NT-ANP) in 43 chil-
dren during treatment and in 45 children after treatment with doxorubicin. During chemo-
therapy, the mean serum NT-ANP level was elevated over that in age-matched controls
(0.26 vs 0.14 nmol/L), but the increase did not correlate with the cumulative doxorubicin
dose. Blood collection times were not standardized and as a result the NT-ANP levels
could have been influenced by diurnal variation. In a second group of patients who had
previously completed chemotherapy (median of 5 yr) serum levels of NT-ANP were
higher than those in age-matched controls (0.22 vs 0.14 nmol/L). The highest NT-ANP
concentrations (0.30 nmol/L) were found in patients who had received bone marrow
transplantation or cardiac irradiation or both. These investigators concluded that moni-
toring serum NT-ANP levels during chemotherapy was of relatively minor diagnostic
utility but might be helpful in the overall long-term assessment of cardiac function in
patients who have finished chemotherapy. Hayakawa et al. (7/0) monitored echocar-
diography and plasma levels of ANP and BNP in 34 children who were in remission after
being treated with cumulative doxorubicin doses between 142 and 696 mg/m?. Eight
patients (23.5%) had echocardiographically detected left ventricular dysfunction. Both
ANP and BNP levels in these patients were significantly increased over those in healthy
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age-matched controls (28.8 = 14.6 pg/mL vs 14.8 = 5.8 pg/mL and 29.0 + 31.2 pg/mL
vs 5.6 £ 3.8 pg/mL, respectively). Three of the eight patients with cardiac dysfunction
had normal ANP and BNP levels. The increased ANP and BNP levels correlated signif-
icantly with systolic function but not with diastolic function. Thus, serial measurements
of natriuretic peptide levels may provide an early identification of children at risk for
late decompensation as a result of anthracycline therapy. However, there are indications
that monitoring changes in diastolic function might provide better information than
systolic function concerning the long-term cardiac status of patients who have received
doxorubicin chemotherapy (/7). Nousiainen et al. (/1/) also conducted a study to deter-
mine the value of serial monitoring of the serum levels of natriuretic peptides for detect-
ing LV dysfunction in patients receiving doxorubicin. Plasma levels of ANP increased
from 16.4 = 1.3 pmol/L to 22.7 + 2.4 pmol/L, NT-proANP from 288 + 22 to 380 + 42
pmol/L, and BNP from 3.3 + 0.4 to 8.5 + 2.0 pmol/L 4 wk after the last dose of chemo-
therapy. LV ejection fraction declined from 58.0 + 1.3% to 49.6 + 1.7% during this time.
The decrease in LV ejection fraction was already apparent after a 200 mg/m? cumulative
dose of doxorubicin, while the increase in plasma natriuretic peptide levels was not
detected until a 400 mg/m? cumulative dose of doxorubicin had been attained. These
results suggest that serial natriuretic peptide measurements cannot be used in predicting
impairment of LV function, but may be useful in the detection of subclinical LV dysfunc-
tion in patients treated with doxorubicin. These investigators had previously evaluated
the acute neurohumoral and cardiovascular effects of idarubicin in 10 patients with the
measurement of plasma levels of ANP, echocardiography, and ECG (772). Patients were
dosed with 12 mg/m? idarubircin on d 1, 3, and 5 as part of induction chemotherapy.
Plasma concentrations of ANP increased from 18.2 + 1.5 pmol/L to 27.8 £ 3.5 pmol/L,
to 30.2 + 3.0 pmol/L, and to 40.8 £+ 6.0 pmol/L after the first, second, and third doses,
respectively. Likewise increases in plasma BNP from 6.2 = 1.9 t0 9.0 = 1.0 pmol/L and
17.5 £ 8.1 pmol/L were observed after the first and third doses of idarubicin. At the same
time there was a trend toward an increase in LV end-diastolic diameter (p < 0.07). The
elevated serum levels of BNP correlated significantly with the increase in LV dilatation.
These investigators were not certain whether the changes observed in natriuretic pro-
tein levels or cardiac dimensions were predictive of late clinical cardiomyopathy. They
did suggest that monitoring BNP was superior to ANP. BNP has been reported to be
more stable as well as more sensitive and specific than ANP in the detection of LV dys-
function (713).

Suzuki et al. (1/4) examined the potential diagnostic value of BNP in 27 adults who had
received an average cumulative dose of 221 + 54 mg/m? of doxorubicin. In 24 patients,
transient BNP increases were maximal within 3—7 d after treatment and then returned to
baseline levels over 2 wk. Two of three patients with persistently elevated BNP levels
eventually died of cardiac failure. It should be noted that circulating levels of other hor-
mones (ANP, renin, aldosterone, norepinephine, and epinephrine) and myocardial mark-
ers (CK-MB, myosin light chain) did not become abnormal.

Okumura et al. (115) monitored serum levels of ANP and BNP in 13 patients with
acute leukemia who received chemotherapy that included daunorubicin (up to 700 mg/
m? cumulative dose). Cardiac function was evaluated in all patients prior to initiation
of chemotherapy. Three patients developed overt CHF and 15 patients were diagnosed
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as having subclinical heart failure following completion of treatment. The plasma levels
of BNP in these 18 patients increased above the normal limit (40 pg/mL) prior to the
detection of clinical or subclinical heart failure by radionuclide venticulography. In
contrast, plasma concentrations of ANP did not always increase in these same patients.
BNP levels did not increase above control values in patients who had no evidence of
heart failure. This study concluded that BNP is superior to ANP in predicting early anthra-
cycline-induced cardiotoxicity. A recent study included monitoring plasma natriuretic
peptides as one means of assessing the cardiotoxic effects of epirubicin-containing adju-
vant chemotherapy in 40 patients with breast cancer (//6). The treatment regimens,
included five cycles of fluorouracil, epirubicin (90 mg/m?), and cyclosphosphamide
(group 1) or four cycles of these drugs followed by high-dose chemotherapy consisting
of cyclophosphamide, thiotepa, and carboplatin (group 2). The cumulative dose of
epirubicin was 450 mg/m? in group 1 and 360 mg/m? in group 2. Cardiac evaluation
was performed up to 1 yr after the initiation of chemotherapy. Although the mean LV
ejection fractions remained within the normal range, 17% of the patients had a LV ejec-
tion fraction below 0.5 and 28% of the patients experienced a decrease in the LV ejec-
tion fraction of more than 0.1. Plasma NT-ANP levels increased gradually from 237 + 76
pmol to 347 + 106 pmol/L after 1 yr. During the same period the concentration of BNP
increased from 2.9 = 2.8 pmol/L to 5.1 £4.3 pmol/L. The decline in LV ejection fraction
and increased natriuretic peptide levels indicates that the relatively low doses of epiru-
bicin used in this study as adjuvant chemotherapy for breast cancer induce mild subclin-
ical myocardial damage. However, the increased level of natriuretic peptides was not
associated with a decrease in LV ejection fraction, and as none of the patients developed
CHF, the predictive value of the increased NT-ANP and BNP levels remains uncertain.

Snowden et al. (117) examined the use of plasma BNP as a marker of ventricular dys-
function in 15 patients treated with high-dose preparative chemotherapeutic regimens
(including cyclophosphamide) and hematopoietic stem cell transplantation. The BNP
was monitored prior to treatment and weekly up to 5 wk posttreatment. Seven patients
had a significant elevation in BNP (above a previously established threshold of 43 pmol/L)
associated with myocardial failure, which occurred from 1 to 4 wk after the initiation of
therapy. In three of these patients, clinical evidence of cardiac failure was subsequently
detected 3, 9, and 23 d after a BNP concentration of 43 pmol/L had been reached. These
three patients had the highest peak BNP concentrations, which were sustained for a week
or longer. The four patients in which the high level of BNP was not sustained were con-
sidered to have experienced a transient period of cardiac damage that was not sufficient
to cause decompensation. Patients with BNP >43 pmol/L appeared more likely to have
received high-dose cyclophosphamide in the preparative regimen. These investigators
concluded that plasma BNP (particularly if concentrations are elevated for a week or
more) could be used as biomarkers, in conjunction with other methods of patient moni-
toring, for early detection of myocardial dysfunction in patients undergoing therapy prior
to stem cell transplantation.

ABBREVIATIONS

ANP, BNP, Atrial and brain naturietic peptides; CHF, congestive heart failure; CK, cre-
atine kinase; CK-MB, MB isoenzyme of creatine kinase; ¢Tnl and T, cardiac troponins I
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and T; ECG, electrocardiogram; 5-FU, 5-fluorouracil; HER2/neu, trastuzumab, Her-
ceptin; LDH lactic dehydrogenase; LV, left ventricular; MI, myocardial infarction;
NT-ANP and -BNP, N-terminal atrial and brain natriuretic peptides; NT-proANP and
-proBNP, N-terminal atrial and brain natriuretic propeptides; PZ-51, Ebselen; SHR,
spontaneously hypertensive rat; WR-1065, dephosphorylated metabolite of WR-2721;
WR-2721, S-(3-aminopropylamino)ethylphosphorothiocic acid.
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The Use of Biomarkers to Provide Diagnostic and
Prognostic Information Following Cardiac Surgery

Jesse E. Adams, III

INTRODUCTION

Coronary artery bypass grafting (CABG) is utilized as a treatment for patients with
multivessel coronary artery disease. More than 500,000 patients in the United States,
Canada, and Europe undergo coronary artery bypass grafting each year, with an annual
cost has been estimated to be at least 15 billion dollars per year (7). While it has been
estimated that cardiac morbidity and mortality may occur in up to 20% of patients who
undergo this procedure, the accurate detection of those patients who suffer perioper-
ative cardiac injury remains difficult, owing to the lack of a readily available gold stan-
dard for the detection of cardiac injury. It would be expected that detection of significant
cardiac injury would be clinically and prognostically important, as the presence of
myocardial cellular necrosis identifies patients at increased cardiovascular risk in situa-
tions as diverse as acute coronary syndromes (ACS), catheter-based interventions, pul-
monary embolism, and severe medical illness. Thus, accurate detection of myocardial
cellular necrosis in the setting of cardiac surgery should allow for the identification of
patients who are at increased short-term risk. In addition, the ability to identify accu-
rately the presence and degree of myocardial cellular necrosis after cardiopulmonary
bypass would allow for improvement of the techniques utilized for myocardial protec-
tion utilized during cardiac surgery and cardiopulmonary bypass. Many of the tech-
niques utilized during cardiac surgery are designed to minimize cellular trauma during
the surgery itself. Without a sensitive and reliable gold standard, it is very difficult to
compare alternative therapeutic techniques to determine the preferred method.

Many aspects of cardiac surgery, however, have made detection of cardiac injury that
occurs during or immediately after cardiac surgery more difficult. This issue is clini-
cally important; clinicians must often consider the possibility of myocardial ischemia
and necrosis in the perioperative setting. While uncommon, some patients will have myo-
cardial infarctions (MIs) that occur at the time of the cardiac surgery. These MlIs can be
due to technical problems during the surgery itself, inadequate cardioplegic solution,
downstream emboli, and acute occlusion of a coronary bypass graft. However, discrim-
ination of these patients in the immediate postoperative setting is extremely problem-
atic. Episodes of hypotension, tachycardia, arrhythmia, or hypoxia are not uncommon,
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Table 1
Factors Contributing to Cardiac Cell Death After Cardiac Surgery

Occlusion of a graft

Inadequate cardioplegia

Direct injury by the cardioplegic solution

Activation of platelets

Activation of cytokines and chemokines
Platelet—leukocyte conjugates

Activation of complement

Plaque rupture/thrombosis

Increased duration of cardiopulmonary bypass

Direct trauma (including necessary dissection during the procedure)
Spasm of bypass grafts (most commonly arterial grafts)
Valves in inappropriately placed venous grafts
Embolization of material into coronary arteries
Embolization of air into coronary arteries

New occlusion of native coronaries post-operatively
Aortic dissection (type A)

and typical symptoms of angina (such as shortness of breath, chest discomfort, and
nausea) are universal in the first few days after cardiac surgery. Patients with periop-
erative cardiac injury may manifest themselves only via hemodynamic instability. Elec-
trocardiograms (ECGs) often do not demonstrate diagnostic changes in the setting of
potential ischemia, and this is especially true in the postoperative setting when nondiag-
nostic alterations in the ECG tracing are common. Because there is usually a low pretest
likelihood that a particular patient will have suffered a perioperative MI, exclusion of
a perioperative MI is more often the clinically important diagnostic need.

PATHOPHYSIOLOGY AND PROBLEMS OF DIAGNOSIS

The use of cardiopulmonary bypass, as well as the presence of associated disease pro-
cesses, contribute to the nearly universal presence of myocardial cellular injury that is
present after cardiac surgery (see Table 1). The use of the cardiopulmonary bypass is
associated with a direct toxic effect, manifest in part by a systemic inflammatory response.
A diverse number of chemokines and cytokines are released, such as interleukin-1f3
(IL-1B), IL-6, IL-8, IL-10, tumor necrosis factor, and complement activation (both the
alternative pathway and the classical immune pathway). These mediators can be directly
toxic to myocardial cells, can trigger cascades that are secondarily injurious, and can
contribute to reperfusion injury. Cardiopulmonary bypass has been found to stimulate
leukocyte—platelet adhesion, as well as stimulate the release of proinflammatory mole-
cules such as endotoxin (which among other actions stimulate the complement system)
(2,3). In addition, there is a generalized inflammatory response to any operative proce-
dure (and thus “off-pump” bypass procedures do not completely avoid inflammatory
activity and subsequent cellular injury). Cardiac injury can occur during the operation
due to inadequate myocardial protection during aortic cross-clamping, an unduly long
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period of time on the heart-lung machine (during which time the myocardium is not per-
fused), post-bypass reperfusion injury, spasm of the internal mammary artery (or other
vascular conduits), and direct injury during surgical manipulation. Postoperatively,
cardiac injury and necrosis can occur due to occlusion a grafted conduit, occlusion at the
anastomotic site from the graft to the native coronary artery, occlusion in native arteries
distal to the insertion of the graft, or other processes that result in a sufficiently severe
and prolonged supply—demand mismatch. Cardiac morbidity and mortality can occur
secondary to acute or chronic ventricular dysfunction, acute or preexisting coronary
artery disease that was not remedied by the surgery, incomplete coronary revascular-
ization, M1, renal insufficiency, cerebrovascular events, infections, and hemodynami-
cally significant dysrhythmias. For all of these situations, optimum patient care would
require accurate and prompt detection of the cardiac injury.

Thus, every patient who undergoes cardiac bypass will have some degree of myo-
cardial cell death. We must separate those patients with an “expected” degree of car-
diac cellular injury from those whose injury is greater and representative of undesirable
additional myocardial injury. It is necessary to discriminate those patients who have
had a larger amount of myocardial cellular injury (which can potentially affect patient
care) from those with less. There is a spectrum of cardiac cellular injury therefore that is
present in this cohort of patients in which all patients have had sufficient cardiac injury
that they would otherwise be classified as having cardiac injury. Indeed, it is somewhat
difficult to know the degree of perioperative cardiac injury that should be labeled as an MI.
The question will be whether a “clinically significant” degree of myocardial cell injury
has occurred; one must also be careful and cognizant of the precise definition of “clini-
cally significant” that is utilized. The reference levels used to detect perioperative myo-
cardial injury will be substantially higher than those thresholds utilized in other clinical
situations and must be defined for this particular postcardiac surgery population.

In addition to the above issues, different assay formats for markers of myocardial
necrosis (pertaining especially to measures of cardiac troponin I [c¢Tnl]) also compli-
cate establishing the diagnosis of cardiac injury following cardiac surgery. Differences
among assay formats are a problem with many analytes but are currently a particular
issue with cTnl. Approximately 15 different assays for cTnl are currently available, and
they possess different antibodies (which recognize different portions of the troponin
molecule), different reference values, lower levels of detectability, and coefficients of
variation at the lower level of detectability (4—6). It has been found that uncorrected
values for levels of cTnl can vary up to 60-fold (5,7). This disparity precludes direct
comparison of the levels of troponin between different assay formats. All of these
assays have been best analyzed in studies involving patients without cardiac disease and
in those with ACS. Unfortunately, there is not yet sufficient information on the various
assays to allow for correlation between cut points derived in studies utilizing various
assays. Thus, at this time any studies performed in post-bypass patients utilizing cTnl
will result in recommendations that will be assay-dependent due to the large number of
assays for cTnl that are clinically available. It is not currently possible to correlate an
abnormal troponin value determined with one assay with another. Recent work has dem-
onstrated that profound degradation of troponin proteins occurs rapidly in the setting of
ischemia, with the initial alterations occurring intracellularly (i.e., prior to release from the
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cell) and then continuing once the troponin protein or complex has been released from the
cell (8). This observation has implications for comparison of various troponin assays,
as different antibodies demonstrate alterations in binding parameters to troponin degrada-
tion products. Much work, both by the manufacturers as well as the research community,
remains to be done to resolve this lack of standardization of troponin assay systems (6).
This is not an issue for cardiac troponin T (¢TnT), as there is only one manufacturer and
assay available and the assays for the MB isoenzyme of creatine kinase (CK-MB) mass
have been largely standardized to allow reasonable comparison between the various manu-
facturer’s assay platforms.

While part of the problems of application of troponin proteins in this situation are
due to analytical issues, use of CK-MB in the postoperative state has substantial poten-
tial complicating factors. Measurement of CK-MB has been utilized for <20 yr for the
diagnosis of myocardial necrosis. Although there are some limitations of CK-MB in
terms of both sensitivity and specificity, these issues have been of particular concern
for the use of this marker in patients after surgery (7,11,12). CK-MB is present in low
amounts in skeletal muscle (1-5%) and can occur in significantly increased amounts in
individuals with acute or chronic muscle disease or renal insufficiency. Cellular injury
to skeletal muscle is associated with many operative procedures. This cellular injury
will result in the release of skeletal muscle cell contents and will therefore often result in
increased concentrations of total CK and CK-MB. Utilization of an absolute cutoff for
CK-MB (as is often used in patients with ACS) in the perioperative period will result in
impaired specificity. Although calculation of the ratio of CK-MB to total CK has been
tried, this strategy results in unacceptable problems in both sensitivity and specificity
(11). Despite these limitations, studies have demonstrated that measurement of levels of
CK-MB can be utilized successfully in populations studied following cardiac surgery.

Yet another complicating factor when one seeks to utilize markers of necrosis to
detect myocardial injury after cardiac surgery is the use of various gold standards for
“MI” utilized in the various trials. Given the lack of a readily available gold standard for
the detection of perioperative myocardial ischemia, investigators have utilized various
definitions. Because the responsible pathobiology of cardiac injury in the setting of car-
diac surgery is different than in patients with ACS, the term “MI” is anatomically accurate
but perhaps not the best term to use, given the connotations associated with the diagno-
sis. While patients with ACS typically have plaque rupture and occlusion of an epicardial
coronary artery as the responsible lesion, as noted above there are a multitude of factors
that can contribute to perioperative cardiac injury (Table 1). Potentially only those patients
with occlusion of a coronary artery graft in the perioperative setting have a similar constel-
lation of biologic factors that are active. In addition, this would be the only situation that
would have cardiac injury with a “low-flow” state in the postoperative period. This could
have important implications for the release ratio and rate of appearance and disappear-
ance of protein markers (7). Thus, application of diagnostic tests whose use was refined in
the setting of ACS will often result in less that optimum diagnostic performance during
and immediately after cardiac surgery. Utilization of the development of new Q waves as
the criteria for MI in the postoperative setting, for example, will be highly specific but have
severely compromised sensitivity. Conversely, utilization of a blood-based marker of necro-
sis and an end point utilized in typical situation of MI (such as reference levels of CK-MB
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or troponin derived from studies in patients with ACS) will result in an extremely high (and
one can only hope falsely high) incidence of perioperative injury. In addition, although it
is always important to evaluate results of blood-based markers of necrosis in the context
of the time of the onset of the event (due to the rising and falling nature of their release),
it becomes even more important when using or evaluating biomarkers in the postcardiac
surgery population. Markers of necrosis (specifically troponins and CK-MB) typically
rise and fall rapidly following surgery. The curve of release is usually different than that
observed in patients with ACS and MI. Patients with marker elevations following cardiac
surgery will often have a significant elevation that then falls rapidly within the first 24—
36 h (in other words, we do not typically see the more gradual decline with troponin pro-
teins that we observe in patients with MlIs). Thus, it is important to define the time from
cardiac surgery (usually defined from the aortic cross-clamp time, which generally corre-
sponds to the onset of the cessation of cardiac circulation) when relating marker results
and proposing abnormal reference values. The release of proteins form the heart after
cardiac surgery and cardiopulmonary bypass is extremely rapid, presumably due to the
high flow and hyperemic arterial flow that is present. Thus, levels of cardiac troponins
and other markers tend to rise and fall rapidly in the first 24 h after cardiovascular sur-
gery, and any reported level of a protein marker must be viewed in the context of it rela-
tionship to the surgery. This is reflected in the high levels of cut points recommended in
the following studies. It is not currently possible to utilize the peak level of any marker
in the postoperative situation and calculate the size of myocardial injury with any degree
of reliability. Finally, cardiac surgery is understandably performed on individuals who have
significant underlying cardiac disease, and some of these individuals will have abnormal
levels of the protein of interest prior to the cardiac surgery. Any elevations present after
surgery must be related to the level of the analyte present prior to the surgical procedure.

Thus, although detection of cardiac injury can be a challenge in diverse clinical situ-
ations, the difficulty in detecting potential myocardial ischemia or necrosis is far greater
in individuals who are undergoing a cardiac operation, owing to factors related to the sur-
gery as well as limitations of available diagnostic tests. We routinely evaluate patients
in other clinical situations (most commonly those patients who present with a complaint
of chest discomfort) for the presence or absence of myocardial necrosis, and the robust
detection of patients in this situation is reasonably handled by serial testing for markers
released following cellular necrosis. However, the detection of cardiac cellular necro-
sis after cardiac surgery is conceptually different from diagnostic strategies in patients
with ACS or after noncardiac surgery. In these other clinical situations physicians can
theoretically separate patients into two groups: those who have had and those who have
not had any degree of myocardial cellular necrosis. Numerous trials have shown that
this differentiation is prognostically important; patients who have detectable levels of
cardiac troponins in the setting of chest pain, congestive heart failure, and the like have
substantially worsened prognosis when compared to patients without detectable levels of
troponin. These findings led, in part, to the recent consensus document by the European
Society of Cardiology (ESC)/American College of Cardiology (ACC) that redefined a MI
as a detectable rise and fall of cardiac troponin when symptoms attributable to ischemia
were present (9). Although this guideline stated that diagnostic levels would be different
in patients after cardiac surgery, specific guidelines were not recommended owing to the
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difficulties expounded on in this chapter. Current guidelines, specifically in those patients
with unstable angina and non-ST-segment elevation MI, have recommended treatment
strategies predicated on the results of troponin testing (/0).

CLINICAL APPLICATIONS

Past studies attempting to define the incidence of postcardiac surgery Mls have reported
rates of 5% to 80%, with mortality rates ranging from 0.5% to 14% (13). This wide range
is due to differing criteria for MI. Use of an increase in the level of CK-MB as the
definition of a post-CABG MI will result in a relatively high incidence of perioperative
cardiac complications. Conversely, defining a perioperative MI by the development of
new Q waves on the postoperative ECG will miss all but those patients with transmural
necrosis. In general, the diagnostic techniques most commonly utilized for the detec-
tion of M1 after cardiac surgery are relatively insensitive, and there have been no clearly
accepted criteria for the detection of perioperative myocardial injury. A recent consensus
document from the joint committees of the ACC/ESC noted the reference criteria for
the detection of post-CABG MI must be different and higher than those utilized in the
routine acute coronary syndrome, but did not recommend specific criteria (9). This uncer-
tainty in the diagnostic criteria for perioperative MI not only hinders routine patient care
but deleteriously affects cardiac surgery research as well.

Accordingly, there has been interest in the utilization of blood-based markers of car-
diac injury to diagnose perioperative Mls. Although many analytes have been studied,
there has been the interest especially in CK-MB and cardiac troponins. Mair et al. first
reported on the use of cTnT in 1991 for the detection of perioperative MI in 21 patients
undergoing CABG (74). MI was defined as an abnormal ECG associated with increases
in CK-MB lasting >12-18 h. Fourteen patients did not meet these criteria, and levels of
c¢TnT were <1.6 ng/mL (upper limit of normal 0.1 ng/mL). Two patients had postop-
erative cardiac injury; levels of ¢cTnT were elevated in both of these patients, and one
died from cardiogenic shock. The authors proposed that a peak concentration of ¢cTnT
<2.5 ng/mL excluded clinically relevant cardiac injury. This report was followed by
reports by others substantiating that the measurement of ¢TnT could be used to exclude
perioperative MI with a reference level of 2.5-3.0 ng/mL (15,16). Patients with increased
concentrations of cTnT present before cardiac surgery had a higher event rate, consistent
with previous studies that found that individuals who undergo surgery shortly after M1
are at increased perioperative risk.

Mair also evaluated the use of measurements of ¢cTnl in 28 individuals who under-
went coronary artery bypass grafting (/7). The criteria for a perioperative MI was new
persistent Q waves or CK-MB activity >50 [U/L on the first postoperative day in con-
junction with new persistent wall motion abnormalities detected by echocardiography.
Non-Q-wave MI was diagnosed in this study by new ST-segment deviation in conjunc-
tion with CK-MB activity >20 IU on the first postoperative day. Levels of ¢Tnl up to
2 ng/mL (upper reference limit = 0.1 ng/mL) occurred routinely in patients with no post-
operative complications. Patients with perioperative MI (n = 6) had peak cTnl concen-
trations >4.5 ng/mL and had peaks occurring approx 24 h after aortic cross-clamping.
Another investigation using the same c¢Tnl assay found that peak cTnl levels occur at
approx 6 h after surgery and are usually absent by d 5 in patients without evidence of
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perioperative cardiac injury (18). A correlation between total aortic cross-clamp time
and levels of ¢Tnl has been seen in most but not all trials.

Hirsch et al. measured levels of ¢Tnl in pediatric cardiac surgery patients after the
repair of congenital (mostly cyanotic) cardiac lesions (77,18). All patients had increased
concentrations, and there was a correlation between aortic cross-clamp time, total car-
diac bypass time, and levels of ¢Tnl (719,20). Levels of ¢Tnl at 12 and 24 h correlated
with outcome (intraoperative support, duration of endotracheal intubation, hospital
stay, and the duration of the ICU stay). Another study involving open heart surgery in
children and infants found similar results; levels of ¢Tnl obtained 4 h after admission
to the ICU correlated strongly with the severity of renal dysfunction, the duration of intu-
bation, and the need for inotropic support (21).

Levels of cTnl (using the first-generation Dade assay) were found to correlate with
the development of new wall motion abnormalities on postoperative echocardiograms
in a study of 124 adult patients with both coronary artery bypass grafting as well as
valve replacement surgery (78,22). The gold standard for the presence of a “significant”
perioperative M1 was the detection of a new wall motion abnormality on serial echocar-
diograms. Patients with new wall motion abnormalities indicative of perioperative myo-
cardial injury had significantly higher levels of cTnl than those who did not. A cutoff
level of 11 ng/mL (again, using the first-generation Dade assay [URL = 1.5 ng/mL]) had
a negative predictive value of 97%.

It is intuitively attractive that the detection of cardiac injury after cardiac surgery
would be important. In a diverse number of clinical situations, those patients who possess
elevations of cardiac biomarkers demonstrate an increased incidence of cardiac events
when compared to those patients without increased concentrations. This has been true
in patients with ACS, MI, catheter-based intervention (such as angioplasty, stent place-
ment, rotoblade therapy, and the like), blunt chest wall trauma, and severe medical
illness. Thus, it would not be surprising that elevations of cardiac biomarkers would be
prognostically important in patients after surgery. Recent studies have shed some light
on this important question. A recent study involving the use of ¢Tnl in patients under-
going general surgery is useful for our purposes. In this trial, 304 patients who under-
went diverse general surgical operations were enrolled in a retrospective study (23). Of
the 304 patients identified, 167 had at least one documented elevation of ¢cTnl defined
as a level >0.1 ng/mL; patients with elevations >2.5 ng/mL were excluded from the trial
(the assumption was that patients with greater elevations of cTnl had sufficiently great
cardiac necrosis that there was not any question as to the prognostic significance). In this
study, patients with elevations of cTnl were much more likely to have a MI, congestive
heart failure, and/or death when compared to those patients who did not manifest ele-
vations of cardiac troponin in the postoperative period, when evaluated in the first 3 mo.
Thus, even “lesser” elevations of ¢Tnl conferred powerful prognostic significance akin
to that seen in patients with ACS. CK was also recently evaluated and has been found
to have prognostic importance in two recent trials. In the first evaluation, data accrued
on a series of 2332 patients who underwent cardiac surgery were compared to patients
with acute coronary syndromes enrolled in the Guard during Ischemia Against Necrosis
(GUARDIAN) trial; these data were utilized to compare cardiac event rates in patients
with and without increased concentrations of CK-MB after cardiac surgery (24). Patients
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with elevations of CK-MB had increased 6-mo event rates (especially death) that were
comparable or greater when compared to the rates seen with patients with ACS (enrolled
in GUARDIAN). In another investigation, elevations of CK-MB present after cardiac
surgery were found to demonstrate prognostic importance out to 5 yr (25).

Given the superior cardiac specificity of cardiac troponins when compared to that of
CK-MB, especially in patients with surgery and concomitant skeletal muscular injury, it
would be anticipated that cardiac troponins would provide superior prognostic informa-
tion, just as they provide superior diagnostic information (7). A recent study has provided
a direct comparison of use of cTnT and CK-MB in patients following cardiac surgery
(26). In this investigation, samples were obtained every 8 h after cardiac surgery in 224
serial patients. While the results of both CK-MB and ¢TnT provided prognostic infor-
mation, that provided by ¢TnT was superior; levels of cTnT allowed improved detection
of those patients who subsequently suffered MI, shock, or death. Measurment of CK-
MB did not confer any additional prognostic information in this trial when combined
with the results of ¢cTnT. The cut point for this trial was a level of ¢cTnT >1.58 ng/mL
(which is approx 15-fold greater than the usual reference level).

Thus, it appears that increased concentrations of both troponins and CK-MB are
indicative of cardiac injury after cardiac surgery and postoperative prognosis, although
much more work needs to be done before this is defined. In addition, most would accept
the contention that lesser amounts of myocardial cell death are desirable and should
translate to lesser cardiac event rates. Thus, strategies that diminish release of markers
of cardiac cell necrosis should be preferred.

Accordingly, measurements of levels of cardiac troponins have been used to assess
therapies provided at the time of coronary artery bypass grafting. Hannes et al. used
serial measurements of ¢TnT to assess the use of diltiazem to prevent spasm of internal
mammary artery grafts (27). Patients who received intravenous diltiazem had lower
peak levels of cTnT. Serial measurements of cTnT were used in another trial to assess
the application of intermittent aortic cross-clamp, on bypass pump, and off-pump with
a beating heart (28). Patients who had coronary artery bypass grafting without aortic
cross-clamping and without cardiopulmonary bypass had less frequent elevations of
cTnT after surgery, which the authors felt should indicate superior myocardial protec-
tion. Wendel et al. have used measurements of cTnT to assess the administration of apro-
tinin during aortic cross-clamping (/6). Pelletier used levels of ¢TnT in 120 patients
undergoing cardiac surgery to compare the myocardial protection provided by inter-
mittent antegrade warm vs cold blood cardioplegia (29). As noted earlier, a number of
deleterious pathways are activated during cardiopulmonary bypass, especially the acti-
vation of inflammatory cytokines. Measurement of levels of ¢cTnT have been shown to
be elevated but to a lesser extent in patients who undergo revascularization via beating
heart surgery when compared to standard cardioplegic solution (30). Recently, it has
been noted that levels of ¢Tnl correlate with levels of IL-8 after cardiopulmonary bypass,
and that the use of heparin- coated tubing in the bypass circuits resulted in decreased
levels of both IL-8 and cardiac troponin I. Administration of pexelizumab, a humanized
scFv antibody fragment directed against the C5 complement component, during coro-
nary artery bypass grafting, has been shown to result in lesser degrees of elevation of
elevations of CK-MB, and data that have been presented but not yet published indicate
that those patients with the greatest levels of CK-MB have the highest rate of cardiac
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mortality (37,32). This correlation was independent of any abnormalities documented
on the ECG.

CONCLUSIONS

The measurement of serial levels of markers of necrosis can be used to detect car-
diac injury in the postoperative patient. Because of superior cardiac specificity, levels
of troponin should be superior to those of CK-MB for detection of cardiac injury after
cardiac surgery in individual patients. In applying measurements of troponins to patients
after cardiac surgery, however, all patients have some degree of cardiac cell death, and
thus reference levels will be higher and must be defined for this specific patient popula-
tion. Unfortunately, recommendations dervied from clinical studies will necessarily be
assay dependent, and currently we cannot compare recommended cut points with studies
using different cTnl assays. Utilization of ¢cTnT does not have this limitation at present
(as there is only one manufacturer of ¢cTnT), and thus utilization cTnT may be preferred
in this situation. Thus, several conclusions can be derived from a review of current stud-
ies (see Table 1): (1) levels of troponin are increased in essentially all patients after car-
diac surgery, (2) those patients who manifest the greatest levels of troponin are at the
greatest risk, (3) reference cut points for the detection of significant perioperative Mls
will be much higher than those derived in pateints with ACS—each indiviual assay for
cTnl will have to be evaluated individually, and (4) it is not yet known what is the
desired maximal level of troponin in the postoperative situation. Further studies will
be necessary for defining the proper application of measurement of levels of troponin
or other markers in this discrete population.
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Cardiac Troponins: Exploiting the Diagnostic
Potential of Disease-Induced Protein Modifications

Ralf Labugger, D. Kent Arrell, and Jennifer E. Van Eyk

INTRODUCTION

The race to sequence the human genome, culminating with two ground-breaking pub-
lications in 2001 (1,2), drew enormous attention to the possibility of using genetic infor-
mation for diagnostic purposes, to guide therapy, for development of new therapeutics,
or even for disease prevention. Despite the unquestioned importance of an organism’s
genes, it is the products of gene expression, the proteins, that will manifest health or dis-
ease. Furthering our understanding of how proteins are involved in the development or
manifestation of diseases will increase our knowledge about the underlying pathological
processes on the cellular level. Instead of simply “observing and analyzing pathological
alterations; proteomics will permit the dissection of pathological pathways (3).” It should
therefore become possible to explain why subgroups of patients have a better progno-
sis than others or respond differently to certain therapies. This will not only influence
therapies through development of new therapeutic agents, but will also improve exist-
ing diagnostics. Furthermore, this may lead to the development of both new diagnos-
tics and therapies, individually tailored to specific proteome phenotypes.

The cardiac myocyte proteome is susceptible to disease-induced changes, whether
due to acute injury such as myocardial infarction (MI) or to chronic conditions such as
congestive heart failure (CHF) and dilated cardiomyopathy (4—7). Disease-induced pro-
tein changes may result from posttranslational modifications (including proteolysis,
covalent crosslinking, phosphorylation, oxidation, and glycosylation, just to name a
few), or through altered gene expression (including up- or down-regulation and/or iso-
form switching). The myocardial proteome of any given patient at any given time thus
consists of a spectrum of various protein modifications. In addition, the myocardial
protein modification profile of an individual patient will change over time, which may
be complicated further as a result of multiple overlapping disease processes.

Intracellular proteins, modified by disease, may be released from the myocardium and
detected in a patient’s blood. Many ischemic conditions, including acute coronary syn-
dromes (ACS) and chronic cardiovascular diseases, result in such a release of intracellu-
lar proteins. Currently used diagnostics for myocardial injury are based on the detection
of such intracellular proteins, including cardiac troponins [ and T (¢Tnl and cTnT), myo-
globin, creatine kinase (CK), the MB isoenzyme of CK (CK-MB), lactate dehydrogenase
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(LDH), and aspartate aminotransferase (AST). Of all these biomarkers, recently pub-
lished consensus documents by the European Society of Cardiology (ESC), the Ameri-
can College of Cardiology (ACC), and the American Heart Association (AHA) (§—10)
specifically recommend cardiac troponins to be the new laboratory standard for MI diag-
nosis as well as for diagnosis and management of unstable angina. There are several rea-
sons for this consensus. First and foremost is the superior tissue specificity of cardiac
troponins over conventionally used markers such as LDH, AST, CK, CK-MB, or myoglo-
bin, combined with the improved diagnostic sensitivity of troponins since their first intro-
duction as biomarkers for ACS. Additional factors include the prolonged time window
of troponin elevation after onset of ACS (71,12), the association of detectable troponin
with a risk of adverse clinical events (/3—17), and, finally, the increasing international
acceptance for the use of troponins as cardiac markers in the last five years (18).

In theory, any myocardial protein (including its posttranslationally modified forms)
has the potential to serve as a biomarker, provided that it can be detected in the blood,
and this detection correlates with a disease. No longer must diagnostic assays simply
give a yes/no answer. It is now possible for them to provide additional information about
a patient’s disease status as well as the condition of his or her remaining viable myo-
cardium. Thus, understanding the changes in the myocardial proteome with progres-
sion of disease becomes imperative.

TROPONIN MODIFICATIONS
AND THEIR FUNCTIONAL SIGNIFICANCE

Serum levels of cardiac troponins, as well as total CK and CK-MB, have been used
to determine infarct size in both ACS patients and animal models (7/9—21). Unlike the
other cardiac biomarkers, however, the troponins provide additional information about
the functional consequences of an infarction. This relates to the essential role of the
troponin complex (Tn) in the Ca?*-dependent regulation of cardiac muscle contraction.
Tn consists of three proteins: TnT, which interacts with tropomyosin; Tnl, the inhibi-
tory protein; and TnC, which binds Ca®* and thereby triggers a conformational change
leading to myofilament contraction. Troponin, in concert with tropomyosin, regulates
cardiac muscle contraction through numerous tightly controlled Ca®*-dependent inter-
actions (22—24). Troponin—tropomyosin binds to filamentous actin to form the thin
filament and controls actin—-myosin interactions through the intricate interplay of both
steric and allosteric mechanisms (25—30). Given the structural complexity of the thin
filament assembly, as well as the allosteric and cooperative components of the mecha-
nism, the cardiac myofilament constitutes a finely tuned system for regulation of force
production. Therefore, myofilament protein modifications, including those that are dis-
ease induced, can alter cardiac contraction. This is seen in transgenic animal models
expressing genetically altered cTnl (31) or ¢TnT (32,33), in which low expression levels
of modified troponins (mimicking disease-induced modifications) have dramatic func-
tional consequences. The extent of contractile dysfunction is very much dependent on
both the regions of the troponins that are modified as well as the forms of the modifica-
tions themselves. Various animal models have revealed that cTnl is specifically and selec-
tively modified in the tissue of diseased hearts (34-37). Of particular importance for the
detection of ACS are the progressive, severity-dependent posttranslational modifications
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demonstrated to occur to ¢Tnl in ischemia/reperfusion injury of Langendorff perfused
rat hearts, including proteolysis (38—40), formation of covalent crosslinks (39,40), and
changes in phosphorylation (40,41). Furthermore, these various disease-induced cTnl mod-
ifications, including the human equivalent of the carboxy-terminal truncation (cTnl;_,q,)
that is proposed to cause the stunned phenotype in a transgenic mouse model (31), were
also found in the viable parts of the myocardium from patients undergoing coronary artery
bypass surgery (42). Importantly, this demonstrates that such modifications are formed
in the myocytes prior to, or even in complete absence of, subsequent necrosis. If the tro-
ponin modification products are finally released from the myocardium, a distinct troponin
profile will be generated in the blood. Over time, this profile will reflect the progression
of the disease, including both the severity and the time from onset of injury. From a diag-
nostic perspective, one can thus further appreciate the functional consequences of tropo-
nin modifications, as their detection in a patient’s blood may allow us to then predict the
functional status of the remaining viable myocardium. Of course, this will be possible
only once diagnostic assays are developed that can distinguish between the different dis-
ease-induced forms of the analyte. Such information has the potential to improve patient
triage, help physicians to decide between conventional or invasive therapy, and may
even provide more precise and individualized long-term prognosis.

CARDIAC TROPONINS
AS BLOOD-BORNE DIAGNOSTIC MARKERS

To serve as biochemical markers, troponins must be released into the bloodstream.
Apart from MI, elevated troponin levels have been found in cases of minor myocardial
damage (12) with nonelevated CK-MB levels, CHF (43,44), unstable angina (14), pulmo-
nary embolism (45), myocarditis (46), sepsis and septic shock (47,48), as well as in patients
undergoing percutaneous intervention (49), cardiopulmonary bypass graft (CABG) sur-
gery (42), or implantable cardioverter defibrillator shock application (50). The release
of cardiac troponins does not automatically indicate myocardial necrosis (such as in
MI), and must not necessarily reflect irreversible or necrotic damage to the myocar-
dium (48,51,52). The possibility of non-necrotic release due to a reversible change in
membrane permeability is under debate, but if confirmed, will change the view on car-
diac troponins by widening their diagnostic potential beyond that of simple markers of
necrosis. With increasing analytical sensitivity of troponin assays, detection of extre-
mely low levels of troponin is pushing toward this point.

Of course, one must not overlook that processes involved in the different pathophys-
iological stages of cardiac disease can lead to different protein modifications, thus alter-
ing the myocardial proteome. Parameters that affect the quantity and forms of intracellular
proteins (such as troponins) present in blood include both disease-induced processing
of the protein in the myocardium, as well as any further processing in the blood follow-
ing the release from the myocardium. The time course of appearance for each protein (or
its modified products) in the blood will depend on its molecular mass, its affinity for
other proteins, and its localization in the cell (53,54). In addition, their disappearance
from the blood is influenced by other factors, including their susceptibility to proteolysis
and filtration by the renal and lymphatic systems, further contributing (together with spe-
cificity and sensitivity) to the merits and shortcomings of the different diagnostic markers.
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A lack of standardization remains as a major drawback of existing cTnl diagnostics.
Apple et al. (55) recently discussed the analytical and clinical characteristics of 16 tro-
ponin assays from 10 different manufacturers, finding substantial variability in spe-
cific parameters (e.g., lower limit of detection [LLD], reference limits, concentration
at 10% coefficient of variance [CV], receiver operating characteristic [ROC] cutpoints).
This is in accordance with an earlier report (56) that showed up to 60-fold differences in
absolute values for patient samples when tested with four different assay systems. Interes-
tingly, results from these four cTnl assays were internally consistent (median CV between
3.3% and 8.3%), as neither false-positive nor false-negative samples were found (56).
What could explain the enormous differences in absolute values between these assays?
Different calibration materials for the various assays will contribute to, but are very
unlikely solely responsible for, such variations in the numeric values. It is known that
cTnl degradation (as observed in MI patients) leads to detection difficulties if antibodies
against proteolytically cleaved regions of ¢Tnl are used in diagnostic assays (57,58).
Even so, degradation is not the only modification to cardiac troponins found after MI
(59). The reason for the variable performance of the different assays lies therefore in
the potential incapability of anti-cTnl antibodies to recognize all of the possible ¢Tnl
modification products that may be present in the blood, let alone distinguish between
these various forms. Thus, it is in fact the antibodies themselves that cause detection
difficulties, rather than the cTnl modification. This is important, as certain ¢ Tnl modifi-
cation products may be formed at specific times during the development of a disease and
subsequently be present in a patient’s blood at a distinct pattern of release over time
(59). What exact forms of cardiac troponins are actually circulating in a patient’s blood
is still under evaluation (60—64), as well as if they differ with various heart diseases.

To address this issue we developed a method (Western Blot—Direct Serum Analysis
[WB-DSA]) to separate serum proteins electrophoretically under denaturing conditions,
allowing the visualization of intact as well as degraded forms of serum c¢Tnl and ¢TnT
from patients with MI (59). Intact cTnl was the predominant form found in serum, while
cTnT was predominantly cleaved, forming a 26-kDa product (59). In addition, in a sub-
set of patients intact cTnl as well as additional degradation products were also present.
cTnl has been proposed to be proteolyzed in blood after the release from the myocardium
(57,65). Such proteolysis would further complicate the serum profile of troponin, as
changes could originate both from the myocardium and due to processing in the blood
after their release from the myocardium. Thus, the stability of the analyte in blood is crit-
ical for every diagnostic assay and essential for the accuracy and value of the assay result.
Using WB-DSA, we monitored, over a time course of 48 h, proteolytic degradation of
recombinant human c¢Tnl and ¢TnT spiked in normal serum at a concentration of 100
ng/mL. Unlike previous reports in which up to 30-fold higher concentrations of recom-
binant cTnl were used (57,65), we found only minimal serum proteolysis to troponins
(59). This suggests that cardiac troponin in serum at concentrations observed in patho-
physiological conditions is protected from proteolysis, perhaps through binding to other
troponin subunits or serum proteins. Only at excessive concentrations (57,65) at which
it is not completely protected by these other proteins does cTnl become susceptible to
serum proteases.

The lack of troponin proteolysis in serum indicates that troponin degradation prod-
ucts observed in the serum of acute MI (AMI) patients originated in the myocardium
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prior to release into the blood. These forms of cardiac troponins (intact as well as mod-
ified) display a characteristic “rising and falling” pattern after the onset of symptoms,
producing a continuum of changing troponin profiles. The ability to distinguish between
different forms of circulating troponins would offer more precise information about
severity of damage, time of onset, or even type of disease, assisting in the triage of indi-
vidual patients. This is not possible with the currently available diagnostic assays.

In addition to the advantage of providing information about certain modification
states of the analyte, WB-DSA has a high analytical sensitivity. In fact, it enabled us to
detect serum cTnl in patients undergoing CABG surgery at levels below the LLD of a
routinely used commercial assay (0.1 ng/mL) (42). This enhanced sensitivity most likely
is due to the denaturing conditions used in WB-DSA, which would result in the com-
plete exposure of linear epitopes, thereby increasing the probability of detection by
various antibodies. cTnl in serum may be “hidden” owing to its ternary structure and/or
the formation of three-dimensional complexes with other proteins. To test this method
for its clinical application, serum from patients presenting at the emergency depart-
ment early after onset of symptoms of ACS (<4 h) was analyzed by WB-DSA and the
results compared to routine clinical testing (66). A subset of the patients enrolled in
this study with nondiagnostic electrocardiogram for ACS and nonsignificantly elevated
routine biochemical markers (cTnl, CK, and CK-MB) showed detectable amounts of
cTnl when retrospectively analyzed by WB-DSA (n = 6/10). These patients were diag-
nosed for unstable angina (n = 3), second-degree heart block (n = 1), or discharged from
the ED as “chest pain not yet diagnosed” (n = 2). Three of the six patients revisited the
ED within 3 mo complaining about chest pain.

ONE ANALYTE = ONE DISEASE = ONE ASSAY?

The exact release pattern of the various forms of cTnl (whether free or complexed
with other proteins) after an ischemic insult and the correlation between the severity of
the insult and the released forms in humans remains unknown, although it has been shown
in Langendorff perfused rat hearts that cTnl undergoes selective and progressive modi-
fication with increased severity of ischemia/reperfusion injury (38,40). Complex for-
mation between c¢Tnl and other troponin subunits influences its three-dimensional
structure, having various consequences for the susceptibility of ¢Tnl to enzymatic and
chemical modification (61). Certainly the same will apply to cTnl bound to any serum
protein. ¢Tnl is highly charged and insoluble in its free form at neutral pH. It has been
proposed that only a small amount of free cTnl is detectable in blood of MI patients
(61), although the proportions of free cTnl varied among the patients analyzed and the
severity of ML

By comparing data from the three studies undertaken in our laboratory applying
WB-DSA to identify serum cTnl (42,59,66), the differences in the modification states
of the analyte become apparent (Fig. 1). This is by no means surprising, as three very
different cohorts of patients were enrolled in these studies, representing different stages
of myocardial disease. While degradation seems preferably to occur in cases of MI,
patients presenting with unstable angina show only intact cTnl. Patients undergoing
thrombolytic therapy showed only intact cTnl before, but a variety of degradation prod-
ucts shortly after thrombolysis, again indicating that cTnl modifications occur prior to
release from the myocardium (unpublished data). Extensive proteolytic degradation of
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Fig. 1. Different cTnl modifications found at different stages of ischemic heart disease.
WB-DSA using mAb 8I-7 (Spectral Diagnostics) on serum from four patients with the corre-
sponding values for total CK (Beckman CX7), CK-MB, and c¢Tnl (both Bayer Immunol) indi-
cated underneath and the relative molecular mass to the left. ND, Not determined. Lane I: Patient
with history of CHF and symptoms of chest pain, sample drawn 2 h after admission, discharged
from the ED with “chest pain not yet diagnosed”. Lane 2: Patient with history of myocardial
infarction (6 mo prior) and symptoms of chest pain, sample drawn 2 h after admission, dis-
charged from the hospital with unstable angina. Lanes 3 and 4: Patient undergoing CABG sur-
gery with samples drawn 30 min and 24 h after removal of cross-clap respectively. Lane 5: Patient
with AMI, sample drawn at admission.

cTnl and prolonged detectability in blood indicate longer ischemic periods and there-
fore cellular necrosis with disintegration of the troponin complex. On the other hand,
intact cTnl as the only detectable form in angina patients, with faster clearance from
the blood, may represent unassembled cytosolic troponin and resemble the first phase
of a biphasic release as shown for cTnT on revascularization after MI (67).

In their consensus document ESC and ACC suggest the use of a cutoff concentration
for cardiac troponins at the 99th percentile (CV < 10%) for the diagnosis of MI (8,9).
An increase in sensitivity of troponin assays can principally be appreciated because ele-
vated troponins are associated with a risk of adverse clinical events (13—17), even though
the majority of manufacturers cannot yet meet these recommendations (68). Automati-
cally labeling an increase of cardiac troponin above this level as MI, in cases in which
other causes of cardiac damage cannot be found, could be misleading. For example, a
possible non-necrotic release (or a potential release with apoptosis) of troponins from
the myocardium does not meet the criteria for MI. This leads to an important question.
Is a single diagnostic assay adequate to diagnose all forms of cardiac disease that involve
the release of troponins, or is it necessary to design specific assays for different patient
cohorts to ensure precise diagnosis? The three studies mentioned above (42,59,66)
must be confirmed for larger cohorts and other forms of cardiac disease. Regardless of
the small groups of patients enrolled in these studies, our findings indicate significant
variability of ¢Tnl in patients with cardiac diseases. Different diseases or disease states
may lead to different troponin modifications, creating disease-specific “troponin finger-
prints” for MI, unstable angina, heart failure, and so on, as well as for damage caused
by interventional procedures or cardiac surgery. Consequently, the use of antibodies
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raised against specific disease-induced troponin modification products would provide
greater qualitative information than the simple determination of elevated troponin levels,
and would in turn lead to the development of disease-specific diagnostic assays.

Although WB-DSA, for the first time, allows us to visualize modifications to serum
troponins without any concentration or extraction step prior to analysis, it is still limited
in scope. It can separate the analyte only by relative molecular mass, and the number of
identified modification products depends on the antibodies used for western blotting
(59). This method is therefore inherently biased in the same manner as other immuno-
assays, and thus care in the selection of antibodies is paramount. To think that avoiding
antibodies binding to epitopes within the very N- as well as C-terminus of c¢Tnl, re-
gions known to be proteolytically cleaved after MI (57-61,65), would be enough to
guarantee the detection of all cTnl modification products is far too simplistic. Katrukha
et al. (61) very thoroughly listed possible modifications to cTnl that can influence immu-
nogenicity and as a consequence detectability by a diagnostic assay. Within the region of
cTnl that is supposed to be relatively resistant to proteolysis (between amino acids 30
and 110) there are at least two protein kinase C phosphorylation sites (69) and two Cys
residues (61) that may be oxidized. Western blot analysis on native as well as on dephos-
phorylated human cardiac tissue (42) and serum from MI patients (59) showed that the
affinity of some antibodies to cTnl is indeed altered by phosphorylation. The same may
hold true for other posttranslational modifications (such as Cys oxidation) and might
explain the differing performance of various commercial diagnostic cTnl assays. The
impact of disease-induced posttranslational modifications to cTnT (59) on the two exist-
ing cTnT assays is more difficult to assess. There is no reason to believe that antibody
binding to ¢TnT and, consequently, assay performance would be unaffected by such
modifications. Standardization issues surrounding cTnl assays are not applicable to the
currently marketed cTnT assays, as both use the same pair of antibodies (70). Of course,
similar issues undoubtedly will arise when additional assays using different antibodies
are introduced in the future.

The identification and characterization of all myocardial-derived disease-induced
forms of the analyte, be it cTnl, cTnT, or any other protein, must be the first step in the
development of diagnostic assays capable of specifically detecting one or more of these
modification products present in a particular patient’s blood. To achieve this, we are well
advised to endorse the tools of proteomics to investigate disease-induced protein modifi-
cations, elucidating the potential of these modifications to serve as diagnostic markers.

APPLICATION OF PROTEOMICS
TO DIAGNOSTIC MARKER DEVELOPMENT

In one way or another, as the cause or a symptom, proteins are involved in virtually
every disease, with cardiac diseases being no exception. It is therefore inevitable that a
disease or disease state will manifest itself as a change to the proteome. Whether these
changes are restricted to posttranslational modifications or also involve genetic alter-
ations in protein levels depends on the particular disease state. For example, during
ACS one will primarily observe the first group of modifications, whereas a subsequent
development of CHF will also likely be accompanied by the latter. Therefore, various
stages in the progression of a disease will be expected to reflect unique protein profiles.
Not every protein change will automatically, but very well may, result in an altered
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physiological function. Understanding the functional consequences, if any, of a certain
modification increases the value of an assay specific for this very modification. Thus,
when a particular protein modification can be correlated with a certain disease or disease
state and this modification is detectable, it serves as an invaluable diagnostic marker. It
is in this venue that proteomics has the potential to revolutionize the development and
application of future diagnostics.

The power of proteomics to identify disease-induced protein change is widely recog-
nized, with an ever burgeoning number of publications dealing with this approach as a
means to unravel the importance of protein modifications in the development, progres-
sion, treatment, and diagnosis of disease. Thus far, the majority of this work has focused
on neurological and infectious diseases, cancer, and, to a lesser degree, cardiovascular
diseases (for reviews see 6,71—76). Collections of detailed proteomic techniques have
extensively been described elsewhere (77-79), and we focus instead on the application
of these techniques to the development of diagnostics.

A systematic use of the full armamentarium of proteomics will facilitate a much more
detailed description of pathological processes in terms of protein modifications. The
rapid development of proteomics, in both methods of protein separation and identifica-
tion, now has the potential to guide the development of diagnostic assays as well as
therapeutics in a number of ways. First, it may be used to identify and characterize spe-
cific disease-induced protein modifications associated with current biomarkers. Second,
it may facilitate the identification of useful new biomarkers, which may stand alone for
diagnostic purposes, or perhaps be used in combination with additional proteins to pro-
vide greater confidence in diagnosis or risk stratification. Finally, there is the possibility
of the direct incorporation of proteomic techniques into diagnostic assays themselves.

The current tools of proteomics already allow us to improve the design of diagnostics
through the identification and characterization of specific protein modifications. Unlike
in cancer diagnosis, where biopsies and smears from patients are taken on a regular
basis (and can be used for basic research purposes), proteomic analysis of human cardiac
material at stages of onset or disease development is more difficult because of limited
access. This is often possible only with samples from cadaveric donors or explanted
hearts from end-stage heart failure patients, but such hearts will show overlapping dis-
ease- or drug-induced and postmortem changes to the proteome. Biopsies taken during
heart surgery do provide a viable source of human myocardial material for determina-
tion of specific cardiac disease-induced protein modifications, but only recent techno-
logical advances in analytical proteomics are capable of the reproducible analysis of
such minuscule samples.

Unfortunately, the dearth of available tissue samples, as well as a lack of immortal-
ized cell lines (as are available for cancer research), has led to the widespread use of ani-
mal models to study cardiac/cardiovascular diseases. The majority of broad screening
studies for proteome changes associated with these animal models employed the tradi-
tional proteomic separation method, two-dimensional gel electrophoresis (2-DE). While
a number of proteins showed disease-induced changes (mainly in expression levels;
for reviews see 71,76), few have the potential to serve as specific biomarkers due to
their ubiquitous distribution in the body.

One recent development in the field of proteomics is the concept of simplifying the
task of identifying protein modifications through a subproteomic approach, whereby only
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a fraction of the proteome is studied at any one time. Unlike the broad-based screening
method mentioned above, partitioning the proteome into manageable portions facilitates
identification of modifications to many proteins that would not otherwise be identified,
by increasing the ability to detect both lower abundance proteins and protein modifica-
tions that are very subtle in nature, such as a shift in the extent of a protein posttransla-
tional modification.

Using a subproteomic approach, we recently identified two ventricular myosin light
chain 1 (vMLC1) posttranslational modifications. An analysis of isolated rabbit ven-
tricular myocytes revealed that vVMLC1 was phosphorylated at one serine and one threo-
nine residue, which was quite remarkable considering that vMLC]1 has also been called
the unphosphorylatable light chain. Furthermore, we found that the extent of vVMLC1
phosphorylation increased significantly following treatment with adenosine (7), at levels
previously demonstrated to be sufficient to precondition the cells, thereby protecting the
heart from further ischemic injury (80). Mass spectrometry was used not only to iden-
tify the presence of phosphorylated vMLC1 peptides, but also to map the actual modified
amino acids. This is the type of information that is vital for the design of antibodies
capable of binding and specifically detecting a modified protein.

While vMLCI posttranslational modification is associated with early ischemic dam-
age, VMLCI1 was also found to be specifically degraded at its N-terminus in a rat model
of extreme ischemia (39). Therefore, differentiating between intact vMLC]1 and its
phosphorylated and its degraded forms may yield insights into the duration of an ische-
mic insult. To detect a specific modification and observe its change over time, rather
than simply to look at the presence or absence of a protein, also offers the possibility of
using marker proteins as surrogates for the progression of a disease or the success of a
therapy. Species differences in protein sequences and, consequently, the possibility of
different changes due to disease, make it difficult to draw direct conclusions from ani-
mal models for the identification of biomarkers in humans. These animal studies do,
however, narrow down candidate proteins for a targeted approach using human tissue
specimens. In parallel, the search for such proteins could be extended to blood and urine,
sample sources more suitable for routine clinical testing. Ideally, the disease-induced
modification will result in a change to a certain characteristic of the protein, that enables
the modified and native forms to be easily distinguished by means such as specific anti-
bodies or chromatographic and electrophoretic separation techniques.

In some instances it might be necessary to use more than one biomarker for a defini-
tive diagnosis of a disease, or to distinguish between different diseases of the same
organ or organ system. This is already routinely practiced when elevated CK or CK-MB
levels are confirmed by an elevated troponin level to diagnose MI, or in the case of non-
elevated troponin to rule out MI. A traditional proteomic approach may allow the iden-
tification of multiple proteins that show a specific pattern that can be correlated with a
certain disease or disease state, while only a single one of these proteins might be non-
indicative for disease. This is reiterating the concept of a “protein fingerprint” for a
certain disease (as proposed for cardiac troponins earlier in this text), and the possibility
that a specific protein can be used in the diagnosis of different diseases when combined
with other proteins. An example of such an approach is mentioned below.

Protein separation by 2-DE followed by mass spectrometric identification and char-
acterization of proteins and their disease-induced modifications are the main tools in
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identifying these “protein fingerprints.” Despite this, the application of 2-DE to rou-
tine diagnosis is limited, for it is both labor intensive and time consuming. Ideally, it is
desirable to incorporate information obtained from proteomic analysis on a platform
suitable for routine diagnosis. This can be done by raising antibodies against specific
disease-induced modifications, that can then be used on immunoassay platforms. This
concept can even be extended to the design of antibody arrays for high-throughput
screening of multiple proteins at the same time, as demonstrated by de Wildt et al. (81).

Taken one step further, proteomic techniques may directly be used as future diag-
nostic tools. The development of methods such as laser capture microdissection (LCM),
ProteinChip technology, and surface-enhanced laser desorption/ionization (SELDI)
mass spectrometry may allow high-throughput analysis of very small samples to com-
pare the entire protein profile between control and patient samples. Wright et al. applied
ProteinChip proteomics to search for prostate cancer biomarkers (82). The authors ana-
lyzed tissue and body fluid, and found expression level changes to a number of pro-
teins. Interestingly, a combination of several proteins, and no single protein alone, was
required to distinguish between cancer and non-cancer patient groups. Once again, the
identification of one specific marker protein may well be insufficient, and instead the
“protein fingerprint” concept may be required for accurate diagnoses. Furthermore, in
combination, ProteinChip and SELDI technologies may also allow the development of
quantitative immunoassays (83). To our knowledge, however, LCM, ProteinChip, and
SELDI have not yet been used to investigate cardiovascular diseases. As for any immuno-
assay, care has to be taken in antibody selection to guarantee that all forms of the ana-
lyte can be captured. This closes the loop to the initial determination of disease-induced
protein modification as the key step in the improvement of diagnostic assays. How
applicable these methods will be to the everyday routine in a clinical laboratory has to
be evaluated, but their usefulness in the search for potential markers is unparalleled.

Because cardiac troponins are essential components of the contractile apparatus—
the force generating part of the cardiomyocytes—it is no surprise that they outperform
other biomarkers in sensitivity and specificity for the diagnosis of ACS, but we have not
yet taken full advantage of their multiple forms that can exist in a patient. The moment
we know the exact nature of the analyte we are really looking for, sensitivity and speci-
ficity of diagnostic assays will no doubt increase and differentiate potential diagnoses.
On the other hand, like their predecessors, cTnl and ¢cTnT may eventually be replaced
by a better biomarker for certain cardiac conditions, or be used in combination with
other proteins to provide superior diagnostic capability.
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enzyme of CK; ¢TnT and cTnl, cardiac troponin T and I; CV, coefficient of variance;
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detection; MI, myocardial infarction; ROC, receiver operating characteristic, SELDI,
surface-enhanced laser desoprtion/ionization; vMLC]1, ventricular myosin light chain
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Cardiac Troponin Testing in Renal Failure
and Skeletal Muscle Disease Patients

Fred S. Apple

INTRODUCTION

Cardiac disease is a major cause of death in patients with end-stage renal disease
(ESRD), responsible for up to 45% of overall mortality (7,2). Approximately 25% of
deaths from cardiac causes are due to acute myocardial infarction (AMI). The overall
mortality after AMI among 34,000 patients on long-term hemodialysis, identified form
the US Renal Data System database, was 59% at 1 yr, 73% at 2 yr, and 89% at 5 yr (1).
Furthermore, the mortality rate after AMI was substantially greater for patients on long-
term dialysis than for renal transplant recipients. Thus, sudden death and cardiac death
are common occurrences in chronic hemodialysis patients. Based on data for approx
325,000 deaths from 1977 through 1997 recorded by the US Renal Data System data-
base, Mondays and Tuesdays were the most common days for sudden and cardiac death
for hemodialysis patients (3). Approximately 20% of deaths occurred on Mondays and
Tuesdays, compared to 14% on Wednesdays through Saturdays. The intermittent nature
of hemodialysis, accompanied by large weight gains, increased potassium concentra-
tions, and post-dialysis hypotension on Mondays and Tuesdays likely contributed to the
differences in cardiac death rates. These data support the hypothesis that more aggres-
sive strategies may be beneficial for the prevention of AMI in patients on dialysis.

Cardiac symptoms are seldom the presenting complaint in patients with muscular skel-
etal diseases, such as dermatomyositis (DM), polymyositis (PM), and muscular dystro-
phy (MD). However, 30—50% of DM/PM patients have cardiac manifestations coincident
with the degenerative and inflammatory changes present in skeletal muscle in postmor-
tem examination (4). The diagnosis of Duchenne’s muscular dystrophy is usually uncom-
plicated; the affected patient is usually a boy with proximal muscle weakness and has
serum creatine kinase (CK) levels >20-fold the upper reference limit, and a muscle
biopsy finding typical of the disease. The clinical criteria for the diagnosis of the less
severe form of Duchenne’s dystrophy, Becker’s dystrophy, tend to vary. Furthermore,
there are cases of intermediate severity that are difficult to assign to either category.
Cardiac involvement occurs in the large majority of all dystrophy patients. Electrocar-
diogram (ECG) abnormalities may occur, tachycardia is common, and sudden death
from myocardial failure occurs. However, distinguishing patients with severe serum CK
and the MB isoenzyme of CK (CK-MB) increases between heart and skeletal muscle
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Fig. 1. Western blot of (1) failing human heart and (2) fetal human heart probed with mono-
clonal anti-cTnT antibody detecting 3 ¢TnT isoforms. (Adapted from ref. 5.)

etiology early in the course of the disease without clinical features of myocardial involve-
ment can be challenging.

The purpose of this chapter is to review (1) cardiac troponin T (¢TnT) and I (cTnl)
expression in diseased myocardial and skeletal muscle, (2) the role of cardiac troponin
testing for detecting myocardial injury in ESRD and diseases of skeletal muscle, and (3)
the role of cardiac troponin testing in the assessment of long-term mortality in ESRD.

¢INT AND cTNI EXPRESSION
IN MYOCARDIAL AND SKELETAL MUSCLE

Three to four isoforms of ¢cTnT, as shown in Fig. 1, have been shown to be expressed
in developing cardiac muscle as well as in human fetal skeletal muscle and diseased
human skeletal muscle (5). A developmental down-regulation of ¢TnT and up-regula-
tion of skeletal isoforms of TnT occurs in normal developing skeletal muscle, which
leads to the absence of ¢TnT in nondiseased adult skeletal muscle. For ¢cTnl, however,
human cardiac muscle contains a single cTnl, and healthy and diseased human fetal and
adult skeletal muscle have never been shown to express cTnl (6,7).

One proposed explanation for the increase of ¢TnT in the blood of patients with ESRD
(and patients with diseases of skeletal muscle) was the possibility of extracardiac expres-
sion of cTnT observed in diseased skeletal muscle. Several studies have now addressed
cTnT expression in noncardiac tissues, specifically skeletal muscle tissues obtained
from patients with varied underlying pathologies. Utilizing the cTnT-specific antibodies
(M7, M11.7) used in the Roche ¢TnT immunoassay, no studies to date have demon-
strated a ¢TnT isoform that would cause a false-positive cTnT circulating in serum,
plasma, or whole blood. Skeletal muscle specimens obtained from patients with ESRD,
Duchenne muscular dystrophy, polymyositis, and dermatomyositis as well as in kid-
ney specimens from patients with varied renal diseases showed no expression of the
cTnT isoform found in human hearts (§—7/4). In a preliminary report, cTnT expression
by Western blot analysis in skeletal muscles from ESRD patients was postulated (15).
However, the antibodies utilized in this study were not as cardiac specific as those found
in the second- or third-generation cTnT immunoassay kit marketed by Roche. This
initial report contrasted with a second report that showed no evidence of the expression
of either cTnT mRNA or protein in truncal skeletal muscle from five ESRD patients
(16). Again, the antibodies used in the immunoblot experiments were not the same as
those found in the cTnT Roche assay kit. In a more definite report, the expression of
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Fig. 2. Western blots of normal human heart and normal and ESRD skeletal muscle detect-
ing ¢TnT and non-cTnT proteins using the cardiac-specific M11.7 and M7 antibodies. (Adapted
from ref. 9.)

42 kD MW

Fig. 3. Western blot of (1) normal human heart and (2) skeletal muscle from dermatomyosi-
tis patient using the Roche anti-cTnT monoclonal M7 antibody demonstrating lack of expres-
sion of cardiac specific troponin T in diseased skeletal muscle.

c¢TnT isoforms in ESRD skeletal muscles using both the capture antibody (M11.7) and
detection antibody (M7) from the Roche ¢TnT assay kit was addressed (8,9). As shown
in Fig. 2, the M7 antibody detected a 39-kDa c¢TnT isoform similar to that expressed in
human heart tissue, in 2 of 45 skeletal muscle biopsies. In contrast, the M11.7 antibody
detected two or three ¢cTnT isoforms at 34-36 kDa, and no ¢TnT at 39 kDa in 20 of 45
skeletal muscle biopsies. Given the differences in epitopes recognized by the M7 and
M11.7 antibodies, it was concluded that the cTnT isoforms expressed in ESRD muscle
would not be detected by the Roche ¢TnT assay if released into the circulation and were
not the heart isoform of cTnT. Similar findings have been demonstrated in Western blots
of skeletal muscle tissues obtained from DM, PM, and MD patients as shown in Fig. 3
(9—14). These data support the claim that the tissue source of circulating cTnT in these
patients is from the heart and are indicative of myocardial damage. Furthermore, West-
ern blot analysis of skeletal muscle has never demonstrated expression of cTnl (7,8).
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Fig. 4. Western blot of CK-MB standard, normal (N) human heart, normal human skeletal
muscle, and nine skeletal muscle samples from ESRD patients probed with monoclonal anti-
CK-B monoclonal antibody detecting substantial CK-MB expression in diseased skeletal mus-
cles. (Adapted from ref. 37.)

ROLE OF CARDIAC TROPONIN TESTING
FOR DETECTING MYOCARDIAL INJURY IN ESRD

Numerous studies have shown that both c¢Tnl and ¢TnT are increased in serum and
plasma in ESRD patients without clinical evidence of myocardial damage. From 1993
through 1998 a review of studies that measured ¢Tnl involving more than 350 ESRD
patients and studies which measured ¢cTnT involving more than 500 ESRD patients
showed 2—-10% and 10-30% of patients had increased ¢Tnl and ¢cTnT values, respec-
tively (17-34). Explanations for these substantial differences are not clear at present.
Both ¢Tnl and cTnT assay manufacturers show data in their package inserts regarding
the low percentage of ESRD patients who were found to have increased cardiac tro-
ponins. It should be noted that the studies reviewed in this chapter for cTnT involved
only the second- or third-generation ¢TnT assays, which have eliminated any interfer-
ence by skeletal muscle troponins. Explanations put forth for the cause of these increased
troponin concentrations include expression of ¢TnT in skeletal muscle (without evi-
dence), as well as detection of subclinical myocardial damage. The cause of the differ-
ences in positive rates between cTnT and cTnl also is not known. Possible mechanisms
have been proposed for differences between cTnl and cTnT increases. First, circulating
cTnT may reflect left ventricular hypertrophy with a different release pattern vs cTnl
(35). Second, a longer circulating half-life for cTnT may occur, possibly due to advanced
glycosylated end products of ¢cTnT known to accumulate in diabetics with ESRD (36).
Third, cTnT may be more sensitive due to accumulation in the circulation from lack of
removal during the dialysis process compared to cTnl. Studies have emphasized the
problems of using CK-MB as a marker for myocardial damage in ESRD. Falsely increased
concentrations of CK-MB in up to 75% of ESRD patients have been demonstrated (77,
18), likely due to the reexpression of CK-MB in myopathic skeletal muscles (Fig. 4) (37)
in ESRD patients (38). In one study addressing the role of biomarkers for ruling out
AMI, serum c¢Tnl monitoring was performed in 84 patients with renal insufficiency hos-
pitalized to rule out AMI (39). Clinical parameters (echocardiography, ECG) were used
to diagnose AMI. The clinical sensitivity of ¢Tnl was 77%, which was significantly better
than CK-MB at 68%. Both markers showed >90% specificities. However, both sensitiv-
ity and specificity were lower in the renal diseased patients than observed in nonrenal
disease ACS patients presenting to rule in/rule out AMI. No mechanisms are provided
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to explain this variance. Thus, the evidence supports cTnl and ¢TnT as markers with high
specificity for cardiac damage, and can be used to distinguish whether increases in CK-MB
are due to myocardial or skeletal muscle injury.

ROLE OF CARDIAC TROPONIN TESTING
IN THE ASSESSMENT OF MORTALITY IN ESRD

The presence of increased cTnl and ¢TnT concentrations identify acute coronary syn-
drome patients at significantly higher risk of developing cardiac events, such as car-
diac death and nonfatal AMI, both during hospitalization and at long-term follow-up
(40,41). Several studies have now also demonstrated that ESRD patients with increases
in ¢Tnl and cTnT concentrations tend to have a poor prognostic outcome. First, in a pre-
liminary 1 yr follow-up study of 16 randomly selected ESRD patients, the cardiac event
rate (n = 4 fatal AMIs) was correlated to patients who displayed the higher increases of
serum ¢TnT and ¢Tnl (23). Second, serum cTnT concentrations measured in 49 ESRD
patients who presented with no complaints of chest pain and in 83 renal insufficiency
patients (serum creatinine >2 mg/dL and not on dialysis) were clinically followed for
6 mo after entry into the study (42). Of the 25 ESRD patients with increased cTnT con-
centrations at entry, six had cardiac events. Thus, cTnT demonstrated 100% sensitivity
and 56% specificity. In comparison, all three patients with an increased cTnl had car-
diac events, demonstrating a 50% sensitivity and a 100% specificity for cTnl. Patients
with diabetes were more likely to have increased cardiac troponin concentrations. In con-
trast, only three patients in the entire renal insufficiency group had an increased cTnl or
cTnT. In the 6-mo follow-up, two patients suffered an AMI, but neither of these patients
had increased troponins. These data suggest that cardiac troponin testing may be effec-
tive in elucidating cardiac risks of patients undergoing chronic dialysis.

Third, measurement of cTnT in the blood of 97 ESRD patients showed that cTnT was
detectable in 29% of patients (16). The prevalence of increased ¢cTnT concentrations
correlated with cardiac risk. Fifty percent (11 of 22) of known coronary artery disease
(CAD) patients had an increased cTnT concentration (median 1.6 ng/mL), compared to
31% (15 of 33) of patients with >2 risk factors (median 0.1 ng/mL) and 11% (3 of 28) of
patients with 0 or 1 risk factors; p <0.05 vs known CAD patients. Thus, a positive rela-
tionship existed between increased risk of CAD and increases in cTnT concentrations.
A fourth study investigated the use of monitoring cTnT and c¢Tnl concentrations for
predicting cardiac outcomes by 6 mo in patients presenting with suspected acute coro-
nary syndromes (ACS) and renal insufficiency (creatinine >2.0 mg/dL) (n = 51) rela-
tive to ACS patients without renal disease (n = 102) (43). Thirty-five percent of patients
in the renal group and 45% in the nonrenal group experienced an adverse outcome dur-
ing initial hospitalization. However, at 6 mos, both groups had experienced >50% adverse
outcomes. The areas under the receiver operating characteristic (ROC) curves for both
c¢TnT and c¢Tnl, used as predictors of initial and long-term outcomes, were significantly
lower in the renal group than the nonrenal group (0.56, 0.75, respectively). No mecha-
nisms were given to explain these findings.

In addition to these studies, four recent studies now clearly demonstrate the prognos-
tic power of cardiac troponin for predicting mortality in patients with ESRD. First, in
30 hemodialysis patients followed over 2 yr, ¢Tnl (Dade Stratus Il and Abbott AXSYM)
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Table 1
Risk Associated with Cardiac Troponin in ESRD Patients

Study A (ref. 45, n = 102)

c¢TnT (ng/mL) n Deaths %
<0.01 17 0 0
0.01-0.04 45 10 22
>0.04-0.1 28 8 28
>0.1 12 10 83
Study B (ref. 46, n = 244)
c¢TnT (ng/mL) Deaths (%) Cardiac deaths (%)
<0.01 6 0
0.01-0.09 43 14
>0.1 59 24
Study C (ref. 47, n = 441)
c¢TnT (ng/mL) c¢Tnl,ng/mL

<0.04 >0.04 <0.1 >0.1
n 193 248 417 24
(%) (44) (56) (94.5) (5.5)
% Mortality 13 26 19 41

and c¢TnT (second- and third-generation Roche assay) concentrations were measured
at baseline (44). At 2 yr, an increased cTnT demonstrated 90% mortality vs 11% in
patients with a normal cTnT. In comparison, both increased and normal c¢Tnl patients
had 40% mortality. Second (Study A, Table 1), in 102 ESRD patients with a baseline
cTnT (Elecsys) measured 24-mo outcomes were assessed (45). ¢TnT was a strong pre-
dictor of mortality, with 7-fold greater risk of death at cTnT >0.1 ng/mL. An increased
c¢TnT resulted in a 3.6-fold greater hazard ratio for overall mortality. Even at the low
cutoff concentration of 0.01 ng/mL, 22% of patients died at 24 mo. Third (Study B,
Table 1), 244 ESRD patients with baseline cTnT (Elecsys) values were followed for 34
mo (46). A significant correlation between increasing cTnT, all causes of death, and
cardiac death was found. In addition, increasing ¢cTnT over a 6-mo period showed an
increasing death rate; risk ratio = 2.0. Fourth (Study C, Table 1), a preliminary study
from the author’s institution examined 18-mo mortality in 441 ESRD based on baseline
cTnT (Elecsys) and ¢Tnl (Dade Dimension RxL) values (47). Both cardiac troponins
demonstrated significant increases in mortality in the troponin-positive vs negative
groups: ¢TnT 26% vs 13%; ¢Tnl 41% vs 19%, respectively (p <0.01). However, there
were a substantially greater number of patients with increased cTnT (n = 238) com-
pared to cTnl (n = 24).

CLINICAL IMPLICATIONS

The clinical chore for predicting the role of cardiac troponin testing in the ESRD
population will be (1) to distinguish the mechanistic type of increase an individual patient
has and (2) to determine whether it is best to (i) detect a larger number of patients with
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increased troponin T with the possibility of confounding increases with fewer outcomes,
(i1) detect fewer increased troponins I with a possible higher predictive mortality rate
(assay dependent), with the higher probability of missing patients who go on to have a
poor outcome. As is generally true for all diagnostic tests, the price of higher sensitivity
will usually be lower specificity.

The rationale for cardiac troponin testing in the management of ACS has been clearly
established. The ultimate role of cardiac troponin testing for risk stratification in the out-
patient dialysis unit is speculative, but attractive. The initiation of dialysis is temporally
associated with the occurrence of AMI, as about half of myocardial infarcts occurring
in these ESRD patients are clustered within the first 2 yr after dialysis initiation. There
are a host of conceivable strategies for the identification of the highest cardiac risk dialy-
sis patients after initiation of renal replacement therapy, but one plausible, potentially
cost-effective scenario is the developing role of outpatient cardiac troponin testing.

In conclusion, the use of cardiac tissue specific ¢TnT and c¢Tnl testing in blood to
assist in ruling in and ruling out AMI in patients with renal disease and skeletal muscle
pathologies, and as a tool for cardiac risk assessment in ESRD patients now appears to
be evidence based. However, larger trial studies would be useful to increase the evidence
base to determine the overall incidences and differences between cTnT and cTnl moni-
toring in ESRD patients for cardiac risk assessment. Incorporation of cardiac troponin
testing in ESRD patients may assist in initiating more aggressive treatment of coronary
artery disease, detection of subclinical myocardial injury, and correlate increases in car-
diac troponin testing with increased cardiac risk. Further, monitoring blood cardiac tro-
ponin concentrations should assist in the detection and treatment of CAD before renal
transplantation, potentially reducing the risk of adverse cardiac events. However, each
cardiac troponin assay will need to be validated independently, as not all cardiac tropo-
nin assays are equivalent (48).

ABBREVIATIONS

ACS, acute coronary syndrome(s); AMI, acute myocardial infarction; CAD, coronary
artery disease; CK, creatine kinase; CK-MB, MB isoenzyme of CK; cTnT, cTnl, cardiac
troponins T and [; DM, dermatomyositis; ECG, electrocardiogram; ERSD, end-stage
renal disease; MD, muscular dystrophy; PM, polymyositis; ROC, receiver operating
characteristic.
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Cardiac-Specific Troponins
Beyond Ischemic Heart Disease

David Morrow

INTRODUCTION

Cardiac biomarkers play a pivotal role in the clinical evaluation of patients present-
ing with chest discomfort. Owing to their tissue specificity and high clinical sensitivity
for detecting myocyte injury, the cardiac troponins have become the preferred biomarker
for the diagnosis of myocardial infarction (MI) (7) and risk assessment of patients with
suspected acute coronary syndromes (ACS) (2,3). Nevertheless, clinicians often encoun-
ter increased concentrations of cardiac troponin in patients without overt coronary artery
disease or low clinical probability of myocardial ischemia, leading some to concerns over
biologic false-positive troponin results (4). A critical distinction must be made, however,
between the high specificity of cardiac troponin for myocardial injury and the lack of
specificity for coronary atherothrombosis and ischemia as the mechanism of injury. As
troponin assays with increasing analytic sensitivity have been developed, our ability to
detect minor degrees of myocardial injury in a variety of conditions has expanded, and
led to a growing list of clinical settings in which increased concentrations of cardiac tro-
ponin has been detected without evidence of overt ischemic heart disease (Table 1).

While the presence of myocyte damage and the mechanism of injury are well defined
(e.g., myocarditis) in several of these conditions, the availability of assays for cardiac
troponin has revealed unexpectedly prevalent myocardial injury in others, and led to
important new directions for research, as well as to possibilities for novel clinical applica-
tions in nonischemic cardiac disease. This chapter describes several of these clinical set-
tings in detail, starting with those in which some degree of myocardial damage is expected
and moving toward those in the etiology of myocardial injury less well explained. Other
important etiologies of troponin release are discussed individually in separate chapters
(chemotherapeutic agents, cardiac surgery, angioplasty, renal failure, skeletal muscle dis-
ease, and congestive heart failure).

MYOCARDITIS

Myocarditis connotes inflammatory involvement of the myocardium that may occur
in a wide range of infectious and noninfectious conditions (35). Pathologic evidence from
routine autopsies suggests that unrecognized myocardial involvement occurs more fre-
quently than expected in the setting of systemic infection (6). Myocarditis is an established
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Table 1
Nonischemic” Conditions with Elevation of Troponin

Myocarditis

Direct cardiac trauma (cardiac surgery, ablation, endomyocardial biopsy, internal defibrillator
discharge, external cardioversion)

Blunt chest trauma

Chemotherapeutic agents (anthracyclines)

Infiltrative diseases with cardiac involvement (e.g., amyloidosis) (116,117)

Pericarditis (118)

Rhabdomyolysis with cardiac involvement (179)

Uncomplicated percutaneous coronary intervention

Pulmonary embolism

Hypertensive emergency (e.g., preeclampsia) (120)

Congestive heart failure

Uncomplicated noncardiac surgery

Acute neurologic disease, including subarachnoid hemorrhage (121,122)

Sepsis and related syndromes

Renal failure

Alcoholic cirrhosis (123)

Vital exhaustion (724,125)

“Primary etiology is not due to coronary atherothrombosis.

cause of release of the MB isoenzyme of creatine kinase (CK-MB) in the absence of
coronary artery obstruction and myocardial ischemia (35). Given the difficulty in defini-
tively establishing the presence of myocarditis in the appropriate clinical setting, sen-
sitive and specific indicators of myocardial injury, such as the cardiac troponins, have
been viewed as a potential valuable aid to diagnosis (3). Viewed from an alternative per-
spective, abnormal concentrations of troponins resulting from unsuspected myocarditis
may also be an important source of diagnostic confusion in patients with undifferentiated
chest pain.

Clinical Presentation and Pathophysiology

Myocarditis is characterized by a leukocytic infiltrate and necrosis or degeneration
of cardiac myocytes that may be focal or diffuse and is generally randomly distributed
in the heart (7,8). It is common for endomyocardial biopsies to sample relatively normal
areas of myocardium when neighboring areas have significant inflammatory infiltrates
(9,10). Furthermore, the diverse etiologies of myocarditis may contribute to varied sen-
sitivity of histologic findings (7). In some series, histologic confirmation is made in only
10% of biopsies from patients with a clinically suspected myocarditis (12). This leaves
substantial room for improvement on current diagnostic techniques through the explor-
ation of alternative markers of cellular involvement (73).

Although most cases of myocarditis are viral in origin, numerous other microbiologic
agents, noninfectious immunologic conditions, hypersensitivity reactions, and physi-
cal agents (e.g., radiation) may all cause clinically important myocardial inflamma-
tion. The acute phase of myocarditis may be completely asymptomatic or may result in
fulminant congestive heart failure (8). Long-term outcomes are similarly variable, rang-
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Sensitivity: 53% Negative Predictive Value: 56%
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Fig. 1. Predictive performance of ¢TnT at a threshold of 0.1 ng/mL for histologic evidence
of myocarditis. Serum levels of ¢TnT in 80 patients with clinically suspected myocarditis. Solid
squares are for patients with histologic or immunohistologic criteria for myocarditis. Open
squares indicate those with no evidence of myocarditis on biopsy. (Adapted from Lauer B,
et al. J] Am Coll Cardiol 1997;30:1354, with permission.)

ing from no recognizable impact, to increased risk of lethal arrhythmias, and possibly to
the development of postviral dilated cardiomyopathy (/4,15). The symptoms are typi-
cally nonspecific, including fatigue, dyspnea, palpitations, and chest discomfort (§), and
may be difficult to discriminate from those related to acute myocardial ischemia (16).

Role of Cardiac Troponins in the Evaluation of Myocarditis

CK activities are increased in some but not all cases of myocarditis (3,77), and thus
the cardiac troponins have been investigated as a potential aid to the diagnosis of myo-
carditis (13,18-20). Studies of animal models of myocarditis have shown a time-depen-
dent rise in cardiac troponins after the onset of autoimmune myocarditis documented
by histopathologic examination (73,79). Human studies have extended these findings to
the clinical setting and supported the use of troponins to confirm the presence of injury
of cardiac myocytes and improve on the sensitivity of endomyocardial biopsy for estab-
lishing the diagnosis of myocarditis (/3,20).

In a population of 80 patients with clinically suspected myocarditis, increased concen-
trations of cardiac troponin T (cTnT) were a strong predictor of histologic or immuno-
histologic evidence of myocarditis on endomyocardial biopsy (Fig. 1) (20). However,
44% of patients without increased concentrations of ¢TnT also had pathologic evidence
of myocarditis, indicating that measurement of ¢TnT alone is not sufficient to exclude a
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diagnosis of myocarditis. CK-MB was increased in only one patient. Similar data are avail-
able for cardiac troponin I (¢Tnl) (13). Among 53 patients with biopsy-proven myocar-
ditis, 34% had increased concentrations of ¢Tnl (>3.1 ng/mL, Dade Stratus) compared
with only 6% who had increased concentrations of CK-MB. Although it is a plausible
hypothesis that patients with detectable concentrations of cardiac troponins had more
active inflammation in the myocardium, no correlation between troponin elevation and
the histologic severity of myocarditis was observed (13,20).

The reasons for the absence of detectable troponin elevation in a large proportion of
patients with histologic evidence of myocyte necrosis are likely multifactorial (73). In
several studies, the timing of sample acquisition relative to symptom onset was seen to
be important. Specifically, patients with samples drawn earlier after the clinical onset
of the syndrome were substantially more likely to have increased concentrations of cTnl,
consistent with the theory that the majority of inflammatory injury occurs early in the course
of myocarditis (713). Depending on the specific etiology of myocardial inflammation, the
timing and duration of active myocyte injury and thus increases in troponin may vary.
As such, serial sampling over various stages of the illness may prove to improve sensitivity
of detection of active myocarditis. It is also possible that in some cases the degree of myo-
cardial injury was not sufficient to result in detection with the assays tested in these studies.
The availability of more sensitive current generation assays for ¢Tnl and ¢cTnT may there-
fore increase the proportion of patients with suspected myocarditis who have detectable
myocyte damage.

Current Use and Future Directions

Cardiac troponins frequently provide evidence of ongoing myocyte damage in patients
with suspected myocarditis when CK-MB concentrations are within the normal range.
However, cardiac troponins are not increased in all cases, and cannot be used to reliably
exclude the disease. Nevertheless, owing to the similarly poor sensitivity of endomyo-
cardial biopsy, some experts have recommended measurement of cardiac troponins and
correlation with the results of histologic assessment in all patients with suspected myo-
carditis (5). When increased concentrations of troponins are detected in the absence of
histologic and/or immunohistologic evidence of myocarditis, sampling error is a strong
possibility; however, other nonischemic and ischemic causes of myocyte necrosis should
be considered. Conversely, myocarditis should be among the diagnoses considered for
patients presenting with chest symptoms and increased troponins who subsequently
are shown to be free of significant epicardial coronary disease (2/). Additional research
will likely clarify the impact of timing of sampling and the cause of myocarditis as deter-
minants of troponin elevation during the clinical course of the disease, and it is hoped
will guide strategies for testing that will assist in the challenge of discerning an inflam-
matory vs ischemic cause of myocardial injury in patient with chest pain.

BLUNT CARDIAC TRAUMA

Blunt cardiac trauma is a syndrome that includes a broad spectrum of nonpenetrating
traumatic cardiac injuries, ranging from mild pericardial inflammation to rupture of the
cardiac wall (22). Although the most severe cases generally demand immediate thoracot-
omy for diagnosis and treatment, cardiac biomarkers have traditionally been used to facil-
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itate the detection of myocardial injury or “cardiac contusion” among patients who are
hemodynamically stable. However, measurement of CK and CK-MB for this purpose has
significant limitations due to the extensive skeletal muscle injury that usually occurs in
association with this syndrome. Because of superior tissue specificity, the cardiac tro-
ponins have offered potential to distinguish cardiac from skeletal muscle damage in the
setting of blunt chest trauma (23,24).

Clinical Presentation and Pathophysiology

Blunt cardiac injury typically results from direct compression of the heart or deceler-
ating forces delivered to the chest (25). Cardiac injury may occur even after relatively
low-energy chest trauma without other obvious injuries (26,27). The pathologic corre-
lates of such injury vary considerably and range from small areas of subepicardial or sub-
endocardial hemorrhage to full thickness myocardial necrosis with or without cardiac
rupture (28). The relationships between the less severe pathologic findings and the risk
of significant clinical manifestations of blunt cardiac trauma (e.g., severe arrhythmias)
are not well characterized. Rarely, epicardial coronary thrombosis may be induced by
chest trauma and result in MI due to coronary ischemia (29,30). Clinical manifestations
of nonpenetrating cardiac trauma include chest discomfort, dyspnea, hypotension, elec-
trocardiographic (ECG) changes (primarily nonspecific ST and T-wave abnormalities),
as well as arrhythmias including sinus tachycardia, atrial arrhythmias, ventricular con-
duction abnormalities, and ventricular tachycardia or fibrillation (25). Cardiogenic shock
is infrequent and usually indicates cardiac rupture, cardiac tamponade, or severe struc-
tural damage to a cardiac valve and/or its supporting structures. Estimates of the risk of
significant clinical morbidity in the absence of such obvious catastrophic consequences
vary widely (371-35).

Primarily owing to difficulty in defining clear and consistent diagnostic criteria for
“myocardial contusion,” this term has been largely replaced by the broader designation of
“nonpenetrating cardiac trauma,” with some investigators and clinicians advocating cate-
gorization based on the clinical sequelae (25,36,37). The traditional noninvasive tools,
such as serial ECGs, are limited by poor specificity. Furthermore, there is no consensus
agreement as to whether abnormalities of cardiac wall motion must be present for the
diagnosis of “cardiac contusion.” Thus, current strategies for evaluation are turning away
from establishing strict diagnostic criteria toward an emphasis on assessing the risk of
adverse clinical consequences (e.g., severe arrhythmias, or impaired ventricular or valvu-
lar function), and the need for changes in management, such as special monitoring (37).

Role of Cardiac Biomarkers in Evaluating Blunt Chest Trauma

Measurement of CK and CK-MB has been used as an adjunct to the ECG and clini-
cal evaluation in the diagnosis of blunt cardiac injury (38). However, the poor tissue spe-
cificity of these markers in the setting of substantial skeletal muscle trauma has limited
their clinical utility (39,40). For example, in a study of 44 patients with blunt chest trauma,
70% of patients with normal echocardiograms had increased concentrations of CK-MB
(24). While use of a CK-MB/total CK ratio of >5% as the diagnostic criterion reduced
the number of “false-positive” positive results, the sensitivity was substantially reduced.
Consistent findings across multiple studies have shown similar levels of CK-MB and the
CK-MB/total CK ratio in patients with and without a diagnosis of blunt cardiac injury
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(35,41). These data have supported the consensus opinion that measurements of CK-MB
do not have sufficient specificity to be useful in the diagnosis of blunt cardiac injury (25).

Cardiac Troponins for the Diagnosis of Blunt Cardiac Injury

Multiple studies have now assessed cardiac troponins for the diagnosis of cardiac injury
in the setting of nonpenetrating chest trauma (24,35-37,41—43). In contrast to CK-MB,
concentrations of cardiac troponins are significantly increased in patients with blunt car-
diac trauma compared to those with chest trauma and no “myocardial contusion” (24,35,
41). Nevertheless, the overall diagnostic performance of the cardiac troponins in studies
of blunt cardiac injury has been inconsistent (35,37,41). Variation in the results of these
studies must be considered in the light of differing “gold standards” employed for the
diagnosis and criteria for patient selection.

cTnl and ¢cTnT have shown some promise for improving on prior methods for diag-
nosing blunt cardiac injury (23,24,44). When compared with echocardiographic evalu-
ation of ventricular wall motion, concentrations of cTnl above the diagnostic limit for
acute MI (AMI) (=3.1 ng/mL, Dade Stratus) were detected in all patients with echocar-
diographic evidence of cardiac injury (6/44 subjects) (24). None of the patients with
normal echocardiograms had increased concentrations of cTnl (Fig. 2). In this study,
cTnl offered superior specificity to both CK-MB measurement and electrocardiography,
which were abnormal in 70% and 95% of those with no wall motion abnormalities on
cardiac echo (24). Subsequent larger studies have confirmed the higher specificity of
cardiac troponins for the diagnosis of blunt cardiac injury, but have found substantially
lower sensitivity (12-31%) than initial reports (35,37,41).

Specifically, in a prospective evaluation of 128 patients with severe chest trauma
admitted to an intensive care unit, cTnT concentrations were increased (>0.5 ng/mL,
ES 300, Roche Diagnostics) in 9/29 patients who developed either significant cardiac
complications (n = 9) or echocardiographic wall motion abnormalities alone (n = 20)
(41). Nine of the remaining 99 patients who were free from these cardiac consequences
of trauma had ¢TnT concentrations >0.5 ng/mL. Such data demonstrate adequate speci-
ficity (91%) but poor sensitivity (31%) relative to the diagnostic criteria used in this
study. Receiver operating characteristics analysis suggested that the diagnostic perfor-
mance could have been improved slightly by use of a lower cut point, as had been estab-
lished for the diagnosis of MI. Bertinchant and colleagues had similar findings among
hemodynamically stable patients with suspected blunt cardiac injury (n = 94) (35). Based
on ECG and echocardiographic findings, 28% of patients were given a diagnosis of “myo-
cardial contusion.” Increased concentrations of cTnl (=0.1 ng/mL, Beckman Access)
and cTnT (>0.1 ng/mL, Elecsys cTnT STAT) concentrations were highly specific (97%
and 100% respectively) for the diagnosis of “myocardial contusion” but offered low
sensitivity (23% and 12%, respectively).

Such data indicate the high probability of ECG and echocardiographic abnormali-
ties among patients with chest trauma and increased troponins. However, from these
results alone, it is not clear whether management of patients with suspected blunt car-
diac trauma should be altered on the basis of troponin results. Is the risk of significant
arrhythmias or heart failure among patients with ECG or echocardiographic abnormali-
ties but no troponin elevation sufficiently low for them to be discharged without further
observation? Conversely, does the risk of adverse clinical outcomes among patients
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Fig. 2. Association of cTnl vs CK-MB and MB to total CK ratio with cardiac contusion.
Solid circles indicate patients with a final diagnosis of cardiac contusion. Open circles indicate
those without cardiac contusion. Heavy horizontal lines indicate the upper reference limits for
each parameter. (From Adams JE, et al. Am Heart J 1996;131:310, with permission.)

with increased troponin concentrations and no appreciable abnormality of wall motion
warrant prolonged monitoring for arrhythmias? From the perspective of patient manage-
ment, the ability to identify those at risk for cardiac complications requiring urgent treat-
ment takes precedence over the correlation of poorly defined diagnostic criteria (37).

Cardiac Troponins and Clinical Outcomes in Blunt Chest Trauma

Few studies have evaluated cardiac troponin for predicting which patients will develop
important clinical manifestations of blunt cardiac injury. In one study of 115 patients
requiring intensive care for blunt chest trauma, 19 patients (16.5%) developed signifi-
cant clinical manifestations (arrhythmia or pericardial effusion requiring treatment, car-
diogenic shock, or hypotension unexplained by other conditions) (36). ¢cTnl (>1.5 ng/mL,
Dade Dimension RxL c¢Tnl) had a superior positive predictive value (48%) compared
to the ECG (28%), while both had high negative predictive values (93% and 95%, respec-
tively). When used together, “negative” findings on the ECG and serial measurements of
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Fig. 3. A proposed algorithm for use of cardiac troponin in the triage of patients with blunt
chest trauma. (Adapted with permission from Salim A, et al. J Trauma 2001;50:237.)

cTnl identified a population of patients (40%) who suffered no significant clinical mani-
festations of blunt cardiac trauma (36). It is notable that all patients with cardiac compli-
cations in this study were already admitted to intensive care for management of noncardiac
injuries. The high negative predictive capacity of the combined evaluation of the ECG
and cTnl in this study supports the possibility of using such noninvasive information to
identify low-risk candidates for early discharge (Fig. 3).

Other investigators have found contrasting results. In a previous study of patients
with visible chest wall injuries who did not require intensive care (n = 74), Fulda and
colleagues observed significant cardiac complications (primarily atrial or ventricular
arrhythmias) in 37% (37). Of patients with an increased cTnT (>0.2 ng/mL), 64% devel-
oped a cardiac complication (relative risk 2.0, p = 0.04). However, 73% of patients who
developed subsequent cardiac events did not have elevated concentrations of c¢TnT.
Examining the combination of the presenting ECG and ¢TnT, 12 of the 26 patients with
cardiac complications would not have been identified based on the baseline studies
alone (37). Based on these findings, these investigators concluded that there is limited
value to determination of cTnT in patients with blunt chest trauma. Others have made
similar conclusions after finding low risk of significant morbidity among hemodynam-
ically stable patients with chest trauma, even when concentrations of cardiac troponins
were found to be increased (35).

Current Use and Future Directions

The data available to date provide inconsistent observations regarding the utility of
cardiac troponins in the evaluation of blunt cardiac trauma. Interpretation of the aggre-
gate data is made difficult by substantial variation in enrollment and diagnostic criteria,
troponin thresholds, and clinical end points used in these studies. Nevertheless, it is clear
that the cardiac troponins offer superior specificity to CK-MB and are the preferred car-
diac biomarkers for detection of cardiac injury in the setting of trauma. Further investiga-
tion is necessary to determine whether patients with normal ECGs and no elevation of
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troponins are at acceptably low risk to permit early discharge without observation. More-
over, the widespread clinical use of troponin assays with increasingly lower detection
limits is likely to lead to detection of minor degrees of cardiac injury in the absence of
ECG and echocardiographic abnormalities. Clinical studies will be necessary to deter-
mine whether such “minor” elevations are important for management or outcomes. Future
research should also carefully examine the relationship between the degree of troponin
elevation and clinical outcomes in this syndrome.

CARDIOVERSION

In the early 1960s external direct current electrical cardioversion (DCCV) was intro-
duced as an approach to rapid reversion of cardiac tachyarrhythmias (45). Cardioversion
for hemodynamically stable arrhythmia is frequently performed as an elective procedure
during which testing for myocardial necrosis is clinically unimportant and thus not per-
formed. However, rapid electrical cardioversion is also a cornerstone of treatment for
patients suffering cardiac arrest from ventricular tachycardia (VT) or fibrillation. In this
setting, the subsequent clinical evaluation and management of the patient are influenced
significantly by whether the cardiac arrest occurred in the setting of acute myocardial ische-
mia. Thus, the clinician’s ability to establish or exclude the diagnosis of MI is important (46).

Clinical Presentation and Pathophysiology

In part because of enhanced training and availability of electrical defibrillators, the
number of patients presenting to hospitals as survivors of an out-of-hospital arrest has
increased (47,48). After arrival in the hospital, a substantial proportion of patients surviv-
ing prehospital resuscitation are found to have increased activities and concentrations
of CK, CK-MB, and/or cardiac troponins (49—58). In this circumstance, three potential
etiologies should be considered: (1) the marker elevation reflects an AMI as the cause of
the arrhythmia, (2) the arrhythmia has resulted in sufficient imbalance in myocardial
oxygen supply and demand to result in AMI, and (3) electrical cardioversion or other
resuscitative efforts have caused myocardial damage.

Biochemical and pathologic data obtained from elective procedures outside the set-
ting of acute ischemic events have supported the hypothesis that there is some mea-
surable damage to cardiac myocytes resulting from electrical cardioversion (59,60).
Histopathologic studies have demonstrated morphological and functional derangement
of the myocardium following electrical shocks in animal models (67/-63). These stud-
ies include direct histologic evidence of myocardial damage as well as abnormal tech-
netium pyrophosphate scintigrams (49,60—62,64,65). In addition, concurrent injury to
the skeletal muscle of the chest wall has been identified. Histopathologic examination
has revealed pectoralis muscle damage among patients with prior cardioversion (66). Fur-
thermore, technetium pyrophosphate uptake in skeletal muscle has been demonstrated
after direct current cardioversion in both animal and human series (64,65). Whether
from nonischemic damage to skeletal or cardiac muscle, the resulting elevation of car-
diac markers of myocardial necrosis may confound the evaluation for preceding MI.

Increased Troponins in Electrical Cardioversion

DCCYV for tachyarrhythmias under elective circumstances is associated with eleva-
tion of total CK in approx 50% of cases (62,67—69). Although not universal (62), most
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reported series have documented an association between the degree of CK elevation
and the total number of shocks as well as the total energy delivered (57,59,60,68,69).
Similar observations have also been made with CK-MB among patients undergoing elec-
tive cardioversion (57,60,62,65,68,69).

As in other conditions in which there may be simultaneous injury to cardiac and
skeletal muscle, the availability of the cardiac-specific troponins has enabled research-
ers and clinicians to discriminate more effectively between the contribution of pector-
alis muscle and cardiac damage to marker elevation after cardioversion. In a study of
serial determinations of CK-MB mass and cardiac troponins in the setting of elective
DCCYV for atrial tachyarrhythmias, researchers found no elevation of cTnT, and only a
mild rise in ¢Tnl for two patients (58). This observation has been consistent across
multiple studies that in aggregate have shown no elevation of ¢cTnT (>0.1 ng/mL) among
293 patients undergoing elective DCCV (52-58). Several investigators have measured
cTnl after elective DCCV and detected rare mild elevation of ¢Tnl using the Dade Stratus
assay (68,69). Allan and colleagues (69) found cTnl elevations in 3/38 patients (peak
values: 0.8, 1.2, and 1.5 ng/mL), while Bonnefoy (68) detected mild cTnl elevation in 4/28
patients studied (peak values: 0.6, 0.6, 0.6, and 0.9 ng/mL). Thus, on the basis of histo-
pathologic data and the observed mild increases in ¢Tnl, it remains plausible that small
degrees of myocardial injury may occur during elective DCCV, dependent on the num-
ber and timing of external shocks delivered (59,61). However, data from cardiac tro-
ponins indicate that such injury is less prevalent than suggested by measurements of CK
and CK-MB. Moreover, substantial elevation of either of the cardiac troponins (e.g., >1.5
ng/mL for cTnl) in the setting of elective DCCV suggests causes unrelated to electrical
cardioversion.

Although it is reasonable to postulate that the cardiac troponins may perform as effec-
tively in the setting of emergency cardioversion for ventricular arrhythmias, one must
be cautious about such an extrapolation as the clinical situation during prehospital resus-
citation attempts is far more complex than the controlled circumstances of most studies
of elective cardioversion (46). More extensive skeletal muscle trauma, prolonged arrhyth-
mia, hypoxemia, and chest compressions confound the interpretation of cardiac markers
(70). In at least one study of patients suffering out-of-hospital arrest, increases in CK-MB
among patients without known coronary artery disease (CAD) occurred more frequently
than in series involving elective cardioversion, and correlated with both the number of
chest compressions as well as total energy applied (70). Although, the myocardial spe-
cificity of the cardiac troponins is maintained in the setting of massive skeletal muscle
trauma, the combined effects of prolonged cardiopulmonary resuscitation and repeated
transthoracic shocks over a short period of time on the release of cardiac troponins have
not been completely defined. Two published reports evaluating cardiac troponins after
prehospital resuscitative efforts have shown elevation of ¢cTnT among 80-85% patients
without evidence of AMI by ECG criteria and/or thallium scintigraphy or autopsy (50,51).

Current Use and Future Directions

At the present time, it seems reasonable to expect that elective DCCV for tachyar-
rhythmias causes either no elevation of troponin concentrations or only a slight increase,
and that more substantial increases are indicative of myocardial damage unrelated to
the external shock. More information is needed regarding interpretation of elevation of
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cardiac troponins in patients surviving cardioversion for out-of-hospital cardiac arrest.
Until new data suggest otherwise, it is reasonable to maintain a high index of clinical
suspicion for myocardial ischemia and undertake appropriate evaluation patients with
increased cardiac troponins after resuscitation from cardiac arrest. Further research eval-
uating the interactions between components of prehospital resuscitation and elevation
of cardiac-specific troponins may be helpful in clarifying the prognostic and treatment
implications of such marker abnormalities.

PULMONARY EMBOLISM

Pulmonary embolism (PE) remains an under-recognized etiology of nontraumatic
chest discomfort and/or shortness of breath (77), and has recently been appreciated as
a potential source of troponin elevation in patients with chest pain syndrome without
acute coronary thrombosis (72—74). PE is thus a critical alternative diagnosis to be con-
sidered by clinicians evaluating patients with unexplained chest pain or dyspnea who
are found to have abnormal concentrations of cardiac troponins.

Clinical Presentation and Pathophysiology

The majority of pulmonary emboli result from thrombi that originate in the pelvic or
deep veins of the leg and travel through the great veins to obstruct the branch pulmonary
arteries. Dyspnea, chest discomfort, and presyncope constitute the classic presenting
symptoms of PE with tachypnea and tachycardia, adding to the clinical hallmarks of the
disease. Pathophysiologic consequences of PE include (1) an acute and chronic increase
in pulmonary vascular resistance due to vascular obstruction and neurohormonal response,
(2) impaired gas exchange due to increased ventilation/perfusion mismatch, and (3)
reduced pulmonary compliance (75). These factors contribute to a sudden rise in right ven-
tricular (RV) afterload and consequent increase in RV wall stress that may be followed
by RV dilatation and dysfunction (76). RV dilatation and dysfunction may compromise
filling of the left ventricle (LV) due to both shifting of the ventricular septum toward the
LV within the constrained volume of the pericardium, and reduced RV cardiac output.
Intracardiac pressures thus rise both on the left and right side of the heart, increasing
myocardial oxygen demand and potentially reducing subendocardial blood supply. In
some cases, myocardial oxygen demand outstrips supply resulting in subendocardial ische-
mia and potentially microinfarction (76).

Prognostic Implications of Troponin Elevation in PE

RV infarction made evident by elevation of CK-MB is a recognized complication of
massive pulmonary embolism due to the mechanisms outlined above, even in the absence
of significant epicardial coronary disease (74,77). However, up to 55% of patients with
lesser degrees of PE may also develop RV dysfunction (7/) that appears to be associ-
ated with less favorable outcomes (78,79). Testing for cardiac troponin has now made
possible detection of more subtle degrees of myocardial injury and RV dysfunction
caused by PE. For example, in a study of 24 patients with documented PE who were
hemodynamically stable without respiratory failure, 20.8% of this group had detect-
able elevation of ¢cTnl (>0.4 ng/mL, Abbott cTnl) (73). Two other studies of similar
size (36 and 56 patients) have also shown elevation of cTnl (72) and cTnT (74) in 39%
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Fig. 4. Survival of patients with pulmonary embolism with or without elevation of cTnT.
(Used with permission from Giannitsis E, et al. Circulation 2000;102:214.)

and 32% of patients, respectively. In the first of these studies, Giannitsis and colleagues
found that patients with ¢TnT concentrations >0.1 ng/mL were at higher risk of death
during the initial hospitalization (44% vs 3%, p < 0.001; Fig. 4) despite more aggressive
therapy (74). Notably, the prevalence of coronary disease was similar between those with
and without increased troponin (74). This higher mortality risk may relate to the greater
number of segmental defects, the higher prevalence of RV dysfunction and the higher
probability of cardiogenic shock among patients with increased troponins (72,74). When
framed as a test for RV dysfunction, however, sensitivity is low (42—-63%) and speci-
ficity has been mixed (60—100%) (72,74). As in ACS, sensitivity is maximized by serial
testing (80).

Lastly, data from patients with angiographically confirmed PE and serial measure-
ments of cTnT demonstrate a lower peak than among patients with MI with a shorter
duration of elevation (median 35 h), lending support to the possibility of a different
mechanism of release compared with acute coronary thrombosis (80).

Current Use and Future Directions

Elevation of cardiac troponins indicative of myocardial injury is evident in a sub-
stantial proportion of patients with PE and not surprisingly is related to the severity of
the hemodynamic insult. It is not yet known whether measurement of cardiac troponins
will improve upon other noninvasive methods such as cardiac echocardiography in
assessing prognosis. Additional research is warranted to provide more comprehensive
information on the prevalence and clinical implications of increased concentrations of
troponins in PE, particularly among those with submassive PE for whom prognosis is not
immediately evident from the clinical presentation. Moreover, there remains the exciting
possibility that cardiac troponins may be useful as a rapid, widely available method for
detecting patients with PE who are at high risk with probable right ventricular dysfunc-
tion and may warrant fibrinolytic therapy (81).
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SEPSIS

Sepsis and other syndromes of severe systemic inflammatory response, such as major
trauma or pancreatitis, are characterized by considerable morbidity and high mortality risk
(82). The major adverse consequences of sepsis and its related syndromes are thought
to be the result of an unrestrained cascade of inflammatory processes, which culminate
in multiorgan dysfunction (83). Up to 40% of patients with sepsis will have demonstra-
ble myocardial dysfunction, a finding that connotes adverse prognosis (82). Moreover, a
high incidence of abnormal troponin concentration has been documented among patients
with septic syndromes. The precise mechanisms underlying these findings as well as
the prognostic and therapeutic implications of troponin elevation in this setting remain
unsettled (84).

Clinical Presentation and Pathophysiology

Systemic inflammatory response syndrome (SIRS) may have an infectious (sepsis)
or noninfectious etiology and is defined by the presence of hyper- or hypothermia,
tachypnea, tachycardia, and either leukocytosis or leukopenia. The septic syndrome
involves signs of organ dysfunction such as alteration in mental status, oliguria, dissem-
inated intravascular coagulation, or adult respiratory distress syndrome (83). The car-
diovascular response to sepsis is typically manifest as hypotension due to peripheral
vasodilatation and consequent low systemic vascular resistance. Concurrent depression
of myocardial function has been recognized for over 50 yr (§5) but may frequently be
masked by the decrease in systemic vascular resistance and increased heart rate, which
usually contribute to an overall increase in cardiac output (86). Parker and colleagues
performed one of the first rigorous evaluations of cardiac function in sepsis and found
a rapid decline in LV systolic function and increase in left end-diastolic diameter that
persisted even after correction of severe acidosis and electrolyte abnormalities (87).
This decline in function recovered over a period of 7-10 d among survivors (87).

The pathophysiologic basis for these alterations in myocardial function in the setting
of sepsis remains uncertain. Although early hypotheses regarding myocardial depres-
sion in sepsis centered on the possibility of global myocardial ischemia due to dis-
rupted coronary autoregulation and/or oxygen utilization (86), subsequent studies have
provided data detracting from this supposition (88—90) and the prevailing opinion has
turned toward the potential cardiac toxicity of the broad group of inflammatory media-
tors released in SIRS (91). In the mid-1980s researchers produced direct evidence of a
circulating substance(s) in the serum of patients with sepsis that impaired contraction of
isolated rat cardiac myocytes (92). Further work has identified a number of candidate
mediators that may act as “myocardial depressant factors” in SIRS, including lipopolysac-
charide, inflammatory cytokines, prostanoids, and nitric oxide (86). The inflammatory
cytokines, tumor necrosis factor-a (TNF-a) and interleukin-1f, in particular have been
shown to result in rapid deterioration in myocardial function in vitro (93,94), in animal
models (95) and in humans (96). Although the precise mechanisms through which these
factors impact myocyte function have not been elucidated, it has been proposed that the
final common pathway is mediated by the pleotropic effects of nitric oxide on calcium reg-
ulation and cellular energetics (86,97,98). Supportive evidence shows that up-regulation
of a cytokine-inducible form of nitric oxide synthase results in the release of substantive
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amounts of nitric oxide (99). However, others have documented direct adverse effects of
TNF-a on intracellular calcium homeostasis that are independent of nitric oxide medi-
ated pathways (94). Furthermore, it is not clear whether the effects of such “myocar-
dial depressant factors” lead only to reversible dysfunction or whether irreversible myocyte
damage occurs. Determination of cardiac troponin concentrations among patients with
sepsis has opened a new avenue to address this issue (84).

Elevation of Cardiac Troponins in Sepsis and Related Syndromes

A growing number of studies have demonstrated a high incidence of increased concen-
trations of cardiac troponins (31-85%) in patients with sepsis (100—107). In a represen-
tative study among adult patients (n = 46) with septic shock, concentrations of ¢cTnl (=0.4
ng/mL, Stratus II) and cTnT (>0.1 ng/mL, Elecsys 2010) were found to be increased in
50% and 36%, respectively, with peak concentrations (median, interquartile range) of
1.4 ng/mL (0.8-6.8 ng/mL) for ¢cTnl and 0.66 ng/mL (0.19—1.51 ng/mL) for cTnT (106).
Patients with increased troponins were more likely to have LV systolic dysfunction as
well as an overall less favorable clinical status as captured by severity of illness indices
such as the Acute Physiology and Chronic Health Evaluation (APACHE) II score (Fig. 5)
(106). Other studies have demonstrated consistent findings with at least modest associ-
ations between abnormal concentrations of cardiac troponins and the degree of impaired
LV function (105) and, in some cases, evidence for increased mortality risk (103,106).

A number of potential contributors to myocardial damage during sepsis should be
considered. Certainly, elderly patients with sepsis are at risk for concomitant coronary
atherosclerosis and may develop myocardial ischemia during the stress of major ill-
ness. However, increased concentrations of ¢Tnl have been detected in children with
meningococcal sepsis (62%) and no anticipated large or small vessel coronary athero-
sclerosis (105). Moreover, a large proportion of adults with abnormal concentrations of
cardiac troponins during sepsis have no evidence for obstructive CAD or histopatho-
logic evidence of irreversible myocardial injury (106,107). For example, in one study
58% of patients with increased cTnl had no appreciable CAD when evaluated by coro-
nary angiography, stress echocardiography, or pathologic findings (707). Although micro-
vascular dysfunction and extreme increases in LV wall stress during aggressive vaso-
pressor therapy may result in small territories of necrosis that may be difficult to detect
on pathologic examination, evidence for a correlation between dosing of vasopressors
and troponin elevation has been mixed (103,106). Alternatively, disseminated micro-
emboli are common in meningococcal sepsis and may cause microvascular occlusion
in the myocardium; however, such emboli are less frequent in nonmenigococcal sepsis
and other noninfectious SIRS in which troponin increases have also been observed (708).
In light of these and other corroborative findings (706,107), it is probable that troponin
elevation in sepsis often occurs due to nonischemic mechanism, in some cases through
direct cytotoxic effects of myocardial depressant substances (7109,110) or possibly through
alteration of plasma membrane permeability to macromolecules (707,111). In addition,
in some patients the systemic infection and/or inflammatory response may also involve
the myocardium resulting in myocarditis (6). Given substantial heterogeneity across the
clinical spectrum of sepsis and SIRS, it is also plausible that multiple mechanisms may
be at play and predominate in different clinical settings. Additional research is needed
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Fig. 5. Cardiac dysfunction and mortality risk among patients with sepsis and elevated tropo-
nin. (Data from Ver Elst KM, et al. Clin Chem 2000;46:650—657.)

to clarify the histological and ultrastructural changes in the myocardium, as well as the
related processes that contribute to cardiac dysfunction and troponin elevation in sepsis.

Current Use and Future Directions

The release of cardiac troponins among a sizeable proportion of patients with sepsis
and its related syndromes is now established and indicates the presence of at least minor
degrees of myocardial injury. The debate over the mechanism(s) and whether such injury
1s irreversible or reversible is unresolved. In addition, it remains to be seen whether
cardiac troponins will become a useful clinical tool in the care of patients with septic
shock. To date, the data supporting utility for prognostic assessment are limited, and
more important, no specific therapeutic strategies that might modify the risk of these
patients have been identified. Application of aggressive antithrombotic, antiplatelet,
and invasive therapies effective for patients presenting with ACS and increased tropo-
nin are not supported by clinical data in this setting and may expose patients with sep-
sis to additional, unacceptable risks. Antibodies to TNF-a used for treatment of sepsis
have shown promising preliminary results in animal models (7//2) and humans with
improvement in LV function (713). However, subsequent larger clinical trials have not
demonstrated similar efficacy (174,115). Research leading to additional insight into the
pathogenesis of troponin elevation in sepsis may also further elucidate the mechanisms
underlying myocardial dysfunction, and guide the development of new approaches to
the treatment of this highly morbid syndrome.

SUMMARY

Detectable concentrations of cardiac troponin have been discovered in the peripheral
circulation of patients with a variety of nonischemic conditions affecting the myocar-
dium, and present a challenge to clinicians who must consider alternatives to coronary
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Table 2
Evidence for Clinical Use of Cardiac Troponins (Tn)

Tn aids Tn associated  Adds to other Aids in therapeutic

Condition in diagnosis  with prognosis  clinical tools decision making
Unstable angina / MI Yes +++ +++ -+
Myocarditis Yes * + *

Blunt chest trauma Yes +/- + *
Chemotherapy toxicity Yes * + *
Pulmonary embolism No + + *
Congestive heart failure No + * *
Emergent cardioversion Yest * * *

Septic shock No + * *

+++, Strong and consistent data; +, some supportive data; +/—, data remain mixed; *, insufficient/
no data; T aids in discriminating preceding MI.

thrombosis as the etiology of chest symptoms. In some instances, for example, cardiac
surgery or radiofrequency ablation, the mechanism of cardiac injury is immediately
apparent and is easily distinguished from an acute coronary syndrome. In other cases,
where diagnosis is often more difficult, for example, myocarditis, the care providers
must thoughtfully integrate biomarker and other clinical data to arrive at the correct con-
clusions. Frequently the peak concentration and pattern of rise and fall of troponin con-
centrations offer important diagnostic information.

Parallel to findings in acute coronary syndromes, troponin carries prognostic value
in several nonischemic conditions (Table 2). Further research is needed to determine
whether the optimal decision limits for risk assessment differ between these varied
conditions, as well as to ascertain whether such information will add to current strategies
for clinical care, and, in particular, whether treatment should be altered on the basis of
troponin results. Such research efforts may also lead to new areas of investigation with
the potential to reveal novel therapeutic targets.

ABBREVIATIONS

ACS, Acute coronary syndrome(s); AMI, acute myocardial infarction; APACHE,
Acute Physiology and Chronic Health Evaluation; CAD, coronary artery disease; CK,
creatine kinase; CK-MB, MB isoenzyme of CK; ¢TnT, ¢Tnl, cardiac troponins T and [;
DCCV, direct current electrical cardioversion; ECG, electrocardiogram; MI, myocar-
dial infarction; PE, pulmonary embolism; RV, right ventricle; SIRS, systemic inflamma-
tory response syndrome; TNF-a, tissue necrosis factor-o; VT, ventricular tachycardia.
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Antibody Selection Strategies
in Cardiac Troponin Assays

Alexei Katrukha

INTRODUCTION

The history of troponin assays starts from the late 1980s. In 1987, B. Cummins reported
a new analyte that could be used for diagnosis of acute myocardial infarction (MI) (1).
The new method was based on the immunodetection of cardiac isoform of troponin I
(cTnl). Two years later Katus and colleagues (2) suggested utilization of cardiac tropo-
nin T (¢TnT) as a cardiac marker. Today dozens of commercial cTnl assays are avail-
able. Troponins are the most “popular” cardiac markers. According to Apple et al. (3),
in 1999 about 85% of clinical laboratories in the United States were using this analyte
in their practice. But our knowledge about the nature of c¢Tnl circulating in the blood is
still only the tip of an iceberg. Limited knowledge of the antigen limits the possibilities
of developing a theory of cTnl assays, and as a consequence results in huge between-
method variations for existing cTnl assays (4,5). Obviously the lack of an international
standard (6) complicates assay standardization, but in the case of cTnl, the antibody
standardization can be even more important (4).

Immunoassays are used in clinical practice for qualitative or quantitative detection of
different antigens in body fluids. Because the sought parameter is the antigen, the strat-
egy of antibody selection should be based on our knowledge of the antigen’s structure.
In this chapter, we critically examine data available from the literature, which can be
useful for a rational search of the antibodies suitable for the development of reliable
cTnl and ¢TnT immunoassays.

Because of an existing patent, only one company (Roche Diagnostics) is producing
cTnT assays, whereas a wide diversity of commercial cTnl assays are available. As a
consequence, most studies are devoted to the peculiar properties of cTnl assays, and
only a few publications discuss cTnT, as an antigen, and anti-cTnT antibodies.

CARDIOSPECIFIC ISOFORM OF Tnl

The value of cTnl detection lies in its ability to differentiate cardiac from skeletal
muscle injury. cTnl is able to replace the MB isoenzyme of creatine kinase (CK-MB)
and other markers in diagnosis of myocardial cell necrosis because of its extraordinary
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tissue specificity (7,8). Today this protein is regarded as the most specific among known
markers of myocardial cell damage (9,10).

Three isoforms of Tnl are expressed in human muscle tissues—one is specific to myo-
cardial tissue, cTnl, and two others, slow skeletal (sskTnl) and fast skeletal (fskTnl)
troponin I isoforms, common for skeletal muscles. The cardiac isoform is structurally
different from the corresponding skeletal isoforms (77—13). It contains 32 additional
amino acid residues in the N-terminal part of the molecule, which are absent in the skel-
etal Tnls. These additional sequences, as well as 42% and 45% of sequence dissimilar-
ity with sskTnl and fskTnl, respectively, make possible the generation of monoclonal
antibodies (M Abs) that are specific to cTnl, and have no cross-reactivity with skeletal
forms.

The absence of antibody cross-reactivity with skeletal forms is very important. Serum
concentrations of skTnls are increased in patients with chronic degenerative muscle dis-
ease and in marathon runners (74). In the case, the assay is not sufficiently cardio-spe-
cific, and ¢Tnl measurements can be falsely positive. As such, the monoclonal antibodies
used in the immunoassays should be checked to ensure they have no cross-reactivity
with the skeletal isoforms. Polyclonal antibodies, generated after animal immunization
with whole cTnl molecules or any peptide different from the cardio-specific 32-amino-
acid N-terminal sequence, should be affinity purified on the resins, containing correspond-
ing skeletal Tnl molecules or peptides, to remove the antibody fractions cross-reacting
with the skeletal muscle motifs.

BIOCHEMICAL FORMS OF ¢Tnl IN HUMAN BLOOD

Human cTnl is a middle-size protein with mol wt 24,007, and is highly basic (pl =
9.87) (11). In muscle tissue, cTnl forms a complex with two proteins, components of the
troponin complex—troponins T and troponin C (TnC) (15,16). cTnl can be phosphory-
lated by cAMP-dependent protein kinase (kinase A) (17) and Ca?*-phospholipid-depen-
dent protein kinase (kinase C) (18,19). The molecule is very unstable and is easily degraded
by a number of different proteases.

All of these biochemical characteristics are very important for the understanding of
those modifications that occur with cTnl in viable and ischemic myocytes, and that could
be critical for the development of accurate diagnostic procedures for cTnl measurement.

cTnl as a Part of Troponin Complex

cTnl is a subunit of a heterotrimeric troponin complex, consisting of three different
subunits—cTnl, cTnT, and TnC (15,20). The troponin complex is an essential part of
the cardiac and skeletal muscle contractile apparatus. Each troponin subunit performs
specific functions and the letters “I,” “T,” and “C” in the name of the protein come
from the protein’s main function. TnC is a Ca?*-binding protein containing four metal-
binding sites. Tnl inkhibits actomyosin ATPase activity and this inhibition is reversed
by the addition of Ca?*-saturated TnC. TnT is a tropomyosin-binding subunit (2/-26).

The TnC molecule contains four metal-binding sites—two sites are located in the
carboxy- (C)-terminal globular domain of TnC and two in the N-terminal domain. Among
the components of the troponin complex, cTnl and TnC interact with each other with the
highest affinity. This interaction is strongly Ca?* dependent, and it is much higher when
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metal binding sites are saturated with Ca”" ions (24). The interaction between c¢Tnl and
TnC is multisite and, according to existing knowledge, ¢Tnl wraps around the central
helix of TnC in the presence of Ca?", forming contacts with both N- and C-terminal glo-
bular domains of the TnC molecule (26). Complexation with TnC results in serious changes
of ¢Tnl conformation.

cTnT provides proper interaction between troponin and the actin—tropomyosin fila-
ment. Although ¢TnT interacts with both ¢Tnl and TnC, this type of interaction is not
as strong as the ¢Tnl-TnC binary complex (24).

In the ternary troponin complex, part of ¢Tnl molecule is covered by two other tro-
ponin components. As a result, epitopes of some antibodies, recognizing free cTnl mole-
cule, would be changed or inaccessible. Changes in the epitope structure could result in
weakening, or vice versa, strengthening, of the antigen—antibody interaction. In 1992,
Bodor et al. described anti-cTnl MAbs, produced by hybridoma cell lines, generated
after animal immunization with purified cTnl. Through free, uncomplexed c¢Tnl used
as an immunogen, two out of eight tested antibodies recognized the ¢cTnl-TnC complex
with a higher response than the free cTnl molecule, whereas one MAD did not interact
with cTnl in the absence of TnC (27). In 1997 Katrukha et al. reported development of
MADs that, on the contrary, recognized the free form of cTnl better than the cTnl-TnC
binary complex (28,29). One of these antibodies MAb 414 was not able to detect com-
plexed cTnl . Sandwich immunoassay utilizing this antibody was able to detect only
free ¢Tnl and did not recognize either binary ¢cTnl-TnC or the ternary complexes. Later
several authors confirmed that cTnl assays could be different in recognizing free and
complexed forms of ¢Tnl (5,30,31). For instance, the Stratus (Dade Behring) cTnl assay
responded to the ¢cTnl-TnC complex four- to fivefold more than to free cTnl, whereas
the first generation of Access (Beckman) assay revealed better sensitivity to the free
form of the antigen. At the same time, several commercial immunoassays are described,
which equally recognized free and complexed cTnls (30-32).

Being washed away from the necrotic tissue, cTnl retains its interaction with TnC.
More than 90% of c¢Tnl in human blood after AMI is complexed with TnC and only a
small amount can be detected as a free molecule. The existence of a binary cTnl-cTnT
complex or ternary cTnl-cTnT-TnC complex in AMI blood is under discussion. Some
authors reported that the cTnl—cTnT binary or ternary complexes are seldom present in
AMI blood (33,34), whereas others detected considerable amounts of ternary complex,
but not in all tested AMI serum samples (35).

The fact that complexed and free cTnl forms may have different recognition patterns
among different immunoassays may be the main reason for differences between com-
mercial immunoassays. Thus, one way to eliminate such discordances is to introduce in
new assays the antibodies that are insensitive to complex formation. Figure 1 illustrates
the biochemical factors influencing recognition of ¢Tnl by antibodies.

Proteolytic Degradation of cTnl

cTnl is known as a very unstable molecule. Purified antigen rapidly loses immuno-
logical activity in blood even in the presence of protease inhibitors. Stability of cTnl in
the ternary troponin complex is much higher because of the protection by other tropo-
nin components, especially by TnC (35,36). According to McDonough and Van Eyk (37,
38), proteolytic degradation of ¢Tnl in animal tissue starts even within the ischemic
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Fig. 1. Biochemical factors influencing recognition of cTnl, circulating in AMI blood, by
antibodies.

myocardium, without any apparent signs of tissue necrosis and results in the appear-
ance of different-size products. In the in vivo experiments with rat cardiac ischemia,
cTnl lost the 17 amino acid residues from the C-terminal part of the molecule and the
62—72 amino acid residues from the N-terminus. In the necrotic tissue the degradation
of ¢cTnl is even more severe and variable. In the in situ experiments with human cardiac
tissue incubated for different periods of time at 37°C, the rate of proteolytic degrada-
tion was so high that <2% of undegraded protein could be detected after 20 h of incu-
bation (36). These experiments revealed that the most stable part of ¢Tnl is located
between 28 and 110 amino acid residues (36).

The rate of tissue ¢Tnl degradation is dependent on many factors. It was demon-
strated that in tissue samples obtained from different donors, the rate of cTnl degrada-
tion could differ fourfold and even more (36). This discrepancy can be explained by
several factors. First, different proteases are present in tissue samples collected from
different donors in different concentrations. At the same time it was shown (39) that
the rate of cTnl degradation is strongly dependent on the phosphorylation level of the
protein. Phosphorylation by protein kinase A (PKA) decreases the degradation by p-cal-
pain in situ, whereas phosphorylation by protein kinase C (PKC) has a positive effect
on the protease-dependent degradation. As a result, after infarction, ischemic tissue of
two different patients most probably would contain different sets of ¢Tnl fragments.
The more time that passes after infarction, the less is the tissue concentration of native
(uncleaved) protein, and the higher the concentration of different-size proteolytic frag-
ments that could be detected in the patient’s blood. The fragment diversity of ¢Tnl in
human blood is not studied well. Morjana (40) reported the existence 14- and 18-kDa
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cTnl fragments in patients’ blood after AMI. These peptides were generated as a result
of proteolytic processing from the C- and N-terminal regions of the Tnl molecule. At
the same time, very little unprocessed intact cTnl could be detected. Wu et al. (5) also
observed c¢Tnl fragments of unknown structure in the studied samples.

Specificity of antibodies to different parts of the molecule—stable or unstable—can
be responsible (at least partially) for the discrepancy in the testing of blood samples
from one assay to another. Assays that utilize the antibodies specific to the stable part
of the antigen will be able to detect both intact and degraded cTnl molecules. On the
contrary, the assay with antibodies specific to the unstable part(s) of ¢cTnl will recog-
nize only native (undegraded) cTnl and will fail to detect the many proteolytic frag-
ments. As a result, assays with antibodies recognizing the intact and degraded protein
should give a higher response to the patient’s sample than assays with antibodies to the
unstable part of the protein. The difference will be even higher with “late” samples, that
is, collected several days after infarction, as the main portion of cTnl in necrotic tissue
is proteolytic fragments (36). Moreover, the susceptibility of cTnl to proteolytic degra-
dation seriously complicates the preparation of stable calibrators and standards, and the
procedure of blood samples collection and storage. The apparent stability of the anti-
gen in blood samples or stability of controls (calibrators), determined by the assay to
stable epitopes, will be much higher than with an assay to the unstable epitope. Venge et
al. (32) studied the stability of ¢Tnl by the new generation Access cTnl assay (Beckman
Coulter Inc). The MAbs, utilized in this new generation assay are specific to the stable
part of the cTnl molecule and their epitopes are located very close to each other. The
authors stressed that in in vitro experiments, the cTnl probed by the new assay showed
high stability at both room temperature and at 4°C, and could be stored up to 48 h under
these conditions without any major effect on recovery. These results are in contrast to
Beckman’s first generation of Access ¢Tnl assay, where storage of samples at room tem-
perature for 1-2 h produced a decrease of 20—30% of the measured cTnl concentration.
The antibodies utilized in the old generation of Access cTnl assay recognized the unsta-
ble part of the molecule (32). Thus, the proper choice of antibodies helps to resolve one
of the most complicated problems of ¢Tnl assay design, that is, cTnl calibrator (stan-
dard) stability. To avoid the effect of ¢cTnl proteolytic degradation on assay sensitivity
and reproducibility and to increase the apparent stability of calibrators (standards) for
the antibodies utilized in the assay, epitopes should be located in the stable part of the
protein as close to each other as possible.

Phosphorylation of cTnl

Two serine residues, located at the 22nd and 23rd positions of the ¢cTnl sequence,
could be phosphorylated in vivo by PKA, as a result of epinephrine stimulation (17).
Recent in vitro experiments revealed that there are at least two more sites of phospho-
rylation on the cTnl molecule—serine residues in 38 and 165 positions, which also can
be phosphorylated by PKA, although it is not clear yet whether this phosphorylation
can occur only in vitro or in the living cell (4/). In addition to phosphorylation by PKA,
cTnl can be phosphorylated by PKC (78,19). Labugger et al. (42) reported that during
ischemia, threonine amino acid residues in positions 119, 123, and/or 129 also could be
phosphorylated. Thus, dephospho- and multiple monophospho-, bis-, or polyphospho-
cTnl forms can coexist in the living cardiomyocyte, and after infarction all these forms
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could be detected in patients’ blood. It was demonstrated that about the half of ¢Tnl
circulating in patients’ blood is phosphorylated by PKA (4,43), but it is unknown yet
what part of circulating cTnl is phosphorylated by PKC.

Phosphorylation changes the structure and conformation of the cTnl molecule, and
the affinity of interaction between the components of the troponin complex. Thus, phos-
phorylation can change the interaction of some antibodies with their epitopes. Several
MADbs, recognizing only phosphorylated cTnl, or vice versa, only dephosphorylated pro-
tein, were described in literature during the last few years (4,43,44). If such antibodies
were to be used in ¢Tnl immunoassay, a considerable part of the antigen in a patient’s
blood would remain undetected. Hence, it is preferable that the antibodies selected for
the immunoassay development should be specific to the epitopes different from the sites
of phosphorylation, so that interaction of such antibodies with the antigen will be unaf-
fected by any type of phosphorylation.

Oxidation of cTnl

cTnl has two cysteines at 79 and 96 positions (/) that can be oxidized or reduced in
vitro. Oxidation/reduction changes the structure and the conformation of the protein
and thus changes the interaction of some antibodies with the number of epitopes. Wu
et al. (5) demonstrated that three out of nine tested commercially available assays were
sensitive (higher response) to the oxidation of the antigen, whereas for others there was
no difference for the form of the protein tested. Although it is still unclear in what form
—oxidized or reduced—cTnl releases from damaged cardiac tissue after AMI and circu-
lates in human blood, it is preferable that antibodies used in the assay recognize both
forms with the same efficiency.

Complexes of cTnl with Polyanions

As mentioned previously, cTnl is a highly basic protein with pI = 9.87 and more or
less equal distribution of basic amino acid residues along the molecule. At physiologi-
cal pH, cTnl carries a high positive charge. Electrostatic interaction is a main type of
interaction of ¢Tnl with other molecules. Electrostatic interaction is very important for
the formation of binary complex between c¢Tnl and highly acidic TnC (pl = 4.05 for
slow skeletal isoform of TnC, expressed in cardiac tissue). Electrostatic interaction
can also be responsible for the formation of different types of complexes between ¢Tnl
and other than TnC acidic molecules circulating in blood. One such known complex is
that between cTnl and heparin—a drug widely used in clinical practice to prevent blood
clotting. Heparin is also widely used as an anticoagulant for the collection of plasma.
Recent studies demonstrated that the effect of heparin on the interaction of ¢Tnl with
antibodies is very similar to that of cTnl—TnC complex formation. In addition, similar
to the sensitivity of some immunoassays to cTnl-TnC complex formation, some commer-
cial and in-house assays are very sensitive to the presence of heparin in the sample, whereas
others show no differences for samples collected with or without heparin (4,32,45,46).

Studying the negative influence of heparin on the signal level in three commercial
assays, Wagner et al. (47) demonstrated that the effect of heparin can be significantly
diminished by adding to the samples heparin antagonists, such as protamine sulfate or
hexadimethrine bromide. But it is absolutely clear that while developing new assays, it
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is preferable to check the antibodies to their sensitivity to heparin and select those that
give the same response to the antigen independent of the presence or absence of hepa-
rin in the sample.

Autoantibodies to cTnl

Autoantibodies to different components of skeletal and cardiac contractile systems
are described in the literature (48—50). The presence of autoantibodies in the sample
can complicate protein quantitative and qualitative measurements by immunological
methods because of the possible competition of the autoantibodies and the antibodies
utilized in the assay. To date, there has been only one case described of autoantibodies
to ¢Tnl in a patient’s blood. Bohner et al. (5/) reported on a 69-yr-old coronary artery
bypass graft patient with diffuse three-vessel disease that was falsely negative when
measured by Dade’s cTnl assay, but positive with troponin T and CK-MB assays. It was
demonstrated that the patient’s blood contained anti-cTnl autoantibodies, which com-
peted for binding sites with the antibodies utilized in the assay. The authors did not clar-
ify the epitope specificity of autoantibodies, so we can only speculate on what part of the
c¢Tnl molecule served as an antigen for autoantibody production by the patients. Were
there only one or two motifs recognized by the antibodies from Dade’s assay, or were
there other regions that could have been the target for host antibody production?

ANTIBODY SELECTION
Affinity of Antibodies

Affinity of the antibodies is one of the crucial factors that should be considered when
antibodies are selected. The assay sensitivity strongly depends on the affinity of the
antibodies used. For cTnl assays, the sensitivity is very important. cTnl concentration in
the blood of AMI patients is low—usually between 0.1 and 10 ng/mL and rarely reaching
a level of 50-100 ng/mL. Recent studies have shown that the detection of small changes
(0.01-1 ng/mL) in the cTnl concentration in the blood of patients with unstable angina
could be very important for the detection of minor myocardial damage, and have a
significant prognostic value (52—57). Minor myocardial cell injury as detected by cTnl
is found in about 30—40% of patients with unstable angina. These patients have a poor
short-term outcome (56).

At the same time, the high sensitivity of cTnl assays is very important for the early
diagnosis of MI during the first 2-3 h after onset of the chest pain, when c¢Tnl concen-
tration in the patient’s blood just exceeds a normal level. Utilization of high-affinity
antibodies also decreases the assay turnaround time. The original research on cTnl required
24-36 h (1), whereas only 10-20 min are needed to obtain results by contemporary
assays that utilize high-affinity antibodies (58,59). Thus, the ¢Tnl assay should be able to
detect low and very low concentrations of the analyte in the sample within a short period
of time. This is possible only in the case when both (capture and detection) antibodies
recognize the antigen with high affinity.

Mono- or Polyclonal Antibodies?

As was discussed above, a wide diversity of cTnl forms is released from damaged car-
diac tissue after MI. There are two approaches to extract the main part of cTnl modifica-
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tions from blood samples. The first is to use as capture antibodies generated from ani-
mals immunized with either a whole ¢Tnl molecule or, preferably, with synthetic pep-
tides corresponding to the different parts of the molecule. Multipoint binding of the
antigen by polyclonal antibodies should increase the avidity of antibody—antigen inter-
action, and as a result increase the sensitivity of the assay. But the utilization of polyclonal
antibodies in the cTnl assay has two main shortcomings. Antibodies should be highly
cardiospecific. But after animal immunization with the whole molecule or by peptides,
the total pool of antibodies recognizing cTnl contains fraction that may cross-react
with the skeletal isoform of the protein. Extraction of this fraction is expensive and
time consuming. Another problem is the inability of duplicating the production of good
polyclonal antibodies, a feature that is essential for all clinical applications. The solution
here is to use several (two or three) MAbs specific to different parts of the molecule as
antibodies for capture and detection. Preferably, all antibodies should not be affected
by any of known cTnl modifications and biochemical factors. Such an approach—dual
or triple monoclonal solid phase—helps to improve the sensitivity and reproducibility
(unpublished observations and ref. 60). The other option is to utilize two MAbs speci-
fic to the sites that are not affected by any known modification, with the epitopes located
in the stable part of the molecule as close to each other as it is possible. Such approach
works well in the new generation of Access® AccuTnI™ method (32,60,62).

Epitope Mapping

The epitope location of the majority of antibodies described in literature is well docu-
mented. Some mono- or polyclonal antibodies were generated after animal immunization
with synthetic peptides (e.g., polyclonal antibodies to peptides 1-4 coming from Fortron
Bio Science) and in this case the epitope location is restricted by peptide sequence. Others
(monoclonal) antibodies were obtained after mice were immunized with purified c¢Tnl
(27,63,64) or whole cardiac troponin complex (65). In this case the epitope location was
determined by peptide mapping (66) or, more precisely, by the SPOT technique (65,67—
69). The SPOT method utilizes the library of short (10—15 amino acid residues) over-
lapping peptides corresponding to the whole cTnl sequence, synthesized with steps of one
to five amino acid residues. The SPOT method makes possible precise epitope mapping
with the uncertainty in one or two amino acid residues.

Interestingly, among MAbs generated after animals were immunized with isolated
cTnl or by whole cardiac troponin complex, 90% recognized short peptides (65). Thus, the
majority of produced anti-cTnl antibodies are specific to linear motives, and not to the
conformational epitopes. This observation is in agreement with the present conception
of the cTnl spatial pattern, that is, the cTnl molecule does not have a complex ternary
structure. This feature facilitates the production of antibodies by animal immunization
with predetermined specificity using short peptides. When the conformational epitopes
are absent, the short synthetic peptides (10 to 12 amino acid residues), which have no
ternary structure, can be used as an appropriate immunogen for antibody production.

Polyclonal and especially monoclonal antibodies, with precisely determined epitopes,
are important tools in the biochemical studies of cTnl in blood, and could be very helpful
in the deliberate search of the appropriate epitopes to be used as a targets for antibody
production.
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Antibodies Recognizing cTnl from Different Animal Species

Animal models are widely used in the trials of new drugs, in the development of new
methods of surgery, and in organ transplantation. In all these cases, the effect of any new
drug or technology on cardiac function and on cardiomyocyte viability should be esti-
mated (70—72). Choosing between equal possibilities, it is preferable to have in the assay
the antibodies that are cross-reacting with cTnl from different animal species. Such assays
could be used not only in clinical practice but also in experimental scientific work and
in the preclinical studies.

TROPONIN T ANTIBODIES AND ASSAY

cTnT is very similar to cTnl as a biochemical marker of myocardial cell death. Because
in the living cell they exist only as components of a heterotetrameric complex with each
other and TnC, with trace amounts of free proteins, the molar concentrations of ¢cTnl and
cTnT in cardiac tissue are equal. As a consequence, after infarction, cTnT appears in a
patient’s blood simultaneously with cTnl and in the comparable concentrations. It reaches
peak levels at the same time, and has the same time frame within which it can be detected
in a patient’s blood.

As the molar concentration of ¢cTnT in human blood is the same as the concentration
of cTnl, the cTnT assay should utilize high-affinity mono- or polyclonal antibodies, to
be able to detect very low antigen concentrations in the sample. Specificity of antibod-
ies to the cardiac forms of the protein is also very important. The first generation cTnT
assay (¢cTnT enzyme-linked immunosorbent assay [ELISA]) utilized detection antibody
with some cross-reactivity with the skeletal isoforms of the protein (69). As a conse-
quence, this version of the assay produced falsely positive results from blood obtained
from patients with acute or chronicle muscle disease and chronic renal failure. The false-
positive results were explained by cross-reaction of antibodies with the skeletal isoform
of the protein. The antibodies of the current generation of cTnT assay have corrected
this problem.

The interaction between cTnT and other components of the troponin complex is sig-
nificantly lower, as compared to the interactions of the cTnl-TnC binary complex. In
contrast with cTnl, in AMI patients’ blood, ¢TnT is present mainly as a free molecule
and its proteolytic fragments (5).

cTnT undergoes rapid proteolytic degradation in ischemic and necrotic cardiac tis-
sue. McDonough et al. (37) reported that in the ischemic myocytes proteolytic degra-
dation of cTnT results in the accumulation of fragments corresponding to the 191-298
residues of cTnT sequence. In necrotic tissue (in situ experiments) cTnT was rapidly
cleaved by proteases, forming two main peptides with apparent molecular mass 31-33
and 14-16 kDa, respectively, the products of sequential proteolysis from the N-termi-
nal part of the molecule (unpublished data and ref. 72). The epitop