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FOREWORD

Inthefour pagescommitted to adiscussion of myocardial infarctioninthefirst edition
of Harrison’s Principles of Internal Medicine, published in 1950, there was no mention
of use of the laboratory for management of patients. Thirty years later, when the first
edition of Braunwald's Heart Disease, A Textbook of Cardiovascular Medicine was
published, 2 out of the 1943 pages in the text contained a discussion of the laboratory
examinations in acute myocardia infarction. Our knowledge base of the multitude of
ways that physicians can and should use the clinical chemistry laboratory has expanded
dramatically since these classic texts were published. The nomenclature has changed:
terms such as* cardiac enzymes’ have given way to “cardiac biomarkers.” The number
of assayshasmultiplied, and the operating characteristicsof availableassaysareimprov-
ing at agratifying but dizzying rate. We now use biomarkersto diagnose cardiovascular
diseases and also to frame our treatment strategies. Thus, there is a clear need for a
scholarly compilation of the state of the art of cardiac biomarkers.

Dr. David Morrow has expertly edited an authoritative book that answers this need.
The 34 chaptersin Cardiovascular Biomarkers: Pathophysiology and Disease Manage-
ment were written by agroup of individualswho areinternationally recognized thought
leaders and expertsin clinical and laboratory medicine. The first six sections reflect a
contemporary division of cardiac biomarkersinto thosethat inform cliniciansabout their
patientswith respect to myocyte necrosis, ischemia, inflammation, hemodynamic stress,
platel et function and hemostasis, and dyslipidemia. A particularly noteworthy sectionis
thelast one, which presents the cutting edge concepts of amultimarker approach, point-
of-care testing, proteomics, and genetic markers.

This book answers several major questionsin clinical medicine today: How well do
the various assays perform? Which ones should | order to evaluate my patient? How
should | change my therapeutic approach based on the results of a biomarker assay?
Given these strengths, readers of this text will find it an invaluable resource regardless
of their familiarity with the subject.

Elliott Antman, mp

Brigham and Women'’ s Hospital,
Harvard Medical Schooal,
Boston, MA






PREFACE

Integration of cardiac biomarkersinto clinical care hasbeen accelerating at adramatic
pace. Asnovel applications of established biomarkers are tested and new markers com-
plete development, the value of cardiac biomarkers for supporting clinical decision
making isachieving greater recognition. Thisprogressin the use of biomarkersislikely
to gain even greater momentum in the era of personalized medicine. With expansion of
the number and types of biomarkersavailable, the opportunity to improvediagnosis, risk
stratification, and selection of therapy using these noninvasive, affordable tools contin-
ues to grow. Congruent with this evolution, the practicing clinician will benefit from a
thorough understanding of the biology, technology, and clinical evidenceunderlyingthe
use of established and emerging biomarkers in cardiovascular disease.

Cardiovascular Biomarkers. Pathophysiology and Disease Management is aimed at
meeting the needs not only of the practicing clinician but also the interests of clinician-
scientists, medical trainees, and laboratorians. The book is divided into seven sections,
each of which coversamajor classof biomarkers(e.g., biomarkersof necrosis, biomarkers
of inflammation, and biomarkers of hemodynamic stress). Each section beginswith an
overview of the biology and development of each major class, followed by a concise
review of analytic issues important to the clinician, and then by a series of chapters
written by internationally recognized experts who discuss clinical applications of the
biomarkers. These latter chapters focus on the incorporation of biomarkers into the
contemporary management of patientswith cardiovascul ar disease, emphasizingclinical
studies, evidence-based diagnostic algorithms, and critical pathways for triage and
therapy, wherever they are applicable. In addition to an in-depth discussion of available
markers, each section includes at least one chapter that looks forward with aview to the
future of the class. The heavy use of figures, illustrations, and tables, aswell asintegra-
tion of the chapters, are aimed at making thekey evidenceand practical guidelineseasily
accessible to the reader.

On apersonal note, it has been atremendous privilege and pleasure to work with the
exceptional group of expertswho have contributed to thistext, and | wish to thank each
of them. Foremost, | wish to recognizethe sage and nurturing mentorship of Drs. Eugene
Braunwald and Elliott Antman who, through their vision and creativity, sparked my
fascination with this field. To them and to my numerous colleagues in the TIMI Study
Group and Cardiovascular Division at Brigham and Women’' s Hospital, who make this
area of research engaging and exciting, | extend my deepest gratitude. Also, without
Sylvia Judd, my Editorial Associate for this project, it simply would not have been
possible.

David A. Morrow, mp, MPH
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SUMMARY

Biochemical markersplay acrucial rolein accuratediagnosisof myocardial necro-
sis and, more importantly, for assessing risk and directing appropriate therapy that
improvesclinical outcome. Development and utilization of biomarkers has evolved sub-
stantially over the past three decades. The earliest biomarkers, such as alanine amino-
transferase and lactate dehydrogenase, have fallen out of use with the devel opment of
moer sensitive and specific assays for creatine kinase isoenzyme MB and particularly
cardiac troponin. Cardiac troponin T or | measurements are now considered surrogates
for necrosis and myocardial infarction when elevated in the setting of acute cardiac
ischemia. This chapter offersinsight into evolution of cardiac biomarkers and offers
thoughts regarding the future of necrosis biomarkers.

Key Words: Myocardial necrosis; | actate dehydrogenase; myosin light chains; aspar-
tate aminotransferase; creatine kinase; CK-MB; cardiac troponin T; cardiac troponin I;
myoglobin; heart-typefatty acid-binding protein; carbonic anhydraselll; acute coronary
syndromes.

INTRODUCTION

Thehomeostasisof healthy cellsisdisturbed when subjected to asupply-demand mis-
match resulting in insufficient oxygen delivery, deprivation of nutrients, and decreased
clearance of waste products. Acute cellular changes commonly include disruption of the
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Fig. 1. Progression of myocytechangeswithtransitionfromreversibletoirreversibleinjury during
myocardial ischemia.

sodium-potassium pump, leakage of excess calcium into the cell, depletion of energy
reserves, and conversion from aerobic to anaerobic cellular metabolism (1). If the mis-
match is prolonged, ultrastructural cellular damage becomes irreversible, resulting in
cell death and necrosis. Cells of tissues differ in their susceptibility and response to a
metabolic mismatch. Figure 1 showsthe progression of cellular changesfor myocardial
cellsduring persistent ischemia, thetransition from reversibletoirreversibleinjury, and
cell death after approx 30 minto 1 h(1). Release of hecrosisbiomarkersoccursthereafter
in the general time framesindicated in Fig. 1.

Although a cellular mismatch in supply vs demand can be caused by a number of
physiological events, the root cause of most acute coronary syndromes (ACSs), a con-
tinuum of cardiac ischemiafrom unstable anginathrough myocardia infarction (Ml), is
plaqueinstability, plaguerupture, and occlusiveintracoronary thrombusformation. Coro-
nary occlusions causing ischemiadamage not only myocytes but also arteriolesin apro-
cessthat isthought to hinder microvascular flow by increasing distal vascular resistance,
stimulating arteriolar spasm, and causing endothelial dysfunction (2). Downstream from
the organized occlusion, platelet microemboli are believed to shower the microcircula-
tion, causing microvascular obstruction that further limits tissue perfusion, particularly
if the epicardial infarct-related artery isrecanalized (3). Microvascular dysfunction also
occursinnon-infarct-rel ated vessel s, suggesting that myocardial ischemiamay stimul ate
global signaling of an inflammatory response through a complex process with several
interrelating stimuli and factorsincluding therelease of cytokines(4). Assuch, thrombus
formation and the resulting supply—demand mismatch are followed by a complicated
cascade of events, the end point of which is myocardial ischemia and myocardial cell
Necrosis.

Biomarkers have provided important information for the clinical assessment of patients
with suspected M1 patients since the early 1950s. As displayed in Fig. 2, utilization of
biomarkers has evolved substantially over the past 3040 yr. Biomarkers were previ-
ously considered to be one of the three important variables, along with changes on the
electrocardiogram (ECG) and clinical signs and symptoms, necessary for the diagnosis
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Fig. 2. Evolutionof cardiacbiomarkers. M|, myocardial infarction; AST, aspartatetransaminase; LD,
|actate dehydrogenase; CK, creatine kinase; RIA, radioimmunoassay.

of MI as defined by the World Health Organization (WHO) in 1979 (5). The biomarkers
cardiactroponinT (cTnT) and | (cTnl) are now designated as surrogatesfor necrosisand
M1 when elevated in the setting of acute cardiac ischemia, according to the consensus doc-
ument of the European Society of Cardiology (ESC) and the American College of Cardiol-
ogy (ACC) (6).

Although the ACS continuum includes unstable angina and reversible myocardial
injury, we focus here be on biomarkers of necrosis, offering insight into their evolution
and, more important, conveying thoughts regarding the future of necrosis biomarkers.

BACKGROUND: BIOMARKERS OF CARDIAC NECROSIS

The ldeal Cardiac Biomarker

Table1summarizestheidea characteristicsfor biomarkersof cardiac necrosis. Although
several biomarkers satisfy one or more of these criteria, no single marker has yet been
identified that satisfiesthemall. cTnl andcTnT comeclosesttotheideal, their fortebeing
exquisite myocardial specificity. No tissue other than heart has been documented as a
sourceof cardiac troponin (7), and cTnT and cTnl are abundant in myocardial tissueand
virtually absent in blood from healthy individuals (8,9). cTnT and cTnl are elevated for
daystoweeksafter M. Ontheother hand, cTnT and cTnl arestructural proteinsand, con-
sequently, their release kinetics arerelatively slow, requiring 4-6 h after the acute event
for thedetection of elevated level swith high diagnostic sensitivity (9). In addition, accu-
racy in predicting cardiac troponin release patterns is complicated and varies among
patients. Although most experts agreethat cardiac troponinisreleased only with cardiac
necrosisand not withreversibleischemia, increasesincTnl andcTnT occur inconditions
other than M1 (7). Furthermore, methods for measuring cardiac troponin yield heteroge-
neous results (10). Thus, there are several issues that preclude cardiac troponin from
being the“holy grail” of diagnostic testsfor myocardial necrosis. Despite these caveats,
cardiac troponiniscurrently the cornerstonefor evaluating myocardial necrosisin patients
with signsand symptomsof cardiacischemia. Table2 summarizesimportant characteris-
tics of available and developing biomarkers of cardiac necrosis.
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Table 1
Ideal Characteristics of Cardiac Necrosis Biomarkers

 Absolute cardiac specificity: Biomarkers should not be present in noncardiac tissues under
any physiological or pathological conditions.

o Specific for irreversible injury: Biomarkers must differentiate reversible (ischemia) from
irreversible (necrosis) injury.

 Early release: Biomarkers should be released shortly after necrosis. Lower molecular-
weight biomarkers generally have faster release kinetics. Release kinetics of soluble
cytoplasmic biomarkers is theoretically faster than that of structural biomarkers.

* High tissue sensitivity: Biomarkers should be abundant in cardiac tissue and absent in
blood under all pathological conditions except necrosis. Biomarker release should be robust.

» Stablerelease: To allow suitable detection, biomarkers should persist in circulation for
hours to days following the acute necrotic event.

* Predictable clearance: Clearance kinetics should be dynamic; predictable, to alow modeling;
and unaffected by comorbidities such as renal insufficiency or hepatic injury. Predictable
clearance also alows detection of recurrent events such as reocclusion and assessment
timing of the necrosis event.

e Complete release: Myocyte release should be complete. Release should be in direct proportion
to the extent of necrosis (infarct sizing).

» Measurable by conventional methods: The nature of the biomarker should allow quantitative
measurement by reliable, rapid, precise, and cost-effective methodology that is readily
available.

“Activity” vs“Mass’ Measurements

Thetermsactivity and massarefrequently used to describebiomarker assays. Activity
measurement refers to biomarker quantification based on functionality, and results are
usually reported in terms of international units per liter. In this context, activity assays
often measure the ability of an enzyme cardiac biomarker to catalyze chemical conver-
sion of a substrate reagent into a product under defined conditions such as temperature
and pH. Quantitation is possible by monitoring formation of the product or depl etion of
substrate reagent. The fundamental principleisthat the greater the concentration of bio-
marker in a patient sample, the greater the proportionate change will be in the product
or substrate.

Mass assays are direct measurements of the amount (or mass) of the biomarker. The
term mass was coined because these assays are reported in terms of mass units such as
nanograms per milliliter, milligrams per deciliter, grams per liter, or moles per liter. State-
of-the-art immunoassaysfor cardiac biomarkersare all mass assaysand, therefore, results
are reported in mass units.

NECROSIS BIOMARKERS OF THE PAST

Lactate Dehydrogenase Activity and | soenzyme Fractionation

L actate dehydrogenase (L D) isacytoplasmic enzymethat hasrelatively high activity
in myocytes and also in other tissues including skeletal muscle, liver, kidney, platelets,
and erythrocytes(11). Measurement of LD asacardiac biomarker wasperformed asearly
as 1960 (Fig. 2); fractionation of LD isoenzyme components, originally performed inthe
1970s by electrophoresis or column chromatography, was applied to improve cardiac
specificity by separating out the five major LD isoenzymes, LD1-LD5. The LD1 and



Table 2

Properties of Biomarkers of Myocardial Necrosis?

Advantages

Disadvantages

Diagnostic
performance/comments

Molecular
Biochemical mass Cardiac
marker (Daltons) specific??
Myoglobin 18,000 No
H-FABP 15,000 +
CK-MB, 85,000 +++
mass assay's

High sensitivity and
negative predictive
value; useful for early
detection of Ml
and reperfusion

Early detection of M|

Ability to detect
reinfarction; large
clinical experience;
previous “gold
standard” for
myocardial necrosis

Low specificity in
presence of skeletal
muscle injury and renal
insufficiency; rapid
clearance after necrosis
Low specificity in presence
of skeletal muscle injury
and with renal insufficiency

12-24 h 2-6 h after presentation:

sensitivity: 90% (95% ClI:
88-93%); specificity: 86%
(95% ClI: 85-87%);

negative predictive value: 96%

18-30 h Biomarker for detection

of cardiac injury in acute
coronary syndromes within

6 h of symptoms onset.
Although arelatively small
number of clinical studies
have been performed to date
(12 studies comprising a total
of 2130 patients), all indicate
that H-FABP performance
was either similar to or better
than myoglobin for the early
diagnosis of AMI

Lowered specificity in skeletal 24-36 h  Two serial values above 99th

muscle injury

percentile of control
reference population in
setting of ischemiais
benchmark for myocardia
necrosis

(continued)



Table 2 (Continued)

Molecular
mass Cardiac
(Daltons) specific?P

Biochemical

mar ker Advantages

Disadvantages

Duration
of elevation

Diagnostic
performance/comments

CK-MB
isoforms

85,000 +++

Early detection of Ml

cTnT 37,000 ++++

Tool for risk stratification;
detection of MI up to
2 wk; high specificity
for cardiac tissue

++++  Tool for risk stratification;
detection of M1 up to
7 d; high specificity for
cardiac tissue

cTnl 23,500

Lack of widespread
availability/experience

Not an early marker of
myocardial necrosis; limited
ability to detect reinfarction

Not an early marker of
myocardial necrosis; limited
ability to detect reinfarction;
no analytical reference
standards

18-30h UsingaZ2.6 IU/L CK-MB cutoff
with a CK-MB,/CK-MB4
ratio ®@1.5, astudy of 1100
patients presenting with sings
and symptoms of ACS
showed a 6-h sensitivity and
specificity for diagnosing M1
that were 95.7% and 93.9%,
respectively (34)
10-14d Single value above 99th
percentile of control
reference population is
surrogate of myocardial
necrosis in setting of
myocardial ischemia
Single value above 99th
percentile of control
reference population is
surrogate of myocardial
necrosis in setting of
myocardial ischemia

4-7d

aTime of first increase for the markers was 1-3 h for myoglobin, 34 h for CK-MB mass, 34 h for ¢cTnT, and 46 h for cTnl.
b+, modest cardiac specificity; ++, high cardiac specificity; +++, very high (absolute) cardiac specificity.
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LD2 isoenzymes predominated in serum after M1, frequently inan LD1 > LD2 flipped
pattern, whereas L D4 and L D5 predominated in patients with hepatic disease or skeletal
muscleinjury and LD2, L D3, and L D4 withinvolvement of platel etsor lymphatic disease
(11). Fractionation of LD, focusingonthelL D1 and L D2 isoenzymes, wasused asan aid
for the diagnosis of MI into the 1980s.

Total activity of LD isarelatively late biomarker with concentrationsgenerally increas-
ing to above normal levelsin 2448 h after coronary occlusion, peaking in 3-6 d, and
returning to normal in 8-14 d. TheLD1 > LD2 flipped patterniselevated earlier, at 10—
12 h after M1, peaking in 2 to 3 d, and returning to normal within 7-10d (11,12). Using
the M| diagnostic criteria that was standard in the 1980s, an elevated LD1 level and a
flipped ratio had a sensitivity and specificity of approx 75-90% (11,12).

Measurement of LD activity and LD1/L D2 isoenzyme fractionation allowed a pro-
longed retrospective diagnosisof M, which wasuseful for assessment several daysafter
the acute event. However, the advent of reliable assaysfor cardiac troponin rendered LD
measurement and fractionation for the diagnosis of M1 an anachronism (13). According
to the recent ESC/ACC redefinition of MI, total LD activity and LD isoenzymes should
not be used for the diagnosis of cardiac damage (6).

Myosin Light Chains

The sarcomereisthe basic building block of the contractile apparatusin both skeletal
and cardiac muscle. Differences in contraction characteristics of cardiac and skeletal
muscle led to the notion that there were different sacromeric isoforms for the protein
myosin in these tissues (14). Myosin consists of two heavy chains and two pairs of light
chains termed myosin light chain 1 (MLC1), with a molecular mass of 27 kDa, and
MLC2, withamolecular massof 20kDa. TheML Csarestructural proteinsthat modul ate
interaction between myosin and actin. Interest in MLC was stimulated by the develop-
ment of antibodiesthat reportedly differentiated cardiac from skeletal muscle ML C (15).
Although <1% of ML Cisfound inthe cytosol, thiscompartment servesasastaging area
for myosin synthesis. MLC from the cytosol is released into the circulation 3-6 h after
acutenecrosisand remainselevated for 10-14 d, asthe structural component isgradually
released after cell death; peak ML C concentrations occur after 4 d (16).

Cardiac ML C showed promise for risk stratification and as a biomarker of necrosis.
Hilliset al. (17) measured cTnl, MLC1, and creatine kinase (CK)-MB mass at presen-
tation and then 4, 8, 16, and 24 h |ater in 208 patients with chest pain without new ST-
elevation. Both cTnl and ML C1 predicted the long-term outcome of patients with chest
pain, and in this cohort ML C1 was a better predictor of mortality and nonfatal acute M|
than the measurement of cTnl. Although MLC measurements were initially received
enthusiastically by the cardiology and laboratory medicine communities (18,19), in the
1980sit wassuspected and | ater verified that the apparent cardiacisoformof MLCisalso
produced by slow-twitch skeletal muscle, thusexplainingthe observed crossreactivity in
someclinical samples (20). ML C measurementsthereforefell out of favor compared with
CK-MB and as assays for cardiac troponin were being devel oped.

Aspartate Aminotransferase

Asgpartate aminotransferase (AST) wasamong the earliest myocardial cell necrosishio-
markersutilizedintheclinical laboratory (Fig. 2) (21). AST (or SGOT) isamember of the
aminotransferases; such enzymes catalyze the conversion of amino acidsinto 2-oxo-acids
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by transfer of amino groups. AST is abundant in skeletal muscle, liver tissue, erythro-
cytes, and myocardium (11). Distinct AST isoenzymes are present in the cytoplasm and
mitochondriaof cells; the half-life of the mitochondrial formis10d, vsthe cytoplasmic
form, which hasashorter half-lifeof only 10 h. M ost expertsagreethat modest tissueinjury
causes release of the cytopl asmic isoenzyme, whereas more extensive damage resultsin
release of the mitochondrial isoenzyme aswell. Theisoenzymes are not fractionated for
clinical use.

AST ismeasured with activity assays. AST activity isnormally present in serum, cereb-
rospinal fluid, and saliva but not in urine unless there is substantial renal injury. Heart
tissue has high AST activity, but as stated, the enzyme is not specific for myocardial
tissue. After M1, AST becomes abnormal in circulation within 6-8 h after the onset of
symptoms, with peak valuesfour- tofivefold higher thantheupper limit of normal (ULN)
reached after 18-24 h, and levels returning to normal within 4 to 5d (12). Utilization of
AST for diagnosis, monitoring, risk stratification, or other purposesin the context of Ml
is an anachronism because more sensitive and specific biomarkers have become avail-
able. According to the recent ESC/ACC redefinition of MI, AST should not be used as
a biomarker to diagnose M1 (6).

NECROSIS BIOMARKERS OF THE PRESENT

CK: Total CK and the CK-MM, CK-MB, and CK-BB | soenzymes
Total CK comprises three major isoenzymes that catalyze the following reaction:

pH =9.0
- >

Creatine + ATP CK, Mg+ ADP + Creatine Phosphate
< =
pH =6.8

When cellular energy demands are relatively low and intracellular pH is approx 7.0,
CK catalyzes the forward reaction with the formation of creatine phosphate. Creatine
phosphate can beviewed asastorehousefor high-energy phosphate bondsthat have been
transferred from adenosine triphosphate (ATP). Asindicated in the equation, CK also
catalyzes the reverse reaction. When demands for energy in the cell increase, thereisa
rapid drop inintracellular pH caused by thelocal formation of acidic compounds, which
inducesCK to catalyzetransfer of ahigh-energy phosphate bond from creatine phosphate
to adenosine5'-monophosphate (ADP), thusproducingintracellular ATPinorder to meet
the increased energy demands.

CK isabundant in tissues that have periods of relative quiescence and then bursts of
brisk activity or in cells subjected to differencesin oxygen gradient. Expressed in terms
of grams of wet tissue, total CK activity ishighest in skeletal muscle, at 2500 U/g; heart
has473 U/g and brain has55 U/g (11). A variety of other tissues such asthe small intes-
tine, tongue, diaphragm, uterus, and prostate also contain total CK activity, but in lower
relative amounts (11). CK activity is virtually absent in most other tissues. Total CK
tissue-to-plasmaratio is very high in skeletal muscle and somewhat high (albeit seven-
foldless) in myocardium, conferring good performance asabiomarker, because dramati-
cally increased plasmaval ues are observed in association with increased musclenecrosis
and trauma. Serum total CK concentrations are dependent on muscle mass, and average
levelsare higher in men thaninwomen, higher in African Americansthan in Caucasians,
and higher in younger adults than in the elderly (11). In a study of marathon runners,
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substantial increasesin total CK levelswere observed after extreme exercise, compared
with prerace levels; concentrationsreturned to baselinein 4 d (22). Thereisno evidence
that marathon running damages heal thy, well-perfused myocardium, despitethefact that
the plasma levels of total CK and other biomarkers may increase to the same as those
measured after M1 (23). However, these indices must be interpreted with caution for
individualswho habitually undertake strenuous exercise, especialy if they have done so
withinthepreviousweek (23). Rhabdomyolysisal so causesgreatly increased serumtotal
CK activity, aswell as other skeletal muscle biomarkers such as myoglobin (11).

Accordingtothe ESC/ACC redefinition of M|, measurement of total CK isnot recom-
mended for the routine assessment of MI, because its wide tissue distribution confers
lower diagnostic accuracy compared with other biomarkers (6). Some clinicians con-
tinue to measure total CK for epidemiological or scientific use, in which case the cutoff
limit should be at least twice the ULN (6). Because the test isinexpensive and does not
require specialized analyzers, as do other cardiac biomarkers, utilization of total CK for
the diagnosis of M| may be reasonable in developing countries.

CK-MB Isoenzyme

Total CK activity represents the cumulative concentration of three CK isoenzymes.
CK isadimeric enzyme consisting of two types of subunitsdesignated either “M,” orig-
inally for “muscle,” or “B” to connote “brain.” Each of these subunitsis produced by a
distinctgene(11). Thenatureof CK givesrisetothreemajor isoenzymes: thetwo homod-
imers CK-MM and CK-BB and the heterodimer CK-MB (9). In patientswith significant
myocardial disease, i.e., aortic stenosis, coronary artery disease, or both, the CK-MB iso-
enzyme comprises approx 20% of thetotal CK inthistissue (24), whereas CK-MB com-
prises<3% of CK inskeletal muscle(25). Although healthy individualsmay haveamuch
lower percentage of CK-MB of 1.1% intheir heart tissue (24), the far higher and consis-
tently elevated CK-MB fraction in vulnerable patients with significant coronary heart
disease confers excellent myocardial tissue specificity. CK-BB is found primarily in
brain and intestinal tissue and contributeslittle to total CK activity; CK-BB isvirtually
absent from skeletal or cardiac tissue (25).

Inskeletal muscle, usually >99% of the CK activity comprisesthe CK-MM isoenzyme
(25). Although myocardium is the only tissue that has both a high proportion and high
concentration of CK-MB, injury to skeletal muscle can compromise the diagnostic use
of this biomarker because of the sevenfold higher total CK activity on a per-gram basis
and the potential for the release of substantial CK-MB upon injury. Further, the body
mass of skeletal muscletissueisapprox 100-fold greater than of myocardial muscle. To
provide greater cardiac specificity using CK-MB, a CK-MB index may be calculated
according to the following equation:

CK-MB index = 100% (CK-MB/Total CK)

CK-MB index values exceeding 2.5% are usually associated with amyocardial source
of the MB isoenzyme (26); however, theindex isreportedly aslow as 2% and ashigh as
5%, depending on variability of both the numerator and denominator (27). A particular
problem is posed by patients with both myocardial and skeletal muscle injury because
CK-MB release from skeletal muscle may confound the diagnostic use of the CK-MB
index by masking therelatively subtle CK-MB contribution from heart tissue and effec-
tively “ swamping” thedenominator. It isal so of notethat elevationsin both CK-MB con-
centration and CK-MB index have been attributed to skeletal muscleinjury alone, with no
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Fig. 3. (A) CK-MM isoforms. CK-MM 3 consists of two unmodified tissue M subunits. Onrelease
intothecirculation, carboxypeptidaseN (CPN) hydrolyzesaterminal lysineat the C-terminusof each
M subunitto generatethemodified serumforms: MM 2 (missingonelysine) and MM 1 (missingtwo
lysineresidues, onefrom each polypeptide chain). Plusand minussignsrepresent the presenceand
absenceof lysineresidues, respectively. (B) CK-MB isoforms. CarboxypeptidaseN (CPN) cleaves
alysinefrom the C-terminus of the M subunit of the MB2 (tissueisoform) and generatesthe MB1
(serumisoform). (C) Immunoinhibition of CK-MB activity. Anti-CK-M antibodiesselectively bind
to andinhibit the enzymatic activity of the CK-M subunits. Theresidual CK activity, measured by
using total CK reagents, istheresult of the B subunitsof MB alone. To calculatethe activity of the
intact CK-MB isoenzyme, theresidual result must bemultiplied by afactor of two. (D) CK-MB mass
immunoassay. Anti-CK-MB isimmobilized on asolid matrix. CK-MB in the sample bindsto the
solid-phaseantibody. Anti-CK-MM conjugateisadded and bindsto theantibody-CK -M B complex
toformanantibody-CK-M B-antibody conjugatecomplex. Theconjugateenzymeactsonthesubstrate
to produce acolored product or fluorescence.

evidence of myocardial involvement (11). Thispatternisinfrequent, however, and over-
all CK-MB has been an excellent biomarker of myocardial injury over several decades.

CK-MB AcTiviTY AND MASs Assays

CK-MB measurements are considered highly selective for myocardium and in the
1970sbecamethestandard for diagnostic assessment of M1 (Fig. 2) (20). M subunitshave
adifferent charge relative to B subunits, and this difference in charge was used to frac-
tionatetotal CK into serum CK-MM, CK-MB, and CK-BB isoenzymes using the princi-
plesof electrophoresisand ion-exchange column chromatography (28). Strategiesbased
on measuring CK activity after separating out CK-MB were devel oped and used exten-
sively from the late 1970s through the mid-1980s, when the first immunobased assays
appeared inwhich antibodieswere used to assess CK-MB activity. CK-MB activity assays
used antibody reagentsto inhibit activity of theM subunitsof CK-MM and CK-MB (Fig.
3). Subsequently, total CK activity wasmeasured, and assuming that CK-BB washegligi-
ble, al the activity remaining in the sample was attributed to the B subunit of CK-MB.
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Results were multiplied by 2 to compensate for the activity of the inhibited M activity.
Theseactivity assaysled toincorporation of CK-MB into updated criteriafor the diagno-
sisof Ml (29).

Although avery important contribution, CK-MB activity assayswereand arelimited
by their inability to detect CK-MB at low concentrations. | n addition, electrophoresisand
column chromatography methods were subject to false-positive interference from so-
called macro-CK, predominately caused by animmune response against CK-BB insome
populations (11). Immunoinhibition assayswere subject to interference from the presence
of macro-CK aswell asfrom any CK-BB in patient samples. For these reasons, CK-MB
activity assays gave way to more analytically sensitive and specific massimmunoassays
that offered theadvantage of quantifying CK-MB asaspecific protein, rather thanrelying
on functional enzymatic activity asasurrogate. CK-MB activity assayshave beenreplaced
by CK-MB mass assays and by cardiac troponin; however, they are relatively inexpen-
sive and, therefore, remain in use in some areas owing to economic conditions (6).

The earliest mass assay was aradioimmunoassay (RIA) that targeted the B subunit of
CK-MB (30). This assay set the stage for the devel opment of CK-M B-specific antibod-
ies, the most widely used of which is the Conan antibody that is a component of many
commercial assaysinusetoday (31). M ost mass assaysare based onincorporation of two
antibodies, one that captures the CK-MB in patient samples and another to which asig-
naling reagent isbound for detection (Fig. 3). Inthisway, acapture Ab-CK-MB-signal Ab
sandwichisformed and detected. A standard dose-response curveisplotted using CK-MB
standardsfromwhich theanalytical concentration can berelated tothe massof the CK-MB
protein.

CK-MB |soFormMs

Myocardial tissue contains one CK-MB protein isoform. After releaseinto the circu-
lation after cell death, the M subunit of CK-MB from tissue undergoes posttransl ational
maodification through cleavage of the C-terminal lysine by the blood enzyme carboxy-
peptidase-N (32). Thismodificationformsadifferently charged form of CK-MB, termed
CK-MBy, that can be separated from thetissue form, termed CK-MB,, by electrophoresis
(32). Studies characterizing the clinical performance of the isoforms of CK-MB isoen-
zymes (CK-MB; and CK-MB,) show promise for earlier identification of myocardial
damage than assays of CK-MB alone. In homeostatic conditions, serum CK-MB,/CK-
MB; ratiosare approx 1.0, and total CK-MB concentrationis<1.51U/L (33). Release of
the CK-MB, tissueisoform into the circul ation from damaged myocardial tissueincreases
the absolute level of CK-MB in the blood and also increases the ratio of CK-MB,/CK-
MB;. Theincreased CK-MB,/CK-MB; ratio may bedetected asearly as1to 1.5 h after the
onset of chest pain (33). The changeinisoform ratio may precede significant elevations
in CK-MB by upto 4 h, providing earlier identification of MI. Usinga2.6 IU/L CK-MB
cutoff withaCK-MB,/CK-MB; ratio®1.5, astudy of 1100 patientspresentingwithsigns
and symptomsof ACS showed valuesof 6-h sensitivity and specificity for diagnosing M1
of 95.7 and 93.9%, respectively (34). Respective sensitivity and specificity for conven-
tional 6-h CK-MB were reportedly 48.2 and 94% in this same population (34).

Automated processing for CK-MB isoformsisavailable, but interpretation can betech-
nically challenging and theassay isavailablein only afew institutions. Both the National
Academy of Clinical Biochemistry (35) and the ESC/ACC (6) have suggested consid-
eration of myoglobin or CK-MB isoforms for use in the early diagnosis of myocardial
injury.
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Fig. 4. Temporal release of myoglobin, CK-MB, and cTnT and cTnl.

CK-MB Mass For DiacgNosis oF M|

Figure 4 displays the biomarker release profile after M. Release of CK-MB into the
circulation occurswith the death of myocardial cellsbut doesnot occur with myocardial
ischemia(36). Inthe past, CK-MB mass assays were considered the “gold standard” for
the diagnosis of M1 until reliable cardiac troponin assays became proven and widely
available (37). The first rise in CK-MB following MI occurs 4-6 h after the onset of
symptoms, but serial sampling over aperiod of 8-12 hisrequired for high sensitivity (6).
Thus, despite excellent clinical performance, CK-MB is not an early marker and tissue
specificity remains an issue in some cases. These assays are automated, have excellent
detection limits (<1 pg/L), are specific for CK-MB, and provide arapid turnaround time
(as short as 7 min). The American Association for Clinical Chemistry has proposed a
recombinant CK-MB material for standardization of CK-MB mass assays (38).

M easurement of CK-MB mass remains a sound tool for the evaluation of M1 (6), but
most healthy individual s have a measurable amount of CK-MB biological “background
noise”’ intheir blood, probably from skeletal muscleturnover. For diagnostic use, CK-MB
release from myaocardium (i.e., signal) must substantially exceed thisnoise, which renders
CK-MB lessdiagnostically sensitive comparedwith cTnT or cTnl, for whichthephysio-
logical background noiseisvirtualy zero. The signal/noise difference between CK-MB
and cardiac troponinisillustrated in Table 3, which showsan analysis of six cohortsthat
directly comparesthese biomarkers(39). In nearly 18,500 patients, measurement of car-
diactroponin detected more MIsthan did CK-MB inall six cohorts(range: +12to +127%),
with an overall increase of 14% more MIs diagnosed using cardiac troponin.

A meta-analysisfocusing onthe performance of CK-M B massmeasurementsin popu-
lationsfrom emergency departmentsor inpatient cardiol ogy unitswas conducted in 1995
and showed a diagnostic sensitivity of 96.8% (95% confidence interval [Cl]: 95-98%)
and adiagnostic specificity of 89.6% (95% Cl: 87-92%) (40). However, thisdiagnostic
performanceisno longer accurate, because over the past decadeit has become clear that
even small amountsof necrosis, and the associated small release of cTnT and cTnl, iden-
tify patientsat high risk of adverse events(41,42). Thus, cTnT and cTnl arethe preferred
markers, and CK-MB has been replaced as the “gold standard” for the diagnosis of M|
(Table 2) (6). Nevertheless, many clinicians believe that measurements of CK-MB mass



ST

Table 3

Portion of Positive Cardiac Troponin and CK-MB Results for Patients With Suspected MI From Five Databases®

Positive CK-MB

Positive troponin

Troponin/CK-MB

No. of patients Characteristics (n[%]) (n[%]) (%)
801 Acute myocardial ischemia 216 (27) 289 (36) 34
292 Possible myocardial ischemia 15 (5) 34 (12) 127
14,777 MI discharge diagnosis 4157 (28) 4661 (32) 12
1719 All ACS admissions 373 (22) 430 (25) 15
80 All ACS admissions except with ECG; diagnostic of Ml 23 (29) 32 (40) 39
798 ACS admission to cardiology service 189 (23) 228 (28) 21
Total: 18,458 30.1% of populations diagnosed with Ml 4973 5674 14

aModified from ref. 39.
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are still useful for timing the occurrence of M, detecting reinfarction, and sizing the
extent of infarction (35).

Cardiac Troponin
THE TroPONIN COMPLEX

Thetroponin complex hasthree protein subunitsand islocated on the thin filament of
striated muscle (Fig. 5). Thethree subunitsaretroponin T, abinding protein that attaches
the troponin complex to tropomyosin; troponin I, which modulates the interaction of
actin and myosin by acting asan inhibitor of actomyosin adenosinetriphosphatase activ-
ity; and troponin C, the cal cium-binding subunit of the troponin complex. After stimula-
tionfor contraction, excesscal ciumentersinto cellsand bindsto troponin C. Thisbinding
causes achange in the conformation of tropomyosin, exposing the binding site on actin
and actuating crossbridging; theresultismusclecontraction. Troponin C hasanidentical
amino acid sequence in both skeletal and cardiac tissues and, thus, has no potential asa
cardiac-specific marker. However, troponin T and troponin | have different isoformsin
cardiac and skeletal muscle, encoded by separate genes, and, consequently, have differ-
ent amino acid sequences (9). The respective cardiac isoforms of cTnT and cTnl allow
production of antibodies that exclusively recognize these myocardial-specific proteins.
Todate, cTnT and cTnl release has not been attributed to atissue source other than myo-
cardium, and except for rare analytical false positives, detection of cTnT or cTnl in the
blood isindicative of heart injury (7).

ReLeEAasE AFTER NECROSIS

cTnT and cTnl are structural biomarkers of cardiac necrosis whose kinetics require
several hours after the onset of acute ischemia before they can be detected (Fig. 4). For
thisreason, cTnT and cTnl arenot considered early biomarkersof necrosis. High diagnos-
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tic sensitivity and specificity require specimen collection at patient presentation, 6-9 h
later, and at 12—24 hiif clinical suspicionishigh and earlier results are negative (6). The
increase in concentration of cTnl and cTnT after necrosisis prolonged compared with
that of other biomarkersof necrosis (Fig. 4); thistime course enablesthe diagnosis of Ml
many daysafter theacuteevent. Theexact pattern of cTnT and cTnl releasevariesamong
individualsand isunpredictable; therefore, cTnT and cTnl may belessuseful for assess-
ing reocclusion or for infarct sizing compared to CK-MB mass (36).

CIRCULATING FORMS

Although the nature of the troponin complex released after myocardial injury is not
fully characterized, several reports suggest that alarge portion of troponin | entersinto
the circulation first as TnC-cTnT-cTnl and cTnl-TnC complexes, with only a small por-
tion of troponin| circulating in afreeform (43,44). Studies have examined degradation of
the cardiac troponinsboth inside the cell and in circulation (43,44). Therelease forms of
cTnl and cTnT after degradation in circulation are incompletely understood at present but
may have clinical importance. Currently, release of cTnT and cTnl and detection using
commercialy available assaysis a surrogate for myocardial cell death in the setting of
acute cardiac ischemia (6).

The International Federation of Clinical Chemistry (IFCC) Committee for Standard-
ization of Cardiac Laboratory Markers devel oped specificationsfor the cardiac troponin
assay's (45).

ReperiNiTION oF MI: EvoLutioN WiTH cTNT AND cTNI

The evolution of the definition of M| based on the availability of cardiac troponinis
discussed in detail in Chapter 3. Initial regulatory clearance of cTnT and cTnl assays by
the US Food and Drug Administration was based in large part on showing that their
clinical performance was equivalent to CK-MB mass. This demonstration would have
been straightforward had CK-MB mass and cTnT and cTnl indeed provided identical
diagnostic information. However, the superior signal/noise biology for cardiac troponin
yielded results that were diagnostically “positive” for cardiac troponin, but “negative”
for CK-MB massfor many patientswith ACS (39). A body of literature evolved for car-
diac troponin over the past 5-10 yr, allowing meta-analysis (41,42) that unequivocally
demonstrated that “positive” troponin results identify high-risk ACS patients, indepen-
dent of the CK-MB results. In large part, these datamotivated the redefinition of M1 based
on cardiac troponin as the preferred biomarker of cardiac necrosis (6).

CLiNnicaL CUTOFFs

Selecting the appropriate decision point or cutoff that should be used for designating
apositivecTnT or cTnl isatopic of controversy. Issues related to selection of decision
limits are also discussed in other chapters. Several studies have found that even subtle
increases in cTnT or cTnl are associated with increased risk of adverse cardiac events
(46,47) and, therefore, alow cardiac troponin should be considered indicative of cardiac
necrosis. The ESC/ACC consensus group recommended that the 99th percentile of a
reference control population (i.e., normal value) should be utilized asthe diagnostic cutoff
(6). Thiscutoff isamuch lower value than had been specified previously based on utili-
zation of CK-MB asthe predicate biomarker for M| diagnosis. The ESC/ACC group also
specified that theimprecision of assays should have acoefficient of variation (CV) of 10%
at the 99th percentile decision limit. Thisanalytical goal was extremely ambitiousand, in
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fact, impractical for implementation, because only afew cardiac troponin assays could
meet it (48,49). Asastopgap measure, some have suggested that the 10% CV of assaysbe
utilized asthe decision point, at least until assays are improved (50). Others have defined
what may be considered an evidence-based approach in which a value conferring high
risk isutilized asthe decision point, regardless of the CV at that decision point (47). For
epidemiological purposes, the AHA Council for Epidemiology and Prevention defines a
positivebiomarker asbeing at | east one val ue abovethe 99th percentil e of thedistribution
inhealthy populationsor thelevel at whichal0% CV canbedemonstrated for aparticular
laboratory (39). This definition is contingent on at least two measurements at least 6 h
apart (39). The values at the 99th percentile and the level of 10% CV for the mgjority of
availableassaysfor troponin areprovided in Chapter 2, Fig. 9. Itiscritical that |aboratory
medicine and clinical staff collaborate on the choice and implementation of cardiac tro-
ponin assays, aswell asonthe cut point utilized. Thisissueisvital because of the hetero-
geneous quality of cardiac troponin assays, aswas demonstrated by significant outcome
differencesamong troponin assayseven when the same apparent cutoff wasutilized (51).

Harmonization (i.e., ensuring that different assayswill yield the same cTnl resultsin
patient specimens) has not yet been achieved. Although the same assay applied repeatedly
tothesamesamplewill yield similar results, cTnl resultsfor the same patient but measured
with different assays may vary by morethan 30-fold (10). This phenomenonistheresult
of manufacturersusing antibodiesthat target different epitopesof cTnl aswell asusing dif-
ferent calibrators. The situation for cTnl may beresolved, in part, through ongoing efforts
to define a reference material and harmonize cTnl methods (52,53).

Myoglobin
FuncTioN AND RELEASE

Myoglobinisaheme protein that isabundant in the cytoplasm of cardiac and skeletal
muscle cells; itsfunction isto transport intracel lular oxygen (9). Thetissue/plasmaratio
of myoglobinisvery high and, thus, when necrosis of these tissues occurs, blood levels
of myoglobin increase rapidly (Fig. 4). Myoglobin is generally accepted as the earliest
appearing biomarker that isroutinely availablefor assessment of patientswith ACS. Myo-
globinisreleased only upon necrosis, asevidenced by overall poor performance asabio-
marker of acutecardiacischemia(54). Theearliest methodsfor measuring myoglobinwere
based on RIA (55). Theseassays had good performance but were untenablefor routine use,
because they used radioisotopes and required several hours for incubation. In the early
1990s, two-siteimmunoassaysbecameavail able; with these assays, good performanceand
rapid turnaround timesin arange of 10—15 min are possible, and these assays now predom-
inate in laboratories (56).

Theamino acid sequencefor myoglobinisthe samefor both cardiac and skeletal mus-
cle, soelevationsare not exclusivefor injury to either tissue. Myoglobiniscleared by the
kidneysand, therefore, renal insufficiency causeselevated blood levelsin the absence of
acute tissue injury. For these reasons, myoglobin measurements are viewed as having
low diagnostic specificity for myocardial injury. Myoglobin assaysarein the process of
being standardized and harmonized by a committee of the IFCC (57).

CLiNicAL Use For DiacNosis oF M

Thereisdivergence asto whether myoglobin measurementsare useful for theevalua-
tion of patientswith suspected ACS. Meta-anaysis has shown that the clinical sensitivity
of myoglobinisapprox 90% with serial sampling and, somewhat surprisingly, about the
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same for diagnostic specificity in the emergency medicine population (54). Nonetheless,
suboptimal specificity is considered to limit the use of myoglobin as a biomarker to rule
in MI1. The diagnostic sensitivity of the biomarker, however, hasled to recommendations
by the National Academy for Clinical Biochemistry and the ESC/ACC that the biomarker
isuseful asan early marker (6,35). Perhapsthe most useful application of myoglobinisto
rule out myocardia necrosis with anegative predictive value approx 96% (54). Owing to
myoglobin’ skinetics, patients presenting rel atively late after their acute event (e.g., >30 h)
may have falsely negative valueswithin the normal referenceinterval (Fig. 4). Therefore,
cardiac troponin and perhaps CK-MB should always be assessed in combination with
myoglobin.

Inanattempt toimprovesensitivity for the detection of M1, investigatorshavefocused
on the brisk increase in myoglobin after cardiac injury. These efforts have given rise
to strategies in which differences between measurements at presentation and 60 to 120
min later are compared as an early indicator of M1 (54,55). Most of these strategies use
adoubling in myoglobin values over the early hours as the diagnostic criterion (58,59).
Evidence shows that this use of myoglobin isopen to question, however. A recent study
comparing the“ delta’ strategy for myoglobinwith asimilar approach using CK-MB mass
indicates that the CK-MB strategy is more sensitive for the diagnosis of M1 (60).

Although utilization of myoglobin may add little as adiagnostic tool, several studies
have suggested that elevated level sof myoglobin are significantly and independently asso-
ciated with adverse outcomes (61,62).

Quantitative vs Qualitative Biomarker Testing

Although the results of cardiac biomarker measurements are continuous values, the
clinical assessment of myocardial necrosistypically isbased on specific cut points. This
dichotomization of cardiac biomarker resultsprovidesacontext inwhich qualitativetest-
ing(i.e., positivevsnegative) isclearly feasible, particularly for evaluation of theearliest
specimen(s) aslong asthe appropriate cut point isused. Infact, astrategy for qualitative
reporting of cardiac troponin may be most appropriate because quantitative assays may
vary by up to 30-fold (10). Furthermore, qualitative testing (positive/negative) may help
avoid discord between point-of-care testing and quantitative testing in the main labora-
tory, particularly when different technologies are used in these locations. Qualitative test-
ingislessfeasiblefor biomarkersthat have different cut pointsthat vary with race, gender,
and/or age.

Thekey to successful qualitative testing isthat the true biomarker concentration rep-
resenting apositive result must be in harmony with the positive cut point for the qualita-
tive assaysused at an institution. When using both quantitative and qualitative assays, the
cutoffs must be clinically evaluated to ensure that there is no discord in results between
the methods. Discord will result in false-positive and fal se-negative results, leading to
confusion (and understandable consternation) among clinical staff.

Quantitative assaysare necessary for monitoring therelease (rise) and clearance (fall)
of cardiac markers. Applications other than the diagnosis of Ml, such asrisk stratifica-
tion, reperfusion monitoring, and assessment of prognosis, also require continuous data.

Serial Sampling

To optimize performance, biomarkers of myocardial necrosisrequire serial sampling
whentheinitial resultsare negative (6,63); thelargest impact ison diagnostic sensitivity.
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Serial sampling is necessary because in most cases myocardial-specific necrosis bio-
markers, most notably cardiac troponin and CK-MB, requireafew hoursbeforetheir natu-
ral kinetics show adetectableresponseto clinical events(Fig. 4). Tothe extent possible,
placing cardiac biomarkersinthetemporal context of clinical signsand symptomsiscrit-
ically important. Serial sampling at presentation, 69 hlater, and after 12 hisrecommended
if the earlier results are negative and clinical suspicion remains high (6).

NECROSIS BIOMARKERS STILL IN DEVELOPMENT
Heart-Type Fatty Acid-Binding Protein

Fatty acid-binding proteins(FABPs) arel ow-mol ecul ar-massproteins(~14,500 Daltons)
that are abundant in the cytoplasm of striated muscle cells (64,65). FABPs specifically
and reversibly bind long-chain fatty acids and appear to function asthe principlevehicle
for cytosolic transport of long-chain unesterified fatty acids. Myocardium and skel etal
muscle contain the sameisoform of FABP, termed heart-type FABP (H-FABP), but the
content of thisproteinin skeletal muscleisonly 10-30% of that found in cardiac muscle.
The level of H-FABP in healthy donorsisrelatively low (2—6 pg/L) (66), and the bio-
marker has a very good tissue/plasma ratio.

Likemyoglobin, H-FABPisreleased from the heart soon after the onset of infarction,
and it has been proposed as an early marker for the diagnosis of M1 (64,65,67). Plasma
concentrations of H-FABP increase within 3 h after M| and return to the normal range
within 12—24 hinindividual swithout renal impairment (68). Differing relative amounts
of H-FABP and myoglobinin myocardial vs skeletal muscle tissueled to the notion that
the ratio of myoglobin/H-FABP may confer myocardial specificity. In one study, the
ratio of myoglobin/H-FABPwasfound to be different in plasmafrom patientswith myo-
cardial injury (at 4.5) compared with skel etal muscle damage, which wasassociated with
very highratiovaues, intherangeof 2070 (68). However, strategiestoimprovedetection
of myocardial injury by calculating ratios of myoglobin and H-FABP have not yielded
aclear advantage over the measurement of H-FABPalone (69). M oreover, thetissue spe-
cificity of H-FABPisquestionablein patientswith renal failureor skeletal muscleinjury.
Although arelatively small number of clinical trialshave been conducted to date, H-FABP
appears to have similar or better performance than myoglobin.

Carbonic Anhydrase (I11)

Carbonic anhydrase (111) (CAIII) isa28-kDacytosolic protein located almost exclu-
sively intypel (slow-switch) skeletal muscle. Preliminary experiments showed that myo-
globinand CAIll arereleased from skeletal muscleina3:1 fixed ratio during cell injury
(70). Because CAlll isnot present in myocardium, combining serum CAlll and myoglo-
bin measurements has been proposed to improvethe specificity of myoglobinasan early
diagnostic marker for M1 (71,72). Both serum myoglobin and CAlll have been shown
toincreasein healthy subjectsfoll owingvigorousexerciseand in patientswith neuromus-
cular disease. By contrast, patientswith acute M1 showed markedly elevated myoglobin
with no concomitant elevationin CAlll. Several studies have confirmed that myoglobin
and CAlll arereleased in afixed ratio following exercise, showed no significant differ-
enceintheratio for trauma patients, and demonstrated asignificant elevationinratioin
thesetting of M1 (73). These datasuggest that the myoglobin/CAl I ratio may beauseful
diagnostic indicator of M1 (70). Thereisenthusiasm by some manufacturersto combine
myoglobin and CAlll, but no commercial product is yet available.
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Table 4
Relative Performance of Various Markers and Combined Model for Diagnosis of MI#
Receiver operating Sensitivity at 92.5% Soecificity at 92.5%
Analyte characteristic area specificity (%) sensitivity (%)
BNP 0.718 18.1 314
Myoglobin 0.847 49.5 59.5
cTnl 0.907 835 42.0
CK-MB 0.926 78.1 59.9
Combined model 0.950 89.9 89.3

aModified from ref. 78.

FUTURE MARKERS OF MYOCARDIAL NECROSIS

Accurate recognition of myocardial necrosis is important for achieving an accurate
diagnosis but, more important, for assessing risk and directing appropriate therapy that
improvesclinical outcome. Mostinvestigatorsagreethat futureeffortsin diagnosticsand
therapeutics should focus on that phase of myocardial ischemia during which injury is
reversible so that myocardial salvage can be maximized. Multimarker strategies using
established and new biomarkersfor risk stratification and clinical decision making have
potential for improving the outcomes of patients with ACS (74).

Inthecontext of myocardial necrosis, cTnl and cTnT measurementsarefundamental for
the diagnosisof MI by definition (6). Therefore, identifying biomarkersthat will improve
the tissue specificity and clinical performance possible with cardiac troponin for Ml is
asignificant undertaking. Advancesbased onthedetection of specific patternsof degrada-
tion/modification of cardiac troponin that might improve the early detection of myocar-
dial necrosis or provide information regarding the specific mechanism of myocardial
injury would be extremely valuable. In addition, continued enhancements to the analytic
performance of assays for cardiac troponin will enable reliable detection of necrosis at
lower concentrations.

Two additional effortsmay alsoimprovetheability to detect and diagnose myocardial
necrosi s. proteomicsand modeling decision aids. Theseareasarerelated, but decision aids
will be broadened beyond biomarkers to combine objective clinical indicators such as
classification of ECG findings, history, age, and gender.

Modeling Computer Aids

Therationale behind the use of multiple marker strategiesisthat each biomarker pro-
videsindependent and additive information for the diagnosisof M1 and risk assessment.
Biomarkers are continuous variables, yet diagnostic interpretation generaly utilizes cut
points that force data into a binary scenario. One notion that adds value to modeling the
combination of markersisthat biomarkersthat have not crossed the decision threshold for
“positive” may contain useful information. In addition, modeling approaches must yield
asingle straightforward output, rather than several results that must be combined by the
user.

One early approach to modeling involved a multimarker strategy in the context of
diagnosing M1 utilizing myoglobin, CK-MB, cTnl, and B-type natriuretic peptide (BNP)
measurements to develop amultivariableindex function (75). This strategy was piloted
in acohort that included 210 patients with noncardiac chest pain and 105 patients with
MI; all ssmpleswere collected within 10 h of the onset of symptoms(76). Table 4 shows
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the diagnostic performance of each biomarker and that performance of the panel was
substantially better than any of thebiomarkersalone. However, therearenumerouscaveats
withthisstudy, including prevalence of disease, timing of samples, definition of MI, and
quality of each component biomarker. Nevertheless, itisinteresting that the dataindicate
promisefor the concept of combining multiplemarkersandimproving theability to diag-
nose myocardial necrosis.

CONCLUSION

Utilization of biomarkers for the assessment of myocardia necrosis has had a rich
history that spans nearly half a century. The earliest biomarkers, such as AST and LD,
havefallen out of usewiththe devel opment of assaysfor CK-M B and particularly cardiac
troponin. The current order of diagnostic valueiscTnT or cTnl > CK-MB mass> CK-MB
activity >total CK (6,39). Myoglobin must be considered aniche biomarker that may lack
sensitivity for the diagnosisof MI in thefuture but appearsto have valuefor risk stratifi-
cation. The quality of assays for biomarkers varies substantially, so assay choice must
be a collaboration between laboratory and clinical staff. The future will undoubtedly
involve automated multimarker strategiesthat will aim not only at the diagnosis of Ml,
but also the probability of ACS. In addition, assessing risk of future eventsin addition
todefining thediagnosiswill beincludedinthenew paradigm. Biomarkersareabsol utely
fundamental to the (re)definition and diagnosis of M1, but it must be noted that M1 isa
clinical diagnosis and that a setting of myocardial ischemia must be established.
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SUMMARY

Guidelinesjointly devel oped by the European Society of Cardiol ogy and the Ameri-
can College of Cardiology have established cardiac troponin (T or ) as the biomarker
of choice for the diagnosis of acute coronary syndromes (ACSs) and risk stratification
of patientswho present with i schemic symptoms suggestive of ACS. Despitetheseinter-
national guidelines, anumber of analyticissues have slowed the acceptance and imple-
mentation of thistest worldwide. Regarding precision, analytic sensitivity, and specificity,
the performance of commercial assaysis variable. Moreover, thereis alack of assay
standardization for troponin | results among commercial assays. The rel ease of astan-
dard referencematerial shouldinitiatethe processof assay harmonization. It isimportant
that clinicians be familiar with the analytic performance (i.e., level of 10% coefficient
of variation) and appropriate cut points (99th percentile and/or evidence-based decision
limits) for all troponin assays used (both |aboratory-based and point of care) at their
ingtitution. Intime, it ishoped that all troponin assayswill be standardized and exhibit
similar performanceto each other, asisthe case for the majority of other clinical |abor-
atory analytes today.
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INTRODUCTION

Guidelinesthat werejointly devel oped by the European Society of Cardiology (ESC)
andthe American Collegeof Cardiology (ACC) haveestablished cardiactroponinT (cTnT)
or cTnl asthebiomarker of choicefor thediagnosisof acute coronary syndromes (ACSs)
and risk stratification of patientswho present with ischemic symptoms suggestive of ACS
(2). Despite the international guidelines on the use of troponin by cardiologists, emer-
gency department (ED) physicians, and clinical laboratory scientists (1-3), there are a
number of analyticissuesthat have slowed the acceptance and implementation of thistest
worldwide. The performance of commercial assaysisquitevariableregarding precision,
analytic sensitivity, and specificity. Furthermore, thereisalack of assay standardization
for troponin | resultsamong commercial assays. Recently, the National I nstitute of Stan-
dardsand Technology (NIST) released a standard reference material that should initiate
the process of assay harmonization. These problems in cardiac troponin have led to
confusion as to the proper cutoff concentrations that should be used in routine clinical
practiceandinclinical trials. In addition, thereagent costsfor cardiac troponin arehigher
than for other older markers such as creatine kinase (CK) and the CK-MB isoenzyme. In
this chapter, these important issues are discussed with reference to their impact on the
clinical interpretation of test results.

RELEASE OF TROPONIN AFTER MYOCARDIAL INJURY

cTnT andcTnl arepart of acomplex of threeregul atory proteinsthat includestroponin
C. Thisternary complex isbound to thethin filament of striated muscle and regulatesthe
contraction of actin and myosin filaments. Following myocardial damage, the troponin
T-1-C complex is gradually released into the blood, where it degrades into the binary |-
C complex and free troponin T, the predominant forms of cardiac troponin in the cir-
culation (Fig. 1) (4). In addition, a small amount of free troponin T and | exists within
the cytoplasm and appears within theinitial hours after the onset of cardiac damage (5).
InFig. 2, peak A illustratesthebiphasic rel ease pattern of cardiac troponin from damaged
myocytes. Troponin | can also exist in phosphorylated forms and in oxidized/reduced
forms. The degree of phosphorylation affects cardiac myocyte contractility in normal and
failing hearts (6). Once in the blood, the various troponin forms undergo further degra-
dation into smaller molecular weight fragments by serum proteol ytic enzymes (see next
section) (7).

An ongoing controversy iswhether or not troponin can be released following revers-
ibleischemia. Cardiac markersthat are large in molecular weight, such as CK-MB (84
kDa) andlactate dehydrogenase (135kDa), arerel eased into theblood only after irrevers-
ibleinjury. However, someinvestigators have questioned whether cTnT and cTnl, at 37
and 24 kDa, respectively, can bereleased during ischemia(8,9). Although these proteins
are themselves too large to traverse across viable cell membranes, studies have shown
that troponin can undergo in situ degradation into smaller fragments during prolonged
periods of myocardial ischemia (10). Using denaturing Western blot analysis, troponin
fragments appear in the blood of patientswith acute coronary syndromeswithin thefirst
hour after the onset of chest pain, well before detection by commercial troponin assays
(11). Othershave suggested that the rel ease of troponin following reversibleinjury isnot
likely (12). Although the debate isintellectually interesting, most agree that adefinitive
answer regarding this area of question will be difficult, if not impossible, to prove (13).
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Fig. 1. Thetroponin T-I-C complex of the thin filament is released from damaged myocytesinto
various molecular forms. The T-I1-C complex appearsin the blood and degrades first into the |-C
complex (thepredominant formof cTnl inblood) andfree TnT. Thel-C complex further degrades
intofreetroponinsubunitsand fragmentsof i ntact subunits (both immunoreactiveand nonimmuno-
reactive). A small proportion of troponin| and T and fragmentsisal so foundinthecytoplasm. Tro-
ponin | can exist in either oxidized or reduced forms, or up to two phosphorylations.
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Fig. 2. Biphasicrelease pattern of cardiac troponin and relationship of cutoff concentrations. Peak A,
myocardial infarction (M1); peak B, unstable angina. AMI, acute myocardial infarction. (Modified
fromref. 3.)
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Fig. 3. (A) Two-site (“sandwich”) immunoassays. The capture antibody isimmobilized to asolid
surface(e.g., testtubewall). Thedetecti onantibody islabel ed with adetecting enzyme, fluorophore,
or chemiluminescent tag. (B) Thepresence of analytes(circles) enablescapture. Unbound label ed
antibody isremoved. (C) Thesignal of thelabeled antibody (left) isgenerated and measured. The
concentration of theanal yteisextrapol ated from acalibration curve(right). (D) Mechanismfor inter-
ferencesowing tothepresence of unusual antibodies. Heterophilic or human antimouse antibodies
bind to both the capture and detection anti bodi es, producing an analytic signal inthe absence of the
analyte. (Modified fromref. 14).

QUALITY SPECIFICATIONS FOR ANALYTIC ASSAYS

All assaysfor cardiac troponin require the use of immunoassay techniques. Two-site
“sandwich” immunoassays make use of acapture antibody to bind to the analyte of inter-
est, and alabeled antibody that is used to determine the quantity that isbound to the cap-
ture antibody (Fig. 3A—C). The concentration is determined from a calibration curve (plot
of theanalytic signal vs concentration of calibrators). Animmunoassay analyzer isused
to measure these proteins. Point-of-care (POC) testing devices offer an alternative to a
largeanalyzer/central laboratory testing approach (see Chapter 32). Becausetheanalytic
performance of assays for cardiac markers can have a major impact on how results are
interpreted, the International Federation of Clinical Chemistry Committee on Standardi-
zation of Markersof Cardiac Damage (IFCC C-SMCD) devel oped quality specifications
for cardiac troponin assays (15). Table 1 summarizes the major recommendations made
by this committee.
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Table 1
Quality Specification for Cardiac Troponin Assays

Antibody specificity: Antibodies in troponin assays should recognize the stable part of the
molecule and should not be affected by complex formation or in vivo modifications.

Calibration: The natural and native troponin ternary complexes should be used.

Sample dilution: There should be no matrix effects for immunoassays, as determined by
superimposable curves on dilution of high samples.

Assay specificity: There should be no crossreactivity with heterophilic, rheumatoid factor, or
human antianimal antibodies.

Documentation of preanalytic factors: The types of blood collection tube and in vitro stability
at different temperatures should be documented.

Adapted from ref. 36.

Epitope Specificity of Commercial Antibodies

The performance of immunoassaysis greatly dependent on the reactivity of the anti-
bodies used toward the epitopes of the targeted proteins. Proper selection of antibodies
isparticularly important for troponin assays, because blood from patientswith ACS con-
tainsavariety of different formsof troponin (Fig. 1). Whereas some assays produced an
equimolar responseto theseforms, othersproduced ahigher signal to thebinary and tern-
ary troponin forms (16). Thus, atight linear regression of troponin | results from human
patients was not achieved with acomparison of early commercial troponin assays (e.g.,
r = 0.811 for Beckman Access vs Stratus) (17).

The primary sitesof in situ and in vitro degradation for cTnT and cTnl arethe C- and
N-terminal sequences. Theselow-molecul ar-weight fragmentsarerapidly cleared fromthe
circulation by glomerular filtration. As a consequence, assays that use antibodies directed
toward the central stable portion of the molecule will exhibit greater relative increases
in concentration over time and alonger duration of elevation (Fig. 4) (18). Antibodies
directed toward the fragments will have alimited window of detectability. However, if
troponinisreleased during reversibleischemia, development of assaysdirected to the N-
and C-terminal fragments (the unstable parts of the molecule) may have added clinical
utility.

Assay Standardization

A major issue for cTnl assaysis the current lack of industry standardization among
commercial assays. Althoughthisisnot aproblemfor troponin T assay, becauseonly one
manufacturer (Roche) hastheintellectual property rightsfor use of thistest, itisanissue
for other cardiac markers such as myoglobin and CK-MB (19).

CLINICAL IMPLICATIONS OF LACK OF STANDARDIZATION

Figure5illustrates the extent of the problem for cTnl regarding the lack of standard-
ization. Thedataarefromthe College of American Pathol ogists 2004 Proficiency Survey
(20). Although each of the commercial assaysdemonstrates|inearity between individual
concentrations and the zero point (demonstrating minimal offset bias), thereis substan-
tial proportional bias between assays, as recognized by the slope of each line against
an arbitrarily selected predicate assay. Using results of assays that produce the lowest
and highest cTnl results (Triageand AXSY M, respectively), the slopes differ by afactor
of nearly 100 to 1, resulting in very different reported values for the same sample. For
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Fig. 4. Effect of antibody sel ection on measurement of cardiactroponin. (T op) Epitopestofour anti-
bodiestotheintact primary amino acid sequenceof cTnl areshown. After troponinisrel eased from
theblood, it undergoesdegradation at the C-terminal and then N-terminal sequences. Thesesmaller
peptidesarerapidly removed fromthecirculation. (Bottom) Dual-sitetroponinassay using various
combinations of antibodies. Assay AB3—4 showsarapid return to baselinelevels, owing to removal
of the C-terminal fragment; assay AB1-2 showsanintermediatereturnto baseline, owingtoremoval
of the N-terminal fragment; and assay AB2—3 shows a prolonged return to baseline, because the
central portion of the peptide isthe most stable.

example, for asamplereported as 1.0 ng/mL with the Dimension assay, resultswith other
assayswill vary from <0.2 with the Triage to >2.0 with the AXSY M. Table 2 providesthe
reasonsfor thelack of concordancebetween assays. Themost influential reasonisthefact
that different manufacturers have used dif-ferent calibrator materials and val ue assign-
ment of calibrator concentrations.

The lack of assay standardization poses a major problem when interpreting results
generated from different assays, such aswhen apatient istransferred from another hospi-
tal whoselaboratory usesadifferent cTnl assay. Confusion may a so occur if the samehos-
pital uses different testing platforms, such asaPOC assay when the patient isin the ED
followed by acentral laboratory assay when the patient is admitted to the coronary care
unit. For risk stratification of patients with ACS, differencesin cTnl cutoff concentra-
tions make it very difficult to determine the proper cutoff concentrations for one assay
when the published data from clinical studies use adifferent cTnl assay.

DevELOPMENT OF REFERENCE M ATERIAL FOR CTNI

To addressthe standardization issue, the American Association for Clinical Chemistry
(AACC) established The Troponin | Standardization Committee (21). This committee
obtained recombinant and heart-purified cTnl materialsin the T-1-C and I-C complex
forms, and free cTnl. Candidate reference materials (CRMs) were characterized for purity
by liquid chromatography/mass spectrometry (LC/MS), and thecTnl concentrationswere
assigned by a combination of amino acid analysisand LC/MS. cRMswere evaluated to
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Fig. 5. Lack of standardizationfor cTnl assays. Dataarefromthe 2004 College of American Pathol-
ogistsCAR-A Survey for Cardiac Markers(seeref. 20). Although each commercial assay (y-axis)
demonstrateslinearity for thetwo survey materias, they differ intheslope(“s’) of thelinerelative
to the Dimension HM assay (arbitrarily selected asthe predicatex-axis). * First-generation assay,
no longer available.

Table 2

Reasons for Lack of Concordance Among Cardiac Troponin Assays

Lack of standardization of the calibrating materials

« Differencesin the specificity of the antibodies used in the assays

 Variability in the various forms of troponin found in blood and the reactivity of antibodies
to these forms

« Differences in the analytic performance of assays with particular reference to analytic

sensitivity and assay imprecision

determine whether they had acceptably low matrix-associated variations (* commuta-
bility”) when diluted in human serum or a suitabl e diluent selected by the manufacturer,
and whether they could be used as calibrators to produce identical results for different
cTnl assays (“harmonization”). To select the best material, each participating manufac-
turer of troponin | assayswasgiven cRMsandinstructedto calibratetheir analyzersusing
these materials, and then measure serum pools prepared by the committee containing
varying concentrations of cTnl. Based on three round-robin cyclesof testing, the AACC
standardization committee determined that the CIT ternary complex was most commut-
able. Using manufacturer-specified calibrations, results of the serum pools produced a
variability of 90% among results of different assays. This variability was reduced by
seven-tofivefoldto 12% for these ssmeassayswhenthecRM troponin CIT complex was
used asacalibrator (22). The NIST has certified a Standard Reference Material based on
the CIT complex (SRM #2921), and it is available at www.nist.gov. One manufacturer
(Abbott) hasreleased animproved cTnl assay that iscalibrated tothenew NIST standard.
Although other manufacturers have no obligation to use this material, many are in the
process of reformulating their assays. The availability of a standard reference material
will not enable complete standardization among assays, because of the variability of
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epitopestargeted by antibodies used in the assays. However, resultsfromindividual patients
using standardized assayswill differ only by asmall percentage, instead of ordersof mag-
nitude, asis the case today.

Assay I nterferences

All antibody-based assays are subjected to interferences owing to the presence of
unusual antibodies such as heterophiles and human antianimal antibodies. As shownin
Fig. 3D, these antibodies recognize and bind to antitroponin antibodies, thereby mimick-
ing the analyteitself. Several casereports have documented thisproblem (23,24). There
has been increasing attention by manufacturers of troponin | assaysto reformulate their
assays, but theincidence of false positive results has not been eliminated (25). Although
less commonly encountered, fal se-negative results can also occur (26).

Repeated testing showing the absence of arise and fall characteristic of acute myo-
cardial injury can be very helpful in suggesting the presence of an interfering substance.
Reversible interference such as that from fibrin strands resulting from incomplete iso-
lation of serum ought to resolve completely with repeat testing using appropriate sample
handling (e.g., centrifugation). Testing for heterophile antibodies may be conducted by
alaboratory when an interfering antibody is strongly suspected.

AMI CUTOFF CONCENTRATIONS
AND ASSAY IMPRECISION FOR TROPONIN

For the mgjority of clinical chemistry analytes, areference range can be established,
becausetheanal yteis present in measurable concentrationsin healthy individuals. Theref-
erence rangeis determined by measuring the analytein acohort of subjectswho arefree
from the disease in question. Ideally, the healthy subjects should be matched to the tar-
geted disease group regarding age, gender, race, and other factors. The reference range
for two-tailed tests (i.e., clinical significancefor both low and high results) is calculated
by the mean + 2 SDsif the distribution of resultsis parametric, or by the central 95% of
resultsif the distribution is nonparametric. Because thereisno significance for low car-
diac marker results, the reference range can be computed as the upper 97.5% of healthy
individuals using a one-tailed test.

In contrast to themajority of clinical chemistry analytes, cutoff concentrationsfor car-
diac markerssuch as CK-M B and myoglobinwere established on the basisof clinical cri-
teriafor thediagnosisof M1 and not from acohort of healthy individuals. Using receiver
operating characteristic (ROC) curveanalysis, which plotsclinical sensitivity vs1— spe-
cificity, the optimum cutoff concentrationswere determined at an analyte valuethat best
discriminated between subjectswith disease (i.e., AMI) and those without disease (Fig. 6).
Thelatter category consisted of patientswho presented to the ED with chest pain owing to
anoncardiac etiology or who had cardiac disease that was not ruled out for AMI. Patients
with unstable anginawere considered to beinthe non-AMI group, despiteaminor increase
in cardiac biomarker results. The cutoff concentrations were therefore higher than the
97.5% of a cardiac-healthy population.

Thenotion that biomarkerswereonly useful for diagnostic purposes changed with the
demonstration that troponin was more sensitive than CK-MB for the detection of M.
Clinical trials showed that troponin could also be used for risk stratification of patients
who were previously ruled out for AMI by the older biomarkers. The term minor myo-
cardial damagewasinitially coinedtorefer to troponin concentrationsthat were between
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Fig. 6. ROC curveanalysisplotted fromdistribution of cardiac marker resultsin diseasevsahealthy
population. CAD, coronary artery disease.
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Fig. 7. Comparisonof cutoff concentrationsfor cardiactroponinaccordingtovariouscriteria. (Adapted
fromref. 27.)

the upper reference limit and the ROC-determined AMI cutoff concentration. Because
cardiac patientswith troponin concentrationinthisregionwereal so shownto haveahigh
incidenceof poor outcomes, ajoint committee of the ESC and ACC recommended | ower-
ing the cutoffsfor cardiac markersto the upper 99% of healthy individuals (Fig. 7). Peak
B in Fig. 2 showsthat a patient with unstable angina may have atroponin concentration
that is below the AMI decision limit but exceeds the upper reference limit of a healthy
population. Use of thislower cutoff concentration posed a problem because most assays
donot havethesensitivity to consistently detect troponininthebl ood of healthy individu-
alsand, therefore, the 99% cutoff could not be computed with any acceptabl e degree of
analytic precision. Previously, the National Academy of Clinical Biochemistry had rec-
ommended that the assay imprecision be <10% at the cutoff concentration (2). A subcom-
mittee of the ESC/ACC suggested that the AMI cutoff should be the marker concentration
that first producesa10% imprecision (coefficient of variation [CV]) (9) until new assays
for troponin are developed with the necessary sensitivity. Figure 8 illustrates data for
several commercial troponin | assays and the value and the concentration at the 10%
CV level (28). Figure 9 compares the 99th percentile (obtained from the manufacturer’s
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Fig. 8. Imprecisionvsanalyte concentration profilesfor cTnl. A: A1A21; B, C: Accessand Access2,
D: StratusCS; E: Centaur; F: Immulite; G: Dimension; H: ACS:180; I: Immuno 1; J ECi; K: Liaison;
L: OpusPlus; M: Vidas; N: AxSym; O: AlphaDx. (Reproduced fromref. 28, with permissionfrom
the American Association for Clinical Chemistry.)
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Fig. 9. Comparison of 99th percentile and 10% CV cutoffsfor commercial cTnl assays. Dataare
taken from ref. 28. URL, upper reference limit.

package insert or personal communication from the manufacturer) to the 10% impreci-
sion cut point (determined by the IFCC C-SMCD), and the ratio of the values for com-
mercial cTnl assays. The smaller thisratio, the closer a particular assay isto achieving
the goal of a CV <10% at the 99th percentile.
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Fig. 10. Bayesian statisticsfor cardiactroponinfor 1000 hypothetical patientsasfunction of disease
prevalenceandassay accuracy. (A) Preval enceof 50%, accuracy of 90%; (B) preval enceof 10%, accu-
racy of 90%; (C) preval enceof 10%; accuracy of 99%. TP, truepositive; TN, truenegative; FP, false
positive; FN, false negative.

Regardingthedefinition of M1, theBritish Cardiac Society Working Group hasrecom-
mended the use of two cutoff concentrationsfor cardiac troponin (29). Thefirst, higher
cutoff correspondsto “typical ACSclinical myocardial infarction,” using concentrations
for cTnT (Roche) of >1.0 ng/mL and cTnl (Beckman Access 2) of >5 ng/mL. These
troponin concentrations were selected because they approximate the traditional defini-
tion of AMI, including the use of total CK. The second cutoff concentrations are set at
cTnT and cTnl concentrationsbelow 1.0 and 0.5 ng/mL, respectively, and correspond to
“ACSwith myocyte necrosis.” These recommendationsarein contrast to the ECS/ACC
recommendations and illustrate and contribute to the ongoing debate over the redefini-
tion of AMI guidelines (30-32).

CARDIAC TROPONIN CUTOFF FOR RISK STRATIFICATION

Datafromthe TACTIC-TIMI 18 and FRISC-11 trialshave fueled debate regarding the
optimum cutoff concentrationsfor cardiac troponin (33,34). Thesetrialscompared aggres-
sivetherapy such aswith percutaneousintravascul ar intervention and dalteparin, respec-
tively, against conservative treatment for patients with unstable angina. As predicted
from previous studies, patients who had cardiac troponin levels above the 10% CV cut
point had ahigher 30-d death and M1 rate than patients who had val ues bel ow the upper
limit of normal (99th percentile). However, patients who had troponin concentrations
between the 99th percentile and the 10% CV cut point were al so at increased risk for 30-
d adverse events. For example, inthe TACTICS-TIMI |1 Trial, the cTnl odds ratios for
the 30-d death and AMI for unstable angina patients were 3.0 (95% confidence interval
[CI]: 1.5-6.1) using the 10% CV cutoff, and 3.6 (95% CI: 1.8-7.3) using the 99th percen-
tile cutoff (33). Similar findings were observed from the FRISC Il Trial (34).

These data suggested that the lower (99%) cutoff concentration for cardiac troponin
isthe most appropriate for risk assessment in patients with a high clinical probability of
ACS. Figure 10A shows that a test with a 90% accuracy produces a high ratio of true-
positiveto false-positive resultswhen the prevalence of the tested populationishigh (e.g.,
50%). However, whenthe prevalencefor ACSislow (e.g., 10%for ageneral ED chest pain
population), use of this same 90% accurate troponin assay will result in an unacceptably
high false-positive rate (equal numbers of false positives and true positives) (Fig. 10B).
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Thus, for alow disease prevalence population, the accuracy of the assay must be higher
(e.g., t0 99%, as shown in Fig. 10C) (35). Precision isan important attribute to analytic
accuracy, because assaysthat are imprecise cannot be accurate. However, for use of tro-
poninin ACS, if thereis sufficient separation in troponin concentrations between low- and
high-risk groups, theimprecision may havelittle effect on the clinical accuracy of thetest.

PRE- AND POSTANALYTIC VARIABLES

Inadditiontotheanalytic variablesof assay performance, thequality of any laboratory
datais also greatly dependent on pre- and postanalytic variables. Preanalytic variables
includethetypesof blood collection tubes used and thetime and manner by which speci-
mens are transported to the laboratory. Animportant preanalytic variableisthe stability
of the analyte.

Collection of Samples

Most commercial assays can accommodate either serum or plasma (anticoagul ated
withheparinor EDTA), but thereareexceptions(e.g., only serumfor Roche ElecsyscTnT,
only heparinized plasmafor Ortho ECi cTnl, and whole blood or EDTA plasmafor Bio-
site TriagecTnl). The user should consult the clinical laboratory for specific blood collec-
tiondetails. For samplestability, troponin beginsto degrade soon after bloodiscollected.
Antibodies of most commercial assaystoday are directed to the stable or conserved por-
tion of the protein and, thus, troponin instability is not amajor issue with contemporary
assays, especially because testing is usually conducted immediately after collection.

Turnaround Time

Postanalytic variables include the overall turnaround time between ordering the test
and reporting the results. Both cardiology and laboratory medicine groups recommend
aturnaround timeof 60 minfor cardiac markers(3,33), athough the ACC/American Heart
Association state that a 30-min turnaround timeis preferable. Meeting thislower figure
would bevery difficult for testing conducted in acentral |aboratory given thetimerequired
for sample delivery, centrifugation, and on-instrument analysis (typicaly 10-20 min).
Increasingly, therapeutic management decisionsarerelying on theresults of troponintests.
Unnecessary delays in either the pre- or postanalytic process reduce the usefulness of
these tests.

The necessary turnaround timefor cardiac marker resultswill be institution dependent.
EDs with aggressive triage protocols (“ chest pain centers’) are designed to make rapid
therapeutic and/or management decisions and will benefit from rapid testing (e.g., turn-
around time < 30 min) that can be delivered by the use of POC or near-patient (e.g., satel-
lite) testing (see Chapter 32). EDsthat have amore conservative triaging strategy may be
abletojustify testing fromthecentral laboratory (turnaround time~ 1 h), because patients
arenot triaged asquickly. Thelaboratory must work closely with ED physiciansand car-
diologists to deliver the needed turnaround times while maintaining cost-effectiveness.

CONCLUSION

Aswithany laboratory test, thequality of theclinical information provided by that test
isonly as good as the analytic performance of the test itself. In the case of troponin,
improvementsin sensitivity and specificity are warranted. It isincorrect to assume that
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all commercial troponin assaysarethe same. Under ideal conditions, alaboratory should
sel ect the best troponin assay that meetsitsclinical needs. However, clinical laboratories
are often bound to contracts from specific manufacturersor vendors of laboratory equip-
ment. Therefore, the assay most likely used in that institution isthe one that isavailable
ontheinstrument. Itisimportant that theclinician befamiliar with theanal ytic performance
(i.e., level of 10% CV) and appropriate cut points (99th percentile and/or evidence-based
decision limits) for all troponin assays used (both laboratory-based and POC) at his or
her institution. Itishoped that intimeall troponin assayswill be standardized and exhibit
similar performanceto each other, asisthe case for the majority of other clinical |abora-
tory analytes today.
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SUMMARY

Thediagnosisof acute myocardial infarction (AMI) asdefined by the World Health
Organization (WHO) wasbased for many yearson the presence of two of three possible
criteria: clinical symptoms compatible with AMI, typical electrocardiogram changes,
and increases in markers of cardiac injury. However, because of the very good sensi-
tivity and specificity of creatine kinase-MB (CK-MB), it eventually became rare to
diagnose AMI in the absence of elevationsof thishiomarker. Thus, although never for-
mally embraced by WHO, the clinical diagnosis of AMI became dependent on eleva-
tionof abiomarker of myocardial injury intheappropriateclinical setting. Thisapproach
evolved further with the development of cardiac troponin and its integration into the
definition of MI by the European Society of Cardiology and the American College
of Cardiology. The present diagnostic standard for Ml is thus based on the following
biomarker criteriac Maximal concentration of troponin T or | exceeding the decision
limit (99th percentileof thevaluesfor areference control group) manifestingadynamic
pattern on at least one occasion during thefirst 24 h after theindex clinical event; if the
valueisbetween the 99th percentile and the 10% coefficient of variation level, caution
iswarranted because analytic fal se-positive results can occur. In the unusual situation
in which troponin assays are not available, the value of CK-MB (preferably CK-MB
mass) exceeding the 99th percentile of theval uefor areference control group and mani-
festing a dynamic pattern can be used for diagnosis.
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INTRODUCTION

For many years, the diagnosis of acute myaocardial infarction (AMI) asdefined by the
World Health Organi zation (WHO) wasbased on the presence of two of three possible cri-
teria: clinical symptomscompatiblewith AMI, typical electrocardiogram (ECG) changes,
and increasesin markersof cardiacinjury (1). Thesecriteriaarose asearly as 1959 from
efforts of the WHO to develop a definition of AMI in order to track its prevalence and
associated prognosis. Initially, only clinical symptomsand ECG changeswereincluded as
criteria (2). Subsequently, after work building on the initial description of biomarker
increasesin AMI (3), markers of myocardial necrosiswere added as secondary criteria.
Because of the poor specificity of the available markers, the lack of standardized assays,
and the lack of adequately derived normal ranges, locally determined biomarker criteria
were used and high thresholds suggested (1,4). However, with the important work of
Sobel and colleagues and additional time, first total creatine kinase (CK) and subse-
guently CK-MB became the “gold standard” biomarkers for the definition of cardiac
injury (5-9). Because of the very good sensitivity and specificity of CK-MB, eventually
it became rare to diagnose AMI in the absence of elevations of this biomarker. Thus,
although never formally embraced by WHO, the clinical diagnosis of AMI became
dependent on elevations of this marker of myocardial injury in the appropriate clinical
setting, often defined by clinical symptoms and ECG changes. In addition, the medical
community now appreciates that symptoms often can be subtle or even nonexistent and
that ECG changes can be totally absent (10).

Withthishistory inmind, in July 1999, the European Society of Cardiology (ESC) and
the American College of Cardiology (ACC) convened aconferenceto discussrefinements
in the diagnosis of AMI (11,12). By thistime, not only was the paradigm of requiring
marker elevationsfor thediagnosisof AMI well entrenched clinically, but anew marker
known as troponin had supplanted CK-MB as the analyte of choice for the diagnosis of
myocardial injury (13-15). The ESC/ACC task force, and particularly the panel onbio-
chemistry, considered these trends and fashioned criteria to account for improvements
in these investigative tools.

THE 1999 ESC/ACC DEFINITION

The ESC/ACC task force embraced the prevailing clinical reality and insisted that the
diagnosis of myocardial infarction (M) require biochemical evidence of cardiac injury
in the appropriate clinical setting (11,12). The group also identified troponin as the pre-
ferred biomarker of myocardial injury. Theformal redefinition criteria(11,12) (Table 1)
included the following:

1. Typical riseand gradual fall (troponin) or morerapid risesandfall (CK-MB) of biochemical
markers of myocardial necrosiswith at least one of the following: ischemic symptoms;
or development of pathological Q wavesonthe ECG,; or ECG changesindicative of ische-
mia or coronary artery intervention;

2. Pathological findings of an acute MI.

In hindsight, two minor changes might have enhanced the definition. The first would
have been to modify the required temporal change to include “a typical rise and/or
gradual fall (troponin) or more rapid raise and/or fall (CK-MB)” to account for the fact
that some patients who present late after the onset of infarction might manifest only
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Table 1
1999 ESC/ACC Ciriteria for Acute, Evolving, or Recent MI

Either one of the following criteria satisfies the diagnosis of acute, evolving, or recent MI:

1. Typical rise and gradual fall (troponin) or more rapid rise and fall (CK-MB) of biochemical
markers of myocardial necrosis with at least one of the following:
e |schemic symptoms
» Development of pathological Q waves on the ECG
» ECG changes indicative of ischemia (ST-elevation or depression)
» Coronary artery intervention (e.g., coronary angioplasty)
2. Pathological findings of an AMI

falling values. Another possible way to recognize this situation would be to emphasize
the dynamic nature of the marker changes; that is, valuesthat are constant and unchang-
ingover timearerarely dueto acuteischemic cardiacinjury. Thesecond potential change
would beto correct thefact that the criteriafailed to addressthe situation in which patients
present with classic symptomsand ECG changes and succumb before marker valuescan
be obtained or before el evations have time to become manifest. Under the present crite-
ria, in the absence of an autopsy, these patients cannot be given adiagnosis of AMI. It
islikely that these two problemswill be remedied in subsequent iterations of the guide-
lines. However, thelatter modification should not in any way undercut theclear intention
thatinalmost all clinical situationsthediagnosisof AMI requiresel evation of abiomarker
of cardiac injury.

The remainder of this chapter discusses the issues underlying the recommendations
of the ESC/ACC committee, and updatesthe scienceonwhichthecriteriaarebased, with
particular emphasis on the issues related to the biochemistry of the cardiac biomarkers.

TROPONIN IS THE BIOCHEMICAL MARKER OF CHOICE
FOR THE DIAGNOSIS OF MYOCARDIAL INJURY

Four potential analyteswere considered for inclusioninthecriteria: troponin and CK-
MB for primary diagnosis, and myoglobin and CK isoformsfor useif early diagnosiswas
deemed essential. A comprehensive review of these analytes can be found in Chapter 1
(16). However, certain basic principles are worth noting.

Release and Clearance Kinetics

The characteristics of the macromolecules measured will determinetheir optimal use
diagnostically. Markers that are relatively small, such as myoglobin (mol wt = 17,800
Daltons), are released more rapidly from myocardium and cleared more rapidly from
plasmathan arelarger macromolecules (17,18). The advantage of these smaller markers
isthat because they are cleared rapidly, they are normally present only in low levelsin
plasma; thus, their rapid release is more easily detectable, permitting earlier diagnosis.
On the other hand, because of the rapid clearance, the diagnostic window for detection
of myocardial injury with small molecules, such asmyoglobin, isnarrow. Thetroponins
are of intermediate molecular weight (23,500-33,500 Daltons) and are released rap-
idly from myocardium owing to animmediately releasable* cytosolic pool” (13,19-21).
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Continuing release of structurally bound protein is slow and, thus, this marker remains
elevated for many days (19-21). The MB isoenzyme of CK (CK-MB), whose molecul ar
weight has been reported to be from 78,500 to 85,100 Daltons, is associated with early
release that is roughly comparable with that of the troponins and an intermediate clear-
ancetime relative to myoglobin, which permits adiagnostic window of roughly 6-36 h,
depending on the extent of myocardial damage (22,23).

Specificity for Cardiac I njury
CARDIAC TROPONIN

Three isoforms of troponin | are expressed in human muscle tissues: one is specific
tomyocardial tissue (cardiactroponin| [cTnl]) and two other, slow skeletal (sskTnl) and
fast skeletal (fskTnl) troponin | isoforms, are common in skeletal muscle. The cardiac
isoformisstructurally different from the skeletal muscleisoforms(24-26). It containsa 32
amino acid posttranslational tail that isabsent in the skeletal troponinisoformson the N-
terminal part of the molecule. These additional sequences, as well as 42 and 45% of
seguence dissimilarity with sskTnl and fskTnl, respectively, make possiblethe generation
of monoclonal antibodies (MAbs) that are specific to cTnl and have no crossreactivity
with skeletal forms (27). In addition, to date, cTnl has not been found to be expressed
anywhere except in cardiac tissue (28), during either adult life or neonatal development
or even in response to tissue damage. This later finding is reassuring, because proteins
expressed during development are often reexpressed in damaged tissues as part of the
repair process.

The presence of several troponin T genes (29) as well as alternative splicing (29,30)
provides for the existence of the multiple troponin T isoforms. The primary RNA tran-
scriptfor troponin T dependsonthe stage of ontogenesis. Human cardiac musclecontains
four troponin T isoforms, three of which are expressed in the fetus; oneisoform is char-
acteristic for adult heart (31). The N-terminal-specific sequence of the cardiac isoform
of troponin T (cardiac troponin T [cTnT]) (32,33), which is different from the skeletal
muscle forms, also allows for the development of highly specific MAbs for the cardiac
forms. In contrast to cTnl, theissue of cardiac specificity for cTnT ismore complex. Early
on, measurement of the cardiacisoformof TnT wasconfounded by anonspecifictag anti-
body in theinitial assays that caused some crossreactivity with a skeletal isoform (34).
Once this antibody was replaced with one without crossreactivity, the frequency of ele-
vation of troponin T in patients with skeletal muscle injury declined substantially (35).
However, cardiacisoformsof cTnT areexpressed in diseased skel etal muscle(36). Despite
thisfact, to date, studies using immunohistochemisty and/or polymerase chain reaction
have confirmed that theseisoforms are not detected by the antibodies used in the present
assay (37-39). Thus, elevations of cTnT detected by the present iteration of the assay
should have unique specificity for the heart equivalent to that of cTnl.

This near-perfect cardiac specificity is unigque to the troponins.

CREATINE KINASE

There are three distinct isoenzymes of CK, and amitochondrial form (40). The three
isoenzyme forms are all dimers consisting of 39,000- to 42,500-Dalton subunits (41).
CK-MB expression isnot unique to the heart (42—44). Moreover, in patients with myopa-
thies, the CK-MB content of skeletal muscle can increase markedly to up to 50% of the
total amount per gram of tissue (45). Thus, elevationsin CK-MB may occur as aresult
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of occasional analytical interferencesand in patientswith trauma, rhabdomyolysis, myo-
pathies, renal failure (owing to amyopathy), or during the peripartum period (16,46,47).

MyYoGLOBIN

Myoglobin also lacks cardiac specificity. Myoglobin, an ubiquitous heme protein
with amolecular weight of 17,800 Daltons, isfound in both skeletal and cardiac muscle,
but not in smooth muscle. It isfound in almost every organ of the body (48). Thus, ele-
vations can be caused by damage to many tissues as well as by reduced renal clearance
of the analyte (49,50).

Sensitivity for Detection of Cardiac Injury

Troponinisfar more sensitive for detection of cardiac damage than other markers of
necrosis (13,19-21,51-54). Increased sensitivity is expected based on the fact that there
isbetween 13- and 15-fold moretroponinthan CK-MB per gram of myocardium (13,19).
Most of thetroponinis complexed to the contractile apparatus (13,55). The amount that
isin the “cytosolic pool,” which is the pool thought to be available for release acutely,
is roughly the same concentration as that of CK-MB (13). Thus, the increased acute
sensitivity of troponin manifested in multiple studies (51-53) suggests either that the
structural pool of troponin is aso released acutely or that the release ratio (the amount
of protein found in the blood compared with that depleted from the heart) is higher for
troponin. Preliminary data suggest that the latter islikely the case and that rather than a
release ratio of 15%, asisthe case for CK-MB in the absence of reperfusion (30% with
reperfusion) (56), thereleaseratio for troponin may approach 100% (57). Finally, eleva-
tionsin troponin persist in plasmafor aprolonged period because the pool that isbound
to the contractile apparatusisdegraded and rel eased slowly (19,58). Thisprolonged win-
dow allowsfor theincreased detection of eventsand, thus, even greater apparent clinical
sensitivity.

Myoglobinis highly sensitive because clearance keeps levelslow. It also isreleased
early after the onset of cardiac insults. However, studies touting myoglobin have often
used high cutoff values for troponin, amplifying the apparent early sensitivity of the
myoglobin marker (59-64). Datafrom several studies suggest that both CK and CK-MB
isoforms detect acute infarction earlier than many other markers (8,59,65,66). Recent
studies using contemporary troponin assays and the low cutoff values show no additive
benefit (123).

Specificity for Irreversible Injury

The specificity of biomarkersfor irreversible (vsreversible) injury has been an ongo-
ing areaof questioninthefield of biomarkersfor many years. Theproblemisthat proving
the postul ate oneway or the other isdifficult (67). The best experimental study eval uated
increasesin plasmaCK. They wereinvariably associated withevidence of cardiacinjury
detected by electron microscopy (68). Given the difficulty of detecting injured cardiac
myocyteseveninthismodel, itislikely that if one used markersand/or criteriawith even
greater sensitivity, it would beimpossibleto find evidence of cardiac injury morphologi-
cally. Ontheother hand, it islikely that intense el ectron microscopic surveillance of the
heart would find an occasional dead myocyteintotally normal hearts. Finally, there cer-
tainly are mechanismsby which even proteinsaslarge asthetroponinscould be extruded
from cells (69). Free troponin is smaller than CK-MB but much larger than myoglobin.
However, troponinsare often rel eased as complexesthat aresimilar inweight toCK-MB
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(70,71). Thus, itislikely that if one of the markers can bereleased with reversibleinjury,
all of them can be. If all markersarereleased after either reversibleor irreversibleinjury,
detecting the transition point for any given marker is unlikely to be possible.

Supporting theideathat troponinisreleased only withirreversibleinjury arestudiesthat
have failed to detect elevationsin troponin in patients rendered ischemic (72). In addi-
tion, pathological studies by Ooai et al. (73) have invariably found evidence of myocyte
death when elevations of troponin are present. However, troponin isreleased in experi-
mental model sof vital exhaustion (74) and thereisrapid disappearanceof minor transient
elevationsin someexercisestudies(75-77) and, moreimportant, in patientswith pulmo-
nary embolism. Thesefindings have been used to suggest that there can betransient release
fromthe* cytosolic pool” and that the absenceof later rel easefromthe structurally bound
pool isevidence of the absence of irreversibleinjury (78,79). Such speculation would fit
withtheknowndifficulty ininfarcting theright ventricle, thus, thetermischemic dysfunc-
tion, coined by Goldstein (80). Thisissueisfar from settled, but giventhelikelihood that
it affectson all markers, itis probably not possible clinically nor important to make this
distinction. If markersthat can distinguish between thetypesof injury can be devel oped,
then this issue may become important again.

Giventheseconsiderations, itiseasy to seewhy troponinwas sel ected asthe preferred
marker for the detection of cardiacinjury. Itisonly when troponin testing isnot available
that the use of CK-MB is advocated as the primary marker for the diagnosis of cardiac
injury. Total CK, aspartate aminotransferase, and lactate dehydrogenase no longer have
arolein the diagnosis of AMI.

DETECTION OF MYOCARDIAL DAMAGE

Oncetroponinwasidentified asthemarker of choice, therewerestill several important
considerations, which are discussed below.

Biochemical Criteria Used for Diagnosis of Myocardial I njury

In 1999, the appropriate biochemical criteriafor Ml werefar from clear. The National
Academy of Clinical Biochemistry had suggested that therebetwo troponin cutoff values
(53): oneto defineinfarction and asecond designation for unstable anginawith minimal
myocardial necrosis. Such an approach had been facilitated by companies that, recog-
nizing the markedly improved sensitivity of troponin, had recommended the two-cutoff
approach and had commercialized assays based on an AMI cutoff to avoidincreasing the
number of MIsthat were being diagnosed. It wasfeared that to do otherwise would upset
clinicians and undercut the utility of troponin testing. Such an approach had the advan-
tage of avoiding anincreasing number of small MIswiththeattendant insurance, psycho-
logical, and logistic problemsthat can face patients postinfarction, and many physicians
favored such criteria. The difficulties with such an approach were several-fold:

1. Suchanapproachlacked astrong scientific basisfor itsadvocacy. | nessence, it maintained
the insensitive and nonspecific criteria predicated on CK-MB with all of the difficulties
attendant to that approach. Furthermore, CK-MB assays were not standardized them-
selves, and even today there can be up to threefold differences between assays (81).

2. Theproblems of accepting this approach would have been compounded with the hetero-
geneity of troponin assaysand cutoff valuesin useaswell. There are marked differences
in the sensitivity of troponin assays (82,83). Furthermore, the M| cutoff values, which
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were often called receiver operating characteristic (ROC) values, were well established
for some assays based on large numbers of patients, whereas for others, there were no
data on which to base this decision limit.

3. Thedevelopment of an additional category of patients based not on pathophysiology but
ontheneedtopreserveaprior, clearly flawed paradigm a sowasnot attractive. What would
happen when assays became more sensitive?

4. By that time, it was clear that el evated troponin was associated with increased short- and
long-term risk, anatomy, and pathophysiology indistinguishable from that of convention-
aly diagnosed non-Q M| (84-87).

For thesereasons, the concept of two cutoff valueswas eliminated. Instead, anormal range
was defined with val ues above that range considered abnormal. Although this approach
did not and could not eliminate the problems of assay variability totaly, it at least pro-
vided consistent criteriaacross assays and provided aguidelinethat could/would remain
consistent even asassays changed. Thus, the definition statesthat when thereisevidence
of cardiac injury and the mechanism of that injury appears to be myocardial ischemia,
the term myocardial infarction is appropriate.

Defining Normal Range

For most tests, the normal range includes the mean + 2 SDs (the 95th percentile) asa
way of defining the 2.5% of high values that should be considered abnormal. However,
given the critical importance of this measurement to diagnosis and treatment, the 99th
percentile, or roughly 3 SDsfrom the mean, was recommended to eliminate fal se-positive
values. Such an approach was also favored by the ESC/ACC committee because of the
potential for analytical false positives owing to the imprecision of assays at very low
values (82).

Depending on the baseline one uses, the cutoff values, and assay sensitivity for CK-MB,
the application of troponin rather than CK-MB resultsin a30-130% increasein the fre-
guency of Ml (88-96). The relative sensitivity of troponin relative to CK-MB isillus-
trated by the datain Tables 2 and 3. Because patients with ST-elevation M1 (STEMI)
typically manifest large increases in biomarkers of necrosis, patients diagnosed solely
based on troponin are almost exclusively patients with non-STEMI (89,93-95). Such
patientshavealow short-term mortality but ahigher near-termrisk of recurrent ischemic
events (87). Because there is a strong relationship between the degree of elevation in
troponin and risk of mortality (85,93) and patients with elevations in troponin without
increasesin CK-MB will bethosewith theleast severeelevations, it isnot surprising that
patients with only troponin elevations appear to be at lower risk of mortality than those
with elevations of both (84,85,97).

Thereisaneed to definereference valuesin amore precise manner. Popul ations used
to describe normal values are often those most conveniently available and may not con-
tain adequate numbers of patients to assess age and gender-related, and/or racial differ-
ences. The biomarker concentrationsin such populationsarerarely normally distributed
and correction for thisproblemisrarely made. Investigators have begun to address these
issues, and for some assays it appears that age, gender, and/or race corrections may be
needed (98-100). However, theavailability of proper referencevaluesdoesnot eliminate
theneed for each laboratory to provideitsown duediligenceinthisarea, aswell asappro-
priatequality control measures, including theability to detect anal ytic problemswith cross-
reactivity and/or heterophilic antibodies.
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Table 2
Effect of Varying “Diagnostic” Troponin I Value on Number of Patients With MI“
cTnl (+), cTnl (-), Relative
cTnl (+) CK-MB (-) CK-MB (+) change (%)
Lower-limit detection 483 (22) 328 (15) 4(0.18) +195
Optimal (<15% CV) 331 (15) 180 (8.2) 6 (0.27) +104
Upper-limit detection 216 (9.7) 69 (3.2) 21 (0.965) +28

2Data are reported as the number (%). cTnl (+): cTnl-positive patients for the designated cutoff value;
cTnl (+), CK-MB MI (-): patients who did not meet CK-MB criteriafor M1 but had cTnl elevations at the
designated cutoff value; cTnl (=), CK-MB Ml (+): patientswho met CK-MB criteriafor M1 but did not have
cTnl elevations. The latter are aimost surely false-positive CK-MB results. (Modified from ref. 104 with
permission.)

Table 3
Change in Prevalence of Diagnosed Myocardial Infarction Using Troponin
Cutoff Value at CV 15% With Different Criteria for Diagnosis Based on CK-MB

Prevalence ctnl Additional Relative

Definition of Ml of Ml (%) positive (%) Mls (%) increase (%)
MB @ 5ng/mL 19.8 15.2 (-) 4.6 (-) 23
MB @ 10 ng/mL 10.7 15.2 (+)4.4 (+) 41
MB @ 8 ng/mL withRI & 4 7.6 15.2 (+) 7.7 (+) 99
IncMB, CK @ 1X normal 9.0 15.2 (+) 7.6 (+) 68
IncMB, CK @ 2X normal 5.4 15.2 (+) 9.7 (+) 178
Only ischemic ECG changes

MB @ 8 ng/mL withRI & 4 21.6 35.8 (+) 14.2 (+) 66

Inc MB, CK & 1X normal 18.1 35.8 (+)17.7 (+) 98

Inc MB, CK & 2X normal 11.7 35.8 (+) 24 (+) 206

RI, CK-MB ratio (calculated as CK-MB «» 100/Total CK). (Modified from ref. 104 with permission.)

I ssues Related to | mprecision

There was significant concern that the high imprecision at the low cutoff values sug-
gested would result in frequent analytic fal se positives. Accordingly, it was recommended
that the 99th percentile be measured with a coefficient of variation (CV) <10%. This
value, which initially led to complaints from the diagnostic industry, was predicated on
several factorsandisreally aconservative estimate. Datato definethe 10% CV wereavail-
ableat that time only throughthe diagnostic companiesand were usually based onwithin-
assay variability. Such an approach underestimates assay variability significantly, because
itignorestheadditional variability that occursacrossdifferent runs, on different machines,
on different days, and with different lots of reagents. Thus, the true variability islikely
nearly doublewhat is claimed by within-assay variability (101). If one then doublesthe
resultsfrom one publication that examined within-assay results at the 99th percentile, as
many as15% of samplesat that concentrationmight yieldresultsfor which oneof thevalues
was considered elevated and the other “normal” (102). Because el evationsintroponinin
patients with ischemic heart disease trigger aggressive anticoagulant therapy (103-105),
low-molecular-weight heparin use (106), and consideration of invasive evaluation (107—
110), itisdesireableto avoid analytic fal se positives. Thus, it was recommended that the
99th percentile value be measured with aCV <10%. In July 2004, thefirst assay to meet
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Fig. 1. Rate of combined end point of death and M| at 30 d among patientswith troponin T levels
above (black bars) or below (white bars) evaluated cut points(0.01, 0.03,and 0.1 pg/L) in FRISC-
Il and GUSTO-1V studies. (Modified from ref. 119 with permission.)

thesecriteriawas madeavailable (111). Until more studiesare done, diagnostic companies
will continueto providethe critical information that is necessary to define assay charac-
teristics. The ESC/ACC committee strongly urged that assay validation studies be pub-
lished inthe peer-reviewed literature in the hope of improving the level of sophistication
and accuracy of the information. Recently, the International Federation for Clinical
Chemistry (IFCC) group on markersof necrosishascodified criteriato beused for “quality
troponin assays’ (112).

In aggregate, thiscall for rigorously low imprecision has driven the assaysto marked
improvement. However, controversy remains regarding the value that should be used if
an assay fails, as most do, to meet the criteria proposed. We and others have advocated
using the value at which thereis 10% imprecision to avoid analytic fal se positives (113).
Itistruethat in someanalyses, asmall number of patientswith acute coronary syndromes
(ACS) who have an adverse prognosis are missed by such an approach (114) (Fig. 1).

However, it wasthought that the requirement for aCV <10% would reduce the poten-
tial for analytic false positiveswith low-level elevationsin patientswith alower clinical
probability of ACS. Infact, aslong asthe normal value study isdonesimilarly to the pre-
cision evaluations, the percentage of false positiveswill not be altered by using the 10%
CV value. Accordingly, itislikely that therequirement for aCV <10%will not beincluded
in updates to the ESC/ACC guidelines.

Summary

The aforementioned criteria have worked remarkably well. Despite increases in the
sensitivity of available assays, the relationship between troponin results with short- and
long-term prognosis has been maintained (84-87,114). Specifically, elevationsof tropo-
ninin patientswho present with acuteischemic symptoms are associated with a substan-
tially higher short- and long-term risk of death and recurrent ischemic events, and these
patients benefit from aggressive antithrombotic therapies, including platelet glycopro-
teinl1b/lI11aantagonists (103—105), and low-molecul ar-weight heparin (106), aswell an
early invasive management strategy (107—110). It is possible that as assaysfor troponin
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become still more sensitive, prognosis and therapeutic decision making may no longer
track closely with diagnosi sbecauseevent ratesat very low level smay beso low that they
cannot be distinguished from the event rate in troponin-negative patients. This finding
would not necessarily obviatethe diagnosisof acuteinfarction but, rather, require accurate
characterization of risk by theclinician. Moreover, to date, any reliably detected concentra-
tion of troponinin patientswith ACS appearsto be associated with increased risk of recur-
rent ischemic events.

MI IN SPECIFIC CLINICAL SETTINGS

Percutaneous Coronary Artery I ntervention

Anincreasein cardiac biomarkersafter percutaneouscoronary interventionisindicative
of cardiac cell injury. Because this necrosis occurs as a result of myocardial ischemia,
elevationsin biomarkersin this setting meet the definition for the diagnosisof AMI. How-
ever, thisisonesettinginwhich diagnostic criteriafor AMI and level sof troponin associ-
ated with adverse prognosis may not be homogeneous.

Cardiac Surgery

Myocardial damageinassociationwith cardiac surgery canbecaused by different mech-
anisms, including direct trauma to the heart; focal trauma from surgical manipulation;
global ischemiafrominadequate perfusion, myocardial cell protection, or anoxia; coronary
artery or venous graft embolism; and other complicationsof the procedure. Some causes
of this damage may be unavoidable. Moreover, no biomarker is capable of distinguish-
ing damage owing to an acute infarction from the usually small quantity of myocardial
cell damage associated with the procedureitsel f. Neverthel ess, the higher the concentra-
tion of the cardiac biomarker after the procedure, the greater the amount of damage to
the myocardium, irrespective of the mechanism of injury (115).

Clinical Trials

M1 isused both asan entry criterion and asan end pointin clinical trials. In genera, the
criteriaemployed for admission and for ascertainment of end point are the same. Using
the criteriasuggested for clinical use maximizestheability of thetrial datato be extrapo-
lated to routine clinical care. Conversely, modification of the definition impacts patient
selectionand thegeneralizability of thetrial outcomes. However, if trialselect tousehigh
values, it is suggested that they use multiples of the suggested cutoff values as criteria
toalow for easier comparability among trials (113). The appendix to thischapter provides
additional recommendations.

ADDITIONAL CONSIDERATIONS FOR CLINICAL USE

There are several other considerations for clinical use of biomarkers. First, increases
in biomarkers of cardiac injury reflect myocardial damage but do not indicateits mecha-
nism. Thus, elevated valuesin the absence of clinical evidence of ischemiashould prompt
asearch for other causes of cardiac damage. Second, sampling must be done adequately
in order to confirm or exclude the presence of MI. Such sampling includes asample on
admission and one at least 6-9 h thereafter, i.e., at least 6 h after the onset of symptoms.
If, asisoften the case, it isdifficult to ascertain the onset of symptoms, timing should be
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based on the time of presentation. If symptoms recur, then the clock must be “reset.”
Third, early release analytes such as myoglobin and CK isoforms should only be used,
unlessthedatawill resultinachangeintherapy. Astroponinassaysimprove, itisbecoming
lessand lessclear that these early analytesplay any role. Previousstudiessuggesting they
may be of benefit are often based on high troponin assay cutoff valuesand/or insensitive

assays (59-64).

CONCLUSION
The following biomarker criteria define cardiac injury:

1. Maximal concentration of troponin T or | exceeding the decision limit (99th percentile
of thevaluesfor areference control group) manifesting adynamic pattern on at least one
occasion during thefirst 24 h after theindex clinical event; if the valueisbetween the 99th
percentile and the 10% CV level, caution is warranted, because analytic false-positive
results can occur.

2. Inthe unusual situation inwhich troponin assays are not available, the value of CK-MB
(preferably CK-MB mass) exceeding the 99th percentile of the valuesfor areference con-
trol group, and manifesting a dynamic pattern, can be used for diagnosis. It should be
understood that CK-MB criteriawill not detect substantial numbers of patientswith MI.

APPENDIX:
APPLICATION OF ESC/ACC RECOMMENDATIONS
TO CLINICAL TRIALS

Thefirst attempt to operationalize the ESC/ACC guidelinesand to apply themto clin-
ical trials has been published recently and is reprinted here with permission (113). They
at least beginto define some of the complicated areaswhere specific criteriamay require
interpretation.

1. Spontaneous myocar dial infarction.

A. When the baseline concentration is unknown and therefore assumed to be <99th
percentile, asin patients who come to the hospital with acute symptoms, we pro-
posethat arise of cardiac troponin values above the val ue defined by the 10% CV
be considered indicative of cardiac injury. Increases should be present during the
initial 24 hoursof observation after AMI. If oneistrying to diagnoseinfarction days
after onset of symptoms, one may haveto rely on amore gradual falling pattern of
cardiac marker values. Valuesthat remain unchanged over daysare usually not the
result of AMI in the absence of complications such as cardiogenic shock. Asindi-
cated inthe ESC/A CC document, determination of mechanismisaclinical distinc-
tion and would be predicated on electrocardiogram, symptoms, angiography and
perhapsother clinical testing. If the mechanismisischemic, the proper termisAMI.

Such an approach will provide highly sensitive detection of cardiacinjury. This
is supported by evidence that increases of cardiac troponin values lower than the
ROC curve cutoff values, but abovethe 10% CV cutoff value we now advocate, are
associated with substantial increases in post-event morbidity and mortality (87,
116). It isthe recommendation of the ESC/ACC that patients with such increases
resulting from ischemic heart disease be diagnosed as having AMI.
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B. In some patients a baseline value may have been measured (eg, in hospitalized
patients) and may be greater than the 99th percentile but less than the level with
10% imprecision. In this situation, minor increases may cause the value to exceed
the 10% CV cutoff value. These individuals should be diagnosed as having AMI
when the value rises above the cutoff value proposed, even if the increment of
change is small.

C. For thepatient who has an el evated cardiac troponin above the cutoff value of 10%
imprecision, it may bedifficult to determinewhether increasing valuesaretheresult
of recurrent infarction or the elevationsfrom the acute event. If theincreaseis >25%
above the baseline value (the value when the patient arrives), it should be consid-
ered significant and indicative of recurrent or ongoing injury. For example, if the
initial valueis0.08 pg/L, ariseto avalue 0.1 pg/L (i.e., an increase of >0.02 g/ L
or 25%) would be considered indicative of ongoing or recurrent injury. This per-
centage change is arbitrary but excludes changes that result from analytic or bio-
logical variability. Such criteriashould berobust for most assaysbecause at higher
valuesthereisexcellent analytic precision for most assays. A distinctiononthebasis
of thetiming of increases and the clinical situation will need to be madeto distin-
guish recurrent infarction, if AMI isdaysold, from changes related to the kinetics
of cardiac troponin release, if AMI is acute.

D. For clinical trials, the definitions of spontaneous AMI could use the same criteria
astheclinical criteria. Such criteriawould allow broad extrapolation of theresults
of the trial to all patients diagnosed with the ESC/ACC criteria. Alternatively, a
higher value could be used inincrements of two-, three-, or fourfold increasesabove
the cutoff value to make the diagnosis. However, with this strategy, the results of
the clinical trial could not be extrapolated in a direct way to all patients diagnosed
with AMI, per the ESC/ACC clinical criteria. The use of multiples of the cutoff
values would further exacerbate differences between assays.

. Infarction after percutaneous coronary intervention (PClI).

The interpretation of biomarker increases after PCI has been controversial. In 1999,
in response to a critique (117), Califf et al. (118) developed criteria that a threefold
increase in biomarkers should be considered indicative of AMI. The field has pro-
gressed by use of this criterion and also by tabulation of increments on the basis of
absolute, onefold, twofold, threefold, and still higher incrementsof increase. Thedata
suggest that thereis prognostic significance to such increments (117). The ESC/ACC
guidelines do not attempt to refocus the field or to mandate specific criteria. The
guidelinesarguethat increasesof cardiac troponin areindicativeof cardiacinjury and,
because the mechanism isischemic with PCI associated increases, the proper termis

AMI. They suggest that infarctions of this nature be dealt with separately for the pur-

poses of clinical care, clinical trials and reimbursement (15). Accordingly, for PCI we

would make the following marker recommendations.

A. Aswith spontaneous AMI, if the baseline valueisnormal or unknown, one should
use an increase above the cutoff value determined at 10% of the level of impreci-
sion as indicative of periprocedural AMI.

B. If thebaseline valueisknown and isnear the cutoff value, we recommend that in-
creases that raise cardiac troponin above the cutoff with a ®25% increase from
baseline be considered indicative of periprocedural AMI. If thevalueincreases by
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<25% but exceeds the cutoff value, the diagnosis of AMI can still be made but we
would not consider such an event a periprocedural AMI.

C. If thevalueisincreased beforethe PCI, a®25% increase with spontaneousinfarc-
tions would define recurrent injury associated with PCI.

D. For clinical trialsimplementation, we again suggest centralized documentation of
laboratory information regarding the assay name and instrumentation used and the
collection of the raw val ues so that one can apply consistent standards. Thecriteria
suggested for clinical use should be the same as those used for clinical trials.
Increases could be tabulated in terms of increments from the upper cutoff val ue of
one-, two-, three-, or fourfold because there appears to be some utility to such an
approach (117). Such values are not a good surrogate for infarct size. If clinical
trialswish to use higher standards (two- or threefold increases), or other suggested
solutions, they should recognize that this reduces the ability to extrapolate their
resultsto the overall realm of patientswith PCl-related AMI. The use of multiples
of the cutoff valueswould further exacerbate differences between assays. Finally,
assuggested by the ESC/ACC guiddlines, infarctionsrel ated tointerventionsshould
be reported separately from spontaneous events (15).

3. Infarction after coronary artery bypass surgery (CABG).

The situation for patients undergoing CABG is too complex to define simple cutoff
values. Therearedifferencesintheamount of proteinrel eased that depend on the oper-
ation, the surgical approach, and the cardioplegia The release of biomarkers can be
the result of graft closure and myocardial infarction or a variety of other situations
related to cardioplegia and operative techniques during which there is an obligatory
amount of cardiac injury not resulting from infarction (118). We do not know how to
separatethese components. Thisaugmentsthevariability related to theassays. A clin-
ical approach predicated onlocal resultsto definethe cutoff valuesthat might be used
to definepatientsat risk for complicationsfor each type of operation (aortic valveaone,
mitral valve alone, CABG aone, and combined procedures) could be developed as
follows.

A. Thisreference value for normal procedures would be determined by use of local
anesthetic and operative surgical techniques with the assay proposed for use.

B. Thisreferencevaluewouldvary if theassay weredifferentindifferent institutions,
even if the techniques were the same.

C. Thisreferencevaluewouldvary withthesameassay if thetechniquesvaried between
institutions. For example, warm cardiopl egiarel easesan increased amount of marker
compared with cold cardioplegia (119).

Onthebasisof local experiencewith anesthetic and surgical techniquesand the above

mentioned biomarker definition, one could define the expected peak value after each

typeof surgical procedure. Marked increases (5- to 10-fold) abovethisvalue could then
be applied centrally to define adverse events for clinical trials. This criterion would
haveto be determined for each assay and for each institution. Even so, the designation
of anadverseevent or complicationwould not necessarily reflect the presenceof infarc-
tion but the conjoint amount of injury from all causes. The more marked the increase,
the greater thelikelihood of adverse clinical consequences (120). If such an approach
isused, multiple samples—including samples at 24 and 36 h after surgery—to locate
apeak value are essential (121,122).
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INTRODUCTION

Acute coronary syndrome (ACS) is a clinical syndrome ranging in severity from
unstable anginato ST-elevation acute myocardial infarction (AMI). Early diagnosisand
risk stratification are needed so that early treatment can appropriately be administered to
thoseat highest risk (1). Because ACSisaheterogeneousdisease process, accomplishing
these goals, especialy in the patient without ST-elevation, can be challenging. The emer-
gency department (ED) is often on the front line of this challenge and is faced with 5
million patient visitsfor chest pain each year (2). Of these patients, approx 25% will be
diagnosed with ACS (3).

Inthe ED setting, cardiac biomarkers have becomeincreasingly important for the diag-
nosisof AMI, especially when ST-elevations are absent on a 12-lead el ectrocardiogram
(ECG). Inadditiontotheir diagnostic utility, theability of cardiac biomarkerstofacilitate
risk assessment in chest pain patients has allowed emergency physicians and cardiol o-
giststorapidly identify and treat higher-risk patients with suspected ACS. The develop-
ment of point-of-care (POC) assays has also improved time to diagnosis and treatment
(4). Diagnostic algorithms, chest pain units, and rapid eval uation protocol sincorporating
cardiac biomarkers have been created, improving diagnostic accuracy for AMI and un-
stable angina while reducing hospital admissions and costs (5).

Thischapter will discusstheroleof cardiac biomarkersinthe ED setting, andtheir spe-
cific applicationsin diagnostic algorithms, chest pain units, and rapid eval uation proto-
cols. In order to judge the effect that these protocols and algorithms have on clinical
decision making, likelihood ratios (LRs) will be reported (Table 1).
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Table 1
LRs and Their Effect on Clinical Decision Making

Impact on clinical

+LR -LR decision making
>10 <0.1 Strong
5-10 0.1-0.2 Moderate
2-5 0.2-0.5 Small

1 1 No change

+LR, positivelikelihood ratio; —L R, negative likelihood
ratio. AnL R combinessensitivity and specificity of aparticular
test and adjusts the clinician’s pretest probability of disease
based on the results of atest. +LR indicates the degree that a
positivetest will increasethe probability of diseaseand -LR
indicatesthedegreethat anegativetest will decreasethe prob-
ability of disease.

EVALUATION OF CHEST PAIN IN THE ED

The I nitial Assessment

The initial evaluation of chest pain in the ED typically occurs 10 min after patient
arrival and remains dependent on the initial 12-lead ECG, history, and physical exami-
nation. The presence of ST-segment deviation onthe 12-lead ECG portendshighrisk for
adverse outcomes, and patients with thisfinding should be treated aggressively (6). The
12-lead ECG can beinitially nondiagnostic, however, in up to 50% of patientspresenting
tothe ED (7). Moreover, the history and physical examination cannot reliably excludethe
diagnosis of an AMI (8). Thus, additional testing is often necessary in order to improve
diagnostic and prognostic accuracy.

Early in the course of evaluation inthe ED, initial cardiac biomarkers of necrosisare
obtained. Myoglobin, cardiac troponin T or cardiac troponin| (cTnl), and creatine kinase-
MB (CK-MB) are commonly used to detect myocardial necrosis. However, the sensi-
tivities of these cardiac biomarkers obtained oninitial presentation may be poor and are
dependent on thetime from the onset of symptomsto presentation, the duration of ische-
mia, and the amount of myocardial tissue involved. Serial testing of cardiac biomarkers
inthe ED hassubstantially improved thedetection of myocardial necrosisinthissetting (9).

Traditional Cardiac Biomarkers Used in the ED

CK-MB |soEnzYME

CK-MB is predominantly found in the myocardium and is the most specific of the
three CK isoenzymes for the detection of myocardia necrosis. Elevation of CK-MB
occurs4—6 h after the onset of myocardial necrosisand can remain for 24—48h (10). The
initial sensitivity of CK-MB for the detection of AMI has been reported to be 23-57%
(11,12). Obtaining additional CK-MB measurementsincrementally improvesthe sensi-
tivity; repeat testing at 3 h after initial presentation improvesthe sensitivity to 88% (12),
and sensitivity is maximized when CK-MB sampling is performed over a 9-h evaluation
period (13).

CK-MB has excellent specificity, reported to be 97-99% (11,12). However, because
up to 3% of thetotal CK in skeletal muscleis CK-MB, nonspecific elevations can occur
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in the setting of skeletal muscle damage (14). Thislimitation can be mitigated by calcu-
lating the CK-MB relativeindex, which isthe proportion of CK-MB to total CK (15). A
CK-MB relative index <2.5% indicates a skeletal muscle source for this enzyme.

CARDIAC TROPONIN

With the development of assaysfor cardiac troponin, the definition of AMI hasunder-
gone a substantive transformation (see Chapter 3) (16). Similarly to CK-MB, troponin
| and troponin T are detectablein the blood 4-12 h after the onset of myocardial necrosis
and peak at 24-48 h. In contrast to CK-MB, elevated concentrations of cardiac troponin
can persist for up to 7-10 d.

Cardiac troponinismore sensitive and specific than CK-MB for detecting myocardial
necrosisand, thus, has becomethe preferred biomarker for the diagnosisof MI. Elevations
in cardiac troponin in the absence of elevationsin CK-MB suggest “microinfarctions,”
whereinarel atively small amount of myocardium undergoesnecrosis(17). Additionally,
thefinding of elevated levelsof cardiac troponinisapowerful predictor of future adverse
cardiac events, including death and recurrent AMI, even when elevation of CK-MB or
ST-segment deviation isabsent (18-20). Identification of high-risk patients hasallowed
emergency physicians and cardiol ogiststo determine which patientswill derive the great-
est benefit from aggressive ACS therapy. Patientswith positive cardiac troponin results
benefit more from antithrombotics (21), glycoprotein I Ib-111ainhibitors (22), and early
invasive revascul arization than do patients with normal levels of cardiac troponin (23).

The sensitivity of initial measurement of cardiac troponin for the diagnosis of AMI
hasranged from4to0 66% (19,24—26). Serial measurement of cardiac troponinsignificantly
improvestheability of thiscardiac biomarker to detect AMI; Hamm et al. (19) performed
troponin testing upon presentation and at 4 h, with improvement in the sensitivity from
51% to 94% for troponin T and 66% to 100% for troponin | in patients without ST-ele-
vation. In that study, patients with negative serial troponin results drawn within 4 h had
al.1% and 0.3% rateof M| and death, respectively, at 30d (19). The specificity of cardiac
troponin for the diagnosis of M1 has been reported as 89-98% (19,25). The variability in
reported specificity isreflective of differencesin the“gold standard” used to define AMI
in those studies.

MyoGLOBIN

Myoglobinisalow-molecular-weight, unbound, cytosolic protein that isfound in both
myocardial and skeletal musculature. Because of its biochemical characteristics, myo-
globin can beelevated inthe serumwithin 1to 2 h after the onset of symptomsin patients
withan AMI (27). Asaresult, increased concentrations of myoglobin precede elevations
of CK-MB and cardiac troponin, making it ideal for rapidly establishing a diagnosis of
AMI (11). Ideally, myoglobin should be obtained in patients with symptomslessthan 6
h in duration. Because myoglobin can rapidly disappear within 12—36 h after the onset
of symptoms, its useis limited in patients with delayed presentations (27).

The sensitivity of myoglobin for diagnosing M1 in patients presenting very early after
theonset of symptomsissuperior tothat of CK-MB; sensitivitiesof 55% and 23% for myo-
globinand CK-M B, respectively, have been reported from measurementsobtained at pres-
entationintheED (11). Similarly to CK-MB and cardiactroponin, thesensitivity improves
with serial measurement. For example, inonestudy, myoglobinwasfoundto be 14%, 90%,
and 100% sensitive at 0, 3, and 6 h, respectively (28). Elevated levels of myoglobin also
appear to carry prognosticinformation. In astudy of patientswith non-ST-elevation ACS,
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Fig. 1. Rapid rule-out protocol developed by Ng and colleagues at University of Californiaat San
Diego. Patientswith ST-segment deviationsor unresol ved chest pai nwereexcluded fromthisproto-
col. CCU, coronary care unit. (From ref. 32.)

elevated levels of myoglobin were associated with higher 6-mo mortality (29). Myoglobin
isubiquitousin skeletal muscle; therefore, el evated | evel sof myoglobin may beobserved
in patientswith skeletal muscle damage (30). Because of myoglobin’ slimited specificity,
confirmation with a definitive cardiac biomarker such as CK-MB or cardiac troponinis
recommended (16).

Ninety-Minute Rapid Rule-Out Protocols

Many of thedeficienciesof asinglecardiac biomarker measurement may beovercome
by using acombination of multiple biomarkers. In 1999, the National Academy of Clin-
ical Biochemistry recommended that those involved in the evaluation of patients with
possible ACS collectively develop an accelerated protocol for application of cardiac
biomarkers. The committee recommended that the protocol include both an early sensi-
tive cardiac biomarker that isreliably increased in the blood within 6 h of symptoms and
adefinitivespecific cardiac biomarker that may beincreased inthe blood after 69 h (10).

Combining serum myoglobin and cardiac troponin measurementsfor theinitial evalu-
ation may fulfill thisrecommendation. UsingaPOC device, McCord et al. (31) measured
myoglobin and cTnl a 0 and 90 min. Combined use of both markers provided 97.0%
sensitivity and 59.7% specificity for AMI. A +LR of 2.41 and a—LR of 0.05 indicated
that a negative cTnl and myoglobin at 90 min strongly reduced the posttest probability
of AMI (31). A positive serum myoglobin level in the absence of elevated serum cTnl
required additional serial cardiac biomarker measurements.

Ngeta. (32) developed a90-min critical pathway using cTnl, myoglobin, and CK-MB
(Fig. 1). Patientswith nondiagnostic ECGswerestratified into probable unstableangina,
possible unstable angina, and noncardiac chest pain lasting >6 h. Cardiac biomarkers
were measured at presentation, and at 30, 60, and 90 min. Patients with positive cardiac
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biomarkers were admitted to the hospital. A positive cTnl and anincreasein myoglobin
>25% over 90 min had 94% sensitivity and 98% specificity (+LR 47.0; —LR 0.06) for the
diagnosis of AMI. The addition of CK-MB improved the sensitivity to 100% with a
specificity of 94% for diagnosing AMI at 90 min (+LR 16.7; —LR 0). Ninety percent of
dispositionsfromthe ED could bedetermined at 90 min. At 30-d follow-up of discharged
patients, only 0.2% were subsequently diagnosed with AMI, and 2% were eventually hos-
pitalized with unstable angina (32).

Measurement of Changesin Cardiac Markers

The sensitivity of cardiac troponin and CK-MB can beimproved by measuring short-
term changes in these biomarkers. Similarly, measuring changes in myoglobin over a
short period of timecould alsoimprovespecificity. Duringmyocardial necrosis, acharac-
teristicexponential risein cardiac biomarkersof necrosisisobserved andtypically doesnot
occur with other noncardiac etiologies (10).

MyoGLOBIN

Evaluating increasesin myoglobin over time has the potential to be superior to using
absolute concentrations. However, the results of studies testing this strategy have been
mixed. Brogan et a. (11) defined apositivetest asaserum myoglobin level abovethediag-
nostic cutoff at either O or 1 h and reported a sensitivity of 55% and specificity of 98%
(+LR 27.5; —-LR 0.46) for the diagnosis of an AMI. Anincrease in myoglobin of 40 ng/
dL over an hour wasadded to the definition, and the sensitivity improved to 91%, whilethe
specificity was maintained at 96% (+LR 22.75; —LR 0.09) (11). By contrast, Montague
et a. (33) defined a positive test as a myoglobin above the diagnostic cutoff at either O
or 2 h. This method was 100% sensitive and 77% specific for AMI (+LR 4.34; -LR 0).
When they defined a positive test as a doubling in myoglobin, the sensitivity decreased
to 64% and the specificity improved to 98% (+LR 32; -LR 0.37) (33). Similarly, Ng et al.
(32) reported that elevated myoglobin levels drawn at initial presentation and at 90 min
were 70% sensitive and 80% specific (+LR 3.5; —L R 0.38) for the detection of AMI. How-
ever, measurement of an increase in 90-min myoglobin >25% improved the specificity
to 98%, but with adecrease in sensitivity to 29% (+LR 14.5; -LR 0.72) (32). Thisvari-
ability infindings can be attributed to the type of immunoassay and diagnostic cutoff used,
as well asto the definition of a positive change.

CK-MB AND TROPONIN

Measuring increasesin CK-MB over a2-h period has also been reported to be arapid
and accurate method of diagnosing AMI. Fesmire and colleagues explored the signifi-
cance of 2-h changesin CK-MB and cTnl in relation to the diagnosis of AMI. Initia
studiesfound that a 2-h changein CK-MB of >1.5 ng/dL had a sensitivity of 87.7% and
aspecificity of 95.8% (+LR 20.08; —LR 0.13) for the diagnosis of AMI (34). The addi-
tion of serial ECG monitoring improved thesensitivity to 94.0% with aspecificity of 93.5%
(+LR 14.46; —LR 0.06) (35). Fesmire and colleaguesrepeated the study using adifferent
immunoassay and troponin as the “gold standard” for the diagnosis of AMI. In this
follow-up study, a 2-h increasein CK-MB >0.7 ng/mL was 93.2% sensitive and 98.5%
specific (+LR 62.13; —LR 0.07) for AMI. They aso found that 2-h changesin CK-MB
were superior to measurement of myoglobin (36). Kontoset al. (37) also studied changes
inCK-MB within3h. They defined apositivetest aseither (1) 0- or 3-h CK-MB measure-
ment above the diagnostic cutoff for AMI, (2) anincreasein CK-MB by 3 ng/mL within
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3h, or (3) adoubling of CK-MB within 3 h. Using thisdefinition, asensitivity of 93% and
a specificity of 98% (+LR 46.5; —LR 0.07) were noted for the diagnosis of AMI (37).

Two-hour changesintroponin| havealso been studied. Anincreaseof 0.2 ng/mL over
2 h has been reported to be 61.4% sensitive and 96.5% specific (+LR 17.54; —LR 0.4) for
an AMI (34). Thisincrease wasal so associated with ahigher risk of adverse cardiac events
within 30 d (38). By direct comparison, the authors found 2-h changesin CK-MB to be
superior to 2-h changesin cTnl (34).

In light of the mixed results of clinical studies, diagnostic algorithms based on acute
changesin cardiac biomarkers have not been widely adopted. The accuracy of these meth-
ods may be dependent on the time of the onset symptoms, because the rate at which car-
diac biomarkers are rel eased into the bloodstream may slow down later in the course of
myocardia necrosis. Furthermore, the various cut points, their sensitivities, and their spe-
cificitiesare dependent on theimmunoassay used (36,38,39). Nevertheless, it ispossible
that additional studies may revea convincing clinical utility in the ED, especially when
rapid decisions regarding additional testing or inpatient disposition are required.

NOVEL MARKERS OF ISCHEMIA: POTENTIAL ROLE IN THE ED

Putative novel markers of myocardial ischemiaand/or plagueinstability such ashuman
serum albumin cobalt binding, heart-type fatty acid-binding protein, C-reactive protein,
and myel operoxidase have been studied (40-44). Although their roleinthe ED isnot yet
clearly known, they are potentially useful in establishing the diagnosis and prognosis of
ACS. These cardiac biomarkers represent other pathophysiological processes and do not
requiremyocardial necrosistobepresent. Many of thesenovel cardiac biomarkersbecome
elevated inresponseto myocardial ischemiaand may beuseful indetecting ACSin patients
early in their presentation.

ROLE OF CARDIAC BIOMARKERS IN CHEST PAIN PROTOCOLS

Currently, myoglobin, cardiac troponin, and CK-MB detect myocardial necrosisbut do
not accurately detect acute myocardial ischemiain the absence of infarction (9). Several
ED-based diagnostic protocols for chest pain have been developed over the past 13 yr,
incorporating serial biomarker testing, serial ECGs, and provocative cardiac testing. By
combining these three diagnostic modalities, diagnoses of AMI and unstable anginacan
be rapidly achieved in an accurate and cost-effective manner while reducing hospital
admissions (5,13,45-48).

Becauseof thetimerequired, performing these protocol sisnot feasiblewithinthecon-
fines of the traditional ED setting. Chest pain centers have been developed as an alter-
native to admission, allowing prolonged observation in the ED over a 6- to 9-h period.
Chest pain centers, staffed by emergency physicians and nurses, are often a geographi-
cally separate component of the ED but are usually in close proximity. Devel opment and
implementation of chest pain algorithms/centers are dependent on the resources avail a-
ble at the participating institution and require collaboration among emergency physicians
and nurses, cardiologists, internists, and radiologists.

In most protocols, initial evaluation of patients with chest pain beginsin the standard
patient care areaof the ED. The emergency physician must then determinetherisk of ACS
based on the history, physical examination, and initial 12-lead ECG. Patientswho are at
low to moderaterisk of ACS are prime candidates for admission to the chest pain center.
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Patientswho have an obvious noncardiac source of chest pain are discharged homeimme-
diately. Low- to moderate-risk patientsaretransferred to the chest pain center for further
evaluation. Patients who are recognized based on theinitial evaluation as being at high
risk, especially with diagnostic ECG findings, are admitted to the hospital immediately.
Chest pain protocolsaretypically 6-9 hlong. In addition to serial biomarker testing and
12-lead ECGs, noninvasive diagnostic techniques such asrest myocardial perfusionimag-
ing (MPI), exercise ECG testing, stress echocardiography, and stress nuclear imaging are
used. The choice of test is dependent on the avail ability and reliability of the diagnostic
modality at aparticular institution. With the improvement of computer imaging and high-
speed Internet access, remote interpretation can easily and reliably be performed.

Graded Exercise Electrocardiography

Exercise ECG testing isacommon noninvasivediagnostic test used inthe ED for low-
to moderate-risk chest pain patients. It iseasy to perform (49,50) and rel atively safe after
eliminatingthepossibility of rest myocardial ischemiaby serial 12-1ead ECGsor myocar-
dia necrosishby seria cardiac biomarkers (51). Compared with other noninvasive cardiac
imaging, exercise ECG testing isrelatively inexpensive (52). A meta-analysis of proto-
colsincluding exercise ECG reported a sensitivity of 68% and a specificity of 77% for
the diagnosis of myocardial ischemia (+LR 3.0; —~LR 0.41), which is acceptableif applied
to alow-risk patient population (53). Patients with negative exercise ECG tests are dis-
charged home with outpatient follow-up within 1 wk, whereas patientswith positiveand
nondiagnostic tests are admitted.

CINCINNATI HEART ER STRATEGY

Exercise ECG testing hasbeenincorporated into anumber of chest pain protocols. The
Cincinnati Heart ER strategy, established in 1991, admitslow- to moderate-risk chest pain
patients to a chest pain unit (13). Patients with ST-segment deviation on 12-lead ECG, a
history of coronary artery disease (CAD), frequent or persistent symptoms typical of un-
stable angina, or hemodynamicinstability are excluded from this protocol. The Cincinnati
Heart ER strategy wasinitially a9-h protocol using seria cardiac biomarkers, continuous
ST-segment monitoring, and exercise ECG testing. Patientswith negativetesting aredis-
charged home with close outpatient follow-up.

Inaseriesof 2131 patients enrolled over a6-yr period, 309 patientswere admitted as
aresult of the Cincinnati Heart ER program (54). Thirty percent of the admitted patients
were found to have AMI or unstable angina. Of the 1822 patients discharged home, 30-d
follow-up wasobtained in 1696 patients. Eight revascul arizations (0.47%) and one death
(0.06%) occurred at 30-d follow-up, indicating that this strategy was safe and effective
(54). Over the past several years, this strategy has evolved into a 6-h protocol (Fig. 2),
and continuous ST-segment monitoring has been eliminated. It has been replaced by
single 12-lead ECGs obtained on presentation and at 3 and 6 h. Rest MPl isavailable as
an alternative to graded exercise testing.

Mayo Crinic CHEsT Pain ProTocoL

Similar protocolsthat have included patientswith CAD have been devel oped at other
institutions (55,56). Farkouh et al. (55) performed arandomized controlled study using
a protocol that placed intermediate-risk unstable angina patients in a chest pain unit.
Initial risk stratification was based on the Agency for Health Care Policy and Research
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Fig. 2. Cincinnati Heart ER strategy. (Modified from ref. 13.)

guidelines(Table 2) (57). Unlikethe Cincinnati Heart ER strategy, 13.7% of thechest pain
unit population had previous AMI. These patients had cardiac biomarkers measured at
2and 4 h, dong with ST-segment trend monitoring. If the biomarker resultswere negative,
the patient underwent exercise ECG testing or nuclear stress testing. The investigators
found that by using this protocol, hospitalizations were decreased by almost 50%, with no
difference in event rates when compared to the strategy of hospital admission only (55).

Cook County HospiTaL CHEsT PaiNn ProTOCOL

Zalenski et al. (56) studied 317 patients with low-risk chest pain using Goldman’s
chest pain algorithm (58); these patients had anondiagnostic ECG and had chest pain that
was not typical for ACS. The protocol also included patientswith ahistory of CAD. The
protocol required serial biomarkersmeasuredat 0, 4, 8, and 12 h. If the biomarker results
were negative, exercise ECG testing was performed. There were no adverse eventsas a
result of exercisetesting. The protocol was 88.8% sensitiveand 47.7% specific (+LR 1.70;
—LR0.23) for AMI. For acute cardiac ischemia, the protocol was 90% sensitive and 50.5%
specific (+LR 1.82; —L R 0.20). Acute cardiac ischemiawasdefined as positive stressecho-
cardiogramor thallium, new ST-segment deviation, presenceof adysrhythmia, cardioge-
nic shock, or cardiac arrest (56).

IMMEDIATE Exercise ECG Testing—UC Davis PrRoTocoL

Amsterdam et al. (59) evaluated a protocol implementing immediate exercise ECG
testing without cardiac biomarker testingin 1000 | ow-risk chest pain patients (59). Patients
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Table 2
Agency for Health Care Policy and Research Risk Assessment for Unstable Angina
High likelihood Intermediate likelihood Low likelihood
Any of the high Absence of high likelihood Absence of intermediate
or following features: features and any of the likelihood features but may
following: have the following:
 History of prior Ml or e Definite angina: e Chest pain classified as
sudden death or other males <60 or females probably not angina
known history of CAD <70 yr of age
 Definite angina:  Probable angina: * Onerisk factor other
males >60 or females males >60 or females than diabetes
>70 yr of age >70 yr of age
» Transient hemodynamic ¢ Chest pain probably not » T-wave flattening or
or ECG changes during anginain patients with inversion <1 mm in leads
pain diabetes with dominant R waves
e Variant angina (pain with ¢ Chest pain probably not e Norma ECG
reversible ST-segment angina and two or three risk
elevation) factors other than diabetes
e ST-segment elevation  Extracardiac vascular
or depression >1 mm disease
* Marked symmetrical e ST depression of 0.05-1 mm
T-waveinversionin e T-waveinversion >1 mmin
multiple precordial leads leads with dominant R-waves

with previously documented CAD or Q-waveswere included in the study. Therewere no
adverse events as aresult of exercisetesting. Six hundred forty patients (64%) had neg-
ative exercise stresstests. Of the 582 discharged patients avail ablefor 30-d follow-up, one
patient (0.17%) had anon-ST-elevation AMI, and another patient had apositive myocar-
dial stress scintigraphy (0.17%). Nondiagnostic stress tests were seen in 235 patients
(23.5%). No AMIswerediagnosedinthese patients, but seven patients (3.0%) underwent
revascularizations. Onehundred twenty-five (12.5%) patientshad positiveexercisestress
tests; of these, 4 patientshad AMI (3.2%) and 12 patients had revascul arizations (9.6%).
Thefour patientswith AMI had positive cardiac biomarkers obtained at presentation but
received exercise ECG testing before the elevated cardiac biomarkers were known. As
aresult, theinvestigators recommended obtai ning one set of cardiac biomarkersto maxi-
mize safety (59).

Rest MPI

Rest MPI hasbeenintegrated into anumber of chest pain protocols. M Pl uses ®°™tech-
netium sestamibi and tetrofosmin, which are absorbed by viable myocardium by means
of passive diffusion through the mitochondrial membrane. The amount of radionuclide
uptake is proportional to coronary artery blood flow. Becauseits half-lifeislonger than
7handredistributionislimited, patientscan beimaged several hoursafter injection. MPI
can be performed immediately after the initial evaluation and with the tracer typically
injected whilethe patient haspain at rest. If the patient ispain-free, the American Society
of Nuclear Cardiology recommendsthat ®™technetium injectionsbegivenupto 2 h after
the cessation of pain (60). Rest MPI isideal for patients at low to moderate risk of ACS.
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Compared withinitial serum cardiac biomarkers, rest MPIl ismoresensitivefor detect-
ing AMI. Inonestudy, rest M Pl was 92% sensitivewhereastheinitial cTnl wasonly 39%
sensitive in low- to moderate-risk patients with chest pain (26). The additional benefit
of rest M Pl isthedetection of myocardial ischemiabeforenecrosisispresent (26). Rest M P
alsopredicts30-d AMI and revascul arization with areported sensitivity of 82% and aspeci-
ficity of 83% (+LR 4.81; —LR 0.22) (46). In addition to being cost-effective, this diagnos-
tic tool improves physician decision making, reducing hospital admissionsupto 10% (61).

Serid cardiac biomarker testing and rest MPI offer complementary information. Kontos
etal. (62) foundthat only 76% of patientswith positiveserial cTnl had apositivemyocar-
dial perfusionimage. Inastudy of 620 |ow- to moderate-risk chest pain patients, 5 patients
with AMI had anegativerest MPI. However, four of thesefive patientshad positiveserial
cTnl measurements(26). Patientswith positiveserial cTnl but anegativerest MPI tended
to have a higher prevalence of insignificant CAD and a smaller infarct size (62). This
discrepancy may exist because aminimum of 3-5% myocardial involvement isrequired
to be detected by MPI (63).

Rest MPI has some advantages over the other aforementioned methods. The test is
performed at rest and is not dependent on the patient’ sability to ambul ate. Rest MPI also
hastheability to detect unstableangina(i.e., ischemiaintheabsenceof necrosis) and may
provide earlier diagnosis of AMI compared with serial cardiac biomarker testing. How-
ever, there are limitationsto rest MPI. The specificity has been reported to be 67% and,
therefore, there are arelatively high number of false positives (26). Becauserest MPI is
reflective of myocardial tissueviability, patientswith previousAMI will havean abnormal
rest MPI. For this reason, this patient population is excluded from chest pain protocols
implementing rest M PI, and these pati ents require other testing to confirm acute myocar-
dia ischemiaor AMI.

MEebicaL CoLLEGE oF VIRGINIA CHEST Pain ProTOCOL

TheMedical Collegeof VirginiaHospitalsof the VirginiaCommonwealth University
have devel oped acomprehensive strategy incorporating M Pl using afive-level approach
to the evaluation of chest pain (Fig. 3) (46). Patients categorized in levels 1 and 2 are
consideredto beat highrisk of AMI or unstableanginaand areadmitted toanintensivecare
unit for appropriate treatment. Level 5 patients are considered to be at very low risk of
AMI or unstable anginaand are discharged without any further cardiac testing. Patients
assignedtolevel 3 havetypical symptomslasting>30 min but have nondiagnostic ECGs
and no history of CAD. Level 3 patients are considered to be at moderate risk of AMI or
unstable angina. These patients undergo immediate MPI performed in conjunction with
serial ECGsand cardiac biomarkersperformed at 0, 3, 6, and 8 h. If the MPI and seria car-
diac biomarkers are both negative, level 3 patientsarereferred for stressimaging within
12-24 h. Level 4 patients have typical symptomslasting <30 min or prolonged atypical
chest pain. The ECG isnondiagnostic, and ahistory of CAD isabsent. These patientsare
considered to be at low to moderate risk and receive immediate MPI without serial car-
diac biomarker testing. If resultsare negative, these patientsare discharged without serial
cardiac biomarkers and with afollow-up eval uation scheduled within 48 h. Any patient
with a positive MPI or positive cardiac biomarkersis treated and becomes retriaged to
the level 2 category.

Usingthisstrategy, Tatumet al. (46) enrolled 1187 consecutive patients. Among level
3 patients, 3% were diagnosed with AMI and 17% underwent index revascularization.
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Fig. 3. Medical College of VirginiaChest Pain Protocol. Patients with aprevious history of AMI
arenoteligibletoreceiverest MPI. (Modifiedfromrefs.46.) CCU, coronary careunit; STEMI, ST-
elevation myocardia infarction; NSTEMI, non-ST-elevation myocardial infarction.

Among patientscategorized aslevel 4, only 0.7% had AMI and 2.5% received index revas-
cularization. Of note, all patients diagnosed with AMI had abnorma MPIs. Overal, the
chest pain protocol was 92% sensitive and 100% specific (+L R >100; —LR 0.08) for AMI.
Thisstrategy also appeared to be cost-effective. Although the cost for individua ED visits
increased, it was offset by adecrease in hospital admissions, shorter length of stay, and a
more effective use of coronary angiography, thus decreasing overall costs (45,46).

Pharmacological Stress Testing and Noninvasive Il maging

Graded exercise el ectrocardiography hasitslimitationsin patientswho have baseline
ECG abnormalities or who are unableto ambulate. Additionally, rest MPI cannot be per-
formed in patientswith previous AMI. In these patients, stress testing with echocardio-
graphy or nuclear scintigraphy can be alternative solutions. Similarly, for patientswho are
unableto exercise, pharmacol ogica methodsare available. Thesetechniquesoffer more
diagnosticinformation than exercise ECG testing but may be offset by higher costs, espe-
cially when applied to thelow-risk patient population (64). Becausetherearefew studies
evaluating stress nuclear scintigraphy and stress echocardiography in the ED setting, it
is unclear whether or not the increased diagnostic accuracy will offset the cost of these
tests in the low-risk patient population.

DoBUTAMINE STRESS ECHOCARDIOGRAPHY

Dobutaminestressechocardiography (DSE) isan aternativefor patientswhoareunable
to perform graded exercise testing. Theincidence of AMI or ventricular dysrhythmiais
approx 1/2000, but no deaths have been reported. Bholasingh et al. (65) studied 404 | ow-
risk patientswho underwent DSE after negative cTnT measurements 12 h after the onset
of symptoms. Patients with previous CAD were included in thisanalysis. Twenty-three
(5.7%) patientswereremoved from the study because of poor echocardiographicimages.
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Fig. 4. Erlanger Chest Pain Protocol using nuclear stresstesting (From ref. 47.)

Thirty-nine patients (10.3%) could not finish the study because of intolerable side effects,
which were defined as dysrhythmia and severe hypotension or hypertension. Patients
with positive DSE had asevenfoldincreasedrisk of cardiac death, AMI, rehospitalization
for unstableangina, or revascul arization within 6 mo. Inthose patientswith anegative DSE,
one cardiac death was reported (0.3%) and seven patients underwent revascul arizations
(2%). No patientswith AMI, however, were observed at 6-mo follow-up (65). Although
DSE appearsto be an effective meansfor risk stratification, its cost-effectivenessin the
ED settingisnot known. It isalso important for theinstitution to have on staff physicians
who are interested in DSE and have expertise in this methodol ogy.

ERLANGER CHEST PaiN PrRoTOCOL

Fesmireeta. (47) havedevel oped anovel chest pain protocol incorporating 2-h changes
in CK-MB and cTnl with stress nuclear imaging (Fig. 4). Intheir protocol, patients with
chest painareinitially stratifiedinto five categoriesbased oninitial history, physical exam-
ination, and 12-lead ECG (Table3). Category | and |1 patientsareconsideredtobeat high
risk of ACS and are treated according to published American College of Cardiology/
American Heart Association (ACC/AHA) guidelines. Any treatment decisionsfor patients
in categories |11 and IV are left up to the treating physician.

Patients not undergoing emergency reperfusion therapy are then evaluated for 2 h,
whichincludes ST-segment monitoring with serial ECGs, and baselineand 2-h CK-MB/
cardiac troponin levels. After 2 h, these patients are recategorized to one of three risk
categories(Table4). Patientswith apositive delta CK-MB, defined asanincrease of 1.5
ng/mL or greater, or apositivedeltacTnl, defined asan increase of 0.2 ng/mL or greater,
are placed in category |1. Patients without significant increasesin CK-MB and cTnl are
placed in categories |11 and IV. Patients reassigned to category Ill have nuclear stress



Chapter 4 / Biomarkers in the Emergency Department 73

Table 3
Initial Risk Stratification into Five Categories Using Erlanger Chest Pain Protocol
Category Presence of ACS ECG Treatment
I Definite Diagnostic Treat according to ACC/AHA
guidelines.
I Probable Nondiagnostic ~ Treat according to ACC/AHA
guidelines.
Il Possible Nondiagnostic ~ Treatment is at discretion
of physician.
v Probably non-ACS but Nondiagnostic ~ Treatment is at discretion
previous history of CAD of physician.
or significant risk factors
V Obvious noncardiac chest pain Nondiagnostic ~ Discharge home.

and absence of risk factors

Table 4
Recategorization into Three Categories After 2 h
of Observation Using Erlanger Chest Pain Protocol

Delta Serial ECG
CK-MB  changes diagnostic
Category Risk or cTnl of ACS Action taken after recategorization
I Intermediate Yes Yes Treat based on ACC/AHA guide-
to high lines. Admit with repeat 6-h

cardiac marker testing and
stress testing.

Il Low No No Stress testing.

v Very low No No Discharge home.

imaging. Initia resting scansare performed using thallium-201. If the rest imagesare neg-
ative, stressnuclear imagingisperformed using ®™Technetium. Stresstestingisachieved
by exercise, adenosineinfusion, dipyridamoleinfusion, or dobutamineinfusion custom-
ized for the individual patient. Patients reassigned to category 1V are discharged home
without further testing (47).

The outcomes of the 2074 patients enrolled this protocol have been reported (47).
Crossover from one category to another occurred in 14.5%, 43.9%, and 10.1% of the
patients originally assigned to categories|l, 11, and IV respectively, based on changes
seen in serial ECG monitoring or 2-h changes in cardiac biomarkers. For the detection
of AMI, the protocol was 100% sensitive and 81.9% specific (+LR 5.5; —LR 0). For the
detection of 30-d ACS, the protocol was 99.1% sensitive and 87.4% specific (+LR 7.9;
—LR 0.01). Although these results are compelling, the cost-effectiveness of this protocol
is unknown.

CONCLUSION

Rapid and accurate eval uation of chest pain remainsachallengewithinthe ED setting.
Although 12-lead ECG, history, and physical examination remain cornerstones of theini-
tial evaluation of chest pain, these methods areinsensitive. Theincorporation of cardiac
biomarkersincluding cardiac troponin, CK-MB, and myoglobin into clinical protocols
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haveimprovedthediagnosisof AMI. Elevationsin cardiactroponin providetheclinician
withimportant prognostic information and assist in identifying patientswho will benefit
most from aggressive management of ACS.

Theinitial sensitivity of these cardiac biomarkersisrelatively poor for the diagnosis
of AMI but improveswith serial testing over aperiod of 6-8 h. Myoglobin rises rapidly
within 1 to 2 h after the onset of AMI, and its early sensitivity isexcellent. However, its
lack of specificity limitsitsbenefit when used alone, requiring more specific markerssuch
asCK-MB or cardiac troponinsto be used in combination. Numerous strategies attempting
to shorten the time required to make a biochemical diagnosis of AMI have been studied.
Ninety-minute protocol s combining myoglobin and cTnl appear to exclude AMI effec-
tively. Measurement of 2-h changesin cTnl and CK-MB haveal so been studied. Prelimi-
nary studies suggest that when thesetests are negative, thelikelihood of AMI isstrongly
decreased.

Because cardiac biomarkersarerel eased in the presence of myocardial necrosis, these
testsare not adequatein ruling out acute myocardial ischemia. Inan effort toimprovethe
diagnosis of ACS, chest pain protocols combining cardiac biomarker testing and rest MPI
or provocative cardiac testing have been devel oped for the low- to moderate-risk patient
population. These protocols appear to be safe, effectivein reducing admissions, and cost-
effective, whileidentifying higher-risk patientsneeding further testing or treatment. Proto-
colsusing moreexpensivetests, such asstressechocardiography or stressnuclear imaging,
appear at least equally effective, if not superior. The cost-effectiveness of these methods
has yet to be determined.
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SUMMARY

The clinical history, standard 12-lead electrocardiogram (ECG), and markers of
myocardial necrosis constitute the basis for diagnosis and accurate risk assessment in
patients with suspected of anon-ST-elevation acute coronary syndrome (NSTEACS).
Cardiac troponin T and cardiac troponin | areideal biochemica markersfor the detec-
tion of myocardial necrosisin unstable patients who have repeated episodes of ischemia
of varying intensity and several days duration, owing to their high sensitivity and spe-
cificity andtheir long duration of elevation. Thetroponinsareindependently predictive
of mortality aswell asof new or recurrent acute myocardial infarction after an episode
of NSTEACS. By integrating the clinical history, ECG findings, and troponin results, it
ispossibleto stratify the patientsinto low-, intermediate-, and high-risk groups. In addi-
tion, troponinresultsare useful for selecting patientswho benefit from treatment with low-
molecular-weight heparin, glycoprotein b/l 11aantagonists, and invasivemanagement.
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Clinical history

Symptoms indicative of
acute cardiac ischemia

v
No ST-segment ~ <— Qeel —  ST-segment Elevation
Elevation (left bundle branch block)

'Non-STE ACS | 'STE ACS
|

Normal Elevated

¥ v
Unstable angina Non-STE MI
Fig. 1. Definition of ACS.

DEFINITION OF NON-ST-ELEVATION
ACUTE CORONARY SYNDROME

Although acute coronary syndrome (A CS) constitutesacontinuum, itisusualy divided
into ST-elevation ACS(STEACS) and non-ST-elevation ACS (NSTEACS) according to
the electrocardiogram (ECG) changes at presentation (Fig. 1). Patients presenting with
symptoms of acute cardiac ischemia and ST-elevation on the ECG are referred to as
having STEACS. Owing to the high specificity of ST-elevation, STEACS.Is, in practice,
equivalent to ST-elevation myocardial infarction (STEMI). Patients presenting with new
|eft bundle branch block, which preventseval uation of the ST-segment, should betreated
similarly tothosewith ST-elevation. Patientswith other or noischemic ECG changesare
referredtoashavingnon-STEACS. TheNSTEACSgroupisfurther dividedintonon-ST-
elevation myocardial infarction (NSTEMI) and unstable angina, based on the presence
or absence of myocardial necrosis.

THE CLINICAL PROBLEM

For patients presenting with chest pain or other symptoms suggestive of NSTEACS,
thereisabroad spectrum of diagnoses, including chest pain of noncardiac causes, unsta-
ble angina, and myocardial infarction (M) of varying size, with diverse prognoses and
appropriate treatments. These patients must be considered to have an ACS until proven
otherwise. Of those admitted to the hospital, <10% will have STEMI, approx 50% will
have aNSTEACS, and the remaining approx 40% will have diagnoses other than ACS.
Theannual admissionratefor NSTEA CSisapprox 3500-4000 per 1 millioninhabitants.

In patientswith adiagnosis of NSTEACS, thein-hospital and 6-mo postdischarge mor-
tality is approx 3% and 5%, respectively, and approx 20% are rehospitalized for heart
disease during thefirst 6 mo (1,2). However, the prognosis differs considerably within the
population presenting with NSTEACS. Furthermore, a broad number of evidence-based
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Table 1

Possible Causes of Elevations of Cardiac Troponins®

Primary ischemic cardiac injury
Thrombotic/embolic coronary occlusion (STEMI/NSTEMI)
Secondary ischemic cardiac injury
Coronary intervention (PCI/CABG)
Sympathomimetics (cocaine, catecholamine storm)
Pulmonary embolus (presumed right heart strain or hypoxia)
Coronary artery spasm
Coronary artery inflammation (vasculitis)
Prolonged tachyarrhythmia
Acute heart failure
Extreme endurance exercise
Nonischemic cardiac injury
Myocarditis (infection, autoimmune, drugs)
Cardiac trauma
Metabolic/toxic (renal failure, septic shock, drugs)

aFrom ref. 7. PCI, percutaneous coronary intervention; CABG, coronary artery bypass graft.

treatments have become availablein thelast 10-15 yr. Therefore, early risk assessment is
important inorder to choose appropriatetherapeutic strategies. Thisrisk assessment should
be “precise, reliable and, preferably, easily and rapidly available at low cost” (3).

In the early 1990s, studies showed, for the first time, that creatine kinase (CK)-MB
(mass) and troponinswere frequently elevated in patients considered at the time to have
presented with unstable angina, and that these el evations are associated with an adverse
prognosis (4-6). Since then, markers of myocardial damage in general, and the tropo-
ninsin particular, have become central elementsin early risk assessment of patientswith
NSTEACS.

THE DIAGNOSTIC CHALLENGE

Theseparation of adiagnosisof NSTEMI from unstabl e anginaisdependent on the abil-
ity to show myocardial necrosis. Cardiactroponin T (cTnT) and cardiac troponin| (cTnl)
are ideal biochemical markers for detection of myocardial necrosis owing to their high
sensitivity and specificity and their widetimewindow (i.e., thereisalong duration of ele-
vated plasmalevels after myocardial damage). These properties make the troponins espe-
cially suitable for detection of quantitatively small amounts of myocardial damage in
unstabl e patients. However, it isimportant to remember that an elevated | evel of troponin
in blood signals only that myocardial damaged has occurred and does not indicate the
cause of the damage. A number of other possiblereasonsfor myocardial damage besides
ischemiaowing to athrombotic or embolic occlusion of acoronary artery (Table 1) must
be considered, and, thus, an abnormal troponin result must be interpreted in light of the
clinical picture, rather than the other way around.

Theintroduction of troponinsas part of the diagnostic arsenal hasreveal ed that patients
withNSTEA CShavemyocardial damagemorefrequently than previoudly thought, although
in many casesthe damageisquantitatively small. With the use of second- and third-gen-
eration troponin assays, with their increased diagnostic sensitivity, myocardial damage
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Cumulative percent —»
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Fig. 2. Proportions of population with NSTEACS and elevated levels of CK-MB and cTnl (using
two different assays) using different cut points. Unpublished data are from the FRISC-I1 study.
WHO, World Health Organization; URL, upper reference limit.

isdetected in an even higher proportion of NSTEACS patients (Fig. 2). Moreover, adop-
tion of the new European Society of Cardiology/American College of Cardiology (ESC/
ACC) criteriafor thediagnosisof acute M1 (AMI) (8) using cTnT or cTnl and low decision
limitshasledtoashiftindiagnosesamong patientswithNSTEACSfrom unstableangina
to (NSTE) AMI, with an increase of 20-30% in the number of AMI diagnoses (9).

THE PROGNOSTIC CHALLENGE

As described, the accurate identification of patients at high risk of recurrent clinical
eventsisanimportant and often challenging clinical objective. Cardiactroponinhasproven
very valuableinthisregard. Becausethe predictive ability of individual biomarkers may
differ considerably among different clinical end points, it isworthwhile to consider the
relationship between troponin and the risk of specific cardiovascular events separately.

Death and Ml

Numerousstudieshavebeen published showing, almost without exception, that tropo-
nin elevation is predictive of therisk of death/new or recurrent M1, in both the short and
long term (Table 2). Inameta-analysis (26), the relative odds of death or M1 at 30 d was
4.93 (95% confidence interval [Cl]: 3.77-6.45) for NSTEACS patients with positive
troponin. Thisstrong risk relationshipisal so present when theindividual elementsof this
composite end point are considered.

Patientswith elevation of troponin T or | are at significantly higher risk of mortality,
in both the short and long term (Table 2). In ameta-analysis of datafrom clinical trials,
therelativeoddsof deathfor patientswith elevated cTnT andcTnl were3.0(95%Cl: 1.6—
5.5) and 2.6 (95% ClI: 1.8-3.6), respectively (27). In aseparate analysis of observational
cohort studies, the corresponding odds ratios (ORs) were 5.1 (95% Cl: 3.2-8.4) and 8.5
(95% ClI: 3.5-21.1) (27). Furthermore, the relationship between troponin and the risk of
death shows a gradual graded relationship (Fig. 3A).
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Table 2
Event Rates by Troponin Status in Studies (NSTEACS or NSTE Chest Pain) Enrolling More Than 300 Patients

Death/AMI Death AMI
Cutoff Negative Positive Negative Positive Negative Positive
Sudy Assay (Hg/L) Follow-up (%) (%) (%) (%) (%) (%)
Randomized clinical trials
FRISC (10) cTnT, Enzymun 0.06 5mo 4 12 0 6 — —
TIMI 1B (11) cTnl, Stratus|1 0.4 42d — — 1.0 3.7 — —
TRIM (12) cTnT, Enzymun 0.1 30d 4 11 0.4 3.2 4 9
cTnl, Opus 2.0 30d 5 11 0.7 3.2 5 8
FRISCII (13,14)&8  cTnT, Elecsys 0.01 lyr 6.8 16.5 1.6 43 55 14.0
cTnT, Elecsys 0.03 lyr 8.9 16.9 2.6 4.4 — —
cTnl, AXSym 1.0 lyr 9.3 16.9 2.8 43 — —
cTnl, Access 0.03 lyr 6.3 16.5 11 45 — —
GUSTO-IV (15) cTnT, Elecsys 0.01 30d 34 10.2 11 49 25 6.5
TIMI-11B (16) cTnl, Dimension 0.1 43d 3.9 17.2 34 8.3 2.2 133
TACTICS (17)2 cTnl, ACS 0.1 6 mo 3.8 12.6 16 43 — —
PRISM (18)P cTnl, AXSym 1.0 30d 49 13.0 2.3 6.2 2.6 6.8
cTnT, Elecsys 0.1 30d 47 13.7 1.8 7.3 — —
PARAGON-B (19) cTnT, Elecsys 0.1 6 mo 10.9 18.1 3.3 7.4 9.7 13.6
Cohort observational studies
Stubbs et a. (20) cTnT, Enzymun 0.2 3yr 17 29 12 19
FAST (21) cTnT, Enzymun 0.1 30d 14 6.8 0 43 — —
Hamm et al. (22) cTnT strip test — 30d 11 22.0 0.6 13.0 — —
cTnl strip test (Spectral)  — 30d 0.3 18.7 0.2 111 — —
Aviles et al. (23) cTnT, ACS:180 0.5 2yr — — 8 20 — —
deFilippi et a. (24) cTnT, enzymun 0.1 lyr — — 0.3 3 0.8 6
Kontoseta. (25)  cTnl — 30d — — 0.8 5.8 — —

aNoninvasive cohort.
bHeparin cohort.
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Fig.3.(A) One-year and 30-dmortality inrelationtoquartilesof cTnT in FRISC-11 study (dashedling)
(13) and GUSTO-1V study (solidline) (15), respectively. (B) Rateof Ml at 1yrand 30dinrelation
to quartiles of cTnT in FRISC-11 study (dotted line) (13) and GUSTO-IV study (solid line) (15),
respectively.

Patients with elevated troponin also have an increased risk of recurrent AMI (Table 2).
However, in contrast to the graded increase in risk of death in relation to troponin con-
centration, there seemsto beanonmonotonicrel ationshipfor therisk of anew M1 (Fig. 3B).
Indeed, therisk of suffering anew AMI seemsto be higher in those with only minor ele-
vations compared with those with major elevations of troponin (who may have completed
theinfarctionintheterritory at risk). Thus, ahigh analytic precision of thetroponin assay
at thelow end of the detectablerangeisan attribute that is especialy important for the pre-
diction of AMI.
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Other Cardiac Events

Thereisastrong association between el evated troponin results and the revascul ariza-
tion rate in most studies. In most studies, the indications for revascul arization were not
specified, and in some the troponin results were available to the clinicians, afactor that
might have directly influenced the decision to revascul arize a patient. | nformation regard-
ing an association between troponin and therisk of rehospitalization isscarce. Onesmall
study hasindicated that therisk of rehospitalizationfor cardiac reasonsishigherincTnT-
positive compared with cTnT-negative patients (28). Dataregarding therisk of devel op-
ing congestive heart failure (CHF) inrelation to troponin level in NSTEACS patientsare
also very limited; one study has suggested an increased rate of admissions for CHF in
troponin-positive patients (24).

ComBINATION OF TROPONIN WITH OTHER M ARKERS

The value of adding another biomarker of necrosisto troponin is controversial. Most
studies, although not all, have shown no additive prognostic value of CK-MB to that of
troponin. Some studies have indicated that myoglobin might add early diagnostic and
prognostic information. However, some argue that the added prognostic information, if
any, islimited and cannot justify the increased costs of routinely measuring more than
one marker of necrosis.

New biochemical markers have been introduced and evaluated, such as markers of
inflammation (e.g., C-reactive protein) and of cardiac performance(e.g., B-typenatriure-
tic peptide). Several of them seem to add important prognostic information beyond that
of theclinical history, ECG, andtroponinlevel. Thesemarkersandtheir roleinatruemulti-
marker strategy for risk assessment are dealt with in depth in Chapter 31.

An Integrated Approach to Risk Assessment

In addition to measurements of troponin, the clinical history and the standard 12-lead
ECG constitute the basis for accurate assessment of risk. A thoughtful interpretation of
the patient’s symptomsis essential for appropriate diagnosis and risk statification. Pre-
vious manifestations of ischemic heart disease and comorbidities, such as CHF, diabetes
mellitus, or renal dysfunction, areassociated with anincreased risk of new cardiac events
independent of troponin. The standard 12-lead ECG is an indispensable prognostic tool:
it isinexpensive, rapid, and widely available. In patients with a clinical suspicion of an
ACS, aperfectly normal ECG on admissionisassociated with alow risk of futurecardiac
events, and in combination with anormal troponin result, the associated risk isvery low
(21). Although adiagnosisof unstable anginaremainspossibl e, the combination of anor-
mal ECG and no troponin el evation should lead to reconsideration of the diagnosisof an
ACS. ST-segment depression isassociated with ahigh risk of new events, especially when
combined with an elevated troponin (10). Furthermore, the more severe the ST-segment
depression (indepthand/or inextension), thehigher therisk (29). Patientswith other abnor-
mal ECG changes constitute a more inhomogeneous group but have a higher risk than
patients with anormal ECG (29).

Thus, none of thesefactorsshould be considered inisolation. Instead, to makeaproper
risk assessment intheindividual patient, oneneedsto consider thesefactorssimultaneously
and integrate all the availableinformation. Figure 4 presents asimple algorithm for risk
stratification based on thesefactors. An alternativeisto use one of the scoring systemsthat
hasbeen devel oped based on theclinical history, ECG changes, and markersof myocardial
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Fig. 4. Simplealgorithmfor risk predictionandtreatment using clinical history, ECG, andtroponin
measurementsin patientswith clinical suspicionof NSTEACS. IHD, ischemic heart disease; DM,
diabetesmellitus.

damage. The Thrombolysis in Myocardia Infarction (TIMI) risk score for unstable
angina/NSTEMI is the best known and most widely used system (30).

I nterpretation of Clinical Studies of Troponin

When interpreting study results on the prognostic value of risk indicators or markers,
the population in whom the study was performed must be considered. Patients enrolled
inrandomized clinical trialsare often highly selected and with (more or | ess) established
ACS, whereasmost observational studieshavelessrestrictedinclusion criteria. Generally,
therelativerisk or OR for aclinical event associated with apositivemarker ishigher inthe
observational studies. Nevertheless, the prognostic associations observed with cardiac
troponin are evident in popul ationsfrom both clinical trialsof ACS and consecutive series
of patients with chest pain enrolled in emergency settings.

THE THERAPEUTIC CHALLENGE

A variety of therapeutic options are available in the management of patients with
NSTEACS. However, some of these are rather costly and have potential serious side
effects. Therefore, identification of those who benefit most from aparticular therapy has
become a central tenet in the management of patients with NSTEACS. The beneficial
effects of antithrombotic treatment with low-molecul ar-weight heparins, antiplatel et ther-
apy with glycoprotein I1b/l11areceptor inhibitors, and an invasive approach with early
revascul arization have been shown to be greatest in patientswith an elevated level of tro-
ponin (Table 3). Hence, in recent guidelinestroponintesting hasbeenincorporatedin treat-
ment algorithms (3) in conjunction with evaluation for ST-segment depression in the
12-lead ECG or during ST-monitoring asanother useful signfor identifying patientswho
benefit from more aggressive antithrombotic (36) and invasive treatment (29). In the
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Table 3
Treatment Effect Regarding Death/MI by Troponin Status
Troponin negative Troponin positive
Active Control p Active Control p
Therapy (%) (%) value (%) (%)  value
Low-molecular-weight heparin
FRISC (40 d) (31) 5.7 47 NS 74 14.2 <0.01
FRISC-I1 (3m) (32) 6.1 6.4 NS 6.6 9.3 0.07
TIMI 11-B (14 d) (16) 4 0 NS 10.0 17.0 NS
Glycoprotein I1b/l11a receptor inhibitors
CAPTURE (6 m) (33) 94 7.5 NS 9.5 23.9 <0.01
PRISM (30 d) (18) 5.7 49 NS 4.3 13.0 <0.001
PARAGON-B (30d) (19) 9.7 9.4 NS 111 18.8 <0.05
GUSTO-IV (30d) (34) 6.1 5.4 NS 10.0 10.0 NS
Early invasive strategy
TACTICS (6 m) (17) 4.4 3.8 NS 8.5 126 <0.05
FRISC-I1 (12 m) (35) 7.4 8.5 NS 116 16.6 <0.01
VAN

Coronary artery disease

+ 1 prevalence of significant stenoses

+ More complex lesions

+ } prevalence of intracoronary thrombi

« Impaired coronary flow rate and tissue
level perfusion

)

Myocardial necrosis
+ Potential origin of ventricular arrhythmias

« At higher levels of troponin (1 size)
cause of reduced left ventricular function

Fig. 5. Summary of suggested mechanisms behind prognostic value of troponinin NSTEACS.

FRISC-II trial, the beneficial effect of an invasive approach was aimost confined to the
one-third of patientswho had both elevated troponin and ST-segment depression, and in
thissubgroup theinvasive strategy nearly halved therisk of death/MI, from 22.1 t0 13.2%,
at 12 mo (35).

MECHANISMS UNDERLYING PROGNOSTIC
RELATIONSHIP OF TROPONIN IN ACS

Theincreased risk of new cardiac events associated with el evated troponinin patients
with aclinical suspicion of NSTEACS can be attributed to clinical and pathological fea-
tures associated with abnormal troponin results including underlying severe coronary
stenosis; culprit lesion thrombosis; downstream embolization with microinfarction; and
insome patients, total coronary occlusion, alargeMI, and reduced | eft ventricular function
(Fig. 5). The subgroup of patients without troponin elevation consists partly of those
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cTnT. (Reproduced from ref. 38 with permission.)

without significant atherosclerotic coronary artery disease (CAD), whose symptoms
often have noncardiac causes, and partly of patientswith CAD, whose symptoms might
be caused by an increase in oxygen demand or adecrease in oxygen supply unrelated to
coronary thrombosis. The probability of significant coronary stenosisrisesconsiderably
at any detectablelevel of troponin elevation, and thelikelihood of an unstabl e plaquewith
thrombus and downstream microemboli zation, impairment of coronary flow, and tissue-
level perfusion increases (Fig. 6) (13,37). Thelatter mechanismsalso explain why treat-
ment with antithrombin or platel et inhibitorsisprotectivemainly in patientswith elevated
troponin. Low-level increasesintroponinare usually not associated with acompleted in-
farctionintheterritory at risk but reflect unstable plaque and thrombusin the cul prit vessel
that confer ahigher risk of causing further myocardial damage. In patientswith higher ele-
vationsof troponin, agreater proportion will have apersi stent occlusion of theculprit coro-
nary vessel and may have completed the infarction in the jeopardized territory, leading
tolower risk of new myocardial injury inthesameterritory. However, thelarger infarct size
is associated with reduced left ventricular function and, thus, higher mortality (13).

PRACTICAL ISSUES

Troponin | or T?

In the past, there has been controversy over which biomarker is preferable, troponin |
or T. However, thereisno convincing scientific evidencethat either of thesetwo markers
issuperior totheother. Hence, itismoreimportant to focusontheanalytic and clinical per-
formance of theassay, rather than whichtroponinisbeing tested. Owingto patent restric-
tions, only one commercial assay for cTnT exists, whereasthere are many different assays
for cTnl onthe market. These assays and their newer generations differ from one another
in several aspects, such asanalytic sensitivity, imprecision, and sensitivity to interfering
antibodies. Therefore, each assay must be eval uated separately with respect to both ana-
lytic and clinical performance. It isimportant for cliniciansto be familiar with the prop-
erties, especially theimprecision of the assay at the low end of the reported range, of the
particular assay used at the hospital where they practice. In addition, clinicians need to
be familiar with the published evidence supporting the specific decision limits reported
by their laboratory for that assay.
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Timing of Troponin Measurement

Although many patientswith NSTEA CSwith myocardial damagewill have abnormal
troponinresultsat thetimeof presentation, asignificant proportionwill develop troponin
elevation during the next few hours. After thefirst 6-9 h, new troponin elevations are sel-
dom found, except when associated with new ischemic symptoms. By taking acareful his-
tory and performing athorough clinical examination, obtaining an ECG, and measuring
troponin on admission, the clinician can immediately identify many high-risk patients
and initiate appropriate treatment. With repeated measurement of troponin at 6-9 h after
presentation, most of the remaining patients can be properly assessed. Additional testing
of troponin 12—24 h after presentation should be considered in patients for whom there
isahighclinical suspicionof ACS. Several studieshavefound suchrapidtriageprotocols
to be effective and safe (39,40). Point-of-care assays may reduce the timeto availability
of troponin results.

Decision Limits for Risk Stratification
ESC/ACC RECOMMENDATION

Thejoint ESC/ACC committeeon redefinition of M| proposed that the 99th percentile
valueof troponininareferencecontrol population beused asthedecisionlevel for thediag-
nosisof AMI onthe condition that theimprecision (expressed asthe coefficient of varia-
tion[CV]) of the particul ar assay at the 99th percentilelevel isbelow 10% (8). If theassay
doesnot meet thislatter criterion, thelevel of 10% CV wasrecommended asthe decision
limit. Tothispoint, very few commercial troponin assays have been ableto meet thisstrin-
gent requirement regarding precision. Furthermore, the committee recommended the use
of one and the same decision limit for the diagnosis of MI and risk stratification. The
lower detection limits, 99th percentile, and 10% CV levelsfor the most commonly used
troponin assays have been described elsewhere in this book.

Low-LevEL ELEVATION

Low-level elevation has been applied as a descriptive term referring to quantitatively
minor increases in the concentration of troponin but has not been defined in relation to
specific analytic criteria(e.g., 99th percentile, or 10% CV). Thus, theterm isused quite
variably by cliniciansandinthepublished literature. Sinceintroduction of the ESC/ACC
definition, many clinicians have questioned the significance of concentrations of tropo-
nin above this decision limit but below manufacturer-recommended cut points for M,
which are still often based on comparison to CK-MB. Consistent data from studies that
include both clinical trials and unsel ected patients with suspected ACS demonstrate that
levels of troponin in thisrange are independently associated with a higher risk of recur-
rent cardiovascular events (Table 2).

Emerging data also suggest that in patients with a high clinical probability of ACS
increases in troponin above the lower limit of detection (LLD) but below the ESC/ACC
decision limit are al so associated with greater risk of complications. For example, inthe
TACTICS-TIMI 18 study, patientswith abaselinecTnl >99th percentile (0.1 ng/mL) but
below the ESC/ACC decision limit (0.4 ng/mL, 10% CV) were at more than threefold
higher risk of death or M1 (p <0.001) (17). Ten percent of patientsfell into thisrange of
low-level elevation and would be “misclassified” aslow risk if the decision limit of 0.4
ng/mL were applied. Thisobservationissupported by studieswith cTnT, and using other
assaysfor cTnl (14,41) in populationsenrolled in clinical trials, aswell asin unselected
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patients with suspected ACS (25). Specifically, in acohort with possible ACS stratified
according to peak cTnl—negative (<LLD), low (®LLD to <ESC/ACC decision limit),
intermediate (ESC/ACC decision limit to <manufacturer’ ssuggested M1 limit), and high
(®suggested M1 limit)—6-mo mortality showed agraded rise across categories of cTnl
(hazard ratios of 2.5[95% Cl: 1.4-4.4] for low, 3.9 [95% CI: 2.3-6.8] for intermediate,
and 6.1 [95% ClI: 4.2-8.7] for high cTnl) (25).

Despite these findings in predominantly selected patients with ACS, the ESC/ACC
decisionlimit, set at the 99th percentilein conjunctionwith acceptableprecision, islikely
to beoptimal in most settings becauseit will minimizeanalyticfalse positives. Neverthe-
less, clinicians should recognize that in patients with ahigh (pretest) probability of ACS
atroponin result above the LLD (with present assays) identifies those at higher risk of
adverse outcomes. Thus, for patientswith acompelling history suggesting ACSwho are
foundto havelow-level elevation of troponin, theresult should berecognized asamarker
of increased risk and appropriate therapeutic actions (e.g., early invasive management)
considered. In patientswith alow or uncertain probability of ACS, troponinresultsinthis
range should prompt consideration of alternative causes and repeat testing employed to
reduce the probability of an analytic false positive.

CONCLUSION

Appliedin conjunctionwiththeclinical history, physical examination, andinterpreta-
tion of theECG, cardiactroponinisacornerstoneof the prognosti c assessment of patients
presenting with possible ACS. Cardiac troponin offersclinical sensitivity and specificity
that issuperior to other available biomarkers of myocardial necrosisand, thus, isthe pre-
ferred biomarker for diagnosisand risk assessment in this setting. In addition, to provide
insight into patients’ risk of recurrent ischemic events, measurement of troponinisvalua-
blein guiding the targeting of more aggressive therapy to those who are likely to benefit
most. Itisessential for theclinicianto befamiliar with theevidence-based decisionlimits
for risk assessment established for the assays used in their practice.
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SUMMARY

Thediagnosisand immediateinitiation of reperfusion therapy in patientswith acute
ST-elevation myocardial infarction (STEMI) are based on results of the standard 12-lead
€l ectrocardiogram. Because the appearance of cardiac markersof myocardial injury in
theblood isdelayed relative to the onset of symptom, cardiac markersare neither help-
ful for early diagnosisnor shouldtheir resultsbeawaited beforeinitiation of reperfusion
therapy. Nevertheless, there are four important reasons to measure cardiac markers of
necrosisin patientswith STEMI: (1) confirmation of diagnosis, (2) monitoring of effi-
ciency of reperfusion, (3) assessment of risk, and (4) infarct sizing.

Key Words: Troponin; myocardial infarction; prognosis; diagnosis.

INTRODUCTION

In patientswith acute ST-elevation myocardial infarction (STEMI), thediagnosisand
immediate initiation of reperfusion therapy are based on results of the standard 12-lead
electrocardiogram (ECG) (1). Owing to the fact that cardiac markers appear in blood a
substantial timeafter the onset of symptoms, cardiac markersneither arehelpful for early
diagnosis nor should their results be awaited beforeinitiation of recanalization therapy.
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Thisrelatesalso to the so-called early markers such as myoglobin, fatty acid-binding pro-
tein (FABP) or creatinekinase(CK)-MB subforms. Inclinical studies, patientswith STEMI
presented with positiveresultsfor FABP, CK, or troponinin 72, 54, and 51%, respectively
(2). Such alow sensitivity of cardiac markers on admission precludes the integration of
marker resultsinto initial treatment algorithms of patientswith STEMI. Thislimitation
pertainsto al diagnostic biomarkersstudied in STEMI to date. Neverthel ess, therearefour
important reasons to measure cardiac markers of necrosisin patients with STEMI: (1)
confirmation of diagnosis, (2) monitoring of efficiency of reperfusion, (3) assessment of
risk, and (4) infarct sizing. Each of these reasons is discussed in this chapter.

CONFIRMATION OF DIAGNOSIS
OF ACUTE MYOCARDIAL INFARCTION

According to the World Health Organi zation, adefinite diagnosis of acute myocardial
infarction (AMI) ismadein the presence of unequivocal ECG changes (devel opment of
abnormal, persistent Q waves or QS waves and evolving injury current for >24 h) and/or
unequivocal biomarker changes (serial changesrelated to the onset of symptomsand the
respectivemarker) (3). Morerecently, an ESC/AHA task force hasrecommended theuse
of troponins as the preferred cardiac marker and stated that any significant elevation of
acardiospecific troponin in the setting of myocardial ischemiaestablishesthe diagnosis
of AMI (4).

Although symptoms and typical ECG changes may sufficefor diagnostic classification
of STEMI patients, release of strictly intracellular and cardiospecific moleculesand their
detection in blood are the most convincing indicators of severe myocardial damage. Some
patientswithinitial ST-elevation will not progressto QRS changeson ECG but still reveal
elevated such biomarkers of necrosisin the blood. Thus, confirmation of the diagnosis
of AMI by cardiac markersisrecommended even in the setting of symptomsand ST-€le-
vation on admission.

Because cardiac troponins provide superior cardiospecificity to other available markers
of necrosissuch as CK-MB and myoglobin, troponin T or | should be used to confirmthe
presence of myaocardial injury inthe setting of STEMI (5). When troponins are not avail-
able, CK-MB may beused with similar diagnostic efficiency inthishighly selected clinical
subgroup (4). Owing to the short half-life of troponin in the circulation (~90 min), the
blood levelsof troponin ond 3 or 4 reflect degradation of the contractile machinery, which
isahallmark of irreversible cell injury (6). Thus, in the absence of ongoing ischemia, a
troponin elevation ond 3 or 4 after the onset of symptoms may be taken as definite proof
of irreversible myocardial injury.

MONITORING EFFICIENCY OF REPERFUSION THERAPY

Thrombolytic Therapy

Early and complete patency of infarct-related coronary arteries (IRAS) is the central
therapeutic goal in STEMI. Compared with direct percutaneous coronary intervention
(PCI), fibrinolytictherapy isassociated with significantly lower ratesof completereperfu-
sion (Thrombolysisin Myocardial Infarction [TIMI] grade 3 flow) of the IRA and does
not allow visualization of reperfusion success. Among many methods used to assess the
success of reperfusion, resolution of ST-elevation early after reperfusion therapy isthe
most widely applied noninvasive method (7,8). Cardiac markerscan complement the ECG
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in ng the success or failure of fibrinolytic reperfusion. Specifically, patientswith
AMI who develop a patent IRA will release considerably more proteins of necrosisinto
the circulation (“ washout phenomenon”) when compared with patientswho have persis-
tent occlusion (6,9).

Several biomarkers and numerous algorithms have been proposed for the prediction
of reperfusion (10). Almost all algorithmsrequireat least two blood sampl es, one obtained
oninitiation of fibrinolytic therapy and asecond 60 or 90 min thereafter (9,11-14). Shorter
timesto peak val ues, steeper upslopes, and/or greater relativeincreasesin necrosismarkers
have all been found to be associated with successful reperfusion (10). Cardiac troponins
haveat |east sometheoretical advantagesover the other soluble markerssuch asmyoglo-
bin or CK-MB, including superior cardiac specificity, and the largest tissue-to-circula-
tiongradient generatinganexcellent signal (10). Asisthecasefor ST-segment resol ution,
monitoring using biochemical marker strategiesreflectsnot only epicardial flow but also
microvascular and tissue-level reperfusion.

Primary PCI

Usually the success of reperfusion after primary PCI iseasily visualized on coronary
angiography. However, a substantial proportion of patients deemed to have successful
reperfusion have persistent compromise of myocardial blood flow owing to microvascu-
lar obstruction (15,16). Several methods may be used for identification of microvascular
obstruction, including myocardial contrast echocardiography, ST-segment resolution,
magnetic resonance tomography (MRT), intracoronary Doppler flow measurement, and
coronary angiography usingthemyocardia blush grade. Theutilization of cardiac markers
for thispurposeisrelatively novel and therationalefor their useislargely based on find-
ings from fibrinolytic trials.

Successful reperfusion of the IRA is associated with arise in blood concentrations
(“washout”) that ismorebrisk after mechanical reperfusionthan after fibrinolytictherapy
(17). Because this washout phenomenon reflects both reperfusion at the myocardial tis-
suelevel and epicardial blood flow, it istempting to specul ate that marker kinetics might
be helpful for assessment of microvascular reperfusion.

Accordingly, Frostfeldt et al. (18) found asignificantly higher relativeincreasein myo-
globin concentration and a trend toward higher rates of complete resolution (>70%) of
ST-segmentsin patientswho tested negativefor cardiactroponin T (cTnT) on admission,
suggesting normal microvascular reperfusion. Lehrkeet al. (19) demonstrated that abcixi-
mab administered during primary PCI improved the early washout of cTnT in patientswho
tested positive for troponin on admission, in patients with diabetes, and in older patients,
suggesting ahigher propensity for impaired microvascular perfusion in some subsets of
patients. A close associ ation between baseline el evation in troponin and abnormal tissue-
level reperfusionwasal so shownin patientswith an acute coronary syndrome (ACS) with-
out ST-elevation (20). Thus, thereisincreasing evidencethat elevationsin troponin result-
ing from embolization of platelet microaggregates may not only be a surrogate for the
presence of unstabl e plagque but also for microvascul ar obstructionindependent of recanal -
ization of the occluded IRA.

Kurowski et al. (21) reported higher mortality rates for patients with elevated cTnT
levelsonadmission, despiterestoration of TIMI 3gradeflow (Fig. 1). Troponin T remained
independently predictive even after adjustment for longer time delays from the onset of
symptomsto admission and for infarct location. Thesefindingsmay relateto the adverse
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Fig. 1. Survival plot showing higher short- andlong-termmortality (Iog rank p=0.0022) associated
with elevated troponin T on admission despite subsequent successful primary PCI. (Adapted from
ref. 21.)

prognostic impact that has been attributed to microvascular dysfunction (15,16). It fol-
lowsthat | essefficient marker washout may identify thoselikely to benefit from glycopro-
tein (Gp) l1b/l1lainhibition. In randomized trials, however, Gpllb/lllainhibitorsdid not
improve prognosis, suggesting aneed for individualized therapy (22). Selected clinical
variables, including measurement of cardiac troponinson admission or infarct scores, may
prove more useful for identification of patientswho will benefit from adjunctive admin-
istration of GplIb/Il1ainhibitorsduring direct PCI. Further studiesare necessary to prove
whether troponin testing could al so be hel pful to monitor the effectsof Gpllb/l11ainhibi-
tors or other drugs on microvascular reperfusion.

RISK STRATIFICATION

Several randomized trials and observational studies have contributed to a consistent
body of evidencethat troponinlevelson admission allow for early risk stratification also
inpatientswith STEMI (23-27) (Fig. 2). IntheGUSTOI 1 troponin T substudy with 12,666
patientsenrolled, 30-d mortality rateswere 15.7% in patientswith positivetroponin results
on admission compared with 6.2% among patientswith negativeresults(23). Thepredic-
tivevalueof cTnT wasindependent of age, infarctlocation, Killip class, systolicblood pres-
sure, and fibrinolytic agent. Two other clinical trials confirmed the adverse prognostic
association of apositivecTnT or cTnl test for patients undergoing primary PCI (25,26).

Therearesevera potential reasonsfor theadverse outcomesassociated with increased
blood concentration of cardiac troponin. First, time delays between onset of symptoms
and admission arelonger for troponin-positive than for troponin-negative patients. Sec-
ond, complete epicardial reperfusion is obtained lessfrequently in patients with already
elevated cardiac troponin on admission, both after fibrinolytic therapy (18,23,24,27) and
after primary PCI (25,26) (Fig. 3). Third, even after restoration of TIMI 3 gradeflow with
primary PCI, the prognosisremains less favorablein patientswith elevated cTnT levels
beforethe procedure (20). After adjustment for time delay and other potential confound-
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Fig. 3. Ratesof successful reperfusionwitheither primary PCI or fibrinolytictherapy accordingtotro-
ponin status on admission.

ers, cardiac troponin remained independently associated with morbidity, suggesting a
different potential pathomechanism. Therefore, it istempting to speculate that cardiac
troponin elevation might reflect acombination of i schemi ¢ burden and actual myocardial
damage and may overcome some shortcomings associ ated with perception of pain, ische-
mic preconditioning, or collateral flow to theinfarcted area (23). Moreover, episodes of
thromboembolic micronecrosis, resulting in microvascular obstruction, may well pre-
cede the onset of STEMI (28).

ESTIMATION OF INFARCT SIZE

Several methods may be used for estimation of infarct sizeincluding technetium-99m
sestamibi single-photon emission computed tomography (SPECT), MRT, and serid assess-
ment of markers of necrosis (29). In clinical practice, the measurement of biochemical
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Fig. 4. Correlation curve between relative infarct weight and cTnT concentration at 96 h after the
onset of infarction in canine model of nonreperfused AMI. (Adapted from ref. 34.)

markersis most readily available and commonly performed using markers such as CK,
CK-MB-isoform, hydroxybutyrate dehydrogenase, or lactic dehydrogeanase.

Idedlly, infarct sizinginvolves seria collection of cardiac markersand integration of the
area under the curve of a plot of enzyme activity or protein concentration vs time. Such
calculations produce an estimate of the quantity of infarcted tissuethat correl atesto anato-
mic estimates of infarct size made at autopsy (30). Inclinical practice, peak levelsof mark-
ersof necrosisand, lessfrequently, areaunder thetimerel ease curve of CK-M B obtained
from repetitive, serial sampling are used to estimateinfarct sitze (31). However, missing
the true peak valueisassociated with ahigh likelihood of underestimation of infarct size
(32). For cardiac markers that exhibit the washout phenomenon, infarct-sizing estimates
areinaccurate when reperfusion of occluded coronary arteriesissuccessful (33). In addi-
tion, the quality of reperfusion and duration of ischemia may influence the washout of the
marker.

The introduction of cardiac troponin may overcome some of the limitations of this
approach becausetroponin T or | isexclusively cardiac specific andisalmost compl etely
boundto the contractile apparatus (6). With troponin T, only theinitial rapid peak, which
isowing to release of the cytoplasmic pool, depends on the reperfusion status, whereas
the second late peak, whichisowing to degradation from the contractile apparatus, isinde-
pendent of thereperfusion status(6,9). Several animal experimentshave documented the
usefulnessof cTnT measurementsfor estimation of infarct size. Inacaninenonreperfused
experimental infarct model, Remppis et al. (34) plotted seria plasmacTnT concentra-
tions against histochemical infarct size. They found a close relationship between area
under the cTnT timerelease curve or peak cTnT concentrations and histological infarct
sizeat autopsy (Fig. 4). However, the need for repetitive sampling over along period and
the possibility of incomplete recovery are costly and not practical in clinical routine. To
provideacost-effectiveand feasible protocol, receiver operating analysiswasperformed
to compare the efficacy of a fixed-time protocol vs serial sampling algorithms. In the
canine model, asingle cTnT concentration measured at 96 h after the onset of ischemia
correlated closely with histological infarct size. In humans, cTnT concentrations at 72 h
after infarction were found to correl ate with scintigraphically detected (thallium) infarct
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size (35). Panteghini et al. (36) found that asingle-point cTnT measurement at 72 h after
MI correlated with infarct size measured from gated SPECT.

Inarabbit model of nonreperfused M1, areas of |ate hyperenhancement seen with con-
trast-enhanced MRT closely correlated with troponin T concentrations at 96 h after the
onset of infarct (Fig. 5). Thiscloserel ationship confirmed using myocardial contrast echo-
cardiography in a series of 100 patients with ACS without ST-elevation (37) (Fig. 6).

Similarly, acorrelation wasfound between early peak valuesof troponin| andthevol -
ume of infarcted nonreperfused myocardium as detected by contrast-enhanced MRT (38).
Not unexpectedly, theinvestigatorsfailed to demonstrate arel ationship between infarct size
and troponin | peak withinthefirst 24 h after the onset of infarct, proving again that early
troponin releaseis strongly influenced by cytoplasmic release during reperfusion (6,9).
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MRT isan excellent method for quantifying myocardial infarct of <1 gandissuperior
to SPECT for detection of subendocardial myocardia infarcts (39,40). Forthcoming clin-
ical studiesarelikely to be useful inestablishing theapplicability of troponinfor estimation
of infarct sizein reperfused and nonreperfused MI. In human studies, magnetic resonance
imaging (MRI) may serve asthe “gold standard” against which troponin concentrations
may be plotted.

Given the different release kinetics of troponin | and the heterogeneity of troponin |
assays, troponin | must be validated separately and for each troponin | assay.

CONCLUSION

Although cardiac markers of hecrosisare not required for theinitial diagnosisand man-
agement of patientspresentingwith ST-elevation ontheadmission of ECG, thereare sev-
eral very promising applications, particularly for cardiac troponinsin the context of acute
STEMI. First, troponinisthe most val uable and precise marker for confirmation of AMI.
Second, early washout of necrosismarkersisahel pful complementary test for estimation
of successful reperfusion after fibrinolytictherapy. Itishighly likely that thisalso rel ates
tomechanically recanalizedinfarct-related arteries. Third, patientswith detectableamounts
of troponin on admission have alessfavorable short- and long-term prognosis. Although
the underlying pathobiology isstill not completely understood, the hypothesisis proposed
that troponin on admission might serve as a surrogate for the presence or devel opment of
microvascular obstruction. Thefact that admission troponin status proved helpful for iden-
tification of patientswho had an incremental benefit from the platelet GplIb/I1ainhibitor
abciximab after already successful epicardial reperfusion has supported this hypothesis.
Finally, aremarkably consistent body of evidence demonstrates that measurement of car-
diac markersduring the early postinfarction period allows accurate estimation of infarct
size. For cTnT, asingle determination at 72—96 h post-STEMI onset adequately reflects
infarct size.
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SUMMARY

A significant proportion (~20%) of patients undergoing percutaneous coronary inter-
vention (PCI) or coronary artery bypassgraft (CABG) surgery develop elevated levels
of creatine kinase MB isoform (CK-MB) afterward. Large increases in the concentra-
tion of CK-MB after PCI are associated with the risk of death, myocardial infarction,
and repeat revascul arization. However, the prognostic significance of modest el evations
(lessthan five timesthe upper limit of normal [ULN]) after PCI remains controversial.
It has been shown in some studies have shown that even minor elevationsin CK or CK-
MB levels(morethan onetimethe UL N) after PCI are associated with worse outcomes,
but other studieshave shown no association between small elevationsin CK or CK-MB
(lessthan five timesthe ULN) and recurrent cardiac events. Following CABG, almost
all patientshave elevated level sof CK-MB and theclinical significanceislesswell estab-
lished. However, clinical studiesshow that large elevations (more than five times ULN)
areassociated with worse prognosis. Cardiac troponin iselevated morefrequently after
PCl and CABG. A number of procedure-rel ated factorscontributeto therisesintroponin,
including unrecognized complications of PCI (distal embolization, minor side-branch
occlusion), inflammation, direct cardiac manipulation, and direct current defibrillation
during CABG. Although troponinlevel sare hel pful in diagnosing periprocedural myo-
necrosisaswell aspredicting long-term outcomes, the optimal diagnostic and prognos-
tic cutoff levels remain to be determined. Moreover, to date, the appropriate clinical
response to these findings remains uncertain.

Key Words: Troponin; myocardial infarction; prognosis; diagnosis; revascul ariza-
tion; angioplasty.
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INTRODUCTION

It has long been recognized that a significant proportion of patients undergoing per-
cutaneous coronary intervention (PCl) or coronary artery bypass graft (CABG) surgery
develop elevated | evel sof creatinekinase (CK) or itsM B isoform (CK-M B) after thepro-
cedure. After PCI, approx 20% of patientshaveelevated CK or CK-MB (1). Many studies
have shown associations between large increases in the concentration of CK or CK-MB
after PCI and the subsequent risk of death, myocardial infarction (M1), and repesat revas-
cularization. However, the prognostic significance of modest elevations (less than five
times the upper limit of normal [ULN]) after PCI remains controversial. Some studies
have shown that even minor elevationsin CK or CK-MB levels (more than onetimethe
ULN) after PCI are associated with worse outcomes (2,3), but other studies have shown
no associ ation between small elevationsin CK or CK-MB (lessthan fivetimesthe ULN)
and recurrent cardiac events (4,5) Among patients who have elevated levels of CK-MB
or troponin after PCI, magnetic resonance imaging shows small focal areasof M1 inthe
region supplied by the treated vessel, thus confirming that these elevations result from
myocardial necrosis (6,94).

After CABG, amost all patientshave elevated levelsof CK-MB (7). Thesignificance
of elevated CK or CK-MB after CABG has not been investigated as closely, but severa
studiesindicatethat significant increasesin the concentration of CK-MB (morethanfive
timesthe ULN) after CABG are associated with worse long-term outcomes (7,8). In addi-
tion, levelsof CK-MB >191U/L havebeen associated with new perfusiondefectsonsingle-
photon emission computed tomography myocardial perfusion imaging (9).

Cardiac troponinismoresensitive and more specificthan CK or CK-MB for the detec-
tion of myocardial necrosis (see Chapter 4). Therefore, it is expected that levels of tro-
poninwill beelevated moreoftenthan CK or CK-M B after revascul arization procedures.
Nevertheless, the prognostic significance of abnormal troponin results after PCI/CABG
has not been as extensively studied as for CK and CK-MB.

ELEVATED TROPONIN LEVELS AFTER PCI
Incidence of Elevated Troponin Levels After PCI

Theincidence of elevated level sof troponin after PCI or CABG dependson the patient
population, the type of intervention (10), the timing of blood sampling (11), and thetro-
poninassay (Fig. 1). Although thereisonly onesingletroponin T assay, there are approx
15different commercially availableassaysfor troponin| (12). Even among studiesusing
the sametroponin assays, different cutoff valuesare used for positivity post-PCl. Asseen
in Table 1, the reported incidence of elevated troponin after PCI varies from 0 to 56%.

Mechanisms/Predictors of Elevated Troponin Levels After PCI

The pathophysiological mechanism for elevated cardiac troponin levels after PCI is
unclear. Potential mechanismsinclude myocardial necrosisor ischemiafrom prolonged
ballooninflations, transient abrupt closure, distal embolization, and side-branch occlusion.

ProLONGED BALLOON INFLATIONS

In two series of patients undergoing PCI, elevated postprocedural levels of troponin
correlated closely with long balloon-inflation times (13,14). Katoh et al. (15) studied 16
patients undergoing PCl with measurements of coronary sinustroponin T immediately
after and 4, 8, and 12 h after PCI. Despiteinflations up to 64 s associated with chest pain
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Fig. 1. Proportionof patientswithincreased concentration of troponin T (cTnT) with serial measure-
ment after elective PCI (n=52). (Datafromref. 11.)

and ST-segment changesin all patients, the concentration of troponin T in samplesfrom
the femoral vein and coronary sinus remained within normal limitsin al patients over the
12-h period. It therefore seems unlikely that balloon inflation alone leads to troponin
releasein the absence of distal embolization, side-branch occlusion, or other procedural
complications.

Sipe-BrancH OccLusioN, ABRUPT CLOSURE,
AND OTHER PrROCEDURAL COMPLICATIONS

In several small series, troponin elevation was found to occur mostly or exclusively
when procedural complications, particularly side-branch occlusion, occurred (16,17). In
multivariablemodel s, side-branch occlusionand other procedural complicationsareidenti-
fied asindependent predictorsof troponin elevation (10,18,19). Morethan 80% of patients
with elevated troponin post-PCI have no identifiable procedural or angiographic compli-
cations(10,20). However, distal embolization may not be angiographically apparent, and
occlusion of very small side branchesiseasily missed. Patientswith acute coronary syn-
dromes(ACS) who haveelevated level sof troponin| post-PCI aresignificantly morelikely
to have evidence of impaired tissue-level perfusion T(m) (thrombolysis in myocardial
infarction) myocardial perfusion grade 0/1 and reduced perfusion on myocardial contrast
echocardiogram than patients without postprocedural troponin | elevation (Fig. 2) (21).

STENTING VS BALLOON ANGIOPLASTY

Several observational studieshave documented higher rates of troponin elevation fol -
lowing coronary stenting compared with balloon angioplasty alone (18,22—24). However,
in other studies, there were no significant differencesinlevelsof troponin with stenting vs
angioplasty alone(13,19,20). Coronary stentsmay increasethefrequency of minor myo-
necrosis by occlusion of small side branches or increased distal embolization. Alterna-
tively, the difference may be related to the more frequent use of stentsin more complex
vessels and lesions. In two studies, the use of stents was no longer associated with tro-
ponin elevation after adjusting for confounding variablesinamultivariablemodel (18,25).
The use of multiple stents has been shown to be an independent predictor of troponin
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Table 1
Incidence of Elevated Troponin After PCI

Reference/ No. of Troponin Patients with
year of publication  patients Torl Type of assay? positive Tn (%)
(38) 2003 158 T Boehringer Cardiac Reader 13
(37) 2003 153 T Boehringer Cardiac Reader 11
(81) 1998 44 I Dade Stratus 11 36
(13) 1999 105 T Roche Elecsys STAT 18
(13) 1999 105 I Sanofi 22
(82) 2002 96 T Roche Elecsys 2010 0
(22) 2002 481 I Dade Dimension 26
(20) 2000 1129 I Beckman 31
(83) 1999 109 I Dade Stratus | 27
(32) 1997 80 T Boehringer ES300 21
(32) 1997 80 I ERIA 21
(30) 2002 116 I Beckman 43
(35) 2000 104 T Boehringer ES300 37
(35) 2000 104 I Bayer Immuno-1 56
(84) 2002 278 T Roche Bedside Cardiac T 17
(85) 1991 22 I NA 0
(14) 1998 75 T Boehringer ES301 28
(86) 1995 25 T NA 44
(40) 2002 180 I Abbott Ax Sym 27
(87) 2004 2873 I Abbott Ax Sym 39
(29) 2003 125 T Roche Elecsys 2010 18
(42) 2000 100 I NA 12
(17) 1996 44 T Boehringer ES300 9
(17) 1996 44 I Dade Stratus 11 25
(10) 2004 405 I Abbott Ax Sym 27
(11) 2004 57 T Roche Elecsys 42
(33) 2002 344 I Bayer Immuno-1 18
(18) 2004 1128 I Abbott Ax Sym 17
(27) 2004 153 I Beckman Coulter 34
(88) 1994 23 T Boehringer ES22 13
(89) 1997 80 T Boehringer ES300 0
(90) 2000 48 I Dade Stratus 1 29
(19) 2003 286 I Abbott Ax Sym 14
(41) 1995 61 T NA 35
(26) 2002 85 I Abbott Ax Sym 29
(91) 2002 96 I Abbott Ax Sym 27
(31) 2001 98 I Abbott Ax Sym 27
(31) 2001 98 T Roche Elecsys 2010 18
(43) 2002 24 T Roche ECLusys TnT Il 38
(25) 2004 522 I Abbott Ax Sym 41
(24) 1998 120 T Boehringer ES600 21
(92) 1997 25 T Boehringer ES300 4
(34) 1998 72 I Sanofi 21
(34) 1998 72 T Boehringer ES300 22
(16) 1992 21 T Boehringer 19
(93) 2002 98 T Roche 0

aNA, not available.
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Fig. 2. Evidenceforimpairedtissue-level myocardial perfusion by angiography and myocardial con-
trast echocardiography inpatientswith elevatedlevel sof troponinafter PCl. TM PG, TIMI myocardid
perfusion grade. (Datafrom ref. 52.)

elevation in some studies (10,25). There are no randomized trials comparing the rates of
troponin elevation after coronary stenting with those after balloon angioplasty alone.

AssociATION WITH | NFLAMMATION

A recent study showed that the concentration of C-reactiveprotein (CRP) isfrequently
increased after PCI, and that elevated CRP is associated with higher rates of troponin
elevation (26). Thisfinding suggeststhat systemic inflammation may beinvolvedinthe
etiology of periprocedural myonecrosis. Thisintriguing hypothesisis further supported
by atrial demonstrating lower rates of post-PCI troponin elevation in patientswho are pre-
medi cated with atorvastatin, which hasbeen shown to reduce CRPlevel significantly (27).
Alternatively, increases in acute-phase proteins may reflect the inflammatory response
to small areas of myonecrosis.

Prognostic Significance of Elevated Troponin Levels After PCI

Many studieshave documented an associ ation between elevated CK or CK-MB levels
after PCl and increased risk of adverse cardiac eventsat intermediate- and long-termfol-
low-up (1). However, there has been inconsistency asto whether even modest el evations
in CK or CK-MB are associated with adverse outcomes. Some studies have shown adirect
relationship between the degree of periprocedural myonecrosisand therisk of long-term
complications (Fig. 3) (2), whereas othershave found increased complicationsonly with
large elevationsin cardiac enzymes. In one meta-analysis, alinear association between
CK-MB elevation post-PCl and 6-mo mortality was demonstrated (28). Although abso-
lute mortality ratesare higher after spontaneous M1, therelativeincreasein mortality for
increasing levelsof CK-MB elevation aresimilar for periprocedural and spontaneousM|
(Fig.4) (28). It remainsunclear whether thereisadirect causal relationship between peri-
procedural myonecrosisand long-term complications, or whether cardiac marker eleva-
tions are ssimply a marker for high-risk lesion, vessel, or patient characteristics.

Table 2 provides the studies that have evaluated the prognostic significance of ele-
vated levels of troponin after PCl. Most, but not all, studiesfound asignificant association
between troponin results and adverse outcomes (Fig. 5). In some studies, the association
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Fig. 3. Point estimates and 95% confldence intervals for frequency of cardiac events through 6
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Fig. 4. Absolute and relative risk of mortality at 6 mo after spontaneous vs PCl-related increases
in concentration of CK-MB. (Datafrom ref. 54.)

was no longer significant with longer follow-up or after adjustment for baseline charac-
teristics (18,20). Some studies found a significant association with outcomes only when
the troponin elevation was more than three to five times the ULN (19,20,29). Although
uncertainty remains regarding the specificity and significance of troponin elevationsin
patients with renal failure, Gruberg et al. (30) found that postprocedural troponin eleva-
tion was an independent predictor of mortality at 1 yr among patients with renal failure
undergoing PCI. Thediscrepanciesamong studiesmay relateto thedifferencesin patient
popul ations, sample sizes, duration of follow-up, and sensitivities of the troponin assays
that were used.

Troponin | vs Troponin T

Several studies have simultaneously measured troponin | and troponin T levels after
PCI (13,17,31-35). Inmost studies, troponin | appeared to bemoresensitivefor detecting
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Table 2

Studies Relating Post-PCI Troponin Levels and Clinical Outcomes“

Reference/
year of Duration
publication Troponin assay Patient population Clinical outcomes of follow-up Main results
(93) 2002  TnT (Roche) Successful PCI Death, M1, CABG, 77 mo No difference in outcomes based on
(n=90) repeat PCI TnT positivity
(91) 2002  Tnl (Abbott Ax Sym)  Stable angina Cardiac death, M1, 24 mo Increased recurrent angina and repeat
(n=96) CABG, repeat PCI, intervention with Tnl positivity
recurrent angina
(90) 2000  Tnl (Dade Stratus11) M, unstable angina, Cardiac death, M1, 30d Higher risk of recurring unstable
CAD (n=60) CABG, repeat PCI, anginawith Tnl positivity
cardiac hospitalization
(84) 2002  TnT (RocheBedside  Single-vessel PCI Cardiac death, M, 6 mo Higher risk of death, MACE with Tnl
Cardiac T) (n=278) CABG, repeat PCI, positivity
cardiac hospitalization
(30) 2002  Tnl (Beckman) Chronic renal Death, Q-wave MI, TLR 12 mo Higher mortality with Tnl positivity,
insufficiency independent predictor of late
(n=116) mortality
(81) 1998  Tnl (Dade Stratus 1) Successful PCI Death, MI, unstable 38+ 11lyr Nodifferencein outcomes based on
(n=44) angina, CABG Tnl positivity
(33) 2003  Tnl (Bayer Immuno-1) Stable angina, Cardiac death, 53-82 wk Higher long-term MACE with Tnl or
+ TnT (Roche unstable angina Q-wave MI, CABG, TnT positivity
ES300) (n=109) repeat PCI
(83) 1999  Tnl (Dade Stratus 1)  Consecutive PCI Death, MI, repeat PCI 8+3mo Postprocedure Tnl not a predictor of
(n=109) late events
(20) 2000  Tnl (Beckman) Consecutive PCI Death, Q-wave MI, TLR 8 mo Tnl > 3 times normal limit associated
(n=1129) with increased complicationsin

hospital but not at 8 mo

(continued)
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Table 2 (Continued)

Reference/
year of Duration
publication Troponin assay Patient population Clinical outcomes of follow-up Main results
(18) 2004  Tnl (Abbott Ax Sym)  PCI with normal Death, CABG, lyr Higher 1-yr event rate with Tnl
post-PCI CK level repeat PCI, elevation; Tnl > 5times ULN an
(n=1128) cardiac admissions independent predictor of in-hospital
but not 1-yr events
(40) 2004  Tnl (Abbott Ax Sym) PCI (n= 2873) Death 12+ 6 mo Tnl post-PCl not predictive of
mortality
(29) 2003  TnT (Roche Consecutive PCI Death, MI, repeat 5.6yr Elevated TnT an independent
Elecsys 2010) (n=212) PCI, CABG predictor of MACE at 1 yr; TnT >
5times ULN a predictor of lower
long-term event-free survival
(13) 1999  Tnl (Sanofi) + TnT Consecutive PCI Cardiac death, M, 16 mo No difference in outcomes based on
(Roche Elecsys (n=105) repeat PCl, CABG, Tnl positivity
STAT) recurrent angina
(19) 2003  Tnl (Abbott Ax Sym) Consecutive PCI Death, MI, repeat PCI, 445d Tnl > 3times ULN an independent
(n=471) CABG predictor of long-term MACE
(22) 2002  Tnl (Dade Dimension) ACS (n = 481) Death, MI, severe 90d Elevated Tnl post-PCl associated with

recurrent ischemia

higher rate of death/M|

CAD, coronary artery disease; MACE, major adverse cardiac events; Tnl, troponin I; TnT, troponin T; TLR, target lesion revascul arization.
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Fig. 5. Relationship between cardiactroponin| (cTnl) post-PCl and risk of subsequent deathor M1
through 90 d. (Data from ref. 18.)

periprocedural myonecrosis (17,31,33,35), although other studiesfound similar rates of
elevation post-PCI. Noneof these studi eswereadequately powered to determinewhether
one troponin assay was more predictive of adverse clinical outcomes after PCI.

I mportance of Measuring Baseline Preprocedural Troponin

Patients undergoing PCI within 2wk of an ACSwill often have elevated troponinlevels
pre-PCl. Gustavsson et al. (36) have showed that among patientswith el evated preproce-
dural troponin, postprocedural levels of troponin do not correlate well with CK-MB and
may not represent periprocedural myocardial injury. Therefore, itisessential to measure
the preprocedural troponin level and/or postprocedural CK-MB level to avoid misdiag-
nosis of periprocedural myonecrosis. Measurement of preprocedural troponin may also
improve the ability to predict adverse clinical outcomes based on postprocedural tropo-
nin levels. In one study, patients with recent ACS and persistent elevation of troponin
undergoing PCI had ahazard ratio of 2.7 for death or M| at 90 d associ ated with abnormal
periprocedural troponin results, whereas the hazard ratio was 4.3 for patients known to
have negative troponin levels before the procedure (22).

Prevention of Elevated Troponin Levels After PCI

A number of pharmacological agents have been shown to reduce the frequency and/or
severity of periprocedural myonecrosis as measured by postprocedural levels of troponin.
Because microembolization of thrombus is believed to be one of the primary causes of
periprocedural myonecrosis, itisnot surprising that more potent antiplatel et agents, such
asthethienopyridinesand theiv glycoprotein I1b/I11areceptor inhibitors, and more potent
inhibitors of thrombin reduce the frequency of this complication.

In one retrospective, nonrandomized analysis, patients pretreated with ticlopidine prior
to coronary stenting had lower frequency and magnitude of increasein the concentration
of troponin T compared with patients who started taking ticlopidine the day of the pro-
cedure (37). A small randomized trial of clopidogrel vsticlodipidine started on the day
of PCI showed lesstroponin T elevation and lower meantroponin T valuesafter PCl with
clopidogrel (38).
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Fig. 6. Proportion of patientswith elevated cTnT after PCl when treated with adjunctivetirofiban
vscontrol. (Datafromref. 17.)

Tirofiban started prior to the first balloon inflation and continued for 18 h post-PClI
was shown in arandomized, placebo-controlled trial to reducethefrequency of troponin
T elevation at 24 h (48 vs 69%; p < 0.05), although the difference at 48 h was no longer
statistically significant (Fig. 6). The reduced frequency of troponin and CK-MB eleva-
tions post-PCI with the use of glycoprotein I1b/I11ainhibitor is thought to be related to
reduced periprocedural myonecrosis, rather than an interaction between this class of
drugs and the cardiac marker assays (39). Kini et al. (40) performed arandomized trial
of eptifibatide, tirofiban, or abiciximab during PCI, with additional half boluses of the
study drug given 10 min later if <90% inhibition of platelet aggregation was achieved.
There was no difference in the incidence of troponin | elevation >2.0 ng/mL post-PClI
between the different glycoprotein I1b/l11areceptor inhibitors.

Inarandomized trial of patientswith unstable angina undergoing PCI that compared
hirudin, adirect thrombin inhibitor, with heparin, both doses of hirudin used were more
effective than heparin in preventing troponin T elevations >0.2 ng/mL post-PCI (24 vs
58%; p = 0.01) (41).

The use of other classes of drugs has also been examined in relation to the incidence
of post-PCI troponin elevation. I ntravenousnitroglycerine started immediately after PCI
and continued for 12 h was shown to be superior to placebo in reducing the frequency of
troponin | elevation >0.1 pg/L at 12 h post-PCI (5 vs 19%; p = 0.036) (42). Thisfinding
may berel ated to theimproved coronary blood flow and myocardial perfusion that occur
withiv nitroglycerine. Interventionsthat induceischemic preconditioning, such as nico-
randil, may also reduce the frequency of minor myocardial damage during PCI (43). A
randomized, placebo-controlledtrial of atorvastatin (40 mg/d) started 7 d prior to PCl dem-
onstrated amarked reduction in troponin | elevation (20 vs 48%; p = 0.0004) in thefirst
24 h after PCI (27). Given the effect of atorvastatin on reducing CRPlevelsand the asso-
ciation of CRP with elevated troponin post-PCl (26), it has been postul ated that atorva-
statin prevents periprocedural myonecrosis through its anti-inflammatory properties.

A number of mechanical approachesreduce periprocedural M1, asassessed by CK-MB,
including theuseof distal embolization protection devicesfor saphenousveingraft inter-
ventions (44), and direct stenting without predilation (45). Theimpact of these strategies
on troponin release post-PCl has not been studied.
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Management of Patients With Elevated Troponin Levels After PCI

Asthe prognostic significance of elevated troponin after PCI continuesto be debated,
with no clearly defined threshold level sfor increased risk, no firm recommendations can
be made for the management of patients who have elevated troponin after PCI. With
marked elevationsin post-PCI troponin, it may be reasonableto delay hospital discharge
by an additional day for observation or until thebiomarker isnolonger rising, particularly
when thereis also amarked risein CK-MB levels.

Intuitively, it would be anticipated that patientswith periprocedural myonecrosiswould
derive the same benefit from long-term secondary prevention, including B-blockersand
angiotensin-converting enzymeinhibitors, asthose patients with non-procedure-rel ated
MI. However, these therapies have not been proven to be beneficial in this setting. One
study suggested that pretreatment with oral B-blockersreduced the frequency of CK ele-
vation after PCI and improved mortality independent of the effect on CK elevation (46).
However, no differencein CK elevation was seen in another large registry (47), and the
improvement in long-term mortality post-PCI was mainly limited to patients who had
previous M1 (48).

ELEVATED TROPONIN LEVELS AFTER CABG

The concentration of troponin is elevated in ailmost all patients after bypass surgery,
with marked increasesin 20-40% of patients(7,49-54). Several studieshave shown lower
postoperativetroponin levelswith minimally invasive and of f-pump surgical techniques
(55-62). Thetypeand route of delivery of cardioplegiamay alsoinfluencethe periopera-
tive release of troponin (63-65).

Postoperativetroponin level shave greater sensitivity and specificity for thediagnosis
of perioperative M| (based on el ectrocardiographic changes, wall motion abnormalities,
and/or scintigraphic perfusion defects) than CK-MB (50,51,66-69). However, CK-MB
may bemore sensitivethan troponininthefirst 12 h after surgery (70). Postoperativetro-
poninlevelsarehigher in patientswith documented early graft occlusion (71,72). Never-
thel ess, owingto considerable overlap of troponin val uesbetween patientswith and with-
out graft occlusion, troponin levelsmay not reliably predict graft occlusioninindividual
patients (71). The most appropriate troponin cutoff valuesfor defining perioperative Ml
have not clearly been defined.

Several studieshave supported arelationship between marked postoperativeelevation
of CK-MB and subsequent survival (Fig. 7). The relationship between postoperative
levelsof troponinand clinical outcomeshasnot been extensively studied. However, arela
tionship to adverse outcomesdoesappear to exist. Eigel et al. measured troponin | imme-
diately after bypasssurgery in 540 patientsand found troponin | rel easeto beasignificant
predictor of death and reinfarction (95). In another series of 202 patients undergoing
CABG, high postoperative troponin | levels were associated with increased risk of car-
diacdeathat 2 yr (73). In 224 patientsundergoing cardiac surgery (bypasssurgery in 171
patients), apostoperativetroponin T level ©1.58 ng/mL wasan independent predictor of
in-hospital complications, including death, shock, and M1 (74); aprolonged length of stay
intheintensivecare unit (75); and mortality at 1 yr (76). Thisobservationisconsistent with
the findings of other studies documenting the association between high postoperative
troponin | or troponin T level sand postoperative short- and long-term morbidity and mor-
tality (Fig. 8) (77-80).
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CONCLUSION

M easurement of troponin after PCl and CABG isavery sensitivemethod for detecting
myocardial necrosisrelated to these coronary revascularization procedures. Troponinis
frequently elevated after PCl and almost universally elevated after CABG, with marked
elevationsin 20—40% of CABG cases. A number of procedure-rel ated factors contribute
totherisesintroponin, including unrecognized complications of PCI (distal embolization,
minor side-branch occlusion), inflammation, direct cardiac manipulation, and direct cur-
rent defibrillation during CABG. Although troponin levels are hel pful in diagnosing peri-
procedural myonecrosisaswell aspredictinglong-term outcomes, theoptimal diagnostic
and prognostic cutoff levels for the different clinical settings and the various troponin
assays that are commercially available remain to be determined. Moreover, to date, the
appropriate clinical response to these findings remains uncertain.
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SUMMARY

Cardiactroponin| (cTnl) and cardiactroponin T (cTnT) are highly specific and sen-
sitive biomarkersof necrosis. Although they are used primarily for the diagnosis of acute
coronary syndromes, their application tothefield of congestive heart failure (CHF) has
now received significant interest. cTnl and cTnT providevaluableclinical information
not available through other diagnostic methods and improve the laboratory character-
ization of CHF. They also allow accurate risk stratification and prognosis. An impor-
tant aspect of their clinical useisthe monitoring of therapeuticinterventionsin patients
with heart failure. Theinclusion of cardiac troponinsin amultimarker strategy and the
development of more sensitive immunoassays will likely further contribute to their
acceptance as clinical toolsin CHF.

Key Words: Cardiac troponin I; cardiac troponin T; heart failure.

INTRODUCTION

Thischapter reviewsthe physiological rationale and clinical use of cardiac troponinsas
biomarkersof necrosisin congestive heart failure (CHF). CHF ischaracterized by | eft ven-
tricular (LV) systolic dysfunction, whichincludesdecreased cardiac output, increased wall
stress, LV dilatation, and remodeling. Changes in relaxation, compliance, and stiffness
of themyocardium, generaly referred to asLV diastolic dysfunction, further contributeto
the clinical presentation. At the cellular level, CHF is characterized by a general process
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of adaptive phenotypic changes. These include cell elongation and hypertrophy, altered
expression of cytoskeletal proteins, and changes in energy metabolism (1). The hyper-
trophic response shortens cell survival through increased energy utilization, decreased
removal of calcium from the cytosol, and calcium overload, which ultimately leads to
cardiac cell death (2).

Cardiac remodeling and cell death comprise the structural basis of CHF. Cardiac cell
death occurs through two primary mechanisms:. apoptosis and necrosis. Apoptosisis a
tightly regul ated sequence of cellular eventsresultingin loss of viable myocyteswithout
aninflammatory reaction. Apoptosisistriggered by damageto DNA, cell membrane com-
ponents, and mitochondria (3,4). This processis mediated by molecular signalsinvolv-
ing cytokine and nuclear receptors. The second mechanism of cell death is cardiac cell
necrosis. It involves membrane damage, cell swelling, and significant local inflammation
followed by fibrosis. Cell necrosisistriggered by ischemia, increased wall stress, neuro-
humoral factors, freeradicals, and calcium overload. Additional structural changesoccur
in the nonmyocyte compartment, which includes extracellular matrix and fibroblasts.
These changes |ead to myocardial fibrosis and further contributeto LV systolic and dia-
stolic dysfunction.

Troponin| and T are structural proteinswith isoformsthat are expressed uniquely in
the adult human heart. Because of their unique intracellular localization and the avail-
ability of highly specificimmunoassaysfor their detection, both cardiactroponin| (cTnl)
and cardiac troponin (cTnT) have become the standard of care for the biochemical diag-
nosis of acute coronary syndromes (5-8). These highly sensitive and specific biomarkers
of myocytenecrosishave now revealed myocardial injury inavariety of clinical settings,
including patients with CHF.

DETECTION OF CARDIAC TROPONIN IN CHF

Different neurohumoral markers, including norepinephrine, angiotensin 11, plasma
renin, endothelin 1, cytokines, A-type natriuretic peptide, and B-type natriuretic peptide
(BNP), have been used in the research and/or clinical evaluation of heart failure. How-
ever, these biomarkers lack cardiac specificity and only indicate neurohumoral activa-
tion and/or hemodynamic failure. Historically, there have been no structural biomarkers
of heart failure.

Freguency and Clinical Correlates

Figure 1 representsthe pathophysiological concept that CHF ischaracterized by achronic
low level of myocardial injury leading to degradation of structurally bound proteins,
including cardiac troponin (9). The concept of measuring cardiac troponin in patients
with CHF wasintroducedin 1995. Inapilot study, Missov et al. measured cTnl in 11 end-
stageheart failurepatientsandin 11 control subjects(10). They foundthat 2 of 11 patients
with CHF had levels of cTnl above the upper reference limit of the assay (0.1 ng/mL),
whereas an increased concentration of troponin was not detectable in any of the control
subjects. Inafollow-up study, the sameinvestigatorsused amore sensitiveimmunoassay
to measure cTnl (11). Thisassay had alower limit of detection, 3 pg/mL, and no cross-
reactivity with the skeletal muscle isoform of troponin I. The results showed that the
mean concentration of cTnl was 72.1 £ 15.8 pg/mL in stable ambulatory patients with
New York Heart Association (NYHA) class |11 or IV heart failure, compared with 36.5
+ 5.5 pg/mL in hospitalized patients without cardiac disease, and 20.4 = 3.2 pg/mL in
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Fig. 1. Possible pathophysiological pathway for release of biomarkers of necrosisin patients with
CHF. (Fromref. 9.)

healthy blood donors (p < 0.01 for each vs heart failure patients) (Fig. 2A). Although
lacking the high specificity of cardiac troponin for myocardial damage, measurements
of cardiac-specificisofocus of creatine kinase (CK-MB) and myoglobin, two additional
biomarkersof necrosis, produced similar results(Fig. 2B,C). Thesedataprovided thefirst
evidence for ongoing myocyte injury and an increased concentration of cardiac troponin
in the peripheral blood of patients with advanced heart failure and showed the potential
usefulness of cardiac troponin as a specific and sensitive biomarker in severe CHF.

Thesefindings have subsequently been validated in multiple clinical studies. In astudy
of asimilar population of patients with heart failure and matched control subjects (12),
heart failure patients had significantly elevated levels of cTnT (Table 1), with the con-
centration of cTnT correlating inversely with LV ejection fraction (LVEF). These data
confirmed that sensitive biomarkers of necrosis are increased in patients with CHF and
parallel the severity of the disease. Logeart et al. (13) also documented ongoing cardiac
cell injury using cTnl in 71 patientswith nonischemic cardiomyopathy and NY HA Class
-1V heart failure. Intheir study, heart failure patientswith el evated cTnl weremorelikely
to have echocardiographic findings of a concentric remodeling pattern and evidence of
diastolic dysfunction. Others have shown that patientswith advanced CHF and detectable
levelsof cTnl havesignificantly moreimpaired hemodynamic profiles, including higher
pulmonary capillary wedge pressure and lower cardiac index (14).

Relationship to Clinical Outcomes

LaVecchiaet al. (15) investigated the clinical usefulness of cTnl asadiagnostic and
prognostic marker in patients with severe heart failure. They enrolled 34 patients with
NYHA functional class|l-V CHF and stratified theminto two groups based on the pres-
ence or absence of detectablecTnl. Thestudy showed that detectablelevelsof cTnl iden-
tified ahigh-risk subgroup of patients (n = 10; 29%) with increased short-term mortality
(hazard ratio: 6.86; 95% confidence interval [Cl]: 1.32—35.4). Furthermore, LV EF was
significantly lower in patients with elevated cTnl compared with patientswith undetect-
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Table 1
c¢TnT and CK-MB in Patients with CHF

CHF (n= 33) CTL (n= 47)2 p Value

cTnT (ng/mL) 0.140 £ 0.439  0.0002 + 0.001 0.0001
CK-MB (ng/mL) 3.76 + 3.65 2.62+2.16 0.0474

aCTL, healthy control subjects. (From ref. 11.)
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Fig. 3. The concentration of cTnT correlates with the severity of CHF. (From ref. 16.)

Cardiac Troponin T (ng/mL)

ablelevels (20 + 5vs 26 + 7%; p = 0.023) with atrend toward higher intracardiac pres-
sures. Notably, therewasno histol ogical evidence of myocarditisinthosepatientswith ele-
vated cTnl, and the cause of CHF wasevenly distributed among i schemic and nonischemic
etiologies.

The important observation that cardiac troponin is associated with outcome as well as
severity of diseasein patientswith CHF hasbeen corroborated by severa studies. Inastudy
of 56 consecutive patientswith chronic heart failure from avariety of etiologies, Setsuta
etal. (16) showedthat levelsof cTnT correlated with the severity of heart failure asdeter-
mined by NY HA functional class(Fig. 3). Inaddition, aconcentration of cTnT >0.02 ng/
mL was associated with asignificantly higher risk of death or readmission for worsening
heart failure (Fig. 4). Similarly, in a prospective study of 84 patients with acute cardio-
genic pulmonary edemawithout myocardial infarction, Pernaet al. (17) found that cTnT
>0.1 ng/mL measured in samples obtained 6 and 12 h after admission was strongly asso-
ciatedwithlower 3-yr survival (29vs76%in patientswith elevated vsnormal cTnT results,

Fig. 2. (Oppositepage) Box and whisker plotsof serum concentrationsof cTnl, CK-M B, and myoglo-
bininpatientswith CHF (n=35), healthy control subjects(n=55), hospitalized control subjectswith-
out cardiovascul ar disease (n = 25), and both control groups (n=80). Thelinewithinthebox isthe
mean value, the upper and lower box valuesrepresent £1 timesthe SE, thewhiskersintheplot are
defined asthemean + 1.96 timesthe SE, and theclosed circlesareindividual datapointsexceeding
thisspecified value. (A) *p<0.01vsall groups; (B) *p < 0.01 vshospitalized control subjectsand
combined control subjects; (C) *p < 0.01vsall groups. (Fromref. 11.)
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log-rank test; p<0.001). Inthelargest of these studies, Horwich et al. (14) eval uated 238
patients with advanced heart failure referred for cardiac transplantation who had cTnl
measured at the time of initial presentation. A significant correlation was also found
between the baseline concentration of cTnl and the progressive decline in LVEF over
time. Moreover, by virtue of the larger sample size, this study revealed that cTnl was
associated with increased mortality independently of the patient’ s age, cause of CHF, and
LV function (adjusted relativerisk [RR]: 1.85; 95% CI: 1.04-3.26). Other important find-
ings of the study were that the optimal cutpoint identified by receiver operator curve
analysiswas at the lower reference limit for the assay used, and that higher levelsof cTnl
were not associated with additional risk. In other words, any detectableelevationincTnl
conferred asimilar level of increased risk. The fact that any positive cTnl result rather
than the absolute value of the result carried an increased risk has important clinical
implicationsand makesthefinding of the study applicableto|laboratoriesusing different
immunoassay’s to measure troponin.

Moreimportant, the prognostic rel ationship between cardiac troponin and outcomeis
apparent in stable ambulatory patients with heart failure and isindependent of the most
commonly used NYHA functional classification. Hudson et al. (18) collected prospec-
tivedatafrom NYHA functional class |-V heart failure patientswith aLV EF of <35%.
The end points of the study were death or hospitalization for heart failure. Of 136 patients,
33(24%) had alevel of cTnT >0.02ng/mL. Anelevated level of cTnT wasassociated with
increased risk of death or hospitalization for heart failure (RR: 2.7; 95% Cl: 1.74.3; p=
0.001) and desth alone (RR: 4.2; 95% CI: 1.8-9.5; p = 0.001) during follow-up. Troponin
T and NYHA functional class were both independent predictors of death or heart failure
hospitalizationinthisstudy. Theinvestigators concluded that approximately one-fourth of
ambulatory patientswith chronic heart failure had ongoing myocardial necrosis, asshown
by abnormal troponin val ues, which wereassociated with increased mortal ity and morbidity.

Changes During Therapy

Goto et al. (19) assessed the clinical value of quantifying serum concentrationsof cTnT
both in the initial evaluation and in assessing the response to treatment in patients with
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Fig. 5. Prognosticimplicationsof persistentincreasesinconcentrationof cTnT in patientswith heart
failure. Inastudy of 60 patientswithidiopathicdilated cardiomyopathy, 33 patientshadacTnT <0.02
ng/mL at baseline and throughout follow-up (No”), 10 had alevel of cTnT that wasincreased at
baselineandfell duringfollow-up (Transient”), whereas17 had persistently elevated levels. (From
ref. 20.)

acutely decompensated heart failure. All patientsin the study were determined to have
adilated, nonischemic cardiomyopathy. Measurements of cTnT were made at the time
of admission and then repeated after stabilization of clinical signsand symptoms, an aver-
age of 52 d later. After successful intensive medical therapy, the serum concentration of
cTnT was significantly decreased, from 30 £ 21t0 9+ 1 ng/L (p < 0.001).

Sato et d. (20) investigated theclinical significance of persistently elevated cTnT levels
in heart failure patients. In astudy of 60 patientswith idiopathic dilated cardiomyopathy
confirmed by coronary angiography and endomyocardial biopsy, patients were catego-
rized into three groups based on measurement of cTnT at baseline and follow-up. Inthe
first group of 33 patients, levelsof cTnT wereconsistently lower than 0.02 ng/mL at base-
lineand throughout follow-up. Theremaining patientshad aninitial concentration of cTnT
>0.02 ng/mL. Of these patients, 10 showed decreasing levelsduring follow-up whilethe
remaining 17 had consistently elevated levels of cTnT. Echocardiographic assessment
showed that LV end-diastolic dimension and LV EF improved both in patients with low
baselinelevelsof cTnT andinthoseinwhominitially elevated level sdecreased during fol-
low-up. By contrast, among patientswith persistently elevated levelsof cTnT, LV end-dia-
stolicdimensionand LV EFfailedtoimproveduringthefol low-up period. Moreover, patients
with persistently elevated cTnT had significantly lower event-free survival (Fig. 5).

COMBINED MEASUREMENT
OF TROPONIN AND NATRIURETIC PEPTIDES

Natriuretic peptidesareestablished markersof disease severity and prognosisin patients
with CHF. Becausethey reflect ventricular wall stressrather than myocardial injury, itis
plausiblethat natriuretic peptidesand ca
rdiac troponin may offer complementary informa-
tioninthispopulation. Ishii et al. (21) studied 98 consecutive patients hospitalized with
worsening heart failure in whom the combined measurement of cTnT and BNP allowed
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Fig. 6. Kaplan-Meier analysis of cardiac event—free survival in patients with CHF stratified into
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(Fromref.21.)
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classification into groups with neither, one, or both biomarker results positive. The con-
centrations of BNP and cTnT were modestly correlated (r = 0.20; p = 0.049). Using cut-
pointsof 440 pg/mL for BNPand 0.33 pg/L for cTnT, 38 patients (39%) had one el evated
biomarker and in 29 patients (30%) both were elevated. BNP (p = 0.03) and cTnT (p =
0.016) were both independent predictors of cardiac death during an averagefollow-up of
451 d. When applied together, these biomarkers revealed a graded rel ationship with the
risk of cardiac death bothin hospital (3, 11, and 31% inthelow-, intermediate-, and high-
risk groups, respectively; p = 0.006) and during long-term follow-up (Fig. 6). These
observationsare supported by similar datafrom at |east one other study inwhich BNP and
cTnl offered complementary informationfor risk stratification of patientswith advanced
heart failure (Fig. 7).

FUTURE DIRECTIONS

Cardiactroponinislikely to becomearecognized tool for thelaboratory characteriza-
tion of heart failure, for risk assessment and prognosis, and for monitoring of the efficacy
of therapeuticinterventions. These goa swill be met through theintegration of cardiac tro-
poninsinamultimarker strategy and through the devel opment of new-generation highly
sensitive immunoassays.

A multimarker diagnostic approachin heart fail ure patients has been suggested (9,11).
In apilot study using the combined approach of measuring cTnl and cTnT in the same
population of heart failure patients, Missov and colleagues reported that of 22 patients,
9 (41% of the study population) had undetectablecTnl and cTnT andfive (23%) had both
cTnl and cTnT abovethe upper limit of normal. In four patients (18%) only cTnT wasele-
vated, whereasfour other patients(18%) had only elevated cTnl (E. Missov, personal com-
munication, 11 Jul 2000, 7thWorld Congresson Heart Failure, Vancouver, B.C., Canada).
Thesepilot datahighlighted thefeasibility of biochemical stratificationandrisk profiling
of patientswith heart failure by usingacombination of cTnl and cTnT. Theuseof acardiac
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marker of necrosisin combination with abiomarker of hemodynamic stresswas described
in the previous section. The concept of amultimarker approach in heart failureislikely
to guide future research and clinical applications.

Thelevel of any marker proteininthecirculation dependsontheanalytic performance
of the assay used for its detection. Initia studies on cardiac troponins in heart failure
documented that both cTnl and cTnT could be measured with currently avail ableimmu-
noassays and, in some patients, revealed amagnitude of increase that was similar to that
observed in acute myocardial infarction (11,12,15,20). Moreover, the development of a
more sensitiveimmunoassay allowed the detection of cTnl in agreater number of patients.
These observations suggest that improved analytic performance will lead to better clini-
cal characterization of thedisease processin patientswith CHF (11) and support thevalue
of ongoing work focused on the development and clinical validation of more sensitive
assays for troponin. Finally, before biomarkers of necrosis are applied routinely in the
evaluation of patientswith heart failure, prospective studiesdefining the appropriatethera-
peutic response are necessary. On the basis of presently available data, it is reasonable to
consider moreaggressivetreatment strategiesin linewiththeir higher risk for patientswith
increased levels of cardiac troponin.

CONCLUSION

cTnl and cTnT arehighly specific and sensitive biomarkersof necrosis. They areeasily
measured in peripheral blood samples, provideclinical information not availablethrough
other diagnostic methods, andimprovethelaboratory characterization of CHF. Biomarkers
of necrosisappear to enhancerisk stratification of heart failure patientsand may beuseful
for monitoring the efficacy of therapeutic interventions. Asin other clinical settings, mul-
timarker strategies are likely to provide valuable information for therapeutic decision
making in patients with heart failure.
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SUMMARY

Acute pulmonary embolism (PE) presents with awide clinical spectrum of acuity.
Patients with anatomically small PE and no underlying cardiopulmonary disease have
an excellent prognosis. Massive PE with cardiogenic shock is life-threatening, with a
highmortality rate. However, most patientswith PE have clinical presentationsthat are
at neither of these extremes. These patients constitute the majority of patientswith PE.
They requirerapid assessment of prognosisin order to optimizetherapy. These patients
will benefit from early and accurate risk stratification. Biomarkers of necrosis (tropo-
nin) and hemodynamic stress (B-type natriuretic peptide) have both proven useful for
assessing prognosis in patients with PE. Right ventricular microinfarction and right
ventricular shear stress are the most likely explanations for the rise in troponin and
natriuretic peptides, respectively. Although these biomarkers do not offer incremental
prognosticinformation in patientswho present with cardiogenic shock owing to PE, they
may be useful in guiding additional testing and the aggressiveness of therapy. Future
investigation will assess these biomarkers in formal prospective management trials.

Key Words: Troponin; pulmonary embolism; prognosis; fibrinolysis.

INTRODUCTION

Acute pulmonary embolism (PE) presents with a wide clinical spectrum of acuity.
Patientswith anatomically small PE and no underlying cardiopulmonary disease havean
excellent prognosis. Massive PE with cardiogenic shock islife-threatening, with ahigh
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Table 1
Rationale for Risk Stratification
Low risk@ High-risk2

Low-risk patients can be managed safely High-risk patients will benefit from intervention
with anticoagulation alone, possibly with that considers thrombolysis or embol ectomy,
reduced hospital length of stay. in addition to anticoagulation.

2Clinical evaluation alone cannot necessarily determine which patients are low risk or at high risk.

mortality rate. However, most patients with PE have clinical presentations that are at
neither of theseextremes. These patientsconstitutethemajority of patientswith PE. They
require rapid assessment of prognosisin order to optimize therapy and will benefit from
early and accurate risk stratification.

RISK STRATIFICATION OF PATIENTS WITH PE

Traditional Approach

If risk stratification is successful, resources can be allocated rationally and manage-
ment planswill yield effective and safe outcomes (Table 1). The classic approach to risk
stratification of PE relied primarily on measuring systemic arterial pressure. Patients
with systolic blood pressurethat fell below 90 mmHg were started oniv vasoconstrictors
and/or inotropic agents. If such agents failed to raise the systolic blood pressure above
90 mmHg, these individuals were considered high risk.

This crude approach was too restrictive for identifying and detecting the majority of
patientsat high risk. Younger patientswith PE usually have excellent underlying cardio-
pulmonary function. This enables them to maintain systemic arterial pressure above 90
mmHg until their embolismisnearly fatal. By contrast, patientswith medical comorbid-
itiesmay rapidly devel op multisystem organ failure in the setting of massive or submas-
sive PE. By thetimethey fit the strict classic criterion of “ hypotension despite pressors’
and are deemed to be at “high risk,” their decompensated cardiac, pulmonary, renal, or
hepatic function often precludes a successful outcome.

Contemporary Tools

Contemporary risk stratification combinesclinical findingswith the results of standard
emergency testssuch aselectrocardiography and chest X -ray, aswell asmore sophisticated
imaging tests. Cardiac biomarkers arethe most recent addition to our array of modalities
to risk stratify and prognosticate (Table 2).

Formal risk assessment canincorporateaclinical scoring system (1). For example, the
GenevaPrognostic Index (1) utilizesan eight-point scoring system and identifiessix pre-
dictors of adverse outcome: two points each for cancer and hypotension, and one point
each for heart failure, prior deep vein thrombosis (DVT), arterial hypoxemia, and ultra-
sound-proven DV T. As points accumulate, prognosis worsens.

Physical examination, electrocardiogram (ECG), chest X-ray, computed tomography
(CT) scan, and echocardiogram can provide evidence of right ventricular (RV) dysfunc-
tion, a key prognostic marker of high risk and increased likelihood of suffering major
adverse clinical events. On physical examination, tachycardia and tachypnea may sug-
gest highrisk. Cluestoright heart failureinclude distended jugular veins, an accentuated
pulmonic heart sound, and a tricuspid regurgitation murmur (2).
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Table 2
Methods of Risk Stratification

Clinical evaluation
Gestalt
Formal prognostic indexing
ECG
Echocardiography
RV dilatation
RV function
Chest CT scan
Reconstructed cardiac views
RV enlargement
Cardiac biomarkers
Troponin
Natriuretic peptides

Table 3
Possible Management Strategies for Low-Risk Patients

1. Intravenous unfractionated heparin as a bridge to oral anticoagulation, usually with
warfarin

2. Low-molecular-weight heparin, as a bridge to oral anticoagulation (e.g., 1 mg/kg
of enoxaparin twice daily or 100 U/kg of dalteparin twice daily)

3. Low-molecular-weight heparin, as monotherapy (e.g., 1.5 mg/kg of enoxaparin once daily
or 150 U/kg of dalteparin once daily).

4. Fondaparinux (e.g., 7.5 mg once daily for patients between 50 and 100 kg) as a bridge
to oral anticoagulation (investigational)

5. Oral direct thrombin inhibitor (e.g., ximelagatran) as monotherapy (investigational)

The ECG may show aclassic S1Q3T3 pattern but more often will demonstrate aless
commonly recognized sign of RV strain, T waveinversioninleadsV1-V4. New incom-
plete or complete right bundle branch block isavery useful sign of RV dysfunction (3).
The chest X-ray may show enlarged pulmonary arteries (4), especially an enlarged right
descending pulmonary artery, indicating pulmonary hypertension.

Althoughthechest CT scanisperformed primarily to detect or exclude PE (5), informa-
tion about RV dilatation can a so begleaned. If theright ventricleis>90% the size of theleft
ventricle, then RV dilatation owing to RV dysfunction can be confidently diagnosed (6).

Among patientsin whom the diagnosis of PE is established, the echocardiogram pro-
videsrapid and accuraterisk stratification (7). Moderate or severe RV hypokinesis, pul-
monary hypertension, apatent foramen ovale, and free-fl oating right-heart thrombusare
markers for a high risk of death or recurrent PE (8).

I mportance of Risk Assessment

Theresults of initial risk stratification will have a profound effect on treatment plan.
When confident about which patientswith PE areat low risk, physicianscanfocusimme-
diately on providing them with intensive anticoagulation and thorough discharge plan-
ning (Table 3). Equally useful isidentifying high-risk patients, especially those patients
at high risk even though they appear clinically stable. Despite their apparent stability,
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Table 4
Possible Management Strategies for High-Risk Patients

1. Thrombolysis (e.g., 100 mg of alteplase as a continuous infusion over 2 h) followed by
intravenous unfractionated heparin as a bridge to oral anticoagulation

. Open surgical embolectomy

. Catheter embolectomy

. Placement of aretrievable or permanent inferior vena caval filter

A OWN

they are at risk of sudden decompensation and often require anticoagul ation plus addi-
tional measures to ensure a successful outcome (Table 4).

CARDIAC BIOMARKERS

Acute PE that poses high risk will cause RV shear stress, microinjury, and micro-
infarction. A dilated and overloaded RV will increase RV oxygen demand and diminish
perfusion of the right coronary artery, even in the absence of atherosclerosis (9).

Cardiac troponin and the natriureti c peptides have emerged asthe most useful cardiac
biomarkersto datein risk stratification of acute PE. These biomarkershaveahigh negative
predictive value for in-hospital death. Consequently, they can identify low-risk patients
with PE. The cutoff levelsfor troponin are generally at the decision limit for myocardial
infarction (M1). For natriuretic peptides, the cutoff levels are lower than those used for
the diagnosis of |eft-sided congestive heart failure (10).

Pathophysiology of Hemodynamic Stress and Cardiac I njury

Acute PE increases pulmonary vascular resistance, partly owing to hypoxic vasocon-
striction. In patientswithout prior cardiopulmonary disease, the mean pulmonary artery
pressure can double to approx 40 mmHg. A further doubling of pulmonary artery pres-
sure may occur in patients with chronic thromboembolic pulmonary hypertension (11).

Right ventricular enlargement owing to pressure overload causes aleftward shift of
theinterventricular septum, amanifestation of interventricular dependence that |eadsto
reduced left ventricular (LV) preload and decreased cardiac output. RV contraction con-
tinueseven after theleft ventricle startsrel axing at end systole. Theinterventricular septum
flattens during systole and then bulgestoward the left ventricle, with paradoxical septal
motion that distorts the normally circular LV cavity. Thereisdiastolic LV impairment,
owing to septal displacement, reduced LV distensibility, and impaired LV filling during
diastole.

Increased RV afterload can cause RV dilatation, hypokinesis, tricuspid regurgitation
with annular dilatation of thetricuspid valve, and ultimately RV failure. Whilethis path-
ological process evolves, most patients maintain anormal systemic arterial pressure for
12-48 h and may give the impression of being “hemodynamically stable.” Then, often
abruptly, systemic arterial hypotension resistant to supportive medical therapy and car-
diac arrest may ensue (12).

Increased RV wall tension and oxygen demand, combined with reduced coronary perfu-
sion and oxygen supply, may cause RV myocardial ischemia. AsRV wall stressincreases,
cardiacischemiamay develop becauseincreased RV pressure compressestheright coro-
nary artery, diminishes subendocardial perfusion, and limits myocardial oxygen supply
(13). This setting provides the substrate for abnormal release of cardiac biomarkers.
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Cardiac Troponin

Asamore sensitive biomarker of myocardial inury, cardiac troponiniselevated more
frequently than creatinekinase (CK) or CK-MB in patientswith PE. Therel ease of tropo-
nin in patients with PE is often quantitatively small, far less than typically observed in an
ST-elevation M| (10). Thereleaseof troponininthissetting most likely resultsfrom acute
RV pressure overload, impaired coronary blood flow, and severe hypoxemia that cause
micronecrosis of the right ventricle.

In 1998, Pacouret et al. (14) reported that 2 of 29 patients with acute PE had elevated
levelsof troponinl, 13and 5.6 WL (normal intheir laboratory: <1 WL ). Neither patient had
clinical featuresto suggest high risk, nor did either patient have known coronary disease
or renal insufficiency. Both patients survived. Theinvestigators postul ated that troponin
elevation indicated the possibility of myocardial damage in patients with massive PE.
However, they doubted that troponin could be used to risk stratify patients because their
two patients had uncomplicated hospital courses, without el ectrocardiographic or echo-
cardiographic findingsto suggest that they were more susceptible than their other patients
to an adverse clinical outcome.

In 2000, Meyer et al. (15), from Goettingen, Germany, described 36 patientswith PE of
whom 16 had RV enlargement on echocardiogram. Of the 36 patients, 14 (39%) had ele-
vated levels of troponin |. All but 4 of the 14 with an increased serum concentration of
troponinhad RV dilatation on echocardiogram. Thus, in contrast totheinitial report from
Pacouret et al. (14), patientswith el evated troponin level shad ahigher likelihood of hav-
ing RV dysfunction.

Giannitsiset a. (16) went one step further in alarger study published the sameyear. Of
56 patientswith PE, troponin T waselevated in 18 (32%). Patientswith el evated troponin
T levelswere morelikely to diein hospital, to suffer prolonged hypotension and cardio-
genic shock, to require cardiopulmonary resuscitation, to need inotropic support, and to
use mechanical ventilation than patients who did not have elevated troponin T levels.
After multivariableregression analysis, elevated levels of troponin T remained the only
independent predictor of in-hospital mortality (adjusted oddsratio [OR] 15.2; 95% con-
fidenceinterval [Cl]: 1.22-190). The 30-d mortality ratewas44% introponin T-positive
patients compared with 3% in troponin T-negative patients (Fig. 1).

Konstantinideset al. (17) conducted the largest investigation of troponin and PE, called
the Management Strategiesand Prognosisof Pulmonary Embolism-2 (MAPPET-2) study.
This prospective study of 106 patients with PE found elevated troponin | in 43 (41%)
patientsand elevated troponin T in 39 (37%). Therewasasignificant association between
abnormal troponinresultsand thetwo major end points, in-hospital mortality and compli-
cated hospital course, defined asdeath or the need for thrombolysis, pressors, mechanical
ventilation, or cardiopulmonary resuscitation. Astroponin levelsincreased, the mortality
and complicationratesincreased (Fig. 2). Thenegativepredictivevalueof cardiactroponin
resultsfor major clinical eventswas 92 to 93%. These findings strongly support the use
of troponins for risk stratification of patients with PE.

Troponin | and T are equally useful. Since MAPPET-2, additional studies have con-
firmed thefinding of elevated troponin levelsin some patients with submassive PE (18—
20). Thefrequency rangesfrom 20 to 50%, depending onthe acuity of the patients. Inthese
morerecent studies(19,20), el evation of troponinlevelshas consistently been associated
withacomplicated clinical course and higher than averagelikelihood of afatal outcome.
Conversely, lack of “troponin leak” is associated with a benign clinical course.
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Fig. 1. Kaplan-Meier survival curve of troponin-positive vs troponin-negative patients with PE.
cTnT, cardiac troponin T. (Reprinted with permission from ref. 16.)
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Fig. 2. Escalation of in-hospital mortality, complications, and recurrenceratesdependingonbaseline
troponinl (A) andT (B) levels: whitebars, patientswithout detectabl etroponin; shaded bars, patients
withmoderately elevatedtroponin| (0.07—1.5ng/mL) or troponinT (0.04-0.1ng/mL ); solid bars, high
troponinlevels, defined as>1.5ng/mL for troponin | and>0.1 ng/mL for troponin T. (Reprinted with
permission fromref. 17.)

B-Type Natriuretic Peptide

B-type natriuretic peptide (BNP) isreleased predominantly by the cardiac ventricles
in response to myocardial wall stretch (see Chapter 21) (21).

ten Wolde et al. (22) published thefirst study showing that the plasma concentration of
BNPisassociated withtherisk of adverse outcomein patientswith acute PE. They exam-
ined 110 consecutive hemodynamically stabl e patientsand divided their BNPresultsinto
terciles: 0-2.5, 2.5-21.7, and >21.7 pmol/L. When they followed patientsfor 3 mo after
the diagnosis of PE, there were no deaths in the lowest tercile, two deaths in the middle
tercile, and nine deaths in the highest tercile.

In aseparate study, Kucher et a. (23) measured the plasma concentration of BNPin 73
consecutive patientswith acute PE. They used aprespecified cutoff of <90 pg/mL for pre-
dicting the absence of amajor adverse cardiovascular event. In 20 patients with adverse
clinical events, themedian BNPwas 194 compared with 39 among patientswith abenign
clinical course (Fig. 3). Inmultivariableanalysis, the adjusted OR for an adverseclinical
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event in patientswith BNP> 90 pg/mL was8.0 (95% CI: 1.3-50; p=0.03). The sensitivity,
specificity, and negative and positive predictive value were 85, 75, 93, and 57%, respec-
tively. However, themost sensitive BNP cutoff, identified by receiver operating charac-
teristic (ROC) analysis, was<50pg/mL. Sensitivity, specificity, and negativeand positive
predictive value of BNP levels <50 pg/mL were 95, 60, 97, and 48%, respectively.

Although N-terminal proBNP (NT-proBNP) hasnot been studied asextensively asBNP
in patientswith PE, the avail able datasuggest similar prognostic relationships. Low levels
of NT-proBNP are associated with an uneventful hospital course, whereas elevated levels
portend a higher risk of adverse clinical outcomes (24,25) (Fig. 4).

Despite these promising data, the utility of BNPin patientswith PE remains|esswell
established than that of troponin. For example, in a study of 50 patients with PE, BNP
levelswereincreased in the presence of right ventricle dysfunction but were not predic-
tiveof mortality or in-hospital complications(26). Moreover, the appropriate cutoff level
for BNPfor risk assessment in patientswith PE isnot as clear asfor troponin, for which
any elevation is abnormal and appears to indicate an increased risk of a complicated
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Fig. 5. Mechanism of cardiacbiomarker level elevationinpulmonary embolism. RV, right ventricu-
lar. NP, natriuretic peptides; cTnl, cardiac troponin |. (Reprinted with permission from ref. 10.)
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Fig. 6. Pulmonary embolism management strategy. RV, right ventricular; cTn, cardiac troponin.
(Reprinted with permission from ref. 10.)

hospital course. Finally, it remains unclear whether the natriuretic peptideswill be com-
plementary to or alternative markers for the troponin.

CONCLUSION

RV microinfarction and right ventricular shear stressare the most likely explanations
for the rise in troponin and natriuretic peptides, respectively, in certain patients with
acute PE (Fig. 5). These elevationsin cardiac biomarkersreflect anincreased likelihood
that the hospital coursewill be complicated despiteimmediate treatment with anticoagu-
lation. Biomarkers are not useful in patients who present with cardiogenic shock owing
to PE (Fig. 6). These patients require more aggressive management including consider-
ation of emergency thrombolysis or embolectomy. So far, biomarkersfor PE have been
evaluated only in cohort studies. Futuretrialswill assessthese biomarkersinformal pro-
spective management trials.
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SUMMARY

This chapter reviews the evidence-based literature demonstrating increased cardiac
troponins in patients presenting without ischemic heart disease. In severa clinical set-
tings, increased cardiac troponinisassociated with both short- and long-term adverse out-
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INTRODUCTION

Cardiactroponin| (cTnl) and cardiactroponin T (cTnT) have been recognized by both
the cardiol ogy and laboratory medicine communitiesto bethe most sensitiveand specific
biomarkersfor detection of irreversible myocardial damage (1-4). Both cTnl and cTnT
havebeen shownto betissue specificfor themyocardium (5). However, increasesincTnl
and cTnT are not specific to the mechanism of myocardial injury, and damage can occur
from numerousmechanismsinadditionto acuteischemia(6,7). Thoroughclinical evalua-
tion and serial monitoring of cardiac troponinwill assi st indiscriminating acute coronary
syndrome (A CS) presentati onsfrom nonischemic causesof anincreaseinthe concentra-
tion of cardiac troponin. In the earliest report identifying hospitalized patients without
acutemyocardial infarction (AMI) who had increased troponin concentrations, 79 patients
randomly sampled within 12 h of admission from medical and surgical unitsdemonstrated
cTnT increases from 0.13 to ashigh as 7.8 pg/L (normal: <0.1 pg/L) in the setting of a
variety of conditions, including lung cancer, drug overdoses, small bowel obstruction,
stroke, end-stagerenal disease (ESRD), pneumonia, and scleroderma(6). During the past
18yr sincethat report, numerous casereportsand clinical studieshave demonstrated that
cTnT and cTnl arethe preferred specific biomarkersto detect myocardial injury intheclin-
ical setting of nonmyocardial ischemic presentations. In some of these clinical situations,
anincreased concentration of cardiac troponin isassociated with ahigher risk of adverse
eventsintheshort and/or long term. Research isneeded to €l uci datethe pathophysiol ogical
mechani sms associated with such increasesin cardiac troponin in each category of pathol-
ogy. In addition, clinicians must recognize that increased cardiac troponin does not neces-
sarily equate to AMI and in the vast majority of cases does not indicate afalse-positive
finding.

Table 1 providesalist of clinical settingsinwhichincreased concentrationsof cardiac
troponin have been shown to occur in the absence of ACS. The purpose of this chapter
isto review theliterature regarding studies and case presentations of increased levels of
cardiac troponin in these settings. Furthermore, this chapter briefly reviews reports that
address spurious, fal se-positive and fal se-negative cardiac troponin valuesowing to pre-
analytic interferences in the absence of myocardial damage.

HEART FAILURE

Increased concentrations of cTnl and cTnT have been found in patientswith congestive
heart failure (CHF) (8-12). Heart failureis adynamic process with progressive severity
andisstructurally characterized by cellular degeneration and multiplefoci of myocardial
cell death. The specific underlying mechanismsof myocyte necrosislikely vary between
etiologies of heart failure and in some instances remain unclear. In the majority of
patients with heart failure studied, increased concentrations of cardiac troponin have
been detected predominantly in patients with advanced CHF (New York Heart Associa-
tion Il and IV classifications) and are distinguished with evidence of increased cardiac
events over a 2-yr period (Fig. 1) (8). Increased cTnl and cTnT values in patients with
advanced heart failure are al so independently associated with adeclineinleft ventricular
gjection fraction (LVEF) and higher mortality. In addition, the prognostic information
from cardiac troponin appearsto be additiveto other clinical indicators associated with the
risk of deathinheart failure. For example, the combination of increased cTnl and increased
B-type natriuretic peptide (BNP) identifiesheart failure patientswith amarkedly (12-fold)
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Table 1
Clinical Settings Frequently Associated
With Increased Cardiac Troponin Concentrations in Absence of ACSs

e CHF?2

» Trauma, cardiac contusion
 Cardioversion, electrical defibrillation
e Pulmonary embolism, edema2

e Sepsis, septic shock?

* Myocarditis

» Exercise, vital exhaustion

e Stroke2

* Noncardiac, vascular surgery

e ESRD?2

* Hypertension

e Hypotension

e Critically ill intensive care patients?

e Aneurysmal subarachnoid hemorrhage
 Drugs of abuse toxicity, including ethanol
e Chemotherapy

 Heart surgery, transplantation

» Polymyositis, dermatomyositis

» Cardiomyopathy

* Rhabdomyolysis, trauma (nonchest)

» Hematological malignancies

» Acute pericarditis

* Amyloid cardiomyopathy

« |diopathic dilated cardiomyopathy

* Neonates

e Lung disease

aEvidenceof roleof cardiactroponinfor risk stratification for short- or long-
term outcomes.

Cardiac
Events (%)
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0

P =0.0004
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Follow-up (months)
Fig. 1. Kaplan-Meier curvesfor patientswith CHF assessed by cTnT concentration. (Reproduced
fromref. 8.)
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higher risk of death (9). Furthermore, available evidence suggests that ongoing myo-
fibrillar degradation, resulting in increased cardiac troponin concentrations, parallelsthe
severity of thedisease. A potential futureclinical rolefor troponintesting in guiding treat-
ment strategies for patients with heart failure is discussed in Chapter 8.

TRAUMA

Diagnosis of Blunt Cardiac Trauma

Concentrations of both cTnl and cTnT have been shown to be increased in trauma
patients, especially following cardiac contusion (13-16). Blunt cardiac injury typically
resultsfrom direct compression of the heart or decel erating forces delivered to the chest.
Such cardiac injury may occur even after relatively low-energy trauma without other
obviousinjuries. In the large majority of patientswith blunt chest trauma studied, small
to moderate increases in cardiac troponin were found, implying that the extent of injury
issmall (14,15). Theresults of testing for cardiac troponin were ableto differentiate the
majority of patientswithisolated increased creatinekinase-MB (CK-MB) valuesrel ated
to skeletal muscledamagefromthosewith myocardial injury. In onerepresentative study
of 44 patientswith blunt chest trauma, 37 trauma patients without cardiac contusion had
increasesin CK-MB without arisein cTnl (15). In the six patients with evidence of car-
diacinjury by echocardiography, all had increased cTnl values, based on serial sampling
over 24 hfollowing presentation (Fig. 2) (15). Inthat study, cTnl offered superior specif-
icity for thediagnosisof blunt cardiac traumato both CK-M B measurement and el ectrocar-
diography, whichwereabnormal in 70 and 95% of thosewith nowall motion abnormalities
on cardiac echo.
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These data have supported the consensusthat cardiac troponin is superior to CK-MB
for thediagnosisof blunt cardiacinjury. Neverthel ess, although other, larger studieshave
confirmed the high specificity of troponin with respect to aclinical diagnosis of cardiac
contusion, thesensitivity may besubstantially lower (12—-31%). For exampl e, Bertinchant
et a. (14) studied hemodynamically stable patients with suspected blunt cardiac injury
(n=94). Based on el ectrocardi ographic and echocardiographic findings, 28% of patients
were given adiagnosis of “myocardial contusion.” Elevated levelsof cTnl (©0.1 pg/L;
Beckman Access) and cTnT (>0.1 pg/L) were highly specific (97 and 100%, respec-
tively) for thediagnosisof “myocardial contusion” but offeredlow sensitivity (23and 12%,
respectively) (14).

Cardiac Troponin and Clinical Decision Making in Blunt Chest Trauma

The aforementioned data confirm the high probability of electrocardiographic and
echocardiographic abnormalities among patients with chest trauma and el evated tropo-
nin. However, from this evidence alone, it is not clear whether management of patients
with suspected blunt cardiac trauma should be altered on the basis of troponin results.
Few studies have evaluated the useful ness of troponin for assessing the risk of important
clinical manifestations of blunt cardiac injury. In one study of 115 patients requiring
intensive care for blunt chest trauma, 16.5% devel oped significant clinical manifestations
(arrhythmiaor pericardial effusion requiring treatment, cardiogenic shock, or hypoten-
sion unexplained by other conditions) (17). cTnl (>1.5ng/mL; Dimension RxL) provided
a stronger positive predictive value (48%) compared to the electrocardiogram (ECG)
(28%), whileboth had high negative predictive values (93 and 95%, respectively). When
used together, “negative” findings on the ECG and serial measurements of cTnl identi-
fied apopulation of patients (40%) who suffered no important clinical manifestations of
cardiac trauma. Thehigh negative predictive capacity of thiscombined testing in thisstudy
supportsthepossibility of using such noninvasiveinformationtoidentify low-risk candi-
datesfor early discharge. However, other investigators have had conflicting observations,
withupto 73% of patientswho devel oped subsequent cardiac eventspresenting with nor-
mal results of testing for cTnT (18).

Clinical Role

Interpretation of the aggregate evidence is made difficult by substantial variation in
enrollment and diagnostic criteria, troponin thresholds, and clinical end pointsused in the
traumastudies noted above. Nevertheless, it isclear that cardiac troponin offers superior
specificity to CK-MB andisthe preferred biomarker for detection of cardiacinjury inthe
setting of trauma. Further research is necessary to confirm whether patientswith normal
ECGandtroponintesting areat acceptably low risk to permit early dischargewithout obser-
vation. Thisapplicationislikely to becomemorereliable asimproved anaytic precision
at low concentrations enables the use of lower cut points for troponin. Clinical studies
will be necessary to determine whether “minor” increases in troponin concentration are
important for management.

ELECTRICAL CARDIOVERSION

Conflicting reports have been published regarding the rel ease of cardiac troponinfol-
lowing electrical cardioversion (19-23). The majority of studiesreport minor increases
inboth cTnT and cTnl following direct-current cardioversionin patients presenting with
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atrial or ventricular fibrillation. Release of cardiac troponin occurswithin 3—6 h after car-
dioversion, with blood concentrationsdeclining to baselinewithin 24 h. Ingeneral, <50%
of patients show anincrease, with the percentage dependent on the cutoff applied. Over-
all, the data suggest that occult, asymptomatic myocardial injury can occur following
electrical cardioversion. Consistent with this biochemical evidence, histopathological
studies have demonstrated morphological and functional derangement of cardiac myo-
cytesfollowing electrical shocksinanima models. Dataare mixed asto whether the pres-
ence of and extent of increase in troponin are related to the number of shocks or to the
amount of energy delivered.

At the present time, thereis no evidence that routine measurement of cardiac troponin
after elective cardioversion is useful for patient management. It is expected that slight
increases in troponin concentration will be evident in some patients. More substantial
increasesarelikely indicative of myocardial damage unrelated to the external shock and
should prompt asearch for the etiology of injury. Moreinformation is needed regarding
interpretation of elevation of cardiac troponinsin patients surviving cardioversion for out-
of-hospital cardiac arrest. Until new data suggest otherwise, it isreasonableto maintain a
highindex of clinical suspicionfor myocardial ischemiaand undertake appropriate eval-
uation in patients with elevated cardiac troponins after resuscitation from cardiac arrest.

PULMONARY EMBOLI

Both cTnT and cTnl areincreased in from one-third to more than one-half of patients
clinically diagnosed with pulmonary embolism (PE), although the number of patients
studied is few (n < 200) (24—26). The presence of increased concentrations of cTnl
appearsto identify patients with right ventricular dysfunction and larger defects of pul-
monary perfusion. Furthermore, abnormal results of troponin testing are associated with
poor-long term survival (25,26). Figure 3 showsa3-yr Kaplan-Meier survival curve dem-
onstrating agreater relativerisk (RR) of death (RR =2.31) for patientswith apositiveresult
for cTnT. Thus, cardiac troponin appears to provide information that may be valuable to
both risk stratification and management of PE. Details regarding the potential clinical
role for cardiac troponin in patients with PE are discussed in Chapter 9.

SEPSIS

Freguency and Pathobiology of Troponin Elevation in Sepsis

Numerous reports have established that both cTnl and cTnT are biomarkers of myo-
cardial injury in sepsis and septic shock or other systemic immune response syndromes
(SIRSs), such as pancreatitis (27-32). Septic patients presenting to tertiary, urgent, and
intensive care settingswithout documented heart disease have abnormal troponinresults
in a substantial proportion (31-85%) of cases. In a representative study among adult
patients (n = 46) with septic shock, levelsof cTnl (©0.4 ug/L; Stratusll) andcTnT (>0.1
Mo/L; Elecsys 2010) were found to be elevated in 50 and 36%, respectively, with peak
concentrations (median, interquartilerange) of 1.4 pg/L (0.8-6.8 pug/L) for cTnl and 0.66
Mg/l (0.19-1.51 pg/L) for cTnT (31).

The mechanism responsible for minor myocardial damage in this setting is not com-
pletely understood and anumber of potential contributors should be considered. Certainly,
elderly patientswith sepsisare at risk of concomitant coronary atherosclerosis and may
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Fig. 3. Kaplan-Meier survival curvesfor patientswith pulmonary edema. (Reproduced fromref.25.)

develop myocardial ischemiaduring thestressof major illness. However, elevated levels
of troponin have been observed in children with meningococcal sepsis(62%) inthe obvi-
ous absence of coronary artery disease (CAD). In addition, a substantial proportion of
adultswith abnormal level sof cardiactroponinduring sepsishaveno evidenceof obstruc-
tive CAD or histopathological evidence of irreversible myocardial injury. For example,
inonestudy 58% of patientswith elevated cTnl had no appreciable CAD when evaluated
by coronary angiography, stressechocardiography, or pathol ogical findings(32). Although
disseminated microthrombi and small-vessel coronary obstruction should be considered,
itisprobablethat myocardial injury during sepsisal so can result from non-ischemic mech-
anisms. Transient myocardial dysfunctionispresent in up to 40% of patientswith sepsis.
The prevailing contemporary opinion relatesthisdysfunctionto direct myocardial depres-
sant effects of inflammatory mediators elaborated in SIRSs rather than global myocar-
dial ischemiaowingtodisrupted coronary autoregulation, asoncethought (29). Candidate
mediatorsthat may act as“myocardial depressant factors’ in SIRSsincludelipopolysac-
charide, prostanoids, nitric oxide, and inflammatory cytokines such astumor necrosisfac-
tor (TNF)-o.andinterleukin-1f3. Notably, patientswith sepsisand impaired | eft ventricul ar
function show greater increasesin cardiac troponin, potentially tying myocardial toxic/
depressant effects of inflammatory cytokines to the release of cardiac troponin.

Association of Increasesin Troponin With Outcomesin Sepsis

Higher cardiac troponin concentrations in patients with sepsis have been associated
with higher mortality (Fig. 4) in afew published studies to date (30). Such patients are
also more likely to have other markers of aless favorable clinical status as captured by
critical careindicesof severity of illness(e.g., APACHE 1 score). Therefore, itisnot yet
clear whether troponin is an independent predictor of poor outcomesin sepsis.
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Fig. 4. MedianserumcTnT concentrationsfor survivors(dotted line) and nonsurvivors(solidline)
in patientswith sepsis during ICU stay. (Reproduced from ref. 30.)

Clinical Role for Troponin Testing in Sepsis

At present, data supporting any clinical application of troponin for prognostic assess-
ment in SIRSs are limited, and, more important, no specific therapeutic strategies that
might modify therisk of patientswith SIRS have been identified. Application of aggres-
sive antithrombotic, antiplatelet, and invasive therapies effective for patients presenting
with ACSand elevated troponin are not supported by clinical datain this setting and may
expose patientswith sepsisto additional, unacceptabl e risks. Specific anti-inflammatory
therapiessuch asantibodiesto TNF-o. have shown promising preliminary results. Research
providing additional insight into the pathogenesis of troponin elevation in sepsis may a so
further clarify the mechanisms underlying myocardial dysfunction and guide the devel-
opment of new approaches to the treatment of this highly morbid syndrome (33).

CRITICAL ILLNESS OTHER THAN SEPSIS

Troponin has also been recognized as an independent biomarker of mortality among
criticaly ill patients (34—37). Aninitial observational study examining 209 admissions
toamedical and respiratory intensive care unit (ICU) showed that 32 (15%) had increased
cTnl (34). However, only 12 of these 32 patients (37%) were recognized as having myo-
cardial injury by the medical staff, with 20 patients (63%) unrecognized without the assis-
tance of cTnl. Mortality in patients with increased cTnl was 40% compared with 15%
in patients with normal troponin values. These findings were confirmed in a study that
observed increased short-term mortality in noncardiac patients presenting at the emer-
gency department (ED) (37). Patientspresenting with anincreased cTnl had an RR of death
of 3.08 within 5 d of presentation, as shown in Fig. 5 (37).
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Fig. 5. Survival curves of noncardiac, critically ill ED patients stratified by cTnl concentrations.
(Reproduced fromref. 37.)
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Fig. 6. Relationship between cTnl and severity of myocarditisin 53 patients. Solid ovals between
black bars represent the mean = SE for each group. (Reproduced from ref. 39.)

MYOCARDITIS

Several studies (in both humans and a murine model) have established that cTnl and
cTnT aresuperior to CK-MB for detection of myocyteinjury inmyocarditis (Fig. 6) (38—
41). Cardiac troponin monitoring provided sensitive evidence of clinically suspected myo-
carditisinthefirst month after the onset of heart failure symptoms. However, asfor other
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methods for the diagnosis of myocarditis, negative results do not exclude the presence
of the disease. Nevertheless, the finding of increased levels of troponin in patients with a
clinical story consistent with myocarditisisassociated with ahigher probability of histo-
logica or immunohistological evidence of myocarditison endomyocardial biopsy. A cor-
relation of troponin concentration and the severity of myocarditishasnot been consistently
observed.

Clinical Role for Troponin in Suspected Myocarditis

Cardiac troponins frequently provide evidence of ongoing myocyte damagein patients
with suspected myocarditiswhen CK-MB levelsarewithin the normal range but remain
limited asadiagnostic test by poor sensitivity. Nevertheless, owing to thesimilarly modest
sensitivity of endomyocardial biopsy (the “gold standard” for diagnosis), some experts
have recommended measurement of cardiac troponin and correlation with the results of
histological assessment in all patients with suspected myocarditis (42). When elevated
levels of troponin are detected in the absence of histological and/or immunohistol ogical
evidence of myocarditis, sampling error of the biopsy is a strong possibility; however,
other nonischemic and i schemic causes of myocyte necrosis should be considered. Con-
versely, myocarditis should be among the diagnostic possibilities for patients presenting
with chest symptoms and el evated troponins who subsequently are shown to be free of
significant epicardial coronary disease.

STROKE

A relationship between abnormal cTnT concentrationsat hospital admission and higher
mortality in patients admitted with an acute ischemic stroke has been demonstrated in
several (43,44) but not al (45) studies. In astudy of 181 patients admitted with stroke
among whom cTnT concentrations were measured serialy over 72 h after admission, a
peak cTnT level >0.1 pg/L was associated with a40% risk of mortality vs 13% for patients
withanormal value (Fig. 7) (43). Although other studies have demonstrated that increased
CK-MB concentrationsafter strokeare often not of myocardial origin (44), findingswith
troponindraw attentiontothe seldom-recogni zed cardiac complicationsof stroke. Never-
theless, it isimportant for clinicians to recognize that the etiology of myocardial injury
inthissetting isbelieved to rel ate predominantly to mechanisms other than acute athero-
thrombosi swith surgesin catecholaminesduring strokeplaying aprimary role. Thus, treat-
ment should be aimed primarily at the underlying cerebrovascular accident.

NONCARDIAC SURGERY

Numerous studies have now confirmed the successful role of monitoring either cTnl
or cTnT after noncardiac surgery to detect perioperative M1 (46-50). In a study of 96
patients undergoing vascular surgery, serial measurements of cTnl confirmed 8 patients
who had new cardiac abnormalities detected during echocardiography (46). Measure-
ment of cTnl differentiated the highincidence (19%) of false-positiveincreasesin CK-MB
associated with skeletal muscle release of CK-MB (46). More important, postoperative
increasesin cTnl and cTnT are associated with an increased risk of short-term mortality
after vascular surgery (Fig. 8) (48) aswell as nonvascular procedures. Although abnor-
mal resultsof troponin testing are morefrequent in patientsundergoing vascular surgery,
the incidence of detectable myocardial injury appears similar between nonvascular and
vascular surgery after adjusting for the presence of concomitant CAD.
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Fig. 7. Kaplan-Meier survival curves for 181 patients with acute stroke stratified by normal and
increased cTnT concentrations. (Reproduced from ref. 43.)

| cTnl < 1.5 ug/L (n = 198)

05 e T R e
0.8

cTni21.5uglL (n=28) —

0.7
0.6

|HR = 3.9 (95%Cl 2.0 - 37.4) |

0.5
04

Cumulative Survival (%)

0.3
0.2
0.1

0
0 4 8 12 16 20 24
Weeks after Surgery
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EXERCISE

Severd studieshave observed increasesin the concentration of cTnl and cTnT inhighly
trained athletes during training and after athletic competition (51-63). The mgjority of
reports have addressed marathon runners and triathletes. The early literature confused
the presence of increased CK-MB in athleteswith myocardial injury. Thishypothesiswas
dispelled with the evidence that CK-M B-enriched skeletal muscle, injured during intense
exercise, was responsible for the increased serum CK-MB values (62,63). Substantial
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Fig. 9. Serum cTnT dterations in rats exposed to 3-5 h of intense exercise; p < 0.01 vs controls,
p < 0.01 between groups. (Reproduced from ref. 55.)

increases in cardiac troponin have been reported as follows: ultracyclists with increase
incTnl in34% of 38 participants (59); 6 of 23 Ironman triathletes, along with abnormali-
tiesintheir ECG (51); 10% of marathon runnerswith increasesin cTnT and cTnl, eval-
uated in at least five different studies (624 h post race) (56-58,60,62,63); military
recruitsin arduous training with increasesin cTnT (62). Extreme exercise using 3-5 h of
forced swimmingin arat model showed substantial increasesincTnT that corresponded
with histological evidence of localized myocyte damage (Figs. 9 and 10) (55). However,
in human subjects, studies have demonstrated normal postrace quantitative antimyosin
myocardial imaging in asymptomatic marathon runners (excluding silent myocardial cell
necrosis by imaging), even in the presence of increased cardiac troponin evidence of
myocardial cell death (56). Possible mechanismsfor therelease of cardiac troponin may
be global ischemiainjury or a more natural turnover of myocardial cells following the
stress of running, an issue currently under debate. Long-term risk stratification or out-
come studies in these apparently healthy endurance athletes have not been performed.

NEWBORN INFANTS/PEDIATRICS

cTnT and cTnl concentrations have been described in cord blood and for reference
determinationsin newborns and pediatric patients (64—67). In one study, 12 of 209 neo-
nates showed increased cTnT levels at the time of delivery. Increases were associated
with exposureto magnesium sulfate therapy by the mother prior to birth (68). It hasbeen
suggested that infants with respiratory distress at birth had increased cTnT levels (69).
In astudy of 18 infants, gestational age and birth weight influenced cTnl levels, with
preterm infants having higher cTnl values (64). In older pediatric patients (up to 29 mo),
cTnl valuesare generally not increased. However, in the context of severe, acuteillness,
increased cTnl valueswereindicatorsof poor outcomes, especially in casesinwhich car-
diac contusion was suspected (70).
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strated by infiltratesof neutrophils, lymphocytes, and histiocytes(a) and vesicular nuclei-enlarged
chromatin patternsof left ventriclefrom arat subjected to 5 h of swimming (b). (Reproduced from
ref. 55.)

Table 2
Change in Percent LVEF

Month of cTnl positive cTnl negative

follow-up Mean D Mean D No. of echos p Value
1 -6.8 10.0 -15 8.7 131 0.0003
2 -9.6 8.9 =27 8.3 143 <0.0001
3 -11.3 9.8 -25 9.0 110 <0.0001
4 -13.6 10.1 -15 8.0 135 <0.0001
7 -14.8 10.0 -1.3 85 138 <0.0001
12 -18.2 9.8 -25 8.6 117 <0.0002

LVEF, left ventricular gjection fraction.

DRUG-INDUCED MYOCARDIAL DAMAGE

Increasesin cardiac troponin have been described in (1) patients treated with certain
types of antineoplastic agents, (2) patients presenting to hospital sfollowing al cohol and
drug abuse, and (3) patients with therapeutic drug-induced cardiac toxicity. Therelease
of cardiac troponin into the circulation following therapy with antineoplastic agents has
been well documented (71-74). Both acute (within hours) and chronic (days to weeks)
myocardial toxicity manifested by ischemia, arrhythmias, myocarditis, pericarditis, car-
diomyopathy, and/or M| after dosing with the anthracyclines 5-fluorouracil, doxorubicin,
and daunorubicin havebeen associated with minimal and largeincreasesincTnl. Reports
have documented that amedication dose-dependent pattern of myocyteinjury isrespon-
sible for increases in troponin, even without el ectrocardiographic or echocardiographic
abnormalities. Studies have shown that in patients undergoing high-dose chemotherapy,
an increase in cardiac troponin predicts the development of future left ventricular dys-
function (Table 2) (73).
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Fig.11. Kaplan-Meier survival curvesby baselinecTnT, cTnl, and hsCRPin 399 patientswith ESRD.
(Reproduced fromref. 106.)

Several drugsof abusehave been associated withincreasesin cardiac troponinwithout
evidence of ischemia. These include alcohol when heavily consumed (75), cocaine (76,
77), and amphetamines (7). Small clinical studies and case reports have documented
increased cardiac troponin concentrations following CO exposure, theophylline over-
dose, snakebites, and during treatment with fluvastatin (7,78). Two case reportsal so docu-
mented an apparent propofol-induced cardiac and a skeletal muscle rhabdomyolysis;
both cases resulting in fatality (79).

END-STAGE RENAL DISEASE

Cardiacdiseaseisthemajor causeof deathin patientswith ESRD, accounting for approx
45% of al deaths (80). In dialysis patients, about 20% of cardiac deaths are attributed to
AMI. Ml isacatastrophic clinical eventin ESRD patients, with a2-yr mortality of 73%.
Increased cardiac death ratesin ESRD patients occur more frequently on Mondays and
Tuesdays (20%) compared with other days of the week (14%) (81). One challenge con-
fronting the nephrol ogy community isthe expl oration of moreaggressivetreatment modal -
ities for cardiovascular disease in these patients.

Serum or plasmacTnT and cTnl areimportant predictors of long-term, al-cause, and
cardiovascular mortality in patientswith ESRD (82—107) rather than aspuriousfinding.
Elevationsintroponin are associated with higher mortality in outpatient dialysis patients
(Fig.11) (106). For example, elevated cTnT defined by the 99th percentile cutoff isasso-
ciated withatwo- tofourfoldincreased risk of death over 2to 3yr, evenfollowing adjust-
ment for other risk factors. It is quite plausible that other mechanisms besides ACS are
responsiblefor theelevationintroponin and adverse outcome, asevidenced by increased
C-reactive protein (CRP) and NT-proBNP in these patients (106).

The clinical duality of cardiac troponin testing in dialysis patients must be acknowl-
edgedto avoid incorrect clinical judgments; that is, defining ACSand predicting mortality
are complementary but discrete tasks. Several studiesindicate differencesin the observed
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ratesof increasein cTnT vscTnl and among different cTnl assays (106). Using the 99th
percentile cutoff, 85% (n=339) of cTnT vsonly 5-19% (n=20-76; DadecTnl vs Beck-
man cTnl assays) of cTnl concentrationswere increased. Speculated causes for the dif-
ferenceinincreasesin cTnT compared with cTnl include thefollowing: First, increased
cTnT, but not cTnl, reflectsincreased | eft ventricul ar massin the popul ation with ESRD;
second, thereleaseof cTnT frominjured myocardiummay havealonger circulating half-
lifecompared with cTnl owing to advanced glycation end products known to accumul ate
in diabetic patients with renal disease; third, cTnl may decrease postdialysis, either
directly, owingtoremoval by dialysis, orindirectly, by degradation of thelabilecTnl mole-
cule. By contrast, cTnT concentrationstrend toward anincrease postdialysis. Inaddition,
it appears that the Beckman Access cTnl assay detects alarger number of subjects with
increased cTnT; thisislikely owing to animproved low-end analytic performance of the
assay. Additional studiesareneeded to elucidatethe mechanismresponsiblefor thecTnl/
cTnT differencesfoundin patientswithESRD. Regardl essof the mechanismsof myocar-
dial injury in patientswith ESRD, findings continue to substantiate the prognostic rele-
vanceof cardiac troponintesting inthese patients. Incorporation of quarterly or semiannual
cardiac troponin monitoring in patients with ESRD may assist ininitiating more aggres-
sivetreatment of underlying CAD, detecting subclinical myocardial injury, and choosing
treatment therapies before renal transplantation.

MISCELLANEOUS PATHOLOGIES

New case reports and case series continue to emerge reporting increasesin cTnl and/
or cTnT inawidevariety of miscellaneouspathol ogies, indicating secondary myocardial
injury. These settings include aneurysmal subarachnoid hemorrhage (108-110), poly-
myositis’dermatomyositis (111), rhabdomyolysis/skeletal muscle injury not involving
the chest (112-114), hematol ogical malignancies (115), acute pericarditis (116-118), and
lobar lung disease (119). In one of the most interesting observations, cTnl waspreserved
throughtime, withimmunoreactivity foundin mummified abdominal tissuefrom Horem-
kenesi, acraftsman excavating and decorating the tombs of the pharaohs (~1050 ec), who
died of aheart attack (120). Two novel reports have described acute and reversible car-
diomyopathy provoked by stressinwomen (designated as* broken heart syndrome”) mani-
fest by acute substernal chest pain with ST-elevation and/or T-waveinversion, absence of
significant coronary narrowing, systolic dysfunction, profound psychological stress(death
of relatives, arguments, catastrophic medical diagnoses, devastating financial 1osses), and
at least moderateincreasesin cardiac troponin (cTnT concentrationsranging from <0.01
to 25.8 ug/L) (121,122). In each case, an acute ischemic mechanism was excluded and
the cardiomyopathy wasreversible. These casesdo not represent all etiol ogiesreportedly
documenting increases in cardiac troponin but are representative of the diverse circum-
stancesinwhich myocardial injury may occur and can now be detected with cardiac tropo-
nin. Itisthusleft up to the clinician to determine the mechanism responsiblefor therelease
of cardiac troponinand theappropriate management of the patient, whilekeepinginmind
that increased cardiac troponin equatestoirreversiblemyocardial cell injury, andthatinthe
clinical setting of ischemia, increased troponin should be considered indicative of an M.

PREANALYTIC INTERFERENCES

Several factorshave beenidentified asbeing responsible both for analytic fal se-positive
cardiac troponin findingswithout the presence of myocardial injury and for false-negative
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findingswhen myocardial injury was present (123). Thesefactorsare discussed in detail
in Chapter 2 and mentioned briefly here. False-positive cardiac troponin findings may be
owing to heterophile antibodies, such asrheumatoid factors, human antianimal antibodies,
fibrin clots, microparticles in specimens, and analyzer malfunctions (124-131). Typi-
cally, whenanassay showsthistypeof interference, increased cardiactroponinconcentra-
tionsdo not follow thetypical seria rising andfalling patternsasexpectedin M| but remain
consistently increased over time. When an interferent is suspected, reanalysis of afalse-
positive specimen utilizing an alternativecTnl or cTnT assay will often correct theinaccu-
racy. The overall estimated frequency of analytic false positivesis likely <1/5000.

CONCLUSION

Increasesin serum or plasmacardiac troponin concentrationsindicatemyocardial injury
inawidevariety of nonischemic presentations. In severa of the settings, myocardial injury
detectablewith cardiac troponinisassociated with both short- and long-term adverse out-
comes. Fal se-positive and fal se-negative cardiac troponin resultsowing to preanal ytic and
analytic interferences have been reported but are rare in comparison to the frequency of
true myocardial injury in clinical settings other than ACS. Clinically, physicians should
not manage patientsonly onthebasisof anisolated finding of increased cardiac troponin.
In some cases, such as cardiac surgery or radiofrequency ablation, the mechanism of car-
diac injury isimmediately apparent and is easily distinguished from ACS. In other cases,
inwhich diagnosisisoften moredifficult, such asmyaocarditis, the provider must thought-
fully integrate biomarker and other clinical datato arrive at the correct conclusions. Seria
monitoring of biomarkersisoften very useful in discriminating potential causes of myo-
cardial injury. Further research is needed to determine whether the cut pointsthat are opti-
mal for risk assessment differ among thesevaried conditions, aswel | asto ascertainwhether
suchinformationwill addto current strategiesfor clinical care, and, inparticular, whether
treatment should be altered on the basis of troponin results.
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