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Preface 

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

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

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

The final section is devoted to future areas of cardiac marker development and appli
cations. Because of the need to deliver results quickly, point-of-care devices are now 
being developed that enable testing to be carried out by caregivers at bedside. Discus
sions of platforms and of the regulatory aspects of point-of -care testing are presented. A 
look into possible future cardiac markers is also presented. Cardiac troponin wi11likely 
become the new gold standard for cardiac injury. Because myoglobin is not specific to 
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cardiac injury, there is a search for earlier and more definitive markers. Whether or not 
any of these research assays become adopted into routine practice remains to be seen. 

AlanH. B. Wu 
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Part I 
Clinical Aspects 



1 
Introduction to Coronary Artery Disease (CAD) 

and Biochemical Markers 

INCIDENCE OF 
CARDIOVASCULAR DISEASES 
(CVD)* 

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

* See p. 17 for list of abbreviations used in this chapter. 
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admitted to a hospital with chest pain. A 
large number of chest pain patients are also 
inappropriately admitted for noncardiac 
causes. The remainder are discharged to 
home. From this group, there is roughly 
30,000 who are inappropriately discharged 
from the emergency department. Chapter 4 
discusses the impact that cardiac markers 
have on the discharge of patients from the 
emergency department. 

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

per year ~ I~ 
~~ t ~r:------, 

Stroke 
0,5 million 

Stroke Deaths 
150,000 

AMI Deaths 
500,000 

Chest pain 
6 million 

Unstable angina 
1,0 million 

Not admiltad to ED 
2,0 million 

Wrongful discharge 
(AMI) 30,000 

Fig. 1. Estimated annual incidence of cardiovascular diseases. 

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

CAD DEFINITIONS 

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

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

Silent Myocardial Ischemia 

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

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

Stable Angina Pectoris 

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

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

2. Stable effort angina, <1 mo duration; and 
3. Worsening effort angina, sudden worsening 

in frequency severity, or duration of chest 
pain caused by the same effort. 

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

UA Pectoris 

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

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

2. New-onset «2 mo) exertional angina of at 
least Canadian Cardiovascular Society Clas
sification (CCSC) (J 5) class III in severity; 

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

4. Variant angina; 
5. Non-Q-wave myocardial infarction; and 
6. Post-MI (>24 h) angina. 

The CCSC for UA is presented in Chap
ter 3. In addition to the CCSC classification, 
there are other systems that have been pro-
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posed. The one used frequently in the US 
was proposed by Braunwald (16). This 
scheme classifies patients with unstable 
angina in terms of severity (from class I-III) 
and clinical circumstances surrounding its 
presence (class A-C). An abbreviated ver
sion is shown in Table 1. 

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

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

Diagnosis of AMI 

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

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

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

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

Table 1 
Braunwald Classification 
of Unstable Angina 

Wu 

Clinical circumstances 

No After 
Extracardiac extracardiac AMI, 

cause, cause, post-
Severity 2° VA 1° VA AMI VA 

New or 
accelerated 
onset IA IB IC 

Rest angina 
(within 1 mo 
to 48 h) lIB lIB IIC 

Rest angina 
(within 48 h) IlIA I1IB I1IC 

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

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

Assessment of Coronary Artery 
Perfusion Status 

Patients with AMI can be emergently 
treated with thrombolytic agents, such 
as intravenous (iv) streptokinase or tis
sue plasminogen activator (tPA) (17-19) 
(Chapter 4). The goal of iv therapy is to 
recanalize previously occluded coronary 
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arteries. Successful salvage of jeopardized 
myocardium requires treatment of AMI 
patients within the first 6 h of chest pain (20). 
Because some patients present after this time 
interval and thrombolytic agents have the 
potential to cause serious bleeding, not all 
patients are candidates for this therapy. For
tunately, in some patients, spontaneous reper
fusion can occur without the aid of 
clot-dissolving agents. The assessment of 
coronary artery perfusion status is important 
in the management of AMI patients. In cases 
where iv thrombolytic therapy has failed, 
emergency ("rescue") percutaneous translu
minal coronary angioplasty (PTCA) has been 
used. The effectiveness of rescue PTCA is 
being studied in clinical trials. Although 
rescue PTCAhas been successful in a major
ity of cases, the mortality rate for unsuccess
ful cases is unacceptably high (21-23). 

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

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

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

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

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

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

Congestive Heart Failure (CHF) 

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

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

Functional capacity 

Class I: Patients with cardiac disease, but 
without resulting limitation of 
physical activity. Ordinary physi
cal activity does not cause undue 
fatigue, palpitation, dyspnea, or 
anginal pain; 

Class II: cardiac disease resulting in slight 
limitation of physical activity. They 
are comfortable at rest. Ordinary 
physical activity results in fatigue, 
palpitation, dyspnea, or anginal 
pain; 

Class III: marked limitation of physical activ
ity. They are comfortable at rest. 
Less than ordinary activity causes 
fatigue, palpitation, dyspnea, or 
anginal pain; and 

Class IV: cardiac disease resulting in inabil
ity to carryon any physical activity 
without discomfort. Symptoms of 
heart failure or of the anginal syn
drome may be present even at rest. 
If any physical activity is under
taken, discomfort is increased 

Objective assessment 

1. No objective evidence of cardiovascular 
disease; 

2. Objective evidence of minimal cardiovas
cular disease; 

3. Objective evidence of moderately severe 
cardiovascular disease; and 

4. Objective evidence of severe cardiovascu
lar disease 

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

BIOCHEMICAL MARKERS 

Historical Perspective 

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

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

Criteria for Assay Performance 
in Clinical Studies 

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

Requirements for an Ideal Cardiac 
Marker 

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

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

Substantial Distribution Within Cardiac 
Tissue 

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

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

High Analytical Specificity 

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

High Assay Sensitivity and Precision 

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

Early Appearance in Blood 
After Myocardial Injury 

Wu 

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

Prolonged Elevation After Injury 

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

Validated by Clinical Studies 

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

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

Assay Available on Automated Analyzer 

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

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

Summary of Release vs Time Curves 

By the nature of its pathophysiology, AMI 
is inherently a very dynamic process. The 
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Fig. 4. Release of cardiac markers into blood following AMI. 

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

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

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

Infarct Sizing 

One of the earliest applications of cardiac 
markers was for the estimation of the size or 
severity of AMI (60-62). Infarct sizing can 
be calculated by plotting the release of a car
diac marker vs time after the onset of chest 
pain, and measuring the resulting "area 
under the curve" or AUC (Fig. 6). Calcula-
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Fig. 5. The effect of successful reperfusion on 
blood concentrations of cardiac markers relative 
to permanent occlusion. 

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

IS = 
n f(t)dt x body wt x Kw 

Ed X Kr 
(1) 

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

Kd nE(t)dt + E(T) (2) 

i 
E 
'0 
c 

i 
~ 
8 

IS = ~ JE~t)dt + E(T) 
o 

E(T) 
;' 

Time 

13 

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

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

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

CARDIAC MARKERS 
IN ISCHEMIC DISEASES 

Silent Ischemia 

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

Angina 

In symptomatic patients with stable 
angina and VA, detection of ischemia in 
blood requires use of a cardiac marker with 
high analytical sensitivity and specificity 
because the extent of the injury in these 
patients is minute compared to that of 
patients with AMI. Therefore, blood con
centrations of cardiac enzymes and proteins 
may only marginally exceed the upper limit 
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Table 2 
Results of Health Subjects 
for CK-MB and cTnTa 

ID CK-MB cTnT 

1 0.00 0.00 
2 0.50 0.00 
3 0.00 0.00 
4 1.30 0.00 
5 0.00 0.00 
6 0.00 0.00 
7 0.00 0.00 
8 3.00 0.00 
9 0.00 0.10 

10 0.60 0.00 
11 0.60 0.00 
12 0.00 0.01 
13 0.00 0.00 
14 1.20 0.00 
15 0.00 0.00 
16 0.00 0.01 
17 0.00 0.00 
18 0.20 0.00 
19 1.60 0.00 
20 0.00 0.00 

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

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

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

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

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

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

AMI 

As discussed in Chapter 3, patients with 
AMI will release very high concentrations of 
enzymes and proteins. Cutoff concentrations 
have traditionally been established to dif
ferentiate non-AMI conditions, such as con
gestive heart failure and stable angina and 
U A from AMI. One is tempted to postulate 
that irreversible injury only occurs during 
AMI, following a threshold amount of time 
after permanent occlusion (Fig. 9A). Under 
these conditions, the establishment 
of an AMI cutoff is not difficult (Fig. 9A). 
The development of highly sensitive bio
chemical markers has shown, however, that 
irreversible injury does occur during prein
farction ischemic events, such as UA and 
that the pathophysiology of AMI progresses 
along a "continuum" rather than in a "step
wise" fashion (Fig. 9B). The establishment 
of an AMI cutoff concentration under this 
concept is vague. Because the differentia-
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tion between VA and AMI is important, it 
may be more meaningful to establish two 
cutoff concentrations for markers with high 
specificity (such as cTnT or cTnI): one for 
minor injury and the other for AMI (Fig. 7) 
(70). For nonspecific markers, such as total 
CK, CK-MB, or myoglobin, only a single 
relatively high cutoff to differentiate VA 
from AMI may be applicable. 

ABBREVIATIONS 

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

APPENDIX 

Equations for Diagnostic Performance 
of Laboratory Tests** 

TP 
Sensitivity: x 100 

TP+FN 

TN 
Specificity: x 100 

FP+TN 

TP 
Positive predictive value: x 100 

TP+FP 

TN 
Negative predictive value: x 100 

TN+FN 
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TP 
Efficiency: x 100 

TP+FP+FN+TN 

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

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

INTRODUCTION 

Definition 

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

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

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

Clinical Spectrum 

In its broader definition, acute coronary 
syndrome should include all patients with 
the initial occurrence of increasing severity 
of angina. Although the Framingham study 
showed that VA was the first manifestation 
of coronary artery disease (CAD) in only 
about 10% of cases, retrospectively exclud
ing AMI patients (11), the majority of 
patients experience a cyclic, changing pat
tern of chest pain. Only a minority seek med
ical attention and fewer are hospitalized. 

INITIATION AND PROGRESSION 
OF ATHEROSCLEROSIS: LIPID 
VS THROMBIN HYPOTHESIS 

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

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

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

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

NATURAL HISTORY 
OF CORONARY HEART DISEASE 
(CHD) 

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

MECHANISMS' CONTRIBUTION 
TO PROGRESSION 
OF ATHEROSCLEROSIS 
AND INTRACORONARY 
THROMBOGENESIS 

The occurrence of thrombosis in athero
sclerotic heart disease is potentiated by sev
eral factors (Fig. IB) (7). Some of the 
important causes are discussed below. 

Vascular Endothelium Dysfunction 

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

duction of growth factors, which further 
damage the endothelium (21,22). Endothe
lial cells release thrombogenic factors, such 
as von Willebrand factor (vWF), factor V, 
and plasminogen activator inhibitors (PAl) 1 
and 2, chemotactic agents for monocytes 
called tissue factor (TF), which are activated 
by interleukin-I (IL-I), interferon (IFN -y) 
and tumor necrosis factor (TNF), and surface 
proteins for monocyte adhesion, such as 
endothelium-leukocyte adhesion molecule
I (ELAM -1), intracellular adhesion mole
cule-I (ICAM-l), and endothelin-I (ET-I). 
ET-I is a powerful vasoconstrictor and 
proaggregator (23,24). Endothelial cells also 
release anti thrombotic agents, such as tissue
plasminogen activator (t-PA), prostacyclin 
(PGI-2), thrombomodulin, heparin, protein 
S, tissue factor pathway inhibitor (TFPI), 
and endothelial-derived relaxing factor 

(EDRF). EDRF, which is identical to nitric 
oxide (NO), is a powerful antiplatelet agent 
and vasodilator (25). Growth factors, such as 
transforming growth factor-~ (TGF-~), 
fibroblast growth factor (FGF), TNF, inter
leukin I (lL-l), PDGF, and so forth, are 
released (26). Any injury to the endothelium 
would result in platelet-thrombus formation 
owing to the exposure of subendothelial sub
stances and increased shear stress (27). The 
normal endothelium helps modulate the 
vasomotor response of the vascular smooth 
muscle cells. Atherosclerosis impairs the 
normal vasodilator capability of the endothe
lium, and in the absence of normal endothe
lium, the smooth muscle cells will be 
constricted by thrombin, thromboxane A2 
(TxA2), serotonin, and other agents. Thus 
far, a relationship between many of these 
factors and CHD remains hypothetical. 
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Platelet Hyperactivity 

Patients with CHD demonstrate exagger
ated platelet reactivity causing platelet aggre
gation and adherence to the vessel wall 
stimulating local thrombus formation (25). 
Platelet adhesion is mediated by membrane 
receptors with high affinity for fibronectin, 
thrombospondin, collagen, vWF, and other 
factors that are synthesized by endothelial 
cells (28). The exposure of platelet glycopro
tein IIb/I1Ia receptors is the final common 
pathway in platelet aggregation, resulting in 

binding of fibrinogen and fibronectin. These 
receptors are found only on activated platelets 
and are mediated by TxA2, thrombin, Adeno
sine diphosphate (ADP), and collagen. At this 
point, glycoprotein IIb/Illa exposure can 
occur despite a complete inhibition of arachi
donic acid pathway by acetylsalicylic acid 
(ASA), whereas by blocking the glycopro
tein IIb/I1Ia receptors, a total inhibition of 
platelet aggregation can be achieved (29). 

Activated platelets are responsible for the 
release of biologically active compounds, 
which stimulate aggregation, vasoconstric-
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tion, and smooth muscle cell migration and 
proliferation. In addition, the activated platelet 
surface catalyzes the coagulation process and 
generates thrombin. This thrombin plays a 
pivotal role in the hemostatic process by caus
ing fibrinogenesis, platelet stimulation, and 
factor V and XIII activation (30). 

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

thermore, an increased platelet aggregability 
can be demonstrated in patients with unsta
ble angina and predicts future coronary 
events in patients with a history of an AMI 
(31,32). Since platelets have ~-2- as well as 
a-2-adrenoceptors, the catecholamines 
released from the ischemic myocardium can 
cause platelet activation. This is in agree
ment with the inhibition of platelet function 
by selective ~-1 blockers. Calcium seems to 
playa major role in platelet activation and 
calcium antagonists may inhibit the forma
tion of TxA2 (32). 
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Fig. 2. Sequence of events in the pathophysiology of acute coronary syndromes. SMC-smooth 
muscle cell. (Used with permission from ref. 7.) 

An increase in the number of platelet (X

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

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

Enhanced Procoagulant Activity 

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

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

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

Several other coagulation proteins are 
related to the risk of CHD. Plasma fibrinogen 
is elevated in healthy persons with a high risk 
of CHD (19,36) and is associated with pro
gression to AMI (42). Further elucidation 
regarding the role of fibrinogen is needed 
because it is possible that raised plasma fib
rinogen levels merely represent inflamma
tion -induced acute-phase reaction (43). 
Factor VII activity has been shown to be 
independently associated with the risk of 
future CHD in middle-aged men (19). Also, 
several cross-sectional studies show 
increased factor VII mass and activity in 
patients with or at risk for CHD (43,44). A 
relationship between the dietary influence on 
plasma triglyceride concentration and phos
pholipid-factor VII complex has been pos
tulated (45). The Northwick Park Heart 
(NPH) Study found an association between 
factor VIII activity and the incidence of CHD 
(46), and among hemophiliacs, there is a low 
incidence of CHD (47). The vWF has an 
important role to play in atherogenesis, since 
it is responsible for platelet adhesion to 
endothelial cells. Several studies demonstrate 
an association between a high v WF level and 
CHD (48,49). Endogenous anticoagulants 
(proteins C and S, ATIII, heparin cofactor II, 
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and TFPI) are also activated with the activa
tion of the coagulation system (36). Throm
bin inhibition by heparin cofactor II is also 
ATIII -dependent (50), and induction ofTFPI 
release from endothelial cells by heparin 
inhibits the prothrombinase complex (41). 

Although logically low concentrations of 
these endogenous anticoagulants should be 
associated with an increased risk of CHD, 
study results have been controversial (36). In 
the NPH Study, both low and high ATIII 
levels were associated with an increased risk 
of CHD (51), and similar conflicting results 
are reported for ATIII and protein C (36). 
This could be owing to the inconsistency in 
methodology involved in measuring antigen 
level and functional activity of the endoge
nous anticoagulants between studies. In 
addition, the previously unrecognized acti
vated protein C resistance may also explain 
some of these conflicting results (52). 

Impaired Fibrinolytic Capacity 

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

Low fibrinolytic activity has been shown 
to be a major determinant of CHD in 
younger men (40-54 yr) even after adjusting 
for plasma fibrinogen (19). In recent years, 
specific and sensitive methods to determine 
the different components of the fibrinolytic 
system (PAl-I, t-PA antigen, t-PA activity, 
and so forth) have been developed, and sev
eral cross-sectional studies examining levels 
of these markers in patients with acute coro
nary syndrome have been performed 
(55,56). Measurement of PAI-I has pro
duced conflicting results possibly because 
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its concentration varies depending on age, 
sex, risk factors, and the degree of athero
sclerosis in an individual (36). Furthermore, 
the plasma levels of t -PA and PAl -1 are sub
ject to circadian variations (57). The plasma 
PAI-l activity peaks in the early morning 
and may show wide intraindividual varia
tion. PAl-I, like other serine-protease 
inhibitors (53), is synthesized by many cells, 
but it is suggested that the vascular endothe
lial cells of various tissues are primarily 
responsible for plasma levels of PAl-I. 
Another important source of PAI-l is 
platelets, which release their pool from the 
a-granules along with procoagulant factors 
(58,59). In an in vitro model of a platelet
fibrin thrombus, presence of platelet PAl -1, 
which is bound to fibrin after clot lysis, have 
been shown to correlate with the amount of 
residual clot (51). This may explain the inef
ficacy of thrombolysis in UA, as throm
bolytic agents without anti thrombotic agents 
stimulate platelets. PAI-l is an acute-phase 
reactant and increases after AMI (56,60), 
surgery, endotoxemia, and septicemia (61). 
It also appears to be important in angiogen
esis, wound healing, and in affecting the 
composition of extracellular matrix (62). 

Apolipoprotein B-containing particles 
(very low density lipoprotein [VLDL] and 
oxidized LDL particles) stimulate the pro
duction of PAl -1 in cultured human endothe
lial cells (63,64). Serum triglycerides are 
strongly associated with PAl -1 levels in 
plasma, and lipid-lowering intervention is 
accompanied by improvement in the fibri
nolytic capacity (65,66). Factor XII-depen
dent fibrinolytic activity is significantly 
decreased in the survivors of an acute coro
nary event (67). Also, a significant increase 
in the frequency of reinfarction and recurrent 
thromboembolism in patients with a factor 
XII deficiency have been documented 
(68,69). Furthermore, factor XII-dependent 
fibrinolytic activity decreases during t-PA 
infusion if >40% of the circulating pool of 
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plasminogen is converted to plasmin (70). 
This underscores the significance of opti
mum dosing regimens that generate mini
mal systemic plasmin and ensure adequate 
levels of plasminogen. 

PATHOPHYSIOLOGY BEHIND 
TRIGGERING OF ACUTE 
CORONARY SYNDROMES 

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

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

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

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

Plaque Morphology 
and Its Components 

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

Effect of Hemodynamic Forces 

In a susceptible plaque weakened by var
ious causes, hemodynamic forces (includ
ing circumferential stress, shear stress, and 
flexion stress) seems to cause further dis
ruption (86). Acute changes in coronary 
pressure, fluctuations in shear stress, and 
arching of the artery during each cardiac 
cycle contribute to plaque rupture. Circum
ferential stress is directly related to a vessel's 
luminal diameter and intraluminal pressure, 
and is inversely related to its wall thickness. 
However, plaque rupture does not always 
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occur at high stress regions, probably 
because of the local variations in plaque 
material properties (87). It seems that 
plaques containing strands of collagen are 
resistant to disruption, because the collagen 
anchors the fibrous cap. Compared with 
intact caps, ruptured ones are deficient of 
collagen bundles, and their tensile stress is 
reduced (88). In addition, when the lipid core 
is situated eccentrically in the plaque, it is 
more likely to fissure (81). According to 
computer models, circumferential stress is 
localized at the shoulder region of the 
plaques with soft lipid-rich cores, which are 
the most common sites of disruption. The 
level of circumferential stress seems to be 
higher in plaques that cause mild or moder
ate obstruction than in those that lead to 
severe stenosis (85,89). Computer model 
analysis shows increased tensile stress at the 
ends of plaque caps, particularly when the 
extracellular lipid pool exceeds >45% of the 
vessel wall circumference (89). This may be 
the reason why 60-70% of all acute coronary 
syndromes evolve from obstructive plaques 
that produce <50% stenosis. It is possible 
that not only do these plaques have high lipid 
content and thinner fibrous cap, but also that 
such plaques are subject to high levels of 
circumferential stress and thus are more 
likely to become disrupted. 

Role of Inflammation 

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

The macrophage-derived foam cells 
release free radicals, lipid oxidation products, 
and proteolytic enzymes, degrading the con
nective tissue matrix and thinning the fibrous 
cap (89,101). Metalloproteinases, which are 
derived from macrophages (interstitial colla
genase, gelatinase, and stromelysin), are 
also abundant in the shoulders and base 
regions of the plaque (97,102). Experiments 
demonstrating an increased gelatinolytic 
and caseinolytic activity at the sites of 
macrophage accumulations (102), and an 
increase in collagen breakdown when mono
cyte-derived macrophages are incubated with 
human aortic plaques, clearly insinuate 
macrophages as being responsible for plaque 
disruption. There is also a 50-fold increase in 
the number of activated mast cells at the 
shoulder region of the plaques when com-
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pared to normal coronary intima. These mast 
cells, through their release of tryptase and 
chymase, can activate metalloproteinases pro
duced by plaque macrophages and smooth 
muscle cells. This could be the mechanism 
for triggering matrix degradation, fibrous cap 
digestion, and rupture of coronary plaques 
(103). Finally, significantly large macro
phage-rich areas are detected in atherectomy 
specimens obtained from patients with unsta
ble coronary syndromes as compared to stable 
angina ( 1 04). This further supports the crucial 
role of macrophages in the triggering of the 
acute coronary syndromes. 

Potentiation of Thrombosis 
by Inflammation 

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

Evidence of Systemic Inflammation 
in Acute Coronary Syndrome 

Systemic evidence of acute inflammation 
is present in V A and is an independent pre
dictor of outcome. C-reactive protein alone 
(108) or both C-reactive protein and serum 
amyloid A protein (91) have been found to 
be elevated in patients with VA compared 
with those who have stable angina. Patients 
with VA who had elevated levels of these 
inflammatory markers were more likely to 
experience recurrent chest pain, have more 
ischemia on Holter monitoring, and have 
significantly higher rates of revasculariza
tion compared with patients with UA with
out elevated levels of these markers. 
Interleukin-6 (IL-6) levels were also found 
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to be significantly elevated in 59% of 
patients with VA compared with 21 % of 
patients with stable angina, and the elevation 
correlated with short-term events (81). 

Thrombogenicity of Atherosclerotic 
Plaques 

The degree of plaque disruption and the 
different level of thrombogenicity of differ
ent core components exposed appear to 
determine the amount of thrombus formation 
(109,110). Superficial plaque injury with 
exposure of collagen-rich matrix present in 
small plaque fissures is associated with less 
platelet deposition compared to that seen 
after deep injuries with exposure of the lipid
rich core. The lipid core is much more throm
bogenic than the collagen-rich component 
(110). Therefore, plaques containing lipid
rich "gruel" are not only more prone to rup
ture, but they are also the most thrombogenic 
when their content is exposed to flowing 
blood. The atheromatous gruel is derived 
from core lipids, disintegrated cells, macro
phages, and extracellular matrix. It contains 
cholesteryl esters, Lp(a), phospholipids, cel
lular debris and collagen degradation prod
ucts. The components responsible for the 
high thrombogenicity, in the gruel is 
unknown. However, two recent studies indi
cate that tissue factor may playa role in acti
vating the coagUlation cascade after plaque 
rupture (37,38). Tissue factor antigen, which 
is present in the atheromatous gruel, is 
upregulated in circulating and endothelium
adhered monocytes, and is also increased in 
coronary tissue from patient with VA 
(106,111-113). The macrophages and pos
sibly the smooth muscle cells are responsi
ble for tissue factor content of the plaque in 
patients with acute coronary syndrome. 
Tissue factor is also associated with 
macrophages and its membranous debris 
(114). However, it is likely that other com
ponents of the gruel, such as lipids, might 
also induce platelet aggregation and activa
tion of the coagulation system (37,38). 
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At present, it is quite apparent that ather
osclerotic plaques occupying <50% of the 
diameter of a coronary artery can develop 
fissure and become a nidus for thrombosis. 
Even though coronary arteriography can 
diagnose the severity of coronary disease 
( 115), it cannot predict the site of future coro
nary occlusion. Probably, the reason why 
severe coronary disease at angiography is 
able to predict high coronary morbidity and 
mortality is because there is higher likeli
hood of the presence of small plaques 
prone to rupture (116). This underscores the 
need for a practical method to identify the 
vulnerable lesions that are subject to an 
abrupt disruption with subsequent thrombus 
formation. 

CORONARY ARTERY 
THROMBOSIS 

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

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

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

Plaque Injury and Resulting Exposure 
of Core Components 

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

Resulting Stenosis and Shear Rates 

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

Residual Intracoronary Thrombus 

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

Vasoconstriction 

Atherosclerosis and its related risk fac
tors are associated with impaired vasodila
tion and enhanced vasoconstriction (129). 
Coronary vasospasm has been established in 
patients with VA (130). Both abnormal 
vasodilation and enhanced vasoconstric
tion have been studied and attributed to 
being owing to dysfunction in endothelial
dependent dilation mechanisms (131,132), 
which primarily results in the increased inac
tivation of nitric oxide (NO) (EDRF). In 
addition, altered platelet function resulting 
in platelet-dependent vasoconstriction medi
ated by serotonin and TxAz, (133,134). 
Thrombin-dependent vasoconstriction (135) 
at the site of plaque disruption, and increased 
production of the peptide endothelin (vaso
constrictor) (16) suggest a direct interaction 
of these substances with smooth muscle 
cells. This is in agreement with the recent 
observation that transient vasoconstriction 
accompanies plaque disruption and throm
bosis in the acute coronary syndromes (136). 

Sympathetic Nervous System 
Activation 

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

Hypercholesterolemia 
and Lipoprotein (a) 

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

Lp(a) has been proposed to be a link 
between atherogenesis and thrombogenesis. 
Lp(a) has been shown to be associated with 
coronary heart disease, especially in subjects 
with familial hypercholesterolemia or a 
family history of premature coronary heart 
disease (142). GlycoproteinApo (a) present 
in Lp(a) is structurally homologous to plas
minogen (143), with both genes linked on 
the long arm of chromosome 6 (144). This 
close homology may result in competitive 
inhibition of the binding of plasminogen to 
fibrin monomer and to the plasminogen 
receptor of the endothelial cell, thus inhibit
ing the action of t-PA (145), and cause acute 
thrombotic complications. However, the 
direct thrombogenic effect of high Lp(a) 
results has not been confirmed in unfrac
tionated plasma, and the clinical importance 
of the association between Lp(a) and plas
minogen is still uncertain. 
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Other Metabolic States 

Diabetes mellitus may enhance platelet 
reactivity and coagulation, perhaps through 
an increase in plasma vWF (146) or other 
plasma factors, or through an alteration of 
the free cholesterol content of platelet mem
brane secondary to the changes of plasma 
lipoproteins (147). Diabetics who are not 
t~eated. in~ensively have a substantially 
hIgher mCldence of myocardial infarction 
and microangiopathy (148,149). Other meta
bolic conditions, such as heterozygous 
homocystinemia, are also considered to be 
independent thrombogenic risk factors. 

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

Several studies have shown a high plasma 
fibrinogen concentration to be an indepen
d~nt risk factor for CHD (19,152). Similarly, 
hIgh levels of factor VII coagulant activity 
are also associated with an increased risk of 
coronary events (19). Many traditionally 
reco~nized risk factors for CHD, like age, 
obesIty, hypercholesterolemia, diabetes, 
smoking, and emotional stress (153,154), 
~ave high levels of these proteins, thus par
tIally explaining the possible thrombotic eti-
010gy behind these risk factors. 

CONCLUSION AND AREAS 
OF FUTURE RESEARCH 

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

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

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

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

The ability of HMG CoA reductase 
inhibitor therapy to decrease acute coronary 
events may be owing to a reduction in oxi
dized lipids and subsequent inflammatory 
process. Similarly, extent of vasoconstric
tion during the triggering of acute coronary 
syndrome is probably underestimated and 
not treated. This vasoconstriction may play 
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an important role, especially in the earlier 
stages of acute coronary syndrome and could 
explain inefficacy of thrombolysis in VA and 
non-Q-wave AMI. Likewise, the antiplatelet 
and anticoagulant agents are most effective in 
the prevention of acute coronary syndromes. 
Antiplatelet therapy is also effective in pre
venting the progression of smaller coronary 
atherosclerotic plaques. Aspirin is effective in 
acute coronary syndromes, during and after 
coronary revascularization, in chronic coro
nary and cerebrovascular disease, and as pri
mary prevention for high-risk groups (155). 
Combination of low-dose antiplatelet ther
apy, such as aspirin and anticoagulant agents, 
may have an augmented effect in patients at 
high risk for thrombotic events (156). 

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

ABBREVIATIONS 

ADP and ATP, adenosine diphosphate and 
adenosine triphosphate; AMI, acute myocar
dial infarction; AS A, acetylsalicylic acid; 
ATIII, antithrombin III; ~-TG, ~-throm
boglobulin; CHD, coronary heart disease; 
ECG, electrocardiogram; ELAM-I and 
ICAM-I, endothelium-leukocyte and intra
cellular adhesion molecules-I; EDRF, 
endothelial-derived relaxing factor; ET-I, 
endothelin-l; HDL and LDL, high- and low
density lipoproteins; HETE, hydroxye
icosatetraenoic acid; IFN-y, interferon-y; 
IL-l, interleukin 1; LTB4, leukotriene B4; 
MCP, matrix collagenase protein; MCSF, 
macrophage colony-stimulating factor; MMP, 
matrix-degrading metalloproteinases; NO, 
nitrous oxide; NPH, Northwick Park Heart; 
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PAF, platelet-activating factor; PAl, plasmi
nogen activator inhibitors; PDGF, platelet
derived growth factor; PGI-2, prostacyclin; 
SMC, smooth muscle cell; TF, tissue factor; 
TNF, tumor necrosis factor; TFPI, tissue 
factor pathway inhibitor; TGF-~ and FGF, 
transforming and fibroblast growth factors; 
TIMI, thrombolysis in myocardial infarction; 
TIMP, tissue inhibitor of metalloproteinases; 
t-PA, tissue plasminogen activator; tissue 
necrosis factor; TxA2, thromboxaneA2; VA, 
unstable angina; vWF, von Willebrand factor. 
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Pathophysiology and Treatment of Acute 

Myocardial Ischemia and Infarction 

Gary B. Green, Edward S. Bessman, and Sol F. Green 

PATHOPHYSIOLOGY OF 
ATHEROSCLEROTIC CORONARY 
ARTERY DISEASE (CAD) 

Historical 

Atherosclerotic vascular disease has been 
present in humans for thousands of years. 
Atherosclerotic lesions were identified 
in Egyptian mummies dating as early as the 
15th century B.C. In the 19th century, 
researchers speculated that arterial wall 
injury may cause an inflammatory response, 
resulting in atherosclerotic lesions (1). By 
the early 1900s investigators had proposed a 
correlation among the degree of atheroscle
rotic lesions, acute myocardial infarction 
(AMI)*, and stroke (2). The prevention and 
treatment of coronary artery atherogenesis is 
a major public health concern today (3). 

Coronary Artery Atherogenesis 

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

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

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

Plaque Disruption 

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

* See p. 66 for list of abbreviations used in this chapter. 

45 



46 

hard, whereas younger, soft plaque consists 
predominantly of lipids and foamy macro
phages. Regardless of composition, lesion 
progression consistently leads to the forma
tion of a fibrous cap. 

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

Coronary Artery Spasm 

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

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

2. Increased NO degradation by oxygen via 
free radicals (NO + 02 ~ N03). 

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

Platelet Activation and Thrombus Formation 
Experimental and clinical observations of 

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

Platelets usually circulate freely in blood 
and rarely adhere to endothelial cells. One 
possible explanation for this behavior may 
be that both platelets and endothelium have 
a negative charge, and thus are mutually 
repulsive. However, in the event of vessel 
injury, subendothelial connective tissue is 
exposed and causes platelets adherence (col
lagen and fibronectin interact with platelet 
membrane glycoproteins). This interaction 
triggers a conformational change in the 
platelet's shape from disk to stellate forms 
(activation) (9-11). In the presence of cal
cium, activated platelets induce intraplatelet 
regulatory proteins. These proteins activate 
the actin-myosin system, resulting in platelet 
contraction, which results in the release of 
ADP, serotonin, and thromboxane A2. Once 
released, these mediators further induce 
platelet aggregation and also promote throm
bin production. 

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

Thrombin System Activation 
Thrombin is generated on the membrane 

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

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

Risk Factors 

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

Hyperlipidemia 

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

Oxidized LDL (oxLDL) 

Native LDL transports lipids into the 
intima through the endothelium. During this 
process, LDL may become oxLDL. Macro
phages actively take up oxLDL, leading to an 
accumulation of lipid and formation of foam 
cells within the intima. Oxidized lipids are 
activators of monocytes as well as being cyto
toxic and are considered to be a major factor 
in plaque progression (19,20). Oxidized lipids 
can injure the endothelium and smooth 
muscle cell membranes during transport of 
extracellular cholesterol into the cell. Anti
oxidants, such as probucol, have been shown 
to induce lesion regression by preventing 
membrane damage offree radicals (2l). 

Hypertension 

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

Cigaret Smoking 

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

Gender 

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

Diabetes 

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

Other Factors 

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

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

PATHOPHYSIOLOGY OF 
SYNDROMES OF MYOCARDIAL 
ISCHEMIA (REVERSIBLE INJURY) 

Vascular Pathophysiology 
Stable Angina Pectoris 

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

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

Unstable Angina 
The clinical diagnosis of unstable angina 

is given to patients who report a change in 
pattern of their ischemic symptoms. This 
includes patients with new onset of anginal 
symptoms as well as those who have recently 
experienced an increased frequency, dura
tion, or severity of symptoms. Patients expe
riencing chest pain at rest are included and 
are a particularly high-risk subgroup (30). 
Several systems have been proposed to fur
ther categorize patients with unstable angina 
according to symptom severity. At present, 
the most widely used grading system was 
developed by the Canadian Cardiovascular 
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Table 1 
Canadian Classification System 
for Unstable Anginaa 

Class Description 

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

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

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

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

aAdapted from ref. 36. 

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

Myocardial Cell Pathophysiology 

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

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

Hemodynamic Affects 

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

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

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

PATHOPHYSIOLOGY OF AMI 

Vascular Pathophysiology 

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

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

Myocardial Cell Pathophysiology 

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

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

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

Subset Description 

Clinical exam (Killip classification) 
I No evidence of heart failure 
II Evidence of CHF 
III 
IV 

Hemodynamic 

Pulmonary Edema 
Cardiogenic shock 

measurements (Forrestec classification) 

I 
II 
III 
IV 

Normal hemodynamics 
Hyperdynamic state 
Hypovolemia 
LV failure 

A. Mild 
B. Severe 

Cardiogenic shock 
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Measures 

Rales and S3 absent 
Rales up to SO% of lung fields 
Rales SO% of lung fields 
Hypotension, hypoperfusion 

Cardiac index 
Llm2/min 
2.7 ± O.S 
>3.0 
~2.7 

~2.S 

~1.8 

~1.8 

Pulmonary 
artery occl. 

pressure, (mmHg) 
~12 

<12 
~9 

>18,~2 

;::22 
~18 V 

VI Shock attributable to RV infarction ~1.8 ~18 

aAdapted from refs. 63 and 64. 

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

Infarct Size 

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

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

Infarct Location 

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

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

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

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

THERAPY OF AMI 

Overview 

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

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

Routine Measures 

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

Intravenous (iv) Access 

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

Oxygen 
Oxygen by nasal prongs should be admin

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

Continuous Electrocardiographic Monitoring 
The primary cause of death in the first 2 h 

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

Nitroglycerin (NTG) 
NTG relaxes vascular smooth muscle, 

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

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

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

Aspirin 

Platelet aggregation plays an important 
role in the pathogenesis of acute arterial 
occlusion leading to ischemia. Aggregation is 
triggered by the prostaglandins thromboxane 
A2 in platelets and prostacyclin in endothe
lial cells, both of which are produced by the 
action of the enzyme cyclo-oxygenase 
(83,84). Aspirin inhibits platelet aggregation 
by irreversibly blocking the action of cyclo
oxygenase. Platelets are unable to produce 
more cyclo-oxygenase and thus are unable to 
aggregate for the duration of their 10-d life
span. Endothelial cells are able to generate 
new cyclo-oxygenase, and thus, are able to 
recover their ability to induce aggregation. 

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

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

Reperfusion Therapy 

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

Antithromboticsf Anticoagulants 

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

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

1. Patients undergoing angioplasty or surgical 
bypass; 

2. Patients not treated with a thrombolytic 
agent; and 

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

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

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

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

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

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

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

Thrombolytic Therapy 

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

There are four thrombolytic agents 
approved by the FDA for iv administration 
in AMI: streptokinase (SK), anisoylated 
plasminogen streptokinase activator com
plex (APSAC or anistreplase), recombinant 
tissue-type plasminogen activator (alteplase 
or TPA), and a derivative of alteplase called 
reteplase (r-PA). There are significant dif
ferences between these agents with respect 
to circulating half-life, systemic fibrinogen 
depletion, antigenicity, rate of coronary 
recanalization and reocc1usion, risk of 
intracerebral hemorrhage (ICH), dose, tech
nique of administration, and cost. 

SK is an enzyme produced by group C 
~-hemolytic streptococci. It combines with 
plasminogen to form an "activator complex" 
that converts plasminogen to plasmin. SK 
produces a systemic "lytic state" that persists 
for several hours. Heparin use increases the 
risk of bleeding without improving efficacy. 
Given as a 1.5 million unit dose over 30-60 
min, it has a recanalization rate of -40%, an 
ICH rate of -0.3%, and results in -2.5 lives 
saved/IOO treated (103). Most patients have 
had previous exposure to streptococci and 
thus have circulating antibodies to SK. 
Minor allergic reactions occur in up to 4% of 
patients; anaphylactic shock is rare. SK costs 
about $280 for the standard dose. 

Anistreplase (APSAC) is a chemically 
modified complex of plasminogen and SK 
that is stable until reconstituted. When 
injected iv, it immediately begins to produce 
plasmin, both at the site of preformed throm
bus and in the general circulation, thus pro
ducing a systemic fibrinolytic state. APSAC 
is given as a 30-mg bolus over 5 min, and 
heparin anticoagulation is not needed. It has 
a recanalization rate of -63%, an ICH rate of 
-0.6%, and results in -2.5 lives saved/lOO 
treated (103). The profile of allergic side 
effects is similar to that for SK. A dose of 
APSAC costs about $1700. 
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Alteplase (TPA) is a tissue-type plas
minogen activator that is synthesized by 
recombinant DNA technology. The DNA 
sequence used codes for the natural human 
enzyme. Thus, allergic reactions are very 
rare «0.02%). The conversion of plasmino
gen to plasmin by TPA is enhanced by the 
presence of fibrin. Accordingly, the activity 
of TPA is largely clot-specific, with much 
less systemic depletion of fibrinogen than 
with SK or APSAC. Consequently, the activ
ity of TPA is enhanced by the addition of 
heparin, which decreases the rate of reoc
clusion. Using an accelerated dosing regi
men (I5-mg bolus, then 0.75 mg/kg to a 
maximum of 50 mg over 30 min, then 0.50 
mg/kg to a maximum of 35 mg over 60 min) 
(104), TPAhas a recanalization rate of-79%, 
an ICH rate of -0.6%, and results in -3.5 
lives saved/IOO treated (103). The cost of 
100 mg of TPA is about $2200. 

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

Indeed, there have been a great many mul
ticenter, international, randomized trials 
(AIMS, ASSET, GISSI, GUSTO, ISIS, 
LATE, TIMI, and so forth) comparing vari
ous agents and adjuvants at different doses 
and administration protocols in an attempt to 
identify the optimum regimen; no doubt 
there will be more. Furthermore, there are 
new thrombolytics and adjuvants under 
investigation. Consequently, specific rec-
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ommendations for choice of thrombolytic 
protocol can rapidly become out of date. One 
principle that is unlikely to change, how
ever, is the repeated observation that the ear
lier reperfusion is accomplished, the smaller 
the area of myocardium in jeopardy and the 
lower the rate of morbidity and mortality. 

This has led to the concept of "door-to
needle" time, referring to the interval from 
when the patient arrives in the ED to when 
the thrombolytic agent infusion is begun, 
with the target being <30 min (107). Indeed, 
making sure to use thrombolytic therapy in 
every instance where it is appropriate and to 
initiate treatment early in the course of AMI 
is more important than the choice of throm
bolytic agent actually used (l08). 

Eligibility criteria relate primarily to strat
ifying patients in order to maximize poten
tial benefit and minimize complications. The 
most important risk of thrombolytic therapy 
is bleeding, but fortunately 70% of bleeding 
episodes occur at sites of vascular access 
and can be managed without transfusion 
(109). However, ICH is a more serious com
plication with a -66% mortality (110). The 
risk of ICH is increased with hypertension, 
either by history or on presentation. Thus, 
thrombolytics are relatively contraindicated 
in hypertensive patients with low-risk AMI 
(inferior ST elevation or ST depression only) 
(110). Table 3 summarizes the contraindica
tions and cautions for thrombolytic use in 
AMI. The AAC/AHA guidelines are (75): 

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

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

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

Contraindications 
Previous hemorrhagic stroke at any time; 

other strokes or cerebrovascular events 
within 1 yr 

Known intracranial neoplasm 
Active internal bleeding (does not include 

menses) 
Suspected aortic dissection 

Cautions/relative contraindications 
Severe uncontrolled hypertension on presen

tation (blood pressure> 180111 0 mmHg); 
especially in low-risk AMI 

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

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

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

Noncompressible vascular punctures 
Recent (within 2-4 wk) internal bleeding 
For SKIAPSAC: prior exposure (especially 

within 5 d) or prior allergic reaction 
Pregnancy 
Active peptic ulcer 
History of chronic severe hypertension 

aAdapted from ref. 80. 

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

Currently, accelerated-dose TPA with iv 
heparin appears to confer the greatest reper
fusion rates, but carries a higher risk of ICH 
and substantially greater cost (111,112). For 
patients presenting early after onset of symp
toms who have a high-risk AMI and are at 
low risk for ICH, TPA is the agent of choice 
(75). For patients where the cost-benefit 
ratio is lower, SK is recommended. Ongoing 
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research is likely to change these recom
mendations in the near future. 

Percutaneous Transluminal Coronary 
Angioplasty (PTCA) 

Angioplasty refers to the mechanical revi
sion of the lumen (fluid path) of an artery in 
order to relieve an obstruction (113). For 
AMI, PTCA can either be primary (in place 
of thrombolysis) or salvage (when throm
bolysis has failed). In PTCA, a catheter is 
inserted percutaneously (through the skin) 
via needle puncture, into the femoral artery. 
The catheter is then passed up the aorta and 
into the opening of the blocked coronary 
artery. Injection of radiographic contrast 
media allows delineation of the anatomy via 
X-ray fluoroscopy. A guidewire with a bal
loon at its tip is then threaded through the 
catheter and into the area of blockage within 
the artery. The balloon is carefully inflated, 
thus compressing the obstructing clot and/or 
atherosclerotic plaque against the vessel wall 
and enlarging the lumen. Other devices, such 
as a scraper, drill, or laser, can also be used 
to remove obstructing material. A semirigid 
tube or stent can be placed into the artery to 
hold it open. Maintenance of patency of the 
angioplastied vessel is enhanced by the use 
of anticoagulants. 

Theoretical advantages of PTCA com
pared to thrombolysis include direct reopen
ing of the infarct-related vessel, avoidance of 
systemic fibrin depletion, and delineation of 
coronary anatomy. Disadvantages are cost, 
need for sophisticated personnel and facili
ties, and potentially longer time-to-patency. 
A number of studies have been done to com
pare PTCA to thrombolysis for primary ther
apy of AMI, but to date they have been 
small. A recent meta-analysis pooled 2023 
patients from nine trials and showed a bor
derline statistical benefit of PTCA over 
thrombolysis when the end point was mor
tality (114). When both death and rate of 
AMI were considered, PTCA had a clear 
advantage over thrombolysis (relative risk = 
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0.2, p = 0.00 I). However, considering that in 
excess of 100,000 patients have been 
enrolled in the various thrombolytic trials, 
the data for PTCA are quite limited, and the 
need for further study is apparent. 

Complications of PTCA include bleeding 
at the site of needle puncture, AMI precipi
tated by balloon inflation, failure to relieve 
obstruction, reocclusion, and rupture of the 
coronary artery. The latter event can be cat
astrophic and requires urgent open heart 
surgery to repair. Thus, current guidelines 
recommend that PTCA be performed by 
experienced personnel (115), and in facili
ties where emergent access to cardiac 
surgery is available (75). However, studies 
are under way to evaluate the safety and effi
cacy of PTCA in hospitals without cardiac 
surgery, and broader guidelines may be 
forthcoming. The current ACC/AHA rec
ommendations for PTCA in AMI are (75): 

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

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

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

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

Coronary Artery Bypass Graft 
(CABG) Surgery 

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

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

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

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

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

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

Anti-Ischemic Therapy and Mortality 
Reduction 

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

~-blockers have several effects on the heart. 
Primarily they cause a decrease in the force 
and rate of contraction, and slow the rate of 
myocardial depolarization. These actions 
serve to decrease myocardial oxygen 
demand. In addition, the decrease in heart 
rate prolongs diastole and can increase 
myocardial oxygen delivery, particularly to 
the penumbra of ischemic tissue surround
ing an area of infarction. As a result, the use 
of ~-blockers in AMI reduces infarct size and 
the incidence of complications in patients not 
given thrombolytics (121), and reduces the 
rate of reinfarction in patients who are treated 
with thrombolytics (122). However, these 
beneficial effects have only been seen in 
patients given ~-blockers early in the course 
of their infarction (<12 h). 

Complications from ~-adrenoreceptor 
blocking agents are common and can be 
serious. Myocardial depression can lead 
to hypotension, CHF, and heart block. 
~-B1ockers can produce bronchoconstriction, 
and thus, worsen asthma or chronic obstruc
tive pulmonary disease. In insulin-requiring 
diabetics, f3-blockers can mask the signs and 
symptoms of hypoglycemia and delay the 
recovery of normal blood glucose levels. The 
contraindications and cautions to the use of 
~-blockers in AMI are presented in Table 4. 
Only about 25-50% of AMI patients qualify 
for ~-blocker therapy. The ~-adrenoreceptor 
blocking agents best studied for use in 
AMI are atenolol (123) and metoprolol 
(124). Either agent is continued indefinitely. 
The ACC/ AHA recommendations for 
~-adrenoreceptor blockade in AMI include 
(75): 

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

2. ~-Blockers possibly beneficial: non-Q-wave 
AMI. 
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Table 4 
Contraindications/Cautions 
to ~-Adrenoreceptor Blocking Agents 
in AMI 

Heart rate < 60 bpm 
Systolic blood pressure < 100 mmHg 
Moderate or severe left ventricular failure 

(Killip Class II or greater) 
Signs of peripheral hypoperfusion 
First-degree AV block with PR interval 

> 0.255 
Second- or third-degree AV block 
Severe chronic obstructive pulmonary disease 
Wheezing or a history of asthma 
Severe peripheral vascular disease 
Insulin-dependent diabetes mellitus 

aAdapted from ref. 80. 

Angiotensin-Converting Enzyme 
(ACE) Inhibitors 

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

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

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

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

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

Magnesium 

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

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

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

Calcium Entry Blockers 

There are three commonly used calcium 
entry blocking agents: nifedipine, verapamil 
and diltiazem. The calcium entry blockers 
are used extensively to treat hypertension, 
and angina, and there was hope that these 
drugs would reduce mortality in the setting 
of AMI. However, after a number of studies, 
there is no evidence that these agents reduce 
mortality in AMI or decrease the rate of rein
farction when used routinely (133). Further
more, several studies have suggested 
increased mortality when these agents are 
used, particularly immediate-release nifedip
ine, and especially when LV dysfunction is 
present (134,135). 

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

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

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

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

Treatment of Complications 

Arrhythmias 

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

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

1. Treatment of VT/VF that is generally 
beneficial: 
a. for VF: un synchronized countershock of 

200 J, followed by 300 and 360 J if 
needed. 

b. For sustained polymorphic VT: treat as VF. 
c. For unstable monomorphic VT: synchro

nized countershock(s) beginning at 100 J. 
d. For stable monomorphic VT: (i) lido

caine, procainamide, or amiodarone, and 
(iv) synchronized countershock(s) start
ing at 50 J, after appropriate analgesial 
sedation. 

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

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

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

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

1. Treatment for AF that is generally beneficial: 
a. Electrical cardioversion for unstable 

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

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

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

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

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

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

1. Atropine-counteracts the effects of 
increased vagal tone and is the first choice 
for most bradyarrhythmias. 



64 

2. Transcutaneous pacing-as a temporizing 
measure, a slow rhythm may respond to 
external pacing. This modality is particu
larly suited to have prepositioned on high
risk patients and subsequently activated as 
needed. 

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

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

Pump Failure 

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

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

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

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

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

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

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

4. Urgent surgical intervention-surgical 
repair of an infarct-related mechanical 
defect may be lifesaving. Clinical scenarios 
include rupture of a papillary muscle lead
ing to massive mitral regurgitation, ventric
ular septal defect, and ventricle wall rupture 
or pseudoaneurysm. Surgical mortality 
varies depending on the exact nature of the 

65 

defect and the condition of the heart and the 
patient overall. However, the mortality rate 
with medical management alone is >90 and 
50% for surgical management (75). 

Long-Term Evaluation and Treatment 

Secondary Prevention of AMI 

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

The role for aspirin, ~-blockers, and ACE 
inhibitors has already been noted. Hormone 
replacement therapy (HRT) with estrogen 
and/or progesterone for postmenopausal 
women is controversial. HRT is associated 
with a number of beneficial effects, includ
ing a reduction in cardiovascular mortality 
(145), but may increase the risk of breast 
cancer: some investigators have found a pos
itive association (146), and others none at all 
(147). The overall effects of HRT may be 
beneficial (148), but there is no consensus 
regarding its use. 

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

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

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

ABBREVIATIONS 

ACC/AHA, American College of Cardi
ology/American Heart Association; ACE, 
angiotensin-converting enzyme; ADP, ATP, 
adenosine di- and triphosphate; AMI, acute 
myocardial infarction; APSAC, anistreplase; 
CABG, coronary artery bypass graft; CAD, 
coronary artery disease; CHF, congestive 
heart failure; CK, creatine kinase; CPR, car
diopulmonary resuscitation; ECG, electro
cardiogram; ED, emergency department; 
EDRF, endothelium-derived relaxing factor; 
FDA, Food and Drug Administration; GI, 
gastrointestinal; ICH, intracerebral hemor
rhage; INR, international normalized ratio; 
ISIS-2, Second International Study ofInfarct 
Survival; iv, intravenous; LBBB, left bundle 
branch block; LDL, oxLDL, and HLD, low-, 
oxidized low-, and high-density lipoprotein; 
LV and RV, left and right ventricle; MPV, 
mean platelet volume; NO, nitric oxide; 
NTG, nitroglycerin; PTCA, percutaneous 
transluminal coronary angioplasty; SK, 
streptokinase; SVT, supraventricular tach
cardia; TPA, tissue plasminogen activator; 
VF, ventricular fibrillation; VT, ventricular 
tachycardia. 
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4 
Markers of Myocardial Injury in the Evaluation 

of the Emergency Department Patient with Chest Pain 

INTRODUCTION 

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

The recent advances in laboratory medi
cine related to markers of myocardial injury 
and the current "revolution" in the overall 
approach to the ED patient with suspected 
cardiac ischemia are directly linked. As each 
technical advancement in marker assays 
occurs, previously existing limitations on the 
scope, accuracy, and availability of data are 
removed. This improvement in information, 
in turn, allows the emergency physician to 
enact new protocols that surpass previous 
limitations on the accuracy and timeliness of 
decisions concerning patient care. At the 
same time, ever-increasing pressures on EDs 
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to continue to improve the rapidity and qual
ity of the care delivered further drives the 
laboratory technology industry to generate 
faster and more accurate assays. Owing to 
this dynamic, the clinical chemist and the 
clinician are increasingly interdependent. 
Therefore, in order to provide the best care, 
the emergency physician must maintain an 
understanding of the capabilities and limita
tions of the laboratory, including a working 
knowledge of the currently available labo
ratory techniques. Conversely, in addition to 
knowing the physiologic processes occur
ring within the patient during myocardial 
ischemia, the clinical chemist will benefit 
from an understanding of the unique envi
ronment in which the initial evaluation and 
treatment of the ED patient occurs, as well 
as knowledge of the constraints on and the 
priorities of the emergency physician. 

THE ED ENVIRONMENT 

Unlike most other clinical settings, 
patients usually present to the ED soon after 
onset of their symptoms and without previ-
0us medical evaluation. In many of these 
patients, their symptoms represent slow or 
moderately progressive disease states that 

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

The necessity of this type of approach is 
most apparent during the evaluation of the 
patient presenting with chest pain. Chest 
pain is one of the most common complaints 
faced by the emergency physician, causing 
five million visits a year and representing 
approx 5% of all ED visits (2,3). Despite 
this, caring for these patients remains one of 
the emergency physician's greatest chal
lenges. Among the 1.5 million patients 
admitted each year to coronary care units 
(CCUs) for suspected acute ischemic heart 
disease, the false-positive rate is exceedingly 
high (35-70%) (4-6). Conversely, it is esti
mated that from 2-10% of patients with 
acute myocardial infarction (AMI) who 
present to EDs with chest pain are inappro
priately discharged or admitted to nonmon
itored beds (7-9). These "missed AMI" 
patients may have a higher mortality than 
those admitted to the CCU (10-12). Addi
tionally, missed AMI is the leading cause of 
malpractice lawsuits and settlements in the 
ED setting (13). 
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Many of the difficulties encountered are 
attributable to factors inherent to the com
plaint. There are a multitude of diverse 
pathologies that may initiate an ED visit for 
chest pain (Table 1). Confounding the physi
cian's evaluation is the fact that most inter
nal thoracic structures are innervated by 
visceral rather than somatic nerve fibers. 
This results in the fact that pain caused by 
many different intrathoracic pathologies is 
poorly localized and can often be described 
only in vague terms. Complicating matters 
further is the fact that wide variations in the 
perception and communication of pain exist 
because of physiologic, cultural, and indi
vidual differences. The result is a situation 
in which patients with unrelated pathologies, 
which require completely different assess
ment and treatment strategies, frequently 
present with similar or even identical signs 
and symptoms. For example, the initial pre
sentation of myocardial ischemia and 
esophageal pain owing to acid reflux are 
often indistinguishable. Conversely, patients 
with identical pathology may present with 
dramatically different symptoms. Although 
many patients experiencing a myocardial 
infarction will present with the "classic" 
complaint of substernal chest pain, some 
AMI patients will complain only of epigas
tric, jaw, or arm pain, or will be completely 
pain-free. 

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

Cardiac 
Ischemic syndromes 

Stable angina 
Unstable angina 
Variant angina 
AMI 

Valvular disease 
Mitral valve prolapse 
Aortic stenosis 
Subaortic stenosis 

Cardiomyopathy 
Pericarditis 

Pulmonary 
Bronchitis 
Bronchospasm 
Empyema 
Pleural effusion 
Pleuritis 
Pneumonia 
Pneumothorax 
Pulmonary edema 
Aortic dissection 
Pulmonary embolism 
Pulmonary hypertension 

Vascular 
Aortic dissection 
Pulmonary embolism 
Pulmonary hypertension 

Gastrointestinal 
Esophageal spasm 
Gastroesophageal reflux disease (GERD) 
Mallory-Weiss tear 
Esophagitis/gastritis 
Gastric/duodenal ulcer 
Biliary colic 

Musculoskeletal 
Costochondritis 
Muscle strain/spasm 
Cervical radiculopathy 

Neurologic 
Herpes Zoster 

subsequent serious morbidity or mortality if 
not recognized and treated in a timely 
manner. Examples of these diseases include 

77 

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

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

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

THE TRADITIONAL APPROACH 
TO THE CHEST PAIN PATIENT 

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

Unfortunately, these traditional modali
ties are unable to lead consistently to an 
accurate diagnosis (AMI, unstable angina, 
stable angina pectoris, noncardiac diagno
sis) or to predict reliably the risk of subse
quent untoward events. Although the 
classical text's declaration that the history is 
"the single most important tool" in the ini
tial evaluation of chest pain patients may be 
true, it is equally true that patients often pre
sent with atypical or even misleading symp-
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toms (2,7). The physical exam and the chest 
X-ray are sometimes useful to confirm the 
presence of specific noncardiac causes of 
chest pain and to identify certain complica
tions of myocardial ischemia. However, in 
the majority of patients, neither modality 
will help the clinician to identify those 
patients whose symptoms represent myocar
dial ischemia or to differentiate myocardial 
infarction from other acute ischemic syn
dromes. Further, although the ECG is clearly 
helpful when positive, it is initially nondi
agnostic in up to 50% of AMI patients pre
senting to the ED (12). 

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

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

sent home with "missed AMI" led to scrutiny 
of the traditional approach. This resulted in 
a search for better diagnostic tools, includ
ing a re-evaluation of cardiac enzyme use. 
Simultaneously advances in laboratory tech
nology rapidly removed many of the barri
ers to real-time utilization of myocardial 
marker assays in the ED and led to the avail
ability of increasing numbers of unique 
myocardial markers (17). The result has 
been a rapid evolution in both the laboratory 
techniques and the ED applications of 
marker assays. In recent years, the role of ED 
measurement of markers of myocardial 
injury has become firmly established and 
continues to become increasingly important. 
The most recent step in this process is the 
incorporation of the available markers into 
new cardiac assessment protocols, which 
allow earlier and more accurate decision 
making at lower costs. Today, it is typical for 
cardiac marker testing to be conducted at 
admission and at a frequency of every 8-12 
hid for the first few days (Fig. IA) (18). A 
decision to admit or discharge is made on a 
combination of enzyme results, clinical 
history, and ECG. Although serial measure-

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

COMPUTER PROTOCOLS 

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

non-AMI 

yes 

new 
ST-T 
changes 
of AMI 
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yes 
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Fig. 2. An abridged version of the Goldman algorithm for triaging ED patients with chest pain (11). 

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

THE CHEST PAIN ED 

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

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

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

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

MYOCARDIAL MARKERS IN THE 
INITIAL ED EVALUATION 

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

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

Purpose Marker 

Initial ED evaluation CK-MB 
Early MI diagnosis CK-MB 

CK-MB 
Myoglobin 
Myoglobin 

Identification of "missed" MI CK-MB 
CK-MB 
CK-MB 

Early risk stratification CK-MB 
CK-MB 
Troponin T 
Troponin T 

Comprehensive ED evaluation CK-MB 
CK-MB 
CK-MB 

ments in protocols governing the initial ED 
evaluation of chest pain patients for three 
distinct purposes (Table 2): first, the ability 
of myocardial markers to confirm or rule in 
suspected AMI within the first hours after 
presentation in patients with nondiagnostic 
ECGs (25-30), second, the ability of mark
ers to identify some patients with otherwise 
unrecognized AMI from among the many 
patients with atypical presentations and non
diagnostic ECGs (7,9), and third, to risk 
stratify patients early in their ED course, i.e., 
to identify those patients at particularly high 
risk for subsequent adverse events (31-34). 

Ruling in AMI 

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

Hours from presentation n Reference 

0,3 183 25 
0,1,2,3 313 26 
0,1,2,3 616 27 
0,3 59 28 
0,1,2 198 29 
Single sample 773 9 
Single sample 271 7 
0,3 1042 30 
0,2 449 31 
0,2 5120 32 
Single sample 113 33 
Single sample 131 34 
Variable 2684 35 
0,8,16,24 512 36 
0,3,6,9 1010 37 

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

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

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

Identifying Missed AMI Patients 

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

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

The Emergency Medicine Cardiac 
Research Group prospectively assessed the 
effect of performing two CK-MB measure
ments drawn 3 h apart on ED physician deci-
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sion making (31). This has been the only 
study to date that reported the actual clinical 
use of CK-MB testing for this purpose. In 
this investigation, of 265 enrolled patients 
who had been slated for discharge by the ED 
physician, three patients with unsuspected 
AMI were identified and admitted solely on 
the basis of a positive CK-MB (30). 

Early Risk Stratification 

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

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

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

MYOCARDIAL MARKERS IN THE 
CHEST PAIN EVALUATION UNIT 

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

The new approach has been further 
refined by investigators at the University of 
Cincinnati (37). This group has published a 
study on a series of 1010 patients who were 
admitted to an ED based chest pain evalu
ation and treatment unit over 32 mo. In this 
protocol (Fig. IB), patients with known 
coronary artery disease (CAD), hemody
namic instability, ECG changes diagnostic 
of ischemia, or a clinical syndrome thought 
to represent unstable angina were directly 
admitted to the in-patient service. Other 
patients with symptoms suggestive of 
possible acute coronary ischemia were 
observed for 9 h with continuous 12 lead 
ST-segment ECG monitoring and serial 
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CK-MB measurements at 0, 3, 6, and 9 h 
after presentation. During the observation 
period, any signs of instability, ischemic 
symptoms, ST changes, or a positive 
enzyme measurement necessitated imme
diate admission. Patients who had a 
negative 9-h workup then underwent 
echocardiography and, if normal, graded 
exercise stress testing in the ED prior to 
discharge (Fig. 1). Utilizing this approach, 
82.1 % of patients were able to be released 
home from the ED unit. The group con
cluded that their approach was an effective 
and safe method for evaluation of low- to 
moderate-risk patients. The same group has 
also reported that this method results in sig
nificantly lower costs when compared to a 
group of similar patients being evaluated 
using the traditional approach (38). 

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

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

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

Unit Design-Appropriate space and equipment 
including monitoring ability and availability of "real 
time" myocardial marker testing 

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

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

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

aModified from ref. 39. 

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

THE FUTURE OF EMERGENCY 
CARDIAC CARE 

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

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

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

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

ABBREVIATIONS 

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

Robert G. McCord and Allen W. Clark 

INTRODUCTION 

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

BASIC STRUCTURE 
OF THE MAMMALIAN CELL 

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

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

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

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

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

*See p. 100 for list of abbreviations used in this chapter. 

The authors d~dicate this Chapter to David B. Slautterback. What is presented in this Chapter represents a 
mere shadow of hIS vast knowledge of the subject. 
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Fig. 1. Components of the mammalian cell, 
excluding the nucleus. (Reproduced and modi
fied, with permission, from Fawcett: A Textbook 
of Histology, Twelfth Edition, Chapman and Hall, 
New York, 1994.) 

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

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

The RER is associated chiefly with export 
protein synthesis. RER is a system of inter
connected membranous sacs called cister
nae that represent a compartment separated 
from the cytosol. Ribosomes are attached to 
the cytoplasmic surfaces of these cisternae. 
The SER also represents a compartment sep-
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arated from the cytosol. SER is usually com
posed of anastomosing tubules whose cyto
plasmic surfaces are devoid of ribosomes. 
This organelle is associated with synthesis of 
lipids, the detoxification of drugs, and the 
sequestration of calcium ions (1,3,4). 

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

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

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

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

STRUCTURE OF STRIATED 
MUSCLE 

Skeletal Myofibers 

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

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

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

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

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

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

According to the Huxley sliding filament 
hypothesis (7), contraction is brought about 
when the thin filaments slide in between the 
thick filaments during muscle contraction. 
The myosin cross bridges move on the sur
face of the actin in a manner similar to the 
oars of a boat on the water. This rowing of 
the myosin cross bridges moves the thin fil-
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aments toward the M-bands, reduces the dis
tance between Z-lines, and shortens the 
length of sarcomeres. 

Because muscle contraction depends on 
the availability of cytoplasmic calcium ions 
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and relaxation occurs during the unavail
ability of cytoplasmic calcium ions, the 
regulation of sarcoplasmic calcium ion 
concentrations is of critical importance. The 
organelle chiefly responsible for this regula-
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Actin I Tropomyosin I Troponln Complex Tnl 

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

tion is a specialization of the smooth endo
plasmic reticulum referred to as the sar

coplasmic reticulum (SR) (1,3,4). In 
mammalian skeletal myofibers, sleeves of SR 

the forming them into 
cylindrical stITIctures called myofibrils. 

(A useful concept is to think of myofibers as 
composed of myofibrils which are cornp()Sell, 
in turn, of myofilaments: see 

At both junctions of A band and the I 
band (the A- I junction) in every sarcomere, 

are two expanded SR These 
lateral expansions, or tenninal of 
the SR are that 
avidly and (8). In 
between the two is a trans-
verse tubule known as a "T" tubule. 
T tubules are thin, tubular of 
the sarcolemma that throughout the 
myofiber cytoplasm. A T tubule surrounds 
each lnyofibril at every A-I junction (twol 

When properly the 
two terminal SR and T tubule form 

major 
is the 
calcium 

As shown in Fig. 3, the SR np"u/.'pn 

terminal anastomose 

The 

over the surface of myofibril. Since 
phosphorylase is with 

the SR 10) and glycogen can 
be discerned in the sarcoplasm 

cent to the SR (Fig. 5), it can be inferred that 
this organelle a role in the metab
olism of this important 

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

molecule (ll, (Fig. 7) . The 
head pulls the actin with the 

myosin filament , resulting in contraction. 
during 

IS a 
reconfigurational tropomyosin 
is pulled into position to shield the myosin 
binding 011 the Calcium 
is in the interior of the terminal 
tern until the next potential. The 

all these contraction 
processes is from triphos-
phate which , in tum, is derived from 
the metabolism of glucose, or free 

oxygen, 
mitochondria where 
tion and ATP occur. An immuno-

has that 
myoglobin is located in the the 
I-band (15). 
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Fig. 5. Electron migrocraph showing smooth endoplasmic reticulum/glycogen relationship. (Repro
duced and modified, from Fawcett DW, McNutt NS. f. Cell BioI, 1969,42:1, by copyright permis
sion from Rockefeller University Press, New York.) 
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'. channels open'· .:. : .. .. .- .. 
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Troponin holds tropomyosin in position 
to block myosin-binding sites on actin. 

@ = Ca 2+ active 
transport pumps 

Ca 2+ binds to troponin, which changes 
the shape of the troponin-Iropomyosin 
complex and uncovers the myosin-binding 
sites on actin. 

(a) Relaxation 

< = Ca 2+ release 
channels 

(b) Contraction 

Fig. 6. Schematic representation of the relationship between the T tubules, terminal cisternae, and 
myofilaments during relaxation (left) and contraction (right) in skeletal muscle. (Reproduced and mod
ified, with permission, from Introduction to the Human Body, HarperCollins College Publishers, New 
York, 1994.) 
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Binding site 
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Binding site ~C 2+ 
for ~ 

myosin-exposed 

Fig. 7. Schematic representation of calcium binding to troponin C with conformational change of 
troponin T and resultant exposure of myosin binding site when tropomyosin is moved. (Reproduced 
and modified, with permission, from Junqueria: Basic Histology, Eighth Edition, Appleton & Lange, 
Stamford, CT, 1995.) 

Fig. 8. Electron micrograph demonstrating 
intercalated disks (I). Note also numerous mito
chondria (M). (Reproduced and modified, with 
permission, from Junqueria: Basic Histology, 
Eighth Edition, Appleton & Lange, Stamford, 
CT,1995.) 

Skeletal myofibers have many nuclei that 
are located very close to the sarcolemma. In 
histologic cross-sections, the nuclei are there
fore seen on the periphery of the cell (Fig. 3). 

Cardiac Myocytes 

At first glance, cardiac muscle appears 
similar to skeletal muscle. In the past, car
diac muscle tissue was thought to be a syn
cytium very much like skeletal myofibers. 
EM has shown that this is not true. In fact, 
cardiac muscle is composed of individual 
myocytes separated from one another by cell 
membranes, although the myocytes are 
joined together by elaborate, highly modi
fied cell junctions called intercalated disks. 

Like skeletal myofibers, the sarcoplasm 
of cardiac myocytes is subdivided into 
myofibrils, although these branch and anas
tomose with each other to a greater extent 
than the myofibrils of skeletal myofibers. 
Cardiac myofibrils are composed of thin and 
thick filaments arranged in sarcomeres, dis
playing striations comparable to those of 
skeletal muscle sarcomeres. 

As already mentioned, intercalarted disks 
are the sites where the individual cardiac 
muscle cells are attached to each other (Fig. 
8). In the EM, three types of cell junctions 
can be seen within the intercalated disks: 
fascia adherens, desmosomes, and gap junc
tions (1,3,4) (Fig. 9). 
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Intercala ted 
Disk: Fascia Adherens 

Gap Junction 
Desmosome 

McCord and Clark 

I Cardiac Myocytes 

Fig. 9. Schematic representation of intercalated disks between cardiac myocytes. (Drawing by 
A. W. Clark.) 

The fascia adherens is roughly compara
ble to the zonula adherens, a major compo
nent of the junctional complex of epithelial 
cells. It is comprised of dense, filamentous 
plaques applied to the cytoplasmic faces of 
the myocyte plasma membrane. Each plaque 
is positioned exactly opposite identical dense 
plaques applied to the cytoplasmic faces of 
the plasma membrane of the adjacent 
myocyte. The two plasma membranes (sar
colemmas) are separated, in this region, by a 
space of approx 20-30 nm and within this 
space are extracellular glycoproteins that aid 
in the adhesion of adjacent myocytes. The 
fascia adherens of the intercalated disk serve 
as the attachment sites for thin filaments. The 
other ends of these thin filaments interdigi-

tate with the thick filaments of the inititial 
myocyte sarcomeres (Fig. 9). 

There are two other junctional 
izations within an intercalated disk. One of 
these is the desmosome (macula adherens) 
another major component of the junctional 
complex of epithelial cells. Desmosomes 
also have plaques of dense material applied 
to the cytoplasmic surfaces of the plasma 
membrane. These plaques serve as the 
attachment sites for keratin intermediate fil
aments . It is inferred that desmosomes assist 
in maintaining the attachment of myocytes 
to each other, serving the same function they 
do in other cell types . 

The third component of the intercalated 
disk is the gap junction that is characterized 
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Fig. 10. Schematic summary of the cellular location of markers. (Drawing by R. G. McCord.) 

by the very close apposition of adjacent cell 
membranes. Gap junctions provide ionic 
continuity between adjacent cells and are 
thus responsible for the transmission of 
action potentials from cell to cell. 

A major difference between the skeletal 
myofiber and the cardiac myocyte involves 
the arrangement of the T tubules and sar
coplasmic reticulum. In cardiac myocytes, T 
tubules appear at the Z-line of the sarcom
ere, instead of the A-I junctions. In addi
tion, only one cistern of SR is associated 
with the T tubule, a configuration called a 
diad (17). 

The SR in cardiac myocytes is not as reg
ularly arranged as the SR of the myofiber 
and, as a consequence, cardiac myofibrils 
branch and anastomose with each other to a 
far greater extent than the myofibrils of 
skeletal myofibers. 

In cardiac muscle, the action potential 
depends primarily on the entry of calcium 

ions from the extracellular space and not 
from the SR. This is another important dif
ference between cardiac and skeletal muscle. 

Because heart muscle is constantly beat
ing and therefore requires a continuous 
energy source, it is not surprising to see large 
numbers of mitochondria throughout the 
myocyte sarcoplasm (1,3,4). Mitochondria 
account for 40% of the cytoplasmic volume 
of cardiac myocytes while they account for 
only 2% ofthe cytoplasmic volume of many 
skeletal muscle fibers. 

Finally, in contrast to the multinucleate 
skeletal myofibers, cardiac myocytes usu
ally have a single, centrally placed nucleus, 
although binucleate myocytes are not that 
uncommon. 

SUMMARY 

The intracellular locations of cardiac 
markers are shown in Fig. 10, CK con
tributes to the M band. Lactate dehydroge-
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nase (LD) is found in the cytosol and mito
chondria. Troponin is found in the sar
coplasm (6%) and as part of the thin 
filament. Myosin, the major molecular com
ponent of the thick filament of the contrac
tile apparatus, is composed of light and 
heavy chains. Glycogen phosphorylase is 
located on the inner surfaces of the SR. Fatty 
acid-binding protein (FABB) and myoglobin 
are diffusely spread throughout the sar
coplasm. Mitochondrial isoenzymes, such 
as CK and aspartate aminotransferase, are 
not currently being investigated as markers 
for myocardial injury. 

ABBREVIATIONS 

CK, creatine kinase; EM, electron micro
scopy; FABB, fatty acid binding protein; H&E, 
hematoxyline-eosin; LD, lactate dehydroge
nase; MM, myomesin; PTAH, phophotungstic 
acid hematoxylin; RER, rough endoplasmic 
reticulum; SER, smooth endoplasmic reticu
lum; SR, sarcoplasmic reticulum 
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Myoglobin and Carbonic Anhydrase III 

Hemant C. Vaidya and H. Kalervo Vaananen 

INTRODUCTION 

Currently, the diagnosis of acute myocar
dial infarction (AMI)* in the first 6-8 h after 
the infarction is based on the clinical pre
sentation of the patient with typical chest 
pain and electrocardiogram (ECG). How
ever, chest pain is a nonspecific presenta
tion. Only about 32.5% of patients admitted 
with chest pain are eventually diagnosed as 
having AMI. Among the patients with chest 
pain, typical ECG abnormalities, such as Q
wave changes and ST-T-wave elevation, are 
observed in 73% of AMI patients (sensitiv
ity 73%) (1-3). Thus, a clinical need has 
been created to have an adjunctive bio
chemical marker that can aid in more effi
cient early diagnosis of AMI. In response to 
this need, several biochemical markers, such 
as myoglobin, CK-MM isoforms, CK-MB 
isoforms, and myosin light chain, are being 
evaluated for their early diagnostic utility 
(4,5). Attempts are also being made to 
enhance the diagnostic efficiency of myo
globin by combining its results with ECG 
(6-8), CK-MB (9), or carbonic anhydrase 
III (CAIII) (10-12). Myoglobin is a 17.8-
kDa oxygen binding heme protein present in 
both cardiac and skeletal muscle. It consti
tutes about 2% of the total muscle protein 

and is located in the cytoplasm. Although 
structurally similar to hemoglobin subunits, 
its physiological role is not well understood. 
Cell injury during AMI releases myoglobin 
into the blood circulation. The relationship 
between myoglobinemia and myocardial 
infarction was first reported in 1975 (13). 

ANALYTICAL TECHNIQUES 

Measurement of Myoglobin in Serum 

Myoglobin can be measured in serum 
specimens by radioimmunoassay (RIA) 
( 14,15), latex agglutination (16-18), or two
site immunoassay (19,20). The first RIA for 
myoglobin was developed in 1975 with the 
use of polyclonal antibodies that recognized 
myoglobin (14). The analytical sensitivity 
of the assay was 0.5 ng/mL. Since then, sev
eral commercial RIAs have been developed. 

In an RIA, a sample is mixed with radio
active myoglobin and antimyoglobin anti
bodies. The antimyoglobin antibodies are 
then precipitated with the use of a second 
antibody, and the amount of precipitated 
radioactivity is measured. The precipitated 
radioactivity is inversely proportional to the 
myoglobin concentration in the specimen. 
The RIAs have intra- and interrun impreci
sion (coefficient of variation [CV]) of 5 and 

* See p. 111 for list of abbreviations used in this chapter. 
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10%, respectively. The long turnaround time 
to obtain the result, the need for a skilled 
operator, lack of automation, and the use of 
radioactive material restrict the use of RIAs 
in a stat mode that is required for myoglobin. 

In the latex agglutination assays, the 
antimyoglobin antibodies are immobilized 
on latex particles. When the particles are 
mixed with a serum sample, they aggregate 
proportionally to the myoglobin concentra
tion in the specimen. Most of the earlier ver
sions of this particle-based assay gave a 
semiquantitative result. More recently, tur
bidimetric (e.g., the Turbitime, Behring 
Diagnostics, Westwood, MA) (18) and neph
elometric (e.g., Nephelometer, Behring) (16) 
assays have been made available that are 
quantitative, have rapid turnaround time of 
<20 min, and show good analytical perfor
mance. These rapid assays could potentially 
be used in an emergency department for the 
early diagnosis of AMI. However, turbidity 
of the specimens could interfere in the assays. 

Myoglobin can also be measured by mon
oclonal antibody- (MAb) based two-site 
immunoassays that can be performed on 
serum or plasma samples (19,20). In these 
assays, two MAbs recognizing different epi
topes on the myoglobin molecule are used. 
One of the antibodies is immobilized on a 
solid support, whereas the other is conju
gated to an enzyme or fluorescein. The test 
specimen is incubated with the antibodies, 
and the amount of conjugate bound to the 
particles is measured using appropriate 
detection systems. The analytical perfor
mance claims by the manufacturers of some 
of the immunoassays are listed in Table 1. 

Measurement of Myoglobin 
and CAlII in Serum 

A dual-label, time-resolved fluorometric 
immunoassay for simultaneous detection of 
myoglobin and CAIII from the same speci
men has been recently reported (21). In this 
assay, serum sample, europium- (Eu) labeled 

Vaidya and Vaananen 

CAIII, samarium- (Sm) labeled myoglobin, 
rabbit antimyoglobin, and anti-CAIII poly
clonal antibodies are added to microtiter wells 
coated with antirabbit IgG antibodies. After a 
2-h incubation period, the unbound label is 
washed, and Eu and Sm bound to the well are 
measured by time-resolved fluorometry. The 
selective fluorescence of each analyte bound 
to the well is inversely proportional to the 
analyte concentration in the sample. The 
mean within- and between-run precision 
(CV) was 4.6 and 6.2% for CAIII and 5.9 and 
7.3% for myoglobin, respectively. Although, 
unique in nature, the current format of this 
simultaneous assay takes 2 h. It needs to be 
modified to yield results in a shorter time to 
meet the stat need for these assays. 

CLINICAL UTILITY OF 
MYOGLOBIN 

Normal Levels of Myoglobin 

The upper limit of normal for serum myo
globin has been reported to be between 31 
and 80 ng/mL (13,16,19). The variation in the 
values may be owing to the lack of standard
ization of the analyte or differences between 
the assay configurations. The normal level of 
myoglobin is about 25% higher in men than 
in women (22). Myoglobin values are also 
known to increase with age in both sexes (19). 

Myoglobin Levels in Patients 
with AMI 

In patients with myocardial infarction, the 
myoglobin level could rise approx 10 times 
above the upper limit of normal. Myoglobin 
exhibits a temporal release into the blood 
circulation. As shown in Fig. 1, the myoglo
bin level in patients with AMI becomes 
abnormal within 2 h, peaks in 6-9 h, and 
returns to normal 24-36 h after the infarc
tion. CK-MB, on the other hand, becomes 
abnormal in about 6 h, peaks in 12-24 h, and 
returns to baseline concentrations 48 h after 
AMI. The early rise in the serum levels of 
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Table 1 
Some Features of Myoglobin Immunoassaysa 

Stratus OPUS RIA Access® Technicon Immuno 1 

Manufacturer Behring-Dade, Behring-Dade, Biomerica, Beckman- Bayer Diagnostics, 
Miami, FL Westwood, MA Newport Sanofi, Terrytown, NY 

Beach, CA Chaska, MN 
Format Immunofluoro- Immunofluoro- Radioimmuno- Chemilumine- Enzyme 

metric assay metric assay assay scent immunoassay 
Antibodies MAbpair MAb/poly- Polyclonal- MAbpair MAB/poly-

clonal anti- antibody clonal 
body pair antibody 

Assay range, 0-1000 0-500 0-250 0-4000 0-3000 
ng/mL 

Sample type Serum Serum Serum Serum or Serum or plasma 
EDTAplasma 

Sample size, ~L 200 25 50 10 3 
Analytical 1.2 1.0 20.0 8.9 1.3 

sensitivity, 
ng/mL 

Interassay 3.6-6.8% 4.3-5.9% 6.1-8.6 % 2.1-3.7% 2.8-4.2% 
precision 

Intra-assay 1.3-6.3% 3.2-6.9% 2.5-4.7% 4.5-6.4% 5.1-6.1% 
precision 

Recovery range 92.1-102.3% 93.2-104.8% 79-112% 95.6-104.5 NA 
Time to first 10 min 20 min -2h 15 min 24 min 

result 
Reference range 110 Males: 10-33 6-85 70 Males: <84 

ng/mL Females: 8-31 Females: <50 

aInformation from product insert sheets. NA = not available. 

myoglobin compared to CK-MB is attrib
uted to its small molecular size. In patients 
with myocardial cell injury, intracellular 
myoglobin is released into the surrounding 
vascular space. The small molecular size 
allows myoglobin to translocate rapidly into 
the systemic blood circulation without going 
through lymphatic vessels. CK-MB, on the 
other hand, with a mol wt of about 80 kDa, 
is translocated into the circulation strictly 
through the lymphatic system. 

Since serum levels of myoglobin become 
abnormal in patients with AMI beginning 
about 2 h after the infarction and throm
bolytic therapy is most effective within the 
first 6 h in these patients, several investiga
tors have evaluated the possibility of using 
myoglobin measurement for the early diag-

nosis of AMI. In one study, myoglobin levels 
were determined in 289 patients suspected of 
having AMI during their stay in the cardiac 
care unit (23). On the basis of WHO criteria, 
162 of 289 patients were found to be non
AMI, whereas 127 patients were confirmed 
to have AMI. When myoglobin was mea
sured within 8 h after admission (n = 164), 
the clinical sensitivity and specificity for 
detecting AMI were 97.1 and 97.9%, respec
tively. However, when myoglobin was mea
sured anytime after admission, the clinical 
sensitivity and specificity for detecting AMI 
dropped to 77.2 (n = 289) and 96.3%, respec
tively. The loss of sensitivity was owing 
to 29 patients in whom myoglobin was 
measured within 2 h or after 15 h of the 
infarction. The authors also reported six 
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Fig. 1. Typical temporal pattern of serum myoglobin and CK-MB in patients with AMI. 

false-positive results because of renal failure 
(n = 3), shock (n = 2), and angina (n = 1). 

Similar clinical performance of myoglo
bin has also been reported using a rapid 
immunonephelometric assay for myoglobin 
(24). These studies suggests that myoglobin 
may be a good screening assay in an emer
gency department for the early diagnosis of 
AMI. However, elevated myoglobin values 
should be cautiously interpreted if the 
patient under evaluation for AMI has renal 
dysfunction or skeletal muscle injury. 
Because of these limitations of the myoglo
bin test, a negative myoglobin result in a 
patient admitted within 2-12 h after the 
onset of chest pain may help in ruling out 
AMI, but a positive myoglobin value in a 
patient suspected of AMI may need confir
mation by a more definitive cardiac marker. 

Myoglobin and CK-MB 

Diagnosis and management of AMI within 
48 h of infarction can be greatly improved by 
the concomitant measurement of myoglobin 
and CK -MB. This is because the temporal pat
terns of these two markers complement each 
other in this time period (Figs. 1 and 2). To 
improve the clinical performance of the myo
globin assay, CK-MB can also be measured 
on single or sequential samples collected on 
admission and 4 h later from patients with and 
without AMI (9). Patients with cardiogenic 
shock, cardiac arrest, or electrical defibrilla
tion were excluded from the study. In this 
study, the diagnostic sensitivity, specificity, 
positive predictive value (PPV), and negative 
predictive value (NPV) of myoglobin and 
CK -MB on the two samples (collected at 0 
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Fig. 2. Time between onset of chest pain and first serum sample for CK-MB and LDI analysis at 
two major (>500 bed) hospitals. The percentage of AMI patients is plotted against the time when the 
first sample was drawn in the emergency department. 

and 4 h) was computed along with the diag
nostic performance of increase in myoglobin 
and/or CK-MB values in 4 h. The results of 
this study suggest that 100% NPV (to rule out 
AMI) can be obtained by measuring the 
change of myoglobin or CK-MB values 
during the first 4h after admission of patients 
for AMI evaluation. In addition, the authors 
found that abnormal myoglobin values for 
samples collected on admission or at 4 h after 
admission had 100% PPV (to rule in AMI). 
Similar results were obtained when the clini
cal utility of myoglobin and CK-MB was 
measured over a 12-h period in an emergency 
department population (25). 

Myoglobin and Electrocardiography 

Electrocardiography is routinely per
formed on patients suspected of having AMI. 
If the history of the patient suggests that the 
onset of typical chest pain was within 6 h 
before admission and the ECG is abnormal, 
the clinicians may treat the patient with 
thrombolytic agents. However, as stated ear-

lier, chest pain is a nonspecific presentation, 
and some 27% of the patients with AMI do 
not show typical ECG changes. Therefore, a 
significant number of AMI patients may not 
receive thrombolytic therapy because of the 
inability of early disease diagnosis. Since 
myoglobin has been shown to be an early 
biochemical marker, attempts have been 
made to use BCG along with myoglobin to 
improve the efficiency of early AMI diagno
sis (6-8). In one study, 70 patients admitted 
to the emergency department with chest pain 
were evaluated by stepwise use of ECG and 
serum myoglobin values (8). The efficiency 
of AMI diagnosis was found to be 62% with 
the use of ECG alone and was increased to 
82% with the multivariate use of ECG and 
myoglobin. These results strongly suggest 
that myoglobin is a good adjunct to ECG for 
the early diagnosis of AMI. Similar studies 
on a larger scale are required to convince the 
clinicians to use myoglobin along with ECG 
for the early diagnosis of AMI. Inclusion of 
mid to late markers, like CK-MB, cardiac 
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troponin I (cTnI), and lactate dehydrogenase 
I (LD 1) measurement, in such studies may 
help to identify the patients admitted after 6 
h of the onset of chest pain (24). 

Myoglobin and CAllI 

CAllI is a 28-kDa cytoplasmic protein 
present in skeletal muscle, but not in cardiac 
muscle (10). Myoglobin, on the other hand, 
is present in both skeletal and cardiac mus
cle. Release of myoglobin from skeletal 
muscle decreases its specificity in the diag
nosis of AMI. Several recent studies have 
shown the appearance and disappearance of 
CAIII closely follow the release of myoglo
bin from skeletal muscle (Fig. 3) (11,26,27). 
These studies demonstrate that the ratio 
of myoglobin to CAllI in serum remains 
constant after skeletal muscle injury, yet dis
plays a temporal pattern following myocar
dial injury. In a pilot study, the myoglobin to 
CAIII ratio in the serum of AMI patients was 
found to be clearly elevated when compared 
to patients with neuromuscular disease or 
healthy controls before and after physical 
exercise (11). In a follow-up study, serum 
myoglobin to CAllI ratio was measured at 
the time of admission in 267 patients admit
ted to a hospital with a history of symptoms 
suggesting AMI (12). The specificity, sensi
tivity, PPV and NPV of the ratio for diagnosis 
of AMI were 96, 84, 76, and 97%, respec
tively. The diagnostic performance of the 
myoglobin to CAIII ratio was better than that 
of CK, CK-MB, or myoglobin alone. In 
another recent study with 251 consecutive 
patients presenting to the emergency depart
ment within 12 h of chest pain, myoglo
bin/CAllI ratio was significantly more 
sensitive and equally specific as CK-MB for 
the early diagnosis of patients with AMI (28). 

Elevation of Myoglobin Levels 
in Non-AMI Conditions 

The serum level of myoglobin is elevated 
in various conditions other than AMI as 
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Fig. 3. Comparison of myoglobin and CAllI 
in AMI and acute skeletal muscle injury. 
Although myoglobin is increased in both, CAllI 
is more specific to skeletal muscles and is normal 
in patients with AMI. 

listed in Table 2. As stated earlier, myoglo
bin is present in both skeletal and cardiac 
muscle. Thus, the patients with AMI and 
heart surgery release myoglobin from heart 
muscle, whereas people who perform 
exhaustive exercise, have skeletal muscle 
injury, or are genetic carriers of progressive 
muscular dystrophy release myoglobin from 
skeletal muscle (29,30). Since serum myo
globin is eliminated from the circulation 
through kidneys, renal failure could also 
elevate the levels of serum myoglobin (24). 
Extensive release of myoglobin from skele
tal muscles will result in rhabdomyolysis
induced renal failure (30,31). Failure to 
clear myoglobin by the kidneys further 
aggrevates and perpetuates this condition. 
Measurement of urine myoglobin concen
trations and calculation of the ratio of urine 
to serum, or if urine volume is known, the 
myoglobin clearance rate, are useful in iden
tifying rhabdomyolysis patients who are 
at high risk for developing renal failure 
(32,33). Serum myoglobin concentrations 
coupled with a low clearance rate put the 
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Table 2 
Serum Myoglobin Concentration 
in Various Conditions 

Conditions in which serum myoglobin levels 
are increased: 

AMI 
Open heart surgery 
Exhaustive exercise 
Skeletal muscle damage 
Patients and genetic carriers of progressive 

muscular dystrophy 
Shock 
Severe renal failure 
Following intramascular injections 

(variable) 
Conditions in which serum myoglobin levels 

remain normal: 
Healthy adults 
Chest pain without AMI 
Congestive heart failure with AMI 
Cardiac catheterization 
Moderate exercise 

patient at greatest risk. These patients 
should be immediately treated with alkalin
ization and mannitol (34). 

Myoglobinemia cause by skeletal muscle 
damage and renal disease limits the use of 
myoglobin as a diagnostic test for AMI. 
However, clinical presentation and renal 
function tests of patient being evaluated for 
AMI can help rule out some of the non-AMI 
conditions that can cause elevation of myo
globin concentration in blood. 

Myoglobin Levels after Reperfusion 

It is now well established that the patients 
with AMI who present to the emergency 
room within 6 h of the onset can be managed 
effectively by thrombolytic therapy. How
ever, the success of the therapy is not 
complete. Approximately 20% ofthe infract
related arteries fail to open following the 
treatment. To assess the success or failure of 
thrombolysis, patients are often evaluated by 
coronary arteriogram. This procedure is 
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highly sensitive, but is invasive, requires 
cardiac catheterization, and is expensive to 
perform. It is not available at many hos
pitals. Alternately, several noninvasive and 
less expensive parameters to determine 
the recanalization of the artery have been 
suggested. These include relief of chest dis
comfort, occurrence of reperfusion arrhyth
mia, normalization of ST-segment elevation, 
and rapid rise of biochemical markers, such 
as myoglobin, CK-MB, and cTnI (30,35,36). 
Among these parameters, biochemical 
markers are the most sensitive. Since myo
globin is a smaller mol-wt protein than 
CK-MB and cTnI, its temporal release pat
tern is earlier than others. Serial measure
ment of serum myoglobin in patients 
undergoing thrombolytic therapy has shown 
that the myoglobin level peaks approx 2 h 
after reperfusion of the occluded artery. Pre
diction of the success or failure of reperfu
sion can be determined by the myoglobin 
concentration-time curves using two indices. 
The time required for myoglobin concentra
tion to rise from 25-100% of the peak value 
has been reported to be 71 ± 7.9 min in reper
fused popUlation and 341 ± 35.3 min for the 
nonreperfused population (37). Alternately, 
when the rate of rise of myoglobin in 2 h is 
calculated, 85% of the reperfused patients 
had a >4.6-fold increase in myoglobin values 
over their initial myoglobin values, and in 
100% of the nonreperfused patients, this 
increase in myoglobin values was <4.6-fold 
(37). A typical temporal pattern of myoglo
bin in reperfused and nonreperfused patients 
is shown in Fig. 4. Thus, measurement of 
myoglobin following thrombolytic therapy 
is a good noninvasive alternative to evaluate 
successful recanalization of the occluded 
artery, especially when coronary arteriogram 
is not available or appropriate for a given 
patient. It should be mentioned that the coro
nary artery patency is very dynamic, and can 
spontaneously reocc1ude or reperfuse at any 
moment. Thus, the clinical impression of 
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Fig. 4. Typical temporal pattern of serum 
myoglobin following thrombolytic therapy in 
reperfused and nonreperfused patients. [Mb h, 
myoglobin concentration at time "t" and [Mb ]0, 
myoglobin concentration just before throm
bolytic therapy. 

reperfusion must also be considered when 
evaluating patients. 

Myoglobin in Reinfarction 

The rapid clearance of myoglobin from 
blood following AMI enables this marker to 
be useful in the detection of reinfarction and 
myocardial extensions. Table 3 illustrates 
two such cases. In case #1, the diagnosis of 
AMI is initially established with the 8-h 
specimen, since all markers are above their 
respective cutoff concentrations. By 50 h, 
the myoglobin result has returned to normal, 
whereas each of the other markers remains 
increased. Beginning at 58 h and especially 
at 82 h, the myoglobin result has increased 
above the cutoff concentration, indicating 
the presence of new myocardial injury 
owing to a reinfarction. Results for CK-MB 
and cTnI may still reflect the presence of 
injury from the original infarction. 

Case #2 is an AMI patient who suffered 
complications. Essentially all cardiac mark
ers are elevated at each time-point from 4-96 
h after AMI. The presence of complications 
cannot be discerned by examining the results 
for CK-MB or cTnI, since they appear typi
cal for AMI. However, results for myoglobin 
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Table 3 
Use of Myoglobin for Detection 
of Reinfarction and Extensiona 

Time, h cTnI Myoglobin 

Case #1 
2 0.95 15 
8 5.5 52 

41 7.9 58 
50 5.6 16 
58 4.8 40 
70 2.8 31 
82 2.6 128 

Case #2 
4 1.8 102 
7 97 >625 

12 >150 >625 
20 >150 309 
28 96 >625 
48 23 291 
96 85 >625 

CK-MB 

4.0 
29 
31 

8.6 
5.1 
2.2 
4.5 

2.8 
161 
177 
66 

161 
7.8 

22 

aAll results in ng/mL and were obtained on the 
Opus Plus (Behring). Cutoff time given after onset 
of AMI concentrations: cTnI 2.5, CK-MB 5.0, and 
myoglobin 33 ng/mL. 

clearly show that in the absence of new 
skeletal muscle or renal disease, cardiac 
injury is ongoing. These cases illustrate the 
role myoglobin has in clinical management. 

CONCLUSIONS 

Myoglobin is a controversial biochemical 
marker for the diagnosis of AMI. Myoglo
bin, if measured within 2-12 h after infarc
tion, offers high clinical sensitivity and 
specificity. However, false-positive results 
can be seen owing to skeletal muscle injury 
or renal failure. False-positive results owing 
to skeletal muscle damage can be identified 
by careful clinical history, and may be elim
inated by determining the myoglobin to 
CAIII ratio. False-positive results owing to 
renal failure can be identified by the kidney 
function tests, like serum creatinine, blood 
urea nitrogen, and urine myoglobin testing. 
False-negative results owing to late admis
sions (12-24 h after infarction) can be iden-
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tified by concomitant measurement of CK
MB and LDl. The efficiency of early diag
nosis of AMI can be improved when clinical 
history and ECG are taken into account 
along with the myoglobin values. Efficiency 
could also be improved by measuring 
sequential samples within 4 h after admis
sion. A serum myoglobin level can be a 
useful indicator of successful reperfusion 
following thrombolytic therapy. The utility 
of myoglobin should be greatly enhanced 
with the availability of rapid commercial 
assays for the early diagnosis and manage
ment of patients with AMI. 

ABBREVIATIONS 

AMI, Acute myocardial infarction; CAIII, 
carbonic anhydrase III; CK, creatine kinase; 
CV, coefficient of variation; ECG, electro
cardiogram; Eu, eurpoium; kDa, kilodaltons; 
LD, lactate dehydrogenase; NPV, negative 
predictive value; PPV, positive predictive 
value; RIA, radioimmunoassay; Sm, samar
ium; WHO, World Health Organization. 
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Creatine Kinase, Isoenzymes, and Variants 

TOTAL CREATINE KINASE 

Biochemistry 

Creatine kinase (CK)* (EC 2.7.3.2, 
adenosine triphosphate: creatine N-phospho
transferase) exists as a dimer, and is an 
important enzyme regulator of high-energy 
phosphate production and utilization within 
contractile tissues. Recent studies suggest 
that CK also has a more general role in shut
tling high-energy phosphate bonds via crea
tine phosphate (CP) from the site of ATP 
production in the mitochondria to the site of 
utilization within the cytoplasm (1). The 
"shuttle hypothesis" is supported by obser
vations that CK is found in some tissues, 
such as the distal tubules of the nephron, that 
have high energy needs. Although the distal 
tubules have no contractile function, they 
nevertheless require ATP for maintenance of 
ionic gradients through the ATP-dependent 
sodium-potassium membrane pump (2). 

CK catalyzes the phosphorylation of cre
atine (produced in the kidneys, liver, and 
pancreas) by adenosine triphosphate (ATP) 
to form CP and adenosine diphosphate 
(ADP): 

CK 
Creatine + ATP ---7 CP + ADP (1) 

Alan H. B. Wu 

In the mitochondria, ATP generated by 
oxidative phosphorylation is converted to 
CP by this forward reaction by mitochondr
ial isoenzymes (Fig. 1). CP is transported to 
the cytoplasm and stored. During muscle 
contraction, the cytoplasmic isoenzymes cat
alyze the reverse CK reaction and the in situ 
regeneration of ATP needed to support 
muscle metabolism. The use of CP as an 
energy storage form has advantages over 
ATP directly. Use of CP makes ADP pro
duced from the above reaction immediately 
available for reoxidative phosphorylation 
within the mitochondria, thereby eliminating 
the delay for ADP to diffuse back into the 
mitochondrial matrix (3). 

Because of its size (>80 kDa), CK is not 
filtered through the glomerulus, and there
fore, it is not cleared through the kidneys. 
Unlike amylase and lipase, total CK is not 
increased in patients with acute renal failure. 
Some investigators have suggested that CK 
and other enzymes, such as aspartate amino
transferase and lactate dehydrogenase, are 
cleared through the reticuloendothelial (RE) 
system, such as in the liver (4). This hypoth
esis is supported by studies using zymosan, 
a polysaccharide that is an inhibitor of par
ticle uptake by the RE system. Zymosan has 

*See pp. 122-123 for list of abbreviations used in this chapter. 
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Fig. 1. Biologic functions of mitochondrial 
and cytolic isoenzymes of CK. (Used with per
mission from Wu AHB (1991) Enzymes in car
diovascular and skeletal muscle diseases. In: 
Clinical Chemistry, Wu AHB, Chan KM, Hurst
ing MJ, Lott JA, Spillman T, and Wheaton D. eds. 
Bethesda, MD, Health and Education Resources.) 

been shown to reduce the in vivo clearance 
rate of CK (5). Other clearance mechanisms, 
however, may also be involved, since the 
removal of the liver does not appear to alter 
the clearance rate of CK (6). For example, 
the clearance of lactate dehydrogenase iso
enzymes appears to be related to macro
phage activity (7). 

Laboratory Analysis 

The analysis for total CK in serum 
requires coupling of the reverse reaction to 
hexokinase and glucose-6-phosphate dehy
drogenase (G-6-PD) to produce NADPH. 
The rate of product formation is monitored 
spectrophotometrically. There have been 
many methods described for the analysis of 
CK. The method described by Oliver and 
revised by Rosalki, however, has been uni
versally accepted and is used in clinical lab
oratories worldwide: 

CK 
Creatine phosphate + ADP ----7 creatine 

+ ATP (2) 

Wu 

hexokinase 
ATP + glucose ) glucose- (3) 

6-phosphate + ADP 

G-6-PD 
Glucose-6-phosphate + NADP+ -----t 

6-phosphogluconate + NADPH + H+ (4) 

The activities of the coupling enzymes 
are present in excess concentrations, so that 
the CK reaction is rate-limiting. The pro
duction of NADPH per unit of time is com
puted by measuring its absorptivity in a 
spectrophotometer at 340 nm. The forward 
reaction has an optimum pH between 6.S 
and 6.7. (The reverse reaction has an opti
mum of 9.0 and can proceed some six times 
faster.) CK requires magnesium ions and 
use of an activator for maximum recovery of 
enzyme activity. Thiols, such as N-acetyl-L
cysteine (NAC), ~-mercaptoethanol, dithio
threitol, dithioerythriotol, and glutathione, 
have been used so that reactive thiol groups 
on CK remain oxidized. EDTA is added to 
prevent auto-oxidation of activators, and to 
chelate calcium and ferric ions, which can 
inhibit the CK reaction. Adenosine 
monophosphate (AMP) and diadenosine-S
pentaphosphate (DAPP) are added to inhibit 
adenylate kinase (AK). This enzyme is 
found in erythrocytes and the liver, and 
can produce falsely increased apparent 

CK activity when present in appreciable 
concentrations: 

AK 
2ADP ----7 ATP + AMP (5) 

Numerous national committees have 
made recommendations for a standardized 
CK assay. The assays recommended by these 
organizations are very similar to one another 
with only minor changes in reagent concen
trations and conditions. Those recommended 
by the International Federation of Clinical 
Chemistry (lFCC) assay are listed in 
Table 1 (8). As shown in Fig. 2, the IFCC and 
most of the others describe a two-step assay. 
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Table 1 
Final Reaction Mixture Concentrations 
and Conditions for the IFCC Method 
for CKa 

Parameter Value 

Temperature 30°C 
Wavelength 339nm 
pH 6.60 
ADP 2.0 mmollL 
Magnesium acetate 10 mmollL 
Buffer Imidazole, 100 mmollL 
D-glucose 20 mmollL 
NADP+ 2.0 mmol/L 
AMP 5.0 mmol/L 
DAPP 10.0 J..lmollL 
NAC 20.0 mmollL 
Hexokinase 3000 UIL (50 IlkatIL) 
G6PD 2000 UIL (33 IlkatlL) 
EDTA 2.0 mmol/L 
Serum fraction 0.0435 
Preincubation phase 5 min 
Phosphocreatine 30 mmollL 
Lag phase 120 s 
Measurement phase >60 s 

aMolar absorption coefficient (30°C, 339 nm) = 
630 m2·mol. Most commercial clinical chemistry ana
lyzers set the wavelength to 340 urn. 

In the first step, the serum sample is added 
to reagent 1, which contains all necessary 
components except CPo By omitting the sub
strate, a reaction blank owing to the presence 
of any noninhibited AK can be measured. 
After a 5-min incubation period, a second 
reagent containing the substrate is added 
to initiate or trigger the CK-catalyzed reac
tion. After a 2-min lag phase, the rate of 
absorbance change is measured at regular 
intervals for at least 60 S. High activities of 
CK will deplete the substrate, resulting in a 
leveling of the rate vs time curve (Fig. 2). 
The IFCC method utilizes a reaction tem
perature of 30°C, consistent with the rec
ommendations ofthe French, British, Swiss, 
and Dutch Societies for Clinical Chemistry. 
The German Society has recommended a 

preincubation 
period 

AK activity 
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Fig. 2. Two-reagent reaction scheme for 
analysis of total CK. 

temperature of 25°C, whereas the Scandina
vians recommends 37°C. 

Most clinical laboratories in the US use 
conditions that are similar to the recom
mendations of the IFCC, but use an assay 
temperature of 37°C. The exceptions are 
those laboratories with Ektachem chemistry 
analyzers, which use reagents contained 
within multilayered dry films. ATP produced 
from the CK reaction is coupled to glycerol 
kinase, glycerophosphate oxidase, and per
oxidase to produce a leuco dye. The rate of 
absorbance change is measured at 670 nm 
for 5 min at 37°C. 

glycerol kinase 
Glycerol + ATP ) L-a- (6) 

glycerophosphate + ADP 

L-a-glycerophosphate 
L-a-glycerolphosphate + 02 ) 

dihydroxyacetone phosphate + H202 (7) 

oxidase 
peroxidase 

H202 + leuco dye precursor ) (8) 
leuco dye + H20 

A highly sensitive assay for CK is based 
on detection by chemilumescence. ATP pro
duced from the CK reaction is coupled to 
luciferin to produce light: 
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luciferase 
ATP + luciferin + 02 ) AMP + 

oxiluciferin + PPj + C02 + light (9) 

This reaction scheme may have utility in 
measuring the activity of isoenzymes pre
sent in very low amounts. However, with 
development of mass CK -MB assays, highly 
sensitive enzymatic assays have not been 
needed, and there are no adaptations of this 
reagent for automated chemistry analyzers. 

Normal Ranges for Total CK 

Residual total CK activity in serum is the 
result of the normal turnover of skeletal mus
cles. Therefore, the reference interval is a 
function of the extent of physical activity by 
the individual. Using N-acetylcysteine as an 
activator, the adult reference range is approx 
80-200 for males and 60-140 UIL for 
females, when assayed at 37°C. Males have 
slightly higher reference intervals because of 
a higher skeletal muscle content. The normal 
range is dependent on the amount of muscle 
mass and physical work the subject under
takes. In general, Blacks have higher activ
ities than Caucasians. Children generally 
have higher reference ranges than adults, 
reflecting higher levels of physical activity 
and skeletal muscle turnover. The normal 
isoenzyme distribution is also different in 
children (see Normal Range for CK Isoen
zymes section). 

Clinical Significance of Total CK 

Abnormal activity and concentration of 
enzymes, such as CK, are the result of inter
ferences with laboratory assays, diseases 
associated with a decreases in protein clear
ance, and release from necrotic tissues 
containing a high isoenzyme content. Only 
AK interferes substantially with total CK 
assays. Interferences for CK-MB assays are 
described in Chapters 8 and 9. With refer
ence to decreased clearance leading to high 
CK, patients with hypothyroidism are the 
most commonly cited example (9). Results 
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generally return to normal when individuals 
return to an euthyroid state with therapy. 

Total CK is a very sensitive indicator of 
injuries to the skeletal muscle and myo
cardium. Diseases involving the heart and 
central nervous system are discussed in the 
next sections under the specific isoenzymes. 
Table 2 lists some of the nonmyocardial con
ditions associated with an increase in total 
CK. The largest degree of elevations is 
observed in patients with acute skeletal 
muscle disease, such as those with rhab
domyolysis. Total CK activity can exceed 
100,000 UIL in these patients. Rhabdomy
olysis is usually accompanied by myoglo
binuria, and can be caused by crush injuries, 
severe hyperthermia, and viral diseases, and 
can be induced by drugs and toxins. Indi
viduals who are in the prone position on cold 
surfaces for long periods of time can also 
develop peripheral ischemia. Alcoholic and 
cocaine-induced myopathies are among the 
most common causes of rhabdomyolysis 
today (10). Those unaccustomed to strenu
ous exercise or exercise under harsh condi
tions (e.g., marching with heavy packs) may 
suffer exertional rhabdomyolysis. Even 
highly trained athletes who participate in 
long distance racing have high total CK at 
rest (11). In contrast to runners, total CK 
activity is not increased in swimmers who 
train for long distances, presumably because 
there is minimal skeletal muscle injury in 
this activity (12). 

Administration of many drugs has been 
linked to increases in total CK. For drugs 
administered by intramuscular (im) injec
tion, mild increases in CK are owing to the 
localized injury caused by the injections 
themselves and not pharmacologic or toxic 
effects of the drug. Other medications, such 
as sedatives and antidepressants, can directly 
induce skeletal muscle ischemia and will 
raise total CK above reference limits. In a 
similar manner to im injections, insect stings 
with bees and wasps can also cause release 
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Table 2 
Nonmyocardial Sources of Abnormal Total CK Activity in Serum 

Acute skeletal 
muscle injury Chronic diseases 

Skeletal muscle trauma Muscular dystrophies 

Bee stings Polymyositis and 
dermatomyositis 

Extensive exercise Myocarditis 
1M Injections Hypothyroidism 

Rhabdomyolysis Infectious myopathies 

Burn and crush injury 

of CK to degrees dependent on the amount 
of swelling. Patients admitted because of 
motor vehicle accidents will have trauma
induced increases in total CK. High enzyme 
activities will obscure detection of any con
comitant myocardial injury or disease. Vary
ing degrees of skeletal muscle damage also 
occur in patients undergoing emergent and 
elective surgeries. Peak CK activities for 
both trauma and surgery patients usually 
occur at 1 d after the event, and return to 
normal within 3-4 d in the absence of com
plications. The clinical utility of measuring 
total CK and CK isoenzymes in these cases 
is questionable. 

Total CK is mildly increased during the 
initial asymptomatic stages of many chil
dren with Duchenne muscular dystrophy 
(DMD) and is therefore useful for diagnos
tic purposes. During the clinical stages, total 
CK is markedly increased in nearly all 
patients with DMD and Becker's muscular 
dystrophy. In one study of 9 DMD patients, 
total CK ranged from 430-1100 U/L (13). In 
another study of 17 patients, CK ranged from 
413-820 U/L during the early stage, 
164-353 midstage, and 55-170 late stage 
( 14). Milder increases in serum CK are also 
observed in other types of muscular dystro
phies, such as limb-girdle, facioscapu10-
humeral, and myotonic dystrophy. 

Drug induced Miscellaneous 

Drugs of abuse (cocaine, Pregnancy 
heroin, phencyclidine) 

Hypnotics, tranquilizers, Reye's syndrome 
sedatives 

Antidepressants Viral infections, sepsis 
Carbon monoxide Malignant 

hyperthermia 
Inhalation anesthesia 

(e.g., halothane) 

Attempts have been made to use total CK 
to identify women who may be carriers of 
the DMD gene (15). Mild elevations above 
the reference limit may be caused by leak
age of enzyme from muscle cells from inac
tivated chromosomes. The carrier detection 
efficiency of total CK for DMD is about 
66%. Total CK cannot be made to be more 
efficient, because in addition to variabilities 
in assay methods, there are racial and envi
ronmental factors that influence total CK 
activity. The definitive detection of carrier 
states is performed by restriction fragment 
length polymorphism and polymerase chain 
reaction (PCR) (16). 

Total CK is also increased in adults with 
neurogenic muscle diseases, including myas
thenia gravis, poliomyelitis, and polymyo
sitis. In many cases, the activity of CK-MB 
is also increased above absolute limits and 
limits relative to total CK (relative index). 
Specific markers, such as cardiac troponin 
T or I, may be more useful in detecting the 
copresence of myocardial injury in patients 
with neurogenic diseases. 

CK ISOENZYMES 

Cytoplasmic Isoenzymes 

There are four active genes that encode 
the various subunits for CK: one each for 
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the M (chromosome 19) and B (chromosome 
14) subunits, and two mitochondrial sub
units (sarcomeric and nonsarcomeric forms). 
In addition, there is a fifth silent B-subunit 
pseudogene (chromosome 16) (17). The 
M - and B-subunits combine to form the three 
major intact isoenzymes with molecular 
weights of 86-89 kDa (18). Each of the sub
units has a separate active site, although full 
activity requires the enzyme to be in the 
dimer form. The M-subunit has a molecular 
weight of about 43 kDa and is well con
served from different mammalian species. 
The B-subunit varies considerably from 
species to species, with molecular weights 
ranging from 44.5 kDa for humans to 49 kDa 
for mouse. A hybrid of M- and B-subunits 
produces the CK-MB isoenzyme. CK-MB 
will spontaneously be produced in vitro fol
lowing the dissociating MM and BB into 
subunits, such as with guanidinium chloride. 

In addition to the common nomenclature 
of CK isoenzymes based on subunits, the 
Commission on Biochemical Nomenclature 
(CBM) has recommended arabic numerals 
based on electrophoretic migration begin
ning from the anode. Thus, CK-BB, which 
migrates most anodically, is termed CK-l, 
CK-MB is CK-2, and CK-MM is CK-3. 
Because mass assays for CK-MB are grad
ually replacing electrophoresis methods for 
CK isoenzymes, the CBM nomenclature 
relating to electrophoretic migration may no 
longer be applicable and has largely been 
discarded when discussing CK-MB. 

Mitochondrial Isoenzymes 

Mitochondrial CK is also a dimer of two 
types of subunits termed sarcomeric (skele
tal muscle) and nonsarcomeric (19). A het
erodimer between mitochondrial CK 
subunits does not occur in vivo. Mitochon
drial CK is very unstable in human serum. 
Therefore, enzymatic detection of these 
isoenzymes has been problematic. The use 
of a mass assay for mitochondrial CK will 

Fig. 3. Classical and atypical isoenzymes 
ofCK. 

enable antigenic detection of this isoenzyme 
in serum even if its activity has degraded. 
Figure 3 illustrates the cytoplasmic and 
mitochondrial isoenzymes of CK. (Atypical 
isoenzymes are also shown and described 
later in this chapter.) 

Tissue Distribution 

Cytoplasmic CK is found in a variety of 
striated and smooth muscle tissues, and the 
brain. Figure 4 illustrates the approximate 
concentrations of these isoenzymes in vari
ous organs (20). CK-MM has been desig
nated as the muscle form, since the highest 
concentrations are found in striated muscles. 
The total CK activity of skeletal muscle is 
approx 2500 U/g wet wt. Of note is the find
ing of trace quantities of CK -MB in striated 
muscle, estimated to be between 1 and 4%. 
This is significant because patients with 
severe skeletal muscle injury will have 
increases in absolute concentrations of total 
CK and CK-MB. The relative concentration 
of CK -MB, as expressed as a fraction of total 
CK, is normal in these patients who do not 
have any myocardial involvement. 

CK-BB has been designated the brain 
form, since it is the predominate isoenzyme 
found in this organ. Total CK content in the 
brain is approx 550 U/g wet wt. Figure 4 does 
show some expression of CK -MM within the 
brain, an observation that has been confirmed 
by PCR amplification of cDNA synthesized 
from human brain mRNA (21). CK-BB is 
also the predominate isoenzyme found in the 
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Fig. 4. Tissue distribution of CK isoenzymes. (Used with permission from ref. 20.) 

smooth muscles, including the stomach, 
colon, bladder, uterus, and prostate, and is the 
major CK isoenzyme found in the fetus. 
CK-BB is also released in some cases of 
breast, colon, and prostate cancers (22), 
although the clinical utility of CK-BB, a 
tumor marker, has been questioned (23). 

The heart has the third highest concentra
tion of total CK at about 500 U/g wet wt. It 
is also the organ with the highest con centra-

tion of CK-MB activity, estimated to be 
between 15 and 40%, with the remaining 
activity being largely owing to CK-MM. 
Following acute myocardial infarction 
(AMI), there is an increase in total CK activ
ity in serum, and an absolute and relative 
increase in the CK-MB isoenzyme. For 
the past several decades, analysis of CK -MB 
has been the hallmark for the biochemical 
diagnosis of AMI. 
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Normal Range for CK Isoenzymes 

The reference interval for CK-MB is 
dependent on the methods used. For activity
based assays (electrophoresis, column chro
matography, or immunoinhibition), the 
upper limit of normal (ULN) ranges between 
10 and 20 UIL or 4 and 6% of total activity. 
For immunoassays (mass measurements), 
the ULN is between 5 and 10 ng/mL or 2 and 
4~ of total. Individuals who train for long 
dIstance races (e.g., marathon running) have 
very high resting concentrations of CK-MB. 
This may be owing to an adaptation by the 
athlete to produce a higher relative content 
of CK -MB within the skeletal muscles them
selves (24). The normal CK-BB activity in 
serum, as measured by electrophoresis, is 
below the detection limit (i.e., <5 U/L). 
There are currently no commercial immuno
assays specific for CK-BB. However, it is 
likely that normal concentrations of CK -BB 
are under I ng/mL. 

The reference range for total CK is higher 
in children than adults (25). Values are about 
twice as high in neonates and gradually 
decline as the child grows older. The pedi
atric CK isoenzyme distribution also 
~hanges from CK-BB found predominately 
In utero, to CK-MB, and then to the 
CK-MM form, which predominates in 
adults. Unlike measurement of total CK 
which is useful for monitoring children with 
muscular dystrophies, assay of isoenzymes 
has questionable clinical significance. 

CK-MB in Myocardial Infarction 

An AMI is characterized by the release of 
cardiac enzymes and proteins from ischemic 
areas to the blood. The activity of total CK 
begins to increase within 4-6 h after the 
onset of chest pain, and remains abnormal 
for 48-72 h. For patients without electro
cardiographic (ECG) evidence of AMI (non
Q-wave subendocardial), total CK activity 
ranges from the ULN to about a threefold 
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increase. Because the reference limit is very 
?ro~~, an AMI occuring in small, sedentary 
mdividual may have a peak total CK activ
ity that is within the ULN. This is possible 
if the baseline CK is very low prior to the 
onset of injury. 

For AMI patients with positive ECG 
results (transmural), total CK activities can 
be as high as 10-20 times the upper refer
ence limit. Peak enzyme activities for AMI 
patients with permanent coronary artery 
occlusions usually occur between 18 and 
24 h. For those AMI patients who have spon
taneous or thrombolytic therapy-induced 
recanalization, an accelerated release of CK 
and other cardiac proteins is observed 
("wash-out phenomenon"). This results in 
peak concentrations that occur a few hours 
sooner and at higher activities than patients 
with permanent occlusions. Total CK has 
high clinical sensitivity for diagnosis of AMI 
(>90%), but results are not specific for 
myocardial injury. As described in Table 2 
various nonmyocardial conditions wili 
increase total CK. 

The CK-MB isoenzyme has been consid
ered the "gold standard" for diagnosis of 
AMI. CK-MB can be measured either by 
enzyme activity (column chromatography, 
electrophoresis, or immunoinhibition) or 
mass concentrations (immunoassays). These 
assay methods are described in Chapters 8 
and 9. The release of CK -MB from damaged 
myocytes parallels release of total CK from 
these tissues. As such, the clinical sensitiv
ity for CK-MB in AMI patients is similar. 
For clinical specificity, CK-MB is decidedly 
better than total CK. High activity or con
centration of CK-MB is indicative of 
myocardial injury, especially when the 
amount of this isoenzyme relative to total 
CK ("relative index") is also increased. The 
clinical sensitivity of this marker may be 
higher than for total CK, even though both 
are simultaneously released from injured 
tissues. This is because measurement of 
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Table 3 
Myocardial Sources of Abnormal CK-MB in Serum 

Cardiovascular diseases Surgical procedures Skeletal muscle 

AMI 
Unstable angina pectoris 
Congestive heart failure 
Arrhythmia and tachycardia 
Pulmonary emboli 

Open heart surgery 
Coronary artery bypass graft 
Valve replacement 

Normal children 
Acute skeletal muscle injury 
Chronic skeletal muscle injury 
Myositis Coronary angioplasty 

w/complications 
Directional atherectomy 

Cocaine use 

CK-MB in serum is more indicative of 
myocardial injury than total CK and a lower 
cutoff concentration can be used. 

Abnormal CK-MB Concentrations 
Not Associated with AMI 

The assay for CK-MB is one of the few 
enzyme tests that historically has been 
directly linked to a single disease rather than 
being indicative of several related and unre
lated disorders of a particular organ. The 
exclusive association of CK-MB with AMI, 
however, has no pathophysiological basis. 
CK-MB is increased in any diagnostic or 
surgical condition that is associated with 
myocardial injury. Abnormal concentrations 
can also be the result of release from skele
tal muscles. Table 3 lists conditions other 
than AMI that can produce increases in 
CK-MB (9). In addition to these, there have 
been two cases of ectopic production of 
CK-MB by malignancy (26,27). 

Clinical Significance of CK-BB 
in Brain Injury 

CK-BB is found in high concentrations 
in the central nervous system and smooth 
muscles. Therefore, an increase in this isoen
zyme is expected in the cerebral spinal fluid 
(CSF) and serum of patients with injuries to 
these tissues (see Table 4). In one study, 14 
of 15 patients with brain contusions had 
increases in CSF CK-BB (28). Increased 
CSF CK-BB has been linked to the Liege 

coma scale with high activity linked to a 
poor prognosis (29). The increase in CK-BB 
in blood of patients with injury to the brain 
and central nervous system may be caused 
by a breakdown in the blood-brain barrier 
and leakage of enzymes from the CSF. 
Under normal circumstances, this barrier 
should exclude leakage of this protein into 
the blood. In 26 patients with brain injury, 
half had detectable concentrations of CK
BB by electrophoresis (30). The significance 
of CK-BB in serum is unknown, however, 
since one study using a sensitive and specific 
immunochemical assay for CK-BB showed 
no correlation with CK-BB activity with the 
size of brain lesions (31). As such, CK-BB 
is not routinely used in clinical practice. 

CK ISOENZYME VARIANTS 

The origins of the classical isoenzymes of 
CK-MM, MB, and BB in serum can be 
traced to release from selected organs that 
contain these isoenzymes. CK-MM and MB 
isoforms are natural serum degradation 
products of single tissue isoenzymes. The 
biochemistry and clinical significance of iso
forms will be described in Chapter 10. Atyp
ical or isoenzyme variants do not have a 
tissue origin and are not normally observed 
in healthy individuals. Two major high
mol-wt forms have been identified and have 
been termed as "macro-CK" types 1 and 2 
(32). These isoenzymes are not routinely 
measured, since they do not appear to have 
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Table 4 
Causes of Abnormal CK-BB in Serum 

Central nervous system disorders 

Seizures 
Brain infarction 
Head injury 
Delirium tremens 
Hypoxic shock 

Neoplasms 

Breast 
Prostate 
Colon 

clinical utility. However, their presence will 
interfere with some methods of analysis for 
CK-MB, including immunoinhibition and 
electrophoresis. Further details of these 
interferences are discussed under the corre
sponding chapters. 

Macro-CK Type 1 

The presence of a CK variant was first 
identified in the late 1970s as a band migrat
ing between CK -MM and CK -MB by elec
trophoresis (33). Subsequent studies with 
specific antibodies have shown that this 
isoenzyme consists of CK-BB linked with 
the Fab portion of immunoglobulin IgG. 
Table 5 shows the characteristics of this vari
ant. A diagrammatic representation of the 
type 1 variant is shown in Fig. 3. Gradient 
gel electrophoresis studies showed that 
macro-CK has a mol wt of about 340 kDa. 
Since monomeric IgA has a mol wt of 160 
kDa, the stoichiometry of macro-CK is prob
ably 2: 1 (BB:lgG). Unlike CK-MB and BB, 
which are very labile, macro-CK type 1 is 
very resistant to heat denaturation. This may 
help explain why the type 1 variant tends to 
persist in blood at increased activities for 
many months or years. The prevalence of 
macro-CK type has been estimated to be 
under 4% of hospitalized patients (34). It is 
observed most frequently in elderly women. 
Macro-CK type 1 is not associated with any 
particular disease and has been observed in 
normal individuals (35). A rarer form of 
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macro-CK is the linkage ofCK-BB with IgA 
(36). The finding of this form is more sig
nificant for laboratories performing CK 
isoenzyme measurements by electrophore
sis, since this variant comigrates with 
CK-MB. Linkage of CK-MM with IgA and 
CK-MB to IgG has also been described, with 
electrophoretic migration near CK-MM. 

Macro-CK Type 2 

The characteristics of the type 2 variant 
are also shown in Table 5. Like type 1, this 
isoenzyme is rarely seen, has a high molec
ular weight, and is heat-stable. This atypical 
isoenzyme, however, is not linked to 
immunoglobulins and is not affected by anti
CK-M or B antibodies, and is thought to be 
a oligomeric complex of mitochondrial CK. 
The occurrence of macro-CK type 2 with 
clinical diseases has been studied by a num
ber of investigators. In adults, this variant 
isoenzyme is seen almost exclusively in 
patients with hepatic cirrhosis and metasta
tic disease, and its presence is associated 
with a poor prognosis (34,37). In many 
malignant patients, CK-BB has also been 
found with macro-CK type 2 (34). However, 
this enzyme does not appear to have any 
clinical significance, since it has poor sensi
tivity for disease and lacks prognostic value 
in nonmalignant liver diseases (38). Macro
CK can also be observed in neonates (34,39). 
Unlike adults with malignancies, the enzyme 
correlates with the presence of myocardial 
injury, and neonates with macro-CK type 2 
have a good prognosis. 

ABBREVIATIONS 

ADP, adeonsine diphosphate; AK, adeny
late kinase; AMI, acute myocardial infarc
tion; AMP, adeonsine monophosphate; ATP, 
adenosine triphosphate; CBM, Commission 
on Biochemical Nomenclature; CK, creatine 
kinase; CP, creatine phosphate; CSF, 
cerebrospinal fluid; DAPP, diadenosine-
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Table 5 
Characteristics of Macro-CK Types 1 and 2 

Parameter Type 1 

Isoenzyme form CK-BB, MM 
Molecular weight 340,000 
Stability at 45°C Stable 
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Type 2 

Mitochondrial 
Variable, from 250~750,000 
Stable 

Electrophoretic migration Usually between MM and MB Cathodic to CK -MM 
None Immunoglobulin bound IgG, IgA (rarer) 

Presence in serum Persistent 
Prevalence <4% 
Clinical significance None 

5-pentophosphate; DMD, Duchenne muscu-
lar dystrophy; ECG, electrocardiogram; 
G-6-PD, glucose-6-phosphate dehydroge-
nase; IFCC, International Federation of 
Clinical Chemistry; kDa, kilodaltons; 
NAD(P), nicotine adenine dinucleotide 
(phosphate); PCR, polymerase chain reac-
tion; RE, reticuloendothelial; ULN, upper 
limit of normal. 
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INTRODUCTION 

The earliest methods for creatine kinase
(CK)*MB isoenzyme analysis were column 
chromatography and electrophoresis. These 
two techniques remain as the only tests rou
tinely available for measurement of all three 
CK and five lactate dehydrogenase (LD) 
isoenzymes. Most laboratories have aban
doned the manual column chromatography 
assay, as originally described in 1974 
(1). However, because the Dupont aca 
immunoinhibitionlcolumn chromatography 
assay is still used by some laboratories, both 
the manual and automated methods are 
described in this chapter. On the other hand, 
CK isoenzyme analysis by agarose gel elec
trophoresis is still in use today. Although 
many laboratories have switched to mass 
assays for CK-MB, there has been a resur
gence of electrophoresis users with the 
development of automated equipment. Both 
the manual and automated methods are 
described. 

Immunoinhibition assays were first devel
oped in the 1975 (2) and continue to be in 
widespread use today. The CK immunoinhi
bition assay makes use of polyc1onal anti
bodies that are added to a serum sample to 
bind and inhibit CK-M subunits specifically. 
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The residual enzyme activity following anti
body inhibition is measured using conven
tional reagents for total CK. The major 
advantage of immunoinhibition assays is 
that they can be adapted to automated high
throughput clinical chemistry analyzers. 
Therefore, results can be obtained conve
niently and rapidly. The costs for immunoin
hibition are also the lowest of all assays for 
CK-MB, because reagents are inexpensive 
and there is no incremental amount of labor 
associated with the CK-MB immunoinhibi
tion assay linked to automated analyzers. 
The disadvantage of these assays is that they 
are not specific for the CK-MB isoenzyme. 
As a result, it is customary for many labora
tories to follow up positive results with a 
more definitive CK-MB confirmation assay, 
such as electrophoresis or immunoassay (3). 
Therefore, although the turnaround time for 
the screening assay is rapid, the follow-up 
confirmation assay is usually delayed. 

COLUMN CHROMATOGRAPHY 

Figure 1 illustrates the manual column 
chromatography assay for CK isoenzymes. 
A 0.5 x 6 cm column containing an anion
exchange resin (DEAE-Sephadex A-50, 
Pharmacia, Piscataway, NJ) is constructed 

*See p. 141 for list of abbreviations used in this chapter. 
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Fig. 1. Manual column chromatography for 
CK-MB isoenzymes. 

from a l2.5-cm Pasteur pipet (4). The 
column is equilibrated with 50 mmol/L Tris 
buffer, pH 8.0, containing 100 mmol/L 
NaCL The analysis begins with the addition 
of a 1.0-mL serum sample. For optimal per
formance, the sample is diluted such that 
total CK activity is between 600 and 
2000 U/L. This is followed by 1.0-mL 
aliquots of the equilibration buffer. After 
each stepwise addition, fractions eluting 
from the column are collected and combined 
for further analysis for CK. The CK-MM 
isoenzyme is not sufficiently charged under 
these equilibrium conditions to be retained 
by the resin and, therefore, passes through 
the column. The next step is to add 1.0-mL 
aliquots of 50 mmollL Tris buffer, pH 8.0, 
containing 200 mmollL NaCl. Under these 
conditions, the higher salt concentration is 
able to displace the CK-MB isoenzyme from 
the column. As before, individual fractions 
are collected and combined. In the last 
chromatographic step, 1.0-mL aliquots of 
50 mmollL Tris buffer, pH 7.0, containing 
300 mmollL NaCl are added to the column. 
The pH shift and the further increment in 
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salt concentration enable elution of CK-BB 
from the column. If multiple fractions from 
each eluate are collected as described in the 
original procedure, they are collated. Each 
of the collated fractions are then tested 
for residual CK activity using appropriate 
reagents. Results must be multipled by the 
appropriate dilution factor. The fraction cor
responds in order of collection: CK-MM, 
MB, andBB. 

The disadvantage of column chromatog
raphy is that it is labor-intensive. In addition, 
the assay is insensitive, because during col
lection each isoenzyme is diluted by the 
elution buffer. An increase in sensitivity 
would be obtained if collected fractions were 
concentrated prior to analysis for residual 
CK activity. This would further add to the 
assay's costs and turnaround times. 

ELECTROPHORESIS 

Manual Electrophoresis 

Electrophoresis assays are widely used in 
the clinical laboratory for proteins (serum, 
urine, and cerebrospinal fluid proteins, 
lipoproteins, and hemoglobin) and isoen
zymes (amylase, LD, and CK). The elec
trophoresis assay for CK isoenzymes was 
described in 1972 (5). Electrophoresis is nor
mally performed either on agarose gel or cel
lulose acetate as support. The basic steps 
needed for the manual electrophoresis assay 
are shown in Figs. 2-4. Figure 2A illustrates 
the template method for applying serum 
samples. A thin acetate film is placed on top 
of the geL Individual samples are pipeted 
through the slot and into the gel. Other 
methods, particularly those that use of cel
lulose acetate, have an applicator consisting 
of a wire that immersed into the serum 
sample and then transferred to the elec
trophoresis surface for deposition. An eight
sample applicator is shown in Fig. 2B. Each 
of these two application methods will pro
duce an electrophoresis gel that contains CK 
fractions present in "bands." In yet another 
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Fig. 2. Sample application methods for manual electrophoresis assay for CK-MB. (A) Template 
method: Serum samples (3-5 ~L) are pipeted into the template. The sample incubates for 5 min to 
allow for diffusion into the gel. The template is blotted and removed. (B) Slot applicators: A thin wire 
is dipped into each sample, which is then transferred to the gel surface for application. 

variation of sample application, one manu
facturer has agarose gels with preformed 
wells, whereby samples can be directly 
applied using an automated pipeter. When 
stained, the CK bands will present 
as "dots" ("Isodot," Helena Laboratories, 
Beaumont, TX). 

After all of the sample has been applied, 
the gels are placed into the electrophoresis 
chamber. This chamber contains positive 
(anode) and negative (cathode) electrodes 
placed in separate compartments, and loaded 

with the proper electrophoresis buffer (see 
Fig. 3A). Gels are electrophoresed typically 
for 20-30 min at 100 V. In order to visualize 
isoenzyme bands, the gels must be stained 
for desired enzyme activity. For CK, a blot
ter is saturated with CK reagents and then 
placed directly on top of the electrophoresed 
gel (Fig. 3B). The reagent is identical to that 
used for measuring total CK using a chem
istry analyzer. The overlay and gel incubate 
at 45°C. The elevated temperature is used to 
hasten the enzyme-catalyzed reactions. CK 
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Fig. 3. Electrophoresis process. (A) The electrophoresis gel with loaded samples is placed into the 
chamber and electrophoresed at 100 V for 20 min. (B) After electrophoresis, a blotter saturated with 
CK reagent is placed onto the gel and allowed to incubate for 20 min at 45°C. 
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Fig. 3. (continued) (C) The gel is rinsed with deionized water and placed into a gel dryer «74°C). 
The dried gel is then scanned fluorometrica1ly using a densitometer (excitation: 340 nm, emission: 
455 nm). 

present on the gel reacts with the substrate 
to produce products that are coupled to other 
reagents and enzymes: 

CK 
Creatine phosphate + ADP ~ creatine (1) 

+ATP 

hexokinase 
ATP + glucose ) glucose- (2) 

6-phosphate + ADP 

g-6-PD 
Glucose-6-phosphate + NADP+ --~ 

6-phosphogluconate + NADPH + H+ (3) 

After 20 min of incubation with the 
substrate, the overlay is removed, thereby 
ending the reaction, and the gel is dried in 
an oven. Individual CK isoenzyme bands 
can then be visualized by exciting the gel 
with UV light at 340 nm and observing the 
resultant fluorescent emission at 455 nm 
(Fig. 3C). Special UV gel boxes are avail
able for inspecting CK isoenzyme gels. As 
the fluoresecence bands fade over time, gels 
can be photographed for permanent record 
keeping. An alternate visualization tech-

nique is to react NADPH produced in the 
above reaction with a tetrazolium salt to pro
duced a colored product (6). These bands 
can be seen without use of a UV light source. 
One such reaction is given below: 

NADPH + phenazine methosulfate nitroblue 
tetrazolium ) formazan (purple) (4) 

The gels dried to produce a permanent 
record without the need to photograph them. 

Under most electrophoretic conditions, 
CK-BB migrates furthest from the sample 
application point toward the anode. CK-MB 
migrates intermediate between the applica
tion point and anode, and CK-MM migrates 
cathodic to the point of application. The pres
ence of a band migrating into the MB region 
indicates myocardial damage owing to an 
infarction. For quantitative measurement, the 
gels can be scanned by a densitometer. The 
area under the MB band can be divided into 
the area for all CK isoenzyme bands, with 
results expressed as a percentage of total. The 
normal range for most CK electrophoresis 
procedures is 0-5%. The absolute activity 
for the CK-MB band is not determined. 
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Fig. 4. Resolution of CK isoenzymes and isoforms vs electrophoresis voltage. (A) 250 V; (B) 500 V; 
(C) 750 V; (D) 900 V. (Data obtained from the Helena CardioRep analyzer.) 

Automated Electrophoresis 

The disadvantage of manual electro
phoresis is the 2-3 h needed to perform the 
assay. In order to reduce the turnaround time, 
one manufacturer has developed a general 
automated electrophoresis analyzer (Rep, 
Helena Labs.) and a specialized analyzer for 
cardiac isoenzymes (CardioRep) (7). These 
analyzers automate each of the steps neces
sary for performing CK isoenzymes and 
isoforms, including sample application, elec
trophoresis, reagent addition and incubation 
for band visualization, gel drying, and den
sitometric scanning. To reduce the time 
needed to separate CK bands, the gels are 
electrophoresed at high voltages (900 V). 
Under these conditions, CK isoenzymes and 
isoforms (described in Chapters 7 and 10) are 
resolved. Figure 4 illustrates the effect of elec
trophoresis resolution as a function of applied 
electrophoresis voltage. At 250 and 500 V, 
the MM isoenzyme is adequately separated 
from MB, but no isoforms are discernible. At 
750 V, three isoforms for MM and two for MB 

can be seen, although the resolution between 
bands is not adequate. At 900 V, separate MM 
and MB isoforms can be observed. Higher 
voltages enable baseline separation for each 
isoform band, but such resolution is normally 
unnecessary, unless the isoforms themselves 
are to be measured (see Chapter 9). 

Electrophoresis Performance 

The major advantage of electrophoresis is 
the direct UV visualization of all CK isoen
zyme and CK-like isoenzyme bands. Figure 
5 summarizes the bands that can be observed 
by electrophoresis. Each ofthe major isoen
zymes actually consists of isoforms that can 
only be observed following high voltage 
or extended time electrophoresis. Under 
normal (low -voltage) electrophoresis condi
tions' isoform bands merge into single MM, 
MB, and BB isoenzyme bands. 

The major disadvantage of electrophore
sis is analytical sensitivity. Manual elec
trophoresis assays have a sensitivity of about 
5 U/L, which is above the activity of MB 
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Fig. 5. Diagrammatic representation of CK isoenzymes, isoforms, atypical forms, and artifacts as 
measured by agarose gel electrophoresis. 

found in normal individuals. Therefore, the 
MB band is absent when serum from normal 
healthy individuals is tested. For retrospec
tive diagnosis of a typical AMI, the lower 
sensitivity of electrophoresis does not pose 
a problem, since AMI patients will have MB 
activities that will greatly exceed the normal 
range. However, for early diagnosis or detec
tion of "silent acute myocardial infarctions 
(AMIs)," higher sensitivity assays are 
needed, since the MB content is much lower. 
Electrophoresis is not as sensitive as mass 
assays for testing under these conditions (8). 
Moreover, the accuracy of electrophoresis 
has recently been questioned by the Ontario 
Laboratory Proficiency Testing Program 
(9). Despite these criticisms of accuracy, 
electrophoresis is still considered the stan
dard measure of CK and LD isoenzyme 
distribution. 

Detection of Electrophoretic Artifacts 
and Atypical Isoenzymes 

A fluorescent band can also occasionally 
be visualized that migrates between MB and 
BB isoenzymes. This band is owing to the 
presence of fluorescent metabolites (and pos
sibly drugs) that bind to albumin. Its presence 
is found most often in patients with chronic 

renal failure, presumably because of the 
inability of the kidney to excrete these fluo
rescent compounds (10). The presence of the 
albumin artifact can be distinguished from 
true CK isoenzyme bands on the basis of its 
different fluorescence emission wavelengths. 
Adenylate kinase (AK) is a CK-like enzyme 
that catalyzes the conversion of ADP to ATP, 
and migrates cathodic to CK-MM: 

AK 
2ADP ~ ATP + AMP (5) 

ATP produced by this reaction will couple 
with hexokinase and g-6-PD to produce 
NADPH. The presence of either the albu
min artifact or AK can be recognized by per
forming electrophoresis and omitting the CK 
substrate from the formulary of the overlay
ing reagent. Without creatine phosphate, true 
CK isoenzymes will not be able to produce 
NADH, but electrophoretic artifacts will 
remain detectable. 

Macro-CK forms can also be discerned 
by electrophoresis when they are present. 
Macro-CK type 1 containing IgG typically 
migrates between the MM and MB isoen
zymes and causes no ambiguities with 
CK-MB quantitation. On the other hand, the 
type 1 form containing IgA often comigrates 
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Fig. 6. Use of specific antibodies prior to electrophoresis for detection of suspect bands: macro

IgG (band between MM and MB) and macro-IgA (band at MB) in a case report. Lane A, control sera; 
B, patient's serum showing CK-MM and two suspect bands; C-I, patient serum mixed with specific 
antisera; C, anti-CK-M, showing removal of MM; D, anti-CK-B showing removal of both suspect 
bands; E, anti-IgG showing removal of band between MM and MB; F, anti-IgA showing removal of 
MB band; G, anti-A showing no effect; H, anti-K showing removal of both suspect bands. I, anti-IgM 
showing no effect. (Used with permission from ref. 13.) 

with the MB band, and differentiation may not 
be possible. Subsequent testing (such as 
with CK-MB immunoassays; see Chapter 9) 
may be necessary to differentiate it from true 
CK-MB. Serial samples can be collected 
over the ensuing few days to document a 
persistent increase in this "pseudo-MB 
band" that is typically observed for the pres
ence of this form. Patients with myocardial 
infarction will have a transient increase in 
true CK-MB. Bands that migrate cathodic to 
the application point include mitochondrial 
CK, macro-CK type 2, and AK. These forms 
may comigrate with CK-MM and go unrec
ognized in many electrophoresis systems. 
The result is an overestimation of the MM 
activity and a slight decrease in the resulting 
ratio of MB/total CK. The enzyme activity 
of dimeric mitochondrial CK is very labile 
in serum and is not usually observed in 
human serum. Since mitochondrial CK is 
found in the brain, mass measurement of 
mitochondrial CK may have some applica
tion in detection of cerebral injury (11). 
Macro-CK type 2 is a polymeric aggregate 
of mitochondrial CK and also migrates 
cathodic to CK-MM. The procedure for con
firming the presence of macro-CK has been 

described by several investigators (12-15). 
These procedures also enable typing of the 
specific CK isoenzyme and immunoglobu
lin classes involved. Serum samples con
taining suspected electrophoretic bands can 
be mixed (1:1) with various antisera and 
re-electrophoresed following a lO-min incu
bation. The electrophoretic migration of 
suspected CK bands will be altered or their 
enzymatic activity will be obscured by the 
binding of antibodies specific to immuno
globulins and/or isoenzymes. Anti-IgG, IgA, 
and IgM are commercially available in kits 
for immunofixation electrophoresis (e.g., 
Paragon, Beckman Instruments, Brea, CA). 
Antibodies to CK-M are available with the 
Isomune CK-MB kit (reagent A, Roche 
Diagnostics, Nutley, NJ), whereas CK-B 
subunits are available in the Tandem and 
ICON kits (Hybritech Inc., San Diego, CA). 
In a case report, Fig. 6 illustrates how spe
cific antibodies were used to denote the 
presence of IgG- and IgA-macro-CK-BB. 
Pretreatment with selective precipitation is 
also effective in confirming macromolecular 
complexes. Immobilized proteinA-sepharose 
(CL-4B, Pharmacia, Piscataway, NJ) can be 
used to remove IgG complexes. The two-
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Fig. 7. Diagrammatic representation of the immunoinhibition assay. See text for details. 

step immunoprecipitation procedure of Iso
mune CK-MB (Roche) can be used to 
remove isoenzymes containing the 
M-subunit (CK-MM and CK-MB). These 
procedures are particularly helpful for 
atypical isoenzymes that electrophoreti
cally migrate at or near CK -MB (such as IgG 
macro-CK-BB). 

IMMUNOINHIBITION ASSAY 

Principle 

The general principle for all immunoin
hibition assays is shown in Fig. 7 (15). Panel 
A shows the classic CK-MM, MB, and BB 
isoenzymes. Although not shown, each of 
these isoenzymes consists of several iso
forms (see Chapter 10). It is assumed for 
simplicity that the activities and antigenicity 
to each isoform of an isoenzyme are identi
cal to one another. Also shown in panel A are 
macro-CK types 1 and 2 that may be present 
in a serum sample. However, the immunoin
hibition assay is only an accurate measure 
of CK-MB activity when CK-BB and the 
macro forms are absent in serum (panel B). 
The assay involves the incubation of serum 
with polyclonal anti-CK-M antibodies 
(panel C). These antibodies are specifically 
selected to bind to CK-M subunits in such a 
way that they inhibit 100% of the CK-MM 

undll 1:2 1:4 1:8 1:18 1:32 1:84 1:128 1:2!58 1:512 

AntI-CK-M-lgG dHutionI 

Fig. 8. Inhibition of CK-MB by anti-CK-M 
antibodies. (Used with permission from ref. 15.) 

activity and precisely 50% of the CK-MB 
activity. Antibodies raised in goats used for 
other species, such as rabbit and sheep, do 
not exhibit the same degree of inhibition 
(Fig. 8) (16). The use of polyclonal goat anti
bodies also eliminates any potential inter
ferences from the presence of human 
antimouse antibodies (HAMA) that have 
been shown to interfere with assays using 
murine monoclonal antibodies (MAb) (17). 
The residual CK activity, as measured using 
total CK reagents, is the result of the 
B-subunit of MB alone (panel D). To cal
culate the CK-MB activity of the intact 
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Table 1 
Example of an Immunoinhibition Error Caused by Presence of CK-BB, 
Macro-CK Type 2, and AKa 

Original activity, Measured residual activity, Calculated activity, 
from sampleb after immunoinhibition residual x 2 

CK-MB 50 25 50 
CK-BB 25 25 50 
Macro-type 2 10 10 20 
AK 8 3 6 
Total 93 63 126 

aError: (actual- calculated/actual) x 100 = (126 - 50)/50 x 100 = 152%. 
bAll results in UIL. 

isoenzyme, the residual result must be multi
plied by a factor of two. 

Accurate calculations of CK-MB by 
immunoinhibition requires subtraction of 
background activity owing to the presence of 
AK. Serum AK activity can exceed 100 UIL 
at 37°C because of release of AK isoen
zymes from red cells, muscle, and liver (18). 
Therefore, adenosine monophosphate 
(AMP) and diadenosine-5-pentaphosphate 
are usually added to CK reagent formula
tions to inhibit AK. However, residual non
inhibitedAK activity ranging from 1-3 UIL 
usually remains. Higher activities are 
expected in samples that are hemolyzed. For 
total CK analysis, noninhibited AK activity 
constitutes a <5% (falsely high) error. In 
patients with low CK-MB activity, the error 
caused by AK can be 100% and will limit the 
sensitivity of the immunoinhibition assay. 
To correct for presence of this enzyme, the 
serum sample is incubated with CK reagent 
that is devoid of CK substrate. Residual 
activity owing to AK can then be subtracted 
from the activity of the sample when the 
substrate, creatine phosphate, is added. The 
apparent CK-MB activity produced by 
immunoinhibition is falsely high when either 
CK-BB or macro-CK types 1 and 2 are pre
sent in the serum sample. Table 1 illustrates 
a hypothetical serum sample containing 
50 UIL of CK-MB, 25 UIL of CK-BB, and 

10 UIL of macro-CK type 2. Anti-CK-M 
antibodies are added, and the residual CK 
activity is measured after a 5-min incubation 
period. Of the residual activity, the CK-MB 
isoenzyme contributes 50% of its original 
activity, since the M -subunit has been inhib
ited. In contrast, CK-BB and macro-CK type 
2 add 100% of their original activity, because 
neither isoenzyme contains any inhibitable 
M-subunits. Table 1 also lists 3 U/L of 
noninhibited AK activity that adds to the 
residual CK activity. If AK blank is not per
formed, the total residual activity of this 
sample after immunoinhibition is 63 UIL. 
When this is multiplied by 2, the activity of 
the immunoinhibition tube is 126 U/L, 
which exceeds the original total CK activity 
of 93 UIL and produces an error of 152% 
(Table 1). When the percent MB exceeds 
typical values seen in AMI (4-25%), as in 
this example, the presence of an interferrent 
is inferred. However, falsely high values in 
the 10-25% range can be produced and are 
not discernible by immunoinhibition. 

Automated Adaptation 
of CK-MB Immunoinhibition Assay 

The CK-MB immunoinhibition assay has 
been adapted to many automated clinical 
chemistry analyzers. With the exception of 
the Roche Isomume-CK (immunoinhibi
tion/immunoprecipitation) and Dupont 
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Fig. 9. Reaction vs time curve for the 
CK-MB immunoinhibition assay. 

aca (column chromatography limmunoinhi
bition) assays, which are described later in 
this chapter, all commercial immunoinhibi
tion assays are essentially identical. The 
optimum automated assay is the two-reagent 
addition test. Figure 9 illustrates the 
sequence of these reagent additions. In the 
first step, the serum sample incubates with 
anti-CK-M antibodies and the CK reagent 
minus the substrate (creatine phosphate). A 
5-min incubation period is required to estab
lish an equilibrium between the isoenzymes 
from the serum sample and the added anti
bodies. This incubation also enables estima
tion of any noninhibited AK activity present. 
The substrate is then added to trigger the 
CK-catalyzed reaction. The non-CK-M sub
unit activity is determined from the linear 
portion of the reaction vs time curve (Fig. 9). 
Enzyme substrate depletion is not a problem 
in this assay because CK-MM has been 
inhibited, and high non-M-subunit activity is 
uncommonly present. Instead, the assay is 
optimized for higher analytical sensitivity 
through the use of higher sample volumes 
than what is normally in use for analysis 
of total CK. An adjustment in the calcula
tion factor is necessary to account for the 
increase in sample volume. The upper limit 
of normal for CK-MB using immunoinhibi
tion is about 10 to 15 U/L at 37°C, and 
between 4 and 6% relative to total CK. 

Total CK > 100 U/L? 
no MB testing 

unnecessary 
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Fig. 10. A typical flow diagram on the uti
lization of immunoinhibition results for CK -MB. 
Normal range for CK-MB used in this diagram 
is 15 U/L and 4% CK-MB/total CK. See text for 
details. (Adapted from the Ektachem 700 pack
age insert, Kodak Co., Rochester, NY.) 

Interpretation of Immunoinhibition 
Results 

Because of the nonspecificity of immuno
inhibition assays for CK-MB, many labora
tories use this as a screening test for AMI 
rule-out. Low activity of CK-MB indicates 
negative results, which obviate the need for 
further testing of the sample. Depending on 
the absolute activity of CK-MB and its ratio 
relative to total CK, positive results may 
require additional testing with a more defin
itive CK-MB assay. Figure 10 illustrates one 
algorithm regarding how results of CK-MB 
by immunoinhibition might be interpreted. 
The analysis begins with measurement of 
total CK. If the activity is <100 UIL, deter
mination of CK-MB may be unnecessary, 
because it is likely to be within normal 
limits. These results are consistent with 
blood from a non-AMI patient. In the setting 
of chest pain, it is also possible that the 
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results are consistent with AMI patients with 
a very small infarct or from whom blood was 
collected too soon after the onset of symp
toms (e.g., within the first 6 h). If either of 
the latter two situations is suspected based 
on clinical findings, a second sample should 
be collected, somewhere between 4 and 8 h 
after the first sample. If the total CK of the 
second sample remains low, an AMI has 
been effectively ruled out. On the other 
hand, if either or both samples have CK 
activity exceeding 100 U/L, the high sam
ple(s) should be further tested for CK-MB. 
A CK-MB result below the upper limit of 
normal of 15 U/L rules out AMI, particu
larly when two or more samples are docu
mented to be low. If the CK-MB activity 
exceeds the upper limit of normal, but the 
%CK-MB/total CK is <4%, skeletal muscle 
injury is likely the cause of the high total CK 
and absolute CK-MB activity. If the %MB 
exceeds 25%, CK-BB ormacro-CK (types 1 
and 2) is likely present, because AMI 
patients rarely have a %MB concentration 
that exceeds this limit. Although not clini
cally significant, the presence of these 
abnormal forms can be confirmed by elec
trophoresis. The immunoinhibition assay 
cannot be used to rule out AMI when BB or 
macro-forms are present. There have been 
case reports described whereby both AMI 
and macro-CK are present (19). If the per
centage of MB is between 4 and 25%, there 
is a characteristic rise and fall pattern with 
serial samples collected over 2-3 d, and a 
diagnosis of AMI can be made with >90% 
confidence. 

IMMUNOINHIBITION/IMMUNO
PRECIPITATION ASSAY (ROCHE) 

To improve on the specificity of 
immunoinhibition assays for CK-MB, a 
second immunoprecipitation step can be 
added. Isomune-CK is a two-tube immuno
precipitation assay developed by Roche 
Diagnostics (20). As shown in the top three 
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panels of Fig. llA, 1-3, the first tube is 
treated in the same way as with the 
immunoinhibition assay: goat anti-CK-M 
antibodies are added to a serum sample con
taining CK isoenzymes. To illustrate how 
the immunoprecipitation assay corrects for 
the presence ofCK-BB, and macro-CK types 
1 and 2, these variants are included in sample 
calculations (not excluded as in Fig. 11). 
After a 10-min incubation period, the 
residual activity of this sample (panel A3) is 
measured: 

CK-BB + macro-CK type 1 + macro-CK (6) 
type 2 + Ih CK-MB 

Anti-CK-M antibodies are also added to 
a second tube containing an aliquot of the 
serum sample (panel B2). As shown in panel 
B3, donkey antigo at antibodies linked to an 
insoluble polymer are then added. This 
second precipitating antibody will bind to 
the anti-CK-M antibody that is already 
linked to CK-MM and MB (panel B3). After 
a 5-min incubation, the tube is centrifuged. 
This separates the isoenzymes containing 
CK-M subunits (CK-MM and MB) from 
all others (panel B4). The supernatant is 
removed and assayed for residual activity: 

CK-BB + macro-CK type 1 + macro-CK (7) 
type 2 

The calculation of CK -MB is then 

CK-MB = (tube A - tube B) x 2 (8) 

One difference in the Roche isomune 
assay from automated immunoinhibition is 
that the antibodies are not incorporated 
within the reagent for measuring residual 
CK. Therefore, the residual activity of tubes 
A and B must be corrected for dilution by the 
volume of antisera added (factors 2 and 1.9, 
respectively). 

Table 2 illustrates how the immunopre
cipitation step corrects for the presence of 
CK-BB and atypical isoenzymes. In tube A, 
the residual activity after the immunoinhi-
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Fig. 11. Diagrammatic representation of the immunoprecipitation assay. See text for details. 

Table 2 
Correction of Immunoinhibition Error by Immunoprecipitation Assaysa 

Original activity Tube A, Tube B, Calculated activity, 
from sampleb immunoinhibition immunoprecipitation A-blank x 2 

CK-MB 50 25 0 50 
CK-BB 25 25 25 0 
Macro-type 2 10 10 10 0 
AK 8 3 3 0 
Total 93 63 38 50 

aError: (actual- calculated/actual) x 100 = (50 - 50)/50 x 100 = 0%. 
bAll in UIL. 

bition step (63 U/L after correction by 
the dilution factor) is the same as the immuno
inhibition step of Table 1. The residual 
activity of tube B is the sum of CK-BB, 

macro-CK type 2, andAK (38 UIL after cor
rection). The difference multiplied by 2 pro
duces 50 UIL, which is the correct activity 
of CK-MB in the original sample. 
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Table 3 
The Effect of Atypical Isoenzymes on Analytical Sensitivity 
of Immunoprecipitation Assaysa 

Original activity, Tube A, Tube B, Calculated activity, 
from sampleh immunoinhibition immunoprecipitation A-blank x 2 

CK-MB 2 1 0 50 
CK-BB 25 25 25 0 
Macro-type 2 10 10 10 0 
AK 8 3 3 0 
Total 45 39 38 2 
Rangea NA 37-41 36-40 -6 to 10 

aAssuming a 5% precision for residual activity measurement. 
bAll in UIL. 

Although the activities of CK-BB and 
macro-CK variants are accounted for by the 
immunoprecipitation step, their presence 
will reduce the sensitivity of CK-MB results. 
Table 3 illustrates the same case as Table 2, 
but with a low CK-MB activity in the origi
nal sample. Calculation of twice the differ
ence between tubes A and B theoretically 
produces the correct result of 2 UIL for CK
MB. However, the residual activity of each 
tube is subject to the imprecision of the 
residual CK measurement. Using a conser
vative average precision of 5%, CK-MB 
activity (calculated from the difference of 
two relatively large numbers) range from 
6-10 U/L (Table 3). 

COLUMN CHROMATOGRAPHYI 
IMMUNOINHIBITION ASSAY 
(DuPONT) 

One of the first automated CK -MB assay 
was the aca method (Dupont Co., Wilming
ton, DE) (21). A description of the principles 
for the column chromatography assay for 
CK-MB is presented in Chapter 7. Like all 
aca methods, the CK-MB assay is supplied 
within the reagent pack (Fig. 12). A serum 
sample is delivered by the analyzer to the 
pack header. Unique to the CK-MB assay, 
the pack header contains a chromatographic 
column containing a mixture of diethy-

laminoethyl (DEAE) and carboxylic acid 
resins. The pH, ionic strength, and resin ratio 
of the column are set such that the CK-MB 
isoenzyme separates from CK -MM and CK
BB isoenzyme. The column also retains any 
red cells and AK that may be present in the 
serum sample. CK-MB is eluted from the 
header into the body of the test pack. The aca 
adds reagents to the test pack by breaking the 
seals to the individual reagent pouches 
(Fig. 12). To minimize further any contribu
tion by CK-MM that may have been eluted 
from the column, the first reagent pouch also 
contains anti-CK-M antibodies. The resid
ual non-CK-M activity is measured 
using the Rosalki/Oliver reaction scheme, 
with dithioerythritol as the activator and 
N-2-acetamido-2-aminoethanesulfunoic acid 
as the buffer. The increase in absorbance 
owing to the production of NADH is mea
sured spectrophotometrically at 340 nm. 
Because neither the activator nor the buffer 
is the same as that recommended by the 
International Federation of Clinical Chem
istry (for total CK), there will be biases 
between aca results and other immunoinhi
bition assays. The aca assay has a turn
around time of 5 min and is useful for stat 
analysis. Some investigators have been crit
ical of this assay. The assay is directly influ
enced by protein content and indirectly 
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Fig. 12. Reagent pack for the aca method for immunoassay for CK-MB. Reagent compartment 
contents: 1, g-6-PD, hexokinase, anti-CK-M antibody; 2, buffer, ADP, AK inhibitors; 3, creatine 
phosphate, glucose, dithioerythritol; 4, NAD+; 5-7, empty. 

influenced by salt concentrations. Therefore, 
one investigator has recommended that the 
aca assay is not suited for use with diluted 
samples (22). 

ABBREVIATIONS 

aca, Automated clinical analyzer; AK, 
adenyl ate kinase; AMI, acute myocardial 
infarction; AMP/ ADP/ ATP, adeonsine mono, 
di- and triphosphate; CK, creatine kinase; 
DEAE, diethylaminoethyl; g-6-PD, glucose-
6-phosphate dehydrogenase; HAMA, human 
antimouse antibodies; LD, lactate dehydro
genase; NADP+, nicotine adenine dinu
cleotide (phosphate). 
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CK-MB Measurements by Immunoassay 

INTRODUCTION 

Traditionally, the MB isoenzyme of crea
tine kinase (CK)* has been considered the 
serologic gold standard for assessing acute 
myocardial infarction (AMI) since the 1960s. 
It is widely accepted and included in the 
World Health Organization's criteria for 
diagnosis of AMI (see Chapter 1). Histori
cally, CK-MB has been measured by elec
trophoresis. In an effort to decrease 
laboratory turnaround time, several enzy
matic assays, such as immunoinhibition and 
immunoprecipitation, were developed (see 

Chapter 8). Enzymatic assays and elec
trophoresis measure CK-MB activity (U/L). 
However, newer immunoassays offer even 
greater potential. These assays measure CK
MB mass in terms of Ilg/L, using two-site 
immunoassay technology. The two-site 
immunoassays measure CK-MB with the use 
of anti-M-subunit, anti-B-subunit, or anti
MB-specific antibodies. These assays are 
automated, highly sensitive (l ng/mL), spe
cific for CK-MB, have rapid turnaround 
times (as low as 7 min), and are available for 
stat analysis. They offer analytical specificity 
and sensitivity that surpass any other tech
nology for the measurement of CK -MB (1). 

Sol F. Green 

Several methods of measuring CK-MB 
(electrophoresis, column chromatography, 
immunoinhibition, immunoinhibitionl 
immunoprecipitation, and immunoassay) 
have been reviewed (2--4). The proceeding 
discussion focuses on several immunoassay 
systems, comparison of mass measurements 
vs activity measurements, mass assay stan
dardization, and clinical applications. 

IMMUNOASSAY SYSTEMS 

The characteristics of several CK-MB 
immunoassays are described in Table 1. All 
are sandwich assays and employ a CK-MB 
monoclonal antibody (MAb) on either the 
solid phase or label with the exception of 
the Hybritech Tandem-E and ICON QSR 
assays. Both the Tandem-E assay, which 
uses the Photon ERA automated immunoas
say analyzer, and the ICON QSR assay, 
which uses a reflectance reader, utilize anti
CK-B (solid-phase) and anti-CK-M (label) 
antibodies. Seven of the remaining eight 
assays use the "Conan" CK-MB antibody 
(5); the Ciba-CorningACS:180 uses an anti
body developed by the manufacturer. The 
methods use various labels and detection 
schemes as depicted in Table 1. The de scrip-

*See p. 155 for list of abbreviations used in this chapter. 
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Table 1 

Characteristics of CK-MB Mass Assays 

Solid-phase Labeled 

Analyzer antibody antibody Label Detection scheme 

Ciba Corning ACS: 180 Anti-CK-BB Anti-CK-MB Acridinium ester Chemiluminescence 

Fluorescence 

Absorbance 

Fluorescence 

Fluorescence 

Dade Stratus II Anti-CK-MB Anti-CK-BB Alkaline phosphatase 

Hybritech Photon Era Anti-CK-B Anti-CK-M Alkaline phosphatase 

Behring Opus Plus Anti-CK-MB Anti-CK-MMa Alkaline phosphatase 

Abbott IMx Anti-CK-MB Anti-CK-MMa Alkaline phosphatase 

DuPont aca plus Anti-CK-B Anti-CK-MB ~-Galactosidase Fluorescence 

Fluorescence Tosoh AlA 600 Anti-CK-BB Anti-CK-MB Alkaline phosphatase 

Sanofi Access Anti-CK-BB Anti-CK-MB Alkaline phosphatase Absorbance 

Absorbance Bayer Diagnostics Anti-CK-MB Anti-CK-B 

aGoat polyclonal. 

tions for some of these assays have been pre
viously reported (2,3). New CK-MB mass 
assays have been developed, including the 
Opus Plus (Behring Diagnostics, Westwood, 
MA), AlA 600/AIA 1200 systems (Tosoh, 
Foster City, CA), aca® plus (DuPont, 
Newark, DE), IMx and AxSYM (Abbott, 
Abbott Park, IL), Access (Sanofi, Chaska, 
MN), and Technicon Immuno I (Bayer, Tar
rytown, NY). Some of these will be 
described in more detail in the Methodolo
gies for Immunoassay Measurement section. 

COMPARISON OF MASS 
MEASUREMENTS TO ACTIVITY 
MEASUREMENTS 

Immunoassay vs Electrophoresis 

CK-MB immunoassays have been mar
keted with manufacturer claims of greater 
sensitivity and specificity than more tradi
tional electrophoretic methods, one argu
ment being that mass assays measure 
concentration of the enzyme's protein in 
ng/mL irrespective of the enzyme's activity. 
Some CK-MB activity may be lost through 
the release process, during CK-MB trans-

Alkaline phosphatase 

port from an ischemic cell into the circula
tory system. Furthermore, the presence 
of IgA and IgG CK-BB can cause a false
positive CK-MB result using electrophore
sis owing to their similar isoelectric points 
(6,7). Perhaps the most important difference 
is in the assays' turnaround times. When 
immunoassays results are available within 
30 min, rapid real-time decisions can be 
made regarding the desirability of initiating 
or continuing procedures, such as throm
bolytic therapy (8). 

Most clinical chemistry laboratories have 
conducted in-house studies of these new 
technologies in order to determine which 
methods are best suited for their work envi
ronment. When the mass concentration and 
activity measurements for CK-MB determi
nation were compared, the mass concentra
tion was better suited for infarct sizing (1). 
A number of studies have evaluated differ
ent mass concentration methods for CK -MB 
measurement, including the Abbott IMx and 
AxSYM analyzers (9), and compared dif
ferent assays, such as the Baxter Stratus 
vs Tandem-E CK-MB II assays (10), the 
Becton Dickinson CK-MB and Ciba-
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Coming Magic Lite CK-MB vs the Ciba
Coming electrophoretic method (11), and 
the Tosoh AlA 600, Stratus, and 1M xl 
AxSYM mass immunoassays vs the Beck
man Paragon electrophoretic method (12). 

According to the College of American 
Pathologists (CAP) 1990 Electrophoresis 
Survey (set EC-A), 184 participants used an 
enzyme immunoassay method for determin
ing CK isoenzymes (13). One year later, in 
the 1991 Electrophoresis Survey (set EC-C), 
the number had increased to 589 participants 
using an enzyme immunoassay method (13). 
As a result, in 1992, the CAP included CK
MB in the comprehensive chemistry sur
veys. As of 1996, the majority oflaboratories 
reporting CK-MB results are using immuno
assays (2535), although many continue to 
use electrophoresis (664) and immunoinhi
bition (895). Of the immunoassays surveyed, 
most laboratories use Abbott (lMx-653; 
AxSym-535) or Dade Stratus (643). 

Immunoassay vs Immunoinhibition 

Many studies have compared the perfor
mance ofCK-MB mass assays to immunoin
hibition methods (2-4,14). Most studies have 
shown good correlation between the two 
methods. The exponential fitting of the 
timed-value curve of CK-MB mass showed 
a better correlation coefficient than that mea
sured by the immunoinhibition method (14). 
This fitting was most evident at lower CK
MB values «500 UIL). The rate of disap
pearance from serum of CK-MB mass was 
faster than thatofCK-MB activity (p = 001). 
This may indicate that some amount of the 
CK-MB activity may be inactivated in the 
early phase of the release into the serum from 
the necrotic myocardium. They concluded 
that the immunochemiluminometric assay 
for CK-MB mass they studied has superior
ity in the diagnosis of AMI compared with 
the immunoinhibition method, especially 
when the measured CK-MB level is low. 
This feature may be useful in distinguishing 
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a small myocardial infarction from severe 
ischemia without myocardial necrosis. 

Results of CK-MB immunoassays have 
also been compared against immuno
precipitation (Roche Isomune, Nutley, NJ) 
(15,16). In one early study of 40 AMI 
patients, the clinical sensitivity of an immuno
assay was higher (72%) than immuno
precipitation (62%) when blood was 
collected at 6-12 h after onset, although the 
difference was not statistically significant 
because of the small sample size (17). 
Because of the need for blanking out inter
ferents, immunoassays have a higher ana
lytical sensitivity than immunoinhibition or 
immunoprecipitation assays, and a higher 
clinical sensitivity for AMI diagnosis would 
be expected. 

CK-MB Stability: Mass vs Activity 

The stability of CK-MB in fresh human 
serum after routine storage is dependent on 
whether electrophoresis, immunoinhibition, 
or immunoenzymetric methods are used 
(17). CK-MB is stable at -20D C by all 
these methods, but at 4DC, CK-MB is only 
stable by immunoassay measurement. Spec
imens stored under adverse conditions 
(4-6 d at room temperature [Tr]) showed 
50% deterioration of CK-MB when mea
sured electrophoretically, but only about 
20% when measured immunologically. 
Figure 1 summarizes these findings. These 
data suggest that inactivation of the enzyme 
occurs before there are sufficient conforma
tional changes made to the protein to the 
extent that it is no longer recognized by 
specific MAb. 

METHODOLOGIES FOR 
IMMUNOASSAY MEASUREMENT 

The number of CK-MB immunoassays 
currently available is growing rapidly. Many 
have been reviewed previously (2,3). The 
following is a description of some of the 
newer systems. 
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Fig. 1. Summary of the effect of storage on stability of CK-MB. (Data taken from ref. 17.) 

The Opus Plus and Magnum 

The Opus Plus, an immunoassay analyzer 
with random access capabilities, utilizes 
fluorogenic enzyme-linked immunosorbent 
assay (ELISA) in a self-contained module 
for large mol-wt analytes. The patient 
sample is dispensed onto a fibrous matrix 
and binds to the solid-phase antibody during 
a 3-min incubation (Fig. 2). A second anti
body conjugate enzyme (alkaline phos
phatase) is dispensed onto the previously 
formed, solid-phase antibody-analyte com
plex and incubated, and an antibody/ana
lyte/antibody conjugated to an enzyme 
sandwich complex is formed. Reagent con
taining the substrate 4-methylumbelliferone 
phosphate (4-MUP) is dispensed from the 
substrate well to the wash port. Capillary 
action washes the unbound fractions toward 
the other end of fibrous matrix into the 
absorber pad, leaving the bound fraction at 
the center. The enzyme (alkaline phos
phatase) acts on the substrate to produce a 
fluorescent product 4-methylumbelliferone 
(4-MU). The rate of fluorescence increase 
is directly proportional to concentration of 
the analyte. 

The Tosoh AlA Systems 
The Tosoh AlA systems (AlA 1200 and 

AlA 600) employ nonisotopic fluorescent 

rate enzyme immunoassay methods. Both 
instruments are capable of running all ana
lytes in random access mode. The capture 
antibody is immobilized on magnetic beads 
1.5 mm in diameter, which serve as the solid
phase support. During the manufacturing 
process, a specific number of beads are 
placed in small individual plastic containers 
called AlA-Pack reagent test cups (Fig. 3). 
A solution containing the conjugate (alkaline 
phosphatase-labeled antibody) is added to 
the test cups before lyophilization. The cups 
are then sealed for long-term storage. There
fore, the AlA-Pack CK-MB assay is a two
site immunoenzymetric assay, which is 
performed entirely in the AlA-Pack test cup. 
CK-MB is bound with MAb (anti-CK-BB) 
immobilized on the magnetic solid phase 
and enzyme-labeled MAb (anti-CK-MB) in 
the AlA-Pack. The magnetic beads are 
washed to remove unbound enzyme-labeled 
MAb and are then incubated with 4-MUP a , 
fluorogenic substrate. 4-MUP is converted to 
4-MU in the presence of alkaline phos
phatase, and read by measuring fluorescence 
using an excitation wavelength of 365 nm 
and emission wavelength of 440-500 nm. 
The amount of enzyme-labeled MAb that 
binds to the beads is directly proportional to 
the CK-MB concentration in the test sample. 
A standard curve using a range of known 
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Fig. 2. Fluorogenic ELISA for CK-MB on the Opus Plus. The ELISA module consists of com
partments for the conjugate (anti-CK-MM linked to alkaline phosphatase) and substrate (4-methyl
umbelliferone phosphate). Anti-CK-MB is immobilized onto the fibrous matrix at the base of the 
module. (A) A serum sample containing CK-MM and CK-MB is pipeted by the Opus Plus via the wash 
port to the fibrous matrix. The incubation period with the sample is 3 min. CK-MB binds to the solid
phase antibody. (B) Conjugate is added to the matrix and binds to immobilized CK-MB. (C) Substrate 
is added to react with conjugate immobilized onto CK-MB. The substrate solution also washes 
unbound proteins, isoenzymes (e.g., CK-MM), and conjugate. (D) The fluorescence of 4-methyl
umbelliferone is measured. (Used with permission from the AACC, ref. 4.) 

CK-MB concentrations is constructed, and 
unknown sample CK-MB concentrations are 
calculated using the curve. 

The aca® Plus 

The DuPont aca® plus is a random 
access, automated processor. The CK-MB 
mass (MCKMB assay) method for the aca 
plus immunoassay system is an immunoen
zymetric assay. The processor pipets and 
mixes the serum sample, chromium dioxide 
particles coated with MAb specific for 

CK-B subunit (solid phase), and conjugate 
reagent B-galactosidase-labeled MAb for 
CK-MB isoenzyme in a reaction vessel. 
After a I5-min incubation period, the pro
cessor performs three sequential washings, 
and then transfers the particle/CK-MB/ 
enzyme conjugate complex into an analyti
cal aca test pack. The test pack is then 
removed from the processor and placed on 
the aca discrete clinical analyzer for 
quantitation of CK-MB in the sample. 
B-Galactosidase bound to the antigen/ 
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Fig. 3. Fluorogenic ELISA for CK-MB on the Tosoh AIA-1200. The AlA-Pack contains magne

tized microbeads coated with anti-CK-BB antibodies. A lyophilized conjugate, anti-CK-MB antibodies 
conjugated to alkaline phosphatase, is also included in the test cup. The symbols for CK-MM, MB, 
and antibodies are the same as in Fig. 2. (A) A serum sample containing CK-MM and CK-MB and 
diluent are added to the reaction cup. The conjugate is reconstituted with the diluent. The incubation 
period with the sample is 40 min. (B) CK-MB binds to the solid-phase antibody and the reconstituted 
conjugate. (C) Unreacted sample and unbound enzyme conjugate are washed away. The substrate, 
4-methylumbelliferone phosphate, is added. (D) The fluorescence of 4-methylumbelliferone is 
measured. (Used with permission from the AACC, ref. 4.) 

antibody complex catalyzes the hydrolysis 
of the substrate chlorophenol red-p-d
galactopyranoside (CPRG) to chlorophenol 
red (CPR). The color change read at 577 nm 
is the result of the production of CPR and is 
directly proportional to the concentration of 
CK -MB present in the patient sample. 

Abbott IMx 

A STAT CK-MB assay has been released 
by Abbott using the Abbott IMx. The assay 
is a reformulation of their microparticle 
enzyme immunoassay (MEIA), cutting 
down turnaround times from 34 to 15 min. 
Other changes include the use of an animal
based matrix in their controls and calibration 
materials from a human-based serum matrix. 
Sample, diluent, and anti-CK-MB-coated 
microparticles (latex submicron particles 
suspended in a sucrose solution) are added 

to an incubation well in the reaction cell. 
Sucrose is used to allow the microparticles 
to remain in suspension for the duration of 
the assay. Microparticles coated with anti
CK-MB capture CK-MB molecules form
ing an antibody/antigen complex. The 
complex is then transferred to an inert glass 
fiber matrix in another compartment of the 
same reaction cell. The microparticles bind 
irreversibly to the glass fiber matrix. The 
antigen/antibody complex is retained by 
the glass fibers, while the reaction mixture 
flows through the large pores of the matrix 
into the blotter. The matrix is washed to 
remove all unbound materials, and anti
CK-MM (goat) alkaline phosphatase conju
gate is dispensed onto the matrix, binding 
with the antibody/antigen complex. The 
matrix is once again washed to remove any 
unbound materials. The conjugate catalyzes 
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the hydrolysis of 4-MUP to the fluorescent 
product 4-MU. The rate at which 4-MU is 
generated is directly proportional to the con
centration of CK-MB in the test sample. 

Access 

Recently, Sanofi Diagnostics Pasteur has 
released a CK -MB assay on the Access. The 
Access is a nonisotopic, automated, random 
access immunochemistry analyzer. The 
CK-MB assay is a one-step, two-site sand
wich assay. Paramagnetic particles coated 
with mouse monoclonal anti-CK-BB com
prise the solid phase. After the sample con
taining CK-MB is introduced, mouse 
monoclonal CK-MB conjugated to alkaline 
phosphatase is added. The sample is incu
bated at 37°C for 5 min in order to ensure 
sandwich formation, followed by three 
washes. The substrate (dioxetene-P) is 
added, followed by a second 5-min incuba
tion, and absorbance is read at 530 nm as 
dioxetene-P is converted to dioxetane. The 
signal is proportional to the CK-MB con
centration in the sample. 

Technicon Immuno 1 

The Techicon Immuno 1 is also a noniso
topic automated, random access immuno
chemistry analyzer. In sandwich assays, such 
as for CK-MB, the Technicon Immuno 1 
makes use of anti-CK-MB antibodies conju
gated to fluorescein, and anti-CK-B antibody 
linked to alkaline phosphatase. In the pres
ence ofCK-MB from the serum, the two anti
bodies bind to form a complex that is captured 
by the magnetic particle linked to antifluo
rescein. Addition of substrate to the alkaline 
phosphatase, p-nitrophenyl phosphate, pro
vides a means for measurement of the enzyme 
label by rate absorbance. The Technicon 
Immuno 1 may be the most precise of immu
noassay analyzers with coefficient of varia
tions (CVs) of under 5% for CK-MB at the 
medical decision limits (18). 

CK-MB MASS ASSAY 
STANDARDIZATION 
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Although immunoassays have been 
shown to be accurate and reliable, there have 
been numerous reports of discrepant results 
among patients when transferred from one 
hospital to another. Different hospitals may 
have very different positive CK-MB cutoff 
values, causing clinical confusion. Since 
most of the mass assays make use of the 
same capture antibody (Conan from Wash
ington University), biases in results are 
likely owing to differences in the calibration 
of the instrumentation and the assignment 
of the standards used in the assay. The 
standardization of all CK -MB mass assays 
would have significant clinical benefit when 
results from one assay are compared to 
another. 

Split patient sample correlation studies 
reported in the literature show that commer
cially available CK-MB immunoassays 
correlate well (r > 0.98), but are biased from 
one another as reflected in the slopes of the 
analysis (slope range 0.4-1.6) (19). For 
example, in one study, CK-MB was mea
sured in serum by fluorometric enzyme 
immunoassay on the Baxter Stratus Analyzer 
and by immunochemiluminometric assay 
using the Ciba Corning Magic Lite System 
(20). Correlations with an immunoradio
metric assay (Embria) were: Stratus = 0.999 
(Embria) - 3.3; r = 0.969, and Magic Lite = 
1.225 (Embria) - 3.03; r= 0.971. Both meth
ods proved to be highly sensitive and spe
cific in the diagnosis of AMI; however, the 
need for standardization of CK -MB assays 
is stressed. 

American Association for Clinical 
Chemistry (AACC) Mass 
Standardization Subcommittee 

In January 1992, the AACC CK-MB 
Mass Assay Standardization Subcommittee 
(MB MASS) was formed. The major objec-
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Fig. 4. Calibration curves for CK-MB mass assays using a single set of standards. (Used with 
permission from the AACC, ref. 4.) 

tive of the subcommittee was to develop a 
reference material using human CK-MB that 
can be used to reduce between-laboratory 
variation in the accuracy of the CK-MB 
mass assays. Their work involves the 
identification of a source CK -MB material, 
establishment of purification and protein 
determination protocols, and the investiga
tion of various matrices and forms (liquid or 
lyophilized) in which the standards would be 
made. With cooperation among manufactur
ers, it is hoped that this reference material 
will be used to standardize assay methods so 
that biases between assays will be reduced or 
eliminated. 

Figure 4 shows results of a study con
ducted by the subcommittee, where calibra
tion curves were generated using CK-MB 
standards (0, 10, and 100 ng/mL) run on each 
of seven immunoassays (DuPont aca plus, 
Behring Diagnostics Opus Plus, Abbott IMx, 
Hybritech Tandem-E, Ciba-Corning 
ACS: 180, Baxter Stratus II, and Tosoh AlA 
600). Table 2 shows the assays have excel
lent correlation (coefficients are all 0.999). 

The immunoassays have similar y-inter
cepts, but slopes vary greatly. The data imply 
that the principal reason for biases between 
methods is the lack of a universally accepted 
CK-MB standard. 

Four sources ofCK-MB were considered 
for the development of a CK-MB standard: 
human heart CK-MB, hybrid CK-MB, 
recombinant CK-MB2 (tissue isoform), and 
recombinantCK-MBl (serumisoform, with
out the C-terminallysine on the M subunit) 
(21) and purified with the use of anti
CK-MB MAb-based immunoaffinity chro
matography (22). The concentration of the 
purified CK-MB was determined spec
trophotometrically (23). 

Four matrices were also evaluated: 
unprocessed CK-MB-free human serum 
pool, stripped serum (processed human 
serum pool that was passed through an 
ion-exchange column to remove residual 
CK-MB), synthetic matrix, and manufactur
ers' recommended diluents. In an attempt to 
standardize CK-MB mass assay, the 
subcommittee prepared lyophilized stan-
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Table 2 
Comparison of Several CK-MB Mass Assays (Regression Analysis Data) 

Analyzer Slope Y-intercept r 

Ciba Corning ACS: 180 1.125 
Dade Stratus II 0.891 
Hybritech Photon Era 0.563 
Behring Opus Plus 0.894 
AbbottIMx 0.581 
Dupont aca plus 0.636 
Tosoh AlA 600 0.787 

dards using purified CK-MB spiked into 
processed human serum. Calibration curves 
using these standards did not significantly 
reduce the bias among CK-MB values of the 
patient samples analyzed on seven 
immunoassay systems (24) (subsequent 
work has included most of the new assays 
now available.) The subcommittee found 
that in some systems, CK-MB recovery was 
greater in patient samples than in the stan
dards. In other systems, CK-MB recovery 
was less in patient samples than in the stan
dards. One possible cause of such discrep
ancy could be alteration of CK-MB during 
lyophilization. The results indicated that 
lyophilization caused loss of immunoactiv
ity of CK-MB and recommended the use of 
frozen material. 

Correlation Study 

Purified human heart CK-MB standards 
prepared in processed human serum, 
unprocessed human serum, and manufactur
ers' recommended diluent were assayed on 
each immunoassay analyzer and later used to 
correct original calibration curves via regres
sion analysis. 

In an alternate approach for standardiza
tion of CK-MB mass assays, the manufac
turers of the assay were provided 20 patient 
sample pools (not used in the initial correla
tion study above) and pure human heart 
CK-MB. Each participating manufacturer 
prepared 5 CK-MB standards (0, 10,50, 100, 

-0.0777 
0.3674 
0.0593 
1.1609 
0.1493 

-0.1264 
-0.4764 

0.9994 
0.9999 
0.9997 
0.9994 
0.9992 
0.9993 
0.9999 

and 200 ng/mL) in its recommended sample 
diluent. The standards and the samples were 
analyzed in duplicate in their respective 
immunoassay system. Measured CK-MB 
values of the standards by each immuno
assay system were also plotted against the 
assigned CK-MB values of the standards 
(0, 10, and 100 ng/mL) to determine each 
immunoassay's slope bias toward the stan
dards. The initial CK-MB value of patient 
samples was then divided by the slope bias 
of each system for the standards to obtain the 
corrected CK-MB values. The corrected 
patient results were reanalyzed by linear 
regression analysis to determine the cor
rected slope biases (see Table 3). 

Summary 
In summary, the subcommittee found that 

there is excellent correlation among the CK
MB mass immunoassays, but poor accuracy. 
Standardization of a primary calibrator alone 
did not improve accuracy significantly. The 
major reason for these failures seems to be 
the sensitivity of certain immunoassays to 
the matrix differences between the patient 
samples and the lyophilized and/or pro
cessed human serum used in the preparation 
of the standards. The accuracy of the assays 
can be significantly improved with the use of 
CK-MB standards prepared in sample dilu
ent recommended for each assay. Thus, the 
protocol to standardize CK-MB mass assays 
centers around the use of a standard pro-
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Table 3 
Correlation Plots of CK-MB Values from Various Assays vs IMx 
Before and After Correction Using MB-MASS Standards 

Before correction After correction 

Analyzer Slope 

ACS:180 1.37 
Stratus II 0.82 
aca plus 0.71 
AlA 600 0.90 
Embria-CK 0.80 
Mean (SD) 0.94 (0.26) 

vided by a national and/or international stan
dard organization (yet to be determined), 
which each manufacturer would use to 
calibrate its assay. However, before recom
mending the protocol for the standardization 
of CK-MB mass assays, the protocol needs 
to be confirmed from different heart tissues 
to understand lot-to-lot variability. 

CLINICAL UTILITY 
OF CK-MB MASS ASSAYS 

Historically, patients with AMI have been 
closely monitored utilizing CK-MB levels, 
every 8 h over a 48-h period, post onset of 
chest pain. New-generation immunoassays 
have offered real-time test results allowing 
earlier diagnosis. 

Early Diagnosis of AMI 

The introduction of thrombolytic therapy 
in the past several years has sparked tremen
dous interest in early diagnosis of AMI. Sev
eral serologic methods have been introduced 
as well as continuous electrocardiogram 
(ECG) monitoring and new imaging tech
niques. Estimates of the initial sensitivity of 
conventional ECG in the diagnosis of AMI 
in patients presenting to the emergency 
department (ED) with chest pain vary up to 
a maximum of 81 % (25). Therefore, at least 
20% of AMI patients require further inves
tigation to establish a diagnosis. A conven-

r Slope r 

0.99 0.80 0.99 
0.99 0.99 0.99 
0.99 0.89 0.99 
0.99 0.98 0.99 
0.99 0.92 0.99 

0.92 (0.08) 

tional cardiac enzyme panel based on serial 
measurements of total CK, CK-MB, aspar
tate transaminase, and lactate dehydrogenase 
(LD) is not useful in the early diagnosis of 
AMI. Other early serologic methods, such as 
CK isoforms and myoglobin, are discussed 
in Chapters 10 and 6, respectively. The per
formance of single values at optimum diag
nostic cutoffs and incremental change (log 
slope) for total CK was studied using a rapid 
CK-MB mass assay (26). Total CK slope 
combined with CK-MB concentration 
allowed accurate diagnosis at 4 h from 
admission. CK-MB concentration determi
nation 8 h from admission (12-16 h from 
onset of chest pain) was the most effective 
single measurement. Rapid diagnostic cate
gorization and possible selection of patients 
for thrombolysis in patients with an uncer
tain admission diagnosis are possible by 
these techniques. However, slope calcula
tions are not easily available. 

The potential of mass assays on patient 
management was investigated for the admin
istration of thrombolytic therapy (27). When 
blood is collected on admission to hospital, 
10% of patients whom were shown by con
ventional means to have had AMIs had 
equivocal ECGs, but positive CK-MB con
centration results. In half of these patients 
(5%), thrombolytic therapy was given on the 
basis of the clinical features and a positive 
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CK -MB concentration result alone. The 
CK-MB mass assay can increase the number 
of diagnoses of AMI made within the time 
scale required for the successful administra
tion of thrombolytic therapy and could be 
used to prompt thrombolytic therapy in AMI. 
Such a protocol may result in some unstable 
angina patients receiving thrombolytics. 
Studies have shown that more than 50% of 
a series of patients with unstable angina had 
intracoronary thrombus in major coronary 
arteries, indicating a theoretical benefit from 
thrombolytic therapy (28). Unfortunately, 
larger-scale studies on the use of throm
bolytic therapy in patients with unstable 
angina have shown no therapeutic benefit, 
and possibly a detriment, with an increase in 
the incidence of AMI (29,30). Therefore, 
despite the ability to detect earlier diagnosis 
of AMI with sensitive markers, such infor
mation will not be used to treat AMI patients 
with thrombolytics, unless there is ECG doc
umentation of the infarct. 

Confirmation of Reperfusion 

Determination of success of coronary 
reperfusion following thrombolytic therapy 
can be used to prompt other treatments, such 
as rescue percutaneous transluminal coro
nary angioplasty (PTCA). Indices of coro
nary artery reperfusion have been identified 
in patients treated with thrombolytic ther
apy for AMI by means of characteristics 
from the serum CK-MB time-activity curve 
(31). Similarly, early markers, such as CK 
isoforms and myoglobin, can be used to 
assess coronary reperfusion and have the 
advantage of shorter time-activity curves, 
allowing earlier overall assessment. 

Risk Stratification 

Five to 20% of unstable angina patients 
progress to AMI or death within the first year 
(32-36). Postmortem studies have revealed 
that these fatal events are frequently pre
ceded by microinfarcts. Pathological evi-
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dence shows an atheromatous plaque fissur
ing with subsequent platelet aggregation, 
thrombosis formation, and episodic emboli
zation. Sensitive CK-MB mass assays can 
detect prolonged ischemia in unstable angina 
patients (37). CK-MB assays has been exam
ined as a tool in patient risk stratification for 
myocardial infarction (38,39). They con
cluded that a CK-MB mass assay can detect 
a subgroup of patients with ischemic heart 
disease and poor clinical outcome, which 
are not diagnosed using routine diagnostic 
procedures. 

CK-MB elevations within 3 h of presen
tation in the ED are associated with subse
quent ischemic events in clinically stable 
chest pain patients without ST-segment ele
vation (40). They concluded that CK-MB 
can identify a minority of low-risk patients 
who develop ischemic events and that addi
tional markers for diagnosing myocardial 
ischemia in the ED are need. 

The clinical usefulness of different immu
noenzymetric CK-MB methods have been 
evaluated on coronary care unit (CCU) 
patients (41). More than 25% of patients 
with a suspicion of AMI, but with no stan
dard criteria for AMI were identified with 
small but significant increase of serum CK
MB (mass concentration) and an increased 
CK-MB (mass)/total CK ratio. During a 
4-yr follow-up, 64% of the patients died with
in 2 yr, the majority being coronary deaths, as 
compared to 5% of non-AMI patients with 
suspicion of AMI, but with normal CK-MB 
values (p = 0.001). The findings of such a 
high mortality rate among patients with 
increased CK-MB (mass concentration) 
have important prognostic value even in 
patients without standard criteria for AMI. 
Furthermore, the potential utility of rapid 
point-of-care assays has been evaluated in 
ED patients with possible AMI (42). When 
used for patients in whom a cardiac care unit 
admission is not considered, the CK-MB 
mass assay may identify some patients with 
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unsuspected myocardial infarction and pre
vent inadvertent discharge or admission to 
unmonitored beds. Other cardiac markers, 
such as troponin, have also been utilized in 
risk stratification (39,43,44), as described in 
Chapter 13. 

CK-MB Elevations 
in Non-AMI Patients 

Investigators have shown CK-MB eleva
tions in the pediatric population to be clini
cally insignificant. These elevations are most 
likely owing to the change in CK isoenzyme 
distribution from CK-BB to CK-MB and 
finally CK-MM, which occurs in develop
ment from birth to adulthood. 

In patients with coronary artery bypass 
graft surgery without any evidence of 
myocardial infarction, CK-MB elevations 
are significant and mimicked a peri opera
tive myocardial infarction (45). In order to 
demonstrate a perioperative myocardial 
infarction, it is necessary to determine at 
least two cardiac markers (such as CK-MB, 
LD, LDl, and so forth) for a long period and 
to correlate these results with the clinical 
hemodynamic and ECG findings. 

Several investigators have also studied the 
release ofCK-MB following PTCA, demon
strating that CK-MB is a sensitive indicator 
of myocardial injury (46-49). Recently, the 
release of CK -MB and cardiac troponin T 
have been compared in patients undergoing 
PTCA to investigate the clinical, procedural, 
and angiographic correlates of abnormal ele
vations of both of these markers (50). Greater 
than 40% of patients undergoing coronary 
angioplasty have evidence of minor degrees 
of myocardial damage, since evidence of 
release of biochemical markers and that ele
vations of both CK -MB and cardiac troponin 
T may be indicative of greater levels of 
myocardial injury than elevations of cardiac 
troponin T alone. 

FUTURE NEEDS 
FOR CK-MB ASSAYS 

Green 

Methods for the analysis of CK-MB have 
evolved from manual column chromato
graphic procedures and electrophoresis to 
automated techniques. It is likely that there 
will be more laboratories switching from 
labor-intensive CK-MB procedures to highly 
specific and sensitive immunoassays assays 
as these assays become more inexpensive 
and available on automated immunoassay 
analyzers. However, as with any technol
ogy, further improvements are warranted. 
Currently, none of the immunoassays 
can be implemented onto high-volume clin
ical chemistry analyzers. Routine analysis 
requires sample splitting: total CK measured 
from a general analyzer, and CK-MB mea
sured from specific immunoassay analyzer. 
Stat analysis necessitates training of second
and third-shift personnel who might not be 
accustomed to immunoassay testing. Imple
mentation of a CK-MB mass measurement 
onto a medium-size multipurpose chemistry 
analyzer would have an immediate impact 
on work flow efficiency. 

Bedside analysis for CK-MB may also 
become important in the future as more hos
pitals develop point-of-care approaches. 
Bedside testing in hospitals today has largely 
been limited to glucose and electrolytes. 
Whether or not CK -MB should be included 
as a high priority, bedside testing service 
is debatable. It may be possible that a 
more cardiospecific marker, such as tro
ponin, might be better for point-of-care use. 
Recently, Spectral Diagnostics Inc. 
(Toronto, Ontario) has announced develop
ment of a qualitative test panel for emer
gency analysis, consisting of CK, CK-MB, 
troponin-I, and myosin light chains (see 
Chapter 15). If this new device becomes 
accepted for point-of-care testing, it may sig
nificantly alter how laboratories use tradi-
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tional laboratory-based testing for cardiac 
markers. 

ABBREVIATIONS 

AACC, American Association for Clini
cal Chemistry; AMI, acute myocardial 
infarction; CAP, College of American 
Pathologists; CCU, coronary care unit; CK, 
creatine kinase; CPR(G), chlorophenol red 
(-~-d-galactopyranoside); ECG, electro
cardiogram; ED, emergency department; 
ELISA, enzyme-linked immunosorbent 
assay; immunoinhibition; LD, lactate dehy
drogenase; MASS, Mass Assay Standard
ization Subcommittee; MEIA, microparticle 
enzyme immunoassay; 4-MU(P), 4-methyl
umbelliferone (phosphate); PTCA, percuta
neous trans luminal coronary angioplasty; Tr, 

room temperature. 
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INTRODUCTION 

In 1985, the TIMI* study group (1) con
ducted a 5-yr multicenter trial. The study con
cluded that patients with acute myocardial 
infarction (AMI) received maximum benefits 
when they received thrombolytic therapy 
within 4-6 h after onset of chest pain. There
fore, an early biochemical marker of AMI is 
crucial in diagnosis of myocardial injury. Cur
rently' CK-MB isoforms are the only cardiac
specific markers satisfying these criteria, 
although other markers are being developed 
(see Chapter 17). The proceeding discussion 
is focused on review of pertinent biochem
istry, approaches to analytical measurements, 
and the clinical applications of CK isoforms. 

REVIEW OF PERTINENT 
BIOCHEMISTRY 

The separation of tissue and serum iso
forms of CK isoenzymes using polyacry
lamide gel electrophoresis was first 
described in 1972 (2). CK isoforms (also 
known as subisoenzymes, subtypes, or sub
forms) are variants of CK -MM and CK -MB 
isoenzymes, which are produced by in vivo 
changes to the M-subunit. The CK-MM 
isoenzyme dimer has three possible isoforms 

10 
CK Isoforms 

Sol F. Green 

(MM3, MM2, and MM1), which are named 
by their relative migration toward the anode 
using electrophoresis as shown in Fig. 1. 
MM3 is the pure gene form present in skele
tal muscle and heart, and is known as the 
tissue form. Following muscle damage, 
CK-MM3 is released into the serum, where 
carboxypeptidase-N cleaves the carboxy
terminal lysine of one M -subunit (3) to pro
duce an intermediate form, CK-MM2. 
Subsequently, the second M-subunit will 
lose its C-terminal lysine, producing the 
serum form, CK-MMI (see Fig. 2). The car
boxypeptidase-N reactions occur slowly 
over 24 h, and are irreversible (4-6). In 
theory, the isoform conversion of MM3 to 
MM2 and MMI can be used to back-extrap
olate when the onset of AMI occurred. How
ever, because the carboxypeptidase activity 
in serum can be variable (7,8), precise esti
mates of AMI onset are not possible in actual 
practice. Differences in the activation energy 
for the individual isoforms have also been 
used to date the age of myocardial injury (9) 
(but are not in routine use). Sera of healthy 
individuals contain only trace amounts of 
the tissue isoform, CK-MM3 (12-18%). The 
major fraction in serum is the fully converted 
product, CK-MMI (47-60%) (5). 

*See p. 167 for list of abbreviations used in this chapter. 
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Fig. 1. Typical electrophoretic agarose gel 
electrophoresis of CK-MM and MB isoforms 
(courtesy Helena Laboratories). 

Carboxypeptidase-N also acts on the M
subunit ofCK-MB. Therefore, there are two 
CK-MB isoforms: the tissue form, CK-MB2, 
converted to the serum form CK-MBI (10) 
(see Fig. 1). In normal individuals, the tissue 
form, CK-MB2 is present in roughly equal 
concentrations to the converted form, 
CK-MBI. The biochemistry, kinetics, and 
clinical utility of CK isoforms have been 
recently reviewed (6,11). 

The tissue form of CK -MB may undergo 
cleavage of lysine from the B-monomer as 
well as the M-monomer in vivo, generating 
at least two more CK-MB isoforms (12). 
The four possible CK-MB isoforms being 
generated therefore include: M+B+ (tissue 
form), M+B- and M-B+ (intermediate 
forms), and M-B- (serum form), where + 
and - represent the presence and absence 
of a C-terminal lysine, respectively (see 

Fig. 3). Cleavage of lysine from the 
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carboxyl-terminus of B-monomers occurs 
first and subsequently from M-monomers 
in vivo. Development of an assay capable of 
resolving all of the isoforms ofCK-MB that 
occur in vivo might increase sensitivity for 
early detection of AMI compared with 
currently available assays that resolve only 
two species (MB2 and MBl, as seen in 
Fig. 1). Specific monoclonal antibodies 
(MAbs) have been used to recognize epi
topes on human brain creatine kinase 
(CK-B) in order to identify its isoforms (13). 
One antibody, CK-HTB, recognizes the 
assembled or native CK-B isoform. Two 
others, CK-END1 and CK-END2, recog
nize epitopes within 53 amino acids of the 
C-terminus of CK-B variant, whereas 
neither antibody binds to native CK-B 
monomer. Further work needs to be con
ducted to characterize the in vivo degrada
tion of the CK-B-subunit. 

APPROACHES FOR ANALYTICAL 
MEASUREMENTS 
OF CK ISOFORMS 

Measurement Techniques 

Several analytical methods have been 
developed for measuring CK isoforms, 
including electrophoresis (14,15), isoelec
tric focusing (16), chromatofocusing chro
matography (3,17,18), and high-pressure 
liquid chromatography (HPLC) (19). Most 
methods are deficient in data pertaining to 
validations, such as for accuracy and preci
sion, although electrophoretic data were the 
most reproducible, required the shortest 
analysis time, and appeared to be the most 
practical method for use in routine clinical 
analysis. Electrophoresis may also be the 
most sensitive and least costly technique. 
The Cardio Rep (Helena Laboratories, Beau
mont TX) is a high-voltage automated 
agarose gel electrophoresis analyzer utiliz
ing a peltier heating and cooling device to 
control temperature through all processing 
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Fig. 2. Diagramatic representation of CK -MM isoform structure, nomenclature, and conversion by 
carboxypeptidase-N (CBX N). MM3 consists of two unmodified tissue M-subunits. Conversion of one 
M-subunit to the modified serum form produces MM2; conversion of two tissue M-subunits produces 
MMI. The isoform conversion involves the hydrolysis ofthe C-terminal amino acid (lysine) from the 
M chain. 

phases. The analyzer runs at 900 V, 60 rnA, 
24°C, for 6 min. After incubation with CK 
substrate at 49°C for 5 min, the plate is dried 
at 54°C for 2 min and fluorescence scanned 
in a densitometer, producing highly sensitive 
CK-MB isoform analysis with turnaround 
times of approx 25 min. The method is linear 
to 100 UILCK-MB and sensitive to 1.22 UIL 
(20). 

The Impres-MB-X assay (International 
Immunoassay Labs, Santa Clara, CA), an 
immunoextraction assay, is based on an 
M-subunit antibody that removes CK-MBI 
from the specimen. The remaining CK-MB 
is essentially CK-MB2 and can be mea
sured by traditional methods for CK-MB 
measurement. 

It is important to note that the methods 
described above are all activity based assays 
and will not detect MB isoforms if the pro
tein's structure has been altered during 
release from cardiac tissue and CK becomes 
inactive. An immunoassay has recently been 
developed that measures active and inac
tive forms (21). This assay utilizes a speci
fic monoclonal capture antibody directed 
against the B-subunit of CK-MB and a 

specific MAb conjugate directed against the 
CK-M + lysine-subunit. The analytical 
sensitivity of the assay was reported to be 
0.2 ng/mL. Normal range expressed in 
%MB2/total MB was from 35-97% when 
total MB was <3.0 ng/mL. 

Factors Affecting Accurate 
Measurement 

There is much debate over CK isoform 
stability in vitro. CK-MB2 has been shown 
to have in vitro stability in serum for 6 h 
postvenipuncture at 4°C and 25°C (22). 
Losses of MB2 were statistically significant 
at 37°C. These findings suggest the car
boxypeptidase-mediated conversion of CK
MB2 to CK-MBI is inhibited at temperatures 
of 25°C or less. However, others have shown 
that there is significant loss ofMB2 activity 
in the absence of 15 mmol/L EDTA and 
B-mercaptoethanol (23), prompting the need 
for preservatives to maintain isoform activ
ity (17,24). Instability issues can be elimi
nated when testing is performed on a stat 
basis, since no preservatives are necessary 
(25-28). In one study (29), CK-MB isoforms 
were stable at -20°C with no significant 
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Fig. 3. Conversion schemes of tissue to serum isoforms of MB (12). The conversion of the tissue 
form of MB (A) first proceeds by cleavage of the C-terminal amino acid (lysine) from the B-subunit 
of MB by carboxypeptidase N (B) followed by cleavage of the C-terminal amino acid from the 
M-subunit (also a lysine, D). In contrast, only two MB isoforms are ever observed on agarose gel 
electrophoresis. These isoforms were thought to arise from cleavage of the tissue form (A) to the 
serum form (C) through cleavage of the M-subunit alone. 

change in the MB2/MB 1 ratio after 30 d. 
Total CK-MB mass or activity degradation 
was not determined. Other studies have con
cluded no degradation in activity in EDTA 
plasma at room temperature for up to 1 h, at 
2-6°C for 6 h and at -20°C for 3 d (30). 

CLINICAL APPLICATION 
OF ISOFORM METHODS 

CK Isoforms for Early Diagnosis 
of AMI 

The use of an index formulated by sum
ming the concentrations of the M-monomers 

with intact C-terminal lysines (tissue iso
forms), and dividing by the total CK con
centration has been suggested (31). This 
index can help assess early AMI by provid
ing an indication concerning the time of onset 
of myocardial injury, since coronary artery 
occlusion produces tissue isoform release, 
and therefore, an increase in the index and 
slope on the CK kinetic curve is expected. 

Similarly, relative amounts of CK-MM 
isoforms (MM3 and MMl) expressed as the 
MM3/MMI ratio can be used for early diag
nosis of AMI (26,27,32). Ratios of the tissue 
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isoforms to the serum isoforms have greater 
diagnostic sensitivity than do the individual 
isoforms (6,33). Evidence of AMI can be 
detected as early as 1-2 h postinfarction, sev
eral hours before CK-MB. MM isoforms can 
also be used to predict the time of onset of 
AMI (34). MM3 is the predominant isoform 
when tissue necrosis is of relatively recent 
origin (5-15 h); MM2 is the dominant sub
band between 15 and 24 h after AMI, whereas 
a predominant MMI band would indicate that 
the injury occurred 24 h ago or earlier (34). 
However, MM isoforms' lack of specificity to 
cardiac tissue may result in false positives in 
cases of skeletal muscle trauma or myopathy 
(32,35). Accordingly, CK -MM isoforms, may 
be more appropriate for early detection of 
muscle damage or as one component within 
a panel of cardiac markers. 

Measuring MB2 activity and the CK-MB 
tissue form to serum form ratio is a more 
specific marker of AMI, and can also provide 
biochemical evidence before the total level 
of CK-MB exceeds the normal range 
(36,37). The diagnostic criteria of MB2 > 
1.0 UIL and MB2/MB 1 ratio of > 1.5 have 
been shown to be specific for AMI within 
6 h of infarct in 95% of patients using the 
Helena Rep System (Helena) (37). More 
recently, Helena has set its diagnostic criteria 
for AMI at MB2 > 2.6 U/L and MB2IMBI 
ratio of > 1.7 on the Cardio Rep based on 
additional clinical trials (30). Figure 4 illus
trates several CK densitometer scans, which 
demonstrate how the MM3/MMI and 
MB2/MB 1 ratio change after AMI. The clin
ical sensitivity of 12.5,59, and 92% has been 
reported in patients with AMI when blood 
was collected 0-2, 2-4, and 4-6 h after onset 
of chest pain using the MB2/MB 1 ratio (37). 
In many conventional assays, CK-MB activ
ity would just be approaching the upper limits 
of normal during these time intervals (37). 

Despite these favorable reports on iso
forms for early AMI diagnosis, several other 
investigators have shown that CK-MB iso-
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forms are not better than or even as good as 
CK-MB mass assays (38-40). These reports 
have been critical of the earlier studies where 
results of isoforms were compared against 
CK-MB using an insensitive column chro
matographic method. In one study (41), the 
diagnostic utility CK-MM and CK-MB iso
form activity assays (as measured by elec
trophoresis) were compared to a CK-MB 
mass assay in assessing early AMI. All three 
tests were ineffective within the first 4 h of 
onset of chest pain and were most effective at 
4-18 hours after onset. Both CK -MM and 
CK-MB isoform ratios were less effective the 
CK-MB mass concentrations between 18 and 
24 h. In the critical time between 3 and 6 h, 
the diagnostic performances of all three were 
comparable. More recently, the clinical util
ity of a CK-MB2 mass assay, myoglobin, and 
a total CK-MB mass assay in the diagnosis of 
AMI have been compared (22). The order of 
sensitivity at 0-2 h after onset of symptoms 
was myoglobin> CK-MB2 > CK-MB. 
Because the release kinetics of CK -MB2 were 
similar to CK-MB, the use of isoforms is pre
cluded as a sensitive marker of myocardial 
damage early in the course of AMI. 

Although there still remains debate in the 
clinical utility of CK-MB isoforms as an 
early marker of AMI, isoforms may play an 
important role in assessment of reinfarction, 
reperfusion, decision making in evaluating 
patients with chest pain, and as a predictive 
indicator of myocardial injury. 

Factors Affecting Accurate Clinical 
Applications 

Other markers, such as total CK, CK-MB, 
LD, and troponin, are still necessary to 
access progression of an AMI after initial 
diagnosis. An isoform assay may produce a 
false-negative result in a patient if the initial 
specimen was drawn more than 18-24 h 
after onset of chest pain (41). 

Increases in the ratio MB2IMBI together 
with an overall increase in CK-MB/total CK 
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Fig. 4. The CK isoform profile in a typical patient without cardiac injury consists predominately 
of CK-MMI (serum form) and smaller amounts of MM2 and MM3. CK-MBI and CK-MB2 are sim
ilar in concentration «2.6 U/L), and the MBz/MBl ratio is approx 1 (36,37). (A) During the initial 
hours following AMI, the tissue isoforms (MM3 and MB2) are released from the injured heart tissue. 
The MM3IMMl and MBz/MBl ratio increases rapidly owing to the increase in tissue isoforms enter
ing the serum. Although total CK-MM and total CK-MB will increase during this initial period, their 
activity may remain in the normal reference range. (B) Over the next 24 h, carboxypeptidase-N will 
cleave the C-terminallysines of the M-subunits, producing the serum forms (MMI and MBl). (C) 
The MM3IMMl and MBz/MBl ratios will decrease rapidly and return to normal range. (D) The 
MBz/MBl ratio peaks at 3.1, approx 4-6 h post-AMI and returns to normal levels after 14-18 h, as 
the tissue form is converted to the serum form. 

(relative index) is a highly specific marker 
for early AMI. Isoforms do not obviate the 
need to analyze total CK and calculation of 
a relative index. For instance, in cases of 
acute trauma or skeletal muscle injury, CK
MB isoforms may be transiently increased 
owing to release from skeletal muscle 
(approx 1 %), and therefore, total MB, MB2, 
and the MB2IMB 1 ratio may be elevated 
without cardiac damage. The use of a rela
tive index is essential to rule out AMI in 

these patients. Muscle myopathy will cause 
an increase in total MB, but the % MB will 
be <4%, and CK-MB isoforms may appear 
positive (42). 

An immunochemical reagent intended for 
use in fractionating MB 1 and MB2 isoforms 
was examined (43). The reagent C(x) was 
designed to remove the MB 1 isoform present 
in the patient samples by immunoextraction. 
Ideally, all of the MBI activity would be 
eliminated, leaving only MB2 for quantita-
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Fig. 5. Use of CK -MB isoforms for detection of reinfarction or extension. CK -MB and cardiac tro
ponin do not return to baseline until >3 d after onset. Isoforms return to normal within 24 h and can 
be used to detect new onset of injury. 

tion. The C(x) reagent eliminated 75% of 
MBI activity while diminishing MB2 activ
ity by 40%. The reagent could still be useful 
both for early detection of AMI and access
ing reperfusion after thrombolytic therapy. 
However, it cannot be used to measure the 
MB2/MB 1 ratio acurately. Future work 
should be turned toward the development of 
more sensitive and faster immunoassays 
measuring MB2 in order to aid in early diag
nosis of AMI, patient triage, and accessing 
reperfusion after thrombolytic therapy. 

Detection of Reinfarction 

CK isoform interpretation can aid in the 
detection of reinfarction or AMI extension. 
An MB2IMB 1 ratio remaining positive 24 h 
after onset of chest pain is indicative of 
either reinfarction or AMI extension (44). 
Other markers, such as total CK, CK-MB, 
LD, and cardiac troponin T or I, will remain 
elevated for several days. CK-MB isoforms 
and myoglobin rapidly return to normal 
limits (Fig. 5), and this facilitates detection 
of new injury. Other early markers, such as 
myoglobin (see Chapter 6), are likely to have 
similar performance, but with less specificity. 

Confirmation of Reperfusion 

The struggle for new biochemical mark
ers for the determination of success of reper
fusion following thrombolytic therapy has 
been accelerated by modem catheterization 
techniques, such as rescue (also known as 
salvage) percutaneous transluminal coronary 
angioplasty (PTCA). Many cardiologists 
believe that within the next decade, most 
major trauma centers will have emergent 
PTCA techniques available for patients who 
have failed to achieve reperfusion on treat
ment with thombolytic therapy. Institutions 
that may not have a 24-h stat cath laboratory 
available may opt to treat patients with an 
additional dose of thrombolytic therapy. In 
order for these procedures to be successful, 
biochemical markers of success of reper
fusion must be available on a 24-h stat 
basis with a preferable turnaround time of 
under 1 h. 

Both CK-MM and CK-MB isoforms can 
be used to detect whether a coronary vessel 
has reperfused following thrombolysis. The 
reperfusion of a vessel causes a release of 
enzymes and proteins previously held back 
by the blockage. This release, known as the 
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"washout phenomenon," can characterize 
the success ofthrombolytic therapy depend
ing on the rate of enzyme release into circu
lation (45-48). After thrombolytic therapy, 
CK -MM or CK -MB isoforms can be used 
to detect reperfusion by monitoring peak 
enzyme levels. An isoform pattern that 
reaches peak levels within a few hours after 
therapy would indicate successful reperfu
sion (49-51). Conversely, isoforms reach
ing peak levels 12 h after therapy would 
indicate an occluded vessel. The data sug
gest that criteria based on rates of change in 
% MB2 are more sensitive than those based 
on % MM3. However, criteria based on % 
MM3 are more likely to identify patients in 
need of interventions to maintain coronary 
patency. Conventional enzymes, such as 
total CK -MB or total CK, and proteins, such 
as troponin T, troponin I, and myosin light 
chains, can also be used to access reper
fusion. However they reach peak levels at 
slower rates. Myoglobin has release kinetics 
similar to CK isoforms and may be an 
alternative early marker of successful 
reperfusion. 

Use of Isoforms for Decision Making 
in Evaluating Patients with Chest Pain 

Presently, AMI is diagnosed by the triad of 
evidence consisting of chest pain, electro
cardiogram (ECG), and CK-MB data (WHO 
criterial; see Chapter 1). However, in many 
patients, these results are nondiagnostic 
within the initial 6-h period after infarction. 
This situation may lead to non-AMI patients 
being admitted to the coronary care unit 
(CCU), and remain until CK-MB or some 
other marker is used to rule out AMI. The 
consequence of this is not only the tremen
dous cost of a CCU bed, but it also means a 
bed may not be available for another patient 
who is having an AMI. Furthermore, true 
AMI patients may be misdiagnosed and dis
charged (52). Several algorithms have been 
proposed using CK-MB isoforms in addition 
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Fig. 6. Proposed triaging system using 
CK-MB isoforms. (Used with permission from 
ref. 35.) 

to conventional rule-in/rule-out criteria in 
order to improve triage effectiveness (30,53). 
One proposal involves using CK-MB iso
forms with ECG and chest pain in order to 
reduced non-AMI CCU admissions (see Fig. 
6) (35). Using this protocol, a large prospec
tive study on 1110 patients was conducted to 
determine the impact of isoforms on triaging 
of chest pain patients from the emergency 
department (ED) (54). The availability of iso
forms within 1.2 h after patient arrival in the 
ED produced a sensitivity of 95.7% and 
specificity of93.9% at 6 h after onset of chest 
pain. It was estimated that use of isoforms for 
triaging patients would reduce unnecessary 
CCU admissions by up to 70%. 

Implementation of isoforms will require 
a new "diagnostic mind set" to be adopted 
(55). Future protocols, such as those 
described here, will need to be validated. 
Ideally several different triage protocols may 
be in place in a given hospital. Depending on 
environmental factors, such as patient time 
of arrival after onset of chest pain, clinical 
symptoms, ECG findings, and the availabil
ity of an on-call catheterization team, dif
ferent protocols may be put to use. 

It is important to note that even when 
early cardiac markers are elevated (CK-iso
forms or myoglobin), in patients presented to 
the ED with non-Q-wave AMI, there is no 
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evidence supporting the beneficial use of 
thrombolytic therapy, and that at the present 
time early cardiac markers are most useful 
for ruling out AMI and triage of the patient. 
Future studies need to be conducted in order 
to ascertain the clinical utility of early mark
ers of AMI and the use of thrombolytic ther
apy in non-Q-wave AMI. 

Predictor of Injury 

CK-MB isoforms may be a useful pre
dictor of future cardiac injury. In a study of 
patients undergoing PTCA, coronary artery 
bypass graft surgery, lateral thoracotomy, 
and coronary angiography, CK-MB isoforms 
correlated with minor myocardial injury 
(56). In a 1 54-patient study, it was concluded 
that a single isoform measurement does 
not identify the majority of patients who 
will suffer adverse events (57). However, 
patients with a positive ED isoform result are 
at significantly higher risk (risk ratio 2.87 ± 
0.95; p < 0.05) for the subsequent occur
rence of adverse events than those who 
tested negative. 

Cost-Benefit Analysis 

Several institutions have conducted and 
documented cost-benefit analysis of the 
implementation of some of the protocols 
outlined above (29). In one study, the num
ber of patients admitted to the CCU was 
reduced by nearly 70% when a protocol 
based on CK-MB isoforms was used where
by results were obtained within 6 h after 
onset of chest pain. All patients with nega
tive results, including those with unstable 
angina, were cared for in a regular hospital 
unit. Since it cost an estimated $4 billion/yr 
to care for patients in the CCU who do not 
have AMI, admission to a regular hospital 
unit would reduce the cost substantially. 

ABBREVIATIONS 

AMI, Acute myocardial infarction; CCU, 
coronary care unit; CK, creatine kinase; 
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ECG, electrocardiogram; ED, emergency 
department; LD, lactate dehydrogenase; 
PTCA, percutaneous trans luminal coronary 
angioplasty; TIMI, thrombolysis in acute 
myocardial infarction. 
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Lactate Dehydrogenase and Its Isoenzymes 

BIOCHEMISTRY 

Physiological Role of Lactate 
Dehydrogenase 

Lactate dehydrogenase (EC 1.1.1.27; 
L-Lactate:NAD+ Oxidoreductase; LD)* 
belongs to the class of enzymes that catalyze 
oxidoreduction reactions and is widely dis
tributed in all human tissues. It is involved 
in the last step of anaerobic glycolysis to 
regulate the pyruvate-lactate conversion for 
the replenishment of oxidized coenzyme, 
NAD+ (1-3). In the glycolytic pathway 
(Embden-Meyerhof), NAD+ is consumed 
with concomitant production of reduced 
nicotinamide adenine dinocleotide (NADH). 
LD catalyzes the of reduction of pyruvate to 
L-Iactate with the mediation of NADH as a 
hydrogen donor. The reaction is reversible 
and strongly favors the production oflactate 
with an equilibrium constant of 3.6 x 104 

M-l (4): 

Pyruvate + NADH + H+ .,.,. lactate + NAD+ (1) 

Normally, NAD+ is regenerated through 
the Krebs cycle. However, under anaerobic 
situations where the respiratory apparatus is 
not operational, the regeneration ofNAD+ is 
accomplished by LD. Thus, LD provides the 
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cells a means of survival during the transient 
period of oxygen deficiency. The lactate pro
duced is circulated to the liver for gluco
neogenesis, since the reaction is reversible. 

The optimum pH for LD differs by the 
direction of the catalyzed reaction and varies 
with the tissue source of enzyme (i.e., isoen
zyme), temperature, substrate, and buffer 
concentrations (5). For the reduction of 
pyruvate, the enzyme has a maximum activ
ity between 7.4 and 7.8, whereas as the oxi
dation of lactate is optimized in a more 
alkaline medium (pH 8.8-9.8) (6). This pH 
dependence has an important physiological 
implication. With adequate oxygen supply, 
pyruvate is completely oxidized by means of 
respiration. However, when pyruvate accu
mulates as a result of oxygen deficiency, lac
tate formation is favored as the pH is 
reduced. In addition to the characteristic pH 
dependency in activity, LD also exists in 
isoenzymes whose tissue distribution is 
related to the oxygen supply (2). The LD 
isoenzyme 5 predominates in the skeletal 
muscle and the isoenzyme 1 in the heart 
muscle. These two isoenzymes have differ
ent physiological functions, since the heart 
is considered an aerobic tissue and the 
skeletal muscle can function under anaero-

* See p. 185 for list of abbreviations used in this chapter. 
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bic conditions. The detailed biochemical 
characteristics of the isoenzymes will be 
described below. 

Structure and Function of LD 

LD is a tetrameric enzyme of approx 135 
kDa, differing slightly depending on its 
origin. Mammals have two major different 
types of subunits, the M (or A) type and the 
H (or B) type, which together form five 
isoenzymes: H4, MH3, M2H, M3H, and M4. 
According to their electrophoretic mobility, 
these isoenzymes (from anode to cathode) 
are referred to as LD1, LD2, LD3, LD4, and 
LD5, respectively. Each subunit contains an 
enzyme active site. Although there are only 
two major structural genes corresponding to 
the M and H chains, there is a complex vari
ety of other LD genes that can be expressed 
in some tissues at certain stages of develop
ment. The structures of LD-M and LD-Hare 
determined by loci on human chromosomes 
11 and 12, respectively. Each gene is under 
separate genetic control. In embryonic tis
sues, both genes are equally active, resulting 
in equimolar amounts of the two gene prod
ucts and a statistical array of tetramers, H4, 
MH3, M2H, M3H, and M4, in the ratios of 
1 :4:6:4: 1. As the embryonic tissue multiples 
and differentiates, the relative amounts of 
the M and H forms change. Their isoenzyme 
distribution tends toward that of the adult 
tissue (7). In the heart tissue, which is con
sidered aerobic, the H4 tetramer predomi
nates. In skeletal muscle, which functions 
anaerobically under stress, the M4 isoen
zyme predominates. A different sixth LD 
isoenzyme, LD-X (also called LD-C4) com
posed of four X- (or C) subunits, is present 
in postpubertal human testis (8). LD-X has 
also been found in the testes and spermato
zoa of other mammals (9). 

The amino acid compositions of a number 
of LDs from different animals have been 
investigated, and various N- and C-terminal 
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sequences have been determined, including 
the complete sequence of dogfish LD5 
(2,3,10). There is good homology among the 
various enzymes (2,3). The X-ray crystallo
graphic structure of the dogfish M4 apoen
zyme at 2.8 A has been elucidated (3). The 
human enzyme contains 11 half-cystines/ 
molecule LD1 (11). Chemical modification 
studies revealed that at least 1 cysteine/ 
subunit is critical for enzymatic activity (2,3). 

The enzyme substrate specificity extends 
from L-Iactate to a variety of related 
a-hydroxy acids and y-oxoacids (12). It is 
stereospecific for the L-isomer. D-Lactate 
is not a substrate. NADH is bound about 
400 times stronger than NAD+ and about 
50 times stronger than NADPH. Although 
NADP+ may serve as a coenzyme, NAD+ is 
the normal coenzyme. The enzyme is specific 
for the A side of the nicotinamide ring (13). 
Like other dehydrogenases, a conformational 
change takes place in the enzyme when it 
interacts with the coenzyme and a suitable 
substrate. The substrates are oriented in such 
a way that they are favorably disposed for a 
concerted reaction with the nicotinamide ring 
of the coenzyme and the imidazole ring of 
His 195, which acts as an acid-base catalyst, 
removing a proton from lactate during oxida
tion or donating it to pyruvate in the reverse 
reduction reaction. During the catalytic 
process, the nicotinamide accepts a hydride 
from lactate during its oxidation and donates 
it to pyruvate in its reduction reaction (3). 

LD is inhibited by a variety of substances, 
including both lactate and pyruvate, 
although the effect of pyruvate is greater. 
Substrate inhibition is greater for the H form 
than for the M form and decreases with 
increasing pH (2,3,14). As indicated above, 
thiol group reagents, such as mercuric ion 
and p-chloromercuribenzoate, are also 
inhibitory. Cysteine and glutathione are 
known to reverse the inhibitory effect of 
sulfhydryl reagents. Malonate, tartronate, 
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borate, and oxalate inhibit the enzyme by 
competing with lactate for its binding site, 
and oxamate competes with pyruvate 
(1-4,15,16). Various chaotropic chemicals 
have been found to inhibit the isoenzymes 
selectively (16-20). Compounds, such as 
methanol, dimethyl sulfoxide, ethanol, and 
diethylstilbesterol, in appropriate concen
trations can serve to stabilize LD (14). 

Kinetic studies of LD isoenzymes have 
revealed differences in Km and Vmax depend
ing on the substrates used. LD 1 isoenzyme 
has a low Km for pyruvate and is allosteri
cally inhibited by high levels of this metabo
lite, whereas the LD5 isoenzyme has a 
higher Km for pyruvate and is not inhibited 
by it. Moreover, LD5 reduces pyruvate to 
lactate at a relatively faster rate than LDI 
(1,2,6). Thus, the H-type is better adapted to 
oxidize lactate to pyruvate, whereas the 
M-type is more suited to catalyzing the 
reverse reaction. LD isoenzymes containing 
both the M and H types have mixed func
tions. The kinetic parameters fit the physio
logical observations that skeletal muscle and 
liver tend to utilize glucose anaerobically 
and break it down to form lactate in the 
process of glycolysis, since they contain 
high concentrations of M4 isoenzyme. One 
the other hand, the heart muscle, which has 
a high H4 isoenzyme concentration, does not 
normally produce lactate from glucose; 
pyruvate is oxidized to carbon dioxide aer
obically. Under stringent conditions, how
ever, LD allows the heart to obtain addi
tional energy from the conversion of glyco
gen to lactate by glycolysis and from the 
oxidation of blood lactate arising from 
skeletal muscle. 

Tissue Distribution of LDH Isoenzyme 

LD is present in almost all cells of the 
body and is invariably found only in the cyto
plasm. None is present in the mitochondria 
(21). The highest concentrations are found in 
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the liver, heart, kidney, skeletal muscle, 
erythrocytes, lung, spleen, platelets, white 
blood cells, and brain. The isoenzymes of 
LD exist in different proportions in different 
tissues. Figure 1 shows the distribution of 
the different isoenzymes in some important 
adult organs (22). In the cardiac muscle, 
kidney, and erythrocytes, LD 1 and LD2 pre
dominate, whereas in liver and skeletal 
muscle, LD4 and LD5 isoenzymes predom
inate. Since the cells of these tissues are in 
constant turnover, a certain amount of the 
isoenzyme is leaked into the blood circula
tion. An electrophoretic pattern of the iso
enzymes in serum is shown in Fig. 2, 
demonstrating that LD2 is the predominant 
fraction. 

METHODOLOGY 

The quality of serum samples determines 
whether valid enzyme and isoenzyme analy
sis can be obtained. Hemolysis is intolerable 
in the measurement of serum LD and its 
isoenzymes. LD is unstable in serum, losing 
activity on storage. The least loss occurs at 
25°C (23). Sera should be analyzed within 
48 h and should be stored at room tempera
ture, at which the loss of activity is about 6% 
after 48 h. LD5 is the most labile isoenzyme 
and is lost faster at 4°C than 25°C. 

Determination of Total LD Activity 

The lactate-to-pyruvate (forward) and 
pyruvate-to-lactate (reverse) reactions are 
used in almost equal numbers. However, the 
International Federation of Clinical Chem
istry (IFCC) has recommended the forward 
reaction based on the fact that the time
course of the reaction is more linear, the 
reaction can be monitored by an increase in 
absorbance of NADH, and the optimization 
of substrates is possible (24). A similar reac
tion procedure was proposed by the German 
Society for Clinical Chemistry for adapta-
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Fig. 1. Distribution of relative activities of LD isoenzymes in various tissues. (Used with permis
sion from Lott JA and Wolf PL (1986) Clinical Enzymology, Field and Rich/Yearbook, New York.) 

tion by the European Committee for Clini
cal Laboratory Standard (25). 

Principle: 

The IFCC reference reaction is followed 
by the production of NADH at 339 nm as 
follows: 

L( + )-Lactate + NAD+ ~ Pyruvate + H+ + (2) 
NADH 

The pH is set at >9 to favor the direction of 
the reaction. All the isoenzymes catalyze the 

same reaction with differences in kinetic 
parameters. Because of the importance of 
the LD 1 isoenzyme in the assessment of 
coronary heart disease, the conditions are set 
to optimize this reaction. The following is a 
summary of the recommended protocol. 

Procedure 

The IFCC recommended reaction condi
tions are shown in Table 1. The reaction is 
initiated by the addition of NAD+ in a cuvet 
of lO.O-mm light path and monitored at 
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LDH-1 LDH-2 LDH-3 LDH-4 LDH-5 LDH-1 LDH-2 LDH-3 LDH-4 LDH-5 

NORMAL PATTERN AMI PATTERN 

Fig. 2. Electrophoretic pattern of serum LD isoenzymes before and after AMI. 

Table 1 
Final Reaction Mixture Concentrations 
and Conditions for the IFCC Method 
for LOa 

Parameter Value 

Temperature 30.0°C 
Wavelength 339nm 
pH 9.40 
L( +)-Lactate 50 mmollL 
Buffer N-methyl-D-

glucamine, 
325 mmollL 

Serum fraction 0.050mL 
Preincubation phase 180 s 
NAD+ 10 mmollL 
Lag phase 30 s 
Measurement phase >240 s 

aTotal final volume=1.05 mL. Molar absorption 
coefficient (30°C, 339 nm) = 630 m2/mol. Most com
mercial clinical chemistry analyzers set the wave
length to 340 nm. 

339 nm, bandwidth::; 2 nm, in a recording 
spectrophotometer equipped with a constant 
temperature control. 

Sample should be collected by venipunc
ture with minimal manipulation and stasis. 
Serum is the preferred specimen since 
plasma may be contaminated with platelets. 

A reagent blank reaction using water as 
sample should be run as a background 
control. The overall rate of the reaction, 
Aau/min, is the difference between the 
two reactions: 

Aau/min = As/min - Ab/min (3) 

where As/min is the change of absorbance/ 
min for the reaction with serum sample, and 
Ab/min is that for the water sample. The con
centration of the enzyme activity may be cal
culated by the following equation: 

LD = 3333 x Aall/min UIL (4) 

Assay Performance 

The within-run precision of the method 
for three LD levels ranging from 140-470 
U/L is about 0.97%. A reference range of 
135-225 UIL was obtained at 37°C (24). 

Detennination of Isoenzymes 

The LD isoenzymes can be analyzed by 
several different methods. Detection of all 
isoenzymes can only be achieved by elec
trophoresis (26). For the heart specific 
isoenzyme, LD 1, immunological, heat inac
tivation, chemical inhibition, and other 
chaotropic procedures have been developed. 
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Table 2 
Comparison of Different Commercially Available Electrophoresis Systems 

Support Electrophoretic Detection 
method Method medium conditions 

Helena (Beaumont, TX) 
LD-VIS Cellulose acetate 
LD-FLUR Cellulose acetate 
Gel-PC Agarose 
Iso-Dot Vis Agarose 
Iso-Dot Flur Agarose 

Corning (Corning, NY) 
LDVis Agarose 
LD Flur Agarose 

Gelman (Ann Arbor, MI) 
LD Isozyme Cellulose acetate 

Beckman (Brea, CA) 
Paragon Agarose 

Electrophoresis 

Electrophoresis followed by densitometry 
is the method of choice for separation of 
LD isoenzymes and the detection of the 
LDlILD2 flip in AMI (27). In outline, the 
serum sample is applied onto the gel sur
face. After the isoenzymes have been sepa
rated by electrophoresis, a reaction mixture 
is layered over the separation medium. The 
mixture (typically 500 mmol/L L-Lactate, 
and 13 mmollL NAD+, dissolved in a suit
able pH 8.0 buffer) may be applied as a 
liquid or in the gel. The overlay and medium 
are incubated at 37°C. The NADH gener
ated over the LD zones is detected either by 
its fluorescence, when excited by long
wave UV light (365 nm), or by its reduc
tion of a tetrazolium salt (nitroblue 
tetrazolium; 3- [4,5-dimethylthiazolyl-2]-
2,5-diphenyl-2H-tetrazolium bromide; or 
3-[ 4-iodophenyl]-2-[ 4-nitrophenyl]-5-phenyl-
2H-tetrazolium chloride) to form a colored 
formazen. Different supporting media, such 
as agarose, cellulose acetate, polyacry
lamide, and starch, have been used (28). 
Routine analysis kits have become available 
commercially. They differ in the support 

Tris-barbital, 300 V, 10 min Colorimetric 
Tris-barbital, 300 V, 10 min Fluorometric 
BarbitallAMPD, 100 V, 20 min Colorimetric 
Barbital, 100 V, 20 min Colorimetric 
Barbital, 100 V, 20 min Fluorometric 

Barbital, 200 V, 35 min Colorimetric 
Barbital, 200 V, 35 min Fluorometric 

Tris-Barbital, 210 V, 25 min Colorimetric 

Barbital/AMPD, 100 V, 20 min Colorimetric 

medium, electrophoresis conditions, and 
method of detection. A comparison of these 
methods is listed in Table 2. These methods 
have been compared to the reference method 
(29), and have been shown to give compa
rable results with underestimation of LD 1, 
LD3, and LD3, and overestimation of LD4 
and LD5 (27). Recently, Helena Laborato
ries (Beaumont, TX) has introduced an auto
mated electrophoresis system, Helena REP, 
which performs sample application, elec
trophoresis, development, and densitometry 
under the control of an integral computer. 
The whole process of producing isoenzyme 
results is achievable in less than 25 min. 

Heat Stability 

LD isoenzymes can be differentiated by 
means other than electrophoresis. Each frac
tion differs in thermal stability such that LD4 
and LD5 are unstable at temperatures above 
45°C, whereas LDI is stable up to 65°C. 
LD4 and LD5 are also unstable in the cold 
(-20°C) (30). Serum rich in LD5 will show 
some loss of activity on refrigeration. Evi
dence of heart or liver fraction predominance 
can be obtained by measuring the total LD 
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activity before and after exposure to 65°C 
for 30 min. The difference in activity repre
sents the heat-labile (LD4 and LD5) frac
tions, which is about 10-25% in normal sera, 
increasing to 33-80% in patients with liver 
disease. The 65°C stable fraction is about 
20-40% in normal, rising to 45-65% in 
patients with AMI. 

a-Hydroxybutyrate Dehydrogenase 
(HBDH) Activity 

LD isoenzymes have different substrate 
specificities. When a-oxobutyrate is used as 
substrate in place of pyruvate, the reduction of 
substrate proceeds at an appreciable rate only 
when LDI and LD2 are present, other isoen
zymes have much less activity. HBDH activ
ity in serum represents that of the LD 1 and 
LD2. Thus, HBDH measurement may be used 
as an indicator for myocardial lesions (12). 

Ion-Exchange Chromatography 

A chromatographic separation procedure 
using a DEAE-Sephadex ion-exchange mini
column allowed the discrete estimation of 
LDI and LD2 activities (31). In the first step, 
LD3-5 isoenzymes were eluted, followed by 
LD2 and LDI. The LDIILD2 ratio has been 
shown to have a diagnostic sensitivity for 
acute myocardial infarction (AMI) of 96% 
and a specificity of 97% when a decision 
threshold of 0.76 was used (31). LD isoen
zymes have also been separated using Cu
iminodiacetate-PEG. The separation is 
probably owing to chelation of accessible his
tidine residues on the protein surface. LD 1 
displayed weak binding to chelated copper, 
whereas LD5 bound strongly to this ligand. 
Resolution of the isoenzymes is possible (32). 

Immunoprecipitation 

Each LD isoenzyme differs in its immuno
logical reactivity. In 1979, an immunoinhi
bition assay was developed in which a goat 
antibody to human LD-M subunit was used 
to precipitate all the isoenzymes containing 
the subunit (i.e., LD2-LDS) by means 
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of a second antigoat antibody (33). Since 
this second antibody was conjugated 
to polyvinylidine fluoride particles, the 
immune complexes were readily centrifuged 
out of solution, leaving only LD I in the 
supernatant. The LDI activity was assayed 
by reaction rate methods. The results corre
lated well with those obtained with the elec
trophoretic assay (r = 0.983). Reported 
diagnostic sensitivity for myocardial infarc
tion of this technique was 94%. Roche Diag
nostics (Nutley, NJ) has used this principle 
to device a commercially available Isomune 
LD assay kit. There is disagreement regard
ing the predictive value of the LDlItotal 
LD ratio in patient with suspected AMI 
(34,35). A predictive value of 96% and false
positive results in <1 % of 65 patients were 
reported. Others, however, found six false
positive and six false-negative results in 
47 patients (35). 

Inhibition Method 

Substrate inhibition of LDI by pyruvate 
at pH 7.1 has been used to estimate the con
centration of the isoenzyme (15). Total LD 
activity is first measured by a standard assay 
procedure followed by a second assay in the 
presence of high pyruvate concentrations to 
inhibit the H-subunit. The decrease in activ
ity represents that of the LDI isoenzyme. 
Studies with patients suspected of AMI 
showed good correlation with Roche Iso
mune immunological assay as a function of 
LD lItotal LD ratio. 

Various chemical inhibitors have been 
used to inactivate the M- or H-subunit selec
tively. Oxalate and urea have been employed 
with varying degrees of success (16). 
Oxalate 0.2 mollL in the reaction mixture 
inhibited 55-68% LD activity. The 
inhibitory effect was greatest with sera con
taining an excess of the LD 1 isoenzyme. On 
the other hand, 2 mol/L urea inhibited sera 
with M-subunit containing LD isoenzymes 
as in liver disease (36). 
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A method for assaying LD 1 was devised 
by preincubation with a-chymotrypsin and 
guanidine (17). Presumably the proteolytic 
enzyme hydrolyzed phenylalanine bonds in 
LD3, LD4, andLD5. Guanidine furtherinac
tivates LD2, leaving LD 1 to be assayed. The 
results correlated well with the Isomune 
procedure. 

Sodium perchlorate has been used as a 
chaotropic chemical to inhibit selectively all 
of the LD isoenzymes containing the M -sub
unit. LD 1 activity can be measured after 
incubation with this inhibitor (18). This 
method was adapted in the Abbott A-Gent 
LD I isoenzyme assay. Studies reveal that 
there is an excellent correlation to elec
trophoresis (37). In addition to perchlorate, 
1,6-hexanediol (HD) specifically inhibits the 
M-subunits (19). The perchlorate method 
was the most precise, but both correlated 
well with immunoprecipitation and elec
trophoretic methods (38). Inhibition with 
1,6-HD seemed to have a slightly higher 
activity and showed greater variability than 
the electrophoretic method (39). In addition 
to 1,6-HD, guanidinium thiocyanate 
(GSCN) has been found to inhibit the M
subunit. GSCN rapidly inactivates all the 
isoenzymes within 1 min, except LD 1, 
which is further protected by the presence of 
lactate. It is speculated that GSCN selec
tively denatures the M-subunit, leaving LDI 
undamaged (20). 

Assays based on chaotropic inhibitors 
have become automated. The sodium per
chlorate-based A-Gent LDI assay has been 
adapted onto the Cobas-Fara (Roche) cen
trifugal analyzer (40). Recently, commercial 
kits are available for direct implementation 
on fully automated chemistry analyzers. 
Trace America Inc. (Miami, FL) has a kit 
based on 1,6-HD and Boehringer Mannheim 
Diagnostics (Indianapolis, IN) provides a 
LD 1 assay based on inhibition by GSCN 
(19,41). These two commercial assays were 
compared after implementation on DuPont 
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Dimension AR (Wilmington, DE) and 
Hitachi 717 (BMC) (96). Intrainstrument 
assays showed excellent correlation. How
ever, DuPont Dimension consistently gave 
about 30% lower values than Hitachi 717 
independent of which reagent was used. 
Similarly, DuPont has developed an inhib
itory method for the ACA discrete clinical 
analyzer. This method employs lithium 
dodecyl sulfate to inactivate selectively 
isoenzymes containing the M-subunit (42). 
The remaining LDI activity is measured by 
the lactate to pyruvate procedure. 

Current Method of Choice 

Historically, clinical laboratories measure 
LD isoenzymes by electrophoretic tech
niques. For the diagnosis of AMI, the ratio 
of LDIILD2 is the preferred parameter. As 
an easier immunological method of Roche 
Isomune became available, laboratories 
began to use selectively the LD 1 isoenzyme. 
This assay was shown to be diagnostically 
equivalent to the electrophoretic methods. 
In fact, recent studies have shown that LDI 
level alone, even when measured by elec
trophoresis, is a more efficient parameter for 
the diagnosis of AMI (43). With this confi
dence, the measurement of LD 1 has become 
popular. The most recent technology of 
chemical inhibition has fully automated this 
analysis, which has been increasingly 
employed for AMI diagnosis. However, the 
automation of electrophoresis by Helena 
REP has assured its application to LD isoen
zyme measurements. The decision regarding 
which assay to use will be determined by 
economical factors. 

CLINICAL UTILITY 

Since LD concentration in the cells are 
about 500-fold higher than that in the serum, 
any increase in LD activity in the blood sug
gests tissue injury, and the predominant 
isoenzyme fraction may identify the organ 
source (44). The half-life of serum LD has 
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been estimated to be 52-69 h (14). Thus, the 
enzyme activity remains elevated for sev
eral days after tissue injury. Elevations of 
LD activity in serum may be found accom
panying myocardial disease and other mis
cellaneous organ involvements. It has also 
been evaluated in urine, cerebrospinal fluid, 
and effusions. 

Diagnostic Utilization for AMI 

Acute injury to the myocardium can lead 
to loss of cell membrane integrity, followed 
by leakage of the intracellular contents into 
the intercellular space and, ultimately, into 
the peripheral blood. Serum activities of cre
atine kinase (CK) and CK-MB appear before 
LD (see Chapter 1). LD1 often parallels the 
total LD activity, rises 8-12 h after the onset 
of chest pain, and peaks at 24-72 h 
(30,45,46). Since the half-life ofLD1 activ
ity in blood ranges from 57-170 h (average 
99 h) (47), it does not return to preinfarction 
levels for 7-12 days (30,45-48). Thus, LD1 
is a useful late marker of AMI (30,45). The 
sequence of events for the release of LD in 
relation to other serum enzymes after AMI 
is discussed in Chapter 1. During the course 
of serum enzyme elevation, LD 1 increases 
faster than LD2 and begins to exceed LD2 
about 2-3 h later (49) (Fig. 2). Approxi
mately 80% of patients show the highly spe
cific "flipped" pattern within 48 h of chest 
pain (30,50). In addition to the LD1/LD2 
ratio, the measurement of absolute LD and 
LD1, and the LDlItotal LD ratio have been 
used for the diagnosis of AMI (51). Appro
priate timing of blood sampling for enzyme 
measurement is essential, because the 
demonstration of both a rise and a subse
quent fall in the activities of these enzymes 
increases the predictive value of the test for 
AMI. Single determinations of the enzyme 
activity are oflittle help in diagnosis; rather, 
it is the enzyme changes with time that 
are most helpful. Rising, then falling, 
activities of LD1 have almost 100% sen-
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sitivity and specificity in the diagnosis 
of AMI (52,53). 

LD 1 has been used to assess infarct size 
in AMI patients by calculating cumulative 
enzyme release. Reduction of the enzyme 
activity, which corresponded to a limitation 
of infarct size after thrombolytic therapy, 
was seen in patients with ST-elevation in the 
initial electrocardiogram (54). The disad
vantage of using LD is its abundance in ery
throcytes. However, free hemoglobin levels 
can be used to correct LD1 activities con
tributed by erythrocytes (54). 

LD 1 appears to be a useful test for the 
diagnosis of peri operative AMI after coro
nary bypass surgery from days 2-4 with 
CK-MB mass being the best marker during 
the first 48 h (55). Patients undergoing pro
cedures necessitating atriotomies had eleva
tions in LD lILD2 ratios, but these are less 
than acute perioperative AMI (55). 

Since LD and its isoenzymes are present 
in all tissues, differential diagnosis of an 
abnormal LD 1 level or an LD lILD2 flip for 
AMI must include the conditions described 
in Table 3. Patients with anemia of different 
types may have high serum LD owing to 
hemolysis ofthe erythrocytes, which contain 
a high concentration of LD1 (Fig. 1). 
Hemolyzed serum specimen will cause an 
elevated LD 1. LD 1ILD2 ratios are increased 
in hemolytic anemia principally in patients 
with reticulocytosis (56). In 85% or more of 
patients with megaloblastic anemia, LD 1 is 
elevated as a result of destruction of ery
throcytes in the bone marrow. The sera of 
these patients may exhibit LD1 patterns sim
ilar to AMI (57). 

Abnormal serum LD activities usually are 
present in myocarditis during the course of 
active inflammation. LD1 values can be 
markedly abnormal, and the pattern of 
enzyme abnormalities mimics AMI (58). 
This has been observed in one case of infec
tious myopericarditis where AMI was ruled 
out on the basis of a normal myocardial 



180 

Table 3 
Differential Diagnosis of LD 
and LDI Elevations 

AMI 
Anemia 

Hemolytic anemia 
Megaloblastic anemia 
Pernicious anemia 
Intravascular hemolysis 
Sickle anemia 

Surgery with blood transfusion 
Myocarditis 
Pericarditis 
Hypothyroidism 
Congestive heart failure 
Open heart surgery 
Renal cortical infarct or ischemia 
Glomerulonephritis 
Seminoma of testes 
Dysgerminoma of ovary 
Reye's syndrome 
Muscular dystrophy 
Polymyositis 
Rhadomyolysis 
Pulmonary infarction or embolism 
Malignant diseases 

Acute leukemia 
Germ cell testicular tumor 
Teratoma 
T-cell lymphoma 

scintigram (30). Heart rhythm disturbances 
usually do not lead to the release of enzymes 
into the blood. If tachycardia occurs, CK and 
LD activities may increase (59). Tachycar
dia may subject the myocardium to unusual 
stress. Similarly, congestive heart failure 
without AMI may lead to release ofLD (60). 
However, in angina pectoris, activities ofLD 
isoenzymes in serum are reportedly normal 
(61). The two commonly performed proce
dures of cardiac catheterization and coro
nary arteriography normally do not produce 
LD abnormalities. Cardiac catheterization 
usually is not associated with myocardial 
injury (62). On the other hand, patients who 
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have had coronary bypass grafting showed 
significant elevations of LD and LD 1, which 
mimicked a perioperative AMI (63). Rein
fusion of shed blood after coronary artery 
bypass grafting increases 143% ofLD com
pared to their levels before autotransfusion. 
Such changes can potentially mimic or mask 
the presence of perioperative myocardial 
infarction (64). Patients with Reye's syn
drome are believed to have myocardial 
injury. Increased LD is seen in patients with 
this disorder (65). In a case of hypothy
roidism, enzymatic changes falsely indicated 
AMI (66). 

LD was increased in 87% of patients 
with pulmonary embolism or infarction 
(58,64,67). The lung tissue contains high 
activities of LD3. However, it is not com
monly increased after pulmonary embolism. 
Rather, LDI is increased, possibly from 
hemolysis of erythrocytes (64,67). A similar 
explanation may apply to patients with 
strokes. LD 1, which occurs in the brain, does 
not normally pass the blood-brain barrier. Its 
increase in serum probably originates from 
the hemolysis of red blood cells in the throm
bus or in the area of hemorrhage in the brain. 
In acute renal infarction, elevations of LD 1 
may also be contributed to by hemolysis 
(40,50). 

The powerful contractions of the inter
costal muscles caused by the shock release 
LD. About 18% of patients given electrical 
countershock to correct heart rhythm distur
bances had slightly elevated enzyme, but 
LDI remained normal (68). Trauma to skele
tal muscle can lead to increased activities of 
LD in serum. Increases in LD have been seen 
as a result of exercise. Extreme physical 
exertion during a 160-km marathon 
increased LD as much as 12-fold the upper 
reference limit in 20 runners of ages 27-63 
yr, and a serum LD 1 > LD2 has been seen 
(69). The physical stress probably causes 
release of enzymes from the heart in the 
absence of AMI. Serum enzyme changes are 
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negligible in patients undergoing exercise 
stress testing. Small increases in LD5 have 
been seen, although LD1 is normal (70). Ele
vated LD 1 may also be seen in the muscular 
dystrophies, myositis, and other condition 
in which muscle is responding to chronic 
injury (57,60,71). 

Systemic injury invariably increases LD 
in serum. Even in the state of pregnancy, 
LD is elevated (72). Overdoses of ethanol, 
hypnotics, sedatives, tranquilizers, and anti
depressants, and exposure to CO can lead to 
marked increase in serum enzymes; in some 
patients, toxic effects on the heart can be 
demonstrated. Alcohol overdose can pro
duce myopathic changes leading to two- to 
fivefold increases in LD (73). Elevated 
levels of LD activity are commonly seen in 
patients with liver diseases. The abnormal 
increases in LD and LD5 in congestive heart 
failure probably originate from liver as a 
result of passive congestion (23,74). 

It may be of interest to note that LD has 
been used to assess acute myocardial 
ischemia as a cause of death. Necropsy spec
imens of the pericardial fluid showed that 
LD activities were greatly increased in cases 
where morphological evidence of myocar
dial ischemia was found (74). It was sug
gested that LD may be used to rule out 
myocardial infarction in cases where reli
able morphological findings are lacking. 

Reference Range Concentrations
Diagnostic Cutoff Limits 

The reference values for total LD activity 
in serum vary considerably, depending on 
the direction of the enzyme reaction, the type 
of method used, and the assay conditions. 
For the pyruvate-to-Iactate reaction at pH 
7.4 and 30°C, a range of 95-200 U/L is 
reported (75). Using the assay parameters 
developed by the Committee on Enzymes of 
the Scandinavian Society for Clinical Chem
istry and Clinical Physiology, the values 
ranged from 200-380 U/L (at 37°C) (76). 
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For the lactate-to-pyruvate reaction at pH 
8.8-9.0 and 30°C, a range of 35-88 U/L 
represents the generally accepted values. 

Reference ranges for LD isoenzymes 
by electrophoresis has been reviewed (77). 
The values are method- and population
dependent (58,78). Using an agarose gel 
electrophoresis technique with fluorometric 
quantitation of generated NADH, a range, as 
percent of total LD activity, for a healthy 
population (n = 250) was reported: LD1, 
14-26; LD2, 29-39; LD3, 20-26; LD4, 
8-16; LD5, 6-16. The LD1ILD2 ratio was 
0.45-0.74. A cellulose acetate method using 
nitroblue tetrazolium staining produced a 
reference range (as percent of total LD): 
LD1, 27-35; LD2, 34-44; LD3, 16-22; 
LD4, 4-8; LD5, 3-7 (29). Ten commercial 
electrophoresis systems have been reviewed 
that showed there were slight differences 
among their reference values, which cover 
the ranges as percent of total LD: LD1, 
14-36; LD2, 25-48; LD3, 12-30; LD4, 
2-18; LD5, 2-18 (27). 

Although the LD-1ILD2 flip is indicative 
for AMI, a recommended cutoff value of 
0.76 has been made (45,79). In addition to 
the LD 1/LD2 ratio, others found that 
LD1ILD4 was a better diagnostic test (80). 
Other parameters of the isoenzymes have 
been suggested. A reference cutoff of 
LD1/totai LD above 0.4 was found to be effi
cient in patients up to 5 d after AMI, but not 
6-15 d after admission (41,43). The absolute 
value of LD 1 was also implied as the most 
efficient for diagnosis of AMI (43). 

Since serial test results are obtained for 
the cardiac markers, the differences between 
two consecutive results would be a sensitive 
means of detecting myocardial infarction. 
The use of reference change would include 
the effects of analytical and biological vari
ations (81). A statistical method has been 
developed for the calculation of reference 
changes from routine patient data (82). For 
total LD activity as determined by the Scan-
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dinavian-recommended assay, a reference 
change limit was found to be -86-85 UIL; 
for LDl, the limit was -19-15 UIL. This con
cept may be useful in establishing reference 
change limits for a local population (83). 

Clinical Sensitivity and Specificity 

As shown earlier, the tissue distribution of 
LD is much wider than other cardiac mark
ers; not only does very high LDI activity 
present in the heart, but it also occurs in ery
throcytes and renal cortex. Measurement of 
serum LD 1 is a useful test, but is less spe
cific than CK-MB for AMI, and is mostly 
employed in patients with delayed admis
sion after a cardiac event and for confirma
tory purposes where there are equivocal 
or difficult to interpret findings. LDI is 
more effective the second day after 
admission (84). 

The sensitivity and specificity of LD and 
its isoenzymes for the diagnosis of AMI 
depend on the methodology of the test, the 
parameters used for the assessment of AMI, 
the time specimen is collected, and the 
patient population under investigation. A 
collection of the maximum diagnostic effi
cacy from various studies is tabulated in 
Table 4. Absolute LD activity has a relative 
low sensitivity and specificity (l 05,1 08). 
The clinical sensitivity ofLDI is about 90% 
with a specificity of 90-99% (30,42,84,103). 
The test sensitivity may be further increased 
by using the LD lILD2 ratio (30,52, 
85,104,106,107). About 80% of all AMIs 
showed a flipped ratio, i.e., LD I > LD2. 
However, it may be more useful to use, as a 
diagnostic index, elevations of the LD lILD2 
ratio above the laboratory's reference range, 
since the frequency of a flipped ratio in AMI 
tends to be method-dependent (78). The test 
may have greater sensitivity at the expense 
of specificity for AMI when an LD lILD2 
cutoff ratio of 0.76 or more is used (79). 

A common cause of false-positive results 
with LD I or LD lILD2 values is the presence 
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of hemolysis. AMI and hemolysis produce 
exactly the same effect. Therefore, the find
ing is meaningful only if the possibility of 
hemolysis can be ruled out. Usually it can, 
but the presence of a prosthetic heart valve, 
which can cause hemolysis, should always 
be considered. 

Serial determinations of the isoenzymes 
greatly improved sensitivity and specificity 
(52,53). In one study, a single determination 
of LD lILD2 at 48 h after admission had a 
sensitivity of 86.1 % and a specificity of 
96.6%, whereas serial determinations at 
24, 48, and 72 h after admission had a sen
sitivity of 100%, although the specificity 
remained the same (52). The diagnostic effi
ciency is even better when compared to the 
single test done at other times. 

Diagnostic Utilization 
for Other Diseases 

Various other pathophysiological condi
tions in addition to AMI cause elevations of 
LD and its isoenzymes in serum and other 
body fluids. Analysis of these specimens may 
provide diagnostic information about these 
disease states. Total LD activity and the ratio 
of LD5 to LDI have been shown to be ele
vated in blood and vitreous humor in patients 
with retinoblastoma (86). LDI was found to 
be increased in a case of glucagonoma (87). 
Further studies will be needed to document 
if this is a widespread phenomenon. Since the 
liver has a high concentration of LD5, it has 
been suggested that LD5ILD2 may be useful 
for monitoring graft function and survival in 
liver transplantation (88). 

Serum LD and its isoenzymes have been 
reported to be markers in cancer. Histori
cally, total LD measurement has been con
sidered unreliable as a cancer marker, being 
elevated in 65-70% of patients with carci
nomas metastatic to the liver, but only in 
20-60% of those without hepatic metastases 
(89). Isoenzymes could be more useful. 
Efforts have been made to relate LD isoen-
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Table 4 
Sensitivity and Specificity of LD and Isoenzymes 

Patient: 
total/AMI Method Parameter % Sensitivity % Specificity Ref. 

61127 Electrophoresis LDI 91 103 
328/91 Electrophoresis LDI >LD2 90 95 85 
94/46 Electrophoresis LDI >LD2 78 99 104 
201187 Reaction rate LD 91 80 84 
201187 Chromatography LDI 86 90 84 
4011192 Enzymatic LD 97 81 105 
98/44 Electrophoresis LD1 >LD2 70 94 106 
228/101 Electrophoresis LDIILD2 > 0.76 100 91 79 
71128 Electrophoresis LDI >LD2 61 98 107 
67129 Reaction rate LD 100 39 108 
194/87 Inhibition LDI 89 95 42 
194/87 Inhibition LDIILD 71 98 42 
230/180 Electrophoresis LD1ILD2 > 0.76 91 87 52 
230/180 Electrophoresis LDI >LD2 86 97 52 
230/180 Electrophoresis LD1ILD2 > 0.76 (serial) 100 80 52 
2301180 Electrophoresis LD1 > LD2 (serial) 100 97 52 
229/40 Inhibition LDIILD >0.4 100 95 41 
82/54 Immunochemical LDI 94 96 33 
82/54 Electrophoresis LDI >LD2 87 96 33 
100147 Chromatography LDIILD-2 > 0.76 96 97 31 
120/80 Electrophoresis LDI 
120/80 Electrophoresis LD1 >LD2 
120/80 Electrophoresis LDIILD > 0.4 
65126 Immochemistry LDI 

zyme patterns to various malignancies. In 
one study, the ratio of LD4 to LD 1 was 9.72 
in normal colonic tissue, and 1.67 in colon 
carcinoma (90). A retrospective evaluation 
of surgical specimens indicated that the 
patients with colorectal cancer had a mean 
LD4 to LD I ratio of <1. The LD IILD2 
flipped pattern has also been reported in 
ovarian and germ cell tumors, and LDI has 
been found in serum of patients with 
advanced testicular cancer (91). In patients 
with metastatic testicular germ cell tumors, 
LDI had an overall predictive value regard
ing treatment response of 80% and total LD 
64% (92). The serum LD3 level is elevated 
in more than 90% of patients with active 

98 98 43 
98 98 43 
96 88 43 
96 97 34 

chronic granulocytic leukemia (CGL), but 
was essentially normal in patients who are in 
remission (93). Thus, LD3 may be a useful 
diagnostic marker in CGL and may have a 
role in monitoring changes in clinical status. 

Total LD level in other body fluids has 
also been investigated. In cerebrospinal 
fluid, LD5 has been found to be helpful in 
separating leptomeningeal carcinomatosis 
from infection or primary cerebral tumors. In 
the absence of acute bacterial meningitis or 
other processes associated with a polymor
phonuclear pleocytosis, an LD5 fraction 
> 1 0% suggests leptomeningeal malignancy, 
and a percentage of more than 15 % strongly 
supports that diagnosis (89) Cerebrospinal 
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fluid LD5 is prominently elevated in 
metastatic tumors, whereas a primary brain 
tumor demonstrated an increase in all frac
tions. Viral encephalitis revealed an increase 
in the first three isoenzymes and bacterial 
meningitis, the last two. Elevation of the first 
three fractions was usually owing to brain 
tissue damage or hemorrhage, whereas the 
last two were related to anaerobic metabo
lism in the central nervous system (CNS) or 
to granulocytic infiltration. Thus, LD isoen
zymes may be helpful in differential diag
nosis of various CNS disorders (94). 

Total LD activity in peritoneal, pleural, 
and other fluids has been used to assist the 
determination of whether these fluids are 
transudates or exudates. A fluid to serum 
ratio >0.6 is taken as evidence of an exudate, 
since LD is liberated from the cells into the 
fluids as a result of infection or malignancy. 

LD-C4 or LD-X is a specific cell isoen
zyme of spermatogenesis and spermatozoa 
of humans and animals. Studies in semen 
showed a positive trend ofLD-X to changes 
in sperm density and becomes absent in 
obstructive and vasectomized azoospermia. 
LD-X may be diagnostically useful for germ 
cell aplasia (95). The LD-C4/sperm ratio 
may be a useful marker for assessing the 
status of the seminiferous epithelium and for 
making a differential diagnosis in men with 
low sperm count (10). 

FUTURE DEVELOPMENTS 

The rise in serum total LD and LD I 
begins at 8-12 h after myocardial cell 
damage, peaks at 24-72 h, and returns to 
baseline by 8-14 d (30,45,48). Serial sam
ples from a suspected AMI patient are gen
erally taken at approx lO-h intervals for 1-2 
d. The benefit of using LDI over CK-MB 
would be in those instances where patient 
presentation to the hospital is delayed more 
than 24 h following the acute episode and 
where CK levels may have already returned 
to normal. Because of the widespread distri-
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bution of LD, elevated levels of LD occur in 
a variety of conditions, making the mea
surement of LD a nonspecific test for AMI 
(96,97). The significance of an LD flip is 
equivocal without a concurrent increase in 
total LD. The most sensitive and specific 
marker is the LD I/total LD ratio (34). How
ever, LD5 is frequently elevated as a result 
of liver congestion at the late period of heart 
dysfunction. In these circumstances, percent 
LDlItotal LD may result in false negative 
(98). The measurement of absolute LDI and 
LD lItotal LD ratio are more convenient and 
rapid with shorter turnaround times because 
of the automation of the test using chemical 
inhibition methods on a variety of chemistry 
analyzers. Measurement of the LDIILD2 
ratio requires the more tedious, time
consuming, and expensive electrophoresis 
method. 

Measuring LD 1 on all patients regardless 
of total LD activity is unnecessary, since one 
study showed that LD 1 played a confirma
tory role in only 1 of 44 patients (99). This 
observation confirms the claim by others 
(l00) that routine use of LD and its isoen
zymes was of no use in most patients. A more 
effective approach would be to measure LD 1 
only if total CK was abnormal, only if CK
MB were negative, and only if total LD 
was abnormal (99) and in late presentations 
(>48 h) (99,100). 

Recent availability of commercial cardiac 
troponin T (cTnT) and I (cTnl) assays has 
provided an additional choice of cardiac 
markers. These recent tests have been deemed 
cardiospecific in assessing heart muscle 
damage by numerous studies as elaborated 
elsewhere in this volume. CTnl can remain 
elevated 5-9 d, whereas cTnT about 2 wk 
after an AMI. Thus, the cardiac troponin iso
forms cover the same diagnostic time window 
for AMI as CK, CK-MB, LD, and LDI. With 
reductions in costs and acceptance by cardi
ologists, these tests will eventually replace 
LD and LD 1 for AMI diagnosis, and the 
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application of LD and its isoenzymes will be 
directed to other diseases (101,102). 

ABBREVIATIONS 

AMI, Acute myocardial infarction; COL, 
chronic granulocytic leukemia; CK, creatine 
kinase; CNS, central nervous system; cTnI, 
T, cardiac troponins I and T; DEAE, 
diethylaminoethyl; OSCN, guanidinium 
thiocyanate; HD, hexanediol; HBDH, 
a-hydroxybutyrate dehydrogenase; IFCC, 
International Federation of Clinical Chem
istry; kDa, kilodaltons; LD, lactate dehy
drogenase; NAD(H), nicotinamide, adenine 
dinucleotide (reduced); NADP (H), nicoti
namide adenine dinudeotide phosphate 
(reduced). 
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12 
Biochemistry and Molecular Biology 

of Troponins I and T 

INTRODUCTION 

Troponins I (TnI) and T (TnT) were first 
recognized as a serum markers of myocar
dial injury in the late 1970s and 1980s, 
respectively (1,2), but the proteins of the tro
ponin complex are believed to be ancient: 
appearing some 250 million years ago, 
before the divergence of avian and mam
malian lines (3). An epitope on cardiac tro
ponin T (cTnT,* a 17-residue peptide) has 
been identified that has been conserved 
across vertebrate phyla (4), and major por
tions of the carboxy-terminal region of TnI 
are conserved across avian and mammalian 
species (5). Studies of alternative RNAsplic
ing of exons, one of the mechanism under
lying the expression of different TnT 
isoforms in various striated muscle types, 
have revealed this to be common to both 
birds and mammals (6). 

In 1965, the discovery of "a new protein 
factor promoting aggregation of tropo
myosin" was made (7), which was later 
termed troponin (8). In 1968, it was deter
mined that troponin is a complex of at least 
two different protein factors: a calcium
sensitizing factor and a factor that inhibited 
ATPase activity (9). Troponin was not 
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described as having three components until 
1971, when purified troponin was separated 
into factors I (40 kDa), II (22 kDa), and III 
(17 kDa) by SDS gel electrophoresis (10). 
The third troponin factor appeared to confer 
both the inhibitory activity and the ca1cium
sensitizing activity of the troponin complex 
to the ATPase activity of actinomycin in the 
presence of tropomyosin (11,12). The 
nomenclature "troponin C (TnC), troponin I, 
and troponin T," for the three constituents of 
the troponin complex was coined in 1973, 
based on their functional properties ("C" for 
calcium binding, "I" for inhibitory, and "T" 
for tropomyosin binding) (13). 

BIOCHEMISTRY AND 
MOLECULAR BIOLOGY 
OF TNI AND TNT 

Location and Physiologic Role 

The troponin complex is found on the thin 
filaments within the sarcomere of all types 
of striated muscle (fast, slow, and cardiac), 
where it regulates calcium-mediated muscle 
contraction. It is not found in smooth 
muscle, where calmodulin regulates muscle 
contraction (14,15). The minimal structural 
unit of the striated muscle thin filament 

*See p. 200 for list of abbreviations used in this chapter. 
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consists of seven actin monomers bridged 
by a single troponin-tropomyosin complex 
(16,17). The complex is located redundantly 
along the thin filament strands at intervals of 
3850 nm. It is about 2650 nm long, with a 
globular region that has a diameter of about 
1000 nm and an extended, rod-like tail that 
is about 1600 nm long and about 200 nm 
wide (18). The globular head is made up of 
dumbbell-shaped TnC, globular Tnl, and the 
carboxy-terminal region of TnT. The amino
terminal portion of TnT makes up the rod
like tail, as shown in Fig. 1. 

The cTnT content in normal human ven
tricular myocardium is about 10.8 mg/g wet 
wt, compared to 1.4 mg/ g wet wt for creatine 
kinase (CK-MB) and 23.6 mg/g wet wt for 
myoglobin (19). cTnT is found in two intra
cellular pools: a free cytosolic pool and a 
bound myofibrillar pool. Only 6-8% of 
cTnT is found in the cytosolic pool, com
pared to 100% of CK-MB and myoglobin 
(19,20). Cytosolic cTnT does not appear to 
be degraded, but has the same apparent mol
ecular weight and immunoreactivity as 
myofibrillar cTnT (20). The origin of this 
cytosolic cTnT is not clear. Protein turnover 
studies do not support the existence of an 
unbound intracellular TnT pool (21). 
Immunohistochemical studies on the dis
ruption of contractile protein structures 
brought about by ischemia in explanted 
human myocardium in vitro showed that 
staining patterns for TnT begin to change 
after only 10 min of ischemia, with loss of 
any recognizable pattern after 20 min (22). 
With complete coronary occlusion, cell 
necrosis will begin after about 20 min (23). 
Perhaps cTnT detected in the cytosol (19,20) 
had been released from myofibrils as the 
result of ischemic injury to the donor organs, 
and is not normally found in the cytosol. 

The cardiac troponin I (cTnl) content of 
human myocardium is 4.0-6.0 mg/g wet wt, 
with 2.8-4.1 % found in the cytosol (24,25). 
Protein turnover studies support the pres-
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ence of a precursor pool of unassembled 
cTnI. The half-life of cTnl in rat 
myocardium is 3.2 d, compared to 3.5 d for 
cTnT and 5.3 d for cTnC, but the mecha
nism for differential turnover of these pro
teins is not known (21). The half-life of cTnT 
in serum is 120 min (20). However, the half
life of cTnl in serum has not been reported. 
CTnl found in serum is a heterogeneous 
mixture of intact and fragmented cTnl, and 
cTnl complexed to cTnC and cTnl (26-28). 
The N-terminal region of cTnl is reported to 
be labile in serum (29), which may be owing 
to proteolysis at cysteine 80 (cysteine 81 in 
rat cTnl) (30). The identification of 
cTnl-cTnC complexes in serum is not sur
prising, since Tnl is known to be stabilized 
by TnC in the presence of Mg2+ or Ca2+ 
ions, which is the basis for a patent (31). 
Proteolytic degradation of Tnl may account 
for the shortened period of cTnl elevation in 
serum following AMI compared to cTnT 
(26,32), and for differences in performance 
between commercial cTnl assays (29). cTnl 
binding to cTnC may also cause interference 
in some commercial cTnl assays (33). 

Troponin's mechanism of control involves 
the inhibition of an otherwise strong and 
favorable interaction between actin and 
myosin, a characteristic common to systems 
where a quick, concerted, and highly sensi
tive response to a stimulus is necessary (15). 
The inhibitory element within the troponin 
complex is Tnl, which binds to actin
tropomyosin to inhibit actomyosin Mg2+
ATPase in the absence of intracellular 
calcium. Calcium binding to TnC results in 
a conformational change that exposes a 
hydrophobic pocket on TnC, which has 
increased affinity for Tnl and causes it to 
move away from binding sites on 
actin-tropomyosin, thereby relieving the 
inhibition (15,34). TnT is not an enzyme, 
but serves as a binding protein to attach the 
troponin complex to tropomyosin and as a 
signal amplifier. TnT: 
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Fig. 1. (A) Organization of the sacromere showing the interdigitation of myosin-based thick fila
ments and actin-based thin filaments. During muscle contraction, these filaments use the energy of 
ATP hydrolysis to slide past one another and/or to generate tension along the fiber axis. This interac
tion is controlled by levels of intracellular Ca2+. (B) Model of the troponin-tropomyosin-actin inter
action in the absence of Ca2+. (C) Ca2+ binding to troponin leads to a conformational change in the 
troponin complex. (Adapted from ref. 15, and used with permission.) 

1. Transmits the inhibitory effect of Tnl in the 
absence of calcium to all of the actin units 
associated with that troponin-tropomyosin 
complex; 

2. Transmits the relief of inhibition, in the 
presence of calcium, to the actin monomers 
associated with that complex; and 

3. Stimulates actomyosin Mg2+-ATPase 
activity (15,35). 

The carboxy-terminal portion of TnT, 
located at the globular head of the troponin 
complex, contains binding sites for troponin 
C (3,15,36), TnI (3,15), and the midsection 
of tropomyosin (15,16,18). TnT has 
extensive interactions with polymeric 
tropomyosin, covering about a third of the 
monomeric molecular length of the latter 
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over its central and carboxy-terminal 
regions. The amino-terminal portion of TnT, 
located at the end of the rod-like tail of the 
troponin complex, is thought to promote the 
head-to-tail (carboxy-terminus to amino
terminus) polymerization of tropomyosin by 
overlapping with and forming ternary com
plexes with the carboxy- and amino-termi
nal peptides of sequential tropomyosin 
molecules (15,16). In addition, phosphory
lation of TnT, particularly the highly con
served serine residue at the amino-terminus, 
may play a role in regulation of ATPase 
activity (37). However, this is not well 
understood at the present time (38). 

TnI binds to actin, tropomyosin, TnT, and 
TnC (15,34). As previously stated, TnI is not 
an enzyme, but an inhibitor of actomyosin 
Mg2+-ATPase. The stoichiometry of this 
inhibition is significant, since it describes 
signal amplification in muscle contraction. 
In the absence of tropomyosin, TnT, and 
TnC, inhibition of actomyocin Mg2+
ATPase activity by TnI is independent of 
Ca2+ and one TnI molecule per actin 
monomer is required. In the presence of TnT, 
TnC, and tropomyosin, the amount of TnI 
needed for inhibition is reduced and depen
dence on Ca2+ is restored (34). A single tro
ponin-tropomyosin complex presumably 
inhibits seven actin monomers interactions 
with myosin. The carboxy-terminal half of 
TnI (residues 103-182 in rabbit fast skeletal 
TnI) is necessary for full inhibition of acto
myocin Mg2+-ATPase by the troponin com
plex. TnI has two binding sites for 
dumbbell-shaped TnC, at both the amino
and carboxy-termini of Tn I. TnT binds to an 
adjacent region near the amino-terminus of 
TnI (15). There are multiple sites for phos
phorylation of TnI, which plays an important 
role in regulating Ca2+ sensitivity and acto
myosin Mg2+-ATPase activity (39). Protein 
kinase A phosphorylates serines 23 and 24 of 
cTnI in response to adrenaline, reducing the 
Ca2+ sensitivity of troponin-regulated 

Dean 

actomyosin Mg2+-ATPase (40). TnI can also 
be phosphorylated by protein kinase C, 
resulting in a reduction of Ca2+-stimulated 
actomyosin Mg2+-ATPase activity (37,41). 

Genetics, Molecular Biology, 
and Structure 

The TnT and TnI found in different types 
of adult striated muscles (fast, slow, and car
diac) have different (unphosphorylated) 
calculated molecular weights (30.062, 
30.549, and 34.566 kDa, respectively, for 
TnT; 21.190, 21.637, and 23,980 kDa, 
respectively, for TnI) and regions with 
amino acid sequences that are unique to that 
muscle type. These different forms of TnT 
and TnI are termed "isoforms." The amino 
acid sequences of the principal adult TnT 
isoforms are compared in Fig. 2, and TnI 
isoforms in Fig. 3. There are 125 amino acid 
sequence differences (56.6% homology) 
between adult fast skeletal muscle and car
diac TnT isoforms and 120 amino acid 
sequence differences (58.3% homology) 
between adult slow skeletal muscle and 
cTnT isoforms. There are 123 amino acid 
sequence differences (41.4% homology) 
between adult fast skeletal muscle and cTnI 
isoforms, and there are 113 amino acid 
sequence differences (46.2% homology) 
between adult slow skeletal muscle and cTnI 
isoforms. The existence of muscle-specific 
isoforms are common among the contractile 
proteins (48-51). This is owing, in part, to 
different genes encoding TnT and TnI in dif
ferent types of striated muscles. A single 
gene encoding the human cardiac isoform 
of TnT is carried on chromosome lq32 
(43,52,53), the human slow skeletal TnT iso
form on chromosome 19q13.4 (54,55), and 
the gene encoding the fast skeletal TnT iso
form was recently identified on chromosome 
llp15.5 (56). The gene encoding human 
cTnI is carried on chromosome 19q13.3 
(57), and human slow skeletal TnI isoform 
on chromosome lq12 (58). The location of 
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Fig, 2, Alignment of the principal adult human TnT amino acid sequences from fast skeletal muscle 
(Fast Sktl) (3), slow skeletal muscle (Slow Sktl) (42), and myocardium (Cardiac) (43). The single
letter amino acid code is used and (*) indicates no corresponding amino acid. (a) A human fetal exon 
encoding the sequence DTAEEDAE has been reported to be similar to these sequences in both adult 
fast sktl and adult cTnT (44). (b) This epitope is conserved across phyla (4). (c) This amino acid 
sequence corresponds to fetal TnTf exon 17 (~-exon) (3), and the amino acid sequence correspond
ing to adult TnTf exon (16 a-exon) in adult rat and rabbit is expected to be conserved in adult human 
fast sktl TnT. 

the human fast skeletal Tnl gene has not 
been described. It has also been reported that 
mutations in the cTnT gene account for 
about 15% of cases of familial hypertrophic 
cardiomyopathy (52,59). 

Within the various striated muscles, fur
ther diversity of troponin T isoforms arise 
from alternative splicing of the RNA tran
scripts of the respective gene (3,42,44, 
53,60-63), as shown in Fig. 4. In fast 
skeletal muscle, for example, it has been 
suggested that there are 64 possible 
5'-alternatively spliced mRNA variants, but 
few are actually found as protein isoforms or 

full-length cDNA (3,42,44,64). The expres
sion of different exons appears to be under 
strict control, varying as a function of both 
developmental stage and health or injury. 
For example, the expression of exons 16 and 
17 (u- and ~-exons) of fast skeletal muscle 
troponin T (TnTf) is developmentally regu
lated and mutually exclusive (3,60). Exon 
16 is expressed in adult muscle as the 
u-TnTf isoform, and exon 17 is expressed in 
fetal muscle as ~-TnTf, with a different pep
tide appearing near the carboxy-terminus 
(see Figs. 2 and 4). Isoforms, like ~-TnTf, 
that are expressed during development, but 
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Fig. 3. Alignment of adult human Tnl amino acid sequences from fast skeletal muscle (Fast Sktl) 
(45), slow skeletal muscle (Slow Sktl) (46), and myocardium (Cardiac) (47). The single-letter amino 
acid code is used, and (*) indicates no corresponding amino acid. (a) These amino acids are phos
phorylated by protein kinase A in response to adrenaline (40). (b) Site of cTnl cleavage by endoge
nous proteases (30). 

do not normally appear in adult muscle could 
be termed "oncoforms." In rabbit, a total of 
only five fetal TnTf isoforms have been 
reported to date (44), arising from variations 
in the expression of 5'-exons producing dif
ferent amino-terminal peptide sequences. 
The expression of particular exons does not 
appear to be under unique control only for 
TnT: specific combinations of TnT, tropo
myosin, and a-actinin isoforms are coex
pressed during development and in adult fast 
skeletal muscle (64). It has been suggested 
that neural stimulation (65), thyroid hor
mone, or various growth factors could be the 
secondary messengers that trigger these 
changes in isoform expression (66). 

Several investigators have reported dif
ferences in the functional properties of TnT 
isoforms found in bovine (67) and rabbit 

myocardium (68), and rabbit fast skeletal 
muscle (66,69). There are two isoforms of 
cTnT in adult bovine heart, and one of these 
requires less calcium to activate ATPase 
activity in reconstituted myofibril prepara
tions (67). Developmental changes in the 
calcium sensitivity of myofibrillar ATPase in 
rabbit myocardium correlates with changes 
in the cTnT isoform composition (68,69). 
Five isoforms have been identified in human 
heart, with differential expression during 
development, although 36 alternative splic
ing isoforms are theoretically possible 
(53,62,63,70). The expression of one of the 
fetal isoforms has to be upregulated in adult 
patients with heart failure (62,63,71,72). 
Heart failure is also associated with reduced 
calcium-sensitive ATPase activity (71,73). 
Furthermore, studies in rats indicate that 
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Fig. 4. Schematic comparing alternative exon splicing patterns of the three TnT genes (42,44,53,61). 
The variable regions at the amino-terminus are shown in vertical stripes, and the highly conserved 
regions are shown in solid black. Exons are shown as branches, with adult exons in black and fetal 
exons in hatch. 

cardiac hypertrophy is associated with an 
adult-to-fetal isoform transition of myosin, 
a-actin, and tropomyosin (74). These find
ings suggest that a general mechanism 
for selection of exon expression may be 
involved in the expression of these isoforms, 
similar to that described during ontogeny. 

The TnI isoforms do not appear to 
undergo alternative splicing of RNA tran
scripts of the respective genes. 

Ontogeny and Isotorm Switching 

The heterogeneity of TnT isoforrns in 
normal developing fetal muscles is further 
complicated by the simultaneous expression 
of isoforms from the three TnT genes (50), 
which are not seen in normal adult muscles. 
In humans, five cTnT isoforms are expressed 
in fetal cardiac muscle, but neither fast nor 
slow skeletal muscle isoforms are expressed 
(53,62,63,70). In human fetal skeletal 
muscle, fetal cTnT isoforms are transiently 
expressed at both the transcriptional (50,70) 
and translational levels (42,75). No fetal or 
adult cTnT isoforms have been detected in 
adult skeletal muscle (62), although traces of 
fetal cardiac mRNA have been found (70). 
Similar findings have been reported in 
chicken (76,77), mouse (78), rat (50,65,75), 

and rabbit (4). The proportion of human fetal 
skeletal TnT that is made up of fetal cTnT is 
low, with a predominance of TnTf isoforms 
(50,62). This is unlike fetal skeletal TnT 
expression in rat, where cTnT makes up 
about 30% of the total, and there is a pre
dominance of slow skeletal TnT isoforms 
(50). These findings are consistent with the 
origination of cardiac and skeletal muscles 
from different precursor cells of the devel
oping embryo (79). The mixture of isoforms 
in the early differentiation program may 
favor the efficient formation of new sar
comeres, and that the acquisition of "struc
ture" precedes the acquisition of function 
during muscle development (50). 

The unique mixture of TnT isoforms 
found in fetal skeletal muscle has fueled 
great interest in TnT isoform expression in 
regenerating skeletal muscle (50,65,80). 
cTnT mRNA was found together with fast 
and slow skeletal muscle TnT isoforms in 
both fast and slow adult rat skeletal muscle 
regenerating following surgical or myotoxic 
injury. The proportions of each isoform 
found did not vary as a function of the regen
erating muscle type (fast or slow), and cor
responded to the proportions seen in fetal 
skeletal muscle (50). Immunohistochemical 
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investigations of slow adult rat skeletal 
muscle following freezing injury or dener
vation yielded similar findings (65). An 
immunohistochemical study was also car
ried out in normal and diseased adult human 
muscles, but the results were inconclusive, 
because the poly clonal goat anti-cTnT anti
bodies used were directed against an amino
terminal peptide of cTnT of amino acid 
residues 3-15 (80). Unlike cTnI, in which 
the first 31 amino-terminal residues are 
unique to the cardiac isoform, the first 33 
amino-terminal residues of cTnT have some 
homology with adult TnTf and slow skele
tal muscle TnT isoforms (see Figs. 2 and 3). 
However, a peptide with 28 amino acid 
residues unique to cTnT is found following 
the first 33 amino-terminal residues. The 
clinical implications of the expression of 
cTnT in regenerating skeletal muscle in 
humans is discussed in the next chapter. 

Heterogeneity of TnI isoform expression 
in fetal muscle development is also seen 
(46,81,82). The slow skeletal muscle iso
form of TnI is the predominant isoform in 
fetal striated muscle (46). Slow skeletal TnI 
in early fetal fast skeletal muscle is replaced 
with fast skeletal TnI during later fetal devel
opment (83). Only slow skeletal TnI is found 
in adult slow-twitch skeletal muscle, only 
fast skeletal TnI is found in adult fast-twitch 
skeletal muscle, and cTnI is not found in 
either (84). Slow skeletal TnI is present in 
newborn human myocardium for up to 33 wk 
of postnatal development, but is unde
tectable by 9 mo. CTnI is detectable in fetal 
myocardium throughout development, but 
the transition to exclusive expression of cTnI 
in myocardium does not occur until after 
birth (81,85). There has been great interest 
in the possible re-expression of slow skele
tal TnI in diseased myocardium (86). Slow 
skeletal TnI has not been detected in adult 
human myocardium from patients with car
diomyopathy (58) or end-stage heart failure 
(81) using Northern blot hybridization with 
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slow-twitch TnI cDNA to probe diseased 
myocardium. 

ABBREVIATIONS 

CK, creatine kinase; cTnI, T, C, cardiac 
troponins I, T, and C; kDa, kilodaltons; 
TnTf, fast skeletal TnT. 
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13 
Cardiac Troponin T as a Marker of Myocardial Injury 

INTRODUCTION 

Contractile proteins have been of interest as 
potential markers of myocardial injury since 
the late 1970s, when they were found to 
have unique isoforms in various striated 
muscle types (fast, slow, and cardiac) (1,2). 
Markers unique to the myocardium offer 
advantages over markers that are universally 
found in skeletal muscle (e.g., myoglobin and 
total creatine kinase [CK]*), or are enriched in 
myocardium, but are not unique to that muscle 
(e.g., CK-MB2 isoform). Truly cardiac
specific markers should be very low or unde
tectable in circulating blood. The upper limit 
of normal for such markers reflects in part the 
imprecision of a particular analyzer at very 
low concentrations. There should be no pop
ulation variations in normal range concentra
tions because of gender (muscle mass), 
lifestyle, or (noncardiac) state of health, as 
are seen with markers that are not cardiac
specific. It should be possible to diagnose 
injuries involving smaller amounts of 
myocardium than can be diagnosed with 
markers having normal circulating levels with 
noncardiac origins. This is because the uncer
tainty created by a low signal-to-noise ratio 
(SNR) in the vicinity of the clinical cutoff or 
discriminator concentration of the marker 

Kenneth J. Dean 

should be shifted to a much lower concentra
tion. Finally, myocardial injury (or the absence 
of injury) should be easily discerned, even in 
the presence of concomitant skeletal muscle 
injury or disease. An immunoassay for cardiac 
troponin T (cTnT) was first reported in 1989 
(3), and the singularity of this cTnTimmuno
assay was the basis for a European patent (4). 

ASSAYS 

Formats 

The first assay described for cTnT was a 
research-based enzyme-linked immuno
sorbent assay (ELISA) that utilized goat anti
human cTnT antiserum immobilized on 
polyvinylchloride (PVC) test tubes as the cap
ture antibody and mouse monoclonal antihu
man cTnT antibody labeled with horseradish 
peroxidase (3). The assay had 1-2% crossre
activity with skeletal TnT (sTnT) and a detec
tion limit of 0.25-0.5 ng/mL (5). 

The first-generation commercial assay 
(CARDIAC T® ELISA TnT) used a biotin
labeled mouse monoclonal anti-cTnT 
antibody in place of goat antiserum and 
streptavidin immobilized on PVC test tubes 
(6). This monoclonal antibody (MAb) had 
no detectable crossreactivity with sTnT pro
ducing an assay that had overall crossreac-

* See p. 220 for list of abbreviations used in this chapter. 
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Fig. 1. Block diagram of the BMC cTnT assays. 

tivity of3.6% against sTnT. False elevations 
could occur owing to nonspecific binding of 
sTnT to the PVC test tubes (7). This com
mercial assay had a lower detection limit of 
0.04 ng/mL. An improved, second-genera
tion assay (the CARDIAC T® Enzymun
Test® TnT) has since been introduced. The 
crossreactive MAb was eliminated, and a 
second cardiac-specific mouse MAb was 
employed (8). No crossreactivity with sTnT 
up to 1000 ng/mL «0.005%) was detected. 
The lower detection limit for cTnT was 
0.02 ng/mL. 

A qualitative immunoassay for cTnT was 
also introduced (9). The test utilized the 
same two MAb used in the original ELISA 
assay. However, the labeling of the antibod
ies was switched to reduce the crossreactiv
ity against sTnT. The crossreactivity of the 
assay with sTnT was 0.5%. The detection 
limit and the clinical cutoff concentration 
were the same because of the qualitative 
nature of the method; the rapid assay yielded 
positive results when the cTnT in whole 
blood was ;:::0.2 ng/mL, as measured in 
serum on the ES 300 (6). Chapter 16 
describes this point-of-care assay in more 
detail. 

An improved ultrasensitive CARDIAC 
T® Rapid Assay using the same MAb that 
are in the second-generation CARDIAC T® 
Enzymun-Test® TnT assay is now available. 
An electrochemiluminescent assay for cTnT 
(10) has been developed (Elecsys® TnT), 
which utilizes the same pair of MAb used in 

the CARDIAC T® Enzymun-Test® TnT 
method. The detection limit and crossreac
tivity toward sTnT are 0.01 ng/mL and 
<0.001 %, respectively. The test has a 9-min 
incubation period. The evolution of cTnT 
assays is summarized in Table 1 and their 
general format is shown in Fig. 1. 

Normal Range Concentration 

The first-generation commercial cTnT 
assay had 3.6% crossreactivity with 
sTnT (6), and a normal range of in healthy 
individuals 0-0.08 ng/mL (11). The second
generation assay had <0.005% crossreactiv
ity with sTnT, and the concentration of cTnT 
in 99.6% of 4955 noncardiac patients was 
<0.10 ng/mL (8). The cutoff concentration 
for the first-generation qualitative CAR
DIAC T® Rapid Assay was ~0.2 ng/mL, and 
the crossreactivity with sTnT was <0.5%. In 
a study of 100 patients with chest pain sus
picious for AMI, 61 of 66 patients who did 
not fulfill criteria for the diagnosis of AMI 
yielded negative results (12). The cutoff con
centration for the second-generation quali
tative Rapid Assay is ;:::0.08 ng/mL and the 
crossreactivity with sTnT is <0.016%. In a 
study of 136 normal individuals, serum 
cTnT was <0.05 ng/mL, and negative results 
were obtained with the Rapid Assay in all 
cases (13). 

Interferences 

The use of a biotin-streptavidin capture 
system to bind the antibody-analyte sand-
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Table 1 
Comparison of Reagents Used in cTnT Immunoassays 

Assay Test system Capture Antibody 

ELISA ES 300 cTnT specific 
Enzymum-Test ES 300 cTnT specific 
Elecsys Elecsys cTnT specific 
Rapid assay Visual only 12% XR with sTnT 
Rapid assay II Visual only cTnT specific 

asTnT skeletal muscle troponin T. 

wich to the solid support makes interference 
from biotin in the patient sample possible. 
The normal range of serum-free biotin is 0.4 
± 0.3 ng/mL. However, much higher serum 
biotin concentrations (up to 4.8 ± 3.4 ng/mL) 
are found in hemodialysis patients (14). 
Biotin interference in these assays would 
produce falsely negative results, because it 
would interfere with retention of the labeled 
antibody on the solid support. No biotin 
interference was seen with up to 30 ng/mL 
biotin added to serum samples with the 
ELISA assay and up to 200 ng/mL biotin 
with the Rapid Assay. As with other MAb
based sandwich immunoassays (15), the 
cTnT assays may be subject to interference 
from circulating human antimouse IgG anti
bodies (heterophile antibodies). 

UTILITY AS A MARKER OF ACUTE 
MYOCARDIAL INFARCTION (AMI) 

AMI 

Troponin T does not appear in the serum 
as quickly as myoglobin following the onset 
of symptoms in patients with AMI (16,17), 
as defined by the World Health Organization 
(WHO) criteria (18). Transient ischemia 
does not appear to produce sufficient injury 
to result in the appearance of cTnT in circu
lation (19), suggesting that actual necrosis 
must occur first. At the present time, it is 
unknown whether cTnT is released from the 
myofibrils intact (34.6 kDa), as a smaller 
fragment or bound to other contractile pro-

Labeled Antibody Label 

12% XR with sTnTa Horseradish peroxidase 
cTnT specific Horseradish peroxidase 
cTnT specific Ruthenium complex 
cTnT specific Gold sol particles 
cTnT specific Gold sol particles 

teins. One report suggests that it cTnT is not 
released as a complex with cardiac troponin 
I (cTnI) (20), but another suggests that it 
may be (21). The appearance of cTnT in 
serum following the onset of symptoms 
approximates the appearance of CK-MB 
(mass) and cTnI (22-26). cTnT typically 
remains elevated for 12-14 d and may 
remain elevated for as long as 3 wk in some 
patients. The wide diagnostic window for 
cTnT and its cardiac specificity compared to 
lactate dehydrogenase (LD) make it an 
attractive marker for the diagnosis of late
presenting AMI (27). 

The half-life of cTnT in circulation is 120 
min (28). However, the mode of clearance 
has not been described. The prolonged ele
vation of cTnT following an AMI is not 
owing to slow elimination from circulation, 
but results from continuous release of cTnT 
from the bound myofibrillar pool as the con
tractile apparatus within the affected cells 
undergoes necrosis. The changing sensitiv
ity of cTnT for the diagnosis of AMI com
pared to myoglobin and CK in the hours after 
chest pain is shown in Fig. 2. The clinical 
sensitivity of cTnT for the diagnosis of AMI 
approaches 100% by about 12 h after the 
onset of symptoms and remains at 100% for 
at least 5 d (29). 

Selection of Clinical Cutoff 

The selection of an appropriate clinical 
cutoff concentration requires careful consid
eration oflevels seen in the normal or disease-
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Fig. 2. Diagnostic sensitivity for AMI of cTnT, myoglobin, and CK activity in the hours follow
ing the onset of chest pain. The diagnostic specificity for AMI of cTnT was 88%, myoglobin 43%, 
total CK 48%. (Reprint by permission of the publisher from ref. 25.) 

free population compared to those seen in 
disease (30). The clinical cutoff will directly 
influence the clinical sensitivity and clinical 
specificity. For example, a cutoff of 1.5 
ng/mL has been used for the diagnosis of 
AMI with the Stratus® cTnI assay. This 
cutoff will exclude renal failure patients who 
may have cTnI concentrations up to 0.9 
ng/mL and yields a clinical specificity of 
99.4% for the diagnosis of AMI at 5-11 h 
from the onset of symptoms (31). A 0.4 
ng/mL cutoff was used to identify unstable 
angina (UA) patients with increased risk of 
mortality (32). However, the clinical speci
ficity of the assay dropped from 99.4% at the 
1.5 ng/mL cutoff to 57 % specificity using the 
lower cutoff with samples collected 5-11 h 
from the onset of symptoms. A cutoff com
monly reported for the first-generation 
commercial ELISA cTnT assay (Boehringer 
Mannheim Corporation [BMC]) was 

0.1-0.2 ng/mL as shown by the receiver 
operating curves (ROC) in Fig. 3. A cutoff 
of 0.1 ng/mL or lower is used with the 
second-generation assay (BMC). 

Emergency Department (ED) Diagnosis 
of AMI 

Cardiac markers play an important diag
nostic role when the patient history and 
serial electrocardiograms (ECGs) are incon
clusive. There is increasing cost pressure to 
rule out AMI without admitting the patient 
to the hospital (i.e., <24 h). Unfortunately, 
the use of cardiac markers to rule out AMI 
requires some time to elapse after the onset 
of symptoms. A single cardiac marker result 
obtained at presentation or admission is of 
little value in ruling out AMI (33). One study 
reported that no more than 64 % of true AMI 
patients tested positive for a cardiac marker 
on admission (22) (see Table 2). The results 
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Fig. 3. ROC curves for the first-generation ELISA cTnT assay for the diagnosis of AMI at differ
ent time intervals after the onset of symptoms. (Reprint by permission of the publisher from ref. 25.) 

Table 2 
Clinical Sensitivity of Cardiac Markers 
at Admission for the Diagnosis of AMIa 

Marker 

Myoglobin 
CK (activity) 
CK-MB (activity) 
CK-MB (mass) 
cTnT 

aData from ref. 22. 

Clinical sensitivity 

50% 
40% 
35% 
60% 
64% 

from such studies vary widely depending on 
the time delay between the onset of symp
toms and patient presentation in the ED and 
the patient selection criteria for the study. In 
one study, the appearance of myoglobin, CK
MB mass, and cTnT in serum varied by sev
eral hours, depending on the size of the infarct 
(as shown in Fig. 4 for cTnT) (34). In a study 

by the GUSTO-lla investigators (35), 289 
(36%) of 801 patients presenting with acute 
myocardial ischemic syndromes had cTnT 
>0.1 ng/mL (baseline value obtained within 
2 h of admission). An additional 297 patients 
had ST-segment elevations at admission, but 
131 of the troponin T-positive patients did 
not, including 56.5% of patients with con
founding ECGs. Mortality within 30 d was 
significantly higher in the cTnT-positive 
group than in the cTnT-negative group, and 
troponin T level was the single variable most 
strongly related to 30-d mortality. Baseline 
troponin T levels were found to add signifi
cant prognostic information even when ECG 
findings were considered first. Some investi
gators advocate the use of a single measure
ment at 12 h after admission (presentation) to 
confirm or exclude AMI (36,37). Others sug
gest combination serial testing with myoglo
bin and CK-MB (mass) followed by cTnT as 
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Fig. 4. The cumulative proportion of AMI patients with a cTnT measurement above the upper ref
erence limit (0.1 ng/mL) for small, midsize, and large infarcts. (Used with permission from ref. 34.) 

a confirmatory test at 9 h after the onset of 
symptoms (38). 

Reperfusion Assessment 

The ability to identify the success or fail
ure of intravenous thrombolytic therapy is 
of interest to the clinician. Coronary angiog
raphy is the current standard for the assess
ment of patency, occlusion, or reocclusion, 
with successful reperfusion defined as the 
establishment of full anterograde flow 
(Thrombolysis In Myocardial Infarction 
[TIMI] grade 3 flow) through the infarct
related artery (39). However, this invasive 
procedure has risks. Thus, routine use in all 
patients receiving thrombolytic therapy is 
not warranted (40). Cardiac markers present 
a noninvasive alternative to coronary angi
ography as a tool for reperfusion assessment 
(41). However, ED physicians consider car
diac markers alone to be unreliable predic
tors of successful thrombolysis (40). This 
may be owing to the need for serial testing 
to identify the initial rate of increase (41) or 
the time to peak (42), which is seldom avail-

able in the ED. The appearance of cTnT in 
serum following successful reperfusion 
is typically biphasic, with a much higher 
first peak in patience with successful early 
reperfusion than those with successful late 
reperfusion (28). This biphasic time-course 
for the appearance of cTnT in serum is 
found only in patients with successfully 
reperfused AMI, and not with permanent 
occlusions. One report suggests that the pre
dictive values of cTnT and CK-MB for 
detecting successful reperfusion are com
parable (43). However, another found that 
the relative increase of cTnT is greater than 
that of CK-MB and myoglobin at 90 min 
after thrombolytic therapy (44). The high 
signal from cTnT compared to the other car
diac markers was attributed to the measur
able levels of the latter in normal individuals 
compared to no detectable baseline levels 
for cTnT prior to myocardial damage. In 
routine clinical practice, the combination of 
serial 12-lead ECG to monitor ST-segment 
changes and serial cardiac marker testing 
with rapid availability of results offer the 
best information for reperfusion assessment. 
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Infarct Sizing 

The estimation of infarct size following 
AMI can be useful for subsequent clinical 
management (45). Imaging procedures, such 
as 201TI, are used to estimate infarct size 
(46), and cardiac markers have also been 
correlated with infarct size (47). CK-MB 
peak activity and the late cTnT peak con
centration correlated equally well with 
radionuclide imaging (r = 0.73 for each) for 
the estimation of infarct size in 21 AMI 
patients (5 anterior and 16 inferior wall 
AMIs) (46). CK peak activity was weakly 
correlated with the infarct size estimated by 
99mTn-sestamibi scintigraphy (r = 0.56). 
Similar correlations between the late cTnT 
peak concentrations and 201 TI scintigraphy 
(r = 0.77, and r = 0.75, respectively) have 
been reported (47). 

Perioperative Myocardiac 
Infarction (MI) 

Diagnosis of a perioperative MI in cardiac 
and noncardiac surgery poses a unique chal
lenge to the cardiologist. The ECG may 
exhibit nonspecific ST-segment and T-wave 
changes, and serum CK, CK-MB, and CK
MB isoform measurements are oflittle value 
because of their release from noncardiac tis
sues injured by the surgery (48). A truly car
diac-specific marker, with low or 
undetectable serum baseline levels, may pro
vide more accurate diagnosis of periopera
tive MI in noncardiac surgery patients. 
Patients undergoing cardiac surgery, on the 
other hand, are one of those groups where 
careful consideration of the appropriate clin
ical cutoff is required. Unlike the baseline 
levels seen with noncardiac surgery patients, 
the baseline levels of a cardiac-specific 
marker will be elevated as a result of surgi
cal injury to the heart, and the accurate diag
nosis of further injury to the myocardium by 
a perioperative MI must take this elevated 
baseline into account. 
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Noncardiac Surgery 

The risk of a perioperative MI with major 
noncardiac surgery is only 1-2% in patients 
over 40 yr. However, the risk of a perioper
ative MI increases to 3-10% in elderly 
patients and those with cardiovascular dis
ease (49). In one report, 22 patients who 
underwent minor orthopedic surgery and 12 
patients who underwent lung surgery by 
median sternotomy had no detectable serum 
cTnT over 6 d of postoperative serial testing 
(48). Four of the orthopedic surgery patients 
showed elevations ofCK-MB activity, as did 
5 of the lung surgery patients. CK activity 
was elevated in all of the lung surgery 
patients and 17 of the orthopedic surgery 
patients. None of the patients had experi
enced perioperative MI. These findings were 
supported in a study of patients undergoing 
thoracic surgery for lung disease (50). In a 
large study of 1175 patients undergoing 
major noncardiac surgery, cTnT and CK-MB 
had comparable performance for the detec
tion of peri operative MI (n = 17, 1.4% of 
patients) (51). cTnT had a clinical sensitiv
ity of 87% and specificity of 84% for the 
diagnosis of AMI (cutoff 0.1 ng/rnL). A rel
ative risk for AMI of 32.8-fold was associ
ated with an elevated cTnT. Two patients 
who met the study criteria for the diagnosis 
of AMI did not have elevated cTnT: one had 
nonspecific ECG changes and elevated CK 
and CK-MB following knee surgery, and the 
other had ECG changes consistent with 
ischemia, and slightly elevated CK-MB. 
Neither patient had cardiovascular compli
cations. Among the patients who did not 
receive the diagnosis of AMI were 17 who 
suffered major cardiac complications (pri
marily pulmonary edema). cTnT had a clin
ical sensitivity of 62% and specificity of 
85% for the diagnosis of these major car
diac complications. Elevations were also 
detected in an additional 148 patients (16% ) 
without AMI or major cardiac complica-
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tions. However these elevations were sig
nificantly correlated with supraventricular 
tachycardias, chest pain with ECG changes 
consistent with ischemia, ECG changes 
without chest pain, and congestive heart fail
ure (CHF). CK-MB elevations were not 
found in any of the patients with major car
diac complications, and were significantly 
correlated only with supraventricular tachy
cardia in the third cohort of patients. cTnT 
may be superior to CK-MB for detection of 
myocardial injury in patients undergoing 
major noncardiac surgery. 

Elective Percutaneous Transluminal 
Coronary Angioplasty (PTCA) 

Patients undergoing coronary angioplasty 
are at risk for myocardial infarction, side
branch occlusion, abrupt vessel closure, and 
early restenosis. Principal among these is 
abrupt vessel closure, which occurs in 3-8% 
of all procedures (52). Cardiac marker mea
surements are one of the primary tools used 
to assess myocardial injury associated with 
PTCA. Measurements of cTnT have been 
conducted in patients undergoing PTCA. In 
one study, cTnT > 0.2 ng/mL was found in 
3 of 23 PTCA patients, indicating myocar
dial damage (53). Elevated CK-MB mass 
was also seen in these three patients and in 
three additional patients. In a larger study 
(54) of 100 PTCA patients, 41 patients had 
an increase in cTnT (>0.04 ng/mL above 
baseline). Eighteen of these also had eleva
tions of CK-MB mass (>5.0 ng/mL above 
baseline). Postprocedural cTnT elevations 
were associated with a higher incidence 
of complex lesion morphology (73% of 
patients), intracoronary thrombus (29% 
of patients), abrupt closure (10% of 
patients), and side-branch occlusion during 
angioplasty (15% of patients). Similarfind
ings have been reported in studies by others 
(55). No increase in cTnT concentrations is 
seen in patients with uncomplicated suc
cessful PTCA (56). 
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Cardiac Surgery 

Perioperative myocardial injury is the 
most common cause of morbidity and 
mortality following cardiac surgery. The 
diagnosis of peri operative MI is further com
plicated by the release of cardiac markers 
owing to the surgical injury to the heart, pro
ducing a higher baseline level of cTnT 
against which the myocardial injury from 
AMI must be assessed. During the first 24 h 
after uncomplicated coronary artery bypass 
graft (CAB G) surgery, baseline levels of 
cTnT reach approx 1 ng/mL (57,58), although 
there are some reports of higher baseline 
levels, up to 3.5 ng/mL (59). It has been sug
gested that higher baseline levels may be 
associated with longer aortic crossclamp 
time, leading to diffuse myocardial damage 
(48), or with cardiotomy (58). In patients 
experiencing perioperative MI, cTnT peak 
concentrations were 2-10 times the baseline 
(48,57). One study suggested that a single 
cTnT determination 12 or 24 h postsurgery 
may be sufficient evidence to confirm the 
diagnosis of peri operative MI (58). 

There has been great interest in the util
ity of cTnT to assess the effectiveness of 
cardioprotective procedures (60) and 
drugs (61) during cardiac surgery. It has 
also been reported that cardiac markers, 
including cTnT, are elevated in shed 
blood used for autotransfusion in coronary 
operations (62). 

TROPONIN T IN HIGH-RISK 
UNSTABLE ANGINA (UA) 
PATIENTS 

Non-Q-wave AMI in UA 

Patients with the diagnosis of VA are a 
heterogeneous group with varying extent of 
coronary artery disease (63). Some of these 
patients have suffered small non-Q-wave 
AMIs (or microinfarctions) and are at high 
short-term risk for AMI or cardiac death 
(64-66). Similarly, some patients in other 
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Table 3 
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Perioperative cTnT Measurement in Patients Undergoing CABG Surgerya 

Number of patients with elevated cardiac marker 

cTnT, CK-MB activity, CK-MB/CK, CK-MB mass, 
Diagnosis >0.2 ng/mL 

Stable angina 
(n = 31) 1 (3.2%) 

UA 
(n = 21) 19 (90.5%) 

aData from ref. 73. 

diagnostic groups, such as chronic renal fail
ure and polymyositis, are also at high risk for 
cardiac events. 

Troponin T in High-Risk UA Patients 

Elevated cTnT in patients with the diag
nosis of U A signifies a poor prognosis. This 
has been well established by numerous 
studies and by meta-analysis (67). In a large 
study by the FRISC Study Group (68), the 
prognostic value of cTnT measurements was 
assessed in 967 unstable coronary artery dis
ease patients participating in a randomized 
trial of low-mol weight heparin. cTnT was 
measured within 24 h of enrollment, and 
patient outcomes were monitored for 6 mo, 
starting at day 2. The risk of cardiac events 
increased with increasing maximal cTnT 
concentrations, ranging from a relative risk 
of 4.3% for patients with cTnT < 0.06 ng/mL 
in the lowest quintile to 17% in the highest 
quintiles with cTnT ~ 0.62 ng/mL. In com
parison, the incidence of cardiac death or MI 
was 8.7% in patients with CK-MB mass 
below the upper reference limit «6.0 ng/mL). 
However, 50% of these patients had maxi
mal cTnT ~ 0.06 ng/mL and were found to 
have a risk of 13.0% for cardiac death or MI, 
compared to 4.6% in those with maximal 
cTnT < 0.06 ng/mL. The risk of subsequent 
cardiac events (cardiac death, MI, or revas
cularization) was most pronounced early 
after the initial event, with approximately 

>12 U/L >6% >6 ng/mL 

0 0 0 

0 1 (4.8%) 2 (9.5%) 

half of the events occurring within the first 
6 wk. The diagnosis at enrollment (non-Q
wave AMI or UA) did not add any indepen
dent prognostic information. Elevated cTnT 
in UAis correlated with the severity of coro
nary artery lesions, as determined by coro
nary angiography (69). 

Troponin T and Intervention 
in Acute Coronary Syndromes 

Treatment of UA patients with throm
bolytic agents is not accepted at the present 
time (70); antithrombotic drugs (aspirin and 
heparin) are indicated in UA patients, who 
are often referred for revascularizations 
(CABG and PTCA) in an attempt to reduce 
morbidity and mortality (71). In the FRISC 
trial of dalteparin (low-mol-wt heparin) in 
patients with unstable coronary artery dis
ease (72), patients with cTnT < 0.1 ng/mL 
fared equally well, whether they received 
dalteparin or placebo (4.7 vs 5.7% 40-d mor
tality, respectively). However, patients with 
cTnT ~ 0.1 ng/mL had reduced mortality if 
they received dalteparin rather than placebo 
(7.4 vs. 14.2% 40-d mortality, respectively). 
Troponin T measurements provided an indi
cation of which patients would benefit from 
dalteparin therapy. In a retrospective study 
of revascularization intervention, cardiac 
marker concentrations were measured in 
52 patients who had elective CABG surgery 
(Table 3) (73). Elevated cTnT was found in 
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Fig. 5. Kaplan-Meier plot of survival among 62 cTnT-positive (>0.2 ng/mL) UA patients with and 
without revascularization. Twenty-two patients underwent elective revascularization, but 40 did not. 
One (4.5%) of the 22 suffered cardiac death during the follow-up period compared to 11 (27.5%) of 
the nonrevascularized patients. (Used with permission from ref. 74.) 

19 of 21 VA patients prior to surgery, indi
cating that many of the VA patients who 
require CABG surgery would have been 
identified as high-risk patients by cTnT test
ing prior to surgery. In another study, 
183 VA patients were followed for 3 yr after 
their initial admission and cTnT measure
ment (74). Initial cTnT levels were ~0.2 
ng/mL in 62 (34%) of patients. Of these, 22 
patients underwent elective PTCA or CABG 
surgery during the follow-up period. Only 1 
of these patients died, compared to 11 car
diac deaths among the 40 cTnT-positive VA 
patients who did not undergo elective revas
cularization (Fig. 5). The relative risk of 
death among cTnT-positive VA patients who 
did not undergo elective revascularization 
was 7.95. These studies provide the first data 
on the benefit of therapeutic or revascular
ization intervention in cTnT-positive VA 
patients and underscore the high risk that 
these patients face for adverse outcomes 
without intervention. In patients who have 
experienced AMI, a serum cTnT level> 2.8 

ng/mL predicts a left ventricular ejection 
fraction of <40% with a sensitivity of 100% 
and a specificity of 92% (75). This can be 
used to identify patients who may benefit 
from long-term angiotensin-converting 
enzyme (ACE) inhibitor therapy. 

TROPONIN T IN OTHER HIGH
RISK PATIENT POPULATIONS 

Chronic Renal Failure (CRF) 
and Dialysis Patients 

Patients with chronic renal disease often 
present with other underlying disease(s) and 
multiple organ failure owing to diabetes 
and hypertension, which contribute to sig
nificant cardiovascular disease. Cardiomy
opathies unique to renal failure and to 
diabetes have been described (76,77). How
ever, their etiologies have not been fully 
delineated. Furthermore, CRF treated with 
dialysis is associated with accelerated ath
erosclerosis (78). It has been reported that 
79% of ECGs on patients starting dialysis 
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are abnormal (79). Hemodialysis is associ
ated with acute complications (hypotension, 
sudden death) explained by typical dialysis
induced effects on the heart (80). AMI and 
cardiovascular disease account for 40-60% 
of deaths in dialysis patients (81). 

False elevations of CK and CK -MB activ
ity in chronic dialysis patients have been 
reported (82,83). These findings did not vary 
with alternative dialysis methods or because 
of the dialysis procedure itself. Elevation of 
these markers has been attributed to abnormal 
protein metabolism, muscle wasting, and the 
inherent lack of quantitation and variable sen
sitivity of CK-MB activity measurement by 
the electrophoretic method (82). Measure
ment of CK-MB mass rather than activity 
may be more specific in dialysis patients (84). 
Underlying hypothyroidism (83) in CRF 
patients can lead to delayed clearance of the 
enzyme from the reticuloendothelial system. 
Furthermore, endothelial dysfunction has 
been described in early diabetic nephropathy 
(85) and in dialyzed uremic patients (86). 
Elevated CK-MB in dialysis patients has been 
associated with an increased risk for subse
quent AMI or angina pectoris (87). 

Elevated cTnT (88,89) concentrations 
have been reported in 29-63% of CRF 
patients, but cTnI is reported to be elevated 
only rarely in these patients (90). Unfortu
nately, these cTnl reports may be mislead
ing. Troponin I was detected in many of 
these CRF patients, but failed to exceed the 
high clinical cutoffs used in the commercial 
cTnl assays (31,89,91,92). When lower clin
ical cutoffs are used, as reported for the 
detection of microinfarction in high-risk UA 
patients (32), a higher incidence of abnormal 
cTnl in CRF patients are reported (93). 

Elevated cTnT has been associated with 
an increased risk for subsequent angina 
pectoris or death owing to AMI in some 
hemodialysis patients (94), but this is not a 
consistent finding (89). It has been specu
lated that elevated cTnT findings in renal 
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disease patients may be owing to skeletal 
troponin T (sTnT) interference resulting 
from the 3.6% crossreactivity previously 
noted for the first-generation commercial 
assay (90). High sTnT concentrations were 
speculated to be present because of uremic 
myopathy in CRE Elevated cTnT in these 
particular patients could indeed arise from 
sTnT interference in the ELISA troponin T 
assay. The interference from sTnT using the 
first-generation ES 300 assay may occur 
when total CK exceeds 5000 U/L (7). How
ever, rhabdomyolysis was only rarely found 
in CRF patients (95). Total CK generally 
does not correlate with abnormal cTnT find
ings (95). Furthermore, myoglobin cannot 
be used as a marker of skeletal muscle injury 
or disease in these patients because of its 
renal mode of clearance. sTnT interference 
in the original ELISA assay was distin
guishable from reaction with cTnT because 
of the nonlinear change in measured cTnT 
when samples containing sTnT were diluted 
in series (96). Samples containing cTnT pro
duced a linear change in measure when 
diluted in series. Skeletal muscle interfer
ence did not account for elevated cTnT mea
sured in this study of 116 renal dysfunction 
patients. However, the frequency and mag
nitude of cTnT elevations correlated with 
the severity of disease, as confirmed by 
others (97,98). In a study of cardiac markers 
in serum from both juvenile and adult CRF 
patients (98), elevated serum cTnT was 
observed in 71 % of hemodialysis patients, 
57% of peritoneal dialysis patients, and 30% 
of CRF patients not on dialysis. cTnT con
centrations were not affected by hemodialy
sis, with elevations persisting after 
treatment. In a study comparing the perfor
mance of the original ELISA cTnT assay 
with the second-generation assay, Enzymun
Test® Troponin T, the magnitude of cTnT 
concentrations in some hemodialysis 
patients was reduced (99). The MAb with 
12% crossreactivity toward sTnT has been 
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replaced with a cTnT-specific MAb in both 
Enzymun-Test® and Elecsys® tests. The 
crossreactivity of these new assays with 
sTnT is <0.005 and <0.001 %, respectively. 
These results suggest that sTnT interference 
may have been responsible for elevated 
cTnT findings in some renal failure patients. 
cTnT measurements on serum from 
20 hemodialysis patients comparing the 
original ELISA cTnT assay with Enzymun
Test® and Elecsys® Troponin T are shown in 
Table 4. It can be seen that 4 (20%) of the 
cTnT measurements using the ELISA cTnT 
method were falsely elevated (presumably 
owing to interference from sTnT). 

Myopathies 

Polymyositis-dermatomyositis (PM -DM) 
is a chronic inflammatory myopathy of 
unknown origin that is mediated by autoim
mune and cellular events (100). The heart is 
affected in 50-70% of cases with about 20% 
of deaths in these patients owing to cardiac 
causes. The effect of the disease on the heart 
is similar to the pathological changes seen in 
the skeletal muscle, involving an inflamma
tory process with necrosis and fibrosis of the 
myocardium (101). Cardiac involvement and 
poor prognosis are usually associated with 
severe, progressive disease (l00). Abnor
malities have been reported in ECG, echo, 
and radionuclide imaging studies (102). 

cTnT has been measured in several 
groups of patients with autoimmune dis
eases, including patients with PM-DM 
( 103). There were no cTnT increases (~0.25 
ng/mL) among 30 normal subjects, 25 
rheumatoid arthritis patients, or 28 systemic 
lupus erythematosus patients. However, high 
cTnT was found in 8 of 30 randomly 
selected PM-DM patients. cTnT concentra
tion was not correlated with total CK activ
i ty. In one case (104) of exacerbated 
polymyositis with a cTnT concentration of 
15 ng/mL at presentation, the ECG was 
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Table 4 
cTnT in Hemodialysis Patients" 

ELISA Enzymun-Test Elecsys 
Patient no. cTnT cTnT cTnT 

1 0.457 0.517 0.583 
2 0.460 0.510 0.571 
3 0.121 0.229 0.273 
4 0.264 0.348 0.432 
5 0.532 0.495 0.655 
6 0.909 0.280 0.330 
7 1.057 0.853 1.065 
8 1.049 1.041 1.186 
9 1.235 1.210 1.433 

10 0.074 1.752 2.011 
11 2.911 1.752 2.011 
12 0.153 0.158 0.190 
13 0.074 0.140 0.191 
14 0.200 0.275 0.368 
15 0.574 0.702 0.944 
16 0.166 0.028 0.013 
17 0.255 0.280 0.350 
18 0.665 0.617 0.814 
19 0.104 0.182 0.256 
20 1.271 0.044 0.079 

aAll results in ng/mL. 

normal and Holter monitoring indicated a 
small number of supraventricular premature 
contractions, but myocardial 201 TI scintig
raphy showed a loss of accumulation in the 
anterior wall. There was no ischemic pathol
ogy, as seen in AMI, but there was clear evi
dence of focal myocardial necrosis localized 
in the anterior wall of the cardiac muscle. 
Subsequent steroid therapy resulted in an 
improved accumulation loss on 201 TI 
scintigraphy, and cTnT levels dropped to 
zero. cTnT measurements are helpful in the 
management of PM-DM patients. 

cTnT has also been studied in children 
with Duchenne/Becker muscular dystro
phies (DMDIBMD). Dilated cardiomyopa
thy is often seen particularly in the late 
stages of the disease, and may be the only 
clinical manifestation of the disease in 
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heterozygous female carriers. Heart failure 
is the leading cause of death in DMDI 
BMD (105). Grossly elevated serum cTnT 
concentrations have been found in DMD 
patients using the original BMC commer
cial assay, as shown in Table 5. However, the 
frequency and magnitude of abnormal cTnT 
findings are greatly reduced with the second
generation cTnT assays (106). Interference 
from sTnT using the first-generation ES 300 
assay may occur when total CK exceeds 
5000 UIL (7). However, it is not surprising 
to find evidence of minor myocardial injury 
in some patients with DMD, similar to cTnT 
levels seen in patients with end-stage car
diomyopathy (107), given the nature and 
clinical course of the disease. 

It has been suggested that elevated cTnT 
findings in myopathy patients could be the 
result of re-expression of a fetal isoform of 
cTnT during muscle regeneration (91). 
Because patients with renal disease, 
PMlDM, and DMD patients are at high risk 
for cardiac complications, it is not surprising 
to find abnormal cTnT in serum. Elevated 
cTnT in these patients should not automati
cally be dismissed as a false. 

Critically III Patients 

High cTnT and cTnI concentrations have 
been reported in critically ill patients who had 
not been diagnosed with a comorbid AMI. In 
one study, increased cTnT identified 94% of 
patients with myocardial injury, whereas CK
MB mass identified 69% of these patients 
( 108). The clinical investigation into the cause 
of abnormal cTnT or CK-MB mass focused 
on ECG and echo findings. Although the only 
myocardial injury that was diagnosed was 
AMI, cardiac injury was plausible in many of 
the cases cited (e.g., patients with HIV, 
polymyositis, and CRF). Only myocardial 
oxygen supply and consumption in the criti
cally ill have been suggested as a cause of 
myocardial injury in cTnI-positive patients 
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Table 5 
cTnT in Muscular Dystrophy Patientsa 

ELISA cTnT Enzymun cTnT CK 
Patient no. nglmL nglmL U/L 

1 0.21 0.06 1001 
2 0.24 0.09 460 
3 0 0 39 
4 0.95 0.11 2970 
5 0.14 0.18 565 
6 1.39 0.13 2670 
7 0 0 133 
8 0.14 0.03 1021 
9 1.59 0.11 2849 

10 7.3 0.23 5280 
11 5.7 0.21 3949 
12 0.23 0 3984 
13 0.11 0.04 669 
14 0.84 0.10 2256 
15 7.0 0.27 4512 
16 4.8 0.29 4080 
17 0.01 0.02 100 
18 0.13 0.01 655 
19 0.95 0.15 1812 
20 2.52 0.19 2160 

aData from ref. 106. 

(109). However, others have argued that other 
causes of myocardial injuries can result in the 
release of cTnT (110). 

TROPONIN T AND OTHER 
MYOCARDIAL INJURIES 

Cardiac Contusion and External 
Defibrillation 

Blunt trauma to the chest and closed heart 
massage can produce cardiac contusions and 
necrosis in the absence of AMI. Serum cTnT 
increases similar in magnitude, time to peak, 
and duration to those seen in cardiac surgery 
patients have been reported in cardiac con
tusion patients (111). However, cTnT find
ings did not correlate with the presence or 
absence of cardiac complications, such as 
ST-T-wave changes. The clinical findings on 
admission, including ECG findings, are still 
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the most practical means of identifying 
patients in need of specialized care (112). 

External defibrillation is also reported 
( 113) to result in the release of cTnT and 
CK-MB, with serum concentrations corre
lating with defibrillation energy (which 
reflects duration of resuscitation). The 
release of cTnT from the combination of 
closed heart massage (possible cardiac con
tusion) and external defibrillation in patients 
with ventricular fibrillation and suspected 
AMI leads to a higher baseline level of 
cTnT against which the myocardial injury 
from AMI must be assessed. An elevated 
cutoff concentration of 4.0 ng/mL cTnT has 
been used in these cases rather than 0.1 or 
0.2 ng/mL. cTnT was found to be superior 
(fewer false positives) to CK-MB mass for 
the detection of AMI in these patients. 

Cardiac Transplants 

The value of cTnT measurements has 
been examined for assessing myocardial 
injury that may occur in potential heart trans
plant donors, ischemic preservation of the 
heart, and detection of cardiac allograft 
rejection (114-116). cTnT is valuable in 
cardiac donors in assessing the myocardial 
damage associated with brain stem death for 
the identification of high-risk donors, 
whereas CK-MB activity measurements are 
not helpful (114). Furthermore, elevated 
donor serum cTnT was associated with a sig
nificant increase in the incidence of cate
cholamine support in the immediate 
postoperative period. The initial release 
slopes, but not peak levels of CK-MB mass 
and cTnT in cardiac allograft recipients cor
relate with ischemic preservation time and 
donor age (115). 

Acute allograft rejection is the most 
serious complication in the early course fol
lowing cardiac transplantation (117). Accel
erated coronary artery disease, AMI, and 
sudden cardiac death are the most serious 
threats to long-term survival (118). Histo-
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logical examination of endomyocardial 
biopsies serves as the standard for the diag
nosis of acute rejection. In one study, there 
were no differences in serum cTnT concen
trations in orthotopic heart transplant recip
ients before biopsy with grades II and III 
rejection compared to those with grades 0 
and I rejection (119). However, in patients 
who later had important acute rejectio.n 
episodes, serum cTnT were significantly 
increased at a median of 13 d prior to the his
tological evidence of rejection as seen on 
biopsy. In contrast, others found that 
increases in cTnT, but not CK-MB activity, 
showed a gradual and significant rise with 
increasing degrees of rejection in a rat model 
(120). Clearly further studies will be neces
sary to determine whether cTnT in cardiac 
allograft recipients has prognostic value for 
severe acute rejection episodes. 

Myocarditis 

Myocarditis is an inflammatory disease 
involving the myocardium. Cardiac injury 
can occur with invasion of the myocytes by 
the infecting organism, damage by the host's 
immune system, or with primary injury to 
vascular cells resulting in coronary micro
circulatory endothelial swelling, thrombo
sis, and small infarctions. cTnT is a more 
sensitive marker than the CK-MB index for 
autoimmune myocarditis in humans (121). 
In one study, 21/25 (84%) of suspected 
myocarditis patients with elevated cTnT 
levels also had immunohistochemical 
evidence of lymphocytic infiltration in endo
myocardial biopsies (122). Although all of 
these studies conclude that high cTnT is a 
useful and sensitive marker for myocar
dial cell damage in myocarditis, a negative 
serum cTnT does not exclude the pres
ence of disease. 

Cardiotoxicity 

Cardiotoxicity is a well-known side effect 
of doxorubicin and daunorubicin (anthracy-
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cline) therapy for cancers in children that 
can lead to long-term cardiac impairment 
(123). Doxorubicin cardiotoxicity studies in 
a rat model reveal that elevated cTnT in 
serum is correlated with morphologic alter
ations of cardiac myocytes, including vac
uolization and myofibrillar loss (124). The 
release of troponin T from cTnT measure
ments have also been used to monitor car
diotoxicity-associated myocardial necrosis 
in children receiving anthracycline therapy. 
U sing a cutoff of 0.04 ng/mL, cTnT has been 
used to identify myocardial necrosis associ
ated with doxorubicin therapy in children 
( 125). Modest elevations in cTnT were 
observed in 6 of 10 children undergoing 
treatment, but not CK, CK-MB, or myoglo
bin, or children who had completed therapy. 
cTnT has been used to monitor for cardio
protective effects of the ACE inhibitor 
Cilazapril on doxorubicin cardiotoxicity in 
a rat model, the effects of fibric acid deriv
atives on cultured chick myocardial cells, 
the cardiotoxicity of calcium antagonists and 
~-adrenergic agonists in tocolysis, and 
myocardial damage from radiation treatment 
of breast cancer (126-129). Zidovudine 
(AZT) has been shown to cause cardiotoxi
city in humans and animals (130), with its 
primary effect on the myocyte mitochondria. 
This may lead to the detection of elevated 
cTnT in HIV-positive patients, although 
these patients may also have abnormal cTnT 
if they have myocarditis. 

TROPONIN T AND SKELETAL 
MUSCLE INJURY 

Physical Training 

Release of cardiac markers, such as cTnT, 
in competitive athletes is of interest because 
of sudden death cases in asymptomatic indi
viduals (131). Mild exercise in cardiac 
patients above the ischemic threshold (with 
release of CK that remains normal) does not 
appear to result in sufficient injury to cause 
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the release of cTnT (119), nor does more 
vigorous exercise with release of CK activity 
two to five times above normal (131,132). 
Individuals with yet higher CK activities 
may have acute exertional rhabdomyolysis 
(134). Those with CK activity greater than 
five times the normal limit may have a high 
cTnT concentration with the first-generation 
BMC assay, as seen in a marathon runner 
with a postrace CK activity of 12,360 UIL 
and cTnT of 0.48 ng/mL. Use ofthe second
generation cTnT assay, however, did not pro
duce any abnormal cTnT results among 
those running in the 1995 Boston Marathon 
(135). 

Rhabdomyolysis 
Extraordinary CK activities can be seen in 

some patients with severe rhabdomyolysis. 
Serious complications can develop in severe 
rhabdomyolysis, including disseminated 
intravascular coagulation, myoglobinuric 
renal failure, and acute cardiomyopathy. 
Cardiac involvement is not common, but 
may be seen when rhabdomyolysis is pro
duced by a drug or toxin that acts directly on 
striated muscle. This has been reported in 
fluoroacetate poisoning, ethanol-induced 
rhabdomyolysis, and heroin abuse (136). 
Abnormal cTnT concentrations have been 
reported in 19/20 patients with severe rhab
domyolysis using the first-generation cTnT 
assay (137). cTnI was elevated in only 6/20 
patients. AMI was not diagnosed in any 
patients. However, 3/20 had ischemic ECG 
changes on admission to the hospital, and 
both cTnT and cTnI were elevated in these 
patients. It is not clear whether elevated 
cTnT in these patients is owing to: 

1. Crossreactivity of sTnT (7); 
2. The fetal cardiac isoform that is expressed in 

skeletal muscle during fetal development 
being re-expressed and released into the 
blood by regenerating skeletal muscle in 
these patients; or 

3. These patients experiencing undetected 
myocardial injury. 
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No elevations of cTnT were found in 
219 healthy subjects with exertional rhab
domyolysis (CK activities up to 4500 V/L) 
prolonged over a 6-mo period (133). 
Re-expression and release of fetal cTnT was 
not evident, even after 24-29 wk of repeated 
injury, regeneration, and repair. Others found 
cTnT <0.02 ng/mL in 43 marathon runners 
and 24 rhabdomyolysis patients using the 
second-generation Enzymun-Test® method 
for cTnT, which has <0.005% crossreactiv
ity with human sTnT (8). Further studies are 
needed to determine whether fetal cTnT is 
re-expressed in regenerating adult skeletal 
muscle in rhabdomyolysis or degenerative 
skeletal muscle disease patients. However, 
studies with the second-generation Enzy
mun-Test® method for cTnT (8) suggest that 
if fetal cTnT is re-expressed, it may not 
appear in serum in clinically significant 
concentrations. 
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BIOCHEMISTRY 

In striated muscle, the thin filament con
tains a protein complex containing three 
polypeptides: troponin C, I, and T, which are 
involved in calcium regulation. Troponin I 
(Tnl) is the subunit of the troponin complex 
that inhibits actomyosin ATPase activity. 
Three isoforms of Tnl have been described, 
a cardiac (cTnl)* and two skeletal muscle 
(slow twitch [sTnI] and fast twitch [ITnID 
(1). Each of the three cTnI isoforms is 
encoded by three different genes located on 
different chromosomes (2). The skeletal iso
forms show appro x 40% heterogeneity of 
primary sequence, but the cardiac isoform 
displays a similar degree of sequence het
erogeneity compared to each skeletal iso
form. Owing to the presence of an additional 
31 amino acids at the N -terminal region, 
cTnl (24 kDa) is uniquely different than 
either fTnI or sTnl (19.8 kDa). During 
human development, both sTnl and cTnl 
are expressed in the myocardium. At birth, 
however, as shown in Fig. 1, only cTnl is 
expressed in the myocardium (3). cTnl has 
been shown not to be expressed in any type 
of skeletal muscle, independent of develop
mental or disease stimuli. Therefore, knowl
edge that cTnl is 100% tissue-specific for the 
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myocardium makes it an excellent candidate 
to serve as a biochemical marker for detect
ing of myocardial injury in serum. 

Human cTnl DNA has been isolated, and 
the amino acid sequence of human cTnl has 
been confirmed. The gene has been assigned 
to chromosome 19p13.2-19q13.2 (4). cTnl 
appears to have a uniform distribution 
throughout the atrial and ventricular cham
bers (5). The general relationship between 
cardiac and skeletal muscle isoforms of Tnl 
is common in several different species, 
including rabbit, cow, baboon, monkey, and 
humans (6). 

MEASUREMENT 

Because only one cardiac isoform is pre
sent in the heart and because it contains a 
unique N-termina1 amino acid sequence, the 
immunochemical reactivity of Tnl is less 
complex than other contractile proteins. 
Both polyclonal antibodies and monoclonal 
antibodies (MAb) to human cTnl have been 
raised that show little to no crossreactivity to 
sTnl or other proteins. 

The first reported immunoassay for 
human cTnl was reported in 1983 (7). It used 
sheep and rabbit polyclonal antibodies 
directed against human or baboon cTnl, with 

*See p. 240 for list of abbreviations used in this chapter. 
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Fig. 1. Expression of Tn I isoforms in developing human heart and skeletal muscle. Note transition 
from expression of sTnI to cTnI between 20 wk fetal development and 9 mo postnatal life (reprinted 
by permission from ref. 3). 

radioisotopic detection. The level of cross
reactivity against sTnI was minimal up to 
1000 ng/mL. The sensitivity of this radioim
munoassay was improved in 1987, detecting 
down to 10 ng/rnL, with <2% cross-reactivity 
with sTnI (8). However, this assay was never 
commercialized. The lack of analytical 
sensitivity to be able to distinguish small 
changes within the normal reference limits 
or at critical medical decision limits led to 
the development and reporting of several 
specific, nonisotopic enzyme immunoassays 
using pairs of MAb directed against cTnI. 
This has allowed low-level detection of cTnI 
in the circulation that is highly specific for 
myocardial injury. 

Several manufacturers have reported the 
development of immunoassays for the detec
tion of cTnI, as shown in Table 1. The initial 
specific MAb-based assay was a double 
monoclonal "sandwich" enzyme immunoas
say (15). The cTnI-specific MAb used in this 
assay have now been incorporated in the 
worldwide (FDA-approved) commercially 
available Dade International (Deerfield, IL) 
Stratus fluorometric immunoassay. Further, 
Behring Diagnostics (Westwood, MA) and 
Beckman Instruments (formerly Sanofi Pas
teur Diagnostics, Chaska, MN) have FDA
approved cTnI assays on the Opus 
Plus/Magnum, and Access systems, respec
tively. The Opus assay uses two goat anti
cTnI polyclonal antibodies. The Access 
assay was derived from a one-step immu-

noenzymatic assay (lEMA) utilizing a pair 
of antihuman cTnI MAb (16). A research (5-
h) ELISA on a microliter plate utilizing mon
oclonal anti-cTnI antibodies supplied by 
Spectral Diagnostics has recently been 
described (16). Abbott Laboratories (Abbott 
Park, IL) (12), Bayer Diagnostics (Tarry
town, NY) (14), and Chiron Diagnostics 
have also described immunoassay systems 
that are FDA approved. Further, several 
rapid whole blood devices have been 
described and or shown by manufacturers 
for potential bed-side testing (point of care) 
for cTnI. These systems also include the 
diversity of multiple analyte measurements 
in addition to cTnI; First Medical System, 
FDA approved (Mountain View CA; total 
CK, myoglobin, CK-MB mass); Biosite 
Diagnostics, FDA approved (San Diego CA, 
myoglobin, CK-MB mass); Dade (Deerfield, 
IL, myoglobin, CK-MB mass) not FDA 
approved. Further, a rapid, one-step qualita
tive immunoassay system (positive, nega
tive based on specific cutoffs) was recently 
FDA approved (Cardiac STATus, Spectral 
Diagnostics (Toronto, Canada). 

Normal ranges, detection limits, and 
medical decision cutoffs vary between assay 
systems owing to the lack of standardization 
and differences in antibody recognition of 
different cTnI subunit complexes (17) for 
cTnI. Therefore, when comparing published 
clinical studies, absolute comparisons of 
cTnI concentrations are difficult. However, 
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Table 1 
Commercial Immunoassays for cTnI Mass Determination 
That Utilize Specific anti-TnI-Antibodies 

Initial Detection Reference Assay 
Supplier Detection anchor Ab tag limit range time 

Dade-Stratus (9) Fluorescence Monoclonal- Monoclonal 0.35 ng/mL ~0.6 10 min 
anti-cTnI anti-cTnI-ALP 
glass fiber paper 

Behring Opus (l 0) Fluorescence Polyclonal-anti- Polyclonal 0.50 ng/mL ~1.9 20 min 
cTnI- anti-cTnI-ALP 

Beckman-Access (11) Chemilumi- Monoclonal-anti- Monoclonal- 0.03 ng/mL ~O.l 15 min 
nescence cTnI anti -cTnI -ALP 

Abbott -Axsym ( 12) Fluorescence Monoclonal-anti- Polyclonal- 0.75 ng/mL ~2.1 l3 min 
cTnI -microparticle anti-biotin-ALP ~0.8 

Spectral Diagnostics Colorimetric Monoclonal-anti-
(13) cTnI-qualitative 

Bayer Immuno Fluorescence Monoclonal-anti-
(14) cTnI-magnetic 

particles 

relative changes for cTnI based on upper 
reference limits in the numerous clinical 
studies should allow for comparability of 
findings for different assay systems used for 
the measurement of cTnI (see Table 1). 

CLINICAL UTILITY 

Over 20 studies that have utilized several 
different cTnI immunoassays will be dis
cussed in this section. Since no primary 
standard is used by the different assay sys
tems, the reader must be aware that absolute 
concentrations used for medical decision 
and reference ranges will vary considerably 
(see Table 1). However, comparisons can be 
made between studies using the different 
assay systems regarding relative changes 
related to normal reference limits. This sec
tion will discuss studies that have measured 
cTnI for the detection of AMI, monitoring 
reperfusion after thrombolytic therapy in 
AMI, detection of myocardial injury in renal 
disease, and studies involving skeletal 
muscle injury with possible concomitant 

Polyclonal- 0.2 ng/mL 15 min 
anti-cTnI 

Polyclonal- 0.1 ng/mL ~0.1 23 min 
anti -cTnI -ALP 

AMI. Since cTnI is 100% cardiac-specific 
( 16), the studies reviewed in this section will 
show how cTnI can be used to distinguish 
elevations of serum CK-MB caused by 
skeletal muscle injury from those caused by 
acute myocardial infarction (AMI). 

Acute Myocardial Infarction 

cTnI has been shown to be a very sen
sitive and specific marker for AMI (10,15, 
17-20). The early release kinetics for cTnI 
are similar to creatine kinase (CK)-MB, in 
that it takes 4--8 h to increase above the upper 
reference limit (Fig. 2). Thus, cTnI does not 
provide an earlier detection for AMI than 
CK-MB (9,21,22). The initial cTnI rise is 
from release of 3-6% cytoplasmic fraction of 
troponin in the cell following ischemic injury 
(18). cTnI peaks between 14 and 36 h after 
onset of AMI and remains elevated 3-7 dafter 
AMI. The mechanism for the lengthy time for 
elevations of cTnI is most likely owing to the 
ongoing release of troponin from the 94-97 % 
myofibril-bound fraction (18). This can be 
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Fig. 2. Serial serum CK-MB and cTnI concentration profiles following AMI (A) Cardiac markers 
are plotted as a function of the upper reference limits = 1 (B) Time is from the onset of chest pain. 

considered the biological half-life. The ongo
ing release and clearance thus give the impres
sion that cTnI has a long half-life. However, 
the true half-life of cTnI is <2 h. Owing to the 
lengthy time of increase of cTnI following 
onset of chest pain, it should clinically replace 
lactate dehydrogenase (LD) isoenzymes in 
detection of late-presenting AMI patients. 
Recent studies have demonstrated (Fig. 3) that 
regardless of whether AMI patients received 
thrombolytic therapy or not, cTnI was more 

sensitive than the LD1ILD2 ratio (cutoffs of 
either 1.0 or 0.8) for detection of myocardial 
infarction (MI) up to 7 d after admission 
(23,24). The very low to undetectable cTnI 
values in serum from noncardiac-diseased and 
normal patients, permit the use of very low 
discrimination values compared to higher 
values of CK-MB for the determination of 
myocardial injury. This is because of ongoing 
release of the low percentage of CK-MB 
found in skeletal muscle (25,26). 
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Fig. 3. Comparison of the LD isoenzyme LDIILD2 ratios vs cTnI following AMI (adapted from 
ref. 24). 

Several studies have shown that cTnI is 
comparable to CK-MB for the sensitive 
detection of AMI during the initial 48 h after 
AMI. However, diagnostic sensitivities are 
insufficient for effective, very early diagno
sis of AMI 0-4 h post onset of chest pain. 
Because of the slow release kinetics of cTnI, 
it takes hours before it increases above the 
upper reference. It has been hypothesized that 
the early release of cTnI «30 kDa) compares 
to CK-MB (80 kDa), because cTnI is released 
as the three-subunit I, T, and C complex (80 
kDa). The early findings of three different 
studies that examined large numbers of 
patients presenting to the hospital to rule in 
or rule out AMI in chest pain patients were 
not prospectively performed ( 11,15,18). The 
studies all addressed patients either admitted 
to a coronary care unit (CCU) with MI or 
with a high probability of MI. As expected, 
cTnI sensitivity remains >90%, a much 
longer time compared to CK-MB, owing to 
the extended appearance rate of cTnI. 

Several studies have also demonstrated 
excellent and improved specificity (> 90%) 
for cTnI vs CK-MB during the entire post
AMI time period (9,21). As shown in Fig. 4, 
the overall sensitivity and specificity of AMI 

detection are dependent on medical decision 
cutoff values used for cTnI and the times 
studied following presentation to ED after 
onset of chest pain studied (21). 

Reperfusion Assessment 

Three studies have examined the early 
and rapid release kinetics of cTnI following 
successful reperfusion after initiation of 
thrombolytic therapy in AMI patients 
(28-30). Since there are many positive ben
efits of thrombolytic therapy conferred by 
reperfusion of infarct-related arteries, the 
use of rapid analytical determinations for 
early cTnI measurements would serve as an 
excellent noninvasive assessment. In suc
cessfully reperfused AMI patients, cTnI sig
nificantly increased 30, 60, and 90 min after 
thrombolytic therapy compared to baseline 
and showed significant increases compared 
to nonreperfused patients at all times 
(Fig. 5). By utilizing a calculated relative 
ratio index of reperfusion at 90 min after 
thrombolytic therapy (cTnI at 90 min 
divided by cTnI at 0 min baseline), prelimi
nary findings showed a >80% sensitivity for 
detection of reperfusion (30). Thus, mea
surement of cTnI may be more sensitive than 
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Fig. 4. ROC curves to establish the best discriminator limits for AMI for CK-MB (A) and cTnI (B) 
following time (T, h) after presentation to emergency department. Each curve represents a different 
time period for 35 AMI patients (adapted from ref. 21). 

CK-MB and myoglobin for early detection 
of reperfusion. Larger population studies 
will be necessary to confirm these findings 
before clinical use will be implemented. 

Surgery 

Several studies have used cTnI measure
ments following surgical procedures to 
detect myocardial injury. In 22 patients with 
angina who underwent uneventful percuta
neous transluminal coronary angioplasty 
(PTCA), no increases in cTnI were found 

7-13 h after (31). This supports the view that 
no substantial myocardial injury occurred in 
successful PTCA. In 28 patients undergoing 
coronary artery bypass grafting (CABG), 
owing to surgical cutting of the myocardium, 
all patients showed elevation of cTnI (32). 
However, in four patients with electrocar
diogram- (ECG)-documented perioperative 
AMI, cTnI concentrations were significantly 
greater at peak, 12, or 24 h. In a study involv
ing patients receiving aortic valve replace
ments, a positive correlation was found 
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Fig. 5. Relative ratio index increases (plotted on a log scale) forcTnl (~cTnl), CK-MB (~CK-MB), 
and myoglobin (~myoglobin) 90 min after the initiation of thrombolytic therapy. Group 1 = reper
fused patients, solid bars; group 2 = nonreperfused patients, hatched bars. *Significantly (p < 0.05) 
greater than CK-MB and myoglobin within group 1. Error bars represent standard error (reprinted by 
permission from ref. 30). 

between aortic crossclamping time and cTnl 
in serum (33). In another study involving 
108 patients undergoing noncardiac-related 
vascular surgery, eight patients experienced 
new abnormalities in the echocardiogram, 
which was used to diagnose perioperative 
MI (34). All eight had increased cTnI (Fig. 
6). Of the other 100 without perioperative 
infarction, 19 had false-positive elevations 
ofCK-MB. In each of these surgical studies, 
cTnI was found to be a specific and reliable 
marker of cardiac ischemia during heart and 
noncardiac surgeries. In contrast, cTnI, 
cTnT, and CK-MB do not appear to be useful 
in monitoring cardiac transplant patients for 
acute rejection, since one study showed no 
difference in protein levels with grades 2 and 
3 rejection vs those with grades 0 and 1 (35). 

Occult Myocardial Injury 

Numerous studies have determined the 
incidence of increased cTnI for detection of 
cardiac injury in several patient groups that 
have often shown falsely increased CK-MB 
concentrations. These have included patients 
with chest trauma, with cocaine-associated 

chest pain, in the critically ill intensive care 
patients, and hypothyroid patients. Patients 
with cocaine-induced chest pain frequently 
have abnormal BCG tracings and increases 
in total CK and CK-MB. In a study of emer
gency department patients with confirmed 
cocaine use, results of BCG, CK, and CK
MB (mass assay) were abnormal on 84%, 
74%, and 16%, respectively, whereas cTnI 
(Stratus) and cTnT were normal on all sub
jects (Fig. 7) (36). In patients with blunt 
chest trauma, 26 of 37 patients had falsely 
elevated CK-MB concentrations. cTnI was 
positive in six of six patients with blunt chest 
trauma and was falsely positive in only one 
case (Fig. 8) (37). Among critically ill 
patients, cTnI was accurate in determining 
the high incidence (32 of 209 patients) with 
cardiac injury (a frequently unrecognized 
[20 of 32 patients] complication) (Fig. 9) 
(38). Mortality in patients with myocardial 
injury that was recognized (42%) or unrec
ognized (40%) was higher than in those 
without myocardial injury and normal cTnI 
concentrations (15 %). In patients with 
hypothyroidism, high CK and CK-MB are 
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Fig. 6. Time-course of changes in cTnI levels after surgery in eight patients with AMI. Initial ele
vations were present in six patients on day 1 and in two patients on day 2. The broken lines denote 
the upper limit of normal values. Preoperative values are indicated by the first symbol in each curve 
(reprinted by permission from ref. 34). 

frequently observed, because there is 
reduced clearance of the enzyme (39). 
Coronary artery disease is a frequent 
complication of hypothyoridism owing to 
hypetension and hypercholesterolemia (40). 
In a study of 52 hypothyroid patients, CK 
and CK-MB were increased in 64 and 13%, 
whereas cTnI (Stratus) was normal in all 
subjects (41). These results suggest that CK 
and CK-MB are nonspecific when compared 
to cTnI. 

Skeletal Muscle Injury 

Several studies involving skeletal muscle 
injury have examined the use of cTnI to 
facilitate distinguishing whether increases 
ofCK-MB are owing to myocardial or skele
tal muscle injury. In marathoners, all pos-

trace cTnI concentrations were normal, com
pared to >80% with CK-MB increases 
(42,43). In acute or chronic skeletal muscle 
injury or disease patients, the only increases 
in cTnI were found in ECG and echocardio
gram-documented MIs (Fig. 10) (43). 

Renal Disease 

Demonstration of the cardio-specificity 
of cTnI for detection of myocardial injury in 
renal disease patients was first addressed in 
1993 (43). Evaluation of 159 patients with 
chronic renal failure demonstrated a 3.8% 
false-positive rate for CK-MB mass, with 
the one patient demonstrating an increased 
cTnI having an AMI. Since then, several let -
ters to the editor, case papers, and abstracts 
have evaluated the clinical significance of 



Cardiac Troponin I 

10000 

1000 

-a; 
> 100 ~ 
a; 
"" (ij 
E 
u 10 

.!!! 
'E 
III 
u 

"" III 
GI 
a. 

0'1 

• 0 
AO .0 
• -!!-cr .. • § 

t:l 

• • 
T 

8 
0 

--0..... • 

! 

Cl 
0 
t:l 
Cl 

0 

§ 

• • • 
Total CK-MB % cTnl cTnT 
CK CK-MB 
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CK activity, CK-MB isoenzyme (CK-MB) con
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cocaine-induced chest pain (.) and in patients 
with documented myocardial infarction (D). 
Horizontal lines indicate the upper reference 
limit of the respective assay; total CK (200 U/L). 
CK-MB (5.0 ng/mL), % CK-MB (2-5%), cTnI 
(3.1 ng/mL), and cTnT (0.1 ng/mL) (reprinted by 
permission from ref. 36). 

cTnI, cTnT, and CK-MB measurements in 
patients with renal failure (44-50). A sum
mation of these studies showed that in over 
400 chronic renal disease patients evaluated, 
falsely elevated (no direct evidence of 
myocardial injury) cardiac marker concen
trations were found as follows: first genera
tion cTnT assay in 47% of cases; CK-MB in 
10.3% of cases; cTnI in 2.6% of cases (50). 
However, in two recent studies that com
pared cTnI with the improved second gen
eration cTnT assay, more comparable false 
positive findings are reported; 5% cTnI vs 
10-15% cTnT. The value of cTnI is further 
suggested in a study of patients undergoing 
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renal transplantation, where there were no 
cases of cTnI (Opus) increased either before 
or after the transplant (51). 

The underlying mechanisms for the large 
number of nonspecific elevations of cTnT 
and CK-MB in renal disease as well as in the 
other pathology entities noted above are 
unclear. Several potential mechanisms can 
be postulated. First, both CK-MB and cTnT 
have been shown to be re-expressed in regen
erating human and animal skeletal muscle 
(50,52,53). Thus, expression of cTnT and 
CK-MB may occur in the skeletal muscle 
myopathy associated with chronic renal dis
ease (54). Second, an increase in cTnT may 
be owing to low-level immunoassay cross
reactivity errors from sTnT (46). However 
this is eliminated using the second generation 
cTnT-assay. Third, the possibility of minor 
myocardial injury undetected clinically may 
be responsible for true-positive increased 
cTnT or cTnI values. However, for cTnI, its 
tissue specificity for the heart is unchal
lenged, with no expression of cTnI in 
myopathic skeletal muscle from patients 
diagnosed with muscular dystrophy, 
polymyositis, and chronic renal disease (50). 
Finally, it is possible that cTnI is falsely low 
because of the presence of autoantibodies 
(55). This rare occurrence is a highly unlikely 
explanation for the hundreds of samples from 
patients with dialysis that have been tested 
for undetectable cTnI. 

Unstable Angina 

Reports have now described that analysis 
of cTnI has prognostic value in non-AMI 
(unstable angina) patients with cardiac dis
ease. Determination of elevated serum cTnI 
levels at presentation in patients (n = 1402) 
with unstable angina predicted a signifi
cantly increased mortality at 42 d and iden
tified improved survival occurred in patients 
treated with early invasive versus conserva
tive strategy (56). In samples collected from 
unstable patients (n = 106) admitted to a 
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Fig. 8. Peak CK-MB, peak CK-MB to total CK ratio, and peak cTnI values found in patients with 
blunt chest trauma. Open circles indicate patients without cardiac contusion; solid circles indicate those 
with contusion. Heavy horizontal lines indicate upper reference limits for each parameter (reprinted 
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CCU over a 3 d period, the presence of minor 
degrees of myocardial damage was identi
fied by increased cTnI values (57). Using as 
a primary endpoint death or non-fatal AMI 
at 30 d, increased cTnI concentrations were 
a significant predicator of adverse short and 
long term prognosis. CTnI measurements 
were used for risk stratification in 74 con
secutively admitted non-AMI patients with 
chest pain. Odds ratios showed that poor out
comes were significantly more frequent in 
the high cTnI group than· in the low cTnI 
group, a significant improvement over CK
MB (58). There has only been one study on 
33 patients with unstable angina that sug
gested no value for cTnI (Access) and risk 
stratification (59). Direct comparison stud
ies of cTnI and cTnT in the same patient 
populations showed no differences in the 

prognostic value of these two markers 
(50,60,61). These direct comparisons of 
cTnI and cTnT in similar patient groups with 
unstable angina, have preliminary demon
strated similar prognostic value of these two 
markers with both demonstrating and 
adverse 30 d prognosis in patients with an 
increased concentrate. Overall, 20-40% of 
unstable angina patients have an increased 
cardiac troponin with a 4-12% incidence of 
death or nonfatal AMI 30 to 40 deep fol
lowing presentation. 

In summary, these studies show that cTnI 
is a more tissue-specific marker than 
CK -MB and cTnT for the detection of myo
cardial injury, including myocardial infarc
tion. When cTnI is increased, one should 
"think heart." Increased cTnI levels in 
patients with little clinical evidence sug-
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(8.5 [SD 8.6] ng/mL) (reprinted by permission 
from ref. 38). 

gesting myocardial injury should alert the 
clinician to consider occult cardiac injury 
or disease, placing patients into a high risk 
group. 

IMPLEMENTATION INTO 
THE CLINICAL LABORATORY 

Because nearly 50% of patients with AMI 
initially present to emergency departments 
with nondiagnostic ECGs, serial samples for 
CK-MB (and total CK) have been the gold 
standard of testing for the diagnosis of AMI 
(62). If AMI is suspected, serial measure
ments made approximately at admission and 
3,6,9, and 12 h after admission will provide 
the greatest sensitivity and specificity (63). 
Single measurements should not be relied 
on for initial triaging because of the poten-
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tial offalse-negative results owing to the lag 
time for rising CK-MB concentrations fol
lowing the onset of chest pain post-AMI 
(63). Regarding the implementation of cTnI 
into the clinical laboratory, a serial ordering 
pattern similar to CK-MB would be most 
appropriate for optimal diagnostic accuracy 
(Table 2). Implementation of cTnI would 
provide a substantial financial saving to 
institutions willing to be on the cutting edge. 
For example, a single cTnI determination 
would replace CK-MB, total CK, total LD, 
and LD isoenzyme measurements without 
sacrificing clinical sensitivity and speci
ficity. CK-MB determinations may only be 
necessary if and when the clinician observed 
the cTnI levels to be on the downward slope 
of the AMI curve and might need to deter
mine whether the CK-MB would distinguish 
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Table 2 
Recommending Test Ordering 
Guidelines: Implementation of cTnI 

Detection of myocardial infarction 
Common protocol with CK-MB (63) 
Proposed using cTni 

cTni at admission, and 3, 6, and 9 h after 
admission. 
Total CK, CK-MB mass, % RI: at 
admission, and 3, 6, 9, and 12, h after 
admission. 

Detection of reperfusion following 
thrombolytic therapy 

Proposed 
cTni at admission, at time of therapy, and 
60, or 90 min after therapy. 

Detection of minor myocardial injury in 
unstable angina 

cTnI at admission and 12 h after admission 

an early (0-3 d) vs late (>3 d) presenting 
patient. Total CK would no longer be needed 
for CK-MB percent calculations. Total LD 
and LD isoenzymes would not be needed to 
determine late AMI presentations. Regard
ing the use of cTnl to attempt to determine 
the success of reperfusion, levels should be 
measured at admission, at the time of throm
bolytic therapy initiation, and at 60, or 90 
min after therapy in an attempt to document 
the early, rapid rise associated with success
ful reperfusion (Table 2). Finally, prelimi
nary findings are compelling for the use of 
cTnl measurement in non-AMI, unstable 
angina patients for both in-hospital and post
hospitalization risk stratification. 

ABBREVIATIONS 

AB, Antibody; ALP, alkaline phos
phatase; AMI, acute myocardial infarction; 
CCU, coronary care unit; cTnl, T, cardiac 
troponins I and T; ECG, electrocardiogram; 
FDA, Food and Drug Administration; fTnl, 
fast twitch troponin I; HRP, horse radish 
peroxidase; kDa, kilodaltons; LD, lactate 
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dehydrogenase; PTCA, percutaneous trans
luminal coronary angioplasty; sTnl, skeletal 
muscle troponin I. 
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Myosin Light and Heavy Chains 

INTRODUCTION 

The basic building block of the contrac
tile apparatus in skeletal and cardiac muscle 
cell is the sarcomere. This multi subunit 
structure is composed of a precise geomet
ric arrangement of thick filaments sur
rounded by a hexagonal array of thin 
filaments, each containing actin and the tro
ponin-tropomyosin regulatory complex. 

The major components of sarcomeric thick 
filaments are myosin molecules. The myosin 
molecule found in both cardiac and skeletal 
muscle is a heteropolymer composed of two 
heavy chains (MHC;* molecular mass of 
about 220 kDa each) and two pairs of light 
chains (MLC). Based on their distinctive 
chemical and functional features, they are 
designated as "essential" or light chain 1 
(MLC 1; molecular mass of approx 27 kDa) 
and "regulatory" or light chain 2 (MLC 2; 
molecular mass of approx 20 kDa) (Fig. 1). 
Myosin forms a crosslink with actin (thin fil
ament). When a stimulus for muscle contrac
tion is received by the myocyte, the heads of 
the myosin molecule flex from its normal 90° 
angle to 45°, thereby "ratcheting" two actin 
filament together (Fig. 2). This interdigitation 
of actin and myosin requires the hydrolysis of 
adenosine triphosphate (ATP) molecules (1). 

Mauro Panteghini 

BIOCHEMISTRY AND 
MOLECULAR BIOLOGY 

The MHCs consist of a long a-helical sec
tion attached to two globular heads. Each of 
these heads is a complex of the globular head 
of one heavy chain with one molecule of 
each type of light chain. Each head has an 
actin binding site and exhibits actin-acti
vated ATPase activity that hydrolyzes ATP, 
thereby providing the chemical energy that 
is transduced into mechanical force. The 
MHCs in human myocardium consist of two 
isoforms named a and B. They are products 
of two different isogenes located on chro
mosome 14 (2). Complete sequences of 
these genes have been published (3-5), and 
amino acid sequence comparison has 
demonstrated that there are, at least, seven 
isoform-specific divergent regions (5). Car
diac ~-MHC corresponds to slow skeletal 
MHC and is coexpressed in slow twitch 
skeletal muscle fibers (6), whereas the 
expression of a-MHC isoform is thought to 
be exclusive to the myocardium, theoreti
cally providing a more specific marker of 
myocardial damage (7). Although there is 
very high amino acid sequence homology 
(approx 80%) among cardiac and skeletal 
MLCs (8), some regions of divergence can 

*See pp. 252-253 for list of abbreviations used in this chapter. 
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Fig. 1. Schematic of a myosin molecule. I, C-terminal end; 2, N-terminal end; 3, coiled a-elical 
tail of heavy chains; 4, light chains (MLC 1 and MLC 2): one molecule of each is present on each of 
the two globular heads of heavy chains. 

A 
actin 

myosin 

B -- --
Fig. 2. The role of myosin crosslinks in striated muscle contraction. (A) Relaxed state. (B) 

Contracted state. 

be seen particularly in the amino-terminal 
region of the sequence (9). Given the close 
structures of cardiac and skeletal muscle 
forms of MLC, their differentiation may not 
be simple, but theoretically feasible using 
specific monoclonal antibodies (MAb) 
against cardiac MLC isoforms. 

Although the role of the light chains is 
poorly understood, their location near the 
hinge region suggests that they may be 
involved in modulating interactions between 
myosin and actin. Phosphorylation and Ca2+ 
binding sites allow "regulatory" MLC 2 to 
regulate the hydrolysis of ATP by acto
myosin; the importance of this function 
depends on the origin of the muscle (10). 
This regulatory feature seems to have been 

lost in most "essential" MLC I-its primary 
function might be to stabilize the heavy 
chain (11). Myosin is a very large, insoluble 
protein that is fixed in the sarcomere and 
does not diffuse from the intact cell. 
Although most of the MLCs are present as 
the bound form in the structural myosin mol
ecule, a smaller amount (<1 %) appears to 
be free in the muscle cell as a cytosolic pre
cursor pool of myosin synthesis. This 
unbound free fraction may be liberated into 
the peripheral circulation following minor 
cellular damage and is cleared by the kid
neys (12). In contrast to MLCs, for MHCs, 
no early release cytosolic pool exists. 

The interaction between MHCs and 
MLCs is strong, so that subunits can only be 
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Table 1 
Proposed Methods for Determination of Cardiac MHCs in Human Seruma 

Detection Between-run 
Source Principle limit precision (CV) Remarks 

Leger et al. (15) RIA (MAb anti-~-MHC) 15 f.lg/L <20.0% Crossreaction with 
skeletal HC 

Larue et al. (16) IRMA (MAbs lOf.lUlL <8.8% Crossreaction with 
anti-~-MHC) skeletal HC 

Simeonova ELISA (MAb Not reported Not reported Crossreaction with 
et al. (17) anti-MHC skeletal HC 

subfragment 1) 
Cardone ELISA (solid-phase MAb 10 f.lg/L Not reported Crossreaction with 

et al. (18) antiventricular MHC skeletal HC 
plus conjugate poly clonal 
chicken anti-MHC IgY) 

aCV, coefficient of variation; RIA, radioimmunoassay; HC, heavy chain; IRMA, immunoradiometric assay; 
and ELISA, enzyme-linked immunosorbent assay. 

dissociated under certain pH or temperature 
conditions or in the presence of appropriate 
chemicals, like 5-5' -dithiobis-(2-nitroben
zoic acid) or edetic acid (13). Lowering the 
pH of purified myosin preparations to levels 
simulating the acidosis seen during cell 
necrosis causes the release of light chains 
into the supernatant (14). In particular, the 
maximum dissociation of light chains from 
heavy chains occurred at pH 6.0 near the pH 
of severely ischemic cells, which probably 
represents irreversible cellular damage. 

ASSAYS 

All assays for cardiac MHCs described in 
the literature so far show significant cross
reactivity with MHCs from skeletal muscle 
(Table 1) (15-18). Indeed, the coexpression 
of cardiac ~-MHC isoforms in slow skeletal 
muscle make it very difficult to develop car
diac specific assays. A competition radioim
munoassay was used first to describe MHC 
release into serum after acute myocardial 
infarction (AMI) (15). The fact that three out 
of seven specific MAb produced by these 
authors did not detect any myosin in sera of 
AMI patients was presumably owing to the 

absence of the corresponding myosin frag
ments in the serum, and suggested for the 
first time that only MHC fragments and not 
the whole molecule are in fact circulating 
after AMI. An immunoradiometric assay 
using the same MAb has been described 
(16), which became the basis for a diagnos
tic "kit" technique. Because the exact 
molecular mass of the circulating MHC frag
ments is not known, MHC concentrations 
were expressed in )..lUlL instead of ng/mL 
()..lg/L) (16). 

Table 2 shows the values of "cardiac" 
MHCs in sera from apparently healthy sub
jects calculated by different authors 
(15,18-20). Reference values were assay
dependent, and the healthy populations used 
were small and rather poorly defined. The 
relatively high MHC concentrations 
observed in the active subjects were possi
bly connected to the release of MHC frag
ments from slow skeletal muscle into serum 
and to the lack of assay specificity (21). 

A variety of immunological assays have 
been used to detect human cardiac MLCs 
(13). The first-generation radioimmuno
assays using polyclonal antibodies encoun-
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Table 2 
Serum Cardiac MHC Values Calculated from Measurements on Healthy Subjectsa 

Source Method No. of subjects MHC conc. 

Leger et al. (15) RIA 20 Not detected 
(<15 !lgIL) in 
all subjects 

Leger et al. (19) IRMA 52 (sedentary) 52 ± 23 !lUlL 
63 (active) 95 ± 31 !lUlL 

Seregni et al. (20) IRMA 20 (children) 109 ± 71 !lUlL 
Cardone et al. (18) ELISA 25 264 ± 213 !lgIL 

aValues are mean ± SD. RIA indicates radioimmunoassay; IRMA, immunoradiometric assay; and ELISA, 
enzyme-linked immunosorbent assay. 

tered significant problems of crossreactivity 
in the differentiation between cardiac and 
skeletal muscle MLCs (22-25). Such cross
reactivity is not surprising because the two 
types of light chains are highly homologous, 
and unless antibodies are targeted toward 
totally unique polypeptide segments (i.e., 
the amino-terminal portion), crossreactivity 
is to be expected. More recently, several 
authors have proposed methodological 
approaches employing MAb that recognize 
different epitopes on the light chain mole-

10 min with no analytical instrumentation 
(36). A positive/negative cutoff value of 1.0 
Ilg/L was preliminarily established for clin
ical use (37). 

In general, MLC concentrations are very 
low in serum from healthy persons (Table 4). 
However, the reference range varies consid
erably between different reports (30,32, 
33,36,38). This may be owing to a number 
of factors, such as the calibration of the 
assay, the selected antibodies, and the detec
tion limit of the method. A standardization of 

cules to overcome these problems and try to MLC immunoassay is therefore desirable. 
achieve the necessary specificity useful in 
clinical assays (Table 3) (26-34). Theoreti- CLINICAL UTILITY 
cally, MAb in combination with a sandwich MHC' AMI d If. t s· . 
technique may lead to a desirable low cross- In an n, arc tZlng 

reactivity (35). The use of synthetic peptides( MHCs are efficiently proteolyzed into 
from MLC variable regions as immunogens fragments as soon as they are liberated from 
was also proposed to obtain cardiac specific the damaged myocardium. These fragments 
assay systems (32). With regard to light are detectable in serum from 2-10 dafter 
chain type, the MLC 1 determination was the onset of AMI. The delay in plasma 
widely preferred to MLC 2, since the latter release is longer than for any other contrac-
is more labile, even if the MLC 2 measure- tile protein studied so far (38,39), which sup-
ment has the potential for higher cardiac ports the hypothesis that an early releasable 
specificity (27). At present, a fully cardio- cytosolic pool of this protein does not appear 
specific MLC test is not yet commercially to exist. This appearance of MHCs in the 
available. Quite recently, a rapid-format bloodstream precludes its use in the early 
monoclonallpolyclonal-based immunochro- phase of AMI, allowing however for a pro-
matographic assay for the detection of car- longed retrospective determination of 
diac MLC 1 in serum or whole blood was myocardial necrosis. In patients with non-
developed that can be performed in approx complex AMI, the time-course is mono-
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Table 3 
MAb-Based Immoassays for Determination of Cardiac MLCs in Human Seruma 

Detection Between-run 
Source Principle limit, Ilg/L precision, CV Remarks 

Looser et al. (26) ELISA (solid-phase 1.0 <4.5% Crossreaction 
polyclonal antibody plus with skeletal LC 
conjugate MAb anti-MLCs) 

Hirayama et al. (27) ELISA (MAb anti-MLC 2) 1.0 <8.2% High conc. of 
rheumatoid 
factor affect test 

Uji et al. (28) ELISA (MAb anti-MLC 1) 1.0 <8.7% Crossreaction 
with skeletal LC 

Katoh et al. (29) IRMA (MAb anti-MLC 1) 1.0 <4.3% Crossreaction with 
skeletal LC 

Wicks et al. (30) ELISA (solid-phase MAb 0.15 <9.0% Specificity not 
anti-MLC 1 plus conjugated reported 
polyclonal antibody) 

Michel et al. (31) ELISA (MAb anti-MLC 1) 0.84 <7.4% Crossreaction with 
skeletal LC 

Nicol et al. (32) RIA (MAb anti-MLC 1 1.0 Not reported Crossreaction 
synthetic peptide P348) with skeletal LC 

Ravkilde et al. (33) ELISA (MAb anti-MLC 1) 0.4 <17.0% Crossreaction with 
skeletal LC 

Bhayana et al. (34) ELISA (solid-phase MAb 0.5 <5.0% Crossreaction with 
anti-MLC 1 plus conjugate skeletal LC 
polyclonal chicken Ig Y) 

aCV, coefficient of variation; ELISA, enzyme-linked immunosorbent assay; LC, light chain; IRMA, immunora
diometric assay; and RIA, radioimmunoassay. 

Table 4 
Serum Cardiac MLC 1 Values Calculated from Measurements on Healthy Subjects 
Using Last-Generation Immunoassaysa 

Source 

Wicks et al. (30) 
Nicol et al. (32) 
Ravkilde et al. (33) 
Styba et al. (36) 
Mair et al. (38) 

aValues are mean ± SD. 

No. of subjects 

100 
65 

190 
84 
79 

phasic, and on the average, peak concentra
tions occur 5-6 d after the onset of AMI 
(19,39). MHC release is slightly influenced 
by successful thrombolytic therapy (38,39). 
In patients with reperfusion, peak value 
occurred just I d earlier (19). Considering all 

MLC 1, Ilg/L 

0.13 ± 0.28 
Not detected «1.0 Ilg/L) in all subjects 
Not detected «O.4llg/L) in 99% of subjects 
0.37 ± 0.24 
Not detected «0.84 Ilg/L) in all subjects 

these properties, MHCs have been proposed 

as a suitable marker to quantify the extent 
of myocardial necrosis noninvasively in 
humans (7). Differences in serum enzyme 
kinetics owing to reperfusion alter the 
known relationship between infarct size and 
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enzyme release. This impacts on the correct 
estimation of infarct size by the analysis of 
serum enzyme activities and concentrations, 
such as for total creatine kinase (CK) and 
CK-MB (40). These limitations are obviated 
by using MHCs, which are not influenced 
significantly by reperfusion, and can there
fore be used to assess myocardial damage in 
patients treated with thrombolysis. In exper
imental animal models and in AMI patients, 
the necrosed myocardial mass correlated 
very closely with the cumulative MHC 
release (19). MHCs were also a sensitive 
indicator of myocardial necrosis after car
diac operations (41). In particular, all 
patients have elevated concentrations of 
MHCs after cardiovascular surgery, but 
patients with clinical evidence of perioper
ative AMI show significantly greater eleva
tions between postoperative d 3 and 12 than 
those without AMI (42). However, this rel
atively long time span before the appearance 
of the MHC fragments in the serum after 
cardiac surgery precludes the use of MHCs 
as a tool for earlier detection of perioperative 
myocardial damage. 

In conclusion, measurement of MHC 
fragments in plasma may be a quantitative 
indicator of myocardial necrosis (43). In par
ticular, MHC assay enables: 

1. Retrospective diagnosis of necrosis; 
2. Assessment of infarct size; and 
3. Detection of peri operative infarction. 

However, the limited cardiospecificity of 
available MHC assays may hamper the 
definitive usefulness of this marker in clin
ical practice. 

MLCinAMI 

A preliminary study with dogs described 
the changes ofMLCs in serum after experi
mental AMI (44). The time interval curves of 
MLCs showed peculiar characteristics that 
were not observed in serum enzymes stud
ied (45); after coronary occlusion, MLCs 
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rose rapidly, remained elevated for a long 
period, and their changes in serum were 
biphasic, allowing both early and late diag
nosis of AMI (46). 

Increased quantities of MLCs in the sera 
of patients with AMI were first demonstrated 
in 1978 (47). Subsequently, this preliminary 
finding was confirmed and the characteris
tic biphasic release of this marker after AMI 
was revealed (23). The initial appearance of 
MLCs in plasma occurs within 3-6 h after 
the onset of chest pain, simultaneously with 
the appearance of the CK-MB isoenzyme, 
reflecting the loss of the cytosolic unassem
bled light chain pool. Despite a plasma 
half-life of75 min, an elevated plasma con
centration persists for as long as 10 d, how
ever, reflecting the ongoing breakdown of 
MLCs in the infarcted myofilaments, result
ing from proteolytic degradation or acid pH 
dissociation of myosin molecules (7,13). In 
this period, a peak occurs about 4 dafter 
onset of symptoms (Fig. 3). To investigate 
the value of MLCs as a marker of necrosis, 
the mitochondrial isoenzyme of aspartate 
aminotransferase (mAST) was simultane
ously measured (33). mAST is a well
accepted marker of necrosis, inasmuch as 
mitochondrial enzyme leakage only takes 
place after substantial disintegration of the 
cell (48). The maximum value for MLCs and 
mAST was reached simultaneously, and a 
clear resemblance existed between the time 
curves of these markers (33). This similar
ity suggested that MLCs, like mitochondrial 
enzymes, can be used as an estimate of 
myocardial necrosis. 

MLC in Infarct Sizing 

The use and superiority of structural pro
teins for estimation of infarct sizing were 
first demonstrated in an animal model. In a 
study of 18 dogs, myocardial infarction was 
induced by ligation of the left anterior 
descending coronary artery (49). Serial 
measurements of CK, cytosolic aspartate 
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Fig. 3. Typical cardiac MLC and CK-MB mass release in human serum after AMI. 

aminotransferase (SAST) and MAST, and 
MLC 2 were compared against infarct size 
determined by histologic examination of the 
left ventriculum after sacrifice. Results 

Table 5 
Comparison of Cardiac Markers Against 
Histology for Estimation of Myocardial 
Infarct Sizinga 

showed that measurement of MLC 2 release Marker Correlation Coefficient 
had the highest correlation to anatomically 
defined injury (Table 5). 

MLCs have been used to distinguish 
patients with AMI having unfavorable out
comes from those with favorable prognoses 
(50). The clinical severity and mortality 
were positively correlated with peak values 
of MLCs after infarction, and there was a 
consistently higher correlation between 
MLC appearance and these clinical vari
ables compared with enzymatic estimates 
of infarct size (50). In another study, 
researchers used left ventriculography to 
conclude that serum MLCs were indicative 
of infarct size (24). Again, MLCs release 
correlated well with scintigraphic estimates 
of myocardial injury (51). In this study, a 
single MLC measurement on day 6 after 

MLC 2, release 
MLC 2, peak 
Total CK, release 
Total CK, peak 
sAST, peak 
mAST, peak 

aData from ref. 49. 

0.818 
0.683 
0.138 
0.222 
0.593 
0.492 

admission yielded useful information on 
infarct size, without the need for serial blood 
sampling. 

MLC After Thrombolytic Therapy 

The effects of thrombolytic therapy on the 
appearance of MLCs in serum after AMI 
were also investigated (52). Unlike cytoso
lie proteins, which showed a more rapid 
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release after thrombolysis, the release of 
MLCs was not changed significantly by 
early recanalization of the infarct-related 
coronary compared with that in nonreper
fused AMI. The thrombolytic intervention 
that alters perfusion of the infarct zone 
during the initial hours after the onset of pain 
affected only the release kinetics of the 
minor fraction of total intracellular MLCs
the cytosolic precursor pool of myosin syn
thesis-but does not significantly alter the 
release kinetics ofthe major MLC pool, i.e., 
the structurally bound MLCs (13). Later on, 
other investigators (24,38,39,53) confirmed 
this MLC characteristic, suggesting the 
use of the MLC determination as a more 
accurate estimate of myocardial damage in 
patients treated with thrombolysis. 

MLC in Unstable Angina 

MLCs were elevated in about half of the 
patients with unstable angina (27,54,55), 
even if, in a comparative study, the MLC 
assay detected fewer patients at high risk 
than did troponin T and/or CK-MB mass 
(33). Elevated concentrations were found 
only in patients with >75% coronary artery 
stenosis of at least one of the coronary arter
ies (54,55). The increase ofMLCs correlated 
with signs of ischemia on the electrocardio
gram and with the extent of coronary artery 
narrowing. Thus, the detection of elevated 
concentrations of circulating MLCs may 
enable clinicians to identify subgroups of 
patients with unstable angina who have more 
severe coronary artery disease with worse 
outcomes (56). 

MLC in Other Conditions 

Recently, two preliminary studies from 
the same group (57,58) evaluated the use of 
MLC measurement in the detection of myo
cardial damage after cardiac surgery. In this 
relatively small group of patients, MLCs 
discriminated the actual extent and severity 
of the myocardial damage better than tro-
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ponin T. Measurement of the serum MLC 
concentrations was also useful in the moni
toring of heart transplantation during post
operative period and in the evaluation of 
heart graft damage during ischemic preser
vation (59,60). 

Increased serum concentrations of cardiac 
MLCs also were found in subjects with non
cardiac disease, such as acute or chronic 
muscle damage and renal insufficiency 
(7,13). Elevated MLC values were described 
in subjects with acute skeletal muscle injury 
as well as in patients with muscular dystro
phy or inflammatory myopathy (33,61-63). 
In these patients, the levels ofMLCs showed 
positive correlation with other muscular pro
teins, such as CK and myoglobin, and were 
useful in evaluating disease severity and 
treatment response. These elevated results 
were thought to derive from the crossreac
tion between cardiac light chains and MLCs 
of skeletal muscle in the assay method used. 
On the other hand, since light chains are 
excreted from the kidney into the urine, 
serum concentrations of MLCs are influ
enced by renal function (64). 

Conclusion 

Evidence suggests that in patients with 
AMI, cardiac MLCs are continuously 
released, and therefore may be a very sensi
tive serum marker to diagnose and quantify 
myocardial necrosis. Unfortunately, the clin
ical utility of MLC determination in serum 
has not yet been widely and rigorously tested 
because of the lack of a well-established 
assay for its measurement. Therefore, new 
rapid and reliable analytic methods are 
required to evaluate definitively the diag
nostic performance of this test. 

ABBREVIATIONS 

AMI, acute myocardial infarction; m and 
sAST, mitochondrial and cytosolic aspartate 
aminotransferase; ATP, adenosine triphos
phate; CK, creatine kinase; CV, coefficient 
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of variation; ELISA, enzyme-linked nucleotide sequence of a human ventricular 

immunosorbent assay; HC, heavy chain; myosin light chain 1. Nucleic Acids Res. 

IRMA, immunoradiometric assay; LC, light 16:2353. 

chain; MAb, monoclonal antibody; MHC, 10. Bechet JJ and Houadjeto M (1989) Predic-

myosin heavy chains; MLC, myosin light 
tion of the secondary structure of myosin 
light chains from comparison of homolo-

chains; RIA, radioimmunoassay. gous sequences: implications for the inter-
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Point-of-Care Testing for Cardiac Markers 

CRITERIA fOR POINT-Of-CARE 
(POC)* TESTING 

Clinical pathology responsibility has 
evolved into a spectrum of testing ranging 
from: direct patient and POC monitoring ~ 
near patient testing in a satellite laboratory ~ 
specimen transport and measurement in an 
in-house centralized laboratory ~ referral 
of esoteric testing to outside institutions. The 
"wavelength" of a specific analyte in this spec
trum is driven by a balance between the 
urgency with which the results are needed for 
patient care utilization, the availability of 
appropriate technology, and cost. However, 
unlike nature where the spectral wavelength is 
a static characteristic, the performance site of 
various analytes can evolve with acquisition 
of knowledge and technology development. 

POC testing considered in this chapter 
will be operatively defined as assays that 
may be performed either directly on the 
patient, at the bedside, or at "near-patient" 
satellite locations. Also, the technologies 
available all lend themselves to performance 
in a centralized area designed for rapid 
response. Table 1 lists criteria for POC 
testing of cardiac markers. 

Robert H. Christenson 

The evolution of POC testing is best 
exemplified by glucose. Originally accurate, 
precise, and reliable measurements were 
only available in the central laboratory. 
However, because real-time glucose mea
surements were critically needed for clinical 
decisions regarding triage, monitoring, and 
treatment adjustments, there was develop
ment ofthe highly accurate and precise POC 
or "bedside" monitors that are presently 
available. POC glucose testing must now be 
considered a "standard of care," because the 
technology is readily available and immedi
ate treatment decisions (e.g., insulin dosag
ing) are frequently guided by the data. Also, 
POC glucose testing is available at a rea
sonable cost owing to competition from mul
tiple vendors. 

The fundamental issue with POC testing 
is that caregivers in triage, treatment, and 
patient monitoring areas will base time
sensitive decisions on the results. Cardiac 
marker testing has evolved from labor
intensive rather esoteric assays that were 
offered once per day, e.g., Monday through 
Friday, to systems with turnaround as soon 
as 10-15 min once the front-end work of 
transport, centrifugation, serum separation, 

*See pp. 277-278 for list of abbreviations used in this chapter. 
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Table 1 
Criteria for POC Testing 
of Cardiac Markers 

A strategy for specimen collection and transfer 
that minimizes risk of infectious disease 

Rapid turnaround time 
Low volume, preferably whole-blood sample 
Direct application of a noncritical volume or 

placement of sample directly into instrument 
Disposable device or minimal maintenance 

required 
Minimal technical expertise required 
Positive identification and specimen tracking 

strategy that eliminates specimen 
identification errors 

Simple "goof proof' strategy for recording 
collection time and result reporting 

Simple strategy for calibration and QC 
Transferability of data to the Laboratory 

Information System (LIS) and/or Hospital 
Information System (HIS) 

Agreement of results with accepted "Gold 
Standard" assays 

Affordable cost 

and instrument setup is completed. The next 
step forward is to provide cardiac marker 
assays in real-time or POC, and combine the 
information into strategies for more rapid, 
standardized decision making. In any case, 
the practice of batching these assays, even 
multiple times per day, will become an 
anachronism. 

TRENDS AND LIMITATIONS 
FOR POC TESTING OF CARDIAC 
MARKERS 

POC testing of myocardial injury markers 
may evolve into a standard of care for 
workup of acute cardiac ischemia. Although 
there has been some controversy regarding 
need for real-time testing (1), justification of 
cardiac marker data in real time has been 
driven by utilization of these data in patient 
decisions (2,3). There is a clear need for 
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better-defined strategies that integrate the 
electrocardiogram (ECG), clinical symp
toms, biochemical markers, and other tech
nologies for care of cardiac patients. A model 
for achieving this integration has been 
implemented in many institutions through 
establishment of areas that focus on care of 
patients suspected of having acute cardiac 
ischemia. These areas are found mainly in 
the emergency department (ED) and are 
termed "Chest Pain Evaluation Centers" 
(CPECs). The National Heart Attack Alert 
Program, an initiative of NIH's National 
Heart Lung and Blood Institute, has recently 
published document no. 93-3278, which 
endorses rapid identification and treatment 
of acute myocardial infarction (AMI) 
patients in ED areas, such as CPECs. The 
number of CPECs has increased rapidly over 
the past years, and there seems to be no ques
tion that this trend will continue owing to 
increasing economic pressures, competition 
between institutions, and a changing stan
dard of medical care (2,4-6). 

The role of POC cardiac marker testing 
must be evidence-based; real-time or POC 
testing for cardiac markers may not be 
appropriate for all aspects of care in the con
text of cardiac ischemia (1,2). Specifically, 
clinical and economic considerations may 
never warrant POC testing for the initial 
assessment of suspected AMI in patients for 
whom ECG changes are diagnostic of myo
cardial necrosis. 

Thrombolytic Therapy in AMI 

POC cardiac marker testing in patients 
with diagnostic ECG changes or new left 
bundle branch block is unwarranted, because 
the presumptive diagnosis of AMI is made 
based on the ECG, and the patient is likely a 
candidate for thrombolytic therapy (4). Ben
efit from thrombolytic therapy is time
sensitive (7), and therefore, biochemical 
marker testing or any other action that poten-
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tiates treatment delay must be shown to be 
essential to care of these patients. If, however, 
future studies indicate that use of biochemi
cal markers for immediate risk stratification 
and guiding treatment decisions is prudent or 
that broadening the use of thrombolytics can 
improve outcome in AMI patients for whom 
the ECG is nondiagnostic, there may be an 
essential role for pac cardiac marker testing 
owing to the time-sensitive nature of "open
ing the artery" (8). 

Diagnosis of AMI in Nondiagnostic 
ECG Patients 

Although the ECG is a vital component of 
assessment and care for the AMI patient, it 
is important to note that only 24-60% of 
AMI patients show diagnostic ECG on 
admission (9). For the remaining -50% of 
AMI patients with nondiagnostic ECG, bio
chemical markers are vital for assessment, 
particularly considering that the largest 
source of malpractice dollars for ED physi
cians is misdiagnosis of AMI (10). Real-time 
cardiac marker data have been shown to 
improve diagnostic accuracy and decision 
making in the CPEC environment as well 
as facilitating progression through AMI 
assessment protocols (3,6,11-15). One of 
the most important of these studies involved 
the performance of creatine kinase (CK)
MBmass in over 1000 patients, all of whom 
had nondiagnostic ECG (14). In these 
patients, the diagnostic sensitivity was 100%, 
and the diagnostic specificity exceeded 98%, 
using a strategy that included 0, 3-, 6-, and 
9-h sampling after presentation (14). 

Risk Stratification 

A number of outcome studies indicate that 
all acute cardiac ischemia patients in whom 
there is biochemical evidence of minor 
myocardial necrosis, regardless of their 
eventual diagnosis, are at increased risk for 
an adverse outcome (16). Data indicated that 
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testing for cardiac troponin T (cTnT) 
(17-20) and/or possibly cardiac troponin I 
(cTnl) (21,22) may be appropriate for triage 
and perhaps decisions relating to interven
tions, such as cardiac catheterization 
(23,24). Development of a rapid assay for 
cTnT (25,26) and work toward development 
of a pac cTnl assay has been prompted by 
the association of results of markers with 
risk stratification. 

Noninvasive Assessment 
of Reperfusion After Thrombolytic 
Therapy 

Establishing full thrombolysis in myo
cardial infarction ([TIMI] 3) patency to the 
infarct-related artery is important for out
come in the AMI patient (27), yet throm
bolytic therapy is successful in achieving 
TIMI 3 patency in only 60-70% of patients 
(8). Strategies that include biochemical 
markers may be a useful tool for assisting 
clinicians in determining patients for whom 
patency in the infarct-related artery remains 
suboptimal, and who may benefit from 
immediate, alternative intervention. 
Although at present there is not a precedence 
for the use and interpretation of biochemical 
markers ofreperfusion, the sampling ofCK
MB and myoglobin at baseline (before 
thrombolytic therapy), and at 60 and 90 min 
after thrombolytic therapy shows promise 
(28,29). Rapid and pac testing may be 
important for this application, because turn
around time is vital if therapy has not been 
successful, and alternate patient care strate
gies must be considered in the early phase to 
"open the artery." 

Assessing Infarct Artery Reocclusion 
and Reinfarction 

Reocclusion occurs in a substantial pro
portion, up to 10-20%, of AMI patients 
(30,31). Use of biochemical markers for 
indicating that further myocardial cell necro-
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sis has occurred during the postinfarction 
phase is an integral part of monitoring the 
AMI patient. The rapid turnaround that POC 
measurement of biochemical markers could 
develop into an important component of care 
for these patients because the interventional 
options are time-sensitive. 

REGULATORY ASPECTS 
OF POC TESTING 

The POC concept is entirely rational, 
because it is aimed at providing caregivers 
with cardiac marker data for real-time use 
along with the patient's clinical symptoms, 
the ECG, and other technologies, so that 
decisions can be reached earlier. In practice, 
however, there are a number of issues that 
must be resolved at an institutional level 
prior to POC implementation. One of the 
most important and difficult of these issues 
involves development of an institutional 
strategy for assuring quality and compliance 
with all relevant regulatory requirements. 

Regulatory requirements for POC testing 
are mandated by a number of agencies 
including the Health Care Financing Admin
istration (HCFA), under its "Clinical Labo
ratory Improvement Act of 1988" (CLlA) 
regulations, the Joint Commission on 
Accreditation of Healthcare Organizations 
(JCAHO), the College of American Pathol
ogists' (CAP) Accreditation Program, and 
also any additional requirements imposed 
by local or state government, as is the case 
with Washington, Florida, New York, and 
California. CLlA requirements will be 
included here because they represent the 
minimum standards for all POC testing in 
the US. An important caveat: POC testing 
for cardiac markers or any other analytes 
should not be initiated until any additional 
requirements imposed by accrediting orga
nizations or state agencies have been inves
tigated. A comprehensive explanation of 
CLlA requirements, as well as those of the 
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CAP and JCAHO is available in a recent 
article (32). 

Two CLlA issues must be addressed in 
the conceptual stage of implementing POC 
testing. The first issue involves making the 
institutional decision of who will hold the 
CLlA certificate that is mandated by HCFA 
regulation for any in vitro testing. In general, 
POC testing is either covered by the CLlA 
certificate held in the central laboratory or 
individual testing sites may obtain their own 
CLlA certificate(s). In any case, the indi
vidual listed on the CLlA certificate bears 
the responsibility for assuring compliance 
with regulations. The second CLlA issue 
involves the complexity of the testing to be 
performed. By way of background, CLlA 
espouses the philosophy of "testing site neu
trality," meaning that the same regulatory 
rules must be followed regardless of the 
location where the testing is performed. The 
complexity of testing performed at any site 
is assigned, based on the technical difficulty 
of the measurement technology, into the fol
lowing four categories: 

1. Waived; 
2. Physician-performed microscopy (not rele

vant for POC testing); 
3. Moderately complex; or 
4. Highly complex (not generally relevant for 

POC testing). 

Because the assignment of complexity is 
technology-based, assays for the same ana
lyte, but measured by different methods can 
fall into separate categories. 

Most believe that the cardinal rule for 
POC testing is "simpler is better," provided 
that the performance and other characteris
tics of the simpler assay is acceptable. Thus, 
of the four CLlA categories, POC testing 
implemented should be classified as waived 
in all cases possible to maximize the flexi
bility of staffing and facilitate regulatory 
activities; performance of moderately com
plex testing is feasible, but has more strin-
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eLlA 1988 Requirements for Quality Assurance 

Requirement 

Patient test management 

QC assessment 
Proficiency testing 

Comparison of test 
results 

Relation of Pt information 
to test values 

Personnel assessment 

Communications 
Complaint investigation 

QA review with staff 
QArecords 

Federal register 
number 

493.1703 

493.1705 
493.1707 

493.1709 

493.1711 

493.1713 

493.1715 
493.1717 

493.1719 
493.1721 

Brief description and comments 

Entire order process comprised of test order to 
recording result with interpretation 

Comprised of seven itemsa 

Participate and perform successfully in CLlA
approved program for regulated analytesb 

Minimum twice per year comparison of all 
analytes performed at more than one 
location and same CLIA license 

Must have separate reference intervals for 
different patient groups, if relevant 

Training and competency testing at specified 
intervals 

Adequate means of communication with users 
Complaint log with documentation of 

responses to issues 
Documented review of QA issues with staff 
Documentation of minutes, communications, 

temperatures, reagents, and so forth 

aFollow manufacturer's instructions, have a procedure manual, calibrate or check calibration at least every 
6 mo, run two levels of QC, follow specified control procedures, perform/document remedial actions, document 
QC activities, and retain records. 

bComparison data if CLIA certificate is held in central lab. 

gent requirements. Unfortunately, no POC 
tests for cardiac markers are classified as 
waived at present, so the focus of this dis
cussion will be on the moderately complex 
category. 

Personnel criteria for POC and other test
ing requires designation of four positions: 
director, clinical consultant, technical con
sultant, and testing personnel. All four posi
tions may be held by the same individual, 
provided that educational requirements are 
met. The minimum education for moderate 
complexity testing requires that the director 
and technical consultant hold a Bachelor's 
degree, the clinical consultant have a doc
toral (MD or PhD) degree, and all testing 
personnel must have a high school diploma. 
All persons performing POC testing must be 
appropriately trained and their competency 

tested, with documentation twice in their 
first year, and then once per year thereafter. 

Global quality assurance activities 
required by CLIA for any poe or laboratory 
testing are listed in Table 2. These responsi
bilities are further articulated in ref. (32). 
Again the laboratory director, i.e., the indi
vidual listed on the CLIA certificate, has the 
responsibility for assuring that all global reg
ulations listed in Table 2, in addition to any 
local regulations, are performed and docu
mented appropriately. 

Development of a strategy for compliance 
with regulatory issues tends to be among the 
most challenging issues for any POC testing, 
with cardiac markers being no exception. 
Communication and cooperation among the 
central laboratory, clinical areas, and admin
istration are important (and probably essen-
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tial) for successful implementation and 
ongoing utilization. 

UTILIZATION OF POC CARDIAC 
MARKERS 

Unfortunately the "holy grail" of cardiac 
markers showing early release, 100% car
diac specificity, a substantial lifetime in cir
culation, and so forth, has not yet been 
discovered. In the opinion of many, this 
situation leads to a panel approach to uti
lization of markers for the laboratory
assisted care of the patient with acute cardiac 
ischemia, induding AMI diagnosis, risk 
stratification, assessment of reinfarction, and 
reperfusion assessment. The constituents of 
this cardiac panel should include a marker 
that increases rapidly after cardiac injury. 
Myoglobin must be considered for this role, 
because its rise may be as early as 1 h after 
myocardial injury (see Chapter 6). Myoglo
bin, however, is found in abundant amounts 
in both cardiac and skeletal tissue, and there
fore is not the ideal cardiac marker. To com
plement myoglobin, a cardiac panel should 
include a highly tissue-specific marker, even 
at the sacrifice of the marker being elevated 
in blood later after myocardial necrosis. A 
leading candidate for this role has been CK
MB, largely because it has been considered 
the "gold standard" for diagnosis of AMI 
(33). Measurement of total CK concentra
tion for calculation of a relative index is also 
advocated (see Chapter 9). However, cTnT 
and cTnI must be considered the markers for 
the future, because they are more cardiac
specific than CK-MB (see Chapters 13 
and 14). Cardiac cTnI and, in particular, 
cTnT are elevated longer after myocardial 
necrosis, so they may serve an additional 
application of detecting myocardial necrosis 
over the previous 4-5 d (for cTnI) to 7-10 d 
(for cTnT) before presentation (see Chap
ters 12-14). Knowledge of recent myocar
dial necrosis that may be beyond the 
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"window" of CK-MB elevation could have 
important implications regarding triage, risk 
stratification, and patient disposition. 

Serial Sampling 

A rise and fall of CK -MB in the first 8-12 
h after onset of symptoms is nearly pathog
nomonic for AMI (34). A similar rise and 
fall is also observed for both cTnT and cTnI, 
and for this reason, a single measurement is 
inadequate and serial specimen collections 
are necessary to document myocardial 
necrosis. As cited earlier, a strategy for CK
MB collections at 0, 3, 6, 9 ( 14), and in some 
hospitals 12 h, is rapidly becoming a stan
dard in the CPEC environment. Also, 
promising data have suggested that the neg
ative predictive value of myoglobin be 
useful for decreasing the serial sampling 
time to perhaps 3 h (14,35). It is important 
to note, however, that strategies that include 
myoglobin are intended for more rapid pro
gression of the patient through established 
CPEC protocols, not strictly for ruling out 
myocardial necrosis. 

Strategies for monitoring reperfusion 
after thrombolytic therapy may require 
availability of a panel of cardiac markers at 
multiple time-points as well (28,29). Assess
ing reinfarction or extension will also 
require serial sampling to detect an increas
ing trend in cardiac markers. 

Quantitative or Qualitative Results? 

Quantitative assays are an obvious 
requirement for monitoring the rise and fall 
of cardiac markers, and therefore, assays for 
POC application intended for AMI monitor
ing need to yield a quantitative, numerical 
result with good precision and high accuracy. 
In the case of CK, this quantitative require
ment is further justified because the relative 
index, usually represented by (CK-MB/total 
CK x 100%), is part of the diagnostic crite
ria in many institutions (see Chapter 9). 
Applications, such as monitoring the success 
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of thrombolytic therapy, indicating reinfarc
tion, or an infarction extension, are also 
based on quantitative rather than qualitative 
or semiquantitative assays. On the other 
hand, applications such as AMI triage or risk 
stratification may not have a strict require
ment for a quantitative result if the analytes 
are not normally present in circulation. 

SPECIFIC POC ASSAYS 
FOR CARDIAC MARKERS 

Hybritech ICON 

The CK-MB ICON system, manufactured 
by Hybritech Inc., San Diego, CA, is com
prised of an ICON cylinder, associated 
reagents, and the ICON Reader shown in 
Fig. IA. The ICON system was among 
the first technologies that allowed true 
near-patient POC testing for quantitative 
CK-MBmass. The system uses a two-site 
"sandwich" immunoassay format and was 
cleared by the FDA in the mid-1980s. 

The CK-MB ICON system requires a 
serum specimen and various steps for deter
mination, as outlined in Fig. 2. Technically, 
the ICON cylinder has a permeable mem
brane that both provides the solid phase for 
the immunoassay reaction and modulates 
sample flow. The capture part of the sand
wich immunoassay is based on an antibody 
with high affinity for the B-subunit of CK
MB that is immobilized in circular orienta
tion on the ICON's membrane (see Fig. IB). 
Flow through the membrane is optimized 
such that after any CK-MB in the sample is 
captured by the immobilized antibody, all 
other serum contents pass through to the 
absorptive inner portion of the cylinder. For 
CK-MB detection, an anti-M-subunit anti
body conjugated to horseradish peroxidase 
binds to the exposed M-subunit of CK-MB 
captured from the patient sample. Substrate 
for the horseradish peroxidase is then added, 
which allows visualization of up to four 
"spots," two for the sample and one each for 
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high and low calibrators, as indicated in Fig. 
lB. The intensity of each spot is directly pro
portional to CK-MBmass concentration; the 
ICON cylinder is placed into the reader, 
which compares the intensity of sample 
spots with the calibrators for quantitation. 
Because calibrators and duplicate testing of 
samples are implicit with each ICON mem
brane, software in the reader can conduct 
various quality control (QC)/quality assur
ance system checks, such as verifying that 
the CK-MB and calibrator "spots" are devel
oped fully, the results of duplicate sample 
measurement are in appropriate agreement, 
and so forth. 

There has been substantial experience 
with the CK-MB ICON from both analytical 
and clinical perspectives. The analytical 
characteristics of the ICON system have 
been described, including definition of 
the assay's sensitivity of <2 ng/mL (36). 
Although each institution must establish cri
teria appropriate for their patient population, 
a quantitative cutoff of 7 ng/mL is com
monly used for indicating myocardial injury 
with the ICON system. Diagnostic perfor
mance of several technologies for CK-MB 
measurement were compared in a Chest Pain 
Center environment, concluding that the 
CK-MB ICON demonstrated better perfor
mance characteristics compared to any of 
the other technologies tested (3). 

Several other studies assessing clinical 
utilization of the CK-MB ICON in the con
text of AMI have been performed in the ED 
( 13,14). Availability of CK -MB ICON tech
nology has played a large role in document
ing that real-time CK -MB data are useful for 
clinical decision making (3). CK-MB ICON 
technology has also been used for the non
invasive assessment of reperfusion status 
where serial CK -MB measurements were 
combined with clinical indicators (28). The 
model yielded an area under the Receiver 
Operator Characteristic curve for predicting 
successful reperfusion of 0.86 (28). 
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Fig. 1. (A) CK-MB ICON system from Hybritech Inc. (B) ICON membrane with four spots, dupli
cate for the sample and a high and low control. 

The CK-MB ICON has a turnaround time 
of 15-20 min, and although it is appropriate 
for near-patient POC utilization, this device 
is less well suited for measurement outside 
a laboratory environment because the system 
requires a serum sample, multiple precision 

pipeting steps, and multiple wash and 
reagent steps as indicated in Fig. 2. 

cTnT Rapid Assay 

The cTnT Rapid Assay is a single-step 
"sandwich" immunoassay manufactured by 
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Collect specimen, no anticoagulant , 
Deliver specimen to testing area , 

Centrifuge specimen , 
Add 300 ~l of serum to 750 ~l of pretreatment; incubate 60 s , 
Pipet 300 III of serum/pretreatment into ICON; allow to drain , 

Add three drops of antibody conjugate , 
Fill ICON with wash solution and allow to drain; repeat , 

Add three drops of substrate solution; wait 3 min , 
Place ICON into Reader , 

Certify, record, and report result 

Fig. 2. Testing outline for quantitative CK-MB measurement with the ICON system (courtesy 
Hybritech Inc., San Diego, CA). 

Boehringer Mannheim Corporation (BMC), 
Indianapolis, IN that utilizes between 135 
and 165 ilL of either EDTA or heparinized 
whole blood, or EDTA plasma (37). As indi
cated in the diagram of the cTnT Rapid 
Assay in Fig. 3, the cTnT Rapid Assay result 
is qualitative, i.e., it yields a "positive" or 
"negative" response. The original 1st gener
ation cTnT Rapid Assay was cleared by the 
FDA in 1995 and had a cutoff of 0.2 ng/mL 
(25,26). A 2nd generation Rapid Assay is 

now available that has a more sensitive 
cutoff of 0.08 ng/mL. 

The cTnT Rapid Assay procedure is out
lined in Fig. 4. After whole blood or plasma is 
dispensed into the sample well, the sample dis
solves a buffer and solulubrizes an adsorbed 
cocktail of two monoclonal antibodies. The 
sample then diffuses to a portion of the device 
containing a "fleece" material, where the cel
lular constituents are separated from the 
plasma phase. As shown in Fig. 3A, one of the 
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Fig. 3. (A) Components of the sandwich immunoassay used in the cTnT Rapid Assay. (B) cTnT 
Rapid Assay manufactured by BMC, showing a qualitative positive result. 

cTnT antibodies is biotinylated (BT); the 
second antibody is gold-labeled (Au) and 
binds to a different region of any cTnT 
molecules to form the immunoassay "sand
wich." The (BT-antibody/cTnT/antibody-Au) 
complexes migrate to the read zone where the 
BT "tail" of the complex is captured by strep
tavidin immobilized in a line formation. The 
Au label on captured complexes forms a red
colored line that is interpreted visually. The 
control line (Fig. 3B) verifies the integrity of 
each device. If the control line fails to develop, 
the test must be repeated using a separate 

Rapid Assay device. The cTnT Rapid Assay 
utilizes the same two MAb as the quantitative 
Cardiac T, ELISA method, also manufactured 
by BMC. It is of note that falsely increased 
cTnT measurements have been reported in 
patients with skeletal muscle disease (38) 1st 
generation Rapid Assay, presumably because 
of the 12% crossreactivity of the labeled cTnT 
antibody with skeletal muscle TnT. With the 
2nd generation Rapid Assay, however, the cap
ture and label of antibodies are both specific 
for the cardiac isoform so this issue appears to 
be eliminated. 
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Collect EDTA Specimen , 
Withdraw -0.5 mL of Whole Blood with Syringe From Tube , 

Dispense 0.135 to 0.165 mL of Sample into Sample Well , 
Result is Fully Developed at 20 min (see legend note) , 

Interpret, Certify, Record, and Report Results 

Fig. 4. Rapid assay procedure outline for qualitative measurement of cTnT system (courtesy BMC). 
Note: The 2nd generation Rapid Assay requires only 15 min for full development. 

With regard to QC, each testing site must 
at a minimum run "cTnT-positive" and 
"cTnT-negative" liquid controls with each 
new lot of devices, even though a control is 
included in each device to assure proper 
technical performance. Of course, it is crit
ical to verify that this strategy is in compli
ance with local QC/QA regulations. 

Studies have examined utilization of the 
cTnT Rapid Assay device for diagnosis of 
AMI (16,39). The Rapid Assay's diagnostic 
performance during the first 4-8 h after pre
sentation showed sensitivities of 86 and 100% 
with specificities of 86-100 and 85%, respec
tively, in published studies (16,39). In 
addition to assessment of AMI, cTnT mea
surements have also been documented being 
as useful for risk stratification, as discussed in 
Chapter 2. Although to date no studies have 
thoroughly addressed utilization of the Rapid 
Assay for risk stratification, such a study has 
been presented in abstract form (40). 

The second-generation assay will allow 
more sensitive detection of myocardial 
necrosis and may be particularly useful for 
risk stratification applications. 

STATus Myoglobin and CK-MB Device 

Figure 5 shows the device and analytical 
concept for the STATus system from Spec
tral Diagnostics Inc., Toronto, Canada; this 
device was cleared by the FDA in 1995. 
Methodology is based on two-site (sand
wich) immunoassay technology, and the 
device is designed to provide qualitative 
results for a testing panel that includes both 
myoglobin and CK-MB mass . A second 
device for qualitative measurement of cTnI 
was FDA cleared in 1997 and is available for 
use. Devices that include other markers, 
such as human ventricular myosin light 
chains, have been evaluated for release in the 
near future. 

The testing flow for the STATus system is 
displayed in Fig. 6. With whole blood, a 
seven-drop sample (precise volume not crit
ical) collected with heparin as anticoagulant 
is placed into the collection membrane; with 
serum or plasma samples are simply applied. 
After initial separation of plasma from the 
cellular material, the myoglobin, CK-MB or 
cTnI in the sample reacts with dye-labeled 
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Collect Heparinized Specimen , 
Withdraw -1 mL through Stopper with Porex Device , 

Apply 7 Drops from Porex Device Onto Sample Area; Wait 3 min , 
Remove and Dispose of Application Clip , 

Apply 4 Drops of Developer on Sample Area; Wait 15 min , 
Interpret, Certify, Record, and Report Results 

Fig. 6. Procedure outline for qualitative measurement of a CK-MB/myoglobin panel with the 
STATus System (courtesy Spectral Diagnostics Inc.). 

antibodies that are analyte-specific. The 
(dye-labeled antibody/analyte) complexes 
migrate by immunochromatography to the 
detection zone, where capture antibodies 
directed at different epitopes of myoglobin, 
CK-MB or cTnl are immobilized at differ
ent positions, each in line formation (see Fig. 
5B). For the CK-MB and myoglobin device, 
the immobilized capture antibodies specifi
cally bind the complex containing either 
myoglobin or CK -MB; in this way, two lines 
are visually apparent for positive samples; 
one line represents the (dye-labeled anti
body Imyoglobin/capture antibody) complex 
and the other represents (dye-labeled anti
body/CK-MB/capture antibody). A third 
control line is also visually apparent in the 
detection zone to help assure proper perfor
mance of the device (see Fig. 5A). A similar 

strategy is used for the cTnl device; how
ever, two lines are present for a positive test, 
one for cTnl and one for the control. 

The cutoff, i.e., concentration at which a 
definite band appears, is 100 ng/mL for myo
globin and has been determined to be 
5 ng/mL for CK-MB and -1.0 ng/mL for 
cTnl (similar to Dade stratus cutoff of 
1.5 ng/mL). Studies have examined utiliza
tion of both the FDA-cleared device for 
CK-MB and myoglobin (41), and the cTnl 
device (42) in the context oftriage for AMI 
and acute cardiac ischemia. 

The STATus system has been classified as 
moderately complex under CLIA regula
tions. Performance of positive and negative 
control specimens is necessary with each 
shipment of reagents. It is important to note 
that confirmation of any positive CK-MB, 

Fig. 5. (opposite page) (A) STATus Device, from Spectral Diagnostics, showing qualitative positive 
CK-MB and myoglobin results. (B) Experimental design of the STATus device. 
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Fig. 7. The Triage® Meter and Triage® Cardiac Panel, showing the instrument and immunoassay 
cartridge (courtesy Biosite Diagnostics). 

myoglobin, or cTnI results by a quantitative 
laboratory assay is not required. 

Biosite Diagnostics Inc. 

A prototype of the Triage® Cardiac 
system, manufactured by Biosite Diagnos
tics, San Diego, CA, is displayed in Fig. 7. 
This system provides measurement of a 
fixed cardiac marker panel consisting of 
myoglobin, CK-MB, and cTnI, each quanti
fied simultaneously in respective one-step 
"sandwich" immunoassays with fluores
cence detection. The sample requirement for 
the Triage® Cardiac system is a single, six
drop aliquot of heparinized whole blood; the 
precise volume of the drops is not critical. 

The analytic system consists of two basic 
components. The first component is a wafer
shaped test panel, about 3 x 1 in in size, that 
contains all of the reagents necessary for the 
myoglobin, cTnI, and CK-MB immunoassays 
in addition to two positive controls. Test 
panels are stable at room temperature for a 

minimum of 6 mo, and each is labeled with a 
bar code specifying lot number, expiration 
date, and other critical information. After 
sample dosing, the cartridge is placed into the 
"keyed" slot of the second component: the 
Triage® Meter. The reader is approximately 
the size of telephone and contains the hard
ware for fluorescence detection of the car
tridge's immunoassay reactions as well as 
software enabling quantification. The Triage® 
Meter also has a printer and an LED display 
for results, specimen identification, time of 
analysis, and so on. Calibration of the system 
is accomplished electronically by use of a 
code chip that is lot-specific and is included 
with each shipment of cartridges. The code 
chip is plugged into the appropriate port on the 
meter, whereupon it downloads performance 
and documentation data, such as lot number, 
expiration date, values for internal control 
checks, and relevant fluorescent signal infor
mation for each assay. The Triage® Meter can 
be interfaced with a host computer through a 
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Collect Heparinized Specimen , 
Dose Triage Device with 6 Drops of Whole Blood , 

Slide Triage Device into Triage Meter , 
Enter Operator 10 & Patient 10; Initiate Run , 

10- to 1S-min Assay Time , 
Certify and Report Result 

Fig. 8. Testing outline for the Triage® Cardiac System intended for quantitative measurement of a 
myoglobin, CK-MB, and cTnI panel (courtesy Biosite Diagnostics). 

RS232 port, and has a keypad for entry of 
operator ID and patient information. 

The measurement protocol for the 
Triage® Meter is outlined in Fig. 8. After 
dosing the cartridge with six drops of whole 
blood, the plasma and cellular phases are 
separated when the sample is filtered. The 
plasma phase is delivered to areas on the car
tridge containing immunoassay reagents 
specific for myoglobin, cTnI, or CK-MB 
measurement. Two internal fluorescence 
controls are also activated during this pro
cess for analytic QC of the system. When the 
dosed cartridge is placed into the Triage® 
Meter, its bar code is scanned to verify that 
all lot-specific information has been down
loaded from the EPROM and is valid for 
measurement. After an incubation time, the 
fluorescence signal of the two analytic 
controls is measured to verify performance 
of the system; the signal for each cardiac 
marker is compared to its specific analytical 
curve allowing quantitative measurement. 
The entire assay requires about 10 min. 

From a regulatory perspective, the 
system's internal controls are sufficient to 
satisfy daily quality control according to the 
Survey Procedures and Interpretive Guide
lines for Laboratories and Laboratory 
Services-Appendix C. Therefore, users 
have the latitude of designing QC frequency 
through the software resident in the Triage® 
Meter. If QC has not been performed within 
the prescribed period, the system manager 
may enable a lockout feature or allow control 
performance to be overridden with docu
mentation on the report. The system's soft
ware will store and analyze QC data with 
rules that are flexible to user definition. CLlA 
classification of the Triage® Cardiac System 
will most probably be moderately complex. 

The Alpha Dx System 

The Alpha Dx System from First Medical 
Inc., Mountain View, CA uses an EDTA 
whole blood sample to measure quantita
tively a panel of cardiac markers comprised 
of myoglobin, cTnI, CK, and CK-MBmass, 
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Fig. 9. (A) The Alpha Dx system from First Medical Inc. 

all by sandwich immunoassay technology 
with fluorescence detection. The Alpha Dx 
system includes two components: an instru
ment that is the size of a small fax machine, 
shown in Fig. 9A, and analytical disks that 
contain the immunoassay reagents necessary 
for measurement of each analyte, displayed 
in Fig. 9B. 

The Alpha Dx instrument has an alpha
numeric keyboard, LCD, bar code reader, 
floppy disk drive, interface port, and safe-T
coupler (blood tube holder). Patient informa
tion, operator ID, reagent lot number, and 
related information can be entered into the 
system manually through the keyboard, or 
with the bar code system. The instrument also 
allows selection of special features, including 
QC trending on the LCD and display of tem
poral patient results. The interface port allows 
communication with various laboratory and 
hospital information (computer) systems. 

The outline for assay performance is 
shown in Fig. 10. A whole-blood sample col
lected in a standard EDTA blood tube is 
inverted and placed into the instrument's 
Safe-T-Coupler (blood tube holder). Direct 
sampling is accomplished by firmly pressing 
the tube such that the needle at the bottom of 
the Safe-T-Coupler pierces the blood tube's 
top. The needle is connected to a flexible 
plastic tubing assembly with a filter at its 
end. On operator activation, a peristaltic 
pump acts on the flexible tubing, causing 
sample to be withdrawn from the blood tube 
and through the filter assembly to remove 
microclots. The sample metering device 
allows a precise volume of filtered sample to 
be delivered into the sample chamber on the 
analytical disk shown in Fig. 9B. 

The analytical disk is actually a rotor that 
is divided into three zones; two of these zones 
have wells for "on-board" high and low con-
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Fig. 9. (continued) (B) Diagram of the system disk that contains the immunoassay components 
of the CONSULT system. 

troIs; the third zone contains the sample 
chamber. Simultaneous with sample deliv
ery, the high and low controls are reconsti
tuted, and there is a short incubation period, 
during which time fluorescein labeled 
antibodies specific for myoglobin, cTnI, 
CK, and CK-MB react to form antibody
fluorescein/analyte complexes. After 
incubation, the disk is spun at low speed, 
causing the Ab-fluorescein/analyte complex 
in the sample and controls to channel to an 
area with four "divots," each containing an 
immobilized capture antibody specific for 
either myoglobin, cTnI, CK, or CK-MB (see 

Fig. 9B). Antibody-fluoresceinlanalyte com
plexes are captured by the divot's immobi-

lized antibodies forming the (fluorescein
antibody/analyte/capture-Ab) immunoassay 
sandwich. Wash solution is then aliquoted 
into the disk, which is then spun at high 
speed to remove the fluid matrix of the 
sample and control to the waste ring at the 
outside of the disk. The fluorescent label 
(Cy5-anti-fluorescein-Dextran) is then 
reconstituted and transferred centrifugally 
into the reaction zone, where it binds to 
the fluorescein-antibody/analyte/capture-Ab 
complex. Centrifugal separation and wash
ing remove unbound Cy5 label. The fluo
rescence signal of each divot is read multiple 
times, to improve precision, and compared 
to a standard curve for quantification. The 



276 Christenson 

Collect EDTA Specimen , 
Insert Collection Tube into Safe-T-Coupler , 

Place Safe-T-Coupler into Instrument , 
Place Appropriate Test Disk in Instrument , 

Enter Operator 10; Press "Run" , 
18-min Assay Time , 

Certify and Report Result 

Fig. 10. Testing outline for the CONSULT System intended for quantitative measurement of a 
myoglobin, CK, CK-MB, and cTnI panel (courtesy First Medical Inc.). 
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hematocrit of the sample is determined and 
an algorithm converts the whole blood result 
to a serum equivalent value. 

The Alpha Dx system has demonstrated 
precision between 4 and 9% for the myo
globin, cTnI, CK, and CK-MB analytes as 
well as good analytical sensitivity and agree
ment between 91 and 99% with accepted 
methods. It is of note that the CK measure
ment in the Alpha Dx system is actually a 
"mass" measurement rather than the activity, 
as has been conventional. The Alpha Dx 
system will probably be classified as mod
erately complex. 

ECONOMIC ISSUES FOR POC 
IMPLEMENTATION 

In a global sense, economic and clinical 
considerations are ultimately linked by the 
following question: Does availability of 
POC testing for cardiac markers affect out
come of patients with (or suspected of 
having) acute cardiac ischemia? Economic 
outcome from availability of cardiac marker 
results may represent a reduced length of 
stay or more rapid transfer of a patient to a 
stepdown unit. Clinical outcome represents 
the decrease in morbidity and mortality 
that may occur owing to earlier intervention 
based on earlier knowledge of cardiac mar
ker results. More properly designed studies 
providing appropriate evidence are needed. 

In addition to regulatory concerns regard
ing POC testing, cost is frequently a major 
issue. Ideally, of course, POC testing would 
be less expensive than testing in a central
ized location. In reality, however, achieving 
both simplicity and cost parody with the 
central laboratory is difficult. Thus, POC 
testing for cardiac markers will almost 
certainly be more costly than centralized 
testing, and implementation decisions must 
be based on practice guidelines at individ
ual institutions. 

For cost evaluation of POC testing, it is 
critical to achieve a "normalized" cost for 
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POC testing so that a direct comparison with 
performance in the centralized lab is possi
ble. The cost components of POC testing 
include reagents, labor, oversight of the 
program, and institutional overhead. In 
addition, reagent costs for patient testing, 
expense for QC materials, the testing rea
gents required to perform QC testing, and 
any sample collection device. An effective 
means of calculating cost is to develop a 
"map" or flow diagram of the process that 
includes all steps in the testing process from 
sample collection through result reporting 
and documentation. Labor must include the 
cost for technical performance, the cost for 
employee benefits, and also time required to 
track employee competency, collate QC 
results, development of training materials, 
training, and other oversight activities nec
essary for appropriate patient care and to 
comply with regulatory requirements. Insti
tutional overhead may vary from region to 
region depending on local labor costs for 
support personnel, the cost of space for the 
testing, taxes, utilities, and administrative 
costs. Calculating costs for institutional 
overhead is often complicated and inexact, 
so that this quantity is usually expressed as 
a percent of overall cost. 

Potential lost revenue based on the indi
vidual institution's method of measuring 
activity and charge capture are also issues. 
Reimbursement for POC testing is compli
cated to determine. For in-patients who are 
covered under "Diagnosis Related Groups" 
(DRGs) or patients covered by capitated 
insurance programs, specific reimbursement 
for POC or any other testing cannot always 
be expected. For other patients, it may be 
possible to seek reimbursement by using 
appropriate current procedural terminology 
(CPT) based billing codes. 

ABBREVIATIONS 

AMI, acute myocardial infarction; BMC, 
Boehringer Mannheim Corporation; BT, 
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New Biochemical Markers for Heart Diseases 

Alan H. B. Wu and Robert G. McCord 

INTRODUCTION 

The practice of cardiology continues to 
evolve with a better understanding of the 
pathophysiology of coronary artery diseases 
and the development of new therapeutic 
modalities. Although many groups, such as 
the American Heart Association, have been 
successful in making the general public better 
aware of risk factors, the incidence of coro
nary artery disease (CAD)* continues to be 
very high, because the average age of the pop
ulation in Western countries continues to 
increase. As such, there are new demands 
being placed on the in vitro diagnostics (IVDs) 
industry to improve the performance of exist
ing cardiac markers and to develop novel 
markers for new cardiac disease indications. 

In the clinical laboratory, advancement of 
new technologies must be balanced with 
cost-effective delivery. If new services do 
not improve patient outcomes or reduce 
costs, it will be very difficult for clinical lab
oratorians to justify the implementation of 
these new tests. Important clinical outcome 
measures include hospital lengths of stay 
(LOS), morbidity, mortality, and an assess
ment of the quality of life (1,2). The evalu
ation of costs cannot be restricted to 

individual laboratory costs alone. For exam
ple, new tests that produced a higher degree 
of diagnostic accuracy might lead to a reduc
tion in hospital LOS, which would far out
weigh the additional laboratory costs for 
providing that service. If a new test led to 
better treatment or avoidance of side effects 
or complications, substantial cost savings 
would be realized, even if this occurred in a 
small minority of cases. Clearly, multidisci
plinary cost outcome studies will be required 
with implementation of new test procedures 
or services. The areas of active research in 
new cardiac markers are described in the 
subsequent sections of this chapter. Today, 
the IVD's greatest effort has been in the 
development of tests for early AMI diagno
sis. One strategy is to find a test that is ear
lier and more specific than myoglobin. 
Another is to find markers that are designed 
to be used in combination with myoglobin to 
make the latter more cardiac-specific. 

EARLY DIAGNOSIS 
OF CORONARY ARTERY ISCHEMIA 

Need for Early Diagnosis 

The need for early diagnosis of AMI has 
been clearly demonstrated in large clinical 

* See p. 290 for list of abbreviations used in this chapter. 
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Fig. 1. The in-hospital mortality rate of the 
GISSI streptokinase trial (3). 

trials involving thrombolytic therapy (3-5). 
For example, in the Italian iv streptokinase 
study, the mortality of AMI patients treated 
within 3 h of chest pain was substantially 
better than AMI patients (Fig. 1) (3). It has 
been estimated that each hour delay in 
receiving thrombolytic therapy results in a 
loss of 21 lives/1000 within 30 d (6). In 
terms of reperfusion success, earlier treat
ment relative to the onset of chest pain is 
associated with a higher success rate (Fig. 2) 
(7). Because of the increased incidence of 
bleeding for treated patients relative to 
placebo (8), the diagnosis of AMI must also 
be definitive (i.e., a minimal number of 
false-positive results) (8). Currently, throm
bolytic therapy is only given to AMI patients 
with ST-segment elevations on the electro
cardiogram (ECG) (9). However, this strat
egy may change if high-risk patients with 
unstable angina (UA) can be identified. Irre
spective of how thrombolytics are used now 
or in the future, early markers for ruling out 
AMI are needed for the effective triage of 
patients from the emergency department. 
Each hour of delay in the triaging equates 
directly with increased hospital costs. 

Assays for myoglobin and CK-MB iso
forms provide an early indication for AMI 
relative to CK-MB and cardiac troponin 
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Fig. 2. Reported incidence of reperfusion suc
cess vs time from symptoms onset to treatment 
with IV streptokinase therapy following AMI (8). 

( 10,11 ), although there are some studies that 
question the early utility of these tests 
(12-14). Myoglobin is not specific toward 
cardiac injury, and CK-MB isoforms cur
rently require high-voltage electrophoresis 
to perform. Neither assay consistently pro
duces abnormal results during the first 3 h 
after AMI onset. As the result of these short
comings, there is an ongoing search to find 
new cardiac markers that can provide earlier 
and more definitive indications of AMI. 

Strategies for New Markers Based 
on the Pathophysiology 
of Acute Coronary Syndromes 

All traditional markers of AMI have 
focused on the measurement of a specific pro
tein or enzyme that is released after the onset 
of irreversible damage. In general, smaller 
proteins appear in blood before larger ones, 
because they can more easily pass from the 
interstitial space to the general circulation. 
Myoglobin has been used as an early marker 
because of its small size (17 kDa) relative to 
CK-MB (84 kDa) and lactate dehydrogenase 
(134 kDa). Markers that are found at high 
concentrations within the cytoplasm (e.g., 
myoglobin) are also better candidates than 
nuclear or mitochondrial proteins (e.g., mito
chondrial aspartate aminotransferase), since 
they must pass through an extra set of mem
branes, or contractile proteins (cTnT or cTnI), 
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Fig. 3. Role of proposed new cardiac markers for early AMI diagnosis in relation to the 
pathophysiology of acute coronary syndromes. 

Table 1 
Summary of New Biochemical Markers for Cardiac Diseases 

Marker 
Pathophysiologic and/or 

biochemical role Sizea Clinical utility 

Acute phase protein C-reactive protein 
Thrombus precursor 

protein 
Protein preceding formation 

115-140 
>300 

Marker of inflammation 
Early detection of 

thrombosis 
P-selectin 

of insoluble fibrin formation 
Platelet activation 140 Detection of platelet 

aggregation 
Glycogen phosphorylase BB ischemia-induced 188 Early marker of 

glycogenolysis 
Fatty acid binding protein 
a-actin 
Brain natriuretic peptide 

Fatty acid protein carrier 
Striated muscle contraction 
Natriuresis factor function 

15 
43 
4,10 

ischemia 
AMI rule out 
Heart injury 
Sensitive marker for left 

ventricular 

aIn kilodaltons. 

since they require degradation of the actin
myosin unit. Markers of cellular necrosis can
not consistently detect the presence of AMI 
during the first 3 h of onset, because for most 
patients, substantial irreversible injury has 
only just begun. Therefore, a laboratory test 
that detects AMI earlier than myoglobin must 
be sensitive to pathophysiologic events that 
occur during the reversible phase of the dis
ease. Figure 3 reviews some of these events 
and the biochemical indicators of these 

events. Because UA and AMI share a com
mon pathophysiology, a very early serum 
marker will not likely be successful in differ
entiating between these two clinical diseases. 
Nevertheless, both diseases require clinical 
workups in a hospital setting. If iv throm
bolytic therapy becomes important in the 
treatment of UA patients, a distinction 
between Q-wave and non-Q-wave (UA) will 
not be as important. Table 1 summarizes the 
new markers discussed in this chapter. 
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EXPERIMENTAL MARKERS 
FOR EARLY DIAGNOSIS 

Markers of Inflammation 

As shown in Fig. 3, acute coronary syn
dromes are associated with inflammation 
and release of acute-phase proteins, such as 
C-reactive protein (CRP), amyloid protein 
A, total sialic acid, and others. Prior to the 
development of AMI, these acute-phase pro
teins may be released into the circulation 
and be used to determine the presence of an 
acute coronary event. CRP has been used for 
many years as a marker of inflammation. 
It may also be possible, therefore, that 
increased serum levels of inflammatory pro
teins signify presence of some "initiating" 
event (infection, trauma, and so forth) that 
triggers the acute CAD process. CRP has a 
molecular weight between 115 and 140 kDa, 
migrates in the y-region following serum 
protein electrophoresis, and is typically mea
sured using rate nephelometric or turbidi
metric methods (15). The normal range in 
adults is 6.8-820 Ilg/dL. Abnormal concen
trations in blood are observed in any condi
tion of stress, such as trauma, infection, 
inflammation, surgery, or neoplasia. CRP 
concentrations are increased in patients with 
AMI and may correlate with infarct size 
when thrombolytic therapy is not given (16). 
In an experimental model of injury, CRP 
was increased after elective percutaneous 
transluminal coronary angioplasty (PTCA) 
relative to baseline levels, whereas no 
increase was observed in control patients 
(i.e., those undergoing coronary angiogra
phy) (17). 

The major interest in CRP has been in the 
short- and long-term risk stratification of 
patients with CAD. In patients with stable 
angina, CRP along with fibrinogen, von 
Wille brand factor antigen, and tissue plas
minogen activator antigen were correlated to 
AMI and coronary death within 2 yr (18). In 
patients with VA, high concentrations of 
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CRP and amyloid protein A were correlated 
to an increased incidence of AMI or coro
nary death (35%), when compared to VA 
patients with normal results (0% incidence) 
(19). Later studies showed that only CRP 
and not amyloid A was associated with risk 
of coronary events (20). In patients with 
AMI, higher CRP results were found in those 
AMI patients who developed acute heart 
failure (21) and cardiac rupture (22), com
pared to AMI patients who had no compli
cations. Although highly nonspecific, CRP 
can be useful to indicate the presence of 
acute coronary syndromes and to differenti
ate it from stable forms of CAD. Moreover, 
in a recent study, risk of AMI and stroke can 
be reduced with salicylate use, which may 
act by reducing inflammation, as demon
strated by a decrease in plasma CPR con
centrations (23). 

Similar findings have been reported for 
fibrinogen, another acute-phase protein (24). 
Plasma fibrinogen levels exceeding 300 
mg/dL were associated with bad cardiac out
comes at 42 d from the initial presentation. 
Fibrinogen has been implicated more as a 
long-term risk assessment marker, similar to 
cholesterol. 

Markers of Thrombus Formation 

Thrombus Precursor Protein ™ (TpP) 

As discussed in Chapters 2 and 3, throm
bus plays a pivotal role in coronary artery 
disease (25). Plasma markers that indicate 
the presence of active clot formation can 
provide valuable information in the differ
ential diagnosis of chest pain. A diagnosis of 
AMI might effectively be ruled out if there 
is no evidence of active thrombosis. As 
shown in Fig. 4, insoluble fibrin forms from 
fibrinogen under the action of thrombin 
(Factor IIa) (26). Two pairs of peptides are 
released in this process. In the presence of 
Factor XIIIa, soluble fibrin undergoes 
crosslinking to form insoluble fibrin poly
mers. During fibrinolysis, plasmin degrades 
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Fig. 4. Conversion of fibrinogen to insoluble 
fibrin monomers and insoluble fibrin polymers. 
(Adapted from ref. 28.) 

fibrin to peptides known collectively as 
fibrin degradation (or split) products. One of 
these products includes the complex known 
as D-dimer, which can be assayed directly. 

Recently, two new tests have been devel
oped that measure precursor proteins of 
fibrin: desAA fibrin with cleavage of fib
rinopeptide A (known as soluble fibrin 
monomers) and desAABB fibrin with cleav
age of fibrinopeptide B (fibrin soluble poly
mers, commercially known as thrombus 
precursor protein, TppTM, American Bio
genetic Sciences, Inc., Boston, MA). Stud
ies have suggested that monoclonal 
antibodies (MAb) to soluble fibrin polymers 
react with both desAA and desAABB fibrin, 
as well as select fibrin degradation products 
(27,28). There have been no studies to date 
on the usefulness of soluble fibrin monomers 
in AMI. For TpP, the immediate precursor to 
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soluble fibrin, a preliminary AMI study 
demonstrated that this protein is increased in 
21 patients with AMI who present within the 
first 6 h of chest pain (29). The concentra
tion oftraditional biochemical markers, such 
as CK-MB, were normal in many of these 
patients. After admission, TpP concentra
tions in subsequent collections showed a 
dramatic decline in values. This decrease in 
TpP is thought to be owing to the effect of 
in vivo heparin therapy given to these AMI 
patients (30). 

In patients where active thrombosis has 
been ruled out, results of TpP are within the 
normal range of 0-6 Ilg/mL. The TpP test, 
however, is necessarily nonspecific, since 
active clot formation can occur in a variety 
of other diseases, such as deep vein throm
bosis, pulmonary emboli, and cerebral vas
cular accident. The clinical presentations of 
patients with any of these disorders may be 
sufficiently different such that positive 
results produced by TpP in these disorders 
might not add significant ambiguity to the 
interpretation of data. It may also be pos
sible that irrespective of the in vivo site, 
evidence of active thrombus may warrant 
admission and further evaluation. This pro
tocol would be particularly warranted if 
therapeutic intervention for thrombotic dis
eases demonstrated a reduction in the appro
priate outcome measures. 

Because thrombus formation is also a 
major cause ofUA, abnormal results for TpP 
and other markers of thrombin activity 
would be expected in this disease as well. In 
a preliminary study of 18 UA patients, 15 
were within the normal range (29). In the 
remaining three with high values, a progres
sion to AMI was noted. In a separate study, 
serum fibrinopeptide A concentration was 
increased in 50% of 150 patients with UA 
(31). Kaplan-Meier survival curves showed 
fibrinopeptide A might be useful for risk
stratify patients for cardiac death, Q-wave, 
and non-Q-wave AMI. If the specificity of 
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coagulation markers can be thoroughly doc
umented, it may be very useful in clinical 
practice for evaluation of patients with CAD. 

P-Selectin 

The activation and aggregation of 
platelets constitute another important step 
in the formation of insoluble clots. The first 
step in the process is adhesion of platelets 
to the vessel wall. There it can be activated 
by agonists, such as thrombin, adenosine 
diphosophate (ADP), or arachidonic acid 
(30). Fibrinogen binds to the platelet 
through glycoprotein lIb/lIla receptors 
located on each cell. This enables binding 
of other circulating platelets to form aggre
gates. A protein known as GMP-140 or 
P-selectin is translocated to the activated 
platelet surface, where it functions to pro
mote leukocyte adhesion and consolidation 
of the thrombotic plug (32-34). Release of 
P-selectin from the a-granules of platelets 
and Weibel-Palade bodies of endothelial 
cells into the circulation is an indicator of 
platelet activation and is associated with 
acute thrombotic disease states (35). 

The evaluation of soluble P-selectin into 
blood of CAD patients has been reported in 
a few clinical studies. In patients with UA, 
high levels ofP-selectin have been reported 
within 1 h after onset of symptoms (36). In 
contrast, normal levels were observed in 
patients with stable angina, even after they 
were put on a treadmill and stressed to the 
point of ST-segment depression on ECG. 
Following AMI, P-selectin is also increased 
for the first 3 d of hospitalization (37). 
For AMI patients acutely treated with 
PTCA, platelet-bound P-selectin levels 
transiently decrease immediately after the 
procedure (4-8 h), but return to high levels 
on the following days (38). It has been sug
gested that the initial decline is owing to 
sequestration of highly adhesive platelets, 
followed by platelet activation caused by 
exposure of the endothelial tissue produced 
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by the angioplasty procedure itself. 
P-selectin can be useful in understanding 
the pathophysiologic role of platelets in 
acute coronary syndromes. It may also be 
useful for therapeutic strategies involving 
new antiplatelet drugs. For early AMI diag
nosis, the role of P-selectin is currently 
being investigated. 

Functional Imaging 

The occlusion of a coronary artery will 
lead to a disruption in the perfusion of 
myocardial tissue. This condition can be 
detected through the use of noninvasive per
fusion imaging techniques, such as single
photon emission computed tomography 
(SPECT) following injection of 201 thallium 
or 99mtechnetium (sestamibi and tetrosfos
min) (39). The technical details of radionu
clide ventriculography are beyond the scope 
of this volume. Discussion of clinical data is 
included in this chapter because ventricu
lography can provide an early indication of 
CAD, and results will likely complement the 
use of serum cardiac markers. 

In the clinical setting of chest pain with a 
negative or nondiagnostic ECG, acute 
myocardial imaging has been successful 
when radionuclides are injected while the 
patient is experiencing chest pain. In a study 
of 45 ED patients, 99mtechnetium sestamibi 
tomography provided a sensitivity and speci
ficity of 96 and 79%, respectively (40), for 
detection of CAD. Corresponding values for 
12-lead ECG were 35 and 74%. In another 
study, nuclear imaging results compared 
favorably against regional wall abnormali
ties as assessed by echocardiography. Both 
the sensitivity (100% vs 42%) and speci
ficity (93% vs 80%) were improved (41). 
When sestamibi was used to stratify short
term risk of adverse events, positive scans 
provided a relative risk ratio of 13.9-fold 
compared to patients with normal scans (42). 

In the presence of equivocal ECG results, 
radionuclide ventriculography can detect the 
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presence of CAD at a time when cardiac 
markers are still within the normal range 
(43). Use of sestimibi is superior to thallium 
scanning, because it does not require a 
cyclotron for generation of nuclides, and 
imaging can be performed 1-2 h after injec
tion of sestimibi, a time when patients are 
more likely to be clinically stable. Although 
these preliminary results are promising, the 
use of these techniques in acute chest pain is 
experimental. Moreover, the cost of the pro
cedure, estimated at $600/case (42), must 
be considered. Many centers do not have 
nuclear imaging centers, or do not offer ser
vices on a 24-h basis. 

Markers of Early Myocardial Ischemia 

The total occlusion of a coronary artery 
by a thrombus will result in anoxia in 
myocardial areas that are distal to the site of 
the lesion. Lack of oxygen delivery inhibits 
the production of ATP by the mitochondria. 
In order to survive, myocytes must conserve 
vital ATP stores by inhibiting unnecessary 
biological functions, such as the mainte
nance of ionic gradients (via theATP-depen
dent membrane pump), and anaerobically 
producing as much ATP as possible from 
glucose, proteins, and fatty acids (44). Ini
tially, the ischemic injury is reversible, i.e., 
if blood flow is restored to the jeopardized 
areas, no permanent damage will occur. If 
coronary artery reperfusion does not occur, 
irreversible injury will begin, as signified 
by the release of macromolecules, such 
as enzymes and proteins. The period of 
ischemic reversibility is likely to vary 
from person to person, but it is believed 
to begin between 1 and 3 h after the onset 
of symptoms (44). 

If proteins and enzymes that participate in 
these "compensatory" biochemical mecha
nisms are released into the blood during 
ischemia, they may be useful as early mark
ers of AMI. Glycogen phosphorylase (GP) 
catalyzes the degradation of glycogen in the 
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sarcoplasmic reticulum (SR) and provides 
the necessary substrates for glycolysis. GP 
is a dimeric enzyme with a relative large 
molecular weight of 188 kDa. It consists of 
three isoenzymes: BB found in the brain and 
heart, MM found in skeletal muscles, and 
LL found in the liver (45). It has been sug
gested that after glycogenolysis has occurred 
in an ischemic tissue, GP is released from the 
SR to the cytoplasm. If the permeability of 
the cell membrane is compromised by 
ischemia, GP would appear in the circulation 
owing to the large concentration gradient of 
myocytes relative to blood. 

An immunoassay for GP-BB has been 
developed and evaluated in patients with 
CAD. In a study of 48 patients admitted for 
angina, results of GP-BB were compared to 
CK-MB mass, cTnT, and myoglobin (46). In 
the absence of transient ST-T-segment alter
ations on ECG, blood concentrations for 
these markers were largely in the normal 
range. However, in 18 patients with 
ST-T-abnormalities, GP-BB was increased 
in 16 patients (88%), as compared to 
2 (11%), 3 (17%), and 5 (28%) patients for 
myoglobin, cTnT, and CK-MB, respectively. 
In a comparison of these markers for AMI, 
GP-BB was the most sensitive marker 
during the first 2-4 h after onset of chest 
pain (45,47). In AMI patients treated with 
thrombolytic therapy, GP-BB returned to 
normal levels before CK and CK-MB. GP
BB has also been studied as a marker of 
myocardial injury following bypass surgery 
(48). Commercial assays for GP-BB are 
being developed (Pace Medical Diagnostics 
Corp., Toronto) and await evaluation by 
clinical trials. 

Other Protein Markers 
of Myocardial Necrosis 

Because myoglobin is not specific for 
myocardial damage, other small-mol-wt 
proteins have been examined as potential 
early markers. Heart fatty acid binding pro-
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tein (FABP) is part of a family of at least six 
different low-mole-wt proteins (14-15 kDa) 
that functions as a carrier for long-chain fatty 
acids. It is found within the cytoplasm and 
plays an important role in lipid metabolism 
(49). Because of its low molecular weight, 
FABP is freely filtered by the glomerulus, 
and is rapidly cleared from the circulation. 
Urine concentration of FABP appear within 
2 h after injury (SO). In patients with renal 
failure, FABP increases owing to impaired 
clearance. 

The heart type isoenzyme is distinct from 
the forms found in the liver and intestines. 
However, like myoglobin, FABP is also 
found in significant quantities in skeletal 
muscles. When FABP is used alone as a 
marker for AMI, it may have no advantage 
over myoglobin with respect to specificity 
and sensitivity for early diagnosis. On the 
other hand, a testing strategy whereby the 
ratio of myoglobin to FABP is calculated 
may provide additional diagnostic informa
tion over use of one marker alone. Studies of 
purified organs and tissues have shown that 
the heart type isoenzyme of FABP is found 
in very high concentrations in the 
myocardium (0.46 mglg wet wt of the left 
ventricle [SO]). This reflects the important 
role of energy production and fatty acid 
metabolism in the heart. Myoglobin is found 
in high concentrations within the skeletal 
muscles. Thus, a calculation of the ratio of 
these two proteins can be used to determine 
the source of elevations of these markers in 
blood after injury. Table 2 illustrates this 
relationship (S1). In heart tissue, a low ratio 
is observed, whereas skeletal muscles have 
high values. After AMI, there is an elevation 
of both myoglobin and FABP, which is 
accompanied by a low myoglobin/FABP 
ratio, reflecting the expected myocardial dis
tribution of these proteins. On the other 
hand, high results and a high ratio after aortic 
surgery are owing to release from skeletal 
muscles produced by the surgery itself. Fol-
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Table 2 
Results of MyoglobinIFABP Ratio 
in Various Tissues and Blood after 
Various Eventsa 

TissuelEvent Ratio 

Heart 4.5 
Skeletal Muscles 47 
Blood, AMI no 

thrombolytic therapy 6.2 
Blood, AMI, thrombolytic 

therapy 4.4 
Blood, after aortic surgery 45 
Blood, after cardiac surgery 

0.5 h 11.3 
Sh 6.7 
24h 32.1 

a Adapted from ref. 51. 

SD 

1.0 
S.O 

1.0 

1.4 
22 

4.7 
3.7 

13.6 

lowing cardiac surgery, a previous report 
showed that the initial injury is from the 
heart, and is followed by release of proteins 
from the skeletal musculature (S2). Using the 
myoglobinlFABP ratio, data from Table 2 
are consistent with this pattern. 

The use ofFABPinAMI has been demon
strated in several clinical studies. In a study 
of 10 AMI patients, FABP was increased in 
all admission samples (range 1.5-14 h after 
onset of chest pain), whereas CK-MB activ
ity was within the normal range (S3). In 
another study, the clinical sensitivity for 
FABP and CK-MB was 91.4% and 20% , 
respectively, for samples collected within 
0-3 h (S4). Neitherofthese two studies com
pared results against myoglobin or assessed 
the value of the myoglobinIFABP ratio. Pre
sumably, such studies are forthcoming. 

OTHER BIOCHEMICAL MARKERS 

a-Actin 

The structural proteins that have been 
extensively studied in blood of patients with 
CAD include cTnT and cTnI, and myosin 
light and heavy chains. Many believe that 
cTnT and cTnI will become the new "gold 
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standard" for the definitive diagnosis of AMI 
because of their high cardiac specificity. In 
contrast, skeletal muscle myosin chains 
crossreact with antibodies for the cardiac 
forms, and these tests will likely be more 
useful for infarct sizing. 

Actin is another structural protein of the 
thin filament. It has a molecular weight of 
43 kDa and makes up more than 20% of the 
total cell protein pool. The a-actin is present 
at a ratio that is seven times higher than tro
ponin or myosin (55). As such, if immunoas
says can be developed with high analytical 
sensitivity and specificity, actin may be a 
more sensitive marker for minor myocardial 
injury. 

In a study ofUA, actin was elevated in 19 
of 29 patients. Using an immunoblot tech
nique, the highest circulation concentration 
was 40 j.1g/mL (55), considerably higher than 
troponin or myosin. Unfortunately, the sen
sitivity of this technique was not described. 
Thus, it is difficult to determine the magni
tude of increase relative to normal or base
line levels. The clinical sensitivity of a-actin 
in AMI was 95% among 70 patients (56). 
The highest actin concentration was reported 
at 112 j.1g/mL. Actin was detected as early as 
1 h after the onset of chest pain and remains 
positive for up to 170 h. Actin was also 
observed in patients with silent ischemia and 
in patients with noninsulin-dependent dia
betes mellitus (57). Since troponin and CK
MB were not reported in this study, it is 
difficult to determine if actin detects a lower 
degree of injury. It is too early to tell if and 
how actin might be used in patients with 
CAD. The key issue for actin will be the 
clinical specificity of the assay. 

Brain Natriuretic Peptide 

Most of the discussion on new biochem
ical markers has focused on the use of the 
tests for ischemic heart disease. Another 
important area is in the evaluation of left 
ventricular function in patients with con-
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gestive heart failure (CHF). CHF is pro
duced by chronic heart disease, such as 
diluted cardiomyopathy, valvular disease, 
and ischemic heart disease. It affects some 2 
million Americans today with an average 
morality rate of 10% after 1 yr and 50% after 
5 yr (58). It is expected to rise with the aging 
of the population. The disease is classified 
by a variety of schemes, such as that 
described by the New York Heart Associa
tion (NYHA) (see Chapter 1). The NYHA 
classification is made on clinical grounds. 
Definitive assessment of heart failure is 
determined by echocardiography, with mea
surement of the ejection fraction (EJ). Values 
between 35 and 40% are associated with 
heart failure (59), although there are a large 
number of CHF patients that have an EJ of 
50% or more (60). 

Recently, biochemical markers have been 
used to assess CHE Atrial (ANP) and brain 
natriuretic peptides (BNP) are important 
hormones for regulation of fluid volume, 
sodium balance, and blood pressure. ANP is 
a 28 amino acid peptide that is secreted from 
the atria of the heart (61). BNPis a 32 amino 
acid peptide that originates from the brain 
and ventricles of the heart. There are two 
forms that are found in plasma of patients 
with heart failure (molecular weights of 4 
and 10 kDa). The high-mol-wt form is found 
in the highest concentration in blood (62). 
Another structurally related hormone is C
type natriuretic peptide (CNP), a 17 amino 
acid hormone that does not have natriuretic 
action. 

In blood of CHF patients, the concentra
tions of ANP and BNP are significantly 
abnormal, as the result of increased synthe
sis by the heart. The degree of increase has 
been linked to the severity of CHE Figure 5 
shows the results of BNP as a function of 
degree, as classified by the NYHA system 
(63). Although there is significant overlap 
between groups, there is a stepwise increase 
of BNP as the severity increases from normal 
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Fig. 5. Results of BNP in different NYHA 
classification of CHF. Standard deviation given 
in arrow bars. (Adapted from ref. 59.) 

or stage I-V. The overlap of results is not 
surprising considering the sUbjective nature 
of the NYHA classification. It is presumed 
that increases in ANP and BNP in CHF are 
owing to the degree of overload of the atria 
and ventricles, respectively (63). Synthesis 
of ANP from the ventricles has also been 
reported (64). 

When results were compared to ejection 
fraction (EF), a significant negative linear 
correlation was produced (i.e., the higher the 
BNP, the lower the EF). This correlation was 
observed for dilated cardiomyopathy, but not 
mitral valve stenosis (65). Following AMI, 
ANP and BNP are both increased in blood 
(66). ANP levels are highest at admission 
and decline thereafter. BNP undergoes a 
biphasic release pattern. These hormones 
appear to reflect the degree of left ventricu
lar dysfunction following the ischemic 
injury because of the functional role they 
play in the disease process. There has been 
no discussion to date on the use of these 
markers for early AMI detection, since 
patients with chronic failure may also have 
abnormal baseline concentrations. 

Other Miscellaneous Markers 

In a recent review, other very novel mark
ers for myocardial injury were discussed, 
including protein S 100ao' a calcium binding 
protein, annexin, a phospholipid binding 
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protein, enolase a~ isoenzyme, a glycolytic 
enzyme, and phosphoglyceric acid mutase 
isoenzyme MB, another glycolytic enzyme 
(67). The performance of these markers has 
been examined in preliminary studies of 
patients with VA, AMI, and AMI rule-out. 
None of these markers are specific to myo
cardial injury, nor are they released any 
earlier than existing markers, such as myo
globin and CK-MB isoforms. It is therefore 
doubtful that that immunoassays for any 
of these proteins will reach the stage of 
commercialization. 

ABBREVIATIONS 

AMI, acute myocardial infarction; ANP, 
BNP, CNP, atrial, brain and C-type natri
uretic peptide; CAD, coronary artery dis
ease; CHF, congestive heart failure; CRP, 
C-reactive protein; cTnT, cTnI, cardiac tro
ponin T and I; EJ, ejection fraction; FABP, 
fatty acid binding protein; GISSI, Gruppo 
Italiano per 10 Studio della Streptochinasi 
nell'Infarcto miocardico; GP, glycogen 
phosphorylase; iv, intravenous; IVD, in vitro 
diagnostics; kDA, kilodaltons; LOS, lengths 
of stay; NYHA, New York Heart Associa
tion; PTCA, percutaneous transluminal 
coronary angioplasty: SPECT, single-photon 
emission computed tomography; SR, sar
coplasmic reticulum; TpP, thrombus precur
sor protein; VA, unstable angina. 
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