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FOREWORD

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

Dr. David Morrow has expertly edited an authoritative book that answers this need.
The 34 chapters in Cardiovascular Biomarkers: Pathophysiology and Disease Manage-
ment were written by a group of individuals who are internationally recognized thought
leaders and experts in clinical and laboratory medicine. The first six sections reflect a
contemporary division of cardiac biomarkers into those that inform clinicians about their
patients with respect to myocyte necrosis, ischemia, inflammation, hemodynamic stress,
platelet function and hemostasis, and dyslipidemia. A particularly noteworthy section is
the last one, which presents the cutting edge concepts of a multimarker approach, point-
of-care testing, proteomics, and genetic markers.

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

Elliott Antman, MD

Brigham and Women’s Hospital,
Harvard Medical School,

Boston, MA
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PREFACE

Integration of cardiac biomarkers into clinical care has been accelerating at a dramatic
pace. As novel applications of established biomarkers are tested and new markers com-
plete development, the value of cardiac biomarkers for supporting clinical decision
making is achieving greater recognition. This progress in the use of biomarkers is likely
to gain even greater momentum in the era of personalized medicine. With expansion of
the number and types of biomarkers available, the opportunity to improve diagnosis, risk
stratification, and selection of therapy using these noninvasive, affordable tools contin-
ues to grow. Congruent with this evolution, the practicing clinician will benefit from a
thorough understanding of the biology, technology, and clinical evidence underlying the
use of established and emerging biomarkers in cardiovascular disease.

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

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

David A. Morrow, MD, MPH
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1 Biomarkers of Myocardial Necrosis
Past, Present, and Future

Robert H. Christenson, PhD

and Hassan M. E. Azzazy, PhD, DABCC

CONTENTS

INTRODUCTION

BACKGROUND: BIOMARKERS OF CARDIAC NECROSIS

NECROSIS BIOMARKERS OF THE PAST

NECROSIS BIOMARKERS OF THE PRESENT

NECROSIS BIOMARKERS STILL IN DEVELOPMENT

FUTURE MARKERS OF MYOCARDIAL NECROSIS

CONCLUSION

REFERENCES

SUMMARY

TBiochemical markers play a crucial role in accurate diagnosis of myocardial necro-
sis and, more importantly, for assessing risk and directing appropriate therapy that
improves clinical outcome. Development and utilization of biomarkers has evolved sub-
stantially over the past three decades. The earliest biomarkers, such as alanine amino-
transferase and lactate dehydrogenase, have fallen out of use with the development of
moer sensitive and specific assays for creatine kinase isoenzyme MB and particularly
cardiac troponin. Cardiac troponin T or I measurements are now considered surrogates
for necrosis and myocardial infarction when elevated in the setting of acute cardiac
ischemia. This chapter offers insight into evolution of cardiac biomarkers and offers
thoughts regarding the future of necrosis biomarkers.

Key Words: Myocardial necrosis; lactate dehydrogenase; myosin light chains; aspar-
tate aminotransferase; creatine kinase; CK-MB; cardiac troponin T; cardiac troponin I;
myoglobin; heart-type fatty acid-binding protein; carbonic anhydrase III; acute coronary
syndromes.

INTRODUCTION

The homeostasis of healthy cells is disturbed when subjected to a supply-demand mis-
match resulting in insufficient oxygen delivery, deprivation of nutrients, and decreased
clearance of waste products. Acute cellular changes commonly include disruption of the
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sodium-potassium pump, leakage of excess calcium into the cell, depletion of energy
reserves, and conversion from aerobic to anaerobic cellular metabolism (1). If the mis-
match is prolonged, ultrastructural cellular damage becomes irreversible, resulting in
cell death and necrosis. Cells of tissues differ in their susceptibility and response to a
metabolic mismatch. Figure 1 shows the progression of cellular changes for myocardial
cells during persistent ischemia, the transition from reversible to irreversible injury, and
cell death after approx 30 min to 1 h (1). Release of necrosis biomarkers occurs thereafter
in the general time frames indicated in Fig. 1.

Although a cellular mismatch in supply vs demand can be caused by a number of
physiological events, the root cause of most acute coronary syndromes (ACSs), a con-
tinuum of cardiac ischemia from unstable angina through myocardial infarction (MI), is
plaque instability, plaque rupture, and occlusive intracoronary thrombus formation. Coro-
nary occlusions causing ischemia damage not only myocytes but also arterioles in a pro-
cess that is thought to hinder microvascular flow by increasing distal vascular resistance,
stimulating arteriolar spasm, and causing endothelial dysfunction (2). Downstream from
the organized occlusion, platelet microemboli are believed to shower the microcircula-
tion, causing microvascular obstruction that further limits tissue perfusion, particularly
if the epicardial infarct-related artery is recanalized (3). Microvascular dysfunction also
occurs in non-infarct-related vessels, suggesting that myocardial ischemia may stimulate
global signaling of an inflammatory response through a complex process with several
interrelating stimuli and factors including the release of cytokines (4). As such, thrombus
formation and the resulting supply–demand mismatch are followed by a complicated
cascade of events, the end point of which is myocardial ischemia and myocardial cell
necrosis.

Biomarkers have provided important information for the clinical assessment of patients
with suspected MI patients since the early 1950s. As displayed in Fig. 2, utilization of
biomarkers has evolved substantially over the past 30–40 yr. Biomarkers were previ-
ously considered to be one of the three important variables, along with changes on the
electrocardiogram (ECG) and clinical signs and symptoms, necessary for the diagnosis

Fig. 1. Progression of myocyte changes with transition from reversible to irreversible injury during
myocardial ischemia.
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of MI as defined by the World Health Organization (WHO) in 1979 (5). The biomarkers
cardiac troponin T (cTnT) and I (cTnI) are now designated as surrogates for necrosis and
MI when elevated in the setting of acute cardiac ischemia, according to the consensus doc-
ument of the European Society of Cardiology (ESC) and the American College of Cardiol-
ogy (ACC) (6).

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

BACKGROUND: BIOMARKERS OF CARDIAC NECROSIS

The Ideal Cardiac Biomarker
Table 1 summarizes the ideal characteristics for biomarkers of cardiac necrosis. Although

several biomarkers satisfy one or more of these criteria, no single marker has yet been
identified that satisfies them all. cTnI and cTnT come closest to the ideal, their forte being
exquisite myocardial specificity. No tissue other than heart has been documented as a
source of cardiac troponin (7), and cTnT and cTnI are abundant in myocardial tissue and
virtually absent in blood from healthy individuals (8,9). cTnT and cTnI are elevated for
days to weeks after MI. On the other hand, cTnT and cTnI are structural proteins and, con-
sequently, their release kinetics are relatively slow, requiring 4–6 h after the acute event
for the detection of elevated levels with high diagnostic sensitivity (9). In addition, accu-
racy in predicting cardiac troponin release patterns is complicated and varies among
patients. Although most experts agree that cardiac troponin is released only with cardiac
necrosis and not with reversible ischemia, increases in cTnI and cTnT occur in conditions
other than MI (7). Furthermore, methods for measuring cardiac troponin yield heteroge-
neous results (10). Thus, there are several issues that preclude cardiac troponin from
being the “holy grail” of diagnostic tests for myocardial necrosis. Despite these caveats,
cardiac troponin is currently the cornerstone for evaluating myocardial necrosis in patients
with signs and symptoms of cardiac ischemia. Table 2 summarizes important characteris-
tics of available and developing biomarkers of cardiac necrosis.

Fig. 2. Evolution of cardiac biomarkers. MI, myocardial infarction; AST, aspartate transaminase; LD,
lactate dehydrogenase; CK, creatine kinase; RIA, radioimmunoassay.
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“Activity” vs “Mass” Measurements
The terms activity and mass are frequently used to describe biomarker assays. Activity

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

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

NECROSIS BIOMARKERS OF THE PAST

Lactate Dehydrogenase Activity and Isoenzyme Fractionation
Lactate dehydrogenase (LD) is a cytoplasmic enzyme that has relatively high activity

in myocytes and also in other tissues including skeletal muscle, liver, kidney, platelets,
and erythrocytes (11). Measurement of LD as a cardiac biomarker was performed as early
as 1960 (Fig. 2); fractionation of LD isoenzyme components, originally performed in the
1970s by electrophoresis or column chromatography, was applied to improve cardiac
specificity by separating out the five major LD isoenzymes, LD1–LD5. The LD1 and

Table 1
Ideal Characteristics of Cardiac Necrosis Biomarkers

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

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

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

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

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

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

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

• Measurable by conventional methods: The nature of the biomarker should allow quantitative
measurement by reliable, rapid, precise, and cost-effective methodology that is readily
available.
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LD2 isoenzymes predominated in serum after MI, frequently in an LD1 > LD2 flipped
pattern, whereas LD4 and LD5 predominated in patients with hepatic disease or skeletal
muscle injury and LD2, LD3, and LD4 with involvement of platelets or lymphatic disease
(11). Fractionation of LD, focusing on the LD1 and LD2 isoenzymes, was used as an aid
for the diagnosis of MI into the 1980s.

Total activity of LD is a relatively late biomarker with concentrations generally increas-
ing to above normal levels in 24–48 h after coronary occlusion, peaking in 3–6 d, and
returning to normal in 8–14 d. The LD1 > LD2 flipped pattern is elevated earlier, at 10–
12 h after MI, peaking in 2 to 3 d, and returning to normal within 7–10 d (11,12). Using
the MI diagnostic criteria that was standard in the 1980s, an elevated LD1 level and a
flipped ratio had a sensitivity and specificity of approx 75–90% (11,12).

Measurement of LD activity and LD1/LD2 isoenzyme fractionation allowed a pro-
longed retrospective diagnosis of MI, which was useful for assessment several days after
the acute event. However, the advent of reliable assays for cardiac troponin rendered LD
measurement and fractionation for the diagnosis of MI an anachronism (13). According
to the recent ESC/ACC redefinition of MI, total LD activity and LD isoenzymes should
not be used for the diagnosis of cardiac damage (6).

Myosin Light Chains
The sarcomere is the basic building block of the contractile apparatus in both skeletal

and cardiac muscle. Differences in contraction characteristics of cardiac and skeletal
muscle led to the notion that there were different sacromeric isoforms for the protein
myosin in these tissues (14). Myosin consists of two heavy chains and two pairs of light
chains termed myosin light chain 1 (MLC1), with a molecular mass of 27 kDa, and
MLC2, with a molecular mass of 20 kDa. The MLCs are structural proteins that modulate
interaction between myosin and actin. Interest in MLC was stimulated by the develop-
ment of antibodies that reportedly differentiated cardiac from skeletal muscle MLC (15).
Although <1% of MLC is found in the cytosol, this compartment serves as a staging area
for myosin synthesis. MLC from the cytosol is released into the circulation 3–6 h after
acute necrosis and remains elevated for 10–14 d, as the structural component is gradually
released after cell death; peak MLC concentrations occur after 4 d (16).

Cardiac MLC showed promise for risk stratification and as a biomarker of necrosis.
Hillis et al. (17) measured cTnI, MLC1, and creatine kinase (CK)-MB mass at presen-
tation and then 4, 8, 16, and 24 h later in 208 patients with chest pain without new ST-
elevation. Both cTnI and MLC1 predicted the long-term outcome of patients with chest
pain, and in this cohort MLC1 was a better predictor of mortality and nonfatal acute MI
than the measurement of cTnI. Although MLC measurements were initially received
enthusiastically by the cardiology and laboratory medicine communities (18,19), in the
1980s it was suspected and later verified that the apparent cardiac isoform of MLC is also
produced by slow-twitch skeletal muscle, thus explaining the observed crossreactivity in
some clinical samples (20). MLC measurements therefore fell out of favor compared with
CK-MB and as assays for cardiac troponin were being developed.

Aspartate Aminotransferase
Aspartate aminotransferase (AST) was among the earliest myocardial cell necrosis bio-

markers utilized in the clinical laboratory (Fig. 2) (21). AST (or SGOT) is a member of the
aminotransferases; such enzymes catalyze the conversion of amino acids into 2-oxo-acids
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by transfer of amino groups. AST is abundant in skeletal muscle, liver tissue, erythro-
cytes, and myocardium (11). Distinct AST isoenzymes are present in the cytoplasm and
mitochondria of cells; the half-life of the mitochondrial form is 10 d, vs the cytoplasmic
form, which has a shorter half-life of only 10 h. Most experts agree that modest tissue injury
causes release of the cytoplasmic isoenzyme, whereas more extensive damage results in
release of the mitochondrial isoenzyme as well. The isoenzymes are not fractionated for
clinical use.

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

NECROSIS BIOMARKERS OF THE PRESENT

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

When cellular energy demands are relatively low and intracellular pH is approx 7.0,
CK catalyzes the forward reaction with the formation of creatine phosphate. Creatine
phosphate can be viewed as a storehouse for high-energy phosphate bonds that have been
transferred from adenosine triphosphate (ATP). As indicated in the equation, CK also
catalyzes the reverse reaction. When demands for energy in the cell increase, there is a
rapid drop in intracellular pH caused by the local formation of acidic compounds, which
induces CK to catalyze transfer of a high-energy phosphate bond from creatine phosphate
to adenosine 5'-monophosphate (ADP), thus producing intracellular ATP in order to meet
the increased energy demands.

CK is abundant in tissues that have periods of relative quiescence and then bursts of
brisk activity or in cells subjected to differences in oxygen gradient. Expressed in terms
of grams of wet tissue, total CK activity is highest in skeletal muscle, at 2500 U/g; heart
has 473 U/g and brain has 55 U/g (11). A variety of other tissues such as the small intes-
tine, tongue, diaphragm, uterus, and prostate also contain total CK activity, but in lower
relative amounts (11). CK activity is virtually absent in most other tissues. Total CK
tissue-to-plasma ratio is very high in skeletal muscle and somewhat high (albeit seven-
fold less) in myocardium, conferring good performance as a biomarker, because dramati-
cally increased plasma values are observed in association with increased muscle necrosis
and trauma. Serum total CK concentrations are dependent on muscle mass, and average
levels are higher in men than in women, higher in African Americans than in Caucasians,
and higher in younger adults than in the elderly (11). In a study of marathon runners,

pH = 9.0

Creatine + ATP CK, Mg++ ADP + Creatine Phosphate

pH = 6.8

>

<
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substantial increases in total CK levels were observed after extreme exercise, compared
with prerace levels; concentrations returned to baseline in 4 d (22). There is no evidence
that marathon running damages healthy, well-perfused myocardium, despite the fact that
the plasma levels of total CK and other biomarkers may increase to the same as those
measured after MI (23). However, these indices must be interpreted with caution for
individuals who habitually undertake strenuous exercise, especially if they have done so
within the previous week (23). Rhabdomyolysis also causes greatly increased serum total
CK activity, as well as other skeletal muscle biomarkers such as myoglobin (11).

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

CK-MB Isoenzyme
Total CK activity represents the cumulative concentration of three CK isoenzymes.

CK is a dimeric enzyme consisting of two types of subunits designated either “M,” orig-
inally for “muscle,” or “B” to connote “brain.” Each of these subunits is produced by a
distinct gene (11). The nature of CK gives rise to three major isoenzymes: the two homod-
imers CK-MM and CK-BB and the heterodimer CK-MB (9). In patients with significant
myocardial disease, i.e., aortic stenosis, coronary artery disease, or both, the CK-MB iso-
enzyme comprises approx 20% of the total CK in this tissue (24), whereas CK-MB com-
prises <3% of CK in skeletal muscle (25). Although healthy individuals may have a much
lower percentage of CK-MB of 1.1% in their heart tissue (24), the far higher and consis-
tently elevated CK-MB fraction in vulnerable patients with significant coronary heart
disease confers excellent myocardial tissue specificity. CK-BB is found primarily in
brain and intestinal tissue and contributes little to total CK activity; CK-BB is virtually
absent from skeletal or cardiac tissue (25).

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

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

CK-MB index values exceeding 2.5% are usually associated with a myocardial source
of the MB isoenzyme (26); however, the index is reportedly as low as 2% and as high as
5%, depending on variability of both the numerator and denominator (27). A particular
problem is posed by patients with both myocardial and skeletal muscle injury because
CK-MB release from skeletal muscle may confound the diagnostic use of the CK-MB
index by masking the relatively subtle CK-MB contribution from heart tissue and effec-
tively “swamping” the denominator. It is also of note that elevations in both CK-MB con-
centration and CK-MB index have been attributed to skeletal muscle injury alone, with no
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evidence of myocardial involvement (11). This pattern is infrequent, however, and over-
all CK-MB has been an excellent biomarker of myocardial injury over several decades.

CK-MB ACTIVITY AND MASS ASSAYS

CK-MB measurements are considered highly selective for myocardium and in the
1970s became the standard for diagnostic assessment of MI (Fig. 2) (20). M subunits have
a different charge relative to B subunits, and this difference in charge was used to frac-
tionate total CK into serum CK-MM, CK-MB, and CK-BB isoenzymes using the princi-
ples of electrophoresis and ion-exchange column chromatography (28). Strategies based
on measuring CK activity after separating out CK-MB were developed and used exten-
sively from the late 1970s through the mid-1980s, when the first immunobased assays
appeared in which antibodies were used to assess CK-MB activity. CK-MB activity assays
used antibody reagents to inhibit activity of the M subunits of CK-MM and CK-MB (Fig.
3). Subsequently, total CK activity was measured, and assuming that CK-BB was negligi-
ble, all the activity remaining in the sample was attributed to the B subunit of CK-MB.

Fig. 3. (A) CK-MM isoforms. CK-MM3 consists of two unmodified tissue M subunits. On release
into the circulation, carboxypeptidase N (CPN) hydrolyzes a terminal lysine at the C-terminus of each
M subunit to generate the modified serum forms: MM2 (missing one lysine) and MM1 (missing two
lysine residues, one from each polypeptide chain). Plus and minus signs represent the presence and
absence of lysine residues, respectively. (B) CK-MB isoforms. Carboxypeptidase N (CPN) cleaves
a lysine from the C-terminus of the M subunit of the MB2 (tissue isoform) and generates the MB1
(serum isoform). (C) Immunoinhibition of CK-MB activity. Anti-CK-M antibodies selectively bind
to and inhibit the enzymatic activity of the CK-M subunits. The residual CK activity, measured by
using total CK reagents, is the result of the B subunits of MB alone. To calculate the activity of the
intact CK-MB isoenzyme, the residual result must be multiplied by a factor of two. (D) CK-MB mass
immunoassay. Anti-CK-MB is immobilized on a solid matrix. CK-MB in the sample binds to the
solid-phase antibody. Anti-CK-MM conjugate is added and binds to the antibody-CK-MB complex
to form an antibody-CK-MB-antibody conjugate complex. The conjugate enzyme acts on the substrate
to produce a colored product or fluorescence.
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Results were multiplied by 2 to compensate for the activity of the inhibited M activity.
These activity assays led to incorporation of CK-MB into updated criteria for the diagno-
sis of MI (29).

Although a very important contribution, CK-MB activity assays were and are limited
by their inability to detect CK-MB at low concentrations. In addition, electrophoresis and
column chromatography methods were subject to false-positive interference from so-
called macro-CK, predominately caused by an immune response against CK-BB in some
populations (11). Immunoinhibition assays were subject to interference from the presence
of macro-CK as well as from any CK-BB in patient samples. For these reasons, CK-MB
activity assays gave way to more analytically sensitive and specific mass immunoassays
that offered the advantage of quantifying CK-MB as a specific protein, rather than relying
on functional enzymatic activity as a surrogate. CK-MB activity assays have been replaced
by CK-MB mass assays and by cardiac troponin; however, they are relatively inexpen-
sive and, therefore, remain in use in some areas owing to economic conditions (6).

The earliest mass assay was a radioimmunoassay (RIA) that targeted the B subunit of
CK-MB (30). This assay set the stage for the development of CK-MB-specific antibod-
ies, the most widely used of which is the Conan antibody that is a component of many
commercial assays in use today (31). Most mass assays are based on incorporation of two
antibodies, one that captures the CK-MB in patient samples and another to which a sig-
naling reagent is bound for detection (Fig. 3). In this way, a capture Ab-CK-MB-signal Ab
sandwich is formed and detected. A standard dose–response curve is plotted using CK-MB
standards from which the analytical concentration can be related to the mass of the CK-MB
protein.

CK-MB ISOFORMS

Myocardial tissue contains one CK-MB protein isoform. After release into the circu-
lation after cell death, the M subunit of CK-MB from tissue undergoes posttranslational
modification through cleavage of the C-terminal lysine by the blood enzyme carboxy-
peptidase-N (32). This modification forms a differently charged form of CK-MB, termed
CK-MB1, that can be separated from the tissue form, termed CK-MB2, by electrophoresis
(32). Studies characterizing the clinical performance of the isoforms of CK-MB isoen-
zymes (CK-MB1 and CK-MB2) show promise for earlier identification of myocardial
damage than assays of CK-MB alone. In homeostatic conditions, serum CK-MB2/CK-
MB1 ratios are approx 1.0, and total CK-MB concentration is <1.5 IU/L (33). Release of
the CK-MB2 tissue isoform into the circulation from damaged myocardial tissue increases
the absolute level of CK-MB in the blood and also increases the ratio of CK-MB2/CK-
MB1. The increased CK-MB2/CK-MB1 ratio may be detected as early as 1 to 1.5 h after the
onset of chest pain (33). The change in isoform ratio may precede significant elevations
in CK-MB by up to 4 h, providing earlier identification of MI. Using a 2.6 IU/L CK-MB
cutoff with a CK-MB2/CK-MB1 ratio ≥1.5, a study of 1100 patients presenting with signs
and symptoms of ACS showed values of 6-h sensitivity and specificity for diagnosing MI
of 95.7 and 93.9%, respectively (34). Respective sensitivity and specificity for conven-
tional 6-h CK-MB were reportedly 48.2 and 94% in this same population (34).

Automated processing for CK-MB isoforms is available, but interpretation can be tech-
nically challenging and the assay is available in only a few institutions. Both the National
Academy of Clinical Biochemistry (35) and the ESC/ACC (6) have suggested consid-
eration of myoglobin or CK-MB isoforms for use in the early diagnosis of myocardial
injury.
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Fig. 4. Temporal release of myoglobin, CK-MB, and cTnT and cTnI.

CK-MB MASS FOR DIAGNOSIS OF MI
Figure 4 displays the biomarker release profile after MI. Release of CK-MB into the

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

Measurement of CK-MB mass remains a sound tool for the evaluation of MI (6), but
most healthy individuals have a measurable amount of CK-MB biological “background
noise” in their blood, probably from skeletal muscle turnover. For diagnostic use, CK-MB
release from myocardium (i.e., signal) must substantially exceed this noise, which renders
CK-MB less diagnostically sensitive compared with cTnT or cTnI, for which the physio-
logical background noise is virtually zero. The signal/noise difference between CK-MB
and cardiac troponin is illustrated in Table 3, which shows an analysis of six cohorts that
directly compares these biomarkers (39). In nearly 18,500 patients, measurement of car-
diac troponin detected more MIs than did CK-MB in all six cohorts (range: +12 to +127%),
with an overall increase of 14% more MIs diagnosed using cardiac troponin.

A meta-analysis focusing on the performance of CK-MB mass measurements in popu-
lations from emergency departments or inpatient cardiology units was conducted in 1995
and showed a diagnostic sensitivity of 96.8% (95% confidence interval [CI]: 95–98%)
and a diagnostic specificity of 89.6% (95% CI: 87–92%) (40). However, this diagnostic
performance is no longer accurate, because over the past decade it has become clear that
even small amounts of necrosis, and the associated small release of cTnT and cTnI, iden-
tify patients at high risk of adverse events (41,42). Thus, cTnT and cTnI are the preferred
markers, and CK-MB has been replaced as the “gold standard” for the diagnosis of MI
(Table 2) (6). Nevertheless, many clinicians believe that measurements of CK-MB mass
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are still useful for timing the occurrence of MI, detecting reinfarction, and sizing the
extent of infarction (35).

Cardiac Troponin
THE TROPONIN COMPLEX

The troponin complex has three protein subunits and is located on the thin filament of
striated muscle (Fig. 5). The three subunits are troponin T, a binding protein that attaches
the troponin complex to tropomyosin; troponin I, which modulates the interaction of
actin and myosin by acting as an inhibitor of actomyosin adenosine triphosphatase activ-
ity; and troponin C, the calcium-binding subunit of the troponin complex. After stimula-
tion for contraction, excess calcium enters into cells and binds to troponin C. This binding
causes a change in the conformation of tropomyosin, exposing the binding site on actin
and actuating cross bridging; the result is muscle contraction. Troponin C has an identical
amino acid sequence in both skeletal and cardiac tissues and, thus, has no potential as a
cardiac-specific marker. However, troponin T and troponin I have different isoforms in
cardiac and skeletal muscle, encoded by separate genes, and, consequently, have differ-
ent amino acid sequences (9). The respective cardiac isoforms of cTnT and cTnI allow
production of antibodies that exclusively recognize these myocardial-specific proteins.
To date, cTnT and cTnI release has not been attributed to a tissue source other than myo-
cardium, and except for rare analytical false positives, detection of cTnT or cTnI in the
blood is indicative of heart injury (7).

RELEASE AFTER NECROSIS

cTnT and cTnI are structural biomarkers of cardiac necrosis whose kinetics require
several hours after the onset of acute ischemia before they can be detected (Fig. 4). For
this reason, cTnT and cTnI are not considered early biomarkers of necrosis. High diagnos-

Fig. 5. Structure of troponin complex and contraction of striated muscle.
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tic sensitivity and specificity require specimen collection at patient presentation, 6–9 h
later, and at 12–24 h if clinical suspicion is high and earlier results are negative (6). The
increase in concentration of cTnI and cTnT after necrosis is prolonged compared with
that of other biomarkers of necrosis (Fig. 4); this time course enables the diagnosis of MI
many days after the acute event. The exact pattern of cTnT and cTnI release varies among
individuals and is unpredictable; therefore, cTnT and cTnI may be less useful for assess-
ing reocclusion or for infarct sizing compared to CK-MB mass (36).

CIRCULATING FORMS

Although the nature of the troponin complex released after myocardial injury is not
fully characterized, several reports suggest that a large portion of troponin I enters into
the circulation first as TnC-cTnT-cTnI and cTnI-TnC complexes, with only a small por-
tion of troponin I circulating in a free form (43,44). Studies have examined degradation of
the cardiac troponins both inside the cell and in circulation (43,44). The release forms of
cTnI and cTnT after degradation in circulation are incompletely understood at present but
may have clinical importance. Currently, release of cTnT and cTnI and detection using
commercially available assays is a surrogate for myocardial cell death in the setting of
acute cardiac ischemia (6).

The International Federation of Clinical Chemistry (IFCC) Committee for Standard-
ization of Cardiac Laboratory Markers developed specifications for the cardiac troponin
assays (45).

REDEFINITION OF MI: EVOLUTION WITH CTNT AND CTNI
The evolution of the definition of MI based on the availability of cardiac troponin is

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

CLINICAL CUTOFFS

Selecting the appropriate decision point or cutoff that should be used for designating
a positive cTnT or cTnI is a topic of controversy. Issues related to selection of decision
limits are also discussed in other chapters. Several studies have found that even subtle
increases in cTnT or cTnI are associated with increased risk of adverse cardiac events
(46,47) and, therefore, a low cardiac troponin should be considered indicative of cardiac
necrosis. The ESC/ACC consensus group recommended that the 99th percentile of a
reference control population (i.e., normal value) should be utilized as the diagnostic cutoff
(6). This cutoff is a much lower value than had been specified previously based on utili-
zation of CK-MB as the predicate biomarker for MI diagnosis. The ESC/ACC group also
specified that the imprecision of assays should have a coefficient of variation (CV) of 10%
at the 99th percentile decision limit. This analytical goal was extremely ambitious and, in
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fact, impractical for implementation, because only a few cardiac troponin assays could
meet it (48,49). As a stopgap measure, some have suggested that the 10% CV of assays be
utilized as the decision point, at least until assays are improved (50). Others have defined
what may be considered an evidence-based approach in which a value conferring high
risk is utilized as the decision point, regardless of the CV at that decision point (47). For
epidemiological purposes, the AHA Council for Epidemiology and Prevention defines a
positive biomarker as being at least one value above the 99th percentile of the distribution
in healthy populations or the level at which a 10% CV can be demonstrated for a particular
laboratory (39). This definition is contingent on at least two measurements at least 6 h
apart (39). The values at the 99th percentile and the level of 10% CV for the majority of
available assays for troponin are provided in Chapter 2, Fig. 9. It is critical that laboratory
medicine and clinical staff collaborate on the choice and implementation of cardiac tro-
ponin assays, as well as on the cut point utilized. This issue is vital because of the hetero-
geneous quality of cardiac troponin assays, as was demonstrated by significant outcome
differences among troponin assays even when the same apparent cutoff was utilized (51).

Harmonization (i.e., ensuring that different assays will yield the same cTnI results in
patient specimens) has not yet been achieved. Although the same assay applied repeatedly
to the same sample will yield similar results, cTnI results for the same patient but measured
with different assays may vary by more than 30-fold (10). This phenomenon is the result
of manufacturers using antibodies that target different epitopes of cTnI as well as using dif-
ferent calibrators. The situation for cTnI may be resolved, in part, through ongoing efforts
to define a reference material and harmonize cTnI methods (52,53).

Myoglobin
FUNCTION AND RELEASE

Myoglobin is a heme protein that is abundant in the cytoplasm of cardiac and skeletal
muscle cells; its function is to transport intracellular oxygen (9). The tissue/plasma ratio
of myoglobin is very high and, thus, when necrosis of these tissues occurs, blood levels
of myoglobin increase rapidly (Fig. 4). Myoglobin is generally accepted as the earliest
appearing biomarker that is routinely available for assessment of patients with ACS. Myo-
globin is released only upon necrosis, as evidenced by overall poor performance as a bio-
marker of acute cardiac ischemia (54). The earliest methods for measuring myoglobin were
based on RIA (55). These assays had good performance but were untenable for routine use,
because they used radioisotopes and required several hours for incubation. In the early
1990s, two-site immunoassays became available; with these assays, good performance and
rapid turnaround times in a range of 10–15 min are possible, and these assays now predom-
inate in laboratories (56).

The amino acid sequence for myoglobin is the same for both cardiac and skeletal mus-
cle, so elevations are not exclusive for injury to either tissue. Myoglobin is cleared by the
kidneys and, therefore, renal insufficiency causes elevated blood levels in the absence of
acute tissue injury. For these reasons, myoglobin measurements are viewed as having
low diagnostic specificity for myocardial injury. Myoglobin assays are in the process of
being standardized and harmonized by a committee of the IFCC (57).

CLINICAL USE FOR DIAGNOSIS OF MI
There is divergence as to whether myoglobin measurements are useful for the evalua-

tion of patients with suspected ACS. Meta-analysis has shown that the clinical sensitivity
of myoglobin is approx 90% with serial sampling and, somewhat surprisingly, about the
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same for diagnostic specificity in the emergency medicine population (54). Nonetheless,
suboptimal specificity is considered to limit the use of myoglobin as a biomarker to rule
in MI. The diagnostic sensitivity of the biomarker, however, has led to recommendations
by the National Academy for Clinical Biochemistry and the ESC/ACC that the biomarker
is useful as an early marker (6,35). Perhaps the most useful application of myoglobin is to
rule out myocardial necrosis with a negative predictive value approx 96% (54). Owing to
myoglobin’s kinetics, patients presenting relatively late after their acute event (e.g., >30 h)
may have falsely negative values within the normal reference interval (Fig. 4). Therefore,
cardiac troponin and perhaps CK-MB should always be assessed in combination with
myoglobin.

In an attempt to improve sensitivity for the detection of MI, investigators have focused
on the brisk increase in myoglobin after cardiac injury. These efforts have given rise
to strategies in which differences between measurements at presentation and 60 to 120
min later are compared as an early indicator of MI (54,55). Most of these strategies use
a doubling in myoglobin values over the early hours as the diagnostic criterion (58,59).
Evidence shows that this use of myoglobin is open to question, however. A recent study
comparing the “delta” strategy for myoglobin with a similar approach using CK-MB mass
indicates that the CK-MB strategy is more sensitive for the diagnosis of MI (60).

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

Quantitative vs Qualitative Biomarker Testing
Although the results of cardiac biomarker measurements are continuous values, the

clinical assessment of myocardial necrosis typically is based on specific cut points. This
dichotomization of cardiac biomarker results provides a context in which qualitative test-
ing (i.e., positive vs negative) is clearly feasible, particularly for evaluation of the earliest
specimen(s) as long as the appropriate cut point is used. In fact, a strategy for qualitative
reporting of cardiac troponin may be most appropriate because quantitative assays may
vary by up to 30-fold (10). Furthermore, qualitative testing (positive/negative) may help
avoid discord between point-of-care testing and quantitative testing in the main labora-
tory, particularly when different technologies are used in these locations. Qualitative test-
ing is less feasible for biomarkers that have different cut points that vary with race, gender,
and/or age.

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

Quantitative assays are necessary for monitoring the release (rise) and clearance (fall)
of cardiac markers. Applications other than the diagnosis of MI, such as risk stratifica-
tion, reperfusion monitoring, and assessment of prognosis, also require continuous data.

Serial Sampling
To optimize performance, biomarkers of myocardial necrosis require serial sampling

when the initial results are negative (6,63); the largest impact is on diagnostic sensitivity.
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Serial sampling is necessary because in most cases myocardial-specific necrosis bio-
markers, most notably cardiac troponin and CK-MB, require a few hours before their natu-
ral kinetics show a detectable response to clinical events (Fig. 4). To the extent possible,
placing cardiac biomarkers in the temporal context of clinical signs and symptoms is crit-
ically important. Serial sampling at presentation, 6–9 h later, and after 12 h is recommended
if the earlier results are negative and clinical suspicion remains high (6).

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

Fatty acid-binding proteins (FABPs) are low-molecular-mass proteins (~14,500 Daltons)
that are abundant in the cytoplasm of striated muscle cells (64,65). FABPs specifically
and reversibly bind long-chain fatty acids and appear to function as the principle vehicle
for cytosolic transport of long-chain unesterified fatty acids. Myocardium and skeletal
muscle contain the same isoform of FABP, termed heart-type FABP (H-FABP), but the
content of this protein in skeletal muscle is only 10–30% of that found in cardiac muscle.
The level of H-FABP in healthy donors is relatively low (2–6 μg/L) (66), and the bio-
marker has a very good tissue/plasma ratio.

Like myoglobin, H-FABP is released from the heart soon after the onset of infarction,
and it has been proposed as an early marker for the diagnosis of MI (64,65,67). Plasma
concentrations of H-FABP increase within 3 h after MI and return to the normal range
within 12–24 h in individuals without renal impairment (68). Differing relative amounts
of H-FABP and myoglobin in myocardial vs skeletal muscle tissue led to the notion that
the ratio of myoglobin/H-FABP may confer myocardial specificity. In one study, the
ratio of myoglobin/H-FABP was found to be different in plasma from patients with myo-
cardial injury (at 4.5) compared with skeletal muscle damage, which was associated with
very high ratio values, in the range of 20–70 (68). However, strategies to improve detection
of myocardial injury by calculating ratios of myoglobin and H-FABP have not yielded
a clear advantage over the measurement of H-FABP alone (69). Moreover, the tissue spe-
cificity of H-FABP is questionable in patients with renal failure or skeletal muscle injury.
Although a relatively small number of clinical trials have been conducted to date, H-FABP
appears to have similar or better performance than myoglobin.

Carbonic Anhydrase (III)
Carbonic anhydrase (III) (CAIII) is a 28-kDa cytosolic protein located almost exclu-

sively in type I (slow-switch) skeletal muscle. Preliminary experiments showed that myo-
globin and CAIII are released from skeletal muscle in a 3:1 fixed ratio during cell injury
(70). Because CAIII is not present in myocardium, combining serum CAIII and myoglo-
bin measurements has been proposed to improve the specificity of myoglobin as an early
diagnostic marker for MI (71,72). Both serum myoglobin and CAIII have been shown
to increase in healthy subjects following vigorous exercise and in patients with neuromus-
cular disease. By contrast, patients with acute MI showed markedly elevated myoglobin
with no concomitant elevation in CAIII. Several studies have confirmed that myoglobin
and CAIII are released in a fixed ratio following exercise, showed no significant differ-
ence in the ratio for trauma patients, and demonstrated a significant elevation in ratio in
the setting of MI (73). These data suggest that the myoglobin/CAIII ratio may be a useful
diagnostic indicator of MI (70). There is enthusiasm by some manufacturers to combine
myoglobin and CAIII, but no commercial product is yet available.
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FUTURE MARKERS OF MYOCARDIAL NECROSIS
Accurate recognition of myocardial necrosis is important for achieving an accurate

diagnosis but, more important, for assessing risk and directing appropriate therapy that
improves clinical outcome. Most investigators agree that future efforts in diagnostics and
therapeutics should focus on that phase of myocardial ischemia during which injury is
reversible so that myocardial salvage can be maximized. Multimarker strategies using
established and new biomarkers for risk stratification and clinical decision making have
potential for improving the outcomes of patients with ACS (74).

In the context of myocardial necrosis, cTnI and cTnT measurements are fundamental for
the diagnosis of MI by definition (6). Therefore, identifying biomarkers that will improve
the tissue specificity and clinical performance possible with cardiac troponin for MI is
a significant undertaking. Advances based on the detection of specific patterns of degrada-
tion/modification of cardiac troponin that might improve the early detection of myocar-
dial necrosis or provide information regarding the specific mechanism of myocardial
injury would be extremely valuable. In addition, continued enhancements to the analytic
performance of assays for cardiac troponin will enable reliable detection of necrosis at
lower concentrations.

Two additional efforts may also improve the ability to detect and diagnose myocardial
necrosis: proteomics and modeling decision aids. These areas are related, but decision aids
will be broadened beyond biomarkers to combine objective clinical indicators such as
classification of ECG findings, history, age, and gender.

Modeling Computer Aids
The rationale behind the use of multiple marker strategies is that each biomarker pro-

vides independent and additive information for the diagnosis of MI and risk assessment.
Biomarkers are continuous variables, yet diagnostic interpretation generally utilizes cut
points that force data into a binary scenario. One notion that adds value to modeling the
combination of markers is that biomarkers that have not crossed the decision threshold for
“positive” may contain useful information. In addition, modeling approaches must yield
a single straightforward output, rather than several results that must be combined by the
user.

One early approach to modeling involved a multimarker strategy in the context of
diagnosing MI utilizing myoglobin, CK-MB, cTnI, and B-type natriuretic peptide (BNP)
measurements to develop a multivariable index function (75). This strategy was piloted
in a cohort that included 210 patients with noncardiac chest pain and 105 patients with
MI; all samples were collected within 10 h of the onset of symptoms (76). Table 4 shows

Table 4
Relative Performance of Various Markers and Combined Model for Diagnosis of MIa

Receiver operating Sensitivity at 92.5% Specificity at 92.5%
Analyte characteristic area specificity (%) sensitivity (%)

BNP 0.718 18.1 31.4
Myoglobin 0.847 49.5 59.5
cTnI 0.907 83.5 42.0
CK-MB 0.926 78.1 59.9
Combined model 0.950 89.9 89.3

aModified from ref. 78.
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the diagnostic performance of each biomarker and that performance of the panel was
substantially better than any of the biomarkers alone. However, there are numerous caveats
with this study, including prevalence of disease, timing of samples, definition of MI, and
quality of each component biomarker. Nevertheless, it is interesting that the data indicate
promise for the concept of combining multiple markers and improving the ability to diag-
nose myocardial necrosis.

CONCLUSION
Utilization of biomarkers for the assessment of myocardial necrosis has had a rich

history that spans nearly half a century. The earliest biomarkers, such as AST and LD,
have fallen out of use with the development of assays for CK-MB and particularly cardiac
troponin. The current order of diagnostic value is cTnT or cTnI > CK-MB mass > CK-MB
activity > total CK (6,39). Myoglobin must be considered a niche biomarker that may lack
sensitivity for the diagnosis of MI in the future but appears to have value for risk stratifi-
cation. The quality of assays for biomarkers varies substantially, so assay choice must
be a collaboration between laboratory and clinical staff. The future will undoubtedly
involve automated multimarker strategies that will aim not only at the diagnosis of MI,
but also the probability of ACS. In addition, assessing risk of future events in addition
to defining the diagnosis will be included in the new paradigm. Biomarkers are absolutely
fundamental to the (re)definition and diagnosis of MI, but it must be noted that MI is a
clinical diagnosis and that a setting of myocardial ischemia must be established.

REFERENCES
1. Rubin E, Farber JL, eds. Essential Pathology, 2nd ed. JB Lippincott, Philadelphia, 1995.
2. Roe MT, Ohman EM, Maas ACP, et al. Shifting the open artery hypothesis downstream: the quest for

optimal reperfusion. J Am Coll Cardiol 2001;37:9–18.
3. Topol EJ, Yadav JS. Recognition of the importance of embolization in atherosclerotic vascular disease.

Circulation 2000;101:570–580.
4. Gibson CM, Ryan KA, Murphy SA, et al. Impaired coronary blood flow in nonculprit arteries in the

setting of acute myocardial infarction. J Am Coll Cardiol 1999;34:974–982.
5. Nomenclature and Criteria for Diagnosis of Ischemic Heart Disease. Report of the Joint International

Society and Federation of Cardiology/World Health Organization Task Force on Standardization of
Clinical Nomenclature. Circulaton 1979;59:607–609.

6. Alpert JS, Thygesen K, Antman E, Bassand JP. Myocardial infarction redefined—a consensus docu-
ment of The Joint European Society of Cardiology/American College of Cardiology Committee for the
redefinition of myocardial infarction. J Am Coll Cardiol 2000;36:959–969.

7. Jaffe AS. Elevations in cardiac troponin measurements: false false-positives: the real truth. Cardiovasc
Toxicol 2001;1:87–92.

8. Voss EM, Sharkey SW, Gernert AE, et al. Human and canine cardiac troponin T and creatine kinase-MB
distribution in normal and diseased myocardium: infarct sizing using serum profiles. Arch Pathol Lab Med
1995;119:799–806.

9. Christenson RH, Azzazy HME. Biochemical markers of the acute coronary syndrome. Clin Chem 1998;
44:1855–1864.

10. Christenson RH, Duh SH, Apple FS, et al. Standardization of cardiac troponin I assays: round robin of
ten candidate reference materials. Clin Chem 2001;47:431–437.

11. Moss DW, Henderson AR. Clinical Enzymology. In: Burtis CA and Ashwood ER, eds. Tietz Textbook
of Clinical Chemistry. WB Saunders, Philadelphia, PA, 1999, pp. 617–721.

12. Lott JA, Stang JM. Serum enzymes and isoenzymes in the diagnosis and differential diagnosis of myo-
cardial ischemia and necrosis. Clin Chem 1980;26:1241–1250.

13. Jaffe AS, Landt Y, Parvin CA, Abendschein DR, Geltman EM, Ladenson JH. Comparative sensitivity
of cardiac troponin I and lactate dehydrogenase isoenzymes for diagnosing acute myocardial infarction.
Clin Chem 1996;42:1770–1776.



Chapter 1 / Biomarkers of Myocardial Necrosis 23

14. Leger JJ, Elzinga M. Studies on cardiac myosin light chains: comparison of the sequences of cardiac and
skeletal myosin LC-2. Biochem Biophys Res Commun 1977;74:1390–1396.

15. Khaw BA, Gold HK, Fallon JT, Haber E. Detection of serum cardiac myosin light chains in acute experi-
mental myocardial infarction. Circulation 1979;58:1130–1136.

16. Mair J, Thome-Kromer B, Wagner I, et al. Concentration time courses of troponin and myosin subunits
after acute myocardial infarction. Coron Artery Dis 1994;5:865–872.

17. Hillis GS, Zhao N, Taggart P, Dalsey WC, Mangione A. Utility of cardiac troponin I, creatine kinase-
MB(mass), myosin light chain 1, and myoglobin in the early in-hospital triage of “high risk” patients with
chest pain. Heart 1999:82:614–620.

18. Katus HA, Diederich KW, Hoberg E, Kubler W. Circulating cardiac myosin light chains in patients with
angina at rest: identification of a high risk subgroup. J Am Coll Cardiol 1988;11:487–493.

19. Hoberg E, Katus HA, Diederich KW, Kubler W. Myoglobin, creatine kinase-MB isoenzyme, and myo-
sin light chain release in patients with unstable angina pectoris. Eur Heart J 1987;8:989–994.

20. Rosalki SB, Roberts R, Katus HA, Giannitsis E, Ladenson JH, Apple FS. Cardiac biomarkers for detec-
tion of myocardial infarction: perspectives from past to present. Clin Chem 2004;50:2205–2213.

21. Ladue JS, Wroblewski F, Karmen A. Serum glutamic oxaloacetic transaminase activity in human acute
transmural myocardial infarction. Science 1954;120:497–499.

22. Warhol MJ, Siegel AJ, Evans WJ, Silverman LM. Skeletal muscle injury and repair in marathon runners
after competition. Am J Pathol 1985;118:331–339.

23. Young A. Plasma creatine kinase after the marathon—a diagnostic dilemma. Br J Sports Med 1984;18:
269–272.

24. Ingwall JS, Kramer MF, Fifer MA, et al. The creatine kinase system in normal and diseased human myo-
cardium. N Engl J Med 1985;313:1050–1054.

25. Tsung SH. Creatine kinase isoenzyme patterns in human tissue obtained at surgery. Clin Chem 1976;22:
173–175.

26. Adams J III, Abendschein DS, Jaffe AS. Biochemical markers of myocardial injury. Is MB the choice
for the 1990’s? Circulation 1993;88:750–763.

27. Keffer JH. Myocardial markers of injury evolution and insights. Am J Clin Pathol 1996;105:305–320.
28. Roberts R, Henry PD, Witteeven SA, Sobel BE. Quantification of serum creatine phosphokinase isoen-

zyme activity. Am J Cardiol 1974;33:650–657.
29. Tunstall-Pedoe H, Kuulasmaa K, Amouyel P, Arveiler D, Rajakangas A, Pajak A. Myocardial infarction

and coronary deaths in the World Health Organization MONICA project: registration procedures, event
rates, and case-fatality rates in 38 populations from 21 countries in four continents. Circulation 1994;90:
583–612.

30. Roberts R, Sobel BE, Parker CW. Radioimmunoassay for creatine kinase isoenzymes. Science 1976;194:
855–857.

31. Vaidya HC, Maynard Y, Dietzler DN, Ladenson JH. Direct measurement of creatine kinase-MB activity
in serum after extraction with a monoclonal antibody specific to the MB isoenzyme. Clin Chem 1986;32:
657–663.

32. Wevers RA, Delsing M, Klein Gebbink JA, Soons JB. Post-synthetic changes in creatine kinase isozymes.
Clin Chim Acta 1978;86:323–327.

33. Puleo PR, Perryman MB, Bresser MA, Rokey R, Pratt CM, Roberts R. Creatine kinase isoform analysis
in the detection and assessment of thrombolysis in man. Circulation 1987;75:1162–1169.

34. Puleo PR, Meyer D, Wathen C, et al. Use of a rapid assay of subforms of creatine kinase-MB to diagnose
or rule out acute myocardial infarction. N Engl J Med 1994;331:561–566.

35. Wu AH, Apple FS, Gibler WB, Jesse RL, Warshaw MM, Valdes R Jr. National Academy of Clinical
Biochemistry Standards of Laboratory Practice: recommendations for the use of cardiac markers in coro-
nary artery diseases. Clin Chem 1999;45:1104–1121.

36. Ishikawa Y, Saffitz JE, Mealman RL, Grace AM, Roberts R. Reversible myocardial ischemic injury is
not associated with increased creatine kinase activity in plasma. Clin Chem 1997;43:467–475.

37. Lee TH, Rouan GW, Weisberg MC, et al. Sensitivity of routine clinical criteria for diagnosing myocar-
dial infarction within 24 hours of hospitalization. Ann Intern Med 1987;106:181–186.

38. Christenson RH, Vaidya H, Landt Y, et al. Standardization of creatine kinase-MB (CK-MB) mass
assays: the use of recombinant CK-MB as a reference material. Clin Chem 1999;45:1414–1423.

39. Luepker RV, Apple FS, Christenson RH, et al. Case definitions for acute coronary heart disease in epide-
miology and clinical research studies: a statement from the AHA Council on Epidemiology and Prevention;
AHA Statistics Committee; World Heart Federation Council on Epidemiology and Prevention; the Euro-



24 Cardiovascular Biomarkers

pean Society of Cardiology Working Group on Epidemiology and Prevention; Centers for Disease Control
and Prevention; and the National Heart, Lung, and Blood Institute. Circulation 2003;108:2543–2549.

40. Wu AHB, Lane PL. Metaanalysis in clinical chemistry: validation of cardiac troponin T as a marker for
ischemic heart diseases. Clin Chem 1995;41:1228–1233.

41. Ottani F, Galvani M, Nicolini FA, et al. Elevated cardiac troponin levels predict the risk of adverse out-
come in patients with acute coronary syndromes. Am Heart J 2000;140:917–927.

42. Heidenreich PA, Alloggiamento T, Melsop K, McDonald KM, Go AS, Hlatky MA. The prognostic
value of troponin in patients with non-ST elevation acute coronary syndromes: a meta-analysis. J Am
Coll Cardiol 2001;38:478–485.

43. Katrukha AG, Bereznikova AV, Filatov VL, et al. Degradation of cardiac troponin I: implication for
reliable immunodetection. Clin Chem 1998;44:2433–2440.

44. Wu AH, Feng YJ, Moore R, et al. Characterization of cardiac troponin subunit release into serum after
acute myocardial infarction and comparison of assays for troponin T and I. American Association for
Clinical Chemistry Subcommittee on cTnI Standardization. Clin Chem 1998;44:1198–1208.

45. Panteghini M, Gerhardt W, Apple FS, Dati F, Ravkilde J, Wu AH. Quality specifications for cardiac
troponin assays. Clin Chem Lab Med 2001;39:175–179.

46. Kaul P, Newby LK, Fu Y, et al. Troponin T and quantitative ST-segment depression offer complementary
prognostic information in the risk stratification of acute coronary syndrome patients. J Am Coll Cardiol
2003;41:371–380.

47. Morrow DA, Cannon CP, Rifai N, et al. Ability of minor elevations of troponins I and T to predict benefit
from an early invasive strategy in patients with unstable angina and non-ST elevation myocardial infarc-
tion: results from a randomized trial. JAMA 2001:286:2405–2412.

48. Panteghini M, Pagani F, Yeo KT, et al. Evaluation of imprecision for cardiac troponin assays at low-
range concentrations. Clin Chem 2004;50:327–332.

49. Christenson RH, Cervelli DR, Bauer RS, Gordon M, Stratus CS. Cardiac troponin I method: perfor-
mance characteristics including imprecision at low concentrations. Clin Biochem 2004;37:679–683.

50. Apple FS, Wu AH, Jaffe AS. European Society of Cardiology and American College of Cardiology guide-
lines for redefinition of myocardial infarction: how to use existing assays clinically and for clinical trials.
Am Heart J 2002;144:981–986.

51. Venge P, Lagerqvist B, Diderholm E, Lindahl B, Wallentin L. Clinical performance of three cardiac tro-
ponin assays in patients with unstable coronary artery disease (a FRISC II substudy). Am J Cardiol 2002;
89:1035–1041.

52. Tate JR, Heathcote D, Koerbin G, et al. The harmonization of cardiac troponin I measurement is inde-
pendent of sample time collection but is dependent on the source of calibrator. Clin Chim Acta 2002;324:
13–23.

53. Tate JR, Heathcote D, Rayfield J, Hickman PE. The lack of standardization of cardiac troponin I assay
systems. Clin Chim Acta 1999;284:141–149.

54. Balk EM, Ioannidis JP, Salem D, Chew PW, Lau J. Accuracy of biomarkers to diagnose acute cardiac
ischemia in the emergency department: a meta-analysis. Ann Emerg Med 2001;37:478–494.

55. Kubasik NP, Guiney W, Warren K, D’Souza JP, Sine HE, Brody BB. Radioimmunoassay of serum
myoglobin: evaluation and modification of a commercial kit and assessment of its usefulness for detect-
ing acute myocardial infarction. Clin Chem 1978;24:2047–2049.

56. Zaninotto M, Pagani F, Altinier S, et al. Multicenter evaluation of five assays for myoglobin determina-
tion. Clin Chem 2000;46:1631–1637.

57. Panteghini M, Linsinger T, Wu AHB, et al. Standardization of immunoassays for measurement of
myoglobin in serum. Phase I: evaluation of candidate secondary reference materials. Clin Chim Acta
2004;341:65–72.

58. Gornall DA, Roth SN. Serial myoglobin quantitation in the early assessment of myocardial damage: a
clinical study. Clin Biochem 1996;29:379–384.

59. Montague C, Kircher T. Myoglobin in the early evaluation of acute chest pain. Am J Clin Pathol 1995;
104:472–476.

60. Fesmire FM, Christenson RH, Fody EP, Feintuch TA. Delta creatine kinase-MB outperforms myoglo-
bin at two hours during the emergency department identification and exclusion of troponin positive non-
ST-segment elevation acute coronary syndromes. Ann Emerg Med 2004;44:12–19.

61. de Lemos JA, Morrow DA, Gibson CM, et al. The prognostic value of serum myoglobin in patients with
non-ST-segment elevation acute coronary syndromes: results from the TIMI 11B and TACTICS-TIMI
18 studies. J Am Coll Cardiol 2002;40:238–244.



Chapter 1 / Biomarkers of Myocardial Necrosis 25

62. Newby LK, Storrow AB, Gibler WB, et al. Bedside multimarker testing for risk stratification in chest
pain units: the chest pain evaluation by creatine kinase-MB, myoglobin, and troponin I (CHECKMATE)
study. Circulation 2001;103:1832–1837.

63. Newby LK, Christenson RH, Ohman EM, et al. Value of serial troponin T measures for early and late
risk stratification in patients with acute coronary syndromes. The GUSTO-IIa Investigators. Circulation
1998;98:1853–1859.

64. Tanaka T, Hirota Y, Sohmiya K, Nishimura S, Kawamura K. Serum and urinary human heart fatty acid–
binding protein in acute myocardial infarction. Clin Biochem 1991;24:195–201.

65. Kleine AH, Glatz JF, Van Nieuwenhoven FA, Van der Vusse GJ. Release of heart fatty acid–binding
protein into plasma after acute myocardial infarction in man. Mol Cell Biochem 1992;116:155–162.

66. Wodzig KW, Pelsers MM, van der Vusse GJ, Roos W, Glatz JF. One-step enzyme-linked immunosorbent
assay (ELISA) for plasma fatty acid–binding protein. Ann Clin Biochem 1997;34:263–268.

67. Tsuji R, Tanaka T, Sohmiya K, et al. Human heart-type cytoplasmic fatty acid–binding protein in serum
and urine during hyperacute myocardial infarction. Int J Cardiol 1993;41:209–217.

68. Van Nieuwenhoven FA, Kleine AH, Wodzig WH, et al. Discrimination between myocardial and skeletal
muscle injury by assessment of the plasma ratio of myoglobin over fatty acid–binding protein. Circulation
1995;92:2848–2854.

69. Ishii J, Wang JH, Naruse H, et al. Serum concentrations of myoglobin vs human heart–type cytoplasmic
fatty acid–binding protein in early detection of acute myocardial infarction. Clin Chem 1997;43:1372–
1378.

70. Sly WS, Hu PY. Human carbonic anhydrases and carbonic anhydrase deficiencies. Annu Rev Biochem
1995;64:375–401.

71. Vaananen HK, Syrjala H, Rahkila P, et al. Serum carbonic anhydrase III and myoglobin concentrations
in acute myocardial infarction. Clin Chem 1990;36:635–638.

72. Brogan GX Jr, Vuori J, Friedman S, et al. Improved specificity of myoglobin plus carbonic anhydrase
assay versus that of creatine kinase-MB for early diagnosis of acute myocardial infarction. Ann Emerg
Med 1996;27:22–28.

73. Beuerle JR, Azzazy HM, Styba G, Duh SH, Christenson RH. Characteristics of myoglobin, carbonic
anhydrase III and the myoglobin/carbonic anhydrase III ratio in trauma, exercise, and myocardial infarc-
tion patients. Clin Chim Acta 2000;294:115–128.

74. Morrow DA, Braunwald E. Future of biomarkers in acute coronary syndromes: moving toward a multi-
marker strategy. Circulation 2003;108:250–252.

75. Anderson NL, Anderson NG. The human plasma proteome: history, character, and diagnostic prospects.
Mol Cell Proteomics 2002;1:845–867.

76. Reynolds MA, Anderberg JM, Buechler KF, et al. A cardiac marker panel for the diagnosis of acute myo-
cardial infarction. Clin Chem 2004;50:A22 (abstract).



Chapter 2 / Clinical Use of Cardiac Troponin 27

27

From: Contemporary Cardiology:
Cardiovascular Biomarkers: Pathophysiology and Disease Management

Edited by: David A. Morrow © Humana Press Inc., Totowa, NJ

2 Analytical Issues for Clinical Use
of Cardiac Troponin

Alan H. B. Wu, PhD

CONTENTS

INTRODUCTION

RELEASE OF TROPONIN AFTER MYOCARDIAL INJURY

QUALITY SPECIFICATIONS FOR ANALYTIC ASSAYS

AMI CUTOFF CONCENTRATIONS AND ASSAY IMPRECISION

FOR TROPONIN

CARDIAC TROPONIN CUTOFF FOR RISK STRATIFICATION

PRE- AND POSTANALYTIC VARIABLES

CONCLUSION

REFERENCES

SUMMARY

Guidelines jointly developed by the European Society of Cardiology and the Ameri-
can College of Cardiology have established cardiac troponin (T or I) as the biomarker
of choice for the diagnosis of acute coronary syndromes (ACSs) and risk stratification
of patients who present with ischemic symptoms suggestive of ACS. Despite these inter-
national guidelines, a number of analytic issues have slowed the acceptance and imple-
mentation of this test worldwide. Regarding precision, analytic sensitivity, and specificity,
the performance of commercial assays is variable. Moreover, there is a lack of assay
standardization for troponin I results among commercial assays. The release of a stan-
dard reference material should initiate the process of assay harmonization. It is important
that clinicians be familiar with the analytic performance (i.e., level of 10% coefficient
of variation) and appropriate cut points (99th percentile and/or evidence-based decision
limits) for all troponin assays used (both laboratory-based and point of care) at their
institution. In time, it is hoped that all troponin assays will be standardized and exhibit
similar performance to each other, as is the case for the majority of other clinical labor-
atory analytes today.

Key Words: Troponin; imprecision; interference; harmonization; false positive.
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INTRODUCTION

Guidelines that were jointly developed by the European Society of Cardiology (ESC)
and the American College of Cardiology (ACC) have established cardiac troponin T (cTnT)
or cTnI as the biomarker of choice for the diagnosis of acute coronary syndromes (ACSs)
and risk stratification of patients who present with ischemic symptoms suggestive of ACS
(1). Despite the international guidelines on the use of troponin by cardiologists, emer-
gency department (ED) physicians, and clinical laboratory scientists (1–3), there are a
number of analytic issues that have slowed the acceptance and implementation of this test
worldwide. The performance of commercial assays is quite variable regarding precision,
analytic sensitivity, and specificity. Furthermore, there is a lack of assay standardization
for troponin I results among commercial assays. Recently, the National Institute of Stan-
dards and Technology (NIST) released a standard reference material that should initiate
the process of assay harmonization. These problems in cardiac troponin have led to
confusion as to the proper cutoff concentrations that should be used in routine clinical
practice and in clinical trials. In addition, the reagent costs for cardiac troponin are higher
than for other older markers such as creatine kinase (CK) and the CK-MB isoenzyme. In
this chapter, these important issues are discussed with reference to their impact on the
clinical interpretation of test results.

RELEASE OF TROPONIN AFTER MYOCARDIAL INJURY

cTnT and cTnI are part of a complex of three regulatory proteins that includes troponin
C. This ternary complex is bound to the thin filament of striated muscle and regulates the
contraction of actin and myosin filaments. Following myocardial damage, the troponin
T-I-C complex is gradually released into the blood, where it degrades into the binary I-
C complex and free troponin T, the predominant forms of cardiac troponin in the cir-
culation (Fig. 1) (4). In addition, a small amount of free troponin T and I exists within
the cytoplasm and appears within the initial hours after the onset of cardiac damage (5).
In Fig. 2, peak A illustrates the biphasic release pattern of cardiac troponin from damaged
myocytes. Troponin I can also exist in phosphorylated forms and in oxidized/reduced
forms. The degree of phosphorylation affects cardiac myocyte contractility in normal and
failing hearts (6). Once in the blood, the various troponin forms undergo further degra-
dation into smaller molecular weight fragments by serum proteolytic enzymes (see next
section) (7).

An ongoing controversy is whether or not troponin can be released following revers-
ible ischemia. Cardiac markers that are large in molecular weight, such as CK-MB (84
kDa) and lactate dehydrogenase (135 kDa), are released into the blood only after irrevers-
ible injury. However, some investigators have questioned whether cTnT and cTnI, at 37
and 24 kDa, respectively, can be released during ischemia (8,9). Although these proteins
are themselves too large to traverse across viable cell membranes, studies have shown
that troponin can undergo in situ degradation into smaller fragments during prolonged
periods of myocardial ischemia (10). Using denaturing Western blot analysis, troponin
fragments appear in the blood of patients with acute coronary syndromes within the first
hour after the onset of chest pain, well before detection by commercial troponin assays
(11). Others have suggested that the release of troponin following reversible injury is not
likely (12). Although the debate is intellectually interesting, most agree that a definitive
answer regarding this area of question will be difficult, if not impossible, to prove (13).
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Fig. 1. The troponin T-I-C complex of the thin filament is released from damaged myocytes into
various molecular forms. The T-I-C complex appears in the blood and degrades first into the I-C
complex (the predominant form of cTnI in blood) and free TnT. The I-C complex further degrades
into free troponin subunits and fragments of intact subunits (both immunoreactive and nonimmuno-
reactive). A small proportion of troponin I and T and fragments is also found in the cytoplasm. Tro-
ponin I can exist in either oxidized or reduced forms, or up to two phosphorylations.

Fig. 2. Biphasic release pattern of cardiac troponin and relationship of cutoff concentrations. Peak A,
myocardial infarction (MI); peak B, unstable angina. AMI, acute myocardial infarction. (Modified
from ref. 3.)
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QUALITY SPECIFICATIONS FOR ANALYTIC ASSAYS

All assays for cardiac troponin require the use of immunoassay techniques. Two-site
“sandwich” immunoassays make use of a capture antibody to bind to the analyte of inter-
est, and a labeled antibody that is used to determine the quantity that is bound to the cap-
ture antibody (Fig. 3A–C). The concentration is determined from a calibration curve (plot
of the analytic signal vs concentration of calibrators). An immunoassay analyzer is used
to measure these proteins. Point-of-care (POC) testing devices offer an alternative to a
large analyzer/central laboratory testing approach (see Chapter 32). Because the analytic
performance of assays for cardiac markers can have a major impact on how results are
interpreted, the International Federation of Clinical Chemistry Committee on Standardi-
zation of Markers of Cardiac Damage (IFCC C-SMCD) developed quality specifications
for cardiac troponin assays (15). Table 1 summarizes the major recommendations made
by this committee.

Fig. 3. (A) Two-site (“sandwich”) immunoassays. The capture antibody is immobilized to a solid
surface (e.g., test tube wall). The detection antibody is labeled with a detecting enzyme, fluorophore,
or chemiluminescent tag. (B) The presence of analytes (circles) enables capture. Unbound labeled
antibody is removed. (C) The signal of the labeled antibody (left) is generated and measured. The
concentration of the analyte is extrapolated from a calibration curve (right). (D) Mechanism for inter-
ferences owing to the presence of unusual antibodies. Heterophilic or human antimouse antibodies
bind to both the capture and detection antibodies, producing an analytic signal in the absence of the
analyte. (Modified from ref. 14).
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Epitope Specificity of Commercial Antibodies
The performance of immunoassays is greatly dependent on the reactivity of the anti-

bodies used toward the epitopes of the targeted proteins. Proper selection of antibodies
is particularly important for troponin assays, because blood from patients with ACS con-
tains a variety of different forms of troponin (Fig. 1). Whereas some assays produced an
equimolar response to these forms, others produced a higher signal to the binary and tern-
ary troponin forms (16). Thus, a tight linear regression of troponin I results from human
patients was not achieved with a comparison of early commercial troponin assays (e.g.,
r = 0.811 for Beckman Access vs Stratus) (17).

The primary sites of in situ and in vitro degradation for cTnT and cTnI are the C- and
N-terminal sequences. These low-molecular-weight fragments are rapidly cleared from the
circulation by glomerular filtration. As a consequence, assays that use antibodies directed
toward the central stable portion of the molecule will exhibit greater relative increases
in concentration over time and a longer duration of elevation (Fig. 4) (18). Antibodies
directed toward the fragments will have a limited window of detectability. However, if
troponin is released during reversible ischemia, development of assays directed to the N-
and C-terminal fragments (the unstable parts of the molecule) may have added clinical
utility.

Assay Standardization
A major issue for cTnI assays is the current lack of industry standardization among

commercial assays. Although this is not a problem for troponin T assay, because only one
manufacturer (Roche) has the intellectual property rights for use of this test, it is an issue
for other cardiac markers such as myoglobin and CK-MB (19).

CLINICAL IMPLICATIONS OF LACK OF STANDARDIZATION

Figure 5 illustrates the extent of the problem for cTnI regarding the lack of standard-
ization. The data are from the College of American Pathologists 2004 Proficiency Survey
(20). Although each of the commercial assays demonstrates linearity between individual
concentrations and the zero point (demonstrating minimal offset bias), there is substan-
tial proportional bias between assays, as recognized by the slope of each line against
an arbitrarily selected predicate assay. Using results of assays that produce the lowest
and highest cTnI results (Triage and AxSYM, respectively), the slopes differ by a factor
of nearly 100 to 1, resulting in very different reported values for the same sample. For

Table 1
Quality Specification for Cardiac Troponin Assays

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

Calibration: The natural and native troponin ternary complexes should be used.
Sample dilution: There should be no matrix effects for immunoassays, as determined by

superimposable curves on dilution of high samples.
Assay specificity: There should be no crossreactivity with heterophilic, rheumatoid factor, or

human antianimal antibodies.
Documentation of preanalytic factors: The types of blood collection tube and in vitro stability

at different temperatures should be documented.

Adapted from ref. 36.
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example, for a sample reported as 1.0 ng/mL with the Dimension assay, results with other
assays will vary from <0.2 with the Triage to >2.0 with the AxSYM. Table 2 provides the
reasons for the lack of concordance between assays. The most influential reason is the fact
that different manufacturers have used dif-ferent calibrator materials and value assign-
ment of calibrator concentrations.

The lack of assay standardization poses a major problem when interpreting results
generated from different assays, such as when a patient is transferred from another hospi-
tal whose laboratory uses a different cTnI assay. Confusion may also occur if the same hos-
pital uses different testing platforms, such as a POC assay when the patient is in the ED
followed by a central laboratory assay when the patient is admitted to the coronary care
unit. For risk stratification of patients with ACS, differences in cTnI cutoff concentra-
tions make it very difficult to determine the proper cutoff concentrations for one assay
when the published data from clinical studies use a different cTnI assay.

DEVELOPMENT OF REFERENCE MATERIAL FOR CTNI
To address the standardization issue, the American Association for Clinical Chemistry

(AACC) established The Troponin I Standardization Committee (21). This committee
obtained recombinant and heart-purified cTnI materials in the T-I-C and I-C complex
forms, and free cTnI. Candidate reference materials (cRMs) were characterized for purity
by liquid chromatography/mass spectrometry (LC/MS), and the cTnI concentrations were
assigned by a combination of amino acid analysis and LC/MS. cRMs were evaluated to

Fig. 4. Effect of antibody selection on measurement of cardiac troponin. (Top) Epitopes to four anti-
bodies to the intact primary amino acid sequence of cTnI are shown. After troponin is released from
the blood, it undergoes degradation at the C-terminal and then N-terminal sequences. These smaller
peptides are rapidly removed from the circulation. (Bottom) Dual-site troponin assay using various
combinations of antibodies. Assay AB3–4 shows a rapid return to baseline levels, owing to removal
of the C-terminal fragment; assay AB1–2 shows an intermediate return to baseline, owing to removal
of the N-terminal fragment; and assay AB2–3 shows a prolonged return to baseline, because the
central portion of the peptide is the most stable.
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determine whether they had acceptably low matrix-associated variations (“commuta-
bility”) when diluted in human serum or a suitable diluent selected by the manufacturer,
and whether they could be used as calibrators to produce identical results for different
cTnI assays (“harmonization”). To select the best material, each participating manufac-
turer of troponin I assays was given cRMs and instructed to calibrate their analyzers using
these materials, and then measure serum pools prepared by the committee containing
varying concentrations of cTnI. Based on three round-robin cycles of testing, the AACC
standardization committee determined that the CIT ternary complex was most commut-
able. Using manufacturer-specified calibrations, results of the serum pools produced a
variability of 90% among results of different assays. This variability was reduced by
seven- to fivefold to 12% for these same assays when the cRM troponin CIT complex was
used as a calibrator (22). The NIST has certified a Standard Reference Material based on
the CIT complex (SRM #2921), and it is available at www.nist.gov. One manufacturer
(Abbott) has released an improved cTnI assay that is calibrated to the new NIST standard.
Although other manufacturers have no obligation to use this material, many are in the
process of reformulating their assays. The availability of a standard reference material
will not enable complete standardization among assays, because of the variability of

Fig. 5. Lack of standardization for cTnI assays. Data are from the 2004 College of American Pathol-
ogists CAR-A Survey for Cardiac Markers (see ref. 20). Although each commercial assay (y-axis)
demonstrates linearity for the two survey materials, they differ in the slope (“s”) of the line relative
to the Dimension HM assay (arbitrarily selected as the predicate x-axis). *First-generation assay,
no longer available.

Table 2
Reasons for Lack of Concordance Among Cardiac Troponin Assays

• Lack of standardization of the calibrating materials
• Differences in the specificity of the antibodies used in the assays
• Variability in the various forms of troponin found in blood and the reactivity of antibodies

to these forms
• Differences in the analytic performance of assays with particular reference to analytic

sensitivity and assay imprecision
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epitopes targeted by antibodies used in the assays. However, results from individual patients
using standardized assays will differ only by a small percentage, instead of orders of mag-
nitude, as is the case today.

Assay Interferences
All antibody-based assays are subjected to interferences owing to the presence of

unusual antibodies such as heterophiles and human antianimal antibodies. As shown in
Fig. 3D, these antibodies recognize and bind to antitroponin antibodies, thereby mimick-
ing the analyte itself. Several case reports have documented this problem (23,24). There
has been increasing attention by manufacturers of troponin I assays to reformulate their
assays, but the incidence of false positive results has not been eliminated (25). Although
less commonly encountered, false-negative results can also occur (26).

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

AMI CUTOFF CONCENTRATIONS
AND ASSAY IMPRECISION FOR TROPONIN

For the majority of clinical chemistry analytes, a reference range can be established,
because the analyte is present in measurable concentrations in healthy individuals. The ref-
erence range is determined by measuring the analyte in a cohort of subjects who are free
from the disease in question. Ideally, the healthy subjects should be matched to the tar-
geted disease group regarding age, gender, race, and other factors. The reference range
for two-tailed tests (i.e., clinical significance for both low and high results) is calculated
by the mean ± 2 SDs if the distribution of results is parametric, or by the central 95% of
results if the distribution is nonparametric. Because there is no significance for low car-
diac marker results, the reference range can be computed as the upper 97.5% of healthy
individuals using a one-tailed test.

In contrast to the majority of clinical chemistry analytes, cutoff concentrations for car-
diac markers such as CK-MB and myoglobin were established on the basis of clinical cri-
teria for the diagnosis of MI and not from a cohort of healthy individuals. Using receiver
operating characteristic (ROC) curve analysis, which plots clinical sensitivity vs 1 − spe-
cificity, the optimum cutoff concentrations were determined at an analyte value that best
discriminated between subjects with disease (i.e., AMI) and those without disease (Fig. 6).
The latter category consisted of patients who presented to the ED with chest pain owing to
a noncardiac etiology or who had cardiac disease that was not ruled out for AMI. Patients
with unstable angina were considered to be in the non-AMI group, despite a minor increase
in cardiac biomarker results. The cutoff concentrations were therefore higher than the
97.5% of a cardiac-healthy population.

The notion that biomarkers were only useful for diagnostic purposes changed with the
demonstration that troponin was more sensitive than CK-MB for the detection of MI.
Clinical trials showed that troponin could also be used for risk stratification of patients
who were previously ruled out for AMI by the older biomarkers. The term minor myo-
cardial damage was initially coined to refer to troponin concentrations that were between
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the upper reference limit and the ROC-determined AMI cutoff concentration. Because
cardiac patients with troponin concentration in this region were also shown to have a high
incidence of poor outcomes, a joint committee of the ESC and ACC recommended lower-
ing the cutoffs for cardiac markers to the upper 99% of healthy individuals (Fig. 7). Peak
B in Fig. 2 shows that a patient with unstable angina may have a troponin concentration
that is below the AMI decision limit but exceeds the upper reference limit of a healthy
population. Use of this lower cutoff concentration posed a problem because most assays
do not have the sensitivity to consistently detect troponin in the blood of healthy individu-
als and, therefore, the 99% cutoff could not be computed with any acceptable degree of
analytic precision. Previously, the National Academy of Clinical Biochemistry had rec-
ommended that the assay imprecision be ≤10% at the cutoff concentration (2). A subcom-
mittee of the ESC/ACC suggested that the AMI cutoff should be the marker concentration
that first produces a 10% imprecision (coefficient of variation [CV]) (9) until new assays
for troponin are developed with the necessary sensitivity. Figure 8 illustrates data for
several commercial troponin I assays and the value and the concentration at the 10%
CV level (28). Figure 9 compares the 99th percentile (obtained from the manufacturer’s

Fig. 6. ROC curve analysis plotted from distribution of cardiac marker results in disease vs a healthy
population. CAD, coronary artery disease.

Fig. 7. Comparison of cutoff concentrations for cardiac troponin according to various criteria. (Adapted
from ref. 27.)
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package insert or personal communication from the manufacturer) to the 10% impreci-
sion cut point (determined by the IFCC C-SMCD), and the ratio of the values for com-
mercial cTnI assays. The smaller this ratio, the closer a particular assay is to achieving
the goal of a CV ≤10% at the 99th percentile.

Fig. 8. Imprecision vs analyte concentration profiles for cTnI. A: AIA21; B, C: Access and Access 2;
D: Stratus CS; E: Centaur; F: Immulite; G: Dimension; H: ACS:180; I: Immuno 1; J: ECi; K: Liaison;
L: Opus Plus; M: Vidas; N: AxSym; O: Alpha Dx. (Reproduced from ref. 28, with permission from
the American Association for Clinical Chemistry.)

Fig. 9. Comparison of 99th percentile and 10% CV cutoffs for commercial cTnI assays. Data are
taken from ref. 28. URL, upper reference limit.
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Regarding the definition of MI, the British Cardiac Society Working Group has recom-
mended the use of two cutoff concentrations for cardiac troponin (29). The first, higher
cutoff corresponds to “typical ACS clinical myocardial infarction,” using concentrations
for cTnT (Roche) of >1.0 ng/mL and cTnI (Beckman Access 2) of >5 ng/mL. These
troponin concentrations were selected because they approximate the traditional defini-
tion of AMI, including the use of total CK. The second cutoff concentrations are set at
cTnT and cTnI concentrations below 1.0 and 0.5 ng/mL, respectively, and correspond to
“ACS with myocyte necrosis.” These recommendations are in contrast to the ECS/ACC
recommendations and illustrate and contribute to the ongoing debate over the redefini-
tion of AMI guidelines (30–32).

CARDIAC TROPONIN CUTOFF FOR RISK STRATIFICATION

Data from the TACTIC-TIMI 18 and FRISC-II trials have fueled debate regarding the
optimum cutoff concentrations for cardiac troponin (33,34). These trials compared aggres-
sive therapy such as with percutaneous intravascular intervention and dalteparin, respec-
tively, against conservative treatment for patients with unstable angina. As predicted
from previous studies, patients who had cardiac troponin levels above the 10% CV cut
point had a higher 30-d death and MI rate than patients who had values below the upper
limit of normal (99th percentile). However, patients who had troponin concentrations
between the 99th percentile and the 10% CV cut point were also at increased risk for 30-
d adverse events. For example, in the TACTICS-TIMI II Trial, the cTnI odds ratios for
the 30-d death and AMI for unstable angina patients were 3.0 (95% confidence interval
[CI]: 1.5–6.1) using the 10% CV cutoff, and 3.6 (95% CI: 1.8–7.3) using the 99th percen-
tile cutoff (33). Similar findings were observed from the FRISC II Trial (34).

These data suggested that the lower (99%) cutoff concentration for cardiac troponin
is the most appropriate for risk assessment in patients with a high clinical probability of
ACS. Figure 10A shows that a test with a 90% accuracy produces a high ratio of true-
positive to false-positive results when the prevalence of the tested population is high (e.g.,
50%). However, when the prevalence for ACS is low (e.g., 10% for a general ED chest pain
population), use of this same 90% accurate troponin assay will result in an unacceptably
high false-positive rate (equal numbers of false positives and true positives) (Fig. 10B).

Fig. 10. Bayesian statistics for cardiac troponin for 1000 hypothetical patients as function of disease
prevalence and assay accuracy. (A) Prevalence of 50%, accuracy of 90%; (B) prevalence of 10%, accu-
racy of 90%; (C) prevalence of 10%; accuracy of 99%. TP, true positive; TN, true negative; FP, false
positive; FN, false negative.
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Thus, for a low disease prevalence population, the accuracy of the assay must be higher
(e.g., to 99%, as shown in Fig. 10C) (35). Precision is an important attribute to analytic
accuracy, because assays that are imprecise cannot be accurate. However, for use of tro-
ponin in ACS, if there is sufficient separation in troponin concentrations between low- and
high-risk groups, the imprecision may have little effect on the clinical accuracy of the test.

PRE- AND POSTANALYTIC VARIABLES

In addition to the analytic variables of assay performance, the quality of any laboratory
data is also greatly dependent on pre- and postanalytic variables. Preanalytic variables
include the types of blood collection tubes used and the time and manner by which speci-
mens are transported to the laboratory. An important preanalytic variable is the stability
of the analyte.

Collection of Samples
Most commercial assays can accommodate either serum or plasma (anticoagulated

with heparin or EDTA), but there are exceptions (e.g., only serum for Roche Elecsys cTnT,
only heparinized plasma for Ortho ECi cTnI, and whole blood or EDTA plasma for Bio-
site Triage cTnI). The user should consult the clinical laboratory for specific blood collec-
tion details. For sample stability, troponin begins to degrade soon after blood is collected.
Antibodies of most commercial assays today are directed to the stable or conserved por-
tion of the protein and, thus, troponin instability is not a major issue with contemporary
assays, especially because testing is usually conducted immediately after collection.

Turnaround Time
Postanalytic variables include the overall turnaround time between ordering the test

and reporting the results. Both cardiology and laboratory medicine groups recommend
a turnaround time of 60 min for cardiac markers (3,33), although the ACC/American Heart
Association state that a 30-min turnaround time is preferable. Meeting this lower figure
would be very difficult for testing conducted in a central laboratory given the time required
for sample delivery, centrifugation, and on-instrument analysis (typically 10–20 min).
Increasingly, therapeutic management decisions are relying on the results of troponin tests.
Unnecessary delays in either the pre- or postanalytic process reduce the usefulness of
these tests.

The necessary turnaround time for cardiac marker results will be institution dependent.
EDs with aggressive triage protocols (“chest pain centers”) are designed to make rapid
therapeutic and/or management decisions and will benefit from rapid testing (e.g., turn-
around time < 30 min) that can be delivered by the use of POC or near-patient (e.g., satel-
lite) testing (see Chapter 32). EDs that have a more conservative triaging strategy may be
able to justify testing from the central laboratory (turnaround time ~ 1 h), because patients
are not triaged as quickly. The laboratory must work closely with ED physicians and car-
diologists to deliver the needed turnaround times while maintaining cost-effectiveness.

CONCLUSION

As with any laboratory test, the quality of the clinical information provided by that test
is only as good as the analytic performance of the test itself. In the case of troponin,
improvements in sensitivity and specificity are warranted. It is incorrect to assume that
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all commercial troponin assays are the same. Under ideal conditions, a laboratory should
select the best troponin assay that meets its clinical needs. However, clinical laboratories
are often bound to contracts from specific manufacturers or vendors of laboratory equip-
ment. Therefore, the assay most likely used in that institution is the one that is available
on the instrument. It is important that the clinician be familiar with the analytic performance
(i.e., level of 10% CV) and appropriate cut points (99th percentile and/or evidence-based
decision limits) for all troponin assays used (both laboratory-based and POC) at his or
her institution. It is hoped that in time all troponin assays will be standardized and exhibit
similar performance to each other, as is the case for the majority of other clinical labora-
tory analytes today.
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SUMMARY

The diagnosis of acute myocardial infarction (AMI) as defined by the World Health
Organization (WHO) was based for many years on the presence of two of three possible
criteria: clinical symptoms compatible with AMI, typical electrocardiogram changes,
and increases in markers of cardiac injury. However, because of the very good sensi-
tivity and specificity of creatine kinase-MB (CK-MB), it eventually became rare to
diagnose AMI in the absence of elevations of this biomarker. Thus, although never for-
mally embraced by WHO, the clinical diagnosis of AMI became dependent on eleva-
tion of a biomarker of myocardial injury in the appropriate clinical setting. This approach
evolved further with the development of cardiac troponin and its integration into the
definition of MI by the European Society of Cardiology and the American College
of Cardiology. The present diagnostic standard for MI is thus based on the following
biomarker criteria: Maximal concentration of troponin T or I exceeding the decision
limit (99th percentile of the values for a reference control group) manifesting a dynamic
pattern on at least one occasion during the first 24 h after the index clinical event; if the
value is between the 99th percentile and the 10% coefficient of variation level, caution
is warranted because analytic false-positive results can occur. In the unusual situation
in which troponin assays are not available, the value of CK-MB (preferably CK-MB
mass) exceeding the 99th percentile of the value for a reference control group and mani-
festing a dynamic pattern can be used for diagnosis.

Key Words: Troponin; myocardial infarction; diagnosis.
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INTRODUCTION

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

With this history in mind, in July 1999, the European Society of Cardiology (ESC) and
the American College of Cardiology (ACC) convened a conference to discuss refinements
in the diagnosis of AMI (11,12). By this time, not only was the paradigm of requiring
marker elevations for the diagnosis of AMI well entrenched clinically, but a new marker
known as troponin had supplanted CK-MB as the analyte of choice for the diagnosis of
myocardial injury (13–15). The ESC/ACC task force, and particularly the panel on bio-
chemistry, considered these trends and fashioned criteria to account for improvements
in these investigative tools.

THE 1999 ESC/ACC DEFINITION

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

1. Typical rise and gradual fall (troponin) or more rapid rise and fall (CK-MB) of biochemical
markers of myocardial necrosis with at least one of the following: ischemic symptoms;
or development of pathological Q waves on the ECG; or ECG changes indicative of ische-
mia or coronary artery intervention;

2. Pathological findings of an acute MI.

In hindsight, two minor changes might have enhanced the definition. The first would
have been to modify the required temporal change to include “a typical rise and/or
gradual fall (troponin) or more rapid raise and/or fall (CK-MB)” to account for the fact
that some patients who present late after the onset of infarction might manifest only
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falling values. Another possible way to recognize this situation would be to emphasize
the dynamic nature of the marker changes; that is, values that are constant and unchang-
ing over time are rarely due to acute ischemic cardiac injury. The second potential change
would be to correct the fact that the criteria failed to address the situation in which patients
present with classic symptoms and ECG changes and succumb before marker values can
be obtained or before elevations have time to become manifest. Under the present crite-
ria, in the absence of an autopsy, these patients cannot be given a diagnosis of AMI. It
is likely that these two problems will be remedied in subsequent iterations of the guide-
lines. However, the latter modification should not in any way undercut the clear intention
that in almost all clinical situations the diagnosis of AMI requires elevation of a biomarker
of cardiac injury.

The remainder of this chapter discusses the issues underlying the recommendations
of the ESC/ACC committee, and updates the science on which the criteria are based, with
particular emphasis on the issues related to the biochemistry of the cardiac biomarkers.

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

Four potential analytes were considered for inclusion in the criteria: troponin and CK-
MB for primary diagnosis, and myoglobin and CK isoforms for use if early diagnosis was
deemed essential. A comprehensive review of these analytes can be found in Chapter 1
(16). However, certain basic principles are worth noting.

Release and Clearance Kinetics
The characteristics of the macromolecules measured will determine their optimal use

diagnostically. Markers that are relatively small, such as myoglobin (mol wt = 17,800
Daltons), are released more rapidly from myocardium and cleared more rapidly from
plasma than are larger macromolecules (17,18). The advantage of these smaller markers
is that because they are cleared rapidly, they are normally present only in low levels in
plasma; thus, their rapid release is more easily detectable, permitting earlier diagnosis.
On the other hand, because of the rapid clearance, the diagnostic window for detection
of myocardial injury with small molecules, such as myoglobin, is narrow. The troponins
are of intermediate molecular weight (23,500–33,500 Daltons) and are released rap-
idly from myocardium owing to an immediately releasable “cytosolic pool” (13,19–21).

Table 1
1999 ESC/ACC Criteria for Acute, Evolving, or Recent MI

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

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

2. Pathological findings of an AMI
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Continuing release of structurally bound protein is slow and, thus, this marker remains
elevated for many days (19–21). The MB isoenzyme of CK (CK-MB), whose molecular
weight has been reported to be from 78,500 to 85,100 Daltons, is associated with early
release that is roughly comparable with that of the troponins and an intermediate clear-
ance time relative to myoglobin, which permits a diagnostic window of roughly 6–36 h,
depending on the extent of myocardial damage (22,23).

Specificity for Cardiac Injury
CARDIAC TROPONIN

Three isoforms of troponin I are expressed in human muscle tissues: one is specific
to myocardial tissue (cardiac troponin I [cTnI]) and two other, slow skeletal (sskTnI) and
fast skeletal (fskTnI) troponin I isoforms, are common in skeletal muscle. The cardiac
isoform is structurally different from the skeletal muscle isoforms (24–26). It contains a 32
amino acid posttranslational tail that is absent in the skeletal troponin isoforms on the N-
terminal part of the molecule. These additional sequences, as well as 42 and 45% of
sequence dissimilarity with sskTnI and fskTnI, respectively, make possible the generation
of monoclonal antibodies (MAbs) that are specific to cTnI and have no crossreactivity
with skeletal forms (27). In addition, to date, cTnI has not been found to be expressed
anywhere except in cardiac tissue (28), during either adult life or neonatal development
or even in response to tissue damage. This later finding is reassuring, because proteins
expressed during development are often reexpressed in damaged tissues as part of the
repair process.

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

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

CREATINE KINASE

There are three distinct isoenzymes of CK, and a mitochondrial form (40). The three
isoenzyme forms are all dimers consisting of 39,000- to 42,500-Dalton subunits (41).
CK-MB expression is not unique to the heart (42–44). Moreover, in patients with myopa-
thies, the CK-MB content of skeletal muscle can increase markedly to up to 50% of the
total amount per gram of tissue (45). Thus, elevations in CK-MB may occur as a result
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of occasional analytical interferences and in patients with trauma, rhabdomyolysis, myo-
pathies, renal failure (owing to a myopathy), or during the peripartum period (16,46,47).

MYOGLOBIN

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

Sensitivity for Detection of Cardiac Injury
Troponin is far more sensitive for detection of cardiac damage than other markers of

necrosis (13,19–21,51–54). Increased sensitivity is expected based on the fact that there
is between 13- and 15-fold more troponin than CK-MB per gram of myocardium (13,19).
Most of the troponin is complexed to the contractile apparatus (13,55). The amount that
is in the “cytosolic pool,” which is the pool thought to be available for release acutely,
is roughly the same concentration as that of CK-MB (13). Thus, the increased acute
sensitivity of troponin manifested in multiple studies (51–53) suggests either that the
structural pool of troponin is also released acutely or that the release ratio (the amount
of protein found in the blood compared with that depleted from the heart) is higher for
troponin. Preliminary data suggest that the latter is likely the case and that rather than a
release ratio of 15%, as is the case for CK-MB in the absence of reperfusion (30% with
reperfusion) (56), the release ratio for troponin may approach 100% (57). Finally, eleva-
tions in troponin persist in plasma for a prolonged period because the pool that is bound
to the contractile apparatus is degraded and released slowly (19,58). This prolonged win-
dow allows for the increased detection of events and, thus, even greater apparent clinical
sensitivity.

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

Specificity for Irreversible Injury
The specificity of biomarkers for irreversible (vs reversible) injury has been an ongo-

ing area of question in the field of biomarkers for many years. The problem is that proving
the postulate one way or the other is difficult (67). The best experimental study evaluated
increases in plasma CK. They were invariably associated with evidence of cardiac injury
detected by electron microscopy (68). Given the difficulty of detecting injured cardiac
myocytes even in this model, it is likely that if one used markers and/or criteria with even
greater sensitivity, it would be impossible to find evidence of cardiac injury morphologi-
cally. On the other hand, it is likely that intense electron microscopic surveillance of the
heart would find an occasional dead myocyte in totally normal hearts. Finally, there cer-
tainly are mechanisms by which even proteins as large as the troponins could be extruded
from cells (69). Free troponin is smaller than CK-MB but much larger than myoglobin.
However, troponins are often released as complexes that are similar in weight to CK-MB
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(70,71). Thus, it is likely that if one of the markers can be released with reversible injury,
all of them can be. If all markers are released after either reversible or irreversible injury,
detecting the transition point for any given marker is unlikely to be possible.

Supporting the idea that troponin is released only with irreversible injury are studies that
have failed to detect elevations in troponin in patients rendered ischemic (72). In addi-
tion, pathological studies by Ooi et al. (73) have invariably found evidence of myocyte
death when elevations of troponin are present. However, troponin is released in experi-
mental models of vital exhaustion (74) and there is rapid disappearance of minor transient
elevations in some exercise studies (75–77) and, more important, in patients with pulmo-
nary embolism. These findings have been used to suggest that there can be transient release
from the “cytosolic pool” and that the absence of later release from the structurally bound
pool is evidence of the absence of irreversible injury (78,79). Such speculation would fit
with the known difficulty in infarcting the right ventricle, thus, the term ischemic dysfunc-
tion, coined by Goldstein (80). This issue is far from settled, but given the likelihood that
it affects on all markers, it is probably not possible clinically nor important to make this
distinction. If markers that can distinguish between the types of injury can be developed,
then this issue may become important again.

Given these considerations, it is easy to see why troponin was selected as the preferred
marker for the detection of cardiac injury. It is only when troponin testing is not available
that the use of CK-MB is advocated as the primary marker for the diagnosis of cardiac
injury. Total CK, aspartate aminotransferase, and lactate dehydrogenase no longer have
a role in the diagnosis of AMI.

DETECTION OF MYOCARDIAL DAMAGE

Once troponin was identified as the marker of choice, there were still several important
considerations, which are discussed below.

Biochemical Criteria Used for Diagnosis of Myocardial Injury
In 1999, the appropriate biochemical criteria for MI were far from clear. The National

Academy of Clinical Biochemistry had suggested that there be two troponin cutoff values
(53): one to define infarction and a second designation for unstable angina with minimal
myocardial necrosis. Such an approach had been facilitated by companies that, recog-
nizing the markedly improved sensitivity of troponin, had recommended the two-cutoff
approach and had commercialized assays based on an AMI cutoff to avoid increasing the
number of MIs that were being diagnosed. It was feared that to do otherwise would upset
clinicians and undercut the utility of troponin testing. Such an approach had the advan-
tage of avoiding an increasing number of small MIs with the attendant insurance, psycho-
logical, and logistic problems that can face patients postinfarction, and many physicians
favored such criteria. The difficulties with such an approach were several-fold:

1. Such an approach lacked a strong scientific basis for its advocacy. In essence, it maintained
the insensitive and nonspecific criteria predicated on CK-MB with all of the difficulties
attendant to that approach. Furthermore, CK-MB assays were not standardized them-
selves, and even today there can be up to threefold differences between assays (81).

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

3. The development of an additional category of patients based not on pathophysiology but
on the need to preserve a prior, clearly flawed paradigm also was not attractive. What would
happen when assays became more sensitive?

4. By that time, it was clear that elevated troponin was associated with increased short- and
long-term risk, anatomy, and pathophysiology indistinguishable from that of convention-
ally diagnosed non-Q MI (84–87).

For these reasons, the concept of two cutoff values was eliminated. Instead, a normal range
was defined with values above that range considered abnormal. Although this approach
did not and could not eliminate the problems of assay variability totally, it at least pro-
vided consistent criteria across assays and provided a guideline that could/would remain
consistent even as assays changed. Thus, the definition states that when there is evidence
of cardiac injury and the mechanism of that injury appears to be myocardial ischemia,
the term myocardial infarction is appropriate.

Defining Normal Range
For most tests, the normal range includes the mean ± 2 SDs (the 95th percentile) as a

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

Depending on the baseline one uses, the cutoff values, and assay sensitivity for CK-MB,
the application of troponin rather than CK-MB results in a 30–130% increase in the fre-
quency of MI (88–96). The relative sensitivity of troponin relative to CK-MB is illus-
trated by the data in Tables 2 and 3. Because patients with ST-elevation MI (STEMI)
typically manifest large increases in biomarkers of necrosis, patients diagnosed solely
based on troponin are almost exclusively patients with non-STEMI (89,93–95). Such
patients have a low short-term mortality but a higher near-term risk of recurrent ischemic
events (87). Because there is a strong relationship between the degree of elevation in
troponin and risk of mortality (85,93) and patients with elevations in troponin without
increases in CK-MB will be those with the least severe elevations, it is not surprising that
patients with only troponin elevations appear to be at lower risk of mortality than those
with elevations of both (84,85,97).

There is a need to define reference values in a more precise manner. Populations used
to describe normal values are often those most conveniently available and may not con-
tain adequate numbers of patients to assess age and gender-related, and/or racial differ-
ences. The biomarker concentrations in such populations are rarely normally distributed
and correction for this problem is rarely made. Investigators have begun to address these
issues, and for some assays it appears that age, gender, and/or race corrections may be
needed (98–100). However, the availability of proper reference values does not eliminate
the need for each laboratory to provide its own due diligence in this area, as well as appro-
priate quality control measures, including the ability to detect analytic problems with cross-
reactivity and/or heterophilic antibodies.
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Issues Related to Imprecision
There was significant concern that the high imprecision at the low cutoff values sug-

gested would result in frequent analytic false positives. Accordingly, it was recommended
that the 99th percentile be measured with a coefficient of variation (CV) ≤10%. This
value, which initially led to complaints from the diagnostic industry, was predicated on
several factors and is really a conservative estimate. Data to define the 10% CV were avail-
able at that time only through the diagnostic companies and were usually based on within-
assay variability. Such an approach underestimates assay variability significantly, because
it ignores the additional variability that occurs across different runs, on different machines,
on different days, and with different lots of reagents. Thus, the true variability is likely
nearly double what is claimed by within-assay variability (101). If one then doubles the
results from one publication that examined within-assay results at the 99th percentile, as
many as 15% of samples at that concentration might yield results for which one of the values
was considered elevated and the other “normal” (102). Because elevations in troponin in
patients with ischemic heart disease trigger aggressive anticoagulant therapy (103–105),
low-molecular-weight heparin use (106), and consideration of invasive evaluation (107–
110), it is desireable to avoid analytic false positives. Thus, it was recommended that the
99th percentile value be measured with a CV ≤10%. In July 2004, the first assay to meet

Table 2
Effect of Varying “Diagnostic” Troponin I Value on Number of Patients With MIa

 cTnI (+), cTnI (−), Relative
cTnI (+) CK-MB (−) CK-MB (+) change (%)

Lower-limit detection 483 (22) 328 (15) 4 (0.18) +195
Optimal (<15% CV) 331 (15) 180 (8.2) 6 (0.27) +104
Upper-limit detection 216 (9.7) 69 (3.2) 21 (0.965) +28

aData are reported as the number (%). cTnI (+): cTnI-positive patients for the designated cutoff value;
cTnI (+), CK-MB MI (−): patients who did not meet CK-MB criteria for MI but had cTnI elevations at the
designated cutoff value; cTnI (−), CK-MB MI (+): patients who met CK-MB criteria for MI but did not have
cTnI elevations. The latter are almost surely false-positive CK-MB results. (Modified from ref. 104 with
permission.)

Table 3
Change in Prevalence of Diagnosed Myocardial Infarction Using Troponin

Cutoff Value at CV 15% With Different Criteria for Diagnosis Based on CK-MB

Prevalence cTnI Additional Relative
Definition of MI of MI (%) positive (%) MIs (%) increase (%)

MB ≥ 5 ng/mL 19.8 15.2 (−) 4.6 (−) 23
MB ≥ 10 ng/mL 10.7 15.2 (+) 4.4 (+) 41
MB ≥ 8 ng/mL with RI ≥ 4 7.6 15.2 (+) 7.7 (+) 99
Inc MB, CK ≥ 1X normal 9.0 15.2 (+) 7.6 (+) 68
Inc MB, CK ≥ 2X normal 5.4 15.2 (+) 9.7 (+) 178
Only ischemic ECG changes     

MB ≥ 8 ng/mL with RI ≥ 4 21.6 35.8 (+) 14.2 (+) 66
Inc MB, CK ≥ 1X normal 18.1 35.8 (+) 17.7 (+) 98
Inc MB, CK ≥ 2X normal 11.7 35.8 (+) 24 (+) 206

RI, CK-MB ratio (calculated as CK-MB × 100/Total CK). (Modified from ref. 104 with permission.)
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these criteria was made available (111). Until more studies are done, diagnostic companies
will continue to provide the critical information that is necessary to define assay charac-
teristics. The ESC/ACC committee strongly urged that assay validation studies be pub-
lished in the peer-reviewed literature in the hope of improving the level of sophistication
and accuracy of the information. Recently, the International Federation for Clinical
Chemistry (IFCC) group on markers of necrosis has codified criteria to be used for “quality
troponin assays” (112).

In aggregate, this call for rigorously low imprecision has driven the assays to marked
improvement. However, controversy remains regarding the value that should be used if
an assay fails, as most do, to meet the criteria proposed. We and others have advocated
using the value at which there is 10% imprecision to avoid analytic false positives (113).
It is true that in some analyses, a small number of patients with acute coronary syndromes
(ACS) who have an adverse prognosis are missed by such an approach (114) (Fig. 1).

However, it was thought that the requirement for a CV ≤10% would reduce the poten-
tial for analytic false positives with low-level elevations in patients with a lower clinical
probability of ACS. In fact, as long as the normal value study is done similarly to the pre-
cision evaluations, the percentage of false positives will not be altered by using the 10%
CV value. Accordingly, it is likely that the requirement for a CV <10% will not be included
in updates to the ESC/ACC guidelines.

Summary
The aforementioned criteria have worked remarkably well. Despite increases in the

sensitivity of available assays, the relationship between troponin results with short- and
long-term prognosis has been maintained (84–87,114). Specifically, elevations of tropo-
nin in patients who present with acute ischemic symptoms are associated with a substan-
tially higher short- and long-term risk of death and recurrent ischemic events, and these
patients benefit from aggressive antithrombotic therapies, including platelet glycopro-
tein IIb/IIIa antagonists (103–105), and low-molecular-weight heparin (106), as well an
early invasive management strategy (107–110). It is possible that as assays for troponin

Fig. 1. Rate of combined end point of death and MI at 30 d among patients with troponin T levels
above (black bars) or below (white bars) evaluated cut points (0.01, 0.03, and 0.1 μg/L) in FRISC-
II and GUSTO-IV studies. (Modified from ref. 119 with permission.)
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become still more sensitive, prognosis and therapeutic decision making may no longer
track closely with diagnosis because event rates at very low levels may be so low that they
cannot be distinguished from the event rate in troponin-negative patients. This finding
would not necessarily obviate the diagnosis of acute infarction but, rather, require accurate
characterization of risk by the clinician. Moreover, to date, any reliably detected concentra-
tion of troponin in patients with ACS appears to be associated with increased risk of recur-
rent ischemic events.

MI IN SPECIFIC CLINICAL SETTINGS

Percutaneous Coronary Artery Intervention
An increase in cardiac biomarkers after percutaneous coronary intervention is indicative

of cardiac cell injury. Because this necrosis occurs as a result of myocardial ischemia,
elevations in biomarkers in this setting meet the definition for the diagnosis of AMI. How-
ever, this is one setting in which diagnostic criteria for AMI and levels of troponin associ-
ated with adverse prognosis may not be homogeneous.

Cardiac Surgery
Myocardial damage in association with cardiac surgery can be caused by different mech-

anisms, including direct trauma to the heart; focal trauma from surgical manipulation;
global ischemia from inadequate perfusion, myocardial cell protection, or anoxia; coronary
artery or venous graft embolism; and other complications of the procedure. Some causes
of this damage may be unavoidable. Moreover, no biomarker is capable of distinguish-
ing damage owing to an acute infarction from the usually small quantity of myocardial
cell damage associated with the procedure itself. Nevertheless, the higher the concentra-
tion of the cardiac biomarker after the procedure, the greater the amount of damage to
the myocardium, irrespective of the mechanism of injury (115).

Clinical Trials
MI is used both as an entry criterion and as an end point in clinical trials. In general, the

criteria employed for admission and for ascertainment of end point are the same. Using
the criteria suggested for clinical use maximizes the ability of the trial data to be extrapo-
lated to routine clinical care. Conversely, modification of the definition impacts patient
selection and the generalizability of the trial outcomes. However, if trials elect to use high
values, it is suggested that they use multiples of the suggested cutoff values as criteria
to allow for easier comparability among trials (113). The appendix to this chapter provides
additional recommendations.

ADDITIONAL CONSIDERATIONS FOR CLINICAL USE

There are several other considerations for clinical use of biomarkers. First, increases
in biomarkers of cardiac injury reflect myocardial damage but do not indicate its mecha-
nism. Thus, elevated values in the absence of clinical evidence of ischemia should prompt
a search for other causes of cardiac damage. Second, sampling must be done adequately
in order to confirm or exclude the presence of MI. Such sampling includes a sample on
admission and one at least 6–9 h thereafter, i.e., at least 6 h after the onset of symptoms.
If, as is often the case, it is difficult to ascertain the onset of symptoms, timing should be
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based on the time of presentation. If symptoms recur, then the clock must be “reset.”
Third, early release analytes such as myoglobin and CK isoforms should only be used,
unless the data will result in a change in therapy. As troponin assays improve, it is becoming
less and less clear that these early analytes play any role. Previous studies suggesting they
may be of benefit are often based on high troponin assay cutoff values and/or insensitive
assays (59–64).

CONCLUSION

The following biomarker criteria define cardiac injury:

1. Maximal concentration of troponin T or I exceeding the decision limit (99th percentile
of the values for a reference control group) manifesting a dynamic pattern on at least one
occasion during the first 24 h after the index clinical event; if the value is between the 99th
percentile and the 10% CV level, caution is warranted, because analytic false-positive
results can occur.

2. In the unusual situation in which troponin assays are not available, the value of CK-MB
(preferably CK-MB mass) exceeding the 99th percentile of the values for a reference con-
trol group, and manifesting a dynamic pattern, can be used for diagnosis. It should be
understood that CK-MB criteria will not detect substantial numbers of patients with MI.

APPENDIX:
APPLICATION OF ESC/ACC RECOMMENDATIONS

TO CLINICAL TRIALS

The first attempt to operationalize the ESC/ACC guidelines and to apply them to clin-
ical trials has been published recently and is reprinted here with permission (113). They
at least begin to define some of the complicated areas where specific criteria may require
interpretation.

1. Spontaneous myocardial infarction.
A. When the baseline concentration is unknown and therefore assumed to be <99th

percentile, as in patients who come to the hospital with acute symptoms, we pro-
pose that a rise of cardiac troponin values above the value defined by the 10% CV
be considered indicative of cardiac injury. Increases should be present during the
initial 24 hours of observation after AMI. If one is trying to diagnose infarction days
after onset of symptoms, one may have to rely on a more gradual falling pattern of
cardiac marker values. Values that remain unchanged over days are usually not the
result of AMI in the absence of complications such as cardiogenic shock. As indi-
cated in the ESC/ACC document, determination of mechanism is a clinical distinc-
tion and would be predicated on electrocardiogram, symptoms, angiography and
perhaps other clinical testing. If the mechanism is ischemic, the proper term is AMI.

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

C. For the patient who has an elevated cardiac troponin above the cutoff value of 10%
imprecision, it may be difficult to determine whether increasing values are the result
of recurrent infarction or the elevations from the acute event. If the increase is >25%
above the baseline value (the value when the patient arrives), it should be consid-
ered significant and indicative of recurrent or ongoing injury. For example, if the
initial value is 0.08 μg/L, a rise to a value 0.1 μg/L (i.e., an increase of >0.02 μg/L
or 25%) would be considered indicative of ongoing or recurrent injury. This per-
centage change is arbitrary but excludes changes that result from analytic or bio-
logical variability. Such criteria should be robust for most assays because at higher
values there is excellent analytic precision for most assays. A distinction on the basis
of the timing of increases and the clinical situation will need to be made to distin-
guish recurrent infarction, if AMI is days old, from changes related to the kinetics
of cardiac troponin release, if AMI is acute.

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

2. Infarction after percutaneous coronary intervention (PCI).
The interpretation of biomarker increases after PCI has been controversial. In 1999,
in response to a critique (117), Califf et al. (118) developed criteria that a threefold
increase in biomarkers should be considered indicative of AMI. The field has pro-
gressed by use of this criterion and also by tabulation of increments on the basis of
absolute, onefold, twofold, threefold, and still higher increments of increase. The data
suggest that there is prognostic significance to such increments (117). The ESC/ACC
guidelines do not attempt to refocus the field or to mandate specific criteria. The
guidelines argue that increases of cardiac troponin are indicative of cardiac injury and,
because the mechanism is ischemic with PCI associated increases, the proper term is
AMI. They suggest that infarctions of this nature be dealt with separately for the pur-
poses of clinical care, clinical trials and reimbursement (15). Accordingly, for PCI we
would make the following marker recommendations.
A. As with spontaneous AMI, if the baseline value is normal or unknown, one should

use an increase above the cutoff value determined at 10% of the level of impreci-
sion as indicative of periprocedural AMI.

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

C. If the value is increased before the PCI, a ≥25% increase with spontaneous infarc-
tions would define recurrent injury associated with PCI.

D. For clinical trials implementation, we again suggest centralized documentation of
laboratory information regarding the assay name and instrumentation used and the
collection of the raw values so that one can apply consistent standards. The criteria
suggested for clinical use should be the same as those used for clinical trials.
Increases could be tabulated in terms of increments from the upper cutoff value of
one-, two-, three-, or fourfold because there appears to be some utility to such an
approach (117). Such values are not a good surrogate for infarct size. If clinical
trials wish to use higher standards (two- or threefold increases), or other suggested
solutions, they should recognize that this reduces the ability to extrapolate their
results to the overall realm of patients with PCI-related AMI. The use of multiples
of the cutoff values would further exacerbate differences between assays. Finally,
as suggested by the ESC/ACC guidelines, infarctions related to interventions should
be reported separately from spontaneous events (15).

3. Infarction after coronary artery bypass surgery (CABG).
The situation for patients undergoing CABG is too complex to define simple cutoff
values. There are differences in the amount of protein released that depend on the oper-
ation, the surgical approach, and the cardioplegia. The release of biomarkers can be
the result of graft closure and myocardial infarction or a variety of other situations
related to cardioplegia and operative techniques during which there is an obligatory
amount of cardiac injury not resulting from infarction (118). We do not know how to
separate these components. This augments the variability related to the assays. A clin-
ical approach predicated on local results to define the cutoff values that might be used
to define patients at risk for complications for each type of operation (aortic valve alone,
mitral valve alone, CABG alone, and combined procedures) could be developed as
follows.
A. This reference value for normal procedures would be determined by use of local

anesthetic and operative surgical techniques with the assay proposed for use.
B. This reference value would vary if the assay were different in different institutions,

even if the techniques were the same.
C. This reference value would vary with the same assay if the techniques varied between

institutions. For example, warm cardioplegia releases an increased amount of marker
compared with cold cardioplegia (119).

On the basis of local experience with anesthetic and surgical techniques and the above
mentioned biomarker definition, one could define the expected peak value after each
type of surgical procedure. Marked increases (5- to 10-fold) above this value could then
be applied centrally to define adverse events for clinical trials. This criterion would
have to be determined for each assay and for each institution. Even so, the designation
of an adverse event or complication would not necessarily reflect the presence of infarc-
tion but the conjoint amount of injury from all causes. The more marked the increase,
the greater the likelihood of adverse clinical consequences (120). If such an approach
is used, multiple samples—including samples at 24 and 36 h after surgery—to locate
a peak value are essential (121,122).
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INTRODUCTION

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

In the ED setting, cardiac biomarkers have become increasingly important for the diag-
nosis of AMI, especially when ST-elevations are absent on a 12-lead electrocardiogram
(ECG). In addition to their diagnostic utility, the ability of cardiac biomarkers to facilitate
risk assessment in chest pain patients has allowed emergency physicians and cardiolo-
gists to rapidly identify and treat higher-risk patients with suspected ACS. The develop-
ment of point-of-care (POC) assays has also improved time to diagnosis and treatment
(4). Diagnostic algorithms, chest pain units, and rapid evaluation protocols incorporating
cardiac biomarkers have been created, improving diagnostic accuracy for AMI and un-
stable angina while reducing hospital admissions and costs (5).

This chapter will discuss the role of cardiac biomarkers in the ED setting, and their spe-
cific applications in diagnostic algorithms, chest pain units, and rapid evaluation proto-
cols. In order to judge the effect that these protocols and algorithms have on clinical
decision making, likelihood ratios (LRs) will be reported (Table 1).
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EVALUATION OF CHEST PAIN IN THE ED

The Initial Assessment
The initial evaluation of chest pain in the ED typically occurs 10 min after patient

arrival and remains dependent on the initial 12-lead ECG, history, and physical exami-
nation. The presence of ST-segment deviation on the 12-lead ECG portends high risk for
adverse outcomes, and patients with this finding should be treated aggressively (6). The
12-lead ECG can be initially nondiagnostic, however, in up to 50% of patients presenting
to the ED (7). Moreover, the history and physical examination cannot reliably exclude the
diagnosis of an AMI (8). Thus, additional testing is often necessary in order to improve
diagnostic and prognostic accuracy.

Early in the course of evaluation in the ED, initial cardiac biomarkers of necrosis are
obtained. Myoglobin, cardiac troponin T or cardiac troponin I (cTnI), and creatine kinase-
MB (CK-MB) are commonly used to detect myocardial necrosis. However, the sensi-
tivities of these cardiac biomarkers obtained on initial presentation may be poor and are
dependent on the time from the onset of symptoms to presentation, the duration of ische-
mia, and the amount of myocardial tissue involved. Serial testing of cardiac biomarkers
in the ED has substantially improved the detection of myocardial necrosis in this setting (9).

Traditional Cardiac Biomarkers Used in the ED

CK-MB ISOENZYME

CK-MB is predominantly found in the myocardium and is the most specific of the
three CK isoenzymes for the detection of myocardial necrosis. Elevation of CK-MB
occurs 4–6 h after the onset of myocardial necrosis and can remain for 24–48 h (10). The
initial sensitivity of CK-MB for the detection of AMI has been reported to be 23–57%
(11,12). Obtaining additional CK-MB measurements incrementally improves the sensi-
tivity; repeat testing at 3 h after initial presentation improves the sensitivity to 88% (12),
and sensitivity is maximized when CK-MB sampling is performed over a 9-h evaluation
period (13).

CK-MB has excellent specificity, reported to be 97–99% (11,12). However, because
up to 3% of the total CK in skeletal muscle is CK-MB, nonspecific elevations can occur

Table 1
LRs and Their Effect on Clinical Decision Making

Impact on clinical
+LR −LR decision making

>10 <0.1 Strong
5–10 0.1–0.2 Moderate
2–5 0.2–0.5 Small
1 1 No change

+LR, positive likelihood ratio; −LR, negative likelihood
ratio. An LR combines sensitivity and specificity of a particular
test and adjusts the clinician’s pretest probability of disease
based on the results of a test. +LR indicates the degree that a
positive test will increase the probability of disease and −LR
indicates the degree that a negative test will decrease the prob-
ability of disease.
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in the setting of skeletal muscle damage (14). This limitation can be mitigated by calcu-
lating the CK-MB relative index, which is the proportion of CK-MB to total CK (15). A
CK-MB relative index <2.5% indicates a skeletal muscle source for this enzyme.

CARDIAC TROPONIN

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

Cardiac troponin is more sensitive and specific than CK-MB for detecting myocardial
necrosis and, thus, has become the preferred biomarker for the diagnosis of MI. Elevations
in cardiac troponin in the absence of elevations in CK-MB suggest “microinfarctions,”
wherein a relatively small amount of myocardium undergoes necrosis (17). Additionally,
the finding of elevated levels of cardiac troponin is a powerful predictor of future adverse
cardiac events, including death and recurrent AMI, even when elevation of CK-MB or
ST-segment deviation is absent (18–20). Identification of high-risk patients has allowed
emergency physicians and cardiologists to determine which patients will derive the great-
est benefit from aggressive ACS therapy. Patients with positive cardiac troponin results
benefit more from antithrombotics (21), glycoprotein IIb-IIIa inhibitors (22), and early
invasive revascularization than do patients with normal levels of cardiac troponin (23).

The sensitivity of initial measurement of cardiac troponin for the diagnosis of AMI
has ranged from 4 to 66% (19,24–26). Serial measurement of cardiac troponin significantly
improves the ability of this cardiac biomarker to detect AMI; Hamm et al. (19) performed
troponin testing upon presentation and at 4 h, with improvement in the sensitivity from
51% to 94% for troponin T and 66% to 100% for troponin I in patients without ST-ele-
vation. In that study, patients with negative serial troponin results drawn within 4 h had
a 1.1% and 0.3% rate of MI and death, respectively, at 30 d (19). The specificity of cardiac
troponin for the diagnosis of MI has been reported as 89–98% (19,25). The variability in
reported specificity is reflective of differences in the “gold standard” used to define AMI
in those studies.

MYOGLOBIN

Myoglobin is a low-molecular-weight, unbound, cytosolic protein that is found in both
myocardial and skeletal musculature. Because of its biochemical characteristics, myo-
globin can be elevated in the serum within 1 to 2 h after the onset of symptoms in patients
with an AMI (27). As a result, increased concentrations of myoglobin precede elevations
of CK-MB and cardiac troponin, making it ideal for rapidly establishing a diagnosis of
AMI (11). Ideally, myoglobin should be obtained in patients with symptoms less than 6
h in duration. Because myoglobin can rapidly disappear within 12–36 h after the onset
of symptoms, its use is limited in patients with delayed presentations (27).

The sensitivity of myoglobin for diagnosing MI in patients presenting very early after
the onset of symptoms is superior to that of CK-MB; sensitivities of 55% and 23% for myo-
globin and CK-MB, respectively, have been reported from measurements obtained at pres-
entation in the ED (11). Similarly to CK-MB and cardiac troponin, the sensitivity improves
with serial measurement. For example, in one study, myoglobin was found to be 14%, 90%,
and 100% sensitive at 0, 3, and 6 h, respectively (28). Elevated levels of myoglobin also
appear to carry prognostic information. In a study of patients with non-ST-elevation ACS,
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elevated levels of myoglobin were associated with higher 6-mo mortality (29). Myoglobin
is ubiquitous in skeletal muscle; therefore, elevated levels of myoglobin may be observed
in patients with skeletal muscle damage (30). Because of myoglobin’s limited specificity,
confirmation with a definitive cardiac biomarker such as CK-MB or cardiac troponin is
recommended (16).

Ninety-Minute Rapid Rule-Out Protocols
Many of the deficiencies of a single cardiac biomarker measurement may be overcome

by using a combination of multiple biomarkers. In 1999, the National Academy of Clin-
ical Biochemistry recommended that those involved in the evaluation of patients with
possible ACS collectively develop an accelerated protocol for application of cardiac
biomarkers. The committee recommended that the protocol include both an early sensi-
tive cardiac biomarker that is reliably increased in the blood within 6 h of symptoms and
a definitive specific cardiac biomarker that may be increased in the blood after 6–9 h (10).

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

Ng et al. (32) developed a 90-min critical pathway using cTnI, myoglobin, and CK-MB
(Fig. 1). Patients with nondiagnostic ECGs were stratified into probable unstable angina,
possible unstable angina, and noncardiac chest pain lasting >6 h. Cardiac biomarkers
were measured at presentation, and at 30, 60, and 90 min. Patients with positive cardiac

Fig. 1. Rapid rule-out protocol developed by Ng and colleagues at University of California at San
Diego. Patients with ST-segment deviations or unresolved chest pain were excluded from this proto-
col. CCU, coronary care unit. (From ref. 32.)
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biomarkers were admitted to the hospital. A positive cTnI and an increase in myoglobin
>25% over 90 min had 94% sensitivity and 98% specificity (+LR 47.0; −LR 0.06) for the
diagnosis of AMI. The addition of CK-MB improved the sensitivity to 100% with a
specificity of 94% for diagnosing AMI at 90 min (+LR 16.7; −LR 0). Ninety percent of
dispositions from the ED could be determined at 90 min. At 30-d follow-up of discharged
patients, only 0.2% were subsequently diagnosed with AMI, and 2% were eventually hos-
pitalized with unstable angina (32).

Measurement of Changes in Cardiac Markers
The sensitivity of cardiac troponin and CK-MB can be improved by measuring short-

term changes in these biomarkers. Similarly, measuring changes in myoglobin over a
short period of time could also improve specificity. During myocardial necrosis, a charac-
teristic exponential rise in cardiac biomarkers of necrosis is observed and typically does not
occur with other noncardiac etiologies (10).

MYOGLOBIN

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

CK-MB AND TROPONIN

Measuring increases in CK-MB over a 2-h period has also been reported to be a rapid
and accurate method of diagnosing AMI. Fesmire and colleagues explored the signifi-
cance of 2-h changes in CK-MB and cTnI in relation to the diagnosis of AMI. Initial
studies found that a 2-h change in CK-MB of >1.5 ng/dL had a sensitivity of 87.7% and
a specificity of 95.8% (+LR 20.08; −LR 0.13) for the diagnosis of AMI (34). The addi-
tion of serial ECG monitoring improved the sensitivity to 94.0% with a specificity of 93.5%
(+LR 14.46; −LR 0.06) (35). Fesmire and colleagues repeated the study using a different
immunoassay and troponin as the “gold standard” for the diagnosis of AMI. In this
follow-up study, a 2-h increase in CK-MB >0.7 ng/mL was 93.2% sensitive and 98.5%
specific (+LR 62.13; −LR 0.07) for AMI. They also found that 2-h changes in CK-MB
were superior to measurement of myoglobin (36). Kontos et al. (37) also studied changes
in CK-MB within 3 h. They defined a positive test as either (1) 0- or 3-h CK-MB measure-
ment above the diagnostic cutoff for AMI, (2) an increase in CK-MB by 3 ng/mL within
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3 h, or (3) a doubling of CK-MB within 3 h. Using this definition, a sensitivity of 93% and
a specificity of 98% (+LR 46.5; −LR 0.07) were noted for the diagnosis of AMI (37).

Two-hour changes in troponin I have also been studied. An increase of 0.2 ng/mL over
2 h has been reported to be 61.4% sensitive and 96.5% specific (+LR 17.54; −LR 0.4) for
an AMI (34). This increase was also associated with a higher risk of adverse cardiac events
within 30 d (38). By direct comparison, the authors found 2-h changes in CK-MB to be
superior to 2-h changes in cTnI (34).

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

NOVEL MARKERS OF ISCHEMIA: POTENTIAL ROLE IN THE ED

Putative novel markers of myocardial ischemia and/or plaque instability such as human
serum albumin cobalt binding, heart-type fatty acid-binding protein, C-reactive protein,
and myeloperoxidase have been studied (40–44). Although their role in the ED is not yet
clearly known, they are potentially useful in establishing the diagnosis and prognosis of
ACS. These cardiac biomarkers represent other pathophysiological processes and do not
require myocardial necrosis to be present. Many of these novel cardiac biomarkers become
elevated in response to myocardial ischemia and may be useful in detecting ACS in patients
early in their presentation.

ROLE OF CARDIAC BIOMARKERS IN CHEST PAIN PROTOCOLS

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

Because of the time required, performing these protocols is not feasible within the con-
fines of the traditional ED setting. Chest pain centers have been developed as an alter-
native to admission, allowing prolonged observation in the ED over a 6- to 9-h period.
Chest pain centers, staffed by emergency physicians and nurses, are often a geographi-
cally separate component of the ED but are usually in close proximity. Development and
implementation of chest pain algorithms/centers are dependent on the resources availa-
ble at the participating institution and require collaboration among emergency physicians
and nurses, cardiologists, internists, and radiologists.

In most protocols, initial evaluation of patients with chest pain begins in the standard
patient care area of the ED. The emergency physician must then determine the risk of ACS
based on the history, physical examination, and initial 12-lead ECG. Patients who are at
low to moderate risk of ACS are prime candidates for admission to the chest pain center.
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Patients who have an obvious noncardiac source of chest pain are discharged home imme-
diately. Low- to moderate-risk patients are transferred to the chest pain center for further
evaluation. Patients who are recognized based on the initial evaluation as being at high
risk, especially with diagnostic ECG findings, are admitted to the hospital immediately.

Chest pain protocols are typically 6–9 h long. In addition to serial biomarker testing and
12-lead ECGs, noninvasive diagnostic techniques such as rest myocardial perfusion imag-
ing (MPI), exercise ECG testing, stress echocardiography, and stress nuclear imaging are
used. The choice of test is dependent on the availability and reliability of the diagnostic
modality at a particular institution. With the improvement of computer imaging and high-
speed Internet access, remote interpretation can easily and reliably be performed.

Graded Exercise Electrocardiography
Exercise ECG testing is a common noninvasive diagnostic test used in the ED for low-

to moderate-risk chest pain patients. It is easy to perform (49,50) and relatively safe after
eliminating the possibility of rest myocardial ischemia by serial 12-lead ECGs or myocar-
dial necrosis by serial cardiac biomarkers (51). Compared with other noninvasive cardiac
imaging, exercise ECG testing is relatively inexpensive (52). A meta-analysis of proto-
cols including exercise ECG reported a sensitivity of 68% and a specificity of 77% for
the diagnosis of myocardial ischemia (+LR 3.0; −LR 0.41), which is acceptable if applied
to a low-risk patient population (53). Patients with negative exercise ECG tests are dis-
charged home with outpatient follow-up within 1 wk, whereas patients with positive and
nondiagnostic tests are admitted.

CINCINNATI HEART ER STRATEGY

Exercise ECG testing has been incorporated into a number of chest pain protocols. The
Cincinnati Heart ER strategy, established in 1991, admits low- to moderate-risk chest pain
patients to a chest pain unit (13). Patients with ST-segment deviation on 12-lead ECG, a
history of coronary artery disease (CAD), frequent or persistent symptoms typical of un-
stable angina, or hemodynamic instability are excluded from this protocol. The Cincinnati
Heart ER strategy was initially a 9-h protocol using serial cardiac biomarkers, continuous
ST-segment monitoring, and exercise ECG testing. Patients with negative testing are dis-
charged home with close outpatient follow-up.

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

MAYO CLINIC CHEST PAIN PROTOCOL

Similar protocols that have included patients with CAD have been developed at other
institutions (55,56). Farkouh et al. (55) performed a randomized controlled study using
a protocol that placed intermediate-risk unstable angina patients in a chest pain unit.
Initial risk stratification was based on the Agency for Health Care Policy and Research
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guidelines (Table 2) (57). Unlike the Cincinnati Heart ER strategy, 13.7% of the chest pain
unit population had previous AMI. These patients had cardiac biomarkers measured at
2 and 4 h, along with ST-segment trend monitoring. If the biomarker results were negative,
the patient underwent exercise ECG testing or nuclear stress testing. The investigators
found that by using this protocol, hospitalizations were decreased by almost 50%, with no
difference in event rates when compared to the strategy of hospital admission only (55).

COOK COUNTY HOSPITAL CHEST PAIN PROTOCOL

Zalenski et al. (56) studied 317 patients with low-risk chest pain using Goldman’s
chest pain algorithm (58); these patients had a nondiagnostic ECG and had chest pain that
was not typical for ACS. The protocol also included patients with a history of CAD. The
protocol required serial biomarkers measured at 0, 4, 8, and 12 h. If the biomarker results
were negative, exercise ECG testing was performed. There were no adverse events as a
result of exercise testing. The protocol was 88.8% sensitive and 47.7% specific (+LR 1.70;
−LR 0.23) for AMI. For acute cardiac ischemia, the protocol was 90% sensitive and 50.5%
specific (+LR 1.82; −LR 0.20). Acute cardiac ischemia was defined as positive stress echo-
cardiogram or thallium, new ST-segment deviation, presence of a dysrhythmia, cardioge-
nic shock, or cardiac arrest (56).

IMMEDIATE EXERCISE ECG TESTING—UC DAVIS PROTOCOL

Amsterdam et al. (59) evaluated a protocol implementing immediate exercise ECG
testing without cardiac biomarker testing in 1000 low-risk chest pain patients (59). Patients

Fig. 2. Cincinnati Heart ER strategy. (Modified from ref. 13.)
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with previously documented CAD or Q-waves were included in the study. There were no
adverse events as a result of exercise testing. Six hundred forty patients (64%) had neg-
ative exercise stress tests. Of the 582 discharged patients available for 30-d follow-up, one
patient (0.17%) had a non-ST-elevation AMI, and another patient had a positive myocar-
dial stress scintigraphy (0.17%). Nondiagnostic stress tests were seen in 235 patients
(23.5%). No AMIs were diagnosed in these patients, but seven patients (3.0%) underwent
revascularizations. One hundred twenty-five (12.5%) patients had positive exercise stress
tests; of these, 4 patients had AMI (3.2%) and 12 patients had revascularizations (9.6%).
The four patients with AMI had positive cardiac biomarkers obtained at presentation but
received exercise ECG testing before the elevated cardiac biomarkers were known. As
a result, the investigators recommended obtaining one set of cardiac biomarkers to maxi-
mize safety (59).

Rest MPI
Rest MPI has been integrated into a number of chest pain protocols. MPI uses 99mtech-

netium sestamibi and tetrofosmin, which are absorbed by viable myocardium by means
of passive diffusion through the mitochondrial membrane. The amount of radionuclide
uptake is proportional to coronary artery blood flow. Because its half-life is longer than
7 h and redistribution is limited, patients can be imaged several hours after injection. MPI
can be performed immediately after the initial evaluation and with the tracer typically
injected while the patient has pain at rest. If the patient is pain-free, the American Society
of Nuclear Cardiology recommends that 99mtechnetium injections be given up to 2 h after
the cessation of pain (60). Rest MPI is ideal for patients at low to moderate risk of ACS.

Table 2
Agency for Health Care Policy and Research Risk Assessment for Unstable Angina

High likelihood Intermediate likelihood Low likelihood

Any of the high Absence of high likelihood Absence of intermediate
or following features: features and any of the likelihood features but may

following: have the following:
• History of prior MI or • Definite angina: • Chest pain classified as

sudden death or other males <60 or females probably not angina
known history of CAD <70 yr of age

• Definite angina: • Probable angina: • One risk factor other
males >60 or females males >60 or females than diabetes
>70 yr of age >70 yr of age

• Transient hemodynamic • Chest pain probably not • T-wave flattening or
or ECG changes during angina in patients with inversion <1 mm in leads
pain diabetes with dominant R waves

• Variant angina (pain with • Chest pain probably not • Normal ECG
reversible ST-segment angina and two or three risk
elevation) factors other than diabetes

• ST-segment elevation • Extracardiac vascular
or depression >1 mm disease

• Marked symmetrical • ST depression of 0.05–1 mm
T-wave inversion in • T-wave inversion >1 mm in
multiple precordial leads leads with dominant R-waves
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Compared with initial serum cardiac biomarkers, rest MPI is more sensitive for detect-
ing AMI. In one study, rest MPI was 92% sensitive whereas the initial cTnI was only 39%
sensitive in low- to moderate-risk patients with chest pain (26). The additional benefit
of rest MPI is the detection of myocardial ischemia before necrosis is present (26). Rest MPI
also predicts 30-d AMI and revascularization with a reported sensitivity of 82% and a speci-
ficity of 83% (+LR 4.81; −LR 0.22) (46). In addition to being cost-effective, this diagnos-
tic tool improves physician decision making, reducing hospital admissions up to 10% (61).

Serial cardiac biomarker testing and rest MPI offer complementary information. Kontos
et al. (62) found that only 76% of patients with positive serial cTnI had a positive myocar-
dial perfusion image. In a study of 620 low- to moderate-risk chest pain patients, 5 patients
with AMI had a negative rest MPI. However, four of these five patients had positive serial
cTnI measurements (26). Patients with positive serial cTnI but a negative rest MPI tended
to have a higher prevalence of insignificant CAD and a smaller infarct size (62). This
discrepancy may exist because a minimum of 3–5% myocardial involvement is required
to be detected by MPI (63).

Rest MPI has some advantages over the other aforementioned methods. The test is
performed at rest and is not dependent on the patient’s ability to ambulate. Rest MPI also
has the ability to detect unstable angina (i.e., ischemia in the absence of necrosis) and may
provide earlier diagnosis of AMI compared with serial cardiac biomarker testing. How-
ever, there are limitations to rest MPI. The specificity has been reported to be 67% and,
therefore, there are a relatively high number of false positives (26). Because rest MPI is
reflective of myocardial tissue viability, patients with previous AMI will have an abnormal
rest MPI. For this reason, this patient population is excluded from chest pain protocols
implementing rest MPI, and these patients require other testing to confirm acute myocar-
dial ischemia or AMI.

MEDICAL COLLEGE OF VIRGINIA CHEST PAIN PROTOCOL

The Medical College of Virginia Hospitals of the Virginia Commonwealth University
have developed a comprehensive strategy incorporating MPI using a five-level approach
to the evaluation of chest pain (Fig. 3) (46). Patients categorized in levels 1 and 2 are
considered to be at high risk of AMI or unstable angina and are admitted to an intensive care
unit for appropriate treatment. Level 5 patients are considered to be at very low risk of
AMI or unstable angina and are discharged without any further cardiac testing. Patients
assigned to level 3 have typical symptoms lasting >30 min but have nondiagnostic ECGs
and no history of CAD. Level 3 patients are considered to be at moderate risk of AMI or
unstable angina. These patients undergo immediate MPI performed in conjunction with
serial ECGs and cardiac biomarkers performed at 0, 3, 6, and 8 h. If the MPI and serial car-
diac biomarkers are both negative, level 3 patients are referred for stress imaging within
12–24 h. Level 4 patients have typical symptoms lasting <30 min or prolonged atypical
chest pain. The ECG is nondiagnostic, and a history of CAD is absent. These patients are
considered to be at low to moderate risk and receive immediate MPI without serial car-
diac biomarker testing. If results are negative, these patients are discharged without serial
cardiac biomarkers and with a follow-up evaluation scheduled within 48 h. Any patient
with a positive MPI or positive cardiac biomarkers is treated and becomes retriaged to
the level 2 category.

Using this strategy, Tatum et al. (46) enrolled 1187 consecutive patients. Among level
3 patients, 3% were diagnosed with AMI and 17% underwent index revascularization.
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Among patients categorized as level 4, only 0.7% had AMI and 2.5% received index revas-
cularization. Of note, all patients diagnosed with AMI had abnormal MPIs. Overall, the
chest pain protocol was 92% sensitive and 100% specific (+LR >100; −LR 0.08) for AMI.
This strategy also appeared to be cost-effective. Although the cost for individual ED visits
increased, it was offset by a decrease in hospital admissions, shorter length of stay, and a
more effective use of coronary angiography, thus decreasing overall costs (45,46).

Pharmacological Stress Testing and Noninvasive Imaging
Graded exercise electrocardiography has its limitations in patients who have baseline

ECG abnormalities or who are unable to ambulate. Additionally, rest MPI cannot be per-
formed in patients with previous AMI. In these patients, stress testing with echocardio-
graphy or nuclear scintigraphy can be alternative solutions. Similarly, for patients who are
unable to exercise, pharmacological methods are available. These techniques offer more
diagnostic information than exercise ECG testing but may be offset by higher costs, espe-
cially when applied to the low-risk patient population (64). Because there are few studies
evaluating stress nuclear scintigraphy and stress echocardiography in the ED setting, it
is unclear whether or not the increased diagnostic accuracy will offset the cost of these
tests in the low-risk patient population.

DOBUTAMINE STRESS ECHOCARDIOGRAPHY

Dobutamine stress echocardiography (DSE) is an alternative for patients who are unable
to perform graded exercise testing. The incidence of AMI or ventricular dysrhythmia is
approx 1/2000, but no deaths have been reported. Bholasingh et al. (65) studied 404 low-
risk patients who underwent DSE after negative cTnT measurements 12 h after the onset
of symptoms. Patients with previous CAD were included in this analysis. Twenty-three
(5.7%) patients were removed from the study because of poor echocardiographic images.

Fig. 3. Medical College of Virginia Chest Pain Protocol. Patients with a previous history of AMI
are not eligible to receive rest MPI. (Modified from refs. 46.) CCU, coronary care unit; STEMI, ST-
elevation myocardial infarction; NSTEMI, non-ST-elevation myocardial infarction.
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Thirty-nine patients (10.3%) could not finish the study because of intolerable side effects,
which were defined as dysrhythmia and severe hypotension or hypertension. Patients
with positive DSE had a sevenfold increased risk of cardiac death, AMI, rehospitalization
for unstable angina, or revascularization within 6 mo. In those patients with a negative DSE,
one cardiac death was reported (0.3%) and seven patients underwent revascularizations
(2%). No patients with AMI, however, were observed at 6-mo follow-up (65). Although
DSE appears to be an effective means for risk stratification, its cost-effectiveness in the
ED setting is not known. It is also important for the institution to have on staff physicians
who are interested in DSE and have expertise in this methodology.

ERLANGER CHEST PAIN PROTOCOL

Fesmire et al. (47) have developed a novel chest pain protocol incorporating 2-h changes
in CK-MB and cTnI with stress nuclear imaging (Fig. 4). In their protocol, patients with
chest pain are initially stratified into five categories based on initial history, physical exam-
ination, and 12-lead ECG (Table 3). Category I and II patients are considered to be at high
risk of ACS and are treated according to published American College of Cardiology/
American Heart Association (ACC/AHA) guidelines. Any treatment decisions for patients
in categories III and IV are left up to the treating physician.

Patients not undergoing emergency reperfusion therapy are then evaluated for 2 h,
which includes ST-segment monitoring with serial ECGs, and baseline and 2-h CK-MB/
cardiac troponin levels. After 2 h, these patients are recategorized to one of three risk
categories (Table 4). Patients with a positive delta CK-MB, defined as an increase of 1.5
ng/mL or greater, or a positive delta cTnI, defined as an increase of 0.2 ng/mL or greater,
are placed in category II. Patients without significant increases in CK-MB and cTnI are
placed in categories III and IV. Patients reassigned to category III have nuclear stress

Fig. 4. Erlanger Chest Pain Protocol using nuclear stress testing (From ref. 47.)
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Table 3
Initial Risk Stratification into Five Categories Using Erlanger Chest Pain Protocol

Category Presence of ACS ECG Treatment

I Definite Diagnostic Treat according to ACC/AHA
guidelines.

II Probable Nondiagnostic Treat according to ACC/AHA
guidelines.

III Possible Nondiagnostic Treatment is at discretion
of physician.

IV Probably non-ACS but Nondiagnostic Treatment is at discretion
previous history of CAD of physician.
or significant risk factors

V Obvious noncardiac chest pain Nondiagnostic Discharge home.
and absence of risk factors

Table 4
Recategorization into Three Categories After 2 h

of Observation Using Erlanger Chest Pain Protocol

Delta Serial ECG
CK-MB  changes diagnostic

Category Risk or cTnI of ACS Action taken after recategorization

II Intermediate Yes Yes Treat based on ACC/AHA guide-
to high lines. Admit with repeat 6-h

cardiac marker testing and
stress testing.

III Low No No Stress testing.
IV Very low No No Discharge home.

imaging. Initial resting scans are performed using thallium-201. If the rest images are neg-
ative, stress nuclear imaging is performed using 99mTechnetium. Stress testing is achieved
by exercise, adenosine infusion, dipyridamole infusion, or dobutamine infusion custom-
ized for the individual patient. Patients reassigned to category IV are discharged home
without further testing (47).

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

CONCLUSION

Rapid and accurate evaluation of chest pain remains a challenge within the ED setting.
Although 12-lead ECG, history, and physical examination remain cornerstones of the ini-
tial evaluation of chest pain, these methods are insensitive. The incorporation of cardiac
biomarkers including cardiac troponin, CK-MB, and myoglobin into clinical protocols
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have improved the diagnosis of AMI. Elevations in cardiac troponin provide the clinician
with important prognostic information and assist in identifying patients who will benefit
most from aggressive management of ACS.

The initial sensitivity of these cardiac biomarkers is relatively poor for the diagnosis
of AMI but improves with serial testing over a period of 6–8 h. Myoglobin rises rapidly
within 1 to 2 h after the onset of AMI, and its early sensitivity is excellent. However, its
lack of specificity limits its benefit when used alone, requiring more specific markers such
as CK-MB or cardiac troponins to be used in combination. Numerous strategies attempting
to shorten the time required to make a biochemical diagnosis of AMI have been studied.
Ninety-minute protocols combining myoglobin and cTnI appear to exclude AMI effec-
tively. Measurement of 2-h changes in cTnI and CK-MB have also been studied. Prelimi-
nary studies suggest that when these tests are negative, the likelihood of AMI is strongly
decreased.

Because cardiac biomarkers are released in the presence of myocardial necrosis, these
tests are not adequate in ruling out acute myocardial ischemia. In an effort to improve the
diagnosis of ACS, chest pain protocols combining cardiac biomarker testing and rest MPI
or provocative cardiac testing have been developed for the low- to moderate-risk patient
population. These protocols appear to be safe, effective in reducing admissions, and cost-
effective, while identifying higher-risk patients needing further testing or treatment. Proto-
cols using more expensive tests, such as stress echocardiography or stress nuclear imaging,
appear at least equally effective, if not superior. The cost-effectiveness of these methods
has yet to be determined.
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SUMMARY

The clinical history, standard 12-lead electrocardiogram (ECG), and markers of
myocardial necrosis constitute the basis for diagnosis and accurate risk assessment in
patients with suspected of a non-ST-elevation acute coronary syndrome (NSTEACS).
Cardiac troponin T and cardiac troponin I are ideal biochemical markers for the detec-
tion of myocardial necrosis in unstable patients who have repeated episodes of ischemia
of varying intensity and several days’ duration, owing to their high sensitivity and spe-
cificity and their long duration of elevation. The troponins are independently predictive
of mortality as well as of new or recurrent acute myocardial infarction after an episode
of NSTEACS. By integrating the clinical history, ECG findings, and troponin results, it
is possible to stratify the patients into low-, intermediate-, and high-risk groups. In addi-
tion, troponin results are useful for selecting patients who benefit from treatment with low-
molecular-weight heparin, glycoprotein IIb/IIIa antagonists, and invasive management.

Key Words: Non-ST-elevation acute coronary syndrome; acute myocardial infarction;
unstable angina; troponin T; troponin C; electrocardiogram; diagnosis; risk assessment.
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DEFINITION OF NON-ST-ELEVATION
ACUTE CORONARY SYNDROME

Although acute coronary syndrome (ACS) constitutes a continuum, it is usually divided
into ST-elevation ACS (STEACS) and non-ST-elevation ACS (NSTEACS) according to
the electrocardiogram (ECG) changes at presentation (Fig. 1). Patients presenting with
symptoms of acute cardiac ischemia and ST-elevation on the ECG are referred to as
having STEACS. Owing to the high specificity of ST-elevation, STEACS is, in practice,
equivalent to ST-elevation myocardial infarction (STEMI). Patients presenting with new
left bundle branch block, which prevents evaluation of the ST-segment, should be treated
similarly to those with ST-elevation. Patients with other or no ischemic ECG changes are
referred to as having non-STEACS. The NSTEACS group is further divided into non-ST-
elevation myocardial infarction (NSTEMI) and unstable angina, based on the presence
or absence of myocardial necrosis.

THE CLINICAL PROBLEM

For patients presenting with chest pain or other symptoms suggestive of NSTEACS,
there is a broad spectrum of diagnoses, including chest pain of noncardiac causes, unsta-
ble angina, and myocardial infarction (MI) of varying size, with diverse prognoses and
appropriate treatments. These patients must be considered to have an ACS until proven
otherwise. Of those admitted to the hospital, <10% will have STEMI, approx 50% will
have a NSTEACS, and the remaining approx 40% will have diagnoses other than ACS.
The annual admission rate for NSTEACS is approx 3500–4000 per 1 million inhabitants.

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

Fig. 1. Definition of ACS.
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treatments have become available in the last 10–15 yr. Therefore, early risk assessment is
important in order to choose appropriate therapeutic strategies. This risk assessment should
be “precise, reliable and, preferably, easily and rapidly available at low cost” (3).

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

THE DIAGNOSTIC CHALLENGE

The separation of a diagnosis of NSTEMI from unstable angina is dependent on the abil-
ity to show myocardial necrosis. Cardiac troponin T (cTnT) and cardiac troponin I (cTnI)
are ideal biochemical markers for detection of myocardial necrosis owing to their high
sensitivity and specificity and their wide time window (i.e., there is a long duration of ele-
vated plasma levels after myocardial damage). These properties make the troponins espe-
cially suitable for detection of quantitatively small amounts of myocardial damage in
unstable patients. However, it is important to remember that an elevated level of troponin
in blood signals only that myocardial damaged has occurred and does not indicate the
cause of the damage. A number of other possible reasons for myocardial damage besides
ischemia owing to a thrombotic or embolic occlusion of a coronary artery (Table 1) must
be considered, and, thus, an abnormal troponin result must be interpreted in light of the
clinical picture, rather than the other way around.

The introduction of troponins as part of the diagnostic arsenal has revealed that patients
with NSTEACS have myocardial damage more frequently than previously thought, although
in many cases the damage is quantitatively small. With the use of second- and third-gen-
eration troponin assays, with their increased diagnostic sensitivity, myocardial damage

Table 1
Possible Causes of Elevations of Cardiac Troponinsa

Primary ischemic cardiac injury
Thrombotic/embolic coronary occlusion (STEMI/NSTEMI)

Secondary ischemic cardiac injury
Coronary intervention (PCI/CABG)
Sympathomimetics (cocaine, catecholamine storm)
Pulmonary embolus (presumed right heart strain or hypoxia)
Coronary artery spasm
Coronary artery inflammation (vasculitis)
Prolonged tachyarrhythmia
Acute heart failure
Extreme endurance exercise

Nonischemic cardiac injury
Myocarditis (infection, autoimmune, drugs)
Cardiac trauma
Metabolic/toxic (renal failure, septic shock, drugs)
aFrom ref. 7. PCI, percutaneous coronary intervention; CABG, coronary artery bypass graft.
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is detected in an even higher proportion of NSTEACS patients (Fig. 2). Moreover, adop-
tion of the new European Society of Cardiology/American College of Cardiology (ESC/
ACC) criteria for the diagnosis of acute MI (AMI) (8) using cTnT or cTnI and low decision
limits has led to a shift in diagnoses among patients with NSTEACS from unstable angina
to (NSTE) AMI, with an increase of 20–30% in the number of AMI diagnoses (9).

THE PROGNOSTIC CHALLENGE

As described, the accurate identification of patients at high risk of recurrent clinical
events is an important and often challenging clinical objective. Cardiac troponin has proven
very valuable in this regard. Because the predictive ability of individual biomarkers may
differ considerably among different clinical end points, it is worthwhile to consider the
relationship between troponin and the risk of specific cardiovascular events separately.

Death and MI
Numerous studies have been published showing, almost without exception, that tropo-

nin elevation is predictive of the risk of death/new or recurrent MI, in both the short and
long term (Table 2). In a meta-analysis (26), the relative odds of death or MI at 30 d was
4.93 (95% confidence interval [CI]: 3.77–6.45) for NSTEACS patients with positive
troponin. This strong risk relationship is also present when the individual elements of this
composite end point are considered.

Patients with elevation of troponin T or I are at significantly higher risk of mortality,
in both the short and long term (Table 2). In a meta-analysis of data from clinical trials,
the relative odds of death for patients with elevated cTnT and cTnI were 3.0 (95% CI: 1.6–
5.5) and 2.6 (95% CI: 1.8–3.6), respectively (27). In a separate analysis of observational
cohort studies, the corresponding odds ratios (ORs) were 5.1 (95% CI: 3.2–8.4) and 8.5
(95% CI: 3.5–21.1) (27). Furthermore, the relationship between troponin and the risk of
death shows a gradual graded relationship (Fig. 3A).

Fig. 2. Proportions of population with NSTEACS and elevated levels of CK-MB and cTnI (using
two different assays) using different cut points. Unpublished data are from the FRISC-II study.
WHO, World Health Organization; URL, upper reference limit.
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Fig. 3. (A) One-year and 30-d mortality in relation to quartiles of cTnT in FRISC-II study (dashed line)
(13) and GUSTO-IV study (solid line) (15), respectively. (B) Rate of MI at 1 yr and 30 d in relation
to quartiles of cTnT in FRISC-II study (dotted line) (13) and GUSTO-IV study (solid line) (15),
respectively.

Patients with elevated troponin also have an increased risk of recurrent AMI (Table 2).
However, in contrast to the graded increase in risk of death in relation to troponin con-
centration, there seems to be a nonmonotonic relationship for the risk of a new MI (Fig. 3B).
Indeed, the risk of suffering a new AMI seems to be higher in those with only minor ele-
vations compared with those with major elevations of troponin (who may have completed
the infarction in the territory at risk). Thus, a high analytic precision of the troponin assay
at the low end of the detectable range is an attribute that is especially important for the pre-
diction of AMI.
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Other Cardiac Events
There is a strong association between elevated troponin results and the revasculariza-

tion rate in most studies. In most studies, the indications for revascularization were not
specified, and in some the troponin results were available to the clinicians, a factor that
might have directly influenced the decision to revascularize a patient. Information regard-
ing an association between troponin and the risk of rehospitalization is scarce. One small
study has indicated that the risk of rehospitalization for cardiac reasons is higher in cTnT-
positive compared with cTnT-negative patients (28). Data regarding the risk of develop-
ing congestive heart failure (CHF) in relation to troponin level in NSTEACS patients are
also very limited; one study has suggested an increased rate of admissions for CHF in
troponin-positive patients (24).

COMBINATION OF TROPONIN WITH OTHER MARKERS

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

New biochemical markers have been introduced and evaluated, such as markers of
inflammation (e.g., C-reactive protein) and of cardiac performance (e.g., B-type natriure-
tic peptide). Several of them seem to add important prognostic information beyond that
of the clinical history, ECG, and troponin level. These markers and their role in a true multi-
marker strategy for risk assessment are dealt with in depth in Chapter 31.

An Integrated Approach to Risk Assessment
In addition to measurements of troponin, the clinical history and the standard 12-lead

ECG constitute the basis for accurate assessment of risk. A thoughtful interpretation of
the patient’s symptoms is essential for appropriate diagnosis and risk statification. Pre-
vious manifestations of ischemic heart disease and comorbidities, such as CHF, diabetes
mellitus, or renal dysfunction, are associated with an increased risk of new cardiac events
independent of troponin. The standard 12-lead ECG is an indispensable prognostic tool:
it is inexpensive, rapid, and widely available. In patients with a clinical suspicion of an
ACS, a perfectly normal ECG on admission is associated with a low risk of future cardiac
events, and in combination with a normal troponin result, the associated risk is very low
(21). Although a diagnosis of unstable angina remains possible, the combination of a nor-
mal ECG and no troponin elevation should lead to reconsideration of the diagnosis of an
ACS. ST-segment depression is associated with a high risk of new events, especially when
combined with an elevated troponin (10). Furthermore, the more severe the ST-segment
depression (in depth and/or in extension), the higher the risk (29). Patients with other abnor-
mal ECG changes constitute a more inhomogeneous group but have a higher risk than
patients with a normal ECG (29).

Thus, none of these factors should be considered in isolation. Instead, to make a proper
risk assessment in the individual patient, one needs to consider these factors simultaneously
and integrate all the available information. Figure 4 presents a simple algorithm for risk
stratification based on these factors. An alternative is to use one of the scoring systems that
has been developed based on the clinical history, ECG changes, and markers of myocardial
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damage. The Thrombolysis in Myocardial Infarction (TIMI) risk score for unstable
angina/NSTEMI is the best known and most widely used system (30).

Interpretation of Clinical Studies of Troponin
When interpreting study results on the prognostic value of risk indicators or markers,

the population in whom the study was performed must be considered. Patients enrolled
in randomized clinical trials are often highly selected and with (more or less) established
ACS, whereas most observational studies have less restricted inclusion criteria. Generally,
the relative risk or OR for a clinical event associated with a positive marker is higher in the
observational studies. Nevertheless, the prognostic associations observed with cardiac
troponin are evident in populations from both clinical trials of ACS and consecutive series
of patients with chest pain enrolled in emergency settings.

THE THERAPEUTIC CHALLENGE

A variety of therapeutic options are available in the management of patients with
NSTEACS. However, some of these are rather costly and have potential serious side
effects. Therefore, identification of those who benefit most from a particular therapy has
become a central tenet in the management of patients with NSTEACS. The beneficial
effects of antithrombotic treatment with low-molecular-weight heparins, antiplatelet ther-
apy with glycoprotein IIb/IIIa receptor inhibitors, and an invasive approach with early
revascularization have been shown to be greatest in patients with an elevated level of tro-
ponin (Table 3). Hence, in recent guidelines troponin testing has been incorporated in treat-
ment algorithms (3) in conjunction with evaluation for ST-segment depression in the
12-lead ECG or during ST-monitoring as another useful sign for identifying patients who
benefit from more aggressive antithrombotic (36) and invasive treatment (29). In the

Fig. 4. Simple algorithm for risk prediction and treatment using clinical history, ECG, and troponin
measurements in patients with clinical suspicion of NSTEACS. IHD, ischemic heart disease; DM,
diabetes mellitus.
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FRISC-II trial, the beneficial effect of an invasive approach was almost confined to the
one-third of patients who had both elevated troponin and ST-segment depression, and in
this subgroup the invasive strategy nearly halved the risk of death/MI, from 22.1 to 13.2%,
at 12 mo (35).

MECHANISMS UNDERLYING PROGNOSTIC
RELATIONSHIP OF TROPONIN IN ACS

The increased risk of new cardiac events associated with elevated troponin in patients
with a clinical suspicion of NSTEACS can be attributed to clinical and pathological fea-
tures associated with abnormal troponin results including underlying severe coronary
stenosis; culprit lesion thrombosis; downstream embolization with microinfarction; and
in some patients, total coronary occlusion, a large MI, and reduced left ventricular function
(Fig. 5). The subgroup of patients without troponin elevation consists partly of those

Table 3
Treatment Effect Regarding Death/MI by Troponin Status

                   Troponin negative         Troponin positive

Active Control p Active Control p
Therapy (%) (%) value (%) (%) value

Low-molecular-weight heparin
FRISC (40 d) (31) 5.7 4.7 NS 7.4 14.2 <0.01
FRISC-II (3 m) (32) 6.1 6.4 NS 6.6 9.3 0.07
TIMI 11-B (14 d) (16) 4 0 NS 10.0 17.0 NS

Glycoprotein IIb/IIIa receptor inhibitors
CAPTURE (6 m) (33) 9.4 7.5 NS 9.5 23.9 <0.01
PRISM (30 d) (18) 5.7 4.9 NS 4.3 13.0 <0.001
PARAGON-B (30 d) (19) 9.7 9.4 NS 11.1 18.8 <0.05
GUSTO-IV (30 d) (34) 6.1 5.4 NS 10.0 10.0 NS

Early invasive strategy
TACTICS (6 m) (17) 4.4 3.8 NS 8.5 12.6 <0.05
FRISC-II (12 m) (35) 7.4 8.5 NS 11.6 16.6 <0.01

Fig. 5. Summary of suggested mechanisms behind prognostic value of troponin in NSTEACS.
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without significant atherosclerotic coronary artery disease (CAD), whose symptoms
often have noncardiac causes, and partly of patients with CAD, whose symptoms might
be caused by an increase in oxygen demand or a decrease in oxygen supply unrelated to
coronary thrombosis. The probability of significant coronary stenosis rises considerably
at any detectable level of troponin elevation, and the likelihood of an unstable plaque with
thrombus and downstream microembolization, impairment of coronary flow, and tissue-
level perfusion increases (Fig. 6) (13,37). The latter mechanisms also explain why treat-
ment with antithrombin or platelet inhibitors is protective mainly in patients with elevated
troponin. Low-level increases in troponin are usually not associated with a completed in-
farction in the territory at risk but reflect unstable plaque and thrombus in the culprit vessel
that confer a higher risk of causing further myocardial damage. In patients with higher ele-
vations of troponin, a greater proportion will have a persistent occlusion of the culprit coro-
nary vessel and may have completed the infarction in the jeopardized territory, leading
to lower risk of new myocardial injury in the same territory. However, the larger infarct size
is associated with reduced left ventricular function and, thus, higher mortality (13).

PRACTICAL ISSUES

Troponin I or T?
In the past, there has been controversy over which biomarker is preferable, troponin I

or T. However, there is no convincing scientific evidence that either of these two markers
is superior to the other. Hence, it is more important to focus on the analytic and clinical per-
formance of the assay, rather than which troponin is being tested. Owing to patent restric-
tions, only one commercial assay for cTnT exists, whereas there are many different assays
for cTnI on the market. These assays and their newer generations differ from one another
in several aspects, such as analytic sensitivity, imprecision, and sensitivity to interfering
antibodies. Therefore, each assay must be evaluated separately with respect to both ana-
lytic and clinical performance. It is important for clinicians to be familiar with the prop-
erties, especially the imprecision of the assay at the low end of the reported range, of the
particular assay used at the hospital where they practice. In addition, clinicians need to
be familiar with the published evidence supporting the specific decision limits reported
by their laboratory for that assay.

Fig. 6. Increased thrombus burden and impaired flow (TIMI flow grade < 3) in patients with elevated
cTnT. (Reproduced from ref. 38 with permission.)
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Timing of Troponin Measurement
Although many patients with NSTEACS with myocardial damage will have abnormal

troponin results at the time of presentation, a significant proportion will develop troponin
elevation during the next few hours. After the first 6–9 h, new troponin elevations are sel-
dom found, except when associated with new ischemic symptoms. By taking a careful his-
tory and performing a thorough clinical examination, obtaining an ECG, and measuring
troponin on admission, the clinician can immediately identify many high-risk patients
and initiate appropriate treatment. With repeated measurement of troponin at 6–9 h after
presentation, most of the remaining patients can be properly assessed. Additional testing
of troponin 12–24 h after presentation should be considered in patients for whom there
is a high clinical suspicion of ACS. Several studies have found such rapid triage protocols
to be effective and safe (39,40). Point-of-care assays may reduce the time to availability
of troponin results.

Decision Limits for Risk Stratification
ESC/ACC RECOMMENDATION

The joint ESC/ACC committee on redefinition of MI proposed that the 99th percentile
value of troponin in a reference control population be used as the decision level for the diag-
nosis of AMI on the condition that the imprecision (expressed as the coefficient of varia-
tion [CV]) of the particular assay at the 99th percentile level is below 10% (8). If the assay
does not meet this latter criterion, the level of 10% CV was recommended as the decision
limit. To this point, very few commercial troponin assays have been able to meet this strin-
gent requirement regarding precision. Furthermore, the committee recommended the use
of one and the same decision limit for the diagnosis of MI and risk stratification. The
lower detection limits, 99th percentile, and 10% CV levels for the most commonly used
troponin assays have been described elsewhere in this book.

LOW-LEVEL ELEVATION

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

Emerging data also suggest that in patients with a high clinical probability of ACS
increases in troponin above the lower limit of detection (LLD) but below the ESC/ACC
decision limit are also associated with greater risk of complications. For example, in the
TACTICS-TIMI 18 study, patients with a baseline cTnI >99th percentile (0.1 ng/mL) but
below the ESC/ACC decision limit (0.4 ng/mL, 10% CV) were at more than threefold
higher risk of death or MI (p < 0.001) (17). Ten percent of patients fell into this range of
low-level elevation and would be “misclassified” as low risk if the decision limit of 0.4
ng/mL were applied. This observation is supported by studies with cTnT, and using other
assays for cTnI (14,41) in populations enrolled in clinical trials, as well as in unselected
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patients with suspected ACS (25). Specifically, in a cohort with possible ACS stratified
according to peak cTnI—negative (<LLD), low (≥LLD to <ESC/ACC decision limit),
intermediate (ESC/ACC decision limit to <manufacturer’s suggested MI limit), and high
(≥suggested MI limit)—6-mo mortality showed a graded rise across categories of cTnI
(hazard ratios of 2.5 [95% CI: 1.4–4.4] for low, 3.9 [95% CI: 2.3–6.8] for intermediate,
and 6.1 [95% CI: 4.2–8.7] for high cTnI) (25).

Despite these findings in predominantly selected patients with ACS, the ESC/ACC
decision limit, set at the 99th percentile in conjunction with acceptable precision, is likely
to be optimal in most settings because it will minimize analytic false positives. Neverthe-
less, clinicians should recognize that in patients with a high (pretest) probability of ACS
a troponin result above the LLD (with present assays) identifies those at higher risk of
adverse outcomes. Thus, for patients with a compelling history suggesting ACS who are
found to have low-level elevation of troponin, the result should be recognized as a marker
of increased risk and appropriate therapeutic actions (e.g., early invasive management)
considered. In patients with a low or uncertain probability of ACS, troponin results in this
range should prompt consideration of alternative causes and repeat testing employed to
reduce the probability of an analytic false positive.

CONCLUSION

Applied in conjunction with the clinical history, physical examination, and interpreta-
tion of the ECG, cardiac troponin is a cornerstone of the prognostic assessment of patients
presenting with possible ACS. Cardiac troponin offers clinical sensitivity and specificity
that is superior to other available biomarkers of myocardial necrosis and, thus, is the pre-
ferred biomarker for diagnosis and risk assessment in this setting. In addition, to provide
insight into patients’ risk of recurrent ischemic events, measurement of troponin is valua-
ble in guiding the targeting of more aggressive therapy to those who are likely to benefit
most. It is essential for the clinician to be familiar with the evidence-based decision limits
for risk assessment established for the assays used in their practice.
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SUMMARY

The diagnosis and immediate initiation of reperfusion therapy in patients with acute
ST-elevation myocardial infarction (STEMI) are based on results of the standard 12-lead
electrocardiogram. Because the appearance of cardiac markers of myocardial injury in
the blood is delayed relative to the onset of symptom, cardiac markers are neither help-
ful for early diagnosis nor should their results be awaited before initiation of reperfusion
therapy. Nevertheless, there are four important reasons to measure cardiac markers of
necrosis in patients with STEMI: (1) confirmation of diagnosis, (2) monitoring of effi-
ciency of reperfusion, (3) assessment of risk, and (4) infarct sizing.

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

INTRODUCTION
In patients with acute ST-elevation myocardial infarction (STEMI), the diagnosis and

immediate initiation of reperfusion therapy are based on results of the standard 12-lead
electrocardiogram (ECG) (1). Owing to the fact that cardiac markers appear in blood a
substantial time after the onset of symptoms, cardiac markers neither are helpful for early
diagnosis nor should their results be awaited before initiation of recanalization therapy.
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This relates also to the so-called early markers such as myoglobin, fatty acid-binding pro-
tein (FABP) or creatine kinase (CK)-MB subforms. In clinical studies, patients with STEMI
presented with positive results for FABP, CK, or troponin in 72, 54, and 51%, respectively
(2). Such a low sensitivity of cardiac markers on admission precludes the integration of
marker results into initial treatment algorithms of patients with STEMI. This limitation
pertains to all diagnostic biomarkers studied in STEMI to date. Nevertheless, there are four
important reasons to measure cardiac markers of necrosis in patients with STEMI: (1)
confirmation of diagnosis, (2) monitoring of efficiency of reperfusion, (3) assessment of
risk, and (4) infarct sizing. Each of these reasons is discussed in this chapter.

CONFIRMATION OF DIAGNOSIS
OF ACUTE MYOCARDIAL INFARCTION

According to the World Health Organization, a definite diagnosis of acute myocardial
infarction (AMI) is made in the presence of unequivocal ECG changes (development of
abnormal, persistent Q waves or QS waves and evolving injury current for >24 h) and/or
unequivocal biomarker changes (serial changes related to the onset of symptoms and the
respective marker) (3). More recently, an ESC/AHA task force has recommended the use
of troponins as the preferred cardiac marker and stated that any significant elevation of
a cardiospecific troponin in the setting of myocardial ischemia establishes the diagnosis
of AMI (4).

Although symptoms and typical ECG changes may suffice for diagnostic classification
of STEMI patients, release of strictly intracellular and cardiospecific molecules and their
detection in blood are the most convincing indicators of severe myocardial damage. Some
patients with initial ST-elevation will not progress to QRS changes on ECG but still reveal
elevated such biomarkers of necrosis in the blood. Thus, confirmation of the diagnosis
of AMI by cardiac markers is recommended even in the setting of symptoms and ST-ele-
vation on admission.

Because cardiac troponins provide superior cardiospecificity to other available markers
of necrosis such as CK-MB and myoglobin, troponin T or I should be used to confirm the
presence of myocardial injury in the setting of STEMI (5). When troponins are not avail-
able, CK-MB may be used with similar diagnostic efficiency in this highly selected clinical
subgroup (4). Owing to the short half-life of troponin in the circulation (~90 min), the
blood levels of troponin on d 3 or 4 reflect degradation of the contractile machinery, which
is a hallmark of irreversible cell injury (6). Thus, in the absence of ongoing ischemia, a
troponin elevation on d 3 or 4 after the onset of symptoms may be taken as definite proof
of irreversible myocardial injury.

MONITORING EFFICIENCY OF REPERFUSION THERAPY

Thrombolytic Therapy
Early and complete patency of infarct-related coronary arteries (IRAs) is the central

therapeutic goal in STEMI. Compared with direct percutaneous coronary intervention
(PCI), fibrinolytic therapy is associated with significantly lower rates of complete reperfu-
sion (Thrombolysis in Myocardial Infarction [TIMI] grade 3 flow) of the IRA and does
not allow visualization of reperfusion success. Among many methods used to assess the
success of reperfusion, resolution of ST-elevation early after reperfusion therapy is the
most widely applied noninvasive method (7,8). Cardiac markers can complement the ECG
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in assessing the success or failure of fibrinolytic reperfusion. Specifically, patients with
AMI who develop a patent IRA will release considerably more proteins of necrosis into
the circulation (“washout phenomenon”) when compared with patients who have persis-
tent occlusion (6,9).

Several biomarkers and numerous algorithms have been proposed for the prediction
of reperfusion (10). Almost all algorithms require at least two blood samples, one obtained
on initiation of fibrinolytic therapy and a second 60 or 90 min thereafter (9,11–14). Shorter
times to peak values, steeper upslopes, and/or greater relative increases in necrosis markers
have all been found to be associated with successful reperfusion (10). Cardiac troponins
have at least some theoretical advantages over the other soluble markers such as myoglo-
bin or CK-MB, including superior cardiac specificity, and the largest tissue-to-circula-
tion gradient generating an excellent signal (10). As is the case for ST-segment resolution,
monitoring using biochemical marker strategies reflects not only epicardial flow but also
microvascular and tissue-level reperfusion.

Primary PCI
Usually the success of reperfusion after primary PCI is easily visualized on coronary

angiography. However, a substantial proportion of patients deemed to have successful
reperfusion have persistent compromise of myocardial blood flow owing to microvascu-
lar obstruction (15,16). Several methods may be used for identification of microvascular
obstruction, including myocardial contrast echocardiography, ST-segment resolution,
magnetic resonance tomography (MRT), intracoronary Doppler flow measurement, and
coronary angiography using the myocardial blush grade. The utilization of cardiac markers
for this purpose is relatively novel and the rationale for their use is largely based on find-
ings from fibrinolytic trials.

Successful reperfusion of the IRA is associated with a rise in blood concentrations
(“washout”) that is more brisk after mechanical reperfusion than after fibrinolytic therapy
(17). Because this washout phenomenon reflects both reperfusion at the myocardial tis-
sue level and epicardial blood flow, it is tempting to speculate that marker kinetics might
be helpful for assessment of microvascular reperfusion.

Accordingly, Frostfeldt et al. (18) found a significantly higher relative increase in myo-
globin concentration and a trend toward higher rates of complete resolution (>70%) of
ST-segments in patients who tested negative for cardiac troponin T (cTnT) on admission,
suggesting normal microvascular reperfusion. Lehrke et al. (19) demonstrated that abcixi-
mab administered during primary PCI improved the early washout of cTnT in patients who
tested positive for troponin on admission, in patients with diabetes, and in older patients,
suggesting a higher propensity for impaired microvascular perfusion in some subsets of
patients. A close association between baseline elevation in troponin and abnormal tissue-
level reperfusion was also shown in patients with an acute coronary syndrome (ACS) with-
out ST-elevation (20). Thus, there is increasing evidence that elevations in troponin result-
ing from embolization of platelet microaggregates may not only be a surrogate for the
presence of unstable plaque but also for microvascular obstruction independent of recanal-
ization of the occluded IRA.

Kurowski et al. (21) reported higher mortality rates for patients with elevated cTnT
levels on admission, despite restoration of TIMI 3 grade flow (Fig. 1). Troponin T remained
independently predictive even after adjustment for longer time delays from the onset of
symptoms to admission and for infarct location. These findings may relate to the adverse
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prognostic impact that has been attributed to microvascular dysfunction (15,16). It fol-
lows that less efficient marker washout may identify those likely to benefit from glycopro-
tein (Gp) IIb/IIIa inhibition. In randomized trials, however, GpIIb/IIIa inhibitors did not
improve prognosis, suggesting a need for individualized therapy (22). Selected clinical
variables, including measurement of cardiac troponins on admission or infarct scores, may
prove more useful for identification of patients who will benefit from adjunctive admin-
istration of GpIIb/IIIa inhibitors during direct PCI. Further studies are necessary to prove
whether troponin testing could also be helpful to monitor the effects of GpIIb/IIIa inhibi-
tors or other drugs on microvascular reperfusion.

RISK STRATIFICATION

Several randomized trials and observational studies have contributed to a consistent
body of evidence that troponin levels on admission allow for early risk stratification also
in patients with STEMI (23–27) (Fig. 2). In the GUSTO III troponin T substudy with 12,666
patients enrolled, 30-d mortality rates were 15.7% in patients with positive troponin results
on admission compared with 6.2% among patients with negative results (23). The predic-
tive value of cTnT was independent of age, infarct location, Killip class, systolic blood pres-
sure, and fibrinolytic agent. Two other clinical trials confirmed the adverse prognostic
association of a positive cTnT or cTnI test for patients undergoing primary PCI (25,26).

There are several potential reasons for the adverse outcomes associated with increased
blood concentration of cardiac troponin. First, time delays between onset of symptoms
and admission are longer for troponin-positive than for troponin-negative patients. Sec-
ond, complete epicardial reperfusion is obtained less frequently in patients with already
elevated cardiac troponin on admission, both after fibrinolytic therapy (18,23,24,27) and
after primary PCI (25,26) (Fig. 3). Third, even after restoration of TIMI 3 grade flow with
primary PCI, the prognosis remains less favorable in patients with elevated cTnT levels
before the procedure (20). After adjustment for time delay and other potential confound-

Fig. 1. Survival plot showing higher short- and long-term mortality (log rank p = 0.0022) associated
with elevated troponin T on admission despite subsequent successful primary PCI. (Adapted from
ref. 21.)
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ers, cardiac troponin remained independently associated with morbidity, suggesting a
different potential pathomechanism. Therefore, it is tempting to speculate that cardiac
troponin elevation might reflect a combination of ischemic burden and actual myocardial
damage and may overcome some shortcomings associated with perception of pain, ische-
mic preconditioning, or collateral flow to the infarcted area (23). Moreover, episodes of
thromboembolic micronecrosis, resulting in microvascular obstruction, may well pre-
cede the onset of STEMI (28).

ESTIMATION OF INFARCT SIZE

Several methods may be used for estimation of infarct size including technetium-99m
sestamibi single-photon emission computed tomography (SPECT), MRT, and serial assess-
ment of markers of necrosis (29). In clinical practice, the measurement of biochemical

Fig. 2. Overview of clinical trials testing prognostic impact of positive troponin value on admission.
TVR, target vessel revascularization.

Fig. 3. Rates of successful reperfusion with either primary PCI or fibrinolytic therapy according to tro-
ponin status on admission.
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markers is most readily available and commonly performed using markers such as CK,
CK-MB-isoform, hydroxybutyrate dehydrogenase, or lactic dehydrogeanase.

Ideally, infarct sizing involves serial collection of cardiac markers and integration of the
area under the curve of a plot of enzyme activity or protein concentration vs time. Such
calculations produce an estimate of the quantity of infarcted tissue that correlates to anato-
mic estimates of infarct size made at autopsy (30). In clinical practice, peak levels of mark-
ers of necrosis and, less frequently, area under the time release curve of CK-MB obtained
from repetitive, serial sampling are used to estimate infarct sitze (31). However, missing
the true peak value is associated with a high likelihood of underestimation of infarct size
(32). For cardiac markers that exhibit the washout phenomenon, infarct-sizing estimates
are inaccurate when reperfusion of occluded coronary arteries is successful (33). In addi-
tion, the quality of reperfusion and duration of ischemia may influence the washout of the
marker.

The introduction of cardiac troponin may overcome some of the limitations of this
approach because troponin T or I is exclusively cardiac specific and is almost completely
bound to the contractile apparatus (6). With troponin T, only the initial rapid peak, which
is owing to release of the cytoplasmic pool, depends on the reperfusion status, whereas
the second late peak, which is owing to degradation from the contractile apparatus, is inde-
pendent of the reperfusion status (6,9). Several animal experiments have documented the
usefulness of cTnT measurements for estimation of infarct size. In a canine nonreperfused
experimental infarct model, Remppis et al. (34) plotted serial plasma cTnT concentra-
tions against histochemical infarct size. They found a close relationship between area
under the cTnT time release curve or peak cTnT concentrations and histological infarct
size at autopsy (Fig. 4). However, the need for repetitive sampling over a long period and
the possibility of incomplete recovery are costly and not practical in clinical routine. To
provide a cost-effective and feasible protocol, receiver operating analysis was performed
to compare the efficacy of a fixed-time protocol vs serial sampling algorithms. In the
canine model, a single cTnT concentration measured at 96 h after the onset of ischemia
correlated closely with histological infarct size. In humans, cTnT concentrations at 72 h
after infarction were found to correlate with scintigraphically detected (thallium) infarct

Fig. 4. Correlation curve between relative infarct weight and cTnT concentration at 96 h after the
onset of infarction in canine model of nonreperfused AMI. (Adapted from ref. 34.)
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size (35). Panteghini et al. (36) found that a single-point cTnT measurement at 72 h after
MI correlated with infarct size measured from gated SPECT.

In a rabbit model of nonreperfused MI, areas of late hyperenhancement seen with con-
trast-enhanced MRT closely correlated with troponin T concentrations at 96 h after the
onset of infarct (Fig. 5). This close relationship confirmed using myocardial contrast echo-
cardiography in a series of 100 patients with ACS without ST-elevation (37) (Fig. 6).

Similarly, a correlation was found between early peak values of troponin I and the vol-
ume of infarcted nonreperfused myocardium as detected by contrast-enhanced MRT (38).
Not unexpectedly, the investigators failed to demonstrate a relationship between infarct size
and troponin I peak within the first 24 h after the onset of infarct, proving again that early
troponin release is strongly influenced by cytoplasmic release during reperfusion (6,9).

Fig. 5. Correlation curve between infarct weight measured by contrast-enhanced MRI and cTnT con-
centration at 96 h after onset of infarction in rabbit model of nonreperfused AMI (unpublished data).

Fig. 6. Correlation between area of perfusion defect on myocardial contrast echocardiography and
troponin T on admission (A) and at 96 h (B) after onset of symptoms in patients with an ACS without
ST-elevation. (Adapted from ref. 37.)
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MRT is an excellent method for quantifying myocardial infarct of <1 g and is superior
to SPECT for detection of subendocardial myocardial infarcts (39,40). Forthcoming clin-
ical studies are likely to be useful in establishing the applicability of troponin for estimation
of infarct size in reperfused and nonreperfused MI. In human studies, magnetic resonance
imaging (MRI) may serve as the “gold standard” against which troponin concentrations
may be plotted.

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

CONCLUSION

Although cardiac markers of necrosis are not required for the initial diagnosis and man-
agement of patients presenting with ST-elevation on the admission of ECG, there are sev-
eral very promising applications, particularly for cardiac troponins in the context of acute
STEMI. First, troponin is the most valuable and precise marker for confirmation of AMI.
Second, early washout of necrosis markers is a helpful complementary test for estimation
of successful reperfusion after fibrinolytic therapy. It is highly likely that this also relates
to mechanically recanalized infarct-related arteries. Third, patients with detectable amounts
of troponin on admission have a less favorable short- and long-term prognosis. Although
the underlying pathobiology is still not completely understood, the hypothesis is proposed
that troponin on admission might serve as a surrogate for the presence or development of
microvascular obstruction. The fact that admission troponin status proved helpful for iden-
tification of patients who had an incremental benefit from the platelet GpIIb/IIIa inhibitor
abciximab after already successful epicardial reperfusion has supported this hypothesis.
Finally, a remarkably consistent body of evidence demonstrates that measurement of car-
diac markers during the early postinfarction period allows accurate estimation of infarct
size. For cTnT, a single determination at 72–96 h post-STEMI onset adequately reflects
infarct size.
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SUMMARY

A significant proportion (~20%) of patients undergoing percutaneous coronary inter-
vention (PCI) or coronary artery bypass graft (CABG) surgery develop elevated levels
of creatine kinase MB isoform (CK-MB) afterward. Large increases in the concentra-
tion of CK-MB after PCI are associated with the risk of death, myocardial infarction,
and repeat revascularization. However, the prognostic significance of modest elevations
(less than five times the upper limit of normal [ULN]) after PCI remains controversial.
It has been shown in some studies have shown that even minor elevations in CK or CK-
MB levels (more than one time the ULN) after PCI are associated with worse outcomes,
but other studies have shown no association between small elevations in CK or CK-MB
(less than five times the ULN) and recurrent cardiac events. Following CABG, almost
all patients have elevated levels of CK-MB and the clinical significance is less well estab-
lished. However, clinical studies show that large elevations (more than five times ULN)
are associated with worse prognosis. Cardiac troponin is elevated more frequently after
PCI and CABG. A number of procedure-related factors contribute to the rises in troponin,
including unrecognized complications of PCI (distal embolization, minor side-branch
occlusion), inflammation, direct cardiac manipulation, and direct current defibrillation
during CABG. Although troponin levels are helpful in diagnosing periprocedural myo-
necrosis as well as predicting long-term outcomes, the optimal diagnostic and prognos-
tic cutoff levels remain to be determined. Moreover, to date, the appropriate clinical
response to these findings remains uncertain.

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

It has long been recognized that a significant proportion of patients undergoing per-
cutaneous coronary intervention (PCI) or coronary artery bypass graft (CABG) surgery
develop elevated levels of creatine kinase (CK) or its MB isoform (CK-MB) after the pro-
cedure. After PCI, approx 20% of patients have elevated CK or CK-MB (1). Many studies
have shown associations between large increases in the concentration of CK or CK-MB
after PCI and the subsequent risk of death, myocardial infarction (MI), and repeat revas-
cularization. However, the prognostic significance of modest elevations (less than five
times the upper limit of normal [ULN]) after PCI remains controversial. Some studies
have shown that even minor elevations in CK or CK-MB levels (more than one time the
ULN) after PCI are associated with worse outcomes (2,3), but other studies have shown
no association between small elevations in CK or CK-MB (less than five times the ULN)
and recurrent cardiac events (4,5) Among patients who have elevated levels of CK-MB
or troponin after PCI, magnetic resonance imaging shows small focal areas of MI in the
region supplied by the treated vessel, thus confirming that these elevations result from
myocardial necrosis (6,94).

After CABG, almost all patients have elevated levels of CK-MB (7). The significance
of elevated CK or CK-MB after CABG has not been investigated as closely, but several
studies indicate that significant increases in the concentration of CK-MB (more than five
times the ULN) after CABG are associated with worse long-term outcomes (7,8). In addi-
tion, levels of CK-MB >19 IU/L have been associated with new perfusion defects on single-
photon emission computed tomography myocardial perfusion imaging (9).

Cardiac troponin is more sensitive and more specific than CK or CK-MB for the detec-
tion of myocardial necrosis (see Chapter 4). Therefore, it is expected that levels of tro-
ponin will be elevated more often than CK or CK-MB after revascularization procedures.
Nevertheless, the prognostic significance of abnormal troponin results after PCI/CABG
has not been as extensively studied as for CK and CK-MB.

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

The incidence of elevated levels of troponin after PCI or CABG depends on the patient
population, the type of intervention (10), the timing of blood sampling (11), and the tro-
ponin assay (Fig. 1). Although there is only one single troponin T assay, there are approx
15 different commercially available assays for troponin I (12). Even among studies using
the same troponin assays, different cutoff values are used for positivity post-PCI. As seen
in Table 1, the reported incidence of elevated troponin after PCI varies from 0 to 56%.

Mechanisms/Predictors of Elevated Troponin Levels After PCI
The pathophysiological mechanism for elevated cardiac troponin levels after PCI is

unclear. Potential mechanisms include myocardial necrosis or ischemia from prolonged
balloon inflations, transient abrupt closure, distal embolization, and side-branch occlusion.

PROLONGED BALLOON INFLATIONS

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

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

SIDE-BRANCH OCCLUSION, ABRUPT CLOSURE,
AND OTHER PROCEDURAL COMPLICATIONS

In several small series, troponin elevation was found to occur mostly or exclusively
when procedural complications, particularly side-branch occlusion, occurred (16,17). In
multivariable models, side-branch occlusion and other procedural complications are identi-
fied as independent predictors of troponin elevation (10,18,19). More than 80% of patients
with elevated troponin post-PCI have no identifiable procedural or angiographic compli-
cations (10,20). However, distal embolization may not be angiographically apparent, and
occlusion of very small side branches is easily missed. Patients with acute coronary syn-
dromes (ACS) who have elevated levels of troponin I post-PCI are significantly more likely
to have evidence of impaired tissue-level perfusion T(m) (thrombolysis in myocardial
infarction) myocardial perfusion grade 0/1 and reduced perfusion on myocardial contrast
echocardiogram than patients without postprocedural troponin I elevation (Fig. 2) (21).

STENTING VS BALLOON ANGIOPLASTY

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

Reference/ No. of Troponin Patients with
year of publication patients T or I Type of assaya  positive Tn (%)

(38) 2003 158 T Boehringer Cardiac Reader 13
(37) 2003 153 T Boehringer Cardiac Reader 11
(81) 1998 44 I Dade Stratus II 36
(13) 1999 105 T Roche Elecsys STAT 18
(13) 1999 105 I Sanofi 22
(82) 2002 96 T Roche Elecsys 2010 0
(22) 2002 481 I Dade Dimension 26
(20) 2000 1129 I Beckman 31
(83) 1999 109 I Dade Stratus II 27
(32) 1997 80 T Boehringer ES300 21
(32) 1997 80 I ERIA 21
(30) 2002 116 I Beckman 43
(35) 2000 104 T Boehringer ES300 37
(35) 2000 104 I Bayer Immuno-1 56
(84) 2002 278 T Roche Bedside Cardiac T 17
(85) 1991 22 I NA 0
(14) 1998 75 T Boehringer ES301 28
(86) 1995 25 T NA 44
(40) 2002 180 I Abbott Ax Sym 27
(87) 2004 2873 I Abbott Ax Sym 39
(29) 2003 125 T Roche Elecsys 2010 18
(42) 2000 100 I NA 12
(17) 1996 44 T Boehringer ES300 9
(17) 1996 44 I Dade Stratus II 25
(10) 2004 405 I Abbott Ax Sym 27
(11) 2004 57 T Roche Elecsys 42
(33) 2002 344 I Bayer Immuno-1 18
(18) 2004 1128 I Abbott Ax Sym 17
(27) 2004 153 I Beckman Coulter 34
(88) 1994 23 T Boehringer ES22 13
(89) 1997 80 T Boehringer ES300 0
(90) 2000 48 I Dade Stratus II 29
(19) 2003 286 I Abbott Ax Sym 14
(41) 1995 61 T NA 35
(26) 2002 85 I Abbott Ax Sym 29
(91) 2002 96 I Abbott Ax Sym 27
(31) 2001 98 I Abbott Ax Sym 27
(31) 2001 98 T Roche Elecsys 2010 18
(43) 2002 24 T Roche ECLusys TnT III 38
(25) 2004 522 I Abbott Ax Sym 41
(24) 1998 120 T Boehringer ES600 21
(92) 1997 25 T Boehringer ES300 4
(34) 1998 72 I Sanofi 21
(34) 1998 72 T Boehringer ES300 22
(16) 1992 21 T Boehringer 19
(93) 2002 98 T Roche 0

aNA, not available.
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elevation in some studies (10,25). There are no randomized trials comparing the rates of
troponin elevation after coronary stenting with those after balloon angioplasty alone.

ASSOCIATION WITH INFLAMMATION

A recent study showed that the concentration of C-reactive protein (CRP) is frequently
increased after PCI, and that elevated CRP is associated with higher rates of troponin
elevation (26). This finding suggests that systemic inflammation may be involved in the
etiology of periprocedural myonecrosis. This intriguing hypothesis is further supported
by a trial demonstrating lower rates of post-PCI troponin elevation in patients who are pre-
medicated with atorvastatin, which has been shown to reduce CRP level significantly (27).
Alternatively, increases in acute-phase proteins may reflect the inflammatory response
to small areas of myonecrosis.

Prognostic Significance of Elevated Troponin Levels After PCI
Many studies have documented an association between elevated CK or CK-MB levels

after PCI and increased risk of adverse cardiac events at intermediate- and long-term fol-
low-up (1). However, there has been inconsistency as to whether even modest elevations
in CK or CK-MB are associated with adverse outcomes. Some studies have shown a direct
relationship between the degree of periprocedural myonecrosis and the risk of long-term
complications (Fig. 3) (2), whereas others have found increased complications only with
large elevations in cardiac enzymes. In one meta-analysis, a linear association between
CK-MB elevation post-PCI and 6-mo mortality was demonstrated (28). Although abso-
lute mortality rates are higher after spontaneous MI, the relative increase in mortality for
increasing levels of CK-MB elevation are similar for periprocedural and spontaneous MI
(Fig. 4) (28). It remains unclear whether there is a direct causal relationship between peri-
procedural myonecrosis and long-term complications, or whether cardiac marker eleva-
tions are simply a marker for high-risk lesion, vessel, or patient characteristics.

Table 2 provides the studies that have evaluated the prognostic significance of ele-
vated levels of troponin after PCI. Most, but not all, studies found a significant association
between troponin results and adverse outcomes (Fig. 5). In some studies, the association

Fig. 2. Evidence for impaired tissue-level myocardial perfusion by angiography and myocardial con-
trast echocardiography in patients with elevated levels of troponin after PCI. TMPG, TIMI myocardial
perfusion grade. (Data from ref. 52.)
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was no longer significant with longer follow-up or after adjustment for baseline charac-
teristics (18,20). Some studies found a significant association with outcomes only when
the troponin elevation was more than three to five times the ULN (19,20,29). Although
uncertainty remains regarding the specificity and significance of troponin elevations in
patients with renal failure, Gruberg et al. (30) found that postprocedural troponin eleva-
tion was an independent predictor of mortality at 1 yr among patients with renal failure
undergoing PCI. The discrepancies among studies may relate to the differences in patient
populations, sample sizes, duration of follow-up, and sensitivities of the troponin assays
that were used.

Troponin I vs Troponin T
Several studies have simultaneously measured troponin I and troponin T levels after

PCI (13,17,31–35). In most studies, troponin I appeared to be more sensitive for detecting

Fig. 3. Point estimates and 95% confidence intervals for frequency of cardiac events through 6
mo after PCI stratified by postprocedural concentration of CK-MB. PCI, percutaneous coronary
intervention.

Fig. 4. Absolute and relative risk of mortality at 6 mo after spontaneous vs PCI-related increases
in concentration of CK-MB. (Data from ref. 54.)
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periprocedural myonecrosis (17,31,33,35), although other studies found similar rates of
elevation post-PCI. None of these studies were adequately powered to determine whether
one troponin assay was more predictive of adverse clinical outcomes after PCI.

Importance of Measuring Baseline Preprocedural Troponin
Patients undergoing PCI within 2 wk of an ACS will often have elevated troponin levels

pre-PCI. Gustavsson et al. (36) have showed that among patients with elevated preproce-
dural troponin, postprocedural levels of troponin do not correlate well with CK-MB and
may not represent periprocedural myocardial injury. Therefore, it is essential to measure
the preprocedural troponin level and/or postprocedural CK-MB level to avoid misdiag-
nosis of periprocedural myonecrosis. Measurement of preprocedural troponin may also
improve the ability to predict adverse clinical outcomes based on postprocedural tropo-
nin levels. In one study, patients with recent ACS and persistent elevation of troponin
undergoing PCI had a hazard ratio of 2.7 for death or MI at 90 d associated with abnormal
periprocedural troponin results, whereas the hazard ratio was 4.3 for patients known to
have negative troponin levels before the procedure (22).

Prevention of Elevated Troponin Levels After PCI
A number of pharmacological agents have been shown to reduce the frequency and/or

severity of periprocedural myonecrosis as measured by postprocedural levels of troponin.
Because microembolization of thrombus is believed to be one of the primary causes of
periprocedural myonecrosis, it is not surprising that more potent antiplatelet agents, such
as the thienopyridines and the iv glycoprotein IIb/IIIa receptor inhibitors, and more potent
inhibitors of thrombin reduce the frequency of this complication.

In one retrospective, nonrandomized analysis, patients pretreated with ticlopidine prior
to coronary stenting had lower frequency and magnitude of increase in the concentration
of troponin T compared with patients who started taking ticlopidine the day of the pro-
cedure (37). A small randomized trial of clopidogrel vs ticlodipidine started on the day
of PCI showed less troponin T elevation and lower mean troponin T values after PCI with
clopidogrel (38).

Fig. 5. Relationship between cardiac troponin I (cTnI) post-PCI and risk of subsequent death or MI
through 90 d. (Data from ref. 18.)
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Tirofiban started prior to the first balloon inflation and continued for 18 h post-PCI
was shown in a randomized, placebo-controlled trial to reduce the frequency of troponin
T elevation at 24 h (48 vs 69%; p < 0.05), although the difference at 48 h was no longer
statistically significant (Fig. 6). The reduced frequency of troponin and CK-MB eleva-
tions post-PCI with the use of glycoprotein IIb/IIIa inhibitor is thought to be related to
reduced periprocedural myonecrosis, rather than an interaction between this class of
drugs and the cardiac marker assays (39). Kini et al. (40) performed a randomized trial
of eptifibatide, tirofiban, or abiciximab during PCI, with additional half boluses of the
study drug given 10 min later if <90% inhibition of platelet aggregation was achieved.
There was no difference in the incidence of troponin I elevation >2.0 ng/mL post-PCI
between the different glycoprotein IIb/IIIa receptor inhibitors.

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

The use of other classes of drugs has also been examined in relation to the incidence
of post-PCI troponin elevation. Intravenous nitroglycerine started immediately after PCI
and continued for 12 h was shown to be superior to placebo in reducing the frequency of
troponin I elevation >0.1 μg/L at 12 h post-PCI (5 vs 19%; p = 0.036) (42). This finding
may be related to the improved coronary blood flow and myocardial perfusion that occur
with iv nitroglycerine. Interventions that induce ischemic preconditioning, such as nico-
randil, may also reduce the frequency of minor myocardial damage during PCI (43). A
randomized, placebo-controlled trial of atorvastatin (40 mg/d) started 7 d prior to PCI dem-
onstrated a marked reduction in troponin I elevation (20 vs 48%; p = 0.0004) in the first
24 h after PCI (27). Given the effect of atorvastatin on reducing CRP levels and the asso-
ciation of CRP with elevated troponin post-PCI (26), it has been postulated that atorva-
statin prevents periprocedural myonecrosis through its anti-inflammatory properties.

A number of mechanical approaches reduce periprocedural MI, as assessed by CK-MB,
including the use of distal embolization protection devices for saphenous vein graft inter-
ventions (44), and direct stenting without predilation (45). The impact of these strategies
on troponin release post-PCI has not been studied.

Fig. 6. Proportion of patients with elevated cTnT after PCI when treated with adjunctive tirofiban
vs control. (Data from ref. 17.)
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Management of Patients With Elevated Troponin Levels After PCI

As the prognostic significance of elevated troponin after PCI continues to be debated,
with no clearly defined threshold levels for increased risk, no firm recommendations can
be made for the management of patients who have elevated troponin after PCI. With
marked elevations in post-PCI troponin, it may be reasonable to delay hospital discharge
by an additional day for observation or until the biomarker is no longer rising, particularly
when there is also a marked rise in CK-MB levels.

Intuitively, it would be anticipated that patients with periprocedural myonecrosis would
derive the same benefit from long-term secondary prevention, including β-blockers and
angiotensin-converting enzyme inhibitors, as those patients with non-procedure-related
MI. However, these therapies have not been proven to be beneficial in this setting. One
study suggested that pretreatment with oral β-blockers reduced the frequency of CK ele-
vation after PCI and improved mortality independent of the effect on CK elevation (46).
However, no difference in CK elevation was seen in another large registry (47), and the
improvement in long-term mortality post-PCI was mainly limited to patients who had
previous MI (48).

ELEVATED TROPONIN LEVELS AFTER CABG

The concentration of troponin is elevated in almost all patients after bypass surgery,
with marked increases in 20–40% of patients (7,49–54). Several studies have shown lower
postoperative troponin levels with minimally invasive and off-pump surgical techniques
(55–62). The type and route of delivery of cardioplegia may also influence the periopera-
tive release of troponin (63–65).

Postoperative troponin levels have greater sensitivity and specificity for the diagnosis
of perioperative MI (based on electrocardiographic changes, wall motion abnormalities,
and/or scintigraphic perfusion defects) than CK-MB (50,51,66–69). However, CK-MB
may be more sensitive than troponin in the first 12 h after surgery (70). Postoperative tro-
ponin levels are higher in patients with documented early graft occlusion (71,72). Never-
theless, owing to considerable overlap of troponin values between patients with and with-
out graft occlusion, troponin levels may not reliably predict graft occlusion in individual
patients (71). The most appropriate troponin cutoff values for defining perioperative MI
have not clearly been defined.

Several studies have supported a relationship between marked postoperative elevation
of CK-MB and subsequent survival (Fig. 7). The relationship between postoperative
levels of troponin and clinical outcomes has not been extensively studied. However, a rela-
tionship to adverse outcomes does appear to exist. Eigel et al. measured troponin I imme-
diately after bypass surgery in 540 patients and found troponin I release to be a significant
predictor of death and reinfarction (95). In another series of 202 patients undergoing
CABG, high postoperative troponin I levels were associated with increased risk of car-
diac death at 2 yr (73). In 224 patients undergoing cardiac surgery (bypass surgery in 171
patients), a postoperative troponin T level ≥1.58 ng/mL was an independent predictor of
in-hospital complications, including death, shock, and MI (74); a prolonged length of stay
in the intensive care unit (75); and mortality at 1 yr (76). This observation is consistent with
the findings of other studies documenting the association between high postoperative
troponin I or troponin T levels and postoperative short- and long-term morbidity and mor-
tality (Fig. 8) (77–80).
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CONCLUSION

Measurement of troponin after PCI and CABG is a very sensitive method for detecting
myocardial necrosis related to these coronary revascularization procedures. Troponin is
frequently elevated after PCI and almost universally elevated after CABG, with marked
elevations in 20–40% of CABG cases. A number of procedure-related factors contribute
to the rises in troponin, including unrecognized complications of PCI (distal embolization,
minor side-branch occlusion), inflammation, direct cardiac manipulation, and direct cur-
rent defibrillation during CABG. Although troponin levels are helpful in diagnosing peri-
procedural myonecrosis as well as predicting long-term outcomes, the optimal diagnostic
and prognostic cutoff levels for the different clinical settings and the various troponin
assays that are commercially available remain to be determined. Moreover, to date, the
appropriate clinical response to these findings remains uncertain.

Fig. 7. Relationship between postoperative concentration of CK-MB and survival. (Adapted from
ref. 8.)

Fig. 8. Relationship between postoperative concentration of cardiac troponin and survival after
CABG. (Data from ref. 91.)
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SUMMARY

Cardiac troponin I (cTnI) and cardiac troponin T (cTnT) are highly specific and sen-
sitive biomarkers of necrosis. Although they are used primarily for the diagnosis of acute
coronary syndromes, their application to the field of congestive heart failure (CHF) has
now received significant interest. cTnI and cTnT provide valuable clinical information
not available through other diagnostic methods and improve the laboratory character-
ization of CHF. They also allow accurate risk stratification and prognosis. An impor-
tant aspect of their clinical use is the monitoring of therapeutic interventions in patients
with heart failure. The inclusion of cardiac troponins in a multimarker strategy and the
development of more sensitive immunoassays will likely further contribute to their
acceptance as clinical tools in CHF.

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

INTRODUCTION

This chapter reviews the physiological rationale and clinical use of cardiac troponins as
biomarkers of necrosis in congestive heart failure (CHF). CHF is characterized by left ven-
tricular (LV) systolic dysfunction, which includes decreased cardiac output, increased wall
stress, LV dilatation, and remodeling. Changes in relaxation, compliance, and stiffness
of the myocardium, generally referred to as LV diastolic dysfunction, further contribute to
the clinical presentation. At the cellular level, CHF is characterized by a general process
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of adaptive phenotypic changes. These include cell elongation and hypertrophy, altered
expression of cytoskeletal proteins, and changes in energy metabolism (1). The hyper-
trophic response shortens cell survival through increased energy utilization, decreased
removal of calcium from the cytosol, and calcium overload, which ultimately leads to
cardiac cell death (2).

Cardiac remodeling and cell death comprise the structural basis of CHF. Cardiac cell
death occurs through two primary mechanisms: apoptosis and necrosis. Apoptosis is a
tightly regulated sequence of cellular events resulting in loss of viable myocytes without
an inflammatory reaction. Apoptosis is triggered by damage to DNA, cell membrane com-
ponents, and mitochondria (3,4). This process is mediated by molecular signals involv-
ing cytokine and nuclear receptors. The second mechanism of cell death is cardiac cell
necrosis. It involves membrane damage, cell swelling, and significant local inflammation
followed by fibrosis. Cell necrosis is triggered by ischemia, increased wall stress, neuro-
humoral factors, free radicals, and calcium overload. Additional structural changes occur
in the nonmyocyte compartment, which includes extracellular matrix and fibroblasts.
These changes lead to myocardial fibrosis and further contribute to LV systolic and dia-
stolic dysfunction.

Troponin I and T are structural proteins with isoforms that are expressed uniquely in
the adult human heart. Because of their unique intracellular localization and the avail-
ability of highly specific immunoassays for their detection, both cardiac troponin I (cTnI)
and cardiac troponin (cTnT) have become the standard of care for the biochemical diag-
nosis of acute coronary syndromes (5–8). These highly sensitive and specific biomarkers
of myocyte necrosis have now revealed myocardial injury in a variety of clinical settings,
including patients with CHF.

DETECTION OF CARDIAC TROPONIN IN CHF

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

Frequency and Clinical Correlates
Figure 1 represents the pathophysiological concept that CHF is characterized by a chronic

low level of myocardial injury leading to degradation of structurally bound proteins,
including cardiac troponin (9). The concept of measuring cardiac troponin in patients
with CHF was introduced in 1995. In a pilot study, Missov et al. measured cTnI in 11 end-
stage heart failure patients and in 11 control subjects (10). They found that 2 of 11 patients
with CHF had levels of cTnI above the upper reference limit of the assay (0.1 ng/mL),
whereas an increased concentration of troponin was not detectable in any of the control
subjects. In a follow-up study, the same investigators used a more sensitive immunoassay
to measure cTnI (11). This assay had a lower limit of detection, 3 pg/mL, and no cross-
reactivity with the skeletal muscle isoform of troponin I. The results showed that the
mean concentration of cTnI was 72.1 ± 15.8 pg/mL in stable ambulatory patients with
New York Heart Association (NYHA) class III or IV heart failure, compared with 36.5
± 5.5 pg/mL in hospitalized patients without cardiac disease, and 20.4 ± 3.2 pg/mL in
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healthy blood donors (p < 0.01 for each vs heart failure patients) (Fig. 2A). Although
lacking the high specificity of cardiac troponin for myocardial damage, measurements
of cardiac-specific isofocus of creatine kinase (CK-MB) and myoglobin, two additional
biomarkers of necrosis, produced similar results (Fig. 2B,C). These data provided the first
evidence for ongoing myocyte injury and an increased concentration of cardiac troponin
in the peripheral blood of patients with advanced heart failure and showed the potential
usefulness of cardiac troponin as a specific and sensitive biomarker in severe CHF.

These findings have subsequently been validated in multiple clinical studies. In a study
of a similar population of patients with heart failure and matched control subjects (12),
heart failure patients had significantly elevated levels of cTnT (Table 1), with the con-
centration of cTnT correlating inversely with LV ejection fraction (LVEF). These data
confirmed that sensitive biomarkers of necrosis are increased in patients with CHF and
parallel the severity of the disease. Logeart et al. (13) also documented ongoing cardiac
cell injury using cTnI in 71 patients with nonischemic cardiomyopathy and NYHA Class
II–IV heart failure. In their study, heart failure patients with elevated cTnI were more likely
to have echocardiographic findings of a concentric remodeling pattern and evidence of
diastolic dysfunction. Others have shown that patients with advanced CHF and detectable
levels of cTnI have significantly more impaired hemodynamic profiles, including higher
pulmonary capillary wedge pressure and lower cardiac index (14).

Relationship to Clinical Outcomes
La Vecchia et al. (15) investigated the clinical usefulness of cTnI as a diagnostic and

prognostic marker in patients with severe heart failure. They enrolled 34 patients with
NYHA functional class II–IV CHF and stratified them into two groups based on the pres-
ence or absence of detectable cTnI. The study showed that detectable levels of cTnI iden-
tified a high-risk subgroup of patients (n = 10; 29%) with increased short-term mortality
(hazard ratio: 6.86; 95% confidence interval [CI]: 1.32–35.4). Furthermore, LVEF was
significantly lower in patients with elevated cTnI compared with patients with undetect-

Fig. 1. Possible pathophysiological pathway for release of biomarkers of necrosis in patients with
CHF. (From ref. 9.)
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Fig. 2.
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Fig. 2. (Opposite page) Box and whisker plots of serum concentrations of cTnI, CK-MB, and myoglo-
bin in patients with CHF (n = 35), healthy control subjects (n = 55), hospitalized control subjects with-
out cardiovascular disease (n = 25), and both control groups (n = 80). The line within the box is the
mean value, the upper and lower box values represent ±1 times the SE, the whiskers in the plot are
defined as the mean ± 1.96 times the SE, and the closed circles are individual data points exceeding
this specified value. (A) *p < 0.01 vs all groups; (B) *p < 0.01 vs hospitalized control subjects and
combined control subjects; (C) *p < 0.01 vs all groups. (From ref. 11.)

Table 1
cTnT and CK-MB in Patients with CHF

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

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

aCTL, healthy control subjects. (From ref. 11.)

able levels (20 ± 5 vs 26 ± 7%; p = 0.023) with a trend toward higher intracardiac pres-
sures. Notably, there was no histological evidence of myocarditis in those patients with ele-
vated cTnI, and the cause of CHF was evenly distributed among ischemic and nonischemic
etiologies.

The important observation that cardiac troponin is associated with outcome as well as
severity of disease in patients with CHF has been corroborated by several studies. In a study
of 56 consecutive patients with chronic heart failure from a variety of etiologies, Setsuta
et al. (16) showed that levels of cTnT correlated with the severity of heart failure as deter-
mined by NYHA functional class (Fig. 3). In addition, a concentration of cTnT >0.02 ng/
mL was associated with a significantly higher risk of death or readmission for worsening
heart failure (Fig. 4). Similarly, in a prospective study of 84 patients with acute cardio-
genic pulmonary edema without myocardial infarction, Perna et al. (17) found that cTnT
>0.1 ng/mL measured in samples obtained 6 and 12 h after admission was strongly asso-
ciated with lower 3-yr survival (29 vs 76% in patients with elevated vs normal cTnT results,

Fig. 3. The concentration of cTnT correlates with the severity of CHF. (From ref. 16.)
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log-rank test; p < 0.001). In the largest of these studies, Horwich et al. (14) evaluated 238
patients with advanced heart failure referred for cardiac transplantation who had cTnI
measured at the time of initial presentation. A significant correlation was also found
between the baseline concentration of cTnI and the progressive decline in LVEF over
time. Moreover, by virtue of the larger sample size, this study revealed that cTnI was
associated with increased mortality independently of the patient’s age, cause of CHF, and
LV function (adjusted relative risk [RR]: 1.85; 95% CI: 1.04–3.26). Other important find-
ings of the study were that the optimal cutpoint identified by receiver operator curve
analysis was at the lower reference limit for the assay used, and that higher levels of cTnI
were not associated with additional risk. In other words, any detectable elevation in cTnI
conferred a similar level of increased risk. The fact that any positive cTnI result rather
than the absolute value of the result carried an increased risk has important clinical
implications and makes the finding of the study applicable to laboratories using different
immunoassays to measure troponin.

More important, the prognostic relationship between cardiac troponin and outcome is
apparent in stable ambulatory patients with heart failure and is independent of the most
commonly used NYHA functional classification. Hudson et al. (18) collected prospec-
tive data from NYHA functional class II–IV heart failure patients with a LVEF of ≤35%.
The end points of the study were death or hospitalization for heart failure. Of 136 patients,
33 (24%) had a level of cTnT >0.02 ng/mL. An elevated level of cTnT was associated with
increased risk of death or hospitalization for heart failure (RR: 2.7; 95% CI: 1.7–4.3; p =
0.001) and death alone (RR: 4.2; 95% CI: 1.8–9.5; p = 0.001) during follow-up. Troponin
T and NYHA functional class were both independent predictors of death or heart failure
hospitalization in this study. The investigators concluded that approximately one-fourth of
ambulatory patients with chronic heart failure had ongoing myocardial necrosis, as shown
by abnormal troponin values, which were associated with increased mortality and morbidity.

Changes During Therapy
Goto et al. (19) assessed the clinical value of quantifying serum concentrations of cTnT

both in the initial evaluation and in assessing the response to treatment in patients with

Fig. 4. Survival free of cardiac events (death or rehospitalization) for heart failure among patients
with CHF stratified by cTnT at hospitalization. (From ref. 16.)
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acutely decompensated heart failure. All patients in the study were determined to have
a dilated, nonischemic cardiomyopathy. Measurements of cTnT were made at the time
of admission and then repeated after stabilization of clinical signs and symptoms, an aver-
age of 52 d later. After successful intensive medical therapy, the serum concentration of
cTnT was significantly decreased, from 30 ± 21 to 9 ± 1 ng/L (p < 0.001).

Sato et al. (20) investigated the clinical significance of persistently elevated cTnT levels
in heart failure patients. In a study of 60 patients with idiopathic dilated cardiomyopathy
confirmed by coronary angiography and endomyocardial biopsy, patients were catego-
rized into three groups based on measurement of cTnT at baseline and follow-up. In the
first group of 33 patients, levels of cTnT were consistently lower than 0.02 ng/mL at base-
line and throughout follow-up. The remaining patients had an initial concentration of cTnT
>0.02 ng/mL. Of these patients, 10 showed decreasing levels during follow-up while the
remaining 17 had consistently elevated levels of cTnT. Echocardiographic assessment
showed that LV end-diastolic dimension and LVEF improved both in patients with low
baseline levels of cTnT and in those in whom initially elevated levels decreased during fol-
low-up. By contrast, among patients with persistently elevated levels of cTnT, LV end-dia-
stolic dimension and LVEF failed to improve during the follow-up period. Moreover, patients
with persistently elevated cTnT had significantly lower event-free survival (Fig. 5).

COMBINED MEASUREMENT
OF TROPONIN AND NATRIURETIC PEPTIDES

Natriuretic peptides are established markers of disease severity and prognosis in patients
with CHF. Because they reflect ventricular wall stress rather than myocardial injury, it is
plausible that natriuretic peptides and cardiac troponin may offer complementary informa-
tion in this population. Ishii et al. (21) studied 98 consecutive patients hospitalized with
worsening heart failure in whom the combined measurement of cTnT and BNP allowed

Fig. 5. Prognostic implications of persistent increases in concentration of cTnT in patients with heart
failure. In a study of 60 patients with idiopathic dilated cardiomyopathy, 33 patients had a cTnT <0.02
ng/mL at baseline and throughout follow-up (No ↑), 10 had a level of cTnT that was increased at
baseline and fell during follow-up (Transient ↑), whereas 17 had persistently elevated levels. (From
ref. 20.)
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classification into groups with neither, one, or both biomarker results positive. The con-
centrations of BNP and cTnT were modestly correlated (r = 0.20; p = 0.049). Using cut-
points of 440 pg/mL for BNP and 0.33 μg/L for cTnT, 38 patients (39%) had one elevated
biomarker and in 29 patients (30%) both were elevated. BNP (p = 0.03) and cTnT (p =
0.016) were both independent predictors of cardiac death during an average follow-up of
451 d. When applied together, these biomarkers revealed a graded relationship with the
risk of cardiac death both in hospital (3, 11, and 31% in the low-, intermediate-, and high-
risk groups, respectively; p = 0.006) and during long-term follow-up (Fig. 6). These
observations are supported by similar data from at least one other study in which BNP and
cTnI offered complementary information for risk stratification of patients with advanced
heart failure (Fig. 7).

FUTURE DIRECTIONS
Cardiac troponin is likely to become a recognized tool for the laboratory characteriza-

tion of heart failure, for risk assessment and prognosis, and for monitoring of the efficacy
of therapeutic interventions. These goals will be met through the integration of cardiac tro-
ponins in a multimarker strategy and through the development of new-generation highly
sensitive immunoassays.

A multimarker diagnostic approach in heart failure patients has been suggested (9,11).
In a pilot study using the combined approach of measuring cTnI and cTnT in the same
population of heart failure patients, Missov and colleagues reported that of 22 patients,
9 (41% of the study population) had undetectable cTnI and cTnT and five (23%) had both
cTnI and cTnT above the upper limit of normal. In four patients (18%) only cTnT was ele-
vated, whereas four other patients (18%) had only elevated cTnI (E. Missov, personal com-
munication, 11 Jul 2000, 7th World Congress on  Heart Failure, Vancouver, B.C., Canada).
These pilot data highlighted the feasibility of biochemical stratification and risk profiling
of patients with heart failure by using a combination of cTnI and cTnT. The use of a cardiac

Fig. 6. Kaplan-Meier analysis of cardiac event–free survival in patients with CHF stratified into
low-, intermediate-, and high-risk groups based on combination of cTnT and BNP. Low-risk group
(n = 31): cTnT ≤ 0.033 μg/L and BNP ≤ 440 pg/mL; intermediate-risk group (n = 38): cTnT > 0.033
μg/L or BNP > 440 pg/mL; and high-risk group (n = 29): cTnT > 0.033 μg/L and BNP > 440 pg/mL.
(From ref. 21.)
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marker of necrosis in combination with a biomarker of hemodynamic stress was described
in the previous section. The concept of a multimarker approach in heart failure is likely
to guide future research and clinical applications.

The level of any marker protein in the circulation depends on the analytic performance
of the assay used for its detection. Initial studies on cardiac troponins in heart failure
documented that both cTnI and cTnT could be measured with currently available immu-
noassays and, in some patients, revealed a magnitude of increase that was similar to that
observed in acute myocardial infarction (11,12,15,20). Moreover, the development of a
more sensitive immunoassay allowed the detection of cTnI in a greater number of patients.
These observations suggest that improved analytic performance will lead to better clini-
cal characterization of the disease process in patients with CHF (11) and support the value
of ongoing work focused on the development and clinical validation of more sensitive
assays for troponin. Finally, before biomarkers of necrosis are applied routinely in the
evaluation of patients with heart failure, prospective studies defining the appropriate thera-
peutic response are necessary. On the basis of presently available data, it is reasonable to
consider more aggressive treatment strategies in line with their higher risk for patients with
increased levels of cardiac troponin.

CONCLUSION

cTnI and cTnT are highly specific and sensitive biomarkers of necrosis. They are easily
measured in peripheral blood samples, provide clinical information not available through
other diagnostic methods, and improve the laboratory characterization of CHF. Biomarkers
of necrosis appear to enhance risk stratification of heart failure patients and may be useful
for monitoring the efficacy of therapeutic interventions. As in other clinical settings, mul-
timarker strategies are likely to provide valuable information for therapeutic decision
making in patients with heart failure.
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SUMMARY

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

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

INTRODUCTION

Acute pulmonary embolism (PE) presents with a wide clinical spectrum of acuity.
Patients with anatomically small PE and no underlying cardiopulmonary disease have an
excellent prognosis. Massive PE with cardiogenic shock is life-threatening, with a high
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mortality rate. However, most patients with PE have clinical presentations that are at
neither of these extremes. These patients constitute the majority of patients with PE. They
require rapid assessment of prognosis in order to optimize therapy and will benefit from
early and accurate risk stratification.

RISK STRATIFICATION OF PATIENTS WITH PE

Traditional Approach
If risk stratification is successful, resources can be allocated rationally and manage-

ment plans will yield effective and safe outcomes (Table 1). The classic approach to risk
stratification of PE relied primarily on measuring systemic arterial pressure. Patients
with systolic blood pressure that fell below 90 mmHg were started on iv vasoconstrictors
and/or inotropic agents. If such agents failed to raise the systolic blood pressure above
90 mmHg, these individuals were considered high risk.

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

Contemporary Tools
Contemporary risk stratification combines clinical findings with the results of standard

emergency tests such as electrocardiography and chest X-ray, as well as more sophisticated
imaging tests. Cardiac biomarkers are the most recent addition to our array of modalities
to risk stratify and prognosticate (Table 2).

Formal risk assessment can incorporate a clinical scoring system (1). For example, the
Geneva Prognostic Index (1) utilizes an eight-point scoring system and identifies six pre-
dictors of adverse outcome: two points each for cancer and hypotension, and one point
each for heart failure, prior deep vein thrombosis (DVT), arterial hypoxemia, and ultra-
sound-proven DVT. As points accumulate, prognosis worsens.

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

Table 1
Rationale for Risk Stratification

                           Low riska High-riska

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

aClinical evaluation alone cannot necessarily determine which patients are low risk or at high risk.
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The ECG may show a classic S1Q3T3 pattern but more often will demonstrate a less
commonly recognized sign of RV strain, T wave inversion in leads V1–V4. New incom-
plete or complete right bundle branch block is a very useful sign of RV dysfunction (3).
The chest X-ray may show enlarged pulmonary arteries (4), especially an enlarged right
descending pulmonary artery, indicating pulmonary hypertension.

Although the chest CT scan is performed primarily to detect or exclude PE (5), informa-
tion about RV dilatation can also be gleaned. If the right ventricle is >90% the size of the left
ventricle, then RV dilatation owing to RV dysfunction can be confidently diagnosed (6).

Among patients in whom the diagnosis of PE is established, the echocardiogram pro-
vides rapid and accurate risk stratification (7). Moderate or severe RV hypokinesis, pul-
monary hypertension, a patent foramen ovale, and free-floating right-heart thrombus are
markers for a high risk of death or recurrent PE (8).

Importance of Risk Assessment
The results of initial risk stratification will have a profound effect on treatment plan.

When confident about which patients with PE are at low risk, physicians can focus imme-
diately on providing them with intensive anticoagulation and thorough discharge plan-
ning (Table 3). Equally useful is identifying high-risk patients, especially those patients
at high risk even though they appear clinically stable. Despite their apparent stability,

Table 2
Methods of Risk Stratification

Clinical evaluation
Gestalt
Formal prognostic indexing

ECG
Echocardiography

RV dilatation
RV function

Chest CT scan
Reconstructed cardiac views
RV enlargement

Cardiac biomarkers
Troponin
Natriuretic peptides

Table 3
Possible Management Strategies for Low-Risk Patients

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

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

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

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

5. Oral direct thrombin inhibitor (e.g., ximelagatran) as monotherapy (investigational)
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they are at risk of sudden decompensation and often require anticoagulation plus addi-
tional measures to ensure a successful outcome (Table 4).

CARDIAC BIOMARKERS

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

Cardiac troponin and the natriuretic peptides have emerged as the most useful cardiac
biomarkers to date in risk stratification of acute PE. These biomarkers have a high negative
predictive value for in-hospital death. Consequently, they can identify low-risk patients
with PE. The cutoff levels for troponin are generally at the decision limit for myocardial
infarction (MI). For natriuretic peptides, the cutoff levels are lower than those used for
the diagnosis of left-sided congestive heart failure (10).

Pathophysiology of Hemodynamic Stress and Cardiac Injury
Acute PE increases pulmonary vascular resistance, partly owing to hypoxic vasocon-

striction. In patients without prior cardiopulmonary disease, the mean pulmonary artery
pressure can double to approx 40 mmHg. A further doubling of pulmonary artery pres-
sure may occur in patients with chronic thromboembolic pulmonary hypertension (11).

Right ventricular enlargement owing to pressure overload causes a leftward shift of
the interventricular septum, a manifestation of interventricular dependence that leads to
reduced left ventricular (LV) preload and decreased cardiac output. RV contraction con-
tinues even after the left ventricle starts relaxing at end systole. The interventricular septum
flattens during systole and then bulges toward the left ventricle, with paradoxical septal
motion that distorts the normally circular LV cavity. There is diastolic LV impairment,
owing to septal displacement, reduced LV distensibility, and impaired LV filling during
diastole.

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

Increased RV wall tension and oxygen demand, combined with reduced coronary perfu-
sion and oxygen supply, may cause RV myocardial ischemia. As RV wall stress increases,
cardiac ischemia may develop because increased RV pressure compresses the right coro-
nary artery, diminishes subendocardial perfusion, and limits myocardial oxygen supply
(13). This setting provides the substrate for abnormal release of cardiac biomarkers.

Table 4
Possible Management Strategies for High-Risk Patients

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

2. Open surgical embolectomy
3. Catheter embolectomy
4. Placement of a retrievable or permanent inferior vena caval filter
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Cardiac Troponin
As a more sensitive biomarker of myocardial inury, cardiac troponin is elevated more

frequently than creatine kinase (CK) or CK-MB in patients with PE. The release of tropo-
nin in patients with PE is often quantitatively small, far less than typically observed in an
ST-elevation MI (10). The release of troponin in this setting most likely results from acute
RV pressure overload, impaired coronary blood flow, and severe hypoxemia that cause
micronecrosis of the right ventricle.

In 1998, Pacouret et al. (14) reported that 2 of 29 patients with acute PE had elevated
levels of troponin I, 13 and 5.6 μ/L (normal in their laboratory: <1 μ/L). Neither patient had
clinical features to suggest high risk, nor did either patient have known coronary disease
or renal insufficiency. Both patients survived. The investigators postulated that troponin
elevation indicated the possibility of myocardial damage in patients with massive PE.
However, they doubted that troponin could be used to risk stratify patients because their
two patients had uncomplicated hospital courses, without electrocardiographic or echo-
cardiographic findings to suggest that they were more susceptible than their other patients
to an adverse clinical outcome.

In 2000, Meyer et al. (15), from Goettingen, Germany, described 36 patients with PE of
whom 16 had RV enlargement on echocardiogram. Of the 36 patients, 14 (39%) had ele-
vated levels of troponin I. All but 4 of the 14 with an increased serum concentration of
troponin had RV dilatation on echocardiogram. Thus, in contrast to the initial report from
Pacouret et al. (14), patients with elevated troponin levels had a higher likelihood of hav-
ing RV dysfunction.

Giannitsis et al. (16) went one step further in a larger study published the same year. Of
56 patients with PE, troponin T was elevated in 18 (32%). Patients with elevated troponin
T levels were more likely to die in hospital, to suffer prolonged hypotension and cardio-
genic shock, to require cardiopulmonary resuscitation, to need inotropic support, and to
use mechanical ventilation than patients who did not have elevated troponin T levels.
After multivariable regression analysis, elevated levels of troponin T remained the only
independent predictor of in-hospital mortality (adjusted odds ratio [OR] 15.2; 95% con-
fidence interval [CI]: 1.22–190). The 30-d mortality rate was 44% in troponin T-positive
patients compared with 3% in troponin T-negative patients (Fig. 1).

Konstantinides et al. (17) conducted the largest investigation of troponin and PE, called
the Management Strategies and Prognosis of Pulmonary Embolism-2 (MAPPET-2) study.
This prospective study of 106 patients with PE found elevated troponin I in 43 (41%)
patients and elevated troponin T in 39 (37%). There was a significant association between
abnormal troponin results and the two major end points, in-hospital mortality and compli-
cated hospital course, defined as death or the need for thrombolysis, pressors, mechanical
ventilation, or cardiopulmonary resuscitation. As troponin levels increased, the mortality
and complication rates increased (Fig. 2). The negative predictive value of cardiac troponin
results for major clinical events was 92 to 93%. These findings strongly support the use
of troponins for risk stratification of patients with PE.

Troponin I and T are equally useful. Since MAPPET-2, additional studies have con-
firmed the finding of elevated troponin levels in some patients with submassive PE (18–
20). The frequency ranges from 20 to 50%, depending on the acuity of the patients. In these
more recent studies (19,20), elevation of troponin levels has consistently been associated
with a complicated clinical course and higher than average likelihood of a fatal outcome.
Conversely, lack of “troponin leak” is associated with a benign clinical course.



134 Cardiovascular Biomarkers

B-Type Natriuretic Peptide
B-type natriuretic peptide (BNP) is released predominantly by the cardiac ventricles

in response to myocardial wall stretch (see Chapter 21) (21).
ten Wolde et al. (22) published the first study showing that the plasma concentration of

BNP is associated with the risk of adverse outcome in patients with acute PE. They exam-
ined 110 consecutive hemodynamically stable patients and divided their BNP results into
terciles: 0–2.5, 2.5–21.7, and >21.7 pmol/L. When they followed patients for 3 mo after
the diagnosis of PE, there were no deaths in the lowest tercile, two deaths in the middle
tercile, and nine deaths in the highest tercile.

In a separate study, Kucher et al. (23) measured the plasma concentration of BNP in 73
consecutive patients with acute PE. They used a prespecified cutoff of <90 pg/mL for pre-
dicting the absence of a major adverse cardiovascular event. In 20 patients with adverse
clinical events, the median BNP was 194 compared with 39 among patients with a benign
clinical course (Fig. 3). In multivariable analysis, the adjusted OR for an adverse clinical

Fig. 1. Kaplan-Meier survival curve of troponin-positive vs troponin-negative patients with PE.
cTnT, cardiac troponin T. (Reprinted with permission from ref. 16.)

Fig. 2. Escalation of in-hospital mortality, complications, and recurrence rates depending on baseline
troponin I (A) and T (B) levels: white bars, patients without detectable troponin; shaded bars, patients
with moderately elevated troponin I (0.07–1.5 ng/mL) or troponin T (0.04–0.1 ng/mL); solid bars, high
troponin levels, defined as >1.5 ng/mL for troponin I and >0.1 ng/mL for troponin T. (Reprinted with
permission from ref. 17.)
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event in patients with BNP > 90 pg/mL was 8.0 (95% CI: 1.3–50; p = 0.03). The sensitivity,
specificity, and negative and positive predictive value were 85, 75, 93, and 57%, respec-
tively. However, the most sensitive BNP cutoff, identified by receiver operating charac-
teristic (ROC) analysis, was <50 pg/mL. Sensitivity, specificity, and negative and positive
predictive value of BNP levels <50 pg/mL were 95, 60, 97, and 48%, respectively.

Although N-terminal proBNP (NT-proBNP) has not been studied as extensively as BNP
in patients with PE, the available data suggest similar prognostic relationships. Low levels
of NT-proBNP are associated with an uneventful hospital course, whereas elevated levels
portend a higher risk of adverse clinical outcomes (24,25) (Fig. 4).

Despite these promising data, the utility of BNP in patients with PE remains less well
established than that of troponin. For example, in a study of 50 patients with PE, BNP
levels were increased in the presence of right ventricle dysfunction but were not predic-
tive of mortality or in-hospital complications (26). Moreover, the appropriate cutoff level
for BNP for risk assessment in patients with PE is not as clear as for troponin, for which
any elevation is abnormal and appears to indicate an increased risk of a complicated

Fig. 3. Box plots with BNP levels according to clinical outcome. (A) Median values, 50 and 95% CIs,
and outliers for BNP; (B) ROC curve of BNP for adverse clinical outcome. (Reprinted with permission
from ref. 23.)

Fig. 4. Cumulative rate of adverse clinical outcomes according to proBNP (NTpBNP) levels <500 ≥
500 pg/mL (p < 0.0001). (Reprinted with permission from ref. 24.)
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hospital course. Finally, it remains unclear whether the natriuretic peptides will be com-
plementary to or alternative markers for the troponin.

CONCLUSION
RV microinfarction and right ventricular shear stress are the most likely explanations

for the rise in troponin and natriuretic peptides, respectively, in certain patients with
acute PE (Fig. 5). These elevations in cardiac biomarkers reflect an increased likelihood
that the hospital course will be complicated despite immediate treatment with anticoagu-
lation. Biomarkers are not useful in patients who present with cardiogenic shock owing
to PE (Fig. 6). These patients require more aggressive management including consider-
ation of emergency thrombolysis or embolectomy. So far, biomarkers for PE have been
evaluated only in cohort studies. Future trials will assess these biomarkers in formal pro-
spective management trials.

Fig. 5. Mechanism of cardiac biomarker level elevation in pulmonary embolism. RV, right ventricu-
lar. NP, natriuretic peptides; cTnI, cardiac troponin I. (Reprinted with permission from ref. 10.)

Fig. 6. Pulmonary embolism management strategy. RV, right ventricular; cTn, cardiac troponin.
(Reprinted with permission from ref. 10.)
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INTRODUCTION

Cardiac troponin I (cTnI) and cardiac troponin T (cTnT) have been recognized by both
the cardiology and laboratory medicine communities to be the most sensitive and specific
biomarkers for detection of irreversible myocardial damage (1–4). Both cTnI and cTnT
have been shown to be tissue specific for the myocardium (5). However, increases in cTnI
and cTnT are not specific to the mechanism of myocardial injury, and damage can occur
from numerous mechanisms in addition to acute ischemia (6,7). Thorough clinical evalua-
tion and serial monitoring of cardiac troponin will assist in discriminating acute coronary
syndrome (ACS) presentations from nonischemic causes of an increase in the concentra-
tion of cardiac troponin. In the earliest report identifying hospitalized patients without
acute myocardial infarction (AMI) who had increased troponin concentrations, 79 patients
randomly sampled within 12 h of admission from medical and surgical units demonstrated
cTnT increases from 0.13 to as high as 7.8 μg/L (normal: ≤0.1 μg/L) in the setting of a
variety of conditions, including lung cancer, drug overdoses, small bowel obstruction,
stroke, end-stage renal disease (ESRD), pneumonia, and scleroderma (6). During the past
18 yr since that report, numerous case reports and clinical studies have demonstrated that
cTnT and cTnI are the preferred specific biomarkers to detect myocardial injury in the clin-
ical setting of nonmyocardial ischemic presentations. In some of these clinical situations,
an increased concentration of cardiac troponin is associated with a higher risk of adverse
events in the short and/or long term. Research is needed to elucidate the pathophysiological
mechanisms associated with such increases in cardiac troponin in each category of pathol-
ogy. In addition, clinicians must recognize that increased cardiac troponin does not neces-
sarily equate to AMI and in the vast majority of cases does not indicate a false-positive
finding.

Table 1 provides a list of clinical settings in which increased concentrations of cardiac
troponin have been shown to occur in the absence of ACS. The purpose of this chapter
is to review the literature regarding studies and case presentations of increased levels of
cardiac troponin in these settings. Furthermore, this chapter briefly reviews reports that
address spurious, false-positive and false-negative cardiac troponin values owing to pre-
analytic interferences in the absence of myocardial damage.

HEART FAILURE

Increased concentrations of cTnI and cTnT have been found in patients with congestive
heart failure (CHF) (8–12). Heart failure is a dynamic process with progressive severity
and is structurally characterized by cellular degeneration and multiple foci of myocardial
cell death. The specific underlying mechanisms of myocyte necrosis likely vary between
etiologies of heart failure and in some instances remain unclear. In the majority of
patients with heart failure studied, increased concentrations of cardiac troponin have
been detected predominantly in patients with advanced CHF (New York Heart Associa-
tion III and IV classifications) and are distinguished with evidence of increased cardiac
events over a 2-yr period (Fig. 1) (8). Increased cTnI and cTnT values in patients with
advanced heart failure are also independently associated with a decline in left ventricular
ejection fraction (LVEF) and higher mortality. In addition, the prognostic information
from cardiac troponin appears to be additive to other clinical indicators associated with the
risk of death in heart failure. For example, the combination of increased cTnI and increased
B-type natriuretic peptide (BNP) identifies heart failure patients with a markedly (12-fold)
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Table 1
Clinical Settings Frequently Associated

With Increased Cardiac Troponin Concentrations in Absence of ACSs

• CHFa

• Trauma, cardiac contusion
• Cardioversion, electrical defibrillation
• Pulmonary embolism, edemaa

• Sepsis, septic shocka

• Myocarditis
• Exercise, vital exhaustion
• Strokea

• Noncardiac, vascular surgery
• ESRDa

• Hypertension
• Hypotension
• Critically ill intensive care patientsa

• Aneurysmal subarachnoid hemorrhage
• Drugs of abuse toxicity, including ethanol
• Chemotherapy
• Heart surgery, transplantation
• Polymyositis, dermatomyositis
• Cardiomyopathy
• Rhabdomyolysis, trauma (nonchest)
• Hematological malignancies
• Acute pericarditis
• Amyloid cardiomyopathy
• Idiopathic dilated cardiomyopathy
• Neonates
• Lung disease

a Evidence of role of cardiac troponin for risk stratification for short- or long-
term outcomes.

Fig. 1. Kaplan-Meier curves for patients with CHF assessed by cTnT concentration. (Reproduced
from ref. 8.)
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higher risk of death (9). Furthermore, available evidence suggests that ongoing myo-
fibrillar degradation, resulting in increased cardiac troponin concentrations, parallels the
severity of the disease. A potential future clinical role for troponin testing in guiding treat-
ment strategies for patients with heart failure is discussed in Chapter 8.

TRAUMA

Diagnosis of Blunt Cardiac Trauma
Concentrations of both cTnI and cTnT have been shown to be increased in trauma

patients, especially following cardiac contusion (13–16). Blunt cardiac injury typically
results from direct compression of the heart or decelerating forces delivered to the chest.
Such cardiac injury may occur even after relatively low-energy trauma without other
obvious injuries. In the large majority of patients with blunt chest trauma studied, small
to moderate increases in cardiac troponin were found, implying that the extent of injury
is small (14,15). The results of testing for cardiac troponin were able to differentiate the
majority of patients with isolated increased creatine kinase-MB (CK-MB) values related
to skeletal muscle damage from those with myocardial injury. In one representative study
of 44 patients with blunt chest trauma, 37 trauma patients without cardiac contusion had
increases in CK-MB without a rise in cTnI (15). In the six patients with evidence of car-
diac injury by echocardiography, all had increased cTnI values, based on serial sampling
over 24 h following presentation (Fig. 2) (15). In that study, cTnI offered superior specif-
icity for the diagnosis of blunt cardiac trauma to both CK-MB measurement and electrocar-
diography, which were abnormal in 70 and 95% of those with no wall motion abnormalities
on cardiac echo.

Fig. 2. Peak cTnI, CK-MB, and ratio of CK-MB to total CK in patients without cardiac contusion (�)
and with cardiac contusion (●). Horizontal lines indicates upper reference cutoffs. (Reproduced
from ref. 15.)
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These data have supported the consensus that cardiac troponin is superior to CK-MB
for the diagnosis of blunt cardiac injury. Nevertheless, although other, larger studies have
confirmed the high specificity of troponin with respect to a clinical diagnosis of cardiac
contusion, the sensitivity may be substantially lower (12–31%). For example, Bertinchant
et al. (14) studied hemodynamically stable patients with suspected blunt cardiac injury
(n = 94). Based on electrocardiographic and echocardiographic findings, 28% of patients
were given a diagnosis of “myocardial contusion.” Elevated levels of cTnI (≥0.1 μg/L;
Beckman Access) and cTnT (>0.1 μg/L) were highly specific (97 and 100%, respec-
tively) for the diagnosis of “myocardial contusion” but offered low sensitivity (23 and 12%,
respectively) (14).

Cardiac Troponin and Clinical Decision Making in Blunt Chest Trauma
The aforementioned data confirm the high probability of electrocardiographic and

echocardiographic abnormalities among patients with chest trauma and elevated tropo-
nin. However, from this evidence alone, it is not clear whether management of patients
with suspected blunt cardiac trauma should be altered on the basis of troponin results.
Few studies have evaluated the usefulness of troponin for assessing the risk of important
clinical manifestations of blunt cardiac injury. In one study of 115 patients requiring
intensive care for blunt chest trauma, 16.5% developed significant clinical manifestations
(arrhythmia or pericardial effusion requiring treatment, cardiogenic shock, or hypoten-
sion unexplained by other conditions) (17). cTnI (>1.5 ng/mL; Dimension RxL) provided
a stronger positive predictive value (48%) compared to the electrocardiogram (ECG)
(28%), while both had high negative predictive values (93 and 95%, respectively). When
used together, “negative” findings on the ECG and serial measurements of cTnI identi-
fied a population of patients (40%) who suffered no important clinical manifestations of
cardiac trauma. The high negative predictive capacity of this combined testing in this study
supports the possibility of using such noninvasive information to identify low-risk candi-
dates for early discharge. However, other investigators have had conflicting observations,
with up to 73% of patients who developed subsequent cardiac events presenting with nor-
mal results of testing for cTnT (18).

Clinical Role
Interpretation of the aggregate evidence is made difficult by substantial variation in

enrollment and diagnostic criteria, troponin thresholds, and clinical end points used in the
trauma studies noted above. Nevertheless, it is clear that cardiac troponin offers superior
specificity to CK-MB and is the preferred biomarker for detection of cardiac injury in the
setting of trauma. Further research is necessary to confirm whether patients with normal
ECG and troponin testing are at acceptably low risk to permit early discharge without obser-
vation. This application is likely to become more reliable as improved analytic precision
at low concentrations enables the use of lower cut points for troponin. Clinical studies
will be necessary to determine whether “minor” increases in troponin concentration are
important for management.

ELECTRICAL CARDIOVERSION
Conflicting reports have been published regarding the release of cardiac troponin fol-

lowing electrical cardioversion (19–23). The majority of studies report minor increases
in both cTnT and cTnI following direct-current cardioversion in patients presenting with
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atrial or ventricular fibrillation. Release of cardiac troponin occurs within 3–6 h after car-
dioversion, with blood concentrations declining to baseline within 24 h. In general, <50%
of patients show an increase, with the percentage dependent on the cutoff applied. Over-
all, the data suggest that occult, asymptomatic myocardial injury can occur following
electrical cardioversion. Consistent with this biochemical evidence, histopathological
studies have demonstrated morphological and functional derangement of cardiac myo-
cytes following electrical shocks in animal models. Data are mixed as to whether the pres-
ence of and extent of increase in troponin are related to the number of shocks or to the
amount of energy delivered.

At the present time, there is no evidence that routine measurement of cardiac troponin
after elective cardioversion is useful for patient management. It is expected that slight
increases in troponin concentration will be evident in some patients. More substantial
increases are likely indicative of myocardial damage unrelated to the external shock and
should prompt a search for the etiology of injury. More information is needed regarding
interpretation of elevation of cardiac troponins in patients surviving cardioversion for out-
of-hospital cardiac arrest. Until new data suggest otherwise, it is reasonable to maintain a
high index of clinical suspicion for myocardial ischemia and undertake appropriate eval-
uation in patients with elevated cardiac troponins after resuscitation from cardiac arrest.

PULMONARY EMBOLI

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

SEPSIS

Frequency and Pathobiology of Troponin Elevation in Sepsis
Numerous reports have established that both cTnI and cTnT are biomarkers of myo-

cardial injury in sepsis and septic shock or other systemic immune response syndromes
(SIRSs), such as pancreatitis (27–32). Septic patients presenting to tertiary, urgent, and
intensive care settings without documented heart disease have abnormal troponin results
in a substantial proportion (31–85%) of cases. In a representative study among adult
patients (n = 46) with septic shock, levels of cTnI (≥0.4 μg/L; Stratus II) and cTnT (>0.1
μg/L; Elecsys 2010) were found to be elevated in 50 and 36%, respectively, with peak
concentrations (median, interquartile range) of 1.4 μg/L (0.8–6.8 μg/L) for cTnI and 0.66
μg/L (0.19–1.51 μg/L) for cTnT (31).

The mechanism responsible for minor myocardial damage in this setting is not com-
pletely understood and a number of potential contributors should be considered. Certainly,
elderly patients with sepsis are at risk of concomitant coronary atherosclerosis and may
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develop myocardial ischemia during the stress of major illness. However, elevated levels
of troponin have been observed in children with meningococcal sepsis (62%) in the obvi-
ous absence of coronary artery disease (CAD). In addition, a substantial proportion of
adults with abnormal levels of cardiac troponin during sepsis have no evidence of obstruc-
tive CAD or histopathological evidence of irreversible myocardial injury. For example,
in one study 58% of patients with elevated cTnI had no appreciable CAD when evaluated
by coronary angiography, stress echocardiography, or pathological findings (32). Although
disseminated microthrombi and small-vessel coronary obstruction should be considered,
it is probable that myocardial injury during sepsis also can result from non-ischemic mech-
anisms. Transient myocardial dysfunction is present in up to 40% of patients with sepsis.
The prevailing contemporary opinion relates this dysfunction to direct myocardial depres-
sant effects of inflammatory mediators elaborated in SIRSs rather than global myocar-
dial ischemia owing to disrupted coronary autoregulation, as once thought (29). Candidate
mediators that may act as “myocardial depressant factors” in SIRSs include lipopolysac-
charide, prostanoids, nitric oxide, and inflammatory cytokines such as tumor necrosis fac-
tor (TNF)-α and interleukin-1β. Notably, patients with sepsis and impaired left ventricular
function show greater increases in cardiac troponin, potentially tying myocardial toxic/
depressant effects of inflammatory cytokines to the release of cardiac troponin.

Association of Increases in Troponin With Outcomes in Sepsis
Higher cardiac troponin concentrations in patients with sepsis have been associated

with higher mortality (Fig. 4) in a few published studies to date (30). Such patients are
also more likely to have other markers of a less favorable clinical status as captured by
critical care indices of severity of illness (e.g., APACHE II score). Therefore, it is not yet
clear whether troponin is an independent predictor of poor outcomes in sepsis.

Fig. 3. Kaplan-Meier survival curves for patients with pulmonary edema. (Reproduced from ref. 25.)
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Clinical Role for Troponin Testing in Sepsis
At present, data supporting any clinical application of troponin for prognostic assess-

ment in SIRSs are limited, and, more important, no specific therapeutic strategies that
might modify the risk of patients with SIRS have been identified. Application of aggres-
sive antithrombotic, antiplatelet, and invasive therapies effective for patients presenting
with ACS and elevated troponin are not supported by clinical data in this setting and may
expose patients with sepsis to additional, unacceptable risks. Specific anti-inflammatory
therapies such as antibodies to TNF-α have shown promising preliminary results. Research
providing additional insight into the pathogenesis of troponin elevation in sepsis may also
further clarify the mechanisms underlying myocardial dysfunction and guide the devel-
opment of new approaches to the treatment of this highly morbid syndrome (33).

CRITICAL ILLNESS OTHER THAN SEPSIS

Troponin has also been recognized as an independent biomarker of mortality among
critically ill patients (34–37). An initial observational study examining 209 admissions
to a medical and respiratory intensive care unit (ICU) showed that 32 (15%) had increased
cTnI (34). However, only 12 of these 32 patients (37%) were recognized as having myo-
cardial injury by the medical staff, with 20 patients (63%) unrecognized without the assis-
tance of cTnI. Mortality in patients with increased cTnI was 40% compared with 15%
in patients with normal troponin values. These findings were confirmed in a study that
observed increased short-term mortality in noncardiac patients presenting at the emer-
gency department (ED) (37). Patients presenting with an increased cTnI had an RR of death
of 3.08 within 5 d of presentation, as shown in Fig. 5 (37).

Fig. 4. Median serum cTnT concentrations for survivors (dotted line) and nonsurvivors (solid line)
in patients with sepsis during ICU stay. (Reproduced from ref. 30.)
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MYOCARDITIS

Several studies (in both humans and a murine model) have established that cTnI and
cTnT are superior to CK-MB for detection of myocyte injury in myocarditis (Fig. 6) (38–
41). Cardiac troponin monitoring provided sensitive evidence of clinically suspected myo-
carditis in the first month after the onset of heart failure symptoms. However, as for other

Fig. 5. Survival curves of noncardiac, critically ill ED patients stratified by cTnI concentrations.
(Reproduced from ref. 37.)

Fig. 6. Relationship between cTnI and severity of myocarditis in 53 patients. Solid ovals between
black bars represent the mean ± SE for each group. (Reproduced from ref. 39.)
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methods for the diagnosis of myocarditis, negative results do not exclude the presence
of the disease. Nevertheless, the finding of increased levels of troponin in patients with a
clinical story consistent with myocarditis is associated with a higher probability of histo-
logical or immunohistological evidence of myocarditis on endomyocardial biopsy. A cor-
relation of troponin concentration and the severity of myocarditis has not been consistently
observed.

Clinical Role for Troponin in Suspected Myocarditis
Cardiac troponins frequently provide evidence of ongoing myocyte damage in patients

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

STROKE

A relationship between abnormal cTnT concentrations at hospital admission and higher
mortality in patients admitted with an acute ischemic stroke has been demonstrated in
several (43,44) but not all (45) studies. In a study of 181 patients admitted with stroke
among whom cTnT concentrations were measured serially over 72 h after admission, a
peak cTnT level >0.1 μg/L was associated with a 40% risk of mortality vs 13% for patients
with a normal value (Fig. 7) (43). Although other studies have demonstrated that increased
CK-MB concentrations after stroke are often not of myocardial origin (44), findings with
troponin draw attention to the seldom-recognized cardiac complications of stroke. Never-
theless, it is important for clinicians to recognize that the etiology of myocardial injury
in this setting is believed to relate predominantly to mechanisms other than acute athero-
thrombosis with surges in catecholamines during stroke playing a primary role. Thus, treat-
ment should be aimed primarily at the underlying cerebrovascular accident.

NONCARDIAC SURGERY

Numerous studies have now confirmed the successful role of monitoring either cTnI
or cTnT after noncardiac surgery to detect perioperative MI (46–50). In a study of 96
patients undergoing vascular surgery, serial measurements of cTnI confirmed 8 patients
who had new cardiac abnormalities detected during echocardiography (46). Measure-
ment of cTnI differentiated the high incidence (19%) of false-positive increases in CK-MB
associated with skeletal muscle release of CK-MB (46). More important, postoperative
increases in cTnI and cTnT are associated with an increased risk of short-term mortality
after vascular surgery (Fig. 8) (48) as well as nonvascular procedures. Although abnor-
mal results of troponin testing are more frequent in patients undergoing vascular surgery,
the incidence of detectable myocardial injury appears similar between nonvascular and
vascular surgery after adjusting for the presence of concomitant CAD.
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EXERCISE

Several studies have observed increases in the concentration of cTnI and cTnT in highly
trained athletes during training and after athletic competition (51–63). The majority of
reports have addressed marathon runners and triathletes. The early literature confused
the presence of increased CK-MB in athletes with myocardial injury. This hypothesis was
dispelled with the evidence that CK-MB-enriched skeletal muscle, injured during intense
exercise, was responsible for the increased serum CK-MB values (62,63). Substantial

Fig. 7. Kaplan-Meier survival curves for 181 patients with acute stroke stratified by normal and
increased cTnT concentrations. (Reproduced from ref. 43.)

Fig. 8. Kaplan-Meier survival curves in 229 postoperative vascular surgery patients based on cTnI
levels. CI, confidence interval; HR, hazard ratio. (Reproduced from ref. 48.)
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increases in cardiac troponin have been reported as follows: ultracyclists with increase
in cTnI in 34% of 38 participants (59); 6 of 23 Ironman triathletes, along with abnormali-
ties in their ECG (51); 10% of marathon runners with increases in cTnT and cTnI, eval-
uated in at least five different studies (6–24 h post race) (56–58,60,62,63); military
recruits in arduous training with increases in cTnT (62). Extreme exercise using 3–5 h of
forced swimming in a rat model showed substantial increases in cTnT that corresponded
with histological evidence of localized myocyte damage (Figs. 9 and 10) (55). However,
in human subjects, studies have demonstrated normal postrace quantitative antimyosin
myocardial imaging in asymptomatic marathon runners (excluding silent myocardial cell
necrosis by imaging), even in the presence of increased cardiac troponin evidence of
myocardial cell death (56). Possible mechanisms for the release of cardiac troponin may
be global ischemia injury or a more natural turnover of myocardial cells following the
stress of running, an issue currently under debate. Long-term risk stratification or out-
come studies in these apparently healthy endurance athletes have not been performed.

NEWBORN INFANTS/PEDIATRICS

cTnT and cTnI concentrations have been described in cord blood and for reference
determinations in newborns and pediatric patients (64–67). In one study, 12 of 209 neo-
nates showed increased cTnT levels at the time of delivery. Increases were associated
with exposure to magnesium sulfate therapy by the mother prior to birth (68). It has been
suggested that infants with respiratory distress at birth had increased cTnT levels (69).
In a study of 18 infants, gestational age and birth weight influenced cTnI levels, with
preterm infants having higher cTnI values (64). In older pediatric patients (up to 29 mo),
cTnI values are generally not increased. However, in the context of severe, acute illness,
increased cTnI values were indicators of poor outcomes, especially in cases in which car-
diac contusion was suspected (70).

Fig. 9. Serum cTnT alterations in rats exposed to 3–5 h of intense exercise; p < 0.01 vs controls;
p < 0.01 between groups. (Reproduced from ref. 55.)
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DRUG-INDUCED MYOCARDIAL DAMAGE

Increases in cardiac troponin have been described in (1) patients treated with certain
types of antineoplastic agents, (2) patients presenting to hospitals following alcohol and
drug abuse, and (3) patients with therapeutic drug-induced cardiac toxicity. The release
of cardiac troponin into the circulation following therapy with antineoplastic agents has
been well documented (71–74). Both acute (within hours) and chronic (days to weeks)
myocardial toxicity manifested by ischemia, arrhythmias, myocarditis, pericarditis, car-
diomyopathy, and/or MI after dosing with the anthracyclines 5-fluorouracil, doxorubicin,
and daunorubicin have been associated with minimal and large increases in cTnI. Reports
have documented that a medication dose-dependent pattern of myocyte injury is respon-
sible for increases in troponin, even without electrocardiographic or echocardiographic
abnormalities. Studies have shown that in patients undergoing high-dose chemotherapy,
an increase in cardiac troponin predicts the development of future left ventricular dys-
function (Table 2) (73).

Fig. 10. Light microscopic evidence of damaged myocardial fibers and intracellular areas demon-
strated by infiltrates of neutrophils, lymphocytes, and histiocytes (a) and vesicular nuclei-enlarged
chromatin patterns of left ventricle from a rat subjected to 5 h of swimming (b). (Reproduced from
ref. 55.) Table 2

Change in Percent LVEF

Month of cTnI positive  cTnI negative

follow-up Mean SD Mean SD No. of echos p Value

1 −6.8 10.0 −1.5 8.7 131 0.0003
2 −9.6 8.9 −2.7 8.3 143 <0.0001
3 −11.3 9.8 −2.5 9.0 110 <0.0001
4 −13.6 10.1 −1.5 8.0 135 <0.0001
7 −14.8 10.0 −1.3 8.5 138 <0.0001
12 −18.2 9.8 −2.5 8.6 117 <0.0002

LVEF, left ventricular ejection fraction.
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Several drugs of abuse have been associated with increases in cardiac troponin without
evidence of ischemia. These include alcohol when heavily consumed (75), cocaine (76,
77), and amphetamines (7). Small clinical studies and case reports have documented
increased cardiac troponin concentrations following CO exposure, theophylline over-
dose, snake bites, and during treatment with fluvastatin (7,78). Two case reports also docu-
mented an apparent propofol-induced cardiac and a skeletal muscle rhabdomyolysis;
both cases resulting in fatality (79).

END-STAGE RENAL DISEASE

Cardiac disease is the major cause of death in patients with ESRD, accounting for approx
45% of all deaths (80). In dialysis patients, about 20% of cardiac deaths are attributed to
AMI. MI is a catastrophic clinical event in ESRD patients, with a 2-yr mortality of 73%.
Increased cardiac death rates in ESRD patients occur more frequently on Mondays and
Tuesdays (20%) compared with other days of the week (14%) (81). One challenge con-
fronting the nephrology community is the exploration of more aggressive treatment modal-
ities for cardiovascular disease in these patients.

Serum or plasma cTnT and cTnI are important predictors of long-term, all-cause, and
cardiovascular mortality in patients with ESRD (82–107) rather than a spurious finding.
Elevations in troponin are associated with higher mortality in outpatient dialysis patients
(Fig. 11) (106). For example, elevated cTnT defined by the 99th percentile cutoff is asso-
ciated with a two- to fourfold increased risk of death over 2 to 3 yr, even following adjust-
ment for other risk factors. It is quite plausible that other mechanisms besides ACS are
responsible for the elevation in troponin and adverse outcome, as evidenced by increased
C-reactive protein (CRP) and NT-proBNP in these patients (106).

The clinical duality of cardiac troponin testing in dialysis patients must be acknowl-
edged to avoid incorrect clinical judgments; that is, defining ACS and predicting mortality
are complementary but discrete tasks. Several studies indicate differences in the observed

Fig. 11. Kaplan-Meier survival curves by baseline cTnT, cTnI, and hsCRP in 399 patients with ESRD.
(Reproduced from ref. 106.)
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rates of increase in cTnT vs cTnI and among different cTnI assays (106). Using the 99th
percentile cutoff, 85% (n = 339) of cTnT vs only 5–19% (n = 20–76; Dade cTnI vs Beck-
man cTnI assays) of cTnI concentrations were increased. Speculated causes for the dif-
ference in increases in cTnT compared with cTnI include the following: First, increased
cTnT, but not cTnI, reflects increased left ventricular mass in the population with ESRD;
second, the release of cTnT from injured myocardium may have a longer circulating half-
life compared with cTnI owing to advanced glycation end products known to accumulate
in diabetic patients with renal disease; third, cTnI may decrease postdialysis, either
directly, owing to removal by dialysis, or indirectly, by degradation of the labile cTnI mole-
cule. By contrast, cTnT concentrations trend toward an increase postdialysis. In addition,
it appears that the Beckman Access cTnI assay detects a larger number of subjects with
increased cTnT; this is likely owing to an improved low-end analytic performance of the
assay. Additional studies are needed to elucidate the mechanism responsible for the cTnI/
cTnT differences found in patients with ESRD. Regardless of the mechanisms of myocar-
dial injury in patients with ESRD, findings continue to substantiate the prognostic rele-
vance of cardiac troponin testing in these patients. Incorporation of quarterly or semiannual
cardiac troponin monitoring in patients with ESRD may assist in initiating more aggres-
sive treatment of underlying CAD, detecting subclinical myocardial injury, and choosing
treatment therapies before renal transplantation.

MISCELLANEOUS PATHOLOGIES
New case reports and case series continue to emerge reporting increases in cTnI and/

or cTnT in a wide variety of miscellaneous pathologies, indicating secondary myocardial
injury. These settings include aneurysmal subarachnoid hemorrhage (108–110), poly-
myositis/dermatomyositis (111), rhabdomyolysis/skeletal muscle injury not involving
the chest (112–114), hematological malignancies (115), acute pericarditis (116–118), and
lobar lung disease (119). In one of the most interesting observations, cTnI was preserved
through time, with immunoreactivity found in mummified abdominal tissue from Horem-
kenesi, a craftsman excavating and decorating the tombs of the pharaohs (~1050 BC), who
died of a heart attack (120). Two novel reports have described acute and reversible car-
diomyopathy provoked by stress in women (designated as “broken heart syndrome”) mani-
fest by acute substernal chest pain with ST-elevation and/or T-wave inversion, absence of
significant coronary narrowing, systolic dysfunction, profound psychological stress (death
of relatives, arguments, catastrophic medical diagnoses, devastating financial losses), and
at least moderate increases in cardiac troponin (cTnT concentrations ranging from <0.01
to 25.8 μg/L) (121,122). In each case, an acute ischemic mechanism was excluded and
the cardiomyopathy was reversible. These cases do not represent all etiologies reportedly
documenting increases in cardiac troponin but are representative of the diverse circum-
stances in which myocardial injury may occur and can now be detected with cardiac tropo-
nin. It is thus left up to the clinician to determine the mechanism responsible for the release
of cardiac troponin and the appropriate management of the patient, while keeping in mind
that increased cardiac troponin equates to irreversible myocardial cell injury, and that in the
clinical setting of ischemia, increased troponin should be considered indicative of an MI.

PREANALYTIC INTERFERENCES
Several factors have been identified as being responsible both for analytic false-positive

cardiac troponin findings without the presence of myocardial injury and for false-negative
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findings when myocardial injury was present (123). These factors are discussed in detail
in Chapter 2 and mentioned briefly here. False-positive cardiac troponin findings may be
owing to heterophile antibodies, such as rheumatoid factors, human antianimal antibodies,
fibrin clots, microparticles in specimens, and analyzer malfunctions (124–131). Typi-
cally, when an assay shows this type of interference, increased cardiac troponin concentra-
tions do not follow the typical serial rising and falling patterns as expected in MI but remain
consistently increased over time. When an interferent is suspected, reanalysis of a false-
positive specimen utilizing an alternative cTnI or cTnT assay will often correct the inaccu-
racy. The overall estimated frequency of analytic false positives is likely <1/5000.

CONCLUSION

Increases in serum or plasma cardiac troponin concentrations indicate myocardial injury
in a wide variety of nonischemic presentations. In several of the settings, myocardial injury
detectable with cardiac troponin is associated with both short- and long-term adverse out-
comes. False-positive and false-negative cardiac troponin results owing to preanalytic and
analytic interferences have been reported but are rare in comparison to the frequency of
true myocardial injury in clinical settings other than ACS. Clinically, physicians should
not manage patients only on the basis of an isolated finding of increased cardiac troponin.
In some cases, such as cardiac surgery or radiofrequency ablation, the mechanism of car-
diac injury is immediately apparent and is easily distinguished from ACS. In other cases,
in which diagnosis is often more difficult, such as myocarditis, the provider must thought-
fully integrate biomarker and other clinical data to arrive at the correct conclusions. Serial
monitoring of biomarkers is often very useful in discriminating potential causes of myo-
cardial injury. Further research is needed to determine whether the cut points that are opti-
mal for risk assessment differ among these varied conditions, as well as to ascertain whether
such information will add to current strategies for clinical care, and, in particular, whether
treatment should be altered on the basis of troponin results.
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SUMMARY

The use of highly sensitive and very specific measurements of cardiac troponin I and
troponin T has revolutionized the detection of cardiac injury. Although the most com-
mon use of these tests is the diagnosis of acute myocardial infarction, it has become
clear that there are a large number of other disease entities capable of causing troponin
release. The process of supply/demand imbalance is a part of many of these other patho-
physiologies and, therefore, could, in one sense, be considered ischemia. This suggests
that the cardiac myocyte is sensitive to a variety of pathological stresses on the cardiopul-
monary system. It is feasible that these stresses are reflected in the posttranslational
degradation and disease-specific processing of the troponins within the myocyte prior
to release into the blood. To further facilitate and improve the diagnostic yield of the
cardiac troponins, one can increase the sensitivity of the assays to allow for detection of
still lower levels. Another possibility is to determine whether or not there is the potential
to detect specific cardiac troponin fragments, with the idea that they might be more speci-
fic for the certain types of cardiac injury and thus specific disease processes. This chapter
discusses potential disease-related degradation; why there might be different fragments
for different pathological processes; and, finally, the potential clinical use in monitoring
these modifications. The attempt to distinguish disease entities based on fragment anal-
ysis has the potential to further advance the field by allowing more specific diagnoses.

Key Words: Cardiac troponin; degradation; disease-induced modification; ischemia.
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INTRODUCTION

The use of highly sensitive and nearly totally specific measurements of cardiac tropo-
nin I (cTnI) and cardiac troponin T (cTnT) has revolutionized the ability to detect cardiac
injury. These proteins, which participate in a regulation of the myosin-actin interaction,
have been known for many years (1). In the late 1970s, Cummins and Perry (2) developed
the first serum-based assay predicated on polyclonal antibodies. Subsequently, while
exploring the possibility of increased specificity with some of the myosin light-chain frag-
ments, Hugo Katus, in Germany, determined that cTnT appeared to have unique specific-
ity for myocardium (3). Subsequently, Bodor et al. (4), working at Washington University,
made similar observations when they developed antibodies against cTnI. Subsequent
studies have confirmed the fact that these proteins are the products of unique genes, and
that when appropriate antibody pairs are used for detection, measurements of these
analytes have nearly perfect specificity for the heart (5).

There was some difficulty initially with the antibodies used for the cTnT assay, which
also detected some reexpressed fetal cTnT fragments that can exist in response to injury
in the skeletal muscle (6). However, the present antibodies have been shown to correct
that problem (7,8), and there is nearly total cardiac specificity with either cTnT or cTnI.
For this reason and because they are far more sensitive than previously used markers such
as creatine kinase-MB (CK-MB), these biomarkers have become the “gold standard” for
the diagnosis of cardiac injury (9,10). This advance underlies a conceptual move in diag-
nostics toward the use of organ-specific isoforms to achieve a high level of specificity for
organ damage. However, there is yet another level that may be made possible by under-
standing the unique forms that are released and/or evolve after specific pathophysio-
logical insults.

The most common use for the cardiac troponin (cTnI and/or cTnT) is in the diagnosis
of cardiac injury induced by acute ischemia. A variety of studies have confirmed that any
elevation in cardiac troponin is indicative of cardiac injury and, therefore, fulfills criteria
in the appropriate clinical setting for the diagnosis of acute myocardial infarction (AMI)
(9,10). Prognostically, such elevations have been associated with an adverse prognosis
in patients who present with ischemic heart disease (11). To date, even the most minor
increases in troponin observed in the blood in patients who present with acute coronary
ischemia are associated with an adverse prognosis. Furthermore, such elevations have
therapeutic implications in most, if not all, studies (12).

However, there are a multiplicity of other disease entities that also cause the release of
troponin (13). Many of these include common entities such as acute heart failure, pulmo-
nary embolism, and perhaps less common diseases such as myocarditis. The injurious
processes in each of these circumstances are different, but it appears that elevations, no
matter how modest, are associated with evidence of a pathophysiologically significant
clinical process associated with an adverse clinical prognosis. This relationship is not sur-
prising if one views each of these disease entities as a continuum in which those that are
more severe are more apt to have damage to cardiomyocytes, and carry a more adverse
prognosis over time. This observation has led to a variety of suggestions for risk stratifica-
tion and perhaps the therapeutic interventions predicated on elevations in troponin (12).

As we began to interrogate patients in a variety of clinical settings, it became quite
clear that the diseases capable of damaging the heart are varied with diverse pathophysiol-
ogies that all can result in troponin release (13). Many of them have as part of their patho-
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physiology supply–demand imbalance and, therefore, might be considered ischemia in
one sense. However, in many of these situations, there need not be coronary abnormali-
ties, as are characteristic of patients with acute coronary syndromes (ACSs). Moreover,
given that the stimulus to cardiac injury may be different, these varied conditions may well
induce different changes in the biochemical markers of myocardial injury. The high degree
of sensitivity, specificity, and predictive value of troponin elevations makes the differen-
tial diagnosis in many patients far more critical, and we are just starting to appreciate how
widely troponin measurements should/can be applied. For example, critically ill patients
who have elevations of troponin are at markedly increased risk of subsequent events (14,
15). Such observations suggest that the heart, specifically the cardiac myocytes, is very
sensitive to the physiological environment of the cardiopulmonary system. Thus, patho-
logical changes in any aspect of this system can adversely affect the health of the myocyte
and may be reflected by the release of troponin and its subsequent detection in blood.

The question posed by many researchers is, How can the diagnostic yield of the cardiac
troponins be further facilitated and improved? In other words, how can the clinical utility
of the troponin assay be maximized? Two strategies have been suggested. One is to improve
the sensitivity of the assays to allow detection of still lower levels with the hope that that
will allow still better diagnosis and prognostic classification. Alternatively, one could
determine whether or not there is the potential to detect specific cardiac troponin fragments
with the idea that they might be more specific for the certain types of cardiac injury and
thus specific disease processes. The present review is oriented toward exploring the latter
hypothesis.

PHYSIOLOGICAL AND PATHOLOGICAL STATUS
OF TROPONIN IN HEART

Physiological Action of Troponins I, T, and C
Troponin comprises three subunits, troponin I, troponin T, and troponin C, which work

in concert with tropomyosin and filamentous actin (thin filament) in a highly cooperative
manner to control and regulate striated muscle (skeletal and cardiac) contraction. Contrac-
tion occurs through the calcium-dependent interaction of the thin and thick filament (pri-
marily composed of myosin) (16–20). In diastole, at reduced cellular calcium concentration,
there is a low probability of interaction between the thick and thin filament and, as such,
force production is low and the muscle is relaxed. With systole, calcium floods the cell,
inducing a complex series of conformational changes within the troponin complex, ulti-
mately promoting the interaction between actin and myosin (thin and thick filament) and
resulting in force.

The troponin subunits each play a unique functional role (16–20). cTnT is named for
its ability to anchor troponin onto the actin-tropomyosin thin filament through a number
of Ca2+-dependent and Ca2+-independent interactions. cTnC is the Ca2+ sensor. The bind-
ing of an additional calcium to troponin C during systole alters its conformation and inter-
action with cTnI, initiating the Ca2+-dependent signal to the rest of the thin filament. cTnI
acts as a switch, turning muscle contraction on and off. Contraction occurs when cTnC
binds the regulatory calcium, allowing the Ca2+-regulatory region of cTnI to bind cTnC.
This initial interaction pulls over the cTnI inhibitory region from its sites on actin-tropo-
myosin toward cTnC, promoting a cascade of conformational changes throughout the
thick and thin filaments that allows actin and myosin to interact (Fig. 1).
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Phosphorylation and Proteolysis of Troponin
The action of each troponin subunit is regulated through extensive interactions with

each other and actin-tropomyosin. Likely to ensure that the complex remains associated
under most conditions, some of these protein–protein interactions are extremely strong.
Others are less tight and are primarily involved in the regulation of the troponin and thin
filament response to changes in the cellular calcium concentration. Like most important
cellular regulators, cTnI is under tight regulatory control, primarily through signaling path-
ways that ultimately lead to phosphorylation of specific serine and threonine residues.
Although many different kinases (PKC and PAK) have been shown to be able to phosphor-
ylate cTnI (and cTnT) in vitro, only PKA phosphorylation has been shown to occur in
vivo (20) (Fig. 1). PKA is stimulated in response to physiological β-adrenergic stimu-
lation, which also results in the phosphorylation of numerous other important calcium-
response proteins such as phospholamban and the ryanodine receptor (21). The extent of
cTnI and cTnT phosphorylation is affected by two factors: the individual activity of the
kinase and phosphatase and the accessibility of the potential phosphoamino acid. The
latter is primarily dependent on the conformation of the protein and, hence, the cellular
calcium concentration as well as the presence and local influence of any other posttrans-
lational modification.

Fig. 1. Schematic representation of human cTnI. (A) Representation of linear amino acid sequence
of human cTnI (residues 1–209). Important biological regions are shown: the troponin I (TnI) inhib-
itory region ( ); the troponin I calcium-regulatory region (  ); and a region to the C-terminus that
binds actin-tropomyosin (■), which anchors the troponin I molecule in place. Phosphorylation sites
for protein kinase A (PKA), PKC, and p21-activated kinase (PAK) are shown as P. The zigzag points
to the C-terminal cleavage site that occurs with global ischemia in isolated rat hearts. (B) Schematic
of troponin I (modified from ref. 18) showing various regions just described including secondary
cleavage sites shown to occur in isolated rat hearts with more severe ischemia.

.......
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Further diversity can arise when cTnI and/or cTnT undergoes specific and selective
pathological proteolysis with ischemia (19,20,22). The proteolysis in human heart was ini-
tially speculated from a series of experiments on isolated rat hearts that underwent glo-
bal ischemia (17,18,20,22). There is an initial C-terminal proteolysis of cTnI followed
by two N-terminal proteolysis cleavages that subsequently occur with increasing degree
(severity) of ischemia. Although not present in larger animals (dogs and pigs), it is clear
that proteolysis of cTnI does occur in human hearts (more detail in a later section). These
modifications of the troponins could give rise to a dizzying number of phosphorylated
and degraded species of cTnI and cTnT. Confirmation of this diversity is currently lack-
ing, primarily owing to the lack of tools capable of assessing and monitoring the phosphor-
ylation and degradation status of each amino acid residue in a robust and high-throughput
manner. Even so, this combination of physiological and pathological posttranslational
modifications, each of which gives important information about the function of the con-
tractile apparatus, has the potential to become the next level of diagnostics (Fig. 2).

Aggregation of Troponin Subunits
Several intrinsic characteristics of cTnI govern, at least in part, the form of this mole-

cule that is present in the serum. As mentioned, the interactions between cTnI and the other
troponin subunits in the myocyte can be extremely tight and require harsh denaturing con-
ditions (8 M urea and 1 M salt) to dissociate into dimers or monomers. These strong inter-
actions make it difficult for the intact molecules to be released from one another. As well,
cTnI and cTnT are essentially insoluble as monomers and aggregate at neutral pH. Both
molecules have enhanced solubility when bound to each other or to cTnC. Furthermore,
because of its high pI (9.5), resulting from its large number of positively charged amino acid
residues, cTnI is “sticky” and will bind to negatively charged proteins (e.g., troponin C).
cTnT, although having a more neutral pI (~5.0), is also “sticky,” owing to its charge distri-
bution, which is clustered. The N-terminus of cTnT is predominately acidic with many

Fig. 2. Potential different posttranslational modified forms to troponin I that may occur under
physiological and pathological conditions.
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negatively charged amino acid residues whereas the C-terminal portion of the molecule
is basic and contains mainly positively charged amino acids.

These properties indicate, especially for cTnI, that these molecules will most likely
not be found as monomers in the serum but, rather, bound to one or both of the other car-
diac troponin subunits or to other serum protein(s). Data from the literature support this
assumption and have demonstrated indirectly that cTnI in the serum is most likely com-
plexed predominately with cTnC (23,24). Using an anti-troponin I antibody, our labora-
tory (25) captured cTnI-containing complexes from the serum of patients with AMI and
proved directly that cTnI is bound to cTnC in serum (Fig. 3). However, it is not always
the case that these two subunits are bound. It is important to recognize that the phosphory-
lation and degradation status of cTnI can dramatically alter the affinity of cTnI for cTnC.

Fig. 3. Schematic of cTnI complex isolation from tissue and serum of patient who underwent coro-
nary artery bypass graft (CABG). Either tissue homogenate or serum was incubated with an anti-cTnI
antibody covalently coupled to beads. The beads were extensively washed to remove any unbound and
nonspecifically bound protein. This can be seen in the Western blot (lane 1, sample loaded [serum];
lanes 2–6, wash steps), where there is minimal cTnI eluted. The majority of the cTnI remained bound
to the antibody-bead. An aliquot of the bead (cTnI complex-antibody-bead) was boiled and run on
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotted for
the three troponin subunits. In tissue, all three subunits were observed with equal quantity. In serum,
primarily cTnI and cTnC were observed, indicating that cTnI is either a monomer or bound to cTnC
in serum. Protein identification was confirmed by digesting the remaining aliquot of the bead (cTnI
complex-antibody-bead) and analyzed by matrix-assisted laser desorption ionization time-of-flight
mass spectrometry. In tissue, all three troponin subunits were identified, whereas peptide fragments
of only cTnI and cTnC were observed in sample isolated from serum (see ref. 25 for more details).
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For example, truncation of the N-terminus (which can occur with ischemia [secondary
site in Fig. 1]) will remove both PKA phosphorylation sites and a major cTnI-cTnC bind-
ing site, greatly reducing the affinity between the modified cTnI and cTnC. In this case,
the circulating modified form of cTnI most likely will be bound to other positively charged
proteins present in the serum at higher concentration than cTnC. As such, the actual com-
position of the cTnI complex in serum will be dictated in part by it posttranslational status
in the tissue (degraded and/or phosphorylated) (Fig. 4). The same applies to cTnT.

POTENTIAL FOR DIFFERENT FRAGMENTS
FOR DIFFERENT PATHOPHYSIOLOGICAL PROCESSES

“Cytosolic” vs “Structural” Pools

EVIDENCE FOR EXISTENCE OF TWO CELLULAR POOLS

Based on the bimodal release kinetics of cTnI, it is assumed that there are at least two
pools of troponin (26,27). They have been labeled cytosolic and structural, but the studies

Fig. 4. Representative Western blots of cTnI and cTnT from human myocardium or serum. (A) One-
dimensional SDS-PAGE (12%) Western blot of cTnI of biopsy obtained from patient undergoing
CABG taken from left ventricle in area remote to ischemic region before surgery and after cross-
clamp removal. (B) One-dimensional SDS-PAGE (12%) Western blot of cTnI serum obtained from
three different patients with AMI diagnosed using clinical parameters and elevated serum troponin
I based on clinical chemistry assay. (C,D) One-dimensional SDS-PAGE (12%) and two-dimensional
gel electrophoresis (pI 4–7; 12% SDS-PAGE) Western blot of cTnT from left ventricle tissue obtained
from transplanted heart rejected by recipient (C) or biopsy obtained from patient who underwent
CABG (D).
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that have been conducted have usually made that distinction predicated on the ability to
displace the troponin based on the buffer necessary rather than immunohistochemistry.
Displacement with gentle buffers has been suggested to be associated with a “cytosolic
pool” and those associated with harsher biochemical procedures with the so-called struc-
tural pool. Although conceptually difficult to envision either cTnI or cTnT (owing to their
poor solubility and “stickiness”) floating freely around in the cytosol, it is possible that
low levels of troponin are present in the cytosol or loosely bound to the myofilament
during their incorporation (or removal) from the thin filament. Little is known about the
process involved in renewal and regeneration of the thin filament, which is fundamental
to understand the origin of these two physically different pools.

Analyses performed during the development of the troponin assays suggest that for
cTnI, roughly 3.7% of the total troponin found in the heart is in this cytosolic or perhaps
better termed early releasable pool (26), and roughly 5% for cTnT (27). Although a rela-
tively modest percentage of the total concentrations of these proteins, it is in fact a very
large amount. In comparative terms, the early releasable pool of cTnI and cTnT is very
similar to the amount of CK-MB found in myoctyes. It is this pool that is thought to cause
the initial increases observed in patients with AMI. Subsequent release and the subse-
quent elevations of the cardiac troponins, which can persist for 10–14 d or even longer,
are thought to be owing to the degradation of the structurally bound pool as the area of
injury is remodeled. Initially, the area becomes infiltrated by inflammatory cells that
utilize lysosomal enzymes to degrade the injured material, both cells and matrix and then
monocytes and fibroblasts begin to repair the area with the generation of a collagen matrix,
that eventually leads to fibrosis (28). Exciting data have suggested that in some circum-
stances new cardiomyocytes may be interdigitated with this process (29). These two pools
are thought to be important in the kinetics of troponin release because of the reasonably
prompt increase in the cardiac troponin in the clinical setting and the long persistence in
the circulation after an acute insult. It is known from studies in which purified cardiac
troponin has been injected in animals that the half-life of single chains and/or complexes
in plasma is relatively short, in the range of 2–4 h (30). Thus, persistent elevations more
likely reflect the continuing degradation, rather than delayed clearance. Even in patients
with renal dysfunction, clearance curves do not appear to be altered (31).

EVIDENCE FOR RELEASE LIMITED TO CYTOSOLIC POOL

Cytosolic pools may be of some importance from the point of view of both pathophysiol-
ogy and distinguishing reversible from irreversible myocyte injury. It is thought that per-
haps the cytosolic pool could be released with injurious stimuli that are not apt to cause
irreversible cellular injury. The ability to show such release experimentally and confirm
that the cells are injured but have not succumbed is problematic. A good experimental
example comes from monitoring skeletal troponin I release from the respiratory muscles
of rats breathing against an inspiratory resistive load for which careful detection of skel-
etal troponin I (slow and fast skeletal troponin I monitored independently) was related
to the time course of changes in arterial blood gases, respiratory drive (phrenic activity),
and pressure generation (Fig. 5) (32). Modified forms of fast skeletal troponin I were
detected in serum midway through loading coinciding with muscle fatigue and long before
hypercapnic ventilatory failure (when it is assumed that cellular necrosis occurs) (32).

For the heart, there are several clinical situations in which transient elevations in car-
diac troponin are observed with very rapid clearance that would suggest that irreversible
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injury is not present. The two most commonly cited are exercise (33,34) and pulmonary
embolism (PE) (35,36). It is now clear that at the extremes of exercise, termed vital
exhaustion, when animals are pushed to extreme physical activity, troponin degradation
in myocardium and release into plasma occurs (37). In addition, relatively minor transient
increases in troponin levels have been observed in humans after extreme exercise (33,34).
What is particularly interesting is that the elevations are not persistent but quite transient,
usually observed during the first day, and are usually very minor in magnitude. The ques-
tion then has been raised, could such elevations represent transient release from the cyto-
solic pool without implying that exercise causes irreversible myocyte injury? Such specu-
lation would fit with other studies that have failed to show an adverse effect from the minor
elevations and a bias, from many studies that exercise may even be good for cardiac struc-
ture and function. Perhaps a better example of this phenomenon is PE (35,36). PE causes
an acute increase in pulmonary resistance and pulmonary pressures, which increases the
wall stress in the right ventricle. If the right ventricle is hypertrophied, it can tolerate higher
pulmonary resistances and generate higher pressures than if the ventricle has not previ-
ously been conditioned in some way that results in a hypertrophic response. However,
in experimental models, it is difficult to cause irreversible damage to the right ventricle
(38,39). This is, in large part, because it is generally thin and, therefore, can receive nutri-
ents from the cavity, and it has a gradient for collateral blood flow because of the lower pres-
sure in the right ventricle compared with the left ventricle and the right ventricle manifests
a dual blood supply as well. Thus, the increases in troponin seen in acute PE that evolve
rapidly and are gone by 40 h have been used to suggest that such transient elevations may
be a reflection of reversible injury. If so, this suggests that a cytosolic pool that releases the
troponin and perhaps the structural pool, which would only likely be degraded in response

Fig. 5. Release of fast skeletal troponin I (FsTnI) during inspiratory resistive loading. A Western
blot of serum obtained from a rat undergoing inspiratory resistive loading shows increased detection
of specifically FsTnI during muscle fatigue prior to organ failure. The various Western blots rep-
resent different time points in the events leading up to inspiratory resistive loading-induced pump
failure with cellular necrosis most likely occurring. (For more details see ref. 32.)
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to cell death, may be preserved. Such speculation would fit with the experimental and
clinical data that suggest it is difficult to injure irreversibly the right ventricle (38,39).

Potential Diagnostic Application
To the extent that the hypothesis that the release of troponin in the clinical and experi-

mental examples just discussed is limited to the cytosolic pool is correct, this paradigm
would imply that if one could characterize the fragments within the cytosolic pool and dis-
tinguish them from the fragments in the structural pool, one might begin to at least answer
the question of reversible vs irreversible damage. For example, it does appear that the tro-
ponin within the cell is in the form of free chains and it is known that larger fragments, com-
plexes, are released with severe ischemic insults (23–25).

It is conceivable but unproven that the nature of those fragments could depend on the
nature of the injurious stimulus. As mentioned previously, modification of troponin frag-
ments is believed to occur in tissue. Thus, the heterogeneity of fragments demonstrated
may be related in part to residence time in the myocardium (40,41). It is likely that the
duration in the tissue is a function, at least in part, of blood flow, with larger cellular pro-
teins being washed out more slowly than membrane-bound constituents (40,41).

POTENTIAL OF FRAGMENT ANALYSIS
Clinical and Experimental Examples

The opportunity to use fragment analysis to determine reversible vs irreversible injury
is but a small part of the potential of this exciting approach. If the conversion and release
of these forms is not rapidly followed by degradation in the plasma by proteases that fur-
ther process the fragments, it is conceivable that one could observe different fragments
with different diseases (Fig. 4). There are several bases from which to anticipate that these
differential patterns may exist. First, as articulated in detail in the preceding section, there
is the notion of a “cytosolic pool” containing mostly free proteins (polypeptide chains) in
contrast to the structural pool. Second, there is the additional clinical example of renal
failure. It is well known that cTnT is more frequently elevated than cTnI (42) even when
assays thought to have similar clinical sensitivities and other circumstances are used. The
reasons for this discrepancy are unclear. However, investigators have raised the possi-
bility that the fragments that occur in renal failure may be different (43). In keeping with
the fact that the antibody recognition sites for troponin T are quite close together, frag-
ments of cTnT have been documented to include very small ones (Fig. 4). By contrast,
the antibody recognition sites for cTnI, though not terribly distant, are said to be much
farther apart. It has been proposed that processing in patients with renal failure could
eliminate some of the epitopes for the detection of cTnI and could even open additional
epitopes for the detection of cTnT. Fragment analysis may permit exploration of this
important issue that carries significant clinical implications. Third, experimental models
suggest several additional settings in which specific modifications of troponin may
occur. For example, Feng et al. (44) showed that acute increases in preload lead to pro-
teolysis of cTnI and release most likely via a calpeptin-mediated mechanism. This mech-
anism might also be relevant both to a dialysis population in whom intravascular volumes
go up and down frequently, and to a heart failure population in whom rapid changes in pre-
load could lead to the release of troponin. Feng et al.’s (44) data suggest that the cells even-
tually die as the result of apoptosis. This finding raises the possibility that troponin fragments
may be released in other situations in which apoptosis occurs (45).
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N-terminal degradation of cTnI can occur both with ischemic-induced damage (46)
and with simulated microgravity (47) and is thought to occur during normal myocyte turn-
over (48) (Fig. 2). However, the actual N-terminal degradation products appear to differ
based on the physiological (residues 1–26, 1–27, or 1–30 being proteolyzed [47]) and
pathological conditions (1–63 and 1–73 being proteolyzed) (46) (Fig. 4). Furthermore,
in a low flow ischemic model in dogs, it was cTnT, not cTnI, that underwent degradation
(49), indicating that monitoring the fragmentation (or absence of degradation) of both
molecules could lead to additional clinical insight.

Clearly, understanding differences in the type of fragments that are derived may lead to
improved diagnosis of the underlying pathological process, particularly in settings in which
it is challenging to discriminate conditions on clinical grounds. For example, because the
most common cause of heart failure is ischemic heart disease, it is difficult to know whether
or not troponin elevations in patients presenting with heart failure represent underlying
coronary heart disease, supply/demand ischemia, or the effects of heart failure indepen-
dent of either of those disease entities. Because increased concentrations of troponin are
present in patients with idiopathic cardiomyopathy, it is clear that coronary artery disease
is not necessary for the release of troponin to occur (50). It is conceivable that the process-
ing of fragments is different owing to variation in the injurious stimulus, and if so, iden-
tification of the proper fragment might lead to a better diagnosis. This approach will be
highly sensitive to the location in which fragment processing occurs. If all processing
occurs within myocardium and no processing occurs in plasma, the detection of specific
fragment patterns will be far more simple. On the other hand, if serum proteases alter the
fragments after release from myocytes, it may become much more complicated to deter-
mine which patterns exist owing to the underlying pathophysiology vs subsequent pro-
cessing in the blood.

Improvement in Assays for Troponin
Finally, it may well be that the sensitivity of the present methods for the measurement

of troponin may be improved by reliably detecting complexes when they are present, and
being able to denature them so that more epitopes are available for detection with conven-
tional antibodies. The antibodies used in commercial assays vary tremendously. Some are
capable of detecting single chains extremely well, whereas others tend to detect complexes
(51). These issues of antibody specificity have posed problems, with two assays as notable
examples. An early cTnT assay had a lack of a totally specific capture antibody of troponin
T (52), which led to false positive results. Another assay had an antibody to the carboxy-
terminal end where cleavage occurred in plasma, rendering the protein undetectable (53).
Thus, one way to begin to move toward increased sensitivity, harmonization of testing,
and obviation of interferences may be to denature the complexes.

POTENTIAL BIOLOGICAL EFFECTS
In addition to the potential to understand and diagnose different disease entities predi-

cated on fragment analysis, there is the possibility that different fragments may have dif-
ferential biological activity. The best fragment studied is the 1–192 (1–193 in rat) protein
derived from cleavage of the 17 terminal amino acids on the carboxy-terminal end of
human cTnI (41). This protein has been characterized in myocardium in patients under-
going bypass surgery and when overexpressed in transgenic animals is associated with
a cardiomyopathy with reduced force and unaltered calcium handling, properties similar
to those seen with stunned myocardium (54). Further analysis revealed that there may be
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an imbalance or uncoupling between force and energy requirement with the C-terminal
truncated cTnI (55), which could further exacerbate the cardiac dysfunction. Thus, not
only is there the potential for diagnostic information, but if indeed fragments such as cTnI
1–192 have differential biological activity, it may well be that their detection could lead
to anticipation and/or prognostication of clinical effects. For example, if cTnI amino acid
residues 1–192 were a marker of stunning and high levels could be detected, one could
then predict improvement in cardiac function predicated on this fragment. Moreover, inhi-
bition of the biological effects of this and other specific fragments might translate into
potent therapeutic approaches.

CONCLUSION

If successful, the ability to distinguish disease entities based on fragment analysis has
the potential to revolutionize the field by allowing more specific diagnoses, leading to
more complete understanding of cardiac injury that occurs in patients without ACS, and
markedly improving the sensitivity of assays for troponin.
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SUMMARY

Assessment of the patient with suspected acute coronary syndrome (ACS) has remained
challenging despite the growing armamentarium of both diagnostic and prognostic tests.
Inadvertent discharge of patients thought to be at low risk of ischemia but later found
to have an ACS remains unacceptably high. Present tools (history, clinical examination,
electrocardiogram, and biomarkers of necrosis) are not optimally sensitive for the iden-
tification of patients with unstable angina. Technetium-based myocardial perfusion imag-
ing is sensitive and specific and provides proof of principle that myocardial ischemia
is both detectable and actionable. However, this technology is expensive and requires
significant technical expertise. Biochemical tests have historically proven to be fast,
accurate, simple to perform, relatively easy to interpret, and inexpensive. All of these
characteristics provide a strong argument toward development of biochemical markers
of myocardial ischemia. Nevertheless, there are many challenges to this effort. The phys-
iology is complex, and it is complicated by the issues of chronicity, timing, and severity.
The absence of a “gold standard” for diagnosis of unstable angina makes comparative
analyses difficult to interpret. However, if successful, the potential payback is tremen-
dous in terms of improved clinical management and outcomes.

Key Words: Unstable angina; ischemia; biomarkers; diagnosis.

INTRODUCTION

Assessing patients with suspected acute coronary syndrome (ACS) remains problem-
atic even though there is a growing armamentarium of diagnostic and prognostic tests as
well as continued improvement in the sensitivity and specificity of existing methods. The
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percentage of inadvertent discharges of patients thought to be at low risk of ischemia but
later found to have an ACS remains unacceptably high, at 4 to 5%, of whom about half have
an acute myocardial infarction (AMI) and the remainder unstable angina (1). This limita-
tion adversely impacts clinical outcomes, as well as the cost of health care (2) and under-
lies the need for exploration of new strategies aimed at rapidly identifying those patients
who present with ACS but lack traditional diagnostic findings, including definitive elec-
trocardiogram (ECG) findings, and/or biochemical evidence of necrosis. Biomarkers hold
promise to be valuable in this regard. This chapter presents the rationale behind the quest
for biochemical markers of myocardial ischemia, including the physiological basis, the
clinical imperatives, and the challenges inherent in both.

FRAMING THE CLINICAL NEED FOR BIOMARKERS OF ISCHEMIA

Risk Stratification Among Patients With Nontraumatic Chest Pain
Given the current level of diagnostic uncertainty, risk stratification of every patient with

possible ACS has become the foundation of virtually all chest pain evaluation strategies.
An effective strategy to reduce the probability of inadvertently discharging a patient with
ACS is to admit every patient who presents with chest pain or related symptoms. The cor-
relation between increased admissions and reduced missed AMI rates is well described
(Fig. 1) (3). Unfortunately, admitting large numbers of patients unnecessarily is not eco-
nomically viable and is increasingly difficult to justify in the face of current constraints on
hospital bed capacity. Utilization of standardized risk-based strategies that avoid admission
for lower-risk patients is now well established as both clinically sound and cost-effective.

Fig. 1. Relationship between admission rate and missed acute myocardial infarction (AMI) rate.
Several historical studies have compared the rate of admission for patients presenting with chest
pain with that of inadvertent discharge of patients having AMI. A plot of this relationship developed
by Graff et al. (3) was originally presented as linear (solid line), though it is more likely that this
represents a curvilinear relationship (dashed line) that would reflect a 100% miss if all patients were
discharged, and a 100% capture if all patients were admitted. Note the small decrement in missed
AMI rate once the admission rate exceeds 50% relative to those when below 50%. Also note that
these studies predate the widespread implementation of chest pain emergency rooms, which are
designed in part to lower the missed AMI rate. (Data are from refs. 15,52–55.)
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The current convention that all chest pain patients must be rapidly evaluated for the
probability of an ACS through an initial assessment based on the ECG, history, and
physical examination is referred to as “primary risk stratification” (4). ST-segment devi-
ation, either elevation or depression, identifies higher-risk cohorts for whom specific
therapies should be initiated and admission to a critical care unit is indicated. Guidelines
for the evaluation and treatment of these patients have been recently published (5–7). The
remaining patients constitute a cohort for whom the probability of ACS is lower, but not
absent. Among these “lower-risk” patients, often comprising up to two-thirds of all emer-
gency department (ED) patients undergoing a chest pain evaluation, there is a small group
for whom ACS is the cause of their presenting symptoms. Although this incidence of
occult ACS is low, failure to identify those few higher-risk patients remains problematic
(2). For this reason, a “secondary risk stratification” process must be initiated when the
diagnosis is not certain (Fig. 2). This process includes a number of biochemical markers,
imaging modalities, and provocative tests.

Chest pain evaluation programs, (e.g., chest pain emergency rooms, clinical diagnostic
units), are now in place in many hospitals and incorporate protocols, pathways, and clin-
ical practice guidelines to provide consistency and structure to the evaluation and man-
agement of the patient with nontraumatic chest pain. Whereas erratic variation in practice
contributes to lower quality of care and to higher costs owing to inappropriate utilization
of resources (8), a systematic approach can reduce costs for chest pain evaluation through
improved efficiency (9,10). This observation has fueled efforts to generate consensus as

Fig. 2. Evaluation of patient presenting with chest pain. The initial evaluation of the patient present-
ing with chest pain, primary risk stratification, is based on differentiating ACS from non-ACS and
is done via the history, physical examination, and ECG. The sensitivity for this is high but not per-
fect. Although a limited number of high-risk AMI patients can be identified by the ECG, it is impos-
sible on this basis alone to correctly identify all ACS patients, or to differentiate unstable angina from
MI. Thus, a secondary risk stratification process including biomarkers of myocardial necrosis and
imaging techniques is performed to identify the remainder of the higher-risk patients. Ultimately, the
results of such testing may either provide a definitive diagnosis or contribute to the ongoing risk assess-
ment process. CAD, coronary artery disease.
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to the structural, procedural, organizational, and managerial components required for effec-
tive chest pain evaluation (11). However, no amount of organizational efficiency can
replace the ability to provide the right test needed to guarantee the right diagnosis at the
right place and time.

Pathophysiology of ACS
The development of biochemical markers for ACS requires an understanding of the

pathophysiology of atherothrombotic coronary artery disease. This condition is chronic
and progressive, marked by episodic acute manifestations, including unstable angina and
AMI, which are infrequent, but potentially fatal. The precipitating event in ACS is most
often disruption of a “vulnerable” atherosclerotic plaque weakened by inflammation,
exposing the highly thrombogenic subendothelial components of the atheroma core (12,
13). In many cases, obstruction of the coronary artery by thrombus is minimal, resulting
in little or no impairment to coronary flow. Alternatively, the thrombus can result in total
occlusion of the artery with classic symptoms and ECG findings. The combination of
reduced blood flow and increased oxygen demand precipitates the critical imbalance of
oxygen supply and demand that leads to myocardial ischemia (i.e., unstable angina).
Persistent ischemia can result in myocyte death, which may be detected using biomarkers
of necrosis and forms the basis for the diagnosis of AMI (14). Necrosis is an irreversible
terminal event and its presence signifies considerable risk. To prevent necrosis from
occurring, one must detect ACS earlier in its course and intervene. Thus, the detection of
ischemia provides the optimal opportunity for early diagnosis and intervention in patients
with ACS.

Diagnosis of ACS
The diagnosis of ACS is predicated on evidence of the physiological process just

described. Although the initial assessment typically occurs with limited data, including
only the history, physical examination, and ECG, the sensitivity of this strategy is good,
approx 93–95% (15–17). However, unfortunately, the consequences of missed diagnoses
are high (16,17), with increased morbidity and mortality (1,18). Failure to make a diagnosis
of AMI remains the single highest payout for malpractice litigation against ED physi-
cians (19). Moreover, only approx 20% of the malpractice claims for missed MI are against
ED physicians, with almost 70% against primary care physicians. In addition to the objec-
tive of reducing the number of missed MIs, optimal care of the population with ACS requires
rapid identification of those with ischemia prior to the onset of necrosis (20).

The understanding of the pathophysiology of ACS provides a myriad of opportunities
for diagnostic and prognostic testing within this pathophysiological construct (Fig. 3).
However, assessment at different stages or of different contributors to the genesis of ACS
is likely to have different implications for prognosis and therapy. Thus, the evaluation of
new tools for diagnostic and prognostic application in ACS should be distinguished along
the following lines:

1. Chronicity: A distinction must be made between “disease-state” markers specific to athero-
sclerosis and “acute event” markers, such as necrosis markers used for the detection of
AMI.

2. Timing: The window during which a test may be useful is discrete and varies widely among
tests.
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3. Severity: Any test may be influenced by the magnitude of the perturbation being studied.
4. Context: The value of certain tests may be limited to or influenced by the specific situa-

tion in which it is being used. Interpretation of any test result must consider the clinical
situation in which the test is being performed, and the specific information provided.

DETECTION OF MYOCARDIAL ISCHEMIA

Electrocardiography
The ECG has long been the standard for the detection of ischemia. This capitalizes on

the fact that ischemic myocardium repolarizes differently than normal myocardium, seen
as changes in the ST-complex. Ischemic myocardium also does not contract normally
because energy production and utilization are altered. Thus, the effects of ischemia can
be observed by examining myocardial function through a number of imaging modalities.
Finally, ischemia interferes with a myriad of biochemical processes and metabolic path-
ways, providing additional opportunities for detection.

ACS is a dynamic syndrome, and ischemic ECG changes are temporal in nature. This
variability results in significant loss of sensitivity because any changes that do occur
during ischemia may be transient (21). The role for serial ECGs in maximizing sensitivity

Fig. 3. Targets for detection of ACSs. When the components of ACS are considered individually, there
are multiple targets for detection at all levels. The two historical standards have been the detection
of ischemia via the ECG and the detection of necrosis using biomarkers; the limitations to each are dis-
cussed in the text. Plaque disruption and thrombus formation may be such frequent events that their
detection may signal a period of elevated risk more so than the actual occurrence of ACS as it is known
clinically. Biomarkers for these processes may provide information about risk but are unlikely to
be useful for the diagnosis of an acute event if this frequency of occurrence is high. At present, there
are no biochemical markers for reduced intracoronary blood flow, so ischemia is the likely target for
biomarker development aimed at preventing necrosis. CRP-C, reactive protein; IL-6, interleukin-6;
MMP, matrix metalloproteinase; FPA, fibrinopeptide A; TPP, thrombus precursor protein; BNP,
B-type nutriuretic peptide; TnI, troponin I; TnT, troponin T.
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for ischemia is intuitive but does not entirely overcome this limitation. For instance, there
are areas of the heart that are difficult to “see” with the ECG, particularly in the left cir-
cumflex distribution. Small areas of ischemia may be missed altogether. Enhancing the
ECG with additional inputs, including continuous ST-segment monitoring or enhanced
lead configurations (22–24), decreases but does not completely obviate these limitations.
Again, it must be remembered that the ECG sensitivity is limited because ischemic changes
are evanescent. These temporal aspects remain a significant hindrance to the usefulness
of the ECG in detecting ACS. The addition of immediate exercise treadmill testing has
been used to improve sensitivity. Amsterdam et al. (25) reported on their experience with
1000 low-risk patients with nontraumatic chest pain who underwent symptom-limited
exercise testing in the ED. Thirteen percent had a positive test, 23% were nondiagnostic,
and the remaining 64% were discharged home (25).

Myocardial Perfusion Imaging
When the ECG is nondiagnostic, myocardial perfusion imaging (MPI) can assist in risk

stratification. The effectiveness of MPI is reflected in recent American College of Cardiol-
ogy/American Heart Association/American Society for Nuclear Cardiology guidelines
that assign this a class IA recommendation for the assessment of risk in patients with
possible ACS when the ECG is nondiagnostic (26). The guideline stipulates that it is most
appropriate for patients who have “possible” ACS following an initial triage based on the
symptoms, ECG, and history. In this situation, rest MPI appears to be able to segregate
patients at high risk who should be admitted from those at low risk who can be discharged
home. Virtually every study incorporating technetium-based MPI in chest pain evaluation
protocols has demonstrated a sensitivity of 90–100%, and a negative predictive value
>99% for excluding ACS and the occurrence of short-term cardiac events (27–31). This
high negative predictive value permits lower-risk patients with a negative test to be dis-
charged safely from the ED within a couple of hours.

MPI is effective for detecting ACS, both with and without MI, with a sensitivity for
the diagnosis of AMI similar to that for serial measurement of cardiac troponin. Notably,
the sensitivity of the initial determination of troponin is limited to about 30%, whereas
MPI is able to identify most patients with AMI rapidly. In addition, the sensitivity for pre-
dicting cardiac end points other than MI is significantly higher for MPI than for any other
modality (27). “Perfusion imaging” is, to some extent, a misnomer for the technetium-
based imaging agents because they fundamentally detect ischemia. Even in the presence
of adequate perfusion, residual ischemia may appear as an abnormality. These agents can
also be gated to the ECG to construct functional displays where regional wall motion can
be assessed. The matched defects of perfusion and wall motion is a strong indicator that
ischemia has occurred.

Role for a Biomarker of Ischemia
The surface 12-lead ECG, along with perfusion and functional imaging, provides proof

of principle that ischemia can be detected early in the course of ACS. Furthermore, the
absence of ischemia using this approach indicates low risk and allows safe discharge,
while the rapid detection of ischemia provides an opportunity for early intervention that
can improve outcomes, especially if necrosis has not yet occurred (32). Nevertheless,
dependence on the ECG and symptoms alone is insufficiently sensitive, and strategies
that include perfusion and functional imaging require a substantial investment in technol-
ogy and expertise that has hindered their widespread application.
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This major limitation could be overcome if ischemia could be reliably detected bio-
chemically. A simple assay with high sensitivity and specificity for cardiac ischemia and
a kinetic profile useful for an acute event marker would greatly simplify and improve the
safety of the chest pain evaluation process. Biochemical tests tend to be relatively inexpen-
sive and practical to perform, thus allowing widespread application. They can generally
be performed with rapid turnaround, providing support for clinical decision making.
Understanding the pathophysiology of ACS, the biochemical changes that occur, and the
attendant clinical imperatives has fostered a concerted effort aimed at identifying biochem-
ical markers of ischemia that can be widely applied toward the evaluation of patients with
possible ACS.

THE QUEST FOR A BIOCHEMICAL MARKER
OF MYOCARDIAL ISCHEMIA

Finding a sensitive and specific biochemical marker to demonstrate ischemia has been
elusive. Specific candidate biomarkers are discussed in detail in Chapter 13. Before con-
sidering the evaluation of these markers, a broader overview of the approaches that have
been taken in the pursuit of markers of ischemia is useful.

Approaches Related to Reactive Oxygen Species

REACTIVE OXYGEN SPECIES IN ATHEROTHROMBOSIS

Ischemia can result in tissue damage through the formation of a number of injurious
compounds. A significant body of research over the past 15–20 yr has focused on the role
of reactive oxygen species (ROS), including oxygen free radicals, singlet oxygen, and
peroxides. The tissue damage induced by such compounds is well described and appears
to be an ubiquitous biological phenomenon (Fig. 4). The alterations that occur to proteins,
lipids, nucleic acids, membranes, and so forth are relatively independent of the tissue
involved. However, the propensity to generate any specific ROS may differ among tis-
sues and even between species for the same tissue. Furthermore, natural protective mea-
sures, such as catalase and superoxide dismutase, also vary in their distribution among
tissues and show significant interspecies variations. Both the inherent propensity to gen-
erate a specific profile of ROS under given pathophysiological conditions and the intrin-
sic protective pathways will ultimately determine the response to ischemia. This is an
important point because it raises challenges to studying animal models in which to develop
new markers for detecting human disease.

The role of ROS in atherogenesis has been well documented, in particular through the
oxidation of low-density lipoprotein (LDL) (33). Holvoet et al. (34) demonstrated that there
was an increase in a specific oxidized species of LDL (malondialdehyde [MDA]-modified
LDL) in patients with ACS. Of note, both AMI and unstable angina showed similar eleva-
tions in MDA-modified LDL, and subsequent analyses have suggested that this may not
be an acute marker of ischemia but, rather, reflects an underlying state linked to the develop-
ment of coronary atherosclerosis. This difference raises an important consideration for bio-
marker development, because markers that are specific to the disease state of atherosclerosis
may not be useful for the detection of acute events such as ischemia. Following the tem-
poral changes in biomarkers during evaluation (i.e., a rise and fall in relation to the ische-
mic event) is likely to be useful in distinguishing those that may be viable as event markers.

There are novel biochemical pathways identified that become activated after exposure
of the myocardium to brief periods of ischemia, allowing cells to better tolerate subse-
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quent periods of ischemia. This so-called ischemic preconditioning appears to be related,
at least in part, to the generation of ROS. Preconditioning occurs in two phases: one rapid
in onset that lasts for several hours and one delayed that requires transcription and trans-
lation of specific genes appearing in 18–24 h and persisting for several days (35). The
phenomenon of preconditioning provides a clear demonstration that ischemia can effect
fundamental biochemical alterations, specific to cardiac myocytes, and suggests that there
may be biochemical targets specific to the myocardium that can be used to detect ischemia.

ISCHEMIA-MODIFIED ALBUMIN

To date, only one biochemical marker of ischemia has been approved by the Food and
Drug Administration for the risk stratification of patients with suspected ACS. Nascent
human serum albumin has multiple functions, including the ability to bind heavy metals
at the N-terminal portion of the protein. The observations were made that not all albumin
molecules have this metal-binding capability (36) and that in the presence of myocardial
ischemia albumin may become altered; hence, this type of albumin was named ischemia-
modified albumin (IMA) (Ischemia Technologies, Denver, CO) (37). The relative propor-
tion of IMA increases significantly following the onset of myocardial ischemia and persists
for approx 6–8 h (38,39). The initial hypothesis linked this change to ROS-induced damage
to the N-terminus of albumin, which inactivated the heavy metal-binding site (Fig. 5).
IMA is discussed in further detail in Chapter 13.

Myocardial Oxidative Metabolism
TECHNETIUM-BASED MYOCARDIAL IMAGING

Cardiac specificity is vital for the decision-making process in the management of ACS
and, thus, there is a need to identify biochemical alterations specific to the myocardium

Fig. 4. Mechanism of oxidative tissue damage by ROS. Ischemia and the reperfusion that follows
can result in the formation of free radicals and other ROS, including peroxides. All are capable of dam-
aging tissues, and many biological safeguards at the cellular level have evolved to protect against oxi-
dant damage. Ischemia/reperfusion can also be protective, in that short periods of ischemia followed
by reperfusion can invoke a “preconditioning process” (see text) that affords cells protection against
subsequent ischemic damage.
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(or coronary vasculature). Technetium-based myocardial perfusion agents may demon-
strate one such alteration. Although used for imaging, these agents are functionally bio-
chemical markers of ischemia: they require active transport at the plasma and mitochondrial
membranes, and they require a functional electron-transport system in order to be bound.
These agents thus reflect the status of oxidative metabolism in the cardiac myocyte. The
information provided has very powerful diagnostic and prognostic value (Fig. 6) (27).
Thus, using technetium-based MPI, we have identified a potential biochemical target—
the status of oxidative metabolism—through which to document myocardial ischemia.
However, the detector for this biochemical event is not an antibody or a colorimetric assay
that can be used in a simple point-of-care device but, rather, a large, expensive scinti-
graphic camera requiring a significant level of computer processing and skill for inter-
pretation. The potential advantages of developing a simple laboratory test to detect these
biochemical events are obvious.

In addition, a potential for discordance between perfusion and functional imaging exists
by virtue of the timing of these aspects of the test. One advantage to technetium-based
agents is that their rapid uptake and retention allows perfusion images to be acquired
several hours after injection, yet still reflect the perfusion status at the time of injection.
Gated images, on the other hand, are acquired in real time and, thus, long delays between
injection and imaging allow the possibility of finding abnormal perfusion with recovered
wall motion. A similar discordance has been observed between pure perfusion imaging
with thallium and metabolic imaging with iodine-123-labeled fatty acid analog, 123I-15
(p-iodophenyl)-3-(R,S)-methylpentadecanoic acid (BMIPP). BMIPP is taken up in pro-
portion to blood flow (40) but is also dependent on intracellular fatty acid metabolism
(41). The molecular structure of BMIPP prevents metabolism via β-oxidation but the vast
majority is incorporated into the lipid pool via activation to BMIPP-CoA, which reflects
intracellular adenosine triphosphate concentration. If β-oxidation is impaired, such as in
the setting of ischemia, then the tracer is not converted and diffuses back out of the cell.
There is a well-described delay in the recovery of oxidative metabolism that can last several
hours to days. This “ischemic memory” is thought to be a correlate of myocardial stunning

Fig. 5. Ischemic modification to albumin: free-radical damage to N-terminus. Among the myriad func-
tions for human serum albumin is the binding of a number of plasma constituents, including fatty acids
(FA) and heavy metals such as copper (Cu++). There are a number of binding sites for the former,
but the N-terminus appears to have a specific affinity for metal binding, which is susceptible to oxi-
dant-induced damage. One proposed mechanism is that ROS such as hydroxyl radical (•OH) results
in cleavage of a terminal peptide that abolishes the metal-binding capacity. This can be assayed by
determining the binding capacity for cobalt, such as with the albumin-cobalt binding test, for detec-
tion of IMA.
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(42) and may prove valuable in the evaluation of chest pain (43). Thus, the ability to assess
metabolism with the technetium agents and specific alterations in oxidative metabolism
with BMIPP provides another avenue to detect myocardial ischemia. Can this metabolic
alteration be assessed more simply using conventional biomarker technologies? The answer
lies in the biochemistry of myocardial energetics.

UNBOUND FREE FATTY ACIDS

The metabolic perturbations that occur during ischemia may suggest targets for marker
development (Fig. 7). One such example is the detection of serum unbound free fatty
acids (uFFA) by the high-affinity probe ADIFAB™, an acrylodated intestinal fatty acid-
binding protein (FABP). The premise is that under normal circumstances serum albumin
can essentially act as a buffer to sequester any uFFA not attached to FABPs, but under
ischemic conditions there is an increase in FFA release, this buffering capacity is over-
whelmed, and uFFA increases. Kleinfeld et al. (44) demonstrated a mean 14-fold increase
following ischemia provoked by angioplasty, with the largest elevations occurring in
those who also exhibited ECG changes during balloon inflation. Fatty acid accumulation
may be owing to impaired utilization and uptake of FFA by the ischemic myocardium but
may also occur through peripheral lipolysis activated indirectly secondary to ischemia, i.e.,
catecholamine release. It will certainly be interesting to determine whether there is a com-
mon relationship between the FFA and IMA models of ischemia detection.

Fig. 6. Event rates categorized by clinical risk vs MPI. Primary risk stratification levels 2 (true
unstable angina), 3 (probable unstable angina—higher risk nondiagnostic), and 4 (possible unstable
angina—lower risk nondiagnostic) have decreasing event rates. The rates of AMI and revascularization
are highest in level 2 patients relative to those in the lower-risk nondiagnostic levels 3 and 4. Secon-
dary risk stratification using rest MPI is employed for level 3 and 4 patients (15 and 50%, respectively,
of the chest pain population) to identify patients who are in fact at higher risk than appears from the
initial risk stratification. An abnormal (Pos) MPI clearly identifies higher-risk individuals among this
population, whereas a negative (Neg) MPI indicates very low risk. Solid bars represent AMI and
hatched bars revascularization. Note that the total event rate associated with an abnormal MPI in level
3 and 4 patients is similar to the event rate for level 2. Thus, for patients who appear to be at lower risk
based on history, physical examination, and ECG, a positive perfusion study carries equal probability
of MI or urgent revascularization as does an ischemic ECG or other high-risk clinical features on the
initial evaluation (27).
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CLINICAL CHALLENGES
TO THE DEVELOPMENT OF ISCHEMIA MARKERS

Absence of a “Gold Standard”
The single greatest impediment to the development of new markers for myocardial

ischemia is the lack of a “gold standard.” Historically, the diagnosis of ischemia has been
a clinical decision based on the history, physical examination, ECG, and aggregate of
other tests performed and data acquired during the admission. It is fundamentally a clin-
ical decision, and even in the absence of any hard end point or objective data such as ele-
vated cardiac troponin or ECG changes, a diagnosis of ACS can still be rendered if the
symptoms are strongly suspicious. On the other hand, there can be myocardial damage
owing to causes other than ACS or ischemia, which can also complicate the diagnosis.

The challenge of evaluating a new more sensitive and specific marker relative to an
imperfect gold standard was observed in the development of cardiac troponin. Katus et
al. (45) initially reported the specificity of troponin T to be only 78% when compared to
a creatine kinase-MB (CK-MB) standard for AMI. This conclusion was not congruent with
the hypothesis that troponin T was highly cardiac specific relative to CK-MB. However,
when patients with a clinical diagnosis of unstable angina were excluded, the sensitivity

Fig. 7. Simplistic overview of metabolic alterations in ischemic myocytes. Under oxidative conditions
myocytes generate approx 70% of their energy via mitochondrial (M) β-oxidation of long-chain
fatty acids (FA). Under hypoxic conditions, β-oxidation is inhibited and myocytes convert to a glu-
cose-based metabolism. FAs that are normally carried by specific binding proteins (FABP) begin
to accumulate and can be damaging to the cell if not somehow sequestered. Whether directly via a
cardiac source or through some peripheral release mechanisms, FAs accumulate in the circulation.
Initially they will bind to FABPs and to albumin, but when these sites are saturated, there will be
an increase in unbound component, which can be detected quantitatively by the probe ADIFAB.
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for troponin T was 95% (45). This finding was consistent among multiple early studies
in which approximately one-third of patients with the clinical diagnosis of unstable angina
were troponin positive and led to the argument that troponin could be used to diagnose
unstable angina. The situation was not fully resolved until 2000, with the redefinition of
AMI to a troponin standard (46). This slow evolution in the interpretation of troponin
serves to illustrate the difficulty in determining both the sensitivity and specificity of an
analyte when there is an imperfect gold standard: as Rosalki et al. (47) note, the original
manuscripts on troponin T were “not accepted for publication by Circulation or by Clinical
Chemistry because the isoenzymes of CK-MB were deemed to be the perfect marker and
to remain the standard for AMI diagnosis.” A similar difficulty should be anticipated in
the development of ischemia markers. Nevertheless, the potential for these markers to
enhance diagnosis and risk assessment is demonstrated in patients who are ultimately diag-
nosed with MI among whom the initial troponin assay is negative but an ischemia marker
such as FFA (48) or IMA (49) is already elevated.

Rule-In vs Rule-Out Conundrum
The performance expectations for a marker of ischemia will vary widely based on the

intended application (Fig. 8). If the goal is to rule out ACS, then the performance bias will
be toward sensitivity. On the other hand, if the goal is to establish the diagnosis (“rule in”)
of ACS, then the bias must be toward specificity. Unfortunately, failure to rule in or failure
to rule out are not events that occur in isolation. For instance, the goal in the ED is to diag-
nose and treat high-risk patients and to discharge low-risk patients. If a test to identify high
risk is falsely negative (imperfect sensitivity), then a patient may not receive the appropri-
ate treatment and in the worst-case scenario could be discharged, exposing the patient to

Fig. 8. Relative effects of negative vs positive tests for diagnosis of ACS. Most tests for ACS will
result in clinical action based on test expectations. A test used in the ED to rule out ACS should be
directed at lower-risk patients and have the expectation of high sensitivity. It should be used to
manage ED throughput and the cost of the test should be weighed against the cost savings from
deferring admission or performing other more expensive tests. If the result is wrong, the conse-
quence of that error will be inappropriately discharging a potential AMI patient. However, if that
test is “not negative,” and thereby assumed to be “positive,” any action taken on that basis could
result in inappropriate care and unwarranted costs. The exact converse would occur for a rule-in test
in a high-risk population who is not positive and on that basis is assumed to be “not negative.” This
process is very much driven by the prevalence of disease in the population tested, which greatly
affects clinical performance of a given test.
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a higher probability of an adverse event, and subjecting the provider to potential liability.
Conversely, in a low-risk patient if the test is falsely positive (imperfect specificity), then
the patient may be subjected to unnecessary tests or procedures; prolonged hospitaliza-
tions; and, in some cases, an inappropriate diagnosis that could have significant psycho-
social consequences.

In the absence of absolute sensitivity and specificity, these consequences are impor-
tant considerations, and given the lack of a gold standard for ischemia, they will occur.
As ischemia markers are developed, it will remain important to be very explicit regarding
both their diagnostic performance and clinical expectations.

CONCLUSION

Myocardial ischemia is itself associated with high risk, as demonstrated by ST-segment
depression on an ECG (50), but progression to necrosis connotes even higher risk (51).
To have the opportunity to prevent myocardial necrosis, one must be able to detect ische-
mia and intervene early.

It is possible to detect ischemia, but current methods are inadequate in some respects.
Ischemic ECG changes are evanescent and thus lack the temporal characteristics necessary
to provide an adequate level of sensitivity. Technetium-based MPI is sensitive and spe-
cific, but it is expensive, technologically challenging, logistically difficult and thus not
widely available; BMIPP is even more interesting, will suffer the same limitations, and
is not yet approved. Regional wall motion abnormalities can be indicators of ischemia,
but, again, all imaging including echocardiography has significant limitations for imple-
mentation. Despite these shortcomings, all provide proof of principle that myocardial
ischemia is both detectable and actionable.

Biochemical tests have historically been proven to be fast, accurate, simple to perform,
relatively easy to interpret, and inexpensive. All of these characteristics are crucial for the
informatics needed in the management of ACS and provide a strong argument for investing
in the research and development of biochemical markers of myocardial ischemia. Never-
theless, there are many challenges to developing biomarkers of ischemia. The physiology
is complex and is further complicated by the issues of chronicity, timing, and severity. The
clinical context in which such biomarkers are to be used will be important as researchers
evaluate their performance, and in the absence of a gold standard, comparative analyses
will continue to be difficult to interpret. However, if successful, the payback will be tre-
mendous in terms of improved patient safety, more appropriate clinical management,
and improved outcomes. First-generation markers such as IMA and uFFA demonstrate
considerable promise and provide a compelling case for further development.
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SUMMARY

Myocardial ischemia has a complex pathophysiology and can manifest with a mul-
titude of clinical presentations, including without symptoms. Patients who present to
the emergency department with a complaint of chest pain therefore require substantial
diagnostic effort to determine whether their symptoms are related to acute myocardial
ischemia. Present diagnostic approaches are typically protocol driven and include
serial electrocardiograms and biomarkers obtained over an 8- to 12-h period for the
detection of myocardial necrosis. This paradigm is reasonably effective in identifying
patients who have acute coronary syndrome, especially when there is associated myo-
cardial necrosis, but it offers only modest sensitivity and relies heavily on biomarkers
that are increased only in the presence of irreversible myocardial injury (i.e., necrosis).
For this reason, there has been intense research and clinical interest in the development
of sensitive biomarkers of myocardial ischemia that are not dependent on the presence
of myocardial necrosis. Markers investigated for this purpose include ultrasensitive tro-
ponin, ischemi-modified albumin, sCD40L, myeloperoxidase, glutathione peroxidase,
nourins, unbound free fatty acid, and whole-blood choline. Despite the emergence of
these candidate markers of ischemia, currently there is not sufficient evidence to rec-
ommend widespread adoption of any of them into clinical practice.

Key Words: Ischemia; unstable angina; biomarkers; myocardial infarction; prognosis.
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INTRODUCTION

As discussed in the previous chapter, the pathophysiology of ischemia is complex, and
myocardial ischemia can manifest with a multitude of clinical presentations, including
without symptoms. Patients who present to the emergency department (ED) with a com-
plaint of chest pain or anginal equivalent therefore undergo a series of evaluations to deter-
mine whether their symptoms are related to acute myocardial ischemia. Five principal
etiologies of acute coronary syndrome (ACS) have been described:

1. Plaque rupture with acute thrombosis.
2. Mechanical obstruction owing to progressive epicardial coronary artery stenosis.
3. Inflammation.
4. Secondary causes of ACS.
5. Vasospastic coronary stenosis (Table 1) (1).

The most common of these is rupture of vulnerable plaque and consequent thrombus
formation (see Chapter 12, Fig. 3). The optimal diagnostic paradigm would enable the
accurate differentiation not only of those patients with and without myocardial ischemia
as the cause of their symptoms, but also the principal underlying cause, allowing the proper
therapeutic choices to be made.

Present diagnostic approaches are typically protocol driven and include serial electrocar-
diograms (ECGs) and biomarkers obtained over an 8- to 12-h period for the detection of
myocardial necrosis (2). This paradigm is reasonably effective in identifying patients who
have ACS, especially when there is associated myocardial necrosis, but there are a num-
ber of limitations to this strategy (3,4). Foremost, the traditional clinical tools for the diag-
nosis of ACS offer only modest sensitivity and rely heavily on biomarkers that are increased
only in the presence of irreversible myocardial injury (i.e., necrosis). For this reason, there
has been intense research and clinical interest in the development of sensitive biomarkers
of myocardial ischemia that are not dependent on the presence of myocardial necrosis.

LIMITATIONS TO TRADITIONAL
DIAGNOSTIC TESTING FOR ACS

The evaluation and selection of candidate markers of myocardial ischemia require an
understanding of the performance of the current diagnostic tools. More important, the
standard tools, including the clinical history, examination, ECG, and biomarkers of necro-
sis, are limited by imperfect sensitivity and modest specificity. In a study of 5951 patients
who presented to the ED for evaluation of nontraumatic chest pain, 2 to 3% of the patients
with an acute myocardial infarction (AMI) and 8% of those with unstable angina were erro-
neously sent home (3). In addition, 59% of those hospitalized were discharged with diag-

Table 1
Potential Mechanisms of Ischemia and Acute Coronary Syndrome (ACS)

• Plaque rupture with acute thrombosis
• Mechanical obstruction owing to progressive epicardial coronary artery stenosis
• Inflammation
• Secondary causes of ACS
• Vasospastic coronary stenosis
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noses other than ACS. Based on a prevalence of disease in this population of 21.9%, the
clinical diagnostic performance of the ED using standard tools was characterized by a
sensitivity of 93.8%, specificity of 40.1%, positive predictive value of 32.7%, and nega-
tive predictive value of 95%.

IDENTIFICATION OF CANDIDATE MARKERS
OF MYOCARDIAL ISCHEMIA

Efforts to develop sensitive and specific biomarkers of ischemia have been confronted
with substantial challenges. The term ischemia itself is often used imprecisely and is also
used differently by clinicians and biochemists. In normal conditions, the heart is well oxy-
genated and generates approx 70% of its energy stores from fatty acids and to a lesser extent
lactate (5). Cellular ischemia develops in the setting of an insufficient supply of oxygen-
ated blood to meet cardiac demands. Local lactate concentrations rise rapidly owing to
the necessary shift from mitochondrial oxygenation to glycolysis for generation of adeno-
sine triphosphate (ATP). Cellular and interstitial acidosis develops with the generation
of two hydrogen ions for each molecule of glucose consumed via glycolysis. With the
onset of ischemia, cardiac metabolism and contraction is altered owing to both a sudden
drop in available ATP and the onset of cellular acidosis. In the early stages of ischemia,
irreversible myocyte injury and the consequent release of cellular structural proteins
such as troponin does not occur. However, the intracellular biochemical changes and
their local consequences, if detectable, might serve as biological markers of ischemia.

By contrast, clinicians do not typically define ischemia based on specific cellular changes
but, rather, use the term to describe clinical scenarios. This clinical focus also provides
direction for the discovery of candidate biomarkers associated with the onset of myocardial
ischemia. Some investigators have pursued candidate proteins released during the events
leading to and culminating in ACS, including plaque disruption or plaque erosion, acute
thrombosis, and downstream ischemia owing to both diminished blood flow and the down-
stream elaboration of platelet aggregates, thrombin, and activated leukocytes. Others have
focused on disease states marked by mismatch between supply and demand owing to fixed
underlying mechanical obstruction in the absence of acute plaque rupture and thrombo-
sis. It is notable that the pathobiology pertinent to the development of ischemia in these
different clinical situations is divergent, and, therefore, diagnostic analytes identified in
these specific settings may provide performance characteristics that are situationally de-
pendent. For example, biomarkers originating from a clinical focus on the pathophysiology
of ACS are not likely to reflect ischemia per se but, rather, events tied closely to acute
atherothrombosis, the most common precipitant of acute myocardial ischemia. Such bio-
markers are discussed in this chapter in the context of application as diagnostic markers
for unstable angina.

Originating from these pathophysiological foundations, a number of candidate biomark-
ers of ischemia/ACS have been proposed (Table 2). Before moving toward consideration
of clinical implementation, each of these candidates must be evaluated critically with
respect to key biochemical and clinical characteristics (Table 3). Moreover, for an analyte
to be useful to clinicians, it must fulfill requirements necessary to establish the biomarker’s
value as a clinical tool, and to guide appropriate clinical application (Table 4). Although
none of the putative markers of ischemia/ACS has yet been shown to meet all of these
requirements, several have emerged as potential viable candidates and remain the subject
of ongoing research.
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Table 2
Potential Markers of Ischemia

• C-reactive protein
• Cardiac troponins
• CD40L
• Choline
• Glutathione peroxidase 1
• Ischemia-modified albumin
• Myeloperoxidase
• Natriuretic peptides (B-type natriuretic peptide [BNP] and proBNP)
• Nourins
• Pregnancy-associated plasma protein-A
• Unbound free fatty acid

Table 3
Basic Requirements to Evaluate Diagnostic Markers of Ischemia

I. Knowledge of basic aspects of the analyte
a. Biological mechanism(s)
b. Rate of rise
c. Duration of elevation
d. Mechanism of clearance
e. Data on nonischemic etiologies of analyte positivity

1. Biological false positives
2. Analytic false positives

f. Assay and sample requirements
II. Low coefficient of variation
III. Definition of diagnostic performance

a. Defined for each patient population
1. Sensitivity
2. Specificity
3. Negative predictive value
4. Positive predictive value

INDIVIDUAL ANALYTES

Sensitive Markers of Myocardial Injury
Cardiac troponin is a structural protein in myocytes that is released in the setting of

irreversible cellular injury and serves as the cornerstone for the diagnosis of MI (6,7).
Although it is consensus that troponin is detectable using present-generation assays only
in the setting of irreversible injury (7), it remains possible that with the emergence of
“ultrasensitive” assays for cardiac troponin small amounts of the protein that may be
released during reversible injury (ischemia) will become measurable. For example, studies
using proteomic techniques have shown that cardiac troponin is present in the circulation
of patients who present with ACS and in whom there is no detectable troponin elevation
using commercially available assays (8). Moreover, circulating troponin can be docu-
mented by this method well before the typical 4–6 h required to reach concentrations detect-
able using commercial assays. Finally, the discovery of posttranslational modifications of
troponin that may occur in settings specific to the etiology of injury, and very early during
the course of ischemia, may lead to new applications for cardiac troponin as a marker of
ischemia.
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Markers of Plaque Vulnerability, Rupture, and Thrombosis

C-REACTIVE PROTEIN

C-reactive protein (CRP) is a hepatically derived pentraxin that serves as the prototypic
acute-phase reactant; it has been extensively evaluated for detection of cardiac risk (9).
Most studies of CRP have focused on its ability to augment risk assessment for both
primary and secondary prevention of cardiovascular events. However, in addition to these
uses of CRP, studies have also evaluated CRP in the context of acute presentation with
chest discomfort. CRP is elevated in some patients with unstable angina, i.e., in the absence
of myocardial necrosis (10), and is associated with a higher risk of fatal complications in
that setting (11). However, the concentration of CRP does not increase predictably in the
first 96 h after the development of ischemia and does not appear to correlate with the num-
ber and duration of ischemic episodes (10). Thus, although CRP and other nonspecific
markers of inflammation may serve as early markers of atherothrombosis in some settings,
the majority of markers in this class are not likely to confer sufficient specificity for ische-
mia itself to be useful as a biomarker for its diagnosis. Nevertheless, biomarkers with
greater specificity for acute changes within the vulnerable coronary atheroma maintain
potential as diagnostic markers for ACS.

SOLUBLE CD40 LIGAND

CD40 ligand (CD40L) is a trimeric transmembrane protein that is related to tumor necro-
sis factor-α (TNF-α) and is present on endothelial cells, monocytes, macrophages, and
platelets. It is present already synthesized and is available for release within seconds of the
appropriate stimulus. Surface-expressed CD40L is cleaved and persists in the circulation
for hours as the active form, sCD40L (12). More than 90% of the sCD40L present in the
circulation is derived from platelets, and sCD40L additionally acts as a platelet agonist,
thus serving to upregulate platelet activation while weaving platelet activation into fur-
ther stimulation of the inflammatory cascade (13). A rapid rise in the concentration of
sCD40L is thus likely to occur at the time of plaque rupture and thrombosis.

The concentration of sCD40L is elevated in patients with unstable angina and is asso-
ciated with the risk of death and recurrent ischemic events (14,15). However, as is the
case for CRP, this analyte appears to provide primarily prognostic, rather than robust, diag-
nostic information. In studies of sCD40L in ACS, levels of this biomarker were elevated
in <50% of the population (14,15). This finding can be anticipated from its mechanism

Table 4
Requirements for Marker of Ischemia

• Is present with ischemia
• Adds independent information
• Provides prognostic information
• Guides additional diagnostic testing
• Guides therapeutic decisions
• Has high sensitivity with reasonable specificity
• Appears rapidly in circulation after onset of ischemia
• Has rapid assay turnaround time
• Has robust analytic assay
• Has reasonable cost
• Has presence (or absence) of analyte in various types of ischemia (see Table 1)
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of release, which is not expected to be present in all patients with ischemia, but may serve
to identify those in whom platelet activation and thrombosis is a major contributor.

MYELOPEROXIDASE

Myeloperoxidase (MPO) is a leukocyte enzyme secreted during neutrophil activation
that has been implicated in the disruption of atherosclerotic plaques and has been shown
to be present in increased concentrations within ruptured compared with stable atheroma.
Blood obtained from patients presenting with AMI has levels of MPO that are fourfold
higher than that of control patients (16). Among patients with ACS, there is poor correla-
tion between the concentrations of MPO and troponin, soluble CD40L, or CRP (17), sug-
gesting that MPO is not simply a marker of necrosis, platelet activation, or inflammation.
A strong association between MPO and the risk of major cardiac events was apparent in
at least two studies (17,18). The diagnostic utility of MPO has been proposed based on evi-
dence that it may be a very early marker of plaque destabilization (18). Consistent with this
hypothesis, in a study of patients with suspected ACS, MPO was elevated at presentation
in a larger proportion of patients than cardiac troponin and preceded elevation of troponin
in many who went on to manifest diagnostic criteria for MI (18). Nevertheless, this appli-
cation requires further study, particularly in populations with low prevalence of disease.

PREGNANCY-ASSOCIATED PLASMA PROTEIN A
Pregnancy-associated plasma protein-A (PAPP-A) is a metalloproteinase that is ex-

pressed in atherosclerotic plaque. Increasing levels of PAPP-A appear to correlate with
increasing plaque instability, as well as plaque complexity (19,20). In patients with ACS,
the concentration of PAPP-A is elevated in up to two-thirds of patients, rising variably from
as early as 2 h or as late as 30 h after the apparent onset of ACS. Moreover, in a study of 200
serial patients with ACS, levels of PAPP-A were independently associated with an increased
risk of cardiovascular events (21). When studied as a diagnostic marker for ACS, receiver
operator curve analysis supported an optimal cutoff value for PAPP-A of 0.22 mIU/L, with
a sensitivity of 66.7% and a specificity of 51.1%. Interestingly, in this population the sensi-
tivity of cardiac troponin T at presentation was also 51.5%, with a specificity of 82.1% (22).

WHOLE-BLOOD CHOLINE

Choline is the major enzyme product of phospholipase D, a protein that it is stimulated
by the activation of cell-surface receptors on leukocytes and platelets and that appears
to be involved in signal transduction during events that lead to plaque destabilization (23,
24). Using nuclear magnetic resonance spectroscopy of whole-blood ultrafiltrates to screen
for novel markers associated with ACS, Wevers et al. (25) identified choline as a marker
consistently present in the circulation in this setting. In a subsequent clinical study involv-
ing 327 patients with ACS, 250 of whom were troponin negative, levels of choline (divided
into quartiles) were shown to correlate with the 30-d risk of death, heart failure, and cardiac
arrest (Fig. 1) (26). More important, this prognostic relationship was also apparent in the
subgroup of patients without elevated levels of cardiac troponin.

However, in the same study, levels of choline were not consistently elevated in patients
with MI, and the mean values for patients with noncardiac chest pain (19.4 ± 6.8 μmol/L)
were not substantially different from those with low-risk unstable angina (24.5 ± 15 μmol/L).
Although the half-life of whole-blood choline in patients with ACS has not yet been defined,
it is noteworthy that the highest sensitivity of this analyte was observed with the admis-
sion blood sample, implying a short diagnostic half-life and also suggesting that use of
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whole-blood choline may be limited in patients who present long after their episode of
chest discomfort. Further studies will be necessary to evaluate the diagnostic application
of this novel marker.

Biomarkers Related to Local Reactions During Ischemia
ISCHEMIA-MODIFIED ALBUMIN

Bar-Or et al. (27) made the original observation that the N-terminus of albumin is mod-
ified in the setting of myocardial ischemia. Normal albumin (a 66.7-kDa serum protein)
binds cobalt (and other transitional metals) at the N-terminus. However, in the setting of
ischemia, the affinity for transitional metals is reduced. When cobalt is added to a sample
of serum containing ischemia-modified albumin (IMA), less of the cobalt is bound pro-
portional to the amount of IMA present in the sample. Although the precise mechanisms
for production of IMA during coronary ischemia are not known, the changes have been
localized to modifications of the N-Asp-Ala-His-Lys sequence of human albumin and are
proposed to be related to production of free radicals during ischemia and/or reperfusion,
reduced oxygen tension, acidosis, and cellular alterations such as disruption of sodium and
calcium pump function (28–30).

Initial studies suggest that the modification of albumin occurs rapidly after the onset
of ischemia. Clinical studies of patients undergoing angioplasty show that levels of IMA
rise rapidly after balloon inflation and return to normal by 12 h (28,30) (see Fig. 2). When
evaluated in patients presenting to the ED with nontraumatic chest pain, IMA significantly
improves the sensitivity of diagnostic testing for ACS using the ECG and troponin at pres-
entation (Fig. 3). However, the specificity of IMA testing has consistently been low (approx
30%) (27,31). On the basis of these data, IMA has been approved by the Food and Drug
Administration for use in conjunction with the ECG and cardiac troponin for the exclu-
sion of ACS in patients felt to be at low to intermediate risk for myocardial ischemia. A
negative result paired with serial negative troponin and electrocardiographic data yields a
very low posttest likelihood of disease. However, the low specificity of the analyte has the
potential to result in numerous false positives, with more false positive than true positive

Fig. 1. Risk of cardiac death or arrest stratified by results of testing for choline and cardiac troponin.
(Data from ref. 26.)
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results when applied in populations with low prevalence of disease. Additional investiga-
tion will be valuable in clarifying the appropriate clinical role for IMA in diagnosis, risk
stratification, and therapeutic decision making for patients with possible ACS.

GLUTATHIONE PEROXIDASE

Glutathione peroxidase 1 activity has been investigated as a potential marker of ischemia
and atherosclerosis. Glutathione peroxidase 1 is a cellular antioxidant enzyme that protects
against reactive oxygen species. Glutathione peroxidase 1 activity appears to be signifi-
cantly decreased in patients presenting with AMI compared with a healthy population (32).
In addition, in a study involving 643 patients (133 with unstable angina and 510 with stable
angina), levels of glutathione peroxidase 1 were found to be inversely proportional to the
future risk of cardiovascular disease, in patients with both stable angina and unstable angina
(33). When adjusted for age and sex, the marker exhibited an inverse relationship to future

Fig. 2. Concentration of IMA after ischemia during percutaneous coronary angioplasty. (A) Temporal
course. (Data from ref. 30.) (B) Adapted from ref. 27.

Fig. 3. Sensitivity of IMA measured at presentation for ACS as determined by physician’s diagnosis
at discharge. (Data from ref. 31.)
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cardiovascular events (death or MI) over 4.7 yr of follow-up. Nevertheless, the application
of glutathione peroxidase 1 for the diagnosis of ACS is yet to be established.

Other Biomarkers of the Myocardial Response to Ischemia
UNBOUND FREE FATTY ACIDS

Fatty acids are the major energy substrate for myocardium and are predominantly stored
intracellularly. Of those fatty acids found in circulation, the majority are bound to positively
charged proteins (especially albumin), whereas a small percentage (<1%) of the fatty acid
in circulation is unbound. The concentration of unbound free fatty acid (uFFA) in circula-
tion increases in response to mediators released rapidly after the onset of ischemia, such
as catecholamines, CRP, TNF-α, or natriuretic peptides. Levels of uFFA rise within 30 min
after ischemia induced by coronary angioplasty (34) and are markedly increased at presen-
tation in patients with acute ST-segment elevation myocardial infarction (STEMI) (35).
In the latter population with ACS, the concentration of uFFA was associated with the risk
of recurrent MI, coronary artery bypass graft (CABG), and death. Data from the Eptifibatide
for Acute Coronary Syndromes-Rapid Versus Late Administration for Therapeutic Yield
(EARLY) trial (a randomized trial of patients with unstable angina and non-STEMI) showed
that 96.9% of patients had abnormal levels of uFFA at the baseline sample. When these
levels were combined with cardiac troponin T, 99.7% of patients were identified on the
baseline sample alone (36). Additional investigation of this marker in less selected popula-
tions presenting with chest pain and with earlier sampling is necessary before any potential
clinical application can be considered.

NOURINS

Nourins are small heat-labile 3-kDa peptides that are released by various tissues, with
nourin-1 being released by myocardial cells, in response to stresses such as ischemia, phys-
ical trauma, chemicals, and infectious agents. Nourin is a chemotactic factor for neutrophils
and stimulates the release of interleukin (IL)-1, IL-8, and TNF-α. Nourins also appear
to stimulate the secretion of adhesion molecules, neutrophils, and endothelial cells (37).
Nourin-1 appears to be released rapidly—within 5 min of the onset of ischemia—and can
be separated from other nourin peptides (38). Nourin-1 is measured by a neutrophil migra-
tion chemotaxic assay. Preliminary studies have indicated that nourin is elevated after
CABG in dogs and humans, after coronary artery occlusion in dogs, and in patients (n = 10)
with ACS (39). Development of a clinically useful assay and increased patient enrollment
into trials of ACS will be necessary to ascertain the potential clinical utility of this analyte.

CONCLUSION
The search for an effective biomarker of myocardial ischemia remains a high scientific

priority. Despite the emergence of multiple candidate markers for the detection of ische-
mia and/or diagnosis of ACS, as yet, none of these has sufficient evidence to recommend
widespread adoption into clinical practice.
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SUMMARY

A major shift has occurred in the understanding of the pathogenesis of atherosclero-
sis, myocardial dysfunction, and other important cardiovascular diseases. Traditional
thinking conceived of atherosclerosis as a bland lipid storage disease. However, the
current thinking regarding this and other cardiovascular disorders recognizes an impor-
tant role for biological processes such as inflammation and its inextricably linked com-
panion, oxidative stress, in their pathogenesis. This emerging story of inflammation as
a unifying hypothesis for the pathogenesis of many cardiovascular diseases has swept
through contemporary cardiology and now stands on the threshold of clinical fruition
by the application of biomarkers. Currently converging clinical and experimental evi-
dence has pointed to specific participants in atherothrombosis as potential novel bio-
markers. Although currently there is a lack of sufficient evidence to support wide-scale
changes in clinical practice based on the application of inflammatory biomarkers, the
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next several years should witness critical tests of the inflammatory hypothesis in the
clinic that may prove useful in modifying the management of both individuals without
manifest cardiovascular disease and those with established cardiovascular disorders.
This rapid adoption of the concept of inflammation by practitioners furnishes an exam-
ple of how fundamental laboratory research may change clinical practice and improve
patient outcomes when translated to practice.

Key Words: Atherothrombosis; atherogenesis; inflammation; biomarkers.

INTRODUCTION

The past few years have witnessed a major shift in the understanding of the pathogenesis
of atherosclerosis, myocardial dysfunction, and other important cardiovascular diseases.
For example, traditional thinking conceived of atherosclerosis as a bland lipid-storage
disease. Until recently, the complications of atherosclerosis were viewed fundamentally
as “plumbing” problems. Angina pectoris and acute myocardial infarction were thought
to result from progressive stenoses in the coronary arteries caused by smooth muscle and
extracellular matrix-rich obstructive lesions.

The traditional understanding of hypertension emphasized inappropriate vasoconstric-
tion and disordered salt and water metabolism as key elements in the pathogenesis of this
prevalent disorder. Likewise, until recently most viewed myocardial failure as a mechani-
cal problem based on myocyte dysfunction. The classic view of diseases of the heart valves
and cardiac skeleton (notably sclerocalcific aortic valve disease) and annular calcifica-
tion considered them as inevitable “degenerative” processes associated with aging.

The current understanding of these various common cardiovascular maladies now
encompasses an important role for biological processes such as inflammation and its inex-
tricably linked companion, oxidative stress, in their pathogenesis. This synthesis that
views involvement of inflammation provides a unifying hypothesis for the pathogenesis
of many cardiovascular diseases has swept through contemporary cardiology and now
stands on the threshold of clinical fruition by the application of biomarkers. This chapter
reviews the biological basis of biomarkers rooted in inflammation. The understanding of
the details of inflammation biology has progressed the most in the study of atherosclerosis.
Therefore, this chapter illustrates the concept of the participation of inflammatory path-
ways in cardiovascular disease (CVD) by highlighting the current understanding of the
contribution of inflammation to atherogenesis and its complications.

ATHEROSCLEROSIS:
NO LONGER A BLAND LIPID-STORAGE DISEASE

Only a few decades ago the prevailing postulate regarding the pathogenesis of athero-
sclerosis predicated a proliferation of smooth muscle cells (SMCs) leading to a fibrous
stenotic lesion that surrounded a “necrotic core” of deposited cholesterol and cholesteryl
esters (1). A combination of observations on experimental atherosclerosis and study of
human atherosclerotic lesions has added to this traditional model of atherogenesis by
encompassing inflammatory processes. Early after initiation of a diet enriched in choles-
terol and saturated fat, sites in the arteries of experimental animals begin to recruit inflam-
matory leukocytes from the blood (2). The normal endothelial cell (EC) either in situ or
in the laboratory resists adhesive interactions with leukocytes derived from blood. How-
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ever, cultured ECs stimulated by proinflammatory cytokines express on their surface adhe-
sion molecules that capture leukocytes and bind them to the endothelial surface. Soon
after initiation of a hypercholesterolemic diet, the arteries of susceptible animal species
display augmented expression of a variety of leukocyte adhesion molecules, including
vascular cell adhesion molecule-1 (VCAM-1) and P-selectin. In rabbits that consume an
atherogenic diet, expression of the adhesion molecule VCAM-1 precedes the accumula-
tion of leukocytes in the intima (3). Atherosclerotic mice expressing a mutated form of
VCAM-1 that inhibits its leukocyte-binding function show blunted atherosclerotic lesion
formation (4). Interestingly, VCAM-1 binds just those types of white blood cells found
in early atherosclerotic lesions in both experimental animals and humans, i.e., mononuclear
phagocytes and T-lymphocytes. Thus, the transition of the normal artery to the nascent
atherosclerotic lesion fundamentally depends on the recruitment of blood leukocytes to
initiate and later perpetuate an inflammatory response.

Once bound to the endothelial surface, the leukocyte requires a chemoattractant signal
to direct its migration into the subendothelial intimal layer, the site of the atherosclerotic
lesion. Multiple proinflammatory cytokines probably participate in this process. First and
foremost, monocyte chemoattractant protein-1 (MCP-1) promotes transmigration of mono-
nuclear leukocytes. Intrinsic vascular wall cells, endothelium, and smooth muscle can pro-
duce MCP-1. Observations in experimental and human atherosclerotic lesions have docu-
mented overexpression of MCP-1 compared to normal arteries. Experiments in genetically
altered mice have shown that loss of MCP-1 function, or that of its receptor chemokine
receptor-2, can inhibit experimental atherogenesis (5,6). Other chemoattractant cytokines
such as fractalkine and interleukin (IL)-8 may also direct the migration of adherent leu-
kocytes during atherogenesis (7,8). In combination, these observations highlight the
importance of chemoattractant cytokines as participants in the atherosclerotic process.

Once resident in the arterial intima, mononuclear phagocytes change their character and
acquire the characteristics of foam cells. After penetrating into the intima, the blood mono-
cyte expresses scavenger receptors, allowing it to take up modified lipoproteins that accu-
mulate in the subendothelial space. The scavenger receptors evade the usual homeostatic
suppression by excessive cholesterol characteristic of the classic low-density lipoprotein
(LDL) receptor. This untrammeled ability to take up lipoproteins leads to the formation
of lipid-laden macrophages known as foam cells, the hallmark of the early atherosclero-
tic lesion, also known as the fatty streak. Macrophages within the artery wall can also divide
and elaborate reactive oxygen species and proinflammatory cytokines that can sustain and
amplify intimal inflammation (9,10). Several proinflammatory mediators likely partic-
ipate in signaling proliferation and activation of the macrophages present in the plaque.
One prominent candidate, macrophage colony-stimulating factor (M-CSF), clearly plays
a pathogenic role in experimental atherosclerosis. Animals that lack M-CSF show impaired
lesion formation in response to atherogenic diets (11,12). This inhibition of atherogene-
sis occurs despite an increase in plasma cholesterol levels. Human and experimental athero-
sclerotic plaques overexpress M-CSF (13,14). In vitro, M-CSF can serve as a comitogen
for macrophages and stimulate the expression of scavenger receptors by these inflamma-
tory cells (13). Taken together, these observations provide strong evidence for the partic-
ipation of inflammatory cells and mediators that attract and stimulate them in atherogenesis
(Fig. 1A–D).

Fatty streaks alone do not threaten human health. Rather, clinical events arising from
more complicated atherosclerotic lesions often evolve from fatty streaks. This transition
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from fatty streak to fibro-fatty lesion involves the participation of SMCs. The normal
human coronary arterial intima contains resident SMCs. The tunica media that underlies
the intimal layer of arteries contains abundant SMCs. Inflammatory mediators can promote
the migration of medial SMCs into the intima. Inflammatory mediators can also heighten
the expression of growth factors such as platelet-derived growth factor (PDGF) and forms

Fig. 1. (A) Normal human artery, including endothelial surface lining lumen, underlying intimal
layer, and subjacent tunica media. (B) The endothelial cells exposed to inflammatory mediators
express leukocyte adhesion molecules, indicated by the frondlike structures on their lumenal surface.
These adhesion molecules engage cognate receptors on blood leukocytes, tethering them and causing
them to attach to the endothelial surface.
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of fibroblast growth factor that can augment SMC migration and proliferation. Inter-
ruption of inflammatory signaling pathways such as the CD40 ligand (CD40L)–CD40 dyad
can limit the formation of fibrous plaques, a key component of the progression of athero-
sclerotic lesions. Indeed, interruption of CD40 signaling in animals with established ath-
erosclerotic lesions can halt the progression of lesions (15,16). These observations sup-

Fig. 1. (C) Chemoattractant cytokines such as MCP-1, fractalkine, and IL-8 signal leukocytes to pene-
trate through the endothelial layer into the intima by diapedesis. (D) Once resident in the intima,
blood monocytes express scavenger receptors, engulf lipoprotein particles, and become foam cells,
the hallmark of the fatty streak, the precursor of complicated atherosclerotic lesions. Macrophages
in the plaque can also replicate. Inflammatory mediators such as M-CSF can promote scavenger recep-
tor production and proliferation of the lesional macrophages within atheromata.
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port the participation of inflammatory signaling pathways in the progression phase of
atherogenesis.

INFLAMMATION IN PATHOGENESIS
OF ACUTE CORONARY SYNDROMES

The understanding of the pathogenesis of the acute thrombotic complications of athero-
sclerosis has burgeoned in recent years. It is now understood that many acute thrombotic
coronary occlusions do not necessarily result from critically stenosed sites in the arteries
(17). Rather, lesions that do not cause critical stenosis often underlie thrombi that cause
acute coronary syndromes (ACSs). This distinction between lesion vs lumen has chal-
lenged the traditional reliance on coronary anatomy as revealed by angiogram as the sole
arbiter of the risk of ACS (18). Much of the thinking about ACS has shifted from a hydraulic
viewpoint to a more nuanced biological perspective (19). As in the initiation and progres-
sion of atherosclerosis, ample data support the participation of inflammation in these
thrombotic complications of atherosclerosis.

Pathological analysis of plaques that cause fatal coronary thrombosis supports this con-
cept. Pathologists have taught researchers that physical disruption of atherosclerotic plaques
most often provokes acute coronary thrombosis (20). Plaques that tend to cause fatal coro-
nary thrombi share certain morphological characteristics. Notably, plaques that rupture and
cause thrombosis tend to have large accumulations of inflammatory cells and a relative
paucity of SMCs. Moreover, plaques that have ruptured and caused fatal thrombi typically
have a thin protective fibrous cap that overlies the thrombogenic lipid core.

The fragility of the fibrous cap depends fundamentally on inflammation (Fig. 2) (19,21).
Inflammatory mediators released from lesional lymphocytes, in particular interferon
(IFN)-γ, can impair the ability of SMCs to synthesize collagen fibrils, the mainstay of the
biomechanical integrity of the plaque’s fibrous cap. Inflammatory mediators can also
heighten the production of enzymes that specialize in breaking down fibrillar collagen
in the plaque’s fibrous cap. Human atherosclerotic lesions overexpress all three known
human interstitial collagenases, members of the matrix metalloproteinase (MMP) family
(22). Inflammatory stimuli augment the production of the interstitial collagenases MMP-
1, MMP-13, and MMP-8 from several cell types found in atherosclerotic plaques. Human
atherosclerotic plaques also contain elevated levels of active forms of MMP-9, an enzyme
with gelatinolytic activity that can continue the catabolism of collagen cleaved by the inter-
stitial collagenases (23). Inflammatory mediators regulate this enzyme, which can also
degrade elastin (24,25). These data indicate a pivotal role for inflammation in regulating
the level of collagen in the plaque’s fibrous cap, a key determinant of its ability to resist
rupture (26). Thus, inflammatory processes critically regulate the fragility of the plaque’s
fibrous cap (Fig. 3).

Inflammation signaling also controls the thrombogenicity of the content of atheromata.
The proximal trigger to coronary thrombosis, tissue factor, also depends on inflamma-
tory signaling. The inflammatory mediator CD40L plays a particularly important role in
augmenting tissue factor expression by lesional MΦ, the major source of this potent pro-
coagulant in human atherosclerotic plaques (27).

Inflammatory mediators such as IL-1 can also promote the production of plasminogen
activator inhibitor-1 (PAI-1), a potent blocker of endogenous fibrinolytic pathways that pro-
tect against thrombus accumulation. Therefore, inflammation not only enhances thrombo-
genicity of the plaque but also can limit fibrinolysis, two parallel processes that conspire
to augment accumulation of thrombi and, hence, precipitate ACS (28). Thus, from plaque
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Fig. 2. Inflammation regulates the metabolism of fibrillar collagen, the major barrier to atherosclerotic
plaque disruption. Proinflammatory cytokines such as IFN-γ released from the T-lymphocyte (lower
left) inhibit the ability of SMCs to synthesize new collagen required to repair and maintain the col-
lagennous matrix of the plaque’s fibrous cap, which protects the plaque from rupture. Another T-
cell-derived cytokine, CD40L, stimulates mononuclear phagocytes (center) to elaborate interstitial
collagenases, including MMP-1, MMP-8, and MMP-13, that catalyze the initial proteolytic cleavage
of the intact collagen fibril. The cleaved collagen becomes susceptible to further degradation by gelat-
inases such as MMP-9. In this way, inflammation can threaten the stability of atherosclerotic plaques;
increase their propensity to rupture; and, hence, cause thromboses that underlie most ACSs. TGFβ,
transforming growth factor β.

Fig. 3. Inflammation affects all phases of atherosclerosis. Recruitment of inflammatory cells from
peripheral blood initiates the atherosclerotic changes in the arterial intima that set the stage for athero-
genesis (upper left). The generally prolonged and silent or clinically stable stage of lesion evolution
involves migration and proliferation of SMCs. Abundant experimental data support a role for inflam-
mation in this intermediary phase of atherogenesis (middle). Arterial thrombosis, often owing to
plaque rupture, also depends on inflammatory signaling (lower right; see also Fig. 2). (Reproduced
from ref. 29, with permission.)
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initiation through the long, generally silent, or clinically stable phase of lesion progres-
sion and, finally, the culmination of the ultimate clinical complications of atherosclero-
sis, inflammatory signaling participates prominently in this disease (29).

INFLAMMATORY PATHWAY IN ATHEROSCLEROSIS:
BIOLOGICAL BASIS OF BIOMARKERS IN PREDICTION

AND PROGNOSTICATION IN ATHEROSCLEROTIC DISEASE

Recognition of the role of inflammation as a master regulator of atherogenesis has pro-
vided a fresh intellectual construct for understanding this disease. This new scientific
foundation for understanding atherogenis also furnishes insights into novel therapeutic
targets that may assist its mitigation. While inflammation biology currently furnishes new
insights into the mechanism of benefit of existing therapeutics, the promise of targeted
anti-inflammatory interventions to prevent or treat atherosclerosis will require much greater
time and effort. Yet, one type of practical application of inflammation biology promises
favorable outcome in terms of more prompt clinical applicability. Biomarkers of inflam-
mation may soon merit inclusion in clinical application, the topic of many contributions
to this volume.

As data concerning the utility of biomarkers of inflammation in prospective cardiovas-
cular risk prediction emerged, they appeared to fit into a pattern. One theoretical construct
may help to systematize the biological basis of biomarkers of inflammation in the cardiovas-
cular arena (Fig. 4) (30). According to this hypothesis, a first wave of primary proinflam-
matory cytokines could arise from either vascular or extravascular sources (Fig. 4, top).
Examples of primary proinflammatory cytokines include the soluble mediators IL-1β
and tumor necrosis factor (TNF)-α. Intravascular sources could include the atheroma
itself, a hotbed of inflammatory signaling, as already discussed. Extravascular sources
could include foci of chronic infection, such as prostatitis, bronchitis, periodontal dis-
ease, or stasis or ischemic ulcers. Unfortunately, another potential source of extravascu-
lar inflammatory stimuli, visceral adipose tissue, will become more prominent owing to
the currently increasing prevalence of obesity.

The inflammatory stimuli produced by primary proinflammatory cytokines may under-
go amplification through the induction of IL-6 production. Multiple cell types including
vascular SMCs and ECs can produce large amounts of IL-6 when exposed to IL-1β or TNF-
α (31–34). This amplification magnifies the inflammatory output owing to the initial pro-
inflammatory cytokine signals.

IL-6, a soluble mediator, controls the hepatic acute-phase response. This coordinated
change in the program of liver protein synthesis typifies the organism’s response to injury
or inflammation. When exposed to IL-6, hepatocytes augment their expression of pro-
teins of the acute-phase response, including fibrinogen; PAI-1; serum amyloid A (SAA);
and, notably, C-reactive protein (CRP) (see Chapters 16 and 17). The primary proinflam-
matory cytokines can also impinge on vascular endothelial and other cells to augment
their expression of leukocyte adhesion molecules, as mentioned previously. Many cell-
surface molecules including certain leukocyte adhesion molecules can undergo proteo-
lytic cleavage and enter the circulation in a shed form (Fig. 4, middle). Both acute-phase
reactants from the liver and shed adhesion molecules enter peripheral blood accessible
to sampling by routine venipuncture (Fig. 4, bottom) (see Chapter 18).

The scheme depicted in Fig. 4 provides a framework for understanding the biological
basis of biomarkers of inflammation in cardiovascular and other diseases. Of course,
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evidence is lacking for the sequence of events as depicted and described. Nevertheless,
this model provides a useful working hypothesis to provide some order in the burgeoning
roster of biomarkers described on an ongoing basis in contemporary literature. Clearly
other contributors to peripherally sampled biomarkers exist. Notably, activated platelets
can shed CD40L (see Chapter 18) and likely furnish the bulk of this inflammatory bio-
marker in circumstances such as ACS (35). Additionally, sources of acute-phase reactants
other than the liver may contribute to their appearance in peripheral blood. In particular,
evidence has appeared for CRP production locally within atherosclerotic lesions. How-
ever, given the size of the liver compared to the mass of atherosclerotic plaques, on a quan-
titative basis, the liver likely contributes the greatest share of CRP and other acute-phase
reactants sampled in venous blood. The strategic location of visceral adipose tissue, drain-
ing into the portal circulation and perfusing the liver, provides another basis for hypothe-
sizing a principal role for hepatocytes as a source of acute-phase reactants.

Because it incorporates the notion of an amplification loop, the model presented in
Fig. 4 also helps researchers understand the utility of inflammatory biomarkers. Just a few
molecules of a primary proinflammatory cytokine can beget the production of many more
molecules of IL-6, the major mediator of the acute-phase response. This amplification loop
helps in the understanding of how relatively small volumes of inflamed atherosclerotic
plaques may nonetheless generate substantial signal measurable in peripheral blood, even
in apparently healthy individuals.

Fig. 4. A proposed inflammatory pathway that operates during atherogenesis can augment inflamma-
tory biomarker concentrations in peripheral blood. See text for explanation. sCD40L, soluble CD40L;
IL, interleukin; TNF, tumor necrosis factor; sVCAM, soluble vascular adhesion molecule; PAI, plas-
minogen activator inhibitor; SAA, serum amyloid A; ICAM-1, intercellular adhesion molecule-1.
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WHAT EXPLAINS THE HIERARCHY
OF UTILITY OF INFLAMMATORY BIOMARKERS?

Among the growing menu of inflammatory biomarkers described in the literature, CRP
has received the most focus and appears to furnish the most consistent relationship to clin-
ical end points. Why should CRP, a distal indicator of inflammation, appear so potent as
a risk predictor? The answer depends on a combination of fundamental and serendipitous
features. Indeed, the acute-phase proteins PAI-1 and fibrinogen play direct roles in throm-
bus accumulation and might logically link more tightly to cardiovascular outcomes than
CRP. In addition, the model put forth in Fig. 4 posits a principal role for IL-6 as an amplifier
of the acute-phase response. Because IL-6 appears proximal to CRP in our schema, shouldn’t
its levels predict cardiovascular events with greater fidelity than the downstream marker
CRP? CRP has proven to be a much more robust analyte than fibrinogen or PAI-1 (see also
Chapter 26). Fibrinogen has diurnal fluctuations that render random samples less reliable.
Because platelets contain PAI, avoiding spurious fluctuations requires considerable pre-
caution to avoid platelet activation during blood drawing. IL-6 has a relatively short half-
life. Unlike CRP, IL-6 and fibrinogen lack international standards and robust, reproducible
assays. These considerations explain some of the apparent superiority of CRP as a bio-
marker of inflammation over other contributors through the pathway depicted in Fig. 4.

CRP: MARKER OR MEDIATOR?

While many agree that CRP levels provide a prognostic indicator, the role of CRP as
a potential proinflammatory mediator remains controversial. Multiple studies report pro-
inflammatory properties of purified CRP. For example, exposure to CRP can augment
cytokine and adhesion molecule expression from vascular ECs. CRP may mitigate the
ability of ECs to elaborate nitric oxide, the endogenous antithrombotic and vasodilatory
molecule. However, such experiments often employ CRP produced by recombinant DNA
technology from bacterial sources. Small residual amounts of bacterial products such as
lipopolysaccharide endotoxin might contribute to some of the effects of high concentra-
tions of CRP observed in vitro. Experiments in transgenic mice that overexpress human
CRP do support a prothrombotic role for CRP in vivo (36). Mice normally express little
or no CRP. Finally, preliminary observations of CRP infusion in healthy human volunteers
support a prothrombotic and an antifibrinolytic effect (37). Recombinant CRP infusion
in human volunteers increases PAI-1 and IL-6. Compared to circulating or local levels of
the cytokines that may ultimately lead to its increased expression in pathological circum-
stances, the relative importance of CRP as an indicator of inflammation remains uncertain.
Moreover, the relevance of levels of CRP used for many in vitro experiments and fluctua-
tions within the lower ranges of CRP that accurately predict increased cardiovascular risk
require careful consideration.

CRP: A NONSPECIFIC MARKER OF INFLAMMATION

CRP rises in many inflammatory conditions, ranging from acute infections to chronic
inflammatory diseases such as rheumatoid arthritis. This nonspecificity of CRP elevations
could understandably engender skepticism regarding its utility as a risk marker for cardio-
vascular diseases. The very nonspecificity of CRP elevation, however, may explain why
it appears useful for cardiovascular risk prediction. CRP serves as an overall barometer or
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integrator of inflammation in a given individual regardless of the source of that inflamma-
tion. The mix of proinflammatory stimuli that trigger the first wave of proinflammatory
cytokines that ultimately elevate CRP levels likely differs among individuals. In some,
chronic low-level infectious processes such as bronchitis or gingivitis may contribute to
CRP elevation. In others, visceral adipose tissue may prevail as a stimulus for increased
CRP levels. In others with widespread atherosclerotic plaques teeming with inflamma-
tory activity, the atherosclerotic lesions themselves may contribute more to elevations in
blood CRP levels. Since each of these diverse sources of initial inflammatory stimuli may
augment atherogenesis or increase the risk of its thrombotic complications, CRP presents
a simple gauge of inflammatory burden, whatever the mix of proximal stimuli that elicit
the inflammatory response (Fig. 5).

CLINICAL UTILITY OF INFLAMMATORY
BIOMARKERS IN CARDIOVASCULAR DISEASE

What Is Known and What Must Still Be Learned?
The promise of clinical translation of inflammation biology depends on the availabil-

ity of a practical test such as CRP measured by the high sensitivity assay (hsCRP). It also
requires a substantial evidence base to merit incorporation into daily practice and prac-
tice guidelines. Many, though hardly all, agree that sufficient evidence supports the abil-
ity of hsCRP to predict prospectively cardiovascular risk in primary prevention to encour-
age its consideration for clinical use. However, inclusion of CRP and other biomarkers
of inflammation into clinically useful risk algorithms requires critical consideration.
First, any biomarker, inflammatory or other, must demonstrate that it improves risk
prediction beyond well-established and traditional risk factors such as those incorporated
in the Framingham Risk Prediction Instrument. Chapter 16 contains full consideration of
this point. In addition, a candidate biomarker must have a reproducible, available, and
economical assay. The hsCRP assay fulfills such criteria. Optimally, adoption of a new risk
marker should lead to cost-effective changes in therapy or management. Biomarkers of
inflammation including hsCRP do not yet satisfy this criterion. The issue of the clinical

Fig. 5. Multiple triggers can incite inflammation in CVDs. The first wave of proinflammatory cyto-
kines hypothesized in Fig. 4 may arise from a variety of vascular and extravascular stimuli. See text
for explanation. HDL, high-density lipoprotein.
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utility of inflammatory biomarkers in secondary prevention, notably after ACS, is dis-
cussed fully in Chapters 17 and 18.

Beyond risk stratification, could inflammatory biomarkers add to the management of
CVD by serving as targets or guides for therapy? Until recently, little evidence supported
such utility. As one follows levels of LDL or blood pressure, serial measurement of CRP
has little basis in evidence despite its plausibility. The recent analysis of PROVE IT
(Pravastatin or Atorvastatin Evaluation and Infection Therapy)-TIMI 22 begins to provide
justification for CRP as a target of therapy (38). This study demonstrated better outcomes
in survivors of ACS with not only below median LDL levels with statin treatment but also
below median levels of hsCRP. Both variables were measured 1 mo after an ACS, obvi-
ating any artifactual changes owing to the acute-phase response. Although this prospec-
tive analysis of a large clinical trial indicates a role for CRP as a new target for statin therapy,
other studies will be required to extend this concept to other interventions. Further con-
firmatory studies could hasten incorporation of the concept of CRP as a target of therapy
into practice, critical pathways, and guidelines.

Could Levels of Circulating Biomarkers
of Inflammation Help Guide Therapy?

A retrospective analysis of CRP levels in a large primary prevention trial, Air Force
Coronary Atherosclerosis Project/Texas Coronary Atherosclerosis Project, suggested
that apparently healthy individuals with below median LDL levels but above median
hsCRP levels derived benefit from statin therapy (39). Curiously, individuals with both
below median LDL and below median hsCRP levels did not benefit from treatment, indi-
cating that promiscuous use of statins in primary prevention likely would not prove cost-
effective and would expose one-fourth of the apparently healthy population to potential
risks and expensive drug treatment without benefit.

This provocative post hoc analysis generated the intriguing hypothesis that one might
identify apparently healthy individuals with below average LDL levels who nonetheless
could benefit from statin therapy by assessing their inflammatory status, e.g., by measur-
ing hsCRP. Despite its appeal, we currently lack prospective clinical trial evidence to sup-
port this change in practice. A large-scale, randomized clinical trial currently under way
will test this hypothesis rigorously (40–42), and the results should shed light on the utility
of inflammatory biomarkers as a guide for therapy in apparently healthy populations.

Some have proposed that assessment of inflammatory status might not only aid risk
stratification but also provide a motivational tool for patients to change their modifiable
risk factors such as smoking, diet, and physical activity. Although this concept has theo-
retical merit and acknowledges the vital importance of lifestyle in the modulation of car-
diovascular risk, currently there is lack evidence that informing individuals of their in-
flammatory status will lead to sustained changes in behavior or modifiable risk factors.
Indeed, in a military population, information regarding coronary calcium scores, a readily
understandable putative risk marker, failed to yield behavioral change.

Inflammatory Biomarkers and Clinical Utility
Some have argued that assessment of inflammatory biomarkers is superfluous because

of the lack of evidence-based interventions that would be predicated on them. Moreover,
some oppose the measurement of inflammatory biomarkers on the grounds that if they
revealed higher risk in patients already receiving maximal medical therapy, those results
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would not change management. A more optimistic position would argue that residual risk
indicated by inflammatory biomarkers in an optimally managed patient could provide
impetus for intensification of lifestyle measures to ameliorate the individual’s inflamma-
tory profile. Weight loss, dietary interventions, smoking cessation, and regular physical
activity may all mitigate inflammation beyond pharmacotherapy. Statins have received
the greatest attention as pharmacological modifiers of inflammatory biomarkers. How-
ever, increasing evidence supports the possibility that other classes of medications may
likewise modulate inflammation. Although aspirin has not consistently reduced levels of
CRP, emerging evidence suggests that fibric acid derivatives, thiazolidinediones, and met-
formin can reduce such levels. The fibric acid derivatives can limit inflammation by activat-
ing peroxisome proliferator activated receptor-α (PPAR-α). The thiazolidinediones (e.g.,
the glitazone class of insulin sensitizers) activate PPAR-γ and may exert an anti-inflam-
matory action by this mechanism. Thus, residual inflammatory risk indicated by biomarkers
such as CRP might be approached by intensified lifestyle modification and additional
pharmacological measures beyond statins, even in patients who follow aggressive statin
therapy.

CONCLUSION

Only a few years ago, the concept that inflammation might contribute to CVD lacked
currency among cardiovascular practitioners. Currently converging clinical and experi-
mental evidence point to inflammation as a major participant in the pathogenesis of a
variety of CVDs. Indeed, the inflammatory hypothesis provides a unifying concept that
aids the understanding of disparate risk factors that converge on inflammatory pathways.
This shift in the understanding of the pathogenesis of atherosclerosis and certain other
CVDs now extends beyond understanding pathophysiology to the interface with clinical
utility. This chapter has attempted to provide a foundation for understanding the biological
basis of biomarkers of inflammation. Researchers currently lack sufficient evidence to sup-
port wide-scale changes in clinical practice based on application of inflammatory bio-
markers. However, the next several years should witness critical tests of the inflammatory
hypothesis in the clinic that may prove useful in modifying the management of both indi-
viduals without manifest CVD and those with established cardiovascular disorders. This
rapid adoption of the concept of inflammation by practitioners furnishes an example of
how fundamental laboratory research may change clinical practice and improve patient
outcomes when translated to practice.
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SUMMARY

The serum concentration of C-reactive protein (CRP) has historically been used to
detect active infection and inflammation. Recent evidence has demonstrated that slight
increases in CRP concentration, within the normal range, can predict future vascular
events, thus reflecting the inflammatory component of atherosclerosis. It was necessary
to develop new high-sensitivity methods for this clinical application, and to establish cut
points for risk assessment of cardiovascular risk. To avoid misclassification of individ-
uals into inappropriate categories of risk, clinicians and investigators must have an under-
standing of preanalytic and analytic sources of errors in CRP measurement. This chapter
addresses issues that contribute to the reliability of CRP evaluation such as physiologi-
cal variability, appropriate sample handling, and method standardizations.

Key Words: C-reactive protein; measurement; standardization; interpretation.

INTRODUCTION

Atherogenesis is a process that starts early in life and progresses slowly and silently for
decades with a clinical manifestation usually in the fifth decade of life for men and in the
sixth for women. Risk factors such as hypertension, cigarette smoking, hypercholesterole-
mia, age, and gender have been used to assess the risk of developing coronary heart dis-
ease (CHD). It is now well accepted that chronic inflammation plays an important role
in the inception and development of atherothrombotic disease. Biochemical markers of
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inflammation have been shown to be useful not only as prognostic tools in patients with acute
coronary syndromes but also in predicting future risk of CHD in apparently healthy men
and women. Primary inflammatory mediators such as cytokines and adhesion molecules
and downstream indicators such as acute-phase reactants have emerged as potential
diagnostic and prognostic indicators. This chapter examines the laboratory issues related
to the measurement of these markers and the practical clinical issues for its evaluation.

WHAT INFLAMMATORY MARKER SHOULD BE MEASURED?
ANALYTIC ISSUES

Cytokines and Adhesion Molecules
Prospective clinical trials have demonstrated that cytokines such as interleukin (IL)-

1 β, IL-6, IL-8, IL-10, and IL-18; tumor necrosis factor (TNF)-α; CD40 ligand; and
adhesion molecules such as E and P selectin, intercellular adhesion molecule-1, and vas-
cular cell adhesion molecule-1 are associated with CHD (1–4). However, the laboratory
measurement of these markers is problematic. These markers are present in the circula-
tion at very low concentrations and are typically measured by enzyme-linked immuno-
sorbent assay techniques. Although some improvements in these techniques have taken
place, the assays are still cumbersome, labor intensive, difficult to automate, not standard-
ized, lacking the desired level of sensitivity, not approved by the Food and Drug Adminis-
tration (FDA) for clinical use, and not available in routine clinical laboratories. In addition,
most of these analytes are very unstable after collection. Therefore, blood specimens
should be tested immediately after they are obtained or else the samples should be kept
frozen at −70°C until analysis. For these reasons, the measurement of cytokines and adhe-
sion molecules is done only in the research laboratory and has not made the transition into
routine clinical practice.

Acute-Phase Proteins
The associations of fibrinogen, serum amyloid A (SAA), and C-reactive protein (CRP)

with CHD have been clearly established (4–6). Clinical assays for these three proteins are
currently available. Fibrinogen is measured in clinical laboratories using more than 40
different methods employing functional assays. Although these methods are relatively
precise (~10% reproducibility), they are not standardized. Therefore, significant varia-
bility in the measured fibrinogen in a particular sample is seen among laboratories. For
example, according to the College of American Pathologists, fibrinogen values reported
from the surveyed laboratories in a single sample varied from 121 to 437 mg/dL. Because
patients’ results are interpreted in the context of nationally established cut points, the use
of standardized assays for risk assessment of heart disease is essential. A single assay for
the determination of SAA is currently available but is not approved by the FDA for clin-
ical use and is not accessible to most clinical laboratories in the United States (7). CRP is
a highly stable protein that has been measured in clinical laboratories for several decades
using standardized and FDA-approved methods. Historically, however, this protein has
been used to measure active infection or inflammation. The assays used for that purpose
are reliable but lack the desired level of sensitivity needed to assess CRP concentration
in apparently healthy subjects to determine their future risk of CHD. Therefore, over the
last decade high-sensitivity CRP (hsCRP) methods have been developed, and currently
more than 30 such methods are available worldwide (8). These methods are capable of
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reliably measuring CRP at concentrations ≤0.3 mg/L (Fig. 1), which corresponds to about
the 5th percentile of normal population distribution. For the reasons presented, the AHA/
CDC Laboratory Science Panel of the workshop on the use of markers of inflammation
in cardiovascular disease concluded that of all the examined inflammatory biochemical
markers, only CRP can make the transition from the research environment to routine clin-
ical practice at the present time (9).

C-Reactive Protein
CRP, a pentraxin, is composed of five identical and noncovalently bonded subunits, each

consisting of 206 amino acid residues with a molecular mass of 23,017 kDa; thus, the total
molecular mass of CRP is approx 118,000 kDa (10). The gene responsible for its synthe-
sis is located on the proximal long arm of chromosome 1, at 7.7 kb, and is 2.5 kb long.
The precise in vivo role of CRP is not totally clear; however, its properties are consistent
with a fundamental role as a nonspecific defense mechanism. In response to tissue injury
or infection, hepatocytes synthesize CRP after stimulation by cytokines, especially IL-6,
IL-1 β, and TNF-α (11). CRP binds to polysaccharides of many bacteria, fungi, and certain
parasites in a calcium-dependent fashion, and once bound, it is a powerful activator of the
classic complement system and can promote opsonization and phagocytosis of foreign sub-
stances. It is one of the most consistently increased and fastest-reacting acute-phase pro-
teins (biological half-life of 19 h), suggesting that it is part of the innate immune response
(12). CRP concentrations may rise 1000-fold or more within 24–48 h of tissue injury. Mild
inflammation and viral infections generally cause CRP concentrations to increase to approx
10–50 mg/L, and active inflammation and bacterial infections result in concentrations
between 50 and 200 mg/L (13) (Fig. 1). Concentrations >200 mg/L are seen in more severe
infections and in trauma.

Increases in CRP concentration, within the reference interval, are associated with future
coronary events in apparently healthy men and women. These concentrations are below the
detection limits of the traditional assays, because the median CRP values are about 1.5 mg/
L for both men and women. The AHA/CDC guidelines defined specific cut points for clin-
ical interpretation: CRP concentrations <1 mg/L are considered low, 1–3 mg/L are average,

Fig. 1. Physiological and pathological span of CRP concentration (mg/L) and limits of detection of
traditional and high-sensitivity assays.
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and >3 mg/L indicate high relative risk, all of which are within the reference range of this
protein (9).

SOURCES OF VARIABILITY IN CRP TESTING
To reliably measure CRP for the purpose of assessing risk of future CHD, control and

understanding of the various sources of preanalytic and analytic variability are necessary.

Preanalytic Variability
PHYSIOLOGICAL AND CLINICAL

Age, gender, and ethnicity. Although most studies have shown no relationship between
age and serum CRP concentration (7,14) (Fig. 2), at least two studies have reported a slight
increase in CRP concentrations with age (15,16). This increase might be owing to the higher
incidence of obesity that is associated with aging (15). In the Women’s Health Study that
included 15,770 participants, only a slight association of CRP with age was seen: median
CRP concentrations for individuals 45–54, 55–64, 65–74, and ≥75 yr of age were 1.31,
1.89, 1.99, and 1.52 mg/L, respectively (17).

The availability of hsCRP assays has enabled the determination of population distri-
butions of this protein. Several studies have shown that the distribution of CRP concentra-
tions in both genders was non-Gaussian when evaluated for skewness and kurtosis (7,14)
(Fig. 3). The AHA/CDC-proposed cut points correspond to the approximate tertiles of
CRP distribution. Findings from American and European studies have shown compara-
ble distributions of CRP concentrations among men and women not receiving hormone
replacement therapy (HRT) (17–19) (Table 1). As indicated earlier, the 50th percentile
of CRP is about 1.5 mg/L for both genders. Furthermore, data from the National Health and
Nutrition Examination Survey III showed no significant difference in the distribution of
CRP concentration among white, African American, and Mexican American men (18,19)
(Table 2). Moreover, a comparable CRP distribution was seen in Japanese men (20) but
not in Japanese women, who have a slightly lower CRP concentration. By contrast, other

Fig. 2. Distribution of CRP concentration with age in healthy adults. (With permission from ref. 26.)
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studies have suggested that at least small differences in the distribution of CRP by eth-
nicity do exist (21). However, at present gender- or ethnic-specific cut points for CRP are
not advocated.

Seasonal and temporal. There are limited data on CRP concentrations and seasonal
cycles. Although one small study reported a slight variability in CRP concentration between

Fig. 3. Combined distribution of CRP values from different population studies. (Courtesy of Dr. Gary
Myers of the CDC.)

Table 1
Population Distributions of CRP (mg/L)a

Percentile

5th 10th 25th 50th 75th 90th 95th

American womenb 0.2 0.3 0.6 1.5 3.5 6.6 9.1
American men 0.3 0.4 0.8 1.5 3.2 6.1 8.6
European womenb 0.3 0.4 0.9 1.7 3.4 6.2 8.8
European men 0.3 0.6 0.8 1.6 3.3 6.5 8.6

aData are from refs. 17 and 19.
bOnly women not taking HRT.

Table 2
Distributions of CRP (mg/L) Among Mena

   Percentile

5th 10th 25th 50th 75th 90th 95th

White American 0.2 0.4 0.7 1.6 3.4 6.7 12.3
African American 0.1 0.2 0.7 1.7 3.9 8.2 13.2
Mexican American 0.2 0.4 0.6 1.6 3.2 6.3 9.8
Japanese — <0.3 0.4 1.6 3.5 7.8 —

aData are from refs. 18 and 20.
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winter and summer (22), the SEASON study, which was specifically designed to exam-
ine seasonal changes in cardiovascular biomarkers, showed no consistent pattern of
change in CRP concentrations (23).

It is well established that CRP has a relatively large biological variability. Therefore, the
impact of this variability on the clinical utility of CRP in CHD risk assessment has been
the subject of great interest. In two studies, the within-subject coefficient of variation (CV)
ranged from 42 to 63% and the between-subject CV ranged from 76 to 92% (24,25), lead-
ing investigators to question the reliability of this marker in heart disease risk assessment.
However, another study showed that the large intraindividual CV (averaging 30%) was
acceptable when the estimated composite CV for the group of individuals was 120% (26).
Nevertheless, given this biological variability, multiple blood sampling is recommended
to establish an individual’s baseline CRP. Some have advocated three independent deter-
minations (25); however, findings from the SEASON trial showed that two independent
measurements of CRP or total cholesterol, 3 months apart, enabled classification of up to
90% of subjects into the exact or immediately adjacent quartile (23). Additional analyses
of these data have shown that >95% of subjects would be classified in the exact tertile
of risk or vary by one tertile using the newly recommended cut points (27) (Fig. 4). Fur-
thermore, in the Cholesterol and Recurrent Events trial, the age-adjusted correlation
between two CRP measurements from blood samples drawn 5 yr apart was 0.6—again,
a value comparable with that of cholesterol and other lipid parameters (28). Although con-
tinued skepticism surrounding the issue of intraindividual variation remains (29), the AHA/
CDC expert panel concluded that the average of two independent measurements (fasting
or nonfasting) of CRP taken at least 2 wk apart should be used to establish an individual’s
risk of CHD (9). Although it was initially recommended to repeat the measurement when
the CRP concentration exceeds 10 mg/L (23), subsequent evidence suggests that the asso-
ciation of CRP with risk extends well beyond that range of concentration (30).

Exercise, body mass, and other lifestyle behavior. Several physiological conditions
and lifestyle behaviors, such as exercise, obesity, cigarette smoking, and alcohol consump-
tion, are known to affect CRP concentrations. Strenuous exercise, such as running a mara-
thon, increases CRP concentrations acutely; however, an inverse association between CRP

Fig. 4. Within-person variability for CRP vs total cholesterol (TC). (With permission from ref. 26.)
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concentration and levels of cardiorespiratory fitness has also been reported (31). In addi-
tion, a higher frequency of physical activity is associated with significantly lower odds of
having increased CRP (32).

A positive association between CRP concentrations and body mass index has been
clearly demonstrated (33,34). The relationships between CRP concentrations and mea-
sures of obesity have been reported to be consistent with in vivo release of IL-6 from adi-
pose tissue. Significant weight reduction is associated with decreased concentrations of
CRP, several cytokines, and adhesion molecules, thus indicating a reduction in the entire
inflammatory state of an individual (35,36).

Numerous studies have documented an increased CRP concentration with cigarette
smoking (37,38). This association is independent of cessation, suggesting that some of the
smoking-related damage may be irreversible. In both the Physicians’ Health Study (39) and
the Women’s Health Study (38), CRP was a good predictor of future myocardial infarc-
tion (MI) in both smokers and nonsmokers.

Moderate alcohol consumption is associated with lower CRP concentrations compared
with no or occasional alcohol intake, suggesting that alcohol may attenuate the risk of CHD
in part through anti-inflammatory mechanisms. Furthermore, IL-6 and TNF-α receptors
1 and 2 are lower in moderate drinkers than nondrinkers, further implicating anti-inflam-
matory effects of alcohol (40).

Medications. Several pharmacological agents and treatment modalities, including HRT,
aspirin, and statins, influence CRP concentrations. In randomized clinical trials and cross-
sectional studies, HRT increased serum CRP concentrations by two- to threefold (41–43).
One study showed that although estrogen treatment resulted in significantly higher CRP
concentrations, droloxifene exhibited no effect (44). In a prospective study in men, no
effect of exogenous androgen therapy on serum inflammatory markers (including CRP)
was observed, leading to the conclusion that a gender difference may exist regarding the
effects of estrogen on serum inflammatory markers (45).

Although the effect of aspirin on reducing the incidence of MI in men with increased
CRP (~60%) is clear (39), its effect on CRP concentration is uncertain. One study found
a significant reduction in CRP concentration with the use of aspirin (46), but several others
reported no change (47–49). By contrast, the statins have uniformly been shown to reduce
concentrations of CRP by 15–20% (28,50,51).

SPECIMEN COLLECTION AND HANDLING

There is no evidence to suggest that samples must be collected in the fasting state for the
measurement of CRP (Table 3). However, certain assays are affected by optical clarity,
and fasting before sampling may be needed in the presence of severe hypertriglycerid-
emia. Furthermore, CRP does not appear to exhibit a circadian rhythm and, therefore,
there is no need to standardize the time for sample collection to assess the risk of CHD (52).
Concern regarding diurnal variation of CRP stems from the fact that IL-6, which stimulates
CRP synthesis, exhibits significant diurnal variation (53). However, the lack of diurnal
variation of CRP may be owing to its relatively long half-life (19 h), which probably has
blunted the circadian effect of IL-6.

Most commercially available immunoassays are suitable for either serum or plasma.
However, the difference between these two fluids with respect to CRP testing is unclear.
As expected, because of the osmotic shifting effect of the anticoagulant on erythrocytes,
the use of EDTA or citrated plasma specimens resulted in significant biases (>10%) in CRP
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concentration when compared with serum in one study (54). By contrast, no difference
in CRP values was seen using heparinized and serum samples (55). Another study, how-
ever, showed no significant differences when serum and heparin- or EDTA-plasma samples
were simultaneously collected from a single stick in 25 patients (56). Additional studies
are needed to clarify this important issue.

CRP has been shown to be stable at 4°C for 60 d (57), and no significant changes in its
concentration were seen in samples stored at −70°C for more than 20 yr (58) or in liquid
nitrogen for up to 6 mo (17).

Analytic Variability
hsCRP methods were developed in order to reliably measure this protein at concen-

trations seen in apparently healthy individuals. Investigators improved the performance
of CRP assays by using fluorescent, luminescent, or radioactive adducts to antibodies to
enhance the immunoprecipitate and improve the signal. The most successful of these
approaches was the amplification of the light-scattering properties of the antigen-anti-
body complex by covalently coupling latex particles to specific antibody (7). This technol-
ogy gained wide acceptance among clinical laboratories because it enabled adaptation of
the assay to the routine automated chemistry analyzers. Because subjects are classified into
categories of risk using specific cut points of CRP concentration (9), assays must be able
to reliably measure CRP at least at the lowest cut point (1 mg/L). Assays used for popula-
tion-based studies and clinical research, however, should be able to measure CRP concen-
trations at much lower concentrations, such as 0.15 mg/L (2.5th percentile of the reference
population). An evaluation of nine second-generation hsCRP assays showed that all had
a sensitivity of ≤0.3 mg/L (59). The sensitivity of the current hsCRP assays does not appear
to be an issue that hampers the clinical use of this test for assessing the risk of CHD. The
reliability of a particular assay is in part a function of its reproducibility. It has been sug-
gested that for hsCRP, the within-laboratory total imprecision should be <10% across the
linear range of the assay (60). However, in the aforementioned evaluation, only five of
the nine hsCRP methods examined met this criterion, thus indicating the need for more
precise assays (59).

Standardization and Reporting
More than 30 commercially available hsCRP methods are used worldwide (8). The per-

formance of the various methods differs. In fact, studies using various assays have had

Table 3
Practical Considerations in CRP Testing

• What type of specimen should be used?
Serum values equivalent to heparinized plasma
EDTA <5% and citrate <10% than serum

• Should the patient be fasting?
No: fasting (6.6 ± 13.5 mg/L) vs nonfasting (6.3 ± 14 mg/L) (n = 10; p < 0.37)

• Should the time for sample collection be standardized?
No: no circadian rhythm exhibited for CRP

• How should CRP results be reported and interpreted?
In mg/L: values <1 = low, 1–3 = average, >3 = high risk of CHD
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significant discrepancy in reported results and emphasized the need for additional stan-
dardization (59,60). For example, in one evaluation study, four of the hsCRP methods were
in excellent agreement with the comparison method in classifying subjects into quartiles
of risk (59) (Fig. 5). In fact, 92–95% of subjects were classified by these methods into the
exact quartile and the remaining 5–8% fell almost equally into the adjacent two quartiles.
Using the other four methods, however, only 65–75% of subjects were classified into the
exact quartile, and the remaining 25–35% fell into the adjacent upper quartile, indicating
a problem with standardization. Agreement among the various hsCRP methodologies

Fig. 5. Agreement among various hsCRP methods using sample from apparently healthy individuals.
The Dade-Behring hsCRP method was used as the comparison method. (With permission from ref. 58.)
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is essential, considering that the individual patient’s results will be interpreted within the
context of nationally established cut points. To address this issue, the CDC initiated a
standardization program to which manufacturers of all hsCRP reagents worldwide have
been invited to participate (8). Phase I of this project aimed to identify a suitable reference
material. The use of a common calibrator among the various assays usually leads to a har-
monization of patients’ results. Such a calibrator has now been identified—CRM 470—
after making the appropriate dilution (8). Phase II of the study will involve the use of the
common calibrator to demonstrate the lack of discrepancy among the various assays in
freshly collected patient samples.

In addition to establishing clinical cut points for risk assessment, the AHA/CDC expert
panel chose milligrams per liter as the unit of choice for reporting results (9) (Table 3). It
is imperative that CRP values be reported in a single consistent unit. If some laboratories
report CRP concentration in milligrams per liter and others in milligrams per deciliter,
confusion will exist in the medical community in terms of interpreting this marker, and
patients will be misclassified and mismanaged. It is the responsibility of laboratorians
to provide and clinicians to demand such consistence of measurement nomenclature.

INTERPRETATION OF CRP RESULTS

The AHA/CDC expert panel has recommended the use of specific cut points for clin-
ical interpretation (9). Several studies have demonstrated that CRP results are additive
to lipids in terms of predicting an individual’s risk of CHD (4,61,62). Therefore, it has
been suggested that both be combined in an algorithm for risk assessment of heart disease
(17). Using CRP values recommended by the AHA/CDC expert panel (low: <1 mg/L;
average: 1–3 mg/L; high: ≥3 mg/L) and low-density lipoprotein (LDL) cholesterol values
recommended by the National Cholesterol Education Program (low: <130 mg/dL; aver-
age: 130–160 mg/dL; high: ≥160 mg/dL), risk estimates for both genders were derived
from databases of the Physicians’ Health Study and the Women’s Health Study (Fig. 6).
This algorithm may serve as an additional tool for clinicians in the global risk assessment
of CHD.

Fig. 6. Algorithm for risk assessment of CHD. CRP cut points are those recommended by the AHA/
CDC expert panel and LDL cholesterol cut points are those recommended by the National Cholesterol
Education Program. Risk estimates are not adjusted for other CHD risk factors. (With permission
from ref. 17.)
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CONCLUSION

Although CRP was discovered more than 70 yr ago and has been used for several decades
as a marker of active infection and inflammation, a new role for this protein has emerged.
Prospective studies have consistently shown that slight increases in CRP concentrations
in apparently healthy individuals are a strong predictor of the risk of CHD independent of
lipid levels. hsCRP assays were developed for that purpose, and national guidelines were
established to include CRP in the global risk assessment of CHD. Because an individual’s
CRP concentration is interpreted according to fixed cut points, available methods must be
standardized to avoid misclassification of patients into categories of risk. Furthermore,
advances in the understanding of preanalytic and analytic sources of variations and a
successful effort at standardization will undoubtedly lead to improvement in the mea-
surement and classification of CRP.
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SUMMARY

ThHigh-sensitivity C-reactive protein (hsCRP) is a marker of inflammation that
predicts incident myocardial infarction, stroke, peripheral arterial disease, and sudden
cardiac death among healthy persons without a history of cardiovascular disease, as
well as recurrent events and death in patients with acute or stable coronary syndromes.
hsCRP adds prognostic value at all levels of low-density lipoprotein cholesterol,
Framingham coronary risk score, severity of the metabolic syndrome, and blood pres-
sure, and in those with and without subclinical atherosclerosis. Among apparently
healthy men and women, hsCRP levels of less than 1, 1 to 3, and greater than 3 mg/L
distinguish those at low, moderate, and high risk for future cardiovascular disease,
respectively. In clinical settings, hsCRP should be used in conjunction with lipid evalu-
ation as part of global risk assessment. Improved knowledge of cardiovascular risk should
lead to better compliance with lifestyle and pharmacological interventions designed to
prevent future cardiovascular events.

Key Words: C-reactive protein; cardiovascular disease; clinical medicine; epidemiol-
ogy; inflammation; risk assessment.is is abstract text. This is abstract text. This is

NOVEL RISK FACTORS AND CARDIOVASCULAR RISK PREDICTION

Identifying asymptomatic individuals at high risk of developing a first cardiovascular
disease (CVD) event is a critical issue in primary prevention. Although the use of global
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prediction algorithms such as those derived from the Framingham Heart Study (1) greatly
improves the assessment of heart disease risk in primary prevention settings, as many as
20% of all coronary events occur in the absence of any of the major classic vascular risk
factors. In a recent analysis of more than 120,000 patients with coronary heart disease
(CHD), 15% of the men and 19% of the women had no evidence of hyperlipidemia, hyper-
tension, diabetes, or smoking, and more than half had only one of these traditional risk
factors (2). In another large population, between 85 and 95% of participants with CHD
had at least one conventional risk factor, but so too did those participants without CHD,
despite follow-up for as long as three decades (3). Because of the considerable need to
improve risk detection, the identification of novel atherosclerotic risk factors has been
a major goal of cardiovascular research in recent years (4,5).

In a recent monograph, we examined the evidence for high-sensitivity C-reactive pro-
tein (hsCRP) as a potential adjunct for cardiovascular risk prediction (6); this chapter up-
dates and summarizes that detailed review. When evaluating a novel biomarker as a potential
screening tool, clinicians should consider whether a standardized, reproducible, and cost-
efficient assay for the biomarker exists; whether prospective data show that the biomarker
consistently predicts future risk; and whether adding the biomarker to existing global risk
prediction algorithms significantly improves prognostic ability. Clinicians should also
weigh the relative magnitude of candidate biomarkers in terms of risk prediction. Appli-
cation of these standards to a series of novel risk factors indicates that, to date, hsCRP
is the most promising with respect to clinical utility (7–9). For example, in a direct com-
parison of the relative ability of various biomarkers, including lipid fractions, to predict
future CVD (a combined end point of CHD death, nonfatal myocardial infarction [MI],
stroke, and coronary revascularization) in the Women’s Health Study, an 8-yr follow-up
of 28,000 middle-aged women, hsCRP emerged as the most powerful single predictor of
cardiovascular risk (Fig. 1) (10). The same result was obtained for the outcome of periph-

Fig. 1. Head-to-head comparison of various biomarkers in cardiovascular risk prediction. TC, total
cholesterol; sICAM-1, soluble intercellular adhesion molecule type 1; SAA, serum amyloid A; Apo
B, apolipoprotein B-100. (Adapted from ref. 10.)
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eral arterial disease (11). Moreover, prediction models that incorporated hsCRP in addi-
tion to lipid profile were significantly better than models based on lipids alone—a not
entirely unexpected finding given that 77% of cardiovascular events occurred among
women with low-density lipoprotein cholesterol (LDL-C) levels of <160 mg/dL, and
46% occurred among those with LDL-C levels <130 mg/dL (12). Although other markers
of inflammation, including cytokines such as interleukin (IL)-6 (13) and tumor necrosis
factor-α (14); cell adhesion molecules such as soluble intercellular adhesion molecule-1
(15,16), P-selectin (17), and soluble CD40 ligand (18); macrophage inhibitory cytokine-1
(19); lipoprotein-associated phospholipase A2 (20,21); and white blood cell count (22)
have also shown promise as markers of vascular risk, they each have analytic shortcomings
that preclude their use in general clinical practice. For example, the half-life of several of
these markers is too short for diagnostic testing in this setting, whereas the ability of others
to predict risk in population-based studies after adjustment for traditional risk factors has
been marginal (23,24).

PATHOPHYSIOLOGY OF CRP

Atherothrombosis is now recognized as a chronic inflammatory disease, and accumu-
lating data indicate a potential role for CRP at all stages of the atherosclerotic process
(Fig. 2). A member of the pentraxin family of innate immune response proteins, CRP not
only is synthesized in the liver in response to IL-6 but may also be produced by smooth
muscle cells within coronary arteries (25–27). Laboratory studies suggest that CRP may
directly influence vascular vulnerability via many mechanisms, including enhanced
expression of local endothelial cell surface adhesion molecules (28), monocyte chemo-
attractant protein-1 (MCP-1) (28,29), endothelin-1 (ET-1) (30), and endothelial plasmi-
nogen activator inhibitor-1 (PAI-1) (31); reduced endothelial nitric oxide (NO) bioactivity

Fig. 2. Mechanisms relating CRP to development and progression of atherothrombosis. eNOS, endo-
thelial nitric oxide synthase. (Reproduced from ref. 110.)
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(30,32,33); increased induction of tissue factor in monocytes (34); increased LDL uptake
by macrophages (35); and colocalization with the complement membrane attack com-
plex within atherosclerotic lesions (36). The expression of human CRP in CRP-transgenic
mice directly enhances intravascular thrombosis in arterial injury and photochemical
injury models of endothelial disruption (37). The clinical relevance of these observations,
however, remains controversial.

hsCRP AND CARDIOVASCULAR RISK:
EPIDEMIOLOGICAL AND CLINICAL DATA

Although the exact physiological role of CRP remains unclear, the prognostic value
of hsCRP as a marker of cardiovascular risk is firmly established. hsCRP predicts future
cardiovascular risk in healthy individuals without CVD; patients with acute coronary syn-
drome (ACS), stable angina or in the stable phase following MI; and patients with meta-
bolic syndrome, diabetes, or renal disease.

hsCRP and Risk of Cardiovascular Events in Primary Prevention
Prospective epidemiological studies indicate that hsCRP is a predictor of MI or CHD

mortality (10,12,20,21,38–58), stroke (10,12,39,41,42,59–62), peripheral vascular dis-
ease (11,63), congestive heart failure (64,65), atrial fibrillation (66), and sudden cardiac
death (67). The association between hsCRP and subsequent CVD has been observed in
men and women, in the middle aged and elderly, in high- and usual-risk populations, and
in the United States and Europe. The relation is apparent even after many years of follow-
up. For example, elevated hsCRP levels at baseline were predictive of 17-yr coronary
mortality in the Multiple Risk Factor Intervention Trial (38) and sudden cardiac death in
the Physicians’ Health Study (67). Among Japanese-American men participating in the
Honolulu Heart Program, hsCRP was a strong predictor of MI (53) and thromboembolic
stroke (61) up to two decades after initial blood samples were collected.

Epidemiological studies generally indicate that persons with baseline hsCRP levels in
the top quartile of the sample distribution have a two- to threefold increase in the likeli-
hood of experiencing a future vascular event than those in the bottom hsCRP quartile. In
most instances, the association between hsCRP and subsequent vascular events has a
linear “dose–response” shape and is independent of the risk factors commonly assessed
in clinical settings and included in global cardiovascular prediction algorithms such as
those derived from the Framingham Heart Study—age, smoking, hypertension, dyslipid-
emia, and diabetes. In 2000, a meta-analysis of 14 prospective studies (2557 cases; mean
follow-up of 8 yr) of hsCRP and risk of nonfatal MI or CHD death yielded a summary
relative risk (RR) of 1.9 (95% confidence interval [CI]: 1.5–2.3) for individuals in the top
tertile of baseline hsCRP compared with those in the bottom tertile (45). Each of the
studies included in the meta-analysis adjusted for smoking and “some standard vascular
risk factors.”

More recently, findings from several major prospective studies, including the Women’s
Health Study (12), the Atherosclerosis Risk in Communities (ARIC) study (21), the Nurses’
Health Study (58), and the Health Professionals Follow-up Study (58) in the United States;
the Monitoring of Trends and Determinants in Cardiovascular Disease (MONICA) Augs-
burg study in Germany (56); and the Reykjavik Study in Iceland (57), have conclusively
demonstrated that hsCRP provides prognostic information beyond that available from
traditional cardiovascular risk factors. In these studies, hsCRP levels were interpreted in
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terms of either population-based quintiles or simple cut points. The latter approach, in
which hsCRP levels <1, 1–3, and >3 mg/L represent lower-, moderate-, and higher-risk
groups, provides comparable predictive utility to that of the former approach and has
greater clinical appeal.

The largest of the US studies is the Women’s Health Study, an 8-yr follow-up of 27,939
initially healthy middle-aged women who underwent hsCRP evaluation along with a full
lipid panel and Framingham risk assessment. After adjustment for age, smoking, diabe-
tes, blood pressure, and postmenopausal hormone therapy, the RR of a first cardiovas-
cular event for women in the lowest to highest quintiles of hsCRP at baseline (≤0.49,
>0.49–1.08, >1.08–2.09, >2.09–4.19, >4.19 mg/L) were 1.0 (referent), 1.4 (95% CI: 0.9–
2.2), 1.6 (95% CI: 1.1–2.4), 2.0 (95% CI: 1.3–3.0), and 2.3 (95% CI: 1.6–3.4). hsCRP
levels were minimally correlated with LDL-C, and a combined approach using both vari-
ables yielded improved prediction of cardiovascular event-free survival. Figure 3 shows
cardiovascular event-free survival data for participants with LDL-C above or below the
study median of 124 mg/dL and hsCRP above or below the study median of 1.52 mg/L
(12). As expected, event-free survival was poorest for persons with elevations in both
LDL-C and hsCRP, whereas the best survival was observed for those with low values on
both tests. Women with an elevated reading on only one test had an intermediate risk. How-
ever, contrary to many clinicians’ expectations, event-free survival was significantly worse
for those with high hsCRP and low LDL-C compared with those with high LDL-C and low
hsCRP, suggesting that hsCRP may be a stronger predictor than LDL-C of incident CVD.
More important, as shown in Fig. 4, hsCRP, categorized as <1, 1–3, and >3 mg/L, adds
prognostic information not only at all levels of risk defined by the current LDL cut points

Fig. 3. Cardiovascular event-free survival according to baseline levels of hsCRP and LDL-C. (Repro-
duced from ref. 12.)
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of the National Cholesterol Education Program (68) but also at all levels of risk specified
by the Framingham algorithm (12). After adjusting for all components of the Framingham
risk score, the RR associated with increasing hsCRP quintiles at baseline were 1.0, 1.3,
1.4, 1.7, and 1.9 (p for trend <0.001) for all participants, and 1.0, 1.6, 1.5, 1.8, and 2.2
(p for trend <0.001) for those not taking postmenopausal hormone therapy. For the
hsCRP cut points of <1, 1 to <3, and 3 mg/L or greater, the adjusted RRs were 1.0 (refer-
ent), 1.2 (95% CI: 0.9–1.5), and 1.5 (95% CI: 1.2–1.9) (p for trend <0.001) for all par-
ticipants, and 1.0 (referent), 1.1 (95% CI: 0.9–1.6), and 1.5 (95% CI: 1.2–1.9) (p for trend
<0.001) for those not taking postmenopausal hormone therapy (69).

The results from the Women’s Health Study confirm earlier findings from a nested case–
control analysis within the Physicians’ Health Study, which showed that baseline levels
of hsCRP were associated with incident MI and thromboembolic stroke even after con-
trol for cholesterol level in a large cohort of healthy middle-aged men followed for 14 yr
(543 end points were included in the analysis) (40). More recent analyses of the Physi-
cians’ Health Study data indicate that hsCRP remains an independent predictor of MI in
men after adjustment for all components of the Framingham risk score; compared with
men with hsCRP levels <1 mg/L, those with hsCRP levels between 1 and 3 mg/L were
70% more likely to develop MI, and those with hsCRP levels >3 mg/L were more than
twice as likely (RR: 2.2; 95% CI: 1.2–3.8) to do so (70).

These additive effects of hsCRP beyond the traditional Framingham risk score have
also been observed in other large prospective studies. In a case–cohort analysis conducted
among 12,819 apparently healthy middle-aged men and women followed for 6 yr in the
multiethnic ARIC study (608 cases), the RR of incident CHD for those with baseline hsCRP
levels <1, 1–3, and >3 mg/L were 1.0 (referent), 1.31 (95% CI: 0.96–1.80), and 1.72 (95%
CI: 1.24–2.39), respectively, after adjusting for age, sex, race, smoking status, systolic
blood pressure, LDL-C, high-density lipoprotein cholesterol (HDL-C), and diabetes (21).
Similar findings were obtained in a 6.6-yr follow-up of 3435 German men ages 45–74 yr
participating in the MONICA Augsburg study; after adjustment for the 10-yr Framingham
CHD risk score (categorized as <6, 6–10, 11–14, 15–19, and ≥20%), the RR of incident

Fig. 4. hsCRP provides prognostic information at all levels of LDL-C and at all levels of the Framing-
ham risk score. (Reproduced from ref. 12.)
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MI or sudden cardiac death among men with hsCRP levels <1, 1–3, and >3 mg/L were
1.0 (referent), 1.44 (95% CI: 0.95–2.17), and 2.21 (95% CI: 1.49–3.27), respectively (56).
In subgroup analyses, the predictive utility of hsCRP was most apparent among men at
intermediate coronary risk—i.e., those whose 10-yr Framingham scores were between 10
and 20%. In nested case–control analyses conducted within the large Nurses’ Health Study
(32,826 initially healthy women with a baseline blood sample were followed for 8 yr,
during which time 249 incident CHD cases occurred) and the Health Professionals Fol-
low-up Study (18,225 initially healthy men with a baseline blood sample were followed
for 6 yr, during which time 266 incident CHD cases occurred), the pooled RR comparing
hsCRP levels of ≥3 mg/L to levels <1 mg/L was 1.46 (95% CI: 1.08–2.04) in a model that
controlled for the effects of age, hypertension, ratio of total cholesterol to HDL-C, smok-
ing, and diabetes (58). After additional adjustment for alcohol intake, body mass index
(BMI), physical activity, parental history of CHD before age 60, and, for women, post-
menopausal hormone therapy, the risk estimate remained largely unchanged (RR: 1.68;
95% CI: 1.18–2.38). Indeed, of recent large-scale population-based studies, only the Rotter-
dam Study failed to find that the addition of hsCRP to a model with classic cardiovascular
risk factors improved risk prediction. In this nested case–control study conducted among
7983 Dutch men and women age 55 yr and older who were followed for 5 yr for incident
MI, the age- and sex-adjusted RR for the extreme quartile comparison (hsCRP >3.02 vs
<0.82 mg/L) was 2.0 (95% CI: 1.1–3.4), but the association was attenuated after additional
adjustment for smoking, total cholesterol, HDL-C, hypertension, diabetes, BMI, and
family history of premature MI (RR: 1.2; 95% CI: 0.6–2.2) (p for trend across quartiles
<0.50) (55). Nevertheless, the consistency of the Framingham-adjusted risk estimates in
the Women’s Health Study, Physicians’ Health Study, ARIC, MONICA, Nurses’ Health
Study, and Health Professionals Follow-up Study provides compelling support for the
incorporation of hsCRP into existing prediction algorithms (Fig. 5).

Fig. 5. Framingham-adjusted RRs of future coronary events according to baseline levels of hsCRP
of <l, 1–3, and >3 mg/L in major cohort studies. (Data from refs. 10,12,21,39, and 56–58.) *The Reyk-
javik data were reported for hsCRP tertiles rather than for hsCRP cutpoints of <1, 1–3, and >3 mg/L.
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Data from a study in Reykjavik, Iceland that included 2459 incident CHD events dur-
ing a 20-yr follow-up of 18,569 men and women also highlight the clinical utility of hsCRP
as an independent predictor of risk even in a population with elevated lipid levels (57).
In this study, baseline hsCRP levels were associated with an approximate 50% increase in
future vascular risk not only after adjustment for the traditional Framingham risk factors
but also after further control for triglycerides, BMI, and indices of pulmonary function
(hsCRP ≥2.0 vs <0.78 mg/L; RR: 1.45; 95% CI: 1.25–1.68). During the first 10 yr of fol-
low-up, an even higher risk was observed (RR: 1.84; 95% CI: 1.49–2.28). The reported RRs
from Iceland were calculated using an hsCRP cut point of 2.0 mg/L rather than the rec-
ommended 3.0 mg/L and thus likely underestimate the predictive ability of hsCRP. Even
so, the prognostic value of hsCRP in this cohort was virtually identical to that of high
blood pressure and statistically similar to that of smoking.

Additional data supporting the addition of hsCRP to the Framingham risk evaluation
come from two primary prevention trials. Among 5742 healthy men and women enrolled
in the Air Force/Texas Coronary Atherosclerosis Prevention Study (AFCAPS/TexCAPS),
a primary prevention trial of lovastatin, each quartile increase in baseline hsCRP predicted
a 21% increase in the risk of a first cardiovascular event (95% CI: 4–41%), an association
that persisted after adjustment for all individual components of the Framingham risk
score (48). In a cross-sectional survey of 1666 men and women without CVD participating
in the Pravastatin Inflammation/CRP Evaluation trial, hsCRP level was minimally corre-
lated with each variable in the 10-yr Framingham risk score and only modestly correlated
with the score itself (r < 0.30) (71).

Although the relationship between hsCRP and CHD has been more extensively stud-
ied than that between hsCRP and stroke, data from the Framingham Study suggest that
hsCRP is also an independent predictor of cerebral thrombosis. Among 1462 respondents
followed for 12–14 yr for the development of a first ischemic stroke or transient ischemic
attack, there were significant increases in risk across hsCRP quartiles after factoring out
the effects of smoking, ratio of total cholesterol to HDL-C, systolic blood pressure, and
diabetes (60). Among women, the RRs associated with increasing hsCRP quartiles (<1.00,
1.02–3.19, 3.20–7.31, ≥7.33 mg/L) were 1.0 (referent), 1.2 (95% CI: 0.63–2.27), 1.6 (95%
CI: 0.89–2.93), and 2.1 (95% CI: 1.9–3.83) (p for trend = 0.008). Among men, the corre-
sponding RRs (for hsCRP quartiles of <1.08, 1.10–3.00, 3.03–6.80, ≥6.90 mg/L) were
1.0 (referent), 0.9 (95% CI: 0.46–1.86), 1.5 (95% CI: 0.80–2.87), and 1.6 (95% CI: 0.87–
3.13) (p for trend = 0.04).

Clinical interpretation of hsCRP is most conveniently performed using cut points
of <1, 1–3, and >3 mg/L. However, recent findings from the Women’s Health Study sug-
gest that the cardiovascular risk gradient extends across the full range of hsCRP levels.
That is, the absolute risk of CVD is extremely low for those 10–15% of individuals with
hsCRP levels <0.5 mg/L, and, by contrast, the risk is extremely high when hsCRP levels
exceed 10 mg/L (Fig. 6) (69). Moreover, as shown in Fig. 7, there is a clear risk gradient
associated with a five-tier classification scheme for hsCRP (<0.5, 0.5 to <1, 1 to <3, 3 to
<10, and ≥10 mg/L) across all levels of the Framingham risk score (70). A monotonic
increase in cardiovascular risk associated with rising hsCRP levels was observed not only
among individuals with estimated 10-yr Framingham risk scores of between 10 and 20%
but also among those with lower scores. These data suggest that an hsCRP-modified Fram-
ingham risk score could improve the prediction of CHD events in general population
settings.
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It should be noted that most of the epidemiological studies cited were conducted in white
populations of predominantly European ancestry. With some exceptions (e.g., the afore-
mentioned Honolulu Heart Program [53,61]), few data on the utility of hsCRP as a pre-
dictor of incident CVD in nonwhite cohorts exist. Additional investigations in racially
diverse populations are needed.

hsCRP, Metabolic Syndrome, and Type 2 Diabetes Mellitus
Another reason for clinical interest in adding hsCRP to current risk algorithms derives

from the fact that inflammation may play a key role in processes associated with meta-
bolic syndrome, a condition that confers increased cardiovascular risk (72). hsCRP levels
are correlated positively with components of metabolic syndrome commonly measured in

Fig. 6. Clinical predictive value for future cardiovascular (CV) events of very low (<0.5 mg/L) and
very high (>10 mg/L) levels of hsCRP. (Reproduced from ref. 69.)

Fig. 7. RRs of future coronary events according to a five-category classification scheme for hsCRP
and Framingham risk score. (Reproduced from ref. 70.)
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clinical practice, such as elevated triglycerides, low HDL-C, obesity, high fasting glu-
cose, and high blood pressure (BP). In the Women’s Health Study, e.g., after adjustment
for multiple potential confounders, the RRs of incident hypertension for increasing hsCRP
quintiles were 1.00 (referent), 1.07 (95% CI: 0.95–1.20), 1.17 (95% CI: 1.04–1.31), 1.30
(95% CI: 1.17–1.45), and 1.52 (95% CI: 1.36–1.69), respectively (p for trend of <0.001)
(73). hsCRP levels are also correlated with other components of the syndrome not easily
assessed during routine office visits, such as fasting insulin, microalbuminuria, and im-
paired fibrinolysis. Indeed, among Women’s Health Study participants without diabetes,
hsCRP and BMI were the only independent correlates of fasting insulin level modeled
as a continuous dependent variable. After adjustment for BMI and other risk factors for
diabetes, the RR for elevated fasting insulin (≥51.6 pmol/L) increased with the tertile of
hsCRP (for hsCRP <1.4, 1.4–4.4, and ≥4.4 mg/L, RRs were 1.0, 3.7, and 4.4, respectively;
p for trend <0.001) (74). This association was observed among both lean and overweight
women.

Data from the Women’s Health Study also show that hsCRP levels <1, 1–3, and >3 mg/
L successfully differentiated women with metabolic syndrome into low-, moderate-, and
high-risk groups (Fig. 8) (75). In analyses comparing the predictive ability of hsCRP
alone (≥3 vs <3 mg/L) with that of metabolic syndrome alone, the area under the receiver
operating characteristic curve was 0.77 for hsCRP and 0.78 for metabolic syndrome, indi-
cating that the two variables are equally useful for cardiovascular risk assessment. How-
ever, as with LDL-C and the Framingham risk score, the addition of hsCRP to the traditional
metabolic syndrome definition provided the best predictive algorithm. Similar results were
observed in a cohort of 6447 middle-aged men followed for 5 yr in the West of Scotland
Coronary Prevention Study (76). hsCRP, coded as ≥3 vs <3 mg/L, was predictive of inci-

Fig. 8. Cardiovascular event-free survival according to baseline level of hsCRP among individuals
with metabolic syndrome. (Adapted from ref. 75.)
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dent CHD after stratification by metabolic syndrome status. Among participants in the
“low-CRP/metabolic syndrome absent,” “high-CRP/metabolic syndrome absent,” “low-
CRP/metabolic syndrome present,” and “high-CRP/metabolic syndrome present” groups,
the RRs for incident CHD were 1.0 (referent), 1.6 (95% CI: 1.3–2.1), 1.6 (95% CI: 1.2–2.1),
and 2.75 (95% CI: 2.1–3.6), respectively. In a 7-yr follow-up of 3037 men and women
without diabetes in the Framingham Offspring Study, persons in the highest quartile of
hsCRP had nearly twice the risk of developing CVD than did those in the lowest quartile
after adjustment for age, sex, and the presence of the metabolic syndrome (hsCRP ≥4.5
vs <0.25 mg/L; RR: 1.9; 95% CI: 1.2–2.9) (77). hsCRP levels have additionally been
found to predict cardiovascular risk among persons with diabetes. Among 746 men with
diabetes followed for 5 yr in the Health Professionals Follow-up Study, those in the top
quartile of hsCRP were nearly three times more likely to develop cardiovascular events
than those in the bottom quartile after adjustment for traditional risk factors, including
blood lipids, as well as fibrinogen, creatinine, and glycosylated hemoglobin (RR: 2.62;
95% CI: 1.29–5.32) (median hsCRP levels in the top and bottom quartiles were 4.86 and
0.53 mg/L, respectively) (78).

Prospective studies have also found strong monotonic relationships between hsCRP
and incident diabetes, often after adjustment for BMI and other risk factors for diabetes.
In the West of Scotland Coronary Prevention Study, the top quintile of hsCRP was associ-
ated with a threefold increase in the incident diabetes rate (hsCRP >4.18 vs ≤0.66 mg/L;
multivariable-adjusted 5-yr RR: 3.07; 95% CI: 1.33–7.10) (79), and hsCRP remained sig-
nificantly predictive after stratification by metabolic syndrome status. Among men in the
“low-CRP/metabolic syndrome absent,” “high-CRP/metabolic syndrome absent,” low-
CRP/metabolic syndrome present,” and “high-CRP/metabolic syndrome present” groups,
the RRs for incident diabetes were 1.0 (referent), 1.8 (95% CI: 1.1–3.0), 3.6 (95% CI: 2.3–
5.6), and 5.3 (95% CI: 3.3–8.3), respectively (76). In the Women’s Health Study, women
in the top quartile of the hsCRP distribution were more than four times as likely to develop
diabetes than women in the bottom quartile during 4 yr of follow-up (hsCRP >6.1 vs <1 mg/
L; multivariable-adjusted RR: 4.2; 95% CI: 1.2–12) (80). Similarly, in the Nurses’ Health
Study, the extreme quintile comparison (hsCRP ≥4.05 vs ≤0.55 mg/L) yielded a multivari-
able-adjusted RR of 4.36 (95% CI: 2.80–6.80) over 10 yr of follow-up (81). Among 5888
persons age 65 yr or older in the Cardiovascular Health Study, a comparison of the
extreme hsCRP quartiles revealed a near doubling of risk over 4 yr (hsCRP >2.86 mg/L
vs <0.82 mg/L; multivariable-adjusted RR: 1.83; 95% CI: 1.24–2.86) (82). By contrast,
despite strong age-adjusted associations between hsCRP and incident diabetes in the 7-yr
MONICA Augsburg study of 2052 middle-aged men (83) and the 5-yr Insulin Resistance
Atherosclerosis Study (84) of 1047 middle-aged men and women, hsCRP was not predic-
tive of diabetes in these cohorts after factoring out the effect of BMI. Nevertheless, in the
aggregate, these data support the hypothesis that inflammation, atherothrombosis, and
diabetes are closely related disorders of the innate immune system.

hsCRP, Renal Disease, and Cardiovascular Risk
Chronic renal failure is a risk factor for cardiovascular morbidity and mortality. Clinic-

based studies have found that hsCRP levels of hemodialysis patients are 8 to 10 times
higher than those of healthy control subjects. Population-based studies also report strong
correlations between renal dysfunction and hsCRP. In the large National Health and Nutri-
tion Examination Survey, respondents with elevated hsCRP levels were more likely to have
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impaired kidney function (an estimated glomerular filtration rate of <60 mL/min per 1.73
m3) than respondents with lower hsCRP levels (CRP of ≥10 vs <2.2 mg/L; RR: 2.20; 95%
CI: 1.54–3.15) (85). hsCRP levels predict CVD mortality in hemodialysis patients. In a
4-yr follow-up of 280 stable dialysis patients with baseline hsCRP quartiles of <3.3, 3.3–
7.4, 7.5–15.8, and ≥15.8 mg/L, there was a strong dose–response relationship between
hsCRP quartile and cardiovascular death, with a RR of 1.7 for the extreme-quartile compari-
son (p < 0.0001) (86). Although results from ongoing randomized trials targeting inflam-
mation in patients with renal failure are not yet available, implementing aggressive CVD
prevention programs in those with elevated hsCRP levels may be advisable.

hsCRP and Subclinical Atherosclerosis
In contrast to the consistent findings on the relationship between hsCRP and incident

cardiovascular events, evidence for an association between hsCRP and measures of sub-
clinical atherosclerosis has been mixed. Among 3173 persons in the Framingham Off-
spring Study, a comparison of the top vs bottom quartile of hsCRP (measured 4 yr prior
to carotid ultrasonography) yielded an age-adjusted RR of carotid stenosis (≥25%) of
3.90 (95% CI: 2.44–6.44) in women and 1.62 (95% CI: 1.12–2.36) in men (87). After fac-
toring out the effects of BMI and other cardiovascular risk factors, the relation remained
in women (RR: 2.97; 95% CI: 1.72–5.25) but not men (RR: 1.07; 95% CI: 0.71–1.61). Sim-
ilar results were observed when the analyses were limited to participants without prevalent
CVD, and when measures of internal, but not common, carotid intimal-medial thickness
(IMT) were used. hsCRP level was also positively correlated with the extent of coronary
artery calcification 4–8 yr later in a subsample of 321 healthy individuals who were eval-
uated with electron beam computerized tomography (EBCT); in contrast to the Doppler
findings regarding stenosis, the correlation persisted in men but not women after adjust-
ment for Framingham risk score and BMI (88). Among 1317 men and women in the Rotter-
dam Study, there was a strong positive association between hsCRP and common carotid
IMT (89); persons with hsCRP levels in the top tertile of the sample distribution were twice
as likely to have moderate or severe carotid plaques as were persons in the bottom tertile
(>2.77 vs ≤1.11 mg/L; RR: 2.0; 95% CI: 1.3–3.0) after adjustment for BMI and other co-
variates (analyses stratified by gender were not provided). An inverse association between
hsCRP and the ankle-brachial index was also observed. Among 502 patients with coronary
artery disease assigned to atorvastatin or pravastatin for 18 mo in the Reversal of Athero-
sclerosis with Aggressive Lipid Lowering trial, the magnitude of change in hsCRP and
the magnitude of change in LDL-C were both independent predictors of coronary plaque
regression as measured by intravascular ultrasound (90). On the other hand, in a subsample
of 590 men and women in the ARIC study, there was no independent association between
hsCRP and prevalent atherosclerosis, as defined by an average carotid IMT (i.e., the mean
of the average IMT of the bilateral common carotid, internal carotid, and bifurcation) of
at least 0.93 mm (51). Moreover, the National Heart, Lung, and Blood Institute Family
Heart Study, a collective analysis of selected members of four population-based cohorts,
including Framingham and ARIC, found a weak inverse association between hsCRP and
the ankle-brachial index only in men (91). Other studies also suggest that correlations
between hsCRP and coronary calcification are low. For example, among 914 asymptoma-
tic participants in the Study of Inherited Risk of Coronary Atherosclerosis, hsCRP was not
associated with coronary artery calcification in men, and a weak relationship disappeared
after adjustment for BMI in women (92).
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On the basis of these findings, some investigators have postulated that elevated hsCRP
levels primarily reflect an increased tendency for plaque rupture, rather than a high athero-
sclerotic burden. In support of this hypothesis, autopsy studies show that elevated hsCRP
is associated with increased macrophage density in plaque, a higher prevalence of thin-
cap atheromas, and increased risk of plaque erosions and rupture (93). Epidemiologi-
cal studies also lend credence to this idea; in a 10-yr follow-up of 5417 elderly partici-
pants in the Cardiovascular Health Study without a history of stroke or atrial fibrillation
at baseline, elevated hsCRP was associated with incident ischemic stroke independent
of the severity of atherosclerosis as measured by the average of the maximal common and
internal carotid IMT (62). Notably, the relation between hsCRP and stroke was strong-
est in participants with greater carotid stenosis. In a 2.4-yr follow-up of the same cohort,
there was also a more pronounced association between hsCRP and incident MI among par-
ticipants with evidence of subclinical disease than among those without such evidence,
although this difference was observed only in women (43). On the other hand, in the younger
ARIC cohort, carotid IMT did not influence the relationship between hsCRP and incident
CHD (51).

hsCRP in Secondary Prevention Settings
hsCRP is predictive of recurrent vascular events and death among patients with ACS and

stroke (6). Elevated preprocedural hsCRP levels also portend a worse prognosis for patients
undergoing percutaneous transluminal coronary angioplasty, coronary artery bypass graft-
ing, and coronary artery stenting (6). The role of hsCRP in risk assessment in acute coro-
nary settings is the topic of Chapter 17. This section reviews studies of the predictive utility
of hsCRP measurement in stable patients with a history of MI.

There is growing evidence that hsCRP predicts adverse events in the stable phase after
MI. In the Cholesterol and Recurrent Events (CARE) secondary prevention trial of prava-
statin, patients with elevated hsCRP levels at 3–20 mo following an index MI were at
higher risk of recurrent events during 5 yr of follow-up (94). A Norwegian study of 247
patients with premature MI also found that hsCRP was associated with future coronary
death (95). In that cohort, the 10-yr RR of cardiac mortality doubled with increasing
hsCRP quartiles (<1.20, 1.20–2.37, 2.37–4.20, ≥4.20 mg/L); patients in the top quartile
had six times the risk of cardiac death as did those in the bottom quartile. Adjustment for
age, left ventricular ejection fraction, serum total cholesterol, fibrinogen, hypertension,
and smoking attenuated but did not eliminate the association. In the multinational Prava-
statin or Atorvastatin Evaluation and Infection Therapy—Thrombolysis in Myocardial
Infarction 22 (PROVE-IT) trial of intensive (atorvastatin, 80 mg/d) vs moderate (prava-
statin, 40 mg/d) statin therapy among 3745 patients with recent MI or unstable angina,
the hsCRP level achieved at 30 d after enrollment was strongly predictive of the risk of
recurrent coronary events during 2 yr of follow-up; after controlling for the LDL-C level
achieved at 30 d and other covariates such as smoking, hypertension, diabetes, and BMI,
patients in the highest hsCRP quartile were 70% more likely to experience a recurrent
event than those in the lowest quartile (RR: 1.7; 95% CI: 1.1–2.5) (96). The THROMBOgenic
risk factor study found that hsCRP levels measured 2 mo after an index MI significantly
predicted the 2-yr risk of recurrent coronary events in a cohort of 1045 patients, although
the association did not persist after adjustment for ejection fraction and the presence of
pulmonary congestion (97). Nevertheless, these data, taken as a whole, indicate that hsCRP
can improve risk prediction in secondary prevention settings.



250 Cardiovascular Biomarkers

PRACTICAL CONSIDERATIONS

CRP has long been measured in clinical laboratories to monitor active infection. Tra-
ditional assays for CRP have a lower detection limit of 3–8 mg/L and, thus, are not sensi-
tive enough to detect the low-end variations required for prediction of cardiovascular risk.
High-sensitivity assays that overcome this limitation are now commercially available.

Although it is an acute-phase reactant, CRP exhibits a relatively low degree of intrain-
dividual variability in clinically stable patients. Whether serial assessment of hsCRP
provides incremental clinical benefit is uncertain. Consistent with cholesterol-screening
guidelines, the Centers for Disease Control (CDC) and the American Heart Association
(AHA) recommend the use of two hsCRP measures taken at least 2 wk apart with the aver-
age value used to estimate vascular risk (9). However, many physicians believe that a single
measure is sufficient provided that a value of <10 mg/L is obtained. Because CRP levels
increase sharply in response to major infections, trauma, or other acute conditions, levels
above 10 mg/L should initially be disregarded and the test should be repeated when the
patient has stabilized. If an elevated CRP level persists, especially in the presence of a
high erythrocyte sedimentation rate, alternative sources of systemic inflammation such as
rheumatoid arthritis, inflammatory bowel disease, or endocarditis should be considered.
Nevertheless, recent analyses from the Women’s Health Study suggest that chronically
elevated CRP levels may indicate exceptionally high coronary risk (69).

CRP has other characteristics in addition to its relatively low long-term biological
variability that render it suitable for use in clinical practice. CRP levels are not affected
by food intake and exhibit little circadian variation. Thus, measurements can be made
without regard for fasting status or time of day. CRP has a long plasma half-life of
between 18 and 20 h, allowing accurate readings in fresh or frozen blood without the need
for special collection procedures. Elevated CRP levels within the range detected by high-
sensitivity assays have demonstrated specificity for vascular events. In the Women’s
Health Study, baseline hsCRP levels were not associated with the incidence of cancer
(42). Similarly, in the Study of Osteoporotic Fractures, a population-based cohort of
women age 65 yr and older, an elevated hsCRP level predicted cardiovascular mortal-
ity (hsCRP >3 vs ≤3 mg/L; adjusted RR: 8.0; 95% CI: 2.2–2.9) but was unrelated to
mortality from noncardiovascular causes (RR: 0.92; 95% CI: 0.4–2.1) during 6 yr of
follow-up (98).

Population norms for hsCRP are available, and there are currently no compelling data
to support the use of gender-, age-, or race-specific guidelines, thus simplifying the appli-
cation of clinical cut points. Ranges of <1, 1–3, and >3 mg/L, which correspond to approx-
imate tertiles of the hsCRP distribution in healthy US adults, are recommended for clas-
sification of individuals into lower-, moderate-, and higher-cardiovascular-risk groups in
primary prevention (Fig. 9) (9,99). However, although this simple trichotomy is useful
for primary care practice, it should be recognized that patients with the lowest hsCRP
levels (<0.5 mg/L) are at very low cardiovascular risk and those with persistent marked
elevations in hsCRP (>10 mg/L) are at very high risk (69).

The cost of hsCRP screening is comparable with that of standard cholesterol evalu-
ation and is less than that of alternative screening approaches such as EBCT or magnetic
resonance imaging. hsCRP screening appears to yield tangible benefits in terms of years
of life saved and cost-to-benefit ratios (100). For these reasons, the inclusion of hsCRP
testing in routine physical examinations is gaining popularity.
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THERAPEUTIC INTERVENTIONS
Conclusive evidence that lowering hsCRP levels leads to a reduction in clinical cardiovas-

cular events in primary prevention settings is not available. Nevertheless, many behavioral
and pharmacological interventions that reduce cardiovascular event rates are associated
with lower hsCRP levels. Behavioral interventions in this category include smoking ces-
sation, weight loss, increased physical activity, and dietary modification (see ref. 6 for
a review). Pharmacological interventions are reviewed in the following sections. Because
a patient’s compliance with recommended interventions depends in part on his or her
perception of absolute disease risk and because the addition of hsCRP testing to existing
risk algorithms provides an improved prediction tool, a major rationale for hsCRP screen-
ing is to help motivate at-risk individuals to adopt healthier lifestyles and to comply with
prescribed drug therapies.

Statins
The ability of statins to lower hsCRP was first described for pravastatin using data

from the CARE trial (94,101). Subsequent confirmatory work has shown the effect of
statins on hsCRP to be an important class effect. A meta-analysis of the effects of statins
on nonlipid serum markers—specifically CRP, fibrinogen, homocysteine, LDL-C oxi-
dation, tissue plasminogen activator, plasminogen activator inhibitor, and platelet aggre-
gation—concluded that, of these, only CRP appears to be influenced by statin use (102).
Indeed, studies of pravastatin, lovastatin, cerivastatin, simvastatin, and atorvastatin indi-
cate that, on average, median hsCRP levels decline 15–25% as early as 6 wk following ini-
tiation of therapy (102) in persons with no history of CVD (48,103–106) and in patients
with stable coronary disease (103,107) or ACS (90,108). Ezetimibe, a novel cholesterol
absorption inhibitor that prevents absorption of dietary and biliary cholesterol without
affecting that of triglycerides and fat-soluble vitamins, appears to augment the CRP-lower-
ing ability of statins (106,109).

More important, the magnitude of hsCRP cholesterol reduction owing to statin therapy
is minimally correlated with the magnitude of reduction in LDL-C (102). Although sta-
tins reduce LDL-C levels in virtually all patients, there is wide variation in hsCRP response.
Recent research suggests that this variation is important in predicting clinical cardiovascu-
lar outcomes, at least in secondary prevention settings. In the PROVE-IT trial of intensive
(atorvastatin, 80 mg/d) vs moderate (pravastatin, 40 mg/d) statin therapy, patients who
achieved an LDL-C level lower than the sample median of 70 mg/dL after 30 d of treatment
were less likely to experience a recurrent coronary event than those who did not achieve
this level (2.7 vs 4.0 events per 100 person-yr; p = 0.008) (96). A virtually identical rate

Fig. 9. Clinical application of hsCRP levels for cardiovascular screening: levels of hsCRP of <1,
1–3, and >3 mg/L correspond to low-, moderate-, and high-risk groups. (Reproduced from ref. 125.)
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difference was observed for a parallel median-split analysis of hsCRP levels: participants
who achieved an hsCRP level of <2.0 mg/L after 30 d of treatment were less likely to have
a recurrent event than those who did not achieve this goal (2.8 vs 3.9 events per 100
person-yr; p = 0.006). The relation between achieved hsCRP and recurrent events was
observed at all levels of achieved LDL-C. Among participants with LDL-C levels ≥70
mg/dL, the event rates associated with hsCRP levels below and above 2.0 mg/L were 3.2
and 4.6 per 100 person-yr, respectively, and the corresponding rates among participants
with LDL-C levels <70 mg/dL were 2.4 and 3.1 events per 100 person-yr (p < 0.001).
Thus, measuring both achieved LDL-C and achieved hsCRP improves risk prediction
(Fig. 10). Moreover, although atorvastatin was more effective than pravastatin in reducing
LDL-C and hsCRP, there was no residual effect of choice of treatment on cardiovascular
event-free survival after factoring out the effects of achieved levels of LDL-C and hsCRP,
which suggests that measuring both biomarkers is not only necessary but also sufficient
to assess the comparative efficacy of a statin drug in reducing cardiovascular risk for a
given individual. More generally, the results of PROVE-IT suggest that the implemen-
tation of risk reduction strategies should include an inflammation as well as a cholesterol-
monitoring component to assess whether the chosen strategy has a reasonable chance of
preventing a recurrent event.

The PROVE-IT results extend findings from two earlier randomized trials indicating
that the cardiovascular risk reduction attributable to statin therapy may be most marked
for those with elevated hsCRP levels at baseline. In the 5-yr CARE trial, the proportion
of recurrent events prevented by pravastatin was 54% among persons with elevated
hsCRP levels but only 25% among persons with lower hsCRP levels, even though baseline
lipid levels were similar in those with and without evidence of inflammation (94). Simi-
larly, in a post hoc analysis of data from the AFCAPS/TexCAPS primary prevention trial,
lovastatin therapy was associated with a 42% reduction in first cardiovascular events

Fig. 10. Cumulative rates of recurrent MI or cardiovascular death following initiation of statin therapy
among patients with ACS, according to achieved levels of LDL-C and of hsCRP. (Reproduced from
ref. 96.)
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(RR: 0.58; 95% CI: 0.34–0.98) over a 5-yr period among participants with low LDL-C
levels (<149 mg/dL) but high hsCRP levels (>1.6 mg/L) (Table 1) (48). Taken in con-
junction with epidemiological findings that high hsCRP is associated with an increased
risk of first cardiovascular events even in the absence of elevated LDL-C, these results
highlight the need for a clinical trial to test the efficacy of statins in reducing cardiovascu-
lar events among individuals with the high hsCRP/low LDL-C phenotype, who comprise
an estimated 25% of the U.S. adult population. Such a trial is under way; the Justification
for the Use of Statins in Primary Prevention: An Intervention Trial Evaluating Rosuvasta-
tin will randomize approx 15,000 persons with hsCRP levels >2 mg/L and LDL-C levels
<130 mg/dL to rosuvastatin or placebo and follow them for 3 to 4 yr to determine whether
the drug reduces the incidence of first vascular events (110).

Aspirin and Other Antiplatelet Agents
The ability of antiplatelet therapy to prevent future cardiovascular events appears to

vary by hsCRP level. In the Physicians’ Health Study, a large primary prevention trial, the
reduction in risk of future MI associated with assignment to aspirin (325 mg on alternate
days) was 56% (p = 0.02) among participants with baseline hsCRP levels in the highest
quartile and declined with hsCRP levels such that a reduction of only 14% (p = 0.80) was
observed among those in the lowest quartile, suggesting that aspirin may prevent ische-
mic events through anti-inflammatory as well as antiplatelet effects (39). Similarly, obser-
vational data indicate that the beneficial effects of clopidogrel and abciximab may be
greatest in patients with elevated CRP levels prior to percutaneous coronary interven-
tions (111–113). On the other hand, ticlopidine was associated with a significant risk reduc-
tion in subsequent cardiovascular events among ischemic stroke patients with admission
hsCRP levels in the bottom two tertiles of the sample distribution, whereas a nonsignifi-
cant excess risk was apparent among those in the highest tertile (114).

Despite the findings from the Physicians’ Health Study, it is unclear whether aspirin
or other antiplatelet agents can directly reduce CRP levels. Although one small trial found
that 6 wk of aspirin therapy (300 mg/d) was associated with a significant reduction in
hsCRP levels in patients with chronic stable angina (115), other trials, including our own
unpublished study, observed no short-term effect of aspirin in doses ranging from 32 to
325 mg/d on hsCRP levels in healthy individuals (116,117).

Table 1
Five-Year RRs of Acute Coronary Events and Number Needed

to Treat (NNT) According to Baseline Levels of LDL-C and hsCRP, AFCAPS/TexCAPSa

              Lovastatin                Placebo

Study group n Rate n Rate RR 95% CI NNTb

Low LDL-C/low hsCRP 19/726 0.025 17/722 0.022 1.08 0.56–2.08 —
Low LDL-C/high hsCRP 22/718 0.029 37/710 0.051 0.58 0.34–0.98 48
High LDL-C/low hsCRP 15/709 0.020 37/711 0.050 0.38 0.21–0.70 33
High LDL-C/high hsCRP 29/741 0.038 40/705 0.055 0.68 0.42–1.10 58

aData are derived from ref. 48.
bNNT indicates the number needed to treat to prevent one coronary event. NNT cannot be calculated for

the low-LDL-C/low-hsCRP group because there was no evidence of efficacy of lovastatin in this group.
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Antihyperglycemic Agents
Given the interrelationship among inflammation, metabolic syndrome, and diabetes, it

is not surprising that antihyperglycemic agents such as metformin and thiazolidinedione
have been shown to lower hsCRP levels. In a 26-wk trial among patients with type 2 dia-
betes, rosiglitazone therapy reduced hsCRP levels and other inflammatory markers (118).
Changes in hsCRP level were uncorrelated with changes in glycemic control, as measured
by hemoglobin A1c (r = 0.06) and fasting glucose level (r = 0.06) and were only minimally
correlated with changes in insulin resistance (r = 0.13). Whether the ability of such agents
to lower hsCRP has clinical relevance beyond improvements in glycemic control is a
focus of current research.

Antihypertensive Agents
The Women’s Health Study found a strong association between hsCRP and incident

hypertension at all levels of baseline BP (73). Whether or not BP reduction leads to decreased
levels of hsCRP is being tested in the ongoing Valsartan—Managing Blood Pressure Aggres-
sively and Evaluating Reduction in CRP (Val-MARC) clinical trial, an evaluation of the
effects of valsartan on hsCRP in patients with stage II hypertension.

Avoidance of Postmenopausal Hormone Therapy
hsCRP levels are higher in women who take oral postmenopausal hormones than in

women who do not (12,52,71,119,120), suggesting that elevated hsCRP levels may account
in part for the increased risk of thrombotic events associated with the use of oral postmeno-
pausal hormones in randomized trials such as the Women’s Health Initiative (121,122).
Indeed, among participants in the observational component of that study, CHD incidence
rates at any given level of hsCRP were similar for users and nonusers of postmenopausal
hormones, suggesting that expressed level of hsCRP rather than hormone use per se is
the proximate determinant of risk (52). More research is needed to determine the clinical
relevance of apparently sustained reductions (or elevations) in hsCRP levels after discon-
tinuation (or initiation) of postmenopausal hormone therapy. Selective estrogen receptor
modulators, which have not been implicated in the development of CVD, do not raise
hsCRP levels (123), nor do transvaginal or transdermal estrogens (124). Thus, the adverse
effects of oral postmenopausal hormone therapy may be owing in part to first-pass hepatic
processing.

CLINICAL RECOMMENDATIONS

The CDC and the AHA endorse a conservative approach to hsCRP screening in primary
prevention settings, recommending hsCRP evaluation only for patients deemed to be at
intermediate cardiovascular risk on the basis of traditional risk factors—e.g., those with
a 10-yr Framingham risk score of 5–20% (9). However, given accumulating epidemio-
logical data demonstrating the predictive utility of hsCRP at all levels of the Framingham
risk score and in the presence or absence of metabolic syndrome, we believe that hsCRP
and lipid testing should occur concurrently to facilitate the use of the joint results for risk
assessment (99). For individuals at high risk by traditional measures, an elevated hsCRP
level should provide additional impetus to initiate or improve compliance with pharma-
cological and behavioral therapies recommended by the National Cholesterol Education
Program. Similarly, for persons at low risk of CVD by traditional measures, a high hsCRP
level should highlight the need to adopt health-promoting behaviors. Moreover, because



Chapter 16 / CRP in Assessment in Primary Prevention 255

hsCRP levels are strongly correlated with metabolic syndrome and incident diabetes,
physicians may wish to obtain a fasting glucose level when hsCRP levels are elevated and
other risk factors for diabetes are present. As this book goes to press, the National Chole-
sterol Education Program is considering whether to incorporate hsCRP into established
cardiovascular prediction algorithms, and the American Diabetes Association is debating
whether to add hsCRP to its definition of metabolic syndrome.

hsCRP screening may also be useful in secondary prevention. Findings from the PROVE-
IT trial suggest that for stable patients with a history of MI the measurement of both LDL-
C and hsCRP provides an improved means of assessing the likely efficacy of statin drugs
beyond that of LDL-C evaluation alone.

The availability of an accurate and inexpensive method to measure inflammation in
clinical settings reflects the successful translation of novel concepts in vascular biology
from “bench to bedside.” Apparently healthy patients with elevated levels of hsCRP should
be counseled to shed excess weight, increase physical activity, quit smoking, avoid post-
menopausal hormone therapy, and confer with their physicians regarding the use of sta-
tins and aspirin. Additional anti-inflammatory therapies that directly target the vascular
endothelium may become available in the future. Although their development presents
significant pharmaceutical challenges, such therapies hold great potential for ameliorat-
ing cardiovascular mortality and morbidity.
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SUMMARY

This chapter summarizes the rationale and evidence in support of the clinical use of
inflammatory markers for risk prediction in patients with ischemic heart disease. Avail-
able data summarized in statements and guidelines of international societies recom-
mend the use of C-reactive protein (CRP) as the sole inflammatory prognostic marker
in patients with acute coronary syndromes, in addition to other prognostic factors, includ-
ing troponin levels. Elevated levels of CRP at admission are associated with significantly
worse in-hospital and mid- to long-term outcome, and CRP levels within the normal range
have a very high negative predictive value for adverse events.

Key Words: Acute coronary syndrome; C-reactive protein; inflammation; prognosis.

ACUTE CORONARY SYNDROME: AN INFLAMMATORY DISEASE

Because acute coronary syndromes (ACSs) are heterogeneous with respect to their
pathogenesis, it may be anticipated that they are also varied with respect to their risk and
appropriate treatment (1,2). The growing evidence that atherosclerosis is an inflammatory
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disease and that inflammation plays a pivotal role in the complex processes that are respon-
sible for destabilization of atherosclerosis have led to the use of inflammatory markers
as risk predictors and potential guides for therapy in these syndromes (3–9). Traditional
cardiovascular risk factors, such as diabetes, hypertension, smoking, family history,
obesity, and sedentary lifestyle, explain only in part the occurrence of ACS. For example,
more than 50% of patients with ACS have normal levels of cholesterol. The potential to
identify patients at increased risk of future cardiovascular events by assessing their
“inflammatory” status is appealing because this approach may also be useful for target-
ing more appropriate and specific therapy in high-risk individuals with evidence of
inflammation.

Patients with ACS are characterized by a high rate of adverse in-hospital events, and by
a high rate of recurrence, remaining around 15% despite contemporary aggressive ther-
apy, in the months following the index event (10). The latter observation strongly sug-
gests that treatment of the culprit plaque may reduce the short-term risk of events but does
not significantly affect the underlying atherosclerotic and inflammatory process. Thus,
the potential for targeting therapy specific to inflammatory contributors to atherothrom-
bosis may be of particular importance for secondary prevention in the long term.

Cardiac troponin is a cornerstone for risk assessment in ACS and is effective in guid-
ing the use of aggressive antithrombotic therapy (11–13). However, only a minority of
patients with ACSs have elevated levels of troponins when they present to the emergency
room, thus reducing the diagnostic and prognostic effectiveness of this marker. On the
other hand, CRP, as a marker of inflammation, may better represent the activity of the
underlying disease responsible for acute ischemia and therefore both the short-term risk,
in patients with normal troponin, in particular, and the long-term prognosis.

C-REACTIVE PROTEIN AS PREFERRED
“INFLAMMATORY” MARKER FOR RISK STRATIFICATION

Prognostic Application of C-Reactive Protein in ACS
C-reactive protein (CRP) is the inflammatory marker most extensively studied in cardio-

vascular disease (CVD). The advantages of CRP as an inflammatory biomarker are related
in part to analytic properties (such as the availability of low-cost, accurate high-sensitiv-
ity assays) and in part to its biological profile, including a long half-life (19 h) (3,7,8).

The prognostic capacity of CRP measured either at presentation or at discharge of
patients with ACS is supported by almost 20 clinical studies (Table 1). In the majority but
not all studies, CRP has been shown to be a marker of the short-term risk (in-hospital or
30 d) of recurrent cardiac events, including death, acute myocardial infarction (AMI), and
urgent revascularization (14,15). This association is independent of and of similar magni-
tude to other major clinical predictors of complications in ACS, including age, ST-abnor-
malities, and cardiac troponin (Fig. 1). More important, this prognostic relationship is not
merely a consequence of the inflammatory response to myocardial necrosis and is present
in patients with no evidence of myocardial injury as detected by cardiac troponin (9,14).
In addition to a relationship to short-term risk, CRP is independently associated with the
recurrence of cardiovascular events in the mid to long term (Fig. 2) (16–20). Notably CRP
is an independent predictor of the risk of death in follow-up ranging from 90 d to 4 yr (14–
18). Several, but not all, studies indicate that the relationship between CRP and outcome
may be strongest with respect to mortality, with a weaker relationship to recurrent MI (17).
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Clinical Cut Points for CRP in ACS
A variety of cut points have been applied in clinical studies of CRP in ACS, leaving some

uncertainty with respect to the optimal decision limit. Although available data, especially
those deriving from primary prevention studies, show no definite threshold below which
CRP levels are not associated with cardiovascular risk, the relationship is graded with a very
low risk reported for CRP levels <2.0 mg/L (17). Expert guidelines from the American
Heart Association (AHA)/Centers for Disease Control (CDC) provided recommendations
regarding the preferred cut points for primary prevention but did not give specific recom-
mendations for risk stratification in ACS; rather, they suggested that a higher cutoff value,
such as 10 mg/L, is appropriate for unstable patients (3). Liuzzo et al. (9) applied a cut point
of 3 mg/L, based on the 90th percentile of a normal distribution. Dichotomized at this cut
point, CRP identified patients at increased risk of in-hospital recurrent ischemic events.
Other investigators have specifically evaluated the predictive value of CRP for death after
ACS and found superior prognostic performance at a higher decision limit (e.g., 15 mg/L)

Fig. 1. Incremental prognostic value of CRP in addition to troponin T for prediction of major adverse
coronary events at 6 mo in patients with ACSs. The highest risk is confined to patients with eleva-
tions in both markers, whereas double-negative markers predict more favorable outcome. cTnT, car-
diac troponin T; CV, cardiovascular. (Modified from ref. 69.)

Fig. 2. Risk of cardiac death through 2 yr of follow-up after presentation with non-ST-elevation ACS
stratified by CRP and cardiac troponin T (cTnT) at presentation. (Data from ref. 19.)
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(14). This observation has been validated by subsequent studies, including a study by Biasucci
et al. (15), who later confirmed that levels of CRP >15 mg/L distinguished those patients
at higher risk of death. Among patients with unstable coronary disease, CRP > 2 mg/L iden-
tified a population at higher risk, with a particularly high mortality in patients with CRP >
10 mg/L (19). Similarly, Mueller et al. (16) found that a serum CRP >3 mg/L was associated
with a higher risk of death in patients with non-ST-elevation ACS, with even higher mor-
tality in those with a CRP >10 mg/L, despite aggressive management with early invasive
therapy. With validation of this decision limit in two additional large studies in ACS (11,
17), a CRP concentration >10 mg/L appears to be the optimal cut point (when applied dur-
ing the index hospitalization) for prediction of new AMI and death in secondary preven-
tion. Nevertheless, the clinician should recognize the graded nature of the risk relationship
to the probability of a recurrent event increasing significantly when CRP levels are above
standard reference values for healthy people (3 mg/L) and even more so when CRP levels
are higher than 10 mg/L. In addition, some experts propose that although a cut point of
10 mg/L may be optimal for prediction of mortality, it may not be best with respect to
assessing the risk of recurrent ischemic events (8). Moreover, use of the standard cut points
recommended by the AHA/CDC is likely preferable when CRP is measured during the
convalescent phase (e.g., beyond 30 d) after ACS.

Prediction of Clinical Recurrence
After Percutaneous Coronary Intervention

The concept of clinical recurrence is of particular interest when considering patients
undergoing percutaneous coronary intervention (PCI), whether for management of ACS
or in patients undergoing elective PCI. In the current era of continued frequent use of
bare-metal stents in some regions of the world, clinical restenosis after PCI in patients with
ACS is expected in approx 20% of patients. Evidence provided by some studies suggests
that the recurrence of clinical events after PCI is confined to patients with high CRP levels
(21–24). In these studies, the risk of death or MI following PCI in patients with low CRP
levels (<3–5 mg/L) was very low (<1%) (21–24). This observation may have important con-
sequences for follow-up and treatment of patients with ACS managed with contemporary
early invasive therapy. Versaci et al. (25) have showed that by targeting potent anti-inflam-
matory therapy (high-dose prednisone) to those patients with effort-induced stable angina
pectoris and high inflammatory activity (persistent CRP >5 mg/L within 72 h after stent-
ing), a striking 85% reduction in adverse events at 12 mo may be achieved, a reduction sim-
ilar to that achieved by drug-eluting stents. The prognostic role of CRP values in patients
undergoing drug-eluting stent implantation has not been characterized to date.

CRP AND OTHER INFLAMMATORY MARKERS

CRP is one of a pool of proteins whose plasma levels increase significantly during the
inflammatory response (“acute-phase proteins”) (26). These and other markers of inflam-
mation are mentioned briefly here and discussed in detail elsewhere. Serum amyloid A
(SAA) is significantly associated with in-hospital risk in studies that evaluated this acute-
phase reactant, alone or in combination with CRP (9). Several studies have also evaluated
the prognostic value of cytokines for in-hospital assessment of risk in ACS. Interleukin
(IL)-6 represents the major inducer of hepatic synthesis of CRP and is itself produced by
mononuclear inflammatory cells in response to the release of primary cytokines such as
IL-1, interferon (IFN)-γ, or tumor necrosis factor (TNF) at sites of inflammation. Several
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cytokines (i.e., IL-6, IL-1 receptor antagonist, soluble IL-2 receptor, IFN-γ, IL-18, TNF-α)
are elevated in ACS, and some of these have been shown to be associated with the risk of
death, MI, and recurrent ischemic events (27–35). In addition, leukocyte adhesion mole-
cules have been associated with adverse events in ischemic heart disease (i.e., intercellu-
lar adhesion molecule-1 and soluble vascular cell adhesion molecule-1) (36,37).

However, because of the short half-life of these markers, their typically very low plasma
concentrations, and methods of measurement that lack standardization and are costly and
time-consuming, use of cytokines and adhesion molecules for clinical purposes is not
established. However, these markers remain of importance for pathophysiological studies.

ROLE OF CRP IN A MULTIMARKER ASSESSMENT APPROACH

The paradigm of atherosclerosis has been extended beyond the lipid accumulation
theory to include the role of inflammation in promoting plaque formation and its compli-
cations. The finding of an altered inflammatory status, as shown by elevated levels of CRP,
identifies the patient at increased risk. However, the picture may not be complete with
assessment of inflammation alone, and risk stratification beyond determination of CRP may
be needed. In particular, although CRP may predict the risk of ACS and its recurrence, tro-
ponin T or I levels and brain natriuretic peptide levels (mainly reflecting myocardial dam-
age and dysfunction) are able to predict better the short-term risk of death.

INFLAMMATORY MARKERS:
BEYOND RISK STRATIFICATION

AND BACK TO MECHANISMS OF DISEASE

CRP as a Marker of Widespread Inflammation
One of the limitations of CRP as a marker of cardiovascular disease activity is that CRP

represents a sensitive but nonspecific marker. It is not specific to vascular or plaque inflam-
mation and, therefore, correlating this protein with CVD is difficult. The more recent and
continuously evolving knowledge regarding the pathobiology of ACS suggests a com-
plex and possibly systemic involvement of the endothelium, blood cells, and proteins.
The reasons for adverse prognosis in patients with elevated CRP levels are still poorly
understood (Fig. 3). Liuzzo et al. (38,39) have described a monoclonal T-cell prolifera-
tion in patients with ACS and the expansion of a specific clone displaying CD4+CD28-
null receptors. The expansion of these inflammatory cells paralleled the risk profile of
patients with ACS, providing evidence not only of their importance with respect to risk but
also with respect to the pathophysiological mechanism of plaque infiltration and rupture.
Furthermore, activated T-cells were also found diffusely in epicardial coronary arteries
and in ischemic and nonischemic myocardium in patients with ACS (40,41). These find-
ings led to the concept of widespread inflammation in ACS not confined to culprit plaque
or vessel, but involving the entire coronary circulation, the myocardium, and possibly also
other vascular districts (40–44). Abbate et al. (42) have reported the presence of wide-
spread inflammation in the myocardium in two-thirds of patients with recent AMI. Others
confirmed that the concentration of CRP in patients with ACS correlates with the presence
of multiple coronary plaques (43), and complexity of atherosclerotic plaques involving
the carotid artery (44).

Given the apparent important role of T-lymphocytes and the fact that these cells have
antigen-restricted T-cell receptors, several groups have attempted to search for the culprit
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antigen. Biasucci et al. (45) showed that seropositivity for C. pneumoniae heat-shock pro-
tein-60 appears to be a very sensitive and specific marker of ACS, unrelated to C. pneumo-
niae IgG antibody titers or high-sensitivity CRP (hsCRP) or troponin T levels, suggesting
the possibility of antigen mimicry as a potential mechanism of acute plaque destabilization.

The evidence that patients with ACS and persistently elevated levels of CRP (Fig. 4) have
a higher recurrence of events (18) and that these patients respond exaggeratedly to chal-
lenges such as coronary angiogram or in vitro stimulation of monocyte with lipopolysac-
charide also suggests that subjects with persistently elevated CRP production are prone to
overreact to otherwise “mild” stimuli (46) with release of proinflammatory and prothrombo-
tic mediators that may contribute to endothelial erosion and plaque rupture. Alternatively,
CRP may also act as a direct participant in promoting atherothrombosis (Fig. 5). Regarding
the latter possibility, it is of particular interest that the pattern of the relationship between
CRP concentration and cardiovascular risk suggests that CRP behaves as a typical risk
factor.

CRP as a Potential Direct Participant in Atherothrombosis
Several lines of evidence suggest that not only may CRP represent a marker of coronary

artery disease (CAD), but that it may also play a direct role in atherothrombosis. CRP may

Fig. 3. Complex interplay between inflammatory response and progression of atherosclerosis. Inflam-
matory response is indeed observed in patients with ACSs. The stimuli for inflammation, however,
are poorly understood. Several stimuli may be involved, including oxidized low-density lipoprotein
(ox-LDL) and other sources of endothelial injury. Localized or systemic infections, in particular from
Helicobacter pylori (HP), Chlamydia pneumoniae (CP), and cytomegalovirus (CMV), have been sug-
gested as promoters of enhanced inflammatory response, but their role is controversial. The inflamma-
tory reaction is responsible for the secondary effects of cytokine production—liver synthesis of acute-
phase reactants. CRP, SAA, and fibrinogen are the most widely studied acute-phase proteins. CRP
itself is responsible for amplification of the inflammatory response by a direct effect on endothelium,
platelets, coagulation, and eventually thrombosis, and the development of acute atherothrombosis fur-
ther enhances the inflammatory response. vWF, von Willebrand factor.
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act either by modulating the inflammatory reaction or by activating the endothelium and
the monocyte and, as shown in animal models, by direct procoagulant activity.

Pasceri et al. (47) showed a direct proinflammatory effect of CRP on human umbilical
vein and coronary artery cells. Endothelial cells were incubated with recombimant human
CRP and the induction of adhesion molecules was assessed by cytofluorimetry. CRP
induced expression of adhesion molecules and, intriguingly, this effect was dependent on
the presence of human plasma, suggesting the role of some additional inflammatory medi-
ator. CRP also induces production of the chemoattractant monocyte chemoattractant pro-
tein-1 (MCP-1), a chemokine involved in monocyte recruitment and activation, by endo-
thelial cells (48). Of interest, simvastatin, but not aspirin, inhibited this action. Liuzzo et
al. (49) showed that CRP may induce directly monocyte nuclear factor κ-B, a nuclear fac-
tor that is a key step for the synthesis of new proinflammatory mediators.

CRP has been suggested to induce the procoagulant tissue factor in monocyte, although
this finding has not been confirmed (50). More recently, Devaraj et al. (51) described a
direct prothrombotic property of CRP. In their study, CRP induced production of the pro-
coagulant plasminogen activator inhibitor-1 (PAI-1) in endothelial cells. A prothrombotic

Fig. 4. Persistent elevation in CRP concentration up to 1 yr after index event. (Modified from ref. 18.)

Fig. 5. CRP production by the liver is a consequence of intravascular inflammation as well as its
promoter. CRP indeed exerts direct effects on endothelium, monocytes (M), and lymphocytes (L).
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role of CRP has also been elegantly described in an animal model (52). Human CRP trans-
genic mice were compared with wild-type (WT) mice after mechanical arterial damage.
Only human CRP transgenic mice developed thrombotic occlusion of the damaged artery
as compared with WT mice, which have only trace CRP, with different properties than in
humans. In addition, Wang et al. (53) demonstrated that CRP may change gene expression
in endothelial cells. CRP led to overexpression of genes for PAI-1, IL-8, MCP-1, fibronectin-
1 and connexin 43, all implicated in thrombosis, inflammation, and atheroscerotic plaque
formation.

PRACTICAL CONSIDERATIONS

Clinical Decision Making
The independent information offered by CRP testing for risk stratification is now largely

accepted. Its clinical use, however, has not yet been widely implemented primarily owing
to uncertainty regarding appropriate therapeutic response. For example, although the AHA/
CDC guidelines have recognized the use of CRP as an independent tool for risk stratifica-
tion in secondary prevention (class IIa), the expert committee cautioned against altering
therapy based on CRP results (class III) (3). This recommendation derives from the fact that
no prospective, randomized study has tested a strategy based on tailoring therapy using the
results of testing for CRP. However, based on expanding information regarding the effect
of different classes of drugs on CRP, the hypothesis that therapy may be tailored using
this inflammatory marker has come to the forefront (54). The observation that lower
achieved levels of CRP on statin therapy at 30 d in patients recovering from ACS are
associated with more favorable outcomes has offered a major piece of evidence in sup-
port of this hypothesis and the achievement of lower levels of CRP as a specific goal of
treatment (55).

Nevetheless, more data are needed before specific responses to elevated levels of CRP
other than control of obesity, treatment of diabetes and dyslipidemia, and exercise can
be recommended. Until such time, measurement of CRP may be useful to provide addi-
tional independent information with respect to risk in situations in which the patient’s risk
appears intermediate or is uncertain using traditional tools, or in which the patient is
insufficiently motivated to follow established preventive strategies. CRP may be of value
for triage of patients with suspected ACS in the emergency department (Fig. 6), particu-
larly when biomarkers of necrosis are normal. In addition, elevated levels of CRP in
patients with ACS might also identify those who warrant particularly close follow-up and
aggressive postdischarge therapy, such as increased dose of statin, length of clopidogrel
therapy, or addition of angiotensin-converting enzyme inhibitors or ARBs in nondiabe-
tic, nonhypertensive patients with normal ejection fraction (Fig. 7).

Timing of Testing
Another issue frequently debated is when to test CRP in patients with ACS. Most studies

of CRP in ACS have provided data based on determination of CRP at admission. Therefore,
taking an evidence-based approach supports the use of CRP levels at admission for risk
stratification. Admission levels are unaffected by revascularizationn procedures (because
PCI may increase CRP levels) and are less likely to be affected by the inflammatory response
to necrosis, and more likely to reflect the patient’s basal inflammatory status. In addition,
measurement at hospital discharge would obviously preclude use for assessment of the
risk of in-hospital complications.
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Fig. 6. Proposed algorithm for short-term risk stratification of patients with non-ST-elevation ACS
using CRP. Troponin (cTn) levels identify patients at high risk for in-hospital death and recurrent MI.
CRP levels appear to further risk stratify patients without troponin elevation. If CRP is >10 mg/L,
the patient is at high risk of AMI and death, wheres the risk is low if CRP is <3 mg/L. Patients with
intermediate CRP levels (3–10 mg/L) are at intermediate risk and have increased rates of complicated
hospital courses and need for urgent revascularization.

Fig. 7. Proposed algorithm for mid to long-term risk stratification of patients recovering from ACS,
including CRP. Clinical parameters such as depressed left ventricular (LV) function, inducible ische-
mia, and severe CAD indicate patients at high risk of recurrence and death and identify those who bene-
fit from more aggressive preventive strategies. CRP determination may be useful for risk stratification
in those without high-risk features. The risk strata are as described for Fig. 4. LM, left main coronary
artery disease; 3V, triple-vessel coronary artery disease.
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Additional determinations during and after hospitalization may be of value. In patients
without evidence of myocardial necrosis, reassessment may refine the prognostic assess-
ment for secondary prevention. For example, Biasucci et al. (18) showed that CRP levels
at discharge were a better predictor of long-term recurrence than CRP levels on admis-
sion. In patients with MI, CRP is expected to rise in response to the inflammatory reaction
to necrosis and, thus, the clinical value is debated. However, in patients with AMI, peak
CRP levels were associated with the risk of heart failure and/or mechanical complica-
tions of AMI (56,57). Therefore, even if CRP elevation is to be expected when myocar-
dial necrosis is present, a higher CRP level may be predictive either of greater myocyte loss
or of greater inflammatory burden and in both cases may be associated with adverse out-
come. For patients undergoing PCI, an elevated level of CRP 48–72 h after stent implan-
tation may reflect an inflammatory response to PCI and predict clinical recurrence (57).
Finally, testing during outpatient follow-up one or more months after presentation appears
to assist in long-term risk stratification and may provide a basis for titration of therapy
with anti-inflammatory actions (58). Moreover, a lower achieved level of CRP at 6 mo
after PCI is associated with a favorable outcome (23,57).

Specific Subgroups of Patients
Present expert consensus is that CRP is less useful for cardiovascular risk assessment

in the setting of acute infection (3). In addition, the cardiovascular application of CRP test-
ing in patients who have other systemic inflammatory disease is questionable. However,
a marked increase in ischemic heart disease has been reported in patients with rheumatoid
arthritis, a typical disease with significantly elevated CRP levels (59). This epidemiologi-
cal observation raises the possibility that CRP can be useful in such patients. To date, how-
ever, there is insufficient evidence to provide guidance regarding appropriate cut points
for cardiovascular risk stratification in patients who have other inflammatory diseases.

CONCLUSION
Available data support the use of CRP in conjunction with troponin and other tradi-

tional clinical tools as a prognostic marker in patients with ACS. Accordingly, the AHA/
CDC scientific statement on the use of markers of inflammation in cardiovascular dis-
ease in clinical practice includes a class IIa recommendation (evidence/opinion favors
usefulness) for the use of hsCRP in ACS as an independent marker of prognosis for recur-
rent events, including death, AMI, and restenosis, after PCIs (level of evidence B) (3). The
European Society of Cardiology has made similar suggestions (2). Patients with elevated
levels of CRP are at higher absolute risk of recurrent cardiovascular events and, thus, are
reasonable candidates for more aggressive monitoring and therapy. Newer data suggest
that the risk associated with elevated CRP is modifiable (48). However, the results of
ongoing and future research are needed to provide evidence-based guidance with respect
to specific therapeutic responses.
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SUMMARY

The combined use of markers reflecting distinct pathophysiological features, namely
myocardial necrosis, vascular inflammation, oxidative stress, and neurohumoral acti-
vation, may significantly add to the ability to identify correctly patients who are at high
risk of short- and long-term cardiovascular events. Elevations in C-reactive protein, an
acute-phase protein released in response to any proinflammatory stimulus, in patients
with acute coronary syndrome (ACS) are closely related to the presence of myocardial
injury, as evidenced by elevations in troponin. Accordingly, in a large number of patients
with ACS, an acute inflammatory process induced by myocardial damage is superim-
posed on a chronic inflammatory condition, both of which might influence long-term out-
come in unstable coronary artery disease. Novel inflammatory markers such as placental
growth factor and pregnancy-associated plasma protein-A show a stronger association
with vascular inflammation and appear to be more closely related to the short-term risk
of patients with ACSs. It has also been shown that soluble CD40 ligand is a powerful
biochemical marker of thrombotic inflammatory activation in patients with ACS, sup-
porting the close relationship among inflammation, thrombotic activation, and ACSs.
Individuals with biochemical evidence for inflamed and unstable atherosclerotic plaque
formation, even prior to the occurrence of minor myocardial injury, may benefit most
from an aggressive medical regimen and an early invasive strategy.

Key Words: Troponin; soluble CD40 ligand; placental growth factor; pregnancy-
associated plasma protein; myeloperoxidase.

INTRODUCTION

Coronary artery disease (CAD) spans a wide spectrum of conditions, ranging from the
extreme of low-risk chronic stable angina to acute myocardial infarction (AMI) or sudden
death. Unstable angina is a transitory phase bordering on MI. However, unstable angina
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is a clinically defined, heterogeneous syndrome with widely variable symptoms and prog-
nosis. Studies conducted in the 1960s and 1970s showed rates of major adverse clinical
events (death and nonfatal MI) ranging from 10% at 3 mo to 17% at 24 mo. Even to date,
the prognosis of patients with acute coronary syndrome (ACS) remains unfavorable. In
the EuroHeartSurvey conducted from September 2000 to May 2001 in 103 tertiary and
community centers from 25 member countries of the European Society of Cardiology,
the 6-mo mortality of ACSs without ST-segment elevation was 12% (1). This rate was
similar to the event rate observed in the GRACE survey (2). However, the results of recent
clinical trials indicate that a diagnostic and therapeutic strategy including careful risk
stratification in conjunction with novel therapeutic agents and revascularization in ade-
quately selected patients will ultimately help to improve both immediate and long-term
outcome of patients with ACS.

NOVEL BIOCHEMICAL MARKERS OF VASCULAR INFLAMMATION

Biochemical markers not only have contributed to a better understanding of the under-
lying pathophysiological mechanisms of ACSs but have also improved the evaluation of
patients with acute chest pain who are suspected of having an ACS. For many years,
unstable angina has been considered an intermediate “syndrome” between chronic stable
angina and AMI. However, the pathophysiology of the ACS has now been clarified, with
concurrent major advances in its management. The current pathophysiological concept
describes ACSs as being related to an acute or a subacute primary reduction in myocardial
oxygen supply that is provoked by disruption of an atherosclerotic plaque associated with
thrombosis, vasoconstriction, and microembolization. Convincing evidence suggests that
both inflammatory and thrombotic mechanisms are involved in the pathogenesis of ACSs
(3,4). Inflammatory reactions promote plaque fissuring or erosion, which exposes throm-
bogenic contents such as collagen to the circulation, followed by platelet activation and
platelet adhesion. It is now apparent that ACSs, namely unstable angina and evolving MI,
share a common anatomic substrate: pathological, angioscopic, and biological observa-
tions have demonstrated that unstable angina and MI are only different clinical presen-
tations that result from a common underlying pathophysiological mechanism—athero-
sclerotic plaque rupture or erosion—with differing degrees of superimposed thrombosis
and distal embolization (Fig. 1) (2,5).

Elevated levels of circulating cardiac troponin, a marker of myocardial necrosis, are
found in about one-third of patients with ACS and are associated with an increased short-
term risk of death and nonfatal MI (6–9). Although the absolute short-term risk of tropo-
nin-negative patients is significantly lower compared with troponin-positive patients, the
large number of patients without troponin elevation remains clinically challenging with
respect to risk assessment and therapeutic management. Specifically, the 6-mo risk of
death or nonfatal MI in troponin-negative patients was 8.4% in the CAPTURE (c7E3 Anti
Platelet Therapy in Unstable Refractory angina) trial (10). Therefore, the availability of a
sensitive and specific early marker of plaque instability, wherein levels become elevated
before or even in the absence of myocardial necrosis, should improve diagnostic and ther-
apeutic decision making.

Of the numerous inflammatory markers that have been investigated over the past decade,
C-reactive protein (CRP) is clearly the most widely studied. There is compelling epide-
miological evidence that CRP is a sensitive marker of inflammation and/or metabolic pro-
cesses associated with atherogenesis and the occurrence of cardiovascular events. Although
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CRP has been shown to be useful for risk assessment in different cohorts (11–13), the
debate as to whether or not CRP is indeed a clinically useful biomarker continues. The
data that Danesh et al. (13) reported derived from the Reykjavik prospective cohort study,
which included 2459 patients with stable coronary heart disease and 3969 selected con-
trol subjects, suggested that the predictive value of a single baseline measurement of CRP
for the 20-yr incidence of cardiovascular events was much less impressive than in previ-
ously published data (14,15). They found that CRP adds little to the predictive value pro-
vided by the assessment of traditional risk factors, including low-density lipoprotein (LDL)
cholesterol. By contrast, Ridker et al. (16) previously reported that CRP could be even
more predictive than LDL. Since the Reykjavik study included by far the largest number
of events (albeit during a rather long follow-up period of 20 yr) that have been studied in
such analyses, the new findings emphasize the need for more research to clarify the use of
CRP as a marker of cardiovascular risk in clinical practice. Specifically, future studies
will have to reliably characterize the shape of the relationship between CRP values and
coronary risk as well as to investigate the use of CRP for risk prediction in particular sub-
groups (e.g., in those with different serum lipid concentrations and for different periods of
follow-up).

In patients with ACSs, elevated levels of CRP are associated with higher future risk
of cardiovascular events (17–19). The CAPTURE trial investigators found that, although
only troponin T was predictive in the initial 72-h period, CRP was an independent predic-
tor of cardiovascular risk at 6 mo (19). Investigators of the FRISC study, the TIMI 11A sub-
study, and the GUSTO IV substudy also reported that the risk associated with elevated CRP
levels at the time of the index event continues to increase during follow-up (18,20,21).
More important, however, the exact source of elevated CRP levels among patients with
unstable coronary syndromes remains unclear. Given that myocardial damage is also a
major inflammatory stimulus, it is important to note that in a recent combined analysis of
FRISC-II and GUSTO-IV, CRP elevation over a period of up to 120 h after the onset of

Fig. 1. Earlier markers of vascular inflammatory and thromboinflammatory activation, respectively,
may precede the development of myocardial injury (troponin release) or neurohumoral activation
(B-type natriuretic peptide [BNP] or NT-proBNP release) in patients with ACS.
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symptoms was found only in patients with elevated troponin levels (21). Consistently, in
CAPTURE patients, CRP levels were significantly higher in troponin-positive patients (19),
suggesting that an acute inflammatory process induced by myocardial damage is super-
imposed on a chronic inflammatory condition, both of which might influence long-term
outcome in unstable CAD.

Type 2 secretory phospholipase A2 (sPLA2) is also an acute-phase reactant, which accu-
mulates in atherosclerotic arterial walls, elicits several effects on monocytes, and provides
a link between inflammation and lipid accumulation in atherosclerotic plaques. sPLA2 is
present in the media of normal as well as diseased arteries, hydrolyzes phospholipids, and
contributes to the production of oxidized LDL, which is taken up by macrophages, result-
ing in enhanced transformation into foam cells. sPLA2 exhibits features similar to those
of CRP as a marker of plaque inflammation as well as endothelial dysfunction (22,23) and
may predict coronary events independently of other risk factors in patients with unstable
angina (24). Similarly, elevated levels of the lipoprotein-associated PLA2 (Lp-PLA2), a dif-
ferent approach to determine PLA2 activation, have been shown to predict future coronary
events in apparently healthy middle-aged men with moderately elevated total cholesterol,
independent of CRP (25). No data on the predictive value of Lp-PLA2 in patients with ACS
have been published to date.

Therefore, as a result of lack of specificity of acute-phase proteins for detecting the
underlying vascular inflammation in patients with ACS, research activities have shifted to
the identification of more upstream markers of the inflammatory cascade, which may be
more representative of vascular inflammation (Fig. 2). These novel inflammatory markers
include pregnancy-associated plasma protein A (PAPP-A), placental growth factor (PlGF),
soluble CD40 ligand (sCD40L), and myeloperoxidase (MPO).

PAPP-A as a Marker for Plaque Stability
The progression and destabilization of atheromatous plaques involve major changes

in the structure of the arterial wall. Matrix metalloproteinases (MMPs) are potential indi-
cators of arterial inflammation, and by degrading extracellular matrix, they contribute to
the fragility of the lipid-rich, atherosclerotic plaque and finally to its rupture. PAPP-A
is a high-molecular-weight, zinc-binding MMPs enzyme that is measured during preg-
nancy in maternal blood for the fetal diagnosis of Down syndrome. However, low levels
of circulating PAPP-A are also physiologically present in both men and women. As pre-
viously described for several other MMPs (MMP-1, MMP-3, MMP-12, or MMP-13) (26,
27), data from patients with ACS also indicate the presence of PAPP-A in atherosclerotic
plaques (28). Among patients who died suddenly from cardiac causes, PAPP-A was abun-
dantly expressed in ruptured and eroded unstable plaques, but PAPP-A was absent or min-
imally expressed in stable plaques (28). In plaques with large lipid cores and cap rupture,
staining for PAPP-A revealed that the enzyme occurred mostly in the inflammatory shoulder
region. PAPP-A is a specific activator of insulin-like growth factor-1, a mediator of athero-
sclerosis, and has been implicated in coronary plaque disruption (29).

With respect to the prognostic impact of elevated PAPP-A levels in patients with ACS,
a recent study suggests that measurement of plasma PAPP-A is an independent predictor
of ischemic cardiac events and the need for revascularization in patients who present with
suspected MI but remain troponin negative (Fig. 3) (30).

The endogenous inhibitor of PAPP-A, the proform of eosinophil major basic pro-
tein (proMBP), may also play an important role in the pathophysiology of ACSs. Indeed,
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Cosin-Sales et al. (31) reported that among patients with stable angina, those with more
complex coronary stenoses had a significantly higher PAPP-A/proMBP ratio and PAPP-
A levels than those without complex stenoses. Multivariable regression analysis indicated
that gender, age, severe coronary artery disease (CAD), and PAPP-A/proMBP ratio, but not
high-sensitivity CRP (hsCRP) levels, were independently associated with the number of
angiographically complex stenoses (Table 1). Thus, PAPP-A and its endogenous inhibi-
tor proMBP are both promising candidates for risk stratification but require validation
in larger cohorts.

PlGF as a Primary Vascular Inflammatory Instigator
PlGF, a member of the vascular endothelial growth factor (VEGF) family of growth

factors, was recently shown to be profoundly upregulated in early and advanced athero-
sclerotic lesions (32). Originally identified in the placenta (33), PlGF stimulates vascular
smooth muscle growth, recruits macrophages into atherosclerotic lesions, upregulates

Fig. 3. Predictive value of PAPP-A in patients with ACS. Kaplan-Meier curves of event-free survival
for the combined end points cardiovascular death, MI, and revascularization according to PAPP-A
groups (n = 136) are shown.

Table 1
Multivariable Analysis for Prediction of Combined End Points Cardiovascular

Death, MI, and Revascularization According to PAPP-A Groups (n = 136)

Variable r p B (95% CI)a β b p

Age 0.22 <0.001 0.016 (0.003–0.028) 0.11 0.015
Male gender 0.38 <0.001 0.54 (0.28–0.80) 0.19 <0.001
≥75% Stenosisc 0.59 <0.001 0.58 (0.46–0.69) 0.46 <0.001
PAPP-A/proMBP ratiod 0.23 <0.001 0.39 (0.05–0.72) 0.10 0.026

a Increment in the number of complex lesions with every unit of the independent variable.
bThe β value corresponds to the standardized multiple regression coefficient.
cNumber of main coronary arteries with a ≥75% stenosis.
dLogarithm-transformed PAPP-A/proMBP ratio levels.
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tumor necrosis factor-α (TNF-α) and monocyte chemoattractant protein-1 production by
macrophages, enhances production of tissue factor, and stimulates pathological angiogen-
esis (32,34). All these processes are known contributors to plaque progression and desta-
bilization. Most important, however, inhibition of the effects of PlGF by blocking its
receptor Flt-1 was experimentally shown to suppress both atherosclerotic plaque growth
and vulnerability via inhibition of inflammatory cell infiltration (32). These data suggest
that PlGF may act as a primary inflammatory instigator of atherosclerotic plaque instabil-
ity. Indeed, PlGF serum levels are markedly upregulated in patients with ACS independent
of the presence of myocardial injury (Fig. 4) (35). Moreover, data from the CAPTURE
trial established PlGF blood levels as a novel, powerful, independent prognostic determi-
nant of clinical outcome in patients with ACS (Fig. 5) (35). The predictive value of PlGF
levels is independent of myocardial necrosis, as evidenced by elevated troponin levels
(36), as well as platelet activation, as evidenced by elevation of sCD40L (37). Intrigu-
ingly, elevated PlGF levels identified not only those patients with acute chest pain with
ACS, but also those patients who had an increased risk of recurrent instability from an
initial ACS after discharge. Thus, measuring PlGF levels may represent not only a relia-
ble and powerful clinical tool for identifying patients with high-risk lesion formation, but
also those with ongoing vascular inflammation of the coronary circulation.

The role of PlGF as a primary inflammatory instigator of atherosclerotic lesion instabil-
ity can be substantiated by its well-documented proinflammatory effects in animal mod-
els of atherosclerosis or arthritis (32). Although PlGF belongs to the family of VEGF, its
etiopathogenetic role appears to be related more to vascular inflammation than to angio-
genesis (32). Indeed, whereas VEGF is activated by hypoxia and elevation in VEGF levels
is regarded as an early adaptation of the myocardium to deprivation of blood flow (38),
PlGF is not affected or even downregulated by hypoxia (39,40). In line with these data, anal-
ysis of the CAPTURE data did not reveal any correlation between PlGF levels and VEGF

Fig. 4. PlGF levels in patients with acute chest pain presenting to emergency rooms. Patients were
categorized according to their final diagnosis at the time of discharge. *, p < 0.01 vs non-cardiac
chest pain; **, p < 0.01 vs stable angina.
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levels as a marker of myocardial ischemia or between PlGF levels and troponin levels as
a marker of myocardial necrosis. Thus, PlGF levels do not appear to be confounded by
myocardial necrosis, whereas VEGF levels are linked to troponin elevation, impaired
TIMI flow, and clinical evidence of myocardial ischemia (41). Lack of PlGF-level sen-
sitivity to minor myocardial injury might be particularly important in patients with ACS,
of whom approximately one-third are positive for troponin at the time of arrival in the
hospital (42).

In summary, PlGF plasma levels represent a powerful and reliable clinical biomarker
of vascular inflammation and adverse outcome in patients with ACS. Measuring PlGF
levels significantly extends the predictive and prognostic information gained from tradi-
tional inflammatory markers in ACS. Most notably, because the proinflammatory effects
of PlGF can be specifically inhibited by blocking its receptor Flt-1, these findings may
also provide a rationale for a novel anti-inflammatory therapeutic target in patients with
CAD (43).

sCD40L as a Marker for Platelet Activation
Plaque rupture induces platelet activation through the liberation of collagen, thrombin,

and adenosine 5'-diphosphate (ADP) (Fig. 6). Platelet activation results in an increased
surface expression of CD40L, which subsequently is cleaved from the membrane surface.
The released sCD40L can activate CD40 on endothelial cells and thereby induce a pro-
inflammatory cascade in the vessel wall. Moreover, sCD40L can activate CD40, which
is also expressed on inflammatory cells such as monocytes and T-cells. The subsequent
activation of these inflammatory cells and their invasion into the ruptured or eroded
plaque results in a further inflammatory perturbation of the vessel wall. In patients with
coronary heart disease, sCD40L is primarily released from activated platelets, and subse-
quently elevated levels have been reported for patients with ACS (Fig. 7) (44,45). More-
over, two studies (37,46) have consistently shown that sCD40L is a powerful biochemical
marker of thrombotic inflammatory activation (Fig. 8) in patients with ACS, supporting
the close relationship among inflammation, thrombotic activation, and ACSs. Further-
more, both studies have clearly demonstrated that combining this new marker with clas-

Fig. 5. Predictive value of PlGF in patients with ACS. The cumulative incidence of death or nonfatal
MI at 72 h and 6 mo of follow-up by baseline PlGF levels in CAPTURE patients receiving placebo
treatment (n = 547) is shown. PCI, percutaneous coronary intervention.
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sic markers of necrosis (troponins) can help to identify patients at the highest risk of sub-
sequent cardiovascular events.

More important, blockade of the glycoprotein IIb/IIIa receptor on platelets inhibits the
release of sCD40L through inhibition of platelet aggregation via fibrinogen. It has been
shown that levels of sCD40L not only identify patients with ACS who are at highest risk

Fig. 6. Pathophysiological role of sCD40L in plaque destabilization and thrombosis of patients with
ACS. PDGF, platelet-derived growth factor; TGFB, transforming growth factor B; PF4, platelet
factor 4; TSP, thrombospondin.

Fig. 7. sCD40L levels are primarily released from platelets (A) and are elevated in patients with ACS
(B). C, control; SAP, stable angina pectoris; UA, unstable angina; AMI, acute myocardial infarction.
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of ischemic events but also predict which patients will derive major benefit from anti-
platelet treatment with the glycoprotein IIb/IIIa receptor antagonist abciximab (Fig. 8)
(37). By multivariate logistic regression analysis, PlGF, sCD40L, and troponin all emerged
as independent predictors of adverse outcome. Combining PlGF and sCD40L was especi-
ally revealing in patients with chest pain negative for troponin, suggesting that both markers
reflect distinct pathways, which eventually contribute to a proinflammatory and procoag-
ulant milieu in the coronary circulation (Fig. 9). Supportive of a complementary rather than
competing role in predicting adverse outcome in patients with ACS were the findings that
aggressive inhibition of platelet aggregation by the glycoprotein IIb/IIIa inhibitor
abciximab was specifically useful in patients with elevated sCD40L levels. Given PlGF’s
superiority to hsCRP in patients with ACS, the identification of PlGF as a primary inflamma-
tory instigator of coronary lesion instability as well as the use of sCD40L as a marker for
platelet activation may significantly enhance the diagnostic armamentarium for the diag-
nosis and risk stratification of patients with ACS.

MPO as a Marker for Oxidative Stress
There is growing evidence that myocardial cell injury is not only related to platelet acti-

vation but also preceded by recruitment and activation of leukocytes, most notably poly-
morphonuclear neutrophils (47–49). Polymorphonuclear neutrophils have been shown
to increasingly undergo degranulation within the coronary circulation in ACSs (Fig. 10)
(48). One of the principal mediators secreted on degranulation of polymorphonuclear
neutrophils is MPO, a hemoprotein traditionally viewed as a microbicidal enzyme (50).
There is accumulating evidence that MPO displays potent proatherogenic properties. For
example, MPO can oxidize LDL cholesterol, thereby propagating uptake by macrophages
and perpetuating foam cell formation (51). Furthermore, MPO has been shown to activate
metalloproteinases and promote destabilization and rupture of the atherosclerotic plaque
surface (52). In addition, MPO catalytically consumes endothelial-derived nitric oxide

Fig. 8. Predictive value of sCD40L in patients with ACSs. The cumulative incidence of death or non-
fatal MI at 72 h and 6 mo of follow-up by baseline sCD40L levels in CAPTURE patients receiving
placebo treatment (n = 544) is shown. The increased risk of patients with elevated sCD40L levels was
abrogated by treatment with the glycoprotein IIb/IIIa inhibitor abciximab. HR, hazard ratio; PCI, per-
cutaneous coronary intervention.
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(NO), thereby reducing NO bioavailability and impairing its vasodilatory and antiinflam-
matory functions (53,54). Two recent studies have also revealed that MPO is strongly asso-
ciated with adverse outcome in patients with ACS (55,56). Particularly in individuals with
low troponin levels, MPO identified patients at increased risk for early cardiovascular
events that occur within days after the onset of symptoms (Fig. 11) (55). This suggests

Fig. 9. Multimarker approach. The results of the combined use of PlGF and sCD40L for risk stratifi-
cation of patients with acute chest pain and troponin T levels <0.01 μg/L with respect to death or non-
fatal AMI during 30 d of follow-up (n = 531) are shown.

Fig. 10. Neutrophil activation is indicated by the change in the MPO index in blood from the aorta and
great cardiac vein. In patients with unstable angina, but not in patients with stable angina, a decrease
in MPO content was observed in blood from the great cardiac vein, not only when the neutrophils
traversed the coronary vascular bed perfused by the culprit stenosis and thus subjected to recurrent
ischemia (unstable angina with a left coronary lesion), but also when there was no coronary stenosis
or any plausible cause of ischemia in the vascular bed draining into the great cardiac vein (unstable
angina with a right coronary lesion).
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that MPO unmasks states of acute inflammation in the coronary circulation indicative of
increased neutrophil activation, which ultimately precedes myocardial injury. Although
future prospective studies are warranted to confirm these results, the current findings
support the rationale to further evaluate MPO for risk stratification in patients with ACS
and encourage the development of pharmacological strategies to modulate the catalytic
activity of this enzyme.

Interleukin-10 as a Marker of Inflammatory Balance
Inflammatory balance may also play an important role in patients with ACS (57,58).

Interleukin (IL)-10 is secreted by activated monocytes/macrophages and lymphocytes
(59). It has multifaceted anti-inflammatory properties including inhibition of the proto-
typic proinflammatory transcription factor nuclear factor-κB leading to suppressed cyto-
kine production (60), inhibition of matrix-degrading metalloproteinases (61), reduction
of tissue factor expression (62), inhibition of apoptosis of macrophages and monocytes
following infection (63,64), and promotion of the phenotypic switch of lymphocytes into
the Th2 phenotype (65). These inflammatory mechanisms have been shown to play a pivo-
tal role for atherosclerotic lesion development and progression, suggesting a potential reg-
ulatory role of IL-10. Indeed, numerous recent experimental studies have shown that either
systemic or local IL-10 gene transfer not only attenuates atherogenesis (59,66,67) but
also affects processes associated with lesion progression (65).

More important, in the CAPTURE trial, elevated serum levels of IL-10 were associated
with a significantly improved outcome in patients with ACS (Fig. 12) (58). The predictive
value of IL-10 serum levels was independent of elevated troponin levels, which reflect the
acute risk secondary to thrombotic complications during an ACS. Thus, a reduced IL-10
serum level not only is a marker of plaque instability favoring the development of ACSs,
but, more important, is indicative of a poor prognosis even after the occurrence of an

Fig. 11. Predictive value of MPO for incidence of death and nonfatal MI in relation to CRP serum
levels. Diagnostic threshold levels were 222 and 350 μg/L for MPO and 5 and 15 mg/L for CRP (n =
547). MI indicates nonfatal MI.
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acute ischemic event caused by plaque instability. In addition, the beneficial effect of
elevated serum levels of IL-10 was restricted to patients with elevated CRP levels indica-
tive of an enhanced systemic inflammatory response. These data further support the con-
cept that the balance between pro- and anti-inflammatory cytokines is a major determinant
of patients’ outcome in ACSs.

Consistently, increased IL-10 serum levels in patients with coronary heart disease are
also associated with improved systemic endothelial vasoreactivity in patients with elevated
CRP serum levels, whereas in patients with high IL-10 serum levels, systemic endothelial
vasoreactivity was independent of CRP concentration (Fig. 13) (68). This demonstrates
that the balance between pro- and anti-inflammatory mediators is also a major determinant
of endothelial function in patients with CAD.

CONCLUSION

The electrocardiogram (ECG) remains the most useful and cost-effective first-line
tool in the evaluation of patients with chest pain. The initial ECG is the “gold standard”
for the diagnosis of an AMI. After exclusion of the presence of ST-elevations, repeat
quantitative or qualitative troponin measurements provide valuable diagnostic tools for
improving efficacy and safety in decision making for patients suspected of having an ACS.
Troponins as biomarkers of myocardial necrosis are superior to and independent of elec-
trocardiographic findings. Increasing evidence suggests that the combined use of bio-
markers reflecting distinct pathophysiological features such as myocardial necrosis, vascu-
lar inflammation, oxidative stress, and neurohumoral activation may significantly add
to clinicians’ ability to correctly identify patients who are at high risk of short- and long-

Fig. 12. Importance of inflammatory balance in patients with ACS. The cumulative incidence of death
or nonfatal MI at 6 mo of follow-up by baseline levels of hsCRP and IL-10, respectively, is shown.
Diagnostic threshold levels were 3.5 ng/L for IL-10 and 10 mg/L for CRP (n = 547). MHC, major histo-
compatibility complex; TCR, T-cell receptor; GITR, glucocorticoid-induced tumor necrosis factor
receptor.
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term cardiovascular events and subsequently tailor medical treatment to improve their
adverse outcome.
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SUMMARY

Heart failure is characterized by an ongoing inflammatory response. The inflamma-
tion hypothesis, as it currently stands, suggests that heart failure progresses because
certain inflammatory mediators such as inflammatory cytokines are activated follow-
ing the initial myocardial injury and continue to exert deleterious effects on the heart
and circulation contributing further to progression of heart failure and left ventricular
dysfunction. Inflammatory biomarkers in heart failure comprise a portfolio of markers
that include biologically active molecules, such as proinflammatory cytokines and che-
mokines that are involved in the pathogenesis and progression of heart failure, and others
that reflect severity of inflammation such as C-reactive protein or erythrocyte sedimen-
tation rate. Most of these biomarkers correlate with severity of disease, prognosis, and
clinical outcomes in heart failure.

Key Words: Inflammation; heart failure; biomarkers; cytokines; chemokines; tumor
necrosis factor; interleukin-6; erythrocyte sedimentation rate; C-reactive protein.

INTRODUCTION

Myocardial inflammation not only is a feature of acute injury such as myocardial infarc-
tion (MI), myocarditis, or allograft rejection in the myocardium, but also is recognized
as a feature of chronic heart failure. It is now well recognized that advanced heart failure
is characterized by an ongoing inflammatory response that correlates with the severity



296 Cardiovascular Biomarkers

of heart failure disease and prognosis. The current inflammation hypothesis suggests that
heart failure progresses because inflammatory mediators that are activated following the
initial myocardial injury or stretch continue to exert deleterious effects on the heart and
circulation contributing to further progression of heart failure and left ventricular (LV)
dysfunction.

The link between heart failure and inflammation was formally recognized and reported
in 1990 by Levine et al. (1), who described that the concentration of an inflammatory cyto-
kine, tumor necrosis factor (TNF)-α, was elevated in the setting of heart failure. Interest-
ingly, the pathophysiological importance of inflammation in the heart was recognized as
early as 1669, by an English physician, Richard Lower, who, in his major work Tractatus
de Corde, wrote, “[B]ut when the parenchyma of the heart has been harmed by various
diseases its motion is necessarily much altered; for if the parenchyma of the heart …labors
under inflammation, abscess or wound, it cannot vibrate or contract without great trouble
or difficulty, it soon gives up its motion, whence the movement of the blood also to the
same degree becomes weak and languid” (2). Since the first report of high serum levels
of TNF in patients with heart failure (1), a number of studies have shown that other proin-
flammatory cytokines and chemokines are involved in cardiac depression and the progres-
sion of heart failure (3–11) (Table 1). Subsequently, there has been growing interest in
the role of inflammatory mediators in regulating cardiac structure and function, particu-
larly regarding their potential role in progression of disease in heart failure. The growing
appreciation of the pathophysiological consequences of sustained expression of proinflam-

Table 1
Peripheral Levels of Cytokines and Cytokine Receptors in Heart Failurea

Cytokine             Cytokine receptor

Reference TNF-α IL-1 IL-2 IL-6 IFN-γ sTNFR1 sTNFR2 IL-1RA IL-6R

1 + nd nd nd nd nd nd nd nd
17 + nd nd nd nd nd nd nd nd
19 + nd nd nd nd nd nd nd nd
21 + − nd + − nd nd nd nd
20 + − + nd nd nd nd nd nd
18 + − − − − nd nd nd nd
22 + nd nd nd nd + + nd nd
9 + nd nd nd nd + + nd nd
8 + nd nd + nd nd nd nd nd
23 + nd nd nd nd + nd + nd
24 − − nd + nd nd nd nd nd
25 + + − + nd nd + + +
26 + nd nd nd nd nd nd nd nd
27 + nd nd + nd nd nd nd nd
28 + nd nd + nd nd nd nd nd
29 + nd nd + nd nd nd nd nd
30 + nd nd nd nd + + nd nd
71 + nd nd + nd nd nd nd nd
61 + nd nd + nd + + nd −
72 + nd nd + nd nd nd nd −
74 + nd nd + nd + + nd nd
31 + nd nd + nd + + nd nd

and, not done; +, levels elevated; −, levels not elevated.
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matory mediators in preclinical and clinical heart failure models culminated in a series
of multicenter clinical trials that used “targeted” approaches to neutralize TNF in patients
with moderate to advanced heart failure. However, these targeted approaches have resulted
in worsening heart failure (12,13).

In this chapter, I review the implications of inflammatory biomarkers in heart failure,
with emphasis first on biomarkers that are involved in the pathogenesis of heart failure
such as the proinflammatory cytokines and chemokines, and then on other inflammatory
biomarkers that reflect severity of inflammation and correlate with severity of disease,
prognosis, and clinical outcomes in heart failure such as C-reactive protein (CRP) and
erythrocyte sedimentation rate (ESR). Markers of necrosis and of hemodynamic stress
in patients with heart failure are discussed in Chapters 8 and 25, respectively.

INFLAMMATORY BIOMARKERS THAT HAVE BEEN IMPLICATED
IN PATHOGENESIS OF HEART FAILURE

Proinflammatory Cytokines

OVERVIEW OF PROINFLAMMATORY CYTOKINES INVOLVED IN HEART FAILURE

The term cytokine is applied to a group of relatively small molecular weight protein
molecules (generally 15–30 kDa) that are secreted by cells in response to a variety of
different inducing stimuli. Classically, cytokines are thought to be secreted by neighbor-
ing “producer cells” to act in an autocrine, a juxtacrine, or a paracrine fashion to influence
the biological behavior of neighboring “target cells” (14,15). Although similar in many
respects to polypeptide hormones, cytokines can be produced by a variety of different cell
types in a number of different tissues, as opposed to being produced by a specific cell type
in a specific organ, as is the case for polypeptide hormones. The group of cytokines that
is responsible for initiating both the primary host response to a bacterial infection and the
repair of tissue following tissue injury has been termed proinflammatory cytokines. Thus
far two major classes of cytokines have been identified in heart failure: vasoconstrictor
cytokines, such as endothelin, and vasodepressor proinflammatory cytokines, such as
TNF, interleukin (IL)-6, IL-1 family (5). These inflammatory mediators are now known
to be expressed by all nucleated cell types residing in the myocardium, including the car-
diac myocyte, thus suggesting that these molecules may do more than simply orchestrate
inflammatory responses in the heart (16). As discussed later, each of these cytokines is
capable not only of influencing the expression of the other proinflammatory cytokines,
but also of modulating cardiovascular performance when expressed at sufficiently high
levels. Furthermore, peripheral circulating as well as intracardiac concentrations of these
cytokines are elevated in patients with heart failure (1,9,17–20). Table 1 provides a sum-
mary of the studies that have examined circulating levels of cytokines and cytokine recep-
tors in patients with heart failure. Most of these studies consistently described elevated
levels of TNF-α in heart failure (1,8,9,17–31). The experimental and clinical data on the
role of TNF-α, IL-6, and IL-1 in heart failure are reviewed in detail in the following sec-
tions. Comparatively less is known about IL-2 and interferon (IFN)-γ in heart failure.

TUMOR NECROSIS FACTOR

For at least a century, proinflammatory cytokines have been known to be associated with
sepsis and cardiogenic shock (32). At the beginning of the 20th century, a physician named
William Coley, who began his career as a young surgeon at New York Memorial Hospital,
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found that a vaccine containing two killed bacteria, Streptococcus pyogenes and Serratia
marcescens (later to become known as “Coley’s toxins”), could induce tumor necrosis
in unresectable malignancies but could also produce fatal hypotensive shock and pulmo-
nary edema (33). “Coley’s toxins,” which caused tumor necrosis contained a “myocardial
depressant factor,” the molecular nature of which has eluded definitive identification in
the intervening years. Subsequently, O’Malley et al. (34) showed that the tumor regres-
sion effects were mediated through the induction of a factor in the serum, which they
named tumor-necrotizing factor, which was renamed by Lloyd J. Old’s group as TNF
(35). The sequence homology between TNF and lymphotoxin, a protein produced by
lymphocytes that kills tumor cells, led to the renaming of TNF to TNF-α and lympho-
toxin to TNF-β, respectively. Soon after, Beutler et al. (36) independently discovered
mouse TNF-α as a factor that mediated wasting (cachexia) in mice. These two cytokines,
TNF-α and TNF-β, laid the foundation for the isolation and identification of the larger
family of cytokines, now known as the TNF superfamily referred to as TNF (37). Simi-
larly, more than 25 yr ago, Lefer and Rovetto (38) reported that the sera of septic patients
and experimental animals contained a “myocardial depressant factor.” During the past
decade, Parrillo and colleagues (39,40) using intact animals and in vitro isolated heart cell
preparations to investigate systematically the factors that contributed to myocardial depres-
sion in systemic sepsis, concluded that it was in fact TNF and IL-1β that were responsible
for most, if not all, of the reversible cardiac depression often seen with sepsis syndrome.

TNF, originally defined by its antitumor activity in vitro and in vivo in 1984 (35,41),
is now recognized as a cytokine with pleiotropic biological capacities. Research during
the past two decades has shown the existence of a superfamily of TNF proteins consisting
of 19 members (including TNF-α) that signal through 29 receptors (37). These ligands,
although regulating normal functions such as immune responses, hematopoiesis, and
morphogenesis, have also been implicated in tumorigenesis, heart failure, transplant
rejection, septic shock, viral replication, bone resorption, rheumatoid arthritis, and diabe-
tes, hence indicating their role as “double-edged swords” (37). Blockers of TNF have been
approved for human use in treating TNF-linked autoimmune diseases such as rheumatoid
arthritis (37). Besides its cytostatic and cytotoxic effects on certain tumor cells, TNF influ-
ences growth, differentiation, and/or function of virtually every cell type investigated,
including the cardiac myocyte (42,43). Moreover, TNF is thought to be part of an integral
network that orchestrates inflammatory, immunological, and neurohormonal signaling.
Thus, TNF stimulates macrophages and other cell types to produce other proinflammatory
cytokines including IL-1, IL-6, IL-8, and TNF-α itself (14). The major cellular source of
TNF is the activated macrophage, although a variety of different cell types, including
lymphocytes, neutrophils, fibroblasts, endothelial cells, smooth muscle cells, and car-
diac myocytes (5,9), are capable of producing this cytokine. In vivo, it appears that the
expression of TNF is tissue specific. That is, under basal conditions, TNF is produced pri-
marily by the thymus; however, after stimulation with lipopolysaccharide, TNF is also
produced by the kidney, pancreas, uterus, and fallopian tubes, as well as the heart (44).
In low concentrations ([10−10] mol/L), TNF-α is thought to act primarily as a paracrine
or an autocrine regulator of leukocytes and endothelial cells and, therefore, regulates the
inflammatory responses to microbes and facilitates tissue repair. In higher concentrations
(≥[10−8] mol/L), TNF-α production far exceeds the number of TNF receptors (TNFRs) in
a given tissue, with the result that TNF-α “spills over” into the bloodstream, where it can
act as an endocrine hormone and lead to metabolic wasting (cachexia), potentially lethal
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microvascular coagulation, and hypotension. Neither TNF mRNA nor TNF protein appears
to be constitutively expressed in the nonfailing heart; by contrast, TNF mRNA and protein
appear to be uniformly expressed in failing human hearts (9). Thus, similar to neurohor-
mones, TNF and its family members are “double-edged swords.” Whereas physiologically
they are important cytokines and required for normal responses, their inappropriate
expression is harmful (37).

Cytokines are thought to exert their effects by binding to specific receptors on the
surface of the cell including the adult cardiac myocyte. In the case of TNF, this protein
is known to bind to two types of TNFRs: TNFR1 (p 55) and TNFR2 (p 75) receptor. The
adult human cardiac myocyte expresses both types of TNF receptors, and the type 1
receptor is responsible for mediating the negative inotropic effects of TNF (9,16). Studies
have also shown that both TNFRs are proteolytically cleaved from the cell membrane, and
that they exist in the circulation as circulating soluble receptors, referred to as sTNFR1
and sTNFR2, respectively. Interestingly, both these receptors retain their ability to bind
their ligand, as well as to inhibit the cytotoxic activities of TNF. It has been suggested that
they may serve as “biological buffers” that are capable of rapidly neutralizing the highly
cytotoxic activities of TNF (45).

Effects of TNF on heart. Many aspects of heart failure can be explained by the known
biological effects of stress-activated proinflammatory cytokines. When expressed at suffi-
ciently high concentration, TNF can mimic some aspects of heart failure phenotype includ-
ing but not limited to progressive LV dysfunction, pulmonary edema, LV remodeling,
fetal gene expression, and cardiomyopathy (Table 2). The current literature suggests that
TNF-α produces both an immediate and a delayed negative inotropic effect on myocar-
dial contractility. Thus, the elaboration of cytokines may represent, much like neurohor-
mones, a biological mechanism that is responsible for producing symptoms in patients
with heart failure. As discussed subsequently, there is now a substantial body of evidence
suggesting that the sustained expression of cytokines produces frank maladaptive effects
in the heart, including deleterious effects on myocardial function and on LV remodeling.

Effect of TNF on LV Function. The effect of the proinflammatory cytokines on LV func-
tion was first reported in a series of important experimental studies showing that direct
injections of TNF would produce hypotension, metabolic acidosis, hemoconcentration,
and death within minutes, thus mimicking the hemodynamic response seen during endo-
toxin-induced septic shock (46). Subsequent studies in dogs have shown that a single

Table 2
Deleterious Effects of Proinflammatory Cytokines in Heart Failurea

• Left ventricular dysfunction in humans (130)
• Pulmonary edema in humans (131)
• Cardiomyopathy in humans (132)
• Left ventricular remodeling experimentally (3,47,48)
• Abnormalities in myocardial metabolism experimentally (133)
• Anorexia and cachexia experimentally (134)
• β-Receptor uncoupling from adenylate cyclase experimentally (135)
• Abnormalities of mitochondrial energetics (136)
• Activation of fetal gene program experimentally (137)
• Cardiac myocyte apoptosis experimentally (56,138)

aModified from ref. 7 with permission.
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infusion of TNF results in abnormalities of systolic function within the first 24 h of infu-
sion (47). Similarly, experimental studies in rats have shown that circulating concentra-
tions of TNF that are observed in patients with heart failure are sufficient to produce per-
sistent negative inotropic effects that are detectable at the level of the cardiac myocyte;
moreover, the negative inotropic effects of TNF are completely reversible when the TNF
infusion is stopped (3) (Fig. 1A,C). In subsequent studies in transgenic mice with targeted
overexpression of TNF in the cardiac compartment, forced overexpression of TNF resulted
in depressed LV ejection performance; notably, depressed LV ejection performance was
dependent on TNF “gene dosage” (48,49).

Similar to TNF-α, both IL-1 and IL-6 produce negative inotropic effects in various expe-
rimental models (50,51). In addition to TNF-α and IL-6, other cytokines directly impli-
cated in mediating myocardial depression in systemic sepsis and other forms of cardiac
dysfunction include IL-1β, IL-2, and IFN-γ (52).

Effect of TNF on LV remodeling. In experimental studies, overexpression of TNF can
result in LV remodeling (3,48). Specifically, in a rat model, we demonstrated that TNF-α
infusion induced a time-dependent increase in LV end diastolic dimension (3). In this

Fig. 1. (A) Effect of continuous infusion of TNF-α on LV function in vivo. LV function was studied
for 15 d in rats that underwent implantation of ip osmotic infusion containing either diluent (n = 20)
or TNF-α (n = 38). After 15 d, osmotic infusion pumps were removed, and the animals were allowed
to recover for an additional 15 d. LV fractional shortening was reduced with TNF-α infusion and
improved after infusion pumps (3). (B) Effect of continuous TNF-α infusion in rats on LV geometry
in vivo. LV dimensions were studied for 15 d following implantation of an ip osmotic infusion con-
taining either diluent (n = 20) or TNF-α (2.5 μg/[kg.min]; n = 38). LV dimensions increased with TNF-
α infusion, indicative of LV remodeling induced by TNF-α (3). (C) M-mode echocardiographic
images of rat heart at baseline and at 15 d of TNF-α infusion showing reduction in LV fractional short-
ening and increase in LV dimensions (3). *Statistical significance with p < 0.05. LVEDD, left-ven-
tricular end diastolic diameter; LVESD, left-ventricular end systolic diameter. (Reproduced from
ref. 3 with permission of the American Heart Association ©1998.)
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model, following TNF infusion, LV end diastolic dimension increased by >25% when
compared to time-matched controls (Fig. 1B). Moreover, in a transgenic mouse model,
myocardial TNF-α overexpression results in increased systolic and diastolic LV volumes,
a dilated and globoid LV phenotype (Fig. 2) (48).

Important determinants of myocardial wall remodeling include changes in myocyte
size and number, alignment of myocytes in the myocardial wall, and changes in myocar-
dial extracellular matrix (ECM). Increased levels of these inflammatory mediators have
been demonstrated to cause changes in each of these determinants of remodeling and can
result in myocyte hypertrophy (53), alterations in fetal gene expression (48), and progres-
sive myocyte loss through apoptosis (54). In addition to these effects, there are several lines
of evidence suggesting that TNF may promote left ventricular remodeling through altera-
tions in the ECM. Increased TNF in animal models has been demonstrated to cause sig-
nificant changes in the ECM (3,55). For example, chronic TNF-α infusion in rats reduces
fibrillar collagen by 50% when compared with controls (3). Scanning electron micro-
graphs of myocardial sections from TNF-α-infused animals reveal disruptions in the myo-
cardial extracellular fibrillar collagen network (Fig. 3). Transgenic mice overexpressing
myocardial TNF-α have increased soluble myocardial collagen, suggestive of reduced
collagen crosslinking (55). Similar findings have also been reported by others (56,57) who
observed LV dysfunction and LV dilation in transgenic mice with targeted overexpression
of TNF in the heart.

Thus, in animal models of increased TNF-α expression, defects in extracellular fibrillar
collagen structure and composition are known to occur. With respect to the mechanisms
that are involved in TNF-induced LV dilation, it has been suggested that TNF-induced acti-
vation of matrix metalloproteinases is responsible for this effect (55,57). The current
hypothesis regarding the role of TNF in LV remodeling proposes that without altering

Fig. 2. LV remodeling in transgenic mouse model of TNF overexpression. Magnetic resonance
images of the heart were obtained from 24-wk-old transgenic (TG) mice with targeted TNF over-
expression (A–C) and an age-matched control (WT) mouse (D–F). As shown, there was significant
LV dilation in the animal harboring the TNF transgene in the cardiac compartment. Bars = 2.5 mm.
(Reproduced from ref. 48 with permission of the American Heart Association ©1997.)
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preload or afterload, TNF induces LV dilation, perhaps as a result of ECM degradation,
allowing rearrangement (“slippage”) of bundles or groups of cardiac myocytes. These
alterations in LV geometry are further accompanied by systolic and diastolic dysfunction
(3,58). Thus, excessive activation of TNF, and possibly of other proinflammatory cyto-
kines, may contribute to the LV remodeling observed in heart failure via mechanisms that
involve both myocyte and nonmyocyte elements of the myocardium.

INTERLEUKIN-6
Originally identified as T-cell-derived cytokine, IL-6 has been recognized as a multi-

functional cytokine produced by several cell types of nonimmunological origin. IL-6 can
produce myocyte hypertrophy, myocardial dysfunction, and muscle wasting (59). In
advanced heart failure, cardiac expression of IL-6 and IL-6 receptor mRNA is increased
(60). IL-6 is thought to be released in direct response to TNF-α, and a linear correlation
between the two cytokine levels has been described (59,61). IL-6 has two different types
of receptors: a private ligand-binding receptor (called membrane α receptor [R]) and a
membrane β receptor (called transmembrane glycoprotein [gp] 130) (62,63). Interest-
ingly, it is the small transmembrane glycoprotein, gp130, but not IL-6 soluble receptor
(IL-6R) itself, that renders cells susceptible to IL-6 (63). Indeed, IL-6 can act on cells lack-
ing the expression of IL-6R after complex formation with soluble IL-6R. Both gp130 and
IL-6R are always required for signaling. The soluble form of gp130 inactivates the solu-

Fig. 3. Rats were infused with diluent or TNF-α for 15 d. Representative scanning electron micro-
graphs of LV myocardial sections were taken. In myocardial samples from diluent-treated animals
(control), a fine weave of collagen around the myocytes was observed. In myocardial samples from
TNF-α-infused animals (TNF-α), the collagen weave appeared to be significantly disrupted. (Repro-
duced from ref. 3 with permission of the American Heart Association ©1998.)
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ble IL-6/IL-6R complex. However, both the concentration of gp130 and the overall level
of bioactivity of IL-6 are increased in heart failure (62).

INTERLEUKIN-1
Another important cytokine in the setting of heart failure is IL-1. This cytokine and

TNF-α are generally thought of as the prototypical proinflammatory cytokines. IL-1 has
been demonstrated in the myocardium of patients with idiopathic dilated cardiomyopathy
(64). Experimentally, it is known to depress myocardial contractility in a dose-dependent
fashion (65). The alterations in gene expression seen in response to IL-1 resemble, in many
ways, the phenotype of the failing heart (66). These effects are synergistic with those of
TNF-α. Additional studies have shown that IL-1 is also involved in myocardial apoptosis,
hypertrophy, and arrhythmogenesis (66,67).

PROINFLAMMATORY CYTOKINE LEVELS ARE ELEVATED

AND CORRELATE WITH SEVERITY OF DISEASE IN HEART FAILURE

Circulating levels of TNF and IL-6 are elevated in patients with heart failure. Because
they were initially identified in patients with cardiac cachexia (17,68), and edematous
decompensation (69), these cytokines were thought to be expressed only in patients with
end-stage heart failure. However, as reported in a number of studies (1,8,18–20,24,31,
61,70), proinflammatory molecules are activated starting at earlier phases of heart failure
(i.e., New York Heart Association [NYHA] class II [8] or asymptomatic left ventricular
dysfunction [70]) and continue to rise in direct relation to worsening NYHA functional
classification (8,31,59,71) (Fig. 4) regardless of the etiology of the heart failure (8,24,25,61).

 In addition to the inflammatory cytokines, circulating levels of cytokine receptors are
elevated in heart failure. These include the soluble TNFR (22) and soluble transmembrane

Fig. 4. TNF-α levels in patients with class I–IV heart failure. Compared with age-matched control
subjects (open bar), there was a progressive increase in serum TNF-α levels in direct relation to
decreasing functional heart failure classification. The solid bars denote values for patients enrolled in
Studies of Left Ventricular Dysfunction (SOLVD) (8); the shaded bar denotes values for NYHA class
IV patients who were undergoing cardiac transplantation (9). *Significantly different from normal.
(Reproduced from ref. 59 with permission of Churchill Livingstone ©1996.)
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gp130 (one of the receptors for the IL-6 family), which are increased in patients with heart
failure in close relation to functional class (61). Of note, even though IL-6 and gp130
levels are elevated, IL-6R levels are not increased in patients with heart failure (61,72).

Furthermore, increased myocardial TNF-α-converting enzyme expression, which
results in the production of a functional enzyme that has precursor TNF-α in the mature
form (73), is associated with the degree of left ventricular systolic dysfunction in patients
with dilated cardiomyopathy (73).

PROINFLAMMATORY CYTOKINES PREDICT POOR PROGNOSIS IN HEART FAILURE

As well as correlating with severity of disease (i.e., with worsening functional class),
elevated blood levels of proinflammatory cytokines are associated with increased mortal-
ity in patients with heart failure. Increased circulating levels of TNF-α (31,74), IL-6 (28,71,
75–77), and sTNFR1 and sTNFR2 (31,74) have been reported to predict poorer survival.
As shown in Fig. 5A, among patients participating in the multicenter Vesnarinone Trial
(VEST), survival gradually declined as a function of increasing TNF levels, with the worst
survival in patients with TNF levels >75th percentile (31). Similarly, circulating levels of
IL-6 (Fig. 5B) and sTNFR1 and sTNFR2 were associated with outcome (Fig. 5C,D) (31).
Of interest, in a study of 37 patients with heart failure and 26 age-matched control subjects
(22), the circulating level of sTNFR2 appeared to be the most powerful predictor of mor-
tality. In a larger study of 152 patients with heart failure, Rauchhaus et al. (74), however,
reported that sTNFR1 was the strongest and most accurate prognosticator; the receiver
operating characteristic area under the curve for sTNFR1 was greater than for sTNFR2
at 6, 12, and 18 mo (all p < 0.05). When examined in VEST with Cox regression modeling
adjusting for age, sex, etiology of heart failure, NYHA class, ejection fraction, and serum

Fig. 5. Kaplan-Meier survival analysis. The circulating levels of (A) TNF, (B) IL-6, (C) sTNFR1,
and (D) sTNFR2 were examined in relation to patient survival during follow-up (mean duration: 55
wk; maximum duration: 78 wk). For this analysis, the circulating levels of cytokines and cytokine
receptors were arbitrarily divided into quartiles. (Reproduced from ref. 31 with permission of the
American Heart Association ©2001.)
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sodium, TNF, IL-6, sTNFR1, and sTNFR2 remained significant independent predictors
of mortality, along with NYHA class and ejection fraction (31).

Although these clinical studies cannot address whether the findings represent an epiphe-
nomenon that is associated with, but not causally related to, worsening severity of disease
and outcomes, the preponderance of data support that the proinflammatory cytokines
TNF-α and IL-6 contribute further to progression of heart failure and worsening out-
comes in heart failure.

INFLAMMATORY CYTOKINES AS MARKERS

FOR MONITORING RESPONSE TO THERAPY IN HEART FAILURE

Several studies have examined the changes in levels of inflammatory cytokines during
standard therapy for heart failure. Some of these changes can be attributed to direct
interaction of the medications used, such as the interaction between the neurohormonal
antagonists and the proinflammatory cytokines (78,79). Clinical studies have shown that
treatment with angiotensin receptor antagonists can lead to significant reductions in cir-
culating levels of TNF and/or cell adhesion molecules in patients with heart failure (80).
β-Adrenergic blockade also prevents the expression of inflammatory mediators in post-
infarction animal models (81) and reduces proinflammatory cytokine levels in patients
with heart failure (82–87). Compared to angiotensin receptor and β-blockers, the effect
of angiotensin-converting enzyme (ACE) inhibitors on inflammatory cytokines is not as
clear. In an animal infarct model, the use of ACE inhibitors over 28 d resulted in a reduc-
tion in cardiac cytokine expression (79). By contrast, in a clinical study by Gullestad et al.
(88), treatment with ACE inhibitors over 34 wk was associated with a rise in the peripheral
levels of chemokines, cell adhesion molecules, and proinflammatory cytokines except
for IL-6. In another study, treatment with the long-acting dihydropyridine calcium antag-
onist, amlodipine, over 26 wk lowered plasma IL-6 levels in patients with heart failure (28).
Similarly, optimization of background standard therapy of heart failure with diuretics,
ACE inhibitors, β-blockers, and digoxin can result in significant reductions in circulating
levels of TNF-α and IL-6 (75). Histochemical sections of failing human myocardium have
shown that after several weeks of mechanical circulatory support with a ventricular assist
device, myocardial expression of TNF-α was markedly reduced in patients with heart
failure (89).

These studies suggest that there are important interactions between the renin-angio-
tensin, adrenergic systems and proinflammatory cytokines, and many of the conventional
therapies for heart failure may work, at least in part, through the modulation of proinflam-
matory cytokines. Nevertheless, it should be noted that despite these temporal parallel
changes in the levels of cytokines with optimal heart failure therapy, currently there are
no data from large-scale studies of the relationship between changes in inflammatory
biomarkers over time and morbidity and mortality in patients with heart failure. Further-
more, the sensitivity, specificity, and negative and positive predictive values of inflamma-
tory biomarkers for predicting adverse outcomes in the setting of heart failure are not well
defined, and any clinical value of inflammatory markers over and above established param-
eters remains to be proven (72).

PROINFLAMMATORY CYTOKINES AS THERAPEUTIC TARGETS IN HEART FAILURE

Clinical studies have been carried out to selectively antagonize inflammatory cyto-
kines, specifically TNF-α, in patients with heart failure using recombinant human TNFRs
that act as “decoys” to bind TNF, thereby preventing TNF from binding to TNFRs on cell-
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surface membranes of target cells, or monoclonal antibodies (MAbs) from binding and
neutralizing circulating cytokines.

Early preclinical studies of TNF antagonism using the TNFR etanercept (Enbrel) showed
that etanercept could reverse the deleterious negative inotropic effects of TNF in vitro
(90) and in vivo (3). Subsequently, a series of phase 1 and phase 2 clinical studies was per-
formed in patients with moderate to advanced heart failure and showed improvements in
quality of life, 6-min walking distance, and left ventricular ejection performance after
treatment with etanercept for up to 3 mo (45,91). Two multicenter clinical trials using
etanercept were then completed in patients with NYHA class II–IV heart failure. The trial
in North America, entitled Randomized Etanercept North American Strategy to Study
Antagonism of Cytokines (RENAISSANCE) (n = 900), and the trial in Europe and Aus-
tralia, entitled Research into Etanercept Cytokine Antagonism in Ventricular Dysfunction
(RECOVER) (n = 900), were both quality-of-life trials that used a clinical composite as
the primary end point. A third trial that used the pooled data from the RENAISSANCE and
RECOVER trials, entitled Randomized Etanercept Worldwide Evaluation (RENEWAL)
(n = 1500), had a primary end point of all-cause mortality and hospitalization for heart
failure. The trials were stopped early after the Data Monitoring Safety Board deemed that
it is was unlikely that the trials would show benefit on the primary end points if the two trials
were allowed to go to completion (12). In a post hoc analysis, patients taking the etanercept
treatment over a longer period of time had increased risk of death/heart failure hospital-
ization compared with patients receiving placebo (5,12).

The second targeted anticytokine approach in clinical heart failure trials was the use of
MAbs directed against TNF-α. The Anti-TNF-α Therapy Against CHF was a phase 2 study
in 150 patients with moderate to advanced heart failure using infliximab (Remicade), a
chimeric MAb consisting of a genetically engineered murine Fab fragment (that binds
human TNF) fused to a human FC portion of human IgG1. The study showed a dose-
related increase in death and heart failure hospitalizations with infliximab compared with
placebo (13). In the aftermath of these clinical studies, it was questioned whether the
biological agents that were used in the trials had intrinsic toxicity, and/or whether TNF
antagonism had untoward effects in the setting of heart failure. Infliximab may be directly
cytotoxic to cells expressing TNF on the membrane by inducing complement fixation in
the heart, which may lead to sustained myocarditis as well as cardiac myocyte lysis (5).
Etanercept, on the other hand, may have stabilized TNF and resulted in the accumulation
of high concentrations of immunoreactive TNF in the peripheral circulation (5). This
potential increase in the circulating levels of biologically active TNF patients with heart
failure might actually worsen the heart failure status.

PROINFLAMMATORY CYTOKINES AS PREDICTORS

OF DEVELOPMENT OF HEART FAILURE IN ASYMPTOMATIC PATIENTS

Elevated levels of IL-6 (92) and TNF (8) have been reported in patients with LV dysfunc-
tion in the absence of the clinical symptoms of heart failure. In a subgroup of 732 elderly
Framingham study subjects without prior MI and heart failure, Vasan et al. (70) reported
that baseline levels of IL-6 and spontaneous production of TNF by peripheral blood
mononuclear cells (PBMCs) were predictive of the development of heart failure in the
next 5 yr. After adjusting for established risk factors, including the occurrence of MI
during follow-up, the investigators found that the risk of developing heart failure increased
~1.6- to 1.7-fold per tertile increment in PBMC TNF and IL-6 levels, respectively. Sub-
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jects with increased levels of IL-6, PBMC TNF, and CRP ≥5 mg/dL had a 4.1-fold risk
of developing heart failure. The study population consisted of predominantly elderly,
Caucasian subjects (67% female) with a high prevalence of hypertension (~70%), atrial
fibrillation (~7%), and preexisting cardiovascular disease without prior documented MI.
It is important to point out that in this study there was no assessment of LV function at
baseline. Elevated inflammatory markers in this study may have identified patients with
vascular disease at risk of MI (93,94) or patients with preexisting subclinical LV dysfunc-
tion (92). As pointed out by Murray et al. (95), without a baseline assessment of ventric-
ular function, the study cannot conclude whether IL-6, TNF, and CRP predict the de novo
development of cardiomyopathy vs the transition between subclinical LV dysfunction
and overt heart failure.

Chemokines
Chemokines are potent proinflammatory and immune modulators. Chemokines regu-

late several biological processes such as chemotaxis, activation and migration of leuko-
cytes to areas of inflammation, collagen turnover, angiogenesis, and apoptosis (4). TNF-α
and other proinflammatory cytokines, such as IL-1β and IL-6 or IFN-γ, are known to induce
these chemotactic polypeptides (96,97). Potent chemokines such as macrophage chemo-
attractant protein-1 and macrophage inflammatory protein-1α (MIP-1α) not only can
attract the monocytes and the lymphocytes, but also can modulate other functions of
these cells, such as the generation of reactive oxygen species (4). Monocyte chemoat-
tractant protein-1 (MCP-1) has been reported to be upregulated in experimental models
of heart failure with pressure (65) or volume overload (98). Furthermore, transgenic over-
expression of macrophage chemoattractant protein-1 in the myocardium has been shown
to result in myocarditis and subsequent development of heart failure in experimental
models (99). Similar to the proinflammatory cytokines, the failing human heart expresses
chemokine and chemokine receptors (100). Increased expression of chemokines, such as
MCP-1, also occurs in patients with heart failure (4). Aukrust et al. (4) reported that patients
with heart failure had significantly elevated levels of all chemokines, with the highest
levels in those with NYHA class IV symptoms. In their study, MCP-1 and MIP-1α levels
correlated inversely with LV ejection fraction (LVEF). Further studies on cells isolated
from peripheral blood of these patients suggest that platelets; CD3+ lymphocytes; and,
in particular, monocytes may contribute to the elevated C-C chemokine levels in heart
failure (4).

Cell Adhesion Molecules in Heart Failure
Cell adhesion molecules have been implicated in the pathogenesis of a variety of CVDs

including heart failure (101–103). Adhesion molecules are cell-surface receptors involved
in the binding of leukocytes to each other, to endothelial cells, or to the ECM (102). Three
different families of proteins have been implicated in heart failure (104):

1. The immunoglobulin superfamily, which consists of a number of adhesion molecules
including intracellular adhesion molecule-1 (ICAM-1), ICAM-2, and ICAM-3; vascular
cell adhesion molecule-1 (VCAM-1); and others.

2. Integrins, which mediate leukocyte adherence to the vascular endothelium and other cell-
cell interactions.

3. The selectins, which are involved in the adhesion of leukocytes to activated endothelium
and result in typical “rolling” of leukocytes on the endothelial surface (mainly mediated
by leukocyte [L]-selectin and platelet [P]-selectin).
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Relative overexpression of ICAM-1 has been described in myocardial tissue obtained
at the time of cardiac transplantation from patients with either myocarditis, chronic ische-
mic heart disease, or dilated cardiomyopathy (101). Upregulation of cell adhesion mole-
cules has been reported in several studies of patients with heart failure. For example, in a
study by Tsutamoto et al. (105), among 102 patients with heart failure, plasma levels of sol-
uble ICAM-1 were elevated with worsening severity of heart failure. In addition, the levels
of ICAM-1 negatively correlated with LVEF and independently predicted survival (105).
Elevated levels of other soluble VCAMs such as VCAM-1, sP-selectin, and sE-selectin
have also been described in patients with heart failure (106,107).

OTHER INFLAMMATORY BIOMARKERS
IMPLICATED IN HEART FAILURE

C-Reactive Protein
CRP is a phylogenetically highly conserved plasma protein that participates in the sys-

temic response to inflammation (108). It is produced exclusively in the liver and its plasma
concentration increases during inflammatory states, a characteristic that has long been
employed for clinical purposes. CRP is a pattern recognition molecule, binding to specific
molecular configurations that are typically exposed during cell death or found on the
surfaces of pathogens (108). Its rapid increase in synthesis within hours after tissue injury
or infection suggests that it contributes to host defense and that it is part of the innate
immune response (108). With recognition of its diagnostic and prognostic role in ischemic
heart disease, and acute coronary syndromes, CRP has gained an interest as a laboratory
marker for standard testing. CRP has also been described to correlate with severity of dis-
ease and prognosis in patients with heart failure.

In 1990, Pye et al. (109) reported the first observation of raised concentrations of CRP
in heart failure. In their study, the serum concentration of CRP was higher than normal
in 70% of patients with heart failure and the concentration was directly related to the
severity of heart failure and the stage of decompensation (109). Subsequently, Kaneko
et al. (110) measured the concentration of CRP in 188 patients with idiopathic dilated car-
diomyopathy and LVEF <40%. Those patients who died during a follow-up period of 5 yr
had significantly higher CRP concentrations than those who survived (10.5 ± 13.7 vs 4.9
± 10.4 mg/L; p < 0.05). Sixty-two percent of the patients with CRP > 10 mg/L died within
5 yr. Similarly, Milo et al. (111) reported that in 30 patients admitted with acute heart fail-
ure, CRP levels were elevated in the nonischemic patients as well as the ischemic patients
compared with control subjects.

The association between blood concentration of CRP and prognosis in heart failure has
been supported by several studies. In a study of 76 patients hospitalized for heart failure,
patients with an elevated CRP >9 mg/L were at higher risk of the need for rehospitaliza-
tion during the 18-mo follow-up period compared with patients with normal CRP levels
(112). Similarly, among elderly patients, the relative risk (RR) of heart failure events was
increased by 1.48 per each increase in CRP by one standard deviation (113). Given the
association of CRP to atherosclerotic coronary events, it should be noted that in studies
by Vasan et al. (70) and Cesari et al. (113), the subjects were free of ischemic heart disease
at the time of entry; nevertheless, the outcome measures for both studies included ische-
mic and nonischemic heart failure events.

Vasan et al. (70) reported a potential role for CRP in predicting the “development of
heart failure.” They examined the effect of CRP as an antecedent to heart failure among
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elderly subjects enrolled in the Framingham Heart Study. Participants with markedly ele-
vated CRP (≥50 mg/L) had a 2.8-fold higher risk of developing heart failure during a fol-
low-up period of approx 5 yr (70).

The use of ACE inhibition and β-blockade has been associated with lower levels of CRP
in patients with heart failure (114). At the present time, despite the association of CRP
with the severity of heart failure disease and outcomes, it is not clear whether this acute-
phase protein is merely a marker of inflammation with no particular role in the develop-
ment of heart failure or whether it is involved in the pathogenesis and progression of the
disease. It is also not clear whether CRP is viable as a biomarker for monitoring the suc-
cess of therapy for heart failure.

Erythrocyte Sedimentation Rate
ESR has been of particular interest in heart failure owing to its low cost, easy applica-

bility, and reproducibility. However, clinical studies, which are separated from each other
by decades, have yielded conflicting results on the role of ESR in heart failure. Based on
the potential misinterpretation of the results in a single report published in 1936 (115),
physicians have long believed that ESR is low in patients with heart failure (116–119).
To reevaluate this concept in the modern era, Haber et al. (116) measured ESR in 242
patients with heart failure and reported that it was low (<5 mm/h) in only 10% of the
patients but was increased (>25 mm/h) in 50%. Surprisingly, patients with low or normal
sedimentation rates (≤25 mm/h) had more severe hemodynamic abnormalities, worse
NYHA functional class symptoms, and worse 1-yr survival than patients with elevated
ESR rates. Subsequently, in 2001, Sharma et al. (120) studied ESR in relation to plasma
levels of inflammatory cytokines and mortality in 159 patients with heart failure. ESR
ranged from 1 to 96 mm/h (median: 14 mm/h) with only 16% of patients at <5 mm/h. In
their study, the ESR correlated with TNF, sTNFR1, sTNFR2, and IL-6 levels (120). In con-
trast with Haber et al.’s (116) study, a high ESR was associated a poor prognosis indepen-
dently of age, NYHA class, ejection fraction, and peak oxygen consumption. Patients with
an ESR ≥15 mm/h had a significantly worse survival (hazard ratio of 2.62) (Fig. 6). Sharma
et al. (120) suggested that the difference between their and Haber et al.’s (116) findings
may be owing to changes in the treatment of heart failure in the period between when the
two studies were conducted.

Peripheral Leukocyte Subsets in Heart Failure
Despite the wealth of information available on the role of inflammation in heart fail-

ure, relatively little has been published on the prognostic role of white blood cells or the
leukocyte subsets in the setting of heart failure. For patients presenting with acute MI,
elevated leukocyte count (121,122) or relative neutrophilia (>65%) on admission has
been associated with subsequent development of heart failure (123). Similarly, periph-
eral monocytosis 24 h after the onset of MI has been associated with the development of
LV dysfunction and LV aneurysm (124). However, the prognostic role of leukocytosis
in heart failure independent of ischemic heart has not been well studied.

In a study of 211 patients with heart failure referred for cardiac transplantation, Ommen
et al. (125) found that survival was significantly lower for patients with a low-percentage
lymphocyte count, defined as a lymphocyte count of <20.3%, compared with those with
a normal-percentage lymphocyte count. NYHA class and percentage lymphocyte count
were both independent predictors of survival. They hypothesized that the physiological
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stress experienced by patients with heart failure may result in an increased production of
cortisol and a shift in the leukocyte differential toward a decreased percentage of lympho-
cytes. Similarly, in 861 elderly patients enrolled in the CHF Italian Study, Aconfora et
al. (126) reported that 38% of the patients had a relative lymphocyte count of ≤20%. The
3-yr all-cause mortality in patients with heart failure and a low lymphocyte count was 64%
compared with 40% in patients with a normal relative lymphocyte count (p < 0.0001).
Together, the findings of these studies raise the possibility that a low relative lymphocyte
count is an independent marker of poor prognosis in patients with heart failure.

USE OF INFLAMMATORY BIOMARKERS
IN MANAGEMENT OF PATIENTS WITH HEART FAILURE

Although the development of clinical practice guidelines and disease management
strategies for patients with heart failure has resulted in dramatic overall improvements
in patient care and outcomes, the day-to-day management of individual patients with heart
failure remains challenging. This difficulty is partly owing to the fact that heart failure
management is quite complex, involving numerous therapies, including but not limited
to, life style modification with diet and exercise, defibrillator or pacing devices, remodel-
ing surgery, and medications that need to be uptitrated to clinical proven doses and may
have side effects limiting their utilization. Furthermore, there may be racial, gender, and
age-specific differences in the manner that patients respond to these therapies. Thus, there
is a need for additional tools to help individualize management strategies and guide appro-
priate selection, timing, and/or dosing of therapies in patients with heart failure (127).

Data from large-scale, well-designed clinical studies provide evidence that changes in
neurohormonal levels over time are associated with changes in morbidity and mortality in
patients with heart failure (128,129). However, at the present time, it is not clear whether

Fig. 6. Kaplan-Meier survival plot for 159 patients with chronic heart failure. Patients were sub-
grouped according to ESR. The group of patients with high ESR (≥15 mm/h) had an impaired sur-
vival compared with patients with an ESR <15 mm/h (RR: 2.62; 95% confidence interval: 1.58–4.36;
p < 0.0001). (Reproduced from ref. 20 with permission of the American College of Cardiology and
Elsevier Science Inc. ©2000.)
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clinicians should use changes in levels of these biomarkers, such as plasma norepinephrine
levels and/or brain natriuretic peptide, to guide heart failure management (127). Further-
more, currently there are no similar data from large-scale studies of the changes in inflam-
matory biomarkers.

To be useful for application in a general population, a screening test should be sensitive,
accurate, reliable, easily standardized, and inexpensive. The assay should be relatively
easy to perform and analyze so that the information is readily available to the clinician while
the patient is still in the treatment area. The inflammatory biomarkers currently do not
fulfill these criteria. The clinical utility of these markers beyond presently available tools
remains to be proven, the assays of cytokines or chemokines are not uniformly standard-
ized, and the degree of natural variability in circulating cytokine levels increases with
time in patients with heart failure (72). Thus, the concept of utilization of inflammatory
biomarkers to guide therapy in heart failure remains investigational at present.

CONCLUSION

Heart failure is characterized by an ongoing inflammatory response. Inflammatory
biomarkers that may be useful in patients with heart failure include biologically active
molecules, such as proinflammatory cytokines and chemokines, which are involved in the
pathogenesis and progression of heart failure, and others that reflect severity of inflam-
mation, such as CRP and ESR. Most of these biomarkers correlate with severity of dis-
ease, prognosis, and clinical outcomes in heart failure. Table 3 provides a summary of the
inflammatory biomarkers implicated in heart failure and whether they are involved in the
pathogenesis of heart failure; whether the levels are elevated in heart failure; whether the
levels correlate with severity of disease or prognosis in heart failure; whether they predict
the development of heart failure in asymptomatic patients; whether the levels change with
heart failure therapy; and, finally, whether the biomarkers are potential targets for therapy.
Despite the wealth of information on inflammation in the pathogenesis and progression in
heart failure, the role of inflammatory biomarkers in guiding therapy in heart failure awaits
further investigation.
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SUMMARY

Chronic infection has been found to be significantly associated with the develop-
ment of atherosclerosis and the clinical complications of unstable angina, myocardial
infarction, and stroke. A variety of infectious agents have been proposed to be involved
in atherothrombosis, and, indeed, the number of implicated agents continues to increase
each year. These include specific bacterial and viral agents, as well as a variety of agents
associated with periodontal disease. However, failure to confirm initial reports of serolog-
ical associations also has been common. The infectious agents with the most evidence
to support an etiological role in atherosclerosis include Chlamydia pneumoniae and cyto-
megalovirus. In addition, evidence is mounting for a variety of other potential agents
including other herpes viruses, influenza, other specific bacteria (such as Mycoplasma
pneumoniae), and chronic infections with common bacterial agents (e.g., periodontal dis-
ease, chronic bronchitis, chronic urinary tract infection). Nevertheless, specific causative
relationships on par with that determined between Helicobacter pylori and peptic ulcer
disease have not yet been established. In addition, treatment of some of these pathogens
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has failed to reduce the risk of cardiovascular complications. Future studies are expected
to elucidate further the pathophysiological relationship between chronic infection and
atherosclerosis and the potential of a variety of treatment approaches including antibi-
otics. Until then, however, a general recommendation for the use of any of these infec-
tious markers during routine cardiovascular risk stratification cannot be made.

Key Words: Infection; Chlamydia pneumoniae; Helicobacter pylori; Mycoplasma
pneumoniae; cytomegalovirus; atherosclerosis.

INTRODUCTION

Although much is known about the pathological process of atherosclerosis, in many
cases the underlying etiology remains unclear. Certain risk factors associated with the
development of atherosclerosis are well defined, including diabetes mellitus, hyperten-
sion, hyperlipidemia, tobacco abuse, and a positive family history (1). However, these risk
factors combined account for only about 50% of the observed incidence of atherosclero-
sis (2). Additionally, these risk factors generally are only identified as such by association
with cardiovascular disease (CVD), and the exact mechanism by which they may contrib-
ute to the development of atherosclerosis is not known.

The question of whether infections can cause diffuse and chronic arterial lesions has
been debated for many years. This debate has been fueled by the emergence of evidence
showing specific associations between atherosclerosis and a number of infectious agents.
It has been proposed that a variety of infectious agents are involved in atherothrombosis,
and, indeed, the number of implicated agents continues to increase each year. Such agents
include specific bacterial and viral agents, as well as various agents associated with perio-
dontal disease. The mechanisms whereby these agents may play a role in the development
and progression of atherosclerosis also appear to be many and varied.

In this chapter, I review the reported associations between atherosclerosis and a number
of infectious agents. I concentrate on a number of well-documented infectious associa-
tions and their related biomarkers. I then comment on the potential clinical utility of these
markers in relation to cardiovascular risk.

CHLAMYDIA PNEUMONIAE

C. pneumoniae was isolated in 1986 (3). It was found to be responsible for a variety
of respiratory illnesses including 10% of cases of community-acquired pneumonia. Like
the more familiar Chlamydia trachomatis, C. pneumoniae is an obligate intracellular path-
ogen with a unique life cycle (Fig. 1) (4). Generally, C. pneumoniae enters the body through
a respiratory route and exists outside of cells in a spore form called the elementary body.
Once inside the host cell it makes use of the cell’s own metabolic machinery and develops
into a metabolically active but noninfectious form called the reticulate body. In this form,
the bacterium has the ability to divide and differentiate into new elementary bodies, which
can then invade other host cells.

C. pneumoniae may also unpredictably convert within the cell to a metabolically inactive
form called the persistent body (5). In this state, it may remain within the cell for extended
periods essentially undetectable by the immune system and unresponsive to antibiotics
that interfere with bacterial metabolism. A proposed association between C. pneumoniae
and atherosclerosis is based on serological evidence, detection of the organism in the blood,
pathological evidence, animal models, and therapeutic trials.
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Serological Evidence
In 1998, Pekka Saikku and his associates of the University of Helsinki made the first

suggestion of an association between C. pneumoniae and coronary artery disease (CAD)
(6). They had described an epidemic of mild pneumonia caused by what was then consid-
ered to be an unusual strain of Chlamydia psittaci. Following up on earlier reports linking
myocarditis and arterial emboli with chlamydial infection, they measured titers of anti-
body to C. pneumoniae. They discovered that men experiencing acute myocardial infarc-
tion (AMI) or with significant CAD were more likely to be seropositive for C. pneumoniae
than age- and sex-matched control subjects (Fig. 2).

This serological evidence was strengthened later when Saikku et al. (7) evaluated patients
in the Helsinki Heart Study, in which hyperlipidemic patients with no previously docu-
mented heart disease were randomized to receive gemfibrozil or placebo and followed
for the development of MI or cardiovascular death. Patients who were seropositive for
C. pneumoniae at baseline were 2.6 times more likely to experience CVD during the study
than those who were seronegative. Since these initial reports, a large number of serological
studies have been performed (Table 1). Based on the largest of these studies, as well as
systematic overviews, the association between C. pneumoniae seropositivity and CAD
appears to be independent but weak. However, a few caveats should be kept in mind when
considering the seroepidemiological evidence.

First, in control populations who are similar in age to most patients with CAD (≥60
yr), the incidence of seropositivity to C. pneumoniae is often nearly 70% (8). This high
incidence of seropositivity in the control population, therefore, makes it difficult to docu-
ment a significant difference in incidence between the control and the diseased popu-
lation. One must remember, however, that atherosclerosis, especially when asymptomatic
atherosclerosis is included, is nearly ubiquitous in this age population and, therefore, a

Fig. 1. Depiction of traditional life cycle of C. pneumoniae (see text for description). EB, elementary
body; RB, reticulate body; PB, persistent body.
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high incidence of seropositivity to C. pneumoniae in the control population does not neces-
sarily indicate an absence of an association between atherosclerosis and C. pneumoniae.

Second, serological titers of IgG or IgA to C. pneumoniae merely reflect having been
exposed to the infectious agent sometime in the past. They do not necessarily represent
an ongoing chronic infection. Therefore, the presence of patients both in the case and in
the control series in which a previous infection occurred but the immune system was capa-
ble of complete eradication could contaminate serological results.

Third, the serological techniques used in the various studies have not been well standard-
ized. In an expert panel consensus conference sponsored by the Centers for Disease Con-
trol (CDC), Dowell et al. (9) reported that diagnostic testing for C. pneumoniae from dif-
ferent laboratories is highly variable and “gold standards” are lacking, leading to calls
for more standardized approaches. In addition, the expert panel reviewed the available
approaches to serological testing and recommended that only microimmunofluorescence
be used. Even though a variety of enzyme-linked immunosorbent assay (ELISAs) were
evaluated, none were felt to be adequate. The use of single IgG titers for determining acute
infection and IgA for determining chronic infection was also discouraged.

Detection of the Organism in the Blood
Other diagnostic methods are presently being developed in an attempt to distinguish

between an ongoing, chronic infection and mere history of exposure to the infectious
process (10). In my laboratory, based on the proposition that a chronic, ongoing infection
of C. pneumoniae might act in a manner similar to that of infectious endocarditis, we
tested the buffy coat of patients with coronary disease undergoing coronary angioplasty
for the presence of DNA specific for C. pneumoniae by polymerase chain reaction (PCR)
techniques (11). In this relatively small study, 13% of patients had detectable C. pneumoniae
DNA within their buffy coat compared with 0% in a control population of healthy blood
donors. This study had two interesting observations: (1) some patients with CAD have

Fig. 2. Graph showing results of MIF (microimmunofluorescence test for antibodies specifically
targeted against C. pneumoniae) and LPS (enzyme-linked immunoassay for antibodies against the
chlamydial group antigen) assays in patients experiencing AMI in patients with known CAD, and
in control subjects (6).
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Table 1
Seroepidemiological Evidence of an Association Between Atherosclerosis and C. pneumoniae

Author (Reference) and date Type of study Population studied Association

Saikku et al. (6), 1998 Case–control AMI, CAD Positive
Leinonen et al. (101), 1990 Case–control CAD Positive
Thom et al. (102), 1991 Case–control CAD Positive
Saikku et al. (7), 1992 Nested case–control AMI Positive
Thom et al. (103), 1992 Case–control CAD Positive
Linnanmaki et al. (104), 1993 Case–control CAD Positive
Melnick et al. (105), 1993 Case–control Carotid stenosis Positive
Puolakkainen et al. (106), 1993 Case–control CAD Positive
Saikku et al. (107), 1993 Case–control AMI Positive
Dahlen et al. (108), 1995 Case–control CAD Positive
Mendall et al. (109), 1995 Case–control CAD Positive
Patel et al. (110), 1995 Case–control CAD Positive
Cook et al. (111), 1995 Case–control MI or unstable angina Positive
Miettinen et al. (112), 1996 Cohort AMI or CV death Positive
Wimmer et al. (113), 1996 Case–control Stroke or TIA Positive
Ossewaarde et al. (114), 1998 Nested case–control CAD Positive
Gupta et al. (115), 1997 Cohort AMI or CV death Positive
Blasi et al. (116), 1997 Case–control AMI Positive
Kark et al. (117), 1997 Case–control AMI Negative
Anderson et al. (8), 1998 Case–control CAD Negative
Fagerberg et al. (118), 1999 Cohort Stroke Positive
Miyashita et al. (119), 1998 Case–control CAD Positive
Altman et al. (120), 1999 Case–control CAD or AMI Negative
Ridker et al. (121), 1999 Cohort AMI or CHD death Negative
Siscovick et al. (122), 2000 Nested case–control CAD or MI Negative
Espinola-Klein et al. (123), 2000 Case–control Carotid disease Positive
Mayr et al. (124), 2000 Case–control Carotid or femoral Positive

disease
Kosaka et al. (125), 2000 Case–control AMI Positive
Shimada et al. (126), 2000 Case–control CAD Positive
Tontsch et al. (127), 2000 Case–control CAD Negative
Hoffmeister et al. (128), 2000 Case–control CAD Negative
Song et al. (129), 2000 Case–control CAD Positive
Blanchard et al. (130), 2000 Case–control Aortic aneurysm Positive
Wald et al. (131), 2000 Cohort CV death Negative
Schmidt et al. (132), 2000 Case–control Carotid disease Positive
Elkind et al. (133), 2000 Case–control Stroke Positive
Romeo et al. (134), 2000 Case–control CAD Negative
Sharma et al. (135), 2001 Case–control Endothelial function Positive
Smieja et al. (136), 2001 Case–control CAD or AMI Positive
Katsenis et al. (137), 2001 Case–control Carotid disease Positive
Mendis et al. (138), 2001 Case–control CAD Negative
Shimada et al. (139), 2001 Case–control CAD or AMI Positive
Haubitz et al. (140), 2001 Case–control/cohort CAD Positive
Sander et al. (141), 2001 Cohort Carotid disease Positive

AMI, acute myocardial infarction; MI, myocardial infarction; CAD, coronary artery disease; TIA, tran-
sient ischemic attack; CV, cardiovascular.
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C. pneumoniae DNA within their peripheral blood, and (2) the percentage of patients
with direct evidence of C. pneumoniae bacteria within the blood is substantially lower
than than the percentage who are seropositive for IgG or IgA antibodies targeted against
C. pneumoniae antigens. Whether these major differences are related to the sensitivity
of the test or to a difference in the degree of chronic infection compared to a history of
infection remains to be seen. Other laboratories have also documented the ability to detect
C. pneumoniae bacterial DNA within the blood of atherosclerotic patients (12–25). The
prevalence of peripheral blood mononuclear cell (PBMC) DNA detection within patients
ranges from 12.5 to 60%. However, it is generally significantly less than the prevalence
of IgG or IgA seropositivity. To date, no single study has been sufficiently large to deter-
mine accurately the strength of the association between detection of chlamydial DNA and
atherosclerosis. A meta-analysis of 18 PCR studies has estimated the association in patients
with CVD compared with control subjects without disease (13). In the nine studies with
control subjects, the prevalence of circulating C. pneumoniae DNA was 252 of 1763
(14.3%) for patients with CVD and 74 of 874 (8.5%) for control subjects, for a pooled odds
ratio (OR) of 2.03 (95% confidence interval [CI]: 1.34, 3.08; p < 0.001). Higher preva-
lence (>40%) was found in patients with cardiac, vascular, chronic respiratory, or renal
disease, and in blood donors.

As for serology, standardization of PCR techniques for the detection of chlamydial
DNA in the blood has not yet occurred. In the meta-analysis just described (13), substan-
tial differences among studies were identified in methods of sampling, extraction, and
PCR targets. Likewise, in the consensus report from the CDC (9), only 4 of 18 PCR assays
described in published reports met the expert panel’s proposed validation criteria.

Pathological Evidence
In 1992, Shor et al. (26) described electron microscopic examination of preexisting

coronary atherosclerotic plaque taken at autopsy from seven patients. Particles within
cells were consistent in morphology with C. pneumoniae, and the same samples, when
subjected to an immunocytochemical test specific for that organism, were confirmed to
be C. pneumoniae in five of the seven specimens tested. Our laboratory confirmed this
ini-tial finding in a group of 90 patients with symptomatic atherosclerosis who under-
went directional coronary atherectomy with subsequent percutaneous removal of athero-
sclerotic plaque (27). By direct immunofluorescence testing, it was found that 79% of the
atherectomy specimens had evidence of the presence of Chlamydia species. By compari-
son, no such evidence was found in control subjects or a group of cardiac transplant patients
who developed CAD through chronic transplant rejection rather than through typical
atherogenesis.

Other studies have also confirmed both the presence and the viability of C. pneumoniae
within the atherosclerotic plaque of coronary arteries as well as within all other major arte-
rial beds in which atherosclerosis develops, in both young and old patients (Table 2). The
organism has been detected by electron microscopy, immunocytochemistry, direct immu-
nofluorescence, PCR detection of nucleic acid, and direct culture of the organism (28,29).

Animal Studies of C. pneumoniae and Atherosclerosis
Fong et al. (30) conducted the first animal study designed to determine a causative rela-

tionship between vascular infection with C. pneumoniae and atherosclerosis. Eleven rab-
bits fed a normal diet were infected with C. pneumoniae intranasally, and within 4 wk, two
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of the rabbits had evidence of new or intermediate atherosclerotic lesions of the aorta.
These results were also reproduced by Saikku and associates in Finland, but in each study
the lesions were relatively minor (31). In a study by my group (32), rabbits fed 0.25% cho-
lesterol diets were administered three separate intranasal inoculations of C. pneumoniae
vs saline. The infected rabbits were then randomized to receive azithromycin, an antibiotic
that is effective against C. pneumoniae, or placebo. This study demonstrated a significant
acceleration of the development of atherosclerosis in the aortas of the infected/untreated
rabbits tested compared with the other two groups (Fig. 3).

A variety of other animal models have also been tested. Mouse models using the Apo-
E-deficient mouse (33), the low-density lipoprotein receptor-deficient mouse (34), as well
as the C57BL/6J mouse (35) models have been successfully infected with C. pneumoniae
through intranasal routes followed by successful detection of the organism within the
arterial walls and the resultant acceleration of the development of atherosclerosis within
these vessels. Likewise, some animal studies have documented worsening of endothelial
function after repeated infection with C. pneumoniae (36).

Nevertheless, not all animal studies have been resoundingly positive, and it appears
that some degree of hyperlipidemia is nearly always required before true atherosclerotic
lesions can be produced (37,38). Additionally, no animal model of atherosclerosis exactly

Table 2
Pathological Evidence of an Association Between Atherosclerosis and C. pneumoniaea

Author (Reference) and date Methods used Samples studied and no. Incidence (%)

Shor et al. (26), 1992 ICC, PCR Autopsy coronary artery (7) 71
Kuo et al. (142), 1993 ICC, PCR, EM Autopsy coronary artery (36) 56
Davidson et al. (143), 1998 ICC, PCR Autopsy coronary artery (60) 37
Kuo et al. (144), 1997 ICC, PCR Femoral artery (23) 48
Jackson et al. (145), 1997 ICC, PCR, EM Carotid artery (16) 69
Jackson et al. (146), 1997 ICC, PCR Coronary artery (38) 34
Grayston et al. (147), 1995 ICC, PCR Carotid artery (56) 57
Campbell et al. (148), 1995 ICC, PCR Coronary atherectomy (38) 53
Kuo et al. (149), 1995 ICC, PCR Autopsy coronary artery (18) 39
Kuo et al. (150), 1993 ICC Aorta (21) 33
Shor et al. (151), 1998 ICC, PCR, EM Autopsy various arteries (24) 71
Maass et al. (152), 1998 PCR Various arterial plaques (238) 21
Maas et al. (153), 1998 PCR Coronary artery (158) 22
Wong et al. (154), 1999 PCR SVG, IMAG (49) 38
Ouchi et al. (155), 1998 ICC, PCR Coronary, iliac arteries (39) 64
Paterson et al. (156), 1998 PCR Coronary, carotid arteries (49) 0
Lindholt et al. (157), 1998 PCR Abdominal aortic aneurysm (20) 0
Juvonen et al. (158), 1997 ICC, PCR Abdominal aortic aneurysm (12) 100
Blasi et al. (159), 1996 PCR Abdominal aortic aneurysm (51) 51
Weiss et al. (160), 1996 PCR, EM Coronary atherectomy (58) 2
Muhlestein et al. (27), 1996 DIF Coronary atherectomy (90) 79
Yamashita et al. (161), 1998 ICC Carotid artery (20) 55
Wong et al. (162), 1999 PCR SVG, IMAG (49) 38
Virok et al. (163), 2001 PCR MCA (15) 33

aICC, immunocytochemistry; PCR, polymerase chain reaction; EM, electron microscopy; DIF, direct
immunofluorescence; SVG, saphenous vein graft; IMAG, internal mammary arterial graft.
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mimics that of the human disease. Therefore, although generally supportive of the hypoth-
esis, these studies, by themselves, do not yet prove that intravascular infection with C. pneu-
moniae plays a causative role in human CVD.

Therapeutic Trials
Based on the hypothesis that if C. pneumoniae contributes to the development of

atherosclerosis treatment with antichlamydial agents will help in secondary prevention,
a variety of randomized clinical trials have been performed. In a small study from London
(39), 60 male patients who were stable post-MI and seropositive to C. pneumoniae were
randomized to receive azithromycin (500 mg/d for 3 d [n = 28] or 500 mg/d for 6 d [n = 12])
or placebo and followed for 18 mo for the end points of death, MI, or the need for coronary
revascularization. Although the study population was small, there was a statistically signif-
icant reduction in the number of events in the group receiving antibiotic treatment (25 vs
8%; p = 0.03).

In a study from Argentina (40), the effect of roxithromycin was assessed in a double-
blind, randomized, prospective, multicenter, parallel-group, placebo-controlled pilot study
of 202 patients with unstable angina or non-Q-wave MI. No serological test was required
for inclusion in this study. Patients were randomly assigned either 150 mg of roxithromycin
orally twice a day (n = 102) or placebo orally twice a day (n = 100). The treatment was for
30 d. Patients were followed for 6 mo with primary clinical end points of cardiac ischemic
death, MI, and severe recurrent ischemia assessed at d 31. A statistically significant reduc-
tion in the primary composite triple end point rates was observed in the roxithromycin
group: p = 0.032. The rates of severe recurrent ischemia, MI, and ischemic death were
5.4, 2.2, and 2.2% in the placebo group and 1.1, 0, and 0% in the roxithromycin group,
respectively. At 6 mo, there remained a trend toward benefit in the treated group, but the
difference had narrowed such that statistical significance was no longer present (41).

In a third study (42), 302 patients with known CAD who were seropositive to C. pneu-
moniae were randomized to receive either 500 mg/d of azithromycin for 3 d followed by

Fig. 3. Graph of mean intimal thickness of aortic sections from animals in the infected/untreated group,
control (uninfected/untreated) group, and infected/treated group. ABX, antibiotics.
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500 mg/wk for 3 mo or placebo. By 6 mo, (3 mo after discontinuation of antibiotic), a sta-
tistically significant reduction in levels of C-reactive protein (CRP) and interleukin-6 was
noted in the treatment group. However, after 2 yr of clinical follow-up, there was no signif-
icant difference in the cardiovascular end points between the two groups (hazard ratio [HR]
for azithromycin: 0.89; 95% CI: 0.51–1.61; p = 0.74), although a trend toward benefit in
the azithromycin arm was noted during the second year of the study (HR: 0.59; 95% CI:
0.23–1.50; p = 0.26) (43). Antibiotic therapy caused no change in serological markers.

The ISAR-3 Trial tested the hypothesis that antibiotic therapy may be helpful in the
prevention of restenosis after coronary stent deployment (44). A total of 1010 patients
undergoing percutaneous coronary intervention were randomized to receive 300 mg of
roxithromycin daily for 4 wk vs placebo and followed for 6 mo. No significant differences
in 6-mo angiographic restenosis rate, target vessel revascularization, or major cardiac
events at 30 d in the overall group were noted. There was, however, a differential effect
dependent on C. pneumoniae titers. In patients with high titers, roxithromycin reduced
the rate of restenosis.

In the last of a series of smaller trials, the randomized clinical trial entitled STAMINA
(45) was reported in which 325 patients presenting with acute coronary syndrome (ACS)
were randomized to one of three treatment regimens, each lasting 1 wk: (1) 500 mg/d of
azithromycin, 20 mg of omeprazole twice daily, and 400 mg of metronidazole twice daily
(designed to be an antichlamydial regimen); (2) 500 mg of amoxicillin twice daily, 20 mg
of omeprazole twice daily, and 400 mg of metronidazole twice daily (designed to be an
anti-Helicobacter regimen); or (3) placebo. All patients received standard treatment for
coronary heart disease (CHD). After 12 mo of follow-up, there was no significant differ-
ence in the frequency or timing of major adverse cardiac events (MACE) for either the
azithromycin- or the amoxicillin-treated groups compared to placebo. However, when
combined, subjects receiving either one or the other active antibiotic treatment regimen
had a 40% reduction in MACE compared to placebo (p = 0.034). The full benefit was
observed by 12 wk and persisted up to 1 yr. No differences in inflammatory markers were
noted. Seropositivity to C. pneumoniae or H. pylori also had no effect. The investigators
made the point that this study could not distinguish whether the benefits were related to
the antimicrobial or anti-inflammatory properties of the antibiotics used. Larger clinical
trials were recommended.

The first large trial, Weekly Intervention with Zithromax for Atherosclerosis and Its
Related Disorders (WIZARD) (46,47), was completed in early 2002. A total of 7724 stable
patients with a history of MI and documented presence of seropositivity to C. pneumoniae
were randomized to receive either placebo or 3 mo of treatment with azithromycin (600
mg/wk). The primary clinical end points were death, MI, admission for unstable angina,
and the need for repeat revascularization at the end of the study. Overall, short-term (3 mo)
azithromycin therapy was safe and well tolerated. However, it resulted in only a 7% over-
all nonsignificant reduction in the incidence of recurrent CVD in this population of stable
C. pneumoniae-positive, post-MI patients. No evidence of a treatment effect by baseline
C. pneumoniae titer was observed. Post-hoc analyses did suggest a possible early treat-
ment benefit (33% reduction in death/MI at 6 mo [p = 0.03]) that was not sustained over
the observation period. This raised the question, could prolonged antimicrobial therapy
produce a more sustained clinical benefit?

In the Azithromycin in Acute Coronary Syndrome (AZACS) study (48), patients (n =
1439) with ACS (unstable angina or MI) were randomized in a double-blind, placebo-
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controlled fashion to either 500 mg/d of azithromycin followed by 250 mg/d for 4 d or
matching placebo. The primary end point was death from any cause, nonfatal MI, and
recurrent ischemia at 6 mo. Secondary end points included worsening of ischemia and
new congestive heart failure requiring hospitalization. Short-term (4 d) treatment with
azithromycin did not have any effect on the recurrence of the primary or secondary end
points during a 6-mo follow-up period. Likewise, there was no difference between patients
who tested positive for the presence of C. pneumoniae antibodies and those who did not.
Interestingly, similarly to the WIZARD study, there was a trend toward early benefit from
antibiotic therapy during the first 2 mo after antibiotic therapy, but this was not sustained
over the entire 6 mo of the study.

The Azithromycin and Coronary Events Study (ACES) was a National Institutes of
Health-sponsored, randomized, double-blind, placebo-controlled trial of azithromycin
among 4012 adults with stable CHD (49). ACES did not require seropositivity to C. pneu-
moniae although serology was assessed. Participants were randomized to 600 mg of azi-
thromycin orally once a week for 1 yr or placebo with follow-up for a mean of 4 yr. The
primary end point was a composite of CHD death, nonfatal MI, hospitalization for unstable
angina, and coronary revascularization. The primary end point occurred in 22.4% of patients
assigned to placebo and 22.3% of patients assigned to azithromycin, representing a reduc-
tion in relative risk (RR) of <1% (95% CI: 13 to −13%), a clearly neutral, nonsignificant
result (Thomas Grayston, European Society of Cardiology, Munich, August 30, 2004).
Further, unlike WIZARD, ACES observed no trends to early benefit during active antibio-
tic therapy. Individual components of the composite end point also were not reduced by
antibiotic compared to placebo, i.e., 3.2 vs 3.7% for CHD death and 6.8 vs 6.5% for MI.
Similarly, no differences emerged for revascularization, unstable angina, stroke, or all-
cause mortality. Moreover, there was no benefit in subgroups defined by negligible, low,
or high antichlamydial IgG antibody titer. Antibiotic therapy was associated with a modest
increase in gastrointestinal (GI) symptoms (nausea, abdominal pain, diarrhea). The inves-
tigators concluded that azithromycin, even when given chronically for 1 yr, is ineffective
for secondary cardiovascular prevention.

The Pravastatin or Atorvastatin Evaluation and Infection Therapy (PROVE-IT) study
thus addressed an important question regarding the role of therapy targeting infection in
the pathogenesis of ACS. PROVE-IT was a double-blind, randomized, 2 × 2 factorial,
multicenter secondary prevention trial in 4162 patients with ACS. In the antibiotic arm of
this trial, patients were randomized to 400 mg/d of gatifloxacin for 10 d repeated monthly,
or placebo. Follow-up lasted 18–36 mo (mean: 24 mo). The primary end point was a com-
posite of death from any cause, MI, unstable angina requiring hospitalization, revascu-
larization performed >30 days after randomization, and stroke. The study concluded after
>1000 events had occurred, providing 94% power to exclude a 19% treatment effect. Drug
exposure at the end of the study averaged 1.6 yr. Event rates were 25.1% in the placebo
group and 23.7% in the gatifloxacin group, representing a 5% reduction in HR (95% CI:
16 to −8%), an insignificant difference (Christopher Cannon, European Society of Cardiol-
ogy, Munich, August 30, 2004). No benefits were observed in major patient subgroups,
including those stratified by high-sensitivity CRP (hsCRP) or by C. pneumoniae antibody
positivity. Antibiotic therapy decreased the incidence of upper respiratory infection, but
it caused more GI side effects (nausea, vomiting, diarrhea) and did not affect hsCRP levels.
In a substudy, PCR of PBMCs was positive for C. pneumoniae in only 3.5%. The investi-
gators concluded that when used in conjunction with contemporary preventive strategies,
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including aggressive lipid lowering, gatifloxacin is ineffective for secondary cardiovas-
cular prevention.

Although these large randomized trials were negative for the primary outcomes, several
concerns still exist regarding whether their results shed more light on the question of cau-
sality between C. pneumoniae and atherosclerosis. First, did the antibiotics effectively
eradicate the organism? Both macrolides and quinolones are generally felt to be bacte-
riostatic rather than bactericidal. Chronic intracellular organisms such as C. pneumoniae
may be able to survive even large doses of such therapeutic agents. C. pneumoniae may
be able to survive and even thrive within monocytes treated with high-dose, but short
duration, azithromycin (50). It may therefore be necessary to use multidrug therapy in
a manner similar to that required to eradicate tuberculosis. Second, can one ascertain
eradication of an organism in a specific patient? Serological studies have not correlated
well with the presence of intra-plaque organisms. Evaluation of PBMCs is not standard-
ized, and throat cultures also have not been found to be useful. Finally, the possibility still
exists that C. pneumoniae is merely an innocent bystander and does not really play a patho-
genic role in the development or progression of atherosclerosis.

Summary
C. pneumoniae has been found to be associated with coronary atherosclerosis in a

variety of ways. First, it has been found to be associated by seroepidemiological studies.
Second, it has been found to be present in a significant majority of atherosclerotic lesions.
Third, intranasal inoculation of C. pneumoniae has been found to both initiate and accel-
erate the development of atherosclerosis in animal models. Fourth, several small clinical
trials have demonstrated promise regarding the ability of antibiotic treatment directed
against C. pneumoniae to have a positive effect in the secondary prevention of known
coronary atherosclerosis, but this benefit has not been confirmed in large multicenter
trials. At the present time, the available evidence does not support treating patients with
CAD with antibiotic therapy as a secondary prevention measure.

HELICOBACTER PYLORI

H. pylori is a Gram-negative, spiral, flagulated bacillus that naturally infects humans and
monkeys (51). It is not invasive, either living in the mucus that overlies gastric mucosa or
adhering to the mucosa itself. The prevalence of H. pylori infection is about 30% in the
United States and other developed countries, and about 80% in most developing countries
(52). In the United States, about 50% of people will have evidence of prior H. pylori infec-
tion by age 60. Most studies show that spontaneous acquisition or loss of infection in
adulthood is uncommon, so most infections are thought to be acquired in childhood (53).

Over the past decade or so H. pylori has been shown to play a causative role in gastric
inflammation and peptic ulcer disease. Its role has been established because the presence
of infection is a risk factor for the development of ulcers; ulcers do not develop in the
absence of infection, except when other known etiological factors exist, such as the use
of nonsteroidal anti-inflammatory drugs; care of the infection results in a dramatic drop
in the rate of ulcer relapse, from 80 to 15% in the first year, with even lower rates there-
after; and experimental infection of gerbils and mice causes gastroduodenal injury. Gastric
infection with H. pylori is also found to be associated with the development of stomach
cancer.
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Serological and Pathological Data
Up to the present, evidence for an association between H. pylori and atherosclerosis is

mainly serological, although some pathological evidence also exists. The first suggestion
of an association came in 1994, when Mendall et al. (54) reported that 59% of 111 patients
with documented CAD were seropositive for H. pylori compared with 39% of age- and
sex-matched control subjects.

At least 19 epidemiological studies have evaluated the possibility of an association
between seropositivity to H. pylori and CAD (55). In some of these studies, a trend toward
a positive association with H. pylori seropositivity was evident, but overall the association
appears to be small. Danesh and Peto (56) conducted a meta-analysis of a significant num-
ber of these studies, and the results are shown in Fig. 4.

In many of these epidemiological studies, there was little adjustment for possible con-
founding variables. Studies that did try to reduce the effects of selection bias by adjusting
for potential confounders and sampling controls from approximately the same popula-
tion as their cases tended to report weaker associations. At present it appears that any
independent association between seropositivity for H. pylori and CAD would be small.

Two small studies have shown that H. pylori-seropositive people have high plasma con-
centrations or counts of markers of inflammation including fibrinogen, CRP, and leuko-
cytes, but these associations are modest (57). It has also been suggested that autoimmune
reactions against endogenous HSP60 and other endothelial antigens could be involved

Fig. 4. ORs of risk of CHD based on seropositivity to H. pylori among 20 epidemiological studies (see
text for further explanation). (Adapted from ref. 55.) ECG, electrocardiogram; CCU, coronary care
unit.
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in atherogenesis (58). H. pylori contains a protein similar to HSP60 and the possibility
of an association between H. pylori infection and an immune response to HSP60 is being
investigated. Additionally, a specific strain of H. pylori that bears the cytotoxin-associated
gene-A (CagA) and appears to be more virulent than usual has been found to be signifi-
cantly more associated with coronary atherosclerosis than other strains studied (59,60).
Although not extensively tested, H. pylori has also been detected in the walls of athero-
matous arteries (61).

Summary
H. pylori has been found to be the primary etiological agent of peptic ulcer disease. Some

seroepidemiological associations between H. pylori infection and CAD have been found.
However, to this point, the association with CAD is modest at most, with an average OR
<1.8. One specific, more aggressive strain of H. pylori has been reported, although not
consistently, to be more commonly associated with atherosclerosis than other strains.
Further information and study will be required before an etiological relationship between
H. pylori and atherosclerosis may be assigned.

MYCOPLASMA PNEUMONIAE

In 1898, Nocard and Roux (62) identified Mycoplasma as a cause of respiratory tract
illness when they isolated a slowly growing organism from contagious bovine pleuropneu-
monia specimens. Later investigators referred to similar clinical isolates as pleuropneu-
monia-like organisms. Some investigators thought these organisms should be considered
viruses because the organisms were smaller than any known bacteria. The fact that the orga-
nisms could replicate extracellularly led to the correct conclusion that they were somewhat
similar to bacterial L forms. Mycoplasma species belong to the class Mollicutes (soft skin),
which comprises the smallest free-living microorganisms. M. pneumoniae is the most
widely recognized pathogen of the 12 species of Mycoplasma found in humans (63). A
receptor on the cell membrane allows the organism to attach to diverse cell types, such as
respiratory tract epithelia and red blood cells. In high concentrations the organisms inhibit
the ciliary action of the respiratory epithelia and cause cell necrosis. The resulting morbid-
ity is the combined direct effect of cytotoxins produced by the organisms and the indirect
effect of inflammatory responses to the presence of the organisms. Although antimicrobial
agents influence the course of illness, they do not eliminate the nasopharyngeal carriage
stage and, therefore, many persons are susceptible to a chronic form of the illness (64).

Horne et al. (65) first described a serological association between M. pneumoniae infec-
tion and atherosclerosis in a case–control study of 498 patients undergoing coronary arte-
riography, of which 307 patients had diseased and 191 had healthy coronary arteries. The
prevalence of CAD was significantly greater among patients with elevated IgA antibody
titers to M. pneumoniae (OR: 2.2; p = 0.005) although not among those with elevated IgG
titers. This association was further strengthened by an analysis of 1517 patients with angio-
graphically defined CAD who were followed clinically for 2.4 yr (66). The incidence of
death or MI was significantly higher among patients with elevated IgA antibody titers to
M. pneumoniae (26 vs 16%; adjusted p = 0.04; HR: 1.5; 95% CI: 1.1, 2.1). IgG titers to
M. pneumoniae did not have any predictive value.

Although the evidence is not nearly so convincing as with C. pneumoniae, some stud-
ies have also reported the presence of M. pneumoniae organisms within atherosclerotic
plaque (67,68).
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CYTOMEGALOVIRUS

The hypothesis that viruses might be associated with the development and progression
of atherosclerosis has been around for years, but despite substantial effort, a strong asso-
ciation has yet to be confirmed. The most likely candidate is cytomegalovirus (CMV),
a member of the herpes virus family.

Researchers discovered in the midtwentieth century that a herpes virus was the cause
of a malignant disorder in chickens called Marek lymphomatosis (69). Chickens with this
disease also developed significant atherosclerosis, raising the question, could other her-
pes viruses capable of infecting humans also induce atherosclerosis (70)?

Adam et al. (71) carried out two studies to test this hypothesis. First, seropositivity to
CMV was found to be significantly higher in patients with known coronary atherosclero-
sis, as evidenced by the greater need for coronary bypass surgery than in a control group
with 5 yr of documentation of the absence of symptomatic atherosclerosis. Second, athero-
sclerotic tissue samples yielded CMV in 90% of cases, but the virus was also present nearly
as frequently in healthy vessels (72).

Although these two studies indicated an association between atherosclerosis and CMV
infection, not all studies have supported the same conclusion. In a case–control study of
patients undergoing coronary arteriography at my institution (8), an overall high incidence
of seropositivity to CMV (77%) was discovered, but no difference in the seropositivity
between patients with severe coronary disease and those with healthy coronary arteries
was detected. Thus, seroepidemiological case–control studies may be complicated by the
high incidence of seropositivity found in the control arm.

More conclusive evidence for an association between CMV and arteriopathy was found
in patients undergoing cardiac transplantation. Heart transplant recipients who were sero-
positive for CMV experienced an increased incidence of graft rejection as well as acceler-
ated arteriosclerosis in the graft (73). Most important, CMV-seropositive patients had a
significantly higher mortality over 10 yr of follow-up (Fig. 5).

Fig. 5. Graph of survival curves of patients undergoing cardiac transplant who are seropositive vs
seronegative to CMV. (Adapted from ref. 164.)
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Similar findings regarding mortality after diagnosis of atherosclerotic CAD were found
in a study performed at my institution on patients with typical atherosclerotic heart dis-
ease (74). In this study, not only was CRP predictive of a higher incidence of mortality
during long-term follow-up, but seropositivity to CMV was also found to be independently
predictive of mortality by 3 yr (Fig. 6). This effect was also found to be independent of
other known risk factors including CRP. From the Registry of the Intermountain Heart
Collaborative Study, Horne et al. (75) provided further evidence regarding the associa-
tion between CMV seropositivity and future outcome in patients with known CAD. CMV
IgG serology was measured as an immune status ratio (ISR) value by ELISA in a cohort
of 2797 patients with CAD who were followed for up to 7.9 yr (mean: 3.3 ± 2.0 yr) to
determine the incidence of all-cause mortality. A significant linear association with mor-
tality was found for the continuous ISR values (HR: 1.09/ISR unit; p < 0.001). Recursive
partitioning confirmed the manufacturer’s threshold for seropositivity as an appropriate
decision point for risk of CHD (seronegative: death = 10%; seropositive: death = 19%;
fully adjusted Cox: p = 0.016, HR: 1.3; 95% CI: 1.1–1.7). However, among seropositive
patients it also revealed a second threshold (ISR = 3.76) above which the excess risk of
mortality declined, 22% for ISR = 1.1–3.76 (n = 964; p = 0.038 vs seronegative; HR: 1.4;
95% CI: 1.02–1.8) and 16% for ISR > 3.76 (n = 1168; p = 0.30 vs seronegative; HR: 1.2;
95% CI: 0.87–1.6). These findings raise questions about the nature and complexity of the
host immunological response to CMV exposure and how it relates to determination of risk
of CHD. A modest immunological response might be inadequate to clear the virus, whereas
a brisk response might be more effective and hence ameliorate risk. Data from the Heart
Outcomes Prevention Evaluation study (76) confirmed the independent predictive value

Fig. 6. Graph of survival curves of patients with angiographically documented severe CAD who are
seropositive (black line) vs seronegative (gray line) to CMV.
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of seropositivity to CMV on secondary outcomes. It is becoming more apparent that expo-
sure to CMV may play some role in the further progression of atherosclerotic heart disease
after angiographic diagnosis.

The association between CMV and atherosclerosis is intriguing and may be important.
Serological associations have been found in both secondary case–control and cohort
studies. A more rapid and progressive atherosclerotic process resulting in high mortality
after angiographic documentation of coronary disease in seropositive patients has been
found.

OTHER HERPESVIRUSES

Although CMV has the most information regarding its potential role in the develop-
ment and progression of coronary atherosclerosis, a variety of other viruses have also
been implicated. Herpes simplex virus (HSV) has been associated with atherosclerosis
in a variety of ways. In vitro studies of HSV-1 and HSV-2 have demonstrated the presence
of similar potentially proatherogenic mechanisms similar to those found with CMV. Spe-
cifically, HSV infection leads to lipid accumulation in vascular cells, attraction of leuko-
cytes with subsequent inflammatory damage, and induction of procoagulant changes on
endothelium, with increased thrombin generation and platelet adhesion. It also has been
shown that HSV causes atherosclerosis in experimental animals. From a clinical stand-
point, several investigators have reported the detection of HSV in some, but not all, athero-
sclerotic lesions. As with a variety of other antibody studies, serological evidence of HSV
infections is common, not only in atherosclerotic patients but also in the general popula-
tion, making epidemiological studies difficult to interpret (77–81).

HUMAN IMMUNODEFICIENCY VIRUS

Some evidence has also linked human immunodeficiency virus (HIV) with atheroscler-
osis. Constans et al. (82) showed that, although no clinically relevant atherosclerotic lesions
were found, plaques occurred more often in patients with HIV than in control subjects.
During postmortem examination of eight HIV-seropositive male patients, major athero-
sclerosis in coronary arteries was present in the absence of an associated cardiovascular
risk factor (83). Investigators have postulated that viral infection, either HIV or coexist-
ing herpesviruses, may play a role in the development of the coronary lesions. However,
because of the complexity of the disease, it is difficult to establish whether HIV itself, or
an opportunistic pathogen, or both are causally related to the process of atherosclerosis.

INFLUENZA VIRUS

Although most studies examining an association between infection and atherosclero-
sis have been conducted to elucidate the association of infection with the development
of atherosclerosis, a few studies have targeted the triggering of ACSs by infections. One
prospective study (84) and several retrospective studies have suggested that acute respira-
tory infection might trigger MI (85–87). A possible relationship between influenza and MI
was first suggested after epidemics of influenza struck Europe and the United States in the
early 1900s. In those epidemics, about half of the excess mortality was attributed to causes
other than influenza, including heart disease (88). Recent animal studies have also impli-
cated the influenza virus in destabilization of atherosclerotic plaque (89).

Perhaps the most exciting discovery regarding the influenza virus and atherosclerosis
is the potential beneficial effect of influenza vaccination on the clinical outcome of patients
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with known CVD. Naghavi et al. (90) reported the results of a case–control study of 218
cardiovascular patients seen during the influenza season. Patients who experienced new
MI were included in the case group, and those who did not experience new MI or unstable
angina were assigned to the control group. In this study vaccination against influenza was
negatively associated with the development of new MI during the same influenza season
(OR: 0.33; 95% CI: 0.13–0.82; p = 0.017). Likewise, fewer patients with new stroke were
vaccinated during the last vaccination campaign than control subjects (46.7 vs 59.4%;
p = 0.036) with a similar pattern during the prior 5 yr (41.1 vs 56.1%; p = 0.017) (91). After
adjustment for age, traditional risk factors, and recent use of antibiotics, the risk of stroke
was reduced in the subjects vaccinated during the year of the study and in those vacci-
nated during the previous 5 yr, OR of 0.50 (95% CI: 0.26–0.94; p = 0.033) and 0.42 (95%
CI: 0.21–0.81; p = 0.009), respectively. It was concluded that influenza vaccination may
protect against cerebral infarction by reducing infections. Not all retrospective studies,
however, have shown a correlation between influenza vaccination and coronary events.
In a population-based inception cohort study of 1378 Group Health Cooperative enrollees
who survived a first MI in 1992 through 1996, the risk of recurrent coronary events was
not associated with prior influenza vaccination (adjusted HR: 1.18; 95% CI: 0.79, 1.75)
(92). One randomized clinical trial of influenza vaccination for the prevention of recur-
rent coronary events has been reported. Gurfinkel et al. (93) randomized 200 patients with
MI and 101 patients who underwent percutaneous coronary revascularization in a single-
blind manner to either a unique im influenza vaccination or a control group. Through 6 mo
of follow-up, cardiovascular death occurred in 2% of the patients in the vaccine group
compared with 8% in the control group (RR: 0.25; 95% CI: 0.07–0.86). A composite of
death, reinfarction, or rehospitalization for ischemia occurred in 11% of the patients in
the vaccine group compared with 23% in the control subjects (p = 0.009). It was concluded
that influenza vaccination may reduce the risk of death and ischemic events in patients
experiencing infarction and those recovering from angioplasty during flu season. There-
fore, it is my opinion that, although larger studies are required before routine influenza
vaccination can be recommended to all cardiovascular patients, the present evidence sug-
gests that, at least in cardiovascular patients who already meet standard indications for
vaccination, in addition to the expected anti-infective benefits, cardiovascular protective
effects might also be experienced by those receiving the influenza vaccine.

TOTAL PATHOGEN BURDEN
AS AN AGGREGATE SEROLOGICAL RISK FACTOR

Given the modest and variable predictive value of most tested pathogen candidates,
Epstein et al. (94) proposed the sum of relevant infectious exposures, expressed as a total
pathogen burden, as an improved prognostic seromarker of risk. Exposure to a panel of
five pathogens was tested and found to improve prediction of angiographic CAD in a cross-
sectional study (95) and incident events among patients with CAD in a separate prospective
study (Fig. 7) (96). Subsequently, European investigators found an association between the
number of exposures to a panel of eight pathogens and cardiovascular mortality in patients
with CAD in the Autogene Study (97). In another study of 572 patients, IgG or IgA anti-
bodies to HSV-1 and HSV-2, CMV, Epstein-Barr virus, Hemophilus influenzae, C. pneu-
moniae, M. pneumoniae, and H. pylori were measured (98). The extent of atherosclerosis
was determined by coronary angiography, carotid duplex sonography, and evaluation of
the ankle-arm index. Pathogen burden, divided into zero to three, four to five, and six
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to eight agents for which seropositivity was evident, was significantly associated with
advanced atherosclerosis, with an OR (95% CI) of 1.8 (1.2–2.6) for four to five (p < 0.01)
and 2.5 (1.2–5.1) for six to eight seropositivities (p < 0.02) (adjusted). After a mean fol-
low-up of 3.2 yr, the cardiovascular mortality rate was 7.0% in patients with advanced
atherosclerosis and seropositive for zero to three pathogens compared with 20.0% in those
seropositive for six to eight pathogens. Although the full implications of such analyses
of multiple infectious seropositivity remain to be discovered, these initial findings do
provide further evidence that a variety of infectious processes may play a role in the devel-
opment and progression of atherosclerosis (99).

CLINICAL USE OF INFECTIOUS MARKERS FOR RISK
STRATIFICATION: NOT YET READY FOR PRIME TIME

Although a significant number of infectious markers are available and are linked by epi-
demiological evidence to atherosclerotic CVD, the evidence does not yet rise to the level
required to justify routine use during clinical risk stratification of individual patients. Limi-
tations of the available body of information arise from several perspectives.

First, the infection and atherosclerosis hypothesis remains just that, a hypothesis. A
direct cause-and-effect relationship has not yet been proven in humans for any of the infec-
tious agents of interest. Additionally, especially for the serological markers, the strength
of the data describing a significant association remains controversial and is in some
instances quite weak. Greater understanding of the underlying processes relating various
infections to atherosclerosis must be obtained before any individual test result can be
appropriately interpreted.

Second, in most instances the observed associations between various markers of infec-
tion and atherosclerosis have not yet been determined to be fully independent. As in the case
of H. pylori, in which more complete adjustment for other known risk factors and markers
of atherosclerosis resulted in a near elimination of the association, further study of other
markers may demonstrate lack of independence in them as well.

Fig. 7. Graph of adjusted death/MI HRs based on baseline IgG seropositivity to number of patho-
gens (“pathogen burden”), including CMV, hepatitis A virus, HSV-1, HSV-2, C. pneumoniae, and
H. pylori among 890 patients with significant CAD on angiography who were followed for 3 yr (96).
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Third, many of the proposed markers are not standardized or validated across multiple
laboratories. In many instances, the assays used in various studies were developed by the
individual investigators and are not even available commercially. Furthermore, individ-
ual normal ranges of values for the various markers of interest have not been established
or validated. Whether these ranges differ based on gender, age, and so on also has not been
determined. Thus, lack of standardization, lack of validation, and lack of general availabil-
ity make a general recommendation of the use any of the available infectious markers for
cardiovascular risk stratification somewhat premature.

Fourth, at the present limited level of understanding regarding the associations between
infection and atherosclerosis, there remains no definite therapeutic strategy that might be
recommended based on the results of any infectious-specific marker. For instance, not
enough information is presently available to justify initiation of antibiotic therapy. Like-
wise, not enough information is available to recommend any changes in standard primary
or secondary prevention therapies that would otherwise be implemented. Even though
certain infectious markers, such as seropositivity to CMV or a high pathogen burden score,
as described earlier, may increase the cardiovascular risk of an individual, this information
does not lead presently to a modification in therapy. Therefore, justification for its routine
use does not yet exist.

CONCLUSION

Chronic infection has been found to be significantly associated with the development
of atherosclerosis and the clinical complications of unstable angina, MI, and stroke. How-
ever, failure to confirm initial reports of serological associations also has been common.
Specific causative relationships on par with that determined between H. pylori and peptic
ulcer disease have not yet been established.

The infectious agents with the most evidence to support an etiological role in atheroscle-
rosis include C. pneumoniae and CMV. However, evidence is mounting for a variety of
other potential agents including other herpesviruses, influenza, other specific bacteria
(such as M. pneumoniae), and chronic infections with common bacterial agents (e.g., perio-
dontal disease, chronic bronchitis, chronic urinary tract infection) (100). Future studies are
expected to elucidate further the pathophysiological relationship between chronic infec-
tion and atherosclerosis and to evaluate the potential of a variety of treatment approaches
including antibiotics. Until then, however, a general recommendation for the use of any
of these infectious markers during routine cardiovascular risk stratification cannot be
made.
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SUMMARY

The natriuretic peptide family consists of a group of structurally similar, but geneti-
cally distinct, peptide hormones that play a major role in the regulation of cardiovas-
cular, endocrine, and renal homeostasis. Since the discovery of atrial natriuretic peptide
almost 25 yr ago, remarkable progress has been made in the field of natriuretic peptide
research. This chapter reviews current knowledge in biology of the natriuretic peptides,
including mechanisms of synthesis and release, biological effects, and clearance.

The predominant stimulus controlling the synthesis and release of natriuretic peptides
from cardiac atria and ventricles is wall stretch. However, recent evidence suggests that
ischemia per se may be an additional factor influencing synthesis and release. The bio-
logical effects of the natriuretic peptides are mediated via binding to cell surface-associ-
ated natriuretic peptide receptors. The natriuretic peptide receptors are expressed widely
in the cardiovascular system and have also been identified in the lungs, kidneys, skin,
platelets and pre-synaptic sympathetic nerve fibers. Natriuretic peptides are functional
antagonists to the major vasoconstrictor neurohormonal axes, exert potent natriuretic
and diuretic effects in the kidneys, and modulate cell growth, apoptosis, and prolifera-
tion in vascular smooth muscle cells and cardiomyocytes. The natriuretic peptide sys-
tem is activated in a broad spectrum of cardiovascular diseases, including systolic and
diastolic right and left ventricular dysfunction, acute coronary syndromes, stable coro-
nary heart disease, valvular heart disease, and left- and right-ventricular hypertrophy.

Key Words: Natriuretic peptides; receptors; cardiovascular function.s; key words.
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THE NATRIURETIC PEPTIDE FAMILY
The natriuretic peptide family consists of a group of structurally similar (Fig. 1) but

genetically distinct peptide hormones that play a major role in the regulation of cardio-
vascular, endocrine, and renal homeostasis (1,2). Whereas circulating A-type (atrial)
natriuretic peptide (ANP) and B-type natriuretic peptide (BNP) are primarily of cardiac
origin (3,4), vascular endothelium and the central nervous system (CNS) have been iden-
tified as major sites of C-type natriuretic peptide (CNP) synthesis (5). Other structurally
related peptides include D-type natriuretic peptide, derived from the venom of the green
mamba (Dendroaspis angusticeps) (6,7); urodilatin, a product of alternative processing
of proANP in the distal tubules of the kidney (8); and guanylin and uroguanylin, intestinal
epithelium-derived peptides which are involved in water absorption (9–11). Although all
of these molecules are classified as natriuretic peptides, they possess additional important
properties, including vasodilatory, antiproliferative (12), antifibrotic (13), and sympatho-
inhibitory (14) effects. Some natriuretic peptides are more likely to function as autocrine
or paracrine factors rather than as circulating hormones. CNP, for example, is unlikely to
participate in the regulation of renal sodium excretion despite being termed a natriuretic
peptide.

DISCOVERY OF THE NATRIURETIC PEPTIDES
A series of seminal experiments performed in the mid-1950s raised suspicion that the

heart may function as an endocrine organ. Early electron microscopy studies of cardiac
atria showed electron-dense “specific atrial granules,” which morphologically resembled
secretory granules in endocrine cells (15,16). At the same time, increased urinary flow after
balloon stretching of the canine left atrium was reported (17,18). The content, physio-
logical function, and significance of the atrial granules remained unknown until a series of
highly original experiments conducted by Adolfo de Bold and colleagues was published
more than two decades later. In 1979, de Bold (19) reported that atrial granularity was asso-
ciated with changes in water and electrolyte balance. In a subsequent landmark experi-
ment published in 1981, homogenized atrial and ventricular tissue were injected into rats.
Whereas injection of the atrial extract caused hypotension, diuresis, and natriuresis, no such
effect was observed after injection of the ventricular extract (20). This finding documented
the endocrine activity of the cardiac atria and led de Bold to postulate the existence of an

Fig. 1. Structure of natriuretic peptides. ANP (28 amino acids), BNP (32 amino acids), and CNP
(22 amino acids) are cyclic peptides with a high degree of primary structure homology. Identical amino
acids are enclosed in black circles.
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“atrial natriuretic factor.” During the next few years, the polypeptide today known as atrial
natriuretic peptide or ANP was purified, sequenced, and synthesized (21,22).

In 1988, Sudoh et al. (23) isolated a peptide with biological activity similar to that of ANP
from pig brain. The peptide was originally termed brain natriuretic peptide (BNP). The
ventricular myocardium was later identified as the main source of circulating BNP (4), and,
thus, B-type natriuretic peptide is now the more commonly used name of this peptide. In
1990, a third member of the natriuretic peptide family, CNP, was also isolated from por-
cine brain by the same group of researchers who had identified BNP (24).

SYNTHESIS AND RELEASE OF NATRIURETIC PEPTIDES

A-Type Natriuretic Peptide
ANP is a cyclic 28 amino acid polypeptide predominantly synthesized and secreted

by atrial cardiomyocytes in response to wall stretch in the normal adult heart (21,22). The
messenger RNA transcript for ANP is approx 1 kb and encodes a 126 amino acid precursor
protein, proANP (25) (Table 1). The human ANP gene is located on chromosome 1. ANP
is stored in atrial granules as the C-terminal part of intact proANP. On secretion, proANP
is cleaved by the cardiac serine protease corin into a 98 amino acid N-terminal fragment
(NT-proANP) and the biologically active ANP in equimolar amounts (26,27). NT-proANP
circulates predominantly as the 98 amino acid peptide (28), but there is some evidence
to suggest further subdivision into smaller fragments that may possess biological activity
(29) (Table 1).

Ventricular synthesis of ANP is high in late fetal and early neonatal life but is rapidly
reduced within the first few weeks after birth (30,31). Volume or pressure overload of the
cardiac ventricles, leading to ventricular hypertrophy, is associated with ventricular reex-
pression of the gene for ANP (32). In fact, expression of the genes encoding ANP and BNP
is considered a reliable marker of the hypertrophic program in experimental models asso-
ciated with ventricular hypertrophy. The predominant stimulus for ANP release appears
to be myocyte stretch, rather than transmural pressure load (33) (Table 2). In vivo, plasma
ANP levels increase rapidly in response to pressure as well as volume loading (34–36),

Table 1
Biochemical Characteristics of Natriuretic Peptidesa

Characteristic ANP BNP CNP

Precursor preproANP (1-151) preproBNP (1-134) preproCNP (1-126)
Prohormone (i.e., precursor proANP (1-126) proBNP (1-108) proCNP (1-103)

without signal peptide)
Biologically active hormone ANP 1-28 BNP 1-32 CNP 1-22

(C-terminal fragments (proANP 99-126) (proBNP 77-108) CNP 1-53
of prohormone)

Circulating N-terminal NT-proANP NT-proBNP NT-proCNP
fragments of (proANP 1-98) (proBNP 1-76)
prohormones proANP 1-30, proBNP 1-98

proANP 31-67,
Clearance mechanisms NPR-C, NEP NPR-C, NEP NPR-C, NEP
Plasma half-life 3 min 21 min 3 min

aNPR-C, natriuretic peptide receptor-C; NEP, neutral endopeptidase.
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and increased circulating levels of ANP are seen in many cardiovascular disorders (37).
The cardiac ventricles contribute significantly to circulating ANP concentrations both in
animal models and in patients with left ventricular (LV) dysfunction and hypertrophy
(38,39). Although the concentration of ANP is higher in the atria than in the ventricle,
the larger mass of the left ventricle means that the ventricular myocardium becomes a
major source of circulating ANP and NT-proANP in failing hearts (40,41). ANP expression
and release from cardiomyocytes can also be stimulated by neurohormones, including
norepinephrine, angiotensin II (42), endothelin-1 (ET-1) (43), glucocorticoids (44), and
proinflammatory cytokines (41,45). Activation of neurohormonal and inflammatory sys-
tems is characteristic of heart failure and can contribute to the increase in ANP levels seen
in this clinical syndrome. Other stimuli for ANP synthesis include hypoxia (46) and pos-
sibly tachycardia independently of wall stretch (47).

B-Type Natriuretic Peptide
BNP is a predominantly cardiac-derived, cyclic 32 amino acid polypeptide with a high

degree of primary structure homology with ANP (2) (Fig. 1). Human BNP is encoded by
a single-copy gene located on chromosome 1 consisting of three exons and two introns
(48,49). The posttranslational processing of the BNP precursor gene seems to differ from
that of the human ANP precursor, and the processing of proBNP to NT-proBNP and the
32 amino acid biologically active BNP is less well defined than for proANP. In vitro
experiments have suggested that the proteolytic enzyme furin is responsible for specific
cleavage of proBNP into the N- and C-terminal fragments (50). However, a family of
peptides is derived from the BNP gene (51,52). In human cardiac tissue, BNP appears to
be found predominantly in the 32 amino acid form, but a significant amount is also stored
as the intact 108 amino acid precursor peptide proBNP (4). In contrast to proANP, proBNP
is only partially stored in granules, and the regulation of BNP synthesis and secretion
appears to take place at the level of gene expression (37). The biologically active C-ter-
minal fragment (BNP); the 76 amino acid N-terminal fragment (NT-proBNP); and other
high-molecular-weight fragments, possibly intact proBNP 1-108, are each found circu-
lating in human plasma (52–55) (Table 1). The processing of proBNP to NT-proBNP and
BNP probably occurs both intracellularly and in the circulation. Figure 2 illustrates the
amino acid sequences of proBNP and of the C- and N-terminal fragments, and Table 3
summarizes the characteristics of BNP and NT-proBNP.

In contrast to ANP, BNP is produced both in the atria and in the ventricles in the normal
human heart (4,56) (Table 4). Circulating concentrations in healthy subjects are still lower
for BNP than for ANP (56,57). In addition to production by atrial and ventricular cardio-

Table 2
Principal Causes of Elevated Plasma Levels of ANP and BNP

• Elevated stretch of the myocardium owing to impaired systolic and/or diastolic function
• Volume expansion and consequent elevated pressure/distension (e.g., renal failure)
• Decreased renal clearance
• Neurohormonal and cytokine stimulation
• Myocardial ischemia
• Hypoxia
• Tachycardia
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myocytes, recent data suggest that BNP can be produced by other cell types, including car-
diac fibroblasts (58). Substantially increased ventricular levels of BNP mRNA in response
to chronic cardiac overload have been observed in rat experimental models including
spontaneously hypertensive rats (59,60) and coronary artery ligation (61), as well as in
the human heart (62).

Fig. 2. Simplified schematic drawing showing cleavage of proBNP into biologically active C-ter-
minal fragment, BNP, and inactive N-terminal fragment, NT-proBNP. It is likely that the processing
of proBNP in vivo is substantially more complex (see text).

Table 3
Characteristics of BNP and NT-proBNPa

Characteristic BNP NT-proBNP

Prohormone fragment C-terminal N-terminal
(proBNP 77-108) (proBNP 1-76)

Molecular mass 3.5 kDa 8.5 kDa
Physiological activity Active Probably inactive
Plasma half-life 21 min 60–120 min
FDA-approved cutoff values 100 pg/mL Age < 75 yr: 125 pg/mL;

for heart failure diagnosis age > 75 yr: 450 pg/mL
Clearance mechanisms Clearance receptors

(NPR-C), NEP Unknown, possibly renal
clearance

Analysis Whole blood and EDTA Serum and plasma
plasma (plastic tubes)

In vitro stability 24 h at room temperature >3 d at room temperature
aFDA, Food and Drug Administration; NPR-C, natriuretic peptide receptor-C; NEP, neutral endo-

peptidase.
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BNP is commonly regarded to be a ventricular-derived hormone, but the concentra-
tion of BNP appears to be higher in atrial than in ventricular tissue. Taking into account
tissue weight, however, the total amount of BNP mRNA has been suggested to be three
times higher in the ventricle than in the atrium in an experimental rat model. Although
the concentration of BNP is only 1% of that in the atrium, it has been estimated that 60%
of secreted BNP is derived from the ventricle (60). In a rapid-pacing model of heart failure,
the atrial myocardium was found to be the predominant site of BNP gene expression and
production during the development of LV dysfunction (63). Catheterization studies in
patients with LV hypertrophy have also suggested that atrium-derived BNP contributes
significantly to the elevation in BNP, reflecting atrial pressure and volume in these patients
(64). Thus, BNP should not be considered exclusively a ventricular-derived hormone,
given that the predominant source of circulating BNP probably differs depending on both
the severity and etiology of the cardiac disorder.

The predominant stimulus controlling the synthesis and release of BNP from cardiac
atria (65) and ventricles (60) is wall stretch (Table 2). BNP expression and release from car-
diomyocytes can also be stimulated by a variety of endocrine, paracrine, and autocrine fac-
tors that are activated in heart failure, including norepinephrine (66,67), angiotensin II
(68), ET-1 (69), glucocorticoids, and proinflammatory cytokines (Table 2). For instance,
blockade of angiotensin II type 1 (AT1) receptors or ET-1 type A (ETA) receptors sup-
pressed stretch-induced BNP gene transcription by 50% in cultured neonatal ventricular
cells (70). However, the AT1 receptor antagonist losartan and the mixed ETA/ETB recep-
tor antagonist bosentan had no effect on the acute pressure overload–induced increase in
ventricular BNP mRNA in vivo (71), indicating that complex paracrine and autocrine
mechanisms are involved in the regulation of BNP synthesis.

Differences in Regulation of ANP and BNP Synthesis
Although the main stimulus for synthesis and release appears to be the same for ANP

and BNP, important aspects of the regulation and induction of peptide synthesis differ
(Table 4). In experimental models, both atrial and ventricular BNP mRNA levels increase
rapidly (<1 h) following acute pressure overload, and these changes are paralleled by
increased circulating BNP (66). Similarly, activation of the BNP gene in the cardiac ventri-
cles occurs rapidly after experimental myocardial infarction (MI) (61). By contrast, induc-
tion of the ANP gene occurs slowly (i.e., days) after the initiation of cardiac overload,

Table 4
Characteristics of Natriuretic Peptide Production

Characteristic ANP BNP

Site (healthy state) Atria Atria and ventricles
Site (pressure/volume overload) Atria and ventricles Atria and ventricles
Gene expression Constitutive Inducible
Gene transcription response Slow Rapid
Granule storage pool Large Small
Release profile Pulsatile Pulsatile
Basal cardiac secretion rate Moderate Low
Relative increase in pressure/volume overload Moderate Large
Primary regulation of production Secretion level Synthesis level
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allowing storage in and pulsatile release of ANP from granules. These differences have
implications for the kinetics of ANP and BNP release. The storage of ANP in secretory
granules provides a source for rapid release of this peptide, whereas BNP release is gen-
erally thought to require a preceding increase in production of BNP mRNA. The stimulus
required for increased release of BNP may therefore be stronger and of longer duration
that the one required for the immediate release of stored ANP. Accordingly, acute iv saline
loading and change in posture leading to an increase in atrial pressure result in a rapid
increase in circulating ANP levels, whereas BNP levels remain unaltered (72,73). Con-
versely, in the course of a few days, dietary sodium loading increases circulating BNP
levels (74). A rapid rise in BNP during provoked ischemia, however, suggests the existence
of mechanisms for more rapid release in some settings.

C-Type Natriuretic Peptide
CNP is a cyclic 22 amino acid polypeptide with primary structure homology with ANP

and BNP without the carboxy-terminal tail of these peptides (Fig. 1). The gene encoding
CNP is localized to human chromosome 2 and contains two exons separated by an intron
(75). The gene encodes a 103 amino acid CNP precursor, proCNP (Table 1). proCNP is
processed to generate 22 and 53 amino acid fragments (i.e., CNP-22 and CNP-53), the
former sequence contained within the latter. CNP-22 is more potent and more widely dis-
tributed than CNP-53. In contrast to ANP and BNP, CNP is not expressed to an appreci-
able degree in cardiomyocytes but is primarily expressed in vascular endothelium and in
the CNS (24,76). Within the heart, CNP is expressed in coronary endothelium and cardiac
fibroblasts (77,78). Very low amounts of CNP are found circulating. CNP is believed
to function as an autocrine and a paracrine factor participating in the regulation of vascu-
lar tone and cellular growth. CNP gene expression is stimulated by numerous cytokines,
including tumor necrosis factor (TNF)-α, interleukin-1α, and transforming growth factor-
β (77,79). Although systemic levels of CNP do not appear to increase notably in heart
failure, a CNP concentration step-up from the aorta to the coronary sinus was recently
reported, suggesting that myocardial CNP production may be increased in heart failure
(80). Moreover, the amino-terminal fragment of proCNP is elevated in patients with symp-
tomatic heart failure (81). Although the gene encoding CNP is abundantly expressed in
the brain, its role and significance in the regulation of salt and water balance are poorly
understood.

NATRIURETIC PEPTIDE SIGNALING

Biological effects of the natriuretic peptides are mediated via binding to cell-surface-asso-
ciated natriuretic peptide receptors (NPRs). Natriuretic peptides are endogenous ligands
for three different NPRs—NPR-A, NPR-B, and NPR-C—all containing a single transmem-
brane domain and an extracellular binding domain (82–85). NPR-A and NPR-B seem to
mediate most of the physiological actions of the natriuretic peptides, whereas NPR-C appears
to function primarily as a clearance receptor and may modulate locally the physiological
effect of the natriuretic peptides (86). Both NPR-A and NPR-B function as a particulate
guanylyl cyclase, distinct from the cytosolic enzyme stimulated by nitric oxide.

Natriuretic Peptide Receptor-A and Natriuretic Peptide Receptor-B
Both NPR-A and NPR-B are expressed widely in the cardiovascular system, including

the cardiac atria and ventricles, aorta, and peripheral vasculature (87,88). In addition,
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NPR-A and NPR-B have been identified in lung, kidney, skin, platelets, and presynaptic
sympathetic nerve fibers (89). NPR-A is the most abundant type of receptor in large blood
vessels, whereas NPR-B predominates in the brain. Both ANP and BNP can bind with
NPR-A with relatively high affinity, but BNP is approx 10-fold less potent than ANP (90)
(Table 5). CNP appears to be ineffective in stimulating guanylyl cyclase in cells expressing
NPR-A. By contrast, in cells expressing NPR-B, intracellular cyclic guanosine 5'-mono-
phosphate (cGMP) concentration is increased only by CNP (75). High pharmacological
concentrations of ANP and BNP are required to stimulate guanylyl cyclase activity in cells
expressing NPR-B.

NPR-A has a large extracellular ligand-binding domain connected to an intracellular
domain by a single membrane-spanning hydrophobic segment (91,92). The N-terminal
region of the intracellular portion of the receptor contains a kinase-like domain, which
binds adenosine triphosphate (ATP) but lacks true kinase activity. The kinase-like domain
may participate in the regulation of receptor activity. The guanylyl cyclase domain occu-
pies the C-terminal portion of the receptor molecule. Ligand binding is believed to induce
a conformational change in the receptor molecule, leading to guanylyl cyclase activation
and subsequent increased intracellular production of cGMP. The structural topography
of NPR-B resembles that of NPR-A, and it also signals through a guanylyl cyclase mech-
anism (91). As mentioned, NPR-B has high affinity for CNP and limited affinity for ANP
and BNP.

Natriuretic Peptide Receptor-C
NPR-C, or clearance receptor, is structurally distinct from NPR-A and NPR-B. Similar

to NPR-A and NPR-B, NPR-C has a large extracellular domain and a membrane-spanning
segment. The extracellular domain shares approx 30% primary structure homology with
NPR-A and NPR-B. In contrast to the two other receptors, NPR-C is devoid of guanylyl
cyclase activity, and the cytoplasmic domain contains only a 37 amino acid tail at the C-
terminus having no sequence homology with any known receptor. The truncated intracel-
lular domain and the absence of guanylyl cyclase activity suggest that NPR-C may function
by removing natriuretic peptides from the extracellular compartment (93). Some evidence
indicates that NPR-C may also have a signaling function by inhibiting adenylyl cyclase
through a Gi-dependent mechanism (94), but a physiological role beyond its function as
a clearance receptor remains to be demonstrated in vivo (95). NPR-C is the most abundantly
distributed natriuretic peptide receptor and has been identified in several tissues, includ-
ing vascular endothelium, smooth muscle, adipose tissue, cardiac muscle, adrenal gland,
kidney, and brain (96). All natriuretic peptides associate with NPR-C with high affinity
(Table 5). However, the affinity for ANP and CNP appears to be somewhat higher than
for BNP (97), which may contribute to the longer plasma half-life of BNP compared with
ANP. The ring structure of the natriuretic peptides, formed by a disulfide bridge between

Table 5
Relative Affinity of NPRs

Receptor Affinity

NPR-A ANP > BNP >> CNP
NPR-B CNP >> ANP ≥ BNP
NPR-C ANP > CNP > BNP
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two cysteine residues, appears to be a requirement for binding to the NPRs. Accordingly,
hydrolytic disruption of this bridge leads to loss of biological activity. The circulating N-
terminal fragments of the natriuretic peptide prohormones are devoid of disulfide bonds
and do not appear to exert physiological actions through binding to NPRs.

Signal Transduction
Natriuretic peptide-induced cellular responses occur principally as a result of increased

intracellular concentrations of cGMP. Accordingly, in all cell types expressing NPR-A
or NPR-B, exposure of natriuretic peptides results in elevated intracellular cGMP levels,
and the specific cellular responses depend on downstream targeting and degradation of
cGMP. A cGMP-dependent protein kinase (protein kinase G [PKG]) is believed to be the
primary intracellular mediator of cGMP signals (98). Elevation of intracellular cGMP
induced by natriuretic peptides results in activation of PKG leading to catalytic transfer
of phosphate from ATP to serine or threonine residues of target proteins. The phosphory-
lated proteins determine the translation of the extracellular stimulus into a specific biologi-
cal function. PKGs can activate numerous substrate proteins. Cyclic nucleotide-gated ion
channels regulating transmembrane fluxes of Na+ and Ca2+ may be of particular relevance
to the physiological actions of natriuretic peptides. Natriuretic peptide-induced increase
in intracellular cGMP concentration may also cause activation of phosphodiesterase II, an
enzyme crucial for cellular signaling through its modulatory effect on intracellular levels
of cyclic nucleotides.

CLEARANCE OF NATRIURETIC PEPTIDES
Mechanisms of Natriuretic Peptide Clearance

Clearance of natriuretic peptides from the circulation involves two main pathways: (1)
NPR-C-mediated endocytosis followed by lysosomal degradation and (2) enzymatic
degradation independent of the clearance receptor by the enzyme neutral endopeptidase
(NEP) (99,100). NEP is a zinc metallopeptidase widely distributed on the surface of endo-
thelial cells, vascular smooth muscle cells (VSMCs), cardiac myocytes, and fibroblasts
(101). The lungs, liver, and kidneys are the most important organs for natriuretic peptide
clearance. In the kidneys, NEP is particularly abundantly expressed at the brush-border
membranes of proximal tubule cells. Inactivation of the peptides by NEP is believed to
involve proteolytic cleavage of the peptides as well as disruption of the disulfide bond.

The relative contribution of receptor-mediated vs NEP-mediated clearance is contro-
versial. Some animal experiments have suggested that for clearance of ANP, NPR-C
blockade is of greater importance than NEP inhibitors. By contrast, studies in sheep have
shown that proteolytic and receptor-mediated pathways contribute equally to ANP and
BNP elimination from the circulation (102). In a sheep model of heart failure, the enzy-
matic and receptor clearance pathways appear to contribute equally to the metabolism of
ANP and BNP (103). The relative contribution of receptor-mediated vs enzyme-mediated
clearance in humans is less well defined. Early indirect evidence following ANP infusion
in patients with heart failure suggested that receptor clearance of BNP was of less impor-
tance than enzyme degradation (57). Experiments with purified human NEP have indi-
cated that a relative resistance to NEP is responsible for the delayed metabolism of BNP
compared with ANP (104).

A third potential mechanism involved in the elimination of natriuretic peptides is renal
clearance. Plasma levels of ANP and BNP, as well as NT-proANP and NT-proBNP, are
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all increased in renal failure. Raised levels in renal failure may be owing to a combination
of factors, including volume overload, intrinsic heart disease, and decreased renal clear-
ance. Inverse correlations between the glomerular filtration rate (GFR) and circulating
levels of natriuretic peptides have also been observed in subjects without renal failure,
suggesting that renal elimination may play a role (105). Correlations have tended to be
somewhat closer between the inactive N-terminal fragments and GFR than between the
biologically active C-terminal fragments, ANP and BNP, but comparative data from the
same subjects are scarce. Although natriuretic peptides and N-terminal prohormone frag-
ments can be identified and measured in urine, levels are very low (106), suggesting that
renal filtration is not a major pathway for natriuretic peptide degradation.

Adipose tissue may also contribute to the clearance of natriuretic peptides. An inverse
relation between plasma levels of BNP and body mass index (BMI) has been observed both
in patients with heart failure (107) and in subjects without heart failure (108). Although
the exact mechanism remains to be elucidated, it is well known that NPR-C is abundant in
adipose tissue (109), suggesting that adipocytes participate in the removal of natriuretic
peptides from the circulation. In experimental models, caloric deprivation is associated
with decreased NPR-C gene expression and increased ANP plasma levels (110,111).

Plasma Half-Lives of N-Terminal and C-Terminal Natriuretic Peptides
Although the N- and C-terminal fragments of proANP and proBNP are secreted in a

1:1 fashion, circulating levels may differ because of different clearance characteristics.
Accordingly, the in vivo plasma half-life of NT-proANP is much longer than that of ANP
(slow component of 55 vs 13 min in the rat) (112), and the circulating concentrations in
humans are correspondingly higher (113). The observation that circulating concentrations
of NT-proBNP exceed those of BNP is also suggestive of a slower clearance rate for NT-
proBNP than for BNP (53,54). The in vivo plasma half-life of BNP has been estimated
to be approx 21 min (4,114). Studies in humans have yet to be performed to estimate the
circulating half-life of NT-proBNP, but investigations indicate that in sheep the half-life
may be as long as 70 min (115). The plasma half-life of CNP in sheep has been estimated
to be approx 3 min (116).

PHYSIOLOGICAL ACTIONS OF NATRIURETIC PEPTIDES
Vascular Actions

Natriuretic peptides cause relaxation of vascular smooth muscle (Table 6). In animal
experiments, sustained infusion of ANP and BNP reduces peripheral vascular resistance
and lowers blood pressure (BP) (117). In humans, ANP infusion causes arterial and venous
dilatation, leading to reduced arterial BP and ventricular preload (118,119). CNP appears
to be a more potent venodilator than ANP and BNP (2,120). Cardiac preload may also be
reduced by a shift of fluid from the intravascular to the extravascular compartment (121,
122). This shift may be caused by natriuretic peptide-induced increased permeability of
the vascular endothelium, and possibly increased hydraulic pressure in the capillary bed.

Neurohormonal Actions
Important actions of the natriuretic peptides are mediated via interaction with other neu-

rohormonal axes (Table 6). For instance, the inhibitory effects of natriuretic peptides on
the renin–angiotensin–aldosterone axis will act synergistically with the direct natriuretic
and diuretic effects and cause subsequent decrease in extracellular fluid, ventricular preload,
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and arterial BP (121). Natriuretic peptides directly inhibit renin release, and aldosterone
production is decreased both directly and indirectly by inhibition of the stimulatory
effects of angiotensin II on the release of aldosterone (123,124). Natriuretic peptides also
inhibit production of ET-1 (125). Inhibitory effects of ANP and BNP on central sympa-
thetic outflow and on catecholamine release from peripheral sympathetic neurons may
contribute importantly to the systemic vasodepressant actions of these peptides (14,126,
127). Natriuretic peptides also lower the activation threshold of vagal afferents, sup-
pressing the reflex tachycardia and vasoconstriction that normally accompany preload
reduction (2).

Effects on Cardiac Contractility
Natriuretic peptides may also have direct effects on the myocardium. In a variety of

experimental preparations, ANP, BNP, and CNP have been reported to affect cardiac con-
tractility, but the results are conflicting. Although some studies have suggested negative
inotropic effects of natriuretic peptides (128), these effects are unlikely to be clinically
relevant. In healthy humans, BNP affects LV filling patterns by an apparent lusitropic
effect (129).

Antiproliferative Actions
Activation of proliferative signaling pathways is a hallmark of many cardiovascular dis-

ease (CVD) states, including atherosclerosis, vascular remodeling following percutaneous
coronary intervention (PCI), hypertensive heart disease, and ventricular remodeling and
dilatation following MI. For example, cardiomyocyte hypertrophy with accumulation of
extracellular matrix (ECM) proteins in the surviving part of the myocardium is character-
istic of postinfarction remodeling. A long line of evidence suggests that ANP, BNP, and
CNP modulate cell growth, apoptosis, and proliferation in VSMCs and cardiomyocytes

Table 6
Physiological Actions of Natriuretic Peptides

Target organ Physiological action

Heart Antifibrotic (BNP, CNP) Antihypertrophic (ANP)
Blood vessels Arterial and venous vasorelaxation

Inhibition of VSMC mitogenesis
Proliferation of endothelial cells (CNP)
Fluid extravasation from splenic vasculature into lymphatic vessels
Elevated capillary hydraulic conductivity

Kidney Increased glomerular filtration (ANP)
Natriuresis
Diuresis
Inhibition of renin release

Endocrine Neurohormonal suppression:
Inhibition of renin–angiotensin–aldosterone system
Inhibition of SNS
Inhibition of arginine vasopressin
Inhibition of ET

Metabolic Lipolysis
CNS Inhibition of thirst and salt appetite

Inhibition of sympathetic outflow
Inhibition of arginine vasopressin
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(130–132) (Table 6). Moreover, ANP and BNP may suppress cardiac fibroblast prolifer-
ation and secretion of ECM (58). Somewhat surprisingly, studies of animals with engi-
neered deletion of the genes encoding preproANP and preproBNP have revealed striking
differences within the strains (Table 7). Whereas ANP-deficient mice develop salt-sensi-
tive hypertension with ventricular hypertrophy (133), BNP-deficient mice develop car-
diac fibrosis but not hypertension or hypertrophy (134). Moreover, mice with disruption
of the gene encoding the common receptor for ANP and BNP, NPR-A, develop salt-resis-
tant hypertension, ventricular hypertrophy, and fibrosis (135) (Table 7). These findings
suggest complementary roles for ANP and BNP in the regulation and modulation of car-
diac structure and function.

CNP may also possess antimitogenic actions in the cardiovascular system, with a pos-
sible role in the development of atherosclerosis (136,137) (Table 6). For instance, in cell
culture experiments, endothelium-derived CNP has been shown to have growth-inhibi-
tory effects on VSMCs (138), and in experimental models, CNP has been shown to inhibit
intimal thickening after vascular injury induced by balloon inflation in the rat carotid artery
(139). CNP immunoreactivity has also been identified in atherosclerotic lesions (140).
In addition, an inhibitory effect of CNP on cultured cardiomyocyte hypertrophy has been
demonstrated, suggesting that overexpression of CNP in the heart may play a role in mod-
ulating cardiac remodeling during the development of heart failure (141).

Renal Actions
The natriuretic peptides exert potent natriuretic and diuretic effects in the kidneys

(Table 6). Both renal hemodynamics and tubular reabsorption are affected. Glomerular
filtration is increased by ANP as a consequence of elevated pressure within the glomerular
capillaries secondary to a combination of afferent arteriolar dilatation and efferent arterio-
lar constriction (142). By contrast, BNP does not appear to increase glomerular filtration
(143). Natriuretic peptide-induced mesangial cell relaxation may increase the effective
glomerular filtration area and thereby contribute to an augmented filtration fraction (144).
In addition to the glomerular effects, natriuretic peptides exert direct renal tubular actions.
Accordingly, in the proximal convoluted tubules, ANP antagonizes angiotensin II-induced
sodium and water reabsorption (145), in the cortical collecting ducts the effect of vaso-
pressin is inhibited (146), and in the medullary collecting ducts sodium reabsorption is
reduced (147). Administration of a relatively specific bacterial-derived polysaccharide

Table 7
Effects of Genetic Alterations of Natriuretic Peptides and Their Receptors

Genetic alteration Phenotype References

ANP deletion Salt-sensitive hypertension, pulmonary hypertension 175
BNP deletion Cardiac fibrosis 134
CNP deletion Altered endochondral ossification, dwarfism 219
ANP overexpression Arterial hypotension 173
BNP overexpression Arterial hypotension, skeletal overgrowth 174,220
NPR-A deletion Cardiac hypertrophy and fibrosis, sudden death, 132,135,176

salt-resistant hypertension
NPR-A overexpression Arterial hypotension 221
NPR-C deletion Hypotension, diuresis, reduced ability to concentrate 86

urine, volume depletion, skeletal deformities
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inhibitor of NPR-A and NPR-B, HS 142-1, results in increased renal vascular resistance;
increased circulating renin, aldosterone, and catecholamine levels; and inhibition of natri-
uretic peptide-induced natriuresis and diuresis (148). CNP, in contrast to ANP and BNP,
seems to lack a significant natriuretic effect (149).

The renal actions of natriuretic peptides may be exerted in both an endocrine and a para-
crine/autocrine fashion. Infusion of natriuretic peptides at physiological doses causes diure-
sis and natriuresis without affecting hemodynamics in humans and inhibition of the renin–
angiotensin–aldosterone system (150). Urodilatin, a product of alternative processing of
proANP in the distal tubules of the kidney, is believed to act in a paracrine/autocrine fashion
and may have greater potency in the kidneys than ANP and BNP.

CNS Actions
ANP, BNP, and CNP are all synthesized in the brain. In the CNS, the natriuretic peptides’

actions are synergistic with their peripheral effects on the cardiovascular system, on the
neurohormonal system, and in the kidneys (Table 6). In the brain, natriuretic peptides
inhibit thirst and salt appetite via an NPR-A-mediated mechanism, thereby complement-
ing the diuretic and natriuretic effects in the kidneys (2). Moreover, vasopressin secretion
from the pituitary is inhibited via CNP binding to NPR-B. The peripheral sympathoinhib-
itory effects of natriuretic peptides are complemented by central inhibition of sympathe-
tic tone (127). Similar to what is observed in the periphery, other neurohormonal substances,
including norepinephrine, ET, and vasopressin, stimulate the release of ANP from cultured
hypothalamic neurons (2).

NATRIURETIC PEPTIDES IN CVDs

The natriuretic peptide system is activated in a broad spectrum of CVDs, including sys-
tolic and diastolic LV dysfunction, acute coronary syndromes, stable coronary heart dis-
ease, valvular heart disease, acute and chronic right ventricular failure, and left and right
ventricular hypertrophy secondary to arterial or pulmonary hypertension (Table 8). These
conditions are, to a varying extent, characterized by neurohormonal and immune activa-
tion. The activation of vasoconstrictor, antidiuretic, proinflammatory, hypertrophic, and
cytoproliferative systems, including the sympathetic nervous system (SNS), renin–angio-
tensin–aldosterone system, arginine vasopressin, and ET, is believed to play a pathophysi-
ological role in the progression of many of these conditions (151). A prime example is
the progressive LV hypertrophy, remodeling, and dilatation that occur in parallel with the

Table 8
Clinical Conditions and Demographic Factors Associated With Elevated BNP Concentrations

• Acute and chronic CHF
• Acute and chronic right heart failure (e.g., large pulmonary embolus, cor pulmonale )
• Acute and chronic renal failure
• AMI
• Unstable angina
• Advanced age
• Female gender
• Hypertensive heart disease
• Diabetes mellitus
• Low BMI
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clinical progression from asymptomatic LV dysfunction to overt congestive heart failure
(CHF), a process that is significantly retarded by neurohormonal blockade. Counteracting
the vasoconstrictor neurohormonal systems, the natriuretic peptides possess beneficial
and compensatory properties that are of clinical importance. The pathophysiological role
that the natriuretic peptides play is probably best defined in CHF.

Congestive Heart Failure
Circulating levels of ANP and BNP and the amino-terminal fragments NT-proANP

and NT-proBNP of their prohormones (proANP and proBNP) are elevated in CHF. The
concentrations are related to the severity of symptoms (36,152,153), the degree of LV
dysfunction (154), and cardiac filling pressures (4,35,155). Very high circulating levels
can be found in patients with severe, untreated CHF (156) or during episodes of acute
decompensation (157). Both systolic and diastolic impairment of the left ventricle can
result in elevated circulating natriuretic peptide levels (158,159). However, circulating
levels of these peptides are elevated even in mildly symptomatic or asymptomatic patients
with LV impairment (155,160,161).

Stretching of the atrial and failing ventricular myocardium secondary to volume over-
load is a potent stimulus for ANP and BNP gene expression and release and probably
outweighs the influence of other modulating factors of natriuretic peptide production
(34,60,62). Several other mechanisms also contribute to elevated circulating levels of
natriuretic peptides in heart failure. Cardiac hypertrophy per se is a potent stimulus for ANP
and BNP production (64). The increased muscle mass associated with LV hypertrophy
will also contribute to increased production and subsequent elevation of plasma natriure-
tic peptides. In patients with an old myocardial infarction, secretion of BNP is much greater
from the infarcted region than from the noninfarcted region, suggesting that regional ven-
tricular wall stretch caused by the old infarct strongly stimulates secretion of BNP (162).
Vasoconstrictor neurohormones stimulate natriuretic peptide production. Renal impair-
ment, a condition commonly associated with cardiac impairment, will result in decreased
clearance of natriuretic peptides (163).

Natriuretic peptides have beneficial actions in heart failure. The natriuretic, diuretic,
and vasodilatory effects tend to decrease cardiac preload and afterload. In addition,
inhibition of the renin–angiotensin system and SNS will act synergistically with the direct
hemodynamic and renal effects. The significance of the inhibitory actions of the natriure-
tic peptide system on the renin–angiotensin system is illustrated by the effect of NPR-A
blockade. In a canine experimental model of early LV dysfunction, NPR-A blockade with
the receptor antagonist HS-142-1 resulted in sodium retention, augmented renin release,
increased aldosterone production, and accelerated progression to overt heart failure (148,
164). Bilateral atrial appendectomies had a similar effect (164). In an experimental model
of canine heart failure, coinfusion of BNP and furosemide resulted in a more profound
diuretic and natriuretic response than furosemide alone (165). Moreover, during coinfusion,
glomerular filtration was increased while renal function was preserved and aldosterone
activation was inhibited. As mentioned in Table 7, BNP and NPR-A receptor gene knock-
out (KO) models are associated with cardiac fibrosis (134) and hypertension, cardiac hyper-
trophy, and sudden death (135), respectively. These findings are suggestive of an important
role for natriuretic peptides for the maintenance of cardiovascular homeostasis.

Based on theoretical considerations and observations made in experimental models,
drugs that increase circulating levels of natriuretic peptides have been developed for use
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in human heart failure. Two strategies have reached late-stage clinical development: admin-
istration of exogenous recombinant BNP (nesiritide) and potentiation of endogenous
effects of natriuretic peptides by inhibition of NEP (166). Nesiritide infusion has beneficial
effects in human heart failure, including a dose-dependent decrease in pulmonary capillary
wedge pressure, improved cardiac index, and augmented urinary flow (167–169). Subcu-
taneous administration of BNP has also been shown to represent an efficacious strategy
in human heart failure (170).

Combined NEP inhibition and ACE inhibition by vasopeptidase inhibitors such as
omapatrilat result in greater hemodynamic and renal effects than with selective inhibition
of either of these enzymes (166). In early studies in heart failure, omapatrilat caused a
dose-dependent reduction in BP and pulmonary capillary wedge pressure, improvement
in cardiac output, and lowering of circulating norepinephrine concentrations (171). These
beneficial effects did not, however, translate into reduced survival in a large-scale phase
III clinical trial (172).

Hypertension
Natriuretic peptides appear to play an important role in preventing the development of

arterial and pulmonary hypertension. Overexpression of the genes encoding ANP and BNP
results in raised circulating concentrations of these peptides and substantially decreased
arterial BP (173,174). Moreover, overexpression of ANP protects against the develop-
ment of pulmonary hypertension in animals exposed to chronic hypoxia. Conversely,
ANP gene KO mice are prone to develop salt-sensitive arterial hypertension and pulmo-
nary hypertension with accompanying right ventricular hypertrophy (175). The ability
of ANP to defend against salt-induced arterial hypertension may reflect a combination
of the natriuretic, diuretic, vasorelaxant, and sympathoinhibitory properties of this pep-
tide. The NPR-A gene KO mice phenotype is also characterized by arterial hypertension,
which appears to be independent of sodium loading (176). Genetic disruption of NPR-A
is also associated with a marked cardiac hypertrophy that is disproportionate to the increase
in BP and is resistant to antihypertensive medication (132,177). To distinguish further
between systemic hemodynamic and local effects of natriuretic peptides, mice with selec-
tive deletion of the gene encoding NPR-A in cardiomyocytes have been generated (131).
In these animals, cardiac hypertrophic responses to aortic constriction were enhanced and
accompanied by marked deterioration of cardiac function (131). Taken together with data
from past studies, these data represent convincing evidence that ANP and BNP induced
NPR-A signaling function as a myocyte intrinsic counterregulatory growth circuit in the
heart.

Whether mutations of the natriuretic peptides or their receptors are related to human
hypertension and ventricular hypertrophy is less well defined. Theoretically, interindivid-
ual variability in circulating natriuretic peptide levels may be related to genetic influences,
which, in turn, may be associated with differential susceptibility to development of hyper-
tension and ventricular hypertrophy. Data from the Framingham Heart Study suggest that
a substantial proportion of the variation in natriuretic peptide levels not explained by con-
ventional predictors was attributable to additive genetic effects (178). Other studies have
suggested that variants of the gene encoding ANP in humans may exert protective effects
against the development and progression of kidney damage in the general population and
in patients with type 2 diabetes independently of hypertension (179,180). Polymorphisms
in the gene encoding CNP have been associated with essential hypertension (181).
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Valvular Heart Disease
Aortic stenosis is associated with LV hypertrophy and LV relaxation abnormalities and

may, in some cases, eventually progress to LV systolic dysfunction. The progression of
aortic stenosis is routinely monitored by serial Doppler echocardiographic examinations,
permitting noninvasive estimates of the transvalvular gradient and aortic valve orifice area.
The relation among natriuretic peptide plasma levels, disease severity, and symptoms has
been examined in patients with aortic stenosis (182–184). BNP and NT-proBNP plasma
levels were higher in symptomatic than in asymptomatic patients, even after adjustment for
aortic valve area and ventricular function (184). NT-proBNP was found to be a sensitive
marker of even mild LV hypertrophy (183) and to correlate significantly with the trans-
valvular pressure gradient (182).

Mitral regurgitation, secondary to LV dilatation, is common in patients with chronic
heart failure. Moreover, mitral regurgitation is commonly associated with increased left
atrial pressure. Given the associations with LV volumes and atrial pressure, it is not sur-
prising that in patients with LV dysfunction, the severity of mitral regurgitation is associ-
ated with circulating BNP and NT-proBNP levels (185).

Acute Myocardial Infarction
The cardiac natriuretic peptide system is rapidly activated following acute ischemic

injury, as evidenced by elevated circulating and tissue concentrations (61,186–189). Aug-
mented production of cardiac natriuretic peptides in the early phase after MI may be caused
by a variety of factors. Myocardial stretch secondary to LV dysfunction may be of great-
est importance, but increased heart rate, hypoxia, and ischemia per se; the stimulatory
effects of catecholamines, angiotensin II, and ETs; as well as decreased clearance may
contribute. Plasma concentrations of natriuretic peptides are increased in acute MI in pro-
portion to the degree of LV dysfunction (190). A strong relation between plasma levels
of natriuretic peptides obtained in the subacute phase, and long-term, all-cause mortality,
as well as the rate of readmissions for heart failure after MI has been convincingly demon-
strated (190–193).

Myocardial Ischemia
Myocardial ischemia can induce a reversible increase in regional wall stress that may

lead to augmented natriuretic peptide release. Supporting this possibility is the observa-
tion that natriuretic peptide levels are increased in patients with stable coronary artery
disease (CAD) after episodes of ischemia. Elevated BNP and NT-proBNP levels have
also been observed in patients with unstable angina (194,195), and during and after PCI
(196,197). In patients with angiographically documented CAD, the rise in BNP concen-
tration is proportional to the size of the reversible perfusion defect (198). In patients with
normal LV systolic function undergoing coronary bypass surgery, circulating BNP levels
are increased and correlate with BNP mRNA expression (199). Patients with signs of exer-
cise-induced ischemia by dobutamine stress echocardiography have been reported to
have higher baseline BNP values (200).

In experimental models, BNP production and release are rapidly increased after the
induction of myocardial ischemia. For instance, in a Langendorff preparation, the release
of both ANP and BNP was augmented after perfusion with a hypoxic solution (46). BNP
gene expression is induced rapidly following experimental MI (61). Recent studies sug-
gest that the augmented release of BNP following brief periods of ischemia occurs with-
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out concomitant change in LV end diastolic pressure, suggesting that ischemia per se is
the stimulus for BNP release (201). These observations have raised the possibility that
early activation of natriuretic peptides, by exerting cytoprotective actions, may represent
an important physiological response to myocardial ischemia (202).

Diabetes Mellitus
Patients with diabetes have an increased incidence of CHD, hypertension, and heart

failure (203,204), which is in part induced by the metabolic and structural changes seen
in the diabetic heart. The diabetes-induced structural changes in the myocardium consist
of increased fibrosis and increased ventricular mass (205,206), conditions that together
with the more aggressive atherosclerosis may explain the higher cardiac morbidity and
mortality in patients with diabetes. Both type 1 and 2 diabetes have been associated with
increased levels of natriuretic peptides (207–210). Contrasting population-based data
suggest that diabetes is associated with lower natriuretic peptide concentration (108),
independent of the effect of obesity (108). However, in experimental animal models, dia-
betes increases the expression of cardiac BNP (211) and prevents myocardial growth via
a cGMP-dependent mechanism (212). In humans, acute (i.e., lasting for hours) hyper-
insulinemia causes an increase in ANP, but not of BNP (213). The chronic effects of hyper-
insulinemia on natriuretic peptide levels remain to be elucidated. It has been shown that
measurement of BNP can reliably identify diabetic patients with LV dysfunction indepen-
dent of symptoms of heart failure (214) and may be useful in the clinical setting to identify
patients with diabetes who warrant further cardiac examination (215).

Influence of Age and Gender
Several noncardiac factors may influence the circulating levels of natriuretic peptides

and potentially confound the relation to indices of cardiac function. Age has been shown
to be an important determinant of circulating natriuretic peptide levels (216–218). Both
increased release and decreased clearance may contribute to elevated circulating levels
of BNP and NT-proBNP in advanced age, but the exact mechanisms remain to be elucid-
ated. Subclinical reduction in renal function, increased LV mass, and LV diastolic dys-
function are factors that may be essential for the observed increments in BNP and NT
proBNP levels with age. Population-based studies have convincingly shown that BNP and
NT-proBNP levels not only increase with age but are also significantly higher in women
than in men (216–218). The association between female gender and BNP may be owing
to estrogen status, because BNP levels were found to be higher in women using hormone
replacement therapy (217).

CONCLUSION

Since the discovery of ANP almost 25 yr ago, remarkable progress has been made in
the field of natriuretic peptide research. The role that natriuretic peptides play in cardio-
vascular homeostasis in health and disease has been the subject of intense study, and
current natriuretic peptide research spans from basic molecular biology and genetics to
clinical trials. This research has documented that natriuretic peptides play a central role
in cardiovascular homeostasis and exert pleiotropic autocrine and paracrine effects far
beyond the classic natriuretic and vasorelaxant effects originally described for ANP.
Future research concerning the biology of the natriuretic peptides will likely lead to dis-
coveries that may translate into new advances in clinical medicine.
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SUMMARY

B-type natriuretic peptide (BNP) and the N-terminal fragment of its prohormone
(NT-proBNP) have emerged as the preferred candidates for diagnosis of heart failure,
as well as other clinical applications. Several commercially available assays have been
developed for point-of-care determination as well as for high-throughput automated
laboratory platforms. Knowledge of preanalytic and analytic issues as well as sources
of inter- and intraindividual variability in BNP and NT-proBNP is crucial for clinicians
to allow correct interpretation of test results in routine practice. A few practical points
for the clinical use of BNP and NT-proBNP include the following: Blood sampling may
be performed without a standardized period of rest or posture. However, heavy physi-
cal exercise should be avoided before blood sampling. Blood for BNP determination
must be collected in EDTA-coated plastic tubes, whereas for NT-proBNP serum or
plasma collected in glass or plastic tubes is acceptable. Although the available assays
for BNP correlate closely, owing to lack of assay standardization no two BNP assays
are analytically equivalent at present. Therefore, reference and decision limits cannot
be translated from one BNP assay to another. The stability of BNP is, to some extent,
dependent on the assay used and requires refrigeration if samples are to be tested more
than 4 h after sampling. NT-proBNP is stable for 2 d at room temperature. Because of
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INTRODUCTION

With the discovery of atrial natriuretic peptide (ANP) more than 20 yr ago, it became
apparent that the heart is also an endocrine gland (1). The physiological effects and patho-
physiology of the family of cardiac natriuretic peptides are described in detail elsewhere
(see Chapter 21). Investigators soon recognized the potential for the natriuretic peptides
to provide insight into cardiac function, and the development of specific radioimmunoas-
says for these peptides has enabled realization of this potential for a variety of research and
clinical applications (2).

Because of greater in vitro stability and superior diagnostic performance in compari-
son with ANP, B-type natriuretic peptide (BNP) and the N-terminal fragment of its pro-
hormone (NT-proBNP) have emerged as the preferred candidates for the diagnosis of
heart failure, as well as other clinical applications. Several commercially available assays
for BNP and NT-proBNP have been developed for point-of-care (POC) determination as
well as for high-throughput automated laboratory platforms. The aim of this chapter is
to provide clinicians and scientists with an understanding of the preanalytic and analytic
issues that are critical for proper interpretation of testing for BNP or NT-proBNP in routine
practice, as well as in research applications. With BNP and NT-proBNP becoming more
heavily integrated into clinical practice as diagnostic and prognostic biomarkers, familiar-
ity with differences between these markers and individual assay characteristics becomes
particularly important.

METHODS OF DETERMINATION:
IMMUNOMETRIC (“SANDWICH”) ASSAYS

The commercially available assays for BNP and NT-proBNP are classified as immuno-
metric assays. Such assays incorporate two antibodies that bind to different regions (epi-
topes) of the antigen to be detected (i.e., BNP or NT-proBNP) (Fig. 1A). One of these
antibodies (capture antibody) is usually bound to a solid phase, and the second antibody
(detection antibody) is labeled typically with an enzyme that catalyzes a reaction on which
the detection of the antigen-antibody complex is based (e.g., fluorescence, luminescence).
The immunometric “sandwich” assays typically offer a lower limit of detection, are more
precise, and are frequently more specific than other types of assays, such as “competitive
immunoassays,” thus making them the preferred type of assay (3).

The commercially available, fully automated assays for BNP and NT-proBNP require
15–20 min to measure the analyte but are typically associated with longer turnaround times
when sample transport, processing, and reporting of results are included. As an alternative
to central laboratory testing, POC whole-blood assays are available that provide results
within 20 min (see also Chapter 32). As recommended for cardiac troponin, assays for BNP

analytic imprecision and biological variation, only NT-proBNP changes >25% from
baseline and BNP concentration changes >40% correlate well with clinical course in
follow-up of patients with heart failure. Erroneous test results with BNP or NT-proBNP
assays are very rare but may occur from analytic inferences, such as the presence of fibrin
strands or heterophilic antibodies and autoantibodies in patient samples.

Key Words: Natriuretic peptides; B-type natriuretic peptide; NT-proBNP; impreci-
sion; interference; standardization; reference limit.
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and NT-proBNP should have a total imprecision of ≤10% at their medical decision limits,
in order to avoid misclassifications owing to poor assay precision. Currently, most, but
not all, commercially available BNP and NT-proBNP assays fulfill this criterion.

Issues for Assay Development
It is essential that the binding characteristics (affinities) of the antibodies to the antigen

not be altered when one of these two antibodies is already bound to the antigen. This
objective is facilitated if the detected epitopes are not close in space. Because NT-proBNP
is a larger molecule (8.5 kDa) than BNP (3.5 kDa), it was easier to design an immunometric
assay with antibodies directed against sterically remote epitopes of the analyte. In addi-
tion to targeting epitopes that are sterically distant, the antibodies of an immunometric
assay optimally should target epitopes that are stable, i.e., not subject to conformational
changes or degradation that might interfere with binding of the antibody. Therefore, rational
assay development should be based on a comprehensive knowledge of the structure, for-
mation, degradation, as well as circulating forms of the analyte to be detected.

Fig. 1. Principle of immunometric (sandwich) assay with mechanisms of interference. (A) Normal
situation. The capture antibody (Ab) is usually bound to a solid phase and binds the antigen to be
detected (Ag). The detection antibody binds to a sterically remote region and is labeled with an enzyme
that catalyzes the reaction on which the detection of the antigen-antibody complex is based. (B,C) Ana-
lytic interferences. Heterophilic antibodies may lead either to false positive test results by bridging
between the detection and the capture antibody in the absence of the antigen or to false negative results
by binding to the antigen-binding region of antibodies. Owing to steric hindrance, the antigen cannot
bind to the antibodies although it is present in the sample.
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The structure, formation, secretion, and degradation of BNP are well described; how-
ever, information on circulating products of degradation is limited. High-performance
liquid chromatography (HPLC) of plasma samples reveals predominantly BNP 3-32, which
is formed by proteolytic cleavage of serine and proline at the amino-terminal end of BNP
1-32, and small amounts of BNP 1-32 in vivo and in vitro (4). This modification may affect
the affinity of antibodies that bind to epitopes at the amino-terminal end of the peptide and,
thus, be responsible for variation in the stability of BNP as measured by different commer-
cial assays (Fig. 2). To provide optimal results, BNP assays should have 100% crossreac-
tivity with BNP 3-32. To date, no additional degradation products of BNP 1-32 have been
found in plasma from patients with heart failure by HPLC analysis, and the carboxyl ter-
minal appears to be stable (4,5).

In contrast to BNP, the metabolism and degradation of proBNP are poorly understood.
It is not yet clear whether proBNP is split into NT-proBNP 1-76 and BNP only within
cardiomyocytes, or whether this processing also occurs in serum (Fig. 3). Although split
prohormone can be found in extracts of cardiomyocytes, intact proBNP has also been
found in human blood, indicating that both proBNP and BNP are secreted by cardiac myo-
cytes (6,7). Notably, a “high molecular mass” form of BNP with a molecular mass of
approximately three times that of proBNP has also been detected by HPLC analysis of
plasma from patients with heart failure (6,7). This finding suggests that proBNP circu-
lates in plasma as a trimer. Although all NT-proBNP assays should in theory crossreact
with proBNP, this assertion has not been tested directly owing to difficulty in synthesiz-
ing proBNP. Split products of the N-terminal portion of proBNP have been detected in
circulating plasma as well.

Assays for BNP

DESCRIPTION OF ASSAYS

At present, three assays for BNP (Biosite, Bayer, Abbott) are commercially available for
use in the clinical laboratory. The assay manufactured by Biosite was developed as a quan-
titative POC test that has now also been licensed to be performed on an automated high-

Fig. 2. Principle and antibody selection strategies of immunometric BNP assays.
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throughput platform (Access, Beckman Coulter). The assays manufactured by Bayer and
Abbott are both for automated laboratory platforms. These immunometric assays for BNP
are based on two monoclonal antibodies (MAbs) or a combination of monoclonal and
omniclonal antibodies. One antibody binds to the ring structure that is formed by a disul-
fide bond, and the other antibody binds to the carboxyl- or amino-terminal end, respectively
(Fig. 2). Table 1 summarizes the antibody characteristics of the commercially available
BNP assays.

CALIBRATION AND STANDARDIZATION

Each assay detects BNP without significant crossreactivity to related peptides (ANP,
C-type natriuretic peptide [CNP], urodilatin, NT-proANP and NT-proBNP and fragments)
or other peptide hormones. Because the synthesis of proBNP is very difficult, there are
no published data regarding the affinity of these assays for the prohormone. Synthetic
BNP is used as a calibrator for each of the commercial BNP assays. However, the source
of the synthetic BNP varies among assay manufacturers, which makes standardization
among assays more difficult. It is important for the clinician to recognize that, similarly
to the circumstances for troponin I, the available assays for BNP are not standardized
across manufacturers, and, thus, the concentration of BNP reported for the same sample
may differ among assays (Table 2) (8–11). Nevertheless, there is acceptable concordance

Fig. 3. Synthesis and secretion of BNP and proBNP. aa, amino acid; MM, molecular mass.

Table 1
Antibody Characteristics of BNP Assays Cleared by the Food and Drug Administration

Manufacturer Capture antibody Detection antibody

Bayer/Shionogi Murine MAb vs ring structure Murine MAb vs C-terminus
Biosite/Beckman Murine MAb vs ring structurea Murine omniclonal Aba

Abbott Murine MAb vs ring structurea Murine MAb vs C-terminus

aCurrently no exact information on epitope mapping on the BNP molecule is available from the manu-
facturers.
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of assays using a dichotomous decision limit recommended for the diagnosis of heart
failure at 100 pg/mL. Owing to the lack of standardization, each assay must be validated
separately. Moreover, the reference intervals and decision limits derived from clinical
studies are valid only for the particular assay studied and should not be extrapolated to other
BNP assays (9). It is therefore important for clinicians and laboratory staff to familiarize
themselves with the assay employed in their practice, including the clinical studies on
which its application is based.

Assays for NT-proBNP
Commercially available assays for NT-proBNP do not crossreact with proANP, NT-

proANP, fragments of NT-proANP, natriuretic peptides (ANP, BNP, CNP, urodilatin), or
other peptide hormones. The crossreactivity with proBNP is unknown. The immuno-
metric automated assay manufactured by Roche was the first to be approved for clinical
application. The assay employs polyclonal antibodies that detect epitopes 1–21 and 39–
50 of proBNP (12). Synthetic NT-proBNP 1–76, which is identical to human NT-proBNP
1–76 apart from minor modifications necessary to achieve sufficient in vitro stability, is
used to calibrate the assay. Through licensing agreements, the Roche assay has been
made available on other manufacturers’ platforms (Dade-Behring, DPC) using the same
antibodies and calibrator, as well as adapted as a POC assay.

Additionally, one competitive enzyme immunoassay is available in Europe. Its poly-
clonal antibodies are directed against epitope 8–29 of proBNP (9). This assay does not
correlate closely (r = 0.73) with the Roche assay and does not offer the ease of application,
speed, sensitivity, and specificity of “sandwich” immunometric assays (9). Synx Pharma
has developed an NT-proBNP POC assay (Nexus NT-proBNP). However, correlation
coefficients and regression equations with the Roche assay have not yet been published.
If only the Roche assay (or assays using the same antibodies) is widely used, harmoniza-
tion of NT-proBNP assays—in contrast with BNP—will not present as an issue.

BLOOD-SAMPLING CONDITIONS AND SAMPLE STABILITY

Understanding the critical issues of the preanalytic phase of sample collection is essen-
tial for the clinician because the results of testing for BNP and NT-proBNP are also influ-
enced by factors occurring before the sample reaches the laboratory. Analytic causes of
false results are comparably rare (see False Results).

Table 2
Linear Correlation Coefficients and Regressions Among BNP Assays

Correlation
Manufacturer 1 Manufacturer 2 coefficient Equation

Biosite Shionogi 0.96 Biosite = 1.58 × Shionogi − 2.95 (10)
Biosite Bayer 0.92 Bayer = 0.78 × Biosite + 5.9 (8)
Biosite Abbott 0.95 Abbott = 1.71 × Biosite − 22.5 (11)
Bayer Shionogi 0.98 Bayer = 1.11 × Shionogi − 1.19 (8)
Abbott Shionogi 0.94 Abbott (research assay) = 0.5

Shionogi + 1.22 (43)a

Abbott Bayer 0.99 Abbott = 1.55 × Bayer − 10.4 (44)

aCalibration of the research assay differs from the current routine assay.
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Blood-Sampling Conditions
A standard protocol of extended rest in the supine position has been recommended prior

to measurement of ANP. Owing to longer biological half-lives, BNP and particularly
NT-proBNP are less susceptible than ANP to short-term fluctuations, such as during exer-
cise and rapid changes in hemodynamics (e.g., caused by change in body posture or acute
volume load). We previously reported a significant increase in BNP 3 min after ergometry
in control subjects and patients with mild to moderate heart failure, but the relative increase
from baseline values compared with ANP was small (13). Others have reported that BNP
does not significantly increase after exercise stress testing in control subjects and patients
with heart failure (14). Thus, in contrast to ANP, blood sampling for measurement of BNP
may be performed without a standardized period of rest or position (15). Owing to a longer
half-life of NT-proBNP, the requirements for blood sampling for measurement of NT-
proBNP are even less critical than for BNP.

Drugs such as glucocorticoids, thyroid hormones, diuretics, ACE inhibitors, β-blockers,
and adrenergic agonists may lower the plasma levels of natriuretic peptides. Treatment
with diuretics results in a rapid drop in BNP and NT-proBNP. Therefore, blood samples
intended to be used for the diagnosis of heart failure should ideally be drawn before the
start of therapy. In stable chronic heart failure patients who are receiving optimized ther-
apy, BNP and NT-proBNP concentrations may be unexpectedly low (16). As another
example of confounding by treatment received, human recombinant BNP (nesiritide) is
molecularly identical to endogenously released BNP and will be detected by immunoas-
says for BNP. Thus, BNP should not be measured for diagnostic or monitoring purposes
during infusion of nesiritide. Two hours (i.e., more than five times the half-life) after dis-
continuation of the infusion, therapeutically administered BNP should no longer contrib-
ute to the measured BNP concentration. Exogenous BNP does not crossreact with assays
for NT-proBNP.

Types of Sample
EDTA anticoagulated whole blood or plasma samples collected in plastic tubes are

optimal for measurement of BNP (17). Collection and storage in glass tubes results in
incomplete recovery of BNP. Serum, heparin plasma, and EDTA plasma (values are 10%
lower) are acceptable for determination of NT-proBNP, and glass tubes may be used (12).
Presently, one system (Nexus NT-proBNP) allows measurement of NT-proBNP in whole
blood.

Sample Stability
The in vitro stability of both BNP and NT-proBNP is sufficient for routine clinical use.

The in vitro stability of BNP is dependent on the assay used for determination (see Issues
for Assay Development). BNP is stable in EDTA whole blood at room temperature for
4 h (Biosite and Abbott assays), and at 4°C for 24 h (Bayer assay). EDTA plasma is stable
at 4°C for 24 (Abbott assay) and 48 h (Bayer assay). A significant decrease in plasma
BNP concentrations was noted when BNP was measured after 24 h of storage at 4°C with
the Biosite assay (12). If samples are not to be analyzed within several hours, it is rec-
ommended that the plasma be frozen at or below −20°C.

NT-proBNP is stable in whole blood or in EDTA or heparinized plasma samples for
2 to 3 d at room temperature (18,19). NT-proBNP is stable in serum samples if serum is
separated from cells within 24 h. NT-proBNP is stable in serum or plasma samples for
several days at 4oC and for 12 mo at or below −20°C (12,18,19).



380 Cardiovascular Biomarkers

REFERENCE RANGES AND BIOLOGICAL VARIATION

Lack of Assay Standaridization
Owing to lack of assay standardization no generally applicable reference intervals for

BNP can be defined at present. Currently, BNP reference and decision limits must be
determined separately for each assay. Although assays for NT-proBNP are not yet stan-
dardized either, it is expected that the dependence of the most widely used assays on
antibodies and calibrators from the same source will result in an acceptable agreement
of reference ranges. In general, the concentrations of NT-proBNP are approx 20 times
higher than those of BNP (12).

Age- and Gender-Related Differences
Many studies report higher BNP and NT-proBNP concentrations in women, and a

concurrent increase with age in both genders (see Fig. 4; 8,12,19–22). This variation by
age and gender is mediated in part by mild renal impairment, left ventricular hypertro-
phy, and abnormal systolic and diastolic cardiac function (22). Nevertheless, studies that
excluded subjects with any measurable renal dysfunction and even subtle evidence of
diastolic dysfunction have shown age and gender differences in BNP and NT-proBNP
to remain. The physiological basis for these differences is not yet clearly defined. How-
ever, observations from several settings provide some clues as to potential contributors.
For example, there are no significant variations in BNP plasma concentrations through-
out the menstrual cycle (23). However, increased plasma BNP levels have been reported
in the last trimester of pregnancy and in the immediate puerperium (24). In healthy
neonates, BNP and NT-proBNP concentrations are much higher than in adults (approx
10- to 20-fold) and are highest immediately after birth, descend through maturation, and
reach adult levels at about 1 mo of age (25–27). This observation suggests a physiological
role of BNP in the perinatal circulatory changes that lead to an increase in left ventricular

Fig. 4. Influence of age and gender on BNP concentrations in a healthy adult reference population.
Data are from the Bayer multisite trial (8).
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volume and pressure load. Notably, there is no significant influence of gender on the
plasma concentration of BNP in children <10 yr of age; the sex-related difference emerges
in the second decade of life (26). Such findings implicate estrogen as contributing to the
observed differences.

This disparity in the concentration of BNP between men and women and younger vs
older individuals suggests that age- and gender-specific reference intervals should be used
routinely to interpret BNP and NT-proBNP values; that is, a single cutoff value without
adjustment for age and sex may not be optimal (Table 3). Normal reference limits (97.5th
percentile) should be independently established for both BNP and NT-proBNP based on
age (by decade) and by gender. Preliminary data indicate some ethnic differences in the
concentration of natriuretic peptides. Thus, variation based on ethnicity needs to be fur-
ther evaluated as a possible independent factor to be considered when interpreting BNP
results. Based on limited data in the setting of acutely decompensated heart failure in
which markedly increased BNP and NT-proBNP concentrations can be expected, a sin-
gle decision limit is sufficiently accurate for the diagnosis of heart failure (28).

Biological Variation
A lack of understanding of the physiological and biological variability of BNP and

NT-proBNP in patients with heart failure may result in clinicians misinterpreting changes
(increases or decreases) in BNP and NT-proBNP concentrations in the context of disease
monitoring and establishing the success or failure of therapy. Data on biological variation
from carefully designed studies are limited and conflicting. In healthy subjects, BNP
does not exhibit circadian variation when determined every third hour over 24 h (21).
Similarly, there is no circadian variation in NT-proBNP. However, in some, but not all
(21), studies, both BNP and NT-proBNP exhibit an intraindividual biological variability
of 25–45% (29,30). Based on their data, Wu et al. (29) propose that relative changes on
the order of 130% for BNP and 90% for NT-proBNP are necessary before results from
two serially collected time points can be considered statistically significant. By contrast,
others suggest that based on the analytic imprecision of available assays and more modest
intraindividual variation of BNP and NT-proBNP, it is more reasonable to consider changes
>25% from the baseline concentration as a real difference in serial measurements (30).
Moreover, decreases in BNP >40% correlate well with clinical improvement and a decline
in the mortality of patients with heart failure (31,32).

Table 3
Influence of Age and Gender

on NT-proBNP Concentrations (ng/L)
in a Healthy Adult Reference Populationa

NT-proBNP reference limit

Age (yr) Male Female

<40 <90 <140
40–60 <190 <280
60–75 <300 <300
>75 <450 <450

aPooled data from the literature for the Roche
assay (19,26,27).
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FALSE RESULTS
As with other immunoassays, false-positive or false-negative BNP or NT-proBNP

results are rare but may occur (33–35). Assays differ in their susceptibility to analytic inter-
ferences. Some analyzers may be particularly susceptible to the presence of particles (e.g.,
fibrin strands) or bubbles in the sample, thereby causing erroneous test results.

Interfering Antibodies
Human antianimal (heterophilic) antibodies, rheumatoid factor, and autoantibodies in

patients with autoimmune diseases are potential sources for false test results. Commer-
cial assays include blocking agents to minimize these analytic interferences, but this
method may not be effective in every situation. Exposure to animal antigens (e.g., close
contact with animals or treatment with antibody fragments, such as abciximab) can give
rise to human antianimal antibodies. The BNP and NT-proBNP assays are mainly based
on mouse antibodies, and, therefore, human antimouse antibodies are most relevant to
clinical practice. Heterophilic antibodies and autoantibodies may lead either to false pos-
itive test results, by bridging between the detection and the capture antibodies in the absence
of the analyte, or to false negative results, by interfering with the binding of the assay anti-
bodies (Fig. 1B,C). Heterophilic antibodies may persist for months to years after initial
exposure.

Interfering Particles
The presence of fibrin strands in serum that is processed for analysis prior to complete

clot formation is known to cause errors in many immunoassay systems. The susceptibil-
ity of the different automated immunoassay analyzers to such interference varies. Fibrin
strands are only of concern for NT-proBNP measurement when conducted using serum
samples. Blood for BNP determination must be collected in EDTA-coated plastic tubes.
EDTA is important for in vitro stabilization of BNP because it inhibits degradation by
metalloproteases (36). NT-proBNP may also be measured using fresh plasma samples.
If serum is used, it is important to ensure that the clotting process is complete prior to cen-
trifuging the sample in order to eliminate the presence of microfibrin strands. Icteric and
hemolyzed samples may also cause inaccuracy in immunoassays based on fluorimetric
detection of the signal.

Other Conditions That Increase Natriuretic Peptides
Concentrations of BNP and NT-proBNP may be elevated in settings other than acute

heart failure. Such increases do not represent analytic false positives but may cause “false
positive” clinical diagnostic results, if other etiologies for abnormal BNP results are not
considered. Disease processes other than heart failure (e.g., renal and thyroid function)
have been shown to influence the concentration of natriuretic peptides (37). As an exam-
ple, hyperthyroidism increases and hypothyroidism decreases natriuretic peptide con-
centrations (38). Renal impairment has been shown to increase NT-proBNP concentrations
substantially and BNP to a lesser extent (39,40). In severe renal impairment (glomerular
filtration rate of <60 mL/[min.1.73 m2]) and end-stage renal diseases, testing of BNP or
NT-proBNP may be difficult to interpret because decision limits for the diagnosis of heart
failure or risk stratification were developed almost solely in patients without significant
renal dysfunction. Appropriate BNP and NT-proBNP reference intervals in these special
populations should be established.
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Obesity has also been reported to have an impact on BNP concentration in apparently
healthy subjects and in patients with heart failure. Either an attenuation of BNP release
or an increase in clearance may explain the inverse relationship between body mass index
and BNP (41,42).

Managing Potential False Test Results
False positive test results should be suspected in the setting of elevated BNP or NT-

proBNP values that do not exhibit variation consistent with the clinical picture or the serial
kinetics. Similarly to that for troponin, serial testing can be very valuable in discerning false
test results. Analytic false positives resulting from poor sample handling will resolve
with proper technique. Clinicians should consult with their laboratory if heterophilic anti-
bodies or autoantibodies are suspected, and appropriate testing may be performed. In the
vast majority of cases, “false positive” results are the consequence of other conditions
leading to a rise in BNP concentration; thus, the clinician must always consider alternative
diagnoses in this situation. False negative tests may be substantially more difficult to detect
but fortunately are extremely rare. Obesity is the most common clinical setting in which
the concentration of BNP and NT-proBNP may be significantly lower than expected despite
the presence of heart failure.

CONCLUSION

Clinicians and the laboratory community are excited about the potential of BNP and
NT-proBNP for the diagnosis and management of cardiovascular disease. Knowledge of
preanalytic and analytic issues as well as sources of inter- and intraindividual variability
in BNP and NT-proBNP is crucial for clinicians to allow correct interpretation of test results
in routine practice. A few practical points are important for the clinical use of BNP and
NT-proBNP:

1. Blood sampling for BNP or NT-proBNP may be performed without a standardized period
of rest or posture. However, heavy physical exercise should be avoided before blood
sampling.

2. Blood for BNP determination must be collected in EDTA-coated plastic tubes, whereas
for NT-proBNP collection of serum or plasma in glass or plastic tubes is acceptable.

3. Although the available assays for BNP correlate closely, owing to lack of assay standard-
ization no two BNP assays are analytically equivalent at present. Therefore, reference
and decision limits cannot be translated from one BNP assay to another. The practitioner
must consider the assay used and the clinical evidence available based on the individual
assay used in the laboratory. The majority of NT-proBNP assays are based on the same
antibodies and calibrators and are expected to provide acceptable agreement of medical
decision limits.

4. The stability of BNP is somewhat dependent on the assay used and requires refrigeration
if samples are to be tested more than 4 h after sampling. NT-proBNP is stable for 2 d at
room temperature.

5. In healthy individuals, BNP and NT-proBNP values are higher in women and increase with
age in both men and women.

6. Because of analytic imprecision and biological variation only NT-proBNP changes >25%
from baseline and BNP concentration changes >40% correlate well with clinical course
in follow-up of patients with heart failure.
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7. Erroneous test results with BNP or NT-proBNP assays are very rare but may occur from
analytic inferences, such as the presence of fibrin strands or heterophilic antibodies and
autoantibodies in patient samples.
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SUMMARY

Since the approval of B-type natriuretic peptide (BNP) as an aid to the diagnosis of
heart failure by the US Food and Drug Administration in November 2000, this novel
biomarker has generated intense interest for both clinical and research applications in
patients with or at risk of heart failure. Initially focused on the urgent, bedside diagnosis
of heart failure, BNP testing in settings outside of the emergency department has been
supported by subsequent research. Not only is BNP a useful adjunct for diagnosing and
monitoring patients with heart failure (stages C and D), but studies now suggest that BNP
provides independent prognostic information with respect to the risk of death or rehos-
pitalization. In addition, BNP may have a role in screening high-risk patients for the pres-
ence of underlying cardiac dysfunction (stages A and B). BNP is established as a useful
tool for aiding the diagnosis and risk stratification of patients with heart failure. In addi-
tion, the potential for using BNP in screening, in monitoring, and as a target for therapy
continues to be explored.

Key Words: Natriuretic peptides; B-type natriuretic peptide; NT-proBNP; heart fail-
ure; diagnosis; prognosis.
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INTRODUCTION

Since its approval by the US Food and Drug Administration in November 2000 as an
aid to the diagnosis of heart failure, the novel biomarker B-type natriuretic peptide (BNP)
has generated intense interest for both clinical and research applications in patients with
or at risk of heart failure. With up to 70% of all hospitals in the United States using BNP
testing, it is important for the clinician to have a firm grasp of the evidence and issues related
to its application (1). Figure 1 illustrates the new American College of Cardiology/Amer-
ican Heart Association (ACC/AHA) heart failure staging system and the potential value
of BNP testing in each of the four stages. Initially focused on the urgent, bedside diagno-
sis of heart failure, BNP testing in settings outside of the emergency department (ED) has
been supported by subsequent research. BNP is not only a useful adjunct for diagnosing
and monitoring patients with heart failure (stages C and D); studies now suggest that BNP
provides independent prognostic information regarding the risk of death or rehospitaliza-
tion. Furthermore, there may be a role for BNP in screening high-risk patients for the pres-
ence of underlying cardiac dysfunction (stages A and B) (2–4). This chapter provides an
up-to-date distillation of the current and proposed application of BNP as a biomarker for
diagnosis, prognosis, screening, and treatment monitoring in patients with or at risk of
heart failure.

The incidence and prevalence of heart failure continue to increase steadily in the United
States (Fig. 2). Approximately 61 million Americans (almost one-fourth of the popula-
tion) live with cardiovascular disease, of which 4.7 million are symptomatic heart failure
patients. This number is expected to increase to an estimated 10 million in 2037, thus mak-
ing heart failure disease a leading cause of premature, permanent disability in the workforce
(5,6). The cost of managing heart failure is estimated at $56 billion/yr, 70% of which results
from hospitalization. In a study of 17,000 survivors of hospitalization for heart failure,
almost 50% were readmitted within 6 mo, and close to 16% were readmitted two or more
times (7).

BIOLOGY AND PHYSIOLOGY OF NATRIURETIC PEPTIDES

In addition to being an extremely effective pump, the human heart is an important endo-
crine organ that functions together with other physiological systems to control fluid homeo-

Fig. 1. ACC/AHA classification of heart failure stages and potential application of BNP. HF, heart
failure; Sx, symptoms.
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stasis. Cells of the heart synthesize a family of structurally related peptide hormones,
collectively termed the natriuretic peptides, that include atrial natriuretic peptide (ANP)
and brain or BNP. The biology of this family of proteins is described in detail in Chapter
21. The natriuretic peptides are released in response to wall stretch, ventricular dilation,
and/or increased pressures, all resulting from fluid overload (8), and exert powerful diu-
retic, natriuretic, and vascular smooth muscle relaxing actions (Fig. 3). These hormones are
also natural antagonists for the sympathetic nervous system and the renin–angiotensin–

Fig. 2. Prevalence of heart failure (HF) in United States. *Expected increase. (Data from refs. 5,6.)

Fig. 3. Actions of natriuretic peptide system. ET, endothelin; CNP, C-type natriuretic peptide.
(Reproduced from ref. 65, with permission.)
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aldosterone axis (8–10). The main physiological role of the natriuretic peptides is to pro-
tect the cardiovascular and other systems from the effects of volume overload.

ANALYTIC AND ASSAY CHARACTERISTICS

Analytic issues important to the clinical use of BNP are discussed in Chapter 22. A few
practical points are worth reiterating here:

• Either central laboratory instrumentation or point-of-care (POC) testing systems are
acceptable.

• When interpreting natriuretic peptide results, one needs to consider carefully laboratory
and biological variation, including that related to sex, obesity, and renal function.

• The results of natriuretic testing are dependent on the type of test. Cut points for N-termi-
nal proBNP (NT-proBNP) and BNP are not interchangeable. Moreover, different assays
for BNP may also differ with respect to values reported for the same sample. A list of
clinically available assays for BNP is provided in Table 1.

BNP TESTING AND DIAGNOSIS
OF SYMPTOMATIC HEART FAILURE

Role of BNP Levels in Diagnosis of Heart Failure in ED Settings
Although substantial advances have been made in the understanding of the pathophys-

iology and treatment of heart failure, diagnosis of the disease remains difficult. For the
acutely ill patient presenting to the ED with dyspnea, an incorrect diagnosis carries the
consequence of higher risk of morbidity and mortality (11). Therefore, the diagnosis of
heart failure in emergency settings must be rapid and accurate. Unfortunately, the signs
and symptoms of heart failure are nonspecific (12). Dyspnea may also be a nonspecific
finding in the elderly or obese patient in whom comorbidity with respiratory disease and
physical deconditioning are common (13). Routine laboratory results, electrocardiograms
(ECGs), and X-rays are also often insufficient to make the appropriate diagnosis (13–16).

Strong and consistent data establish the value of BNP for facilitating the diagnosis of
heart failure in patients presenting with dyspnea. Davis et al. (17) first measured levels
of the natriuretic hormones ANP and BNP in 52 patients presenting with acute dyspnea
and found that the plasma concentration of BNP more accurately reflected the final diag-
nosis than did ejection fraction or the plasma concentration of ANP. Dao et al. (18) were
the first to use a rapid POC BNP assay to evaluate patients presenting to an urgent-care
center with dyspnea (n = 250). The evaluating physicians were asked to make an assess-
ment of the probability of heart failure (low, medium, or high) for each patient and were
blinded to the results of BNP measurements. The finding that the BNP results were the
strongest predictor of the diagnosis of heart failure was the basis for the design of the
Breathing Not Properly study, the first large-scale, prospective study using BNP testing
to evaluate the cause of dyspnea.

The Breathing Not Properly Multinational Study enrolled 1586 patients who pre-
sented to the ED with acute dyspnea (19). The blood concentration of BNP was measured
on arrival. On completion of their evaluation, the ED physicians (blinded to BNP) were
asked to assess the probability of the patient having heart failure. In addition, two indepen-
dent cardiologists also blinded to the BNP levels later reviewed all clinical data and stan-
dardized scores to produce a clinical diagnosis that was used as the “gold standard” for
this study. In the analysis of diagnostic performance, the concentration of BNP used
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alone was a more accurate predictor of the presence or absence of heart failure than any
historical or physical findings or other laboratory values. The concentration of BNP was
significantly higher in patients with heart failure than in those with noncardiac dyspnea
(675 vs 110 pg/mL). A BNP cutoff value of 100 pg/mL provided a sensitivity of 90% and
a specificity of 76% for differentiating heart failure from other causes of dyspnea, and a
cutoff level of 50 pg/mL had a negative predictive value (NPV) of 96% (Fig. 4). Moreover,
the addition of BNP to the physician’s traditional clinical tools reduced the rate of indeci-
sion regarding the diagnosis from 43 to 11% (Fig. 5). In multivariable analysis, measure-
ment of BNP contributed to the diagnosis, even after taking into account features of the
history and physical examination.

Using BNP Levels to Triage Patients Presenting With Acute Dyspnea
Measurement of BNP helps to make the diagnosis of heart failure in the ED and may

also assist in triage decisions, such as in identifying those patients who should be admitted
directly vs those who might be treated and then discharged. In The Rapid Emergency
Department Heart Failure Outpatient Trial (20) in 464 patients presenting to the ED with
complaints of difficulty breathing, BNP measurements were performed on arrival, and then
every 3 h in the ED, at the time of hospital admission, and at discharge. Physicians were
informed only whether the initial BNP level was greater or less than 100 pg/mL and were
blinded to subsequent BNP results. Notably, patients discharged from the ED had a higher
median concentration of BNP than those admitted to the hospital (976 vs 766 pg/mL).
Approximately 90% of all patients were admitted to the hospital. Of those admitted, 11%
had BNP levels <200 pg/mL, indicative of less severe heart failure. Mortality for these
patients was 0% at 30 d and only 2% at 90 d. Of the patients discharged from the ED, 78%
had BNP levels >400 pg/mL. At 90 d, the mortality in this group was 9%. There were no

Fig. 4. Receiver operating characteristic (ROC) analysis of BNP as diagnostic test for heart failure
among patients presenting with dyspnea and enrolled in Breathing Not Properly Multinational Study.
HF, heart failure; Dx, diagnosis. (Data from ref. 19.)
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Fig. 5. (A) Frequency distribution of pretest assessment of heart failure by emergency physicians in
patients presenting with dyspnea and enrolled in Breathing Not Properly Multinational Study; (B)
accuracy of physician’s diagnosis using all available tools except BNP, BNP alone, or the two com-
bined; (C) rate of indecision based on clinical evaluation alone or using BNP. (Data from ref. 19.)

deaths through 90 d in patients discharged with a BNP <400 pg/mL. The results of this
study demonstrated discordance between the perceived severity of heart failure by ED
physicians and severity as determined by BNP. Thus, BNP testing in this setting may
assist physicians in triaging patients, and making decisions regarding initial treatment.

The BASAL Study (21) evaluated the cost-effectiveness of BNP testing for guiding
both the ED evaluation and in-patient management of patients with heart failure. Inves-
tigators randomly assigned patients presenting to the ED with dyspnea to undergo either
a single measurement of BNP or no such measurement. Participating clinicians were
advised that a level of BNP <100 pg/mL made the diagnosis of heart failure unlikely,
whereas a level >500 pg/mL made it highly likely. For intermediate levels, the use of
clinical judgment and adjunctive testing was encouraged. In this single-blind trial of 452
patients, rapid measurement of BNP in the ED was associated with a 10% decrease in the
rate of hospital admission, a reduction in the median length of stay by 3 d, and a reduction
in the mean total cost of treatment by approx $1800 (26% decrease), with no adverse
effect on the risk of death or subsequent hospitalization. Because the study was performed
in Switzerland, the data regarding length of hospitalization and costs might not be directly
applicable to the United States. Nevertheless, this carefully performed trial suggests that
the use of BNP in the emergency evaluation of acute dyspnea can improve both the effi-
ciency and the quality of care by reducing the use of hospital resources and associated costs
by eliminating the need for other, more expensive tests, or by establishing an alternative
diagnosis that does not require hospitalization.
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Comorbidity and Special Issues That Influence Interpretation of BNP
RENAL INSUFFICIENCY

The Breathing Not Properly Multinational Study and other observational studies have
demonstrated a correlation between estimated glomerular filtration rate (eGFR) and BNP
in patients with and without heart failure (22). Findings from this study indicated that the
concentration of BNP should not be interpreted in isolation but should be integrated with
other findings in the diagnostic evaluation. Chronic kidney disease influences the opti-
mal threshold for BNP in the diagnosis of heart failure. In general, as the stage of chronic
kidney disease advances, a higher cut point of BNP is required to maintain specificity. For
example, a cut point of 200 pg/mL is reasonable for those with an eGFR <60 mL/(min.1.73
m2). Despite the presence of renal dysfunction, BNP maintains a high level of diagnostic
utility with an area under the ROC curve of >0.80 across all chronic kidney disease groups
(Table 2).

The mechanism(s) underlying the higher concentration of BNP in patients with chronic
kidney disease are not yet completely elucidated. It is possible that reduced renal blood
flow in acute heart failure can result in increases in serum creatinine and, hence, a falsely
lower eGFR. In addition, chronic volume overload owing to chronic kidney disease with
or without heart failure can increase left ventricular (LV) hypertrophy and wall tension,
thus stimulating secretion of BNP. In fact, multiple studies of systolic heart failure have
demonstrated a decreased survival with reduced baseline eGFR (23).

PULMONARY DISEASE

The presence of concomitant pulmonary disease does not diminish the utility of the
BNP test in distinguishing patients with heart failure from those without heart failure.
Morrison et al. (24) showed that rapid testing of BNP could differentiate pulmonary from
cardiac etiologies of dyspnea. Some types of pulmonary disease that provoke significant
increases in wall stress in the right heart, such as cor pulmonale, lung cancer, and pulmo-
nary embolism (PE), are associated with elevated levels of BNP. However, the magnitude

Table 2
Other Conditions Influencing Interpretation of BNP

Renal insufficiency
• BNP is increased in patients with chronic renal insufficiency (eGFR < 60); however it is

still useful for the diagnosis of heart failure using a higher cut point, especially when
baseline BNP levels are known. The relationship between NT-proBNP levels is less clear,
although patients with renal insufficiency often have high levels of NT-proBNP.

Pulmonary disease
• Lung disease that results in pulmonary hypertension and right ventricular pressure or

volume overload can lead to elevated BNP levels (usually in the range of 100–500 pg/mL).
• A high BNP level is associated with worse prognosis in several of these settings.
• BNP may be a useful screening test for patients with lung disease and associated cardiac

risk factors, because many of these patients have underlying cardiac disease. A low BNP in
this setting effectively rules out cardiac dysfunction.

Obesity
• Because patients with heart failure and obesity may have lower levels of BNP for any given

NYHA functional class, low levels of BNP should be interpreted with caution.
• An obese patient with established heart failure can be followed for decompensation if

baseline BNP levels are known.
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of increase is typically less than that for patients with dyspnea from heart failure (Fig. 6).
In a substudy of the Breathing Not Properly Multinational Study (25), among 417 sub-
jects with a history of asthma or chronic obstructive pulmonary disease without prior heart
failure, 21% were newly discovered to have heart failure. Only 37% of these new cases
were identified by physicians in the ED, whereas a concentration of BNP >100 pg/mL iden-
tified 93%. Additionally, a level of BNP >100 pg/mL has been shown to provide diagnos-
tic information beyond that obtained from individual chest radiographic indicators (26).

Because BNP levels appear to correlate with pulmonary capillary wedge pressure and
are helpful in differentiating heart failure from lung disease, measurement of BNP may
be of value in differentiating noncardiogenic from cardiogenic pulmonary edema (27).
For example, when BNP levels were obtained in 35 patients with acute respiratory distress
syndrome (ARDS) and in 42 patients hospitalized for severe dyspnea with the diagnosis
of heart failure, the median level of BNP in patients with heart failure (773 pg/mL) was
significantly higher than for patients with ARDS (123 pg/mL; p < 0.001). The area under
the ROC curve using BNP to differentiate heart failure from ARDS was 0.90 (0.83–0.98;
p < 0.001). At a cut point of 360 pg/mL, BNP provided 90% sensitivity, 86% specificity,
89% positive predictive value (PPV), and 94% NPV (accuracy: 88%) for the discrimin-
ation of ARDS vs heart failure. Thus, BNP may prove useful as an alternative to invasive
hemodynamic monitoring in some settings.

Increased plasma concentrations of BNP are also present in some patients with large pul-
monary emboli and are associated with poor prognosis (28). Similarly, plasma levels of
BNP are closely related to the degree of functional impairment of patients with primary
pulmonary hypertension and parallel the severity of pulmonary hemodynamic changes
(29). It is speculated that serial measurements of BNP may improve the management of
these patients.

DIASTOLIC DYSFUNCTION

Like systolic ventricular dysfunction, diastolic (or nonsystolic) dysfunction is also
associated with an increased concentration of BNP (30,31). In the Breathing Not Properly

Fig. 6. Concentration of BNP in patients with pulmonary disease. COPD, chronic obstructive
pulmonary disease.
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study, BNP levels in patients with diastolic dysfunction were roughly 50% of the median
concentration for patients with systolic dysfunction (Fig. 7) (32). A number of studies
have described the detection of diastolic dysfunction using BNP. For example, Lubien
et al. (30) assessed BNP levels in 294 patients referred for echocardiography. Patients
found to have evidence of LV diastolic dysfunction (n = 119) had a mean BNP concen-
tration of 286 ± 31 pg/mL compared with 33 ± 3 pg/mL in the group without LV dysfunc-
tion (n = 175). Patients with restrictive-like filling patterns on echocardiography had the
highest levels of BNP (408 ± 66 pg/mL), and patients with symptoms had higher BNP
levels in all diastolic filling patterns. The area under the ROC curve for BNP to detect
any diastolic dysfunction was 0.92 (0.87–0.95; p < 0.001). A BNP value of 62 pg/mL had
a sensitivity of 85%, a specificity of 83%, and an accuracy of 84% for detecting diastolic
dysfunction when systolic function was normal. In the future, drug trials for treating
patients with diastolic dysfunction may use BNP concentrations as an inclusion criterion
as well as an end point for treatment success.

OBESITY

Obesity is a strong risk factor for the development of heart failure (33), yet obesity can
interfere with the usual diagnostic approaches, including the physical examination, chest
X-ray, and echocardiography (34,35). Thus, BNP has the potential to play an important
role as an adjunct to the diagnosis of heart failure in this challenging population. How-
ever, interpretation of BNP results in this setting requires special consideration. Mehra et
al. (36) were the first to demonstrate that there is a significant inverse relationship between
BMI and the plasma concentration of BNP. Mehra’s data are supported by similar findings
from the Breathing Not Properly Multinational Study (37) (Fig. 8). Notably, only 8–24%
of patients with heart failure and a BMI >30 kg/m2 had BNP levels >1000 pg/mL.

Practical Recommendations for Use of BNP in Evaluation of Acute Dyspnea
Measurement of BNP is of proven diagnostic utility in the evaluation of patients with

acute dyspnea. Thus, in new patients presenting with dyspnea, a history, a physical exam-

Fig. 7. Concentration of BNP in patients with diastolic heart failure. (Data from ref. 32.)
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ination, a chest X-ray, and an ECG should be undertaken together with laboratory mea-
surements that include BNP. Current data suggest the following guidelines:

1. Because levels of BNP rise with age and are affected by gender, comorbidity, and drug
therapy, do not use the BNP value in isolation from the clinical context.

2. If the BNP level is <100 pg/mL, heart failure is highly unlikely (NPV 90%).
3. If the BNP level is >500 pg/mL, heart failure is highly likely (PPV 90%).
4. For BNP levels between 100 and 500 pg/mL, also consider the following possible eti-

ologies:
• Stable LV dysfunction.
• Right ventricular failure from cor pulmonale.
• Acute PE.
• Renal failure.

5. Patients may present with heart failure with normal or unexpectedly low levels of BNP
in the following circumstances:
• Flash pulmonary edema (<1 to 2 h).
• Etiology of heart failure at the level of left atrium (e.g., acute mitral regurgitation from

papillary muscle rupture).
• Obesity (BMI >35).

There is often a discrepancy between the physician’s perception of illness and the
severity indicated by BNP. The complementary information available from BNP may help
to determine objectively the severity of congestive heart failure and therefore be useful
to triage decisions. Patients with a BNP <200 pg/mL who are otherwise stable (e.g., no
acute coronary syndrome) probably do not warrant admission.

USE OF BNP FOR RISK STRATIFICATION IN HEART FAILURE

BNP is a valuable marker for risk stratification in the setting of heart failure. In a study
of 78 patients referred to a heart failure clinic, BNP showed a significant correlation to
the heart failure survival score (38). In addition, changes in the plasma concentration of
BNP were related to changes in the limitation of physical activities and were associated
with the likelihood of deterioration in functional status. As such, BNP levels reflect New

Fig. 8. Relationship between frequency of marked elevation in BNP (>1000 pg/mL) and BMI.
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York Heart Association (NYHA) functional classification (Fig. 9). Harrison et al. (39)
followed 325 patients for 6 mo after an index visit to the ED for dyspnea. Higher levels
of BNP were associated with a progressively worse prognosis (Fig. 10). The relative risk
(RR) of 6-mo heart failure admission or death in patients with BNP levels >230 pg/mL
was 24 times the risk for patients with lower levels.

BNP and Prognosis in Hospitalized Patients
Cheng et al. (40) followed the daily levels of BNP in 72 patients admitted with decom-

pensated heart failure and the relationship to 30-d death or readmission. Patients with high

Fig. 9. Correlation of BNP with NYHA class. (Data from ref. 66.)

Fig. 10. Risk of death or rehospitalization for heart failure stratified by BNP measured at time of visit
to ED with dyspnea. (From ref. 39, with permission.)
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BNP levels at both the time of admission and discharge were most likely to experience
a recurrent cardiac event. Specifically, only 16% of patients with a fall in BNP levels dur-
ing hospitalization had a subsequent cardiac event, whereas 52% of those with rising BNP
levels during treatment either were readmitted or experienced cardiac death. Patients
with a concentration of BNP that declined to <430 pg/mL had a reasonable likelihood of
not being readmitted within the following 30 d. These observations regarding the value of
serial determinations of BNP were supported by a similar study in which failure of BNP
to decline over the hospitalization was associated with a higher risk of death/rehospitaliza-
tion, whereas discharge levels <250 pg/mL were indicative of high event-free survival (41).

BNP and Prediction of Sudden Cardiac Death
Several studies suggest that the level of BNP, perhaps by reflecting ventricular dilata-

tion and stretch, may indicate risk of ventricular arrhythmias and sudden cardiac death.
In a study of 452 ambulatory patients with mild to moderate heart failure (NYHA functional
classes I and II) and LV ejection fraction <35%, the level of BNP was independently asso-
ciated with the risk of sudden cardiac death (42). Only 1% (1 of 110) of patients with BNP
<130 pg/mL died suddenly compared with 19% (43 of 227) of patients with BNP levels
>130 pg/mL. In addition, small studies have shown that the concentration of BNP falls
when cardiac resynchronization therapy (CRT) is initiated and rises when CRT is sub-
sequently deactivated (43,44).

Association of BNP With Cardiac Troponin I in Heart Failure

There is increasing evidence that myocyte necrosis and apoptosis contribute to progres-
sive LV dysfunction in heart failure (45). Several studies have reported release of cardiac
troponin in patients with decompensated heart failure in the absence of acute coronary
syndrome or coronary artery disease (46). Moreover, BNP and troponin appear to offer com-
plementary information with respect to prognosis (47).

SCREENING FOR VENTRICULAR DYSFUNCTION

The success of a population-based screening program for a disease condition is depen-
dent on several factors, including the prevalence of disease; the availability of a reliable
screening test that is safe and inexpensive; proven effective treatment for the disease; and
the availability of, and compliance with, follow-up care of individuals who have disease.

Given its high sensitivity, measurement of BNP is an attractive strategy to exclude LV
systolic dysfunction in individuals with “normal” results. However, good diagnostic tests
may not be optimal screening tests. In symptomatic patients, a test with a high sensitivity
is critical because the consequences associated with missing a diagnosis are typically
substantial. However, in the screening of asymptomatic patients, a high specificity is of
increased importance because of the costs and risks associated with unnecessary additional
testing and incorrect diagnosis (48).

Population-Based Screening
A study from the MONICA (MONitor trends In CArdiac disease) cohort assessed the

performance of BNP for identifying LV dysfunction in 1252 community-based patients
25–74 yr of age (49). A plasma concentration of BNP >17.9 pg/mL was found to have a
sensitivity of 76% and a specificity of 87% for LV dysfunction as defined by an ejection
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fraction <30%. The NPV was 97%, but the PPV was only 16%. Moreover, in a cohort of
2177 participants from the Framingham study, measurement of BNP was not useful in dis-
criminating LV hypertrophy or systolic dysfunction, suggesting limited usefulness of BNP
as a population-screening tool. Because of the low prevalence of disease as well as age-
and gender-related changes in BNP levels, screening low-risk populations is not likely to
yield good results.

However, the same investigators examined the long-term prognostic importance of
the levels of BNP in asymptomatic middle-aged persons in the Framingham Offspring
Study (3). After adjusting for traditional risk factors, the level of BNP was independently
associated with the risk of death, heart failure, atrial fibrillation, and stroke over a mean
follow-up period of 5 yr. A concentration of BNP >80th percentile in this cohort (20 pg/
mL) was associated with a >60% increase in the long-term risk of death.

Screening in Higher-Risk Populations
Using traditional cut points, Silver and Pisano (50) found a high incidence of elevated

levels of BNP in an unselected at-risk population in a community-based setting. Along
with other emerging evidence, this observation suggests that BNP may serve as a viable
screening tool to detect patients progressing from stage A to stage B in the natural history
of heart failure (Fig. 1).

In the Hillingdon Heart Failure Study, one-third of patients referred with a new diag-
nosis of heart failure to a rapid-access clinic by a primary care physician had the diagnosis
confirmed (51). The diagnostic value of the plasma BNP concentration compared very
favorably with the clinical opinion of an expert panel. The area under the ROC curve for
diagnosis based on plasma BNP was 0.96. A diagnostic threshold of 22 pmol/L (76.4 pg/
mL) combined a very high NPV (98%) with an acceptable PPV (70%). Thus, the findings
of this study suggest a potential for BNP to improve the efficiency of referring patients
with suspected heart failure for further assessment.

Epshteyn et al. (52) found that in high-risk but asymptomatic patients with diabetes,
a BNP result >40 pg/mL detected underlying systolic and diastolic dysfunction. Only rare
and mild cases of cardiac dysfunction (mainly diastolic) are evident in patients with BNP
levels <20 pg/mL (53). At least one study has supported the screening strategy with BNP
using a cutoff of 24 pg/mL followed by echocardiography for those with elevated levels
as cost-effective for men older than 60 yr, and possibly for women with a ≥1% prevalence
of at least moderate LV systolic dysfunction (54).

Recommendations Regarding Use of BNP for Screening
At this time, there is insufficient evidence to support BNP testing for screening asymp-

tomatic, low-risk populations for LV systolic dysfunction. There may be some role for BNP
to screen high-risk subgroups such as patients with prior myocardial infarction, patients
with diabetes, or those with an extended history of uncontrolled hypertension. However,
echocardiography is likely to remain the primary method of assessing LV function in this
setting. Figure 11 depicts one possible algorithm for BNP testing in the outpatient setting
(55). This algorithm is framed around a lower cut point of 20 pg/mL and an intermediate
cut point of 40 pg/mL. Patients with values above the cut points of 20 and 40 pg/mL should
be referred for echocardiography with consideration of evaluation by a cardiovascular
specialist.
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USE OF BNP FOR INPATIENT MANAGEMENT OF HEART FAILURE
There are approx 1 million admissions annually to US hospitals for heart failure. Patients

admitted to the hospital with decompensated heart failure often have improvement in
symptoms with the various treatment modalities available. However, readmission after
hospitalization for heart failure is surprisingly common, estimated at 44% at 6 mo within
the Medicare population, and challenging to predict (56). Considering that hospitalization
is the principal contributor to the cost of patient care (70–75% of the total direct costs)
(57), a reduction in heart failure hospitalizations would reduce morbidity for the patient
as well as costs to society.

The use of BNP for targeting treatment of patients with heart failure is under active
investigation. Targeting treatment of disease to specific biomarkers has precedent: treat-
ment of hypertension is targeted to blood pressure, diabetes to blood glucose, and dys-
lipidemia to lipid levels. The fact that BNP has a short half-life; is conveniently measured;
and is a surrogate for wedge pressure, volume, NYHA functional class, and prognosis sug-
gests its potential as a guide to therapy in heart failure.

Does High BNP Always Mean High Filling Pressure?
Because a major stimulus for the release of BNP is increased wall tension, BNP levels

might be expected to correlate with elevated LV filling pressures. However, in the clinical
setting there are circumstances in which a high level of BNP is not associated with high left
heart filling pressures. These situations include right-sided failure secondary to advanced
pulmonary disease, PE, or primary pulmonary hypertension; acute or chronic renal fail-
ure; and rapid lowering of the wedge pressure with diuretics and/or vasodilators before

Fig. 11. Algorithm for using BNP in primary care setting. (Adapted from ref. 50.) HF, heart failure;
CAD, coronary artery disease; DM, diabetes mellitus; HTN, hypertension; CXR, chest X-ray; Sx,
symptoms.
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a Swan-Ganz catheter is placed. In addition, under some circumstances, BNP levels
might be normal when the wedge pressure is high. This situation is most likely to occur
in acute mitral regurgitation in which the increase in capillary pressure is “upstream”
from the left ventricle and in “flash” pulmonary edema in which BNP might not have had
time to be synthesized.

In a given patient, the level of BNP does not always correlate tightly to wedge pressure.
However, in a patient admitted with heart failure and high filling pressures secondary to
volume overload, along with a high BNP (“wet BNP”), a treatment-induced decrease in
wedge pressure will almost always be associated with a rapid drop in BNP concentration,
as long as the patient is maintaining adequate urine output. Kazanegra et al. (58) obtained
hemodynamic measurements (pulmonary capillary wedge pressure [PCWP], cardiac out-
put, right atrial pressure, systemic vascular resistance), and BNP levels every 2–4 h for the
first 24 h and every 4 h for the next 24–48 h in patients admitted for decompensated heart
failure. PCWP dropped from 33 ± 2 to 25 ± 2 mmHg over the first 24 h, whereas BNP
dropped from 1472 ± 156 to 670 ± 109 pg/mL (Fig. 12). The correlation between BNP levels
and other indices of cardiac function–cardiac output (thermodilution), mixed venous oxy-
gen saturation, and systemic vascular resistance was nonsignificant. It should be empha-
sized that patients with end-stage heart failure admitted for transplant workup who are
not acutely volume overloaded may not show a drop in BNP levels as the wedge pressure
is lowered (“dry BNP”).

Wet and Dry BNP Levels
We have proposed that the blood concentration of BNP in a patient who is admitted with

decompensated heart failure comprises two components: a baseline, euvolemic, “dry”
BNP level and a BNP level occurring from acute pressure or volume overload (“wet” BNP).
At the point of decompensation, the sum of baseline BNP plus the additional production
of BNP from ventricular stress owing to acute volume overload will determine the plasma
concentration of BNP (Fig. 13).

The lower the “dry” BNP level, the less likely that the patient will require early rehos-
pitalization. A low level of BNP (<200–300 pg/mL) correlates with NYHA functional
class II and is indicative of a patient who is more likely to be in a true euvolemic state.
Knowing a patient’s baseline level of BNP at dry weight is likely to be useful in moni-

Fig. 12. Concurrent measurement of PCWP and BNP in patients with acute heart failure admitted
to intensive care unit. Data are limited to responders to therapy as assessed using PCWP. (From ref.
58, with permission.)
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toring the patient for the first 30 days after discharge. Early elevations in BNP over base-
line soon after discharge may trigger the need for more vigorous diuresis, or additional
vasodilators.

Stevenson (59) has published a simple categorization of hemodynamic status to guide
treatment with diuretics, vasodilators, or inotropic agents. I have updated this assessment
by adding BNP ranges to this risk stratification scheme (Fig. 14). Patients who are admitted
to the hospital with either new-onset or decompensated heart failure are usually volume
overloaded. Treatment of this group includes diuretics and vasodilators. In our experi-
ence, almost all of these patients have BNP levels >600 pg/mL. In fact, if BNP levels are
less than this, the severity of volume overload should be reevaluated. Diuretics, inotropes,
and vasopressors are often indicated when patients are classified as “wet and cold.” These

Fig. 13. Illustration of potential contribution of volume overload to measured levels of BNP. See
text for details.

Fig. 14. Stategy for triage and therapy of patients with acutely decompensated heart failure. (Adapted
from ref. 59.)
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patients frequently have BNP levels >1000 pg/mL. Patients who are “cold and dry” have
increased levels of BNP owing to systolic dysfunction, but often the level of BNP is not
increased to the same magnitude as in patients who are “cold and wet.”

How Often Should a BNP Level Be Obtained in the Hospital?
There is no single correct answer to the frequently asked question, How often should

a BNP level be obtained in the hospital? I obtain a BNP level at admission, after 24 h of
treatment, and at discharge. Failure of BNP levels to fall in a 24-h period may identify
a high-risk patient who is not responding to the initial treatment strategies. More frequent
samples may be useful if there is a major clinical change or if being used in lieu of inva-
sive monitoring. In patients who have been treated with nesiritide (BNP), exogenous BNP
should be cleared within 2–6 h following discontinuation of the infusion. BNP levels can
be measured at that time. If one wishes to monitor endogenous BNP during treatment,
the fact that the half-life of nesiritide is 15–20 min and that the therapeutic effect lasts
from 2 to 4 h can be utilized to help guide the clinician.

What if a BNP Level Does Not Fall During Treatment?
There may be several explanations why an elevated concentration of BNP does not fall

with treatment in some patients with heart failure. For example, the high level of BNP
may actually be the patient’s “dry” BNP level and will not be acutely lowered with diu-
retics or vasodilators. These patients tend to be NYHA functional class IV and have a
poor prognosis.

Patients who have high BNP levels that do not respond to treatment may be considered
for other more aggressive strategies such as cardiac transplantation or the use of ventricu-
lar assist devices. In a trial of patients who received ventricular assist devices, the level of
BNP declined as remodeling of the heart occurred, and an early decrease in BNP plasma
concentration was indicative of recovery of cardiac function during mechanical circula-
tory support (60). Patients with high BNP levels at discharge are at increased risk and
should be considered for early follow-up and/or home nursing visits.

Other reasons underlying persistent elevation of BNP include worsening of prerenal
azotemia with diuresis, and large amounts of extravascular fluid (e.g., massive ascites)
that must be mobilized. Finally, acute, severe pressure or volume overload might turn on
the transcription of the mRNA for BNP to such a degree that even on initial lowering of
the wedge pressure BNP levels might still be increasing.

TOWARD THE FUTURE:
USE OF NATRIURETIC PEPTIDES FOR TARGETING THERAPY

Perhaps the best approach toward keeping a patient with heart failure out of the hos-
pital is to avoid recurrent volume overload manifest by increases above the level of BNP
at discharge. Early after discharge, a rise in the level of BNP is often associated with vol-
ume overload and may prompt an increase in the dosing of diuretics. As is the practice
at several institutions (61), when a patient comes to an urgent-care center with recurrent
symptoms, BNP is measured. If there is no difference from baseline values, decompensa-
tion is unlikely. Because BNP is not a stand-alone test, it should be used in conjunction with
other features of the examination, clinical history, and testing. In my experience, clinical
features of decompensation along with an increase of 50% or more from baseline are
often associated with worsening of heart failure.
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BNP may also be useful for guiding the selection of therapy. The Australia-New Zealand
Heart Failure Group analyzed plasma neurohormones for prediction of adverse out-
comes and response to treatment in 415 patients with LV dysfunction randomly assigned
to receive carvedilol or placebo (62) and found that BNP was the best predictor of a
benefit from carvedilol. In a randomized trial of 69 patients allocated to NT-proBNP-
guided treatment vs symptom-guided therapy (63), patients receiving NT-proBNP-guided
therapy had greater use of heart failure medications; lower levels of NT-proBNP; and a
reduced incidence of cardiovascular death, readmission, and new episodes of decompen-
sated heart failure. This study has prompted a number of larger studies including the multi-
center Rapid Assessment of Bedside BNP In Treatment of Heart Failure trial.

It also appears that treatment with angiotensin-converting enzyme (ACE) inhibitors,
angiotensin receptor blocker agents, spironolactone, and perhaps β-blockers reduces
levels of BNP. In the Valsartan Heart Failure Trial (Val-HeFT), changes in BNP over time
induced by pharmacological therapy were shown to correlate with subsequent morbidity
and mortality (Fig. 15) (64). Patients with the greatest percentage decrease in BNP and
norepinephrine from baseline had the lowest morbidity and mortality, whereas patients
with the greatest percentage increase in BNP and norepinephrine were at greatest risk.

It is my practice to aim for BNP levels <200–300 pg/mL with standard therapy of ACE
inhibitors and β-blockers and diuretics. Patients with BNP levels between 200 and 500 pg/
mL are often NYHA functional class II/III and may require increased dosing of diuretics,
especially spironolactone. Patients who despite standard medical treatment have advanced
symptoms along with high BNP levels (400–600 pg/mL) may be candidates for continuous
and palliative outpatient infusions of inotropes or vasodilators. In addition, biventricular
pacing (if QRS is >120–130 ms) cardiac transplantation or LV assist device might be con-
sidered. In the future, stem cell or gene therapy may have a role in the treatment of these
patients.

Fig. 15. Survival stratified by quartile of change in BNP with therapy in Val-HeFT Trial. (From ref.
67, with permission.)
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CONCLUSION

BNP is established as a useful tool for aiding the diagnosis and risk stratification of
patients with heart failure. In addition, the potential for using BNP in screening, in moni-
toring, and as a target for therapy continues to be explored.
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SUMMARY

In addition to their diagnostic and prognostic utility in patients with congestive heart
failure, recent data have demonstrated that B-type natriuretic peptide (BNP) and N-ter-
minal-pro (NT-pro)BNP are associated with adverse cardiovascular events in patients
presenting with acute coronary syndrome (ACS). Several mechanisms may lead to the
elevations seen in plasma levels of these markers in patients with coronary artery dis-
ease, including increased left-ventricular wall tension, ischemia, and natriuretic peptide
synthesis within atherosclerotic plaues. Despite the robust and consistent association
seen in multiple cohorts of ACS patients between elevated levels, and BNP and NT-
proBNP and mortality and incident heart failure, data defining the optimal treatment
strategy for these high-risk patients are limited. Future work is needed to identify the
role of BNP and NT-proBNP in the development of ACS risk scores with traditional
clinical factors and other biomarkers, and to evaluate the efficacy of different therapeutic
measures in improving the prognosis of patients with elevated levels of these peptides.

Key Words: Acute coronary syndrome; risk stratification; coronary artery disease;
brain natriuretic peptide.
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INTRODUCTION

A rapid accumulation of evidence has indicated that B-type natriuretic peptide (BNP)
and the N-terminal fragment of its prohormone (NT-proBNP) are robust markers of the risk
for mortality and new congestive heart failure (CHF) in patients presenting with acute
coronary syndrome (ACS). Although the clinical applications of BNP and NT-proBNP
are still in the developmental stage in this setting, these markers fulfill the majority of cri-
teria for an “ideal” biomarker (Table 1) when applied to patients with ACS. This chapter
reviews the measurement of BNP and NT-proBNP in patients with ischemic heart disease,
focusing on mechanisms of release in coronary ischemia and the use of these biomarkers
for risk stratification in patients with ACS.

Risk Assessment in ACSs
Multiple factors have been shown to predict worse outcomes in patients with ACS

(Table 2) (1–3). Among the strongest correlates of mortality following ACS are Killip class
on admission, heart failure, impairment in left ventricular systolic function (LVSF), and
larger left ventricular dimensions (2,4,5).

Several risk models, such as the Thrombolysis in Myocardial Infarction (TIMI) risk
score for unstable angina/non-ST-elevation myocardial infarction (NSTEMI), have been
proposed that combine multiple individual variables to improve prognostic performance
(6). However, some of these models do not take into account a measure of LVSF, which
has been shown to provide additional prognostic information (7). Measurement of LVSF
by transthoracic echocardiography may not be practical at the time of presentation with
ACS, resulting in delays in the identification of high-risk patients. Moreover, echocardio-
graphy and the physical examination may underestimate the severity of hemodynamic
consequences of ischemia in patients without systolic dysfunction. Because plasma BNP
and NT-proBNP levels provide insight with respect to the presence of hemodynamic stress
and correlate with LVSF, their addition to these indices may improve prognostic perfor-
mance. Rapid immunoassays for BNP and NT-proBNP have been developed that yield
results within 30 min, allowing their real-time use in urgent-care facilities.

PATTERNS OF BNP SYNTHESIS
AND RELEASE IN CARDIAC ISCHEMIA

Natriuretic peptide levels are elevated both in animal models and in patients with coro-
nary ischemia. In rats that underwent coronary artery ligation, BNP concentration in the
left ventricle increased twofold at 12 h and fivefold at 24 h postinfarction, whereas atrial
natriuretic peptide (ANP) levels were unchanged (8). Elevated levels of BNP were found
in noninfarcted as well as in infarcted areas of the myocardium, suggesting that increased

Table 1
Characteristics of an Ideal Biomarker

• Has been tested in prospective studies to validate its prognostic and diagnostic efficacy
• Provides additional information to already established clinical parameters
• Is cost-effective
• Is easy to handle and measure
• Provides information that could lead to a change in therapeutic strategies
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plasma levels of BNP are not simply a “spillover” from infarcted tissue but, rather, a reflec-
tion of increased active synthesis by viable myocardial cells. Increased expression of
BNP mRNA in the left ventricle further supports this argument.

The plasma concentration of BNP rises in patients with acute myocardial infarction
(AMI) more rapidly and to a much greater extent than does the concentration of ANP (9).
Both BNP and NT-proBNP levels are higher in patients with anterior MI than in those
with inferior MI (9,10). In addition, the time course of the rise in inferior STEMI may
be characterized by a single peak during the first day, whereas in anterior STEMI, a
biphasic pattern of BNP secretion is common, with the first peak occurring between 1 and
2 d and the second between 4 and 6 d after infarction.

The rise in BNP and NT-proBNP concentration may be sustained over several weeks
after ACS and correlates with infarct size, as measured by cardiac enzyme release (11),
by thallium-201 single-photon emission computed tomography (SPECT), or contrast-
enhanced MRI (12,13). In patients with non-ST-elevation ACS (NSTEACS) with pre-
served LVSF, NT-proBNP levels also correlate with the extent of regional wall motion
abnormalities as assessed by echocardiography (14).

When compared with healthy control subjects and those with stable angina, patients
with unstable angina have higher BNP and NT-proBNP levels during the acute phase of
illness, with return to near baseline levels following medical stabilization (10,15). In
patients with stable coronary artery disease (CAD), BNP and NT-proBNP concentrations
rise after exercise (or with dobutamine stress) in proportion to the size of the ischemic
territory as measured by nuclear scintigraphy or echocardiography (16,17). In this setting,
BNP rises to a greater extent than does NT-proBNP, probably owing to the rapid release
of the fully processed active hormone from storage granules (16,17). BNP levels may also

Table 2
Prognostic Factors in ACSs

Demographic characteristics
Age
African-American race
Female gender

Comorbidities
CHF
Hypertension
Diabetes
Chronic kidney disease
Peripheral vascular disease

Physical examination
Killip class
Elevated heart rate
Low blood pressure

Biomarkers
Cardiac troponin I or T
C-reactive protein
BNP and NT-proBNP

Other
Angiographic or ECG evidence of more extensive disease
Reduced LVSF
Aggressive pace of symptoms
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be elevated at rest in patients with stable angina. The resting plasma concentration of BNP
in patients with CAD correlates with inducible ischemia seen on exercise echocardiography
and SPECT imaging. Similarly, resting plasma NT-proBNP levels are independently asso-
ciated with inducible changes on thallium-201 SPECT and with the number of stenotic
vessels detected by angiography (Fig. 1) (16–19).

POSSIBLE MECHANISMS
OF BNP SYNTHESIS AND RELEASE IN ISCHEMIC HEART DISEASE

Since ischemia may lead to left ventricular systolic and diastolic dysfunction and con-
sequently to increased myocardial stretch, which is the primary stimulus for natriuretic
peptide release, it is not surprising that plasma levels of BNP and NT-proBNP are elevated
following ischemia. However, other possible mechanisms may also lead to increased BNP
synthesis and release in this setting (Fig. 2).

Hypoxia as a Stimulus for Natriuretic Peptide Release
In vivo and in vitro animal experimental evidence suggests that hypoxia/ischemia itself

may directly induce the synthesis and secretion of natriuretic peptides. Rats trained in hypo-
baric hypoxic conditions show increased expression of BNP mRNA (20). Moreover, an

Fig. 1. Resting NT-proBNP levels in patients without (white bars) and with (slashed bars) either
CAD detected on angiography (A) or inducible changes seen on thallium scintigraphy (B). (Adapted
from ref. 19.)

Fig. 2. Proposed mechanisms of BNP release in coronary ischemic disease.
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increase in tissue BNP was observed minutes after left coronary ligation in isolated rat
hearts, during which time no change in left ventricular end diastolic pressure (LVEDP) was
measured (21). Rat hearts perfused by hypoxic buffer demonstrated increased secretion
of ANP and BNP (22). Evidence of increased natriuretic peptide release is also seen in cul-
tured human atrial myocytes incubated in hypoxic buffer (23). In addition, cell transfec-
tion of hypoxia-inducible factor-1, a transcription factor that upregulates many hypoxia-
inducible genes, increases BNP expression (24).

Observational studies in humans also support the theory that myocyte hypoxia per se
may be a stimulus for BNP and NT-proBNP secretion. Patients with angiographically
confirmed CAD and normal LVEF have higher BNP and NT-proBNP plasma levels than
patients without CAD (25). Elevated ventricular BNP expression, as assessed by real-time
polymerase chain reaction, is seen in biopsies of ischemic myocardium taken during cor-
onary artery bypass graft (CABG) and correlates with plasma levels. In another study,
biopsies taken during CABG demonstrate greater expression of ANP and BNP in ische-
mic myocardium compared with nonischemic myocardium (26). In addition, euvolemic
patients with cyanotic congenital heart disease have elevated NT-proBNP and NT-proANP
levels compared with patients who have repaired congenital heart defects or structurally
normal heart (23).

Angiographic evidence further strengthens a direct relationship between ischemia and
BNP and NT-proBNP. In multivariable models of the determinants of plasma BNP con-
centration in patients with NSTEACS, angiographic severity as demonstrated by Gensini
score is associated with natriuretic peptide levels independent of LVEF, wall motion abnor-
malities, wall stress index, and left ventricular mass index (14). BNP levels increase tran-
siently with brief periods of ischemia induced by percutaneous transluminal coronary
angioplasty (PTCA) in patients with stable angina (27). Changes in BNP are not seen in
patients who undergo only diagnostic catheterization, and no significant difference is
evident in hemodynamic parameters 24 h after PTCA, suggesting that tissue ischemia itself
may be the primary stimulus (28). In patients who underwent repeat angiography a median
of 5 mo after undergoing primary angioplasty during STEMI, patency of the culprit lesion
was associated with a decrease in BNP levels from the time of infarct, whereas restenosis
of the lesion was associated with persistent elevations (29). Furthermore, patients with
ACS presenting with elevated BNP levels have more severe culprit artery stenoses and are
more likely to have a lesion in the proximal left anterior descending (LAD) artery than
in other vascular territories (Fig. 3) (30).

Ventricular Dysfunction as a Stimulus for BNP Release
Increased BNP synthesis and secretion may be owing to increased wall stress from ische-

mia-induced ventricular dysfunction. BNP levels positively correlate with hemodynamic
parameters that reflect ventricular dysfunction, including LVEDP, and negatively corre-
late with left ventricular ejection fraction (LVEF) (31).

A retrospective study reported that 30% of patients who develop heart failure after MI
have preserved LVSF and are thought to have “diastolic dysfunction” (32). Since neuro-
hormonal activation occurs in this group of patients, it has also been proposed that a minor
degree of left ventricular systolic dysfunction may be present but may not be detectable
because BNP decreases afterload and maintains ejection fraction (33). Compared with
patients without significant CAD, patients with coronary artery stenoses have elevated
BNP levels and LVEDP independent of LVSF (34).
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Coronary Atherosclerosis as a Stimulus for BNP Release
Natriuretic peptide expression within human coronary arteries has also been reported,

with upregulated gene expression in atherosclerotic regions compared with normal arterial
segments (35). This finding raises the possibility that BNP may have an autocrine/para-
crine role in coronary atherosclerosis, as outlined in Table 3.

BNP AS A DIAGNOSTIC TOOL IN ISCHEMIC HEART DISEASE
Although increased plasma BNP concentration may be seen with coronary ischemia,

this marker is not well suited for the diagnosis of ACS or ischemia, because it is neither
sensitive nor specific for this purpose. First, BNP levels are affected by many other condi-
tions (Table 4). Second, and more important, the magnitude of BNP elevation in patients
with ischemia or ACS is typically less than in patients with left ventricular systolic dys-
function. In many patients with definite ACS, BNP levels fall well within the normal range.

NATRIURETIC PEPTIDES
AS PROGNOSTIC TOOLS IN ISCHEMIC HEART DISEASE

The prognostic utility of both ANPs and BNPs has been assessed in the setting of ACS.
Whereas elevated plasma ANP levels are related to increased mortality risk after MI, they

Fig. 3. Median concentration of BNP in patients with lesions in LAD artery (black bars) vs lesions
in other vessels (white bars) and in patients with lesions in proximal/mid-LAD (black bars) vs distal
LAD artery (white bars). (Adapted from ref. 30.)

Table 3
Potential Beneficial Actions of BNP in CAD

Vascular Renal Cardiac

Vasodilaton
Decreased sympathetic tone Natriuresis/diuresis Improved diastolic function
Decreased smooth muscle Increased glomeruler filtration Improved hemodynamics

proliferation rate Decreased infarct size
Increased vascular permeability Preconditioning
Increased arterial distensibility Decreased cardiac fibrosis
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do not appear to contribute additional prognostic information when added to other known
predictors of increased mortality, such as LVEF (36). Levels of plasma NT-proANP cor-
relate more strongly than ANP with future risk of mortality and, in contrast to ANP, the
association between NT-proANP and mortality remains significant after adjusting for
Killip class, LVEF, and infarct location (37). However, available data suggest that the
BNPs provide superior prognostic information to ANP and NT-proANP (38), and given
the wide availability of assays for BNP and NT-proBNP, there has been little interest in
the development of commercial assays for ANP or NT-proANP.

BNP and NT-proBNP and Risk of Heart Failure and Death After STEMI
The use of BNP to diagnose heart failure can be expanded to patients presenting with

ACS. In patients presenting with AMI, BNP was equivalent to echocardiography, and
superior to clinical evaluation in the detection of LVEF < 40% (39). In addition, BNP levels
drawn on admission help to identify patients who are likely to develop chronic LVSD (11),
with adverse left ventricular remodeling and dilatation (40,41).

Given the association between BNP and heart failure, it is not surprising that higher BNP
levels identify patients at increased risk of mortality after STEMI. In a pilot study, Darbar
et al. (42) found that BNP measured 3 d after STEMI was associated with cardiovascular
mortality over a follow-up period of almost 2 yr. A second study showed that following
STEMI in 70 patients, mortality was higher in those with BNP levels above the median (>43
pg/mL) measured at 6 h and 2 d after the onset of chest pain (43). NT-proBNP has also
been shown to be associated with mortality and new onset of CHF after STEMI indepen-
dently of LVEF (44).

Prognostic Role of BNP and NT-proBNP Across Spectrum of ACS

STUDIES OF BNP
A substudy of the Orbofiban in Patients with Unstable Coronary Syndromes-Thrombo-

lysis in Myocardial Infarction 16 (OPUS-TIMI 16) trial was among the first to evaluate the
prognostic capabilities of BNP in a large population of patients across the entire spectrum
of ACS (45). In this study, BNP was measured in 2525 patients at a mean of 40 h after pre-
senting with STEMI, NSTEMI, or unstable angina. BNP levels on admission correlated
with age, male gender, white race, hypertension, CHF, peripheral vascular disease, hyper-
cholesterolemia, and smoking status. In addition, elevated levels of BNP were associated
with Killip class >1, electrocardiogram (ECG) changes, elevated creatine kinase-MB,
and chronic kidney disease. A plasma concentration of BNP > 80 pg/mL was a powerful

Table 4
Nonischemic Factors Affecting BNP Levels

BNP release BNP clearance

Left ventricular systolic dysfunction ↑Age
Left ventricular diastolic dysfunction Chronic kidney disease
Pulmonary embolism Obesity
Sepsis Female gender
Right heart failure
Hypertension
Valvular heart disease (e.g., aortic stenosis)
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predictor of mortality and CHF at 30 d and 10 mo even after adjustment for traditional prog-
nostic variables including troponin I (cardiac troponin I [cTnI]), CHF, gender, chronic kid-
ney disease, and ST-segment deviation (Fig. 4). When patients were divided into quartiles
based on BNP results at the time of entry into the study, the multivariable-adjusted odds
ratios (ORs) for mortality at 10 mo were 3.8, 4.0, and 5.8 for the second, third, and fourth
quartiles, respectively, compared with the first quartile (Fig. 5).

These findings have been confirmed and extended in a series of additional studies
(Table 5). In 1676 patients with NSTEMI or unstable angina enrolled in the Treat Angina
with Aggrastat and Determine Cost of Therapy with Invasive or Conservative Strategy

Fig. 4. Incidence of death and new CHF at 30 d and 10 mo following ACS in patients with a BNP
≤80 pg/mL (white bars) and >80 pg/mL (slashed bars). (Adapted from ref. 45.)

Fig. 5. Adjusted risk of 10-mo mortality. A stepwise logistic-regression model showing the associ-
ation between selected baseline clinical variables and the odds of death at 10 mo in the OPUS-TIMI
16 study is shown. (Adapted from ref. 45.) LBBB, left bundle branch block; CRP, C-reactive protein.
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(TACTICS)-TIMI-18 trial, a BNP level >80 pg/mL was associated with higher mortality
and heart failure at 6 mo independent of age, gender, diabetes, troponin levels, ST-seg-
ment depression, and clinical evidence of heart failure. In this study, 80 pg/mL (Biosite
assay) appeared to be the optimal cut point for prediction of mortality (46).

STUDIES OF NT-PROBNP
Plasma levels of NT-proBNP have also been evaluated as a prognostic marker after

ACS (47–49). In a study in which routine echocardiographic measurements of LVEF
were performed, NT-proBNP levels, measured 3 d after STEMI, NSTEMI, and unstable
angina, were higher in patients who died after a median of 51 mo compared with those who
survived (47). The relative risk (RR) after adjustment for other risk factors (including
LVEF) was 2.1 for the group with NT-proBNP above the median compared with those
with NT-proBNP below the median. In a substudy of the Global Utilization of Strategies
to Open occluded arteries-IV trial, the largest study to date of natriuretic peptides in ACS
(n = 6809), the baseline concentration of NT-proBNP was the strongest predictor of mor-
tality after NSTEMI, outperforming cTnT, creatinine clearance, and ST-segment depres-
sion (48). Notably, consistent with other studies, NT-proBNP did not predict recurrent MI
in an independent manner. Finally, in a study of 666 patients with STEMI and NSTEMI,
BNP, NT-proBNP, and LVEF were found to be independent predictors of mortality, heart
failure, and recurrent MI independent of age, gender, previous MI, history of diabetes or
hypertension, previous heart failure, creatinine, and coronary revascularization proce-
dures (49). Elevated levels of BNP and NT-proBNP were associated with increased mor-
tality even in patients with normal LVSF. In that study, which directly compared BNP and
NT-proBNP, there was no significant advantage of one peptide over the other (Table 6).

Timing of Measurement
The baseline measurements of BNP and NT-proBNP in the aforementioned studies were

performed between 9.5 h and 4 d after enrollment. Recent data suggest that even earlier
measurements may be of value. A substudy of the Fast Assessment in Thoracic Pain study
evaluated NT-proBNP in patients with NSTEMI and unstable angina (50). NT-proBNP
levels were drawn on admission in 755 patients, who were subsequently followed for 40
mo. NT-proBNP levels correlated with future risk of mortality independent of ECG changes
and cTnT. In another study, NT-proBNP levels drawn a median of 3 h after the onset of
symptoms in patients presenting with STEMI, NSTEMI, or unstable angina were associ-
ated with CHF and mortality across the spectrum of ACS independent of other factors,
including cTnT (Fig. 6) (51). Compared with the first quartile of NT-proBNP concentra-
tion, the second, third, and fourth quartiles had an RR of mortality of 2.9, 5.3, and 11.5,
respectively. Mega et al. (52) studied the prognostic value of BNP drawn within 6 h of onset

Table 6
Comparison of BNP and NT-proBNP to LVEF for Prediction of Mortality after ACSa

Sensitivity (%) Specificity (%) PPV NPV AUC

NT-proBNP (162 pmol/L) 80 72 25 97 0.81
BNP (30 pmol/L) 71 76 25 96 0.81
LVEF (40%) 78 64 25 95 0.76

aAdapted from ref. 49. PPV, positive predictive value; NPV, negative predictive value; AUC, area under
the curve.
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in patients who presented with STEMI. Patients with a BNP >80 pg/mL had a sevenfold
higher risk of mortality than those with a BNP <80 pg/mL independent of other known clin-
ical prognostic parameters, including cTnI and CRP; a significant difference was noted
as early as 48 h after enrollment. Patients with elevated BNP were also more likely to have
incomplete reperfusion and incomplete resolution of ST-elevation after thrombolytic ther-
apy. At the other extreme, it appears that BNP measured as late as 3 to 4 wk after MI retains
its prognostic capacity (53).

Heeschen et al. (54) found that serial measurements of NT-proBNP at baseline, 48 h,
and 72 h after ACS provided additional risk stratification information compared with base-
line measurement alone. In this substudy of the PRISM trial, clinical stabilization was asso-
ciated with a 25% reduction in NT-proBNP levels by 48 h and a 50% reduction by 72 h.
Patients with persistent elevation in NT-proBNP levels >250 mg/dL at 72 h were at mark-
edly increased risk of death or MI (OR: 33.7; 95% confidence interval [CI]: 8.2–138.8;
p < 0.001), as were those who developed new elevation in NT-proBNP >250 mg/dL after
hospitalization (OR: 24.0; 95% CI: 8.4–68.5; p < 0.001).

Summary of Application for Risk Stratification
BNP and NT-BNP are robust predictors of increased mortality and future incidence of

CHF independent of traditional risk factors in patients who present with ACS. The con-
sistency of these findings across multiple studies is notable (Table 5). The evidence sug-
gesting that these peptides are predictors of nonfatal recurrent ischemic events is less clear.
When adjusted for other risk factors for nonfatal MI, BNP and NT-proBNP do not appear
to be independently associated with this outcome. However, caution is necessary when
interpreting these data, because it is possible that recurrent MI is more likely to be fatal in
patients with a persistent elevation in BNP. BNP or NT-proBNP levels drawn as early as
a few hours to as late as several weeks after presentation are associated with a risk of early
and long-term mortality. Further study is needed to determine the optimal timing and/or
the need for serial assessment of BNP and NT-proBNP in ACS.

Fig. 6. Association between mortality and NT-proBNP. The first (white bars), second (light gray bars),
third (dark gray bars), and fourth (black bars) quartiles according to cTnT levels in patients with
STEMI and NSTEACS are shown. (Adapted from ref. 51.)
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USING BNP AND NT-proBNP TO SELECT PATIENTS
FOR AN EARLY INTERVENTIONAL STRATEGY

Despite the consistent evidence supporting the use of BNP and NT-proBNP to identify
patients at risk of death and heart failure following ACS, few data are available to guide
clinicians with respect to the therapeutic implications of these findings. An aggressive
approach to coronary revascularization following ACS may be of benefit for patients
with BNP or NT-proBNP elevation. However, two retrospective studies evaluating the
use of BNP and NT-proBNP to select patients for an invasive management strategy have
shown seemingly conflicting results. In a substudy of TACTICS-TIMI 18, although BNP
levels were strongly associated with the risk of death after NSTEACS, BNP did not iden-
tify a subgroup who derived particular benefit from the early invasive management strat-
egy (46). By contrast, in a FRISC II substudy, patients who presented with NSTEACS and
elevated plasma levels of both NT-BNP and IL-6 had a survival benefit when they were
assigned to an early invasive instead of an early conservative strategy (55). Because the
benefit of invasive therapy in the FRISC II substudy was restricted to the highly selected
subgroup with elevation in both NT-proBNP and IL-6, the findings should be interpreted
with some caution until they are confirmed in additional studies (46).

The discrepancy in the results of these two substudies is not likely owing to a difference
between NT-proBNP and BNP but, rather, owing to differences in the design of the two
clinical trials (56,57). In TACTICS-TIMI 18, the requirements for patients in the conser-
vative group to “cross over” and undergo angiography and intervention were much more
liberal than in the FRISC II study. As a result, revascularization was performed in 36% of
patients randomized to the conservative arm during the initial hospitalization in TACTICS-
TIMI 18, compared with only 9% within the first 10 d in the conservative arm of FRISC
II. The more liberal crossover in the conservative arm of TACTICS-TIMI 18 may have
minimized the difference in mortality seen between the conservative and invasive groups:
in TACTICS-TIMI 18 no difference in mortality was evident between groups, whereas in
FRISC II, a 43% reduction in mortality at 1 yr was seen in the invasive arm. Because BNP
and NT-proBNP are markers of mortality rather than nonfatal ischemic events, it is logical
that they would perform best in studies in which the active therapy influenced mortality.

PROPOSED APPLICATION OF BNP IN ACS

At the present time, adequate data do not exist to define the proper role of BNP and
NT-proBNP in stratifying patients to more aggressive interventional therapy, and the
clinician must consider plasma levels of these peptides in the context of other biomarkers
and clinical factors before assigning a patient to a proper level of care. More research is
needed to identify appropriate pharmacological and interventional strategies for high-risk
patients with ACS and elevated levels of BNP or NT-proBNP. In the meantime, we pro-
pose the algorithm in Fig. 7 for patients with ACS. Patients who present with ACS and have
elevated cardiac troponin or who are in a high TIMI risk category have been shown to
benefit from an early interventional approach. In patients with a low TIMI risk score who
have a normal troponin result, aggressive intervention may be considered for those patients
who have BNP levels >80 pg/mL (cut point based on studies using the Biosite and Bayer
assays). Otherwise, a conservative approach may be pursued, with noninvasive testing.
Regardless of which of these approaches is taken, medical therapy with aspirin, angioten-
sin-converting enzyme inhibitors, aldosterone antagonists, β-blockers, and statins should
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be maximized. High-risk patients with elevated BNP or NT-proBNP should be followed
more closely than patients who do not have elevated levels of these biomarkers, with par-
ticular attention to the development of early signs of heart failure.

INCORPORATING NATRIURETIC PEPTIDES
WITH OTHER CLINICAL AND BIOCHEMICAL MARKERS OF RISK
In all of the studies performed to date, BNP and NT-proBNP have been associated with

mortality independent of troponin, supporting the hypothesis that natriuretic peptide levels
identify a component of pathophysiology and risk in ACS that is not captured by necrosis
markers. The concept that pathobiologically distinct biomarkers can be used together to
enhance risk stratification has only begun to be explored. A combined substudy of the
OPUS-TIMI 16 and TACTICS-TIMI 18 trials examined the interaction among BNP, CRP,
and cTnI and showed the combined use of these markers to enhance risk stratification (58).

BNP and NT-proBNP also appear to improve the ability of existing clinical models
to predict CHF and mortality. The addition of BNP >80 pg/mL to a risk score for CHF
improved the performance of the model to predict new CHF in patients with ACS (59).
Bazzino et al. (60) evaluated whether adding plasma NT-proBNP to the TIMI risk score
for unstable angina and NSTEMI and to the 2002 American College of Cardiology (ACC)/
American Heart Association (AHA) risk classification improved their predictive capacity
for death. For each TIMI and ACC/AHA risk category, patients with an NT-proBNP >586
pg/mL had a significantly higher probability of death (Fig. 8).

CONCLUSION
The natriuretic peptides BNP and NT-proBNP have the potential to play a significant

clinical role in the management of a variety of cardiac diseases. Although the majority of
data supporting their clinical use have been in CHF, subsequent work has shown that both
BNP and NT-proBNP have prognostic value in patients presenting with ACS. Both pep-
tides predict mortality and CHF across the entire spectrum of ACS. There are mixed data

Fig. 7. Algorithm for risk stratification for early invasive therapy in NSTEACS.
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regarding their ability to predict nonfatal recurrent ischemic events. Thus, BNP and NT-
proBNP should be considered as markers predominantly of death and heart failure rather
than nonfatal recurrent ischemic events. Several additional areas need to be addressed
regarding the future role of BNPs in clinical practice. Although some data support routine
early invasive management for patients with elevated levels of BNP/NT-proBNP, the
optimal therapeutic responses to abnormal BNP results are not yet defined. Other treatment
options may be explored, optimally in randomized clinical trials, to identify therapies
that may be effective in decreasing the high mortality and morbidity in patients with high
plasma levels of these natriuretic peptides.
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SUMMARY

A marker of hemodynamic stress is a secreted molecule that is induced by hemody-
namic stress, regardless of its function or mechanism of action. In this chapter, we
describe the interleukin-1 receptor family member ST2, a novel biomarker of hemo-
dynamic stress in acute myocardial infarction and heart failure. We also discuss other
novel hemodynamic markers—adrenomedullin, urocortin, urotensin, and myotrophin
—which are currently being evaluated in the clinical setting. Finally, we describe the
usefulness of applying the genomics approach to a well-characterized in vivo animal
model of hemodynamic stress, a discovery strategy for identifying novel biomarkers.
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INTRODUCTION

To be considered a marker of hemodynamic stress, a molecule either must be induced
by hemodynamic stress in vitro or in vivo or correlate with hemodynamic parameters
in vivo and be detected in readily accessible body fluids such as plasma/serum or urine
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(Fig. 1). Many biomarkers of hemodynamic stress are secreted molecules that not only
are induced by hemodynamic stress, but also have hemodynamic effects themselves.
Thus, the biomarker represents hemodynamic state because it is induced for a compen-
satory function (often reduction in blood pressure [BP]). Regardless of its function or
mechanism of action, a hemodynamic biomarker must be sufficiently stable that it can
be detected during or shortly after the change in hemodynamic state.

Specificity is a critical issue with any biomarker, because predictive value will depend
on specificity. Thus, we do not discuss herein molecules that are released from injured
cells owing to loss of cell membrane integrity (e.g., fatty acid-binding proteins, heat-
shock proteins, biopyrrin) or that might be induced by hemodynamic stress in vitro but
are already well-established immune/inflammatory mediators of the cardiovascular sys-
tem (e.g., CD40/CD40 ligand, interleukin [IL]-6, leukemia inhibitory factor, gp130, FAS/
FAS ligand) and thus are unlikely to reflect hemodynamic state specifically.

It is logical that some biomarkers of hemodynamic overload are themselves vasodila-
tors or diuretics. To achieve BP hemostasis, an increase in arterial or venous pressures may
be relieved by vasodilation or loss of intravascular volume. B-type natriuretic peptide
(BNP) is the prototypical example of this group of biomarkers and has established the
clinical relevance of hemodynamic biomarkers as a class. However, it is important to
recognize that when hemodynamic state changes, multiple cardiac intracellular path-
ways are activated. Thus, the “hemodynamic defense reaction” (1), i.e., the response of
the heart to hemodynamic overload, is not restricted to pathways that restore hemody-
namic homeostasis. Neurohormonal-, inflammatory/immune-, growth-associated-, and
cell-death-regulating mediators contribute to the short- and long-term responses to hemo-
dynamic overload. Therefore, potential biomarkers of hemodynamic state and disease
progression include many proteins outside the realm of vasomotion and diuresis, and new
markers are likely to emerge from the laboratory as researchers further their understand-
ing of how the heart responds to a change in mechanical stress.

Fig. 1. Hemodynamic stress is a stimulus for the production of secreted proteins from several func-
tional classes; when detected in plasma/serum, they are potential biomarkers of hemodynamic stress.
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This chapter begins with a description of ST2, a gene responsive to mechanical load in
cardiac myocytes in vitro and a promising biomarker in acute myocardial infarction (AMI)
and heart failure. Other novel hemodynamic markers discussed here are adrenomedullin,
urocortin, urotensin, and myotrophin, which are currently being evaluated in the clinical
setting. Finally, we describe why it is useful to apply the genomics approach to a well-char-
acterized in vivo animal model of hemodynamic stress, a discovery strategy for identify-
ing novel biomarkers.

ST2

The mechanically regulated protein ST2 (also called IL-1 receptor-like-1) is a member
of the IL-1 receptor family (2). The soluble form of ST2 contains a signal sequence enabl-
ing its secretion from cells and it is readily detected in human blood. Two additional forms
of ST2 have also been identified—a larger membrane-anchored form consisting of the
identical extracellular region to soluble ST2 joined to a membrane-spanning region and
an intracellular domain (ST2L), and a third product called ST2V, which is similar to ST2L
but lacks the intracellular domain. Unlike its cousin, the IL-1 receptor, no ligand has yet
been identified for ST2, and ST2 does not bind any of the ILs (3,4). The IL-1 receptor
family, together with the toll receptor family, belongs to a larger superfamily of proteins
that all contain a conserved sequence in the cytoplasmic domain called the Toll-IL1R
(TIR) domain. All members of this receptor superfamily may participate in the activation
of signaling pathways through the TIR domain that lead to the induction of immune and
inflammatory responses through the transcription factor nuclear factor-κB (NF-κB) and
the mitogen-activated protein kinases (MAPKs) p38, JNK, and ERK1/2 (5).

Biological Functions of ST2
Although first identified as a growth-associated protein in fibroblasts, recent studies

have shown that soluble ST2 regulates the inflammatory response. Sweet et al. (6) showed
that treatment with recombinant soluble ST2 suppressed inflammatory cytokine produc-
tion (IL-6, IL-12, and tumor necrosis factor [TNF]-α) in macrophages activated with the
bacterial toxin lipopolysaccharide (LPS). LPS activates macrophages via engagement of
toll-like receptor 4 (TLR4) with its coreceptor, CD14, inducing the production of pro-
inflammatory responses; soluble ST2 suppresses expression of TLR4 (6). These results
suggest that one mechanism by which ST2 inhibits LPS-induced proinflammatory cyto-
kine production is by counteracting the effects of TLR4 signaling. This study also showed
that soluble ST2 counteracts endotoxic shock in vivo produced by LPS, resulting in
improved survival and lower levels of serum IL-6, IL-12, and TNF-α in the mouse. Con-
versely, anti-ST2 antibody, which neutralized ST2, exacerbated LPS-mediated mortality
and enhanced the production of proinflammatory cytokines (6). Thus, ST2 appears to
dampen inflammatory responses. Macrophages from ST2-deficient mice produce signifi-
cantly more IL-6 and IL-12 in response to treatment with IL-1β and LPS compared with
macrophages from wild-type mice (7). Overexpression of ST2 in cultured cells downreg-
ulates IL-1 receptor signaling. Since IL-1 induces the expression of many genes involved
in the inflammatory response, these results suggest that ST2 has the ability to counteract
this response by exerting a negative regulatory function on IL-1 receptor signaling.

The therapeutic potential of soluble ST2 was demonstrated recently in a study in which
soluble ST2 suppressed the progression of murine collagen-induced arthritis in associa-
tion with reduced levels of IL-12, TNF-α, IL-6, and interferon-γ (8). Yanagisawa and
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colleagues showed that membrane-anchored ST2 (ST2L) mRNA was expressed in mouse
T helper type 2 (Th2) cells but not Th1 cells (9,10). This finding was confirmed by others
(10–13). Hence, ST2L appears to be a marker of Th2 cells.

ST2 in Cardiovascular Diseases
In studies searching for new genes induced by mechanical stress, we used DNA

microarray technology to identify ST2 as a gene markedly induced by cyclic mechanical
strain in cultured cardiac myocytes. This system models on a cellular level the increase
in ventricular stress imposed on the myocardium during hemodynamic overload (14).
Northern analysis confirmed the DNA microarray result demonstrating rapid induction
of ST2 mRNA (within 1 h) in cultured cardiac myocytes subjected to mechanical strain
sustained for 15 h (15). In addition to mechanical strain, IL-1β and phorbol ester, but not
LPS (a ligand for the toll receptor) or TNF-α, induced ST2 mRNA, suggesting selectivity
for the induction of ST2 in cardiac myocytes.

ST2 in MI
Based on our in vitro findings in cultured cardiac myocytes, and because ST2 is a

secreted protein that is detected in human serum (16), we hypothesized that serum levels
of ST2 may be elevated in patients following MI, a condition in which the remaining
viable myocardium bears additional hemodynamic stress. Serum ST2 levels were mea-
sured on d 1, 14, and 90 after MI in patients enrolled in the Healing and Early Afterload
Reducing Trial (HEART) (15). HEART evaluated the safety and effectiveness of the angio-
tensin-converting enzyme inhibitor ramipril beginning on d 1 vs d 14 after MI (17–19).
Circulating serum ST2 levels were elevated on d 1 after MI compared with d 14 and 90
(p < 0.001) (Fig. 2). Serum ST2 levels on d 1 correlated inversely with echocardiographic
ejection fraction, suggesting an association between hemodynamic stress and ST2 levels.
In addition, ST2 levels correlated positively with creatine kinase, a marker of cellular injury
postinfarction.

Fig. 2. ST2 protein levels in circulation of human patients after MI. Serial blood samples from
69 patients from the HEART study were analyzed for ST2 by enzyme-linked immunosorbent assay.
ST2 was significantly increased on d 1 after MI compared with d 14 and d 90. ANOVA, analysis of
variance. (Reproduced from ref. 15.)
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To determine the relationship between ST2 serum levels and clinical outcome in AMI,
we assayed serum for ST2 from patients with ST-elevation MI enrolled in the Thrombo-
lysis in Myocardial Infarction (TIMI 14) and ENTIRE (TIMI 23) trials (20). TIMI 14 eval-
uated the combination of fibrinolytics with abciximab, a glycoprotein IIb/IIIa antagonist
(21,22). Serum samples were available at 1, 3, 12, and 24 h after enrollment. TIMI 23 was
designed to evaluate the low molecular weight heparin enoxaparin as adjunctive anti-
thrombin therapy with various forms of pharmacological reperfusion (23). Serum samples
were available at baseline (enrollment). Measurement of ST2 in TIMI 14 showed that
although ST2 serum concentration is elevated at the time of presentation in patients with
MI compared with healthy subjects, peak levels are achieved 12 h after presentation and
begin to decline by 24 h in most patients (Fig. 3). This observation is useful for under-
standing the potential of ST2 as a marker of hemodynamic stress in AMI and is in agree-
ment with the rapid induction of ST2 mRNA expression in cultured cardiac myocytes.

Interestingly, higher baseline ST2 levels were associated with adverse clinical outcome
at 30 d. Dichotomized at the median, elevated levels of ST2 were associated with higher
mortality through 30 d of follow-up (p = 0.0009) (Fig. 4), and the risk of death or combined
death/heart failure increased in a stepwise fashion according to quartiles of ST2. In multi-
variable analysis that included traditional indicators of risk in AMI, increasing concen-
tration of ST2 was an independent predictor of death at 30 d. Establishing ST2 as a novel

Fig. 3. Evolution of ST2 serum levels over 24 h after presentation for AMI. Each line represents 1
of 228 patients in TIMI 14 study who had serum samples available at all five time points. Peak values
occurred at 12 h in most patients, although some patients with particularly high levels had peak
values at 24 h. (Reproduced from ref. 20.)
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biomarker that offers prognostic information in patients with AMI. The findings also
suggest a potential role for ST2 to modulate the inflammatory response following hemo-
dynamic stress after MI.

ST2 and Heart Failure
Although ST2 is a promising biomarker in AMI, this does not necessarily demonstrate

that it may be reflecting hemodynamic state, because the inflammation of infarction
could induce ST2. Thus, we evaluated ST2 as a biomarker in patients with nonischemic
chronic heart failure in the Prospective Randomized Amlodipine Survival Evaluation 2
(PRAISE-2) trial (24). This trial evaluated the effects of amlodipine on survival in patients
with severe nonischemic chronic heart failure. Serum samples were available at baseline
(trial enrollment) and 2 wk after enrollment from 161 patients with New York Heart Asso-
ciation (NYHA) functional class III–IV in the neurohormone substudy.

Serum levels of ST2 were significantly higher in patients with heart failure compared
with control subjects (p < 0.0001). The baseline concentration of ST2 correlated posi-
tively with baseline BNP, pro atrial natriuretic peptide (proANP), and norepinephrine
(all p < 0.0001). ST2 concentration at baseline, and the change in ST2 concentration from
baseline to 2 wk (ST2 levels increasing during 2 wk), were evaluated in multivariable
analysis for significance as independent predictors of the primary end point (death or
transplantation). When baseline BNP or proANP was included in the model, baseline ST2
was not an independent predictor of death or transplantation. However, change in ST2
was a significant independent predictor of outcome when either BNP or proANP was in
the model. These results suggest that the change in ST2 has prognostic value independent
of BNP and proANP in patients with severe heart failure.

Although these studies suggest that overloaded cardiac myocytes are the cellular source
of circulating ST2 in patients with severe heart failure, human serum studies cannot prove
this. Heart failure can cause both neurohormonal and cytokine activation, and it is possible

Fig. 4. Probability of death through 30 d after presentation with STEMI stratified by serum ST2 level
at baseline. (Reproduced from ref. 20.)
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that other cell types secrete ST2 in chronic heart failure. However, based on the correla-
tions of serum levels of ST2 with BNP and proANP, we speculate that ST2 induction is co-
ordinated with hemodynamic status in patients with severe heart failure. The PRAISE-2
study was limited to patients with severe heart failure (NYHA class III–IV) and, therefore,
the prognostic significance of ST2 in mild chronic heart failure remains to be determined.
However, ST2 appears promising as a hemodynamic biomarker, and broader studies to
determine its incremental prognostic benefit are needed.

ADRENOMEDULLIN

Adrenomedullin was first isolated from human pheochromocytomas and is a 52 amino
acid peptide with structural homology to calcitonin and calcitonin gene–related peptide.
After it was first isolated, adrenomedullin was discovered to be widely distributed in vari-
ous peripheral tissues as well as in the central and peripheral nervous systems. Adreno-
medullin has potent vasodilatory actions. Adrenomedullin signaling is coupled to adenylate
cyclase, nitric oxide (NO), and cyclic guanosine 5'-monophosphate mechanisms through
receptor complexes including two seven-transmembrane domain proteins known as CTR
and CRLR, three single-transmembrane domain proteins termed RAMPs, and an intra-
cellular protein called RCT. Positive immunoreactivity for adrenomedullin is found in
cardiomyocytes, vascular smooth muscle cells (VSMCs), and vascular endothelial cells
(ECs) in addition to cell types in the digestive, respiratory, and endocrine systems (25,26).

Induction and Secretion of Adrenomedullin
The 21 amino acid signal peptide of the adrenomedullin protein indicates that adreno-

medullin is a secreted protein, and it has been shown that cultured vascular ECs, smooth
muscle cells (SMCs), cardiac myocytes, and cardiac fibroblasts all can secrete adreno-
medullin (27,28). Adrenomedullin mRNA is regulated by shear stress in cultured human
endothelial cells (29,30) and is also upregulated by mechanical stretch in cultured cardiac
myocytes (31). In addition to hemodynamic stress, IL-1β, TNF-α, and phorbol ester can
induce the secretion of adrenomedullin in cultured VSMCs, ECs, cardiac myocytes, and
fibroblasts (28,32).

Effects of Adrenomedullin
Exogenously administered adrenomedullin is mitogenic to cultured aortic VSMCs

through p42/p44 ERK/MAPK pathway activation (33). Endogenous adrenomedullin
secreted from cultured cardiac myocytes inhibits myocyte hypertrophy, demonstrating
that it may act in an autocrine and/or a paracrine manner (31). In addition to effects on cell
growth and hypertrophy, adrenomedullin promotes IL-6 secretion and attenuates endo-
thelin-1 (ET-1) secretion from fibroblasts but not myocytes, as well as augments cyclic
adenosine monophosphate (cAMP) production in response to IL-1β (28). Adrenomedullin
induces the secretion of IL-6 from cultured fibroblasts through a cAMP-mediated path-
way and augments the TNF-α and IL-1-induced secretion of IL-6 and NO production (27).
When administered in vivo directly into the coronary artery of instrumented sheep, adreno-
medullin causes sustained coronary vasodilation, which is abolished with intracoronary
infusion of N-nitro-L-arginine, a NO synthase inhibitor, demonstrating that the coronary
vasodilation in response to adrenomedullin is mediated by the release of NO from ECs (34).

Several studies have shown that plasma adrenomedullin concentrations are increased
in patients with AMI (35–37), chronic heart failure (38), and hypertension (39), indicat-
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ing the potential usefulness of adrenomedullin as a biomarker in conditions of hemody-
namic stress.

Adrenomedullin and MI
Plasma adrenomedullin is increased early during AMI (35–37). Similar to ANP and

BNP, plasma adrenomedullin levels are elevated at admission in patients with MI com-
pared with healthy control subjects, peak at 24 h after MI, and decline at 4 wk to levels that
are still above normal (35). The concentration of adrenomedullin is negatively correlated
with left ventricular ejection fraction (LVEF), suggesting a relationship between adreno-
medullin and hemodynamic status postinfarction. Adrenomedullin is a significant pre-
dictor of mortality (Fig. 5) but is less strongly associated with outcome than N-terminal
proBNP (NT-proBNP) and BNP (37).

Adrenomedullin and Heart Failure
The plasma concentration of adrenomedullin is increased in patients with heart failure

in relation to NYHA classification (40,41) (Fig. 6). Plasma adrenomedullin levels posi-
tively correlate with plasma ANP levels and with LV end-diastolic pressure (LVEDP).
Blood sampling in a subset of patients with heart failure undergoing cardiac catheterization
revealed a modest but significant 20% increase in adrenomedullin concentration between
the aorta and the anterior interventricular vein and between the aorta and the coronary sinus,
whereas the increase in ANP concentrations in the same patients was between 200 and
300%. These results show that the failing heart secretes adrenomedullin; however, adreno-
medullin is also synthesized in the vasculature of the lower extremities (25). It is likely
that the heart is not the only source of elevated plasma adrenomedullin in heart failure. In
a study by Pousset et al. (42), the plasma concentration of adrenomedullin was a signifi-

Fig. 5. Kaplan-Meier survival curves for subgroups with early postinfarction plasma peptide (adreno-
medullin [ADM] and norepinephrine [NE]) concentrations above (solid lines) and below (dashed
lines) group median in 121 patients with MI. (Reproduced from ref. 37.)



Chapter 25 / Novel Markers of Hemodynamic Stress 435

cant predictor of outcome (death or cardiac transplantation) in patients with heart failure
with a range of NYHA functional classes and different etiologies. Moreover, plasma adreno-
medullin was an independent predictor of outcome in multivariable models in which the
only other independent predictors were ET-1 and systolic BP (BNP was not measured in
this study).

In a study by Richards et al. (43), adrenomedullin and NT-proBNP were evaluated for
prognostic utility in patients with LV dysfunction, and for their ability to predict benefit
from treatment with the β-blocker carvedilol in patients with chronic, stable heart failure
of ischemic etiology (NYHA class II–III). Prerandomization plasma levels of both adreno-
medullin and NT-proBNP that were above the median were more robust than ejection
fraction in predicting all-cause mortality, heart failure mortality, and worsening heart
failure. Both adrenomedullin and NT-proBNP were independent predictors of outcomes.
More important, this study also showed that elevated adrenomedullin (as well as NT-
proBNP) levels prior to treatment with carvedilol were associated with a benefit from the
addition of the β-blocker.

Infusion of adrenomedullin in patients with heart failure and in healthy subjects decreases
mean arterial pressure and increases cardiac index in both groups and decreases pulmonary
capillary wedge pressure and pulmonary arterial pressure in patients with heart failure (44).
Adrenomedullin also increases urine volume and urinary sodium excretion, with a decline
in plasma aldosterone concentration in patients with heart failure. These results suggest
that adrenomedullin, in addition to its usefulness as a biomarker, may be of potential ther-
apeutic benefit in heart failure.

UROCORTIN

Urocortin is a 40 amino acid peptide that was discovered in rat brain by DNA homology
screening with a probe derived from fish urotensin (45). Urocortin is highly homologous
to the hypothalamic hormone corticotropin-releasing factor (CRF). The mRNA for uro-
cortin encodes a protein of 122 amino acids that contains a signal peptide, indicating that

Fig. 6. Adrenomedullin (ADM) concentration in healthy control subjects and in patients with
congestive heart failure according to NYHA classification. (Reproduced from ref. 40.)
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it is a secreted protein. The protein is processed by proteolytic cleavage to yield the active
40 amino acid peptide urocortin.

Effects of Urocortin
Because of its similarity to CRF, the first studies on urocortin focused on its possible

effects in the stress response through the hypothalamic–pituitary–adrenal axis. However,
studies of receptor affinities and subtype distributions revealed that although CRF and
urocortin both bind to two receptors (CRF-R1 and CRF-R2) corticotropin-releasing fac-
tor has 10 times greater affinity for CRF-R1 and urocortin has 40 times greater affinity for
CRF-R2. In addition, CRF-R2 is further subtyped into CRF-R2α and CRF-R2β, which
are both predominantly localized in the periphery, in particular the myocardium and vascu-
lature, and CRF-R2γ, which may be predominantly localized in the central nervous system
(46–48). The high affinity of urocortin to CRF-R2 receptors and the identification of both
in the cardiovascular system have generated interest in the study of urocortin, a peripherally
circulating peptide, as a biomarker for hemodynamic regulation and cardiac function.

Urocortin has vasodilatory as well as positive inotropic and chronotropic effects when
administered in vivo. In conscious, chronically instrumented healthy sheep, iv administra-
tion of urocortin produced a rapid and profound increase in cardiac contractility and coro-
nary blood flow and a slower-developing increase in mean arterial pressure, heart rate,
and cardiac output. Plasma renin was significantly reduced and plasma adrenocorticotro-
pic hormone and cortisol were increased (49). When administered in vivo to healthy mice,
urocortin caused an increase in cardiac circumferential shortening, an increase in heart rate,
and a decrease in mean arterial pressure. Urocortin given by infusion to healthy humans at
a dose that had no hemodynamic effects significantly increased plasma levels of ANP (50).

Urocortin Expression in the Cardiovascular System
Urocortin mRNA is expressed in cultured cardiac myocytes (51,52). The mRNA for

the peripheral receptor for urocortin, CRF-R2β, is much more abundantly expressed in
cardiac myocytes than in fibroblasts (52). CRF-R receptors are G protein-coupled receptors
(GPCRs), and their activation results in an increase in cAMP and activation of protein
kinase A. Urocortin treatment of cultured cardiac myocytes stimulates cAMP production
through CRF-R2β signaling (48,52,53). Cultured neonatal rat cardiac myocytes and fibro-
blasts secrete urocortin protein constitutively, with the production level of urocortin two-
fold higher in fibroblasts than in myocytes (54). No studies are available describing the
induced secretion of urocortin in cultured cells. Two additional effects of urocortin in
cardiac myocytes are important. Urocortin causes a significant increase in ANP and BNP
secretion and increases protein synthesis (3H amino acid incorporation) in cultured car-
diac myocytes (52,53), suggesting that urocortin promotes cardiac myocyte hypertrophy
and demonstrating a novel pathway by which ANP and BNP may be elevated in vivo.

Urocortin mRNA levels are increased whereas CRF-R2β receptor mRNA levels are
depressed in left ventricles from rats with mineralocorticoid excess-induced LV hypertro-
phy (DOC-salt model) (52,53). This model of LV hypertrophy is characterized by severe
systemic hypertension and neurohormonal-adrenal activation. Studies of urocortin/CRF-
R2β regulation in other models of pressure overload hypertrophy are needed to distin-
guish between its regulation by hemodynamic load per se and by neurohormonal factors.

Urocortin immunohistochemical staining is more intense in heart tissue from patients
with dilated and hypertrophic cardiomyopathy compared with healthy hearts (52,55).
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Reverse transcriptase polymerase chain reaction analysis in healthy human heart samples
from patients who died of noncardiovascular causes revealed mRNA expression of uro-
cortin in all four cardiac chambers. The mRNA expression of CRF-R2β was clearly ob-
served in human atrial tissue but was very low in ventricular tissue, whereas CRF-R2α
mRNA expression was observed in all four cardiac chambers (56). These findings sug-
gest the existence of a human heart autocrine or paracrine urocortin/CRF-R system and
also suggest that in humans, in contrast to rodents, CRF-R2α may be the functional recep-
tor for urocortin in the cardiovascular system. Additional work is needed to clarify receptor
subtype switching in human hearts in cardiovascular diseases (CVDs) and hemodynamic
loading.

A splice variant of urocortin called urocortin III was recently detected in healthy human
heart tissue. Urocortin III was also detected in healthy human plasma and urine (five times
higher than plasma), as well as in kidney, brain, and lung (57). These results have generated
interest in the study of the urocortin peptide family and their receptors, and of their detec-
tion in plasma in conditions of hemodynamic stress such as MI and heart failure.

Urocortin and Heart Failure
The hemodynamic effects of iv administration of urocortin were studied in two models

of experimental heart failure. In pacing-induced heart failure in sheep (58), cardiac out-
put was severely depressed, and total peripheral resistance and left atrial pressure were
severely elevated. Intravenous injection of urocortin increases cardiac output in a dose-
dependent fashion and decreases total peripheral resistance and left atrial pressure. In sheep
with heart failure, urocortin reduced plasma arginine vasopressin, renin, aldosterone,
ET-1, angiotensin II, ANP, and BNP—effects that lasted until the following day—with
concurrent increases in urine volume, urine sodium excretion, and creatinine excretion;
notably, these effects of urocortin were not observed in healthy sheep. In a mouse model
of dilated cardiomyopathic heart failure, iv injection of urocortin increased ejection frac-
tion and improved cardiac relaxation (59). These results suggest that urocortin has bene-
ficial hemodynamic and renal effects in heart failure.

One study has reported elevated plasma levels of urocortin in patients with heart failure
(60). The study consisted of 119 patients with heart failure and 212 control subjects. The
predominant etiologies of heart failure were ischemic and dilated cardiomyopathy. Plasma
urocortin was most elevated in patients with NYHA class I and II and less elevated in
patients with NYHA class III–IV. This finding must be interpreted with caution because
NYHA class III–IV patients were older, and age was inversely associated with urocortin
levels in this population. When age matched, urocortin plasma levels were still elevated
in patients with heart failure vs healthy subjects. The incorporation of urocortin into
logistic models improved specificity for the detection of early heart failure when used in
combination with NT-proBNP. It is also uncertain whether urocortin enhances cardiac
contractility at the early stages of heart failure only to be depleted in severe heart failure,
contributing to the decline in cardiac function. The source of increased plasma urocortin
in heart failure is not known. To date, there are no reports on plasma levels of urocortin fol-
lowing AMI in humans.

Other Effects of Urocortin
In addition to its hemodynamic and renal effects, urocortin and its signaling through the

CRF-R2 receptor have documented effects on angiogenesis/vasculogenesis, cardioprotection
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following ischemia-reperfusion injury, inflammatory and immune modulation, and induc-
tion of the secretion of other active peptides. Interestingly, the CRF-R2 receptor appears
to inhibit vascularization (61). Blood vessel density and diameter are profoundly increased
in adult CRF-R2 null mice. Urocortin decreases the release of vascular endothelial growth
factor (VEGF) and inhibits cell proliferation in VSMCs. Urocortin also decreases the num-
ber and size of capillary-like tubes in endothelial cells embedded in collagen gels and
inhibits growth factor-induced vascularization in vivo.

Treatment of cultured cardiac myocytes with urocortin II and urocortin III protected
myocytes from ischemia-reperfusion injury through phosphorylation and activation of
the ERK1/2 p42/44 MAPK pathway (62,63). Urocortin decreases TNF-α and IL-β serum
levels following administration of LPS in mice, suggesting an anti-inflammatory effect
(64), and enhances expression of cardiotrophin-1, a cytokine that participates in the growth
and survival of cardiac myocytes (65).

Urocortin stimulates activin A secretion in cultured placenta cells (66). Activin A is
a secreted glycoprotein belonging to the transforming growth factor-β family, and activin
A serum levels are increased in patients with heart failure and correlate with cardiac
index, LVEDP, proANP, proBNP, C-reactive protein, and TNF-α (67). Activin A is there-
fore another potential hemodynamic biomarker that may be related to the urocortin sys-
tem in heart failure.

UROTENSIN

The receptor for urotensin was identified before urotensin itself was identified as its
ligand. Ames et al. (68) screened a human genomic library with a probe to a rat orphan
GPCR termed GPR14 and isolated the human homolog. Human GPR14 was abundantly
expressed in the heart and pancreas and also expressed in arterial, endothelial, and SMCs,
as well as brain (68). Cells transfected with human GPR14 were used to search for a ligand
that produced a calcium-mobilization response (a conserved response among GPCRs).
The only compound to elicit this response was goby fish urotensin, a neuropeptide first
isolated from the spinal cord of the goby fish. Homology database searching matched goby
fish urotensin to a human DNA sequence that, based on functional studies, was assigned
as human urotensin, and GPR14 was assigned as the urotensin II receptor. Preprourotensin
is a peptide that contains a signal sequence, and, thus, it is a secreted protein.

Human urotensin produces contractions in rat thoracic aorta but has no vasopressor
activity in rats on iv administration in vivo. In nonhuman primate arterial vessels, uroten-
sin is approx 10 times more potent than ET-1 in its contractile profile. When administered
in vivo to nonhuman primates, urotensin causes an unusual hemodynamic profile that dis-
tinguishes it from ET-1 and angiotensin II. Urotensin causes a massive increase in total
peripheral resistance indicative of systemic vasoconstriction and an increase in LVEDP,
and marked contractile dysfunction (decreases in stroke volume, +dP/dt, and cardiac out-
put) as well as a small decrease in mean arterial pressure. Urotensin also causes ST-seg-
ment changes indicative of myocardial ischemia (68). Thus, the identification of urotensin
as a potent, secreted vasoconstrictor peptide and its GPCR has generated interest in their
expression and hemodynamic regulation in CVD.

Urotensin Expression in Hypertension and Heart Failure
A high density of urotensin receptors is found in the smooth muscle layer of coronary

arteries and LV myocytes (69). Urotensin is approx 50 times more potent than ET-1 in
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contracting human coronary, mammary, and radial arteries in responding tissue; however,
some samples fail to respond to urotensin but are reactive toward ET-1 (69). These results
demonstrate binding of urotensin to the urotensin receptor in the human vasculature.
Urotensin gene expression is abundant in the human kidney and atrium and throughout
the vasculature (70). Urine levels of urotensin are significantly higher in hypertensive
compared with normotensive individuals and suggest that the kidney may produce uro-
tensin in hypertension. A role for urotensin in essential hypertension has been confirmed
in a study by Cheung et al. (71), which showed that plasma levels of urotensin are signif-
icantly higher in hypertensive patients compared with normotensive subjects and corre-
late with systolic BP.

Urotensin receptor gene expression increases in the heart 1 wk after experimental myo-
cardial infarct in the rat compared with sham-operated controls (72). Positive staining for
urotensin receptors is found in myocytes, ECs, and fibroblasts in the postinfarcted heart,
and positive staining for urotensin is found in the infarcted region. This suggests a role for
urotensin signaling in the remodeling process post-MI. Positive staining for urotensin pro-
tein is also observed in the myocardium of patients with end-stage heart failure (73). Stain-
ing is stronger in subendocardial myocytes compared with the subepicardium or midmyo-
cardium. Furthermore, in patients with heart failure secondary to ischemic heart disease,
urotensin immunoreactivity was significantly greater in the left ventricle compared with
the right ventricle or atrial tissue. Urotensin protein expression positively correlates with
LV end-diastolic dimension and inversely correlates with ejection fraction (both p < 0.001).
Binding studies with labeled urotensin reveal a greater density of urotensin receptors in
cardiac myocytes, ECs, and SMCs of hearts with end-stage failure compared with con-
trols. These results were confirmed at the mRNA level for both urotensin and urotensin
receptors, indicating that urotensin expression is upregulated in the hearts of patients with
end-stage failure.

Plasma urotensin is increased in patients with NYHA class IV heart failure and cor-
relates with plasma levels of ET-1 and adrenomedullin but not with angiotensin II, aldo-
sterone, or norepinephrine (74). In patients with coronary artery disease (CAD), plasma
urotensin correlates with NYHA class and LVEDP (75) (Fig. 7). Plasma aortic root uro-
tensin levels are markedly elevated in patients with heart failure compared with patients
with CAD and nonfailing hearts and inversely correlate with LVEF. Plasma levels in the
aortic root are three- to fourfold higher than from the femoral artery, femoral vein, or
pulmonary artery, suggesting cardiopulmonary production of urotensin in heart failure
(76). In patients with CAD, Heringlake et al. (77) observed elevated urotensin levels in
patients with elevated filling pressures and with three-vessel disease compared with both
healthy subjects and patients with less severe disease and lower filling pressures. Uroten-
sin levels were also significantly correlated to NT-proANP and NT-proBNP in this patient
population.

Plasma urotensin levels are elevated in patients with heart failure but are unchanged
with increasing NYHA class (78). Both plasma urotensin and BNP are independent pre-
dictors of NYHA class I heart failure (78).

Function of Urotensin
The contractile effects of urotensin vary in different species and vascular beds (79–

82). Lim et al. (83) observed that urotensin mediated a dose-dependent vasodilation in
healthy subjects but that a dose-dependent vasoconstriction occurred in patients with
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heart failure when urotensin was iontophoresed to the skin microvasculature, suggesting
that urotensin may contribute to increased peripheral vascular resistance in heart failure.

In addition to the contractile effects of urotensin, Onan et al. (84) recently demonstrated
a strong hypertrophic growth effect of urotensin in neonatal cardiac myocytes when
expression of the urotensin receptor was experimentally increased. Urotensin activates
the ERK1/2 and p38 MAPK pathways through mechanisms involving the epidermal growth
factor receptor (84). Urotensin induces proliferation of cultured VSMCs via phosphoryla-
tion of ERK1/2 (85). These studies (84,85) in cardiovascular cell types (cardiac myocytes,
SMCs, and fibroblasts) confirm a previous finding that, in addition to its calcium mobili-
zation effect characteristic of G protein receptor signaling, urotensin signaling caused acti-
vation of the ERK1/2 MAPK pathway in an experimental cell culture system (86).

Agonists and Antagonists of Urotensin
Several agonists and antagonists of urotensin have been developed and will be helpful

in understanding the function of urotensin in the cardiovascular system as well as in deter-
mining its potential usefulness as a therapeutic agent (79,87,88).

MYOTROPHIN

Myotrophin was isolated from a crude homogenate generated from hearts of sponta-
neously hypertensive rats. The supernatant of this crude homogenate, distinguished from

Fig. 7. Correlation of human urotensin II–like immunoreactivity (hU-II-LI) with (A) LVEF and (B)
LVEDP. Shown are the raw data. Pearson’s correlation coefficient was calculated with log-trans-
formed hU-II-LI values (A,B). (C) hU-II-LI in different NYHA classes. Raw data with the mean ±
SEM next to the column scatters are presented. (D) Box plots with log-transformed hU-II-LI for dif-
ferent NYHA classes. The results of group comparison are shown. NYHA IV is not included because
there was only one patient. (Reproduced from ref. 75.)
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the supernatant from healthy hearts, had the ability to stimulate cell growth in cultured
rat neonatal cardiac myocytes. Fractionation, purification, and amino acid sequencing iden-
tified this factor as rat myotrophin, a 113 amino acid protein (89). Human myotrophin was
cloned and is expressed in many tissues with relatively higher expression in the heart (90).
In agreement with its initial identification as a hypertrophic factor in rat cultured cardiac
myocytes, recombinant human myotrophin causes cardiac myocyte hypertrophy in cul-
tured cells (90). Furthermore, the mRNA levels of myotrophin are elevated in human car-
diomyopathic hearts compared with healthy hearts (90). Myotrophin mRNA and protein
levels are increased by mechanical stretch in cultured cardiac myocytes, and mechanical
stretch causes myotrophin to translocate from the cytoplasm to the nucleus and to form a
complex with the activated transcription factor NF-κB, which can participate in the initia-
tion of cardiac hypertrophy (91,92). The findings that myotrophin induced a hypertrophic
response when added extracellularly and that mRNA and protein levels increased in
response to mechanical stretch (hemodynamic stress) suggest that myotrophin acts in an
autocrine/paracrine manner in cardiac myocyte hypertrophy.

Transgenic mice overexpressing myotrophin in the heart have cardiac hypertrophy
characterized by increased heart weight relative to body weight; increased myocyte cross-
sectional area; and elevated mRNA levels of the hypertrophic marker genes, ANF, and
β-myosin heavy chain. Cardiac hypertrophy in transgenic mice eventually progresses to
heart failure (93), demonstrating that myotrophin is a causal factor in the development of
hypertrophy and later transition to heart failure.

Myotrophin and Heart Failure
O’Brien et al. (94) demonstrated that myotrophin is present in human plasma. This same

study showed that plasma levels of myotrophin are increased in patients with heart failure.
The elevation is greater in male patients with heart failure compared with female patients.
Surprisingly, plasma myotrophin levels fall with increasing NYHA class. Levels of myo-
trophin appear to be independent of etiology of heart failure. As with other biomarkers,
the cellular source of elevated myotrophin in heart failure is not known. Further studies are
required to determine the usefulness of myotrophin as a biomarker for the diagnosis and
prognosis of heart failure and as a biomarker for conditions of hemodynamic overload.

NOVEL CANDIDATE MARKERS OF HEMODYNAMIC STRESS

To discover novel pathways induced in the heart in response to hemodynamic overload
in vivo, we used DNA microarray technology to characterize on a genomewide scale the
acute and long-term response of the heart to pressure overload (95). We used the well-
established transverse aortic constriction model of pressure overload hypertrophy in mice
in which an occluding clip is surgically placed around the transverse aorta to create a hemo-
dynamic overload on the left ventricle. LV RNA was harvested from mice 1 d and 30 wk
after the imposition of hemodynamic overload, which enabled characterization of the
genomewide transcriptional response of the heart to acute hemodynamic overload (1 d after
aortic banding) as well as that during compensation and adaptation to pressure overload
(30 wk after aortic banding) (Fig. 8). Transverse aortic constriction resulted in a 40–50%
increase in LV mass at 30 wk compared with LV mass in sham-operated mice, demonstrat-
ing significant LV hypertrophy. Aortic-banded hearts had preserved contractile function
and a concentric pattern of remodeling, indicating compensatory hypertrophy and not
failure.
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A striking initial observation in our study was that hemodynamic overload stimulated
the transcription of genes unrelated to hemodynamic control, a concept that was raised at
the beginning of this chapter. Functional classes of genes represented included transcrip-
tion factors, signal transduction, protein processing/trafficking, protein synthesis and metab-
olism, immunity/inflammation, extracellular matrix, cytoskeleton, calcium binding, cobalt
ion transport, apoptosis/cell death, growth inhibition, organogenesis, mRNA processing,
as well as a significant number of nonannotated cDNAs of unknown functional class. Fur-
thermore, we identified unique gene clusters that characterized acute vs chronic hemody-
namic pressure overload. Thus, this study identified several previously unsuspected cardiac
overload pathways to open the way for future investigation.

By identifying the secreted proteins encoded by the genes regulated by acute and chronic
hemodynamic stress in vivo, novel candidate markers of hemodynamic stress may be
identified. The gene most highly induced after acute hemodynamic overload was lipocalin
(18-fold increased in male mice, 72-fold increased in female mice). Lipocalin is a small,
secreted polypeptide that is protease resistant and has been detected in urine. Lipocalin was
recently recognized as a urinary biomarker of acute renal failure owing to ischemic injury
(96) as well as cisplatin nephrotoxicity (97). One function of lipocalin is to modify matrix
metalloproteinase activity (98), which participates in cardiac remodeling following MI and
in heart failure. Our finding of robust induction of lipocalin in the heart after acute hemo-
dynamic stress suggests that it may be increased in the serum of patients following AMI.

Genes encoding secreted proteins that were induced by acute hemodynamic overload
and further upregulated during chronic hemodynamic overload include thrombospon-

Fig. 8. Demonstration of process by which a candidate biomarker is revealed through genomic screen-
ing of novel genes induced by hemodynamic overload in mice in vivo. Lipocalin is dramatically
induced by acute hemodynamic overload of the heart. Validation by an independent technique is an
important step following microarray results. Northern blotting validates DNA microarray findings
for lipocalin. (Adapted from ref. 95.)
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din-1 (sevenfold increased), osteoblast-specific factor 2 (sevenfold increased), biglycan
(fourfold increased), and connective tissue growth factor (sixfold increased). Thrombo-
spondin-1 is detected in the plasma of healthy individuals at low levels but can be increased
when it is released from activated platelets. Many cell types other than platelets, including
fibroblasts and ECs, express thrombospondin-1. Its secretion may therefore be induced
in these cell types by hemodynamic stress. Thrombospondin-1 may be an inhibitor of
angiogenesis through signaling cross talk with VEGF pathways. Single-nucleotide poly-
morphisms of thrombospondin-1 are significantly associated with familial premature CAD
and MI (99). For a review on thrombospondin-1 see ref. 100.

Gene expression studies such as the one described here are limited in their ability to iden-
tify biomarkers, because gene expression in the heart often is not reflected by changes
in a protein in the blood. Thus, new techniques in proteomics (see Chapter 33), which can
separate and rapidly identify different proteins, have great promise for identifying novel
biomarkers. Thus far, proteomics techniques have been difficult to apply to human blood,
but as these techniques evolve, it is likely that new hemodynamic markers will emerge.

CONCLUSION

The emergence of convincing evidence establishing BNP as a valuable diagnostic and
prognostic marker in CVD has provided proof in principle for a clinical role for biomarkers
of hemodynamic stress. ST2, an IL-1 receptor family member, is a novel biomarker of
hemodynamic stress in AMI and heart failure. Additional novel hemodynamic markers that
have been evaluated are adrenomedullin, urotensin, urocortin, and myotrophin; these pro-
teins, in addition to being induced by hemodynamic stress, have hemodynamic effects in
vascular beds and/or in the heart. Moreover, genomic strategies, such as we have described,
have identified several novel candidate molecules that can be evaluated as biomarkers in
future studies. With such efforts, it is likely that researchers will expand the set of hemo-
dynamic biomarkers that may be useful for noninvasive characterization of underlying
hemodynamic state, and short- and long-term prognosis.
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SUMMARY

We provide a brief overview of vascular thrombosis as applied to the arterial circula-
tory system. This background serves as a template for understanding potential biomarkers
of thrombosis. Additionally, the integrated relationship between genotype and pheno-
typic expression of disease, measurable as circulating (soluble) proteins and cell-based
products, including fibrinogen, thrombin, thrombomodulin, tissue factor, tissue factor
pathway inhibitor, platelet surface markers, and others, is highlighted. Finally, the role
of endothelial cell and endothelial cell-surface markers as biomarkers of thrombosis is
discussed. As applicable, the clinical and potential research applications of specific bio-
markers of thrombosis are provided.
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INTRODUCTION

Hemostasis is the physiological process that maintains blood in a fluid state within cir-
culation (2). Under normal physiological circumstances, blood components do not inter-
act with an intact vascular endothelium. Arterial thrombosis, like venous thrombosis, as
described by Virchow, occurs when there is alteration in blood flow, change in the hemo-
static protein composition of blood, or change in the vessel wall. The activation of coagu-
lation leads to a series of cell-surface-based events that result in the activation of multiple
proteins. These proteins not only function to increase the clotting ability of blood, but
they simultaneously activate anticoagulant processes as well. In this manner, the exquis-
ite balance of hemostasis is restored with both thrombin and fibrin generation and deg-
radation all occurring at any given moment.

Thrombosis within the coronary vascular bed is a dynamic process, with clot formation
and dissolution occurring simultaneously at many sites. Occlusive thrombus and circu-
latory compromise occur when there is a shift in the balance between these processes (1).
Recent advances in understanding the pathobiology of atherothrombosis have demon-
strated a finely orchestrated interplay among inflammation, thrombosis, and oxidative
stress. As the fundamental properties of atherogenesis, endothelial cell injury/dysfunc-
tion, plaque metamorphosis, and thrombogenesis are elucidated, measurable biological
markers representing the natural history of disease that can be used for diagnosis, risk
assessment, and the management of patients with coronary atherothrombosis are likely
to emerge.

INITIATION OF THROMBOSIS

The initiation of thrombosis is dependent on two critical steps: vessel wall injury and
the adherence of platelets on this disrupted surface. When there is a dysfunctional surface
or a breach in the endothelial surface, a series of biochemical events is triggered that leads
to the rapid deposition of platelets and insoluble fibrin as an initial plug that is the start
of the repair process. In a cell-based model of arterial thrombosis, the integrity and state
of the endothelium are the basis for the initiation of thrombosis (3). The pivotal step in
transforming the endothelium into a procoagulant surface is the production of tissue fac-
tor (4,5) (Fig. 1). Tissue factor is an integral membrane glycoprotein that must be anchored
to a phospholipid membrane to be active (6). Activated monocytes, attracted to sites of
vascular injury by tumor necrosis factor (TNF)-α and interleukin-1, also elaborate tissue
factor (7,8). Tissue factor forms a complex with factor VII and activated factor VII (VIIa),
a powerful procoagulant complex that cleaves its substrates, factor IX and factor X, and
starts the coagulation cascade (6,9).

In addition to elaborating tissue factor when activated, the endothelium participates
in the second component of thrombus initiation—platelet deposition. The primary mole-
cule responsible for platelet adhesion is von Willebrand factor (vWF), especially in
vessels with high shear stress such as coronary vessels (10,11). This molecule is synthe-
sized by the endothelium. Activated or injured endothelial cells (ECs) can also release
vWF and P-selectin, molecules also involved in platelet and leukocyte adhesion (12).
Storage granules, called Weibel-Palade bodies, contain P-selectin and vWF within the EC
and fuse with the cell membrane on activation to present these molecules on the EC sur-
face (13,14). In this manner, through either activation or severe injury leading to deendo-
thelialization, the molecular signals for both the initiation of coagulation and platelet
adhesion are initiated at the vessel wall.
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PLATELET DEPOSITION AND ACTIVATION
Platelets play a central role in arterial thrombosis. Platelets adhere, activate, aggregate,

and promote thrombus formation. As mentioned, platelets adhere to activated or denuded
endothelial surfaces via bonds between vWF and P-selectin. The platelet membrane recep-
tor glycoprotein Ib-IX (GpIb-IX) binds vWF (15). This bond tethers platelets to the surface,
initiating adherence and subsequent aggregation. Platelets also bind exposed collagen, sta-
bilizing the platelet plug and provoking the expression of GpIIb/IIIa and the release of
adenosine 5'-diphosphate and thromboxane A2. These molecules act in an autocrine man-
ner and lead to an amplification of platelet aggregation. Fibrinogen rapidly binds the GpIIb/
IIIa receptors and crosslinks the platelet plug simultaneously as thrombin and fibrin are
produced by the coagulation cascade. Once thrombin is generated, it serves to further acti-
vate platelets (16).

ACTIVATION OF COAGULATION FACTORS
AND THROMBIN GENERATION

As platelet adherence and activation are occurring, tissue factor forms a complex with
factor VII and activated factor VIIa that cleaves both factors IX and X. Additionally, fac-
tor IX, activated by tissue factor, activates additional factor X, a reaction in which factor
VIII serves as a cofactor. Factor Xa along with cofactor Va activates prothrombin (factor
II) to thrombin (factor IIa). The production of thrombin precipitates fibrin formation, the
final process of coagulation. Thrombin converts fibrinogen into fibrin monomers. Throm-
bin also activates platelets, converts factor V into Va, factor XI into XIa, and factor VIII
into VIIIa (after VIII dissociates from vWF). The fibrin monomers polymerize to form
fibrin strands that in turn terminate the factor XIII-mediated crosslinking to form a
“mature” fibrin network (Fig. 2).

Fig. 1. Cell-based model of arterial thrombosis. Monocyte-derived tissue factor is provoked by inflam-
matory cytokines and contributes to thrombin generation in atherothrombotic CAD, a prothrombotic
disorder characterized by endothelial dysfunction. Impaired thromboresistance and attenuated fibrin-
olytic potential TF, tissue factor; VIIa, factor VIIa; Xa, factor Xa; TAFI, thrombin-activated fribrino-
lytic inhibitor. (Adapted from ref. 112.)
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ANTICOAGULANT PATHWAYS IN MAINTAINING HEMOSTASIS

Coagulation is a rapid and potentially explosive process with several points of ampli-
fication. Four intrinsic systems are in place to modulate hemostasis and provide antico-
agulant mechanistic control (thromboresistance). Tissue factor pathway inhibitor (TFPI)
is a potent protease inhibitor that is synthesized within ECs (17). TFPI binds to and inac-
tivates factor Xa. The TFPI-Xa complex then binds to tissue factor–VIIa complex and
forms a quaternary structure that prevents further activation. Antithrombin is also a potent
protease inhibitor that participates in vascular surface thromboresistance. It binds thrombin
and forms an irreversible complex (18). In the presence of endogenous or exogenous hepa-
rin, antithrombin undergoes a conformational change that leads to a 1000-fold increase
in affinity for thrombin (19).

Fig. 2. A cell-based model of coagulation is initiated on tissue factor bearing cells, followed by
assembly of clotting proteins on a template of activated (and aggregated) platelets that leads to throm-
bin (factor IIa) generation. Vascular thromboresistance, governed by antithrombin III, protein C,
and TFPI, attenuates thrombin development, as does plasmin generated by tPA and uPA. This sys-
tem of checks and balances is vital for maintaining vascular integrity and tissue-level hemostasis.
(From ref. 2.)
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Thrombin generation is further limited by thrombomodulin (20). Thrombomodulin is
a membrane protein on the surface of the EC. Binding of thrombomodulin to thrombin
leads to a structural change that prevents the ability to activate fibrin and further confers
a binding site for protein C. Once protein C is activated by the thrombin–thrombomodulin
complex, it combines with protein S on phospholipid membranes to inactivate factors Va
and VIIIa (21).

Finally, endogenous fibrinolysis attenuates fibrin clot propagation and also participates
in vascular repair. Circulating plasminogen binds to the fibrin clot and is converted into
plasmin by EC-released tissue-type plasminogen activator (tPA) (22). Urokinase plasmi-
nogen activator (uPA) is the major source of plasminogen activator in the extravascular
space. Plasmin cleaves fibrin at multiple sites and releases fibrin degradation products
(FDPs). FDPs containing two D-domains of two fibrin monomers crosslinked with factor
VIII are referred to as D-dimers. The plasminogen system is also under complex control
(23). One of the major regulating molecules is plasminogen activator inhibitor-1 (PAI-1).
PAI-1 is produced in ECs and platelets and regulates the extent of fibrinolysis (23).

To achieve hemostasis continually, a complex series of reactions that balance both coag-
ulation and anticoagulation must occur. A slight shift in the balance of this delicate process
can lead either to rapid amplification of signals and circulatory compromise from obstruc-
tive thrombus or to uncontrolled bleeding. The next section discusses the clinical rele-
vance of the traditional markers of thrombosis and the genotype–phenotype relationship
of these markers.

MARKERS OF THROMBOSIS

Proteases involved in the coagulation cascade and its regulation, as well as molecules
involved in endogenous fibrinolysis, are potential candidate biomarkers of thrombosis
(Table 1). To be considered clinically useful, a biomarker must be readily measurable,
and it must be shown in prospective clinical studies to provide diagnostic or prognostic
information. Finally, prospective studies with therapeutic agents that alter the measur-
able biomarker levels and correlate with clinical outcomes would complete the cycle of
clinical utility.

Presently there are no biomarkers of thrombosis that completely satisfy these criteria.
Challenges to meeting all of these criteria include the redundant nature of the coagulation
and anticoagulation process, contributing environmental factors, and patient-specific vari-
ability (2,24). Accordingly, in order to determine biological markers of thrombosis applica-
ble to the coronary arterial circulation, studies targeting specific populations with known
environmental risk factors for thrombosis are required.

Fibrinogen
Fibrinogen is a coagulation protein that has been investigated extensively as a poten-

tial predictor of cardiovascular thrombosis among patients with and without prior cardiac
disease. Fibrinogen is a large plasma protein produced in the normal human liver. The
protein contains two identical subunits made up of three polypeptide chains, α, β, and γ,
linked together with disulfide bonds. The final protein is cleaved by thrombin into fibrin
monomers that subsequently polymerize to form fibrin strands, stabilizing the meshwork
within the developing thrombus.

Although several genetic polymorphisms have been identified, the association with phe-
notypic changes in the fibrinogen molecule and disease is inconsistent (24). Additionally,
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the phenotypic expression of fibrinogen varies with populations and environmental factors.
Notably, women have higher fibrinogen levels compared with men, and smoking tobacco
increases fibrinogen levels (25,26).

Prospective studies in patients without cardiovascular disease (CVD) have demon-
strated the independent predictive value of fibrinogen measurement for future events
(27–34). The two largest studies investigating fibrinogen as a prognostic biomarker are
the Physicians’ Health Study and the Prospective Epidemiological Study of Myocardial
Infarction (PRIME) (27,28). In the Physicians’ Health Study, including more than 14,000
patients, fibrinogen levels independently predicted myocardial infarction (MI) after con-
trolling for traditional cardiac risk factors (27). The PRIME study evaluated more than
10,000 male patients. After adjusting for cardiovascular risk factors, fibrinogen levels were
associated with CVD. The odds ratio (OR) was 1.31 for each standard deviation increase
in the fibrinogen level above the normal value.

Fibrinogen levels have also been correlated with cardiovascular events in patients
with coronary heart disease (CHD) (35–38). The European Concerted Action on Throm-
bosis and Disabilities Angina Pectoris Study prospectively evaluated 3043 patients with
angina pectoris and baseline angiography. After controlling for extent of coronary dis-
ease and cardiovascular risk factors, baseline fibrinogen predicted future MI and sudden
death (35). Additionally, low fibrinogen levels in the patients with high cholesterol levels
identified a low-risk patient group. In the Bezafibrate Coronary Atherosclerosis Inter-
vention Trial, evaluating the effect of bezafibrate in young male survivors of MI, fibrinogen
levels independently predicted cardiovascular mortality. In a subgroup of patients under-
going angiography, bezafibrate reduced the fibrinogen levels and led to a reduction in
coronary stenosis on angiography (36,39).

Table 1
Biomarkers of Thrombosis

Venous or
Prospective Ability Specific arterial Clinical

Biomarkers studies to measure populations  thrombosis utiltiy

Fibrinogen ++++ ++ Women, smokers Arterial ++
Thrombin ++ +/− Women, smokers Arterial/ +
Thrombomodulin ++ + African Americans, venous

smokers Arterial +/−
PAI-1 +++ + Men, insulin Arterial +/−

resistance,
high-triglyceride

populations
tPA activator ++ + Men Arterial +/−

Platelet markers
GpIIb/IIIa receptors + − ACS Arterial −
CD40L ++ + ACS populations Arterial ++

treated with GpIIb/IIIa
antagonists

P-selectin + + AMI Arterial +
Endothelial markers

vWF ++ + ACS Arterial +/−
E-selectin + + AMI Arterial +/−
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These data in total represent significant prospective epidemiological evidence for the
ability of fibrinogen to predict future cardiovascular events in patients with and without
CVD (40). There is additional evidence that fibrinogen levels may also add prognostic
information above lipid measurements. Finally, pilot evidence demonstrates that when
fibrinogen levels are modified, there is a reduction in the risk of cardiovascular morbidity
and mortality. Continued research aimed at determining the prognostic value of fibrino-
gen when used alongside traditional tools for cardiovascular risk assessment, such as the
Framingham risk score, and other biomarkers, such as high-sensitivity C-reactive protein,
is required to solidify the clinical utility of fibrinogen as a meaningful biomarker in routine
clinical practice.

Thrombin
Thrombin is a pivotal enzyme in both protective hemostasis and pathological thrombo-

sis with several discrete functions that include platelet activation; EC activation; monocyte
tissue factor expression; conversion of fibrinogen into fibrin; activation of factors V, VIII,
and XIII; and, finally, binding to the regulatory molecules antithrombin and thrombomodulin.

The most widely studied genetic mutation of thrombin production is the prothrombin
20210G/A polymorphism. Although clearly linked to venous thromboembolic disease,
this particular prothrombin polymorphism has not been consistently found to be associated
with arterial thrombotic disease (41). Studies that have uncovered a connection were per-
formed in selected populations, age <50 yr, and several studies reported a heightened risk
among individuals with combined mutations of prothrombin 20210G/A polymorphism,
factor V Leiden, and baseline cardiovascular risk factors (42,43). Tobacco use among
younger women with these genetic mutations increases the risk of arterial thrombosis.

The biochemistry of thrombin generation and activity provides the underpinning for sev-
eral readily measurable biomarkers. Factor Xa bound on a phospholipid surface with fac-
tor Va cleaves prothrombin at Arg 271 and Arg 320 to produce α-thrombin (44,45). If only
one cleavage occurs at Arg 320, the intermediate molecule meizothrombin is produced
(46). This molecule remains bound to the phospholipid membrane and can cleave factor
V and protein C; however, its activity toward fibrinogen is reduced. Once meizothrombin
is cleaved at Arg 284, α-thrombin is generated along with fragment 1.2, which is eventu-
ally cleaved by thrombin itself into fragments 1 and 2 (47,48). Several of these peptides
have been used to evaluate the clinical significance of thrombin generation and activity, as
well as their pharmacological inhibition in patients with coronary artery disease (CAD).

Unlike for fibrinogen, the evidence linking thrombin activity and/or generation to car-
diovascular events has been modest and inconsistent. Thrombin generation, as measured
by prothrombin fragments 1 and 2 and the thrombin–antithrombin complexes, is higher
among patients with acute MI (AMI) and persists over time (49,50). In several small
studies, markers of thrombin generation have correlated directly with future cardiovascu-
lar events (51–53). Simvastatin has been shown to decrease thrombin generation in hyper-
cholesterolemic men; however, prospective trials evaluating the prognostic role of markers
of thrombin generation in patients with and without coronary disease have not been per-
formed. Additionally, there is no evidence of the effect of modulation of these markers
and the potential additive role of these markers above known cardiovascular risk factors.

Tissue Factor
Tissue factor is a small transmembrane glycoprotein synthesized in subendothelial

smooth muscle cells and monocytes and is also found circulating in procoagulant micro-
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particles. The presence of tissue factor in the circulation initiates the coagulation cas-
cade. Tissue factor is also produced in circulating monocytes and is involved in the patho-
biology of atherothrombosis and several inflammatory disorders, such as systemic lupus
erythematosus (54,55).

The tissue factor gene is found on chromosome 1, with a promotor region that allows the
gene to be regulated in an inducible (monocytes and ECs) and constitutive manner (epithe-
lial cells) (56). The promotor region has been found to exist in two different haplotypes
with different polymorphisms (57). One of these haplotypes, 1208 D, leads to decreased
serum levels of tissue factor and was not associated with coronary thrombosis in a case–
control evaluation of patients with MI (57).

There is a moderate amount of data linking tissue factor with thrombogenicity. In elegant
studies evaluating atherectomy specimens, tissue factor antigen was present in 40% of
specimens in patients with unstable coronary syndromes compared with 12% in specimens
from patients with stable disease (58). Higher levels of soluble tissue factor have been
found in patients with AMI and unstable angina (59–61). Additionally, treatment with
the antiplatelet agent ticlopidine and the antilipid therapy simvastatin reduces the level
of circulating tissue factor (62,63). Direct antibody therapy aimed at local inhibition of
tissue factor at the disrupted plaque has been developed (64). Prospective studies should
be performed that correlate therapies that reduce circulating tissue factor with cardiovas-
cular outcomes.

ANTICOAGULATION SYSTEM BIOMARKERS

The physiological relevance of vascular surface thromboresistance cannot be overesti-
mated, particularly in the context of atherosclerotic CAD. Compared to the traditional
markers of thrombosis, measurements to determine the functionality of thromboresistance
are based on individual contributing proteins. In some cases, an evaluation is challenged
by the release of soluble forms of surface proteins that reflect vascular injury rather than
availability for intrinsic anticoagulation or fibrinolysis.

Thrombomodulin
Thrombomodulin is an integral membrane-bound receptor found on the surface of ECs

that binds thrombin, accelerates thrombin-mediated protein C activation, and contributes
to factor Va and factor VIIIa neutralization.

Genetic studies have identified two polymorphisms that may have potential clinical
implications. A mutation at Ala455Val is reported to be associated with the occurrence of
MI (65) and has been specifically associated with increased risk among African Americans
(66). A mutation leading to an Ala25Thr substitution was found to increase the risk of MI,
particularly in young male smokers, in the Study of Myocardial Infarction Leiden (43).

Clinical evidence supporting the link between thrombomodulin and MI does exist. In
a large, prospective study of 14,170 patients participating in the Atherosclerosis Risk in
Communities (ARIC) study who did not have a history of CVD, the 258 cases of incident
CVD were associated with incrementally decreased levels of plasma thrombomodulin
(67). The investigators concluded that in a population of patients without CHD, soluble
thrombomodulin may reflect endothelial performance and, accordingly, a high concentra-
tion of plasma thrombomodulin may be associated with a decreased risk of CHD. These
findings are intriguing and require verification in different populations.
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Plasminogen Activator Inhibitor-1/Tissue-Type Plasminogen Activator
The endogenous fibrinolytic system is under meticulous control of clot-dissolving

enzymes such as t-PA and inhibitors of these enzymes, such as PAI-1. This system repre-
sents the most studied of the anticoagulant systems regarding future cardiovascular risk.

PAI-1 is produced in the human vascular endothelial cell, the liver, and adipose tissue
(68). PAI-1 is a serine protease that binds and irreversibly inhibits tPA from cleaving
fibrin. Several genetic polymorphisms of PAI-1 have been identified, the most studied
of which is a 4G/5G insertion/deletion polymorphism located in the promoter region of
the gene (69). This polymorphism is associated with plasma levels of PAI-1 (70) and may
also be related to the prothrombotic environment associated with insulin resistance in
several populations (71–74). A meta-analysis of nine studies evaluating this PAI-1 poly-
morphism among more than 1500 cases and controls found a small increase, most pro-
nounced in high-risk populations, in the outcome of MI with the mutation (75).

Prospective studies evaluating the predictive risk associated with increased plasma
PAI-1 levels have been performed. In patients with acute ST-elevation MI, PAI-1 levels
correlate with mortality (76). In young patients who survive MI, high PAI-1 levels have
been reported in association with hypertriglyceridemia (77). Finally, in patients without
a previous MI, increased PAI-1 levels in men were found to correlate with future MI (78).
Future studies must consider carefully the independent prognostic value of PAI-1 levels
above current clinical risk factors. A special emphasis should continue on patient popu-
lations with insulin resistance and metabolic syndrome.

Tissue-Type Plasminogen Activator
tPA, an important component of the fibrinolytic system, is synthesized by vascular

endothelium and released on stimulation by local thrombotic signals. Once released, tPA
binds fibrin and is cleaved to its active form, plasmin. Plasmin cleaves fibrin strands within
the thrombus matrix to initiate the breakdown of clots. Plasma tPA rapidly binds PAI-1
and forms a complex that is much more stable than unbound tPA. Therefore, plasma tPA
antigen levels may reflect increased PAI-1 activity or endothelial injury, potentially ex-
plaining a relationship between higher tPA levels and clinical outcome (79).

Several genetic mutations have been described with tPA, but the 311-bp Alu insertion/
deletion is the most widely studied (80). Although initial reports found a relationship
between this mutation and thrombosis (81), no relationship was found in the Physicians’
Health Study (82). The mutation did not have any effect on plasma levels of tPA phenotype.

Prospective studies have evaluated plasma levels of tPA and their relationship to clini-
cal outcomes. The Physicians’ Health Study reported that an elevated plasma tPA antigen
level in men was associated with an increased risk of MI (OR of 2.81 in the highest quartile)
compared with matched controls (83). The ARIC study also found that plasma levels of
tPA (and PAI-1) were associated with the incidence of CHD (84). In both studies, the rela-
tionship was no longer present after controlling for traditional risk factors.

PLATELET SURFACE MARKERS

Platelets are known to play a pivotal role in arterial thrombosis. Indeed, the initial
descriptions of “white clot” were based on the finding of significant platelet deposition.
Recent studies have identified several important platelet surface receptors and proteins
involved in thrombosis and cell–cell interactions. We discuss next the available data on
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GpIIb/IIIa receptors and CD40 ligand (CD40L). P-selectin and vWF are included in the
section on EC-surface makers, although they have significant interactions with platelets.

GpIIb/IIIa Receptors
The platelet cell surface integrin GpIIb/IIIa is expressed by a platelet in response to

numerous stimuli and binds fibrinogen to achieve bridging between adjacent platelets
(aggregation). The iv GpIIb/IIIa receptor blockers are clinically useful in patients with
acute coronary syndrome (ACS) and in patients undergoing percutaneous coronary inter-
ventions (85–89).

The genetic mutation most studied regarding the GpIIb/IIIa receptor is the T/C substi-
tution in exon 2 that leads to an amino acid substitution and conformational change in the
fibrinogen-binding site (β-3). This mutation, known as PIA1/A2 polymorphism, was ini-
tially associated with acute coronary thrombosis, with the greatest risk observed among
patients under age 60 (90). Subsequent analyses of prospectively defined populations failed
to identify a strong association (91,92).

Evaluation of platelet receptor performance, including GpIIb/IIIa, can be undertaken
with flow cytometry. A measurable byproduct in plasma has not been described.

CD40 Ligand
CD40L is a transmembrane protein that participates in both thrombosis and inflamma-

tion (93). It is a protein of the TNF family and found on the surface of inflammatory cells
and activated platelets (94). Activated platelets release CD40L from stored granules on
activation. The CD40L then binds the GpIIb/IIIa receptor, leading to its activation, plate-
let crosslinking, and platelet leukocyte interactions.

The plasma level of CD40L was evaluated in a population of patients with ACS treated
with abciximab (95) and was found to be strongly associated with the rate of death and non-
fatal MI. This risk was attenuated with abciximab treatment when compared in patients
without elevated plasma CD40L (95). CD40L has strong potential as biomarker in the
management of patients with CHD.

EC MARKERS
The EC surface is the “command center” in determining the balance of hemostasis.

When denuded or disrupted, this site becomes the nidus for thrombus formation. Accord-
ingly, in EC-derived proteins, byproducts or remnants may represent biomarkers for athero-
thrombosis, including disease activity and response to therapy.

vWF and P-Selectin
vWF is synthesized and released by the EC in response to stimulation or cell-surface

injury. Collagen and plasma vWF are present at sites of denuded endothelium and serve
as sites for platelet adhesion (15). Inhibition of the von Willebrand-cleaving protease has
been implicated as the pathobiology of acute thrombotic thrombocytopenic purpura (96,97).

E-selectin is also synthesized by vascular ECs. A related protein, platelet P-selectin,
has been associated with atherosclerotic lesion development (98). On release, P-selec-
tin mediates platelet binding to the surface of ECs. The main ligand of P-selectin, P-selec-
tin glycoprotein ligand 1, is present on the surface of both leukocytes and platelets. Both
platelet and leukocyte rolling on the endothelial surface is mediated through this ligand-
receptor interaction. P-selectin also activates leukocytes to form a P-selectin-Ig complex
that induces the production of tissue factor-containing microparticles (99).
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In this manner, both vWF and P-selectin are markers of EC activation and cell-cell inter-
actions that participate in atherothrombosis. vWF plasma levels have been correlated to
future cardiovascular events in patients without CAD (100–102) and in patients with ACS
(103). A meta-analysis found a consistent and modest relationship between the levels of
vWF and cardiovascular events (OR of 1.5) (104). P-selectin has not been investigated
as extensively; however, levels have been shown to correlate with unsuccessful thrombo-
lysis in patients with AMI (105).

Circulating vWF has also been found to have an acute-phase increase in patients with
unstable angina and MI. Furthermore, in patients with this increased release of vWF within
48 h, there is impaired outcome at 30 d (106). Enoxaparin has been shown to reduce this
vWF release and provide protection in patients with unstable angina and MI (107).

The available data demonstrate that EC-derived proteins may provide a biologically
relevant “status report” of vascular pathology and atherothrombotic disease activity. Fur-
ther prospective studies are required to better define their role as prognostic and treat-
ment-responsive biomarkers that can be applied to clinical practice.

Finally, correlation of these molecules with circulating EC levels would provide the
final physiological link to the initiation of thrombosis. Recent studies have demonstrated
that vascular injury in the coronary tree triggers the production and release of ECs into
the circulation, where they may function in a reparative role (107,108).

Circulating ECs
The understanding of atherothrombosis as a combination of cell-cell interactions at

the vascular endothelial surface has indicated to a central role for the EC. In fact, athero-
sclerosis is now thought of as a disease of the endothelium with progression dependent
on replenishing endothelial progenitor cell levels from bone marrow (109). Therefore,
circulating EC levels may indeed provide the ideal future biomarker of atherothrombosis.

Studies have demonstrated evidence of endothelial damage with circulating ECs in
patients with AMI (110). Additionally, decreased circulating endothelial progenitor cells
are associated with stable CAD and possible progression (111). Now that circulating levels
of ECs can be measured, prospective studies are needed to determine the clinical utility
of this potential ideal future biomarker.

CURRENT LIMITATIONS
Several biomarkers of atherothrombosis exist. However, there are significant limita-

tions to their widespread clinical utility. The ability to easily perform measurement of each
biomarker remains difficult. Additionally, prospective assessment of the prognostic and
diagnostic information offered by many of these biomarkers is required. Finally, signifi-
cant work is required to evaluate the additive clinical effect of each biomarker in CVD.

The development of standard methods of measurement and reporting of biomarkers
is also necessary. National integrated centers that combine clinical centers, biomarker
core labs, and vascular thrombosis centers in order to obtain significant population data
on biomarkers and clinical outcomes may be a catalyst for achieving these goals.

CONCLUSION
The coagulation system is a delicate balance between procoagulant and anticoagulant

mechanisms that are in a constant state of flux. Arterial thrombosis is initiated by vascu-
lar injury expressed by cell-surface markers on ECs and the collagen matrix underneath
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denuded endothelium. Once initiated, the system rapidly amplifies the coagulation signal
to the production of thrombin and platelet recruitment and aggregation. Simultaneously,
mechanisms are initiated to reduce the explosive thrombosis signal through pathways
such as thrombomodulin, antithrombin, and PAI. The end result when there is an imbalance
in the system is arterial occlusion and circulatory collapse.

Review of the specific molecules involved in both coagulation and anticoagulation
mechanisms in arterial thrombosis as biological markers of disease produces some cen-
tral themes. The first is that genetic polymorphism of these coagulation molecules rarely
leads to the phenotype of arterial thrombosis. This is in contradiction to venous throm-
bosis, in which genetic polymorphisms such as protein C, protein S, factor V Leiden, and
prothrombin mutations significantly increase risk. The second important theme is that
several of the molecules described as biomarkers provide prognostic information regard-
ing future cardiovascular risk. However, to date, few markers provide prognostic infor-
mation for patients with and without CAD that is independent of standard cardiovascular
risk factors. Currently, fibrinogen represents the biomarker with the most prognostic data.
Finally, the third central theme is one that focuses on the cell-based paradigm of throm-
bosis. In this paradigm, both the EC and the platelet occupy the central role. Significant
research on thrombosis in the past has focused on platelet and platelet surface receptors.
Recent research provides insight into the potential use of circulating EC levels and EC
surface markers. It is likely that several of the molecules and cells discussed will play a
role in the clinical care of patients with CHD in the future.
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SUMMARY

hPlatelets play a key role in the pathophysiology of cardiovascular disease. Disrupt-
ing platelet activation and aggregation with antiplatelet agents is effective both for pri-
mary and secondary prevention of atherothrombotic events, and has become a cornerstone
of cardiovascular disease management nowadays. Identifying hyperactive platelets as
predictors of a thrombotic tendency and monitoring the response to antiplatelet agents
have become the key objectives of platelet function monitoring. We have learned more
about the variable response to antiplatelet drugs as more accurate and reliable platelet
function assays have been developed. However, there are currently no data establishing
a cause-and-effect relationship or allowing for the establishment of an algorithm for
treatment in response to measured platelet function inhibition.
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INTRODUCTION

Platelets play a key role in the pathophysiology of cardiovascular disease (CVD). Dis-
rupting platelet activation and aggregation with antiplatelet agents is effective for both pri-
mary and secondary prevention of atherothrombotic events and has become a cornerstone
of CVD management nowadays (1). Originally, identifying the causes of abnormal bleeding
and predicting normal hemostasis after surgery were the major goals of platelet function
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testing. In the modern era of cardiology, identifying hyperactive platelets as predictors
of a thrombotic tendency and monitoring the response to antiplatelet agents have become
the key objectives. The aim of this chapter is to provide an overview of platelet function
monitoring in the clinical care of patients with CVD.

HOW THE PLATELET PLUG FORMS

Formation of the hemostatic plug at sites of vascular injury begins with the arrest of cir-
culating platelets on exposed collagen and continues with the recruitment of additional
platelets into a growing platelet mass that will eventually be stabilized with crosslinked
fibrin (Fig. 1) (2). Formation of a platelet plug can be thought of as occurring in three phases:
initiation, extension, and perpetuation.

The initiation of platelet plug formation occurs when circulating platelets arrest and
are activated by exposed collagen and von Willebrand factor (vWF), allowing the accu-
mulation of a platelet monolayer that supports thrombin generation and the formation of
platelet aggregates. Key to this phase of platelet activation is the presence of receptors
on the platelet surface that can bind to collagen (integrin α2β1 and glycoprotein [GP] VI)
and vWF (GpIb-IX-V and GpIIb/IIIa) and initiate intracellular signaling (3). Activation
in vivo is enhanced by the formation and liberation of thromboxane A2 (TXA2), the secre-
tion of adenosine 5'-diphosphate (ADP) and serotonin from the platelet-dense granules,
and the exposure of a procoagulant surface that promotes the generation of thrombin, the
most powerful platelet-activating agent (4). All the platelet-aggregating agents act syner-
gistically, so that if one of the pathways of aggregation is defective or inhibited, platelet
function may be greatly impaired.

Fig. 1. Pathophysiology of platelet plug formation.
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Extension occurs when additional platelets accumulate on the initial monolayer, a
process for which GpIIb/IIIa activation is necessary, but not sufficient. Key to this phase
is the presence of receptors on the platelet surface that can respond rapidly to locally
generated thrombin, secreted ADP, and released TXA2 to activate concentration and
suppress synthesis of cyclic adenosine monophosphate. Because platelets have receptors
for TXA2 and ADP, platelets flowing by the damaged site are stimulated to change shape,
extend pseudopods, and form an aggregate around the adherent platelets (5).

Perpetuation prevents premature disaggregation of the platelet plug. Recent studies
point to a central role for outside-in signaling through cell-surface integrins. Platelets
localize, amplify, and sustain the coagulant response at the injury site and release procoag-
ulant platelet-derived microparticles (6,7).

Platelet aggregation requires a change in the conformation of the integrin GpIIb/IIIa,
a heterodimer on the surface of platelets, into a form that serves as a receptor for fibrinogen
and, under some conditions, vWF. Each of these proteins can form bridges between adja-
cent, stimulated platelets (8). When platelets are stimulated by agonists such as collagen
and thrombin that cause the secretion of granule contents, a transbilayer flip of membrane
phospholipids occurs that brings procoagulant phospholipids, principally phosphatidyl-
serine, to the platelet surface. Microparticles with procoagulant activity are also formed.
The exposed phosphatidylserine greatly accelerates the tenase and prothrombinase reac-
tions of the coagulation pathway, resulting in the generation of thrombin, the most potent
platelet agonist (9). Thrombin acts by cleaving protease-activated receptors on the plate-
let surface (10), resulting in activation of GpIIb/IIIa, formation of TXA2, and secretion of
granule contents. Thrombin also converts fibrinogen into fibrin, which forms in and around
the mass of aggregated platelets and confers stability to the hemostatic plug or thrombus.
The formation of TXA2 in platelets occurs when arachidonic acid is freed from membrane
phospholipids by phospholipase A2. Under the influence of the enzymes cyclooxygenase
(COX-1) and thromboxane synthase, arachidonic acid is converted into TXA2, a short-
lived agonist that rapidly gives rise to the inactive, stable product, 11-dehydro thrombox-
ane B2 levels (TXB2). COX is irreversibly inactivated by aspirin, so the ability of platelets
to form TXA2 is inhibited for the remainder of their time in the circulation (11).

THE DIFFERENT TYPES OF PLATELET ASSAYS

Many assays are available to monitor the status of a patient’s platelets. However, they
all measure different properties and, therefore, give a different picture of the platelet.
Some indicate that platelet function has been inhibited to a certain extent. Others measure
key biochemical markers (enzyme-linked immunosorbent assay or flow cytometry) allow-
ing the detection of platelet activation before any physiological assays.

Bleeding Time
The oldest test of platelet function is the bleeding time. It is easy and fast, does not require

processing of the blood (12); is dependent on the skill of the technician, skin thickness,
temperature, and platelet count; but is a poor indicator of the risk of bleeding or ischemic
events and lacks consistency (13).

Platelet Function Analyzer-100
The Platelet Function Analyzer-100 (PFA-100; Dade Behring) provides a quantitative

measure of primary platelet-related hemostasis at high shear stress (14). It is a rapid, simple,
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and reproducible test. A total of 0.8 mL of citrated whole blood is transferred into the
reservoir of a disposable test cartridge within 4 h of blood sampling. The anticoagulated
blood is warmed to 37°C and drawn under vacuum through a 200-μm-diameter stainless
steel capillary (that mimics a small or stenotic blood vessel) and a 150-μm-diameter aper-
ture in a nitrocellulose membrane coated with collagen and epinephrine (CEPI) or colla-
gen and ADP (CADP). In response to the high shear rates of 5000–6000 s−1 and the agonists,
a platelet aggregate forms that blocks blood flow through the aperture; the time taken to
occlude the aperture is reported as the closure time and is measured to a maximum of 300 s.

Platelets initially adhere to the collagen in the membrane by an interaction between
GpIb/IX/V and vWF as well as by direct binding through GpIa/IIa; vWF, rather than fibrin-
ogen, is the adhesive protein involved in binding to GpIIb/IIIa on activated platelets, result-
ing in aggregation. Citrate concentration, as well as the platelet count (<50 × 109 l−1) and
hematocrit (<25%), can affect the closure time. Prolonged closure times with only the
CEPI cartridge are observed with mild inherited platelet function disorders (e.g., storage
pool disorders) and with aspirin ingestion, whereas prolonged closure times with both
CEPI and CADP cartridges are found with more severe inherited platelet dysfunctions
and with von Willebrand Disease (vWD) (15). Indeed, the PFA-100 appears to be a useful
screening tool for vWD (16). It has also been used for monitoring GpIIb/IIIa antagonists
in patients undergoing percutaneous transluminal coronary angioplasty (17) and for iden-
tifying of aspirin resistance (18).

Platelet Aggregation Assays
Of all the functional responses of platelets, aggregation is probably the mostly widely

investigated. This focus derives largely from the fact that antiplatelet and antithrombotic
drugs are characterized essentially as antiaggregatory agents. Development of the tech-
nique of turbidimetric aggregometry has greatly facilitated the investigation of platelet
aggregation and, therefore, the development of antiplatelet agents (19).

Platelet Aggregation
One milliliter (or 0.5 mL) of platelet-rich plasma (PRP) (obtained by centrifuging

anticoagulated blood for 15 min at 135g and 37°C) is placed in a cuvet containing a metal
stir bar (20). In an aggregometer, the stir bar is rotated magnetically at 1100 rpm, and light
transmission through the PRP is recorded by a photometer. On the addition of most aggre-
gating agents, the platelets change shape from discs to a more rounded form with pseudo-
pods, resulting in a transient, small decrease in light transmission that is followed by a large
increase as the platelets aggregate; the rate and extent of the increase in light transmission
are measured. Platelet aggregation is highly variable within patient populations, is highly
dependent on the skill and experience of the investigators performing the measurements,
and may be affected by the preparation and handling of blood samples (21). It is affected
by very low platelet counts (<100 × 109 L−1) and the concentration of agonist. High con-
centrations of all these agonists are associated with the formation of TXA2, the secretion
of granule contents, and the appearance of P-selectin on the platelet surface.

ADP is a weak agonist compared with collagen or thrombin. In citrated PRP, low con-
centrations of ADP cause only a primary, incomplete, reversible phase of aggregation, but
at concentrations above 1–3 μM, primary aggregation of human platelets does not reverse
and is followed by a secondary, irreversible phase (Fig. 2). This biphasic aggregation
depends on TXA2 formation. At high concentrations of ADP, the two phases fuse, result-
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ing in a smooth aggregation curve resembling that seen on stimulation with collagen or
thrombin. The drugs ticlopidine and clopidogrel act through this receptor to cause a sim-
ilar selective inhibition of responses to ADP. Drugs that inhibit TXA2 formation, such
as aspirin, prevent the secondary phase of ADP-induced aggregation.

The weak agonist epinephrine (5–10 μM) aggregates platelets in citrated PRP without
an initial change in platelet shape, but epinephrine is the least consistent agonist. If a sub-
ject has taken aspirin or other drugs that inhibit TXA2 formation, the platelets will not
aggregate in response to any concentration of epinephrine. Aspirin and other drugs that
inhibit TXA2 formation can block aggregation in response to low concentrations of col-
lagen, although platelets change shape.

Thrombin receptor-activating peptide (TRAP) mimics the strong aggregating effect
of thrombin on platelets. The response is only slightly reduced when TXA2 formation is
blocked. Secretion defects, particularly the lack of the potentiating effects of ADP from
the dense granules, result in abnormal patterns of aggregation characterized by a normal
primary phase but absent secondary phase, and impaired aggregation induced by low con-
centrations of collagen or TRAP.

WHOLE-BLOOD PLATELET AGGREGATION

Platelet aggregation is measured in diluted, anticoagulated whole blood by impedance
aggregometry. Two electrodes are immersed in the sample, and when a current is passed
through it, platelets adhere to the electrodes. On the addition of an aggregating agent with
stirring, platelets aggregate around the platelets on the electrodes, and the rate and extent
of the increase in impedance are recorded. The advantages of this test are that the prepara-
tion of PRP is avoided, and platelet function in lipemic blood can be evaluated. Again,
the test is not suitable at very low platelet counts (22).

Fig. 2. ADP-induced aggregation in citrated PRP, showing primary phase of aggregation induced by
low concentration of ADP (left), primary aggregation followed by secondary wave induced by slightly
higher concentration of ADP (middle), and fusion of two phases of aggregation at high concentration
of ADP (right). The arrows indicate the points of addition of ADP.
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ULTEGRA RAPID PLATELET FUNCTION ASSAY

The Ultegra Rapid Platelet Function Assay (RPFA) provides a simple, rapid, accurate
measure of platelet function that is used at the bedside to monitor patients receiving
treatment with GpIIb/IIIa antagonists (23,24). Immediately after blood has been taken
into citrate, 0.16-mL samples are drawn into two sample channels in a disposable cart-
ridge (Fig. 3). The blood is mixed with the platelet agonist (iso-S) FLLRN and fibrinogen-
coated polystyrene beads for 70 s by movement of a microprocessor-driven steel ball, and
light transmission through the sample is measured. Agglutination occurs between the
activated platelets and the fibrinogen-coated beads such that they fall out of suspension,
leading to an increase in light transmission. The rate and extent of agglutination are used
to calculate the platelet aggregation unit, which decreases in the presence of GpIIb/ IIIa
antagonists, because agglutination occurs in direct proportion to the number of unblocked
GpIIb/IIIa receptors on the activated platelets. It has been used successfully to monitor
the inhibitory effects of the GpIIb/IIIa antagonists (25,26).

Flow Studies in Platelet Aggregation
In vivo, the extent of platelet adhesion and aggregation depends on receptor–ligand in-

teractions that are exposed to a broad range of shear stresses generated by blood flow (up
to 40,000/s in stenotic arteries). The development of in vitro methodologies mimicking
pathophysiological flow conditions has significantly improved the understanding of the
role of shear in regulating platelet functional responses (27).

In general, the effects of shear stress have been studied with platelets in suspension using
rotational devices such as the Couette or the cone and plate(let) analyzer (CPA). The CPA
device induces laminar flow with a uniform shear stress over a plate surface covered by
a rotating cone. CPA is fast and simple. A small volume (0.2 mL) of citrated whole blood
is applied to the polystyrene plate and is subjected to a defined shear rate of 1800 s−1 for
2 min, followed by staining. Adherent platelets and platelet aggregates are evaluated by
an image analyzer that provides a size distribution histogram, the percentage of surface

Fig. 3. Schematic of RPFA device.
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coverage, and average size of the stained objects (28). The CPA can be useful in testing
antiplatelet therapies, and in detecting prothrombotic states in which there is platelet hyper-
function (e.g., diabetes) (28).

Thrombus formation involves the progressive accrual of platelets onto vascular subendo-
thelium and subsequently onto immobilized platelets. Until recently, the morphometric
and quantitative assessment of platelet adhesion and thrombus formation under high mag-
nification has been limited to fixed samples. However, the advent of high-resolution micro-
scopy techniques now enables the direct visualization of platelet adhesion processes down
to a single-cell level in real time.

Flow Cytometry
Flow-cytometric measurement of platelet-surface glycoproteins in unfixed whole blood

is a rapid, sensitive, and quantitative method that enables simultaneous analysis of mul-
tiple aspects of platelet biology to be conducted on large numbers of single platelets in
a short time (29). It can be carried out in small samples of whole blood, and thrombocyto-
penic samples can be analyzed. It enables 100% of the platelet population to be studied,
including giant platelets, platelet-derived microparticles, and platelet-leukocyte aggre-
gates. Analysis of unfixed blood samples allows investigation of the platelet response to
agonist stimulation. Finally, platelets are studied in autologous plasma and in the presence
of the other blood cells, which can contribute to the overall platelet response through the
release of soluble mediators.

Usually, the platelets are labeled with two monoclonal antibodies (MAbs) conjugated
to fluorophores with different emission spectra (30). Platelets are identified by the fluores-
cence of the platelet identifier. The fluorescence emitted by the second MAb is directly
proportional to the density of the epitope of interest and is evaluated by acquiring several
thousand platelet events. If the expression of the epitope of interest changes with time
(e.g., by trafficking of membrane glycoproteins), platelets can be fixed before staining (30).
Platelets can also be fixed after staining if immediate access to a flow cytometer is delayed.

Many fluorescently conjugated antibody- and nonantibody-based probes are available
to label platelet epitopes. In addition to MAbs that bind glycoproteins on resting platelets,
there are activation-dependent MAbs that detect conformational changes in glycoproteins
(e.g., PAC1 for GpIIb/IIIa) or the expression of granule membrane proteins (e.g., anti-
P-selectin). Nonantibody probes include PKH lipophilic dyes of membranes; the protein
label biotin, which is detected by fluorescently conjugated streptavidin; and fluorescently
conjugated annexin V, which detects exposure of the procoagulant surface after platelet
activation (31).

Clinically, flow cytometry is useful in assessing the extent of platelet activation ex vivo
and the sensitivity of platelets to added agonists in vitro. It has been used to show acti-
vated platelets in patients with unstable angina, acute myocardial infarction (AMI), stable
coronary disease, and coronary angioplasty (32–34). It has also been used to assess differ-
ences between anticoagulation regimen in patients with non-ST-elevation acute coronary
syndrome (ACS) (35). The randomized study ARMADA (n = 141) identified markers of
blood cell activation that independently predict outcomes at 1 mo. Enoxaparin, dalte-
parin, and unfractionated heparin (UFH) were compared in terms of efficacy, safety, and
effects on any such markers. Using multivariate analysis, increased plasma levels of vWF,
decreased platelet levels of GpIb/IX complexes, and monocyte tissue factor expression
were identified as independent predictors of adverse outcomes at 1 mo. Enoxaparin and
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dalteparin reduced the release of vWF compared with UFH. Enoxaparin had a more favor-
able effect on GpIb/IX complexes than dalteparin or UFH.

Assessment of Mechanical Properties of Platelets
Because they are performed on anticoagulated blood, aggregation studies cannot be used

to test platelets under conditions of maximal activation, and they are incapable of assess-
ing the role of platelets in thrombin production (36).

Assays capable of assessing platelet function during clotting and thus allowing measure-
ment of the contribution of platelets to thrombin generation are available. Because plate-
lets are monitored in the presence of thrombin, the test gages platelets under conditions
of maximal activation. Different parameters are simultaneously assessed on one 700-μL
sample of citrated whole blood. Platelet contractile force (PCF), the force produced by
platelets during clot retraction, is sensitive to platelet number, GpIIb/IIIa status, and the
presence of antithrombin activities. Clot elastic modulus (CEM) is sensitive to fibrino-
gen concentration, platelet concentration, rate of thrombin generation, and production of
force by platelets. Finally, the thrombin generation time (TGT) is determined from the
PCF kinetics curve (Fig. 4). Because PCF is absolutely thrombin dependent (no thrombin,
no force), the initial upswing in PCF occurs at the moment of thrombin production. The
combination of PCF, CEM, and TGT measured on the same sample may allow rapid assess-
ment of global hemostasis and the response to a variety of procoagulant and antithrom-
botic medications. Because PCF is relatively insensitive to fibrinogen concentration, the
combination of PCF and CEM allows a degree of separation of clot structure from platelet
effects. However, the direct establishment of the degree of risk associated with increas-
ingly abnormal assay values needs to be established in clinical trials.

This type of investigation has been correlated with morphological analysis of ex vivo
blood clots, assessed by confocal microscopy, in patients with AMI. The impact of both
platelets and IIb/IIIa receptor antagonists on physical properties of platelet-rich clots as
well as fibrinolysis has been successfully investigated (37–39). These new techniques are

Fig. 4. Mechanical assessment of platelet function (36).
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easy to perform and effective in assessing the properties of new antiplatelet agents admin-
istered in addition to recommended antithrombotic therapy in patients with ACS (Fig. 5).

Procoagulant Surface Expression
Phosphatidylserine that becomes exposed on the surface of activated platelets can be

detected by flow cytometry using fluorescently labeled annexin V (31); alternatively, the
thrombin-generating activity of the procoagulant surface can be measured with a chromo-
genic prothrombinase assay (40).

WHAT ARE THE KEY ISSUES
OF PLATELET MONITORING FOR THE CARDIOLOGIST?

Monitoring IIb/IIIa Receptor Antagonists
GpIIb/IIIa antagonists prevent thrombus formation in proportion to their blockade of the

approx 80,000 GpIIb/IIIa receptors present on the platelet surface (41). The most widely
used method to monitor GpIIb/IIIa-receptor antagonists (RA) is turbidimetric aggrego-
metry. Early studies found that inhibition of 50% of the GpIIb/IIIa receptors was needed
to detect significant inhibition of ADP-induced platelet aggregation, whereas blockade of
≥80% of the receptors completely abolished ADP-induced platelet aggregation, suggest-
ing a steep dose–response curve.

Many factors may influence platelet aggregation measurements, including the number
of receptors on platelets at the time of blood sampling. A significant example is the citrate
anticoagulation that reduces the ionized calcium concentration normally found in blood.
It has been found to enhance artificially the apparent activity of eptifibatide in ex vivo
measurements (42). It has been suggested that this phenomenon led to underdosing with
eptifibatide in the IMPACT II trial (43), which was subsequently corrected with the higher

Fig. 5. Dynamic assessment of impact of both platelets and IIb/IIIa receptor antagonists on lysis speed
using confocal microscopy (38). (A) Lysis speed is decreased around platelet-rich areas. (B) The use
of IIb/IIIa receptor antagonists decreases the size of platelet-rich areas, giving rise to a more homoge-
neous architecture of the fibrin network, which is more sensitive to the effect of lytics. The photo-
graphs represent an overlap (arrowheads) of the same clot taken 5 min apart.
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dose chosen in the PURSUIT trial (44). Because of these variables in platelet aggregometry
measurements, it is unclear which combination of conditions best reflects the effects of
inhibitors in vivo.

Measurement of the degree of receptor occupancy by various agents of the GpIIb/IIIa
inhibitor class has been proposed to be an alternate surrogate (45). Although dose–response
curves for GpIIb/IIIa antagonist inhibition of platelet aggregation reach a plateau at “80%
receptor occupancy,” a value achieved in many clinical trials, it is not yet known whether
the 80% receptor occupancy level optimizes the antithrombotic efficacy of this class of
drugs. Indeed, the GpIIb/IIIa receptor blockade necessary to produce an antithrombotic
effect depends on the thrombotic challenge, which is difficult to predict (46).

Because of the technical constraints of receptor-binding assays and standard turbidimet-
ric platelet aggregometry, these studies were limited to only a small number of patients.
The development of a rapid, whole-blood, point-of-care (POC) platelet function assay, the
Ultegra RPFA (Accumetrics), with results that correlate well with turbidimetric aggrego-
metry and receptor-binding assays (24), led to studies on a larger population, thus allow-
ing correlation with clinical outcomes. In the GOLD study, those patients in the lowest
quartile of platelet function inhibition (<95%) at 10 min after the Gp IIb/IIIa antagonist
bolus had a significantly higher incidence of major coronary events compared with the
others (Fig. 6) (46). At 8 h after the bolus dose, patients with <70% platelet function inhi-
bition experienced three times the event rate of those with >70% inhibition (25 vs 8.1%;
p < 0.009). By multivariate logistic modeling, when evaluated individually, the levels of
inhibition achieved at 10 min and at 8 h after the Gp IIb/IIIa inhibitor bolus were found
to correlate with clinical outcomes. The prospective TEAM study showed that 50% of
the patients were undertreated when receiving the recommended dose of IIb/IIIa-RA and
needed an additional bolus to reach 90% inhibition of platelet receptors (Fig. 7) (47).

GpIIb/IIIa antagonists are expensive drugs that require iv bolus plus infusion delivery.
Of interest is the PEACE study, which assessed platelet activation with flow cytometry
in 32 non-ST-elevation myocardial infarction (NSTEMI) patients to establish whether

Fig. 6. Results of GOLD study showing clinical outcomes as function of platelet function inhibition
with RPFA assay (26). MACE, major adverse coronary events.
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eptifibatide provided a significant antiplatelet effect above that of aspirin and clopidogrel
(48). Following ex vivo stimulation, activated GpIIb/IIIa receptor expression and fibrin-
ogen binding were reduced following clopidogrel and markedly further reduced with epti-
fibatide (all p < 0.0001). Total GpIIb/IIIa and P-selectin expression were also significantly
reduced following clopidogrel, indicating that eptifibatide provides potent antiplatelet
activity above that of aspirin and clopidogrel.

The RPFA, a bedside measure of platelet function, is effective and reliable and corre-
lates with clinical outcomes. This convenient technology represents a significant advance
compared with the prior “gold standard” of cumbersome platelet aggregometry for moni-
toring GpIIb/IIIa-RA and allows immediate dose adjustment of these expensive therapies.
Whether the RPFA should be implemented in routine care warrants additional randomized
studies. Indeed, whether titrating therapy to a specific level of inhibition will decrease risk
remains unknown.

Tracking Aspirin Resistance
Aspirin is an effective antiplatelet agent for preventing important clinical complications

of atherothrombosis (49). However, it fails to prevent more than four-fifths of recurrent
serious vascular events among high-risk patients. It is important to identify patients who
may have the appropriate platelet response to a given therapy but have recurrent events
mediated by nonplatelet factors (failure to therapy) and those in whom the agent does not
achieve its pharmacological effect (resistance). In fact, the key clinical question is: What
role does resistance to an agent play in failure of therapy? Platelet monitoring is a key
issue for answering this question.

DEFINING ASPIRIN RESISTANCE

Aspirin resistance has been defined most commonly by a reduced or absent inhibition
of platelet aggregation, measured typically using light transmittance. Although there is
now clear evidence of a link between aspirin resistance and clinical events, the prevalence
of resistance varies according to platelet function methodology (50). Indeed, laboratory

Fig. 7. Results of TEAM study. Platelet receptor blockade was assessed 10 min after IIb/IIIa-RA bolus
infusion and before elective PCI. An additional bolus of IIb/IIIa-RA was given if 90% inhibition
of platelet function was not obtained (47).
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definitions of aspirin resistance have varied according to the platelet function tests and
platelet agonists used. As a consequence, the range of aspirin resistance that is quoted varies
widely, from 5 to 40% (50). Platelet aggregation by light transmittance (optical aggrego-
metry) in PRP is the gold standard method, with aspirin resistance often defined as mean
aggregation ≥70% in response to 10 μM ADP. However, it is difficult to assess which aggre-
gation technique is the most accurate and valid measure of aspirin resistance without direct
comparisons of their clinical relevance.

ASPIRIN RESISTANCE AND OUTCOMES

In patients with a prior stroke, those with aspirin resistance were 89% more likely to have
a recurrent cerebrovascular event within 2 yr than were responders (51). Similar results
were seen in patients after peripheral intervention, with an increase in arterial reocclusion
among aspirin responders (52). More recently, three separate and well-conducted studies
support an association between aspirin resistance and worse clinical outcome in patients
with stable coronary artery disease (53–55).

In 2001, Gum et al. (18) reported that 5.5% of a small series of patients with a prior his-
tory of coronary or cerebral vascular disease were aspirin resistant. Aspirin resistance was
defined as the failure of 325 mg/d of aspirin given for a minimum of 7 d before testing
to suppress agonist-induced platelet aggregation, as measured by optical platelet aggrego-
metry. The cutoff for the diagnosis of aspirin resistance was derived from screening 40
in-house healthy samples, but details as to how this cutoff was chosen were not provided.
After 2 yr of follow-up, they reported that aspirin resistance was associated with a fourfold
excess of serious vascular events, which was independent of age, gender, and conventional
vascular risk factors (Fig. 8). In addition, this failure to achieve an anticipated effect of
aspirin on a laboratory measure was found to be an independent predictor of future risk
of serious vascular events.

Baseline aspirin responsiveness in this same patient population was also determined
with the PFA-100 (18). The κ statistic between these two methods was 0.1 (95% confidence
interval: 0.045–0.246), indicating a poor correlation between optical platelet aggregation
and the PFA-100 in detection of aspirin resistance. There was a nonsignificant correlation

Fig. 8. Excess of serious vascular events among aspirin-resistant patients compared with nonaspirin-
resistant patients (53). OR, odds ratio.
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between long-term outcomes and baseline aspirin responsiveness as determined by the
PFA-100 (12.9% events in aspirin sensitive vs 15.1% in aspirin resistant; p < 0.4). This sug-
gests that the PFA-100 is not as specific compared with optical platelet aggregation for
determining clinically relevant aspirin resistance (53,56). However, a real association may
have been missed by the small number of events. In addition, the PFA-100 does not pro-
vide a specific measure of the antiplatelet effects of aspirin and may lack sensitivity for
measuring the antiplatelet effects of low-dose aspirin (57).

Using patients who were taking aspirin from the Heart Outcomes Prevention Evaluation
study, Eikelboom et al. (54) measured baseline urinary TXB2, which serves as a marker
of thromboxane generation. Levels were compared between those patients taking aspirin
who sustained an ischemic event and those who did not sustain an event. Those in the high-
est quartile of urinary thromboxane generation had twice the risk of an MI than those in the
lowest quartile (Fig. 9). The researchers concluded that the incomplete suppression of
thromboxane generation by aspirin—i.e., aspirin resistance—was the cause of the increased
risk. However, because the concentration of TXB2 in the urine reflects both platelet and
nonplatelet sources of thromboxane generation, this analysis may not provide a specific
measure of the antiplatelet effects of aspirin. Furthermore, the predictive value of TXB2
in an individual patient has not been demonstrated and requires further evaluation.

More recently, using the RPFA assay, Chen et al. (55) categorized patients as either
aspirin sensitive or aspirin resistant and measured the incidence of myonecrosis after elec-
tive percutaneous coronary intervention (PCI) (Fig. 10). By this classification, 19.2% of
patients were aspirin resistant. Patients determined to be aspirin resistant were more likely
to have periprocedural myonecrosis, highlighting that if a patient about to undergo PCI
is determined to be aspirin resistant, some attempt should to be made to intensify anti-
platelet therapy.

REMAINING ISSUES

There are several issues regarding aspirin resistance that still need to be addressed. First,
existing laboratory measurements of the antiplatelet effects of aspirin are limited. Re-
searchers need to determine which measure is the most relevant. Second, a standardized

Fig. 9. Association between quartiles of 11-dehydro TXB2 and outcomes after adjustment for
baseline differences between cases and control subjects (p value is for difference between upper and
lower quartiles) (54).
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definition of aspirin resistance should be developed. Not only should it incorporate an
absent or attenuated laboratory response to a therapeutic antiplatelet dose of aspirin in
a compliant patient that correlates significantly and independently with its effects in pre-
venting atherothrombotic vascular events, but it should also require a specific, accurate,
and reproducible laboratory measure of the antiplatelet effects of aspirin, the results of
which can be generalized to other laboratories and patients. None of the currently availa-
ble laboratory tests of the antiplatelet effects of aspirin has yet been demonstrated to meet
these criteria adequately. Third, even if aspirin resistance could be defined and reliably
diagnosed by laboratory testing, screening for aspirin resistance (in asymptomatic individ-
uals and in symptomatic patients who experience a thrombotic complication despite aspirin
therapy) could still be recommended if the results of screening (positive and negative)
influenced clinical management (such as optimizing the prediction of risk of serious vas-
cular event) or led to treatments that improved patient outcome in a cost-effective manner.

Monitoring Clopidogrel Therapy
There is a dose- and time-dependent variability in response to clopidogrel as measured

by optical platelet aggregometry in response to ADP (Figs. 11 and 12) (58–61). Of inter-
est is that although not designed to evaluate clinical outcomes, an intriguing finding in a
study by Muller et al. (59) was that 2 patients (of 105 tested) developed subacute stent
thrombosis, and both met the definition of clopidogrel nonresponse. An additional report
correlated anginal class to platelet inhibition and found that patients with higher anginal
class on presentation had less inhibition of platelet aggregation after loading with 450 mg
of clopidogrel (62).

More recently, the laboratory measure of nonresponse to clopidogrel was correlated
to clinical outcomes in patients who underwent primary PCI for STEMI (63). In those who
received stents (n = 60), a loading dose of 300 mg of clopidogrel was given immediately
after PCI and 75 mg daily for 3 mo. Platelet function tests were performed with turbidi-
metric analysis after stimulation with ADP (5 μmol/L) and epinephrine (10 μmol/L), as

Fig. 10. Incidence and magnitude of creatine kinase-myocardial band (CK-MB) and cardiac tropo-
nin I (cTnI) elevation in aspirin-resistant and aspirin-sensitive patients after PCI (55). ASA, aspirin.
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well as with separate assays of platelet function using a CPA. Patients were divided into
quartiles of inhibition of platelet aggregation (platelet aggregation compared with base-
line platelet aggregation), with the first quartile considered nonresponders (d 6 aggrega-
tion of 103 ± 8% compared with baseline). Although the study population was small, the
data strongly suggest that there is individual variability in response to clopidogrel in the
setting of PCI after STEMI and more broadly that clopidogrel resistance may be a marker
for increased risk of recurrent cardiovascular events (Fig. 13).

Finally, the ALBION study will provide evidence for the correct loading dose of clo-
pidogrel. This open-label study compares three regimens of loading dose (300, 600, and

Fig. 11. Monitoring of platelet aggregation in 96 patients undergoing elective coronary stenting
before and after loading dose of 300 mg of clopidogrel followed by 75 mg daily. Clopidogrel resis-
tance was defined as baseline aggregation (%) minus posttreatment aggregation (%) < or = 10% in
response to 5 μmol/L of ADP (58).

Fig. 12. Evaluation of nonresponders (<10% reduction in platelet aggregation to ADP) and semi-
responders (10–29% reduction) 4 h after 600-mg clopidogrel load (59).
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900 mg) in 70 patients with NSTEMI and treated medically for 24 h before undergoing
PCI (64). The primary end points are biological end points based on platelet monitoring
(optical aggregometry, bedside testing, platelet membrane biomarkers).

The same questions as for aspirin resistance are arising for long-term clopidogrel
therapy:

1. Should patients with ACS or those undergoing PCI routinely have platelet function mea-
sured? If so, how should it be measured?

2. What should be considered the appropriate definition of clopidogrel resistance?
3. What therapeutic maneuvers should clinicians undertake when they encounter a patient

with clopidogrel resistance?
4. Are there actions that can be taken prospectively to avoid the problem of resistance?

Correlations between clinical outcomes and biological status need to be confirmed with
larger data sets. Finally, before these measurements become feasible for clinical use for
risk stratification, easily performed and reproducible techniques to measure platelet aggre-
gation with standardized definitions of response that correlate with clinical outcomes must
be developed.

CONCLUSION

The objectives of platelet monitoring for clinical cardiology are to evaluate new anti-
thrombotic therapies and to track abnormal response to available antiplatelet agents.
Indeed, as more is learned about the variable response to antiplatelet drugs, researchers
may come to think of antiplatelet agents as they do of antibiotics, with the ultimate goal
of tailoring therapy when resistance is observed in the laboratory. However, there is cur-
rently no study that permits researchers to move antiplatelet therapy resistance from a
laboratory curiosity into mainstream medical practice. Indeed, there are no data that estab-
lish a cause-and-effect relationship or allow the establishment of an algorithm for treat-
ment in response to measured platelet function inhibition.

Fig. 13. Event rates according to level of response to loading dose of clopidogrel in patients under-
going primary PCI for STEMI (63).
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SUMMARY

Platelets are a central cellular interface of the thrombotic and inflammatory pro-
cesses of coronary atherosclerosis and modulate this interface by binding to leukocytes
and altering their function. In addition, platelet activation; formation of leukocyte–
platelet aggregates (monocyte–platelet aggregates and neutrophil–platelet aggregates);
and platelet secretion of inflammatory modulators that affect leukocyte function, such
as CD40 ligand, are associated with progression of disease across the entire spectrum
of atherothrombosis. Monocyte–platelet aggregates are elevated in stable coronary artery
disease and further elevate with plaque rupture, characteristic of percutaneous coro-
nary intervention, acute coronary syndromes, and myocardial infarction. Through this
interaction, activated platelets may contribute to the pathogensis of ischemic heart dis-
ease by localizing and activating monocytes to the site of the atherosclerotic lesion. These
heterotypic aggregates have potential for a number of clinical applications, including
measurement as an early marker for plaque rupture, evaluation of the efficacy of anti-
platelet therapy, and as a potential target for therapeutic intervention. Additional investiga-
tions evaluating these applications as well as the relationship between monocyte–platelet
aggregates and outcome are needed.

Key Words: Unstable angina; acute coronary syndrome; platelets; monocytes.
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INTRODUCTION

Platelets are a central cellular interface of the thrombotic and inflammatory processes
of coronary atherosclerosis (1) and modulate this interface by binding to leukocytes and
altering their function (2). Correspondingly, platelets play a pivotal role in recruitment
of monocytes and neutrophils to sites of vascular injury and, thus, to the atherosclerotic
plaque (3). Platelet activation; formation of leukocyte–platelet aggregates (monocyte–
platelet aggregates and neutrophil–platelet aggregates); and platelet secretion of inflam-
matory modulators that affect leukocyte function, such as CD40 ligand (CD40L), are
associated with the development of atherosclerosis (4–6), stable coronary artery disease
(CAD) (7), unstable angina (8), myocardial infarction (MI) (9,10), and events following
percutaneous coronary intervention (PCI) (10), with a greater magnitude in patients expe-
riencing late clinical events (11).

MOLECULAR BASIS OF MONOCYTE–PLATELET INTERACTION

In vivo platelet activation results in a series of changes in platelet structure and biochem-
istry. P-selectin (CD62P) is a component of the α-granule membrane and is not normally
expressed on the surface of platelets (2,12–14). Upon platelet activation, α-granule solu-
ble contents are released and P-selectin is exposed on the platelet surface (2,13,14). In
vitro, the activation-dependent increase in platelet surface P-selectin is not reversible
over time (15,16). However, in vivo, circulating degranulated platelets rapidly lose their
surface P-selectin, yet continue to circulate and function (17).

Surface expression of P-selectin on platelets mediates the initial adhesion of activated
platelets to monocytes and neutrophils via P-selectin glycoprotein ligand 1 (PSGL-1),
which is constitutively expressed on the surface of these leukocytes (Fig. 1) (2,18,19).

Fig. 1. Molecular basis of monocyte–platelet aggregates. Activated platelets express P-selectin on
the cell surface. P-selectin binds to PSGL-1 constitutively expressed on monocyte. This initial adhe-
sion causes activation of the monocyte, resulting in a conformational change and increased expres-
sion of Mac-1. Binding of Mac-1 to GPIIb-IIIa via fibrinogen, and directly to GPIbα on the platelet,
stabilizes the monocyte–platelet aggregate.
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Following initial tethering to activated platelets via P-selectin/PSGL-1 interaction,
leukocyte activation occurs through signaling via PSGL-1 and platelet-secreted chemo-
kines and lipid mediators (20–25). This response in turn causes activation and upregula-
tion of the Mac-1 integrin (αMβ2, CD11b/CD18) on the monocyte surface, allowing firm
adhesion to platelets via bridging fibrinogen bound to the activated glycoprotein IIb-IIIa
integrin (αIIbβ2, CD61/CD41) (23), and via direct interaction with GPIbα (26) on the plate-
let surface. Other adhesion molecules such as LFA-1 on the monocytes interacting with
intracellular adhesion molecule-2 on platelets may play a role in stabilizing monocyte–
platelet aggregates (27). However, P-selectin/PSGL-1 interaction is first required before
these stable secondary adhesions may take place.

Studies of biotinylated autologous infused platelets in baboons have demonstrated
that platelets degranulated by thrombin very rapidly (within 1 min) form circulating aggre-
gates with monocytes and neutrophils in vivo (10). The half-life of detectable circulating
monocyte–platelet aggregates (approx 30 min) is longer than both the half-life of neu-
trophil–platelet aggregates (approx 5 min) and the rapid loss of platelet surface P-selectin
in vivo (10).

MONOCYTE–PLATELET AGGREGATES AS A MARKER OF CAD

Patients with stable CAD have elevated P-selectin expressed on the platelet surface
and both increased circulating monocyte–platelet aggregates and an increased propensity
to form monocyte–platelet aggregates with platelet stimulation (7). This phenomenon
reflects a process of ongoing platelet degranulation and an as yet poorly defined intracel-
lular platelet environment that makes the platelets more responsive to agonist stimulation.
The increase in monocyte–platelet aggregate formation may simply reflect more frequent
platelet degranulation in patients with stable CAD.

Monocyte–platelet aggregates are increased to higher concentrations in unstable angina
and MI (10,28). Furthermore, following plaque rupture associated with PCI, the number
of circulating monocyte–platelet aggregates rapidly increases (10), whereas P-selectin
expression does not. Therefore, monocyte–platelet aggregates are a more sensitive marker
of in vivo platelet activation in the setting of PCI than the previous “gold standard” of
platelet surface P-selectin.

Standard diagnostic markers of acute MI (AMI), such as the MB isoform of creatine
kinase (CK-MB) and cardiac troponin, reflect the onset of myonecrosis rather than the early
underlying etiological processes of plaque rupture, and platelet activation. Such markers
of myonecrosis do not appear in the peripheral circulation until at least 4 hours after the
onset of ischemic injury. However, monocyte–platelet aggregates are elevated <4 h fol-
lowing the onset of symptoms of AMI (Fig. 2) (9) and thus serve as an early marker of AMI,
potentially offering the opportunity to facilitate early treatment to reduce morbidity and
mortality.

LABORATORY DETECTION
OF MONOCYTE–PLATELET AGGREGATION

Monocytes are readily identifiable by whole-blood flow cytometry based on light-scat-
ter properties and by using a monocyte-specific monoclonal antibody (e.g., the lipopoly-
saccharide receptor CD14) (7,9,29–31). Leukocyte–platelet aggregates may be identified
by the detection of platelet-specific markers (e.g., CD41, CD61, or CD42b) (29,31) on
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monoyctes. Circulating monocyte–platelet aggregates may be expressed as a proportion
of overall circulating monocytes or, using beads, absolute counts. Figure 3 demonstrates
how monocyte–platelet aggregates are identified using flow cytometry.

PATHOPHYSIOLOGY
OF MONOCYTE–PLATELET AGGREGATES IN CAD

The exact physiological significance of monocyte–platelet aggregation in CAD is
unknown, but it may represent targeting of both cell types to appropriate inflammatory or
hemostatic sites (32). For example, platelets have been shown to supply cholesterol to
monocytes, which may then mature into lipid-laden macrophages (33). P-selectin on the
surface of activated platelets induces expression of tissue factor on monocytes (34). The
binding of P-selectin to monocytes in the area of vascular injury may be an initiator of
thrombosis (34). Therefore, P-selectin-mediated adhesion to leukocytes is important in
promoting fibrin deposition within a growing thrombus (3). Adhesion of activated platelets
to monocytes can regulate monocyte chemokine synthesis to affect inflammatory pro-
cesses (24) and induce upregulation and activation of monocyte adhesion receptors such
as Mac-1 (35). It is clear that P-selectin and monocyte–platelet aggregates play a crucial
role in the development of atherosclerosis, and blockade of this interaction may result in
impairment of atherogenesis (4), improve coronary flow, and accelerate thrombolysis (36).

The density of P-selectin expression is much higher on activated platelets (about 350/
μm2) than on endothelial cells (13,37–39). Therefore, tethering of circulating monocytes
to activated platelets that are aggregated at a site of vascular injury probably plays a sig-
nificant role in monocyte localization to the region of vascular injury. This process of
monocytes tethering to platelets overlaying a plaque may contribute to the process of
atherogenesis.

Treatment with GPIIb-IIIa antagonists for PCI reduces the formation of monocyte–
platelet aggregates (9) as well as the release of soluble CD40L (40,41) and inhibits plate-
let activation, resulting in decreased monocyte–platelet aggregation and subsequent mono-
cyte activation (41).

Fig. 2. Monocyte–platelet aggregates are an early marker of MI. In patients presenting with MI, mono-
cyte–platelet aggregates were highest within 4 h of onset. (Adapted with permission from ref. 9.)
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CONCLUSION

The interaction of monocytes and platelets is an important mediator of the interface
between thrombosis and inflammation in the setting of ischemic heart disease. Mono-
cyte–platelet aggregates are elevated in stable CAD and further elevate with plaque rupture,
characteristic of PCI, acute coronary syndromes, and MI. Through this interaction, acti-
vated platelets may contribute to the pathogenesis of ischemic heart disease by localizing
and activating monocytes to the site of the atherosclerotic lesion. These heterotypic aggre-
gates have potential for a number of clinical applications, including measurement as an
early marker for plaque rupture, evaluation of the efficacy of antiplatelet therapy, and as
a potential target for therapeutic intervention. Additional studies to evaluate these appli-
cations as well as the relationship between monocyte–platelet aggregates and outcome
are needed.
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SUMMARY

In the past several decades, multiple landmark clinical trials have proven that certain
lipoprotein abnormalities not only predict but also provoke atherosclerotic cardiovas-
cular disease. Yet, there is a growing concern that traditional measures of atherogenic
lipoproteins do not faithfully forecast risk in some populations. For instance, while the
singular importance of low-density lipoprotein (LDL) is unchallenged, novel laboratory
techniques have emerged to characterize it. This has led to reassessment of which mea-
sures of LDL best correlate with outcomes. In this chapter, we will discuss important
markers of LDL and selected atherogenic lipoproteins. Several emerging lipoprotein-
related tests are now widely available, and it is not always easy to discern which ones best
complement the traditional markers, or when to use them. We also discuss how Adult
Treatment Panel III and other major consensus guidelines approach some of the lipopro-
tein-related markers. Finally, we move a step beyond current guidelines and propose
a clinical strategy that leverages emerging lipoprotein markers to better identify at-risk
patients.

Key Words: Apolipoprotein B; atherogenic dyslipidemia; cardiovascular risk; lipo-
protein a; low-density lipoprotein; hypercholesterolemia; non-high-density lipoprotein.
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HETEROGENEITY OF ATHEROGENIC LIPOPROTEINS

The pathogenesis of dyslipidemia revolves around the metabolism of lipoproteins.
Comprising proteins and lipids (cholesterol, triglycerides [TGs], and phospholipids), lipo-
proteins are the vehicles for lipid transport. The proteins associated with a lipoprotein are
known as apolipoproteins, and each atherogenic lipoprotein contains a single protein
designated apolipoprotein B (apoB). Lipoprotein metabolism is largely governed by apo-
lipoproteins, which operate as cofactors for enzymes, interact with cell-membrane recep-
tors, and provide a structural framework for lipoproteins. Several lipoproteins are associated
with atherosclerosis to varying degrees. The best established is low-density lipoprotein
(LDL), which is also typically the most abundant atherogenic lipoprotein. Several other
lipoproteins promote atherosclerosis, including very low-density lipoprotein (VLDL),
intermediate-density lipoprotein (IDL), and lipoprotein(a) (Lp[a]). By contrast, high-den-
sity lipoprotein (HDL) appears to protect against atherosclerosis.

It is well established that the cholesterol content of LDL (LDL-cholesterol [LDL-C])
is a risk factor for atherosclerotic cardiovascular disease (ASCVD), and therapy that
lowers LDL-C limits ASCVD events. This paradigm has spawned clinical guidelines that
set convenient targets for LDL lowering (1–8). Yet many patients continue to have events
despite reaching LDL-C targets, and many who have low LDL-C at baseline present with
ASCVD events. Several studies suggest that even patients with “optimal” LDL-C levels
benefit from lipid-lowering therapy. These observations have led to a search for other bio-
markers that might predict risk of ASCVD events and, in particular, markers that refine
the ability to forecast risk from atherogenic lipoproteins. Responding to these concerns,
the Adult Treatment Panel III (ATP-III) proposed two important clinical tools to identify
patients whose risk may be underestimated by traditional markers (1). First, it adopted
a treatment goal based on non-HDL-C in patients with hypertriglyceridemia. Second, it
emphasized the diagnosis of metabolic syndrome (1). Both conditions are associated with
deleterious LDL abnormalities that are not detectable by estimating LDL-C content. This
situation highlights an important limitation to using LDL cholesterol as a risk marker: this
presumes that all LDL particles are uniformly atherogenic.

In fact, LDL is heterogeneous regarding size and density, which leads to important
variability in the atherogenicity of these lipoproteins. The small, dense variety of LDL
is thought to be especially atherogenic (9), owing to increased residence time in the cir-
culation, reduced LDL receptor binding, heightened potential for oxidation, enhanced
penetration of the artery intima, and increased retention therein (9). Elevated levels of TGs
promote a shift to the small, dense form of LDL. The common association of high TGs, low
HDL-C, and small, dense LDL is variably known as atherogenic dyslipidemia, the athero-
genic lipoprotein phenotype, or simply the lipid triad, and itself may be considered an asso-
ciated risk factor for ASCVD (1). This triad correlates with several metabolic abnormalities,
including renal disease, metabolic syndrome, insulin resistance, and type 2 diabetes (1).
Because there is no intervention that selectively improves small, dense LDL without affect-
ing other lipoprotein fractions, it will be very difficult to prove that therapeutic interven-
tion that targets small, dense LDL specifically reduces risk.

In some circumstances, it may be helpful to know whether a patient has increased levels
of small, dense LDL because the finding is an important clue that the usual marker of LDL
atherogenicity, LDL-C, may be leading to an underestimation of risk (10). There are several
commercially available techniques that measure the size of LDL. These include analytic
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ultracentrifugation, gradient gel electrophoresis, nuclear magnetic resonance (NMR)
spectroscopy, and equilibrium density gradient ultracentrifugation (9). (See part I of the
appendix.)

LDL CHOLESTEROL

Lowering LDL has become the cornerstone of preventive care for at-risk patients with
hyperlipidemia (1–8), and the evidence base from clinical trials is almost exclusively based
on LDL-C. In the effort to alter LDL levels, clinicians must not forget that important
changes in a patient’s health can result in spurious lipoprotein levels (Table 1). Despite its
well-deserved prominence, LDL-C is almost never directly measured, either in clinical
trials or in practice. Ironically, the single most important lipoprotein is routinely approxi-
mated, using a method proposed by Friedewald et al. (11) in the early 1970s:

LDLC � Total Cholesterol − HLD-C −

This approximation is currently used not only to diagnose a variety of lipoprotein dis-
orders but also to track therapy. Clinical guidelines tie efficacy to the attainment of vari-
ous cutoffs based on the LDL-C approximation. Because herein we frequently distinguish
between directly measured LDL-C and its approximation, we reserve the term LDL-C for
measured LDL-C and refer to the approximated variable as ~LDL-C.

Table 1
Common Pitfalls Associated With LDL Cholesterol

Circumstances in which lipoproteins in general may not reflect a patient’s usual level (1)

Acute illness
Acute coronary syndrome
Cerebrovascular accident
Surgery
Infection

Recent weight loss
Change in usual diet
Pregnancy

Circumstances in which LDL-C approximation may not reflect a patient’s LDL-C

Frederickson class I, III, or V hyperlipoproteinemia (11)
Presence of chylomicrons (11)
Fasting <12 h (11,12)
TGs >200 (18,19) to 400 (11) mg/dL
Approximated LDL-C < 120 mg/dL (comparable with measured LDL-C < 130 mg/dL) (26)
Approximated LDL-C within 11 mg/dL of 100 mg/dL goal, within 15 mg/dL of 130 mg/dL

goal, or within 18 mg/dL of 160 mg/dL goal (assuming two samples) (12)
Fewer than two samples available for interpretation (12)
Diabetes (17)
Liver disease (20)
Nephrotic syndrome (21) or chronic renal insufficiency (22,23)
Hormone replacement therapy (24,25)

TGs
5
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Origin of LDL-C Approximation
The “gold standard” for measuring LDL-C content involves ultracentrifugation and

precipitation, also known as β-quantification. Because β-quantification is laborious, the
Friedewald approximation has been used for more than 30 yr to estimate LDL-C without
using an ultracentrifuge (11). The approximation was proposed for the express purpose
of estimating the cholesterol content of LDL to classify subjects into the Frederickson
classifications of hyperlipoproteinemia, especially type II (11). The 448 serum samples
used did not come from a population sample but, instead, reflected the research interests
of the National Institutes of Health during the late 1960s and early 1970s. Samples were
obtained from other studies that examined familial hyperlipoproteinemia and included
probands and family members. No other demographic data on the population were given.
Of the 448 samples, 96 had normal cholesterol according to practice standards in the early
1970s, 204 had type II hyperlipoproteinemia, and 148 had type IV. The investigators noted
that their method made several critical assumptions:

1. The ratio of TGs/VLDL-C is constant within and between individuals.
2. The ratio of TGs/VLDL = 5.
3. The approximation is invalid in the presence of chylomicrons (thus, invalid in type I and

V hyperlipoproteinemia, and inadequate fasting).
4. The approximation is invalid in type III hyperlipoproteinemia.

They reported correlation coefficients among normal samples and type II samples that
approached 1.0, but weaker correlation (0.85) and many outliers in the type IV samples,
with considerable spread from the line. Because the analysis of the type IV samples yielded
an unacceptable result, they selectively excluded about 25% of the samples (those with
TGs > 400 mg/dL) and repeated the analysis post hoc. The revised selection then yielded
an improved correlation coefficient of 0.94, although subjects were still widely distributed
about the line. The average absolute error was 4% for normal subjects, 3% for type II, and
7% for the post hoc sample of type IV samples. Interestingly, the data showed that TG/5
failed to estimate VLDL-C in any of the three groups.

What Does the LDL-C Approximation Estimate?
The Friedewald approximation attempts to estimate the cholesterol content contained

in lipoproteins other than HDL with a correction term, TG/5, to reduce the influence of
VLDL-C. Even when the approximation was proposed, the correction term was shown not
to reflect VLDL-C accurately (11). The term TG/5 probably accounts for TGs in a variety
of different lipoproteins. The ~LDL-C approximates the cholesterol content of LDL, IDL,
VLDL/VLDL-remnants, and Lp(a) (12). Thus, the term LDL-C is somewhat a misnomer,
and the approximation might be thought of as a gage of the cholesterol content of “mixed-
density lipoproteins,” as shown in Fig. 1. The major source of error in ~LDL-C stems
from the enigmatic correction term (13).

Imprecision of LDL-C Approximation
The National Cholesterol Education Program (NCEP) emphasizes that clinicians should

be aware of the limitations of the Friedewald equation that we have noted (12). The ideal
use of the approximation involves a 12-h fast; clinicians should be aware that even a 9-h
fast will underestimate LDL-C by at least 2–4% (e.g., 3–6 mg/dL less in a patient with a
measured LDL-C of 150 mg/dL). To establish an ~LDL-C within a 10% error limit, the
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NCEP estimated that it would be necessary to collect four samples on different days. It
also estimated that by averaging two ~LDL-C readings and using a cut point of 130 mg/
dL, a result of >145 mg/dL is reliably above the cutoff, and a result of <115 mg/dL is
reliably below the cutoff (12). Thus, if a patient’s goal is an LDL-C of <130 mg/dL, and
the average of two samples on different days shows that medication lowered the ~LDL-
C to 115 mg/dL or less, by the NCEP analysis the clinician can be reasonably confident that
the patient has reached the goal. If only one reading is available, it is not certain whether
the patient has reached the goal, because the error interval is larger. This wide range of error
betrays a conceptual problem with using ~LDL-C in practice: because the cutoffs in the
ATP-III guidelines are spaced in 30-mg/dL intervals (i.e., 70, 100, 130, and 160 mg/dL)
(2), and the margin of error is at least 15 mg/dL with repeated sampling, the approxi-
mation may be poorly suited to pursue such fine distinctions in the clinical setting. The
problem is further compounded by the reliance on solitary samples to assess efficacy.

The multitude of errors related to the approximation led the NCEP to recommend the
development of direct measures of LDL-C, with the ultimate goal of phasing out the approx-
imation (12). Several assays directly measure LDL-C without ultracentrifugation and are
superior to the approximation when TGs exceed 400 mg/dL; unfortunately, below this
level, these assays do not improve on the performance of the approximation (14).

Problems With Clinical Application of LDL-C Approximation
As the understanding of lipoprotein disorders has advanced, it has become more appar-

ent that the LDL-C approximation has important clinical limitations (Table 1) (15).

POTENTIAL FOR MISCLASSIFICATION

The LDL-C approximation has been extended from a small study of a highly selected
population to estimate risk and govern the therapy of millions of patients around the globe.
The assumptions regarding TG/VLDL-C and its value have not held up to scrutiny (16–18).

Fig.1. Lipoproteins reflected by selected markers. Note that LDL-C and non-HDL-C measure the
cholesterol content of the lipoproteins shown, whereas apoB and LDL particle number assess the
number of particles.
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Subsequent studies have shown that the ~LDL-C does not compare well with β-quantifica-
tion in some populations. For example, only 49 (16) to 68% (17) of patients with diabetes
had an ~LDL-C that was within 10% of measured LDL-C. The bias of ~LDL-C exceeded
10% when TGs were between 200 and 249 mg/dL and worsened with each increment in
TGs (17). A similar pattern was seen in patients without diabetes with TGs ≥200 mg/dL
(18). Another study found that the error associated with ~LDL-C started to exceed 10%
when TGs exceed 177 mg/dL (19). The ATP-III concluded that when triglycerides ex-
ceed 200 mg/dL, “LDL cholesterol alone inadequately defines the risk associated with
atherogenic lipoproteins” (ref. 1, p. 370). The LDL-C approximation is also unreliable in
patients with liver disease (20), nephrotic syndrome (21), or chronic renal insufficiency
(22,23), and in women taking hormone replacement therapy (24). The approximation also
suffers by the routine failure to exclude samples that contain chylomicrons, resulting from
incomplete fasting or inherent chylomicronemia from type I and V hyperlipoproteinemia
(11). Another set of problems arises because the approximation was intended to distinguish
only two groups. By extending the approximation to delimit four (1) or five (2) groups with
tight ranges, clinical guidelines compound the potential for misclassification (18).

IMPACT OF TREATMENT

The study by Friedewald et al. (11) did not include treated patients. Using the approxi-
mation to assess efficacy of therapy introduces an entire new suite of potential errors,
because ~LDL-C may lose its ability to predict risk in patients on lipid-lowering therapy
(25). Of particular importance to clinical use, ~LDL-C values that are low or low-normal
values are especially prone to error (12,26,27). One study found that the approximation
systematically underestimates LDL-C, and the degree of bias worsens with lower LDL-C
levels (26). For patients with measured LDL-C < 100 mg/dL, the average ~LDL-C was
18.3% lower, and about 40% of those with measured LDL-C between 100 and 130 mg/dL
had an ~LDL-C that was more than 10% lower. Most of the patients with measured LDL-
C > 130 mg/dL had an ~LDL-C that was within 10% of the actual value, although most of
the bias tended toward underestimation (26). The tendency for ~LDL-C to underestimate
LDL-C was not related to TG levels (26). Because the patients at highest risk have the low-
est LDL-C target (e.g., LDL-C of <100 or <70 mg/dL), underestimating LDL-C may have
greater clinical repercussions in that population. This systematic error also makes it very
difficult to interpret clinical trials that enrolled patients with ~LDL-C in the low-normal
range, because treatment effects cannot be reliably linked to baseline LDL-C.

NON-HDL-CHOLESTEROL

Responding to well-founded concerns over the use of ~LDL-C, the ATP-III advised cal-
culating the non-HDL-C as a secondary target of therapy in patients with TGs between 200
and 499 mg/dL (1). For comparison, we have shown both cholesterol markers in the fol-
lowing equations. The non-HDL-C marker refines the LDL-C approximation by dropping
the term TG/5.

non-HDLC = TotalC − HDLC LDLC ≈ TotalC − HDLC − 

This simple change improves on several of the inherent problems of the approximation
for LDL-C. The Friedewald equation relies on the questionable premise that TG/5 esti-
mates VLDL-C. Because VLDL and its remnants are atherogenic, the ATP-III concluded

TGs
5
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that reincorporating them enhances risk prediction. Non-HDL-C reflects the cholesterol
content of all apoB-containing lipoproteins (Fig. 1). Furthermore, non-HDL-C requires
neither fasting nor additional costs. ATP-III supported the use of non-HDL-C with sev-
eral lines of evidence. A large study showed that non-HDL-C was a better correlate for
coronary mortality than ~LDL-C (27). Moreover, at least a dozen studies showed that apoB
is a strong predictor of coronary heart disease (CHD) and events. Finally, these studies
emphasized that there is a strong correlation between non-HDL-C and apoB levels (1).
Thus, much of the appeal of non-HDL-C is tied to its relationship to apoB.

An important difference between non-HDL-C and apoB is that apoB measures the
number of atherogenic lipoprotein particles, whereas non-HDL-C measures the mass of
cholesterol that these particles contain. Grundy observed that the correlation between
non-HDL-C and apoB is especially reliable when TGs are normal but deteriorates with
rising TGs (28). Although it adds complementary information to ~LDL-C, non-HDL-C
also has limitations. A concordance/discordance analysis from the Quebec Cardiovascu-
lar Study revealed discordance between non-HDL-C and apoB in more than one-third of
the subjects (29). This may be explained by the observation that variations in the ratio
of cholesterol to TG composition or lipoprotein size alter the relationship between choles-
terol mass and particle number. The discordance between non-HDL and apoB was studied
in greater detail using data from the Insulin Resistance Atherosclerosis Study (IRAS) (30).
apoB was significantly better correlated with ASCVD risk factors than non-HDL, includ-
ing measures of obesity, blood pressure (BP), insulin resistance, and inflammation (e.g.,
high-sensitivity C-reactive protein [hsCRP]). Because apoB and non-HDL are corre-
lated, the analysis was repeated, correcting each marker for the other. Correcting apoB for
non-HDL strengthened apoB’s correlation with risk factors. In stark contrast, correcting
non-HDL for apoB negated non-HDL’s correlation with risk factors. In fact, non-HDL
became inversely correlated with several risk factors, and this striking finding was even
more pronounced among patients with metabolic syndrome. Given its poor concordance
with apoB from other trials, this study raises further questions about the validity and
utility of non-HDL.

The recommended therapeutic targets for non-HDL-C depend on the risk assessment
for a given patient, much like ~LDL-C targets (1). Ideally, VLDL-C should not exceed
30 mg/dL. Thus, the ATP-III advised that the non-HDL-C goal is simply defined as the
~LDL-C goal plus 30 (Table 2). The ATP-III preferred non-HDL-C over apoB for three rea-
sons. First, at the time, the standardized assay for apoB was not as widely available to clin-
icians. Second, although there were prospective studies showing that apoB had superior
predictive power to non-HDL-C, the collective evidence was not sufficient for this con-
clusion to be robust at that time. Third, measuring apoB would entail additional short-term
cost. (See part II of the appendix.)

APOLIPOPROTEIN B

apoB has emerged as an alternative to ~LDL-C and non-HDL-C. Because each athero-
genic lipoprotein contains one apoB molecule (31), the level of apoB may effectively
measure the number of atherogenic lipoproteins. Early attempts to test this use of apoB
met with mixed success, because the few published studies were limited by unreliable
assays, selective populations, and design problems, thus relegating the role of apoB to
an additional risk marker in patients with personal or family history of premature CHD
(32). However, subsequent stronger data support a wider use of apoB. The assay has been
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standardized (33), and several large prospective population-based studies have affirmed
that apoB is both a marker of risk and a reasonable target of therapy (28,34,35).

Association With Clinical Events
The Apolipoprotein-Related Mortality Risk study was designed to assess the ability

of apolipoproteins, including apoB, to predict fatal myocardial infarction (MI) in a large
unselected population (36). More than 175,000 men and women were followed for over
5 yr. The risk ratios associated with apoB were higher than those of ~LDL-C, and the
receiver operator curves showed that apoB had higher sensitivity and specificity than
~LDL-C in predicting events. LDL-C was approximated by a previously validated alter-
native to the Friedewald equation. A test for interaction between apoB and ~LDL-C showed
that both convey unique information about risk, and that apoB better predicts events than
~LDL-C at lower levels of either ~LDL-C or apoB (36). Extended follow-up of the popu-
lation appeared to enhance the advantage of apoB over ~LDL-C as a risk indicator (35). A
similar study evaluated approx 2500 men but extended the outcome to include incidence
of fatal or nonfatal MI, coronary artery surgery, and silent MI (37). This study affirmed
apoB as a strong predictor of events.

Association With Other Risk Indicators
Another substudy from the IRAS study compared ~LDL-C with apoB as a correlate

for a variety of ASCVD risk factors, including dyslipidemia, insulin resistance, hyperten-
sion, inflammation, thrombosis, and subclinical atherosclerosis (38). This interesting com-
parison examined differences between a group who had high ~LDL-C but normal apoB
(i.e., high cholesterol mass distributed among a normal number of particles) and a group
who had normal ~LDL-C but high apoB (i.e., normal cholesterol mass distributed among
a larger number of particles). The latter hyper-apoB group had significantly higher TGs,
fasting and 2-h insulin, and plasminogen activator inhibitor, and lower HDL-C, LDL
particle size, and age than the group with isolated ~LDL-C elevation. This analysis raises
the possibility that the normal ~LDL-C in the hyper-apoB group is not reassuring. Because
apoB is a measure of particle number, this finding points to a discrepancy between the
~LDL-C and the number of atherogenic particles. Moreover, the magnitude of correlation
with a variety of other risk markers was generally greater for apoB than ~LDL-C. Surpris-
ingly, when ~LDL-C was adjusted for apoB, it switched from being a positive correlate
with the other risk factors to a negative correlate. However, adjusting apoB for ~LDL-C
magnified the strength of apoB as a positive correlate with the other risk factors. Similarly,
when both apoB and ~LDL-C were adjusted by the Framingham Risk Score, apoB gained
strength as a positive correlate, whereas ~LDL-C was weakened. Although this study was
not based on outcomes, it lends credence to the idea that apoB can reveal residual risk
associated with lipoproteins beyond ~LDL-C.

A substudy from the Quebec Cardiovascular Study evaluated the concordance and
discordance between the different risk markers apoB, ~LDL-C, and non-HDL-C among
men without CHD (27). Although apoB and ~LDL-C correlated with each other (ρ = 0.78;
p < 0.001), only half of the subjects were in the same quintiles of each marker (i.e., 50%
concordance between the markers). Concordance was below 40% for the middle three
quintiles, corresponding with an ~LDL-C between 120 and 180 mg/dL. This reinforces
the notion that ~LDL-C is not reliably related to the number of lipoproteins; thus, apoB
may provide novel information beyond ~LDL-C.
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Impact of Therapy
Some lipid trials have found that ~LDL-C loses predictive ability with treatment. The

Air Force/Texas Coronary Atherosclerosis Prevention Study enrolled low- to moderate-
risk subjects who had low HDL-C (mean: 37.5 mg/dL), but average ~LDL-C (mean: 154
mg/dL) and randomized to lovastatin or placebo (39). A substudy confirmed that baseline
~LDL-C, HDL-C, and apoB predicted events. While on-treatment levels of ~LDL-C and
HDL-C lost this ability, apoB remained a strong predictor during treatment (25). Hence,
the investigators suggested that apoB might be a more reliable variable to follow, espe-
cially in a population that does not have an especially high ~LDL-C. The Scandinavian
Simvastatin Survival Study (4S) enrolled high-risk patients with higher ~LDL-C (mean:
188 mg/dL), finding that both ~LDL-C and apoB strongly predicted events in baseline
and on-treatment samples (40). Together, these studies suggest that apoB may have an
advantage at lower levels of ~LDL-C.

Clinical Applications of apoB
(see also Incorporating Lipoprotein Number

Into Treatment of Lipoprotein Disorders)
apoB has gained support as a risk marker from several recent analyses that have directly

compared apoB to ~LDL-C (34,35). Grundy outlined the advantages and disadvantages of
non-HDL-C and apoB and concluded that apoB is a reasonable alternative to non-HDL-C
and proposed practical cutoffs (Table 2) (28). Updated prevention guidelines from the
Canadian Cardiovascular Society (CCS) (4) and Canadian Diabetes Association (41) have
also introduced apoB as an alternative to ~LDL-C. The CCS notes that apoB is especially
useful for patients with metabolic syndrome and for following patients on lipid-lowering
therapy (Table 2).

LDL PARTICLE NUMBER

No doubt, the ATP-III strategy emphasizing metabolic syndrome and following non-
HDL-C will detect many individuals who warrant aggressive preventive efforts. How-
ever, the objective to better identify at-risk patients has prompted new discussion on how
to measure lipoproteins (28,34,42,43). The ideal measure of dyslipidemia might be to
estimate the number of lipoprotein particles, because LDL-C does not distinguish small,
dense LDL, and particle number may actually correlate more closely with outcomes than
level of LDL-C does (10). Direct measurement of LDL particle number has been elusive
because of technical limitations. However, a technique to measure LDL particle number
is now clinically available. apoB levels also correspond to the number of atherogenic lipo-
protein particles. Hence, the differences between particle number and cholesterol content
apply to apoB as well.

Particle Number vs Cholesterol Content of Atherogenic Lipoproteins
Clinically, lipoproteins are characterized according to the mass of the cargo that they

carry, i.e., the mass of cholesterol within them. This would be analogous to trying to approx-
imate the number of cargo ships in a fleet by evaluating the collective mass of the containers
on the decks of the ships at a point in time, which would be accurate only if the ships were
all the same size and nearly always carried the same volume of goods of uniform mass. The
relationship would be less reliable if different ships had different capacity, or if ships were
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running under or over pattern, or even if the cargo itself were lighter or heavier than usual.
In the same way, gauging the atherogenic potential of lipoproteins by estimating the col-
lective mass of cholesterol is not always straightforward. The relationship between lipopro-
tein particle number and cholesterol content varies widely, because the carrying capacity
varies with the size of the lipoprotein, and each lipoprotein’s internal ratio of TGs to
cholesterol is altered by many factors.

Problems With Using LDL-C as a Marker of LDL Particle Number
In addition to the difficulties with the LDL-C approximation, there are further problems

with the use of LDL-C in general, even if it is directly measured. Since LDL-C is pro-
portional to the number of LDL particles, one might expect the two to change in the same
direction, even if the magnitude of change were to vary widely. Unfortunately, there are
certain situations in which an increase in LDL-C may signal a decrease in LDL particle
number.

THEORETICAL PROBLEMS RELATING LDL-C TO PARTICLE NUMBER

 The cholesterol content of LDL depends on other variables, such as the volume of the
LDL particles and the ratio of cholesterol to TGs within the particle. The following state-
ment presents a simplified form of the relationship:

~LDLC ∝ ∑ [ Particle Number × Particle Volume ×   ] − HDLC −

We have expressed the relationship mathematically not only to illustrate its complexity,
but also to convey which variables are directly, as opposed to inversely, proportional to
~LDL-C. It is natural to expect that increased ~LDL-C represents an increased number
of lipoprotein particles. However, the statement given reveals that the overall cholesterol
mass would also increase if the particles were larger, or even if the ratio of cholesterol
to TG increased. On the other hand, there are several conditions in which lipoproteins are
enriched with TGs (e.g., metabolic syndrome or type 2 diabetes). Note that TGs appear
in the statement twice, potentially magnifying their influence. Because TGs are inversely
proportional to ~LDL-C, hypertriglyceridemia may be associated with lower ~LDL-C
levels, thereby underestimating the LDL particle number. Likewise, if the LDL particles
tend to be smaller than usual, the ~LDL-C might underestimate the LDL number, even
if the particles were more numerous than usual.

CLINICAL RAMIFICATIONS

Many clinicians assume that ~LDL-C correlates with the number of LDL particles. The
presumption of a stable relationship rests on the questionable assumption that all the other
variables are constants or that their collective effects cancel each other out. In practice,
the complex changes can actually result in retrograde changes in ~LDL-C with respect to
LDL particle number. When treatment favorably increases LDL particle size or increases
the ratio of LDL cholesterol:TGs, ~LDL-C may rise, despite a fall in the number of LDL
particles (44). This may lead the clinician to assume that treatment was deleterious, when
in all likelihood, it was beneficial. This renders the relationship between ~LDL-C and
LDL number unpredictable, because we cannot assume that these variables will change
in the same direction.

LDL
IDL

LP(a)
VLDL
HDL

Cholesterol
TG

TGs
5
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Measuring LDL Particle Number
The number of LDL particles can be directly measured by NMR spectroscopy, as can

the number of the other atherogenic lipoproteins (43). Emerging data suggest that the LDL
particle number may also be a better predictor of ASCVD events than ~LDL-C. A substudy
from the Framingham Offspring Study analyzed more than 3400 samples by NMR and
compared ~LDL-C to LDL particle number (43). This analysis demonstrated a striking
degree of variance in the relationship between ~LDL-C and LDL particle number (Fig. 2),
especially when HDL-C was <40 mg/dL. This observation suggests that low HDL-C may
serve as a marker for an LDL problem that escaped detection using LDL-C content and
raises the possibility that some of the apparent risk associated with low HDL-C may be
related to increased LDL particle number. The graphs in Fig. 2 illustrate a complex rela-
tionship between lipoprotein number and cholesterol content. Note that subjects with an
HDL-C of 20 mg/dL had the highest number of LDLs but had “normal” approximated
LDL-C (about 120 mg/dL). Presumably, these subjects had smaller LDL particles, decreased
cholesterol:TG composition of their LDL, or both. Because the smaller LDL particles
may be more atherogenic (9), these subjects may have substantial unappreciated risk. The
ATP-III proposed that measuring the cholesterol content of non-HDLs should reduce some
of the uncertainty surrounding ~LDL-C (1). However, an analysis from the Framingham
study revealed that the relationship between non-HDL-C and LDL particle number also
deteriorates when HDL-C is <40 mg/dL (Fig. 2). non-HDL-C is relatively flat in this range,
so it can no longer predict the number of LDL particles.

A concordance/discordance analysis from the Framingham study evaluated the ability
of ~LDL-C to correctly identify subjects with LDL particles over the 80th percentile (43).
Only 62% of the population had concordant results (i.e., both ~LDL-C and LDL particles
above the cutoff); the remaining 38% had the discordant finding of LDL particles above
the 80th percentile, but ~LDL-C below this cutoff. At the other extreme, 34% of the

Fig. 2. These graphs from the Framingham Offspring Study show that the relationship between LDL-
C content and LDL particle number is complex and not always predictable (43). Although the degree
and direction of variance is smaller with non-HDL-C content, it too has a complex relationship to LDL
particle number. (Reprinted from ref. 43 with permission from Excerpta Medica, Inc., Copyright
2002.)
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patients with “optimal” ~LDL-C, i.e., below the 20th percentile, had an LDL particle num-
ber above this cutoff. Because the pathogenesis of atherosclerosis centers on atherogenic
lipoproteins, withholding therapy from patients with numerous LDL particles because they
have an acceptable ~LDL-C may result in undertreatment of a high-risk group. Conver-
sely, a screening approach that overcomes the unpredictable relationship between ~LDL-
C and LDL particle number may result in more effective prevention, simply by reducing
misclassification errors.

Retrograde ~LDL-C changes were seen in the Veterans Affairs HDL Intervention Trial
(VA-HIT), which randomized patients with coronary disease and low HDL-C to placebo
or gemfibrozil (45). Gemfibrozil improved the cholesterol profile by raising HDL-C by
6% and decreasing TGs 29%, and the HDL-C changes helped to explain a significant reduc-
tion in ASCVD events (46). ~LDL-C increased 2% from baseline and did not predict
events. By contrast, an unpublished subgroup analysis revealed that LDL particle num-
ber declined by 3%; small, dense LDL particles decreased 29%; and large LDL particles
increased 31% (47). Even after adjustment for cholesterol values, baseline and on-treat-
ment LDL particle number predicted ASCVD events (48), although treatment apoB levels
did not (46). In summary, ~LDL-C represented a retrograde change, masking an important
improvement in LDL. The results of VA-HIT are a reminder that changes in ~LDL-C may
not always be a reliable marker of lipoprotein changes.

LIPOPROTEIN(A)

LP(a) is an LDL whose apoB molecule forms a disulfide bridge to a hydrophilic, glyco-
sylated protein called apo(a). Although the length of the apo(a) varies considerably, the
molecule maintains a resemblance to plasminogen. This homology has been proposed as
a reason that Lp(a) is deleterious, presumably by competing with plasminogen, and inter-
fering with fibrinolysis. However, other deleterious effects are likely, such as the particles’
large cholesterol pool and predilection for infiltrating atherosclerotic plaques (49).

Association With Outcomes
A meta-analysis of 18 prospective studies included more than 4000 subjects free of

ASCVD at baseline; comparing those in the highest tertile of Lp(a) to the lowest tertile,
the risk ratio for incident events was 1.7 (95% confidence interval [CI]: 1.4–1.9) (50). This
result was confirmed in a large prospective analysis that followed more than 9000 sub-
jects for 5 yr and found a risk ratio of 1.56 for fatal and nonfatal MI and angina (95% CI:
1.10–2.21) when comparing the highest quartile of Lp(a) to the lowest (51). A substudy
suggested that concomitant elevation of LDL-C magnified the risk of Lp(a). A study of
5800 subjects older than 65 yr found that Lp(a) predicted ASCVD events only in men
(52). These studies support Lp(a) as an associated risk factor for ASCVD. Without an
intervention that selectively lowers Lp(a), it would be very difficult to determine whether
Lp(a) is a true risk factor, as opposed to merely a marker for risk. The ATP-III does not
advocate routinely measuring Lp(a), citing uncertainty of its being an independent risk
factor, variation in measurement methods, and expense (1). Although niacin and estrogen
may lower Lp(a), there is no evidence that either treatment improves outcomes on that
basis. Nonetheless, the guidelines suggest that it may be reasonable to count Lp(a) as an
additional risk factor in selected patients, such as those with a family history of premature
ASCVD or with familial hypercholesterolemia (1).
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Clinical Application of Lp(a) (see also Incorporating Lipoprotein Number
Into Treatment of Lipoprotein Disorders)

On occasion, measuring Lp(a) may be clinically useful in minimizing a possible con-
founding effect on the interpretation of LDL-C. This may be particularly important for
African Americans, whose levels of Lp(a) are two to three times that of Caucasians (53,
54). Despite higher levels, fewer African Americans have a form of Lp(a) that correlates
with ASCVD events (1,55,56). This may lead to two important clinical difficulties in inter-
preting LDL-C in African Americans. First, a high Lp(a) may inflate the LDL-C level,
potentially leading to unnecessary treatment. Second, following LDL-C for efficacy is prob-
lematic, because Lp(a) largely resists changes with statins and fibrates, rendering a por-
tion of a patient’s “LDL-C” unresponsive to therapy (53). This phenomenon may create the
illusion that LDL-C is refractory to treatment. In the right setting, Lp(a) can be measured
and LDL-C corrected according to the following formula (12) (see part III of the appendix):

LDLC ≈ LDLC (direct or approximated) − 0.3 Lp(a) (in mg/dL)

WHAT MARKER OF ATHEROGENIC
LIPOPROTEINS IS OPTIMAL FOR CLINICAL PRACTICE?

The proliferation of lipid measures has led to an often confusing array of biochemical
parameters, including actual measures of lipoproteins, surrogate measures, and even approx-
imations of surrogate measures. The list has expanded to accommodate apolipoproteins;
variant lipoproteins (e.g., Lp[a]); and even lipoprotein density, size, and number. Despite
such refinements, there is a growing sense that the totality of lipid analysis still fails to detect
many patients who have substantial residual risk of ASCVD. In turn, this disappointing out-
come has fueled intense interest in emerging risk factors. We wonder how much of this
effort is simply an unwitting attempt to compensate for a marker that often masks risk.

We are reminded of the increasingly complex machinations used to refine Ptolemy’s
geocentric model of the universe. Despite the enthusiastic addition of epicycles and equants,
no amount of tinkering with the geocentric model could explain the movements of the
planets better than Copernicus’s elegant (if flawed) heliocentric model of the universe.
In the same vein, we propose that the treatment of hyperlipoproteinemia is made more
difficult than it needs to be because it is based on a series of outmoded suppositions. First,
the current model places cholesterol mass in the center of the lipid universe, both for
forecasting risk and for assessing benefit. Second, it generalizes the Friedewald approxi-
mation far beyond the narrow intended purpose, without due consideration of discordant
data from larger, population-based studies. Third, clinicians are expected to keep track of
a long list of exceptions to the approximation, including retrograde motion of ~LDL-C, in
which ~LDL-C moves in the opposite direction of LDL particle number. We submit that
a model based on atherogenic lipoprotein number could provide a more satisfying approach
to prevention, because it better fits the understanding of atherosclerosis and advances in
the understanding of the biology and interrelationships of lipoproteins.

INCORPORATING LIPOPROTEIN NUMBER
INTO TREATMENT OF LIPOPROTEIN DISORDERS

Because public health efforts and the direction of clinical research have been based
around the cholesterol model for so long, a fundamental change to a measure of athero-
genic lipoprotein number could have important drawbacks. First, most of the evidence
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base is reported in terms of ~LDL-C. Indeed, the reliance on ~LDL-C is so ingrained that
it almost requires researchers to reinterpret studies that actually measured LDL-C, just to
make the results align with studies that used the weaker surrogate, ~LDL-C (2). Switching
entirely to lipoprotein number would steer researchers into uncharted waters, with com-
paratively little evidence to guide them. Second, as Grundy (28) points out, the hugely
successful efforts to educate physicians and patients about the evidence-based supremacy
of LDL-C might make it hard to reorient prevention efforts along the lines of lipoproteins.
Third, the additional cost of measuring lipoprotein number is not trivial. Although all are
valid concerns, we doubt they will prove insurmountable.

Grundy (10,28) has proposed incremental strategies, later adopted by the CCS (4) and
the Canadian Diabetes Association (41), that have potential value. These clinical guidelines
introduce measures of particle number alongside the traditional cholesterol surrogates
(Table 2). Such strategies maintain the use of ~LDL-C but add apoB as an alternate target
of therapy. Thus, a patient who has reached the ~LDL-C goal but still has an elevated apoB
likely has small, dense LDL that represents further risk that is undetectable by the ~LDL-
C alone.

The ATP published an interim report in 2004 (ATP-’04) that adapted the goals from
the ATP-III, based on insights from five trials not included in the original report (2). Two
of these trials reaffirmed the ATP-III contention that the minimum acceptable goal for
high-risk patients is an ~LDL-C <100 mg/dL. The ATP-III had also reported that the sug-
gestion by several small studies to lower ~LDL-C to 70–80 mg/dL was even better (1).
Two new trials further support lowering ~LDL-C to this level (57,58); accordingly the
ATP-’04 supports the tentative goal of ~LDL-C < 70 mg/dL and non-HDL < 100 mg/dL
in selected patients at very high risk, recognizing that several pending studies will provide
even more insight (2). Unfortunately, neither of the new studies has reported on changes
in apoB at this time (57,58), though one did directly measure LDL-C (57). We believe
that the continued reliance on LDL-C causes problems of interpretation in populations
that have lower LDL-C at baseline. If the approximation unravels with LDL-C at lower
levels (12,26,28), and direct techniques are also error prone (14), how can researchers be
sure that these biases do not influence their interpretations? Aware of the problems this
causes, the ATP in a section of the ATP-’04 report went to great pains to reinterpret one
of the studies (57) in an effort to resolve this cognitive dissonance (2). We sympathize,
because we also have to negotiate the same analytic contortions to get around the deficien-
cies of LDL-C. Though we have incorporated the lower ~LDL-C goal into our clinical
practice, we submit that if researchers and clinicians are going to delve into this range
of LDL levels, it would help also to follow a marker that has more signal and less noise.

We suggest that a practical way to approach hyperlipidemia is first to dichotomize
patients into those with isolated ~LDL-C elevations and those with atherogenic dyslipide-
mia (2). Those with isolated hypercholesterolemia would be managed according to the
current ATP-III/ATP-’04 recommendations. Those with atherogenic dyslipidemia would
have an additional target of therapy based on some marker of LDL particle number (either
apoB or directly measured LDL particle number). Although the superior evidence base
and cost favor apoB for this purpose, assessing particle number by the NMR technique
is a promising alternative (10). We agree with the Canadian guidelines that a measure of
particle number should be an alternative to the primary (i.e., ~LDL-C) goal (4, 41), rather
than an alternative to the secondary, non-HDL-C goal (10,28). Linking it to the ATP-III
non-HDL-C goal might unnecessarily limit efforts to improve risk detection to those with
TGs >200 mg/dL. We have outlined our approach in Fig. 3, which refers to Table 3 for
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specific goals based on the patient’s underlying risk. The approach retains the use of
~LDL-C but reinforces treatment goals with apoB or LDL particle number in patients
with features of atherogenic dyslipidemia, in which ~LDL-C is least reliable. A patient
with isolated elevations of ~LDL-C need not have additional labs, provided that there are
no clinical factors that invalidate the approximation (Table 1).

We believe that incorporating measures of lipoprotein number will overcome the num-
erous limitations of the LDL approximation, thereby improving the detection of at-risk
patients. More important, this approach maintains links to clinical trial evidence by sup-
porting, rather than supplanting, the LDL approximation. This algorithm should capture
most of the residual risk related to the other markers discussed herein, except for Lp(a).
We typically reserve Lp(a) for patients who have a family history of premature disease
but lack a personal history of obvious risk factors. Lp(a) could also be used if the clinician
suspects that it constitutes a significant confounder for LDL-C, e.g., in an African-Amer-
ican patient whose LDL-C seems to be unusually resistant to statin therapy.

CONCLUSION
A number of lipoprotein-related ASCVD risk factors have been proposed to comple-

ment the deficiencies of cholesterol-based surrogates. In particular, a growing body of

Fig. 3. A New approach to managing high cholesterol. Along with Table 3, our approach reinforces
the use of ~LDL-C goals by adding some marker of LDL particle number, such as apoB or directly
measured LDL particle number. Because isolated elevations of LDL-C are less likely to be associated
with an invalid LDL approximation, we typically do not follow the additional marker in this setting.
If a patient with an isolated elevation of LDL-C has a condition that invalidates the approximation,
then we will do one of two things. The first is to measure LDL-C by β-quantification (because many
of the other direct techniques are unreliable). The second is simply to follow the additional marker.
In patients with features of atherogenic dyslipidemia, we routinely follow the additional marker
along with LDL-C.
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evidence supports incorporating measures of lipoprotein particle number into clinical
practice. Although consensus guidelines differ on the clinical practicality of such tests,
there is general agreement that the underlying principle is sound. Some recent consensus
groups have determined that the evidence for apoB is sufficiently strong to be included
in their national guidelines (4,41). We think it is reasonable to augment the ATP-III/ATP-
’04 goals to guard against undertreating patients, using either apoB or LDL particle num-
ber, especially for those with atherogenic dyslipidemia.

APPENDIX: CASE STUDY

Part I: Initial Evaluation
RC is a 43-yr-old man who presented without complaints for routine care. His past

medical history is notable for seasonal allergic rhinitis and erectile dysfunction but is other-
wise unremarkable. He has never smoked and eats a typical Western diet. He has a seden-
tary job but recently started exercising several days a week. He is concerned that his father
died suddenly from an MI at the age of 60; his mother survived a stroke at the age of 68.
His medications include fexofenadine as needed for allergies, and sildenafil as needed.
He wants to know if he should start taking an aspirin every day.

Table 3
Proposed Cutoffs for Treatment Goalsa

Isolated LDL elevation Atherogenic dyslipidemia

High risk

CHD or CHD risk equivalent LDL-C < 100 mg/dL LDL-C < 100 mg/dLb and
or FRS ≥ 20% either of the following:

apoB < 90 mg/dL, LDL
particles < 1100 nmol/L

Moderate risk

≥2 risk factors or FRS 10–20% LDL-C < 130 mg/dL LDL-C < 130 mg/dLb and
either of the following:
apoB < 105 mg/dL, LDL
particles < 1400 nmol/L

Low risk

≤1 risk factor and FRS < 10% LDL- C < 160 mg/dL LDL- C < 160 mg/dL and
either of the following:
apoB < 120 mg/dL, LDL
particles < 1800 nmol/L

aThe NCEP secondary goal does not apply to isolated LDL, because non-HDL is only recommended in
the presence of hypertriglyceridemia. non-HDL is not needed when the variable it mimics (i.e., apoB) is used
as a target of therapy. LDL-C refers to the cholesterol content of LDL and may be assessed by the Friedewald
approximation. LDL particles refer to quantification by NMR spectroscopy (cutoffs determined from the
Framingham Offspring Study) (42).

bThe optional goals identified in the ATP-’04 (2) should apply to the LDL-C goals, but the suggested
apoB and LDL particle goals would remain unchanged.

FRS, Framingham Risk Score.
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On examination, RC appears healthy, with a BP of 128/80 mmHg and a heart rate of 102
beats/min. He stands 5 ft, 10 in.; weighs 190 lb; and has a waist circumference is 38 in.
The remainder of his examination is unremarkable. Fasting lab work reveals normal elec-
trolytes and a glucose of 106 mg/dL. His total cholesterol is 147 mg/dL, LDL-C is 92 mg/
dL, HDL-C is 26 mg/dL, and TGs are 145 mg/dL.

RC’s physician tells him that he has one major risk factor for ASCVD (low HDL-C) and
reassures him that his Framingham risk score indicates only a 1% chance of having a heart
attack over the next 10 yr. His baseline LDL-C is below the goal of <160 mg/dL, and
because he does not have high TGs, non-HDL-C is not a target of therapy.

The following questions should be considered:

• Does the LDL cholesterol adequately characterize RC’s risk?
• The physician suspected that RC had more risk than projected by the clinical guidelines.

What other tests for atherogenic lipoproteins are clinically available that might confirm
this suspicion? Would RC benefit from such testing?

Part II: A Follow-Up Visit
RC returns a year later without new complaints and reports no changes in his health. He

brings additional laboratory test results conducted when he participated as a health volun-
teer in a research study. His cholesterol levels are comparable with the previous values,
but the additional test results include an apoB of 135 mg/dL (optimal: <90 mg/dL) and,
by NMR technique, an LDL particle number of 2204 nmol/L (optimal: <1100). His LDL
is predominately the small, dense variety. His Lp(a) is 6 mg/dL.

RC’s apoB and LDL particle number are substantially elevated, consistent with abnor-
mally small, dense LDL. His Lp(a) is normal. Does this additional information contribute
to his risk assessment?

Part III: RC Revisited
At the age of 45, RC survived an MI. A month prior, his total cholesterol was 147 mg/

dL, LDL-C was 90 mg/dL, HDL-C was 25 mg/dL, and TGs were 158 mg/dL. Subsequent
workup revealed two-vessel coronary disease that did not require revascularization.
Although RC’s LDL-C was normal, his cardiologist started treatment with lovastatin and
extended-release niacin and eventually titrated the dose up to 40 mg of the statin with 1000
mg of niacin. RC also started taking fish oil and a small dose of an angiotensin-converting
enzyme inhibitor. On this regimen, his total cholesterol was 132 mg/dL, LDL-C was 80
mg/dL, HDL-C was 34 mg/dL, and TGs were 92 mg/dL. His apoB decreased to 86 mg/dL,
and an NMR test confirmed that his LDL particle number had decreased to 1080 nmol/L
and that his LDL had converted to a larger size.

Discussion
At baseline, RC had optimal cholesterol levels, few major risk factors, and a reassuring

Framingham score. Yet he had an ominous family history, impaired fasting glucose, and
a low HDL-C. The low HDL-C was the only lipid abnormality that suggested he had athero-
genic dyslipidemia, but prediabetes is also an important clue. Although the standard labs
hinted at subtle abnormalities, the apoB and NMR findings revealed substantial lipoprotein
abnormalities that were not reflected in his LDL-C levels. In fact, the “optimal” ~LDL-C
might be falsely reassuring. The ATP-III approach helps to overcome this problem by add-
ing criteria for managing hypertriglyceridemia (and, in turn, non-HDL-C) and metabolic
syndrome. Many patients with atherogenic dyslipidemia, however, do not meet criteria
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for either condition and would still appear to have low risk. A measure of lipoprotein
particle number might have confirmed the physician’s initial suspicion that RC had addi-
tional risk not detected by traditional risk factors.
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SUMMARY

Although an atherogenic lipoprotein phenotype has been well recognized as an impor-
tant predictor of cardiovascular disease, recent studies have demonstrated a number of
additional markers as emerging biomarkers to identify patients at risk for future coro-
nary heart disease. Among them, lipoprotein-associated phopholipase A2 (Lp-PLA2),
which is directly involved in the oxidation of low-density lipoprotein (LDL) and further
atherosclerotic plaque development, seems to be the most promising and may be added
to the clinical armamentarium for improved prediction of cardiovascular disease in the
future. This brief overview aims to summarize our current knowledge based on obser-
vations from recent experimental and clinical studies, with emphasis on potential patho-
physiological mechanisms of action, and on the clinical relevance of L-PLA2, as well
as other lipid-related biomarkers such as oxidize LDL, type II secretory phospholipase
A2, lipoxygenases, lipoprotein lipase, and adiponectin.

Key Words: Lipid-related biomarkers; inflammation; atherosclerosis; risk predic-
tion; cardiovascular disease.
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INTRODUCTION
Although an atherogenic lipoprotein phenotype characterized by increased levels of

total cholesterol, low-density lipoprotein, cholesterol (LDL-C), and non-high-density
lipoprotein cholesterol (non-HDL-C), and a low concentration of HDL cholesterol has
been well recognized as an important predictor of cardiovascular disease (CVD) (see
Chapter 29), and although most of these lipoproteins have been integrated into various
scores for coronary heart disease (CHD) risk assessment (e.g., Framingham Risk Score,
PROCAM score, ESC SCORE), studies have now demonstrated a number of additional
lipid-related markers such as lipoprotein-associated phospholipase A2 (Lp-PLA2) and
oxidized LDL (oxLDL) to be emerging biomarkers that improve the ability to identify
patients at risk of future CHD.

This chapter summarizes our current knowledge on lipid-related biomarkers based on
observations from experimental and clinical studies, with emphasis on their potential
pathophysiological mechanisms of action and on their clinical relevance.

LIPOPROTEIN-ASSOCIATED PHOSPHOLIPASE A2

Lp-PLA2, a 45.4-kDa protein, is a calcium-independent member of the phospholipase
A2 family. Two isoforms of this enzyme (intra- and extracellular [secreted] forms) have been
described (1,2). It is produced mainly by monocytes, macrophages, T-lymphocytes, liver,
and mast cells (3–5). Lp-PLA2 activity occurs in association with macrophages and has
been found to be upregulated in atherosclerotic lesions, especially in complex plaques (6),
as well as in the fibrous cap of coronary lesions prone to rupture (7). In the bloodstream,
two-thirds of the Lp-PLA2 plasma isoform circulates primarily bound to LDLs; the other
third is distributed between HDLs and very low-density lipoproteins (VLDLs) (8,9).

Actions of Lp-PLA2

Lp-PLA2 seems to play a dual role in atherosclerotic disease (10). The HDL-associated
enzyme is considered to be protective against atherosclerosis, whereas Lp-PLA2 bound
to LDL is probably proatherogenic. Indeed, Lp-PLA2 was initially denoted as the platelet-
activating factor acetylhydrolase (PAF-AH), reflecting its antiatherogenic activity: to
catalyze the degradation of PAF (1) and related oxidized phospholipids, thereby prevent-
ing LDL from further oxidative modification (11–13). In addition, the HDL-associated
Lp-PLA2 fraction may also inhibit foam cell formation and enhance cholesterol efflux
in macrophages.

On the other hand, Lp-PLA2 may promote oxidation of LDL (10,14,15), and subsequent
investigations indeed favored the proatherogenic properties of this enzyme (16–18). As
mentioned, approx 70% of Lp-PLA2 in blood resides on LDLs. However, they are not
secreted together; rather, after entering the bloodstream, Lp-PLA2 clings to LDL via the
carboxy terminus of apolipoprotein-B (ApoB) (19). LDL, therefore, provides a circulating
reservoir, in which Lp-PLA2 remains inactive until LDL undergoes oxidative modifica-
tion. After LDL oxidation within the arterial wall, a short acyl group at the sn-2 position
of phospholipids becomes susceptible to the hydrolytic action of Lp-PLA2 that cleaves
an oxidized phosphatidylcholine component of the lipoprotein particle, generating two
potent proinflammatory and proatherogenic mediators: lysophosphatidylcholine (Lyso-
PC) and oxidized fatty acid (oxFA) (16). Of particular note, Lp-PLA2 acts only on oxi-
datively modified LDLs, and hydrolysis of oxLDL can be carried out solely by Lp-PLA2
(16,17). Proinflammatory actions of Lyso-PC, as well as those of oxFA, trigger a cascade
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of events, which might directly promote atherogenesis. Lyso-PC is a potent chemoattractant
for T-cells and monocytes, promotes endothelial cell (EC) dysfunction, stimulates macro-
phage proliferation, and induces apoptosis in smooth muscle cells (SMCs) and macro-
phages (17,20,21) (Fig. 1). Thus, Lp-PLA2 may represent an important “missing link”
between the oxidative modification of LDL in the intimal layer of the arterial wall and local
inflammatory processes within the atherosclerotic plaque.

The proatherogenic role of Lp-PLA2 was also implicated by observations from in vitro
studies suggesting that this enzyme is a novel therapeutic target. In fact, azetidinones, a new
class of compounds acting as acylating inhibitors of the enzymatic activity of Lp-PLA2,
have shown the ability to interfere with the biological (toxic) sequelae of oxLDL, i.e., che-
moattraction of monocytes and apoptosis in macrophages, although the rate of LDL oxi-
dation was not affected (16,18,22). Decreased accumulation of Lyso-PC and oxFA contents
were also seen with this compound. Moreover, experimental studies in Watanabe herita-
ble hyperlipidemic (WHHL) rabbits have shown that inhibition of Lp-PLA2 leads to a
reduction in atherosclerotic lesion formation (17). In addition to azetidinones, another class
of compounds, pyromidones, noncovalent Lp-PLA2 inhibitors, also prevented the produc-
tion of Lyso-PC and subsequent monocyte chemotaxis in vitro (18,23). Further in vivo
studies revealed a 95% inhibition of Lp-PLA2 in atherosclerotic plaque from WHHL rab-
bits, observed 2 h after dosing (30 mg/kg) of SB-480848 (24), thereby identifying this com-
pound as a very potent Lp-PLA2 inhibitor with a suitable profile for evaluation in humans.
Indeed, results from a multicenter trial (25) showed a dose-dependent inhibition of Lp-
PLA2 plasma activity by 52 and 81% compared with placebo after administration of 40
and 80 mg of SB-480848, respectively.

Association of Lp-PLA2 With Cardiovascular Risk

PROSPECTIVE NESTED CASE–CONTROL STUDIES

Initial evidence for an association of Lp-PLA2 with cardiovascular risk came from the
West of Scotland Coronary Prevention Study (WOSCOPS), a large primary prevention
trial of men at high risk that was primarily initiated to evaluate the effect of pravastatin

Fig. 1. Proatherogenic activities of Lyso-PC.
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therapy on reduction of CHD (26). Of 6595 middle-aged men with hypercholesterolemia
and no preexisting CHD, 580 with subsequent coronary events (nonfatal myocardial
infarction [MI], CHD death, or coronary revascularization procedure) that occurred dur-
ing a 4.9-yr follow-up were enrolled as case subjects and compared with 1160 event-free
participants, matched for age and smoking. Elevated Lp-PLA2 concentrations at baseline
were associated with an increased risk of subsequent coronary events. The relative risk
(RR) associated with an increase of one standard deviation (SD) in Lp-PLA2 was 1.18 (95%
confidence interval [CI]: 1.05–1.33; p = 0.005) after controlling for traditional risk fac-
tors and was independent of various other biomarkers such as C-reactive protein (CRP),
fibrinogen, and white blood cell (WBC) count. By contrast, in similar multivariable anal-
yses, the predictive values for CRP, fibrinogen, and WBC count were substantially atten-
uated after controlling for traditional risk factors and were no longer statistically significant
after adjustment for each of the other inflammatory markers.

The predictive role of Lp-PLA2 was assessed within the Women’s Health Study (WHS),
a large cohort of middle-aged normocholesterolemic women (27) representing a low-risk
population for CVDs. Using a nested case–control design that included 123 cases and 123
controls, investigators found that baseline concentrations of Lp-PLA2 were significantly
higher among women who subsequently developed cardiovascular events (such as MI,
stroke, or death owing to CHD) compared with those who remained free of vascular dis-
ease (mean of 1.2 vs 1.05 mg/L, respectively; p = 0.016). However, although the RR in
the top quartile compared with the bottom quartile was 1.73 (95% CI: 0.87–3.44), it was
statistically nonsignificant and decreased further to 1.17 (95% CI: 0.45–3.05) after adjust-
ment for various risk factors. This lack of association could be attributed to existing gen-
der differences for Lp-PLA2. Indeed, several studies (28–30) have already reported on
lower levels of Lp-PLA2 in women than in men, and experimental data may offer a pos-
sible explanation for these differences. It has been shown that administration of estrogen
to rats inhibited secretion of the enzyme by hepatocytes, thereby reducing Lp-PLA2 levels
(31,32). Other investigators have shown a decrease in PAF-AH activity in response to
estrogen replacement therapy in postmenopausal women (33). Although the investiga-
tors had adjusted for hormonal replacement therapy in multivariable analysis, they found
that gender differences nevertheless might represent a main source of confounding in the
study by Blake et al.

The Atherosclerosis Risk in Communities (ARIC) study served as the database for
another case–cohort study that included 608 men and women with incident CHD who
were compared with 740 control subjects randomly drawn from the remaining cohort and
followed for 6–8 yr (34). Again, Lp-PLA2 concentrations at baseline were higher in case
subjects than in control subjects. In age- and gender-adjusted analysis, Lp-PLA2 was asso-
ciated with an increased risk of CHD (hazard ratio [HR] in the top tertile compared with
the bottom tertile was 1.78; 95% CI: 1.33–2.38), but statistical significance was lost after
multivariable adjustments. By contrast, CRP was predictive in overall analysis even after
controlling for multiple covariables (HR: 1.72; 95% CI: 1.24–2.39 comparing those with
a CRP >3.0 mg/L with those with a CRP <1.0 mg/L). However, a significant interaction
between Lp-PLA2 and LDL-C (<130 and ≥130 mg/dL) was found. In subjects with low
LDL-C, Lp-PLA2 significantly and independently predicted CHD (HR: 2.08; 95% CI:
1.20–3.62), suggesting that it could be a useful marker for identifying high-risk patients
with relatively normal levels of LDL-C, a group in whom additional markers of risk are
clearly needed.
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PROSPECTIVE POPULATION-BASED STUDY

Results from the MONICA (Monitoring of Trends and Determinants in Cardiovascular
Disease)-Augsburg cohort study further support the hypothesis that Lp-PLA2 is indepen-
dently associated with CHD (35). In this prospective study, the RR for a future coronary
event associated with elevated Lp-PLA2 and with elevated CRP concentrations was directly
compared in a cohort of 934 initially healthy middle-aged men with moderately increased
total cholesterol who were drawn randomly from the general population in 1984 and fol-
lowed until 1998. During a 14-yr follow-up, a total of 97 fatal and nonfatal coronary events,
including sudden cardiac death, occurred. At baseline, both markers were elevated in
subjects with a subsequent event compared with subjects in whom there were no events
(295 ± 113 vs 263 ± 79 ng/mL, p < 0.01 for Lp-PLA2 and 2.62 ± 2.98 vs 1.53 ± 3.11 mg/L,
p < 0.001 for CRP). In a Cox model, an increase of 1 SD in Lp-PLA2 was strongly and inde-
pendently related to a first-ever event (HR: 1.23; 95% CI: 1.02–1.47), even after control-
ling for a variety of potential confounders, including the total cholesterol/HDL-C ratio
as the strongest lipoprotein variable. Further inclusion of CRP in the model did not appre-
ciably affect its predictive ability (HR: 1.21; 95% CI: 1.01–1.45). The considerably longer
follow-up of 14 yr extends the observations reported from the other studies regarding the
time frame within which Lp-PLA2 might be a useful predictor for future cardiovascular
events.

FURTHER STUDIES

The discussed intriguingly consistent results have generated much interest in better
defining the relationship between Lp-PLA2 and cardiovascular risk; Table 1 summarizes
data from studies published so far, as well as preliminary data from several subsequent
studies (8,26,27,34–43). For instance, in the setting of patients with manifest CHD, a cohort
of consecutive patients undergoing coronary angiography was followed for an average
of 4 yr, and Lp-PLA2 was found to represent an independent predictor of subsequent risk
of CVD (36). Iribarren et al. (37) demonstrated an association between Lp-PLA2 mass and
coronary artery calcification in young adults. In addition, Oei et al. (38) recently reported
preliminary findings from the Rotterdam Study, a cohort of 7983 subjects age 55 yr and
above. Multivariable Cox proportional hazard modeling showed an adjusted HR of 1.77
(95% CI: 1.19–2.64) for the top quartile of the Lp-PLA2 activity compared with the bottom
quartile. The investigators further demonstrated that elevated levels of Lp-PLA2 were sig-
nificantly associated with an increased risk of stroke. Participants with the highest Lp-PLA2
levels (Q4) had a 75% increased risk of stroke (HR: 1.75; 95% CI: 1.08–2.84) compared
with participants with the lowest levels (Q1) of Lp-PLA2. These findings were consistent
with preliminary data from the ARIC cohort, in which the relationship among Lp-PLA2,
CRP, and the incidence of stroke was studied in 223 case subjects who were compared with
a random sample cohort of 766 individuals who remained free of disease during a 6-yr
follow-up (39). The risk of stroke for individuals with the highest levels of Lp-PLA2 was
twice as high as that for individuals with the lowest levels (HR: 2.04; 95% CI: 1.23–3.38,
Q4 vs Q1; p < 0.01), even after taking into account other confounders, including lipid
variables and CRP. By contrast, LDL-C concentrations did not predict the risk of stroke.

Use of Lp-PLA2 in Conjunction With CRP
In several of the above-mentioned studies (34,35,39), the potential additive value of

Lp-PLA2 to CRP in predicting risk was evaluated for CHD and stroke. For this purpose,
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high CRP was defined according to a recent American Heart Association/Centers for Dis-
ease Control consensus document as >3.0 mg/L, and for Lp-PLA2 the upper tertile cut
point was used (422 μg/L in ARIC and 290.8 ng/mL in MONICA). In ARIC, individuals with
high Lp-PLA2 and high CRP exhibited the greatest risk of CHD (HR: 2.95; 95% CI: 1.47–
5.94) (34). The MONICA-Augsburg study demonstrated that the combination of elevated
Lp-PLA2 and elevated CRP was consistently associated with a statistically significantly
increased risk for future coronary events and was superior to either marker alone in predict-
ing risk (HR: 1.93; 95% CI: 1.09–3.40) compared with both markers not being increased
(referent) in the fully adjusted model (35). Examination of stroke in ARIC revealed that
individuals with the highest levels of both Lp-PLA2 and CRP had a greater than eightfold
(HR: 8.66; 95% CI: 3.01–24.92) increased risk of stroke compared with those with the
lowest levels of both Lp-PLA2 and CRP (39). Taken together, these data suggest that Lp-
PLA2 and CRP may be complementary (or additive) in identifying high-risk subjects and,
therefore, the combination of both markers may further improve risk assessment.

Assay for Lp-PLA2

The PLAC™ test for the direct measurement of Lp-PLA2 mass in human plasma, used
in most of the studies discussed here, was cleared by the US Food and Drug Administra-
tion in July 2003 to aid in the prediction of an individual’s risk of a CHD event in conjunc-
tion with clinical evaluation and patient risk assessment and represents a precise and
reproducible simple blood test.

The PLAC test for Lp-PLA2 is a simple enzyme-linked immunosorbent assay (ELISA)
(a solid-phase enzyme-linked immunosorbent assay) that comprises two specific mono-
clonal antibodies to the enzyme and is standardized to a recombinant form of Lp-PLA2
in a calibrator curve. The test requires only 10 μL of sample and can be run with serum
or plasma samples (heparin or EDTA-anticoagulants) in <3 h to results. No special equip-
ment is required except for a standard ELISA 96-well microplate reader. Blood samples
should be refrigerated after processing and for long-term storage should be kept frozen.
There are no restrictions to the time of day that the sample should be drawn and no dietary
restrictions. In contrast to other emerging risk markers, a very minimal biological varia-
tion in Lp-PLA2 concentrations has been demonstrated among individuals monitored
serially over several weeks (44). In addition, Lp-PLA2 levels are typically unaffected by
conditions of systemic inflammation, such as osteoarthritis and chronic obstructive pul-
monary disease, whereas markers of inflammatory response are often elevated by these
conditions. The normal population medians for men and women are in the range of 230–
250 ng/mL, and a value of >300 ng/mL may be considered elevated (demonstrated in the
ARIC study, in which the second tertile of the population, at just above 300 ng/mL, had
significantly increased risk) (34).

The PLAC test is most suitably performed in patients with an intermediate risk of CHD
(by Framingham score or other methods of risk stratification). It has also been recom-
mended that the PLAC test be run in conjunction with all the traditional risk factors (e.g.,
lipid panels), adding information about risk of CHD even above and beyond CRP.

There have been a number of reports on Lp-PLA2 using various methods of measuring
the enzyme’s activity. The most common method has been to measure the release of a
radioactive isotopic label from a tritiated PAF substrate, although other methods have been
reported. In one study that compared the method of measuring mass of the enzyme
(PLAC test) with Lp-PLA2 activity assay side by side, both methods were associated with
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coronary calcium score in young individuals, but only the method of measuring the enzyme
mass (PLAC immunoassay) maintained association after full adjustment for other risk
factors (37). It should be noted that the preponderance of evidence to date demonstrating
the clinical utility of measuring Lp-PLA2 levels (26,34,35) has been achieved with the
PLAC test. There is an imperfect correlation between mass-based and activity-based
measurements of Lp-PLA2, so it is difficult to predict whether these two approaches will
be equivalent or possibly complementary in predicting CHD risk.

Impact of Lipid-Lowering Agents on Lp-PLA2

Elevated levels of Lp-PLA2 may respond to a more aggressive approach to global risk
reduction. This may include lifestyle modifications as well as drug therapy. A number
of clinical studies were able to show that 3-hydroxy-3-methylglutaryl coenzyme A reduc-
tase inhibitors (statins) have a most pronounced effect on Lp-PLA2 plasma level, mainly
owing to reduction in LDL-C, and that this effect remained strong and consistent in var-
ious populations. Indeed, in patients with type IIa and IIb hyperlipidemia, treatment with
atorvastatin resulted in the lowering of Lp-PLA2 activity by 28–42% (45). In WOSCOPS,
the use of pravastatin for 1 yr reduced Lp-PLA2 mass and activity by 17% (10). In patients
with type 2 diabetes mellitus treated with fluvastatin, a 22.8% decrease in Lp-PLA2 (PAF-
AH) activity has also been demonstrated, compared to an increase of 0.4% in the placebo
group (p < 0.001) (42). Furthermore, recently presented results from the Pravastatin
Inflammation/CRP Study, which included 481 subjects free of CVD, showed a reduction
in Lp-PLA2 mass by 22.1% after 12 wk of treatment (n = 246) vs only a 7.8% decrease
in the placebo group (n = 235; p < 0.001) (46). In addition to statins, fibrates, another group
of widely used lipid-regulating compounds, could also modify plasma level of Lp-PLA2.
In essence, treatment with fenofibrate resulted in a decrease in Lp-PLA2 activity in patients
with type IIA, IIB and IV dyslipidemias, whereas increased HDL-associated Lp-PLA2
was found only in patients with combined hyperlipidemia (type IIB) and primary hypertri-
glyceridemia (type IV) (47). It should also be noted that statins exert no effects on Lp-PLA2
bound on HDL (45). Taken together, these data provide strong evidence that currently
available lipid-lowering drugs may be useful in lowering Lp-PLA2 plasma concentration.

In summary, a growing body of evidence from large prospective epidemiological,
population-based, and clinical studies suggests that Lp-PLA2 may be an independent and
clinically relevant marker for CHD and probably also for stroke. Moreover, since specific
inhibitors of Lp-PLA2 are currently under evaluation in clinical trials, lowering Lp-PLA2
in plasma and/or the vessel wall might represent a promising novel strategy for the treat-
ment of atherosclerosis via direct targeting of vascular inflammation and, thus, may open
a new avenue to combat this widespread disease.

TYPE II SECRETORY PHOSPHOLIPASE A2

Type II secretory phospholipase (sPLA2-II) is another well-studied member of the phos-
pholipase 2 family. The sPLA2 family consists of a type I enzyme secreted by the pancreas
(so-called pancreatic PLA2) and a type II PLA2 with wide tissue expression (hepatocytes,
macrophages, endothelial cells, platelets, and vascular SMCs [VSMCs]) (48,49). sPLA2-
II is a Ca2+-dependent, 14-kDa enzyme that belongs to the group of acute-phase reactants.
Circulating levels of sPLA2-II increase greatly during systemic inflammatory conditions,
such as during sepsis, rheumatoid arthritis, or inflammatory bowel disease (50). More-
over, sPLA2-II production is upregulated in response to proinflammatory compounds such
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as interleukin (IL)-1β, IL-6, tumor necrosis factor (TNF)-α, interferon (IFN)-γ, and
oxLDL (50–53).

Action of sPLA2

The catalytic function of sPLA2 is related to hydrolysis of the sn-2 acyl group of gly-
cerophospholipids with further liberation of fatty acids and lysophospholipids, all play-
ing an important role in the biosynthesis of lipid mediators such as PAF, leukotrienes
(LTs), prostaglandins, and eicosanoids (54,55). However, in contrast to Lp-PLA2, sPLA2-
II can also hydrolyze unmodified phospholipids. In addition, an antibacterial role of
sPLA2, owing to degradation of phospholipids in the lipid membrane of Gram-positive
infectious agents, is also possible (56,57).

Figure 2 illustrates possible atherogenic mechanisms of sPLA2-II. The effect of sPLA2-
II on lipoproteins results in the release of various lipid mediators at the site of lipoprotein
retention in the arterial wall that, in turn, may trigger local inflammatory cellular responses.
Furthermore, in arterial tissue, sPLA2-II may also directly modify LDL particles to become

Fig. 2. Proatherogenic mechanisms of sPLA2-IIA. ApoB-containing lipoproteins and sPLA2-IIA,
through their interaction with arterial proteoglycans, may facilitate enzymatic hydrolysis of lipopro-
tein phospholipids. Nonesterified fatty acids (NEFAs), oxidized NEFAs, and lysophosphatidylcholine
(Lyso-PC) bind albumin or remain associated with modified lipoproteins. This can induce aggregation
and fusion of the lipoproteins, processes that are enhanced by intima proteoglycans. sPLA2-IIA-mod-
ified LDL can be further modified by sphingomyelinase (SMase) and 15-lipoxygenase (15-LO).
NEFAs, oxidized NEFAs, and Lyso-PC may induce proinflammatory cellular processes, such as
expression of adhesion molecules by endothelial cells, monocyte migration, and differentiation into
macrophages, thereby increasing secretion of proteoglycans by SMCs. Local release of cytokines
can stimulate the synthesis and secretion of sPLA2-IIA. MMPs, matrix metalloproteinases; IEL, inter-
nal elastic lamina. (Reproduced from ref. 52 with permission from Lippincott Williams & Wilkins,
Copyright 2004.)
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more atherogenic, thereby making sPLA2-II-treated lipoproteins more susceptible to fur-
ther lipid oxidation and enzymatic modification (52). In addition, sPLA2-II may poten-
tiate the binding and retention of LDL by increasing the affinity of ApoB-100 on LDL
to glycosaminoglycans and proteoglycans (58,59). sPLA2-II is also implicated in the
production of isoprostanes, which exhibit strong mitogenic activity and induce platelet
aggregation and vasoconstriction (60). In vivo studies of transgenic mice overexpressing
human sPLA2-II showed an enhanced formation of bioactive oxidized phospholipids, as
well as an increased formation of atherosclerotic lesions (61,62).

Association of sPLA2-II With Cardiovascular Risk
The concentration of circulating sPLA2-II in blood has been demonstrated to predict

coronary events. Among 142 consecutive patients with angiographically proven, stable
coronary artery disease (CAD) and 93 control subjects, significantly higher sPLA2-II levels
were seen in case patients compared with control subjects (63). A strong and positive cor-
relation between sPLA2-II and CRP was also observed (r = 0.53). Furthermore, patients
with CAD were followed for a mean duration of 17.2 mo, during which 48 coronary events
occurred. Kaplan-Meier analysis as well as Cox models revealed that subjects with higher
levels of sPLA2-II (>366 ng/dL) had a significantly higher risk of developing future coro-
nary events such as coronary revascularization, MI, and coronary death than those with
the lowest concentration (≤246 ng/dL). This prognostic value of sPLA2-II was indepen-
dent of traditional cardiovascular risk factors and various biochemical markers, including
CRP (odds ratio [OR]: 3.3; 95% CI, 1.3–9.2; p = 0.01) (59). Elevated levels of sPLA2-II
were significant and independent predictors of future cardiovascular events in patients
with CHD after percutaneous coronary intervention (64) and in patients with unstable
angina (65). Increased concentrations of sPLA2-II might also be important in the predic-
tion of systemic endothelial dysfunction. In patients with chronic CHD, increased concen-
trations of the enzyme were found to be associated with impaired endothelium-dependent
vasodilator function (66). Although consistent, all of these studies were relatively small.
In addition, so far no studies have been conducted in initially healthy subjects. Thus, to eval-
uate further the usefulness of sPLA2-II in the prediction of CHD, large prospective studies
are needed.

OXIDIZED LDL

The primary events in the pathogenesis of atherosclerosis are the accumulation and
subsequent modification of LDL in the subendothelial matrix. To become atherogenic,
trapped native LDL particles undergo modification, including lipolysis, proteolysis, gly-
cation, or aggregation. However, the oxidative modification hypothesis proposes that the
most significant event in early lesion formation is lipid oxidation, placing oxLDL in a
central role for atherogenesis (67). Indeed, the diverse pathological properties of oxLDL
seem to depend on the extent of its modification, which can range from minimal (or mini-
mally modified LDL [mmLDL]) to extensive oxidation (or highly oxLDL) (68). mmLDL,
which is still recognized by the LDL receptors, stimulates ECs to produce cellular adhesion
molecules such as intercellular adhesion molecule-1 (ICAM-1), vascular adhesion mole-
cule-1 (VCAM-1), E-selectin, monocyte chemoattractant protein-1 (MCP-1), and macro-
phage colony-stimulating factor (M-CSF) (69,70), resulting in the adhesion of monocytes
to the endothelium and subsequent recruitment into the vessel wall. By releasing M-CSF
from ECs, mmLDLs also favor monocyte proliferation and differentiation into tissue
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macrophages, a critical step that could be responsible in turn for converting mmLDL into
intensively modified oxLDL. Further oxidation also involves several enzymes such as lipo-
xygenase, myeloperoxidase, secretory phospholipase, and lipoxygenase, the latter being
most critical for the oxidation of LDL. oxLDL has a large number of biological actions
and consequences, including injury of ECs, expression of adhesion molecules, recruit-
ment and retaining of leukocytes, as well as formation of foam cell and thrombus (71).
Table 2 summarizes proatherogenic properties of oxLDL.

Association of oxLDL With Cardiovascular Risk

CROSS-SECTIONAL STUDIES

To date, a number of cross-sectional studies have examined the involvement of oxida-
tive modification of LDL in subjects with clinical evidence of CVD. Clinical studies (72,
73) have demonstrated that patients with both stable CHD and acute coronary syndrome
(ACS) have elevated plasma levels of oxLDL compared with apparently healthy control
subjects. A positive association between oxLDL and severity of ACS was found by Ehara
et al. (74), who reported that oxLDL concentrations were significantly higher in patients
with MI than in patients with unstable or stable angina pectoris or age-matched control
subjects. Findings from other studies suggest that plasma levels of oxLDL represent a
more sensitive marker for the presence of CAD than the Global Risk Assessment Score
(75), and that oxLDL also correlates with the extent of CAD in heart transplant recipients
(76). Moreover, circulating oxLDL has been associated with subclinical atherosclerosis
in asymptomatic subjects (77,78).

PROSPECTIVE STUDIES

In 1992, Salonen et al. (79) were the first to conduct a prospective, population-based,
nested case–control study in which the titer of autoantibodies to malondialdehyde-modified

Table 2
Proatherogenic Properties of oxLDL

Biological effect Possible mechanism

Foam cell formation Direct uptake of cholesterol by scavenger receptors as
well as inhibition of their export from macrophages

Chemoattraction of monocytes, Increased expression of MCP-1 and direct chemotactic
T-lymphocytes effect

Macrophage trapping within intima Inhibition of motility of macrophages
Impaired vascular function Inhibition of nitric oxide release or function

(vasoconstrictor effect)
Adhesion of monocytes Increased expression of adhesion molecules

to endothelium
Plaque rupture Enhanced formation of matrix metalloproteinases
Cell proliferation Induction of growth factors
Thrombogenesis Promotion of platelet aggregation and increased tissue

factor activity
Increased cellular death Induction of Fas-mediated apoptosis
Induction of proinflammatory genes Activation of nuclear factor-κB
Increased antigenicity Induction of autoantibody (IgG) formation
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LDL and native LDL in baseline serum samples from 30 Finnish men with accelerated
progression of carotid atherosclerosis was compared with that of 30 age-matched control
subjects without progression during a follow-up of 2 yr. They found the titer of autoanti-
bodies to oxLDL to be an independent predictor for the progression of carotid atheroscle-
rosis. Since then, only one small prospective nested case–control study has demonstrated
that oxLDL concentrations might be associated with acute MI (80). During a follow-up
of 2.6 yr, 26 case subjects and 26 matched control subjects and a further 26 control sub-
jects with LDL > 5.0 mmol/L were studied. The oxLDL/plasma cholesterol ratio was higher
among case subjects compared with control subjects and also higher compared with hyper-
cholesterolemic subjects free of an event, suggesting that the high plasma oxLDL/total
cholesterol ratio might serve as a possible indicator of increased risk of MI. Results of
another nested case–control study conducted within two population-based MONICA/KORA
Augsburg surveys have been presented (81). The association between plasma oxLDL and
risk of acute CHD was investigated in 88 men age 45–74 with an incident CHD event and
258 age-matched control subjects during a mean follow-up of 5.6 yr. Baseline mean plasma
oxLDL concentrations were significantly higher in case subjects than in control subjects
(109.8 ± 32.1 vs 92.8 ± 28.1 U/L; p ≤ 0.001). After adjustment for smoking, hyperten-
sion, obesity, physical activity, education, and alcohol consumption, the HR for a future
CHD event when comparing the top tertile of the oxLDL distribution with the bottom
tertile was 4.25 (95% CI: 2.09–8.63; p < 0.001). Plasma oxLDL was the strongest predictor
of CHD events compared with a conventional lipoprotein profile and with other traditional
risk factors for CHD. When both oxLDL and CRP were simultaneously assessed in the
same model, they still independently predicted future CHD events even after multivari-
able adjustment.

Impact of Antioxidant Therapy
Because lipoprotein oxidation is thought to play a major role in atherogenesis, it could

be expected that intervention with antioxidants would be protective against atherosclero-
tic disease. Although antioxidant studies in four different animal models of atherosclero-
sis (rabbit, mouse, hamster, and monkey) mainly showed positive results (67,82), several
large-scale, double-blind, placebo-controlled trials evaluating the effects of different
antioxidant compounds on cardiovascular outcome were inconsistent. For instance, two
large primary prevention studies, the ATBC Study (Alpha-Tocopherol, Beta-Carotene
Cancer Prevention Study) (83) and the PPP (Collaborative Group of the Primary Preven-
tion Project) (84), reported that vitamin E treatment had no apparent effect on MI, CVD,
or stroke. The Cambridge Heart Antioxidant Study trial, which included 2002 patients
with angiographically confirmed CAD, showed a significant reduction in composite end
point (i.e., cardiovascular death and nonfatal AMI), with no effects on total mortality,
mortality from CVD, and other causes (85). However, the Grupo Italiano per lo Studio
della Sopravvivenza nell ’Infarto miocardico Prevenzione Investigators (GISSI) and
Heart Outcomes Prevention Evaluation (HOPE) trials, which included a large number of
patients with MI or subjects at high risk of cardiovascular events found no benefits of
antioxidant supplementation (86,87). A meta-analysis of 15 randomized trials revealed
no benefit of antioxidant supplementation on CVD end points (88). Nevertheless, in
extremely high-risk patients with renal insufficiency requiring chronic dialysis, supple-
mentation with vitamin E appears to be associated with a significant decrease in cardio-
vascular end points (MI, stroke, peripheral vascular disease, and unstable angina) (89).
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Although the results of large antioxidant trials were disappointing, on the basis of experi-
mental and epidemiological studies, it seems justified to conclude that oxLDL may indeed
play a key role in the generation of inflammatory processes in atherosclerotic lesions. This
is supported by a recent prospective study showing that increased antioxidative capacity
as assessed by glutathione peroxidase 1 levels was associated with improved outcome (90).

LIPOXYGENASES
Lipoxygenases (LOs) are nonheme, iron-containing dioxygenases that have been impli-

cated in atherogenesis in two ways: (1) by mediating the oxidative modification of LDL
and/or (2) through biosynthesis of proinflammatory leukotrienes (LTs) (Fig. 3) (91,92).
LOs comprise a family of enzymes classified as 5-, 8-, 12-, and 15-LO according to the oxy-
genation of the corresponding carbon position of their common fatty acid substrate, arachido-
nic acid. Among them, only 12/15-LO (15-LO type 1 in human and its mouse ortholog 12/
15-LO) as well as 5-LO appear to be prime candidates in the pathogenesis of atherosclerosis.

Fig. 3. Illustration of various steps that 12/15-LO and 5-LO may participate in throughout atherogen-
esis and aneurysm formation. 12/15-LO affects monocyte-endothelial interactions, possibly through
products of 12/15-LO. 12/15-LO in macrophages participates in oxidative modification of aggregated
LDL, bound to extracellular matrix (ECM) potentially via an LDL receptor-related protein 1 (LRP1)-
mediated selective uptake of cholesteryl esters. 12/15-LO modulates Th1 cytokine interleukin-12
(IL-12) production in macrophages. 5-LO converts arachidonic acid into LTs, which are potent pro-
inflammatory lipid mediators. 5-LO may play a role in regulating matrix metalloproteinase 2 (MMP-
2), which breaks down the elastic lamina of the vascular wall and can lead to aneurysm formation.
The 5-LO pathway may be important for inflammatory chemokine macrophage inflammatory pro-
tein 1-α (MIP-1α) production in macrophages. (Reprinted from ref. 91 with permission from Else-
vier, Copyright 2004.)
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12/15-Lipoxygenase
Indeed, a key event in early lesion initiation, LDL oxidation, has been linked to the

enzymatic action of 12/15-LO. 12/15-LO converts arachidonate (a polyunsaturated fatty
acid found in highest concentration in LDL) into bioactive lipid hydroperoxides such as
12/15-hydro(peroxy)eicosatetraenoic (12/15-H[P]ETE) acid and thereby into oxLDL.

Tissue expression of 12/15-LO is well characterized in reticulocytes, platelets, eosino-
phils, airway epithelial cells, and monocytes/macrophages. The enzyme was also found
in macrophage-rich areas of atherosclerotic plaques, colocalizing with oxidation epitopes
of modified LDL (93). Monocyte-macrophages represent the key cells that express LO
in atherosclerotic lesions.

There is some still controversial evidence for a proatherogenic role of 12/15-LO in
animal models of atherosclerosis. For instance, disruption of the 12/15-LO gene in both
Apo E- and LDL-receptor null mice significantly reduced the development of atherosclero-
sis in vivo (94–97). Conversely, overexpression of the 12/15-LO gene in the endothelium
was associated with accelerated atherosclerosis (98,99). By contrast, in 12/15-LO-trans-
genic rabbits, overexpression of the enzyme in macrophages was protective against ather-
osclerosis (100). However, it has also been demonstrated that specific pharmacological
inhibition of 15-LO in rabbits significantly reduced atherosclerosis (101,102).

5-Lipoxygenase
Another member of the LO pathway, 5-LO, may contribute to atherosclerosis by offer-

ing the biosynthesis of LTs, which have been identified as mediators of a variety of inflam-
matory conditions (103).

On the action of secretory or cytoplasmic PLA2, arachidonic acid is released from mem-
brane phospholipids and can then be catalyzed by cyclooxygenase to produce various
prostaglandins, or it can be transformed by 5-LO to LTs. The first step in the 5-LO meta-
bolic cascade, the transfer of arachidonate to the enzyme, is mediated by an associated
protein called 5-LO-activating protein (FLAP) (104–106). 5-LO then oxidizes arachi-
donic acid, thereby liberating 5-HETE and 5-HPETE, which are subsequently metabo-
lized to LTA4. Through several pathways (107), LTA4 can be further transformed into
cysteinyl LTs, namely in C4, D4, and E4, all of which are key players in the pathophysiol-
ogy of asthma (108), or, even more important, in atherogenesis into LTB4. Among several
LTB4 properties, chemotaxis and adhesion of mononuclear cells to the vascular endothe-
lium are most relevant in this context (109,110). LTs might also increase vascular permea-
bility, contribute to monocyte infiltration into atherosclerotic lesions, stimulate SMC
proliferation, and induce cytokine secretion (111). In addition, high numbers of 5-LO-
expressing cells are found in advanced atherosclerotic lesions in regions that are most
prone to rupture (112).

More recently, interest has been focused on the 5-LO gene. Dwyer et al. (113) deter-
mined the number of tandem Sp1 binding motifs (5'GGGCGG3') in the 5-LO (ALOX5)
promoter and investigated their association with the degree of atherosclerosis in the
posterior wall of the common carotid arteries. Among 470 healthy, middle-aged subjects
enrolled in the Los Angeles Atherosclerosis Study, 6% were identified as carriers of two
variant alleles (either more or fewer than five repeats). It has been further shown that caro-
tid artery intimal-media thickness (IMT) was greater in the group with a 5-LO promoter
variant compared with carriers of the common allele (736 ± 141 vs 661 ± 95 μm, respec-
tively; p < 0.001). Furthermore, in multivariable analyses, increased IMT was associated
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with variant 5-LO genotype (OR: 4.1; 95% CI: 2.1–8.2; p < 0.001), compared with wild-
type genotypes.

Another study (114) assessed the association between a four-marker single-nucleotide
polymorphism haplotype in the locus spanning the gene encoding FLAP (ALOX5AP) and
the risk of MI and stroke in two independent populations. In 713 Icelandic individuals with
MI and their unaffected relatives, as well as in a British cohort that included 753 individuals
with MI and 730 control subjects, haplotype variants in the FLAP gene were associated with
a 1.5- to 2-fold increased risk of MI and stroke. In addition, elevated release of LTB4 was
observed in males who carry the at-risk haplotype compared with population-based con-
trol subjects.

LIPOPROTEIN LIPASE

Lipoprotein lipase (LPL), a member of the lipase gene family (115), is a hydrophilic
enzyme that may play a central role in lipid metabolism. A 52-kDa glycoprotein, LPL com-
prises two domains, one smaller C-type domain (carboxy-terminal domain), which is crit-
ical for binding to the substrate, and a larger amino-terminal domain (N-terminal domain),
responsible for the catalytic activity of the enzyme. The major sources of LPL synthesis are
skeletal and heart muscle as well as adipose tissue, from which the mature enzyme is then
secreted and transported to the vascular endothelium, the physiological site of the enzyme’s
action (116). LPL is bound to the luminal surface via highly charged heparan sulfate pro-
teoglycans. To achieve its highest catalytic activity, LPL requires a specific cofactor, Apo
C-II (117), which is found in chylomicrons, whereas Apo C-III seems to inhibit the action
of the enzyme (118).

Actions of LPL
The physiological action of LPL consists of the hydrolysis of the triacylglycerol com-

ponent of triglycerides and VLDL, resulting in the production of chylomicron remnants,
and in the case of VLDL, resulting in the production of smaller, intermediate-density lipo-
proteins (IDLs) (119). During a further hydrolysis of IDL by the enzyme, LDL is formed,
providing cells with the cholesterol needed to build up cellular membranes. Thus, the
efficient lipolysis of triglyceride-rich lipoproteins, with their removal from the circula-
tion, and the generation of material for HDL formation are viewed as antiatherogenic
effects of LPL.

LPL is also synthesized by macrophages and macrophage-derived foam cells in athero-
sclerotic lesions (so-called vessel wall LPL) (120,121), and this fraction of the enzyme
has been linked to LPL-related proatherogenic effects. Indeed, local LPL activity on the
vascular endothelium leads to a decrease in lipid size and to the production of smaller
cholesterol-rich remnants and LDLs, facilitating their penetration of the endothelium. In
addition, in vitro studies showed that this process (i.e., lipolysis) could increase the per-
meability of the endothelial barrier. In the intima, such smaller lipoproteins can be rapidly
taken up by macrophages (122), thereby enhancing deposition of cholesterol esters within
macrophages and their subsequent transformation into foam cells.

Apart from its lipolytic activity, LPL has been shown to possess a noncatalytic activity
on lipoproteins such as molecular bridging (123). Bridging function of the enzyme consists
of the ability of LPL to anchor lipid particles, since the enzyme can interact simultaneously
with both lipoproteins and proteoglycans via separate domains. As a result, increased bind-
ing and retention of LDL-C by proteoglycans of the subendothelial matrix occurs, thereby
proposing LPL activity in the arterial wall to promote atherosclerosis.
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Association of LPL With Cardiovascular Risk
Epidemiological evidence on the potential role of LPL in CHD remains scarce and con-

troversial. The association between LPL activity and mass and the presence of CAD were
studied in a large cohort of patients with CAD participating in the Regression Growth
Evaluation Statin Study (124). Patients with the lowest LPL activity reported more severe
angina pectoris according to New York Heart Association classification, compared with
patients in the highest quartile of the LPL distribution. The results of a small case–control
study from Japan also showed considerably lower levels of preheparin serum LDL mass
in patients with coronary atherosclerosis, compared with those in healthy men (125).
Another case–control study (126) included 194 patients with and without angiographically
proven CAD (n = 158 and 36, respectively) and demonstrated no differences in LPL
activity or concentration between these groups. In addition, no association between LPL
quartile distribution and severity and extension of CAD, as assessed by various coronary
scores, was found. Thus, inconsistency in cross-sectional studies and absence of prospec-
tive studies does not call for LPL determination in plasma as a useful marker of cardio-
vascular risk.

ADIPONECTIN

Adiponectin is a 244 amino acid collagen-like protein, a member of a family of obesity-
related hormones, the adipocytokines, and is produced solely by white adipose tissue.
Adiponectin is also referred to as gelatin-binding protein-28 (GBP-28), adipocyte com-
plement-related protein (Acrp 30), or Adipo Q, although the latter two represent a mouse
homolog of adiponectin. Structurally, it consists of a collagenous tail and a globular head,
which form trimer-dimers and are found as a high molecular weight complex in the cir-
culation in relatively high concentrations (2–30 mg/L) (127–129).

Actions of Adiponectin
The mechanisms whereby adiponectin exerts its physiological actions are not entirely

clear. Apart from its role as an insulin-sensitizing agent, and its implication in metabolic
disorders, adiponectin might also be involved in the regulation of inflammatory processes
that contribute to atherosclerosis. Because adiponectin and TNF-α are both secreted by
adipose tissue, a direct link between these two markers seems conceivable. Indeed, TNF-
α has been suggested to be a strong inhibitor of the adiponectin promoter activity (130),
whereas adiponectin, in turn, reduces the secretion of TNF-α from monocytes/macroph-
ages (131) and is also able to reverse some of the deleterious effects induced by this cyto-
kine on the endothelium. For instance, adiponectin inhibits the TNF-α-induced expression
of ICAM-1, VCAM-1, and E-selectin (132) and prevents the attachment of monocytes
to the endothelial surface (Fig. 4). Inhibition of nuclear factor-κB signaling by physio-
logical concentrations of adiponectin through a cyclic adenosine monophosphate–depen-
dent pathway is considered the underlying molecular mechanism responsible for this action
(133). Through the inhibition of class A macrophage scavenger receptor (SR-A) gene
expression, adiponectin reduces cholesterol ester accumulation and decreases oxLDL up-
take, thereby diminishing the transformation of macrophages into foam cells (134). SMC
proliferation and migration induced by heparin-binding epidermal growth factor (EGF)-
like growth factor (HB-EGF), EGF, basic fibroblastic growth factor, and platelet-derived
growth factor is also suppressed by adiponectin (135). Data on adiponectin-deficient mice
have shown a twofold increase in neointimal thickening and increased proliferation of
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VSMCs in arteries after mechanical injury (135,136). In addition, adiponectin knockout
mice have shown high levels of TNF-α mRNA in adipose tissue (137).

Association of Adiponectin With Cardiovascular Risk
The experimental studies discussed above suggest an antiatherogenic role of adiponectin

and that hypoadiponectinemia therefore might be associated with increased risk of athero-
sclerotic disease. Indeed, several cross-sectional clinical studies have reported lower serum
levels in patients with CHD (138–142) than in control subjects. Kumada et al. (138) stud-
ied 225 consecutive male patients with CHD and compared them with 225 voluntary blood
donors. They found a twofold increased risk of CHD associated with low adiponectin
levels (<4 mg/L) (multivariable-adjusted OR: 2.05; 95% CI: 1.29–4.95; Q1 vs referent
Q4). In a study by Hotta et al. (139), diabetic patients with CAD also had lower adiponectin
concentrations than those without macroangiopathy. In a large case–control study includ-
ing 312 patients with angiographically defined stable CAD and 479 healthy blood donors,
Rothenbacher et al. (140) observed a strong inverse association between serum levels of
adiponectin and risk of CAD. Compared with subjects having adiponectin concentra-
tions in the lower quintile, the OR for those in the upper quintile was 0.52 (95% CI: 0.28–
0.95) after adjustment for covariates (p for trend of <0.007). After additional adjustment
for HDL-C, the OR for CAD increased, reflecting the close association between adiponectin
and HDL-C. The increase would have been less pronounced had the basic model been
adjusted for markers of inflammation, or plasminogen activator inhibitor-1 and D-dimers.
Hence, in this study the association between adiponectin concentrations and the presence
of CAD showed a clear dose–response relationship that persisted after adjustment for
conventional CAD risk factors including history of diabetes and body mass index.

Only one prospective study (143) has assessed the predictive value of adiponectin for
future coronary events in apparently healthy subjects. Of 18,225 male participants in the
Health Professionals’ Follow-up Study, 266 men who subsequently developed coronary

Fig. 4. Protective action of adiponectin in the initiation and progression of atherosclerosis through
anti-inflammatory and antiatherogenic effects. NO, nitric oxide. (Reprinted from ref. 128 with per-
mission from Elsevier, Copyright 2005.)
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events (fatal and nonfatal MI) during a 6-yr follow-up were compared with 532 event-free
control subjects, matched for age, date of blood draw, and smoking status. A significantly
reduced risk of subsequent acute MI associated with higher levels of adiponectin in
serum at baseline was found; notably, this association was also reduced after adjustment
for covariates but persisted after inclusion of lipids (LDL-C and HDL-C) in the model
(RR: 0.56; 95% CI: 0.32–0.99; p for trend of 0.02). Further adjustment for glycemic status
and CRP did not appreciably affect the results.

The protective effect of higher adiponectin concentrations for incident type 2 diabetes
mellitus has previously been shown in diverse ethnic groups, i.e., in Pima Indians, repre-
senting a unique cohort with a high prevalence of obesity and diabetes (144); Caucasians
in the European Prospective Investigation into Cancer and Nutrition study (145); Japanese
men (146); Asian Indians (147); and, more recently, a biracial population of Caucasians
and African Americans in the ARIC study (148). All prospective studies consistenly dem-
onstrated a significantly reduced risk of the incidence of diabetes mellitus associated with
higher adiponectin concentrations.

More work is still needed to establish the role of this new biomarker in clinical medicine;
however, the evidence available to date is promising with respect to adiponectin both as
a novel biomarker of cardiovascular risks and as a potential therapeutic target.

CONCLUSION

During the past decade, an increasing number of novel markers of cardiovascular risk
have been identified. To be implemented in clinical practice, they should fulfill certain
requirements (149), such as provided independent information on risk prediction in addi-
tion to global risk assessment, be reliable and easily reproducible, and show high sensi-
tivity and specificity. Finally, simple and robust assays should be commercially available.

Among all biomarkers discussed in this chapter, only Lp-PLA2, which is directly
involved in the oxidation of LDL and further atherosclerotic plaque development and has
been investigated in several large prospective studies with consistent results, fulfills most
of these requirements and might therefore be added to the clinical armamentarium for
improved prediction of CVD. Others, such as oxLDL and adiponectin, remain the focus
of intense research.
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SUMMARY

The clinical application of biomarkers in patients with acute ischemic heart disease
has evolved substantially. No longer is their use limited to the diagnosis of myocardial
necrosis. Cardiac biomarkers may now be used as convenient and noninvasive tools to
gain insight into the underlying causes and consequences of acute coronary syndrome
(ACS) that mediate the risk of recurrent events and may be targets for therapeutic inter-
ventions. The emergence of novel biomarkers of inflammation, thrombosis, and hemo-
dynamic stress have made possible an expanded role of multiple biomarkers, some old,
others new, in the classification of patients with ACS. As proof of principle, a simple
multimarker strategy using cardiac troponin, B-type natriuretic peptide, and C-reactive
protein has been shown to enhance risk assessment. More work is needed to define the
appropriate therapeutic responses to elevation of these novel markers. Moreover, as
the understanding of the pathogenesis of ACS advances and new markers and therapies
are discovered, the potential of multimarker strategies to add to present tools for clinical
decision making and risk stratification will continue to evolve. This chapter describes
the genesis and initial evaluation of the multimarker paradigm.

INTRODUCTION

The clinical application of biomarkers in cardiovascular disease has evolved substan-
tially since the first report of protein biomarkers of myocyte necrosis in the 1950s (1).
From that time until the late 1990s, the clinical (and to a large extent investigational)
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focus remained on improving biomarkers of myocardial necrosis. However, concurrent
major advances in the understanding of the pathogenesis and consequences of acute
coronary atherothrombosis provided a strong stimulus for the development of new bio-
markers aimed at detecting underlying contributors to acute plaque rupture and throm-
bosis, such as inflammation, platelet activation, and dysregulation of the coagulation
cascade. The emergence of this new breed of pathobiologically diverse biomarkers, along
with the desire to use these markers to provide insight into the dominant disease pro-
cesses for the individual patient, created interest in an expanded role of multiple bio-
markers, some old, others new, in the classification and selection of treatment for acute
coronary syndromes (ACS) (2).

CHARACTERIZING PATHOGENESIS AND PROGNOSIS IN ACS
ACS is a complex and heterogeneous syndrome with multiple potential etiologies, ana-

logous to anemia or hypertension (3). It follows that therapy is likely to be most effective
when directed at the underlying primary contributor. Braunwald (4) described five prin-
ciple causes of ACS:

1. Plaque rupture with acute thrombosis.
2. Progressive mechanical obstruction.
3. Inflammation.
4. Secondary unstable angina.
5. Dynamic obstruction (coronary vasoconstriction) (4).

It is rare that any one of these processes exists in isolation, and inflammation appears to
be a common thread in the majority of patients with atherothrombosis. Thus, patients
with ACS may vary substantially with respect to the predominance of contributions from
each of these major mechanisms and, as such, are likely to benefit from different treatment
strategies (Fig. 1) (4). Moreover, the risk of subsequent death and/or recurrent ischemic
events also varies widely among patients with ACS, depending on the presence and extent
of irreversible myocyte injury, the hemodynamic consequences of ischemic injury, as
well as the severity and tempo of atherosclerotic vascular disease.

Potential Role of Biomarkers
The emergence of novel biomarkers of inflammation, platelet activation, plaque insta-

bility, and hemodynamic stress, along with more sensitive biomarkers of necrosis, has
made possible the potential to (a) noninvasively characterize the participation of these
different contributors in any individual patient, (b) detect patients at higher risk of compli-
cations despite normal concentrations of traditional markers of necrosis, and (c) improve
targeting of therapy to the underlying pathobiology (2). Contemporary investigation of bio-
markers has put a strong emphasis on elucidating the pathobiological correlates of newer
and established biomarkers. This avenue, in particular, has supported the concept that
novel biomarkers may be used to direct therapy. For example, elevated levels of cardiac
troponin in the blood of patients with non-ST-elevation ACS (NSTEACS) are associated
with the presence of intracoronary thrombus, distal embolization of platelet microaggre-
gates, and impaired microvascular flow in the myocardium (5,6). These observations have
moved forward hand in hand with the demonstration of greater benefits of potent anti-
thrombotic agents in patients with increased levels of troponin and proven this biomarker
extremely useful for therapeutic decision making (see Chapter 5) (7,8). This paradigm
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exemplified by cardiac troponin has provided a blueprint for the clinical evaluation of
newer biomarkers of cardiovascular risk.

Importance of Novel Biomarkers
The development and assessment of newer markers of inflammation, ischemia, throm-

bosis, and hemodynamic stress have been described in detail in other chapters of this
volume. Notably, biomarkers of inflammation and hemodynamic stress have emerged as
robust, independent predictors of outcome in patients with chronic and acute atherothrom-
bosis (see Chapters 16, 17, 24). Specifically, high-sensitivity testing for C-reactive pro-
tein (high-sensitivity CRP [hsCRP]) is a convenient tool for detecting low-level systemic
inflammation that portends a higher risk of developing atherothrombotic vascular dis-
ease (9), as well as poor short- and long-term prognosis in patients post-ACS (10,11). In
addition, growing evidence implicates CRP as a mediator, in addition to a marker, of
atherothrombosis (12). Similarly, the natriuretic peptides have been shown to provide
important insight with respect to complications and outcomes among patients with ische-
mic heart disease. The concentration of B-type natriuretic peptide (BNP) and the N-ter-
minal fragment of proBNP (NT-proBNP) correlates with left ventricular (LV) dilatation,
remodeling, and dysfunction, as well as the risk of congestive heart failure (CHF) and
death in patients presenting with acute myocardial infarction (AMI) (13,14). Moreover,
at least 12 studies have demonstrated a robust association between BNP or NT-proBNP and
the short and long-term risk of death across the spectrum of patients with ACS (15–19),
including those without myocardial necrosis or clinical evidence of heart failure (18).
More importantly, CRP and BNP/NT-proBNP, as well as other novel markers of inflamma-
tion and thrombosis, such as soluble CD40 ligand (CD40L) and myeloperoxidase (MPO)

Fig. 1. Principal mechanisms of acute coronary ischemia. MVO2, myocardial oxygen demand;
inflamm, inflammation. (Adapted from ref. 4.)
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(see Chapter 18), are associated with outcome independently of the results of testing for car-
diac troponin and, thus, set the stage for a combined assessment in multimarker strategies.

SIMPLE MULTIMARKER APPROACHES

Combining Markers of Necrosis
No available biomarker of necrosis offers the ideal properties of a very rapid early rise

in conjunction with very high sensitivity and specificity (see Chapter 1). Thus, investi-
gators have proposed the combined assessment of a marker with very rapid kinetics, such
as myoglobin, along with a more specific marker of necrosis, such as troponin, to facilitate
the diagnosis of MI. For example, in a study of 1005 patients with possible myocardial
ischemia admitted to chest pain units, simultaneous quantitative testing for myoglobin,
creatine kinase-MB (CK-MB), and cardiac troponin I (cTnI) reduced the time to detec-
tion of marker elevation (2.5 h) compared to either a strategy using only CK-MB and
troponin (2.8 h) or local laboratory-based testing of CK-MB (3.4 h) (20). In addition, this
multimarker strategy using markers of necrosis was positive in a larger proportion of
patients (19 vs 5%) at presentation (Fig. 2A) and showed a more robust discrimination
of the risk of death or MI than the single-marker approach (Fig. 2B). In this data set, there
was no clear prognostic advantage of a strategy that included myoglobin compared with
one based on CK-MB and troponin. By contrast, when studied among a population with
a high clinical probability of ACS, interestingly, an elevated level of myoglobin was inde-
pendently associated with mortality, even after controlling for CK-MB and troponin (21).

Strategies employing multiple markers of myocardial necrosis may also enable accel-
erated exclusion of MI. Application of bedside testing of myoglobin and cTnI among 817
patients being evaluated for possible AMI in the emergency department provided a sensi-
itivity and a negative predictive value of 96.9 and 99.6%, respectively, by 90 min after
presentation (22). Such data reinforce the potential for simultaneous testing of multiple
markers to increase substantially the sensitivity of diagnostic and prognostic assessment
of patients with possible ACS. Specific algorithms for clinical application are presented
in Chapter 4.

Fig. 2. Proportion of patients with positive marker strategy at time of presentation (A) and risk of death
or MI at 30 d (B) stratified by marker status in Chest Pain Evaluation by Creatine Kinase-MB,
Myoglobin, and Troponin I study. Myo, myoglobin; Freq, frequency. (Data are from ref. 20.)
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Enhanced Risk Assessment
With Dual Marker Strategies in Combination With Troponin

CRP AND TROPONIN

CRP has been an independent predictor of short- and/or long-term outcome among
patients with NSTEACS in at least nine studies that have included multivariable analysis
(11,23–31). Specifically, measurement of hsCRP appears to yield additional prognostic
value in patients with negative testing of cardiac troponins (10,11) and adds to information
obtained from the clinical history and electrocardiogram. With this background, my col-
leagues and I evaluated a strategy that combined testing for hsCRP and cardiac troponin
T (cTnT) in patients with NSTEACS (10). We found that the dual marker strategy provided
more comprehensive risk assessment. Stratified by both CRP and a qualitative assay for
cTnT, patients with both an early positive cTnT and an elevated CRP were at highest risk
of death by 14 d, followed by those who had either an elevated CRP or a positive cTnT.
Patients with negative results for both assays were at very low risk of mortality (Fig. 3).
These results were subsequently confirmed and extended with respect to cardiac mortality
through 2 yr of follow-up in 917 patients with non-STEACS, among whom CRP was asso-
ciated with a higher 2-yr risk of death regardless of troponin strata (Fig. 4) (11).

BNP/NT-PROBNP AND TROPONIN

BNP and NT-proBNP are strongly associated with prognosis in patients with ACS (14–
19,32–36). The concentrations of BNP and NT-proBNP are elevated in 10–30% of patients
with unstable angina (i.e., without myonecrosis) (15,18,37) and are also associated with
survival in this group (see Chapter 24). When assessed in 1676 patients with NSTEACS,
BNP offered significant prognostic information independently of cTnI, identifying patients
at greater than fourfold higher risk of mortality among those with either negative (odds
ratio [OR]: 6.9; 95% confidence interval [CI]: 1.9–25.8) or positive (OR: 4.1; 95% CI:
1.9–9.0) baseline troponin results (Fig. 5, left). Thus, the combined use of BNP and cTnI
enhanced risk assessment, enabling discrimination of patients with negative BNP or tro-
ponin who were at increased risk of death or MI (Fig. 5, right). Among patients with a

Fig. 3. Risk of death through 14 d stratified by baseline testing for cTnT using a rapid qualitative assay
and hsCRP (positive defined as ≥15.5 mg/μL) in patients with non-ST elevation ACS enrolled in
TIMI 11A trial.
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negative cTnI who had elevated BNP, the risk of death or MI was 7.5%, whereas in those
with a negative BNP detected as being at higher risk only by cTnI, the risk of death or
MI through 30 days was 6.4%. Patients with both a negative BNP and cTnI were at very
low risk of death (0.7%) or death or MI (2.0%). Similar observations were made with NT-
proBNP in more than 6000 patients with NSTEACS, among whom the quantile of baseline
concentration of NT-proBNP showed a graded relationship with the risk of mortality
through 1 yr (19). Notably, patients with a level of NT-proBNP <237 pg/mL were at low
risk of death regardless of troponin result.

MULTIMARKER APPROACHES USING THREE OR MORE MARKERS
Proof of Concept: CRP, BNP, and Troponin

Given the evidence for the independent prognostic value of the three widely available,
conveniently measured biomarkers CRP, BNP, and troponin, my colleagues and I explored

Fig. 4. Risk of cardiac death at 2 yr stratified by cTnT and high-sensitivity testing for CRP among
patients with NSTEACS (n = 917) enrolled in Fragmin During Instability in Coronary Artery Disease
trial. (Data are from ref. 11.)

Fig. 5. Risk of death or MI at 30 d stratified by BNP and cTnI results among patients (n = 1676) enrolled
in the Treat with Aggrastat and Determine the Cost of Therapy with an Invasive or Conservative
Strategy (TACTICS)-TIMI 18 Trial. (Used with permission from ref. 18.)
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the hypothesis that application of multiple pathobiologically distinct markers would offer
complementary information for assessment of risk among patients presenting with ACS.
Using a simple strategy combining BNP, CRP, and cTnI and assigning one point for each
elevated marker, we found that a multimarker approach enhanced risk stratification, estab-
lishing a more than 10-fold gradient of mortality risk among 1635 patients with NSTEACS
(Fig. 6) (38). This strategy was consistent with respect to risk prediction at 30 d and 6–
10 mo, as well as across two independent data sets (Fig. 7). Although the risk relation-
ships were not entirely homogeneous, a graded pattern of risk was present for the indi-
vidual end points of death, MI, and heart failure (Table 1). After adjustment for age,
diabetes, ST-deviation, history of heart failure, and prior MI, each multimarker category
(one, two, or three markers elevated) was independently associated with the risk of death,
MI, or new heart failure at 6 mo (Fig. 8). These observations provided an important proof

Fig. 6. Relative risk (RR) of death at 30 d using multimarker strategy in which patients are stratified
by number of elevated biomarkers among a panel of cTnI, BNP, and hsCRP applied among patients
enrolled in TACTICS-TIMI 18 Trial. (Data are from ref. 38.)

Fig. 7. RR of composite end point of death, MI, or new CHF at 30 d and 6 mo of follow-up in
TACTICS-TIMI 18 stratified using combination of cTnI, BNP, and hsCRP. (Data are from ref. 38.)
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of concept for the value of a multimarker strategy for risk stratification using a practical
approach that is likely to evolve with advances in the understanding of the individual risk
relationships as well as the emergence of new markers (2).

Other Novel Markers
It is possible that other biomarkers, such as soluble CD40L (sCD40L), metalloprotein-

ases, MPO, and possibly a marker of ischemia, will be added to or replace the three bio-
markers (troponin, BNP, and CRP) that have been most extensively studied to date. Those
biomarkers that capture novel information or reflect processes other than necrosis and
hemodynamic stress are likely to be most useful; in particular, any candidates that prove
to offer greater specificity for inflammation in the vasculature than CRP are likely to be
extremely valuable.

Table 1
RR of Clinical Events Using Multimarker Strategya

No. of elevated biomarkers (cTnI, BNP, hsCRP)

End point b 0 1 2 3 p Value

30 d
MI 1.0 2.6 2.9 1.9 0.03
CHF 1.0 1.8 3.2 7.3 0.0046
D/MI 1.0 2.9 3.6 5.1 0.0001
6 mo
MI 1.0 1.8 2.3 1.1 0.06
CHF 1.0 2.6 4.7 8.4 0.0001
D/MI 1.0 2.0 3.2 4.4 0.0001

aData are from ref. 38.
bD/MI, composite of death or MI.

Fig. 8. Adjusted hazard rate ratio for risk of death, MI, or new CHF at 6 mo of follow-up in TACTICS-
TIMI 18. (Data are from ref. 38.)
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sCD40L appears to reflect both inflammatory processes underlying plaque disruption
and platelet activation, two critical contributors to atherothrombosis (see Chapter 18).
Applied in conjunction with either CRP or cardiac troponin, sCD40L provides incremen-
tal information with respect to the risk of death or recurrent ischemic events in patients
with ACS (Fig. 9) (39). MPO is an enzyme released during leukocyte degranulation and
posited to play an adverse role in atherothrombosis via activation of metalloproteinases
and, possibly, consumption of the endogenous vasodilator nitric oxide. The concentration
of MPO is increased in some patients with unstable angina and appears to confer prognos-
tic information in patients with ACS that is additive to both cardiac troponin and sCD40L
(Fig. 10), and attenuates the predictive value of CRP when considered concurrently (40).

If the prognostic importance of these markers is validated in additional data sets, and
analytic benchmarks (e.g., sample types, analytic conditions, optimal cut points, biological
variation) can be met, multimarker strategies incorporating these markers will have a
strong potential for clinical application. In addition, proteomic and genomic strategies for
novel marker discovery (see Chapters 33 and 34) are likely to extend the list of candidate
markers.

Approaches to Modeling
The multimarker strategies described in the preceding sections have been based entirely

on either dichotomized or categorical (quartiles) interpretation of biomarker results. For
biomarkers with graded linear or even nonlinear relationships with risk, consideration of
the absolute concentration is likely to offer incremental information compared to a simple
categorization as “positive” or “negative.” However, interpretation of multiple biomarker
results together as continuous variables substantially increases the complexity of report-
ing to the clinician and may fail to integrate the information in a manner that provides a
useful overall assessment. For example, should the biomarker results of a patient with a
BNP of 240 pg/mL, cTnI of 0.5 ng/mL, and hsCRP of 0.6 mg/L be reported exactly as
such, or as BNP positive/cTnI positive/CRP negative, or as a multimarker score equal to
2? More sophisticated modeling approaches, such as based on neural network analysis,
may be employed to transform the absolute concentrations into a single composite score.
Such an approach has the advantage of being simple for the clinician to implement but

Fig. 9. Adjusted hazard rate ratio (HR) for risk of death or MI at 10 mo among case subjects (n = 195)
and control subjects (n = 195) enrolled in Oral Glycoprotein IIb/IIIa Inhibition with Orbofiban in
Patients with Unstable Coronary Syndromes-TIMI 26 Trial stratified by sCD40L, cTnI, and hsCRP.
(Data are from ref. 39.)
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may not be sufficiently flexible to provide the clinician with the information necessary
to make decisions regarding therapy (see the next section).

FACING THE COMPLEXITY OF A MULTIMARKER STRATEGY
Despite promising initial data, there are a number of challenges that have yet to be navi-

gated in developing multimarker strategies that are viable for clinical use (see Table 2).
In particular, the lack of entirely uniform relationships between each biomarker and the
risk of specific clinical events has implications both for how the markers might be weighted
in risk assessment and for the therapeutic response.

Heterogeneity of Risk Relationships
Although composite clinical end points are frequently employed in the evaluation of

new biomarkers, the relationship between the biomarker and the risk of individual ele-
ments of that end point are not necessarily homogeneous. For example, troponin exhibits
a near-linear graded relationship between concentration and the risk of death but appears

Fig. 10. Risk of death or MI at 6 mo stratified by cTnT (threshold: 0.01 μg/L), sCD40L (threshold:
5 μg/L), and MPO (threshold: 350 μg/L) among patients enrolled in c7E3 Anti-Platelet Therapy in
Unstable Refractory Angina Trial and allocated to placebo (n = 547). (Data are from ref. 40.)

Table 2
Challenges in Developing a Multimarker Strategy

• It requires adequate clinical and analytic validation of each individual biomarker, including
determination of appropriate sample handling, analytic performance, biological variability,
and clinical decision limits.

• Relationship between the biomarker and the risk of specific clinical events may differ;
that is, not all biomarkers are associated with the same clinical events with equal strength.

• Dichotomization of biomarker results may be overly simple and even misleading with
respect to the magnitude of risk.

• Complex modeling is likely to hinder clinical application, whereas an overly simplified
formulation may limit the validity and discriminatory capacity of the strategy.

• Evidence regarding the implications for therapy is critical to guiding clinical implementation.
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to have a nonmonotonic relationship (inverted U shape) with the risk of recurrent MI such
that those with the highest levels of troponin with the index event are at lower risk of
recurrent MI (41). Thus, troponin is a strong predictor of the risk of death and recurrent
ischemic events and exhibits a threshold to the risk relationship at the lower limit of
detection (42). By contrast, the relationship between BNP and CRP with the risk of recur-
rent ischemic events is less certain and the correlation with mortality is graded (with less
of a clear-cut threshold than troponin) (18,19,31). The possibility of underascertainment
of recurrent ischemia at the time of death in clinical studies must be recognized. Never-
theless, the more modest relationship between these markers and nonfatal recurrent ische-
mic events is consistent across several studies.

In light of this complexity, a multimarker strategy that is “positive” for one marker
appears to have different implications with respect to the risk of recurrent MI if the ele-
vated marker is CRP, e.g., rather than troponin. Similarly, a patient with elevated levels
of BNP and CRP is likely at significantly increased risk of death via mechanical failure
but without a substantially increased risk of recurrent MI. In addition to differences in
the strength of the relationship with alternative end points, biomarkers may also exhibit
a variety of patterns to the relationship (e.g., threshold, linear, or nonlinear). In this situa-
tion, application of a dichotomous cut point fails to capture all of the prognostic potential
for a biomarker exhibiting a linear relationship. For example, given a stepwise relation-
ship between increasing levels of BNP and NT-proBNP and mortality risk, the clinician
should be aware that absolute plasma concentration of BNP carries additional informa-
tion with respect to the magnitude of risk (e.g., the 6-mo mortality risk with a BNP of 80–
100 pg/mL is 3.6 vs 10.9% for a BNP of 120–160 pg/mL).

Although as yet untested, it may be possible to reflect this complexity more accurately
by weighting individual biomarkers differently for specific end points of interest and for
different ranges of concentration. However, the advantages of such a modification are
counterbalanced by the desire to maintain ease of application. Ultimately, the value of
attempts at more complex weighting will be determined by careful evaluation of the appli-
cation of such models for therapeutic decision making.

Implications for Therapy
Despite strong evidence for the prognostic value of the newer markers, such as BNP and

CRP, their integration into clinical practice has not become widespread. The primary deter-
minant of this pace of integration has been the absence of guidance regarding the appropri-
ate therapeutic response. Although therapies that mitigate the risk of an elevated level of
troponin in patients with suspected ACS are well defined, to date there is not a consistent
base of evidence to guide treatment in response to elevated levels of BNP or CRP.

An intense effort is under way to identify therapies directed at the inflammation underly-
ing plaque instability in patients with ACS. Laboratory and clinical studies have revealed
anti-inflammatory effects of established treatments aimed at other contributors to athero-
thrombosis (e.g., aspirin, statins, angiotensin-converting enzyme inhibitors and clopidogrel)
(43). The evidence for anti-inflammatory actions of statins continues to grow and supports
intensive statin therapy as being particularly important for patients with evidence of
inflammation (44). In addition, clopidogrel decreases the expression of CD40L and may
have a greater impact on reducing ischemic events after percutaneous coronary interven-
tion in patients with elevated markers of inflammation (45). Agonists of the protein per-
oxisome proliferator activated receptor-α (PPAR-α), such as fibric acid derivatives, can
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reduce the expression of adhesion molecules on vascular endothelial cells, inhibit T-lym-
phocyte function, improve vascular reactivity, and reduce production of the potent pro-
coagulant tissue factor. Likewise, the family of insulin-sensitizing thiazolidinediones, which
act through PPAR-γ , are now appreciated to exert anti-inflammatory actions and reduce
CRP as well as other inflammatory mediators in patients with diabetes (9). These and other
treatments may eventually prove to be useful in modifying the risk associated with elevated
levels of markers of inflammation.

Similar investigation targeted at reducing the risk associated with increased concen-
trations of natriuretic peptides is not as far advanced. Since BNP levels are associated with
LV dysfunction as well as the extent of coronary artery disease, it is reasonable to hypoth-
esize that early invasive evaluation and revascularization will reduce the risk linked to
higher levels of BNP. However, the available data addressing this hypothesis have been
conflicting (see Chapter 24) (18). It is also plausible that agents with favorable long-term
effects on LV performance in patients with ischemic heart disease may prove beneficial
in this population. At this point, natriuretic peptides may be used to identify patients at
increased absolute risk of death and heart failure who have the most to gain from treat-
ments that modify the risk of these events. However, additional research is necessary to
test the success of specific interventions for patients with increased levels of BNP.

CONCLUSION
The clinical application of cardiac biomarkers in patients with ACS is no longer limited

to establishing or refuting the diagnosis of myocardial necrosis. Cardiac biomarkers pro-
vide a convenient and noninvasive avenue by which to profile the patient with ACS and
more completely gain insight into the underlying causes and consequences of ACS that
mediate the risk of recurrent events and may be targets for therapeutic interventions (Fig.
11). As the understanding of the pathogenesis of ACS advances and new markers and
therapies are discovered, a multimarker strategy using a combination of markers for risk
assessment and clinical decision making has the potential to improve outcomes in patients
with ACS.

Fig. 11. Conceptual application of multimarker approach to characterization of patient with ACS.
ANP, atrial natriuretic peptide; GP, glycoprotein; IMA, ischemia-modified albumin; MMP, metallo-
proteinases; PAI-1, plasminogen activator inhibitor-1; vWF, von Willebrand factor. (Adapted from
ref. 2.)
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SUMMARY

Point-of-care (POC) testing offers the opportunity to provide more rapid measure-
ment of cardiac biomarkers in the environment in which clinical decisions about patient
management are made. The technology of POC testing utilizes whole blood to measure
one or more analytes including cardiac biomarkers such as creatine kinase-MB isoenzyme,
myoglobin, cardiac troponins T and I, and B-type natriuretic peptide. Measurement meth-
ods include immunochromatographic separation usually combined with a quantitative
reader, dedicated heterogeneous immunoassay systems, and those suitable for POC and
emergency laboratory testing. Analytic performance of these systems approaches but
does not always equal those of conventional laboratory methods. Evaluation of POC
testing of cardiac biomarker measurement has shown good analytic and clinical diag-
nostic performance. These systems are entirely suitable for rule-in diagnosis of myo-
cardial infarction (MI). Although POC testing has also been shown to be suitable for
rule-out strategies, there is a lack of studies comparing POC testing with laboratory mea-
surements for diagnosis using updated criteria for acute MI or for prognosis. Although
POC testing is faster, there is only limited evidence that the speed and convenience of
these systems can have a direct impact on outcome measures such as treatment selection
or length of stay. More work is needed in this area.

Key Words: Cardiac biomarkers; point-of-care testing; evidence-based medicine;
cardiac troponin T; cardiac troponin I; myoglobin; B-type natriuretic peptide.
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INTRODUCTION
Coronary artery disease commences with plaque development and clinically mani-

fests with the effects of lumen occlusion, which in the majority of cases is owing to plaque
destabilization by either rupture or erosion and the development of platelet aggregates
(1–3). Biomarkers to assess all stages of this process are available. The risk of plaque
development and destabilization may be assessed by measurement of lipoproteins, apo-
lipoproteins, and high-sensitivity C-reactive protein. The consequences of acute plaque
rupture may be assessed by measuring markers of cardiomyocyte necrosis such as cardiac
troponin (4,5). The impact of ischemic disease and myocardial damage on cardiac perfor-
mance can be assessed by markers of cardiomyocyte function such as B-type natriuretic
peptide (BNP).

The measurement of cardiac biomarkers is part of routine clinical practice. It is the
need for rapid and convenient clinical application (real or perceived) that has driven the
development of point-of-care (POC) testing for cardiac biomarkers. Any assessment of
POC testing for cardiac biomarkers must therefore consider the clinical situations to which
POC testing can be applied, methodological aspects (6), the rationale for use, and the evi-
dence base. This application must then be compared with the conventional approach using
central laboratory testing (CLT).

CLINICAL SCENARIOS
Current management of patients with acute coronary syndrome (ACS) and breathless-

ness is based on a combination of clinical features, electrocardiogram (ECG), chest radio-
graph, and cardiac biomarkers. Initial categorization uses the ECG to divide patients into
those with definitive changes such as ST-elevation, those with less specific changes such
as ST-segment depression or T wave inversion, and those with no ECG abnormality.
Patients with appropriate clinical features and ST-elevation ACS are categorized as ST-
elevation myocardial infarction (STEMI). Management is based on immediate opening
of the occluded artery by primary angioplasty or thrombolysis (7). Elevation of biomarkers
such as cardiac troponin (8,9) at presentation or BNP (10–12) identifies a high-risk sub-
set. To date, there are no clinically proven strategies that show these patients should be
treated differently. Therefore, it is considered that immediate biomarker measurement
will not alter patient management (7). Patients without STEMI will have a final diagnosis
based on clinical features, ECG findings, and cardiac troponin measurement. In the gen-
eral chest pain population, only a minority of patients present with STEMI, the majority
having either low-risk unstable angina or nonischemic chest pain (Fig. 1) (13).

The clinical pathway of patients without STEMI is determined by biomarker measure-
ment to define diagnosis and subsequent management strategy (14). There are three cate-
gories of patients that need to be identified. Patients with elevated troponin, nonspecific
ECG changes, and appropriate clinical features have non-STEMI (NSTEMI). Exclusion
of NSTEMI is followed by further investigation to identify those patients with undetecta-
ble troponin, nonspecific ECG changes, and appropriate clinical features who have unsta-
ble angina pectoris and those with a final diagnosis of nonischemic chest pain. The clinical
environment in which diagnostic categorization occurs depends on the perceived risk of
the patients. Patients considered at high risk of ischemic heart diseases are managed in
a cardiac care environment whereas those at lower risk are managed in the emergency
department (ED) or a chest pain evaluation unit. The difference is usually in the length of
observation and intensity of the subsequent investigations.
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METHODOLOGICAL ASPECTS

The current available technology for POC testing can be divided into three categories
(Table 1): visually read test devices, dedicated POC instruments, and instruments suit-
able for either POC testing or use in the emergency/stat laboratory. The first develop-
ments in cardiac POC testing evolved from glucose test strip methodology using initially
serum, then whole-blood measurements of creatine kinase (CK) and its MB isoenzyme
(CK-MB). These methods were superseded by the development of immunoassay formats
based on whole-blood separation and antigen-antibody complex formation, streptavidin-
biotin binding of the complex, and visual detection. The antibody is labeled with gold (gold-
labeled optically read immunoassay [GLORIA]) or a dye. This produced the first gen-
eration of POC testing cardiac marker testing, often referred to as “stick” testing (Fig. 2).
Although visually read test devices have been shown to be suitable for routine clinical
use, they are more prone to operator error. Visually read strip tests are best used together
with optical reading systems. This improves both precision and assay detection limit. The
use of a fluorescent-labeled detection antibody employing this type of technology means
that the test strip cannot be read visually but requires a dedicated reader.

The limitation of POC testing cardiac marker testing is the analytic performance. The
majority of dedicated POC testing instruments have detection limits and analytic coeffi-
cients of variation (CVs) that, although acceptable, are not as good as those of laboratory
instruments. There is one further caveat. Published studies of POC testing instruments
are based on studies in a controlled environment by laboratory staff or a small number
of trained (often enthusiastic) operators. In routine clinical use, this is not the case. POC
testing is carried out by a range of nonlaboratory-trained staff. In a comparative assess-
ment of POC testing with CLT, we found that the analytical CV was equivalent to specifi-
cation when undertaken by a laboratory scientist but doubled when the same analyses were
performed by nonlaboratory-trained personnel. Finally, if considering POC testing, it is
important that the results produced have similar (ideally identical) clinical cutoffs to values
produced by the central laboratory. This is less of a problem for myoglobin, CK-MB, BNP,
and cardiac troponin T (cTnT) but is a potential source of confusion for cardiac troponin

Fig. 1. Distribution of patients by final diagnostic category in patients admitted with chest pain and
suspected ACS. UAP, low-risk unstable angina pectoris; NICP, nonischemic chest pain. (Data are
adapted from ref. 13.)
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I (cTnI). Either methods should be chosen that produce comparable cTnI values or the
same method should be used in both POC testing and the central laboratory.

RATIONALE FOR POC TESTING

POC testing offers two advantages over CLT: speed of results and convenience.

Is POC Testing Faster?
In absolute terms, analytic time for CLT is actually faster than POC testing. Most modern

analyzers can produce results within 10 min or less from the time the sample is loaded
and will then produce results at 30-s intervals thereafter. The majority of POC testing sys-
tems have comparable or slightly longer analytic times of 10–15 min. In addition, although
a POC testing system may have an analytic time of 15 min, because it analyzes only one
sample at a time, the effective analytic throughput of 4 samples/h will be much slower
than the 50 (or more) samples/h of typical laboratory systems. The reason that POC test-
ing can be overall a faster strategy is that the delays in sample transport and processing
prior to analysis are removed. Prospective studies of POC testing have clearly shown a
reduction in time to availability of results from a median of 71 (CLT) to 20 min (POC test-
ing) (15) or from 71 min (CLT) to 24 (POC testing) (16). Another factor of importance
is the impact of the availability of results. Results from the central laboratory may be avail-
able but not viewed. The evaluation of CLT uses the concept of turnaround time, i.e., the
time from sample arrival to production of results. This is a limited measure of performance
because it does not account for delays in sample arrival and action taken on the results.
This has led to the concept of the therapeutic turnaround time, i.e., the time from sample
draw to action on the results (17), sometimes referred to as vein-to-brain time. The thera-
peutic turnaround time is a more accurate assessment of the time to decision, but a better
measure is the “brain-to-brain” time, i.e., the time from the decision to order a test to the
action taken on the result (Fig. 3).

Fig. 2. Immunochromatographic separation measurement of cTnT using gold-labeled antibodies (see
text for details). MAB, monoclonal antibody.
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Brain-to-brain time represents part of the process of clinical care. It is this clinical pro-
cess that determines the speed with which patient diagnosis is made and the appropriate
clinical actions are taken, and, therefore (it is hoped), clinical outcomes are improved and
cost efficiency is obtained. The actual analytic turnaround time may be a small component
in this process. If the decision-making pathway is not optimized to act on rapidly produced
test results, the speed of production of results will not be the rate-limiting step.

The importance of the clinical process and process reengineering cannot be overesti-
mated. This process is well illustrated in the evolution of chest pain units that offer an alter-
native strategy to conventional approaches for the management of chest pain. Prospective
observational (18–20) and randomized studies (21,22) have shown that such an approach
is clinically equivalent to conventional strategies, diagnostically efficient, and cost-effec-
tive. This improvement has been achieved by process reengineering rather than POC test-
ing. Data support the concept that more rapid provision of laboratory results will have a
direct impact on outcome measures, such as length of stay. In a prospective observational
study of a rapid diagnostic cardiac enzyme policy compared with a conventional strategy,
there was a significant reduction in mean length of stay in the cardiac care unit, from 3
to 2 d (23). Provision of a more frequent assay service showed a similar reduction (24). Con-
versely, a survey of hospitals found that a more rapid and frequent assay service was asso-
ciated with reduced length of stay for patients with a diagnosis of AMI, not, as might be
expected, the low-risk “rule-out” patient (25).

Convenience
POC testing is an additional activity undertaken by staff for a service previously pro-

vided by the laboratory. In addition, it requires the POC testing instrument (Fig. 4) to be
maintained and for a quality assurance program to be in place. There may, therefore, be
more inconvenience, rather than less. The benefit comes from the speed of result return
and the immediacy of availability of information. Although this advantage is intuitive,

Fig. 3. Schematic diagram of “brain-to-brain” time (see text for details).
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it is difficult to quantify. A systematic survey of ED staff before and after implementation
of a rapid diagnostic service with a satellite laboratory (hence a rapid laboratory service
rather than true POC testing) showed that the staff valued the improved service available
from this “close to patient” testing service (26).

CLINICAL APPLICATIONS OF POC TESTING:
EVIDENCE BASE FOR CARDIAC POC TESTING

Biomarkers of Myocyte Necrosis: POC Testing for Suspected ACSs

DIAGNOSIS

The role of POC testing in patients admitted with possible ACS is the same as that of
laboratory testing: foremost, to confirm or exclude MI as a cause of cardiac chest pain.
The visually read systems have been the subject of a number of clinical studies. A retro-
spective comparison of POC testing cTnT measurement with CLT showed 96% concor-
dance in 191 tests with diagnostic sensitivity ranging from 17 to 71% according to time
from presentation with diagnostic equivalence to CK-MB (27). In a prospective observa-
tional trial, serial blood samples were obtained on presentation to the ED and 3 and 6 h
later in 721 patients. CLT and POC testing cTnT measurement had equivalent sensitivity
for detection of AMI (28).

Comparison of 58 samples from 25 patients evaluated in the ED using the Spectral POC
testing system showed diagnostically similar results to quantitative assays for CK-MB and
myoglobin (29). A second study of 182 consecutive ED patients found that results were
not as good as for quantitative assays (30). Clinical validation has been performed in a

Fig. 4. Available POC instruments (the CD next to the instruments is for perspective with respect
to size): (A) Cardiac Reader (Roche Diagnostics, Indianapolis); (B) Triage (Biosite, San Diego, CA);
(C) Stratus CS (Dade Behring, Newark, DE).
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number of studies in ED and coronary care unit (CCU) populations. In the ED, a study of
277 patients found that on serial testing over 3 h sensitivity was 95% for the diagnosis of
AMI (31). In the CCU, three studies of, respectively, 101 (32), 99 (33), and 151 (34) patients
demonstrated sensitivity in the range of 95–100%, with diagnostic efficiency superior to
that of troponin testing alone in the first 6 h.

The diagnostic performance of the Roche cardiac reader, a quantitative reader that uses
a charge-coupled device camera to read optically both Cardiac T strips and similar myoglo-
bin strips (Cardiac M), has been shown to be comparable with that of the central labora-
tory, but with slightly lower diagnostic sensitivity (35–37). There are similar data for the
Biosite Triage. The cardiac panel has been evaluated analytically and clinically with the
decision threshold for AMI of 0.4 μg/L for cTnI by receiver operating characteristic (ROC)
curve analysis, equivalent to conventional laboratory testing for the diagnosis of AMI (38).
The Spectral system measures myoglobin, CK-MB, and cTnI. The Stratus CS is essentially
a laboratory instrument that can be used for point of care (39). Analytically, it is superior
to all of the other systems.

RISK STRATIFICATION

Small rises in CK-MB have been demonstrated to be prognostic (40,41), but measure-
ment of cTnT and cTnI offers not only diagnostic specificity but superior sensitivity.
Acceptable diagnostic performance has been shown for the available visually read systems.
For cTnT, risk stratification was examined in a TIMI 11A substudy in which 597 patients
enrolled had POC testing and simultaneous CLT of cTnT on study entry. Death, nonfatal
MI, or recurrent ischemia at d 14 occurred in 33.6% of patients with a positive assay com-
pared with only 22.5% of patients with a negative assay (p = 0.01) (42). A GUSTO III sub-
study of 12,666 patients presenting with ST-segment elevation found that patients with a
positive POC test of cTnT on admission had a 15.7% mortality at 30 d compared with 6.2%
in those who had a negative POC test of cTnT on admission (43). A comparison of POC
testing with CLT was performed in 773 consecutive ED patients with acute chest pain for
less than 12 h without ST-segment elevation. cTnT and cTnI status (positive or negative)
was determined at least twice by POC testing on arrival and 4 h or more later (so that one
sample was taken at least 6 h after the onset of pain). Event rates at 30-d of follow-up in
patients with negative tests were 1.1% for cTnT and 0.3% for cTnI compared with 22.0%
in patients with positive tests (44). There are similar data for the Stratus CS. In 412 ED
patients with unstable angina and a cTnI ≥0.08 μg/L, the 30-d event rate was 25.9% com-
pared with 1.5% for those with a cTnI <0.08 μg/L (45). In a multicenter evaluation of
biochemical diagnostic pathways in 1005 ED patients, a combined strategy using myo-
globin plus cTnI was considered the optimal for risk stratification (46).

There is consistent evidence that POC testing can be used for diagnosis of AMI and for
risk stratification. There are, however, two limitations. The diagnostic accuracy of these
systems has been judged against the World Health Organization (WHO) (47) “conven-
tional” diagnostic criteria rather than those recommended in the American College of Car-
diology/European Society of Cardiology (48) troponin-based redefinition of AMI. There
have been no published studies comparing a diagnosis by POC testing with diagnosis by
CLT using the updated diagnostic criteria. It might be expected that CLT would show a
significantly better diagnostic sensitivity under these circumstances, but this will depend
on the CLT methodology and cutoff used for the diagnosis of AMI. Similarly, there have
been no prospective studies comparing risk stratification by CLT directly with POC testing.
Despite these limitations, it is clear that it is possible to use POC testing reliably and safely
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as a “rule-in” test. A positive result by POC testing indicates that the patient with a previ-
ously uncertain diagnosis has definitely had an AMI and should be admitted to a cardiac
area for appropriate further management. A negative test should be followed up by a repeat
test, usually later, by CLT. This approach is used successfully as part of the ED workup
in a number of US and UK hospitals.

CLINICAL DECISION MAKING

Because cardiac markers are integral to therapy, it would be expected that POC testing
should have a place in therapeutic decision making. The use of a positive test to drive
intervention has been studied. A study of CK measurements by POC testing in 117 patients
with nondiagnostic ECG showed that management was altered and treatment instituted
(in this case thrombolysis) in 15 of 29 (52%) patients solely on the basis of POC testing
measurements (49). This finding has not been confirmed for the ED (50). A role could
be envisaged for POC testing measurements in stopping low-molecular-weight heparin
in cardiac troponin-negative patients or commencing glycoprotein IIb/IIIa antagonists
prior to angioplasty and stent placement. Such pathways would be suitable for POC test-
ing but have not been studied as part of a controlled trial. Again, the question will be inte-
gration of POC testing within the configuration of the service. Institutions with on-site
catheterization facilities and an early aggressive invasive strategy may proceed straight to
immediate catheterization in all cases. The justification of such a strategy in the troponin
era deserves a critical review. In the majority of cases (even in the United States only 37%
of hospitals have cardiac catheterization laboratories and only 25% can perform angio-
plasty), immediate catheterization either is not available or is a limited resource. The use
of rapid cardiac marker measurement prior to decision to treat and transfer would be
logical.

The concept of early, rapid exclusion of AMI is the basis of the rapid rule-out protocols
used in chest pain evaluation units (51–55). POC testing was studied in a prospective obser-
vational study in 1285 consecutive admissions. Initial patient assessment was on clinical
grounds plus ECG findings (56). Suspected NSTEMI patients were admitted to CCU for
a 6-h multimarker rule-out. Those considered at medium to low risk of unstable angina
pectoris or to have nonischemic chest pain had a 90-min rule-out strategy. The diagnostic
accuracy in this study was a sensitivity of 100% and a specificity of 94% (although again
using WHO criteria for AMI). The event rate in the low-risk group discharged (508 of 1285)
was 8 of 508 (1.6%). This study is very useful because it was a “real-time, real-use” study
but did not use a control group or a “gold standard” laboratory reference method for com-
parison, thus providing indicative, rather than definitive, data.

POC TESTING DECISION LIMITS

The current recommendation is for a very low cutoff for cTnT and cTnI for risk strat-
ification in patients with ACS. These cutoffs are not approached by the currently avail-
able POC testing or CLT systems (57). This recommendation is on the basis that there
is a continuum of risk according to troponin levels. The question, Does this continuum
translate from the highly selected high-probability group of ACS clinical trial popula-
tions (58,59) to the general chest pain population (60–62)? has not been completely
answered (63). In a study of 4123 ED admissions that divided peak cTnT into four groups
—negative (undetectable), low (between the detection limit and the 10% CV limit),
intermediate (between the 10% CV and ROC AMI decision limit), and high (above the
ROC AMI decision limit)—the event rates in the low, intermediate, and high groups were
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statistically different from that of the undetectable group. The event rates between the
low and intermediate and between the intermediate and high groups were not statistically
different; there was a gray zone between those with an undetectable cTnT and those with
a definitely detectable cTnI corresponding to the recommended 10% CV cutoff. Low-level
elevations in cTnI have prognostic significance, but this study could not clearly sepa-
rate on an individual patient basis who was at risk. Whether these findings represented true
minor ACS, analytic “false positives,” or non-ACS causes of cTnI elevation (64) cannot
be determined but highlight the need for definitive, large-scale, prospective, ideally
randomized studies comparing POC testing with CLT to assess whether there is clinical
equivalence.

IMPACT OF POC TESTING ON OUTCOME

The final question is: Does POCT make a difference? The prospective observational
ED study of 1285 patients described earlier (56) reported that in 90% of those discharged
home, the diagnosis was made at or before the 90-min rule-out test and that utilization of
CCU beds decreased compared with historic figures. This study made three changes—
the introduction of a critical pathway for chest pain, the switch to POC testing, and the
introduction of the 90-min rule-out algorithm—so it is difficult to be certain whether
POC testing contributed significantly to the observed effect. The results of previous studies
of POC testing in the ED have not been encouraging, with no impact of POC test elec-
trolyte and blood gas measurement on length of stay or patient outcomes (65,66). To date,
there has only been one prospective randomized controlled trial comparing POC testing
with CLT for cTnT measurements (67). This study again used a new prespecified decision-
making pathway using cTnT measurements, and patients were randomized to CLT or POC
testing. The study confirmed, as would be expected, the improvement in turnaround time
but also reported a statistically significantly improved time to diagnosis of 17.8 h for CLT
vs 14.7 h for POC testing in NSTEMI patients. In a prespecified group who met the protocol
criteria for early discharge from the CCU (rapid rule-out group), there was a significant
reduction in length of hospital stay.

Markers of Cardiomyocyte Function: BNP
Measurement of BNP has moved from a well-established but research-based test to

a mainstream laboratory investigation. The role of BNP and the N-terminal part of the
prohormone (NT-proBNP) has been demonstrated for clinical situations from chronic
diagnosis of left ventricular dysfunction (68–70) to risk stratification in ACS (10,71,72).
The first commercially available system for rapid BNP measurement was the Biosite
Triage method, which has been evaluated for diagnostic utility in acute dyspnea (73,74).
POC testing BNP and CLT BNP have been compared and shown to be diagnostically equiv-
alent (75). The clinical utility of BNP measurements has been convincingly demonstrated
in a randomized controlled trial of POC testing BNP vs conventional care in 452 patients
presenting with acute dyspnea (76). This study showed that the POC testing BNP ran-
domized group had shorter stay and less morbidity. The study did not randomize to a CLT
BNP. There are strong observational evidence (77–79) and one small clinical trial (80)
that suggest BNP/NT-proBNP measurements can be used to monitor response to therapy.
If this is the case, the convenience of having POC testing BNP measurements immediately
accessible to adjust medication for cardiac failure in the ambulatory care setting may be
important. The use of POC testing for monitoring and guiding therapy is the subject of
ongoing investigations.
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CONCLUSION

POC testing testing for cardiac biomarkers has proven diagnostic accuracy for rule-in
and decisions as to whether a patient should be admitted to intensive monitoring. Studies
to date suggest that POC testing can be used reliably for ruling out AMI and will reduce hos-
pital stay. The challenges are for the manufacturers to improve analytic performance and
for clinicians to conduct well-designed randomized controlled trials that use contemporary
diagnostic criteria and are outcome based. POC testing has significantly progressed from
the original description of bedside testing in the seventh century by the Byzantine Theo-
philus Protospatharios and the technical manuals published in the 16th century for clinical
workup of a range of medical conditions including chest pain (81). For a start, clinicians
no longer have to taste the patient’s urine.
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SUMMARY

Early disease detection often relies on accurate measurement of serum or plasma
biomarkers. Available tests for myocardial infarction, such as immuonoassays for the
troponins, developed out of studies of those proteins in cardiac physiology. Advance-
ments in protein display and identification technologies now permit characterization
of global alterations associated with disease conditions. Plasma proteomics in particu-
lar, through an unbiased survey of all proteins associated with a given cardiovascular
pathology, may lead to the discovery of novel biomarkers and may provide insight into
the cellular mechanisms of disease and uncover new proteins that might serve as targets
for therapeutic intervention. Advancing instrumentation and computational method-
ologies are allowing not only exploration but also quantification of the proteomes of
biological tissues and fluids on a wide scale. However, there remains lack of consensus
and standardization in technology and techniques. Choice of sample is sometimes not
obvious; there is not just one proteome, but many. Faster automation, coupled with more
accurate mass determinations, more reliable protein databases to accelerate protein iden-
tifications, and greater software support, is needed to realize the true potential of prote-
omics. Finally, the high sensitivity of mass spectrometry and the present lack of bioinfor-
matics standardization make it critical that any suspected proteomic changes be thoroughly
reviewed and verified, with the focus on addressing any inadvertent biases or artifacts
of collection, handling, storage, or analysis.
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INTRODUCTION

The early detection of disease often relies on accurate measurement of serum or plasma
biomarkers. Available tests for myocardial infarction (MI), such as immuonoassays for the
troponins, were developed from studies of those proteins in cardiac physiology. Similarly,
basic investigation of many cardiovascular conditions has largely been characterized by
studies of isolated molecules in cellular systems. Advancements in protein display and
identification technologies now permit one to characterize global alterations associated
with disease conditions. In particular, through an unbiased survey of all proteins associ-
ated with a given cardiovascular pathology, plasma proteomics may lead to the discovery
of novel biomarkers. Just as the current panel of markers has evolved, researchers will
be able to ask: Is troponin indeed the best marker of tissue “leakage” following myo-
cardial injury? Are there other proteins released after injury that might serve as better
markers or provide complementary information about the extent of infarction? Proteomics
is a tool for seeking the answer to these types of questions. Most important, proteomics
may provide insight into the cellular mechanisms of disease and uncover new proteins
that might serve as targets for therapeutic intervention.

What Is Proteomics?
First introduced in 1995 (1), the term proteome refers to the entire group of proteins

associated with a given genome. All cells of a given organism contain an equivalent geno-
mic content. The proteome, however, does not represent all possible proteins that the
genome can express. Selective gene expression during development and differentiation,
and in response to external stimuli, results in each cell expressing only the fraction of
encoded proteins relevant to its functional state at any given time. Thus, one can speak
not only of the general human proteome but also more specifically of the proteome of par-
ticular cells such as cardiomyoctes, tissues such as the heart, and even of subproteomes that
correspond to particular organelles or biological compartments such as the inner mito-
chondrial membrane.

Conversely, the proteome extends beyond the expression profile of a particular genome.
A number of studies suggest that gene expression often correlates poorly with protein
levels (2,3). Although protein expression is influenced by the rate of transcription, nucle-
otide and protein half-lives vary, such that the presence or absence of mRNA may not
accurately reflect the presence or absence of the corresponding protein. Additional co- or
posttranslational events may affect protein stability. Thus, mRNA sometimes reveals sur-
prisingly little about protein abundance and is also an imperfect predictor of posttrans-
lational regulation.

The proteome associated with a particular gene set includes all variants of the same
protein that result as a consequence of differential cellular processing (see Fig. 1). Tran-
scription initiation sites may vary for the same protein. Subsequently, as many as one-
fourth or more of higher eukaryotic genes can be alternatively spliced, resulting in mul-
tiple transcripts. Following transcription, the protein may undergo (often on multiple
sites) one or more of greater than 200 potential posttranslational modifications (such as
phosphorylation, glycosylation, acetylation, and sulfation). Subsequent additional enzy-
matic and nonenzymatic alterations culminate in a greatly expanded number of simul-
taneously existing molecular species. The one gene–one protein dictum, now no longer
tenable, had led few to anticipate the immense magnitude and complexity of the resulting
proteome.
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Proteomics uniquely offers insight into disease because proteins and their bioenzyma-
tic functions largely determine the phenotypic diversity that arises from a set of common
genes. Posttranslational modifications help regulate structure, function, localization,
maturation, and turnover of proteins. Because the entire complement of expressed pro-
teins in their various forms can rapidly change in response to environmental cues, the pro-
teome represents the unique ensemble of proteins that reflects the state of the cell or group
of cells at a given time in a particular context under particular stimuli. Thus, the proteome
is highly dynamic, in contrast to the stability of the genome. This complexity is the basis
of both its great informative potential and analytic challenge. Because most pathologies
result from protein alterations as either cause or effect, whether by genetic disposition or
environmental/pharmacological factors, proteins serve as natural biomarkers and poten-
tial therapeutic targets.

TECHNOLOGIES FOR THE DISCOVERY OF BIOMARKERS

Prerequisites for Proteomics Analysis
A diverse and increasing set of techniques, which share the goal of elucidating the quan-

titative protein profile of a well-defined system, fall under the rubric of proteomics. Broadly,
several features are critical for the success of proteomic technologies. First, the technique
must be able to identify a wide breadth of proteins within complex biological samples
that contain analytes representative of a broad range of physical characteristics including
size and charge. Second, the technology must be sensitive enough to probe the proteome
to adequate depths. Often the least abundant proteins play critical regulatory roles in the
response to physiological stressors. For example, concentrations of the interleukins, cen-
tral to many inflammatory and immune responses, fall in the low nanomolar range. Third,
tools must also work across a broad dynamic range. That is, they must be able to identify
simultaneously both high- and low-abundance proteins in the same complex mixture.
This becomes important because satisfactory enrichment techniques for low-abundance
proteins remain elusive, with current fractionation methods expanding the dynamic range
only by 102 or so. The ability to analyze unfractionated specimens becomes even more
critical with the realization that attempted removal of high-abundance proteins, such as
albumin in serum samples, almost always risks removal of the lower-abundance proteins
as well. Finally, the ideal technology should be stable and reproducible, an attribute neces-
sary for minimizing artifacts during initial discovery, validation, and testing for clinical
applications.

Fig. 1. Relationship between the genome and proteome.
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An increasingly crucial support for biomarker discovery is the establishment of robust
databases that can be searched for validation of identified proteins. The scope of investi-
gation addressable by proteomics has widened immeasurably since the completion of the
Human Genome Project. Completion of databases of other model species such as the
mouse promises to enhance further the investigational reach. At present, the human data-
bases are by far the largest and easiest to use, which will help accelerate translational inves-
tigation. Expressed sequence tags, small DNA sequences generated from the ends of the
cDNA of expressed genes, and complete genomic databases collectively provide a cata-
log of all known or theoretical proteins expressed in organisms for which databases are
available. Essential to the interpretation of the data is software that can search through
databases for candidate identification. Much of this software has been made available on
the Internet.

Overview of a Proteomics Experiment
Figure 2 summarizes the essential elements of a proteomics approach. Most biological

samples consist of a complex mixture containing intact and partially degraded proteins
of varying molecular weights, modifications, and solubilities. Proteins are separated in
a variety of ways and must eventually be digested to their peptide components in order to
obtain sequence information by mass fingerprinting or tandem mass spectrometry (MS/
MS), as described below. The sequences are then matched to a protein database to verify
the identity of the proteins of interest.

The chances of identifying many peptides in a mixture are increased when the complex-
ity of the mixture is decreased. As suggested by Liebler (4), the problem of complexity
and how to deal with it can be likened to the process of printing a book. Whereas printing
all the words on a single page could be quickly accomplished, the resulting page would
be illegibly black with ink. By dividing the text onto pages, the complexity is reduced to
reveal organized text. Samples can be analogously enriched for certain components through
fractionation or affinity depletion columns. However, all preparative procedures, includ-
ing solubilization, denaturation, and reduction processes, should be compatible with the
constraints of subsequent analysis steps. More important, the impulse to reduce complex-
ity must be carefully balanced against the fact that each additional step is also an oppor-

Fig. 2. Overview of a proteomics experiment.
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tunity to introduce undesired protein modifications or loss. Proteomics techniques are
still evolving, with little standardization among investigative groups. Thus, sample prepara-
tion is perhaps the most vital parameter of any proteomics study for achieving reproduc-
ible results.

Two-Dimensional Polyacrylamide Gel Electrophoresis
The proper choice of proteomics technology, or analytic instrument, is essential. Most

proteomics studies to date have relied on two-dimensional polyacrylamide gel electro-
phoresis (2D-PAGE), which has been an experimental mainstay for the past three decades.
With this technique, proteins are extracted and solubilized from biological samples, then
separated and resolved in the first dimension based on the isoelectric point and then
orthogonally in the second dimension based on relative mass. Comparison of the 2D pro-
tein profiles from normal and pathological samples will then reveal disease-related changes
in protein expression. Protein spots that vary between conditions are excised from the gel
and digested, and the corresponding peptides are identified by MS.

Although significant improvements have been achieved with conventional 2D-PAGE,
substantial limitations remain. 2D-PAGE preferentially displays the highly abundant pro-
teins; low sensitivity and restricted dynamic range limit the ability to distinguish low-abun-
dance proteins. Basic proteins and membrane proteins are difficult to detect as well. For
plasma samples, 2D-PAGE has a sensitivity in the micromolar range, which enables detec-
tion of approx 100–200 proteins, not including modified forms. Several groups suggest
that newer modifications of 2D-PAGE technology will substantially improve the number
of resolvable proteins. Nevertheless, low throughput and the need for a relatively large
amount of sample must be addressed.

Mass Spectrometry
Although 2D-PAGE capabilities continue to advance, the field has increasingly turned

to direct mass spectrometric analysis of complex mixtures (Fig. 3), a significant break-

Fig. 3. Rapid incorporation of MS in biomedical research.
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through that has enabled many of the accomplishments of proteomics analysis. The expe-
rimental origins of modern MS date back more than 100 yr, when J. J. Thomson noted
that the parabolic trajectory exhibited by ions moving through electric fields was propor-
tional to their “mass-to-charge (m/z)” values. The first instrument, a parabola spectro-
graph in 1912, was developed from this observation. Later advances in vacuum technology
and electronics led to smaller and more sophisticated instrumentation, with Nobel prizes
being awarded to Wolfgang Paul (1999, physics) and John Fenn (2000, chemistry) for
their contributions on the quadrupole mass analyzer/ion trap and electrospray ionization
(ESI), respectively.

MS instrumentation is unrivaled in its ability to offer several layers of complementary
information, having benefited tremendously from whole-genome analysis and the geno-
mics revolution. MS can provide mass measurements of intact proteins far more accu-
rately than can be obtained by gel electrophoresis. MS can also provide accurate mass
detection of peptides from proteolytic digests of complex mixtures, with even higher sens-
itivity and mass accuracy than for detection of whole proteins. The set of peptide mass mea-
surements can be searched against databases, frequently to obtain definitive identification
of the parent proteins of interest. Favorably compared against other proteomics technolo-
gies, MS is highly sensitive (MS/MS technology, described subsequently, can detect and
characterize attomole quantities of peptides) and amenable to automation and thus pro-
motes high-throughput processing. More important, MS has a wide range of applicability
and can not only detect proteins but also characterize any posttranslational modifications.

Mass spectrometers are composed of modular elements, which include an ion source,
a mass analyzer, and a detector/recorder (see Fig. 4). Different types of MS instruments
are classified according to the ionization source and mass analyzer employed, but all pro-
cess samples as gas-phase ions, whose movements within an electromagnetic field can be
precisely measured. An ion source generates these gas-phase ions from the analyte through
a variety of available techniques, from either the solid state by matrix-assisted laser desorp-
tion ionization (MALDI), or directly from the liquid phase by ESI. Modern ESI systems
are coupled to antecedent chromatography at low flow rates to fractionate complex peptide

Fig. 4. Schematic of tandem MS.
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mixtures. Gas-phase ions are subsequently directed into the mass analyzer, which resolves
the peptides based on their m/z ratio. Examples of commonly used mass analyzers include
the quadrupole mass filter, ion trap mass analyzer, and time-of-flight (TOF) mass analyzer.

Finally, the detector detects the ions via an electronic multiplier, recording ion intensity
vs m/z value to create the resulting MS spectra. Each protein or set of proteins will yield
a unique set of distinct peptides, termed a peptide mass fingerprint. The set of peptide
masses obtained by MS can be compared to the theoretical mass fingerprints of proteins
obtained by in silico cleavage of known sequences in searchable databases. However, un-
ambiguous protein identification often requires additional protein sequence information.

In MS/MS, a single m/z species from the mixture of peptide ions is selected for further
analysis. This ion is subjected to collision-induced dissociation, which generates fragmen-
t ions from the parent peptide ion. The fragment ions are then analyzed on the basis of their
m/z in a second stage of mass analysis, resulting in a product ion spectrum. The informa-
tion contained in this tandem MS spectrum permits the amino sequence of the peptide to
be deduced. Obtaining an accurate mass or the sequence of a peptide allows one to score
its identity against a database of known protein sequences. Most peptide sequences of
approximately six or more amino acids in length are uniquely represented in the proteome
of an organism and will map to a single gene product. When the sequence corresponds
to a common motif, as found in many structural or binding sites, additional information is
necessary. A presumed match is corroborated if additional peptide sequences from the
same protein are identified.

Again, simplification of the mixture allows data to be collected on the greatest number
of components. It is possible to separate the intact proteins first and then cleave them into
peptides. It is also possible to cleave the proteins into peptides first and then separate the
peptides prior to analysis. As demonstrated in Fig. 4, a combined approach is now gener-
ally considered necessary. The peptides are then analyzed as we have outlined, by either
TOF instruments, to measure the masses and identify proteins by fingerprinting or, prefera-
bly, by ESI-MS/MS, to obtain direct sequence data.

Other Technologies
Over the past decade, the introduction of cDNA or oligonucleotide microarrays has

greatly facilitated the ability to measure simultaneously the expression of many or all of
the genes in an organism. Analysis of gene expression by microarrays and related methods
relies on two processes: polymerase chain reaction (PCR) and hybridization of oligo-
nucleotides to complementary sequences. Unfortunately, there are no analogous methods
for use in protein analysis. Whereas an exceedingly small amount of oligonucleotide can
be amplified via PCR, a small quantity of polypeptide must be detected and analyzed at
native concentrations. Furthermore, there exist no hybridization technologies for binding
to complementary amino acid sequences. Although antibodies or oligonucleotide aptamers
can recognize specific peptides or proteins, these interactions cannot be predicted solely
by knowledge of protein sequence. As noted, the gene code for a protein does not neces-
sarily give rise to only one molecular entity. The presence of multiple posttranslationally
modified variant forms increases the analytic challenge beyond the scope of simple
transcript profiling. The future realized potential of protein microarrays for profiling and
diagnostics will largely depend on the ability to generate expression clones for a whole
proteome, including the necessary posttranslational modifications, as well as the devel-
opment of highly specific antibodies and accurate quantification methods.
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At present, limited arrays of antibodies for specific families of proteins do exist. Cyto-
kines, e.g., are an extremely well-studied group of molecules for which multiple antibody
reagents are available. Samples such as plasma or urine are incubated on a chip of arrayed
antibodies, which are simultaneously screened for multiple analytes. It must be noted, how-
ever, that complexing assays onto one chip or slide is a daunting task, because antibodies
have different affinities for their ligands, which, in turn, are present across a broad range
of concentrations in any given pathological condition. Furthermore, crossreactivity stud-
ies must be performed with the addition of each new feature to the existing array. How-
ever, this type of “focused proteomics,” by its nature incapable of novel discovery, may
ultimately prove valuable in establishing panels of biomarkers that provide useful com-
plementary information to guide diagnosis or therapeutic interventions.

CLINICAL
Considerations for Experimental Design

Certain features unique to cardiovascular conditions will influence the choice of proper
experimental design. Whereas chronic conditions might lead to altered gene expression
and changes in protein levels, acute insults will more likely induce rapid posttranslational
modifications of preexisting proteins. The need to capture these modifications would also
favor the use of certain analysis techniques. Similarly, the short time scale of evolution
for acute cardiac conditions and the rapidity of proteome modulation must be considered,
and both argue for multiple observations at specific time points.

Plasma Proteomics in Cardiovascular Disease
The plasma proteome is unique in that it does not represent a particular cellular genome

but, instead, reflects the collective expression of all cellular genomes. It has thus far been
poorly characterized. Twenty-two of the most abundant proteins, including albumin and
the immunoglobulins, comprise 99% of the plasma proteome mass. Many of the biologi-
cally interesting molecules relevant to cardiovascular disease (CVD) are low-abundance
proteins. For example, cardiac markers such as troponin are found in the nanomolar range,
insulin in the picomolar range, and tumor necrosis factor-α in the femtomolar range. In
all, there are an estimated 10,000 unique proteins in the plasma, with concentrations
spanning a dynamic range over 9 orders of magnitude (Fig. 5). However, some hypothe-
size that the entire set of more than 300,000 estimated human polypeptide species resulting
from splice variants and posttranslational modifications is potentially represented in the
plasma proteome. This is possible because the protein content of plasma consists not only
of expected circulating proteins such as albumin and immunoglobulins (Igs), but also, less
expectedly, of proteins from all functional classes and cellular localizations (Fig. 6). A sur-
prising majority of the lower-abundance proteins in plasma actually consists of intracellu-
lar or membrane proteins, present as a result of cellular signaling, apoptosis, or necrosis.
Efforts to catalog the human plasma proteome using multidimensional separation strat-
egies coupled to MS/MS have led to the identification of more than 1000 unique proteins.

Some investigators have suggested focusing on proteins whose mRNA messages
contain motifs suggestive of secreted proteins. As noted, however, analysis of the normal
human plasma proteome to date suggests the presence of a vast array of proteins that are
not believed to be secreted. Many appear to be surface proteins that may be cleaved in
yet unappreciated manners. In any case, because the blood has no single mRNA source,
direct analysis of proteins or metabolites is necessary.
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In theory, all diseases lead to perturbations detectable in the blood because almost all
cells communicate with plasma, which acts as the common transport conduit of cellular
secretions, tissue leakage products, and waste. This makes plasma potentially the most
informative proteome from a diagnostic viewpoint. There are also substantial practical
advantages to analyzing human plasma for proteomics-based biomarker discovery. Blood
represents an easy, inexpensive, and rapidly sampled source for study and may have
particular relevance to CVDs in which blood itself is the site of pathology. Blood is also
suitable for repeated sampling, both in greater quantity and with less tissue heterogeneity
and sampling error compared with biopsy. Because multiple tissues ultimately contrib-
ute to the pool of circulating proteins, changes in the plasma proteome can also reflect
disease involvement of other organs as well as associated pathophysiology at distant
sites. For example, troponin, released from the heart, and C-reactive protein, derived from
the liver, arise from different tissues but contribute jointly as complementary markers of
cardiac status (7). Other yet-to-be discovered molecules, perhaps those reflecting hemo-
dynamic compromise, might be generated by organs such as the kidneys. Thus, although
analysis of specific proteomes, such as of cardiomyocytes or endothelial cells, provides
clues on individual components of the disease process, the study of proteomic patterns
in the blood offers a more comprehensive framework for biomarker discovery by pro-
viding global measurements of all system constituents.

Plasma Proteomic Signatures
Perturbations of the proteome that arise as either a cause or consequence of disease

manifest as particular patterns of proteins in the blood. This patterning concept has been
the basis for recent efforts to discover proteomic “signatures” in serum. Mass spectrom-
eters can rapidly generate well-defined sets of proteomic peaks from a sample across a
broad range of mass/charge. A growing controversy is whether such “protein signatures”

Fig. 5. Complexity of human plasma. (From ref. 5.)
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can be used to distinguish accurately disease states from normal. A significant time advan-
tage of direct profile comparisons derives from skipping the far more laborious task of
unambiguously identifying the proteins that underlie the peaks. Thus, rapid screening of
patient samples is possible. By virtue of their inclusion of multiple proteins, such signatures
may have increased diagnostic sensitivity over single protein biomarkers. Most serum pro-
files to date have been performed in the context of various cancers, including those of the
ovary, breast, prostate, and liver. In one highly publicized effort, it was demonstrated that
MS coupled with an artificial intelligence algorithm could distinguish ovarian cancer
from normal controls with an unprecedented 100% sensitivity and 95% specificity (8).

Using a pattern of peaks to diagnose disease without knowing the represented proteins,
however, raises some concerns. One issue is that of reproducibility. Because most mass
spectrometers were not designed as clinical tools, it is hard to generate consistent results
from machine to machine or from operator to operator. Some contend that the patterns
are mostly “noise” and do not discriminate biologically meaningful information. Indepen-
dent reanalysis of the cancer proteomics data has cast some doubt regarding bias and valid-
ity of the data. Without unequivocal protein identifications, one cannot independently
confirm findings with complementary technologies such as enzyme-linked immunosorbent
assay. Others contend that the peaks profiled by the methodologies used to date only rep-
resent the most abundant plasma protein constituents. Such proteins are unlikely to have
been released or induced into circulation by very small tumors or their microenviron-
ments. Supporters argue that even when noted peaks are derived from abundant proteins,
or represent unusual modifications of abundant proteins such as Ig or albumin, their role
as biomarkers is not diminished. The most important consequence of not unequivocally
identifying proteins, however, is that little insight is gained into the biology, either to
understand disease pathways through basic cellular mechanisms or as a check on the
biological consistency and reasonableness of the data. Thus, despite the impressiveness of

Fig. 6. Protein composition of human plasma. (From ref. 6.)
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the results, explaining the data requires one to invoke novel biological hypotheses. Blinded
prospective studies must ultimately be organized to better address the controversy.

Researchers have begun to apply protein profiling to CVD, specifically investigating
serum signatures of MI. One team of researchers has attempted to identify patterns in the
serum of patients with MI (9). These researchers a diagnostic series of peptide peaks dif-
ferentially expressed in diseased sera. Ultimately, several peaks were found to relate to
complement and fibrinogen products. The researchers acknowledged that the reported pat-
terns were influenced by storage and handling conditions, thus underscoring the impor-
tance of sample quality in proteomics studies. Again, prospective validation of such find-
ings in new epidemiological cohorts is critical.

CHALLENGES AND PERSPECTIVES

Clinical proteomics is currently undergoing a revolution. Advancing instrumentation
and computational methodologies are allowing not only exploration but also quantification
of the proteomes of biological tissues and fluids on a wide scale. Fueling these advances
is the notion that every disease will create characteristic changes that are reflected in the
tissue or plasma proteome. This is a systems biology approach, in which all concurrent
processes of a cell or tissue can be monitored in defined physiological states. The remarka-
ble degree of information made accessible by proteomics also moves the field closer to
more individualized forms of medicine, in which one becomes aware of not only disease
perturbations, but also the even greater normal biological variations within and between
healthy individuals.

Despite the great need for additional biomarkers, The Food and Drug Administration
has only approved about one new diagnostic per year over the past decade. Proteomics pro-
files promise to transform clinical diagnostics, especially for the majority of conditions
that are multifactorial in nature and unlikely to have single, specific markers. However,
the field is still in its infancy. There is lack of consensus and standardization in technology
and techniques. Several fundamental issues remain unresolved regarding the best way to
collect and store samples, in part because one cannot anticipate all future needs from sam-
ples stored presently. Which sample to choose is sometimes not obvious, because there
are many proteomes, not just one. One can therefore choose to look at any subproteome
in any biological tissue, focusing on proteins or posttranslational modifications. Bioinfor-
matics is perhaps the biggest bottleneck currently. Identification of proteins continues to
be a slow process. Data from one experiment may take several weeks to months or years
to analyze fully. Faster automation as well as more accurate mass determinations, more
reliable protein databases to accelerate protein identifications, and greater software sup-
port is needed to realize the true potential of proteomics. Finally, the facts that MS is highly
sensitive and there is currently a lack of bioinformatics standardization make it critical
that any suspected proteomic changes be thoroughly reviewed and verified, while address-
ing any inadvertent biases or artifacts of collection, handling, storage, or analysis.

In searching for novel biomarkers, one begins with broad-based screening because
often little is known about the pathways involved. Whether these findings translate into
clinical utility will ultimately depend on the ability to develop high-throughput assays.
The overarching goal, however, is to relate findings back to biology to characterize the
molecular mechanisms of disease. Proteins, their functionally relevant modifications, and
binding partners must all be placed in cellular pathways in order to generate new hypoth-
eses leading to future therapeutics. The scope of expertise relevant to such endeavors will
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necessarily involve increasing collaborative efforts among clinical investigators, labora-
tory scientists, and bioinformatics specialists.
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SUMMARY

For classic “Mendelian” genetic diseases, a single gene is responsible. A rare muta-
tion in that gene causes a dramatic change in protein concentration or function that is
both necessary and sufficient to cause the disease, and environmental factors play a small
or nonexistent role. Examples in cardiology include familial hypercholesterolemia, famil-
ial hypertrophic cardiomyopathy, Marfan syndrome, and congenital long QT syndrome.
By contrast, for complex genetic diseases, multiple genes are involved and environ-
mental factors play a large role. Variants in any single gene therefore tend to be asso-
ciated with far more modest effects and are neither necessary nor sufficient to cause the
disease. The genetic variants responsible for these modest effects tend to be more com-
mon (>1% prevalence) and, by convention, are called polymorphisms, rather than muta-
tions. Most of the common diseases in cardiology fall into this category, including
hypertension, atrial fibrillation, and coronary heart disease (CHD). Currently, no gene-
tic markers are ready for widespread adoption as risk factors for CHD. Yet, there are
several promising, biologically plausible candidates. Researchers are now designing
larger and better studies in order to maximize the chances of detecting subtle but likely
important contributors to CHD.

Key Words: Genetics; genome; prognosis; diagnosis.

SIMPLE VS COMPLEX GENETIC DISEASES

One hundred forty years ago, Gregor Mendel, an Austrian monk, presented his obser-
vations on the inheritance in the garden pea plant of certain traits, including seed color
and texture (1). Mendel described three properties of heritable factors: that there was a
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unit of inheritance that produced an observable trait (now known as a gene), that heritable
factors for a given trait segregated independently (Mendel’s First Law), and that for two
different traits the heritable factors assorted independently (Mendel’s Second Law).

However, Mendel’s laws ran counter to the prevailing school of thought at that time,
which postulated a blending of parental characteristics in offspring. Galton and Pearson
had convincingly observed that several anthropometric traits appeared to follow the
blending theory. A clear example was height, for which children’s phenotype tended to
be midway between their two parents, rather than replicating one parent or the other. This
controversy was resolved in 1918 when Ronald Fisher delineated the notion of polygenic
inheritance (2).

For classic “Mendelian” genetic diseases, a single gene is responsible. In that gene a rare
mutation causes a dramatic change in protein concentration or function that is both neces-
sary and sufficient to cause the disease. The role that environmental factors play is small
or nonexistent. Examples of Mendelian genetics include Mendel’s garden pea seed color
and texture and the human diseases of sickle cell anemia, cystic fibrosis, and Huntington
disease. Examples in cardiology include familial hypercholesterolemia, familial hyper-
trophic cardiomyopathy, Marfan syndrome, and congenital long QT syndrome.

By contrast, multiple genes are involved in complex genetic diseases, and environ-
mental factors play a large role (Table 1). Variants in any single gene therefore tend to be
associated with much more modest effects and are not necessary or sufficient to cause
the disease. The genetic variants responsible for these effects are usually more common
(>1% prevalence) and are called polymorphisms, rather than mutations. Gene–gene inter-
actions (epistasis) and gene–environment interactions can be significant. Most of the com-
mon diseases in cardiology fall into the category of complex genetic disorders, including
hypertension, atrial fibrillation, and what is the focus of this chapter: coronary heart disease
(CHD).

Although diseases are thought of as discrete outcomes, to understand complex genetic
disorders, it may be easier to conceptualize the genetic effect as influencing an intermediate
quantitative trait with a Gaussian distribution. The presence of the variant allele causes
a shift in the distribution of the trait. Other genes and environmental factors may also influ-

Table 1
Simple (Mendelian) vs Complex Human Diseases

                    Simple Complex

Examples Familial hypercholesterolemia, Hypertension, CHD,
hypertrophic cardiomyopathy, atrial fibrillation
Marfan syndrome, congenital
long QT syndrome

Frequency Rare Common
Number of genes involved Single Multiple

Effect of mutation on protein Severe Mild

Effect of mutation on phenotype Large Small

Relative importance Small Large
of environmental factors
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ence the trait. Disease occurs when the trait exceeds a certain threshold. In the case of a
simple Mendelian disorder such as sickle cell anemia, a substitution of valine for glutamic
acid as the sixth amino acid in the β-globin chain in hemoglobin causes a very large shift
in the solubility of deoxygenated hemoglobin. Leaving aside the other rare Mendelian
hemoglobinopathies, other genetic and environmental effects are sufficiently minor so
that individuals who are homozygous for the mutation have the disease sickle cell anemia,
and those who are not do not have the disease.

By contrast, for a complex disorder such as myocardial infarction (MI), a polymorphism
in a gene encoding a receptor that is located on the surface of a platelet may cause a subtle
shift in platelet aggregability. This shift increases the risk of MI but alone is not sufficient
to cause an MI, and the majority of individuals with this polymorphism will never develop
an MI. However, when a nongenetic risk factor is superimposed, such as coronary artery
atherosclerotic plaque rupture, in an individual with the prothrombotic polymorphism
the disease threshold may be crossed, and the individual may develop an occlusive coro-
nary thrombus and have an acute MI (AMI), whereas in a wild-type individual the ruptured
site may simply heal over.

ESTABLISHING GENETIC
DETERMINANTS OF COMPLEX DISEASES

Before attempting to define the specific genetic components of a human disease, one
must first establish that there is evidence for a genetic contribution. For MI, several studies
have demonstrated higher rates of MI among relatives of patients who died from MI than
among relatives of healthy control subjects (3–7). Subsequent twin and adoption studies
have confirmed a significant genetic component to coronary artery disease (CAD) and vas-
cular death, with the risk of death from CAD eightfold higher if a monozygotic twin died
of CAD (8,9). Thus, there is compelling evidence that there can be a genetic component
to CHD, and to that end a family history of CHD is an established risk factor for MI.

Linkage Analysis
For Mendelian disorders, family studies using linkage analysis of random genetic mark-

ers has been the typical approach. Linkage analysis relies on the cosegregation of known
polymorphic DNA markers with nearby but unknown disease-causing alleles in families.
The use of restriction fragment length polymorphisms (RFLPs), polymorphic microsatel-
lite loci, and single-nucleotide polymorphisms (SNPs) has allowed fine mapping and posi-
tional cloning. However, linkage analysis has not proven successful in complex disorders
owing to a high false-positive rate (10). By contrast, population association studies using
a candidate gene approach investigate the nonindependence of putative disease-causing
genotype and the disease phenotype in a collection of nonrelated individuals. This approach
has been the most common one to complex genetic disorders (11). As high-throughput
genetics has become possible, larger and larger numbers of candidate genes can be assessed
simultaneously (12). Haplotypes are specific combinations of adjacent SNPs. They poten-
tially offer greater precision if the SNPs being tested may not be causal, but in tight linkage
disequilibrium with nearby but unknown disease-causing variants. In those cases, recom-
bination between the marker SNP and the disease-causing variant will erode the associa-
tion in some patients and lead to confusing results. The presence of two SNPs, potentially
flanking the disease-causing variant, increases the likelihood of maintaining linkage with
the disease-causing variant. In addition, haplotype tagging can be used to reduce geno-
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typing efforts and focus on the few key SNPs that define haplotype blocks (13). Researchers
have also employed high-density genomewide scans using random markers and relying
on linkage disequilibrium (14).

Association Studies
Genetic association studies have their own limitations, of which it is vital to be cognizant

(Table 2). Genetic heterogeneity occurs when different genotypes can lead to the same phe-
notype. Allelic heterogeneity occurs when different alleles of the same gene lead to the
same phenotype. Genotyping error, estimated to occur at a rate of 1–3% (15), adds noise
to the signal. In general, it biases toward the null, although genotyping errors that happen
to move cases in or out of small groups (typically homozygotes for the rare allele) can also
lead to false positive associations. Gene–gene (epistasis) and gene–environment inter-
actions can further complicate the picture, making associations apparent in one popula-
tion and not in another. Phenotypic heterogeneity refers to variability in case or outcome
definitions. For example, the genetic determinants of atherosclerosis and AMI may be very
different. In general, the more restrictive and specific the case definition, the easier it will
be to detect an underlying genetic contribution. Phenocopy is related and refers to an
environmentally caused phenotype that mimics the genetically caused phenotype. For
example, both a 45-yr-old man and a 75-yr-old man can have an MI. In the former individ-
ual, genetic factors may have played a critical role, whereas in the latter, environmental fac-
tors such as long-standing hypertension, hyperlipidemia, and diabetes may have been the
driving factors.

Table 2
Limitations to Genetic Association Studies

Genotype
Genetic heterogeneity: when the same phenotype is caused by polymorphisms in different

genes
Allelic heterogeneity: when the same phenotype is caused by different alleles of the same

gene
Genotyping error: misassignment of genotype
Epistasis: when the effect of a genotype depends on the presence of another genotype
Gene–environment interactions: when the effect of a genotype depends on the presence

of an environmental factor
Phenotype

Phenotypic heterogeneity: nonhomogeneous cases
Phenocopy: environmentally caused phenotype that mimics the genetically caused phenotype

Statistical issues
Confounding: a type of bias in which an artifactual association between a predictor and an

outcome is caused by a third factor independently associated with both the predictor and
the outcome

Population stratification: a nonethnically homogeneous study population in which one
ethnic group is overrepresented in cases and also happens to have a higher prevalence
of certain non-disease-causing genetic variants

Small sample size: a design flaw that predisposes to false-negative studies (type II error)
Multiple testing: analyses that, without proper adjustment, predispose to false positive

studies (type I error)
Publication bias: the observation that positive studies are more likely to be published than

negative studies
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Confounding is a concern in any association study. To be cost-effective, most of these
studies employ a case–control design. As with any case–control study, a critical factor
is the selection of suitable control subjects so as to minimize confounding. This problem
is minimized when a cohort design is used or when a case–control study is nested within
a prospective cohort. Population stratification is a special type of confounding in genetic
studies that can occur whenever a nonethnically homogeneous population is studied (16,
17). For example, MI may be more prevalent in an ethnic group owing to a variety of gene-
tic and environmental factors (e.g., poor diet, obesity, limited access to medical care and
primary prevention therapies). Any polymorphism that occurs more frequently in that
ethnic group, even if it is unlinked to disease-causing loci, will spuriously appear to be
associated with MI. Genomic control is a technique to control for potential population
stratification, in which a series of random markers is genotyped in addition to the can-
didate loci (18–20). χ2 test statistics for independence for the null loci are computed and,
based on their variability and magnitude, a multiplier (λ) is derived to adjust the critical
value for significance tests for the candidate loci.

Small sample size is a frequent limitation in genetic association studies. The excess risk
or benefit associated with a polymorphism is likely to be modest in magnitude. It would
require close to 3000 case–control pairs to have 80% power at the two-sided 5% signifi-
cance level to detect a minor allele that had a frequency of 0.10 and in a dominant model
was associated with a 20% increase in the risk of a given outcome. The converse is an even
greater problem. Multiple testing can lead to false-positive associations and is one of the
major limitations to association studies. With 30,000 genes and an estimated 10 million
SNPs, the number of possible association tests is enormous. Strict Bonferroni correction
can lead to an overly cautious approach that misses true associations (21). Other tech-
niques have been developed to control experimentwise error rates including setting the
false discovery rate and doing permutation testing (22,23). Lander and Kruglyak (24), as
well as others, have proposed replication by other studies as a requirement before proclaim-
ing a confirmed association. In a recent article published in Nature Genetics, Lohmueller
et al. (25) reported on a meta-analyses that they conducted of 301 published studies for 25
different reported significant genetic associations. Less than half of these associations were
replicated on meta-analysis. These investigators found that two studies with p < 0.01 or a
single study with p < 0.001 was strongly predictive of future replication. Publication bias
can limit the utility of meta-analyses because positive studies tend to be published whereas
negative studies are not (26). Funnel plots, which are plots of the estimates of effect size
in each study against the sample size in that study, may be useful to assess the validity
of meta-analyses (27,28). In an analysis of meta-analyses of genetic association studies,
Ioannidis et al. (29) found that in only 16% of meta-analyses was the genetic association
significant and replicated without evidence of heterogeneity or bias. In general, larger
studies yielded more conservative genetic effect estimates than did smaller studies.

Finally, it is important to remember that statistical association is not proof of causality.
A polymorphism associated with a disease may not be the causal variant but, rather, be
in strong linkage disequilibrium with the true causal variant within the same gene or even
potentially in nearby genes. This can lead to inconsistencies among studies if the true causal
variant arose in different genetic backgrounds in different populations. Molecular biology
studies are usually required to unravel the true underlying pathophysiology.

Lusis (30) recently estimated that hundreds of genes are involved with cardiovascular
disease (CVD) (Fig. 1). At the same time, genotyping has become easier to do and, hence,
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Fig. 1. Candidate genes for genetic susceptibility to CHD during (A) lesion formation and (B) plaque
rupture. (From ref. 133, with permission.)
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the number of publications on genetic polymorphisms has risen exponentially (31). In
2004 alone there were 6700 publications. Cataloguing all the genetic studies of all the
forms of CVD is well beyond the scope of this chapter. Instead, I focus on CHD and
review seminal genetic association studies that illustrate the limited successes achieved
to date and the many hurdles that researchers still face.

CANDIDATE GENES
Glycoprotein IIIa

ASSOCIATION WITH CHD
One of the first genetic variants to receive widespread attention as a putative prothrom-

botic polymorphism was the PlA2 allele of the glycoprotein (Gp) IIIa receptor. This pro-
tein is a key subunit in the GpIIb/IIIa receptor, which is found on the surface of platelets,
binds fibrinogen, and mediates platelet aggregation. In a case–control study published in
1996 involving 71 patients admitted with an acute coronary syndrome (ACS) and 68
inpatient control subjects without known heart disease, carriage of the PlA2 allele was
associated with an increased risk of ACS (odds ratio [OR]: 2.8; 95% confidence interval
[CI]: 1.3–5.9) (32). This effect was even more pronounced in those <60 yr of age (OR: 6.2;
95% CI: 2.0–19.0). Two months later, the same investigators took personalized medicine
a step further, revealing that, in collaboration with physicians at Lake Placid, they had
thawed a stored blood sample from figure-skating gold medalist Sergei Grinkov, who,
at age 28, had died suddenly of an MI while training (33). Genotyping revealed that Grinkov
carried the PlA2 allele. Additional small studies seemed to support the association between
the PlA2 allele and premature MI, stent thrombosis, and restenosis (34–36). In addition,
several in vitro studies suggested that the PlA2-positive platelets were more easily activated
and more readily aggregated (37,38).

Despite these encouraging initial observations, subsequent case-control studies nested
in large cohorts failed to show any association between the PlA2 allele and MI (39,40). In
addition, a large study involving 1000 case–control pairs failed to show any association
between the PlA2 allele and adverse cardiovascular events after percutaneous coronary
intervention (PCI) (41). Two subsequent meta-analyses combined data from up to 34
studies (almost all of them case–control) involving 17,000 individuals (42,43). The
analyses did not include the same studies and employed slightly different methodologies.
Nonetheless, the results were similar in that in both meta-analyses carriage of the PlA2

allele was associated with at most a modest risk of CAD (OR: 1.06; 95% CI: 0.97–1.16;
and OR: 1.10; 95% CI: 1.03–1.18). In both analyses, the risk was numerically, if not sta-
tistically, greater in those <60 yr of age and in women. A subsequent cohort study involv-
ing more than 9000 individuals participating in the Copenhagen City Heart Study did not
provide evidence for an association between PlA2 heterozygotes and MI (adjusted OR:
1.0) (44). However, the investigators highlight that the subgroup of male PlA2 homozy-
gotes <40 yr of age (n = 37) had an increased risk of MI compared with PlA1 homozygotes
(adjusted OR: 3.8; 95% CI: 1.0–15).

This saga illustrates several important and related points. As noted earlier, the true
effect of prothrombotic polymorphisms is likely to be small, on the order of only a 10–20%
increase in risk. The small size, however, of many genetic association studies means that
only large effects will reach nominal statistical significance. Unfortunately, positive stud-
ies with statistically significant associations are more likely to be published than negative
ones. This is illustrated in both of the aforementioned meta-analyses, in which weighted
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funnel plots showed clear asymmetry, with smaller studies reporting larger ORs than larger
studies. This often translates into what has been dubbed the “winner’s curse,” in which
the first exploratory study to report an association claims a magnitude of effect that is ulti-
mately found to be far less robust in larger follow-up studies.

PHARMACOGENOMIC OBSERVATIONS

Of special interest in the case of the GpIIb/IIIa receptor is the fact that the receptor has
also been the focus of pharmacological intervention. Therefore, the study of pharmacoge-
nomic interactions is very promising. GpIIb/IIIa inhibitors block platelet aggregation and,
hence, are potentially useful antiplatelet medications in ACSs. The Orbofiban in Patients
with Unstable Coronary Syndromes (OPUS)-TIMI 16 trial was a phase 3 clinical trial eval-
uating the oral GpIIb/IIIa inhibitor orbofiban in 10,288 patients with a recent ACS (45).
Genetic analyses were done in a subset of 1014 patients (46). In those patients who were
at high risk of recurrent cardiac ischemic events, there was a trend toward a higher rate of
death, MI, recurrent ischemia, or stroke in patients with the PlA2 allele (relative risk [RR]:
1.26; 95% CI: 0.91–1.76) and a dose–response effect (event rate of 15.4% in PlA1/A1

patients, 18.4% in PlA1/A2 patients, and 22.7% in PlA2/A2 patients). In particular, the rate
of MI was significantly higher among PlA2 allele carriers (RR: 2.71; 95% CI: 1.37–5.38).

In the overall trial cohort, orbofiban did not affect the rate of the primary end point.
However, on stratification by genotype, a more complex picture emerged. Treatment with
orbofiban was associated with an RR of the composite end point of 0.73 (95% CI: 0.51–
1.06) among PlA2 allele noncarriers, whereas it was associated with an RR of 1.37 (95%
CI: 0.75–2.51) among PlA2 allele carriers. These differences were even more striking for
MI, for which the RRs with orbofiban were 0.59 (95% CI: 0.23–1.53) and 2.46 (95% CI:
0.70–8.67), respectively, among PlA2 allele noncarriers and carriers (Pinteraction = 0.08).
Similar patterns were seen for bleeding, in which the RRs were 1.87 (95% CI: 1.29–2.71)
among PlA2 allele noncarriers and 0.87 (95% CI: 0.46–1.64) among PlA2 allele carriers
(Pinteraction = 0.05).

It is proposed that these findings may be explained by orbofiban acting as a partial ago-
nist for the GpIIb/IIIa receptor on PlA2-positive platelets. Platelet function studies with
orbofiban suggest that the drug can induce α-granule degranulation, P-selectin expres-
sion, conformational changes in the GpIIb/IIIa receptor, and fibrinogen binding (47,48).
The results of the OPUS-TIMI 16 genetic substudy raise the possibility that orbofiban
acts as an antagonist in PlA2 allele noncarriers (reduction in thrombotic events and increase
in bleeding) but as a partial agonist in PlA2 allele carriers (increase in thrombotic events,
no effect on bleeding).

Angiotensin-Converting Enzyme
Another gene that has undergone intense investigation is the angiotensin-converting

enzyme (ACE) gene. A common variant consisting of a 287-bp Alu insertion element in
intron 16 was reported in 1990 (49). Alu elements are the most common example of short
interspersed elements, which represent reverse transcripts of RNA sequences that have
become embedded in the genome (50). Of note, this variant is associated with differences
in serum ACE levels and accounts for nearly half the interindividual variance of ACE
levels, with the deletion allele associated with higher circulating levels. Although the
insertion/deletion (I/D) polymorphism itself is not believed to be functional, it appears
to be in tight linkage disequilibrium with a variant that is (51). Two years after the initial
report of this polymorphism, investigators from Etude Cas-Temoin de l’Infarctus du Myo-
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carde reported the results of a nested case–control study in which homozygosity for the
deletion allele was associated with a substantially increased risk of MI (OR: 1.34; 95%
CI: 1.05–1.70) (52). More than a dozen studies followed, and 4 yr later a meta-analysis
involving 3394 cases and 5479 controls appeared to confirm the association between the
DD genotype of the ACE I/D variant and the risk of MI, with an OR of 1.26 (95% CI:
1.15–1.39) (53).

However, most of the studies contributing to this meta-analysis were small. A large-
scale case–control study using nearly 5000 cases from the ISIS-3 trial and nearly 6000 con-
trols revealed a much smaller risk for MI with the DD genotype (RR: 1.10; 95% CI: 1.00–
1.21) (54). Performing meta-analyses stratified by study size, Keavney et al. (54) found
that among 35 small studies (<200 cases each) the combined RR was 1.57 (95% CI: 1.38–
1.78), whereas among 14 larger studies (≥200 cases each) the combined RR was 0.99
(95% CI: 0.90–1.08). This stratification illustrates how the validity of a meta-analysis
depends on the quality of the individual studies that are combined. Given the small effect
sizes anticipated and the effect of publication bias, definitive evidence for genetic asso-
ciation usually requires large-scale trials.

The relationship between the ACE I/D polymorphism and several other cardiovascu-
lar outcomes has also been examined. More than a dozen studies have examined whether
this polymorphism is associated with restenosis after PCI. One meta-analysis calculated
the combined OR to be 1.22 (95% CI: 1.04–1.44) (55). However, there appeared to be
evidence of publication bias. A second meta-analysis illustrated this when combined ORs
where stratified by trial size. In trials that involved fewer than 100 cases, the combined OR
was 1.94 (95% CI: 1.39–2.71), in those with 100–200 cases it was 1.33 (95% CI: 0.92–1.93),
and in those with more than 200 cases it was 0.92 (95% CI: 0.72–1.18) (56). Thus, as with
MI, it is doubtful that the ACE I/D polymorphism plays a major role in restenosis. A priori
the most logical end point to examine for an ACE gene variant is hypertension. Multiple,
small case–control studies yielded conflicting results and a sib-pair linkage study was
negative (57). In a large cohort derived from the Framingham Heart Study, there did
appear to be an association between the DD genotype and hypertension in men (adjusted
OR: 1.59; 95% CI: 1.13–2.23), but not in women (adjusted OR: 1.00; 95% CI: 0.70–1.44)
(58). Further study, including appropriately powered exploration of pharmacogenomic
interactions between this polymorphism and the utility of ACE inhibitors, is needed.

Methylenetetrahydrofolate Reductase
Hyperhomocysteinemia has been associated with an increased risk of CAD (59,60).

Methylenetetrahydrofolate reductase (MTHFR) is an enzyme that catalyzes the metabo-
lism of homocysteine via remethylation to methionine. In 1988, Kang et al. (61) described
a thermolabile variant of MTHFR that was associated with decreased enzymatic activity
and higher circulating concentrations of homocysteine. Several years later, Frosst et al.
(62) identified the genetic basis for this variant: a 677 C/T or Ala222Val polymorphism
in MTHFR. Two case–control studies, one from Ireland and one from the Netherlands,
suggested that individuals homozygous for the variant allele were at a significantly in-
creased risk of CAD (63,64). However, multiple other studies based in North America
failed to find any association between MTHFR genotype and CAD (65–70). A meta-anal-
ysis of 40 studies, incorporating 11,162 cases and 12,758 controls, looked for evidence
of significant publication bias but found none (71). Rather, a more biologically complex
pattern was revealed. Overall, individuals homozygous for the TT genotype had a modest
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but statistically significant increased risk of CAD (OR: 1.16; 95% CI: 1.05–1.28). How-
ever, in European populations, the OR was 1.14 (95% CI: 1.01–1.28) whereas in North
American populations the OR was 0.87 (95% CI: 0.73–1.05). It is known that use of vita-
min supplementation, including folate, is higher in North America than in Europe (72).
It is also known that the increase in homocysteine levels seen with the T allele is present
only in the setting of low folate levels (73). In fact, when patients were stratified by folate
status, the OR was 1.44 (95% CI: 1.12–1.83) in patients with low folate levels and 0.99
(95% CI: 0.77–1.29) in those with high folate levels. This gene–environment interaction
illustrates a further potential layer of complexity when analyzing genetic data.

Endothelial Nitric Oxide
Ten SNPs have been identified in the eNOS gene, which encodes endothelial nitric oxide,

an atheroprotective molecule. In a case–control study from Japan, there was a significant
association between carriage of the Asp variant of the Glu298Asp SNP and MI (OR: 1.5;
95% CI: 1.2–1.8) (74). Subsequent case–control studies derived from Japanese and British
populations confirmed the association, although the excess risk of MI was confined to indi-
viduals homozygous for the Asp variant (75,76). However, other studies have failed to
demonstrate an association with MI (77,78), and no studies have found an association with
extent of CAD. Other case–control studies have examined other SNPs and have reported
associations between the 4a allele of intron 4 and MI (79,80), and the C allele of the �786
T/C promoter variant and multivessel CAD as well as endothelial dysfunction (81,82).
There is evidence that each of these polymorphisms can alter endothelial nitric oxide syn-
thase levels or function (83–85). A meta-analysis including 9867 cases and 13,161 controls
found that homozygosity for the 298Asp allele (OR: 1.3; 95% CI: 1.1–1.5) and homozy-
gosity for the 4a allele (OR: 1.3; 95% CI: 1.0–1.8), but not the −786C allele, was associated
with ischemic heart disease (86).

Estrogen Receptor
Epidemiological studies have demonstrated that, compared with men, premenopausal

women are relatively protected from the development of CVD. This difference has been
attributed to estrogen and its effects on atherosclerosis, thrombosis, and inflammation. The
relationship, though, is not straightforward, because several clinical trials have shown hor-
mone therapy to be associated with an increased incidence of MI and stroke (87,88). How-
ever, the relevance of estrogen and its receptors extends to beyond women. Estrogen recep-
tors are expressed on macrophages, vascular smooth muscle, and vascular endothelial cells
and can be activated by both estrogen-dependent and estrogen-independent mechanisms.
Several small studies investigated the association between polymorphisms in the estrogen
receptor-α (ESR1) and CVD in both men and women, with varying results (89–91).

The association between genetic variation in ESR1 and CVD was examined in two large
cohort studies. In the first study, using 1739 individuals from the Framingham Offspring
Cohort, the C/C genotype at position −397 in intron 1 was associated with acute MI (adjusted
OR: 3.0; 95% CI: 1.7–5.2) (92). Interestingly, the second study, using 2617 men and 3791
postmenopausal women from the Rotterdam study and examining both the −397 T/C and
−351 A/G SNPs, found that the T-A haplotype was associated with an increased risk of MI
in women, both in those with one copy (adjusted OR: 2.2; 95% CI: 1.1–4.4) and in those
with two copies (adjusted OR: 2.5; 95% CI: 1.2–5.0) (93). By contrast, in men the T-A
haplotype was associated with reduced risk of MI (adjusted OR: 0.82; 95% CI: 0.49–1.38).
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These differences illustrate the complexities of data interpretation even in large, well-
conducted studies. At face value the conclusions appear contradictory (C allele associated
with increased risk in the Framingham study, the opposite T allele associated with increased
risk in the Rotterdam study). However, the results are compatible when taking into account
gender. In the Framingham study, although women constituted half of the study popula-
tion, the small number of MIs in women (5) vs in men (54) means that the increased risk
associated with the C allele was driven by the results in men. An excess risk for the C allele
can also be thought of as a protective effect for the T allele, a trend that was seen in men
in the Rotterdam study. The small number of MIs in women in the Framingham study made
it impossible for investigators  to exclude the C allele from being protective (or the T allele
being harmful) in women, as was observed in the Rotterdam study.

Prothrombotic Polymorphisms
Given that ACSs are owing to intracoronary thrombosis, there has been much interest

in exploring potential links between polymorphisms in genes encoding proteins involved
in the coagulation cascade and the risk of MI. A meta-analysis has reviewed the data on
four such polymorphisms (94). For factor V Leiden, the pooled OR for carriers was 1.26
(95% CI: 0.94–1.07). For the prothrombin G20210A polymorphism, the pooled OR was
0.89 (95% CI: 0.59–1.35). For both these polymorphisms, the association was stronger
for premature MI, with ORs of 1.34 (95% CI: 0.94–1.91) for factor V Leiden and 1.86
(95% CI: 0.99–3.51) for prothrombin G20210A. Individuals homozygous for the plasmin-
ogen activator inhibitor-1 (PAI-1) 4G/5G promoter polymorphism were at an increased
risk of MI (OR: 1.20; 95% CI: 1.04–1.39). However, the effect estimates approached
unity as the individual study size increased, suggesting the presence of publication bias.
Finally, individuals homozygous for the fibrinogen β-455 G/A promoter polymorphism
were at a reduced risk of MI (OR: 0.66; 95% CI: 0.44–0.99). The Atherosclerosis, Throm-
bosis, and Vascular Biology Italian Study Group conducted a case–control study involv-
ing 1210 patients with premature MI (age <45 yr) and 1210 unrelated healthy control
subjects (95). The investigators found no association between polymorphisms in genes
encoding proteins involved in coagulation (fibrinogen β; factors II, V, and VII), platelet
function (GpIa and GpIIIa); fibrinolysis (PAI-1, factor XIII), or homocysteine metabo-
lism (MTHFR).

Lipid Metabolism
Lipids play a critical role in the progression of CAD. This central role has prompted

investigators to examine polymorphisms in genes encoding lipoprotein and enzymes
involved in lipid metabolism. Apolipoprotein B, the protein component of low-density
lipoprotein (LDL), was a logical initial target of interest. In a small case–control study, the
X1 allele of the RFLP defined by the endonuclease XbaI was associated with an increased
risk of MI, although it was not associated with differences in LDL levels (96). Unfortu-
nately, subsequent studies failed to validate the association with clinical events (97,98).
However, they did demonstrate that LDL levels were 8 mg/dL higher in homozygotes for
the variant allele (98).

APOLIPOPROTEIN E
Apolipoprotein E (apoE) is a component of very low-density lipoproteins and, via bind-

ing to receptors on the liver, plays a role in clearing cholesterol from the blood. Three iso-
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forms of apoE are known, apoE2, apoE3, and apoE4, coded by the APOE ε2, ε3, and ε4
alleles, respectively. The ε4 allele has been associated with higher circulating levels of
LDL and an increased risk of CHD in both men (OR: 1.53; p = 0.04) and women (OR:
1.99; p = 0.05) (99). In a meta-analysis of nine studies, using the common ε3 allele as the
reference, the ε2 allele was not associated with an increased risk of CHD (OR: 0.98; 95%
CI: 0.85–1.14) but the ε4 allele was (OR: 1.26; 95% CI: 1.13–1.41) (100). Initial reports
suggested that this risk was dependent on an individual’s smoking status (101), but this
was not confirmed in a large study (102). In the Scandinavian Simvastatin Survival Study
(4S), carriers of the ε4 allele were at a significantly increased risk of dying (RR: 1.8; 95%
CI: 1.1–3.1). Simvastatin treatment appeared to be twice as efficacious in the high-risk
ε4 carriers (mortality risk reduction to 0.33) than in noncarriers (mortality risk reduction
to 0.66), although the formal interaction test was nonsignificant (p = 0.23) (103).

CHOLESTERYL ESTER TRANSFER PROTEIN

Cholesteryl ester transfer protein (CETP) catalyzes the transfer of cholesteryl esters
from high-density lipoprotein (HDL) to LDL, where they can then be taken up by the liver.
Whether CETP is pro- or antiatherogenic remains a matter of debate. LDL particles with
increased cholesteryl ester content are atherogenic, but the reverse transport of choles-
terol from the periphery to the liver is antiatherogenic. Initial studies of the TaqIB RFLP
in CETP demonstrated that B1 homozygotes had HDL levels 5 mg/dL higher than did B2
homozygotes, that B1 carriers had increased progression of coronary atherosclerosis,
and that pravastatin therapy was more effective in slowing the progression of atheroscle-
rosis in B1 homozygotes (104,105). The association between the TaqIB RFLP and HDL
levels was validated in studies from the Framingham Offspring Study and the Veterans
Affairs High-Density Lipoprotein Cholesterol Intervention Trial (VA-HIT) (106,107).
In both of these studies the B1 variant was associated with an increased risk of CHD,
although these associations were no longer significant after adjusting for other cardiac
risk factors. Subsequently, the TaqIB RFLP was studied in the Cholesterol and Recurrent
Events (CARE) trial (108), in which it was associated with HDL levels but not the risk
of cardiovascular end points (109). Two other polymorphisms in CETP have been studied:
Ile405Val and Ala373Pro. In a nested case–control study from the Copenhagen Heart Study,
the 405Val variant was associated with higher levels of HDL in women and an increased
risk of ischemic heart disease in women not treated with hormone replacement therapy
(HRT) (110). Also in the Copenhagen Heart Study, the 373Pro variant was associated with
lower levels of HDL in both men and women and a reduced risk of ischemic heart disease
in women not treated with HRT (111). The possible interaction with HRT may reflect the
fact that HRT alters HDL levels and may override any genetic effects.

OTHER CANDIDATES IN LIPID METABOLISM

Examining 148 SNPs in 10 candidate genes related to lipid metabolism, Chasman et al.
(112) found two tightly linked SNPs (r2 = 0.90) in the HMG-CoA reductase gene (HMGCR)
that were associated with changes in lipid levels with pravastatin therapy. Individuals heter-
ozygous for the variant (6.7% of the study cohort) had a 22% smaller reduction in total
cholesterol and a 19% smaller reduction in LDL. These differences remained significant
after correction for multiple testing. Neither SNP was associated with baseline lipid level,
itself a predictor for the change seen with statin therapy. Both SNPs are located in introns
and are far away from known splicing borders. Thus, these SNPs may be in tight linkage
disequilibrium with the true causal variant.
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As part of a large genotyping project, we have recently found an Ala210Pro polymor-
phism in the ADAMTS-1 gene (which encodes a protein with metalloproteinase, disintegrin,
and thrombospondin domains) that was significantly associated with both clinical out-
comes and the efficacy of statin therapy (113). In 2421 Caucasian males from the CARE
trial (108), the rate of death or MI was 9.5, 12.3, and 17.4% in individuals treated with pla-
cebo with 0, 1, or 2 copies of the 210Pro allele, respectively. By contrast, in those treated
with pravastatin, the rates were 9.5, 9.2, and 4.8%. This translated into a significant treat-
ment interaction between pravastatin therapy and genotype (Pinteraction = 0.049). These find-
ings were then validated in the West of Scotland Coronary Prevention Study (WOSCOPS)
study (114). Figure 2 shows the ORs for death or MI with pravastatin therapy stratified
by genotype in the two trials. When the data from the two trials were pooled, the ORs for
the reduction in death or MI with pravastatin were 0.77, 0.72, and 0.23 in individuals with
0, 1, or 2 copies of the 210Pro allele, respectively (Pinteraction = 0.008).

LARGE MULTILOCUS STUDIES

The advent of high-throughput genotyping has enabled investigators to examine mul-
tiple genetic variants simultaneously in large study populations. Traditional statistical tech-
niques such as the Bonferroni method are likely too conservative. Examination of 50
genotypes would require setting the p value at 0.001. Using the example provided earlier,
with a minor allele frequency of 0.10 and an effect estimate of 1.20, would require close
to 6500 case–control pairs. Other statistical approaches include controlling the false
discovery rate and doing permutation testing (22,23). Finally, investigators have used a
staged approach in which serial association studies are done with increasing conservative
p value thresholds and only polymorphisms that show association in a prior stage moving
forward.

In 2002, Yamada and colleagues published one of the largest genetic association studies
for MI, studying 112 polymorphisms in 71 candidate genes in 5061 unrelated individuals

Fig. 2. Interaction between ADAMTS-1 SNPs and efficacy of pravastatin therapy in two randomized
controlled trials. D, death; MI, myocardial infarction; HTN, hypertension; BMI, body mass index;
SBP, systolic blood pressure; DBP, distolic blood pressure. (Adapted from ref. 113.)
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(134). They started with a screening study of the 112 SNPs stratified by gender in 909 of
the 5061 individuals. Using a threshold of p < 0.1, they identified 19 candidate polymorph-
isms in men and 18 in women (note that with 112 tests and a p value threshold of 0.1, one
would expect approx 11 statistically significant associations just by chance). Interestingly,
of these polymorphisms, only four were common to both gender groups. The investigators
then went on to validate these polymorphisms in the remaining 4152 individuals, with
a p value threshold of <0.001. They found three polymorphisms that met this criterion:
in men, the C1019T SNP in the connexin 37 gene, and in women, the −668 4G/5G pro-
moter variant in the PAI-1 gene and the −1171 5A/6A promoter variant in the stromelysin
gene. In addition, the 242 C/T SNP in the p22phox gene was associated with MI in men, with
a p value of 0.007. Surprisingly, no polymorphisms achieved significant associations in
both men and women. This could be owing to estrogen and other hormonal factors inter-
acting with potential genetic risk factors, or it could be owing to chance.

Two other, smaller multilocus studies have been published. Tobin and colleagues, from
the Centre for Biostatistics and Genetic Epidemiology at the University of Leicester, exam-
ined 58 SNPs in 35 genes in 547 survivors of AMI and 505 control subjects (visitors to
patients with non-CVD who themselves had no history of angina or MI) (135). Using an
uncorrected threshold of p < 0.05, they found significant associations for two SNPs: −629
C/A in the CETP gene and gly460trp in the α-adducin (ADD1) gene. They also examined
haplotypes within 16 genes and found significant associations for the apolipoprotein C III
(APOC3) and paraoxonase (PON1 and PON2) genes. Although polymorphisms in these
genes have been associated with CVD in other studies (115), the lack of correction for mul-
tiple testing tempers the credibility of these being true associations.

The GeneQuest investigators recruited Caucasian families with at least two siblings with
premature, confirmed CAD or MI. Of these 762 siblings, 352 singletons were selected
as case subjects and 418 individuals randomly selected from the population served as
control subjects. They first examined 72 SNPs in 62 vascular biology genes (116). Eleven
SNPs showed a significant association with CAD, MI, or both. Three of these were part
of the thrombospondin (THBS) gene family, which encodes extracellular matrix glyco-
proteins that play a role in cell adhesion, vascular remodeling, coagulation, and angiogen-
esis (117). Homozygotes for an Asn700Ser mutation in THBS-1 were at an increased risk
of CAD, homozygotes for a T→G variant in the 3' untranslated region (UTR) of THBS-2
were at a reduced risk of MI, and carriers of Ala387Pro in THBS-4 were at an increased
risk of MI. However, it should be noted that with 72 SNPs and two end points, there were
144 statistical tests (not even counting the three different models: dominant, additive, or
recessive). When correcting for multiple hypothesis testing, none of the associations main-
tained significance.

In a follow-up study, the investigators examined 210 SNPs in 111 candidate genes (118).
For 40 of the genes, prior associations had been described. In this group, 10 genes were
significantly associated with CAD or MI, including apoE (APOE), ACE (ACE), factor
7 (F7), fibrinogen (FGB), glycoprotein Ib (GP1BA), interleukin-1 receptor antagonist
(IL1RN), LDL 1-related protein (LRP1), MTHFR (MTHFR), selectin P (SELP), and throm-
bopoietin (THPO). Among the remaining novel 71 genes, 11 were associated with CAD
or MI, but after controlling for covariates, only three remained significant: THBS-2,
THBS-4, and PAI-2. Again, no adjustments were made for multiple hypothesis testing.

Subsequent molecular biology studies offer some biological plausibility. In one study,
compared to the asparagine variant, the serine variant of THBS-1 displayed increased plate-
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let surface expression and was associated with the rate and extent of platelet aggregation
(119). In another study, the proline variant of THBS-4 appeared to inhibit endothelial cell
adhesion and proliferation and, thus, was potentially proatherogenic (120). However, in
a larger study of 503 case subjects with premature CAD and 1071 control subjects (121),
Dutch investigators found no association between the Asn700Ser mutation in THBS-1 and
premature CAD. They were able to replicate the protective effect of homozygosity for the
T→G variant in the 3' UTR of THBS-2 and premature MI (OR: 0.44; 95% CI: 0.24–0.84).
In contrast to the GeneQuest investigators, they found that carriers of the 387Pro variant
of THBS-4 were at reduced risk of premature MI (OR: 0.43; 95% CI: 0.22–0.95). Thus, the
role of SNPs in thrombospondin genes in causing premature CAD remains controversial.

GENOME-WIDE SCANS

Although a candidate gene approach in which a gene or genes encoding proteins rele-
vant for cardiovascular biology is intuitively appealing, it is biased and constrained by the
assumptions of the investigators. Therefore, several groups have attempted genome-wide
scans using random, evenly spaced markers. In a study of 156 Finnish families with pre-
mature CAD, significant linkage was found at two loci: chromosome 2q21.1-22 and chro-
mosome Xq23-26 (122). In a study of 99 Indian families with a member who had survived
an ACS at an early age, significant linkage was found with a locus at chromosome 16p13.3
(123). In a study of 513 Western European families with premature MI or CAD, significant
linkage was found at a locus on chromosome 14 (124). Finally, in a study of 61 Australian
sibling pairs with a history of early ACSs, significant linkage was found with a locus at
chromosome 2q36-37.3 (125). Whether the different loci identified in each study reflect
different populations, different phenotypes, or false positives remains unclear. Certainly
replication and finer mapping are warranted.

A group in Japan examined 92,788 SNPs in a large case–control study involving 1133
subjects with MI and 1006 control subjects (126). These investigators identified a candi-
date locus on chromosome 6p21 and within that region found three SNPs in the lympho-
toxin-α (LTA) gene that were strongly associated with MI. Homozygosity for the +10 G/A
allele (OR: 1.78; 95% CI: 1.39–2.27), homozygosity for the +252 A/G allele (OR: 1.69;
95% CI: 1.32–2.15), and homozygosity for the Thr26Asn allele (OR: 1.78; 95% CI: 1.39–
2.27) all were associated with a significantly increased risk of MI. These SNPs defined a
single haplotype tightly linked to MI. Subsequent molecular biology studies demonstrated
that that 10A-252G haplotype displayed greater transcriptional activity, that the 252G
allele bound nuclear factors more strongly, and that the 26Asn allele was more effective
in inducing expression of cellular adhesion molecules.

Using a family with 21 members with an autosomal dominant pattern of CAD affect-
ing 13 of them, a group from a Cleveland clinic employed a genomewide scan using 382
markers with an average interval of 10 cM (127). These investigators found significant link-
age between CAD and one of their markers on chromosome 15q26 with a logarithm of the
odds (LOD) score of 4.19. The candidate region contained 93 genes: 43 known and 50
hypothetical. One of the known candidate genes was a member of the myocyte enhancer
factor-2 family (MEF2A), a transcription factor that may play an important role in angio-
genesis (128–130). The researchers then performed mutational screening and found that
all 10 of the living affected family members had a seven amino acid deletion in a highly
conserved region of the MEF2A gene. They screened 119 unrelated healthy individuals,
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none of whom had the mutation. Cellular localization studies demonstrated that the seven
amino acid mutation caused a marked defect in MEF2A intracellular trafficking, with a
block of MEF2A entry into the nucleus. In transcription activation assays, the mutant
MEF2A protein had only one-third the activity of the wild-type protein and appeared to
act via a dominant-negative mechanism. Although the biology is very compelling, it
should be noted that this association was seen in only one family. In fact, when the inves-
tigators examined three other large families with CAD, there was no linkage to this locus.
Moreover, when they performed mutational analysis in 50 sporadic patients with CAD,
none of them had any mutations in MEF2A.

The deCODE genetics group in Iceland published the results of a genomewide scan in
which they genotyped 296 extended families, including 713 members with a history of MI,
with 1068 microsatellite markers (specific sequences of tandem repeats) (131). These
investigators found reasonably strong evidence of linkage disequilibrium (LOD score of
2.86) with a locus on chromosome 13q12-13. Finer mapping of this area identified the gene
ALOX5AP, which encodes the 5-lipoxygenase activating protein. Sequencing this gene,
they identified a haplotype (HapA, defined by four SNPs) that was carried by 29.1% of the
population and that conferred an RR of MI of 1.80, with a p value after adjustment for mul-
tiple comparisons of 0.005. Interestingly, they attempted to validate these findings in a
separate population derived from a cohort of British individuals. In that group, carriage
of HapA was not associated with a significantly increased risk of MI. However, carriage
of a different haplotype (HapB) was associated with a nearly twofold increased risk of MI
(adjusted p value of 0.046). The different haplotypes associated with MI in the two pop-
ulations may be owing to the fact that the SNPs that define the haplotype are not them-
selves causal. Rather, they may be in tight linkage disequilibrium with the true causal
mutation. However, this mutation may have arisen in different haplotypic backgrounds
in different populations. In support of the role of the eicosanoid pathway in the pathogen-
esis of atherosclerosis, a different research team identified polymorphisms in the pro-
moter region of the gene encoding 5-lipoxygenase (ALOX5) to be associated with carotid
artery intimal-media thickness (132). They also demonstrated significant diet-gene inter-
actions, with n-6 polyunsaturated fatty acids promoting and n-3 marine fatty acids inhibit-
ing development of the atherosclerotic phenotype.

CONCLUSION

Currently, it is clear that no genetic markers are ready for widespread adoption as risk
factors for CHD. Yet, there is good reason to be hopeful. There are several promising, bio-
logically plausible candidates. Learning from early forays, researchers are now designing
larger and better studies in order to maximize the chances of detecting these subtle but likely
important contributors to CHD. The ultimate goal is to be able to identify patients at high
risk of CHD and tailor therapies in order to minimize patients’ morbidity and mortality.
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congestive heart failure,

comorbidity and influence on
interpretation,

diastolic dysfunction, 395, 396
obesity, 396
pulmonary disease, 394, 395
renal insufficiency, 394

diagnostics, 390, 392
inpatient management,
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frequency of testing, 404
high filling pressure, 401, 402



612 Index

therapeutic monitoring, 404, 405
wet and dry peptide levels, 402–404

levels, 360, 361
risk stratification, 397–399
staging, 388
sudden cardiac death prediction, 399
triage of acute dyspnea patients, 392,

393, 396, 397
C-reactive protein levels, 308, 309
chemokine levels, 307
clinical features, 119
economic impact, 388
epidemiology, 388
erythrocyte sedimentation rate, 309
inflammatory cytokine levels and effects,

clinical prospects, 310, 312
disease severity correlation, 303, 304
interleukin-1, 303
interleukin-6, 302, 303
prognostic value, 304, 305
risk assessment in asymptomatic

patients, 306, 307
therapeutic targeting, 305, 306
therapy monitoring, 305
tumor necrosis factor-α, 296–302

myotrophin levels, 441
non-ST-elevation acute coronary

syndrome, 85
peripheral leukocyte subsets, 309, 310
remodeling, 120
ST2 levels, 432, 433
troponin elevation,

combination measurement with B-type
natriuretic peptide, 125, 126

frequency, 120
pathophysiology, 120, 121
prognostic value, 121, 123, 124
prospects for use, 126, 127
therapeutic response, 124, 125

urocortin levels, 437
urotensin levels, 438, 439

Coronary artery bypass graft (CABG),
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discovery, 349
functions and effects,

antiproliferative actions, 357, 358
cardiac contractility effects, 357
central nervous system actions, 359
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urocortin, 435–438
urotensin, 438–440

Herpes simplex virus (HSV), atherosclerosis
role, 334

H-FABP, see Fatty acid-binding protein
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HMG-CoA reductase,

inhibitors, see Statins
polymorphisms and cardiovascular

disease, 598
Hormone replacement therapy, C-reactive

protein response, 254
HSV, see Herpes simplex virus
Human immunodeficiency virus (HIV),

atherosclerosis role, 334
Hypertension,

atrial natriuretic peptide levels, 361
urotensin levels, 438, 439

I

Ideal characteristics, cardiac necrosis
biomarkers, 5, 6

IL-1, see Interleukin-1
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cardiovascular risk assessment, 509
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