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Foreword

The spectrum of unstable coronary syndromes has been the object of steadily increasing
research particularly in respect of novel diagnostic and treatment modalities. Although
the WHO criteria for the diagnosis of acute myocardial infarction have been known for
decades, there is still much debate as to the proper use of these, especially the handling
of biochemical markers. Traditional enzymes have limitations in diagnostic power and
new markers have unclarified applicability with regard to standardisation of assays and
decision limits. Furthermore, the growing understanding of the conception of minimal
myocardial damage in the borderzone between unstable angina pectoris and myocardial
infarction necessitates refinement in the definitions of the various entities within the
kaleidoscope of acute myocardial ischaemia.

There has been a strong impetus within the European Society of Cardiology to
present this subject to a broad audience of cardiologists, and as a consequence the
theme of biochemical markers has become an important constituent of the Education
and Training Programmes of the Society. This book has fundamental implications for
the overall comprehension of this complex area.

This book on myocardial damage, compiled by international experts, will truly
appeal to the basic scientist as well as the clinician searching for updated knowledge of
the pathophysiology and risk stratification of unstable coronary syndromes.

Kristian Thygesen, MD, FESC, FACC

Chairman of the Education and Training Programme Committee
Vice-President of the European Society of Cardiology

The European Heart House

France

November 1997
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Preface

The early detection of myocardial damage is one of the major challenges to
contemporary cardiology. New biochemical markers have now emerged which appear
to be highly sensitive and specific for the assessment of not only patients with
myocardial infarction but those with unstable angina and prolonged chest pains. Some
of these markers such as the troponins have been shown to have prognostic value in the
context of acute chest pain. The incorporation of novel markers of myocardial damage
to the routine diagnostic armamentarium is not without difficulty. The reasons for this
include cost benefit implications, and the lack of definitive comprehensive publications
dealing specifically with these issues. Technical difficulties with some of the novel
markers are also a problem in some cases and this issue also needs to be carefully
reviewed.

A critical analysis of the biochemical characteristics, sensitivity and specificity, as
well as the potential clinical applications of the new markers, is required.

This monographic work addresses these issues and also sets up the basis for a
redefinition of myocardial damage and myocardial infarction. The book will be of
particular interest to biochemists, pharmacologists, cardiologists, general physicians and
clinical and basic researchers. The important issue of myocardial damage in relation to
pharmacological agents has been specifically addressed in the book and this topic will
be of particular interest to both clinical pharmacologists and those working in the
pharmaceutical industry.

We invited international authorities, whose original work and expertise in the field
are widely recognised, to contribute chapters to the book.

Juan Carlos Kaski
and
David W. Holt

February 1998
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Chapter 1

CELLULAR MECHANISMS OF
ISCHAEMIC MYOCARDIAL DAMAGE

Gary F. Baxter

Despite the ancient Greek origins of the word (iscein = to restrict; aima = blood), a
definition of “ischaemia” which is satisfactory and universally acceptable to clinicians
and scientists remains elusive [1]; ancient provenance is no guarantee against
controversy. Myocardial ischaemia develops when coronary blood supply to
myocardium is reduced. Anoxia will develop when blood flow is completely impeded,
whereas severe hypoxia will occur when there is some residual flow either through the
occluded segment of the coronary artery or through collateral vessels. A pivotal factor
in ischaemia is that oxygen supply to the mitochondria is inadequate to support
oxidative phosphorylation [2, 3]. Uncoupling of oxidative phosphorylation rapidly
produces profound biochemical and morphological changes within myocardium, the
severity of which are ultimately determined by (a) the degree of oxygen deprivation and
(b) the duration of impaired oxygenation. Generally, the injurious consequences of
ischaemia are related to the degree of reduction in blood flow or to the duration of
reduced blood flow, or both. Often, in experimental models and in clinical situations,
ischaemia is followed by reperfusion, that is, the re-admission of oxygen and metabolic
substrates. The process of reperfusion is associated with further biochemical and
functional changes in myocardium, which we must also consider. In this chapter I shall
review the key cellular events that occur during ischaemia and reperfusion and relate
these to patterns of injury that may be either reversible or irreversible.

Experimental models of ischaemia and reperfusion

Usually, spontaneous coronary artery occlusion in humans is the result of thrombosis.
The area of myocardium subtended by the occluded vessel is known as the myocardial
risk zone. Unless there is some residual flow through the occluded vessel or some
collateral blood flow, this risk zone will become severely ischaemic. Experimental
models of coronary thrombosis are technically very difficult to employ. More
commonly, experimental myocardial ischaemia in the intact heart is achieved by
occlusion of a major coronary artery branch by ligation [4]. Usually the occlusion is
temporary so that a period of reperfusion can be instituted. Coronary occlusion in this
fashion may be conducted in vivo, in anaesthetised animals. Coronary occlusion is
studied by this method in many species including rat, rabbit, pig and dog. Coronary
occlusion may also be performed in isolated Langendorff-perfused hearts. The
Langendorff preparation uses an intact heart, usually from a small animal species such
as rat or rabbit, perfused retrogradely through the ascending aorta with a modified
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2 GARY F. BAXTER

oxygenated Krebs’ bicarbonate buffer. Although not subject to central innervation and
circulating hormonal influences, the Langendorff-perfused heart will beat
spontaneously for several hours and lends itself to investigations that might not be
easily undertaken in vivo. For example, by stopping retrograde aortic flow, and hence
flow through the entire coronary circulation, myocardial responses to global ischaemia
can be investigated easily in the Langendorff preparation. Hence a range of whole heart
experimental models, both in vivo and in vitro, allow us to induce, quantify and modify
the various consequences of ischaemia-reperfusion: biochemical and metabolic
changes; functional changes (contractile dysfunction and arrhythmia development); and
structural changes (necrosis).

More ‘reductionist’ approaches to the study of myocardial ischaemia-reperfusion
are also used. Isolated strips of myocardium may remain viable for several hours when
superfused with oxygenated buffer solution and electrically stimulated to contract.
Contractile responses to simulated ischaemia and subsequent re-oxygenation can be
examined [5]. Isolated cardiac myocytes may be maintained in short-term culture
conditions and various responses to simulated ischaemia studied. Isolated cell
preparations are especially valuable for investigating the electrophysiological changes
associated with ischaemia-reperfusion [6].

Functional consequences of ischaemia-reperfusion

Contractile dysfunction

The most obvious functional consequence of ischaemia is a rapidly-manifested decrease
in myocardial contractility. Loss of sarcomere contraction is observed within seconds of
the onset of ischaemia in experimental models. With regional ischaemia, the risk zone
will become hypokinetic within a minute or so [7] and with global myocardial
ischaemia complete arrest of the heart will occur. It is important to realise that reduced
contractility occurs before the onset of tissue necrosis. Several factors, mechanical and
biochemical, determine the reduced contractility in ischaemic myocardium. Soon after
cessation of coronary flow there is a hydrostatically mediated decrease in myocardial
contractility. Normal coronary perfusion pressure stretches sarcomeres and by
Starling’s law enhances tension development (the “garden hose” effect). Hence, the
sudden reduction in coronary perfusion leads to sarcomere shortening and very rapid
decline in developed force that is noticeable within seconds of cessation of coronary
flow. In the ensuing minutes, metabolic changes will occur, which re-inforce and
sustain the reduction in contractility (these are discussed in more detail below).
Reduced adenosine triphosphate (ATP) availability for sarcomere contraction is likely
to play a primary role in depressing contractility but in addition, decreased washout and
accumulation of metabolites in the ischaemic zone may also be responsible. In
particular, [H'], lactate and phosphate accumulation may inhibit the interaction of Ca**
with troponin [8].

Depressed contractility in myocardial ischaemia is of major concern clinically.
With a large risk zone, severely depressed contractility may result in acute ventricular
failure. However, it is recognised that impaired contractility in the absence of necrosis
may occur over prolonged periods in many clinical syndromes associated with repeated
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or chronic coronary hypoperfusion. This has been termed myocardial “hibernation” and
probably represents a form of biochemical adaptation [9]. In the absence of necrosis,
and with full reperfusion, myocardial contractility will recover completely (Figure 1.).
However, full recovery may take several hours or days in vivo. This condition of
incomplete but ultimately fully reversible contractility following reperfusion of viable
tissue is called “myocardial stunning” [10] (Figure 1.).

Electrophysiological disturbances : ventricular arrhythmias

During ischaemia, profound metabolic and ionic perturbations may affect the
development and propagation of action potentials in myocardium to the point where
arrhythmias occur. These may range from isolated ventricular premature beats, salvos
and runs of ventricular tachycardia, to ventricular fibrillation [11]. Electrophysiological
changes related to disturbances of conduction, refractoriness and automaticity occur
within a few minutes of the onset of ischaemia and account for early arrhythmias
following coronary artery occlusion [12]. Several factors may augment and re-inforce
the electrophysiological changes that predispose to arrhythmias during ischaemia.
These include local release of catecholamines, the generation of reactive oxygen
species, perturbances of the ionic milieu, especially efflux of intracellular K*, and the
generation of inflammatory mediators such as thromboxanes and prostanoids [13].
Reperfusion of myocardium following relatively brief periods of ischaemia may
also precipitate arrhythmias [14]. Clinically these may be observed during thrombolysis
[15] and after percutaneous transluminal coronary angioplasty (PTCA) [16]. It is clear
that these arrhythmias are associated largely with the abrupt readmission of oxygen to
ischaemic tissue [17], although other factors such as rapid changes in extracellular pH
[18] and K* [19] may be important simultaneous triggers of arrhythmogenesis. The
incidence and severity of reperfusion-induced arrhythmias are related to the duration of
the preceding ischaemic period and also to the rate or “suddenness” of reperfusion. In
experimental studies of coronary occlusion in the rat, the most severe reperfusion
arrhythmias occur after a 10-15 minute occlusion [20], while graded reperfusion
attenuates the severity of these arrhythmias [21]. With longer periods of ischaemia,
necrosis will occur within the risk zone. Although reperfusion arrhythmias are less
severe following prolonged ischaemia, infarcted and scar tissue cause inhomogeneity of
conduction in the heart which predisposes to further arrthythmias at a later stage [22].

Reversible and irreversible cellular injury in ischaemia-reperfusion

The factors that affect the development of irreversible injury form the focus of the
remainder of this chapter. Ultra-structural changes occur in myocardium soon after the
onset of ischaemia. These may be considered reversible alterations if reperfusion of the
tissue can be effected promptly. However, ischaemia lasting more than 20 minutes
(without collateral flow) will cause irreversible cell injury, resulting in tissue necrosis.
Often this form of ischaemic injury is referred to as “lethal” ischaemic injury. A
number of “cardioprotective” agents have been examined in the experimental
laboratory for their ability to enhance myocardial tolerance to ischaemia and limit the
extent of necrosis during coronary occlusion. With many drugs, the benefit has been
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modest and it is clear that reperfusion is the sine qua non for tissue salvage.
Reperfusion therapies in acute myocardial infarction (thrombolysis, PTCA, emergency
coronary artery bypass grafting) have the primary aim of salvaging viable tissue, which
may be reversibly injured, within the ischaemic risk zone and thereby limiting the
extent of the necrotic injury. In myocardial infarction, mortality is closely related to the
duration of unrelieved coronary occlusion. Simoons has very succinctly described this
philosophy of treatment: “time is muscle and muscle is life” [23].

The factors that determine whether myocardium becomes irreversibly injured by
ischaemia-reperfusion are impossible to identify with precision and the final steps that
lead to cell death are unknown. It is generally assumed that cell death is related to
morphological changes and these have been studied extensively. With the electron
microscope it is possible to distinguish between those features of cell injury that may be
defined as reversible with reperfusion, and those features that are associated with
irreversible injury.

Histological and ultra-structural features of injury

Ultra-structural changes occur within 10 minutes of the onset of ischaemia and, while it
is difficult to give a precise sequence of events, the progression of morphological
damage is critically time-dependent [24-27]. Early changes after the onset of ischaemia
are the loss of cytoplasmic glycogen granules [28]. Mitochondrial dense matrix
granules disappear and the cristac become fragmented [29, 30]. Generalised cell
swelling becomes apparent with ultrastructural features of membrane destabilisation:
mitochondrial swelling occurs; the sarcolemma becomes distorted with evidence of
subsarcolemmal oedema (“blebbing”); the sarcoplasmic reticulum becomes swollen
[31-33]. As ischaemia progresses, mitochondrial cristae disruption increases [30] and
the nucleus shows signs of chromatin aggregation and clearing of the nucleoplasm [34].
Even at this stage, with quite severe ultra-structural changes and a fragile sarcolemma,
the injury may be reversible with prompt reperfusion so long as the sarcolemma
remains intact [35].

Extending the period of ischaemia further will lead to irreversible cell injury. Most
authorities agree that this point is reached after about 20 minutes of severe ischaemia.
Probably the most important event leading to irreversible injury, and its distinguishing
feature, is gross disruption of the sarcolemma [32]. This occurs as a result of increasing
osmotic swelling and phospholipase activation and results in the critical loss of barrier
function. The ionic gradient across the membrane is lost as electrolytes flow easily in
either direction through the sarcolemmal disruptions. Of particular relevance, soluble
proteins and enzymes leave the cell and, as we shall see in later chapters, the
appearance of these in plasma has important diagnostic and prognostic implications. At
this stage cells are irreversibly injured; myofibrillar proteolysis is evident, and many of
the mitochondria are vacuolated and contain flocculent densities [23, 28, 30]. Such cells
may be regarded as those destined to die. Reperfusion at this late stage merely hastens
the process of cell death in irreversibly injured cells. However, there is some
controversy concerning the potential for reperfusion to cause lethal injury in cells that
are not already irreversibly injured; the concept of “lethal” reperfusion injury is
discussed below.
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GLOBAL ISCHAEMIA
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Figure 1. The time-dependency of ischaemic injury. Rabbit hearts were Langendorff perfused and
subjected to global normothermic ischaemia for 15, 30 or 90 minutes followed by a period of reperfusion.
For each time point, the top panel is a recording of the left ventricular pressure. The lower panel is a cross
section of the left ventricle showing the extent of necrosis determined by triphenyltetrazolium staining
(shaded zone). After a period of stabilisation, global ischaemia was induced and left ventricular contractions
ceased rapidly. After 15 minutes ischaemia, reperfusion resulted in a gradual, but complete recovery of left
ventricular contractility and there was no evidence of necrosis. During 30 minutes ischaemia, the end
diastolic pressure increased markedly (“ischaemic contracture”). Reperfusion after 30 minutes ischaemia
resulted in a partial recovery of left ventricular contractility. The subendocardium and midmyocardium was
necrotic. During 90 minutes ischacmia, the development of ischaemic contracture was more pronounced.
Reperfusion after 90 minutes resulted in negligible contractile recovery. Necrosis was fully transmural with
all but a thin rim of epicardium failing to react with triphenyltetrazolium.

Gross pathology of irreversible injury and the ‘wavefront of necrosis’

Permanent or prolonged coronary artery occlusion will result in extensive myocardial
necrosis. However, the extent of necrosis and the rate at which it evolves are
determined by the duration of ischaemia, the metabolic status of the heart during the
ischaemic episode, and the residual myocardial blood flow. After epicardial coronary
artery occlusion, myocardial ischaemia does not develop equally throughout the risk
region. Under normal conditions there is preferential flow to the subendocardium to
maintain the high metabolic rate of this zone due to high wall stresses. Therefore, the
subendocardium is the area most likely to develop necrosis first, since the relative depth
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of ischaemia in this area is greater than elsewhere. Effectively, a transmural gradient of
ischaemia is established and to this is related a transmural ‘wavefront of necrosis’ [36].
The process of necrosis begins in the subendocardial region and as the duration of
ischaemia is extended, the area of necrosis extends into the midmyocardium and
subepicardium.

Species that have a well-developed coronary collateral circulation display a slowed
rate of necrosis relative to species with no preformed collateral vessels. For example, in
the dog, which has a variably collateralised heart, coronary occlusion leads to the
development of subendocardial necrosis within 40 minutes. After 3 hours of coronary
occlusion, the zone of necrosis will include the midmyocardium of the risk zone. By 6
hours after coronary occlusion, the necrotic area will be fully transmural and maximal.
The rate of progression of the wavefront is dependent on the degree of collateral flow.
In species that have few coronary anastomoses and negligible collateral flow, such as
the rabbit, rat and pig, essentially the same sequence of necrosis occurs but the
infarction will be fully transmural within 40-60 minutes (see Figure 1). In humans,
collaterals may be well developed in older patients with long-standing coronary disease
[37] but it is important to bear in mind that while many patients presenting with acute
myocardial infarction may have some collateral flow, in a substantial number of people
sustaining their first coronary occlusion, death may occur before a collateral circulation
can develop. In this respect, then, some humans will have a coronary anatomy
resembling the dog’s while others will be similar to the pig.

Biochemical determinants of ischaemia-reperfusion injury

It is possible here only to provide a brief overview of the major changes that occur in
ischaemic and reperfused tissue and how these relate to the development of injury. The
principal metabolic changes associated with ischaemia are the failure of adequate ATP
generation by oxidative phosphorylation, the accumulation of by-products of anaerobic
metabolism, the loss of ionic homeostasis, and the generation of reactive oxygen
species.

High energy phosphate and nucleotide depletion

During ischaemia, the myocardium is mechanically quiescent (because of reduced
contractility) but energy is still required to maintain homeostasis through the activity of
essential enzyme reactions and the operation of ion channels. To maintain ATP levels,
tissues require in addition to oxygen, a source of acyl coA and purine precursors. The
generation of ATP under anaerobic conditions is possible through a switch from b-
oxidation of fatty acids to glycolysis using glucose and glycogen stores [38, 39].
Anaerobic metabolism is an inefficient source of ATP and leads to the intracellular
accumulation of H' and lactate as by-products. An alternative source of energy, which
is available for a few minutes after the onset of ischaemia, is creatine phosphate.
Creatine phosphate can donate high energy phosphate to adenosine diphosphate (ADP),
a process that is catalysed by creatine kinase [8]. However the pool of creatine
phosphate is rapidly depleted and, in addition, generation of ATP from creatine
phosphate leads to the accumulation of inorganic phosphate. After anaerobic glycolysis
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and creatine phosphate, the final source of ATP is ADP. Two molecules of ADP can
form one molecule each of ATP and adenosine monophosphate (AMP). AMP is rapidly
dephosphorylated to adenosine, which leaves the cell and is broken down to xanthine.
Thus during ischaemia, there is depletion of both high energy phosphates and the purine
precursor of ATP. Although reperfusion provides a supply of nucleotides, depletion of
the intracellular nucleotide pool may limit the rate at which ATP is generated after
ischaemia and hence the rate of recovery of the tissue during reperfusion.

ISCHAEMIA
/ *
anaerobic VYATP sarcoplasmic
metabolism / \ reticulum
KATP channel loss of channel l
openlng & exchanger

function — ACa

/\

proteases & mitochondrial

_ + phosphollpases damage
dlactate 4Pi AH* — INa

N\ LT

cell swelling ——» sa:g?:‘earggal _— IRRIIEI\\IIJEJRRS\’}BLE

Figure 2. Biochemical and ionic changes during myocardial ischaemia. A series of intracellular changes
occur after the onset of ischaemia. If ischaemia is of sufficient duration, alterations in metabolism and ion
fluxes culminate in the development irreversible cell injury. For details, see text. Pi = inorganic phosphate.

Loss of ionic homoeostasis

Ionic homeostasis is lost within a few minutes of the onset of ischaemia. The regulation
of various cation channels, especially Ca’*, K* and Na* is ATP-dependent. Moreover,
since the homeostasis of several ions is achieved by exchanger mechanisms (antiports
and symports), perturbance in one ion during ischaemia may have effects on the
regulation of others. An early ionic change after the onset of ischaemia is the efflux of
K" indicated by a biphasic rise in extracellular K* [40]. The early phase of K* efflux is
most likely to be mediated through opening of the ATP-sensitive K* channel (K,qp).
This outward rectifying channel opens in response to a fall in ATP and/ or a rise in
ADP [41]. Co-transport of K out of the cell with lactate and inorganic phosphate may
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also play a role [42]. Intracellular Na® rises progressively during ischaemia [42-44]. The
mechanisms accounting for the early influx of Na* are not clear but may involve the
activation of the Na/H antiporter which extrudes H' in exchange for Na*. When ATP
levels have declined drastically, Na-K-ATPase activity, which normally extrudes Na* in
exchange for K', will decline thereby accentuating Na* influx. The combined
accumulations of Na*, H, lactate and phosphate during ischaemia lead to a marked rise
in cytosolic osmolarity, which in turn accounts for cell swelling.

The accumulation of Ca** during ischaemia-reperfusion deserves special attention.
Although during ischaemia of less than 60 minutes duration total tissue Ca®* does not
change substantially, cytoplasmic Ca®™ concentration begins to rise very soon after the
onset of ischaemia [45, 46]. A 20-50% increase in Ca®* concentration is detected after
10 minutes ischaemia in the Langendorff-perfused rat heart subjected to global
ischaemia [46]. The major source of this early calcium overload is the sarcoplasmic
reticulum. ATP decline during ischaemia reduces the uptake of Ca’* into the
sarcoplasmic reticulum by the Ca/Mg ATPase pump. In addition, stores of Ca®" in
sarcoplasmic reticulum may be released through ryanodine-sensitive Ca®* release
channels [47]. Although reduced availability of ATP would be expected to result in a
reduced opening probability of these channels during ischaemia, activation of the
protease calpain II causes disruption of junctional bridges (“feet’) which contain these
channels, resulting in impairment of their normal function [48]. As ischaemia is
prolonged, the influx of Na will trigger the Na/Ca exchanger which extrudes three Na*
in exchange for one Ca®*. Intracellular Ca”" rises further with the activation of several
deleterious Ca”* -dependent enzymes. These include Ca-ATPases, which hydrolyse
ATP, causing further depletion of energy. Proteolysis and membrane disruption begins
as Ca-dependent proteases and phospholipases are activated. Ca®* overloading of
mitochondria is apparent as dense areas on electron microscopy and effectively
prevents mitochondrial respiration. The early moments of reperfusion may cause
catastrophic Ca®* overload in cells and accentuate the effects of ischaemia-induced Ca
overload [49, 50]. Where membrane damage has occurred during ischaemia, the most
important route for Ca®* entry during reperfusion is through damaged areas of the
sarcolemma. Unlimited amounts of Ca** may pour into the cell from the extracellular
space through the disrupted sarcolemma. The L-type Ca** channel may be an important
route of reperfusion Ca®" overload during ischaemia and during reperfusion of less
injured cells. Blockers of this channel may substantially attenuate rises in intracellular
Ca”" and limit the functional consequences of ischaemia-reperfusion but generally only
if they are administered before the onset of ischaemia [51].

Generation of reactive oxygen species

Reactive oxygen species (oxygen free radicals; oxyradicals) are oxygen-containing
chemical species with an unpaired electron, such as superoxide anion and hydroxyl
radical. Hydrogen peroxide H,O, is another important reactive oxygen species although
it is not, in the strict sense, a free radical. Reactive oxygen species combine avidly with
many biological molecules, especially with hydrogen in unsaturated fatty acid side
chains and in protein thiol groups, leading to lipid peroxidation and protein
denaturation [52]. There has been some interest recently in the possibility that reactive
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oxygen species may induce apoptosis [53], a potential mechanism of cell death
discussed in more detail below. Reactive oxygen species are generated continuously
under normal conditions and detoxified by intracellular and extracellular free radical
scavengers and anti-oxidant enzymes. The most important of the intracellular anti-
oxidants are catalase, which catalyses the breakdown of H,O,, superoxide dismutase
(SOD), which reduces superoxide anions to H,O,, and reduced glutathione which
converts H,O, to water. During ischaemia, and to an even greater extent during
reperfusion, the production of reactive oxygen species increases through several
biochemical pathways [54, 55]. Normal anti-oxidant and scavenging activity may be
overwhelmed or depressed under these conditions.

The unchecked activity of reactive oxygen species is likely to play an important role
in the genesis of ischaemia-reperfusion injury. Evidence for the involvement of reactive
oxygen species in ischaemia-reperfusion injury comes from several sources. First of all,
detection methods such as electron spin resonance have shown in experimental studies
that radicals are generated during ischaemia [56]. There is generation of enormous
quantities during the first minutes of reperfusion and this burst of oxygen radicals
gradually subsides over several hours [57]. There is evidence that these events in
experimental models are also observed under clinical conditions [58]. Secondly, the
exogenous administration of free radical generating mixtures such as xanthine and
xanthine oxidase (which generates superoxide) to isolated hearts and cardiac myocytes
results in functional and electrophysiological changes similar to those seen in post-
ischaemic reperfusion and thought to be due to Ca*" overload [59]. Thirdly, the
exogenous administration of free radical scavengers and anti-oxidant enzymes at
reperfusion can attenuate the functional consequences of post-ischaemic reperfusion,
namely arrhythmias [60] and myocardial stunning [61]. However, the ability of these
scavengers and enzymes to modify the morphological changes associated with
ischaemia-reperfusion and thereby limit the extent of necrosis is not proven. There have
been numerous experimental studies to assess the possibility that these agents, given
just before and during reperfusion, can prevent irreversible cell injury occurring as a
result of the free radical burst. Some of these studies have reported limitation of infarct
size, suggesting that reperfusion causes lethal cell injury. Other studies have reported no
limitation of infarct size with these agents suggesting that lethal cell injury occurs only
during ischaemia. These conflicting results [see reference 62] highlight an area of
controversy, which is discussed in detail below.

Lethal ischaemic injury versus lethal reperfusion injury

It is clear that reperfusion is associated with prolonged depression of contractility
(myocardial stunning) and the development of arrhythmias (see above). Both these
forms of reperfusion dysfunction may be regarded as reversible in as much as cell death
is not a feature of the conditions. The existence of lethal (i.e. cytotoxic) reperfusion
injury has been debated extensively and remains controversial [63-65]. Reperfusion of
ischaemic myocardium is necessary for halting the process of necrosis. Moreover, it is
required for the recovery of reversibly injured myocytes. However, as we have seen, the
process of reperfusion imposes a sudden oxidative stress on already damaged tissue and
reperfusion may be a cause of injury (see Figure 3). Although massive efflux of
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enzymes, which is related to membrane damage, occurs predominantly during
reperfusion it does not automatically follow that irreversible injury is occurring as a
result of reperfusion. During ischaemia there is little, if any, flow through the injured
tissue and washout of enzymes does not occur until flow is restored. Therefore,
reperfusion is required not only to halt ischaemic injury but may also be necessary to
detect irreversible ischaemic injury.

REPERFUSION

oxygen;substrates
washout of =
metabolites

» free radicals
Ca overload

Hee

REVERSIBLY INJURED IRREVERSIBLY INJURED
TISSUE TISSUE

stunning;

arrhythmias Iethalinjury
VIABLE TISSUE NECROSIS

Figure 3. The “double-edged sword” of reperfusion. Reperfusion of ischaemic myocardium has both
beneficial components (restoration of oxygen and metabolic substrate supply and washout of accumulated
metabolites) and deleterious components (generation of oxygen free radicals and calcium overload). The
beneficial components of reperfusion are necessary for the salvage of tissue that has been reversibly injured
during ischaemia. However, tissue that has already been irreversibly damaged by ischaemia can not be
salvaged by reperfusion. The deleterious aspects of reperfusion may hasten the death of tissue that was
irreversibly injured during ischaemia. Reperfusion may also have adverse effects on reversibly injured
tissue. Myocardial stunning and arrhythmias may occur during reperfusion and are manifestations of
‘reperfusion injury’. The notion that reperfusion may cause lethal reperfusion injury in tissue that was not
irreversibly damaged by ischaemia is controversial. For further details, see text.

Direct evidence in support of lethal reperfusion injury is sparse but theoretically this
form of injury could result at the myocyte level from biochemical perturbations that
occur with the abrupt re-introduction of molecular oxygen, particularly the generation
of reactive oxygen species. Additionally there could be other non-myocyte contributors
to reperfusion injury including endothelial damage, platelet aggregation, and neutrophil
adhesion and activation, but limitations of space preclude discussion of these here. The
existence of lethal reperfusion injury is at present unresolved largely because of
methodological difficulties. First, it is not possible to quantitate tissue necrosis



CELLULAR MECHANISMS OF ISCHAEMIC MYOCARDIAL DAMAGE 11

following relatively short periods of ischaemia with electron or light microscopy. The
classical tetrazolium staining techniques, which are used to quantitate experimental
necrosis, require a period of reflow for enzyme and co-factor washout from irreversibly
injured cells. Secondly, it is impossible to assess the phenomenon of reperfusion
properly without a preceding period of ischaemia, the duration of which determines the
severity of cellular perturbations that occur during reperfusion. Thirdly, reperfusion of
myocardium and the evolution of an infarct in vivo are dynamic and complex events
involving a host of cell types and many cytokine and hormonal mediators.

Thus, some authors question if reperfusion can cause cell death directly, arguing
that restoration of flow accelerates or manifests any injury that occurred during the
preceding ischaemic period - the tissue that appears to undergo necrosis during
reperfusion is in fact "condemned to die" during ischaemia [65]. On the other hand,
some experimental studies, in which the effects of 'simulated reperfusion' (without
ischaemia) have been examined in isolated myocytes, suggest that the free radical
components of reperfusion can directly cause irreversible cell injury [66]. The design of
experiments in vivo to examine the existence of lethal reperfusion injury is more
difficult. The effects of substances that could modify one or more components of the
reperfusion process have been studied. Unfortunately many of these studies have been
flawed in design for several reasons: (i) the agent was given before the onset of
ischaemia or given during ischaemia in a collateralised species, thereby modifying cell
injury during ischaemia; (ii) hearts were subjected to extremely prolonged periods of
ischaemia so that extensive lethal injury was sustained before reperfusion; (iii) hearts
were reperfused only for a short period of time which could either invalidate the
estimation of necrosis by tetrazolium staining or, if an index of contractility was being
used, could prevent discrimination between myocardial stunning and irreversible injury.
Nevertheless, studies in which modifying agents were given just before reperfusion, or
during the early moments of reperfusion, provide indirect evidence that additional
injury may occur during reperfusion. Several recent studies evaluating magnesium as an
adjunct to reperfusion are good examples of this approach and provide evidence,
persuasive for this author at least, that reperfusion per se causes irreversible cell injury
that leads to necrosis [67].

Apoptosis in the mechanism of ischaemia-reperfusion injury
How does apoptosis differ from necrosis?

Apoptosis is a special form of cell death. It is often called “programmed cell death”
because the activation of apoptotic processes is a necessary component of tissue
regulation in almost every area of biology [68]. However, apoptosis is known to occur
in many pathological conditions and there has been some interest recently that it may
occur in addition to ischaemic necrosis in the ischaemic and reperfused myocardium.
There are several critical distinctions between cell death due to necrosis and cell death
due to apoptosis. These distinctions begin with the early ultra-structural changes. We
have already seen that during the evolution of ischaemic injury that results in necrosis,
cell swelling occurs with organelle disruption, amorphous chromatin clumping, and
eventually sarcolemmal breakdown. During apoptosis a very different pattern of ultra-
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structural changes occurs. Cell shrinkage is observed with maintenance of sarcolemmal
integrity. Nuclear chromatin becomes fragmented and compacted, and is observed as
dense packages closely associated with the nuclear membrane. Cytoplasmic blebs are
formed which round off into discrete membrane-bound apoptotic bodies, containing
densely packed but intact organelles. These apoptotic bodies are phagocytosed by
neighbouring cells [69]. There are many stimuli for apoptosis and a number of these are
physiological stimuli. There are also a number of known inhibitors of apoptosis and
under normal physiological conditions there is a finely balanced control mechanism for
regulating programmed cell death.

Evidence for apoptosis in ischaemia-reperfusion injury

The apoptotic process occurs very rapidly and, because apoptosed cells are destroyed
by phagocytosis, no inflammatory reaction occurs. Hence, detection of apoptosis by
conventional histological approaches may be very difficult. However, apoptosis can be
detected, using specialised techniques that detect DNA fragmentation, in acute
myocardial infarction showing that apoptosis occurs during ischaemia-reperfusion in
addition to necrotic cell death [70-72]. However, it is not clear at what stage apoptosis
occurs in relation to necrosis. It is also unclear whether it occurs predominantly during
ischaemia or during reperfusion. Studies of permanent coronary artery occlusion in the
rat (i.e. ischaemia without reperfusion) suggest that apoptosis represents the major form
of myocyte death [73]. In contrast, rabbit hearts subjected to ischaemia-reperfusion
display signs of apoptosis only during reperfusion and not in ischaemic myocytes [74].
Another study, which complicates this dichotomy still further, examined rat hearts
subjected to ischaemia and reperfusion [75]. Two and a quarter hours of coronary
occlusion was necessary to produce evidence of apoptosis in the ischaemic myocytes.
However, myocardium made ischaemic for only 45 minutes and then reperfused
showed evidence of apoptosis after only 1 hour of reperfusion. However, the amount of
apoptosis in reperfused myocardium was less than in permanently ischaemic
myocardium, suggesting that reperfusion reduces the total number of cells undergoing
apoptosis but increases the rate at which apoptosis occurs in irreversibly injured cells.
Investigation of apoptosis as a mechanism of cell death in myocardial ischaemia-
reperfusion is at an early stage but it is likely that we shall hear far more about this
process in the next few years as more sophisticated and reliable markers for its
detection become available.
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Chapter 2

CREATINE KINASE ISOFORMS

David W. Holt

In the late 1980°s and early 1990’s the most sensitive commercially available marker of
myocardial damage was serum measurement of the activity of the MB isoenzyme of
creatine kinase (CK). Although relatively specific for myocardial muscle the
measurement of this analyte was not without its drawbacks, including poor sensitivity
for acute myocardial infarction (AMI) in the time period 8-12 hours after the onset of
symptoms and poor specificity in the context of skeletal muscle damage [1,2].
Sensitivity was improved by the introduction of assays for CK-MB mass [3,4], and
these assays were also less prone to instability of the analyte and to interference caused
by haemolysis [5].

Against this background an assay systems were introduced for the separation of CK
isoforms. These techniques held out the promise of an early and sensitive diagnostic aid
for AMI, allowing accurate triage of patients entering the Emergency Room.
Subsequent work in this laboratory and by others identified clinical settings in which
the separation of these isoforms could provide interesting information on myocardial
damage. Subsequently, events rather overtook the implementation of these assays as
more cardio-specific analytes became available, which could be measured by analytical
techniques which were less labour intensive.

This chapter will record the work on the separation of CK isoforms, and put it in
context with the measurements which have tended to replace these techniques.

Analytical Techniques

The cytosolic enzyme creatine kinase (EC 2.7.3.2) catalyses the reversible transfer of a
phosphate group from ATP to creatine. It exists in the cytoplasm of the cells of human
tissue as a dimer consisting of two monomers, designated M and B [6]. These subunits
combine to produce three dimeric isoenzymes termed CK-BB, CK-MB, and CK-MM,
readily distinguishable by electrophoretic mobility [7]. The CK-MB isoenzyme is
found, predominantly, in cardiac tissue. The CK-MM isoezyme is widely distributed
throughout skeletal and cardiac muscle.

The CK-MM and CK-MB isoenzymes of CK exist in blood as a collection of
isoforms; CK-MM has three isoforms numbered 1, 2 and 3, whilst CK-MB has two
isoforms, 1 and 2. Two isoforms are found only in tissue, CK-MM3 and CK-MB2.
When the tissue isoforms are released into the blood stream, from damaged skeletal
muscle or myocardial tissue, they are converted to their respective isoezyme isoforms
by the enzyme carboxypeptidase-N. The isoforms differ only by a single
carboxyterminal lysine residue on the M sub-unit. Thus, the CK-MM3 isoform is
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converted, successively to CK-MM2 and CK-MM!1 by the cleavage of the two lysine

residues. The breakdown of the CK-MB2 isoform to CK-MBI1 is shown
diagrammatically in Figure 1.

Carboxypeptidase N
ﬁ

Lysine MB1
(Tissue)

Figure 1. Diagrammatic representation of CK-MB isoforms.

Early published studies related to the electrophoretic or anion-exchange liquid
chromatographic separation of the MM isoforms [8,9]. The sensitivity of these
techniques was not sufficient to allow the separation and quantitation of the MB
isoforms at relatively low CK-MB activities, during the early period following
myocardial infarction.

Much of the later published data refer to the electrophoretic separation of the
various isoforms using a rapid electrophoresis assay (REP) which was developed for the
CK isoforms by Helena Laboratories (Beaumont, Texas, USA). This technique is based
on high voltage, temperature controlled, electrophoresis of the sample on a specially
designed agarose gel. Separation time for the CK isoforms is less than 20 minutes.
Application of the plasma sample and substrate are automated, together with the
incubation and development of the fluorescencent product. Quantitation is by
densitometric scanning. This method is both accurate and reproducible at CK-MB
activity values which fall well within the normal reference interval and can be used at
plasma CK-MB activities of less than 5U/L [10]. Typical scans for the MM and MB
isoforms are shown in Figure 2.

The original apparatus developed by Helena Laboratories was improved on by them
and a system designed specifically for CK-MB isoform separation was produced
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(Cardio REP). This automated system has a total run time, from sample application to
automatic scanning and editing, of under 20 minutes [11].

— |l

MM3 MM2 MM1

Figure 2a. Densitometric scan showing separation of CK-MM isoforms in a plésma sample from a healthy
human subject. Isoforms were separated using Helena REP apparatus. The ratio CK-MM3/CKMM1 was
0.03. The total CK activity was 90U/L. Data: unpublished, Analytical Unit.

Figure 2b. Densitometric scan showing separation of CK-MB isoforms in a plasma sample from a healthy
human subject. Isoforms were separated using Helena REP apparatus. The ratio CK-MB2/CKMBI1 was 0.96.
The CK-MB activity was SU/L. Data: unpublished, Analytical Unit.
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One group has reported on the use of another electrophoretic technique for the
separation of CK-MB isoforms - isoelectric focusing [12]. Using this technique a tissue
form and three other isoforms without a carboxyterminal lysine were separated. The
clinical significance of these additional isoforms of MB is not clear and does not seem
to have been of any particular value [13].

In addition, immunoassays for the measurement of CK-MB2 have been described.
One possesses a high sensitivity for the MB2 isoform (0.2pg/L) but the assay is a little
cumbersome to use [14,15]. A specific antibody to the B-subunit is used in association
with a capture antibody to the CK-M + lysine subunit. Quantitation is by difference,
using a second assay to measure total CK-MB mass. Another immunoassay technique is
based on an immunochemical extraction procedure specific from CK-MB and CK-
MB2. Automated assays of both analytes are performed following the extraction
procedure [16].

One problem associated with the separation and measurement of the CK isoforms is
that of analyte stability. The enzyme carboxypeptidase-N continues the in vitro
breakdown of the tissue isoforms in blood samples after collection. To avoid this it is
necessary to collect the samples into specific collection tubes prior to separation. A
variety of inhibitors of the enzyme have been used, including 15mmol EDTA [17].

Applications

The ratio between the tissue isoforms and the final plasma modified isoforms can be
used as a measure of recent tissue damage. Thus, the ratios CK-MM3/MMI1 and CK-
MB2/MB1 have been used as markers of myocardial damage. Increases in these ratios
indicate a rise in the tissue form of the respective isoform, caused by recent entry of the
tissue isoform into the circulation.

Wu et al [8] demonstrated an increase in the relative proportion of CK-MM3, in
comparison with CK-MM1, at time points before total CK and CK-MB activities
exceeded the normal reference interval in patients with AMI. In apparently healthy
subjects the CK-MM3/MM 1 ratio was in the range 0.03-0.29. Typical results following
AMI were for this ratio to exceed 0.37 within 5 hours after the onset of chest pain and
to peak by about 9 hours. In contrast, CK-MB and total CK peaked at about 18 and 25
hours, respectively. Sensitivity for the diagnosis of AMI was 90% in the period 7-9
hours after the onset of pain, whereas this sensitivity was not achieved by CK-MB
activity until 13-15 hours.

The lack of specificity for myocardial muscle injury associated with the CK-MM
isoenzyme prompted interest in the development of systems with sufficient sensitivity
to detect changes in CK-MB isoform ratios at CK-MB activities which were well within
the normal reference range. Puleo er al [10] reported on such a system, showing that
either isoform could be detected at activities as low as 1.25U/L.

These authors had already established data for healthy subjects by measuring the
CK-MB2/MBI ratio in 56 healthy volunteers and 50 hospitalised patients without signs
of myocardial ischaemia [1]. The mean (+SD) ratio in the two groups was 0.94+0.39
and 1.09+0.39. These are very similar values to those generated in this laboratory
following the analysis of 248 samples collected from 50 apparently healthy subjects.
Table 1 summarises these data and shows that the ratio was calculated from samples
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with low mean values for both total CK and CK-MB mass. Allowing 3 SD values, the
upper limit of the reference range for the ratio is 1.6.

Table 1. Mean value for CK-MB2/MB1 isoform ratio in 248 samples from 50 healthy human volunteers, in
comparison with mean values for total CK and CK-MB mass. Data: unpublished, Analytical Unit.

Analyte Mean SD
CK (U/L) 70 20
CK-MB (ng/L) 1.3 0.84
CK-MB2/MB1 0.84 0.25

Using the Helena REP system Puleo et al [2] showed that the CK-MB2/MBI1 ratio
could be used to diagnose or rule out AMI within the first 6 hours after the onset of
symptoms. The isoform assay showed a sensitivity for the diagnosis of AMI of 95.7%
within 6 hours of the onset of symptoms, compared with only 48% for CK-MB activity,
as illustrated in Figure 3.

Figure 3. Sensitivity for AMI by means of CK-MB isoform separation and CK-MB activity measurement
during the first 6 hours after the onset of symptoms. Based on Puleo et a/ [2].

However, the results of such studies can be markedly influenced by the
discriminator values set for the markers, and the choice of CK-MB activity as the
comparative marker, whilst appropriate at the time, was already being superseded by
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the more sensitive measurement of CK-MB mass [3,4].

Clearance of CK-MB is relatively rapid after infarction and the separation of CK-
MB isoforms is of little clinical value for samples from patients who have presented
with AMI late after the onset of symptoms. Table 2 demonstrates this point in samples
from 4 patients who had presented to hospital at least 18 hours after the onset of chest
pain. Whilst one sample contained only the CK-MB2 isoform, the other samples
showed ratios for CK-MB2/MBI1 within the reference range. Troponin I, which has
slower release kinetics was, however, still of clinical value in all of these cases, being
well above the discriminatory concentration for myocardial damage (0.1pg/L Sanofi-
Pasteur assay).

Table 2. CK-MB2/MBI1 isoform ratios in samples from 4 patients with a diagnosis of AMI admitted to
hospital late after the onset of symptoms. The isoform ratios are compared with cardiac troponin I
measurements made using the Sanofi-Pasteur assay. Data: unpublished, Analytical Unit.

Time Post-pain (h) CK-MB2/MB1 Troponin I (ug/L)
18 100% CK-MB2 5.1
24 09 4.5
33 1.4 3.1
36 0.5 1.4

Both CK-MM and CK-MB isoform analysis have been used for the non-invasive
detection of vessel patency following thrombolytic therapy [18-21]. A comprehensive
study of 207 patients with AMI treated with plasminogen activator examined serial
measurements of CK-MB mass, CK-MB2/MBI ratio and CK-MM3/MMI1 ratio [21]. In
comparison with angiographically confirmed flow status, at 90 minutes following
thrombolytic therapy, there was considerable overlap for all of these markers between
those with patent infarct-related vessels (TIMI 2/3 flow) compared with those having
closed vessels (TIMI 0/1 flow). It was concluded that, although significant differences
could be shown for these markers with regard to outcome, they were of limited clinical
value in comparison with an angiographic assessment of vessel patency.

At this institution interest in the use of CK-MB isoform measurements has focused
on more subtle myocardial damage than that encountered in AMI [22].

The measurement has proved useful in the detection of peri-operative myocardial
damage during cardiac surgery, particularly when comparing myocardial preservation
techniques, such as those provided by various cardioplegic solutions and ventricular
fibrillation with intermittent cross-clamping [23]. Figure 4 shows the time course of the
changes in CK-MB2/MBI1 ratio from induction of anaesthesia to 5 days after aortic
cross-clamp release. The kinetics of CK-MB2 release is such that the ratio normally
returns to below the upper reference value within 24 hours of surgery. This allows for
the possibility of detecting acute myocardial events subsequent to surgery, at time
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points when the troponins have still not returned to normal values. It was concluded that
CK-MB isoform separation could be useful for studies which require sensitive and
discriminating end points for myocardial damage.

8 CK-MB2/MB1 ratio

Time (h)

Figure 4. Changes in CK-MB isoform ratio during coronary artery bypass operation and the early post-
operative period. The time axid is not linear, to emphasise the changes during the first 24 hours. Induction =
induction of anaesthesia, ACC off = aortic cross-clamp removal. Data: unpublished, Analytical Unit.

3 CK-MB2/MB1 ratio
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Figure 5. Changes in CK-MB isoform ratio following orthotopic heart transplantation. Grade indicates the
grade of rejection diagnosed by endomyocardial biopsy. Data: unpublished, Analytical Unit.
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Another interesting application was in the detection of heart graft rejection,
following orthotopic transplantation [24,25]. There was a trend for the CK-MB2/MB1
ratio to rise before biopsy signs of rejection were apparent. Typical data are shown in
Figure 5, from which it can be seen that the isoform ratio increases at least 15 days
before the diagnosis of a serious, grade 3, rejection. The ratio was increasing at time
points when CK-MB activity was well within normal limits and when routine biopsies
were still detecting no signs of graft rejection (grade 0). Although the specificity and
sensitivity for the diagnosis of rejection was of the order of 60%, better than other non-
invasive tests, the measurement was not reliable enough to replace the gold standard of
endomyocardial biopsy.

Other applications of CK-MB isoform separation have included the detection of
minor myocardial damage following invasive cardiovascular procedures, such as
coronary angioplasty [22], as a marker of deteriorating heart function in dilated
cardiomyopathy[26] and radio-frequency ablation of accessory conduction pathways
[27], as well as the pre-clinical applications outlined in Chapter 16 of this book.

Conclusions

Separation and quantitation of CK isoforms is a sensitive and rapid method for
detecting myocardial damage soon after the release of the tissue isoforms from
damaged muscle. Within the context of the time the methodology first appeared in a
commercially viable form, it was a significant advance. However, the development of
methods for the measurement of the troponins, and data on their prognostic value, has
largely confined the technique to research settings. Because the kinetics of CK-MB
release are faster in comparison with the troponins, isoform separation may still play a
useful role, in association with measurements of the more cardio-specific markers.
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Chapter 3

MYOCARDIAL DAMAGE: THE ROLE OF
TROPONIN T

Norbert Frey, Margit Muller-Bardorff, Hugo A. Katus

The troponin complex is located on the thin filament of the contractile apparatus
(Figure 1). It consists of the subunits-troponin T (39 kD), troponin I (26 kD), and
troponin C (18 kD) [1]. These subunits are the products of different genes and are not
related to each other in protein structure [2].

Figure 1. The sarcomere containing the troponin complex

The troponin complex plays a fundamental role in the transmission of calcium
signal for acto-myosin-interaction. While troponin C acts as a molecular calcium
sensor, troponin T and I regulate the strength and velocity of contraction by their
isoform composition and phosphorylation status [3,4].

Distribution of troponin isoforms in different muscle types

The regulatory troponin complex is found exclusively in striated muscle. Within striated
cardiac and skeletal muscle different isoforms of troponin T, I, and C are expressed,
resulting in a muscle type specific pattern. This pattern may be altered when the muscle
is exposed response to different workloads, stimulation protocols, and exogenous
stimuli [5, 6]. The isoforms of the troponins result from transcription of genes which are
specific for the respective muscle type. For troponin C, one specific gene encodes for
the fast skeletal muscle isoform and another one for the slow cardiac troponin C
isoform. By contrast troponin T and I are encoded by different genes in cardiac muscle,
slow and fast twitch skeletal muscle. Only during fetal development in cardiac troponin

27
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T expressed in skeletal muscle and vice versa skeletal muscle troponin I is expressed in
cardiac muscle [7]. The skeletal and cardiac isoforms of troponin T and I differ
markedly in their protein structure. However, for troponin proteins a high interspecies
homology has been found [8].

Plasticity of isoform expression of troponin T and | subunits in muscle

Differentiated muscle retains a certain degree of plasticity by transcription of different
genes, translational modifications by differential splicing of exonic sequencies, and
posttranslational modification by different degrees of phosphorylation. In skeletal
muscle, multiple isoforms of skeletal troponin T are observed, which differ by up to 11
aminoacids. The presence of up to four isoforms of cardiac troponin T has also been
reported to be present in cardiac tissue as a consequence of myocardial hypertrophy [9].
This isoform composition may affect the contractile behaviour of the respective muscle
types. However, the significance of the presence of multiple cardiac troponin T
isoforms in human myocardium is still unknown. Mesnard et al. [10] found a reduced
cardiac Troponin T isoform in only 50% of samples of failing human ventricles
regardless of the cause of failure whereas another troponin T isoform was unexpectedly
decreased compared to controls.

Both troponin T and I possess multiple sites which are accessible for
phosphorylation. However, in viable myocytes the phosphorylation rate of troponin T is
low. It is mediated via protein kinase C-{ and mainly restricted to two, as yet,
undetermined sites. In contrast, at least 7 sites of troponin I are modified by variable
degrees of phosphorylation transducted by both protein kinase A and different isoforms
of protein kinase C. For troponin I the phosphorylation sites are distributed throughout
the molecule at serine 78, 43, 23/24 and threonin 144 and two more as yet unidentified
sites [11]. The phosphorylation of troponin T and I results in a decrease in actomyosin
ATPase activity and/or calcium sensitivity and eventually in a lower rate of cross bridge
cycling.

Isoform expression of troponins

So far a reexpression of cardiac troponin T has not been observed in skeletal muscle.
However, due to its fetal expression in skeletal muscle it may be that troponin T could
be reexpressed in diseased and/or regenerating skeletal muscle. In fact, there is
experimental evidence for reexpression of cardiac troponin T in regenerating skeletal
muscle of rat [12]. In respect of expression of myofibrillar proteins in humans, the rat is
not a good animal model since marked differences in tissue composition of isoforms of
myofibrillar proteins have been observed between rat and human. It has been also
argued that the elevations of troponin T observed in patients with skeletal muscle injury
may indicate reexpression of cardiac troponin T. However, it has been shown that, with
a more specific assay, cardiac troponin T is not elevated after skeletal muscle injury or
in patients with skeletal muscle diseases. Furthermore, it has been reported that cardiac
troponin T is elevated in skeletal muscle of Duchenne patients and patients with
endstage renal disease [13,14,15]. The antibodies employed in the immunological
analysis by these studies reacted with multiple bands of myofibrillar proteins other than
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troponin T on Westernblot analysis. Using more specific antibodies, we were not able to
reproduce these findings, even when we used highly sensitive PCR-methods to detect a
re-expression of cardiac troponin T in skeletal muscle [16]. Thus, at present, there is no
clear evidence for a significant reexpression of cardiac troponin T in differentiated
skeletal muscle.

Compartmentation and degradation of troponin subunits in myocardium

The troponins are myofibrillar proteins which are complexed in the three dimensional
network of the contractile machinery. A minor fraction of troponin T and troponin I of
approximately 6 to 8 % is found in the cytosolic pool [17]. This cytosolic pool may
serve as a precursor pool for myofibrillar assembly.

However, the true concentration of the myofibrillar proteins, compartmented in the
myocyte, is difficult to determine, as all solubilisation methods may lead to extraction
of denatured or complexed proteins. This may result in altered immunological detection
[18, 19, 20]. As observed for many different cardiac proteins, the relative concentration
of the contractile proteins may change with workload and wall-stress. This could further
complicate the assessment of infarct size when serum concentrations of the troponins
are measured.

Following the loss of membrane integrity the cytosolic pool of troponins may be
released from damaged myocytes. This has been shown experimentally for troponin T
using isolated Langendorff preparations damaged by the “Calcium Paradox” [21]. In
this model, calcium overload leads to a massive release of cTnT without disturbance of
the ordinated structure of the myofibrils. It may be speculated that troponin I could
behave similarly in this experimental model.

The modes of liberation of troponins

The mode of liberation of troponins from the myofibrils are unclear at present unclear.
It is believed, that the myofibrils are degraded after activation of proteolytic enzymes
such as calpain, following a rise in intracellular calcium concentration. Others have
shown, that a shift in pH, by itself, may induce a dissociation of troponins from the
myofibrils. There are only few studies available following the disappearance of
troponins from the myofibrils in experimental infarctions. In one such study troponin 1
was rapidly degraded, while unaltered troponin T was shown to persist for up to 6 days
after the onset of myocardial infarction [22].

The troponin fragments which originate during the degradation process and, finally,
gain access to the circulation are undetermined. Gorza and co-workers [23], reported
that ischemia may disturb the ordered structure of the myofibrils and expose antigenic
epitopes not normally accessible in nonischemic tissue. They also observed that
following myocardial ischemia of troponin T and troponin I containing complexes of
250 kD and 65 kD, are formed. Wu et al identified circulating complexes of troponin I
and troponin C, homodimers of troponin I, unaltered troponin I, and fragments of
troponin I of many different sizes. By contrast, for troponin T, only one species could
be identified in circulation. Wu and ef a/ also observed, that phosphorylation of
troponin I may interfere with recognition of the epitope by different monospecific
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antibodies [personal communication]. Since troponin T and I do not occur in peripheral
blood as single unaltered molecules, it is likely that different assays using different
antibodies may not identify some of the fragments, complexes or phosphorylated
isoforms.

Analytical methods for the detections of troponins

For cardiac troponin T determinations only one assay [24] is currently available
(Boehringer Mannheim, FRG). This troponin T assay has undergone several steps of
improvement [25, 26, 27, 28] (Figure 2). At present, the laboratory based methods use
an immunoelectric technique employing two cardiac specific antibodies. The
measurement can be completed within 10 minutes with an analytical sensitivity of 0,04
pg/l using the ELECSYS-analyser. In addition to the laboratory based methods, a test
strip assay was developed for bedside analysis of whole blood samples. This assay has a
detection limit of 0.08 pg/l and uses an automated test strip reader. This reader converts
the intensity of a positive line via a CCD camera and a computer program into
quantitative results within a concentration range of 0.1 to 3.0 ug/l.

Figure 2.A. Principle of troponin T assays: troponin T ELISA

Figure 2.B. Principle of troponin T assays: electrochemiluminiscence assay
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Figure 2.C. Principle of troponin T assays: troponin T bedside assay

The antibodies utilised in the Boehringer Mannheim test are well characterized. The
two epitopes of the selected monoclonal antibodies are only 6 aminoacid residues apart
[25,29]. This part of the troponin T molecule differs markedly in protein structure in
cardiac and skeletal muscle.

By contrast, several troponin I assays [30] are available by different manufacturers.
These assays use either mono- or polyclonal antibodies, which are directed against
different antigenic determinants. As a consequence, these assays have different
analytical sensitivities and discriminator values. They are therefore difficult to
standardise. However, standardisation of the different assays is urgently needed to allow
a comparative analysis of the different troponin I concentrations observed in patients
with myocardial damage.

A bedside assay is available for troponin I which uses a goat polyclonal antibody
and a mouse monoclonal antibody (Spectral Diagnostic). This qualitative assay has a
detection limit of 0.1 pg/l and may be comparable in its diagnostic performance to the
second generation of the troponin T bedside assay [31].

Analytical sensitivity of troponin T and | and discriminator values in
clinical practice

In table 1 information regarding currently available troponin assays is given. As this is
a rapidly evolving field, it is impossible to cover all available assays and analytical
evaluations of the many different methods. However, it should be stressed that the
clinical value of new diagnostic methods strongly depends on both the properties and
performance of the assay systems used and the analyses conducted.

In healthy blood donors, troponin T values are below the detection limit of the
assay. In 4595 patients without cardiac diseases seen by general practioners, 99.6 % of
all samples were below 0.06 pg/l {25]. It is unclear whether the minor increase in
troponin T levels above 0.06 pg/l found in some patients was due to the presence of
minor myocardial damage or whether it is explicable by the analytical imprecision of
the assay at the detection limit . Cardiac troponin T is also undetectable in healthy blood
donors, but it was found to be slightly elevated in patients with heart failure. It is
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conceivable that, in the latter group of patients, there is myocardial cell damage severe
enough to cause release of traces of troponin T. Thus at present, it is believed, that
troponin T is either not normally present or escapes detection by available assays. The
absence of the marker in blood is one of the requirements for a high sensitivity of a
diagnostic assay.

Molecule Company Instrument Analyt. Sens. Cut-off

[/} [ne]

bed side assays

c¢TnT Boehringer M - 0.08 n.a.
cTnT Boehringer M Cardiac Reader <0.08 0.1
cTnl Spectral - 0.1 0.1
Laboraty based methods

cTnT Boehringer M ELECSYS 2010 0.01 0.1
cTnl Dade STRATUS II 0.35 1.5
cTnl Behring M OPUS 0.5 2.0
cTnl Sanofi ACCESS 0.03 0.1

Table 1. Features of some of the available troponin assays

Furthermore, the absence of detectable levels raises the possibility that the release of
what are strictily intracellular molecules into the blood stream may cause induction of
auto-antibody formation. In fact Bohner er al [32] showed the presence of auto-
antibodies directed against troponin I in patients with proven reinfarctions. In these
patients they observed extremely low levels of troponin I but high levels of CKMB.
However, auto-antibodies were not reported for troponin T in the same patient,

Diagnosis of acute myocardial infarction

The diagnostic performance of troponins has been tested in patients with myocardial
infarction against the “gold standard“ of CKMB and ECG changes. Due to this
comparative approach CKMB must perform at least as well as the troponins in this
setting. It is currently accepted, that the diagnosis of myocardial infarction cannot be
maintained if appropriately collected blood samples are negative for troponins on
repeated measurements.

Both the kinetics of troponin appearance and its persistence in circulation must be
considered when the diagnostic efficiency of troponins is evaluated. In patients with
definite myocardial infarction, troponin T appears in the circulation 3-4 hours after the
onset of pain in circulation. However, in some patients with myocardial infarction
troponin T or I may not become elevated before 8 hours after the onset of symptoms. It
is, therefore, recommended that a second test for troponins is performed at 8 to 24 hours
after the onset of symptoms in order to definitely exclude the presence of myocardial
infarction.
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In the German Multicenter Trial [22] it was observed that 48 % of all patients with
myocardial infarction were positive for troponin T on admission. In the GUSTO III-
Trial only 18 % of the chest pain patients were positive, when tested with the rapid bed
side assay for troponin T, which has a discriminator value of 0.22 pg/l [33]. Thus
troponin T is clearly not suitable for the early diagnostic work up of patients with
myocardial infarction.

Troponins remain elevated for a prolonged time following the onset of acute
myocardial infarction. The prolonged elevation of troponin T is due to the continued
release of this molecule from necrotising cardiomyocytes, since the serum half life of
troponin T is only two hours [34]. The serum half life of troponin I is unknown at
present.

Due to its prolonged release, troponin T remains elevated for more than 2 weeks in
some patients. In a direct comparison cardiac troponin T was elevated longer than
troponin I and was significantly more sensitive on the 7th day of acute myocardial
infarction [35].

For data exist on the value of troponins to assess noninvasively the size of acute
myocardial infarction. In experimental studies troponin T levels on day 3 correlated
with histological estimates of infarct size [36]. For troponin I a comparable relationship
was not observed, in fact Cummins and co-workers reported that troponin I levels do
not correlate with infarct size in an experimental canine model [37]. In clinical studies it
was reported, that both troponin T and I are correlated to the size of thallium scan
perfusion defects.

When myocardial cell damage is induced during radiofrequency ablation the
troponins appear in circulation and rise to much higher levels than those found for
CKMB [38, 39]. In an experimental setting of isolated Langendorff heart preparations
with hypoxemia periods of 20, 40, and 60 minutes, troponin T and CK appeared in the
coronary sinus effluent at similar time intervals [40].

The added diagnostic value of troponins in patients with definite myocardial
infarction is limited, since the diagnosis of acute myocardial infarction is defined by
WHO criteria. Thus, troponins do not aid in the diagnostic classification of these
patients. Furthermore troponins are not helpful in the selection of treatment strategies in
patients who present very early after the onset of symptoms. In these patients a
negative troponin T value only indicates that the patient is presenting early after the
onset of pain and that they belong to the group of patients which will benefit most from
reperfusion therapy. Thus, due to the timing of its appearance in the circulation, cardiac
tropins are not suitable for the selection of treatment strategies. However, available data
indicate, that patients with troponin T elevations on admission have a much higher
mortality than patients who present with a negative troponin T test and myocardial
infarction. Thus troponin T may be used in the early phase of a definite myocardial
infarction to assess the risks of the individual patient [50,53].

Assessment of reperfusion of the myocardial infarction zone
The appearance of cardiac markers in blood depends on reperfusion of the myocardial

infarction zone. Consequently the serum concentration changes of cardiac markers may
indicate the efficiency and time delay from reperfusion of the infarct zone. For troponin
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T, a biphasic release was observed following recanalisation of infarct related arteries,
while a monophasic rise in serum concentration can be observed in patients with a
permanent occlusion. The observed differences can be explained by the variable
washout of the unbound cytostolic pool of cTnT. Different indices can be delineated
from the serum concentration curves in order to predict non-invasively reperfusion of
the infarct zone. We have proposed a ratio of the troponin T levels at 14 to 38 hours
[41]. Others have used the difference between troponin T levels at baseline and 90
minutes after the onset of treatment [42].

Troponin I release kinetics are also altered by reperfusion. However, the differences
are not as striking as those observed for troponin T. Troponin I release resembles that of
CK in patients with reperfused acute myocardial infarction [43].

Minor myocardial damage

In 1990 we [44] first reported on the presence of troponin T in patients with unstable
angina but no other evidence for acute myocardial infarction, based on ECG recordings
and cardiac enzymes. These patients were a high risk subgroup for further cardiac
events as several of the troponin T positive patients progressed to acute myocardial
infarction or death. This early study triggered great interest and a large number of trials
subsequently confirmed that approximately 30 % of all patients with angina at rest have
positive results for troponin T [22,45-55]. It was also shown, that troponin T positive
patients have a survival rate in hospital similar to that of patients with definite acute
myocardial infarction treated with thrombolytic agents. In the GUSTO Ila trial,
troponin T elevations and reversible ST segment depression were independend
predictors of cardiac events, while CKMB mass elevations were not [53]. These
findings essentially confirmed the results shown in the European Multicenter Trial [45].
Several investigators asessed the prognostic value of troponin T measurements at
admission in patients with unstable angina. In the Scandinavian Multicenter trial [46] no
difference was observed in the 6 months’ complication rate when Troponin T positive
unstable angina patients and patients with definite myocardial infarction were
compared. By contrast, unstable agina patients without troponin T elevations had an
outcome similar to that in patients with atypical chest pain. In the FRISC ftrial [54]
cardiac events were also similar at 5 months follow up in patients with acute myocardial
infarction and patients with troponin T positive unstable angina. The FRISC study
group for the first time indicated that troponin T may also aid in the selection of
treatment modalities [56]. This trial showed that dalteparin treatment was only effective
in patients with elevated troponin T (Figure 3).

By contrast troponin T negative patients had a similar cardiac event rate regardless
of dalteparin treatment. When dalteparin treatment was stopped in the troponin T
positive group at 4 weeks, the event rate rose to levels observed in the troponin T
positive placebo group at the end of 5 months. This indirectly shows that thrombus
formation in unstable plaques, and embolization, may cause micronecroses which are
detectable as troponin T elevations in blood.

Stubbs er al [49] reported, that patients with ¢cTnT positive unstable angina at the
index event remain a high risk subgroup well beyond 1 year follow up. At present it is
unclear what causes the persistence of an increased risk for cardiac events in patients
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with troponin T positive angina, even after appropriate treatment was begun. Troponin I
elevations were also reported to indicate a high risk complication rates with increasing
troponin I levels in blood [57]. These findings were supported subclass of unstable
angina. Antmann and co-workers found an increase in by the reports of different groups
using different troponin I assays.

17

12

% death / AMI

TNT neg TNT pos TNT neg TNT pos

40 days 150 days

Figure 3. FRISC-trial: dalteparin treatment in troponin T positive and negative patients with acute coronary
syndromes. Dalteparin was stopped at 30 days. Note the “catch-up”-phenomenon in complications in the
troponin T positive group treated with dalteparin for 30 days.

Four trials compared troponin T and I in unstable angina patients. In the GUSTO Ila
studies, troponin I was not independently predictive when troponin T was forced into a
logistic regression model first. However, troponin T remained predictive even when
troponin I was considered first [58]. In the TRIM study there was no statistical
difference in the power of risk stratifications between troponin T and 1. However,
troponin T tended to be more predictive than Troponin I [59]. The comparison of the
performance of the rapid bedside assay of tropoinin T and I, which was published
recently [31] is not designed to allow a comparative assessment of the performance of
both markers. Hamm and coworkers tested an outdated low sensitivity troponin T assay,
which is no longer available. Furthermore they used troponin I measurements that were
not performed under field, but under laboratory conditions. In contrast to troponin T
troponin I was measured from fresh plasma instead of whole blood samples by a single
experienced laboratory technician during regular working hours. Furthermore the
physicians were blinded only for troponin I but not for troponin T results. Thus, this
comparison between both assays was highly biased in favour of troponin 1. Under these
unbalanced conditions there was a tendency towards a better predictive power of the
cTnl assay which, however, was not statistically significant.
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The comparative analysis of troponin T and I assays is difficult since different cut
off levels for troponin I varying from 1.5 to 0.03 pg/l were used by different groups.
The liberal use of different troponin I discriminator levels hinders a meaningful
comparison of troponin T and I performances. Furthermore, it is necessary to record
changes in specificity, which may result in modifications in cut off levels. For example
even a conservative cut-off value of 1.0ug/1 could lead to false positive cTnl test results
[60]. Thus, in future studies, floating discriminator values for both troponin I and
troponin T could be used to test the predictive power of each marker molecule.

The high sensitivity of troponin measurements has also lead to their use to assess
troponin T in patients with myocarditis and for monitoring graft rejection in patients
following cardiac transplantation. Lauer et al [61] found troponin T to be the best
predictor for the presence of myocarditis and could demonstrate a relationship between
troponin T levels and histological grades of interstitial infiltrates. Dengler et al [62]
showed, that troponin T levels greater than0.04 pg/l have a high negative predictive
value for a rejection episode of 96 %. However, the positive predictive value was only
about 85 %. Thus troponin T negative patients can be followed conservatively, while
troponin T positive patients need to be followed by repetitive endomyocardial biopsies,
which is the routine procedure for monitoring graft rejection in most centres.

Summary

The troponins have become the markers of choice in patients with suspected acute
coronary syndromes. However, in patients with definite myocardial infarction cardiac
enzymes and ECG recordings are sufficient for the diagnosis. In the group of patients
with chest pain the troponins not only serve to rule out acute myocardial infarction but
also to perfom a risk stratification in these patients. In the future the troponins may also
be used for the selection of treatment regimens in patients with acute coronary
syndromes.

The relative value of troponin I as compared to troponin T will depend on the
analytical performance of the assay systems since both markers are similar in many
biological respects. The scientific evaluations of this comparative analysis requires that
both markers are analysed under identical conditions using samples from well defined
subgroups of patients.
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Chapter 4

TROPONIN I: STRUCTURE,
PHYSIOLOGY AND IT’S ROLE IN RISK
STRATIFICATION OF ANGINA PATIENTS

Mario Plebani and Mauro Panteghini

Ischaemic heart disease is one of the most common and serious health problems in
contemporary society and acute myocardial infarction (AMI) is the major cause of
cardiovascular morbidity and death. Progress in the field of thrombolytic therapy has
significantly affected the management of patients with AMI. Timely reperfusion for an
evolving infarction often prevents immediate mortality, and reduces the risk of severe
infarct, thus preserving left ventricular function. Although the familiar triad of clinical
history, electrocardiogram (ECG), and serum enzyme analysis is of importance in the
diagnosis of AMI, it does not always allow an early diagnosis, particularly in cases of
so-called non-Q-wave infarction and minor imyocardial necrosis. Moreover, although
specialist techniques such as planar radioisotope imaging, single photon emission
computed tomography (SPECT), position emission tomography (PET),
echocardiography, ventriculography and nuclear magnetic resonance (NMR) imaging
have been used to confirm the diagnosis in patients with equivocal symptoms and ECG
findings, most of these procedures are not widely available to patients due to very high
costs and long turnaround time. Among the various bichemical markers which have
been suggested to be suitable for the detection of myocardial injury, only a very small
number can be singled out as being of particular significance. A serious limitation of
most of these markers is the lack of cardiac specificity, which results in a high
percentage of false-positive results. For this reason, research in the past decade has
focused on the structural and functional proteins of the cardiac muscle, which are highly
specific for the myocardium. Initially the search started by choosing the cardiac
myosin-antimyosin system; cardiac myosin being present in the myocardium at a
relatively high intracellular concentration. However, the highly complex situation
regarding the specificity of cardiac myosin for myocardial tissue, together with its
isoform switching at various developmental stages and under a number of pathological
conditions, has jeopardised its position as an ideal cardiospecific marker. More recently,
the characterization of the troponin complex and the development of immuno assays for
the measurement of these proteins in serum represent a major advance in the detection
of myocardial damage.

41
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The troponin complex: biochemistry and physiology

Troponin, together with tropomyosin, belongs to the group of structural proteins
involved in the regulation of striated and cardiac muscle contraction [1,2]. The troponin
complex, located on the thin filament of striated muscle, controls the interaction of
thick and thin filaments in response to alterations in intracellular Ca>* concentrations. It
is composed of three protein components, troponin C (TnC), troponin I (Tnl), and
troponin T (TnT), each of which performs a specific function (Figure 1).

Head-to-Thail
Overlap of
Tropomyosin

{! ropomyosin '

Figure 1. The troponin complex found on the thin filament of the contractile complex in muscle tissue.

TnC is a 18.5 kD, Ca’"-binding protein containing four metal-binding sites. Two
sites located in the C-terminal globular domain of TnC bind both Ca®* (K, 10’ L/mol)
and Mg2+ (K, 10’ L/mol), whereas the other two sites, located in the N-terminal
domain, specifically bind Ca** with a K, of 10° L/mol. Tnl, a 23.9 kD protein, inhibits
actomyosin ATPase activity and this inhibition is reversed by the addition of Ca™'-
saturated TnC. Tnl and TnC closely interact with each other, the strength of their
interaction depending on the saturation of Ca**-binding sites of TnC [3]. In the presence
of Ca®, the K, value for the TnI-TnC complex is 10*-10° L/mol [4]. Multiple sites of
Tnl-TnC interaction have been localized and, supposedly, in the presence of Ca®*, Tnl
wraps itself around the central helix of TnC, forming contacts with both N- and C-
terminal globular domains containing Ca2+-binding sites [5,6].

The troponin complex plays a fundamental role in the transmission of intracellular
calcium signals into actin-myosin interaction. Following membrane depolarization,
myoplasmic calcium occupies the calcium-binding sites of TnC, leading to a
conformational change in this troponin subunit. This conformational change is
transmitted mainly via TnT to tropomyosin and Tnl, this process allowing the
interaction between actin and myosin. Cross-bridges are then formed between the thick
and thin filaments and this results in muscle contraction. The strength and velocity of
contraction are modulated by the numbers and affinities of Ca2+-bind'mg sites of TnC
and by the structure, phosphorylation, and steric arrangement of TnT, Tnl, and
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tropomyosin [7]. A current unresolved issue is just what is regulated when Ca** binds to
TnC. Ca®* may act as a switch and promote the transition from the weak to the strong
state in an "all or none" fashion, or Ca> may increase the rate of transition from the
weak to the strong state in a "graded" fashion [8]. In terms of activation of the thin
filament whether an "all or none" or a "graded" response, there is an emerging picture
of how the reaction of Ca”* and TnC is transduced to affect the reactivity of actin by
triggering the actin-myosin crossbridge reaction and putting the thin filament in "on"
and "off" states. The "off" state is associated with low cytosolic Ca®". There are weak
interactions between TnC and Tnl and possibly between TnC and TnT; Tnl binds to
actin strongly. The "off" state may also be characterized by a poorly understood
interaction of Tnl with TnT and a potential interaction between TnT and actin [9].
These interactions, which are transmitted to tropomyosin through TnT, hold
tropomyosin in a conformational state or location that alters actin activity so that actin-
crossbridge reaction is impeded. The strong interaction between Tnl and actin in
relaxing conditions is also likely to inhibit the reaction of crossbridges and to produce
the blocked state. The inhibitory reactions are reversed when Ca’' binds to TnC,
resulting in an activation of myofilament activity (the "on" state) [10].

Distribution of troponin subunits in different muscles

The regulatory troponin complex is not present in smooth muscle. Contraction in this
type of muscle is regulated by myosin phosphorylation/dephosphorylation and Ca*'-
dependent caldesmon binding [11,12]. The proteins of the regulatory troponin complex,
which are reported to exist in multiple isoforms, are expressed in a tissue-specific and
developmentally regulated manner [13]. All the troponin complex proteins are single
polypeptides and show a relatively simple tissue distribution, compared to myosin or
tropomyosin. Three isoforms, encoded by separate genes, have been reported for Tnl,
which is a single polypeptide chain of 211 amino acids without any evidence of
heterogeneity in its aminoacid sequence [14,15]. These isoforms are associated with
cardiac, slow skeletal, and fast skeletal muscle and may contribute to the functional
differences between the different muscle types. The Tnl isoforms have been found to be
tissue-specific, but species non-specific. Studies in a variety of different mammals,
including rabbit, cow, baboon, monkey, and man have indicated that the structural
relationship of cardiac Tnl (cTnl) is strongly preserved in all mammalian species. A
comparative study of cTnl from different species by Berson et al [16] showed that all
¢Tnl appeared to have similar molecular weights, but had different overall charges.
These different molecules have the same inhibitory effect on skeletal actomyosin
ATPase activity and the same ability to be phosphorylated.

In skeletal muscle, the Tnl isoforms (sTnl) are located in different types of cells in
the myofibrils. The fibres of the type-1 contain only the slow isoform, whereas the fast
isoform is present in type-2 cells. Vice versa, the distribution pattern of the cardiac
isoform (cTnl) is uniform throughout the atrial and ventricular chambers possibly due
to the presence of only one cell type in the heart tissue; furthermore, c¢Tnl is uniquely
located in the myocardium [17].

Comparative studies on the sequences of cTnl and sTnl show that their inhibitory
regions are almost identical in the two proteins, although the former contains 32 to 33
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extra amino acids at the N-terminal region which are not present in sTnl [14,18]. This
sequence includes two adjacent serine residues at positions 22 and 23 or 23 and 24,
depending on the animal species, that can be phosphorylated by protein kinase A [19].
The extent of cTnl phosphorylation seems to correlate with the degree of positive
inotropy of the heart as stimulated by catecholamines [20]. Several lines of
experimental evidence suggest that phosphorylation of ¢Tnl may have a unique and
important regulatory role in controlling cardiac function. Physiologically, the
phosphorylation of cTnl appears to influence the Ca’* regulation of cardiac myofibrils
through a change in the interaction between cTnl and TnC [21]. The absence of the N-
terminal serine residues confers reduced responsiveness of the heart to b-adrenergic
stimulation. The amino acid sequence from 104-115 is the peptide imparting on ATPase
inhibitory activity of the Tnl molecule. This region has also been found to be important
for Tnl interaction with TnC and tropomyosin and any alteration in this sequence
results in a loss of, or reduction in, the inhibitory activity of Tnl. Recently Larue et al
[22] carried out epitope analysis of cTnl by 40 apparently cTnl-specific monoclonal
antibodies showing at least six different epitopes on the cTnl molecule; some of these
were highly specific for cTnl and were not found in sTnl. Wilkinson and Grand have
previously shown that cTnl has 40% sequence dissimilarity from the skeletal troponins
[23]. This unique amino acid sequence makes cTnl an ideal candidate for the laboratory
detection of myocardial injury and has facilitated the development of monoclonal
antibodies that do not react with sTnl.

Developmental characteristics of cTnl

Both cardiac and skeletal Tnl are expressed in the human ventricle throughout fetal
development, but sTnl is the predominant isoform at all fetal stages. After birth, there is
a switch to the expression of cTnl alone, the phenotype of adult myocardium, this
process being complete a few months later. In particular, sTnl protein and mRNA are
absent by the ninth postnatal month, as demonstrated by Sasse et al [24]. This
developmental transition in troponin gene expression has functional implications for the
contractility of the developing myocardium and raises questions as to the mechanisms
regulating the expression of these genes. In fact, as already mentioned, the extended N-
terminal sequence of cTnl contains serine residues that are selectively phosphorylated
when hearts are perfused with adrenergic agonists or when purified Tnl is treated with
cAMP-dependent protein kinase. Indeed, the transition in expression from sTnl to cTnl
during neonatal life may account in part for the differing response of fetal and neonatal
myocardium to B-adrenergic stimulation [25,26]. The molecular mechanisms of this
transition are unknown, although it is believed that the developmental changes in
hormones, particularly thyroid hormones, are directly involved in the process [13].
However, more recent data suggest that thyroid hormones do not significantly affect
cTnl expression [27]. The present hypothesis is that, during skeletal muscle
development, neural contact plays an important role in the development of the mature
phenotype. Denervation or cross innervation between fast and slow skeletal muscle
types have a profound effect on isoform transition [28]. cTnl is not expressed by
developing or diseased human skeletal muscle. Immunohistochemical studies conducted
on chicken embryos and human fetal tissues have found no evidence of cTnl expression
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by normal animal and human embryonic or adult skeletal muscle [29]. These
observations, together with the previously reported data on Tnl switching in developing
heart, confirm that sTnl is the early embryonic Tnl in human muscle. For these reasons
cTnl cannot be detected in skeletal muscle biopsy samples of patients with
polymyositis, Duchenne muscular dystrophy, or in other degenerative processes of the
muscle, even when the synthesis of the monomer B of creatine kinase is increased [30].
The absence of cTnl in diseased as well in nondiseased human skeletal muscle further
explains the excellent cardiac specificity of c¢Tnl measurement for the diagnosis of
myocardial damage.

Kinetics of ¢cTnl release

The mechanisms of troponin degradation in the early stages after AMI have been
studied. Cummins and Auckland [31], who developed the first radioimmunoassay for
cTnl measurement in serum, showed that the release of the protein resembles that of
creatine kinase MB for its early release, but a biphasic profile was evident, with serum
elevations within 4-6 h, a peak concentration at 18 h, and c¢Tnl concentrations above
normal for up to 6-8 days post-infarction. Many factors that contribute to alterations in
the intracardiac environment may directly affect the stability of troponin or act
indirectly by activating proteolytic enzymes. The anaerobic activation of proteolytic
enzymes, like cathepsins, reduction in tissue ATP, accumulation of lactate, elevation of
pH, and changes in the intracellular distribution of electrolytes, were suggested to be
responsible for this degradation [32]. The relatively early release of cTnl could be the
result of rapid myofibrillar breakdown but may also reflect the presence of free cTnl
within the sarcoplasm. cTnl tightly interacts with two other troponin components (TnC
and TnT) and the separation of these components can be achieved only in the presence
of a high concentration of urea or other denaturing agents [33]. Recent data, obtained
using different pairs of cTnl-specific monoclonal antibodies and other sophisticated
experimental conditions, indicate that in AMI the largest proportion of ¢Tnl is liberated
in the form of a complex, mostly together with TnC, whereas only a small proportion of
¢Tnl circulates in the bloodstream as the free form [34]. The ratio of total to free cTnl
in the serum varies with time after AMI and is different in serum samples from different
patients. As a rule, the ratio (cTnl),/(cTnl)g,, is low at the beginning of the post-AMI
period, it then increases to its maximum value and, at the end of the observation period,
returns to its initial value. At its peak concentration, total cTnl is 5-12 times higher than
the corresponding concentration of free cTnl. The release kinetics of total cTnl is
similar to that previously described in the literature [35]: the peak of the total cTnl
concentration is observed 15-25 h after the onset of chest pain and the concentration of
the protein remains increased for at least 80-100 h.

In the light of these findings, the standardization of different methods for ¢Tnl
measurement in serum seems mandatory. In fact, differences in currently available
assays could be explained by the different specificity of antibodies, pairs of antibodies,
purification and type of antigens (purified free cTnl or c¢Tnl-cTnC complex) and
reaction conditions. However, from a clinical point of view, ¢Tnl is a specific and
sensitive marker for myocardial damage as shown by recent studies. There is
increasing interest in introducing it into the clinical setting.
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cTnl for risk stratification in patients with acute coronary syndromes

From the pathophysiological point of view, acute coronary syndromes (ACS) have a
common mechanism: the atherosclerotic plaque ruptures and a mural or occlusive
thrombus forms, impairing or interrupting the perfusion of myocardial tissue [36].
Large plaque ulceration can lead to total occlusion of a coronary artery resulting in
AMI, but also smaller, nonocclusive, plaques may produce minor myocardial injury
associated with irreversible damage in clinically defined unstable angina (UA) patients
[37]. The boundaries between UA and AMI are then overlapping and UA is thought to
be the prelude to AMI in many cases. The rationale for the use of highly sensitive and
specific biochemical markers, such as cardiac troponins, in ACS patients is based on the
possibility to detect accurately the presence of even minor degrees of myocardial
damage and, consequently, ascertain whether a progression of UA to AMI has begun
[38].

In recent years increasing evidence indicates that abnormal troponin measurements
identify a sub-group of patients (approximately one fifth to one third of all patients
presenting with a diagnosis of UA) who have an increased risk of major cardiac events.
This links cardiac troponin elevation to adverse outcome in patients with ACS [39-42].
The first reports on the role of troponin in UA, as assessed by cTnT, the first
commercially available test and showed that the short-term (<6 months) risk of cardiac
death or AMI was increased in patients who had abnormal c¢TnT values [39,43,44].
¢Tnl is the newer of the two troponin markers, and the studies on risk stratification were
initiated some years later. Unlike cTnT, for which there is only one manufacturer of a
commercial assay, the results for cTnl have been obtained using different cTnl assays
and therefore different cut-off concentration points. Despite these facts, the diagnostic
and prognostic value previously showed for cTnT, has now been shown also for ¢Tnl.

In a first study by Wu et al [45], cTnl measurements (Opus Behring; cutoff value,
1.6 pg/L) were used for risk stratification in 74 consecutive non-AMI patients with
chest pain. With the use of odds ratios, these authors showed that poor outcome was
significantly more frequent in the high-cTnl group than in the low-cTnl group; a
substantial improvement compared with the prognastic value of creatine kinase MB.
Using the same method (Opus Behring) but a different cut-off point (0.5 ug/L),
Panteghini et a/ [46] confirmed that the short-term incidence of cardiac events in UA
patients was significantly related to the increase in serum c¢Tnl. Interestingly, the same
group recently obtained identical clinical results by using a different assay (Access
Sanofi Diagnostics Pasteur; cutoff value, 0.03 pg/L), showing that the prognostic value
of c¢Tnl determination in UA patients is not method-dependent [47]. In another study of
44 patients with UA, positive cTnl results (ELISA Sanofi Diagnostics Pasteur; cutoff
value, 0.1 ug/L) were detected in 45% of patients [48]. These authors found a 1-year
cardiac event rate of 33% for patients with and have for those without increased cTnl
concentrations. Furthermore, increased cTnl was a significant univariate predictor of
cardiac death or fatal AMI.

The first large study that assessed the prognostic value of a single measurement of
cTnl in serum at the time of hospital admission was reported on patients in the
Thrombolysis in Myocardial Ischemia Phase IIIB (TIMI IIIB) trial by Antman et a/
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[41]. In a retrospective evaluation, these authors measured cTnl (Stratus Dade; cutoff
value, 0.4 ug/L) in 1404 patients with UA and non-Q-wave AMI. Elevated serum cTnl
concentrations predicted a significantly increased mortality at 42 days (Figure 2).

Figure 2. Mortality rates at 42 days according to cardiac tropinin I concentrations in patients of the TIMI
IIIB trial (adapted from ref. 41)

In particular, the incidence of death was 1% in patients with undetectable c¢Tnl
concentrations and 3.7% in patients with increased cTnl. Each increment of 1 pg/L in
c¢Tnl concentrations was associated with a significant increase (+3%) in the risk ratio
for death even after adjustement for other factors influencing mortality. Although
interesting, this report has some limitations, such as its retrospective approach and a
somehow confusing classification of the chest pain episodes. However, we do not
believe that these limitations significantly affect the importance of its main message i.e.,
that cTnl provides prognostic information beyond that supplied by demographic
characteristics or electrocardiographic findings in patients presenting with ACS.
Confirming these findings, Galvani et al [42] prospectively studied 91 UA patients in
whom non-Q-wave AMI was excluded. Their data confirmed that ¢Tnl (Stratus Dade;
cutoff value, 3.1 pg/L) is an important and independent prognostic variable in UA
patients, predicting short- (30-day) and long-term (1-year) patient outcome. Finally,
three additional preliminary studies [49-51], presented during 1997, further confirmed
the prognostic potential of ¢Tnl to predict cardiac events.
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So far, only one prospective study has compared the prognostic value of ¢TnT with
that of cTnl in the same cohort of ACS patients [52]. In 516 patients suspected of
having ACS, both cTnT (ES 300 Boehringer; optimal cutoff, 0.1 pg/L) and c¢Tnl (Opus
Behring; optimal cutoff value, 2.0 ug/L) provided independent prognostic information
with regard to major cardiac events at 30-days follow-up period. Also, in the subset of
patients who were retrospectively categorized as UA (n=309), both ¢TnT and cTnl
mantained comparable prognostic information regarding the occurence of cardiac
death/AMI. In particular, among the patients with elevated ¢Tnl concentration, 3.2%
died during the follow-up period, which is comparable to the 3.7% mortality rate that
Antman et al [41] found in their cTnl-positive group. The event rate in patients with
low concentrations of ¢Tnl was also concordant in the two studies: 0.7% in this study
versus 1.0% in the study by Antman et al [41]. A close correlation of ¢TnT and ¢Tnl
values was found, which further supports the hypothesis that release of these proteins
reflects the same pathological process in the myocardium. Interestingly, the
predictabilities of the two troponins varied at different cutoff values and were already
significant at 0.05 pg/L for ¢TnT and 1.5 pg/L for cTnl. Recently, three additional
preliminary studies confirmed these findings, by using a different ¢Tnl assay {53] or
different cutoff values [54,55].

Optimal blood sampling for risk stratification using cTnl determination

In the study of Antman ef al [41], the sample for cTnl taken on enrollment provided
suitable prognostic information regarding cardiac events. Conversely, in their study,
Luscher et al [52] used the highest value within the first 6 h after admission. When only
the admission sample was used for risk stratification in this study, a considerable
number of patients who were suffering from significant myocardial damage were
overlooked. On the basis of these and other published data [47], it seems that an in-
hospital observation period of at least 12 h gives an accurate identification of the
majority of the UA patients at greater risk of cardiac events. A few samples, i.e., two or
three, collected in the first 12 h after admission, are probably enough to obtain this
information. Hamm et al [56] showed that the events rate in patients with negative ¢Tnl
test in this period was only 0.3%.

Clinical implications

As discussed previously, the measurement of troponins in serum allows the
identification of a new group of patients with unstable ACS characterized by minor
myocardial injury, who are at high risk of developing short- and long-term adverse
cardiac events. Recent evidence suggests that patients with an ACS and documented
abnormal release of cardiac troponins must be regarded as “high risk”, independently of
their clinical characteristics.

Having demonstrated that troponins are useful for risk stratification, the challenge is
now to reduce the high risk of subsequent ischemic events in ACS patients with an
elevated troponin test result. The applicability of the cardiac troponins as prognostic
indicators may also provide a useful tool for selecting optimal treatment. A study has
recently shown that elevation of c¢TnT identifies a subgroup of patients in whom
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prolonged antithrombotic treatment with a low-molecular-weight heparin can improve
prognosis [57]. However, additional prospective outcome studies are needed to
document whether antithrombotic agents and/or aggressive revascularization treatments
can improve prognosis in troponin-positive patients.

Group cTnl-  Group cTnl+
(n=15) (n=7)

Mean luminal stenosis, % 82+13 85+12
Multivessel disease 7 4
Lesion morphology :

* type A lesions, no. 9 1
 type Bl lesions, no. 8 P=0.041 6

* type B2 lesions, no. 4 7

Lesion morphology classified according to American Heart
Association criteria.

Figure 3. Angiographic characteristics for 22 patients with unstable angina, according to whether they were
negative or positive for cardiac troponin I (adapted from ref. 47).

The possibility that elevated cardiac troponin concentrations may be associated with
dangerous vulnerable plaques, responsible for AMI and death, needs also to be
evaluated prospectively in studies correlating the morphologic features of plaques with
cardiac troponin concentrations in patients with ACS. In this respect [58], it is
surprising that Antman ef a/ [41] did not find significant differences in the incidence of
coronary thrombi on angiography between patients who had increased cTnl and those
who did not. More recent studies seem to show however a significant association of the
¢Tnl increase with the severity of lesion morphology at angiography [46,47,59,60]. In
one of these studies [46], UA patients with and without measurable amounts of cTnl
(Opus Behring; cutoff value, 0.5 pg/L) did not differ with respect to the quantitative
degree of coronary disease at angiography, but the type of lesion morphology, classified
according to American Heart Association (AHA) criteria [61], was significantly
different between the two groups (P=0.0019); ulcerated lesions or thrombus formation
were present in all cTnl-positive patients. Similar results were also obtained by the
same group of researchers, using a different cTnl assay (Access Sanofi Diagnostics
Pasteur; cutoff value, 0.03 ug/L) (Figure 3) [47]. In addition, Benamer ef al [60], using
multivariate analysis, showed that cTnl increase (Stratus Dade; cutoff value, 0.3 pg/L)
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within 24 h from hospital admission can predict the complexity (presence of thrombus
or AHA type C lesions) of the coronary lesions in UA patients (odds ratio: 3.6).

Conclusion

One of the most important challenges in the management of ACS patients is risk

stratification. The possibility of identifying patients who are at high risk of subsequent

ischemic events and who could benefit by more aggressive medical treatment or

invasive revascularization procedures appears to be closer now with the troponin

assays. The measurement of cTnl concentrations in serum may provide a rational and

cost-effective basis to individualize these subjects, guiding therapy and controlling its

effectiveness. In particular, the following points should be considered in relation to

cTnl measurement in patients with suspected ACS:

1. High concentrations of cTnl predict cardiac events (death, AMI) better than low
concentrations.

2. Early measurements (<12 hours after admission) are sufficiently predictive.

3. High cTnl concentrations correlate with the presence of disrupted coronary plaque
morphology.
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Chapter 5

MYOGLOBIN

Johannes Mair

Although myoglobin was demonstrated to appear in blood and urine in the course of
acute myocardial infarction (AMI) as early as 1956 by Kiss and Reinhard [1], for the
next two decades enzyme determinations were preferred for the biochemical diagnosis
of myocardial necrosis for methodological reasons. The first radioimmunoassay for the
quantification of serum myoglobin was reported in 1975 [2]. This new technology made
possible for the first time the accurate measurement of myoglobin concentrations in
blood, and plasma myoglobin elevation after AMI was re-emphasised. However, many
authors were not able to detect myoglobin in urine despite relatively high plasma
concentrations [3], and it appears that myoglobin is only detectable in urine after
extensive AMIs which release high amounts of myoglobin. It soon turned out, and was
repeatedly demonstrated, that myoglobin concentrations rise several hours earlier after
the onset of chest pain than creatine kinase (CK) and CKMB enzyme activities [2-5].
Since then myoglobin has become an established early marker for myocardial infarction
and is a standard against which all new markers proposed for early AMI diagnosis have
to be compared. However, in the 1970’s myoglobin determinations, were mainly of
academic interest because these radioimmunoassays were too time consuming (the
results were only available on the next day or even later), and additionally the earlier
diagnosis of AMI had at this time no real clinical consequences for patient care and
management. During recent years the rapid early diagnosis of AMI using biochemical
markers has received increasing attention, in particular for early exclusion of AMI in
patients with non-diagnostic electrocardiogram (ECG) because of the increasing
economic need for cost-effective utilisation of expensive coronary care units. This has
forced assay manufacturers to overcome analytical limitations, and now-a-days rapid,
automated immunoassays for plasma and whole blood myoglobin measurement are
available.

Biochemistry

Myoglobin is an oxygen-binding heme protein of low molecular mass (MW: 17.8 kD)
found in striated muscles, where it accounts for 5-10% of all cytoplasmic proteins
(myoglobin concentration: approximately 4-5 mg/g wet weight). It is not found in
smooth muscle. Myoglobin is an oxygen transport protein and is located in the striated
muscle fibres close to the sarcolemma, to the contractile apparatus, and to intracellular
membranous or fibrillar structures. In skeletal muscle myoglobin is mainly found in the
slow-twitch ("red") fibres. Its most striking characteristic is its ability to bind oxygen
reversibly. It binds oxygen with a higher affinity than haemoglobin, and myoglobin is
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likely to facilitate oxygen diffusion in striated muscle fibres and also to serve as an
oxygen store within the muscle fibre [6,7]. However, its precise physiological role is
still controversial.

Some investigators have reported that heart muscle contains multiple forms of
myoglobin [8]. Whether there is a cardiac-specific myoglobin isoform in humans
remains to be demonstrated. The current myoglobin assays cannot discriminate between
myoglobin released from the human heart or from human skeletal muscle, and,
therefore, myoglobin measurement is not heart-specific.

The turnover in striated muscles, in particular skeletal muscle, causes a continuous
release of myoglobin into the circulation, which leads to detectable serum myoglobin
concentrations in the reference populations. A dependence of reference values on age,
seX, and race has been reported by some but not by all investigators [9-12]. Myoglobin
is rapidly cleared from the serum by the kidneys, and its biological half-life time is only
about 10 minutes [13]. Therefore, all diseases associated with impaired renal function
lead to increased serum myoglobin concentrations.

Clinical Results

Myoglobin as an early marker for myocardial infarction

Myoglobin is markedly more sensitive than CK and CKMB activities during the first
hours after the onset of chest pain (see Table 1) [4,11,14,15]. However, the differences

are much less pronounced when newer technologies for CK and CKMB measurements,
i.e. CK isoforms and CKMB mass, are used [16,17].

Table 1. Average sensitivities of cardiac markers in relation to the time of onset of chest pain.

Marker 0 - 2 hours 2 - 4 hours 4 - 6 hours
Myoglobin 0.35 0.80 0.95
CK isoforms 0.30 0.70 0.90
CKMB mass 0.30 0.70 0.90
Troponin 0.25 0.60 0.85
CK activity 0.15 0.35 0.70
CKMB activity 0.10 0.25 0.50

In a study (unpublished results) for which we collected blood every 15 minutes the
sensitivities of myoglobin and CKMB mass differed significantly only in the baseline
sample, which was taken before the start of thrombolytic treatment (see Figure 1).
Thereafter, there were no significant differences between either marker (Figure 1).
Myoglobin usually starts to rise within 2-4 hours after the onset of chest pain and
myoglobin is detectable in all AMI patients between 6-10 hours from the onset of chest
pain [14-17]. Peak values are found in patients with early reperfusion of the infarct-
related coronary artery within 7 hours from AMI onset (see Figure 2). In all other AMI
patients peaks are observed thereafter, and myoglobin returns into the reference interval



MYOGLOBIN 55

100 EE Myoglobin
T [ CKMB mass
90
80
70 ~ *
60

50 -

Sensitivity (%)

407
30 A
20

10

0 - T T T
0 15 30 45 60 75 90 105 120
Minutes after start of thrombolytic therapy

Figure 1. Early sensitivities of myoglobin and CKMB mass.

The early sensitivities of myoglobin (black bars) and CKMB mass (white bars) following thrombolytic
therapy after AMI (own unpublished data). Asterisks indicate significant differences between both markers.
Myoglobin was only significantly more sensitive before start of thrombolysis (time 0), afterwards the
differences were not significant.

usually within 24-36 hours after the onset of AMI [4,11,14-17]. Myoglobin release
correlates with infarct size [18,19]. Non-Q wave infarctions usually have smaller
myoglobin peaks as compared to Q wave infarctions. The rapid disappearance of
myoglobin in uncomplicated AMI makes this analyte very suitable to detect a
reinfarction in patients in whom chest pain reoccurs [19].

Myoglobin is an excellent marker for ruling out an AMI in a patient admitted with
chest pain [4,11,14-17]. Ideally, determinations should be carried out upon patient
admission, then after 2,4, and 6 hours. If myoglobin is still within the reference interval
8 hours after the onset of chest pain, an AMI can be ruled out with near certainty. Chest
pain patients without myoglobin increase rarely develop clinical complications [14].
Myoglobin was found to be a strong independent predictor of AMI in patients with
symptoms of short duration, which was particularly useful in patients with an equivocal
ECG at hospital admission [15,16]. After 12 hours the myoglobin peak concentration
may already have passed, so its efficiency as a marker drops considerably and is
markedly lower than that of CKMB after this time point. CKMB determination is the
preferred option in patients admitted later than 10 hours from chest pain onset, because
myoglobin may already have normalised at the time of hospital admission.
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Figure 2. Myoglobin and CKMB mass time courses in 16 patients with Q wave myocardial infarction.
Data given as median and interquartile range (bars); own unpublished data.

Despite its lack of heart specificity, myoglobin is also very useful for ruling in AMI
early after the onset of chest pain [11,14-16]. In the non-traumatised chest pain patient
admitted to the emergency department skeletal muscle damage is rare enough not to
markedly influence the diagnostic efficiency of myoglobin in this patient population
and missing the diagnosis AMI is the real problem for the physicians in the atypical
patient. Myoglobin specificity in non-traumatised chest pain patients was reported to be
in the range of that of CKMB [11]. But myoglobin should not be used for AMI testing
in patients after resuscitation or in patients with renal failure.

Monitoring of thrombolytic therapy

Early reperfusion of the infarct-related coronary artery, either spontaneous or
therapeutically induced by thrombolytic agents or acute percutaneous transluminal
coronary angioplasty (PTCA), leads to a markedly more rapid and higher rate of
increase and earlier peak values. Patients with and without early reperfusion may be
reliably differentiated by their myoglobin rate of increase, if concomitant skeletal
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muscle injury can be excluded clinically. In all studies which compared different
cardiac markers for non-invasive reperfusion monitoring myoglobin was always,
tendentiously, the best cardiac marker to assess reperfusion non-invasively. This is
because its diagnostic performance was less susceptible to changes in the threshold
value used than that of other markers [20,21]. In the largest study published so far [21]
Laperche et al. reported that a relative increase in myoglobin of 24 in 90 minutes after
the start of thrombolytic therapy could reliably distinguish between reperfused and non-
reperfused patients when thrombolytic therapy was started between 3-6 hours after the
onset of chest pain. However, this myoglobin threshold remains to be tested in a
prospective clinical trial.

Diagnosis of perioperative myocardial infarction in coronary artery bypass
grafting (CABG)

Myoglobin is an early marker of perioperative myocardial infarction in patients
undergoing elective CABG [22-24]. The myoglobin time course allows the
differentiation of patients with and without myocardial infarction several hours earlier
than other markers, such as CKMB or troponins. Myoglobin concentrations in patients
without perioperative myocardial infarction increase with aortic unclamping after
reperfusion of the heart after cardioplegic cardiac arrest, usually peak after one hour,
and decrease to almost baseline values within four hours. In contrast, myoglobin
concentrations in patients with perioperative myocardial infarction further increase after
one hour post aortic unclamping. Patients with and without infarction can be
discriminated as early as 3 hours after aortic unclamping [22]. Because of its short half-
life in the circulation myoglobin also allows the recognition of the time point of
infarction onset more accurately than other markers.

Concomitant skeletal muscle damage in CABG patients, due to the preparation of
peripheral veins, median sternotomy, or the preparation of the internal mammary artery,
is usually negligible as a source of false positive myoglobin results. Myoglobin
measurements in coronary sinus blood samples identified the myocardium as the major
source of myoglobin release in CABG patients [23]. However, when using alternative
bypass vessels or techniques, such as the right gastroepiploic artery or the inferior
epigastric artery or minimally invasive CABG, the surgical skeletal muscle injury is
greater and myoglobin results must be assessed with caution. Clearly, in these patients,
heart-specific markers are to be preferred for diagnostic purposes.

Myoglobin in patients with unstable angina pectoris

Elevated myoglobin concentrations have been reported in patients with unstable angina,
perhaps reflecting small areas of myocardial muscle fibre death undetected by CKMB
activity measurements [14,25,26]. Information on the prognostic significance of
myoglobin release in these patients is limited and restricted to the development of in-
hospital complications [14] which are more frequent in the patients with myoglobin
increase. However, from a practical point of view it seems to be somewhat problematic
to assess borderline or slight increases in myoglobin, a non heart-specific marker, in
critically ill patients in whom it is not always possible to rule out skeletal muscle
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damage with near certainty. Therefore it is advisable to use more cardiac-specific
markers for risk stratification in patients with unstable angina.

Specificity of myoglobin

Damage to skeletal muscles, either via trauma, surgery, or diseases, such as
degenerative or inflammatory conditions, hyperthermia and hypothermia, hypoxia, or
alcohol abuse, also elevate myoglobin in serum [5]. Only extraordinary, unaccustomed,
physical exercise leads to an increase in myoglobin serum concentrations above the
upper limit of the reference interval, particularly in untrained individuals.
Uncomplicated intramuscular injections rarely cause false positive myoglobin results
[5}. Myoglobin is also rarely elevated after cardiac catheterisation. Because myoglobin
is cleared from the circulation by the kidneys, patients with a decreased glomerular
filtration rate from low perfusion or renal failure can also have elevated myoglobin
levels [271.

Summary

Myoglobin is a very suitable marker for the early diagnosis of AMI, and it contributes
to the diagnosis in the subgroup of patients presenting early with non-diagnostic ECG.
Myoglobin is useful for the non-invasive assessment of reperfusion in AMI patients.
Fortunately, the problem of false positive myoglobin results is not as great as it may
seem at first glance, particularly when assessing myoglobin concentrations in the non-
traumatised chest pain patient. The causes of such false positive results can usually be
ruled out or identified easily from the clinical history, and serum urea nitrogen (BUN)
and creatinine allow the assessment of renal function in a patient. However, there are
several clinical settings in which myoglobin should not be used for diagnosing
myocardial damage, such as patients presenting with chest pain after heavy physical
exercise, patients with neuromuscular disorders, or patients with obvious muscular
trauma or renal failure.
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Chapter 6

GLYCOGEN PHOSPHORYLASE
ISOENZYME BB

Johannes Mair, Bernd Puschendorf, and Ernst-Georg
Krause

In the final analysis all currently available routine markers are not sufficiently sensitive
within the first 3-4 hours after the onset of acute myocardial infarction (AMI), and the
diagnostic performance of the electrocardiogram (ECG) is still clearly superior to that
of cardiac markers during this time interval [1,2]. Because the diagnostic accuracy of
the ECG on hospital admission is also limited [3] the search for more sensitive markers
of ischaemia and myocardial damage is still ongoing. Based on its metabolic function,
its pathophysiology, and supported by clinical results, glycogen phosphorylase
isoenzyme BB (GPBB) is a promising enzyme for the early laboratory detection of
ischaemic myocardial injury.

Biochemistry

Glycogen phosphorylase (GP) is an enzyme which plays an essential role in the
regulation of carbohydrate metabolism by the mobilization of glycogen [4]. It catalyses
the first step in glycogenolysis in which glycogen is converted to glucose-1-phosphate,
utilizing inorganic phosphate. The physiological role of muscle phosphorylase is to
provide the fuel for the energy supply required for muscle contraction. Its activity is
allosterically regulated by the binding of adenosine monophosphate (AMP) and
phosphorylation. Phosphorylase kinase converts GP 4 into its more active form GP a.
Phosphorylase exists in the cardiomyocyte in association with glycogen and the
sarcoplasmatic reticulum and forms a macromolecular complex (sarcoplasmatic
reticulum glycogenolysis complex) [5,6]. The degree of association of GP with this
complex depends, essentially, on the metabolic state of the myocardium. With the onset
of tissue hypoxia, when glycogen is broken down and disappears, glycogen
phosphorylase is converted from a particulate into a soluble form, and the enzyme
becomes free to move around in the cytoplasma. [5-7].

GP exists as a dimer under normal physiological conditions. The dimer is composed
of two identical subunits. Three GP isoenzymes are found in human tissues that are
named after the tissue in which they are preferentially expressed, GPLL (liver), GPMM
(muscle), and GPBB (brain) [4]. The three isoenzymes can be distinguished by
functional and immunological properties. They are encoded by three distinct genes. The
genes of the three human GP isoenzymes have been cloned and sequenced [8]. The
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proteins predicted by the cDNA sequences are 846 (LL), 842 (MM) and 362 (BB)
amino acids long. Amino acids 1-830 match and differences are mainly found at the C-
terminus, which is the catalytic domain of the protein. In pairwise sequence comparison
the brain type protein is 80% identical to the liver-type and 83% identical to the muscle-
type. GPBB has 21 and 16 additional amino acid residues on its C-terminal portion that
are not present on the MM and LL isoenzymes, respectively.

Adult human skeletal muscle contains only one isoenzyme, GPMM. GPLL is the
predominant isoenzyme in human liver and all other human tissues except for heart,
skeletal muscle and brain. GPBB is the predominant isoenzyme in human brain. Its
molecular weight as a monomer is approximately 94 kD. In the human heart the
isoenzymes BB and MM are found, but GPBB is the predominant isoenzyme in
myocardium as well, By far the highest concentrations of GPBB were found in human
brain and heart. The tissue concentrations of GPBB in heart and brain are comparable
[9]. Although immunoblot, electrophoresis, and northem blot data are partly conflicting
[4,8-11}, there is evidence that GPBB isoenzyme might not be restricted to brain and
heart in humans. Much lower GPBB concentrations have been reported for example in
leukocytes, spleen, kidney, bladder, testis, digestive tract and aorta. However, in all
these tissues GPLL is by far the predominant GP isoenzyme.

Pathophysiology: Myocardial Oxygen Deficiency and GPBB Release

As mentioned above the sarcoplasmic reticulum-glycogenolysis complex represents a
functionally coupled association. Using isolated glycogen particles a burst in
glycogenolysis could be initiated by either calcium ions or cAMP accompanied by a
breakdown of glycogen [7]. These data are evidence for a close relationship between
glycogenolysis and excitation and contraction coupling and/or beta-adrenergic
stimulation of the myocardium. There is no doubt that during acute ischaemia a
sympathetic activation of the myocardium is followed by a transient rise in cardiac
cyclic AMP levels and by an activation of GP due to a conversion of the non-
phosphorylated » form into phosphorylase a by phosphorylase kinase [12-15].
Concomitantly the rate of glycogenolysis was found to be accelerated. Kinetic
properties of GPBB allow furthermore a glycogen breakdown catalyzed by the b form.
Compared with GPMM this isoenzyme is characterized by low values of K, for the
substrate orthophosphate as well as of K, 5 for the activator AMP [10]. An ischaemia-
induced rise in the levels of intracellular orthophosphate and AMP in myocardium may,
therefore, induce a second, long lasting, acceleration of glycogenolysis under these
conditions. Indeed cardiac glycogen breakdown was found to be continued during post-
ischaemic reperfusion when the a form of GP had declined to pre-ischaemic control
levels but the orthophosphate level was still high [16]. In experimental studies, as well
as in patients with acute myocardial infarction, the released GPBB was exclusively
found in the b form [17,18]. Thus, it is suggested that the activity of GPBB (form &)
catalyses the prolonged degradation of glycogen in the sarcoplasmatic reticulum-
glycogenolysis complex in the ischaemic area of the myocardium [13].

In conscious dogs a rapid release of GPBB was measured in the cardiac lymph after
a transient ligation of a coronary artery for no longer than 10 min, which did not lead to
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Figure 1. Release of glycogen phosphorylase and glycogen content of rabbit hearts perfused in the
Langendorff mode.

Enzyme efflux was assayed during reperfusion after global ischaemia (0), after substrate depletion (O) and
under aerobic control perfusion conditions (M). Finally the perfused hearts were freeze-clamped and
glycogen content was determined. Values are means plus 1 standard error of the mean. Reprinted with
permission from Krause et al. [20].

Abbreviations: Gluc. = glucosyl residue; w. wt. = wet weight.

histological signs of myocardial necrosis [17]. An efflux of GP from the myocardium
after hypoxia or substrate depletion has been observed earlier in the isolated perfused
rat and rabbit heart (see Figure 1) [19-21]. The GP release in these experiments
correlated with the remaining myocardial glycogen content [21]. In this Langendorff
model of the isolated perfused rabbit heart the addition of the drug imipramine under
aerobic conditions to a cardioplegic perfusion solution only caused a release of CK, but
not of GP (see Figure 2) [20,21]. The myocardial glycogen content remained unaffected
as well. Imipramine causes in a certain concentration range a selective increase in the
plasma membrane permeability without myocardial hypoxia. On the other hand, the
stimulation of glycogenolysis by high doses of epinephrine did not cause a decrease in
myocardial GP activity, although the glycogen content of the tissue was greatly
diminished by the added epinephrine (see Table 1) [19]. These experimental results
suggest that the release of GPBB requires both a burst in glycogenolysis and a
concomitantly increased plasma membrane permeability as known for ischaemically
injured cardiomyocytes [15].
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Figure 2. Release of glycogen phosphorylase (GP) and creatine kinase (CK) from normothermic beating and
hypothermic, K*-arrested, perfused rabbit hearts.

The effects of 0.4 and 0.6 mM imipramine were only studied with non-beating hearts at 24°C. Reprinted
with permission from Krause ef al. [20].

Table 1. Activity of glycogen phosphorylase (GP) and glycogen concentration in perfused rat hearts after
addition of epinephrine.

Treatment GP activity, a and & form Glycogen

(U/mg protein) (umol glucose/ g wet weight)
Controls 0.41 £ 0.05 134124
Epinephrine 0.50 £ 0.09 39+0.8

Adapted with permission from Krause et al [20].

Given its molecular mass the early release of GPBB raises questions regarding the
mechanisms of its release from ischaemic myocardium. GPBB plays a key role in the
energy metabolism of ischaemic myocardium. When glycogen is broken down and
disappears, GPBB becomes free to move from the peri-sarcoplasmatic reticulum
compartment directly into the extracellular fluid, if cell membrane permeability is
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simultaneously increased, which is usually the case in ischaemia. A high GPBB
concentration gradient, which immediately is formed in the compartment of the
sarcoplasmatic reticulum glycogenolytic complex, may be the reason for the high efflux
rate of this enzyme. In contrast to other cytosolic proteins, this gradient may be at least
partly also be realized via T-tubuli and may contribute to the efflux of GPBB (see
Figure 3).
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Figure 3. Scheme of GPBB release from myocardium in ischaemia.

Glycogen phosphorylase (GP) together with glycogen are tightly associated with the vesicles of
sarcoplasmic reticulum (SR) under normal conditions. A release of GPBB, the main isoenzyme in the
myocardium, essentially depends on the degradation of glycogen, which is catalyzed by GP a (the
phosphorylated, active form of the isoenzyme) and by GP b (nonphosphorylated, AMP-dependent form).
Ischaemia is known to favor the conversion of bound GP b into GP a, thereby accelerating glycogen
breakdown, which seems to be the ultimate prerequisite for getting GP into a soluble form. An efflux of
GPBB into the extracellular fluid may only follow if ischaemia-induced structural alterations in the cell
membrane are manifested. For more details see text (Adapted with permission from Krause et al. [20]).
Abbreviations: Pi: inorganic phosphate; G-1-P: glucose-1-phosphate.

In summary, the ischaemia-sensitive glycogen degradation, which is regulated by
Ca,,, metabolic intermediates and catecholamines, seems to be a crucial prerequisite for
the efflux of GPBB. This outlines the specific sensitivity of this enzyme marker to
indicate transient imbalances in heart energy metabolism, as is the case during angina
pectoris attacks and/or in the infarcting myocardium. Therefore, this enzyme is a
promising analyte for the detection of ischaemic myocardial injury.
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Methodology

The first hints that blood GP increases above its upper reference limit early after the
onset of AMI, before CK increases, were obtained approximately two decades ago,
measuring total GP activity with a relatively insensitive enzymatic assays [18].
However, the breakthrough was the later development of a sensitive and specific
immunoenzymometric assay for the measurement of the isoenzyme GPBB [23]. We
used this assay in all our clinical studies. The upper limit of this research assay was
7ug/L {23]. The challenge still remains to develop a rapid assay which is suitable for
bedside or "stat" use in the routine laboratory. Currently two diagnostic companies are
working on the development of a GPBB assay for routine use. It has to be stressed that
the upper reference limit of GPBB is strongly dependent on the assay used, because the
available GPBB assays have not been calibrated against a common GPPB standard.

First Clinical Results
Acute myocardial infarction

Differences in the sensitivities of GPBB in comparison to myoglobin, CKMB mass, CK
and cardiac troponin T were reported within the first 2-3 hours after the onset of AMI
{22,23]. GPBB was the most sensitive parameter during the first four hours after AMI
onset (see Table 2). In the majority of AMI patients GPBB increased between one and
four hours after the onset of chest pain. Therefore, GPBB may be a very important
marker for the early diagnosis of AMI. GPBB usually peaks before CK, CKMB or
troponin T and returns within the reference interval within 1-2 days after the onset of
AMI (see Figure 4).

Table 2. Early sensitivities of GPBB and other biochemical markers before start of thrombolytic treatment
in patients with acute myocardial infarction who were admitted within 4 hours after the onset of chest pain

GPBB CK activity CKMB mass Myoglobin Troponin T
Sensitivity ~ 0.77 0.20 0.47 0.47 0.40
(0.55-0.92) (0.04-0.48) (0.21-0.73) (0.21-0.73) (0.16-0.68)

The 95% confidence interval is given in parentheses.
Adapted with permission from Krause ef al. [20].

Similar to soluble markers, such as myoglobin and CKMB, we demonstrated that
the time course of GPBB in patients with AMI was markedly influenced by early
reperfusion of the infarct-related coronary artery occurs [23]. The well established
"wash out" phenomenon after successful thrombolysis lead to a more rapid increase in
GPBB with earlier and higher peak values (see Figure 5). Therefore, GPBB may be
useful, alongside other soluble myocardial proteins, to assess the effectiveness of
thrombolytic therapy non-invasively. However, decision limits to detect successful and
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what is clinically more important, failed reperfusion, remain to be established in a
controlled study involving coronary angiography.
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Figure 4. Glycogen phosphorylase BB, CKMB mass, myoglobin, and cardiac troponin T time courses in a
patient with a small non-Q wave myocardial infarction.

Data are given as x-fold increase of the upper reference limt (URL). Reprinted with permission from Krause
et al [20].
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Figure 5. Influence of early reperfusion of the infarct related coronary artery on glycogen phosphorylase
BB time courses.

GPBB time course in a patient who was successfully reperfused by thrombolytic therapy and in a patient
who did not receive fibrinolytic treatment because of contraindications. The GPBB upper reference limit of
the assay was 7pg/L. Reprinted with permission from Krause et a/ [20].
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Unstable angina pectoris

The application of GPBB is not restricted to conventional myocardial infarction. An
early release of GPBB was demonstrated in patients with Braunwald class III unstable
angina who showed ST-T alterations at rest. GPBB was increased above the upper
reference limit in the majority of these patients at hospital admission [24]. Whether the
early GPBB release in these patients was due to minimal necrosis of myocardial tissue
or severe reversible ischaemic injury is not known. GPBB showed the best diagnostic
performance of all tested markers (see Figure 6) to detect acute ischaemic coronary
syndromes (AMI or severe unstable angina at rest with transient ST-T alterations) on
hospital admission [23]. GPBB plasma concentrations in patients with stable angina
resembled those of healthy individuals or patients without angina [23].
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Figure 6. Receiver operating characteristic (ROC) curves of GPBB, CKMB mass, and CK activity for the
identification of acute coronary syndromes in non-traumatized chest pain patients at hospital admission.

A cohort of 107 emergency room patients with chest pain was studied. An acute coronary syndrome was
defined as either acute myocardial infarction or unstable angina with reversible ST-T alteration in the
admission ECG recording. The larger the area under the ROC curve the better is the discriminatory power of
the marker. The area under the GPBB ROC curve is significantly greater than those of the other markers.
Reprinted with permission from Krause et a/ [20].

Coronary artery bypass grafting (CABG)

GPBB is also a sensitive marker for the detection of perioperative myocardial ischaemia
and infarction in patients undergoing CABG [25]. In uncomplicated patients GPBB
peaked within 4 hours after aortic unclamping and returned to baseline values within 20
hours. GPBB release correlated with aortic crossclamping time, which reflects the
duration of myocardial hypoxia during cardioplegic cardiac arrest. GPBB time courses
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of patients with perioperative myocardial infarction (PMI) differed markedly from those
of uneventful patients in time to peak values (peaks occurred later) and peak
concentrations (>50 pg/L). In addition, patients with severe episodes of perioperative
myocardial ischaemia which did not fulfill standard PMI criteria showed markedly
elevated GPBB concentrations compared with uncomplicated patients. In patients with
emergency CABG GPBB, but not CKMB, correlated with clinical evidence of
myocardial ischaemia [25]. In summary, GPBB is a very sensitive marker of
perioperative ischaemic myocardial injury in CABG patients.

Diagnostic specificity

GPBB is not a heart-specific marker and its specificity is limited. However, increases in
GPBB are specific for ischaemic myocardial injury when damage to the brain and
consequent disturbance of the blood-brain barrier can be excluded. According to
experimental studies and clinical observations, increases in GPBB do not occur in
response to therapeutic circumstances in which cardiac work is increased and glycogen
might be mobilized, such as after administration of catecholamines and glucagon
[19,20,25]. The diagnostic specificity of GPBB for myocardial injury in non-
traumatized chest pain patients was in the range of CKMB [23], which suggests
sufficient specificity in clinical practice. However, further studies on the diagnostic
specificity of GPBB, will also have to address this issue in an unselected cohort of
patients which includes severely traumatized patients with and without head injuries,
patients with liver damage or renal failure. As long as the diagnostic specificity of
GPBB for myocardial damage is not fully delineated, a positive GPBB result should be
confirmed later by cardiac troponin I or cardiac troponin T measurement.

Summary and Conclusions

Clearly, our first clinical results have to be confirmed in a larger number of patients, but
they allow us to conclude that GPBB is a promising marker for the detection of
ischaemic myocardial injury. This is probably explained by its function as a key
enzyme of glycogenolysis. GPBB was a very sensitive marker for the diagnosis of AMI
within four hours after the onset of chest pain because this marker increased in a
considerable proportion of AMI patients within 2-3 hours after the onset of chest pain
[22,23]. The application of GPBB is not restricted to the diagnosis of conventional
AMI. GPBB is also increased early in patients with unstable angina and reversible ST-T
alterations in the resting ECG at hospital admission [22,23]. Therefore, GPBB could be
useful for early risk stratification in these patients. GPBB is also a sensitive marker for
the detection of perioperative myocardial ischaemia and infarction in CABG patients
[25]. The diagnostic specificity of GPBB appears to be sufficient for clinical practice, in
non-traumatized chest pain patients it was in the range observed for CKMB [23]. Thus,
if these first clinical results on GPBB can be confirmed and an assay which is suitable
for routine use is available, a future scenario for laboratory testing for myocardial injury
could be the combination of, for example, cardiac troponin I and GPBB measurement,
which combines cardiac-specificity with high early sensitivity for ischaemic myocardial
damage.
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Chapter 7

FATTY ACID-BINDING PROTEIN AS A
PLASMA MARKER FOR THE EARLY
DETECTION OF MYOCARDIAL INJURY

Jan F. C. Glatz

Fatty acid-binding protein (FABP) is a relatively small (14-15 kD) protein that is
abundantly present in the soluble cytoplasm of almost all tissue cells, including those
from cardiac and skeletal muscles. Upon muscle injury FABP is released from the
damaged cells into blood plasma, similar to the well-established release under such
circumstances of other soluble proteins, such as creatine kinase, lactate dehydrogenase
and myoglobin. This finding indicates the possibility of using FABP as a plasma
marker to monitor the occurrence and extent of muscle injury. Research performed by
several groups during the last decade has revealed that FABP is a useful marker for the
early detection of muscle injury in general, and for acute myocardial infarction (AMI)
in particular. In this chapter, the biochemistry of FABP will be reviewed, followed by a
description of its release characteristics from injured muscle in relation to that of other
cardiac marker proteins, and a discussion of the application of FABP in routine clinical
practice.

Biochemistry of FABP

The presence in tissue cytosol preparations of proteins which can reversibly and non-
covalently bind long-chain fatty acids was first described by Ockner and co-workers in
1972 [1]. In subsequent years it was established that, of these, distinct cytoplasmic fatty
acid-binding proteins (FABPs) types occur, each showing a unique pattern of tissue
distribution [reviewed in 2]. These FABP types are generally named after the tissue in
which they were first identified and/or mainly occur, e.g. L(iver)-FABP, I(ntestinal)-
FABP, H(eart)-FABP. However, L-FABP is also found in small intestine and kidney,
and H-FABP shows a rather widespread tissue distribution because this FABP type
occurs not only in heart but also in skeletal muscle, smooth muscle, specific parts of the
brain, distal tubule cells of the kidney, stomach parietal cells, lactating mammary gland,
lung, placenta, and ovaries [2]. Currently, nine distinct types of FABP have been
identified, with some tissues containing more than one type. The FABPs are relatively
abundant in tissues with active fatty acid metabolism such as liver, adipose tissue and
heart, which show a tissue content of 0.5 - 1 mg FABP per g wet weight of tissue [2].
The cytoplasmic FABPs belong to a multigene family of intracellular lipid-binding
proteins, which also includes the cellular retinoid-binding proteins [2,3]. These non-
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enzymatic proteins each contain 126-137 amino acid residues (molecular mass 14-15
kD) and show a similar tertiary structure which resembles that of a clam shell [3]. The
lipid ligand is bound in between the two halves of the clam by interaction with specific
amino acid residues within the binding pocket, the so-called b-barrel, of the protein [3].
In general, the cytoplasmic FABPs show an affinity for long-chain fatty acid binding
which is comparable to that of plasma albumin, the K; ranging from 2 to 500 nM
depending on the type of FABP and type of fatty acid studied [2,4]. Most FABP types
bind exclusively long-chain fatty acids, but L-FABP also binds heme, bilirubin and
various other amphiphilic ligands [2].

H-FABP has been fully characterised in man, cattle, rat and mouse. It contains 132
amino acid residues (14.5 kD), is post-translationally modified by acylation of its N-
terminus, and is an acidic protein (p/ 5) [5]. Recombinant H-FABP preparations
generally show some isoelectric heterogeneity due to the existence of N-terminal
variants [5], but for human H-FABP it has been shown that these differences do not
affect the immunoreactivity of the protein [6].

The FABPs appear to be stable proteins, exhibiting an intracellular turnover with a
half-life time of about 2-3 days [7]. Their cellular expression is regulated primarily at
the transcriptional level. In general, the FABP expression is responsive to changes in
lipid metabolic activity as induced by various (patho)physiological and
pharmacological manipulations [2]. For instance, the H-FABP content of heart and
skeletal muscles increases by endurance training [8], and is also higher in the diabetic
state [9], but is slightly decreased in the hypertrophied heart [10,11].

A number of biological functions have been established or are tentatively attributed
to the FABPs. The primary function is their facilitation of the cytoplasmic translocation
of long-chain fatty acids, which normally is hampered by a very low solubility of these
compounds in aqueous solutions (Figure 1). FABP can thus be regarded as an
intracellular counterpart of plasma albumin. Additional related functions include (i) the
intracellular trapping of fatty acids to maintain a low intracellular concentration of non-
protein bound fatty acids, (i) a direct involvement in fatty acid metabolism by serving
as a stimulatory or inhibitory cofactor for reactions in which fatty acids are substrates
or regulators, and (iii) the selective binding of specific fatty acid types to influence their
metabolic fate in the cell. Interestingly, the FABPs were found to function also in cell
growth and differentiation [12]. Finally, FABP has been postulated to participate in
signal transduction pathways and in fatty acid regulation of gene expression, and to
protect cells against the adverse (detergent-like) effects of long-chain fatty acids [2].
The latter function would be of special importance for the ischaemic heart, because the
tissue accumulation of fatty acids and their derivatives occurring in this condition has
been associated with arrhythmias, increased myocardial infarct size and depressed
myocardial contractility [13]. H-FABP may then be crucial to sequester accumulating
fatty acids and thus prevent tissue injury. However, at present, the available evidence
for such a role for H-FABP remains inconclusive [2].

For the sake of completeness it should be noted that fatty acid-binding proteins are
also found in the plasma membrane of most parenchymal cells. These membrane-
associated FABPs comprise the 40-kD plasmalemmal FABP (FABP,,), 60-kD fatty
acid-transport protein (FATP), and 88-kD fatty acid translocase (FAT, also known as
CD36), and they presumably function in the transmembrane transport (cellular uptake)
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of fatty acids (Figure 1) [2,14,15]. However, these proteins are clearly distinct from the
cytoplasmic FABPs.
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Figure 1. Schematic overview of the uptake and metabolism of long-chain fatty acids (FA) in cardiac
tissue, illustrating the role of cytoplasmic fatty acid-binding protein (FABP) in the trans-cytoplasmic
transport of FA from the sarcolemma to their sites of esterification or oxidation.

Abbreviations: FA, long-chain fatty acid; chylos, chylomicrons; VLDL, very low-density lipoproteins; LPL,
lipoprotein lipase; FAT, fatty acid translocase; FATP, fatty acid-transport protein; FABP, fatty aeid-binding
protein; ACS, acylcoenzyme A synthethase; CAC, citric acid cycle.

Release of FABP upon muscle injury

The release of (H-)FABP from injured muscle was first demonstrated with isolated
working rat hearts [16]. Cellular injury was induced by subjecting the hearts to 60 min
of global no-flow ischemia, and was followed by reperfusion. During post-ischaemic
reperfusion FABP was released into the coronary perfusate at a rate and to an extent
similar to that of lactate dehydrogenase (LDH) [16]. In subsequent studies it was shown
that following experimental myocardial infarction in the dog [17] or the rat [18,19],
FABP is released into plasma and also partly excreted into urine. These data indicated
the potential use of FABP as a plasma or urine marker of myocardial injury in
experimental animals and triggered studies on the possible application of FABP for the
detection of cardiac and skeletal muscle injury, especially acute myocardial infarction,
in humans.

Shortly after the observations in experimental animals were made, several groups
reported the release of FABP into plasma of patients with acute myocardial infarction
(AMI) [20-23]. As an example, Figure 2 shows mean plasma release curves of FABP
and of several other plasma marker proteins for 15 AMI patients (treated with
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thrombolytic therapy) from whom blood samples were obtained frequently during the
first 72 hours of hospitalisation [24]. The FABP release curve appears markedly
different from that of most marker proteins, but closely resembles that of myoglobin
(Figure 2). Thus, for both FABP and myoglobin peak plasma concentrations are
reached within 4 hours of AMI, while for creatine kinase (CK) this takes about 12
hours and for lactate dehydrogenase (LDH) about 20 hours. Furthermore, plasma FABP
and myoglobin return to their respective reference values within 24 hours of AMI
(Figure 2), a finding which indicates the usefulness of both markers, particularly for the
assessment of reinfarction [25]. However, for AMI patients not treated with
thrombolytics, peak levels are reached about 8 hours after AMI and elevated plasma
FABP and myoglobin concentrations are found up to 24-36 hours after onset of chest
pain [25]. In comparison, the release of the myofibrillar proteins troponin T (TnT) and
troponin I (Tnl) from injured myocardium follows a different pattern with elevated
plasma concentrations occurring from about 8 hours up to more than one week after
infarction [26, 27]. Hence, the so-called diagnostic window of the various marker
proteins differs considerably.
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Figure 2. Mean plasma concentration or activities (upper panel) and mean cumulative release expressed in
gramequivalents (g-eq) of healthy myocardium per litre of plasma (lower panel) of FABP (multiplied by 10,
0), myoglobin (&), creatine kinase (0) and LDH isoenzyme-1 (_) as a function of time after onset of
symptoms, in 15 patients after acute myocardial infarction. Data are mean + SEM. Adapted from ref. 24.
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The marked differences in the time course of plasma concentrations or activities
among the soluble proteins (CK, LDH, FABP and myoglobin) are caused () by a more
rapid washout of the smaller proteins (FABP, myoglobin) from the interstitium to the
vascular compartment, and (i) by differences among the proteins in their rate of
elimination from plasma [28]. Studies with isolated cardiac myocytes subjected to
simulated ischaemia showed that protein release from the damaged myocytes is
independent of molecular mass [29]. This indicates that during the protein-release
phase the sarcolemma does not act as a selective sieve through which small proteins are
preferentially lost. The fact that smaller proteins can be detected in blood plasma earlier
after muscle injury than larger proteins therefore relates to a greater permeability of the
endothelial barrier for smaller proteins [28].

With respect to protein elimination from plasma, FABP and myoglobin, unlike the
cardiac enzymes, are removed from the circulation predominantly by renal clearance
[21-23, 28]. This explains not only their rapid clearance from plasma after AMI (Figure
2) but their relatively low plasma concentrations in healthy individuals. The latter
concentrations are determined mainly by the release of protein from skeletal muscle, as
its total mass far exceeds that of cardiac muscle. Because the skeletal muscle FABP
content is relatively low compared to that of myoglobin, the plasma reference
concentration of FABP also is relatively low (Table 1). This notion is also reflected in
the ratio of the concentrations of myoglobin and FABP in plasma from healthy subjects
(myoglobin/FABP ratio ca. 20) which resembles the ratio in which these proteins occur
in skeletal muscle (myoglobin/FABP ratio 15-70) (see below).

Table 1. Comparison of selected soluble markers of myocardial injury.

Protein Molecular mass ~ Cardiac muscle  Skeletal muscle Reference
(kD) content content * plasma
(mg/g or Ulg) (mg/g or U/g) concentration
(ug/L or ULL)
Fatty acid-binding protein 14.5 0.57 0.04-0.14 1.7
(FABP)
Myoglobin 17.6 2.7 22-67 32
Creatine kinase (CK) 80 865 2380 -3110 40
Creatine kinase MB (CK-MB) 80 132 15-36 3
Lactate dehydrogenase 136 123 42 -69 80

isoenzyme-1 (LDH-1)

Data are obtained from refs. 11, 24, 25 and 30. Enzyme activities are expressed as pmol/min (U) per g or

. 0
per litre, measured at 25 C.
* Range given for muscles of different fibre type composition.

The role of the kidney in the clearance of FABP and myoglobin from plasma also
indicates that increased plasma concentrations of these proteins are likely to be found in



78 JAN E.C. GLATZ

case of renal insufficiency. Indeed, it was recently reported that patients with chronic
renal fajlure and normal heart function show a several-fold increase in plasma
concentrations of both FABP and myoglobin [31]. In addition, Kleine et al [22]
reported a patient with AMI and severe renal insufficiency in whom the plasma FABP
concentration remained markedly elevated for at least 25 hours after infarction.

Early diagnosis of acute myocardial infarction

The rapid release of FABP into plasma after myocardial injury, and its relatively low
plasma reference concentration, favour the use of FABP especially, for the early
diagnosis of AMI. The higher sensitivity of FABP for confirmation of AMI in the early
hours after chest pain onset has now been firmly documented [21-23]. FABP appears at
least as sensitive as myoglobin [32]. Only in the last few years have studies been
performed that allow the proper assessment of both the sensitivity and specificity of
FABP for AMI diagnosis. Preliminary data from a prospective multicentre study,
comprising four European hospitals and including over 300 patients admitted with
chest pain suggestive of AMI, revealed a superior performance of FABP over
myoglobin, both in terms of sensitivity and specificity of AMI diagnosis [33]. For
instance, specificities >90% were reached for FABP at 10 pg/L and for myoglobin at
90 pg/L. Using these upper reference concentrations, in the subgroup of patients
admitted within 3 hours after onset of symptoms (n=90) the diagnostic sensitivity of the
first blood sample taken was for FABP 48% and for myoglobin 37%, while for patients
admitted 3-6 hours after AMI (n=47) the sensitivity was for FABP 83% and for
myoglobin 74% (EUROCARDI Study Team, unpublished observations). Similar data
were obtained in two other recent studies [34,35].

FABP was also found to be useful for the early detection of postoperative
myocardial tissue loss in patients undergoing coronary bypass surgery [27,36]. In these
patients myocardial injury may be caused by global ischaemia/reperfusion and,
additionally, by postoperative myocardial infarction. In a recent study we found that in
such patients plasma CK, myoglobin and FABP are already significantly elevated 0.5
hours after reperfusion. In the patients who developed postoperative myocardial
infarction, a second increase was observed for each plasma marker protein, while a
significant increase was recorded earlier for FABP (4 hours after reperfusion) than for
CK or myoglobin (8 hours after reperfusion) [36]. These data suggest that FABP would
allow a more early exclusion of postoperative myocardial infarction, thus permitting
the earlier transfer of these patients from the intensive care unit to the ward.

Finally, FABP is a useful marker for early detection of successful coronary
reperfusion [37] and for the immunohistochemical detection of very recent myocardial
infarctions [38,39].

Estimation of myocardial infarct size

Myocardial infarct size is usually estimated from the serial measurement of cardiac
proteins in plasma and calculation of the cumulative release over time (plasma curve
area) taking into account the elimination rate of the protein from plasma [40]. This
approach requires that the proteins are completely released from the heart after AMI
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and recovered quantitatively in plasma. Complete recovery is well documented for CK,
LDH and myoglobin (but does not apply for the structural proteins TnT and Tnl), and
can also be shown for FABP [24,41]. Figure 2 (lower panel) presents the cumulative
release patterns of these four proteins, expressed in gram-equivalents (g-eq) of healthy
myocardium per litre of plasma (infarct size). The release of FABP and that of
myoglobin are completed much earlier than that of either CK or LDH, but despite this
kinetic difference for each of the proteins, the total quantities released yield comparable
estimates of the mean extent of myocardial injury when evaluated at 72 hours after the
onset of AMI (Figure 2). It can be concluded that, provided frequent blood samples are
taken and there is no renal failure, FABP gives a clinically useful estimate of
myocardial infarct size.

Discrimination of cardiac from skeletal muscle injury

A classic problem with several marker proteins is their presence in significant
quantities not only in heart muscle but also in skeletal muscle cells. The use of these
markers for the diagnosis of AMI may then be hampered in case of extensive skeletal
muscle injury, such as multi-organ failure, post-operative states, or vigorous exercise.
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Figure 3. Mean plasma concentrations of myoglobin (0) and FABP (o) (left panels) and the
myoglobin/FABP ratio (£) (right panels) in 9 patients after AMI (and receiving thrombolytic therapy) (A),
and in 9 patients after aortic surgery (B). Data are mean + SEM. Adapted from ref. 25.
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The presence of (the same type of) FABP in both heart and skeletal muscle also
complicates the discrimination between myocardial and skeletal muscle injury.
However, this problem can be overcome by the combined measurement of myoglobin
and FABP concentrations in plasma and expressing their ratio, as this plasma ratio is a
reflection of the ratio in which these proteins occur in the affected tissue cells and
differs between heart muscle (myoglobin/FABP ratio 4-5) and skeletal muscles
(myoglobin/FABP ratio 20-70, depending on the type of muscle) (Table 1) [25, 27, 42].
In Figure 3 this finding is illustrated for patients after AMI in whom the plasma
myoglobin/FABP ratio was ca. 5 during the entire period of elevated plasma
concentrations (upper panels), and for patients who underwent aortic surgery, which
causes no-flow ischemia of the lower extremities, in whom the plasma
myoglobin/FABP ratio was ca. 45 (lower panels). In addition, van Nieuwenhoven et al
[25] described a patient who was defibrillated shortly after AMI, a treatment that most
likely results in injury of intercostal pectoral muscles, and in whom the plasma
myoglobin/FABP ratio increased from 8 to 60 during the first 24 hours after AMI.
Finally, in case AMI patients show a second increase of plasma concentrations of
marker proteins, the ratio may be of help to delineate whether this second increase was
caused either by a recurrent infarction or by the occurrence of additional skeletal
muscle injury, as in the former case the ratio will remain unchanged [25].

The diagnostic performance of FABP as an early plasma marker of myocardial
injury may thus further increase when the criterion of a plasma myoglobin/FABP ratio
<10 is taken as an additional parameter [32]. However, the myoglobin/FABP ratio
cannot provide absolute cardiac specificity [27].

Assay of FABP in plasma

To date, a large number of immunochemical assays for (H-)FABP have been described,
mostly enzyme-linked immunosorbent assays (ELISA) of the antigen capture type [6,
21, 22, 43], but also a competitive immunoassay [20] and an immunofluorometric
assay [44]. In most cases monoclonal antibodies are used in the assays showing
virtually no cross-reactivity with other FABP types. These assays have been used for
retrospective analyses of plasma FABP in patient samples. However, the fastest
immunoassay reported [6] still takes 45 min to complete, a time generally regarded as
too long to rely on the test in the clinical decision making process in case of suspected
AML

More rapid FABP immunoassays include a microparticle-enhanced turbidimetric
assay to be performed on a conventional clinical chemistry analyser (performance time
10 min) [45], and an electrochemical immunosensor (performance time 20 min) [46,
47]. This latter sensor is based on screen printed graphite electrodes and uses an
immunosandwich procedure and an amperometric detection system [47].
Measurements of plasma samples from a patient with AMI with this inmunosensor and
with an ELISA show an excellent correlation (Figure 4). These developments indicate
that the application of FABP as a plasma marker in the early phase diagnosis of AMI
could soon enter clinical practice.
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Figure 4. Plasma concentration of FABP as a function of time in a patient with AMI, measured with a
sandwich ELISA (o) and with an immuosensor device (0). Inset shows the calibration curve for FABP in
plasma measured with the immunosensor (£). Reproduced from ref. 47, with permission.

Conclusions

Biochemical markers of myocardial cell damage continue to be important tools for
differentiating patients with and those without AMI, because specific ST segment
changes on the admission ECG remain absent in a large number of patients with AMI
[27, 48-51]. At present, attention is focused on defining those cardiac marker proteins,
or combinations of marker proteins, that show a high sensitivity as well as specificity
for AMI detection, especially in the early hours after admission. Theoretically, the
perfect early marker of cardiac myocyte necrosis would be a soluble protein of small
size and showing absolute cardiospecificity. The soluble nature and small size would
result in a rapid release from the damaged cells and appearance in plasma, while the
cardiospecificity is needed to exclude injury of tissues other than heart muscle.
However, the existence of such a protein has not (yet) been reported, as the known
small soluble proteins do not appear to be cardiospecific (e.g. myoglobin), while
identified cardiospecific proteins are all structural (e.g. cardiac TnT and cardiac Tnl)
[27,48].

Fatty acid-binding protein (FABP), which has been only recently introduced as a
plasma marker of AM]I, is a small (14.5 kD) soluble protein that is not cardiospecific
but is expressed in skeletal muscle in relatively low amounts. Therefore, FABP appears
suitable for the early diagnosis of AMI. The release and plasma kinetics of FABP
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closely resemble those of myoglobin, which to date is generally referred to as the
earliest plasma marker of muscle necrosis [27,48,49]. Experimental studies indicate
that this resemblance relates to the similar molecular masses of FABP (14.5 kD) and
myoglobin (17.6 kD). Interestingly, recent clinical studies with patients suspected of
AMI even reveal a superior performance of FABP over myoglobin (as well as other
marker proteins) for the early detection of AMI. This finding most likely relates to
marked differences in the tissue contents of FABP and myoglobin in cardiac and
skeletal muscles, which result in relatively low upper reference concentrations in
plasma for FABP compared to myoglobin. These differences in tissue content are also
reflected in the plasma concentrations of these proteins following either cardiac or
skeletal muscle injury, such that the ratio of the plasma concentrations of myoglobin
and FABP can be applied to discriminate myocardial from skeletal muscle injury.

The use of FABP as a diagnostic plasma marker in the clinical setting is hampered
by two drawbacks. First, the elimination of FABP from plasma is mainly by renal
clearance, and caution should be exercised when using FABP in cases of renal
insufficiency, since the pre-infarct plasma concentration then is already likely to be
elevated. Assay of plasma creatinine or urea would be helpful in identifying patients
with renal insufficiency. Second, the so-called diagnostic window of FABP extends to
12-24 hours after the onset of AMI, limiting its use to those patients who are admitted
to hospital early after chst pain. Thus, in patients presenting to hospital more than 12
hours after the onset of chest pain, or in cases where the time of onset of symptoms is
unsure, the combined measurement in plasma of an early marker (FABP) and a late
marker (e.g. cardiac TnT or cardiac TnI) should be recommended [cf. 52]

Acknowledgements

The author wishes to thank Prof. Dr. W.T. Hermens for critical reading of the
manuscript. Work in the authors laboratory was supported by grants from the
Netherlands Heart Foundation (D90.003 and 95.189) and the European Community
(BMH1-CT93.1692 and CIPD-CT94.0273).

References

1. Ockner RK, Manning JA, Poppenhausen RB, Ho WKL. A binding protein for fatty acids in cytosol of
intestinal mucosa, liver, myocardium, and other tissues. Science 1972; 177: 56-8.

2. Glatz JFC, Van der Vusse GJ. Cellular fatty acid-binding proteins. Their function and physiological
significance. Prog Lipid Res 1996; 35: 243-82.

3. Banaszak L, Winter N, Xu Z, Bemlohr DA, Cowan S, Jones TA. Lipid binding proteins: a family of
fatty acid and retinoid transport proteins. Adv Protein Chem 1994; 45: 89-151.

4,  Richieri GV, Ogata RT, Kleinfeld AM. Equilibrium constants for the binding of fatty acids with fatty
acid-binding proteins from adipocyte, intestine, heart, and liver measured with the fluorescent probe
ADIFAB. J Biol Chem 1994; 269: 23918-30.

5. Schaap FG, Specht B, Van der Vusse GJ, Borchers T, Glatz JFC. One-step purification of rat heart-
type fatty acid-binding protein expressed in Escherichia coli. J Chromatogr 1996; B 679: 61-7.

6. Wodzig KWH, Pelsers MMAL, Van der Vusse GJ, Roos W, Glatz JFC. One-step enzyme-linked
immunosorbent assay (ELISA) for plasma fatty acid-binding protein. Ann Clin Biochem 1997; 34:
263-8.

7. Bass NM. The celluiar fatty acid binding proteins: Aspects of structure, regulation, and function. Int
Rev Cytol 1988; 111: 143-84.



10.

1.

12.

13.

14.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

FATTY ACID-BINDING PROTEIN AS A PLASMA MARKER 83

Van Breda E, Keizer HA, Vork MM, et al. Modulation of fatty acid-binding protein content of rat
heart and skeletal muscle by endurance training and testosterone treatment. Eur J Physiol 1992; 421:
274-9.

Glatz JFC, Van Breda E, Keizer HA, et al. Rat heart fatty acid-binding protein content is increased in
experimental diabetes. Biochem Biophys Res Commun 1994; 199: 639-46.

Vork MM, Trigault N, Snoeckx LHEH, Glatz JFC, Van der Vusse GJ. Heterogeneous distribution of
fatty acid-binding protein in the hearts of Wistar Kyoto and Spontaneously Hypertensive rats. J Mol
Cell Cardiol 1992; 24: 317-21.

Kragten JA, Van Nieuwenhoven FA, Van Dieijen-Visser MP, Theunissen PHMH, Hermens WT, Glatz
JFC. Distribution of myoglobin and fatty acid-binding protein in human cardiac autopsies. Clin Chem
1996; 42: 337-8.

Sorof S. Modulation of mitogenesis by liver fatty acid binding protein. Cancer Metastasis Rev 1994;
13: 317-36.

Van der Vusse GJ, Glatz JFC, Stam HCG, Reneman RS. Fatty acid homeostasis in the normoxic and
ischemic heart. Physiol Rev 1992; 72: 881-940.

Schaffer JE, Lodish HF. Molecular mechanism of long-chain fatty acid uptake. Trends Cardiovasc
Med 1995; 5: 218-24.

Van Nieuwenhoven FA, Van der Vusse GJ, Glatz JFC. Membrane-associated and cytoplasmic fatty
acid-binding proteins. Lipids 1996; 31: S-223-7.

Glatz JFC, Van Bilsen M, Paulussen RJA, Veerkamp JH, Van der Vusse GJ, Reneman RS. Release of
fatty acid-binding protein from isolated rat heart subjected to ischemia and reperfusion or to the
calcium paradox. Biochim Biophys Acta 1988; 961: 148-52.

Sohmiya K, Tanaka T, Tsuji R, ef al. Plasma and urinary heart-type cytoplasmic fatty acid-binding
protein in coronary occlusion and reperfusion induced myocardial injury model. J Mol Cell Cardiol
1993; 25: 1413-26.

Knowlton AA, Apstein CS, Saouf R, Brecher P. Leakage of heart fatty acid binding protein with
ischemia and reperfusion in the rat. ] Mol Cell Cardiol 1989; 21: 577-83.

Volders PGA, Vork MM, Glatz JFC, Smits JFM. Fatty acid-binding proteinuria diagnosis myocardial
infarction in the rat. Mol Cell Biochem 1993; 123: 185-90.

Knowlton AA, Burrier RE, Brecher P. Rabbit heart fatty acid-binding protein. Isolation,
characterization, and application of a monoclonal antibody. Circ Res 1989; 165: 981-8.

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.

Kleine AH, Glatz JFC, 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: 155-62.
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: 209-17.

Wodzig KWH, Kragten JA, Hermens WT, Glatz JFC, Van Dieijen-Visser MP. Estimation of
myocardial infarct size from plasma myoglobin or fatty acid-binding protein. Influence of renal
function. Eur J Clin Chem Clin Biochem 1997; 35: 191-98.

Van Nieuwenhoven FA, Kleine AH, Wodzig KWH, ef a/. Discrimination between myocardial and
skeletal muscle injury by assessment of the plasma ratio of myoglobin over fatty acid-binding protein.
Circulation 1995; 92: 1848-54.

Kragten JA, Hermens WT, Van Dieijen-Visser MP. Cardiac troponin T release into plasma after acute
myocardial infarction: Only fractional recovery compared with enzymes. Ann Clin Biochem 1996; 33:
314-23.

Mair J. Progress in myocardial damage detection: New biochemical markers for clinicians. Crit Rev
Clin Lab Sci 1997; 34: 1-66.

Hermens WT. Mechanisms of release of proteins from injured muscular tissue. In: Kaski JC, Holt DW,
editors. Myocardial damage: Early detection by novel biochemical markers. Dordrecht, Kluwer
Academic Publishers, 1997: xxx-xx.

Van Nieuwenhoven FA, Musters RJIP, Post JA, Verkleij AJ, Van der Vusse GJ, Glatz JFC. Release of
proteins from isolated neonatal rat cardiac myocytes subjected to simulated ischemia or metabolic
inhibition is independent of molecular mass. J Mol Cell Cardiol 1996; 28: 1429-34.

Willems GM, Van der Veen FH, Huysmans HA, et al. Enzymatic assessment of myocardial necrosis
after cardiac surgery: Differentiation from skeletal muscle damage, hemolysis, and liver injury. Am
Heart J 1984; 109: 1243-52.



84

31
32.
33.
34.
35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.
50.

S1.
52.

JANFE.C. GLATZ

Gorski J, Hermens WT, Borawski J, Mysliwiec M, Glatz JFC. Increased fatty acid-binding protein
concentration in plasma of patients with chronic renal failure. Clin Chem 1997; 43: 193-5.

Abe S, Saigo M, Yamashita T, et al. Heart fatty acid-binding protein is useful in early and myocardial-
specific diagnosis of acute myocardial infarction. Circulation 1996; 94: 1-323 (abstr.).

Kristensen SR, Haastrup B, Herder M, ef al. Fatty acid-binding protein: a new early marker of AMI.
Scand J Clin Lab Invest 1996; 56 suppl. 225: 36-7 (abstr.).

Okamoto F, Tanaka T, Sohmiya K, et al. Heart type fatty acid-binding protein as a new biochemical
marker for acute myocardial infarction. J Mol Cell Cardiol 1997; 29: A306 (abstr.).

Panteghini M, Bonora R, Pagani F, et al. Heart fatty acid-binding protein in comparison with
myoglobin for the early detection of acute myocardial infarction. Clin Chem 1997; 43: S157 (abstr.).
Fransen EJ, Maessen JG, Hermens WT, Glatz JFC. Demonstration of ischaemia-reperfusion injury
separate from postoperative infarction in CABG patients. Ann Thoracic Surg, in press.

Ishii J, Nagamura Y, Nomura M, et al. Eraly detection of successful coronary repefusion based on
serum concentration of human heart-type cytoplasmic fatty acid-binding protein. Clin Chim Acta
1997; 262: 13-27.

Kleine AH, Glatz JFC, Havenith MG, Van Nieuwenhoven FA, Van der Vusse GJ, Bosman FT.
Immunohistochemical detection of very recent myocardial infarctions in man with antibodies against
heart type fatty acid-binding protein. Cardiovasc Pathol 1993; 2: 63-9.

Watanabe K, Wakabayashi H, Veerkamp JH, Ono T, Suzuki T. Immunohistochemical distribution of
heart-type fatty acid-binding protein immunoreactivity in normal human tissues and in acute
myocardial infarct. J Pathol 1993; 170: 59-65.

Hermens WT, Van der Veen FH, Willems GM, Mullers-Boumans ML, Schrijvers-Van Schendel A,
Reneman RS. Complete recovery in plasma of enzymes lost from the heart after permanent coronary
occlusion in the dog. Circulation 1990; 81: 649-59.

Glatz JFC, Kleine AH, Van Nieuwenhoven FA, Hermens WT, Van Dieijen-Visser MP, Van der Vusse
G]J. Fatty acid-binding protein as a plasma marker for the estimation of myocardial infarct size in
humans. Br Heart J 1994; 71: 135-40.

Yoshimoto K, Tanaka T, Somiya K, e al. Human heart-type cytoplasmic fatty acid-binding protein as
an indicator of acute myocardial infarction. Heart Vessels 1995; 10: 304-9.

Ohkaru Y, Asayama K, Ishii H, et al. Development of a sandwich enzyme-linked immunosorbent
assay for the determination of human heart type fatty acid-binding protein in plasma and urine by
using two different monoclonal antibodies specific for human heart fatty acid-binding protein. J
Immunol Meth 1995; 178: 99-111.

Katrukha A, Bereznikova A, Filatov V, et al. Development of sandwich time-resolved
immunofluorometric assay for the quantitative determination of fatty acid-binding protein (FABP).
Clin Chem 1997; 43: S106 (abstr.).

Robers M, Van der Hulst FF, Pelsers MMAL, Roos W, Eisenwiener HG, Glatz JFC. Development of a
rapid microparticle-enhanced turbidimetric immunoassay for fatty acid-binding protein in plasma.
Proceedings of XVI International Congress of Clinical Chemistry, London, U.K., 1996, 458-9.
Siegmann-Thoss C, Renneberg R, Glatz JFC, Spener F. Enzyme immunosensor for diagnosis of
myocardial infarction. Sensors Actuators 1996; B30: 71-6.

Schreiber A, Feldbriigge R, Key G, Glatz JFC, Spener F. An immunosensor based on disposable
electrodes for rapid estimation of fatty acid-binding protein, an early marker of myocardial infarction.
Biosens Bioelectr, in press.

Adams JE, Abendschein DR, Jaffe AS. Biochemical markers of myocardial injury. Is MB creatine
kinase the choice for the 1990s? Circulation 1993 88: 750-63.

Bhayana V, Henderson AR. Biochemical markers of myocardial damage. Clin Biochem 1995; 28: 1-
29.

Tormey WP. The diagnosis and management of acute myocardial infarction - a role for biochemical
markers? Ann Clin Biochem 1996; 33: 477-81.

Keffer JH. Myocardial markers of injury. Evolution and insights. Am J Clin Pathol 1996; 105: 305-20.
Lindahl B, Venge P, Wallentin L, and the BIOMACS Study Group. Early diagnosis and exclusion of
acute myocardial infarction using biochemical monitoring. Coron Artery Dis 1995; 6: 321-8.



Chapter 8

MECHANISMS OF PROTEIN RELEASE
FROM INJURED HEART MUSCLE

Wim Th. Hermens

Cardiac marker proteins are now routinely determined in serum or plasma of patients
suspected of myocardial injury, and serial measurements of such proteins are used for
estimation of total myocardial injury, or ‘infarct size’, from cumulative protein release
[1-8]. Also, protein release rates are used for the detection of coronary reperfusion.

In spite of the general clinical application of these methods some basic underlying
concepts are subject to controversy. It is not generally accepted, for instance, that
release of intracellular proteins indicates necrosis, that is, irreversible myocyte injury
[9,10]. Higher protein release rates, as observed after coronary reperfusion, are
sometimes interpreted as enhanced washout [11] and sometimes as accelerated necrosis
or ‘reperfusion injury’ [12]. Also, partial degradation of marker proteins, preventing
such proteins from reaching the circulation, has been claimed by some authors [11,13]
and denied by others [14]. Because such degradation could be influenced by therapy,
for instance by coronary reperfusion, this could invalidate the comparison of infarct size
between treated and untreated patients [15-18].

Apart from these fundamental issues, a number of practical aspects remain to be
settled. For instance, different values are used in the literature for the elimination rates
of circulating proteins, which has resulted in widely differing values for calculated
infarct size and has frustrated the comparison of such estimates from different studies
[14]. Also, some authors account for extravasated amounts of protein [19,20], while
others assume that the proteins remain confined to plasma [21,22].

These issues are discussed below with emphasis on the quantitative aspects. An
attempt is made to explain some seeming discrepancies and to indicate some remaining
aspects that need clarification.

Loss of cardiomyocytes as a unique measure for irreversible injury

Protein concentrations in plasma are often only used for global classification of the
extent of tissue injury, for instance as ‘large’, ‘medium-sized’ or ‘small’. For tissues
with a high capacity of cellular regeneration this seems appropriate, because the extent
of necrosis will then probably only be relevant in as much as it exceeds the formation of
new cells. It has been estimated, for instance, that patients with acute hepatic injury can
lose more than 300g of liver tissue in 48 hours and still may recover uneventfully [23].
This is not true for the heart. Although some mitosis may occur in the ageing rat heart
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[24], as well as in in-vitro culture of adult human cardiomyocytes [25], it is generally
assumed that the adult human cardiomyocyte has no in-vivo regenerative capacity [26].
Accordingly, any loss of cardiomyocytes implies a true, irreversible, injury.

200

y=0.79x-2.54
150 4 R=0.84

100 +

50 +

AST content (U/g)

0 } i }
0 50 100 150 200
LDH content (U/g)

1000

y=3.83x-836

800 - R=0.79 .

600 -

400 +

CK content (U/g)

200 +

200

LDH content (U/g)

Figure 1. Mean plasma protein concentrations (upper figure) and cumulative protein release, expressed in
gram-equivalents of healthy myocardium (lower figure), in 14 patients with acute myocardial infarction,
who were treated with intravenous streptokinase. Because myoglobin and FABP returned to normal within
24 hours, measurements were not continued. Much earlier entrance into plasma of myoglobin and FABP,
compared to CK and HBDH, is shown in the lower figure but the total release of the four proteins is
comparable. For AST, gram-equivalents were calculated from the tissue content of the cytosolic isoform,
and continuing release of mitochondrial AST is apparent. It is also shown that only a minimal fraction of
total tissue TnT is released.
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This is an important aspect of the use of marker proteins in estimation of heart
injury. It is often stated that functional parameters, like left ventricular ejection fraction
or wall motion score, are clinically more relevant than the extent of muscle loss. This is
obviously true in the acute phase of disease and may even be true with respect to
prognosis. However, myocardial stunning may cause temporary depression of cardiac
function in the acute phase, while cardiac remodelling and hypertrophy will compensate
for muscle loss in a later phase. This implies that cardiac contractility cannot simply be
related to the extent of muscle loss, while the reduction of such loss is usually the aim
of therapy. Thus, in the evaluation of such therapy, for instance of recanalisation
therapy after acute myocardial infarction, marker proteins offer unique possibilities.
Similar concerns can be expressed about the techniques for morphometric assessment of
necrosis, often considered as the ‘gold standard’. Necrotic areas, as defined by such
techniques as staining with nitroblue-tetrazolium (NBT), are quite heterogenous and
may contain considerable fractions of surviving muscle cells. Overall, such areas have
been reported to retain more than 50% of muscle cell proteins [21] and, therefore,
morphometry may grossly overestimate the extent of necrosis.

Another important point is that total protein release, between the onset of
myocardial injury up to its completion, can be measured. Plasma levels of these proteins
are usually still in the normal range when the patient is admitted to hospital, especially
for the larger proteins (see Figure 1), and only negligible release has occurred in the
period before admission. In contrast, only endpoints can be obtained for parameters
such as ventricular ejection fraction or histological injury scores, and one has to assume
that these variables had normal values before the acute event occurred, which often will
not be true. This adds to an inherent insensitivity of these parameters and it is hard to
imagine, for instance, how measurement of cardiac contractility could have detected the
minimal degree of myocardial necrosis that may have proved important in the prognosis
of cardiovascular disease (see below).

Variability due to pathological changes in myocardial protein content

In order to translate myocardial protein release into grams of lost muscle, the
myocardium should have a well-defined protein content. Tissue protein content should
preferably be measured in biopsies, rather than in autopsies, because of the risk of post-
mortem protein degradation. Using human donor hearts as a reference, normal tissue
content and 10-15% variability (SD) was reported for the activities of creatine kinase
(CK) and lactate dehydrogenase (LDH) in biopsies taken during valve replacement
[27]. About 10% variability was found for CK, a-hydroxybutyrate dehydrogenase
(HBDH) and aspartate aminotransferase (AST) in biopsies obtained during various
forms of heart surgery [28].

In cardiac autopsies, variabilities of about 15% were found for LDH, HBDH, and
fatty acid-binding protein (FABP) [29]. These cytosolic proteins are released from the
tissue by simple homogenisation, and the larger variations of about 30% reported for
the tissue content of a structural protein such as troponin T (TnT), could either reflect
true increased variability or could be caused by the more elaborate techniques required
to extract such proteins from tissue [30,31]. The latter is also true for proteins from
specific intracellular compartments, such as lysosomal and mitochondrial enzymes [32].
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In considering these data, sample size should also be taken into account. Due to
uncertain fractional catabolic rate constant (FCR) values and normal plasma
concentrations, the lower limit for infarct size as calculated from cytosolic cardiac
enzymes such as CK, HBDH or AST, is 0.1-0.5 gram wet weight [33], whereas biopsies
are typically about 10 times smaller. Apart from increasing experimental scatter, the use
of such small samples will tend to increase observed variability due to the presence of
structural inhomogeneities and mixed cell populations. Summarising these data, it is
estimated that, at least for cytosolic markers, protein release can be expressed in grams
of myocardium with an accuracy of 10-15%.

Figure 2. Correlated myocardial LDH, CK and AST content in 122 tissue samples of 0.5-2.5 g from 8
hearts, obtained from patients who died within 6 hours after the onset of acute myocardial infarction. Values
were expressed in catalytic units (U) per gram wet weight of tissue. Enzyme activities are generally much
lower than in healthy hearts but, although LLDH seems to be better preserved than the other enzymes, the
changes can be globally explained by dilution of healthy myocardium with variable fractions of connective
tissue.
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The data discussed so far were based on biopsies from relatively healthy hearts or
autopsies from patients who died from non-cardiac causes. However, pathological
changes, as found in diseased hearts, will cause altered myocardial protein content. In
such hearts, hypertrophy is a common finding and is accompanied by fibrosis [34]. The
healthy muscle is invaded by fibroblasts, collagen, and fat, and it has been shown that
severely diseased hearts may contain large fractional volumes of connective tissue [35].
Due to these changes, average reductions of 30-40%, and an overall variability of 25%,
have been reported for myocardial CK content in biopsies from failing human hearts
[36]. Similar reductions and variabilities of 30-50% were found for the tissue content of
CK, HBDH and AST in non-infarcted areas - supposedly representing the pre-infarction
situation - of hearts from patients who died after myocardial infarction [37].

Variation in myocardial protein content of this magnitude could obviously
invalidate the expression of cumulative protein release in grams of myocardium. In the
quoted study [37], however, the ratios of enzyme showed only 15-20% variation. This
is also shown in Figure 2 for left ventricular samples taken from 8 human hearts
obtained within 6 hours of acute cardiac malfunction, that is, before a significant release
of LDH, CK and AST from the heart could occur (see below). Although LDH was less
reduced than CK and AST, probably because of LDH activity in fibroblasts {34], it was
concluded that the major part of the pathological changes observed in these hearts could
be described as dilution of normal myocardium with variable volume fractions of
connective tissue [37]. This implied that release of muscle enzymes could still be
expressed in grams of healthy myocardium, although one such gram could correspond
to several grams of diseased muscle. This was indicated by expression of infarct size in
gram-equivalents.

Little is known quantitatively of the pathological changes in myocardial content of
structural proteins, but reductions up to 80% were reported for TnT and troponin I (Tnl)
in failing porcine hearts [38]. This indicates that pathological changes in the myocardial
content of contractile proteins could be larger than changes in cytosolic proteins and
this may invalidate expression of the release of contractile proteins in gram-equivalents
of myocardium.

The relation between cellular release of proteins and cardiomyocyte death

On the basis of clinical experience, the release of myocardial marker proteins into
plasma has traditionally been considered as a sign of necrosis. This interpretation has
recently been confirmed when it was shown that even minor release of proteins such as
TnT [39] or CKMB [40] indicates a worse prognosis. This traditional interpretation has
not remained unchallenged, however. In the normal dog heart, lymph may contain
higher concentrations of muscle proteins than plasma, while, as shown in Table 1, the
reverse is normally true. This was interpreted as cellular release of proteins under
normal physiological conditions [41]. In cultures of adult rat heart cells, hypoxia
induced sarcolemmal protrusions separating from the intact cell (‘blebbing’), and this
was considered as proof for protein release from living cells [10].

The quantitative relevance of these findings is difficult to assess. Assuming a
cardiac lymph flow in dog heart of 10 ml/kg/h (see Table 1), a heart weight of 100 g
and a CK concentration in lymph exceeding the plasma concentration by 100 U/L, total
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CK release into the lymphatic system during 10 years of dog life would be about 9000
U, that is the CK content of about 6 grams of dog myocardium. This is well within the
range of an estimated total 15-20% loss of heart muscle due to ageing in man [26], and
the increased lymphatic concentrations could, thus, reflect physiological loss of muscle
cells due to ageing, rather than protein release from living cells.

Table 1. Parameter values for protein distribution in the dog

plasma heart skeletal skin viscera
muscle

weight (kg) * 0.1 85 3 2.8
interstitial fluid volume (ml/kg) - 140 100 400 250
endothelial permeability (ml/kg/h) - 30-300 0.75 4 6
lymph flow, mlk/kg/h - 6-30 3 16 3
lymph-to-plasma concentration ratio - 0.6-0.8 0.2 0.2 0.5
protein pool (fraction of plasma pool) 1 - 0.17 0.24 035

* Values are for a standard dog of about

21 kg and 1 kg of plasma (see ref. [62]).

With respect to blebbing by still viable cells, it should be realised that total bleb
volume was only a small fraction of total cell volume. Moreover it was mentioned that
the blebs did not release encapsulated proteins [10]. Recent interest in this blebbing
phenomenon during apoptotic cell death [42] has also attracted attention to the rapid
elimination of microvesicles from the circulation [43]. Together these data indicate that
blebbing is probably not a mechanism for the release of significant amounts of free
protein molecules into plasma.

Although compelling evidence for protein release from living cardiomyocytes thus
seems to be lacking, little can de said about the possibility that such cells may have died
(long) before any protein is released. As long as a strictly scientific definition of ‘life’ is
lacking, this issue will probably remain unresolved. As discussed below, however, there
is much evidence suggesting that the release of marker proteins by the cardiomyocyte is
a sudden, all-or-none, phenomenon that can profitably be used as an indicator of cell
death.

Sarcolemmal disruption and protein transport from heart to plasma

In-vivo, proteins liberated by cardiomyocytes still have to be transported from
interstitial space to the circulation and this complicates the exact timing of the release
process. This is not so in cultures of neonatal rat cardiomyocytes, where cells are under
similar external conditions and protein release can be instantaneously assessed. Under
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these circumstances, the time interval between sudden induction of hypoxia and protein
release may differ by hours for different cells [9]. Apparently, the resistance of
individual cells to hypoxic injury has a large variability. It was shown in this study,
however, that at each separate time point the amount of released HBDH was
proportional to the fraction of cells that could be stained with Trypan Blue, a small
molecular dye that cannot penetrate into the living cell.

After hypoxia or metabolic inhibition of such cultured cells, completely
simultaneous release was observed for proteins differing in molecular weight between
15 kDa (FABP) and 140 kDa (LDH) [44]. Also, simultaneous appearance of different
proteins was observed in human right duct lymph during cardiac surgery [25]. As
discussed below, cardiac interstitium is drained relatively fast by lymph and, together,
these results suggest that for each individual cell the sacolemma becomes rather
suddenly and totally permeable. Cellular variability in resistance to such sarcolemmal
rupture causes gradual release during hours, but this process can be synchronised by re-
oxygenation, causing sudden and massive protein release, in vitro [9], as well as in vivo
[12].

In spite of simultaneous release of proteins by individual cells, entrance of marker
proteins into the bloodstream is not simultaneous and depends on molecular size (see
Figure 1). This is due to the fact that 70-90% of total protein transport to the plasma is
affected by transendothelial diffusion of proteins into the microvessels and, thereby,
depends on molecular size [41,46,47]. Proteins reach the circulation because the vessels
are flushed, even in ischaemic myocardium. This may seem surprising, but it is
explained by some residual collateral flow [48]. Normal myocardial blood flow is of the
order of 1 ml/g/min and the muscle contains only about 0.06 ml/g of blood [49]. So,
even for only 1% residual flow, the blood vessels in the ischaemic area will be flushed
every few minutes. Local retrograde venous flow may also add to this washout process.

Because the transport of proteins from an ischaemic area is not flow-limited, but
dependent on diffusion, small molecules will reach the plasma faster than large ones. In
man it has been estimated that the half-life for myocardial washout is about 1 hour for
myoglobin and about 7 hours for CK [12]. In contrast, buffer-perfused isolated hearts
often release their small and large proteins together, due to artificially increased
interstitial washout. ‘

The remaining 10-30% of protein transport is effected by lymph. This transport is
relatively fast and proteins pass from the cardiac interstitial space to the right lymphatic
duct, which empties into the external jugular vein, in about 20 minutes[41]. This
implies that in the modelling of circulating cardiac proteins, the efflux of proteins from
the heart can be assumed to be a direct input into plasma.

The recovery of myocardial marker proteins in plasma

Local degradation of cardiac proteins in the myocardium, either before cellular release or
during transport from the heart to plasma, could cause incomplete protein recovery in
plasma and underestimation of injury. Indeed, inactivation of CK in dog lymph has been
found [50], and in necrotic myocardium CK proved to be much more labile than LDH or
myoglobin [S1]. This suggests that CK is a well-suited probe for testing the risk of protein
degradation.
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In animal experiments, this issue has produced conflicting results. A report that only
about 15% of myocardial CK was recovered after permanent coronary occlusion in the
dog [13] was contradicted by a similar study, reporting complete recovery of CK as well
as of HBDH [14]. In the latter study it was suggested that myocardial CK depletion may
be easily overestimated due to edema and or to processing of large tissue samples. After
temporary coronary occlusion in the dog, reperfusion has been claimed to reduce CK
recovery [11], but was also found to increase it [52]. Conversely, for myoglobin,
quantitative recovery was found [22]. Apart from being controversial, it is also uncertain
whether such experimental results can be extrapolated to man. It was estimated in the dog,
for instance, that the half-life for washout of CK from ischemic myocardium was 1-2
hours [12], instead of 7 hours. Also, collateral circulation is more developed in the dog
than in man [48].

Some data indicate that local protein degradation in man is probably limited. In
autolysing human heart, kept at 19 °C, only 5-6% of CK activity disappeared in the first
10 hours post-mortem, versus 4%, 3% and 1% for LDH, HBDH and AST [28].
Considering the quoted half-life time for CK washout of about 7 hours, this indicates that
probably only a minor fraction of myocardial CK will be lost due to autolysis. Also,
infarct size as calculated from CK, LDH and myoglobin are approximately equal (see
Figure 1) which again indicates that no preferential denaturation of CK occurs.

A possibility that presently cannot be excluded, and still would be compatible with
equal estimates from different proteins, is that some myocardial regions could become
totally isolated from the circulation. This situation could arise, for instance, due to
plugging of the microvessels by leukocytes [53] and myocardial proteins from such areas
could be totally prevented from reaching the circulation. Existence of such isolated areas is
suggested by the ‘no-reflow’ phenomenon, traditionally observed in the dog after coronary
reperfusion [54], and this would be especially alarming, because reduced release of
myocardial proteins after reperfusion therapy, as observed in many studies [1-8], could
then be an artefact.

There is convincing evidence, however, that this is not true. In the first place, the
reduction of myocardial protein release, observed in the quoted studies, was matched by
favorable trends in other parameters such as reduced mortality and preservation of
myocardial function. More directly it was shown that the relation between cumulative
release of HBDH and the reduction of left ventricular ejection fraction after acute
myocardial infarction was not altered by thrombolytic therapy [18]. It has been claimed
that the release of CK and CKMB was, indeed, influenced by thrombolytic therapy [15-
171, but in these studies protein release was found to be enhanced, rather than reduced, by
reperfusion therapy.

Circulatory models for the calculation of cumulative protein release

In order to calculate cumulative protein release from protein concentrations in plasma,
one needs a circulatory model that accounts for elimination of protein from the
circulation, and for distribution of protein into compartments other than plasma.

As mentioned before, myocardial proteins reach the circulation mainly by direct
entry into plasma. From plasma, protein molecules then enter into extravascular
compartments, mainly located in the interstitial space of skeletal muscle, skin and
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viscera [55]. Some parameters of this protein distribution are shown in Table 1. After
circulating for some time, the protein molecules are eliminated from plasma, mainly by
receptor-mediated endocytosis in the liver [56] or by renal clearance [57]. The FCR for
this elimination is the dominant parameter in the calculation of cumulative protein
release from time-curves of protein concentrations in plasma.

Values of FCR cannot be simply obtained from the downslopes of protein curves
because, due to tailing protein release, such disappearance constants (k4) are typically 3
to 5 times lower than the FCR [20]. In animal experiments, values of FCR can be
obtained by intravenous infusion of protein preparations, but this technique is usually
not considered applicable in man. If it is assumed, however, that two proteins with
different FCR values are released in a fixed quantitative ratio, r, the values of r, FCR,
and FCR, can be obtained from release curves as observed in patients with myocardial
infarction [20,58]. An independent check of this method is provided by the requirement
that obtained values of r should be equal to the ratio of protein contents in myocardium.

As explained before, fixed release ratios, or strictly simultaneous release, is indeed
found for cellular release into the interstitium. For simultaneous release into plasma,
however, the proteins should also be of comparable molecular size. This requirement is
not too critical. Studies with radiolabelled proteins and high molecular dextrans have
shown that the lymph/blood barrier does not discriminate in the passage of molecules
with a molecular weight exceeding 40-60 kDa [59,60], and values of FCR for CK (83
kDa), HBDH and LDH (140 kDa), or AST (100 kDa) could thus be obtained, as shown
in Table 2. For the small proteins in this Table, such as myoglobin and FABP, values of
FCR were estimated from glomerular filtration rates, corrected for age, sex and plasma
creatinine [61], and exchange parameters were obtained from the literature [19,60].

Extravascular distribution spaces in skeletal muscle, skin and the viscera have quite
different magnitudes and exchange rates, as shown in Table 1. Due to their much higher
endothelial permeability, extravasation in skin and viscera will proceed much faster
than in skeletal muscle, but the high muscle mass contains a much larger interstitial
volume. For accurate calculations of protein distribution, for instance in measurements
of albumin turnover from frequently sampled radiolabelled albumin, all three
extravascular compartments have to be included in the model. Because of limited
sample rates, however, and sometimes also because of a limited accuracy of the protein
assay, the precision of calculation for myocardial markers is usually much lower. It
should also be realised that individual FCR values cannot usually be determined and
average values, as shown in Table 2, have to be used. Due to 10-20% biological
variation in FCR, this also introduces a considerable error [62]. As a result, it has been
noted that changing from three extravascular compartments to a single one only
marginally influenced the calculations [62]. Therefore, only the parameter values of an
equivalent two-compartment model, with a single extravascular compartment, are
presented in Table.2, and the cumulative release as shown in Figure 1 was calculated
from these parameters.

Because it is assumed that protein elimination by the liver or kidney occurs directly
from plasma, and that at each moment the rate of elimination equals the product of FCR
and the plasma concentration, total eliminated quantities of protein can be calculated
from integrated plasma curves, multiplied by FCR. This implies that, if the
concentrations can be measured up to the time of complete re-normalisation, cumulative
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protein release will be equal to cumulative elimination of protein and can simply be
calculated as the area under the plasma curve, multiplicated by FCR. In that case,
temporary extravasation of protein molecules is irrelevant because they will have
returned to plasma in the end, and one effectively uses a simple one-compartment
(plasma) model. This method can only be used for proteins that are rapidly eliminated
from plasma, such as myoglobin and FABP; for most other proteins the plasma
concentrations will not yet have returned to normal during the period of observation.

Table 2. Mean parameter values for the two-compartment model

Protein mol. weight myocardial FCR* (t;,) TER* ERR*
kDa content** h(h) h! h?!
CK 83 865 U/g 0.20 (3.5) 0.014 0.018
CKMB 83 132 U/g 0.34 (2.0) 0.014 0.018
HBDH*** 140 123 U/g 0.015 (46) 0.014 0.014
LDH 140 155 U/g 0.015 (46) 0.014 0.014
LDH-1* 140 140 U/g 0.015 (46) 0.014 0.018
LDH-5* 140 <2U/g 0.13(5.3) 0.014 0.018
CAST 100 54 Ulg 0.09 (7.7) 0.014 0.014
mAST 100 92 U/g 0.19(3.6) 0.014 0.018
FABP 15 570 mg/g 1.4 (0.50)~ 1.9 0.9
myoglobin 18 2300 mg/g 1.4 (0.50 1.9 0.9
TnT 32 234 mg/g 0.11 (6.3) 0.014* 0.018

* FCR = fractional catabolic rate constant

*TER = transendothelial escape rate constant

*ERR = extravascular return rate constant

** enzymatic activity units (25°C) or mg of protein per gram wet weight
*** the HBDH assay measures the LDH isoenzymes in heart

# dominant isoform in heart

$ dominant isoform in skeletal muscle and liver

~ depending on age, sex and plasma creatinine

&probably as complexes

Conclusions

Loss of cardiomyocytes is irreversible. This makes measurement of the release of
myocyte proteins into plasma a unique means of characterising myocardial injury. This
technique offers specific advantages, especially in the evaluation of therapy aiming at
myocardial salvage, and for detection of minimal necrosis.
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Although routine determination of myocardial marker proteins is now generally
performed in the clinic, some underlying concepts involved in the interpretation of
these data are still subject to controversy. Notably, the assumption that protein release is
strictly coupled to cell death has been studied for several decades, without producing
generally accepted results. This is probably caused by the lack of scientific criteria for
discrimination between living and dead cells.

When myocardial protein release is expressed in gram-equivalents of healthy
myocardium, similar estimates of the extent of injury are obtained from different
cytosolic marker proteins. These results are obtained in spite of a large variability of the
tissue content of these markers in diseased myocardium, which reflects pathological
‘dilution’ of healthy myocardium with connective tissue. For the cardiospecific
contractile proteins, pathological changes in tissue content are probably even larger.

Sarcolemmal disruption, due to hypoxia or metabolic depravation, is an all-or-
nothing phenomenon which causes simultaneous release of large and small proteins into
cardiac interstitium. Subsequent entry into plasma occurs mainly by transendothelial
diffusion of proteins into the microvessels, and this causes relatively rapid appearance
of smaller proteins in the plasma.

Local protein degradation, either before cellular release or during transport to
plasma, could cause incomplete recovery of myocardial marker proteins from plasma.
However, because labile and stable cytosolic markers yield equal estimates of injury,
such degradation is improbable and could only occur if a mechanism existed that
prevents all proteins from reaching the circulation. In animal experiments, some
evidence for such a mechanism, that is, plugging of the microvessels by leukocytes, was
found after coronary reperfusion. In man, however, increased rather than decreased
protein recovery after reperfusion has been claimed.

The fractional metabolic rate constant FCR is the dominant parameter for
calculation of cumulative protein release, while the parameters for the extravascular
exchange do not discriminate between proteins with a molecular weight exceeding 40-
60 kDa. Sophisticated multi-compartment modelling is not required for such
calculations and a simple two-compartment model can be used, which may even be
simplified to a single (plasma) compartment if the total time-concentration curve,
including the normalisation phase, can be measured.
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Chapter 9

PROLONGED CHEST PAIN AND THE
EARLY DETECTION OF MYOCARDIAL
DAMAGE BY NOVEL BIOCHEMICAL
MARKERS - PRACTICAL
CONSIDERATIONS

Robbert J. de Winter

In recent years rapid analytical techniques have been developed which allow accurate
measurement of biochemical serum markers useful for the detection of early myocardial
damage and acute myocardial infarction (AMI). Early diagnosis of AMI is likely to
improve patient management and reduce complications. The availability of sensitive
biochemical markers may result in the identification of low-risk patients and allow for
early triage and rational use of Coronary Care Unit (CCU) beds. The potential clinical
implications of rapid and accurate new assays are obvious and have triggered great
interest. This is reflected by the large number of reports on the early diagnostic value
of biochemical markers such as myoglobin [1 - 3], CK-MB mass [4,5],CK-isoforms [6],
troponin T (TnT) [7 - 9], troponin I (Tnl) [10,11] and fatty acid binding protein (FABP)
[12]. At least partially, this interest may be “industry-driven” and for practically every
‘biochemical marker, assays are currently available from different manufacturers. The
interest is also driven by health economics and managed-care programs. For example in
the United States health maintenance organizations (HMOs) may refuse the
reimbursement of costs for patients “wrongly” admitted to CCU [13]. Growing interest
in the novel biochemical markers is also driven by the obvious implications of the early
and accurate diagnosis of myocardial damage. However, the advent of a large number
of these markers has raised a series of practical issues. With the large choice of novel
markers available, it is difficult for the treating physician to decide what marker(s) to
use or even what strategy is appropriate for risk stratification and management of acute
chest pain patients. The focus of this chapter will be on the role of biochemical markers
in the detection or exclusion of myocardial damage in chest pain patients and the
possible implications for triage and patient management in the first 24 hours from the
onset of chest pain.

The diagnosis of acute myocardial infarction and minor myocardial
necrosis

The WHO defines AMI in the presence of two-out-of-three criteria [14], ie. ECG
changes, typical chest pain and elevated cardiac enzymes. These criteria were

99



100 ROBBERT J. DE WINTER

established as an epidemiological tool to enable the creation of coronary registers [15],
and in light of present knowledge these criteria may need updating. One of the reasons
for this is that a substantial proportion of patients who present with acute chest pain but
do not fulfil WHO criteria for AMI have evidence of myocardial damage as assessed by
CK-MB mass, TnT or Tnl [16 -20]. WHO criteria are used as the gold standard for
AMI in many studies evaluating sensitivities and specificities of serum markers and in
clinical practice. However, a novel cardiac specific marker TnT, is gradually emerging
as a "gold standard" for the diagnosis of myocardial damage. The absence of detectable
levels of TnT in plasma is considered as evidence for the absence of myocardial
necrosis [21]. It is also argued that elevated TnT in patients with chronic renal disease
may represent low-grade ongoing myocardial damage [22]. Whether cardiac marker
release can occur in the absence of myocyte necrosis is still controversial [23-25]. In
addition, studies have shown that CK-MB content may differ in normal hearts
compared to hearts with evidence of coronary artery disease [26,27]. However, for
practical purposes it can be assumed that with the new assays, even mild myocardial
necrosis may be detected with remarkable accuracy. This is important as the majority of
patients who attend emergency departments due to acute chest pain, have normal or
non-diagnostic electrocardiograms (ECG) and therefore the final diagnosis will rely on
the biochemical reliability of the markers. The prognosis for patients with minor
myocardial damage who do not fulfil the WHO criteria for AMI is comparable to the
prognosis of patients with non-Q-wave AMI who do fulfil the WHO criteria, making
the distinction according to the WHO classification less relevant.

Early recognition and management of acute myocardial infarction - any
need for biochemical markers?

When a patient is admitted to hospital with prolonged typical chest pain and nitrate
resistant ST segment-elevation on the ECG, serum markers are routinely measured, but
do they influence patient management to any great extent? Probably not, as such
patients are usually treated promptly with primary coronary angioplasty (PTCA) or
fibrinolytic agents. In most hospitals with facilities for primary PTCA, coronary
angiography will be performed to document the presence of an occlusive stenosis of the
large epicardial coronary artery and the extent of coronary disease. Successful
reperfusion will be achieved in the large majority of cases following this approach.
Only later, the extent of myocardial damage, residual left ventricular function and the
need for oral anticoagulants, anti-arrhythmic drugs or ACE inhibitors will be assessed
by measuring cardiac enzymes, observing the clinical course, performing ECG
monitoring, chest X-rays and two-dimensional echocardiography. In hospitals without
primary PTCA, the decision to initiate thrombolytic therapy is made without awaiting
cardiac enzyme results. The larger trials that investigated the effects of thrombolytic
therapy in patients with AMI did not incorporate myocardial damage marker
measurements among their inclusion criteria [28 - 31]. By the time cardiac markers
become elevated in the circulation, the “golden hour” of reperfusion therapy has passed
[32]. Therefore in patients with AMI and patients with prolonged chest pain and ST
segment elevation (or left bundle branch block not known to have been present
previously) who are considered candidates for reperfusion therapy, there is no rationale
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for the diagnostic use of novel biochemical markers of damage.
Role of the 12 lead electrocardiogram

In a study by Gray and Hampton [33] comprising 15,832 patients, the clinical
“impression” and the 12 lead ECG at admission had a sensitivity of 55% and a specifity
of 88% for the diagnosis of AMI. In the MILIS study [34], including 3,697 patients,
pre-specified ECG criteria had a sensitivity of 81% and a specificity of 69% for the
diagnosis of AMI. In this study, 45% of patients (n=1,652) did not have ST-segment
elevation, ST-segment depression, LBBB or new Q-waves; of these, 21% developed
AML. In a Swedish study including 7,157 consecutive patients, 14% of patients with an
abnormal ECG but without typical features of acute ischemia developed AMI, whereas
only 6% of patients with a normal baseline ECG developed AMI. However, when
patients were prospectively classified on the basis of the clinical history, physical
examination and characteristics of the admission ECG into 4 categories (obvious AMI,
strong suspicion, vague suspicion and no suspicion), AMI was present in 88%, 34%,
8% and 1% respectively [35]. These data show that although the diagnostic value of the
12 lead ECG at admission may be limited, if the ECG results are combined with clinical
information available on admission, the majority of AMI patients will be identified
using simple inexpensive triage. Of importance, the admission 12 lead ECG may
represent a valuable predictor of major in-hospital complications. In fact, it has been
shown that the prognostic value of the admission ECG may be higher than its diagnostic
value [36 - 39]. In a study by Goldman et al. [39], evaluating the need for intensive
care in patients with acute chest pain, the risk of major complications could be
estimated on the basis of clinical presentation (e.g. ECG, symptoms, physical
examination) and additional clinical observations made during a 12-hours observation
period. In the very low risk patient group (no signs of infarction or myocardial ischemia
on the ECG, absence of "risk factors” and no clinical complications after 12 hours
observation), the incidence of major events within 72 hours was 0.4% in a validation
study of 4,676 patients. Unfortunately, in this study biochemical marker measurement
was not part of the triage protocol.

The “exclusion” of myocardial necrosis does not exclude trouble

Patients with a diagnosis of unstable angina are at risk of progression to myocardial
infarction or death. Before unstable angina patients were routinely treated with aspirin
and/or heparin, in-hospital event rate was high (2% mortality, 10% myocardial
infarction, 20% refractory angina) [40]. The use of aspirin and/or heparin has reduced
the event rate by 40-60% [40,41]. Novel therapeutic strategies may improve mortality
and morbidity even further; the FRIC investigators [42] compared the effects of low
molecular weight heparin given subcutaneously with those of unfractionated
intravenous heparin, in addition to aspirin, for the treatment of unstable coronary artery
disease. They reported a six-day incidence of the combined death, myocardial
infarction or recurrence of angina of 7.6 % and 9.3% respectively [42]. In a study by
Lindahl et al. [43] for the FRISC study group including 976 patients with unstable
coronary artery disease, there was a 4.4% incidence of cardiac death and a 12.3%
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incidence of AMI for the whole study group during a follow-up of 5 months [43]. In
36.7% of patients there was a need for coronary revascularization. All patients were
treated with aspirin 75 mg daily. In this study, an elevated TnT identified patients at
increased risk. However, even in the TnT-negative patients there was still an incidence
of cardiac death and myocardial infarction of 4.3%. In a single center study including
unstable angina patients with a follow-up of three years, Stubbs et al. [44] reported an
incidence of death or non-fatal MI of 17% in the TnT negative patients, and a need for
revascularization of 21%. Although the first two studies included both patients with
unstable angina and non-Q-wave myocardial infarction, event rates for the two groups
were similar. These data show that patients with unstable coronary artery disease are at
a similar risk for subsequent cardiac events as non Q-wave infarct patients despite
treatment. Of importance, even patients who do not have myocardial damage as
detected by troponin T may be at increased risk. How to identify these patients is of
critical importance. '

The importance of ruling-out myocardial damage

From what I have mentioned before, it can be suggested that the detection of
myocardial damage with biochemical markers and new rapid assays does not contribute
significantly to the triage or management of patients with a clear clinical indication for
reperfusion therapy. Moreover, the exclusion of minor myocardial damage by markers
such as TnT in patients with unstable coronary artery disease does not necessarily
indicate that these patients are truly at low risk. The decision to admit patients with
unstable coronary artery disease to the CCU can be safely based on clinical physical
examination and the admission 12-lead ECG [39]. Treatment in patients with unstable
angina and non-Q-wave infarction is similar particularly in the first days after
admission, and may not be affected by the presence or absence of minor myocardiac
damage.

However, there is a group of patients in whom markers of myocardial damage may
play a major role. These are patients who present with chest pain, have non-diagnostic
electrocardiograms and no events develop during a several hour observation period.
These patients constitute a very low risk group and can be discharged safely, and
quickly, provided the results of biochemical markers of myocardial damage show no
alteration. To rule out myocardial damage in this subgroup of patients, it is important
to know the sensitivity and specificity of the biochemical markers used.

The new biochemical markers

To accurately rule out myocardial damage based on the measurement of biochemical
marker levels, a high negative predictive value of a normal test result is needed. In other
words, for the test to be useful in a population of low-risk patients, with a low incidence
of myocardial damage, the test in question has to have high sensitivity.

Several reviews on the usefulness of biochemical markers for the diagnosis of AMI
have been published recently [45 - 47]. Markers such as myoglobin, CK-MB mass,
CK-MB-isoforms, troponin T and troponin I have all been shown to have good
sensitivity for the diagnosis of AMI [1 - 11, 46]. However, in the early hours after the
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onset of symptoms, the sensitivity of the markers may change rapidly due to their time-
dependent appearance in the peripheral blood. It is important in this respect to
distinguish between early sensitivity assessed relative to the time of admission and
relative to the time of onset of symptoms.

Myoglobin, CK-MB mass, troponin T. In the first six hours after the onset of
symptoms, myoglobin has better sensitivity than CK-MBmass or troponin T for the
diagnosis of AMI [5]. All three markers however have been shown to have limited
sensitivity in the first six hours [1, 5, 48]. Moreover, it has been shown that the
sensitivity of myoglobin decreased after 7 hours, whereas the sensitivities of CK-MB
mass, and troponin T reached nearly 100% 10-12 hours after the onset of symptoms.
Early sensitivities of CK-MB mass and troponin T for the detection of AMI are
comparable and, in addition, in patients in whom AMI has been excluded, most
troponin T positive patients can also be identified with serial samples of CK-MB mass
[49].

CK-MB isoforms. Puleo ef al. reported a sensitivity of 95.7% at six hours after the
onset of symptoms for the CK-MB-isoforms using a high-voltage electrophoresis assay,
compared with 48% for CK-MB activity [6]. However, Laurino et al [1] found similar
sensitivities and specificities for CK-MB2 isoform and CK-MB mass.

Troponin I. Cardiac troponin I was reported to have a similar sensitivity for the
detection of AMI to CK-MB mass, with blood sampling every 12 hours [50] and may
have comparable sensitivity for early detection of AMI [51]. Cardiac troponin I appears
to have high specificity for cardiac injury {52], a wide time-window [53] and prognostic
value in unstable angina [20]. Based on these findings, some authors believe troponin I
could represent a suitable candidate to replace CK-MB, total LD and LD isoenzyme
analysis for the routine assessment of AMI [54].

Differences between the sensitivities of these novel markers for the detection of
myocardial damage are small and level out within the time-window of 12 hours usually
used for observation of patients with chest pain as proposed by the Chest Pain Study
Group [55]. Moreover, no studies have been carried out to establish if these novel
markers are useful in the clinical setting, regarding both the decision to discharge a
patient from the emergency room or the selection of the appropriate level of care after
the patient has been admitted to hospital. This problem was addressed by Selker et al.
[56] for the US National Heart Attack Alert Program, in a report published 1997. In
their manuscript ‘Technologies for Identifying Acute Cardiac Ischemia in the
Emergency Department’ [56] they conclude: “A prospective intervention study, with
Jfollow-up of all (including non-admitted) patients, of the effect of serial CK and CK-MB
on patient outcomes is needed before a strategy incorporating CK-MB into medical
decision making can be fully evaluated, is recommended” ... The evaluation of the use
of myoglobin and cardiac troponin T and I was summarized as ... “the use of new
biochemical markers in the emergency department as a routine measure to improve
either the initial triage or therapy of patients with AMI is currently unproven” [56].
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Acute Chest Pain Units

A report from the multicenter Chest Pain Study [57] in the late 1980s showed that 4%
of patients attending hospital for assessment of acute chest pain and who had
documented AMI at presentation, or within three days, were sent home with the
diagnosis of non ischaemic chest pain. In this study, the short term mortality was
significantly higher among patients in whom the diagnosis of AMI [57] was missed
compared to those AMI patients admitted to hospital. Both this finding and perhaps
fear of malpractice claims, of which the wrong diagnosis of AMI and management is a
leading cause [58], may explain why only 15-30% of patients currently admitted to
CCU actually have AMI [57,58]. With increasing costs of critical care beds, it is
mandatory to develop strategies to limit unnecessary hospital admissions [38]. Triage
protocols for short term observation periods [55], and the development of "short-stay
units", "coronary observation units" or "Heart ER" units perhaps adjacent to the
emergency room and equipped with ECG rhythm-monitoring and with a low nurse-to-
patient ratio may be necessary [13, 59 - 61]. Previous reports have found that patients
at low risk of infarction can be accurately identified within 24 hours after admission
[62,63]. Lee et al. [55] reported that this observation time may be shortened safely to a
12-hour strategy in low-risk patients. In their study [55], myocardial damage was
assessed using total CK and CK-MB(activity). Data from the same group suggest that
assessment of low-risk chest pain patients in a coronary observation unit is safe and
adequate for ruling-out AMI, with low complication rates and excellent survival for
those patients sent home directly from such a unit [S5]. Mean length of stay in this
study was 1.2 days.

Gaspoz et al [60] demonstrated that this type of units may be cost-saving. In another
study including 1010 patients, Gibler et al. [61] assessed a 9-hour follow up protocol in
the emergency department that included serial CK-MBmass testing, serial 12-lead ECG,
two-dimensional echocardiography and graded exercise testing. They found that the
protocol was effective. However, of the 1010 patients, only 12 were diagnosed as
having AMI (1.2%) and 113 patients (11,2%) had cocaine-induced chest pain.
Moreover, a 12-lead ECG and CK-MB determination were scheduled for the next day
but only 25% of patients returned for testing. Zalenski ef al. [64] found that only 63 of
599 screened patients (14,1%) were eligible for a 12-hour observation protocol in a
short-stay unit according to the recursive partition function of the chest pain study
group [55]. These observations leave many questions unanswered considering both
safety and cost-effectiveness. Despite these concerns and in light of current financial
constraints, properly designed chest pain centers associated with emergency
departments may prove useful [65]. Their popularity is increasing in different countries.
How the information discussed earlier applies to emergency departments in European
hospitals still remains to be determined.

Early ruling-out of Acute Myocardial Infarction, which marker?
Most hospitals continue to use total creatine kinase (CK) measurements to rule-out AMI

in patients presenting with acute chest pain, despite the limitations of this marker related
to the influence of muscle mass, effects of exercise, gender, age, and race [45]. The
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sensitivity and specificity of CK are relatively low; myocardial damage may be present
in a substantial number of patients even when total CK is within the "normal" range [66
- 70]. Ad-hoc protocols to rule-out AMI (short stay <12 hours) currently involve the use
of a rapid assay for one of the new biochemical markers. One has to bear in mind that
these protocol/marker strategies are still largely untested, and that safety and cost-
effectiveness of this approach will vary according to the characteristics of the patient
population that is served by a particular institution. Figure 1 illustrates one of such
strategies.

Admission CKMB % — yes > CCU

15 C s > = Yes > CCU

(myoglobin)

T7 s )= ¥es > CCU

<

no

T10  roma )= Yes > CCU

’

(Troponin T)
no
Discharge

Figure 1. Decision tree for early diagnosis of AMI at the cardiac emergency room. A single CK-MB > 7.0
pg/L or a difference between two serial samples > 2.0 pg/L was defined as abnormal. A myoglobin
measurement at TS5 (time point of maximal diagnostic accuracy) is optional. A troponin T measurement at
T10 is optional. In case of uncertainty concerning the onset of symptoms, or concomitant skeletal muscle
damage, a troponin measurement is useful due to its cardiac specificity and presence in plasma for a longer
period of time. Patients admitted to the CCU will have additional CK-MB measurements later that T10, but
for the ruling-out of AMI, T10 is last sampling point. In addition, history, admission ECG or clinical
observations, such as recurrent chest pain with accompanying electrocardiographic changes may necessitate
CCU admission irrespective of CK-MB results. TS5, T7, T10: five, seven and ten hours after the onset of
symptoms. CCU: coronary care unit.
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Serial CK-MB mass testing has been evaluated for ruling-out AMI in a CCU setting
[71,72] and in the cardiac emergency room [5]. These are feasible and safe when
included as part of a 24-hour or 12-hour protocol. There are now several new assays
available with good precision at the lower concentration ranges around the cut-off level
which offer good possibilities for this marker. Test results with these assays are
available within 20 minutes and large automated analyzers make it feasible to have
them available round the clock. At our institution, a University Hospital of the
University of Amsterdam, a cardiac emergency room facility was originally established
by the late Professor D. Durrer in 1978 [73,74]. For many years, a CK-MB activity
assay was used for the diagnosis of myocardial damage. As from 1995, we are
evaluating a 12-hour rule-out AMI protocol which includes serial sampling of CK-MB
mass and a strict follow-up of patients discharged from hospital.

Myoglobin is a very early marker for myocardial damage but is not recommended
as a single test for AMI, due to its lack of cardiac specificity. Recently it has been
suggested that measurements combining myoglobin with measurements of fatty acid
binding protein (FABP) may solve the problem of low cardiac specificity [12].
However, there are other problems with myoglobin such as a limited time-window and
an inconsistent definition of the levels required for a positive test. Current cut-off levels
vary between 50 and 110mg/L. Troponin T and troponin I have similar release profiles,
and have comparable early sensitivity and specificity as CK-MB mass for the detection
of AMI [5,7,8,50], reaching approximately 100% sensitivity within 12 hours after the
onset of symptoms. In addition, a positive troponin T or I appears to provide prognostic
information [19,20]. However, both markers remain largely untested in the setting of
the emergency room. Recently, the quality of evidence and demonstrated impact of the
troponins on diagnosis, triage, treatment, and patient outcome when used by clinicians
in actual practice was rated as “NK=not known by the National Heart Attack Alert
Program Working Group [56]. However, although it is likely that serial testing of the
combined application of an “early marker” and a “cardiac-specific” marker (e.g. CK-
MB mass or troponin) will yield useful information, the clinical impact of this approach
and its cost-effectiveness will have to be carefully assessed.
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Chapter 10

PROGNOSTIC VALUE OF BIOCHEMICAL
MARKERS IN ISCHAEMIC HEART
DISEASE

Jan Ravkilde

Myocardial infarction (MI), unstable angina pectoris and sudden cardiac death constitute
the “acute coronary syndrome” (ACS). Although patients with unstable angina are
heterogeneous [1-7] up to 60% of patients who develop acute MI experience a prodrome
of unstable angina [8] and approximately 5-20% of patients with unstable angina progress
to MI or cardiac death within the first year [3, 9-17]. Non-Q wave MI is also considered an
unstable condition associated with a low initial mortality but a higher risk of developing
MI or cardiac death at a later time [18]. Allison et a/ [19] reported the presence of
“microinfarcts” in patients who died with unstable angina but without clinical evidence of
MI. This finding indicates that small areas of myocardial necrosis occur in patients with
unstable angina, at least in a high-risk subgroup [19]. Recent post-mortem investigations
have further documented that unstable angina leading to MI or sudden cardiac death is
frequently preceded by microinfarctions [20, 21]. The release of cardiac enzymes and
other myocardial cell constituents is to be expected in the presence of microinfarctions. In
order to detect these, markers sensitive to myocardial injury and specific for mycardial
tissue, must be employed. The prognostic significance of areas of micronecrosis and its
detection by specific markers has been investigated intensively in recent years.

The acute coronary syndrome: Pathogenesis

Coronary atherosclerosis is a progressive disease which usually develops over decades,
most often depending on the presence of risk factors. Coronary artery disease may present
clinically as stable angina or acute coronary syndrome. The onset of acute coronary
syndrome usually has no obvious external triggering factors and the clinical course is often
unpredictable [22].

In stable angina pectoris, myocardial ischaemia commonly results from increases in
myocardial oxygen demand that outstrip the ability of stenosed coronary arteries to
increase oxygen delivery [22, 23]. Although such a mechanism may, on occasions, play a
role in patients with unstable angina [24, 25], there is overwhelming evidence that a
primary reduction in coronary arterial flow is of greater importance in these patients.

In 1966, Constantinides [26] reported that plaque disruption could lead to coronary
thrombosis and acute MI. This mechanism is now an accepted cause of acute MI [27-29].
More recent post-mortem pathoanatomical investigations in patients who died as a result
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of MI, or unstable angina, or have suffered sudden cardiac death, have added valuable
information [20, 21, 30-33]. Falk [20] demonstrated that unstable angina preceding
cardiac death is characterized by an ongoing thrombotic process in a major coronary
artery. In this process, episodes of mural thrombus formation alternate with intermittent
thrombus fragmentation, resulting in peripheral embolization and microembolic occlusion
of small intramyocardial arteries which in turn result in microinfarcts. Peripheral
microembolization in unstable angina has been also observed in other reports [21].
Coronary angioscopy data has supported the critical pathophysiological role of
intracoronary thrombus formation in patients with unstable angina [34-36]. Culprit
coronary artery stenoses in unstable syndromes are often eccentric, with overhanging or
irregular margins [37]. A hypercoagulable status has been also observed during the acute
phase of unstable angina and MI [38-40], which may persist for up to 6 months after the
acute phase [40]. The role of coronary vasospasm is also important in the pathogenesis of
acute coronary syndromes although intracoronary thrombus formation is recognized as the
most important cause of acute coronary syndrome. Vasoconstriction at the site of the
culprit lesion may lead to stasis and thrombus formation thus contributing to the
development of both unstable angina and acute MI [42]. The most common mechanism
underlying the acute coronary syndrome is coronary plaque disruption, which leads to
thrombus formation with or without vasospasm, and intermittent or persistent coronary
occlusion [23, 42, 43].

Acute coronary syndrome: Diagnosis

Acute MI. The working groups set up by the World Health Organization (WHO) in the
1960's and later in 1971, have published their criteria for the diagnosis of acute MI which
are used worldwide. These are based on clinical history, electrocardiographic changes and
enzyme levels in serum [44]). These criteria have lately been reviewed in a special report
on "Myocardial infarction and coronary deaths in the WHO MONICA project 1985-1987"
[45]. Although the conventional criteria for the diagnosis of MI are quite adequate in most
cases, these findings are not present or easily discernible in every patient with acute MI. A
“typical” clinical history is elicited in approximately 30-70% of patients with acute MI
[46, 47] and the so called typical electrocardiographic alterations, carefully described in
the report, are not always present and the electrocardiogram may be classified as “non-
interpretable” in 12-28% of patients with acute MI [48, 49]. With reference to cardiac
enzymes, neither the 1971 report nor the WHO MONICA project describe the significance
of these markers in great detail. However, it is generally accepted that measurement of the
isoenzymes of CK and LD are useful for the diagnosis of acute ML

Unstable angina. The syndrome of unstable angina comprises a very heterogenous group
of patients [1-7],and it has been difficult to define [50]. Today, unstable angina is defined
as a clinical syndrome falling between stable angina and acute MI thus encompassing a
variety of clinical presentations of transient episodes of myocardial ischaemia [6]. The
diagnosis of unstable angina is mainly based on the patients clinical manifestations and in
the absence of diagnostic electrocardiographic changes and/or elevations in cardiac
enzymes changes diagnostic of acute MI [51]. The heterogeneity of the patients
investigated in diverse series has led to several clinical classifications. Braunwald has
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proposed a classification of unstable angina which is currently widely used [5]. This
classification focuses on two important issues: 1) the severity of angina (i.e., Class I, new
onset of severe angina; Class II, angina at rest within the past month but not within the
preceding 48 haurs and Class III, angina at rest within 48 hours), and 2) the clinical
circumstances in which unstable angina occurs (i.e., A, development of angina in the
presence of extracardiac conditions (“secondary” unstable angina); B, development of
unstable angina in the absence of extracardiac conditions (“primary” unstable angina) and
C, development of angina within two weeks after acute MI (“post-infarction” unstable
angina)). Although clinically useful, this definition gives at least 9 patient subgroups.
These may be even more if patients are further subdivided based on the presence or
absence of transient ST-T segment changes and the characteristics of the medical
treatment. The classification of patients with unstable angina is not a simple task as
unstable angina is a dynamic condition and different pathophysiological mechanisms may
operate within patients, at different points in time or simultaneously, resulting in shifts
from one clinical subclass to another during hospitalization [3, 5]. The Braunwald
classification has, however, gained acceptance and has recently been incorporated into the
latest guidelines for "Diagnosing and managing unstable angina" from the National Heart,
Lung and Blood Institute in USA [6, 7, 52].

Acute coronary syndrome: Prognosis

The in-hospital prognosis after acute MI has improved from around 25% fatalities in the
1970's to about 10% in the early 1990's. This has been primarily due to effective anti-
ischaemic and thrombolytic therapy [15, 53-55]. The one-year mortality after acute MI in
hospital survivors decreased from 25% in the 1970's to approximately 15% in the early
1990's, probably due to effective post-MI treatment strategies and improved secondary
prevention [14, 53, 56]. The five-year mortality however remained unchanged up to the
early 1980's at more than 30% {17, 53]. However, a decline to 20-25% has been seen since
the introduction of treatment with thrombolytics and angiotensin-converting enzyme
inhibitors [57, 58].

A distinction between Q wave and non-Q wave MI is necessary for prognostic reasons.
Years ago, Q-wave MI was synonymous with “transmural” MI and non-Q wave MI with
“subendocardial” MI. However, autopsy studies have revealed that a transmural MI may
occur even in the absence of Q waves in the ECG, and also subendocardial MI may
present as a Q-wave MI [59, 60]. Patients with Q wave MI have a different evolution than
patients with non-Q wave MI [51]. The latter tend to have smaller infarcts on presentation
and rarely have total occlusion of the infarct-related vessel [37, 60, 61]. Non-Q wave MI
is considered to be a relatively unstable condition associated with a lower initial mortality
but a higher risk of later MI or cardiac death [60, 61]. The in-hospital mortality in patients
with non-Q wave MI is approximately one-third to 50% of that in patients with Q wave
MI [18, 61-63]. However, the one-year mortality after hospital discharge is significantly
higher in non-Q wave than in Q wave MI [63]. It is noteworthy that subsequent MI in
patients with non-Q wave MI tends to occur in the area of the original injury [62, 64].
When long-term (5 years) morbidity and mortality are considered no significant
differences are found between Q wave and non-Q wave MI. It is important also to
consider the long-term prognosis for “unrecognized” MI is similar to, and as serious as,
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that of clinically apparent MI [65].
It has been reported that 5-20% of patients with unstable angina have poor prognosis,
with progression to acute MI or cardiac death within the first year [3, 9-17].

Biochemical markers of myocardial injury

Isoenzymes of CK and LD are the most widely used diagnostic markers of acute MI.
However, they are not cardiospecific and have low sensitivity to detect minor myocardial
injury (MMI), albeit retaining a high specificity. Improved immunoassays have been
developed in the mid 1980’s which allow measurements of the mass concentration of CK-
MB in serum instead of its catalytic activity. More recently, new immunoassays have
been developed for the measurement of structural proteins of the heart such as troponin T
(TnT) and troponin I (Tnl), components of the troponin regulatory complex located on the
thin filament of the contractile apparatus of the myocyte; and myosin light chains (MLC) a
component of the thick filament. An overview of the numerous immunoassays for
assessment of CK-MB mass, and MLC has been published elsewhere [66]. Minor
ischaemic myocardial injury can be detected by CK-MB mass, TnT, Tnl and MLC
immunoassays in patients with unstable angina or suspected MI [67-93].

Prognostic implications of abnormal CK-MB Mass, Troponin T, Troponin |
and Myosin Light Chains

Several studies have attempted to identify prognostic indicators of clinical value in patients
with unstable angina in whom MI has been ruled out based on clinical evaluation, ECG
findings or enzyme measurements [9-14, 16, 17, 52, 94-106]. The term “microinfarction”
has been used to describe the pattern of increased CK-MB activity despite normal total CK
activity in patients with symptoms compatible with MIL. Studies have demonstrated
prognostic similarities between these patients and those with non-Q wave MI [97, 107,
108]. However, follow-up data have been inconsistent; some patients appear to have an
unfavourable outcome [12, 97, 104], whereas others do not [95, 100]. All these studies
used electrophoretic determinations of CK and CK-MB activity, and all but two used
fraction of CK-MB [13, 100]. A possible explanation for the conflicting results may be
the difficulty to electrophoretically discriminate between a slightly increased and a normal
CK-MB band [109]. It has been shown that neither fluctuations of CK within the normal
reference range, nor CK-MB activity (measured by immunoinhibition) with discrimination
limits lower than 24 U/l provide prognostic information [85, 100]. The most likely
explanation for this is a poor signal-to-noise ratio when using lower discriminatory values
of CK-MB activity, and the presence of intra-individual variability of enzyme levels in the
blood. Immunoassays measuring the mass concentration of CK-MB are more sensitive
than electrophoresis [110-112] and immunoinhibition [70, 71].

CK-MB mass. It has been shown that approximately one-fourth to one-third of patients
with unstable angina, or chest pain patients in whom acute MI has been ruled out, have
minor “leakages” of CK-MB mass [70, 71, 74-76, 78, 85] (Table 1). However, the clinical
importance of this observation was not clear. Prognostic studies in patients with suspected
MI or unstable angina (Braunwald class III) were carried out [74-76, 78, 85-87] and
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Table 1. Relationship between events and results of CK-MB mass measurements in patients with unstable
angina or patients in whom an AMI was ruled out.

Events (%)

No Type of CK-MB CK-MB CK-MB CK-MB

patients patients mass positive mass negative mass positive mass

negative
Ravkilde 1992 [74] 65 SuspAMI 24 (37%)' 41 (63%) 8 (33%) 4 (10%)
Pettersson 1992 [76] 53 SuspAMI 14 (26%) 39 (74%)' 9 (64%) 2 ( 5%)
Ravkilde 1995 [85] 124 SuspAMI 35 (28%) 89 (12%) 8 (23%) 3 ( 3%)
Markenvard 1992 [75] 101 UAP 29 (29%) 72 (T1%)Y 12 (41%) T (10%)
Wu 1995 [86] 131  UAP 8 (6% 123 (94%)Y 5 (63%) 6 ( 5%)
de Winter 1995 [87] 126 UAP 13 (10%) 113 ©0%) 1 (8% 2 (2%)
Botker 1991 [70] 21 UAP3 8 (38%) 13 (62%)' 2 (25%) 0 ( 0%)
Cumulative 131 (1%)' 490 (79%) 45 (34%) 24 ( 5%)

! Determined based on time course of CK-MB mass, see text for further details.

? Determined based on a discrimination limit of CK-MB mass, see text for further details.
UAP = Unstable angina pectoris, UAP3 = Unstable angina pectoris, Braunwald class 11,
Susp. AMI = Suspected acute myocardial . .arction, Events = Cardiac death or non fatal M1

demonstrated a significantly increased risk of cardiac events (i.e., non-fatal acute MI,
cardiac death) associated to fluctuations of CK-MB mass [74], the rate of change in serial
samples of CK-MB mass [76], or a fixed discrimination limit [75, 85-87]. In early studies
measurement of CK-MB mass were not standardized. Recently (in 1996), a subcommittee
of the American Association of Clinical Chemistry (AACC) have completed a
standardization of CKMB mass measurements. The advantages of having standard
reference levels and discriminatory values are obvious. It appears that both fluctuations of
CK-MB and a fixed discrimination limit are suitable tools to identify patients with poor
prognosis. An example of individual time courses with relative concentrations of
biochemical markers in a patient with unstable angina and subsequent acute MI is
illustrated in Figure 1.

Troponin T. The evaluation of TnT was initially carried out in patients with acute MI [72,
113-116]. However, elevated plasma TnT levels were also seen in about one-third of
patients with unstable angina or in other chest pain patients in whom an acute MI had been
ruled out and a multicentre study suggested that increased TnT levels may be a useful
prognostic indicator in patients with unstable angina [73]. The Scandinavian multicentre
study assessed the diagnostic performance and prognostic value of TnT in patients
admitted to the coronary care unit with the presumptive diagnosis of acute MI. This study
concluded that TnT can be employed in the routine diagnosis of acute coronary syndrome,
and the prognostic importance of this marker was further confirmed [78].
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Figure 1. Individual time courses with relative concentrations of biochemical markers in a patient with unstable
AP and subsequent acute MI.

Other prognostic studies have corroborated this finding. Patients with elevated TnT have a
three to fivefold higher risk of developing acute MI or cardiac death in the months
following the acute event compared to those without elevated TnT (Table 2) {72, 79, 80,
82, 86-88, 91, 117]. In contrast to most other studies, the GUSTO Ila trial evaluated the
prognostic value of TnT based on the levels found in a single sample obtained at
admission [90, 117]. When TnT concentration was above the chosen discriminatory limit,
it indicated a risk for early acute MI of 85%. Of interest, even if TnT was negative the risk
of acute MI in these patients was found to be as high as 63%. This is most probably due to
the fact that little time was allowed to elapse from offset of symptoms to sampling. Thus
this study shows that only a “positive” result is useful clinically, as a negative value does
not necessarily exclude an evolving MI. Other authors have confirmed this observation
[118] and similar results were seen in the GUSTO Ila study for measurement of CK-MB
mass. At present, a “second generation TnT immunoassay” is available [119] which may
offer advantages.

Troponin I. The early articles on Tnl focused on the diagnostic value of this marker in
acute MI [77, 81, 84, 120, 121], and stressed the high cardiospecificity of Tnl [81, 121,
122]. In the last couple of years the prognostic value of increased Tnl levels in patients
with acute coronary syndrome has triggered considerable interest [89, 92, 93, 123-125].

At present, three Tnl immunoassays have been approved by the Food and Drug
Administration in the United States (“Access”, Sanofi; “Opus”, Behring ; “Stratus”, Dade).
In addition, several other immunoassays are being developed. In view of this, a
Committee was appointed in 1996 to standardize Tnl measurements. The work of this
Committee is essential and their conclusion urgently needed as at present each laboratory
determines its own reference level and discriminatory value for each of the several
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Table 2. Relationship between events and results of Troponin T measurements in patients with unstable angina
or patients in whom an AMI was ruled out.

Events (%)

No  Typeof Troponin T Troponin T~ Troponin T  Troponin T

patients patients positive negative positive negative
Ravkilde 1992 [78] 127  SuspAMI 44 (35%)° 83 (65%) 6 (14%) 3 (4%)
Collinson 1993 [79] 40  Susp.AMI 6 (15%) 34 (85%) 4 (67%) 0 ( 0%)
Ravkilde 1995 [85] 124 SuspAMI 25 (20%) 99 (80%) 6 (24%) 5 ( 5%)
Katus 1991 [72] 66  UAP 37 (56%) 29 (44%)' 5 (14%) 1 (3%)
Wu 1995 [86]Ohman 131  UAP 27 (21%) 104 (79%) 8 (30%) 3 (3%)
1995 [90] 824  UAP 299 (36%) 525 (64%) 5T (19%) 47 ( 9%)
de Winter 1995 [87] 126 UAP 24 (19%)F 102 B1%)° 1 (4%) 2 (2%)
Lindahl 1996 [88] 581 UAP 206 (35%)' 375 (65%)' 29 (14%) 30 ( 8%)
Stubbs 1996 [91] 183  UAP 62 (34%)" 121 (66%) 18 (29%) 21 (17%)
Liischer 1997 [93] 309 UAP 61 (20%)' 248 (80%)' 7 (11%) 8 (3%)
Hamm 1992 [73] 84 UAP3 33 (39%) 51 (61%)° 10 (30%) 1 (2%)
Seino 1993 [80] 22 UAP3 14 (64%) 8 (36%) 2 (14%) 0 ( 0%)
Burlina 1994 [82] 28 UAP3 16 (57%)° 12 (43%)’ 5 (31%) 0 ( 0%)
Cumulative 2645 855 (32%) 1790 (68%) 158 (18%) 120 ( 7%)

Discrimination limit of TnT 0.50 pg/l’, TnT 0.20 pg/1%, TaT 0.10 pg/’, TnT 0.18 pg/l*, see text for further details.
UAP = Unstable angina pectoris, UAP3 = Unstable angina pectoris, Braunwald class HI,
Susp.AMI = Suspected acute myocardial infarction, Events= Cardiac death or non fatal MI

different Tnl immunoassays. This clearly complicates the interpretation of results and
makes comparison between studies difficult. In a retrospective study, Antman et al/ [89]
found that Tnl > 0.4 pg/l (“Stratus”, Dade) was associated to an increased mortality rate
within 42 days (3.7 vs 1%), whereas Galvani ef al. [92] reported a 30 day mortality rate of
9.1% vs 0% for Tnl > 3.1 pg/l (“Stratus”, Dade) (equals 0.6 pg/l in a newer version).
Using a similar immunoassay (“Opus”, Behring) Kano et a/ [124] identified an upper limit
of normal of 0.2 pg/l, whereas Liischer et al [93] used an upper reference level of 2.0 pg/l.
Despite the limitations imposed by the different immunoassays Tnl measurements appear
to have prognostic value. However, more studies are needed to compare the prognostic
value of Tnl, TnT and CK-MB mass measurement.

Myosin light chains (MLC). Although there are numerous publications on the role of this
marker in acute MI, only a few studies have focused on MLC in patients with unstable
angina or patients with chest pain in whom an acute MI was ruled out [67-69, 83, 85].
Approximately 16 to 52% of these patients had increased MLC in different studies. Only
two studies have evaluated the prognostic value of MLC, and both found an adverse
outcome in patients with elevated MLC [68, 85]. This is consistent with studies using CK-
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MB mass, TnT and Tnl. However, a disadvantage of MLC is that it is not entirely specific
for cardiac injury.

Biochemical markers versus the electrocardiogram. A significant correlation has been
reported between transient ST-T wave changes and/or ST-T wave abnormalities on
admission and the rise of CK-MB mass [70, 74, 85], TnT [72, 74, 85], and MLC [68, 85].
This is in agreement with the finding that ST segment and T wave changes on the
admission ECG, transient ST-T shifts in serial ECGs or transient isolated negative T waves
are associated with an unfavourable outcome in patients with unstable angina or suspected
MI [9, 13, 94, 98, 99, 101, 105, 126]. This clearly shows that both ECG changes and
elevations of cardiac enzymes/proteins are good markers of myocardial injury.

Several studies have investigated whether CK-MB mass, TnT, Tnl and MLC have
independent prognostic value [85, 88, 92, 118]. These studies demonstrated a similar role
of these markers for the identification of patients with minor myocardial injury who had
poor prognosis, comparable to that in patients with definite ML. In one study comparing
CK-MB mass, TnT and MLC, all three markers provided similar independent prognostic
information with regard to clinical findings and arrhythmias, but provided no additional
prognostic information compared to ECG ST-T wave changes [85]. Other studies,
however, have found that TnT adds independent prognostic information to the ECG ST-T
findings [88, 90]. Elevated Tnl levels seem also to possess independent prognostic value
but a direct comparison with the ECG-findings has not been carried out [92]. Although the
ECG is sensitive in diagnosing myocardial ischaemia, the biochemical markers appear to
be even more sensitive. Furthermore, non-interpretable ECGs are common in patients
with acute chest pains and therefore the use of sensitive biochemical markers has clear
advantages.

Unstable angina and non-Q wave MI. The emerging concept of “microinfarction”
deserves attention, particularly in view of the fact that some patients with unstable angina
could be considered to have non-Q wave MI. Given the wide diagnostic time-window for
TnT, Tnl and MLC, abnormal levels may actually reflect, at least in some cases, the
presence of recent MI.

Although an increasing number of studies have focused on the prognostic value of
sensitive biochemical markers, only a few have presented survival/event-free curves
(Figure 2) [74, 76, 78, 85, 91-93]. The concordant cardiac survival/event-free curves
during the follow-up period for patients with definite MI according to conventional criteria
and those with rise in CK-MB mass, TnT, Tnl or MLC illustrate the prognostic similarities
of these populations. Although the follow-up period in these studies ranged from 30 days
to 4 years, it appears that the large majority of events take place within the first months.
The majority of these events occurred in patients with unstable angina. The Braunwald
classification is useful to identify mild and severe cases, and a recent study found that class
IIIB ie., rest angina within the latest 48 hours judged to be of cardiac origin, was
associated with the poorest prognosis [52]. It is therefore important to bear in mind that
several biochemical studies, in which all or the large majority of patients were in class
IIIB, serological markers allowed further risk stratification (Table 1-3). At present, it
appears that unstable angina patients with raised markers of myocardial injury considered
as non-Q wave MI. Future prospective studies, several of which are ongoing, should
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determine whether these patients will also benefit from more aggressive medical treatment

(e.g., thrombolytic, anticoagulant, antithrombotic agents) or invasive revascularization
procedures, or both.
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Figure 2. Clinical outcome of patients with and without acute MI (Top) and after two subgroups were assigned
based on serum CK-MB mass, TnT or MLC levels (Bottom). End points: Cardiac death or nonfatal acute MI.
Figure adapted from /85].
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Table 3. Relationship between events and results of Troponin I measurements in patients
with unstable angina or in whom an AMI was ruled out.

Events (%)
No Type of Troponin I Troponin I TroponinI  Troponin I
patients  patients positive negative positive negative
Galvani 1997 [92] 91 UAP3 22 (4%) 69 (76%)" 6 (27%) 4 (6%)
Lischer 1997 [93] 309 UAP 32 (10%) 277 (90%)Y 4 (13%) 11 (4%)
Kano 1997 [124] 75 UAP/Non-QMI 32 (40%)° 45 (60%)° 5 (17%) 0 (0%)

! Discrimination limit of TnI 3.1 pg/l (Stratus, Dade), see text for further details.

2 Discrimination limit of Tnl 2.0 pg/l (Opus, Behring), see text for further details.

* Discrimination limit of TnI 0.2 pg/l (Opus, Behring), see text for further details.

UAP = Unstable angina pectoris, UAP3 = Unstable angina pectoris, Braunwald class 3, MI = Myocardial
infarction.

The studies by Antman et al.[89] and Ohman et al. [125] used the prognostic value based on admission blood
sample.

This is in contrast to the above studies using the peak value in a sampling period.

Events = Cardiac death or non fatal MI

Conclusion

In summary, CK-MB mass, TnT, Tnl and MLC have proven useful, not only for diagnosis
of acute M1, but to identify different prognostic categories. Some high risk patients are
not easily identified by current routine diagnostic tests. It has been shown that CK-MB
mass, TnT, Tnl and MLC are superior to CK and CK-MB activity for the detection of
minor myocardial infarction. To date TnT and CK-MB mass seem to be the most useful
markers for risk stratification of unstable angina patients. More studies on Tnl, both
prognostic and descriptive, are needed to elucidate the prognostic value of Tnl in relation
to TnT and CK-MB mass. Furthermore, the conclusions of the AACC standardization
committee on Tnl are eagerly awaited. The new sensitive biochemical markers could
compliment current clinical practice guidelines regarding diagnosis and management of
unstable angina as useful diagnostic tools and prognostic markers [6, 102]. An
International task force is also warranted for the standardization of new criteria for the
definition of myocardial damage and the diagnosis of acute coronary syndrome.
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Chapter 11

TROPONIN T IN THE MANAGEMENT
OF ISCHAEMIC HEART DISEASE
PATIENTS: A CLINICAL
CARDIOLOGIST’S VIEW

Peter Stubbs

Advances in the pharmacological and mechanical approaches to acute coronary
syndromes have led to rapid changes in the management of patients admitted with acute
coronary syndromes over recent years. These changes have been mirrored by the
appearance of newer highly specific biochemical markers of myocardial damage and
there is now an increasing number of markers available to clinicians for assessing the
degree of myocardial damage that patients have sustained (Table 1). The "classic" role
of conventional markers of myocardial damage is retrospective confirmation of
myocardial infarction (MI). The standard ones used in the United Kingdom are creatine
kinase, aspartate transaminase and hydroxybutyrate dehydrogenase. Newer markers
such as CKMB mass and the troponins are now available and offer greater specificity
than the traditional markers.

Table 1. Biochemical Markers of Myocardial Damage

Standard Biochemical Markers Other markers
- Creatine Kinase - Myoglobin
- Asparate Transaminase - CKMB concentration, activity, mass
- Hydroxybutyrate Dehydrogenase - CKMB isoforms measured by different methods
- troponin T
- troponin I
- Myosin Light chains
- Fatty acid binding protein

The role of new soluble markers

When new biochemical markers become available it is the absolute domain of the
Clinical Chemist to evaluate them critically in terms of sensitivity, specificity,
efficiency and analyser precision, in the rigid setting of quality control that laboratories
practice, and to compare them with other markers. When the data are shown to Clinical
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Cardiologists with statements such as 'useful management tool' and 'can be used for
early diagnosis of Myocardial Infarction', a different set of questions need to be
answered. The 'so what?' response is the most frequent and the most important hurdle
that these newer biochemical markers have to overcome to convince physicians to
change their current practice. This response is not unreasonable as most data presented
fail to take account of the different roles for biochemical markers in differing patient
groups presenting with chest pain. This is summarised in Table 2.

Table 2. Sensitivity and Specificity of Markers

The sensitivity, specificity and predictive value of biochemical markers of myocardial damage
depends upon:

The population being studied
1.  Known MI-ECG diagnostic or non diagnostic
2. Patients admitted to CCU with suspected acute coronary syndromes

(selected on clinical and ECG criteria): MI, unsable angina, non-cardiac pain
3. Patients admitted to casualty with chest pain

The time point at which the marker is measured

1. On admission
2. Attime point when maximum sensitivity has been reached

The cut-off used for the marker

If only patients with confirmed myocardial infarction are studied all biochemical
markers will look good. Inclusion of patients who have received either thrombolysis or
primary PTCA in sequential sampling studies will falsely increase the early sensitivity-
particularly of the mainly cytoplasmic markers- due to the washout effect. If patients
admitted to Coronary Care Units are studied, these will form a more heterogeneous
group with final diagnoses of Myocardial Infarction (MI), Unstable Angina Pectoris
(UAP) or Non Cardiac Chest Pain (NCCP) that have been selected on clinical grounds.
Again, there will be a high incidence of heart damage. The specificity of the purely
cytoplasmic markers however will begin to fall. Comparatively few data studying only
patients admitted to casualty departments with chest pain have been presented, although
large trials are due to report in the near future. Specificity becomes very important in
this setting. The specificity of markers such as CK, and myoglobin in particular,
plummet in this population. The time point at which the marker is measured is also
important as all markers are time dependent into the circulation following myocardial
damage. There will, therefore, be a variable sensitivity for the detection of myocardial
damage on admission to hospital dependent upon the release kinetics of the markers
studied. The cut-off values used to define positivity will also have an effect on both
sensitivity and specificity of a biochemical marker. Other questions need to be
addressed when examining the clinical usefulness of newer biochemical markers and
these are summarised in Table 3.
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Table 3. Clinical Usefulness of Biochemical Markers of Myocardial Damage

The clinical usefulness depends upon:

1. What additional information (ie. diagnosis and prognosis) does the
measurement provide above and beyond clinical and ECG findings?

2. Does marker measurement have the ability to change patient management
decisions?

3. How important are the new biochemical markers as a risk predictor compared to
currently used variables?

ST segment elevation myocardial infarction
The role of biochemical markers in early diagnosis

The following is a case history examining the role of biochemical markers in the early
diagnosis of patients with ST segment elevation myocardial infarction.

A 59 year old male attended our chest pain clinic with chest pain presumed to be of
cardiac origin. The baseline ECG was normal and so he was exercise tested according
to the Bruce protocol. He developed chest pain in stage Il of the protocol with ST
segment elevation inferiorly and with anterior ST segment depression on the ECG.
These changes failed to respond to sublingual nitrates and so he was admitted to the
CCU and thrombolysed. On admission to the CCU some ten minutes following the
episode, venous blood was drawn for estimation of a number of biochemical marker
concentrations. The results were as follows with their cut-off concentrations in
brackets: myoglobin 57mcg/l (85), creatine kinase 103 mcg/l (120), CK MB mass 2.9
mcg/l (5), troponin I undetectable (0. Imcg/ml), troponin T undetectable (0.1mcg/ml). As
expected they were all within normal limits. The injury current from the myocardium
therefore is visible on the surface ECG within seconds and no biochemical marker can
compete with the ECG for early diagnosis in this group.

In my view, in this patient group there is no clinical need for an early diagnostic
biochemical marker. Laboratories should use the most cost-effective biochemical
marker on a routine run to retrospectively confirm the Myocardial Infarction and,
perhaps, give some indication of infarct size. In the reperfusion therapy era in which we
now work it is probably best to avoid the purely cytoplasmic based markers because of
the washout effect.

Other diagnostic uses of biochemical markers in patients with ST segment
elevation myocardial infarction

Other authors in this book have addressed the role of biochemical markers as non-
invasive tools to identify the effect of thrombolysis on reperfusion and the role of
biochemical markers in assessing infarct size. In the clinical setting, markers of
reperfusion, successful or otherwise, need to be able to provide a fast answer so that
those who fail to reperfuse can receive an alternative strategy at a time point when it
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may still be possible to salvage myocardium, be cheap and easy to perform and have an
acceptable sensitivity. Whether measuring rate of change of biochemical marker
concentrations is superior to, and as convenient as, measuring ST segment change on
serial ECG's remains to be established. Similarly, when assessing the clinical usefulness
of biochemical markers in assessing infarct size, it must be realised that peak
concentrations of these markers are not subtle tools. Rather, they tell the physician
whether the patient has had a 'big', 'medium’ or 'small' myocardial infarction. They may
therefore tell the physician what he already knows. If a patient is in cardiogenic shock
or has developed Q waves anterolaterally on the ECG, it does not come as a surprise to
find high peak concentrations of biochemical markers in the circulation!

The role of biochemical markers in early risk stratification in ST segment
elevation myocardial infarction

Rather than use them for early diagnosis, do biochemical markers have a role as clinical
tools for early prognosis in this patient group at a time point at which we may be able to
try different management strategies? Three studies have addressed this issue by
examining the prognostic role of admission troponin T presence in patients admitted
with ST segment elevation myocardial infarction (1-3). In routine clinical practice, the
presence of troponin T at the 0.1mcg/l cut-off was associated with a 300% increase in
30 day cardiac death compared with its absence on admission (Table 4). This early
excess in mortality agrees with both the GUSTO 1 troponin T study and the recently
presented GUSTO III troponin T data (ESC Sweden 1997) and appears independent of
the thrombolytic agent used. The admission troponin T concentration was superior to
the admission creatine kinase activity and CKMB mass concentrations. The hazard
continues to increase over time so that, by a median of three years follow up, there is
nearly a four fold difference in survival (Figure 1).

Table 4. Cardiac death in STsegment elevation acute coronary syndrome according to admission TnT status

GUSTO T GUSTO I STUBBS STUBBS
FOLLOW UP 30 days (0.1) 30 days (0.2) 30 days (0.1) 3 years (0.1)
TnT NEG (>0.1mcg/1) 4.7% 6.1% 3.2% 6.4%
TnT POS (20.1meg/L) 13% 15.7% 9.4% 23.4%

NEG: within normal limits
POS: revised levels

This adverse outcome appears to be due to a much lower achievement of TIMI Il
flow following thrombolysis in the admission troponin T positive group compared to
the admission negative group (K.Ramanathan et al, AHA 1997). The presence of
troponin T on admission, therefore, appears to more accurately define how long the
patient has been infarcting for than the chest pain history and may also identify patients
having large infarctions. Once it is detectable in the circulation, the optimal time
window for a good result from thrombolysis has passed and these patients run a much
more complicated clinical course.
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Figure 1. Cardiac death as the first event according to admission troponin T concentration in patients
admitted with chest pain with ST segment elevation.

Whether direct PTCA or a combination of different antithrombotic agents can
improve the current morbidity in this patient group awaits clinical study. troponin T can
now be reliably and rapidly measured at the 0.1mcg/l with the current sensitive rapid
assay, the ELECSYS analysers and the CARDIAC READER instruments and this
should allow earlier risk stratification of this patient group. In patients with myocardial
infarction and ST segment elevation then, troponin T survives the 'so what' question and
the answers to the next clinical question ‘what do I do differently for this patient group?'
awaits clinical studies.

Non-ST segment elevation acute coronary syndromes

This patient group has non-diagnostic ECG's and is usually split retrospectively into a
final diagnosis of either myocardial infarction or unstable angina using biochemical
marker criteria. Specificity becomes important here to ‘'rule in' or 'rule out' myocardial
damage and troponin T and troponin I have a significant role to play here in identifying
minor degrees of myocardial damage in unstable angina patients missed by
conventional markers. This role appears to be prognostically important.

There has been a move over recent times to try to risk stratify this patient group
earlier. This has been driven, in the main, by drug trialists wishing to enter this patient
group into drug trials earlier before the final diagnosis has been reached. These patients
are now grouped together into what is called non-ST segment elevation acute coronary
syndromes. Can the use of newer biochemical markers in this patient group provide any
useful clinical information, again at a time point at which there is the potential to try
different management strategies?
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The prognostic significance of ADMISSION troponin concentrations in
patients admitted with non ST segment acute coronary syndromes

Three studies have addressed the question of the prognostic significance of the
admission concentration of biochemical markers in patients with non ST segment
elevation acute coronary syndromes (2,4,5) (Table 5).

Table 5. Cardiac death in non-ST segment elevation acute coronary syndromes according to admission
troponin status

GUSTO T TIMI 1T STUBBS STUBBS
FOLLOW UP 30 days 42 days 30 days 3 years
ASSAY CUT-OFF ©.n ©.4) ©.1) ©.1)
TnT NEG 1.0% 1.9% 11.3%
TnI NEG 1.0%
TnT POS 9.0% 8.0% 25.0%
Tnl POS 4.0%

The TIMI IIIb study used the Stratus Dade troponin I ELISA assay with a cut-off of
0.4mcg/l, the other two studies used the Boehringer Mannheim troponin T ELISA
assay with a cut-off of 0.1mcg/l. The presence of either marker on admission was
associated with an adverse outcome on short term follow up, with the admission
troponin T concentration currently the better predictor when tested head to head
(Christenen et al for the GUSTO II investigators, AHA 1996). The use of Hirudin in the
GUSTO II study did not appear to offer any advantage over heparin with regards to
outcome in the troponin T positive group. Revascularisation did appear to be beneficial
in the TIMI IIIb trial (5) and in the study by Stubbs et al (6), for those who were
troponin positive. These data are retrospective however.

The prognostic significance of PEAK troponin concentrations in patients
admitted with non ST segment acute coronary syndromes

Two large randomised studies have examined this question (7,8). The FRISC study
tested low molecular weight heparin and the TRIM study a thrombin inhibitor on
outcome in this patient group. Essentially, both studies came to the same conclusion that
if troponin T or troponin I is present it identifies high risk subgroups that do worse on
short term follow-up than the group who were troponin negative. The TRIM and FRISC
trials found mostly concordance with regards to outcome with troponin T and troponin I
(Behring assay in TRIM, Sanofi I assay in FRISC), with troponin T being the better
predictor of an adverse outcome (9,10). The thrombin inhibitor used in the TRIM trial
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however did not confer any advantage over heparin in the troponin positive group. The
FRISC trial however did show a significant reduction in subsequent cardiac events in
those patients who were positive for troponin and received low molecular weight
heparin as opposed to placebo. This is the first prospective trial which may provide a
useful alternative management strategy for this high risk subgroup (11). Whether early
revascularisation is superior to low molecular weight heparin in this subgroup awaits the
results of the ongoing FRISC II trial. No data are currently available on whether the
newer glycoprotein IIb/Illa anti-platelet agents may be more beneficial than standard
therapy in troponin positive patients with non ST segment elevation acute coronary
syndromes.

The role of Biochemical Markers in ‘ruling out' myocardial damage
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2. 18% (13/72) ‘
3.7.9%(11/140)
34
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Log rank: 1 v2 p=0.27, 1 v3 p=0.0002, 2 v3 p=0.026

Figure 2. Cardiac death as first event according to timing of troponin T measurement and concentration in
patients admitted with chest pain without ST segment evaluation

These newer markers also have a role to lay in 'ruling out' myocardial damage. All
biochemical markers are time dependent into the circulation following myocardial
injury, with considerable variations in the time to reach maximum efficiency. For
troponin T and I, the absence of these markers in the circulation 12-24 hours following
admission effectively rules out any myocardial damage. In all studies examining
outcome in patients admitted with acute coronary syndromes this group is at low early
risk for adverse cardiac events (2,5-8,12-14). As shown in Figure 2 however this risk is
not negligible. The findings from published studies however do suggest that the
troponin negative chest pain group can be stepped down from the coronary care unit
into a lower dependency bed and a more conservative initial strategy practised.
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Management algorithms for patients admitted with acute coronary
syndromes using newer biochemical markers of myocardial damage

Based on the trial evidence that is currently available it is possible to construct
integrated management algorithms using these new markers. Many questions remain
unanswered and these have been included at the time points where they are relevant.
The problem with any algorithm is that they are difficult to construct, easy to criticise
and rapidly go out of date as more data become available. That said, I have tried to
make my proposed algorithm clinically credible.

ADMITTED TO CASUALTY WITH
2 CORONARY SYNDROME

Admission ECG ST ELEVATION

TnT Test
-ve (0.1) +ve (0.1)
GOOD OUTCOME POOR OUTCOME
<—-
THROMBOLYSIS ?PTCA
1 hour REPEATECG 7 % change
>50% ST <50% ST
GOOD OUTCOME POOR OUTCOME
-« ?PTCA
. - ?2TPA
* -« 2 OTHER

STANDARD CARE

12-24 hours BIOCHEMICAL ASSESSMENT OF
+INl"ARCT SIZ]&

UNCOMPLICATED COMPLICATED

Figure 3. Management algorithm for patients admitted with ST segment elevation myocardial infarction

For patients admitted with ST segment myocardial infarction, the absence of
Troponin T in the circulation on admission heralds a good overall outcome both in the
short and long term. For those who are Troponin T positive other therapeutic strategies
await study. As mentioned earlier, no data are available as to whether rate of change of
biochemical markers is superior to a 50% reduction in the ST segment score at 60
minutes after the start of thrombolysis as a predictor of reperfusion. This is the second
time point in those who fail to reperfuse that a different strategy may be tried and some
of these possibilities are shown and await clinical study. After this time point the
physician's routine management is practised.
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Figure 4. Management algorithm for patients admitted with Non ST segment elevation Acute Coronary
Syndromes

In patients admitted with non-ST segment elevation acute coronary syndromes
(ACS), in which Troponin T or I is detected, Fragmin should be administered according
to the FRISC protocol. Whether the other strategies shown will turn out to be superior
awaits study. If the ECG is non diagnostic on admission it tends to remain non-
diagnostic, with only some 10% changing to ST elevation. For those patients who are
troponin negative on admission but who are positive by 12 hours after admission,
release curves show that some 85% will be positive by 4 hours from admission and this
provides another timepoint at which myocardial salvage may still be possible if other
strategies as shown are studied. If patients are positive for Troponin at this time point or
at 12-24 hours from admission they should be switched from Heparin to Fragmin.

The measurement of Troponin T in particular is important at 12-24 hours from
admission. At this timepoint if it is present it will identify all patients with myocardial
infarction and also those patients with unstable angina who have sustained minor
myocardial damage. The absence of the Troponins in the circulation at this time point
effectively rules out cardiac damage and identifies a group at low risk of early cardiac
events who can be stepped down to a lower dependency bed and treated and
investigated in a more conservative manner.
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Overall then, these new biochemical markers do give the physician something new
to add into their current practice to risk stratify patients admitted with suspected acute
coronary syndromes. It has taken 8 years of research so far to reach this point and a
number of years are still required to clarify what final impact they will have on the
management of patients with ischaemic heart disease.
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Chapter 12

NEW SOLUBLE MARKERS FOR
ASSESSMENT OF INFARCT SIZE

Naab M. Al-Saady and A. John Camm

It has been established both experimentally [1,2] and clinically [3,4] that the major
determinant of acute and long-term prognosis following myocardial infarction is the
extent of myocardial damage. It is useful, for risk stratification purposes, to estimate
infarct size as early as possible, because infarct size correlates closely with mortality [5]
and other prognostic indices such as cardiac failure [6], arrhythmia, and poor
ventricular function. [7].

In the early 1970s there was a concerted effort to quantitate infarct size using a
variety of techniques, such as electrocardiography [8], echocardiography, left
ventriculography, radionuclide methods [9,10,5], or the kinetics of cardiac enzymes
[11,5]. Clinically, the 12-lead ECG is convenient for estimating infarct size. However,
because ST segment elevation and Q-wave amplitudes change spontaneously within 24
hours of the onset of acute myocardial infarction, and change rapidly after re-perfusion,
[12,13,14] the estimation of infarct size from the ECG at the very early stage of
myocardial infarction is unreliable. Bundle branch block may be present on the initial
electrocardiograph and so disguise the site of infarction making the assessment of the
ST segment unreliable.

Stunned myocardium has been reported in patients with successful re-perfusion of
infarct related areas. Thus even in the presence of viable myocardium ventricular
contractility may remain depressed for several days [15]. Therefore, the estimation of
infarct size by echocardiography or left ventriculography at a very early stage is also of
doubtful accuracy.

Myocardial ischaemia, if not reversed, leads to a chain of cellular events ultimately
ending with disruption of cell membranes and cell death as discussed by Gary Baxter in
chapter 1 of this book. When the cell membranes have lost their cellular integrity,
cellular components diffuse into the interstitium and, from there, into the capillaries
(70-90%) and Iymphatics (10-30%) [16,17]. Whether the release of cytosolic markers
always indicates cell death is controversial [18]. There are several reports indicating
that release may also occur from reversibly damaged cells [19-21]. This topic is further
discussed by W. Hermens in chapter 8 of this book. That persistent release of
structurally bound markers such as the troponins, due to irreversible cell damage, is less
controversial [22].

Enzymatic estimates of infarct size based on the assessment of their total release into
the circulation [23] emerged as a technique to establish more accurately the amount of
myocardial damage that occurs during myocardial infarction. CKMB was shown to
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correlate closely with clinical manifestations, impairment of ventricular function, [7]
the incidence of ventricular arrhythmias, the incidence of heart failure [24], acute
mortality rates and long-term mortality rate [3,25]. Enzymatic estimates of infarct size
have been validated in animals [1,2]. Later the precision of enzymatic estimates was
confirmed by post-mortem studies in humans showing a close correlation between
histologic and enzymatic (CK-MB) estimates of infarct size [27].

Enzymatic estimates of infarct size were used experimentally and clinically to assess
a variety of interventions designed to salvage ischaemic myocardium [28-32]. However,
with the advent of thrombolytic therapy to induce re-perfusion, it was observed that
there was a more rapid washout of CK, and that the ratio of CK released into the
circulation to that depleted from the myocardium was altered Thus estimates of infarct
size in the clinical setting may not be reliable [32]. In addition, the limitations of
CKMB measurement, such as delayed response and short duration of elevation
following a myocardial infarction (MI), as well as lack of specificity, stimulated the
search for a more suitable diagnostic marker. In recent years efforts were directed
towards the development sensitive, non-invasive, methods for sizing myocardial
infarction.

Infarct size

The accurate determination of infarct size and the volume of myocardium at risk at the
time of initial insult has important therapeutic and prognostic implications {33].
Myocardial ischaemia first appears in the sub-endocardial region. Initially, the
ischaemic cells are reversibly injured and if these initial changes are not promptly
reversed, they will result in the death of the myocytes. Thereafter, irreversible myocyte
necrosis travels transmurally towards the epicardium in the form of a wave front [34].
Progress in the field of thrombolytic therapy has significantly affected management of
patients with acute myocardial infarction (AMI) [35]. A timely and successful re-
perfusion during an evolving infarction often reduces cell death and thus prevents
immediate mortality, reduces the risk of larger infarction and preserves left ventricular
function.

Quantitative histologic estimates of infarct size are regarded as the gold standard but
obviously this technique has little clinical relevance. Attempts to quantitate infarct size
attracted investigators from multiple disciplines and a variety of techniques have been
proposed. The familiar triad, clinical history, ECG and serum enzyme assessment, is
still of utmost significance in the diagnosis of myocardial infarction [36]. However,
these criteria provide no precise quantitative information regarding the extent and
location of the infarct. Efforts to relate infarct size to serum level changes of marker
substances released in blood from necrosing myocytes have met with little success. In
recent years, however, major advances have been made in the methods of enzymatic
quantification based on immunological techniques to improve the detection and
estimation of myocardial infarction. These methods are based on the production and
availability of specific antibodies against intracellular, cardiac specific substances. The
membranes of irreversibly injured and necrosing myocardial cells lose their property of
semi-permeability and hence a number of intracellular cytoplasmic components become
released into the circulation. The rise in serum concentration, as well as the activities of
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these substances, form the basis of the presently available biochemical tests for the
diagnosis of MI.

Biochemical Markers
Myoglobin

As extensively described by J. Mair in chapter 5, myoglobin (Mb) is a cytosolic oxygen
binding protein found in skeletal and heart muscle, constituting 2% of the total muscle
proteins. It is cleared from the circulation by the kidneys [37]. Myoglobin has a low
molecular weight and following muscle damage it is rapidly released into the blood
stream. Myoglobin is often detectable 2 hours after the onset of coronary occlusion and
peaks earlier than CK at 3-15 h [38]. Myoglobin is not specific for cardiac muscle
because injury to skeletal muscle, and even strenuous exercise, can lead to the release of
measurable amounts of myoglobin into the circulation [39]. Myoglobin levels are not
different in normal human ventricles [40].

Several clinical studies have estimated infarct size from serial plasma Mb
measurements. Stone ef al [41] were the first to observe a significant correlation
between peak Mb levels and the histological estimation of infarct size in an animal
model, following persistent coronary artery occlusion. Maddison et al [42] collected
blood samples at 4-hour intervals in 29 patients and showed a significant correlation
between total Mb and total CKMB. Tommaso ef a/ [43] demonstrated a good
correlation between the area under the Mb concentration-time plot and total CK by
blood sampling at 3-hour intervals in 8 patients. Groth et a/ [44] collected blood sample
in 33 patients with AMI at 1-2 hour intervals after admission and reported a significant
correlation between total Mb, calculated using a two-compartment model, and total
CKMB. However, there were several problems with these clinical studies. Amongst
these was the perfusion status of the infarct-related artery, which was not documented
in these studies. This is important as they might have included patients with
spontaneous reperfusion or treatment-related reperfusion. Several reports have
suggested that reperfusion increases the release of CK from the infarcted area into the
blood. A similar phenomenon may occur with Mb, therefore the infarct size
determination by these enzymes may be an over estimation compared with the
histological infarct size [45-47]. Another problem is the long intervals used in previous
studies for blood sampling. However, recently in a study by Yamashita et a/ [48] most
of these problems were addressed. They confirmed the perfusion status of the infarct-
related artery by serial coronary angiography and accurately evaluated the peak levels
and Kd (exponential disappearance rate constant) of Mb from blood samples drawn at
15-minute intervals. In addition, they evaluated the severity of regional hypokinesis
from follow-up ventriculograms and compared total Mb not only with total CK but also
with the severity of regional hypokinesis. These authors found that infarct size could be
estimated accurately 4 hours after reperfusion by calculating the total Mb.
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The Troponins

The biochemistry and clinical significance of these markers have been addressed in
other chapters of this book (see chapters 3, 4, and 11). Troponin is a thin-filament
associated complex of the myocyte. There are three individual components in the
complex, each of a single polypeptide chain. Troponin I, C, T form a complex that
regulates the calcium-modulated interaction of actin and myosin in striated muscle. The
different functions of the troponin subunits of T, C and I are associated with distinct
amino acid sequences encoded by separate genes [49].

Troponin T: This is a contractile protein subunit of the myofibrillar complex that is
released into the circulation when myocardial cell membranes are disrupted [50]. CTnT
is compartmented in the contractile apparatus and has to dissociate from the troponin
complex of thin filament to be released into the serum. This release process is slow and
troponin-T is present in the serum for more than 120 h after myocardial infarction.
Levels are detected in serum less than 4 h after the onset of infarction. The test is very
sensitive and elevated levels can be detected in patients without diagnostic changes on
the electrocardiogram or in CK levels. Serum cTnT release shows a biphasic response
with peaks on the 1%, and 5™ days post coronary artery occlusion [50]. This response is
thought to be caused by the partitioning of the protein into cytosolic and myofibril-
bound fractions. The first peak, occurring within 24 hours of coronary artery occlusion,
may be the result of the release of the minor cytosolic cTnT pool, although the plasma
half-life is only 2 hours [50].

CTnT has been investigated extensively and found to be a sensitive marker of
myocardial necrosis [50,52,53]. However, its specificity has not been fully defined and
recent observations showed that increased plasma cTnT levels could be found in the
absence of evidence of myocardial involvement in patients with polymyositis.[54].

Troponin-T release is not dependent on perfusion and serial measurements may
provide an accurate assessment of infarct size [51].

Two recent studies have examined the correlation of serum c¢TnT to infarct size in
humans using single-proton-emission computerised tomography imaging. Wagner et al
[55] demonstrated correlation (r=0.73) using single-proton-emission computerised
tomography / Tc-sestamibi estimates of infarct size and peak serum concentrations of
¢TnT and CKMB. However, they were unable to demonstrate a good correlation
between the infarct size and the ¢TnT area under the curve (AUC) (r=0.54), possibly
because they included the cytosolic ¢TnT peak in their area calculations. Omura et af
[56] observed a similar correlation in humans using the second cTnT peak
concentration in single-proton-emission computerised tomography/thallium estimates of
infarct size (r=0.77). Serum c¢TnT was used for the estimation of infarct size in dogs
[57]. Voss et al [57] found that infarct sizing in dog hearts initially did not correlate
with serum ¢TnT or CKMB concentrations. However, when the data were separated by
infarct location (e.g. right coronary artery; left circumflex coronary artery), the
correlations improved dramatically, probably indicating different regional distribution
of the marker.

There are clear differences in the distribution of both ¢TnT and CKMB in the
human heart and the dog heart, being more uniform in the former.
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Troponin I: (cTnl) is similar to cTnT, but it is not expressed in skeletal muscle and is
not found in skeletal muscle during neonatal development or during adulthood, even
after acute or chronic injury of skeletal muscle [58-60]. This makes ¢Tnl unique among
molecular markers for the detection of myocardial necrosis in these complex clinical
situations. Its specificity for myocardium is very high [39, 61-63], yet its sensitivity for
cardiac injury appears comparable to that of CKMB [59]. There is a 13-fold greater
concentration of CTnl than CKMB in the heart [64].

CTnl, like cTnT, also exhibits a biphasic release profile with serum level elevations
within 4-6 h reaching mean peak levels of 112 ng/ml (range from 20-550 ng/ml) at 18
hour and remaining above normal for up to 6-8 days post-infarction [59]. Moreover,
cTnl levels in patients with chest pain were found to be unchanged or slightly elevated
while they were always normal in patients with chest pain of non-cardiac origin. Recent
publications showed that c¢Tnl is not affected by hypothyroidism [65] or uraemia
[66,67]. Thus, when c¢Tnl is detectable in peripheral venous samples, the physician can
confidently diagnose the presence of a cardiac insult.

Recently Mair et al [68] used cTnl to estimate myocardial infarct size. CTnl,
creatine kinase, and creatine kinase MB activity were studied in 15 patients with first Q
wave AMI. All patients received intravenous thrombolytic therapy. Scintigraphic
estimates of myocardial infarction was carried out 5 weeks after MI. CTnl increased
and peaked in parallel with CKMB activity, and the peak values correlated with each
other (r=0.76, p=0.002). Significant correlations were also found between scintigraphic
estimates of infarct size and area under cTnl curves (r=0.53, p=0.042).

Tumour necrosis factor - o. (TNF-o.)

As stated previously, estimation of infarct extent has been usually based on serum
enzyme evaluation during the acute phase of infarction. However, no strong correlation
has been identified which may have practical clinical use. The release of enzymes are
likely to be influenced by the degree of reperfusion and the location of infarction [69-
72].

Cytokines have pronounced effects on the cardiovascular system both locally and
systemically, including promotion of inflammation, intravascular coagulation, cell
adhesion, free radical generation, endothelial injury and possible progression of
coronary atherosclerosis [73,74]. Following an MI several of these cytokines are
released, particularly interleukins and TNF-o [75-78]. Although cytokines are present
in many different cells, it has been suggested that their release following an ischaemic
event is mainly caused by activation of monocytes [77]. TNF-a is a cytokine which
enhances procoagulant activity in endothelial cells, activates neutrophils, stimulates
fibroblast growth and suppresses lipoprotein lipase. TNF-o. is a hormone-like
polypeptide with a variety of activities involved in the defence against pathogenic
micro-organisms and in the process of tissue repair [79]. In-vitro data reveal
significantly higher release of TNF-o from macrophages in patients with stable or
unstable angina compared to patients without evidence of coronary artery disease [75].
In an animal model it was shown that, after an ischaemic event, macrophages migrate
into the ischaemic myocardium and release TNF-a locally [80]. The number of cells
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migrating into the myocardium increases until the 34 day after vessel occlusion and
remains constant over the next weeks. There is also clinical evidence of a significant
increase of TNF-a in-patients with AMI [73,81]. These experimental and clinical data
suggest that after an ischaemic event the macrophages that migrate into the myocardium
are the source for the increased levels of TNF-o observed in patients with AMI.
However, recent experimental data suggest that some of the TNF-a released during
myocardial ischaemia is produced by the myocytes [82,83]. This is in contrast to
clinical data illustrating that macrophages are the main source for the release of TNF-o
into the coronary sinus of the heart allograft [84]. Therefore, the exact cellular source of
TNF-« in patients with AMI remains controversial. In addition, TNF-o. may also be
produced by activated macrophages circulating in peripheral blood in
ischaemia/reperfusion situations. However, there is evidence of increased surface
expression of adhesion molecules, a sign of activation of monocytes and neutrophils, in
samples taken from the aorta of patients with unstable coronary artery disease when
compared with simultaneous control samples [85]. Therefore, this evidence suggests
that TNF-o is produced either by cells invading the myocardium or by resident cells.

Hirschl et al [86] measured TNF-o in 50 patients following AMI. Their results
demonstrated that the extent of changes in serum TNF-o concentration is significantly
related to estimates of infarct size obtained scintigraphically. Increased TNF-a levels
also correlated well with other parameters such as the occurrence of heart failure, the
presence of rhythm disturbances, enzymatic estimated infarct size (alpha-
hydroxybutyrate-dehydrogenase) and wall motion index obtained
echocardiographically. Their data [86] revealed that A TNF-o may be reliable method
of assessing infarct size. Furthermore, there was no influence of infarct location on the
relation between A(TNF) and infarct size. This would offer a potential assessment
advantage in the clinical setting but further studies are necessary to confirm these
findings.

Fatty acid-binding protein

As discussed by J. Glatz in chapter 7, fatty acid-binding protein (FABP) is a relatively
small protein that is abundantly present in the soluble cytoplasm of almost all tissue
cells, including those from cardiac and skeletal muscles [87]. FABP is released
following muscle injury from the damaged myocardial cells into blood plasma, in
animal models of MI [88-90] and in patients with AMI [91-93]. FABP release curve
closely resembles that of myoglobin. Both reach peak plasma concentrations within 4 h
of AMI and return to normal within 24 h of AMI in patients treated with thrombolytics
[94] and about 8 h up to 24-36 hours in untreated patients [94]. Despite this early
release, only levels assessed at 72 h yield a comparable estimate of the extent of
myocardial damage. Therefore, with frequent blood sampling and in the absence of
renal failure, FABP could give a clinically useful estimate of myocardial infarct size.

Gylcogen Phosphorylase BB

Glycogen phosphorylase (GP) (see chapter 6) is an important enzyme in glycogenolysis
and is normally bound to glycogen in the sarcoplasmic reticulum- glycogenolysis
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complex. Glycogen phosphorylase is known to possess 3 major isoenzymes: brain (BB),
Liver (LL), & muscle (MM). They can be distinguished by functional, structural and
immunological properties.

The first report that blood GP increases early after the onset of AMI, before CK
increases, were by Krause et al [95] who used relatively insensitive enzymatic assays.
Later Rabitzsch et al [96] measured GPBB isoenzyme in 27 patients with AMI. They
found that GPBB increased within a few hours of the onset of MI, peaked significantly
earlier (P<0.034) than CK and CKMB activity and returned to normal between 24 hour
and 36 hour after the onset of MIL. The peak values were observed at approximately 15
hours after the onset of MI [96]. The time course of GPBB in patients with AMI was
markedly influenced by early reperfusion of the infarct-related coronary artery, in a
similar fashion to other soluble markers, such as myoglobin and CKMB [97]. There is
no report of the use of GPBB in the assessment of myocardial infarction size.

Conclusion

The evolution of myocardial infarction is a dynamic process and its rate of progression,
as well as the ultimate extent of damage, can be modified favourably. It is generally
accepted that ischaemic damage of cardiomyoctes increases the permeability of their
cellular membranes and those of cellular organelles, and facilitates the release of
cellular constituents into the circulation. The greater the cellular damage, the larger the
molecules that can be released.

Cardiac enzymes have been used to estimate infarct size by measurement of
cumulative release of the enzymes. Their estimates have been shown to correlate with
histologic estimates of infarct size but this approach has limitations. The calculation is
complicated and based on several assumptions, and may be affected by reperfusion
therapy. The peak serum concentration of cardiac enzymes provides a crude estimate of
infarct size but is even more vulnerable to interference by thrombolytic therapy.

The compounding effect of reperfusion is less marked with the new structurally
bound markers such as cardiac isoforms of troponin T and I. The late peak of cTnT day
3-5 correlates well with infarct size with scintigraphy irrespective of reperfusion status.

For the early prediction of infarct size, no method has proved reliable in clinical
evaluation. Attempts have been made to use the initial slope of the time curve for
myoglobin and CK, as they are released faster than other constituents.

Using cardiac enzymes to estimate infarct size is also limited by variation in enzyme
release independent of therapy. The kinetics of enzyme release may be affected by
enzyme inactivation in living cells or by their retention in tissue which is necrosed and
not reperfused.

These limitations in the use of cardiac enzymes in the assessment of myocardial
infarct size have led to a search for alternatives. Novel candidates include structural
proteins and cytokines, particularly TNF-o.. Estimates of infarct size by this method
have correlated closely with the results of scintigraphy. We do not yet posses enough
data to predict the clinical usefulness of these markers. Early prediction of infarct size
could have an important impact on the choice of therapy in acute MI. Current methods
are imperfect and therefore the search for the ideal biochemical marker continues.
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Chapter 13

VALUE OF SOLUBLE MARKERS IN THE
DIAGNOSIS OF REPERFUSION AFTER
THROMBOLYSIS

Fred S. Apple

Clinical studies have demonstrated the benefits of thrombolytic therapy confirmed by
reperfusion of infarct-related arteries [1,2,3]. Early and complete patency of infarct
related arteries is an important therapeutic goal during the early hours after the onset of
acute myocardial infarction (AMI). Data from numerous studies indicate that only a
minority number of patients with AMI (<40%) are eligible for thrombolysis [4]. At
present current indications for thrombolytic therapy include patients with chest pain
consistent with AMI and at least 0.1 mm of ST segment elevation in at least 2
contiguous ECG leads in whom treatment can be initiated within 12 hours of pain onset,
provided there are no contraindications to therapy [5]. Expanded indications for
thrombolysis, however, may markedly increase the risk of haemorrhagic state [1,4].
While biochemical markers are sensitive and specific indications of AMI, [6,7] at
present biochemical markers of myocardial injury do not serve as an indicator for
thrombolytic therapy.

Intravenous thrombolysis is the most commonly used reperfusion method. Current
regimens of intravenous thrombolysis fail to achieve complete Thrombolysis In
Myocardial Infarction (TIMI flow grade 3). This is an important limitation since recent
studies indicate that only early and complete patency (TIMI flow 3) provides full
clinical benefit [4]. Therefore, the use of percutaneous transluminal coronary
angioplasty (PTCA) for patients excluded from thrombolysis or rescue PTCA in
patients with unsuccessful reperfusion following thrombolytic therapy can be used to
provide reperfusion. ECG and clinical data have not been documented as successful
indicators of infarct-related vessel patency. Angiography, while invasive, does provide
early information on coronary anatomy and identifies patients with spontaneous
reperfusion. Thus, the identification of an early biochemical marker of myocardial
injury that could become an important part of a clinician's medical assessment of their
AMI patient would both serve to identify successful reperfusion following thrombolytic
therapy, as well as identify patients who fail to reperfuse and who would benefit from
early invasive procedures. Advances in rapid technology and the advent of monoclonal
antibodies specific to myocardial proteins (i.e. CK MB, myoglobin, cardiac troponin I,
cardiac troponin T) currently allow the laboratory to assist clinicians in a prospective
manner in the assessment of coronary reperfusion early (within 2 hours) after the
administration of thrombolytic therapy.
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It is accepted that the kinetics of myocardial protein appearance in the circulation
following release from injured myocardium depends on infarct perfusion. [8] Several
differences in serial protein patterns following AMI with and without reperfusion are
evident as shown in Figure 1. Early reperfusion causes an earlier increase above the
upper reference range and an earlier and greater protein peak after reperfusion.
However, once the peak has occurred, there is no difference in the time of clearance of
proteins between successful or unsuccessful reperfusion. Further, it is difficult to assess
the amount of irreversible myocardial injury by biochemical infarct sizing because of
the large variability in the amount of protein washout that appears after reperfusion [9].
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Figure 1. . Representative serial marker curves in acute myocardial infarction patients treated with
thrombolytic therapy. Values represent the mean (SE bars) for 1 7 reperfused (C], TIMI flow 3) and 12 non-
reperfused (4P TIMI flow 0, 1) patients for CK MB mass, myoglobin and cardiac troponin 1.
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The laboratory can best be utilised if a serum, plasma or whole blood test is
available as an early marker to assess successful reperfusion after AMI. With early,
frequent blood sampling, it may be possible to use a criterion, such as the rate of
increase in marker levels, to determine the presence or absence of reperfusion following
thrombolytic therapy as early as 90 minutes after initiation of therapy. Since there are
inherent hospital time delays that have been documented using thrombolytic therapy for
AMI [10], an organised medical subspecialty approach which incorporates the
laboratory for treatment has been suggested to minimise delays. In addition, as part of
the post-therapy organisation, the clinical laboratory also must become an integrated
part of the overall plan to optimise the use and benefits that thrombolytic therapy may
or may not provide.

Table 1. Representative guidelines used for detection of reperfusion using biochemical markers

Marker Sensitivity Specificity Guideline Ref.
No.
Total CK 10% 82% Time to peak <4hours 13
CK-MB 92% 100% 2.5 fold increase at 90 min. 16
70% 70% Appearance rate 0.4 pg/L/h 27
88% 89% Slope >17.5 pg/L/h 23
CK-MB isoforms 82% 78% Peak ratio MB2/MB1 > 3.8 at 2hours 21
Myoglobin 94% 88% Early initial slope at 90 min >150 23
ng/L/h
77% 100% 90 min concentration/baseline 25
concentration >5.0
95% 100% Increase at 90 min. vs 0 min >3 31
Cardiac Troponins
I 82% 100% 90 min concentration/baseline 25
concentration >6.0
T 80% 65% Early initial slope at 90 min pg/L/h 23
92% 100% Increase at 60 mins following therapy 23
>0.5ug/mL
89% 83% Relative increase at 90 mins following 27

therapy >6.8

The clinical goal for successful reperfusion is to salvage myocardium in the early
time period after acute coronary artery occlusion. Several strategies for the clinical
laboratory utilising several accepted markers of myocardial injury have been studied.
Unacceptable strategies because of the time delays which equate to loss of myocardium
viability have included time to peak, clearance differences after peak and the estimation
of area under the curve for peak markers. These strategies all involve greater than 10
hours after the initiation of therapy, and thus are not optimal. Several strategies do
appear to provide a real workable time frame for alternate therapy. Numerous
biochemical markers of myocardial injury have been studied and proposed for the non-
invasive detection of coronary reperfusion {6,7,8]. Table 1 summarises sensitivity and
specificity data from representative studies. The use of biochemical markers in
assessing reperfusion status and their diagnostic performance usually has been
determined in retrospective analysis of AMI patients undergoing angiography (60 to
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120 minutes) following thrombolytic therapy. The rapid increase of total CK, CK-MB,
myoglobin, cardiac troponin T (cTnT), and cTnl after successful thrombolytic therapy
induced reperfusion have been reported [11,12]. The early appearing kinetics of these
markers in successfully reperfused AMI patients have been shown to be very similar.
In nine TIMI grade 3 flow patients monitored every 30 minutes over 120 minutes
following initiation of therapy, similar time course appearance have been noted, as
shown in Figure 2 [11]. The following sections will summarise studies categorised by
each biochemical marker.

-o- -~ -0~ -o-

MYO CK-MB cTnl cTnT

(wg/l)  (wol)  (ngl) (o)
2500 1004 8007  10- a—0|p

»

2000 804 640 8 1 n/
1500 60 430- 6
1000 404 320 44

500 - 204 160 24

0

1 T T T
0 30 60 90 120
Time (min )

Figure 2. Time course (mean and SE) of serum cTnl, ¢TnT, CK-MB and MYO concentrations after
initiation of thrombolytic therapy on 9 patients with TIMI Grade 3 reperfusion flow.

Creatine kinase: Release of total CK does not provide early detection of reperfusion.
Clinical studies have demonstrated clinical specificities at 80% with poor clinical
sensitivities at 10 to 40% using time to peak of total CK at <4 hours or >16 hours [13].
Early detection of reperfusion, however, has been documented for total CK-MB
[14,15,16,17,18] and CK-MB isoforms [19,20,21,22]. Several studies have now
demonstrated that (a) following thrombolytic therapy in AMI patients, greater than two
fold increases in CK-MB occur within 90 minutes of reperfusion; (b) the rate of
increase of CK-MB within the first 4 hours separate reperfused versus non-reperfused
patients; and (c) after myocardial reperfusion in AMI patients, washout of CK-MB
parallels the washout of the tissue CK-MB2 isoform. The rate of appearance of CK-
MB is preferable to the practice of assessing reperfusion by an earlier time to peak of
serum total CK or CK-MB levels. Further, changes in CK-MB values in association
with reperfusion have also been described by the slope of CK-MB or the ratio of CK-
MB at baseline and approximately 30 to 90 minutes after thrombolytic therapy. This
approach also looks very promising. These findings support the use of a sensitive,
specific, and rapid CK-MB mass assay that can be available on an emergency basis [8].

CK-MB isoform analysis should provide a more specific marker for myocardial
reperfusion compared to CK-MM isoforms [19-22] in reperfused AMI patients, CK-MB
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isoform activity in serum peaked earlier than in non-reperfused patients and the rate of
release for each isoform in the serum of reperfused patients was from three to four fold
greater than in non-reperfused patients. CK-MB isoforms were eliminated from blood
at the same rate for both groups of patients. The MB2/MBI ratio demonstrated the
earliest peak (from 0.75 to 2.25 hours after initiation of therapy) compared to AMI
patients who did not reperfuse (>6h). The MB2/MBI ratio also provided the best
discrimination within one hour after treatment. Thus, the rate at which MB2 isoform is
released from the myocardium into the circulation appears to be the most useful index
of coronary reperfusion.

Studies have also demonstrated that the rate of CK-MB release in patients with
successful reperfusion had a higher predictive value versus unsuccessful reperfusion,
whereas the isoform ratio had a weaker association with reperfusion status [20].
However, the technology for a rapid, 24 hour a day CK-MB isoform testing service in a
clinical laboratory still requires dedicated personal and still requires a need for
improvement in technology.

Troponin

Measurement of cTnT and cTnl in serum has been proposed for evaluating the success
of AMI patients treated with thrombolytic therapy such as streptokinase and tissue
plasminogen activator. As shown in Figures 1 and 3, AMI patients with successful
reperfusion had significantly different release patterns of ¢TnT and cTnl versus time as
compared to patients with unsuccessful reperfusion.  Patients with successful
reperfusion have peak concentrations of cardiac troponins within 24 hours after onset of
AMI. In patients with unsuccessful reperfusion release of troponin is more gradual and
prolonged.
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Figure 3. Bar graph shows the plots of relative increase (log scale) vs. time for CK MB ([J), myoglobin

(03) and ¢TaT (O), 30, 60, and 90 min following rt.-PA therapy in nine acute myocardial infarction
patients. Results are means with SE bars; * =P <0.05 for thrombolysis in myocardial infarction TIMI 3
(n=5) vs. TIMI 0,1 (n=4); * * =P < 0.05 for cTnT vs. CK-MB and myoglobin within TIMI 3 group.
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Cardiac troponin investigators have also suggested that the rate of cardiac marker
release may be useful in determining reperfusion status. In two studies [24,26] cardiac
troponin T appeared to have advantages within 90 minutes after initiation of
thrombolytic therapy, because of its earlier relative increase, improved sensitivity, and
cardiac specificity compared to CK-MB and myoglobin. In a similar study,
concentrations of cardiac troponin I, CK-MB and myoglobin were measured in early,
serial serum samples from 25 consecutive patients who were given front loaded rt-PA
during acute myocardial infarction as part of a trial requiring angiography [25]. The
relative increases for cTnl, CK-MB, and myoglobin were greater at 30, 60, 90 minutes
in patients with TIMI 3 (reperfusion) flow versus patients with TIMI 2 (partial
reperfusion) to TIMI 0,1 flow (no reperfusion). In patients with TIMI 3 flow, the
relative increase and clinical sensitivity (82 to 86%) of cTnl for detecting reperfusion
was greater at 30, 60, and 90 minutes compared to CK-MB (sensitivity 59 to 77%) and
myoglobin (sensitivity 63 to 70%). Therefore, measurement of cTnl was the better
non-invasive predictor of early, coronary artery reperfusion in this study. In contrast to
these findings, a study of 63 patients in which serum cardiac troponin T, myoglobin,
and CK-MB were measured showed that myoglobin was the best predictor while
cardiac troponin T offered no advantages for non-invasive prediction of coronary
reperfusion compared to CK-MB and myoglobin when early slopes were determined.

Elevations of c¢Tnl and c¢TnT are highly specific for myocardial injury. In
individuals without myocardial disease, very low to undetectable concentrations of cTnl
and cTnT are present in the serum. This contrasts to the low but measurable
concentrations of CK-MB and myoglobin detected in serum from skeletal muscle
turnover in non-cardiac related diseases and normal individuals. [6,7]. The initial rapid
release of cardiac troponin subunits I and T following successful reperfusion is most
likely derived from the soluble, cytosolic myocardial fraction (6% ¢TnT; 3% cTnl).
The only study that has directly compared cTnl and c¢TnT release kinetics following
reperfusion showed a parallel rise with over 120 minutes after thrombolytic therapy
(Figure 2) [11]. Therefore, release of cTnl or cTnT from myocardium into the blood
following acute myocardial infarction and following the washout that accompanies
successful reperfusion generates an excellent signal compared to no detectable baseline
levels prior to myocardial damage.

Myoglobin

The measurement of the rapid release of myoglobin into the circulation has also been
described for monitoring the success of thrombolytic therapy in patients with AMI. [27-
33]. In one of the early studies with myoglobin, serial measurement of serum
myoglobin in patients undergoing thrombolytic therapy showed that myoglobin peaks
significantly earlier after reperfusion (111 minutes) compared to patients who did not
reperfuse (360 minutes). A rapid rise in myoglobin after successful reperfusion was
evident by over a 4.6-fold rise over the first 2 hours after reperfusion with a predictive
accuracy of 88%. Other studies that have compared patterns of myoglobin to CK-MM
isoforms, total CK activity or ¢Tnl and cTnT release have confirmed that myoglobin
can be used for very early (within 90 minutes of thrombolytic therapy) non-invasive
detection of reperfusion with high specificity (>80%). It has also been shown that a
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myoglobin to total CK activity ratio of greater than 5.0 was indicative of reperfusion,
with a sensitivity, specificity and accuracy of 75%, 96%, and 92% respectively.
Further, it has been concluded that reperfusion status might be satisfactorily predicted
by a single sample obtained at the time of admission to assess spontaneous reperfusion
very early (90 minutes) after thrombolytic therapy.

Two recent larger studies measured myoglobin and CK-MB (n = 96) [33] and
myoglobin, CK MB and c¢TnT (n = 97) [27], respectively, 90 minutes following
therapy. All AMI patients were treated with thrombolytic agents <6 hours after the
onset of symptom. In the first study, a single myoglobin measurement at 90 minutes
after the start of thrombolytic therapy, combined with clinical variables (including time
from chest pain to therapy) improved the prediction of reperfusion (TIMI 3) after AMI
compared to TIMI 0, 1 flow patients (no reperfusion). Median baseline myoglobin
levels in the reperfused group (n=71) and the non-reperfused groups were similar (112
pg/L; 81pg/L, respectively). However, samples collected at angiography were different;
915pug/L; 273 pg/L, respectively. The combined model gave a C-index value of 0.82,
indicating a potential strategy for discriminating open from closed groups. In the second
study in 97 patients with AMI an effective, early determination of reperfusion after
thrombolysis was possible in patients treated 3 hours after onset of chest pain when the
relative increase of either myoglobin or cTnT was determined at 90 minutes. The
relative increase was defined as: 90 minute concentration - 0 min concentration /0 min
concentration. Sensitivity for detection of reperfusion ranged from 79% to 89% and
specificity for non-reperfusion ranged from 83% to 84%. Overall, the diagnostic
performance of myoglobin was less susceptible to small changes in diagnostic threshold
cut-offs.

In conclusion, increased concentrations of any of the five most studied markers of
myocardial injury (CK MB mass, CK MB isoforms, myoglobin, cTnl and ¢TnT) 90
minutes after initiation of thrombolytic therapy, appears to provide accurate assessment
of reperfusion. Both cTnl and c¢TnT represent cardiac specific proteins with the largest
tissue to circulation gradient, thus eliminating the potential of false positive increases
from non-cardiac sources would be possible for the other markers. Rapid, commercial
assays are now available for serum and plasma quantitation within 20 minutes and
developmental work on whole blood bedside quantitative testing is underway. These
platforms should thus allow for 24 hour a day testing. Thus, the laboratory can play an
integral role in assisting clinicians in the differential decisions for the need of
alternative therapy after initiation of thrombolytics. Larger, prospective studies
involving a comparison of both cardiac troponins with myoglobin are still desired.
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Chapter 14

THE ASSESSMENT OF MYOCARDIAL
DAMAGE IN HEART TRANSPLANTATION

Jon R. Anderson

The central aim of cardiac surgery is to preserve myocardial function during the peri-
operative period whilst operating on the heart. Different strategies have evolved to protect
the heart during an obligatory ischaemic insult which have resulted in safer surgery and
acceptable myocardial function in the post-operative period [1]. It is likely that all cardiac
operations cause some degree of cardiac injury but until the development of the newer
markers of myocardial damage such as troponin-T, troponin-I and CK-MB isoforms, the
assessment of injury was difficult to define [2]. With the use of these novel markers the
assessment of pre, peri and post-operative injury has been more precise. These new
markers of myocardial injury also allow comparisons of different strategies of myocardial
protection [3,4]. In the field of cardiac transplantation there is the potential for myocardial
damage in the donor organ prior to transplantation (pre-operative), during the “obligatory”
ischaemic time between procurement and reperfusion in the recipient (peri-operative) and
during the rejection process in the post-operative period. The role of newer markers of
myocardial injury has been explored in each of these settings in patients undergoing
transplantation at St. George’s Hospital and the results of these studies form the basis of this
chapter.

Donor myocardial injury

The cardiac function of brain dead organ donors is an important prognostic factor in the
clinical outcome of cardiac transplantation [5]. Numerous experimental and clinical studies
suggest that brain death may induce segmental or global myocardial dysfunction [6].
Animal studies of brain death have shown the presence of ECG changes (including acute ST
segment depression) and also that induction of brain death causes profound haemodynamic
changes [7]. Primary organ dysfunction following cardiac transplantation is responsible for
the majority of early postoperative deaths and may be due to poor organ preservation at the
time of procurement, prolonged ischaemic time or pre-existing myocardial damage in the
donor [8]. Poor organ preservation and prolonged ischaemic times are avoidable but
myocardial injury in the donor heart is not easy to assess. Most donor hearts are deemed to
have good function by haemodynamic and ECG criteria but subtle degrees of myocardial
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injury may be missed [9,10]. Biochemical evidence of myocardial injury in cardiac donors
has received little attention until recently, probably due to the lack of reliable and sensitive
markers. Brain death is often associated with multiple trauma and/or cardiopulmonary
resuscitation and therefore there is often a rise in the CK-MB isoenzyme even in the
absence of ischaemic myocardial injury [11]. Myosin light chain analysis in paediatric
donors demonstrated that elevated levels in the donor were associated with a poor outcome
[12] The advent of more specific markers of myocardial injury may help in the detection of
pre procurement myocardial damage.

Table 1. Troponin T and Troponin I levels in donors undergoing cardiectomy for transplantation.
(expressed as median values and range)

All donors (n=68)

Tn-T 0.31(0-7.5ng/ml)
Tn-1 0.1(0-2.9ng/ml)
Aetiology of brain death Trauma (n=24) Intracranial haemorrhage (n=38)
Tn-T 0.1 (0-7.5ng/ml) 0.1(0-1.5ng/ml)
Tn-1 0.02(0-2.9ng/ml 0.09(0-1.9ng/ml)
Post-operative function No inotropes (n=43) Inotropes required (n=25)
Tn-T 0.07 (0-7.5ng/ml) 0.4 (0.07-4.8ng/ml)
Tn-I 0(0-0.07ng/ml) 0.4(0-2.9ng/ml)
Survival (n=60) Early graft failure (n=8)
Tn-T 0.1(0-7.5ng/ml) 0.9(0.07-4.8ng/ml)
0.02(0-2ng/ml) 0.4(0-2.9ng/ml)

Cardiac troponin T (TnT) and troponin 1 (Tnl) in cardiac donors fulfilling standard
haemodynamic and ECG criteria were measured prior to organ procurement and the levels
were correlated with the clinical course of the recipient (Table 1). Overall the median Tn-T
was 0.31 ng/ml (range 0-7.5 ng/ml) and median Tn-I was 0.1 ng/ml (range 0-2.9 ng/mi).
There was no difference in the troponin levels of donors suffering intracranial haemorrhage
compared to those suffering traumatic head injury. Analysis of CK-MB in these groups
demonstrated a higher level in those suffering traumatic head injury. Of the 68 donors
studied, 43 had good primary function in the first 48 hours post-operatively. All of the
remainder (n= 25) required some degree of cardiac support within the first 48 hours post-
operatively in the form of intravenous adrenaline, intra-aortic balloon pump
counterpulsation or ventricular assist and 8 recipients died of primary organ failure. Both
Tn-T and Tn-1 levels were higher in this latter group compared to those with good primary
function (p < 0.01) When the patients with primary organ failure resulting in death (n=8)
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were considered separately, the difference was still significant (p < 0.01) compared to the
survivors (n=60). Analysis of CK-MB in these patient sub groups, however, revealed no
differences and there was no difference in ischaemic time that could explain the poor
function. The median peak Tn-T within the first 48 hours post operatively was higher in the
group requiring adrenergic support but the difference failed to reach significance (4.25
ng/ml v 3.22 ng/ml, p = 0.13). There was a certain amount of overlap in troponin values
between those with good function and those requiring inotropic support. However, using a
cut off point of 0.2 ng/ml for donor TnT, the sensitivity for diagnosing poor primary
function in the recipient was 82.6% with a specificity of 82.9%. A cut off point of 0.1 ng/ml
for donor Tn-I to diagnose poor primary function gave a sensitivity of 69.2% with a
specificity of 86.3%. Donor biopsy at the time of implantation showed no evidence of
myocardial damage and recipients who died within 48 hours showed no evidence of
rejection at post mortem although in some cases ischaemic necrosis was present. Recipients
with an uncomplicated course who did not require adrenergic support had significantly
lower TnT levels (0.36 ng/l v 0.07 ng/l) compared to those patients with early allograft
failure (on mechanical and inotropic support) and those requiring prolonged adrenergic
support (p < 0.01). Patients on adrenergic support had a higher peak, TnT concentrations
than those not requiring adrenergic support. Similar findings were seen with cTn-I
measurements. Cardiac troponins (T and I) form part of the tropomyosin complex in the
myocyte and are released into the circulation upon myocyte injury [13,14]. Both markers
have a long half life (about 6 hours) and have a diagnostic window of up to 6 days
reflecting previous damage despite normal CK-MB isoenzyme levels [15]. All of the donors
in our series had normal haemodynamics and ECG but there was a surprising degree of
myocardial injury as assessed by Tn-T and Tn-lI measurements. We have previously
reported that donor Tn-T levels predict the need for inotropes in the early post-operative
period. In this larger series, an elevated Tn-T also predicted primary graft failure [16]. A
raised Tn-I in paediatric donors has shown to be a significant predictor of early graft
dysfunction and we have confirmed this finding also in adult practice [17]. As more
hospitals begin to use the cardiac troponins for the assessment of myocardial injury, it may
be possible to perform the assay as part of the donor workup. This would allow the
retrieving team to base their judgement on both haemodynamic criteria and reliable
biochemical markers of myocyte injury. Both assays take under 2 hours to perform in the
laboratory but a rapid bedside assay has recently become available. The observation that a
raised level of cardiac troponin seems to be a strong predictor of morbidity and mortality in
the recipient has a number of implications. A raised troponin level may influence the
decision to procure the heart for transplantation, especially if the donor is in the so-called
‘marginal group’. Moreover, if the heart is used in the knowledge that the troponins are
raised, inotropic or mechanical support may be implemented at an early stage before
primary dysfunction becomes irreversible. The results mentioned previously also have
pathophysiological implications as they suggest that brain death induced myocardial
dysfunction is associated with some degree of myocardial cell damage. This observation is
compatible with the hypothesis that the massive sympathetic activity secondary to brain
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death may be responsible for myocardial dysfunction. A study has confirmed these findings
by prospectively measuring TnT in brain dead patients and assessing “cardiac function using
transoesophageal echocardiography [18]. Elevated TnT levels were found to be associated
with myocardial dysfunction and therefore abnormal TnT is considered to be a useful
predictor of poor primary function post-transplantation. The percentages of patients with
elevated CK-MB or CK-MB/CK were not significantly different when donors with good,
moderate or poor myocardial function were compared. In conclusion, it is likely that
biochemical methods of detecting myocardial damage in the donor will become part of the
routine assessment prior to organ procurement for cardiac transplantation.

Perioperative cardiac damage during heart transplantation

Theoretically, perioperative ischaemic damage in the donor heart begins with the
application of the aortic cross clamp but should end when the aortic cross clamp is released
in the recipient. Unfortunately, this is an oversimplification brain death, pre-existing donor
myocardial injury, cardioplegia, suboptimal heart preservation, prolonged ischaemic time,
cardiopulmonary bypass and reperfusion injury all contribute to impaired ventricular
performance [7]. However, under ideal conditions, the most important variable should be
the ischaemic time prior to reperfusion. A time of 4 to 6 hours following donor
cardiectomy is considered safe according to standard laboratory and clinical experience
[19]. A marked decrease in left ventricular function, high energy phosphate content,
histological integrity and increase in metabolic waste products, myocardial water content
and coronary vascular resistance have been found after prolonged ischaemia [20]. Different
strategies of myocardial preservation have been developed but clinical studies have failed to
show significant differences between myocardial preservation and storage techniques [21].
If ischaemia persists beyond 6 hours, myocardial performance may be compromised. In the
setting of heart transplantation objective physiological data from such tests as
echocardiography and pulmonary flotation catheters are operator dependent and may be
unreliable due to the anatomical distortion of the heart associated with the biatrial
anastamotic technique [22]. Although advances in myocardial preservation have greatly
improved the outcome following cardiac surgery, peri-operative myocardial damage
remains an important complication of transplantation and requires objective assessment.
The early detection and quantification of ischaemic myocardial damage is important both
for the initiation of specific therapy and to improve methods of myocardial preservation.
Measurement of CK-MB does not correlate well with post operative myocardial
performance. The development of newer markers of myocardial injury such as CK-MB
isoforms, Tn-T and Tn-1 has triggered renewed interest in the question of how best to assess
myocardial injury [23]. The relationship between time activity curves of serum CK-MB
mass activity, MB2/MBI1 isoform activity, troponin T and duration of ischaemic
preservation was explored in a number of patients undergoing orthotopic heart
transplantation. We tested the hypothesis that analyses of time activity curves of CK-MB
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and troponin T release could be useful markers of myocardial cell damage after heart
transplantation.

CK - MB Isoforms

As previously mentioned, the isoforms of CK-MB are sensitive markers of myocardial
injury. These are detectable even when the isoenzymes of CK-MB are within the normal
range [24] Experimental studies suggest that several cardioplegic techniques and
reperfusion techniques may decrease the ischaemic injury caused by heart preservation but
this is difficult to measure in the absence of a reliable marker of myocardial injury [25].
The clinical value of creatine kinase MB2 isoform separation as a highly sensitive measure
of myocardial damage has been investigated in patients undergoing orthotopic cardiac
transplantation. Changes were monitored in the activity of CK and its isoenzyme CK-MB.
The ratio of CK-MB isoforms and the area under the time activity curve (AUC) were used
as an index of peri-operative myocardial damage. The peak MB2/MBI ratio, at the time of
aortic cross clamp release, occurred sooner than the peak activities of CK-MB2, CK-MB or
total CK. The MB2/MBI1 ratio also returned to normal values more rapidly than the other 3
variables. At the time of peak MB2/MBI ratio, the CK-MB activity was due almost
entirely to the MB2 isoform. The results for such samples are given as 100% MB2 (Table
2).

Table 2 Median peak and return to baseline values and corresponding times for total activities and ratios
following cardiac transplantation.

CK CK-MB CK-MB2 MB/MBI1
Peak value (range) 1.U/L 1103 (595-5780) 107  (40-224) 85  (40-165) 100% MB2
Peak time (h) 85 (229 42 (1-24) 2.0 (1-12) 0 (01

Return to baseline time HRS 120  (48-120) 120 (48-120) 72 (24-120) 24 (12-120)

CK-MB?2 activity seemed suitable as an objective measure of myocardial damage for
studies comparing different methods of myocardial preservation. The higher sensitivity of
the CK-MB2 isoform measurements compared with total CK and CK-MRB activity were
confirmed by the results of this study. The return of MB2/MBI ratio to normal value within
12 hours from reperfusion is useful in the differential diagnosis of enzyme release due to
intra-operative myocardial damage as opposed to enzyme leaks due to other causes. The
very early peak and rapid return to baseline values of CK-MB2 release, however, has the
potential to overcome some of the problems experienced with other markers which have a
longer half life (Tn-T for example). The AUC, which is proportional to the amount of
enzyme released, could be used as an end point in studies comparing different forms of
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myocardial protection. However, to be fully accurate, the AUC would have to be corrected
for the myocardial weight either by weighing the donor heart or estimating its mass by
echocardiography.

Troponin release following cardiac transplantation

The pattern of TnT release during the first 24 hours following transplantation fell into 2
groups. In group 1, the mean (£SD) TnT concentration reached a maximum of 4.15 1 2.63
ng/ml at a mean of 2.6 + 1.5 hours following cross clamp release. In group 2, the mean TnT
concentration was still rising : 7.47 + 6.55 ng/ml at 24 hours post cross clamp release. In
group 1, the mean TnT concentration reached a second peak of 3.22+/- 1.8 at a mean of 9 +
-6.3 days post transplantation, but did not reach the diagnostic cut off value of 0.2 ng/ml in
between the 2 peaks. In group 2, the peak TnT concentration was reached between 5 and 15
days in the remaining 2 patients. Twenty nine patients were followed for a mean of 87 +- 32
days post transplantation. The mean TnT concentration reached a maximum of 3.5 +- 1.62
ng/ml at 6.1 +- 3.7 days and returned to baseline values of 0.2 +- 0.23 ng/ml at 47 £- 18
days post transplantation. Troponin I analysis showed a median peak of 0.99 (0.45 - 9.9)
ng/ml at 3 +- 2 days and returned to a baseline value of 0.06ng/ml (< 0.003-0.01) at 14 +- 5
days post transplantation.

The area under the TnT time concentration curve was calculated for up to 40 days post-
transplantation, the period during which the maximum number of samples was collected in
all patients. The patients were then divided into 2 groups. Those with no episodes of
rejection (n=12) and those with one or more episodes of severe rejection (Grade 3a or more,
n=17). The median (range) AUC for each group was 52.8 (13.6-120) ng/ml.days and 38
(17.1-139) ng/ml.days, respectively.

The AUC was not related to the total ischaemic time before transplantation. However,
patients requiring adrenergic support (n=11) and those with renal dysfunction (serum
creatinine > 200 umol/L) (n=6) in the first 6 weeks following transplantation, 3 of whom
also required adrenergic support, had significantly higher AUC (TnT) than those who did
not require adrenergic support or those who had no renal dysfunction (p=0.0001).
Zimmermann ef al/ [26] characterized the behaviour of cardiac troponin-T during the first 3
months following cardiac transplantation. In their study they found that the peak TnT
occurred at 7.1 (+/- 4.2) days following transplantation and that the levels of circulating
TnT did not return to below twice the detection level of their assay for a mean of 50 days
post-operation. The reason for this is uncertain but it may be the result of an initial
ischaemic insult followed by an immune mediated phenomenon of gradually decreasing
intensity as immunosuppressive therapy is maximized and immune tolerance occurs. Their
results were similar to those obtained in our studies. The release of TnT post heart
transplantation lasts longer than the release of TnT following coronary artery surgery, valve
replacement or acute myocardial infarction (AMI). Following AMI, TnT appears in the
circulation 3.5 hours after the onset of chest pain and the concentrations remain elevated in
the circulation for up to 6 days [27]. Small amounts of TnT are detectable in the circulation
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after cardiac surgery and this is related to the ischaemic time [28]. The behaviour of TnT in
the circulation following cardiac transplantation is different. The changes seen are
consistent with an immune mediated phenomenon rather than persistent immunological
damage. This immune activation may be humoral, cellular or a combination of both.
Scintigraphic studies using indium-111 labelled antimyosin found evidence of prolonged
sarcolemmal damage after transplantation [29]. These studies showed considerable
myocardial myosin uptake soon after transplantation with a gradual reduction over the
ensuing months. The reason for the discrepancy between myosin and TnT which are both
markers of ischaemic damage is unclear. The amount of circulating TnT release was not
correlated with the iscahemic time or the number of acute rejection episodes. These
findings may be explained by leakage of TnT from damaged but viable myocytes as well as
prolonged disintegration of irreversibly damaged myocytes in the first weeks following
cardiac transplantation. Carrier et al [30] found that TnT peaked at an early stage. The
reason for this discrepancy is not clear but they did not carry out prolonged sampling
following transplantation and may not have appreciated the longer term behaviour of this
marker. Troponin I has an earlier peak that TnT and is simpler to measure than CK-MB
isoform. The stability of Tnl means that it is likely to be the marker of choice in comparing
myocardial preservation strategies in cardiac transplantation [4].

Myocardial damage in the post-operative period

Rejection following transplantation is a major cause of morbidity and mortality. There are a
number of components to rejection and it is likely that more than one process occurs at
once. A full discussion of the recognised forms of rejection is beyond the scope of this
chapter but the most common form is acute cellular rejection. This is an immune mediated
phenomenon primarily involving the lymphocyte cell system [31,32]. The histological
features seen in this type of rejection have been standardized by the International Society
for Heart and Lung Transplantation {33] (Table 3). The process is initiated by the presence
of proteins (in this case the donor heart) which are recognized as “foreign” by the immune
system. A sequence of events follows, that is complex and not fully understood, the end
result of which is the infiltration of the myocardium by lymphocytes and ultimately
myocyte destruction. The allograft initially displays good function even whilst the rejection
is occurring. However, if this is left untreated graft dysfunction will occur. Prompt
treatment with augmentation of immunosuppression may reverse the graft dysfunction and
lead to resolution of the histological findings [34]. Ideally, surveillance biopsies would
detect rejection at an early stage before clinical signs occur so that treatment may be given
before the occurrence of graft dysfunction. It is known from post mortem studies that
endomyocardial biopsy underestimates the degree and severity of allograft rejection [35].
The biopsy grading is entirely arbitrary (the current gold standard for the diagnosis of
rejection) from Grade 0 to 4. The timing of routine biopsy sampling is also arbitrary and
the grading system does not take clinical features or humoral markers of rejection into
account. In spite of these problems, endomyocardial biopsy is still the most reliable and
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Table 3. The grading system proposed by the International Society for Heart and Lung Transplantation [33].

Biopsy Grade Histological findings
0 No evidence of rejection (normal biopsy)
la Focal (perivascular or interstitial) infiltrate without necrosis
1b Diffuse but sparse infiltrate without necrosis
2 One focus only with agressive infiltration and/or focal myocyte damage
3a Multifocal agressive infiltrates and/or myocyte damage.
3b Diffuse inflammatory process with necrosis
4 Diffuse aggressive polymorphous * infiltrate + oedema, + haemorrhage, +

vasculitis, with necrosis.

universally agreed method of rejection surveillance, diagnosis and monitoring of response
to treatment. Nearly 10% of mild rejection episodes are associated with severe allograft
dysfunction and require aggressive treatment [36]. It has been suggested that myocyte
necrosis is not a prerequisite for the impairment of graft function [37]. Interleukin-1, IL-2
and TNF, all found in increased levels during acute rejection, cause allograft dysfunction
even in the absence of myocyte necrosis. Acute rejection is a cause of death in over 30 % of
patients although the risk of death from rejection declines with time [38]. Much research
effort, time and money has been channelled into the search for a marker of rejection that
could replace biopsy but none has proved as reliable as biopsy [39]. Although patients at
high risk of acute rejection can be identified, rejection can occur in any patient at any time
and therefore, a noninvasive marker for rejection is required. By developing such a marker,
the potential risks of endomyocardial biopsies, expense and inconvenience would be
reduced or eliminated. However, the complex mechanisms that contribute to the process of
acute rejection mean that there is unlikely to ever be one single test that will act as a reliable
marker for rejection. The end result of acute cellular rejection however is myocardial
necrosis and therefore a sensitive marker of myocardial damage may be a useful marker for
rejection. Ideally, such a marker would begin to rise before myocyte necrosis occurs, which
will allow for treatment to start at an early stage. The traditional marker of myocardial
injury, CK-MB isoenzymes, proved disappointing in this regard [40]. Other markers of
myocardial injury have also been tried but they appear to lack sensitivity, probably as a
reflection of the complexities of the process of rejection [41,42]. Myocyte necrosis is often
cited as a criterion indicating the need for additional immunosuppression and for the
classification of acute cellular rejection (Grade 2 or 3a). The light microscopic changes of
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myocytes during rejection may look irreversible but under electron microscopy these
changes are consistent with reversible injury [43]. The features of irreversible injury, lysis
or loss of sarcolemmal membranes, mitochondrial swelling and intramitochondrial densities
were identified by using experimental models of ischaemic injury. The recovery of left
ventricular function following successful treatment of rejection adds support to the
argument that the presence of some features of necrosis may not necessarily imply cell
destruction . Several questions regarding the use of more sensitive markers of myocardial
injury as non invasive markers of acute rejection, should be answered.

Among these are the following

1. Can these markers of myocardial injury diagnose acute cellular rejection?

2. Can these markers predict the onset of acute rejection ?

3. Can these markers dispense with or reduce the need for endomyocardial biopsy?

Creatine kinase MB isoform release in acute cardiac allograft rejection

In a study from our institution the histological changes seen with acute cellular rejection on
myocardial biopsies were correlated with levels of the isoforms of the cardiospecific CK-
MB iso-enzyme MB1 and MB2 [44]. Moderate to severe cellular rejection is known to be
associated with myocyte necrosis which should, theoretically, result in enzyme leakage
from the myocardial cells. Isoforms of CK-MB are able to detect myocardial damage at
levels below that of current “standard” enzyme assays (CK-MB and LDH) and could,
potentially, detect cellular necrosis associated with the more severe grades of rejection [45].
In our study patients were followed up to 12 months after transplantation. There were 284
myocardial biopsies available for interpretation (Table 4), the majority of which were
associated with rejection grades 0 and 1 with only a small proportion of biopsies
demonstrating clinically significant rejection (Grade 2 and 3, 18 and 24, respectively). Fifty
percent (n=25) of the patients had no significant rejection as assessed by endomyocardial
biopsies. Of the remaining patients; 16 had a single episode of rejection, 6 had two
rejection episodes and the remainder had three rejection episodes. The mean MB2/MBI
ratio was 0.88 (£ 0.42) in plasma samples taken from normal controls (n=30) and only one
control subject had an MB2/MBI ratio greater than 1.5. An MB2/MBI ratio of 1.5 was,
therefore, chosen as a cutoff point for the detection of acute rejection. The ratio MB2/MB1
in plasma samples taken at the time of biopsy from patients with biopsy grades 2 or 3 was
not significantly different to the ratio in the samples from patients with rejection grades 0 or
1 (1.65 v 1.33, p = ns). The sensitivity for diagnosing a moderately severe rejection was
52% with a specificity of 52%. However, in patients with significant acute rejection (grades
2 and 3) in whom consecutive samples were collected, the MB2 /MBI ratio was
significantly increased prior to histological changes seen on biopsy (13/16 episodes,
p<0.001) by a mean of 14 days. The sensitivity for predicting rejection (Grade 2 or 3) prior
to biopsy was 60% with a specificity of 68%. The sensitivity for prediction was increased to
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67% if only grade 3 episodes were analysed. Plasma CK and CK-MB remained within the
normal range and the levels showed no correlation with the biopsy findings.

Table 4. Markers of myocardial injury and ISHLT biopsy grade.

ISHLT grade
Marker 0 1 2 3a
CK-MB (1.U/L) 39104 3106 3.6+0.8 29+0.8
MB2/MBI (ratio) 1.9+ 0.1 1.9+ 0.6 1.8+0.2 1.6+ 0.3
Troponin T(ng/ml) 1.1+ 1 0.9+0.2 1.3+0.4 0.7+ 1
Troponin I(ng/ml) 0.04 0.03 0.02 0.01

Cardiac Troponin as a noninvasive marker of rejection

The role of both cardiac TnT and Tnl as non invasive markers of acute cellular rejection
was also investigated in our study. Thirty one consecutive patients, 26 men, 5 women,
median age 53 years, range 28-60 years were studied following orthotopic cardiac
transplantation. Twenty nine patients were followed for a mean of 87 + 32 days post
transplantation. The mean TnT concentration reached a maximum of 3.5 + 1.62 ng/ml at
6.1 = 3.7 days following transplantation and returned to baseline values of 0.2 + 0.23 ng/ml
at 47 + 18 days post transplantation. From the time that the TnT concentration returned to
baseline values to the end of the study period, 6 patients developed 12 episodes of severe
rejection. TnT concentration was > 0.2 ng/ml (0.9, 2.6, 0.4, 0.4 ng/ml) in 4 episodes of
rejection. In the remaining episodes, TnT concentration was below 0.2 ng/ml. (Table 4).
Again there was no correlation with biopsy grade and the level of TnT. Unlike CK-MB
isoforms, the TnT levels did not appear to have a predictive role. In a sub group of these
patients (n=17), serum samples were obtained before biopsy, during in hospital stay and at
outpatient visits and were analysed for Tnl. Patients were followed for a mean of 61 + 16
days post-transplantation. Eight patients each had an episode of rejection associated with
myocytolysis (Grade 2 and 3). At the time of biopsy, there was no significant difference in
Tnl concentration between patients with grade 2 and 3 rejection and those with grade 0 and
1 rejection (0.015 + 0.025 ug/L vs 0.036 + 0.073 ug/L, respectively; p = ns). In addition Tnl
did not appear to have predictive value in the diagnosis of acute rejection.

The changes seen on endomyocardial biopsies probably represent a late stage in the
rejection process. Treatment of severe histological rejection before the occurrence of
symptoms appears to reduce the risk of allograft loss [45]. Biochemical markers of
rejection depend on the detection of molecules that are released in response to cellular
damage from their intracellular location to the serum. The MB isoenzyme of CK has
proved of little value and the recently described cardiac troponin-T remains elevated for 3
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months following cardiac transplantion effectively negating its role as a marker of acute
rejection in a period when rejection is most likely to occur [26]. Subforms of the CK-MB
isoenzyme (MB2 and MB1) have the potential to act as non-invasive markers of rejection.
These subforms are mainly used for the detection of acute myocardial infarction,
reperfusion injury and peri-operative myocardial damage during cardiac surgery {46, 47].
Its potential as a marker of acute rejection in cardiac transplant patients is based on the
premise that the MB2/MB1 ratio is raised when cytolysis occurs as part of the rejection
process (as in ISHLT rejection grade 2 and 3). The assay, however, has failed to diagnose
acute rejection with the required sensitivity and specificity to replace biopsy. It is of interest
that the MB2/MB1 ratio was raised in a number of patients prior to the appearance of
histological changes in the biopsy. It remains to be seen if this test could be used in addition
to other diagnostic tests (biochemical, immunological or biophysical) to substitute
endomyocardial biopsies in these patients.

The assay for CK-MB isoforms is difficult to perform and is unlikely to gain widespread
acceptance. CK-MB isoforms have a short half life in the serum and therefore their presence
only gives an indication of cell damage at that point in time. Structural proteins on the other
hand, are comparatively easy to measure and the molecules are very stable in the serum
Serum myoglobin has been investigated as a noninvasive marker of rejection but the
absolute level or directional change was of no benefit in identifying rejection [41]. Whilst
both TnT and Tnl are reliable markers of ischaemic myocardial injury, neither seem to be
particularly useful in the detection or prediction of acute cellular rejection. There is a
difference between the release kinetics of TnT and Tnl following cardiac transplantation.
Why this should be so is not clear. TnT exists in intracellular compartments as well as
structurally bound to the tropomyosin complex. Following acute ischaemic injury, there is a
rapid release and peak of TnT followed by a slower more sustained rise and peak [47,48].
This is an entirely different pattern to that seen following transplantation. It is known that
disruption of the myocyte cell membrane is one of the primary events leading to
myocytolysis in acute cellular rejection. This occurs before structural changes become
apparent on light microscopy. The prolonged release of TnT may be a marker of immune
mediated damage and its gradual return to normal values may suggest the onset of host
tolerance to the transplanted organ. Animal studies have shown that TnT may be a reliable
noninvasive marker of rejection. However we have shown that this does not extrapolate to
the human situation. In conclusion, it seems that even extremely sensitive markers of
myocardial injury have a limited role to play in the diagnosis of acute rejection probaly due
to the complex nature of the rejection process.

Summary

Novel markers of myocardial injury have an application in the field of cardiac
transplantation. Troponin-T and Troponin-I can identify sub clinical myocardial injury in
donor hearts and may predict recipient cardiac function. Isoforms of CK-MB and Troponin-
[ both seem to be reliable markers of injury in the peri-operative phase and will undoubtedly
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be used in studies of myocardial preservation. Disappointingly, no marker is sufficiently
reliable at present to dipense with biopsy in detecting acute cellular rejection and the search
for such a reliable marker(s) is ongoing.
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Chapter 15

ECONOMIC  ASPECTS OF NEW
BIOCHEMICAL MARKERS FOR THE
DETECTION OF MYOCARDIAL DAMAGE

Role of biochemical markers in the management of
patients with chest pain

Paul O. Collinson

Biochemical confirmation of myocardial infarction is integral to the diagnostic process
in the patient presenting with suspected acute coronary syndromes (ACS). The
electrocardiogram (ECG) is the initial investigation, but diagnostic sensitivity is only
55-75% for acute myocardial infarction (AMI), rising to 80% when the serial ECG is
used [1-4]. However, ST segment elevation on the ECG is 99.7% sensitive and specific
for a final diagnosis of AMI [4]. Since this group is the only one which will benefit
from thrombolytic therapy [5], the initial ECG is not a diagnostic but a management
tool. This will however be the minority of patients presenting with chest pain. The
typical casemix in patients presenting to a District General Hospital Emergency
Department (ED) who undergo investigations to confirm or exclude acute coronary
syndromes ACS is illustrated in Figure la. Biochemical testing is required for the
confirmation of nonQ wave AMI in 20% of those with a final diagnosis of myocardial
infarction, and for the exclusion of cardiac damage in the remainder, whose final
diagnosis will be of either unstable anginal pain (UAP), stable angina or non-ischaemic
chest pain (NICP).

Figure 1a. Casemix of patients presenting to the Emergency Department with Chest Pain.
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It has been shown that as many as 11.8% of patients with AMI are sent home from the
Accident and Emergency Department [6], although a figure of around 6% is more
usual. The casemix of patients admitted to a District General Hospital who undergo
investigations to confirm or exclude ACS is illustrated in Figure 1b, with the casemix of
those admitted to CCU illustrated in Figure lc. It can be seen that clinical selection
improves the proportion of patients with AMI but still 14.0% of patients occupying
CCU beds have a final diagnosis of NICP. In the USA the proportion of people without
IHD occupying CCU beds is higher.

Figure 1b. Casemix of patients admitted to hospital for investigation of suspected acute coronary
syndromes.

Figure 1c. Casemix of patient admitted to CCU by final diagnosis.
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Recognition of the problem of missed diagnosis and inappropriate admission has led to
the development of a number of approaches to improve clinical decision making.
Diagnostic algorithms, including computer based systems, have been developed to
improve the initial clinical selection [7,8]. Rapid diagnostic protocols based on early
“rule-out” strategies for ACS can be used for early categorisation of patients into high
and low risk groups by rapid identification of patients without AMI. These can be based
on conventional diagnostic approaches [9-11], or using rapid sampling protocols
utilising change in value, rather than exceeding a single reference or diagnostic
threshold [12-15]. Application of such protocols can reduce length of stay on the CCU
[16].

The problem is not simply one of rapidly ruling in or ruling out AMI. The currently
available markers are able to do this within 8-12 hours of admission, and the technology
exists, either by the use of point of care testing (POCT) or rapid delivery sample transit
systems plus electronic data links to produce biochemical test results rapidly. The
problem is that of the management of the patient with unstable angina. As Eagle has
said: The challenge is not always simply to rule in or rule out myocardial infarction,
but rather to distinguish patients with acutely unstable coronary lesions from those with
either stable coronary disease or none. Eagle NEIM 1991; 325:1250

In the absence of a reliable biochemical protocol to identify myocardial damage 4-
6% of patients with minor but significant cardiac damage, who are at high short term
risk of death or major infarction, are sent home from the emergency room. Patients with
a final diagnosis of unstable angina (UAP) or non-Q wave AMI have a worse short term
(3-12 month) prognosis than patients with a classical Q wave AMI .The 12 month re-
admission rate in this patient group with recurrent unstable angina, myocardial
infarction or cardiac death is 20%.

The standard diagnostic test in Europe, North America and many centres in the UK
for the confirmation of myocardial damage suspected on clinical grounds is
measurement of creatine kinase (CK) and of its MB isoenzyme (CK-MB). This
represents the standard against which all other tests should be judged [17].
Measurement of the cardiac structural protein cardiac troponin T (cTnT) has been
evaluated in a number of studies covering cardiac and non-cardiac populations [18-22].
There have also been developments in POCT allowing rapid, accurate measurement of
¢TnT at the bedside [23-25]. Recent publications [26-30] have established that cardiac
troponin T measurement is significantly more sensitive and specific than CK-MB and
has an unique and established prognostic value in CK negative unstable angina. The
combination of initial ECG plus cardiac troponin measurement allows patients to be
efficiently categorised into risk groups.

Economic aspects of current diagnostic strategies

Missed diagnosis

The question of the missed diagnosis and its impact on the health care system will
depend on the tendency to litigation. In the UK, the tort system and the use of judges to

set the size of awards for negligence has meant that the number of cases in which an
inappropriate diagnosis results in litigation is uncommon and awards are relatively
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modest. However, this climate is changing, with increasing sizes of awards. Funds
currently assigned for medical litigation are estimated at £20 million nationally (for the
equivalent of a national managed care system) and increasing at the rate of 20% per
annum. In the USA, the litigation cost of missed diagnosis is high, because this patient
group is at high risk of subsequent cardiac death. Ischaemic heart disease is an area in
which it has been estimated that at least 20% of malpractice dollars are awarded to
plaintiffs [31].

Inappropriate admission

The cost of inappropriate admission is high. Patients without IHD occupying CCU beds
represent a waste of an expensive resource. From the data in Fig 1c, assuming a two day
stay at a typical cost of £480 per day in the UK or $1000 in the USA, for a hospital
admitting 3000 chest pain patients per year to the CCU this represents a cost of
£39,7048 or $82,7184. In the USA it has been estimated that 5-10 billion dollars are
spent annually investigating patients for chest pain, of whom only 30%-40% are
ultimately diagnosed as having acute coronary syndromes. This means that 3-6 billion
dollars annually are allocated to patients with NICP [31]. The problem of inappropriate
admission has been highlighted as an area for study [32].

Diagnostic accuracy

Accurate diagnostic and prognostic categorisation in patients admitted with ACS is also
required. The cost-benefit of thrombolytic therapy in patients with ST segment positive
AMI has been defined. The economic aspects of management of patients with unstable
angina have been less well studied. Morbidity and mortality in this patient group is
high. Studies have been performed to compare revascularisation strategies in patients
with both symptomatic and asymptomatic coronary artery disease [33,34]. The benefit
of accurate prognostic categorisation with appropriate revascularisation can, therefore,
be used to target resources.

Accurate diagnostic classification is not required solely to define the short term
management of the patient, but also to plan longer term therapy. The value of secondary
prevention strategies in patients with ischaemic heart disease has been unequivocally
proved for both survival and need for intervention. There is, therefore, an economic
cost of missed morbidity not only for the patient who is misdiagnosed at first
presentation, but also for those admitted to hospital and misdiagnosed. The annual cost
of inappropriate therapy in a patient incorrectly diagnosed as nonQ AMI on the basis of
current biochemical tests will be at least £420 ($750) per year in pharmaceutical costs
alone for a combination of aspirin plus a statin. As the majority of patients will fall into
this category, accurate diagnosis becomes essential. As can be seen from figure 1b,
potentially 3% of all patients may be misclassified on the basis of diagnosis using
conventional markers, at an annual cost of £56,756 (for 4,500 cases per annum) and a
10 year treatment cost of £567,567

The advent of newer and more costly options for management of both AMI and
unstable angina, including primary angioplasty, low molecular weight heparins and
glycoprotein IIb/Illa antagonists merely serves to underscore the need to improve
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current diagnostic approaches. These approaches must fit into an efficient decision
making strategy to optimise therapy, which is both clinically and cost efficient.

The use of cardiac specific proteins, although efficient in identifying patients at high
risk of cardiac death and in need of intervention, identifies a further population, missed
by current strategies. This, in itself will have economic consequences by identifying
additional patients at need of investigation and treatment.

Types of economic analysis
Cost minimisation analysis

In cost minimisation analysis the consequences of two interventions being compared
are identical. Therefore, the analysis reduces to a comparison of costs alone.

Cost effectiveness analysis

There are few instances in which two health care interventions produce identical
effects; the normal situation is one in which a difference in costs needs to be compared
with a difference in consequences. Where this difference can be expressed in terms of a
change in one main parameter, the difference in costs is related to the main difference in
effects, measured in natural units. This may include cost per life year saved, disability
days avoided or cases detected [35-37]. Comparison of the effects of intensive versus
non intensive treatment of diabetes shows equivalent survival, but marked differences
in terms of incidence of retinopathy and amputation.

Cost utility analysis

Interventions may differ in more than one way, with differences obtained at the expense
of other effects. This is usually seen when there are differences in length and quality of
life. In such instances, changes in health status are valued relative to one another to
produce an overall index of health gain. The most widely used is the quality adjusted
life year (QALY). Differences between efficacy and side effects may occur, producing
differences in direct and indirect benefits. These are usually deducted from differences
in direct and indirect costs and the results expressed as a ratio. Hence, interventions are
compared in terms of the incremental cost per life year or QALY

Cost Benefit analysis

In cost benefit analysis, attempts are made to value all costs and consequences in the
same units, usually financial. The results of the evaluation are then expressed solely as
net economic benefit and net cost. It is therefore possible to assess whether total value
of extra benefits of one intervention exceeds the extra costs. The problem with this
approach is that not all qualities (such as length and quality of life) can be expressed in
financial terms.

When assessing testing (and technology in general) a total model of care is required
to identify the costs and cost consequences of alterations in the diagnostic process.
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Economic analysis of new biochemical markers

It is apparent from the above that there are two different factors to be reconciled
when considering the economic analysis of the use of the new cardiac markers. These
are the actual cost of the tests itself and the impact on diagnostic and prognostic
categorisation. To these must then be added the current diagnostic strategies in use and
the clinical situations to which these are applied. The use of newer test may enable
modification of current strategies, which may have an impact on costs, both positively
and negatively.

The cost of an individual troponin measurement is greater than that of either CK,
CK-MB activity, aspartate transaminase (AST) or lactate dehydrogenase (LDH), but
comparable to CK-MB mass. Illustrative costs are shown in Table 1. Cost minimisation
analysis can be applied when the utilisation of troponin will replace a range of other
tests. This is critically dependant on the testing strategy used. In the situation in which
the laboratory utilises multiple measurements of CK, CK-MB mass and Iactate
dehydrogenase (LDH) and LD isoenzymes, simple substitution of one or two troponin
measurement for CK, CK-MB and LDH will provide an immediate cost saving. In the
situation in which the cardiac enzyme strategy for the hospital utilises serial
measurement of a combination of CK, CK-MB activity, aspartate transaminase (AST)
and LDH or hydroxybutyrate dehydrogenase (HBD) as cardiac markers, transferring to
troponin estimation will be more expensive.

Table 1. Performance Characteristics, Time Frame and Costs of available tests.

Test Sensitivity Specificity  Time frame Cost/
Patient

Creatine Kinase (CK) 90 80 daily for 3 days 3.30

Asparate Transaminase

(AST) 90 65 daily for 3 days 330

Lactate Dehydrogenase

(LDH) 90 80 daily for 3 days 3.30

CK plus AST 90 90 daily for 3 days 6.60

CK,ASI and LDH 95 90 daily for 3 days 9.90

Creatine Kinase (CK) slope

(by laboratory testing) 100 80 4 hours 2.20

Creatine Kinase (CK) slope

(by point of care testing) 100 80 4 hours 4.80

Rapid serial CK plus CK-

MB activity 95 90 8 hours 13.08

Rapid serial CK plus CK-

MB mass 100 95 8 hours 22.08

CK plus CK-MB activity 95 90 daily for 2-3 days 13.08

CK plus CK-MB mass 100 95 daily for 2-3 days 22.08

Troponin T 100 100 once 12-24 hr Post 75
admission

Troponin T (POCT) 100 100 once 12-24 hr Post 10.0
admission

Troponin T 100 100 admission and 12-24 hr 15

Post admission
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However, this assumes that the diagnostic information provided is equal. This is
clearly not the case, with troponin measurement identifying a further subset of patients
at high risk. The outcomes are therefore not equivalent. It would, therefore, seem that
the appropriate method would be a cost benefit analysis. This ignores two other factors,
the clinical situation in which the markers will be used and the current clinical practice
which the markers will alter. The clinical utility of the new markers will depend on the
role to which they are to be put. This in turn will depend on the prior probability of IHD
in the patient population.

The major contribution to hospital costs comes not from the cost of biochemical
testing but from the length of hospital stay (and interventions). At this institution, in
formulating a strategy for utilisation of troponin, we have also considered the diagnostic
time windows of the markers. A single measurement of cardiac troponin T, 12-24 hours
from admission is adequate to provide a definitive diagnosis. However, this will not
allow the timing of the event. Hence, troponin measurement needs to be performed
serially or combined with a second marker which has a shorter time window, or an
earlier rise. In selecting the combination (one short halflife marker plus one long
halflife marker) the choice will depend on available technology. We have combined CK
with troponin.

In formulating the diagnostic algorithms we have developed and costed, we have
considered the process of care. We have compared current strategies, the best strategy
using available markers and the best strategy for rapid diagnosis using the available
technology and the additional prognostic data available from troponin measurement.
Data are based upon information obtained following a 3 month audit (data in Figure 1b
above), projected to 4500 cases per annum. The end results of the protocol analysis can
be costed, and can then be compared by cost minimisation analysis to demonstrate the
effect of use of new markers and technologies.

1. Patients in the Emergency Department

A rapid investigation protocol in the Emergency Department that will accurately fast
track admission for patients at high risk of cardiac disease combined with fast track out-
patient consultation and investigation has been suggested. We have implemented a
policy based on previous studies using rate of change of CK [15]. This strategy
although very sensitive, has resulted in the admission of patients solely on the basis of
an elevated CK. Because of the low prevalence of ischaemic heart disease among
patients presenting with atypical chest pain and the low specificity of CK, over 80% of
such patients are found to have a non-cardiac cause of elevation of CK and to have been
an unnecessary admission. As cTnT is always elevated when a raised CK is of cardiac
origin, failure to detect cTnT in the presence of an elevated CK allows exclusion of
cardiac damage with 100% sensitivity and specificity. Hence measurement of ¢TnT in
patients who present solely with an elevated CK allows exclusion of cardiac damage.
These patients can be safely sent home.

The routine measurement of ¢TnT to screen for AMI on all patients in the ED not
scheduled for admission on clinical or ECG grounds was compared with serial CK
measurement at this institution and was found not to be clinically effective. None of the
patients studied had a myocardial infarction which had not been detected initially by
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serial CK measurement. This would be expected from the known kinetics of cardiac
marker release, and is consistent with studies showing poor early diagnostic
performance of cTnT. Follow up of all patients sent home similarly revealed a detection
rate of missed AMI of less than 1%., Hence, cTnT should only be measured in the ED
to confirm or exclude AMI in patients with an elevated CK.
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Figure 2. Mayday University Hospital - Chest Pain Protocol
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The basic and enhanced protocol for the management of patients presenting to the
ED with chest pain is shown in Figures 2, 3. The essential feature of this protocol is
that all chest pain patients whose immediate admission is not indicated on clinical
grounds, and who do not have an established non-cardiac cause for their chest pain,
should undergo a point of care test for CK and, when indicated, cTnT. Patients whose
sole criteria for admission are atypical chest pain and a CK of > 200 have a Troponin T
analysis performed prior to admission, to exclude the 80% of these patients in whom
the raised CK is non cardiac in origin. Predicted test performance is shown in Table 2
with cost analysis of three possible alternatives in Table 3. Comparing the two protocols
by cost minimisation analysis, assuming each admission for 2AMI will occupy a CCU
bed for 1.5 days @ £405 per day, medical bed for 2.5 days @ £163. Cost per admission
is therefore £1015. Total cost per 100 ED CK only chest pain protocol patients is £480
+ £19,285 = £19,765, for CK plus CK-MB £6547, for CK plus cTnT, £720.

" Does ket ot oot Mest G ot homboss
Chest pain 7cardiac of abromal ECG  immediale assessmenk and thrombalysis

: Doorto needie bme <30 mites
Medical assessment Admk 0 CCU
Dooeio OCU <45 s
I
T —
7 DelndePbaiePussbi Probie mon caric ches
Cardiac chest pan nonvischaemic ECG ;
i or possbly ischaemic ECG : i
R S—
I : 1
T MmnCCUa || CRsanget>N0 | | Kempetan |
| M || | ; |
| EVENFECGNORMAL | ! L
 Comakc o CK Repd ECOa CK |
POCT Trogorn T | a4 omiis sample |
» Btbdiuiiunall
. ) [ . [ 1
Candiac oign | Noncadicoign | CKsanpe>X0 | ECG change Dela CK >=20%
: 1 posshlyischaemic
AnikClU | Ted dsogeoiein 0P CodmeaacoignolCk | MMCOU | AdkioCCU
ond AN | mighonoinocadac | POCTTownnl 11 s L
chest pain as approprzte
Cara cign Noncariac g

MnloCCU | | DishaneorelrnOP
AP ond mmmo(mcamc

Figure 3. Mayday University Hospital - Chest Pain Protocol with POCT
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Table 2. Test performance in Accident and Emergency Department patients with atypical chest pain and
without ECG changes, estimated for prevalence of AMI in these patients of 5%.

AMI Correctly  AMI Patients Incorrect Diagnosis AMI Correctly
Diagnosed Missed of MI Excluded

CK 0 and 4 hours 5 0 19 76

CK plus CK-MB 0

and 4 hours 5 0 5 90

CK 0 and 4 h plus

cTnT 5 0 0 95
Table 3. Diagnostic options and cost analysis per 100 ED patients with elevated CK

Strategy Test cost Inappropriate admissions Cost

CK 0 and 4 hours 480 19 19,285.

CK plus CK-MB 0 and 4

hours 1472 5 5075

CK 0 and 4 h plus ¢cTnT 720 0 0
Cost minimisation analysis
Applying these figures to the diagnostic protocols yields the following:
Total number of cases seen per annum 990
Number expected to have CK> 200 (11.8%) 120
Number expected to be admitted by CK only 120
Measuring CK plus CK-MB
Number with AMI (CK true positives) will be 22/120
Number without AMI (CK false positives) will be 47/120
Inappropriate admissions avoided 51/ year
Measuring Troponin T with CK> 200
Number with AMI (CK true positives) will be 22/120
Number without AMI (CK false positives) will be 0/120
Inappropriate admissions avoided 98/ year

Total costs are then for CK, £103,934; CK plus CK-MB, £52,920 and for CK plus
c¢TnT £5,664. Thus, for an additional cost of £1,200 per annum for POCT measurement
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of Troponin T in the ED 147 CCU and 245 Medical bed days per year can be saved,
equivalent to a cost saving of £99,470 on bed days and a total cost saving of £98,270.

2. Strategies for the investigation of in-patients with suspected acute
ischaemic heart disease (myocardial infarction or unstable angina)

A 3 month audit was carried out of patients admitted to this institution with a diagnosis
of definite or possible cardiac chest pain. During this time both daily CK x 3 and
Troponin T were routinely available. This yielded data on the total numbers and also
on the proportion of patients with Q-wave MI, non-Q wave MI, unstable angina and
non-ischaemic chest pain, which was consistent with those registered in numerous
studies in the literature. The proportion of patients in each category has been applied to
the total number of in-patients in Mayday University Hospital for whom "cardiac
enzymes" were requested over a 12 month period. The results are set out in the Table 4.
Patients admitted with suspected AMI without characteristic ST changes and for
identification of high risk unstable angina patients comprise 74.4% of all requests for
"cardiac enzymes”. The protocol models are daily CK for 3 days, CK + CK-MB mass
daily for 3 days, CK x 2 (0 and 4 hours) by POCT in CCU plus ¢TnT at 12-24 hours
and CK + CK-MB mass over 12 hours (3 samples). Costs are estimated in Table 5. The
protocol assumes 100% specificity for CK-MB mass in the nonQ AMI group with
characteristic CK changes, 95% specificity in patients with a high CK without nonQ
AMI and detection of 65% of nonQ AMI in patients without a diagnostic CK value.
The prevalence of non-Q wave MI in this group of patients is 607 out of 3,350 patients
(18.1%), 2,743 of whom do not have AMI.

Table 4. Total number of patients in Mayday University Hospital in whom CK and c¢TnT were requested
over 12 months divided into sub-groups by extrapolation of audit data.

Number Percent

Total number of patients with CK requests 1996 4,500 100
Total Admitted with definite or ? AMI 3,912 86.9
Typical AMI with ST-segment elevation 562 12.5
? Cardiac pain - Rule out AMI 3350 74.4
i) Non-Q wave MI (CK and c¢TnT positive) 141 3.1
(ii) High risk unstable angina (CK negative, cTnT positive) 466 104
(iii) Incorrect diagnosis of non-Q AMI (CK positive, cTnT negative) 135 3
(iv) NICP/low risk unstable angina 2608 58.0
Miscellaneous in-patients (e.g. fall with raised CK, ? post-operative AMI etc) 588 13.1

already admitted for non cardiac reasons

Using the current strategy, all 3350 patients will take 3 days for cardiac enzymes
(CK + CK -MB mass). Patients with non-Q wave AMI, will have an average stay of §
days (1.5 days in CCU). Patients without non-Q wave MI will wait 3 days for enzyme
results to confirm lack of myocardial damage and will stay a fourth day for their pre-
discharge stress test, giving an average duration of stay of 4 days (1.5 days in CCU).
The accelerated strategy comprises POCT CK x2 (0 and 4h) in all patients admitted to
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the CCU plus ¢TnT x1 at 12-24h post admission, or 3 CK plus CK-MB over 12 hours.
Patients can be referred for immediate stress testing on clinical judgement if their CK’s
are negative. Patients will be identified as non-Q wave AMI, high risk unstable angina
or NICP/low risk unstable angina within 24 hours. NICP/low risk unstable angina
patients and can have their stress test and be discharged within 36-48 hours of
admission (average 2 days). Thus, average CCU stay reduces to 1.0 day for patients
with NICP/low risk unstable angina, and medical occupancy will average only 1.0 day.
This approach has been demonstrated previously to be feasible [16]. The cost analysis
of the protocol is shown in Table 6.

Table 5. Costs analysis in patients admitted to rule out AMI

Strategy nonQ AMI nonQAMI Incorrect AMI Annual
Correctly Patient Diagnosis  Correctly Cost £
Diagnosed Missed of AMI Excluded ‘

CK daily x 3 141/607 466/607 135/2743  2608/2743 11,055.00

POCT Ck x2 0 +4 hrs. Lab  607/607 0/607 0/2743 2743/2743 41,205.00

¢TnT x 1 12-24 hrs

CK + CK-MB 444/607 163/607 7/2743 2736/2743 73968

Mass x 3

Costs Minimisation analysis

The rapid diagnosis option uses 1372 (CK plus ¢TnT) or 1450 (CK plus CK-MB) fewer
CCU bed days and 3784 (CK plus ¢TnT) or 4175 (CK plus CK-MB) fewer medical bed
days. Potential savings are £1,142,113.51 (CK plus ¢TnT) or £1,296,148.99 (CK plus
CK-MB)

Cost benefit analysis

With the CK plus cTnT strategy 466 high risk patients are identified who would be
missed by the current strategy: the cost of identifying these high risk patients is given
by:

Cost of Recommended Strategy - Cost of Current Strategy
466 high risk patients

= 41,205 - 11,055
466

This identifies 466 high risk patients with an expected 12 month mortality of 20%

(93 deaths), which could probably be reduced to 5% with early revascularisation.

With the CK plus c¢TnT strategy 135 patients without AMI are identified who would be

misdiagnosed as nonQ AMI, potential treatment cost (statin plus aspirin) £56,700 per

year.

£64.70 per high risk patient
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Table 6. Cost analysis of protocol in pounds sterling

number CCU bed Medical bed Total Saving
cost cost
£ £ £ £

CKx3
Non Q 276 167473 157273 3247456
No AMI 3074 1867652 1252787 3120439
Total patients 3350 3445185
Difference in bed days 0
Lab cost 11055
Lab cost difference 0
Total cost 3456240 0
CK + CK-MB
Non Q 450 273580 256918 530498
No AMI 2900 1761545 1181612 2943157
Total patients 3350 3473655
Difference in bed days 175
Total lab cost 73968
Lab cost difference 62913
Total cost 3547623 -91383
POCT CK x 2+ ¢TnT
Non Q 607 36861 346155 714759
No AMI 2743 1111014 447149 1558162
Total patients 3350 2272922
Difference in bed days
Total lab cost 41205
Lab cost difference 30150
Total cost 2314127 1142114
Rapid rule out with CK plus CK-MB
Non Q 450 273580 256918 530498
No AMI 2900 1174363 472645 1647008
Total patients 3350 2177506
Difference in bed days
Total lab cost 73968
Lab cost difference 62913

Total cost 2251474 1296149
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Conclusion

The new biochemical markers have a major role to play for cost effective patient
management of patients with chest pain. When applied as part of an integrated decision
making strategy they can be used to identify efficiently both high risk and low risk
patients in a cost efficient manner.
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Chapter 16

ROLE OF SERUM BIOCHEMICAL
MARKERS IN CLINICAL TRIALS

Alan H. B. Wu

The field of cardiovascular medicine is changing rapidly with the development of new
medical and surgical approaches to treat high risk and diseased patients. Placebo-
controlled clinical trials are necessary to determine the efficacy of experimental therapies.
Trials in coronary heart disease are usually identified by mnemonics abbreviations. The
endpoints of these trials include presence or absence of ischaemia, rates of reinfarction,
death, coronary artery patency, measurements of left ventricular function, infarct size, and
degree of stenosis. Because many clinical trials involve thrombolysis with inhibition of
thrombus and platelet function, the incidence of bleeding is also, frequently, a measured
outcome. An assessment of the "quality of life" is very important in prospective outcomes
analyses, but is rarely considered in these trials. Beyond these endpoints, there may be
others that address specific questions or needs, on a subfraction of the overall population
studied. In the past, cardiac markers, such as creatine kinase and CK-MB isoenzyme,
have played a minor adjunctive role in these studies. With the development of new
markers for ischaemia, minor myocardial injury, infarct sizing, and congestive heart
failure, the use of novel cardiac markers such as glycogen phosphorylase BB, C-reactive
protein, cardiac troponins T and I, and myosin light and heavy chains is likely to be more
prominent. This chapter will review the objectives of various clinical trials, particularly in
those areas in which cardiac markers have played an important role in the evaluation of
data. Studies in which markers might have been useful, had they been known and
available at the time, are also discussed.

Design of clinical trials in cardiology

Clinical trials in cardiology are essentially the same as those conducted for other medical
specialities. A comprehensive textbook on clinical trials has been compiled by Spilker [1].
As summarized in Table 1, clinical trials can be subdivided into four major chronological
phases. Most cardiology studies involving the efficacy of drugs are randomized,
prospective, double blind, and placebo-controlled. In this manner, biases are minimized as
neither the patient nor the attending physician know which subjects receive the
experimental medication in question. In interventional studies, trials must be conducted as
open-label since these procedures cannot be made hidden to patients. There have been
some clinical trials whereby the advantages of the experimental procedure or drug is
evident upon initial review, before the intended number of patients have been enrolled.
When this occurs, the clinical trial may be stopped, as it may be unethical to deny the
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placebo group patients the access to the experimental procedure.

Table 1. Description of Phases in Clinical Trials*

Phase Description
I Initial safety trials conducted on healthy volunteers or ill patients. Basic pharmacokinetic data are
obtained during this phase.
Ila Pilot clinical trials in selected patient populations with the disease in question.
1Ib Controlled trials to evaluate and demonstrate clinical efficacy.

la Trials conducted prior to and for the purpose of submission to the Food and Drug Administration
(FDA) as a New Drug Application (NDA).

IIIb Supplementary clinical trials conducted after NDA submission but prior to FDA approval.

v Studies conducted after FDA approval to provide additional data on efficacy or safety. Trials can be
conducted on new dosage formulations, different patient populations, or new clinical indications.

*Abridged from Spilker B. Guide to Clinical Trials. New York: Raven press, 1991:xxii-xxiii.

The sample size in cardiology studies differ greatly depending on the magnitude of the
effect expected, variability of parameters analyzed, and the desired level of statistical
significance to be achieved. For studies comparing the mortality associated with the use of
different intravenous thrombolytic agents, thousands of enrollments have been necessary
in the past. In order to enlist this large number of subjects, many of these trials are
conducted at many sites, and are often multinational. These multicentre trials must be
carefully planned and monitored so that data from different sites can be effectively pooled.
Table 2 lists some of the large major clinical trials that have been conducted over the last
few years, and the original purpose of these trials [2-12].

Requirements for use and measurement of cardiac markers in clinical trials

When cardiac markers are used to determine specific outcomes in clinical trials, there must
be strict adherence to sample collection times and measurement techniques. The
interpretation of results must also be made with knowledge of the limitations of the assays
used. Perhaps the most essential point in conducting a valid trial is the timing of blood
samples and the selection of the proper laboratory tests for the intended endpoint.
Biochemical markers differ from one another in the patterns of release from ischaemic or
necrotic tissue, and their appearance and clearance from the peripheral circulation. The
window of optimal testing for many of the markers in use, or being proposed, is described
in Table 3. Tests of the pathophysiology of acute coronary syndromes include C-reactive
protein and amyloid protein A, soluble fibrin monomers and thrombus precursor protein,
P-selectin, and glycogen phosphorylase BB isoenzyme [13]. These markers are useful to
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determine the presence of inflammation, thrombosis, platelet activation, and ischaemia,
respectively. Other early markers of myocardial necrosis include myoglobin, and its ratio
to carbonic anhydrase III, creatine kinase MB isoforms, and free fatty acid binding
protein. Definitive biochemical tests for AMI diagnosis include creatine kinase-MB
isoenzyme, and cardiac troponins T and [. For these tests, it is important that blood is not

collected too soon or too late after injury, as this may result in a falsely negative result.

Table 2. Recent Clinical Trials in Cardiology

Name (abbreviation) Purpose No. Pts. Ref.
Gruppo Italiano per lo Studio della streptokinase and mortality 11,806 2
Streptochinasi nell'Infarcto Miocardico
(GISSI)
Thrombolysis in Myocardial Infarction IV tPA vs. streptokinase 290 3
(TIMI), Phase I
Thrombolysis in Myocardial Infarction, invasive vs. conservative 3262 4
Phase I treatment after tPA
Thrombolysis and Angioplasty in Myocardial  elective vs. immediate PTCA after 386 5
Infarction (TAMI) tPA
Global Utilization of Streptokinase and four thrombolytic strategies for 26,003 6
Tissue Plasminogen Activator for Occluded AMI
Coronary Arteries (GUSTO)
Second International Study of Infarct streptokinase and aspirin for AMI 17,187 7
Survival (ISIS-2)
Thrombolysis in Myocardial Infarction, tPA in unstable angina 1473 8
Phase I1IB
Beta-blocker Heart Trial (BHAT) oral B-blockers after AMI 3837 9
Captopril-Digoxin Multicentre Research ACE inhibitors vs. digoxin 300 10
Group
COhort of Rescue Angioplasty in Myocardial ~ rescue PTCA after failed 87 11
Infarction (CORAMI) thrombolytics
Evaluation of 7E3 for the Prevention of ReoPro in PTCA 2099 12
Ischaemic Complications (EPIC)

Serial blood collections will be necessary for most clinical trials. For drug or

interventional studies, results will be most meaningful when baseline concentrations of
cardiac markers are determined and compared to results of samples collected after
initiation of therapy. In this situation, the investigator may choose to discard pre-
established reference ranges or cutoff concentrations, and instead make use of some



192 ALANH.B. WU

difference value that is deemed to be statistically significant. For detection of cardiac
events or side effects, measurement of the change in concentrations is likely to be more
sensitive than absolute concentrations at a single time point. For infarct sizing, myosin
light or heavy chains may be the most useful, and will require testing at very regular
intervals, e.g., every 4 hours, for several days.

Table 3. Antiquated Cardiac Markers and Optimum Timing Windows for Current Markers used in Clinical
Trials

Marker Timing

Antiquated markers

aspartate aminotransferase

lactate dehydrogenase isoenzymes
creatine kinase-MB activity assays

Markers of ischaemia and inflammation 2-6h
C-reactive protein

soluble fibrin monomers

thrombus precursor protein

P-selectin

glycogen phosphorylase BB isoenzyme

Early markers of necrosis 3-12h
myoglobin

carbonic anhydrase 111

CK-MB isoforms

fatty acid binding protein

Definitive AMI markers

CK-MB mass assays 9-72h

cardiac troponin T 9-200 h

cardiac troponin I 9-150 h

Infarct sizing

Myosin light or heavy chains serially for several days

With regards to actual analysis, it is common and advantageous to have one "core"
laboratory site that is assigned to conduct all testing. Fortunately, most cardiac markers
are stable in serum or plasma when stored and shipped frozen. Use of a single laboratory
eliminates the biases that are likely to be introduced by use of different instrumentation,
cutoff concentrations, and laboratory practices. Laboratories conducting large multicentre
trials should request enough blood so that they can be separated into one milliliter aliquots
and separately frozen. This will enable each aliquot to be tested in duplicate, or triplicate
if necessary. When new markers or indications for existing markers become available,
pilot phase T or ITa studies can be retrospectively conducted on these stored samples.

Assay performance must also be considered. The precision of the assays may be the
limiting factor. Commercial assays on automated immunoassay analyzers will be superior
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to prototype assays on manual platforms (e.g., ELISA). Older analysis procedures such as
electrophoresis, column chromatography, and immunoinhibition are not as precise or
sensitive as mass assays, and for cardiac markers, they should be discarded. The
specificity of cardiac markers will be critical for detecting endpoints of clinical trials. Non-
specific assays such as aspartate aminotransferase, lactate dehydrogenase with
isoenzymes, and even total CK and CK-MB may no longer have a role in prospective
clinical trials.

Evaluation of cardiac ischaemia

In the past, the existing cardiac markers have not been sufficiently sensitive to be of use in
detection of ischaemic changes. Although the question has not been fully resolved, many
investigators feel that release of cytosolic protein markers such as creatine kinase reflect
irreversible injury thereby making them unusable for detecting reversible ischaemic
changes [14,15]. In a recent study, however, cardiac troponin I was shown to be released
in ischaemic tissue following stenosis of coronary arteries in a pig model [16]. The
mechanism of troponin I release in ischaemic tissue is unclear. It is possible the troponin
originates from the free cytoplasmic pool and not the structural component. Glycogen
phosphorylase BB isoenzyme is a marker that may be more effective than troponin for
ischaemia because this enzyme directly participates in the glycogenolysis that occurs with
oxygen deficits [17]. Therefore, release of this isoenzyme might occur without
irreversible damage to the myocytes.

An area whereby ischaemic markers may be of tremendous value is in new treatment
strategies for patients with unstable angina pectoris. Unstable angina encompasses a wide
rage of clinical diseases ranging from ischaemia to non-Q wave acute myocardial
infarction [18]. Aspirin, heparin, nitrates, and beta-blockers have been proposed as
standard medical therapy for patients with unstable angina [19]. For patients with non-Q
wave AMI, traditional and new biochemical markers such as CK-MB and cardiac troponin
have and will continue to be used for diagnosis and risk assessment. However, new
therapies are being directed to minimize the extent of injuries caused by plaque disruption.
They have largely focused on inhibiting both thrombosis and activation of platelets, with
drugs such as hirudin, hirulog, and argatroban [20]. These agents may be more effective
than heparin because they inhibit thrombin that is both clot bound, as well as that present
free in the circulation. In clinical studies, hirudin, argatroban, and hirulog have been
examined in patients with unstable angina [21-23]. The primary endpoints included the
demonstration that these agents inhibited clot-bound thrombin, and to document the
incidence of untoward events such as death, remnfarction, recurrent ischaemia, and
bleeding.

Antagonists to the platelet receptor glycoprotein (GP) IIb/Illa is another area of active
clinical research for patients with acute coronary syndromes. Abciximab (ReoPro) is a
Fab monoclonal antibody fragment that binds to the GP IIb/I11a receptor thereby inhibiting
platelet adhesion to endothelial surfaces. Clinical trials have initially focused on the
protective effect of ReoPro and other antagonists such as Integrelin on patients undergoing
PTCA. The EPIC and IMPACT trials demonstrated a reduction in the incidence of death,
AMI, and restenosis [12,24]. In a preliminary study of refractory angina, ReoPro was
shown to reduce the incidence of recurring ischaemic events as measured by
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electrocardiography, and of TIMI coronary artery blood flow, as measured by
angiography [25].

Biochemical markers of ischaemia are not currently part of any of these clinical trials.
However, if reduction of ischaemic episodes is a desired objective of these new drugs,
then analysis for glycogen phosphorylase BB, thrombin precursor protein, and p-selectin
should be seriously considered, once the pathophysiologic and clinical utility of these
markers have been separately validated, and commercial assays made available.

Detection of minor myocardial injury following use of cardiotoxic drugs

Sensitive cardiac markers can be used to determine the presence of cardiotoxicities in
clinical drug trials. For example, anthracycline drugs such as doxorubicin and
daunorubicin are effective antineoplastic drugs in pediatric patients with tumors, such as
malignant lymphoma [26]. Many of these drugs can have serious cardiotoxicities. The
mechanism is thought to be induced by the formation of free radicals [27]. In clinical
studies, serum cardiac troponin T has been used to determine the extent of cardiac injuries
when doxorubicin was used to treat various malignancies. In some studies, no increases
were observed in studies of pediatric [28] and adult [29] malignancies, indicating the
absence of significant cardiotoxicities. In others, however, mild increases in cTnT were
observed in a subset of patients [30].

Other chemotherapeutic drugs have been reported to have toxic effects that include the
myocardium. 5-fluorouracil (5-FU) inhibits DNA synthesis and has been used for many
years for solid tumors such as breast and colorectal cancers. In one study of 231 patients,
six (2.6%) developed significant cardiotoxicities [31]. Symptoms, including angina,
hypotension, dyspnea, tachycardia, and arrhythmias are thought to be caused by coronary
artery spasm and do not contribute to irreversible injury [32]. However, there has been
one case report in which use of 5-FU led to an AMI, suggesting that irreversible injury can
also occur [33]. Paclitaxel is a antimitotic cytotoxic agent also used in patients with
metastatic breast cancer, and can produce cardiotoxicities. In one study of 27 patients with
ovarian cancer, cardiotoxicity was reported in 14.8% of cases with the combined use of
paclitaxel and carboplatin [34]. In a case report of a paclitaxel-induced fatality,
ultrastructural analysis suggested that the drug causes loss of myofibrils, and is similar to
anthracycline-induced myocardial injury [35]. Cardiac markers are not routinely used to
evaluate drug toxicities affecting the heart. With the development of sensitive and specific
markers for ischaemia and necrosis, such as cardiac troponins, future drug trials for
antineoplastic agents should include a biochemical assessment of myocardial damage.

Cardiac markers in conjunction with revascularization

Arguably the most important advance in the treatment of acute myocardial infarction has
been the introduction of the medical and surgical revascularization techniques of
intravenous thrombolytic therapy and percutaneous transluminal angioplasty (PTCA). In
the initial trials, the outcomes for clinical trials for IV therapy have focused on mortality,
and rate of coronary artery patency vs. placebo (Table 2). After thrombolytic therapy
became accepted as standard practice, subsequent clinical trials focused on comparing
success rates against different IV agents, and the success of the combination of IV therapy
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with PTCA. The accepted standard for determining coronary artery patency is
angiography. New thrombolytic agents have been developed, such as reteplase (a deletion
mutant of wild-type t-PA), and will be the focus of future clinical trials [36].

Coronary blood flow is graded according to a scale established by the TIMI
investigators [4]: grades 0 and 1 are no flow to the coronary beds distal to the obstruction,
while grades 2 and 3 indicate partial and complete perfusion, respectively, of previously
affected areas. Serial measurement of cardiac markers have been proposed as a
mechanism for the non-invasive determination of coronary blood flow (see Chapter 11).
Many studies have suggested that blood is collected just prior to initiation of therapy and
either 90 or 120 minutes thereafter [37,38]. Detection of the "washout phenomenon”, i.e.,
a bolus-like release of enzymes and proteins, indicates the presence of successful
reperfusion. Although serial measurements of markers may become part of routine
clinical practice, it seems unlikely that serologic testing will be definitive enough to
replace angiography as the "gold standard" for determination of success of thrombolytic
therapy in clinical trials.

Although the very objective of revascularization therapy is to restore coronary artery
blood flow, research in experimental animal models have shown that when such therapy is
successful, irreversible damage to these arteries can, and does, occur. This phenomenon is
termed "reperfusion injury." The mechanism of reperfusion injury is thought to be a
combination of free radical formation, activation of complement, and a disturbance in
calcium homeostasis [39]. Therapeutic drug trials are underway to reduce the magnitude
of reperfusion injury. Clinical and experimental trials have focused on the use of
magnesium [39], liposomal prostaglandin E1 [40], N-acetylcysteine [41], and poloxamer
188 [42] to reduce infarct sizing, improve left ventricular function and regional wall
motion.

Reperfusion injury also occurs following coronary artery bypass graft (CABG)
surgery. Traditional cardioplegic protective agents have included tepid hyperkalemic
crystalloids. Clinical trials are being conducted on new protective agents such as inotropic
agents (e.g., dopamine, dobutamine, etc.), adenosine, a potassium channel opener [43], L-
arginine, which augments nitric oxide release to inhibit neutrophilic injury [44], and
allopurinol which can attenuate free radical generation [45]. There has been a lot of recent
interest in acadesine, as it can increase the availability of adeonsine in ischaemic tissues.
In the Muticentre Study of Perioperative Ischaemia Research Group, acadesine was shown
to reduce early cardiac death, MI, and combined adverse cardiovascular outcomes when
administered before and during CABG surgery [46].

Biochemical markers may be useful in estimating the effect of therapy designed to
limit ischaemic reperfusion injury in controlled animal studies and human clinical trials.
In the past, infarct sizing studies have been based on serial measurements of creatine
kinase and CK-MB. These markers do not produce accurate measurements of infarct size
following reperfusion because, per gram of infarcted tissue, there is a higher recovery of
enzymes in the blood of patients with successful reperfusion, compared with those with
unsuccessful reperfusion [47]. It is not known how well CK-MB will perform when
comparing subsets of patients on whom successful reperfusion has been achieve
Nevertheless, markers that are less subject to influence by reperfusion status may be more
appropriate such as myosin light and heavy chains [48]. Validation studies for
experimental markers will need to be conducted in controlled animal models prior to
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infarct size estimates made on humans.
Therapeutic trials of congestive heart failure (CHF)

Among the long term consequences of repeated episodes of ischaemic injury is
development of congestive heart failure. Clinical practice guidelines have been developed
for management of patients with CHF, which has an estimated annual mortality rate of
10% [49]. CHF is classified by severity using guidelines established by Killip et al., and
the New York Heart Association [50,51]. Practice guidelines suggest the use of
angiotensin converting enzyme (ACE) inhibitors and diuretics if there are signs of
significant volume overload. Digoxin can be used to improve contractile force if the case
is severe. Patients should be evaluated for left ventricular function with echocardiography
and radionuclide ventriculography to measure ejection fraction. There has been interest
recently in the use of beta-blockers as adjunctive therapy for CHF patients, although the
improvements in mortality have not yet been documented [52].

Clinical trials for digoxin and ACE inhibitors in patients with heart failure have
focused on the rate of clinical deterioration, exercise tolerance, ejection fraction, CHF
classifications, and quality of life [53,54]. Biochemical markers are not currently used in
these assessments. Recently, however, brain natriuretic peptide (BNP) has been suggested
as a marker of CHF. BNP is a 32-amino acid peptide that originates from the brain and
ventricles of the heart and is an important hormone for regulation of fluid volume, sodium
balance and blood pressure {55]. Blood concentrations of BNP in patients with CHF are
significantly increased over normal values. Although there is overlap between groups,
there is a correlation between the extent of abnormal concentrations and the severity of
disease [56]. When new clinical trials are being planned, it may be possible to use blood
concentrations of BNP before and after initiation of new therapy, to determine if there is a
decrease in the concentration of BNP, suggestive of an amelioration of the disease.

Research in stunning and hibernating myocardium

Brain natriuretic peptide, and possibly other cardiac markers, might also be useful in
future research and clinical studies involving myocardial stunning and hibernation.
Myocardial tissue is said to be stunned when there is left ventricular contractile
dysfunction, despite the presence of viable myocardial cells [S7]. This phenomenon
occurs immediately after revascularization of ischaemic areas (e.g., thrombolytic therapy,
angioplasty, bypass surgery) and can last for 24-48 hours. In the hibernating myocardium,
there is a persistent dysfunction of viable tissue caused by a reduction in coronary blood
flow, such as that seen in patients with acute coronary syndromes. The hibernating
myocardium may be a compensatory mechanism to reduce the oxygen needs of ischaemic
tissue. Restoration of blood flow leads to a return of contractile function. The
echocardiogram is used to detect regional wall motion abnormalities that are caused by
stunned and hibernating myocardium. However, irreversible myocardial necrosis
resuiting from acute myocardial infarction will also produce these abnormalities. These
cells, however, cannot be recovered. Positron emission tomography can be used to
distinguish between dysfunctional but viable tissue from that which is permanently
damaged [58]. The uptake of substances such as fluorodeoxyglucose indicates active



ROLE OF SERUM BIOCHEMICAL MARKERS IN CLINICAL TRIALS 197

metabolites by myocytes that have latent contractile capabilities.

Cardioprotective agents used before and after bypass surgery are logical candidate
pharmacologic therapy for stunned myocardium. In addition, other drug classes have been
used to treat or demonstrate stunning and hibernation including nitrates, calcium
antagonists, ACE inhibitors, and beta-blockers [58]. Because neither stunning nor
hibernating myocardium are associated with irreversible injury, conventional serum
markers such as CK-MB and troponin are within the normal range. To evaluate the
success of protective agents, early ischaemic markers, such as glycogen phosphorylase
BB, or tests of left ventricular function such as BNP may have the most to offer in clinical
trials.
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Chapter 17

PRE-CLINICAL APPLICATION OF
MARKERS OF MYOCARDIAL DAMAGE

David W. Holt

There is increasing interest in the specific detection of myocardial damage in pre-
clinical studies. In addition to basic research studies involving animals this interest
stems from the need to rule-out the potential for myocardial damage of new drug
molecules at an early stage in their development. Specific detection of myocardial
damage in animals may also be of use in the diagnosis and treatment of pathological
conditions affecting the hearts of agricultural or domestic animals.

Until recently, the analytes available in this setting lacked both specificity and
sensitivity for myocardial damage, and were poorly validated in animal species. With
the introduction of assays for the cardiac troponins, and for the separation of creatine
kinase MB isoforms, the potential for studies in this field has been substantially
enhanced.

This chapter will review some of the data which suggest that assays optimised for
the measurement of cardiac marker proteins in samples from humans can be used in
samples from some animal species with some confidence.

Analytes available

For most experimental studies the aim is, as in the human setting, to detect whether
there are biochemical signs of myocardial damage by performing single or serial
measurements of marker analytes in serum or plasma. For such measurements to be
applicable in regulatory studies associated with drug development there needs to be
evidence that the significance of the marker analytes detected in animal species is the
same or similar to that when the marker appears in the human circulation.

Some conventional analytes used in clinical medicine to detect myocardial damage
are applicable for use with samples of non-human origin. Thus, measurement of the
enzymatic activity of creatine kinase (CK), the isoenzymes of CK, the isoenzymes of
lactate dehydrogenase (LDH), or hydoxybutyrate dehydrogenase (HBDH) are all
feasible, but they lack both specificity and sensitivity for myocardial injury.

Of the newer analytes with a higher specificity or sensitivity for cardiac muscle
damage, measurements of CK MB isoenzyme mass (CK-MB) are not practicable
because there is poor species conservation of the molecule. Thus, the immunoassays
developed for human application are too selective for epitopes on the human form of
CK-MB and will not even cross-react to an appreciable extent with CK-MB from higher
primates. Currently, there are no commercial assays for the BB isoenzyme of glycogen
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phosphorylase or for cardiac fatty acid binding protein, and there are not data to
indicate that they would be of value in pre-clinical studies.

There is good reason to suppose that clinical assays for the cardiac forms of
troponin T (cTnT) and troponin I (cTnl) can be used for samples from pre-clinical
studies. There is species conservation in the structure of these proteins, certainly in the
higher vertebrates, and there is growing evidence that the measurement of these
analytes can distinguish between troponins of cardiac and skeletal origin, in species
other than man.[1-5] In addition, there is evidence from this laboratory that separation
of the isoforms of CK-MB provides a sensitive and selective indication of myocardial
damage which can be used in association with measurements of the troponins in a
variety of animal species.[6]

The remainder of this chapter will summarise some of the potential problems in
applying measurements of marker proteins to pre-clinical studies and will also
document some practical applications of the assays.

Potential problems
Assay related

Antibody cross-reactivity. Whilst immunoassays which have been optimised for the
measurement of cTnT and cTnl in clinical samples may give positive results in samples
from experimental animals, they may not be cross-reacting with these analytes on a 1:1
basis. Nor does detection automatically imply cardiac, rather than skeletal, muscle
damage. The need is for studies which demonstrate that antibodies to cardiac TnT and
Tnl cross-react only with troponin molecules of cardiac origin in the target species, and
which establish the significance of the numerical values obtained.

Whilst only one commercial assay is currently available for cTnT,[2,7] a number of
cTnl assays are available.[8-14] There are differences between the assays in the
epitopes on the cTnl molecule recognised by the anti-cTnl antibody, and there appear to
be some differences related to the calibration of the assay. For samples from human
subjects the diagnostic cut-off values are not the same for each assay. It should be
remembered that validation of one of these assays in an animal species does not imply
that all of these assays will give comparable results.

Analyte stability. It is common practice to store serum or plasma samples deep-frozen,
in the range -20° to -70°C, whilst tissue samples are often snap-frozen in liquid
nitrogen. It is advisable to demonstrate the stability of the marker proteins chosen for
experimental use during the period of intended storage, as well as their stability through
at least two freeze/thaw cycles and at ambient temperature during a working day.
Again, stability in one assay format does not imply stability of an analyte in a
measurement system devised by another manufacturer.

Reference ranges. Individual, species-related, reference ranges should be determined
for the marker proteins. When control data are not available for a particular species, at
the very least, data should be generated from a control group studied in parallel with the
test group of animals. If this is not possible, because animals are not available to form a



PRE-CLINICAL APPLICATION OF MARKERS OF MYOCARDIAL DAMAGE 203

control group, frequent samples should be collected before the start of the study, to
establish base-line measurements.

The importance of determining reference ranges for a particular species is
underlined by recent data showing that, even in apparently healthy individuals, there is
substantial within-subject variability in the measurement of such parameters as CK-MB
mass.[15] Thus, for animal studies, within-species variability for each analyte should be
determined; the use of mean data derived in humans is entirely inappropriate without
adequate control studies. There are also data to suggest that poor laboratory
performance of assays for, even, the conventional analytes could introduce marked
variability in the calculation of reference ranges.[16]

In determining reference ranges the dynamic range of the assay should also be borne
in mind. Measured concentrations should be within the range of the calibrators, or
concentrations outside this range should be validated with appropriate control samples.
When large sample dilutions are needed, for instance if analytes are being measured in
tissue extracts, the assayed sample should correspond as closely as possible with the
matrix recommended by the manufacturer of the assay.[17] Failure to optimise the
matrix can lead to spurious results. For instance, tap water can give a positive result if
measured for cTnT (Collinson P., personal communication).

Tissue distribution of the analytes

The marker proteins under discussion differ in their distribution from one species to
another. The potential differences are well illustrated in Figure 1, which shows the
electrophoretic separation of CK isoenzymes in the cytosolic fraction of human and
canine ventricular myocardium. There is a markedly higher proportion of the MB
isoenzyme in the sample of human origin, compared with the canine sample. In some
species, such as swine, rabbits and horses, the activity of CK-MB in plasma is very low
or undetectable.[5]

Figure 1a. Electrophoretic separation of CK isoenzymes in a cytosolic fraction of human myocardial
muscle. The proportions for each isoenzyme were 69.8% (MM), 28.6% (MB) and 1.6% (BB). Data:
Analytical Unit, unpublished observation.
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Figure 1b. Electrophoretic separation of CK isoenzymes in a cytosolic fraction of beagle dog myocardial
muscle. The proportions for each isoenzyme were 91.1% (MM) and 8.9% (MB). Data: Analytical Unit,
unpublished observation.

Similarly, there are between-species differences in the cytosolic fraction of ¢TnT. In
human myocardial samples it is approximately 6-8% of the total myocardial
content.[18,19] In Wistar rats the cytosolic fraction was found to be identical with that
of humans, but in dogs the cytosolic fraction was only 2%.[19,20] These findings have
implications for the kinetics of release of ¢TnT following myocardial damage or
revascularisation.[20]

Underlying pathology

The distribution of marker proteins may vary between-species and may be influenced
by disease state. Voss et al [19] noted that the distribution of ¢TnT and CK-MB differed
between the right and left ventricles in the dog; cTnT was higher and CK-MB was
lower in the right ventricle. These differences impacted on the calculation of infarct size
from measurements of these analytes, depending on the location of the infarct.

Ricchiuti et al [21] found differences in the tissue content of cTnT and cTnl in porcine
left ventricle from control animals and those which had suffered myocardial infarction
following ligation. Tissue remote from the site of infarction contained significantly less
¢TnT and cTnl than tissue from the control animals, suggesting that measurement of
these proteins in the circulation could correlate with their chronic loss from injured
myocardium.

O’Brien [22] noted that myofibrillar cTnT was 25% lower in Doberman Pinschers
with advanced congestive heart failure secondary to idiopathic dilated cardiomyopathy,
compared with mixed-breed control dogs; cytosolic CK-MB was 50% lower. Thus,
tissue measurements of these analytes in diseased animals must be related to healthy
controls. It is interesting to note that, in humans, changes in the CK-MB isoform ratio
have been related to signs of deterioration in patients with idiopathic dilated
cardiomyopathy.[23]
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There are two current, unresolved, controversies concerning the measurement of the
cardiac troponins in samples from humans, both of which should be borne in mind
when applying the measurement to pre-clinical studies.

Firstly, there is the possibility that cTnT may be expressed in regenerating human
skeletal muscle, such as from patients with polymyositis or Duchenne muscular
dystrophy.[24] There are similar data in regenerating rat muscle fibres following cold
injury.[25] Whilst it may be possible to detect ¢cTnT in these clinical settings, using
immunohistochemistry and Western blot techniques, the significance of these finding in
relation to serum or plasma measurements of c¢TnT is not clear. However, spurious
measurements of ¢TnT in serum or plasma should be excluded in animals bred
specifically for research on these diseases.

Secondly, the influence of renal failure on the measurement of both ¢TnT and ¢Tnl
has been reported. Several groups have noted that both analytes can be present at
concentrations above the cut-off values in the serum or plasma of patients with
impaired renal function, but without overt signs of cardiac muscle damage.[26-28] The
implication is that the detection of these analytes is due to their extracardiac expression
in patients with renal disease, and that this phenomenon diminishes the cardiac
specificity of the measurements. Whilst improvements to the cardiac specificity of the
cTnT assay have reduced the incidence of apparent false positive results, there are a
significant number of patients with ¢cTnT values above the normal cut-off but without
signs of cardiac involvement.[7] More recent findings, in which patients with end-stage
renal disease were subjected to intensive cardiovascular diagnostic tests, suggests that
those with a raised ¢TnT may, indeed, have increased cardiovascular risk factors.[29]
Thus, the measurement may be of diagnostic value. No matter how this matter is
resolved in clinical practice, care should be taken to exclude the influence of renal
function in the interpretation of data obtained from animals, especially if the object of
the study is to detect or rule-out minor myocardial damage.

In animal studies it is very important that markers of muscle damage can
differentiate between skeletal and cardiac muscle damage. Skeletal muscle damage is
relatively common in laboratory animals, due to such factors as struggling during
handling, and injuries caused by cages or restraints. The conventional analytes, such as
CK may be grossly elevated at a time when more selective analytes show no evidence
of cardiac muscle damage. Figure 2 illustrates two points in this respect.

A cynomolgus monkey was exposed to a test compound that had been implicated in
the development of histological signs of myocardial damage. Measurement of total CK
in this animal was in excess of 4000U/L, but there were no signs of cardiac muscle
damage at autopsy. Two specific markers of myocardial damage - the CK-MB2/MBI1
isoform ratio remained within normal limits noted in control animals and ¢Tnl (Sanofi-
Pasteur) concentration was below the cut-off value for the assay. However,
measurements of cTnT became very elevated during the study period. The ¢TnT assay
used at the time was the first generation assay, which was known to give false positive
results in the presence of high concentrations of skeletal TnT. Taking into account the
other two marker protein results it was concluded that the apparently high ¢TnT
concentrations were not due to cardiac muscle damage. Samples were not available for
testing with the second generation assay, which is not affected by high concentrations
of skeletal muscle TnT.[30]
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Figure 2. Measurements of ¢TnT and cTnl in serum samples from a cynomolgus monkey following
administration of a test compound which was not associated with histological signs of myocardial injury.
During the course of these observations the CK-MB2/MB! isoform ratio was below 0.8 at all time points.
Data: Analytical Unit, unpublished observation.

Similarly, it is interesting to note a series of studies in which serum ¢TnT was
measured in broiler chickens as a marker of ascites, secondary to right ventricular
hypertrophy.[31] The authors reported significantly higher cTnT concentrations in the
affected birds, compared with controls, but the range of values, even in the control
animals, was wide and above the normal cut-off value. Subsequently, measurements
made in healthy birds up to 28 days following hatching were as high as 7.9pg/L at 28
days.[32] These measurements, too, were made with the first generation ¢TnT assay and
it seems likely that the findings were influenced by skeletal muscle damage early in life,
highlighting the need to exclude confounding variables when interpreting these
measurements.

Finally, Bernardi et a/ [33] noted that measurements of the conventional markers
CK, LDH and HBDH were elevated in samples collected from orbital sites in rats,
compared with samples collected from the abdominal aorta. The data were consistent
with soft tissue injury, underlining the need for both assessing the influence of sampling
techniques and identifying markers with a high specificity for cardiac muscle damage if
a differential diagnosis between skeletal and cardiac muscle damage is to be achieved.

Applications
There have been three important recent reports in the literature which confirm the

validity of using measurements of the cardiac troponins as markers of myocardial
damage in animals.
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Firstly, Chocron et al {34] measured the release of cTnl from Langendorff perfused
Wistar rat hearts. Three experimental groups were studied: 1. control hearts perfused
after excision, 2. hearts perfused after immersion in St Thomas’s Hospital solution for 3
hours, 3. hearts perfused after immersion in St Thomas’s Hospital solution for 6 hours.
Hearts were allowed to stabilise for 30 minutes, after which serial measurements of
cTnl (Sanofi Pasteur), CK-MB and LDH were made for 2 hours.

Concentrations of cTnl increased in proportion to the period of ischaemia, and the
period of ischaemia was related to histological signs of myocardial cell damage. The
activities of the two conventional markers were not related to the period of ischaemia.
Thus, c¢Tnl was shown to be an early and sensitive marker of ischaemic myocardial
injury, with distinct advantages over the conventional markers.

Secondly, Vorderwinkler ez al [35] also established Langendorff perfusion of Wistar
rat hearts which, after 30 minutes of equilibration, were subjected to 60 minutes of
hypoxic perfusion, then 75 minutes of re-oxygenation. Measurements of both ¢cTnT and
cTnl (Sanofi Pasteur) showed a significant and parallel rise within 5 minutes of re-
oxygenation, acting as sensitive markers under conditions simulating those of
myocardial infarction followed by revascularisation. In this instance the release of the
troponins was similar to the release of the conventional markers CK-MB and LDH.

In contrast to the latter findings, Hjelms ef a/ [36] demonstrated the poor diagnostic
sensitivity for the non-specific marker CK. Three groups of dogs were studied - control,
those subjected to irreversible myocardial ischaemic damage leading to transmural
myocardial infarction, and those subjected to short periods of ischaemia producing no
evidence of infarction. Whilst CK activity was elevated in all three groups there was no
significant difference in the cumulative release over 8 hours for the two groups exposed
to ischemic stress.

Thirdly, O’Brien et a/ [5] have made measurements of ¢TnT as a marker of
myocardial damage in a variety of laboratory animals. In mixed-breed dogs and
Sprague-Dawley rats there was a significant trend for cTnT to increase with the time of
reperfusion, following coronary occlusion. Concentrations of ¢cTnT also correlated with
infarct size within 3 hours of occlusion. These authors also demonstrated that the assay
could be applied to drug-induced myocardial damage in animals by measuring c¢TnT in
mice treated with doxorubicin for 5 days. There was a more than 10 fold increase in
cTnT in the treated mice compared with the controls, although it should be noted that
concentrations of cTnT in the control mice were very high. For this experiment the first
generation ¢TnT assay was used.

Isoprenaline-induced, and histologically confirmed, myocardial damage has also
been detected in Sprague-Dawley rats by means of ¢TnT.[37] There were marked
elevations of cTnT within 6 hours of treatment and concentrations were still
significantly elevated 48 hours after treatment. The conventional markers CK and LDH
were of little diagnostic value.

The practical value of using animals in preliminary studies to determine the clinical
value of c¢Tnl measurements has been shown by Smith es al. [38] This group
demonstrated that cTnl was a useful non-invasive marker for the detection of
myocarditis by first making measurements in mice with autoimmune myocarditis. The
marker was elevated in 24 of 26 test mice but in none of the control mice.
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In this laboratory, separation of CK-MB isoforms has been shown to be a sensitive
technique for the detection of drug-induced myocardial damage in beagle dogs and has
been used in association with measurements of ¢TnT.

In control dogs the mean ratio CK-MB2/MB1 was 0.99, very similar to the ratio
found in humans without signs of myocardial injury. Figure 3a shows the rapid rise in
this ratio shortly after the administration of a drug which produced histological signs of
myocardial injury; there was no significant change in the ratio in samples from a control
animal. In Figure 3b the changes in serum cTnT are shown in the same test animal.
Both markers are rapid and sensitive indicators of myocardial injury but there are clear
differences in the kinetics of their release and clearance. The CK-MB2-MBI ratio
returns within normal limits relatively quickly, making this a suitable marker for any
subsequent episode of myocardial injury.[39]

Figure 3a. Measurement of the CK-MB2/MB!1 isoform ratio in a control beagle dog and a beagie dog
exposed to a test compound associated with histological signs of myocardial injury. Data: Analytical Unit,
unpublished observation.

Further work in this laboratory suggests that separation of CK-MB isoforms is also
applicable as a sensitive marker of myocardial damage in monkey, rat, and mini pig.
Work is continuing in this field to establish the skeletal muscle and cardiac muscle
distribution of the CK isoforms in these species.
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Figure 3b. Measurement of the CK-MB2/MB1 isoform ratio and cTnT in a beagle dog exposed to a test
compound associated with histological signs of myocardial injury. Data: Analytical Unit, unpublished
observation.

Conclusions

This chapter has set-out to address some of the problems associated with the specific
detection of myocardial damage in animals. Whilst there are caveats which must be
placed on the use of the tests described it is clear that the existing assays for ¢TnT and
cTnl, together with the separation of CK-MB isoforms, can be applied in a broad range
of species.

The data so far suggest that cTnT and cTnl can be used in several common
laboratory animal species to detect ischaemic or drug-induced myocardial damage and
it is likely that they could be used to monitor myocardial damage associated with
invasive procedures.[40] They represent a significant advance over the conventional
markers in terms of specificity and sensitivity.

The application of these markers in the diagnosis or monitoring of diseases in
animals is limited but there are some encouraging initial results.

Rigorous validation of the assays is needed for regulatory studies, paying attention
to within-species and between-species differences in the distribution of the analytes,
and matrix effects when they are measured in assay systems designed for use with
human serum or plasma samples.
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