Chapter 10
Cardiac Muscle and the Troponins

Elizabeth A. Hausner

Abstract The cardiac troponins (cTns) are structural proteins of the cardiac
myocyte contractile apparatus. When measured in circulating blood, the cardiac
troponins are sensitive and specific indicators of cardiac myocyte necrosis. The
elevation of cardiac troponins without necrosis remains controversial. Understanding
of the troponins now includes recognition of the role of posttranslational modifica-
tions of troponin T and troponin I in the modulation of cardiac muscle contraction
and overall physiology. The assays currently available for detection of troponins in
the circulation are immunologically based, using antibodies to a number of epitopes
of troponin I and T. Posttranslational modifications, proteolysis, and single nucleo-
tide polymorphisms may affect the ability of the assay antibodies to recognize epit-
opes on the circulating troponins. The focus of this chapter is an overview of the
biology of the cTns, their role in cardiac muscle contraction, and the detection of
cardiac troponins with commercially available assays.

Keywords Cardiac troponin * Troponin ¢ Troponin I ¢ Troponin T ¢ Cardiac
biomarker * Biomarkers of myocardial damage

10.1 Introduction

The cardiac troponins (cTns) are a complex of three protein subunits, troponin C
(TnC, the Ca?*-binding subunit), troponin I (Tnl, the inhibitory subunit), and tropo-
nin T (TnT, the tropomyosin-binding subunit). The complex as a whole provides
physiologic modulation of calcium sensitivity and cardiac myocyte contraction.
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Circulating cardiac troponins are the gold standard clinical chemistry test for
diagnosing myocardial infarction as recommended by the European and American
Cardiology Societies in 2000 and again in 2007 and 2012 [1-3].

Although an elevated cTn is sensitive and specific for cardiac myonecrosis, it is
not specific for myocardial infarction (MI) (i.e., cellular injury related to myocardial
ischemia) [4]. Cardiac troponin can also be elevated in other conditions such as
heart failure, pulmonary embolus, hypertrophic cardiomyopathy, hypertension with
or without left ventricular hypertrophy, renal failure, severe anemia, strenuous exer-
cise, and sepsis [3]. In general, cTn elevation, regardless of the etiology, conveys a
WOTsSe prognosis.

The focus of the chapter is an overview of the biology of the cardiac troponins
(cTns) and their role in cardiac muscle contraction. In addition, this chapter also
discusses the evolution of cTn assays and factors that may affect detection.

10.2 Comparison of Cardiac and Skeletal Muscle

Muscle is classified into three categories: smooth (nonstriated), striated skeletal,
and striated cardiac muscle. Striated cardiac muscle can be further categorized into
atrial muscle, ventricular muscle, and specialized muscle of the cardiac conduction
system. The specialized muscles of the conduction system have few contractile
fibers and, therefore, limited contractility. The contraction of the heart muscle is
influenced by numerous factors, including the intrinsic properties of the different
cardiac muscle types, the isoforms, and the variations and modifications in any and
all of the muscle proteins [5].

The skeletal and cardiac muscle have similarities of structure, function, and
microscopic appearance. Both skeletal and cardiac muscle cells have myofibrils,
arranged in parallel fashion. The cardiac muscle fibers have extensively branching
networks, whereas the skeletal muscle fibers primarily run in parallel throughout the
length of the muscle. Both muscle types have interdigitating thick and thin filaments
arranged in the repeating unit of the sarcomere. Striated skeletal muscle is multi-
nucleate, while cardiac muscle cells are mononucleate. Both muscle types contain
sarcoplasm (cytoplasm), sarcoplasmic reticulum, and a T-tubule system formed by
invaginations of the sarcolemma.

Because the heart muscle beats continuously, there is a constant demand for
energy. The cytoplasm surrounding the cardiac myofibrils contains a high density of
mitochondria, comprising 25 % of the cellular volume. Unlike skeletal muscle, the
heart contracts involuntarily in a rhythmic fashion and cannot draw upon different
types and groups of muscle fibers to meet metabolic demands. Cardiac muscle con-
traction is brief, and relaxation must occur after each contraction.

Other unique properties of cardiac muscle include automaticity and intercalated
disks. Automaticity is the ability of cardiac myocytes to beat spontaneously even
when denervated. Intercalated disks are a connection and communication sys-
tem containing three intercellular adhesion structures: fascia adherens junctions,
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desmosomes, and gap junctions. The intercalated discs allow for the rapid transmis-
sion of the action potential. This rapid communication system facilitates coordi-
nated contraction of the heart, permits diffusion of ions and small molecules, and
allows for coupling of electrical and metabolic activity [6, 7].

10.3 The Sarcomere

The sarcomere, illustrated in Fig. 10.1, is the functional unit of striated muscle.
These units are arranged in series, creating the myofibrils. The striated microscopic
appearance is due to the alternating A bands (thick filaments) and I bands (thin
filaments). Thick filaments are composed of two myosin heavy chains (MHC) com-
plexed with two molecules each of myosin light chains (MLC-1, essential light
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Fig. 10.1 The schematic illustrates the main structural components of a striated muscle cell sar-
comere. Thin filaments (I bands) are composed of actin monomers and tropomyosin. The thick
filaments (A bands) are composed of two myosin chains complexed with myosin light chains. The
striated microscopic appearance of the sarcomere is due to alternating A bands and I bands. The Z
lines, forming the lateral boundaries of the sarcomere, are comprised primarily of a-actinin and
other proteins. The M-band in the middle of the sarcomere is formed of cross-connecting elements
of the cytoskeleton. Myosin filaments are cross-linked by myomesin (This figure which originally
appeared in Marian and Roberts [8] is used here with permission)
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chain, and MLC-2, regulatory light chain). Thin filaments are composed of Tm and
actin. The actin monomers polymerize into a double-helical structure longitudinally
oriented around myosin. The tropomyosin molecule is arranged end to end to form
a continuous strand along the actin filament. The cardiac troponin complex is bound
via tropomyosin to every seven actin monomers in a 7:1:1:1 actin-tropomyosin-
troponin ratio [9]. Tropomyosin binds to seven actin monomers in the thin fila-
ment and overlaps adjacent Tm molecules. The Z lines are the lateral boundaries
of the sarcomere, comprised of a backbone of layers of a-actinin and other asso-
ciated proteins, that facilitate interactions of actin filaments, titin molecules, and
other elements. The T-tubule system communicates with the sarcoplasmic reticu-
lum, assists in transmitting the action potential across the cell, and interdigitates
with the Z lines. Costameres link the Z band to the sarcolemma [10]. The M-band,
located in the middle of the sarcomere, is formed of cross-connecting elements of
the cytoskeleton. The myosin filaments interact with the M-band protein, myomesin
[11]. A three-filament model of muscle contraction has been proposed that includes
the giant protein titin in addition to the thin and thick filaments. Titin, sometimes
referred to as the third filament system, spans half the sarcomere from the Z-disk to
the M-band as a springlike filament and is thought to provide the elastic properties
of the sarcomere, among other possible functions [12].

10.4 Biology of the Cardiac Troponins

The cTns are a complex of three protein subunits, troponin C (TnC, the calcium-
binding subunit), troponin I (Tnl, the inhibitory subunit), and troponin T (TnT, the
tropomyosin-binding subunit), arranged in a 1:1:1 stoichiometric ratio. This com-
plex plays a role in the physiologic modulation of calcium sensitivity and cardiac
myocyte contraction.

As structural components of the cardiac myocyte, cTns are well conserved
across species, making them a “translational biomarker” in both veterinary and
human medicine and a useful indicator of drug-related cardiac damage in biomedi-
cal research. Different isoforms, alternative splicing, mutations, and posttransla-
tional modifications to the troponins have been associated with the function and
health of the heart as well as various pathologic conditions such as cardiomyopa-
thies (Chap. 1).

Troponin C Cardiac TnC is an 18 kDa EF-hand calcium-binding protein with two
lobular domains, each of which has two Ca-binding sites. Each of the four
EF-hands has two a-helices between which is a Ca?*-binding loop. There is an addi-
tional a-helix at the N-terminal (N-helix). The N-terminal binding sites control the
regulatory function of the subunit. The same isoform of TnC is expressed in cardiac
and slow skeletal muscle (ssTnC) and is not specific for the heart (c/ssTnC).
Nonconservative amino acid substitutions in the first EF-hand of c¢/ss TnC impede
calcium binding [13-15, 16, 18].
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Troponin I Cardiac Tnl, a 24 kDa protein, was named for its inhibition of
actin-activated myosin ATPase activity [22]. In humans, cardiac troponin I is pro-
duced from the TNNI3 gene on chromosome 19. When intracellular Ca?* is low, the
inhibitory region of cTnl binds to actin, inhibiting muscle contraction. Binding of Ca**
to TnC increases as the intracellular concentration of Ca?* increases. This induces a
conformational change that increases the affinity of TnC for cTnl. Conformational
changes to cTnl allow the molecule to alternate binding between TnC and actin
in response to intracellular calcium concentrations [19]. Both ¢Tnl and ssTnl are
detectable throughout fetal development, but the skeletal isoform is predominant
during that time period. There is a transition to expression of cTnl in the heart dur-
ing the first nine postnatal months. Some data suggest that this isoform shift from
fetal to adult may have functional implications for the heart. Hearts with congenital
malformations may have a different time frame of isoform transition [20, 21].

Cardiac Tnl has six distinct functional regions including: (1) an N-terminal
extension, cTnl; s, unique to the cardiac isoform, containing phosphorylation sites
Ser-23 and Ser-24; (2) the N-terminal, cTnl 3, 7)), a region that provides contact with
troponin C; (3) cTnlgo 136 that binds to C-terminal regions of cTnT; (4) the over-
lapping inhibitory region, cTnl(jzs 147, that binds cTnC and actin-tropomyosin; (5)
switch or triggering region, cTnl147_163); and (6) the C-terminal domain that binds
actin-tropomyosin, cTnl g9 [17]. Residues 42-136 are sometimes referred to as
part of the IT arm [18].

In addition to regulating the actin-myosin interaction, regions of the cTnl sub-
units as well as specific modifications to those regions have been shown to have
additional regulatory control over cardiac function. The inhibitory region of cTnl
contains Thr-143, a major phosphorylation site, which may affect velocity of
shortening and is also implicated in the posttranslational modifications of cardiac
troponins associated with hypertrophy and subsequent heart failure [22]. The phos-
phorylation sites in the NH,-terminal extension are targets for a number of protein
kinases (PK), including protein kinase A (PKA). Under B-adrenergic stimulation,
the phosphorylation of Ser-23/Ser-24 decreases the Ca?* affinity of the cTn com-
plex and increases the rate of myocardial relaxation [23, 24]. Protein kinase C may
phosphorylate cTnl at Ser-23/Ser-24, Ser-43/Ser-45, and Thr-144. Phosphorylation
at Thr-144 appears to depress cooperative activation of the thin filament [25]. The
process of dephosphorylation is little understood at this time. The N-terminal exten-
sion of ¢Tnl may be removed, posttranslationally, due to hemodynamic stress or
3-adrenergic deficiency. This truncation removes the Ser 23/Ser-24 phosphory-
lation sites; however, the core structure of cTnl remains functional. Genetically
modified mice with this alteration are viable through adulthood. The truncation of
the N-terminal seems to increase the rate of relaxation of the ventricular muscle,
increasing tolerance to decreased preload, an effect similar to phosphorylation of
Ser 23/Ser-24 [24, 26-28].

Troponin T Cardiac TnT, a 37 kDa protein, the largest of the three subunits, has
diverse intermolecular interactions. Cardiac TnT binds to ¢Tnl and cTnC to form
the overall troponin complex and also binds to tropomyosin (Tm) and actin. In
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humans, three TnT genes have been described. These separate genes encode the
isoforms found in slow skeletal muscle, fast skeletal muscle, and cardiac (cTnT)
muscle. Each isoform is subject to alternative RNA splicing, producing multiple tis-
sue-specific isoforms [19, 29]. The cardiac-specific TnT is encoded by the TNNT2
gene, located on chromosome 1. A number of isoforms have been identified, four
of which have been described for the human heart. Cardiac TnT,; and TnT, are
expressed primarily in the fetal heart. Cardiac TnTj; is the primary isoform in the
healthy adult heart, and cTnT, is expressed in the fetal heart and is reexpressed
in the adult failing heart. Although most of ¢TnT is highly conserved, there is a
unique, hypervariable N-terminal region (residues 1-69) which is variable across
isoforms [16, 19, 30].

Similar to cTnl, the N-terminal region of cTnT contains several phosphorylation
sites, primarily Ser-2, Thr-294, Thr-204, Thr-213, and Ser-208. The role of ¢cTnT
phosphorylation and cardiac function is unclear, but data suggest that phosphoryla-
tion of cTnT decreases the binding affinity of ¢cTnT for Tm and reduces the ability
of troponin to expose blocked myosin binding sites. The net result is a decrease in
Ca?*-dependent actomyosin ATPase activity [31]. A number of mutations associ-
ated with hypertrophic and dilated cardiomyopathies have been identified in human
c¢TnT [32].

10.5 Cardiac Muscle Contraction

The sliding filament theory of muscle contraction was proposed in 1954 by Huxley
and Hanson, years before it was recognized that calcium and the cardiac troponin
complex played a key role in this process. The sliding of the interdigitated thin and
thick filaments causes a shortening of the distance between the Z lines, as observed
by microscopy. Later work demonstrated that contraction involves a cycle of myo-
sin “reaching forward” to bind to actin and form the crossbridge, contraction,
release of actin, and then the forward movement of the hinged globular region of the
myosin S1 segment to begin the cycle again, as shown in Fig. 10.2.

Hydrolysis of ATP provides the energy for myosin to pull the actin filaments.
The myosin crossbridges rotate toward the center of the sarcomere in what is
referred to as the “power stroke.” Subsequently, an ATP molecule binds to the myo-
sin head, breaking the crossbridge and allowing myosin to reattach to the actin at a
site further along the actin filament. After decades of rigorous scientific examination,
the sliding filament model still stands, albeit refined by new data. A plethora of new
proteins and lipids have been demonstrated to be involved in contraction, restora-
tion of relaxation, and maintenance of structural integrity under conditions of con-
sistent deformation (contraction-relaxation).

The cycle of a heartbeat is the process that leads to and includes contraction,
ejection, subsequent relaxation, and filling of the cardiac chambers with blood.
The cardiac cycle begins with an action potential and membrane depolarization.
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Fig. 10.2 Cardiac muscle contraction through one cycle of cardiac contraction and relaxation
(This figure which originally appeared in Marian and Roberts [8] is used here with permission). In
State 1, ATP is bound to the globular head of myosin. The myosin ATPase hydrolyzes ATP, gener-
ating ADP and Pi (State 2). The Pi is released and the globular head binds to the actin filament
(State 3). Flexion of the hinge region of myosin displaces the globular head over the actin filament,
causing the power stroke and muscle contraction (cardiac systole (State 3 to State 4)). ADP is
released, with ATP again taken into the binding site on the globular head, releasing myosin from
actin (return to State 1)

The concentration of intracellular Ca** rises, followed by Ca?* binding to cTnC,
changes in the thin filament, and force generation of crossbridges. The cycling of
muscle fibers between contraction and relaxation must occur within the heartbeat
and be adaptable to a wide range of heart rates and contractility. It has been pro-
posed that the rise of intracellular Ca?* and the Ca?*-induced troponin switch occurs
within approximately 20 ms, the first 20-30 % of the isovolumetric pressure rise.
This suggests that the rate of myocardial contraction is limited by processes other
than Ca**-regulated troponin switching [33] (Chap. 4).

In diastole, the N-terminal tail of cTnT, the inhibitory peptide of cTnl, and
an actin-binding region of cTnl hold Tm in a blocking position that prevents the
development of crossbridges (steric blocking model) [34]. The electrical events of
the action potential and membrane depolarization are linked to the mechanical result
of cardiac contraction. This excitation-contraction coupling begins with the release
of calcium from the sarcoplasmic reticulum. Calcium enters the cytoplasm primarily
via the L-type channels and triggers the release of more calcium from the sarco-
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plasmic reticulum via the ryanodine receptor (i.e., Ca**-induced Ca** release). The
increased level of cytosolic Ca?* interacts with the regulatory N-domain of ¢cTnC. The
Ca?* binding to ¢TnC induces exposure of a hydrophobic patch that draws the switch
peptide region of cTnl to cTnC. The movement of the switch peptide toward the
hydrophobic area of ¢cTnC drags the adjoining inhibitory region of c¢Tnl, causing
release of the thin filament and an actin-binding site. The calcium-binding signal
also induces release of the cTnT to tropomyosin interaction [5, 35]. The C-terminus
of cTnl is carried along with this motion. The sequence is sometimes referred to as
the “drag and release” mechanism [17]. This conformational change in the troponins
allows actin crossbridge formation and sarcomeric shortening or contraction.

Return to the diastolic conformation of the cardiac troponin complex is an
energy-requiring process that involves dissociation of calcium from ¢TnC, rever-
sion of the conformation of the different subunits, and reduction of crossbridge
formation. Four pathways modulate the removal of Ca*" from the cytosol during
the active process of relaxation, including the sarcoplasmic reticulum Ca** ATPase,
sarcolemmal Na*/Ca?* exchanger, mitochondrial Ca** uniporter, and sarcolemmal
Ca?* ATPase [35]. Factors such as phosphorylation of the subunits, mutations, and
isoform switching of the troponin subunits as well as the assay system used (e.g.,
isolated subunit versus troponin complex, reconstituted into thin filament or car-
diac myocyte) can alter the kinetics of Ca?* association and dissociation with cTnC
[23]. Liu evaluated the effect of ¢cTnl and cTnT modifications associated with car-
diac disease on the rates of calcium association and dissociation both in isolated
troponin complex and when these modifications were reconstituted into the thin
filament [36]. Effects on the kinetics of Ca?* association and dissociation from the
reconstituted thin filament were observed when almost no effects were detected
in the isolated cTn complex. The majority of disease-related protein modifica-
tions did not alter the Ca?*-binding properties of the isolated troponin complex.
However, when reconstituted into the thin filament, the mutations associated with
dilated cardiomyopathy decreased the Ca** sensitivity of the thin filament. The
mutations associated with restrictive and hypertrophic cardiomyopathy, as well as
the ischemia-induced truncation of ¢Tnl, increased the Ca?* sensitivity of the thin
filament. The various protein modifications altered the steady-state Ca’* binding
to TnC by influencing both the Ca** association and dissociation rates on the thin
filament.

10.6 Increases in Circulating Cardiac Troponins

The circulating forms of cTns (i.e., those proteins identified in the systemic circula-
tion after a myocardial infarction) include cTnT, cTnl, the cTnl-TnC complex, and
a ternary complex of cTnT-cTnl-TnC [37, 47]. Most cTns are present in the myo-
cyte as part of the structural elements. An estimated 3-8 % of the total cellular tro-
ponin is free in the cytoplasmic pool. It is hypothesized that free troponin in the
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cytoplasmic pool contributes to initial increases in circulating cTn following myo-
cardial injury. Subsequent increases are thought to be due to degradation of struc-
tural proteins [38]. The probability of proteins the size of the troponins leaking from
a viable cell is uncertain. The leakage from viable cells of fragments detectable by
assays is possible but raises additional questions.

There are six proposed mechanisms for cTn release: (1) myocyte necrosis, (2)
apoptosis, (3) normal myocyte cell turnover, (4) cellular release of proteolytic
troponin degradation products, (5) increased cellular wall permeability, and (6)
formation and release of membranous blebs. Cardiac myocyte death can be fur-
ther categorized to include pathways of extrinsic death receptor pathway, intrinsic
apoptosis, necrosis, necroptosis, and possibly others [39, 40]. How the mechanism
of damage influences the form in which the troponins are released is not com-
pletely characterized.

Some baseline level of circulating cTns might be expected due to normal main-
tenance and turnover of cardiac myocytes. Replacement of cTns includes the syn-
thesis, assembly, and degradation of the individual components of the cardiac
sarcomere. The mechanism by which the individual components of this multi-
protein complex are removed and replaced while maintaining the functionality of
the contractile unit is incompletely understood. In rats, the rate of incorporation of
radiolabeled amino acids into the troponin complex in situ demonstrated that cTnl
and c¢TnT had similar half-lives (i.e., similar turnover rate) of 3.2 and 3.5 days,
respectively. These half-lives were significantly different from ¢cTnC’s half-life of
5.3 days [41].

It is generally accepted that circulating ¢Tn is highly susceptible to phos-
phorylation and proteolysis. Regardless of the mechanism by which troponins
are released into circulation, some sections of the complex and fragments are
more susceptible than others to degradation and modification. Modifications may
include acetylation, protein sequence variants such as mutants, alternatively
spliced isoforms, amino acid polymorphisms, and protein complexes. Each of
these posttranslational modifications may have variable effects on the ability of
a given antibody to detect cTnl [42]. Degradation of ¢cTnT after release into the
circulation is not as well understood. At least in hemodialysis patients, circulat-
ing cTnT molecules are degraded into smaller fragments that may be detectable
by assays [43]. The process and overall kinetics of clearance are incompletely
understood.

10.7 Assays

In 1987, Cummins et al. [58] described a radioimmunoassay for cardiac troponin
I. Two years later, Katus et al. [59] announced an enzyme-linked immunosorbent
assay (ELISA) for cardiac troponin T. Currently, there is one commercially avail-
able ¢cTnT assay and numerous commercially available cTnl assays.
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In this chapter, assays will be discussed in terms of sensitivity, specificity, and
factors that may influence detection. The diagnostic interpretation of cardiac tropo-
nin increases and the clinical application are discussed in the next Chapter.

The oldest category of commercial assays, no longer in use, was less sensitive
in detecting increases in cTn, compared to newer assays. A 10 % coefficient of
variation was achieved at approximately 1 pg/l, and, therefore, pathologic eleva-
tions were detected almost exclusively. The current assays have third- and fourth-
generation antibodies and incorporate newer technology to increase the analytical
sensitivity. Assays currently available are informally referred to as high-sensitive,
ultrasensitive, or sensitive-contemporary assays. These assays reliably detect to
greater than the 99th percentile value but only quantitate cTn in a fraction of clini-
cally healthy individuals. The IFCC recommends describing an assay as “high sen-
sitivity” only if the cTn is measurable in more than 50 % of healthy subjects (and
preferably in more than 95 %) below the 99th percentile of the assay and above the
assay’s limit of detection. The total imprecision (coefficient of variation) at the 99th
percentile should be <10 % [45, 46]. Conrad and Jarolim suggest reserving the term
“ultrasensitive” for assays capable of quantitating cTn at levels less than the lowest
c¢Tn concentrations seen in healthy individuals [46].

The use of antibodies to a variety of troponin epitopes has several significant
consequences. First, the available assays have different sensitivities to detect
circulating troponins. Second, results generated with one assay may not be compa-
rable to results produced with another assay in another facility, making analysis or
meta-analysis of results difficult. The interaction of the assay antibodies with the
targeted epitope of the cTn fragment may be influenced by the posttranslational
or post-release modification of the measured molecule. That is, the epitope in the
circulating troponin species may be masked, destroyed, or otherwise unavailable
for antibody recognition. Posttranslational modifications, complexes with other
proteins (e.g., using heparin for anticoagulation), heterophile or human anti-mouse
antibodies, and cTnl autoantibodies may affect the immunochemical measurement
of cTnl. The chelating agent EDTA has been demonstrated to split the calcium-
dependent I-T-C and I-C troponin complexes, affecting measured concentrations in
assays that preferentially measure these forms [19].

When a serum sample is analyzed for circulating cTns, it is unlikely that a single
chemical entity is detected. Several investigators have demonstrated progressive
c¢Tn degradation following acute myocardial infarction, contributing to a profile of
cardiac troponin fragments and modified fragments and variants, some of which
provide the necessary epitope for recognition by the assay antibody. This profile
may vary among patient populations, and fragments may not necessarily be detected
in a 1:1 ratio [37, 47, 48]. In addition to degradants and posttranslational modifica-
tions, natural variants, such as single nucleotide polymorphisms (SNPs), can also
impair the ability of the commercial antibodies to recognize the targeted epitopes.
Investigators have used the UniProt database to identify the SNPs in the TNNI3
and TNNT?2 genes that might involve antibody-binding domains of either cTnl or
c¢TnT. The number of polymorphisms identified in TNNI3 and TNNT?2 are 19 and
4, respectively. The investigators also noted that 12 out of 17 commercial cTnl
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assays and the cTnT immunoassay contained antibodies targeting SNP-containing
domains. Although two of the SNPs are considered to be clinically silent thus far,
the majority of these SNPs are associated with inherited cardiac disorders. Due to
incomplete penetrance and variable clinical expression of the disorders, carriers of
the identified SNPs may experience myocardial infarctions before they exhibit signs
of cardiomyopathy. In this patient population, cTn values may be false negative
because of their variant forms [49]. Mutations in ¢cTnl and ¢cTnT subunits have been
shown to be associated with dilated, hypertrophic, and restrictive cardiomyopathies.
Mutations in cTnC have also been associated with dilated cardiomyopathy (DCM)
and hypertrophic cardiomyopathy (HCM) [50].

Other isoforms of troponins may cross-react with the antibodies in the cTnT
assay, leading to a false-positive result. Several recent publications describe persis-
tent elevations in circulating ¢TnT without concomitant elevations in circulating
cTnl in patients with various neuromuscular disorders. This finding is suggestive of
re-expression of isoforms in diseased skeletal muscle and release into circulation
[52-54].

Although there are standardized clinical chemistry measurands (e.g., glucose),
there is no standardization of the troponin I assays for reasons that include the hetero-
geneity of the analyte(s) as described above. The IFCC Working Group on
Standardization of Troponin I has described the challenges for achieving metrologi-
cal traceability for troponin I assays [55]. The current recommendations include the
ability of each assay to accurately and reliably report troponin values in the upper
reference limit of a one-tailed 99th percentile of a reference population. The 99th
percentile was chosen as the cut point of normality by a consensus that an acceptable
false-positive rate would be approximately 1 % [4]. Clearly, the reference population
is a significant factor in determining the diagnostic criteria for any given assay. There
is no universal or consensus definition on what characteristics constitute a reference
population or how many individuals are needed. Both the age and sex of the reference
population as well as the baseline characteristics in general have been suggested to
affect the values obtained and, therefore, the upper reference limit (URL) for the cut
point. Three contemporary sensitive assays were used to measure cTnl in 2,404 indi-
viduals and a subgroup with more stringent inclusion criteria of 908 individuals. One
assay showed significantly higher values in men than in women. Age dependency
was not demonstrated in this study although others have suggested that increasing age
of the population may correlate with higher 99th percentile values [45, 56, 57].

10.8 Concluding Remarks

The cardiac troponins are structural proteins in the contractile apparatus of the
cardiac myocyte. The role of posttranslational modification has been recognized
to affect both the function of the troponins and the overall regulation of cardiac
muscle contraction. The cardiac troponins in the systemic circulation are sensi-
tive and specific biomarkers for myocardial necrosis. Currently available assays
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for the cardiac troponins are based upon antibody recognition of different epitopes
of the cardiac troponin molecules. Posttranslational modification, proteolysis, and
single nucleotide polymorphisms of the troponins may affect the ability of the
antibodies to access or recognize the critical epitopes. This may have implications
for the diagnostic accuracy of troponins in some situations or patient populations.
Considerations for the clinical use of troponins and the role in diagnostic criteria are
discussed in the following Chapter.
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