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ABSTRACT

Elevated cardiac troponins indicate myocardial necrosis and have a high clinical sensitivity and complete myocardial
tissue specificity. The recently released document by the Global Task Force on the universal definition of myocardial
infarction (MI) has strengthened their role as the main criterion for MI definition. It is therefore pivotal that these
clinically relevant biomarkers, on which important diagnostic decisions will rest, are measured with highly reliable
methods. This paper will specifically address the characteristics of the currently marketed assays for the
measurement of cardiac troponins, discussing the science underlying the use of these biomarkers and how to

interpret their values properly.

INTRODUCTION

Troponin is a component of a protein complex that
regulates the contraction of striated muscle. It is found
periodically along the thin filament of the myofibrils, in
conjunction with the protein tropomyosin. The troponin
complex consists of three distinct components: troponin
C (the calcium binding element), troponin 1 (the
actinomyosin ATPase inhibitory element), and troponin T
(the tropomyosin binding element). The ICT troponin
complex serves to regulate the calcium-dependent
interaction of myosin and actin and thus plays an integral
role in muscle contraction (1). Troponins | and T exist in
three distinct molecular forms, which correspond to
specific isotypes found in fast-twitch skeletal muscle,
slow-twitch skeletal muscle, and heart tissue,
respectively. The skeletal isotypes are similar in
molecular size, approximately 20 kDa, and exhibit amino
acid sequence heterogeneity of approximately 40%. The
cardiac isotype also exhibits about 40% sequence
heterogeneity with respect to the skeletal isotypes and
has an additional 31 residues at the amino (N)-terminus.
Thus, it is possible to distinguish immunologically cardiac
troponins | (cTnl) and T (cTnT) from skeletal troponins
(2). In the myocyte, troponins are found as structural
(bound) proteins and as a small free pool that exists in
the cytosol, which is about 6-8% for troponin T and 3.5%
for troponin I. Immunoassays have been developed,
which recognise cardiac forms of both troponins and
react with complexed ternary (ICT) and binary (IC) forms,
but do not crossreact with skeletal forms.

Troponins can be found in blood in at least two main
forms, free and complexed. However, other forms are
also found in blood following progressive modification of
the molecule including oxidation, reduction and
phosphorylation of proteins, and degradation forms.
While some assays can differentiate between these
forms, the clinical significance of some of these forms is
not known at this time. Investigators have examined the

release of cTnT and cTnl into the blood of patients after
acute myocardial infarction (AMI). Following myocardial
damage, cardiac troponins appear in blood after 2-4 h.
They persist long enough (up to 5-14 days) for
convenient clinical use. The main form of cTnl antigen
found in blood of AMI patients after tissue release is the
binary IC complex, with smaller amounts of the ternary
ICT complex, binary IT complex and free cTnl (3). cTnl is
sensitive to proteolysis; in particular the N- and carboxyl
(C)-terminal parts of molecule are less stable compared
with the mid-fragment region of c¢Tnl, at amino acid
residues 30-110, which is more stable possibly due to
protection by troponin C. cTnl can undergo proteolytic
degradation not only in necrotic cardiomyocytes, but also
in the bloodstream or in collected blood. This progressive
modification of c¢Tnl in tissue and in blood leads to a
number of different plasma forms of troponin. Labugger
et al. (4) showed there were up to 11 degradation
products of cTnl present in sera from AMI patients, three
of these being of a higher molecular mass.

Recent evidence suggests that cTnT is fragmented
into pieces of 8-25 kDa in size that are physiologically
released in very small quantities into the blood and are
sufficiently small enough to be cleared by the healthy
kidney (5).

PRINCIPLES OF ANALYSIS AND CURRENT
TROPONIN ASSAYS

The first RIA for cTnl determination using polyclonal
antibodies was described in 1987 (6). Five years later,
two independent groups of researchers developed
specific monoclonal antibodies for cTnl (7, 8). In 1993,
the first commercial immunoassay - a manual ELISA - for
cTnl became available from Sanofi Pasteur (9) and the
first clinical application of cTnl measurement to diagnose
myocardial injury was described (10). In the same year,
a prototype automated assay for c¢Tnl on the Baxter
Stratus, which utilized two monoclonal antibodies
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specific for the cardiac isotype, was presented and the
first clinical results were published (11). As time from
initiation of a measurement run to first result was only 10
min, this became the first widely-used assay for cTnl in
clinical practice.

A double antibody, two-step ELISA for detecting cTnT
in serum was obtained in 1989 and the first clinical
evaluation related to this assay published two years later
(12, 13). Practically, some problems occurred about
specificity of this first generation ¢cTnT assay, using an
antibody showing a significant crossreactivity with skeletal
isoforms of troponin T (14). A later reformulation of the
c¢TnT assay, structured with two cTnT-specific antibodies,
avoided, however, this interference effect (15).

A large number of assays for cTnl and cTnT are
currently commercially available, using a range of
different formats and combinations of mouse monoclonal
and/or polyclonal antibodies. Assays for cTnT and cTnl
are two- or three-site immunoassays. Only one vendor
(Roche Diagnostics) offers the cTnT assay because it is
protected by patents. All the assays are of the capture
type where an immobilized antibody specifically binds
the troponin present in the sample. The captured
troponin is then reacted with a second antibody and in
some assays a third antibody that is coupled to an
indicator molecule. The assays vary from each other by
the types of antibody used, by the epitopes to which they
bind, and by the type of indicator molecule that is used.
Detection is by spectrophotometric, fluorescent,
chemiluminescent, and electrochemical methods. A
summary of troponin methods is presented in the
Appendix.

Differences in clinical utility between cTnT and cTnl
results have not been demonstrated. The most important
clinical considerations for a troponin assay may be its
accessibility (how easily can the assay be run at all
hours), its analytical sensitivity and overall imprecision.

STANDARDIZATION OF TROPONIN
MEASUREMENTS

Differences in results exist between cTnl assays due
to the nonstandardization of measurements. Variations
of between 20- to 40-fold and as much as a 100-fold
have been reported among first generation assays (16-
18). More recently, however, this variation is reported to
be reduced to approximately 2- to 5-fold (19). Lack of
comparable cTnl patient values may lead to confusion
and problems of interpretation by clinicians who use
results from different laboratories.

As cTnT assays are commercially available from only
a single manufacturer, the comparability of results for
cTnT is not a problem. The 3rd and 4t generation cTnT
methods use recombinant human cTnT as calibration
material. Purified recombinant human cTnT has been
characterized by SDS-PAGE electrophoresis and its
purity checked by western blotting and immunological
activity (20). Its cTnT concentration is determined by
protein assay and 4t generation c¢TnT values are
traceable to the previous 3rd generation method.
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Assay standardization is a top priority. It is important
that clinically relevant biomarkers such as cardiac
troponins, on which clinical decisions are based, are
measured with standardized methods to achieve
comparable results, regardless of the assay system or
laboratory where the measurement is performed. The
standardization of troponin measurements requires the
availability of suitable reference materials for cTnl and
c¢TnT and their value assignment through the use of
higher-order reference measurement procedures (21,
22). Another factor that is likely to contribute to
quantitative differences between cTnl assays is the
variable antibody immunoreactivity to different forms that
may be present in blood. Significant heterogeneity has
been demonstrated in the reactivities of antibodies of
different cTnl assays to the various forms in blood (23).
This may result in the over- or under-estimation of the
troponin concentrations in individual patient samples.
Ideally, assays should recognize both complexed and
free cTnl equally and their degraded fragments,
oxidized, reduced, phosphorylated and
nonphosphorylated forms to allow monitoring of total
cTnl present in samples from the same subject over the
course of an AMI. Due to proteolytic susceptibility of N-
and C-terminal parts of cTnl, most currently available
cTnl assays use antibodies that are directed to the mid-
fragment epitopes, i.e. amino acids 30-110, which
represent the more stable part of the molecule (24).

Apart from differing cTnl antibody specificity between
assays, the main reason for poor agreement of values
among methods is the lack of a suitable reference
material for cTnl. Commutable serum-based material
has been shown to improve harmonization of cTnl
results (18, 25, 26). In addition to the differences in
antibody specificity and calibration, differences in results
may be due to the reaction formats used in different
methods. For example, assays that use the same three
anti-cTnl antibodies and declare traceability to the same
purified ICT standard, but are performed on different
platforms (i.e. Abbott AxXSYM and Architect), still give
different cTnl results (19).

Currently, there is no c¢Tnl reference method that is
able to value-assign a matrixed (serum-based)
commutable reference material. Analytical methods
commonly used in reference measurement procedures,
e.g., mass spectrometry, lack the analytical sensitivity to
measure the low cTnl concentration levels that occur in
blood. As an alternative, the development of
immunochemical reference procedures based on the
availability of monoclonal antibodies with well-defined
epitope specificity has been proposed (21, 22, 27). This
approach requires first there is a clear definition of the
measurand, which for c¢Tnl is defined as a unique,
invariant part of the molecule that is common to all forms
present in blood and is unaffected by complexing with
other molecules (28). Analytical requirements of the
immunologic reference procedure should include: 1)
comparable analytical specificity to commercial assays;
2) acceptable measurement uncertainty; 3) calibration
against the purified troponin reference material SRM
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2921 of the National Institute of Standards and
Technology (NIST); and 4) technical validation by a
network of laboratories (22). The specificity of the
antibody for the defined epitope on the cTnl molecule
and the ability of the assay to be unaffected by
interferences will be most important in deciding on a
reference procedure. Depending on the fulfiliment of
these requirements, the next step in standardization
would be preparation of a commutable secondary
reference material for cTnl and its value-assignment by
the selected reference method (21). This material would
be available for the calibration of manufacturers' internal
procedures through a value transfer process (Figure 1).

LIMIT OF BLANK, LIMIT OF DETECTION, AND
LIMIT OF QUANTITATION OF TROPONIN
ASSAYS

The assay detection limit (LoD) is defined as the
lowest amount of cardiac troponin in a biological sample
that can reliably be detected by a given analytical
procedure (29). In defining LoD, it is important to
distinguish it from limit of blank (LoB), which is defined as
the highest measurement result that is likely to be
observed (with a stated probability) for a sample that
contains no troponin (29). Thus, the major difference in
the estimation of LoD and/or LoB is the sample type

Materials

used. Zero calibrators, assay diluents, or serum
troponin-free (recommended) are only useful for
determining LoB. By contrast, adequate samples for LoD
estimation should have troponin concentrations in the
range from LoB to 4 x LoB (29). Calculations are LoB =
meany gk + 1.645 SDy.n (N=60) and LoD = meany . +
1.645 SDyjani + 1.645 SDgympe (N=60), respectively (29).
As in the majority of cases (see Appendix), LoD is
practically estimated as the troponin concentration
corresponding to a signal 2 SD above the mean (n=20)
for a sample in which troponin is absent, e.g. zero
calibrator, it is not surprising that many commonly
reported LoD values are lower than they would be if
more rigorous procedures are used.

For the clinical application of cardiac troponin, the
most important assay characteristic is, however, the limit
of quantitation (LoQ), defined as lowest amount of
troponin that can be quantitatively determined with
stated acceptable uncertainty (30). As the experimental
evidence has shown that an uncertainty < +10% at
troponin decision limit permits physicians to keep
diagnostic misclassification of evaluated patients lower
than 1% (81), a maximal total error of +10% at the AMI
decision limit is recommended.

Figure 2 displays the different types of limits defining
the troponin assay performance.

Optimal discrimination between small myocardial

Procedures

Sl unit:
cTnl (mass) pg/L

Primary reference material:

Primary reference method:
RP-LC and amino acid analysis

NIST SRM 2921

Secondary reference material
(serum-based commutable
material):

Higher-order reference procedure: non-

commercial immunoassay with
comparable antibody specificity to
commercial assays

panel of 3 cTnl-positive pools

Target material:
manufacturer’s working

(cTnl immunoassay & secondary reference material

calibrator (master lot) and assign cTnl concentration

Manufacturer’s selected measurement procedure
as calibrator): assay manufacturer’s working

(and uncertainty)

calibrator (master lot)

\\\/\/

Manufacturer’s standing measurement procedure

calibrator): assay manufacturer’s product calibrator

{cTnl immunoassay & working calibrator as
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calibrator

/

Field method |

Figure 1
Suggested approach for the standardization of cardiac troponin
reference measurement system. From ref. 22.

'

| Patient cTnl result |

I (cTnl) measurements through traceability implementation to the

RP-LC, reversed-phase liquid chromatography; NIST, National Institute of Standards and Technology; SRM, Standard Reference

Material.
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Limits at low cardiac troponin (cTn) concentrations.

injuries vs. analytical noise requires assays that have
low LoD and lower uncertainty at low troponin
concentrations. Efforts to improve precision of troponin
assays are warranted, therefore: irrespectively of how
the testing is performed (in the central laboratory or at
the bedside), an optimal precision performance is
needed at the low end of the assay measurement range.
Whereas the literature has been enriched with studies
appropriately addressing the total imprecision of troponin
assays, as to what the lowest concentration will be to
attain a 10% CV (17, 19), the manufacturers' package
inserts often report imprecision data primarily based on
within-run or between-day evaluation of samples with
troponin concentrations much higher than the
corresponding AMI cutoff. Furthermore, troponin
concentrations at 10% CV determined in clinical
laboratories is frequently higher than quoted by the
manufacturer, e.g., Siemens Tnl-Ultra™ concentrations
at 10% CV determined in two laboratories were 0.05 and
0.07 pg/L compared with 0.03 ug/L according to the
manufacturer's package insert (19, 32).

TROPONIN PERFORMANCE GOALS

Total imprecision values differ significantly among
the currently available assays. The current
recommendation for maximal allowable imprecision in
troponin assays has been set at 10% CV at the proposed
decision limit for AMI, i.e. the 99t percentile upper
reference limit (URL) (33-36). However, assay
imprecision at cTnl and cTnT concentrations close to this
limit is approximately 20% CV for current assays (19).
Survey data for two samples from the 2007 EQAS of the
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Reference Centre for Quality Control of the Azienda
Ospedaliero-Universitaria Careggi (Florence, IT) show
inter-laboratory intra-assay CV of 7.1-20.6% for sample
02-2007 (concentrations ranged from 0.19 to 0.29 pg/L
for cTnl assays and 0.11-0.12 ug/L for ¢cTnT assays),
and 7.6-27.2% for sample 07-2007 (concentrations from
0.16 to 0.24 pg/L for cTnl assays and 0.12-0.13 ug/L for
cTnT assays).

Quality procedures should be implemented within the
laboratory for reliable and reproducible performance of
troponin assays, particularly at low concentrations, to
avoid reporting of falsely positive results. In addition to
regular monitoring of manufacturers' quality controls,
daily measurement of a control material with a troponin
concentration close to the cutoff level (in-house or
manufactured if available) can detect assay drift or
deterioration of assay performance (37). Long-term
monitoring of troponin imprecision will take into account
new troponin reagent lots, changes in reagent
formulation, and any sub-optimal analyzer performance
compared with a short-term evaluation.

SPECIMEN
Sample type

Recommendations by the IFCC Committee on
Standardization of Markers of Cardiac Damage (C-
SMCD) and National Academy of Clinical Biochemistry
(NACB) should be followed when collecting,
transporting, and processing patient samples (28, 35,
38). If serum samples are used, blood should be allowed
to clot. Care should be taken when preparing specimens
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for testing from patients who have received
anticoagulant therapy. These specimens may require
additional time to clot. If plasma samples are used, blood
is usually collected in a tube containing heparin
anticoagulant. EDTA can split Ca2+-dependent troponin
complexes and decrease troponin concentration in
assays that measure preferentially these molecular
forms (39). Either serum or heparinized plasma may be
used as sample type for most commercially available
assays, or whole blood for some point-of-care methods.
However, several studies report significant differences in
troponins measured in serum and plasma (40). Binding
of heparin to troponins may reduce their
immunoreactivity as a result of interaction between the
negatively charged glycosaminoglycan and basic amino
acid residues on the troponin molecule. This effect is
also dependent on the heparin concentration in sample
collection tubes (41, 42). In some assays, the effect of
heparin may be induced by changes within the sample
matrix itself (43).

Sample stability

Depending on the assay antibody configuration,
sample stability is method-dependent creating a need for
specific data for each commercially available assay (39).
Diagnostic manufacturers should specify sample storage
and stability conditions in their package inserts.

Results may be confounded if there is poor pre-
analytical handling of troponin specimens, e.g.,
insufficient sample centrifugation and/or late separation
of red cells from serum or plasma, presence of fibrin due
to incomplete serum separation, etc.

INTERFERENCES

Studies indicate that hemolysis can interfere with
some troponin immunoassay procedures and both false
positive and false negative results have been reported
(44-46).

Other sources of interference that may affect the
assay detection process and cause false-negative
troponin values include: 1) ascorbic acid in
immunoenzymometric  assays using  alkaline
phosphatase (ALP) in the detection reaction; 2) biotin in
assays using biotinylated antibody; 3) streptokinase in
the presence of streptavidin; and 4) high titres of
antibodies to ruthenium or streptavidin in
electrochemiluminometric ¢cTnT assays. Generally,
interference is method-dependent and may vary for each
commercially available assay.

Heterophile antibodies

One of the possible sources of interference for the
sandwich-type immunometric troponin assays is
endogenous antibodies directed against the proteins of
nonhuman species, i.e. heterophile antibodies (HA). HA
consist of natural antibodies and autoantibodies that are
polyreactive against heterogeneous, poorly defined
antigens of different chemical composition and generally

show low affinity, weak binding. Natural or autoimmune
rheumatoid factors (RF) account for most heterophile
interference in immunoassays. False positives in
troponin assays arise by binding of RF to the Fc constant
domain of antigen-antibody complexes if the detection
antibody is labelled anti-human IgG (47-50). Antibody
Fab fragments may prevent interference mediated by the
Fc-part of intact antibodies (51).

Human anti-animal antibodies (HAAA) are high
affinity, specific polyclonal antibodies produced against a
specific animal immunogen whole immunoglobulin of
1gG or IgM class. They show strong binding with antigen
of a single chemical composition and are produced in a
high titre such that they compete with the test antigen by
cross-reacting with reagent antibodies of the same
species to produce a false signal. HAAA are most
commonly human anti-mouse antibodies (HAMA), but
also include antibodies to rabbits, goats, sheep, etc. As
with any assay employing mouse antibodies the
possibility exists of interference by HAMA (52-54). One
stimulus that is increasingly responsible for HAMA
production is mouse monoclonal antibodies, which are
used in diagnostic image analysis and immune directed
therapy. A large percentage (~40%) of patients treated
with radiolabeled mouse monoclonal antibodies
developed HAMA within a few weeks of treatment (54).

While some first generation troponin assays were
prone to interference from HA, next generation assays
may be less susceptible to false-positive values (55).
Using one of these assays, the current incidence of HA
interference is reported to be 1 in 5000 (0.02%) (56).
Apart from false-positive results, HA can cause falsely
low results if they bind to the variable regions of the
capture antibody, mimicking the antigen to be measured,
and preventing troponin from binding. The most
commonly used technique for minimizing the impact of
HAMA on commercial immunoassays is the addition of
nonimmune mouse immunoglobulin (IgG). The IgG
should neutralize the more frequently encountered
HAMA. Steps the laboratory can take to evaluate the
possible presence of HA include the use of a larger
dilution of the sample with reagent containing the
nonimmune mouse IgG or performing the analysis on a
differently configured assay, preferably one employing
different species of reagent antibodies.

Autoantibodies

Autoantibodies also have the potential to cause
interference in troponin immunometric assay methods.
False-positive or false-negative values may arise
depending on whether the autoantibody-analyte complex
partitions into the free or the bound analyte fraction.
Bohner et al. (57) reported on a false-negative cTnl due
to the presence of a circulating autoantibody (probably
1gG), which showed high affinity for cTnl and prevented
its recognition by the two-site immunoassays used. More
recently, Eriksson and co-workers have suggested the
incidence of circulating cTnl autoantibodies causing
falsely negative troponin values as high as 3.5% (58, 59).
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The practical importance of the phenomenon remains,
however, unclear (60).

TROPONIN REFERENCE INTERVALS

The European Society of Cardiology (ESC),
American College of Cardiology Foundation (ACCF),
American Heart Association (AHA), and World Heart
Federation (WHF) recommend a single decision cut-
point for cardiac troponins corresponding to the 99t
percentile URL for the diagnosis of patients presenting
with suspected AMI (36). In most studies on reference
values, ¢Tnl and cTnT are, however, largely un-
dectectable in blood. Missov and DeMarco have sug-
gested that the plasma concentration for cardiac
troponins in healthy subjects is ~0.001-0.002 pg/L (1-2
ng/L) and results from a continuous microscopic loss of
cardiomyocytes during normal life (61). Further
improvement in troponin assay sensitivity is required to
measure down to these suggested nanogram
concentrations where troponin reference values may
well be Gaussian-distributed. Using a highly sensitive
assay Wu et al. (62) have suggested that the cTnl
reference values are at least 10-fold lower than values
detected by current assays.

Definition of the 99t percentile URL may also vary
depending on the reference population used. In different
studies, the sources of the reference individuals were
apparently healthy subjects with no history or evidence
of cardiac disease, blood donors, or individuals from the
local community without evidence of diabetes mellitus,
hypertension, known cardiac disease, or being treated
for known hyperlipidemia and who tested negative for
asymptomatic coronary artery disease by stress
echocardiography (19, 43, 56, 63-69).

Detectability of troponin in apparently healthy
individuals may indicate those at increased
cardiovascular risk due to an underlying co-morbidity. In
a general population study, a proportion of Swedish
elderly men with no cardiac symptoms at the time of cTnl
elevation detected went on to develop cardiac disease or
had increased mortality at follow-up several years later
(70). In a separate study of 3,557 American residents the
estimated population prevalence of cTnT elevation was
0.7% (71). Follow-up of subjects with elevated cTnT
indicated that small troponin elevation in this community
population was  associated with  underlying
cardiovascular disease or a high-risk phenotype for
cardiovascular disease.

POSTANALYTICAL PHASE: INTERPRETATION
OF TROPONIN RESULTS

Diagnosis of AMI

A joint ESC/ACC/AHA/WHF Gilobal Task Force has
recently reaffirmed the definition of AMI be used where
there is evidence of myocardial necrosis due to prolonged
myocardial ischemia (36). Criteria for diagnosis of AMI
due to a primary coronary event (Type 1) or secondary
due to an imbalance between oxygen supply and
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demand (Type 2) are the detection of rise and/or gradual

fall of cardiac troponin (the preferred marker) with at least

one value above the 99t percentile URL and clinical

evidence of ischemia, with at least one of the following:

- ischemic symptoms;

- electrocardiographic changes of new ischemia;

- development of pathologic Q waves on the electro-
cardiogram, or

- imaging evidence of new loss of functioning myocar-

dium or new regional wall motion abnormality (36).

Whereas ST-segment elevation AMI (STEMI)
requiring revascularization therapy does not require
troponin assessment to begin therapy, serial biomarker
testing is recommended for patients without diagnostic
STEMI but who have clinical suspicion of AMI. When
chest pain is atypical or electrocardiographic changes
are nondiagnostic or absent, troponins provide central
diagnostic information.

Various studies have shown that the degree of
troponin elevation also has significant prognostic value
with  mortality rates increasing as troponin
concentrations increase both in clinical trials of patients
with acute coronary syndrome (ACS) and in the
Emergency Department setting (72-74).

Troponin elevations in the absence of acute
coronary syndrome

Myocardial necrosis as signified by cardiac troponin
elevation may not necessarily be due to prolonged
myocardial ischemia related to coronary
atherothrombotic disease as in AMI. Other non-ischemic
pathophysiological conditions can cause myocardial
necrosis and therefore elevations in cardiac troponin
concentrations, e.g., hypoxia (lack of oxygen), chemical
injury, physical (electrical, temperature, radiation) injury,
immunologic injury, or infectious agents (Table 1) (75-
77). Causes such as these should be considered when
interpreting troponin results. In general, in Emergency
Department populations, where there is a low pre-test
probability (prevalence) of thrombotic coronary artery
disease, elevation of troponin may be less predictive of
ACS. Troponin elevation in the absence of ACS still has
prognostic value and can predict adverse short- and long-
term survival in different clinical conditions associated
with myocyte necrosis.

APPENDIX

SYNOPSIS OF CARDIAC TROPONIN METHODS

Abbott AXSYM ADV cTnl (2™ generation assay)
(19, 78)

Method: microparticle enzyme immunoassay (MEIA)
with fluorometric detection of enzyme-hydrolyzed
fluorescent product.

Principle: c¢Tnl in serum or plasma binds to
microparticles coated with two different monoclonal anti-
cTnl antibodies; each antibody is directed against a
different antigenic site on the c¢Tnl molecule, namely
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Table 1

Diseases causing elevation of cardiac troponins in blood in addition to acute myocardial infarction

- Acute neurological disease (including ischemic stroke, subarachnoid hemorrhage)

- Acute limb ischemia
- Acute liver failure

- Acute rheumatic fever

- Cardiac trauma (including contusion, ablation, pacing, firing, cardioversion, catheterization, cardiac surgery)

- Carbon monoxide poisoning

- Cardiotoxicity from cancer therapy

- Congestive heart failure

- Critically ill patients, especially with sepsis
- Diabetic ketoacidosis

- End-stage renal failure

- Extreme exertion

- Heart transplantation

- Hypertension, including gestational

- Hypotension, often with arrhythmias

- Hypothyroidism

- Infiltrative diseases [including amyloidosis, scleroderma, glycogen storage disease type Il (Pompe's disease),
hemoglobinopathy with transfusion hemosiderosis, idiopathic hypereosinophilic syndrome]

- Mushroom poisoning

- Myocarditis/Pericarditis

- Postoperative noncardiac surgery
- Pulmonary embolism

- Thiamine deficiency (beriberi)

amino acids 24-40 and 87-91. After reaction, unbound
substances are washed away and a third monoclonal
anti-cTnl antibody (to amino acids 41-49) labeled with
biotin conjugate added; after reaction, unbound
conjugate is washed away and a second conjugate,
ALP-anti-biotin antibody, is added. The fluorogenic
substrate 4-methylumbelliferyl phosphate (MUP) reacts
with the ALP antigen-antibody complex and the intensity
of fluorescence generated by the product, 4-
methylumbelliferone, measured at 450 nm is directly
proportional to cTnl in the sample.

Specimen: serum or plasma (heparin).

LoD: <0.01 pg/L.

Dynamic reportable range: 0.02-22.8 pg/L.

Imprecision (10% CV): 0.16-0.56 pg/L.

Abbott Architect cTnl (2™ generation assay)
(19, 56, 79)

Method: two-step, three-site immunometric assay
with chemiluminescence detection.

Principle: c¢Tnl in serum or plasma binds to
paramagnetic microparticles coated with two distinct
monoclonal anti-cTnl antibodies specific for different
epitopes on the cTnl molecule, namely amino acids 24-
40 and 87-91. After incubation and washing away of

unbound substances, a third monoclonal anti-cTnl
antibody (directed to amino acids 41-49) labeled with
acridinium conjugate is added; after reaction, unbound
conjugate is washed away and hydrogen peroxide and
sodium hydroxide are added to trigger a
chemiluminescent reaction; the measured luminescence
[as Relative Light Units (RLU)] is directly proportional to
cTnl in the sample.

Specimen: serum or plasma (heparin).

LoD: <0.01 pg/L.

Dynamic reportable range: 0.01-50 pg/L.

Imprecision (10% CV): 0.032-0.055 pg/L.

Abbott i-STAT cTnl (19, 41, 80)

Method: two-site ELISA with electrochemical detection.

Principle: cTnl in whole blood or plasma contacts an
electrochemical sensor in the single-use cartridge
allowing the monoclonal (capture) and polyclonal (ALP-
conjugated) antibody pair (both directed within the
central 30 to 100 amino acids of cTnl) to dissolve into the
sample. cTnl becomes labeled with ALP and is captured
onto the sensor surface during the 7 min incubation step;
wash fluid containing enzyme substrate is then applied
to remove unbound substances and, at the same time,
ALP bound to the antigen-antibody complex reacts
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releasing an electrochemically detectable product; the
generated amperometric signal is directly proportional to
cTnl in the sample.

Specimen: whole blood or plasma (heparin).

LoD: <0.02 pg/L.

Dynamic reportable range: 0.02-50 ug/L.

Imprecision (10% CV): 0.10-0.14 ug/L.

Beckman Coulter Access cTnl (2™ generation
assay) (19, 63, 81-83)

Method: two-site immunoenzymometric assay with
chemiluminescence detection.

Principle: ¢Tnl in serum or plasma reacts with ALP-
conjugated monoclonal anti-cTnl antibody and
paramagnetic particles coated with a second monoclonal
anti-cTnl antibody. The two monoclonal cTnl antibodies
are directed to amino acids 24-40 (capture antibody
labeled with ALP) and 41-49 (detection antibody
attached to paramagnetic particles). After incubation,
unbound sample and excess antibodies are washed
away; cTnl sandwiched between the two antibodies is
bound to the solid phase in a magnetic field; the
chemiluminescent substrate Lumi-Phos 530 is added
and the intensity of luminescence generated, measured
with a luminometer in RLU, is directly proportional to
cTnl in the sample.

Specimen: serum or plasma heparin (no EDTA).

LoD: <0.01 pg/L.

Dynamic reportable range: 0.01-100 pg/L.

Imprecision (10% CV): 0.06-0.10 pg/L.

BioMerieux Vidas Tnl-Ultra (2™ generation assay)

Method: one-step immunoassay sandwich method
with fluorescent detection.

Principle: The Solid Phase Receptacle (SPR) serves
as the solid phase as well as the pipetting device for the
assay. The sample is transferred into the wells
containing anti-cTnl antibodies labeled with ALP. The
sample/conjugate mixture is cycled in and out of the SPR
several times. This operation enables cTnl to bind with
the antibodies fixed to the interior wall of the SPR and
the conjugate to form a sandwich. Unbound components
are eliminated during washing steps. Two detection
steps are then performed successively. During each
step, the substrate (MUP) is cycled in and out of the
SPR. The conjugate enzyme catalyzes the hydrolysis of
this substrate into a product (4-methylumbelliferone) the
fluorescence of which is measured at 450 nm. The
intensity of the fluorescence is proportional to the
concentration of cTnl present in the sample.

Specimen: serum or plasma heparin (independent
validation of heparin plasma samples not available).

LoD: <0.01 pg/L.

Dynamic reportable range: 0.01-30 pg/L.

Imprecision (10% CV): 0.08-0.10 pg/L.

DiaSorin Liaison cTnl (43, 67)

Method: two-site immunometric
chemiluminescence detection.

assay with
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Principle: cTnl in serum reacts with affinity-purified
polyclonal goat anti-cTnl antibody (directed to amino
acids 27-39) labeled with isoluminol and paramagnetic
particles coated with a murine monoclonal anti-cTnl
antibody (directed to amino acids 80-110); the intensity
of luminescence generated is directly proportional to
cTnl in the sample.

Specimen: serum or plasma EDTA (no heparin).

LoD: <0.023 pg/L.

Dynamic reportable range: 0.01-100 pg/L.

Imprecision (10% CV): 0.054-0.065 pg/L.

Innotrac Aio cTnl (2™ generation assay) (84-86)

Method: "all-in-one" dry chemistry technology with
time-resolved fluorometric detection.

Principle: all the specific reagents (the tracer and
capture antibodies) are provided in a dry stable form
within an assay cup. Addition of the sample together with
a generic assay solution starts the immunoreaction. The
antibody configuration of the assay adds a monoclonal
antibody with an epitope in the N-terminal region of cTnl
(amino acid residues 20-35) and one with an epitope in
the C-terminal region (amino acid residues 185-200) to
two mid-fragment cTnl antibodies (epitopes in the region
of amino acid residues 35-55 and 80-95). Incubation is
carried out under continuous shaking. A wash step is
followed by a drying procedure after which the time-
resolved fluorescence of the europium-tracer
(proportional to ¢Tnl in the sample) is read from the
surface.

Specimen: whole blood, plasma (heparin) or serum.

LoD: <0.01 pg/L.

Dynamic reportable range: 0.01-100 pg/L.

Imprecision (10% CV): 0.04 pg/L.

BioSite Triage cTnl (2™ generation assay)

Method: fluorometric enzyme immunoassay with
fluorescence detection.

Principle: cTnl in whole blood or plasma is added to
reader sample port via a transfer pipette; red blood cells
are separated from plasma via a filter contained in the
device; a fixed plasma volume reacts with fluorescent-
conjugated anti-cTnl antibodies and the reaction mixture
flows down the device until fluorescent antigen-antibody
complex is captured on a discrete zone and fluorescence
is detected; the generated fluorescence is directly
proportional to cTnl in the sample.

Specimen: whole blood or plasma (EDTA).

LoD: <0.05 pg/L.

Dynamic reportable range: 0.05-30 ug/L.

Imprecision (10% CV): not determined.

Mitsubishi Kagaku latron Pathfast cTnl

Method: one-step, three-site immunoenzymometric
assay with chemiluminescence detection.

Principle: cTnl in whole blood or plasma reacts with
magnetic particles coated with monoclonal anti-cTnl
antibody (cTnl residues 41-49) and two ALP-conjugated
monoclonal anti-cTnl antibodies, recognizing the cTnl
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mid (residues 71-116) and C-terminal portion (residues
163-210). After removing unbound enzyme-labeled
antibody a chemiluminescent substrate is added; the
intensity of luminescence generated is directly
proportional to cTnl in the sample.

Specimen: whole blood or plasma (heparin).

LoD: <0.02 pg/L.

Dynamic reportable range: 0.02-50 pg/L.

Imprecision (10% CV): not determined.

Ortho-Clinical Diagnostics Vitros ECi ¢Tnl (2™
generation assay) (19)

Method: three-site immunometric assay with
chemiluminescence detection.

Principle: ¢Tnl in serum or plasma reacts with
horseradish peroxidase (HRP)-conjugated monoclonal
anti-cTnl antibody (directed to amino acids 87-91) and
biotinylated monoclonal anti-cTnl antibodies (directed to
amino acids 24-40 and 41-49); cTnl sandwiched
between the three antibodies is captured by streptavidin
coated onto wells and unbound substances are washed
away; signal reagent containing a luminol derivative and
peracid is added together with a transfer reagent that
leads to oxidation of luminol by HRP in the bound
conjugate; the intensity of chemiluminescence
generated is directly proportional to cTnl in the sample.

Specimen: serum, plasma heparin or EDTA
(independent validation of heparin/EDTA plasma
samples not available).

LoD: <0.01 pg/L.

Dynamic reportable range: 0.01-80 pg/L.

Imprecision (10% CV): 0.034 pg/L.

Roche Elecsys cTnT (4™ generation assay) (37, 87)

Method:  one-step, two-site ELISA
electrochemiluminescence detection.

Principle: serum or plasma is mixed with biotinylated
mouse monoclonal anti-cTnT antibody and monoclonal
anti-cTnT antibody labeled with a ruthenium complex.
After addition of streptavidin-coated microparticles,
antibody-antigen-labeled antibody sandwich binds to the
solid phase via interaction with biotin and streptavidin.
The reaction mixture is aspirated into the measuring cell
where the microparticles are magnetically captured onto
the surface of an electrode; application of a voltage emits
chemiluminescence, which is measured by a
photomultiplier and is proportional to cTnT in the sample.

Specimen: serum or plasma (heparin or EDTA).

LoD: <0.01 pg/L.

Dynamic reportable range: 0.01-25 pg/L.

Imprecision (10% CV): 0.03 pg/L.

with

Siemens (formerly Bayer) ADVIA Centaur cTnl-
Ultra (2™ generation assay) (19, 32, 88, 89)

Method: three-site immunometric assay with
chemiluminescence detection.

Principle: cTnl in serum or plasma is captured by
polyclonal goat anti-cTnl antibody (directed to amino

acids 27-40) labeled with acridinium ester and two
biotinylated monoclonal anti-cTnl antibodies directed to
amino acids 41-49 and 87-91. Biotin in the immune
complex then binds to magnetic latex particles
conjugated to streptavidin; after washing to remove
unbound substances, acid and base reagents initiate the
chemiluminescence reaction. The photons released are
counted by the instrument photomultiplier and the RLUs
detected by the system are proportional to cTnl present
in the sample.

Specimen: serum, plasma heparin or EDTA
(independent validation of heparin/EDTA plasma
samples not available).

Lower limit of detection: <0.006 pg/L.

Dynamic reportable range: 0.01-50 pg/L.

Imprecision (10% CV): 0.03-0.07 pg/L.

Siemens (formerly Dade Behring) Dimension
cTnl (2™ generation assay) (19, 82, 90, 91)

Method: one-step, two-site immunoenzymometric
assay with spectrophotometric detection.

Principle: c¢Tnl in serum incubated with chromium
dioxide particles coated with a monoclonal anti-cTnl
antibody and ALP-labeled monoclonal anti-cTnl
antibody, specific for the stable central region of the
molecule, to form a particle/cTnl/conjugate sandwich.
Unbound conjugate is removed by magnetic separation
and washing; the ALP in the antibody conjugate
dephosphorylates flavin adenine dinucleotide phosphate
(FADP) to produce FAD. FAD then binds to apo D-amino
acid oxidase to form active holo D-amino acid oxidase,
thereby producing hydrogen peroxide which, in the
presence of HRP, reacts with 3,5-dichloro-2-
hydroxybenzenesulfonic acid and 4-aminoantipyrine to
form a colored product that absorbs at 510 nm. The
absorbance change is proportional to cTnl in the sample.

Specimen: serum (no plasma heparin or EDTA).

LoD: <0.02 pg/L.

Dynamic reportable range: 0.04-40 ug/L.

Imprecision (10% CV): 0.14-0.26 pg/L.

Siemens (formerly DPC) Immulite 2500 cTnl
(2™ generation assay)

Method: two-site immunometric
chemiluminescence detection.

Principle: cTnl in serum or plasma reacts with beads
coated with monoclonal anti-cTnl antibody (against
epitopes 24-40) and ALP-conjugated anti-cTnl antibody
(against epitopes 80-110); the intensity of luminescence
generated is directly proportional to cTnl in the sample.

Specimen: serum or plasma (heparin).

LoD: <0.20 pg/L.

Dynamic reportable range: 0.01-100 pg/L.

Imprecision (11% CV): 0.30 pg/L.

assay with

Siemens (formerly Dade Behring) Stratus CS
cTnl (68, 92-95)

Method: two-site immunoenzymometric assay with
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fluorescence detection.

Principle: c¢Tnl in serum or plasma is added onto
glass fiber paper in a test pack containing a dendrimer-
linked monoclonal anti-cTnl antibody; after incubation an
ALP-labeled monoclonal anti-cTnl antibody is added;
both antibodies are specific for the stable central region
of the cTnl molecule. Unbound conjugate is removed by
magnetic separation and washing; a substrate wash is
applied and the ALP reacts with MUP; the generated
fluorescence is proportional to cTnl in the sample.

Specimen: whole blood, plasma (heparin) or serum
(no EDTA plasma).

LoD: <0.018 pg/L.

Dynamic reportable range: 0.01-50 pg/L.

Imprecision (10% CV): 0.06-0.10 pg/L.

Tosoh AlA-Pack cTnl (2™ generation assay)
(69, 91)

Method: two-site immunoenzymometric assay with
fluorescence detection.

Principle: cTnl in serum reacts with ALP-conjugated
monoclonal anti-cTnl antibody, directed to amino acids
87-91 of the cTnl molecule, and magnetic beads coated
with another monoclonal anti-cTnl antibody, directed to
amino acids 41-49. After incubation unbound sample
and excess antibodies are washed away; cTnl
sandwiched between the two antibodies is bound to the
solid phase in a magnetic field; a fluorogenic substrate,
MUP, reacts with the ALP antigen-antibody complex and
the intensity of fluorescence generated by the product, 4-
methylumbelliferone, is directly proportional to cTnl in
the sample.

Specimen: serum (no plasma heparin or EDTA)

LoD: <0.02 pg/L.

Dynamic reportable range: 0.02-120 pg/L.

Imprecision (10% CV): 0.09-0.13 pg/L.
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