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BACKGROUND: Cardiac troponin I (cTnI) and cardiac
troponin T (cTnT) determinations are fixtures in clinical
practice and research. Cardiac troponin testing has been
the standard of practice for the diagnosis of acute myo-
cardial infarction (AMI), early rule-out, risk stratifica-
tion, and outcomes assessment in patients presenting
with acute coronary syndrome (ACS) and non-ACS
myocardial injury. We recognize from reading the liter-
ature over the past several years how poorly understood
the analytical characteristics are for cTnI and cTnT assays
by laboratorians, clinicians, and scientists who use
these assays.

CONTENT: The purposes of this mini-review are (a) to
define limit of blank, limit of detection, limit of quanti-
fication, and imprecision, (b) overview the analytical
characteristics of the existing cardiac troponin assays, (c)
recommend approaches to define a healthy (normal) ref-
erence population for determining the 99th percentile
and the appropriate statistic to use for this calculation,
(d ) clarify how an assay becomes designated as “high
sensitivity,” and (e) provide guidance on determining
delta (�) change values.

SUMMARY: This review raises important educational in-
formation regarding cTnI and cTnT assays, their 99th
percentile upper reference limits (URL) differentiated by
sex, and specifically addresses high-sensitivity (hs)-assays
used to measure low concentrations. Recommendations
are made to help clarify the nomenclature and analytical
and clinical characteristics to define hs-assays. The review
also identifies challenges for the evolving implementation
of hs-assays into clinical practice. It is hoped that with the

introduction of these concepts, laboratorians, clinicians
and researchers can develop a more unified view of how
these assays should be used worldwide.
© 2016 American Association for Clinical Chemistry

Cardiac troponin I (cTnI)5 troponin T (cTnT) determi-
nations are the standard of practice for the diagnosis of
acute myocardial infarction (AMI) and have been gaining
acceptance for early rule-out when using high-sensitivity
(hs)-assays (1–7 ). Cardiac troponin also has been impor-
tant for risk stratification and outcomes assessment in
patients presenting with acute coronary syndrome (ACS)
and non-ACS myocardial injury, and may have potential
in primary prevention (8 ). What has become apparent is
how poorly understood cTnI and cTnT assays are by
those who use these assays. This is evident by reading the
methods sections of peer-reviewed studies, recognizing
that the analytical characteristics of both cTnI and cTnT
assays tend to be misrepresented along with how appro-
priate cutoffs, 99th percentile upper reference limits
(URLs), are defined from study to study (9 ).

cTnI and cTnT assays have replaced creatine kinase
(CK) MB because of their myocardial tissue specificity
(1, 10 ). While cTnI remains true to this concept, studies
have recently demonstrated that immuno-reactive pro-
teins, whether cTnT isoforms or other proteins, do ap-
pear to cross-react with the cTnT assays that are mar-
keted by Roche in a small subset of neuromuscular
disease pathologies that have been studied (11, 12 ). Cli-
nicians need to be aware of the possibility that noncardiac
increases in cTnT may occur (the current prevalence of
such increases is likely small but not clear), and may lead
to possible false-positive diagnosis of cardiac injury when
skeletal muscle pathology is present. Both cTnI and
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While hs-cTn assays are starting to receive in-
creasing usage worldwide, in the US they have not yet
been cleared by the FDA (14 ). It is important that
cardiac troponin users do not lose sight of the under-
standing that contemporary and point of care (POC)
assays still maintain a large market share in clinical
practice (15 ). The purpose of this mini-review is to
address important characteristics of cTnI and cTnT
assays. This review does not supplant present guide-
lines but does offer recommendations in several areas
pertaining to the optimal utilization (16 ) of cardiac
troponin testing based on assay characteristics.

Cardiac Troponin Assays

CARDIAC TROPONIN T

The hs-cTnT (fifth generation) assay (Roche Diagnos-
tics) uses fragment antigen binding (FAB) portions of 2
cTnT-specific mouse monoclonal antibodies (MAbs) di-
rected against epitopes in the central region of human
cTnT. The capture antibody (M7) is biotinylated and
directed against an epitope at amino acid residues 125–
131 identical to that in the previous, fourth-generation
assay. The detection antibody is directed against an
epitope at amino acid residues 136–147. The original
antibody (M11.7) has been reengineered, with the con-
stant C1 region of the FAB being replaced by a human
IgG C1 region to produce a mouse–human chimeric
detection antibody (15 ). The assay is calibrated against
recombinant human cTnT produced in Escherichia coli
cell culture (15 ). Assay calibration is not identical to that
of the fourth-generation assay, so identical samples mea-
sured with the fourth-generation and hs-cTnT assays will
give different results. The 99th percentile upper reference
limit (URL) of 10 ng/L with the fourth-generation cTnT
assay corresponds to 30 ng/L with the hs-cTnT assay
(17 ).

CARDIAC TROPONIN I

MAbs specific to different epitopes of cTnI are able to
recognize multiple modifications circulating in the
blood. Different forms of the cTnI antigen used as stan-
dards or calibrators have helped to improve correlations
between different commercial assays by more than 10-
fold, but standardization is unlikely (15 ). An IFCC
working group is addressing whether cTnI harmoniza-
tion can be achieved, predicated on a pooled serum-based
secondary reference material (18 ). Even with the use of a
mathematical formula, harmonization between assays re-
mains elusive. The most common reason for the discrep-
ancy in cTnI measurements is the difference in epitope
specificity of antibodies used in different assays. Even for
assays that employ similar antibodies, different numeric
concentrations are found. cTnI measurements are influ-
enced by multiple factors, including proteolytic degrada-

tion, phosphorylation, and complexing with cTnC, hep-
arin, heterophile or human antimouse antibodies, and
cTnI-specific autoantibodies (15 ). MAbs are often se-
lected in such a way that if one of the MAbs (capture or
detection) is sensitive to the presence of an antigen in the
sample, then the other MAb should be insensitive to the
same antigen. cTnI has been shown to be cleaved by
endogenous proteases during incubation of necrotic
myocardial muscle after an AMI (15 ). The vast majority
(�95%) of cTnI in blood occurs as a binary cTnI–cTnC
complex. Consideration of assays including an anti-
cTnC antibody may be useful in improving the analytical
sensitivity. Antibodies used in assays should recognize all
circulating cardiac troponin forms on an equimolar basis.

Definitions: Limits of Blank, Detection, and
Quantification

With the advent of hs-assays and the emphasis on impre-
cision (% CV) of assays at the 99th percentile URL and
the limit of quantification (LoQ), along with the increas-
ing role of using the limit of blank (LoB) and the limit of
detection (LoD) as cutoffs for early rule-out of AMI,
understanding what these values mean is important (19 );
all are analytical parameters used to describe the low con-
centrations of cardiac troponin measurements. Under-
standing these terms is related to the emerging clinical
evidence suggesting that at “undetectable levels,” concen-
trations less than either LoB or LoD, clinicians can po-
tentially safely rule-out AMI, using a single cardiac tro-
ponin, based on very high negative predictive value
(NPV) and high clinical sensitivity (1–7 ). The LoB is the
highest cardiac troponin concentration expected to be
found when replicates of a sample containing the zero
calibrator for a cardiac troponin assay are tested. Statisti-
cally, it is often represented as: LoB � mean (zero cali-
brator) � 1.645 � SD (zero calibrator). In the US, the
LoB is not clinically reportable, as high imprecision (%
CV �20%) makes a result at this concentration unreli-
able and one that should not be used. The clinical utili-
zation of the LoB concentration is not clear at present.
LoD, a concentration greater than the LoB, is the lowest
detectable cardiac troponin concentration reliably distin-
guished from the LoB in a sample containing a low car-
diac troponin concentration that can confidently be re-
ported for clinical use. In the US, laboratories often may
not be able to report cardiac troponin at the LoD because
available contemporary (generation of assays pre-hs as-
says) and POC cardiac troponin assays have imprecisions
�20% at this concentration, and the FDA only allows
manufacturers to report cardiac troponin assay results at
concentrations less than the lowest concentration that
has a %CV (total imprecision) of �20%. Thus, the low-
est cardiac troponin concentration that demonstrates a
20% CV is defined as the LoQ.
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Total Imprecision (% CV) at 99th Percentile

Day-to-day imprecision of cardiac troponin assays is de-
fined by the % CV and is determined using multiple lots
of both reagents and calibrators over multiple days (19 ).
The CLSI EP5-A2 document details the evaluation pro-
tocol that spans 20 days, 2 repeats a day, with 2 different
lots used for reagents and calibration materials. For clin-
ical use, cardiac troponin assays have been deemed
“guideline acceptable” if they have a % CV of �10% at
the 99th percentile, “clinically usable” if the % CV is
�10% to �20%, and “not clinically acceptable” if the %
CV is �20% (20, 21 ). The hs-assays have less analytical
noise and meet the highest standard of clinical-practice
guideline precision recommendations (% CV �10%) at
the 99th percentile, whereas contemporary and POC car-
diac troponin assays have a % CV between 10% and 20%
at the 99th percentile. Using hs-cTn assays decreases an-
alytical noise, allowing reporting of real cardiac troponin
increases above the 99th percentile indicative of myocar-
dial injury, rather than increases in cardiac troponin re-
sulting from analytical imprecision, thereby improving
diagnostic accuracy. The Third Universal Definition of
MI guidelines recommends preferential use of assays that
demonstrate a total CV of �10% at the 99th percentile
(1 ), but also supports the use of assays with a CV of
�20%, because a 20% CV does not lead to misclassifi-
cation of patients in diagnostic or risk-assessment man-
agement (20 ).

Table 1 shows that all hs-cTn assays attain a CV at
the 99th percentile �10%. Such information is useful to
laboratorians and clinicians because it allows them to
confidently report hs-cTn values and serial changes in
cardiac troponin results over time that are unaffected by
analytical noise. The true test of how well the % CV of
assays will hold up is when assays are used daily in clinical
practice and QC materials are evaluated over weeks. Pres-
ently, only the Abbott hs-cTnI and the Roche hs-cTnT
assays are used in clinical practice, and appear to have
maintained the �10% CV quality characteristic at the
99th percentile (22, 23 ). Contemporary assays often re-
ported in the manufacturers’ package insert as being able
to achieve a 10% CV at the 99th percentile are rarely able
to do so in clinical laboratory practice.

99th Percentile

The cardiac troponin 99th percentile URL corresponds
to the clinical-practice guideline concentration for the
diagnosis of AMI (21 ). This URL is typically derived
from apparently healthy individuals enrolled in studies
by manufacturers or investigators (9 ). For hs-cTn assays,
the IFCC Task Force on Clinical Applications of Cardiac
Biomarkers (TF-CB) has proposed recommendations for
determining 99th percentiles (21 ). Sex is an important

factor influencing the 99th percentile, and sex-specific
99th percentiles are recommended to be reported for
clinical use when using hs-assays. Contemporary and
POC (24 ) assays do not have the analytical sensitivity to
adequately differentiate 99th percentiles by sex, and thus
only require a single over-all (men plus women) 99th
percentile. The use of a single diagnostic cardiac troponin
threshold for hs-cTnI assays, as studies for hs-cTnT are
limited, has been shown to contribute to the under diag-
nosis of AMI in women, whereas with sex-specific cutoffs
the proportion of men and women with the diagnosis of
AMI is similar (22, 25 ). For hs assays, cardiac troponin
results should be reported in whole numbers in nano-
grams per liter (ng/L) to distinguish them from contem-
porary and POC assays. While globally endorsed, the
99th percentile is still not uniformly applied in clinical
practice. Only 30% to 50% of laboratories have reported
using the 99th percentile, thereby compromising the di-
agnosis of AMI in practice as well as myocardial infarc-
tion (MI) endpoints in clinical trials (26 ). Although con-
centrations with hs-cTn assays increase with age, this is
likely due to comorbidities, and changing URLs with age
for clinical use would add complexity and disadvantage
the more healthy elderly.

Defining Healthy Reference Populations for
Determining 99th Percentile

99th Percentiles for contemporary, POC, and hs-assays
are shown in Table 1. There is poor consistency in the
composition or numbers of individuals enrolled for de-
termining the 99th percentile. Defining what constitutes
a healthy reference individual is a topic of debate (21 ).
Should individuals be apparently healthy, young individ-
uals, or should they be age-matched patients hospitalized
without known cardiovascular disease, similar to the de-
mographics of patients who rule in for an AMI, with ages
of 30–90 years? How does one determine who is healthy?
Should individuals be selected: (a) via personal interview
with questions addressing known cardiac medications,
such as statins; (b) after obtaining information about
known diseases associated with cardiovascular disease,
such as renal disease or diabetes; or (c) via definitive phy-
sician evaluation of an individual after taking a history
and physical examination, including an electrocardio-
gram, echocardiogram or imaging? The third option,
while ideal, is cost-prohibitive. Sequential selection of a
reference population on this basis has been shown to shift
the derived 99th percentile to lower values (27 ). We
recommend a 2-fold approach in which both younger
(�30 years) and older (�30 years, with median age of
60–65 years to be representative of cardiac patients),
apparently healthy reference groups are recruited. Inclu-
sion criteria should be based on data obtained from a
history of medications (not on cardiac drugs), known
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underlying diseases, and blood measurements, using a
natriuretic peptide concentration (assay dependent) that
would provide a high NPV for ruling out heart failure to
serve as a surrogate biomarker for underlying myocardial
dysfunction, and an estimated glomerular filtration rate
(eGFR) �60 mL � min�1 m�2 for defining underlying
renal insufficiency. At present, no definitive peer-
reviewed surrogate biomarker recommendations have
been published. Men and women should be equally rep-
resented, with a diverse racial and ethnic mix. The num-
ber of individuals for determining a 99th percentile has
been defined by the IFCC TF-CB to be a minimum of
300 for men and 300 for women. No study has compared
all contemporary sensitive assays and/or hs-assays within
the same reference or disease population (28 ). At the
2016 national AACC meeting, a reference interval blood
draw study was performed that allowed manufacturers to
purchase 535 plasma or serum samples for use in deter-
mination of a 99th percentile.

To solve the conundrum of assay-to-assay differ-
ences, direct comparisons of contemporary assays used in
clinical practice with hs-cTn assays already in the mar-
ketplace are needed. In 1 study examining multiple con-

temporary, POC, and hs-assays, the ability of the various
assays to measure concentrations below the 99th percen-
tile ranged from 1% to 98% of samples (Fig. 1). The 99th
percentile variability between assays was substantial,
exemplifying the lack of cTnI and cTnT assay stan-
dardization. The hs-cTn assays with an ability to mea-
sure concentrations in all or nearly all reference indi-
viduals demonstrated nearly gaussian distributions of
cardiac troponin results.

Analytical Designation for hs-Assay

It is important to understand that the term “high-
sensitivity” reflects the assay’s characteristics and does not
refer to a difference in the form of cardiac troponin being
measured. There is a need for a consensus on defining
what nomenclature should be used for an hs-assay. The
term “high-sensitivity” has uniformly been used for pub-
lication in Clinical Chemistry and more frequently
throughout the scientific/medical literature. This term,
however, begs the question: how does one define an hs-
assay? The IFCC TF-CB has proposed that for an assay to
be defined as hs, 2 analytical criteria need to be met (21 ).

Fig. 1. Comparison of both 99th percentile values (circles) and percent measurable concentrations (boxes) in a presumably healthy
population for 19 cardiac troponin assays designated by hs (left), sensitive-contemporary (middle), and POC (right). mod-sens,
modified-sensitive [used with permission from Apple et al. (28 )].
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First, the % CV at the 99th percentile value should be
�10%. Second, measurable concentrations should be at-
tainable with at a concentration above the assay’s LoD for
at least 50% of healthy individuals. As shown in Table 2
and Fig. 1, the hs-cTnT assay showed lower than recom-
mended rates of measurable concentrations when using
the IFCC recommendation. None of the currently FDA
cleared assays for either contemporary or POC testing
met the 2-fold criteria for an hs designation. One com-
mercial hs-cTnI assay (Abbott) is available worldwide
(except in the US, where it is not yet FDA cleared). For
hs-assays all journals, manufacturers, and laboratories
should adopt the ng/L unit of measure to avoid confusion
and decimal points followed by unnecessary zeros as used
for contemporary and POC assays. Thus, a concentra-
tion of 0.0015 �g/L (contemporary assay) would need to
be reported as 2 ng/L (hs-assay).

Sex-Derived 99th Percentiles

For hs-cTn assays, sex-specific 99th percentiles are rec-
ommended (21 ). Numerous studies have demonstrated
distinct 99th percentiles according to sex, with men hav-
ing higher concentrations than women, justified by men
having larger left ventricular mass than women (25, 29 ).
In a large, healthy population cohort study in which hs-
cTn was measured using 5 hs-assays (28 ), men had a
higher proportion of measurable cardiac troponin con-
centrations than women (Table 3). The hs-cTnI assays
demonstrated a heterogeneous ability to measure values
above the LoD, but all above 50%. The proportion of
undetectable cardiac troponin values varied substantially
across assays with women having a higher proportion of
undetectable values as compared with men. By using the
hs-cTnT assay, marked differences were observed be-

Table 2. Measurable values among hs-cardiac troponin assays using sex-specific cutoffs.

Manufacturer—analyzer—assay
No. of
results

LoD,
ng/L

Measurable values
≥LoD

Proportion of undetectable
values (<LOD)

Abbott ARCHITECT hs-cTnI F: 252a 1.9 F: 67% (170/252) F: 33% (82/252)

M: 272 M: 80% (217/272) M: 20% (55/272)

Beckman Coulter Access hs-cTnI F: 252 2.5 F: 74% (187/252) F: 27% (65/252)

M: 272 M: 87.5% (238/272) M: 13% (34/272)

Roche Cobas e601 hs-cTnT F: 252 5 F: 7% (18/252) F: 93% (234/252)

M: 272 M: 43% (117/272) M: 57% (155/272)

Siemens Dimension Vista hs-cTnI F: 239 0.5 F: 82% (196/239) F: 18% (43/239)

M: 264 M: 90% (237/264) M: 10% (27/264)

Singulex Erenna hs-cTnI F: 252 0.09 F: 100% (252/252) F: 0% (0/0)

M: 272 M: 100% (272/272) M: 0% (0/0)

a F, female; M, male.

Table 3. Short-term analytical and biological variation of hs-cTn assays.a

Abbott Beckman Roche (E170) Siemens Singulex

CV-A, %b 13.8 14.5 7.8 13.0 8.3

CV-I, % 15.2 6.1 15.0 12.9 9.7

CV-G, % 70.5 34.8 NA 12.3 57

Index of individuality 0.22 0.46 NA 0.11 0.21

RCV, %b NA NA 47.0 NA NA

RCV increase, %c 69.3 63.8 NA 57.5 46.0

RCV decrease, %c −40.9 −38.9 NA −36.5 −32

Within-individual mean, ng/L 3.5 4.9 NA 5.5 2.8

a Adapted with permission from Apple and Collinson (15 ).
b CV-A, analytical CV; CV-I, within-individual CV; CV-G, between-individual CV; NA, not available.
c RCV percentage applies to the parametric data.
d RCV increase and decrease percentages refer to nonparametric data and are log transformed.
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tween men and women in both the proportion of mea-
surable (F, 7%, vs M, 43%) and undetectable (F, 93%, vs
M, 57%) values.

From a clinical perspective these data are informa-
tive owing to the emergent interest in using undetectable
cardiac troponin values to expedite the rule-out of AMI
with a single measurement at presentation, which if un-
der the LoD, safely identifies a subset of patients at very
low risk for adverse events (3–7, 30, 31 ). A balance needs
to be struck between using this rule-out strategy in the
highest proportion of patients possible vs the interest in
using assays with high analytical sensitivity that facilitate
the use of following serial concentration changes, partic-
ularly at low concentrations, to rule in/out acute MI.
Again, it must be acknowledged that different assays will
have different LoD concentrations (15 ).

Statistical Approach to Define 99th Percentile

There is a need for a uniform, standardized statistical
approach to calculate cardiac troponin 99th percentiles.
A recently published study (32 ) is the first to demon-
strate and support the use of the nonparametric method
and not the Harrell–Davis Bootstrap Method (or non-
parametric Bootstrap Method) or the Robust method.
The nonparametric method is a distribution-free method
using ranks of observed values to determine percentiles
for a given reference interval/cutoff. It is simple to calcu-
late and easy to determine a sample size. For a 99th per-
centile and 90% CI, n �299 study participants are re-
quired, as recommended by the IFCC TF-CB. The
Harrell-Davis Bootstrap method uses a linear combina-
tion of order statistics to estimate a percentile/reference
interval and weights observed values using the incomplete �
distribution. However, it involves a more complicated cal-
culation. It can provide similar results obtained by the tra-
ditional nonparametric method, but the extra effort is not
seen as worthwhile. This method also can be highly influ-
enced by outliers. The robust method uses estimates of lo-
cation and scale, iteratively weights-observed values, and
smooths/down-weights observations the further they are
from the center. It minimizes effect of outlying/extreme ob-
servations, requires data to be symmetric and is computa-
tionally intensive.

Biological Variability of hs-cTn Assays

Determining biological variation is not possible for both
cTnI and cTnT with contemporary and POC assays in
clinical practice today, because these assays cannot reli-
ably measure concentrations in healthy individuals where
they detect measurable values in �25% of healthy individ-
uals (15). In contrast, Table 3 demonstrates the biological-
variation characteristics of 5 hs-assays. Within-individual
mean cardiac troponin concentrations ranged between 2

ng/L and 5 ng/L for both cTnI and cTnT, respectively,
and reference change values (RCV) ranged from 	32%
to 	69.3%. For hs-cTnT differences in RCVs have also
been found between different analyzers used for the same
assay.

Characterizing hs-Assays by Using Clinical
Criteria

While criteria has been provided by the IFCC TF-CB for
defining hs-cTn assays using analytical characteristics
(21 ), investigators have opined that clinical criteria may
also be of importance in defining hs-assays. The IFCC
TF-CB is currently evaluating whether the following
clinical criteria would provide hs-assay clarity. First, use a
rule-out MI criterion predicated on an hs-cTn measure-
ment �LoD concentration that coincides with a NPV at
baseline sample �99.0% and a clinical sensitivity at base-
line sample �99.0%. Second, use a risk outcomes crite-
rion predicated on a NPV of �99% for major adverse
cardiac events or all-cause death at 30 days using either a
concentration �LoD or a 0–1 h or 0–2 h absolute con-
centration � (assay dependent). Additional studies will
be needed to determine whether these risk criteria can
also be used with contemporary assays.

Implementing Δ Cardiac Troponin Values

There is no universal � value for cTnI or cTnT values to
best optimize clinical specificity (21 ). Deltas will be assay
dependent and vary between a percentage change for
contemporary and POC assays (33 ) as compared to ab-
solute concentration changes for hs-assays (5 ). Further,
the calculation of � values will vary depending on the
timing between serial samples, i.e., 0–1, 2 or 3 h (hs-
assays) vs 0 to 6 h (contemporary assays), as well as
whether the initial cardiac troponin concentration is
within the reference range below the 99th percentile (at
the time of the disease evolution) or above the 99th per-
centile. Small concentration changes may also result from
poor analytical imprecision for contemporary and POC
assays that tend to have poor imprecision at low cardiac
troponin concentrations, particularly those near the 99th
percentile. Defining a consistent period of time for anal-
ysis is also important for the development of an accurate
approach to this analysis if different assays are to be com-
pared. A recommendation has been made for hs-cTnT to
use a 50% change near the 99th percentile URL and a
20% change when the baseline value is increased above
the 99th percentile within a 3 h interval (34 ). Shorter
time intervals (�3 h) will be required with hs-cTn assays
to assist in ruling out AMI. Consideration must always be
given to late presenting MIs, which may confound the
use of both absolute and percentage � values (35 ).
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Preparing for Implementation of hs-Assays

As global change occurs, laboratories need to start pre-
paring their services for the eventuality of going live with
hs-assays (36, 37 ). The following draft check-list, de-
rived from the evidence based literature, will help educate
laboratories currently using and prepare laboratories not
using hs-assays for the conversion from contemporary
and POC assays to hs-assays. First, education of labora-
tory medicine and clinical staff on relevant literature per-
taining to the manufacturers’ assay being implemented
will be necessary. Distribute analytical, diagnostic and
risk assessment outcomes studies to your clinical col-
leagues, and present information on the new hs-assay at
their staff meetings and clinical conferences. Second, de-
velop understanding among users of the new hs-assay
that the concentration numbers are going to change, and
that they should not expect a conversion factor. Third, a
URL at the 99th percentile will need to be established,
following the IFCC TK-LB educational materials.
Fourth, preparation will be needed for changing from a
single to sex-specific 99th percentile, recognizing that
this value for women will be less than for men. Fifth,
conversion to reporting only whole numbers in ng/L will
be needed. Sixth, define a QC material at the 99th per-
centile to monitor % CV. Seventh, consider using cardiac
troponin values �LoD of the hs- assay as a potential
rule-out characteristic. Work closely with your emer-
gency medicine colleagues to explore this financial sav-
ings utilization. Eighth, provide serial testing protocols
that consider earlier measurements such as at baseline,
1.5h and 3h for diagnostic determinations (38 ). Work
conjointly with emergency department physicians and
cardiologists to define clinical protocols to facilitate op-
timal use. Ninth, educate your clinicians that although

an increased cardiac troponin is reflective of MI it does
not mean there was an MI, as each patient’s cardiovascu-
lar history must be reviewed in this context (39 ). Tenth,
work on assuring good preanalytical sampling as the hs-
assays are so sensitive that poor sample quality can be a
problem.
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23. Rubini Giménez M, Hoeller R, Reichlin T, Zellweger C,
Twerenbold R, Reiter M. Rapid rule out of acute myocar-
dial infarction using undetectable levels of high-
sensitivity cardiac troponins. Int J Cardiol 2013;168:
3896 –901.

24. Amundson BE, Apple FS. Cardiac troponin assays: a re-
view of quantitative point-of-care devices and their effi-
cacy in the diagnosis of myocardial infarction. Clin
Chem Lab Med 2015;53:665–76.

25. Shah A, Griffiths M, Lee KK, McAllister MA, Hunter AL,
Cruikshank A, et al. High sensitivity cardiac troponin
and the under-diagnosis of myocardial infarction in
women. BMJ 2015;350:g7873.

26. Hammerer-Lercher A, Suvisaari J, Apple FS, Christen-
son RC, Pulkki K, van Dieijeb-Visser P, et al. How well do
laboratories adhere to recommended clinical guide-
lines for the management of myocardial infarction: the
CARdiac Marker Guidelines Uptake in Europe study
(CARMAGUE). Clin Chem 2016;62:1264 –71.

27. Collinson PO, Hwung YM, Gaze D, Boa F, Senior R,
Christenson R, Apple FS. Influence of population selec-
tion on the 99th percentile reference value for cardiac
troponin assays. Clin Chem 2012;58:219 –25.

28. Apple FS, Ler R, Murakami MM. Determination of 19
cardiac troponin I and T assay 99th percentile values
from a common presumably healthy population. Clin
Chem 2012;58:1574 – 81.

29. Gore MO, Seliger SL, deFilippi CR, Nambi V, Christen-
son RH, Hashim IA, et al. Age- and sex-dependent up-
per reference limits for the high-sensitivity cardiac tro-
ponin T assay. J Am Coll Cardiol 2014;63:1441– 8.

30. Januzzi JL Jr., Bamberg F, Lee H, Truong QA, Nichols
JH, Karakas M, et al. High-sensitivity troponin T concen-
trations in acute chest pain patients evaluated with car-
diac computed tomography. Circulation 2010;121:
1227–34.

31. Bandstein N, Ljung R, Johansson M, Holzmann MJ. Un-
detectable high-sensitivity cardiac troponin T level in
the emergency department and risk of myocardial in-
farction. J Am Coll Cardiol 2014;63:2569 –78.

32. Eggers KM, Apple FS, Lind L, Lindahl B. The applied
statistical approach highly influences the 99th percen-

tile of cardiac troponin I. Clin Biochem 2016;49:1109 –
12.

33. Apple FS, Smith SW, Pearce LA, Murakami MM. Delta
changes for optimizing clinical specificity and 60-day
risk of adverse events in patients presenting with symp-
toms suggestive of acute coronary syndrome utilizing
the ADVIA Centaur TnI-Ultra assay. Clin Biochem 2012;
45:711–3.

34. Thygesen K, Mair J, Giannitsis E, Mueller C, Lindahl B,
Blankenberg S, et al. How to use high-sensitivity car-
diac troponins in acute cardiac care. Eur Heart J 2012;
33:2252–7.

35. Jaffe AS, Moeckel M, Giannitsis E, Huber K, Mair J, Mu-
eller C, et al. In search for the Holy Grail: suggestions for
the studies to define delta changes to diagnosis or ex-
clude acute myocardial infarction: a position paper
from the study group on biomarkers of the Acute Car-
diovascular Cares Association. Eur Heart J Acute Cardio-
vasc Care 2014;4:313– 6.

36. Kavsak P, Beattie J, Pickersgill R, Ford, Caruso, Clark L. A
practical approach for the validation and clinical imple-
mentation of a high-sensitivity cardiac troponin assay
across a North American city. Prac Lab Med 2015;1:28 –
34.

37. Sandoval Y, Smith SW, Apple FS. Present and future of
cardiac troponin clinical practice: a paradigm shift to
high-sensitivity assays. Am J Med 2016;4:354 – 65.

38. Love S, Sandoval Y, Apple FS. Incorporating high sensi-
tivity cardiac troponin assays into clinical practice: these
assays are your friend. Heart Metab 2015;67:9 –14.

39. Love SA, Sandoval Y, Smith SW, Nicholson J, Cao J, Ler
R, Schulz K, Apple FS. Incidence of undetectable. Mea-
sureable, and increased cardiac troponin I concentra-
tions above the 99th percentile using a high-sensitivity
vs a contemporary assay in patients presenting to the
emergency department. Clin Chem 2016;62:1115–9.

Cardiac Troponin Assay Analytics Mini-Reviews

Clinical Chemistry 63:1 (2017) 81


