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Abstract

Objectives—To determine the 99t percentile upper reference limit for the highly sensitive
cardiac troponin T assay (hs-cTnT) in three large independent cohorts.

Background—The presently recommended 14 ng/L cutpoint for the diagnosis of myocardial
infarction using the hs-cTnT assay was derived from small studies of presumably healthy
individuals, with relatively little phenotypic characterization.

Methods—Data were included from three well characterized population-based studies: the
Dallas Heart Study (DHS), the Atherosclerosis Risk in Communities (ARIC) Study, and the
Cardiovascular Health Study (CHS). Within each cohort, reference subcohorts were defined
excluding individuals with recent hospitalization, overt cardiovascular disease and kidney disease
(subcohort 1) and further excluding those with subclinical structural heart disease (subcohort 2).
Data were analyzed stratified by age, sex and race.
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Results—The 99! percentile values for the hs-cTnT assay in DHS, ARIC and CHS were 18, 22
and 36 ng/L respectively (subcohort 1) and 14, 21 and 28 ng/L respectively (subcohort 2). These
differences in 99t percentile values paralleled age differences across cohorts. Analyses within
sex/age strata yielded similar results between cohorts. Within each cohort, 99t percentile values
increased with age and were higher in men. More than 10% of men aged 65-74 with no
cardiovascular disease in our study had cTnT values above the current myocardial infarction
threshold.

Conclusions—Use of a uniform 14 ng/L cutoff for the hs-cTnT assay may lead to over-
diagnosis of myocardial infarction, particularly in men and the elderly. Clinical validation is
needed of new age- and sex-specific cutoff values for this assay.
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Introduction

The recently developed high sensitivity assay for cardiac troponin T (hs-cTnT) has been
implemented in many countries for the diagnosis of acute myocardial infarction (Ml), and
will likely be introduced in the United States in the near future (1-5). By convention, the
upper reference limit for high sensitivity troponin assays is defined as the 99t percentile
value from a normal reference population (6,7). However, no clear consensus exists
regarding the composition of a “normal population” in this context (3,5,8). Given the central
role of troponin measurement in MI diagnosis, accurate determination of the upper reference
limit is critically important for the use and interpretation of troponin assays.

The presently accepted 99t percentile upper reference limit for the hs-cTnT assay (14 ng/L)
was initially derived from a study of 616 “apparently healthy” volunteers and blood donors,
with little information reported regarding subject selection (6), and then confirmed by a
study of 533 individuals selected based primarily on a standardized questionnaire (9). Other
studies in smaller cohorts, with varying degrees of phonotypical characterization, reported
99" percentiles ranging from 14.4 ng/L to 16.9 ng/L (8,10-12).

Clinical use of the present cutoff for the hs-cTnT assay does not take into account patient
sex, age and race. However, sex differences in the 99t percentile values for both hs-cTnT
and hs-cTnl assays have been reported in a number of small studies (8-15), with a trend for
higher values in men, leading to a statement in the most recent Universal Definition of Ml
that sex-dependent upper reference limits for hs-cTn assays may be recommended in the
future (7). A numeric trend towards higher 99t percentiles for the hs-cTn assay in older
individuals was also reported in some, but not all studies, based on very few subjects in
older age strata (9,11,13,14). Finally, whether the 99t percentiles for hs-cTn assays are
influenced by race is unclear. Presently available data are insufficient to derive sex-, age-, or
race-specific upper reference limits.

To address this critical knowledge gap, we analyzed cTnT values measured with the hs-
cTnT assay in three large independent community-based cohorts: the Dallas Heart Study
(DHS) (16), the Atherosclerosis Risk in Communities (ARIC) Study (17), and the
Cardiovascular Health Study (CHS) (18). We determinined 99! percentile values for the hs-
cTnT assay in clearly defined subcohorts of DHS, ARIC and CHS, with sequential exclusion
of “non-healthy” participants and those with subclinical cardiovascular disease, and with
additional stratification by age, sex and race. Compared with previous studies of the hs-
cTnT assay upper reference limit, the present study of 12,618 adults benefits from a much
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larger size, unambiguous selection process, detailed phenotypic characterization, and
broader representation of different age ranges.

Study design and populations

Cross-sectional analyses were performed in three independent community-based cohorts: the
Dallas Heart Study (DHS), the Atherosclerosis Risk in Communities (ARIC) Study, and the
Cardiovascular Health Study (CHS). The DHS is a probability-based sample of 6101 adults
enrolled between 2000-2002 from Dallas County, Texas, with intentional oversampling of
black individuals to constitute approximately 50% of the cohort (19). cTnT was measured in
3546 DHS participants between 30-65 years of age. The cohort component of the ARIC
study comprises a total of 15,792 individuals 45 to 64 years old, randomly selected from
Forsyth County, North Carolina; suburban Minneapolis, Minnesota; Jackson, Mississippi;
and Washington County, Maryland (approximately one quarter of the cohort from each
region) (20). For ARIC, cTnT was measured during visit 4 of the study (1996-1998), in
11,271 eligible individuals (17). The CHS is a sample of 5,888 community-dwelling adults
65 years or older recruited from four communities: Forsyth County, North Carolina;
Hagerstown, Maryland; Pittsburgh, Pennsylvania; and Sacramento, California (21). Of the
CHS cohort, 5,201 individuals were enrolled in 1989-1990 (main cohort), and 687
additional black subjects were enrolled in 1992-1993 (supplemental cohort). cTnT was
measured in 4,221 participants from CHS. Detailed descriptions of the design, objectives
and examinations performed for each of the three cohort studies have been previously
published (19-21). The study complied with the Declaration of Helsinki, all participants in
DHS, ARIC and CHS provided written informed consent, and approval for the study was
obtained from the institutional review boards at all participating institutions.

Definition of subcohorts /exclusion criteria

Because the 99" percentile upper reference limit for cTnT is by convention established in a
normal reference population (6,7), we restricted our analyses to two prospectively defined
subcohorts selected from each of the three studies. Subcohort 1 was defined as individuals
free from recent hospitalization of any cause (6 months prior to blood collection for the
study), with no clinical cardiovascular disease (coronary heart disease, chronic heart failure,
atrial fibrillation, prior stroke) or stage 111 or greater chronic kidney disease (estimated GFR
< 60 mL/min/1.73m?2). Subcohort 2 further excluded from subcohort 1 those individuals
with subclinical structural heart disease, defined as left ventricular (LV) hypertrophy (LVH)
by ECG (ARIC and CHS) or MRI (DHS), LV ejection fraction (LVEF) < 55% by
echocardiogram (CHS, ARIC) or MRI (DHS), or N-terminal Pro-B-type natriuretic peptide
(NT-proBNP) > 450 ng/L. Subjects with missing or exhausted biorepository samples were
also excluded from both subcohorts, and subjects with missing imaging or ECG data were
excluded from subcohort 2.

Laboratory measurements

cTnT was measured in sample aliquots previously stored at —70°C using a highly sensitive
automated immunoassay (Troponin T hs STAT, Elecsys-2010, Roche Diagnostics,
Indianapolis, Indiana), with a limit of detection of 5 ng/L and a limit of blank of 3 ng/L. The
lowest cTnT concentration that can be measured with a coefficient of variation < 10% with
this assay is 13 ng/L (22). The assay lot numbers used were 153401 for DHS, 153401 and
154102 for ARIC, and 153401 for CHS. None of these lots were affected by problems
reported by the manufacturer with other lot numbers (23,24). NT-proBNP levels were
measured as described (25). Glomerular filtration rate was estimated using the Modification
of Diet in Renal Disease (MDRD) formula (26).
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Statistical analyses

Results

The 99t percentile values and corresponding 95% confidence intervals were calculated for
subcohorts 1 and 2 of DHS, ARIC and CHS, with further stratification by sex, age and race.
Distribution-free confidence intervals were used because of the skewed distribution of cTnT.
Specifically, rank order statistics were used for the bounds on the confidence limit such that
the difference in the cumulative binomial probabilities satisfied the coverage probability
requirement of 0.95. The 95% confidence interval for a given 99t percentile indicates that
the 991" cTnT percentile of a general population sample with similar baseline characteristics
as the respective subcohort or sex/age/race stratum has a 95% probability of falling within
the calculated confidence interval. Within the DHS cohort only, sensitivity analyses were
performed to determine the impact of assumptions made in determining the composition of
subcohort 2. In these sensitivity analyses, the impact of various inclusion/exclusion criteria
(including imaging, ECG and NT-proBNP criteria) on the 99th percentile cTnT value was
assessed.

Characteristics of the study population

Baseline demographic, clinical and laboratory characteristics of the study subcohorts are
presented in Table 1. A total of 12,618 adults were analyzed across the three studies. The
median age was lowest in DHS and highest in CHS.

99t" percentile values for the hs-cTnT assay

The 99t percentile values for subcohort 1 (representing adults without clinically overt
cardiovascular disease or impaired renal function) are presented in Table 2 and Figure 1,
with data for subcohort 2 (those additionally free from subclinical structural heart disease or
an elevated NT-proBNP) correspondingly shown in Table 3 and Figure 2. The 99t
percentile values were significantly higher than 14 ng/L (95% confidence intervals do not
cross 14 ng/L) in subcohort 1 for all three studies, and in subcohort 2 for all studies except
DHS. Moreover, the 99t percentile values were significantly > 14 ng/L in all strata of men
> 50 years and women = 65 years. Importantly, 99t percentile values were consistent across
cohorts within age and sex strata.

The 99t percentile cutpoints were higher in men compared with women, and increased in
subgroups of increasing age among both men and women. Analyses stratified by race
showed generally higher 99th percentile values for black versus non-black individuals,
particularly among men and older women (= 65 years).

Percentiles corresponding to cTnT = 14 ng/L

Tables 2 and 3 also include the percentiles corresponding to a cTnT level of 14 ng/L in each
subcohort and sex/age/race stratum. These percentiles were numerically lower than the 99t
percentile in all overall subcohorts except subcohort 2 of DHS. Moreover, the percentile
values corresponding to 14 ng/L were consistently lower in men compared with women,
decreased with increasing age in both men and women, and were lower in black versus non-
black men and older women.

Sensitivity analyses in DHS

To determine the sensitivity of our findings to components used for the definition of the
subcohort free from clinical or subclincal cardiovascular disease, we performed sensitivity
analyses by modifying individual exclusion criteria for DHS subcohort 2, with additional
stratification by sex, race and age. As shown in Table 4, no major differences were observed
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in the 99th percentile cTnT values when the NT-proBNP exclusion cutoff for subcohort 2
was changed from 450 ng/L to 125 ng/L, or when the NT-proBNP or ECG exclusion criteria
were removed. In contrast, when exclusions based on cardiac imaging for LVH or LV
systolic dysfunction were removed, the 99th percentile values increased among men, older
individuals, and black participants (Table 4).

Discussion

The key finding from this study is that a uniform upper reference limit for the hs-cTnT assay
of 14 ng/L, as currently recommended for MI diagnosis, does not reflect the 99t percentile
value of a reference population with diverse demographic characteristics. This study
unequivocally demonstrates in a very large and well-characterized population that 99t
percentile values for the hs-cTnT assay are greater in men and rise notably with increasing
age in both men and women. New sex- and age- specific cutoff values for the hs-cTnT assay
are proposed, and will require clinical validation. We also found that 99" percentile values
are generally higher in black compared with non-black individuals. Although no race-
specific cutoff values can be reliably derived from the present dataset, our findings clearly
indicate that race may influence hs-cTnT assay cutoff values.

The upper reference limit for the hs-cTnT assay

By convention, an increased cardiac troponin concentration is defined as a measurement
exceeding the 99t percentile value for the specific assay within a normal reference
population (6,7). However, there is no consensus with regard to the criteria for selecting a
reference population, and the definition of “normal” in this context remains a matter of
continuing debate (3,5,8).

A recent statement by the International Federation of Clinical Chemistry and Laboratory
Medicine Task Force on Clinical Applications of Cardiac Biomarkers (3) recommended that
“normal” populations used to derive the 99t percentile of high-sensitivity cardiac troponin
assays should ideally be selected by detailed physician evaluation, including
electrocardiogram, echocardiogram and NT-proBNP measurement, and should include both
younger and older subjects. The present report is the first to meet (and surpass) these
recommendations, far exceeding the size and thus the statistical power of any previous study
that determined the 99t percentile upper reference limit of the hs-cTnT assay.

Importantly, 99™ percentile values for the hs-cTnT assay were lower in this study when
participants with subclinical structural heart disease were excluded (subcohort 2), compared
with the use of less stringent exclusion criteria (subcohort 1). These differences were
magnified in older individuals, who are more likely to have subclinical cardiovascular
disease. Taken together with the results of our sensitivity analyses, these findings support
assessment of subclinical structural heart disease to further characterize the reference
population in future studies.

The case for sex- and age-specific hs-cTnT cutoff values

Several small studies have previously reported trends towards higher 99t percentile values
for both the hs-cTnT and hs-cTnl assays in men (8-15) and in the elderly (9,11,14), but
small sample sizes and inconsistent phenotype characterization preclude the derivation of
sex- and age-specific clinical cutoff values from these studies. The most recent update to the
consensus definition of MI suggested that sex-dependent cutoff values may be endorsed in
the future for hs-cTn assays (7), but in the absence of reliable data, no specific numeric
recommendation was made.
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Based on our findings, the cutoff value for the hs-cTnT assay should remain 14 ng/L only
for men younger than 50 years and for women younger than 65 years. Of note, the true 99t
percentile cTnT value for women younger than 50 may be lower than 14 ng/L, but
validating a lower cutoff is not feasible with the current assay because the coefficient of
variation of the assay exceeds 10% at values of 13 ng/L and lower. Utilizing the most
conservative estimates from our study (i.e. the lowest reported 99™ percentile value from
multiple studies with data for subcohort 2 within a given age/sex strata, as shown in Table
3), we propose that cutoff values for the hs-cTnT assay be increased to 17 ng/L for men
aged 50-64 and for women aged 65 or older, and to 31 ng/L for men aged 65 or older.

Further research is imperative to determine whether these age- and sex-specific cutoff values
improve diagnostic performance for MI, both in prospective studies and in post-hoc analyses
of existing databases. In addition, further studies are necessary to determine whether age-
and sex-specific cutoffs should also be considered for hs-cTnl assays.

This was a retrospective study, but selection bias is unlikely given the population-based
nature of DHS, ARIC and CHS. Nevertheless, prospective validation of the revised cutoff
values proposed in this study is critically important. Race and ethnicity were not uniformly
recorded for Hispanic/Latino individuals across the three cohorts, and there was a low
number of black individuals in several age and race strata, thus precluding the derivation of
race-specific cutoff values for the hs-cTnT assay. Measurements were performed in sample
aliquots stored at —70°C for a variable amount of time, and some cTnT loss is possible with
long term freezing (27). However, any such loss would have led to an underestimation, not
overestimation of the 99t percentiles. Because of this potential for underestimation, our
recommendations to increase cutoff values for the hs-cTnT assay in men and the elderly
may in fact be too conservative, and the values may be upwardly revised in the future as
more data become available. For example, a recent study of 406 consecutive patients over
70 years of age with symptoms suggestive of acute Ml reported that the optimal hs-cTnT
assay cutoff for early diagnosis of MI was 54 ng/L, as determined by Receiver Operating
Characteristic (ROC) analysis. This value is higher than our age-specific recommendations,
and is almost four times higher than the presently recommended “one size fits all” upper
reference limit (28).

Clinical Implications

More than 10% of men older than 65 years in our study who were free from clinical or
subclinical cardiovascular disease had cTnT values above the current Ml threshold. This
suggests that clinical use of the hs-cTnT assay with the currently recommended cutpoint
may result in over-diagnosis of MI, particularly in elderly men.

The Universal Definition of MI recommends performing serial measurements of troponins
and emphasizes the importance of rising and/or falling levels to distinguish acute MI from
other sources of troponin elevation (7). When considered together with baseline levels,
moderate changes in cTnT over serial timepoints improve specificity for MI with the hs-
cTnT assay (29). However, it is important to note that the operating characteristics of
changes in cTnT values are contingent on whether baseline cTnT is above the MI detection
threshold. Thus, an inaccurate upper reference limit for the hs-cTnT assay would be
expected to impact the performance of all algorithms for MI diagnosis

Use of more accurate, sex- and age-specific 99t percentile values for the hs-cTnT assay
would be expected to decrease false positive MI diagnosis with the hs-cTnT assay, a
problem with major clinical and public health ramifications (30,31).
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Figurel. The goth percentile valuesfor the hs-cTnT assay in subcohorts 1 of DHS, ARIC and
CHS, with further stratification by sex and age

Subcohorts 1 include subjects free from recent hospitalization (6 months), clinical CVD
(CHD, CHF, atrial fibrillation, prior stroke), and stage Il or greater CKD (eGFR < 60 cc/
min/1.73m?2). Whiskers represent 95% confidence intervals.
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Figure2. The goth percentile values for the hs-cTnT assay in subcohorts 2 of DHS, ARIC and
CHS, with further stratification by sex and age

Sucohorts 2 include subjects free from recent hospitalization (6 months), clinical CVD
(CHD, CHF, atrial fibrillation, prior stroke), subclinical CVD (LVH or LVEF < 55% by
echo or MRI, LVH by ECG, NT-proBNP > 450 pg/mL), and stage |11 or greater CKD
(eGFR < 60 cc/min/1.73m?2). Whiskers represent 95% confidence intervals.
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