
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

High-sensitivity troponins and mortality in the 
general population
John W. McEvoy  1,2,3*, Natalie Daya  3, Olive Tang2, Michael Fang3, 
Chiadi E. Ndumele2, Josef Coresh3, Robert H. Christenson4, and Elizabeth Selvin  3

1University of Galway School of Medicine and National Institute for Prevention and Cardiovascular Health, Moyola Lane, Newcastle, Galway H91-FF68, Connacht, Ireland; 2Johns Hopkins 
Hospital and Johns Hopkins University School of Medicine, 1800 Orleans Street, Baltimore, MD 21287, USA; 3Department of Epidemiology and Welch Center for Prevention, Epidemiology, 
and Clinical Research, Johns Hopkins Bloomberg School of Public Health, 2024 E Monument Street, Baltimore, MD 21205, USA; and 4Department of Pathology, University of Maryland 
School of Medicine, Baltimore, MD, USA

Received 6 December 2022; revised 29 March 2023; accepted 15 May 2023; online publish-ahead-of-print 2 June 2023

See the editorial comment for this article ‘Comparisons of multiple troponin assays for detecting chronic myocardial injury in the general 
population: redundant or complementary?’, by J. A. de Lemos and J. D. Berry, https://doi.org/10.1093/eurheartj/ehad414.

Abstract

Aims Cardiac troponin T and I can be measured using a number of high-sensitivity (hs) assays. This study aimed to characterize 
correlations between four such assays and test their comparative associations with mortality.

Methods 
and results

Among adults without cardiovascular disease in the 1999–2004 National Health and Nutrition Examination Survey, hs- 
troponin T was measured using one assay (Roche) and hs-troponin I using three assays (Abbott, Siemens, and Ortho). 
Cox regression was used to estimate associations with all-cause and cardiovascular mortality. Pearson’s correlation coeffi
cients comparing concentrations from each assay ranged from 0.53 to 0.77. There were 2188 deaths (488 cardiovascular) 
among 9810 participants. Each hs-troponin assay [log-transformed, per 1 standard deviation (SD)] was independently asso
ciated with all-cause mortality: hazard ratio (HR) 1.20 [95% confidence interval (CI) 1.13–1.28] for Abbott hs-troponin I; HR 
1.10 (95% CI 1.02–1.18) for Siemens hs-troponin I; HR 1.23 (95% CI 1.14–1.33) for Ortho hs-troponin I; and HR 1.31 (95% 
CI 1.21–1.42) for Roche hs-troponin T. Each hs-troponin assay was also independently associated with cardiovascular mor
tality (HR 1.44 to 1.65 per 1 SD). Associations of hs-troponin T and all-cause and cardiovascular mortality remained signifi
cant after adjusting for hs-troponin I. Furthermore, associations of hs-troponin I remained significant after mutually adjusting 
for hs-troponin I from the other individual assays: e.g. cardiovascular mortality HR 1.46 (95% CI 1.19–1.79) for Abbott after 
adjustment for the Siemens assay and HR 1.29 (95% CI 1.09–1.53) for Abbott after adjustment for the Ortho assay.

Conclusion This study demonstrates only modest correlations between hs-troponin T and three hs-troponin I assays and that hs-troponin I 
assays can provide distinct risk information for mortality in the general population.
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Structured Graphical Abstract

What are the associations of high-sensitivity (hs) cardiac troponin-T and troponin-I (measured using three different troponin-I assays) 
with all-cause and cardiovascular disease (CVD) death in a population without known prior CVD?

Pearson’s correlation coefficients comparing all hs-troponin assays ranged from 0.53 to 0.77. All four assays were independently 
associated with all-cause and CVD death, with similar strengths of association. Associations of hs-troponin-T and outcomes were signifi-
cant after adjusting for hs-troponin-I. Likewise, hs-troponin-I remained associated with outcomes after adjusting for the other 
hs-troponin-I assays.

This study demonstrates only modest correlations between hs-troponin T and three hs-troponin-I assays. Beyond this, hs-troponin-T and 
hs-troponin-I assays provide distinct risk information for mortality in a general population of American adults without prior CVD. 

Key Question

Key Finding

Take Home Message

9810
US Adults

without CVD

Median 17.2 years follow-up for CVD and all-cause death

Troponin T versus I Assays Troponin I versus I Assays

Troponin-T is associated with all-cause and CVD
death despite adjusting for Troponin-I assays

Con�rms prior reports that troponin T and
troponin I are independent risk factors

Abbott troponin-I is associated with all-cause
and CVD death despite adjusting for Siemens & 
Ortho troponin-I 

New data show that troponin I versus
troponin I measured using di�erent assays also
appear to be independent risk factors

Cardiac troponin by four high-sensitivity assays

Roche troponin-T1

Abbott troponin-I2

Siemens troponin-I3

Ortho troponin-I4

Troponin-T

Troponin-C

Tropomyosin

Troponin I

Actin

CVD, cardiovascular disease; F/U, follow-up; NHANES, National Health and Nutrition Examination Survey; yr, year.

Keywords High-sensitivity cardiac troponin • All-cause mortality • Cardiovascular mortality • NHANES

Introduction
High-sensitivity cardiac troponin (hs-troponin) assays have transformed 
the practice of modern cardiology.1,2 For example, the heightened 

sensitivity of these assays compared to previous generation assays en
ables the earlier diagnosis of acute myocardial infarction (MI).3,4 Studies 
in selected cohorts of middle-aged and older adults have also demon
strated that elevated hs-troponin is an important independent risk 
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factor for future cardiovascular disease (CVD) events, both among 
adults with a history of prior CVD (secondary prevention)5,6 and 
among asymptomatic ambulatory adults without a history of prior 
CVD (primary prevention).7–10

Few data are available in younger adults and associations of 
hs-troponin with all-cause and CVD mortality have not been reported 
in a cohort that was specifically designed to be representative of adults 
in the general population. In addition, while research indicates that the I 
and T subunits of hs-troponin may provide independent prognostic infor
mation in primary prevention,11,12 few large epidemiologic studies have 
conducted head-to-head comparisons of the various hs-troponin I assays 
available from different manufacturers.

We measured hs-troponin using three different hs-troponin I assays 
and one hs-troponin T assay in stored serum from adults aged 18 or 
older participating in the 1999–2004 National Health and Nutrition 
Examination Survey (NHANES). The aims of the present analysis 
were to (i) compare the prevalence of elevated hs-troponin concentra
tions using each of these four assays in a representative sample of adults 
from the general US population without CVD, (ii) evaluate correlations 
between the four assays, and (iii) characterize the associations of these 
four hs-troponin assays with all-cause and CVD mortality, overall and 
across age groups.

Methods
Study population
The NHANES is designed to be a nationally representative sample of the US 
population. Participants were selected from the US non-institutionalized, ci
vilian population using a complex, stratified, multistage probability cluster 
sampling design.13 We included individuals with available stored blood in 
NHANES 1999–2004. There was a total of 13 252 adults aged 18 years or 
older in NHANES 1999–2004 with available specimen and data on mortality 
linkage. Of this group, we excluded participants with a self-reported a history 
of CVD (congestive heart failure, coronary heart disease, angina, heart at
tack, or stroke) diagnosed by a healthcare provider (n = 1370) or missing 
data on relevant covariates (n = 2072). Our final analytic sample included 
9810 adults with available hs-troponin concentrations for all four assays.

The NHANES protocols and the measurement of hs-troponin in stored 
specimens were approved by the National Center for Health Statistics eth
ics review board. Written informed consent was obtained from all 
participants.

High-sensitivity troponin measurement
We measured hs-troponin concentrations in stored serum samples at the 
University of Maryland School of Medicine between 2018 and 2020. Prior 
to 2018, these samples had been stored by the Centers for Disease 
Control and Prevention (CDC). The majority (93%) of stored serum sam
ples had never undergone a prior freeze–thaw cycle. High-sensitivity tropo
nin T was measured with the Roche Cobas e601 using Elecsys reagents 
[Food and Drug Administration (FDA) cleared 18 January 2016]. The re
ported lower limit of detection (LoD) for this 5th generation assay is 
3 ng/L. High-sensitivity troponin I (Abbott) was measured using 
ARCHITECT i2000SR (FDA cleared 25 September 2019). The LoD for 
this assay is 1.7 ng/L. High-sensitivity troponin I (Siemens) was measured 
using Centaur XPT (FDA cleared 12 July 2018). The LoD for this assay is 
1.6 ng/L. Finally, hs-troponin I (Ortho) was measured using Vitros 3600, 
which is not currently FDA cleared. The LoD for this assay is 0.39 ng/L.

Other variables of interest
Self-reported information on demographics and lifestyle, including race/eth
nicity, smoking, family history, and medication use, was collected during a 
computer-assisted personal interview.

Height and weight were measured at the mobile examination center and 
were used to calculate body mass index (BMI) in kg/m2. Hypertension was de
fined using a mean systolic blood pressure ≥140 mmHg, or mean diastolic 
blood pressure ≥90 mmHg, or anti-hypertensive medication use. We defined 
diabetes as a self-reported history of diagnosis by healthcare provider or cur
rent use of diabetes medication. Total cholesterol was measured using an en
zymatic method. Hypercholesterolemia was defined as total cholesterol 
≥240 mg/dL or self-reported lipid-lowering medication use. Glomerular filtra
tion rate [estimated glomerular filtration ratio (eGFR)–CrCys in mL/min/ 
1.73 m2] was estimated using the 2021 Chronic Kidney Disease 
Epidemiology Collaboration equation without race.14 Race/ethnicity was self- 
reported based on categories provided by NHANES investigators 
(non-Hispanic White, non-Hispanic Black, Mexican–American, or other).

Outcomes: all-cause and cardiovascular 
mortality
The vital status of participants was ascertained through a probabilistic 
match between NHANES personal identifiers and linkage to death certifi
cates from the National Death Index through 31 December 2019. 
Cardiovascular disease mortality was ascertained according to the recorded 
cause of death using International Classification of Diseases (ICD) 10 codes 
(I00-I78).

Statistical analysis
We accounted for the complex survey design and used survey weights in all 
analyses to generate estimates generalizable to the 1999–2004 US adult 
population. Standard errors for all estimates were obtained using Taylor 
series linearization. We summarized the weighted prevalence of US adults 
(both as proportions and in millions of persons using 2003–04 US Census 
data) who had elevated hs-troponin concentrations by each of the four as
says. Our definition of elevated hs-troponin was a concentration above the 
sex-specific 99th percentile upper reference limit (URL) for each assay re
ported by the International Federation of Clinical Chemistry and 
Laboratory Medicine (IFCC).15 For females and males, respectively, these 
concentrations were 14 and 22 ng/L for Roche hs-troponin T, 17 and 
35 ng/L for Abbott hs-troponin I, 39.6 and 58 ng/L for Siemens hs-troponin 
I, and 9 and 12 ng/L for Ortho hs-troponin I.15 Concentrations above these 
thresholds are used clinically to represent myocardial injury.16

After log-transformation to approximate a normal distribution, we gen
erated scatterplots and evaluated the pairwise Pearson’s correlation coef
ficient between the four hs-troponin assays and the root mean squared 
error (RMSE) from linear regression models. We excluded participants 
with concentrations below the limit of the blank for each assay in these cor
relation calculations.

We cross-categorized participants according to quartiles of hs-troponin 
concentration for each assay and generated heat maps to compare incidence 
rates (per 1000 person-years) of all-cause and CVD mortality using Poisson 
regression. We also evaluated the cumulative incidence of all-cause and CVD 
mortality according to hs-troponin elevation status and for each assay. We 
used Cox regression to model the prospective associations of baseline 
hs-troponin with incident all-cause and CVD mortality. We modeled 
hs-troponin concentrations as continuous variables [per 1 standard devi
ation (SD) increase on the log scale] and in categories (quartiles). We also 
modeled hs-troponin using restricted cubic splines (knots at the 5th, 35th, 
65th, and 95th percentiles) to flexibly evaluate the shape of associations be
tween log(hs-troponin) and all-cause and CVD mortality. To put the differ
ent assays on equal footing and since hs-troponin concentrations below the 
LoD have been reported to contain prognostic information,17 we included 
concentrations below the LoD for each assay in all Cox models.18 Model 1 
included age, sex, and race/ethnicity. Model 2 included all variables in Model 1 
plus BMI, total cholesterol, high-density lipoprotein cholesterol, systolic 
blood pressure, cigarette smoking status, diabetes mellitus, family history 
of CVD, use of blood pressure medications, use of cholesterol-lowering 
medications, and eGFR. The proportionality assumption was assessed 
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visually. We also conducted stratified analyses and tested for multiplicative 
effect modification by age, sex, and race/ethnicity groups. To test whether 
each of the hs-troponin assays was independent of the others, we adjusted 
for the covariates in Model 2 and then further adjusted the model for one of 
the three other hs-troponin assays.

We conducted a number of sensitivity analyses. First, we stratified the 
Cox models by baseline hs-troponin above or below the 75th percentile. 
Second, we estimated the associations of each hs-troponin assay with 
non-CVD death. Third, we conducted analyses of CVD mortality using 
a competing risk approach (i.e. Fine–Gray models), with non-CVD death 
handled as a competing outcome. Fourth, we used C-statistics to com
pare model discrimination for all-cause and CVD mortality comparing 
the base model with only one hs-troponin assay to a model with an add
itional hs-troponin T or I assay.19

Stata version 17.0 (StataCorp, College Station, TX, USA) was used for all 
analyses and a two-sided P-value of <0.05 was considered statistically 
significant.

Results
Prevalence of US adults with elevated 
high-sensitivity troponin
Our analysis included 9810 study participants without a history of CVD 
[mean (SD) age 44.3 (16.0) years, 52.7% female]. The prevalence of ele
vated hs-troponin T value above the manufacturer-designated sex- 
specific 99th percentile reported by IFCC was 3.1%, corresponding to 
6.6 million adults (Table 1 and Supplementary material online, 
Table S1). The corresponding sex-specific 99th percentile URL preva
lence estimates (number of US adults) were 0.6% (1.3 million) for 
hs-troponin I (Abbott), 0.9% (2 million) for hs-troponin I (Siemens), 
and 0.7% (1.6 million) for hs-troponin I (Ortho) (Table 1 and 
Supplementary material online, Table S1). The prevalence of elevated 
hs-troponin was highest in older adults and among adults with hyperten
sion, hypercholesterolemia, diabetes, or reduced eGFR. The prevalence 
of elevated hs-troponin was lower in current smokers across all assays.

High-sensitivity troponin and mortality 
outcomes
Over a median follow-up of 17.2 years, there were 2188 deaths (488 
from cardiovascular causes). High-sensitivity troponin according to all 
four assays was robustly and independently associated with all-cause 
and CVD mortality (Table 2 and Supplementary material online, 
Table S2). The strength of association (slope) between each assay and 
both all-cause and CVD mortality was similar overall (Figure 1). Of 
note, while the point estimated of the hazard ratio for all-cause death 
was higher for hs-troponin T (per 1 SD increase) than for the hs-troponin 
I assays, the 95% confidence intervals were mostly overlapping (Table 2). 
The hazard ratio for CVD mortality was similar for all assays (per 1 SD 
increase, Table 2). The shape of associations between elevated log- 
transformed hs-troponin and both all-cause and CVD mortality was 
also roughly linear down to concentrations close to the assay LoD 
(Figure 1). Findings with hs-troponin modeled on the arithmetic scale 
are in Supplementary material online, eFigures S1 and S2.

Associations of hs-troponin with all-cause and CVD mortality 
tended to be stronger among older adults (≥60 years) compared to 
younger adults (Table 2). When analyzing the associations between 
each of the four hs-troponin assays and both all-cause and CVD death, 
six out of eight tests for interaction by age were statistically significant 
(P-interaction < 0.05). Except for hs-troponin T, associations of 
hs-troponin with all-cause and CVD mortality were similar by sex. 

The hazard ratio point estimates for each hs-troponin assay were 
also similar when comparing non-Hispanic Whites, non-Hispanic 
Blacks, and Mexican–Americans. Nonetheless, interaction P-values by 
race/ethnicity were <0.05, a finding that appeared to be driven by 
more statistically significant associations in non-Hispanic Whites.

High-sensitivity troponin T was independently associated with all- 
cause and CVD mortality after individual adjustment for each of the 
hs-troponin I assays (Table 3). Except for the Siemens assay, hs-troponin 
I concentrations were independently associated with all-cause and CVD 
mortality after adjustment for hs-troponin T. The Abbott hs-troponin I 
assay remained significantly associated with all-cause and CVD mortality 
after adjustment for the Siemens hs-troponin I or the Ortho hs-troponin 
I assay. The Ortho hs-troponin I was also significantly associated with 
CVD and all-cause mortality after further adjustment for each of the 
other hs-troponin I assays. The Siemens hs-troponin I assay was no long
er significantly associated with CVD or all-cause mortality after adjust
ment for the Abbott or Ortho hs-troponin I assays.

C-statistics demonstrated statistically significant improvements in 
model discrimination when hs-troponin T was added to base models 
that included each of hs-troponin I assays. For CVD mortality, the add
ition of either Abbott hs-troponin I or Ortho hs-troponin I increased 
the C-statistic of base models that included Siemens hs-troponin I 
(see Supplementary material online, Table S3).

In a sensitivity analysis, we repeated the continuous Cox models after 
first stratifying our sample into persons with baseline hs-troponin I 
(Abbott) concentrations above or below the 75th percentile. These 
analyses suggest that the independent prognostic value of the various 
hs-troponin assays was present at high and low concentrations (i.e. 
across the entire range of hs-troponin values) (see Supplementary 
material online, Tables S4 and S5). In sensitivity analyses for CVD death, 
using Fine–Gray models that accounted for non-CVD death as a com
peting outcome, results did not differ meaningfully from the main Cox 
regression analyses (see Supplementary material online, Table S6).

In analyses of the association of hs-troponin with non-CVD mortal
ity, hs-troponin T, hs-troponin I (Abbott), and hs-troponin I (Ortho) 
were significantly associated with death in Model 2 (see 
Supplementary material online, Table S7). While hs-troponin T re
mained associated with non-CVD mortality even when adjusted for 
each of the three hs-troponin I assays, none of hs-troponin I assays re
mained significant predictors in models that adjusted for hs-troponin T.

Discordance between high-sensitivity 
troponin assay concentrations
The pairwise Pearson’s correlations between assays were modest, ran
ging from r = 0.53 for hs-troponin T and Siemens hs-troponin I to r =  
0.77 for Abbott and Siemens hs-troponin I (Figure 2). The typical devi
ation (RMSE) from the regression line ranged from 0.45 to 0.76.

When participants were cross-categorized according to quartiles of 
hs-troponin concentration for two assays, absolute mortality incidence 
rates were highest when both assays had concentrations in the upper 
quartile (see Supplementary material online, eFigure S3). Mortality rates 
were lower in the presence of discordant concentrations of 
hs-troponin by the two assays under comparison or when both assays 
had concentrations in the lowest quartile. These findings were similar 
whether Abbott hs-troponin I was being compared to hs-troponin T 
or to another hs-troponin I assay. Qualitatively similar results were 
also obtained when the hs-troponin assays were modeled as binary ex
posures (elevated vs. non-elevated) (see Supplementary material 
online, eFigure S4).
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Table 1 Prevalence of elevated hs-troponina, overall and according to characteristics of US adults aged 18 or older 
without a history of CVD, NHANES 1999–2004

Elevated (>99 percentile) 
hs-troponin T by Rochea

Elevated (>99 percentile) 
hs-troponin I by Abbotta

Elevated (>99 percentile) 
hs-troponin I by Siemensa

Elevated (>99 percentile) 
hs-troponin I by Orthoa

Total, % 3.11 0.60 0.93 0.75

Gender, %

Male 2.54 0.52 1.02 0.66

Female 3.62 0.67 0.85 0.82

Age categories, %

18–39 years 0.33 0.36 0.41 0.32

40–59 years 1.74 0.38 0.70 0.48

60 years or older 12.6 1.64 2.64 2.32

Race/ethnicity, %

NH White 3.34 0.55 0.81 0.74

NH Black 4.35 1.48 1.71 1.50

Mexican–American 1.19 0.43 0.88 0.22

Other/other Hispanic 1.66 0.16 1.00 0.41

Hypertension, %

No 1.51 0.37 0.60 0.44

Yes 7.70 1.21 1.82 1.57

Hypercholesterolemia, %

No 2.49 0.51 0.79 0.65

Yes 5.15 0.89 1.40 1.05

eGFR, mL/min/1.73 m2, %

>90 1.84 0.34 0.57 0.36

60–90 21.3 0.96 2.36 1.28

<60 65.3 7.86 5.35 11.4

Smoking status, %

Current 2.08 0.49 0.62 0.43

Former 4.75 0.77 1.38 1.37

Never 2.84 0.57 0.87 0.61

Family history of CVD, %

No 3.32 0.64 1.02 0.79

Yes 1.83 0.36 0.36 0.50

Diabetes mellitus, %

No 2.73 0.55 0.88 0.74

Yes 10.1 1.55 1.97 0.91

BMI, kg/m2, %

<25 3.36 0.63 0.98 0.72

25–30 2.87 0.53 0.99 0.85

>30 3.10 0.64 0.81 0.65

BMI, body mass index; CVD, cardiovascular disease; eGFR, estimated glomerular filtration ratio using the creatinine cystatin equation; HDL, high-density lipoprotein; NH, non-Hispanic; 
SBP, systolic blood pressure; URL, upper reference limit. 
aValues above the manufacturer-designated assay- and sex-specific 99th percentile URL myocardial injury threshold were defined as elevated; troponin T 14(f)/22(m) ng/L; troponin I, 
Abbott 17(f)/35(m) ng/L; troponin I, Siemens 39.6(f)/58(m) ng/L; troponin I, Ortho 9(f) 12(m) ng/L.
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Table 2 Adjusteda HR (95% CI) of log-transformed hs-troponin (per 1 SD increase) with all-cause and cardiovascular 
mortality, overall and by subgroups of interest

n/N Roche hs-troponin T Abbott hs-troponin I Siemens hs-troponin I Ortho hs-troponin I
hazard ratio (95% CI) hazard ratio (95% CI) hazard ratio (95% CI) hazard ratio (95% CI)

All-cause mortality

Overall 2188/9810 1.31 (1.21–1.42) 1.20 (1.13–1.28) 1.10 (1.02–1.18) 1.23 (1.14–1.33)

Age group

18–39 years 113/3902 1.02 (0.83–1.24) 0.97 (0.78–1.22) 0.92 (0.76–1.11) 1.02 (0.79–1.31)

40–59 years 392/3022 1.30 (1.09–1.54) 1.10 (0.96–1.24) 0.97 (0.82–1.15) 1.15 (0.98–1.34)

60 years or older 1683/2886 1.33 (1.21–1.45) 1.30 (1.23–1.37) 1.30 (1.19–1.42) 1.36 (1.19–1.55)

P-interaction <0.001 0.01 <0.001 0.01

Sex

Male 1163/4579 1.18 (1.06–1.30) 1.15 (1.05–1.26) 1.03 (0.90–1.18) 1.13 (0.99–1.29)

Female 1025/5231 1.49 (1.32–1.67) 1.26 (1.16–1.36) 1.14 (1.03–1.26) 1.31 (1.15–1.49)

P-interaction 0.01 0.13 0.22 0.18

Race/ethnic group

Non-Hispanic White 1267/4966 1.30 (1.19–1.42) 1.22 (1.12–1.33) 1.12 (1.00–1.25) 1.26 (1.13–1.41)

Non-Hispanic Black 385/1730 1.39 (1.17–1.64) 1.14 (1.03–1.27) 1.11 (0.89–1.40) 1.11 (0.95–1.30)

Mexican American 413/2305 1.23 (0.97–1.57) 1.22 (1.03–1.44) 1.07 (0.78–1.48) 1.33 (1.09–1.63)

Other 123/809 1.39 (1.12–1.73) 1.15 (0.89–1.49) 0.98 (0.80–1.20) 1.13 (0.78–1.64)

P-interaction 0.004 0.009 0.209 0.004

CVD mortality

Overall 488/9810 1.49 (1.28–1.75) 1.44 (1.26–1.66) 1.45 (1.06–1.97) 1.65 (1.23–2.22)

Age group

18–39 year 16/3902 0.91 (0.38–2.19) 0.92 (0.51–1.64) 0.88 (0.33–2.35) 0.70 (0.37–1.34)

40–59 year 75/3022 1.31 (0.95–1.80) 1.16 (0.82–1.64) 0.97 (0.60–1.58) 1.32 (0.87–2.02)

60 year or older 397/2886 1.57 (1.28–1.91) 1.63 (1.40–1.89) 1.89 (1.50–2.39) 2.04 (1.54–2.72)

P-interaction 0.69 0.42 0.05 0.03

Sex

Male 265/4579 1.33 (1.09–1.62) 1.38 (1.17–1.62) 1.34 (0.96–1.88) 1.64 (1.17–2.30)

Female 223/5231 1.68 (1.33–2.11) 1.50 (1.24–1.83) 1.49 (1.01–2.19) 1.62 (1.12–2.35)

P-interaction 0.006 0.149 0.319 0.56

Race/ethnic group

Non-Hispanic White 296/4966 1.54 (1.28–1.85) 1.52 (1.29–1.78) 1.65 (1.18–2.32) 1.89 (1.34–2.67)

Non-Hispanic Black 94/1730 1.41 (0.97–2.05) 1.16 (0.90–1.48) 1.07 (0.59–1.92) 1.38 (0.97–1.96)

Mexican American 75/2305 1.40 (0.88–2.23) 1.33 (0.76–2.32) 1.28 (0.97–1.67) 1.33 (0.80–2.22)

Other 23/809 1.03 (0.60–1.77) 1.05 (0.71–1.53) 0.81 (0.36–1.82) 0.74 (0.40–1.38)

P-interaction 0.011 0.035 0.030 0.001

CVD, cardiovascular disease; SD, standard deviation; eGFR, estimated glomerular filtration ratio. 
ahs-troponin modeled as a continuous (per 1 SD increase on the log scale) exposure and adjusted for age, sex, race/ethnicity, total cholesterol, high-density lipoprotein cholesterol, systolic 
blood pressure, cigarette smoking status, diabetes mellitus, family history of CVD, body mass index, use of blood pressure medications, use of cholesterol-lowering medications, and eGFR.
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Figure 1 Hazard ratios (95% confidence intervals) for four high-sensitivity troponin assays with all-cause mortality (panel A, high-sensitivity troponin 
T, Roche; panel B, high-sensitivity troponin I, Siemens; panel C, high-sensitivity troponin I, Abbott; panel D, high-sensitivity troponin I, Ortho) and car
diovascular disease mortality (panel E, high-sensitivity troponin T, Roche; panel F, high-sensitivity troponin I, Siemens; panel G, high-sensitivity troponin I, 
Abbott; panel H, high-sensitivity troponin I, Ortho) among US adults without a history of cardiovascular disease, NHANES 1999–2004. High-sensitivity 
troponin was log-transformed and modeled as a restricted cubic spline (solid line). Knots were placed at 5th, 35th, 65th, 95th, percentiles. The shaded 
areas on each side of the regression line are the 95% confidence intervals. The background shaded area is the distribution (histogram) of each high- 
sensitivity troponin assay in the population. The models were adjusted for age, sex, race/ethnicity, total cholesterol, high-density lipoprotein cholesterol, 
systolic blood pressure, cigarette smoking status, diabetes mellitus, family history of cardiovascular disease, body mass index, use of blood pressure 
medications, use of cholesterol-lowering medications, and estimated glomerular filtration ratio. CI, confidence interval; CVD, cardiovascular disease; 
Tn, troponin.
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Discussion
To our knowledge, this is the first prognostic study of multiple 
hs-troponin assays from a single cohort, comparing not just hs-troponin 
T vs. hs-troponin I but also comparing the various hs-troponin I assays 
available from manufacturers (i.e., hs-troponin I vs. hs-troponin I). Two 
major findings emerged from these comparisons. First, in this nationally 
representative sample of US adults, we found that 3.1% of all adults with
out a history of CVD had hs-troponin T concentrations above the 
manufacturer-reported threshold used to define myocardial injury. By 
contrast, fewer than 1% of the population had hs-troponin I concentra
tions above thresholds used to define myocardial injury. This finding high
lights a lack of uniformity in the approach taken by manufacturers to 
derive 99th percentiles for each hs-troponin assay. Second, we demon
strated that correlations between the four assays tested were moderate. 
In keeping with these lower than anticipated correlations, not only was 
hs-troponin T independently associated with mortality outcomes despite 
adjustment for hs-troponin I (as previously described), but also associa
tions of the Abbott and Ortho hs-troponin I assays with mortality out
comes remained significant even after adjustment for each other or for 
the Siemens hs-troponin I assay (Structured Graphical Abstract).

Our results call into some question the applicability of manufacturer- 
designated hs-troponin myocardial injury thresholds when applied to the 
full age range of the entire primary prevention adult population. The es
timated overall 3.1% prevalence of elevated hs-troponin T in the entire 
US adult population without CVD might be considered high given the 
threshold for myocardial injury is based in theory on a 99th percentile 

concentration derived from a healthy reference sample (accordingly 
one would expect a prevalance of elevated hs-troponin T in the primary 
prevention population closer to 1%). Indeed, the prevalence of elevated 
hs-troponin T in our primary prevention sample was as high as 12.6% 
among adults aged 60 years or older. One explanation for this might 
be that the strict definition of health required in selecting the reference 
samples used to derive 99th percentile upper reference limits (URLs) 
means that hs-troponin T URLs do not generalize to the entire primary 
prevention population (including older adults and those with comorbid
ities). By contrast, the prevalence of myocardial injury using manufactur
er-designated URL thresholds for the hs-troponin I assays in the entire 
primary prevention population appeared more consistent with a 99th 
percentile, with our analyses indicating that <1% of all primary prevention 
adults are above these thresholds. On the other hand, this <1% overall 
prevalence above manufacturer-designated 99th percentile URLs for 
the hs-troponin I assays could also suggest that these thresholds may 
be too high when applied to a strictly defined healthy representative sub
group that excludes all US adults with any CVD risk factors or other mar
kers of ill-health. Irrespective, what is clear is that our results point to a 
lack of uniformity in the approach taken by manufacturers to derive 
99th percentiles for the hs-troponin T vs. hs-troponin I assays.

Perhaps more importantly, our data also suggest that measurement of 
hs-troponin using at least two assays appears to provide additional inde
pendent information regarding mortality risk in the general adult population. 
The independent association of hs-troponin T with CVD and all-cause mor
tality after adjustment for the different hs-troponin I assays is consistent with 
other studies in older primary prevention populations11,12 and also in 
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Table 3 Adjusteda HR (95% CI) for log-transformed hs-troponin (per 1 SD) with all-cause mortality with and without 
mutual adjustment for the other hs-troponin assays

Roche hs-troponin T Abbott hs-troponin I Siemens hs-troponin I Ortho hs-troponin I
hazard ratio (95% CI) hazard ratio (95% CI) hazard ratio (95% CI) hazard ratio (95% CI)

All-cause mortality

Model 1 1.46 (1.35–1.58) 1.29 (1.23–1.36) 1.18 (1.10–1.27) 1.31 (1.22–1.42)

Model 2 1.31 (1.21–1.42) 1.20 (1.13–1.28) 1.10 (1.02–1.18) 1.23 (1.14–1.32)

Model 2 plus Roche hs-troponin Tb - 1.10 (1.01–1.19) 0.99 (0.92–1.06) 1.11 (1.02–1.20)

Model 2 plus Abbott hs-troponin Ib 1.25 (1.14–1.38) - 0.94 (0.84–1.05) 1.12 (1.02–1.22)

Model 2 plus Siemens hs-troponin Ib 1.31 (1.21–1.42) 1.24 (1.12–1.37) - 1.22 (1.12–1.32)

Model 2 plus Ortho hs-troponin Ib 1.27 (1.16–1.38) 1.15 (1.06–1.24) 1.02 (0.94–1.10) -

CVD mortality

Model 1 1.77 (1.53–2.04) 1.60 (1.41–1.81) 1.66 (1.23–2.24) 1.91 (1.48–2.47)

Model 2 1.49 (1.28–1.75) 1.44 (1.26–1.66) 1.45 (1.06–1.97) 1.65 (1.23–2.22)

Model 2 plus Roche hs-troponin Tb - 1.28 (1.11–1.47) 1.20 (0.91–1.58) 1.39 (1.03–1.88)

Model 2 plus Abbott hs-troponin Ib 1.30 (1.11–1.52) - 0.98 (0.71–1.36) 1.29 (0.94–1.78)

Model 2 plus Siemens hs-troponin Ib 1.41 (1.22–1.64) 1.46 (1.19–1.79) - 1.52 (1.11–2.07)

Model 2 plus Ortho hs-troponin Ib 1.35 (1.13–1.60) 1.29 (1.09–1.53) 1.19 (0.87–1.63) -

CVD, cardiovascular disease; SD, standard deviation; eGFR, estimated glomerular filtration ratio. 
aModel 1: association of each hs-troponin assay (Columns 2–5) with events after adjusting for age, sex, race/ethnicity. Model 2: adjusted for age, sex, race/ethnicity, total cholesterol, 
high-density lipoprotein cholesterol, systolic blood pressure, cigarette smoking status, diabetes mellitus, family history of CVD, body mass index, use of blood pressure medications, 
use of cholesterol-lowering medications, and eGFR. 
bThese models report the association of each hs-troponin exposure with mortality, after adjustment for the variables in Model 2 and further adjustment for concentrations from one 
other hs-troponin assay (i.e. these models contain two hs-troponin assays).
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secondary prevention settings.20,21 These prior studies also suggest that 
hs-troponin T may be a stronger risk factor for non-CVD outcomes, 
which is consistent with our results. It has been speculated that these 
independent associations may relate, in part, to low correlation be
tween the hs-troponin T and hs-troponin I assays due to factors like 
skeletal muscle disease.22,23 Another potential explanation for the in
dependent associations of hs-troponin T with events may relate to dif
ferences in the relationship between renal dysfunction and 
concentrations of hs-troponin T vs. hs-troponin I.24

However, we are not aware of prior studies that have conducted 
head-to-head comparisons of the different hs-troponin I assays. The in
dependent prognostic value of the Abbott and Ortho hs-troponin I as
says even after adjusting for each other or the Siemens hs-troponin I 
assay suggests that hs-troponin I assays provide distinct information for 
risk stratification. The exact reasons for this merit further study. The clin
ical implications of our findings will also depend on the future uptake of 
hs-troponin testing in assessing cardiovascular risk among ambulatory pri
mary prevention populations. While this practice is not yet common
place, hs-troponin I (Abbott) does have an indication for risk 
assessment, and guidelines like the 2022 one from the American 
Diabetes Association25 are increasingly supporting the use of biomarker 
testing to assess risk and screen for subclinical disease. Whether the 

independent prognostic information carried by various hs-troponin as
says warrants a strategy of dual vs. single-assay testing when estimating 
prognosis in ambulatory populations will need to be assessed.

Imperfect correlation between the various hs-troponin I assay concen
trations has been previously noted in cohorts of adults without CVD.26

One explanation is that our results are from primary prevention adults 
mostly with hs-troponin concentrations in the low range (where the as
says may be less reliable). However, modest concordance across 
hs-troponin assays has also been noted in acutely symptomatic patients 
with suspected MI and high hs-troponin concentration.27–29

High-sensitivity troponin assays are heterogeneously affected by hetero
phile antibodies, macro-troponin, and spuriously elevated results (so- 
called fliers).30–35 The hs-troponin I assays can also differ with respect 
to binding sites of capture and detection antibodies.15,36 These antigen 
differences may be relevant in part because troponin I is often fragmen
ted in circulation.37–39 Indeed, when looking more closely at the correl
ation plots (Figure 2), the projected intercept of the regression line for all 
comparisons is highly unlikely to cross zero, suggesting there may be a 
fixed bias when comparing hs-troponin I concentrations across assays. 
This, along with the independent prognostic information in comparing 
the hs-troponin I assays, suggests that there are fundamental differences 
in what is being measured by these hs-troponin I assays. Before their 

Figure 2 Unweighted pairwise correlations between log-transformed high-sensitivity troponin assays among primary prevention US adults aged 18 or 
older with concentrations above the assay limit of blank, NHANES 1999–2004. Unweighted Scatterplots. Non-linear dashed line, locally weighted scat
terplot smoothing; straight unbroken line, linear regression; horizontal and vertical intersecting dashed lines, 99th percentile of troponin in the analytic 
sample. Participants with high-sensitivity troponin concentrations below the limit of blank for each assay were excluded from correlation analyses. 
RMSE, root mean square error; NRMSE, normalized root mean square error.
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deployment into clinical risk prediction, a better understanding of these 
differences and their mechanisms is needed.

Important limitations to consider in the interpretation of our results 
include the following: first, the ascertainment of all-cause and CVD 
death in NHANES was based exclusively on ICD codes and we did 
not have information on non-fatal cardiovascular events. 
Cardiovascular disease death is only available in NHANES as a compos
ite outcome, and we were unable to study specific causes of death like 
coronary death. Second, hs-troponin measurements were obtained 
from long-term stored serum samples, though the inter-assay coeffi
cients of variation for these hs-troponin assays were excellent and 
they have previously been shown to be accurate and reliable in long- 
term stored samples.15,40–43 Third, history of CVD was self-reported. 
Self-reported CVD is known to be specific but lacks sensitivity.44 We 
excluded persons with CVD from the current analysis and plan to study 
those individuals separately. However, we acknowledge that our sam
ple may have included persons with atrial fibrillation or other forms of 
subclinical CVD. Fourth, our ability to examine mortality among 
some subgroups was limited, e.g. due to the low the number of 
deaths at younger ages. Fifth, we used manufacturer-designated 99th 
percentile URLs to report on prevalence of elevated hs-troponin 
or myocardial injury (which are provided by the IFCC15) though these 
manufacturer-reported thresholds have changed over time depending 
on assay iteration and equipment and other factors. Sixth, our results 
relate to current generation hs-troponin assays, and findings may differ 
for the ultra-hs assays in development.

The strengths of this study include the measurement of multiple 
hs-troponin assays in a large, diverse, and nationally representative 
population. Our analysis also benefited from rigorous and standardized 
ascertainment of CVD risk factors.

In conclusion, the prevalence of myocardial injury in the general US 
adult population is often >1%, particularly among older persons, and 
there are differences in myocardial injury prevalence between 
hs-troponin T and I assays. For cardiac troponin concentrations above 
the assay limit of detection, each of the four hs-troponin assays tested 
had a similar shape and strength of association with all-cause and CVD 
death. Compared to hs-troponin I, hs-troponin T was more robustly 
associated with non-CVD death. In US adults, we also found that the 
different hs-troponin assays provided independent prognostic informa
tion for mortality, even after mutual adjustment. These results should 
motivate research into understanding the modest correlations be
tween hs-troponin assays and understanding the reasons why they pro
vide independent prognostic information.
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