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Abstract

Background Whether distributions and prognostic values of high-sensitivity cardiac troponin (hs-cTn) T and | are dif-
ferent across normoglycemic, prediabetic, and diabetic populations is unknown.

Methods 10127 adult participants from the National Health and Nutrition Examination Survey 1999-2004

with determined glycemic status and measurement of at least one of hs-cTn assays were included, from whom
healthy participants and presumably healthy diabetic and prediabetic participants were selected to investigate pure
impacts of glycemic status on distributions of hs-cTn. The nonparametric method and bootstrapping were used

to derive the 99th upper reference limits of hs-cTn and 95% Cl. Participants with available follow-up and hs-cTn con-
centrations of all 4 assays were included in prognostic analyses. Associations of hs-cTn with all-cause and cardiac-spe-
cific mortality were modeled by Cox proportional hazard regression under the complex survey design. The incremen-
tal value of hs-cTn to an established risk score in predicting cardiac-specific mortality was assessed by the 10-year area
under time-dependent receiver operating characteristic curve (AUC) using the Fine-Grey competing risk model.

Results Among 9714 participants included in prognostic analyses, 5946 (61.2%) were normoglycemic, 2172 (22.4%)
prediabetic, and 1596 (16.4%) diabetic. Hyperglycemic populations were older than the normoglycemic population
but sex and race/ethnicity were similar. During the median follow-up of 16.8 years, hs-cTnT and hs-cTnl were inde-
pendently associated with all-cause and cardiac-specific mortality across glycemic status. In the diabetic population,
adjusted hazard ratios per 1-standard deviation increase of log-transformed hs-cTnT and hs-cTnl (Abbott) concen-
trations were 1.77 (95% Cl 1.48-2.12; P <.001) and 1.83 (95% Cl 1.33-2.53; P <.001), respectively, regarding cardiac-
specific mortality. In the diabetic but not the normoglycemic population, adding either hs-cTnT (difference in AUC:
0.062; 95% Cl 0.038-0.086; P<0.001) or hs-cTnl (Abbott) (difference in AUC: 0.071; 95% Cl 0.046-0.097; P<0.001)
would significantly increase the discriminative ability of the risk score; AUC of the score combined with hs-cTnT would
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be further improved by incorporating hs-cTnl (0.018; 95%Cl 0.006-0.029; P=0.002). The 99th percentile of hs-cTnT
of the presumably healthy diabetic population was higher than the healthy population and had no overlap in 95%
Cls, however, for hs-cTnl 99th percentiles of the two populations were very close and 95% Cls extensively overlapped.

Conclusions Hs-cTnT and hs-cTnl demonstrated consistent prognostic associations across glycemic status but incre-
mental predictive values in hyperglycemic populations only. The susceptibility of hs-cTnT 99th percentiles to diabetes
plus the additive value of hs-cTnl to hs-cTnT in diabetic cardiovascular risk stratification suggested hs-cTnl and hs-
cTnT may be differentially associated with glycemic status, but further research is needed to illustrate the interaction

between hyperglycemia and hs-cTn.
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Background

Cardiac troponin (cTn) has been widely used to rule in
and rule out acute myocardial infarction [1]. In the era
of high sensitivity, cTn could be detected at a very low
concentration, facilitating early diagnosis of myocar-
dial infarction [1]. A solid body of evidence has dem-
onstrated that elevated levels of serum high-sensitivity
cTn (hs-cTn) provided significant prognostic informa-
tion even though lower than the upper reference limit
(URL), serving as a powerful biomarker of myocardial
injury in cardiovascular risk stratification besides dif-
ferential diagnosis of acute chest pain [2, 3].

Despite the excellent correlation between hs-cTnT
and hs-cTnl in the context of acute coronary syndrome
[1, 4], in direct comparisons of hs-cTnT vs. hs-cTnl
under stable medical conditions, hs-cTnl and T were
only modestly correlated [5, 6]. Stable conditions such
as neuromuscular disease or stable coronary artery dis-
ease may be differentially associated with hs-cTnT and
hs-cTnl whereby elevated hs-cTnT and hs-cTnl were
presumed to represent distinct pathophysiologic pro-
cesses [5-10].

Hyperglycemia may also contribute to chronic myo-
cardial injury via oxidative stress, inflammation, etc.,
releasing a trace level of cTn even with no evident ath-
erosclerotic cardiovascular disease (CVD) [11, 12].
Some preliminary studies found hs-cTnT was more
strongly associated with diabetes than hs-cTnl suggest-
ing hyperglycemia may also differentially influence hs-
c¢TnT and hs-cTnl, but at present little is known about
this [5-7].

Accordingly, the objective of the present study is two-
fold, first to investigate distributions and prognostic
associations of hs-cTnT and hs-cTnl across glycemic
status, second to illustrate the differential interaction
of chronic hyperglycemia with hs-cTnT and hs-cTnI by
contrasting characteristics of hs-cITnl and hs-cTnT in
hyperglycemic populations to that in the nonglycemic
population.

Method
Study population
The present study was based on data obtained from
the National Health and Nutrition Examination Sur-
vey (NHANES) 1999-2004 cycles. The NHANES is a
population-based program of surveys administered
by the National Center for Health Statistics to moni-
tor the health and nutritional status of civilian, non-
institutionalized adults and children across the United
States. Participants were recruited from a nationally
representative sample of the US population via a com-
plex, stratified, multistage probability cluster sampling
design. Cross-sectional socio-demographic, dietary,
and laboratory data and personal history were acquired
by structured in-person interviews, uniform physi-
cal examination, and standardized laboratory testing.
More descriptions of the methodology in data collec-
tion were detailed on the official website of NHANES
[13]. The National Center for Health Statistics institu-
tional review board approved the program protocol.
Written informed consent was obtained from all par-
ticipants. All data presented in this study is publicly
available and can be freely downloaded from the offi-
cial website of NHANES (https://wwwn.cdc.gov/nchs/
nhanes/default.aspx). The present study was approved
by the Institutional Review Board at our institution and
was exempted from ethical oversight because de-iden-
tified data in the publicly available database was used.
Data from NHANES is released in a 2-year cycle. Our
analysis was based on NHANES survey cycles 1999—
2000, 2001-2002, and 2003-2004 when concentrations
of 4 hs-cTn assays were available. 10 127 adult partici-
pants with determined glycemic status and measure-
ment of at least one of the hs-cTn assays were included
in this study, from whom healthy populations of each
hs-cTn assay were selected. 9725 participants had
available hs-cTn concentrations of all 4 assays, among
whom 9714 with available follow-up were included to
investigate prognostic and predictive values of hs-cTnT
and hs-cTnl across glycemic status.
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Hs-cTn measurement

Surplus serum specimens in the NHANES 1999-2004
cycles were tested for hs-cTnT (Roche), hs-cTnl (Abbott),
hs-cTnl (Siemens) and hs-cTnl (Ortho). These samples
had been stored at — 80 ‘C from 1999-2004, the majority
of which were never thawed and re-frozen before meas-
urement. Measurements of hs-cTn of 4 assays were per-
formed at the University of Maryland School of Medicine
during 2018-2020. Hs-cTnT was measured on the Roche
Cobas €601 analyzer using the 5th generation Elec-
sys assay. Hs-cTnl (Abbott) was measured on ARCHI-
TECT i2000SR analyzer. Hs-cTnl (Siemens) and hs-cTnI
(Ortho) were measured using Centaur XPT and Vitros
3600, respectively.

Analytical characteristics (the lower limit of detec-
tion (LoD), the limit of quantitation, the manufacturer-
proposed 99th percentile, and coefficients of variation at
corresponding values) of hs-cTn assays have been illus-
trated by the study of McEvoy et al. and the International
Federation of Clinical Chemistry Committee (IFCC) on
Clinical Application of Cardiac Bio-Markers in detail [14,
15]. In brief, the LoDs are 3, 1.7, 1.6, and 0.39 ng/L for hs-
cTnT (Roche), hs-cTnl (Abbott), hs-cTnl (Siemens), hs-
cTnl (Ortho), respectively. The manufacturer-proposed
overall (not sex-specific) 99th percentiles are 19, 28, 46.5,
and 11 ng/L for hs-cTnT (Roche), hs-cTnl (Abbott), hs-
cTnl (Siemens), and hs-cTnl (Ortho), respectively. More
information on laboratory methodology and analytic
notes can be found in the online help file on the official
website of NHANES [16].

Glycemic status

Participants who have a self-reported history of dia-
betes or currently taking glucose-lowering agents, or
fasting plasma glucose>126 mg/dl (7.0 mmol/L), or
HbAlc>6.5% (48 mmol/mol) were classified as diabetes
[17, 18]. In participants not meet the criteria of diabetes,
prediabetes was defined as fasting plasma glucose val-
ues of 100-125 mg/dL (5.6-6.9 mmol/L) or HbAlc val-
ues of 5.7-6.4% (39—47 mmol/mol) [17, 18]. People who
meet definitions of neither diabetes nor prediabetes were
regarded as normoglycemia.

Clinical and laboratory covariables

Demographic characteristics (age, sex, race-ethnicity),
smoking status, and medical history of rheumatoid
arthritis, cancer, lung disease, liver disease, current thy-
roid disease, and CVD (congestive heart failure, coronary
heart disease, angina pectoris, myocardial infarction,
and stroke) were identified by in-person interview
and questionnaires. Race-ethnicity was categorized as
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non-Hispanic White, non-Hispanic Black, Mexican
American, and others. Participants who smoked every
day or some days were classified as current smokers.
Participants’ height (m), weight (kg), and blood pres-
sure (mmHg) were measured by trained physicians at
the mobile examination center. According to body mass
index (weight divided by the square of height), par-
ticipants were categorized into underweight (<18.0 kg/
m?), normal (18-35.0 kg/m?), and obese (>35.0 kg/m?).
Hypertension was defined as having a self-reported his-
tory of the diagnosis or taking anti-hypertensive agents
now, or the average systolic blood pressure > 140 mmHg,
or the average diastolic blood pressure >90 mmHg.
Laboratory assays to determine urinary creatinine
and albumin, and serum or plasma levels of N-terminal
pro-brain natriuretic peptide (NT-proBNP), Cystatin
C, HbAlc, alanine transaminase, aspartate aminotrans-
ferase, albumin, gamma-glutamyl transferase, bilirubin,
creatinine, urea nitrogen, glucose, cholesterol, triglyc-
erides, uric acid, homocysteine, hemoglobin, platelet
and white blood cell count, and C-reactive protein were
reported in detail elsewhere (Additional file 1) [13]. The
estimated glomerular filtration rate (eGFR) was calcu-
lated by the new Chronic Kidney Disease Epidemiology
Collaboration equation based on serum creatinine and
cystatin C without race [19]. Albuminuria was defined as
urine albumin to creatinine ratio (UACR) > 30 mg/g.

Healthy reference

According to instructions from the IFCC Committee
[20], the healthy reference population included adult
participants without current pregnancy. Subjects were
subsequently excluded if they had diabetes, prediabetes,
self-reported history of cardiocerebrovascular diseases,
NT-proBNP > 125 ng/L, chronic diseases that could affect
the heart (cancer, rheumatoid arthritis, and lung, liver,
and current thyroid disease), currently taking prescribed
medications for hyperlipidemia or hypertension, over-
night hospitalization in past 12 months, abnormal weight
(underweight or obese), chronic renal disease (albuminu-
ria or eGFR <60 ml/min/1.73 m?). Current smokers were
also excluded. To investigate the pure impact of glycemic
status on the 99th percentile, diabetes and prediabe-
tes who meet the same criteria as the healthy reference
except glycemic requirements were selected to calculate
the 99th percentile.

Follow-up

The public-use-linked mortality follow-up through
December 31, 2019, was acquired from the National
Death Index. The number of months of follow-up started
from the NHANES mobile examination center date and
ended at the time of death or December 31, 2019. As
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provided by the National Death Index, the presence of
the International Classification of Diseases—Tenth Revi-
sion codes 100-109, 111, 113, 120-151, and 160-169 indi-
cated a cardiac-specific death.

Statistical analysis

All statistical analyses were conducted under the com-
plex survey design of NHANES using appropriate survey
weights to obtain estimates that could be generalized to
the US population. Unweighted analyses would be speci-
fied if the survey design was not considered. Continuous
variables were expressed as weighted means (standard
error (SE)) or median (interquartile range), and categori-
cal variables were expressed as weighted proportions
(SE). Proportions of missing values of all covariables
were<5% so the values were imputed by the multiple
chained imputations method.

The nonparametric method not considering survey
weights was applied to derive the 99th percentiles of hs-
cTn of four assays. As recommended by IFCC, outliners
were excluded using Reed/Dixon criteria, and 95% con-
fidence intervals (Cls) of percentiles were obtained via
bootstrapping [15, 20]. Unweighted age- and sex-adjusted
Spearman’s rank correlation coefficients between hs-cTn
and clinical covariables and between hs-cTnl (Abbott)
and hs-cTnT were calculated across glycemic status.

Cox proportional hazard regression was performed to
investigate the association between the per 1-standard
deviation increase of natural log-transformed hs-cTn
concentrations of four assays and risk change of all-cause
and cardiac-specific mortality across glycemic status. In
multivariable analysis within each glycemic stratum, hs-
cTn were adjusted in model 1 which incorporated age,
sex, race-ethnicity, and other variables from the Pooled
Cohort Equation (PCE) model (smoking status, systolic
blood pressure, taking prescribed medication for hyper-
tension, total cholesterol, and high-density lipoprotein
cholesterol) [21]. In model 2, NT-proBNP and eGFR
were additionally adjusted based on model 1.

To investigate incremental predictive values of hs-cTn
(log-transformed), we compare the area under the time-
dependent receiver operating characteristic curve (AUC)
of the recalibrated PCE (rPCE) model vs. rPCE plus
either hs-cTnT or hs-cTnl or both in predicting 10-year
cardiac-specific mortality. Before comparisons, the base-
line hazard of the PCE model within each glycemic stra-
tum was recalibrated by fitting the Fine-Grey competing
risk model with 10-year risk scores calculated from the
original PCE model. In Fine-Grey competing risk mod-
els, non-cardiac death was treated as a competing event,
and survey weights were not considered in these indi-
vidual risk predictions. The predictive value of hs-cTnl
was mainly focused on hs-cTnl (Abbott) as only hs-cTnl
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(Abbott) demonstrated consistent and robust prognostic
value among the three hs-cTnl assays.

In sensitive analysis, we also investigated prognostic
and predictive values of hs-cTn in the primary-preven-
tion population who had no CVD history. A two-sided
P value<0.05 was considered significant. All statistical
analysis was performed on R software (version 4.2.3).

Result

Distributions and 99th percentiles of hs-cTn

Among 9714 participants with full availability of four
hs-cTn assays, 5946 (61.2%) were normoglycemic, 2172
(22.4%) prediabetic, and 1596 (16.4%) diabetic. Diabetic
and prediabetic populations were older than the nor-
moglycemic population. Prevalences of obesity, hyper-
tension, and albuminuria in hyperglycemic populations
were higher than those in the normoglycemic popula-
tion (Additional file 2). However, the proportion of cur-
rent smokers was slightly higher in the normoglycemic
population.

Distributions of serum hs-cTn concentrations across
glycemic status were presented in the violin plot (Addi-
tional file 3). For all hs-cTn assays, weighted median con-
centrations and weighed percentages of concentrations
above the manufacturer-proposed URL or the LoD were
smallest in the normoglycemic but highest in the diabetic

Table 1 Survey-weighted distributions of hs-cTn in the
population with full availability of four hs-cTn assays

Normoglycemia Prediabetes Diabetes
No. of pts 5946 2172 1596
before weighting
Concentrations of hs-cTn, ng/L?
hs-cTnT 44(33-6.3) 6.1(45-9.1) 88(54-145)
hs-cTnl (Abbott) 14(09-23) 21(14-32) 27(1.6-50)
hs-cTnl (Siemens) 2.1(1.0-4.0) 3.1(1.7-55) 40(2.1-7.9)
hs-cTnl (Ortho) 0.3 (0.0-0.7) 06(0.2-12) 09(0.3-2.1)
Hs-cTn concentration >99th URL (%)?
hs-cTnT 24(0.00) 5.8 (0.00) 15.6(0.01)
hs-cTnl (Abbott) 5(0.00) 1.0 (0.00) 4(0.00)
hs-cTnl (Siemens) 0.8 (0.00) 1.9 (0.00) 4(0.00)
hs-cTnl (Ortho) 8(0.00) 1.5 (0.00) .7 (0.00)
Hs-cTn concentration > LoD (%)?
hs-cTnT 81.3(0.01) 93.9(0.01) 97.0(0.01)
hs-cTnl (Abbott) 41.3(0.01) 65.5 (0.02) 744 (0.02)
hs-cTnl (Siemens) 60.0 (0.02) 76.9 (0.02) 81.8(0.02)
hs-cTnl (Ortho) 39.9(0.01) 59.3(0.02) 703 (0.02)

@ Concentrations of cardiac troponin were expressed as weighted median
(interquartile range), and categorized variables were expressed as weighted
proportions (standard error)

pts participants, hs-cTn high-sensitivity cardiac troponin, URL upper reference
limit, LoD lower limit of detection
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population; prediabetes served as an intermediate status
(Table 1). Proportions of hs-cTnT concentrations>the
99th URL and >the LoD were higher than hs-cTnl irre-
spective of glycemic status. Moreover, the absolute differ-
ence in the proportion of hs-cTnT concentrations above
the manufacturer-proposed URL between the normogly-
cemic and the diabetic population (2.4% vs. 15.6%) was
larger than that of hs-cTnlI (0.5% vs. 2.4%, for the Abbott
assay) but for the proportion of concentrations > the LoD,
the absolute difference of hs-cTnT was smaller.

The derived 99th percentile of hs-cTnT from the pre-
sumably healthy diabetic population was higher than that
of the healthy population and no overlap in the 95% Cls
was found [15 (14-17) vs. 23 (18-30) ng/L]. In contrast,
99th percentiles (95% CI) of hs-cTnl (Abbott) in nor-
moglycemic [13 (10-19) ng/L], prediabetic [11 (10-51)
ng/L], and diabetic [7 (6-19) ng/L] populations were
close and extensively overlapped. Hs-cTnl (Siemens) and
hs-cTnl (Ortho) were similar to hs-cTnl (Abbott) regard-
ing distributions and 99th URLs (Table 1, and Additional
file 4).
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Prognostic value across glycemic status

Among 9714 participants, the median follow-up time
was 16.8 years and 2633 died during follow-up (698 car-
dia-specific). The incidence rates of all-cause and cardiac-
specific death per 1000 person-years were 7.29 (95% CI
6.71-7.88) and 1.60 (95% CI 1.31-1.89) for the normo-
glycemic population, 18.32 (95% CI 16.69-19.96) and
4.70 (95% CI 3.98-5.41) for the prediabetic population,
and 38.00 (95% CI 34.68-41.32) and 11.92 (95% CI 9.94—
13.89) for diabetic patients, respectively.

In both univariable and multivariable models, hs-cTnT
and hs-cTnl (Abbott) were significantly associated with
all-cause and cardiac-specific mortality across glyce-
mic status (Table 2). In fully adjusted model 2, the haz-
ard ratio per 1-standard deviation increase of natural
log-transformed concentrations was 1.56 (95% CI 1.42—
1.71; P<0.001) for hs-cTnT and 1.35 (95% CI 1.17-1.55;
P<0.001) for hs-cTnl (Abbott) regarding all-cause mor-
tality in the diabetic population.

Like hs-cTnl (Abbott), there were significant asso-
ciations between hs-cTnl (Ortho) and all-cause and

Table 2 HR and 95%Cls of hs-cTnT and hs-cTnl (Abbott) concentrations regarding all-cause and cardiac-specific mortality

Normoglycemia Prediabetes Diabetes
HR (95% CI)? P-value HR (95% CI)? P-value HR (95% CI)? P-value
All-cause mortality
Univariable
hs-cTnT 3.03(2.67-344) <0.001 291 (248-341) <0.001 1.97 (1.75-2.21) <0.001
hs-cTnl (Abbott) 3.09 (2.63-3.63) <0.001 3.15(2.74-3.61) <0.001 2.23(1.99-252) <0.001
hs-cTnl (Siemens) 2.75(2.18-3.46) <0.001 3.73(2.87-4.85) <0.001 2.33(1.82-2.99) <0.001
hs-cTnl (Ortho) 379 (3.03-4.73) <0.001 4.18 (3.17-5.50) <0.001 2.79 (2.30-3.40) <0.001
Multivariable®
hs-cTnT 1.31(1.12-1.53) <0.001 146 (1.22-1.75) <0.001 156 (1.42-1.71) <0.001
hs-cTnl (Abbott) 1.36 (1.15-1.62) <0.001 1.65 (1.43-1.91) <0.001 1.35(1.17-1.55) <0.001
hs-cTnl (Siemens) 1.06 (09 1 25) 048 1.55(1.19-2.02) 0.001 1(0.95-1.56) 0.13
hs-cTnl (Ortho) 1.31 (11 56) 0.002 1.36 (1.11-1.66) 0.003 1.24 (1 04-1.49) 0.02
Cardiac-specific mortality
Univariable
hs-cTnT 3.53 (3.05-4.08) <0.001 3.65 (2.75-4.84) <0.001 3(1.80-251) <0.001
hs-cTnl (Abbott) 3.84(3.07-4.82) <0.001 4.20 (3.46-5.10) <0.001 2.75(2.21-341) <0.001
hs-cTnl (Siemens) 4.83 (3.08-7. 56) <0.001 6.86 (5.06-9.3) <0.001 3.24(1.95-5. 38) <0.001
hs-cTnl (Ortho) 6.94 (4.65-104) <0.001 9.28 (5.81-14.8) <0.001 5.51(3.70-8.21) <0.001
Multivariable®
hs-cTnT 2(1.23-1.86) <0.001 1.97 (1.37-2.83) <0.001 1.77 (1.48-2.12) <0.001
hs-cTnl (Abbott) 74 (1.34- 226) <0.001 2.53(1.87-3.44) <0.001 1.83(1.33-253) <0.001
hs-cTnl (Siemens) 5(091-247) 0.11 3.57(2.15-5.95) <0.001 1.68 (0.84-3.34) 0.14
hs-cTnl (Ortho) 2.36(1.41-3.95) 0.001 2.80(1.34-5.83) 0.006 2.85(1.76-4.62) <0.001

2 Per 1-standard deviation increase of natural log-transformed hs-cTn concentrations

b Hs-cTn were adjusted in model 2 which incorporated age, sex, race-ethnicity, smoking status, systolic blood pressure, taking prescribed medication for hypertension,
total cholesterol, and high-density lipoprotein cholesterol, estimated glomerular filtration rate, and N-terminal pro-brain natriuretic peptide

HR hazard ratio, C/ confidence interval, hs-cTn high-sensitivity cardiac troponin
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cardiac-specific mortality across glycemic status
(Table 2). However, hs-cTnl (Siemens) was significantly
associated with all-cause and cardiac-specific mortality
in the prediabetic population only.

In the primary-prevention population excluding
patients with previous CVD, independent prognostic
values of hs-cTnT and hs-cTnl (Abbott) remained across
glycemic status (Additional file 5). However, hs-cTnl
(Ortho) was associated with all-cause mortality in the
normoglycemic population and with cardiac-specific
mortality in the diabetic population. Hs-cTnl (Simens)
was independently associated with cardiac-specific mor-
tality in prediabetic and diabetic populations but had no
association with all-cause mortality after adjustment.

Incremental predictive value

In the normoglycemic population, the rPCE model has
demonstrated a very good discriminative ability for
10-year cardiac-specific mortality (AUC=0.889, 95%
CI 0.863 to 0.916). Adding neither hs-cTnT nor hs-
cTnl would improve the model performance (Table 3);
however, adding hs-cTnl in company with hs-cTnT to
the rPCE model significantly improved the discrimina-
tion (difference in AUC: 0.019; 95% CI 0.002 to 0.035,
P=0.02).

In the diabetic population, the predictive performance
of the rPCE model was unsatisfactory (AUC=0.706, 95%
CI 0.667 to 0.745), adding either hs-cTnT or hs-cTnl or
both could contribute to large amounts of increment in
the discriminative ability of the rPCE model (Table 3).
Moreover, the predictive performance of the rPCE
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risk score combined with hs-cTnT would be further
improved by incorporating hs-cTnl (rPCE+hs-cTnT vs.
rPCE + hs-cTnT + hs-cTnl, difference in AUC: 0.018; 95%
CI 0.006 to 0.029; P=0.002). However, the additive pre-
dictive value of hs-cTnl to hs-cTnT was not found in the
normoglycemic population (difference in AUC: 0.003;
95% CI — 0.002 to 0.008; P=0.20).

Prediabetes behaved like an intermediate status
between normoglycemia and diabetes, among whom the
rPCE model demonstrated a compromised predictive
performance, and adding either hs-cTnT or hs-cTnl to
the rPCE model would improve 10-year cardiac-specific
mortality predictions (Table 3) but the additive value
of hs-cTnl to hs-cTnT was also not found (difference in
AUC: 0.003; 95% CI — 0.003 to 0.009; P=0.37).

In the primary-prevention population, incremental
predictive values of hs-cInT and hs-cTnl for diabetes
were consistent and robust (Additional file 6). In con-
trast, the combination of hs-cTnT and hs-cTnl could
not improve the rPCE model performance in the nor-
moglycemic population anymore. In the prediabetic
population, hs-cTnl but not hs-cTnT had an incremental
predictive value.

Correlation between hs-cTnT and hs-cTnl

Similarly, correlation analyses of hs-cTnl focused on hs-
cTnl (Abbott). We found a graded increase in correlation
coefficients between hs-cTnT and hs-cTnl (Abbott) from
normoglycemia (r=0.38, 95% CI 0.36-0.40; P<0.001),
and prediabetes (r=0.46, 95% CI 0.42-0.49; P<0.001), to
diabetes (r=0.56, 95% CI 0.52-0.60; P<0.001).

Table 3 The time-dependent AUC of predicting models regarding 10 year cardiac-specific mortality

AUC AAUC? P-value?

Normoglycemia (n=5946)

rPCE 0.889 (0.863 t0 0.916) Ref Ref

rPCE+hs-cTnT 0.905 (0.881 t0 0.928) 0.015 (- 0.001 to 0.031) 0.06

rPCE+hs-cTnl 0.901 (0.876 to 0.926) 0.012 (- 0.004 to 0.028) 0.15

rPCE +hs-cTnT + hs-cTnl 0.908 (0.885 t0 0.931) 0.019 (0.002 to 0.035) 0.02
Prediabetes (n=2172)

rPCE 0.810(0.779t0 0.841) Ref Ref

rPCE+hs-cTnT 0.857 (0.824 t0 0.891) 0.047 (0.018t0 0.076) 0.001

rPCE+hs-cTnl 0.851(0.817 to 0.885) 0.041 (0.018 to 0.064) <0.001

rPCE +hs-cTnT +hs-cTnl 0.860 (0.827 to 0.894) 0.050 (0.021 t0 0.079) <0.001
Diabetes (n=1596)

rPCE 0.706 (0.667 to 0.745) Ref Ref

rPCE+hs-cTnT 0.768 (0.734 t0 0.803) 0.062 (0.038 to 0.086) <0.001

rPCE+hs-cTnl 0.777 (0.744 10 0.811) 0.071 (0.046 to 0.097) <0.001

rPCE +hs-cTnT + hs-cTnll 0.786 (0.753t0 0.818) 0.080 (0.053t0 0.107) <0.001

2The Difference in AUC between the rPCE model and the model plus either hs-cTnT or hs-cTnl or both
AUC area under the receiver operating characteristic curve, rPCE recalibrated Pooled Cohort Equation, hs-cTn high-sensitivity cardiac troponin
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N-terminal pro-brain natriuretic peptide

The correlation pattern of hs-cTnT with biomarkers
of renal function, inflammation, lipid metabolism, etc.
across glycemic status was much different from hs-cTnl
(Fig. 1 and Additional file 7). For instance, both assays
were inversely correlated with eGFR but stronger for
hs-cTnT irrespective of glycemic status. Hs-cTnl and
hs-cTnT were both positively correlated with CRP con-
centrations in hyperglycemic populations with no dif-
ference in the magnitude of coefficients. In contrast, in
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the normoglycemic population, only hs-cTnl was signifi-
cantly correlated with CRP, and the difference in coeffi-
cients between hs-cTnl and hs-cTnT was significant.

Discussion

In the present study, we investigated and compared dis-
tributions, 99th percentiles, and prognostic and predic-
tive values of hs-cTnT and hs-cTnl across glycemic status.
We reported several findings with clinical implications
for applications of hs-cTn in the context of hyperglyce-
mia. First, concentrations of both hs-cTnl and hs-cTnT
were higher in the diabetic population but the 99th per-
centile of hs-cTnT rather than hs-cTnl was susceptible
to glycemic status. Next, both hs-cTnT and hs-cTnl pro-
vided independent prognostic values for all-cause and
cardiac-specific mortality across glycemic status, but the
additive value of hs-cTnl (Abbott) to hs-cTnT in predict-
ing cardiac-specific mortality was robust in the diabetic
but not the normoglycemic population. Finally, the cor-
relation between hs-cTnT and hs-cTnl was modest in
the normoglycemic population but was strengthened by
hyperglycemia, moreover, a different pattern in correla-
tions of CVD risk factors with hs-cTnT than hs-cTnl was
found. These findings emphasized the critical interaction
between hs-cTn and hyperglycemia.

Hyperglycemia was associated with increased levels of
serum hs-cTn [22-24]. But whether hyperglycemia had
an independent impact on URLs of hs-cTn is still under
debate, moreover, rarely had a study directly compared
the impact of hyperglycemia between hs-cInT and hs-
cTnl [24]. In the present study, presumably healthy dia-
betic and prediabetic participants with no underlying
medical condition were selected by a stringent criterion
same as for the healthy population except the glycemic
requirement. Consequently, a larger number of subjects
with subclinical diseases potentially affecting the heart
were excluded so the pure impact of hyperglycemia on
hs-cTn was unveiled [9, 15, 20, 24-26]. We found the
derived 99th URL of hs-cTnT for diabetes was slightly
higher than the manufacturer-proposed value (19 ng/L)
as well as the value derived from the healthy normogly-
cemic population. In contrast, 99th percentiles of hs-cTnl
irrespective of assays were very close across glycemic
status and 95% Cls extensively overlapped. Similarly,
Bluro et al. found the 99th percentile of hs-cTnT (Roche)
derived from type 2 diabetes patients with no cardio-
vascular, renal, inflammatory, or systemic disease was
over threefold of the manufacturer-proposed value (48
vs. 14 ng/L) [27]. Whereas, Krintus et al. found exclud-
ing individuals with HbAlc>6.5% from the presumably
healthy population only had a marginal effect on the
URL of Abbott hs-cTnl (11.1 vs. 11.2 ng/L, before and
after exclusion) [28]. These cases indicated that the URL
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of hs-cTnT might be much more susceptible to glycemic
status than hs-cTnl.

This large population-based study from NHANES, sim-
ilar to prior studies based on the Multi-Ethnic Study of
Atherosclerosis and the Atherosclerosis Risk In Commu-
nities study, indicated that hs-cTnT and hs-cTnl provided
independent prognostic information on all-cause and
cardiac-specific mortality consistently across glycemic
status [24-26]. In certain clinical conditions, incorpo-
rating emerging cardiac biomarkers (e.g., hs-cTn, NT-
proBNP) into classical CVD risk scores may contribute to
a substantial improvement [9]. As risk stratification plays
an important role in informing treatment for diabetes
and prediabetes, introducing hs-cTn would help to iden-
tify high-risk diabetes and prediabetes who may benefit
from intensive anti-diabetic treatments [18].

Nevertheless, unlimitedly accumulating biomarkers in
the predictive model may improve the performance in a
not cost-effective way and increase the model complex-
ity. An appropriate approach is incorporating biomarkers
that represent distinct pathophysiology. Therefore, with
prior knowledge of the excellent correlation between
hs-cTnl and hs-cTnT in acute myocardial infarction,
there is a very small number of studies investigating the
predictive utility of the combination of hs-cTnT and
hs-cTnl and such studies across glycemic status were
even scarcer, even though the independent association
between increased hs-cTn and worse CVD outcomes
was well-recognized [24-26, 29-32]. However, we found
simultaneously measuring hs-cTnT and hs-cTnl may
provide non-redundant information on CVD risk strati-
fication compared to a single measurement. The non-
interchangeable predictive value of hs-cTnI with hs-cTnT
in the diabetic but not in the normoglycemic population
indicated hs-cTnl and hs-cTnT in the context of chronic
hyperglycemia possibly represented distinct pathophysi-
ological processes, which supported the differential asso-
ciation of hyperglycemia with hs-cTnT and hs-cTnl [6-8,
32-36].

Possible mechanisms of differential associations of
hyperglycemia with ¢TnT and c¢Tnl were poorly discov-
ered. Clearance of ¢Tn was primarily dependent on the
kidney but the molecular weight of cInT was higher
than ¢Tnl [10]. Therefore, we observed strong correla-
tions of both hs-cTnT and hs-cTnl with eGFR but hs-
c¢TnT was more strongly correlated. UACR is another
critical biomarker of renal function associated with
diabetic nephropathy [37]. Hs-cTnT was also found to
be more strongly correlated with UACR than hs-cTnl
in the diabetic but not in the normoglycemic popula-
tion. These findings suggested the stronger association
of hs-cTnT with diabetes than hs-cTnl might be par-
tially attributed to discordant clearance rates between
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¢TnT and cTnl in diabetic participants with known or
unknown renal impairment [5-7, 10].

Furthermore, skin autofluorescence, a biomarker of
advanced glycation end-products, was associated with
both serum hs-cTnT concentrations and sarcopenia in
diabetic patients [38, 39]. In patients with skeletal mus-
cle disease, transcriptions of genes coding for ¢TnT
were up-regulated in skeletal muscles but that of cTnl
was at normal level [8]. Ectopic releases of ¢cTnT from
damaged skeletal muscle by advanced glycation end-
products could also be a potential source for discord-
ance but this needs more research.

Interestingly, the age- and sex-adjusted correlation
between hs-cTnT and hs-cTnl was modest in the nor-
moglycemic population but was more pronounced in
prediabetic and diabetic populations. We presumed
there might be different but also shared pathways of
hyperglycemia-mediated cTnT and cTnl elevations that
strengthen their correlation. Indeed, hs-cTnl and hs-
cTnT were comparably correlated with CRP in hyper-
glycemic populations while in the normoglycemic
population hs-cTnl but not hs-cTnT was correlated
with CRP. As inflammation played an important role
in the development of diabetic cardiomyopathy [40],
this finding suggested inflammation might serve as a
common pathway that concordantly increased con-
centrations of hs-cInT and hs-cTnl in hyperglycemic
populations.

This study has some limitations. First, as an observa-
tional study, the association should never be arbitrar-
ily treated as a causal effect. More research is needed to
illustrate the effect of hyperglycemia on the myocardium
and cTn from various aspects. Second, the number of
presumably healthy diabetic participants was relatively
small due to the stringent criteria, as recommended by
IFCC at least 400 healthy males and females are needed
to obtain the precise 99th percentile for clinical use [20].
However, this study aimed to investigate the influence of
glycemic status on URLs of hs-cTn rather than to derive
ready-to-use values for diagnosing myocardial infarc-
tion. Third, NHANES is designed to be representative
of the civilian, non-institutionalized population in the
US, however, socioeconomic, ethnic, epidemiological,
nutritional, and genetic characteristics of whom may be
significantly different from populations outside the US,
therefore, the conclusion from this study may not be gen-
eralized to populations outside the US. Fourth, the time
interval between blood draws and hs-cTn measurements
may also influence serum concentrations of hs-cTn [41].
Fifth, there are various assays to measure serum hs-cTnl
concentrations so our conclusions may not be extended
to other assays. Finally, large population-based studies
were warranted to further evaluate the cost-effectiveness
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of single vs. dual-assay measurement before introducing
this strategy to clinical practice.

Conclusions

This population-based study demonstrated consistent
prognostic associations of hs-cTnT and hs-cTnl across
glycemic status but robust incremental predictive val-
ues of hs-cTnl and hs-cTnT were found in the diabetic
population only. Moreover, the susceptibility of hs-cTnT
99th percentiles to diabetes than hs-cTnl, the non-inter-
changeable role of hs-cTnl with hs-cTnT in diabetic
CVD risk stratification, and the different pattern in cor-
relations with CVD risk factors between hs-cTnT and hs-
cTnl across glycemic status suggested elevated hs-cTnT
and hs-cTnl may be associated with different pathologi-
cal processes in the context of chronic hyperglycemia.
However, more research is required to further illustrate
the interaction between hyperglycemia and elevations of
hs-cTn.
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