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IMPORTANCE Identification of individuals at high risk for atherosclerotic cardiovascular
disease within the population is important to inform primary prevention strategies.

OBJECTIVE To evaluate the prognostic value of routinely available cardiovascular biomarkers
when added to established risk factors.

DESIGN, SETTING, AND PARTICIPANTS Individual-level analysis including data on cardiovascular
biomarkers from 28 general population–based cohorts from 12 countries and 4 continents
with assessments by participant age. The median follow-up was 11.8 years.

EXPOSURE Measurement of high-sensitivity cardiac troponin I, high-sensitivity cardiac
troponin T, N-terminal pro-B-type natriuretic peptide, B-type natriuretic peptide, or
high-sensitivity C-reactive protein.

MAIN OUTCOMES AND MEASURES The primary outcome was incident atherosclerotic
cardiovascular disease, which included all fatal and nonfatal events. The secondary outcomes
were all-cause mortality, heart failure, ischemic stroke, and myocardial infarction.
Subdistribution hazard ratios (HRs) for the association of biomarkers and outcomes were
calculated after adjustment for established risk factors. The additional predictive value of the
biomarkers was assessed using the C statistic and reclassification analyses.

RESULTS The analyses included 164 054 individuals (median age, 53.1 years [IQR, 42.7-62.9
years] and 52.4% were women). There were 17 211 incident atherosclerotic cardiac disease
events. All biomarkers were significantly associated with incident atherosclerotic
cardiovascular disease (subdistribution HR per 1-SD change, 1.13 [95% CI, 1.11-1.16] for
high-sensitivity cardiac troponin I; 1.18 [95% CI, 1.12-1.23] for high-sensitivity cardiac troponin
T; 1.21 [95% CI, 1.18-1.24] for N-terminal pro-B-type natriuretic peptide; 1.14 [95% CI,
1.08-1.22] for B-type natriuretic peptide; and 1.14 [95% CI, 1.12-1.16] for high-sensitivity
C-reactive protein) and all secondary outcomes. The addition of each single biomarker to a
model that included established risk factors improved the C statistic. For 10-year incident
atherosclerotic cardiovascular disease in younger people (aged <65 years), the combination
of high-sensitivity cardiac troponin I, N-terminal pro-B-type natriuretic peptide, and
high-sensitivity C-reactive protein resulted in a C statistic improvement from 0.812 (95% CI,
0.8021-0.8208) to 0.8194 (95% CI, 0.8089-0.8277). The combination of these biomarkers
also improved reclassification compared with the conventional model. Improvements in risk
prediction were most pronounced for the secondary outcomes of heart failure and all-cause
mortality. The incremental value of biomarkers was greater in people aged 65 years or older
vs younger people.

CONCLUSION AND RELEVANCE Cardiovascular biomarkers were strongly associated with fatal
and nonfatal cardiovascular events and mortality. The addition of biomarkers to established
risk factors only led to a small improvement in risk prediction metrics for atherosclerotic
cardiovascular disease, but was more favorable for heart failure and mortality.
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E arly identification of individuals in the general popu-
lation at high risk for atherosclerotic cardiovascular dis-
ease shapes primary preventive strategies to reduce the

risk of developing atherosclerotic cardiovascular disease.1,2 Risk
scores based on traditional risk factors for atherosclerotic car-
diovascular disease (eg, the European Society of Cardiology
Systematic Coronary Risk Evaluation 2 [SCORE2], the Ameri-
can Heart Association/American College of Cardiology Pooled
Cohort Equations, and the American Heart Association Pre-
dicting Risk of Cardiovascular Disease Events [PREVENT] equa-
tions) are widely available to estimate an individual’s risk for
future cardiovascular events.1-4

Cardiovascular biomarkers, such as cardiac troponin, na-
triuretic peptides, and C-reactive protein (CRP), are estab-
lished in clinical care. Using newer, high-sensitivity cardiac tro-
ponin assays, concentrations became measurable in the general
population, opening up the prospects for a broader applica-
tion of this biomarker.5 Several studies have reported (1) strong
associations of these biomarkers with incident atheroscle-
rotic cardiovascular disease events in individuals with known
atherosclerotic cardiovascular disease, but also, and most im-
portantly, in apparently healthy individuals and (2) an im-
provement in risk stratification when these biomarkers were
added to established risk prediction models.5-12

Notwithstanding the achievements of earlier studies, the
actual application of routinely available cardiovascular bio-
markers for risk stratification in primary prevention has not
become routine clinical practice. In addition, it remains un-
certain which of the established biomarkers might be best
suited to predict each outcome and how such associations are
influenced by age.

Therefore, this study brings together the largest multina-
tional individual-level dataset, to date, to investigate the com-
parative predictive value of cardiovascular biomarkers for in-
cident atherosclerotic cardiovascular disease events in the
general population and to elucidate their differential effects
according to age.

Methods
Study Cohorts
Details on the selection of study cohorts appear in the
eMethods in Supplement 1. This individual-level analysis in-
cluded data from 28 multinational population-based cohorts
(eTable 1 in Supplement 1). Eligible cohorts were those that in-
cluded (1) individuals from the general population, in which
most participants were apparently healthy (ie, had not had any
major atherothrombotic cardiovascular events); (2) individu-
als who had at least 1 measurement of high-sensitivity car-
diac troponin I, high-sensitivity cardiac troponin T, B-type na-
triuretic peptide (BNP), N-terminal pro-BNP (NT-proBNP), or
high-sensitivity CRP; and (3) individuals with follow-up for at
least 2 years. Data from all cohorts were collected and harmo-
nized in a database. Individuals with a history of atheroscle-
rotic cardiovascular disease events or heart failure were ex-
cluded from the analyses (Figure 1).

Study Outcomes
The primary outcome was incident atherosclerotic cardiovas-
cular disease, which included all fatal and nonfatal events. In-
cident atherosclerotic cardiovascular disease was defined by
the first possible or definite coronary heart disease event, pos-
sible or definite ischemic stroke event, coronary revascular-
ization, coronary heart disease death, ischemic stroke death,
or unclassifiable death.13 The secondary outcomes were all-
cause mortality, incident heart failure, incident ischemic stroke,
and incident myocardial infarction. Additional information
about the outcomes investigated appear in eTable 2 in Supple-
ment 1.

Biomarkers
For all cohorts reported by the Biomarker for Cardiovascular
Risk Assessment across Europe (BiomarCaRE) consortium, se-
rum high-sensitivity cardiac troponin I concentration was de-
termined in the BiomarCaRE core laboratory in Hamburg, Ger-
many, using a highly sensitive cardiac troponin I immunoassay
for stored samples (Architect i2000SR; Abbott Diagnostics).
The limit of detection for the immunoassay was 1.9 ng/L (range,
0-50 000 ng/L) and the assay had a coefficient of variation of
10% at a concentration of 5.2 ng/L. Measurement of NT-
proBNP concentration was performed using an electrochemi-
luminescence immunoassay (ELECSYS 2010 and Cobas e411;
Roche Diagnostics); the analytic range is 0 ng/L to 35 000 ng/L.

Measurement of high-sensitivity CRP concentration was
performed using the Vario immunoassay and the Architect
c8000 system (Abbott Diagnostics). For the cohorts not part
of the BiomarCaRE consortium, measurements of high-
sensitivity cardiac troponin I, high-sensitivity cardiac tropo-
nin T, NT-proBNP, BNP, and high-sensitivity CRP were per-
formed as part of the local cohort–specific procedures (details
on the specific assays used in each cohort appear in eTable 3
in Supplement 1).

Statistical Analyses
Associations Between Cardiac-Specific Biomarkers and Study
Outcomes
To examine the unadjusted association of the biomarkers and
the primary outcome, cumulative incidence curves were com-
puted according to biomarker quintiles. Death from causes un-
related to atherosclerotic cardiovascular disease was treated

Key Points
Question What is the value of cardiovascular biomarkers when
added to established risk factors to predict incident cardiovascular
events in the population?

Findings In this large, individual-level data analysis from 28
general population–based cohorts from 12 countries,
high-sensitivity cardiac troponins I and T, B-type natriuretic
peptide, and high-sensitivity C-reactive protein were associated
with fatal and nonfatal events.

Meaning The addition of biomarkers to established risk factors
only leads to a small improvement in risk prediction metrics for
atherosclerotic cardiovascular disease, but was more favorable for
heart failure and mortality.
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as a competing event. The curves were estimated using the
Aalen-Johansen estimator. The quintiles were computed using
linear quantile mixed models.14,15

Fine and Gray subdistribution hazard models were calcu-
lated. Death from causes unrelated to atherosclerotic cardio-
vascular disease or the secondary outcomes were treated as a
competing event, respectively.16 Cox proportional hazards re-
gression models were used for all-cause mortality. The bio-
markers were used as continuous variables after applying loge

transformation with hazard ratios (HRs) or subdistribution HRs
computed additionally per 1-SD change to allow for compari-
sons of the effect size among different biomarkers. The mod-
els with high-sensitivity cardiac troponin concentration as a
continuous variable were augmented with a binary variable in-
dicating if the measured value was above or below the limit
of detection.17

The regression models for all the study outcomes were ad-
justed for sex and cohort as stratification variables. The mod-
els were also adjusted for age, total cholesterol, high-density
lipoprotein (HDL) cholesterol, current smoking, prevalent dia-
betes, systolic blood pressure, and self-reported use of anti-

hypertensive drugs. For the outcomes of all-cause mortality
and heart failure, the models were additionally adjusted for
body mass index (calculated as weight in kilograms divided
by height in meters squared). In separate analyses, high-
sensitivity cardiac troponin I, NT-proBNP, and high-
sensitivity CRP were combined in a multivariable model be-
cause these biomarkers represent different pathophysiological
pathways and the data were readily available in the cohorts.
The time-to-event models were extended by modeling the bio-
markers using penalized cubic splines.

Added Predictive Value
The C statistic and net reclassification improvement (NRI) were
used to quantify the added predictive value of each bio-
marker beyond that from the adjusted model described above.
In the presence of competing risks, the calculations of the C
statistic and NRI were adapted.18,19 Internal-external cross-
validation was applied to control for the overoptimism of cal-
culating performance measures on the same dataset from
which the models were computed.20 Namely, each study was
in turn left out and the Cox model or the Fine and Gray model

Figure 1. Flow of Publications, Cohorts, and Individuals by Exclusion Criteria

18 744 Individuals excluded
12 101 Had cardiovascular disease or heart failure

6643 Duplicates

12 Did not fulfill inclusion criteria due to study design,
target population, or selection of biomarkers

57 Did not fulfill inclusion criteria due to study design,
target population, or selection of biomarkers

1503 Did not fulfill inclusion criteria due to study design,
target population, or selection of biomarkers

135 705 Individuals with
high-sensitivity CRP
measurement

115 203 Individuals with
NT-proBNP
measurement

17 986 Individuals with
BNP measurement

94 981 Individuals with
high-sensitivity
cardiac troponin
I measurement

30 353 Individuals with
high-sensitivity
cardiac troponin
T measurement

164 054 Individuals included in analysis

28 Cohorts agreed to participate and underwent data
harmonization (data from 182 798 individuals)

46 Eligible publications (contacted corresponding author)

115 Review of abstract

18 Cohorts refused to participate or did not respond

58 Review of entire publication

1618 Publications regarding biomarker use in the general
population screened by titles for inclusion

BNP indicates B-type natriuretic peptide; CRP, C-reactive protein; NT-proBNP, N-terminal pro-BNP.
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was estimated in the remaining studies. Next, the models were
used to estimate the event probabilities in the excluded study.
The category-based NRI and the continuous NRI were calcu-
lated. The 95% CIs for the C statistic and NRI were computed
by bootstrapping 500 times the internal-external cross-
validation.

All statistical analyses were performed using R version
4.2.2 (R Foundation for Statistical Computing).21 Additional in-
formation about the statistical analyses appears in the
eMethods in Supplement 1.

Results
Study Population
There were 28 general population–based cohorts included
(from 12 countries and 4 continents) with data on 164 054 in-
dividuals (median age, 53.1 years [IQR, 42.7-62.9 years]; 85 972
[52.4%] were women; and 9977 [6.1%] had diabetes) (Figure 1,
Table, and eTable 4 in Supplement 1). Of the 162 947 individu-

als with data for the hypertension variable, 67 719 (41.6%) had
hypertension. Of the 162 139 individuals with data for the smok-
ing variable, 40 226 (24.8%) smoked daily. The median 10-
year atherosclerotic cardiovascular disease risk SCORE2 was
4.1% (IQR, 1.7%-8.6%) and the corresponding 10-year risk using
the Pooled Cohort Risk Equation was 4.9% (IQR, 1.4%-13.1%).

The median biomarker concentrations were 2.5 ng/L (IQR,
1.9-4.1 ng/L) for high-sensitivity cardiac troponin I, 3.1 ng/L
(IQR, 3.0-6.0 ng/L) for high-sensitivity cardiac troponin T, 43.8
ng/L (IQR, 20.6-86.2 ng/L) for NT-proBNP, 14.9 ng/L (IQR, 7.9-
28.6 ng/L) for BNP, and 1.4 mg/L (IQR, 0.7-3.2 mg/L) for high-
sensitivity CRP (Table and eFigure 1 in Supplement 1). Except
for NT-proBNP, there was a linear relationship between age and
median biomarker concentrations (eFigure 2 in Supple-
ment 1).

During a median follow-up of 11.8 years (IQR, 6.2-18.0
years; maximum follow-up, 28.2 years), there were 17 211 in-
cident atherosclerotic cardiovascular disease events, 25 346
deaths from any cause, 6766 cases of heart failure, 4794 inci-

Table. Baseline Characteristics of the Study Population

Study population
(N = 164 054)

Demographics

Sex, No. (%)a

Female 85 972 (52.4)

Male 78 000 (47.6)

Age at biomarker collection, median (IQR), y 53.1 (42.7-62.9)

Recruitment time span of included studies, y 1982-2011

History

Hypertension, No. (%)b 67 719 (41.6)

Diabetes, No. (%) 9977 (6.1)

Daily smoking, No. (%)c 40 226 (24.8)

Self-reported use of antihypertensive drugs, No. (%)d 30 970 (19.1)

Risk scores

SCORE2 10-y risk of atherosclerotic cardiovascular disease, median (IQR), %e,f 4.1 (1.7-8.6)

Pooled Cohorts Risk Equation, median (IQR), %f,g 4.9 (1.4-13.1)

Physical and laboratory findings

Systolic blood pressure, median (IQR), mm Hg 130.0 (118.0-145.0)

Body mass index, median (IQR)h 26.3 (23.6-29.4)

Cholesterol, median (IQR), mmol/L

Total 5.5 (4.8-6.3)

High-density lipoprotein 1.4 (1.1-1.7)

Low-density lipoprotein 4.1 (3.4-4.9)

Level was <3.4 mmol/L, No. (%) 38 223 (25.6)

Estimated glomerular filtration rate, median (IQR), mL/min/1.73 m2 93.1 (78.7-104.8)

High-sensitivity cardiac troponin I

Median (IQR), ng/L 2.5 (1.9-4.1)

Below limit of detection, No. (%) 35 704 (37.6)

High-sensitivity cardiac troponin T

Median (IQR), ng/L 3.1 (3.0-6.0)

Below limit of detection, No. (%) 13 379 (49.5)

N-terminal pro-B-type natriuretic peptide, median (IQR), ng/L 43.8 (20.6-86.2)

B-type natriuretic peptide, median (IQR), ng/L 14.9 (7.9-28.6)

High-sensitivity C-reactive protein, median (IQR), mg/L 1.4 (0.7-3.2)

Abbreviation: SCORE2, European
Society of Cardiology Systematic
Coronary Risk Evaluation 2.

SI conversion factors: To convert
high-density, low-density, and total
cholesterol to mg/dL, divide by
0.0259.
a Information on sex was available for

163 972 individuals.
b Information on hypertension was

available for 162 947 individuals.
c Information on smoking was

available for 162 139 individuals.
d Information on use of

antihypertensive drugs was
available for 162 181 individuals.

e Recommended by the European
Society of Cardiology to calculate
the individual 10-year risk of an
incident cardiovascular event. This
score considers age, total
cholesterol, high-density lipoprotein
cholesterol, systolic blood pressure,
sex, and smoking as risk factors.

f Indicates the absolute risk, but was
computed for descriptive purposes
because not all individuals in the
dataset fall within the intended
scope of the corresponding score.

g Recommended by the American
Heart Association/American College
of Cardiology. In addition to the risk
factors in the SCORE2. This risk
equation considers race, treatment
for hypertension, and diabetes.

h Calculated as weight in kilograms
divided by height in meters
squared.
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dent cases of incident ischemic stroke, and 8024 incident cases
of myocardial infarction (eTable 5 in Supplement 1).

Primary Outcome: Association of Biomarkers With Incident
Atherosclerotic Cardiovascular Disease Events
After adjusting for sex and cohort and the conventional risk
factors of age, total cholesterol, HDL cholesterol, smoking sta-
tus, diabetes, systolic blood pressure, and self-reported use of
antihypertensive drugs, the biomarker concentrations were as-
sociated with incident atherosclerotic cardiovascular disease
events (subdistribution HR per 1-SD change, 1.13 [95% CI, 1.11-
1.16] for high-sensitivity cardiac troponin I; 1.18 [95% CI, 1.12-
1.23] for high-sensitivity cardiac troponin T; 1.21 [95% CI, 1.18-
1.24] for NT-proBNP; 1.14 [95% CI, 1.08-1.22] for BNP; and 1.14
[95% CI, 1.12-1.16] for high-sensitivity CRP; Figure 2 and
Figure 3). For all 5 biomarkers, the events per 1000 person-
years were higher in individuals with biomarker concentra-
tions above the median compared with those below the me-
dian (Figure 3). Additional data appear in eTable 6 in
Supplement 1.

In separate analyses, high-sensitivity cardiac troponin I,
NT-proBNP, and high-sensitivity CRP were included in the same
model and proved to be predictors of atherosclerotic cardio-
vascular disease events (adjusted subdistribution HR, 1.07 [95%
CI, 1.04-1.10] for high-sensitivity cardiac troponin I; 1.19 [95%
CI, 1.15-1.23] for NT-proBNP; and 1.14 [95% CI, 1.10-1.17] for
high-sensitivity CRP). When stratified by biomarker quin-
tiles, the cumulative atherosclerotic cardiovascular disease in-
cidence gradually increased with increasing biomarker con-
centrations (eFigure 3 in Supplement 1).

The addition of the biomarkers to the base model, which
included only conventional risk factors, was associated with
an increase in the C statistics for atherosclerotic cardiovascu-
lar disease events after 1 year, 5 years, and 10 years (Figure 4
and eTable 7 in Supplement 1). The strongest increase was ob-
served when high-sensitivity cardiac troponin I, NT-proBNP,
and high-sensitivity CRP were combined in 1 model. In the re-
classification analyses, the categorical NRI for the combina-
tion of high-sensitivity cardiac troponin I, NT-proBNP, and
high-sensitivity CRP was 0.044 (95% CI, 0.023-0.069) (eTable 8
in Supplement 1).

The continuous NRI was 0.241 (95% CI, 0.193-0.309) for
high-sensitivity cardiac troponin I, 0.201 (95% CI, 0.008-
0.364) for high-sensitivity cardiac troponin T, 0.06 (95% CI,
0.016-0.093) for NT-proBNP, 0.077 (95% CI, 0.000-0.144) for
BNP, 0.192 (95% CI, 0.162-0.222) for high-sensitivity CRP, and
0.23 (95% CI, 0.162-0.283) for the combination of high-
sensitivity cardiac troponin I, NT-proBNP, and high-
sensitivity CRP (eTable 9 in Supplement 1).

Association of Biomarkers With Secondary Outcomes
All biomarkers were associated with all-cause mortality, inci-
dent heart failure, incident ischemic stroke, and incident myo-
cardial infarction (Figure 3 and eTables 10-13 in Supple-
ment 1). The associations of biomarkers with all-cause mortality
and incident heart failure were larger than those for athero-
sclerotic cardiovascular disease. The highest subdistribution
HRs were observed for incident heart failure with high-

sensitivity cardiac troponin T (HR, 1.44; 95% CI, 1.38-1.51), NT-
proBNP (HR, 1.62; 95% CI, 1.56-1.68), and BNP (HR, 1.59; 95%
CI, 1.43-1.77). The addition of the biomarkers also improved
the C statistics (Figure 4) and the appropriate classification of
risk (eTables 8-9 in Supplement 1) when added to the base
model for the secondary outcomes. The largest risk classifi-
cation improvements were for heart failure and all-cause mor-
tality.

Sensitivity Analyses
When stratified according to the age cutoff of 65 years, older
individuals (n = 34 143; aged ≥65 years) more often had dia-
betes and hypertension, but smoked less often than younger
individuals (n = 129 456; aged <65 years) (eTable 14 in Supple-
ment 1). Concentrations of high-sensitivity cardiac troponin
I, high-sensitivity cardiac troponin T, NT-proBNP, BNP, and
high-sensitivity CRP were higher, on average, in older indi-
viduals.

The association of biomarkers with atherosclerotic car-
diovascular disease events remained significant in both indi-
viduals younger than 65 years of age and in those aged 65 years
or older (eTable 15 in Supplement 1). The subdistribution HRs
for high-sensitivity cardiac troponin I, high-sensitivity car-
diac troponin T, and NT-proBNP were higher in older individu-
als. The subdistribution HR was lower for high-sensitivity CRP
in older people. In older people, the C statistic of the base model
was substantially lower compared with younger people and the
addition of the biomarkers provided higher absolute in-
creases of the C statistic in older people (eTable 16 in Supple-
ment 1). For example, the combination of high-sensitivity car-
diac troponin I, NT-proBNP, and high-sensitivity CRP increased
the C statistic for 10-year atherosclerotic cardiovascular dis-
ease events from 0.812 (95% CI, 0.8021-0.8208) to 0.8194 (95%
CI, 0.8089-0.8277) in younger people and from 0.6323 (95%
CI, 0.5945-0.6570) to 0.6602 (95% CI, 0.6224-0.6834) in older
people. Furthermore, the overall NRI with the combined bio-
markers for atherosclerotic cardiovascular disease was higher
in older people (NRI, 0.062; 95% CI, 0.013-0.120) compared
with younger people (NRI, 0.028; 95% CI, 0.010-0.070)
(eTable 17 in Supplement 1).

The HRs for all-cause mortality were also higher for NT-
proBNP and BNP in older people, but slightly lower for high-
sensitivity CRP and high-sensitivity cardiac troponin T
(eTable 15 in Supplement 1). A similar pattern was also ob-
served for the other outcomes of heart failure, ischemic stroke,
and myocardial infarction. The overall NRI using the combi-
nation of high-sensitivity cardiac troponin I, NT-proBNP, and
high-sensitivity CRP was higher in older people for the sec-
ondary outcomes of heart failure, ischemic stroke, and myo-
cardial infarction, but lower for all-cause mortality (eTable 17
in Supplement 1).

In sensitivity analyses, the regression analyses were re-
peated for 10-year atherosclerotic cardiovascular disease events
while removing 1 risk factor from the base model (eTable 18
in Supplement 1). The addition of high-sensitivity cardiac tro-
ponin I, NT-proBNP, and high-sensitivity CRP resulted in the
highest increase in the C statistic when age was removed from
the base model (C statistic difference of 0.0312; 95% CI, 0.0254-
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0.0373). The magnitude of change in the C statistic after add-
ing the biomarkers to the full base model was comparable with
the effect of systolic blood pressure and self-reported use of
antihypertensive medication.

Sensitivity analyses also were performed that included in-
formation on cholesterol-lowering medication, which was
available in 71.2% of the study population (eTable 19 in Supple-

Figure 2. Association of Biomarkers With Incident Cardiovascular Events
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The data were plotted based on results from adjusted Cox models or Fine and
Gray subdistribution hazard models for the loge-transformed biomarker
concentrations using penalized cubic splines. The x-axes contain the
back-transformed values on a log scale (range, lowest reported value [or the
limit of detection in the case of high-sensitivity cardiac troponin I and T] to the
99th percentile). The corresponding reference values vary per graph and are

used specifically for each biomarker and event combination. The median
follow-up time was 11.8 years (IQR, 6.2-18.0 years) for atherosclerotic
cardiovascular disease, 13.0 years (IQR, 7.9-19.2 years) for all-cause mortality,
12.8 years (IQR, 6.2-19.3 years) for heart failure, 11.9 years (IQR, 6.3-17.7 years)
for ischemic stroke, and 11.6 years (IQR, 6.2-17.8 years) for myocardial infarction.
Additional data appear in eTable 6 and eTables 10-13 in Supplement 1.
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Figure 3. Association of the Biomarkers of Interest With Incident Cardiovascular Events
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12.82 (12.46-13.18) 22.71 (21.29-24.22)High-sensitivity C-reactive protein concentration, mg/Ld 1.14 (1.10-1.17)

All-cause mortalityc

5.25 (5.06-5.44) 14.51 (13.42-15.7)High-sensitivity cardiac troponin I concentration, ng/L 1.15 (1.13-1.17)

7.27 (6.89-7.66) 21.27 (18.92-23.89)High-sensitivity cardiac troponin T concentration, ng/L 1.38 (1.34-1.43)

6.9 (6.7-7.11) 16.72 (15.66-17.85)NT-proBNP concentration, ng/L 1.35 (1.32-1.37)

6.62 (6.14-7.13) 13.2 (11.16-5.6)B-type natriuretic peptide concentration, ng/L 1.17 (1.11-1.23)

8.19 (7.99-8.39) 15.15 (14.35-15.99)High-sensitivity C-reactive protein concentration, mg/L 1.21 (1.19-1.23)

4.51 (4.3-4.73) 12.31 (11.1-13.64)High-sensitivity cardiac troponin I concentration, ng/Ld 1.09 (1.06-1.12)

5.54 (5.32-5.78) 11.69 (10.65-12.83)NT-proBNP concentration, ng/Ld 1.25 (1.22-1.29)

6.08 (5.84-6.32) 11.3 (10.34-12.36)High-sensitivity C-reactive protein concentration, mg/Ld 1.18 (1.15-1.21)

Heart failurec

12.29 (11.95-12.63) 30.9 (29.09-32.82)High-sensitivity cardiac troponin I concentration, ng/L 1.20 (1.17-1.23)

14.26 (13.72-14.81) 40.1 (36.84-43.64)High-sensitivity cardiac troponin T concentration, ng/L 1.44 (1.38-1.51)

15.15 (14.79-15.51) 32.96 (31.26-34.75)NT-proBNP concentration, ng/L 1.62 (1.56-1.68)

13.62 (12.86-14.41) 27.55 (24.25-31.28)B-type natriuretic peptide concentration, ng/L 1.59 (1.42-1.77)

16.72 (16.4-17.04) 30.79 (29.47-32.16)High-sensitivity C-reactive protein concentration, mg/L 1.20 (1.16-1.24)

10.91 (10.49-11.34) 26.78 (24.61-29.14)High-sensitivity cardiac troponin I concentration, ng/Ld 1.09 (1.05-1.12)

13.09 (12.65-13.54) 25.91 (24.01-27.96)NT-proBNP concentration, ng/Ld 1.52 (1.43-1.62)

14.17 (13.73-14.63) 25.47 (23.68-27.39)High-sensitivity C-reactive protein concentration, mg/Ld 1.16 (1.11-1.23)

Ischemic strokec

10.48 (10.2-10.76) 28.89 (27.28-30.59)High-sensitivity cardiac troponin I concentration, ng/L 1.09 (1.05-1.14)

14.33 (13.79-14.87) 41.38 (38.06-44.99)High-sensitivity cardiac troponin T concentration, ng/L 1.18 (1.11-1.27)

14.1 (13.8-14.41) 32.52 (31.01-34.1)NT-proBNP concentration, ng/L 1.28 (1.22-1.34)

14.13 (13.41-14.88) 27.41 (24.39-30.79)B-type natriuretic peptide concentration, ng/L 1.29 (1.12-1.48)

16.27 (15.98-16.55) 29.91 (28.75-31.12)High-sensitivity C-reactive protein concentration, mg/L 1.11 (1.07-1.16)

8.95 (8.64-9.27) 24.2 (22.42-26.12)High-sensitivity cardiac troponin I concentration, ng/Ld 1.05 (1.00-1.11)

11.4 (11.06-11.75) 22.84 (21.35-24.43)NT-proBNP concentration, ng/Ld 1.20 (1.11-1.29)

12.25 (11.9-12.6) 22.33 (20.93-23.83)High-sensitivity C-reactive protein concentration, mg/Ld 1.12 (1.05-1.20)

Myocardial infarctionc

10.24 (9.97-10.52) 27.15 (25.61-28.78)High-sensitivity cardiac troponin I concentration, ng/L 1.12 (1.09-1.15)

14.7 (14.16-15.26) 40.84 (37.58-44.37)High-sensitivity cardiac troponin T concentration, ng/L 1.30 (1.23-1.37)

13.91 (13.61-14.22) 31.34 (29.84-32.91)NT-proBNP concentration, ng/L 1.20 (1.16-1.24)

13.97 (13.23-14.74) 24.81 (21.95-28.02)B-type natriuretic peptide concentration, ng/L 1.11 (1.02-1.21)

16.07 (15.78-16.35) 29.23 (28.07-30.43)High-sensitivity C-reactive protein concentration, mg/L 1.17 (1.13-1.20)

8.7 (8.39-9.01) 22.71 (21.01-24.54)High-sensitivity cardiac troponin I concentration, ng/Ld 1.08 (1.04-1.12)

11.34 (11-11.69) 20.81 (19.43-22.29)NT-proBNP concentration, ng/Ld 1.14 (1.09-1.19)

11.66 (11.32-12.01) 20.88 (19.52-22.32)High-sensitivity C-reactive protein concentration, mg/Ld 1.19 (1.14-1.24)

NT-proBNP indicates N-terminal pro-B-type natriuretic peptide.
aHazard ratio (HR) per unit increase = exponential function(log[HR per 1-SD
increase]/SD).
bFirst possible/definite coronary heart disease or ischemic stroke event;
coronary revascularization; or died of coronary heart disease, ischemic stroke,
or unclassifiable.

cMedian follow-up, 11.8 (IQR, 6.2-18.0) years for atherosclerotic cardiovascular
disease; all-cause mortality, 13.0 (IQR, 7.9-19.2) years; heart failure, 12.8 (IQR,
6.2-19.3) years; ischemic stroke, 11.9 (IQR, 6.3-17.7) years; and myocardial
infarction, 11.6 (IQR, 6.2-17.8) years.
dThese 3 biomarkers were combined into 1 model to investigate their
independent effect on association.
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Figure 4. Heatmaps Displaying the Changes in the C Statistic After the Addition of the Biomarker to the Base Model
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cardiac troponin I

concentration

0.0127
(–0.0052 to 0.0283)

0.0083
(0.0011 to 0.0149)

0.0147
(0.0072 to 0.0217)

High-sensitivity
cardiac troponin T

concentration

0.0116
(0.0071 to 0.0166)

0.0072
(0.0046 to 0.0100)

0.0058
(0.0037  to 0.0082)

N-terminal pro-B-type
natriuretic peptide

concentration
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C-reactive protein
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0.0105
(0.0058 to 0.0152)

Combined model of high-sensitivity cardiac
troponin I concentration, N-terminal pro-B-type
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The changes in the C statistic were based on Cox regression models for all-cause
mortality and based on Fine and Gray models for the other outcomes. The C
statistics were computed based on the 1-year, 5-year, and 10-year probabilities

of any events. Additional data appear in eTable 6 and eTables 10-13 in
Supplement 1. The analyses stratified by age appear in eTable 16 in
Supplement 1.
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ment 1). These findings were consistent with the primary study
findings.

Discussion
In this individual-level analysis, the value of the most com-
monly used biomarkers for cardiovascular risk prediction in
the general population was investigated using harmonized,
multinational population data (from 28 cohorts in 12 coun-
tries and 4 continents).

There were 4 salient findings. First, all investigated bio-
markers were predictors not only of incident atherosclerotic
cardiovascular disease events, but also of all-cause mortality,
heart failure, myocardial infarction, and ischemic stroke. Even
though prior studies from the general population focused on
the association of biomarkers with fatal or nonfatal athero-
sclerotic cardiovascular disease in general, most did not con-
sider other important outcomes.7,8,22,23 Previous analyses ex-
amining incident heart failure or ischemic stroke were limited
by (1) small numbers of events, (2) the availability of aggre-
gate data only, or (3) shorter duration of follow-up.7 Interest-
ingly, there was a stronger association of all the investigated
biomarkers with all-cause mortality, and particularly with heart
failure, compared with fatal and nonfatal atherosclerotic car-
diovascular disease events.

In the current dataset, all-cause mortality was the most fre-
quently reported outcome (25 346 events), highlighting the po-
tential competing risk of death for any regression analyses.
Thus, the consideration of competing risk by using Fine and
Gray regression analyses may be a possible explanation for op-
posite results compared with prior studies10,22,24 and strength-
ens the findings from the current analysis. The strong predic-
tive value for heart failure outcomes is particularly notable
given the increase in options available for preventing inci-
dent heart failure (such as intensive blood pressure control and
treatment with sodium-glucose cotransporter 2 inhibitors).25

Importantly, the magnitude of change in the C statistic for the
outcomes of all-cause mortality and heart failure reported in
the current study is similar to other studies that investigated
the addition of coronary calcium scoring to classic cardiovas-
cular risk factors to predict atherosclerotic cardiovascular
disease.26

The second significant finding was that the combination
of the biomarkers high-sensitivity cardiac troponin I, NT-
proBNP, and high-sensitivity CRP into 1 model provided the
largest incremental predictive value and that all 3 biomarkers
were independent predictors. These 3 biomarkers represent
3 different pathophysiological pathways, had the highest avail-
ability in the cohorts examined, are routinely available, and
were also identified as the strongest predictors in earlier analy-
ses of multiple biomarkers.27 Most prior studies focused on 1
specific cardiovascular biomarker and did not attempt to com-
bine several markers into 1 model.28 The combination of high-
sensitivity cardiac troponin I, NT-proBNP, and high-
sensitivity CRP in the current study resulted in the biggest
improvements in the C statistic for most outcomes investi-
gated.

Interestingly, the multivariable model showed the high-
est HRs for NT-proBNP for all outcomes except for incident
myocardial infarction for which high-sensitivity CRP showed
the strongest association. This ranking of biomarkers is com-
parable with prior analyses from the FINRISK and Belfast
PRIME cohorts,27 for which the highest HRs for atheroscle-
rotic cardiovascular disease events were observed for NT-
proBNP; however, no high-sensitivity troponin assay was avail-
able for comparison at that time.

The third important finding is a sustained association of
improved risk prediction when biomarkers were added to con-
ventional risk factors over a time horizon of more than 10 years.
The long follow-up (median duration of nearly 12 years) en-
abled the assessment of the C statistic over a long time frame
and the incremental value of the biomarkers was apparent even
beyond 10 years. This observation highlights the potential value
of biomarkers for incorporation in primary prevention strat-
egies, which ideally should address long-term effects. Prior post
hoc analyses from the JUPITER, WOSCOPS, and SPRINT large
clinical trials29-31 investigated the role of biomarkers, espe-
cially cardiac troponin and NT-proBNP for decision-making in
preventive care. Data from the JUPITER trial29 showed that
those individuals with higher concentrations of high-
sensitivity cardiac troponin I or BNP were at higher risk for ath-
erosclerotic cardiovascular disease events and may have a
higher absolute risk reduction with statin treatment.

In the WOSCOPS trial,30 longitudinal measurements were
available for high-sensitivity cardiac troponin I and showed an
association with atherosclerotic cardiovascular disease events
and also their decrease 1 year after statin treatment. Recently,
post hoc analyses from the SPRINT trial revealed that indi-
viduals with elevated concentrations of high-sensitivity car-
diac troponin I and NT-proBNP had a substantially increased
risk of all-cause mortality and heart failure, but also had the
highest absolute risk reduction with treatment compared with
individuals with normal concentrations of the biomarkers.31

The fourth novel finding is the greater incremental value
of biomarkers in older individuals (aged ≥65 years) compared
with younger individuals (aged <65 years). Prior studies showed
that with increasing age, the effect of conventional risk fac-
tors is attenuated.3,32,33 In the current study, the conven-
tional risk factor model had a C statistic of 0.632 in older in-
dividuals vs 0.812 in younger individuals. This resulted in the
development of risk prediction models specifically for older
people.3,34

However, there remains substantial residual risk when pre-
dicting incident atherosclerotic cardiovascular disease events,
highlighting the need for other clinically relevant risk mark-
ers. In this context, the current study findings support the rel-
evance of cardiovascular biomarkers, especially in older indi-
viduals. This observation was primarily driven by the increasing
predictive value of NT-proBNP in older people, whereas the
predictive value of high-sensitivity CRP decreased. Impor-
tantly, these findings were not limited to atherosclerotic car-
diovascular disease events, but were also observed for all of
the secondary outcomes, especially all-cause mortality and
heart failure.
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Limitations
This analysis has limitations. First, this study used 5 estab-
lished biomarkers that are widely available in routine clinical
practice; however, the absolute measurements for high-
sensitivity cardiac troponin T and BNP were limited. Second,
most individuals were recruited from high-income cohorts in
Europe and North America, which limits the worldwide gen-
eralizability of the findings.

Third, there were a limited number of Black participants.
Non-Black participants systematically have higher concentra-
tions of high-sensitivity CRP and higher absolute risks. Fourth,
important questions remain before cardiovascular biomark-
ers may be considered for implementation into clinical prac-

tice. These questions include the need for cost-effectiveness
analyses and the identification of a target population.

Conclusions
Cardiovascular biomarkers were strongly associated with fa-
tal and nonfatal cardiovascular events and mortality. The ad-
dition of biomarkers to established risk factors only led to a
small improvement in risk prediction metrics for atheroscle-
rotic cardiovascular disease, but was more favorable for heart
failure and mortality.
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