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ABSTRACT  

Background: There are limited data examining whether body-mass index (BMI) 
affects circulating levels of cardiovascular biomarkers, and whether the association 
between cardiovascular biomarkers and incident heart failure (HF) is influenced by 
BMI. 

Methods and Results: Thirteen biomarkers representing key HF domains were 
measured: N-terminal-pro-B-type natriuretic peptide (NT-proBNP), mid-regional-
pro-A-type natriuretic peptide (MR-proANP), cardiac troponin-T (cTnT), C-reactive 
protein (CRP), procalcitonin, galectin-3, C-terminal pro-endothelin-1 (CT-pro-ET-1), 
mid-regional pro-adrenomedullin (MR-proADM), plasminogen activator inhibitor 
(PAI)-1, copeptin, renin, aldosterone and cystatin-C. Associations of biomarkers with 
BMI were examined using linear regression models, and with incident HF using Cox 
regression models. We selected biomarkers significantly associated with incident HF, 
and evaluated whether BMI modified these associations.  

Results: Among 8213 individuals, 41% were overweight (BMI 25-30kg/m2), and 16% 
were obese (BMI ≥30 kg/m2). Mean age of the cohort was 49 years (range 28-75), and 
50% were women. The majority of biomarkers were associated with BMI: inverse 
associations were observed with NT-proBNP, MR-proANP, CT-pro-ET-1 and 
aldosterone whereas positive associations were observed with cTnT, CRP, 
procalcitonin, galectin-3, MR-proADM, PAI-1 and copeptin (Pall≤0.001). During 
11±3 years follow-up, 359 incident HF events were recorded. NT-proBNP, MR-
proANP and cTnT were significantly associated with incident HF in the total 
population (P<0.001), but we did not observe a significant interaction between BMI 
and biomarker levels (Pint>0.1). Optimal biomarker cutpoints for HF risk-stratification 
across BMI categories were broadly similar for NT-proBNP, MR-proANP and cTnT. 

Conclusions: Plasma concentrations of most cardiovascular biomarkers were 
influenced by obesity. Only NT-proBNP, MR-proANP and cTnT were associated 
with incident HF, and BMI did not modify these associations.    
           
           
           
           
        

ardiovascular biomarkers provide information on pathophysiological 
processes associated with heart failure (HF), and have proven to be 
indispensable tools in the management of this syndrome.1,2 While interpreting 

biomarker values, various factors such as age, sex and renal function should be taken 
into consideration. Obesity is also an important factor affecting biomarker 
concentrations.3  

Cardiac natriuretic peptides (NP) are secreted by cardiomyocytes as a response to 
myocardial stretch due to volume overload, and it is known that circulating NP levels 
are inversely associated with body-mass index (BMI).4,5 By contrast, fibro-
inflammatory biomarkers such as C-reactive protein (CRP) and galectin-3 are known 
to be substantially elevated in obese individuals.3,6 Whether BMI also affects plasma 
concentrations of biomarkers representing other domains pivotal to the 
pathophysiology of HF syndrome, such as myocardial injury, endothelial dysfunction, 
thrombosis, volume status, neurohormonal response and renal dysfunction is not 
clearly known.  

We postulated that BMI would influence plasma concentrations of multiple 
cardiovascular biomarkers, as well as their association with incident HF. Accordingly, 
we evaluated cross-sectional associations of 13 cardiovascular biomarkers with BMI, 
and longitudinal associations of selected biomarkers with incident HF across pre-
specified BMI categories. 

METHODS 

The Prevention of Renal and Vascular End-stage Disease (PREVEND) study (1997-
1998) is an observational cohort study enrolling 8592 participants, and has been 
described elsewhere.7,8 From the baseline cohort, we excluded 379 participants (4.4%) 
resulting in 8213 participants eligible for the present investigation (Figure S1). The 
current study conformed to the principles drafted in the Helsinki declaration. Local 
medical ethical committee approval was obtained and informed consent was provided 
by all participants. 

Baseline Measurements. BMI was calculated as the ratio of body weight (kg) and 
height2 (m2). BMI was categorized into <25 kg/m2 (lean), 25-30 kg/m2 (overweight), 
and ≥30 kg/m2 (obese). The following biomarkers were measured: N-terminal pro-B-
type natriuretic peptide (NT-proBNP), mid-regional pro-A-type natriuretic peptide 
(MR-proANP), high-sensitivity cardiac troponin-T (cTnT), high-sensitivity C-reactive 
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protein (CRP), procalcitonin, galectin-3, C-terminal pro-endothelin-1 (CT-pro-ET-1), 
mid-regional pro-adrenomedullin (MR-pro-ADM), plasminogen activator inhibitor 
(PAI)-1, copeptin, renin, aldosterone and cystatin-C. Details on clinical covariates and 
biomarker assays are found elsewhere,7–9 and in the Supplement.  

Incident Heart Failure. The follow-up duration was calculated as the period 
between the baseline screening visit and the last contact date, death, or 31st December 
2010, whichever came first. Patient files were checked in two main hospitals covering 
the region of Groningen for prevalent and incident HF. Individuals suspected of 
having HF were identified according to guidelines issued by the European Society of 
Cardiology.10 An endpoint adjudication committee of seven independent HF experts 
further evaluated these selected individuals, and two different experts validated each 
case. A joint decision was made within the committee in the case of disagreement. 
Aetiology of HF and the date of HF onset were retrieved from clinical charts. Further 
details can be found elsewhere.7,8  

Statistical analyses. All biomarkers were natural log-transformed and standardized. 
We examined cross-sectional associations of biomarkers with BMI using linear 
regression models adjusting for age, sex and estimated glomerular filtration rate. 
Results were displayed as standardized beta coefficients (Sβ) with 95% confidence 
intervals based on 1000 bootstrapped estimates. We then identified biomarkers 
significantly associated with incident HF in the total population using multivariable 
Cox-regression models adjusting for age, sex, smoking, diabetes mellitus, 
hypertension, cholesterol, BMI,9 and also for prevalent myocardial infarction, stroke 
and atrial fibrillation. As a sensitivity analysis, we used multiple logistic regression 
models to estimate the association of cardiovascular biomarkers with incident HF. A 
Bonferroni-corrected P-value of ≤0.004 (i.e. 0.05/13 biomarkers) denoted statistical 
significance. Next, we examined associations of selected biomarkers with incident HF 
across pre-specified BMI categories using multivariable Cox regression models, and 
we specifically tested for biomarker*BMI interaction. For these analyses, a P-value 
<0.05 and an interaction P-value <0.1 denoted statistical significance.8 To assess the 
best fitting functional form for biomarker levels and its association with incident HF 
across BMI categories, we also performed fractional polynomial regression analyses. 
To account for over-representation of individuals with increased urinary albumin 
excretion (UAE>10mg/L), a design-based analysis was performed using statistical 
weights, which allows conclusions to be generalized to the general population.7,8 

Results were expressed as hazard ratios (HRs) or odds ratios (ORs) with 95% 
confidence intervals (CIs) based on robust standard error estimates. In exploratory 
analysis, we evaluated improvement in model fit after adding selected biomarkers to 
the clinical model using the likelihood ratio test. Finally, we calculated Youden’s J 
statistic to identify optimal biomarker cutpoints for HF risk stratification in lean, 
overweight, and obese individuals. All statistical analyses were performed using 
STATA version-14. 

RESULTS 

Among 8213 participants, 3367 (41%) were overweight, and 1303 (16%) were obese. 
All cardiovascular risk factors (except smoking) were substantially higher across BMI 
categories (Table S1). Myocardial injury marker – cTnT, and biomarkers representing 
fibro-inflammatory axis (CRP, procalcitonin, galectin-3), thrombosis (PAI-1), 
vasodilation (MR-proADM) and volume status (copeptin), were positively associated 
with BMI (P≤0.001). Biomarkers reflecting myocardial stretch (NT-proBNP, MR-
proANP), vasoconstriction (CT-pro-ET-1) and hormonal response (aldosterone) were 
negatively associated with BMI (P<0.001) (Figure 1, Table S2). 
 

 
Figure 1. Associations of biomarkers with body-mass index (BMI). Abbreviations: NT-proBNP, N-terminal pro-B-type 
natriuretic peptide; MR-proANP, mid-regional pro-atrial-natriuretic peptide; cTnT, cardiac troponin-T; CT-proET-1, C-
terminal pro-endothelin-1; MR-proADM, mid-regional pro-adrenomedullin. Standardized betas represent a unit change 
in standardized natural log transformed biomarker concentrations per standard deviation increase in BMI. 
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During a mean follow-up of 11±3 years, a total of 359 incident HF events were 
recorded in the total population, with 72 HF events in lean individuals, 179 events in 
overweight individuals, and 108 HF events in obese individuals. This corresponded to 
an incidence rate of 1.79 per 1000 person-years (95%CI: 1.42-2.26) in lean individuals, 
4.71 per 1000 person-years (95%CI: 4.07-5.46) in overweight individuals, and 7.46 per 
1000 person-years (95%CI: 6.18-9.01) in obese individuals. 

In prospective analyses, only three biomarkers were significantly associated with 
incident HF in the total population: NT-proBNP (HR: 1.86, 95%CI: 1.54-2.24), MR-
proANP (HR: 1.47, 95%CI: 1.19-1.81), and cTnT (HR: 1.49, 95%CI: 1.31-1.70) 
(Tables S3, S4). These associations were not modified by BMI (Pint>0.1). NT-
proBNP was strongly associated with HF in lean [Hazard ratio (HR)=1.76; P=0.009], 
overweight [HR=1.87; P<0.001] and obese [HR=1.82; P=0.002] individuals. Subtle 
differences were, however, observed in associations of MR-proANP and cTnT across 
BMI categories (Table 2, Figure S2). 
 

Table 2. Associations of selected biomarkers with incident heart failure across body-mass index categories 
 

 Lean Overweight Obese  
 HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value Pint 

NT-proBNP 1.76 (1.15-2.69) 0.009 1.87 (1.45-2.42) <0.001 1.82 (1.25-2.67) 0.002 0.298 
MR-proANP 0.93 (0.57-1.52) 0.786 1.68 (1.25-2.25) 0.001 1.55 (1.08-2.24) 0.018 0.183 
cTnT 1.80 (1.34-2.41) <0.001 1.31 (1.05-1.64) 0.017 1.56 (1.27-1.92) <0.001 0.252 
Models are adjusted for age, sex, smoking, diabetes mellitus, hypertension, cholesterol, myocardial infarction, stroke and 
atrial fibrillation. Abbreviations: NT-proBNP, N-terminal pro-B-type natriuretic peptide; MR-proANP, mid-regional 
pro-atrial-natriuretic peptide; cTnT, high-sensitivity cardiac troponin-T; HR, hazard ratio per SD increase in natural log 
transformed biomarker; CI, confidence interval. Pint represents the P-value for BMI*biomarker interaction in the total 
population; while evaluating Pint, models were also adjusted for body-mass index.  
 

The improvement in model fit after adding the above-mentioned biomarkers in lean, 
overweight and obese individuals is provided in Table S5. Optimal biomarker 
cutpoints for HF risk-stratification in lean, overweight and obese individuals were 
broadly similar for NT-proBNP, MR-proANP and cTnT (Table 3). 

Table 3. Optimal cutpoints for heart failure risk-stratification in lean, overweight and obese individuals 
 

Optimal biomarker cutpoints Lean Overweight Obese 
NT-proBNP, ng/L 69 64 76 
MR-proANP, pmol/L 65 68 52 
cTnT, ng/L 4 5 4 

Abbreviations same as in Table 2 

DISCUSSION 

In the current study enrolling 8213 community-dwelling adults, we found that 
concentrations of eleven out of thirteen biomarkers were strongly influenced by 
obesity. Among thirteen biomarkers, only NT-proBNP, MR-proANP and cTnT were 
associated with incident HF, and BMI did not modify these associations. 

Previously, Nadruz and colleagues showed that in patients with chronic HF and 
reduced ejection fraction, NT-proBNP and BNP levels were substantially lower in 
obese individuals, and both biomarkers had a diminished prognostic value for 
cardiovascular death/HF admission in individuals with severe obesity (BMI 
>35kg/m2).11 However, Streng and colleagues showed that in patients with acutely 
decompensated HF, BNP was similarly associated with all-cause mortality (up to 180 
days) in obese versus non-obese individuals.12 

Likewise, in a meta-analysis of multiple community-based studies with a total of 1938 
HF events, NT-proBNP (tertile-3 versus tertile-1) had a lower risk ratio for incident 
HF among individuals belonging to the highest BMI tertile compared with those from 
other two BMI tertiles.13 However, in a more recent study enrolling 22,756 individuals 
with 2091 HF events, we observed that BMI did not modify associations of 
NTproBNP with incident HF in both men and in women.14  

In the current study we report that NT-proBNP levels were lower in individuals with 
a higher BMI, but this did not translate to differential associations of NT-proBNP 
with incident HF across the BMI spectrum. Similarly, despite inverse associations of 
MR-proANP with BMI, associations of MR-proANP with incident HF were not 
modified by BMI. We did, however, observe that MR-proBNP levels were associated 
with incident HF in overweight and obese individuals, but not in lean individuals. 
Collectively, these data suggest that negative cross-sectional associations of natriuretic 
peptides with BMI need not translate to weaker associations of these peptides with 
incident HF in overweight/obese individuals. Interestingly, cTnT, which was 
positively associated with BMI, displayed strong associations with incident HF in lean 
as well as in obese individuals.  

We also found that for NT-proBNP, MR-proANP and cTnT, optimal cutpoints for 
stratifying HF risk were broadly similar across BMI categories – indicating that while 
using these biomarkers to estimate future HF risk in the community, a single cutpoint 
may be sufficient in lean, overweight and obese individuals. 
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stratifying HF risk were broadly similar across BMI categories – indicating that while 
using these biomarkers to estimate future HF risk in the community, a single cutpoint 
may be sufficient in lean, overweight and obese individuals. 
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Study limitations 

First, despite long-term follow-up and a large population, PREVEND is a relatively 
young cohort with low number of events. Second, the PREVEND study, by design 
included a higher proportion of individuals with UAE>10 mg/mL. We accounted for 
this by conducting a design-based analysis. Finally, the current study was conducted 
on a predominantly white population limiting generalizability to other ethnicities and 
population groups. 

Conclusion 

In community-dwelling adults, plasma concentrations of the majority of 
cardiovascular biomarkers are negatively or positively influenced by obesity. However, 
this poorly translates to whether a biomarker would differentially relate with HF risk 
across the BMI spectrum. 
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Figure S1. PREVEND flow diagram: participant selection 

• Missing data on BMI (n = 93)
• BMI < 18.5 kg/m2 (n = 74)
• Missing data on clinical covariates (n = 212)
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Figure S2. Associations of selected biomarkers with incident heart failure across body-mass index categories 
 

 
Fractional polynomial models are adjusted for age, sex, smoking, diabetes mellitus, hypertension, cholesterol, myocardial 
infarction, stroke and atrial fibrillation. Abbreviations: NT-proBNP, N-terminal pro-B-type natriuretic peptide; MR-
proANP, mid-regional pro-atrial-natriuretic peptide. Hazard ratio is the relative increase in risk per unit increase in natural 
log transformed biomarker and grey shaded region represents the 95% confidence interval 
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log transformed biomarker and grey shaded region represents the 95% confidence interval 
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Table S1. Baseline characteristics and biomarker levels across body-mass index categories 
 

 Total 
(N=8213) 

Lean 
(n= 3543) 

Overweight 
(n=3367) 

Obese 
(n=1303) 

Clinical characteristics     
Age, years  49 (13) 45 (12) 52 (13) 53 (12) 
Female, n (%) 4103 (50) 1984 (56) 1413 (42) 706 (54) 
Smoking, n (%) 3114 (38) 1580 (45) 1135 (34) 399 (31) 
Diabetes mellitus, n (%) 318 (3.9) 52 (1.5) 154 (4.6) 112 (8.6) 
Hypertension, n (%) 2800 (34) 641 (18) 1403 (42) 756 (58) 
BMI, kg/m2  26 (4) 23 (2) 27 (1) 33 (3) 
Cholesterol, mmol/L  5.6 (4.9, 6.3) 5.2 (4.6, 6.0) 5.8 (5.1, 6.5) 5.9 (5.3, 6.6) 
Atrial fibrillation, n (%) 74 (0.9) 13 (0.4) 43 (1.3) 18 (1.4) 
Myocardial infarction, n (%) 510 (6) 163 (5) 246 (7) 101 (8) 
eGFR, mL/min per 1.73m2 94 (17) 98 (16) 92 (18) 90 (17) 
Circulating biomarkers     
NT-proBNP, ng/L 37 (17, 74) 38 (18, 71) 36 (15, 75) 38 (16, 74) 
MR-proANP, pmol/L 48 (35, 65) 48 (35, 64) 48 (35, 67) 46 (33, 65) 
cTnT, ng/L 2.5 (2.5, 5.0) 2.5 (2.5, 4.0) 2.5 (2.5, 5.0) 3.0 (2.5, 6.0) 
hs-CRP, mg/L 1.3 (0.6, 3.0) 0.8 (0.3, 1.9) 1.5 (0.8, 3.2) 2.7 (1.4, 5.6) 
Procalcitonin, ng/L 1.6 (1.3, 2.0) 1.5 (1.2, 1.8) 1.7 (1.4, 2.1) 1.8 (1.5, 2.2) 
Galectin-3, mg/L 10.8 (9.0, 13.0) 10. 2 (8.6, 12.3) 11.1 (9.4, 13.3) 11.7 (9.8, 14.0) 
CT-proET-1, pmol/L 35 (25, 44) 34 (24, 43) 35 (25, 45) 35 (24, 46) 
MR-proADM, nmol/L 0.38 (0.30, 0.46)  0.35 (0.27, 0.42) 0.39 (0.31, 0.48) 0.44 (0.34, 0.53) 
PAI-1, mg/L 72 (42, 124) 50 (31, 84) 87 (52, 140) 124 (76, 188) 
Copeptin, pmol/L 4.7 (2.9, 7.5) 4.3 (2.7, 7.0) 4.9 (3.1, 7.8) 5.2 (3.1, 8.3) 
Renin, IU/L 18 (11, 29) 19 (12, 29) 18 (11, 28) 18 (11, 29) 
Aldosterone, ng/L 118 (93, 153) 121 (95, 157) 118 (93, 152) 114 (90, 146) 
Cystatin-C, mg/L 0.77 (0.69, 0.88) 0.75 (0.67, 0.83) 0.79 (0.71, 0.90) 0.81 (0.72, 0.91) 
Abbreviations: BMI, body-mass index; SBP, systolic blood pressure; eGFR, estimated glomerular filtration rate; NT-
proBNP, N-terminal pro-B-type natriuretic peptide; MR-proANP, mid-regional pro-atrial-natriuretic peptide; cTnT, 
high-sensitivity cardiac troponin-T; CT-proET-1, C-terminal pro-endothelin-1; MR-proADM, mid-regional pro-
adrenomedullin; biomarker concentrations are given as mean (SD), median (P25, P75) or n (%) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table S2. Associations of cardiovascular biomarkers with body-mass index 
 

Pathophysiological 
Domains 

Biomarkers N Sβ CI (95%) P-value 

Myocardial Stretch NT-proBNP 8043 -0.123 -0.143, -0.103 <0.001 
MR-proANP 7594 -0.140 -0.161, -0.119 <0.001 

Myocardial Injury cTnT 7917 0.029 0.011, 0.047 0.001 
Systemic inflammation hs-CRP 7826 0.344 0.324, 0.365 <0.001 

Procalcitonin 7596 0.157 0.134, 0.180 <0.001 
Tissue fibrosis Galectin-3 8011 0.081 0.060, 0.103 <0.001 
Endothelial dysfunction 

Vasoconstriction 
Vasodilation 

     
CT-proET-1 7578 -0.046 -0.068, -0.024 <0.001 
MR-proADM 7583 0.119 0.099, 0.140 <0.001 

Thrombosis PAI-1 8086 0.384 0.363, 0405 <0.001 
Volume status 
Hormonal response 

Copeptin 7385 0.039 0.016, 0.061 0.001 
Renin 7942 -0.006 -0.029, 0.017 0.598 
Aldosterone 7381 -0.051 -0.075, -0.027 <0.001 

Renal dysfunction Cystatin-C 7825 0.025 0.006, 0.044 0.010 
Models are adjusted for age, sex and estimated glomerular filtration rate. These are bootstrapped (1000x) estimates. 
Abbreviations same as in Table S1. N denotes the number available for analyses.  
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Models are adjusted for age, sex and estimated glomerular filtration rate. These are bootstrapped (1000x) estimates. 
Abbreviations same as in Table S1. N denotes the number available for analyses.  
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Table S3. Associations of cardiovascular biomarkers with incident heart failure in the total population 
  

Cox-regression HR (95% CI) P-value 
NT-proBNP 1.86 (1.54-2.24) <0.001 
MR-proANP 1.47 (1.19-1.81) <0.001 
cTnT 1.49 (1.31-1.70) <0.001 
hs-CRP 1.16 (0.93-1.45) 0.185 
Procalcitonin 0.99 (0.84-1.17) 0.927 
Galectin-3 1.03 (0.88-1.21) 0.690 
CT-proET-1 0.93 (0.77-1.11) 0.410 
MR-proADM 0.98 (0.78-1.22) 0.828 
PAI-1 1.00 (0.83-1.19) 0.960 
Copeptin 0.91 (0.75-1.10) 0.335 
Renin 1.06 (0.91-1.25) 0.449 
Aldosterone 1.04 (0.90-1.21) 0.597 
Cystatin-C 1.28 (1.08-1.52) 0.005 
Models are adjusted for age, sex, smoking, diabetes mellitus, hypertension, cholesterol, body-mass index, myocardial 
infarction, stroke and atrial fibrillation. HR (hazard ratio) represents risk of developing heart failure per SD increase 
in natural log transformed biomarker. CI represents confidence interval; other abbreviations same as in Table S1. 
 

Table S4. Associations of cardiovascular biomarkers with incident heart failure in the total population 
 

Logistic regression OR (95% CI) P-value 
NT-proBNP 1.68 (1.38-2.04) <0.001 
MR-proANP 1.39 (1.12-1.72) 0.003 
cTnT 1.41 (1.21-1.64) <0.001 
hs-CRP 1.10 (0.88-1.38) 0.419 
Procalcitonin 1.00 (0.84-1.18) 0.979 
Galectin-3 1.00 (0.85-1.19) 0.956 
CT-proET-1 0.91 (0.75-1.11) 0.356 
MR-proADM 0.94 (0.74-1.20) 0.639 
PAI-1 1.05 (0.86-1.29) 0.602 
Copeptin 0.89 (0.73-1.08) 0.230 
Renin 1.05 (0.89-1.24) 0.543 
Aldosterone 1.05 (0.88-1.24) 0.588 
Cystatin-C 1.21 (1.02-1.43) 0.026 
Models are adjusted for age, sex, smoking, diabetes mellitus, hypertension, cholesterol, body-mass index, myocardial 
infarction, stroke and atrial fibrillation. OR (odds ratio) represents odds of developing heart failure per SD increase 
in natural log transformed biomarker. CI represents confidence interval; other abbreviations same as in Table S1. 
 
Table S5. Predictive value of selected biomarkers across BMI categories in 7325 individuals with no 
missing biomarker values 
 

 Lean (n=3201) Overweight (n=2978) Obese (n=1146) 
 LHRχ2 Δχ2 P-value LHRχ2 Δχ2 P-value LHRχ2 Δχ2 P-value 

Base Model 631 - - 1683 - - 963 - - 
NT-proBNP 622 -9 0.015 1643 -40 <0.001 945 -18 <0.001 
MR-proANP 631 0 0.939 1660 -23 <0.001 951 -12 0.002 
cTnT 616 -15 <0.001 1678 -5 0.090 946 -17 <0.001 
Base heart failure model = age, sex, smoking, diabetes mellitus, hypertension, cholesterol, body-mass index, 
myocardial infarction, stroke and atrial fibrillation. Abbreviations same as in Table S1. 

Supplementary information 

The Prevention of Renal and Vascular End-stage Disease (PREVEND) study (1997-1998) is an 
observational cohort study enrolling 8592 participants, and has been described elsewhere 1–4. 
From the baseline cohort, we excluded 379 participants (4.4%) for the following reasons: i) 
missing data on BMI (N=93) ii) BMI < 18.5 kg/m2 (N=74), and iii) missing data on clinical 
covariates (N=212). 

Baseline characteristics: BMI was calculated as the ratio between weight and height-squared 
(kg/m2). Smoking was defined as self-reported current smoking or smoking cessation within the 
previous year. Blood pressure (BP) was measured ten times during 10 minutes using an automatic 
Dinamap XL Model 9300 series; BP was calculated as the mean of the last two measurements. 
Hypertension was defined as systolic BP (SBP) ≥140 mm Hg, diastolic BP (DBP) ≥90 mm Hg or 
self-reported antihypertensive medication usage. Type-2 diabetes was defined as a fasting plasma 
glucose ≥7.0 mmol/L (126 mg/dL), random plasma glucose ≥11.1 mmol/L (200 mg/dL), self-
reporting of a physician diagnosis or record of glucose-lowering medication use obtained from 
central pharmacy registry. History of myocardial infarction and cerebrovascular accident were 
based on individuals’ medical history derived from a structured questionnaire i.e. hospitalization 
≥3 days as a result of this condition; this was complemented by a review of the medical report. 
Individuals with AF at baseline screening were considered to have prevalent AF. QRS duration 
was available from standardized automated EKG analysis. Estimated glomerular filtration rate 
(eGFR) was estimated using the chronic kidney disease epidemiology collaboration (CKD-EPI) 
equation, based on creatinine and cystatin C levels, in the majority of the population 3. In 
individuals with unavailable cystatin-C measurements, eGFR was estimated using the 
modification of diet in renal disease (MDRD) study formula, based on creatinine levels. 

Assays relevant to the current study: N-terminal pro-B-type natriuretic peptide (NT-proBNP) 
measurements were performed in plasma on an ElecsysTM 2010 analyser, a commercially 
available electrochemiluminescent sandwich immunoassay (Elecsys proBNP, Roche Diagnostics, 
Mannheim, Germany). The intra- and interassay coefficient of variation were 1.2–1.5 and 4.4–
5.0%, respectively, with an analytical range of 5–35 000 pg/ml. MR-proANP was measured with 
a sandwich immunoassay (MR-proANP LIA; B.R.A.H.M.S). The intra-assay coefficient of 
variation was <10% for samples containing 23-3000 pmol/L MR-proANP and 20% for samples 
containing 18-22.8 pmol/L; the interassay CV was 8.0% at 100 pmol/L and 6.5% at 400 pmol/L. 
High-sensitivity cardiac troponin T (cTnT) was measured using modular analytics serum work 
areas, with <10% coefficient of variation at the 99th percentile of the reference range (Roche 
Diagnostics). Above 30 ng/L, cTnT interassay CVs were between 1% and 5% for all test 
applications. High sensitivity C-reactive protein (hs-CRP) was determined by nephelometry with 
a threshold of 0.175 mg/l and intra- and inter-assay coefficients of less than 4.4 and 5.7%, 
respectively (BNII, Dade Behring Diagnostic, Marburg, Germany). Procalcitonin was measured 
by a commercially available immunoluminometric assay (BRAHMS PCT sensitive LIA; 
Hennigsdorf, Germany). The intraassay CV at 0.1 ng/ml was 6%, and at 0.03 ng/ml it was 8%. 
The functional assay sensitivity, defined as the lowest concentration to be determined with an 
interassay CV of 20% was 0.007 ng/ml. The lowest detection limit was 0.006 ng/ml. Galectin-3 
was measured using an enzyme-linked immunosorbent assay (ELISA; BG Medicine, Inc., 
Waltham, MA, USA). The assay has a high sensitivity (lower detection limit of 1.13 ng/ml) and 
exhibits no cross-reactivity with collagens or other members of the galectin family. All samples 
were assayed in duplicate. Two standard controls were included in all runs: a lower control 
(expected value 13.0 – 23.1 ng/ml) and an upper control (expected value 48.9–81.5 ng/ml). The 
average lower control values were 16.65 ± 1.13 ng/ml) (coefficient of variance 6.8%), and the 
average upper control values were 68.17 ± 3.20 ng/ml) (coefficient of variance 4.7%). Detection 
of C-terminal pro-endothelin-1 (CT-proET-1) was performed using a sandwich 
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Table S3. Associations of cardiovascular biomarkers with incident heart failure in the total population 
  

Cox-regression HR (95% CI) P-value 
NT-proBNP 1.86 (1.54-2.24) <0.001 
MR-proANP 1.47 (1.19-1.81) <0.001 
cTnT 1.49 (1.31-1.70) <0.001 
hs-CRP 1.16 (0.93-1.45) 0.185 
Procalcitonin 0.99 (0.84-1.17) 0.927 
Galectin-3 1.03 (0.88-1.21) 0.690 
CT-proET-1 0.93 (0.77-1.11) 0.410 
MR-proADM 0.98 (0.78-1.22) 0.828 
PAI-1 1.00 (0.83-1.19) 0.960 
Copeptin 0.91 (0.75-1.10) 0.335 
Renin 1.06 (0.91-1.25) 0.449 
Aldosterone 1.04 (0.90-1.21) 0.597 
Cystatin-C 1.28 (1.08-1.52) 0.005 
Models are adjusted for age, sex, smoking, diabetes mellitus, hypertension, cholesterol, body-mass index, myocardial 
infarction, stroke and atrial fibrillation. HR (hazard ratio) represents risk of developing heart failure per SD increase 
in natural log transformed biomarker. CI represents confidence interval; other abbreviations same as in Table S1. 
 

Table S4. Associations of cardiovascular biomarkers with incident heart failure in the total population 
 

Logistic regression OR (95% CI) P-value 
NT-proBNP 1.68 (1.38-2.04) <0.001 
MR-proANP 1.39 (1.12-1.72) 0.003 
cTnT 1.41 (1.21-1.64) <0.001 
hs-CRP 1.10 (0.88-1.38) 0.419 
Procalcitonin 1.00 (0.84-1.18) 0.979 
Galectin-3 1.00 (0.85-1.19) 0.956 
CT-proET-1 0.91 (0.75-1.11) 0.356 
MR-proADM 0.94 (0.74-1.20) 0.639 
PAI-1 1.05 (0.86-1.29) 0.602 
Copeptin 0.89 (0.73-1.08) 0.230 
Renin 1.05 (0.89-1.24) 0.543 
Aldosterone 1.05 (0.88-1.24) 0.588 
Cystatin-C 1.21 (1.02-1.43) 0.026 
Models are adjusted for age, sex, smoking, diabetes mellitus, hypertension, cholesterol, body-mass index, myocardial 
infarction, stroke and atrial fibrillation. OR (odds ratio) represents odds of developing heart failure per SD increase 
in natural log transformed biomarker. CI represents confidence interval; other abbreviations same as in Table S1. 
 
Table S5. Predictive value of selected biomarkers across BMI categories in 7325 individuals with no 
missing biomarker values 
 

 Lean (n=3201) Overweight (n=2978) Obese (n=1146) 
 LHRχ2 Δχ2 P-value LHRχ2 Δχ2 P-value LHRχ2 Δχ2 P-value 

Base Model 631 - - 1683 - - 963 - - 
NT-proBNP 622 -9 0.015 1643 -40 <0.001 945 -18 <0.001 
MR-proANP 631 0 0.939 1660 -23 <0.001 951 -12 0.002 
cTnT 616 -15 <0.001 1678 -5 0.090 946 -17 <0.001 
Base heart failure model = age, sex, smoking, diabetes mellitus, hypertension, cholesterol, body-mass index, 
myocardial infarction, stroke and atrial fibrillation. Abbreviations same as in Table S1. 

Supplementary information 

The Prevention of Renal and Vascular End-stage Disease (PREVEND) study (1997-1998) is an 
observational cohort study enrolling 8592 participants, and has been described elsewhere 1–4. 
From the baseline cohort, we excluded 379 participants (4.4%) for the following reasons: i) 
missing data on BMI (N=93) ii) BMI < 18.5 kg/m2 (N=74), and iii) missing data on clinical 
covariates (N=212). 

Baseline characteristics: BMI was calculated as the ratio between weight and height-squared 
(kg/m2). Smoking was defined as self-reported current smoking or smoking cessation within the 
previous year. Blood pressure (BP) was measured ten times during 10 minutes using an automatic 
Dinamap XL Model 9300 series; BP was calculated as the mean of the last two measurements. 
Hypertension was defined as systolic BP (SBP) ≥140 mm Hg, diastolic BP (DBP) ≥90 mm Hg or 
self-reported antihypertensive medication usage. Type-2 diabetes was defined as a fasting plasma 
glucose ≥7.0 mmol/L (126 mg/dL), random plasma glucose ≥11.1 mmol/L (200 mg/dL), self-
reporting of a physician diagnosis or record of glucose-lowering medication use obtained from 
central pharmacy registry. History of myocardial infarction and cerebrovascular accident were 
based on individuals’ medical history derived from a structured questionnaire i.e. hospitalization 
≥3 days as a result of this condition; this was complemented by a review of the medical report. 
Individuals with AF at baseline screening were considered to have prevalent AF. QRS duration 
was available from standardized automated EKG analysis. Estimated glomerular filtration rate 
(eGFR) was estimated using the chronic kidney disease epidemiology collaboration (CKD-EPI) 
equation, based on creatinine and cystatin C levels, in the majority of the population 3. In 
individuals with unavailable cystatin-C measurements, eGFR was estimated using the 
modification of diet in renal disease (MDRD) study formula, based on creatinine levels. 

Assays relevant to the current study: N-terminal pro-B-type natriuretic peptide (NT-proBNP) 
measurements were performed in plasma on an ElecsysTM 2010 analyser, a commercially 
available electrochemiluminescent sandwich immunoassay (Elecsys proBNP, Roche Diagnostics, 
Mannheim, Germany). The intra- and interassay coefficient of variation were 1.2–1.5 and 4.4–
5.0%, respectively, with an analytical range of 5–35 000 pg/ml. MR-proANP was measured with 
a sandwich immunoassay (MR-proANP LIA; B.R.A.H.M.S). The intra-assay coefficient of 
variation was <10% for samples containing 23-3000 pmol/L MR-proANP and 20% for samples 
containing 18-22.8 pmol/L; the interassay CV was 8.0% at 100 pmol/L and 6.5% at 400 pmol/L. 
High-sensitivity cardiac troponin T (cTnT) was measured using modular analytics serum work 
areas, with <10% coefficient of variation at the 99th percentile of the reference range (Roche 
Diagnostics). Above 30 ng/L, cTnT interassay CVs were between 1% and 5% for all test 
applications. High sensitivity C-reactive protein (hs-CRP) was determined by nephelometry with 
a threshold of 0.175 mg/l and intra- and inter-assay coefficients of less than 4.4 and 5.7%, 
respectively (BNII, Dade Behring Diagnostic, Marburg, Germany). Procalcitonin was measured 
by a commercially available immunoluminometric assay (BRAHMS PCT sensitive LIA; 
Hennigsdorf, Germany). The intraassay CV at 0.1 ng/ml was 6%, and at 0.03 ng/ml it was 8%. 
The functional assay sensitivity, defined as the lowest concentration to be determined with an 
interassay CV of 20% was 0.007 ng/ml. The lowest detection limit was 0.006 ng/ml. Galectin-3 
was measured using an enzyme-linked immunosorbent assay (ELISA; BG Medicine, Inc., 
Waltham, MA, USA). The assay has a high sensitivity (lower detection limit of 1.13 ng/ml) and 
exhibits no cross-reactivity with collagens or other members of the galectin family. All samples 
were assayed in duplicate. Two standard controls were included in all runs: a lower control 
(expected value 13.0 – 23.1 ng/ml) and an upper control (expected value 48.9–81.5 ng/ml). The 
average lower control values were 16.65 ± 1.13 ng/ml) (coefficient of variance 6.8%), and the 
average upper control values were 68.17 ± 3.20 ng/ml) (coefficient of variance 4.7%). Detection 
of C-terminal pro-endothelin-1 (CT-proET-1) was performed using a sandwich 
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immunoluminometric assay (BRAHMS GmbH/ThermoFisher Scientific, Hennigsdorf, 
Germany). The analytical detection limit was 0.4 pmol/l and the interassay coefficient of 
variation was <10% for values >10 pmol/l. The intraassay coefficient of variation was <5%. 
Detection of mid-regional pro-adrenomedullin (MR-proADM) was performed using an 
immunoassay (BRAHMS GmbH/ThermoFisher Scientific, Hennigsdorf, Germany). The 
interassay coefficient of variation was <20% for values >0.12 nmol/l (analytical range 0.08-14.7 
nmol/l). The intraassay CV was <5% in all samples except for the highest sample, for which it 
was 7%. Plasminogen activator inhibitor-1 (PAI-1) was measured using an ELISA kit from 
Technoclone (Vienna, Austria). Each plate included calibrators (1.0-25 ng/ml for PAI-1) and two 
quality control samples. The lower limit of quantification was 1.5 ng/mL. Assays not meeting 
quality control standards were not included in the analyses. Copeptin levels were measured by a 
new sandwich immunoassay (B.R.A.H.M.S. AG, Hennigsdorf/Berlin, Germany). The lower 
detection limit was 0.4 pmol/l and the functional assay sensitivity (20% inter-assay coefficient of 
variation) was less than 1 pmol. Plasma renin concentration was measured using an automated 
sandwich immunochemiluminescent assay (LIAISON, Diasorin, DiaSorin Ltd, Schiphol Rijk, and 
The Netherlands). This assay has been validated to plasma renin activity, with an excellent 
correlation when PRA is >1.0 ng/mL/h. The working range of the assay is 5–500 uIU/ml. Intra-
assay precision has been reported as 7.2% and inter-assay precision as <10.4%. We observed an 
inter-assay variation of 10.9%. Plasma aldosterone concentration was measured using an ELISA 
kit (Alpco, Salem, NH, USA) and the results are reported in pg/mL. Lower detection limit was 
10 pg/mL. Intra-assay precision has been reported as 6.6% and inter-assay precision has been 
reported as 9.6%. Cross-reactivity with 11-deoxycorticosterone is 1.1%. The following steroids 
have been tested and cross- reacted at less than 0.001%: Cortisone, 11-Deoxycortisol, 21-
Deoxycortisol, Estradiol, Estriol, Estrone, Androsterone, Testosterone, Dihydrotestosterone, 
Dihydrotestosterone. Cystatin-C was determined by nephelometry, with intra- and interassay 
coefficients of variation of <4.1% and 3.3%, respectively (BNII, Dade Behring Diagnostic, 
Marburg, Germany). 
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