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Abstract

Background and aims—Growth differentiation factor-15 (GDF-15), soluble (s)ST2, and high-

sensitivity troponin-I (hs-TnI) are associated with incident cardiovascular disease (CVD) including 

heart failure, yet the underlying mechanisms are not fully understood. We investigated if GDF-15, 

sST2, and hs-TnI are related to subclinical vascular dysfunction in the community, which may 

explain the relations of these biomarkers with CVD.

Methods—We evaluated 1,823 Framingham Study participants (mean age 61±10 years, 54% 

women) who underwent routine assessment of vascular function. We related circulating GDF-15, 

sST2, and hs-TnI concentrations to measures of arterial stiffness (carotid-femoral pulse wave 
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velocity, CFPWV; augmentation index; and forward pressure wave amplitude, FW), endothelial-

dependent vasodilation (flow-mediated dilation, FMD), and baseline and hyperemic brachial flow 

velocities using linear regression adjusting for standard risk factors.

Results—After multivariable adjustment, GDF-15 levels were positively associated with 

CFPWV (0.044 [95% confidence interval 0.007-0.081] standard deviation [SD] change per SD 

increase in loge[GDF-15], p=0.02) and FW (0.076 [0.026-0.126] SD change per SD increase in 

loge[GDF-15], p=0.003) and inversely related to FMD (-0.051 [-0.101--0.0003] SD change per SD 

increase in loge[GDF-15], p=0.048). sST2 was positively associated with CFPWV (0.032 

[0.0005-0.063] SD change per SD increase in loge[sST2], p=0.046), and hs-TnI inversely 

associated with hyperemic flow velocity (-0.041 [-0.082--0.0004] SD change per SD increase in 

loge[hs-TnI], p=0.048).

Conclusion—In our community-based investigation, individual cardiac stress biomarkers were 

differentially related to select aspects of vascular function. These findings may contribute to the 

associations of circulating GDF-15, sST2, and hs-TnI with incident CVD and heart failure.
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Introduction

Growth differentiation factor-15 (GDF-15), soluble ST2 (sST2), and high sensitivity 

troponin-I (hs-TnI) are novel biomarkers of cardiovascular stress that have been associated 

with incident cardiovascular disease (CVD), including heart failure.[1] Furthermore, 

GDF-15 and hs-TnI (but not sST2) have been associated with cardiac remodeling indices 

(i.e., left ventricular hypertrophy and a reduced ejection fraction), while sST2 has been 

linked to incident systolic arterial hypertension in the Framingham Heart Study.[2, 3] Higher 

arterial stiffness and endothelial dysfunction are known risk factors for exaggerated blood 

pressure responses during exercise, new-onset hypertension and incidence of CVD 

(including heart failure).[4-7] Given the relations between vascular dysfunction and risk of 

CVD, and the strong association between the novel cardiac stress biomarkers and CVD, we 

aimed to investigate if these cardiac stress biomarkers (GDF-15, sST2, and hs-TnI) are also 

associated with subclinical vascular dysfunction as assessed by vascular stiffness and 

brachial artery flow-mediated dilation. For this purpose, we evaluated the community-based 

Framingham Offspring cohort sample that has characterization of vascular function at 

multiple levels, including aortic stiffness (measured by carotid-femoral pulse wave velocity, 

CFPWV), stiffness in middle-sized muscular artery (measured by augmentation index and 

forward pressure wave amplitude), endothelial function in medium-sized muscular artery 

(measured by brachial artery flow-mediated dilation), and brachial artery baseline and 

hyperemic flow velocities (markers of shear stress).[8] We posited that higher circulating 

levels of the three cardiac stress biomarkers are associated with ‘pan-vascular’ dysfunction 

even after adjusting for other cardiac biomarkers that have previously been associated with 

vascular dysfunction, i.e., B-type natriuretic peptide (BNP), N terminal pro-atrial natriuretic 

peptide (NT-proANP), renin, and high-sensitivity C-reactive protein (hs-CRP).[9, 10]
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Materials and methods

Sample

We evaluated Framingham Offspring cohort participants who attended both the sixth and 

seventh examination cycles (taking place in 1995-1998 and 1998-2001, respectively). Of the 

3539 participants who attended the seventh examination cycle, participants were excluded 

for serum creatinine levels >2 mg/dL (n=23), missing covariates (n=677), missing vascular 

outcome measures (n=736), missing biomarker assessment at examination cycle 6 (n=274), 

and outlier values (n=8), resulting in a sample of 1823 participants for statistical analysis. 

The Boston University Medical Center Institutional Review Board approved the study 

protocol and all participants provided written informed consent.

Cardiac Stress Biomarkers

During the sixth examination cycle, circulating concentrations of GDF-15, sST2, and hs-TnI 

were measured along with a panel of other biomarkers, including BNP, NT-proANP, renin, 

and hs-CRP, as detailed previously.[1, 9, 10] In brief, all blood samples were drawn after an 

overnight fast and immediately centrifuged and frozen at -80°C until assays for various 

analyses were performed. sST2 concentrations were measured using an enzyme-linked 

immunosorbent assay with a detection limit of 2 ng/mL (Presage ST2; Critical Diagnostics, 

San Diego, CA), GDF-15 concentrations were obtained from a precommercial immunoassay 

on a Cobas e 411 analyzer (Roche Diagnostics, Switserland), and hsTnI was estimated by an 

ultra-sensitive immunoassay for cardiac TnI (Erenna hsTnI; Singulex, Alameda, CA). The 

intra-assay coefficients were <8% for low and high values of sST2, GDF-15, and hs-TnI, 

respectively.[11]

Vascular Function measures

At the seventh examination cycle all participants were investigated with applanation 

tonometry. Measurements were undertaken with the participant in a supine position after 

5-10 minutes of rest using a commercially available tonometer (SPT-301, Millar 

Instruments, Houston, TX) and a standardized protocol.[12] All measures were digitally 

stored and subsequently analyzed in a core laboratory (Cardiovascular Engineering, Inc, 

Norwood, MA) blinded to clinical information.[12] Transit distances were measured from 

the suprasternal notch to each of the carotid and femoral sites. Carotid-femoral pulse-wave 

velocity (CFPWV) was measured as the difference in length from suprasternal notch to each 

of the two measurement sites divided by the time delay between the foot of the carotid and 

femoral waveforms.[13] The forward pressure wave amplitude was defined as the difference 

between pressure at the waveform foot and pressure at the first systolic inflection point or 

peak of the carotid pressure waveform.[12] Augmentation index was calculated as the 

difference between first systolic inflection point and peak waveform (i.e., the augmentation 

pressure) divided by the total pulse pressure and multiplied by 100. CFPWV, forward 

pressure wave amplitude, and augmentation index are frequently used as surrogate measures 

of arterial stiffness in epidemiological research. As reported previously, reproducibility of 

central hemodynamic measures using our protocol is high, with intraclass correlation 

coefficients of 0.93-0.95 for repeated measures of central hemodynamic variables, such as 

cardiac output and characteristic impedance.[14] Noninvasive central hemodynamic 
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measures correlate closely with invasive measures.[15] Similar high correlation coefficients 

have been reported for flow-mediated dilation (0.92).[16]

Baseline flow velocity, flow-mediated dilation, and peak hyperemic flow velocity were 

derived by ultrasound measures of the brachial artery using a Toshiba SSH-140A ultrasound 

system, as described in detail previously.[8, 16] In brief, after measuring the arterial flow 

velocity and diameter at baseline, a cuff placed at the proximal forearm was inflated to 

interrupt blood flow for 5 minutes. Flow was again measured during the initial 15 seconds 

after cuff deflation to derive the peak hyperemic flow velocity. Flow-mediated dilation was 

defined as the difference between the brachial artery dimension at 60 seconds post-deflation 

[DDF] and dimension at baseline [DBL] divided by baseline dimension (flow-mediated 

dilation %=[DDF−DBL]/DBL). These measures have shown to reflect endothelial function 

previously.[8]

We a priori decided to study various measures reflecting arterial function at different levels 

of the vascular bed: elastic conduit artery stiffness was assessed by CFPWV (aorta), 

augmentation index (medium-sized artery), and forward pressure wave (medium-sized 

artery); medium-sized muscular artery endothelium-dependent vasodilation was evaluated 

with brachial artery flow-mediated dilation; and small vessel vasodilator response / shear 

stress was investigated with baseline and hyperemic flow velocities (after release of forearm 

occlusion; see above).

Statistical methods

All biomarkers were natural logarithmically transformed (to normalize their skewed 

distribution) and standardized. To reduce heteroscedasticity, CFPWV was inverse-

transformed and multiplied by -1000 to restore directionality. To facilitate comparison of the 

magnitude of association between different biomarkers and vascular measures, vascular 

measures were standardized (so distributions had a mean=0 and a standard deviation=1). 

The correlation between different biomarkers and various vascular measures were estimated 

by Pearson correlation coefficients. Multivariable linear regression analysis was used to 

assess the relation between the different vascular measures (dependent variables) and 

individual biomarkers (independent variables). Separate analyses were performed for each 

biomarker in three steps. In a first model age, sex, and height were included as covariates. In 

a second model we incorporated the following variables additionally: weight, heart rate, 

mean arterial blood pressure, total/HDL cholesterol ratio, triglycerides, fasting blood 

glucose levels, diabetes (defined as fasting blood glucose ≥126 mg/dL or use of glucose-

lowering medications), prevalent CVD (defined as coronary heart disease [myocardial 

infarction, coronary insufficiency, or angina], prior cerebrovascular disease [stroke or 

transient ischemic attack], peripheral artery disease [intermittent claudication], or heart 

failure), anti-hypertensive medications, lipid medications, smoking, and hormone 

replacement therapy. For the flow-mediated dilation analysis, hyperemic flow was 

additionally included as a variable in the second model, because these two measures have 

been shown to be associated.[8] The third model included all variables in the second model, 

and additionally all the biomarkers evaluated (GDF-15, sST2, hs-TnI, BNP, NT-proANP, 

renin, and hs-CRP). Except for the biomarkers, all variables used in the models were 
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obtained from examination cycle seven when vascular function was assessed. Analyses were 

performed in SAS version 9.3 (SAS institute, NC). A two-sided p-value <0.05 was 

considered statistically significant for all analyses. Given the hypothesis generating nature of 

this study, no formal adjustment was made for the numbers of statistical tests performed.

Results

In total 1,823 participants (mean age 61±10 years, 54% women) were included in our 

analyses. A total of 31% of the study sample had hypertension, 21% were on lipid-lowering 

medications, 12% had diabetes, and 12% had prevalent CVD (Table 1).

Pearson correlation coefficients between the circulating levels of the different biomarkers 

and the various vascular measures were in general weak (r<0.3) and are presented in online 

Supplemental Table 1.

Unadjusted means of different vascular measures by tertiles of GDF-15, sST2, and hs-TnI 

are presented in Figure 1 A-C. Higher levels of biomarkers were observed for increasing 

tertiles of forward wave amplitude and carotid-femoral pulse wave velocity, and for 

decreasing tertiles of baseline and hyperemic flow velocities and flow-mediated dilation.

Results from linear regression models relating biomarkers to measures of vascular function 

are presented in Figure 2. Upon multivariable adjustment, higher levels of GDF-15 remained 

statistically significantly associated with greater CFPWV (estimate 0.044 [95% confidence 

interval 0.007-0.081] standard deviation [SD] change per SD increase in loge[GDF-15], 

p=0.02) and forward pressure wave amplitude (estimate 0.076 [0.026-0.126] SD change per 

SD increase in loge[GDF-15], p=0.003). Higher GDF-15 concentrations were also 

associated with lower flow-mediated dilation in the multivariable-adjusted model (estimate 

-0.051 [-0.101--0.0003] SD change per SD increase in loge[GDF-15], p=0.048). Higher 

levels of sST2 were associated with greater CFPWV (estimate 0.032 [0.0005-0.063] SD 

change per SD increase in loge[sST2], p=0.046), and higher levels of hs-TnI were associated 

with lower hyperemic flow velocity after multivariable adjustment (estimate -0.041 

[-0.082--0.0004] SD change per SD increase in loge[hs-TnI], p=0.048). In addition, higher 

levels of hs-TnI were associated with greater forward pressure wave amplitude in model 1 

and 2, but the association was attenuated becoming statistically non-significant after 

adjustment for other biomarkers, Figure 2. The magnitude of association between a SD 

increment in different log-biomarkers and vascular measures corresponded to the effect of an 

increment in age of 0.5-2.5 years on different vascular function measures (online 

supplemental Table 2 shows the association between age and different vascular measures). 

There was no evidence of differential strengths of associations between biomarkers and 

vascular function measures by gender, age, diabetes, hypertension, or prevalent CVD, online 

supplemental Table 3.

Discussion

In our sample of middle-aged and older adults from the Framingham Offspring Study 

cohort, we observed that higher circulating levels of GDF-15 and sST2 were associated with 

greater aortic stiffness (measured by CFPWV). Higher levels of GDF-15 were also 
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associated with greater medium-sized artery stiffness (reflected by higher forward pressure 

wave amplitude), and worse endothelial function (in terms of lower flow-mediated dilation). 

Higher concentrations of hs-TnI were associated with lower hyperemic flow velocity that 

correlates with shear stress during hyperemia after release of brachial artery occlusion. 

These associations persisted after adjustment for standard CVD risk factors, potential 

confounders, and additionally for circulating biomarkers of cardiac load (BNP and NT-

proANP), inflammation (hs-CRP), and neurohumoral activation (BNP, NT-proANP, and 

renin) that have been previously related to vascular function in Framingham. Given the 

exploratory nature of the present work we did not adjust for the numbers of statistical tests 

performed; however, if a Bonferroni correction (0.05/18 = 0.0028, for 6 vascular function 

tests related to 3 stress biomarkers) were to be applied, a majority of the observed 

associations would have turned statistically non-significant. The results should, therefore, be 

regarded as hypothesis generating only.

Circulating GDF-15 levels and vascular function measures

At the molecular level, GDF-15 is known to be a stress-responsive cytokine that is produced 

by a variety of cells, including cardiomyocytes, macrophages, and endothelial cells in 

response to inflammation, injury, pressure overload, and oxidative stress.[17-20] It is 

thought to have anti-inflammatory and anti-apoptotic effects on cells, including 

cardiomyocytes.[20] GDF-15 may also promote angiogenesis and may play a role in the 

adaptation to ischemia.[20] Our study demonstrating that higher levels of GDF-15 were 

associated with impaired endothelial function and higher arterial stiffness in central and 

medium-sized arteries fits well with the pan-vascular biological function of GDF-15 noted in 

the literature. In a prior study, higher circulating GDF-15 levels were associated with greater 

plaque burden in the common carotid, the carotid bulb, and the internal carotid artery among 

elderly people in the community.[21] These prior observations support our findings because 

carotid plaque burden is correlated positively with CFPWV.[22] Higher GDF-15 levels have 

also previously been associated with higher coronary artery calcium scores in the Dallas 

Heart Study,[23] and with endothelial vasodilation in resistance vessels, but not with 

brachial flow-mediated vasodilation in a community-based cohort of older people.[21] The 

latter finding is in contrast to our observations.[21] The reason for these divergent findings is 

unclear, but may relate to inherent differences in the study samples and also to 

methodological differences across the two studies. Notably, we defined flow-mediated 

dilation as the difference between the brachial diameter measured 60 seconds post-deflation 

and baseline, whereas the prior study defined flow-mediated dilation as the difference 

between the maximal brachial diameter obtained at any time between 30 and 90 seconds 

post-deflation and baseline diameter.[21]

Circulating sST2 concentrations and vascular function

At the molecular level, sST2 exists as soluble and membrane-bound components. The 

membrane bound component is present in various cells, including cardiomyocytes. In 

response to binding the ligand interleukin 33 (IL-33), the membrane-bound part of sST2 

exerts antihypertrophic effects on cardiomyocytes and reduces myocardial fibrosis.[24] 

Circulating levels of sST2 act antagonistically to the membrane-bound sST2 component by 

binding circulating IL-33.[25] Experimental studies have suggested that IL-33 is a potent 
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endothelial activator, and abnormalities of the ST2 system may contribute to the 

development of atherosclerosis.[26] In our study we observed no association of sST2 levels 

with brachial artery endothelial function; however, given the temporal distance between 

obtainment of biomarkers and vascular measures it cannot be excluded that a true 

association between sST2 levels and measurements of endothelial function may have been 

missed.

In our study, which to the best of our knowledge is the first to investigate the association of 

sST2 with vascular function in a community based sample, we observed a direct relation 

between higher sST2 levels and greater aortic stiffness. Interestingly, sST2 has previously 

been demonstrated to be a significant predictor of incident hypertension (even after 

adjustment for traditional risk factors) in the Framingham Heart Study.[3] Given the direct 

association of sST2 with CFPWV, one mechanism linking sST2 with incident hypertension 

could perhaps be through its association with higher vascular stiffness, given that CFPWV is 

a strong risk factor for incident hypertension.[6]

Circulating hs-TnI concentrations and vascular function measures

Circulating concentrations of high-sensitivity troponins reflect cardiac strain and subclinical 

myocardial injury and are strongly associated with structural heart disease, risk of heart 

failure, and mortality in the general population.[27, 28] hs-TnI has previously shown to be 

associated with high left ventricular mass and reduced ejection fraction, as well as incident 

heart failure and cardiovascular and all-cause mortality in the Framingham Offspring cohort.

[1, 2] Contrary to what might be expected based on these prior associations, we observed 

that hs-TnI was not associated with arterial stiffness. In contrast to our findings, a previous 

study of community-dwelling individuals in China reported a positive association of 

circulating hs-TnT with CFPWV, and another Chinese case-control study demonstrated a 

positive association of CFPWV and hs-TnI in patients with type 2 diabetes.[29, 30] The 

relation was, however, reported to be present only among people aged ≥60 years in the 

previous community-based study, which may explain the discrepancy with our study.[29] It 

is also possible that the temporal discrepancy between vascular and biomarker measures 

may have lead to our missing a true association. We, however, observed that hs-TnI was 

inversely associated with hyperemic flow velocity, which to the best of our knowledge has 

not been reported previously. Hyperemic flow is related to the vasodilator function of 

forearm resistance vessels and is impaired in individuals with a greater burden of 

cardiovascular risk factors and prevalent cardiovascular disease; this inverse relation of 

hyperemic flow velocity to risk factors may translate also into an inverse relation to 

circulating TnI that is elevated in people with a greater burden of risk factors.

Strengths and limitations

The strengths of our investigation include the comprehensive measures of vascular function 

and a panel of circulating biomarkers in a large cohort of ambulatory individuals in the 

community. The present study has, however, some important limitations to consider. We 

studied a predominantly white middle-aged cohort and the study sample was comprised of 

participants who attended both examination cycles 6 and 7, which may have resulted in a 

relatively healthier sample of attendees. The results may, therefore, not be generalizable to 

Andersson et al. Page 7

Atherosclerosis. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



younger cohorts or to individuals of different ethnicity. Also, the blood samples were drawn 

approximately 3 years prior to the vascular measures, which may have weakened some of 

the observed associations. Further, although we adjusted for multiple variables, residual 

confounding cannot be excluded and causality of the observed associations cannot be 

proven. For the flow-mediated dilation analyses, we measured the hyperemic diameter 60 

seconds after occlusion; however we acknowledge that the peak diameter may have occurred 

at other points in some individuals, which may have weakened our associations. Finally, 

albeit statistically significant, some associations may not always be clinically relevant.

Perspectives

In this community-based cohort, we observed complex relations of circulating biomarkers of 

cardiac stress to measures of vascular function. These observations may be relevant to the 

associations of these biomarkers of cardiovascular stress with incident hypertension, CVD 

and heart failure;[1] however, more research is needed to establish the exact mechanisms 

underlying the associations and to assess their role as initial screening tools for subclinical 

vascular disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Growth differentiation factor-15 (GDF-15), soluble (s)ST2, and high-

sensitivity troponin-I (hs-TnI) are associated with incident 

cardiovascular disease (CVD) including heart failure, yet the 

underlying mechanisms are not fully understood.

• We showed that GDF-15, sST2, and hs-TnI are related to several 

measures indicative of subclinical vascular dysfunction in the 

community.

• These findings may contribute to our understanding of the associations 

between circulating GDF-15, sST2, and hs-TnI and incident CVD and 

heart failure.
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Figure 1. A-C – Unadjusted means of different vascular measures according to tertiles of 
biomarkers
Legend: Unadjusted means with standard deviations (error bar) for various vascular 

measures by tertiles of biomarker (T1-T3). AI=augmentation index, HF=hyperemic flow, 

FW=forward pressure wave amplitude, CFPWV=carotid-femoral pulse wave velocity, 
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BF=baseline flow velocity, FMD=flow-mediated dilation. AI, HF, and FW values refer to 

the left hand Y-axis, and CFPWV, BF, and FMD refer to the right hand Y-axis.
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Figure 2. Association of various vascular measures with biomarkers based on multivariable 
linear regression
Legend: Association of biomarkers with different vascular measures. The units on the x-axis 

refer to changes in standard deviations for each standard deviation increase in 

loge(biomarker). CFPWV= carotid-femoral pulse wave velocity (ms/m), AI=augmentation 

index (%), FW=forward pressure wave amplitude (mm Hg), BF=baseline flow velocity (mm 

Hg), HF=hyperemic flow velocity (cm/s), FMD=flow-mediated dilation (%). Model 1 was 

adjusted for age, height, and sex; model 2 was adjusted for model 1 plus weight, heart rate, 

mean arterial blood pressure, total/HDL cholesterol ratio, triglycerides, glucose, diabetes, 

prevalent CVD, anti-hypertensive medication, lipid lowering medication, smoking, and 

hormone replacement therapy; Model 3 was adjusted for model 2 plus loge(BNP), loge(NT-

proANP), loge(renin), loge(hs-CRP), loge(GDF-15), loge(sST2), and loge(hs-TnI).
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Table 1
Sample Characteristics

Total sample Women Men

n=1823 n=985 n=838

Age, years 61 (10) 61 (9) 61 (10)

Height, cm 161 (6) 178 (7)

Weight, kg 69 (12) 86 (14)

Current cigarette smoking 233 (13%) 130 (13%) 103 (12%)

Prior cardiovascular disease 218 (12%) 81 (8%) 137 (16%)

Mean arterial blood pressure, mmHg 88 (12) 88 (12) 95 (11)

Hypertension, on medications 574 (31%) 275 (28%) 299 (36%)

Heart rate, bpm 65 (11) 66 (10) 63 (11)

Serum total /HDL cholesterol ratio 4.0 (1.3) 3.6 (1.2) 4.5 (1.4)

Serum triglycerides, mg/dL 132 (84) 126 (73) 139 (94)

Dyslipidemia, on medications 381 (21%) 178 (18%) 203 (24%)

Blood glucose, mg/dL 103 (26) 99 (23) 108 (29)

Diabetes mellitus 222 (12%) 90 (9%) 132 (16%)

Use of hormone replacement therapy 358 (36%) 358 (36%) NA

Vascular measures

Augmentation index (%) 14.8 (12.9) 18.5 (12.1) 10.5 (12.4)

Carotid-femoral pulse wave velocity*, ms/m 10.0 (3.5) 9.7 (3.4) 10.4 (3.6)

Forward pressure wave amplitude, mmHg 40.8 (12.8) 41.1 (13.1) 40.4 (12.5)

Flow-mediated dilation (%) 2.8 (2.8) 3.3 (3.0) 2.3 (2.4)

Baseline flow velocity, cm/s 8.0 (4.8) 7.5 (4.5) 8.6 (5.0)

Hyperemic flow velocity, cm/s 51 (21) 53 (22) 47 (20)

Vascular biomarkers†

GDF-15, ng/L 1005 (800-1284) 996 (802-1260) 1021 (798-1333)

sST2, ng/mL 20.7 (16.4-25.6) 18.5 (15.1-22.8) 23.4 (19.0-28.9)

hs-TnI, pg/mL 1.32 (0.85-2.15) 1.14 (0.78-1.79) 1.59 (1.00-2.52)

BNP, pg/mL 7.9 (4.0-17.3) 9.4 (4.0-18.8) 6.0 (4.0-14.8)

hs-CRP, mg/L 1.8 (0.9-4.3) 2.0 (0.9-4.9) 1.6 (0.8-3.3)

Renin, mU/L 12 (7-21) 10.0 (6.0-18.0) 14.0 (8.0-24.0)

NT-proANP, pmol/L 321 (227-459) 351 (259-488) 280 (197-423)

Baseline characteristics and vascular measures were derived from examination cycle 7, whereas the vascular biomarkers were measured at 
examination cycle 6.

*
To reduce heteroscedasticity, CFPWV was inverse-transformed and multiplied by -1000 to restore directionality. For Characteristics and vascular 

measures, numbers in parenthesis are standard deviations [for continuous variables] or percentages [for discrete variables]) unless specified.

†
Biomarkers are presented as median (quartiles 1, 3). GDF-15=growth differentiation factor 15, hs-TnI= high-sensitivity troponin-I, BNP= B-type 

natriuretic peptide, hs-CRP= high-sensitivity C-reactive protein, NT-proANP= N terminal pro-atrial natriuretic peptide.
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