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ABSTRACT
BACKGROUND Whether cardiovascular (CV) disease risk factors and biomarkers associate differentially with heart
failure (HF) risk in men and women is unclear.
OBJECTIVES The purpose of this study was to evaluate sex-speciﬁc associations of CV risk factors and biomarkers with
incident HF.
METHODS The analysis was performed using data from 4 community-based cohorts with 12.5 years of follow-up.
Participants (recruited between 1989 and 2002) were free of HF at baseline. Biomarker measurements included natriuretic peptides, cardiac troponins, plasminogen activator inhibitor-1, D-dimer, ﬁbrinogen, C-reactive protein, sST2,
galectin-3, cystatin-C, and urinary albumin-to-creatinine ratio.
RESULTS Among 22,756 participants (mean age 60  13 years, 53% women), HF occurred in 2,095 participants (47%
women). Age, smoking, type 2 diabetes mellitus, hypertension, body mass index, atrial ﬁbrillation, myocardial infarction,
left ventricular hypertrophy, and left bundle branch block were strongly associated with HF in both sexes (p < 0.001),
and the combined clinical model had good discrimination in men (C-statistic ¼ 0.80) and in women (C-statistic ¼ 0.83).
The majority of biomarkers were strongly and similarly associated with HF in both sexes. The clinical model improved
modestly after adding natriuretic peptides in men (DC-statistic ¼ 0.006; likelihood ratio chi-square ¼ 146; p < 0.001),
and after adding cardiac troponins in women (DC-statistic ¼ 0.003; likelihood ratio chi-square ¼ 73; p < 0.001).
CONCLUSIONS CV risk factors are strongly and similarly associated with incident HF in both sexes, highlighting the
similar importance of risk factor control in reducing HF risk in the community. There are subtle sex-related differences in
the predictive value of individual biomarkers, but the overall improvement in HF risk estimation when included
in a clinical HF risk prediction model is limited in both sexes. (J Am Coll Cardiol 2020;76:1455–65) © 2020 The Authors.
Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article under
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Circulating biomarkers reﬂect distinct pathophysi-
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CV = cardiovascular

cursors is fundamentally different among
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HF = heart failure

women and men. For instance, after ischemic

or systemic derangement early in the time course of
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myocardial injury, adverse cardiac remodel-
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and soluble interleukin-1 receptor-like 1 (sST2) levels

unavailable follow-up data (n ¼ 27), resulting in a

indicate tissue ﬁbrosis; and cystatin-C levels reﬂect

total of 22,756 individuals for the current analysis

renal function (15–17). Plasma concentrations of many

(Supplemental Figure 1). Written informed consent

of these biomarkers have been shown to differ

was obtained for all study participants. Appropriate

between women and men: NPs, D-dimer, CRP, and

institutional review board approval was obtained for

galectin-3 are higher in women, whereas cTns and sST2

all 4 cohorts (from Boston University [FHS]; Univer-

are higher in men (18–21). Examining sex-speciﬁc as-

sity of Groningen [PREVEND]; Columbia University,

sociations of circulating biomarkers with incident HF

Northwestern University, University of California–Los

may provide a deeper understanding of sex-speciﬁc

Angeles, and University of Minnesota [MESA]; Johns

mechanisms leading to HF and may facilitate the

Hopkins University and Wake Forest University

development of sex-speciﬁc risk prediction models.

[MESA and CHS]; and University of California–Davis

To address the potential differences between men and
women, we leveraged data from 4 well-characterized,

and University of Pittsburgh [CHS]).
CLINICAL ASSESSMENT, BIOMARKER ASSAYS, AND

community-based longitudinal cohorts with adjudi-

INCIDENT

cated HF endpoints: the FHS (Framingham Heart Study),

detailed medical history, physical examination, fast-

the PREVEND (Prevention of REnal and Vascular End-

ing blood draw, and electrocardiography. Clinical risk

stage Disease), the MESA (Multi-Ethnic Study of

factors were evaluated and harmonized across co-

Atherosclerosis), and the CHS (Cardiovascular Health

horts as previously described (22). Blood pressure

Study). Our objectives were to examine: 1) sex-speciﬁc

(BP) was taken as the mean of 2 seated measure-

associations of CV risk factors and biomarkers with inci-

ments. Hypertension was deﬁned as systolic BP of

dent HF; and 2) the extent to which individual bio-

140 mm Hg or higher, diastolic BP of 90 mm Hg or

markers improve HF risk prediction in men and women.

higher, or antihypertensive medication usage. Body

HF. Baseline

examination

included

a

mass index (BMI) was calculated as weight/height 2

METHODS

(kg/m 2). Diabetes mellitus was deﬁned as a fasting
glucose level $126 mg/dl (7.0 mmol/l), random

Individual-level data from 4 cohorts were harmo-

glucose level $200 mg/dl (11.1 mmol/l), or hypogly-

nized and pooled, generating an initial total of 24,803

cemic

participants (22,23). The 4 cohorts included FHS

assessed left ventricular hypertrophy (LVH) was

medication

usage.

Electrocardiography-

offspring cohort examination 6 (1995 to 1998), PRE-

deﬁned based on accepted voltage and ST-segment

VEND examination 1 (1997 to 1998), MESA examina-

criteria as previously described (22,23). Given that

tion 1 (2000 to 2002), and CHS examination 1 (1989 to

LVH and left bundle branch block (LBBB) were

1990; 1992 to 1993 for a supplemental predominantly

mutually exclusive electrocardiographic diagnoses,

African-American cohort). From this sample, in-

analyses were conducted using a 3-level categorical

dividuals were excluded for the following reasons: 1)

variable to represent LVH, LBBB or neither (22).

prevalent HF (n ¼ 326); 2) age <30 years (n ¼ 124); 3)
missing

clinical

covariates

(n

¼

1,570);

or

4)
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PAI-1,

used to designate statistical signiﬁcance. Results with

D-dimer, ﬁbrinogen, high-sensitivity CRP, galectin-3,

interaction p values between 0.01 and 0.1 were

sST2, cystatin-C, and urinary albumin-to-creatinine

considered suggestive. Discrimination of the clinical

ratio (UACR). These biomarkers were measured in at

HF model (Harrell’s C-statistic) was calculated sepa-

least 3 of the 4 cohorts, except sST2, which was

rately in men and in women. We then examined sex-

measured in 2 cohorts. Details on biomarker avail-

speciﬁc associations of individual biomarkers with

ability across cohorts are shown in Supplemental

incident HF after adjusting for clinical covariates. To

Figure 2. BNP and cTnI were measured in FHS,

facilitate clinical interpretation, we also performed a

whereas N-terminal pro-BNP and cTnT were measured

similar analysis using log2 transformed biomarkers,

in PREVEND, MESA, and CHS.

where results can be interpreted as HF risk per

pro-BNP,

high-sensitivity

cTnT

or

cTnI,

Individuals were followed prospectively for HF

doubling of biomarker values. We formally tested for

development or death. Adjudication of events was

biomarkersex interactions in sex-pooled models. A p

performed by study investigators within each cohort

value of 0.005 (i.e., 0.05 divided by 10) and interac-

using established protocols after review of all avail-

tion p value of 0.01 (i.e., 0.1 divided by 10) were used

able outpatient and hospital records. Incident HF was

to designate statistical signiﬁcance. Results with p

deﬁned according to signs and symptoms as previ-

values between 0.005 and 0.05 and interaction p

ously

values

described

(22,23).

Medical

records

were

reviewed for assessment of left ventricular (LV)

between

0.01

and

0.1

were

considered

suggestive.

function at or around the time of ﬁrst HF event.

In secondary analyses, biomarker models were also

HF events were subclassiﬁed into heart failure

adjusted for NPs. For additional secondary analyses,

with preserved ejection fraction (HFpEF, LV ejection

those biomarkers displaying statistically signiﬁcant

fraction $50%) or heart failure with reduced ejection

associations with HF in the total population (inde-

fraction (HFrEF, LV ejection fraction <50%) based on

pendent of NPs) were selected along with NPs. We

echocardiography in >85% of HF cases, and as un-

compared associations of selected biomarkers with

classiﬁed

HF subtypes (HFpEF vs. HFrEF) in men and in women

HF

if

LV

function

assessment

was

unavailable.

using the Lunn-McNeil method (25), and Fine-Gray

STATISTICAL ANALYSIS. All biomarker concentra-

tions were natural log-transformed and standardized
within each cohort to account for interassay and
cohort-speciﬁc factors. Individual-level data from
each of the 4 cohorts were then pooled for subsequent analyses (22,23). Follow-up time was truncated
at 15 years. Continuous variables were presented as
mean  SD, and categorical variables were represented as counts (percentages). Baseline characteristics were compared among men and women using
chi-square

test

for

categorical

variables.

Age-

adjusted linear regression models were employed to
examine

associations

of

individual

biomarkers

models accounted for the competing risk of death,
other HF subtype, and unclassiﬁed HF (22,23). We
used Harrell’s C-statistic and likelihood ratio (LHR)
test to examine the incremental predictive value of
selected biomarkers (available in all 4 cohorts) over
the clinical HF model in men and in women
separately.
All models included a strata statement to account
for study cohort, as well as for stratiﬁed recruitment
in

the

PREVEND

study

(24-h

urinary

albumin

excretion $10 mg/l vs. <10 mg/l) (22,23). All statistical
analyses were conducted with SAS version 9.4 software (SAS Institute, Cary, North Carolina).

RESULTS

with sex.
In primary analyses, we evaluated sex-speciﬁc associations of clinical covariates and biomarkers with

Of 22,756 participants (12,087 [53.1%] women), 989

incident

sub-

women (8.1%) and 1,106 men (10.4%) developed HF

distribution hazards models, accounting for death as

over a median (Q1 to Q3) follow-up of 12.6 years (11.6

a competing risk (24). First, we constructed sex-

to 13.6 years) and 12.4 years (9.7 to 13.1 years),

speciﬁc clinical models using the following variables

respectively. This resulted in an overall HF incidence

HF

using

Fine-Gray

proportional

based on previous publication (22): age, smoking,

of 7.1 (95% conﬁdence interval [CI]: 6.6 to 7.5) per

diabetes mellitus, hypertension, BMI, atrial ﬁbrilla-

1,000 person-years in women and 9.5 (95% CI: 8.9 to

tion (additionally added), MI, and the presence of

10.1) per 1,000 person-years in men. Overall HF risk

LVH/LBBB. We formally tested for sexcovariate in-

was also lower in women than men (multivariable-

teractions in sex-pooled models. A p value of 0.05

adjusted hazard ratio [HR]: 0.75; 95% CI: 0.68 to

(multivariable model), and interaction p value of 0.01

0.82). Median (Q1 to Q3) time to HF diagnosis was 8.2

(i.e., 0.1 divided by 9, Bonferroni adjustment) were

years (4.8 to 10.8 years) in women and 7.1 years (3.7 to
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10.2 years) in men. Mean ages of women and men at
the time of HF diagnosis were 79.6  8.3 years and

T A B L E 1 Baseline Characteristics in the Pooled Cohort: Men Versus Women

77.3  8.9 years, respectively.
SEX-SPECIFIC ASSOCIATIONS OF CV RISK FACTORS. Sex

Age, yrs

differences in clinical characteristics are shown in

Race/ethnicity

Women
(n ¼ 12,087)

60  13

60  13
9,228 (76.5)

in

White

8,235 (77.4)

Black

1,155 (10.9)

1,526 (12.7)

approximately twice as prevalent in men than women

Others

1,251 (11.8)

1,306 (10.8)

Smoking

2,215 (21)

2,326 (19)

Diabetes mellitus

1,193 (11)

1,073 (9)

4,950 (46)

5,320 (44)

Atrial ﬁbrillation

178 (1.7)

86 (0.7)

Myocardial infarction

622 (6)

314 (3)

1

characteristics

Men
(n ¼ 10,669)

Supplemental Table 1). MI and atrial ﬁbrillation were

Table

(cohort-speciﬁc

1459
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(p < 0.001). Hypertension, diabetes mellitus, and
smoking history were also slightly more common in
men (p < 0.005), whereas LVH was more commonly
observed in women (p < 0.001).
In both sexes, clinical risk factors included in the
multivariable model were signiﬁcantly associated with

Medical history

Hypertension

Clinical covariates

future HF risk (p < 0.001) (Table 2). When formally

Body mass index, kg/m2

27.1  4.1

27.2  5.6

tested for interaction, only the agesex term was sig-

Cholesterol, mg/dl

202  41

212  41

High-density lipoprotein cholesterol, mg/dl

45  12

58  16

Left ventricular hypertrophy

247 (2)

470 (4)

82 (1)

89 (1)

niﬁcant (i.e., sex modiﬁed the effect of age signiﬁcantly) (p int ¼ 0.001). Hypertension and BMI displayed
suggestive interactions with sex (p int ¼ 0.07 and 0.02,
respectively). Speciﬁcally, the risk of developing HF

Left bundle branch block
Values are mean  SD or n (%).

was more than 2-fold higher per 10 years of age among
women (HR: 2.07; 95% CI: 1.89 to 2.28) compared with

change when we used log2 transformed biomarker

a 1.8-fold higher risk among men (HR: 1.80; 95% CI:

values (Supplemental Table 5). Cohort-speciﬁc ana-

1.67 to 1.95). Similarly, the presence of hypertension

lyses are provided in Supplemental Table 6.

portended a 98% higher risk of developing HF among

NPs were strongly associated with incident HF in

women compared with a 67% higher risk among men.

both men (HR: 1.57; 95% CI: 1.45 to 1.70) and women

By contrast, a 4-kg/m 2 increase in BMI was associated
with a 28% higher risk of developing HF in men

(HR: 1.47; 95% CI: 1.35 to 1.61) with no substantial sexrelated differences (p int ¼ 0.86). The NPBMI inter-

compared with an 18% higher risk among women.

action term was not signiﬁcant in both sexes. The

Discrimination of the clinical HF model, as ascertained

NPage interaction term was signiﬁcant in both men

by the C-statistic, was strong in men (C-statistic: 0.80;

(HR int: 0.88; 95% CI: 0.82 to 0.94; p int < 0.001) and

95% CI: 0.79 to 0.82), and in women (C-statistic: 0.83;

women (HR int: 0.88; 95% CI: 0.81 to 0.94; p int <

95% CI: 0.82 to 0.84). Cohort-speciﬁc analyses are

0.001). After further adjustment for NPs, 3 biomarkers

provided in Supplemental Table 2.

remained signiﬁcantly associated with incident HF in

SEX-SPECIFIC ASSOCIATIONS OF CV BIOMARKERS.

the total population: cTns, CRP, and UACR (p #

Baseline NPs, D-dimer, ﬁbrinogen, CRP, galectin-3,

0.001). We examined the shape of these associations

and UACR levels were higher in women (p < 0.001).

using restricted cubic spline models (Supplemental

By contrast, cTns, PAI-1, sST2, and cystatin-C levels

Figure

were higher in men (p < 0.001). These sex-related

remained signiﬁcantly associated with HF in men

differences were largely consistent across cohorts

(HR: 1.15; 95% CI: 1.07 to 1.23), whereas all 3 bio-

(Supplemental Table 3, Supplemental Figure 3). In

markers remained associated with HF in women

Fine-Gray survival models, all biomarkers except

(HR cTns : 1.25; 95% CI: 1.17 to 1.34; HRCRP: 1.14; 95% CI:

PAI-1 and sST2 were signiﬁcantly associated with

1.05 to 1.24; HR UACR: 1.27; 95% CI: 1.14 to 1.41)

4).

In

sex-speciﬁc

analyses,

only

cTns

incident HF in women (p value for each #0.005),

(Table 3). Associations of selected biomarkers with HF

whereas all biomarkers except PAI-1, sST2, and

subtypes (HFpEF vs. HFrEF) in men and in women are

galectin-3 were signiﬁcantly associated with incident

shown in Table 4. Finally, we evaluated the sex-

HF in men (p value for each <0.001). None of the

speciﬁc incremental predictive value of selected bio-

biomarkers showed a signiﬁcant interaction with sex

markers (available in all 4 cohorts) over the clinical

for incident HF (Central Illustration, Supplemental

HF model (Table 5). The addition of individual bio-

Table 4). Galectin-3 displayed a suggestive interac-

markers (i.e., NPs, cTns, and CRP) did not appreciably

tion with sex (p int ¼ 0.04), and was signiﬁcantly

improve model discrimination in both sexes, with the

associated with incident HF only in women (HR: 1.13;

greatest increment observed after adding NPs in men

95% CI: 1.05 to 1.22). Our results did not materially

(D C-statistic: 0.006), and after adding cTns and CRP
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T A B L E 2 Associations of Clinical Risk Factors With Incident Heart Failure: Men Versus Women

Men

Age (per 10 yrs)

Women

Interaction

sHR (95% CI)

p Value

sHR (95% CI)

p Value

p int

1.80 (1.67–1.95)

<0.001

2.07 (1.89–2.28)

<0.001

0.001
0.845

Smoking

1.36 (1.14–1.63)

0.001

1.50 (1.25–1.81)

<0.001

Diabetes mellitus

1.49 (1.28–1.72)

<0.001

1.76 (1.49–2.09)

<0.001

0.164

Hypertension

1.67 (1.45–1.93)

<0.001

1.98 (1.68–2.34)

<0.001

0.073
0.020

Body mass index (per 4 kg/m2)

1.28 (1.21–1.36)

<0.001

1.18 (1.12–1.24)

<0.001

Atrial ﬁbrillation

1.83 (1.37–2.44)

<0.001

2.58 (1.62–4.13)

<0.001

0.153

Myocardial infarction

2.19 (1.85–2.60)

<0.001

1.69 (1.28–2.22)

<0.001

0.349

Left ventricular hypertrophy

2.11 (1.62–2.75)

<0.001

1.76 (1.36–2.26)

<0.001

0.515

Left bundle branch block

2.43 (1.62–3.63)

<0.001

3.14 (2.13–4.64)

<0.001

0.281

0.80 (0.79–0.82)

—

0.83 (0.81–0.84)

—

—

C-statistic

Fine-Gray models were adjusted for the competing risk of death, and for the following variables: age, smoking, diabetes mellitus, hypertension, body mass index, atrial
ﬁbrillation, myocardial infarction, and left ventricular hypertrophy/left bundle branch block; strata statement included. Interaction p value (pint) denotes sexcovariate
interaction on a multiplicative scale in the total population.
CI ¼ conﬁdence interval; sHR ¼ subdistribution hazard ratio per unit change in the clinical covariate.

in

women

( DC-statistic:

cTns

models adjusted for the competing risk of death. This

improved model ﬁt modestly in men (LHR chi-square

0.003).

NPs

and

suggests that other CV risk factors not included in our

for NPs: 146; p < 0.001, and LHR chi-square for cTns:

study (e.g., microvascular disease [30]) may be more

67; p < 0.001), and in women (LHR chi-square for NPs:

strongly associated with higher age in women than

83; p < 0.001, and LHR chi-square for cTns: 73;

men. Furthermore, it is known that women have

p < 0.001, respectively).

higher systolic and diastolic LV elastance than men at

DISCUSSION

a given age, and the differences (particularly for enddiastolic elastance) are accentuated with aging
(31,32), which could potentially explain stronger as-

In the current study, we examined sex-speciﬁc asso-

sociations of age with incident HF in women.

ciations of CV risk factors and biomarkers with inci-

Hypertension also tended to be more strongly

dent HF in 22,756 individuals from 4 longitudinal

associated with HF risk in women than men in our

community-based cohorts. Our principal ﬁndings are

study. These data should, however, be interpreted

as follows: 1) CV risk factors were strongly associated

along with the ﬁndings from previous studies. For

with incident HF in both sexes with minor sex-related

instance, a U.S.-based study also found that higher

differences; 2) the majority of biomarkers were

systolic BP related more strongly with HF risk in

strongly and similarly associated with incident HF in

women (Black and White) than men (33). By

both sexes (Central Illustration); and 3) subtle sex-

contrast, a European study including approximately

related differences were observed in the prognostic

80,000 individuals showed that systolic BP was

value of individual biomarkers, but the overall

more strongly associated with incident HF in men

improvement in HF risk prediction was limited in men

than women; the population attributable risk of

and in women.

hypertension was also higher in men (34). Inter-

SEX-SPECIFIC ASSOCIATIONS OF CV RISK FACTORS.

estingly, a U.K.-based study showed that associa-

Clinical risk factors were strongly associated with HF

tions of hypertension with incident HF was modest

risk in both sexes, and only minor sex-related dif-

in both sexes, although the relative contribution of

ferences were observed in our study. Speciﬁcally,

hypertension to HF risk was again higher in men

higher age was more strongly associated with HF risk

(35). Taken together, these results indicate that sex-

in women. Stronger associations of age with HF risk

related differences in associations of hypertension

in women could potentially reﬂect sex-related dif-

with incident HF vary considerably depending on

ferences in HF incidence in the elderly: crude HF

cohort selection.

incidence is higher in women than men in older age

Next,

we

observed

that

BMI

tended

to

be

groups (>80 years) (3). In this context, it is essential

more strongly associated with HF risk in men than

to consider that death precludes individuals from

women. Stronger associations of BMI with incident

developing HF (26), and men (on an average) die at a

HF in men should also be interpreted cautiously and

younger age than women (3,27–29). However, our

viewed in the context of 4 large recently published
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C ENTR AL I LL U STRA T I O N Associations of Cardiovascular Biomarkers With Incident Heart Failure:
Men Versus Women
sHR (95% CI)

p Interaction

Natriuretic Peptides

1.57 (1.45–1.70)
1.47 (1.35–1.61)

0.86

Cardiac Troponins

1.30 (1.22–1.38)
1.34 (1.26–1.43)

0.23

PAI-1

1.09 (0.95–1.25)
1.11 (0.93–1.31)

0.51

D-Dimer

1.17 (1.07–1.27)
1.24 (1.11–1.38)

0.24

Fibrinogen

1.12 (1.05–1.19)
1.11 (1.03–1.19)

0.76

C-Reactive Protein

1.15 (1.08–1.22)
1.17 (1.09–1.26)

0.99

Galectin-3

1.04 (0.97–1.11)
1.13 (1.05–1.22)

0.04

sST2

1.08 (0.99–1.18)
1.12 (1.02–1.22)

0.40

Cystatin-C

1.18 (1.11–1.25)
1.17 (1.10–1.25)

0.88

UACR

1.25 (1.15–1.35)
1.31 (1.18–1.45)

0.11

1
1.25
1.5
1.75
Subdistribution Hazard Ratio (sHR) per Standard Deviation Change in
Natural Log-Transformed Biomarker
Men

2

Women

Suthahar, N. et al. J Am Coll Cardiol. 2020;76(12):1455–65.

Associations of individual biomarkers with incident heart failure were evaluated using Fine-Gray models adjusting for the competing risk of death, and for the following
variables: age, smoking, diabetes mellitus, hypertension, body mass index, atrial ﬁbrillation, myocardial infarction, and presence of left ventricular hypertrophy/left
bundle branch block. Natriuretic peptides include N-terminal pro–B-type natriuretic peptide or B-type natriuretic peptide. Cardiac troponins include cardiac troponin-T
or I. Interaction p value denotes sexcovariate interaction on a multiplicative scale in the total population. None of the biomarkers displayed a signiﬁcant interaction
with sex for heart failure outcome. CI ¼ conﬁdence interval; PAI ¼ plasminogen activator inhibitor; sHR ¼ subdistribution hazard ratio; sST2 ¼ soluble interleukin-1
receptor-like 1; UACR ¼ urinary albumin-to-creatinine ratio.

studies (33–36). In the study conducted by Khan et al.

men, although BMI was strongly and similarly asso-

(33) using pooled data from 5 large U.S.-based co-

ciated with HF risk in both sexes (34).

horts, BMI was a stronger determinant of HF risk in

Finally, in the current study, prevalent MI was

White men compared with White women, and in

similarly associated with HF risk in both sexes.

Black women compared with Black men. However,

Nevertheless, the population attributable fraction of

in a more recent study on high-risk, low-income

MI to incident HF would still be higher in men than

individuals from southeastern United States, being

women, due to the substantially higher prevalence of

overweight (BMI $25 kg/m 2) was signiﬁcantly asso-

MI in men. In a recent European population-based

ciated with incident HF only in White men and

study, prevalence of MI, as well as the population

women, but not in Black individuals (36). In a

attributable fraction of MI to incident HF, were higher

U.K.-based study using electronic health records data

in men than in women (34). Similar trends were also

from over 800,000 individuals, the relative contri-

reported in a U.S.-based study in both Black and White

bution of obesity to HF risk appeared to be higher in

subpopulations (36). Although identifying myocardial

women than men, particularly in younger individuals

injury based on a universal cutpoint versus sex-

(age 55 to 65 years) (35). Likewise, in a study exam-

speciﬁc cutpoints (37) could have affected prevalence

ining pooled data from several European community-

rates of MI to some extent, these data collectively

based cohorts, the population attributable risk of

suggest that the overall contribution of MI to the

obesity (BMI $30 kg/m 2) was higher in women than

population burden of HF is higher in men than women.
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T A B L E 3 Associations of Individual Biomarkers With Incident Heart Failure After Adjusting for Natriuretic Peptides

Total

Cardiac troponins

Men

Women

sHR (95% CI)

p Value

sHR (95% CI)

p Value

sHR (95% CI)

p Value

1.20 (1.14–1.26)

<0.001

1.15 (1.07–1.23)

<0.001

1.25 (1.17–1.34)

<0.001

D-dimer

1.11 (1.02–1.20)

0.01

1.08 (0.98–1.20)

0.129

1.17 (1.03–1.33)

0.014

Fibrinogen

1.07 (1.02–1.13)

0.01

1.06 (0.99–1.14)

0.112

1.10 (1.01–1.19)

0.023
0.001

C-reactive protein

1.09 (1.03–1.15)

0.001

1.07 (1.00–1.15)

0.06

1.14 (1.05–1.24)

sST2

1.04 (0.97–1.12)

0.243

1.01 (0.91–1.11)

0.857

1.07 (0.97–1.18)

0.157

Galectin-3

1.01 (0.95–1.06)

0.808

0.97 (0.90–1.04)

0.368

1.07 (0.99–1.16)

0.107

Cystatin-C

1.04 (0.99–1.09)

0.136

1.01 (0.95–1.08)

0.793

1.06 (0.99–1.14)

0.086

1.15 (1.07–1.23)

<0.001

1.10 (1.01–1.20)

0.027

1.27 (1.14–1.41)

<0.001

UACR

Fine-Gray models were adjusted for the competing risk of death, and for the following variables: age, smoking, diabetes mellitus, hypertension, body mass index, atrial
ﬁbrillation, myocardial infarction, presence of left ventricular hypertrophy/left bundle branch block, and natriuretic peptides; strata statement included. Models evaluating
associations with incident heart failure in the combined (male þ female) population were also adjusted for sex.
CI ¼ conﬁdence interval; sHR ¼ subdistribution hazard ratio per standard deviation change in natural log-transformed biomarker; sST2 ¼ soluble interleukin-1 receptor like 1;
UACR ¼ urinary albumin-to-creatinine ratio.

SEX-SPECIFIC ASSOCIATIONS OF CV BIOMARKERS.

the population tended to be more strongly associated

One of the reasons for examining sex-speciﬁc asso-

with HF risk in women than men). Future studies are

ciations of circulating biomarkers with incident HF in

needed to understand whether ﬁbrotic mechanisms

community-dwelling individuals was to improve our

(e.g., vascular, pulmonary, skeletal muscle, and car-

understanding of sex-speciﬁc mechanisms related to

diac ﬁbrosis) may play a greater role in the patho-

HF risk. Contrary to expectation, our study demon-

physiology of HF in women.

strated that major HF-related pathophysiological

Notably, in our analysis, NPs were strongly and

mechanisms sensed by biomarkers were, in fact,

similarly associated with incident HF in both sexes.

broadly

(Central

However, previous studies (38) including the study

Illustration). Nevertheless, there are 2 points worth

similar

in

women

and

men

conducted by Magnussen et al. (34) indicate that

discussing. First, biomarker levels differed substan-

higher NP levels related more strongly with HF risk in

tially between men and women (Supplemental

men than women. A potential explanation for the

Figure 3), and similar results were consistently

discrepancy in results could be that the current study

observed across multiple community-based cohorts

used Fine-Gray subdistribution hazards models ac-

(18–21). For most biomarkers, baseline sex-related

counting for death as a competing risk, and also

differences need not indicate sex-speciﬁc patho-

adjusted for cardiac risk factors such as atrial ﬁbril-

physiology but may rather be a manifestation of

lation, LVH, and LBBB. Assay-related effects and

physiological sex-based differences (21). Second,

cohort heterogeneity could be other factors inﬂu-

despite strikingly similar associations of most bio-

encing our results. However, differences in effect

markers with incident HF in both sexes, we did

sizes (men vs. women) within individual cohorts as

observe sex-related differences in associations of

well as between cohorts were modest with the

proﬁbrotic marker galectin-3 with incident HF (i.e.,

greatest variability observed between CHS and the

an equivalent increment in galectin-3 levels within

remaining cohorts. Interestingly, in the pooled

T A B L E 4 Sex-Speciﬁc Associations of Selected Biomarkers With Heart Failure Subtypes (HFpEF vs. HFrEF)

Men

Women

HFpEF

HFrEF

HFpEF

sHR (95% CI)

sHR (95% CI)

HFrEF

p equality

sHR (95% CI)

sHR (95% CI)

Natriuretic peptides

1.32 (1.15–1.50)

1.64 (1.50–1.81)

0.012

1.30 (1.15–1.47)

1.46 (1.24–1.72)

Cardiac troponins

0.289

1.03 (0.92–1.15)

1.40 (1.30–1.50)

<0.001

1.18 (1.07–1.30)

1.36 (1.22–1.51)

0.048

C–reactive protein

1.02 (0.90–1.17)

1.16 (1.06–1.27)

0.117

1.07 (0.95–1.21)

1.33 (1.18–1.50)

0.018

UACR

1.30 (1.14–1.49)

1.21 (1.10–1.34)

0.452

1.35 (1.15–1.58)

1.16 (0.99–1.35)

0.181

p equality

Fine-Gray models adjusted for competing risk of death, other HF subtype, and unclassiﬁed HF, and for the following variables: age, smoking, diabetes mellitus, hypertension,
body mass index, atrial ﬁbrillation, myocardial infarction, and left ventricular hypertrophy/left bundle branch block; strata statement included.
HFpEF ¼ heart failure with preserved ejection fraction; HFrEF ¼ heart failure with reduced ejection fraction; other abbreviations as in Table 3.
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T A B L E 5 Sex-Speciﬁc Incremental Value of Selected Biomarkers Over the Clinical Model

Men
Biomarkers

C-statistic *
LHR*

Women

Risk Estimation

p Value

Risk Estimation

0.797 (0.784–0.809)

—

0.815 (0.804–0.827)

—

12376

—

11991

—

p Value

Natriuretic peptides
C-statistic þ NPs

0.803 (0.790–0.815)

—

0.811 (0.799–0.823)

—

D C-statistic

0.006

—

0.004

—

LHR þ NPs

12,230

—

11,908

—

146

<0.001

83

<0.001

LHR chi-square
Cardiac troponins
C-statistic þ cTns

0.800 (0.787–0.813)

—

0.818 (0.806–0.829)

—

D C-statistic

0.003

—

0.003

—

LHR þ hs-Tn

12,309

—

11,918

—

67

<0.001

73

<0.001

LHR chi-square
C-reactive protein
C-statistic þ CRP

0.798 (0.785–0.810)

—

0.818 (0.806–0.829)

—

D C-statistic

0.001

—

0.003

—

LHR þ CRP

12,367

—

11,976

—

9

0.003

15

<0.001

LHR chi-square

For these analyses, 8,926 men with 879 HF events and 9,328 women with 830 HF events with no missing biomarker measurements were included. *Base model includes age,
smoking, diabetes mellitus, hypertension, body mass index, atrial ﬁbrillation, myocardial infarction, and presence of left ventricular hypertrophy/left bundle branch block;
strata statement included.
CRP ¼ C-reactive protein; cTn ¼ cardiac troponin; LHR ¼ likelihood ratio test; NP ¼ natriuretic peptide.

cohort, we observed that with increasing age, asso-

power to detect differences in the subanalysis, and

ciations

given that UACR measurements were available only

of

NPs

with

incident

HF

signiﬁcantly

declined, but this age-related effect was comparable

in

in both sexes.

cautiously interpreted.

When biomarker models were further adjusted for

3

cohorts,

these

results

should

be

SEX-SPECIFIC PREDICTIVE VALUE OF SELECTED

NPs, only cTns remained signiﬁcantly associated

BIOMARKERS. Only subtle sex-related differences

with incident HF in men. On the other hand, cTns,

were observed in the predictive value of individual

hs-CRP, and UACR remained signiﬁcantly associated

biomarkers for incident HF. For instance, the greatest

with incident HF in women. These ﬁndings highlight

improvement in model ﬁt was observed after adding

the independent predictive value of cTns beyond

NPs in men, whereas both NPs and cTns improved

NPs in both sexes. From a biological perspective, our

model ﬁt to a similar extent in women. The addition

results suggest that systemic inﬂammation and renal

of individual biomarkers, however, did not result in

dysfunction may play a greater role in the patho-

clinically relevant increments to model discrimina-

physiology of HF in women. However, given that

tion in both sexes, with NPs even slightly reducing

most of the biomarkers were similarly associated

model discrimination in women. Collectively, these

with HF risk in both sexes in our primary analyses,

data indicate that the value of individual biomarkers

these data should be viewed only as hypothesis-

to improve HF risk prediction is limited in both sexes,

generating.

highlighting the fact that the current clinical model is

SEX-SPECIFIC ASSOCIATIONS OF SELECTED BIOMARKERS

robust and sufﬁcient to predict incident HF in both

WITH HF SUBTYPES. Previously, we reported that the

men and women.

majority of CV biomarkers (except UACR) were more

STUDY LIMITATIONS. First, although HF endpoints

strongly associated with HFrEF than HFpEF (23). We

were adjudicated in all 4 cohorts, a universal deﬁ-

now show that these ﬁndings are generally valid for

nition for HF is lacking (26), which may have inﬂu-

both sexes. Speciﬁcally, cTns and NPs were more

enced associations of clinical covariates as well as

strongly associated with HFrEF in men, and cTns and

biomarkers with incident HF. Second, not all bio-

CRP were more strongly associated with HFrEF in

markers were available in all cohorts. However,

women. UACR was similarly associated with HF sub-

biomarkers selected for HF risk estimation were

types, but displayed robust associations with HFpEF

available in all 4 cohorts. Third, a single measure-

in both sexes. Nevertheless, due to limited statistical

ment of a biomarker may not effectively capture
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pathophysiology, given the large degree of interin-

incident HF in both sexes. However, the value of in-

dividual and intraindividual variation (39). Although

dividual biomarkers, measured at a single time point,

serial biomarker measurements could have provided

to improve HF risk prediction above and beyond an

us with more precise information, such data are not

established clinical HF model is limited in both men

(yet) routinely available in large epidemiological

and women.

studies. Fourth, we acknowledge that the C-statistic
may not be an optimal tool to detect the incremental
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prognostic performance of a covariate over a well-

Boer, Department of Cardiology, University Medical

established

base

Centre Groningen, P.O. Box 30.001, 9700 RB, Groningen,

model is strong (40). These results should therefore

the Netherlands. E-mail: r.a.de.boer@umcg.nl. OR Dr.

be interpreted along with results from likelihood-

Jennifer E. Ho, Cardiovascular Research Center and Car-

ratio tests. Fifth, we chose 50% as the LVEF cut-

diology Division, Department of Medicine, Massachusetts

point that delineated HFrEF from HFpEF. This may

General Hospital, 185 Cambridge Street, CPZN #3192, Bos-

be

ton, Massachusetts 02114. E-mail: jho1@mgh.harvard.edu.

model,

debated,

but

particularly

previous

when

sensitivity

the

analyses

demonstrated only minor differences using an LVEF

Twitter: @JenHoCardiology, @rudolf_deboer.

cutpoint of 45% (22). Further, prior studies also
indicate that HF with LVEF between 40% and 50%
resemble HFrEF more than HFpEF (41,42). Sixth,

PERSPECTIVES

although MESA included individuals from multiple
ethnicities, and CHS enrolled a supplemental, pre-

COMPETENCY IN SYSTEMS-BASED PRACTICE:

dominantly African-American cohort, the majority of

The prevalence of CV risk factors and risk of devel-

participants in the pooled cohort were of European

oping HF are generally lower in women than in men.

ancestry. This limits the generalizability of our

Once an individual risk factor or manifestation of heart

ﬁndings to other races/ethnicities to some extent.

disease (such as obesity, diabetes, hypertension, or

Finally, our study was observational; therefore, re-

MI) develops, however, the increase in HF risk is

sidual confounding cannot be excluded, and we

comparable across sexes. Likewise, although baseline

cannot establish causal relations among individual

biomarker levels differ between men and women,

clinical risk factors, biomarkers, and HF.

equal increases (e.g., 2-fold change) in biomarker
levels are associated with similar increases in the risk

CONCLUSIONS

of HF in both sexes.

Our ﬁndings from 4 well-characterized communitybased cohorts indicate that clinical risk factors are
strongly and similarly associated with HF risk in both
sexes. We also show that the majority of biomarkers
remain

strongly

and

similarly

associated

TRANSLATIONAL OUTLOOK: Future prospective
studies should examine sex-speciﬁc mechanisms
related to HF pathogenesis.

with
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