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Background: We aimed to assess differences in clinical characteristics, prognosis, and the temporal evolution of
circulating biomarkers in male and female patients with HFrEF.
Methods:We included 250 patients (66 women) with chronic heart failure (CHF) between 2011 and 2013 and
performed trimonthly blood sampling during a median follow-up of 2.2 years [median (IQR) of 8 (5–10) urine
and 9 (5–10) plasma samples per patient]. After completion of follow-up we measured 8 biomarkers. The pri-
mary endpoint (PE) was the composite of cardiac death, cardiac transplantation, left ventricular assist device im-
plantation, and hospitalization due to acute or worsened CHF. Joint models were used to determine whether
there were differences in the temporal patterns of the biomarkers between men and women as the PE
approached.
Results: A total of 66 patients reached the PE of which 52 (78.8%) were male and 14 (21.2%) were female. The
temporal patterns of all studied biomarkers were associated with the PE, and overall showed disadvantageous
changes as the PE approached. For NT-proBNP, HsTnT, and CRP, women showed higher levels over the entire
follow-up duration and concomitant numerically higher hazard ratios [NT-proBNP: women: HR(95%CI) 7.57
(3.17–21.93), men: HR(95%CI) 3.14 (2.09–4.79), p for interaction = 0.104, HsTnT: women: HR(95%CI) 6.38
(2.18–22.46), men: HR(95%CI) 4.91 (2.58–9.39), p for interaction = 0.704, CRP: women: HR(95%CI) 7.48
(3.43–19.53), men: HR(95%CI) 3.29 [2.27–5.44], p for interaction= 0.106). In contrast, temporal patterns of glo-
merular and tubular renal markers showed similar associations with the PE in men and women.
Conclusion: Although interaction terms are not statistically significant, the associations of temporal patterns of
NT-proBNP, HsTnT, and CRP appear more outspoken in women than in men with HFrEF, whereas associations
seem similar for temporal patterns of creatinine, eGFR, Cystatin C, KIM-1 and NAG. Larger studies are needed
to confirm these potential sex differences.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Evidence on differences between men and women affected by heart
failure (HF) continues to accumulate [1]. Age at HF diagnosis is higher in
women and symptomsmay differ [2,3].Women aremore often affected
by HF with preserved ejection fraction (HFpEF) than HF with reduced
ejection fraction (HFrEF) [4,5]. In conjunction, risk factors play different
roles in both sexes: diabetes mellitus, [6] hypertension [7] and obesity
[8] are prominent in women with HF, while in men coronary artery
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disease prevails [9]. These differences suggest that sex is an important
aspect to consider during diagnosis, management and treatment of HF.

Althoughwomenmore often present with HFpEF, this does not pre-
clude that HFrEF is an important problem inwomen aswell. In the large
ESC Heart Failure Long-Term registry, women constituted over 20% of
patientswith ejection fraction<40%, and over 30% of patientswith ejec-
tion fraction <50% [10]. Yet, to date, studies performing sex-specific
analyses in HFrEF patients are scarce. A recent study showed an inde-
pendent survival benefit in women compared to men [11]. However,
the underlying pathophysiological mechanisms for this difference in
survival has not yet been elucidated and warrant further investigation.

Circulating biochemical markers (biomarkers) related to inflamma-
tion, cardiac remodeling, and cardiomyocyte conditions have been
found to be associated with adverse cardiac outcomes in HF patients
[12,13]. These biomarkers represent underlying biological processes
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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and thus carry potential to unveil and explain differences in HF patho-
physiology between men and women; even those that may not be clin-
ically apparent. Herewith they may also contribute to explaining
differences in survival betweenmen andwomenwith HFrEF. Serial bio-
marker measurements are especially interesting in this context, as they
may expose potential differences in the temporal evolution of HFmech-
anisms in men and women.

With the current investigation, we aimed to assess differences in
clinical characteristics, prognosis, and the temporal evolution of circu-
lating biomarkers (of wall stress, myocardial injury, inflammation, and
glomerular and tubular renal function) in male and female patients
with HFrEF.

2. Methods

2.1. Study design

The design of the Bio-SHiFT study has been published in detail else-
where [14,15]. In brief, the Bio-SHiFT study is a prospective, observa-
tional study consisting of patients with stable CHF carried out at the
Erasmus MC, University Medical Center, Rotterdam, Netherlands, and
Northwest Clinics, Alkmaar, Netherlands. From October 2011 to June
2013, during the first inclusion round of Bio-SHiFT, 263 patients were
enrolled. The main inclusion criteria were age ≥ 18 years, capability of
understanding and signing informed consent and diagnosis of CHF ≥3
months ago according to European Society of Cardiology guidelines
[16]. A total of 250 (95%) patients had HFrEF, and they were available
for the current analysis. At baseline, blood- and urine samplingwas per-
formed and study follow-up visits with repeated sampling were
planned every 3 months (±1 month was allowed), until a maximum
of 10 study follow-up visits were completed. A medical evaluation
was performed with a short questionnaire and samples were obtained
during each study follow-up visit.

The study was approved by the medical ethics committee of the
Erasmus MC, and conducted according to the Declaration of Helsinki.
Written informed consent was obtained in all participants. The study
is registered at ClinicalTrials.gov (NCT01851538).

2.2. Baseline assessment

We collected information on CHF-related symptoms and New York
Heart Association (NYHA) class, CHF etiology, cardiovascular risk fac-
tors, medical history and medical treatment. Also, systolic blood pres-
sure, heart rate, body mass index and left ventricular ejection fraction
(LVEF) as measured by echocardiography were determined at baseline.

2.3. Biomarker measurements

Plasma and urine samples were collected at baseline and at each
follow-up visit, andwere processed and stored at a temperature of−80
within 2 h after blood collection. When applicable, samples were
transported to the central laboratory (Erasmus MC, Rotterdam, the
Netherlands) under controlled conditions (at a temperature of−80 °C)
and stored until batch analysis was performed. Laboratory personnel
was blinded for clinical data.

NT-proBNP,HsTNT,andCRPweremeasured instoredserumsamples.
Plasma NT-proBNP was analyzed using an electrochemiluminescence
immunoassay (Elecsys 2010; Roche Diagnostics, Indianapolis, IN),
whichmeasures concentrations ranging from 5 to 35,000 ng/L. Cardiac
troponin T was also measured using an electrochemiluminescence im-
munoassay (Elecsys 2010 immunoassay analyzer; Roche Diagnostics,
Indianapolis, IN) which measures concentrations ranging from 3 to
10,000 ng/L. CRP was measured using an immunoturbidimetric assay
(RocheHitachi 912chemistry analyzer; Roche,Basel, Switzerland).Mea-
surement of renal biomarkers in plasma and urine samples was per-
formed at HaemoScan BV (Groningen, Netherlands).
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Creatinine was determined by a colorometric test by the Jaffe's reac-
tion. Plasma was used undiluted, urine was diluted ten times in water
(LLD: plasma 0,14 mg/dl, urine: 1.56 mg/mL). CysC was determined in
plasma, diluted 2000 times in 0,1%BSA/PBS buffer, by ELISA (R&D sys-
tems, Minneapolis, MN) (LLD: 0.1066 μg/mL). KIM-1 was determined
in urine, diluted 50% in 0,1% BSA/PBS buffer, by ELISA (R&D systems,
Minneapolis, MN, USA) (LLD: 0.146 ng/mL). NAG was determined
using a substrate p-nitrophenyl N-acetyl-β-D-glucosaminidase at pH
4.5 (Sigma, St Louis, MO, USA) (LLD: 0.485 U/L). All urinary biomarkers
were normalized to urinary creatinine concentrations to correct for con-
centration or dilution of urine.

GFR was determined by the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) equation that has been validated in HF patients
[17]. Patients were categorized using National Kidney Foundation–
Kidney Disease Outcome Quality Initiative (K/DOQI) clinical practice
guidelines [18].

2.4. Follow-up and adverse events

Because of the batch laboratory analysis after completion of follow-
up, results of the biomarker assays were not available to treating physi-
cians at the time of the outpatient visits. As such, this was an observa-
tional study, all patients were treated according to prevailing ESC
guidelines and the biomarker measurements performed for this study
did not alter usual patient care.

Patients were followed at the outpatient clinic every 3 months with
a maximum of 10 follow-up visits per patient. The follow-up visit
consisted of a short medical evaluation, during which all medication
changes and adverse cardiovascular events since the previous visit
were reported and blood and urine sampleswere collected. The primary
endpoint (PE) was the composite of cardiac death, cardiac transplanta-
tion, left ventricular assist device implantation, and hospitalization due
to acute or worsened CHF, whichever occurred first during follow-up.

2.5. Statistical analysis

Normality of continuous variables, including biomarker concentra-
tions, was assessed by the Kolmogorov-Smirnov test. Normally-
distributed continuous variables were reported as means and standard
deviations, non-normally distributed continuous variables as medians
and interquartile ranges (IQRs). In case of skewed distributions, contin-
uous variableswere logarithmically transformed (log base 2) for further
analysis. All biomarker values were transformed in this way. Categorical
variables were reported as numbers and percentages.

Univariate cox regression was performed to investigate whether
there was an association between baseline characteristics and bio-
marker levels and the PE. Unadjusted hazard ratios (HRs)were reported
with 95% confidence intervals (CIs) per two fold increase in biomarker
level. We stratified for sex. Interaction terms between sex and the bio-
markers of interest were added to the models to determine potential
differences between men and women.

We used linear mixed effect models to describe the average tempo-
ral pattern of each biomarker for men and women with and without a
PE during study follow-up. To estimate the associations between re-
peated biomarker measurements and the hazard of PE, we applied
joint modeling (JM) analyses, which combine linear mixed effect
models for temporal evolution of the repeated measurements with rel-
ative risk models for the time-to-event data. By using the JM technique,
analyses inherently accounted for different follow-up durations be-
tween patients [19]. For the joint models, unadjusted HRs and corre-
sponding CIs, per doubling of the biomarker level at a given follow-up
time, were reported.

Analyses were performed in SPSS and R package JM Bayes [20]. All
statistical tests were two-tailed. P-values <0.05 were considered statis-
tically significant.

http://ClinicalTrials.gov
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3. Results

3.1. Baseline characteristics

A total of 66 (26.4%) were women. Baseline characteristics of the
study patients, stratified by sex, are described in Table 1. Women
and men had similar mean age (6.7 ± 13.3 vs. 66.7 ± 12.5). Men
more often had ischemic etiology of HF (53.8% vs 25.8, P = 0.012)
while women more often had hypertensive etiology (19.7% vs. 9.8%,
P = 0.036). Men were more likely to have a history of myocardial in-
farction (42.9% vs. 21.2%, P = 0.004), PCI (36.4% vs. 21.2%, P = 0.021),
Table 1
Baseline characteristics.

N = 250 patients

Demographical characteristics
Age, years (mean ± SD) 66.7 (12.7)
Caucasian ethnicity, n (%) 231 (92.4)
Clinical characteristics
BMI, kg/m2 (mean ± SD) 27.4 (4.7)
Heart rate, beat/min (mean ± SD) 67.1 (11.7)
SBP, mmHg (mean ± SD) 121.6 (20.6)
DBP, mmHg (mean ± SD) 72.2 (10.9)
Features HF
Duration of HF, years 6.3 (5.6)
NYHA class I or II/III or IV, n (%) 188 (75.2)/62 (24.8)
LVEF, % (mean ± SD) 30.3 (9.6)
Biomarker levels
NT-proBNP (pmol/L)* 133.2 (44.9–274.4)
HsTnT (ng/L)* 17.7 (9.3–32.8)
CRP (mg/L)* 2.2 (0.9–4.9)
Creatinine (mg/dL) 1.2 (1.0–1.5)
eGFR (mg/dL) 58.4 (41.7–76.7)
KIM1 488.6 (246.6–935.2)
Cystatin C, mg/L 0.73 (0.6–1.0)
Etiology of HF (n, %)
Ischemic heart disease 116 (46.4)
Hypertension 31 (12.4)
Secondary to valvular heart disease 10 (4.0)
Cardiomyopathy 63 (25.2)
Dilated 49 (19.6)
Hypertrophic 7 (2.8)
Non compaction 4 (1.6)
Unclassified 3 (1.2)
Unknown 18 (7.2)
Other 3 (1.2)

Medical history, n (%)
Myocardial infarction 93 (37.2)
PCI 81 (32.4)
CABG 42 (16.8)
Valvular heart disease 127 (50.8)
Atrial fibrillation 96 (38.4)
ICD 146 (58.4)
CRT 77 (30.8)
Pacemaker 40 (16.0)
CVA 38 (15.2)
Chronic renal failure 131 (52.4)
Diabetes mellitus 77 (30.8)
Known hypercholesterolemia 91 (36.4)
Hypertension 113 (45.2)
Intoxication, n (%)
Alcohol consumption (>1 U/d) 104 (41.6)
Smoking
Ever 153 (61.2)
Current 26 (10.4)
Medication use, n (%)
ACE-I or ARB 235 (94.0)
Aldosterone antagonist 174 (69.6)
Diuretic 227 (90.8)
β-Blocker 225 (90.0)

Values aremean± SD, n (%), or median (interquartile range)*. ACE\\I, angiotensin-converting e
onary artery bypass grafting; CRT, cardiac resynchronization therapy; CVA, cerebrovascular ac
implantable cardioverter defibrillator; IQR, interquartile range; LVEF, left ventricular ejection f
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and CABG (20.1% vs. 7.6%, P = 0.019). Mean BMI was higher in men
(27.9 ± 4.6 vs. 26.1 ± 4.5, P = 0.009), and men more often had
known hypercholesterolemia (39.7% vs. 27.3%, P = 0.020) and were
more likely to have ever smoked than women (67.4% vs. 43.9%,
P = 0.003). No clinically relevant differences in mean LVEF were pres-
ent between the sexes.

At baseline, HsTnT level was higher in men than in women [median
(IQR): 19.6 ng/L (10.7–36.7) vs. 11.7 ng/L (7.2–27.7)]. Median eGFRwas
lower in women [median (IQR): 47.5 (IQR: 36.1–65.1) vs 62.5 mg/dL
(IQR: 36.1–65.1, respectively]. For the other biomarkers, baseline levels
were similar between women and men.
Female (n = 66) Male (n = 184) p-value

66.7 (13.3) 66.7 (12.5) 0.68
61 (92.4) 170 (92.4) 0.65

26.1 (4.5) 27.9 (4.6) 0.009
69.4 (11.6) 66.3 (11.6) 0.066
122 (22.0) 121.4 (20.1) 0.85
72.5 (11.2) 72.1 (10.8) 0.85

3.7 (0.92–7.4) 5.1 (2.1–10.2) 0.103
49 (74.2)/17 (25.8) 139 (75.5)/45 (24.5) 0.83
29.3 (10.5) 30.8 (9.2) 0.47

108.9 (46.2–251.9) 138.5 (44.9–283.9) 0.64
11.7 (7.2–27.7) 19.6 (10.7–36.7) 0.002
2.3 (0.9–4.9) 2.2 (0.9–4.9) 0.78
1.2 (0.9–1.5) 1.2 (1.0–1.5) 0.66
47.5 (36.1–65.1) 62.5 (36.1–65.1) <0.001
447.7 (234.6–738.6) 544.6 (258.5–941.5) 0.25
0.7 (0.5–0.9) 0.7 (0.6–1.0) 0.15

17 (25.8) 99 (53.8) 0.012
13 (19.7) 18 (9.8) 0.036
3 (4.5) 7 (3.8) 0.79
19 (28.8) 44 (23.9) 0.43
13 (19.7) 36 (19.6) 0.98
2 (3.0) 5 (2.7) 0.90
2 (3.0) 2 (1.1) 0.28
2 (3.0) 1 (0.5) 0.11
9 (13.6) 9 (4.9) 0.018
1 (1.5) 2 (1.0) 0.32

14 (21.2) 79 (42.9) 0.004
14 (21.2) 67 (36.4) 0.021
5 (7.6) 37 (20.1) 0.019
36 (54.5) 91 (49.5) 0.57
19 (28.8) 77 (41.8) 0.18
33 (50.00 113 (61.4) 0.11
19 (28.8) 58 (31.5) 0.69
10 (15.2) 30 (16.3) 0.25
8 (12.1) 30 (16.3) 0.73
37 (56.1) 94 (51.1) 0.71
19 (28.8) 58 (31.5) 0.68
18 (27.3) 73 (39.7) 0.020
27 (40.9) 86 (46.7) 0.37

23 (34.8) 81 (44.0) 0.24

29 (43.9) 124 (67.4) 0.018
11 (16.7) 15 (8.2) 0.003

63 (95.5) 172 (93.5) 0.21
47 (71.2) 127 (69.0) 0.063
62 (93.9) 165 (89.7) 0.30
58 (87.9) 167 (90.8) 0.95

nzyme inhibitors; ARB, angiotensin II receptor blockers; BMI, bodymass index; CABG, cor-
cident; SBP, systolic blood pressure; DPB, diastolic blood pressure; HF, heart failure; ICD,
raction; NYHA, New York Heart Association; PCI, percutaneous coronary intervention.
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3.2. Follow-up and incidence of the PE

During a median follow-up of 2.2 years, a total of 1910 plasma sam-
ples (505 in 66 women and 1405 in 184 men) were collected and ana-
lyzed. A median (interquartile range, IQR) of 8 (5–10) urine and
9 (5–10) plasma samples were collected per patient. Median number
of plasma samples collected per person was similar in women and
men, whereas there was a slight difference in the median number of
urine samples collected [median (IQR): women; 9 (IQR:5–10), men;
8 (IQR:5–10)]. During 2.2 (IQR:1.4–2.5) years, a total of 66/250
(26.4%) patients reached the PE of which 52 (78.8%) were male and
14 (21.2%) were female (log-rank, p = 0.28).
3.3. Associations between clinical characteristics and the PE

In women, age [HR (95%CI) 1.07 (1.01–1.12]), diabetes mellitus [HR
(95%CI) 3.06 (1.06–8.87]) and PCI [HR (95%CI) 4.08 (1.43–11.67]) were
associated with the PE, while in men these associations did not reach
statistical significance. In men,MI [HR (95%CI) 1.81 (1.04–3.15]), valvu-
lar heart disease [HR (95%CI) 2.34 (1.29–4.25]) and chronic renal failure
[HR (95%CI) 1.94 (1.07–3.53]) were associated with the PE, while in
women these associations did not reach statistical significance. How-
ever, interaction termswith sexwereonly significant for PCI (p for inter-
action= 0.018) and valvular heart disease (p for interaction = 0.031).
(Appendix Table 1).
3.4. Associations between NT-proBNP, HsTnT, CRP, and the PE

Baseline NT-proBNP was positively associated with the PE in both
sexes. Differences in temporal patterns between patients with and
without the PE were similar for men and women, with rising levels as
the PE approached in both sexes (Fig. 1A). However, NT-proBNP levels
appeared higher over the full time-course in women experiencing the
PE than in men experiencing the PE. This was reflected by the HRs
entailed by the serially measured NTproBNP levels, which were numer-
ically but not significantly higher in women [HR (95%CI): women; 7.57
(3.17–21.93), men; 3.14 (2.09–4.79), p for interaction = 0.104]
(Table 2).

For HsTnT, the association between baseline levels and the PE
was stronger for women than for men [HR (95%CI) 1.26
(1.11–1.42), and [HR (95%CI) 1.09 (1.03–1.15), respectively; p for
interaction = 0.038)]. Likewise, although levels rose in both sexes
as the PE grew near, the difference in level at any moment in time
between those with and those without the PE appeared larger in
women than in men, although this difference was not statistically
significant (Fig. 1B). Again, this was reflected by the HRs entailed
by the serially measured HsTnT levels [HR (95%CI): women; 6.38
(2.18–22.46), men; 4.91 (2.58–9.38); p for interaction = 0.704]
(Table 2, Fig. 1B).

Similar results were found for CRP. The association between base-
line levels and the PE was stronger for women than for men [HR (95%
CI) 2.42 (1.40–4.20), and HR (95%CI) 1.17 (0.95–1.45), respectively;
p for interaction= 0.011] (Table 2, Fig. 1C).Women showed a greater
incline in CRP thanmen as they approached the PE. The temporal evo-
lution of CRP level was associated with the PE in both sexes, but rela-
tive riskwas numerically higher inwomen [HR (95%CI): women; 7.48
(3.43–19.53), men; 3.29 (2.27–5.44); p for interaction = 0.106]
(Table 2).
Fig. 1. Average evolution of circulating biomarkers during follow-up. Patients who reached the
line. Dashed lines represent the 95% confidence interval. X-axis represents the time from base
incident events) or last sample moment (patients who remained event-free; right part of the
(ng/L). (c) CRP (mg/L). (d) Creatinine (mg/dL). (e) Cystatin C (mg/dL). (f) eGFR (mL/min). (g)
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3.5. Associations between glomerular and tubular renal markers and the PE

The association between baseline levels of creatinine and the PEwas
similar in men and women [HR (95%CI): women; 1.07 (0.96–1.19),
men; 1.03 (0.97–1.09); p for interaction = 0.588]. The temporal evolu-
tion was significantly associated with the PE only in men, but the effect
estimate was of similar magnitude in women and not significantly
different from that in men [HR (95%CI): men; 1.13 (1.01–1.28),
women; 1.12 (0.90–1.36); p for interaction = 0.925] (Table 2, Fig. 1D).

The association between baseline levels of eGFR was similar in men
andwomen. (Table 2, Fig. 1E) The temporal evolution of eGFRwas asso-
ciated with the PE in both sexes, and did not show relevant sex differ-
ences [HR (95%CI): women; 1.19 (1.00–1.48), men; 1.14 (1.02–1.26);
p for interaction = 0.679]. Levels of Cystatin C at baseline were related
to the PE in both sexes (Table 2, Fig. 1F). Repeatedlymeasured cystatin C
showed similar temporal patterns in men and women, with slightly
higher risk of PE in men compared to women [HR (95%CI): women;
1.90 (1.46–2.63), men; 2.76 (2.01–3.98); p for interaction = 0.111]
(Table 2).

With regard to NAG, baseline levels were associated with the PE
without differences in the associations between men and women
(Table 2, Fig. 1G). The temporal evolution of NAG was associated with
the PE in men [HR(95%CI) 1.07 (1.00–1.13), p = 0.047]. In women the
risk estimate again was of similar magnitude but failed to reach statisti-
cal significance [HR(95%CI) 1.05 (0.97–1.15), p for interaction = 0.22]
(Table 2).

For KIM, the baseline levels were not associated with the PEwith no
sex differences. (Table 2, Fig. 1H) In both sexes, the temporal evolution
of KIM was associated with the PE, but the association appeared some-
what stronger in women [HR(95%CI): women; 1.25 (1.02–1.62), men;
1.06 (1.02–1.09); p for interaction = 0.209] (Table 2).
4. Discussion

In this cohort of 250 patients with HFrEF with a median follow-up
time of 2.2 (IQR:1.4–2.5) years, the cumulative incidence of the PE
was 28.3% in men and 21.2% in women although age at baseline was
similar, confirming better prognosis in women with HF. Baseline levels
of HsTnT and CRP were significantly stronger associated with the PE in
women than in men. The temporal patterns of all studied biomarkers
were associated with the PE, and overall showed disadvantageous
changes as the PE approached. For NT-proBNP, HsTnT, and CRP, changes
in temporal patterns appeared more outspoken in women than in men
as the PE grew near, with higher levels over the entire follow-up dura-
tion and concomitant numerically higher hazard ratios. However,
these differences did not reach statistical significance. Temporal pat-
terns of glomerular and tubular renal markers showed similar associa-
tions with the PE in men and women.

Differences betweenmen andwomen in the epidemiology of HF are
most apparentwhen the type of HF is considered [1]. In general, women
aremore often affected byHFpEF, andmen byHFrEF. Nevertheless, over
20% of outpatientswithHFrEF also consists ofwomen [10]. To date, only
one study has examined sex difference in clinical characteristics and in
survival in HFrEF patients. They observed that women had higher prev-
alence of risk factors including obesity, higher systolic blood pressure,
and higher heart rate, but were less likely than men to have comorbid-
ities, except for hypertension. Women had lower mortality than men
[HR(95%CI): women; 0.68 (0.62–0.74), p< 0.001], but more symptoms
and worse quality of life [11].
study endpoint are presented as a solid red line, and endpoint-free patients as a solid blue
line (left part of the x-axis), and time remaining to the event (patients who experienced
x-axis). Biomarker levels are presented on the y-axis. (a) NT-proBNP (pmol/L). (b) hsTnT
NAG (U/gCr). (h) KIM-1 (ng/gCr). PE, primary endpoint.



Table 2
Associations between cardiac and renal biomarkers, and the PE.

All patients Women Men P for interaction

HR (95% CI) p-value HR (95% CI) p-value HR (95% CI) p-value

NT-proBNP
Baseline level⁎ 1.02 (1.02–1.03) <0.001 1.02 (1.01–1.03) <0.001 1.02 (1.02–1.03) <0.001 0.261
Temporal evolution⁎⁎ 3.61 (2.49–5.37) <0.001 7.57 (3.17–21.93) <0.001 3.14 (2.09–4.79) <0.001 0.104
HsTnT
Baseline level⁎ 1.11 (1.06–1.16) <0.001 1.26 (1.11–1.42) <0.001 1.09 (1.03–1.15) 0.001 0.038
Temporal evolution⁎⁎ 5.85 (3.33–9.58) <0.001 6.38 (2.18–22.46) 0.001 4.91 (2.58–9.39) <0.001 0.704
CRP
Baseline level⁎ 1.26 (1.06–1.50) 0.008 2.42 (1.40–4.20) 0.002 1.17 (0.95–1.45) 0.137 0.011
Temporal evolution⁎⁎ 3.95 (2.71–6.12) <0.001 7.48 (3.43–19.53) <0.001 3.29 (2.27–5.44) <0.001 0.106
Creatinine
Baseline level† 1.04 (0.99–1.09) 0.148 1.07 (0.96–1.19) 0.205 1.03 (0.97–1.09) 0.343 0.588
Temporal evolution⁎⁎ 1.15 (1.03–1.29) 0.012 1.12 (0.90–1.36) 0.278 1.13 (1.01–1.28) 0.038 0.925
eGFR
Baseline level† 1.03 (0.99–1.07) 0.164 1.08 (0.99–1.17) 0.074 1.03 (0.98–1.08) 0.307 0.362
Temporal evolution⁎⁎ 1.10 (1.01–1.21) 0.028 1.19 (1.00–1.48) 0.048 1.14 (1.02–1.26) 0.028 0.679
Cystatin C
Baseline level† 1.09 (1.04–1.14) <0.001 1.11 (1.01–1.23) 0.029 1.08 (1.02–1.13) 0.002 0.598
Temporal evolution⁎⁎ 2.52 (1.89–3.50) <0.001 1.90 (1.46–2.63) <0.001 2.76 (2.01–3.98) <0.001 0.111
NAG
Baseline level⁎ 1.07 (1.04–1.09) <0.001 1.05 (1.01–1.09) 0.023 1.08 (1.05–1.12) <0.001 0.248
Temporal evolution⁎⁎ 1.07 (1.02–1.13) 0.004 1.05 (0.97–1.15) 0.220 1.07 (1.00–1.13) 0.047 0.787
KIM
Baseline level⁎ 1.02 (1.00–1.04) 0.063 1.01 (0.97–1.04) 0.557 1.02 (1.00–1.04) 0.084 0.763
Temporal evolution⁎⁎ 1.08 (1.04–1.12) <0.001 1.25 (1.02–1.62) <0.001 1.06 (1.02–1.09) 0.01 0.209

⁎ Hazard ratios and 95% CI are given per 10 units increase.
⁎⁎ Hazard ratios and 95% CI are given per doubling.
† Hazard ratios and 95% CI are given per 20% increase of creatinine, cystatin C and 20% decrease of eGFR.
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Moreover, few studies are available on sex differences in circulating
biomarkers in heart failure patients, and in particular in HFrEF patients.
Meyer et al. examined HF patients with the full continuum of LVEF in-
cluded in the Coordinating study evaluating Outcomes of Advising and
Counseling in Heart failure (COACH). They determined biomarkers in
567 patients (38% women) shortly before discharge following a heart
failure hospitalization [21]. Several biomarkers reflecting inflammation,
remodeling and renal function were significantly lower in women, sug-
gesting differences in biological disease expression, etiology and influ-
ence of comorbidities. Also, while NTpro-BNP did not differ between
men and women at baseline, it showed different predictive value in
women and men for 3-year all-cause mortality. This was also observed
for several other biomarkers, albeit less explicitly.

Our study extends these findings by examining differences in tem-
poral evolution of circulating biomarkers between men and women
with HF, and moreover it is the first to focus specifically on HFrEF.
While median baseline NT-proBNP level was similar in men and
women, rise in level was more outspoken in women as the PE
approached. Differences in sex hormones may contribute to these find-
ings. Previous research has shown that women with hormone replace-
ment therapy (HRT) have higher NT-proBNP levels than women
without HRT, suggesting a stimulating effect of estrogen on natriuretic
peptides that may in part also explain sex differences [22]. It should
be noted however that given the relatively high age of our study popu-
lation and the limited use of hormone therapy in the Netherlands, other
mechanisms are probably also at play here.

The association of Hs-TnTwith clinical outcomewas also stronger in
women than inmen in our study, althoughmen had higher baselineHs-
TnT levels thanwomen. The latter has recently also been shown by Lew
et al. [23]. Sex-related differences in body composition [24,25], differ-
ences in anatomy leading to variation of the cardiac mass and coronary
artery size [26] and cardiac remodeling related to sex hormones have
been suggested to underlie these differences in troponin levels [27].

How above-described mechanisms could also lead to more explicit
temporal biomarker changes in women remains to be elucidated. In
this context, previous research has demonstrated that estrogen receptor
131
activation leads to reduction in necrotic and/or apoptotic cell death in
animal models. Thus, apoptosis rate may be higher in men, which
could potentially result inmore unfavorable cardiac remodeling directly
after ischemic injury [28,29]. Such differences in the remodeling process
may in part explainwhybiomarkers associatedwith cardiac remodeling
including NT-proBNP and hsTnT show different patterns in men and
women experiencing adverse clinical events.

In our study, the association of CRPwith clinical outcomewas stron-
ger in women than in men as well. Studies in the general population
point towards higher CRP levels in women compared to men [30]. As
there is a strong correlation between CRP levels and subcutaneous fat,
these higher levels could in part be explained by women having more
subcutaneous, but not visceral, fat compared to men [31,32]. Further
to these differences, an unfavorable temporal evolution of inflammatory
status as signified by CRP,might have stronger consequences for clinical
outcome inwomen than inmen, in linewith the known stronger impact
on HF evolution carried by factors such as diabetes mellitus in women
[33].

For clinical settings, the above findings imply that increasing levels
of NT-proBNP, hsTnT and CRP over time may carry stronger predictive
value for major adverse cardiovascular events in women compared to
men with HFrEF. Therefore, levels of these biomarkers might need to
be evaluated according to sex during clinical follow-up, and any conse-
quences for estimation of prognosis based on changes in these bio-
markers should also be evaluated according to sex. However, before
any specific clinical recommendations can be made about subsequent
timing or adaptation of therapy based on changes in biomarkers, trials
on multiple-biomarker guided therapy which focus on both men and
women are warranted.

In contrast with the sex differences we found for aforementioned
markers, we found no differences between men and women in levels
of glomerular and tubular markers, nor in the associations of renal
markers with clinical outcome. An exception was baseline eGFR,
whichwas lower inwomen than inmen. It has previously been demon-
strated that in general eGFR is lower in women than men with HF [21].
The hypothesis has been raised that men have a higher renal functional
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reserve to compensate for the loss of glomeruli during aging [34,35].
This suggests that eGFR is a less sensitive marker for HF in men than
women. Recently, a study was published showing that Cystatin C is a
gender-neutral glomerular rate biomarker that is preferred to eGFR
[36]. In order to prevent underestimation of renal dysfunction in men
with HF, use of Cystatin C as a glomerular rate biomarker should be con-
sidered as well [36]. Previous studies on sex differences in tubular renal
markers in HF patients are scarce.

Some aspects of our study warrant consideration. Firstly, our study
was not originally designed to examine sex differences, and conse-
quently statistical power for this investigation was limited. Studies
with larger sample size are needed to confirm our results. Furthermore,
only limited molecular biological research is currently available on the
effect of sex differences on proteins involved in wall stress, myocyte in-
jury, inflammation and renal function. Such knowledge however is nec-
essary to fully understand the biological processes underlying clinical
epidemiological sex differences observed in these biomarkers.

In conclusion, this study demonstrates for the first time that the as-
sociations of temporal patterns of NT-proBNP, HsTnT, and CRP appear
more outspoken in women than in men with HFrEF, whereas associa-
tions are similar for temporal patterns of eGFR, Cystatin C, NAG and
KIM-1. Additional studies with larger sample sizes are warranted in
order to confirm these findings, while molecular biology studies are
needed to further unravel underlying mechanisms.
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Appendix A
Appendix Table 1

Association between clinical characteristics and the primary endpoint⁎ stratified per sex
Women
 Men
HR
 95% CI
 HR
 95%CI
 p for interaction
ge
 1.07
 1.01-1.12
 1.01
 0.99-1.03
 0.20

ace
 0.045
 0-1249.61
 ref
 ref
 0.92

MI
 0.97
 0.85-1.11
 0.99
 0.93-1.05
 0.77

eart Rate
 1.02
 0.97-1.06
 1.02
 0.99-1.04
 0.97

BP
 1.00
 0.97-1.02
 0.98
 0.97-1.00
 0.50

BP
 0.97
 0.93-1.02
 0.97
 0.95-1.00
 0.97

uration HF
 1.00
 0.91-1.10
 1.07
 1.03-1.12
 0.16

YHA class

YHA 1
 ref
 ref
 ref
 ref
 0.72

YHA 2
 3.28
 0.39-27.33
 3.44
 1.41-8.42
 0.99

YHA 3
 10.25
 1.26-83.59
 6.32
 2.56-15.62
 0.69

YHA 12vs34 (3/4)
 4.14
 1.45-11.9
 2.73
 1.57-4.75
 0.52

VEF
 0.97
 0.89-1.07
 0.98
 0.93-1.03
 0.87
tiology⁎⁎

D
 2.34
 0.81-6.77
 1.20
 0.69-2.08
 0.29

T
 0.66
 0.15-2.96
 1.10
 0.47-2.59
 0.57

ALVHD
 3.09
 0.69-13.90
 1.55
 0.48-4.98
 0.43

MP
 0.41
 0.09-1.85
 0.86
 0.44-1.67
 0.38

ype of CMP

CMP
 0.34
 0.05-2.64
 0.74
 0.35-1.57
 0.46

CMP
 x
 x
 3.18
 0.99-10.21
 x

CCMP
 x
 x
 x
 X
 x

NCCMP
 2.76
 0.36-21.31
 x
 X
 X

ther
 0.65
 0.09-5.04
 1.45
 0.45-4.66
 0.55
edical History

I
 0.94
 0.26-3.39
 1.81
 1.04-3.15
 0.35

CI
 4.08
 1.43-11.67
 0.96
 0.55-1.69
 0.018

ABG
 0.84
 0.11-6.24
 1.09
 0.56-2.12
 0.81

alvular heart disease
 0.62
 0.22-1.76
 2.34
 1.29-4.25
 0.031

F
 1.98
 0.69-5.67
 1.33
 0.77-2.31
 0.44
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Appendix Table 1 (continued)
IC
C
P
C
C
D
H
H

A
S
A
A
D

Women
133
Men
HR
 95% CI
 HR
 95%CI
 p for interaction
D
 1.55
 0.52-4.63
 1.20
 0.68-2.15
 0.67

RT
 0.50
 0.14-1.81
 0.92
 0.51-1.66
 0.45

acemaker
 1.41
 0.38-5.26
 1.04
 0.50-2.15
 0.63

VA
 1.03
 0.23-4.68
 1.60
 0.82-3.12
 0.64

hronic renal failure
 3.20
 0.89-11.48
 1.94
 1.07-3.53
 0.50

M
 3.06
 1.06-8.87
 1.62
 0.93-2.81
 0.34

ypercholsterolemia
 1.09
 0.34-3.48
 1.38
 0.79-2.42
 0.70

ypertension
 1.55
 0.54-4.43
 1.12
 0.65-1.95
 2.37
lcohol consumption
 1.22
 0.42-3.51
 1.80
 1.00-3.22
 0.19

moking ever/current
 1.10
 0.37-3.29
 1.47
 0.71-3.01
 0.65

CE-1 inhibitor/ARB
 0.53
 0.07-4.06
 0.35
 0.15-0.81
 0.66

ldosteron antagonist
 0.62
 0.21-1.85
 1.71
 0.88-3.33
 0.12

iuretics
 0.73
 0.10-5.59
 6.54
 0.90-47.35
 0.13

eta-blocker
 0.25
 0.08-0.82
 0.86
 0.34-2.16
 0.14
B
ACE-I, angiotensin-converting enzyme inhibitors; ARB, angiotensin II receptor blockers; BMI, bodymass index; CABG, coronary artery bypass grafting; CMP, cardiomyopathy; CRT, cardiac
resynchronization therapy; CVA, cerebrovascular accident; DCMP, dilated cardiomyopathy; DPB, diastolic blood pressure; HCMP, hypertensive cardiomyopathy; HF, heart failure; HT,
hypertension; ICD, implantable cardioverter defibrillator; IHD, ischemic heart disease; IQR, interquartile range; LVEF, left ventricular ejection fraction; NCCMP, non compaction cardiomy-
opathy; NYHA, New York Heart Association; PCI, percutaneous coronary intervention; SBP, systolic blood pressure; UNCCMP, unclassified cardiomyopathy; VALVHD, valvular heart
disease.

⁎ Composite of cardiac death, cardiac transplantation, left ventricular assist device im-
plantation, and hospitalization due to acute or worsened chronic heart failure

⁎⁎ Some could not be tested because of paucity of events
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