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ORIGINAL ARTICLE

Plasma Proteomic Patterns Show Sex 
Differences in Early Concentric Left Ventricular 
Remodeling
Anne-Mar van Ommen , MD; Ernest Diez Benavente , PhD; N. Charlotte Onland-Moret , PhD; Gideon B. Valstar, MD, PhD;  
Maarten J. Cramer , MD, PhD; Frans H. Rutten , MD, PhD; Arco J. Teske , MD, PhD; Roxana Menken , MD;  
Leonard Hofstra , MD, PhD; Igor I. Tulevski, MD, PhD; Nancy Sweitzer , MD, PhD; G. Aernout Somsen , MD, PhD*;  
Hester M. den Ruijter , PhD* 

BACKGROUND: Concentric remodeling (cRM) can precede heart failure with preserved ejection fraction (HFpEF), a condition 
prevalent in women.

METHODS: Patients (n=60 593, 54.2% women) visiting outpatient clinics of Cardiology Centers of the Netherlands were 
analyzed for cRM, HFpEF development, and mortality risk. We studied risk factors for relative wall thickness both sex-
stratified and in women and men combined. Biomarker profiling was performed (4534 plasma proteins) in a substudy 
involving 557 patients (65.4% women) to identify pathways involved in cRM.

RESULTS: cRM was present in 23.5% of women and 27.6% of men and associated with developing HFpEF (HR, 2.15 [95% 
CI, 1.51–2.99]) and mortality risk (HR, 1.09 [95% CI, 1.00–1.19]) in both sexes. Age, heart rate, and hypertension were 
statistically significantly stronger risk factors for relative wall thickness in women than men. Higher circulating levels of 
IFNA5 (interferon alpha-5) were associated with higher relative wall thickness in women only. Pathway analysis revealed 
differential pathway activation by sex and increased expression of inflammatory pathways in women.

CONCLUSIONS: cRM is prevalent in approximately 1 in 4 women and men visiting outpatient cardiology clinics and associated 
with HFpEF development and mortality risk in both sexes. Known risk factors for cRM were more strongly associated in 
women than men. Proteomic analysis revealed inflammatory pathway activation in women, with a central role for IFNA5. 
Differential biologic pathway activation by sex in cRM may contribute to the female predominance of HFpEF and holds 
promise for identification of new therapeutic avenues for prevention and treatment of HFpEF.

REGISTRATION: URL: https://www.clinicaltrials.gov; Unique identifier: NCT001747. 

Key Words: echocardiography ◼ heart failure ◼ interferons ◼ prevention & control ◼ prognosis ◼ proteomics ◼ sex characteristics

Women are twice as likely to have heart fail-
ure with preserved ejection fraction (HFpEF) 
than men,1 whereas men are more often diag-

nosed with heart failure with reduced ejection fraction 
(HFrEF). Both heart failure types have a poor prognosis, 

with comparable mortality rates.2,3 Decades of research 
on HFpEF has resulted in only a few therapies which 
improve prognosis, while multiple therapeutic options are 
available in HFrEF.4 Therefore, HFpEF is a significant 
unmet need in cardiovascular medicine. Public health 
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implications are significant, as prevalence is rising. The 
different heart failure (HF) profiles in women and men1 
might be explained by sex-related changes in the biology 
of ventricular geometry during aging.5,6

The heart changes geometrically in both aging and 
HF development. Concentric remodeling (cRM) and con-
centric left ventricular hypertrophy (cLVH), both marked 
by an increased relative wall thickness (RWT), are fre-
quently found in HFpEF. The prevalence of cRM is rang-
ing from 14% to 28% in HFpEF populations.7 cLVH is 
associated with worse outcome in HFpEF, but cRM is 
not.5,6 However, cRM is more prevalent than cLVH in the 
general population,8 and especially in high-risk popula-
tions the prognostic implications of cRM are unclear. 

Cellular hypertrophy, increased extracellular matrix, and 
fibrosis can all drive structural remodeling, and are in 
turn caused by pressure overload, systemic inflamma-
tion, and endothelial dysfunction.9 We know that women 
more often develop cRM and cLVH in response to pres-
sure overload than men10,11; coronary microvascular dys-
function is also more common in women. Investigating 
processes ongoing in women and men with cRM may 
clarify the biology of early disease in high-risk individu-
als. The use of unselected high-throughput plasma pro-
teomic assays may reveal early reversible processes not 
previously identified, potentially preceding fibrosis and 
microvascular dysfunction. Furthermore, it is important 
that sex-specific information on biomarkers at a disease 
stage where prevention from progression to overt dis-
ease is still feasible becomes available.

We studied to what extent a cRM phenotype increases 
HFpEF and mortality risk in a large high-risk cohort with 
adequate numbers of women and men. In addition, we 
identified clinical risk factors of cRM. Finally, we studied 
the plasma proteome in a subset of patients, to examine 
proteins associated with early structural remodeling in 
those at risk for HFpEF (visual overview Figure S1).

METHODS
Study Population
Longitudinal data from patients (n=109 151) visiting 13 out-
patient clinics of Cardiology Centers of the Netherlands (CCN) 
between 2007 and 2018 were extracted. A full description of 
the CCN clinical health record dataset, which was retrieved 
under implied consent, and in accordance with the Dutch 
Personal Data Protection Act, can be found elsewhere.12 
Patients were referred by their general practitioner for cardiac 
work-up including electrocardiography, exercise testing, and 
echocardiography, followed by consultation with a cardiolo-
gist. We excluded patients without available echocardiography/
RWT, patients younger than 45 years, and patients already 
diagnosed with HF, leaving 60 593 patients (54.2% women) 
for analyses (Figure S2A).

Additionally, between 2016 and 2019, in a subsample 
of patients (n=880, 68.6% women) who visited CCN at the 
Utrecht location, blood was drawn for a biomarker study (Dutch 
Trial Register number 21717; Figure S2B). These patients 
underwent the same work-up, but participants with average 
E/e' ratio ≥8 were oversampled, as described previously.13 
This study was approved by the local medical ethics commit-
tee (16-290/M) and conducted according to the declaration 
of Helsinki.

The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Assessment of RWT and Remodeling Patterns
As part of the clinical assessment, comprehensive trans-
thoracic echocardiography (Vivid E6 or E7, General Electric 
Medical Systems, Horten, Norway) was performed by trained 
sonographers, and interpreted by the treating cardiolo-
gist.14 Measurements included parasternal long axis M-mode 

WHAT IS NEW?
• Concentric remodeling of the heart is common dur-

ing ageing and is a feature that can precede heart 
failure with preserved ejection fraction. We show 
that concentric remodeling is equally prevalent 
among men and women visiting outpatient clinics 
and predicts incident heart failure and mortality in 
both. Risk factor relations with concentric remodel-
ing were stronger in women and plasma proteomics 
revealed strong inflammatory pathway activation in 
women with concentric remodeling, with a central 
role for IFNA5 (interferon alpha-5). This highlights 
the importance of sex stratification in biomarker 
studies for prevention of heart failure.

WHAT ARE THE CLINICAL IMPLICATIONS?
• There are promising studies targeting inflamma-

tion to treat or prevent cardiovascular diseases. 
Slowing down inflammation may limit progression 
of concentric remodeling towards heart failure with 
preserved ejection fraction in women. A biomarker 
such as IFNA5 could be used to identify women at 
high risk for heart failure as these individuals would 
be most likely to benefit from anti-inflammatory 
therapies.

Nonstandard Abbreviations and Acronyms

CCN cardiology centers of the Netherlands
cLVH concentric hypertrophy
cRM concentric remodeling
HFpEF  heart failure with preserved ejection 

fraction
HFrEF  heart failure with reduced ejection 

fraction
IFNA5 interferon alpha-5
LVH left ventricular hypertrophy
RWT relative wall thickness
SGLT2 sodium-glucose cotransporter-2
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diameters of septal and posterior wall (left ventricular poste-
rior wall dimension) and left ventricle diameter at end diastole. 
Body surface area was calculated,15 and used to index left 
ventricular mass (LVMI).16 Left ventricular hypertrophy (LVH) 
was defined as an LVMI >95 gram/m2 in women, and >115 
gram/m2 in men.14 We calculated relative wall thickness (RWT) 
as percentage with the formula ([2×left ventricular posterior 
wall dimension]/left ventricle diameter at end diastole)×100. 
We classified patients into 4 different geometry patterns: (1) 
cRM=RWT>42%, no LVH; (2) cLVH=RWT>42% and LVH; 
(3) eccentric LVH=RWT≤42% and LVH; and (4) normal 
geometry=RWT≤42%, no LVH.

Outcome Assessment of Heart Failure and 
Survival
Enrolled participants with more than 1 visit to CCN were ana-
lyzed for subsequent HF outcomes. We defined HF as hav-
ing a diagnosis of HF registered by the treating cardiologist. 
HFpEF and HFrEF were classified based on echocardiogra-
phy derived LVEF ≥50% and <50% within 1 year of diagnosis, 
respectively, as previously described.4,17 Types of HF included 
HFpEF, HFrEF, and the ones that had HF without LVEF avail-
able. Patients without HF were censored at the last available 
visit (up to March 1, 2018).

Follow-up for all-cause mortality was performed up to 
February 11, 2021 through linkage with the national death 
registry. Follow-up for patients who were alive was censored 
at this date.

Traditional Cardiovascular Risk Factors
Potential risk factors for cRM were obtained from the CCN 
electronic health records. Rate-pressure product at rest, exer-
cise, and the delta between exercise and rest rate-pressure 
product was derived from the exercise test, which was per-
formed in >70% of patients. Antihypertensive medication was 
defined as the use of an ACE-inhibitor, angiotensin II recep-
tor blocker, thiazide diuretic, spironolactone or calcium channel 
blocker, or a combination.

Proteomics
Plasma (ethylenediamine tetraacetic acid) samples of 606 
participants were sent (frozen and on dry ice with temperature 
monitoring) to SomaLogic (Boulder, Colorado) for SomaScan 
V4 assay measurement, a platform for quantifying 5284 
reagents, as described previously.18

Raw data from SomaScan was first normalized to remove 
hybridization variation within a run. This was followed by median 
normalization across calibrated samples to remove other assay 
biases within the run. Overall scaling was then performed on a 
per-plate basis to remove overall intensity differences between 
runs followed by calibration to correct for assay differences 
between runs. Finally, median normalization to a reference was 
performed on the quality control, buffer, and individual samples 
as per SomaLogic protocol.

Data were log-transformed and center-scaled by divid-
ing the protein average measurement by the SD according to 
instructions in the pipeline (https://github.com/SomaLogic/
SomaDataIO). A total of 5284 SOMAmers were measured in 
606 samples, 305 SOMAmers were excluded as they did not 

represent human proteins. Furthermore, 445 human proteins 
were excluded according to the quality control ratio (0.8–1.2). A 
total of 47 samples were excluded due to missing RWT data and 
2 outlier samples were excluded based on normalization criteria 
(0.4–2.5) as per SomaScan requirements. In total, 4534 proteins 
in 557 participants were available for analysis (Figure S3).

Statistical Analysis
Continuous variables are reported as mean with SD, or median 
and interquartile range, depending on normality. Categorical 
variables are expressed as counts and percentages. All datas-
ets were multiply imputed using the mice package to prevent 
selection bias due to missing data,19 except for the proteomics 
dataset. The amount of missing data was limited, and never 
exceeded 50%. Average missingness was 6.7% in the pro-
teomics subset and 8.1% in the CCN dataset (Table S1).

Cox proportional hazards models were used to assess the 
relation between cRM, cLVH and eccentric LVH, and the risk of 
HF, HFpEF, HFrEF, and mortality risk in women and men sepa-
rately, with the normal geometry category as the reference group. 
In addition, we adjusted for potential confounders: age, systolic 
blood pressure, body mass index, diabetes, dyslipidemia, smok-
ing, hypertension, and estimated glomerular filtration rate. We 
tested whether the models for women and men differed sta-
tistically, by adding an interaction term of the determinant and 
each covariable with sex to a fully adjusted model including both 
women and men and compared models using the Wald test.

To identify risk factors associated with cRM, we used sex-
stratified linear regression models with RWT as outcome, 
excluding 5892 patients with LVH. Continuous variables were 
analyzed per SD increase. Multivariable adjustment for con-
founders was performed as reported in the table legends. 
Sex-interaction testing was performed as described above. To 
assess effects of LVH on the associations, we repeated the risk 
factor analysis in the full cohort.

For the proteomics analyses, we first performed sex-strat-
ified univariable linear regression with RWT as outcome and 
proteins as determinants, excluding 37 persons with LVH. We 
then corrected the models for age. Next, we repeated the anal-
yses including persons with LVH. We calculated a standard P 
value for each model and additionally calculated a Benjamin-
Hochberg adjusted P value to correct for multiple testing. 
Sex-interaction was tested as described above. Using proteins 
associated with RWT based on significant standard P values 
in the age-corrected sex-stratified linear regression models, 
excluding the participants with LVH, we then performed path-
way analyses using ClusterProfiler package in R.20 We assessed 
pathways significantly associated with cRM, which we quanti-
fied using −log 10 p values.

We performed all analyses in R (version 4.0.3). A P value of 
<0.05 was considered statistically significant.

RESULTS
Demographics of Concentric Remodeling
CCN patients included in this analysis (n=60 593, 54.2% 
women) had a mean age of 61 years (±SD 10). cRM 
was common and present in 7718 women (23.5%), and 
7655 men (27.6%). cLVH was relatively rare (5.2% in 
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Table 1. Baseline Characteristics of 60 593 Women and Men Visiting the Cardiology Centers of the Netherlands Dataset Strati-
fied by Sex and Ventricular Geometry Class

 

Normal geometry, 
n=39 328 (65.0%)   

Concentric  
remodelling, 
n=15 373 (25.4%)   

Eccentric LVH, 
n=3109 (5.1%)   

Concentric LVH, 
n=2783 (4.6%)   

Men Women P value Men Women P value Men Women P value Men Women P value

n (%) by sex 17 791 
(64.1)

21 537 
(65.65)

 7655 
(27.6)

7718 
(23.5)

 1233 
(4.4)

1876 
(5.7)

 1083 
(3.9)

1700 
(5.2)

 

Age, y 60 (10) 60 (10) 0.06 62 (10) 64 (10) <0.001 66 (11) 66 (11) 0.16 65 (10) 69 (11) <0.001

BMI, kg/m² 26.5 
(3.8)

26.0 
(4.8)

<0.001 27.3 
(3.9)

27.0 
(4.9)

<0.001 27.2 
(4.3)

27.1 (5.2) 0.82 27.9 (4.3) 27.4 
(5.2)

0.026

Heart rate, bpm 67 (16) 69 (13) <0.001 70 (14) 72 (13) <0.001 71 (18) 70 (16) 0.74 70 (16) 71 (25) 0.036

Systolic blood 
pressure, mm Hg

143 (19) 140 (21) <0.001 148 
(20)

147 (22) <0.001 148 (23) 149 (23) 0.38 156 (23) 157 (24) 0.75

Diastolic blood 
pressure, mm Hg

85 (11) 83 (11) <0.001 88 (12) 86 (12) <0.001 85 (14) 85 (13) 0.23 90 (14) 88 (13) <0.001

Peak workload 
exercise (W)

190 (53) 126 (37) <0.001 174 (49) 113 
(35)

<0.001 162 (56) 109 (39) <0.001 162 (54) 101 (35) <0.001

RPP at rest  9637 
(2688)

9666 
(2453)

0.16 10 390 
(2617)

10 537 
(2573)

0.001 10 427 
(2955)

10 514 
(2787)

0.41 10 899 
(2903)

11 192 
(4281)

0.06

RPP at peak 
exercise

30 868 
(6504)

28 345 
(6100)

<0.001 30 702 
(6646)

28 143 
(6348)

<0.001 28 480 
(7100)

26 868 
(6837)

<0.001 29 338 
(7004)

26 787 
(6721)

<0.001

Delta RPP 
(peak-rest)

21 465 
(6520)

18 924 
(5917)

<0.001 20 552 
(6624)

17 975 
(6138)

<0.001 18 678 
(7230)

16 956 
(6683)

<0.001 18 778 
(6904)

16 216 
(6616)

<0.001

Diabetes (n [%]) 1466 
(8.3)

1218 
(5.7)

<0.001 889 
(11.7)

743 
(9.7)

<0.001 170 
(14.0)

214 
(11.6)

0.06 164 
(15.3)

275 
(16.4)

0.48

Hypertension (n 
[%])

4973 
(28.2)

6178 
(28.9)

0.15 2978 
(39.2)

3298 
(42.9)

<0.001 538 
(44.1)

894 
(48.3)

0.026 599 
(55.8)

976 
(58.0)

0.27

Hyperlipidemia 
(n [%])

3154 
(17.9)

3230 
(15.1)

<0.001 1481 
(19.5)

1526 
(19.9)

0.59 290 
(23.8)

384 
(20.8)

0.06 250 
(23.3)

368 
(21.9)

0.41

Smoking (n [%])   <0.001   <0.001   <0.001   <0.001

  Never 4273 
(25.7)

6456 
(32.2)

 1854 
(25.9)

2449 
(34.1)

 213 
(18.6)

475 
(27.2)

 211 
(21.4)

436 
(27.5)

 

  Current 5969 
(35.9)

7063 
(35.3)

 2416 
(33.8)

2466 
(34.4)

 471 
(41.2)

733 
(42.0)

 402 
(40.7)

702 
(44.3)

 

  Former 6388 
(38.4)

6510 
(32.5)

  2884 
(40.3)

2262 
(31.5)

 460 
(40.2)

537 
(30.8)

 374 
(37.9)

447 
(28.2)

 

Alcohol  
consumption  
(n [%])

  <0.001   <0.001   <0.001   <0.001

  Never 2729 
(16.9)

5001 
(25.8)

  1278 
(18.3)

 1990 
(28.4)

  161 
(14.2)

 429 
(25.1)

  125 
(13.0)

 385 
(24.9)

 

 �≤2 consump-
tions daily

11 191 
(69.3)

13 351 
(69.0)

 4696 
(67.1)

4704 
(67.2)

 798 
(70.4)

1183 
(69.1)

 667 
(69.6)

1081 
(69.9)

 

 �≥3 consump-
tions daily

2223 
(13.8)

1000 
(5.2)

 1023 
(14.6)

311 
(4.4)

 175 
(15.4)

100 (5.8)  167 
(17.4)

80 (5.2)  

Echocardiography

  IVSD at end-
diastole, mm

9.1 (1.4) 8.1 (1.3) <0.001 10.7 
(1.5)

9.7 (1.4) <0.001 11.1 
(1.6)

10.2 
(1.4)

<0.001 13.3 
(1.9)

12.0 
(1.9)

<0.001

  LVID at end-
diastole, mm

50.5 
(4.5)

46.2 
(4.1)

<0.001 44.4 
(4.2)

40.7 
(3.9)

<0.001 59.9 
(5.6)

53.5 
(4.7)

<0.001 51.1 
(4.4)

46.1 
(4.2)

<0.001

  LVPWD at end-
diastole, mm

8.7 (1.1) 7.8 (1.0) <0.001 10.8 
(1.1)

9.9 (1.0) <0.001 10.5 
(1.1)

9.6 (1.0) <0.001 13.0 
(1.5)

11.8 
(1.6)

<0.001

  Average E/e' 
ratio

7.4 (2.8) 8.3 (2.9) <0.001 8.2 (2.7) 9.5 (3.4) <0.001 9.6 (4.9) 10.1 
(4.4)

0.06 10.1 
(4.6)

11.0 
(4.7)

<0.001

  LA diameter, 
mm

37 (8) 34 (6) <0.001 36 (7) 33 (5) <0.001 43 (7) 39 (6) <0.001 41 (6) 38 (6) <0.001

(Continued )
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women and 3.9% in men; Table 1). Women and men with 
cRM were on average older, had higher systolic blood 
pressure, were more often diagnosed with hypertension 
and diabetes, and were more often prescribed statins, 
B-blockers, and antihypertensive medications than those 
with normal geometry (Table 1). Women and men with 
cLVH had the highest systolic blood pressure (157 
mm Hg) and the highest prevalence of hypertension, 
compared with all other morphological groups. Although 
the proportion of women with hypertension was con-
sistently 2% to 4% higher compared with men (in all 
groups), they less frequently (1% to 8%) received anti-
hypertensive medication. Women in all groups received 
statin therapy less often than men (statins prescribed in 
26.7%–46.1% of women and 38.2%–53.8% of men). 
Women in all groups had higher total cholesterol levels 
compared with men (Table 1).

Incident HF
A total of 24 624 (40.6%) patients had a follow-up 
visit. After a median follow-up of 19 months (interquar-
tile range: 4–53 months), there were 704 HF cases. Of 
these, 312 cases were HFpEF (54.5% women) and 137 
HFrEF (27.1% women). Adjusted overall HF risk was not 
increased by having cRM at baseline when combining 
women and men (HR, 1.27 [95% CI, 0.91–1.77]); how-
ever, there was significant sex-interaction (Psex-interaction= 
0.034). Splitting the results for women and men revealed 
an increased overall HF risk for cRM in women only (HR, 

1.72 [95% CI, 1.23–2.40]). cRM also increased the risk 
of incident HFpEF for women and men combined (HR, 
1.40 [95% CI, 1.00–1.98]), but there was no significant 
sex-interaction (Psex-interaction=0.20). Eccentric LVH and 
cLVH were both significantly associated with incident HF 
and HFpEF, in both combined and sex-stratified analy-
ses. We found slightly higher risks for these patterns in 
men than women (Table 2). Unadjusted results and asso-
ciations of geometry patterns with HFrEF are in Tables 
S2 and S3.

All-Cause Mortality
Statistics Netherlands successfully linked 96.1% 
(n=58 239) of the study population. A total of 4324 per-
sons (7.4%) died during 6 years (interquartile range, 4–8 
years) follow-up (46.4% women). Adjusted mortality risk 
was increased by having cRM at baseline when combin-
ing women and men (HR, 1.12 [95% CI, 1.02–1.23]), 
without significant sex-interaction (Psex-interaction=0.10). 
Eccentric LVH, and next cLVH, showed a more severe 
increased mortality risk than cRM (HR, 1.85 [95% CI, 
1.62–2.12], and HR, 1.65 [95% CI, 1.41–1.92]; Table 2). 
Unadjusted results are in Table S2.

Clinical Risk Factors for Higher RWT
Advancing age, higher body mass index, elevated rest-
ing heart rate, systolic- and diastolic blood pressure, 
and prevalent diabetes and hypertension, as well as 

 

Normal geometry, 
n=39 328 (65.0%)   

Concentric  
remodelling, 
n=15 373 (25.4%)   

Eccentric LVH, 
n=3109 (5.1%)   

Concentric LVH, 
n=2783 (4.6%)   

Men Women P value Men Women P value Men Women P value Men Women P value

  Left ventricular 
mass index, 
g/m²

78 (16) 66 (13) <0.001 81 (16) 71 (13) <0.001 133 (17) 111 (16) <0.001 134 (18) 114 (18) <0.001

  RWT, % 35 (5) 34 (5) <0.001 49 (6) 49 (7) 0.66 35 (5) 36 (5) <0.001 51 (9) 52 (10) 0.24

Medication

  β Blocker (n 
[%])

6577 
(37.0)

7298 
(33.9)

<0.001  3162 
(41.3)

3144 
(40.7)

0.48 787 
(63.8)

1064 
(56.7)

<0.001 607 
(56.0)

957 
(56.3)

0.93

  Antihyperten-
sive medica-
tions (n [%])

7349 
(41.3)

8013 
(37.2)

<0.001  4146 
(54.2)

4076 
(52.8)

0.10 936 
(75.9)

1289 
(68.7)

<0.001 831 
(76.7)

1256 
(73.9)

0.10

  Statin (n [%]) 6802 
(38.2)

5755 
(26.7)

<0.001  3488 
(45.6)

2791 
(36.2)

<0.001 663 
(53.8)

750 
(40.0)

<0.001 570 
(52.6)

783 
(46.1)

0.001

Laboratory

  Total choles-
terol, mmol/L

5.1 (1.1) 5.4 (1.1) <0.001 5.1 (1.1) 5.4 (1.1) <0.001 4.7 (1.1) 5.2 (1.1) <0.001 4.9 (1.1) 5.3 (1.2) <0.001

  Creatinine, 
µmol/L

83 (19) 67 (14) <0.001 84 (22) 68 (17) <0.001 89 (34) 69 (23) <0.001 88 (29) 70 (19) <0.001

Antihypertensive medications are ACE-inhibitor, angiotensin II receptor blocker, thiazide diuretic, spironolactone, and calcium channel blocker. If not specified other-
wise, mean values and SD are reported. P values are calculated comparing women and men within each geometry class. Parametric and nonparametric tests are used 
for continuous variables based on normality of the distribution. For counts, the χ2 test was used. BMI indicates body mass index; IVSD, Interventricular septal diameter; 
LA, left atrial; LVID, Left ventricular internal dimension; LVPWD, left ventricular posterior wall diameter; RPP, rate-pressure product; and RWT, relative wall thickness.

Table 1. Continued
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prescription of statins, B-blockers, and antihypertensive 
medications were associated with higher RWT after mul-
tivariable adjustment (Table 3). The association of age 
with higher RWT (per point % increase) was stronger in 
women (β women=2.16 [95% CI, 2.07–2.25] than men 
[β men=1.16 [95% CI, 1.06–1.26] per SD increase in 
age, Psex-interaction≤0.001). Systolic and diastolic blood pres-
sures were stronger risk factors in men than in women, 
while higher heart rate, hypertension, prescription of 
statins, B-blockers, and antihypertensive medications 
were significantly stronger associated with higher RWT 
in women (Tables 3 and 4). When we used cRM as binary 
outcome, the associations of systolic blood pressure and 
DBP with having cRM were also statistically stronger in 
men than women, but for hypertension there was no sex-
interaction (Table S4). Alcohol consumption in women (β 
women=−0.96 [95% CI, −1.45 to −0.48] for ≥3 con-
sumptions daily), and a higher peak workload (W) during 
exercise in both sexes (β women=−0.52 [95% CI, −0.65 
to −0.39] and β men=−0.66 [95% CI, −0.80 to −0.53] 

per SD increase in workload) were associated with lower 
RWT. Risk factor associations were similar in terms of 
direction and magnitude when patients with eccentric 
LVH and cLVH were included in the analysis (Table 4).

Proteomics
In the subsample of individuals in whom blood was col-
lected, cRM was present in 44.4% of women and 44.9% 
of men, and the prevalence of cLVH was 4.2% in women 
and 4.6% in men (see Tables S5 and S6 for baseline char-
acteristics and risk factor analysis). The group that was 
also included in the proteomics analysis was not clinically 
different from the remaining subsample, although small 
statistical differences were observed (Table S7). In 520 
individuals without LVH, the top 20 nominally significantly 
associated plasma proteins were largely positively asso-
ciated with RWT in women (17 out of 20). Conversely, 
in men fewer, 9 of the top 20 proteins, were positively 
correlated with RWT (Table 5). This was reflected by 
asymmetry in the volcano plots, significant sex-interac-
tion for most proteins, and no overlap in the top 10 hits 
between women and men (Figure S4; Table 5; Figure 1). 
In men, we found that protocadherin gamma-A10 was 
statistically significantly associated with higher RWT 
(β=2.72; Padjusted=0.013) after adjusting for multiple test-
ing, and correcting for age (Table 5). In women, a higher 
plasma level of IFNA5 (interferon alpha-5) was the top 
hit (β=1.82; P=0.06). After we increased power by addi-
tion of women and men with LVH (n=37), the associa-
tion of IFNA5 reached statistical significance with similar 
association strength (β=1.94; Padjusted=0.005; Table 6). In 
women, each SD increase of normalized IFNA5 levels 
was associated with a 1.94% increase in RWT. In men, 
there were no statistically significant findings, and the 
effect size for protocadherin gamma-A10 decreased 
(β=2.18; Padjusted=0.26; Table 6). IFNA5 was not associ-
ated with RWT in men (Table 6; Figure S5).

Pathway analysis revealed that, in women, proteins 
nominally associated with RWT grouped as mononuclear 
cell migration (−log 10; P=7.59), response to tumor 
necrosis factor (−log 10; P=6.42), monocyte chemotaxis 
(−log 10; P=5.85), extracellular matrix organization (−
log 10; P=5.79), and interferon-gamma activity (−log 10; 
P=5.18). This is consistent with activation of inflamma-
tory pathways (Figure 2; Figure S6). In men, pathways 
of protein transport (−log 10; P=8.99), protein localiza-
tion (−log 10; P=8.48), and platelet activation (−log 10; 
P=7.82) were found. Comparing the top 10 pathways by 
sex revealed differences in magnitude of pathway activa-
tion associated with RWT (Figure 2).

DISCUSSION
In a large cohort of individuals at risk of cardiovas-
cular disease, we find a high prevalence of cRM 

Table 2. Cox Regression Analyses of Geometry Patterns 
With Heart Failure, HFpEF, and Mortality

 
Men+ 
Women  Women Men 

 HR (95% CI) Psex-interaction 

value 
HR (95% CI) HR (95% CI)

HF

  Normal  
geometry

1 0.034 1 1

  Concentric 
remodelling

1.27  
(0.91–1.77)

 1.72  
(1.23–2.40)

1.39  
(0.99–1.94)

  Eccentric 
LVH

4.03  
(2.77–5.86)

 2.51  
(1.65–3.80)

4.72  
(3.25–6.86)

  Concentric 
LVH

5.76  
(4.01–8.29)

 4.16  
(2.87–6.04)

6.85  
(4.78–9.83)

HFpEF

  Normal  
geometry

1 0.20 1 1

  Concentric 
remodelling

1.40  
(1.00–1.98)

 1.61  
(1.12–2.32)

1.83  
(1.22–2.74)

  Eccentric 
LVH

1.98  
(1.30–3.04)

 1.13  
(0.63–2.02)

2.84  
(1.58–5.09)

  Concentric 
LVH

2.83  
(1.91–4.20)

 2.68  
(1.72–4.18)

7.18  
(4.51–11.43)

Mortality

  Normal  
geometry

1 0.10 1 1

  Concentric 
remodelling

1.12  
(1.02–1.23)

 1.14  
(1.02–1.27)

1.13  
(1.03–1.24)

  Eccentric 
LVH

1.85  
(1.62–2.12)

 1.69  
(1.46–1.94)

1.87  
(1.63–2.14)

  Concentric 
LVH

1.65  
(1.41–1.92)

 1.89  
(1.66–2.16)

1.67  
(1.43–1.95)

Adjusted for age, systolic blood pressure, body mass index, dyslipidemia, dia-
betes, smoking status, and kidney function (estimated glomerular filtration rate). 
HF indicates heart failure; HFpEF, heart failure with preserved ejection fraction; 
HR, hazard ratio; and LVH, left ventricular hypertrophy.
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(approximately 1 in 4), which in turn is associated with 
a higher risk of incident HFpEF and all-cause mortal-
ity. Risk factors for a high RWT were similar between 
women and men but showed statistically significantly 
stronger associations in women. Yet, activated path-
ways, annotating proteins relating to RWT, were nota-
bly different between sexes. We observed a female 
predominance of inflammatory pathways marked by an 

association of interferon alpha-5 with RWT in women 
(see Figure S1: Central Illustration).

Incident Heart Failure and Mortality
cRM is commonly conceptualized as a cardiac adapta-
tion to increased afterload caused by conditions such 
as hypertension and aortic stenosis. The transition of 

Table 3. Sex-Stratified Linear Regression Analysis of Risk Factors With RWT (%) in 54 701 Women and Men Without LVH

  Women (n=29 255) Men (n=25 446)   

 Univariable Multivariable Univariable Multivariable 

Beta (95% CI) Beta (95% CI) Beta (95% CI) Beta (95% CI)
Psex-interaction value for 
final models

Age, y 1.94 (1.85 to 2.04) – 1.12 (1.02 to 1.22) – <0.001

BMI, kg/m²* 0.92 (0.82 to 1.02) 0.88 (0.78 to 0.97) 1.00 (0.90 to 1.10) 0.97 (0.86 to 1.07) <0.001

Creatinine, µmol/L† 0.39 (0.26 to 0.51) 0.02 (−0.10 to 0.13) 0.33 (0.21 to 0.45) 0.11 (−0.02 to 0.23) 0.36

Total cholesterol, mmol/L‡ 0.06 (−0.05 to 018) 0 (−0.10 to 0.11) −0.04 (−0.16 to 0.08) 0.09 (−0.03 to 0.21) 0.29

Resting heart rate, bpm§ 1.07 (0.98 to 1.17) 0.85 (0.75 to 0.94) 0.83 (0.73 to 0.93) 0.68 (0.58 to 0.78) <0.001

Systolic blood pressure, 
mm Hg∥

1.35 (1.26 to 1.45) 0.46 (0.35 to 0.56) 1.33 (1.22 to 1.43) 0.84 (0.73 to 0.94) <0.001

Diastolic blood pressure, 
mm Hg∥

1.06 (0.96 to 1.15) 0.67 (0.57 to 0.77) 1.28 (1.18 to 1.38) 1.07 (0.97 to 1.18) <0.001

Peak workload (W)# −1.63 (−1.74 to −1.53) −0.52 (−0.65 to −0.39) −1.31 (−1.42 to −1.20) −0.66 (−0.80 to −0.53) 0.55

Resting RPP, 
mm Hg×bpm#

1.57 (1.48 to 1.67) 0.07 (−0.69 to 0.83) 1.41 (1.31 to 1.51) 0.94 (0.58 to 1.30) 0.047

Exercise RPP to 
mm Hg×bpm#

0.15 (0.04 to 0.25) 0.03 (−0.08 to 0.15) 0.1 (−0.02 to 0.23) 0.05 (−0.08 to 0.17) 0.89

Delta in RPP to 
mm Hg×bpm#

−0.48 (−0.58 to −0.37) 0.03 (−0.08 to 0.14) −0.45 (−0.57 to −0.32) 0.01 (−0.11 to 0.14) 0.81

Alcohol consumption ** 0.13

 �≤2 consumptions daily −0.41 (−0.64 to −0.18) −0.50 (−0.75 to −0.26) −0.07 (−0.36 to 0.22) −0.16 (−0.46 to 0.14) <0.001

 �≥3 consumptions daily −0.70 (−1.18 to −0.22) −0.96 (−1.45 to −0.48) 0.12 (−0.25 to 0.50) −0.10 (−0.49 to 0.28)  

Smoking†† <0.001

  Current −0.42 (−0.67 to −0.18) 0.38 (0.09 to 0.67) 0.18 (−0.10 to 0.45) 0.15 (−0.16 to 0.46)  

  Former −0.25 (−0.49 to −0.01) −0.12 (−0.39 to 0.15) −0.03 (−0.31 to 0.24) −0.06 (−0.35 to 0.23)  

Diabetes‡‡ 2.72 (2.34 to 3.11) 1.40 (1.02 to 1.78) 2.14 (1.78 to 2.50) 1.26 (0.90 to 1.62) 0.60

Hypertension§§ 2.85 (2.65 to 3.05) 1.44 (1.22 to 1.65) 2.39 (2.17 to 2.61) 1.13 (0.90 to 1.36) 0.06

β blocker∥∥ 1.29 (1.09 to 1.49) 0.37 (0.18 to 0.57) 0.83 (0.62 to 1.04) 0.18 (−0.03 to 0.39) 0.18

Statin§§ 2.02 (1.81 to 2.23) 0.88 (0.67 to 1.09) 1.36 (1.15 to 1.56) 0.58 (0.37 to 0.79) 0.046

Antihypertensive medica-
tion§§

2.87 (2.68, 3.06) 1.38 (1.17 to 1.58) 2.40 (2.19 to 2.60) 1.12 (0.90 to 1.34) 0.09

*BMI: corrected for age, SBP, alcohol, and smoking.
†Creatinine: corrected for age, SBP, BMI, hypertension medication, smoking.
‡Cholesterol: corrected for age, SBP, BMI, statin use.
§Heart rate: corrected for age, SBP, B-blocker use.
∥SBP+DBP: corrected for age, HR, cholesterol, BMI, smoking, hypertension medication.
#Workload+resting RPP+exercise RPP+delta RPP: corrected for age, SBP, heart rate, BMI.
**Alcohol consumption: corrected for age and smoking.
††Smoking: corrected for age and alcohol consumption.
‡‡Diabetes: corrected for age, BMI, SBP, hypertension medication, smoking.
§§Hypertension+hypertension medication+statin use: corrected for age, SBP, and BMI.
∥∥B-blocker use: corrected for age, SBP, and heart rate.
Antihypertensive medications are ACE-inhibitor, angiotensin II receptor blocker, thiazide diuretic, spironolactone, and calcium channel blocker. Analyses on RWT are 

conducted in 54 701 women and men without LVH. We reported beta coefficients for continuous variables per SD increase. The outcome variable RWT (%) is modelled 
per point increase in RWT. This means that, for example, each SD increase in age in women results in a 1.94% increase in RWT. ACE indicates angiotensin-converting 
enzyme; BMI, body mass index; CRP, C-reactive protein; RPP, rate-pressure product; and RWT, relative wall thickness.
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cRM to myocardial failure such as HFpEF is poorly 
understood but has clinical significance.3 We showed 
that cRM is equally prevalent in both women and men 
visiting cardiac outpatient clinics, using real-life data. 
We found that cRM is associated with future develop-
ment of HFpEF but not associated with overall risk of 
HF development or HFrEF. Other studies have identified 
eccentric LVH and cLVH, but not cRM, as markers of risk 

of incident HF and HFpEF in the general population, but 
did not report this in a sex-specific manner.21 In addition, 
we also found that cRM is associated with increased all-
cause mortality risk. This finding is in contrast to other 
studies, which did not identify cRM to increase mortal-
ity risk,8,22 not even in populations with coincident atrial 
fibrillation,23 HFpEF,5,6 or prior myocardial infarction.24 
This discrepancy may be explained by smaller sample 

Table 4. Sex-Stratified Analysis of Risk Factors for RWT (%) in 60 593 Women and Men, Including Individuals With LVH

  Women (n=32 831) Men (n=27 762)   

 Univariable Multivariable Univariable Multivariable 

Beta (95% CI) Beta (95% CI) Beta (95% CI) Beta (95% CI)
P sex-interaction value for 
final models

Age, y 2.16 (2.07 to 2.25) – 1.16 (1.06 to 1.26) – <0.001

BMI, kg/m²* 1 (0.9 to 1.09) 0.95 (0.85 to 1.04) 1.01 (0.91 to 1.11) 0.96 (0.85 to 1.06) 0.002

Creatinine, µmol/L† 0.48 (0.35 to 0.6) 0.05 (−0.06 to 0.17) 0.37 (0.26 to 0.49) 0.13 (0.01 to 0.25) 0.53

Total cholesterol, mmol/L‡ −0.02 (−0.12 to 0.09) −0.05 (−0.15 to 0.05) −0.04 (−0.17 to 0.08) 0.09 (−0.02 to 0.21) 0.07

Resting heart rate, bpm§ 0.98 (0.89 to 1.08) 0.73 (0.64 to 0.83) 0.75 (0.65 to 0.85) 0.60 (0.49 to 0.70) 0.002

Systolic blood pressure, 
mm Hg∥

1.62 (1.52 to 1.71) 0.67 (0.57 to 0.77) 1.49 (1.39 to 1.59) 1.01 (0.91 to 1.12) <0.001

Diastolic blood pressure, 
mm Hg∥

1.14 (1.04 to 1.23) 0.76 (0.66 to 0.88) 1.37 (1.27 to 1.47) 1.20 (1.09 to 1.30) <0.001

Peak workload (W)# −1.84 (−1.96 to −1.73) −0.62 (−0.77 to −0.47) −1.31 (−1.42 to −1.21) −0.64 (−0.77 to −0.51) 0.08

Resting RPP, 
mm Hg×bpm#

1.65 (1.55 to 1.74) −0.29 (−1.19 to 0.61) 1.43 (1.33 to 1.53) 0.82 (0.45 to 1.18) 0.024

Exercise RPP, 
mm Hg×bpm#

0.12 (0.02 to 0.23) 0.01 (−0.1 to 0.12) 0.1 (−0.03 to 0.23) 0.03 (−0.11 to 0.17) 0.84

Delta in RPP, 
mm Hg×bpm#

−0.56 (−0.67 to −0.46) 0.01 (−0.09 to 0.12) −0.46 (−0.59 to −0.33) 0 (−0.13 to 0.14) 0.89

Alcohol consumption** <0.001

 �≤2 consumptions daily − 0.31 (−0.53 to −0.08) −0.50 (−0.74 to −0.25) −0.01 (−0.29 to 0.28) −0.11 (−0.41 to 0.19)  

 �≥3 consumptions daily −0.49 (−0.97 to −0.01) −0.80 (−1.29 to −0.32) 0.28 (−0.09 to 0.66) 0.05 (−0.34 to 0.43)  

Smoking††  <0.001

  Current 0.05 (−0.19 to 0.29) 0.64 (0.35 to 0.92) 0 (−0.27 to 0.27) 0.13 (−0.18 to 0.43)  

  Former −0.37 (−0.62 to −0.13) −0.07 (−0.34 to 0.19) 0.17 (0.1 to 0.44) −0.1 (−0.38 to 0.19)  

Diabetes‡‡ 3.06 (2.7 to 3.43) 1.58 (1.22 to 1.93) 2.18 (1.84 to 2.53) 1.28 (0.94 to 1.63) 0.24

Hypertension§§ 3.22 (3.02 to 3.42) 1.59 (1.38 to 1.8) 2.63 (2.42 to 2.85) 1.28 (1.05 to 1.51) 0.049

β blocker∥∥ 1.59 (1.39 to 1.79) 0.54 (0.34 to 0.73) 0.89 (0.69 to 1.1) 0.20 (0 to 0.41) 0.023

Statin§§ 2.26 (2.05 to 2.46) 1 (0.79 to 1.2) 1.39 (1.19 to 1.6) 0.57 (0.37 to 0.78) 0.004

Antihypertensive medica-
tion§§

3.28 (3.09 to 3.47) 1.53 (1.33 to 1.74) 2.55 (2.35 to 2.75) 1.16 (0.95 to 1.38) 0.014

*BMI: corrected for age, SBP, alcohol, and smoking.
†Creatinine: corrected for age, SBP, BMI, hypertension medication, smoking.
‡Cholesterol: corrected for age, SBP, BMI, statin use.
§Heart rate: corrected for age, SBP, B-blocker use.
∥SBP+DBP: corrected for age, HR, cholesterol, BMI, smoking, and hypertension medication.
#Workload+resting RPP+exercise RPP+delta RPP: corrected for age, SBP, heart rate, BMI.
**Alcohol consumption: corrected for age and smoking.
††Smoking: corrected for age and alcohol consumption.
‡‡Diabetes: corrected for age, BMI, SBP, hypertension medication, smoking.
§§Hypertension+hypertension medication+statin use: corrected for age, SBP, and BMI.
∥∥B-blocker use: corrected for age, SBP, and heart rate.
Analyses on RWT are conducted on the entire population of 60 593 women and men. We reported beta coefficients for continuous variables per SD increase. The 

outcome variable RWT (%) is modelled per point increase in RWT. This means that, for example, each SD increase in age in women results in a 2.16% increase in RWT. 
BMI indicates body mass index; DBP, diastolic blood pressure; HR, heart rate; LVH, left ventricular hypertrophy; RPP, rate-pressure product; RWT, relative wall thickness; 
and SBP, systolic blood pressure.
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Table 5. Top 20 Hits Associating 4534 Proteins With RWT in 520 Women and Men With Normal Geometry or Concentric  
Remodeling in a Sex-Stratified Analysis

Target 
Gene  
symbol Beta P value 

Benjamin-Hochberg 
adjusted P value 

Psex-interaction 
value Beta P value 

Women Crude Age corrected

Interferon alpha-5 IFNA5 1.90 <0.001 0.06 <0.001 1.82 <0.001

Ectonucleoside triphosphate diphosphohydrolase 6 ENTPD6 1.68 <0.001 0.26 <0.001 1.68 <0.001

Phosphoenolpyruvate carboxykinase 1 PCK1 1.44 <0.001 0.56 0.010 1.5 <0.001

Adhesion G protein-coupled receptor B3 BAI3 −1.42 0.001 0.56 0.042 −1.43 <0.001

Probable ATP-dependent RNA helicase DEAD-box 
helicase 23

DDX23 1.36 0.002 0.56 0.021 1.42 <0.001

Neutral and basic amino acid transport protein rBAT SLC3A1 1.27 0.004 0.559 0.031 1.39 0.001

Leucine-rich repeat-containing protein 24 LRRC24 −1.27 0.004 0.56 0.66 −1.38 0.001

Transcription regulator protein BACH1 BACH1 1.39 0.002 0.56 <0.001 1.35 0.002

Hemoglobin subunit delta HBD 1.38 0.002 0.56 0.010 1.35 0.002

C-C motif chemokine 3-like 1 CCL3L1 1.35 0.002 0.56 0.010 1.35 0.002

Proteasome subunit alpha type-3 PSMA3 1.37 0.002 0.56 0.007 1.32 0.002

Desmoglein-1 DSG1 1.28 0.003 0.56 0.024 1.31 0.002

Small integral membrane protein 24 SMIM24 −1.17 0.008 0.56 0.32 −1.31 0.002

G2/mitotic-specific cyclin-B2 CCNB2 1.35 0.002 0.56 <0.001 1.3 0.002

Dual specificity tyrosine-phosphorylation-regulated 
kinase 3

DYRK3 1.22 0.005 0.56 0.58 1.3 0.002

Mast cell-expressed membrane protein 1 MCEMP1 1.33 0.002 0.56 0.003 1.3 0.002

Chymotrypsin-like protease CTRL-1 CTRL 1.25 0.004 0.56 0.001 1.3 0.002

T-cell surface protein tactile CD96 1.29 0.003 0.56 0.07 1.28 0.003

Ectonucleoside triphosphate diphosphohydrolase 1 ENTPD1 1.24 0.005 0.56 0.015 1.28 0.003

Kv channel-interacting protein 1 KCNIP1 1.28 0.003 0.56 0.001 1.28 0.003

Men  Crude  Age corrected

Protocadherin gamma-A10 PCDHGA10 2.92 <0.001 0.012 <0.001 2.72 <0.001

3-mercaptopyruvate sulfurtransferase MPST −2.26 <0.001 0.16 0.002 −2.32 <0.001

Myosin light chain 5 MYL5 2.22 <0.001 0.17 0.002 2.26 <0.001

Platelet glycoprotein Ib alpha chain GP1BA −2.37 <0.001 0.16 0.007 −2.2 <0.001

SLAM family member 8 SLAMF8 2.29 <0.001 0.16 0.003 2.17 <0.001

Histone deacetylase 8 HDAC8 −2.24 <0.001 0.16 <0.001 −2.15 <0.001

RNA polymerase II subunit A C-terminal domain  
phosphatase SSU72

SSU72 −2.14 <0.001 0.19 0.007 −2.12 <0.001

Mitochondrial import inner membrane translocase  
subunit Tim21

TIMM21 2.28 <0.001 0.16 <0.001 2.12 <0.001

Ectonucleoside triphosphate diphosphohydrolase 1 ENTPD1 2.29 <0.001 0.16 0.015 2.11 <0.001

Hepatitis A virus cellular receptor 1 HAVCR1 2.44 <0.001 0.16 0.003 2.18 <0.001

Protein FAM69C FAM69C −2.31 <0.001 0.16 0.001 −2.1 <0.001

C-C motif chemokine 24 CCL24 2.05 0.001 0.23 0.005 2.05 0.001

DnaJ homolog subfamily C member 17 DNAJC17 −2.15 <0.001 0.19 0.006 −2.04 0.001

E3 ubiquitin-protein ligase CHFR CHFR −2.33 <0.001 0.16 0.001 −2.07 0.001

Tomoregulin-1 TMEFF1 −1.87 0.003 0.26 0.024 −1.96 0.002

TAR DNA-binding protein 43 TARDBP −2.14 <0.001 0.19 <0.001 −1.96 0.002

E3 ubiquitin-protein ligase FANCL FANCL 2.02 0.001 0.24 0.001 1.93 0.002

Kinetochore protein NDC80 homolog NDC80 −2.18 <0.001 0.18 0.001 −1.95 0.002

Beta-1,3-galactosyltransferase 2 B3GALT2 −1.95 0.002 0.26 0.035 −1.91 0.002

DNA polymerase iota POLI −1.94 0.002 0.26 0.035 −1.89 0.003

Top 20 hits associating with RWT in 520 women and men with either normal geometry or concentric remodelling. We reported beta coefficients for proteins per SD 
increase. The outcome variable RWT (%) is modelled per point increase in RWT. This means that, for example, each SD increase in IFNA5 in the crude model in women 
results in a 1.90% increase in RWT. IFNA5 indicates interferon alpha-5; and RWT, relative wall thickness.
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size in prior studies, reducing power to detect mildly 
increased risk. We observed that cRM increased mor-
tality similarly for both sexes. This is in keeping with a 
magnetic resonance imaging study, which found that 
cLVH was equally associated with all-cause mortality in 
women and men.25

Sex Differences in Traditional Risk Factors for 
Higher RWT
In women, several cardiovascular risk factors had a 
greater impact on RWT compared with men, including 
age, heart rate, and hypertension. In women, the magni-
tude of association between age and RWT was twice as 
high as in men. During aging, LV mass increases more in 
women, and cardiomyocytes are better preserved26 than 
in men. This may result in a higher RWT.27 Hypertension 

is an important risk factor for cRM,27–30 which we con-
firm in our study. Women are known to be more sus-
ceptible to cRM and diastolic dysfunction as result of 
pressure overload (eg, aortic stenosis) as compared with 
men.10,11 Consequently, our data are in agreement with 
the prior observation that relative HF, myocardial infarc-
tion, and overall cardiovascular risk attributable to blood 
pressure is higher in women than in men,31 suggesting 
that sex-specific targets for blood pressure control may 
be an interesting target to improve cardiovascular pre-
vention in women. Heart rate is slightly higher in women 
as compared with men to keep up cardiac output given 
smaller stroke volume.32 The stronger association of 
heart rate with RWT in women was comparable to a 
study in hypertensive individuals.33 Severely reduced 
stroke volumes due to cRM may drive the attenuated 
association between increased heart rates and higher 

Figure 1. Women and men comparison of the associations of proteins with relative wall thickness (RWT): associations of top 10 
proteins associating with RWT in 520 women and men, respectively.
A negative β represents that a high value of this protein is associated with lower RWT, and a positive β represents that a high value of this 
protein is associated with higher RWT. Pink bars represent the analysis in women and blue bars in men, and the length of the bars represents 
the 95% CI of the age-corrected models. Most proteins that associate with a higher RWT in women are neutral or negatively associated 
in men. Most proteins related to a lower RWT in men are indifferent in women. The * symbol is depicted for proteins that are significantly 
associated after correction for multiple testing (Benjamini-Hochberg adjusted P<0.05). For abbreviations of the proteins, we refer to Table 5.
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Table 6. Top 20 Hits in 557 Women and Men in the Sex-Stratified Analysis of 4534 Proteins With RWT, Including Individuals 
With LVH

Target 
Gene 
Symbol Beta P value 

Benjamin-Hochberg 
adjusted P value 

P sex-interaction 
value Beta P value 

Women Crude Age corrected

Interferon alpha-5 IFNA5 2.07 <0.001 0.005 <0.001 1.94 <0.001

Ectonucleoside triphosphate diphosphohydrolase 6 ENTPD6 1.6 <0.001 0.40 <0.001 1.6 <0.001

Adhesion G protein-coupled receptor B3 BAI3 −1.34 0.002 0.73 0.06 −1.34 0.001

Neutral and basic amino acid transport protein rBAT SLC3A1 1.2 0.005 0.73 0.023 1.33 0.001

Phosphoenolpyruvate carboxykinase, cytosolic (GTP) PCK1 1.21 0.004 0.73 0.034 1.32 0.001

Probable ATP-dependent RNA helicase DDX23 DDX23 1.24 0.004 0.73 0.023 1.3 0.002

Proteasome subunit alpha type-3 PSMA3 1.31 0.002 0.73 0.005 1.27 0.002

Dual specificity tyrosine-phosphorylation-regulated kinase 3 DYRK3 1.16 0.007 0.73 0.76 1.27 0.002

T-cell surface protein tactile CD96 1.25 0.003 0.73 0.06 1.24 0.003

C-C motif chemokine 3-like 1 CCL3L1 1.19 0.005 0.73 0.018 1.21 0.003

Interleukin-12 receptor subunit beta-1 IL12RB1 1.15 0.007 0.73 0.98 1.21 0.004

C-X-C motif chemokine 17 CXCL17 1.15 0.007 0.73 0.022 1.2 0.004

Tyrosine-protein phosphatase nonreceptor type substrate 1 SIRPA −0.93 0.029 0.76 0.032 −1.2 0.004

Transcription regulator protein BACH1 BACH1 1.23 0.004 0.73 0.002 1.19 0.004

Secreted frizzled-related protein 3 FRZB −0.95 0.026 0.73 0.236 −1.2 0.004

Small integral membrane protein 24 SMIM24 −1.03 0.015 0.71 0.61 −1.18 0.004

Bcl-2-like protein 11 BCL2L11 1.2 0.005 0.71 0.32 1.17 0.005

R-spondin-3 RSPO3 −0.93 0.029 0.75 0.008 −1.18 0.005

Ectonucleoside triphosphate diphosphohydrolase 1 ENTPD1 1.1 0.010 0.71 0.030 1.17 0.005

DNA polymerase epsilon subunit 2 POLE2 −1.14 0.007 0.71 0.14 −1.16 0.005

Men Crude Age corrected

3-mercaptopyruvate sulfurtransferase MPST −2.41 <0.001 0.26 <0.001 −2.46 <0.001

Platelet glycoprotein Ib alpha chain GP1BA −2.4 <0.001 0.26 0.005 −2.29 <0.001

Complement C1q and tumor necrosis factor-related protein 
9A

C1QTNF9 1.92 0.002 0.38 <0.001 2.14 <0.001

Insulin-like peptide INSL5 INSL5 −2.15 <0.001 0.38 0.007 −2.09 <0.001

Protocadherin gamma-A10 PCD-
HGA10

2.36 <0.001 0.26 0.002 2.18 <0.001

DnaJ homolog subfamily C member 17 DNAJC17 −2.12 <0.001 0.38 0.004 −2.05 0.001

Ectonucleoside triphosphate diphosphohydrolase 1 ENTPD1 2.2 <0.001 0.38 0.030 2.05 0.001

Dual specificity mitogen-activated protein kinase kinase 6 MAP2K6 −2.17 <0.001 0.38 0.001 −2 0.002

SLAM family member 8 SLAMF8 2.04 0.001 0.38 0.008 1.96 0.002

Toll/interleukin-1 receptor domain-containing adapter protein TIRAP −1.9 0.003 0.38 0.017 −1.96 0.002

Arylsulfatase K ARSK −1.84 0.004 0.38 0.021 −1.96 0.002

Myosin light chain 5 MYL5 1.91 0.003 0.38 0.007 1.95 0.002

C-C motif chemokine 24 CCL24 1.94 0.002 0.38 0.006 1.93 0.002

Histone deacetylase 8 HDAC8 −2 0.002 0.38 <0.001 −1.93 0.002

RNA polymerase II subunit A C-terminal domain  
phosphatase SSU72

SSU72 −1.95 0.002 0.38 0.008 −1.91 0.002

Aprataxin APTX 1.93 0.002 0.38 0.002 1.9 0.002

Tomoregulin-1 TMEFF1 −1.73 0.006 0.38 0.021 −1.84 0.004

Cyclin-dependent kinase inhibitor 1 CDKN1A −1.99 0.002 0.38 0.007 −1.84 0.004

Leucine carboxyl methyltransferase 1 LCMT1 −1.77 0.005 0.38 0.010 −1.82 0.004

Extracellular sulfatase Sulf-2 SULF2 −1.96 0.002 0.38 0.015 −1.83 0.004

Top 20 hits associating with RWT in 557 women and men with either normal geometry, cRM, cLVH, or eccentric LVH. We reported beta coefficients for proteins per SD 
increase. The outcome variable RWT (%) is modelled per point increase in RWT. This means that, for example, each SD increase in IFNA5 in the crude model in women 
results in a 2.07% increase in RWT. IFNA5 indicates interferon alpha-5; LVH, left ventricular hypertrophy; and RWT, relative wall thickness.
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RWT in women, highlighting the clinical importance of 
cRM as target for intervention.

Plasma Proteomics
Proteomics studies in the field of cardiac remodeling 
and HFpEF may have importance in understanding of 
disease biology and identification of therapeutics.34–40 
Our study adds to prior work as we used a proteomics 
assay not limited to candidate biomarkers.41 We show 
that RWT is associated with increased circulating pro-
teins involved in mononuclear cell migration, response to 
tumor necrosis factor, monocyte chemotaxis, extracellu-
lar matrix organization, and interferon-gamma activity in 
women, consistent with activation of inflammatory path-
ways. Tromp et al40 compared biomarker patterns and 
biological pathways in HFrEF and HFpEF using a car-
diovascular protein panel. Inflammatory and extracellular 
matrix organization pathways were predominantly acti-
vated in patients with HFpEF (43% women) compared 
with patients with HFrEF (26% women), in whom cellu-
lar growth and metabolism pathways were upregulated. 
As HFpEF has a female preponderance, the similarities 
between studies in inflammatory and immune-related 
pathway activation suggest a link between onset of cRM 
and development of HFpEF in women. This supports the 
idea that biological processes underlying cRM may be 
sex-dependent.

Two prior proteomic studies focused on sex differ-
ences in HFpEF populations.42,43 One found proteins 

involved in extracellular matrix turnover to be differen-
tially expressed between women and men.42 The sec-
ond study showed that proteomic correlates of coronary 
microvascular dysfunction in patients with HFpEF dif-
fered by sex.43 Although direct comparison of proteomic 
studies is complicated, due to protein panel differences 
and different analysis strategies, accumulating evidence 
suggests that sex is an important modifier of cardiac 
remodeling and HFpEF.

We identified higher circulating levels of IFNA5 in 
women with higher RWT, and this became statistically 
significant when we added women with LVH to our sam-
ple. IFNA5 is a cytokine in the interferon family that plays 
a role in the immune response to viruses but is also asso-
ciated with auto-immunity, especially in systemic lupus 
erythematosus, a condition with a 9:1 female to male 
prevalence ratio.44 TLR7 (toll-like receptor 7), located 
on the X-chromosome, is one of the pattern recognition 
receptors responsible for IFN production. Women have 2 
X-chromosomes of which one is silenced. This X-chromo-
some inactivation may be incomplete, resulting in genes 
that escape X-inactivation. Intriguingly, TLR7 is a gene 
that frequently escapes X-chromosome inactivation45 and 
may lead to sex-specific increased levels of interferon-α 
and β.45 X-chromosome escape genes have been sug-
gested to explain the high prevalence of autoimmune dis-
ease in women as compared with men. Our results inspire 
the hypothesis that activation of interferon signaling is a 
result of X-escape mechanisms and may partially explain 
the increased prevalence of HFpEF in women.

Figure 2. Women and men comparison of the pathways annotating proteins relating to relative wall thickness (RWT): top 10 
pathways annotating proteins that were nominally significantly associated with relative wall thickness for 520 women and men, 
respectively, are depicted in pink (women) and blue (men).
The strength of the association is represented by the magnitude of the bars as quantified by –log 10 P value. + indicates positive regulation.
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If one considers cRM and cLVH to be early and long-
term structural adaptations, respectively, to increased 
afterload, one could then posit the importance of early 
intervention in cRM, to prevent deterioration to the 
higher risk phenotypes of cLVH and HFpEF. Inflamma-
tory biomarkers may have potential for early detection of 
patients at risk for HFpEF, particularly women. But more 
importantly, targeting inflammation may provide a win-
dow of opportunity for prevention of deterioration toward 
cLVH or HFpEF. The recent success of SGLT2 (sodium-
glucose cotransporter-2) inhibitors to improve prognosis 
in patients with HFpEF46 may hold promise here, since 
beneficial effects of SGLT2 inhibition include reduced 
oxidative stress and inflammation, inhibition of cardiac 
fibrosis, improved endothelial function, and improved 
filling conditions and diastolic function.47 Additionally, 
statins48 and colchicine49 are known to target systemic 
inflammation and are beneficial for prevention of isch-
emic heart disease, respectively. In the Low Dose Col-
chicine (LoDoCo) trial subanalysis, however, the effect in 
women was not convincing, possibly due to small num-
bers of enrolled women.49 Failure to enroll substantial 
numbers of women in clinical trials continues to hamper 
understanding of the biologic variability in cardiovascular 
disease by sex. We communicated in our patient informa-
tion the need to study women at risk for HFpEF, which 
resulted in 65.4% inclusion of women in this study, allow-
ing the sex-stratification of our analysis and a deliberate 
search for sex-specific disease mechanisms.

Limitations
Despite the large number of plasma proteins assayed, we 
found only a single protein in women, and no proteins in 
men, that significantly associated with high RWT in rigor-
ous statistical testing. We acknowledge the limitation that 
IFNA5 is only statistically significantly associated with a 
higher RWT in women after adding women with LVH to 
our analysis. However, the effect size of the association 
was similar, suggesting a power issue. Our protein path-
way analysis findings have not yet been validated, and 
the prognostic value of IFNA5 for cRM and HFpEF in 
women needs further investigation.50 We are not able to 
provide reference values for IFNA5 levels, since our data 
were transformed to be comparable between proteins. 
Data on infiltrative or restrictive cardiomyopathy were not 
captured in a standardized manner. Hence, prevalence 
of these specific disorders was not reported. Finally, our 
study is limited by incomplete follow-up, which could 
lead to selection bias. We may have underestimated true 
heart failure incidence.

Conclusions
cRM is prevalent in approximately 1 in 4 women and men 
visiting outpatient cardiology clinics and associated with 

HFpEF development and mortality risk in both sexes. 
Known risk factors for cRM were statistically significantly 
more strongly associated in women than men. Proteomic 
analysis revealed inflammatory pathway activation in 
women, with a central role for IFNA5. Differential bio-
logic pathway activation by sex in cRM may contribute to 
the female predominance of HFpEF and holds promise 
for identification of new therapeutic avenues for preven-
tion and treatment of HFpEF.
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