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Aims Biomarkers associated with asymptomatic ventricular dysfunction might improve risk stratification and identify
pathways leading to heart failure (HF). We explored the association between proteomic biomarkers and left
ventricular hypertrophy (LVH), diastolic dysfunction (DD) and incident HF in three population-based cohorts.
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Methods
and results

A chip was used to measure 92 protein biomarkers in blood samples from >1500 Malmö Preventive Project (MPP)
participants, of whom 514 had LVH (34%), 462 had DD (32.4%) and, over a median follow-up of 13 (11–14) years,
130 developed HF (7.7%). Findings were confirmed in the STANISLAS (n>1500, 238 participants with LVH, 76
with DD) and HOMAGE case-control (562 cases of incident HF, 871 controls) cohorts. In multivariable logistic
or Cox regression analyses adjusted for age, sex and cardiovascular risk factors, N-terminal pro-B-type natriuretic
peptide (NT-proBNP) was associated with LVH, DD and incident HF in all cohorts: MPP (LVH odds ratio [OR]
[95% confidence interval] 1.48 [1.28–1.71]; DD OR 1.71 [1.53–1.92]; HF HR 1.98 [1.66–2.36]); STANISLAS
(LVH OR 1.20 [1.02–1.41]; DD OR 1.46 [1.12–1.90]); HOMAGE (HF HR 1.85 [1.62–2.12]). Galectin-4, growth
differentiation factor 15 and suppression of tumorigenicity-2 were associated with incident HF in MPP and HOMAGE.
A pathway enrichment analysis suggested that inflammation and viral infection were related to incident HF.
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Conclusion In conclusion, our study reinforces the role of NT-proBNP as a key biomarker for asymptomatic cardiac dysfunction
and incident HF, consistent with its established use in clinical practice. This underscores the value of NT-proBNP for
identifying patients at high risk for HF, and provides insights into pathways leading to HF and potential therapeutic
targets.
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Graphical Abstract

Proteomic Biomarkers and Pathway Analysis for Progression to Heart Failure

METHODS

Echocardiography and proteomics were 
analyzed in three large independent 

European cohorts (Malmö Preven�ve 
Project, HOMAGE and STANISLAS 

cohorts comprising ~4800 individuals).

RESULTS

NT-proBNP was consistently associated 
with le� ventricular hypertrophy, 
diastolic dysfunc�on, and incident 

heart failure (n=692) across all cohorts, 
reinforcing its role as a key biomarker 
for cardiac dysfunc�on. Also ST2, GDF-

15, and Galec�n-4 were associated 
with incident HF.

While NT-proBNP is the most robust 
predictor, the addi�on of ST2, GDF-15 and
Galec�n-4 enhanced predic�ve accuracy.

A pathway enrichment analysis suggested 
that inflamma�on and viral infec�on 

were related to incident HF.

Markers of progression to heart failure (HF). Gal-4, galectin-4; GDF-15, growth differentiation factor 15; NT-proBNP, N-terminal pro-B-type
natriuretic peptide; ST2, suppression of tumorigenicity-2.
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Introduction
The progression from a healthy to a failing heart involves com-
plex molecular, cellular, and physiological adaptations to cardiac
stressors. Prolonged exposure to various cardiovascular risk fac-
tors may lead to structural and functional cardiac problems,
such as left ventricular hypertrophy (LVH) and diastolic dysfunc-
tion (DD), culminating in the development of symptoms and
signs, fulfilling the current diagnostic criteria for heart failure
(HF).1 Understanding these stages is vital for the early identi-
fication, intervention, and treatment of HF.2–4 Recognizing and
treating cardiac dysfunction could potentially delay or prevent ..
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. the onset of symptoms of HF. Identifying biomarkers associated
with asymptomatic cardiac dysfunction and incident HF could
improve understanding of pathophysiological pathways leading to
HF, detect ‘silent’ disease progression and trigger renewed efforts
to optimize cardiovascular risk factor control to delay the onset
of HF.

Numerous studies have studied the proteome in various stages
of HF, such as LVH, DD, and the onset of HF itself,5–9 but few have
covered all HF stages. Therefore, we investigated the associations
between plasma biomarkers and asymptomatic cardiac dysfunction,
specifically LVH and DD, as well as incident HF, using samples from
three population-based cohorts.

© 2024 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Markers of progression to heart failure 3

Methods
Cohorts
Discovery cohort

The Malmö Preventive Project (MPP), conducted in Malmö, Sweden
from 1974 to 1992, screened 33 346 residents for cardiovascular risk
factors, alcohol abuse, and impaired glucose tolerance. Residents of
Malmö, born 1921–1949, were invited. A re-examination (MPP-RES)
of surviving participants took place 2002–2006, with 17 284 individuals
attending. A sub-sample of 1792 participants, randomly selected and
categorized by fasting plasma glucose and diabetes status10 underwent
echocardiography (MPP-RES-Echo).

The replication cohort for left ventricular hypertrophy
and diastolic dysfunction

The STANISLAS cohort is a longitudinal cohort comprising 4295
participants from the Nancy region of France between 1993 and
1995. Follow-up visits occurred 5 and 10 years later. For a fourth
visit (2011–2016; follow-up at 18–23 years), 1705 individuals from the
original cohort were re-examined, and used in the present study.11

The replication cohort for incident heart failure

The HOMAGE database enrolled over 40 000 healthy individuals,
patients with HF and patients at high risk of cardiovascular disease in
21 studies.12 Within HOMAGE, we selected cohorts with individuals
free from HF, with follow-up data until first HF hospitalization, from
two suitable cohorts and one clinical trial; PREDICTOR, PROSPER
and HEALTH-ABC.12 A nested matched case-control design was used,
excluding individuals with a history of HF at baseline. Individuals who
developed HF were considered to be at risk (eligible as controls until
they became a case). We identified 852 incident HF cases (44 from
PREDICTOR, 234 from PROSPER, 574 from HEALTH-ABC), with
controls matched for age, sex, and follow-up time (time from study
entry to incident HF).

The HOMAGE study had two phases, discovery and replication,
though in the present study, it functioned as a replication cohort. For
discovery, 300 cases and 599 controls were randomly selected. The
final match consisted of 286 cases and 591 controls due to missing or
poor-quality samples. For replication, 315 cases and 315 controls were
randomly selected. Merging both phases (replication and discovery),
the final study group had 562 cases and 871 controls, after excluding
missing or poor-quality samples.

The study was conducted in accordance with the Declaration of
Helsinki and approved by the ethical review board at each site. Written
informed consent was obtained from all participants.

Echocardiography
Discovery cohort

Images were obtained and analysed by experienced sonographers,
using a 3V2c transducer (Acuson Sequoia, Mountain View, CA, USA)
or an S3 transducer (Sonos 5500 Philips, Andover, MA, USA), while
measurements were made offline using Xcelera.

Left ventricular ejection fraction (LVEF) was quantified visually.

The replication cohort for diastolic function and left
ventricular hypertrophy

Experienced sonographers obtained and analysed the images with an
M5S transducer (Vivid 9, General Electric Medical Systems, Horten, ..
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.. Norway). Measurements were made using EchoPAC (version 110.1.0,
GE Healthcare). LVEF was calculated using Simpson’s biplane method.

For discovery, as well as replication cohort, left ventricular (LV)
filling patterns were obtained with the transducer in the apical position
and with the pulsed-wave Doppler sample volume placed at the tip
of the mitral leaflets. Peak velocity of the early diastolic wave (E)
was identified. With the sample volume placed within 1 cm of the
septal and lateral borders of the mitral annulus, pulsed-wave tissue
Doppler imaging was used to obtain the septal and lateral tissue
velocity in diastole (e’). LV mass was determined in the parasternal
long-axis view, from end-diastolic measurements at the tip of the mitral
leaflets, using the formula recommended by the American Society of
Echocardiography,13 and indexed for body surface area to obtain LV
mass index (LVMI). The left atrium was traced in the 4-chamber view.

Laboratory
In MPP-RES-Echo, fasting blood samples were centrifuged and stored at
−80∘C until the time of analysis. Plasma samples from 1737 participants
who had echocardiography performed were successfully analysed for
proteomic profiling. Participants were followed from re-examination
to event or censoring (31 December 2018), with a median follow-up
time of 13 (11–14) years. For analyses of plasma cystatin C and creati-
nine, standardized methods were used at each site. In MPP-RES-Echo,
N-terminal pro-B-type natriuretic peptide (NT-proBNP) was mea-
sured at the Department of Clinical Chemistry, Akershus University
Hospital, Lorenskog, Norway (electrochemiluminescence immunoas-
say, Elecsys, Roche Diagnostics, Basel, Switzerland). In HOMAGE and
STANISLAS, NT-proBNP was measured using a proximity extension
assay.

Proteomic assay
In all three cohorts, plasma samples were analysed by the proximity
extension assay technique, using the Proseek Multiplex CVD III 96× 96
reagents kit (Olink Bioscience, Uppsala, Sweden).14 In MPP-RES-Echo,
one protein had concentrations below detectable limits in >15%
samples (NT-proBNP) and was thus excluded. Further information
about the assays is available on the Olink homepage (http://www.olink
.com).

Definitions and outcomes
In all cohorts, standardized methods were used to measure anthropo-
metrics, heart rate, and blood pressure (BP).10–12 DD was considered
present for participants with both (i) average E/e’ ratio ≥8 and (ii)
left atrial (LA) volume index >28 ml/m2.15,16 LVH was defined as LVMI
≥115 g/m2 for men and ≥95 g/m2 for women.17 Medications, medical
history, and smoking habits were self-reported.

Discovery cohort

In MPP-RES-Echo, diabetes was defined as a self-reported diagnosis,
a prior diabetes diagnosis, use of diabetes medication, two separate
fasting plasma glucose (FPG) measurements of ≥7.0 mmol/L, or a single
measurement of ≥11.1 mmol/L. LA volume was derived using the
following formula: LA volume= LA area (cm2) * 3.075–4.42018 and
thereafter indexed for body surface area. HF diagnosis was retrieved
through national and regional Swedish registers for inpatients and
outpatients, administered by the Swedish National Board of Health and
Welfare.

© 2024 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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–1992
n = 33346

(average rate of 

- –2006
n = 18238

Echocardiography performed on a sub- 1792 

n = 1737

Analyses of incident 
HF

Prevalent HF (n = 32) 
excluded

24
missing data on one 
or more co-variated 
excluded 

Final analysis for 
incident HF

Sample n = 1681

Number of events 
n = 130

Analyses of 
prevalent LVH

179 with LVEF <50 
excluded

43
with missing data 
on any co-variate 
excluded 

Final analysis for 
prevalent LVH

Sample n = 1515

Number of events 
n = 514

Analyses of prevalent 
DD

179 with LVEF <50 
excluded

132
missing data on any 
co-variate excluded 

Final analysis for 
prevalent DD

Sample n = 1426

Number of events 
n = 462

(a)

Figure 1 (A) Flowchart of the discovery cohort population (MPP-RES-Echo). (B) Flowchart of the replication cohort population (HOMAGE).
(C) Flowchart of the replication cohort population (STANISLAS). DD, diastolic dysfunction; HF, heart failure; LVEF, left ventricular ejection
fraction; LVH, left ventricular hypertrophy.

The replication cohort for diastolic function and left
ventricular hypertrophy

In STANISLAS, the definition of diabetes was based on FPG and/or
glycated haemoglobin and/or use of diabetes medication.

The replication cohort for incident heart failure

In HOMAGE, diabetes was defined as a self-reported diagnosis
only. Incident HF was defined as first hospitalization for HF as pri-
mary diagnosis (adjudicated by the investigators of the respective
cohorts). ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

. Final study populations
Participants with missing data on any covariate were excluded. For DD
and LVH analysis, those with LVEF <50% were excluded (n= 96). For
incident HF analysis in MPP-Res-Echo, individuals with a history of HF
(ICD-10 I50) were excluded (n= 32). The final MPP-RES-Echo sample
included 1681 individuals for incident HF analysis (n= 130), 1426
individuals for prevalent DD (n= 462; 32.4%) and 1515 individuals for
prevalent LVH (n= 514; 33.9%) analysis (Figure 1A). In HOMAGE, the
final study sample was 1433 individuals (Figure 1B). In STANISLAS, the
final study sample was 1584 individuals for DD analysis and 1630 for
LVH analysis (Figure 1C).

© 2024 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Markers of progression to heart failure 5

STANISLAS cohort

Visit 4

n = 1705

Echocardiography performed on a subpopulation of 1696 individuals

Final analysis for DD

Sample n = 1584

Number of events (n = 76)

Proteomic profiling n = 1670

Excluded participants for missing 

Olink biomarkers

n = 26

Final analysis for LVH

Sample n = 1630

Number of events (n = 238)

Excluded participants for missing

echography data (for DD) or

adjustment variables

n = 86
65 missing echography 

data

21 missing adjustment

variables

Excluded participants for missing

echography data (for LVH) or

adjustment variables

n = 40
17 missing echography data

23 missing adjustment

variables

Excluded participants for

missing echocardiography n = 9

HOMAGE proteomic study

N = 1433 subjects

(562 cases, 871 controls)

HOMAGE DataBase

Subjects with follow-up for first HF hospitalization
and no HF history

PREDICTOR (n = 1642, 44 with incident HF)   
HEALTH-ABC (n = 2935, 574 with incident HF)     
PROSPER (n = 5804, 234 with incident HF)

Total: 10381 subjects, 852 with incident HF

1:2 nested matched case-control for incident HF
(300 cases, 599 controls)

Proteomic profiling

Discovery phase
(286 cases, 591 controls)

1:1 nested matched case-control for incident HF  
(315 cases, 315 controls)

Replication phase
(276 cases, 280 controls)

77 subjects with missing
or poor quality samples

were excluded

22 subjects with missing
or poor quality samples

were excluded

Proteomic profiling

(b)

(c)

Figure 1 Continued.

© 2024 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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6 A. Dieden et al.

Statistical analysis
The variables are presented as means (± standard deviation) or
median (25th–75th interquartile range). Comparisons between indi-
viduals without and with incident HF used independent samples t-test,
the Mann–Whitney U test, or Pearson’s 𝜒2 test.

Unadjusted logistic regressions for associations of 92 markers with
prevalent LVH and DD were performed, with adjusted p-values cal-
culated using the Benjamini–Hochberg method. A 5% false discovery
rate (FDR) identified proteins for further analysis in Model 1 (adjusted
for age and sex). Significant associations were analysed in Model 2
(adjusted for body mass index, systolic BP, prevalent diabetes, anti-
hypertensive treatment, cystatin C, smoking, heart rate and history
of coronary artery disease). Significant findings from MPP-RES-Echo
were examined in the STANISLAS replication cohort using Model 2,
substituting creatinine for cystatin C.

In MPP-RES-Echo, unadjusted Cox regressions analysed the 92 pro-
teins associations with incident HF. Significant associations (FDR <5%)
were further analysed in Model 1. Subsequently, significant associations
were further adjusted according to Model 2.12 Significantly associated
proteins in MPP-RES-Echo were further analysed in HOMAGE. As
the proteins were not measured at the same time in the two phases
in HOMAGE, multivariable logistic regressions adjusted for follow-up
time and phase were added to Model 2, and estimated glomerular fil-
tration rate replaced cystatin C. The proportional hazard assumption
was violated for suppression of tumorigenicity-2 (ST2) and incident
HF (p= 0.006) in the discovery cohort. An interaction with time, both
continuous and with a cut-off >2.5 years, was included. No other vio-
lations of the proportional hazard assumption were found. Given that
the MPP-Res-Echo cohort was enriched for individuals with glycaemic
disturbances, we conducted an interaction analysis specifically focusing
on interactions with diabetes for the proteins that demonstrated an
association with incident HF in the MPP-Res-Echo cohort.

In MPP-RES-Echo, unadjusted Cox regressions analysed associations
between DD, LVH, and incident HF. Significant associations were
subsequently analysed in Model 1 and, if significant, further analysed
in Model 2. Multivariable logistic regression analyses, adjusted for age,
sex, systolic BP and antihypertensive treatment, were used to explore
the association between DD and prevalent LVH, respectively.

There may be a multicollinearity issue in the models, making it
difficult to determine individual effects of the proteins and masking
true associations. In MPP-RES-Echo, we therefore identified proteins
significantly associated with incident HF in crude analysis. Employing
unadjusted linear regression models, we explored which of these
proteins had at least moderate (R2 > 0.3) and significant (p< 0.001)
explanatory power for the variance of proteins associated with incident
HF in fully adjusted models. Using Enrichr (https://maayanlab.cloud
/Enrichr/) and the KEGG pathway database, we conducted pathway
enrichment analysis on the proteins meeting this threshold.

For incident HF, the added predictive value associated with the
addition of the significant biomarkers in discovery and replication
cohorts, on top of NT-proBNP, was assessed using the increase in
c-index and continuous net reclassification improvement (cNRI).19

Analyses were carried out using R (version 3.6.1), SPSS (version
25.0) and SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).

Results
In MPP-RES-Echo, those who subsequently developed HF had a
worse metabolic and cardiovascular risk factor profile compared ..
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.. to those who did not (Table 1) and differed in all aspects except
systolic and diastolic BP, smoking, and heart rate. Characteristics
of individuals in the replication cohorts HOMAGE and STANISLAS
can be found in Table 1 and online supplementary Table S6. A
complete list of all 92 proteins is presented in online supplementary
Table Appendix S1.

Left ventricular hypertrophy
In MPP-RES-Echo, 12 proteins showed FDR-adjusted associations
with LVH (online supplementary Table S2). After adjusting accord-
ing to Model 1, five markers were still associated with LVH
(online supplementary Table S3). After further adjustment accord-
ing to Model 2, two markers remained associated with LVH:
azurocidin-1 (AZU1) and NT-proBNP, which was confirmed only
for NT-proBNP in the replication cohort (STANISLAS) (Table 2).

Prevalent diastolic dysfunction
In MPP-RES-Echo, 47 markers had FDR-adjusted associations with
DD (online supplementary Table S4). After Model 1 adjustments,
six markers were still associated with DD (online supplemen-
tary Table S5). After Model 2 adjustments, NT-proBNP, matrix
metalloprotinease-9, osteopontin, interleukin-2 receptor subunit
alpha, metalloprotinease inhibitor 4 (Table 2) remained associated.
In STANISLAS, an association was confirmed only for NT-proBNP
(Table 2). The characteristics of the STANISLAS cohort are pre-
sented in online supplementary Table S6.

Incident heart failure
In unadjusted analyses, 29 markers were associated with incident
HF (n= 130) (online supplementary Table S7). Seventeen markers
remained associated when adjusted per Model 1 (online supple-
mentary Table S8). In Model 2, ST2, growth differentiation factor
15 (GDF-15), AZU1, myeloperoxidase (MPO), galectin-4 (Gal-4)
and NT-proBNP were associated with incident HF (Table 2). In
HOMAGE, the Model 2-adjusted analysis confirmed associations
between ST2, GDF-15, Gal-4 and NT-proBNP and incident HF
(Table 2). In analyses of ST2 and incident HF, each doubling in
concentration of ST2 was associated with a higher risk of inci-
dent HF (hazard ratio [HR] 3.13; p= 0.003) for the first 2.5 years,
but after that, no such association was seen (HR 1.22; p= 0.239;
online supplementary Figure Appendix S1). There were no signifi-
cant interactions between diabetes and the associations of MPO
(p= 0.301) and AZU1 (p= 0.525) with incident HF. Figure 2 pro-
vides a schematic representation elucidating the key findings of the
study.

Pathway enrichment analysis
Exploring the 29 proteins associated with incident HF in unad-
justed analysis that showed at least moderate explanatory power
(R2 > 0.3) with respect to GDF-15, ST2, Gal-4, and NT-proBNP,
respectively, 15 proteins met the threshold for GDF-15; one
protein (insulin-like growth factor binding protein-7) for ST2; 11

© 2024 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Table 2 Significant associations between biomarkers and incident heart failure, diastolic dysfunction, and
hypertrophy in discovery and replication cohorts

Diastolic dysfunction
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Malmö Preventive Project (462 cases, 964 controls) STANISLAS (76 cases, 1508 controls)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

OR (95% CI) p-value OR (95% CI) p-value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NT-proBNP 1.71 (1.53–1.92) <0.001 1.46 (1.12–1.90) 0.006
MMP9 1.20 (1.02–1.41) 0.025 0.91 (0.66–1.25) 0.56
IL2-RA 1.44 (1.13–1.83) 0.003 1.16 (0.64–2.11) 0.63
OPN 1.29 (1.05–1.58) 0.015 0.90 (0.50–1.63) 0.72
TIMP4 1.35 (1.07–1.69) 0.010 1.18 (0.65–2.16) 0.58
Gal-4 1.17 (0.94–1.44) 0.16 – –

Left ventricular hypertrophy
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Malmö Preventive Project (514 cases, 1001 controls) STANISLAS (238 cases, 1392 controls)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

OR (95% CI) p-value OR (95% CI) p-value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

AZU1 1.26 (1.04–1.53) 0.019 1.04 (0.91–1.19) 0.56
NT-proBNP 1.48 (1.28–1.71) <0.001 1.20 (1.02–1.41) 0.0025

Incident heart failure
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Malmö Preventive Project (130 cases, 1551 controls) HOMAGE (562 cases, 871 controls)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

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

ST2a 1.40 (1.03–1.91) 0.031 1.31 (1.09–1.58) 0.004
GDF-15 1.33 (1.00–1.77) 0.048 1.95 (1.58–2.39) 2.8×10−10

AZU1 1.42 (1.10–1.82) 0.006 1.06 (0.93–1.20) 0.41

MPO 1.48 (1.02–2.15) 0.041 1.19 (0.98–1.43) 0.078
Gal-4 1.37 (1.02–1.85) 0.038 1.42 (1.17–1.72) 4.0×10−4

NT-proBNP 1.98 (1.66–2.36) 2.1×10−14 1.85 (1.62–2.12) 8.9×10−20

Values are HR or OR and 95% CI for proteins associations with incident heart failure, diastolic dysfunction and left ventricular hypertrophy.
AZU1, azurocidin-1; Gal-4, galectin-4; CI, confidence interval; GDF-15, growth differentiation factor 15; HR, hazard ratio; IL2-RA, interleukin-2 receptor subunit alpha;
MMP9, matrix metalloproteinase-9; MPO, myeloperoxidase; NT-proBNP, N-terminal pro-B-type natriuretic peptide; OPN, osteopontin; OR, odds ratio; ST2, suppression of
tumorigenicity-2; TIMP4, metalloproteinase inhibitor 4.
Analyses are adjusted for age, sex, body mass index, smoking, heart rate, systolic blood pressure, diabetes mellitus, history of coronary artery disease, cystatin C (discovery) or
estimated glomerular filtration rate (Chronic Kidney Disease Epidemiology Collaboration formula; HOMAGE cohort), or creatinine (STANISLAS cohort), and antihypertensive
treatment. The HOMAGE cohort was additionally adjusted for ‘phase’ and follow-up time.
aIn the discovery cohort, ST2 showed time-varying effects, where each doubling in concentration of ST2 was associated with higher risk of incident heart failure (HR 3.13;
p= 0.003) for the first 2.5 years, but after that no such association was observed (HR 1.22; p= 0.239).

proteins for Gal-4; and none for NT-proBNP (online supplemen-
tary Table S9).

Of the proteins showing at least moderate explanatory power
for GDF-15 and Gal-4, respectively, pathway enrichment analysis
found links to viral protein interaction with cytokine and cytokine
receptor and cytokine–cytokine receptor interaction (adjusted
p< 0.0001).

Diastolic dysfunction and incident heart
failure
Prevalent DD was associated with incident HF in an unad-
justed model (HR 2.60; 95% confidence interval [CI] 1.80–3.75;
p< 0.001) when adjusted per Model 1 (HR 1.86; 95% CI
1.26–2.74; p= 0.002), and when further adjusted for body
mass index, systolic BP, smoking, diabetes status, history of ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

. coronary artery disease, antihypertensive treatment, heart rate
and cystatin C (HR 1.69; 95% CI 1.13–2.52; p= 0.011). LVH was
also associated with incident HF in an unadjusted model (HR 3.17;
95% CI 2.21–4.55; p= 3.6× 10−10), after adjusting per Model
1 (HR 2.40; 95% CI 1.65–3.48; p= 4.0× 10−6) and following
further adjustment per Model 2 (HR 2.05; 95% CI 1.38–3.03;
p= 3.4×10−4). Finally, DD was associated with LVH (odds ratio
1.76; 95% CI 1.34–2.28), when adjusted for age, sex, systolic BP
and antihypertensive treatment.

Added predictive value
The addition of GDF-15, ST2, and Gal-4 on top of NT-proBNP
modestly improved prediction of incident HF, as evidenced by
significant increases in cNRI in MPP (delta c 0.014 [−0.002 to
0.030]; p= 0.088; cNRI 0.272 [0.073 to 0.540], p= 0.012) and delta

© 2024 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Markers of progression to heart failure 9

Figure 2 A schematic representation of the key findings of the study. Prevalent diastolic dysfunction and left ventricular hypertrophy at
baseline were both associated with increased risk of incident heart failure. Suppression of tumorigenicity-2 (ST2), growth differentiation factor
15 (GDF-15) and galectin-4 (Gal-4) were all associated with increased risk of incident heart failure, whereas N-terminal pro-B-type natriuretic
peptide (NT-proBNP) was the only biomarker associated with left ventricular hypertrophy and diastolic dysfunction at baseline as well as with
incident heart failure. The boxes with the dotted lines indicate pathways of identified and related proteins.

c and cNRI in HOMAGE (delta c 0.028 [0.010 to 0.046], p= 0.003,
cNRI 0.301 [0.196 to 0.405], p< 0.0001) cohorts.

Discussion
We found that (i) NT-proBNP was associated with prevalent
LVH and DD, (ii) increased plasma concentrations of ST2,
GDF-15, Gal-4 and NT-proBNP were associated with incident
HF, irrespective of established risk factors, and (iii) DD and LVH
commonly co-existed and were both associated with incident HF
(Graphical Abstract). These findings are consistent with the view
that hypertension is an important risk factor for HF and that either
NT-proBNP or echocardiography may identify cardiac end-organ
damage indicating an increased risk of developing HF. Reason-
ably, NT-proBNP should be used routinely to identify people at
increased risk of cardiovascular events for inclusion in clinical trials
and for intensified management of cardiovascular risk in clinical
practice.20 While NT-proBNP is the most robust predictor, the
addition of ST2, GDF-15 and Gal-4 enhances predictive accuracy,
as evidenced by improvements in the c-index and cNRI beyond
NT-proBNP.

NT-proBNP is a well-established biomarker for assessing risk
of developing HF and its subsequent prognosis,21,22 and has already
been used to identify and treat patients to reduce the risk of HF.20,23

NT-proBNP was the only protein associated with LVH and DD in
both cohorts. Although six biomarkers were associated with either
LVH or DD in the MPP-RES-Echo, this association was confirmed
only for NT-proBNP in STANISLAS. Variations in demographics, ..
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.. participant selection, genetics, culture, environment, or echocar-
diographic technique could have led to divergent results.

NT-proBNP was associated with all three outcomes. Tradition-
ally, the definition of HF has been based on symptoms and signs,
accompanied by abnormal cardiac structure or function.2 Cur-
rent guidelines also acknowledge the evolving role of biomarkers
for the definition of HF.24 A recently proposed global definition
of HF includes elevated natriuretic peptides into the definition,
making the diagnosis more precise.1 Moreover, guidelines recom-
mend considering natriuretic peptide biomarker-based screening in
patients at risk of HF, to help prevent the onset of LV dysfunction.24

In a randomized controlled trial, participants with increased risk
of HF and preselected based on NT-proBNP levels, up-titration
of medication was an effective way of preventing cardiovascular
events.23 This study confirms that NT-proBNP is an important
marker of asymptomatic cardiac dysfunction as well as incident HF.
Likely, many patients with an increased NT-proBNP and dilated
left atrium have impaired exercise capacity but either take little
exercise or attribute their symptoms to age rather than disease.1

In other words, they would have symptoms of HF if asked.
The finding that ST2, GDF-15, and Gal-4 are associated with

incident HF, but not consistently with DD or LVH, suggests the
possibility of alternative pathways leading to HF. However, it is
important to acknowledge that the majority of incident HF cases
in our study likely represent HF with preserved ejection frac-
tion (HFpEF), a condition where DD and/or LVH are typically
present. The notion that HFpEF could develop without any evi-
dence of DD or LVH is indeed difficult to reconcile with current

© 2024 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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10 A. Dieden et al.

pathophysiological understanding. Thus, while our results indicate
potential non-DD and non-LVH pathways to HF, this interpre-
tation must be approached with caution, and further replication
of these findings is necessary. ST2 plays a role in inflammation,
cardiac remodelling, and fibrosis, and although it is not cardiac
specific, it is expressed by cardiomyocytes and cardiac fibroblasts
in response to mechanical stress. Soluble ST2 serves as a decoy
receptor for interleukin-33, resulting in reduced activation of the
anti-inflammatory pathway and an increase in pro-inflammatory
cytokine production. An association between ST2 and incident HF
has been shown in other population cohorts.8,25

Growth differentiation factor-15 has antioxidative, anti-
inflammatory, and antiapoptotic properties and is expressed
in tissues due to mechanical stress or injury. There is a robust
association between GDF-15 and incident HF.6,8,26 Analysing the
association of 84 proteins with incident HF, myocardial infarc-
tion and ischaemia separately, Lind et al.26 found GDF-15 to be
associated with all three conditions.

Galectin-4 is a lectin mostly expressed in enterocytes. In patients
with chronic HF, high plasma concentrations of Gal-4, and increase
in Gal-4 over time, were associated with adverse outcomes.27 We
previously reported an association between Gal-4 and incident HF
in a single population cohort study.28 To the best of our knowledge,
the present study is the first to replicate these findings.

Most proteomic markers were not significantly associated with
cardiac remodelling or incident HF. Proteins highly correlated with
one another can make it difficult to determine individual effects
of proteins which is why we performed an enrichment analysis
for proteins with at least moderate explanatory power for the
variance of GDF-15, Gal-4, ST2 and NT-proBNP. These proteins
potentially represent ‘head of clusters’ of proteins correlated to
one another. Pathway analysis revealed two significantly enriched
pathways; viral protein interaction with cytokine and cytokine
receptor and cytokine–cytokine receptor interaction. It is well
known that inflammation29 and viral infection30 can contribute to
the exacerbation or development of HF, which is also what these
pathways suggest. These findings may highlight potential targets
for risk stratification or therapeutic intervention, although further
mechanistic studies are needed.

Limitations
Since the discovery cohort consisted of mainly older, white men,
our findings are not generalizable to other populations. However,
the replication cohorts were more representative, at least for peo-
ple of European descent. The MPP-RES-Echo cohort oversampled
for individuals with diabetes and impaired FPG, which was not
the case for other cohorts. Participants in STANISLAS were also
younger. Blood samples were obtained under fasting conditions
only for the MPP cohort. The impact of fasting versus non-fasting
states on protein concentrations remains uncertain. A significant
limitation of our study is the lack of data on HF phenotype, specifi-
cally the classification of LVEF, which precludes us from distinguish-
ing between HFpEF and HF with reduced ejection fraction in the
incident HF cases. Any conclusions about causality based on obser-
vational studies should be extremely cautious. ..
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.. Conclusions
In conclusion, our study reinforces the role of NT-proBNP as a
key biomarker for asymptomatic cardiac dysfunction and incident
HF, consistent with its established use in clinical practice. This
underscores the value of NT-proBNP for identifying patients at
high risk for HF, and provides insights into pathways leading to HF
and potential therapeutic targets.

Supplementary Information
Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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