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Abstract

Aims Heart failure (HF) has shared genetic architecture with its risk factors: atrial fibrillation (AF), body mass index (BMI),
coronary heart disease (CHD), systolic blood pressure (SBP), and type 2 diabetes (T2D). We aim to assess the association
and risk prediction performance of risk-factor polygenic risk scores (PRSs) for incident HF and its subtypes in bi-racial
populations.
Methods and results Five PRSs were constructed for AF, BMI, CHD, SBP, and T2D in White participants of the Atherosclerosis
Risk in Communities (ARIC) study. The associations between PRSs and incident HF and its subtypes were assessed using Cox
models, and the risk prediction performance of PRSs was assessed using C statistics. Replication was performed in the ARIC
study Black and Cardiovascular Health Study (CHS) White participants. In 8624 ARIC study Whites, 1922 (31% cumulative in-
cidence) HF cases developed over 30 years of follow-up. PRSs of AF, BMI, and CHD were associated with incident HF
(P < 0.001), where PRSAF showed the strongest association [hazard ratio (HR): 1.47, 95% confidence interval (CI): 1.41–
1.53]. Only the addition of PRSAF to the ARIC study HF risk equation improved C statistics for 10 year risk prediction from
0.812 to 0.829 (ΔC: 0.017, 95% CI: 0.009–0.026). The PRSAF was associated with both incident HF with reduced ejection frac-
tion (HR: 1.43, 95% CI: 1.27–1.60) and incident HF with preserved ejection fraction (HR: 1.46, 95% CI: 1.33–1.62). The associ-
ations between PRSAF and incident HF and its subtypes, as well as the improved risk prediction, were replicated in the ARIC
study Blacks and the CHS Whites (P < 0.050). Protein analyses revealed that N-terminal pro-brain natriuretic peptide and
other 98 proteins were associated with PRSAF.
Conclusions The PRSAF was associated with incident HF and its subtypes and had significant incremental value over an es-
tablished HF risk prediction equation.
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Introduction

Heart failure (HF) is a complex disorder with known comor-
bidities and lifestyle risk factors that affects more than 6 mil-
lion American adults, and its prevalence continues to grow.1

The genetic heritability (h2) of HF, defined as the amount of
inherited genetic variation associated with HF, was character-
ized by a Swedish adoption study at 26%, suggesting that in-
dividuals may have a genetic predisposition to developing
HF.2 A genome-wide association study (GWAS) of 26 studies
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from the Heart Failure Molecular Epidemiology for Therapeu-
tic Targets (HERMES) Consortium identified 12 independent
single nucleotide polymorphisms (SNPs) significantly associ-
ated with HF. Of these SNPs, nine were also associated with
HF risk factors, including atrial fibrillation (AF), coronary heart
disease (CHD), low-density lipoprotein cholesterol, type 2 di-
abetes (T2D), body mass index (BMI), systolic blood pressure
(SBP), and diastolic blood pressure.3 The latest GWAS of HF,
which integrated HERMES and biobank resources with more
than 1.5 million participants, identified 47 risk loci, confirm-
ing the shared genetic aetiology between HF and its risk
factors.4 However, the relations between genetic variants
and HF incidence remain elusive.

Risk prediction equations have been developed that inte-
grate clinical risk factors to facilitate identification of individ-
uals at high risk of developing HF so that primary prevention
can be more effectively administered. Polygenic risk scores
(PRSs), summarizing the estimated genetic effects of SNPs
from GWAS, may offer an opportunity to enhance disease
risk prediction so at-risk individuals can be identified earlier
with the goal to improve disease surveillance and better in-
form treatment plans, according to a statement from the
American Heart Association.5 PRSs have been successfully im-
plemented in predicting disease outcomes, such as CHD and
stroke, demonstrating improvement beyond clinical risk
factors.6–8 Evidence has also suggested that PRSs based on
clinical risk factors may have predictive power on clinical
outcomes.8,9 Currently, there are no genome-wide PRSs of
HF that have become available, and few studies have been
conducted focusing on HF. Therefore, we sought to investi-
gate the added value of PRSs, derived from clinical risk fac-
tors, on HF risk prediction over an established prediction
equation in the Atherosclerosis Risk in Communities (ARIC)
study,10 a longitudinal cohort with 30 year follow-up of HF,
and to replicate our findings in the Cardiovascular Health
Study (CHS). We further utilized proteome data from the
ARIC study to unravel the underlying pathways associated
with the PRSs that improved HF risk prediction.

Methods

Study population

The ARIC study is a prospective cohort study comprised of
15 792 men and women, mostly Blacks and Whites, to inves-
tigate the aetiology of atherosclerosis and cardiovascular dis-
ease (CVD). Initial enrolment (1987–89) occurred in four US
communities: Forsyth County, North Carolina; Jackson, Mis-
sissippi; suburban Minneapolis, Minnesota; and Washington
County, Maryland, followed by nine clinical visits. The CHS is
a longitudinal study comprised of men and women aged
65 years and older to investigate the importance of risk fac-

tors related to CHD and stroke. Initial enrolment (1989–90)
occurred in four communities: Forsyth County, North Caro-
lina; Sacramento County, California; Washington County,
Maryland; and Pittsburgh, Pennsylvania, and follow-up visits
occurred until 1999. The design of two studies has previously
been published.11,12

Present analyses included the ARIC study Blacks and
Whites from baseline visit (1987–89), Visit 3 (1993–95), and
Visit 4 (1996–98) and the CHS Whites from baseline visit
(1989–90). Participants with prevalent HF or those who did
not have genetic information, clinical risk factors at the re-
spective visit, or HF follow-up were excluded (Supporting In-
formation, Figure S1). All study participants provided in-
formed consent, and study protocols were approved by
institutional review boards at all participating institutions.

HF outcome and clinical risk factors

In the ARIC study, incident HF was defined using hospitaliza-
tion or death records with discharge code International Clas-
sification of Diseases (ICD)-9428, in any position, or ICD-
10150. Starting in 2005, adjudication of all hospitalizations
with potential HF-related ICD discharge codes was imple-
mented, with retrieval and abstraction of eligible medical re-
cords and subsequent review for evidence of HF signs and
symptoms.13 Participants with ejection fraction ≥50% with
HF symptoms were further defined as HF with preserved
ejection fraction (HFpEF), and participants with ejection frac-
tion <50% were defined as HF with reduced ejection fraction
(HFrEF), which included both HFrEF (ejection fraction <40%)
and HF with mid-range ejection fraction (HFmrEF) (ejection
fraction between 40% and 49%) per 2016 European Society
of Cardiology (ESC) HF subtype definition.14,15 In the current
analysis, our primary outcome was incident HF occurring af-
ter Visit 1 until 31 December 2018, and secondary outcomes
included incident HFpEF and HFrEF adjudicated after 2005
until 31 December 2018. Participants at the Jackson, Missis-
sippi, field centre included incident HF cases occurring after
Visit 1 until 31 December 2017.

In the CHS, incident HF was defined by a physician diagno-
sis of symptomatic HF plus supporting evidence of medical
treatment of HF or supportive clinical findings on echocardi-
ography, contrast ventriculography, or chest radiography. HF
was further subtyped into HFpEF and HFrEF on the basis of
findings from echocardiography and cardiac catheterization
reports.16 Primary outcome was all-cause incident HF occur-
ring after baseline exam until 2015.

Clinical exams were administered at each study visit, and
the current analyses used risk factors collected from the ARIC
study Visits 1 and 4, and the CHS Visit 1, unless stated other-
wise. Details about demographic and clinical information col-
lection are provided in Supporting Information, Methods
section.
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Proteomic measurements

At the ARIC study Visit 3, blood samples were collected and
stored at �80°C, and the relative concentrations of plasma
proteins or protein complexes were measured using an
aptamer-based approach17 by SomaLogic Inc. (Boulder, CO,
USA). Details of the ARIC study proteomic measures and qual-
ity control were described previously.18 A total of 4877
aptamers measuring 4697 unique proteins or protein com-
plexes passed quality control and were included in the cur-
rent proteomic analyses.

Statistical analysis

Five PRSs for HF risk factors (AF, BMI, CHD, SBP, and T2D)
were constructed in the ARIC study Whites for primary
analyses, while PRSAF was constructed in the ARIC study
Blacks and the CHS Whites for replication analyses. PRSs
were calculated using pre-defined allele weights developed
by Khera et al.7,19 for AF, BMI, CHD, and T2D and Vaura
et al.20 for SBP (Supporting Information, Methods section).
PRSs were further standardized with a mean of 0 and stan-
dard deviation (SD) of 1 prior to analyses. More than 90%
of SNPs reported in Khera et al.7,19 and Vaura et al.20 were
included in the ARIC study Whites PRS calculations. Details
are explained in Supporting Information, Methods section
and Table S1.

The cumulative incidence of HF was calculated using
Kaplan–Meier curves to account for censored participants.
Primary analyses were conducted in the ARIC study Whites
at Visit 1 because the five PRSs originally developed were
based on European ancestry.7,19,20 Cox models were used to
test the association between incident HF and each PRS.
Models were adjusted for age, sex, BMI, SBP, heart rate,
smoking status, prevalent CHD, prevalent T2D, blood
pressure-lowering medication use, as defined in the ARIC
study HF prediction equation,10 and study centre, prevalent
AF, and the first 10 genetic principal components. Propor-
tional hazard assumptions for PRSs were assessed through vi-
sual inspection of Schoenfeld residual plots, and no violation
of proportionality was observed. An additional Cox model
was fit including all nominal significant PRSs (P < 0.050)
identified in individual PRS analyses. We evaluated the
PRS risk reclassification and prediction performance by
computing C statistics calculated for 10, 20, and 30 years. A
censoring-adjusted C statistic proposed by Uno et al.21 was
used, which has an equivalent interpretation as Harrell’s C
for censored survival data. The average 95% confidence inter-
vals (CIs) of the C statistics were calculated via 100 iterations
of perturbation resampling. We further conducted stratified
analysis by sex and age groups to examine potential effect
modifications of each PRS, and finally, we tested the associa-
tion between PRS quintiles and incident HF. Statistical signif-

icance was determined at P < 0.010 to account for five PRSs
analysed. We performed secondary analyses to estimate the
effect of PRSAF on HF subtypes, HFrEF and HFpEF, using
data collected from participants at the ARIC study Visit 4
and the CHS baseline visit. Cox models were conducted
for HFrEF and HFpEF, respectively: Model 1 adjusted for risk
factors in the ARIC study HF prediction equation,10 study
centre, prevalent AF, and first 10 genetic principal compo-
nents, and Model 2 additionally adjusted for natural log-
transformed N-terminal pro-brain natriuretic peptide (NT-
proBNP) levels. Replication analyses were performed in
the ARIC study Blacks and the CHS Whites using the afore-
mentioned models.

Protein pathway analysis

To explore the biological pathways underlying HF-associated
PRSs, we related PRSAF with proteomic measures in the ARIC
study Whites at Visit 3. Linear regressions were performed to
determine associations between inverse-normal transformed
protein values and PRSAF adjusting for age, sex, study centre,
and the first 10 principal components. Proteins significantly
associated with PRSAF [false discovery rate (FDR) <0.050]
were further considered in the pathway analysis. A sensitivity
analysis was performed on PRSAF by further adjusting for es-
timated glomerular filtration rate the use of anti-coagulates
at Visit 3. The functional annotations of those significantly as-
sociated proteins were determined using Gene Ontology (GO)
enrichment and Kyoto Encyclopedia of Genes and Genomes
pathway analysis. A protein–protein interaction network
was further created using the Search Tool for the Retrieval
of Interacting Genes/Proteins (STRING). Detailed methods
are explained in Supporting Information, Methods section.

Analyses were performed using RStudio v3.6.2 in conjunc-
tion with the survival, survminer, and survC1 packages.
Two-sided P < 0.050 was considered statistically significant,
unless specified otherwise.

Results

Study population characteristics

Baseline characteristics of the ARIC study and CHS partici-
pants are shown in Table 1. Primary analyses consisted of
8624 ARIC study Whites at Visit 1 (52% female) with a mean
age of 54.2 years. During a median of 27.2 year follow-up (in-
ter-quartile range, 18.12–30.12), 1922 (31% cumulative inci-
dence) participants developed HF. HF cases tended to have
a higher prevalence of comorbidities and unfavourable clini-
cal risk factors such as current smokers and higher blood
pressure levels. Replication analyses were performed in
2525 ARIC study Blacks (61% female, mean age 53.3 years)
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and 3156 CHS Whites (61% female, mean age 72.3 years). In
the ARIC study Blacks, during a median of 24.9 year follow-up
(inter-quartile range, 15.62–28.94), 735 (37% cumulative inci-
dence) participants developed HF. In the CHS Whites, 1077
(57% cumulative incidence) participants developed HF during
a median of 13.28 year follow-up (inter-quartile range, 7.93–
19.41). PRSs were approximately normally distributed in the
ARIC study and the CHS, and HF cases tended to have a
higher median standardized PRS than those who remained
free of HF during follow-up (Figure 1).

Polygenic risk scores with HF association and risk
prediction

PRSAF, PRSBMI, and PRSCHD were significantly associated with
incident HF in the ARIC study Whites (P < 0.001, Table 2).
Per SD increase of PRSAF, PRSBMI, and PRSCHD was associated
with 47%, 11%, and 12% higher risk of HF after accounting for
HF risk factors. PRSSBP and PRST2D were not significantly asso-
ciated with incident HF. Sex- and age-stratified analyses
yielded similar results between men and women and be-
tween early and late middle-aged (age <55 vs. ≥55 years)
adults. The association was further assessed by regressing in-
cident HF on PRSAF, PRSBMI, and PRSCHD simultaneously. Each
PRS remained significant (P < 0.050), and their effects did
not attenuate materially (Supporting Information, Table S2).
We investigated the relationship between incident HF and
PRS quintiles for AF, BMI, and CHD. Kaplan–Meier curves
graphically indicated a graded effect of quintiles on the risk
of HF for PRSAF, and a markedly increased risk was observed
in the fifth quintile (Figure 2A). Slightly less graded effects
were observed from PRSBMI (Figure 2B) and PRSCHD (Figure
2C) quintiles on the risk of HF. Log-rank tests suggested statis-
tical differences across the PRS quintiles for AF, BMI, and CHD
(P < 0.0001). PRSAF quintiles had the greatest magnitude of
effect on HF risk compared with PRSBMI and PRSCHD quintiles
(Supporting Information, Table S2). Participants with a PRSAF
in the top 20% had a more than three-fold risk for HF com-
pared with those in the bottom 20% [hazard ratio (HR):
3.02, 95% CI: 2.62–3.48].

When evaluating discrimination of risk prediction models,
we observed that the addition of PRSAF significantly im-
proved prediction of HF lifetime risk (from 10 to 30 years)
over the ARIC study HF prediction equation with further ad-
justment of prevalent AF. Individually adding PRSBMI and
PRSCHD did not improve the risk prediction, and the addition
of PRSAF, PRSBMI, and PRSCHD simultaneously compared with
only PRSAF did not significantly improve the discrimination
for HF risk either. With 10 years of follow-up in the ARIC
study Whites, the C statistic increased from 0.812 (95% CI:
0.792–0.831) to 0.829 (95% CI: 0.810–0.848) with the addi-
tion of PRSAF to the ARIC study HF prediction equation
(ΔC: 0.017, 95% CI: 0.009–0.026). The incremental value ofTa
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PRSAF over the ARIC study HF prediction equation was
similar when observing 20 and 30 year follow-up, though
the overall predictability weakened over time (Supporting
Information, Table S3).

To understand the relationship between PRSAF and HF sub-
types, we examined their associations among 5964 (54%
female) ARIC study Whites at Visit 4. There were 280 (37%)
HFrEF and 357 (48%) HFpEF cases ascertained, among a total
of 750 incident HF cases, with a median of 14.0 year
follow-up (Supporting Information, Table S4). Compared with
Visit 1, Visit 4 participants were older and had higher preva-
lence of HF risk factors, such as CHD and diabetes. PRSAF
showed a strong association with incident all-cause HF (HR:
1.43, 95% CI: 1.34–1.54), as well as both HFrEF (HR: 1.43,
95% CI: 1.27–1.60) and HFpEF (HR: 1.46, 95% CI: 1.33–1.62),

and the additional adjustment of NT-proBNP, a diagnostic
biomarker of HF, did not alter the associations (Table 3).

We further analysed incident AF as a time-dependent co-
variate in the ARIC study Whites to assess the influence that
the clinical manifestation of AF has on the risk of HF. From
baseline until end of follow-up in 2018, there were 2097
(24%) participants that developed AF and 999 had a PRSAF
in the top 20% (Supporting Information, Table S5). There
was a 28% higher risk of HF per SD increase in PRSAF
(P = 1.32 × 10�26, 95% CI: 1.22–1.34) after adjusting for risk
factors in the ARIC study HF prediction equation,10 the first
10 genetic principal components, and AF diagnosis. Though
the risk of HF was slightly attenuated, the PRSAF remained
significantly associated with incident HF after accounting for
incident AF from over 30 years of follow-up.

Table 2 Hazard ratios and 95% confidence intervals of polygenic risk score on incident heart failure in Whites from the ARIC study at Visit
1 (1987–89)

N (HF events) AF PRS BMI PRS CHD PRS SBP PRS T2D PRS

All 8624 (1992) 1.47 (1.41–1.53) 1.11 (1.05–1.16) 1.12 (1.07–1.17) 1.05 (1.00–1.10) 1.03 (0.98–1.09)
Women 4520 (879) 1.45 (1.37–1.54) 1.14 (1.05–1.23) 1.07 (1.01–1.15) 1.04 (0.96–1.12) 1.04 (0.96–1.12)
Men 4104 (1043) 1.49 (1.40–1.57) 1.07 (1.00–1.15) 1.17 (1.10–1.24) 1.06 (0.99–1.13) 1.03 (0.95–1.11)
Age <55 4501 (683) 1.41 (1.31–1.51) 1.19 (1.08–1.30) 1.05 (0.97–1.13) 1.10 (1.01–1.20) 1.01 (0.92–1.11)
Age ≥55 4123 (1239) 1.49 (1.41–1.57) 1.06 (1.00–1.13) 1.14 (1.08–1.21) 0.99 (0.93–1.05) 1.04 (0.97–1.11)

AF, atrial fibrillation; ARIC, Atherosclerosis Risk in Communities; BMI, body mass index; CHD, coronary heart disease; HF, heart failure; PRS,
polygenic risk score; SBP, systolic blood pressure; T2D, type 2 diabetes.
Hazard ratios (95% confidence intervals) were derived from Cox hazard proportional regressions adjusting for age, sex, centre, body mass
index, smoking status, systolic blood pressure, blood pressure-lowering medication use, heart rate, prevalent diabetes, prevalent coronary
heart disease, prevalent atrial fibrillation, and the first 10 principal components.

Figure 1 Distribution of polygenic risk scores (PRSs) for atrial fibrillation (AF), body mass index (BMI), coronary heart disease (CHD), systolic blood
pressure (SBP), and type 2 diabetes (T2D) in the Atherosclerosis Risk in Communities (ARIC) study Whites by (A) sex and (B) heart failure status. Dis-
tribution of PRSAF in the ARIC study Blacks and the Cardiovascular Health Study (CHS) Whites by (C) sex and (D) heart failure status.
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Replication of PRSAF association and risk
prediction

We next constructed PRSs in the ARIC study Blacks and the
CHS Whites using the aforementioned allele weights and per-
formed replication analyses to test the association of PRSAF
with incident HF and the prediction performance. In the ARIC
study Blacks, PRSAF showed significant association with inci-
dent HF (HR: 1.29, 95% CI: 1.20–1.39). The addition of
PRSAF into the ARIC study HF prediction equation showed a
significant improvement in the discrimination of HF risk with
10 years of follow-up: C statistic increased to 0.810 from
0.795 (ΔC: 0.015, 95% CI: 0.004–0.026). In the CHS, PRSAF

showed a significant association with incident HF (HR: 1.46,
95% CI: 1.38–1.55). With 10 years of follow-up, the addition
of PRSAF into the HF equation showed a significant improve-
ment in the discrimination of HF: C statistic increased to
0.734 from 0.719 (ΔC: 0.015, 95% CI: 0.004–0.025).

We also performed replication analyses to test the associ-
ation of PRSAF with HF subtypes in the ARIC study Blacks and
the CHS Whites. Similar to the findings from the ARIC study
Whites, PRSAF showed a strong association with incident
all-cause HF, as well as both HFrEF and HFpEF, in the ARIC
study Blacks and the CHS Whites, and the additional adjust-
ment of NT-proBNP did not significantly alter the associations
(Table 3).

Figure 2 Kaplan–Meier survival curves for incident heart failure by quintiles of polygenic risk scores for (A) atrial fibrillation (AF), (B) body mass index
(BMI), and (C) coronary heart disease (CHD) in Whites from the Atherosclerosis Risk in Communities study. Shaded areas represent 95% confidence
intervals, and P values are obtained from log-rank tests.

Table 3 Association between polygenic risk score of atrial fibrillation and incident heart failure and its subtypes in participants from the
ARIC study and the CHS

N (events)

Model 1 Model 2

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

ARIC study Whites All HF 5964 (750) 1.43 (1.34–1.54) 7.01 × 10�24 1.40 (1.30–1.50) 5.07 × 10�21

HFpEF 5571 (357) 1.46 (1.33–1.62) 7.08 × 10�14 1.44 (1.30–1.59) 1.13 × 10�12

HFrEF 5494 (280) 1.43 (1.27–1.60) 7.73 × 10�10 1.38 (1.24–1.55) 1.87 × 10�8

ARIC study Blacks All-cause 1398 (201) 1.30 (1.13–1.49) 0.0002 1.28 (1.11–1.47) 0.0005
HFpEF 1287 (90) 1.38 (1.12–1.69) 0.0024 1.34 (1.09–1.65) 0.0049
HFrEF 1289 (92) 1.28 (1.04–1.57) 0.0201 1.26 (1.03–1.55) 0.0249

CHS Whites All-cause 2200 (779) 1.47 (1.37–1.57) 7.68 × 10�29 1.44 (1.34–1.54) 2.66 × 10�25

HFpEF 1677 (256) 1.60 (1.42–1.79) 1.86 × 10�15 1.57 (1.40–1.76) 2.99 × 10�14

HFrEF 1620 (199) 1.52 (1.33–1.73) 4.48 × 10�10 1.47 (1.29–1.68) 1.20 × 10�8

ARIC, Atherosclerosis Risk in Communities; CHS, Cardiovascular Health Study; CI, confidence interval; HF, heart failure; HFpEF, heart failure
with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; HR, hazard ratio; NT-proBNP, N-terminal pro-brain na-
triuretic peptide.
Model 1 adjusted for age, sex, study centre, body mass index, systolic blood pressure, blood pressure-lowering medication use, heart rate,
smoking status, prevalent coronary heart disease, prevalent diabetes, prevalent atrial fibrillation (not adjusted in Blacks due to small num-
ber of cases), and the first 10 principal components. Model 2 further adjusted for log-transformed NT-proBNP. The CHS models do not
include adjustment of prevalent coronary heart disease or the first 10 principal components.

A polygenic risk score of atrial fibrillation improves prediction of lifetime risk for heart failure 1091

ESC Heart Failure 2024; 11: 1086–1096
DOI: 10.1002/ehf2.14665



PRSAF with proteome

To investigate the potential biological pathways underlying
PRSAF, we related PRSAF with 4877 proteins measured by
SomaScan from 7339 ARIC study Whites at Visit 3. We found
99 proteins that were significantly associated with PRSAF
(FDR < 0.050; Supporting Information, Table S6). Protein
NT-proBNP showed the strongest positive association
(β = 0.090, P = 2.23 × 10–12), and amyloid-like protein 1
showed the strongest negative association (β = �0.072,
P = 4.18 × 10–7; Figure 3A). Using GO enrichment, those 99
proteins were significantly enriched in one biological process,
cell adhesion, and 10 cell components such as extracellular
region and extracellular space, and one molecular function,

calcium ion binding (Figure 3B). Sensitivity analysis adjusting
for estimated glomerular filtration rate and use of
anti-coagulates yielded similar results (data not shown).

Among those 99 proteins, a protein–protein interaction
network with a total of 97 nodes and 140 edges was created
using the STRING database with the top 2 clusters highlighted
in Figure 3C and the enriched pathways listed in Supporting
Information, Table S7. The proteins involved in the first clus-
ter included angiopoietin-2, erythropoietin (Epo), T-cell sur-
face glycoprotein CD8 alpha chain (CD8A), epidermal growth
factor receptor (ERBB1), hepatocyte growth factor (HGF), ma-
trix metallopeptidase 7 (MMP-7), and neurogenic locus notch
homologue protein 1 (Notch 1). Furthermore, the top 10
nodes with the greatest degree of network connections were

Figure 3 Protein pathway analysis in Whites from the Atherosclerosis Risk in Communities study. (A) Volcano plot of 4877 plasma proteins on the
polygenic risk score for atrial fibrillation. Significant proteins [false discovery rate (FDR) P value] are shown in red. (B) Significantly enriched (FDR P
value <0.05) functional annotations of 99 proteins. (C) Protein–protein interaction (PPI) network of 99 proteins. Colours represent clusters identified
in network: Cluster 1 is red, and Cluster 2 is blue. (D) Top 10 hub genes identified in PPI network for having the greatest degree of network connections
where colours indicate the protein’s connectivity degree ranking in the entire PPI network: red is high, orange is moderate, and yellow is low.
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identified, and a subnetwork was configured (Figure 3D).
Among the top 10 hub proteins, ERBB1 had the greatest con-
nectivity degree of 18.

Discussion

In a longitudinal cohort, we observed that PRSAF was pro-
spectively associated with incident HF, HFpEF and HFrEF,
and improved 10 year risk prediction over an established HF
risk equation in Whites, and the findings were replicated
among independent samples of Whites and Blacks. The ef-
fects were consistent across sex and age groups, and the in-
creased risk for HF in the high genetic risk group (top PRS
quintile) against the low genetic risk group (bottom PRS quin-
tile) was three-fold after accounting for clinical risk factors.
Proteome analyses identified a few proteins associated with
PRSAF, revealing potential underlying biological pathways.
Our findings suggest the potential value of incorporating PRSs
into HF risk prediction.

PRSs have recently been applied to multiple CVD outcomes
such as CHD, AF, and stroke,8,22,23 with the goal to optimize
the screening and prevention of the disease. While geneti-
cally predicted risk factors, including CHD and AF, have been
shown to be associated with HF,24 few studies have tested
the relationship between incident HF and its subtypes with
PRSs for HF risk factors. We have identified and replicated
PRSAF that relates to increased risk of HF and its subtypes,
HFrEF and HFpEF. We demonstrated that PRSAF explained a
reasonable amount of the variance for AF, and individuals
with high genetic susceptibility had increased risk of develop-
ing HF, independent of clinical risk factors. Therefore, PRSAF
could be considered as a new risk factor reflecting lifetime
risk of AF, which offers an additional opportunity to identify
individuals at risk of HF, beyond the clinical risk factors. Fu-
ture studies are warranted to assess the prognostic value of
PRSAF in HF patients to inform management decision, as stud-
ies have shown that clinical AF negatively influences HF
prognosis.25

One of the utilities of PRSs is to aid in prediction of individ-
uals developing disease later in life. The additive value of a
PRS for coronary artery disease over an established pooled
cohort equation26 has been shown in multiple settings to in-
crease 10 year C statistics by 2%,6,22,27,28 which is consistent
with our current analysis: ~2% increase of C statistics for PRS-

AF of 10 year prediction of HF. AF and HF are known to be
closely associated, with each predisposing to the other,29

and recent studies demonstrate a plausible causal relation-
ship between AF and HF.30 However, AF is not considered in
the ARIC study HF risk prediction equation,10 Pooled Cohort
equations to Prevent HF (PCP-HF),31 or a machine learning-
based race-specific prediction model for HF,32 which were de-
veloped primarily in middle-aged populations. This is possibly

due to the low prevalence of AF in the middle-aged popula-
tion, as the overall prevalence of AF in the United States is
1–2%, which in part limits the predictability of prevalent AF.
The risk of AF has a rapid incline after age 65,33 while the
PRSs of AF capture the lifetime genetic susceptibility of AF,
making it a powerful predictor of incident HF. We observed
that PRSAF still remained significantly associated with
incident HF after accounting for incident AF as a
time-dependent covariate, suggesting that genetic
susceptibility of AF influences the risk of HF. We also
observed that the additive value of prevalent AF over the
ARIC study HF risk prediction equation only increased C
statistics by 0.1% for 10 year prediction of HF. Though PRSAF
is derived to represent the genetic risk of AF, we have
shown that PRSAF is significantly associated with incident HF,
with or without clinical manifestation of AF, and that the
addition of PRSAF into the ARIC study HF risk prediction
equation improved the discrimination of incident HF. The
ARIC study HF risk prediction equation includes a
parsimonious set of clinical risk factors, which yields a decent
prediction performance for HF. Although PCP-HF and/or
machine learning-based race-specific HF prediction model
improves the accuracy of HF prediction over the ARIC study
HF risk prediction equation, they require additional clinical
variables, as well as biomarker information, which are not
typically assessed in routine exams. Given the widely
available personal genetic information, that is, biobanks,
adding a PRSAF into a parsimonious HF risk prediction
equation, which accounts for people at risk for AF in late life,
may aid in identifying individuals at risk for HF early. Of note,
most studies have looked at 10 year risk prediction while our
current analyses have showed that PRSs can improve up to
30 year risk prediction of HF, further supporting the use of
genetically predicted AF to improve risk prediction.

NT-proBNP is a well-known biomarker of HF and is used in
HF diagnosis and prognosis.34 As expected, results from our
proteome analysis showed that NT-proBNP had the strongest
positive effect with PRSAF, and importantly, the adjustment
of NT-proBNP in our ARIC study HF risk prediction did not at-
tenuate the effect of PRSAF, which suggests that the PRSAF cap-
tures additional biological function. In the proteome analysis,
the top hub protein, ERBB1, was negatively associated with
PRSAF. Evidence is not yet available to support an association
between ERBB1 and HF; however, an association between
ERBB1 and the progression of AF has been previously
reported.35 Furthermore, protein angiopoietin-2 is the second
strongest positive association with PRSAF and is identified in
Cluster 1 as well as in the top 10 hub proteins due to a high
degree of interactions. Previous studies have shown
angiopoietin-2 to be associated with various CVDs including
HF,36 and the performance as a biomarker for HF is compara-
ble with NT-proBNP in adults.37 A recent study reported a di-
rect association between increased levels of angiopoietin-2
and increased risk of HF in a middle-aged ethnically diverse

A polygenic risk score of atrial fibrillation improves prediction of lifetime risk for heart failure 1093

ESC Heart Failure 2024; 11: 1086–1096
DOI: 10.1002/ehf2.14665



population and argued that the increased angiopoietin-2 levels
precede heart disease and may contribute to the disease
pathogenesis.38 Additional investigation of angiopoietin-2 on
HF is warranted as well as in younger age groups.

Some notable strengths of our study include being the first
to test the association between PRSs and HF prediction, inclu-
sion of two race groups, replication in an independent co-
hort, and incorporating proteomic measures to identify
PRS-related pathways. Furthermore, we have assessed and
identified an association between PRSAF and HF subtypes,
HFrEF and HFpEF. The predictive performance of PRSs is con-
sidered poor in African Americans, as most human genetics
research studies are characterized by a large proportion of
European ancestry.39 Despite data limitations, a recent study
found that the PRSs derived from women of European ances-
try for breast cancer risk generalized well and were signifi-
cantly associated with breast cancer risk for women with Eu-
ropean, Latinx, and African ancestries.40 In our current study,
we found the findings of PRSAF in Whites generalized well in
Blacks. This is likely benefitted from a small proportion of
Blacks included in the original AF GWAS that was used to de-
rive PRSAF by Khera et al.

7,41 Future studies are needed to de-
rive multi-ancestry PRSs and to examine the associations with
HF in ancestries other than European.

Our study has some limitations also: first, though the pro-
portion was low, the ARIC study and the CHS were included
as contributing cohorts in the original GWAS for AF used to
derive PRSs, which could lead to an overestimation of PRS per-
formance. Importantly, our primary outcome was incident HF,
which is independent of the original GWAS for HF risk factors.
Second, the current analyses only focused on five established
risk factors of HF. The prediction of HF remains to be evalu-
ated by incorporating PRSs for other risk factors, such as
low-density lipoprotein cholesterol or diastolic blood pres-
sure, and HF itself, by incorporating a comprehensive HF
GWAS summary. Third, addition of PRSAF had a 1.7% increase
in 10 year C statistics and is consistent with previous studies
that examined PRS predictability of CVD; however, the clinical
utility still remains to be evaluated. Fourth, initial enrolment
in the ARIC study began 30 years ago in 1989, and the HF def-
initions, diagnosis, therapies, and prognoses have since been
updated. However, end of follow-up was until 2018, and the
longer length of follow-up time may offer more insight on
the aetiology of HF. Lastly, our analyses were performed in
the ARIC study and the CHS, and prediction performance
was compared with the ARIC study HF risk equation. It is un-
clear what performance is achievable in other HF prediction
equations or in individuals of different ancestries and cohorts.

In conclusion, we demonstrated that PRSAF was associated
with incident HF and its subtypes and improved 10 year risk
prediction of HF beyond an established HF risk equation in
the ARIC study Whites, and the results were replicated in
the ARIC study Blacks and the CHS Whites. Our findings sug-
gest that a PRSAF may be useful in identifying individuals with

high risk of HF. Future application of PRS for AF in large pro-
spective studies of HF to validate its prediction performance
is warranted.
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