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Aims The randomized Early Treatment of Atrial Fibrillation for Stroke Prevention Trial found that early rhythm control reduces cardio
vascular events in patients with recently diagnosed atrial fibrillation (AF) compared with usual care. How genetic predisposition to 
AF and stroke interacts with early rhythm-control therapy is not known.

Methods 
and results

Array genotyping and imputation for common genetic variants were performed. Polygenic risk scores (PRS) were calculated for AF 
(PRS-AF) and ischaemic stroke risk (PRS-stroke). The effects of PRS-AF and PRS-stroke on the primary outcome (composite of 
cardiovascular death, stroke, and hospitalization for acute coronary syndrome or worsening heart failure), its components, and 
recurrent AF were determined.

A total of 1567 of the 2789 trial patients were analysed [793 randomized to early rhythm control; 774 to usual care, median age 
71 years (65–75), 704 (44%) women]. Baseline characteristics were similar between randomized groups. Early rhythm control re
duced the primary outcome compared with usual care [HR 0.67, 95% CI: (0.53, 0.84), P < 0.001]. The randomized intervention, 
early rhythm control, did not interact with PRS-AF (interaction P = 0.806) or PRS-stroke (interaction P = 0.765). PRS-AF was as
sociated with recurrent AF [HR 1.08 (01.0, 1.16), P = 0.047]. PRS-stroke showed an association with the primary outcome [HR 
1.13 (1.0, 1.27), P = 0.048], driven by more heart failure events [HR 1.23 (1.05–1.43), P = 0.010] without differences in stroke 
[HR 1.0 (0.75, 1.34), P = 0.973] in this well-anticoagulated cohort. In a replication analysis, PRS-stroke was associated with incident 
AF [HR 1.16 (1.14, 1.67), P < 0.001] and with incident heart failure in the UK Biobank [HR 1.08 (1.06, 1.10), P < 0.001]. The asso
ciation with heart failure was weakened when excluding AF patients [HR 1.03 (1.01, 1.05), P = 0.001].

Conclusions Early rhythm control is effective across the spectrum of genetic AF and stroke risk. The association between genetic stroke risk and 
heart failure calls for research to understand the interactions between polygenic risk and treatment.
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Graphical Abstract

Keywords Atrial fibrillation • Polygenic risk scores • Rhythm control • Heart failure • Stroke

1. Introduction
The Early Treatment of Atrial Fibrillation for Stroke Prevention Trial 
(EAST-AFNET4) showed that early rhythm control (ERC) reduces a 
composite of cardiovascular death, stroke, and hospitalization for wor
sening heart failure (HF) or acute coronary syndrome compared with 
usual care (UC) when added to oral anticoagulation and therapy of con
comitant cardiovascular conditions.1 Several sub-analyses demonstrate 
that early rhythm control is effective independent of atrial fibrillation 
(AF) symptoms,2 HF,3 and AF pattern.4 The treatment effect appears 
to be mediated by sinus rhythm,5 suggesting that factors that render 
rhythm control more difficult may interact with the treatment effect 
of early rhythm control.

The heritability of AF has been described as high as ∼62% in twins and 
∼22% in the general population.6,7 Polygenic risk scores (PRS) for AF using 
data from large genome-wide association studies (GWAS) can quantify the 
genetic risk for incident AF with a three- to six-fold risk difference.8

Additionally, studies using PRS for stroke can identify AF patients with a 
four-fold increase in stroke risk when otherwise classified as low risk by 
CHA2DS2-VASc.9 Similarly, integration of the genetic risk for stroke with 
clinical risk factors increased the risk prediction for stroke.10 Several obser
vational data sets suggest that AF risk variants are associated with recurrent 
AF on different rhythm-control therapies.11–13 In coronary artery disease, 
high genetic risk by PRS has been shown to predict benefit from 
lipid-lowering therapy.14 A recent scientific statement document from 
the American Heart Association called for more research into PRS and 
rhythm-control therapy in patients with AF.15 Whether genetic risk is as
sociated with adverse events or response to treatment in AF is not known. 
Here, we analysed the interaction between genetic AF and stroke risk and 
cardiovascular events in the EAST-AFNET4 biosample study.

2. Methods
2.1 Trial population and intervention
The EAST-AFNET4 trial was a multi-centre investigator-initiated, 
parallel-group, open, blinded-outcome-assessment trial. Patients with re
cently diagnosed AF (<1 year) and cardiovascular risk factors were rando
mized to early rhythm control or usual care. Inclusion criteria were either 
patients aged >75 years or prior stroke or two of the following criteria: age 
>65 years, female sex, HF, hypertension, diabetes mellitus, severe coron
ary artery disease, chronic kidney disease [modification of diet in renal dis
ease stage 3 or 4 (glomerular filtration rate 15–59 mL/1.73 m2 of body 
surface area)], and left ventricular hypertrophy (diastolic septal wall width 
>15 mm). In the main trial, 2789 patients across 135 sites were 1:1 rando
mized to either ERC (n = 1395) or UC (n = 1394).1 Patients randomized 
to ERC received anti-arrhythmic drugs, catheter ablation, or cardioversion 
directly after randomization.

Rhythm was assessed for all patients at 1 year and 2 years of follow-up. 
Additionally, recurrent AF was defined in the study protocol as any symp
tomatic or asymptomatic AF episode (clinically lasting longer than 30 s) 
after successful index therapy that is documented in an electrocardiogram 
(ECG). When AF was only documented by a single telemetric ECG, veri
fication of the presence of AF by another technique (standard ECG, 
Holter ECG or implanted ECG) was required. Any documentation of AF 
in a standard ECG or Holter ECG constituted an AF recurrence.

Patients in the ERC group were also given a single-lead ECG (Vitaphone) to 
transmit ECGs twice per week and when symptomatic. Documentation of 
recurrent AF triggered an escalation of rhythm-control therapy as clinically in
dicated. In UC, rate control was the initial strategy and rhythm control was 
only used when AF-related symptoms persisted on optimal rate control.
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Figure 1 Consort flow chart of the patients included in the analysis for genetic AF risk. Treatment is shown split by randomized group and by risk groups of PRS AF.

Figure 2 Consort flow chart of the patients included in this analysis for genetic stroke risk. Treatment is shown split by randomized group and by risk groups 
of PRS-stroke.

Polygenic risk scores in EAST-AFNET4                                                                                                                                                                  1801



2.2 Biosample sub-study
The EAST-AFNET4 biosample study was started a few months after the 
initiation of the trial. Participation was offered to 2390/2789 patients. 
These patients were asked to donate a blood sample at baseline, documen
ted by a separate informed consent form. 1600/2390 patients (67%) con
sented to blood sampling and analysis. Samples were shipped to the central 
processing and storage facility at UKE Hamburg (Hamburg, Germany), 
spun, and frozen for later analysis. DNA was isolated from buffy coat pre
pared from EDTA blood samples.16 DNA samples were shipped to the 
Broad Institute (Cambridge, USA). Thirty-three patient samples did not 

pass quality control for genotyping. Samples were genotyped on the 
Infinium PsychArray-24 v1.2 BeadChip and called with GenomeStudio. 
The pre-imputation quality control included sample level filtering (call rate  
< 98%, excess heterozygosity > ±0.2) and variant level filtering (call rate <  
98%, Hardy-Weinberg Equilibrium P-value < 1 × 10–8). Imputation was 
performed on the TOPMed imputation server with the TOPMed Freeze 
5 dataset as reference.17,18 Polygenic risk scores (PRS) for incident AF 
risk (PRS-AF) and ischaemic stroke risk (PRS-stroke, O’Sullivan et al.10) 
were calculated using PLINK2. PRS-AF was constructed by Khera et al. 
using the LDPred method (best performing PRS) and a discovery GWAS 
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Table 1 Baseline characteristics of patients in EAST-AFNET4 biosample sub-study receiving either early rhythm control or 
usual care

Treatment group

Early rhythm control (N = 793) Usual care (N = 774) Total (N = 1567)

Age Median (IQR) 71.0 (65.0;75.0) 71.0 (66.0;76.0) 71.0 (66.0;76.0)
Gender (female) 352 (44.4%) 352 (45.5%) 704 (44.9%)

PRS-AF score Low 144 (18.2%) 170 (22.0%) 314 (20.0%)

Intermediate 499 (62.9%) 440 (56.8%) 939 (59.9%)
High 150 (18.9%) 164 (21.2%) 314 (20.0%)

PRS-stroke score Low 164 (20.7%) 150 (19.4%) 314 (20.0%)

Intermediate 480 (60.5%) 459 (59.3%) 939 (59.9%)
High 149 (18.8%) 165 (21.3%) 314 (20.0%)

Body mass index (kg/m²) (N = 1560) Mean ± SD 29.4 ± 5.4 29.5 ± 5.3 29.4 ± 5.3

Type of AF First episode 289 (36.4%) 266 (34.4%) 555 (35.4%)
Paroxysmal 297 (37.5%) 285 (36.8%) 582 (37.1%)

Persistent 207 (26.1%) 223 (28.8%) 430 (27.4%)

Heart rhythm (Sinus rhythm at baseline) 446 (56.2%) 431 (55.7%) 877 (56.0%)
Days since AF diagnosis Mean ± SD 80.2 ± 183.3 82.7 ± 164.0 81.4 ± 174.0

Previous cardioversion 291/776 (37.5%) 272/773 (35.2%) 563/1549 (36.3%)

Prior stroke or transient ischaemic attack 114 (14.4%) 81 (10.5%) 195 (12.4%)
Concomitant conditions
At least mild cognitive impairment (MoCA < 26) 333/771 (43.2%) 329/755 (43.6%) 662/1526 (43.4%)

Arterial hypertension 704 (88.8%) 681 (88.0%) 1385 (88.4%)
Systolic blood pressure (mmHg) (N = 1562) Mean ± SD 136.9 ± 19.6 137.3 ± 19.3 137.1 ± 19.4

Diastolic blood pressure (mmHg) (N = 1562) Mean ± SD 81.3 ± 12.1 81.5 ± 12.0 81.4 ± 12.0

Stable HF 232 (29.3%) 239 (30.9%) 471 (30.1%)
CHA2DS2-Vasc score Mean ± SD 3.4 ± 1.3 3.3 ± 1.3 3.3 ± 1.3

Median (IQR) 3.0 (2.0;4.0) 3.0 (2.0;4.0) 3.0 (2.0;4.0)

Valvular heart disease 324/793 (40.9%) 316/773 (40.9%) 640/1566 (40.9%)
Chronic kidney disease (MDRD stage III or IV) 99 (12.5%) 94 (12.1%) 193 (12.3%)

Medication at discharge
Oral anticoagulation (NOAC and VKA) at discharge 737 (92.9%) 703 (90.8%) 1440 (91.9%)
Digoxin or digitoxin at discharge 27 (3.4%) 47 (6.1%) 74 (4.7%)

Beta blockers at discharge 584 (73.6%) 656 (84.8%) 1240 (79.1%)

ACE inhibitors or angiotensin II receptor blocker at discharge 545 (68.7%) 548 (70.8%) 1093 (69.8%)
Mineralocorticoid receptor antagonist at discharge 56 (7.1%) 45 (5.8%) 101 (6.4%)

Diuretics at discharge 300 (37.8%) 306 (39.5%) 606 (38.7%)

Statin at discharge 373 (47.0%) 319 (41.2%) 692 (44.2%)
Inhibitor of platelet aggregation at discharge 102 (12.9%) 116 (15.0%) 218 (13.9%)

Rhythm control at baseline Ablation 56 (7.1%) 0 (0.0%) 56 (3.6%)

AAD 714 (90.0%) 21 (2.7%) 735 (46.9%)
None 23 (2.9%) 753 (97.3%) 776 (49.5%)

Presented as mean ± standard deviation, Median and Interquartile range (IQR) or total numbers and percentages in brackets. 
PRS, polygenic risk score; AF, atrial fibrillation; MoCA, montreal cognitive assessment; MDRD, modification of diet in renal disease; NOAC, non-VKA oral anticoagulant; VKA, vitamin K antagonist; 
AAD, anti-arrhythmic drug.

1802                                                                                                                                                                                                       S. Kany et al.



of 17 931 cases and 115 142 controls.8 PRS-stroke was constructed by 
O’Sullivan et al. using lassosum and a discovery GWAS of 7193 cases 
and 204 570 controls.10 EAST-AFNET 4 was not used for the derivation 
of the PRS-weights. Sum scores were obtained and PRS calculated based 
on TOPMed imputed genotype dosages with an imputation quality meas
ure for each variant >0.3 and then summed across the genome. After qual
ity control and imputation, we used 6 363 335 single nucleotide variants 
(out of 6 730 541) to calculate PRS-AF and 516 013 single nucleotide var
iants (out of 530 933) to calculate the PRS-stroke.

2.3 UK Biobank analysis
The UK Biobank is a prospective cohort study of over 500 000 participants 
from the United Kingdom. Patients between 40 and 69 years of age were 
recruited from 2006 until 201019 including comprehensive biosamples in
cluding DNA.20 Health-related outcome data are available via self-reports 
and death registries as well as Hospital Episode Statistics. The PRS-stroke 
was applied to all individuals in the UK Biobank who were centrally adjudi
cated to be in an ancestrally relatively homogenous group termed ‘white 
British’ by the UK Biobank and who were free of the diseases of interest 
at baseline. The PRS-stroke score was tested for association with incident 
AF, HF, and stroke using Cox proportional hazards models that were ad
justed for sex, the first five principal components of ancestry, the genotyping 
array, and the cubic splines of age at UK Biobank enrolment, height, weight, 
body mass index, systolic blood pressure, and diastolic blood pressure. 
Hazard ratios are reported as a 1 SD change of the PRS on the risk of inci
dent disease.

2.4 Statistical analysis
Descriptive statistics present mean and standard deviation or median and 
interquartile range (IQR) for metric variables and frequencies and percen
tages for categorical variables. We visually checked if the continuous genetic 
risk was approximately normally and equally distributed and the categorized 
genetic risk was equally distributed across treatment groups. For visualiza
tion of time-to-event endpoints, we used Aalen Johansen cumulative inci
dence estimators to account for the competing risk of all-cause death.

PRS was assessed as a standardized continuous variable, first. Additionally, 
patients were grouped into low (quintile one), intermediate (quintile two to 
four), and high genetic risk (quintile five) for PRS-AFcategorized and PRS- 
strokecategorized.

14 The following outcomes were analysed by PRS score (stan
dardized continuous and categorical) for AF risk and ischaemic stroke risk sep
arately: time to the primary outcome of the trial, a composite of cardiovascular 
death, stroke (ischaemic or haemorrhagic), hospitalization for acute coronary 
syndrome or worsening of HF and its components; and time to recurrent AF. 
To identify a possible interaction between the treatment group and genetic 
risk, we calculated Cox regression models, with an interaction term between 
treatment group and the categorical genetic risk score. To obtain hazard ratios 

(HRs) for the treatment effect for each level (low, intermediate, and high) of 
categorized genetic risk scores, we followed the approach suggested by 
Figueiras et al., i.e. we calculated three models with differing genetic risk levels 
as reference and interaction terms for treatment group and genetic risk.21

Then, we compared each of these models with analysis of variance against a 
nested version without interaction terms to receive a P-value for the overall 
interaction.

The interaction term was removed when the interaction P-value was 
>0.05. To calculate HRs for the treatment effect adjusted for genetic 
risk, we used Cox regression models with continuous genetic risk as an ad
justing variable. A frailty term for recruitment centre ID was included in all 
Cox regression models. We present the treatment effects as hazard ratios 
with 95% confidence intervals. Due to the explorative design of the study, 
no adjustment for multiple testing was done, that is, P-values are descrip
tive. For all analyses, we used Stata software (StataCorp), version 16.1, R 
version 4.2.1, and Python version 3.8.13.

3. Results
3.1 Patient characteristics by randomized 
group and genetic risk category
After genotyping, imputation, and stringent quality control, 1567 pa
tients were available for the PRS analyses (Figures 1 and 2). Of these, 
793 were randomized to ERC and 774 to UC (Table 1). Baseline char
acteristics were similar between randomized groups including median 
age [ERC 71.0 (65.0, 75.0) years, UC 71.0 (66.0, 76.0) years], female 
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Table 2a Treatment effect on outcomes in the EAST-AFNET 4 trial ‘PRS’-sub-population adjusted for genetic AF risk

Outcome Early rhythm control Usual care Treatment 
effecta

P-value

Primary outcome—events/person-year (incidence/100 person-years) 125/3810.0 (3.3) 171/3729.0 (4.6) 0.67 (0.53, 0.84) <0.001

Components of primary outcome—events/person-year (incidence/100 person-years)

Death from cardiovascular causes 35/4002.0 (0.9) 54/3845.0 (1.4) 0.62 (0.40, 0.95) 0.029
Stroke 18/3955.0 (0.5) 33/3769.0 (0.9) 0.52 (0.29, 0.94) 0.03

Hospitalization with worsening of HF 74/3851.0 (1.9) 90/3618.0 (2.5) 0.77 (0.56, 1.04) 0.094

Hospitalization with acute coronary syndrome 21/3941.0 (0.5) 38/3750.0 (1.0) 0.52 (0.30, 0.89) 0.019
Secondary outcome— events/person-year (incidence/100 person-years)

Recurrent atrial fibrillation 322/2620.0 (12.3) 391/2204.0 (17.7) 0.76 (0.65, 0.88) <0.001

Number of events per person years (incidence per 100 person-years) given. 
aexpressed as HR from Cox regression model adjusted for continuous genetic AF risk and centre as shared frailty term.
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Table 2b Association of PRS-AF as a continuous variable 
with cardiovascular outcomes in the EAST-AFNET 4 trial

Genetic AF risk

Outcome Hazard ratio (95% CI) P-value

EAST-AFNET 4 primary outcome 0.99 (0.88–1.11) 0.867
Components primary outcome

Death from cardiovascular causes 0.99 (0.80–1.23) 0.962

Stroke 1.10 (0.83–1.45) 0.506
Worsening of HF 1.00 (0.86–1.17) 0.974

Acute coronary syndrome 0.91 (0.70–1.19) 0.492

Secondary outcome
Recurrent atrial fibrillation 1.08 (1.0–1.16) 0.047
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sex (ERC 352/793; UC 352/774), and mean CHA2DS2-VASc score 
(Table 1). Similar to the entire trial cohort,22 more than 90% of pa
tients in both randomized groups received anticoagulation and had 
well-controlled concomitant cardiovascular conditions (e.g. blood 
pressure, Table 1).

The distribution of genetic risk followed a normal distribution for each 
PRS per treatment group (see Supplementary material online, Figure S1). 
In the three risk groups of PRS-AFcategorized, median age (low risk: 72.0 
(67.0, 76.0) years, intermediate risk: 71.0 (66.0, 75.0) years, high risk: 70.0 

(65.0, 75.0) years) and sex (low risk: 43.9% female, intermediate risk: 
45.7%, high risk: 43.6%) were similarly distributed (see Supplementary 
material online, Table S1). Patients with a high genetic risk for AF were 
younger, had less previous cardioversion and more HF (see 
Supplementary material online, Table S1).

The same was found in the PRS-strokecategorized groups, median age (low 
risk: 71.0 years, intermediate risk: 71.0 years, high risk: 70.0 years), and sex 
(low risk: 46.2% female, intermediate risk: 43.7%, high risk: 47.5%; see 
Supplementary material online, Table S2).

Figure 3 Association of AF genetic risk (PRS-AF) categories classified by quintile and occurrence of the primary composite endpoint, occurrence of recur
rent AF, occurrence of stroke and hospitalization for worsening of HF. Hazard ratios and P-values resulting from Cox proportional hazards models with ca
tegorized PRS-AF as independent variable interacting with treatment group and a shared frailty term for centre. Int. risk, intermediate risk; AF, atrial fibrillation.
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3.2 Early rhythm control is effective and safe 
across the spectrum of genetic AF and 
stroke risk
Consistent with the main trial,1 ERC reduced the primary outcome com
pared to usual care in the biosample sub-population (HR 0.67, 95% CI: 
0.53–0.84, P < 0.001, Table 2a). ERC was associated with reduced hospita
lizations for acute coronary syndrome (HR 0.52, 95% CI: 0.30–0.89, P =  
0.019), reduced cardiovascular deaths (HR 0.62, 95% CI: 0.40–0.95, P =  
0.029), and reduced strokes (HR 0.52, 95% CI: 0.29–0.94, P = 0.03). ERC 
also reduced recurrent AF (HR 0.76, 95% CI: 0.65–0.88, P < 0.001) com
pared to UC. The genetic risk for AF did not interact with the treatment 
effect on the primary composite outcome (interaction P = 0.806) nor its 
components or recurrent AF (see Supplementary material online, 
Table S3). Similarly, the PRS-stroke score and treatment group did not 
interact with the primary composite outcome (interaction P = 0.765) 
(see Supplementary material online, Table S4, event rates by genetic risk 
category given in Supplementary material online, Tables S5 and S6).

3.3 Associations of genetic AF and stroke 
risk with trial outcomes
The continuous genetic risk for AF was not associated with the primary 
composite outcome (cardiovascular death, stroke, hospitalization for wor
sening of HF, and acute coronary syndrome) (HR 0.99, 95% CI: 0.88–1.11, 
P = 0.867) (Table 2b, Figure S2). The PRS-AF score was associated with re
current AF with a moderate effect size (HR 1.08, 95% CI: 1.0–1.16, P =  
0.047). When looking at genetic risk as categorical values, a trend toward 
lower risk for recurrent AF in patients with low PRS-AFcategorized risk was 
observed compared to patients with an intermediate risk (HR 0.84, 95% CI: 
0.68–1.02, P = 0.084, Figure 3).

The continuous genetic risk for stroke showed an association with the 
primary composite outcome (HR 1.13, 95% CI: 1.0–1.27, P = 0.048) but 
was not associated with stroke (ischaemic or heamorrhagic, HR 1.00, 
95% CI: 0.75–1.34, P = 0.973, Figure S2) in this well-anticoagulated popula
tion (Table 2c,  > 90% on adequate anticoagulation). The genetic stroke risk 
was associated with worsening of HF (HR 1.23, 95% CI: 1.05–1.43, P =  
0.010) but not with recurrent AF (HR 1.04, 95% CI: 0.97–1.12, P =  
0.228). In the categorized analysis, high PRS-strokecategorized risk was asso
ciated with an increased risk of hospitalization for worsening HF in compari
son to intermediate risk (HR 1.48, 95% CI: 1.03–2.13, P = 0.034, Figure 4).

To further investigate this finding, we applied the PRS-stroke to up to 
407 311 UKB participants, where we found an association of the risk score 
with incident HF (N = 12 388 cases; HR 1.08, 95% CI: 1.06–1.10, P < 0.001, 
Table 3). This association was weaker when excluding participants in the 
UKB who first developed AF (N = 8713 cases without AF before HF; 
HR 1.03, 95% CI: 1.01–1.05, P = 0.001). The PRS-stroke showed a robust 
association with AF risk (N = 24 767 cases; HR 1.15, 95% CI: 1.14–1.67, P  

< 0.001) in the UKB, in addition to the expected association with ischaemic 
stroke (N = 3490 cases; HR 1.11, 95 CI: 1.08–1.14, P < 0.001).

3.4 Safety events
Safety events were rare and not different across the PRS-AF and 
PRS-stroke risk categories, including events related to anti-arrhythmic 
drug therapy like non-fatal cardiac arrest and drug-induced bradycardia 
(Tables 4a and 4b).

4. Discussion
4.1 Main findings
Early rhythm-control therapy reduces cardiovascular events in patients 
with AF across the spectrum of genetic risk for AF or stroke. As expected, 
the PRS-AF was associated with an increased risk for recurrent AF, but the 
attributable risk was modest (HR 1.08) reflecting the effectiveness of early 
rhythm-control therapy across the spectrum of genetic AF risk. 
Unexpectedly, PRS-stroke was associated with HF hospitalizations but 
not with stroke in this well-anticoagulated cohort. The association of the 
PRS-stroke with HF hospitalization was validated in the UK Biobank. 
This study shows that early rhythm control is effective cross the spectrum 
of genetic AF and stroke risk and that comprehensive AF therapy including 
anticoagulation on >90% of the patients and therapy of concomitant car
diovascular conditions reduces the otherwise observed association of 
PRS-stroke with stroke.

One of the goals of genomics in medicine is to tailor therapies to an in
dividual patient to maximize efficacy while maintaining safety.23

Pathophysiological consideration and prior observations suggest that a 
higher genetic AF risk would make rhythm-control therapy more difficult, 
leading potentially to a dampened treatment effect or an increase in ad
verse events of early rhythm control in patients with a high genetic AF 
risk.11,24,25 While limited power to detect differences in events is a caveat, 
this analysis found that early rhythm control is effective for patients across 
the spectrum of AF PRS risk scores. This is most likely due to the good ef
fectiveness and safety of modern rhythm-control therapy as applied in the 
EAST-AFNET 4 trial, including in patients with multiple comorbidities,1,26

that has been replicated in other, recent rhythm control trials.27,28

While we did not find an interaction of genetic risk with adverse events 
of rhythm-control therapy, larger genetic studies are needed to detect in
teractions between genetic risk and rare adverse events in AF treatment.

Using this data set from a randomized trial with capture of adjudicated 
events over a mean follow-up of over 5 years provides insight into the role 
PRS could have in AF care. While polygenic risk is thought to provide an 
additional layer of risk information that can be independent of clinical 
risk factors, the use in patients who have disease to inform treatment strat
egies is less well understood.15 A recent large analysis demonstrated that 
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Table 2c Association of PRS-stroke as a continuous variable with cardiovascular outcomes in the EAST-AFNET 4 trial

Genetic stroke risk

Outcome Hazard ratio (95% CI) P-value

EAST-AFNET 4 primary outcome 1.13 (1.0–1.27) 0.048

Components of primary outcome

Death from cardiovascular causes 1.14 (0.92–1.40) 0.237
Stroke 1.00 (0.75–1.34) 0.973

Worsening of HF 1.23 (1.05–1.43) 0.010

Acute coronary syndrome 0.94 (0.72–1.23) 0.670
Secondary outcome

Recurrent atrial fibrillation 1.04 (0.97–1.12) 0.228

Hazard ratio as 1 SD change of the PRS on the risk of an outcome, calculated using Cox regression models adjusted for treatment group and with centre as a shared frailty term.

Polygenic risk scores in EAST-AFNET4                                                                                                                                                                  1805

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad027#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad027#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad027#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad027#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad027#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad027#supplementary-data


the genetic risk scores that were developed in large, homogeneous, but not 
very deeply phenotyped populations predict incident AF in patients with 
cardiovascular diseases.29

Our findings are in accordance with earlier reports showing an associ
ation between the first genetic risk variant on chromosome 4q25, the locus 
that remains prominent in current GWAS for incident AF risk, with recur
rent AF on different rhythm control interventions.11,24,30 In contrast with 
this, a meta-analysis by Shoemaker et al. tested whether a PRS for AF is as
sociated with recurrent AF after catheter ablation. They found high genetic 
risk for AF to be associated with younger age and fewer risk factors but not 

with AF recurrence.31 There are several factors that explain the divergence 
with our findings. For one, the Shoemaker study was a meta-analysis of 10 cen
tres that had heterogenous patient cohorts and catheter ablation protocols. 
Secondly, EAST-AFNET4 enrolled patients with a mean time of AF diagnosis 
of around 81 days where AF-related atrial remodelling might be less important 
for AF recurrence than in patients with longer AF durations. Finally, this study 
used a different method to estimate the genetic AF risk (LDPred in the Khera 
score and Pruning + Thresholding in the Shoemaker study).31

Clinical risk factors for AF such as obesity, alcohol, or hypertension not 
only enable risk assessment but also provide an actionable target to modify 

Figure 4 Association of genetic risk for ischaemic stroke (PRS-stroke) categories classified by quintile and occurrence of the primary composite endpoint, 
occurrence of recurrent AF, occurrence of stroke, and hospitalization for worsening of HF. Hazard ratios and P-values resulting from Cox proportional hazards 
models with categorized PRS-stroke as independent variable interacting with treatment group and a shared frailty term for centre. Int. risk, intermediate risk; 
AF, atrial fibrillation.

1806                                                                                                                                                                                                       S. Kany et al.



the risk of events such as stroke whereas PRS are not modifiable.32

Additionally, PRS have been used to identify subgroups in clinical trials 
that benefit from treatments more than others. For instance, a sub-study 
of the FOURIER trial showed that patients without clinical risk factors or 
high genetic risk (highest quintile of PRS) did not benefit from evolocumab 
in the reduction of vascular or coronary events.14 In addition, a 
meta-analysis of three trials for primary prevention of coronary heart dis
ease, those with a high genetic risk had the greatest relative risk reduction 
(RRR 44% vs. 24%).33 However, evidence of a role of PRS in treatment guid
ance in other cardiovascular diseases than coronary artery disease is sparse 
which is acknowledged in the recent AHA scientific statement on PRS.15

This study is providing important evidence to fill that gap for AF, illustrating 
that early rhythm-control therapy is effective and safe across the spectrum 

of genetic AF and stroke risk and highlighting that treatment factors, possibly 
including anticoagulation, modify the genetic risk for stroke.

In the present data set containing well-anticoagulated patients with AF, 
this PRS-stroke was not predictive of stroke but the genetic risk was asso
ciated with an increased risk of HF hospitalization. In the MEGASTROKE 
GWAS on which the PRS-stroke is based, the association of cardioembolic 
stroke with known loci for incident AF risk may provide an explanation for 
this observation and hint to not-anticoagulated AF as a confounding factor. 
The lack of association of the PRS-stroke with stroke in the EAST-AFNET 
4 data set could be due to low power (51 stroke events in this sub-sample 
of EAST-AFNET 4). Alternatively, it could also be a consequence of the 
high anticoagulation rate in the trial (>90%) which is much higher than in 
the observed in the UK Biobank (∼30%).34
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Table 3 Association of PRS-stroke with incident disease in the UK biobank using adjusted cox regression models. Hazard ratio 
as 1 SD change of the PRS on the risk of incident disease

Disease N overall cohort N incident disease Hazard ratio (95% CI) P-value

HF 406 710 12 388 1.08 (1.06–1.10) <0.001

HF (excluding AF) 401 999 8713 1.03 (1.01–1.05) 0.001

Atrial fibrillation/atrial flutter (AF) 403 192 24 767 1.15 (1.14–1.67) <0.001
Stroke 402 532 4468 1.08 (1.06–1.11) <0.001

Ischemic stroke 407 311 3490 1.11 (1.08–1.14) <0.001

AF, atrial fibrillation.
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Table 4a Safety events by genetic AF risk category and treatment group

Genetic AF risk

Low genetic AF risk Intermediate genetic AF risk High genetic AF risk

Early rhythm 
control

Usual 
care

Early rhythm 
control

Usual 
care

Early rhythm 
control

Usual 
care

n 144 170 499 440 150 164

EAST primary composite safety outcome 18 (12.5) 32 (18.82) 79 (15.83) 65 (14.77) 26 (17.33) 27 (16.46)

Stroke 1 (0.69) 6 (3.53) 11 (2.2) 19 (4.32) 6 (4.0) 8 (4.88)
Death 5 (3.47) 14 (8.24) 24 (4.81) 28 (6.36) 6 (4.0) 12 (7.32)

Serious adverse event related to anti-arrhythmic drug therapy

Non-fatal cardiac arrest 1 (0.69) 0 (0) 0 (0) 1 (0.23) 0 (0) 0 (0)
Drug-induced bradycardia 2 (1.39) 1 (0.59) 6 (1.2) 2 (0.45) 2 (1.33) 1 (0.61)

Torsade de Pointes tachycardia 1 (0.69) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Drug toxicity of AF-related drug therapy 0 (0) 1 (0.59) 5 (1.0) 0 (0) 2 (1.33) 2 (1.22)
Atrioventricular block 0 (0) 0 (0) 2 (0.4) 0 (0) 0 (0) 0 (0)

Serious adverse event related to AF ablation

Major bleeding related to AF ablation 0 (0) 0 (0) 0 (0) 0 (0) 1 (0.67) 0 (0)
Nonmajor bleeding related to AF ablation 0 (0) 0 (0) 0 (0) 1 (0.23) 0 (0) 0 (0)

Other serious adverse event of special interest related to rhythm-control therapy

Other event 1 (0.69) 0 (0) 0 (0) 1 (0.23) 0 (0) 0 (0)
Other cardiovascular event 0 (0) 0 (0) 2 (0.4) 0 (0) 1 (0.67) 0 (0)

Hospitalisation for AF 0 (0) 1 (0.59) 7 (1.4) 0 (0) 1 (0.67) 0 (0)

Syncope 0 (0) 0 (0) 2 (0.4) 0 (0) 1 (0.67) 1 (0.61)
Hospitalization for worsening of HF with 

decompensated HF

1 (0.69) 0 (0) 0 (0) 0 (0) 1 (0.67) 0 (0)

Implantation of a pacemaker, ICD, CRT or any 
other

1 (0.69) 0 (0) 3 (0.6) 1 (0.23) 1 (0.67) 1 (0.61)

AF, atrial fibrillation; HF, heart failure; ICD, implantable cardiac device; CRT, cardiac resynchronization therapy.
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Our analysis in the UKB confirms the finding in the EAST-AFNET4 data set 
that the PRS-stroke score is associated with HF events. Variants on the PITX2 
locus were also reported in GWAS meta-analysis of HF highlighting the link of 
AF and HF.35 If AF is the mediator of the observed increased risk for HF with 
genetic stroke risk, as suggested by partially shared genetic architecture 
(PITX2) across all three conditions, the observed HF events might be 
tachymyopathy-driven events. The association was weakened when patients 
with incident AF were excluded, suggesting that the association is at least par
tially mediated by patients with AF and HF. However, limiting this hypothesis 
is the fact that we did not observe an increased risk of HF with genetic AF risk. 
Follow-up studies to elucidate our understanding of our observation may in
clude functional genomics to study how stroke genes could lead to HF and the 
pathways associated with it. Furthermore, other genetic instruments such as 
rare-variant-burden testing in patients who have strokes and HF might help 
prioritize genes of interest. Whole-exome data on a large scale are available 
via the UKB and the All-of-Us programme.20,36

These hypothesis-generating findings call for further research characterizing the 
interactions between genetic risk for stroke and AF and cardiovascular therapies. 
Our data highlight that it may be premature to use PRS as selection or inclusion 
criteria in prospective trials as recently suggested37 without a deeper understand
ing of the interaction between PRS, cardiovascular conditions, and their treatment.

4.2 Strengths and limitations
Collection of analysable biosamples in a large sub-population (69%) of eligible 
patients randomized in the EAST-AFNET 4 trial and systematic collection of 
adjudicated outcomes over a 5.1-year follow-up time are strengths of this ana
lysis. Another strength is the continuous delivery of therapy of AF including 
anticoagulation and treatment of cardiovascular conditions. Both genotyping 

and imputation for all participants were carried out in the same sequencing 
centre to avoid systematic bias. Although the sample size contains PRS and 
outcomes over a mean follow-up duration of 5 years in 1567 patients, the 
power is too small to detect or rule out weak interactions between PRS 
and treatment. Information on recurrent AF was not continuously collected 
in both groups and was included as a time-to-event variable in this analysis. A 
strength is the use of PRS as continuous risk in addition to quintile groups. The 
grouping of genetic risk by quintiles is largely arbitrary although common prac
tice in genetic studies. No gold standard PRS for AF or stroke is established 
and different methods for construction were not compared in this study. 
Our study focuses on a European sample and did not consider ethnicity in 
the enrolment of the trial. External validity in cohorts of diverse ethnicities 
is desirable. The choice of anti-arrhythmic drug therapy can be different de
pending on the country and catheter ablation was only partly used in this 
study. Therefore, these findings might not generalize to other cohorts of 
rhythm control. Due to the explorative design of the study, unadjusted 
P-values are given, so descriptive and confidence intervals cannot be used 
to infer treatment effects. Independent validation is clearly desirable.

Supplementary material
Supplementary material is available at Cardiovascular Research online.
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Table 4b Safety events by genetic stroke risk category and treatment group

Genetic stroke risk

Low genetic stroke risk Intermediate genetic stroke 
risk

High genetic stroke risk

Early rhythm 
control

Usual 
Care

Early rhythm 
control

Usual 
care

Early rhythm 
control

Usual 
care

n 164 150 480 459 149 165

EAST primary composite safety outcome 17 (10.37) 25 (16.67) 80 (16.67) 69 (15.03) 26 (17.45) 30 (18.18)

Stroke 5 (3.05) 5 (3.33) 9 (1.88) 23 (5.01) 4 (2.68) 5 (3.03)
Death 6 (3.66) 7 (4.67) 24 (5.0) 35 (7.63) 5 (3.36) 12 (7.27)

Serious adverse event related to anti-arrhythmic drug therapy

Non-fatal cardiac arrest 0 (0) 0 (0) 0 (0) 0 (0) 1 (0.67) 1 (0.61)
Drug-induced bradycardia 2 (1.22) 1 (0.67) 7 (1.46) 2 (0.44) 1 (0.67) 1 (0.61)

Torsade de Pointes tachycardia 0 (0) 0 (0) 1 (0.21) 0 (0) 0 (0) 0 (0)

Drug toxicity of AF-related drug therapy 1 (0.61) 1 (0.67) 1 (0.21) 1 (0.22) 5 (3.36) 1 (0.61)
Artrioventricular block 0 (0) 0 (0) 2 (0.42) 0 (0) 0 (0) 0 (0)

Serious adverse event related to AF ablation

Major bleeding related to AF ablation 0 (0) 0 (0) 1 (0.21) 0 (0) 0 (0) 0 (0)
Nonmajor bleeding related to AF ablation 0 (0) 1 (0.67) 0 (0) 0 (0) 0 (0) 0 (0)

Other serious adverse event of special interest related to rhythm-control therapy

Other event 0 (0) 0 (0) 1 (0.21) 0 (0) 0 (0) 1 (0.61)
Other cardiovascular event 0 (0) 0 (0) 3 (0.62) 0 (0) 0 (0) 0 (0)

Hospitalization for AF 0 (0) 1 (0.67) 6 (1.25) 0 (0) 2 (1.34) 0 (0)

Syncope 1 (0.61) 1 (0.67) 1 (0.21) 0 (0) 1 (0.67) 0 (0)
Hospitalization for worsening of HF with 

decompensated HF

0 (0) 0 (0) 2 (0.42) 0 (0) 0 (0) 0 (0)

Implantation of a pacemaker, ICD, CRT or any 
other

1 (0.61) 1 (0.67) 4 (0.83) 1 (0.22) 0 (0) 0 (0)

AF, atrial fibrillation; HF, heart failure; ICD, implantable cardiac device; CRT, cardiac resynchronization therapy.

1808                                                                                                                                                                                                       S. Kany et al.

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad027#supplementary-data


results; C.R. performed the calculation of the PRS., J.P.P. conducted the 
UKB analysis, and K.B., C.R., A.S., and L.S. provided statistical consulting, 
performed calculations, and edited the manuscript draft. B.R. and R.S. 
were involved in critical review of the manuscript and editing the final 
manuscript; T.Z. was responsible for the handling of the biomaterial before 
transfer to the Broad Institute and provided critical review of the manu
script, A.Z. and K.W. were involved in the statistical analysis plan of the 
main trial and provided critical review on this work, L.F. provided consult
ing on the study design, the review of data and the manuscript draft, and 
P.T.E. and P.K. were involved in the study design, the review of data, the 
manuscript editing, and review. P.K. was also involved in the final manu
script, and the figure design and led the main trial as principal investigator.

Conflict of interest: P.K. receives research support for basic, transla
tional, and clinical research projects from European Union, British Heart 
Foundation, Leducq Foundation, Medical Research Council (UK), and 
German Center for Cardiovascular Research, from several drug and device 
companies active in AF, and has received honoraria from several such com
panies in the past, but not in the last 3 years.

L.F. and P.K. are listed as inventors on two patents held by University of 
Birmingham (Atrial Fibrillation Therapy WO 2015140571, Markers for 
Atrial Fibrillation WO 2016012783). L.F. has received institutional research 
grants and non-financial support from European Union, DFG, British Heart 
Foundation, Medical Research Council (UK), NIHR, and several biomedical 
companies. K.W. reports grants from AFNET, during the conduct of the 
study; grants from Biotronik; personal fees from Biotronik; and personal 
fees from Boston Scientific, from Resmed, and from Novartis, outside 
the submitted work.

J.P.P. has consulted for Maze Therapeutics.
P.E. has received sponsored research support from Bayer AG, IBM 

Health, Bristol Meyers Squibb, and Pfizer; he has also served on advisory 
boards or consulted for Bayer AG, MyoKardia, and Novartis.

R.B.S. has received lecture fees and advisory board fees from BMS/Pfizer 
outside this work.

The other authors report no conflicts.
A.S. reports grants from AFNET, during the conduct of the study, and 

grants from BIOTRONIK, outside the submitted work.
C.R. is supported by a grant from Bayer AG to the Broad Institute fo

cused on the development of therapeutics for cardiovascular disease.
T.Z. is listed as a co-inventor of an international patent on the use of a 

computing device to estimate the probability of myocardial infarction 
(International Publication Number WO2022043229A1).

Funding
EAST-AFNET4 (Early Treatment of Atrial Fibrillation for Stroke 
Prevention Trial) was funded in part by BMBF (German Ministry of 
Education and Research, Berlin, Germany, Grant 01 GI 0204), DZHK 
(German Center for Cardiovascular Research, Berlin, 
Germany, 81Z0710102), AFNET (Atrial Fibrillation Network), European 
Heart Rhythm Association, St Jude Medical/Abbott, Sanofi, and the 
German Heart Foundation.

Further support of this analysis came from AFNET, the European Union 
Horizon 2020 [grant agreement No. 633196 (CATCH ME) to P.K. and L.F.; 
AFFECT-EU grant agreement number 847770 to R.B.S., P.K., L.F.; 
MAESTRIA (grant agreement number 965286) to L.F. and P.E., grant agree
ment EU IMI 116074 (BigData@Heart) to P.K.], the British Heart 
Foundation (FS/13/43/30324; PG/17/30/32961; PG/20/22/35093 to P.K.; 
AA/18/2/34218 to P.K. and L.F.), the Leducq Foundation to P.E. and P.K., 
the National Institutes of Health (1RO1HL092577, 1R01HL157635, 
5R01HL139731) to P.E., and the American Heart Association 
(18SFRN34110082) to P.E. J.P.P. has received support from the Sarnoff 
Cardiovascular Research Foundation (Scholar Award) and from the 
National Institutes of Health (K08HL159346). T.Z. is funded by the 
German Research Foundation, the EU Horizon 2020 program and the 
EU ERANet and ERAPreMed programs.

The use of the UK Biobank resource was approved by the Mass General 
Brigham IRB and conducted under UK Biobank application #7089.

Data availability
Data will be made available upon request. Please address your proposals 
for analysis to info@kompetenznetz-vorhofflimmern.de.

References
1. Kirchhof P, Camm AJ, Goette A, Brandes A, Eckardt L, Elvan A, Fetsch T, van Gelder IC, 

Haase D, Haegeli LM, Hamann F, Heidbuchel H, Hindricks G, Kautzner J, Kuck KH, Mont 
L, Ng GA, Rekosz J, Schoen N, Schotten U, Suling A, Taggeselle J, Themistoclakis S, 
Vettorazzi E, Vardas P, Wegscheider K, Willems S, Crijns H, Breithardt G, EAST-AFNET 
4 Trial Investigators. Early rhythm-control therapy in patients with atrial fibrillation. N 
Engl J Med 2020;383:1305–1316.

2. Willems S, Borof K, Brandes A, Breithardt G, Camm AJ, Crijns HJGM, Eckardt L, Gessler N, 
Goette A, Haegeli LM, Heidbuchel H, Kautzner J, Ng GA, Schnabel RB, Suling A, Szumowski 
L, Themistoclakis S, Vardas P, van Gelder IC, Wegscheider K, Kirchhof P. Systematic, early 
rhythm control strategy for atrial fibrillation in patients with or without symptoms: the 
EAST-AFNET 4 trial. Eur Heart J 2021.

3. Rillig A, Magnussen C, Ozga A-K, Suling A, Brandes A, Breithardt G, Camm AJ, Crijns HJGM, 
Eckardt L, Elvan A, Goette A, Gulizia M, Haegeli L, Heidbuchel H, Kuck K-H, Ng A, 
Szumowski L, van Gelder I, Wegscheider K, Kirchhof P. Early rhythm control therapy in pa
tients with atrial fibrillation and heart failure. Circulation 2021;144:845–858.

4. Goette A, Borof K, Breithardt G, Camm AJ, Crijns HJGM, Kuck K-H, Wegscheider K, 
Kirchhof P. Presenting pattern of atrial fibrillation and outcomes of early rhythm control 
therapy. J Am Coll Cardiol 2022;80:283–295.

5. Eckardt L, Sehner S, Suling A, Borof K, Breithardt G, Crijns H, Goette A, Wegscheider K, Zapf 
A, Camm J, Metzner A, Kirchhof P. Attaining sinus rhythm mediates improved outcome with 
early rhythm control therapy of atrial fibrillation: the EAST-AFNET 4 trial. Eur Heart J 2022; 
43:4127–4144.

6. Christophersen IE, Ravn LS, Budtz-Joergensen E, Skytthe A, Haunsoe S, Svendsen JH, Christensen 
K. Familial aggregation of atrial fibrillation. Circ Arrhythm Electrophysiol 2009;2:378–383.

7. Weng L-C, Choi SH, Klarin D, Smith JG, Loh P-R, Chaffin M, Roselli C, Hulme OL, Lunetta 
KL, Dupuis J, Benjamin EJ, Newton-Cheh C, Kathiresan S, Ellinor PT, Lubitz SA. Heritability 
of atrial fibrillation. Circ Cardiovasc Genet 2017;10:e001838.

8. Khera AV, Chaffin M, Aragam KG, Haas ME, Roselli C, Choi SH, Natarajan P, Lander ES, Lubitz 
SA, Ellinor PT, Kathiresan S. Genome-wide polygenic scores for common diseases identify in
dividuals with risk equivalent to monogenic mutations. Nat Genet 2018;50:1219–1224.

9. Marston NA, Patel PN, Kamanu FK, Nordio F, Melloni GM, Roselli C, Gurmu Y, Weng L-C, 
Bonaca MP, Giugliano RP, Scirica BM, O’Donoghue ML, Cannon CP, Anderson CD, Bhatt DL, 
Steg PG, Cohen M, Storey RF, Sever P, Keech AC, Raz I, Mosenzon O, Antman EM, Braunwald 
E, Ellinor PT, Lubitz SA, Sabatine MS, Ruff CT. Clinical application of a novel genetic risk score 
for ischemic stroke in patients with cardiometabolic disease. Circulation 2021;143:470–478.

10. O’Sullivan JW, Shcherbina A, Justesen JM, Turakhia M, Perez M, Wand H, Tcheandjieu C, 
Clarke SL, Rivas MA, Ashley EA. Combining clinical and polygenic risk improves stroke pre
diction among individuals with atrial fibrillation. Circ Genom Precis Med 2021;14:e003168.

11. Shoemaker MB, Bollmann A, Lubitz SA, Ueberham L, Saini H, Montgomery J, Edwards T, 
Yoneda Z, Sinner MF, Arya A, Sommer P, Delaney J, Goyal SK, Saavedra P, 
Kanagasundram A, Whalen SP, Roden DM, Hindricks G, Ellis CR, Ellinor PT, Darbar D, 
Husser D. Common genetic variants and response to atrial fibrillation ablation. Circ 
Arrhythm Electrophysiol 2015;8:296–302.

12. Vogel S, Rudaka I, Rots D, Isakova J, Kalējs O, Vīksne K, Gailīte L. A higher polygenic risk score 
is associated with a higher recurrence rate of atrial fibrillation in direct current 
cardioversion-treated patients. Medicina (B Aires) 2021;57:1263.

13. Al-Kaisey A, Wong G, Young P, Hawson J, Chieng D, Bakshi A, Lacaze P, Giannoulatou E, 
Kistler P, Fatkin D, Kalman J. Polygenic risk scores identify atrial electrophysiological sub
strate abnormalities and predict atrial fibrillation recurrence following catheter ablation. 
Heart Lung Circ 2022;31:S52.

14. Marston NA, Kamanu FK, Nordio F, Gurmu Y, Roselli C, Sever PS, Pedersen TR, Keech AC, 
Wang H, Pineda AL, Giugliano RP, Lubitz SA, Ellinor PT, Sabatine MS, Ruff CT. Predicting 
benefit from evolocumab therapy in patients with atherosclerotic disease using a genetic 
risk score. Circulation 2020;141:616–623.

15. O’Sullivan JW, Raghavan S, Marquez-Luna C, Luzum JA, Damrauer SM, Ashley EA, 
O’Donnell CJ, Willer CJ, Natarajan P. Polygenic risk scores for cardiovascular disease: A sci
entific statement from the American heart association. Circulation 2022;146:e93–e118.

16. Miller SA, Dykes DD, Polesky HF. A simple salting out procedure for extracting DNA from 
human nucleated cells. Nucleic Acids Res 1988;16:1215–1215.

17. Das S, Forer L, Schönherr S, Sidore C, Locke AE, Kwong A, Vrieze SI, Chew EY, Levy S, 
McGue M, Schlessinger D, Stambolian D, Loh P-R, Iacono WG, Swaroop A, Scott LJ, 
Cucca F, Kronenberg F, Boehnke M, Abecasis GR, Fuchsberger C. Next-generation geno
type imputation service and methods. Nature Genet 2016;48:1284–1287.

18. Taliun D, Harris DN, Kessler MD, Carlson J, Szpiech ZA, Torres R, Taliun SAG, Corvelo A, 
Gogarten SM, Kang HM, Pitsillides AN, LeFaive J, Lee S-B, Tian X, Browning BL, Das S, 
Emde A-K, Clarke WE, Loesch DP, Shetty AC, Blackwell TW, Smith AV, Wong Q, Liu X, 
Conomos MP, Bobo DM, Aguet F, Albert C, Alonso A, Ardlie KG, Arking DE, Aslibekyan S, 
Auer PL, Barnard J, Barr RG, Barwick L, Becker LC, Beer RL, Benjamin EJ, Bielak LF, 
Blangero J, Boehnke M, Bowden DW, Brody JA, Burchard EG, Cade BE, Casella JF, Chalazan 
B, Chasman DI, Chen Y-DI, Cho MH, Choi SH, Chung MK, Clish CB, Correa A, Curran JE, 
Custer B, Darbar D, Daya M, de Andrade M, DeMeo DL, Dutcher SK, Ellinor PT, Emery LS, 

Polygenic risk scores in EAST-AFNET4                                                                                                                                                                  1809

mailto:info@kompetenznetz-vorhofflimmern.de


Eng C, Fatkin D, Fingerlin T, Forer L, Fornage M, Franceschini N, Fuchsberger C, Fullerton SM, 
Germer S, Gladwin MT, Gottlieb DJ, Guo X, Hall ME, He J, Heard-Costa NL, Heckbert SR, Irvin 
MR, Johnsen JM, Johnson AD, Kaplan R, Kardia SLR, Kelly T, Kelly S, Kenny EE, Kiel DP, 
Klemmer R, Konkle BA, Kooperberg C, Köttgen A, Lange LA, Lasky-Su J, Levy D, Lin X, Lin 
K-H, Liu C, Loos RJF, Garman L, Gerszten R, Lubitz SA, Lunetta KL, Mak ACY, Manichaikul 
A, Manning AK, Mathias RA, McManus DD, McGarvey ST, Meigs JB, Meyers DA, Mikulla JL, 
Minear MA, Mitchell BD, Mohanty S, Montasser ME, Montgomery C, Morrison AC, 
Murabito JM, Natale A, Natarajan P, Nelson SC, North KE, O’Connell JR, Palmer ND, 
Pankratz N, Peloso GM, Peyser PA, Pleiness J, Post WS, Psaty BM, Rao DC, Redline S, 
Reiner AP, Roden D, Rotter JI, Ruczinski I, Sarnowski C, Schoenherr S, Schwartz DA, Seo 
J-S, Seshadri S, Sheehan VA, Sheu WH, Shoemaker MB, Smith NL, Smith JA, Sotoodehnia N, 
Stilp AM, Tang W, Taylor KD, Telen M, Thornton TA, Tracy RP, Van Den Berg DJ, Vasan 
RS, Viaud-Martinez KA, Vrieze S, Weeks DE, Weir BS, Weiss ST, Weng L-C, Willer CJ, 
Zhang Y, Zhao X, Arnett DK, Ashley-Koch AE, Barnes KC, Boerwinkle E, Gabriel S, Gibbs 
R, Rice KM, Rich SS, Silverman EK, Qasba P, Gan W, Abe N, Almasy L, Ament S, Anderson 
P, Anugu P, Applebaum-Bowden D, Assimes T, Avramopoulos D, Barron-Casella E, Beaty T, 
Beck G, Becker D, Beitelshees A, Benos T, Bezerra M, Bis J, Bowler R, Broeckel U, Broome 
J, Bunting K, Bustamante C, Buth E, Cardwell J, Carey V, Carty C, Casaburi R, Castaldi P, 
Chaffin M, Chang C, Chang Y-C, Chavan S, Chen B-J, Chen W-M, Chuang L-M, Chung R-H, 
Comhair S, Cornell E, Crandall C, Crapo J, Curtis J, Damcott C, David S, Davis C, Ldl F, 
DeBaun M, Deka R, Devine S, Duan Q, Duggirala R, Durda JP, Eaton C, Ekunwe L, El Boueiz 
A, Erzurum S, Farber C, Flickinger M, Fornage M, Frazar C, Fu M, Fulton L, Gao S, Gao Y, 
Gass M, Gelb B, Geng XP, Geraci M, Ghosh A, Gignoux C, Glahn D, Gong D-W, Goring H, 
Graw S, Grine D, Gu CC, Guan Y, Gupta N, Haessler J, Hawley NL, Heavner B, Herrington 
D, Hersh C, Hidalgo B, Hixson J, Hobbs B, Hokanson J, Hong E, Hoth K, Hsiung CA, Hung 
Y-J, Huston H, Hwu CM, Jackson R, Jain D, Jhun MA, Johnson C, Johnston R, Jones K, 
Kathiresan S, Khan A, Kim W, Kinney G, Kramer H, Lange C, Lange E, Lange L, Laurie C, 
LeBoff M, Lee J, Lee SS, Lee W-J, Levine D, Lewis J, Li X, Li Y, Lin H, Lin H, Lin KH, Liu S, 
Liu Y, Liu Y, Luo J, Mahaney M, Consortium NT-OfPM. Sequencing of 53,831 diverse genomes 
from the NHLBI TOPMed program. Nature 2021;590:290–299.

19. Littlejohns TJ, Sudlow C, Allen NE, Collins R. UK Biobank: opportunities for cardiovascular 
research. Eur Heart J 2017;40:1158–1166.

20. Bycroft C, Freeman C, Petkova D, Band G, Elliott LT, Sharp K, Motyer A, Vukcevic D, 
Delaneau O, O’Connell J, Cortes A, Welsh S, Young A, Effingham M, McVean G, Leslie S, 
Allen N, Donnelly P, Marchini J. The UK Biobank resource with deep phenotyping and gen
omic data. Nature 2018;562:203–209.

21. Figueiras A, Domenech-Massons JM, Cadarso C. Regression models: calculating the confi
dence interval of effects in the presence of interactions. Stat Med 1998;17:2099–2105.

22. Metzner A, Suling A, Brandes A, Breithardt G, Camm AJ, Crijns HJGM, Eckardt L, Elvan A, 
Goette A, Haegeli LM, Heidbuchel H, Kautzner J, Kuck K-H, Mont L, Ng AA, Szumowski L, 
Themistoclakis S, van Gelder IC, Vardas P, Wegscheider K, Willems S, Kirchhof P. 
Anticoagulation, therapy of concomitant conditions, and early rhythm control therapy: a de
tailed analysis of treatment patterns in the EAST - AFNET 4 trial. Europace 2021.

23. Kany S, Reissmann B, Metzner A, Kirchhof P, Darbar D, Schnabel RB. Genetics of atrial fib
rillation—practical applications for clinical management: if not now, when and how? 
Cardiovasc Res 2021;117:1718–1731.

24. Husser D, Adams V, Piorkowski C, Hindricks G, Bollmann A. Chromosome 4q25 variants 
and atrial fibrillation recurrence after catheter ablation. J Am Coll Cardiol 2010;55:747–753.

25. Husser D, Ueberham L, Hindricks G, Büttner P, Ingram C, Weeke P, Shoemaker MB, Adams 
V, Arya A, Sommer P, Darbar D, Roden DM, Bollmann A. Rare variants in genes encoding 
the cardiac sodium channel and associated compounds and their impact on outcome of 
catheter ablation of atrial fibrillation. PLoS One 2017;12:e0183690.

26. Rillig A, Borof K, Breithardt G, Camm AJ, Crijns HJGM, Goette A, Kuck KH, Metzner A, 
Vardas P, Vettorazzi E, Wegscheider K, Zapf A, Kirchhof P. Early rhythm control in patients 
with atrial fibrillation and high comorbidity burden. Circulation 2022:101161CIRCULA 
TIONAHA122060274.

27. Packer DL, Mark DB, Robb RA, Monahan KH, Bahnson TD, Poole JE, Noseworthy PA, 
Rosenberg YD, Jeffries N, Mitchell LB, Flaker GC, Pokushalov E, Romanov A, Bunch TJ, 
Noelker G, Ardashev A, Revishvili A, Wilber DJ, Cappato R, Kuck KH, Hindricks G, 
Davies DW, Kowey PR, Naccarelli GV, Reiffel JA, Piccini JP, Silverstein AP, Al-Khalidi HR, 

Lee KL, Investigators C. Effect of catheter ablation vs antiarrhythmic drug therapy on mor
tality, stroke, bleeding, and cardiac arrest among patients with atrial fibrillation: the 
CABANA randomized clinical trial. JAMA 2019;321:1261–1274.

28. Marrouche NF, Brachmann J, Andresen D, Siebels J, Boersma L, Jordaens L, Merkely B, 
Pokushalov E, Sanders P, Proff J, Schunkert H, Christ H, Vogt J, Bansch D, Investigators C-A. 
Catheter ablation for atrial fibrillation with heart failure. N Engl J Med 2018;378:417–427.

29. Marston N, Garfinkel A, Kamanu F, Melloni G, ROselli C, Jarolim P, Berg D, Bhatt D, Bonaca 
MP, Cannon C, Giugliani R, O’Donoghue M, Raz I, Scirica BM, Braunwald E, Morrow D, 
Ellinor P, Lubitz S, Sabatine M, Ruff CB. Application of a polygenic risk score to predict atrial 
fibrillation in patients with cardiovascular conditions. Eur Heart J 2023;44:221–231.

30. Parvez B, Vaglio J, Rowan S, Muhammad R, Kucera G, Stubblefield T, Carter S, Roden D, 
Darbar D. Symptomatic response to antiarrhythmic drug therapy is modulated by a com
mon single nucleotide polymorphism in atrial fibrillation. J Am Coll Cardiol 2012;60:539–545.

31. Shoemaker MB, Husser D, Roselli C, Jazairi MA, Chrispin J, Kühne M, Neumann B, Knight S, 
Sun H, Mohanty S, Shaffer C, Thériault S, Rinke LL, Siland JE, Crawford DM, Ueberham L, 
Zardkoohi O, Büttner P, Geelhoed B, Blum S, Aeschbacher S, Smith JD, Wagoner DRV, 
Freudling R, Müller-Nurasyid M, Montgomery J, Yoneda Z, Wells Q, Issa T, Weeke P, 
Jacobs V, Gelder ICV, Hindricks G, Barnard J, Calkins H, Darbar D, Michaud G, Kääb S, 
Ellinor P, Natale A, Chung M, Nazarian S, Cutler MJ, Sinner MF, Conen D, Rienstra M, 
Bollmann A, Roden DM, Lubitz S. Genetic susceptibility for atrial fibrillation in patients 
undergoing atrial fibrillation ablation. Circ Arrhythm Electrophysiol 2020;13:e007676.

32. Hindricks G, Potpara T, Dagres N, Arbelo E, Bax JJ, Blomstrom-Lundqvist C, Boriani G, 
Castella M, Dan GA, Dilaveris PE, Fauchier L, Filippatos G, Kalman JM, La Meir M, Lane 
DA, Lebeau JP, Lettino M, Lip GYH, Pinto FJ, Thomas GN, Valgimigli M, Van Gelder IC, 
Van Putte BP, Watkins CL, Group ESCSD. 2020 ESC guidelines for the diagnosis and man
agement of atrial fibrillation developed in collaboration with the European association of 
cardio-thoracic surgery (EACTS). Eur Heart J 2020.

33. Natarajan P, Young R, Stitziel NO, Padmanabhan S, Baber U, Mehran R, Sartori S, Fuster V, 
Reilly DF, Butterworth A, Rader DJ, Ford I, Sattar N, Kathiresan S. Polygenic risk score iden
tifies subgroup with higher burden of atherosclerosis and greater relative benefit from statin 
therapy in the primary prevention setting. Circulation 2017;135:2091–2101.

34. Kany S, Cardoso VR, Bravo L, Williams JA, Schnabel R, Fabritz L, Gkoutos GV, Kirchhof P. 
Eligibility for early rhythm control in patients with atrial fibrillation in the UK biobank. Heart 
2022:heartjnl-2022-321196.

35. Shah S, Henry A, Roselli C, Lin H, Sveinbjornsson G, Fatemifar G, Hedman AK, Wilk JB, Morley 
MP, Chaffin MD, Helgadottir A, Verweij N, Dehghan A, Almgren P, Andersson C, Aragam KG, 
Arnlov J, Backman JD, Biggs ML, Bloom HL, Brandimarto J, Brown MR, Buckbinder L, Carey DJ, 
Chasman DI, Chen X, Chen X, Chung J, Chutkow W, Cook JP, Delgado GE, Denaxas S, Doney 
AS, Dorr M, Dudley SC, Dunn ME, Engstrom G, Esko T, Felix SB, Finan C, Ford I, Ghanbari M, 
Ghasemi S, Giedraitis V, Giulianini F, Gottdiener JS, Gross S, Guethbjartsson DF, Gutmann R, 
Haggerty CM, van der Harst P, Hyde CL, Ingelsson E, Jukema JW, Kavousi M, Khaw KT, 
Kleber ME, Kober L, Koekemoer A, Langenberg C, Lind L, Lindgren CM, London B, Lotta 
LA, Lovering RC, Luan J, Magnusson P, Mahajan A, Margulies KB, Marz W, Melander O, 
Mordi IR, Morgan T, Morris AD, Morris AP, Morrison AC, Nagle MW, Nelson CP, Niessner 
A, Niiranen T, O’Donoghue ML, Owens AT, Palmer CNA, Parry HM, Perola M, 
Portilla-Fernandez E, Psaty BM, Regeneron Genetics C, Rice KM, Ridker PM, Romaine SPR, 
Rotter JI, Salo P, Salomaa V, van Setten J, Shalaby AA, Smelser DT, Smith NL, Stender S, 
Stott DJ, Svensson P, Tammesoo ML, Taylor KD, Teder-Laving M, Teumer A, Thorgeirsson 
G, Thorsteinsdottir U, Torp-Pedersen C, Trompet S, Tyl B, Uitterlinden AG, Veluchamy A, 
Volker U, Voors AA, Wang X, Wareham NJ, Waterworth D, Weeke PE, Weiss R, Wiggins 
KL, Xing H, Yerges-Armstrong LM, Yu B, Zannad F, Zhao JH, Hemingway H, Samani NJ, 
McMurray JJV, Yang J, Visscher PM, Newton-Cheh C, Malarstig A, Holm H, Lubitz SA, Sattar 
N, Holmes MV, Cappola TP, Asselbergs FW, Hingorani AD, Kuchenbaecker K, Ellinor PT, 
Lang CC, Stefansson K, Smith JG, Vasan RS, Swerdlow DI, Lumbers RT. Genome-wide associ
ation and Mendelian randomisation analysis provide insights into the pathogenesis of heart fail
ure. Nat Commun 2020;11:163.

36. All of Us Research Program Investigators. The “all of us” research program. N Eng J Med 
2019;381:668–676.

37. Fahed AC, Philippakis AA, Khera AV. The potential of polygenic scores to improve cost and 
efficiency of clinical trials. Nat Commun 2022;13:2922.

Translational perspective

• Early rhythm-control therapy reduces cardiovascular outcomes across the spectrum of genetic atrial fibrillation (AF) and stroke risks estimated by 
polygenic risk scores (PRS).

• The PRS for AF is moderately associated with an increase for recurrent AF while the PRS for stroke is associated with heart failure hospitalization.
• The association of genetic stroke risk with heart failure is replicated in the UK Biobank, highlighting the need for comprehensive care of these 

cardiovascular conditions.
• Further research into the mechanisms leading to heart failure risk associated with genetic stroke and AF risk could identify approaches for strati

fied therapy.
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