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Abstract 

Men and women have differing risks of adverse events after revascularization procedures and these differences could be partially driven 
by genetics. We studied the sex-specific differences in associations of polygenic risk scores (PRSs) with atrial fibrillation (AF), ischaemic 
stroke (STR), intracranial haemorrhage (ICH), myocardial infarction (MI) and gastrointestinal haemorrhage (GIH) in coronary revasculari
zation patients. The study cohort comprised 5561 and 17 578 revascularized women and men. All participants underwent genotyping 
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and register-based follow-up from 1961 to 2021. We calculated PRSs for all individuals and used Cox models with interaction term to ex
amine the sex-specific associations between the PRSs and adverse outcomes after revascularization. The AF-PRS was more strongly asso
ciated with AF in men [hazard ratio (HR) per 1 standard deviation increase, 1.16; 95% confidence interval (CI), 1.12–1.19; P¼ 7.6 � 10−22) 
than in women (P for interaction 0.006). Conversely, ICH-PRS was more strongly associated with ICH after revascularization in women 
(HR, 1.32; 95% CI, 1.08–1.62; P¼ 0.008) than in men (P for interaction 0.008). We observed no sex-specific differences for the associations 
of PRSs with STR, MI or GIH. The genetic risk of AF after revascularization is greater in men than in women, and vice versa for ICH. Sex- 
specific PRSs could be used to identify individuals in high genetic risk for these complications.

Keywords: Revascularization • Coronary artery bypass grafting • Percutaneous coronary intervention • Complication • Risk score 
• Genetic

INTRODUCTION

Coronary artery bypass grafting (CABG) and percutaneous coro
nary intervention (PCI) are related to adverse outcomes such as 
atrial fibrillation (AF), myocardial infarction (MI), ischaemic 
stroke (STR), intracranial haemorrhage (ICH) and gastrointestinal 
haemorrhage (GIH) [1]. Interestingly, sex-specific differences in 
risks of postprocedural complications have been observed [2].

The aetiology of sex differences in postprocedural complica
tions is multifactorial extending from patient characteristics to 
perioperative care and the intensity and timing of the surgery it
self. These differences could also be dependent on differences in 
genetic risk as polygenic risk scores (PRSs) have been previously 
shown to associate with certain adverse outcomes after revascu
larization [3].

To elucidate the role of genetics in sex differences in post- 
revascularization outcomes, we studied the association of sex- 
and disease-specific PRSs with long-term complications in 
17 578 men and 5561 women who underwent coronary revas
cularization in Finland.

MATERIALS AND METHODS

Ethics statement

The approval of the Ethics Committee of the Hospital District of 
Helsinki and Uusimaa was obtained (HUS/990/2017). All partici
pants provided informed written consent.

The study cohort consisted of 377 277 genotyped individuals 
from FinnGen data freeze 9 which included patients drawn from 
Finland’s national hospital biobanks and participants of Finnish 
cohort studies [4]. Of these, 23 139 individuals (5561 women, 
17 578 men) had undergone a coronary revascularization proce
dure (PCI and/or CABG) and were considered for fur
ther analysis.

In total, 10 938 (1807 women) had undergone PCI and 14 723 
(4195 women) CABG during the follow-up period from 1969 to 
October 11, 2021. If the patient had undergone both PCI and 
CABG, the first event was selected in the combined PCI/CABG 
group. When PCI and CABG groups were analysed separately, 
then only the first PCI or CABG event was selected for analysis.

The DNA samples were genotyped with Illumina and 
Affymetrix arrays. After quality control, the genotypes were im
puted using a population-specific SISu v4.0 reference panel. 
Disease-specific PRSs were computed using the PRS-CS (contin
uous shrinkage) pipeline with default parameters. PRS-CS com
putes SNP effect sizes by high-dimensional Bayesian regression 
with CS priors using the obtained GWAS summary statistics and 

a linkage disequilibrium reference panel [4]. The summary statis
tics for calculating the PRSs were obtained from UK Biobank [3]. 
The European linkage disequilibrium reference panel was de
rived from samples of the 1000 Genomes Project. The PRSs were 
based on 1 098 015 genetic variants common in the linkage dis
equilibrium reference panel and FinnGen.

The selected end-point events for this study were AF, MI, STR, 
ICH and GIH and the corresponding International Classification 
of Diseases (ICD) codes used in this study are listed in 
Supplementary Material, Table S1 in the supplement. The geno
typed study participants were linked to end-points using unique 
personal identification numbers and ICD codes derived from na
tionwide Hospital Discharge and Causes-of-Death registers. 
These diagnoses in the registers were made by the attending 
physician and the accuracy of the diagnoses and registers are ro
bust and have been described in detail previously [5].

Separate datasets were derived for different revascularization 
procedures (PCI, CABG and PCI or CABG), for both sexes and for 
each outcome. Individuals with AF, STR, ICH, MI or GIH prior to 
revascularization were excluded from the analyses and thus the 
final study sample size and characteristics varied slightly 
depending on the outcome of interest (Table 1 and 
Supplementary Material, Table S2).

We used Cox proportional hazards models with sex–PRS inter
actions to examine the sex differences in genetic risk for adverse 
outcomes. We adjusted for sample collection year, genotyping 
batch, first 10 genetic principal components, the age at the time 
of the first revascularization and with the presence of hyperten
sion, obesity, diabetes, hyperlipidemia and chronic kidney dis
ease at baseline. The proportional hazards assumption was 
validated by visual inspection of log-minus-log plots due to the 
large sample size. Furthermore, we categorized the individuals in 
any revascularization group (PCI or CABG) into quartiles by their 
AF-PRS and ICH-PRS count.

In all analyses, we considered two-tailed P-values of 0.05 as 
statistically significant. We used R v.4.2.1 for all analyses.

RESULTS

The study sample characteristics are reported in Supplementary 
Material, Table S2. The main results of the study are presented 
in Fig. 1 and Table 1. After CABG, AF-PRS, STR-PRS and GIH-PRS 
were associated to their respective outcomes in men, whereas 
after PCI, ICH-PRS was associated with ICH in women. In indi
viduals with either type of revascularization, AF-PRS was associ
ated with future AF more strongly in men than in women 
[hazard ratio (HR) 1.16 vs 1.06; P for interaction 0.006]. ICH-PRS 
was more strongly associated with future ICH in revascularized 
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women than in men (HR 1.32 vs 0.96; P for interaction 0.008). 
These HRs were in general similar for CABG and PCI (Table 1). 
However, the sex interaction P-values were only borderline sig
nificant (P¼ 0.05–0.11) due to lack of statistical power, except 
for AF-PRS post-PCI (P¼ 0.003).

DISCUSSION

In this study of 23 139 revascularized men and women, we 
demonstrate sex differences in the genetic risk for post- 
revascularization outcomes. Namely, AF-PRS is more strongly 
associated with future AF in men and ICH-PRS is more closely 
related to incident ICH in women. We observed no sex differen
ces of sex-specific PRSs with MI, STR and GIH.

AF is common after revascularization with a prevalence rate 
of 15–40% and 12% after CABG and PCI, respectively [1, 6]. It is 
also known that AF is more common in men [7]. The heritability 
and genetic contribution for AF in the general population have 
been confirmed in several studies [8]. However, research on the 
influence of genetics on sex-specific risk differences has yielded 
mixed and rather modest results [7]. Our results suggest that the 
genetic susceptibility for AF differs in men and women, either di
rectly or through mediating factors. Therefore, as postoperative 
AF is associated with increased mortality, morbidity and cost af
ter revascularization, genetic profiling before operative treat
ment with disease-specific PRSs could help identify individuals 
at high genetic risk and guide them to appropriate follow-up 
and therapy.

We also observed a stronger genetic susceptibility for ICH in 
revascularized women than in men. In women, ICH-PRS was as
sociated with 32–34% greater risk for ICH than in men, depend
ing on the type of revascularization. In prior studies, PRSs have 
been associated with ischaemic stroke in the general population 

but the data on possible sex-specific differences on the associa
tion between ICH-PRS and ICH are more limited [9]. Our current 
data suggest that the genetic risk for ICH in the post- 
revascularization setting is greater in women than in men. 
Further, as ICH is a devastating complication, genetic profiling 
and identification of individuals with high ICH-PRS could help 
individualize postoperative antithrombotic and antihyperten
sive therapy.

In contrast to previous studies [9], we observed no association 
between STR-PRS and stroke, and no association was observed 
between MI-PRS and MI. This may be due to the strong, inde
pendent effects of PCI, CABG and the aggressive drug therapy 
related to them, which may have diminished the links of genetic 
factors with stroke and MI.

Genetic polymorphisms have been previously associated with 
increased risk for upper gastrointestinal bleeding due to adverse 
drug reactions from antithrombotic and anticoagulant medica
tions [10]. We observed that men with revascularization had 
increased genetic risk for GIH but this association was non- 
significant in women, possibly due to the lower number of 
women in the study sample. However, this difference was 
non-significant.

Limitations

Finally, these results must be weighed against some limitations. 
First, exclusion of prevalent cases may cause individuals with the 
greatest genetic risk to be excluded. Second, as CVD is more 
common in men, only 24% of the study participants were 
women, resulting in a lack of statistical power. Third, given that 
the sample comprised mainly of individuals of Northern 
European ancestry, our results may not be generalizable to other 

Table 1: Association between disease-specific polygenic risk score and adverse outcomes after revascularization procedures

PRS Men Women Interaction

HR (95% CI) P-value Cases/controls HR (95% CI) P-value Cases/controls

CABG/PCI
AF 1.16 (1.12–1.19) 7.6 � 10−22 4543/10881 1.06 (1.00–1.12) 0.054 1172/3823 0.006
ICH 0.96 (0.86–1.07) 0.45 355/16958 1.32 (1.08–1.62) 0.008 94/5379 0.008
MI 1.02 (0.97–1.07) 0.34 1744/7717 1.06 (0.97–1.15) 0.18 511/2935 0.57
STR 1.04 (1.00–1.09) 0.07 2096/14370 1.09 (1.00–1.19) 0.05 539/4678 0.36
GIH 1.13 (1.06–1.21) 2.2 � 10−4 900/16314 1.08 (0.95–1.23) 0.25 230/5226 0.52

CABG
AF 1.14 (1.10–1.18) 6.3 � 10−12 2876/5150 1.05 (0.95–1.12) 0.30 546/1057 0.11
ICH 0.95 (0.83–1.08) 0.44 219/8787 1.32 (0.99–1.75) 0.06 49/1733 0.07
MI 1.02 (0.95–1.08) 0.57 1032/43530 1.14 (1.01–1.30) 0.05 227/949 0.09
STR 1.06 (1.01–1.13) 0.03 1325/7229 1.09 (0.95–1.23) 0.21 250/1454 0.85
GIH 1.12 (1.03–1.23) 0.01 514/8456 1.14 (0.93–1.40) 0.21 92/1688 0.79

PCI
AF 1.19 (1.14–1.24) 3.0 � 10−15 2228/6819 1.05 (0.99–1.14) 0.15 738/3002 0.003
ICH 0.99 (0.85–1.15) 0.89 171/10183 1.31 (1.03–1.75) 0.05 56/4064 0.07
MI 1.02 (0.95–1.09) 0.54 901/4019 1.05 (0.92–1.14) 0.37 335/2141 0.95
STR 1.00 (0.94–1.07) 0.99 1006/8798 1.06 (0.96–1.18) 0.26 346/3578 0.29
GIH 1.15 (1.06–1.26) 0.002 500/9769 1.03 (0.89–1.21) 0.75 160/3949 0.18

HRs were calculated for 1 SD increase in PRS. Hazard models were adjusted by age, operation type, sample collection year, with the presence of hypertension, 
obesity, diabetes, hypercholesterolaemia, chronic kidney disease, genotyping batch and the first 10 genetic principal components. P-values <0.05 were consid
ered significant.
AF: atrial fibrillation; CABG: coronary artery bypass grafting; CI: confidence interval; GIH: gastrointestinal haemorrhage; HRs: hazard ratios; ICH: intracranial hae
morrhage; MI: myocardial infarction; PCI: percutaneous coronary intervention; PRS: polygenic risk score; SD: standard deviation; STR: ischaemic stroke.
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populations. Fourth, other acquired clinical risk factors for AF 
and ICH were not available in this study.

CONCLUSION

Based on our findings, the genetic risk for complications after re
vascularization is sex specific. The genetic risk of AF after revas
cularization is significantly higher in men. Women, on the other 
hand, carry an increased genetic risk for ICH after these proce
dures. Additional research is warranted to elucidate the underly
ing mechanisms in these genetic sex differences and to evaluate 

the possible potential of PRS screening and pretreatment of 
these high-risk patients.

SUPPLEMENTARY MATERIAL

Supplementary material is available at ICVTS online.
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Figure 1: Cumulative incidence of AF and ICH after any revascularization procedure by AF-PRS and ICH-PRS quartiles. Q1: PRS <25th percentile; Q2: PRS in 25th to 
50th percentile; Q3: PRS in 50th to 75th percentile; Q4: PRS >75th percentile. Models were adjusted by age, sample collection year, type of the first revascularization, 
genotyping batch, the first 10 genetic principal components, and with presence of hypertension, obesity, diabetes, hyperlipidemia, and chronic kidney disease at 
baseline. AF: atrial fibrillation; ICH: intracranial haemorrhage; PRS: polygenic risk score.
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