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Aims Resting heart rate (RHR) is associated with cardiovascular disease (CVD) and mortality. This study aimed to identify genetic 
loci associated with RHR, develop a genome-wide polygenic risk score (PRS) for RHR, and assess associations between the 
RHR PRS and CVD outcomes, to better understand the biological mechanisms linking RHR to disease. Sex-specific analyses 
were conducted to potentially elucidate different pathways between the sexes.

Methods 
and results

We performed a genome-wide meta-analysis of RHR (n = 550 467) using two independent study populations, The 
Trøndelag Health Study (HUNT) and the UK Biobank (UKB), comprising 69 155 and 481 312 participants, respectively. 
We also developed a genome-wide PRS for RHR using UKB and tested for association between the PRS and 13 disease 
outcomes in HUNT. We identified 403, 253, and 167 independent single nucleotide polymorphisms (SNPs) significantly as
sociated with RHR in the total population, women, and men, respectively. The sex-specified analyses indicated differences in 
the genetic contribution to RHR and revealed loci significantly associated with RHR in only one of the sexes. The SNPs were 
mapped to genes enriched in heart tissue and cardiac conduction pathways, as well as disease-pathways, including dilated 
cardiomyopathy. The PRS for RHR was associated with increased risk of hypertension and dilated cardiomyopathy, and de
creased risk of atrial fibrillation.

Conclusion Our findings provide insight into the pleiotropic effects of the RHR variants, contributing towards an improved understand
ing of mechanisms linking RHR and disease. In addition, the sex-specific results might contribute to a more refined under
standing of RHR as a risk factor for the different diseases.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -Lay summary We conducted a genome-wide meta-analysis on resting heart rate (RHR), created a polygenic risk score for RHR, and ex
amined the associations to cardiovascular disease outcomes.  

• Sex-specific analyses indicated differences in the genetic contribution to RHR between men and women.

• High genetically predicted RHR was associated with increased risk of dilated cardiomyopathy and hypertension, and de
creased risk of atrial fibrillation. 
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Graphical Abstract
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Introduction
Cardiovascular disease (CVD) is the leading cause of mortality world
wide and accounts for twice as many deaths in Europe than all cancers 
combined.1 Hence, advancing our understanding of the underlying me
chanisms of CVD has great potential in decreasing the global CVD bur
den. Resting heart rate (RHR) is an independent risk factor for CVD, 
and this relationship has been demonstrated in multiple subgroups in
cluding patients with hypertension, coronary artery disease including 
myocardial infarction (MI), heart failure (HF), atrial fibrillation (AF), 
and stroke, but also in healthy individuals.2–5 In addition, RHR is a pre
dictor of overall mortality.6,7 In general, a lower RHR implies a more 
efficient heart function and a better cardiovascular fitness.

Resting heart rate is a complex trait regulated by interactions be
tween several biological systems, including the sinus node, autonomous 
nervous system, central cortex, baroreceptors, and cardiac regulatory 
mechanics.8,9 The genetic contribution to RHR is estimated to be ∼22% 
in family studies and up to 65% in twin studies.10–12 From the techno
logical development in genotyping, there has been an almost exponen
tial increase in genome-wide association studies (GWASs). Until 
recently, the largest GWAS of RHR was conducted on ∼428 000 par
ticipants from the UK Biobank (UKB), resulting in the identification of 
437 independent loci associated with RHR.13 However, van de Vegte 

et al.14 newly published a genome-wide meta-analysis of RHR including 
100 studies and ∼835 000 participants, identifying 493 independent loci 
including 68 novel genetic variants.

A way of applying the large amount of data available from GWAS is 
to calculate a polygenic risk score (PRS), which is an estimate of an in
dividual’s genetic susceptibility to a specific disease or trait. A PRS is typ
ically calculated as the number of risk alleles carried, weighted by the 
effect of each genetic marker, summarized to a single score. Recently, 
a PRS for RHR was derived from a small study population (n = 1280), 
consisting of 80 genetic markers that explained 1.46% of the variance 
in RHR.15 Novel methods incorporating a larger number of genetic ef
fect estimates may improve the predictive power of highly polygenic 
traits such as RHR.16

In this current study, we aimed to investigate the genetic architecture 
of RHR to gain insight into underlying mechanisms and how it relates to 
different CVDs. To achieve this, we conducted a genome-wide 
meta-analysis of RHR, followed by functional interpretation and anno
tation of the results. Further on, we constructed a genome-wide PRS 
for RHR and tested for association with multiple CVD outcomes to as
sess if genetic susceptibility to high or low RHR is associated with dis
ease risk. We performed sex-specific analyses to shed light on the 
possible sex-specific genetic architecture of RHR and its relation to 
disease.
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Methods
Study participants from The Trøndelag Health 
Study (HUNT)
HUNT is one of the largest health studies ever performed. The HUNT 
study has collected questionnaire data, clinical measurements, and biological 
samples from ∼229 000 participants through four surveys HUNT1 (1984– 
86), HUNT2 (1995–97), HUNT3 (2006–08), and HUNT4 (2017–19).17,18

DNA extracted from blood samples has been subject to large-scale geno
typing and imputation resulting in more than 24.9 million well-imputed sin
gle nucleotide polymorphisms (SNPs). Genotyping, imputation, and sample 
and quality control were performed by standard protocols and is described 
in detail elsewhere.19 In the present study, we included 69 155 participants 
from HUNT2 and HUNT3 with genotype data and heart rate measures. 
For the sex-specific analyses, there were 36 595 women and 32 560 men. 
In each HUNT survey, heart rate was measured as beats per minute 
(b.p.m.) at three time points, and the lowest heart rate measure was defined 
as RHR. If a participant underwent heart rate measures in both HUNT2 and 
HUNT3, the measures from HUNT2 were used. Written informed con
sent was obtained from all participants included in the study.

Study participants from the UK Biobank 
(UKB)
The UKB consists of more than 500 000 participants aged 40–69 enrolled 
between 2006 and 2010. All 500 000 participants have been genotyped and 
imputed providing information on more than 90 million SNPs. The study 
and participants have been described in detail elsewhere.20 Resting heart 
rate was assessed by an automated reading during blood pressure measure
ment (ID fields 95 and 102), and by the pulse rate obtained from arterial 
stiffness measurement (ID field 4194). If several measurements were avail
able for one participant, the RHR was defined as the lowest measured heart 
rate using ID fields 102, 4194, and 95. All participants with genotype data 
and pulse measurements available were included resulting in 481 312 parti
cipants, including 261 342 women and 219 970 men for the sex-specific 
analyses. Written informed consent was obtained from all participants in
cluded in the study.

Statistical analyses genome-wide association 
study
The GWAS was performed using BOLT-LMM (v.2.3.4), a linear mixed mod
el that accounts for population stratification and relatedness and hence 
increases power as related samples do not need to be excluded.21 The ana
lyses were adjusted for age, sex, principal components (PCs) 1–10, and 
genotyping batch. In addition, sex-specific analyses were conducted, ad
justed for age, PC1–10, and genotyping batch.

Meta-analysis
The GWAS results from HUNT and UKB were meta-analysed using 
METAL, an efficient method of analysing genome-wide association sum
mary statistics, which allows for increased statistical power compared to 
single GWAS.22 The increased statistical power provides an opportunity 
to detect significant variants with modest effect sizes. METAL was used 
to conduct meta-analysis for the total population, as well as separate ana
lyses for women and men. The meta-analyses included SNPs with minor al
lele frequency > 0.001. Genomic control correction of any analyses with an 
inflation factor λ > 1 was performed. The genetic loci that reached a P-value 
of <5 × 10−8 are reported as significant findings.

Identification of risk loci and lead SNPs
To identify RHR risk loci and lead SNPs from the genome-wide 
meta-analyses, we used FUMA (v.1.5.4), a web-based platform combining 
information from multiple biological resources.23 The R2 threshold was 
set to 0.6 to define independent significant SNPs, which were used to de
termine the borders of the genomic risk locus. Clumping of the independ
ent significant SNPs was performed to identify lead SNPs independent from 
each other (R2 ≤ 0.2). For the identification of RHR risk loci, the maximum 
distance for linkage disequilibrium (LD) blocks to merge was set to 250 kb.

Gene mapping and functional annotation of 
the genome-wide association study results
The results from the genome-wide meta-analyses were further explored 
using functional annotation and gene mapping by SNP2GENE and 
GENE2FUNC integrated in FUMA.23 Positional gene mapping was per
formed based on ANNOVAR annotations, and tissue specificity of mapped 
genes was assessed through an enrichment test for differentially expressed 
genes (DEGs) as implemented in GENE2FUNC. The GENE2FUNC also 
test the mapped genes for enrichment in pre-defined gene sets from 
MsigDB, KEGG, WikiPathways, and the GWAS Catalog. Significant enrich
ment at Bonferroni corrected P-value of ≤0.05 was reported as significant 
findings.

Polygenic risk scores for resting heart rate
We used the results from our UKB GWAS to develop a genome-wide PRS 
for RHR. The Bayesian approach PRS-CS-auto was applied to learn the op
timal global shrinkage parameter directly from the base data, which has 
been shown to work well with large sample sizes.24 A PRS containing 
1 108 805 genetic variants was derived and applied downstream in an inde
pendent dataset consisting of all four HUNT surveys (n = 86 687). The PRS 
was also applied in women (n = 45 970) and men (n = 40 717) separately, 
to test for association with disease outcomes. For comparative analyses, 
we also constructed a weighted PRS using the 80 variants previously re
ported by Xie et al.15 (PRS80) and applied it in the same sample.

Disease outcomes in HUNT
Disease outcomes were available for all participants in all four HUNT sur
veys through health registry data spanning from January 1999 throughout 
March 2020. The 10th revision of the International Statistical 
Classification of Diseases and Related Health Problems (ICD-10) codes de
rived from the Nord-Trøndelag Hospital Trust were used to construct dis
ease outcomes relevant for RHR including hypertension, early-onset 
hypertension (<55 years old), late-onset hypertension (>55 years old), 
AF, dilated cardiomyopathy (DCM), hypertrophic cardiomyopathy, HF, 
stroke, non-ischaemic stroke, ischaemic stroke, MI, CVD, and all-cause 
mortality. ICD-10 codes used for the classification and disease prevalence 
are found in Supplementary material online, Tables S1 and S2.

Statistical analysis for polygenic risk score
Statistical analyses were performed using R (v.4.2.3). Pearson’s correlation 
coefficient was used to estimate the correlation between the two PRSs and 
RHR measurements in HUNT. Cox proportional hazard models were used 
to assess the impact of PRS on disease risk. The models were adjusted for 
sex and first 10 PCs, with age as the time scale.

Results
The mean RHR in HUNT was 69.9 b.p.m. (SD = 12.4), while the mean 
RHR in UKB was 67.1 b.p.m. (SD = 11.1). The distribution of RHR can 
be found in Supplementary material online, Figure S1. The number of 
participants, genome-wide significant SNPs, RHR risk loci and lead 
SNPs for each of the population in the genome-wide meta-analyses is 
presented in Table 1 (details in Supplementary material online, Tables 
S5–S10). We identified one novel RHR locus in women on chromo
some 2, with lead SNP rs4666343 (P = 3.9 × 10−8, effect size =  
−0.1954), not previously reported to be associated with RHR (>1  
Mb away from previously reported loci). All other identified RHR loci 
are consistent with previous findings.

Exploration of the biological role of resting 
heart rate
The RHR SNPs were mapped to 575, 355, and 263 genome-wide sig
nificant protein-coded genes for the total population, women, and men, 
respectively (see Supplementary material online, Tables S11–S13). The 
enrichment test for DEGs implemented in GENE2FUNC was used to 
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assess tissue specificity of the mapped genes. The enrichment test uses 
54 specific tissue types to evaluate whether the mapped genes are 
overrepresented in DEGs. In the total population, there were signifi
cantly up-regulated DEGs in the atrial appendage of the heart, left 
ventricle, and skeletal muscle. In women, there were significant up- 
regulated DEGs in the atrial appendage of the heart and left ventricle. 
In men, there were significant up-regulated DEGs of the atrial append
age of the heart.

Using GENE2FUNC, hypergeometric tests were performed to test if 
the mapped genes were overrepresented in any pre-defined gene sets 
obtained from publicly available datasets. Genes mapped in the total 
population, women and men were enriched in some of the same 
gene sets. Significant findings included biological processes related to 
the cardiac conduction system including cardiac contraction, regulation 
of heart rate and blood circulation, as well as development of muscle 
and heart tissue (see Supplementary material online, Tables S14–S16). 
Mapped genes were also overrepresented in pathways of cancer, 
heart development defects, cardiomyopathy including DCM, metabolic 
regulation, G-protein signalling, and calcium signalling in cardiac cells. 

In women and men, the mapped genes were enriched in pathways of 
vasodilation, platelet formation, and neurotransmission.

Sex differences
There were differences in the genetic contribution to RHR between 
women and men, and this is illustrated through a Miami plot in 
Figure 1. In general, the genetic contribution to RHR seems stronger 
in women than in men, as there were more significant SNPs, more gen
omic risk loci and the SNPs were mapped to more protein-coding 
genes in women compared to men. Of the 90 risk loci in women and 
66 risk loci in men, 45 were overlapping. The loci associated with 
RHR only in one sex are listed in Supplementary material online, 
Tables S3 and S4.

For ∼70% of the RHR loci identified in both women and men, the 
lead SNP in women reached a higher significance level compared to 
the lead SNP in men. On chromosome 9, one risk locus in women is 
overlapping with a risk locus in men, and MAPKAP1 is mapped to the 
regions. The lead SNP in women has a stronger association with 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 A presentation of the number of participants, number of genome-wide significant SNPs, and number of lead 
SNPs for each of the populations in the genome-wide meta-analysis

Population Number of participants Number of genome-wide significant SNPs Number of RHR risk loci Number of lead SNPs

Total 550 467 13 890 141 403

Women 297 937 10 231 90 253

Men 252 530 6016 60 167

Figure 1 To the left (A) is a Miami plot of the genetic variants associated with RHR for women at top, and men at bottom. The x-axis displays the 
genetic position, and the y-axis shows the negative logarithm of the P-value. The dotted line is the genome-wide significant threshold of 5 × 10−8. To the 
right is the number of RHR loci (B) and mapped genes (C ) for women and men, including number of overlapping loci and genes.
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RHR (P = 1.3 × 10−18, effect size = −0.2917) compared to the lead 
SNP in the same region in men (P = 1.5 × 10−8, effect size =  
−0.2253). Note that the lead SNP in each respective population is 
not the same SNP. The same applies to a region on chromosome 11 
where the P-value for the lead SNP in women was 2.0 × 10−26 (effect 
size = 0.3729) and the P-value for the lead SNP in men was P = 5.6 ×  
10−11 (effect size = −0.276). Genes mapped to both risk loci were 
MYRF, TMEM258, FEN1, FADS2, and FADS1.

A risk locus at the end of chromosome 5 was identified in women, 
with the lead SNP 5:172653978_C/CT (P = 3.855 × 10−21, effect 
size = 0.4509) and there was no corresponding signal in men. Genes 
mapped to this locus were CREBRF, NKX2–5, and BNIP1, and the locus 
included a missense variant (rs2277923) in NKX2–5. Two regions on 
chromosome 7 were also only identified in women. The lead SNPs 
were 7:130965408_AT/A (P = 5.7 × 10−28, effect size = 0.3737) and 
7:136595547_A/AGT (8.5 × 10−24, effect size = 0.4573), respectively, 
and the genes CHRM2, MKLN1, and PODXL were mapped to the 
regions.

Resting heart rate loci only identified in men included a risk locus on 
chromosome 1, with lead SNP rs10789207 (P = 1.5 × 10−17, effect 

size = −0.3807), and genes mapped to the region were LEPR, PDE4B, 
SGIP1, AL139147.1, TCTEX1D1, INSL5, WDR78, and MIER1. Another 
region specific to men was a risk locus on chromosome 19, with lead 
SNP rs1065853 (P = 2.1 × 10−12, effect size = −0.5134), and mapped 
genes APOE, TOMM40, and APOC1. One of the significant SNPs in 
the locus, rs7412, is a missense variant in APOE. A third locus with 
lead SNP rs13384908 (P = 2.324e−14, effect size = −0.3506) on 
chromosome 2 included CALCR and TFPI.

Polygenic risk score
Both PRSs were associated with RHR in all four HUNT surveys (Table 2; 
Figure 2). The genome-wide PRS had an over twice as strong phenotyp
ic correlation compared to the PRS80. The genome-wide PRS analyses 
showed that a genetic susceptibility to high RHR was associated with an 
increased risk for hypertension, early-onset hypertension, and DCM, 
and a decreased risk of AF (Figure 3).

The PRS was also tested in women and men, separately, and revealed 
sex-specific associations with CVD outcomes (Figure 4). In men, a high 
RHR PRS was associated with higher risk of hypertension, early-onset 
hypertension, and late-onset hypertension. In women, a high RHR PRS 
was associated with higher risk of early-onset hypertension and DCM, 
and lower risk of AF.

Discussion
We have conducted a large-scale genome-wide meta-analysis, identify
ing 403, 253, and 167 lead SNPs associated with RHR in the total popu
lation, women, and men, respectively. We identified several loci 
significantly associated with RHR only in one sex, which might imply 
sex-specific genetic architecture. Additionally, we have created a 
genome-wide PRS for RHR that improves upon previous efforts. The 
RHR PRS created in this present study was associated with an increased 
risk of hypertension, including early-onset hypertension, and DCM as 
well as a decreased risk of AF. This indicates shared genetics between 
RHR and these disease outcomes. In addition, when testing the PRS 
in women and men separately, we found differences in associations 
to disease risk. To our knowledge, this is the first study focusing on po
tential sex-specific genetic markers for RHR. Our findings advance the 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 2 The phenotypic correlation between the 
polygenic risk score and resting heart rate in the 
different HUNT surveys

PRS PRS80

r P r P Sample size

HUNT 1 0.220 <2.2e−16 0.104 <2.2e−16 45 215
HUNT 2 0.247 <2.2e−16 0.116 <2.2e−16 57 872

HUNT 3 0.262 <2.2e−16 0.123 <2.2e−16 43 182

HUNT 4 0.251 <2.2e−16 0.119 <2.2e−16 51 177

HUNT, The Trøndelag Health Study; PRS80, polygenic risk score consisting of 80 
previously identified variants; PRS, genome-wide polygenic risk score consisting of 1  
108 805 variants derived from our UKB GWAS results; r, Pearson’s correlation 
coefficient; P, P-value.

Figure 2 Genotype–phenotype associations for the genome-wide polygenic risk score to the left (A) and the 80-variant polygenic risk score to the 
right (B). HUNT1 (n = 45 215), HUNT2 (n = 57 872), HUNT3 (n = 43 182), HUNT4 (n = 51 177).
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Figure 3 Hazard ratios for cardiovascular outcomes.

Figure 4 Hazard ratios for cardiovascular outcomes in women and men separately.
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current understanding of the genetic architecture of RHR and its asso
ciation with CVD.

A high RHR PRS was associated with increased risk of hypertension 
and especially early-onset hypertension. This is of particular interest, as 
early-onset hypertension is associated with greater risk of CVD mortal
ity compared to hypertension later in life.25–27 The HARVEST study 
found that both RHR and changes in RHR during 6 months follow-up 
predicted sustained hypertension for patients with early-onset hyper
tension.28 In general, high heart rate is considered a predictor of hyper
tension progression and one study found that participants in the highest 
RHR quartile had a 16% higher risk of hypertension.29 Our finding is 
consistent with a previous GWAS reporting an association between 
genetically determined RHR and hypertension.30 One possible explan
ation of the link between RHR and hypertension is the sympathetic part 
of the autonomic nervous system. Elevated RHR may indicate sympa
thetic overactivation, which can contribute to increased blood pressure 
through different pathways, including an increase in vasoconstriction of 
resistance blood vessels, thus resulting in an increased blood pres
sure.31,32 It can also lead to sustained stress to the arterial wall, resulting 
in arterial stiffening33 that may predispose to hypertension, as well as 
other CVDs.

In general, elevated RHR is associated with greater disease risk, but in 
the case of AF, the relationship is still unclear. Observational studies 
have reported a U-shaped association between RHR and AF,5 while lin
ear Mendelian Randomization (MR) studies have reported an inverse 
association.34–36 Two recent non-linear MR studies, looking at non- 
linear effects, have confirmed this linear inverse association in the MR 
setting, at least for RHR values up to 90–98 b.p.m.14,37 The PRS analyses 
in the present study showed a decreasing risk of AF with genetic sus
ceptibility to higher RHR, supportive of the MR results. The underlying 
mechanisms causing the increased risk of AF for low RHR values are still 
unclear. One potential mechanism regulating this association is the 
autonomic tone, which is suggested to be central in the pathophysi
ology of HF, hypertension, and arrhythmias.36,38 Vagal stimulation 
in the atrial myocardium is arrhythmogenic and could lead to AF. 
Interestingly, increased physical activity is associated with a lower 
RHR, and it is shown that high exercise volumes are associated with 
an increased risk of AF, and there is a high prevalence of AF in endur
ance athletes, especially in men.39–41 High exercise volumes over many 
years might induce cardiac adaptations including cardiac remodelling, 
atrial enlargement, and left ventricular hypertrophy that could lead to 
an increased risk of AF.42–44 Other mechanisms that could explain 
the genetic link between RHR and AF involve atrial dilation, fibrosis, in
creased atrial ectopic activity, greater parasympathetic activation, and 
blunted sympathetic tone.39,44

A high genetically predicted RHR was also significantly associated 
with an increased risk of DCM, consistent with the recent results 
from the MR analyses of van de Vegte et al.14 Dilated cardiomyopathy 
is a heart muscle disease with structural and functional abnormalities in 
the myocardium and is characterized by ventricular dilation.45 A pos
sible mechanism explaining the association between genetically high 
RHR and DCM could involve tachycardia-mediated cardiomyopathy, 
a reversible form of DCM that might be caused by a long-standing ele
vated RHR.46 The genetic architecture of DCM is complex, but some 
candidate genes have been established. A systematic study found 19 
genes with strong evidence of a role in DCM47 and interestingly, seven 
of these genes (DES, MYH7, PLN, RBM20, SCN5, TTN, and DSP) were 
among the mapped RHR genes in this study, indicating shared genetics 
between RHR and DCM. The RHR PRS was not significantly associated 
with hypertrophic cardiomyopathy, and a potential explanation could 
be low statistical power due to the low prevalence in HUNT (n =  
382). However, we detected an association to DCM despite few cases 
(n = 394), making it more likely that these cardiomyopathy subgroups 
display different genetic architecture since they are characterized by 
different structural and functional changes in the myocardium.48

Further on, the RHR PRS was tested against CVD outcomes separ
ately in women and men, and interestingly there were differences in as
sociations with disease. It appears that the RHR variants constituting 
the PRS for the total population may have different effects on disease 
risk in women and men. Even though there are more women than 
men in HUNT [45 970 (53.03%) vs. 40 717 (46.97%)], it is likely that 
other factors than the sample size explain the differences. The RHR 
PRS was associated with early-onset hypertension in women, but it 
was associated with all hypertension outcomes in men, including 
late-onset hypertension despite the lower sample size and lower num
ber of cases in men (n = 6978 vs. n = 7820 in women). Further, the in
creased risk of DCM in the total population was attenuated and not 
statistically significant in men (n = 279), but more significant in women 
even though there were fewer cases (n = 118), and thus less statistical 
power. The association with AF in the total population was present in 
women, but the association was not significant in men. Even though the 
association with AF was not statistically significant in men, the hazard 
ratio and confidence interval do indicate that high PRS is associated 
with lower risk of AF, thus underlining why we must be cautious about 
drawing final conclusions on sex differences from these results. In gen
eral, conducting sex-specific analyses reduce the sample size by half, 
leading to less statistical power to detect significant findings. Except 
for late-onset hypertension in women, all significant associations in 
the total population that were not significant in the sex-specific analyses 
were marginally non-significant, suggesting a weak association also in 
each of the sexes.

The results from the sex-specific genome-wide meta-analyses identi
fied loci that were significantly associated with RHR only in one sex, 
which might point towards sex-specific biology. We also found more 
significant RHR variants in women compared to men that might imply 
a stronger genetic contribution to RHR in women than in men. It is likely 
that the genetic contribution to RHR might be different between the 
sexes as the female and male heart differs in mass, size, function, hormo
nal features and structure.49 In general, women have a higher RHR and a 
longer QT interval (i.e. time from contraction to relaxation) than 
men.49,50 This is due to the role of testosterone in ventricular repolar
ization, and it results in a generally higher risk of drug-induced arrhyth
mias in women.49,51 The role of sex hormones in the progression of 
CVD has recently received attention, but their effects are not well- 
understood.52 Genotype by sex interaction is thought to account for 
some of the differences seen between women and men in complex 
traits and the risk of disease, and it might apply to RHR. Bernabeu 
et al.53 found significant genetic heritability differences between women 
and men in ∼50% of the binary and 7% of the quantitative trait they ex
amined in the UKB. Our findings emphasize the importance of consider
ing sex when assessing the genetics of RHR and how it relates to CVD.

A RHR locus on chromosome 5 identified in women, and not in men, 
included the gene NKX2–5 and the NKX2–5 missense variant 
rs2277923. NKX2–5 is a transcription factor crucial for regulation of 
cardiac development,54 and genetic variants in NKX2–5, including 
rs2277923, are found to be associated with congenital heart disease.55

Notably, one study assessing sex-specific SNPs in patients with a bicus
pid aortic valve found variants in NKX2–5 specific to women.56

Together with that finding, our results might indicate that NKX2–5 var
iants have an effect on RHR and possibly congenital heart disease in wo
men. The RHR locus on chromosome 7 only identified in women 
included the mapped gene CHRM2 that encodes M2 muscarinic acetyl
choline receptor (M2R). M2R is the most important cardiac receptor of 
the parasympathetic nervous system and influence heart rate and con
tractility.57 Antibodies reacting with the M2R were found to contribute 
to the pathogenesis of several CVDs, including DCM and arrhythmic 
disorders such as AF,58–60 which is interesting as the RHR PRS was as
sociated with DCM and AF in women. CHRM2 was exclusively mapped 
in women suggesting its potential significance for RHR and possibly 
CVD among women.
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One of the genomic loci identified in men and not in women included 
the calcitonin receptor-like (CALCR) gene. CALCR encodes for a 
G-protein coupled receptor that links to a receptor activity modifying 
protein to compose calcitonin gene-related peptide (CGRP). CGRP is a 
potent vasodilator and is involved in the regulation of blood pressure.61

We can speculate that genetic variation in CALCR contributes to the as
sociation between RHR and hypertension found in this study. It appears 
to be of significance for men, which is interesting as the PRS was asso
ciated with all three hypertension outcomes in men, but only with 
early-onset hypertension in women. Notably, studies have suggested 
that oestrogen might influence the CGRP levels,62,63 further indicating 
a need for considering sex differences when studying CALCR in CVD. 
Another genomic locus only identified in men included the gene 
APOE and the missense variant rs7412. APOE (Apolipoprotein E) is in
volved in the fat metabolism and is implicated in regulation of triglycer
ides, cholesterol, and low-density lipoprotein cholesterol, which are 
well established CVD risk factors.64,65 A previous study reported an as
sociation between genetic variants in APOE and the risk of MI.65 APOE is 
a well-known risk gene in Alzheimer’s disease (AD).64,65 Notably, a pre
vious study reported that sex modifies the APOE-related risk of disease, 
as they found that APOE may play a more prominent role in the AD de
velopment in women compared to men.66 Our findings might indicate 
that the genetic impact of APOE on RHR, and perhaps disease, is de
pendent of sex.

Considerations
The GWAS conducted in UKB was not filtered on European ancestry, 
meaning that the analyses included ∼5% non-Europeans. As the allele 
frequencies could vary in the different populations, this could affect 
the results. However, we included the first 10 PCs as covariates in 
the GWAS, which should account for some of the variability from in
cluding non-Europeans. All HUNT participants included in this study 
were of European ancestry. An inherent limitation when performing 
sex-specific analyses is smaller sample sizes and thus less statistical 
power. However, there are significant sex differences in CVD preva
lence, presentation, and outcome, indicating sex-specific pathophysio
logic features that requires a sex-based research approach.

In the PRS analyses, there were several null findings. For all-cause 
mortality and CVD, we are aggregating diseases with large differences 
in biological mechanisms and pathology. It is likely that RHR variants ex
ert different effects on different diseases through distinct biological 
pathways, making it hard to detect associations in such heterogenic 
phenotypes. For CVD, the protective effect on AF and risk increasing 
effects on hypertension and DCM might dissipate the total association. 
Furthermore, we found no evidence for an association with stroke, 
which is interesting as AF and hypertension are important risk factors 
of stroke.67,68 The recent study by van de Vegte et al.14 suggested an 
inverse association between genetically predicted RHR and any stroke, 
ischaemic stroke, and cardio-embolic stroke, but this latter association 
was attenuated by AF. This might imply that the observed association 
between genetically predicted RHR and stroke is mediated through 
AF. We reduced the phenotypical heterogeneity by differentiating be
tween ischaemic and non-ischaemic stroke, but this stratification may 
be insufficient recognizing the diverse array of potential underlying 
causes of a stroke.69 The lack of association to HF is also noteworthy 
as RHR has been shown to be associated with higher risk of HF70

and in addition, hypertension is the leading cause of HF and HF is found 
to have a mutual causal relationship with AF.71 It may be that there is no 
genetic link between RHR and HF, but another explanation could be 
that the heterogeneity of the HF phenotype hampers the identification 
of an association. Perhaps the link between RHR and HF is only ex
plained by a certain type of HF or is mediated through hypertension. 
In general, differentiating between subgroups of disease (like HF) would 
lead to smaller sample sizes and thereby reduce statistical power.

The study population is predominantly of European ancestry, and 
our findings cannot be generalized to populations of other ethnic back
grounds. We encourage future research to tests the genome-wide PRS 
in other cohorts to assess the generalizability of our findings.

Conclusion
We have identified 403, 253, and 167 independent significant SNPs in 
the total population, women, and men, respectively. The GWAS 
SNPs were mapped to 575, 355, and 263 genes, and the functional 
annotation analyses pointed to their enrichment in heart tissue and 
cardiac conduction pathways, as well as an overrepresentation in 
disease-pathways, including cardiomyopathy. The sex-specified ana
lyses indicated differences in the genetic contribution to RHR and re
vealed RHR loci specific to one sex. The PRS analyses demonstrated 
that a high genetically predicted RHR was associated with an increased 
risk of hypertension and DCM and a decreased risk of AF. Even though 
the underlying mechanisms linking RHR and these diseases are not fully 
elucidated, the RHR PRS developed in this study can to some extent 
predict the disease risk. Our genome-wide meta-analysis and PRS 
have shed light on the pleiotropic effects of the RHR variants, and 
the sex-specific results could contribute to a more refined understand
ing of RHR as a risk factor for the different diseases.
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