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Abstract

Aims Several observational studies indicated that atrial fibrillation might aggravate other cardiovascular diseases apart from
ischaemic stroke. However, it remains to be determined whether these associations reveal independent causation. Using Men-
delian randomization (MR), we systematically investigated how genetically predicted atrial fibrillation affected other cardio-
vascular diseases and cardiac death.
Methods and results Summary-level data for atrial fibrillation and other cardiovascular diseases were obtained from public
genome-wide association study data. The random inverse-variance weighted method was treated as the primary analysis.
Sensitivity analyses (including weighted median, MR-Egger, and multivariable MR methods) were also performed. Atrial fi-
brillation was significantly associated with higher risks of heart failure [odds ratio (OR): 1.24; 95% confidence interval (CI):
1.19–1.28; P < 0.001], ischaemic stroke (OR: 1.21; 95% CI: 1.17–1.25; P < 0.001), transient ischaemic attack (OR: 1.10;
95% CI: 1.05–1.15; P < 0.001), peripheral artery diseases (OR: 1.09; 95% CI: 1.03–1.15; P = 0.002), cardiac death (OR:
1.08; 95% CI: 1.02–1.15; P = 0.008), and hypertension (OR: 1.06; 95% CI: 1.01–1.11; P = 0.010), without effects on coronary
heart disease or pulmonary embolism. Associations for heart failure and ischaemic stroke remained robust to the sensitivity
analyses. MR-Egger method (P > 0.05) and funnel plot yielded no indication of directional pleiotropy. The leave-one-out
analysis suggested that the causal associations were not driven by individual single nucleotide polymorphism.
Conclusions This comprehensive MR analysis verified the causal associations between atrial fibrillation and high risks of
heart failure, ischaemic stroke, transient ischaemic attack, peripheral artery diseases, cardiac death, and hypertension. Inter-
ventions to reduce cardiovascular diseases beyond ischaemic stroke are warranted in patients with atrial fibrillation.
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Introduction

Atrial fibrillation is the most frequent arrhythmia associated
with increased risks of major adverse cardiovascular events.1

According to the results of the Rotterdam Study, the lifetime
risk of developing atrial fibrillation at the age of 55 years in
men and women was 23.8% and 22.2%, respectively, and the
prevalence of atrial fibrillation increased with age.2 Current
management of complications associated with atrial fibrilla-

tion has mainly focused on preventing stroke.3 However, in ad-
dition to ischaemic stroke, the associations between atrial fi-
brillation and other cardiovascular diseases such as coronary
heart disease, hypertension, heart failure, transient ischaemic
attack, pulmonary embolism, peripheral artery disease, and
cardiac death have been documented.4–6 For example, it is
speculated that the thrombi from the right atrium to pulmo-
nary artery circulation may be simulated in the same manner
as the thrombi from the left atrium to cerebral circulation,
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resulting in the occurrence of pulmonary embolism.7 In a
meta-analysis of 15 cohort studies, atrial fibrillation may in-
crease the risks of myocardial infarction [relative risk (RR):
1.54; 95% confidence interval (CI): 1.26–1.85], all-cause mor-
tality (RR: 1.95; 95% CI: 1.50–2.54), and heart failure (RR:
4.62; 95% CI: 3.13–6.83).8 Moreover, in patients with atrial fi-
brillation, cardiac death represented as high as 46% of total
mortality, whereas non-haemorrhagic stroke and systemic
embolism accounted for only 5.7%.9 Therefore, it is of great
significance to investigate the causal associations between
atrial fibrillation and other cardiovascular diseases besides
ischaemic stroke. However, results from observational studies
are difficult to interpret the causality because of the influence
of potential confounding factors. Some shared risk factors of
atrial fibrillation and other cardiovascular diseases may reflect
a common pathway of underlying disease, which may lead to
the issue of reverse causality.

In this situation, Mendelian randomization (MR) can pro-
vide the causal inference between atrial fibrillation and other
cardiovascular diseases as genetic variants are randomly allo-
cated at conception and not affected by confounders.10

Moreover, MR analysis can overcome reverse causality as al-
leles are fixed regardless of the onset and progression of
other diseases. In previous MR analysis, the causal associa-
tion between atrial fibrillation and coronary heart disease,
ischaemic stroke, and heart failure has been assessed.11 How-
ever, the MR analysis did not consider the effect of smoking,
body mass index, diabetes, and dyslipidaemia, which are
well-established risk factors for cardiovascular diseases.12

Therefore, it is essential to conduct multivariable MR analysis
to adjust for the above risk factors. Besides, a meta-analysis
including 104 cohort studies investigated and found positive
associations between atrial fibrillation, peripheral artery dis-
ease, and cardiac death,13 which may provide evidence for
further investigating the causality. Therefore, we conducted
a two-sample MR study to systematically explore the causal
associations between atrial fibrillation and eight cardiovascu-
lar diseases (including coronary heart disease, hypertension,
heart failure, ischaemic stroke, transient ischaemic attack,
pulmonary embolism, peripheral artery disease, and cardiac
death) using the recently published genome-wide association
study (GWAS) data.

Methods

Mendelian randomization analysis has to satisfy the following
three fundamental assumptions: (i) genetic variants are
strongly associated with the exposure; (ii) genetic variants
are not related to confounders of the exposure–outcome as-
sociation; and (iii) genetic variants affect the outcome only
through the exposure.

Data sources for atrial fibrillation and other
cardiovascular diseases

Summary-level data for atrial fibrillation were obtained from
recent GWAS data, which compared 60 620 cases and
970 216 controls of European ancestry. The GWAS data
consisted of six contributing studies, including the HUNT
(The Nord-Trøndelag Health Study), deCODE, MGI (Michigan
Genomics Initiative), DiscovEHR, UK Biobank, and
AFGen Consortium.14 Genetic associations with coronary
heart disease (n = 184 305) were obtained from the
CARDIoGRAMplusC4D.15 Genetic associations with hyperten-
sion (n = 218 792), cardiac death (n = 218 792), pulmonary em-
bolism (n = 218 792), transient ischaemic attack (n = 214 634),
and peripheral artery disease (n = 218 792) were obtained
from the FinnGen Consortium. Genetic associations with heart
failure (n = 977 323) were obtained from the HERMES Consor-
tium (Heart Failure Molecular Epidemiology for Therapeutic
Targets).16 Genetic associations with ischaemic stroke
(n = 440 328) were obtained from MEGASTROKE
Consortium.17 This MR analysis did not require ethical ap-
proval as all analysis was based on public data.

Instrumental variable selection and data
harmonization

Instrumental variables were selected according to the follow-
ing criteria: (i) single nucleotide polymorphisms (SNPs) were
strongly associated with atrial fibrillation at the
genome-wide significance threshold (P < 5 × 10�8); (ii) SNPs
in linkage disequilibrium (r2 > 0.001) were excluded to make
sure that the contribution of selected SNPs was independent;
and (iii) the strength of each SNP was evaluated using the F-
statistic, with F-statistic greater than 10 indicating a suffi-
ciently strong instrumental variable. SNP with F-statistic ≤10
was deleted. To ensure that the effect of an SNP on the expo-
sure and outcome corresponded to the same allele, data har-
monization was performed. If the alleles did not correspond
for the same SNP, this SNP would be deleted. We tried to infer
positive strand alleles, using allele frequencies for palin-
dromes. Proxy SNPs were not used in the present MR analysis.

Statistical analysis

Inverse variance weighting (IVW) under random effects was
regarded as the primary estimate as it can provide the most
precise estimates. However, IVW is also sensitive to invalid
instrumental variables and pleiotropic effects. Therefore,
several sensitivity analyses (including weighted median,
MR-Egger, and multivariable MR) were also performed to
test the consistency of the associations and detect possible
directional pleiotropy. The weighted median method can
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provide an accurate estimate if more than 50% of the
weight in the analysis comes from valid SNPs.18 MR-Egger
is based on the assumption that the pleiotropic effects are
independently distributed.19 The intercept in MR-Egger
method is a useful indication of whether directional horizon-
tal pleiotropy is driving the results of an MR analysis. If the
P value for intercept is less than 0.05, this suggests that the
genetic variants suffer from directional pleiotropy, and once
this pleiotropy is considered, there is no residual evidence
for a causal effect.20 In the multivariable MR, we adjusted
for smoking, body mass index, diabetes, and total choles-
terol in Model 1. Smoking, body mass index, diabetes, total
cholesterol, and coronary heart disease were adjusted in
Model 2. A leave-one-out sensitivity analysis was also con-
ducted to determine the effect of an individual SNP on the
overall estimate. The heterogeneities among selected SNPs
were quantified by Cochran Q statistic, with a P value
<0.05 regarded as significant heterogeneity. Results were
reported as odds ratio (OR) with corresponding 95% CI. To
account for multiple comparisons, we also calculated the
Bonferroni correction P value (P = 0.05/8 outcomes = 0.006),
with P value between 0.006 and 0.05 considered as sugges-
tive associations. All statistical analyses were conducted
using the ‘TwoSampleMR’ packages in R software (Version
4.0.3, R Foundation for Statistical Computing, Vienna,
Austria).

Results

Single nucleotide polymorphism selection and
validation

The GWAS data included in the present MR analysis were
published between 2015 and 2021 and were mainly based
on the European population (Supporting Information, Table
S1). Among the SNPs that achieved genome-wide signifi-
cance levels, all F-statistics were greater than 10 (Supporting
Information, Table S2).

Associations with cardiovascular diseases

Genetically instrumented atrial fibrillation was positively as-
sociated with five of the eight cardiovascular diseases, includ-
ing and with decreasing magnitude of association: heart fail-
ure (OR: 1.24; 95% CI: 1.19–1.28; P < 0.001), ischaemic
stroke (OR: 1.21; 95% CI: 1.17–1.25; P < 0.001), transient
ischaemic attack (OR: 1.10; 95% CI: 1.05–1.15; P< 0.001), pe-
ripheral artery disease (OR: 1.09; 95% CI: 1.03–1.15;
P = 0.002), and cardiac death (OR: 1.08; 95% CI: 1.02–1.15;
P = 0.008). Suggestive evidence of a positive association
was obtained between atrial fibrillation and hypertension

(OR: 1.06; 95% CI: 1.01–1.11; P = 0.010). In contrast, no asso-
ciation was observed for coronary heart disease or pulmo-
nary embolism (Figure 1). In sensitivity analyses (Table 1),
weighted median, MR-Egger, and multivariable MR analyses
revealed consistent positive estimates for heart failure and
ischaemic stroke. Transient ischaemic attack was increased
in the multivariable MR analysis and potentially increased in
the weighted median analysis. Peripheral artery disease was
potentially increased in the multivariable MR analysis. How-
ever, no significant difference was observed in all sensitivity
analyses for cardiac death. The positive causal association
for hypertension was observed in both the weighted median
and multivariable MR methods, yet the association disap-
peared in the MR-Egger analysis.

The leave-one-out analysis suggested that the higher risks
of heart failure, ischaemic stroke, transient ischaemic attack,
peripheral artery disease, cardiac death, and hypertension
were not driven by individual SNP (Supporting Information,
Figure S1).

The intercept from the MR-Egger method yielded no indi-
cation of directional pleiotropy (Table 2), which was also
confirmed by the funnel plot in Figure 2. Cochran’s Q value
implied a substantial heterogeneity in coronary heart dis-
ease, hypertension, heart failure, and ischaemic stroke.
Therefore, a random-effects model was adopted to mitigate
the influence of heterogeneity.

Discussion

In the present MR analysis, we found causal associations be-
tween atrial fibrillation and heart failure, ischaemic stroke,
transient ischaemic attack, peripheral artery disease, and car-
diac death. Especially, the absolute risk increase was the
highest for heart failure. No causal associations were ob-
served for coronary heart disease or pulmonary embolism.

Adverse effects of atrial fibrillation on the development of
ischaemic stroke have been demonstrated consistently in nu-
merous studies,21,22 but comparatively less attention has
been paid to other complications associated with atrial fibril-
lation. In our MR analysis, we found that atrial fibrillation had
the highest impact on heart failure. Similarly, in a cohort
study prospectively enrolling 15 400 individuals with atrial fi-
brillation from 47 countries, the percentage of patients devel-
oping stroke or heart failure was 4% (604/15400) and 13%
(1922/15400), respectively, during 1 year of follow-up. More-
over, among the 1758 cases of death, stroke just caused 8%
(148/1758) of death compared with the 30% (519/1758)
caused by heart failure.23 In a meta-analysis conducted by
Odutayo et al.,13 atrial fibrillation may increase the risks of
cardiovascular death (RR: 2.03; 95% CI: 1.79–2.30), ischaemic
stroke (RR: 2.33; 95% CI: 1.84–2.94), ischaemic heart disease
(RR: 1.61; 95% CI: 1.38–1.87), heart failure (RR: 4.99; 95% CI:
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3.04–8.22), and peripheral artery disease (RR: 1.31; 95% CI:
1.19–1.45). The highest absolute risk increase was also ob-
served for heart failure. By applying MR analysis, our results
provided directly causal evidence that more aggressive sup-
port and attention are required for not only ischaemic stroke
but also heart failure prevention for populations with atrial fi-
brillation. Similarly, the bidirectional MR analysis performed
by Kwok and Schooling revealed that atrial fibrillation was
causally associated with higher risk of heart failure and vice
versa.11

The underlying reasons for the highest absolute risk in-
crease in heart failure may be explained by the following
mechanisms. First, the atrial contraction contributes about
20–25% of the total left ventricular stroke volume in normal
sinus rhythm. However, in the context of atrial fibrillation,
the atrial contraction was lost, and corresponding stroke vol-
ume was decreased, which can lead to heart failure.24

Second, ventricular contraction during atrial fibrillation was
also irregular, resulting in variable left ventricular filling
and end-diastolic volume. Therefore, the myocardial

Figure 1 Associations of genetically predicted atrial fibrillation with eight cardiovascular diseases. CI, confidence interval; OR, odds ratio; SNP, single
nucleotide polymorphism.

Table 1 Associations between genetically predicted atrial fibrillation and cardiovascular diseases in sensitivity analyses

Outcomes

Weighted median MR-Egger
Multivariable MR
(Model 1a)

Multivariable MR
(Model 2b)

OR (95% CI) P OR (95% CI) P OR (95% CI) P OR (95% CI) P

Coronary heart
disease

1.00 (0.95–1.05) 0.961 0.95 (0.89–1.02) 0.155 1.04 (0.98–1.11) 0.148 — —

Hypertension 1.08 (1.03–1.13) 0.001 1.00 (0.92–1.09) >0.999 1.10 (1.05–1.15) <0.001 1.09 (1.05–1.14) <0.001
Heart failure 1.23 (1.18–1.29) <0.001 1.21 (1.13–1.30) <0.001 1.29 (1.25–1.34) <0.001 1.28 (1.24–1.33) <0.001
Ischaemic stroke 1.23 (1.18–1.29) <0.001 1.21 (1.14–1.29) <0.001 1.22 (1.18–1.27) <0.001 1.22 (1.17–1.27) <0.001
Transient

ischaemic
attack

1.09 (1.00–1.18) 0.038 1.02 (0.93–1.11) 0.653 1.13 (1.06–1.21) <0.001 1.13 (1.06–1.20) <0.001

Pulmonary
embolism

0.92 (0.82–1.03) 0.155 0.94 (0.83–1.06) 0.295 0.97 (0.89–1.07) 0.562 0.97 (0.89–1.07) 0.575

Peripheral artery
disease

1.07 (0.98–1.18) 0.141 1.07 (0.96–1.18) 0.221 1.11 (1.02–1.20) 0.011 1.09 (1.01–1.18) 0.023

Cardiac death 1.04 (0.95–1.13) 0.409 1.02 (0.91–1.13) 0.766 1.05 (0.97–1.13) 0.210 1.04 (0.97–1.12) 0.297

CI, confidence interval; MR, Mendelian randomization; OR, odds ratio.
aSmoking, body mass index, diabetes, and total cholesterol.
bModel 1 + coronary heart disease.

Atrial fibrillation and cardiovascular diseases 631

ESC Heart Failure 2023; 10: 628–636
DOI: 10.1002/ehf2.14237



contractibility and total cardiac output were decreased.25

Third, atrial fibrillation is often accompanied by a high ven-
tricular rate.5 The filling and release of calcium from the sar-
coplasmic reticulum were also affected due to shorter cycle
lengths. A positive correlation between high ventricular rate
and severe left ventricular systolic dysfunction was also
observed.26 Fourth, atrial fibrillation may lead to the
activation of several neurohumoral pathways, such as the re-
nin–angiotensin–aldosterone system and adrenergic system.
During shorter periods, angiotensin and aldosterone can re-
sult in vasoconstriction, fluid retention, and increased blood
pressure. However, during longer periods, angiotensin and al-
dosterone can result in cardiomyocyte hypertrophy, apopto-
sis, and adverse structural remodelling in the atrial and ven-
tricular wall, which can promote the development of

systolic and diastolic left ventricular dysfunction.27 Similarly,
although the sympathetic stimulation during atrial fibrillation
can contribute to increased contractility and heart rate in the
short term, it may lead to heart failure in the long time. Fifth,
the aforementioned haemodynamic alterations and
overactivated regulatory mechanisms may result in the per-
manent structural change of the atrial and ventricular myo-
cardium. The cardiac magnetic resonance imaging in patients
with atrial fibrillation revealed increased levels of diffuse
interstitial ventricular fibrosis, which may be the reason for
increased left ventricular dysfunction.28

In our MR analysis, we also found the causal effect of atrial
fibrillation on cardiac death and peripheral artery disease,
which is concordant with a meta-analysis including 104 co-
hort studies and 9 686 513 participants where atrial fibrilla-
tion was associated with increased risks of cardiovascular
death (RR: 2.03; 95% CI: 1.79–2.30) and peripheral artery dis-
ease (RR: 1.31; 95% CI: 1.19–1.45).13 According to the data
from the United States, cardiovascular death related to atrial
fibrillation was increased with time going on, from 18.0 per
100 000 in 2011 to 22.3 per 100 000 in 2018.29 In an analysis
of the RE-LY (Randomized Evaluation of Long-Term Anticoag-
ulant Therapy) trial involving patients with atrial fibrillation,
cardiac death (including sudden cardiac death and progres-
sive heart failure) accounted for 37.35% of all death. In con-
trast, stroke or peripheral embolism-related death accounted
for only 7.00% of all death.30 In a post hoc analysis of the

Table 2 Assessment of directional pleiotropy

Outcomes

Directional
pleiotropy Heterogeneity

Intercept P Q P

Coronary heart disease 0.005 0.07 202 <0.01
Hypertension 0.006 0.11 324 <0.01
Heart failure 0.002 0.45 223 <0.01
Ischaemic stroke 0 0.94 192 <0.01
Transient ischaemic attack 0.007 0.06 111 0.38
Pulmonary embolism 0.002 0.75 95 0.79
Peripheral artery disease 0.002 0.64 108 0.46
Cardiac death 0.006 0.20 127 0.09

Figure 2 Funnel plot of the association of atrial fibrillation with eight cardiovascular diseases: (A) coronary heart disease, (B) hypertension, (C) heart
failure, (D) ischaemic stroke, (E) transient ischaemic attack, (F) pulmonary embolism, (G) peripheral artery disease, and (H) cardiac death. Each black
dot indicates a single nucleotide polymorphism. MR, Mendelian randomization.
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Systolic Hypertension in the Elderly Program database, car-
diovascular death was also significantly higher in the atrial fi-
brillation group after 4.7 years [hazard ratio (HR): 2.39; 95%
CI: 1.05–5.43] and 14.3 years of follow-up (HR: 2.21; 95%
CI: 1.54–3.17).6 Therefore, the causal effect of atrial fibrilla-
tion on cardiac death should arise our attention in view of
the growing prevalence of cardiovascular death related to
atrial fibrillation. As to peripheral artery disease, the
ARAPACIS (Ankle-brachial Index Prevalence Assessment:
Collaborative Italian Study) study revealed that the preva-
lence of ankle–brachial index ≤0.90 in patients with atrial fi-
brillation was 21% (428/2027 patients), which indicated that
atrial fibrillation might be complicated with systemic
atherosclerosis.4 Correspondingly, the CHADS2 score has
been refined by the CHA2DS2-VASc score, which incorporates
vascular diseases such as symptomatic peripheral artery
disease.31 The mechanisms linking peripheral artery disease
and atrial fibrillation are not completely understood. It is
plausible that the effect of atrial fibrillation on peripheral ar-
tery disease reflects an underlying state with increased levels
of inflammation and platelet-mediated thrombosis,32,33

which may increase the predisposition for the development
of peripheral artery disease. Meanwhile, further research is
needed to elucidate these underlying mechanisms.

Taken together, our results provided directly causal evi-
dence that more aggressive support and attention are re-
quired for not only ischaemic stroke but also heart failure,
cardiac death, and peripheral artery disease prevention for
populations with atrial fibrillation. The American Heart Asso-
ciation Scientific Statement pinpointed four pillars of atrial fi-
brillation management, including lifestyle modification,
stroke prevention, rate control, and rhythm control.34 Revers-
ible risk factors for atrial fibrillation include obesity, hyperten-
sion, diabetes mellitus, obstructive sleep apnoea syndrome,
alcohol consumption, and tobacco use.35 Positive effects
have been demonstrated in patients administered with risk
factors such as weight, blood pressure, lipid, and obstructive
sleep apnoea syndrome.3 Although ischaemic strokes and
transient ischaemic attacks prevention have improved dra-
matically with the availability of direct-acting anticoagulants
in patients with atrial fibrillation,36 real-world studies showed
that just 44.9% of patients with atrial fibrillation are taking
oral anticoagulants, and 23.8% of patients did not receive
any antithrombotic therapy.37 Medication adherence is a cor-
nerstone of the management of atrial fibrillation, and good
adherence can confer a significant decrease in death.38 Novel
oral anticoagulants reduced stroke-related mortality, whereas
little reduction was observed in heart failure or sudden car-
diac death-related mortality.30 Therefore, patients with atrial
fibrillation should be treated with either rhythm control or
rate control. The beneficial effects of rhythm control have
been confirmed in the recently published EAST-AFNET trial
(Early Treatment of Atrial Fibrillation for Stroke Prevention
Trial).39 With the maturing of the catheter ablation tech-

niques for the treatment of atrial fibrillation, catheter abla-
tion may be a better choice than antiarrhythmic drugs for
rhythm control.40

Limitations

First, our analysis was based on people primarily of European
ancestry, which might limit the generalization of our results
to other populations. However, considering that population
stratification might also affect MR estimates, the European
origin makes population stratification bias unlikely to influ-
ence our results. Another limitation is the potential effect
of pleiotropy on the results. However, we detected no indica-
tion of directional pleiotropy in the MR-Egger analysis and
funnel plots, and the multivariable MR analysis yielded simi-
lar results. Third, substantial heterogeneity was observed in
coronary heart disease, hypertension, heart failure, and
ischaemic stroke. Therefore, a random-effects model was
adopted to mitigate the influence of heterogeneity on
results. Fourth, we only observed significant association for
cardiac death in the IVW method, yet the difference disap-
peared in the sensitivity analyses. Considering there was no
evidence of directional pleiotropy or heterogeneity for
cardiac death, IVW method can be regarded as the primary
estimate as it can provide the most precise estimates. Mean-
while, further MR analysis with larger sample size is needed
to validate or refute our findings.

Conclusions

The present MR study verified the causal associations be-
tween atrial fibrillation and heart failure, ischaemic stroke,
transient ischaemic attack, peripheral artery disease, and car-
diac death. The absolute risk increase was the highest for
heart failure. In light of the harmful effects of atrial fibrilla-
tion on other cardiovascular diseases besides ischaemic
stroke, prevention through multiple perspectives to address
reversible risk factors and optimize clinical treatment may
be beneficial in delaying disease progression and improving
survival. Meanwhile, considering the lack of difference in car-
diac death in sensitivity analyses, further MR analysis with
larger sample size is warranted to confirm or refute our
findings.
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