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Previous observational studies regarding atrial fibrillation and venous thromboembolism have 
yielded inconsistent conclusions, and the causal relationship between the two remains unclear. 
This study aimed to assess the causal effects of atrial fibrillation with venous thromboembolism 
(consisting of pulmonary embolism and deep vein thrombosis), by the bidirectional two-sample 
Mendelian randomization analysis. The bidirectional two-sample Mendelian randomization 
analysis was performed based on publicly available summary-level data obtained in large-scale 
genome-wide association studies conducted among the European populations. The primary method 
for estimating causal relationships was inverse variance weighting, supplemented by weighted 
median, weighted mode, and Mendelian randomization-Egger regression for assessing the result 
robustness. To guarantee the robustness of our findings, results obtained through the weighted 
median method were adopted, which indicated the absence of potential causal impact of atrial 
fibrillation on venous thromboembolism or pulmonary embolism. Besides, atrial fibrillation showed 
no significant causality with deep vein thrombosis. Similarly, venous thromboembolism did not 
exhibit any significant causality with atrial fibrillation, pulmonary embolism and atrial fibrillation, 
or deep vein thrombosis and atrial fibrillation. The present Mendelian randomization analysis 
suggests that atrial fibrillation and venous thromboembolism have no significant causal association 
in both directions.
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Venous Thromboembolism (VTE), including 
Pulmonary Embolism (PE) and Deep Vein Thrombosis 
(DVT), ranks the 3rd place among factors leading 
to vascular diseases following stroke and acute 
myocardial infarction. According to existing data, 
VTE shows an incidence of up to 8 % in the United 
States (US) and European populations, significantly 
higher than that in other regions[1]. Besides, VTE has 
posed considerable clinical and economic burdens. 
The annual medical costs of this condition in the US 
are estimated to be as high as $10 billion[2].
Recent research demonstrates that numerous risk 
factors are linked to VTE, among which, Atrial 
Fibrillation (AF) is often undervalued. As shown by 
recent observational studies, AF is probably related 

to VTE. For example, according to Hornestam et 
al.[3], the VTE (comprising PE and DVT) risk may 
elevate in patients with new-onset AF. Additionally, 
a study carried out by Enga et al.[4] came to the same 
conclusion.
Although the above studies have suggested an 
association between AF and VTE, it is difficult 
to establish causality between the two due to the 
limitations of reverse causality and small sample 
size. Furthermore, multiple confounding factors have 
significant influence on causal inference. Mendelian 
Randomization (MR) analysis is the analytical method 
that uses genetic variation of identified phenotypes 
or functions for correlating causality between them 
and the disease outcome. Because individual alleles 
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show random assignment and fixation at conception, 
MR approach allows to partially avoid reverse 
causality and environmental confounders compared 
with traditional epidemiology[5].
Large-scale Genome-Wide Association Studies 
(GWAS) on circulatory diseases have made it possible 
to investigate the relationships between related 
diseases through MR analysis. As discovered from 
a study by Lv et al.[6], there was a causality between 
Ulcerative Colitis (UC) and VTE. Furthermore, Hu 
et al.[7] and colleagues revealed no substantial causal 
relationship between type 1/type 2 diabetes and VTE 
risk, even after adjusting for possible confounding 
factors. However, to date, MR studies examining the 
role of AF in VTE risk are lacking. Therefore, the 
present work conducted a two-sample MR analysis 
based on recent GWAS data regarding AF and VTE 
(comprising DVT and PE), so as to investigate the 
relation between AF and VTE.

MATERIALS AND METHODS

Study design:

The present work involved the bidirectional two-
sample MR analysis, wherein Single-Nucleotide 
Polymorphisms (SNPs) were used to be Instrumental 
Variables (IVs) for exploring bidirectional causal 
connections between AF and VTEs (including PE 
and DVT).
First, causal effects of AF-related SNPs on VTEs 
were assessed. Then, VTE, PE, and DVT-associated 
SNPs were utilized to be IVs separately during 
MR analysis for investigating the reverse causality 

between them.

Data sources:

Our summary statistics of AF were obtained based 
on a GWAS that involved 60 620 cases and 970 216 
controls using Instrument Electronics Unit (IEU) 
open GWAS project (https://gwas.mrcieu.ac.uk/)[8]. 
While summary statistical of VTE (19 372 cases and 
357 905 controls), DVT (9109 cases and 324 121 
controls), and PE (9243 cases and 367 108 controls) 
were acquired based on R9 release of FinnGen GWAS 
results (https://r9.finngen.fi/) released in 2023[9]. 
The cases were diagnosed based on International 
Classification of Diseases (ICD) codes. 
All data used in this study were previously collected 
and published. Therefore, no additional ethical 
approval was required. The details of the data source 
and definition are listed in Table 1.

Instrumental variable selection:

The fundamental objective of MR is to eliminate 
relevant confounding by using IVs (usually SNPs) 
to conclude the causality. Therefore, the selection 
of IVs is of paramount importance. In the classical 
MR stochastic analysis, IVS ought to satisfy three 
foundational assumptions (fig. 1); the assumption of 
association, IVs must be strongly related to exposure; 
the assumption of independence, IVs are unrelated to 
other confounders and the assumption of exclusivity, 
IVs just have an effect on outcome via exposure[10]. 
Based on correlation assumptions, exposure-related 
SNPs were chosen to be candidate IVs at a genome-
wide significance level (p<5×10-8).

Phenotypes Data source Phenotypic code Cases/controls Population

Exposures

AF

HUNT

ebi-a-GCST006414

6493/63 142 European

deCODE 13 471/358 161 European

MGI 1226/11 049 European

DiscoverEHR 6679/41 803 European

UKB 14 820/380 919 European

AFGen consortium 17 931/115 142 European

Outcomes

VTE FinnGen I9_VTE 19 372/357 905 European

PE FinnGen I9_
PHLETHROMBDVTLOW 9109/324 121 European

DVT FinnGen I9_PULMEMB 9243/367 108 European

TABLE 1: DATA SOURCES
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For attaining independence between each IV 
utilized, SNPs with Linkage Disequilibrium (LD) 
were excluded. This was done by establishing the 
corresponding thresholds (r2<0.001, clumping 
window size=10 000 kb) according to the European 
1000 genomes panel[11]. Meanwhile, F-statistic of each 
SNP was calculated separately to further validate the 
strength of its correlation with the exposure factors 
by the following equation[12,13]. IVs whose F-statistic 
was <10 were deemed to be weak IVs. Consequently, 
such IVs were excluded to avoid weak instrument 
bias. To satisfy the independence assumption, related 
phenotypes of each genetic variant were searched at 
PhenoScanner website (http://www.phenoscanner.
medschl.cam.ac.uk/)[14,15]. SNPs with phenotypes 
linked to confounding factors were eliminated in 
accordance with relevant guidelines and clinical 
studies[1,16]. Moreover, exposure-related SNPs were 
extracted, while SNPs strongly related to outcome 
were excluded to satisfy the excludability assumption.
Additionally, for guaranteeing that effect alleles for 
both exposure and outcome were identical, the alleles 
for both exposure and outcome were coordinated to 
exclude palindrome and incompatible SNPs[14].
Finally, we employed MR Pleiotropy Residual Sum 
and Outlier (MR-PRESSO) approach for identifying 
and removing possible outliers, thereby reducing 

their potential impact on the causal estimates[17].
Statistical analysis: For evaluating causality of 
AF with three VTE phenotypes, different MR 
approaches were employed, such as inverse variance 
weighting, MR-Egger regression, weighted median 
and weighted mode.
Each of the above methods relies on distinct 
assumptions regarding IVs validity. To be specific, 
Inverse Variance Weighted (IVW) method can be 
primarily used for fundamental causal inference as it 
essentially meta-analyzes the Wald ratios of multiple 
SNPs[18]. It provides the most accurate estimates 
when all SNPs are valid instruments[19,20]. In addition, 
MR-Egger regression can provide correct estimates 
even when all IVs are invalid, provided that the 
assumptions of Instrument Strength Independent of 
the Direct Effect (In SIDE) are met. However, it tends 
to show lower precision in such cases[21,22]. When 
over 50 % of weight is derived from valid IVs, there 
is no need to satisfy the In SIDE assumption, and 
weighted median method offers the same estimates. 
Moreover, compared with MR-Egger regression, it 
exhibits a lower type I error rate and a higher causal 
estimation capability[19,23]. The weighted mode 
method can group SNP subsets with similar causal 
effects and estimate the causal effect of the subset 
with highest number of SNPs.

Fig. 1: Workflow of Mendelian randomization study revealing the causal relationship between AF and VTE/PE/DVT
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assumptions while harmonizing the direction of 
SNPs, we enrolled altogether 63 SNPs. As for AF-
VTE, through MR-PRESSO analysis, one outlier 
(rs6771054) was identified and removed, resulting 
in 62 SNPs for MR analysis. With regard to AF-
PE and AP-DVT, no outliers were found, so all the 
63 SNPs were included for MR analysis. Besides, 
there were 3 causality pairs tested, including two 
showing statistical significance. According to fig. 2, 
IVW model indicated that genetic predisposition to 
AF was linked to an increased risk of VTE (Odds 
Ratio (OR)=0.950, 95 % Confidence Interval (CI): 
0.902-1.000, p=0.049) and PE (OR=0.932, 95 % CI: 
0.871-0.997, p=0.040). However, other statistical 
models, like MR-Egger regression, weighted mode, 
and weighted median, indicated that there was no 
causal effect of AF on VTE or PE. The IVW model 
is based on the assumption that all the SNPs are 
effective, which can hardly be achieved even with 
strict selection. Therefore, the study relied on the 
weighted median results (VTE, OR=0.952, 95 % 
CI: 0.886-1.023, p>0.05; PE, OR=0.904, 95 % CI: 
0.813-1.004, p>0.05), which suggested that genetic 
predisposition to AF was not associated with the risk 
of VTE or PE.

Upon Cochran Q test, the p-values for Q statistics 
during AF-VTE, AF-PE and AF-DVT analyses 
were higher than 0.05, indicating that there was 
no heterogeneity among the IVs. Additionally, MR 
egger regression-based pleiotropy test revealed no 
pleiotropy for causality of AF with VTEs (p>0.05). 
After leave-one-out sensitivity analysis, the causality 
of AF with DVT was mainly driven by a single 
SNP (from a total of 7 SNPs). After removing this 
SNP (leaving a total of 56 SNPs), MR analysis was 
conducted again.

Hence, in this study, the IVW method was primarily 
used for estimating the causal relationship, while the 
other methods were used as supplementary tools or 
offered additional insights.

Sensitivity analysis:

The IVW method and MR-Egger regression were 
both employed to assess the potential heterogeneity, 
which was quantified using Cochran’s Q statistic 
(with p<0.05 being suggestive of heterogeneity). 
Besides, horizontal pleiotropy was detected using 
MR-Egger regression, and the intercept from this 
model was a common indicator for evaluation (with 
p<0.05 being indicative of directional pleiotropy). 
Furthermore, the symmetry of funnel plots can be 
used as a visual indicator for assessing horizontal 
pleiotropy. Lastly, a leave-one-out analysis was 
carried out for assessing if results were affected by 
single SNPs, and a forest plot was created to visually 
present the study findings.
Multiple comparisons were corrected with Bonferroni 
method. p<0.05/3 (adjusted for 1 exposure variable ×3 
outcomes)=0.0167 indicated statistically significant 
differences, which provided strong evidence of a 
causal relationship; meanwhile, results of p values 
ranging from 0.0167 to 0.05 suggested the presence 
of correlation. We utilized the R software (version 
4.3.1) “Two Sample MR” packages for MR analysis 
and sensitivity tests[24].

RESULTS AND DISCUSSION
We conducted a bidirectional MR analysis for 
investigating relationship of AF with VTEs. Table 
2 displays numbers of qualified SNPs related to the 
exposures (AF or VTEs). Following the method 
described above and satisfying the three main 

MR analysis nIVs

Heterogeneity test Pleiotropy test

IVW MR Egger Egger_
intercept SE P

Q-pval Q Q-pval Q

AF-VTE 62 0.113 74.611 0.098 74.548 0.001 0.005 0.823

AF-PE 63 0.343 65.918 0.32 65.625 0.003 0.006 0.604

AF-DVT 56 0.856 44.011 0.833 43.994 0.001 0.006 0.898

VTE-AF 16 0.314 17.082 0.296 16.284 -0.004 0.005 0.422

PE-AF 11 0.178 13.895 0.19 12.426 -0.019 0.019 0.329

DVT-AF 11 0.633 7.954 0.56 7.742 0.003 0.006 0.656

TABLE 2: HETEROGENEITY AND PLEIOTROPY TESTS FOR THE ASSOCIATIONS BETWEEN AF WITH 
VTE/DVT/PE
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In recent years, the possible association between AF 
and VTE has received increasing attention, but there 
is still no definitive conclusion for the time being. 
Consequently, the bidirectional two-sample MR 
analysis was conducted in this work for assessing 
causality of AF with VTE. No clear evidence 
supporting the causality of genetic predisposition to 
AF with VTE was found. 

Numerous previous cohort studies have investigated 
the link between AF and VTE, and many of these 
studies have reported a connection between the two. 
For instance, in a study led by Enga et al.[4] that included 
29 975 participants, the results revealed an increased 
VTE risk associated with AF. Notably, this association 
was more prominent within 6 mo of AF diagnosis, 
and the risk significantly increased for PE compared 
with DVT. However, after 6 mo of AF diagnosis, 
the correlation with DVT diminished, though a 
certain level of association with PE persisted. 
In another case-control study that compared 463 
244 AF patients with 887 336 individuals from the 
general population in Sweden, it was found that AF 
patients had an evidently increased VTE (including 
PE and DVT) risk relative to the general population, 
especially within the first 3 mo after diagnosis. Such 
result suggested the potential of AF, in particular the 

The IVW analysis results indicated that AF did 
not significantly affect DVT (OR=1.061, 95 % CI: 
0.988-1.140, p>0.05), besides, the results from other 
analysis methods were consistent with such finding 
(fig. 2). Moreover, in the leave-one-out analyses for 
AF-PF and AF-VTE, no outlier SNP that drove the 
causal effect was identified.

To understand the impact of VTE on AF, the 
causality of AF with VTE was further evaluated. 
During IV selection, VTE-AF was identified and 
one outlier (rs72708961) was removed during MR-
PRESSO analysis, resulting in altogether 16 SNPs 
for MR analysis. Meanwhile, both PE-AF and DVT-
AF, without outliers, included 11 SNPs in the MR 
analysis. As shown in fig. 2, the genetic predisposition 
to VTEs did not significantly increase the risk of AF 
(VTE-AF, OR=1.013, 95 % CI: 0.979-1.049, p>0.05; 
PE-AF, OR=1.027, 95 % CI: 0.989-1.065, p>0.05; 
DVT-AF, OR=1.028, 95 % CI: 0.994-1.062, p>0.05). 
In the heterogeneity tests, there was no obvious 
evidence revealing heterogeneity. Moreover, MR 
Egger regression-based pleiotropy test did not reveal 
any obvious pleiotropy in VTEs with AF (intercept 
p>0.05) (Table 2). Furthermore, leave-one-out 
analysis verified that no specific IV drove the causal 
associations.

Fig. 2: Estimates from Mendelian randomization analysis of the causal relationship between AF and VTE/DVT/PE. (A): AF and risk of VTE/DVT/
PE and (B): VTE/DVT/PE and risk of AF
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at conception, which allowed for simulating the 
randomized controlled trial within the observational 
setting and thereby mitigating the impact of reverse 
causality and confounders to some extent. Secondly, 
all participants in GWAS data for both exposure 
and outcome were of European ancestry, which 
helped mitigate the bias arising from population 
stratification. Moreover, AF and VTE show relatively 
high incidence rates among the general population, 
therefore, uncovering the casualty of AF with VTE 
may contribute to establishing a foundation for the 
prevention and intervention of both conditions. Our 
findings suggest that it may be futile to intensify 
VTE screening in the genetically predisposed AF 
patients, and that using oral anticoagulants for VTE 
prevention may be more likely to induce negative 
effects.

Nevertheless, there were also several limitations in 
the study. All the GWAS data were derived from the 
European population, which might limit our result 
applicability to additional ethnicities. Additionally, 
as for summarized data we utilized, stratification by 
disease severity and specific demographic details, 
such as age, was lacking, further constraining our 
ability to conduct more detailed subgroup analyses.

This study is the first to assess the causal relationship 
between AF and VTE (including PE and DVT) 
using two-sample bidirectional MR analyses, which 
provides new genetic evidence for a relationship 
between the two. Our two-sample two-way MR 
analysis showed no significant evidence for a 
significant causal relationship between AF and 
VTE (including PE and VTE), i.e., our results do 
not support the hypothesis of a causal relationship 
between genetic susceptibility to AF and VTE 
(including PE and VTE). Although the above results 
suggest that there is no direct causal relationship 
between AF and VTE at the genetic level, many 
clinical cohort studies have reported the possibility 
of a correlation between the two, and therefore we 
cannot exclude the possibility that they indirectly 
increase each other’s risk. Future longitudinal 
clinical studies and experimental analyses are needed 
to confirm our findings.
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recent-onset AF, as the risk factor of VTE[3]. When it 
comes to the impact of VTE on AF, it is discovered 
that VTE patients are associated with an increased 
AF risk, especially within the first 6 mo following 
the thromboembolic event. Specifically, PE patients 
may show an evidently increased AF risk compared 
with DVT patients[25]. Furthermore, as indicated by 
a longitudinal study involving over 15 000 elderly 
individuals, there was a bidirectional association 
between AF and VTE[26]. However, some studies 
have offered a different perspective after considering 
confounding factors like fractures, surgeries, and 
tumors. It is proposed that the incidence of DVT and 
PE in AF is low, and there is no clear relation of AF 
with VTE[27]. However, the relationship between the 
two remains unclear since high-quality randomized 
controlled trial evidence that establishes a causal 
relationship between AF and VTE is lacking, and 
the aforementioned observational studies are poorly 
consistent.
In this study, while we did not directly observe 
a causality of AF with VTE, it was possible that 
they might exert an indirect influence on the 
disease processes of each other, which was not 
elucidated within the scope of this research. AF 
is associated with underlying pathophysiological 
changes, including blood stasis in the left atrium, 
gradual enlargement of the left atrium, and abnormal 
alterations in the vascular wall, such as endothelial 
shedding. Besides, there are abnormal changes in 
blood components, including platelet activation, 
inflammation, and the presence of growth factors. 
These changes essentially fulfill the Virchow’s 
triad for thrombus formation, and may indirectly 
increase the risk of VTE[28]. Furthermore, AF can 
promote venous stasis, and slow venous blood 
flow may activate coagulation factors and platelets, 
thereby increasing the risk of VTE[29]. VTE can 
induce an increase in pulmonary artery pressure, 
subsequently elevating stress on the right ventricular 
wall and pressure in the right atrium[25,30]. Right 
ventricular pressure overload can lead to sustained 
right ventricular dysfunction and tension, ultimately 
resulting in atrial stretching and subsequent AF[25]. 
Although we believe that there is no direct causal 
relationship between AF and VTE at the genetic 
level, we cannot rule out the possibility of their roles 
in indirectly increasing the risk of each other.
Our study has several strengths. Firstly, different from 
traditional observational studies, the IVs used in the 
MR design were SNPs related to random allocation 
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