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Background: Obstructive sleep apnea (OSA) and atrial fibrillation (AF) are
epidemiologically correlated, but the causal relationship between them remains
elusive. We aimed to explore the causal relationships between OSA and AF.

Method: Using both the Finnish biobank and publicly available genome-wide
association study data (GWAS), we conducted a two-sample Mendelian randomization
(MR) analysis to estimate the causal effect of OSA on AF, both in the primary analysis
and replicated analysis. The inverse variance weighted MR was selected as the main
method. To further test the independent causal effect of OSA on AF, we also performed
multivariable MR (MVMR), adjusting for body mass index (BMI), hypertension, and
coronary artery disease (CAD), respectively.

Results: In the primary analysis, OSA was significantly associated with the increased
risk of AF (OR 1.21, 95% CI 1.11-1.32) and the replicated analysis showed consistent
results (OR 1.17, 95% CI 1.05-1.30). Besides, there was no heterogeneity and horizontal
pleiotropy observed both in the primary and replicated analysis. Further multivariable MR
suggested that the causal relationships between OSA and AF exist independently of BMI
and CAD. The MVMR result after the adjustment for hypertension is similar in magnitude
and direction to the univariable MR. But it did not support a causal relationship between
OSA and AF.

Conclusion: Our study found that genetically driven OSA causally promotes AF. This
causal relationship sheds new light on taking effective measures to prevent and treat
OSA to reduce the risk of AF.

Keywords: obstructive sleep apnea, atrial fibrillation, Mendelian randomization, causal inference, instrumental
variable (IV)
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INTRODUCTION

Atrial fibrillation (AF) is the most common type of arrhythmia
that causes hemodynamic disorders, thrombotic strokes, heart
failure, and increased mortality (1), with an estimated global
prevalence of 34 million (2). Prevention of AF is important to
improve the societal and personal costs related to the disease. AF
is influenced by a number of non-genetic risk factors. In addition
to traditional risk factors such as smoking, alcohol, and other
lifestyle factors, as well as obesity, diabetes, and hypertension,
a growing number of studies are focusing on the impacts of
obstructive sleep apnea (OSA) on atrial fibrillation (3-6).

Notably, OSA is characterized by recurrent episodes of airway
collapse during sleep, the combined prevalence of OSA in
patients with AF has been estimated at 21 to 74% (6, 7).
A few large longitudinal cohort studies recruiting a non-aged
population reported that those with OSA, also inevitably featured
with obesity, had a higher risk of incident AF than those
without OSA after a follow-up of several years (8-10). Given that
approximately 3-49% of the general population is estimated to
be OSA (7), targeting OSA through airway pressure treatment
or weight reduction has the potential to lower the incidence
of AF if the observed associations between OSA and AF are
causal. However, the previous studies are limited in assessing
the comorbid confounder of overweight/obesity, a risk factor
commonly shared by both OSA and AF (11), so that it is
unknown whether OSA and AF have a direct causal relationship,
or simply represent comorbidities that cluster in obese subjects.
Furthermore, despite guidelines suggesting that OSA treatment
might lower AF reoccurrence, the evidence is mainly based on
small-sample observational studies or non-randomized clinical
trials (12), which are prone to systematic biases and can not
support a causal association.

Based on the deficiency of the former studies’ design, we
considered Mendelian randomization (MR). MR can be used to
resolve causal assumptions. It is a genetic instrumental variable
analysis that can evaluate the potential relationship between
exposure and outcome (13). As MR uses instrumental variable
analysis to model the randomization process that underlies causal
inference in randomized controlled trials (RCTs), this design is
less susceptible to confounding and reverse causality bias (14). In
the current study, we aimed to perform two-sample MR analyses
to test the hypothesis that there is a potential causality between
OSA and AF.

METHODS

Study Design Overview
The overview of this study design is presented in Figure 1. Firstly,
we extracted five available genetic instrumental variables from

Abbreviations: OSA, obstructive sleep apnea; AF atrial fibrillation; MR,
mendelian randomization; GWAS, genome-wide association study; MVMR,
multivariable mendelian randomization; BMI, body mass index; CAD, coronary
artery disease; IVW, inverse-variance weighted; MR-PRESSO, MR-pleiotropy
residual sum and outlier; OR, odds ratio; IV, instrumental variable; SNP, single-
nucleotide polymorphism; LD, linkage disequilibrium; ECG, electrocardiogram;
SA, sleep apnea; BP, blood pressure; HTN, hypertension.

the FinnGEN consortium for OSA. Secondly, we obtained the
summary data of AF from the genome-wide association study
(GWAS). Then, we conducted univariable two-sample MR and
several sensitivity analyses to estimate the causal effect. Finally,
we carried out a multivariable MR (MVMR) analysis respectively
adjusting for body mass index (BMI), hypertension, and coronary
artery disease (CAD). In addition to the primary analysis, we
constructed another AF dataset from a large meta-analysis to
replicate the MR analysis to test our hypothesis.

Data Source for Exposure

Our main exposure genetically determined OSA as an
instrumental variable (IV). We extracted exposure data
from the FINNGen consortium (https://www.finngen.fi/
en), a large study aiming to collect and analyze genome
and health data from 500,000 Finnish biobank participants.
We identified 5 single nucleotide polymorphisms (SNP)
robustly associated with OSA in the FINNGen genome-wide
association study that included 217,955 participants (15),
nearly all European ancestry (Supplementary Figure S1), with
a statistically significant threshold [P < 5 x 107%; linkage
disequilibrium (LD); 2 < 0.001, LD distance > 10,000Kkb].
F statistic {calculated as F = [(n-k-1)/k]/[R%*/(1-R?)], the
explained variance for exposure (R%), sample size (1), and
number of SNPs (k)} indicates the strength of the relationship
between SNP and OSA. In general, F-statistic >10 indicates a
significant association between selected instrumental variables
and OSA (16).

Furthermore, we obtained summary data on BMI,
hypertension, and CAD from GWAS. The summary-level
data for BMI were extracted from a meta-analysis of GWAS
including 681,275 individuals of European ancestry (17). Data for
hypertension was also obtained from the FinnGen consortium
(22,154 cases and 74,345 controls) (https://www.finngen.fi/fi),
nearly all of European ancestry. And the summary data on CAD
we used was from a large meta-analysis of GWAS which includes
141,217 individuals of European ancestry (18).

Data Source for the Outcome

We constructed two sets of outcome data for two MR
analyses to test our hypothesis. For the primary analysis,
the summary data for AF were derived from a GWAS meta-
analysis involving nearly 1,030,836 European participants,
including 60,620 cases and 970,216 controls (19). For the
replication analysis, the summary data for AF were extracted
from another GWAS meta-analysis, which investigated
537,409 participants of 84.2% European ancestry in up to
55,114 cases and 482,295 controls (20). To our knowledge,
there was no sample overlap between the exposure and
outcome GWASs.

Statistical Analysis

Two-Sample Mendelian Randomization Analysis

As shown in Supplementary Figure S1, the conventional MR
model was used to assess the causal effect of OSA on AF. The
ideal instrumental variable must satisfy the following several
requirements (Supplementary Figure S1): (i) the instrumental
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FIGURE 1 | Diagram of Mendelian randomization (MR) framework in this study. SNP, single nucleotide polymorphisms; OSA, obstructive sleep apnea; AF, atrial
fibrillation; GWAS, genome-wide association study; MR, mendelian randomization; BMI, body mass index; HTN, hypertension; CAD, coronary artery disease.

variables have to be closely related to OSA; (ii) there is no
association between the instrumental variables and confounders
of OSA and AF; (iii) the effect of instrumental variables on
AF must be mediated solely by the OSA in the study. In
the two-sample MR analysis, we used four different methods
[inverse-variance weighted (IVW), weighted median, weight
mode, and MR-Egger], to evaluate the causal effects between
OSA and AF. And we used the MR-Pleiotropy Residual Sum and
Outlier (MR-PRESSO) to address the problem of heterogeneity
and pleiotropy effect. The results were shown as odds ratios
(OR) and 95% ClIs. The inverse-variance weighted method was
used as the main analysis in our study. It is the most precise
method for estimating causal effects (21). The weighted median
estimator pools the median impact of SNPs with more than
50% of the weight coming from valid SNPs (22). The MR-
Egger regression was used primarily to account for horizontal

pleiotropy. Besides, we used the MR-PRESSO method to identify
potential horizontal pleiotropy outliers in the analysis and adjust
if necessary (23).

Sensitivity Univariable MR Analyses

To further explain the potential pleiotropy between exposure
and outcome, a series of sensitivity analyses were conducted.
Cochran’s Q test was used to quantify the heterogeneity of
instrumental variables, with P, < 0.05 indicating heterogeneity
(24). The Egger intercept in the MR Egger regression analysis was
used as an indicator of horizontal pleiotropy (23). Furthermore,
we conducted the leave-one-out analysis to remove a single
SNP from the analysis in sequence. Both the primary and
replicated analysis was conducted in the sensitivity analysis
described above.
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TABLE 1 | Characteristics of obstructive sleep apnea and atrial fibrillation datasets.

Exposure Consortium SNP/F-stat Cases/Controls Sample size Female (%) Population
Obstructive sleep apnea FINNGen 16,761/201,194 217,955 56.5% European
Outcome Data source Studies Cases/Controls Sample size Female (%) Population
Primary analysis

Atrial fibrillation Meta-analysis 60,620/970,216 1,030,836 52.3% European
Replicated analysis

Atrial fibrillation Meta-analysis 55,114/482,295 537,409 NA 84.2% European

F-statistic, The smallest F-statistic of SNP in our study was 525. SNF, Single-nucleotide polymorphism.

TABLE 2 | Univariable and multivariable two-sample Mendelian randomization estimations showing the effect of obstructive sleep apnea on the risk of atrial fibrillation.

Outcomes Methods Odds ratio (95% CI) P-value Q-statistics Py Egger intercept Pintercept
AF MR-Egger 1.38 (1.14-1.66) 4.44E-02 3.03 3.86e—01 —0.014 (—0.033-0.005) 2.36e—01
Primary Inverse-variance 1.21 (1.11-1.32) 2.41E-05 5.23 2.64e—01

weighted

Weighted median 1.28 (1.15-1.43) 1.06E—05

Weighted mode 1.29 (1.14-1.47) 1.76E-02

MVMR (BMI 1.10 (1.04-1.17) 9.81E-04

adjusted)

MVMR (HTN 1.16 (0.91-1.48) 2.45E-01

adjusted)

MVMR (CAD 1.17 (1.02-1.34) 2.62E—02

adjusted)
AF MR-Egger 1.17 (0.85-1.60) 4.02E-01 6.50 8.95e—02 0.00005 (—0.031-0.031) 9.98e—01
Replicated Inverse-variance 1.17 (1.05-1.30) 3.52E-03 6.50 1.64e—01

weighted

Weighted median 1.21 (1.08-1.35) 9.54E—-04

Weighted mode 1.22 (1.06-1.39) 4.49E—-02

MVMR (BMI 1.10 (1.03-1.18) 4.70E—03

adjusted)

MVMR (HTN 1.17 (0.92-1.49) 2.15E-01

adjusted)

MVMR (CAD 1.18 (1.02-1.37) 2.92E—02

adjusted)

AF, atrial fibrillation; MR, mendelian randomization; MVMR, multivariable mendelian randomization; BMI, body mass index; HTN, hypertension; CAD, coronary artery disease; Cl,

cofidence interval.

Multivariable Two-Sample MR Analysis
Previous observational studies have shown that BMI (25),
hypertension (26), and CAD (27) were important risk factors
for the development of atrial fibrillation, therefore, we further
respectively performed an MVMR analysis to estimate the direct
causal effect of OSA on the risk of AF. Both the primary and
replicated analysis was conducted the MVMR described above.
Mendelian randomized (MR) analysis was performed in R
(version 4.0.3; The R Foundation for Statistical Computing,
Vienna, Austria, https://www.R-project.org/) with R packages
“TwoSampleMR”, and “MVMR”. A two-tailed p-value < 0.05 was
considered statistically significant.

Power Calculations
To evaluate the power of our study, a non-centrality parameter-
based approach was used, which is a publicly available mRnd web

tool (http://cnsgenomics.com/shiny/mRnd/) (28). For binary
outcomes (AF), after we inputted the required parameters in
mRnd (¢ = 0.05, R? = 0.083 in this study), the minimum
detectable OR was roughly estimated. The results of the power
calculations are shown in Supplementary Table S2.

RESULTS

The Character of SNP and Participants for

Analysis

The characteristics of the populations included in
the FINNGen and GWAS data of outcomes are
shown in Tablel. We selected 5 SNP as instrumental

variables for OSA. The F-statistic value >100 suggests
that these selected SNPs are significantly associated
with OSA in the MR analysis. The details of the
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FIGURE 2 | Scatter plot [primary analysis, (A); replicated analysis, (B)] and leave-one-out test [primary analysis, (C); replicated analysis, (D)] for genetically determined
obstructive sleep apnea (OSA) on atrial firbrillation (AF) risk. SNP, single nucleotide polymorphisms; OSA, obstructive sleep apnea; AF, atrial fibrillation; MR, mendelian
randomization.

available SNPs in the are presented in

Supplementary Table S1.

MR analysis

Causal Effect of OSA on AF

Univariable Two-Sample MR Analysis Results

The overall results of the univariable MR are shown in Table 2.
For the primary analysis, we observed a significant causal effect
of OSA on AF (P < 0.05 in the four MR methods, including
MR-Egger, IVW, Weighted median, and Weighted mode). OSA
was associated with an increased risk of AF (OR 1.21, 95%
CI 1.11-1.32). For the replicated analysis, there was still clear

evidence to support a causal effect between OSA and AF (P
< 0.05 in the IVW, Weighted median, and Weighted mode).
The OR and 95%CI of OSA were 1.17 (1.05-1.30) for incident
AF risk.

Sensitivity Analysis Validation

We performed several sensitivity analyses aimed at estimating
heterogeneity and horizontal pleiotropy in this MR analysis
(Table 2). For the primary analysis, heterogeneity and horizontal
pleiotropy were not observed in either Cochran’s Q-test or MR
Egger regression analysis (P, = 0.386, Pintercept = 0.236). The
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1.21 (0.99-1.47) L 6.37E-02
rs4837016 1.05 (0.87-1.26) 2 ) 6.12E-01
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MVMR (BMI adjusted) 1.10(1.04-1.17) —— 9.8 1E—04
1.10(1.03-1.18) —— 4.70E-03
MVMR (HTN adjusted) 1.16 (0.91-1.48) 0 2.45E-01
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FIGURE 3 | The association between genetically determined OSA and the AF risk using univariable and multivariable inverse-variance weighted (VW) MR adjusted for
body mass index (BMI), hypertension (HTN), and coronary artery disease (CAD). UVMR, univariable mendelian randomization; MVMR, muitivariable mendelian
randomization; SNP, single-nucleotide polymorphism; OR, odds ratio; Cl, confidence interval; BMI, body mass index; HTN, hypertension; CAD, coronary artery
disease; VW, inverse-variance weighted; OSA, obstructive sleep apnea; AF, atrial fiorillation.

results of the replicated analysis were consistent with the primary
analysis, with no heterogeneity or horizontal pleiotropy found
(Pp = 0.0895, Pintercept = 0.998). Besides, the MR-PRESSO results
showed no outlier SNPs. In the leave-one-out analysis, we found
that no single SNP was strongly driving the overall effect of OSA
on AF in the primary analysis (Figure 2). But in the replicated
analysis, we found that the SNP, rs9937053, will impact the overall
results when it was removed.

Multivariable MR Analysis Results

In the multivariable MR analysis, for the primary analysis, after
adjusting for BMI, the relationship between OSA and risk of
AF remains statistically significant (OR 1.10, 95%CI 1.04-1.17).
And the adverse effect of OSA on AF existed after adjustment
for CAD (OR 1.17, 95% CI 1.02-1.34). However, there was no
evidence in favor of an association between OSA and AF after
adjustment for hypertension (adjusted P = 0.245). The replicated
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analysis showed similar results to the primary analysis above
(Figure 3).

DISCUSSION

With the MR method, we used genetic and clinical information,
and provided the evidence to verify the causal association
between the genetic determinants of OSA and the risk of AE,
after adjusting for common cardiovascular factors. The major
strength of our study is attributed to the large-scale sample, which
supports a comprehensive analysis for incident AF and well-
powered GWAS to obtain genetic instruments for MR analysis.
Since AF remains the leading cardiac arrhythmia and one of the
major causes of stroke, heart failure, and subsequent morbidity,
our results provide further evidence from epidemiological
significance advocating to emphasize the adequate control of
OSA to reduce the global burden of AF and its complications.

In line with the current study, OSA was generally reported
to be positively associated with the incidence of AF. Two novel
pieces of research, using ECG monitoring in middle- or old-
aged SA (Sleep Apnea) patients with obesity, found a 3 or 4.8%
prevalence of nocturnal AF, higher than that of 0.4-1% in the
general population (29, 30). As to longitudinal studies, Cadby
(9) reported that the presence of OSA was associated with 1.55-
fold of incident AF as measured by AF-related hospitalizations
in a cohort of 6,841 middle-aged individuals with an average
BMI of 30.7 kg/m2 during a median of 11.9 years of follow-
up. Gami’s (8) report found a two-fold higher risk of AF in
patients with OSA in another large cohort with a similar average
anthropometric index, however, a novel result showed that
statistical difference lied only in the group of patients less than 65
years old. Conversely, in an age-stratified adjusted analysis, the
OSA-AF association was not observed in 843 male cohorts with
a mean age of 75 years (31). We speculated that epidemiological
effects in the aforementioned studies modified were probably due
to selection bias originating from limited sample size and study
design. Moreover, despite epidemiological studies demonstrating
the potential associations between OSA and AF this evidence
might be subject to residual confounding factors, as both OSA
and AF shared several risk factors: at least 70% of OSA patients
are obese (32), even MR analysis assessing the causality between
genetic predicted BMI and OSA confirmed their strong genetic
correlations (14), and a causal relationship was also identified
between genetically predicted obesity and risk of AF (33, 34); so
that obesity was an extremely important common factor as it was
predisposed to result in the co-phenomenon of OSA and AF even
in longitudinal studies. Apart from obesity, the habits of smoking
(35, 36) and alcohol intake (37, 38) also tended to act as common
risks of OSA and AF. With an instrumental variable analysis and
a huge sample size, the MR approach can be used to study a
cause-and-effect relationship without interferences of bias and
confounding that are hard to circumvent in observational design,
thus it is more appropriate for our exposure and outcome set.
Chen (39) did an MR analysis to investigate the association
between OSA and AF. They reported that OSA was related to an
increased risk of AF. But they only did univariable analysis rather

than multivariable analysis to adjust the potential confoundings
such as BMI, CAD, and hypertension. Compared to their study,
ours selected two outcome datasets for primary and secondary
analysis. Therefore our results may be more robust.

There are several pathophysiologic mechanisms underlying
the causal OSA-AF relationship. Apnea directly induces
acidosis, hypoxia, hypercarbia, and elevated pulmonary
pressure, subsequently resulting in combined sympathovagal
activation contributing to hemodynamic and arrhythmogenic
electrophysiologic changes, increasing the frequency of
premature atrial contractions with the potential to initiate
AF in a vulnerable substrate (40-42). Furthermore, long-
term exposure to OSA leads to structural remodeling
processes. It was observed in animals that intermittent
airway  obstruction  produced dysregulation,
atrial fibrosis, atrial abnormal conduction, and increased
AF susceptibility/duration (43). Accordingly, human atrial
structural changes and conduction abnormalities occur during
long-time OSA, forming a substrate for AF vulnerability
(44, 45).

To note, some points in the data aroused our consideration.
Effect sizes for the presence of OSA on the AF risk in our
MR analysis were smaller compared with those obtained using
observational data. This might be attributed to several reasons:
part of AF is hard to capture when paroxysmal and might
remain silent or asymptomatic in clinically stable patients or
outpatients. Based on this background, cohort studies with
closer follow-up of the participants had more opportunities
to document more AF cases than those in our population.
Meanwhile, another explanation is related to confounding-
derived bias on the association between OSA and AF described
above in observational studies. Multivariable MR association
persisted after additional adjustment for comorbidities that may
either mediate or confound the OSA-AF relationship, effect
estimates were similar after BMI and CAD adjustment, but
hypertension adjustment abolished the efficacy, suggesting that
HTN might substantially mediate the effect of OSA on the
risk of AF. It made sense that recognition already suggested
that one of the OSA complications was a higher frequency
of non-dipping blood pressure (BP) and pattern nocturnal
hypertension (46), and genetic BP had a causal impact on
AF (47).

Our study has some limitations. First, the limited number
of instrumental SNPs in our study may distort MR estimates.
But the F statistic of the SNP we used in this study were all
>100, suggesting a strong correlation with OSA. Second, it
is unlikely to remove all potential horizontal pleiotropy from
the study, which may result in the biased estimation of causal
inference. However, no pleiotropic effect was detected in the
MR-Egger regression. Third, the specific ancestry of the samples
also limits the generalizability of our results to other ancestries.
Despite relative weaknesses, our study has several noteworthy
advantages. First, we used MR method to estimate the causal
effect between the OSA and AF, which contributes to the
avoidance of measurement errors and residual confusion. In
addition, we performed a series of sensitivity analyses to assess
heterogeneity and pleiotropy, and we also conducted MVMR

connexin
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to correct for the effects of confounding factors including BMI,
hypertension, and CAD.

CONCLUSION

In summary, the current study provides the first causal evidence
of the relationship between genetically predicted OSA and the
risk of AF, suggesting that the therapy of OSA might represent an
effective strategy to lower the incidence and re-occurrence of AF.
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