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ORIGINAL RESEARCH

Causal Associations of Sleep Apnea With 
Alzheimer Disease and Cardiovascular 
Disease: A Bidirectional Mendelian 
Randomization Analysis
Clémence Cavaillès , PhD; Shea J. Andrews , PhD; Yue Leng , PhD; Aadrita Chatterjee, BA; 
Iyas Daghlas , MD; Kristine Yaffe, MD

BACKGROUND: Sleep apnea (SA) has been linked to an increased risk of dementia in numerous observational studies; whether 
this is driven by neurodegenerative, vascular, or other mechanisms is not clear. We sought to examine the bidirectional causal 
relationships between SA, Alzheimer disease (AD), coronary artery disease (CAD), and ischemic stroke using Mendelian 
randomization.

METHODS AND RESULTS: Using summary statistics from 4 recent, large genome- wide association studies of SA (n=523 366), 
AD (n=94 437), CAD (n=1 165 690), and stroke (n=1 308 460), we conducted bidirectional 2- sample Mendelian randomization 
analyses. Our primary analytic method was fixed- effects inverse variance–weighted (IVW) Mendelian randomization; diagnos-
tics tests and sensitivity analyses were conducted to verify the robustness of the results. We identified a significant causal 
effect of SA on the risk of CAD (odds ratio [ORIVW]=1.35 per log- odds increase in SA liability [95% CI=1.25–1.47]) and stroke 
(ORIVW=1.13 [95% CI=1.01–1.25]). These associations were somewhat attenuated after excluding single- nucleotide polymor-
phisms associated with body mass index (ORIVW=1.26 [95% CI=1.15–1.39] for CAD risk; ORIVW=1.08 [95% CI=0.96–1.22] for 
stroke risk). SA was not causally associated with a higher risk of AD (ORIVW=1.14 [95% CI=0.91–1.43]). We did not find causal 
effects of AD, CAD, or stroke on risk of SA.

CONCLUSIONS: These results suggest that SA increased the risk of CAD, and the identified causal association with stroke risk 
may be confounded by body mass index. Moreover, no causal effect of SA on AD risk was found. Future studies are warranted 
to investigate cardiovascular pathways between sleep disorders, including SA, and dementia.

Key Words: Alzheimer disease ■ cardiovascular diseases ■ causal inference ■ coronary artery disease ■ Mendelian randomization  
■ sleep apnea ■ stroke

See Editorial by Wolford and Åsvold.

Sleep apnea (SA), a common respiratory disorder in 
elderly individuals, has been linked to an increased 
risk of dementia in numerous epidemiologic stud-

ies.1–3 However, the types of dementia associated with 

SA remain uncertain. Some studies have suggested an 
association between SA and Alzheimer disease (AD),1,4,5 
whereas others have highlighted a link with vascular de-
mentia.1,3 Currently, 2 main mechanistic pathways are 
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hypothesized to explain the SA- dementia association. 
First, SA may increase dementia risk by promoting AD- 
related brain changes. Notably, SA has been associated 
with the accumulation of AD proteins, such as amyloid- β 
and tau proteins in the brain, potentially attributable to 
intermittent hypoxia and increased sleep fragmentation 
induced by SA.6–8 Second, SA may increase the risk of 
dementia through its influence on cerebrovascular pa-
thology. Indeed, observational studies have linked SA 
with an increased risk of numerous cardiovascular dis-
eases (CVDs)9 and CVD risk factors, which are them-
selves established risk factors for dementia.10,11 Potential 
mechanisms may include oxidative stress, inflammation, 

endothelial dysfunction, atherosclerosis, or sympathetic 
activation.9 However, these hypotheses primarily rely on 
findings from observational studies, which are limited 
by biases, including residual confounding and reverse 
causality. Moreover, it is difficult to differentiate between 
neurodegenerative and cardiovascular pathways be-
cause mixed pathology is often more prevalent than pure 
forms of AD,12 especially with increasing age. Clarifying 
the causality between SA, AD, and CVDs might help in 
understanding the biological mechanisms underlying 
the SA- dementia relationship, which is an important re-
search area given the potential of sleep as a modifiable 
factor to prevent dementia.

Mendelian randomization (MR) is a method that es-
timates causal effects by leveraging naturally random-
ized genetic variation. This approach limits confounding 
bias because of the random assignment of genes at 
conception and minimizes reverse causality bias be-
cause diseases cannot affect an individual’s germ-
line genetic variation. In the literature, 2 previous MR 
studies did not detect a causal effect of SA on AD,13,14 
whereas heterogeneous results have been found for 
SA and CVD outcomes.15–20 These studies were lim-
ited by use of older genome- wide association study 
(GWAS) data sets, low- powered genetic instruments 
for SA,14 and lack of investigation into potential reverse 
causal associations.16–20 Furthermore, SA may also be 
a consequence of AD and CVDs,9,21 and so new ap-
proaches are needed to better understand the poten-
tial bidirectionality of these relationships. Therefore, our 
goal was to examine the bidirectional causal relation-
ships between SA and the risks of AD and CVDs (cor-
onary artery disease [CAD] and stroke) by performing 
MR analyses using the most recent GWAS available.

METHODS
We used the strengthening the reporting of obser-
vational studies in epidemiology using Mendelian 
randomization (STROBE- MR) checklist when writ-
ing our report.22,23 This study used summary results 
from published research articles with publicly avail-
able data. Tables S1 and S2 provide the harmonized 
single- nucleotide polymorphism (SNP) effects needed 
to reproduce the results of this analysis, and codes are 
publicly accessible online (https:// github. com/ ccava 
illes/  Sleep -  apnea -  AD-  MR; https:// github. com/ ccava 
illes/  Sleep -  apnea -  CAD-  MR; https:// github. com/ ccava 
illes/  Sleep -  apnea -  strok e-  MR).

Study Design and Data Sources
We conducted this MR study using summary- level 
data obtained from large, recent, and publicly acces-
sible GWASs (Table S3). All GWASs were restricted to 
European ancestry to minimize potential bias attributable 

CLINICAL PERSPECTIVE

What Is New?
• Our study revealed a significant causal relation-

ship between genetically predicted sleep apnea 
and higher risk of coronary artery disease, 
whereas the causal association with stroke risk 
may be confounded by body mass index.

• Sleep apnea may not have a causal effect on 
the development of Alzheimer disease.

• In the bidirectional analyses, no causal ef-
fects were observed for genetically predicted 
Alzheimer disease, coronary artery disease, or 
stroke on the risk of sleep apnea.

What Are the Clinical Implications?
• These findings suggest a greater role for cardio-

vascular pathology than Alzheimer disease pa-
thology in the relationship between sleep apnea 
and all- cause dementia.

• Addressing vascular risk factors and sleep 
apnea through lifestyle modifications and medi-
cal interventions may be an important strategy 
in reducing the risk of all- cause dementia.

• These findings may also prompt subsequent 
investigations aimed at exploring therapeutic 
approaches targeting sleep apnea to prevent 
cardiovascular risks.

Nonstandard Abbreviations and Acronyms

GWAS- SS genome- wide association study 
summary statistics

IV instrumental variable
IVW inverse variance weighted
MR Mendelian randomization
MVMR multivariable Mendelian 

randomization
SA sleep apnea
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to population stratification. Ethical approval and informed 
consent from the participants were granted in original 
studies.

For the exposure, we obtained GWAS summary 
statistics (GWAS- SS) from the most recent and larg-
est GWAS on SA (n=523 366 from 5 cohorts, including 
25 008 SA cases).24 This GWAS used a multitrait anal-
ysis GWAS approach to enhance statistical power, le-
veraging the high genetic correlations between SA and 
snoring. SA cases were identified using the International 
Classification of Diseases, Ninth Revision (ICD- 9), and 
International Classification of Diseases, Tenth Revision 
(ICD- 10), diagnostic codes from electronic health re-
cords or self- reported data (either through diagnostic 
information or answer to the item “stop breathing during 
sleep”). All cohorts included age, sex, genotype batch 
(where relevant), and genetic ancestry principal compo-
nents derived from genotype data as covariates.

Genetic variant association estimates with the risk 
of late- onset AD, CAD, and stroke were used as the 
outcomes. For AD, we used GWAS- SS from the larg-
est available GWAS of clinically diagnosed AD, con-
ducted by the International Genomics of Alzheimer’s 
Project (n=94 437).25 For CAD, GWAS- SS in individ-
uals of European ancestry were taken from the lat-
est GWAS available, combining 8 cohorts with the 
CARDIoGRAMplusC4D consortium (n=1 165 690).26 For 
stroke, we obtained GWAS- SS of European ancestry 
from the GIGASTROKE consortium, the latest and largest 
GWAS available (n=1 308 460)27 (Table S3 and Data S1).

Selection of Instrumental Variables
To estimate causal effects, MR analysis uses genetic 
variants as instrumental variables (IVs), which must 
satisfy 3 core assumptions: (i) the IVs should be as-
sociated with the exposure (relevance); (ii) the IVs 
should not be associated with any confounding fac-
tors (independence); and (iii) the IVs should affect the 
outcome solely through their impact on the exposure 
(exclusion- restriction).28 On the basis of these assump-
tions, we identified IVs as independent SNPs that were 
significantly associated with SA at a genome- wide 
level (P<5×10−8). To ensure their independence, we 
excluded duplicate SNPs and performed linkage dis-
equilibrium clumping (r2>0.001, 10- MB window, using 
the 1000 Genomes Project as the European reference 
panel). We calculated the F- statistic for the exposure 
to evaluate the strength of the IVs, as previously de-
scribed.29 Then, we extracted these IVs in each of the 
3 outcome GWAS data sets. If a specific SNP was 
not present, we used a proxy SNP with high linkage 
disequilibrium (r2>0.8, using a European reference). 
To ensure consistency, we harmonized the exposure 
and outcome GWAS data sets so that the effects cor-
responded to the same alleles. Finally, we applied 

additional filtering criteria, removing palindromic and 
ambiguous SNPs (minor allele frequency>0.42) as well 
as SNPs with incompatible alleles.28 SNPs showing 
genome- wide significance for the outcome were also 
excluded from the analyses.30 For the analyses involv-
ing AD, we further excluded variants located ±250 kb 
from the APOE ε4–defining SNP, rs429358, because 
of its pleiotropic nature, which represents a violation of 
the exclusion- restriction assumption.31

Statistical Analysis
We conducted 2- sample MR analyses to estimate the 
causal effects of genetically predicted SA on the risk of 
AD, CAD, and stroke. More precisely, given that SA is 
a binary trait, the MR evaluates the causality between 
genetic liability to SA on the outcomes, with estimates 
representing the change in outcome per unit change 
in SA on the log odds scale.32 A fixed- effects inverse 
variance–weighted (IVW) approach was performed 
as the primary method. To evaluate if the causal es-
timates were robust to violations of MR assumptions, 
diagnostic tests were performed. We used the MR- 
Egger regression intercept test to assess for direc-
tional horizontal pleiotropy,28 whereas the Cochran Q 
test was used to estimate between- SNP heterogeneity 
in the estimate of the causal effect. Moreover, the im-
pact of outlier genetic instruments was assessed by 3 
methods: (i) we performed leave- one- out analysis (for 
IVW and MR- Egger approaches), excluding one IV at a 
time, to explore the contribution of individual SNPs to 
the overall effects; (ii) we conducted radial- MR analy-
sis (“RadialMR,” version 1.1, package) to identify data 
points with large contributions to global heterogene-
ity, as quantified by the Cochran Q statistic and using 
a Bonferroni- corrected significance threshold; and (iii) 
we implemented the MR Steiger test of directionality 
to verify that the genetic variants were more valid as 
instruments for the exposure rather than the outcome. 
This verification supports their use in this MR analysis 
rather than in the reverse MR. If the test was nonsignifi-
cant (ie, indicating that at least 1 genetic variant might 
be more valid as instrument for the outcome than the 
exposure), we used Steiger filtering to identify and fil-
ter out these instruments. We used PhenoScanner 
(r2 > 0.8, using a European reference) to obtain further 
information on these SNPs. Detected outliers were 
removed from the analyses (Figures  S1–S6). If diag-
nostic issues were identified, sensitivity analyses using 
MR- Egger, weighted median, and weighted mode 
methods were applied. Random- effects IVW method 
was also performed in a supplementary analysis. 
Additionally, if significant causal associations were ob-
served, 3 further sensitivity analyses were performed. 
First, to address any potential bias from sample over-
lap between the exposure and outcome data sets, 
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cross- trait linkage disequilibrium score regression was 
performed, allowing us to calculate the corrected IVW 
causal effect estimate using the “MRlap,” version 0.0.3, 
package.33 Second, considering the well- known asso-
ciations between obesity and SA34 and the potential 
strong confounding effect of obesity in the SA- CVD as-
sociation (Figure S7), multivariable MR (MVMR) analy-
sis using the IVW approach was conducted, adjusting 
for genetically predicted body mass index (BMI) (see 
Table S3 for GWAS- SS details).35 This method provides 
insights into the independent causal effects of the 2 
exposures (ie, SA and BMI) on the outcome by involv-
ing the simultaneous use of both SA and BMI instru-
ments (see Figure S8 for MVMR setup). Moreover, we 
applied the MVMR- Horse method, a novel Bayesian 
approach to MR that has demonstrated greater ro-
bustness to pleiotropy compared with other MVMR 
methods.36 Third, because of weak instrument bias in 
the MVMR analyses (conditional F- statistics <10), we 
also assessed the impact of obesity on the results by 
excluding BMI GWAS variants. This involved the exclu-
sion of SNPs associated with BMI at a genome- wide 
level (P<5×10−8) in any BMI GWAS data set, after re-
stricting the identification to SNP from European an-
cestry with an r2>0.8. These SNPs were identified via 
online PhenoScanner and reported in Table S4. Finally, 
we explored potential reverse causation by conduct-
ing MR analyses in the reverse direction, with the SA 
phenotype as the outcome and AD and CVDs as the 
exposures. These analyses were performed using the 
same methods as in the forward direction, by identify-
ing genetic instruments with AD and CVDs as the ex-
posures. All statistical analyses were performed using 
R, version 4.3.0, with the “TwoSampleMR,” version 
0.5.7, package.28

RESULTS
We used 32 genetic variants associated with SA as IVs 
in this MR analysis. In each analysis involving CAD and 
stroke, 1 SNP was excluded because of its identification 
as an outlier. The SNPs used as IVs, their harmonized 
effects, the identified outliers, and the BMI- associated 
SNPs are displayed in Tables S1 and S2. Figures S1 
through S6 show the results from leave- one- out and 
radial- MR analyses. Results using the random- effects 
IVW approach are presented in Table S5 as they were 
similar to the ones obtained with the fixed- effects IVW 
method.

Causal Effects Between SA and AD
Genetically predicted SA did not influence the risk of 
AD (odds ratio [ORIVW]=1.14 per log- odds increase in 
SA liability [95% CI=0.91–1.43]; Table and Figure  1). Ta
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There was no evidence of heterogeneity (Cochran 
Q statistic, P=0.09) or pleiotropy (MR- Egger inter-
cept, P=0.36) effects. In the reverse direction, ge-
netically predicted AD did not influence the risk of SA 
(ORIVW=1.01 [95% CI=0.99–1.02]; Table and Figure 2). 
Results from the MR Steiger approach are reported in 
Table S6. Outliers (ie, SNPs that might have stronger 
effects on the outcome than the exposure) were identi-
fied in the forward direction (P value for MR Steiger 

test of directionality=0.07); however, results after SNP 
filtering remained similar (Table S6).

Causal Effects Between SA and CAD
Genetically predicted SA was associated with higher 
risk of CAD (ORIVW=1.35 per log- odds increase in 
SA liability [95% CI=1.25–1.47]; Table and Figure  1). 
Heterogeneity was detected (Cochran Q statistic, 

Figure 1. Scatter and funnel plots for each relationship between sleep apnea and the different outcomes (Alzheimer 
disease, coronary artery disease, and stroke).
A, C, and E, Scatterplots () show the sleep apnea variant effect size against the outcome variant effect size and corresponding SEs. B, 
D, and F, Funnel plots show the Mendelian randomization (MR) causal estimates for each variant against its precision, with asymmetry 
in the plot indicating potential violations of the assumptions of MR. Regression lines show the corresponding causal estimates: fixed- 
effect inverse- weighted (green line) meta- analysis; MR- Egger regression (orange line); weighted median- based estimator (purple line); 
and weighted mode- based estimator (blue line). IV indicates instrumental variable; and SNP, single- nucleotide polymorphism.
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P=6.48×10−7; Figure  1), but MR sensitivity analyses 
were significant, except for the MR- Egger estimate, 
and were consistent in effect direction. No pleiotropy 
effect was detected (Egger intercept, P=0.33). A sig-
nificant difference between observed and corrected 
effects was found in the analysis correcting for sam-
ple overlap. After correction, genetically predicted SA 
was still significantly associated with higher risk of 

CAD, although the estimate was somewhat attenuated 
(ORIVW- corrected=1.13 [95% CI=1.06–1.20]). In the MVMR 
analysis adjusting for BMI, the causal relationship 
became nonsignificant (ORIVW=1.05 [95% CI=0.92–
1.21]; ORHorse=1.08 [95% credible interval=0.93–1.22]; 
Table S7). However, this specific analysis was limited 
by weak instruments (conditional F- statistics=2.4 for 
SA and 4.8 for BMI), which represents a violation of the 

Figure 2. Scatter and funnel plots for each relationship in the bidirectional analysis between the different exposures 
(Alzheimer disease, coronary artery disease, and stroke) and sleep apnea.
A, C, and E, Scatterplots show the exposure variant effect size against the sleep apnea variant effect size and corresponding SEs. B, 
D, and F, Funnel plots show the Mendelian randomization (MR) causal estimates for each variant against its precision, with asymmetry 
in the plot indicating potential violations of the assumptions of MR. Regression lines show the corresponding causal estimates: fixed- 
effect inverse- weighted (green line) meta- analysis; MR- Egger regression (orange line); weighted median- based estimator (purple line); 
and weighted mode- based estimator (blue line). IV indicates instrumental variable; and SNP, single- nucleotide polymorphism.
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relevance MR assumption. Therefore, we explored the 
impact of excluding the BMI- associated SNPs on the 
results and found that genetically predicted SA still sig-
nificantly increased the risk of CAD (ORIVW=1.26 [95% 
CI=1.15–1.39]; Table S8). In the bidirectional analysis, 
a significant causal effect of genetically predicted 
CAD on SA risk was found using the IVW approach 
(ORIVW=1.02 [95% CI=1.00–1.03]; Table 1 and Figure 2). 
However, there was evidence of heterogeneity, and all 
the sensitivity analyses were nonsignificant, suggest-
ing a potential bias in the IVW causal estimate. No ge-
netic variant was identified as potential outlier in the 
MR Steiger approach (P value for MR Steiger test of 
directionality <0.0001 in the forward and reverse direc-
tions; Table S6).

Causal Effects Between SA and Stroke
We found a significant causal effect of genetically pre-
dicted SA on stroke (ORIVW=1.13 per log- odds increase 
in SA liability [95% CI=1.01–1.25]; Table and Figure 1); 
there was no evidence of heterogeneity (Cochran 
Q statistic, P=0.43) or pleiotropy, as evidenced by 
the Egger intercept (P=0.29). Analysis correcting for 
sample overlap did not reveal a significant difference 
between observed and corrected effects, suggest-
ing that the IVW estimates are not biased by sample 
overlap. In the MVMR analysis adjusting for BMI, the 
causal relationship became nonsignificant (ORIVW=1.03 
[95% CI=0.91–1.16]; ORHorse=1.02 [95% credible inter-
val=0.87–1.17]; Table  S7), suggesting that BMI could 
confound the association; but this analysis was limited 
by weak instruments (conditional F- statistics=2.6 for SA 
and 5.2 for BMI). After excluding the BMI- associated 
SNPs, the causal effect also became nonsignificant 
(ORIVW=1.08 [95% CI=0.96–1.22]; Table  S8). Finally, 
the bidirectional MR analysis indicated no causal ef-
fect for genetically predicted stroke on the risk of SA 
(ORIVW=1.01 [95% CI=0.98–1.04]; Table and Figure 2). 
No genetic variant was identified as a potential outlier 
in the MR Steiger approach (P value for MR Steiger test 
of directionality <0.0001 in the forward and reverse di-
rections; Table S6).

DISCUSSION
Using the most recent GWAS data sets available, 
this MR study revealed that genetically predicted SA 
increased the risk of CAD, whereas the causal asso-
ciation with stroke risk may be confounded by BMI. 
Furthermore, findings do not support evidence of a 
causal link between genetically predicted SA and AD 
risk. In the bidirectional analyses, no causal effects 
were observed for genetically predicted AD, CAD, or 
stroke on the risk of SA. Taken together, these find-
ings suggest that cardiovascular pathology may play a 

more important role than AD pathology in the relation-
ship between SA and dementia.

Numerous observational studies have established 
a link between SA and an increased risk of cognitive 
impairment and all- cause dementia.1–3,37 However, it 
remains controversial which type of dementia is driving 
this association. Some studies have found an asso-
ciation between SA and AD,1,4,5 whereas others have 
not.38 Moreover, few studies have investigated the 
association between SA and vascular dementia, also 
reporting conflicting findings.1,3,39 These discrepan-
cies might be attributable in part to the limitations of 
observational studies, which are more prone to sev-
eral sources of bias (eg, confounder bias and reverse 
causality). In this study, we used an MR approach to 
overcome these limitations. We did not yield evidence 
supporting a causal effect of SA on AD, aligning with 
the results of the 2 previous MR studies examining this 
causal relationship.13,14 However, our findings suggest 
that cardiovascular pathology would be a more import-
ant pathway in the SA- dementia relationship. This is 
consistent with the well- established vascular risk fac-
tors of dementia10,11,40 as well as the vascular conse-
quences of SA.9

Notably, most observational studies, but not all,41,42 
have reported an association between SA and in-
creased risk of CAD and stroke.43–45 In contrast, pre-
vious MR studies did not establish a causal effect of 
SA on stroke risk,15–18 whereas results for CAD were 
mixed.15,16,19,20 Specifically, SA did not increase the 
risk of CAD in 2 MR studies,16,19 whereas a sugges-
tive association was observed in 2 other studies.15,20 
Our findings contribute to the literature by highlighting 
a significant causal relationship between genetically 
predicted SA and higher risk of CAD, and by show-
ing that the causal association with stroke risk was 
confounded by BMI. These differences may be attrib-
utable to the use of smaller GWAS data sets for the ex-
posure and/or outcomes in previous MR studies, along 
with a limited number of valid IVs. For instance, the 2 
prior studies that did not observe a causal relationship 
between SA and CAD relied on 3 and 4 SNPs, respec-
tively, whereas our study involved 31 SNPs.

Given the strong genetic correlation between SA and 
obesity, accounting for BMI is important as their path-
ways leading to CVDs may be confounded. Indeed, the 
role of BMI in the SA- CVD associations remains con-
troversial. In observational studies, some research has 
shown associations between SA, CAD, and stroke in-
dependently of BMI,41,42,44 whereas some others have 
not.41,45,46 Similarly, we found that genetically predicted 
SA increased the risk of CAD independently of BMI, 
whereas the causal effect of genetically predicted SA on 
stroke risk was confounded by BMI. Further studies with 
higher statistical power are warranted to replicate these 
results. Although we do not have a clear explanation for 
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these differences, our results primarily hallmark the im-
portant role of BMI and suggest that it may explain the 
entirety (eg, stroke risk) or only a part (eg, CAD) of the SA- 
CVD association. SA might impact CVDs through several 
mechanisms, including, but not limited to, intermittent 
hypoxia, oxidative stress, inflammation, endothelial dys-
function, white matter lesions, and atherosclerosis.2,9

Overall, these findings suggest a greater role for 
cardiovascular pathology than AD pathology in the 
relationship between SA and dementia. This observa-
tion aligns with mounting evidence involving vascular 
damage, such as infarcts and white matter changes, 
as a common feature in various types of dementia.12,47 
Several mechanisms, such as atherosclerotic and 
inflammation pathways, could be involved. It is also 
consistent with the importance of vascular cognitive 
impairment and dementia,48 underscoring the complex 
interplay between neurodegenerative and vascular 
mechanisms. Future studies should investigate these 
causal relationships using amyloid/tau and cardio-
vascular phenotypes rather than clinical phenotypes. 
Although it remains possible that both pathologies 
contribute to dementia in varying degrees, addressing 
vascular risk factors and SA through lifestyle modifica-
tions and medical interventions may be an important 
strategy in reducing the risk of dementia.49,50

Strengths of our study include a bidirectional MR ap-
proach, allowing a better understanding of the direction 
of the causal effects, the use of large- scale GWAS- SS, 
a small magnitude of weak instrument bias in the main 
analyses (F- statistics of the IVs were >10 for all expo-
sures), and multiple sensitivity analyses to confirm the 
robustness of the results. However, our findings should 
be interpreted in light of several limitations. First, con-
sidering SA is a binary exposure, our estimates rep-
resent the average causal effects in “compliers” (ie, 
individuals for whom SA would be present if they have 
the genetic variant and absent otherwise).32 Therefore, 
estimates should be interpreted as the effect of liability 
to SA on the outcome, rather than exact causal effect. 
Second, because SA was evaluated from primary care 
records or self- reported data, underdiagnosis is pos-
sible, which might bias the results of the associations 
between the genetic variants and SA toward the null. 
Moreover, we could not conduct the MR analysis on 
the SA GWAS meta- analysis, before implementation 
of the multitrait analysis GWAS approach, because 
of insufficient number of IVs. Results should be thus 
interpreted with caution, acknowledging that SA and 
snoring meta- analyses were combined. Third, poten-
tial bias toward observational associations might be 
present when the exposure and the outcome data sets 
overlap.51 To address this, we performed a cross- trait 
linkage disequilibrium score regression analysis to ver-
ify the reliability of the identified causal effect of SA on 
CAD and stroke risks (≈20% overlap for both data sets), 

and results remained unchanged. Fourth, despite the 
use of the largest and more recent GWAS data sets 
available, we were unable to report robust conclusions 
in the MVMR analyses adjusting for BMI attributable to 
weak instruments bias. To mitigate this limitation, we 
applied a novel Bayesian approach to MR, which has 
been shown to outperform traditional MVMR methods 
in the presence of weak instruments.36 Although this 
approach yielded results similar to those obtained with 
the MVMR- IVW approach (ie, nonsignificant), it may not 
significantly enhance the power of the analyses, and 
results may still be underpowered. Thus, acquiring bet-
ter GWAS data sets appears to be the most effective 
strategy to overcome this issue. Furthermore, our addi-
tional analysis excluding SNPs associated with BMI at 
a genome- wide level may not be sufficient to eliminate 
all confounding effects related to BMI. Consequently, 
although we have demonstrated a causal relationship 
between SA and CAD by excluding BMI- related SNPs, 
it is important to acknowledge the possibility that BMI 
may still contribute to this association. Further studies 
are needed to decipher the potential mediating role of 
BMI in the SA- CVD associations. In addition, we were 
not able to directly assess vascular dementia as no 
sufficiently robust GWAS has been published to date. 
Development of powerful GWASs on the different 
dementia subtypes has the potential to enhance our 
understanding of the SA- dementia association. Fifth, 
competing risks with death and other CVDs cannot be 
excluded and may lead to false null findings. This limita-
tion is particularly relevant for late- onset diseases, such 
as AD. Future studies are thus warranted to confirm 
the current results. Finally, we restricted our analyses 
to European- ancestry participants, which might limit 
the generalizability of our findings to other populations.

Among individuals of European ancestry, this MR 
study supports the hypothesis that genetically pre-
dicted SA increased the risk of CAD, whereas the 
causal effect on stroke risk was confounded by BMI. 
Furthermore, genetically predicted SA may not have a 
causal effect on the development of AD. These find-
ings may prompt subsequent investigations aimed at 
exploring therapeutic approaches targeting SA to pre-
vent CVD risks,52,53 while also elucidating the role of 
BMI in these associations. Furthermore, they could lead 
to additional research investigating cardiovascular me-
diating pathways between sleep and dementia devel-
opment, thereby enhancing our comprehension of the 
biological mechanisms that underlie this association.
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