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Abstract

Introduction: Observational studies suggest an association between sleep
apnea and dementia, but causality and directionality are unclear. This study
investigated bidirectional causal relationships between sleep apnea and
various dementia types using two-sample Mendelian randomization (MR).
Material and methods: This study used summary-level data from ge-
nome-wide association studies (GWAS). Sleep apnea (including obstructive
sleep apnea (OSA) and generalized sleep apnea) exposure data were from
a European ancestry study. Dementia (general, Alzheimer’s, vascular, etc.)
outcome/exposure data were from the Finnish FinnGen consortium. The in-
verse variance weighted (IVW) method was used as the primary analysis,
supplemented by multiple analyses (MR-Egger, weighted median, weighted
mode). Robustness was assessed using several sensitivity analyses, includ-
ing MR-PRESSO, Cochran’s Q test, and leave-one-out analysis.

Results: Forward analysis, after MR-PRESSO outlier correction, showed that
OSA was associated with reduced unspecified dementia risk (IVW, OR =
0.830, 95% Cl = 0.700-0.970). Reverse analysis, after outlier removal, in-
dicated that general dementia was associated with reduced OSA risk (IVW,
OR = 0.9399, 95% Cl = 0.9187-0.9615) and generalized sleep apnea risk
(IVW, OR = 0.9141, 95% Cl = 0.8863-0.9427). Alzheimer’s dementia was
also associated with reduced OSA and generalized sleep apnea risk. Sensi-
tivity analyses did not reveal significant horizontal pleiotropy for the main
findings, and heterogeneity was generally within acceptable limits.
Conclusions: This MR study revealed complex, bidirectional genetic associ-
ations between sleep apnea and dementia subtypes. These findings provide
new genetic insights into the complex interplay between sleep apnea and
dementia, highlighting subtype-specific associations.

Key words: sleep apnea, dementia, Mendelian randomization, causality,
genome-wide association study.

Introduction

Dementia is a progressive syndrome characterized by cognitive decline
beyond normal aging, affecting memory, thinking, and daily functioning
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[1, 2]. It poses a significant global health challenge,
particularly in aging populations globally [3]. As
the global population continues to age, the cur-
rent global estimate of 50 million individuals with
dementia is projected to triple by 2050, reaching
150 million, necessitating innovative approaches
to address this burgeoning public health crisis [4].
Despite its impact, public awareness remains low,
and research is limited [3]. Current pharmacologi-
cal interventions provide only symptomatic relief,
yet they are often accompanied by adverse effects
that may pose significant challenges in clinical
management, such as nausea, vomiting, insomnia
and even seizures [5]. This highlights the urgent
need for new diagnostic techniques and therapeu-
tic strategies with fewer side effects. Non-pharma-
cological therapies are increasingly important in
delaying or preventing unhealthy aging [1].

Obstructive sleep apnea (OSA) is a common re-
spiratory disorder characterized by recurrent up-
per airway collapse during sleep, leading to inter-
mittent hypoxemia and sleep fragmentation [6].
Its prevalence ranges from 2% to 10% worldwide,
with higher rates in middle-aged men (14-49%)
[7, 8]. Risk factors include obesity, age, male gen-
der, and smoking [8, 9]. OSA significantly impacts
quality of life and is associated with increased
risks of hypertension, cardiovascular diseases,
stroke, diabetes, and heart failure [10-12]. Given
its prevalence and health consequences, early rec-
ognition and treatment of OSA are key to prevent-
ing adverse outcomes.

Recent observational studies have increasingly
highlighted a strong link between OSA and cogni-
tive decline, with OSA being associated with an el-
evated risk of developing dementia, including Alz-
heimer’s disease (AD) and vascular dementia [13,
14]. Specifically, OSA has been associated with al-
terations in brain morphology, demonstrable defi-
cits in memory, attention, and executive control,
as well as higher risks of developing AD and even
Parkinson’s disease [14]. The prevalence of OSA
is significantly higher in AD patients compared to
cognitively healthy individuals [15]. Studies have
investigated AD biomarkers in OSA patients, in-
cluding cerebrospinal fluid, blood, neuroimaging,
and nuclear medicine biomarkers. While contin-
uous positive airway pressure (CPAP) treatment
may alleviate some damage, it does not fully re-
verse it [16]. However, while observational studies
have provided numerous clues regarding the asso-
ciation between sleep apnea and dementia, their
findings are susceptible to various confounding
factors and cannot definitively exclude the possi-
bility of reverse causation. Therefore, elucidating
whether a true causal relationship exists between
sleep apnea and dementia, and determining the
direction of this causality, are of critical clinical

and scientific importance for developing effective
dementia prevention strategies and improving
cognitive outcomes in patients with sleep apnea.

Mendelian randomization (MR) is an epidemi-
ological method that uses genetic variants, ran-
domly allocated during meiosis, as instrumental
variables (IVs) to assess the causal effect of an
exposure on an outcome [17]. To be more spe-
cific, MR employs genetic variants that influence
the exposure (susceptibility to sleep apnea) as
proxies to test whether the exposure has a caus-
al impact on the outcome (dementia). Under the
core assumptions that these genetic variants are
strongly associated with the exposure, indepen-
dent of confounding factors, and affect the out-
come solely through the exposure, MR can mimic
the design of a randomized controlled trial. As ge-
netic variants are determined at conception and
are generally not influenced by postnatal envi-
ronmental factors or disease status, MR analysis
can substantially mitigate confounding bias and
reverse causation, which often plague traditional
observational studies, thereby providing more ro-
bust evidence for causal inference [18]. In recent
years, MR studies have begun to explore causal
relationships between various exposures and ei-
ther dementia or sleep apnea; however, systemat-
ic investigations into the bidirectional causal links
between sleep apnea (specifically differentiating
OSA and generalized SA) and multiple dementia
subtypes remain scarce.

Given this context, the present study aimed to
use publicly available summary-level data from
large-scale genome-wide association studies
(GWAS) within a two-sample MR framework. We
systematically investigated the potential bidirec-
tional causal associations between sleep apnea
and various types of dementia. We expected to
unravel the complex causal network between
these two common and impactful diseases, there-
by providing novel genetic evidence to inform ear-
ly dementia prevention and the long-term man-
agement of patients with sleep apnea, potentially
identifying new avenues for intervention.

Material and methods
Study design

This study employed a two-sample MR study
design. This methodology relies on several as-
sumptions, as presented in Figure 1. For causal
estimates derived from MR studies to hold validi-
ty, three fundamental assumptions must be satis-
fied: (1) IVs are robustly linked with the exposure;
(2) IVs exhibit no association with potential con-
founding factors; (3) IVs do not directly influence
the outcome, except through the exposure [19].
As this study is based on publicly available GWAS
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Figure 1. Flow diagram of the Mendelian randomization analysis

summary data, no further ethical approval was re-
quired. Our study is reported in accordance with
the Strengthening the Reporting of Observational
Studies in Epidemiology using MR (STROBE-MR)
checklist [20].

Data sources

GWAS summary statistics for sleep apnea (in-
cluding OSA and generalized sleep apnea) were
sourced from a large published GWAS [21], primar-
ily based on individuals of European ancestry. This
included 126,695 cases and 303,630 controls for
OSA, and 152,031 cases and 278,027 controls for
generalized sleep apnea. GWAS summary statistics
for various types of dementia were sourced from
the FinnGen consortium (Release R12), which pre-
dominantly includes individuals of Finnish ances-
try. Specifically, the “dementia” phenotype (GWAS
ID: F5_DEMENTIA), comprising 24,864 cases and
469,981 controls, was defined based on Interna-
tional Classification of Diseases 10th Revision
(ICD-10) codes FO0-FO9 from hospital discharge
records. This block (FOO-FO9) comprises a range
of mental disorders with a demonstrable etiolo-
gy in cerebral disease, brain injury, or other insult
leading to cerebral dysfunction. Other specific de-
mentia phenotypes (e.g., unspecified dementia,
vascular dementia, with sample sizes detailed in
Supplementary Table SI) were also derived from
FinnGen R12, based on their respective ICD-10
classifications. Both forward MR (sleep apnea as
exposure, dementia as outcome) and reverse MR
(dementia as exposure, sleep apnea as outcome)
analyses were conducted. Detailed descriptions of
the specific GWAS summary samples used in this
study are presented in Supplementary Table SI.

Instrumental variable selection

To ensure the accuracy and reliability of con-
clusions regarding causal relationships, a series

of quality control measures were implemented to
select the most appropriate genetic instruments.
Initially, SNPs that met the genome-wide signifi-
cance threshold (p < 5 x 107%) were used as IVs
for sleep apnea exposures, and for dementia, un-
specified dementia, and dementia in Alzheimer
disease when these were considered exposures
in the reverse MR [22]. For other dementia types
as exposures, a threshold of p < 5 x 10 was ap-
plied. Only SNPs with a minor allele frequency
(MAF) greater than 0.01 were retained. To mini-
mize the impact of linkage disequilibrium (LD),
SNPs were further filtered based on an LD thresh-
old (r* < 0.001) and a genomic region size limit of
10,000 kb [23]. The F-statistic, calculated as R? x
(N=12)/(1 — R?) for each IV, was used to assess the
instrumental strength, where R? is the proportion
of phenotypic variance explained by each genetic
variant in the exposure, and N is the sample size
[24]. An F-statistic exceeding 10 was set as the
threshold for robust IVs [25]. In instances where
selected SNPs were absent in the outcome sum-
mary data, proxy SNPs with high LD association
(r* > 0.8) were used as substitutes [26].

MR analyses

We conducted two-sample MR analyses using
the TwoSampleMR package in R (version 4.0.5).
The methodologies employed included inverse
variance weighted (IVW), MR-Egger regression,
weighted median (WM), and weighted mode ap-
proaches. Our principal analysis was based on the
IVW method [25]. MR-Egger assesses causality
while allowing for the presence of directional plei-
otropy [27]. Weighted median analysis was used
to assess causality, assuming validity in at least
half of the IVs [19]. Initially, causal estimates were
computed using the fixed effects IVW method for
each IV. Upon detection of significant heterogene-
ity (p < 0.05), the analysis was shifted to the ran-
dom effects IVW method. To visualize the causal
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relationships and the influence of each SNP on
the outcome, forest, scatter, and funnel plots were
generated. Multiple testing correction was applied
using the false discovery rate (FDR) method, with
associations deemed statistically significant at
PFDR < 0.05.

Sensitivity and pleiotropy analysis

Pleiotropy detection was conducted via MR-
Egger, where a significant intercept (p < 0.05) is
indicative of pleiotropy [27]. Cochran’s Q test was
used to evaluate heterogeneity among IVs for
each phenotypic exposure, with a p-value above
0.05 signifying an absence of heterogeneity [28].
MR-PRESSO was employed to identify and elimi-
nate outliers (p < 0.05) and to adjust for horizontal
pleiotropy [29]. A leave-one-out analysis was per-
formed to determine the influence of each SNP
on the overall causality by excluding each SNP se-
quentially before conducting MR analyses on the
remaining SNPs [30].

Results
Selection of Vs

In the forward analysis, when OSA and sleep
apnea were exposures, we identified 78 and
112 Vs, respectively. The mean F-statistics for
these IVs were 42.1 (OSA) and 40.41 (sleep ap-
nea); minimum F-statistics were 29.75 (OSA) and
29.78 (sleep apnea); and maximum F-statistics
were 380.34 (0OSA) and 392.23 (sleep apnea),
respectively. For 11 single nucleotide polymor-
phisms (SNP) not directly available in outcome
datasets, proxy SNPs were used where possible
(e.g., rs370508348 by rs7594555). An additional
4 SNPs were removed during data harmonization.
Detailed data for IV selection in the forward anal-
ysis are provided in Supplementary Tables SII-SIV.

In the reverse analysis, the exposures included
dementia due to Parkinson’s disease, dementia
in Alzheimer disease, dementia in other diseases
classified elsewhere, dementia (general), fronto-
temporal dementia, unspecified dementia, and
vascular dementia, with the number of Vs being
13,17, 20, 31, 2, 8, and 18, respectively. For the 13
IVs for dementia due to Parkinson’s disease, the
mean F-statistic was 24.14, the minimum F-statis-
tic was 21.14, the maximum F-statistic was 35.66,
and the R2 value was 0.001442. For the remaining
exposures, mean F-statistics ranged from 24.93
(dementia in other diseases classified elsewhere)
to 220.72 (dementia in Alzheimer disease). All
minimum F-statistics exceeded 20 (thus satisfying
the F > 10 criterion), with the highest maximum
F-statistic being 2628.18 (dementia in Alzheimer
disease). When OSA or sleep apnea served as the
outcome, 9 SNPs were unmatched in their sum-

mary datasets; proxy SNPs were employed where
possible (e.g., rs140887881 by rs145562973).
Subsequently, 2 SNPs were excluded for the OSA
outcome and 5 SNPs for the sleep apnea outcome
during harmonization. Detailed data for IV selec-
tion in the reverse analysis are provided in Supple-
mentary Tables Sll, SV, and SVI.

Mendelian randomization analysis
Forward analysis

In the initial forward analysis for the associa-
tion between OSA and unspecified dementia, the
IVW method did not show a statistically significant
association (OR = 0.600, 95% Cl = 0.31-1.160,
p = 0.1275, Table |, Supplementary Figure S1).
However, the weighted median method showed
a significant protective effect (OR = 0.750, 95% Cl
=0.590-0.950, p = 0.0178, Table I, Supplementary
Figure S1). The MR-PRESSO analysis identified the
presence of outliers for this association (Table II).
After manual removal of outliers, the IVW analysis
revealed a statistically significant association, in-
dicating that OSA was associated with a reduced
risk of unspecified dementia (OR = 0.830, 95% Cl
= 0.700-0.970, p = 0.021, FDR = 0.021, Table |,
Supplementary Figure S2). This finding was fur-
ther supported by the weighted median method
(OR =0.740, 95% Cl = 0.580-0.940, p = 0.015, FDR
=0.015, Supplementary Figure S2) using the outli-
er-corrected dataset (Table 1). Detailed data for all
forward MR analyses, including results before and
after outlier removal for all methods, are provided
in Supplementary Table SVII, SVIII.

The MR-Egger method results showed no signif-
icant pleiotropy for the association between OSA
and unspecified dementia after outlier removal
(p for intercept = 0.767, Table Ill). For the IVW anal-
ysis of OSA and unspecified dementia after outlier
removal, the Q statistic did not suggest significant
heterogeneity (p = 0.535, Table IlI). Detailed sensi-
tivity analysis data are provided in Supplementary
Tables SIX=SXII.

Reverse analysis

Reverse analysis initially revealed several sig-
nificant associations. General dementia was asso-
ciated with a reduced risk of OSA (IVW method:
OR =0.9418,95% Cl =0.9107-0.9740, p = 0.0005,
FDR = 0.0017, Table I, Supplementary Figure S3)
and generalized sleep apnea (IVW method: OR =
0.9412,95% Cl = 0.9122-0.9711, p = 0.0001, FDR
= 0.0007, Table I, Supplementary Figure S4). The
MR-PRESSO analysis detected outliers for both
associations (Table Il). After manual removal of
these outliers, general dementia remained signifi-
cantly associated with a reduced risk of OSA (IVW
method: OR = 0.9399, 95% Cl = 0.9187-0.9615,
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Table I. Causal associations

Analysis Outcome Exposure No. of Method OR (95% Cl) P-value FDR
direction SNPs
Forward analysis
(before outlier removal)
Unspecified  Obstructive 73 Inverse variance 0.600 (0.310-1.160) 0.1275 0.4368
dementia sleep apnea weighted
Unspecified  Obstructive 73 MR-Egger 0.450 (0.060-3.250) 0.4275 0.7973
dementia sleep apnea
Unspecified  Obstructive 73 Weighted median 0.750 (0.590-0.950) 0.0178 0.2498
dementia sleep apnea
Unspecified  Obstructive 73 Weighted mode 0.690 (0.470-1.020)  0.0665 0.6311
dementia sleep apnea
Forward analysis
(after outlier removal)
Unspecified ~ Obstructive 70 Inverse variance 0.830 (0.700-0.970) 0.021 0.021
dementia sleep apnea weighted
Unspecified  Obstructive 70 MR-Egger 0.880 (0.550-1.420)  0.6132 0.6132
dementia sleep apnea
Unspecified ~ Obstructive 70 Weighted median ~ 0.740 (0.580-0.940) 0.015 0.015
dementia sleep apnea
Unspecified ~ Obstructive 70 Weighted mode 0.680 (0.460-0.990)  0.0503  0.0503
dementia sleep apnea
Reverse analysis
(before outlier removal)
Sleep apnea Vascular 15 Inverse variance  0.9671 (0.9419-0.9931) 0.0133  0.031
dementia weighted
Sleep apnea Vascular 15 MR-Egger 0.9271 (0.8920-0.9635) 0.002  0.0121
dementia
Sleep apnea Vascular 15 Weighted median 0.9539 (0.9346-0.9735) < 0.001 < 0.001
dementia
Sleep apnea Vascular 15 Weighted mode  0.9495 (0.9322-0.9671) 1.00E- 3.00E-04
dementia 04
Obstructive Vascular 15 Inverse variance  0.9596 (0.9354-0.9845) 0.0016 4.40E-03
sleep apnea dementia weighted
Obstructive Vascular 15 MR-Egger 0.9183 (0.8855-0.9523) 5.00E-  0.006
sleep apnea dementia 04
Obstructive Vascular 15 Weighted median 0.9479 (0.9291-0.9670) < 0.001 < 0.001
sleep apnea dementia
Obstructive Vascular 15 Weighted mode  0.9440 (0.9251-0.9633) 1.00E- 3.00E-04
sleep apnea dementia 04
Obstructive  Unspecified 7 Inverse variance  0.9644 (0.9334-0.9964) 0.0293  0.0552
sleep apnea dementia weighted
Obstructive  Unspecified 7 MR-Egger 0.9441 (0.8939-0.9971) 0.0938 0.2078
sleep apnea dementia
Obstructive  Unspecified 7 Weighted median 0.9553 (0.9405-0.9704) < 0.001 < 0.001
sleep apnea dementia
Obstructive  Unspecified 7 Weighted mode 0.9554 (0.9401-0.9709) 0.0014 0.0021
sleep apnea dementia
Sleep apnea  Dementia in 15 Inverse variance  0.9680 (0.9552-0.9809) < 0.001 < 0.001
Alzheimer weighted
disease
Sleep apnea  Dementia in 15 MR-Egger 0.9771 (0.9609-0.9937) 0.0181 0.0723
Alzheimer
disease
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Table I. Cont.
Analysis Outcome Exposure  No. of Method OR (95% ClI) P-value  FDR
direction SNPs
Sleep apnea  Dementia in 15 Weighted median 0.9700 (0.9586-0.9816) < 0.001 < 0.001
Alzheimer
disease
Sleep apnea  Dementia in 15 Weighted mode  0.9700 (0.9594-0.9807) 0.0001 0.0003
Alzheimer
disease
Obstructive  Dementia in 16 Inverse variance  0.9668 (0.9514-0.9824) < 0.001 0.0003
sleep apnea Alzheimer weighted
disease
Obstructive ~ Dementia in 16 MR-Egger 0.9737 (0.9527-0.9952) 0.0316 0.0947
sleep apnea Alzheimer
disease
Obstructive  Dementia in 16 Weighted median 0.9670 (0.9550-0.9792) < 0.001 < 0.001
sleep apnea Alzheimer
disease
Obstructive  Dementia in 16 Weighted mode  0.9669 (0.9541-0.9799) 0.0002  0.0005
sleep apnea Alzheimer
disease
Obstructive Dementia 13 Inverse variance  0.9760 (0.9546-0.9979) 0.0315 0.0552
sleep apnea due to weighted
Parkinson’s
disease
Obstructive Dementia 13 MR-Egger 0.9861 (0.9059-1.0734) 0.753  0.8214
sleep apnea due to
Parkinson’s
disease
Obstructive Dementia 13 Weighted median 0.9869 (0.9678-1.0064) 0.1867 0.2489
sleep apnea due to
Parkinson’s
disease
Obstructive Dementia 13 Weighted mode  0.9890 (0.9661-1.0125) 0.3755 0.4506
sleep apnea due to
Parkinson’s
disease
Sleep apnea Dementia 27 Inverse variance  0.9412 (0.9122-0.9711) 0.0001 0.0007
weighted
Sleep apnea Dementia 27 MR-Egger 0.9651 (0.9233-1.0089) 0.1293  0.2078
Sleep apnea Dementia 27 Weighted median 0.9470 (0.9237-0.9710) < 0.001 < 0.001
Sleep apnea Dementia 27 Weighted mode  0.9510 (0.9284-0.9741) 0.0004 0.0007
Obstructive Dementia 28 Inverse variance  0.9418 (0.9107-0.9740) 0.0005 0.0017
sleep apnea weighted
Obstructive Dementia 28 MR-Egger 0.9622 (0.9157-1.0110) 0.1385 0.2078
sleep apnea
Obstructive Dementia 28 Weighted median 0.9537 (0.9283-0.9798) 0.0006 0.0009
sleep apnea
Obstructive Dementia 28 Weighted mode  0.9497 (0.9264-0.9735) 0.0004 0.0007
sleep apnea
Reverse analysis
(after outlier removal)
Sleep apnea Vascular 14 Inverse variance  1.0079 (0.9714-1.0457) 0.6773 0.9016
dementia weighted
Sleep apnea Vascular 14 MR-Egger 0.9695 (0.8903-1.0557) 0.4894  0.4894
dementia
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Table I. Cont.
Analysis Outcome Exposure  No. of Method OR (95% ClI) P-value  FDR
direction SNPs

Sleep apnea Vascular 14 Weighted median 1.0046 (0.9646-1.0464) 0.8239  0.8239
dementia

Sleep apnea Vascular 14 Weighted mode  1.0059 (0.9456-1.0701) 0.8542 0.8542
dementia

Obstructive Vascular 14 Inverse variance  0.9977 (0.9620-1.0347) 0.9016 0.9016

sleep apnea dementia weighted

Obstructive Vascular 14 MR-Egger 0.9479 (0.8708-1.0318) 0.2401  0.3202

sleep apnea dementia

Obstructive Vascular 14 Weighted median 0.9928 (0.9525-1.0349) 0.7348 0.8239

sleep apnea dementia

Obstructive Vascular 14 Weighted mode 0.9913 (0.9341-1.0521) 0.779 0.8542

sleep apnea dementia

Obstructive Dementia 25 Inverse variance  0.9399 (0.9187-0.9615) < 0.001 < 0.001

sleep apnea weighted

Obstructive Dementia 25 MR-Egger 0.9512 (0.9200-0.9835) 0.0074 0.0257

sleep apnea

Obstructive Dementia 25 Weighted median 0.9536 (0.9288-0.9791) 4.00E- 8.00E-04

sleep apnea 04

Obstructive Dementia 25 Weighted mode  0.9500 (0.9263-0.9744) 6.00E- 0.0013

sleep apnea 04

Sleep apnea Dementia 23 Inverse variance  0.9141 (0.8863-0.9427) < 0.001 < 0.001

weighted

Sleep apnea Dementia 23 MR-Egger 0.9229 (0.8711-0.9779) 0.0129 0.0257

Sleep apnea Dementia 23 Weighted median 0.9190 (0.8801-0.9596) 0.0001  0.0005

Sleep apnea Dementia 23 Weighted mode 0.9180 (0.8800-0.9577) 0.0007 0.0013

p < 0.001, FDR < 0.001, Table |, Supplementary Fig-
ure S5) and generalized sleep apnea (IVW method:
OR =0.9141, 95% Cl = 0.8863-0.9427, p < 0.001,
FDR < 0.001, Table I, Supplementary Figure S6).
Furthermore, unspecified dementia (IVW meth-
od: OR = 0.9644, 95% Cl = 0.9334-0.9964, p =
0.0293, Table I, Supplementary Figure S7), demen-
tia due to Parkinson’s disease (IVW method: OR
= 0.9760, 95% Cl = 0.9546-0.9979, p = 0.0315,
Table I, Supplementary Figure S8), and dementia
in Alzheimer’s disease (IVW method: OR = 0.9668,
95% Cl =0.9514-0.9824, p < 0.001, FDR = 0.0003,
Table |, Supplementary Figure S9) were associated
with a reduced risk of OSA. Dementia in Alzhei-
mer’s disease was also associated with a reduced
risk of generalized sleep apnea (IVW method: OR
=0.9680, 95% Cl = 0.9552-0.9809, p < 0.001, FDR
< 0.001, Table I, Supplementary Figure S10).
Furthermore, vascular dementia was associat-
ed with a reduced risk of sleep apnea (IVW meth-
od: OR = 0.9671, 95% Cl = 0.9419-0.9931, p =
0.0133 FDR = 0.031, Table I) and OSA (IVW meth-
od: OR = 0.9668, 95% Cl = 0.9596-0.9845, p =
0.0016, FDR = 0.0044, Table I). However, MR-PRES-
SO analysis identified outliers for this association,
and after their manual removal, the association
was no longer statistically significant. Detailed

data for all reverse MR analyses, including results
before and after outlier removal where applicable,
and their corresponding FDR values, are provided
in Supplementary Tables SXIII, SXIV.

For the reverse causal associations that re-
mained significant after outlier removal, such
as general dementia with OSA (Cochran’s Q p =
0.154; MR-Egger intercept p = 0.343) and general-
ized sleep apnea (Cochran’s Q p = 0.218; MR-Egger
intercept p = 0.701), sensitivity analyses indicated
no significant heterogeneity and horizontal pleiot-
ropy (Table 111). Other positive reverse associations
(unspecified dementia with OSA, dementia in
Alzheimer’s disease with OSA, and dementia due
to Parkinson’s disease with OSA) also showed no
evidence of pleiotropy via the MR-Egger intercept,
although some exhibited heterogeneity (Table IlI).
This observed heterogeneity is generally permissi-
ble given that the primary IVW method employed
in this study used a random-effects model. De-
tailed sensitivity analysis data, including results
for associations before outlier removal, are pro-
vided in Supplementary Tables SXV=SXVIII.

Discussion

This study employed a two-sample MR ap-
proach to systematically investigate potential
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Table Il. Heterogeneity tests and pleiotropy tests for instrumental variables

Analysis direction Outcome Exposure Heterogeneity Pleiotropy
Q statistic  P-value  MR-Egger  P-value
(Ivw) intercept
Forward analysis
Before outlier removal Unspecified Obstructive sleep  1257.118 < 0.001 0.011 0.762
dementia apnea
After outlier removal Unspecified Obstructive sleep 67.326 0.535 -0.003 0.767
dementia apnea
Reverse analysis
Before outlier removal Sleep apnea Vascular dementia  41.6064 1.00E-04 0.0166 0.0209
Obstructive Vascular dementia  34.5027 0.0017 0.0174 0.0127
sleep apnea
Obstructive Unspecified 30.9729 < 0.001 0.013 0.3833
sleep apnea dementia
Sleep apnea Dementia in 20.1879 0.1243 —0.0042 0.123
Alzheimer disease
Obstructive Dementia in 28.9605 0.0163 -0.0031 0.358
sleep apnea Alzheimer disease
Obstructive Dementia due 31.7179 0.0015 -0.0042 0.8088
sleep apnea to Parkinson’s
disease
Sleep apnea Dementia 73.5277 < 0.001 -0.0053 0.1383
Obstructive Dementia 79.7211 < 0.001 —-0.0042 0.2625
sleep apnea
Reverse analysis
After outlier removal Obstructive Vascular dementia 22.735 0.045 0.012 0.217
sleep apnea
Sleep apnea Vascular dementia 26.473 0.015 0.009 0.341
Obstructive Dementia 30.979 0.154 -0.003 0.343
sleep apnea
Sleep apnea Dementia 26.813 0.218 -0.001 0.701

causal relationships between sleep apnea and
various dementia subtypes. Our principal find-
ings suggest a causal protective effect of genetic
predisposition to OSA on the risk of unspecified
dementia. Intriguingly, our analyses also suggest-
ed potential causal associations between genetic
predisposition to general dementia and dementia
in AD and a reduced risk of both OSA and gener-
alized sleep apnea, although these findings war-
rant cautious interpretation. These results offer
novel genetic perspectives on the complex inter-
play between sleep apnea and dementia, holding
potential implications for disease prevention and
management.

The observed causal association suggesting
that OSA may reduce the risk of unspecified de-
mentia (IVW OR = 0.830) is a noteworthy phe-
nomenon that warrants careful consideration.
This finding appears to contradict a substantial
body of observational research reporting OSA as
an independent risk factor for dementia [31-33].
This discrepancy may be attributable to the in-

herent strength of MR in mitigating confounding,
a common limitation in observational studies. Al-
ternatively, it could stem from the heterogeneity
within the “unspecified dementia” outcome. This
category is broadly defined to include various con-
ditions such as “dementia NOS”, “psychosis NOS”,
and “primary degenerative dementia NOS” (both
presenile and senile), while excluding specific di-
agnoses such as “senile dementia with delirium”
(FO5.1) and “senility NOS” (R54). Consequently,
“unspecified dementia” might encompass ear-
ly-stage, atypical, or etiologically unclear cognitive
impairments whose underlying pathophysiology
could differ significantly from that of well-defined
dementia subtypes.

One potential explanation is that the genetic
predisposition to OSA identified by MR analysis
might differ from the clinically diagnosed OSA phe-
notype with significant pathophysiological conse-
quences. Individuals carrying certain OSA genet-
ic risk alleles might experience mild, subclinical
intermittent hypoxia exposure throughout their
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Table Ill. MR-PRESSO results

Analysis Outcome Exposure Raw Outlier corrected Global p out- Distor-
direction liers tionp
OR_CI P-value OR_CI P-value
Forward
analysis
Before Unspecified Obstructive ~ 0.5954  0.1318 0.8257 0.0224 < 0.001 3 <
outlier dementia  sleep apnea  (0.3057- (0.703- 0.001
removal 1.1598) 0.9697)
After Unspecified Obstructive ~ 0.8257 0.0224 NA NA 0.527 NA NA
outlier dementia  sleep apnea  (0.703- (NA-NA)
removal 0.9697)
Reverse analysis (before outlier removal)
Sleep apnea Vascular 0.9671 2.67E-02 1.0079 0.6841 0.04 1 <
dementia (0.9419- (0.9714— 0.001
0.9931) 1.0457)
Obstructive Vascular 0.9596 0.0069 NA NA 0.058 NA NA
sleep apnea  dementia (0.9354~ (NA-NA)
0.9845)
Obstructive  Unspecified  0.9644  0.0722 NA NA 0.308 NA NA
sleep apnea  dementia (0.9334— (NA-NA)
0.9964)
Sleep apnea Dementia in 0.968 0.0003 NA NA 0.295 NA NA
Alzheimer  (0.9552- (NA-NA)
disease 0.9809)
Obstructive Dementiain  0.9668 0.0009 NA NA 0.109 NA NA
sleep apnea  Alzheimer  (0.9514- (NA-NA)
disease 0.9824)
Obstructive Dementia 0.976 0.0526 0.9924 0.2238 0.003 1 <
sleep apnea due to (0.9546— (0.9808- 0.001
Parkinson’s  0.9979) 1.004)
disease
Sleep apnea Dementia 0.9412 0.0008 0.9141 0 0.003 4 0.072
(0.9122- (0.8863-
0.9711) 0.9427)
Obstructive Dementia 0.9418 0.0017 0.9399 0 < 0.001 3 0.889
sleep apnea (0.9107- (0.9187-
0.974) 0.9615)
Reverse analysis (after outlier removal)
Obstructive Vascular 0.9977 0.9035 NA NA 0.041 NA NA
sleep apnea  dementia (0.962- (NA-NA)
1.0347)
Sleep apnea Vascular 1.0079  0.6841 1.0251 0.1918 0.008 1 0.545
dementia (0.9714- (0.9897-
1.0457) 1.0617)
Obstructive Dementia 0.9399 0 NA NA 0.197 NA NA
sleep apnea (0.9187- (NA-NA)
0.9615)
Sleep apnea  Dementia 0.9141 0 NA NA 0.294 NA NA
(0.8863— (NA-NA)
0.9427)

early life, particularly as many risk factors for OSA
are genetically determined [34]. While chronic, se-
vere intermittent hypoxia undoubtedly promotes
neurodegeneration through oxidative stress, neu-
roinflammation, impaired cerebral autoregulation,
and accelerated AP deposition [35], the existence

of a “hypoxic preconditioning” or “mild stress ad-
aptation” window is debatable [36]. Some stud-
ies suggest that mild intermittent hypoxia may
induce neuroprotective preconditioning effects,
mediated by hypoxia-inducible factor (HIF) and its
downstream targets such as vascular endotheli-

Arch Med Sci



Lirong Zhao, Yamin Xu, Lu Xia, Yan Zhang

al growth factor (VEGF) and erythropoietin [37],
thereby enhancing neuronal tolerance to subse-
quent, more severe insults and promoting neuro-
vascular unit remodeling. If individuals genetically
predisposed to OSA experience a lifelong pattern
of hypoxic exposure that includes such precon-
ditioning effects, possibly mediated by HIF and
VEGF, and if this adaptive response outweighs the
direct damage from mild hypoxia, it might confer
a degree of “relative protection” against certain
“vulnerable” or slowly progressing types of un-
specified dementia. However, this remains a high-
ly speculative explanation, requiring more refined
mechanistic studies and MR analyses stratified by
OSA severity. Furthermore, undetected horizontal
pleiotropy of the IVs cannot be entirely excluded,
meaning that these OSA-related genetic variants
might influence the risk of unspecified dementia
through pathways independent of OSA.

Regarding the unexpected MR finding that ge-
netic liability to general dementia and dementia
in AD might be causally associated with a reduced
risk of sleep apnea, careful consideration is war-
ranted. This genetically inferred directionality is
counterintuitive, contrasting with clinical observa-
tions that often associate manifest dementia with
increased sleep apnea prevalence due to factors
such as pharyngeal muscle weakness or later-stage
medication effects [38-40]. While speculative, one
potential biological avenue for such a genetically
driven protective effect could involve early, subtle
dementia-related alterations in neurotransmitter
systems (such as cholinergic pathways [41]) or
sleep-wake regulation that paradoxically stabilize
respiration before widespread neurodegenera-
tion. However, this counterintuitive observation
could also stem from other factors. Complex ge-
netic pleiotropy, where dementia-associated vari-
ants independently influence pathways reducing
sleep apnea risk, is a possibility. Methodological
considerations, such as potential survival or selec-
tion biases in GWAS for late-onset diseases or re-
sidual confounding from uncharacterized horizon-
tal pleiotropy, are also pertinent [29]. Furthermore,
the lifelong effect of genetic liability captured by
MR may not fully align with the multifaceted clini-
cal picture of advanced dementia.

The careful selection of datasets for demen-
tia in AD and PD in this study, emphasizing ICD
codes distinct from isolated AD or PD, helps to
more accurately capture the causal effect of the
“dementia state” itself on sleep apnea. GWAS
data for AD (ICD-10, G30) or PD (ICD-10, G20)
might predominantly represent earlier disease
stages, often without overt dementia or associ-
ated severe neuromuscular or central respiratory
dysregulation. In contrast, analyses focusing on
“dementia in AD (F5_ALZHDEMENT)” or “demen-

tia in PD (PD_DEMENTIA_EX)” are more reflective
of the impact when neurodegenerative processes
have advanced sufficiently to cause a dementia
syndrome.

The strengths of this study lie in its use of the
MR design, effectively controlling for confounding
inherent in observational studies and allowing for
the assessment of potential causal directions. We
used summary data from large-scale GWAS, en-
hancing statistical power. Furthermore, analyzing
multiple dementia subtypes and differentiating
between OSA and generalized sleep apnea pro-
vided more nuanced insights. The application of
various sensitivity analyses also bolstered the
robustness of our findings. However, this study
also has limitations. First, MR analysis relies on
three core assumptions; while we conducted sev-
eral sensitivity analyses to assess these (e.g., for
horizontal pleiotropy), the potential influence of
unknown pleiotropy cannot be entirely ruled out.
Second, the GWAS data used were primarily from
European and Finnish populations, which may lim-
it the generalizability of our findings to other eth-
nic groups. Third, despite distinguishing between
dementia subtypes, GWAS data may not fully cap-
ture the heterogeneity within these conditions,
such as dementia severity or disease duration.
Fourth, for some dementia subtypes (e.g., fronto-
temporal dementia), the limited number of cases
might have resulted in insufficient statistical pow-
er and weaker Vs, leading to uncertain results.
Fifth, given that MR analyses are grounded in ge-
netic susceptibility and diverge from clinical ob-
servational studies, it is plausible that sleep apnea
treatment could modulate dementia risk in clinical
settings, though this requires further validation in
future clinical studies. Finally, for several of the de-
mentia-to-sleep-apnea associations, the observed
odds ratios, while reaching statistical significance
in some analyses, were modest. Such effect sizes
warrant cautious interpretation as they might rep-
resent smaller true effects or be more influenced
by subtle biases, underscoring the need for valida-
tion in significantly larger samples.

Future research must prioritize replication of
these findings, especially the unexpected asso-
ciation between dementia predisposition and
reduced sleep apnea risk, in independent, large-
scale, and diverse cohorts. Investigating potential
methodological reasons for this counterintuitive
finding should be a priority. Further studies should
also aim to use more refined phenotypes and in-
vestigate potential mediating biological pathways
if these causal associations are substantiated. In
addition, clarifying dementia subtypes may facili-
tate earlier risk prediction and may promote the
development of subtype-specific therapeutic or
precision prevention strategies.
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In conclusion, this MR study provides sugges-
tive genetic evidence supporting a causal protec-
tive effect of OSA predisposition on unspecified
dementia risk. It also presents exploratory, and
more tentative, genetic evidence suggesting that
predisposition to general dementia and AD may
be causally associated with a reduced risk of sleep
apnea. While the former aligns with hypotheses
such as hypoxic preconditioning, the latter is un-
expected and requires substantial further inves-
tigation to distinguish potential novel biological
insights from methodological or complex genetic
phenomena. These findings underscore the intri-
cate, and potentially counterintuitive, causal dy-
namics between sleep apnea and dementia.
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