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Abstract

Sleep apnoea (SA) is a common condition associated with obesity, conferring significant cardiovascular and metabolic risks.
This study investigates the causal effects of obesity phenotypes throughout the life course, from birth weight to adult obesity,
on SA risk using Mendelian randomization (MR). A two-sample MR approach was utilized, employing genome-wide associa-
tion study (GWAS) data from individuals of European ancestry. Exposures included birth weight, childhood obesity, adult
obesity classifications (overweight and obesity classes 1-3), and fat distribution characteristics (waist/hip circumference and
MRI-derived abdominal adipose tissue volumes). Outcome data were sourced from the FinnGen database. Analyses were
conducted using inverse variance weighting (IVW), MR-Egger regression, and sensitivity analyses. A replication analysis
using another GWAS dataset on SA was also performed. The analysis demonstrated a positive causal relationship between
birth weight and SA risk (OR=1.142, P<0.001). Features of childhood obesity, including BMI (OR =1.218, P <0.001)
and early life body size (OR=1.533, P <0.001), were associated with increased SA risk. In adulthood, BMI was strongly
associated with SA risk (OR=2.419, P <0.001). Fat distribution measures, notably MRI-derived subcutaneous adipose
tissue volume (OR=1.119, P=0.003) and waist circumference (OR=1.953, P <0.001), were also predictors of SA risk.
Sensitivity analyses affirmed these findings, suggesting minimal horizontal pleiotropy. The replication analysis confirmed
a positive correlation between obesity indicators and SA. This study supports the causal relationship of life-course obesity,
including birth weight and obesity, in childhood and adulthood, on SA risk, highlighting the importance of fat distribution
metrics in understanding SA determinants.
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Abbreviations

SA Sleep apnoea

MR Mendelian randomization
GWAS Genome-wide association study
v Instrumental variable

SNP Single-nucleotide polymorphism

IVw Inverse variance weighted

OR Odds ratio

CI Confidence interval

BMI Body mass index

OSA Obstructive sleep apnoea
STROBE-MR  Strengthening the reporting of observa-
tional studies in epidemiology using Men-
delian randomization

Early growth genetics

Magnetic resonance imaging
Apnoea-hypopnea index

Vascular endothelial growth factor A

EGG
MRI
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VEGFA
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Introduction

Sleep apnoea (SA), defined by recurrent interruptions in
breathing during sleep, has emerged as a significant global
public health concern [1]. Evidence suggests that SA is
linked not only to daytime functional impairment and neu-
rocognitive deficits, but also to a marked elevation in the risk
of cardiovascular and metabolic disorders, as well as overall
mortality [2, 3]. Obesity, identified as a primary modifiable
risk factor for SA, has experienced a dramatic increase in
global prevalence over the past three decades. Specifically,
from 1990 to 2022, the global prevalence of obesity more
than doubled, reaching 16% in 2022, while the rate of ado-
lescent obesity increased more than fourfold during the same
period [4]. However, traditional observational studies are
constrained by confounding biases, such as smoking and
physical inactivity, and by reverse causation, which compli-
cates the accurate quantification of the independent causal
effects of obesity on SA [5].
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The life-course epidemiology framework posits that
the influence of obesity on SA is dynamic and cumulative.
Developmental anomalies during the fetal stage may predis-
pose individuals to central adiposity in adulthood through
mechanisms of epigenetic reprogramming [6]. Both birth
weight and childhood obesity have been linked to adult
obesity [7]. The interplay between childhood obesity and
SA may be attributed to anatomical alterations in the upper
respiratory tract due to obesity, as well as metabolic dis-
ruptions induced by SA [8, 9]. Studies in adult populations
demonstrate a strong correlation between general obesity
and obstructive sleep apnoea (OSA), with findings indi-
cating that each standard deviation increase in body mass
index (BMI) elevates the risk of OSA by 2.21 times (95%
Confidence Interval [CI] 1.62-3.02) [10, 11]. Nonetheless,
the independent role of fat distribution patterns in contribut-
ing to SA remains a subject of debate. While some studies
have established that abdominal visceral fat deposition and
waist-to-height ratio are independent risk factors for SA in
obese patients [12, 13], research conducted by Xiaolin Wu
et al. suggests that, at the individual level, obesity itself has a
causal relationship with OSA, rather than abdominal obesity
specifically [10].

Mendelian randomization (MR) methods offer an innova-
tive approach for causal inference by emulating natural ran-
domized trials through the use of genetic variation. Unlike
traditional observational studies, the MR approach employs
genetic variants as instrumental variables, which are ran-
domly assigned at conception and remain unaffected by life-
style factors or disease status. This methodology enables
a less biased estimation of the causal effects of obesity on
SA. Recent MR studies have substantiated causal relation-
ships between life-course obesity and various conditions,
including atrial fibrillation [14], Alzheimer's disease [15],
and severe liver disease [16]. Nonetheless, research examin-
ing the relationship between SA and obesity has frequently
concentrated on singular obesity characteristics, lacking
a comprehensive analysis of life-course obesity and often
Fig. 1 Overall design of the

present study. SNP single
nucleotide polymorphism

Instrumental variables
SNPs

restricting the focus to the OSA subtype, thereby neglecting
the heterogeneity of SA.

In light of this context, the present study synthesizes
genome-wide association study (GWAS) data pertaining to
multi-stage life-course obesity phenotypes, including birth
weight, childhood BMI, adult obesity classification, and
fat distribution characteristics. Utilizing a two-sample MR
framework, this research systematically examines the causal
relationships between life-course obesity traits and specific
outcomes for the first time. This investigation provides an
innovative analysis of obesity characteristics spanning from
fetal development to adulthood, thereby contributing genetic
epidemiological evidence to inform precision prevention
strategies targeting specific outcomes across various life
stages.

Materials and methods
Study design

This study utilizes a two-sample Mendelian Randomiza-
tion (MR) analysis to investigate the potential causal rela-
tionship between life-course obesity and SA. To minimize
the effects of population stratification, we restricted our
analysis to individuals of European ancestry. We employed
single nucleotide polymorphisms (SNPs) as instrumental
variables (IVs), ensuring they meet the three core assump-
tions necessary for MR studies: (1) the relevance assump-
tion, which requires that the IVs are strongly associated
with the exposure variable, life-course obesity; (2) the
independence assumption, which stipulates that the IVs
must be independent of any confounding variables; and
(3) the exclusivity assumption, which mandates that the
IVs influence the outcome variable, SA, solely through
the exposure variable, without alternative pathways. The
comprehensive study design is depicted in Fig. 1.

_-7 Confounders
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2.12=0.001 and kb=10,000

1. MR analysis: IVW, MR-Egger, weighted median,
simple mode, weighted mode

2. Sensitivity analysis: Cochran's Q test, MR-
Egger intercept, funnel plot, leave-one-out analysis
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The study employed publicly accessible GWAS data,
with all underlying studies having obtained ethical
approval from the respective institutional review boards,
and participants having provided informed consent. As
this research does not involve the direct use of original
data or human subjects, no additional ethical approval
was required. The data utilized in this study were sourced
from public repositories and complied rigorously with the
2021 strengthening the Reporting of Observational Studies
in Epidemiology Using Mendelian Randomization: The
STROBE-MR Statement [17].

Data sources of exposures

In this Mendelian analysis, the exposure variable, life-course
obesity, is defined by several critical components, including
birth weight, childhood body size and obesity, adult obesity,
and fat distribution characteristics. The genome-wide asso-
ciation study (GWAS) data employed in this research pri-
marily originates from the IEU OpenGWAS (https://gwas.
mrcieu.ac.uk) and the Early Growth Genetics Consortium
(EGG, http://egg-consortium.org/). The IEU OpenGWAS
platform offers an extensive collection of datasets pertain-
ing to human phenotypes and genome associations, distin-
guished by its large sample size and stringent analytical
standards, thereby providing researchers with dependable
information on genotype—phenotype associations. The Early
Growth Genetics (EGG) Consortium is dedicated to genetic
research concerning early growth and development.

Specifically, the early life data encompasses metrics,
such as birth weight (ukb-b-13378) and own birth weight
(http://egg-consortium.org/birth-weight-2019.html) [18],
which illustrate the relationship between genetic factors
and phenotypes. Measurement data related to childhood
body size and obesity include Childhood BMI (ebi-a-
GCST90002409) [19], early life body size (ieu-b-5107)
[20], and childhood obesity (http://egg-consortium.org/
childhood-obesity.html) [21], ensuring a comprehensive
genetic representation of childhood obesity characteristics.
The GWAS data pertaining to "childhood obesity" were
obtained from a meta-analysis of case—control studies. In
this context, cases were defined as individuals whose BMI
was at or above the 95th percentile prior to the age of 18,
while controls were characterized as those with a BMI
below the 50th percentile throughout childhood [21]. The
"early life body size" phenotype is generally represented
as a questionnaire-based, ordered categorical variable,
such as "comparative body size at age 10," which reflects
individuals' recollections of their relative body size dur-
ing childhood (e.g., thinner than average, about average,
plumper than average) [20].

@ Springer

For adult obesity, analyses were conducted on adult BMI
sex-combined (ieu-b-5118) [20], overweight (ieu-a-93) [22],
and obesity classification, which includes obesity class 1,
class 2, and class 3 (designated as ieu-a-90, ieu-a-91, and
ieu-a-92, respectively) [22]. Clinical obesity classifications,
as defined, include overweight (BMI > 25 kg/mz), Class 1
obesity (BMI >30 kg/m?), Class 2 obesity (BMI > 35 kg/
m?), and Class 3 obesity (BMI >40 kg/mz). Furthermore,
the dataset on body fat distribution encompasses traditional
anthropometric measurements, specifically waist circumfer-
ence (ukb-b-9405) and hip circumference (ukb-b-15590). In
addition, it includes quantitative assessments of abdominal
subcutaneous adipose tissue volume (ebi-a-GCST90016672)
and visceral adipose tissue volume (ebi-a-GCST90016671),
both derived from abdominal magnetic resonance imaging
(MRI). These MRI-based metrics are the result of research
employing deep learning methodologies to extract organ-
specific features from abdominal MRI scans [23].

Data sources of outcomes

The primary outcome measure of this study is SA, a signifi-
cant health condition linked to obesity and body composi-
tion characteristics. Our preliminary analysis of SA utilizes
data from the 2024 FinnGen database (https://r11.finngen.
fi/pheno/G6_SLEEPAPNO_INCLAVO), which includes
relevant information from 453,733 individualsof European
descent. The FinnGen study is a comprehensive genomic
initiative that has analyzed over 500,000samples from the
Finnish biobank, integrating genetic variations with health
data to investigate disease mechanismsand susceptibility
[24]. Additionally, we obtained SA data from various GWAS
within the FinnGen database (https://r11.finngen.fi/pheno/
G6_SLEEPAPNO), encompassing 451,684 individuals of
European ancestry, to conduct a replication analysis aimed
at ensuring the consistency and reliability of our findings.
Detailed information regarding all GWAS studies is pre-
sented in Table 1.

Screening of instrumental variables

To ensure the independence of each SNP and to mitigate
the impact of genetic pleiotropy on the results, this study
selected significant SNPs from the GWAS datasets. The ini-
tial selection criterion was set at P < 5E-08. In conducting
MR studies, we required a minimum of 10 eligible IVs [25,
26]. If a dataset did not meet the IV quantity requirement,
we relaxed the selection criterion to P <5E-06 [27]. To
minimize linkage disequilibrium, we employed a stringent
clustering approach for SNPs, utilizing a clustering window
with parameters of *=0.001 and kb= 10,000. We further
quantified the genetic variation strength of each SNP by cal-
culating the F-statistic, considering SNPs with an F-statistic
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Table 1 A brief description of each GWAS summary statistics

Year Sample size Cases/controls

SNPs

Population Web source

Traits Consortium
Exposures
Birth weight IEU OpenGWAS 2018 261,932
Own birth weight EGG Consortium 2019 298,142
Childhood BMI IEU OpenGWAS 2020 39,620
Early life body size IEU OpenGWAS 2020 453,169
Childhood obesity EGG Consortium 2012 13,848
Adult BMI sex-combined ~ IEU OpenGWAS 2020 453,169
Overweight IEU OpenGWAS 2013 158,855
Obesity class 1 IEU OpenGWAS 2013 98,697
Obesity class 2 IEU OpenGWAS 2013 72,546
Obesity class 3 IEU OpenGWAS 2013 50,364
Waist circumference IEU OpenGWAS 2018 462,166
Hip circumference IEU OpenGWAS 2018 462,117
Abdominal subcutaneous IEU OpenGWAS 2021 32,860
adipose tissue volume
Visceral adipose tissue IEU OpenGWAS 2021 32,860
volume
Outcomes
Sleep apnea, including Finngen 2024 453,733
avohilmo
(primary analysis)
Sleep apnea (replication Finngen 2024 451,684

analysis)

NA 9,851,867 European https://gwas.mrcieu.ac.uk/
datasets/ukb-b-13378/

NA 13,891,969 European http://egg-consortium.org/
birth-weight-2019.html

NA 8,173,382 European https://gwas.mrcieu.ac.uk/
datasets/ebi-a-GCST9
0002409/

NA 12,321,875 European  https://gwas.mrcieu.ac.uk/
datasets/ieu-b-5107/

5,530/8,318 2,442,739 European http://egg-consortium.org/
childhood-obesity.html

NA —European  https://gwas.mrcieu.ac.uk/

93,015/65,840

32,858/65,839

2,435,045 European

2,380,428 European

datasets/ieu-b-5118/

https://gwas.mrcieu.ac.uk/
datasets/ieu-a-93/

https://gwas.mrcieu.ac.uk/
datasets/ieu-a-90/

9,889/62,657 2,331,456 European https://gwas.mrcieu.ac.uk/
datasets/ieu-a-91/

2,896/47,468 2,250,779 European https://gwas.mrcieu.ac.uk/
datasets/ieu-a-92/

NA 9,851,867 European https:/gwas.mrcieu.ac.uk/
datasets/ukb-b-9405/

NA 9,851,867 European https://gwas.mrcieu.ac.uk/
datasets/ukb-b-15590/

NA 9,275,407 European https://gwas.mrcieu.ac.uk/
datasets/ebi-a-GCST9
0016672/

NA 9,275,407 European https://gwas.mrcieu.ac.uk/

54,698/399,035 21,306,794 European

50,200/401,484 21,306,774 European

datasets/ebi-a-GCST9
0016671/

https://r11.finngen.fi/pheno/
G6_SLEEPAPNO_
INCLAVO

https://r11.finngen.fi/pheno/
G6_SLEEPAPNO

SNP single nucleotide polymorphism, GWAS genome-wide association study, BMI body mass index

exceeding 10 as robust instruments in MR analyses [28]. The
F-statistic is computed using the formula: F=R*x (n—k—
1)/[k x (1—R?)], where n represents the total sample size and
k denotes the number of IVs. The R? value is derived from
the equation: R*=2x (1—MAF) x MAF x p%, where MAF
stands for minor allele frequency and f signifies the effect
size of the allele. We identified SNPs associated with life-
course obesity from GWAS data on SA. For SNPs that were
missing, we substituted them with highly correlated SNPs
(r>0.8), excluding those without suitable replacements. To
maintain data integrity and reliability, SNPs directly associ-
ated with SA (P <5E-08) were excluded. Prior to conducting
analyses, we applied the MR-PRESSO method to address

potential outlier influences, thereby enhancing the reliabil-
ity of the MR estimates. Following these procedures, the
selected SNPs were employed as genetic instruments.

MR analysis

In this study, we investigated the causal relationship
between life-course obesity and SA through the applica-
tion of five MR analysis methods: inverse variance weight-
ing (IVW), MR-Egger regression, weighted median, sim-
ple mode, and weighted mode. The IVW method was
designated as the primary tool for effect estimation. To
visually represent the causal relationship between these

@ Springer
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variables, we utilized forest plots and scatter plots, sup-
plemented by sensitivity analyses. Cochran's Q test was
employed to assess heterogeneity within the IVW model,
with a P-value of less than 0.05 indicating significant het-
erogeneity. The MR-Egger intercept test was applied to
evaluate horizontal pleiotropy, where a P-value of less
than 0.05 suggests the presence of potential horizontal
pleiotropy. Additionally, funnel plots were used to visually
inspect for evidence of horizontal pleiotropy. To evaluate
the influence of individual SNPs, the leave-one-out analy-
sis was conducted. All statistical analyses were performed
using the "TwoSampleMR" package (version 0.6.22) and
R software (version 4.2.3), with statistical significance
defined as a two-tailed P-value of less than 0.05.

Table 2 Results of Cochran's Q test and pleiotropy test

Results
Instrumental variables

In this study, we selected SNPs associated with life-course
obesity from GWAS data and matched them with SA to
identify IVs. As detailed in Supplementary files 1 and 2, as
well as Table 2, both preliminary and validation analyses
identified SNPs linked to obesity at various life stages. These
SNPs were subsequently included in MR analyses to evalu-
ate their causal impact on the risk of SA.

Causal effect of birth weight on sleep apnoea
In the preliminary analysis, the IVW method was employed

to evaluate the causal relationship of genetically pre-
dicted birth weight and own birth weight (both treated as

Outcomes Exposures Number Heterogeneity test Pleiotropy test
of SNPs
Cochran’s Q P value SE P value
Sleep apnoea, including avohilmo  Birth weight 137 251.915 5.921E-09 0.003 0.715
(primary analysis) Own birth weight 143 261.110 4.505E-09 0.003 0.163
Childhood BMI 14 26.130 0.016 0.014 0.363
Early life body size 196 400.799 2.472E-16 0.002 0.824
Childhood obesity 12 14.531 0.205 0.012 0.414
Adult BMI sex-combined 318 573.248 5.268E-17 0.002 0.444
Overweight 12 25.815 0.007 0.017 0.879
Obesity class 1 14 29.696 0.005 0.011 0.857
Obesity class 2 10 18.542 0.029 0.015 0.943
Obesity class 3 9 16.195 0.040 0.018 0.812
Waist circumference 340 599.344 1.018E-16 0.002 0.767
Hip circumference 380 760.885 7.705E-28 0.002 0.078
Abdominal subcutaneous adipose tissue volume 33 41.713 0.117 0.005 0.707
Visceral adipose tissue volume 34 64.158 0.001 0.006 0.026
Sleep apnoea (replication analysis) Birth weight 134 228.293 5.307E-07 0.003 0.636
Own birth weight 144 249.605 8.538E-08 0.003 0.370
Childhood body mass index 13 21.302 0.046 0.013 0.337
Early life body size 195 368.459 6.066E-13 0.002 0.763
Childhood obesity 12 18.400 0.073 0.602 0.602
Adult BMI sex-combined 320 557.075 3.463E-15 0.002 0.255
Overweight 12 30.790 0.001 0.019 0.900
Obesity class 1 14 31.666 0.003 0.012 0.770
Obesity class 2 9 11.748 0.163 0.014 0.388
Obesity class 3 9 15.167 0.056 0.018 0.855
Waist circumference 343 616.126 5.790E-18 0.002 0.567
Hip circumference 379 747.873 1.439E-26 0.002 0.022
Abdominal subcutaneous adipose tissue volume 33 45.126 0.062 0.005 0.513
Visceral adipose tissue volume 34 58.134 0.004 0.006 0.023

SNP single-nucleotide polymorphism, BMI body mass index
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continuous variables) with the risk of SA. The findings indi-
cated that each one standard deviation increase in geneti-
cally predicted birth weight was significantly associated with
an elevated risk of SA, with an Odds Ratio (OR) of 1.142
(95% CI=1.060-1.231, P <0.001). Similarly, a significant
positive causal effect was identified for own birth weight,
yielding an OR of 1.133 (95% CI=1.049-1.223, P=0.002)
(see Fig. 2 and Table 3). The scatter plots of SNP effects are
provided in Supplementary file 3: Supplementary Figs. 1-2.
Cochran's Q test indicated potential heterogeneity among
the SNPs (P <0.05), while the MR-Egger intercept test did
not reveal significant horizontal pleiotropy (P> 0.05) (see
Table 2). The funnel plots demonstrated an approximately

Methods P value OR(95%CI)

A Birth weight
MR Egger 0.123  1.186(0.956-1.472) ]
Weighted median 0.005  1.147(1.042-1.263) ®
VW <0.001  1.142(1.060-1.231) ®
Simple mode 0.323  1.188(0.846-1.669) @
Weighted mode  0.897 1.020(0.756-1.377) ®

0.8 1.0 1.2 1.4 1.6

C Childhood BMI
MR Egger 0.073  1.449(1.000-2.100) ®
Weighted median <0.001  1.242(1.128-1.367) @
VW <0.001  1.218(1.115-1.331) o
Simple mode 0.066  1.213(1.005-1.464) El
Weighted mode ~ 0.024  1.223(1.047-1.428) @

10 12 14 16 18 20

€ Childhood obesity

MR Egger 0.156  1.125(0.968-1.307) ®

Weighted median  0.005  1.058(1.017-1.101) S

VW <0.001  1.055(1.024-1.088) =

Simple mode 0.155  1.065(0.982-1.154) ®

Weighted mode  0.135  1.065(0.987-1.149) | —e— : ]
0.9 1.0 1.1 1.2 13

g€ Overweight

MR Egger 0.327  1.271(0.806-2.004) @

Weighted median <0.001  1.190(1.085-1.306) ®
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Simple mode 0.019  1.219(1.058-1.404) ®
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Fig.2 Forest plot of Mendelian randomization estimates for the
causal effects of birth weight (a), own birth weight (b), childhood
BMI (c), early life body size (d), childhood obesity (e), adult BMI
sex-combined (f), overweight (g), obesity class 1 (h) on sleep apnoea
risk. The plot displays odds ratios (squares) with 95% ClIs (horizontal
lines) for each exposure estimated using five MR methods: IVW, MR-
Egger, weighted median, simple mode, and weighted mode. The IVW

symmetrical distribution, indicating a low probability of bias
(see Supplementary file 3: Supplementary Figs. 15-16). The
leave-one-out analysis revealed minimal changes in the over-
all results upon the exclusion of any single SNP, thereby
suggesting a robust association between birth weight and
SA (see Supplementary file 3: Supplementary Figs. 29-30).

Causal effect of childhood obesity on sleep apnoea

We conducted a comprehensive evaluation of the causal
effects of genetic traits associated with childhood obe-
sity on the risk of SA. Through IVW analyses, we deter-
mined that a one standard deviation increase in genetically

Methods P value OR(95%CI)

b own birth weight

MR Egger 0.018  1.320(1.051-1.658) o
Weighted median  0.003  1.151(1.048-1.263) &
VW 0.002  1.133(1.049-1.223) E
Simple mode 0.817  1.033(0.783-1.365) ]
Weighted mode  0.903  1.019(0.756-1.372) ]
08 10 12 14 16
d Early life body size
MR Egger 0.003  1.493(1.152-1.935) ®
Weighted median <0.001 1.461(1.264-1.688) &
VW <0.001 1.533(1.367-1.720) 8
Simple mode 0.108  1.383(0.933-2.050) ®
Weighted mode  0.003  1.462(1.141-1.873) &

—r1T T 1T 1 1
10 12 14 16 18 20

f Adult BMI sex-combined

MR Egger <0.001  2.139(1.540-2.973) ®

Weighted median <0.001  2.095(1.850-2.374) ®

VW <0.001  2.419(2.195-2.666) @

Simple mode 0.064  1.742(0.971-3.125) ®

Weighted mode  0.055  1.626(0.991-2.668) ; - : J
1.0 1.5 2.0 2.5 3.0

h Obesity class 1

MR Egger 0.191 1.168(0.938-1.454) S

Weighted median <0.001  1.132(1.062-1.207) ®

VW <0.001  1.191(1.122-1.264) ®

Simple mode 0.160  1.091(0.973-1.223) ®

Weighted mode  0.029  1.113(1.021-1.213) ®

[ T T T T 1
09 10 11 12 13 14

method serves as the primary analysis. The odds ratios represent the
effect per one-standard-deviation increase in genetically predicted
continuous exposures (birth weight, childhood BMI, adult BMI) or
per one-category increase in ordered categorical exposures (early life
body size, childhood obesity, overweight, obesity class 1). MR men-
delian randomization, BMI body mass index, OR odds ratio, CI confi-
dence interval, IVW inverse variance weighted
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Table 3 Summary of causal estimates for life-course obesity pheno-
types on sleep apnoea risk

Exposures OR (95% CI) P value

Birth weight 1.142 (1.060-1.231) <0.001
Own birth weight 1.133 (1.049-1.223) 0.002
Childhood BMI 1.218 (1.115-1.331) <0.001
Early life body size 1.533 (1.367-1.720) <0.001
Childhood obesity 1.055 (1.024-1.088) <0.001
Adult BMI sex-combined 2.419 (2.195-2.666) <0.001
Overweight 1.226 (1.120-1.343) <0.001
Obesity class 1 1.191 (1.122-1.264) <0.001
Obesity class 2 1.113 (1.064-1.165) <0.001
Obesity class 3 1.050 (1.017-1.085) 0.003
Waist circumference 1.953 (1.820-2.096) <0.001
Hip circumference 1.466 (1.380-1.588) <0.001
Abdominal subcutaneous 1.119 (1.040-1.203) 0.003

adipose tissue volume
Visceral adipose tissue 1.104 (1.007-1.212) 0.036

All estimates are from the primary IVW analysis using the FinnGen
dataset. For continuous exposures (birth weight, own birth weight,
childhood BMI, adult BMI, waist circumference, hip circumference,
abdominal subcutaneous adipose tissue volume, visceral adipose tis-
sue volume), odds ratios represent the effect per one-standard-devia-
tion increase. For ordered categorical exposures (early life body size,
childhood obesity, overweight, obesity class 1-3), odds ratios repre-
sent the effect per category increase. OR odds ratio, CI confidence
interval

predicted childhood BMI was significantly correlated with
an elevated risk of SA (OR=1.218,95% CI=1.115-1.331,
P <0.001). Regarding early life body size, which is catego-
rized ordinally, each incremental increase toward a larger
body size category was significantly linked to a heightened
risk of SA (OR=1.533,95% CI=1.367-1.720, P <0.001).
Furthermore, a unit increase in the genetic predisposition
to childhood obesity, measured on a log-odds scale, was
modestly yet significantly associated with an increased
risk of SA (OR=1.055,95% CI=1.024-1.088, P <0.001)
(see Fig. 2 and Table 3). The scatter plots of SNP effects
are provided in Supplementary file 3: Supplementary
Figs. 3-5. Cochran's Q test identified significant heteroge-
neity among the genetic IVs for childhood BMI and early
life body size (P <0.05), while no significant heterogene-
ity was detected for the SNPs associated with childhood
obesity (P =0.205). The MR-Egger intercept test did not
reveal significant horizontal pleiotropy (P> 0.05) (see
Table 2). The funnel plots exhibited a symmetrical dis-
tribution, and the leave-one-out analysis corroborated the
robustness of the findings (see Supplementary file 3: Sup-
plementary Figs. 17-19 and Supplementary Figs. 31-33).

@ Springer

Causal effect of adult obesity on sleep apnoea

The findings derived from the IVW method revealed that
a one standard deviation increase in genetically predicted
adult BMI sex-combined is significantly correlated with an
increased risk of SA (OR=2.419, 95% CI=2.195-2.666,
P <0.001). Furthermore, significant positive causal asso-
ciations were observed for overweight (OR=1.226, 95%
CI=1.120-1.343, P<0.001), obesity class 1 (OR=1.191,
95% CI=1.122-1.264, P<0.001), obesity class 2
(OR=1.113,95% CI=1.064-1.165, P <0.001), and obesity
class 3 (OR=1.050, 95% CI=1.017-1.085, P=0.003) (see
Figs. 2, 3 and Table 3). The SNPs associated with these met-
rics exhibited consistent effect trends in the scatter plots (see
Supplementary file 3: Supplementary Figs. 6-10). Despite
the presence of heterogeneity as indicated by Cochran's Q
test (P <0.05), the MR-Egger intercept test did not reveal
significant pleiotropy (P> 0.05), thereby reinforcing the
validity of the causal inference (see Table 2). The funnel
plots displayed a symmetrical distribution, indicating a mini-
mal likelihood of publication bias (see Supplementary file 3:
Supplementary Figs. 20-24), and the leave-one-out analysis
corroborated the robustness of the results (see Supplemen-
tary file 3: Supplementary Figs. 34—-38).

Causal effect of fat distribution characteristics
on sleep apnoea

The IVW analysis identified positive associations
between waist circumference (OR =1.953, 95%
CI=1.820-2.096, P<0.001), hip circumference
(OR=1.466, 95% CI=1.380-1.588, P <0.001), abdomi-
nal subcutaneous adipose tissue volume (OR=1.119, 95%
CI=1.040-1.203, P=0.003), and visceral adipose tissue
volume (OR=1.104, 95% CI=1.007-1.212, P=0.036)
with the risk of SA (see Fig. 3 and Table 3). Certain SNPs
in the scatter plots exhibited strong signals (see Supple-
mentary file 3: Supplementary Figs. 11-14). For abdomi-
nal subcutaneous adipose tissue volume, sensitivity anal-
yses consistently indicated an association, suggesting a
robust causal relationship between this indicator and SA.
However, the Cochran's Q test for waist circumference, hip
circumference, and visceral adipose tissue volume sug-
gested potential heterogeneity (P <0.05), indicating that
the genetic instrumental variables for these indicators
may contribute differentially to the observed effects. Fur-
ther MR-Egger intercept tests revealed that only visceral
adipose tissue volume exhibited significant horizontal
pleiotropy (P <0.05), suggesting that the genetic IVs for
visceral adipose tissue volume may influence SA through
pathways other than solely through visceral adipose tis-
sue volume itself ; therefore, the causal evidence for this
exposure should be interpreted with caution (see Table 2).
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Methods P value OR(95%CI)
a Obesity class 2

MR Egger 0.347  1.105(0.908-1.345)

Weighted median <0.001 1.110(1.057-1.166)
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Fig.3 Forest plot of Mendelian randomization estimates for the
causal effects of obesity class 2 (a), obesity class 3 (b), waist circum-
ference (c), hip circumference (d), abdominal subcutaneous adipose
tissue volume (e), and visceral adipose tissue volume (f) on sleep
apnoea risk. The plot displays odds ratios (squares) with 95% ClIs
(horizontal lines) for each exposure estimated using five MR meth-
ods: IVW, MR-Egger, weighted median, simple mode, and weighted

The funnel plots demonstrated a symmetrical distribution,
indicating a low likelihood of bias, and the leave-one-out
analysis confirmed the robustness of the overall findings
against the exclusion of individual SNPs (see Supplemen-
tary file 3: Supplementary Figs. 25-28 and Supplementary
Figs. 39-42).

Replication analysis

In the replication analysis, a positive correlation between
various obesity indicators throughout the life course and SA
was substantiated (see Supplementary file 4: Supplementary
Table 29). The Cochran's Q test revealed significant hetero-
geneity among the genetic IVs for waist circumference, hip
circumference, and adult BMI sex-combined, whereas no
significant heterogeneity was detected for childhood obe-
sity and abdominal subcutaneous adipose tissue volume.
The MR-Egger intercept test indicated potential pleiotropy
in the genetic instruments for hip circumference and visceral
adipose tissue volume, while no significant pleiotropy was
observed for other indicators, aligning with the results of
the main analysis (see Supplementary files 4 and 5). Funnel
plot analysis suggested a low probability of publication bias,
and the leave-one-out analysis confirmed robustness, thereby

Methods P value OR(95%CI)

b Obesity class 3

MR Egger 0743 1.029(0.872-1.215) ®
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mode. The IVW method serves as the primary analysis. For continu-
ous exposures (waist circumference, hip circumference, and adipose
tissue volumes), the odds ratios represent the effect per one-standard-
deviation increase in the genetically predicted value. For categorical
exposures (obesity classes 2 and 3), odds ratios represent the effect
per category increase. MR mendelian randomization, OR odds ratio,
CI confidence interval, IVW inverse variance weighted

supporting the robustness of the associations between obe-
sity indicators and SA.

Discussion

This study represents a pioneering effort in systematically
elucidating the dynamic accumulation and anatomical
specificity of the causal effects of obesity on SA by inte-
grating genetic data of obesity phenotypes across multiple
life stages. Mendelian randomization analysis revealed that
abnormal body weight at each life stage, ranging from fetal
birth weight (OR =1.14) to obesity class 3 in adulthood
(OR =1.05), independently elevates the risk of SA, with
the effect size varying acoss different life stags. In addi-
tion, each standard deviation increase in adult BMI corre-
sponds to a 141.9% higher risk of SA. These findings high-
light potential intervention targets throughout the life course
for the prevention of obesity-related SA.

Beginning from the earliest stages of life, the study
identified a significant positive association between higher
birth weight and SA risk (OR =1.142), thereby supporting
the developmental overnutrition hypothesis. From a fetal
perspective, exposure to hyperglycemia or excessive fat
accumulation in utero may influence genes associated with
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metabolism and craniofacial development through epige-
netic mechanisms, such as DNA methylation and histone
modification. This can lead to lifelong metabolic dysregula-
tion and structural abnormalities of the airway, such as ret-
rognathia or airway narrowing. [29, 30] This interpretation
aligns with evidence indicating that maternal overweight or
obesity exhibits a dose-response relationship with the risk
of SA in offspring [31]. Furthermore, the MR-Egger analysis
excluded the possibility of horizontal pleiotropy (P> 0.05),
thereby reinforcing the notion of a direct causal effect.
However, birth weight is a multifaceted trait influenced by
both fetal and maternal genetics, encompassing intrauter-
ine growth and the prenatal environment [32]. Traditional
two-sample MR is limited in its ability to disentangle
these maternal-fetal pathways, as genetic instruments may
simultaneously capture fetal effects and indirect maternal
effects mediated through the intrauterine environment [33].
Although our findings are consistent with the developmental
overnutrition hypothesis, we cannot rule out the possibility
of residual confounding by maternal factors, such as mater-
nal BMI or gestational diabetes, which affect both offspring
birth weight and subsequent metabolic health [34, 35]. Con-
sequently, future research utilizing maternal-specific genetic
instruments or multivariable MR is necessary to elucidate
the independent contributions of fetal and maternal effects.

Beyond the fetal period, our findings highlight childhood
as an equally critical window for intervention. Importantly,
the effect size for early life body phenotype (OR =1.533)
surpasses that of adult obesity classification, indicating that
childhood is a critical period for SA intervention. Research
on children and adolescents has shown a significant posi-
tive correlation between BMI and the apnea—hypopnea index
(AHI), with AHI severity increasing alongside BMI [36].
From an anatomical standpoint, the ages of 6 to 12 are vital
for mandibular development; obesity during this period may
result in craniofacial structural abnormalities, such as brach-
ycephaly and a high-arched palate, thereby elevating the risk
of airway collapse [37]. Animal studies have demonstrated
that obesity during childhood, induced by a high-fat diet, can
result in fat accumulation in the tongue and impaired respira-
tory drive function, a pathological process closely mirroring
the abnormal tongue-pharyngeal fat distribution observed in
human patients with SA [38, 39]. Genetic evidence indicates
that genes associated with childhood obesity, such as FTO
r$9939609, may influence fat distribution by regulating the
hypothalamic centers responsible for energy metabolism,
underscoring the critical role of gene-environment interac-
tions in the pathogenesis of SA [40]. Collectively, these find-
ings align with the significant effects observed for childhood
indicators in the results, underscoring the clinical impera-
tive for obesity screening during school age. Consequently,
assessments of craniofacial development and monitoring of
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respiratory function in obese children are of considerable
clinical importance.

The impact of adult obesity phenotypes on SA dem-
onstrates significant variation: the effect sizes for BMI
(OR=2.419) and waist circumference (OR =1.953) are
notably higher than those for obesity classification tiers
(Class 1 to Class 3: OR =1.191-1.050). This non-linear
relationship likely reflects the dynamic interplay between
metabolic compensation and pathological damage. Visceral
fat accumulation, for instance, induces leptin resistance via
pro-inflammatory factors such as IL-6 and TNF-a, which
impair neuromuscular control of the upper airway [41].
Conversely, individuals with severe obesity may partially
mitigate the risk of airway collapse through compensatory
mechanisms, including cervical muscle thickening or an
enhanced respiratory drive. Notably, the strong associations
of waist circumference and abdominal subcutaneous fat vol-
ume with SA, with OR of 1.953 and 1.119, respectively,
lend support to the mechanical compression hypothesis.
This hypothesis posits that abdominal fat accumulation may
elevate the diaphragm, reduce thoracic cavity volume, and
consequently lower the threshold for airway closing pressure
[42]. However, the relatively small effect size for visceral fat
volume (OR=1.104) suggests a modest association, while
the evidence of pleiotropy (MR-Egger intercept P =0.023),
raises concerns about the validity of the causal estimate.
From a methodological perspective, this may be attributed
to the limited number of SNPs and the adoption of a more
lenient threshold (P <5x 107%) to acquire adequate instru-
ments, which could elevate the likelihood of incorporating
pleiotropic variants. From a pathophysiological standpoint,
the metabolic activity of visceral fat may influence SA risk
through various pathways, such as vascular endothelial
growth factor A (VEGFA) gene-mediated vascular prolifera-
tion in the tongue [43] or systemic inflammation, suggesting
that the observed pleiotropy may partly arise from inherent
biological complexity. Consequently, these findings should
be interpreted with caution, and further studies involving
larger GWAS of visceral fat are necessary to elucidate the
underlying mechanisms.

The findings of this study partially contradict the con-
clusions of Xiaolin Wu et al. [10], whose MR study sug-
gested that overall obesity, rather than abdominal obesity,
is the primary driver of the risk for OSA. In contrast, our
study identified independent effects of waist circumference
and abdominal subcutaneous fat volume. This discrepancy
may be attributed to: 1) Differences in metric definitions,
as Wu's study employed the waist-to-hip ratio, whereas our
study utilized direct measurements of waist circumference
and quantitative assessments of fat volume; and 2) Popula-
tion heterogeneity, given that Wu's study focused on patients
with OSA, while our study targeted a broader SA popula-
tion. Nonetheless, both studies underscore the central role
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of obesity intervention in SA prevention, providing com-
plementary evidence for clinical practice. From a transla-
tional perspective, the quantitative relationships identified
in this study provide quantitative tools for stratifying the risk
of SA. We advocate for the inclusion of a BMI of > 25 kg/
m2 (associated with a 1.226-fold increase in SA risk) in the
management of high-risk populations, with weight reduc-
tion as a potential strategy to mitigate this risk. We propose
a three-tier prevention strategy across different life stages:
(1) During the fetal period, efforts should focus on reducing
the incidence of macrosomia through gestational diabetes
screening and personalized nutritional interventions, such as
controlling gestational weight gain and optimizing dietary
composition; (2) In childhood, assessments of craniofacial
development and monitoring for sleep-disordered breath-
ing should be conducted for individuals with a BMI at or
above the 85th percentile to identify high-risk phenotypes;
(3) In adulthood, the integration of waist circumference
metrics into the STOP-Bang questionnaire is recommended
to enhance screening sensitivity. Furthermore, evidence
from metabolic surgery underscores the long-term benefits
of obesity management, with sustained reductions in SA
events observed for over five years in patients with a BMI
of >35 kg/m?2 following surgical intervention [44].

This study exhibits several notable strengths. First, it pio-
neers the elucidation of the cumulative and stage-specific
effects of obesity across the lifespan, particularly during
critical periods, such as pregnancy and childhood. This
research not only uncovers the long-term consequences
of obesity, but also provides compelling evidence for the
necessity of implementing weight management interventions
early in life, thereby underscoring the urgency of advancing
preventive strategies. Second, the study includes a diverse
cohort of SA patients, rather than focusing solely on a sin-
gle subtype, such as OSA, thereby significantly enhancing
the generalizability of the findings. Methodologically, this
study utilized a two-sample Mendelian randomization (MR)
design, supplemented by independent validation analyses,
to robustly enhance the causal inferences derived from the
research. Notably, the study innovatively incorporated pre-
cise metrics of adipose distribution obtained from abdominal
MR, including subcutaneous and visceral fat volumes. The
objective and precise quantitative measurements afforded by
MRI technology allow these metrics to more accurately and
reliably elucidate visceral fat distribution characteristics that
are closely linked to SA risk, compared to traditional anthro-
pometric indices. This augments the biological relevance
and translational potential of the findings.

Nonetheless, several limitations merit consideration.
First, the study predominantly relies on data from individu-
als of European ancestry, which constrains the generaliz-
ability of the results. This is particularly pertinent given
the ethnic variations in fat distribution that may influence

the risk of obesity-related SA through distinct mechanisms.
Second, the application of standard two-sample MR does
not fully disentangle maternal and fetal influences on birth
weight, and residual confounding by maternal factors, such
as maternal BMI or gestational diabetes, cannot be ruled out.
Third, for certain phenotypes, notably visceral adipose tis-
sue, the limited availability of SNPs necessitated the use of
a more relaxed significance threshold (P <5 X 107%), which
may increase the likelihood of incorporating pleiotropic
variants. Finally, the broad definition of SA in the outcome
GWAS, which lacks stratification by subtype (obstructive
versus central) and severity (AHI), may have resulted in
misclassification bias. This is particularly relevant regard-
ing the inclusion of undiagnosed mild cases in the control
group, which would typically bias our estimates towards the
null. Future studies incorporating diverse ancestries, larger-
scale visceral fat GWAS, polysomnography-defined SA, and
maternal-specific genetic instruments are needed to validate
and extend our findings.

Conclusion

This study corroborates the causal effects of life-course
obesity, including the birth weight, childhood and adult-
hood obesity, on SA. Furthermore, the integration of MRI-
derived fat distribution metrics provides novel anatomical
insights into SA risk determinants, revealing stage-specific
associations.
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