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Background: Childhood obesity has become a global pandemic, leading to a range of diseases. Childhood obesity appears to be
associated with an increased prevalence of sleep apnea syndrome. Sleep apnea is an inestimable risk factor for thrombosis,
hypertension, cardiomyopathy and many other diseases. Therefore, exploring the relationship between childhood obesity and sleep
apnea syndrome will help to understand the potential link between the two and provide research directions for future disease
prevention and treatment. However, no studies have confirmed whether there is a causal relationship between childhood obesity
and sleep apnea syndrome.

Methods: The IEU OpenGWAS project provided the GWAS-aggregated data for childhood obesity and sleep apnea syndrome.
Inverse-variance weighted (IVW) was used as the main method to evaluate the causal relationship between childhood obesity and
sleep apnea syndrome. Single nucleotide polymorphisms (SNPs) were regarded as instrumental variables, and the screening threshold
was P <5.0x107°, Leave-one-out method was performed to confirm the robustness of the results.

Results: [VW analysis confirmed a causal relationship between genetic susceptibility to childhood obesity and an increased risk of
sleep apnea syndrome [odds ratio (OR)=1.12, 95% confidence interval (CI): 1.02—1.23, P=0.016]. However, two-sample MR results
also showed no causal relationship between genetic susceptibility to sleep apnea syndrome and an increased risk of childhood obesity
(OR=1.50, 95% CI: 0.95-2.38, P=0.083). The intercept of MR-Egger regression was close to 0, which implies that there are no
confounding factors in the analysis to affect the results of two-sample MR analysis. The leave-one-out results show that the
bidirectional two-sample MR analysis results were robust.

Conclusion: There is a causal relationship between genetic susceptibility to childhood obesity and increased risk of sleep apnea
syndrome. People with a history of childhood obesity should pay more attention to physical examination to early prevention and
management of sleep apnea syndrome.

Keywords: bidirectional two-sample Mendelian randomization, childhood obesity, sleep apnea syndrome, causal relationship, single
nucleotide polymorphisms

Introduction

Childhood obesity has become a global pandemic, leading to a range of diseases and increasing morbidity and mortality.'~*
Risk factors for childhood obesity include poor diet, genetic factors, short sleep duration, lack of physical activity, and high
stress levels.®* Increasing daily physical exercise or optimizing diet are common measures to prevent obesity.” The global
prevalence of childhood obesity has reached 5.6% for girls and 7.8% for boys.® Childhood obesity has the potential to
continue into adulthood, which increases the incidence of diabetes, cancer, and cardiovascular disease.’

Sleep apnea syndrome is a common respiratory system disorder that affects a wide range of people, including
obstructive sleep apnea syndrome (OSAS), central sleep apnea syndrome (CSAS) and mixed sleep apnea syndrome.®
OSAS is very common in terms of frequency, and it is often considered that sleep apnea syndrome=0OSAS in throughout
the world.” The characteristic of sleep apnea is the intermittent cessation or reduction of airflow during sleep, leading to
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a decrease in oxygen saturation in the blood.'® Sleep apnea is an inestimable risk factor for thrombosis, embolism,
hypertension, cardiomyopathy, gestational diabetes and many other diseases.'""'?

Obesity is a major preventable risk factor and disease modifier for some respiratory diseases.'® Obesity is a major risk
factor for sleep apnea syndrome. The prevalence of sleep apnea syndrome is particularly high in mass obesity and
visceral obesity.'* Adipose tissue deposition in the neck and pharyngeal areas can physically compress the airway,
increasing the risk of airway obstruction during sleep.'>'® Additionally, obesity is often associated with inflammation,
which may contribute to airway inflammation and further exacerbate the risk of sleep apnea.'” Previous studies have
found a significant correlation between childhood obesity and sleep apnea syndrome.'® 2’ The increasing prevalence of
childhood obesity seems to be associated with an increased prevalence of sleep apnea syndrome. Moreover, the relief of
OSAS is related to the decrease of low density lipoprotein and apolipoprotein B and the increase of high density
lipoprotein.'” Disrupted sleep can affect hormones such as leptin and ghrelin, which regulate appetite.”' Reduced sleep
quality and duration can also lead to decreased physical activity levels and changes in metabolism, which may contribute
to weight gain.*> However, no studies have confirmed whether there is a causal relationship between childhood obesity
and sleep apnea syndrome. Based on previous studies, this study hypothesized that there may be a causal relationship
between childhood obesity and sleep apnea syndrome, and validated it using bidirectional two-sample Mendelian
randomization (MR) analysis. The results of this study clarify the causal relationship between childhood obesity and
sleep apnea syndrome, which is helpful for the management of diseases in the future.

MR is a robust analysis method, which is suitable for using genetic variation to solve the causal problem of how
modifiable exposure affects different outcomes.? Single nucleotide polymorphisms (SNPs) were used as instrumental
variables (IVs) in MR analyses to infer causality for observed associations between modifiable exposures and clinically
relevant outcomes.”**> During meiosis, alleles are randomly separated, so MR can reduce the bias caused by confound-
ing factors.”® Genome-wide association studies (GWAS) have identified thousands of variations associated with complex
exposures, which has pushed the wide application of MR to a climax.?”*® In this study, a two-sample MR analysis was
performed to assess the causal relationship between childhood obesity and the risk of sleep apnea syndrome (Figure 1). In
addition, reverse MR was also performed to observe the bidirectional causal effects of sleep apnea syndrome on
childhood obesity. The aim of this study was to explore the causal relationship between childhood obesity and sleep
apnea syndrome by using bidirectional two-sample Mendelian randomization (MR) analysis.

Materials and Methods

Data Sources

The IEU OpenGWAS project (https://gwas.mrcieu.ac.uk) provided the GWAS-aggregated data for childhood obesity and
sleep apnea syndrome (Supplementary Table 1). The GWAS dataset for childhood obesity (GWAS ID: ieu-a-1096,
https://gwas.mrcieu.ac.uk/datasets/ieu-a-1096/) included 13848 samples of European ancestry and 2442739 SNPs.?’ This
dataset summarizes 14 research cohorts. Total 5530 cases (>95th percentile of body mass index achieved before the age
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Figure | Mendelian randomization model of childhood obesity and sleep respiratory syndrome.
Abbreviation: SNPs, single nucleotide polymorphisms.
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of 18 years old) and 8318 controls (relatively conservatively defined as <50th percentile of body mass index consistent
throughout all measures during childhood). The GWAS dataset for sleep apnea syndrome (GWAS ID: ebi-
a-GCST90018916, https://gwas.mrcieu.ac.uk/datasets/ebi-a-GCST90018916/) included 476853 samples of European
ancestry (13818 cases and 463035 controls) and 24183940 SNPs.>* All statistical data were gathered from the
descendants of Europeans, reducing the potential bias due to racial differences. Notably, no overlap was observed,

given that samples of childhood obesity and sleep apnea syndrome originated from distinct study groups. The “mRnd”
online analysis tool was used to evaluate the statistical power of MR estimates. The power was 0.74 when childhood
obesity was the exposure factor and sleep apnea syndrome was the outcome variable. The power was 1 when sleep apnea
syndrome was the exposure factor and childhood obesity was the outcome variable. The GWAS dataset of childhood
obesity and sleep apnea syndrome used has a relatively large sample size, avoiding the insufficient statistical power
caused by limited sample size. Therefore, it has higher reliability.

Selection of IVs

During the initial screening of IVs, a threshold of P <5.0x10™® was set to identify statistically significant SNPs. However,
the number of SNPs identified at a threshold of P<5x10"® was limited. To obtain more IVs, the threshold was set to
P<5x107°>! Linkage disequilibrium (LD) is mainly measured using two parameters, r* and kb. In this study, LD with
significant SNPs associated with exposure factors must meet r* <0.001 and genetic distance of 10000 kb to avoid LD bias.
Subsequently, we removed the palindromic SNPs (ie, AT or G/C) and the SNPs that were not available in the results. In the
analysis of causal effects of childhood obesity on sleep apnea syndrome, childhood obesity was the exposure factor and
sleep apnea syndrome was the outcome variable. A total of 14 SNPs were selected as [Vs. In the analysis of causal effects of
sleep apnea syndrome on childhood obesity, sleep apnea syndrome was the exposure factor and childhood obesity was the
outcome variable. A total of 13 SNPs were selected as IVs. The strength of association between each IV and exposure
factors is usually assessed using the F-statistic. F>10 can effectively avoid the bias caused by weak IVs.*

The calculation formula is:*?

2
F= (ﬁ exposure / SEeXposure)

(Note: Bexposure and SEeyposure T€present standard error and effect size of exposure, respectively).

Study Design

MR design was based on three assumptions: (1) IVs must be strongly associated with exposure factors; (2) IVs were not
associated with other confounding factors; (3) IVs can affect outcome only through exposure and not through other
pathways. The causal relationship between childhood obesity and sleep apnea syndrome was studied by using bidirec-
tional two-sample MR.** The schematic overview of our study design is displayed in Figure 1.

Statistical Analysis

Two-sample MR analysis was conducted using weighted median, simple mode, weighted mode, MR-Egger regression
and inverse-variance weighted (IVW) methods. Among them, IVW was used as the main method to evaluate the causal
relationship between childhood obesity and sleep apnea syndrome. This approach is particularly effective in scenarios
devoid of horizontal pleiotropy, where genetic variants do not influence other factors, thus providing unbiased results.
A causal effect was presumed to exist if a P<0.05 was observed in statistics. The intercept of MR-Egger regression is an
indicator of detection horizontal pleiotropy. If the intercept of MR-Egger regression is close to 0, it means that there is no
horizontal pleiotropy in IVs. The Cochran’s Q (heterogeneity) test was used to analyze the differences between the IVs to
quantify the heterogeneity. MR-pleiotropy residual sum and outlier (MR-PRESSO) test was used to detect and correct
horizontal pleiotropy through removing the outliers. The leave-one-out sensitivity test was performed to determine
whether a single SNP caused significant change in the results by removing the SNP one by one. The difference was
considered statistically significant when the test level a was 0.05 (P < 0.05). All of the data were analyzed using
R (version 4.3.1) software.
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Results
The Casual Effect of Childhood Obesity on Sleep Apnea Syndrome

In the analysis of causal effects of childhood obesity on sleep apnea syndrome, childhood obesity was the exposure factor
and sleep apnea syndrome was the outcome variable. A total of 14 SNPs were selected as IVs. The F values of all [Vs
were greater than 10. The intercept of MR-Egger regression was close to 0 (Egger intercept=—0.0494, P=0.2354)
(Table 1), which implies that there is no horizontal pleiotropy in IVs. Meanwhile, this also implies that there are no
confounding factors in the analysis to affect the results of two-sample MR analysis.

The two-sample MR results showed a causal relationship between genetic susceptibility to childhood obesity and an
increased risk of sleep apnea syndrome (Supplementary Table 2 and Figure 2). In the absence of horizontal pleiotropy of IVs,

IVW was the primary method to estimate the causal relationship between genetic susceptibility to childhood obesity and
increased risk of sleep apnea syndrome, and the result was the most reliable [odds ratio (OR)=1.12, 95% confidence interval
(CD): 1.02-1.23, P=0.016]. The P of the IVW method was less than 0.05 (Supplementary Table 2), indicating a causal
relationship between childhood obesity and sleep apnea syndrome. The results of other MR analysis methods were shown in

Supplementary Table 2. Although the P of the other four methods were greater than 0.05, it was still considered that there was

a causal relationship between childhood obesity and sleep respiratory syndrome, as the IVW result was decisive.

IVW and MR-Egger regression analyses were used for heterogeneity detection. Subsequently, Cochran’s Q test was
used to quantify heterogeneity. The results of Cochran’s O test showed that P<0.05, indicating significant heterogeneity.
If there was heterogeneity between IVs, the random effects IVW model was used to estimate causal effects.**>> The
results of IVW (Cochran’s Q=55.15, P=3.80E-07) and MR-Egger regression (Cochran’s Q=48.81, P=2.26E-06) analyses
indicated that there was heterogeneity between the IVs (Table 2 and Figure 3A). Therefore, the random effects [VW
model was used to estimate the causal effects between genetic susceptibility to childhood obesity and increased risk of
sleep respiratory syndrome (P=0.016). The presence of outlier SNPs was detected using MR-PRESSO, and the causal
effect (P=0.043) was estimated after the outlier SNP (rs9941349) was excluded (Table 3). This once again demonstrates
a causal relationship between childhood obesity and the risk of sleep apnea syndrome. Sensitivity analysis was performed
using the leave-one-out method to evaluate the reliability of MR results. The value of “All” is greater than O indicates
that the result is reliable. Herein, the leave-one-out results show that the two-sample MR analysis results were robust
(Figure 3B). Sensitivity analyses based on maximum likelihood and weighted median were also performed to validate the
results, which also showed that the two-sample-MR was robust (Supplementary Figure 1).

The Causal Effect of Sleep Apnea Syndrome on Childhood Obesity (Reverse
Two-Sample MR Analysis)

In the analysis of causal effects of sleep apnea syndrome on childhood obesity, sleep apnea syndrome was the exposure
factor and childhood obesity was the outcome variable. A total of 13 SNPs were selected as IVs. The F values of all IVs
were greater than 10. The intercept of MR-Egger regression was close to 0 (Egger intercept=—0.0854, P=0.3810)
(Table 1), which implies that there is no horizontal pleiotropy in IVs.

Notably, the two-sample MR results showed no causal relationship between genetic susceptibility to sleep apnea
syndrome and an increased risk of childhood obesity (OR=1.50, 95% CI: 0.95-2.38, P=0.083) (Supplementary Table 3
and Figure 4A and B). IVW and MR-Egger regression analyses are used for heterogeneity detection. The results of [VW
(Cochran’s Q=55.15, P=1.70E-07) and MR-Egger regression (Cochran’s Q =51.26, P=3.70E-07) analyses indicated that
there was heterogeneity between the IVs (Supplementary Table 4 and Figure 4C). Therefore, the random effects [IVW

model was used to estimate the causal effects between genetic susceptibility to sleep apnea syndrome and increased risk

Table | Horizontal Pleiotropy Test

Outcome Exposure Egger_Intercept | Standard Error | P Value
Sleep apnea syndrome||id:ebi-a-GCST90018916 | Childhood obesity —0.0494 0.0396 0.2354
Childhood obesity||id:ieu-a-1096 Sleep apnea syndrome | —0.0854 0.0936 0.3810
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Figure 2 Forest and scatter plots of the impact of childhood obesity on sleep apnea syndrome. (A) Forest plot to visualize causal effect of each single SNP on the risk of
sleep apnea syndrome; (B) Scatter plot to visualize causal effect of childhood obesity on the risk of sleep apnea syndrome.
Abbreviations: SNPs, single nucleotide polymorphisms; MR, Mendelian randomization.

of childhood obesity (P = 0.08). The presence of outlier SNPs was detected using MR-PRESSO, and the causal effect
(P=0.55) was estimated after the outlier SNP (rs11075985) was excluded (Supplementary Table 5). This once again
indicates that there is no causal relationship between sleep apnea syndrome and the risk of childhood obesity. Sensitivity
analysis was performed using the leave-one-out method to evaluate the reliability of MR results. Herein, the leave-one-

out results show that the two-sample MR analysis results were robust (Figure 4D).
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Table 2 Heterogeneity Test

Outcome Exposure Method Q Q_df | Q_P Value

Sleep apnea syndrome||id:ebi-a-GCST90018916 | Childhood obesity | Inverse variance weighted | 55.15307 | I3 3.80E-07
Sleep apnea syndrome||id:ebi-a-GCST90018916 | Childhood obesity | MR Egger 48.80602 | 12 2.26E-06

Abbreviations: Q, Cochran’s Q test value; Q_df, degree of freedom of Q statistic; Q_P value, P value of Q statistic.

Discussion

Based on the GWAS dataset, this study used the bidirectional two-sample MR to explore whether there is a bidirectional causal
relationship between childhood obesity and sleep apnea syndrome in the European population. Power analysis showed that when
childhood obesity was the exposure factor and sleep apnea syndrome was the outcome variable, power was 0.74. When sleep
apnea syndrome was the exposure factor and childhood obesity was the outcome variable, power was 1. This avoids the
insufficient statistical power caused by limited sample size. Therefore, it has higher reliability. All statistical data were gathered
from the descendants of Europeans, reducing the potential bias due to racial differences. Notably, no overlap was observed, given
that samples of childhood obesity and sleep apnea syndrome originated from distinct study groups. The analysis results in this
study suggest a causal relationship between genetic susceptibility to childhood obesity and an increased risk of sleep apnea
syndrome. However, it also suggests that there is no causal relationship between genetic susceptibility to sleep apnea syndrome
and an increased risk of childhood obesity. Sensitivity analysis confirmed the robustness of the above results.

Obesity is associated with various diseases, including sleep apnea.’® Meta-analyses of patients treated with intensive
lifestyle interventions or bariatric surgery showed improvements in apnea hypopnea index after treatment.’’~® Sleep
disordered breathing, especially OSAS, is significantly related to overweight and obesity in children.**** Previous report
has shown that the occurrence of OSAS in obese children is 13—-59%, while the occurrence of OSAS in normal weight children
is 1-2%."" The incidence of adenotonsillar hypertrophy in obese children is alarming. From the perspective of anatomical
factors, adenoid and tonsil hypertrophy is an important cause of OSAS in obese children.**** In addition, altered ventilatory
responses and chest wall mechanics, and defective upper airway function in obese children may contribute to their suscept-
ibility to OSAS."® Excess weight and fat deposition in the neck and upper airway lead to high airway obstruction during
sleep.*” A MR analysis showed that obesity indicators body mass index, body fat percentage, and triglycerides were
significantly associated with an increased risk of OSAS.*® Herein, The IVW results showed a causal relationship between
genetic susceptibility to childhood obesity and an increased risk of sleep apnea syndrome, which is consistent with previous
findings. Moreover, the sensitivity analysis implies the robust of the two-sample MR analysis results. Our findings suggest that
addressing childhood obesity may have a positive impact on reducing the risk of sleep apnea syndrome. This also implies the
necessity of comprehensive screening and intervention plans in pediatric healthcare environments, providing potential
exploration directions for the prevention and treatment of sleep apnea syndrome in clinical practice.

Leptin (a type of adipokine) is thought to be one of the reasons for the association between obesity and OSAS. It acts
on central chemoreceptors, causing an increase in triggering ventilation, but this mechanism fails because obese patients
are resistant to the effects of leptin.*’” Past research has indicated blood leptin levels are positively correlated with the
severity of OSAS.*** The relief of OSAS is also related to the decrease of low density lipoprotein and apolipoprotein
B and the increase of high density lipoprotein.'” A MR analysis showed that OSAS was associated with multiple obesity
indicators, lipid levels and adipokines.*® Prior studies have indicated a potential link between insulin sensitivity and
OSAS in obese children. Correction of OSAS in obese children is related to improved measures of insulin sensitivity.>%>'
Reduced sleep quality and duration can also lead to decreased physical activity and metabolic changes that affect weight
change.22 Moreover, the interconnected impact of systemic inflammation, oxidative stress, metabolic disturbances, and
gut microbiota contributes significantly to the development of obesity and OSAS. This complex relationship between
obesity and OSAS underscores the intricate nature of their interaction.>® There are some errors between the results of this
study and the previous observational studies. In this study, the results of reverse two-sample MR analysis did not reveal
a causal relationship between genetic susceptibility to sleep apnea syndrome and increased risk of childhood obesity. The
leave-one-out method evaluated the reliability of the results, suggesting that the MR analysis results were robust. The
reason for this result may be related to the choice of dataset, sample source, etc., and more research is needed in the
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Figure 3 Funnel and leave-one-out plots of the impact of childhood obesity on sleep apnea syndrome. (A) Funnel plot to visualize overall heterogeneity of MR estimates for
the effect of childhood obesity on the risk of sleep apnea syndrome; (B) Leave-one-out plot to visualize causal effect of childhood obesity on the risk of sleep apnea

syndrome when leaving one SNP out.
Abbreviations: SNPs, single nucleotide polymorphisms; MR, Mendelian randomization.
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Table 3 MR-PRESSO Test of Causal Relationship
Between Childhood Obesity and the Risk of
Sleep Respiratory Syndrome

Main MR Results P Value

Causal estimate of raw 0.03222065
Causal estimate of outlier-corrected | 0.04285058

Abbreviation: MR, Mendelian randomization.

future. This result also suggests that clinicians should avoid over-reliance on a single factor for diagnosis, and need to
explore other possible causes more deeply. At the same time, it also suggests that more rigorous design and methods are

needed in the clinical study of the relationship between sleep apnea syndrome and childhood obesity.
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Figure 4 Forest, scatter, funnel and leave-one-out plots of the impact of sleep apnea syndrome on childhood obesity. (A) Forest plot to visualize causal effect of each single
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Abbreviations: SNPs, single nucleotide polymorphisms; MR, Mendelian randomization.
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Due to the fact that genetic variation is usually unrelated to confounding factors, MR is more effective than traditional
observational studies in avoiding reverse causal associations and confounding factors.’*>* Moreover, due to the high
accuracy of the measurement of genetic variation, the regression dilution bias caused by measurement errors can be
avoided.” In this study, the bidirectional two-sample MR study comprehensively evaluated the causal relationship
between childhood obesity and sleep apnea syndrome. MR analysis can provide important support for the causal
relationship between childhood obesity and sleep apnea syndrome. In this study, the intercept of MR-Egger regression
was close to 0, which implies that there is no horizontal pleiotropy in IVs. Meanwhile, this also implies that there are no
confounding factors in the analysis to affect the results of two-sample MR analysis. The IVW results showed a causal
relationship between genetic susceptibility to childhood obesity and an increased risk of sleep apnea syndrome.
Cochran’s Q test showed that there was heterogeneity between the IVs. The presence of outlier SNPs was detected
using MR-PRESSO, and the causal effect was estimated after the outlier SNP was excluded. This once again
demonstrates a causal relationship between childhood obesity and the risk of sleep apnea syndrome. In addition,
sensitivity analysis was performed using the leave-one-out method to evaluate the reliability of MR results. Herein,
the leave-one-out results also showed that the bidirectional two-sample MR analysis results were robust.

As a health care provider, we should be proactive in the assessment and management of children with obesity. Obesity
management includes diet, exercise, and behavioral changes and requires long-term follow-up. The goal of intervention therapy
should be lifestyle intervention within the family. The management of overweight or obese children and adolescents should be
coordinated with the individual and their families, and parents and guardians should be encouraged to aim primarily at lifestyle
changes. Moreover, a support system should be developed with the goal of helping overweight and obese children and their
families make lifestyle changes. Decisions about the care of overweight or obese children are made in conjunction with the child
and his or her family, and individualized programs are tailored to select interventions that meet the needs of the child and his or her
family and are easily accepted. Ensure that interventions that target the lifestyle of overweight or obese children are affordable to
their families and society.

There are some limitations in this study. Firstly, this study focused primarily on European populations, and the inference of
the results is limited. Therefore, the reliability of the causal associations should be validated in other populations. Secondly,
due to the lack of sufficient datasets and sample size, the results of this study were not verified. Therefore, further clinical
studies are still needed to confirm our results. Thirdly, stratified analysis, such as the subgroups based on sex, age, order of
severity, could not be conducted with aggregated information from the GWAS. Fourthly, there is limited information on the
potential differences between exposure and outcome GWAS in the study population. In light of these limitations, further
studies with larger MR studies should be undertaken to better confirm the current results.

Conclusion

The results of this study imply a causal relationship between genetic susceptibility to childhood obesity and increased
risk of sleep apnea syndrome, but no causal relationship between genetic susceptibility to sleep apnea syndrome and
increased risk of childhood obesity. The identification of a causal relationship between childhood obesity and sleep apnea
syndrome provides a new basis for exploring potential treatment methods. In addition, people with a history of childhood
obesity should pay more attention to physical examination to early prevention and management of sleep apnea syndrome.
Moreover, the results of this study may also be valuable for clinical decision-making.
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