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physical fitness, sleep-disorder breathing (SDB), and sleep quality) are associated with childhood asthma using a Mendelian

randomization (MR) design. Furthermore, we aim to investigate whether these risk factors were associated with incident asthma

prospectively. Methods: In total, 7069 children aged 12 from the Taiwan Children Health Study were enrolled in the current

study. Cross-sectional logistic regression, one-sample MR, summary-level MR sensitivity analyses, and prospective survival

analyses were used to investigate each causal pathway. Results: In MR analysis, three of the five risk factors (obesity, SDB,

and sleep quality) were associated with asthma, with the highest effect sizes per interquartile range (IQR) increase observed for

sleep quality (odds ratio [OR] =1.42; 95% confidence interval [CI]: 1.06 to 1.92) and the lowest for obesity (OR = 1.08; 95% CI:

1.00–1.16). In the prospective survival analysis, obesity showed the highest risk of incident asthma per IQR increase (hazard

ratio [HR] = 1.28; 95% CI: 1.05 to 1.56), followed by SDB (HR = 1.18; 95% CI: 1.08 to 1.29) and sleep quality (HR = 1.10;

95% CI: 1.03 to 1.17). Conclusion: The most plausible risk factors for asthma were obesity, SDB, and poor sleep quality. For
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ABSTRACT

Background: We tested the hypothesis that multiple obesity-related risk factors (obesity, physical ac-
tivity, cardiopulmonary physical fitness, sleep-disorder breathing (SDB), and sleep quality) are associated
with childhood asthma using a Mendelian randomization (MR) design. Furthermore, we aim to investigate
whether these risk factors were associated with incident asthma prospectively.

Methods: In total, 7069 children aged 12 from the Taiwan Children Health Study were enrolled in the
current study. Cross-sectional logistic regression, one-sample MR, summary-level MR sensitivity analyses,
and prospective survival analyses were used to investigate each causal pathway.

Results: In MR analysis, three of the five risk factors (obesity, SDB, and sleep quality) were associated
with asthma, with the highest effect sizes per interquartile range (IQR) increase observed for sleep quality
(odds ratio [OR] =1.42; 95% confidence interval [CI]: 1.06 to 1.92) and the lowest for obesity (OR = 1.08;
95% CI: 1.00–1.16). In the prospective survival analysis, obesity showed the highest risk of incident asthma
per IQR increase (hazard ratio [HR] = 1.28; 95% CI: 1.05 to 1.56), followed by SDB (HR = 1.18; 95% CI:
1.08 to 1.29) and sleep quality (HR = 1.10; 95% CI: 1.03 to 1.17).

Conclusion: The most plausible risk factors for asthma were obesity, SDB, and poor sleep quality. For the
prevention of childhood asthma, relevant stakeholders should prioritize improving children’s sleep quality
and preventing obesity comorbidities such as SDB.

Keywords: Obesity; Asthma; Mendelian randomization study; Prospective study; Pulmonary function

INTRODUCTION

Childhood obesity and asthma have posed a parallel epidemic over the past three decades1. According
to a meta-analysis of 6 prospective children studies, obesity was significantly associated with 2-fold times
increased risk for incident asthma2. Obese asthma is a complex syndrome, including different phenotypes

2
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. of diseases that warrant further investigations. Hence, identifying obesity-related risk factors behind this
causal relationship is essential to inform preventive interventions. The obesity-related risk factors could be
composed of hereditary factors and lifestyle factors, such as physical inactivity and inadequate sleep.

Multiple obesity-related factors may potentially contribute to the link of childhood asthma; for example,
physical activity or physical fitness levels, poor sleep quality, and some obesity comorbidities, such as sleep-
disordered breathing (SDB), may also play a role. We previously performed a bidirectional MR analysis,
with the results suggesting that adiposity antedates asthma3. Moreover, the causal relationships between
physical activity or physical fitness levels and asthma have long been debated. Some studies have supported
the causal relationship between physical fitness and asthma incidence in prospective studies4, 5, whereas
others have reported that physical fitness does not influence asthma directly6. Moreover, poor sleep quality
and SDB are common in children with asthma. Prospective studies of insomnia and new-onset asthma have
been conducted in adults7, 8 but not in children. Using two-sample MR analysis, Dashti et al. reported a
U-shaped association between sleep duration and asthma in an adult study9. Although many studies have
reported the obesity-related factors leading to asthma, accurately appraising the causality of these factors
in asthma is essential for future preventive interventions.

Epidemiological studies have identified some obesity-related factors associated with asthma, but these asso-
ciations can be subject to confounding and reverse causations. Mendelian randomization (MR) can be used
to strengthen causal inference indicated by observational studies by using genetic variants as instrumental
variables for risk factors. A genetic risk score (GRS) for an individual obesity-related factor can be regarded
as a genetic proxy for this risk factor. Therefore, if a certain obesity-related factor is causally related to
asthma, a GRS for this risk factor should also be associated with asthma.

In this study, we addressed the aforementioned limitations of traditional observational methods and focused
on several obesity-related factors (obesity, physical activity, cardiopulmonary physical fitness, SDB, and sleep
quality) in which candidate genetic instruments could be defined. We aimed to (1) elucidate the causality
of multiple obesity-related factors and childhood asthma by using MR, (2) conduct prospective analysis to
strengthen the temporal relationship between these risk factors and asthma, and (3) describe the inherited
susceptibility of each factor on asthma from representative GRSs.

MATERIALS AND METHODS

Study participants

We obtained observational data on 7069 children aged 12 from the Taiwan Children Health Study (TCHS).
The TCHS was a nationwide prospective study that comprised two cohorts of children, with 8.64% of the
participants having physician-diagnosed asthma. The analysis herein included 3233 children in Cohort 1 and
3836 children in Cohort 2. The detailed study design and recruitment strategy were previously described10.
Follow-up surveys were performed in 2012 and 2018 until these children were 17 years old. This study
was approved by the Ethics Committees and was conducted according to the Declaration of Helsinki after
obtaining informed consent from participating parents and children.

Definition of respiratory outcomes

We used answers from the parents to determine whether a child had physician-diagnosed asthma. The
question was, “Has a doctor ever diagnosed your child as having asthma?” In the prospective survival
analysis, incident asthma was calculated by excluding asthma history before the age of 11 years. Incident
asthma was determined at age 12 and 17 years by parents’ affirmative answer to whether their child had
been physician-diagnosed as having asthma during the follow-up period. The atopic status of asthma was
determined by measuring the fractional exhaled nitric oxide (FeNO) by using a portable NO analyzer (NIOX
MINO Airway Inflammation Monitor; Aerocrine AB, Solna, Sweden). We categorized children with asthma
into the atopic or nonatopic group by using 20 ppb of FeNO as the cutoff value.11

A pulmonary function test was performed in accordance with a previously standardized protocol12 at age
12 years. The forced expiratory volume in 1 second (FEV1)/forced vital capacity (FVC) ratio, which is a

3
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. marker of obstructive type pulmonary function impairment, was also used as a respiratory outcome.

Measurement of multiple obesity-related factors

Five obesity-related risk factors were investigated at age 11-12, where suitable genetic instruments were
available for inclusion in the analysis: obesity, physical activity, cardiopulmonary physical fitness, SDB, and
sleep quality.

Physical activity was assessed using a questionnaire and evaluation at school. We used the Chinese version
of the International Physical Activity Questionnaire13 to determine a child’s physical activity levels. Partic-
ipants were asked a series of questions pertaining to intensity, duration, and frequency of physical activity
in the preceding week. Physical activities were categorized into vigorous, moderate, and mild, according to
their metabolic equivalent (MET) values, namely >6 MET, 3–6 MET, and <3 MET. Physical activities were
then quantified according to their average MET expenditure per day14. Cardiorespiratory physical fitness
was assessed through an 800-m sprint, a surrogate marker of predicted maximal oxygen consumption15,
during school visits by using a standardized protocol16. It was first converted into z scores by using sex- and
age-specific means and standard deviations. Hence, a higher cardiorespiratory physical fitness index signifies
greater physical fitness.

SDB was determined by using a Chinese version of the Children’s Sleep Habit Questionnaire, which was
completed by the parent. Researchers compared this questionnaire with objective polysomnography-defined
obstructive sleep apnea and found it to be a valid tool for detecting the presence of SDB17. Sleep quality
was evaluated through the Chinese version of the Pittsburgh Sleep Quality Index (PSQI) questionnaire.
The questionnaire consists of 19 self-rated questions that are grouped into seven subscale components: sleep
quality, sleep latency, sleep duration, habitual sleep efficiency, daytime dysfunction, sleep disturbances, and
use of sleep medications18. Each component score has equal weight and is measured on a Likert scale of 0
(no difficulty ) to 3 (severe difficulty ). The seven component scores are summed to yield a global PSQI
score, with a range of 0–21; higher scores indicate poorer sleep quality.

We used body mass index (BMI) as a marker of obesity and calculated it by dividing body weight in
kilograms by height in meters squared (kg/m2). Subsequently, BMI was converted into age- and sex-specific
z scores (z-BMI) according to the World Health Organization growth standards for school-aged children and
adolescents19.

MR analysis

We performed MR20 analyses by using genetic instrumental variables (IVs) to proxy for candidate obesity-
related factors. The use of MR enables unbiased causal effects of risk factors on respiratory outcomes to
be estimated if the following assumptions are met: (1) the genetic IVs are robustly associated with the risk
factor of interest; (2) the genetic IVs are not associated with any confounding factors; (3) the pleiotropic
pathways through which the IVs influence the outcome are all due to the risk factors. GRS composed of risk
factors associated-single-nucleotide polymorphism (SNP) was used as IVs. The dosage of the effect allele
was multiplied by the regression coefficients of each SNP on associated traits divided by the mean value of
all regression coefficients.

By referencing candidate SNPs from large genome-wide association studies, we collected well-known genetic
variants associated with the five obesity-related factors. To avoid the pleiotropic effects of genetic variants,
SNPs previously reported to be associated with asthma and confounders were excluded. After we selected
SNPs for the obesity-related factors, some criteria were applied to filter the selected SNPs for quality control:
(1) minor allele frequency of [?]5%, (2) genotyping call rate of >98% for all children, and (3) no linkage dis-
equilibrium with candidate SNPs. The primers were designed using the National Genotyping Center of the
Academia Sinica platform (http://lims.ngc.sinica.edu.tw/service/ )21. Genotyping was performed using Se-
quenom iPLEX matrix-assisted laser desorption/ionization–time of flight mass spectrometry at the National
Center for Genome Medicine, Taiwan. The online supplementary file provides details on how candidate SNPs
were selected.
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. Statistical analysis

We initially conducted cross-sectional logistic models in the observational models (Figure 1). To investigate
whether a factor is a causal factor for asthma, we conducted MR two-stage least squares (2SLS) and MR sen-
sitivity analyses for all relationships. MR 2SLS analysis is a fundamental method in MR for both binary and
continuous variables of exposure and outcomes22. MR sensitivity analyses (MR inverse-variance weighted,
Egger [slope], and weighted median method) were used to support the validity of the causal inference from
the MR analysis23. To elucidate whether various factors predict incident asthma in later life, we also applied
a discrete-time hazard model (DTHM). The DTHM is a survival analysis model that enables the estimation
of hazard ratios (HRs) and 95% confidence intervals (CIs) when an event occurrence may be considered
in a discrete period; baseline information on these factors was collected on disease-free individuals at age
11, and the outcomes were incident asthma at ages 12 and 17. The observational models and DTHM were
adjusted for several potential confounders, such as age, sex, parental education, and family income. Odds
ratios (ORs), HRs, and beta values were estimated using the IQR increase of the factors.

The GRS for a risk factor can be considered a genetic proxy. To compare the effect of these factors on
asthma, as identified from observational and MR analyses, we further utilized the GRS to calculate the
predicted prevalence of asthma. We computed the sample mean per quintile for each of the GRS to serve as
the new dataset for prediction by logistic regression. To estimate the predicted probability of the GRS of an
obesity-related factor, we included the means per quintile for asthma. All model regression and sensitivity
analyses were performed using R software and R package (ivreg) MR 2SLS analysis (version 3.3.2, RStudio,
Inc., Boston, MA, USA).

RESULTS

In the present study, the TCHS population comprised 7069 children at age 12 (Table 1), and 4328 children
received follow-up surveys at age 17 (Table E1). Among them, 253 (7.83%) in Cohort 1 and 358 (9.33%) in
Cohort 2 were children with physician-diagnosed asthma.

Observational and MR association

By using observational and MR 2SLS analysis, we calculated the causal associations of multiple obesity-
related factors with asthma and pulmonary function (Table 2). The F statistics for obesity, physical activity,
cardiopulmonary physical fitness, sleep-disordered breathing, and sleep quality were 80.60, 18.62, 11.68,
10.27, and 7.09, respectively. Three of the five obesity-related factors exhibited robust associations with
asthma in both the observational and MR analysis. In order of decreasing effect sizes in MR analysis, these
were sleep quality, SDB, and obesity, with the highest effect sizes per IQR increase, observed for sleep quality
(OR = 1.42; 95% CI, 1.06 to 1.92) and the lowest for obesity (OR = 1.08; 95% CI, 1.00 to 1.16). Moreover,
a one-IQR increase in z-BMI was also associated with a decrease in FEV1/FVC (β=-2.44, 95%CI, -4.24
to -0.65). Most of the MR sensitivity analysis results for the associations between obesity and respiratory
outcomes were consistent with the main result (Table E2).

The GRSs of four tested factors (except for sleep quality) were robustly correlated with each factor and
were associated with asthma (Table E3). Tables E4–8 reveal the associations of SNPs with the factors and
asthma. The data listed in Tables E9–13 verify that most SNPs were independent of confounders.

Prospective survival analysis

Table 3 presents the analysis of the five obesity-related factors for incident asthma at ages 12 and 17 years
in the survival model. Three of the five factors were associated with increased incident asthma risk. Among
the three risk factors, obesity presented the highest risk of incident asthma (HR: 1.28, 95% CI: 1.05 to 1.56),
followed by a 1.18-, and 1.10-fold higher risk of incident asthma per IQR increase for SDB (HR: 1.18, 95%
CI: 1.08 to 1.29), and sleep quality (HR: 1.10, 95% CI: 1.03 to 1.17), respectively. In the subgroup analysis,
SDB was associated with an increase in atopic asthma (HR: 1.50, 95% CI: 1.22 to 1.84).

Genetic risk score–predicted risks

5
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. Figure 2 displays the inherited susceptibility of each risk factor on asthma from representative GRSs. We
demonstrated the predicted prevalence of asthma for the three risk factors (obesity, SDB, and sleep quality)
corresponding to the mean GRS in each quintile. All three factors exhibited an increasing trend of predicted
prevalence of asthma following the increase in quintile. To illustrate, the predicted prevalence of asthma was
6% for those whose GRS for SDB and sleep quality was in the lowest 20% of the sample (Q1) compared with
13% for those whose GRS was in the highest 20% (Q5). However, obesity revealed a less prominent increase.
The predicted prevalence of asthma for those whose GRS for obesity in Q1 was 7%, with an increasing trend
to 11% for those with scores in Q5.

DISCUSSION

Among the five obesity-related factors examined for causality with childhood asthma, we obtained consistent
evidence that obesity, SDB, and sleep quality are observationally and genetically associated with asthma.
Prospective survival analysis also confirmed the temporal relationship. When stratified by asthma subpheno-
types, SDB was associated with atopic incident asthma. Detection and treatment of sleep-related symptoms
may reduce the risk of asthma.

In our data, poor sleep quality and SDB were the strongest risk factors contributing to asthma in the
observational and MR analyses. Their predicted prevalence of asthma was also the highest in the Q5 GRS.
Two previous prospective studies support our findings that insomnia increases the risk of asthma in adults7, 8.
Brumpton et al. reported an increased risk of asthma in those having problems initiating sleep, waking up too
early, and experiencing nonrestorative sleep8. Moreover, Lin et al. conducted a population-based study in
Taiwan and found that patients with insomnia had a 2-fold risk of having new-onset asthma during the 4-year
follow-up7. On the other hand, our study is the first to investigate this association among school-age children.
Although the prevalence of insomnia among school-age children is not high, the global pandemic of sleep loss
among children has gained the attention of public health and school officials24. According to a large-scale
meta-analysis25, European adolescents sleep for an average of 500 minutes per day, whereas Asian adolescents
sleep for only 400 minutes per day on weekdays. In our study, we used the PSQI questionnaire, representing
a combination of various components of sleep parameters, to assess sleep quality in children. Poor sleep
quality was a robust risk factor for asthma in the three models. The mechanism behind poor sleep quality
leading to asthma may be explained by the shifting of T helper (Th) cell activity toward a Th2 cytokine
profile under chronic sleep deprivation26. Moreover, protracted upregulation of inflammatory markers, such
as increased interleukin (IL)-6, was also observed among patients with poor sleep27. IL-6 production induced
by poor sleep quality might exacerbate airway hypersensitivity. Other potential mechanisms, such as poor
sleep–induced chronic inflammatory status, manifesting as increased NF-kB level28 and decreased IFN-γ29,
may also explain why poor sleep quality triggers new-onset asthma.

SDB was another strong risk factor for asthma in the present study. Although researchers have postulated
that SDB and asthma exhibit similar airway inflammation, the temporal relationship between the two remains
unclear30. The current study is the first to confirm the causal association using both MR analysis and a
prospective cohort. SDB is associated with excessive daytime sleepiness, the release of proinflammatory
cytokines, and increased leptin level, contributing to the development of asthma31. Our finding that SDB
predicts atopic incident asthma is supported by one study32 but contradicted by another related study, which
found that SDB is associated with neutrophilic airway inflammation33. Further studies are warranted to
explain relevant mechanisms linking SDB and asthma.

The strength of the current analysis centers on the use of three methods (observational, MR, prospective)
to investigate the causal associations between risk factors and asthma. Our review of the literature suggests
that no related study has employed three methods (observational, MR, and survival analysis) to investigate
modifiable obesity-related factors for childhood asthma. The unique, population-based children cohort with
prospective follow-up surveys enabled this analysis. Our study used self-reported physical activity and
sleep quality, which represents a potential limitation. However, the TCHS employed globally used validated
questionnaires to assess physical activity and sleep quality, limiting the reporting bias. Moreover, F-statistic
suggests that the GRS of sleep quality is a weak instrument, and we might be underpowered to detect
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. small-moderate effect sizes, as compared to large sample GWAS studies.

CONCLUSION

We found that obesity, SDB, and sleep quality were consistently associated with asthma in observational,
MR, and prospective survival analysis models. After a series of complementary analyses to further strengthen
the causal inference, poor sleep quality and SDB emerged as the most plausible causal risk factor, followed by
obesity. Hence, lifestyle interventions aimed at promoting high-quality sleep and reducing SDB symptoms,
such as weight management, might effectively reduce asthma risk.
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Figure Legends

Figure 1. Schematic drawing of analytical strategy

Figure 2. Predicted prevalence of asthma for the three obesity-related factors

Figure 2 footnote: GRS, genetic risk score.

Table 1. Characteristics of participants aged 12 years in the Taiwan Children Health Study

Characteristics Total Total Cohort 1 Cohort 1 Cohort 2 Cohort 2 P value§

N 7069 7069 3233 3233 3836 3836
Age (years) 12.1 0.67 12.70 0.34 11.66 0.48 <0.001
Male sex 3618 51.2% 1669 51.6% 1949 50.8% 0.51
BMI (kg/m2) 20.5 4.14 20.57 4.23 20.37 4.06 0.08
Parental education <0.001
High school or below 4110 58.1% 2085 64.5% 2025 52.8%
College or university 2520 35.7% 1026 31.7% 1494 39.0%
Postgraduate 439 6.21% 122 3.77% 317 8.26%
Family income (NT$) <0.001
<600,000 3926 55.5% 2021 62.5% 1905 49.7%
600,001–1,000,000 2143 30.3% 848 26.2% 1295 33.8%
>1,000,001 1000 14.2% 364 11.3% 636 16.6%
Physician-diagnosed asthma 611 8.64% 253 7.83% 358 9.33% 0.03
FEV1/FVC (%) 91.5 6.07 90.85 5.31 92.11 6.69 <0.001

BMI, body mass index; FEV1/FVC, forced expiratory volume in 1 s/forced vital capacity; NT$, new Taiwan
dollars.

All data are presented as means ± standard deviation or numbers (%).

The number of participants does not add up to the total number because of missing data.

§P value indicates the difference between the two cohorts.

Table 2. Observational and MR analysis of obesity-related factors in relation to asthma at age
12

Risk
factors Category

Physician-
diagnosed
asthma

Physician-
diagnosed
asthma

Physician-
diagnosed
asthma

FEV1/FVC
(%)

FEV1/FVC
(%)

FEV1/FVC
(%)

OR 95% CI 95% CI β 95% CI 95% CI
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Risk
factors Category

Physician-
diagnosed
asthma

Physician-
diagnosed
asthma

Physician-
diagnosed
asthma

FEV1/FVC
(%)

FEV1/FVC
(%)

FEV1/FVC
(%)

Obesity Observational1.26 1.07 1.47 -1.16 -1.37 -0.95
(28
SNPs, F
= 80.60)

MR
2SLS

1.08 1.00 1.16 -2.44 -4.24 -0.65

Physical
activity

Observational1.01 1.00 1.01 -0.09 -0.24 0.06

(15
SNPs, F
= 18.62)

MR
2SLS

0.91 0.82 1.00 0.77 -1.39 2.93

Cardiopulmonary
physical
fitness

Observational0.99 0.98 1.01 0.74 0.37 1.11

(13
SNPs, F
= 11.68)

MR
2SLS

0.88 0.69 1.13 4.92 -0.27 10.1

Sleep-
disordered
breath-
ing

Observational1.60 1.36 1.88 0.09 -0.27 0.45

(14
SNPs, F
= 10.27)

MR
2SLS

1.26 1.00 1.58 6.40 1.15 11.7

Sleep
quality

Observational1.01 1.00 1.01 -0.13 -0.29 0.03

(15
SNPs, F
= 7.09)

MR
2SLS

1.42 1.06 1.92 0.94 -4.82 6.70

FEV1/FVC, forced expiratory volume in 1 s/forced vital capacity; MR 2SLS, Mendelian randomization
two-stage least square; OR, odds ratio; CI, confidence interval; SNP, single-nucleotide polymorphism. Ob-
servational models were cross-sectional logistic models which were adjusted for age, sex, parental education,
and family income.

Odds ratios and beta values were estimated using the interquartile range increase of obesity-related factors.

Table 3. Hazard ratios of asthma for obesity-related factors in the longitudinal cohort

Risk
factors

Incident
asthma

Incident
asthma

Incident
asthma

Incident
atopic
asthma

Incident
atopic
asthma

Incident
atopic
asthma

Incident
nonatopic
asthma

Incident
nonatopic
asthma

Incident
nonatopic
asthma

HR 95%
CI

95%
CI

HR 95%
CI

95%
CI

HR 95%
CI

95%
CI

Obesity 1.28 1.05 1.56 0.62 0.27 1.44 1.37 0.98 1.97
Physical
activ-
ity

1.02 0.96 1.08 1.03 0.77 1.23 1.09 1.00 1.18
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Risk
factors

Incident
asthma

Incident
asthma

Incident
asthma

Incident
atopic
asthma

Incident
atopic
asthma

Incident
atopic
asthma

Incident
nonatopic
asthma

Incident
nonatopic
asthma

Incident
nonatopic
asthma

Cardiopulmonary
physi-
cal
fitness

0.88 0.73 1.04 0.90 0.52 1.54 0.75 0.52 1.08

Sleep-
disordered
breath-
ing

1.18 1.08 1.29 1.50 1.22 1.84 1.11 0.95 1.30

Sleep
qual-
ity

1.10 1.03 1.17 1.10 0.85 1.38 1.08 0.91 1.26

CI, confidence interval; HR, hazard ratio. Discrete-time hazard models were adjusted for age, sex, parental
education, and family income.

Hazard ratios were estimated using the interquartile range increase of obesity-related factors.
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