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Abstract

Background There is limited evidence regarding the modifying effects of parents’age at childbirth on the
relationship between air pollution and obesity in plateau areas. This study aimed to explore the association between
particulate matter (PM) and child obesity, specifically investigating whether parents'age at childbirth could modify
this relationship in the Tibetan plateau, China.

Methods Satellite-based random forest models were used to estimate the concentrations of PM, 5 (particulate
matter with aerodynamic diameters < 2.5 um), PM_ (particulate matter with aerodynamic diameters between 2.5 um
and 10 um), and PM, (particulate matter with aerodynamic diameters < 10 um). Linear and logistic regression models
were employed to assess associations between PM exposure and obesity indicators, and effect estimates of PM across
different particle sizes were compared.

Results The study comprised 2,015 children under five years old. Postnatal exposure to PM was positively associated
with overweight and obesity (OWO), waist-to-hip ratio (WHR) and body mass index (BMI). Among these pollutants,
PM,, exhibited the strongest association with BMI and OWO, whereas PM_ showed the strongest association with
WHR. An interquartile range (IQR) increase in PM, < (5.67 ug/m?), PM, (5.25 ug/m?), and PM, (11.06 ug/m?) was
positively associated with OWO (odd ratio [OR] for PM, s = 1.52, 95% confidence interval [Cl] for PM, s = 1.24 to 1.85;
OR for PM_ =150, 95% Cl for PM. = 1.19 to 1.88; OR for PM,,=1.56, 95% Cl for PM,,=1.25 to 1.96), respectively.
Stratified analysis by parents’age at childbirth indicated that the effects of PM on obesity indicators were more
pronounced in the advanced age group.
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Conclusions Long-term exposure to PM was positively associated with OWO, WHR, and BMI. Our findings also
underscore the importance of examining the effects of ambient PM exposure on OWO, particularly in parents of

advanced age at childbirth.

Keywords Particulate matter, Child obesity, Maternal age, Paternal age, Tibet

Background

In recent decades, there has been a notable rise in over-
weight and obesity (OWO) among children globally, pos-
ing a substantial health burden [1]. The World Health
Organization (WHO) reports a nearly threefold increase
in obesity prevalence since 1975, with an estimated
38.9 million children under five being overweight or
obese in 2020 [2]. According to the China Chronic Dis-
ease and Nutrition Surveillance survey (2015-2019), the
prevalence of OWO among children under six was 6.8%
and 3.6%, respectively [3]. Despite lower overall preva-
lence compared to adults, preschool children exhibit a
significantly accelerated rate of OWO development [4].
Obesity not only constitutes a noncommunicable dis-
ease but also serves as a modifiable risk factor for various
other conditions, such as hypertension, fatty liver dis-
ease, and myocardial infarction [5]. Furthermore, child-
hood obesity often persists into adulthood and is linked
to increased risks of type 2 diabetes, cardiovascular dis-
eases, cancer, and mental health disorders [6].

Multiple factors can influence childhood OWO,
including genetic, metabolic, dietary, behavioral and
environmental factors [7, 8]. Among these, behavioral
and environmental factors are prominent contributors
to obesity occurrence [5]. Recently, there has been an
increasing focus on the impact of air pollution and its
potential health implications, particularly its association
with obesity. Several studies have investigated the link
between air pollution and OWO [7, 9, 10]. However, sig-
nificant gaps persist in our understanding of the relation-
ship between air pollution and childhood OWO. Firstly,
most epidemiological studies have primarily focused
on school-aged children, adolescents and adults, with
limited evidence available for preschool-aged children.
Infants and young children are particularly sensitive to air
pollution due to ongoing organ development and higher
air intake per body weight, increasing their vulnerability
to air pollutants [11]. Secondly, current evidence regard-
ing the association between air pollution and OWO in
children remains ambiguous. While many studies have
reported an increased risk of childhood obesity with
higher levels of ambient air pollution exposure [4, 7],
others have found null or negative associations [12]. For
instance, research in Catalonia suggests that early-life
exposure to air pollution may slightly elevate the risk of
childhood OWO [13], whereas studies in Hong Kong
indicate a potentially protective effect of ambient air pol-
lution exposure against childhood obesity [14]. Thirdly,

the health impacts of air pollutants are influenced by
their composition. Particulate matter (PM), a major air
pollutant, varies in particle size and chemical composi-
tion across different regions and countries [15]. Most
previous studies have focused solely on participants in
plain regions, limiting our understanding of the broader
impacts of ambient air pollution on childhood OWO in
high-altitude areas.

The Qinghai-Tibet Plateau (QTP), often referred to as
“the Third Pole” and “the Roof of the World’, is character-
ized by unique geographical features, including numer-
ous areas exceeding 4,000 m in elevation. This region
experiences significantly lower temperatures compared
to its surroundings, with annual average temperatures
below 0°C. Moreover, due to its very low population den-
sity and minimal human activities, the QTP is widely
considered one of the cleanest areas globally [16]. How-
ever, despite minimal local anthropogenic emissions, the
ambient air quality in the QTP is strongly influenced by
exogenous atmospheric pollution transported from sur-
rounding regions, particularly under the influence of
monsoons and westerlies [17]. Consequently, air pollu-
tion levels over the QTP exhibit pronounced seasonal
variations, typically peaking in spring and decreasing
in summer [16]. Researchers have highlighted that the
health impacts of air pollutants are closely linked to
ambient meteorological conditions such as temperature,
altitude, and human activities. Interestingly, even at low
concentrations, these pollutants may pose significant
health risks [18]. Given the distinctive environmental and
geographical characteristics of the QTD, it is imperative
to investigate the relationship between air pollution and
childhood obesity in this region and develop targeted
policies to safeguard children’s health.

The trend of women delaying pregnancy has become
increasingly pronounced in recent years [19]. Research
indicates that advancing maternal age is associated with
adverse perinatal outcomes and childhood health issues,
including stillbirth, miscarriage, fetal growth restric-
tion (FGR), preterm birth, and malnutrition [20]. How-
ever, the relationship between maternal and paternal age
and the risk of OWO in offspring remains debatable. A
study conducted in the United States suggested that there
is a 14% increase in the risk of obesity in girls for every
five-year increase in maternal age at childbirth [21]. In
contrast, other studies have reported either a negative
correlation or no significant association between mater-
nal age and offspring OWO risk [22—24]. Furthermore,
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there is limited evidence regarding the impact of paternal
age on the development of OWO in children. Eriksen et
al. [25] observed a cohort of 346,609 children and found
an increased risk of OWO in offspring when the father’s
age at childbirth exceeded 50 years. Notably, no studies
have investigated whether parents’ age at childbirth mod-
ifies the association between air pollution and obesity
among preschoolers, particularly in high-altitude areas.

To address these gaps, our study aimed to investigate
the association between ambient PM — specifically PM, -
(particles<2.5 um in diameter), PM,, (particles<10 pum),
and PM, (particles between 2.5 and 10 pm) — and vari-
ous obesity indicators among preschool children in Tibet,
Southwest China. These indicators include Z-scores of
weight-for-height (WFH), waist-to-hip ratio (WHR),
BMI, Z-scores of BMI, and the prevalence of OWO.
Additionally, we explored whether parents’ age at child-
birth could modify the association between PM exposure
and obesity indicators. Finally, we compared the effect
estimates of PM across different particle sizes.

Methods

Study population

The detailed information regarding the study design and
participant selection has been previously described [26].
Briefly, a three-stage, stratified cluster sampling approach
was employed from July to October 2020. Initially, eight
areas (counties) in Tibet were selected based on a pro-
portional representation of altitude and population size.
Subsequently, five towns or subdistricts from each county
were chosen as primary sampling units (PSUs). Within
each of the 40 PSUs, four villages or communities were
randomly selected. The study included children aged
0-60 months and their parents residing in the selected
villages or communities, who were interviewed using
structured questionnaires. Ultimately, 2,559 children and
their parents participated in the interviews.

The exclusion criteria for this study were as follows: (1)
non-Tibetan children; (2) children with missing informa-
tion on critical variables; and (3) exclusion of children
under 12 months of age to better control for the effects
of dietary factors and feeding practices based on previous
literature [27-29]. A total of 2,015 children were included
in the final analysis, resulting in an enrollment rate of
78.7% (Figure S1).

Data collection

Data collection involved face-to-face interviews with
guardians using an electronic questionnaire and included
medical examinations. The electronic questionnaire
encompassed children’s demographic characteristics
(age, sex, low birth weight, drinking water source, annual
household income), medical history (asthma, anemia,
recent illness within the past two weeks, dental history),

Page 3 of 13

feeding practices (early initiation of breastfeeding within
one hour of birth, exclusive breastfeeding until 6 months,
continued breastfeeding at 1 year, introduction of com-
plementary foods between 6 and 8 months, dietary
diversity, meal frequency, consumption of iron-rich or
iron-fortified foods), exposure to secondary smoking,
parents’ demographics (maternal education level, mater-
nal height, maternal weight, maternal history of anemia
during pregnancy, parents’ age at childbirth), and resi-
dential address. The Global Positioning System (GPS)
was utilized to record the geographical coordinates (lati-
tude and longitude) of children’s residential addresses.

Earlier publications have provided detailed definitions
and measurements of covariates [26]. In these stud-
ies, birth weight less than 2500 g was categorized as low
birth weight. Additionally, wealth status was categorized
into five groups based on yearly family income: poor-
est, poorer, middle, richer, and richest. Water sources
were classified as either improved (such as piped water
and protected wells) or unimproved (including springs,
lakes, ponds, unprotected wells, rivers, and dams) [30].
Children were assessed for a history of asthma, anemia,
or dental caries based on diagnosed conditions. Optimal
feeding practices were evaluated using structured ques-
tionnaires according to the WHO infant and young chil-
dren feeding practice guidelines [31]. Minimum dietary
diversity was achieved if a child consumed 4 or more of
the seven food groups (including grains, roots and tubers,
legumes and nuts, dairy products, flesh foods, eggs, vita-
min-A-rich fruits and vegetables, and other fruits and
vegetables), the previous day. Adequate meal frequency
was defined as consuming meals more than 3 times a
day. Additional data collected included (i) whether the
child was breastfed within 1 h of birth, (ii) whether the
child was fed exclusively with breast milk until 6 months
of age, (iii) whether the child was given complementary
foods between 6 and 8 months of age, (iv) whether the
child was consistently breastfed until 12 months of age,
and (v) whether the child was fed an iron-rich food or
iron-fortified food on the previous day. Each item was
scored as 0 or 1, and a composite optimal feeding prac-
tice score was derived by summing these scores. Scores
were then categorized as low (<median feeding practice
scores) or high (=median feeding practice scores) based
on the median value. Further details on these scoring
methods can be found in our previously published paper
[26].

The anthropometric measurements of obesity included
children’s waist circumference (WC), hip circumfer-
ence, height, and weight. Height measurements were
taken with shoes off, in a recumbent position for children
younger than 2 years and standing for older children.
Weight was measured with bare feet and light clothing
using a weight measurement device. Waist circumference
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was measured above the navel, and hip circumference at
the widest part of the hip, both with light clothing. Each
measurement was performed three times and then aver-
aged to ensure accuracy and reliability.

Outcome assessment

OWO was the primary outcome in this study, and sec-
ondary outcomes comprised Z-scores of WFH, WHR,
BMI and Z-scores of BMI. According to the WHO
Growth Standard [32], Z-scores were calculated by divid-
ing the difference between the observed value and the
mean value of the reference population by its standard
deviation (SD). WHR was determined by dividing WC
(in cm) by hip circumference (HC in cm), and BMI was
calculated by dividing weight (kg) by height squared (m?).
Childhood OWO was defined as WFH greater than 2
SDs above the median of the WHO Child Growth Stan-
dards (Z-scores of WFH>2) [32, 33].

Air pollution exposure assessment

PM data for the study period were obtained from the
ChinaHighAirPollutants (CHAP) dataset (https://weijin
g-rs.github.io/product.html). Wei et al. [34—-36] utilized
monitoring data, satellite remote sensing, temperature,
humidity, land use information, and other spatial and
temporal predictors to predict daily concentrations of
PM,; and PM,, at a spatial resolution of 1 km x 1 km
using a space-time extremely randomized trees model.
The model demonstrated high predictive ability, with
10-fold cross-validation R? (root mean square error) val-
ues of 0.92 (10.76 pg/m®) for PM, . and 0.90 (21.12 pg/
m®) for PM,,. Individual exposure estimates of PM,
and PM,, were derived by geocoding each participant’s
residential address using GPS coordinates. Subsequently,
one-year averaged concentrations of PM,; and PM,, at
those coordinates in the year prior to the survey date
were computed for each participant as proxies for their
exposure. PM, concentrations were obtained by calculat-
ing the difference between PM,; and PM,, concentra-
tions [27, 37].

Parents’ age at childbirth assessment

Mothers of the children were categorized into two
groups based on maternal age at childbirth: < 35 years
old (younger maternal age) and =35 years old (advanced
maternal age) [38, 39]. Similarly, fathers were catego-
rized based on paternal age at childbirth into <40 years
old (younger paternal age) and =40 years old (advanced
paternal age) [40, 41].

Statistical analysis

Multivariable logistic regression models were utilized
to investigate the association between long-term expo-
sure to PM and OWO, with odds ratios (OR) and 95%
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confidence intervals (CI) reported. Multivariable linear
regression models were used to assess the effect of long-
term PM exposure on Z-scores of WFH, WHR, BMI and
Z-scores of BMI as continuous measures, with effect
estimates presented as beta (P) (coefficient of exposure
variables based on multiple linear regression models)
and 95% Cls. Additionally, natural cubic spline analysis
was applied to explore potential non-linear relationships
between ambient PM concentrations and obesity indica-
tors. Based on the previous literature, the adjusted mod-
els included the following covariates: age (<36 vs. 236),
sex (female vs. male), low birth weight (categorized as:
yes, no and not sure), asthma history (categorized as: yes,
no and not sure), anemia history (categorized as: yes, no
and not sure), history of dental caries (categorized as:
yes, no and not sure), recent illness in the last two weeks
(yes vs. no), optimal feeding scores (high scores vs. low
scores), secondary smoke exposure (yes vs. no), residence
(urban vs. rural), maternal education level (categorized
as: illiteracy, primary school, and junior high school and
above), maternal height (categorized as: <160.0, 160.0-
169.9, and >170.0), maternal weight (categorized as:
<50.0, 50.0-59.9, and >60.0), maternal anemia during
pregnancy (categorized as: yes, no and not sure), parents’
age at childbirth (childbearing age vs. advanced age),
wealth category (categorized as: poorest, poorer, middle,
richer, and richest), drinking water source (improved vs.
unimproved), relative humidity (continuous variable),
mean temperature (continuous variable), and altitude
(continuous variable). All estimations were reported per
10 pg/m® increase in PM concentrations and per inter-
quartile range (IQR) increase of PM (pg/m®). Reporting
estimations per 10 pg/m?® increase allows for comparison
of our results with those of other studies, while reporting
per IQR pg/m?® increase enables comparison of the effects
of PM across different particle sizes.

We conducted subgroup analyses stratified by chil-
dren’s age (<36 months vs. 236 months), sex (male vs.
female), wealth status (low income vs. high income), opti-
mal feeding scores (high scores vs. low scores), drinking
water source (improved vs. unimproved), maternal age
at childbirth (childbearing age vs. advanced age), and
paternal age at childbirth (childbearing age vs. advanced
age). P value for difference was calculated by Z-test to
examine the differences between subgroups. We further
calculated P value for interaction to explored interaction
between parent’s age at childbirth (binary variable) and
PM by adding interaction term into multivariable regres-
sion models.

Sensitivity analyses were performed as follows: (1) We
assessed the robustness of our findings by using average
PM concentrations over 3, 6, and 9 months before the
survey to evaluate long-term effects. (2) We examined
the association between PM exposure and OWO after
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excluding participants with a history of asthma, anemia,
and dental caries. (3) We reanalyzed the relationship
between PM exposure and OWO, considering modifica-
tions by parents’ age, using BMI Z-scores recalculated
according to the Center for Disease Control (USA) refer-
ence population [42]. This analysis was restricted to chil-
dren older than 23 months, given the age limitations of
the reference data.

All statistical analyses were conducted using R 4.1.0.
Statistical significance was defined as P<0.05. Multi-
variable logistic regression models, multivariable lin-
ear regression models, and natural cubic spline analyses
were performed using the stats and rms packages in R,
respectively.

Results

Demographic characteristics

Table 1 describes the characteristics of 2,015 children
aged 0-60 months in this study. Among them, there
were 1,814 non-OWO children and 201 OWO children,
respectively. Compared to non-OWO children, those
with OWO were more likely to be female, younger, suf-
fer from anemia, breastfed within 1 h after delivery,
given complementary foods between 6 and 8 months of
age, and consistently breastfed until 12 months. Moth-
ers of OWO children were found to have lower educa-
tion levels, shorter height, and were more likely to be of
advanced childbearing age compared to mothers of non-
OWO children. Fathers of OWO children also tended
to be of advanced childbearing age. Non-OWO children
were more likely to suffer from dental caries, have higher
dietary diversity, and have access to cleaner drinking
water sources.

Table 2 presents the one-year average concentrations
of PM, s, PM, and PM,, at the locations where the chil-
dren resided. The IQRs for PM,;, PM,, and PM,, were
5.67 pg/m® 5.25 pg/m® and 11.06 pg/m?®, respectively.
The concentrations of ambient PM exposure were higher
in OWO children compared to non-OWO children
(P<0.05).

Associations between ambient PM exposure and obesity
indicators

Table 3 presents the effect estimates and 95% CI for the
association between obesity indicators and a 10 pg/m?
increase in average one-year PM, 5, PM_ and PM,, expo-
sure according to adjusted models. Significant statisti-
cal changes were observed in WHR, BMI and OWO per
10 pg/m? increments in PM, ., PM, and PM,, concentra-
tions. For instance, each 10 pg/m?® increase in PM, ; was
associated with an increase in WHR of 0.06 (95% CI, 0.04
to 0.08), BMI of 0.51 kg/m? (95% CI, 0.14 to 0.87), and an
OR for OWO of 2.08 (95% CI, 1.46 to 2.97).
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Table 4 shows the effect estimates and 95% CI for the
association between obesity indicators and a per IQR pg/
m?® increase in average one-year PM,, PM, and PM,,
exposure according to adjusted models. Generally, PM,,
showed the largest absolute changes in BMI (p=0.38; 95%
CI, 0.13 to 0.63) and the largest OR of OWO (OR=1.56;
95% CI, 1.25 to 1.96), while PM, exhibited the largest
absolute changes in WHR (=0.08; 95% CI, 0.07 to 0.10).
The effect estimates of PM, ; on WHR ($=0.03; 95% CI,
0.02 to 0.04) and BMI (p=0.29; 95% CI, 0.08 to 0.50) were
the smallest among the three air pollutants. Similarly, the
effect estimates of PM_ on OWO (OR=1.50; 95% CI, 1.19
to 1.88) were the smallest among the three air pollutants.

We observed non-linear relationships between long-
term PM exposure and obesity indicators (Z-scores of
WFH, WHR, BMI, Z-scores of BMI, and OWO), as illus-
trated in Figure S2-S6.

Stratified analyses

The stratified analyses by parents’ age at childbirth for
PM, 5, PM_ and PM,, exposure are presented in Tables 5
and 6, respectively. Overall, a stronger effect of ambi-
ent PM was observed in the advanced age group. For
Z-scores of WFH, WHR, BMI, Z-scores of BMI, and
OWO, the associations were more pronounced in the
advanced maternal age group compared to the childbear-
ing maternal group, with significant differences in effect
estimates between the two groups. Similarly, the strati-
fied analyses by paternal age at childbirth showed compa-
rable results. For instance, the association between OWO
and a 10 pg/m? increase in PM, ; was significantly higher
among the advanced paternal age group (OR=3.52; 95%
CI, 2.92 to 4.24) than the childbearing paternal group
(OR=1.74; 95% CI, 1.15 to 2.62).

Tables S1 to S5 (supplementary material) present the
results of stratification analyses excluding parents’ age at
childbirth. Greater effects of PM, 5 on Z-scores of WFH,
WHR, BMI and Z-scores of BMI were observed in chil-
dren from households with high income and high feed-
ing scores. Similar effects were also observed for PM,
and PM,,. However, for OWO, the differences in effect
estimates between different groups were not statistically
significant.

Interaction between parent’s age at childbirth and PM

Table 7 presents the results of interaction analyses
between PM exposure and parent’s age at childbirth on
obesity indicators. Significant interactions were observed
between PM exposure and maternal age group for all
obesity indicators. For instance, the interaction effect
values between PM, ; and maternal age group were 0.04
(95% CI, 0.01 to 0.07) for WHR, 1.61 (95% CI, 0.91 to
2.31) for BMI, 1.43 (95% CI, 1.01 to 1.85) for Z-scores of
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Table 1 Basic characteristics of study participants
Variables Total Non-OWO owo Pvalue
Sample sizes N=2,015 N=1,814 N=201
Sex, n (%)
Female 1,057 (52.5%) 927 (51.1%) 130 (64.7%) <0.001
Male 958 (47.5%) 887 (48.9%) 71 (35.3%)
Age, months, n (%)
<36 963 (47.79%) 850 (46.9%) 113 (56.2%) 0014
>36 1,052 (52.21%) 964 (53.1%) 88 (43.8%)
Low birth weight, n (%)
Yes 123 (6.1%) 111 (6.1%) 12 (6.0%) 0.860
No 1,701 (84.4%) 1,533 (84.5%) 168 (83.6%)
Not sure 191 (9.5%) 170 (9.4%) 21 (10.4%)
Asthma history, n (%)
Yes 26 (1.3%) 24 (1.3%) 2 (1.0%) 0.110
No 1,835 (91.1%) 1,659 (91.5%) 176 (87.6%)
Not sure 154 (7.6%) 131 (7.2%) 23 (11.4%)
Anemia history, n (%)
Yes 39 (1.9%) 35 (1.9%) 4(2.0%) 0.020
No 1,826 (90.6%) 1,654 (91.2%) 172 (85.6%)
Not sure 150 (7.4%) 125 (6.9%) 25 (12.4%)
Suffering from dental caries, n (%)
Yes 96 (4.8%) 89 (4.9%) 7 (3.5%) 0.010
No 1,806 (89.6%) 1,633 (90.0%) 173 (86.1%)
Not sure 113 (5.6%) 92 (5.1%) 21 (10.4%)
Being ill for the last two weeks, n (%)
Yes 229 (11.4%) 202 (11.1%) 27 (13.4%) 0420
No 1,786 (88.6%) 1,612 (88.9%) 174 (86.6%)
Child breastfed within 1 h after delivery, n (%)
Yes 184 (9.1%) 162 (8.9%) 22 (10.9%) 0.008
No 732 (36.3%) 642 (35.4%) 90 (44.8%)
Not sure 1,099 (54.5%) 1,010 (55.7%) 89 (44.3%)
Exclusive breast feeding until 6 months, n (%)
Yes 810 (40.2%) 728 (40.1%) 82 (40.8%) 0.220
No 1,180 (58.6%) 1,066 (58.8%) 114 (56.7%)
Not sure 25 (1.2%) 20 (1.1%) 5(2.5%)
Child given complementary foods between 6 and 8 months of age, n (%)
Yes 564 (28.0%) 506 (27.9%) 58 (28.9%) 0.021
No 1,395 (69.2%) 1,264 (69.7%) 131 (65.2%)
Not sure 56 (2.8%) 44 (2.4%) 12 (6.0%)
Child consistently breastfed until 12 months, n (%)
Yes 1,140 (56.6%) 1,009 (55.6%) 131 (65.2%) 0.011
No 875 (43.4%) 805 (44.4%) 70 (34.8%)
Dietary diversity, n (%)
<4 427 (21.2%) 368 (20.3%) 59 (29.4%) 0.005
>4 1,588 (78.8%) 1,446 (79.7%) 142 (70.6%)
Fe-rich or Fe-fortified food, n (%)
Yes 106 (5.3%) 97 (5.3%) 9 (4.5%) 0.740
No 1,909 (94.7%) 1,717 (94.7%) 192 (95.5%)
Meal frequency, times, n (%)
<3 1,965 (97.5%) 1,770 (97.6%) 195 (97.0%) 0.630
>3 50 (2.5%) 44 (2.4%) 6 (3.0%)
Secondary smoke, n (%)
Yes 506 (25.1%) 462 (25.5%) 44 (21.9%) 0.300

No 1,509 (74.9%)

1,352 (74.5%)

157 (78.1%)
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Table 1 (continued)
Variables Total Non-OWO owo Pvalue
Maternal education level, n (%)
llliteracy 1,035 (51.4%) 907 (50.0%) 128 (63.7%) <0.001
Primary school 344 (17.1%) 309 (17.0%) 35(17.4%)
Junior high school and above 636 (31.6%) 598(33.0%) 38(18.9%)
Maternal height, cm, n (%)
<160.0 586 (29.1%) 512 (28.2%) 74 (36.8%) 0.040
160.0~169.9 1,329 (66.0%) 1,212 (66.8%) 117 (58.2%)
>1700 100 (5.0%) 90 (5.0%) 10 (5.0%)
Maternal weight, kg, n (%)
<500 407 (20.2%) 365 (20.1%) 42 (20.9%) 0.920
50.0~599 1,054 (52.3%) 948 (52.3%) 106 (52.7%)
>60.0 554 (27.5%) 501 (27.6%) 53 (26.4%)
Mother suffering from anemia during pregnancy, n (%)
Yes 191 (9.5%) 171 (9.4%) 20 (10.0%) 0.630
No 1,532 (76.0%) 1,384 (76.3%) 148 (73.6%)
Not sure 292 (14.5%) 259 (14.3%) 33 (16.4%)
Wealth status
Poorest 360 (17.9%) 324 (17.9%) 36 (17.8%) 0.270
Poorer 861 (42.7%) 63 (42.1%) 98 (48.8%)
Middle 456 (22.6%) 415 (22.8%) 41 (20.4%)
Richer 37 (6.8%) 24 (6.8%) 13 (6.5%)
Richest 201 (10.0%) 188 (10.4%) 13 (6.5%)
Drinking water source
Improved 1,455 (72.2%) 1,335 (73.6%) 120 (59.7%) <0.001
Unimproved 560 (27.8%) 479 (26.4%) 81 (40.3%)
Maternal age
Childbearing age 1,785 (88.6%) 1,651 (91.0%) 134 (66.7%) <0.001
Advanced age 230 (11.4%) 163 (9.0%) 67 (33.3%)
Paternal age
Childbearing age 1,861 (92.4%) 1,713 (94.4%) 148 (73.6%) <0.001

Advanced age

154 (7.6%)

101 (5.6%)

53 (26.4%)

Notes: OWO, overweight and obesity

Table 2 Descriptive one-year average concentrations of PM by

Table 3 Associations of obesity indicators with per 10 ug/m?

residence increase of ambient air pollution

Variables Total owo? Non-OWO  Pvalue - PM, 5 PM_ PM,,
(n=2,015) (n=201) (n=1,814) Main analysis®  B(95%Cl) B(95%Cl) B(95%Cl)
Median Median Median Z-scores of WFH  -0.02 (-0.39,0.34) -0.16 (-0.61,0.30) -0.05 (-0.27,0.18)
(25%, 75%)  (25%, 75%)  (25%, 75%) WHR 0.06 (0.04,008)  0.16(0.14,0.18)  0.06 (0.05, 0.07)

3
PM, 5 (ug/m?) *]21‘5189 . 116{1?0 e 112]‘7200 1650 <0.001 BMI 051(0.14,087) 059 (0.14,105) 034 (0.11,057)
M. (/) 2556' 86) (16'50' 60 25'90’ 80 0001 Z-scores of BMI® 0.10 (-0.12,0.32)  0.15 (-0.12,0.43)  0.08 (-0.06, 0.21)
< (Mg/m . . . . ) o o o
PM,, (ug/m3) 2843 33.90 27.50 <0.001 08(146,297) 2150140332 1.50(1.22,183)

(25.01,36.07)  (25.40,36.70)  (25.00, 35.50)
Notes: PM, particulate matter; PM, 5, particulate matter with an aerodynamic
diameter of 2.5 pm; PM,, particulate matter with an aerodynamic diameter of
2.5 to 10 um, PM,, particulate matter with an aerodynamic diameter of 10 um;
OWO, overweight and obesity

20OWO: Z-scores of weight-for-height>2

Notes: PM, 5, particulate matter with an aerodynamic diameter of 2.5 um;
PM,, particulate matter with an aerodynamic diameter of 2.5 to 10 um; PM,
particulate matter with an aerodynamic diameter of 10 um; WFH, weight-for-
height; WHR, waist-to-hip ratio; BMI, body mass index; OWO, overweight and
obesity

2Main analysis: adjusted for age, sex, low birth weight, asthma history, anemia
history, history of dental caries, being ill for the last two weeks, optimal feeding
scores, secondary smoke, residence, maternal education level, maternal height,
maternal weight, mother suffering from anemia during pregnancy, wealth
category, drinking water source, relative humidity, mean temperature, altitude,
maternal age and paternal age

bZ-scores of BMI: calculated according to WHO reference population
“OWO: Z-scores of WFH>2
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Table 4 Associations of obesity indicators with per IQR pg/m? increase of ambient air pollution
PM, 5 PM, PM,,
(IQR=5.67 pg/m?3) (IQR=5.25 ug/m3) (IQR=11.06 pg/m?3)
Main analysis® B(95%Cl) B(95%Cl) B(95%Cl)
Z-scores of WFH -0.01 (-0.22,0.19) -0.08 (-0.32,0.16) -0.05 (-0.30, 0.20)
WHR 0.03 (0.02,0.04) 0.08 (0.07,0.10) 0.07 (0.06, 0.08)
BMI 0.29 (0.08, 0.50) 0.31(0.07,0.55) 0.38(0.13,0.63)
Z-scores of BMIP 0.06 (-0.07,0.18) 0.08 (-0.06,0.23) 0.08 (-0.07,0.24)
OR(95%Cl) OR(95%Cl) OR(95%Cl)
OWO* 1.52(1.24, 1.85) 1.50(1.19, 1.88) 1.56 (1.25, 1.96)

Notes: PM, s, particulate matter with an aerodynamic diameter of 2.5 pm; PM,, particulate matter with an aerodynamic diameter of 2.5 to 10 um; PM,,, particulate
matter with an aerodynamic diameter of 10 pm; WFH, weight-for-height; WHR, waist-to-hip ratio; BMI, body mass index; OWO, overweight and obesity

@Main analysis: adjusted for age, sex, low birth weight, asthma history, anemia history, history of dental caries, being ill for the last two weeks, optimal feeding
scores, secondary smoke, residence, maternal education level, maternal height, maternal weight, mother suffering from anemia during pregnancy, wealth category,
drinking water source, relative humidity, mean temperature, altitude, maternal age and paternal age

bZ-scores of BMI: calculated according to WHO reference population.
‘OWO: Z-scores of WFH>2

Table 5 Associations between PM exposure and obesity indicators stratified by maternal age at childbirth

- PM, 5 PM, PM,,

- Childbearing  Advanced P for Childbearing Advanced P for Childbearing Advanced P for dif-
age age difference age age difference age age ference

Main analysis® B(95%Cl) - B(95%Cl) - B(95%Cl) -

Z-scores of WFH -0.35 -0.08 <0.001 -0.35 -0.21 <0.001 -0.19 -0.08 <0.001
(-0.58,-0.12) (-0.66, 0.50) (-0.60,-0.11) (-0.83,041) (-0.31,-0.07) (-0.39,0.23)

WHR 0.00 0.04 <0.001 0.00 0.08 <0.001 0.00 0.03 <0.001
(-0.04,0.03) (0.03,0.05) (-0.03,0.03) (0.07,0.09) (-0.02,0.02) (0.03,0.04)

BMI 0.13 1.83 <0.001 038 1.70 <0.001 0.13 0.96 <0.001
(-0.09, 0.36) (1.18,2.49) (0.13,0.63) (0.98,242) (0.01,0.26) (0.60,1.31)

Z-scores of BMI® -0.04 141 <0.001 0.02 1.62 <0.001 0.00 0.81 <0.001
(-0.17,0.10) (1.03,1.78) (-0.13,0.17) (1.23,2.01) (-0.08,0.07) (0.62,1.01)
OR(95%Cl) - OR(95%Cl) - OR(95%Cl) -

OowWo* 1.63 3.39 0.002 1.42 442 <0.001 1.26 322 0.001
(1.06,2.51) (2.23,5.15) (0.86, 2.34) (4.00,4.88) (0.99, 1.60) (2.00,5.17)

Notes: PM, particulate matter; PM, 5, particulate matter with an aerodynamic diameter of 2.5 um; PM,, particulate matter with an aerodynamic diameter of 2.5 to
10 pm, PM,, particulate matter with an aerodynamic diameter of 10 um; WFH, weight-for-height; WHR, waist-to-hip ratio; BMI, body mass index; OWO, overweight
and obesity

?Main analysis: adjusted for age, sex, low birth weight, asthma history, anemia history, history of dental caries, being ill for the last two weeks, optimal feeding
scores, secondary smoke, residence, maternal education level, maternal height, maternal weight, mother suffering from anemia during pregnancy, wealth category,
drinking water source, relative humidity, mean temperature, altitude, and paternal age

bZ-scores of BMI: calculated according to WHO reference population

“OWO: Z-scores of WFH>2

BMI, and 2.65 (95% CI, 1.78 to 3.95) for OWO. Similar  durations. Tables S8 to S9 demonstrate that our results

findings were observed for the paternal age group.

Sensitivity analyses

Tables S6 to S7 show comparable effect estimates for
obesity indicators using average ambient PM concentra-
tions from different exposure periods. For example, a
10 pg/m?® increase in PM, ; over a nine-month average
concentration was associated with the following changes:
a B of 0.02 (95% CI, -0.40 to 0.45) for Z-scores of WFH,
a B of 0.07 (95% CI, 0.05 to 0.09) for WHR, a  of 0.66
(95% CI, 0.23 to 1.08) for BMIL a 3 of 0.15 (95% CI, -0.11
to 0.41) for Z-scores of BMI, and an OR of 2.44 (95%
CI, 1.60 to 3.73) for OWO. These findings underscore
the robustness of our results across varying exposure

on the association between PM exposure and obesity
indicators remained consistent after adjusting for three
preexisting diseases (asthma, anemia, and dental caries).
Tables S10 to S14 indicate that when redefining OWO
and recalculating Z-scores of BMI according to the Cen-
ter for Disease Control and Prevention (USA) reference
population, similar results were observed. Specifically,
ambient PM exposure was significantly associated with
obesity indicators, and there was a notable interaction
between PM exposure and maternal or paternal age on
these indicators.
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Table 6 Associations between PM exposure and obesity indicators stratified by paternal age at childbirth

- PM, 5 PM, PM,,

Main analysis® Childbearing Advanced P valuefor Childbear- Advanced P valuefor Childbear- Advanced P value for
age age difference ing age age difference ing age age difference
B(95%Cl) - B(95%Cl) - B(95%Cl) -

Z-scoresof WFH ~ -0.38 0.15 <0.001 -0.38 0.06 <0.001 -0.20 0.06 <0.001
(-0.60,-0.16) (-0.57,0.88) (-062,-0.13)  (-0.66, 0.78) (-0.32,-0.08)  (-0.32,043)

WHR -0.02 0.04 <0.001 -0.01 0.08 <0.001 -0.01 0.03 <0.001
(-0.04,0.01) (0.03,0.05) (-0.04,0.01) (0.07,0.09) (-0.02, 0.00) (0.03,0.04)

BMI 0.19 1.99 <0.001 044 1.77 <0.001 0.16 1.00 <0.001
(-0.04,041) (1.21,2.77) (0.19,0.69) (0.98, 2.56) (0.04,0.29) (0.60, 1.40)

Z-scores of BMI®  0.00 1.53 <0.001 0.07 1.59 <0.001 0.02 0.83 <0.001
(-0.14,0.13) (1.05,2.01) (-0.07,0.22) (1.12,2.07) (-0.06,0.09) (0.58,1.07)
OR(95%Cl) - OR(95%Cl) - OR(95%Cl) -

OWO* 1.74 3.52 0.001 1.57 365 0.002 132 2.65 0.001
(1.15,2.62) (292,4.24) (0.96, 2.55) (2.62,5.08) (1.04,1.66) (2.05,343)

Notes: PM, particulate matter; PM, 5, particulate matter with an aerodynamic diameter of 2.5 um; PM,, particulate matter with an aerodynamic diameter of 2.5 to
10 pm, PM,, particulate matter with an aerodynamic diameter of 10 um; WFH, weight-for-height; WHR, waist-to-hip ratio; BMI, body mass index; OWO, overweight
and obesity

?Main analysis: adjusted for age, sex, low birth weight, asthma history, anemia history, history of dental caries, being ill for the last two weeks, optimal feeding
scores, secondary smoke, residence, maternal education level, maternal height, maternal weight, mother suffering from anemia during pregnancy, wealth category,
drinking water source, relative humidity, mean temperature, altitude, and maternal age

bZ-scores of BMI: calculated according to WHO reference population
“OWO: Z-scores of WFH>2

Table 7 The interaction between age and PM exposure on obesity indicators

Main analysis® PM, 5 PM, PM,,

Maternal age*PM

- Bint(95%Cl) P value for interaction f3;,,(95%Cl) P value for interaction f;,,(95%Cl) P value for interaction
Z-scores of WFH  0.33(-0.37,1.04)  0.351 0.14(-0.62,090) 0.717 0.13(-0.25,051) 0497

WHR 0.04(0.07,0.01) 0.018 0.07(0.11,0.04)  <0.001 0.03(0.05,0.01)  0.001

BMI 1.61(091,231)  <0.001 1.16(0.40,1.92)  0.003 0.76(0.38,1.14)  <0.001

Z-scores of BMIP 1.43(1.01,1.85)  <0.001 1.54(1.08,1.99)  <0.001 0.80(0.57,1.03)  <0.001

- OR;1(95%Cl) P value forinteraction OR;,(95%Cl) P value forinteraction OR;,(95%Cl) P value for interaction
owo* 265(1.78,3.95)  0.002 297(152,580) <0.001 2.55(1.50,4.34)  0.001

Paternal age*PM

- Bint(95%Cl) P value for interaction  f;,,(95%Cl) P value for interaction  f;,,(95%Cl) P value for interaction
Z-scores of WFH  0.50(-0.37,1.38)  0.260 0.35(-053,1.22) 0440 022(-0.23,068) 0.330

WHR 0.05(0.09,0.01) 0.016 0.09(0.12,0.05)  <0.001 0.03(0.05,0.01)  0.001

BMI 1.86(0.98,2.74)  <0.001 1.31(043,2.19)  0.004 0.84(0.39,1.30)  <0.001

Z-scores of BMIP  1.54(1.01,2.07)  <0.001 1.48(0.95,2.01)  <0.001 0.80(0.53,1.08)  <0.001

- OR;1(95%Cl) P value forinteraction OR;,(95%Cl) P value forinteraction OR;,(95%Cl) P value for interaction
owo* 3.10(2.09,4.60)  0.001 346(2.1,5.70)  0.002 2.77(149,5.14)  0.001

Notes: PM, particulate matter; PM, 5, particulate matter with an aerodynamic diameter of 2.5 um; PM,, particulate matter with an aerodynamic diameter of 2.5 to
10 pm, PM,, particulate matter with an aerodynamic diameter of 10 um; WFH, weight-for-height; WHR, waist-to-hip ratio; BMI, body mass index; OWO, overweight
and obesity

2Main analysis: adjusted for age, sex, low birth weight, asthma history, anemia history, history of dental caries, being ill for the last two weeks, optimal feeding
scores, secondary smoke, residence, maternal education level, maternal height, maternal weight, mother suffering from anemia during pregnancy, wealth category,
drinking water source, relative humidity, mean temperature, altitude, maternal age and paternal age

bZ-scores of BMI: calculated according to WHO reference population
‘OWO: Z-scores of WFH>2

Discussion
This study found significant correlations between

changes in BMI and OR of OWO, while PM_ was associ-
ated with the most significant absolute changes in WHR.

increases in ambient PM, ;, PM, and PM,, and enhance-
ments in WHR, BMI, and OWO among children under
5 years old residing in high-altitude areas of China. Spe-
cifically, PM,, showed the most substantial absolute

A more pronounced impact of ambient PM, ;, PM_ and
PM,, on obesity indicators was observed in mothers
aged>35 years and fathers aged>40 years compared
to younger parents. Demographic and socio-economic
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factors appeared to influence the relationship between
PM exposure and obesity indicators in children, with the
exception of OWO. These findings highlight the poten-
tial of PM control as a policy-level intervention for early
prevention of childhood OWO in high-altitude regions,
particularly among children of older parents.

A previous review established that exposure to air
pollution contributes to an increased risk of childhood
obesity [43]. Our study similarly found that elevated lev-
els of PM were positively associated with OWO among
children residing in high-altitude areas, consistent with
findings from studies in Spain [44], Korea [45], and low-
altitude regions of China [46, 47]. Specifically, the OR
for the risk of weight gain or obesity due to PM, ; expo-
sure in Asia was 1.11, while data on the effects of PM,,
in Asia remains limited [43]. Our study contributes
uniquely to the Asian region by identifying the impact
of PM on childhood obesity in high-altitude areas, par-
ticularly highlighting the influence of PM, . Interestingly,
we observed heterogeneity in the effects of different pol-
lutants on various obesity indicators. PM,,, for instance,
showed the most significant absolute changes in BMI
and OWO, whereas PM_ (specify the composition of
PM,) was associated with the largest absolute changes
in WHR. These findings contrast with previous stud-
ies focusing on PM’s impact on lung health, such as one
study suggesting that PM; had greater effects on children
relative to PM, ; and PM,,, varying by sex, age, and sea-
son [48]. This highlights the need to consider both the
health and economic impacts of different diseases when
prioritizing PM control strategies based on particle size.
Further, population-based studies and empirical evidence
are necessary to validate the impact of air pollution on
different obesity indicators.

An important finding of our study is the modify-
ing effect of parental age on the association between
PM exposure and childhood obesity. A previous study
involving 6,693 pregnant women compared childbear-
ing age groups with advanced age groups and found
that PM,, exposure was significantly associated with an
increased risk of preterm birth only in the advanced age
group during pregnancy, with this association modified
by advanced maternal age [49]. In contrast to this previ-
ous focus solely on maternal age [49], our study identi-
fied that paternal childbearing age may also interact with
PM exposure, showing stronger impacts on obesity indi-
cators in the advanced maternal age group compared to
the childbearing maternal group. Theoretically, an age-
related increase in susceptibility to the negative effects
of PM exposure may explain this stronger association in
older mothers [48]. Younger mothers may have higher
detoxification and excretion capacities for toxic com-
pounds compared to older women. Specifically, hypoxia
or toxic components in air pollution may directly affect
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maternal health [50, 51], and such physiological mecha-
nisms may be more pronounced in older women due
to vasoconstriction in umbilical arteries [52, 53]. Our
findings suggest that policies promoting childbearing at
younger ages may mitigate the health impacts of PM on
offspring. However, research on the modifying effects of
parental age at birth in the association between air pol-
lution and child health outcomes is limited, necessitating
cross-regional studies with large samples.

Several other modifiers warrant further discussion
from our study. Firstly, we identified differences in the
associations between PM exposure and obesity indi-
cators across sex and age groups. Specifically, males
and younger individuals showed greater susceptibility
to the association between air pollution and BMI and
its Z-scores compared to their counterparts, whereas
females and older individuals were more affected in
terms of WHR and Z-scores of WFH. These findings
suggest that considering subtypes of obesity rather than
relying solely on BMI may be crucial in identifying vul-
nerable populations. Unexpectedly, our study also found
a stronger effect of PM,; on Z-scores of WFH, WHR,
BMI, and BMI Z-scores in children from households
with high income and high feeding scores compared to
those from lower-income households with lower feed-
ing scores. These findings contradict previous research
suggesting that better economic and dietary conditions
may mitigate the impact of air pollution on obesity [13,
54]. The relatively unique lifestyle, including dietary pat-
terns with high sodium intake, among the indigenous
population at our study site may contribute to increased
vulnerability to childhood weight gain and obesity [55].
Therefore, our findings suggest that interventions target-
ing PM-related childhood obesity should prioritize chil-
dren from wealthier families.

Existing studies suggest that the association between
air pollution and childhood OWO can be attributed to
two primary mechanisms. The first involves biological
pathways, including oxidative stress, systemic inflamma-
tion, hypothalamic-pituitary-adrenal axis dysregulation,
and epigenetic modifications [56]. For instance, a study
in Mexico City demonstrated variations in leptin, endo-
thelin-1, glucagon-like peptide-1, ghrelin, and glucagon
levels between children exposed to PM and those who
were not exposed [54]. Experimental studies have also
shown that PM exposure may disrupt metabolic regula-
tion and contribute to weight gain through inflamma-
tion, oxidative stress, and hormonal disruptions [57, 58].
The second mechanism involves behavioral factors. Sev-
eral studies indicate that air pollution is associated with
reduced physical activity levels, potentially leading to
increased sedentary behaviors and childhood obesity [59,
60]. However, some studies have reported non-significant
associations [12, 56, 59]. For example, research in Italy
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found no significant association between pollutant expo-
sure and obesity [12], while a study in Korea reported a
negative association with weight in children aged 12-60
months [56]. These discrepancies may be influenced by
factors such as sample size, overall pollutant concentra-
tions, and characteristics of the study population.

To the best of our knowledge, this study is among the
few that specifically investigate the impact of air pollution
on preschool obesity in high-altitude areas of Asia, offer-
ing several strengths. Firstly, our study comprehensively
assessed a range of obesity-related indicators, including
WHR and z-scores of WFH, providing a detailed under-
standing of how these indicators are influenced by air
pollution. Secondly, we explored the effect modification
of parental age at birth, a factor seldom studied in this
context. Thirdly, we analyzed the non-linear relationship
between PM exposure and obesity indicators, identify-
ing potential thresholds of greatest risk and informing
timely intervention strategies. Lastly, we conducted rig-
orous sensitivity analyses, examining the impact of differ-
ent study years and excluding specific cases, to ensure the
robustness and stability of our findings.

However, several limitations should be acknowledged.
Firstly, due to the inherent constraints of cross-sectional
studies, establishing the chronological order between
exposure to PM and the onset of childhood obesity is not
possible. Therefore, caution is warranted in concluding
that PM exposure is positively associated with childhood
obesity. Future longitudinal or quasi-experimental stud-
ies are essential to provide stronger evidence and estab-
lish causal links. Secondly, our study was unable to adjust
for all potential confounding factors. For example, while
we assessed optimal feeding scores based on breast-
feeding and food consumption frequency, we did not
account for specific food or breast milk intake. Addition-
ally, important mediators such as physical activity and
methylation status were not measured and, therefore, not
included in our analysis. Moreover, due to data limita-
tions, we were unable to adjust for maternal gestational
hypertension, diabetes variables, and indoor air pollu-
tion, which could potentially impact childhood obesity
outcomes. Nonetheless, we conducted sensitivity analy-
ses, including E-value calculations (Table S15), which
suggested that our results are relatively robust despite
these limitations. Thirdly, PM exposure measurements
were based on participants’ residential addresses, with-
out accounting for potential exposure variations during
outdoor activities or mobility across areas with different
pollution levels. Lastly, our study was conducted specifi-
cally in Chinese high-altitude areas, and therefore, the
generalizability of our findings to high-altitude regions in
Western countries may be limited.
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Conclusion

In conclusion, our study demonstrates that ambient PM
exposure is positively associated with OWO, WHR, and
BMI, with these associations further modified by parents’
age at childbirth. These findings highlight the potential
of PM control as a policy-level intervention for early
prevention of childhood OWO, particularly in high-
altitude areas. Targeting interventions toward parents of
advanced childbearing age could substantially contribute
to creating health-promoting environments.
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