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e Paternal running and ball
sports before pregnancy
was related with reduced
childhood wheeze risk

e Maternal preconceptional
nigh walking and exercise
were related with reduced
childhood asthma risk

e Maternal long duration of
meditation in utero was
associated with increased
childhood wheeze risk

e Childhood exercise in long

The combined effects of early-life exercise and air pollution on childhood
asthma and wheeze remain unclear, particularly during and after the COVID-19
epidemic. We aim to examine the joint impacts of paternal, maternal, and childhood
exercise habits and air pollutant exposures on asthma and wheeze in children. We
analyzed 20,730 valid questionnaires from five Chinese cities (2022-2023), covering
individual characteristics, health outcomes, and household environments. Multilevel
(city-family) logistic regression assessed the associations of paternal
(preconceptional), maternal (preconceptional and prenatal), and childhood
(postnatal) exercise, along with early-life air pollution exposure, with childhood
asthma and wheeze. We found that paternal running and ball sports before
conception reduced offspring’s wheeze risk (OR [95% CI] = 0.70 [0.54-0.91] and 0.47
[0.23-0.97]). Maternal walking before pregnancy was linked to reduced asthma risk
(0.37 [0.16-0.85]); however, maternal daytime exercise and prolonged meditation
increased asthma/wheeze risk, while exercise during periods typically characterized
by lower pollution levels (such as afternoon and nighttime in our study setting) was
associated with reduced risk. Childhood exercise decreased asthma and wheeze risk
(0.29 [0.14-0.63] and 0.57 [0.36-0.90]), especially when performed longer and during
the day. Exposure to PM2s-10 in the first trimester and PMzs in the second trimester
were associated with asthma, while exposure to NO2z before pregnancy and PMio in the
third trimester were associated with wheeze. Particulate matter exposure modified the
effects of parental and childhood exercise, suggesting a potential “exercise-pollution
interaction”. This study indicates that exercise habits across preconceptional, prenatal,
and postnatal periods, combined with air pollution exposures, independently and
interactively may influence childhood asthma and wheeze.
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Asthma and wheeze are among the most common
respiratory conditions in children worldwide, and their
rising incidence has become a major public health
challenge. Globally, the number of asthma cases increased
from 226.9 million in 1990 to 262.4 million in 2019,
accompanied by a disease burden of 21.6 million
disability-adjusted life years (DALYs) [1,2]. In China, the
prevalence of asthma among children aged 3 to 6 years
has reached 7.4% [3]. Wheeze, a hallmark clinical
manifestation of asthma, is strongly associated with the
progression of childhood asthma. Clinical observations
suggest that while mild wheezing in infancy often resolves
spontaneously, persistent or worsening symptoms
markedly increase the risk of developing asthma [4,5].
Identifying risk factors for childhood wheeze and asthma,
especially during the COVID-19 epidemic and post-
pandemic era, is therefore crucial for early prevention and
public health planning,

With rapid urbanization, children face increasing
exposure to air pollutants and reduced opportunities for
physical activity—both key determinants of respiratory
health. Globally, 80-90% of adolescents aged 11-17 years
are insufficiently active, and increasing physical activity
by 10-25% could prevent 533,000-1.3 million deaths
annually. Eliminating physical inactivity could even
increase global life expectancy by 0.68 years [6,7]. While
exercise is known to improve cardiovascular and
pulmonary function and alleviate asthma symptoms, it
also increases respiratory ventilation, thereby elevating
pollutant inhalation during outdoor activities [8,9]. Some
studies indicate that insufficient physical activity
increases the risk of new-onset asthma in children [10],
whereas others highlight that asthma symptoms, such as
exercise-induced bronchoconstriction, may discourage
physical activity [11]. Thus, the relationship between
physical activity and childhood asthma or wheeze
remains complex and poorly understood, particularly in
the context of the COVID-19 pandemic and the post-
pandemic era.

A wealth of evidence has established that early-life
exposure to air pollution contributes to childhood asthma
[12-15]. For example, prenatal exposure to PMzs during
mid-pregnancy has been linked to asthma development in
boys by age 6 [13]. PM1o, a heterogeneous mixture of
particulate matter, is known to exacerbate asthma in
children [14], while prenatal exposure to ozone (O3)
during early gestation—especially the third month—has
been identified as a critical window for asthma risk [15].
Air pollutants, such as NOz and SOz from traffic and
industrial sources, have also been associated with
childhood asthma and wheeze [16-18]. However, the
impact of preconceptional and prenatal exposures to
different pollutants on asthma and wheeze, particularly

during the COVID-19 epidemic and post-pandemic era,
remains inconclusive.

Although numerous studies have examined the
health impacts of outdoor air pollution and physical
activity, their combined effects remain unclear. On one
hand, exercise during periods of high air pollution may
increase pollutant deposition in the lungs due to elevated
ventilation [19]. Both acute and chronic exposures to
PM:zs and Os during exercise have been shown to impair
lung function and promote pulmonary inflammation [20].
A U.S. cohort study reported that in communities with
high Oslevels, children engaged in three or more sports had
a 3.3-fold increased risk of developing asthma compared to
those not participating in sports [21]. On the other hand,
other studies have suggested that the protective health
effects of exercise are not entirely negated by pollution
exposure [22,23]. Whether there is an interaction between
early-life physical activity and air pollution on childhood
asthma and wheeze remains unknown.

To address this knowledge gap, we conducted a
retrospective cohort study of father-mother-child triads
in five Chinese cities. We aimed to systematically evaluate
the independent and interactive effects of
preconceptional, prenatal, and postnatal physical activity
of parents and offspring, together with air pollutant
exposures, on the occurrence of childhood asthma and
wheeze during the COVID-19 epidemic and post-
pandemic period.

We conducted a retrospective cohort study of father-
mother-child triads during the COVID-19 pandemic and
post-pandemic period (2022-2023) in five Chinese cities:
Liangshan Autonomous Prefecture (n = 3660), Zhangjiajie
(n = 471), Xiangxi Autonomous Prefecture (n = 1584),
Changsha (n = 13,656), and Loudi (n = 801) (Figure 1)
[24,25]. A large-scale questionnaire survey was
administered to 20,730 participants, and written
informed consent was obtained from all participating
families. Participation was voluntary, and all collected data
were anonymized prior to analysis. Ethics approval was
granted by the Ethics Committee of Central South University
(CSU-IRB No.: XYGW-2022-91; 21 November 2022).

The questionnaire was adapted from the
International Study of Asthma and Allergies in Childhood
(ISAAC) and the Swedish Buildings and Health (DBH)
questionnaire. It collected information on children’s
health outcomes, exercise habits, personal and household
environmental factors, and lifestyle characteristics of the
father-mother-child triads and their family members.
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Figure 1. Geographic distribution of 6724 home addresses, 25 ambient air quality monitoring stations (Liangshan: 4, Zhangjiajie:

4, Xiangxi: 3, Changsha: 10, Loudi: 4), and 44 meteorological monitoring stations (Liangshan: 17, Zhangjiajie: 4, Xiangxi: 8,

Changsha: 10, Loudi: 5) across five study cities.

To ensure data reliability, we provided systematic
training to parents (the primary respondents) before the
survey, which consists of three sections of Pre-
Organization, Training Sessions including explaining the
study purpose, clarifying questionnaire items, and Post-
Training Support with questionnaire retrieval. Parents
were asked to complete and return the questionnaires
within one week. Because asthma and wheeze diagnoses
in children are generally reliable after age 3, and the
number of children older than 6 years was small, we
focused on families with at least one child aged 3-6 years.
In order to obtain more reliable data, the relevant
information of children aged 3-6 years was filled in by
their adult guardians (e.g., their parents, grandparents or
nannies). This yielded 20,172 eligible participants (6724
fathers, 6724 mothers, and 6724 children) (Figure 2).

Among the 6724 surveyed families, 6114 (90.9%)
had not changed residences for at least one year prior to
pregnancy, enabling reliable estimation of long-term air
pollution and meteorological exposures. Over 99% of
questionnaires (n = 6657) were completed by parents,
who are typically more aware of early-life exposures and
family behaviors than other guardians, thereby
minimizing recall bias. A double-sampling check of 10%
of completed questionnaires confirmed >98%
completeness and minimal logic errors, indicating high
data validity and reliability [26].

The primary study outcomes were defined as
follows:

® Physician-diagnosed asthma (PDA): “Has your child
been diagnosed with asthma by at least one clinical
physician?”

® Physician-diagnosed wheeze (PDW): “Has your child
been diagnosed with wheezing symptoms by at least
one clinical physician?”

We further categorized types of PDA and PDW in 3-
6-year-old children using a modified version of our
previously published questionnaire (Table S1) [27].
Parental histories of PDA, allergic rhinitis, and eczema
were also recorded.

We assessed exercise habits of fathers (during
normal days and one year before conception), mothers
(during normal days, before, and during pregnancy), and
children (during normal days and after birth) via
questionnaire (Tables S2-S4). The assessment included
three dimensions:

(1) Exercise preference: A four-point scale captured
exercise inclination (very dislike, dislike, neutral, like).
Types of exercise (e.g., walking, running, ball sports,
other) were also recorded.

(2) Exercise habits:
® Weekly frequency: 0-2 days, 3-4 days, or =5

days/week.
® Duration per session: <0.5h, 0.5-1 h, 1-2 h, or 22 h.
® Intensity: low, middle, or high.
® Sedentary behavior: <2 h, 2-4 h, 4-6 h, or 26 h/day

sitting.
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(3) Exercise timing: Daytime (06:00-18:00) and versus passive (dislike/very dislike). Key exposure
nighttime (18:00-06:00) periods were recorded to assess indicators were defined as high frequency (=3 days/week),
circadian activity patterns. long duration (=1 h/session), moderate-to-high intensity,

For analysis, multilevel variables were dichotomized. and sedentary behavior (=6 h/day).

Exercise preference was grouped as active (neutral/like)

Family-based participants included from 2022 to 2023 in 5 cities, China (n=20,730)

(Father: n=6910; mother: n=6910; child: n=6910)

No response or incomplete questionnaires: n=0

Father-mother-child sets who completed questionnaires (n=20,730)
(Father: 6910; Mother: 6910; child: n=6910)

Excluding data for participants from
Father-mother-child sets:

® Family with child’s age <3 years: n=135
® Family with child’s age >6 years: n=51

Father-mother-child sets (n=20,172)

(Father: n=6724; mother: n=6724; child: n=6724)

Covariates:
@ Personal factors: sex, age, gestational age, breast feeding duration, antibiotic use;

@ Parental factors: Family gross annual income, parents' highest education level, parental
allergic diseases;

¢ H hold envir 1 factors: S dhand smoke, new furnishings, house
decoration, mildew or damp spots, moldy clothing or bedclothes.

Figure 2. Flowchart of the study protocol, including maternal and childhood intake of nutritional additives across different
time windows, and the number and prevalence of various types of childhood food allergies.
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Individual pollutant exposure was estimated using
the Inverse Distance Weighting (IDW) method. Home
addresses (with +0.000001° precision) were linked to the
four nearest air quality monitoring stations in each city.
Using the IDW interpolation algorithm, we derived daily
individualized exposures for seven pollutants based on
data from 25 stations (June 2010-June 2023): fine
particulate matter (PMz2s), coarse particulate matter
(PMz2s-10), inhalable particulate matter (PMio), sulfur
dioxide (SO2), nitrogen dioxide (NOz), carbon monoxide
(CO), and ozone (0s3). Daily mean temperature (T) and
relative humidity (RH) were calculated using data from 44
meteorological stations. For each participant, pollutant
and climatic exposures were computed across ten life-
course time windows: 4-6 months before conception, 3
months before conception, 1 year prior to conception, 1st,
2nd, and 3rd trimesters in utero, entire pregnancy, 0-1 year
after birth, previous year, and entire postnatal period.

This study considered ten life-time windows: 4-6
months before pregnancy, 3 months before pregnancy,
year before pregnancy, 1st, 2nd, and 3rd trimesters in
utero, entire pregnancy, first year after birth, the past
year, and the entire postnatal period. Detailed definitions
of the ten time windows are provided in Table S5.

Thirteen covariates known to influence asthma and
wheeze were included (Table S6) [25,27].

We evaluated the independent and interactive
effects of paternal, maternal, and childhood exercise and
air pollutant exposure during preconception, pregnancy,
and postnatal periods on children’s asthma and wheeze.

® Descriptive statistics: Categorical variables were
summarized as frequencies (%) and compared using
the Chi-square test (a« = 0.05). Continuous variables
(e.g., pollutant concentrations) were summarized as
mean * standard deviation (SD) and interquartile
range (IQR) and compared using t-tests (o = 0.05).

® Multivariate logistic regression (city-family): The
regression model is defined by three hierarchical
levels of individual (especially the child), family and
city. Odds ratios (ORs) with 95% confidence
intervals (CIs) quantified the associations between
exercise exposure and outcomes.

® Interaction analysis: Product terms between
exercise and pollutant concentrations (o = 0.1) were
included to assess effect modification. Subgroup
analyses explored sensitivity differences across
population groups.

® Software: The initial phase of data management,
cleaning, and basic descriptive statistics including
Chi-square and t-tests were performed using SPSS
22.0 (IBM), multilevel logistic regression models
such as logistic regression (city-family) and other
complex analyses were conducted in Stata 18.0
(StataCorp LLC), and atmospheric exposure
calculations were performed using Python 3.9 by
compiling a program for Inverse Distance Weighting

(IDW).

Among 6724 families, 177 children (2.63%) were
diagnosed with asthma, and 316 (4.70%) with wheeze
(Table 1). The highest asthma prevalence was observed in
Xiangxi (3.79%), while the lowest was in Loudi (1.50%).
Wheeze prevalence was highest in Changsha (5.25%) and
lowest in Zhangjiajie (1.91%). No significant variation in
wheeze subtypes was found across the cities (Table S7).

Table 1. Demographic characteristics and prevalence of physician-diagnosed asthma and wheezing among children aged

3-6 years (n = 6724).

Total Asthma Wheeze
Number (n) (%) Case(n) (%) p-Value Case(n) (%) p-Value
Total 6724 (100.00) 177  (2.63) 316  (4.70)
Sex 0.030 <0.001
Boys 3525 (52.42) 107 (3.04) 203 (5.76)
Girls 3199 (47.58) 70 (2.19) 113 (3.53)
Age (years) 0.119 0.130
3 1755 (26.10) 33 (1.88) 69 (3.93)
4 2287 (34.01) 70 (3.06) 125  (5.47)
5 2046 (30.43) 55 (2.69) 91 (4.45)
6 636 (9.46) 19 (2.99) 31 (4.87)
Gestational age (weeks) 0.049 0.001
<37 645 (9.59) 25 (3.88) 48 (7.44)
>37 5602 (83.31) 143 (2.55) 252 (4.50)




Table 1. Cont.

Total Asthma Wheeze
Number (n) (%) Case(n) (%) p-Value Case(n) (%) p-Value
Breast feeding duration (months) 0.113 0.936
0 555 (8.25) 19 (3.42) 26 (4.68)
<6 1624 (24.15) 51 (3.14) 79 (4.86)
=6 4545 (67.59) 107 (2.35) 211 (4.64)
Antibiotic use <0.001 <0.001
No 3483 (51.8) 42 (1.21) 96 (2.76)
Yes 3241 (48.2) 135 (4.17) 220 (4.17)
Family gross annual income (CNY) 0.594 0.028
<50,000 694 (10.32) 16 (2.31) 26 (3.75)
50,000-200,000 4335 (64.47) 111 (2.56) 191 (4.41)
2200,000 1695 (25.21) 50 (2.95) 99 (5.84)
Parents’ highest educational level 0.020 0.001
Elementary/middle school 513 (7.63) 8 (1.56) 16 (3.12)
High school/vocational school 1078 (16.03) 27 (2.50) 45 (4.17)
Bachelor/associate degree 4573 (68.01) 117 (2.56) 211 (4.61)
Master/Doctor or above 560 (8.33) 25 (4.46) 44 (7.86)
Parental allergic diseases <0.001 <0.001
No 4960 (73.77) 102 (2.06) 173 (3.49)
Yes 1764 (26.23) 75 (4.25) 143 (8.11)
Secondhand smoke 0.909 0.546
No 2404 (35.75) 64 (2.66) 118 (4.91)
Yes 4320 (64.25) 113 (2.62) 198 (4.58)
New furnishings 0.989 0.907
No 4448 (66.15) 117 (2.63) 210 (4.72)
Yes 2276 (33.85) 60 (2.64) 106 (4.66)
House decoration 0.479 0.022
No 5420 (80.61) 139 (2.56) 239 (4.41)
Yes 1304 (19.39) 38 (2.91) 77 (5.90)
Mildew or damp spots 0.532 0.086
No 5441 (80.92) 140 (2.57) 244 (4.48)
Yes 1283 (19.08) 37 (2.88) 72 (5.61)
Moldy clothing or bedclothes 0.455 0.189
No 5825 (86.63) 150 (2.58) 266 (4.57)
Yes 899 (13.37) 27 (3.00) 50 (5.56)

Note: The total number of cases does not sum to 6724 due to missing data. p-values less than 0.05 are considered statistically significant

and are indicated in bold.

Asthma and wheeze were more prevalent among
boys, children born prematurely, those with antibiotic
use, and those with parental allergic diseases or higher
parental education. Children from families with higher
annual income and recent household decoration also
showed increased wheeze prevalence. No significant
associations were found with age, breastfeeding duration,
secondhand smoke exposure, new furnishings,
mildew/damp spots, or moldy clothing/bedding.

Tables S8-S10 summarize paternal, maternal, and
childhood exercise habits during normal days,
preconceptional, prenatal, and postnatal periods, and
their associations with childhood asthma and wheeze.
Paternal frequent running and participation in other

sports significantly reduced the prevalence of wheeze,
whereas prolonged daily sedentary time (26 h/day)
markedly increased wheeze prevalence (Table S8).
Overall, paternal exercise habits were not significantly
associated with childhood asthma. Maternal exercise
habits had stronger effects: frequent walking and
preconceptional nighttime exercise were associated with
reduced asthma prevalence, while prolonged sedentary
behavior during the preconceptional and prenatal periods
increased wheeze risk in offspring (Table S9). Children
with a stronger preference for sports had lower rates of
both asthma and wheeze (Table S10). In addition,
children who exercised for =1 h per day had a reduced
prevalence of asthma, and those who participated in other
sports, exercised at lower intensity, and exercised during
daytime—particularly in the afternoon—had a lower
probability of developing wheeze compared with those
who exercised at night.




Table S11 presents individual exposure levels to
seven outdoor air pollutants (PMzs, PM2s-10, PM1o, SOz,
NOg, CO, and 03), as well as atmospheric temperature (T)
and relative humidity (RH), across preconceptional,
gestational, and postnatal periods. Mean concentrations
(+SD) of all pollutants except O3 decreased from one year
before conception to the postnatal period, whereas
individual Os exposure increased. Temperature exposure
showed an upward trend, while RH exposure declined.
Children with asthma and wheeze experienced higher
exposure levels to several pollutants (especially PMzs,
PMzs-10, PM1o, and NO2), as well as higher RH exposure
across most time windows, compared with children
without asthma or wheeze. Spearman correlation
coefficients for air pollutant exposures across different
time windows varied widely (0.001-0.945; Table S12).
Correlations between T and RH also varied substantially
(0.002-0.931; Figure S1). Due to strong collinearity
between T and RH during specific periods, these two
climatic factors were not included in the same model;
temperature was selected as the primary meteorological
factor and was adjusted for in all subsequent analyses.

Figure S2a-b illustrates the associations between
paternal exercise habits, both during normal days and the
preconceptional period, and the risk of asthma and
wheeze in children. Similar trends were observed across
all analytical models. Paternal running and participation
in ball sports before conception were significantly
associated with a reduced risk of wheeze in offspring,
with adjusted ORs (95% CI) of 0.70 (0.54-0.91) and 0.47
(0.23-0.97), respectively, after accounting for covariates
as well as NOz and temperature exposures during the year
prior to conception. Interestingly, fathers who exercised
>3 days per week before conception were linked to a
higher risk of late-onset and persistent wheeze in their
children compared with those who exercised less
frequently (<3 days per week) (data not shown).
Sensitivity analyses further revealed that premature
children were more susceptible to asthma risk associated
with paternal high-intensity exercise before conception
(Figure S3a-d); Moreover, girls, breastfed children, and
those without secondhand smoke or antibiotic exposure
were more affected by wheeze risk linked to paternal
exercise habits before conception (Figure S4a-d).

Maternal preference for exercise, particularly
walking, was significantly associated with a reduced risk
of asthma in offspring, with adjusted ORs (95% CI) of 0.37

(0.16-0.85) and 0.63 (0.43-0.93) (Figure S5a-b).
Exercising in the afternoon or at night before pregnancy
was also protective, reducing the risk of wheeze and
asthma, respectively (ORs [95% CI] = 0.63 [0.39-1.00]
and 0.64 [0.47-0.88]). In contrast, maternal exercise
during daytime before pregnancy increased the risk of
offspring asthma (OR [95% CI] = 1.56 [1.12-2.17]).
Prolonged daily sedentary time (26 h vs. <6 h) during
pregnancy was associated with an elevated risk of wheeze
(OR[95% CI] = 1.40 [1.07-1.84]), while maternal daytime
exercise during pregnancy increased asthma risk (OR
[95% CI] = 1.46 [1.06-2.02]). The protective effects of
maternal exercise before pregnancy were particularly
pronounced for early-transient wheeze, whereas adverse
effects were more evident for late-onset and persistent
wheeze (data not shown). Sensitivity analyses indicated
that girls, premature children, children aged 4-5 years,
and those with parental allergic diseases were more
affected by asthma risk associated with maternal exercise
habits during pregnancy (Figure S6a-h). Premature
children were more susceptible to adverse effects, while
non-premature children were more sensitive to
protective effects of maternal exercise on wheeze risk
(Figure S7a-b); Additionally, younger children, girls,
breastfed children, and those with parental allergic
diseases or antibiotic use were more affected by wheeze
risk associated with maternal exercise habits during
pregnancy (Figure S7c-h).

As shown in Figure 3, children’s preference for
exercise was negatively associated with both asthma and
wheeze, with ORs (95% CI) of 0.29 (0.14-0.63) and 0.57
(0.36-0.90), respectively. Children who exercised for
more than 60 min per day had a significantly reduced risk
of asthma (OR [95% CI] = 0.55 [0.35-0.86]). Exercising
during the daytime, particularly in the afternoon, was
associated with lower wheeze risk (ORs [95% CI] = 0.78
[0.62-1.00] and 0.61 [0.43-0.85]), whereas nighttime
exercise increased wheeze risk (OR[95% CI] = 1.28 [1.00-
1.62]). The protective effects of exercise were more
evident for early-transient wheeze, whereas adverse
effects were stronger for persistent wheeze (data not
shown). Sensitivity analyses further indicated that
children aged 4-5 years, those without parental allergic
diseases, and those without secondhand smoke exposure
were more sensitive to the adverse effects of postnatal
exercise on asthma risk (Figure S8a-d). Conversely,
younger and breastfed children, those without parental
allergic diseases, those without secondhand smoke
exposure, and those with antibiotic use were more
sensitive to the protective effects of postnatal exercise on
wheeze risk (Figure S9a-d).
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Asthma
Single model Adjusted model | Adjusted model II Adjusted model Iil
OR (95% CI) p-value  OR (95% Cl) p-value  OR (95% CI) p-value OR (95% CI) p-value
Degree of preference for sports : : : :
Very dislike 1.00 : 1.00 1.00 1.00 ‘
Dislike 1.01 (0.4, 2.33) ; 0985  1.00(0.43,2.32) . 0992  1.01(0.44,233) . 0.985 1.00 (0.43, 2.32) i 0.992
Neutral 1.13 (0.51, 2.49) - 0771 1.12(0.51,2.48) - 0776 1.13(0.51,249) - 0771 1.12 (051, 2.48) - 0776
Like 091 (0.40, 2.10) N 0833 0.91(0.40, 2.10) i 0833 0.92(0.40,2.10) ; 0837 092 (0.40, 2.10) ; 0.836
Like/neutral VS Dislike/Very dislike 1.05 (0.73, 1.51) " 0811  1.05(0.73,1.51) " 0806  1.05(0.73,1.51) " 0.809 1.05 (0.73, 1.52) i 0.784
Preferred exercise activities : : : :
Walking 1.12(0.80, 1.57) : 0501  1.12(0.80, 1.57) : 0502 1.12(0.80, 1.57) : 0504 1.12(0.80, 1.57) : 0.505
Running 1.01(0.72, 1.40) t 0965  1.01(0.72,1.40) ¥ 0966  1.01(0.73,1.40) ¥ 0962 1.01(0.73, 1.40) b 0.949
Ball sports 0.55 (0.2, 1.36) : 0195  0.55(0.22,1.35) : 0190  0.55(0.22, 1.36) : 0.194 055 (0.22, 1.35) : 0.190
Other sports 0.95 (0.64, 1.43) | 0814  0.95(0.63,1.42) ] 0802  0.95(0.64,1.43) d 0815 0.95 (0.63, 1.42) ' 0793
Weekly exercise frequency (days) : : : :
0-2 1.00 0 1.00 : 1.00 i 1.00 '
3-4 147 (0.78,1.77) ; 0439 1.18(0.78,1.77) ; 0433 1.17(0.78,1.77) ; 0439 1.18(0.78, 1.77) ; 0433
25 1.07 (0.65, 1.79) 0.784 1.08 (0.65, 1.79) ' 0.775 1.08 (0.65, 1.79) 0.774 1.08 (0.65, 1.80) 0.765
23Vs<3 1.14 (0.81, 1.60) : 0469  1.14(0.81, 1.60) : 0460  1.14(0.81,1.60) : 0.464 1.14 (081, 1.61) ; 0455
Daily exercise duration (hours) E E E 3
<05 1.00 : 1.00 : 1.00 : 1.00 :
05-1 0.85 (0.61, 1.19) ; 0335  0.85(0.61, 1.19) i 0.347 0.85(0.61, 1.19) ; 0.334 0.85(0.61, 1.19) ; 0.345
1-2 0.98 (0.56, 1.70) H 0933 0.98(0.56, 1.70) 4 0937 0.98(0.56, 1.71) H 0938 0.98 (0.56, 1.71) | 0.950
>2 1.27 (0.60, 2.68) : 0540 1.27(0.60, 2.69) 5 0535  1.27 (0.60,2.70) : 0533 1.26 (0.59, 2.67) : 0.550
21 VS <1 1.15 (0.74, 1.79) ; 0535  1.15(0.74,1.79) : 0535  1.15(0.74,1.80) ; 0527 1.15 (0.74, 1.79) ; 0532
Exercise intensity H | H i
Low 1.00 : 1.00 : 1.00 : 1.00 :
Middle 1.25(0.81,1.93) : 0319 1.25(0.80,1.93) : 0325  1.25(0.81,1.94) ' 0315 1.25(0.81,1.93) ; 0322
High 0.86 (0.53, 1.39) - 0533 0.86(0.53, 1.40) - 0550  0.86(0.53, 1.40) - 0536 0.86 (0.53, 1.40) - 0553
High/middle VS Low 1.04 (0.73, 1.48) ; 0814  1.05(0.74, 1.48) i 0.805 1.04 (0.74, 1.48) ! 0.809 1.05 (0.74, 1.49) ; 0.794
Duration of daily meditation (hours) : : : 3
<2 1.00 ] 1.00 0 1.00 0 1.00 i
2-4 0.84 (0.54, 1.31) : 0.449 0.84 (0.54, 1.31) : 0.442 0.84 (0.54, 1.31) : 0.453 0.84 (0.54, 1.31) 0.445
4-6 0.81 (0.49, 1.36) B 0432 0.81(0.48,1.36) i 0422 0.81(0.49, 1.36) B 0433 0.81(0.48, 1.36) E 0423
6 1.05 (0.66, 1.67) i 0831 1.05(0.66, 1.66) i 0849 1.05(0.66, 1.67) " 0826 1.05 (0.66, 1.67) ; 0.845
26 VS <6 0.87 (0.59, 1.26) : 0457 0.86(0.59, 1.26) : 0450  0.87 (0.59, 1.26) : 0457 0.87 (0.60, 1.27) : 0485
Preferred time period for exercise : : : :
Morning (06:00-12:00) 1.13(0.77, 1.65) : 0540  1.13(0.77,1.66) : 0533 1.13(0.77,1.65) : 0539 1.12/(0.77,1.64) ; 0.554
Afternoon (12:00-18:00) 0.98 (0.58, 1.66) * 0943 1.00(0.59, 1.69) H 0985  0.98(0.58, 1.66) * 0.941 1.00 (059, 1.69) * 0.986
Daytime (6:00-18:00) 1.09 (0.78, 1.53) ; 0626 1.09(0.78, 1.53) ; 0611 1.09 (0.78, 1.53) ; 0626 1.09 (0.78, 1.53) : 0611
Night (18:00-06:00) 0.93 (0.68, 1.28) g 0655  0.93(0.68,1.27) g 0638  0.93(0.68, 1.28) g 0657 0.92 (0.68, 1.27) g 0.627
0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3
oRr or or orR
(a)
Wheeze
Single model Adjusted model | Adjusted model Il Adjusted model Iil

OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value
Degree of preference for sports : : : :
Very dislike 1.00 1.00 1.00 1.00 :
Dislike 0.81(0.45, 1.44) ; 0.469 0.80 (0.45, 1.43) : 0452 0.81(0.45, 1.44) ; 0.468 0.80 (0.45, 1.43) ; 0452
Neutral 0.73 (042, 1.26) - 0262 0.72(0.42, 1.25) - 0.248 073 (0.42, 1.26) - 0.261 0.72(0.42, 1.25) - 0.248
Like 0.70 (0.40, 1.25) i 0228 0.70 (0.40, 1.24) f 0223 0.70 (0.40, 1.25) i 0.230 0.70 (0.40, 1.24) i 0.224
Like/neutral VS Dislike/Very dislike 0.86 (0.66, 1.12) ; 0269 0.86 (066, 1.12) i 0.267 0.86 (066, 1.12) ; 0.270 0.86 (0.66, 1.12) ; 0.268
Preferred exercise activities
Walking 1.16 (0.89, 1.49) : 0268 1.15 (0.89, 1.49) : 0277 1.16 (0.89, 1.49) : 0.270 1.15 (0.89, 1.49) : 0.279
Running 0.70 (0.54, 0.91) 0 0.008 0.70 (054, 0.91) = 0.008 0.70 (054, 0.91) =0 0.009 0.70 (0.54, 0.91) =0 0.008
Ball sports 0.48 (0.23, 0.98) \ 0.043 0.47 (0.23, 0.97) 1 0.041 0.48 (0.23, 0.98) V 0.042 0.47 (0.23, 0.97) V 0.041
Other sports 0.82 (0.60, 1.13) ; 0226 0.82 (059, 1.13) : 0216 0.82 (060, 1.13) ; 0.226 0.82 (059, 1.13) ; 0216
Weekly exercise frequency (days) : : : :
0-2 1.00 ! 1.00 0 1.00 ! 1.00 !
3-4 1.10 (0.81, 1.51) ; 0.539 1.11(0.81, 1.52) ; 0521 110 (0.81, 1.51) ; 0538 1.11(0.81, 1.52) ; 0520
25 1.17 (0.80, 1.70) i 0419 118 (0.81,1.71) - 0.389 1.17 (0.80, 1.70) i 0411 1.18 (0.81, 1.72) i 0.382
23Vs<3 1.13 (0.87, 1.46) : 0365 1.14 (0.8, 1.47) ; 0339 113 (0.87, 1.47) : 0.360 1.14 (0.8, 1.48) : 0335
Daily exercise duration (hours)
<05 1.00 : 1.00 : 1.00 : 1.00 :
05-1 0.85 (0.66, 1.10) i 0211 0.86 (067, ; 0233 0.85 (0.66, 1.10) i 0211 0.86 (0.66, 1.10) i 0.232
1-2 0.97 (0.64, 1.48) 4 0892 0.97 (064, 4 0891 0.97 (064, 1.48) 4 0.896 0.97 (0.64, 1.48) 4 0.896
>2 0.82 (0.42, 1.59) ; 0551 083 (0.43 : 0593 0.82 (0.42, 1.60) ’ 0.559 0.84 (0.43, 1.63) i 0599
21Vs <1 1.01(0.71,1.43) ' 0.967 1.01(0.71,1.43) ' 0.960 1.01(0.71,1.43) ' 0.958 1.01(0.71,1.43) ' 0952
Exercise intensity H i H B
Low 1.00 1.00 : 1.00 1.00 :
Middle 0.77 (052, 1.14) : 0.1% 0.77 (052, 1.13) : 0.184 0.77 (052, 1.14) : 0.197 0.77 (052, 1.13) : 0.185
High 1.00 (0.71, 1.41) H 0996 1.01(0.72,1.42) : 0.961 1.00 (0.71, 1.41) H 1.000 1.01(0.72, 1.42) H 0.958
High/middle V'S Low 0.89 (0.68, 1.17) : 0.404 0.89 (068, 1.17) ; 0411 0.89 (068, 1.17) : 0.407 0.89 (0.68, 1.17) : 0414
< 1.00 1.00 1.00 1.00
2-4 1.00 (0.71, 1.41) t 0983 0.99 (0.7, 1.40) t 0.969 1.00 (0.71, 1.41) t 0.981 0.99(0.71, 1.40) i 0973
46 1.04 (0.70, 1.54) i 0833 1.03(0.69, 1.51) . 0.898 1.04 (0.71, 1.54) i 0833 1.03(0.70, 1.52) ; 0.896
26 1.16 (0.80, 1.69) ; 0426 1.13 (0.79, 1.63) ; 0.498 1.16 (0.80, 1.69) ; 0422 1.14 (0.79, 1.64) ; 0493
26VS <6 1.07 (0.81, 1.41) ' 0636 1.06 (0.80, 1.39) ' 0.700 1.07 (0.81, 1.41) ' 0637 1.06 (0.80, 1.39) ' 0.699
Preferred time period for exercise : : H |
Morning (06:00-12:00) 1.09 (0.81, 1.46) ; 0579 1.10 (0.82, 1.47) ; 0538 1.09 (0.81, 1.46) ; 0579 1.10 (0.82, 1.47) ; 0.539
Afternoon (12:00-18:00) 1.08 (0.73, 1.59) 4 0701 1.09 (0.74, 1.61) = 0661 1.08 (0.73, 1.59) . 0.706 1.09(0.74, 1.60) - 0.666
Daytime (6:00-18:00) 1.10 (0.85, 1.42) ; 0462 1.11(0.86, 1.43) : 0430 1.10 (0.85, 1.42) ; 0463 1.11 (086, 1.43) ; 0432
Night (18:00-06:00) 0.89(0.70, 1.13) ! 0332 0.88(0.70, 1.12) ' 0.308 0.89(0.70, 1.13) ! 0333 0.88(0.70, 1.12) ! 0310

0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3
o o o o

(b)

Figure 3. (a) Associations between childhood exercise after birth and physician-diagnosed asthma in children. (b)
Associations between childhood exercise after birth and physician-diagnosed wheeze in children. The single model
displays odds ratios (ORs) with 95% confidence intervals (CIs) adjusted for the studied covariates. Adjusted Model I
further adjusts for individual exposure to ambient temperature during the preconception period. Adjusted Model II
includes additional adjustment for individual exposure to ambient nitrogen dioxide (NO2z) during the preconception
period. Adjusted Model III accounts for individual exposures to both ambient NO2 and temperature during the
postnatal period along with the studied covariates. A p-value of less than 0.05 is considered statistically significant.
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The relationships between paternal exercise habits
before pregnancy and children’s asthma and wheeze,
stratified by individual air pollution exposure levels, are
presented in Figure 4. Consistent trends were observed
across different models for specific pollutants. Exposure
to PMz2s-10 during the first trimester in utero and PMas
during the second trimester were consistently associated
with increased asthma risk in children, with all models
showing significant odds ratios. Similarly, NOz exposure
in the three months before pregnancy and PM1o exposure
during the third trimester were significantly linked to
increased wheeze risk. These associations were
particularly significant for early-transient and persistent
wheeze but not for late-onset wheeze (data not shown).
Sensitivity analyses revealed that children born at term
(after 37 gestational weeks), those who were breastfed,
children without parental allergic diseases, and those who
had not used antibiotics were more vulnerable to the
adverse effects of outdoor air pollution exposure on
asthma risk (Figure S10a-d). In contrast, children born
prematurely (before 37 weeks), younger children, those
breastfed for less than six months, children with parental
allergic diseases, secondhand smoke exposure, or
antibiotic use were more susceptible to wheeze risk from
ambient air pollution, particularly PM2s5 and NO:
exposures (Figure S11a-d).

Figure S12a-f illustrate the associations between
paternal exercise habits before pregnancy and offspring
asthma and wheeze, stratified by individual exposure
levels to particulate matter (PMzs, PM2:5-10, and PM1o). The
adverse impact of paternal high-frequency weekly
exercise (23 days per week) before pregnancy on
offspring asthma was significantly stronger under
conditions of high exposure to PM2s and PM1o (interaction
p-values: 0.031 and 0.025, respectively). Conversely, the
protective effects of paternal longer exercise duration and
preference for other sports before pregnancy on offspring
wheeze were more pronounced at low exposure levels to
PM2s during the year before pregnancy and PMa2s-10
during 4-6 months before pregnancy (interaction p-
values: 0.017 and 0.052, respectively). In comparison,
high exposures to PMzs and PM2s-10 during 4-6 months
before pregnancy, as well as PMi1o during the three
months before pregnancy, amplified the adverse effects of
paternal high-frequency weekly exercise before
pregnancy on offspring wheeze (interaction p-values:
0.014, 0.005, and 0.039). Significant interactions between
paternal exercise before pregnancy and low versus high
PM exposures on reduced and increased risks of offspring

asthma (Figure S13a-c) and wheeze (Figure S14a-c),
respectively, were observed.

Figure S15a-1 show the associations between
maternal exercise habits before pregnancy and during
pregnancy with offspring asthma and wheeze, stratified
by individual exposure levels to particulate matter. The
adverse impact of maternal exercise in the afternoon and
nighttime before conception on offspring asthma was
stronger under high exposures to PMzs and PMio during
the three months before pregnancy (interaction p-values:
0.011 and 0.045, respectively) (Figure S16a). In contrast,
the protective effect of maternal afternoon exercise
before pregnancy on offspring wheeze was more
pronounced at low PMzs exposure during the same period
(interaction p = 0.038) (Figure S17a). Significant
interactions were observed between maternal exercise
before conception and high particulate matter exposures
on increased risks of offspring asthma (Figure S16a-c)
and wheeze (Figure S17a-c).

Additionally, the adverse effects of prolonged
maternal exercise during pregnancy on offspring asthma
were amplified under high PM2zs-10 exposure in the first
trimester (interaction p = 0.023). High exposures to PMzs,
PMz2s-10, and PM;y during the third trimester further
intensified the adverse impact of maternal morning
exercise during pregnancy on offspring asthma
(interaction p-values: 0.005, 0.082, and 0.018). Overall,
significant interactions were noted between maternal
exercise during pregnancy and low versus high
particulate matter exposures on decreased and increased
risks of offspring asthma (Figure S18a-d). Conversely,
low exposures to these particulate matters across
different trimesters and the entire pregnancy period
enhanced the protective effects of maternal walking,
higher weekly exercise frequency, daytime exercise
(particularly afternoon), and stronger preference for
sports on offspring wheeze (interaction p-values ranging
from 0.007 to 0.099). However, high PMz2s and PMzs-10
exposures during pregnancy amplified the adverse effects
of longer daily meditation and prolonged exercise
duration on offspring wheeze (interaction p-values
between 0.013 and 0.083). Overall, significant
interactions were noted between maternal exercise
during pregnancy and low versus high particulate matter
exposures on decreased and increased risks of offspring
wheeze (Figure S19a-d), respectively.

The protective effects of longer childhood exercise
duration on asthma were more pronounced under
conditions of low exposure to PMzs-10 and PM1o during the
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previous year (interaction p-values: 0.030 and 0.070)
(Figure 5a) Similarly, the beneficial impact of children
engaging in other forms of exercise on wheeze was
stronger when PMzs exposure levels were low during the
previous year (interaction p = 0.034) (Figure 5b).

Ly, C. et al.

Significant interactions were observed between
childhood exercise after birth and both low and high
particulate matter exposures on the decreased and
increased risks of asthma (Figure S20a-c) and wheeze
(Figure S21a-c), respectively.

Asthma
Single-pollutant model Multi-pollutant model Multi-window model
OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value
Fourth to sixth months before pregnancy
PM, 1.44 (1.00, 2.08) — 0.052 0.86 (0.47, 1.58) —_— 0.623 1.34(0.83,2.17) - 0.231
PM,, . 1.25 (1.01, 1.55) 0.044 1.10 (0.85, 1.43) 0.467 1.21 (0.94, 1.55) 0.142
PM,, 1.63 (1.15, 2.32) — 0.006 1.27 (0.76, 2.13) I 0.366 1.71 (1.10, 2.66) " 0017
SO, 0.95(0.71, 1.26) " 0.718 0.93 (0.76, 1.15) * 0.502 0.95 (0.69, 1.30) - 0.745
NOz 1.53(0.97,2.41) - 0.065 1.49 (1.07, 2.06) “ 0.017 1.56 (0.91, 2.68) - 0.107
co 0.95(0.75, 1.22) Bl 0.707 0.91(0.71, 1.17) N 0.466 0.95(0.72,1.27) B 0.744
0s 0.89 (0.57, 1.38) - 0593  0.93(0.63, 1.38) - 0.717 0.93 (0.59, 1.47) — 0.754
Three months before pregnancy
PM, 1.63(1.07, 2.48) T 0.024 1.23 (0.61, 2.45) T — 0.563 1.51(0.96, 2.36) e 0.074
PM,, . 1.21 (0.97, 1.50) 0.093 1.10 (0.85, 1.42) 0.456 1.09 (0.83, 1.42) 0.548
PM,, 1.42 (1.00, 2.04) —— 0.053 1.06 (0.63, 1.78) — 0.817 1.09 (0.69, 1.74) - 0.702
S0z 0.97 (0.68, 1.37) b 0.843 0.92(0.72, 1.18) i 0.520 0.96 (0.66, 1.42) i 0.850
NOz 1.34 (0.90, 2.02) - 0.153 1.35(0.98, 1.86) - 0.067 1.15(0.71, 1.86) - 0.577
co 0.96 (0.75, 1.24) - 0.772 0.92(0.72, 1.19) ™ 0.524 0.94 (0.71, 1.25) - 0.692
0s 0.76 (0.48,1.18) = 0217 0.80(0.53, 1.20) - 0.274 0.72(0.50, 1.02) - 0.065
The year before pregnancy
PM, 1.24 (0.98, 1.57) - 0.072 0.78 (0.49, 1.25) - 0.300 1.09 (0.59, 2.01) " 0.782
PM,, . 1.24 (1.03, 1.49) T 0.020 1.00 (0.75, 1.34) 7 0.985 1.07 (0.81, 1.42) S 0.620
PM,, 1.28 (1.04, 1.56) - 0.019 0.91(0.61, 1.38) — 0.669 1.21(0.78, 1.87) —_ 0.390
SO, 0.83 (0.71, 0.99) = 0034  0.86(0.67,1.10) = 0.234 1.11(0.83, 1.48) = 0.475
NOz 1.32(0.85, 2.04) b 0.211 1.31(0.95, 1.79) - 0.097 1.39(0.61, 3.12) - 0.432
co 0.95 (0.83, 1.08) - 0.402 0.99 (0.87, 1.13) -+ 0.858 0.98 (0.85, 1.13) -+ 0.817
Os 0.76 (0.62, 0.93) - 0.008 0.81(0.57, 1.15) - 0.244 0.77 (0.54, 1.09) - 0.142
1st trimester
PM, 1.43(0.97,2.11) I 0.073 0.92 (0.49, 1.74) T 0.806 1.41(0.79, 2.50) o 0.240
PM,, . 1.40 (1.12,1.73) 0.003 1.36 (1.05, 1.76) 0.020 1.30 (1.00, 1.69) 0.054
PM,, 1.51(1.08, 2.10) I 0.015 1.22 (0.76, 1.96) —_ 0.419 1.39(0.90, 2.15) T 0.140
SO, 1.04 (0.69, 1.57) b 0.845 1.02(0.78, 1.33) i 0.892 1.50 (1.06, 2.12) - 0.023
NO: 1.40 (1.04, 1.90) - 0.028 1.40 (1.0, 1.90) - 0.032 1.90 (1.14, 3.19) - 0.015
co 0.85 (0.67, 1.08) ™ 0.190 0.81(0.63, 1.05) = 0.109 0.92(0.71, 1.19) ™ 0.514
Os 0.66 (0.45, 0.99) - 0.045 0.66 (0.44, 0.99) - 0.044 0.62 (0.41, 0.93) - 0.020
2nd trimester
PM, 1.66 (1.12, 2.44) e 0.011 2.11(1.06, 4.19) T " 70033 2.02(1.10, 3.73) Tt 70024
PM,. . 1.30 (1.03, 1.63) 0.024 1.08 (0.82, 1.42) 0.597 1.01(0.74, 1.39) 0.933
PM,, 1.48 (1.12,1.94) — 0.005 1.27 (0.86, 1.86) — 0.234 1.31(0.84, 2.03) T 0.228
SO, 0.75 (0.59, 0.94) - 0.013 0.82 (0.60, 1.11) - 0.197 0.97 (0.56, 1.71) " 0.928
NO, 1.08 (0.73, 1.60) - 0.698 1.28 (0.96, 1.72) - 0.093 0.95 (0.57, 1.61) ° 0.861
co 0.75(0.58, 0.97) ™ 0.031 0.80 (0.62, 1.03) ™ 0.078 0.82(0.62, 1.07) - 0.145
[oX 0.81(0.50, 1.33) T 0.409 0.88 (0.57, 1.36) T 0.566 0.88 (0.57, 1.36) T 0.559
3rd trimester
PM,, 1.41(0.96, 2.08) T 0.084 0.87 (0.43, 1.75) T 0.693 1.36 (0.83, 2.24) o 0.223
PM,. ., 1.33(1.09, 1.63) 0.006 1.08 (0.84, 1.38) 0.546 1.19 (0.92, 1.53) 0.180
PM,, 1.48 (1.11, 1.98) — 0.008 1.05 (0.70, 1.60) —_ 0.803 1.26 (0.86, 1.83) I 0.238
SO, 0.62(0.47, 0.82) - 0.001 0.57 (0.38, 0.84) - 0.004 0.57 (0.36, 0.91) - 0.019
NO, 1.22 (0.67, 2.23) - 0.506 1.45(1.07, 1.98) o 0.017 1.07 (0.70, 1.65) . 0.754
co 0.83 (0.66, 1.04) - 0.106 0.86 (0.69, 1.08) ™ 0.187 0.85 (0.67, 1.07) i 0.168
[oX 0.82(0.52, 1.30) T 0.402 1.02 (0.65, 1.61) I 0.929 0.77 (0.53, 1.12) -~ 0.169
Entire pregnancy
PM, 1.34 (1.03, 1.74) - 0.028 1.00 (0.58, 1.72) —— 0.991 1.62 (0.80, 3.25) 0479
PM,, 1.44 (1.14, 1.82) 0002  1.21(0.88, 1.68) 0.239 1.38 (0.97, 1.95) 0.072
PM,, 1.47 (1.13,1.93) — 0.005 1.16 (0.74, 1.83) - 0.521 1.50 (0.90, 2.52) e — 0.120
SO, 0.72 (0.56, 0.94) - 0.013 0.81(0.54, 1.21) - 0.296 0.94 (0.60, 1.46) = 0.767
NO: 1.29(0.98, 1.71) - 0.072 1.37 (1.02, 1.84) - 0.038 1.01(0.46, 2.19) ¢ 0.987
co 0.82(0.67, 1.01) - 0.059 0.85 (0.70, 1.03) - 0.095 0.81(0.63, 1.02) - 0.076
Os 0.72(0.56, 0.92) - 0.009 0.90 (0.64, 1.28) - 0.574 0.81(0.52, 1.25) T 0.334
First year
PM, 1.35(1.04, 1.76) — 0.026 0.58(0.29,1.19) —* 0.136 1.46 (0.72, 2.93) Tt 0.201
PM,, 1.33 (1.03, 1.73) 0.031 0.94 (0.66, 1.33) 0.708 1.33 (1.03, 1.72) 0.032
PM,, 1.28 (1.02, 1.62) + 0.035 0.78 (0.51, 1.17) e 0.230 1.29 (1.01, 1.65) + 0.045
SO: 0.62 (0.48,0.81) = <0.001 0.50 (0.31, 0.80) - 0.004 0.61(0.43, 0.88) - 0.008
NO: 1.31(0.85, 2.01) - 0.219 1.47 (1.05, 2.06) - 0.024 1.72(0.72,4.11) - "0.223
co 0.99 (0.81, 1.22) ki 0.954 0.95 (0.75, 1.20) = 0.648 1.04 (0.88, 1.23) o 0.660
Os 0.85(0.72, 0.99) - 0.039 0.99 (0.77,1.27) - 0.923 0.79 (0.60, 1.05) i 0.109
Past year
PM, 1.32(0.89, 1.94) D 0.168 1.41(0.43, 4.64) Y osr7 0.84(0.31,230) ~— T 0.741
PM, 50 0.89 (0.74, 1.08) 0.251 0.97 (0.79, 1.20) 0.808 0.89 (0.73, 1.08) 0.233
PM,, 1.03 (0.87,1.23) o 0.713 1.03 (0.84, 1.26) - 0.800 0.98 (0.81, 1.18) - 0.827
SOz 0.87 (0.74, 1.02) - 0.089 1.11 (0.85, 1.45) - 0.424 1.04 (0.84, 1.29) i 0.706
NO: 1.20 (0.86, 1.67) b 0.278 1.80(1.11,2.94) " 0.018 0.73 (0.28, 1.87) b 0.508
co 0.90 (0.80, 1.01) " 0.075 0.85 (0.70, 1.03) 7 0.101 0.90 (0.79, 1.01) il 0.072
Os 0.92(0.82, 1.03) - 0.137 0.85 (0.74, 0.98) - 0.026 1.02 (0.85, 1.23) -+ 0.801
Entire postnatal
PM, 1.39(1.00, 1.94) I 0.050 0.25(0.04,1.64) " 0.150 1.22 (0.50, 2.97) Y0669
PM, 50 1.11(0.84, 1.47) 0.444 0.97 (0.72, 1.31) 0.858 0.96 (0.74, 1.26) 0.790
PM,, 1.23 (0.99, 1.52) - 0.058 0.85 (0.52, 1.38) — 0.509 0.92(0.62, 1.37) — 0.687
SOz 0.81(0.72, 0.93) - 0.002 0.85 (0.69, 1.04) N 0.109 0.79 (0.61, 1.01) - 0.062
NO, 1.33(0.97, 1.83) - 0.073 1.51(0.97,2.37) - 0.071 1.29 (0.46, 3.66) b "0.626
co 0.92 (0.66, 1.29) — 0.627 0.91(0.62, 1.35) — 0.650 1.03 (0.69, 1.55) B 0.874
Os 0.88 (0.77, 1.00) - 0.057 0.91(0.75, 1.11) - 0.374 0.99 (0.82, 1.20) - 0.944
0 1 2 3 0 2 3 0 1 2 3

(a)
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Wheeze
Single-pollutant model Multi-pollutant model Multi-window model
OR (95% ClI) p-value OR (95% Cl) p-value OR (95% Cl) p-value
Fourth to sixth months before pregnancy
PM, 1.08 (0.82, 1.43) —-— 0.592 0.71(0.45,1.14) = 0.154 0.95 (0.66, 1.36) — 0.782
[F¥her 1.13 (0.96, 1.34) 0.152 1.09 (0.90, 1.33) 0.371 1.17 (0.97, 1.42) 0.103
PM,, 1.21(0.94, 1.57) — 0.146 1.07 (0.72, 1.58) T 0.743 1.22 (0.87, 1.69) i 0.248
SO, 1.02 (0.89, 1.17) * 0.786 1.03 (0.89, 1.19) * 0.710 1.05 (0.86, 1.29) ” 0.610
NO: 1.27 (1.00, 1.62) 0.052 1.29 (1.00, 1.66) 0.048 1.18 (0.83, 1.68) 0.364
co 0.94 (0.79, 1.13) =r 0.502 0.91(0.75, 1.11) = 0.344 0.99 (0.80, 1.23) == 0.954
Os 0.94 (0.72, 1.22) - 0.637 0.99 (0.74, 1.32) - 0.940 0.91(0.65, 1.28) - 0.596
Three months before pregnancy
PM, 1.44 (1.05, 1.99) — 0.025 1.26 (0.74, 2.14) e 0.388 1.50 (1.07, 2.09) e 0.018
PM, . 0.95 (0.76, 1.19) 0.665 0.89 (0.73, 1.08) 0.241 0.91(0.78, 1.12) 0.354
PM,, 1.21(0.92, 1.58) ™ 0.167 0.92 (0.62, 1.37) — 0.677 1.21(0.86, 1.71) T 0.275
SOz 1.00 (0.84, 1.18) > 0.962 0.97 (0.80, 1.17) B 0.733 0.98 (0.76, 1.25) H 0.849
NO: 1.37 (1.07,1.74) " 0.011 1.42(1.10, 1.82) - 0.007 1.39 (1.03, 1.89) - 0.031
co 0.90 (0.74, 1.09) - 0.266 0.87 (0.70, 1.07) - 0.175 0.91(0.73, 1.13) - 0.400
Os 1.00 (0.74, 1.34) - 0.982 1.06 (0.78, 1.45) - 0.703 0.99 (0.74, 1.34) - 0.974
The year before pregnancy
PM, 1.14 (0.95, 1.35) - 0.158 1.05(0.74, 1.47) " 0.799 0.75 (0.44, 1.26) - 0.278
PM, . 1.02 (0.89, 1.17) = 0.778 0.96 (0.77, 1.20) = 0.716 0.90 (0.73, 1.13) == 0.366
PM,, 1.09 (0.94, 1.26) - 0.264 1.04 (0.76, 1.42) - 0.812 0.86 (0.61, 1.19) — 0.359
SO, 1.00 (0.89, 1.13) v 0.948 1.01 (0.85, 1.20) v 0.914 1.10 (0.90, 1.36) - 0.358
NO: 1.25(0.99, 1.57) - 0.062 1.27 (0.99, 1.63) - 0.056 1.18 (0.64, 2.18) - 0.599
co 0.97 (0.89, 1.05) * 0.420 0.95 (0.85, 1.05) - 0.315 0.98 (0.87, 1.09) -+ 0.671
Os 0.98 (0.83, 1.15) - 0.774 1.07 (0.81, 1.41) - 0.651 0.94 (0.72, 1.23) - 0.659
1st trimester
PM, 1.41(1.05, 1.88) — 0.022 1.34 (0.84, 2.15) I 0.224 1.42(0.93, 2.17) I 0.101
M 0.95 (0.76, 1.18) 0.654 0.93 (0.76, 1.14) 0.489 0.86 (0.69, 1.07) 0.167
PM,, 1.10 (0.86, 1.39) a 0.451 0.87 (0.61, 1.24) — 0.428 0.87 (0.63, 1.20) - 0.382
S0, 1.03 (0.85, 1.25) b 0.780 0.99 (0.81, 1.21) * 0.951 1.15(0.87, 1.51) - 0.333
NOz 1.26 (1.01, 1.58) 0.042 1.23 (0.98, 1.55) 0.073 1.37 (0.93, 2.01) 0.107
co 0.99 (0.84, 1.17) -+ 0.896 0.96 (0.81, 1.15) - 0.664 1.06 (0.88, 1.27) - 0.538
0s 0.84 (0.64, 1.10) s 0.211 0.86 (0.63, 1.16) - 0.318 0.81(0.59, 1.10) - 0.175
2nd trimester
PM, 1.34 (1.00, 1.78) - 0.049 153 (0.91, 2.57) e 0105 1.36 (0.85, 2.17) e 0.200
PM, . 1.18 (0.99, 1.41) 0.063 1.14 (0.93, 1.42) 0.213 1.21 (0.95, 1.53) 0.118
PM,, 1.25(1.02, 1.53) — 0.032 1.23(0.92, 1.64) — 0.167 1.26 (0.91, 1.76) — 0.164
SO, 0.94 (0.79, 1.11) - 0.468 1.00 (0.80, 1.23) v 0.966 0.78 (0.52, 1.17) - 0.227
NO, 1.16 (0.94, 1.43) 0.178 1.17 (0.94, 1.45) 0.165 1.04 (0.71, 1.55) 0.829
co 0.92(0.77, 1.10) ™ 0.352 0.94 (0.79, 1.12) - 0.522 0.94 (0.78, 1.15) - 0.565
O, 0.94 (0.68, 1.31) . 0.714 0.99 (0.72, 1.37) e 0.963 0.85(0.61, 1.18) - 0.339
3rd trimester
PM, 1.24 (0.92, 1.69) T 0.160 1.49 (0.88, 2.54) — 0.139 1.13(0.77, 1.65) -\ 0.538
PM, . 1.18 (1.00, 1.38) 0.048 1.15 (0.95, 1.39) 0.140 1.15 (0.95, 1.40) 0.160
PM,, 1.32(1.05, 1.64) — 0.016 1.38 (1.00, 1.89) — 0.047 1.34 (1.00, 1.79) — 0.048
SO, 0.97 (0.80, 1.18) 5 0.756 1.07 (0.84, 1.36) a 0.582 1.07 (0.78, 1.48) 5 0.678
NO, 1.15(0.92, 1.43) " 0.215 1.17 (0.93, 1.46) " 0.179 1.02(0.73, 1.43) ® 0.915
co 0.84 (0.70, 1.00) - 0.052 0.86 (0.72, 1.02) - 0.086 0.84 (0.69, 1.00) - 0.056
O, 1.01(0.76, 1.35) - 0.941 1.01(0.73, 1.40) T 0.970 1.01(0.76, 1.34) - 0.957
Entire pregnancy
PM, 1.21(1.00, 1.47) el 0.053 1.35(0.89, 2.03) T 0.155 1.24 (0.73, 2.10) - 0.423
PM, 1.12 (0.94, 1.34) 0.211 1.06 (0.83, 1.36) 0.646 1.16 (0.87, 1.54) 0.316
PM,, 1.19 (0.98, 1.45) ~ 0.076 1.16 (0.82, 1.63) - 0.401 1.26 (0.85, 1.86) e 0.256
S0, 0.95 (0.78, 1.15) = 0.607 1.07 (0.81, 1.41) = 0.655 1.07 (0.77, 1.49) . 0.676
NOz 1.18 (0.95, 1.46) - 0.126 1.18 (0.95, 1.47) - 0.134 0.80 (0.44, 1.44) " 0.456
co 0.88 (0.75, 1.04) - 0.128 0.89 (0.77, 1.03) - 0.107 0.81(0.68, 0.97) - 0.018
Os 0.89 (0.73, 1.08) - 0.244 0.95(0.73, 1.23) - 0.697 0.78 (0.56, 1.07) - 0.125
First year
PM, 1.21(0.99, 1.47) - 0.059 1.09 (0.66, 1.81) I 0.726 0.82(0.48, 1.41) T 0.470
PM, . 1.15(0.94, 1.40) 0.174 1.04 (0.80, 1.36) 0.768 1.15(0.94, 1.40) 0.172
PM,, 1.12 (0.95, 1.33) I 0.182 0.96 (0.70, 1.30) - 0.775 1.13 (0.94, 1.35) e 0.194
SO2 0.89 (0.73, 1.10) - 0.278 0.85(0.62, 1.17) - 0.318 0.96 (0.71, 1.30) b 0.786
NOz 1.21(0.96, 1.53) b 0.106 1.19 (0.94, 1.51) b 0.145 0.74 (0.37, 1.49) b 0.396
co 1.07 (0.94, 1.21) g 0.300 1.04 (0.89, 1.21) i 0.636 1.07 (0.94, 1.21) 'l 0.307
0s 0.99 (0.87, 1.12) - 0.861 1.03 (0.85, 1.24) -+ 0.795 0.92 (0.74, 1.14) .- 0.459
Past year
PM, 1.33 (0.98, 1.80) —— 0.068 1.41(0.60, 3.29) 0429 1.78 (0.81, 3.91) Tt 0.151
PM, . 0.92 (0.79, 1.06) 0.248 0.90 (0.77, 1.05) 0.192 0.92 (0.79, 1.06) 0.235
PM,, 1.00 (0.88, 1.15) - 0.954 0.95(0.81, 1.11) - 0.494 0.98 (0.85, 1.13) - 0.781
SOz 0.96 (0.85, 1.08) " 0.511 0.95(0.78, 1.15) - 0.603 0.97 (0.83, 1.15) ° 0.753
NO: 1.25 (0.96, 1.62) - 0.098 1.24 (0.86, 1.78) - 0.249 1.74 (0.81, 3.73) - 0.153
co 1.03 (0.93, 1.15) T 0.547 1.06 (0.91, 1.23) o 0.479 1.03 (0.93, 1.14) i 0.606
Os 1.01(0.94, 1.10) * 0.732 0.98 (0.88, 1.10) * 0.780 1.04 (0.90, 1.20) - 0.627
Entire postnatal
PM, 1.33(1.03,1.71) S 0.029 0.72(0.18,2.92) ~— " 0641 1.72(0.81, 3.67) Y0459
PM, ., 1.12 (0.95, 1.32) 0.175 0.96 (0.76, 1.21) 0.725 1.10 (0.88, 1.37) 0.385
PM,, 1.17 (0.99, 1.37) - 0.064 0.90 (0.62, 1.29) — 0.561 1.19(0.87, 1.62) "7 0.268
SOz 0.95 (0.86, 1.04) E 0.273 0.98 (0.83, 1.15) b 0.781 0.86 (0.71, 1.03) - 0.109
NO, 1.30 (1.02, 1.66) - 0.036 1.16 (0.84, 1.60) - 0.358 1.30 (0.66, 2.54) - 0.444
co 1.22 (1.02, 1.45) - 0.030 1.19 (0.90, 1.59) R 0.222 1.38 (1.12, 1.70) B 0.003
Os 1.01(0.91,1.12) - 0.856 0.97 (0.82, 1.15) - 0.724 1.07 (0.92, 1.26) - 0.369
0 1 2 3 0 1 2 3 0 1 2 3
OR OR OR

(b)

Figure 4. (a) Associations between ambient air pollution exposure during different time windows and physician-diagnosed
asthma. (b) Associations between ambient air pollution exposure during different time windows and physician-diagnosed
wheeze in children. The single-pollutant model shows odds ratios (ORs) with 95% confidence intervals (CIs) adjusted for
the studied covariates. The multi-pollution model further adjusts for individual exposure to ambient temperature and
concurrent exposures to other pollutants within the same time period, in addition to the studied covariates. The multi-
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window model adjusts for the studied covariates, individual exposure to ambient temperature, and exposures to the same

pollutant during other time windows. A p-value less than 0.05 is considered statistically significant.

Exposure level

First year
Degree of preference for sports Low
High
Prefer walking Low
High
Prefer running Low
High
Prefer ball sports Low
High
Prefer other sports Low
High
Weekly exercise frequency (days) Low
High
Daily exercise duration (hours) Low
High
Exercise intensity Low
High
Duration of daily meditation (hours) Low
High
Prefer to exercise in the morning (06:00-12:00) Low
High
Prefer to exercise in the afternoon (12:00-18:00) Low
High
Prefer to exercise in the daytime (06:00-18:00) Low
High
Prefer to exercise in the nighttime (18:00-06:00) Low
High
Past year
Degree of preference for sports Low
High
Prefer walking Low
High
Prefer running Low
High
Prefer ball sports Low
High
Prefer other sports. Low
High
Weekly exercise frequency (days) Low
High
Daily exercise duration (hours) Low
High
Exercise intensity Low
High
Duration of daily meditation (hours) Low
High
Prefer to exercise in the morning (06:00-12:00) Low
High
Prefer to exercise in the afternoon (12:00-18:00) Low
High
Prefer to exercise in the daytime (06:00-18:00) Low
High
Prefer to exercise in the nighttime (18:00-06:00) Low
High
Entire postnatal
Degree of preference for sports Low
High
Prefer walking Low
High
Prefer running Low
High
Prefer ball sports Low
High
Prefer other sports Low
High
Weekly exercise frequency (days) Low
High
Daily exercise duration (hours) Low
High
Exercise intensity Low
High
Duration of daily meditation (hours) Low
High
Prefer to exercise in the morning (06:00-12:00) Low
High
Prefer to exercise in the afternoon (12:00-18:00) Low
High
Prefer to exercise in the daytime (06:00-18:00) Low
High
Prefer to exercise in the nighttime (18:00-06:00) Low
High

PM,

25

OR (95% CI)

079 (0.23, 2.64)
054 (0.27, 1.06)
0.75 (0.40, 1.40)
081 (056, 1.16)
1.71(0.92, 3.18)
0.66 (0.46, 0.96)
090 (0.43, 1.87)
089 (0.60, 1.34)
062(0.32, 1.18)
097 (062, 1.50)
1,53 (0.81, 2.88)
1.05(0.73, 152)
052 (0.20, 1.36)
0.55 (0.3, 0.92)
068 (0.32, 1.43)
091 (061, 1.36)
1.11(0.57, 2.18)
0.90 (061, 1.33)
089 (0.45, 1.79)
1.05(0.69, 1.60)
092 (039, 2.17)
0.75(0.47,1.21)
0.86 (0.45, 1.65)
0.86 (0.60, 1.24)
1.16 (0.61, 2.20)
1.16 (0.80, 1.68)

1.18 (0.27, 5.06)
0.49 (0.26, 0.95)
0.78 (0.40, 1.50)
0.80 (0.56, 1.15)
1.54 (0.80, 2.95)
0.70 (0.49, 1.01)
0.81(0.37, 1.76)
0.94 (0.63, 1.40)
054 (0.27, 1.05)
0.99 (0.64, 1.54)
1.50 (0.7, 2.91)
1.07 (0.75, 1.54)
042 (0.15,1.22)
059 (0.36, 0.98)
062 (0.28, 1.37)
0.93 (0.63, 1.37)
1.17 (0.58, 2.38)
0.90 (0.61, 1.31)
0.85(0.40, 1.80)
1.08 (0.71, 1.62)
117 (0.48, 2.84)
072 (0.45, 1.14)
0.95 (0.48, 1.89)
0.85(0.59, 1.22)
1.05 (0.53, 2.09)
1.18 (0.82, 1.69)

0.80 (0.24, 2.69)
0.53 (0.27, 1.05)
0.74 (0.40, 1.39)
0.82 (0.57, 1.18)
1.75 (0.94, 3.26)
0.66 (0.45, 0.95)
1.00 (0.49, 2.05)
0.89 (0.59, 1.33)
0.62 (0.33, 1.19)
0.97 (0.62, 1.50)
1.72(0.92, 3.23)
1.02 (0.70, 1.48)
0.52 (0.20, 1.35)
0.56 (0.34, 0.93)
0.67 (0.32, 1.41)
0.93 (0.62, 1.38)
1.12(0.57, 2.20)
0.90 (0.62, 1.33)
0.88 (0.4, 1.76)
1.05 (0.69, 1.61)
0.94 (0.40, 2.20)
0.74 (0.46, 1.19)
0.86 (0.46, 1.63)
0.86 (0.59, 1.23)
1.16 (0.61, 2.19)
117 (0.81, 1.69)

p-value

0.696
0.072
0.366
0.252

+’*?*\W‘H*M‘HWW‘

0.590

0.068
0.980

0.709
0.110
0.040
0.238
0.699
0.658
0.573
0.668
0.731
0.727
0.163
0.885
0.380
0.885
0.380

0.715
0.071
0.357
0.275
0.079
0.027
0.994
0.556
0.153
0.875
0.091
0917
0.178
0.025
0.287
0.701
0.737
0.603
0.722
0.805
0.879
0214
0.653
0.404
0.653
0.404

Interaction
p-value

0.593

0.735

0.008

0.790

0.283

0.308

0.930

0.681

0.740

0.838

0.468

0.670

0.670

0.302

0.899

0.033

0.927

0.130

0.431

0.603

0.515

0.605

0.7558

0.185

0.452

0.452

0.570

0.712

0.007

0.274

0.170

0.624

0.681

0.876

0.419

0.595

0.595

Asthma

PM:Hn

OR (95% CI)

0.85 (030, 2.41)
0.47 (0.23, 0.96)
0.71(0.43, 1.19)
0.85 (0.57, 1.26)
0.90 (0.54, 1.49)
0.79(0.53, 1.19)
1.05 (0.58, 1.91)
0.82(0.53, 1.27)
0.93 (053, 1.62)
0.78 (0.48, 1.25)
1.25 (0.75, 2.10)
1.12(0.75, 1.68)
0.78 (0.39, 1.56)
0.42(0.23,0.76)
0.80 (0.44, 1.47)
0.90 (0.59, 1.39)
0.96 (0.55, 1.67)
0.94(0.62, 1.43)
0.93 (051, 1.70)
1.07 (0.68, 1.69)
1.19 (0.63, 2.23)
0.58 (0.33, 1.02)
1.06 (0.63, 1.78)
0.76 (0.51, 1.14)
0.94 (0.56, 1.58)
1.31(0.87, 1.97)

0.63 (0.30, 1.34)
0.49 (0.19, 1.30)
0.75 (0.50, 1.11)
0.81(0.47, 1.38)
082 (0.55, 1.20)
0.85 (0.50, 1.46)
0.89 (0.57, 1.38)
092 (0.51, 1.66)
0.54 (0.36, 0.82)
2.41(1.07, 5.42)
1.15(0.78, 1.71)
1.14 (067, 1.95)
039 (0.21,0.74)
0.88 (0.46, 1.69)
071 (0.45, 1.11)
1.20 (068, 2.10)
0.87 (0.57, 1.32)
1.18 (0.68, 2.05)
1.00 (0.64, 1.56)
1.08 (058, 2.02)
0.87 (0.52, 1.45)
0.73(0.36, 1.45)
092 (0.62,1.37)
0.86 (0.50, 1.48)
1.09 (0.73, 1.62)
1.16 (0.68, 1.99)

0.93 (0.28, 3.07)
0.49 (0.25, 0.97)
0.72(0.41,1.27)
0.83 (057, 1.21)
0.97 (056, 1.70)
0.78 (053, 1.14)
0.97 (050, 1.88)
0.89 (0.59, 1.35)
0.79.(0.43, 1.44)
0.86 (0.5, 1.36)
1.22 (0.68, 2.18)
112 (0.76, 1.64)
0.32 (0.1, 0.90)
0.64 (0.39, 1.06)
0.48 (0.23, 1.02)
1.04 (0.70, 1.56)
1.09 (0.59, 2.01)
0.90 (061, 1.34)
0.89 (0.47, 1.71)
1.08 (0.70, 1.67)
0.91(0.43, 1.95)
0.73 (0.45, 1.20)
0.86 (0.48, 1.55)
0.87 (059, 1.27)
1.16 (0.64, 2.09)
1.15(0.79, 1.69)

(a)

p-value

0.228

0.431

0.567

0.599

0.776

0.004
T Y0034
0.481
0.629
0.004
0.707
0.137
0.532
0.515
0.563
0.987
0.797
0.587
0.366
0.676
0.586
0.676
0.586

RERRERAR W“\”*“MW“W”T‘

0.901
0.042
0.253
0.328
0917
0.200
0.934
0.576
0.443
0.523
0.500
0.567
0.031
0.082
0.055
0.843
0.774
0.609
0.734
0717
0816
0213
0.620
0.463
0.620
0.463

wmw“'wW\ LR

PM,,
Interaction 0 oo gy
p-value
0571 0.74 (0.29, 1.89)
050 (0.23, 1.06)
0811 076 (0.47,1.23)
0.82(0.54, 1.24)
0573 0.76 (0.47, 1.24)
0.88 (0.58, 1.33)
0623 1.02(0.58, 1.79)
0.83 (0.53, 1.30)
0.707 0.86 (0.51, 1.46)
0.82(0.50, 1.34)
0.906 1.15(0.70, 1.89)
1.16(0.77,1.77)
0.166 079 (0.41,1.53)
0.40 (0.22, 0.74)
0.083 055 (0.29, 1.03)
1.10(0.71,1.70)
0932 0.93 (0.55, 1.58)
0.96 (0.62, 1.47)
0435 0.85 (0.48, 1.50)
1.15(0.72, 1.83)
0368 0.96 (0.51, 1.80)
067 (0.39,1.17)
0958 0.86 (0.52, 1.41)
0.86 (0.57, 1.31)
0958 1.16 (0.71, 1.91)
1.16 (0.7, 1.75)
0.148 0.94 (0.37, 2.41)
038 (0.17,0.82)
0518 0.84 (0.54, 1.30)
0.75 (0.48, 1.19)
0.194 0.70 (0.45, 1.09)
1.02 (0.65, 1.60)
0531 1.11(0.69, 1.79)
072 (0.43,1.22)
0358 068 (0.42,1.11)
1.06 (0.62, 1.81)
0577 1.26 (0.81, 1.95)
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Exposure level
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Figure 5. (a) Associations between childhood exercise after birth and physician-diagnosed asthma in children, stratified

by different exposure levels of particulate matters (PMzs, PMzs-10, PM10) during the postnatal period. Odds ratios (ORs)

and 95% confidence intervals (Cls) were adjusted for the studied covariates, along with individual exposure to ambient

nitrogen dioxide (NOz) and temperature within each corresponding time window. Statistical significance is indicated by p-

values less than 0.05, while interaction effects were considered significant at p-values below 0.1. (b) Associations between

childhood exercise after birth and physician-diagnosed wheeze in children, stratified by varying exposure levels of

particulate matters (PMzs, PM2s-10, PM10) during the postnatal period. Odds ratios (ORs) with 95% confidence intervals

(CIs) were adjusted for the studied covariates, as well as individual exposure to ambient nitrogen dioxide (NO2) and

temperature within each respective time window. Statistical significance is denoted by p-values less than 0.05, and

interaction effects are considered statistically significant at p-values below 0.1.
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This retrospective cohort study of father-mother-
child triads is the first to systematically investigate the
separate  and combined effects of parental
preconceptional, maternal prenatal, and childhood
postnatal exercise habits, ambient air pollutant
exposures, and their interactions on asthma and wheeze
in children during and after the COVID-19 epidemic. Our
findings emphasize several key points. First, paternal
exercise habits such as running and ball sports before
conception were associated with a reduced risk of wheeze
in offspring, although no significant associations were
observed with childhood asthma. Second, maternal
exercise preferences, particularly walking on normal days
and nighttime exercise before pregnancy, were linked to
lower asthma risk in offspring, whereas maternal daytime
exercise before pregnancy and during pregnancy
correlated with increased asthma risk. Maternal
afternoon exercise before pregnancy was protective
against wheeze, while prolonged daily meditation during
pregnancy elevated wheeze risk. Third, childhood
exercise preferences, especially longer duration and
daytime activity (notably in the afternoon), were
associated with decreased risks of both asthma and
wheeze, while nighttime exercise increased wheeze risk.
Fourth, exposure to particulate matter (PM2zs-10 in the
first trimester and PMzs in the second trimester) was
consistently associated with increased asthma risk,
whereas NO:z exposure before pregnancy and PMio
exposure in the third trimester correlated with wheeze.
Lastly, low and high exposures to particulate matter
respectively amplified the protective and adverse effects
of specific exercise habits among fathers before
pregnancy, mothers before and during pregnancy, and
children after birth, highlighting a potential “exercise-
pollution interaction” at the statistical level. It should be
noted that this observed effect modification does not
necessarily imply a direct biological causation.

Our results align with previous studies
demonstrating the beneficial impact of maternal exercise
on offspring respiratory health. For instance, a Finnish
birth cohort study reported that engaging in physical
activity three or more times per week during pregnancy
significantly reduced asthma risk in children [28].
Similarly, research from Shanghai identified maternal
inactivity as a risk factor for respiratory allergies in
offspring [29]. Furthermore, a Scandinavian study
showed that maternal lack of exercise during early
pregnancy was associated with reduced lung function in
infants at three months of age [30]. These protective
effects may be linked to improved placental function and

growth [31,32], as well as modulation of maternal and
neonatal immune status [33]. Thus, low-intensity
maternal exercise during pregnancy may play an
important preventive role against childhood asthma and
wheezing.

Consistent with our findings, children’s own exercise
habits have been shown to influence asthma risk. Prior
research suggests that physical inactivity increases the
likelihood of new-onset asthma in children and
adolescents [10]. Our data further indicate that exercising
for more than one hour per session confers a protective
effect against asthma. However, this contrasts with some
reports highlighting increased asthma prevalence among
athletes, particularly those engaged in high-intensity
endurance sports [34]. High-intensity exercise may
trigger bronchoconstriction and wheezing symptoms
[35], underscoring the complexity of the relationship
between exercise intensity and respiratory health in
children.

Our study also revealed a nuanced relationship
between the timing of maternal exercise and childhood
asthma risk. Specifically, maternal exercise at night before
pregnancy was associated with a reduced risk of asthma
in offspring, whereas exercise during the day before
pregnancy or during pregnancy appeared to increase this
risk. This discrepancy may be attributable to diurnal
variations in air pollutant emissions and the behavior of
particulate matter. For example, particulate matter
concentrations tend to peak during morning hours due to
increased human activities [35]. In certain regions of
China, PMzs levels are highest in the morning [36], while
in New York City, peak pollution levels typically occur
between 7 and 9 a.m. during summer weekdays [37].
Additionally, studies have documented that polycyclic
aromatic hydrocarbons (PAHs) in PMa2s increase
significantly in early morning hours in Shanghai, China
[38,39]. At night, lower temperatures, higher relative
humidity, and reduced wind speeds contribute to
decreased particulate matter concentrations near
roadways [40]. Such nocturnal reductions in pollution
could explain the protective effect we observed for
maternal exercise during nighttime hours, suggesting that
the benefits may be linked to exercising during periods of
lower ambient pollution rather than the time of day per se.

Interestingly, we observed the opposite trend for
children: nighttime exercise was associated with an
increased risk of wheezing. One potential explanation for
this opposite trend may lie in the difference in breathing
zone height between adults and children. Children, whose
breathing zones are closer to the ground, are more




vulnerable to pollutant accumulation near the surface.
Studies have shown that fine particulate matter
concentrations in strollers can be 44% higher than those
measured at adult breathing height [41], and urban
infants may experience greater exposure to air pollution
compared to walking adults [42]. This height-related
differential exposure could lead to generally higher PM2s
levels encountered by children relative to adults [43].
Additionally, other factors not measured in our study,
such as the specific type and intensity of children’s
nighttime activities, or differences in the
microenvironment where children versus adults tend to
exercise at night, might also contribute to the observed
association. These findings highlight that parents and
children may face different pollutant exposures during
outdoor activities, underscoring the need for further
research to clarify the mechanisms and for tailored
strategies regarding exercise timing and environment to
mitigate respiratory risks for both groups.

Exposure to coarse particulate matter (PMzs-10)
prior to pregnancy was found to significantly increase the
risk of childhood asthma, a finding that aligns with our
previous research [44]. Additionally, exposure to fine
particulate matter (PMzs) during mid-pregnancy was also
significantly associated with increased asthma risk in
children. Numerous studies have consistently
demonstrated strong links between early-life exposure to
particulate matter and the development of childhood
asthma. For instance, one study reported that higher
prenatal PM2s exposure during mid-pregnancy was
specifically associated with asthma development in boys
by age six [45]. This sensitive exposure window
corresponds to the canalicular stage of fetal lung
development, a critical period during which key tissues
and respiratory functions are established [45]. Other
research further suggests that both prenatal and
postnatal exposures to PMzs elevate the risk of childhood
asthma, likely through modulation of the developing
immune system [46,47]. Animal studies have illustrated
that PM2s exposure can induce inflammatory responses in
the placenta, which may be transmitted from mother to
fetus, leading to fetal developmental abnormalities [48].
Similarly, evidence indicates that both prenatal and
postnatal PMazs exposures contribute to increased
childhood asthma risk [49].

Our study also identified nitrogen dioxide (NO2)
exposure as a significant contributor to childhood asthma
and wheezing, with the critical window for asthma risk
occurring during pregnancy and for wheezing mainly
before pregnancy. NOz, a key component of industrial and
traffic-related pollution, has been extensively linked to
childhood asthma. A global burden of disease study

estimated that NO2 exposure contributed to 1.85 million
new cases of childhood asthma worldwide in 2019 [50].
Further supporting this, studies by Lu et al. have
demonstrated that prenatal NO: exposure increases
childhood asthma risk [51]. A meta-analysis confirmed a
robust association between prenatal NO2 exposure and
childhood wheezing and asthma, with effects persisting
into the postnatal period [52].

In summary, different air pollutants appear to
impact children’s respiratory health differently
depending on the timing of exposure. Prenatal exposure
to PM2s may interfere with fetal lung and immune system
development, thereby increasing asthma risk, whereas
pre-pregnancy NO: exposure is more strongly linked to
wheezing risk. These findings underscore the time-
sensitive nature of air pollution’s impact on child
respiratory health and highlight pregnancy as a critical
window for intervention, emphasizing the urgent need to
improve air quality for pregnant women and their
developing fetuses.

Our study also indicated that the associations
between parental exercise habits and childhood asthma
and wheezing appeared to be modified by particulate
matter (PMzs, PM25-10, PM10) exposure. Previous research
suggests that paternal exercise interventions can induce
notable alterations in offspring phenotypes, with different
exercise regimens influencing the development of various
organs and tissues in the offspring [53]. These effects are
thought to involve epigenetic or physiological changes in
sperm [54]. Similar patterns were observed for maternal
exercise: engaging in exercise during the afternoon, when
combined with high PMzs exposure prior to pregnancy,
was associated with an increased risk of childhood
asthma. This may be due to increased pollutant inhalation
during exercise, as minute ventilation rises, potentially
amplifying adverse effects [55,56].

Interestingly, under conditions of high PMio
exposure, maternal walking and participation in ball
sports appeared to exhibit protective effects. This might
be due to the lower intensity of such activities, which may
limit pollutant penetration into the respiratory tract
compared with high-intensity exercise. Supporting this, a
study demonstrated that even in regions with elevated
PM:zs levels, prolonged walking (10.5 h per week) was
associated with a reduction in all-cause mortality [57].
Moreover, a study involving 1.2 million participants
reported that racquet sports, such as badminton and
tennis, were associated with a 47% reduction in all-cause
mortality [58].




We observed differential susceptibility to the timing
and intensity of exercise in relation to childhood asthma
and wheezing. A nationwide study across 367 Chinese
cities found that outdoor exercise performed in the
morning leads to higher inhalation of PMa2s [59],
suggesting that maternal exercise during this period may
increase pollutant exposure. Air pollutants inhaled during
pregnancy can cross the placental barrier, directly
affecting fetal development [60]. The perinatal period is
particularly critical for the maturation of the fetal lungs
and immune system [61,62], and maternal exposure to
high levels of air pollution during exercise may impair
these developmental processes. For instance, a cohort
study in the UK reported that PMio exposure during
pregnancy was associated with significantly reduced lung
function in children at the age of eight [63]. Interestingly,
our findings revealed that maternal walking during
pregnancy, even under high particulate matter exposure,
was associated with a reduced risk of childhood asthma.
This suggests that the type and intensity of exercise
performed during pregnancy may exert distinct effects on
offspring respiratory outcomes, with low-intensity exercise
likely being preferable when pollution levels are high.

Postnatally, we observed that children who engage
in running during periods of high PMzs exposure had a
lower risk of developing asthma. This aligns with studies
showing that physical activities such as running,
swimming, and walking can reduce airway inflammation
and improve lung function in asthma patients [64]. A
Spanish study further demonstrated that even moderate,
intermittent exercise in polluted environments may have
positive effects on lung function [65]. Supporting
evidence also suggests that exercise performed under
high-pollution conditions can yield overall health
benefits, including anti-inflammatory effects and
improved cardiopulmonary function [22,23]. Similarly,
paternal exercise has been linked to benefits for offspring
metabolic health, including reduced risks of obesity and
diabetes [54,66,67].

Our results also suggest that prolonged maternal
sedentary behavior during pregnancy, particularly under
high PMzs exposure, increases the risk of wheezing in
children. Previous studies have found that extended
sedentary time during pregnancy is associated with a
higher risk of offspring obesity [68], while reducing
sedentary time and increasing physical activity have been
shown to improve respiratory outcomes in children [69].
Moreover, under conditions of low particulate matter
exposure, maternal exercise preferences—particularly
walking, ball sports, and daytime activities—were
strongly associated with a reduced risk of wheezing in
children. These benefits may be mediated by the ability of
regular, moderate exercise to increase maternal plasma

volume, enhance cardiac output, and improve placental
function [70]. A comprehensive review has provided
substantial evidence supporting the positive effects of
prenatal exercise on maternal and fetal health [71].

In addition, during the first year of life, we observed
that children who enjoy exercise or who exercise in the
afternoon, even when exposed to high concentrations of
particulate matter, exhibit a reduced risk of wheezing.
This is consistent with systematic reviews reporting that
exercise training improves wheezing symptoms and
enhances lung function in both children and adults with
asthma [72]. Our findings indicate a potential exercise-
pollution interaction during early-postnatal period, which
may provide a better understand in early prevention and
effective reduction of childhood asthma and allergies.

Interaction analyses further revealed the complex
interplay between environmental pollution and parental
exercise behaviors, particularly during pregnancy. We
found that the interaction between exercise patterns and
air pollution exposure significantly influences the risk of
childhood asthma and wheezing at different
developmental stages. During the first and third perinatal
periods, both the type and timing of maternal exercise
appeared to modulate the impact of air pollution on
respiratory outcomes in children. Pregnancy is a critical
window for fetal respiratory system development, and the
combined effects of maternal physical activity and
environmental pollution may influence respiratory health
through multiple biological pathways, including altered
fetal lung development, immune system maturation, and
maternal cardiopulmonary function.

Collectively, our findings suggest that parental
exercise behaviors—especially the type, intensity, and
timing of maternal exercise in relation to pollution peaks
during pregnancy—along with the level of air pollution
exposure, play a pivotal role in shaping childhood
respiratory health. Under conditions of high air pollution,
moderate, low-intensity maternal exercise may exert
protective effects, whereas high-intensity exercise or
exercise during times of typically high pollution may
increase the risk of asthma and wheezing in offspring.

Our study has several notable strengths. First, it was
conducted across multiple cities and included a large
sample size of father-mother-child groups, enhancing the
reliability, generalizability, and statistical power of the
findings. Second, this is the first study to systematically
examine the comprehensive impacts of paternal,
maternal, and childhood exercise habits—together with
ambient air pollutant exposures during preconceptional,
prenatal, and postnatal periods—and their interactions
on childhood asthma and wheeze in children aged 3-6




years. Third, we evaluated exercise behaviors from
multiple dimensions, including preference, frequency,
intensity, timing, and duration, and, for the first time,
identified associations between circadian exercise
patterns and childhood asthma and allergic outcomes.
Fourth, we incorporated data on seven major ambient air
pollutants and applied the inverse distance weighting
(IDW) method to estimate individual exposures to
pollutants, temperature, and relative humidity (RH)
based on family residential addresses, ensuring high
spatial accuracy and detailed exposure assessment.
Finally, our statistical models were carefully adjusted for a
wide range of covariates, including individual, parental,
and environmental factors, as well as key meteorological
variables, thereby improving the robustness of the analysis.

However, our study also has several limitations.
First, due to its retrospective cohort design, causal
relationships between exercise habits, air pollutant
exposures, and childhood asthma or wheeze cannot be
definitively established. Second, physician-diagnosed
asthma and wheeze were reported based on parental
recall and survey responses, which may have introduced
recall bias. We attempted to mitigate this by controlling
for the timing of survey completion and conducting
rigorous data logic checks. Third, exercise behaviors (e.g.,
frequency, intensity, duration, and timing) were self-
reported rather than objectively measured, which may
have led to some degree of misclassification. Fourth,
although we collected data on air conditioning
temperature settings during winter and summer, we did
not directly measure indoor temperature or RH, which
may have introduced residual confounding. Nevertheless,
because of the high frequency of window opening in these
households—indicating good natural ventilation—we
assume that indoor and outdoor pollutant concentrations
were largely comparable, thereby minimizing potential
bias. Last, though it is widely considered that there is a
close relationship between exercise and meditation, we
still suspect that some participants may confuse the
meaning of “meditation”, or consider it too widely, which
might slightly reduce the reliability of our conclusion
about the relation between meditation and offspring’s
wheeze.

This multicenter father-mother-child retrospective
study is, to our knowledge, the first to systematically
examine the effects of exercise habits—among fathers
during the preconceptional period, mothers during
preconception and pregnancy, and children after birth—
alongside preconceptional, prenatal, and postnatal
ambient air pollutant exposures and their interactions on
childhood asthma and wheeze during and after the
COVID-19 epidemic. Our findings highlight that paternal
exercise before conception, maternal exercise both before
and during pregnancy, and childhood exercise all play

crucial roles in shaping the risk of asthma and wheeze.
Parents who engage in regular physical activity, prefer
low-intensity activities such as walking, exercise during
nighttime, and encourage appropriately timed and
moderate-intensity physical activity in early childhood
can significantly lower the risk of childhood asthma and
allergy. In contrast, high-intensity or daytime exercise
may increase risk, particularly in polluted environments.

We also observed that preconceptional and prenatal
exposures to particulate matter (PMs) and NO:
substantially increased the risk of asthma and wheeze.
Importantly, we found significant interactions between
exercise habits and ambient PM exposure across both
parental and childhood periods, supporting a potential
“(Pre-) Fetal origins of childhood asthma and wheeze”
hypothesis mediated by exercise-pollution interactions.
These findings, while requiring further confirmation,
highlight the potential importance of cross-generational
strategies, integrating both physical activity guidance and
air pollution control, for the early prevention and
management of childhood asthma and allergy in the
COVID-19 epidemic and post-pandemic era.

The additional data and information can be
downloaded at: https://media.sciltp.com/articles/others/
2512121514416979/Checked-Revised-Supplementary-
Materials-449M-clean-version.pdf. Figure S1: Pearson
correlation coefficients between individual exposure to
outdoor temperature and relative humidity across
different time windows. Figure S2a-b: Associations
between paternal exercise prior to conception and
children’s physician-diagnosed asthma and wheeze. The
single model presents odds ratios (ORs) and 95%
confidence intervals (CIs) adjusted for the studied
covariates. Figure S3a-d: Odds ratio (95% CI) of children’s
physician-diagnosed asthma for paternal exercise during
normal days and before pregnancy, stratified by gender
and premature, age, breastfeeding and parental allergic
diseases, secondhand smoke and antibiotic use. Figure
S4a-d: Odds ratio (95% CI) of children’s physician-
diagnosed wheeze for paternal exercise during normal
days and before pregnancy, stratified by gender and
premature, age, breastfeeding and parental allergic
diseases, secondhand smoke and antibiotic use. Figure
S5a-b: Associations between maternal exercise during
normal days, the year prior to pregnancy and pregnancy
and physician-diagnosed asthma and wheeze in children.
Figure S6a-f: Odds ratio (95% CI) of children’s physician-
diagnosed asthma for maternal exercise during normal
days, the year prior to pregnancy and pregnancy,
stratified by gender and premature, age. secondhand
smoke and antibiotic use. Figure S7a-h: Odds ratio (95%
CI) of children’s physician-diagnosed wheeze for
maternal exercise during normal days, the year prior to
pregnancy and in utero, stratified by gender and
premature, age, breastfeeding and parental allergic
diseases, secondhand smoke and antibiotic use. Figure
S8a-d: 0dds ratio (95% CI) of children’s physician-



https://media.sciltp.com/articles/others/2603200908294614/Checked-Revised-Supplementary-Materials-495M-clean-version.pdf

diagnosed asthma for childhood exercise after birth,
stratified by gender and premature, age, breastfeeding
and parental allergic diseases, secondhand smoke and
antibiotic use. Figure S9a-d: Odds ratio (95% CI) of
children’s physician-diagnosed wheeze for childhood
exercise after birth, stratified by gender and premature,
age, breastfeeding and parental allergic diseases,
secondhand smoke and antibiotic use. Figure S10a-d:
Odds ratio (95% CI) of children’s physician-diagnosed
asthma for outdoor air pollution exposure during
different time windows, stratified by gender and
premature, age, breastfeeding and parental allergic
diseases, secondhand smoke and antibiotic use. Figure
S1la-d: Odds ratio (95% CI) of children’s physician-
diagnosed wheeze for outdoor air pollution exposure
during different time windows, stratified by gender and
premature, age, breastfeeding and parental allergic
diseases, secondhand smoke and antibiotic use. Figure
S12a-f: Associations between paternal exercise prior to
conception and physician-diagnosed asthma and wheeze
in children, stratified by different exposure levels of
particulate matter (PMzs, PMzs.10, PM1o) during the
preconceptional period and the same prenatal timeframe.
Figure S13a-c: Interaction (OR [95% CI]) of paternal
exercise and individual exposure to particulate matters
(PMz2s, PM2s-10 and PM1o) during the 4-6 months, 3
months, and one year before pregnancy on childhood
physician-diagnosed asthma. Figure S14a-c: Interaction
(OR [95% CI]) of paternal exercise and individual
exposure to particulate matters (PMzs, PM25-10 and PM1o)
during the 4-6 months, 3 months, and one year before
pregnancy on childhood physician-diagnosed wheeze.
Figure S15a-l: Associations between maternal exercise
prior to conception and physician-diagnosed asthma and
wheeze in children, stratified by different exposure levels
of particulate matter (PMzs, PMz2s-10, PM10) during the
preconceptional period and the same prenatal timeframe.
Figure S16a-c: Interaction (OR [95% CI]) of maternal
exercise and individual exposure to particulate matters
(PMz2s, PMz2s.10 and PMio) during the 4-6 months, 3
months and one year before pregnancy on childhood
physician-diagnosed asthma. Figure S17a-c: Interaction
(OR [95% CI]) of maternal exercise and individual
exposure to particulate matters (PMzs, PM25-10 and PM1o)
during the 4-6 months, 3 months and one year before
pregnancy on childhood physician-diagnosed wheeze.
Figure S18a-d: Interaction (OR [95% CI]) of maternal
exercise and individual exposure to particulate matters
(PM2s, PM2s-10 and PM1o) during the first, second and
third trimester of pregnancy and entire pregnancy on
childhood physician-diagnosed asthma. Figure S19a-d:
Interaction (OR [95% CI]) of maternal exercise and
individual exposure to particulate matters (PMzs, PM25-10
and PMuio) during first, second and third trimester of
pregnancy and entire pregnancy on childhood physician-
diagnosed wheeze. Figure S20a: Interaction (OR [95% CI])
of childhood exercise and individual exposure to
particulate matters (PMzs, PM25-10 and PM1¢) during first
year of life, past year and entire postnatal period on
childhood physician-diagnosed asthma. Figure S21a-c:
Interaction (OR [95% CI]) of childhood exercise and
individual exposure to particulate matters (PMz.s, PM25-10

and PMio) during first year of life, past year and entire
postnatal period on childhood physician-diagnosed
wheeze. Table S1: Childhood doctor-diagnosed asthma
and wheeze, questions and answer options set in the
questionnaire. Table S2: Descriptions, questions and
answer options for paternal exercise during normal days
and before pregnancy. Table S3: Descriptions, questions
and answer options for maternal exercise before and
during pregnancy. Table S4: Descriptions, questions and
answer options for childhood exercise after birth. Table
S5: Definitions of time windows for individual exposure to
outdoor air pollution and climatic factors. Table S6:
Covariates and their corresponding questions and answer
options set in the questionnaire. Table S7: Statistics of the
number and prevalence of childhood asthma and wheeze
in different cities. Table S8: Statistics on paternal exercise
habits during normal days and preconceptional period as
well as their relationships with childhood doctor-
diagnosed asthma and wheeze. Table S9: Statistics on
maternal exercise habits during normal days,
preconceptional, and prenatal period as well as their
relationships with childhood doctor-diagnosed asthma
and wheeze. Table S10: Statistics on childhood exercise
habits during normal days and preconceptional period as
well as their relationships with childhood doctor-
diagnosed asthma and wheeze. Table S11: Statistical
description of individual exposures to outdoor air
pollution, temperature and relative humidity (RH) as well
as the differences in exposure level between cases and
controls for childhood asthma and wheeze. Table S12:
Pearson correlation between individual exposures to
outdoor air pollution during different time widows.
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