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PUBLIC SUMMARY

= A national study with over 109K preschoolers on PM, s-DCD in China

= Early life PM, 5 exposure was associated with poorer motor performance and increased risk of DCD

= Significant associations were found on subscales of control during movement and general coordination function
= Children from rural areas and with NICU admission might be more susceptible

= Exclusive breastfeeding over 6 months may mitigate the effect of PM, 5 on motor skills

¢ CelPress Partner Journal www.cell.com/the-innovation


mailto:kanh@fudan.edu.cn
mailto:jinghua@tongji.edu.cn
https://doi.org/10.1016/j.xinn.2022.100347
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xinn.2022.100347&domain=pdf
http://www.thennovation.org
http://www.thennovation.org

m

Chesk for
Gpdaies

Association of developmental coordination disorder with early-life
exposure to fine particulate matter in Chinese preschoolers

Jing Cai,"” Yang Shen,"” Xia Meng," Yan Zhao,? Yue Niu,’ Renjie Chen,” Wenchong Du,® Guangbin Quan,” Anna L. Barnett,* Gary Jones,> Haidong Kan,.6-*

and Jing Hua%*

1School of Public Health, Shanghai Institute of Infectious Disease and Biosecurity, Key Lab of Public Health Safety of the Ministry of Education and NHC Key Lab of Health Technology

Assessment, Fudan University, Shanghai 200032, China

2Shanghai First Maternity and Infant Hospital, Tongji University School of Medicine, Shanghai 201204, China

3Department of Psychology, Nottingham Trent University, Nottingham NG1 4BU, UK
4Centre for Psychological Research, Oxford Brookes University, Oxford 0X3 0BP, UK
5School of Social Sciences, Nottingham Trent University, Nottingham NG1 4BU, UK

6Children’s Hospital of Fudan University, National Center for Children’s Health, Shanghai 201102, China

“These authors contributed equally
*Correspondence: kanh@fudan.edu.cn (H.K.); jinghua@tongji.edu.cn (J.H.)

Received: June 7, 2022; Accepted: November 1, 2022; Published online: November 4, 2022; https://doi.org/10.1016/j.xinn.2022.100347
© 2022 The Author(s). This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Citation: Cai J., Shen Y., Meng X, et al,, (2023). Association of developmental coordination disorder with early-life exposure to fine particulate matter in Chinese preschoolers.

The Innovation 4(1), 100347.

Although fine particulate matter (PM, 5) is a neurotoxicant, little is known
about whether early-life PM, 5 exposure is associated with an increased
risk of developmental coordination disorder (DCD). We conducted a cohort
study of 109 731 children aged 3-5 years from 551 county-level cities in
China between April 2018 and December 2019. Residential PM, 5 exposure
was estimated using a hybrid satellite-based exposure model. Children’s mo-
tor performance was assessed using the Little DCD Questionnaire (LDCDQ).
Linear mixed-effect models and generalized linear mixed models with a bino-
mial distribution were used to examine the associations of PM, 5 exposure
with LDCDQ scores and risk of DCD, respectively. Both prenatal and postnatal
exposure to a higher level of PM, 5 was significantly associated with reduced
total LDCDQ score, and the impacts were evident on subscales of control dur-
ing movement and general coordination function but not fine motor function.
For example, an interquartile range increase in PM, 5 exposure in ages 0-3
was associated with a 0.19 (95% confidence interval [CI]: 0.05, 0.33) decre-
ment in the total score. Additionally, higher PM, 5 exposure was associated
with increased risk of DCD, and the adjusted odds ratios were 1.06 (95%
Cl: 1.01, 1.10) and 1.06 (95% CI: 1.01, 1.13) for each interquartile range in-
crease in PM, 5 exposure during the first trimester and the first 3 years,
respectively. Children who were from rural areas, had neonatal intensive
care unit admission, or were exclusively breastfed for less than 6 months ap-
peared to be more susceptible to PM, 5 exposure than their counterparts. Our
findings provide robust evidence that early-life PM, 5 exposure contributes to
an elevated risk of DCD.

INTRODUCTION

Eight percent of children worldwide, approximately 53 million, suffer from
some form of neurodevelopmental disorder.’ Although conceptualized as a
childhood disability, neurodevelopmental disorders have increasingly been
recognized as life-long neurological conditions that could significantly
impact functioning and the quality of life in adulthood.” Developmental coor-
dination disorder (DCD) is a neurodevelopmental disorder that affects chil-
dren’s ability to execute coordinated motor actions, resulting in slow, clumsy,
or inaccurate motor performances,” with a prevalence ranging between 5%
and 6% among children aged 5-11 years.* DCD commonly results in persis-
tent and significant difficulties in performing daily activities involving balance
or manual dexterity.” DCD has also been associated with mental health prob-
lems,®’ learning difficulties, problems with psychosocial adjustment,® and
lower cognitive function.” DCD persists into adulthood for 30%-70% of indi-
viduals, with direct consequences in the academic realm and even
beyond,"®"" and may result in secondary associations with self-esteem'”
and poor physical health.''*

Neurodevelopmental disorders could be the result of shared causes that
involve genetic and nongenetic environmental factors occurring during develop-
ment, especially those critical windows such as the prenatal period and early
childhood."® Air pollution has been shown as an important environmental contrib-
utor to neurodevelopmental disorders.’® ' Several studies using MRI-based
brain imaging techniques reported that childhood exposure to air pollutants,

especially particles with 2.5 um or less in diameter (fine particulate matter
[PM,g]), was associated with significant structural brain alterations in chil-
dren.'®?° Experimental studies have shown that PM, 5 can induce neurological
impairments by causing systemic inflammation after respiratory uptake”'*
and/or being directly translocated to the brain through the nasal pathway
involving the olfactory bulb.?"?°

Despite the abundance of evidence on the adverse health outcomes of PM, 5
exposure?* little is known regarding the impacts of early-life (including prenatal
and postnatal) PM, s exposure on neurodevelopmental disorders, especially
DCD. Only a few studies with small sample sizes have linked PM, s exposure
(ranging from 9.0 to 22.3 ug/m®) with DCD or motor function among children,
and results are mixed.”®*° For example, Lertxundi et al. found that prenatal expo-
sure to PMs 5 was associated with a negative effect on motor development in 4-
to 6-year-old children; however, none of the associations were statistically signif-
icant.?® On the contrary, Zhang et al. found that motor development in the first few
weeks of life in preterm infants was particularly sensitive to pollution from major
roads at birth.? Nationally representative, large-scale studies are needed to
confirm these findings.

In this study, with an established nationwide dataset including 551 county-level
cities in China, we explored the quantitative relationships of prenatal and early
childhood exposure to PM, 5 with motor development and the risk of DCD among
preschoolers based on recent satellite-based measurements of PM, s concentra-
tions. Additionally, we identified the subgroups in the study population that were
more vulnerable to PM, 5 exposure.

RESULTS

Atotal of 109 731 children were included for analysis. The characteristics of the
eligible children and their parents are shown in Table 1. The mean (+standard de-
viation) age of children was 4.40 (+0.80) years, 47.2% were girls, and 21.3% were
from rural regions (Table S1). Over half of the children were vaginally delivered,
10.5% had been admitted to a neonatal intensive care unit (NICU), and 79.5%
were breastfed over 6 months. The mean (xstandard deviation) total score of
the Little DCD Questionnaire (LDCDQ) was 67.9 (+8.8) (Table S2). Among all,
16 392 were screened as suspected DCD, accounting for 14.9%.

PM, s concentrations during different exposure windows are summarized
in Table 2. The mean (xstandard deviation) of PM, 5 concentrations between
birth and 36 months was 50 (+10) ug/m?, with an interquartile range (IQR) of
16 ug/m3. A wide range of PMj 5 concentrations in mainland China was observed
(Figure S2), ranging from 13 to 113 pg/m® from birth to 36 months. In general,
there were moderate to high correlations among prenatal and postnatal exposure
concentrations (Spearman’sr > 0.65; Pearson'sr > 0.64) (Table S3). PM, 5 con-
centrations were weakly to moderately correlated with gaseous air pollutants
(Table S4).

Figure 1 presents changes in LDCDQ score per IQR of PM, 5 exposure during
specific exposure time windows. We observed that increases in postnatal PM, 5
exposure were associated with decreases in the total scores and subscores of
LDCDQ. For example, an IQR (16 pg/m®) increase in PM, 5 concentrations from
birth to 36 months was associated with a decrement of 0.19 (95% confidence
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Table 1. Characteristics of the study participants (N = 109,731) Table 32 Description of PM, s concentrations during specific exposure windows
Characteristic Mean + SD or number (%) (ra/m)
Percentile
Child S —
Exposure windows Mean(SD) Max P75 P50 P25 Min IQR
Age (years, mean = SD) 4.40 + 0.80
1st trimester 57 (19) 193 69 58 42 15 27
Sex 2nd trimester 56 (19) 184 68 58 42 15 26
Boys 57 955 (52.8)
3rd trimester 56 (19) 213 68 52 42 14 26
Girls 51 776 (47.2)
Entire pregnancy 56 (11) 152 63 56 49 15 14
Gestational age <37 weeks 13 583 (12.4)
Birth to 18 months 53 (11) 130 60 52 44 14 16
Delivery mode
18 to 36 months 48 (11) 109 55 46 39 12 16
Vaginal delivery 57 367 (52.3)
Birth to 36 months 50 (10) 113 58 50 42 13 16
Cesarean delivery 52 364 (47.7)
Birth to interview 47 (10) 104 54 45 39 12 15
NICU admission PM, s, particulate matter with the aerodynamic diameter equal to or less than
No 98 264 (89.5) 2.5 um; SD, standard deviation; P25, the 1st interquartile value of PM, s concentra-
tion; P50, the median value of PM, 5 concentration; P75, the 3rd interquartile value
Yes 11 467 (10.5) of PM, 5 concentration; IQR, interquartile range; Max, maximum; Min, minimum.
Psychotropic medication
interval [CI]: 0.05, 0.33) in the total score. These associations were consistently
No 108 796 (99.1) significant for two of the three LDCDQ subscores: general coordination (—0.09
Yes 935 (0.9) [95% Cl: —0.14, —0.04]) and control during movement (—0.08 [95% CI: —0.13,
—0.03]). For the subscore of fine motor skills, most associations were suggestive
Breastfeeding or null.
Never breastfed or <6 months of breastfeeding 22 460 (20.5) Significant associations were also found for prenatal PM, s exposure and
LDCDQ scores, though the effect estimates were relatively smaller than those
26 months of breastfeeding 87271 (79.5) with postnatal exposure. Each IQR increase in PM, s concentrations during the
Region entire pregnancy and during the first trimester was associated with decrements
of 0.14 (95% CI: 0.04, 0.24) and 0.18 (95% ClI: 0.04, 0.32) in the total LDCDQ score,
Urban 86 333 (78.7) respectively. Similarly, these associations were consistently significant for gen-
Rural 23 398 (21.3) eral coordination and control during movement but not for fine motor skills
(Figure 1).
Parents Figure 2 shows adjusted odds ratios (ORs) for DCD associated with an IQR in-
Maternal age at conception (years, mean + SD) 2776 + 4.20 crease in PM, 5 concentrations during each exposure window. In general, both
prenatal and postnatal PM, s exposure was associated with elevated risks of
Maternal education DCD. Specifically, for each IQR increase in PM, s concentrations during the first
Middle school or below 21708 (19.8) trimester, the risk increased by 6% (adjusted OR = 1.06, 95% Cl: 1.01, 1.10). For
each IQR in averaged PM, s concentrations before the age of 3 and from birth
High school 25 854 (23.6) to interview, the risks increased by 6% (adjusted OR = 1.06, 95% Cl: 1.01, 1.13)
Selesnar dhae 62 169 (56.7) and 8% (adjusted OR = 1.08, 95% Cl: 1.03, 1.14), respectively.
We found that the associations of PM, 5 exposure during specific exposure
Maternal employment time windows with DCD and the total score of LDCDQ remained unchanged after
il (e e 69 248 (63.1) additionally adjusting for gaseous air pollutants, while the effect estimates
/administrator) showed little changes (Table S5). For example, the associations of PM, 5 expo-
sure from birth to 36 months with risks of DCD remained statistically significant
Unemployed 17838 (16.3) after being adjusted for sulfur dioxide (SO) and ozone (0s), respectively, with less
Others 22 645 (20.6) than 1% changes in magnitude, which spanned an OR of T when adjusted for ni-
. trogen dioxide (NO,) and carbon monoxide (CO).
Gravidity Table 3 presents the results of the stratified analyses, which were overall
Primigravida 51 168 (46.6) consistent in various time windows of postnatal exposure. We found that asso-
ciations between PM, 5 and total score changes were relatively stronger in girls,
Multigravida 58 563 (53.4) those who were delivered through cesarean section, and those whose mothers
Pregnancy complications® received lower education compared with their counterparts. Particularly, region
(urban or rural), breastfeeding condition (>6 months or <6 months), and NICU
No 104 249 (95) admission (yes or no) appeared to modify the effect of PM, 5 on the total score
Yes 5482 (5.0) of LDCDQ, though the Cls of the two subgroups overlapped (possibly because of
the unbalanced sample size between subgroups). For each IQR in averaged
Paternal education PM, 5 concentrations before the age of 3 and between birth and interview, the to-
Middle school or below 21191 (19.3) tal LDCDQ score decreased by 0.39 (95% CI: 0.09, 0.70) and 0.38 (95% CI: 0.07,
0.68) in rural children, respectively, while the corresponding decreases were
High school 27798 (25.3) 0.24 (95% CI: 0.07,0.41) and 0.21 (95% CI: 0.04, 0.38) in urban children. The total
College or above 60 742 (55.4) LDCDQ score decreased by 0.24 (95% CI: 0.03, 0.44) and 0.28 (95% Cl: 0.10, 0.47)
in children who had over 6 months of exclusive breastfeeding, while the corre-
SD, standard deviation; NICU, neonatal intensive care unit. sponding decreases were 0.35 (95% CI: 0.07, 0.62) and 0.52 (95% CI: 0.19,

2Mother who had gestational hypertension and/or gestational diabetes mellitus. . - )
g P g 0.86), respectively, in the group that never breastfed or exclusively breastfed for
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Figure 1. Changes and 95% Cls in the scores of LDCDQ with per interquartile range increase of PM, 5 exposure during specific exposure time windows Adjusted for child sex, child
age, and body mass index at testing, psychotropic medication, gestational days, preterm birth, delivery mode, NICU admission, breastfeeding, region, maternal age at conception,
maternal gravidity, medical conditions during pregnancy, maternal and paternal education, maternal employment, year of test, gross domestic product at province level, temperature

and relative humidity, and the random contribution of kindergarten.

less than 6 months. Also, larger effect estimates were found in children with his-
tory of NICU admission (0.38 [95% CI: 0.01, 0.75] during age 0-3; 0.41 [95% CI
0.04, 0.78] between birth and interview) than their counterparts (0.19 [95% CI:
0.04, 0.34] during age 0-3; 0.16 [95% CI: 0.02, 0.31] between birth and interview).

DISCUSSION

In this study, we examined the effects of prenatal and early childhood exposure
to PM, 5 on motor development using a large-scale national study of 109 731 3-
to 5-year-old children in China. We found significant associations between PM; 5
exposure and decreased total score of LDCDQ, indicating poorer motor perfor-
mance. And the impact was evident on subscales of control during movement
and general coordination function but not of fine motor function. We also found
that PM, 5 exposure was associated with an increased risk of DCD. The associ-
ations remained when additionally controlling for gaseous air pollutants. Further,
we observed the effects of PM, 5 exposure were more prominent in children who
were from rural areas, had NICU admission, were never breastfed, or had less
than 6 months of exclusive breastfeeding than their counterparts.

Although the human brain continues to develop and change throughot life, the
most rapid growth and highest plasticity are seen during pregnancy and the first
few years of life.*" Very few studies have linked air pollutant exposure during preg-
nancy with poor motor skills,”® 22 and mixed results were found. Two Euro-
pean cohort studies reported no significant association of prenatal exposure to
PM, 5 with any scale of motor skills at 1-62° and 4-6 years of age,”® whereas
significant associations were found in a group of 4- to 6-year-old Mexican chil-
dren.*? In line with our results, they also observed that the impact of PM, 5 could
occur as early as the first trimester of pregnancy, when the cerebellum (respon-
sible for motor control) starts to develop. Heterogeneous findings between

studies may be ascribed to different age groups, sample sizes, and measures
of motor skill and exposure assessment. Using a large nationwide sample, our
findings add robust evidence on the effects of prenatal exposure to PM, 5 on neu-
robehavioral development.

The effects of early childhood exposure to PM, s on motor development were
less studied previously, especially for regions with a high level of air pollution. Ex-
isting studies were only available in Europe®>?® and North America,*® where the
annual concentrations rarely exceeded 35 ug/m? and reported positive or no as-
sociations between PM, s exposure and motor performance among children with
8-36 months and 1-6 years of age. On the contrary, our study shows that expo-
sure to PM, 5 during the first 3 years was associated with lower LDCDQ scores
and elevated risk of neurodevelopmental disorders at 3—5 years of age. Our study
adds value to the literature by studying the impact of PM, 5 exposure on the neu-
rodevelopment of children in Asia. Also, our study population were exposed to a
much wider range of PM, s levels (as much as 10-fold compared with previous
studies), which facilitated the exploration of the exposure-response relationship
of PM, 5 and neurodevelopmental outcomes.

Our findings are biologically plausible. Previous studies have demonstrated
that prenatal exposure to air pollutants could induce maternal immune activation
and systemic inflammation during pregnancy.** The released inflammatory
cytokines and/or reactive oxygen species may enter the fetus by crossing the
blood-placental barrier and further induce fetal immune dysregulation or may
affect the placental function and further lead to deficiency in nutrient transport,
and all these could consequently interfere with fetal neurodevelopment.®® In addi-
tion, evidence has shown that PM, especially nanoscale PM, could reach brain tis-
sues at the early human developmental postconceptional week 8-15 stage,'®
which may have detrimental effects on subsequent brain morphogenesis and
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microvasculature development.®® These observations may help explain our
finding that the first trimester might be the most pivotal time window for the ef-
fects of prenatal PM, s exposure on children’s neurobehavioral development.
Compared with prenatal exposure, we found a greater effect of postnatal expo-
sure, which may be due to the direct exposure to PM, s after birth. Inhaled
PM, s can translocate from the child’'s nose up the olfactory nerve into their
brain,”" leading to changes within the brain, such as microglial activation, neuro-
inflammation, neurovascular damage, and altered neurotransmitters, thereby
directly causing neurotoxic effects on specific areas of the child's brain.'*” Im-
aging studies have proved that the number of neural connections of the brain
explode in the first years of life,*® while exposure to air pollution during this period
may therefore alter the developmental trajectory of the child’s brain.

This study also showed that children who were breastfed for less than
6 months might be more sensitive to postnatal PM, 5 exposure. One possible
reason lies in that breastfeeding contains rich fatty acids (such as docosahexa-
enoic acid and arachidonic acid), which are key compounds to form the main
structures of neuronal membranes.**“® Additionally, breastfeeding is beneficial
to children’s brain development, possibly by boosting the immunity of infants.*'?
We also observed larger effects of PM, 5 exposure in children living in rural areas
and who had a history of NICU admission compared with their counterparts. Ru-
ral children are more likely to have lower socio-economic status and to be
exposed to different compositions of PM. Children in rural areas might have
higher outdoor PM exposure to biomass burning, more frequent use of wood
stoves, and less protective measures (such as masks and air purifiers). Besides,
NICU admission may reflect a poor condition of gestation, such as gestational
diabetes and hypertension, premature rupture of the membrane, and preterm
birth; consequently, these children could be more vulnerable to air pollution expo-
sure.*® These findings highlight the potentially vulnerable subgroups and indicate
that breastfeeding might protect against the neurotoxic effects of PM, s.

This study has several strengths. First, to our best knowledge, this is the first
nationwide study to examine the associations between early-life PM, 5 exposure
and DCD. By focusing on pediatric populations in China, our findings provide ev-
idence from those who suffer from the most serious air pollution in the world.
Second, ground-based observations of particulate matter compositions are
scarce in much of the developing world, which makes the quantification of
dose-response functions challenging.** This study took advantage of satellite-
based measurements with a high spatial resolution (1 x 1 km), which allowed
us to include rural areas. Lastly, our study population was widely distributed
across China and covered a wide range of geographic PM, s levels, offering a
unique opportunity to investigate the relationship between PM, 5 and neurobeha-
vioral development within the full range of global variations.

Several limitations of this study should be noted. First, although we used a sat-
ellite-based comprehensive model and assigned exposures according to the
home addresses, exposure misclassification was still possible. Data on micro-
environmental PM, s exposure (eg, indoor, outdoor, or commute related) or activ-
ity patterns were not collected in our study, which may have contributed to expo-

sensitivity and specificity in identifying DCD,*>4®

there are potential limitations as it is a short ques-
tionnaire. Possible report bias may also exist because the assessments of chil-
dren’s motor performance were reported by parents. Besides, the participants
included in our study might not represent the population with a particularly low
level of cognition and socioeconomic status (eg, having difficulty understanding
the questions), though the proportion of this group was very low. Third, although
the study cohort included representative samples from 551 cities in China, the
majority of enrolled participants were from urban areas with higher parental ed-
ucation levels. Therefore, this may limit the applicability of our findings to popu-
lations with low education levels or from rural areas. Finally, although we adjusted
for several key covariates, we did not have information on other potential con-
founders such as secondhand smoking, environmental noise exposure, etc.
Future studies should consider measuring these additional covariates.

Conclusions

In the present study, we identified a modifiable environmental risk factor
(ie, PM, ) for neurodevelopmental disorders. We found that prenatal and post-
natal exposure to PM, 5 were associated with decreased LDCDQ scores and a
higher risk of DCD, suggesting a link between higher PM, 5 exposure and impaired
neurobehavioral development in preschoolers. These findings may have impor-
tant implications for public health interventions and environmental policies.
More studies are warranted to explore the impact of the potential interaction of
genetic and environmental risk factors on short- and long-term neurological
outcomes.

METHODS
Study design and participants

This study was based on the Chinese National Cohort of Motor Development, which was
originally designed to explore neurobehavioral development in Chinese preschool children.
Details on the study design have been previously described.”’ Briefly, to ensure a nationally
representative sample, the Chinese National Cohort of Motor Development used a stratified
cluster sampling strategy to select preschool children aged >3 years in mainland China.
Local kindergartens were invited to participate in this study through the government-sup-
ported maternity and children’s healthcare center. Preschoolers without physical disabilities
or intellectual impairment assessed during the kindergarten entrance physical examinations
were enrolled.

Given the regular practice of communication between parents and nurseries via smart de-
vices in China, an electronic version of the motor function measure was filled out by partici-
pating parents through smart devices with guidance attached. Additionally, information on
demographic characteristics, individual medical history, and risk factors for neurobehavioral
development was collected using online questionnaires. The questionnaires have built-in
pop-up instructions and an automatic error-checking system to ensure data quality. Data
management, maintenance, and quality controls were conducted by a data coordination
center.

Between April 2018 and December 2019, a total of 188 814 preschoolers were recruited
from 2403 public kindergartens in 551 county-level cities in China. A high completion rate
was achieved, and only a small proportion of parents (N = 561; 0.3%) chose not to participate
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Table 3. Changes in the total score of LDCDQ per interquartile range increase of PM, s exposure during specific exposure time windows stratified by child’s sex, delivery mode,
maternal education, breastfeeding condition, NICU admission, and region

Exposure windows

Birth to 18 months

18 to 36 months

Birth to 36 months

Birth to interview

Sex

Delivery mode

Maternal education

Breastfeeding >6 months

NICU admission

Region

boy (N = 57 955)
girl (N = 51 776)
vaginal (N = 57 367)
cesarean (N = 52 364)
low (N = 47 562)
high (N = 62 169)
yes (N = 87 271)

no (N=22 460)

yes (N =11 467)

no (N = 98 264)
urban (N = 86 333)

rural (N = 23 398)

—0.12 (~0.29, 0.05)
—0.21 (~0.38, —0.04)
—0.12 (~0.31, 0.06)
—0.14 (~0.33, 0.05)
—0.12 (~0.34, 0.10)
—0.13 (~0.29, 0.03)
~0.12 (~0.27, 0.03)
—0.24 (~0.51, 0.04)

—0.29 (—0.64, 0.05)
—0.14 (~0.27, 0.00)
—0.18 (~0.34, —0.02)

—0.31 (~0.60, —0.03)

—0.28 (~0.45, —0.11) —0.16 (~0.35, 0.03) —0.17 (~0.35, 0.01)
—0.33 (~0.49, —0.17) —0.29 (~0.48, —0.10) —0.26 (—0.44, —0.08)
—0.24 (~0.43, —0.06) —0.20 (~0.45, 0.05) —0.31 (~0.53, —0.09)
—0.27 (~0.46, —0.09) —0.30 (~0.56, —0.04) —0.36 (—0.59, —0.13)
—0.30 (~0.53, —0.07) —0.35 (~0.66, —0.05) —0.36 (~0.63, —0.09)
~0.24 (~0.40, —0.09) —0.16 (~0.37, 0.06) —0.36 (~0.55, —0.16)
—0.25 (~0.41, —0.10) —0.24 (~0.44, —0.03) —0.28 (~0.47, —0.10)
~0.31 (~0.59, —0.03) ~0.35 (~0.62, —0.07) —0.52 (~0.86, —0.19)

—0.35 (—0.69, —0.002)
~0.29 (—0.42, —0.16)
—0.31 (~0.46, —0.16)

—0.44 (—0.73, —0.15)

—0.38 (~0.75, —0.01)
—0.19 (—0.34, —0.04)
—0.24 (=0.41, —0.07)
—0.39 (—0.70, —0.09)

—0.41 (~0.78, —0.04)
—0.16 (~0.31, —0.02)
—0.21 (~0.38, —0.04)

—0.38 (—0.68, —0.07)

LDCDQ, Little Developmental Coordination Disorder Questionnaire; PM, s, particulate matter with the aerodynamic diameter equal to or less than 2.5 um; NICU, neonatal

intensive care unit.

or disregarded the questionnaire before completion (Figure S1). For data analyses, we
restricted to children aged 3-5 years of age having a full set of key information, resulting
in 109 731 children. The details of the exclusion criteria can be found in Figure ST.

The study was approved by the Ethics Committee of Shanghai First Maternity and Infant
Hospital (KS18156). All information acquired was kept confidential and was used for
research purposes only.

Outcome assessment

We applied the LDCDQ to assess children's motor performance. The LDCDQ is a low-
cost measure to screen for motor coordination difficulties in children aged 3 and 4 years,**
and it has also been extended for use with children as old as 5 years™® It has been validated
against the Movement Assessment Battery for Children-2, as a gold standard to diagnose
motor impairment, in groups of South African and Chinese preschoolers.”®*° LDCDQ is a
parent-reported questionnaire with a total of 15 items under three main components: con-
trol during execution, fine motor execution, and overall coordination. Parents were asked to
compare the motor performance of their child with that of the child's peers, providing a
measure of the child's coordination in everyday functional activities. The total score of
LDCDQ ranges from 15 to 75, with a higher score indicating a higher level of motor profi-
ciency. The Chinese version of LDCDQ has demonstrated high internal consistency (Cron-
bach’s alpha coefficient of all items was >0.9), good split-half reliability (the Guttman coef-
ficient was 0.934), and fair factor construct validity (factor loadings exceeded 0.6 for each
item based on exploratory factor analysis).”® We followed Wilson et al’s recommenda-
tions">*" and used the age- and sex-specific norms of the LDCDQ. Cutoff scores were pro-
vided, based on a national sample in China, to indicate suspected impairments of motor
coordination. We defined “DCD” as LDCDQ <15th percentile and “not DCD” as LDCDQ
>15th percentile.

Exposure assessment

We estimated early-life exposure to PM, s using a hybrid satellite-based exposure model.
Random forest algorithms were used to develop an aerosol optical depth gap-filling
approach by linking ground-level PM, s measurements to predictors, including MAIAC aero-
sol optical depth product, MERRA-2 simulation, meteorological parameters, land use, popu-
lation density, and visibility data. Then, we used this model to predict ambient daily PM, s
concentrations at 1 km spatial resolution in China. The cross-validation R? between predic-
tions and measurements of daily PM, 5 in 2017-2018 was 0.81, with a root—-mean—square
error of 18.5 pg/m?®, suggesting a high accuracy of the model in predicting historical PM, 5
levels. Further details on this model, including methods and performance, can be found else-
where.®' The 1 km exposure grid was linked to each participant based on their residential
address.

Average levels of daily PM, s were calculated for the pregnancy (ie, prenatal) and the
time period after birth (ie, postnatal). For prenatal exposure, we calculated PM, s means
for the entire pregnancy (week 1 to delivery) and each trimester of pregnancy (1st
trimester: 1-13 weeks, 2nd trimester: 14-26 weeks, and 3rd trimester: 27 weeks—delivery).

For postnatal exposure, we calculated mean PM,s concentrations from the date of
delivery through follow-up assessment. We also calculated mean PM, s concentrations
from birth to 36 months to examine the effect of the first 3 years of exposure on motor
performance. Previous studies have found that by about 18 months was an important
time window for neurodevelopment.®” It is around this time that children begin to demon-
strate a range of social-cognitive®® and motor skills.”**> Therefore, from birth to
18 months and from 18 to 36 months were also selected as the exposure time windows
of interest.

To adjust for the potential confounding effects of other air pollutants, we obtained daily
averages of gaseous pollutants, including SO,, NO,, CO, and Oz collected at ambient moni-
toring stations (http://www.cnemc.cn/). Data from the nearest station to a residential
address were assigned to the corresponding participant. We also obtained daily averages
of ambient temperature at the city level from the China Meteorological Data Sharing Service
System (http://data.cma.cn/).

Statistical analyses

Associations between PM, s exposure and LDCDQ scores were assessed using linear
mixed-effect models. Associations between PM, s exposure and DCD were examined using
generalized linear mixed models (GLMMs) with a binomial distribution. In both linear mixed-
effect models and GLMMs with a binomial distribution, we included a random intercept of
kindergarten as it was the primary sampling unit. Additionally, we adjusted for potential con-
founders, including the child's age and sex, body mass index, gestational age, preterm birth
(yes or no), mode of delivery, breastfeeding (“>6 months of exclusive breastfeeding” or
“never breastfed or <6 months of exclusive breastfeeding”), NICU admission (yes or no), psy-
chiatric medication (yes or no), maternal age at conception, gravidity, maternal complica-
tions during pregnancy and at delivery (defined according to the International Classification
of Diseases, Revision 10, yes or no), maternal and paternal education (“low,” indicating high
school or below, or “high,” indicating college or above), maternal employment (employed, un-
employed, or others), region (urban or rural), provincial-level gross domestic product, and
mean temperature and humidity during the corresponding exposure time windows. We
also included the survey calendar year to adjust for any longitudinal trend of unmeasured
time-varying covariates.

We also conducted sensitivity analyses to assess the robustness of our results. We fitted
two-pollutant models by additionally controlling for concentrations of O3, CO, SO,, and NO,,
respectively. Furthermore, we did stratified analyses to explore the potential effect modifica-
tion of sex, exclusive breastfeeding, mode of delivery, maternal education, NICU admission,
and region on the associations of PM, s with the total score of LDCDQ.

All statistical analyses were performed using R software (v.3.4.0, R Foundation for Statis-
tical Computing, Vienna, Austria). All tests were two-sided, and a p value <0.05 was consid-
ered statistically significant. Results of the linear mixed-effect models were presented as
mean differences and their 95% Cls in total score and subscore per IQR increase in PM, 5
concentrations. Results of the GLMMs with a binomial distribution were presented as ORs
and their 95% Cls for DCD per IQR increase in PM, 5 concentrations.
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