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ABSTRACT

Prenatal air pollution exposure may interfere with foetal brain development, but evidence on
neurobehavioural development remains limited. Additionally, the role of gestational age as

an effect modifier remains underexplored. This study investigated the association between
prenatal exposure to particulate matter with a diameter below 10 pm (PMj¢) and 2.5 pm (PMa5s),
NO., and black carbon and neurobehavioural development in 2- to 24-month-old children from
the ENVIRONAGE birth cohort. Neurobehavioural development was assessed using the Ages and
Stages Questionnaire (ASQ) and the Dutch version of the Bayley Scales of Infant and Toddler
Development, Fourth Edition (Bayley-4-NL). ASQ associations were analysed using generalised
additive mixed models with penalised thin plate regression splines and double penalisation.
Gestational age was evaluated as a potential effect modifier. First-trimester exposure to PM:s (B
=-3.31, 95% CI: [-6.18; -0.45], p = 0.02) and PM;o (f =-1.99, 95% CI: [-4.00; 0.01], p = 0.03) was
negatively associated with gross motor development. After adjustment for postnatal exposure, the
association with PM,s remained. Gestational age appeared to modify associations between
prenatal air pollution exposure and fine motor and problem-solving skills. Age-specific analyses
suggested that the strongest negative estimates were observed most often at 12 months. Bayley-4-
NL analysis showed some positive associations that were not consistent with the ASQ findings.
These results suggest that prenatal particulate matter exposure, particularly PM, s during the first
trimester, may impact early neurobehavioural development in infants. Larger studies are needed
to confirm these findings and clarify underlying mechanisms.

INTRODUCTION

Air pollution is a global health crisis and the recommended as an indicator of combustion-
largest environmental threat to human health related air pollution exposure, although
worldwide (1). 99% of people breathe air that insufficient evidence exists to formulate

exceeds the guideline limits of the World Health
Organisation (WHO), while current European
Union (EU)  regulations  still  allow
concentrations far above what is considered safe.

guideline levels (3, 5). These different types of
pollutants can give rise to overlapping yet
distinct toxicological effects (6).

These diverse health effects are caused by

As a result, 7.9 million deaths were attributed to
air pollution in 2023 (2, 3).

Ambient air pollution consists of a complex
mixture of particulate and gaseous pollutants and
originates mainly from vehicle exhaust and
industrial emissions (1, 4). Particulate matter and
NO; are among the key air pollutants to be
managed to prevent adverse health outcomes (1).
Black carbon (BC) is a subfraction of particulate
matter and is increasingly being

the ability of air pollutants to induce oxidative
stress and inflammation upon entering the body,
and, for particulate matter, to penetrate deep into
the lungs, evade local immune defences, and
cross biological barriers (7-9). Particles are then
taken up by the circulatory system and
translocated throughout the body to major
organs, where they accumulate and cause their
toxic effects. Consequently, these particles have
been found to accumulate in the human brain, as
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well as on the foetal side of the human placenta,
and even in the foetal brain (4, 7, 10, 11).

Prenatal exposure to these pollutants is of
particular concern, given that various adverse
birth outcomes have been consistently linked to
ambient air pollution exposure in previous
research, including small for gestational age, low
birthweight, and preterm birth (12, 13). In
addition, this type of exposure is thought to
cause long-term health effects, which is in
accordance with the Developmental Origins of
Health and Disease hypothesis. This hypothesis
states that environmental factors early in life
shape the health of our adult life (14).

The developing brain, for instance, is
especially  susceptible to  environmental
disruption due to its plasticity, with
neurodevelopment beginning in utero in the third
gestational week and continuing rapidly
throughout infancy (15). Neurobehavioural
development comprises several interrelated
domains, including cognitive, language, motor,
and social-emotional development (16). These
domains are some of the primary domains of
healthy child development (17). As brain regions
mature at different rates, environmental input
across development is thought to be timing-
dependent (18). In addition, because multiple
biological mechanisms are involved in these
maturation processes, these domains may differ
in their susceptibility to air pollution exposure
(19).

Accordingly, a recent systematic review
reported consistent negative associations
between exposure to particulate matter with an
aerodynamic diameter under 2.5 pm (PM;s) and
cognitive function, with prenatal and childhood
exposure associated with declines in both verbal
and nonverbal cognitive abilities in children that
were on average 9 years of age (20).

Furthermore, epidemiological data from the
ENVIRonmental influence ON AGEing
(ENVIRONAGE) birth cohort have shown that
prenatal exposure interferes with early
neurobehavioural development. A 5 pg/m?
increase in PM, s concentration during the first
trimester was associated with greater difficulties
in irritability and transitions between sleep,
wakefulness, and crying states in 1- to 2-month-
old infants. An increase of the same magnitude
in the second trimester was linked with abnormal
prosocial behaviour in 4- to 6-year-old children
(21). Similarly, a Chinese birth cohort found
both PM;s and NO, exposure to be associated
with psychomotor developmental delay in 12-
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month-old infants, using the Chinese version of
the Bayley Scales of Infant and Toddler
Development (BSID). This association was
observed for NO» in the first and third trimesters,
as well as throughout the entire pregnancy. For
PM, s, the association was only present in the
second trimester (22). In contrast to the
previously mentioned systematic review, no
associations were observed with mental
development, which  entailed cognitive
functioning, and personal, social, and language
development. Consequently, findings regarding
cognitive outcomes remain inconsistent (15, 22).

Although previous studies have reported
associations between prenatal air pollution
exposure and neurobehavioural development in
children, the existing literature predominantly
focuses on primary school children (23-25).
Additionally, many studies investigated specific
neurodevelopmental disorders, such as autism
spectrum disorder, cerebral palsy, and tic
disorders, rather than broader behavioural
outcomes (21, 26-29).

Moreover, while gestational age is
commonly included as a covariate in these
studies, its role as a potential effect modifier has
not been frequently explored (21, 24, 30). This is
particularly relevant as infants born earlier are
more vulnerable to environmental exposures, as
prematurity is associated with underdeveloped
organ systems and reduced capacity to cope with
environmental insults. It is also linked to long-

lasting  cognitive and  neurobehavioural
impairments (31, 32). Given that preterm birth
reflects  disrupted  foetal  development,

gestational age may modify how air pollution
affects neurodevelopmental outcomes (31).

To address these knowledge gaps, this study
aims to investigate the link between prenatal
exposure to ambient air pollution and
neurobehavioural development in infants aged 2
to 24 months in the ENVIRONAGE birth cohort.
In addition, this study aims to explore whether
gestational age modifies these associations.
Neurobehavioural development is assessed
using the Dutch version of the Bayley Scales of
Infant and Toddler Development, Fourth Edition
(Bayley-4-NL) and the Ages and Stages
Questionnaire® (ASQ), covering cognitive,
language, motor, problem-solving, personal-
social, and social-emotional domains. Exposure
is defined as ambient concentrations of
particulate matter with an aerodynamic diameter
under 10 pm (PMio), PM2 s, NO2, and BC.
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Clarifying how prenatal exposure to air
pollution is associated with differential
neurobehavioural outcomes will advance
scientific understanding of the effects of
environmental pollution on early-life health and
associated risks. Ultimately, these results may
contribute to evidence-based policymaking and
strategies to protect maternal and child health,
with particular attention to vulnerable
populations, such as early-term infants.

EXPERIMENTAL PROCEDURES

Study population and data collection — Data
were collected through the ENVIRONAGE birth
cohort, an ongoing mother-child cohort based in
Belgium. From February 2010 onwards,
recruitment of mother-newborn pairs is carried
out upon admission at the East-Limburg Hospital
(Genk, Belgium) at the time of delivery. The
cohort mostly comprises participants from
Limburg, including urban, suburban, and rural
areas. Mothers without planned caesarean
section and able to complete extensive
questionnaires in Dutch are included in the
cohort after signing an informed consent form.
Ethical approval was granted by the ethical
committee of Hasselt University and the East-
Limburg Hospital. Study protocols have been
conducted in accordance with the ethical
principles in the Helsinki Declaration. Detailed
information on the recruitment of mother-child
pairs has been reported elsewhere (33).

After delivery, lifestyle and socio-
demographic data were collected through
questionnaires and medical records. Detailed
questionnaires were administered to obtain
information on smoking status during gestation
(“yes” or “no”), parity (primiparous,
secundiparous, multiparous), ethnicity of the
newborn (European in case of at least two
European  grandparents, otherwise non-
European), and residential addresses. Household
education was determined by the highest level of
education of either the mother or the father (low,
middle, high for “no diploma or primary school”,
“secondary school”, or “college or university”,
respectively) as a proxy for socio-economic
status. From medical records, the newborn’s sex
(“boy” or “girl”), date of delivery, maternal age,
gestational age, and pre-pregnancy BMI (kg/m?)
were acquired. Maternal pre-pregnancy BMI
was captured between the seventh and ninth
week of gestation at the first antenatal visit. If
missing from the medical record, pre-pregnancy
BMI was derived from self-reported pre-
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pregnancy height and weight at delivery. To
determine gestational age, the date of conception
was estimated using the ultrasound imaging and
the mother’s last menstrual period. The season of
delivery was categorised into meteorological
seasons as “spring” (March 1% - May 31%),
“summer” (June 1% - August 31%), “autumn”
(September 1 - November 30"), or “winter”
(December 1% - February 28" or 29').

Neurobehavioural assessment — At 2, 6, 12,
and 24 months of age, the ASQ was applied to
assess early neurobehavioural development in
the participating infants. The ASQ is a parent-
administered questionnaire tailored to the
infant’s age, which is designed to assess
communication, gross motor, fine motor,
problem-solving, and personal-social skills
through observation. This questionnaire is
validated and widely used as a developmental
screening tool across diverse populations for
children aged 1 to 66 months (34). The ASQ,
Third Edition (ASQ-3) consists of 30 items,
grouped by developmental area, each scored on
three levels (“yes”, “sometimes”, “not yet”). For
each domain of the ASQ-3, the total ranges from
0 to 60, with higher scores indicating better
developmental performance. For the ASQ:
Social-Emotional-2 (ASQ:SE-2), social-
emotional development scores range from 0 to
240, 345, 405, and 465, for the 2-, 6-, 12-, and
24-month  questionnaires, respectively. In
contrast to the ASQ-3, lower ASQ:SE-2 scores
indicate better social-emotional development
(35). For each of the six domains, a cutoff was
predetermined and used to identify children
requiring monitoring or showing signs of
developmental delay (36).

In addition, during a house visit,
neurobehavioural development was assessed at 6
months of age using the Bayley-4-NL. The
Bayley-4-NL is a standardised and widely used
measure that assesses cognition, language, and
motor skills in 264 items to evaluate the risk of
developmental delays and disorders in children
aged 16 days to 42 months. The test was
conducted by trained professionals, using
structured and observation tasks based on
established age-specific norms. Composite
scores are determined based on age-specific
normative data for the cognitive, language, and
motor scales, yielding standardised scores with a
mean of 100 (37, 38).
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Air pollution exposure assessment — This
study utilised a spatial-temporal interpolation
method (detrended kriging) to estimate ambient
air pollution levels around the maternal
residence during the pre- and postnatal periods.
The mother’s residential addresses obtained via
questionnaire were geocoded using QGIS
v3.44.8. Briefly, ambient PM, s, PMio, NO», and
BC were determined using measurement data
from fixed monitoring stations in the area
combined with the CORINE land-cover dataset.
RIO model performance has been evaluated
using leave-one-out cross-validation based on
Belgian monitoring stations (39, 40). Daily
residential exposure was calculated in a 4 km x
4 km grid and converted to means for each
trimester to explore critical exposure windows,
as well as for the entire pregnancy period.
Trimester-specific exposure windows were
defined as 90-day intervals corresponding
approximately to gestational weeks 1-13, 14-26,
and 27-39. Whole-pregnancy exposure was
calculated from conception until delivery. For
postnatal exposure, monthly estimates were
averaged into whole-period means from the first
day of life up to each follow-up age category, as
defined above. In the event of multiple addresses
during the postnatal period, the average was
calculated, assuming equal amounts of time
spent at all addresses.

Statistical analysis — Statistical analyses
were performed using R software v4.4.0.
Continuous variables included maternal age at
delivery, pre-pregnancy BMI, gestational age,
age at follow-up with the Bayley-4-NL, ASQ
domain scores, and Bayley-4-NL index scores,
and were depicted as mean + standard deviation
(SD) for descriptive analysis. Categorical
variables were household education, parity,
smoking during pregnancy, season of delivery,
the newborn’s sex, ethnicity, age at follow-up
with the ASQ, and developmental classification,
and were expressed as quantities with
corresponding frequencies (%).

The median, QI, Q3, minimum, and
maximum air pollution levels were calculated for
each pollutant and exposure window separately
and are contained in boxplots. Upon visual
inspection of the residual and QQ plots, trimester
means were compared on a significance level of
0.05 using repeated-measures ANOVA with
Greenhouse-Geisser correction. Subsequent post
hoc analyses were performed using paired t-
tests, of which p-values were adjusted using the
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Benjamini-Hochberg False Discovery Rate
(FDR) procedure.

Due to the non-normality of several
outcome measures, Spearman’s rank correlation
coefficients were calculated to explore
associations between each pollutant exposure
window and the mean ASQ domain score across
available follow-up time points.

Associations between prenatal air pollution
exposure and neurobehavioural outcome
domains, as measured with the ASQ, were
investigated using generalised additive mixed
models (GAMMs) assuming a Gaussian
distribution. A child-specific random intercept
was included to account for within-subject
correlation across repeated outcome
assessments. As visual inspection of residuals
versus fitted plots and preliminary GAMMs
indicated potential non-linearity in several
associations, pollutants were modelled using
penalised thin plate regression splines with
shrinkage and double penalisation, allowing
unsupported smooth terms to be shrunk towards
zero, thereby reducing the risk of overfitting.
Smooth terms for the exposure variables were
fitted with a restricted basis dimension (k = 4),
whereafter basis dimension adequacy was
assessed. Subsequently, smooth terms with
estimated degrees of freedom (edf) above 1 were
visually inspected to evaluate non-linearity.
Sensitivity analyses were performed using the
same GAMM approach, additionally adjusting
for whole-period postnatal exposure to the
corresponding pollutant, to evaluate whether
associations with prenatal exposure were
independent of postnatal exposure. Thereafter,
an interaction term between gestational age and
prenatal air pollution was added to assess
whether the association between exposure and
outcome differed by gestational age using the
same modelling approach mentioned above.

As a complementary exploratory analysis,
age-specific GAMMs were fitted to examine
whether the association between air pollution
exposure windows and ASQ domain scores
differed across follow-up ages. These models
were run for each pollutant-domain combination,
wherein age-specific smooths were fitted using
an interaction between exposure and age. Age-
specific average slopes were extracted to
summarise the estimated direction and
magnitude of associations at each follow-up age.

Associations between prenatal air pollution
exposure and index scores for cognition,
language, and motor skills obtained with the

4
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Bayley-4-NL were explored using linear models.

Model assumptions were evaluated by
visual inspection of residual and QQ plots.
Covariates were selected a priori based on
literature and Directed Acyclic Graphs
(Supplementary Fig. S1). ASQ models were
adjusted for categorical age at follow-up, sex,
ethnicity of the newborn, season of delivery,
gestational age, household education, parity, pre-
pregnancy BMI, maternal age, and smoking
during pregnancy. Bayley-4-NL  models
included the same covariates, except that age at
follow-up was included as a continuous variable
because these outcomes were assessed at a single
follow-up around 6 months. Trimester-specific
models were mutually adjusted for each other to
account for the correlation between exposure
windows. P-values from all models, except the
age-specific models, were corrected using the
FDR procedure.

RESULTS

Population characteristics — In this study, a
total of 193 participants were included. One
participant was excluded due to a known
neurodevelopmental disorder. A flow chart of
the recruitment and selection process is provided
in Supplementary Fig. S2. Mode imputation was
used for nine participants with missing covariate
data (household education, ethnicity, and
smoking  during  pregnancy). General
characteristics of the study population are
described in Table 1. Mothers were on average
31.2 &+ 3.8 years old at delivery and had a pre-
pregnancy BMI of 25.4 + 5.3 kg/m?. The most
common household education level was high
(82%). Most mothers were primiparous (67%).
Autumn was the season with the most deliveries
(30%). Few mothers smoked during pregnancy
(3.1%). Infants had an average gestational age of
275 + 9 days, and sex was nearly evenly
distributed, with a slight predominance of girls
(50%). Vastly more children were of European
descent (96%). Follow-up ages corresponded
closely to the intended 2-, 6-, 12-, and 24-month
assessment windows. Population characteristics
for the subfraction of participants followed up
with the Bayley-4-NL are presented in
Supplementary Table S1.

Mean £ SD of ASQ-3 and ASQ:SE-2 scores
for each domain at each assessment were
calculated and presented in Table 2. The
proportion of children scoring below the ASQ-3
cutoff values or above the ASQ:SE-2 cutoff
values at each follow-up are shown in
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Table 1 - Population characteristics of
participants included in the assessment of
neurobehavioural development using the ASQ
(n=193).

Characteristic xe::l(l%d): SD
Maternal
Age at delivery (years) 31.2+38
Pre-pregnancy BMI 254+53
Household education
Low 3 (1.6%)
Middle 32 (17%)
High 158 (82%)
Parity
Primiparous 130 (67%)
Secundiparous 46 (24%)
Multiparous 17 (8.8%)
Smoking during pregnancy
No 187 (97%)
Yes 6 (3.1%)
Season of delivery
Winter 51 (26%)
Spring 40 (21%)
Summer 44 (23%)
Autumn 58 (30%)
Infant
Gestational age (days) 275+9
Sex
Male 96 (50%)
Female 97 (50%)
Ethnicity
Non-European 7 (3.6%)
European 186 (96%)
Age at ASQ (days)
2 months 57+ 10
6 months 181 £13
12 months 363+ 16
24 months 732 +22

ASQ: Ages and Stages Questionnaire, SD:
standard deviation, BMI: body mass index (kg/m?)

Supplementary Table S2 as n (%). The highest
proportion of scores indicating the need for
monitoring or possible delay was observed at the
2-month follow-up for all domains, except for
gross motor, where the highest proportion was
observed at 12 months. Thereafter, proportions
were generally lower, without a clear temporal
pattern across domains.

Air pollution exposure — Residential air
pollution exposure distributions are shown by
trimester and for the whole pregnancy period for
each pollutant in Figure 1. Boxplots display the
median, interquartile range, minimum, and
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maximum exposure values, while black dots —_
indicate the mean exposure. Descriptive
statistics for these exposure distributions are
contained in Supplementary Table S3.

Significant differences were found between the
means of trimester 1 and 3 (adjusted p < 0.001),
trimester 1 and 2 (adjusted p = 0.04), and 1 Wi
trimester 2 and 3 (adjusted p < 0.01) for pregnancy

residential PM;o. For residential PM;s, 1.00

NO2 exposure (pg/m®)
=

significant differences were present between )
trimester 1 and 3 (adjusted p = 0.03). %w T
% 0.50 R
Exposure-outcome associations — Whole- 5 - *
pregnancy exposure estimates were mostly B 025 L L
moderately to strongly positively correlated R Wl
across pollutants, as displayed in Figure 2. In ) pregnancy

%

addition, whole-pregnancy estimates were
correlated with trimester-specific estimates,
particularly within the same pollutant. Cross-
pollutant correlations between trimester-specific
exposure windows were slightly less consistent.
Overall, neurobehavioural outcomes tended to
be weakly to moderately negatively correlated Ti 2 5 Whole
with prenatal air pollution exposure estimates. . presnaney
Negative correlations were most apparent for

gross motor, fine motor, and problem-solving 13|

scores. In  contrast, correlations  with

were weaker or less consistent, and personal- %
social scores showed negative correlations only - . T
for some pollutants. pregnancy

communication and social-emotional scores
.. Exposure window
Associations between each exposure

30 pres

PM10 exposure (Jg/m?)
[
>

—

=

PM2.5 exposure (Jg/m?)
N

Figure 1 — Air pollution exposure per time

window and domaiq were estimatgd with window. Exposure to NO, BC, PM, and PM,s
GAMMs and are depicted with unadjusted p- (ng/m®) was estimated using a spatiotemporal
values in forest plots (Fig. 3A). Detailed model interpolation method (detrended kriging) for each
estimates, 95% confidence intervals (CI), p- trimester and the whole pregnancy. The median,
values before and after correction with the FDR interquartile range, minimum, and maximum
procedure are provided in Supplementary Table exposure are depicted, with the mean indicated as a
S4. dot. Significant differences between trimesters were

found using the paired t-test. n = 193. *p<0.05;
**p<0.01; ***p<0.001. TI-3: trimester 1-3, BC:
black carbon, PMo: particulate matter <10 um,
PM; s5: particulate matter <2.5 um.

Table 2 — ASQ total scores for each neurobehavioural domain. Communication, gross motor, fine motor, problem-
solving, and personal-social skills were evaluated with the ASQ, Third Edition, in which higher scores indicate better
performance. Social-emotional skills were assessed using the ASQ: Social-Emotional, where lower scores indicate
better development. Infants were assessed at 2, 6, 12, and 24 months of age. Scores are presented as mean + standard
deviation.

Age Com n GM n FM n ProbSolv.  n PersSoc n SocEmo n
2 41+13.5 109 51.7+82 109 43+93 108 423+12.1 106 43.1+8.6 106 26.7+19.2 105
6 48.1+8.8 89 378+11.9 88 48.9+10.8 88 503+94 88 419+133 88 209+134 85
12 485+£105 51 374+ 19 51 52.1+6.9 51 48+104 49 442+89 49 24+11.1 49
24 544+68 54 532+77 54 50.2+8 53 463+96 53 505+74 53 313+18.1 52

ASQ: Ages and Stages Questionnaire, Com: communication, GM: gross motor, FM: fine motor, ProbSolv: problem-solving,
PersSoc: personal-social, SocEmo: social-emotional.
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Figure 2 — Correlation of air pollution exposures and ASQ neurobehavioural total scores. Spearman’s rank
correlation coefficients were calculated to explore associations between exposure windows for each pollutant and
the neurobehavioural outcome domains, as measured with ASQ. ASQ domain scores represent the participant-
specific mean total score across available assessment ages. n = 193.

ASQ: Ages and Stages Questionnaire, T1-3: trimester 1-3, Gest: gestational, BC: black carbon, PMy: particulate

matter <10 um, PM,s: particulate matter <2.5 um.

Overall, the automated shrinkage mixed
pipeline supported structural linearity for
prenatal air pollution across the four evaluation
timepoints (edf = 1.00). Across models, the edf
values of the pollutant smooths were generally
close to 1, indicating approximately linear
exposure-response functions. Therefore, average
marginal effects were presented as beta estimates
per 5 ug/m?® increase for NO,, PM, s, and PMy,
and per 0.1 pg/m?® increase for BC.

Gross motor scores were negatively
associated with exposure to PMo (p = -1.99,
95% CI: [-4.00; 0.01], p = 0.03) as well as to
PM.s (B = -3.31, 95% CI: [-6.18; -0.45], p =
0.02) in the first trimester. However, these
associations did not remain statistically
significant after correction with the FDR
procedure. Although several other larger effect
estimates were observed for PM» s and PM;o in
relation to gross motor, problem-solving, and
social-emotional scores, these associations were
not statistically significant. For several
exposure-outcome combinations, particularly
for communication, personal-social scores, and
some third-trimester exposure  windows,
estimates were shrunk towards zero, suggesting
little evidence for an association.

The same modelling approach was applied
including gestational age as an interaction term
to assess whether this covariate modified
exposure-outcome associations. Estimates were
visualised in forest plots with unadjusted p-
values (Fig. 3B). Detailed model estimates, CI,
and FDR-corrected p-values are provided in
Supplementary Table S5. In these interaction
models, first-trimester exposure x gestational
age interaction terms were negatively associated
with problem-solving scores for NO, (f = -0.35,
95% CI: [-0.67; -0.02], p = 0.04), PMys (B = -
0.37, 95% CI: [-0.68; -0.06], p = 0.02), PMo (B
=-0.31, 95% CI: [-0.56; -0.06], p=0.02) and BC
(B=-0.11, 95% CI: [-0.22; 0.00], p = 0.05). For
fine motor scores, significant associations with
PM,, were observed in opposite directions for
trimester 1 (B = -0.25, 95% CI: [-0.48; -0.03], p
=0.03) and trimester 2 (p =0.21, 95% CI: [0.02;
0.40], p = 0.03). These significant associations
also did not remain after FDR correction. In
contrast to the main GAMM models, where
several pollutant smooths were shrunk towards
zero, the linear exposure x gestational age
interaction terms generally yielded nonzero
estimates across exposure windows and
developmental domains.
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Estimates are given as a change in ASQ total scores for a 5 pg/m? increase in PM, 5, PMjo, and
NO; concentration, and a 0.1 pg/m?® increase in BC. Generalised additive mixed models using
penalised thin plate regression splines and double penalisation were used and adjusted for
categorical age at follow-up, sex, ethnicity of the newborn, season of delivery, gestational age,
household education, parity, pre-pregnancy BMI, maternal age, and smoking during pregnancy.
Trimester-specific models were mutually adjusted for each other. Panel A shows the main models.
B shows corresponding models including gestational age as an interaction term with prenatal air
pollution exposure. n = 193. *p<0.05, ASQ: Ages and Stages Questionnaire, CI: confidence
interval, BC: black carbon, PM y: particulate matter <10 um, PM> s5: particulate matter <2.5 um.
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Figure 4 — Age-specific associations between air pollution exposure windows and ASQ domains. To explore
how associations differed across follow-up ages, generalised additive mixed models with double penalisation
and thin plate regression splines, and age-specific smooths using an interaction between exposure and age were
fitted for the different prenatal air pollution exposure windows. Models were adjusted for categorical age at
follow-up, sex, ethnicity of the newborn, season of delivery, gestational age, household education, parity, pre-
pregnancy BMI, maternal age, and smoking during pregnancy. Estimates were provided as a change in score per
5 pug/m? increment in air pollution concentration for NO,, PM; 5, and PMjo, and 0.1 pg/m? for BC. Blank cells
indicate beta estimates with absolute values <0.01. n = 193. *p<0.05, ASQ: Ages and Stages Questionnaire, BC:
black carbon, PMy: particulate matter <10 um, PM, s: particulate matter <2.5 um, Com: communication, GM:
gross motor, FM: fine motor, ProbSolv: problem-solving, PersSoc: personal-social, SocEmo: social-emotional,

T1-3: trimester 1-3, Gest: gestational.

Furthermore, exploratory  age-specific
models were fitted to examine whether the
estimated  associations  between  whole-
pregnancy air pollution exposure and ASQ
scores appeared stronger at specific follow-up
ages (Fig. 4). The strongest negative estimates
were observed most often at 12 months, although
no consistent pattern was observed across
pollutants, exposure windows, or ASQ domains.
A limited number of age-specific negative
associations reached statistical significance.
These included second-trimester PM, s exposure
with personal-social scores at 6 months (f = -
3.84, 95% CI: [-7.39; -0.30], p = 0.03), and first-
trimester NO, (B = -6.86, 95% CI: [-11.99; -
1.74], p = 0.01) and PM,s (B = -8.93, 95% CI: [-
17.02; -0.84], p = 0.03) exposure with personal-

social scores at 12 months. In addition, one
positive association was significant between
third-trimester BC exposure and problem
solving at 2 months (B = 1.95, 95% CI: [0.23; 3.66],
p = 0.03). Several other estimates were close to
zero. Nonzero age-specific beta estimates with
corresponding CI and p-values are presented in
Supplementary Table S6.

In contrast to the negative patterns in the
ASQ analyses, Bayley-4-NL language scores
were positively associated with PM s ( = 4.49,
95% CI: [0.62; 8.35], p = 0.03) and PM;o (B =
5.26,95% CI: [2.01; 8.51], p<0.01) in the linear
models, although proving not to be robust after
FDR correction (Table 3). Detailed model
estimates, CI, p-values, and FDR-corrected p-
values are provided in Supplementary Table S7.
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Table 3 — Associations between prenatal air pollution exposure and Bayley Scales of Infant and Toddler
Development index scores (n = 39). Neurobehavioural development was evaluated in three domains, cognition,
language, and motor skills, in 6-month-old infants. Linear models were adjusted for age at follow-up, sex, ethnicity
of the newborn, season of delivery, gestational age, household education, parity, pre-pregnancy BMI, maternal age,
and smoking during pregnancy. Trimester-specific models were mutually adjusted for each other. Estimates were
provided as a change in score per 5 pg/m?® increment in air pollution concentration for NO», PM 5, and PMj, and 0.1
pg/m? for BC.

NO: PMas
Domain Window B [95% CI] p B [95% CI] p
Cog T1 -4.39[-12.82;4.04] 0.29 -3.15[-9.44;3.14] 0.31
T2 3.74 [-10.70; 18.18] 0.60 2.69 [-8.49;13.86]  0.62
T3 -0.86 [-14.40; 12.68] 0.90 0.26 [-11.71;12.23] 0.96
Gest  -1.72[-10.83;7.39] 0.70 -0.65[-10.60;9.30] 0.89
Lan T1 3.00[-2.49; 8.49] 0.27 4.49[0.62; 8.35] 0.02
T2 0.24[-9.16;9.64] 0.96 -3.69 [-10.56;3.18] 0.28
T3 0.51[-8.31;9.32] 091 2.38[-4.98;9.74] 0.51
Gest 3.71[-2.20;9.62] 0.21 3.35[-3.15;9.85] 030 250[-1.97;6.96] 0.26 0.20[-2.65;3.05] 0.89
Mot T1 -6.07 [-14.95;2.81] 0.17 -2.19[-9.12;4.74] 0.52 -0.83[-7.22;5.55] 0.79 -1.31[-4.39;1.77] 0.39
T2 10.92 [-4.29; 26.13] 0.15 2.12[-10.19; 14.44] 0.73 -1.15[-10.07;7.76] 0.79  2.47[-2.00; 6.93] 0.27
T3 -4.60 [-18.86;9.66] 0.51 0.40[-12.79;13.59] 0.95 1.53[-7.06;10.12] 0.72 -1.42[-6.68;3.85] 0.58
Gest 0.39[-9.53; 10.32] 0.94 -0.41 [-11.22;10.40] 0.94 -0.95[-8.39;6.50] 0.80 0.39[-4.24;5.03] 0.86

p<0.05 are highlighted in bold, CI: confidence interval, T1-3: trimester 1-3, Gest: gestational, BC: black carbon,
PM o: particulate matter <10 um, PM, 5: particulate matter <2.5 um, Cog: cognition, Lan: language, Mot: motor.

PMio BC
B [95% CI] p B [95% CI] p
-3.24[-8.98;2.49] 0.25 -0.69[-3.56;2.17] 0.62
1.67 [-6.34;9.68] 0.67 0.75[-3.40;4.91] 0.71
1.32[-6.40;9.04] 0.73  0.90 [-4.00; 5.80] 0.71
-0.63 [-7.49;6.23] 0.85 0.83[-3.43;5.09] 0.69
5.26[2.01;8.51] 0.00 1.18[-0.67;3.02] 0.20
-4.23[-8.77;0.31] 0.07 -0.44[-3.12;2.24] 0.74
1.13[-3.24;5.51] 0.60 -0.58[-3.74;2.58] 0.71

[
[
[
[

Sensitivity analyses — A sensitivity analysis
additionally adjusting for postnatal air pollution
exposure showed partial consistency with the
main GAMM results. In the whole-pregnancy
models, an additional significant association was
observed between PMjs exposure and lower
problem-solving scores (B = -3.68, 95% CI: [-
7.68; 0.33], p = 0.04) before correction of the p-
values. In the trimester-specific models, the
association between first-trimester PMas
exposure and gross motor scores (f =-3.62, 95%
CI: [-6.72; -0.53], p = 0.01) remained consistent
with the main analysis. However, the postnatal-
adjusted trimester models also showed some
deviation from the main findings, with additional
significant associations observed between
second-trimester ~ PMjg exposure and
communication scores (f = -1.86, 95% CI: [-3.73;
0.01], 0.03), and between problem-solving scores
and both second-trimester PM, s (B = -2.63, 95%
CI: [-5.44; 0.19], p=0.04) and PM;, exposure (3
=-2.07, 95% CI: [-4.10; -0.04], p = 0.03). These
associations did not remain statistically
significant after FDR correction (Supplementary
Table S8).

DISCUSSION

This study found evidence of negative
associations between prenatal exposure to
particulate matter and neurobehavioural

development in early childhood, particularly for
gross motor development. In the main analysis,
first-trimester exposure to PM, s and PM;o was
negatively associated with gross motor scores.
Sensitivity analyses adjusting for postnatal
exposure suggested that these associations were
only partly independent of postnatal air pollution
exposure. The association with first-trimester
PMio was no longer significant, whereas the
associations with first-trimester PM, s remained.
Moreover, gestational age appeared to modify
associations between prenatal air pollution
exposure and fine motor and problem-solving
skills. For fine motor skills, the interaction effect
size was negative for first-trimester PM;o, and
positive for second-trimester PMo. For problem-
solving, the interaction effect sizes were
negative for all pollutants. This suggests that
gestational age may influence susceptibility to
prenatal air pollution exposure. Finally,
exploratory age-specific analyses suggested that
the estimated associations may differ across
follow-up ages, with the strongest negative
estimates observed at 12 months, especially
between first-trimester NO, and PM;s, and
personal-social skills.

These associations were observed at mean
air pollution levels of 15.45 pg/m?, 8.44 ug/m?,
9.37 ug/m?, and 0.43 pug/m* for PMjo, PMzs,
NO,, and BC, respectively. These levels are far
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below the EU air quality standards, which are at
40 pg/m? for PMjo and NO,, and 20 pg/m?® for
PM,s annually (41). Specific air quality
standards for BC do not yet exist, as the WHO
states that insufficient quantitative evidence is
currently available to derive air quality guideline
levels for this type of pollutant (3).
Consequently, the observation of associations at
low exposure levels supports the need for stricter
air quality standards to safeguard public health.

Early childhood represents a critical period
for brain development, with developmental
processes during this period forming an
important foundation for later cognitive, motor,
adaptive, and behavioural functioning (42). In
this study, these aspects were assessed using the
ASQ, which evaluates six developmental
domains. For each domain, except for social-
emotional skills, higher scores indicate better
performance (35). The findings of this study
suggest slower gross motor development in
association with prenatal air pollution exposure
during the first trimester. In addition, gestational
age appeared to modify the associations between
prenatal air pollution exposure and fine motor
and problem-solving skills, particularly for
exposures during the first and second trimester.

A Dbiological explanation for the
associations observed in this study is plausible.
Previous research has demonstrated the presence
of black carbon particles at the foetal side of the
placenta and in the foetal brain from the first
trimester onwards (10, 11). Since the formation
of neural circuits and the proliferation of
neuroblasts begin as early as the first trimester,
and neural circuits form the basis of both simple
functions and more complex neurobehavioural
functioning, environmental insults during this
period may interfere with neurodevelopment
(43, 44). Furthermore, cerebellar neurogenesis
starts around the eighth week postconception,
which may explain why motor-related domains,
including gross and fine motor skills, could be
affected during the first trimester (45).
Therefore, the timing of exposure may be
important in determining which parts of
neurodevelopment are most affected.

Air pollution may affect neurodevelopment
mainly through systemic inflammation (46).
Systemic inflammation can lead to microglial
activation, oxidative stress, and
neuroinflammation, subsequently resulting in
neurotoxicity (46). This neurotoxicity could then
interfere with neurodevelopment in infants.
Additionally, systemic inflammation may
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increase the permeability of the blood-brain
barrier, allowing the smallest subfraction of
PM, s to enter the brain and cause more toxicity
(46).

Gestational age may further influence these
associations by reflecting differences in foetal
maturity and developmental vulnerability at
birth (47). In the long term, preterm infants are
inherently at increased risk of
neurodevelopmental —impairment, including
impairments in cognition and motor skills (31,
48). In this study, gestational age appeared to
modify several associations between prenatal air
pollution exposure and neurobehavioural
outcomes, particularly for problem-solving,
which reflects aspects of cognitive development,
and fine motor skills. This may indicate that the
role of gestational age varies across
developmental domains.

Previous studies using the ASQ to assess
neurobehavioural development have also
reported associations with prenatal air pollution
exposure. Overall, the previous studies suggest
that prenatal PM, s exposure may be associated
with lower ASQ scores across the developmental
domains that are most commonly assessed,
namely gross motor, fine motor, communication,
problem-solving, and personal-social skills.
However, studies differ in whether the strongest
associations are found for gross motor, fine
motor, communication, problem-solving, or
personal-social domains (49-52). In addition,
uncertainty remains regarding sensitive exposure
windows. Previous studies provide conflicting
evidence regarding the most sensitive exposure
window for motor development, with reported
associations varying across the first, second,
third, and all trimesters (49-51). While sensitive
prenatal exposure windows have been examined
in several studies, fewer studies have
investigated whether associations with ASQ
scores differ according to the child’s age at
assessment. One other birth cohort study
reported that whole-pregnancy PM, s exposure
was associated with lower ASQ scores at 2, 6,
and 24 months for communication, gross motor,
and personal-social scores, while no significant
associations were observed at 12 months. This
contrasts with the exploratory age-specific
findings of the present study, in which the
strongest negative estimates were observed most
often at 12 months. The findings of the present
study are therefore partly consistent with
previous research, particularly regarding the
involvement of motor development.

11
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Evidence from studies on prenatal smoke
exposure also supports the relevance of prenatal
exposure to airborne pollutants. A study
investigating active and passive smoking during
pregnancy in relation to ASQ scores found that
the percentage of infants showing signs of
developmental delay was significantly higher
among smoke-exposed children than among
non-exposed children for most psychomotor
aspects (24). Correspondingly, a study in mice
found negative effects of second-hand smoking
during pregnancy on offspring
neurodevelopment, specifically in hyperactivity,
working memory, and emotional processing.
The study concluded that these effects were
primarily attributable to exposure to smoke itself
rather than nicotine alone, suggesting that the
harmful effects cannot be explained solely by
nicotine exposure (53).

Findings from studies wusing other
neurobehavioural assessment tools also support
a possible association between prenatal air
pollution exposure and early motor or
behavioural development, although the evidence
remains heterogeneous. Studies assessing
neurobehavioural development in neonates
shortly after delivery reported associations
between prenatal air pollution markers and
motor difficulties, including hypotonia, active
tone, and passive tone (54, 55). Another
study in infants aged 1 to 2 months, using the
Neonatal Behavioural Assessment Scale, found
first-trimester PMa.s exposure to be associated
with lower range-of-state scores, reflecting
aspects such as irritability and lability of state
changes (21). In older children, evidence is less
consistent. Some studies reported associations
between prenatal particulate matter or NO;
exposure and behavioural problems, including
peer problems, abnormal behaviour and
delinquent behaviours, while other studies
reported fewer overall problems in association
with prenatal PM, s exposure (21, 56, 57).

Long-term implications of the findings of
this study remain uncertain. However, previous
research suggests that early developmental
differences identified by the ASQ may be
relevant for later developmental functioning (58-
60). Longitudinal studies using this instrument
have found significant correlations between
early developmental assessment and later
cognitive performance (58). One study found
that differences in both motor skills and
communication skills in infancy were predictive
of cognitive abilities at school age, particularly
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working memory and processing speed (59).
Additionally, systematic reviews suggest that all
ASQ domains may be significant predictors of
later cognitive difficulties (58, 60).

The BSID is considered the gold standard
for assessing developmental functioning in
young children (61). However, in this study, the
Bayley-4-NL sample size was too small to
consider these findings conclusive. In contrast to
the ASQ analyses, the Bayley-4-NL analyses
showed some significant estimates in a positive
direction for language scores. Given the smaller
Bayley-4-NL sample size and the use of simpler
linear models to limit model complexity, these
findings may reflect limited statistical power and
instability.

This research has several strengths. Firstly,
a validated spatial-temporal interpolation
method, which has been used in previous studies,
was used to obtain ambient air pollution
estimates (62). Second, two independent
methods were used to assess neurobehavioural
development: the ASQ and the Bayley-4-NL.
The ASQ is an accurate screening tool that has
shown high sensitivity and specificity for
detecting developmental delay, while the BSID
is viewed as the gold standard for screening
developmental functioning in young children
(42, 61, 63). Third, the inclusion of several air
pollution indicators provided a broader
assessment of prenatal exposure than studies
focusing on a single pollutant. Next, the use of
repeated neurobehavioural assessments across
early childhood is a strength, as it allowed
developmental outcomes to be followed up
across the first two years of life. Finally, the use
of GAMMs allowed potential non-linear
exposure-response relationships to be explored,
avoiding the assumption that associations
between  prenatal air  pollution  and
neurobehavioural outcomes were strictly linear.

This study also has some limitations. First
of all, because high-resolution air pollution
estimates were not available, exposure estimates
were calculated for 4 km x 4 km grids. Therefore,
local exposure contrasts, such as near busy
roads, as well as meteorological influences, may
not have been fully captured. Furthermore, the
sample size at later time points of the ASQ was
limited due to loss to follow-up. Consequently,
although multiple pollutants were included in
this study, pollutants were modelled separately
due to limited power for more complex models.
Third, the sensitivity analyses indicated that
some associations were attenuated or no longer

12
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statistically significant after adjustment for
postnatal exposure, suggesting that prenatal and
postnatal exposure effects could not be fully
separated. Also, the smaller Bayley-4-NL
sample size limited the interpretation of the
Bayley-4-NL results, particularly because
simpler linear models had to be used to limit
model complexity. Lastly, although all models
were adjusted for a variety of covariates, residual
confounding is possible.

The present study contributes to the existing
literature by examining multiple prenatal
exposure windows, several air pollution
indicators, and repeated neurobehavioural
assessments within the first two years of life. In
addition, the inclusion of gestational age as an
effect modifier provided additional insight into
whether susceptibility to prenatal air pollution
exposure differed according to foetal maturity
and developmental vulnerability at birth. The
results add to the evidence that prenatal air
pollution exposure may influence early
neurobehavioural development and  that
susceptibility may differ according to both
exposure timing and child-related vulnerability.

From a public health perspective, these
findings suggest that prenatal air pollution
exposure is relevant for early child development
even at concentrations below current regulatory
standards. This is important because pregnant
women and young children cannot control their
environmental exposures themselves. Therefore,
reducing air pollution exposure during
pregnancy should be a societal and policy
priority.
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Future research should build on these
findings by using larger birth cohorts with
sufficient follow-up across multiple
developmental stages. This would make it
possible to investigate whether early differences
in ASQ scores persist, disappear, or develop into
more pronounced behavioural difficulties later in
childhood. In addition, specific exposure
thresholds that are protective of
neurodevelopment still need to be identified, as
the present findings suggest that associations
may occur even at exposure levels below current
EU air quality standards. Finally, mechanistic
research is needed to clarify how prenatal
exposure to particulate matter and combustion-
related pollutants may interfere with foetal brain
development.

CONCLUSION

In conclusion, this study found evidence
suggesting that prenatal exposure to particulate
matter, particularly PMjs during the first
trimester, may be negatively associated with
gross motor development in early childhood. In
addition, gestational age appeared to modify
associations between prenatal air pollution
exposure and fine motor and problem-solving
skills. These findings were observed at air
pollution levels below current EU air quality
standards, highlighting the relevance of low-
level prenatal exposure. Future research in larger
study populations is needed to confirm these
findings, identify exposure thresholds that are
protective of neurodevelopment, and clarify the

mechanisms linking prenatal air pollution
exposure to early neurobehavioural
development.
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Supplementary Table S1: Population characteristics for the subsection of participants assessed
using the Bayley-4-NL (n = 39). Higher index scores in cognition, motor, and language skills indicate
better performance.

Characteristic Mea: (ﬂ:%S)D or
Maternal
Age at delivery (years) 309+34
Pre-pregnancy BMI 23.5+4.6
Household education
Low 0 (0%)
Middle 5(13%)
High 34 (87%)
Parity
Primiparous 32 (82%)
Secundiparous 5 (13%)
Multiparous 2 (5.1%)
Smoking during pregnancy 0 (0%)
Season of delivery
Autumn 14 (36%)
Spring 3 (7.7%)
Summer 13 (33%)
Winter 9 (23%)
Infant
Gestational age (days) 277+ 7
Sex
Male 20 (51%)
Female 19 (49%)
Ethnicity
European 39 (100%)
Non-European 0 (0%)
Bayley-4-NL
Age at follow-up (days) 188.1+£5.2
Cognitive index 108 =7
Language index 102.5+ 5.8
Motor index 107+9

BMI: body mass index (kg/m?), Bayley-4-NL: Dutch version of the Bayley Scales of Infant and Toddler
Development, Fourth edition.
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Supplementary Table S2: Proportion of infants classified as delayed or requiring monitoring per
neurobehavioural domain measured with the Ages and Stages Questionnaire (n = 193). For
communication, gross motor, fine motor, problem-solving, and personal-social skills, higher scores
indicate better performance. For social-emotional development, lower scores indicate better
performance. Infants were followed up at 2, 6, 12, and 24 months of age. Proportions are presented as
n (%). The adjacent “n” columns indicate the total number of children assessed for that domain at
each age.

Age  Com n GM n FM n ProbSolv. n PersSoc n SocEmo n

2 41 (37.6%) 109 29 (26.6%) 109 31 (28.7%) 108 38 (35.8%) 106 50 (47.2%) 106 54 (51.4%) 105
6 9(10.1%) 89 25(28.4%) 88 16(18.2%) 88 8(9.1%) 88 29(33%) 88 21 (24.7%) 85
12 6(11.8%) 51 19(37.3%) 51 5(9.8%) 51 5(102%) 49 5(10.2%) 49 7(143%) 49

24 1(1.9%) 54 10(18.5%) 54 12(22.6%) 53 8(15.1%) 53 7(13.2%) 53 9(17.3%) 52

Com: communication, GM: gross motor, FM: fine motor, ProbSolv: problem-solving, PersSoc: personal-social,
SocEmo: social-emotional.

Supplementary Table S3: Characteristics of prenatal air pollution exposure windows (n = 193).
Exposure to NO», BC, PMy, and PM, s (ug/m?) was estimated using a spatiotemporal interpolation
method (detrended kriging) for each trimester and the whole pregnancy. The median, mean, quartile 1
(Q1), quartile 3 (Q3), interquartile range (IQR), minimum, and maximum exposure are displayed.

Pollutant Exposure window Mean Median IQR (Q1-Q3) Minimum Maximum

NO2 Trimester 1 9.70 9.64 4.94 (7.05-11.99) 2.10 18.26
Trimester 2 9.29 8.66 4.17 (7.15-11.32) 2.03 16.69
Trimester 3 9.30 9.03 3.79 (7.34-11.13) 2.89 17.14
Whole pregnancy 9.37 9.13 2.60 (8.05-10.66) 2.31 15.87

BC Trimester 1 0.46 0.45 0.25 (0.33-0.59) 0.11 0.94
Trimester 2 0.43 0.39 0.24 (0.30-0.53) 0.12 1.01

Trimester 3 0.43 0.41 0.22 (0.30-0.52) 0.14 0.86

Whole pregnancy 0.43 0.42 0.14 (0.36-0.50) 0.16 0.80
PMio Trimester 1 16.10 15.38 4.27 (13.76-18.03) 8.02 27.83
Trimester 2 15.52 15.18 4.97 (12.99-17.97) 6.44 25.17
Trimester 3 14.81 14.74 3.55(12.94-16.49) 5.92 24.89
Whole pregnancy 15.45 15.25 3.43 (13.95-17.38) 6.89 21.86
PMy 5 Trimester 1 8.94 8.00 3.99 (6.87-10.86) 3.26 17.45
Trimester 2 8.44 7.77 3.81 (6.36-10.17) 2.83 16.72
Trimester 3 8.08 7.84 3.18 (6.34-9.52) 2.95 15.85
Whole pregnancy 8.44 8.53 2.37 (7.33-9.69) 3.23 11.96

BC: black carbon, PM: particulate matter <10 um, PM;s: particulate matter <2.5 um.
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Supplementary Table S4: The association between prenatal air pollution exposure and ASQ
total scores (n = 193). Estimates are given as a change in ASQ total score for a 5 pg/m?® increase in
PM, 5, PMio, and NO> concentration, and a 0.1 pg/m? increase in BC. Generalised additive mixed
models using penalised thin plate regression splines and double penalisation were used and adjusted
for categorical age at follow-up, sex, ethnicity of the newborn, season of delivery, gestational age,
household education, parity, pre-pregnancy BMI, maternal age, and smoking during pregnancy.
Trimester-specific models were mutually adjusted for each other. Adjusted p-values were corrected
using the Benjamini-Hochberg False Discovery Rate procedure.

Pollutant B [95% CI] P-value Adjusted p-value
Communication
Trimester 1 NO, 0.00 [-0.03; 0.03] 0.94 1.00
PM,s -0.01 [-0.20; 0.18] 0.34 1.00
PMio 0.00 [-0.06; 0.06] 0.41 1.00
BC 0.00 [-0.02; 0.02] 0.80 1.00
Trimester 2 NO, 0.00 [-0.06; 0.06] 0.69 1.00
PM,s 0.00 [-0.04; 0.04] 0.46 1.00
PMio -0.17 [-0.96; 0.63] 0.28 1.00
BC 0.00 [-0.03; 0.03] 0.79 1.00
Trimester 3 NO, 0.00 [-0.03; 0.03] 0.76 1.00
PM>s 0.00 [-0.05; 0.05] 0.95 1.00
PMio 0.00 [-0.08; 0.08] 0.86 1.00
BC 0.00 [-0.01; 0.01] 0.71 1.00
Whole pregnancy NO, 0.00 [-0.10; 0.10] 0.68 0.96
PM>s 0.00 [-0.10; 0.10] 0.58 0.96
PMio 0.00 [-0.06; 0.06] 0.55 0.96
BC 0.00 [-0.05; 0.05] 0.68 0.96
Gross motor
Trimester 1 NO, 0.00 [-0.12; 0.12] 0.35 0.9981
PM, s -3.31 [-6.18; -0.45] 0.02 1.00
PMio -1.99 [-4.00; 0.01] 0.03 1.00
BC -0.44 [-1.27; 0.39] 0.14 1.00
Trimester 2 NO, 0.00 [-0.05; 0.05] 0.66 1.00
PM, s 0.00 [-0.07; 0.07] 1.00 1.00
PMio 0.00 [-0.07; 0.06] 0.89 1.00
BC 0.13-0.43; 0.69] 0.25 1.00
Trimester 3 NO, 0.00 [-0.09; 0.09] 0.46 1.00
PM, s 0.00 [-0.07; 0.07] 0.70 1.00
PMio 0.00 [-0.05; 0.05] 0.97 1.00
BC 0.39 [-0.44; 1.22] 0.17 1.00
Whole pregnancy NO, 0.00 [-0.06; 0.06] 0.83 1.00
PM, 5 -1.14 [-3.97; 1.69] 0.20 1.00
PMio -1.00 [-3.05; 1.05] 0.17 1.00
BC 0.00 [-0.06; 0.06] 0.61 1.00
Fine motor
Trimester 1 NO, 0.00 [-0.07; 0.07] 0.43 1.00
PM, 5 -0.91[-2.72,0.91] 0.16 1.00
PMio 0.00 [-0.10; 0.09] 0.42 1.00
BC -0.19[-0.72; 0.35] 0.23 1.00
Trimester 2 NO, 0.00 [-0.02; 0.02] 0.92 1.00
PM,s 0.00 [-0.13; 0.13] 0.36 1.00
PMio -0.34 [-1.38; 0.70] 0.24 1.00
BC 0.00 [-0.01; 0.01] 0.97 1.00
Trimester 3 NO, 0.00 [-0.05; 0.05] 0.50 1.00
PM,s 0.00 [-0.07; 0.07] 0.96 1.00
PMio 0.00 [-0.02; 0.02] 0.94 1.00
BC 0.00 [-0.04; 0.04] 0.47 1.00

20



»» |UHASSELT| Senior internship- 2" master BMW

Whole pregnancy NO, 0.00 [-0.07; 0.07] 0.98 1.00
PM; s -0.84 [-3.08; 1.40] 0.22 0.96
PMio -0.05[-0.52; 0.43] 0.32 0.96
BC 0.00 [-0.04; 0.04] 0.69 0.96

Problem-Solving
Trimester 1 NO, -0.72 [-2.54; 1.09] 0.21 1.00
PM; s 0.00[-0.11; 0.11] 0.41 1.00
PMio 0.00 [-0.03; 0.03] 0.69 1.00
BC 0.00[-0.02; 0.02] 0.43 1.00
Trimester 2 NO, 0.00 [-0.09; 0.09] 0.54 1.00
PMy s -1.50 [-3.87; 0.87] 0.11 1.00
PMio -0.91 [-2.53; 0.71] 0.14 1.00
BC 0.00[-0.01; 0.01] 0.67 1.00
Trimester 3 NO, 0.00 [-0.06; 0.06] 0.99 1.00
PM, 5 0.00[-0.04; 0.04] 0.89 1.00
PMio 0.00 [-0.07; 0.07] 0.86 1.00
BC 0.00[-0.02; 0.02] 0.64 1.00
Whole pregnancy NO, 0.00 [-0.13; 0.12] 0.42 0.96
PM, 5 -0.82 [-3.21; 1.57] 0.23 0.96
PMio -0.07 [-0.70; 0.55] 0.31 0.96
BC 0.00 [-0.05; 0.05] 0.90 0.98

Personal-Social
Trimester 1 NO, 0.00 [-0.03; 0.03] 0.54 1.00
PM, 5 0.00 [-0.03; 0.03] 0.79 1.00
PMio 0.00 [-0.03; 0.03] 0.57 1.00
BC 0.00[-0.01; 0.01] 0.94 1.00
Trimester 2 NO, 0.00 [-0.03; 0.03] 0.86 1.00
PM, 5 0.00 [-0.04; 0.04] 0.60 1.00
PMio 0.00[-0.02; 0.02] 0.90 1.00
BC 0.00[-0.01; 0.01] 0.99 1.00
Trimester 3 NO, 0.00 [-0.08; 0.08] 0.38 1.00
PM, 5 0.00 [-0.05; 0.05] 0.51 1.00
PMio 0.00 [-0.03; 0.03] 0.64 1.00
BC 0.00[-0.02; 0.02] 0.42 1.00
Whole pregnancy NO, 0.00 [-0.04; 0.04] 0.84 0.98
PM, 5 0.00 [-0.05; 0.05] 0.72 0.96
PMio 0.00 [-0.03; 0.03] 0.61 0.96
BC 0.00[-0.02; 0.02] 0.58 0.96

Social-Emotional
Trimester 1 NO, 0.00 [-0.14; 0.14] 0.47 1.00
PM,s 2.39[-1.30; 6.07] 0.10 1.00
PMio 0.00 [-0.04; 0.04] 0.40 1.00
BC 0.17 [-0.55; 0.89] 0.27 1.00
Trimester 2 NO, 0.00 [-0.04; 0.04] 0.90 1.00
PM,s 0.00 [-0.20; 0.21] 0.42 1.00
PMio 1.27 [-1.18; 3.73] 0.15 1.00
BC 0.00 [-0.06; 0.06] 0.69 1.00
Trimester 3 NO, 0.00 [-0.09; 0.08] 0.64 1.00
PM,s 0.00 [-0.16; 0.16] 0.57 1.00
PMio 0.00 [-0.20; 0.20] 0.50 1.00
BC -0.51 [-1.68; 0.66] 0.19 1.00
‘Whole pregnancy NO, 0.00 [-0.15; 0.15] 0.94 0.98
PM,s 0.27 [-1.59; 2.13] 0.30 0.96
PMio 0.01 [-0.27; 0.29] 0.37 0.96
BC 0.00 [-0.08; 0.08] 0.93 0.98

p<0.05 are highlighted in bold, ASQ: Ages and Stages Questionnaire, CI: confidence interval, BC: black
carbon, PMo: particulate matter <10 um, PM:s: particulate matter <2.5 um.
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Supplementary Table SS: The association between the interaction of gestational age with
prenatal air pollution exposure and ASQ total scores (n = 193). Estimates are given as a change in
ASQ total score for a 5 pg/m? increase in PM» s, PM1o, and NO; concentration, and a 0.1 pg/m?
increase in BC. Generalised additive mixed models using penalised thin plate regression splines and
double penalisation were used and adjusted for categorical age at follow-up, sex, ethnicity of the
newborn, season of delivery, gestational age, household education, parity, pre-pregnancy BMI,
maternal age, and smoking during pregnancy. Trimester-specific models were mutually adjusted for
each other. Adjusted p-values were corrected using the Benjamini-Hochberg False Discovery Rate
procedure.

Pollutant B [95% CI] P-value Adjusted p-value
Communication
Trimester 1 NO, -0.03 [-0.35; 0.28] 0.83 0.96
PM, s -0.11 [-0.41; 0.19] 0.48 0.90
PMio -0.15[-0.39; 0.10] 0.24 0.76
BC -0.04 [-0.15; 0.06] 0.42 0.88
Trimester 2 NO, 0.04 [-0.35; 0.42] 0.86 0.96
PM, s 0.03 [-0.23; 0.30] 0.80 0.96
PMio 0.01[-0.19; 0.22] 0.90 0.96
BC 0.02 [-0.09; 0.13] 0.67 0.96
Trimester 3 NO, -0.02 [-0.33; 0.29] 0.89 0.96
PM, s -0.01[-0.34; 0.31] 0.93 0.96
PMio 0.02[-0.27; 0.31] 0.90 0.96
BC -0.02 [-0.12; 0.08] 0.72 0.96
Whole pregnancy NO, -0.02 [-0.37; 0.32] 0.89 0.93
PM> s -0.09 [-0.50; 0.33] 0.69 0.87
PMio -0.11 [-0.37; 0.15] 0.41 0.84
BC -0.04 [-0.17; 0.10] 0.59 0.84
Gross motor
Trimester 1 NO» -0.06 [-0.40; 0.29] 0.75 0.96
PM, s -0.04 [-0.36; 0.29] 0.83 0.96
PMio -0.14[-0.41; 0.13] 0.30 0.82
BC -0.02 [-0.13; 0.10] 0.79 0.96
Trimester 2 NO, 0.03[-0.39; 0.46] 0.88 0.96
PM, s -0.06 [-0.34; 0.23] 0.71 0.96
PMio -0.05[-0.28; 0.17] 0.63 0.96
BC -0.01 [-0.13; 0.12] 0.92 0.96
Trimester 3 NO» 0.17-0.18; 0.51] 0.34 0.82
PM, s 0.22[-0.13; 0.58] 0.22 0.76
PMio 0.22 [-0.10; 0.54] 0.17 0.76
BC 0.03 [-0.08; 0.14] 0.55 0.94
Whole pregnancy NO, 0.12 [-0.26; 0.49] 0.54 0.84
PM,s 0.04 [-0.42; 0.50] 0.86 0.93
PMio -0.04 [-0.33; 0.24] 0.77 0.91
BC 0.03[-0.12; 0.18] 0.68 0.87
Fine motor
Trimester 1 NO, -0.21 [-0.50; 0.08] 0.16 0.75
PM,s -0.24 [-0.52; 0.03] 0.08 0.59
PMio -0.25-0.48; -0.03] 0.03 0.50
BC -0.09 [-0.19; 0.00] 0.06 0.50
Trimester 2 NO, 0.21 [-0.15; 0.56] 0.25 0.76
PM,s 0.22 [-0.03; 0.46] 0.08 0.59
PMio 0.21 [0.02; 0.40] 0.03 0.50
BC 0.07 [-0.03; 0.17] 0.19 0.76
Trimester 3 NO, -0.24 [-0.53; 0.05] 0.10 0.69
PM,s -0.15[-0.46; 0.15] 0.32 0.82
PMio -0.10 [-0.36; 0.17] 0.49 0.90
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BC -0.09 [-0.18; 0.00] 0.05 0.50
Whole pregnancy NO, -0.13 [-0.44; 0.19] 0.43 0.84
PM, s 0.01 [-0.37; 0.39] 0.95 0.95
PMio -0.03 [-0.27; 0.21] 0.80 0.91
BC -0.05[-0.17; 0.07] 0.42 0.84

Problem-Solving
Trimester 1 NO, -0.35[-0.67; -0.02] 0.04 0.50
PMy s -0.37 [-0.68; -0.06] 0.02 0.50
PMio -0.31 [-0.56; -0.06] 0.02 0.50
BC -0.11 [-0.22; 0.00] 0.05 0.50
Trimester 2 NO, 0.30[-0.10; 0.70] 0.14 0.74
PMy s 0.11 [-0.16; 0.39] 0.43 0.88
PMio 0.07[-0.14; 0.28] 0.51 0.92
BC 0.07[-0.04; 0.18] 0.24 0.76
Trimester 3 NO, -0.24 [-0.57; 0.08] 0.14 0.74
PM, 5 -0.15[-0.49; 0.19] 0.40 0.88
PMio -0.03 [-0.33; 0.27] 0.85 0.96
BC -0.07 [-0.17; 0.04] 0.20 0.76
Whole pregnancy NO, -0.18 [-0.53; 0.18] 0.33 0.84
PM, 5 -0.24 [-0.67; 0.19] 0.27 0.84
PMio -0.21 [-0.48; 0.05] 0.12 0.84
BC -0.06 [-0.20; 0.08] 0.41 0.84

Personal-Social
Trimester 1 NO, -0.15[-0.43; 0.14] 0.31 0.82
PM, 5 -0.11 [-0.39; 0.16] 0.41 0.88
PMio -0.11 [-0.33; 0.11] 0.34 0.82
BC -0.06 [-0.15; 0.04] 0.23 0.76
Trimester 2 NO, 0.05[-0.30; 0.41] 0.76 0.96
PM, s -0.01 [-0.25; 0.23] 0.93 0.96
PMio -0.05[-0.24; 0.13] 0.56 0.94
BC 0.00[-0.10; 0.10] 0.96 0.98
Trimester 3 NO, 0.07 [-0.20; 0.35] 0.60 0.95
PM, 5 0.15[-0.14; 0.44] 0.32 0.82
PMio 0.11 [-0.15; 0.37] 0.41 0.88
BC 0.01[-0.08; 0.10] 0.86 0.96
Whole pregnancy NO, -0.09 [-0.39; 0.22] 0.58 0.84
PM, s -0.13 [-0.51; 0.25] 0.50 0.84
PMio -0.12 [-0.36; 0.11] 0.31 0.84
BC -0.08 [-0.20; 0.05] 0.22 0.84

Social-Emotional
Trimester 1 NO, -0.16 [-0.68; 0.36] 0.55 0.94
PM,s 0.13 [-0.37; 0.62] 0.62 0.96
PMio 0.14 [-0.26; 0.55] 0.49 0.90
BC -0.02 [-0.19; 0.15] 0.81 0.96
Trimester 2 NO, -0.04 [-0.68; 0.60] 0.91 0.96
PM,s -0.26 [-0.70; 0.18] 0.25 0.76
PMio -0.26 [-0.60; 0.08] 0.14 0.74
BC -0.07 [-0.25; 0.12] 0.48 0.90
Trimester 3 NO, 0.08 [-0.44; 0.59] 0.78 0.96
PM,s 0.15[-0.39; 0.69] 0.59 0.95
PMio 0.09 [-0.39; 0.57] 0.72 0.96
BC 0.00 [-0.17; 0.16] 0.99 0.99
‘Whole pregnancy NO, -0.21[-0.77; 0.35] 0.47 0.84
PM,s -0.23 [-0.90; 0.45] 0.51 0.84
PMio -0.17 [-0.59; 0.26] 0.44 0.84
BC -0.12 [-0.33; 0.10] 0.29 0.84

p<0.05 are highlighted in bold, ASQ: Ages and Stages Questionnaire, CI: confidence interval, BC: black

carbon, PMo: particulate matter <10 um, PM:s: particulate matter <2.5 um.
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Supplementary Table S6: Age-specific associations between air pollution exposure windows and
ASQ domains (n = 193). To explore how associations differed across follow-up ages, generalised
additive mixed models with double penalisation and thin plate regression splines, and age-specific
smooths using an interaction between exposure and age were fitted for all prenatal air pollution
exposure windows. Models were adjusted for categorical age at follow-up, sex, ethnicity of the
newborn, season of delivery, gestational age, household education, parity, pre-pregnancy BMI,
maternal age, and smoking during pregnancy. Estimates were provided as a change in score per 5
ug/m? increment in air pollution concentration for NO,, PM, s, and PMy, and a 0.1 pg/m? increment
for BC. Estimates with absolute values <0.01 were omitted for readability.

Domain Window Pollutant Age B (95% CI) P-value
Communication Trimester 1 PM, 5 12 -2.63 [-8.83; 3.57] 0.41
NO, 12 -1.45[-4.83; 1.93] 0.40
Trimester 2 PMy s 12 -2.16 [-8.34; 4.02] 0.49
PMy s 6 -0.82 [-3.12; 1.48] 0.48
PMo 12 -1.38 [-5.13; 2.37] 0.47
PM o 6 -1.29 [-3.63; 1.05] 0.28
NO, 2 2.33 [-0.78; 5.44] 0.14
BC 2 0.72[-0.35; 1.79] 0.19
Trimester 3 PMy s 2 0.18 [-1.02; 1.38] 0.77
PM o 2 1.24[-1.19; 3.67] 0.32
BC 2 1.40[-0.21; 3.00] 0.09
Whole pregnancy PM; s 6 -1.60 [-5.95; 2.76] 0.47
PMys 12 -1.28 [-6.12; 3.56] 0.60
PMio 6 -1.47 [-4.80; 1.87] 0.39
PMio 12 -0.62 [-3.34; 2.10] 0.65
NO, 2 3.14 [-1.00; 7.28] 0.14
BC 2 0.44 [-0.79; 1.67] 0.48
Fine motor Trimester 1 PM> s 12 -1.84 [-6.60; 2.93] 0.45
PM, 5 24 -0.24 [-1.73; 1.24] 0.75
PM o 24 -0.54 [-2.39; 1.31] 0.57
PM o 6 -0.30 [-1.53; 0.93] 0.63
Trimester 2 NO, 2 -0.35[-1.76; 1.07] 0.63
BC 2 -0.21 [-0.84; 0.42] 0.51
Trimester 3 PMy s 12 0.99 [-1.89; 3.87] 0.50
NO, 12 0.13-0.85; 1.10] 0.80
BC 12 0.37 [-0.62; 1.36] 0.47
Whole pregnancy PMio 24 -0.10 [-1.09; 0.88] 0.84
NO; 6 0.39[-1.45;2.22] 0.68
BC 2 -0.12 [-0.76; 0.52] 0.72
Gross motor Trimester 1 PM; s 6 -1.76 [-4.88; 1.37] 0.27
PMys 12 -0.01 [-0.55; 0.53] 0.96
PMio 12 -0.76 [-3.80; 2.28] 0.63
NO; 6 -1.84 [-4.94; 1.26] 0.24
BC 12 -0.30 [-1.55; 0.94] 0.63
Trimester 2 PMys 12 -4.88 [-13.29; 3.53] 0.26
PMys 6 -0.02 [-0.47; 0.42] 0.92
PMio 6 -0.49 [-2.20; 1.21] 0.57
NO; 2 1.06 [-1.52; 3.64] 0.42
BC 2 0.76 [-0.39; 1.90] 0.19
Trimester 3 PMy s 24 -0.63 [-3.51; 2.26] 0.67
PMio 12 -3.37 [-8.37; 1.62] 0.19
PMio 24 -2.13 [-6.00; 1.75] 0.28
NO; 6 0.70 [-1.55; 2.95] 0.54
BC 6 0.91[-0.37; 2.20] 0.16
Whole pregnancy PM> s 12 -2.01 [-8.27; 4.24] 0.53
Whole pregnancy PM> s 24 -0.29 [-2.61; 2.03] 0.81
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PM> s 6 -0.01 [-0.40; 0.38] 0.97

PMio 12 -1.33 [-5.33; 2.67] 0.51

PMio 24 -0.03 [-0.66; 0.59] 0.92

PMio 6 -0.01 [-0.32; 0.30] 0.96

BC 2 0.54[-0.87; 1.96] 0.45

Personal-Social Trimester 1 PM; s 12 -8.93 [-17.02; -0.84] 0.03
PMio 12 -3.93 [-9.08; 1.22] 0.13

PMio 6 0.73 [-1.22; 2.69] 0.46

NO; 12 -6.86 [-11.99; -1.74] 0.01

BC 12 -1.43 [-3.57, 0.71] 0.19

Trimester 2 PMy s 6 -3.84 [-7.39; -0.30] 0.03
PM> s 2 0.53[-1.19; 2.26] 0.54

PMio 6 -1.94 [-4.55; 0.67] 0.14

PMio 2 0.01 [-0.22; 0.24] 0.93

NO; 6 -1.95[-5.05; 1.16] 0.22

NO, 2 1.58 [-1.18; 4.33] 0.26

BC 6 -0.98 [-2.24; 0.28] 0.13

BC 2 0.58 [-0.41; 1.56] 0.25

Trimester 3 PMy s 2 0.10[-0.78; 0.97] 0.83
PM>s 12 3.01 [-1.54; 7.56] 0.19

PMio 6 -0.24 [-1.55; 1.07] 0.72

PM 2 1.16 [-1.17; 3.48] 0.33

PMio 12 4.08 [-0.87; 9.04] 0.11

NO, 6 0.31[-1.19; 1.82] 0.68

Whole pregnancy PM> s 2 2.22[-1.75; 6.19] 0.27
PMio 2 1.68 [-1.20; 4.55] 0.25

NO, 12 -3.73 [-9.18; 1.72] 0.18

NO, 2 0.70 [-1.68; 3.08] 0.56

BC 2 0.97[-0.61; 2.54] 0.23

Problem-Solving Trimester 1 PM> s 12 -5.40[-12.90; 2.11] 0.16
PMy s 6 -1.70 [-4.58; 1.18] 0.25

PMo 6 -2.28 [-5.07; 0.50] 0.11

PMio 12 -1.85[-5.76; 2.06] 0.35

NO, 6 -2.45[-5.51; 0.61] 0.12

NO; 12 -0.36 [-2.27; 1.54] 0.71

BC 6 -1.15[-2.43; 0.12] 0.08

BC 2 0.77 [-0.41; 1.95] 0.20

Trimester 2 PM, 5 24 -0.80 [-3.74; 2.13] 0.59
Trimester 3 PM> s 24 -1.57[-5.77; 2.63] 0.46
PMio 24 -1.38 [-4.58; 1.82] 0.40

NO» 24 -1.75 [-5.54; 2.04] 0.36

NO» 2 4.10[-0.12; 8.33] 0.06

BC 2 1.95[0.23; 3.66] 0.03

Whole pregnancy PM, 5 24 2.18 [-8.49; 12.86] 0.69
PMi 6 -0.74 [-3.26; 1.78] 0.57

NO; 24 -0.97 [-4.12; 2.19] 0.55

NO, 6 -0.49 [-2.70; 1.71] 0.66

BC 6 -0.06 [-0.60; 0.48] 0.83

Social-Emotional Trimester 1 PMy s 12 0.42[-2.91; 3.74] 0.81
NO; 12 1.98 [-3.10; 7.06] 0.44

BC 12 0.01[-0.24; 0.25] 0.95

Trimester 2 PMas 6 2.67 [-1.94; 7.27] 0.26
PMio 6 2.51[-1.29; 6.32] 0.20

BC 6 0.31[-0.80; 1.42] 0.58

Whole pregnancy PM; s 6 0.65 [-3.03; 4.33] 0.73
PMio 6 0.02 [-0.58; 0.63] 0.94
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p<0.05 are highlighted in bold, ASQ: Ages and Stages Questionnaire, BC: black carbon, PM o particulate
matter <10 um, PM;s: particulate matter <2.5 um.

Supplementary Table S7: Associations between prenatal air pollution exposure and Bayley
Scales of Infant and Toddler Development index scores (n = 39). Neurobehavioural development
was evaluated in three domains, cognition, language, and motor skills, in 6-month-old infants using
the Dutch version of the Bayley Scales of Infant and Toddler Development, Fourth Edition. Linear
models were adjusted for age at follow-up, sex, ethnicity of the newborn, season of delivery,
gestational age, household education, parity, pre-pregnancy BMI, maternal age, and smoking during
pregnancy. Trimester-specific models were mutually adjusted for each other. Estimates were provided
as a change in score per 5 pg/m? increment in air pollution concentration for NO,, PM, s, and PMj,
and a 0.1 pg/m? increment for BC. Adjusted p-values were corrected using the Benjamini-Hochberg
False Discovery Rate procedure.

Outcome Window Pollutant B [95% CI] p-value Adjusted p-value
Cognition Trimester 1 NO, -4.39[-12.82;4.04] 0.293 0.965
PM, s -3.15[-9.44; 3.14] 0.312 0.965
PMio -3.24 [-8.98; 2.49] 0.255 0.965
BC -0.69 [-3.56; 2.17] 0.623 0.965
Trimester 2 NO, 3.74[-10.7; 18.18] 0.598 0.965
PM: s 2.69 [-8.49; 13.86] 0.624 0.965
PMio 1.67 [-6.34; 9.68] 0.670 0.965
BC 0.75[-3.4;4.91] 0.711 0.965
Trimester 3 NO; -0.86[-14.4;12.68]  0.897 0.965
PM, s 0.26 [-11.71;12.23]  0.965 0.965
PMio 1.32 [-6.4; 9.04] 0.727 0.965
BC 0.9 [-4.00; 5.8] 0.709 0.965
Whole pregnancy NO; -1.721-10.83; 7.39]  0.702 0.965
PM: s -0.65 [-10.6; 9.3] 0.894 0.965
PMio -0.63 [-7.49; 6.23] 0.852 0.965
BC 0.83[-3.43; 5.08] 0.693 0.965
Language Trimester 1 NO; 3[-2.49; 8.49] 0.271 0.965
PM; 5 4.49[0.62; 8.35] 0.025 0.593
PMio 5.26 [2.01; 8.51] 0.003 0.132
BC 1.18 [-0.67; 3.02] 0.201 0.965
Trimester 2 NO> 0.24 [-9.16; 9.64] 0.958 0.965
PM> s -3.69 [-10.56; 3.18]  0.278 0.965
PMio -4.23 [-8.77; 0.31] 0.066 0.965
BC -0.44 [-3.12; 2.24] 0.737 0.965
Trimester 3 NO» 0.51 [-8.31;9.32] 0.907 0.965
PMy 5 2.38 [-4.98; 9.74] 0.511 0.965
PMi, 1.13 [-3.24; 5.51] 0.598 0.965
BC -0.58 [-3.74; 2.58] 0.707 0.965
Whole pregnancy NO» 3.71[-2.2;9.62] 0.209 0.965
PM> s 3.35[-3.15;9.85] 0.299 0.965
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Outcome Window Pollutant B [95% CI] p-value Adjusted p-value
PMio 2.5[-1.97; 6.96] 0.261 0.965
BC 0.2 [-2.65; 3.05] 0.887 0.965
Motor Trimester 1 NO; -6.07 [-14.95; 2.81] 0.171 0.965
PM> s -2.19[-9.12; 4.74] 0.521 0.965
PMo -0.83 [-7.22; 5.55] 0.790 0.965
BC -1.31[-4.39; 1.77] 0.389 0.965
Trimester 2 NO; 10.92 [-4.29;26.13]  0.151 0.965
PMy s 2.12[-10.19; 14.44]  0.725 0.965
PMio -1.15[-10.07; 7.76]  0.792 0.965
BC 2.47[-2; 6.93] 0.266 0.965
Trimester 3 NO; -4.6 [-18.86; 9.66] 0.512 0.965
PMy s 0.4 [-12.79; 13.59] 0.951 0.965
PMio 1.53 [-7.06; 10.12] 0.717 0.965
BC -1.42 [-6.68; 3.85] 0.584 0.965
Whole pregnancy NO» 0.39 [-9.53; 10.32] 0.936 0.965
PM> s -0.41 [-11.22;10.4]  0.939 0.965
PMio -0.95 [-8.39; 6.5] 0.795 0.965
BC 0.39 [-4.24; 5.03] 0.863 0.965

p<0.05 are highlighted in bold, CI: confidence interval, BC: black carbon, PM jy: particulate matter
<10 um, PM,s: particulate matter <2.5 um.

Supplementary Table S8: Sensitivity analysis for the association between prenatal air pollution
exposure and ASQ total scores, adjusting for postnatal exposure (n = 193). Estimates are given as
a change in ASQ total score for a 5 pg/m? increase in PM, s, PM o, and NO, concentration, and a 0.1
pg/m? increase in BC. Generalised additive mixed models using penalised thin plate regression
splines and double penalisation were used and adjusted for postnatal air pollution exposure from the
first day of life until the age at follow-up, categorical age at follow-up, sex, ethnicity of the newborn,
season of delivery, gestational age, household education, parity, pre-pregnancy BMI, maternal age,
and smoking during pregnancy. Trimester-specific models were mutually adjusted for each other.
Adjusted p-values were corrected using the Benjamini-Hochberg False Discovery Rate procedure.

Pollutant B [95% CI] P-value Adjusted p-value
Communication
Trimester 1 NO, 0.00 [-0.03; 0.03] 0.80 0.96
PM, s -1.18 [-3.30; 0.95] 0.14 0.83
PMio 0.00 [-0.02; 0.02] 0.52 0.92
BC 0.00[-0.01; 0.01] 0.59 0.93
Trimester 2 NO, 0.00 [-0.06; 0.06] 0.89 0.96
PM; s -0.94 [-2.96; 1.09] 0.17 0.83
PMio -1.86 [-3.73; 0.01] 0.03 0.66
BC 0.00[-0.02; 0.02] 0.87 0.96
Trimester 3 NO, 0.00 [-0.06; 0.06] 0.92 0.96
PMy s 0.00 [-0.06; 0.06] 0.94 0.96
PMio 0.00 [-0.06; 0.06] 0.54 0.93
BC 0.00[-0.02; 0.02] 0.57 0.93
Whole pregnancy NO, 0.00 [-0.06; 0.06] 0.92 0.97
PMy s -2.02 [-5.31; 1.28] 0.12 0.50
PMio -1.24 [-3.34; 0.85] 0.13 0.50
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BC 0.00 [-0.03; 0.03] 0.97 0.97
Gross motor
Trimester 1 NO, 0.00 [-0.08; 0.08] 0.44 0.92
PMy s -3.62 [-6.72; -0.53] 0.01 0.66
PMio -1.66 [-3.72; 0.40] 0.06 0.78
BC -0.27 [-1.00; 0.47] 0.22 0.91
Trimester 2 NO, 0.00[-0.11; 0.11] 0.65 0.93
PMy s 0.00 [-0.09; 0.09] 0.49 0.92
PMio 0.00 [-0.06; 0.06] 0.50 0.92
BC 0.00[-0.05; 0.05] 0.72 0.95
Trimester 3 NO, 0.22 [-1.02; 1.46] 0.27 0.91
PM, s 0.00 [-0.07; 0.07] 0.86 0.96
PMio 0.00 [-0.06; 0.06] 0.88 0.96
BC 0.58 [-0.43; 1.60] 0.13 0.83
Whole pregnancy NO, 0.00 [-0.11; 0.11] 0.63 0.97
PM, 5 -2.43 [-6.40; 1.53] 0.12 0.50
PMio -0.91 [-3.07; 1.25] 0.19 0.57
BC 0.00 [-0.07; 0.07] 0.58 0.97
Fine motor

Trimester 1 NO, 0.00 [-0.08; 0.08] 0.50 0.92
PM, 5 -1.42 [-3.56; 0.72] 0.10 0.82
PMio 0.00 [-0.06; 0.06] 0.36 0.92
BC -0.13 [-0.59; 0.34] 0.26 0.91
Trimester 2 NO, 0.00 [-0.03; 0.03] 0.91 0.96
PM, 5 -0.04 [-0.54; 0.45] 0.31 0.92
PMio -0.52 [-1.80; 0.76] 0.20 0.91
BC 0.00[-0.01; 0.01] 0.83 0.96
Trimester 3 NO, 0.00 [-0.03; 0.03] 0.84 0.96
PM, 5 0.00 [-0.13; 0.13] 0.48 0.92
PMo 0.00 [-0.06; 0.06] 0.60 0.93
BC 0.00[-0.02; 0.02] 0.94 0.96
Whole pregnancy NO, 0.00 [-0.05; 0.05] 0.95 0.97
PMy s -2.34 [-5.66; 0.97] 0.09 0.50
PMio -0.57 [-2.13,; 0.99] 0.22 0.57
BC 0.00 [-0.04; 0.04] 0.57 0.97

Problem-Solving
Trimester 1 NO, -1.12 [-3.28; 1.04] 0.16 0.83
PM, 5 -0.41 [-1.90; 1.08] 0.25 0.91
PMio 0.00 [-0.02; 0.02] 0.73 0.95
BC -0.08 [-0.49; 0.33] 0.28 0.91
Trimester 2 NO, 0.00 [-0.05; 0.05] 0.57 0.93
PM,s -2.63 [-5.44; 0.19] 0.04 0.66
PMio -2.07 [-4.10; -0.04] 0.03 0.66
BC 0.00 [-0.02; 0.02] 0.49 0.92
Trimester 3 NO, 0.00 [-0.05; 0.05] 0.87 0.96
PM,s 0.00 [-0.03; 0.03] 0.81 0.96
PMio 0.00 [-0.04; 0.04] 0.66 0.93
BC 0.00 [-0.02; 0.02] 0.75 0.95
‘Whole pregnancy NO, -0.19[-1.30; 0.92] 0.29 0.64
PM,s -3.68 [-7.68; 0.33] 0.04 0.50
PMio -1.84 [-4.28; 0.59] 0.07 0.50
BC 0.00 [-0.02; 0.02] 0.59 0.97

Personal-Social
Trimester 1 NO, 0.00 [-0.05; 0.04] 0.42 0.92
PM,s 0.00 [-0.03; 0.03] 0.94 0.96
PMio 0.00 [-0.02; 0.02] 0.74 0.95
BC 0.00 [-0.01; 0.01] 0.71 0.95
Trimester 2 NO, 0.00 [-0.04; 0.04] 0.66 0.93
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PMy s 0.00 [-0.06; 0.06] 0.38 0.92
PMio 0.00 [-0.03; 0.03] 0.53 0.92
BC 0.00[-0.01; 0.01] 0.66 0.93
Trimester 3 NO, 0.00[-0.05; 0.05] 0.42 0.92
PMy s 0.00 [-0.05; 0.05] 0.48 0.92
PMio 0.00[-0.03; 0.03] 0.71 0.95
BC 0.00[-0.02; 0.02] 0.42 0.92
Whole pregnancy NO, 0.00 [-0.03; 0.03] 0.90 0.97
PM, s 0.00 [-0.05; 0.05] 0.97 0.97
PMio 0.00 [-0.03; 0.03] 0.90 0.97
BC 0.00[-0.01; 0.01] 0.92 0.97
Social-Emeotional
Trimester 1 NO, 1.61 [-1.74; 4.96] 0.16 0.83
PM, s 3.48 [-0.61; 7.57] 0.05 0.70
PMio 0.16 [-0.88; 1.19] 0.28 0.91
BC 0.96 [-0.43; 2.34] 0.09 0.79
Trimester 2 NO, 0.00[-0.14; 0.14] 0.66 0.93
PM, 5 0.00[-0.12; 0.12] 0.47 0.92
PMio 2.08 [-0.84; 5.00] 0.08 0.79
BC 0.00[-0.05; 0.05] 0.98 0.98
Trimester 3 NO, 0.00[-0.14; 0.14] 0.46 0.92
PM, s -0.01[-0.32; 0.30] 0.35 0.92
PMio -0.12 [-1.16; 0.91] 0.29 0.91
BC -0.58 [-1.83; 0.66] 0.17 0.83
Whole pregnancy NO, 0.00 [-0.06; 0.06] 0.78 0.97
PM, 5 1.22 [-2.58; 5.03] 0.24 0.57
PMio 0.91[-1.67; 3.48] 0.23 0.57
BC 0.00[-0.07; 0.07] 0.86 0.97

p<0.05 are highlighted in bold, ASQ: Ages and Stages Questionnaire, CI: confidence interval, BC: black
carbon, PMo: particulate matter <10 um, PM:s: particulate matter <2.5 um.
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Air pollution Neurobehavioural development

Supplementary Figure S1: Directed Acyclic Graph. Covariates were selected a priori based on the
literature and Directed Acyclic Graphs. All models were adjusted for age at follow-up, sex, ethnicity of
the newborn, season of delivery, gestational age, household education, parity, pre-pregnancy BMI,
maternal age, and smoking during pregnancy.
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Supplementary Figure S2: Flow chart of the study population selection (n = 193).
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