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Abstract

Objective. Air pollution exposure during fetal life has beeelated to impaired child
neurodevelopment but it is unclear if brain struat@lterations underlie this association. The
authorsassessed whether air pollution exposure during lie¢aalters brain morphology and
whether these alterations mediate the associagomeen air pollution exposure during fetal
life and cognitive function in school-age children.

Method. We used data from a population-based birth cokettup in Rotterdam, The
Netherlands (2002-2006). Residential levels ofgailution during the entire fetal period
were calculated using land-use regression modetsct8ral neuroimaging and cognitive
function were performed at age 6-10 years (n=788)dels were adjusted for several
socioeconomic and life-style characteristics.

Results. Mean fine particle levels were 20g/m® (range 16.8-28.1). Children exposed to
higher particulate matter levels during fetal lifad thinner cortex in several brain regions of
both hemispheres (e.g. cerebral cortex of the piaesiregion in the right hemisphere was
0.045mm thinner (95% Confidence Interval 0.028-2)0®r each 5pg/tincrease in fine
particles). The reduced cerebral cortex in precsnand rostral middle frontal regions
partially mediated the association between expotufme particles and impaired inhibitory
control. Air pollution exposure was not associaigith global brain volumes.

Conclusions. Exposure to fine particles during fetal life watated to child brain structural
alterations of the cerebral cortex and these aiters partially mediated the association
between exposure to fine particles during fetad Bind impaired child inhibitory control.

Such cognitive impairment at early ages could sageificant long-term consequences.
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Introduction
Air pollution is a global risk factor for variousl@erse health effects in humans (1-7). There
is increasing evidence indicating that air pollotexposure is also related to an impairment of
the central nervous system through chronic neuesimhation and microglia activation
which can lead to neuronal damage (8). Since pregynand the first years of life are critical
windows of developmental vulnerability for the bragxposure to air pollution during this
period could cause permanent changes in the bvama low levels of exposure (9, 10).
Several epidemiological studies have assessedsoeiation between air pollution
exposure during early life and child neurodevelopnigl-16). These studies have found that
air pollution exposure during pregnancy or during first years of life was associated with
lower cognitive or psychomotor function and highehavior problems including autism
spectrum disorders. However, they mainly used nmyhological or clinical instruments to
evaluate child neurodevelopment, limiting our ustiEmding of which brain structural and
functional alterations underlie these associati@my few small studies have started using
magnetic resonance imaging (MRI) techniques tosassdationships with air pollution (17—
20). Three studies found an association betwedrehigxposure to air pollution at home
during fetal life or early childhood and white netibnormalities in children at seven to
thirteen years old (17-19). A fourth study in cheld aged eight to twelve years showed a
relationship between air pollution exposure at stlaod lower functional integration and
segregation in key brain networks (2Despite the fact that prior studies have not foand
association between air pollution exposure andaathickness, the study _bfain
morphology is key in providing insights in the unglieng neurobiological pathways.
Therefore, the aims of the present study were @sgess the association between air
pollution exposure during fetal life and brain mofogy in school-age children and ii) to

assess the mediation role of brain morphology eraisociation between air pollution
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exposure during fetal life and cognitive functionscchool-age children. Cognitive function is
the result of integration of functions of many di#ént brain regions, and thus there was no
priori hypothesis on which specific brain regions wouwtdbffected by air pollution exposure
during fetal life as no other similar studies haeen performed so far. Thus, we used an
exploratory approach to examine the associatia@xpbsure to air pollutants and brain

surface measures.

Methods and Materials

Population and study design

This study was embedded in the Generation R Stuggpulation-based birth cohort study
from fetal life onwards in Rotterdam, the Nethedar21). A total of 8,879 pregnant women
were enrolled and children were born between A802 and January 2006. A subgroup of
children aged between six and ten years partiagipatan MRI sub-study (22). Briefly, a total
of 1,932 were invited to participate in this subest. Children were oversampled based on
certain maternal exposures during pregnancy @enabis, nicotine, selective serotonin
reuptake inhibitors, depressive symptoms, and @ashate levels) and child behavior
problems (i.e. attention deficit hyperactivity dider, pervasive developmental problems,
dysregulation problems, and aggressive problem&)jukion criteria comprised
contradictions for the MRI procedure, severe motaensory disorders, neurological
disorders, head injuries with loss of consciousn@ss claustrophobia. Among those invited,
155 did not answer the invitation call, 447 refuse@articipate, and 5 could not participate
due to contraindications for the MRI procedure. Agohe 1,325 that attended the MRI visit,
after excluding those with poor MRI data qualitydanajor abnormalities, MRI
measurements were available for 1,070 childreraliinafter excluding those without air

pollution estimations during fetal life, 783 chir were included in the present study. This
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study was approved by the Medical Ethics Commibfethe Erasmus Medical Centre in

Rotterdam, The Netherlands. Written informed cohsers obtained from parents.

Air pollution exposure

Air pollution levels at mothers’ home addressestierentire fetal period were estimated
following a standardized procedure described elsea/f23—-25). Briefly, air pollution
monitoring campaigns of three two-week periodsiwbgen dioxide (NQ) in 80 sites and
particulate matter (PM) with aerodynamic diamet8um (PMo) and <2.5um (PMs or

fine particles), and absorbance of fine partickeproxy for elemental carbon) in 40 sites were
performed in 2009-2010 across The Netherlands ahgiln (26, 27). Coarse patrticle
concentration was calculated as the difference éatiPMo and PM s. The three
measurements were averaged, adjusting for temparialtion using data from a centrally
located background monitoring site with year-roomzhitoring. Land-use regression models
were developed using predictor variables on netadsiyc intensity, population/household
density, and land use derived from Geographic imédion Systems to explain spatial
variation of annual average concentrations (23-P5¢se models were then used to assign air
pollution levels at mothers’ home addresses dutiegentire fetal period using the exact
geographical x and y coordinates that correspotaléite addresses reported by each
participant. Seven available routine backgrounditoang network sites were

simultaneously used to back-extrapolate to thetdrtal period (6, 25) accounting for the
changes of home address during pregnancy (Supptahiethods S1). This resulted in a
single, time-adjusted mean air pollution concerdrator each participant for the entire fetal
period. Previous research supports stability ofsuesd and modeled spatial contrast in air

pollutants for periods up to 18 years (28).
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M agnetic Resonance | maging

Structural MRI scans were obtained on a 3-Teslarsra(Discovery MR750, GE Healthcare,
Milwaukee, USA). Using an 8-channel head coil, algkorain high-resolution T1-weighted
inversion recovery fast spoiled gradient recall’dfSPGR) sequence was obtained. The
scan parameters were the following: repetition itr@3ms, echo time=2ms, inversion
time=350ms, flip angle=6186 contiguous slices with a thickness @m, and in-plane
resolution = ®x0.9mm.

To minimize movement children participated in a knecanning session prior to the
actual MRI scanning to introduce them to the saagpnenvironment (22). In the scanner, care
was taken that children were comfortable and aeghons were used to assist with head
immobilization. However, it was still possible tletildren moved in the scanner. Image
quality assurance was performed in 2 steps. Rirgisual inspection of the image quality of
the T1 sequence was done at the scanner. If thgeiopaality was poor or unusable, the scan
was repeated with extra instructions for childretig still. Second, a visual inspection of the
surface reconstruction quality was done after th&ges were processed through the
FreeSurfer pipeline. Both steps of quality conbal to be passed successfully for data to be
included in the analyses.

Cortical reconstruction and volumetric segmentatibglobal brain measures was
performed with the Freesurfer image analysis stgtsion 5.1.0,
(http://surfer.nmr.mgh.harvard.edu/). Briefly, ¢oal thickness at each vertex was measured
by calculating the shortest distance from the wimggter to the pial surface. Procedures for
the measurement of cortical thickness have beedatatl against histological analysis and
manual measurements (29). Volumetric measuresdadltotal brain volume, cortical gray

matter volume, cortical white matter volume, sulical gray matter volumes (i.e., caudate,
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putamen, pallidum, accumbens, hippocampus, amygalatbthalamus), and ventricular
volume. Freesurfer morphometric procedures have demonstrated to show good test-
retest reliability across scanner manufacturersaanaoss field strengths (30). All Freesurfer

output was visually inspected and rated for quality

Cognitive function

Children’s cognitive function was assessed on theal the scanning or shortly after using
an array of subtasks from the Dutch version of@kgelopmental Neuropsychological
Assessment test (NEPSY-II) (31). Detailed desaiptf the test has been published
previously (22). Briefly, the subtasks were chosetap into specific domains, including:
attention and executive functioning, language, nrgraad learning, sensorimotor function,
and visuospatial processing. Children were indigljutested in a quiet room by trained

investigators.

Potential confounding variables

Potential confounding variables were defined arpbiased on direct acyclic graph (DAG)
(Supplemental Figure S1) and on previous literatite 12, 25). Parental characteristics
during pregnancy were collected by questionnapasental educational levels, monthly
household income, parental countries of birth, paleages, maternal prenatal smoking,
maternal prenatal alcohol use, maternal parityjlfastatus, and maternal psychological
distress (using the Brief Symptom Inventory). Paakweights and heights were measured or
self-reported at the first trimester of pregnantyhie research center. Pre-pregnancy body
mass index (kg/f) was calculated. Child’s sex and date of birthexatained from hospital

or national registries. Child genetics ancestry astgnated based on the genome-wide SNP

data from whole blood at birth and 4 principal cam@nts of ancestry were included to better
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correct for population stratification (32, 33). Matal intelligence quotient was assessed at
child’s age of six years with the Ravens AdvancemyRessive Matrices Test, set I. Child’s

age at scanning was also collected.

Statistical analyses

We performed whole-brain, vertex-wise statistiaeigshe Freesurfer QDEC module (query,
design, estimate contrast) for each air pollutapisting for child’s sex and age. As there are
many vertices per hemisphere (~160,000), analyses vorrected for multiple testing using
the built-in Monte Carlo null- Z simulations witt®,D00 iterations (p<.01). Due to limitations
in modeling strategy with QDEC (types of variablesimber of confounding variables, and
inability to impute missingness in confounding @bites), subject-level data from the
identified regions associated with each air potitit@ere imported into STATA (version 14;
StataCorporation, College Station, TX, USA) for tbkkowing analysis.

Among children with available data on air pollutioreuroimaging, and cognitive
function we performed multiple imputation of misgivalues of potential confounding
variables using chained equations to generate 2plete datasets (34). The percentage of
missing values was relatively low and distributieamsmputed datasets were similar to those
observed (Supplemental Table S1). Children includdete analysis (n=783) were more
likely to have mothers from a higher socioeconopusition compared to those that were not
included, among children selected for the MRI stuahg (n=1,149) (Supplemental Table S2).
This was also the case when we compared our styalylgtion to the not included children
from the full cohort recruited in pregnancy (n=8/p9Supplemental Table S3). We used
inverse probability weighting to correct for lostfollow-up, i.e. to account for potential
selection bias when including only participantshvavailable data as compared to the full

cohort recruited at pregnancy (35).
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We used linear regression analyses to assessdbe@atfons between i) exposure to
each air pollutant and global brain measures grekposure to each air pollutant and the
cortical thickness of each identified region in @BEC analysis. Models were adjusted for
all potential confounding variables described i@ pinevious section.

Next we selected the tasks that assessed the iwegfunction involved with each
identified region based on the literature. We ass@svhether both air pollution exposure and
the cortical thinness of these regions were astutiaith the selected cognitive functions
using adjusted negative binomial or linear regmssnodels depending on the distribution of
the outcome. We then applied causal mediation aisafyroviding estimation of the natural
direct effect (NDE), the natural indirect effectl@Y, and the total effect (Supplemental
Methods S2) (36). Briefly, we assessed the diredtiadirect effects of air pollution exposure
during fetal life on cognitive function. We testadhether part of the indirect effect was
mediated by cortical thinness (Supplemental Fig&¥®. We used negative binomial
regression for the outcome regression model amédiregression for the mediator regression
model. Standard errors were calculated using hamging. All models were adjusted for all
potential confounding variables described in thevimus section. The total effect results as
the product of the natural direct effect (NDE) amatural indirect effect (NIE). We also
calculated the proportion mediated as incidencee raatio (IRRYPE(IRRVE
1)/(IRR'PEIRRYE — 1),

We performed sensitivity analysis of the assocmabetween air pollutants and the
cortical thickness of each identified region in tieole-brain analysis: i) we restricted the
analysis to those children without attention défigiperactivity disorder, pervasive
developmental problems, dysregulation problems,amuessive problems and ii) we

restricted the analysis to those children from soreking mothers during pregnancy.
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Results
Participant characteristics of the study populatiomshown in Table 1 and Supplemental
Table S4. Mean residential air pollution exposurgrdy fetal life was 38ug/m® for NO,
(range 25.3-73.3) and Zng/m® for fine particles (range 16.8-28.1). Correlati®tween air
pollutants was between4B and 079 (Supplemental Table S5). Mothers exposed toehnigh
air pollution levels during fetal life were mor&eily to have a higher level of education, to
have a higher household income, and to be Dutclpaced to those exposed to lower levels
(Supplemental Table S6-9).

We did not find significant associations betwearpailution exposure during fetal
life and global brain volume measures (Table 2)ldZén exposed to higher particulate
matter levels during fetal life had thinner corige several brain regions in both hemispheres
(Figure 1). Sizes of associated brain regions das&ween 532 and 2,995rim
(Supplemental Table S10). Mean thickness of thesia begions was between 2.31 and
3.17mnf (with a minimum thickness of 1.61 to 2.23 fend a maximum thickness of 3.23 to
3.97 mnf). After adjusting for potential confounding varied, exposure to particulate matter
levels remained strongly associated with thinnetices of all identified regions (e.g. cerebral
cortex of the precuneus region waB45mm thinner (95% Confidence Interval (CI)28 to
0.062) for each 5ugffrincrease in fine particles) (Table 3). We obsersiedilar results in the
different sensitivity analysis (Supplemental Tal#ddg-12).

Based on the cognitive functions involved with eatdntified region, we selected the
attention and executive functioning tasks for eflions except for the fusiform region where
we selected the memory for faces tasks (Supplemidetiiods S3). Fine particles exposure

during fetal life was associated with a higher nemtif inhibition errors of the response set
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task (IRR 107; 95% CI 101 to 114 per each 5ugffincrease in fine particles) (Table 4). No
significant associations were observed for theratblationships. A thinner cortex in the
precuneus region and the rostral middle frontaloregvas also associated with a higher
number of inhibition errors of that tasks (IRR2;, 95% CI 100 to 177 per each 1mm
decrease of the cortex in the precuneus regiodRIRdL69; 95% CI 109 to 261 per each
1mm decrease of the cortex in the rostral midaiathl region) (Table 5). We finally found
that the reduced cortical thickness in the precsraad rostral middle frontal regions partially
mediated the observed association between finelesrexposure during fetal life and the
increase number of inhibition errors (natural iedtreffect: IRR 01; 95% CI 100 to 102

per each 1mm decrease of the cortex in the presuegion and in the rostral middle frontal
region) (Figure 2). The proportion mediated throtigdreduced cortical thickness in each of

the regions was estimated to be 15%.

Discussion

The present study suggests that particulate metfgysure during fetal life was associated
with a thinner cortex in several brain regions &men impaired inhibitory control in school-
age children. The structural alterations in thepneus and the rostral middle frontal regions
partially mediated the association between findiglas exposure and impaired inhibitory
control. No association was found between air poliuexposure and global brain volume
measures.

Several epidemiological studies have found thapaliution exposure during fetal life
was associated with lower cognitive function (11=-Hbwever, very few studies have
investigated which brain structural and functioalérations underlie these associations.
Child cognitive function is the result of integiati of functions of many different brain

regions, and thus we did not havpriori hypothesis on which specific brain regions cowdd b
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affected by air pollution exposure during fetaglifn our study we identified that some
specific brain regions had thinner cortex in relatio air pollution exposure during fetal life.
We do not have a hypothesis why air pollution expesluring fetal life is affecting the grey
matter of specific brain regions instead of hawanmore wide-spread effect. One explanation
would be that this is due to the different develepirof each brain region across adolescence.
For example, cortical volume of the frontal lob@wkd a relatively stable trajectory in late
childhood and an accelerated thinning in adolessenhile decelerating trajectories with
increasing age were seen for thickness in the tahaad occipital lobes (37). Further
longitudinal studies are warranted to better urtdadsthe potential associations at different
ages.

To date, only one small study assessed the redtipietween air pollution exposure
during fetal life and structural brain morphology40 children at seven to nine years old
from New York City, taking also an exploratory apach as we did in our study (17).
Peterson et al. did not find an association betvpegsonal polycyclic aromatic hydrocarbons
exposure during the third trimester of pregnanay amy measure of cortical thickness.
However, they found an association between highesgmal polycyclic aromatic
hydrocarbons exposure during the third trimestgrregnancy and a lower white matter
surface, almost exclusively to the left hemisphadrine brain (17). In contrast with this
previous study, we did not find a relationship betw exposure to air pollutants during fetal
life and white matter volume using a much largengie of children at a similar age. As there
is indication that white matter could be one of ltin@in structural affected by air pollution
exposure during fetal life, future research shdatadis on white matter microstructure which
could uncover deficits that are not apparent wiittpge white matter volumetric measures.

During pregnancy, the detoxification mechanismthefdeveloping fetus are still

immature and the placenta grants only a partigiegtmn against the entry of environmental
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toxicants (10, 9). Hence, when the mother is exghésair pollution, air pollutants might
alter the prenatal brain development as a resukiofative stress and systemic inflammation
leading to chronic neuroinflammation, microgliaigation, and neuronal migration damage
(8). Early disturbances in neuronal path findirfgn@malities in cell proliferation, and
differentiation eventually result in a thinner @x¢tduring childhood. Although the prenatal
period is considered particularly vulnerable perfimdbrain development, the brain continues
to develop until adolescence and postnatal aiupoti exposure could also play a role on
brain development (8, 11, 12). In the New York Gitydy, they also explored the
relationship between postnatal urinary polycyctisnaatic hydrocarbon metabolites and
structural brain morphology not finding an assacratvith cortical thickness but showing a
lower white matter surface in dorsal prefrontalioeg bilaterally (17). Two small studies
including around 30 children at six to fourteenrgeald found that children living in Mexico
City had lower white matter volumes and highersatesubcortical prefrontal white matter
hyperintensities compared to those living in a fmiuted city of Mexico (18, 19). Again,
white matter seems to be influenced by air pollugaposure. Furthermore, in 263 children
aged eight to twelve from Barcelona, Spain, highlemental carbon and N@xposure at
school was not associated with brain structureabsbciated with lower functional integration
and segregation in key brain networks relevaniott inner mental processes and stimulus-
driven mental operations (20). That study was itts¢ to shown that air pollution exposure
might also alter brain functionality which leadsatglower brain maturation. Overall, air
pollution exposure to both prenatal and postnagebds has shown to impair brain
development. Further studies are needed to disgletéme specific brain alterations due to
prenatal and postnatal air pollution exposure.

Interestingly, our study is the first study showthgt fine particles exposure during

fetal life was associated with an impaired inhibjtoontrol in school-age children and that
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thinner cortex in the precuneus and the rostratifaittontal regions partially mediated this
association. Inhibitory control, a key componenépécutive functions, regulates the self-
control of resisting temptations and acting imptésy and the selective attention (38).
Impaired inhibitory control has been related toesalymental health problems such as
addictive behaviors (39) or attention deficit hygueivity disorder (40). The previous study
carried out in New York City found that the whitetter disruption partially mediated the
association between prenatal polycyclic aromatrbgarbons exposure and a slower
information processing speed in children (17). €fane, we hypothesize that air pollution
exposure during fetal life could lead to brain stanal changes and these to specific cognitive
delays.

In our study, mean residential Mf@vels during fetal life were just at the EU linoit
40ug/nt, with 45% of our population having higher leveRegarding fine particles, mean
residential levels were clearly below the EU linoit 25ug/mi, with only 0.5% of our
population above that limit (41). However, as weaed in our study brain development
effects in relationship to fine particles leveksldw the current EU limit, as well as other
studies have found relationships with several hea&hdpoints including natural-cause
mortality, cardiovascular and respiratory diseasasgnitive decline, and fetal growth
development (1-7)ye cannot warrant that this limit is safe. The W dHealth Organization
set a lower limit of 10pg/ffor fine particles (42), and in our study we haale our
population above this limit. Further health effeztearch needs to bring more insight into the
safety of the current levels of air pollution inraities.

The strengths of our study are the large numbestudy participants with imaging
data, the prospective and longitudinal nature ef $study, the detailed information of air
pollution estimations at the individual level dugithe entire fetal period, and the availability

of adjusting the imaging analysis for a large numifesocioeconomic and lifestyle factors
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known to be associated with both air pollution esyre and brain development. Nevertheless,
we cannot discard that our results might still Hecked by residual confounding due to the
unavailability of other relevant potential confoumgl variables. Another limitation of our
study was that children with exposure and outcort@ evere more likely to have mothers
from higher socioeconomic position than those withthese data but recruited at the
beginning of the cohort in early pregnancy, whichild lead to selection bias in our results.
To reduce this possible selection bias, we usedarambd statistical methods including
multiple imputation combined with inverse probaliliveighting. However, we could have
missed variables related to this potential selachias that that would have a stronger effect
in the results. In addition, there is the posdiilof chance findings in the observed
associations in the current study. The imagingyamaiwas corrected for multiple testing of
the whole-brain, vertex-wise statistics as we hiaamy vertices per hemisphere. However,
the causal mediation analysis was hypothesis-driett we decided not to correct for
multiple testing as this could increase type 2 re(d3, 44). Instead, our conclusions were
based on the general patterns of associationswsusén the study. This has been the first
study showing that brain structural alterationsnsete partially mediate the association
between air pollution exposure during fetal lifedaan impaired cognitive function. Further

studies are warranted to replicate these findimgisteetter understand this association.

Conclusions

We showed that fine particles exposure during féfal was both related to child brain
structural alterations of the cerebral cortex amcah impairment of an essential executive
function such as inhibitory control. Moreover, tlientified structural alterations in two
specific regions partially mediated the associalietween fine particles exposure during fetal

life and the impaired inhibitory control. Such cdge impairment at early ages could have
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significant long-term consequences including inseel risk of mental disorders, low
academic achievement, and diminished economic ptivity (38), in particular due to the

ubiquity of the exposure.
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Figureslegend.

Figure 1. Differencesin cortical thickness at 6-10 year s of age associated with air

pollution exposure during fetal life

The colored regions on the surface map represait kegions that are thinner in relation to
higher exposure to air pollution during fetal lifethe right and left hemisphere (darker
color indicates stronger association). Analysesvegijusted for child’s sex and age. All
brain regions survived the correction (Monte Cauld-Z simulation with 10,000 iterations)

for multiple comparisons (p&1l).
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A. Fine particles exposure
Right hemisphere — lateral view

Right hemisphere medial view

B. Coarse particles exposure

Right hemisphere — lateral view Right hemisphere medial view

C. Absorbance of fine particles exposure

Left hemisphere — lateral view Left hemisphere- medial view




Figure 2. Causal mediation analyses between air pollution exposure during fetal

life, cortical thickness (in mm) in precuneus and rostral middle frontal regions,

and the number of inhibition errorsof the response set task at 6-10 years of age
Abbreviations: Cl, confidence interval; IRR, inciobe risk ratio.

Incidence risk ratio (95% Confidence Interval) framegative binomial regression
models adjusted for parental educational levelsntiip household income, parental
countries of birth, parental ages, maternal prérsteking, maternal prenatal alcohol
consumption, parental body mass indexes and heigtaternal parity, family status,
maternal psychological distress, maternal intefiggequotient, and child sex, age, and
genetic ancestry. As results for both causal medieinalyses were identical rounded

to 2 decimal places, only one table is presented.

Guxens et al. 28



‘ ‘ Precuneuregion- Right hemispher

“

Fine particle »  Number of inhibitory errol
Rostal middle frontal regiorregion—
_ Right hemisphere
Fine particle »  Number of inhibitory errol

IRR  (95% CI)
Natural direct effect 1.0¢ (1.00to 1.1z
Natural indirect effect 1.01 (1.00 to 1.0z
Total effect 1.07 (1.00to 1.15




Table 1. Participant characteristicsand air pollution levelsduring fetal life

Distribution

Participant characteristics Percentage = Mean (SD)
Maternal education level

Primary education 7.0

Secondary education 44.8

University education 48.2
Paternal education level

Primary education 5.7

Secondary education 40.9

University education 53.4
Monthly household income

<1,200€ 14.1

1,200€ - 2,000€ 17.7

>2,000€ 68.1
Maternal country of birth

The Netherlands 65.2

Cape Verde 4.7

Morocco 4.7

Surinam 6.5

Turkey 4.5

Other country of birth 14.5
Paternal country of birth

The Netherlands 72.7

Cape Verde 2.6

Morocco 1.9

Surinam 5.0

Turkey 3.4

Other country of birth 14.4
Mater nal age (years) 30.7 (4.9)
Paternal age (years) 32.9 (5.3)
Family status (monovs. biparental) 13.5
Maternal parity (multi vs. nulliparous) 39.5
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Table 1. (Continuation)

Distribution

Participant characteristics

Percentage = Mean (SD)

M ater nal smoking use during pregnancy
Never
Smoking use until pregnancy known
Continued smoking use during pregnancy
M ater nal alcohol use during pregnancy
Never
Alcohol use until pregnancy know
Continued alcohol use during pregnancy
Maternal pre-pregnancy body massindex (kg/nr)
Paternal pre-pregnancy body massindex (kg/nr)
Mater nal height (cm)
Paternal height (cm)
Maternal overall psychological distress
Mater nal intelligence quotient score

75.8
6.5
18.2
37.6
14.3
48.1
24.6 (4.3)
25.3 (3.3)
168.6 (7.4)
182.9 (7.3)
0.3 (0.4)
98.4 (13.9)

Air pollution levelsduring fetal life

Median (Min-Max)

NO (ng/m’)
Fine particles (ng/m°)
Coar se particles (ng/m?)

Absor bance of fine particles (10° m™)

39.3 (25.3-73.3)

20.2 (16.8-28.1)
11.8 (9.2-17.8)
1.9 (1.2-3.6)

Abbreviations: Max, maximum; Min, minimum; NOnitrogen dioxide, SD, standard deviation.
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Table 2. Fully-adjusted association between air pollution exposure
during fetal life and global brain volume measures at 6-10 year s of age

Coef. (95% CI)? P value
NO,
Total brain volume 124 (-1118 to 1375) .84
Cortical gray matter volume -60 (-853 to 733) .88
Cortical white matter volume 199 (-287 to 685) 42
Subcortical gray matter volum 36 (-17 to 89) .18
Ventricular volume 4 (-57 to 64) .90
Fine particles
Total brain volume -3079 (-7790 to 1632) .20
Cortical gray matter volume -2598 (-5583 to 387) .09
Cortical white matter volume -268 (-2096 to 1559) T7
Subcortical gray matter volum -60 (-258 to 138) .55
Ventricular volume -96 (-323t0 131) 40
Coar se particles
Total brain volume -4868 (-10337 to 822) .09
Cortical gray matter volume -3542 (-7059 to 8) .05
Cortical white matter volume -1129 (-3215to 1127) .34
Subcortical gray matter volum -92 (-325to 148) 46
Ventricular volume -100 (-372to 168) 45
Absorbance of fine particles
Total brain volume -2861 (-18745 to 24467) .79
Cortical gray matter volume -2683 (-16377 to 11012) .70
Cortical white matter volume 5807 (-2566 to 14180) A7
Subcortical gray matter volum 418 (-497 to 1334) .36
Ventricular volume -64 (-1108 to 979) .90

Abbreviations: Cl, confidence interval; Coef, betefficient; NQ, nitrogen dioxide.
®Beta coefficient (95% Confidence Interval) fromear regression model adjusted
for parental educational levels, monthly househiolcbme, parental countries of
birth, parental ages, maternal prenatal smokingtemal prenatal alcohol use,
parental body mass indexes and heights, materméay,pmarital status, maternal
psychological distress, maternal intelligence cgrdgtiand child sex, age, and genetic
ancestry. Coefficients represent the differencemlomes (cr) per each increase of
10ug/m® of NO,, 5ug/n? of fine particles, pg/m® of coarse particles, and 0™ of
absorbance of fine particles.

Guxens et al.



Table 3. Fully-adjusted association between air pollution exposure during fetal life and
cortical thickness (in mm) at 6-10 years of age

Sizebrain
region
Hemisphere  (mm? Coef. (95% CI)? P value

Fine particles exposure

Precuneus region Right 936 -0.045 (-0.062 to -0.028) <.001

Pars opercularis region Right 753 -0.024 (-0.033t0-0.014) <.001

Pars orbitalis region Right 651 -0.028 (-0.043 t0 -0.012) .001

Rostral middle frontal regio  Right 2,995 -0.029 (-0.041 t0 -0.018) <.001

Superior frontal region Right 722 -0.029 (-0.043 t0 -0.016) <.001

Cuneus region Left 843 -0.022 (-0.035t0 -0.009) .002
Coar se particlesexposure

Lateral orbitofrontal region Right 565 -0.037 (-0.059 t0 -0.016) .001
Absorbance of fine particles exposure

Fusiform region Left 532 -0.105 (-0.160 to -0.049) <.001

Abbreviations: Cl, confidence interval; Coef, betefficient.

®Beta coefficient (95% Confidence Interval) fromelar regression model adjusted for parental edutio
levels, monthly household income, parental coumtoé birth, parental ages, maternal prenatal sngpkin
maternal prenatal alcohol use, parental body nmaksxes and heights, maternal parity, family stanegernal
psychological distress, maternal intelligence ardti and child sex, age, and genetic ancestry.fiCieafts
represent the differences in thickness (mm) peh éacrease of gg/m® of fine particles, pg/m® of coarse

particles, and 18m™ of absorbance of fine particles.
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Table 4. Adjusted association between air pollution levelsduring
fetal life and cognitive function at 6-10 years of age

IRR (95% CI)? P value
Fine particles exposure
Auditory attention task
Correct responses 1.00 (0.99t0 1.01) .61
Commission errors 1.00 (0.89t01.16) .95
Omission errors 0.98 (0.92to 1.03) .38
Inhibition errors 1.10 (0.63t01.93) 73
Response set task
Correct responses 1.01 (1.00to0 1.02) A7
Commission errors 1.00 (0.96to0 1.04) .79
Omission errors 0.97 (0.94 to 1.00) .07
Inhibition errors 1.07 (1.01to1.14) .02
Coarse particles exposure
Auditory attention task
Correct responses 1.00 (0.99t0 1.01) 71
Commission errors 0.99 (0.871t0 1.13) .88
Omission errors 0.98 (0.92to 1.05) .63
Inhibition errors 0.98 (0.551t0 1.76) .95
Response set task
Correct responses 1.01 (0.99t0 1.02) .39
Commission errors 0.97 (0.921t0 1.02) .19
Omission errors 0.98 (0.94to 1.02) .28
Inhibition errors 1.04 (0.97t01.12) .24
Coef. (95% CI)° P value
Absorbance of fine particles exposure
Memory for facestask 0.22 (-0.24 t0 0.69) .34
Memory for faces delayed task 0.29 (-0.231t00.81) .27

Abbreviations: ClI, confidence interval; Coef, betefficient; IRR, incidence rate
ratio.

Incidence rate ratio values (95% Confidence Intgréimm negative binomial
regression model ofbeta coefficients (95% Confidence Interval) fronmefr
regression model adjusted for parental educatideatls, monthly household
income, parental countries of birth, parental agesternal prenatal smoking,
maternal prenatal alcohol use, parental body madsxes and heights, maternal
parity, family status, maternal psychological diss, maternal intelligence quotient,

and child sex, age, and genetic ancestry.
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Table 5. Adjusted association between thinner cortical thickness
(in mm) and the total number of inhibitory numbers of the
response set task at 6-10 year s of age

IRR (95% CI)® P value
Precuneusregion 1.32 (1.00to 1.77) 0.05
Par s opercularisregion 0.83 (0.49t01.42) 0.49
Parsorbitalisregion 1.16 (0.83t0 1.61) 0.38
Rostral middle frontal region 1.69 (1.09to0 2.61) 0.02
Superior frontal region 1.28 (0.891t0 1.86) 0.18

Abbreviations: Cl, confidence interval; IRR, incide rate ratio.

qIncidence rate ratio values (95% Confidence Intréiiom negative binomial

regression model adjusted for parental educatideatls, monthly household
income, parental countries of birth, parental agesternal prenatal smoking,
maternal prenatal alcohol use, parental body madsexes and heights, maternal
parity, family status, maternal psychological dist, maternal intelligence quotient,
and child sex, age, and genetic ancestry. Cl denotafidence interval, IRR

denotes incidence risk ratio.
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Methods S1. Description of the back-extrapolation methodology of the air pollution levels
We used a back-extrapolation procedure to estimate the levels back in time during each fetal
period of each woman in order to assess if fetal period is a relevant exposure period (1, 2). The
estimated yearly concentrations (Cyearly,i) at each home address i were combined with time-
specific measurements from seven available routine background monitoring network sites by
averaging the daily concentrations during 1) the year corresponding to the LUR yearly
concentration (Cyearly) and 2) each fetal period pi considered (Cpj). The ratio
Cpi/Cyearly constituted the temporal component of the model. For each pollutant, the
concentration (Cpj, i) estimated at the home address i during the fetal period for woman i was
estimated as the product of the temporal (Cpi/Cyearly) and spatial (Cyearly, i) components. In
cases when air quality monitoring data from background station was unavailable for a given
pollutant, we used measurements for another pollutant during the same time period as a
replacement; the choice of that pollutant used to back-extrapolate another pollutant was based
on an extensive study of temporal correlations between pollutants simultaneously available (i.e.
PMio was used as a proxy for PM2zs and back smoke as a proxy for PMzsabsorbance). We
accounted for change of home address during the whole fetal period since the date of moving

and new address was available.
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Methods S2. Description of the causal mediation analysis

The causal mediation analysis provides a better understanding of the causal chain by which an
independent variable (X) influences a dependent variable (Y) through a mediator (M).
Consistent with its conceptual definition (3), this involves sequential testing of the following:
1) the effect of the exposure (X) on the outcome (); ii) the effect of the exposure e (X) on the
mediator (M); iii) the effect of the mediator (M) on the outcome (Y) controlling for the exposure
(X), and iv) the effect of the exposure (X) on the outcome (YY) controlling for the mediator (M).
The causal mediation analysis provides estimation of the natural direct effect (NDE), the natural
indirect effect (NIE), and the total effect (3). The natural direct effect (NDE) expresses how
much the outcome (Y) would change if the exposure (X) is set at a level a=1 to level a=0 but
for each individual the mediator (M) is kept at the level it would have taken in the absence of
the exposure. The natural indirect effect (NIE) expresses how much the outcome (YY) would
change on average if the exposure (X) is controlled at level a=1, but the mediator (M) is
changed from the level it would take if a=0 to the level it would take if a=1. The total effect
can be defined as how much the outcome (Y) would change overall for a change in the exposure
(X) from level a=0 to level a=1.

In our study, we applied causal mediation analysis to assess the direct and indirect effects
of air pollution exposure during fetal life (X) on cognitive function (Y) where we tested whether
part of the indirect effect was mediated by cortical thinness (M) (Figure S1). We used negative
binomial regression for the outcome regression model and linear regression for the mediator
regression model. Standard errors were calculated using bootstrapping. All models were
adjusted for all potential confounding variables described in the section “Potential confounding
variables” of the manuscript. The total effect results as the product of the natural direct effect
(NDE) and natural indirect effect (NIE). We also calculated the proportion mediated as

incidence rate ratio (IRR)NPE(IRRN'E — 1)/(IRRNPEIRRN'E — 1),
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Methods S3. Cognitive function tests selected based on the identified regions

In the first analysis, we found that higher particulate matter levels during fetal life were
associated with thinner cortices in specific regions of the frontal, parietal and occipital brain
regions (Table 3). Post-hoc, we went back to the literature to find out in which cognitive
processes these regions were involved. The frontal brain regions and the (pre)cuneus are known
to be involved in attention and executive functions (4, 5) while the fusiform gyrus is known to
be involved in the face perception, object recognition, and memory (6). Therefore, we selected
two specific tasks of the NEPSY-11 test for the mediation analysis: the attention and executive

functioning task and the memory for faces task.

Attention and executive functioning task
Children were assessed with two different tasks from the attention and executive functioning
domain of the NEPSY-II: auditory attention task and response set task (7—9). The auditory
attention task was administered first. It is designed to assess selective auditory attention and the
ability to sustain it (vigilance). Selective attention refers to the ability to focus on a specific task
while suppressing irrelevant stimuli. Sustained attention refers to the ability to attend to a task
for a long(er) period of time. In the auditory attention task, the children were presented with
recording of a long list of color words and other words and were asked to only respond to the
word “red” by touching the red circle on the sheet in front of them. The sheet also contained a
blue, black, and yellow circle, but these circles had to be ignored. Touching the red circle within
two seconds indicated a correct response.

The response set task was then administered. This task taps into response inhibition and
working memory. Inhibition is the ability to suppress (automatic) behavior. Working memory
is required to keep information actively in mind for as long as needed to complete a task. In this

task, children must respond to the word “red” by touching the yellow circle, respond to “yellow”
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by touching the red circle, and lastly, respond to the word “blue” by touching the blue circle.
All of the other colors or words should be ignored. Touching the correct circle within two
seconds indicates a correct response. Touching another color is incorrect, as is having delayed
response (not within a 2 seconds interval).

For each task, four scores were calculated: total number of correct responses, total number
of commission errors (i.e. the number of times that the child responded erroneously to a non-
target), total number of omission errors (i.e. the number of target to which the children failed to
respond), and inhibition errors (i.e. the number of times that the child responded to a color word

inappropriately; in other words, fails to inhibit an inappropriate response).

Memory for faces task

Children were assessed with two different tasks from the memory and learning domain of the
NEPSY-II: memory for faces task and memory for faces delayed task (7—9). The memory for
faces test is designed to assess encoding of facial features, as well as face discrimination and
recognition. The child was first presented with multiple series of three faces and was asked to
look closely at each face (for five seconds). The child was then provided with another set of
three faces and was asked which face he or she had seen before. Immediate recall is the skill to
retrieve information from memory immediately after learning.

The memory for faces delayed task is designed to assess long-term memory for faces. This
task was assessed after a delay period of 15 to 25 minutes and measured the ability to retrieve
information after a longer period of time.

For both tasks, all presented faces showed a neutral expression. A total correct score was

calculated for both tasks.
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Figure S1. Direct Acyclic Graph

C denotes all the potential confounding variables in the relationship between air pollution exposure in
fetal life and cognitive function in childhood, such as SES, parental lifestyle and ethnicity. This
theoretical selection of confounders was reflected as completely as the data availability allowed. In our
study we included: parental educational levels, monthly household income, parental countries of birth,
parental ages, maternal prenatal smoking, maternal prenatal alcohol use, parental body mass indexes and
heights, maternal parity, family status, maternal psychological distress, maternal intelligence quotient,
and child genetic ancestry. Additionally, the models were adjusted for child’s sex and child’s age at the
MRI session. The box indicates the conditioning on the potential confounders. Solid arrows represent

existing pathways indicating thereby the direction of the associations.



Guxens et al. Supplement

Table S1. Distribution of participant characteristics in observed and imputed datasets

Observed dataset* Imputed datasets®* % data imputed

Maternal education level 2.8
Primary education 7.0 7.4
Secondary education 44.8 45.1
University education 48.2 47.4
Paternal education level 26.6
Primary education 5.7 9.2
Secondary education 40.9 43.9
University education 53.4 46.9
Monthly household income 10.6
<1,200€ 141 15.8
1,200€ -2,000€ 17.7 18.4
>2,000€ 68.1 65.8
Maternal country of birth 14
The Netherlands 65.2 64.7
Cape Verde 4.7 4.8
Morocco 4.7 4.8
Surinam 6.5 6.6
Turkey 4.5 4.7
Other country of birth 14.5 145
Paternal country of birth 20.8
The Netherlands 72.7 66.3
Cape Verde 2.6 4.2
Morocco 1.9 3.1
Surinam 5.0 6.7
Turkey 3.4 4.9
Other country of birth 14.4 14.8
Maternal age (years) 0.0
Paternal age (years) 329 (5.3) 32.8 (5.5) 18.3
Family status (mono vs. biparental) 13.5 13.9 2.8
Maternal parity (multi vs. nulliparous) 39.5 39.4 0.4
Maternal smoking use during pregnancy 7.2
Never 75.4 74.8
Smoking use until pregnancy known 6.5 6.6
Continued smoking use during pregnancy 18.1 18.6
Maternal alcohol use during pregnancy 6.9
Never 37.6 38.0
Alcohol use until pregnancy known 14.3 14.3
Continued alcohol use during pregnancy 48.1 47.7
Maternal pre-pregnancy body mass index (kg/m?) 0.0
Paternal pre-pregnancy body mass index (kg/m?) 25.3 (3.3) 25.3 (3.4) 18.3
Maternal height (cm) 0.0
Paternal height (cm) 182.9 (7.3) 182.3 (7.5) 18.3
Maternal overall psychological distress 0.3 (0.4) 0.3 (0.4) 12.1
Maternal intelligence quotient score 98.4 (13.9) 98.1 (13.9) 5.4

a\/alues are percentages for the categorical variables and mean (standard deviation) for the continuous variables



Guxens et al. Supplement

Table S2. Comparison of participant characteristics between included and not included
subjects in the study among the 1,932 subjects selected for the MRI sub-study

Included? Not included?
(n=783) (n=1,149) P value®

Maternal education level <.001

Primary education 7.0 11.0

Secondary education 44.8 50.5

University education 48.2 385
Paternal education level .006

Primary education 5.7 85

Secondary education 40.9 46.4

University education 53.4 45.1
Monthly Household income .001

<1,200€ 14.1 19.5

1,200€ -2,000€ 17.7 21.3

>2,000€ 68.1 59.2
Maternal country of birth <.001

The Netherlands 65.2 53.9

Cape Verde 4.7 4.8

Morocco 4.7 4.8

Surinam 6.5 7.8

Turkey 45 9.0

Other country of birth 145 19.7
Paternal country of birth .02

The Netherlands 72.7 66.2

Cape Verde 2.6 2.7

Morocco 1.9 3.5

Surinam 5.0 6.3

Turkey 34 6.7

Other country of birth 14.4 14.5
Maternal age (years) 30.7 (4.9 29.6 (5.2) <.001
Paternal age (years) 329 (5.3) 32.7 (5.8) 42
Family status (mono vs: biparental) 135 15.8 .18
Maternal parity (multi vs- nulliparous) 39.5 40.3 .87
Maternal smoking use during pregnancy .02

Never 75.4 69.1

Smoking use until pregnancy known 6.5 7.9

Continued smoking use during pregnancy 18.2 22.9
Maternal alcohol use during pregnancy <.001

Never 37.6 46.6

Alcohol use until pregnancy known 14.3 15.0

Continued alcohol use during pregnancy 48.1 38.3
Maternal pre-pregnancy body mass index (kg/m?) 246 (4.3) 24.9 (4.6) .23
Paternal pre-pregnancy body mass index (kg/m?) 25.3 (3.3) 25.1 (3.5) .25
Maternal height (cm) 168.6 (7.4) 167.7 (7.5) .01
Paternal height (cm) 182.9 (7.3) 181.9 (8.1) .02
Maternal overall psychological distress 0.3 (0.4) 0.4 (0.5) <.001
Maternal intelligence quotient score 98.4 (13.9) 94.2 (14.7) <.001

aValues are percentages for the categorical variables and mean (standard deviation) for the continuous variables.
b2 test for categorical variables and t-student test for continuous variables
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Table S3. Comparison of participant characteristics between included and not included
subjects in the study among the 8,879 subjects recruited in the full cohort in pregnancy

Included? Not included?
(n=783) (n=8,097) P value®

Maternal education level <.001

Primary education 7.0 12.1

Secondary education 44.8 46.6

University education 48.2 41.3
Paternal education level .05

Primary education 5.7 8.6

Secondary education 40.9 41.1

University education 53.4 50.3
Monthly Household income <.001

<1,200€ 14.1 21.6

1,200€ -2,000€ 17.7 18.7

>2,000€ 68.1 59.7
Maternal country of birth <.001

The Netherlands 65.2 47.8

Cape Verde 4.7 4.1

Morocco 4.7 6.9

Surinam 6.5 9.3

Turkey 45 9.6

Other country of birth 145 22.3
Paternal country of birth <.001

The Netherlands 72.7 60.2

Cape Verde 2.6 2.5

Morocco 19 4.5

Surinam 5.0 7.0

Turkey 34 7.2

Other country of birth 14.4 18.5
Maternal age (years) 30.7 (4.9 29.5 (6.3) <.001
Paternal age (years) 329 (5.3) 32.7 (5.8) .30
Family status (mono vs: biparental) 135 14.9 .30
Maternal parity (multi vs- nulliparous) 39.5 44.9 .005
Maternal smoking use during pregnancy 14

Never 75.4 74.4

Smoking use until pregnancy known 6.5 8.5

Continued smoking use during pregnancy 18.1 17.1
Maternal alcohol use during pregnancy <.001

Never 37.6 51.2

Alcohol use until pregnancy known 14.3 13.6

Continued alcohol use during pregnancy 48.1 35.2
Maternal pre-pregnancy body mass index (kg/m?) 246 (4.3) 24.9 (4.6) .08
Paternal pre-pregnancy body mass index (kg/m?) 25.3 (3.3) 25.3 (3.5) 0.78
Maternal height (cm) 168.6 (7.4) 167 (7.4) <.001
Paternal height (cm) 182.9 (7.3) 181.4 (8.0) <.001
Maternal overall psychological distress 0.3 (0.4) 0.3 (0.4) .24
Maternal intelligence quotient score 98.4 (13.9) 95.3 (15.5) <.001

aValues are percentages for the categorical variables and mean (standard deviation) for the continuous variables.
b2 test for categorical variables and t-student test for continuous variables
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Table S4. Global brain volume measures (in mm) in children at 6-10 years of age

Mean (SD) Minimum  Percentile  Median  Percentile  Maximum
25 75

Total brain volume 1146063 (121154) 709551 1062833 1141372 1227930 1549471
Cortical gray matter 551350 (65306) 300283 508679 551737 597360 746402
volume
Cortical white matter 381212 (47090) 227365 347471 379598 412231 565693
volume
Subcortical gray 61961 (4940) 45762 58555 61801 65086 77729
matter volume
Ventricular volume 11119 (5045) 3752 7700 9871 13240 39891

10
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Table S5. Spearman correlations between air pollution levels during fetal life

Fine Coarse  Absorbance of
NO:2 . . . .
particles  particles  fine particles
NO: 1.00
Fine particles 0.43 1.00
Coarse particles 0.66 0.68 1.00
Absorbance of fine particles 0.79 0.69 0.75 1.00

Abbreviation: NO,, nitrogen dioxide

Supplement
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Table S6. Participant characteristics according to NO; levels during fetal life

NO: levels (ug/md)
Low (<37.1)* Medium (37.1-41.7)* High (>41.7)* P Value®

Maternal education level 24
Primary education 7.8 8.7 44
Secondary education 47.3 43.3 43.8
University education 44.9 48.0 51.8
Paternal education level .02
Primary education 4.1 10.2 3.0
Secondary education 44.3 36.0 42.2
University education 51.6 53.8 54.8
Monthly household income A3
<1,200€ 16.5 16.5 9.4
1,200€ - 2,000€ 16.5 19.0 17.6
>2,000€ 67.0 64.6 73.0
Maternal country of birth 24
The Netherlands 69.0 58.5 68.0
Cape Verde 54 6.6 2.0
Morocco 4.3 6.2 35
Surinam 6.2 6.6 6.6
Turkey 35 4.7 55
Other country of birth 11.6 17.4 145
Paternal country of birth .55
The Netherlands 76.0 63.4 78.7
Cape Verde 2.9 34 1.4
Morocco 15 34 0.9
Surinam 6.4 6.4 24
Turkey 29 3.9 3.3
Other country of birth 10.3 19.5 13.3
Maternal age (years) 30.3 (5.0 30.6 (5.2) 31.3 (4.6) .04
Paternal age (years) 329 (6.3) 32.8 (5.4) 33.1 (6.2 .89
Family status (mono vs. biparental) 13.0 144 13.1 .88
Maternal parity (multi vs. nulliparous) 39.8 41.2 375 .90
Maternal smoking use during pregnancy .83
Never 77.3 75.3 73.4
Smoking use until pregnancy known 6.1 5.8 7.6
Continued smoking use during pregnancy 16.6 18.9 19.0
Maternal alcohol use during pregnancy 48
Never 39.3 36.9 36.6
Alcohol use until pregnancy known 11.3 14.3 17.2
Continued alcohol use during pregnancy 49.4 48.8 46.2
Maternal pre-pregnancy BMI (kg/m?) 24.7 (4.4) 24.7 (4.4) 245 (4.1) .84
Paternal pre-pregnancy BMI (kg/m?) 25.7 (3.4) 25.3 (3.5) 25.0 (3.2) A1
Maternal height (cm) 169.4 (6.9) 167.6 (7.4) 168.7 (7.7) .03
Paternal height (cm) 183.5 (7.2) 182.1 (7.9) 182.9 (6.7) 12
Maternal overall psychological distress 0.3 (0.3) 0.3 (0.5) 0.3 (0.4) .16
Maternal intelligence quotient score 98.8 (14.2) 97.6 (13.5) 98.7 (13.8) .55

Abbreviation: BMI, body mass index; NO2, nitrogen dioxide.
@\V/alues are percentages for the categorical variables and mean (standard deviation) for the continuous variables.
by2 test for categorical variables and one-way ANOVA test for continuous variables

12



Guxens et al.

Table S7. Participant characteristics according to fine particles levels during fetal life

Supplement

Fine particles levels (ug/m?®)

Low Medium High
(<19.7)2 (19.7-21.0)2 (>21.0)2 P Value®

Maternal education level .05

Primary education 10.8 51 51

Secondary education 41.4 44.4 48.6

University education 47.8 50.6 46.2
Paternal education level 41

Primary education 8.0 3.6 5.7

Secondary education 38.0 42.0 42.5

University education 54.0 54.4 51.8
Monthly household income .003

<1,200€ 20.7 13.0 8.7

1,200€ - 2,000€ 13.8 18.0 214

>2,000€ 65.5 69.0 69.9
Maternal country of birth .18

The Netherlands 64.5 64.5 66.5

Cape Verde 7.8 35 2.7

Morocco 5.1 5.0 3.9

Surinam 7.0 7.3 5.1

Turkey 3.9 5.4 4.3

Other country of birth 11.7 14.3 175
Paternal country of birth .25

The Netherlands 69.9 735 74.7

Cape Verde 6.0 0.5 1.4

Morocco 1.0 3.0 18

Surinam 6.5 44 4.1

Turkey 4.0 3.4 2.8

Other country of birth 12.6 15.2 15.2
Maternal age (years) 309 (5.1) 30.8 (4.9) 30.5 (4.8) 57
Paternal age (years) 331 (5.2) 33.0 (5.2 32.7 (5.5) .79
Family status (mono vs. biparental) 15.6 12.8 12.2 .50
Maternal parity (multi vs. nulliparous) 42.4 35.0 40.9 .03
Maternal smoking use during pregnancy .011

Never 74.6 77.9 73.7

Smoking use until pregnancy known 10.2 5.8 3.6

Continued smoking use during pregnancy 15.2 16.3 22.7
Maternal alcohol use during pregnancy 15

Never 36.3 38.0 38.4

Alcohol use until pregnancy known 10.1 15.7 16.8

Continued alcohol use during pregnancy 53.6 46.3 44.8
Maternal pre-pregnancy body mass index (kg/m?) 245 (4.4) 246 (4.3) 24.8 (4.2) .66
Paternal pre-pregnancy body mass index (kg/m?) 25.8 (3.5) 25.0 (3.2) 25.2 (3.3) .07
Maternal height (cm) 168.1 (7.2) 168.6 (7.4) 168.9 (7.6) 45
Paternal height (cm) 182.7 (6.6) 182.9 (7.6) 183.0 (7.6) .87
Maternal overall psychological distress 0.3 (0.4) 0.3 (0.4) 0.3 (0.4) .61
Maternal intelligence quotient score 98.4 (15.0) 98.8 (13.5) 97.9 (13.1) N

@\V/alues are percentages for the categorical variables and mean (standard deviation) for the continuous variables.
by2 test for categorical variables and one-way ANOVA test for continuous variables
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Table S8. Participant characteristics according to coarse particles levels during fetal life

Coarse particles levels (ug/m®)

Low Medium High
(<11.3)2 (11.3-12.4)2 (>12.4)2 P Value®

Maternal education level .04

Primary education 10.2 6.3 4.3

Secondary education 43.9 48.6 41.9

University education 45.9 45.1 53.8
Paternal education level 27

Primary education 8.5 4.9 3.9

Secondary education 40.2 43.7 38.9

University education 51.3 51.4 57.2
Monthly household income <.001

<1,200€ 21.1 16.0 55

1,200€ - 2,000€ 17.2 18.2 17.7

>2,000€ 61.6 65.8 76.8
Maternal country of birth .007

The Netherlands 65.0 60.3 70.2

Cape Verde 7.0 5.1 1.9

Morocco 4.3 7.4 2.3

Surinam 6.6 8.2 4.7

Turkey 4.7 5.4 35

Other country of birth 125 13.6 17.4
Paternal country of birth .008

The Netherlands 69.7 72.6 75.7

Cape Verde 5.0 2.0 0.9

Morocco 2.0 3.0 0.9

Surinam 6.5 7.6 14

Turkey 35 4.6 2.3

Other country of birth 13.3 10.2 18.8
Maternal age (years) 30.3 (5.1) 30.8 (5.2) 31.0 (4.9) .28
Paternal age (years) 32.7 (5.6) 33.2 (5.4) 33.0 (5.0) .67
Family status (mono vs. biparental) 16.1 13.9 10.6 .19
Maternal parity (multi vs. nulliparous) 39.1 42.5 36.9 .61
Maternal smoking use during pregnancy .007

Never 724 79.2 74.6

Smoking use until pregnancy known 10.7 51 3.6

Continued smoking use during pregnancy 16.9 15.7 21.8
Maternal alcohol use during pregnancy .08

Never 39.3 411 325

Alcohol use until pregnancy known 11.9 11.9 18.9

Continued alcohol use during pregnancy 48.8 47.0 48.6
Maternal pre-pregnancy body mass index (kg/m?) 24.3 (4.0) 25.1 (4.7) 24.6 (4.1) .09
Paternal pre-pregnancy body mass index (kg/m?) 254 (3.4) 25.2 (3.5) 254 (3.1) .87
Maternal height (cm) 168.7 (7.5) 168.4 (7.0) 168.5 (7.6) .89
Paternal height (cm) 182.8 (6.9) 183.0 (7.6) 182.9 (7.4) .96
Maternal overall psychological distress 0.3 (0.4) 0.3 (0.4) 0.3 (0.4) .39
Maternal intelligence quotient score 98.6 (14.5) 98.0 (14.0) 98.5 (13.2) .88

@\V/alues are percentages for the categorical variables and mean (standard deviation) for the continuous variables.
by2 test for categorical variables and one-way ANOVA test for continuous variables
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Table S9. Participant characteristics according to absorbance of fine particles levels
during fetal life

Absorbance of fine particles levels (ug/m®)
Low (<1.8)2 Medium (1.8-2.0)2 High (>2.0* P Value®

Maternal education level .16
Primary education 9.1 7.4 4.4
Secondary education 47.2 41.8 454
University education 43.7 50.8 50.2
Paternal education level 40
Primary education 7.9 3.8 55
Secondary education 38.9 44.6 39.2
University education 53.2 51.6 55.3
Monthly household income .08
<1,200€ 18.6 14.1 9.8
1,200€ - 2,000€ 18.2 17.9 17.0
>2,000€ 63.2 67.9 73.2
Maternal country of birth .08
The Netherlands 63.4 65.3 66.8
Cape Verde 7.0 3.9 3.1
Morocco 6.6 4.6 2.7
Surinam 8.6 54 5.5
Turkey 2.7 5.8 5.1
Other country of birth 11.7 15.1 16.8
Paternal country of birth 31
The Netherlands 70.8 73.1 74.2
Cape Verde 4.5 15 1.8
Morocco 2.5 2.0 14
Surinam 6.9 5.0 3.2
Turkey 3.5 2.5 4.2
Other country of birth 11.8 15.9 15.2
Maternal age (years) 301 (5.1) 31.2 (4.8) 30.8 (4.8) .04
Paternal age (years) 32.7 (5.1) 33.0 (5.7) 33.1 (5.2) 75
Family status (mono vs. biparental) 14.2 14.1 12.3 .78
Maternal parity (multi vs. nulliparous) 40.4 41.9 36.2 .30
Maternal smoking use during pregnancy .25
Never 77.8 76.1 72.2
Smoking use until pregnancy known 7.8 5.8 5.8
Continued smoking use during pregnancy 14.4 18.1 22.0
Maternal alcohol use during pregnancy .33
Never 39.5 34.8 38.4
Alcohol use until pregnancy known 10.7 16.0 16.1
Continued alcohol use during pregnancy 49.8 49.2 455
Maternal pre-pregnancy body mass index (kg/m?) 24.8 (4.4) 24.7 (4.6) 244 (3.9 .58
Paternal pre-pregnancy body mass index (kg/m?) 255 (3.4) 25.0 (3.2) 255 (3.4) .28
Maternal height (cm) 168.5 (7.2) 168.1 (7.0) 169.1 (7.9) .32
Paternal height (cm) 182.7 (7.1) 183.1 (7.4) 182.8 (7.5) .84
Maternal overall psychological distress 0.3 (0.5) 0.3 (0.4) 0.3 (0.4) 12
Maternal intelligence quotient score 98.5 (14.8) 98.3 (13.2) 98.3 (13.6) .99

@\/alues are percentages for the categorical variables and mean (standard deviation) for the continuous variables.
b2 test for categorical variables and one-way ANOVA test for continuous variables

15



Guxens et al.

Table S10. Thickness (in mm) of the identified thinner brain regions in relation to higher exposure to air pollution

during fetal life

Hemisphere Size Mean (SD) Minimum  Percentile Median  Percentile Maximum
(mm?) 25 75
Precuneus region Right 936 3.14 (0.32) 1.61 3.01 3.22 3.36 3.97
Pars opercularis region Right 753 3.00 (0.19) 2.23 2.88 3.02 3.14 3.46
Pars orbitalis region Right 651 292 (0.30) 2.02 2.73 2.93 3.12 3.71
Rostral middle frontal region Right 2995 2.73 (0.22) 2.00 2.60 2.76 2.89 3.23
Superior frontal region Right 722 263 (0.27) 1.85 243 2.65 2.83 3.31
Cuneus region Left 843 2.31 (0.25) 1.67 2.14 2.29 2.46 3.28
Lateral orbitofrontal region Right 565 2.82 (0.33) 1.86 2.59 2.83 3.06 3.88
Fusiform region Left 532 2.37 (0.24) 1.62 2.21 2.37 2.51 3.42

Abbreviations: SD, standard deviation

Supplement
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Table S11. Adjusted association between air pollution exposure during fetal life and
cortical thickness (in mm) at 6-10 years of age restricting to those children without
attention deficit hyperactivity, pervasive developmental, dysregulation, and aggressive
problems

Size brain
Hemisphere  region (mm?) Coef. (95% CI1)? P value

Fine particles exposure

Precuneus region Right 936 -0.045 (-0.062 to -0.028) <.001

Pars opercularis region Right 753 -0.024 (-0.033to0 -0.014) <.001

Pars orbitalis region Right 651 -0.028 (-0.043 t0 -0.012) .001

Rostral middle frontal region Right 2,995 -0.029 (-0.041to -0.018) <.001

Superior frontal region Right 722 -0.029 (-0.043t0 -0.016) <.001

Cuneus region Left 843 -0.022 (-0.035 to -0.009) .002
Coarse particles exposure

Lateral orbitofrontal region Right 565 -0.037 (-0.059 to -0.016) .001
Absorbance particles exposure

Fusiform region Left 532 -0.105 (-0.160 to -0.049) <.001

Abbreviations: Cl, confidence interval; Coef, beta coefficient.

aBeta coefficient (95% Confidence Interval) from linear regression model adjusted for parental educational levels,
monthly household income, parental countries of birth, parental ages, maternal prenatal smoking, maternal prenatal
alcohol use, parental body mass indexes and heights, maternal parity, family status, maternal psychological
distress, maternal intelligence quotient, and child sex, age, and genetic ancestry. Coefficients represent the
differences in thickness (mm) per each increase of Spg/m® of fine particles, Spug/m?® of coarse particles, and 10-5m-
! of absorbance of fine particles.
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Table S12. Adjusted association between air pollution exposure during fetal life and
cortical thickness (in mm) at 6-10 years of age restricting to those children from non-

smoking mothers during pregnancy

Size brain
Hemisphere  region (mm?) Coef. (95% CI)? P value

Fine particles exposure

Precuneus region Right 936 -0.048 (-0.065 to -0.032) <.001

Pars opercularis region Right 753 -0.026 (-0.035to -0.016) <.001

Pars orbitalis region Right 651 -0.026 (-0.041to -0.011) <.001

Rostral middle frontal region Right 2,995 -0.028 (-0.040 to -0.017) <.001

Superior frontal region Right 722 -0.027 (-0.041 to -0.013) <.001

Cuneus region Left 843 -0.016 (-0.029 to -0.003) .016
Coarse particles exposure

Lateral orbitofrontal region Right 565 -0.042 (-0.063 to -0.022) <.001
Absorbance of fine particles exposure

Fusiform region Left 532 -0.082 (-0.136 to -0.029) .003

Abbreviations: Cl, confidence interval; Coef, beta coefficient.
4Beta coefficient (95% Confidence Interval) from linear regression model adjusted for parental educational levels,
monthly household income, parental countries of birth, parental ages, maternal prenatal smoking, maternal prenatal
alcohol use, parental body mass indexes and heights, maternal parity, family status, maternal psychological
distress, maternal intelligence quotient, and child sex, age, and genetic ancestry. Coefficients represent the
differences in thickness (mm) per each increase of Spg/m?® of fine particles, Sug/m® of coarse particles, and 10°m

1 of absorbance of fine particles.
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