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Background: Exposure to air pollution may impact neurodevelopment during childhood, but current evidence on
the association with cognitive function and mental health is inconclusive and primarily focusses on young
children. Therefore, we aim to study the association of exposure to air pollution during pregnancy and childhood,
with cognitive function and emotional and behavioral problems in adolescents.

Methods: We used data from 5170 participants of a birth cohort in Rotterdam, the Netherlands. Concentrations of
fourteen air pollutants at participant’s home addresses were estimated during pregnancy and childhood, using
land use regression models. We included four cognitive domains (processing speed, working memory, fluid
reasoning and verbal intelligence quotient (IQ)) and an estimated full-scale IQ. Internalizing, externalizing, and
attention problems were self- and parent-reported. We used linear regression models to assess the association of
each air pollutant, with cognitive function and emotional and behavioral problems, adjusting for socioeconomic
status and lifestyle characteristics. Then, we performed multipollutant analyses using the Deletion/Substitution/
Addition (DSA) algorithm.

Results: Air pollution exposure was not associated with full-scale IQ, working memory, or processing speed.
Higher exposure to few air pollutants was associated with higher fluid reasoning and verbal IQ scores (e.g. 0.22
points of fluid reasoning (95%CI 0.00; 0.44) per 1 pg/m® increase in organic carbon during pregnancy). Higher
exposure to some air pollutants was also associated with less internalizing, externalizing, and attention problems
(e.g. —0.27 internalizing problems (95% CI -0.52; —0.02) per each 5 ng/m® increase in copper during
pregnancy).

Conclusions: Higher exposure to air pollution during pregnancy and childhood was not associated with lower
cognitive function or more emotional and behavioral problems in adolescents. Based on previous literature and
biological plausibility, the observed protective associations are probably explained by negative residual con-
founding, selection bias, or chance and do not represent a causal relationship.

1. Introduction

The Global Burden of Disease study estimated that air pollution
exposure was responsible for 254 million years of life lost worldwide in
2015 (Kassebaum et al., 2016; Landrigan et al., 2018). Air pollution has
also been highlighted as a potential determinant that can influence
neurodevelopment in children (Suades-Gonzalez et al., 2015). Several
studies in animals suggest that fine particles cross the blood brain barrier

and cause elevated cytokine expression and oxidative stress in neuronal
cells (Campbell et al., 2009; Levesque et al., 2011). These processes can
already occur before birth, as prenatal protection against chemical
hazards is poor and fine particles can transfer across the placenta to the
fetal brain (Bové et al., 2019). Children and adolescents might be
especially vulnerable to the neurotoxic effects of air pollution, due to
development of neuronal structures and relatively poor protective
mechanisms (Rice and Barone Jr, 2000).
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Previous studies on exposure to air pollution and cognitive function
in children found mixed results (Chiu et al., 2016; Gonzalez-Casanova
et al., 2018; Guxens et al., 2014; Harris et al., 2015, 2016; Lertxundi
et al., 2019; Loftus et al., 2019; Porta et al., 2016; Saenen et al., 2016;
Sentis et al., 2017). The evidence seems more consistent for a harmful
effect of air pollution exposure on executive functions, including
attentional function (Chiu et al., 2013, 2016; Sentis et al., 2017; Sunyer
etal., 2015), working memory (Forns et al., 2017; Rivas et al., 2019; van
Kempen et al., 2012), and inhibitory control (Guxens et al., 2018). Only
a few studies investigated the association between air pollution expo-
sure and emotional and behavioral problems, including internalizing,
externalizing, and attention problems. The majority of these studies
were conducted in school-aged children and did not find an association
(Donzelli et al., 2019; Forns et al., 2016, 2018; Fuertes et al., 2016; Gong
et al., 2014; Harris et al., 2016; Jorcano et al., 2019; McGuinn et al.,
2020; Newman et al., 2013; Roberts et al., 2019). School-aged children
might be too young for an association between air pollution and the
occurrence of these problems to be detected, because especially
depression, the most common internalizing problem, typically does not
emerge until adolescence (Merikangas et al., 2010). Moreover, most
previous studies only used parental or teacher reports to assess chil-
dren’s emotional and behavioral problems, since they were conducted in
children aged 5-12-years (Donzelli et al., 2019; Forns et al., 2016, 2018;
Fuertes et al., 2016; Gong et al., 2014; Harris et al., 2016; Jorcano et al.,
2019; McGuinn et al., 2020; Newman et al., 2013). Thus, studies in
adolescents, which include self-reporting of problems in addition to
parental reports, might shed new light onto the relationship between air
pollution and mental health.

As current evidence appears inconsistent and there are few studies in
adolescents, the aim of this study is to investigate the association of
exposure to air pollution during pregnancy and childhood with cogni-
tive function, and emotional and behavioral problems in adolescents,
using data from a large prospective birth-cohort study.

2. Methods
2.1. Study population

We used data from Generation R, a prospective population-based
birth cohort based in Rotterdam, The Netherlands (Kooijman et al.,
2016). A total of 8879 women were included during pregnancy and 899
women shortly after giving birth (Fig. S1). Children were born between
April 2002 and January 2006. After exclusion of twin pregnancies, a
total of 9610 children remained. All children still enrolled at age 13-16
were invited to complete questionnaires and participate in two assess-
ments at the research center with their mothers. Among those with
available data on exposure to air pollution, data was available for at
least one of the outcomes for 5170 participants (4683 participants for
cognitive function and 4645 participants for emotional and behavioral
problems). Written informed consent was obtained from all participants.

2.2. Exposure to air pollution

We estimated the concentration of 14 air pollutants during preg-
nancy (i.e., from conception until birth) and during childhood (i.e., from
birth until the last follow up, mean age 10.1 years) using a standardized
procedure (Beelen et al., 2013; De Hoogh et al., 2013; Eeftens et al.,
2012; Jedynska et al., 2014; Yang et al., 2015). Briefly, in the period
between February 2009 and February 2010, nitrogen dioxide (NO3) and
nitrogen oxides (NOy) were measured at 80 sites spread throughout the
Netherlands and Belgium. Particulate matter (PM) with aerodynamic
diameter <10 pm (PM;() and <2.5 pm (PM3 5), was measured at 40 sites
within the same time period. PM between 10 pm and 2.5 pm (PMcoarse)
was calculated by subtracting PM; 5 from PM; (. The absorbance of PMj 5
fraction (PMjysabsorbance), the composition of PMy s consisting of
polycyclic aromatic hydrocarbons (PAHs), organic carbon (OC), copper
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(Cu), iron (Fe), silicon (Si), zinc (Zn), and the oxidative potential of
PM, 5 (OP) using two acellular methods (i.e., dithiothreitol (OPP™) and
electron spin resonance (OP®SR)) were measured in the PM, 5 filters. We
calculated an annual mean concentration for each pollutant, averaging
the results of the above measurements, while using data from a
continuous reference site to adjust for temporal trends. Next, we created
land-use regression models, by assessing which potential land use pre-
dictors explained most of the air pollutant concentrations. To obtain the
final mean exposure concentration for each air pollutant during preg-
nancy and childhood, we weighted the air pollutant concentrations
based on the time spent at each home address for all participants. We
were unable to perform back- and forward extrapolation of the air
pollution concentrations to match the exact time period of interest, due
to a lack of historical data for most air pollutants. We assumed the
concentrations to have remained reasonably stable over time, as Eeftens
et al. (2011) previously indicated for a period of 8 years in the
Netherlands (1999-2007) and Gulliver et al. (2013) for a period of 18
years in Great Britain (1991-2009).

2.3. Cognitive function

We measured cognitive function when children were 13- to 16-years-
old using four core subsets of the Wechsler Intelligence Scale for
Children-Fifth Edition (Kaufman et al., 2015). We measured processing
speed using the Coding subtest, working memory using the Digit Span
subtest, fluid reasoning (an important indicator of non-verbal IQ) using
the Matrix Reasoning subtest, and verbal IQ using the Vocabulary sub-
test. The Digit Span and Vocabulary subtests were administered and
scored by trained research assistants. The Coding and Matrix Reasoning
subtests were performed on an iPad Air 2 and automatically scored using
the Q-interactive system of Pearson (Daniel et al., 2014). For a few
children (2.7%) a paper/pencil version was administered due to tablet
malfunctioning. Raw scores from the four subtests were then converted
to age-standardized T-scores using Dutch norm-scores (Dutch WISC-V
manual Table A1), summed and converted to an estimated full-scale IQ.

2.4. Emotional and behavioral problems

We assessed emotional and behavioral problems with the Child
Behavior Check List (CBCL) for ages 6-18 reported by the primary
caretaker of the child, and the Youth Self-Report (YSR) reported by the
child, when children were 13- to 16-years-old. The CBCL and YSR are
validated scales for measuring emotional and behavioral problems
(Achenbach and Rescorla, 2000). They are widely used and considered
generalizable across multiple populations (Ivanova et al., 2010). The
CBCL and YSR each consist of 112 items about the occurrence of
emotional and behavioral problems over a period of the previous 6
months. For our study we used the internalizing problem (including
anxious/depressed, withdrawn-depressed, and somatic complaints
scores), externalizing problem (including aggressive behavior and
rule-breaking behavior scores), and attention problem scales. In our
analyses we used a sum of the raw CBCL and YSR scores for each
problem scale. When either was missing for a participant (9.8%), the
score of the one available scale was doubled.

3. Covariates

We selected potential confounding variables for our study based on a
direct acyclic graph, previous literature, and the availability of data
within Generation R (Guxens et al., 2018; Lubczynnska et al., 2020). We
collected information on maternal and paternal age at enrollment, na-
tional origin, education level, social class (based on occupation), marital
status, and income level, and maternal parity, alcohol consumption,
smoking, and folic acid use during pregnancy, through questionnaires
during pregnancy. We calculated the parental body mass index (BMI),
based on maternal and paternal self-reported pre-pregnancy weight and
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measured height in the first trimester of pregnancy. We assessed
maternal and paternal psychological distress during pregnancy using the
Brief Symptom Inventory (De Beurs, 2004). At the child’s age of 6, we
assessed maternal IQ using the Ravens Advanced Progressive Matrices
Test, set I (Raven et al., 1962). We collected child’s sex and season of
birth from hospital records. We recorded the child’s age at the assess-
ment of the outcomes. We used the Normalized Difference Vegetation
Index, based on the degree of land surface reflectance of light assessed
by satellites, to estimate average exposure to greenness in the sur-
rounding area of 100 m of maternal home addresses during pregnancy
(i.e., from conception until birth) and during childhood (i.e. from birth
until age 9). Values range from —1 to 1, with higher numbers suggesting
more greenness, and negative numbers suggesting water bodies and
tiled or sandy areas (Rhew et al., 2011). We used an area-level score
indicative of mean household income, and proportion of population
with low income, low educational level, and without paid work, from
The Netherlands Institute for Social Research to assess socioeconomic
status of the neighborhood during pregnancy for each participant, with
lower scores representing lower socioeconomic status (NIPHE, 2017).

3.1. Statistical analysis

First, we performed multiple imputation using chained equations to
obtain 25 complete datasets, by imputing missing values of potential
confounders for all participants with available data on the exposures and
outcomes (Spratt et al., 2010; Sterne et al., 2009). The percentage of
missing values was below 30% for all variables, except for education of
the father (36%), social class of the mother (45%) and the father (56%),
folic acid use of the mother during pregnancy (30%), and parental
psychological distress during pregnancy (33% for mothers, 49% for fa-
thers) (Table S1). Descriptive statistics of imputed values were similar to
observed values (data not shown).

Compared to parents enrolled at baseline but not included in this
study, parents of children included in our study (N = 5170) generally
had a higher socioeconomic status (Table S1). Thus, we performed in-
verse probability weighting to account for potential selection bias due to
only including those participants with available data on exposures and
outcomes (Weisskopf et al., 2015; Weuve et al., 2012). In brief, we
selected the variables that were most predictive of participation in our
study and used these to calculate the inverse of the probability of
participation for each participant included (Table S2). This inverse
probability was assigned as a weight for each participant and used in all
subsequent analyses (Fig. S2).

The internalizing, externalizing, and attention problem variables
were square root transformed to improve normal distribution of the
residuals. To assess the association of exposure to air pollution during
pregnancy and during childhood, with cognitive function, and with
emotional and behavioral problems, linear regression models were run
for each of the air pollutant exposures separately with each of the out-
comes, adjusting for all the potential confounders described in the pre-
vious section (i.e. single-pollutant analysis). Next, we performed multi-
pollutant analyses for each exposure period and outcome separately,
using the Deletion/Substitution/Addition (DSA) algorithm. The DSA
algorithm, which has been shown to perform relatively well in the trade-
off between sensitivity and false discovery proportion (Agier et al.,
2016), provides a selection of variables that are most predictive of the
outcome and corrects for multiple testing, using v-fold cross-validation.
The selection of variable combinations is based on achieving the lowest
possible root-mean-square deviation and follows the sequence of (1)
deletion of a variable, (2) substitution of variable with another variable,
and (3) addition of a variable to the pending model. As the algorithm is
based on a cross-validation process, which is subject to random varia-
tions, we ran each model 200 times. We adjusted all models for potential
confounders and identified those combinations of pollutants that were
selected at least 10% of the time. When two pollutants had a correlation
of 0.90 or more, we excluded one of these pollutants from the analyses to
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ensure adequate performance of the DSA. In our study, we excluded
PM;( as it had a correlation of 0.98 with PM; s absorbance. Due to
computational issues, we ran these analyses on a single imputed dataset
(the final, 25th imputed dataset from the R package mice). Finally, to
test the sensitivity of our results, single-pollutant and multi-pollutant
analyses for the emotional and behavioral outcomes were rerun sepa-
rately for the CBCL scores and the YSR scores, i.e. for primary caretaker
of the child report and adolescent self-report.

Statistical tests of hypotheses were two-tailed with significance set at
p < 0.05. All statistical analyses were carried out using R (version 4.0.3;
R Development Core Team).

4. Results
4.1. Descriptive results

Average maternal age at enrollment was 31 years, 52.8% of mothers
had higher education, and 73.7% of mothers had never smoked during
pregnancy (Table 1). Median air pollution concentrations during preg-
nancy were 26.7 pg/m° for PM, 16.8 pg/m° for PMy 5, 1.6 10 °™! for
PM, sabsorbance, and 34.1 pg/m3 for NO, (Table 2). Concentrations
during childhood were slightly lower. Correlations between air pollution
exposure during pregnancy and childhood were moderate (e.g. 0.49 for
NO; and 0.63 for PMy 5). Correlations between the different air pollut-
ants varied from —0.08 (between NO5 and PAH exposure during child-
hood) to 0.98 (between PM;( and PM, 5 absorbance exposure) (Fig. S3).

4.2. Cognitive function

Exposure to air pollution during pregnancy or childhood was not
associated with full-scale IQ (e.g. 0.77 points (95% CI -2.24; 3.78) per
each 5 pg/m3 increase in PM; 5 during pregnancy) (Fig. 1, Tables S3 and
S4). In the single-pollutant analysis, exposure to higher OC during
pregnancy and childhood was associated with a higher fluid reasoning
score, and this association remained in the multi-pollutant analysis (e.g.
0.22 points (95%CI 0.00; 0.44) per 1 pg/rn3 increase in OC during
pregnancy) (Tables S3-S5). Higher exposure to several air pollutants
during pregnancy, but not during childhood, was associated with a
higher verbal IQ score in the single-pollutant analysis (Tables S3 and
S4). In the multi-pollutant analysis, only OP®R exposure during preg-
nancy remained positively associated with verbal IQ (0.84 points (95%
CI 0.39; 1.30) per 1000 units/m? increase in OPESR) (Table S5). Preg-
nancy or childhood air pollution exposure was not associated with the
processing speed and working memory subscales (Tables S3 and S4).

4.3. Emotional and behavioral problems

In the single-pollutant analysis, higher exposure to few air pollutants
during pregnancy and childhood was associated with less internalizing
problems (Fig. 2, Table S6). In the multi-pollutant analysis,higher
exposure to Cu during pregnancy and higher exposure to Fe during
childhood remained associated with less internalizing problems (—0.27
(95% CI -0.52; —0.02) per each 5 ng/m3 increase in Cu during preg-
nancy, and —0.35 (95%CI -0.56; —0.15) per each 100 ng/m3 increase of
Fe during childhood) (Table S6, Table S7).

Exposure to air pollutants during pregnancy was not associated with
externalizing problems. Higher exposure to some air pollutants during
childhood was associated with less externalizing problems in the single-
pollutant analysis. In the multi-pollutant analysis, higher exposure to Cu
during childhood remained associated with less externalizing problems
(—0.35 (95% CI -0.63; —0.08) per each 5 ng/m3 increase in Cu).

In the single-pollutant analysis, a higher exposure to some air pol-
lutants during pregnancy and childhood was associated with less
attention problems. In the multi-pollutant analysis, exposure to Cu
during pregnancy, and exposure to PMcoarsg and Cu during childhood
remained associated with less attention problems (e.g. —0.24 (95% CI
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Table 1
Maternal characteristics of the study participants (N = 5170).
Participant characteristics Distribution
Age at enrollment (years) 31.1 (4.9)
National origin
Dutch 59.5
Moroccan 4.7
Surinamese 7.0
Turkish 5.4
European, other 7.8
Non-European, other 15.5
Education level at enrollment
Higher or above 52.8
Secondary 29.4
Primary or lower 17.8
Social class at enrollment
Managers/Technicians 60.9
Skilled manual and non-manual 34.7
Semi-skilled/unskilled 4.4
Household income at enrollment
>2200€ 64.2
1600-2200€ 14.4
900-1600€ 13.8
<900€ 7.6
Marital status at enrollment
Married 50.7
Living together 38.4
No partner 10.9
Parity
0 children 57.9
1 child 30.0
2+ child 12.1

Pre-pregnancy body mass index (kg/m?)
Alcohol during pregnancy

22.5 (20.8; 25.1)

Never 39.2
Until pregnancy known 13.9
Occasional use during pregnancy 37.3
Frequent use during pregnancy 9.7
Smoking during pregnancy
Never 73.7
Until pregnancy known 8.3
Continued during pregnancy 18.0
Folic acid use during pregnancy
Start preconceptional 48.0
Start in the first 10 weeks of pregnancy 31.7
None periconceptional 20.4

Intelligence quotient 100 (90; 107)

Psychological distress 0.2 (0.1; 0.4)
Socioeconomic status neighborhood
high 10.5
high-middle 12.1
middle 12.2
low-middle 11.2
low 54.0
Greenness pregnancy 0.4 (0.1)

Values are percentages for categorical variables, mean (standard deviation) for
normally-distributed continuous variables, and median (25th percentile; 75th
percentile) for non-normally-distributed continuous variables.

-0.43; —0.05) per each 5 ng/m® increase in Cu during pregnancy, and
—0.29 (95% CI -0.51; —0.08) per each 5 ng/m3 increase in Cu during
childhood).

Result were similar when analyzing the CBCL scores and the YSR
scores separately as a sensitivity analysis (data not shown).

5. Discussion

In this prospective population-based birth cohort we did not observe
an association between air pollution and full-scale IQ, working memory,
or processing speed. However, higher exposure to few air pollutants,
such as Cu and less consistently OC, OPESR, Fe, and PMcoaRrsg, Was
associated with higher scores of fluid reasoning and verbal IQ, and with
less internalizing, externalizing, and attention problems.

In line with our results on full-scale IQ, working memory, and
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processing speed, many studies did not find that higher exposure to air
pollution during pregnancy or childhood was associated with cognitive
functioning (Freire et al., 2010; Gonzalez-Casanova et al., 2018; Guxens
et al., 2014; Harris et al., 2015, 2016; Sentis et al., 2017). In contrast,
some other studies suggested that higher air pollution exposure was
associated with lower overall cognitive function (Chiu et al., 2016;
Loftus et al., 2019; Perera et al., 2009), fluid reasoning (Wang et al.,
2017) and working memory (Rivas et al., 2019). However, three of these
studies only found an association when looking at specific time win-
dows, for example exposure during 31-38 weeks of gestation, but not
when considering the entire pregnancy period or a longer exposure
period during childhood (Chiu et al., 2016; Rivas et al., 2019; Wang
et al., 2017). This might suggest that air pollution exposure only has an
effect during specific vulnerable periods. One other study that reported
an association used personal monitoring, which includes pollutant
sources other than traffic, and might therefore not be comparable to our
study (Perera et al., 2009). We also found that higher exposure to some
air pollutants was associated with higher scores on the fluid reasoning
and verbal IQ scale. Considering evidence from previous studies and the
absence of hypotheses on mechanisms underlying a potential protective
association, we do not expect this to represent a true causal relationship.
To our knowledge, only Harris et al. (2015) previously reported an as-
sociation of higher exposure to air pollution with higher cognitive
function (i.e. black carbon exposure during childhood with non-verbal
IQ) in an urban sample.

So far, few studies have reported an association between higher
exposure to air pollution and more emotional and behavioral problems,
and some of these had a small sample size (Donzelli et al., 2019; Perera
et al., 2012; Yorifuji et al., 2017). Most studies did not find an associa-
tion between exposure to air pollution during pregnancy or childhood
and emotional and behavioral problems (Forns et al., 2018; Gong et al.,
2014; Harris et al., 2016; Jorcano et al., 2019; McGuinn et al., 2020;
Newman et al., 2013). When studying these associations, the age at
which the outcome is assessed could be an important factor. Forns et al.
(2018) and Jorcano et al. (2019) included Generation R as one of the 8
population-based birth cohorts, but assessed emotional and behavioral
problems at a younger age of 3-11 years. Since internalizing problems
typically initiate from adolescence onwards (Merikangas et al., 2010), it
is important to investigate if an association between exposure to air
pollution and the occurrence of these problems appears at a later age.
However, in our study we also did not find that higher exposure to air
pollution was associated with more internalizing problems at 13-16
years old. This age group might still be too young to detect a relation-
ship, as Roberts et al. (2019) found an association between air pollution
exposure at age 12 and depressive disorder at age 18, but not for
depressive symptoms at age 12. A second important factor is by whom
the emotional and behavioral problems are reported (i.e. teachers,
parents or self-reports). Most previous studies are conducted in younger
children, and thus only few used self-reported data (Donzelli et al., 2019;
Roberts et al., 2019). Other studies have shown that adolescents them-
selves tend to report more internalizing and less externalizing problems
as compared to their parents reporting on the adolescent’s problems
(Angold et al., 1987; Edelbrock et al., 1985; van der Ende et al., 2012).
Since multi-informant data on emotional and behavioral problems is
generally considered most reliable, we used a sum score of the CBCL and
YSR in our study. However, our multi-informant approach did not seem
to influence our results, as the results of the combined scores were
similar to those of the CBCL and YSR scores separately. We also found
that for some air pollutants higher exposure was associated with less
emotional and behavioral problems. To our knowledge, only Harris et al.
(2016) previously reported a similar protective association (i.e. higher
exposure to black carbon was associated with a lower overall emotional
and behavioral problems). We also do not expect the associations be-
tween few air pollutants and less emotional and behavioral problems to
represent true causal relationships.

The results of this study should be interpreted in the context of
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Table 2
Air pollution exposure concentrations during pregnancy and during childhood with Spearman’s correlations for each air pollution exposure between the two time
periods.
Pregnancy Childhood Spearman ‘s
median p25 p75 median p25 p75 correlation
PMyo (pg/m?) 26.7 26.0 27.9 26.3 25.6 27.2 0.54
PMy 5 (pg/m3) 16.8 16.6 17.2 16.7 16.5 17.0 0.62
PMcoarst (1g/m>) 10.1 9.2 10.6 9.5 8.7 10.3 0.57
PMa 5abs (1075'"’1) 1.6 1.5 1.8 1.5 1.4 1.7 0.54
NO, (pg/mB) 34.1 31.9 36.7 32.3 29.4 34.9 0.49
NOx (pg/mS) 46.4 40.8 57.8 43.2 38.5 51.5 0.57
Cu (ng/m3) 4.6 4.5 5.0 4.5 4.2 4.8 0.54
Fe (ng/ms) 119.7 114.2 129.0 116.3 106.7 124.4 0.51
Si (ng/m3) 88.8 87.9 90.7 88.6 87.6 90.6 0.62
Zn (ng/m® 18.9 17.6 21.3 18.8 17.5 20.9 0.57
PAH (ng/m® 0.9 0.8 1.1 0.9 0.8 1.1 0.68
0C (ug/m?) 1.8 1.5 2.0 1.7 1.4 1.9 0.59
OP”™ (nmol DTT/min/m?) 1.3 1.3 1.4 1.3 1.2 1.4 0.59
OP™® (units/m®) 1037.0 999.9 1101.0 1015.5 965.6 1071.9 0.58

Abbreviations: Cu, elemental copper; Fe, elemental iron; NOx, nitrogen oxides; NO,, nitrogen dioxide; OC, organic carbon; OP, oxidative potential (evaluated using
two acellular methods: OPP™", dithiothreitol and OP®SR, electron spin resonance); p25, 25th percentile; p75, 75th percentile; PAH, polycyclic aromatic hydrocarbons;
PM, particulate matter with different aerodynamic diameters: less than 10 pm (PM;); between 10 pm and 2.5 pm (PMcoarsg); less than 2.5 pm (PM5 5); PMa saps,

absorbance of PM, s filters; Si, elemental silicon; Zn, elemental zinc.
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several limitations. Although we adjusted for many potential con-
founders, including individual socioeconomic variables and a neigh-

borhood socioeconomic status score, we suspect that some negati
residual confounding remained, which could underly the observ

ve
ed

protective findings. Negative residual confounding is confounding that

Time of exposure

+ pregnancy period
B childhood period

Fig. 1. Adjusted associations of exposure during
pregnancy (round bullet) and during childhood
(square bullet) to various air pollutants with full
scale IQ in adolescents aged 13-16.
Abbreviations: CI, confidence intervals; Cu, elemental
copper; Fe, elemental iron; NOx, nitrogen oxides;
NO,, nitrogen dioxide; OC, organic carbon; OP,
oxidative potential (evaluated using two acellular
methods: OPP™T —_ dithiothreitol and OPESR — electron
spin resonance); PAH, polycyclic aromatic hydrocar-
bons; PM, particulate matter with different aero-
dynamic diameters: less than 10 pm (PM;); between
10 pm and 2.5 pm (PMcoarsg); less than 2.5 pm
(PM, 5); PM, sabsorbance, absorbance of PM, s fil-
ters; Si, elemental silicon; Zn, elemental zinc. Coeffi-
cient and 95% CI were estimated through linear
regression analysis, adjusted for child’s gender, age
and season of birth, maternal and paternal age at
enrollment, maternal and paternal education level,
maternal and paternal social class, household income,
marital status, maternal parity, maternal and paternal
pre-pregnancy body mass index and height, maternal
alcohol consumption, smoking and folic acid use
during pregnancy, maternal intelligent quotient,
maternal and paternal psychosocial distress, socio-
economic status neighborhood, and greenness.

causes an underestimation of the effect and if the confounding is suffi-
ciently strong, it might even reverse the apparent association (McNa-
mee, 2003). In our case, negative residual confounding would have been
caused by factors related to both higher air pollution exposure and
higher cognitive function/less emotional and behavioral problems or
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c) attention problems

b) externalizing problems
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more problems less problems more problems

beta coefficient (95% ClI)

Fig. 2. Adjusted associations of exposure during pregnancy (round bullet) and during childhood (square bullet) to various air pollutants with (a)
internalizing problems, (b) externalizing problems and (c) attention problems in adolescents aged 13-16.

Abbreviations: CI, confidence intervals; Cu, elemental copper; Fe, elemental iron; NOx, nitrogen oxides; NO,, nitrogen dioxide; OC, organic carbon; OP, oxidative
potential (evaluated using two acellular methods: OPP™™ — dithiothreitol and OP®S® — electron spin resonance); PAH, polycyclic aromatic hydrocarbons; PM, par-
ticulate matter with different aerodynamic diameters: less than 10 pm (PM;); between 10 ym and 2.5 pm (PMcoarsg); less than 2.5 pm (PM3 5); PM sabsorbance,
absorbance of PM; s filters; Si, elemental silicon; Zn, elemental zinc. Coefficient and 95% CI were estimated through linear regression analysis, adjusted for child’s
gender, age and season of birth, maternal and paternal age at enrollment, maternal and paternal education level, maternal and paternal social class, household
income, marital status, maternal parity, maternal and paternal pre-pregnancy body mass index and height, maternal alcohol consumption, smoking and folic acid use
during pregnancy, maternal intelligence quotient, maternal and paternal psychosocial distress, socioeconomic status neighborhood, and greenness.

# Pollutant selected by the multipollutant analysis.

vice versa, that we failed to adjust for. For example, we observed that
participants from Turkish national origin were more likely to live in
areas with higher levels of pollutants such as Cu and Fe, and reported
less emotional and behavioral problems, when compared to participants
from Dutch national origin. In addition, we might not have been able to
fully mitigate the presence of selection bias, since loss to follow-up was
strongly related to socioeconomic status and national origin. We per-
formed inverse probability weighting to adjust for this, but we might
have missed important predictors for participation in our study. Also,
although we ran the DSA algorithm to account for multiple testing
among the exposures, this did not adjust for multiple testing across the
outcomes. Therefore, our few protective findings could be chance
findings. In our study we only used air pollution concentrations at home
addresses, because we did not have data available for exposure con-
centrations at schools. A previous cross-sectional study in the
Netherlands did not find an association of NO, exposure at home ad-
dresses with working memory and processing speed, but did find an
association between NO, exposure at schools and working memory (van
Kempen et al., 2012). Similarly, studies embedded in a large
birth-cohort in Barcelona, that looked specifically at air pollution
exposure at schools, found associations with lower working memory,
lower attentional function, and more externalizing and attention prob-
lems (Alemany et al., 2018; Basagana et al., 2016; Forns et al., 2016,
2017; Sunyer et al., 2015). Considering the fact that children are usually
at school when traffic, and thus air pollution levels, are highest, future

studies could combine air pollution measurements at home addresses
with measurements at schools. In addition, although median exposure
concentrations of the majority of air pollutants exceeded the safety
thresholds set by the World Health Organization (World Health Orga-
nization. Regional Office for Europe., 2021), associations might only be
apparent at higher air pollution concentrations well above the WHO
limits. Yet, three large European studies, which included cohorts that
were exposed to a relatively high pollution concentration, also did not
find any association with cognitive function or emotional and behav-
ioral problems (Forns et al., 2018; Guxens et al., 2014; Jorcano et al.,
2019). Furthermore, we had sampling of air pollutants available for a
period of 3.5-9 years and had insufficient data to extrapolate the con-
centrations of all air pollutants to the specific period of interest. How-
ever, one study from the Netherlands and another from the UK found
that air pollution concentrations remained spatially stable over time
(Eeftens et al., 2011; Gulliver et al., 2013). The differences between the
air pollution concentrations during pregnancy and childhood in our
study were a consequence of participants moving and changing home
address during the course of the study.

One of the main strengths of our study is that we had data available
from a large prospective birth-cohort. We assessed cognitive function
and emotional and behavioral problems in adolescents, a group that has
been relatively understudied, but undergoes vast neurodevelopmental
changes over a relatively short time-span and is considered vulnerable
for the development of mental disorders (Merikangas et al., 2010). We
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also reduced the risk of informant bias, by combining self-reported data
with parental-reported data. In addition to an estimated full-scale IQ, we
had data available on several specific cognitive functions which have
been previously associated with air pollution. Lastly, we included 14
different air pollutants in our study, covering different sources of traffic
air pollution (e.g. tailpipe emissions from diesel fuel, tire wear, or brake
linings), and explored both exposure during pregnancy and during
childhood as periods of susceptibility.

6. Conclusion

In conclusion, we did not find that higher exposure to air pollution
during pregnancy or childhood was associated with lower cognitive
function or with more emotional and behavioral problems in children
aged 13- to 16-years-old. A few air pollutants were associated with
higher scores of fluid reasoning and verbal IQ, and with less internal-
izing, externalizing, and attention problems. Based on previous litera-
ture and biological plausibility, we argue that these associations are
explained by negative residual confounding, selection bias, or chance
and do not represent a causal relationship.

Funding

This study was co-financed by the Agencia Estatal de Investigacion
(AEI) and the European Social Fund (FSE) " EL FSE invierte en tu futuro”
with reference number PRE2020-092005, according to the Resolution of
the Presidency of the AEI, by which grants are awarded for pre-doctoral
contracts for the training of doctors, call 2020 (awarded to M.S.W.K).
This study was also supported by the Sophia Foundation project S18-20
(awarded to R.L.M.) and the Netherlands Organization for Health
Research and Development (ZonMw) Vici project 016.VICI.170.200
(awarded to H.T.). MG is funded by a Miguel Servet II fellowship
(CPII18/00018) from the Spanish Institute of Health Carlos III. The
general design of Generation R Study is made possible by financial
support from the Erasmus Medical Center, Rotterdam, the Erasmus
University Rotterdam, ZonMw, The Netherlands Organization for Sci-
entific Research (NWO), and the Ministry of Health, Welfare, and Sport.
The geocodification of the addresses of the study participants and the air
pollution estimations are done within the framework of a project funded
by the Health Effects Institute (HEI) (Assistance Award No. R-
82811201). We acknowledge support from the Spanish Ministry of
Science and Innovation and the State Research Agency through the
“Centro de Excelencia Severo Ochoa 2019-2023" Program (CEX2018-
000806-S), and support from the Generalitat de Catalunya through the
CERCA Program.

Author statement

Michelle S. W. Kusters: Conceptualization, Methodology, Formal
analysis, Visualization, Writing - Original Draft. Esmée Essers: Formal
analysis, Writing-Reviewing and Editing. Ryan Muetzel: Conceptuali-
zation, Writing-Reviewing and Editing. Albert Ambros: Data curation.
Henning Tiemeier: Conceptualization, Writing-Reviewing and Editing.
Monica Guxens: Conceptualization, Methodology, Supervision,
Writing-Reviewing and Editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envres.2022.113891.

Environmental Research 214 (2022) 113891

References

Achenbach, T.M., Rescorla, L.A., 2000. Manual for the ASEBA Preschool Forms and
Profiles, vol. 30. University of Vermont, Research center for children, youth ...,
Burlington, VT.

Agier, L., Portengen, L., Hyam, M.C., Basagana, X., Allemand, L.G., Siroux, V.,
Robinson, O., Vlaanderen, J., Gonzdlez, J.R., Nieuwenhuijsen, M.J., Vineis, P.,
Vrijheid, M., Slama, R., Vermeulen, R., 2016. A systematic comparison of linear
regression-Based statistical methods to assess exposome-health associations.
Environ. Health Perspect. 124 (12) https://doi.org/10.1289/EHP172.

Alemany, S., Vilor-Tejedor, N., Garcia-Esteban, R., Bustamante, M., Dadvand, P.,
Esnaola, M., Mortamais, M., Forns, J., van Drooge, B.L., Alvarez-Pedrerol, M.,
Grimalt, J.O., Rivas, 1., Querol, X., Pujol, J., Sunyer, J., 2018. Traffic-related air
pollution, APOE €4 status, and neurodevelopmental outcomes among school
children enrolled in the BREATHE project (Catalonia, Spain). Environ. Health
Perspect. 126 (8) https://doi.org/10.1289/EHP2246.

Angold, A., Weissman, M.M., John, K., Merikancas, K.R., Prusoff, B.A.,

Wickramaratne, P., Gammon, G.D., Warner, V., 1987. Parent and child reports of
depressive symptoms in children at low and high risk of depression. JCPP (J. Child
Psychol. Psychiatry) 28 (6), 901-915.

Basagana, X., Esnaola, M., Rivas, 1., Amato, F., Alvarez-Pedrerol, M., Forns, J., Lopez-
Vicente, M., Pujol, J., Nieuwenhuijsen, M., Querol, X., Sunyer, J., 2016.
Neurodevelopmental deceleration by urban fine particles from different emission
sources: a longitudinal observational study. Environ. Health Perspect. 124 (10)
https://doi.org/10.1289/EHP209.

Beelen, R., Hoek, G., Vienneau, D., Eeftens, M., Dimakopoulou, K., Pedeli, X., Tsai, M.-Y.,
Kiinzli, N., Schikowski, T., Marcon, A., 2013. Development of NO2 and NOx land use
regression models for estimating air pollution exposure in 36 study areas in
Europe-the ESCAPE project. Atmos. Environ. 72, 10-23.

Bové, H., Bongaerts, E., Slenders, E., Bijnens, E.M., Saenen, N.D., Gyselaers, W., van
Eyken, P., Plusquin, M., Roeffaers, M.B.J., Ameloot, M., Nawrot, T.S., 2019. Ambient
black carbon particles reach the fetal side of human placenta. Nat. Commun. 10 (1)
https://doi.org/10.1038/5s41467-019-11654-3.

Campbell, A., Araujo, J.A., Li, H., Sioutas, C., Kleinman, M., 2009. Particulate matter
induced enhancement of inflammatory markers in the brains of apolipoprotein E
knockout mice. J. Nanosci. Nanotechnol. 9 (8), 5099-5104.

Chiu, Y.H.M., Bellinger, D.C., Coull, B.A., Anderson, S., Barber, R., Wright, R.O.,
Wright, R.J., 2013. Associations between traffic-related black carbon exposure and
attention in a prospective birth cohort of urban children. Environ. Health Perspect.
121 (7), 859-864.

Chiu, Y.H.M., Hsu, H.H.L., Coull, B.A., Bellinger, D.C., Kloog, 1., Schwartz, J., Wright, R.
0., Wright, R.J., 2016. Prenatal particulate air pollution and neurodevelopment in
urban children: examining sensitive windows and sex-specific associations. Environ.
Int. 87 https://doi.org/10.1016/j.envint.2015.11.010.

Daniel, Mark H., Wahlstrom, Dustin, Zhang, Ou, 2014. Equivalence of Q-interactive and
Paper Administrations of Cognitive Tasks: WISC-V. Q-Interactive Technical Report 8.

De Beurs, E., 2004. Brief Symptom Inventory. Handleiding. Pits Publishers, Leiden
(Netherlands).

De Hoogh, K., Wang, M., Adam, M., Badaloni, C., Beelen, R., Birk, M., Cesaroni, G.,
Cirach, M., Declercq, C., Dédelé, A., Dons, E., De Nazelle, A., Eeftens, M., Eriksen, K.,
Eriksson, C., Fischer, P., Grazuleviciené, R., Gryparis, A., Hoffmann, B., et al., 2013.
Development of land use regression models for particle composition in twenty study
areas in Europe. Environ. Sci. Technol. 47 (11) https://doi.org/10.1021/es400156t.

Donzelli, G., Llopis-Gonzalez, A., Llopis-Morales, A., Cioni, L., Morales-Sudrez-

Varela, M., 2019. Particulate matter exposure and attention-deficit/hyperactivity
disorder in children: a systematic review of epidemiological studies. Int. J. Environ.
Res. Publ. Health 17 (1), 67. https://doi.org/10.3390/ijerph17010067.

Edelbrock, C., Costello, A.J., Dulcan, M.K., Kalas, R., Conover, N.C., 1985. Age
Differences in the Reliability of the Psychiatric Interview of the Child. Child
Development, pp. 265-275.

Eeftens, M., Beelen, R., de Hoogh, K., Bellander, T., Cesaroni, G., Cirach, M., Declercq, C.,
Dedele, A., Dons, E., de Nazelle, A., 2012. Development of land use regression
models for PM2. 5, PM2. 5 absorbance, PM10 and PMcoarse in 20 European study
areas; results of the ESCAPE project. Environ. Sci. Technol. 46 (20), 11195-11205.

Eeftens, M., Beelen, R., Fischer, P., Brunekreef, B., Meliefste, K., Hoek, G., 2011. Stability
of measured and modelled spatial contrasts in NO2 over time. Occup. Environ. Med.
68 (10), 765-770.

Forns, J., Dadvand, P., Esnaola, M., Alvarez-Pedrerol, M., Lopez-Vicente, M., Garcia-
Esteban, R., Cirach, M., Basagana, X., Guxens, M., Sunyer, J., 2017. Longitudinal
association between air pollution exposure at school and cognitive development in
school children over a period of 3.5 years. Environ. Res. 159 https://doi.org/
10.1016/j.envres.2017.08.031.

Forns, J., Dadvand, P., Foraster, M., Alvarez-Pedrerol, M., Rivas, L., Lopez-Vicente, M.,
Suades-Gonzalez, E., Garcia-Esteban, R., Esnaola, M., Cirach, M., Grellier, J.,
Basagana, X., Querol, X., Guxens, M., Nieuwenhuijsen, M.J., Sunyer, J., 2016.
Traffic-Related air pollution, noise at school, and behavioral problems in barcelona
schoolchildren: a cross-sectional study. Environ. Health Perspect. 124 (4) https://
doi.org/10.1289/ehp.1409449.

Forns, J., Sunyer, J., Garcia-Esteban, R., Porta, D., Ghassabian, A., Giorgis-Allemand, L.,
Gong, T., Gehring, U., Sgrensen, M., Standl, M., Sugiri, D., Almgvist, C.,
Andiarena, A., Badaloni, C., Beelen, R., Berdel, D., Cesaroni, G., Charles, M.A.,
Eriksen, K.T., et al., 2018. Air pollution exposure during pregnancy and symptoms of
attention deficit and hyperactivity disorder in children in Europe. Epidemiology 29
(5). https://doi.org/10.1097/EDE.0000000000000874.

Freire, C., Ramos, R., Puertas, R., Lopez-Espinosa, M.J., Julvez, J., Aguilera, L., Cruz, F.,
Fernandez, M.F., Sunyer, J., Olea, N., 2010. Association of traffic-related air


https://doi.org/10.1016/j.envres.2022.113891
https://doi.org/10.1016/j.envres.2022.113891
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref1
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref1
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref1
https://doi.org/10.1289/EHP172
https://doi.org/10.1289/EHP2246
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref4
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref4
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref4
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref4
https://doi.org/10.1289/EHP209
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref6
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref6
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref6
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref6
https://doi.org/10.1038/s41467-019-11654-3
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref8
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref8
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref8
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref9
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref9
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref9
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref9
https://doi.org/10.1016/j.envint.2015.11.010
http://refhub.elsevier.com/S0013-9351(22)01218-X/optPudztNa14X
http://refhub.elsevier.com/S0013-9351(22)01218-X/optPudztNa14X
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref11
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref11
https://doi.org/10.1021/es400156t
https://doi.org/10.3390/ijerph17010067
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref14
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref14
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref14
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref15
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref15
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref15
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref15
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref16
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref16
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref16
https://doi.org/10.1016/j.envres.2017.08.031
https://doi.org/10.1016/j.envres.2017.08.031
https://doi.org/10.1289/ehp.1409449
https://doi.org/10.1289/ehp.1409449
https://doi.org/10.1097/EDE.0000000000000874

M.S.W. Kusters et al.

pollution with cognitive development in children. J. Epidemiol. Community Health
64 (3). https://doi.org/10.1136/jech.2008.084574.

Fuertes, E., Standl, M., Forns, J., Berdel, D., Garcia-Aymerich, J., Markevych, 1., Schulte-
Koerne, G., Sugiri, D., Schikowski, T., Tiesler, C.M.T., Heinrich, J., 2016. Traffic-
related air pollution and hyperactivity/inattention, dyslexia and dyscalculia in
adolescents of the German GINIplus and LISAplus birth cohorts. Environ. Int. 97
https://doi.org/10.1016/j.envint.2016.10.017.

Gong, T., Almgqvist, C., Bolte, S., Lichtenstein, P., Anckarsater, H., Lind, T., Lundholm, C.,
Pershagen, G., 2014. Exposure to air pollution from traffic and neurodevelopmental
disorders in Swedish twins. Twin Res. Hum. Genet. 17 (6) https://doi.org/10.1017/
thg.2014.58.

Gonzalez-Casanova, I., Stein, A.D., Barraza-Villarreal, A., Feregrino, R.G.,

DiGirolamo, A., Hernandez-Cadena, L., Rivera, J.A., Romieu, 1., Ramakrishnan, U.,
2018. Prenatal exposure to environmental pollutants and child development
trajectories through 7 years. Int. J. Hyg Environ. Health 221 (4). https://doi.org/
10.1016/j.ijheh.2018.04.004.

Gulliver, J., de Hoogh, K., Hansell, A., Vienneau, D., 2013. Development and back-
extrapolation of NO2 land use regression models for historic exposure assessment in
Great Britain. Environ. Sci. Technol. 47 (14), 7804-7811.

Guxens, M., Garcia-Esteban, R., Giorgis-Allemand, L., Forns, J., Badaloni, C., Ballester, F.,
Beelen, R., Cesaroni, G., Chatzi, L., De Agostini, M., De Nazelle, A., Eeftens, M.,
Fernandez, M.F., Fernandez-Somoano, A., Forastiere, F., Gehring, U., Ghassabian, A.,
Heude, B., Jaddoe, V.W.V., et al., 2014. Air pollution during pregnancy and
childhood cognitive and psychomotor development: six european birth cohorts.
Epidemiology 25 (5). https://doi.org/10.1097/EDE.0000000000000133.

Guxens, M., Lubczyriska, M.J., Muetzel, R.L., Dalmau-Bueno, A., Jaddoe, V.W.V.,
Hoek, G., van der Lugt, A., Verhulst, F.C., White, T., Brunekreef, B., Tiemeier, H., El
Marroun, H., 2018. Air pollution exposure during fetal life, brain morphology, and
cognitive function in school-age children. Biol. Psychiatr. 84 (4), 295-303. https://
doi.org/10.1016/j.biopsych.2018.01.016.

Harris, M.H., Gold, D.R., Rifas-Shiman, S.L., Melly, S.J., Zanobetti, A., Coull, B.A.,
Schwartz, J.D., Gryparis, A., Kloog, 1., Koutrakis, P., Bellinger, D.C., Belfort, M.B.,
Webster, T.F., White, R.F., Sagiv, S.K., Oken, E., 2016. Prenatal and childhood
traffic-related air pollution exposure and childhood executive function and behavior.
Neurotoxicol. Teratol. 57.

Harris, M.H., Gold, D.R., Rifas-Shiman, S.L., Melly, S.J., Zanobetti, A., Coull, B.A.,
Schwartz, J.D., Gryparis, A., Kloog, I., Koutrakis, P., Bellinger, D.C., White, R.F.,
Sagiv, S.K., Oken, E., 2015. Prenatal and childhood traffic-related pollution exposure
and childhood cognition in the project viva cohort (Massachusetts, USA). Environ.
Health Perspect. 123 (10) https://doi.org/10.1289/ehp.1408803.

Ivanova, M.Y., Achenbach, T.M., Rescorla, L.A., Harder, V.S., Ang, R.P., Bilenberg, N.,
Bjarnadottir, G., Capron, C., De Pauw, S.S.W., Dias, P., 2010. Preschool
psychopathology reported by parents in 23 societies: testing the seven-syndrome
model of the child behavior checklist for ages 1.5-5. J. Am. Acad. Child Adolesc.
Psychiatr. 49 (12), 1215-1224.

Jedynska, A., Hoek, G., Wang, M., Eeftens, M., Cyrys, J., Keuken, M., Ampe, C.,
Beelen, R., Cesaroni, G., Forastiere, F., Cirach, M., De Hoogh, K., De Nazelle, A.,
Nystad, W., Declercq, C., Eriksen, K.T., Dimakopoulou, K., Lanki, T., Meliefste, K.,
et al., 2014. Development of land use regression models for elemental, organic
carbon, PAH, and hopanes/steranes in 10 ESCAPE/TRANSPHORM European study
areas. Environ. Sci. Technol. 48 (24) https://doi.org/10.1021/es502568z.

Jorcano, A., Lubczynska, M.J., Pierotti, L., Altug, H., Ballester, F., Cesaroni, G., El
Marroun, H., Fernandez-Somoano, A., Freire, C., Hanke, W., Hoek, G., Ibarluzea, J.,
Iniguez, C., Jansen, P.W., Lepeule, J., Markevych, 1., Polanska, K., Porta, D.,
Schikowski, T., et al., 2019. Prenatal and postnatal exposure to air pollution and
emotional and aggressive symptoms in children from 8 European birth cohorts.
Environ. Int. 131 https://doi.org/10.1016/j.envint.2019.104927.

Kassebaum, N.J., Arora, M., Barber, R.M., Bhutta, Z.A., Brown, J., Carter, A., Casey, D.C.,
Charlson, F.J., Coates, M.M., Coggeshall, M., 2016. Global, regional, and national
disability-adjusted life-years (DALYs) for 315 diseases and injuries and healthy life
expectancy (HALE), 1990-2015: a systematic analysis for the Global Burden of
Disease Study 2015. Lancet 388 (10053), 1603-1658.

Kaufman, A.S., Raiford, S.E., Coalson, D.L., 2015. Intelligent Testing with the WISC-V.
John Wiley & Sons.

Kooijman, M.N., Kruithof, C.J., van Duijn, C.M., Duijts, L., Franco, O.H., van
1Jzendoorn, M.H., de Jongste, J.C., Klaver, C.C.W., van der Lugt, A., Mackenbach, J.
P., 2016. The Generation R Study: design and cohort update 2017. Eur. J. Epidemiol.
31 (12), 1243-1264.

Landrigan, P.J., Fuller, R., Acosta, N.J.R., Adeyi, O., Arnold, R., Baldé, A.B.,

Bertollini, R., Bose-O’Reilly, S., Boufford, J.I., Breysse, P.N., 2018. The Lancet
Commission on pollution and health. Lancet 391 (10119), 462-512.

Lertxundi, A., Andiarena, A., Martinez, M.D., Ayerdi, M., Murcia, M., Estarlich, M.,
Guxens, M., Sunyer, J., Julvez, J., Ibarluzea, J., 2019. Prenatal exposure to PM2.5
and NO2 and sex-dependent infant cognitive and motor development. Environ. Res.
174 https://doi.org/10.1016/j.envres.2019.04.001.

Levesque, S., Taetzsch, T., Lull, M.E., Kodavanti, U., Stadler, K., Wagner, A., Johnson, J.
A., Duke, L., Kodavanti, P., Surace, M.J., 2011. Diesel exhaust activates and primes
microglia: air pollution, neuroinflammation, and regulation of dopaminergic
neurotoxicity. Environ. Health Perspect. 119 (8), 1149-1155.

Loftus, C.T., Hazlehurst, M.F., Szpiro, A.A,, Ni, Y., Tylavsky, F.A., Bush, N.R.,
Sathyanarayana, S., Carroll, K.N., Karr, C.J., LeWinn, K.Z., 2019. Prenatal air
pollution and childhood IQ: preliminary evidence of effect modification by folate.
Environ. Res. 176 https://doi.org/10.1016/j.envres.2019.05.036.

Lubczyninska, M.J., Muetzel, R.L., Marroun, H. El, Basagana, X., Strak, M., Denault, W.,
Jaddoe, V.W.V., Hillegers, M., Vernooij, M.W., Hoek, G., White, T., Brunekreef, B.,
Tiemeier, H., Guxens, M., 2020. Exposure to air pollution during pregnancy and

Environmental Research 214 (2022) 113891

childhood, and white matter microstructure in preadolescents. Environ. Health
Perspect. 128 (2) https://doi.org/10.1289/EHP4709.

McGuinn, L.A., Bellinger, D.C., Colicino, E., Coull, B.A., Just, A.C., Kloog, 1., Osorio-
Valencia, E., Schnaas, L., Wright, R.J., Téllez-Rojo, M.M., Wright, R.O., Horton, M.
K., 2020. Prenatal PM2.5 exposure and behavioral development in children from
Mexico City. Neurotoxicology 81. https://doi.org/10.1016/j.neuro.2020.09.036.

McNamee, R., 2003. Confounding and confounders. Occup. Environ. Med. 60 (3),
227-234.

Merikangas, K.R., He, J., Burstein, M., Swanson, S.A., Avenevoli, S., Cui, L., Benjet, C.,
Georgiades, K., Swendsen, J., 2010. Lifetime prevalence of mental disorders in US
adolescents: results from the national comorbidity survey replication-adolescent
supplement (NCS-A). J. Am. Acad. Child Adolesc. Psychiatr. 49 (10), 980-989.

Newman, N.C., Ryan, P., Le Masters, G., Levin, L., Bernstein, D., Hershey, G.K.K.,
Lockey, J.E., Villareal, M., Reponen, T., Grinshpun, S., Sucharew, H., Dietrich, K.N.,
2013. Traffic-related air pollution exposure in the first year of life and behavioral
scores at 7 years of age. Environ. Health Perspect. 121 (6) https://doi.org/10.1289/
ehp.1205555.

NIPHE, (National Institute for Public Health and the Environment), 2017.
Sociaaleconomische Status 2017. https://www.volksgezondheidenzorg.info/on
derwerp/sociaaleconomische-status/regionaal-internationaal /regionaal #node-soc
iaaleconomische-status.

Perera, F.P., Li, Z., Whyatt, R., Hoepner, L., Wang, S., Camann, D., Rauh, V., 2009.
Prenatal airborne polycyclic aromatic hydrocarbon exposure and child IQ at age 5
years. Pediatrics 124 (2), e195-e202.

Perera, F.P., Tang, D., Wang, S., Vishnevetsky, J., Zhang, B., Diaz, D., Camann, D.,
Rauh, V., 2012. Prenatal polycyclic aromatic hydrocarbon (PAH) exposure and child
behavior at age 6-7 years. Environ. Health Perspect. 120 (6) https://doi.org/
10.1289/ehp.1104315.

Porta, D., Narduzzi, S., Badaloni, C., Bucci, S., Cesaroni, G., Colelli, V., Davoli, M.,
Sunyer, J., Zirro, E., Schwartz, J., Forastiere, F., 2016. Air pollution and cognitive
development at age 7 in a prospective Italian birth cohort. Epidemiology 27 (2).
https://doi.org/10.1097/EDE.0000000000000405.

Raven, J.C., Raven, J.C., Court, J.H., 1962. Advanced Progressive Matrices. HK Lewis
London.

Rhew, L.C., Vander Stoep, A., Kearney, A., Smith, N.L., Dunbar, M.D., 2011. Validation of
the normalized difference vegetation index as a measure of neighborhood greenness.
Ann. Epidemiol. 21 (12) https://doi.org/10.1016/j.annepidem.2011.09.001.

Rice, D., Barone Jr., S., 2000. Critical periods of vulnerability for the developing nervous
system: evidence from humans and animal models. Environ. Health Perspect. 108
(Suppl. 3), 511-533.

Rivas, 1., Basagana, X., Cirach, M., Lopez-Vicente, M., Suades-Gonzalez, E., Garcia-
Esteban, R., Alvarez-Pedrerol, M., Dadvand, P., Sunyer, J., 2019. Association
between early life exposure to air pollution and working memory and attention.
Environ. Health Perspect. 127 (5) https://doi.org/10.1289/EHP3169.

Roberts, S., Arseneault, L., Barratt, B., Beevers, S., Danese, A., Odgers, C.L., Moffitt, T.E.,
Reuben, A., Kelly, F.J., Fisher, H.L., 2019. Exploration of NO2 and PM2.5 air
pollution and mental health problems using high-resolution data in London-based
children from a UK longitudinal cohort study. Psychiatr. Res. 272, 8-17. https://doi.
org/10.1016/j.psychres.2018.12.050.

Saenen, N.D., Provost, E.B., Viaene, M.K., Vanpoucke, C., Lefebvre, W., Vrijens, K.,
Roels, H.A., Nawrot, T.S., 2016. Recent versus chronic exposure to particulate matter
air pollution in association with neurobehavioral performance in a panel study of
primary schoolchildren. Environ. Int. 95 https://doi.org/10.1016/j.
envint.2016.07.014.

Sentis, A., Sunyer, J., Dalmau-Bueno, A., Andiarena, A., Ballester, F., Cirach, M.,
Estarlich, M., Fernandez-Somoano, A., Ibarluzea, J., fﬁiguez, C., Lertxundi, A.,
Tardon, A., Nieuwenhuijsen, M., Vrijheid, M., Guxens, M., 2017. Prenatal and
postnatal exposure to NO2 and child attentional function at 4-5 years of age.
Environ. Int. 106 https://doi.org/10.1016/j.envint.2017.05.021.

Spratt, M., Carpenter, J., Sterne, J.A.C., Carlin, J.B., Heron, J., Henderson, J., Tilling, K.,
2010. Strategies for multiple imputation in longitudinal studies. Am. J. Epidemiol.
https://doi.org/10.1093/aje/kwql37.

Sterne, J.A.C., White, L.R., Carlin, J.B., Spratt, M., Royston, P., Kenward, M.G., Wood, A.
M., Carpenter, J.R., 2009. Multiple imputation for missing data in epidemiological
and clinical research: potential and pitfalls. BMJ (Online) 339, 157-160. https://doi.
org/10.1136/bmj.b2393. British Medical Journal Publishing Group7713.

Suades-Gonzalez, E., Gascon, M., Guxens, M., Sunyer, J., 2015. Air pollution and
neuropsychological development: a review of the latest evidence. Endocrinology 156
(Issue 10). https://doi.org/10.1210/en.2015-1403.

Sunyer, J., Esnaola, M., Alvarez-Pedrerol, M., Forns, J., Rivas, 1., Lopez-Vicente, M.,
Suades-Gonzalez, E., Foraster, M., Garcia-Esteban, R., Basagana, X., Viana, M.,
Cirach, M., Moreno, T., Alastuey, A., Sebastian-Galles, N., Nieuwenhuijsen, M.,
Querol, X., 2015. Association between traffic-related air pollution in schools and
cognitive development in primary school children: a prospective cohort study. PLoS
Med. 12 (3) https://doi.org/10.1371/journal.pmed.1001792.

van der Ende, J., Verhulst, F.C., Tiemeier, H., 2012. Agreement of informants on
emotional and behavioral problems from childhood to adulthood. Psychol. Assess.
24 (2) https://doi.org/10.1037/a0025500.

van Kempen, E., Fischer, P., Janssen, N., Houthuijs, D., van Kamp, I., Stansfeld, S.,
Cassee, F., 2012. Neurobehavioral effects of exposure to traffic-related air pollution
and transportation noise in primary schoolchildren. Environ. Res. 115 https://doi.
org/10.1016/j.envres.2012.03.002.

Wang, P., Tuvblad, C., Younan, D., Franklin, M., Lurmann, F., Wy, J., Baker, L.A.,
Chen, J.C., 2017. Socioeconomic disparities and sexual dimorphism in neurotoxic
effects of ambient fine particles on youth IQ: a longitudinal analysis. PLoS One 12
(12). https://doi.org/10.1371/journal.pone.0188731.


https://doi.org/10.1136/jech.2008.084574
https://doi.org/10.1016/j.envint.2016.10.017
https://doi.org/10.1017/thg.2014.58
https://doi.org/10.1017/thg.2014.58
https://doi.org/10.1016/j.ijheh.2018.04.004
https://doi.org/10.1016/j.ijheh.2018.04.004
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref24
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref24
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref24
https://doi.org/10.1097/EDE.0000000000000133
https://doi.org/10.1016/j.biopsych.2018.01.016
https://doi.org/10.1016/j.biopsych.2018.01.016
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref27
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref27
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref27
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref27
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref27
https://doi.org/10.1289/ehp.1408803
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref29
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref29
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref29
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref29
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref29
https://doi.org/10.1021/es502568z
https://doi.org/10.1016/j.envint.2019.104927
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref32
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref32
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref32
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref32
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref32
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref33
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref33
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref34
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref34
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref34
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref34
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref35
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref35
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref35
https://doi.org/10.1016/j.envres.2019.04.001
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref37
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref37
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref37
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref37
https://doi.org/10.1016/j.envres.2019.05.036
https://doi.org/10.1289/EHP4709
https://doi.org/10.1016/j.neuro.2020.09.036
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref41
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref41
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref42
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref42
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref42
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref42
https://doi.org/10.1289/ehp.1205555
https://doi.org/10.1289/ehp.1205555
https://www.volksgezondheidenzorg.info/onderwerp/sociaaleconomische-status/regionaal-internationaal/regionaal#node-sociaaleconomische-status
https://www.volksgezondheidenzorg.info/onderwerp/sociaaleconomische-status/regionaal-internationaal/regionaal#node-sociaaleconomische-status
https://www.volksgezondheidenzorg.info/onderwerp/sociaaleconomische-status/regionaal-internationaal/regionaal#node-sociaaleconomische-status
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref45
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref45
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref45
https://doi.org/10.1289/ehp.1104315
https://doi.org/10.1289/ehp.1104315
https://doi.org/10.1097/EDE.0000000000000405
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref48
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref48
https://doi.org/10.1016/j.annepidem.2011.09.001
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref50
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref50
http://refhub.elsevier.com/S0013-9351(22)01218-X/sref50
https://doi.org/10.1289/EHP3169
https://doi.org/10.1016/j.psychres.2018.12.050
https://doi.org/10.1016/j.psychres.2018.12.050
https://doi.org/10.1016/j.envint.2016.07.014
https://doi.org/10.1016/j.envint.2016.07.014
https://doi.org/10.1016/j.envint.2017.05.021
https://doi.org/10.1093/aje/kwq137
https://doi.org/10.1136/bmj.b2393
https://doi.org/10.1136/bmj.b2393
https://doi.org/10.1210/en.2015-1403
https://doi.org/10.1371/journal.pmed.1001792
https://doi.org/10.1037/a0025500
https://doi.org/10.1016/j.envres.2012.03.002
https://doi.org/10.1016/j.envres.2012.03.002
https://doi.org/10.1371/journal.pone.0188731

M.S.W. Kusters et al.

Weisskopf, M.G., Sparrow, D., Hu, H., Power, M.C., 2015. Biased exposure-health effect
estimates from selection in cohort studies: are environmental studies at particular
risk? Environ. Health Perspect. https://doi.org/10.1289/ehp.1408888.

Weuve, J., Tchetgen Tchetgen, E.J., Glymour, M.M., Beck, T.L., Aggarwal, N.T.,
Wilson, R.S., Evans, D.A., Mendes De Leon, C.F., 2012. Accounting for bias due to
selective attrition: the example of smoking and cognitive decline. Epidemiology 23
(1), 119-128. https://doi.org/10.1097/EDE.0b013e318230e861.

World Health Organization. Regional Office for Europe., 2021. Review of Evidence on
Health Aspects of Air Pollution: REVIHAAP Project: Technical Report. World Health

Environmental Research 214 (2022) 113891

Organization. Regional Office for Europe. https://apps.who.int/iris/handle/10665/
341712.

Yang, A., Wang, M., Eeftens, M., Beelen, R., Dons, E., Leseman, D.L.A.C., Brunekreef, B.,
Cassee, F.R., Janssen, N.A.H., Hoek, G., 2015. Spatial variation and land use
regression modeling of the oxidative potential of fine particles. Environ. Health
Perspect. 123 (11) https://doi.org/10.1289/ehp.1408916.

Yorifuji, T., Kashima, S., Diez, M.H., Kado, Y., Sanada, S., Doi, H., 2017. Prenatal
exposure to outdoor air pollution and child behavioral problems at school age in
Japan. Environ. Int. 99, 192-198. https://doi.org/10.1016/j.envint.2016.11.016.


https://doi.org/10.1289/ehp.1408888
https://doi.org/10.1097/EDE.0b013e318230e861
https://apps.who.int/iris/handle/10665/341712
https://apps.who.int/iris/handle/10665/341712
https://doi.org/10.1289/ehp.1408916
https://doi.org/10.1016/j.envint.2016.11.016

	Air pollution exposure during pregnancy and childhood, cognitive function, and emotional and behavioral problems in adolescents
	1 Introduction
	2 Methods
	2.1 Study population
	2.2 Exposure to air pollution
	2.3 Cognitive function
	2.4 Emotional and behavioral problems

	3 Covariates
	3.1 Statistical analysis

	4 Results
	4.1 Descriptive results
	4.2 Cognitive function
	4.3 Emotional and behavioral problems

	5 Discussion
	6 Conclusion
	Funding
	Author statement
	Declaration of competing interest
	Appendix A Supplementary data
	References


