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ARTICLE INFO ABSTRACT
Keywords: Background: Prenatal air pollution exposure has been increasingly recognised for its impact on children's
Cognitive performance cognitive development and overall health. This study explored the association between prenatal exposure to air
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pollutants and cognitive performance in two age groups of children, also assessing combined pollutants and
identifying sensitive prenatal exposure windows.

Methods: A total of 781 children were included: 295 preschool-aged (4-5 years) and 486 school-aged (10-11
years), recruited from the EPINED epidemiological project in Tarragona, Spain. Cognitive performance was
assessed using the Wechsler Preschool and Primary Scale of Intelligence (WPPSI-IV) and Wechsler Intelligence
Scale for Children (WISC-IV). Associations were examined using linear distributed lag models, and combined
effects of pollutants were evaluated using weighted quantile sum regression, adjusting for socio-familial, indi-
vidual, and environmental factors.

Results: In preschool-aged children, PMy 5, PM3 s5abs, PMcoarse, PM10, NOx, and NO, were associated with lower
fluid reasoning [p = —0.97-(-2.29)], working memory [p = —0.82-(-3.79)] and full-scale IQ [p = —0.63-(-2.08)].
In school-aged children, most pollutants were associated with reduced verbal comprehension [ = —0.87-
(-3.84)] and full-scale IQ [p = —0.85-(-1.99)] and subtle effects were observed for perceptual reasoning and
working memory. Across both age groups, these associations were greater during the third trimester. Whereas the
combined pollutant effects indicated the second trimester as a critical window for verbal comprehension in
school-aged children, suggesting pollutant contribution varies across gestation.

Conclusions: Prenatal exposure to air pollutants, particularly in late pregnancy, is associated with lower full-scale
IQ and other aspects of cognitive performance, highlighting critical windows of vulnerability for foetal brain
development.

1. Introduction factor for altered child neurodevelopment and cognitive functioning
(Amnuaylojaroen et al., 2024; Kaur et al., 2023). The prenatal period

Air pollution remains one of the most pervasive and insidious envi- marks an exceptional window of vulnerability, since the developing
ronmental threats to children's health (WHO, 2025). Globally, prenatal brain undergoes rapid and highly orchestrated processes such as neu-
exposure to air pollutants is increasingly recognised as a significant risk rogenesis, neuronal migration, synaptic formation, axonal and dendritic
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branching, and myelination (Broséus et al., 2024; Zhao et al., 2021;
Wang et al., 2022). Disruption of these processes by environmental
perturbations may lead to persistent deficits in the neurodevelopment of
children (Shang et al., 2020; Chiu et al., 2023).

Emerging epidemiological evidence associates maternal exposure to
fine particulate matter (PMy 5: particulate matter <2.5 pm, PM;q: par-
ticulate matter <10 pm), nitrogen oxides (NOy, NOy: nitrogen dioxide)
and other traffic-related air pollutants during pregnancy with lower
cognitive scores, slower psychomotor development, and changes in
white-matter structure in children (Guxens et al., 2018; Guilbert et al.,
2023; Tokuda et al., 2023; Perera et al., 2024). For example, higher
prenatal levels of PMy s and PM;y have been associated with poorer
composite cognitive and motor scores at two years of age, especially
when exposure occurs in mid and late pregnancy (Morgan et al., 2023).
Additionally, studies have shown that in utero exposure to NO, and
PM, 5 was associated with impaired cognitive performance and behav-
iour difficulties in children aged 4-6 years (Ni et al., 2022). In particular,
PMy 5 has been associated with lower Intelligence Quotient (IQ),
reduced working memory and processing speed (Holm et al., 2023), as
well as poorer performance in the conflict attentional network (Rivas
et al., 2019). Furthermore, it has been reported that higher prenatal
NO, was associated with impaired attentional performance in children
at age 4-5 years (Sentis et al., 2017). However, previous findings were
heterogeneous: a large European meta-analysis of six birth cohorts did
not find consistent associations between prenatal PMs (PMs 5, PM;,
PM_coarse (particulate matter 2.5-10 pm), and PMy saps (particulate matter
absorbance, a proxy for black carbon) exposures and cognitive devel-
opment across all domains, though it did find associations between NO,
exposure and psychomotor development (Guxens et al., 2014). Simi-
larly, Tokuda et al. (2023) reported no significant association between
prenatal PMy 5 exposure and cognitive performance, measured by
Wechsler Intelligence Scale for Children subscales, such as verbal
comprehension, perceptual reasoning, processing speed, working
memory and total IQ, in children aged 5 to 6 years. Kusters et al. (2022)
also found no association between prenatal pollutant exposure and
working memory, processing speed and full-scale IQ. However, they
report a significant association between PM yarse and fewer attention
problems.

Notably, much of the existing literature relies on single-pollutant
models, which cannot capture real-world exposure patterns where
multiple pollutants co-occur and are often highly correlated. From a
biological perspective, simultaneous exposure to multiple pollutants
may result in additive or synergistic effects through shared and inter-
acting mechanisms, such as oxidative stress, neuroinflammation, and
interference with critical neurodevelopmental processes. Moreover,
different pollutants may affect distinct pathways of brain development,
potentially leading to a compounded impact on cognitive function
(Allen et al., 2017; Guxens et al., 2022; Lagunas-Rangel et al., 2025).
Such approaches may contribute to inconsistent findings and obscure
the combined and interactive effects of pollutant mixtures. To our
knowledge, one previous study has investigated the combined effect of
pollutants and cognitive outcomes in early school-aged children, sug-
gesting its adverse effect on children's memory and attention (Chiu et al.,
2023). Therefore, there is a need to investigate further the combined
effect of the pollutants on children's cognitive performances.

Importantly, the timing of exposure within gestation has been re-
ported to determine the magnitude and nature of the effect. Studies
applying modelling of critical windows suggest that late prenatal
exposure to PMy 5 is particularly harmful to cognitive outcomes (Hsu
et al.,, 2024). On the other hand, exposure to PM3 5 and NO; during
the first and second trimesters of pregnancy was associated with a lower
Mental Development Index (MDI) at 1-3 years of age in children (Perera
et al., 2024). Other authors highlight that PMs 5 exposure during the first
trimester of pregnancy leads to externalising problems and negatively
affects working memory only during second trimester exposure in
children (Tokuda et al., 2023). Additional studies demonstrate that the
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second trimester of pregnancy may be a sensitive window for exposure
to PMy 5, leading to poor neurobehavioural performance in newborns
(Chen et al., 2020). Furthermore, exposure to PMj 5 and PM; in mid to
late pregnancy was associated with motor, cognitive and communica-
tion language problems later in children (Guilbert et al., 2023; Morgan
et al., 2023).

Despite the growing body of research, important knowledge gaps
remain regarding the neurodevelopmental consequences of prenatal
exposure to air pollutants. Most previous studies have focused on infants
and preschool-aged children; therefore, the present work aims to extend
this research by examining whether these effects persist into later
developmental stages, considering also school-aged children. Based on
the prior evidence, we hypothesise that higher prenatal exposure to key
air pollutants, including fine particulate matter (PMy 5, PM1o, PMcoarse,
PM3 54bs), Ditrogen oxides (NOy and NO3) and ozone (Og3) is associated
with poorer cognitive performance in preschool-aged and school-aged
children, as assessed through standardised age-appropriate intelli-
gence tests subscales (verbal comprehension, perceptual reasoning,
processing speed, working memory, full scale IQ and vocabulary
acquisition). In addition to the primary hypothesis-driven analysis, we
conduct a series of exploratory analyses to a) investigate potential sen-
sitive windows of exposure during pregnancy, and b) evaluate the
combined effects of multiple co-occurring pollutants while accounting
for socio-familial, individual and environmental factors.

2. Methods
2.1. Study design and participants

Participants were recruited from EPINED (Neurodevelopmental
Disorders Epidemiological Project), a two-phase epidemiological study
conducted between 2014 and 2019 in Tarragona province, Catalonia,
Spain, that investigated the prevalence of autism and ADHD in the
school population (Canals Sans et al., 2021; Morales Hidalgo et al.,
2021). The study was approved by the Sant Joan University Hospital
ethics committee (13-10-31/10proj5), and parents provided informed
consent after being fully informed about the study procedures. In the
first phase (screening), a population-based sample of schoolchildren was
recruited through collaboration with local schools across Tarragona
province. Schools were invited to participate, and all eligible children
within participating schools were screened using questionnaires
assessing symptoms of autism and/or ADHD. In total, 6894 children
were screened, of whom 3727 parents agreed to participate in further
assessment. In the second phase (clinical diagnosis), a total of 781
children who screened positive for symptoms of autism and/or ADHD,
along with a subsample of screen-negative children, were invited to
undergo comprehensive individual assessments conducted by trained
psychologists and psychiatrists according to DSM-5 criteria.

For the present analysis, as detailed in the flowchart in Fig. 1, we
included children from the second phase with available maternal preg-
nancy and cognitive data, comprising 295 preschool-aged children (4-5
years) and 486 school-aged children (10-11 years). Of these, 232 were
diagnosed with neurodevelopmental disorders (ADHD and/or autism),
while 549 had no diagnosis. The sample size was determined by the
available participants in the second phase of the EPINED study with
complete exposure and outcome data.

2.2. Cognitive performance assessment

The assessment of cognitive functioning in children was conducted
with the Wechsler Preschool and Primary Scale of Intelligence, 4th Ed.
(WPPSI-1IV) for children aged 2-6 years and the Wechsler Intelligence
Scale for Children, 4th Ed. (WISC-IV) for those aged 6-16 years
(Wechsler, 2005, 2014). Both tests evaluate intellectual quotient (IQ)
and cognitive abilities across several core domains that are conceptually
equivalent. The verbal reasoning, language comprehension, and
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EPINED project
(Tarragona, Spain: 2014-2019)
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without NDD: 252

!
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(N = 486)

with NDD: 162
without NDD: 324

Fig. 1. Flow chart of design and participants included in the study.

acquired knowledge were assessed through the Verbal Comprehension
Index (VCI). In the WPPSI-IV, the VCI is based on two subsets: Similar-
ities and Information, whereas in the WISC-1V, it comprises three sub-
tests: Similarities, Vocabulary and Comprehension. Nonverbal reasoning
abilities were assessed through the Fluid Reasoning Index (FRI) of the
WPPSI-IV, which comprises the Matrix and Picture Concepts subtests.
Both Indices evaluate children's capacity to analyse and integrate visual
information, detect patterns, and solve novel visuospatial problems,
whereas in WISC-1V, it is named the Perceptual Reasoning Index (PRI),
which includes three subtests: Block Design, Picture Concepts, and
Matrix Reasoning. In the WPPSI-1V, the Working Memory Index (WMI)
is assessed using visual working-memory subtests, such as Picture
Memory and Zoo Locations. In contrast, in the WISC-IV, the WMI is
assessed using auditory working-memory subtests, including Digit span
and Letter-number sequencing. Finally, the Processing Speed Index (PSI)
in WPPSI-1V is assessed through the Bug Search, or Cancellation subsets,
and in WISC-1V is assessed by comparable subsets such as Coding and
Symbol Search. In the WISC-1V, the Full-Scale IQ (FSIQ) is composed of
the 10 core subtests that constitute the four primary index scores. In the
WPPSI-1V, the FSIQ is composed of the VCI scores plus the Block Design,
Matrix, Picture Memory and Bug Search subtests. Additionally, we also
used the WPPSI-IV Vocabulary Acquisition Index (VAI), a secondary
index derived from the Receptive Vocabulary and Picture Naming sub-
tests, to assess early language and vocabulary skills. Cognitive indices
were analysed separately to capture domain-specific aspects of cognitive
functioning, which may be differentially sensitive to environmental
exposures, and to account for age-specific differences in subtest
composition between the WPPSI-IV and WISC-IV.

2.3. Estimation of air pollution exposure

Parental reports of residential history since the child's birth were
used to estimate prenatal air pollutant exposure at each address,
employing a back-extrapolation method that applied background
monitoring data to calculate weekly concentrations for the entire
pregnancy. Traffic-related exposure at birth addresses was assessed
using a Land Use Regression (LUR) model that provides annual average
pollutant concentrations at high spatial resolution, assigned to individ-
ual residential addresses based on geographic predictors such as traffic
and land use. To obtain exposures over the study period, these annual
estimates were temporally extrapolated to daily values using the ratio
method based on routine background monitoring stations, resulting in
daily mean concentrations for six pollutants: PMys (aerodynamic
<2.5 pm), PM;¢ (aerodynamics <10 pm), PMcoarse (PM mass between
PM;0-PM3 5), PM2 5absorbance (@ black carbon marker - was computed by
deducting PM5 5 from PM;(), NO,, and NOy. Particulate matter and ni-
trogen oxides were monitored at 20-40 sites for two weeks per site across
warm, cold, and intermediate seasons (Eeftens et al., 2012). For pol-
lutants with limited monitoring data (PMj9, PMa2.5, PM2 5abs, PMcoarses
and NOy), daily NO ratios were used as proxies. The Ozone (O3) con-
centrations were estimated from the ELAPSE project using 2010 AirBase
v8 data (EEA, 2015), calculated as daily 8-h maximum averages for
warm (April-September) and cold seasons (October-March) (de Hoogh
et al., 2018). The LUR models were calibrated using measurements
from the reference year (2009 for ESCAPE and 2010 for ELAPSE). In
Catalonia, the LUR model achieved R? values ranging between 62% and
76% for PMy 5, PMcoarse; PM10, PM2 5abs, NOy, NOo, and Oz (Eeftens et al.,
2012; de Hoogh et al., 2018).

To obtain daily exposures over the full study period, pollutant
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concentrations were extrapolated using the ratio method based on
routine background monitoring stations located within 100 km of the
study areas. Daily pollutant concentrations at selected stations were
averaged, and the ratio between each day's average and the reference-
year annual mean was calculated and applied to estimate exposures.
Spanish monitoring stations were used for NO,, and Catalan stations for
O3 due to gaps in the Spanish dataset.

2.4. Covariables

We included several covariates as potential confounders in the sta-
tistical models, as they may influence neuropsychological performance.
Covariate selection was informed by a directed acyclic graph (DAG)
developed a priori (Supplementary SFig. 1). Covariates were collected
across different phases of the study. During the first screening phase,
child's sex was recorded as male or female (Bolte et al., 2023); family
socioeconomic status (SES) (Lu et al., 2025) was calculated based on
maternal and paternal education and family income, and classified as
low, medium, or high according to the Catalan occupational classifica-
tion (CCO-2011) and parents reported residential address information
used for air pollution exposure assessment. Additional covariates were
collected during the second phase from parents via questionnaires or
interviews, such as maternal pregnancy factors, including alcohol or to-
bacco use during pregnancy (yes/no) (Jacobson et al., 2021; Puga et al.,
2024), gestational weight gain (kg, continuous) (Y. Zhang et al., 2025),
and whether the child was small for gestational age (yes/no) (Ceran et al.,
2022; Reichman et al., 2023). The presence of neurodevelopmental dis-
orders, such as autism and/or ADHD, was estimated according to the
primary aims of the project (yes/no) (Canals Sans et al., 2021; Morales
Hidalgo et al., 2021). Prenatal environmental factors included the
Normalised Difference Vegetation Index (NDVI) (continuous), which re-
flects the surrounding greenness within a 300-m buffer of each residence
(Weier and Herring, 2000). Satellite images from 2009 to 2015 were
obtained from the USGS website and processed to remove low-quality
data, including water, snow, and saturated pixels. The Deprivation
Index, a continuous measure of socioeconomic disadvantage in Spanish
census tracts based on regional socioeconomic indicators, was included
in the analysis (Duque et al., 2021; Xia and Vieira, 2025). Categorical
variables were used where clinically meaningful groupings were
appropriate, while continuous variables were retained in their original
scale to preserve information and statistical power.

2.5. Statistical analysis

Weekly prenatal exposure data for multiple air pollutants were
merged with child cognitive outcomes assessed using the WPPSI-IV/
WISC-IV subscales. All covariates were treated as categorical where
appropriate. Pollutant exposures were standardised with their respec-
tive conventional units: 20 pg/m3 for NOy, 10 ug/m3 for NO,, O3, and
PMig, 5 pg/rn3 for PMy.5 and PMcoarse and 107> m ™! for PMa sabsorbance
(Beelen et al., 2013; Eeftens et al., 2012). Analyses were conducted using
complete-case data for all exposure and outcome variables; outcome
variables had low rates of missingness (preschool-aged: 3.7-4.4% across
WPPSI-IV subscales; school-aged: 0.8-1.0% across WISC-IV subscales).
These missing outcome data were primarily related to neuro-
developmental disorders (language disorders and intellectual
disability), which precluded reliable administration of specific cognitive
subscales. For covariates, pregnancy weight gain (~10% data missing-
ness) was imputed using the sample mean to retain sample size. Multi-
collinearity among covariates was assessed using variance inflation
factors (VIFs: 1.00-1.50), indicating no evidence of collinearity. To
identify potential sensitive windows of prenatal exposure, we imple-
mented linear distributed lag models (DLMs) for gestational weeks 1-38,
regressing each cognitive outcome on a pollutant-specific cross-basis
function while adjusting for covariates. Weekly exposure data were
modelled in the DLMs, and trimester-specific effects were subsequently
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derived by aggregating the estimated weekly lag-response coefficients
over predefined gestational periods. Exposure-response relationships
were modelled linearly, whereas lag-response relationships were
modelled using third-degree (cubic) polynomials to capture smooth,
nonlinear temporal effects across gestation. Weekly effect estimates with
95% confidence intervals were extracted, and trimester-average effects,
trimester 1 (T1): weeks 1-13; trimester 2 (T2): weeks 14-26; trimester 3
(T3): weeks 27-38, were computed using standard error propagation.
Due to the high correlation among pollutants and the complexity of
distributed lag structures, DLMs were implemented as single-pollutant
models. Additionally, postnatal exposure was excluded due to high
correlation with prenatal exposure (Spearman p > 0.9), precluding
reliable estimation and interpretation of independent effects. To eval-
uate the combined effects of pollutants, Weighted Quantile Sum (WQS)
regression was applied to trimester-averaged exposures, estimating
pollutant weights from 500 bootstrap resamples (with a 60%
training/40% validation split) (Carrico et al., 2015). Models were fit for
each cognitive outcome in the full sample using the same covariate set as
in the DLMs. All analyses were conducted in R (version 4.5.1) using the
dlnm and gWQS packages (Gasparrini, 2011; Gennings et al., 2025).

3. Results
3.1. Characteristics of participants and pollutants

Table 1 summarises the socio-demographic, pre- and perinatal, and
cognitive characteristics of the study sample. Males constituted the
majority in both age groups, accounting for 60.7% of preschool-aged
children and 63.4% of school-aged children. The prevalence of autism
and/or ADHD was higher among school-aged children (33.3%)
compared to preschool-aged children (23.7%). Parental socioeconomic
status was comparable across groups, with most families classified as
medium SES. Neuropsychological assessments indicated that mean
cognitive scores fell within the average range for both age groups, with
preschool-aged and school-aged children demonstrating IQs in the
normal/average range.

Most pollutants exhibited strong positive correlations, particularly
between PMj 5,ps and NOy/NO- (r = 0.94), suggesting common emission
sources or atmospheric behaviour. Moderate to strong correlations were
observed among PMcoarse; PMasabs, and PMss (r = 0.77-0.83). In
contrast, O3 shows consistently negative correlations, most notably with
PM;s (r = —0.40), reflecting its distinct photochemical formation
mechanisms (Table 2).

3.2. Trimester-specific effects of prenatal pollutant exposure

Table 3 presents associations between prenatal air pollution expo-
sure and WPPSI-IV cognitive performance in preschool-aged children.
Overall, PMjy 5, PM19, PMcoarses; PMa2 5aps, NOx, and NO5 were the most
consistently associated with WMI and FRI. In particular, PMjy 5 showed
consistent negative associations across multiple domains, including VCI,
FRI, WMI, and FSIQ. Stronger associations were observed for PM 5,bs,
NOy, and NO,, with the largest effects generally seen for WMI and FRI. In
contrast, no associations were observed for PSI. Trimester-specific ana-
lyses indicated that associations were generally strongest in the third
trimester. The largest magnitude associations were observed for NOy,
NO,, and PMj s4ps, particularly for FRI and WMI, with comparatively
smaller effects for FSIQ. PM1g and PMcoarse Showed similar but weaker
patterns, mainly in late pregnancy for FRI and WMI. Furthermore,
PM_coarse and PMy 5 were more strongly associated with VCI during the
third trimester. In contrast, O3 exposure was positively associated with
several cognitive domains, with the most consistent but weaker associ-
ations observed for VCI, FRI, WMI and FSIQ, particularly in the third
trimester.

Table 4 presents associations between prenatal air pollution expo-
sure and WISC-IV cognitive performance in school-aged children.
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Table 1
Socio-demographic, pre- and perinatal, and cognitive characteristics of the study
participants.

Preschool-aged (N = 295) School-aged (N = 486)

Children
Age (years) 4.64 + 0.65 (4-6; 4-5) 10.61 + 0.61 (10-11; 10-11)
Sex  Male 179 (60.7) 308 (63.4)
Female 116 (39.9) 178 (36.6)
ADHD and/or 70 (23.7) 162 (33.3)
Autism

Cognitive Performance
WPPSI-IV (n)

VCI (282) 94.83 + 17.37 (45-138; 85- -
106)
FRI (284) 102.65 + 15.84 (49-140; 94- -
114)
WMI 97.91 + 14.63 (52-141; 87- -
(284) 97)
PSI (282) 94.92 + 14.04 (54-132; 85- -
103)
FSIQ 96.96 + 15.97 (48-130; 89- -
(282) 110)
VAI (283)  93.97 + 17.24 (46-147; 82- -
106)
WISC-1V (n)
VCI (481) - 103.53 + 13.46 (53-136; 95-
113)
PRI (482) - 104.84 + 15.12 (53-148; 93-
114)
WMI - 95.46 + 15.00 (50-147; 85-
(481) 105)
PSI (482) - 100.01 + 13.72 (62-138; 93-
110)
FSIQ - 101.21 + 14.65 (49-144; 91-
(481) 110)
Parents/Family
SES  Low 56 (19.0) 91 (18.7)
Medium 184 (62.4) 304 (62.6)
High 55 (18.6) 91 (18.7)
Pregnancy
Weeks of 38.72 + 2.82 (27-42; 38-40) 38.99 + 2.48 (26-42; 38-40)
pregnancy
Weight gain (in 13.88 + 7.37 (-17-48; 10-18)  14.25 + 6.61 (-10-44; 10-18)
kgs)
Alcohol/tobacco 55 (18.6) 94 (19.3)
(yes)
SGA (yes) 54 (18.3) 79 (16.3)

n (%); M £ SD (range; IQR). Abbreviations: SES: Socio-economic status; SGA:
Small for gestational age; WPPSI: Wechsler Preschool and Primary Scale of In-
telligence; VCI: Verbal Comprehension Index; FRI: Fluid Reasoning Index; PRI:
Perceptual Reasoning Index; WMI: Working Memory Index; PSI: Processing
Speed Index; FSIQ: Full Scale IQ. VAI: Vocabulary Acquisition Index.

Overall, PM3 5, PM19, PMcoarse; PM2.5abs, NOx, and NO5 were the most
consistent associations observed for VCI and FSIQ. PM,s showed
consistent negative associations with VCI, PSI, and FSIQ, while PM;q
was additionally associated with PRI In contrast, PM¢oarse; PMaps, NOy,
and NO; exhibited stronger associations with VCI, PRI, and FSIQ, and

Table 2
Correlation and descriptive statistics of prenatal pollutant exposures.
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weaker associations with WMI. Trimester-specific analyses indicated
that associations were generally strongest in the third trimester. The
largest magnitude associations were observed for NOy, NO2, PMs 54ps,
and PMcoarse, particularly for VCI, with similar but smaller effects for
FSIQ. Patterns for PRI and WMI were less consistent across pollutants
and trimesters. Furthermore, no clear associations were observed be-
tween O3 exposure and cognitive performance across domains in school-
aged children.

3.3. Combined effects of prenatal pollutant mixtures

The WQS analysis revealed trimester-specific contributions of pre-
natal air pollutant mixtures to WPPSI-IV cognitive performance (Fig. 2; S
Table 1). The overall trimester-specific mixture estimates were not sta-
tistically significant across cognitive domains. In the first trimester,
PMj 5 contributed most strongly to working memory (WMI; 74%) and
showed notable contributions to VCI (37%) and FSIQ (53%). PM;¢ also
contributed to VCI (29%) and PSI (54%), while O3 showed moderate
contributions across domains, including fluid reasoning FRI (44%) and
FSIQ (27%). In the second trimester, contributions were more distrib-
uted across pollutants. PM; 5 remained an important contributor to FRI
(47%) and WMI (24%), while PM; contributed to WMI (33%) and FRI
(33%). NO, showed a dominant contribution to FSIQ (61%), and O3
contributed moderately across several domains, including VCI (28%)
and WMI (36%). In the third trimester, O3 emerged as the dominant
contributor across multiple cognitive domains, particularly for VAI
(88%), FSIQ (74%), FRI (65%), VCI (60%), and PSI (49%). NOy also
showed increased contributions in late pregnancy, particularly for WMI
(38%) and PSI (41%). Contributions from PMj 5 and PM;( were gener-
ally smaller in this trimester, and PMj saps Showed negligible contribu-
tions across all outcomes.

For WISC-IV outcomes (Fig. 3; STable 2), WQS analysis showed
trimester-specific patterns in the relative contributions of prenatal air
pollutant mixtures. Most trimester-specific combined pollutant esti-
mates were not statistically significant, except for VCI in the second
trimester, which showed a significant association (—3.17, 95% CI:
—5.91, —0.42). In the first trimester, PMjy 5 contributed most strongly
across several domains, particularly for PRI (84%), WMI (38%), and
FSIQ (45%), while O3 also contributed notably to VCI (37%) and FSIQ
(34%). PM;o and PMoarse Showed more moderate contributions across
domains. In the second trimester, PM; 5 remained a major contributor,
particularly for VCI (63%), PRI (65%), and FSIQ (54%). PM; contrib-
uted substantially to WMI (63%) and FSIQ (34%), while NOx showed a
notable contribution to PSI (43%). Contributions from O3 were generally
smaller in this trimester. In the third trimester, contributions were more
distributed across pollutants. PM;( contributed most to VCI (53%),
while O3 showed the largest contributions to PRI (41%) and PSI (27%).
PM_coarse contributed notably to FSIQ (39%) and PSI (27%), and NOyx
showed moderate contributions to WMI (26%). Contributions from
PM, 5 were comparatively smaller in this trimester.

Pollutants Spearman correlation” Descriptive statistics
PM3 5 PM;o PM3, 5qps PM_oarse NO, NO, O3 Mean SD 25th 50th 75th

PM, s 1.00 14.94 1.93 13.84 15.12 16.15
PM;o 0.38 1.00 32.77 5.64 29.46 33.03 35.64
PMo 5abs 0.77 0.41 1.00 1.86 0.49 1.54 1.83 2.15
PMcoarse 0.78 0.39 0.83 1.00 18.69 4.44 15.56 18.46 21.34
NO, 0.60 0.36 0.94 0.75 1.00 31.58 13.65 22.89 30.97 39.74
NOy 0.59 0.36 0.94 0.75 1.00 1.00 52.70 23.76 37.39 51.55 66.91
03 —-0.40 -0.22 —-0.30 -0.32 -0.21 -0.21 1.00 70.06 9.40 64.52 68.59 76.45

Abbreviations: IQR: Interquartile range; SD: standard deviation; PM, s: Particulate matter with aerodynamic diameter <2.5 pm; PM;o: Particulate matter with
aerodynamic diameter <10 pm; PMoarse: Particulate matter 2.5-10 pm; PMy saps: Absorbance of PM < 2.5 pm; NO,: Nitrogen dioxide; NOy: Nitrogen oxides; O3: Ozone.

# Spearman correlation between pollutants, p-values <0.001.
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Table 3
Cognitive performance by prenatal air pollution exposure from WPPSI-IV in preschool-aged children.
Pollutants ~ Trimesters ~ VCI p FRI p WMI p PSI P FSIQ p VAI p
B (CI 95%) B (CI B (CI B (CI 95%) B (CI B (CI 95%)
95%) 95%) 95%)
PM, 5 Overall —0.97 <0.001 —0.95 <0.001 —1.16 <0.001 —0.16 0.454 —0.92 <0.001 —0.47 0.067
(-1.50, (-1.45, (-1.60, (-0.59, (-1.39, (—0.98,
-0.44) -0.44) -0.71) 0.26) -0.45) 0.03)
1 —0.55 <0.001 —0.53 <0.001 —0.65 <0.001 —0.09 0.435 —0.52 <0.001 -0.27 0.056
(-0.83, (-0.80, (-0.89, (—0.32, (-0.77, (—0.54,
-0.26) -0.26) -0.41) 0.14) -0.26) 0.01)
2 —0.99 <0.001 —0.96 <0.001 —1.18 <0.001 -0.17 0.426 —0.93 <0.001 —0.48 0.052
(-1.50, (-1.45, (-1.61, (-0.57, (-1.39, (—0.97,
-0.48) -0.48) -0.75) 0.24) -0.48) 0.00)
3 —-1.41 <0.001 —1.38 <0.001 —1.69 <0.001 —-0.24 0.424 —1.34 <0.001 —0.69 0.051
(-2.14, (-2.07, (-2.30, (-0.82, (-1.98, (—1.38,
-0.69) -0.69) -1.08) 0.34) -0.69) 0.00)
PM;o Overall 0.25 0.260 —0.62 0.003 —0.53 0.004 —0.28 0.123 —0.41 0.042 —0.95 <0.001
(-0.19, (-1.04, (-0.90, (-0.63, (-0.80, (-1.37,
0.69) -0.21) -0.16) 0.07) -0.01) -0.53)
1 0.12 0.239 —0.29 0.002 —0.25 0.003 -0.13 0.107 —0.19 0.034 —0.45 <0.001
(-0.08, (-0.48, (-0.41, (-0.29, (-0.37, (-0.63,
0.31) -0.11) -0.08) 0.03) -0.01) -0.26)
2 0.26 0.219 —0.64 0.001 —0.54 0.001 —0.28 0.092 —0.41 0.027 —0.97 <0.001
(~0.15, (-1.03, (-0.88, (~0.61, (-0.78, (-1.36,
0.67) -0.25) -0.20) 0.05) -0.05) -0.58)
3 0.39 0.216 —0.97 0.001 —0.82 0.001 —0.43 0.090 —0.63 0.026 —1.48 <0.001
(~0.23, (-1.56, (-1.34, (~0.92, (-1.19, (-2.07,
1.01) -0.38) -0.31) 0.07) -0.08) -0.89)
PMcoarse Overall 0.05 0.878 —1.02 0.001 —1.66 <0.001 0.12 0.651 —0.61 0.045 —0.52 0.113
(-0.62, (-1.66, (-2.21, (~0.41, (-1.21, (-1.16,
0.72) -0.38) -1.10) 0.66) -0.01) 0.12)
1 0.02 0.873 —0.48 0.001 —0.78 <0.001 0.06 0.637 —0.29 0.037 —0.24 0.098
(—0.28, (-0.76, (-1.03, (-0.18, (-0.55, (—0.53,
0.32) -0.19) -0.53) 0.30) -0.02) 0.04)
2 0.05 0.868 —1.04 <0.001 —1.69 <0.001 0.13 0.622 —0.62 0.029 —0.53 0.084
(-0.57, (-1.64, (-2.21, (-0.37, (-1.18, (-1.13,
0.68) -0.45) -1.17) 0.63) -0.06) 0.07)
3 0.08 0.867 —1.59 <0.001 —2.57 <0.001 0.19 0.619 —0.95 0.028 —0.80 0.082
(-0.87, (-2.49, (-3.36, (—0.56, (-1.79, (-1.71,
1.03) -0.68) -1.79) 0.95) -0.10) 0.10)
PMb 5abs Overall —0.96 0.002 —1.28 0.001 —1.87 <0.001 0.22 0.386 —0.94 <0.001 —-0.50 0.098
(-1.58, (-1.87, (-2.38, (-0.28, (-1.50, (—1.09,
-0.34) -0.69) -1.35) 0.72) -0.39) 0.09)
1 —0.45 0.001 —0.60 <0.001 —0.87 <0.001 0.10 0.365 —0.44 <0.001 —-0.23 0.084
(-0.73, (-0.86, (-1.11, (-0.12, (-0.69, (—0.50,
-0.17) -0.34) -0.64) 0.32) -0.19) 0.03)
2 —0.98 <0.001 —1.31 <0.001 —1.91 <0.001 0.22 0.345 —0.96 <0.001 —0.51 0.071
(-1.57, (-1.86, (-2.39, (~0.24, (-1.48, (~1.07,
-0.40) -0.76) -1.42) 0.69) -0.45) 0.04)
3 —1.50 <0.001 —1.99 <0.001 —2.90 <0.001 0.34 0.341 —1.47 <0.001 —-0.78 0.069
(-2.38, (-2.83, (-3.63, (~0.36, (-2.25, (~1.61,
-0.62) -1.16) -2.17) 1.04) -0.68) 0.06)
NOy Overall —0.59 0.071 —1.38 <0.001 —2.27 <0.001 —0.14 0.588 —-1.25 <0.001 —0.06 0.851
(~1.23, (-1.98, (-2.81, (~0.65, (-1.82, (~0.67,
0.05) -0.77) -1.74) 0.37) -0.67) 0.55)
1 —0.21 0.068 —0.49 <0.001 —0.82 <0.001 —0.05 0.583 —0.45 <0.001 —0.02 0.850
(—0.44, (-0.71, (-1.01, (-0.23, (-0.65, (—0.24,
0.02) -0.28) -0.63) 0.13) -0.24) 0.20)
2 —0.61 0.042 —1.41 <0.001 —2.33 <0.001 —0.14 0.541 —1.28 <0.001 —0.06 0.833
(-1.19, (-1.97, (-2.82, (-0.61, (-1.80, (-0.62,
-0.02) -0.86) -1.85) 0.32) -0.76) 0.50)
3 —0.99 0.039 —2.29 <0.001 —3.79 <0.001 —0.24 0.536 —2.08 <0.001 -0.10 0.831
(-1.92, (-3.18, (-4.57, (—0.98, (-2.91, (—0.99,
-0.05) -1.40) -3.01) 0.51) -1.24) 0.80)
NO, Overall —-0.43 0.126 —-1.11 <0.001 —2.00 <0.001 —0.12 0.580 —1.04 <0.001 0.04 0.880
(-0.97, (-1.63, (-2.45, (—0.56, (-1.52, (—0.48,
0.12) -0.59) -1.55) 0.31) -0.55) 0.56)
1 -0.15 0.122 —0.40 <0.001 —0.72 <0.001 —0.04 0.575 —0.37 <0.001 0.01 0.879
(—0.35, (-0.58, (-0.88, (—0.20, (-0.55, (-0.17,
0.04) -0.21) -0.56) 0.11) -0.20) 0.20)
2 —0.44 0.084 —1.14 <0.001 —2.05 <0.001 -0.13 0.532 —1.06 <0.001 0.04 0.865
(-0.93, (-1.61, (-2.46, (-0.52, (-1.51, (—0.43,
0.06) -0.66) -1.64) 0.27) -0.62) 0.51)

(continued on next page)
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Pollutants  Trimesters  VCI P FRI P WMI p PSI P FSIQ P VAI P
B (CI 95%) B (CI B (CI B (CI95%) B (cI B (CI 95%)
95%) 95%) 95%)
3 -0.71 0.081 —1.85 <0.001 —3.33 <0.001 —0.20 0.528 —1.73 <0.001  0.07 0.863
(-1.51, (-2.60, (-3.99, (-0.84, (-2.44, (—0.69,
0.09) -1.09) -2.67) 0.43) -1.02) 0.83)
O3 Overall 0.30 0.061 0.31 0.044 0.41 0.002 0.24 0.070 0.38 0.009 0.29 0.062
(-0.01, (0.01, (0.14, (-0.02, (0.09, (-0.01,
0.62) 0.61) 0.68) 0.49) 0.66) 0.59)
1 0.15 0.050 0.15 0.035 0.20 0.001 0.12 0.056 0.18 0.006 0.14 0.050
(0.00, (0.01, (0.08, (—0.00, (0.05, (0.00,
0.30) 0.29) 0.33) 0.24) 0.32) 0.28)
2 0.31 0.042 0.32 0.029 0.42 0.001 0.24 0.051 0.38 0.004 0.29 0.043
(0.01, (0.03, (0.17, (-0.00, (0.12, (0.01,
0.61) 0.60) 0.67) 0.48) 0.65) 0.58)
3 0.47 0.041 0.48 0.028 0.63 0.001 0.36 0.051 0.57 0.004 0.44 0.041
(0.02, (0.05, (0.25, (-0.01, (0.18, (0.02,
0.91) 0.90) 1.00) 0.72) 0.97) 0.87)

Models were adjusted for the child's sex, family socio-economic status, maternal alcohol or tobacco consumption during pregnancy, gestational weight gain, small-for-
gestational-age status, normalised difference vegetation index and deprivation index.

Abbreviations: VCI: Verbal Comprehension Index; FRI: Fluid Reasoning Index; WMI: Working Memory Index; PSI: Processing Speed Index; FSIQ: Full Scale IQ; VAL
Vocabulary Acquisition Index; PM, s: Particulate matter with aerodynamic diameter <2.5 pm; PM;(: Particulate matter with aerodynamic diameter <10 pm; PMcoarse:
Particulate matter 2.5-10 pm; PMy s.ps: Absorbance of PM < 2.5 pm; NOy: Nitrogen dioxide; NOy: Nitrogen oxides; Os: Ozone.

4. Discussion

In this study, we investigated the association between prenatal
exposure to multiple air pollutants and cognitive performance in both
preschool-aged and school-aged children. By examining a broad devel-
opmental window and several pollutants, particularly PMy 5, PMj 54ps,
NOy, NOy, and to a lesser extent PMj g, PM¢oarse, the study highlights that
higher prenatal exposure to particulate matter and nitrogen oxides is
associated with poorer cognitive performance, particularly affecting
verbal comprehension, perceptual or fluid reasoning, working memory,
and FSIQ. While single-pollutant models identified stronger associations
in the third trimester of pregnancy, mixture analyses highlighted that
the relative contributions of pollutants varied across trimesters, with
PMs contributing more to earlier stages and Os and other pollutants
contributing more prominently at later stages. Although most mixture
estimates were not statistically significant except for verbal compre-
hension in school-aged children, these findings suggest that considering
pollutant mixtures provides complementary insight into the complexity
of prenatal exposure patterns beyond individual pollutant effects.

4.1. Cognitive effects in preschool- vs. school-aged children

Among preschool-aged children, higher prenatal exposure to PM; s,
PM10, PM2 5abs, PMcoarse, NOx and NO5, was associated with lower scores
on several WPPSI-IV domains, particularly fluid reasoning, working
memory and full-scale IQ. These results are in line with previous cohorts
showing that prenatal PM;y, PM3 5 and NO, are associated with poorer
cognitive and executive function in early childhood, including lower IQ,
memory and attentional performance (Loftus et al., 2019; Chiu et al.,
2016, 2023; Guilbert et al., 2023). Authors have found that prenatal
PM, 5 exposure during specific gestational windows was associated with
poor performance in memory and attention domains at early school
ages, with evidence of sensitive windows during pregnancy (Chiu et al.,
2016; Hsu et al., 2024). Similar associations for NOy have been reported
for psychomotor development and attention (Shang et al., 2020).
Consistent with earlier studies, we also observed a significant associa-
tion between PMy 5 PMjsans, NOy exposure and the verbal compre-
hension index, indicating lower vocabulary-related skills in
preschool-aged children (Volk et al., 2021). Nevertheless, these associ-
ations should be interpreted cautiously and examined further.

In school-aged children, we observed that prenatal PMs 5, PMj 54ps,
PMcoarse, NOx and NO, remained associated with lower verbal

comprehension and full-scale IQ scores on the WISC-1V, indicating that
detrimental effects of prenatal air pollution may persist into later
childhood rather than dissipating over time. This persistence is consis-
tent with recent studies showing that prenatal PM; 5 exposure predicts
lower IQ and processing speed (Holm et al., 2023) and cognitive per-
formance at 6-10 years of age, and with systematic reviews linking
early-life PMj 5 to lasting cognitive impacts (X. Zhang et al., 2022). On
the other hand, a study found that higher exposure to PMcparse Was
associated with fewer attention problems (Kusters et al., 2022).
Furthermore, we observed subtle associations between PMsy s5aps,
PMcoarses NOx and NO; and perceptual reasoning and working memory,
whereas few comparable associations were observed in school-aged
children; therefore, these results should be interpreted with caution
(Volk et al., 2021).

In contrast to other pollutants, O3 showed positive associations with
cognitive performance in preschool-aged children. In our data, O3 was
negatively correlated with traffic-related pollutants (PM and NOy),
consistent with atmospheric “NO titration” in high-traffic areas (Tobias
et al., 2020; Zhan et al., 2025). This inverse spatial association has been
widely noted and may lead to apparently protective associations with
ozone when O3 functions as a proxy for reduced traffic-related pollution,
rather than reflecting beneficial exposure per se. The absence of O3 as-
sociations in school-aged children, combined with the strong negative
impacts of PM and NOy, supports the interpretation that positive Og
associations reflect negative confounding or mixture collinearity, not
true neuroprotective effects (Kusters et al., 2022).

4.2. Sensitive windows of prenatal exposure

In contrast to previous studies, which typically identify the first or
second trimester as the most vulnerable period (Perera et al., 2024;
Tokuda et al., 2023), we found that prenatal exposure to individual
pollutants in the third trimester had the strongest impact across both age
groups. Our results are consistent with Hsu et al. (2024) who reported
that substantial PMy 5 exposure in late gestation (30-40 weeks) can
affect the neurodevelopment of children. Throughout the middle to late
stages of pregnancy, neuro-apoptosis, a normal, programmed cell death
involved in neural differentiation, takes place. There is evidence that
neuroinflammation brought on by air pollution can interfere with this
process (Tau and Peterson, 2010). Accordingly, our findings indicate
that exposure during mid-to-late pregnancy may interfere with pro-
cesses of fetal brain development in this period, subsequently affecting
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Table 4
Cognitive Performance by Prenatal Air Pollution Exposure from WISC-1V in school-aged children.
Pollutants ~ Trimesters ~ VCI P PRI p WMI p PSI P FSIQ p
B (CI 95%) B (CI 95%) B (CI 95%) B (CI 95%) B (CI 95%)
PM, 5 Overall —1.12 (-1.53, <0.001 —0.26 (-0.72, 0.256 0.30 (-0.12, 0.163 —0.64 (-1.05, 0.002 —0.58 (-1.02, 0.001
-0.72) 0.19) 0.73) -0.23) -0.15)
1 —0.63 (-0.85, <0.001 —0.15 (-0.39, 0.236 0.17 (—0.06, 0.145 —0.36 (-0.58, 0.001 —0.33 (-0.56, 0.005
-0.41) 0.10) 0.40) -0.14) -0.10)
2 —1.14 (-1.53, <0.001 —0.27 (-0.70, 0.228 0.31 (-0.10, 0.138 —0.65 (-1.04, 0.001 —0.60 (-1.01, 0.004
-0.75) 0.17) 0.71) -0.26) -0.18)
3 —1.64 (-2.19, <0.001 —0.38 (—1.00, 0.225 0.44 (—0.14, 0.136 —0.93 (-1.49, 0.001 —0.85 (-1.44, 0.004
-1.08) 0.24) 1.02) -0.37) -0.26)
PM;o Overall —0.56 (-0.87, <0.001 —0.33 (—0.67, 0.054 0.13 (-0.19, 0.421 —0.19 (-0.50, 0.214 —0.29 (—-0.61, 0.079
-0.26) 0.01) 0.45) 0.11) 0.03)
1 —0.26 (-0.40, <0.001 —0.16 (-0.31, 0.043 0.06 (—0.08, 0.400 —0.09 (-0.23, 0.194 —0.14 (—0.28, 0.066
-0.13) 0.00) 0.20) 0.05) 0.01)
2 —0.57 (-0.86, <0.001 —0.34 (-0.66, 0.035 0.13 (-0.16, 0.380 —0.20 (—0.49, 0.175 —0.30 (—0.60, 0.055
-0.29) -0.02) 0.43) 0.09) 0.01)
3 —0.87 (-1.30, <0.001 —0.52 (-0.99, 0.033 0.20 (—0.25, 0.376 —0.30 (—0.74, 0.172 —0.45 (-0.91, 0.053
-0.45) -0.04) 0.65) 0.13) 0.01)
PMcoarse Overall —1.67 (-2.17, <0.001 —0.85 (-1.40, 0.003 —0.51 (-1.03, 0.054 —0.12 (-0.62, 0.649 —0.97 (-1.50, <0.001
-1.18) -0.29) 0.01) 0.39) -0.45)
1 —0.78 (-1.01, <0.001 —0.40 (-0.64, 0.001 —0.24 (-0.47, 0.043 —0.05 (—0.28, 0.634 —0.46 (-0.69, <0.001
-0.56) -0.15) -0.01) 0.17) -0.22)
2 —-1.71 (-2.17, <0.001 —0.87 (-1.38, 0.001 —0.52 (-1.01, 0.035 —0.12 (-0.59, 0.619 —1.00 (-1.49, <0.001
-1.24) -0.35) -0.04) 0.35) -0.50)
3 —2.60 (-3.30, <0.001 —1.32 (-2.10, 0.001 —0.79 (-1.53, 0.033 —0.18 (—0.89, 0.617 —1.51 (-2.26, <0.001
-1.90) -0.53) -0.06) 0.53) -0.77)
PMb 5abs Overall —2.08 (-2.56, <0.001 —0.51 (—1.04, 0.062 —0.48 (—0.98, 0.058 —0.18 (—0.66, 0.460 —1.06 (-1.57, <0.001
-1.61) 0.03) 0.02) 0.30) -0.55)
1 —0.97 (-1.19, <0.001 —0.24 (—0.47, 0.051 —0.23 (-0.45, 0.047 —0.09 (-0.30, 0.441 —0.50 (-0.72, <0.001
-0.76) 0.00) 0.00) 0.13) -0.27)
2 —2.13 (-2.57, <0.001 —0.52 (-1.01, 0.041 —0.49 (-0.96, 0.038 —0.19 (—0.64, 0.421 —1.08 (-1.56, <0.001
-1.68) -0.02) -0.03) 0.27) -0.60)
3 —3.23 (-3.91, <0.001 —0.79 (-1.54, 0.040 —0.75 (-1.46, 0.037 —0.28 (—0.96, 0.417 —1.64 (-2.36, <0.001
-2.56) -0.03) -0.04) 0.40) -0.93)
NOy Overall —2.31 (-2.76, <0.001 —0.63 (-1.14, 0.015 —0.53 (-1.01, 0.028 —0.25 (-0.71, 0.292 —1.19 (-1.68, <0.001
-1.85) -0.12) -0.06) 0.21) -0.71)
1 —0.83 (-0.99, <0.001 —0.23 (-0.41, 0.014 —0.19 (-0.36, 0.027 —0.09 (—0.25, 0.287 —0.43 (-0.60, <0.001
-0.67) -0.05) -0.02) 0.07) -0.26)
2 —2.36 (-2.78, <0.001 —0.65 (-1.11, 0.006 —0.55 (-0.98, 0.013 —0.26 (—0.68, 0.235 —1.22 (-1.66, <0.001
-1.95) -0.18) -0.11) 0.17) -0.78)
3 —3.84 (-4.50, <0.001 —1.05 (-1.80, 0.005 —0.89 (-1.59, 0.012 —0.41 (-1.09, 0.230 —1.99 (-2.70, <0.001
-3.18) -0.31) -0.19) 0.26) -1.28)
NO,, Overall —2.02 (-2.41, <0.001 —0.52 (-0.96, 0.019 —0.42 (-0.83, 0.047 —0.19 (-0.58, 0.357 —1.00 (-1.42, <0.001
-1.63) -0.09) -0.01) 0.21) -0.59)
1 —0.73 (-0.86, <0.001 —0.19 (-0.34, 0.017 —0.15 (-0.30, 0.044 —0.07 (-0.21, 0.351 —0.36 (-0.51, <0.001
-0.59) -0.03) 0.00) 0.07) -0.21)
2 —2.07 (-2.42, <0.001 —0.54 (-0.93, 0.008 —0.43 (-0.80, 0.025 —0.19 (-0.55, 0.299 —1.03 (-1.41, <0.001
-1.72) -0.14) -0.05) 0.17) -0.65)
3 —3.37 (-3.93, <0.001 —0.87 (-1.51, 0.007 —0.69 (-1.29, 0.023 —0.31 (-0.89, 0.293 —1.67 (-2.28, <0.001
-2.80) -0.23) -0.09) 0.27) -1.06)
O3 Overall —0.14 (-0.35, 0.184 0.09 (-0.15, 0.463 —0.02 (—0.24, 0.881 —0.01 (-0.22, 0.907 —0.03 (—0.25, 0.798
0.07) 0.32) 0.20) 0.20) 0.19)
1 —0.07 (-0.17, 0.165 0.04 (-0.07, 0.443 —0.01 (-0.11, 0.876 —0.01 (-0.11, 0.903 —0.01 (-0.12, 0.789
0.03) 0.15) 0.09) 0.09) 0.09)
2 —0.15 (-0.34, 0.150 0.09 (-0.13, 0.426 —0.02 (-0.22, 0.872 —0.01 (-0.21, 0.899 —0.03 (—0.24, 0.781
0.05) 0.31) 0.19) 0.19) 0.18)
3 —0.22 (-0.51, 0.148 0.13 (-0.19, 0.423 —0.03 (—0.33, 0.871 —0.02 (-0.32, 0.898 —0.04 (—0.36, 0.780
0.08) 0.46) 0.28) 0.28) 0.27)

Models were adjusted for the child's sex, family socio-economic status, maternal alcohol or tobacco consumption during pregnancy, gestational weight gain, small-for-
gestational-age status, normalised difference vegetation index and deprivation index.

Abbreviations: VCI: Verbal Comprehension Index; PRI: Perceptual Reasoning Index; WMI: Working Memory Index; PSI: Processing Speed Index; FSIQ: Full Scale 1Q;
PM, s: Particulate matter with aerodynamic diameter <2.5 pm; PM;¢: Particulate matter with aerodynamic diameter <10 pm; PMcoarse: Particulate matter 2.5-10 pm;
PM, saps: Absorbance of PM < 2.5 pm; NO,: Nitrogen dioxide; NOy: Nitrogen oxides; Os: Ozone.

cognitive functioning.

Notably, the critical window showed modest change when consid-
ering the combined effect of the pollutants. In school-aged children, the
second trimester emerged as most strongly associated with deficits in
verbal comprehension. This suggests that while individual pollutants
may primarily affect late gestation processes, co-exposure may

contribute to earlier neurodevelopmental processes. Previous studies
have highlighted second-trimester sensitivity for specific pollutants and
cognitive domains (Guilbert et al., 2023; Lertxundi et al., 2019; Morgan
et al., 2023), but these findings were based on single-pollutant analyses.
In contrast, the mixture effect observed by Chiu et al. (2023) indicated
an association across the entire pregnancy. Taken together, these results
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combined effects.

vulnerability that single-pollutant studies may not fully capture. How-
ever, the trimester-specific effect of combined pollutants needs to be

further investigated to clarify the mechanisms and timing of such
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4.3. Mixture effects of air pollutants

The WQS mixture analyses showed that particulate matter, particu-
larly PM3y 5 and PM;o, was the main contributor to reduced cognitive
performance across both age groups, with PM, 5 exerting the strongest
contribution in the first trimester and PM;o dominating in the third
trimester. These findings reinforce those that fine and coarse particles,
especially those associated with traffic emissions, may represent harm-
ful components of the prenatal pollution mixture. O3 also received
substantial weights in some trimesters, especially for perceptual
reasoning and full-scale IQ, but this is likely due to its inverse correlation
with traffic-related pollutants rather than a true adverse effect, as sug-
gested by its positive or null associations in single-pollutant models. The
contributions of NO2 and NOy were consistently small, reflecting their
high collinearity with PM fractions, which caused PM to absorb most of
the mixture weight.

The WQS mixture analyses provided additional insight into the
relative contributions of pollutants within the exposure mixture. In
preschool-aged children, particulate matter, particularly PM;s,
contributed more strongly to early pregnancy, especially for working
memory and reasoning domains, whereas in later pregnancy, O3 showed
larger relative contributions across multiple cognitive domains. In
school-aged children, PM; 5 remained a major contributor in early and
mid-pregnancy, particularly for verbal comprehension and perceptual
reasoning, while contributions in late pregnancy were more distributed
across pollutants, including PM;p, PMcoarse, and Os. These findings
indicate that the relative importance of pollutants within the mixture
varies across gestation and cognitive domains, rather than being driven
by a single pollutant across all periods (Dou et al., 2025; Sukumaran
et al., 2024). The prominent role of O3 in late pregnancy likely reflects
its inverse correlation with traffic-related pollutants, rather than a direct
effect, as suggested by its null or inconsistent associations in
single-pollutant models. Although most mixture estimates were not
statistically significant, the WQS results, except for verbal comprehen-
sion in school-aged children in the second trimester of pregnancy,
complement the single-pollutant analyses by providing insight into how
correlated exposures may jointly contribute to cognitive outcomes
across gestation.

Several associations were null or inconsistent across pollutants,
cognitive domains, and developmental stages, with particularly weak or
absent findings for processing speed and largely non-significant mixture
estimates. These inconsistencies may reflect domain-specific sensitivity,
variability in exposure timing, limited statistical power, or measurement
imprecision. Additionally, the high correlation among pollutants com-
plicates the disentangling of independent effects. Differences between
DLM and WQS results likely stem from their distinct modelling ap-
proaches: DLMs capture week-specific associations and sensitive win-
dows, whereas standard WQS relies on trimester-averaged exposures
and does not account for temporal correlations (Gasparrini, 2011;
Tanner et al., 2019). As such, these methods provide complementary
insights and are not expected to yield directly comparable estimates.

4.4. Strengths and limitations

This study has several notable strengths, including the assessment of
cognitive performance at two developmental stages, preschool and
school age, using standardised and validated instruments (WPPSI-IV and
WISC-1V), which strengthens the comparability and developmental
relevance of the findings. The use of high-resolution prenatal exposure
estimates and pollutant standardisation across conventional units en-
hances the precision and interpretability of effect sizes. Furthermore, by
examining trimester-specific windows of susceptibility and multi-
pollutant mixture effects, the study provides a comprehensive evalua-
tion of prenatal air pollution impacts on child neurodevelopment.
However, the study's observational design cannot eliminate the possi-
bility of residual confounding, and some degree of exposure
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misclassification may persist despite high spatial resolution. Prenatal air
pollution exposure was estimated using the maternal residential address
at birth, without accounting for potential residential mobility or time
spent in other environments, such as the workplace or during
commuting, which may have introduced non-differential exposure
misclassification, particularly affecting trimester-specific estimates.
Given the large number of statistical tests performed, the possibility of
chance findings cannot be excluded, and results should be interpreted
with caution. An additional limitation is the generalizability of the
findings. The analytic sample was derived from a cohort of children with
symptoms/diagnosis of ADHD and/or autism and may not be fully
representative of the general population. Furthermore, the unexpected
positive associations for Og likely reflect collinearity with traffic-related
pollutants, complicating the interpretation of ozone's role within the
mixture. As one of the first studies to explore trimester-specific com-
bined effects of multiple pollutants, our findings highlight the need for
further research to confirm and extend these results.

5. Conclusion

This study provides evidence that prenatal exposure to air pollutants,
particularly fine and coarse particulate matter (PMy 5, PM19, PM3 54bs,
PMcoarse) and nitrogen oxides (NOy, NO3), can be associated with lower
full-scale IQ and other aspects of cognitive performance in children,
detectable both in preschool and school age. Single-pollutant analyses
suggested stronger associations in late pregnancy, whereas mixture an-
alyses indicated that the relative contributions of pollutants varied
across gestation, with more modest and less consistent combined effects.
The consistent pattern of negative associations underscores that prenatal
air pollution may impact on cognitive performance and IQ, independent
of other developmental factors. These findings emphasise the need for
public health measures to reduce maternal exposure to air pollution
during pregnancy and for further research to clarify the underlying
mechanisms and critical windows of vulnerability.

Funding details

Funded by the Ministry of Economy and Competitiveness of Spain
and the European Regional Development Fund: PSI2015-64837-P, and
by the Ministry of Science and Innovation: RTI2018-097124-B-100. We
also acknowledge support from the Agencia de Gesti6 d’Ajuts Uni-
versitaris i de Recerca: 2021- SGR- 00632 and support from the grant
CEX2023-0001290-S funded by MCIN/AEI/10.13039/501100011033,
and support from the Generalitat de Catalunya through the CERCA
Program.

CRediT authorship contribution statement

Sharanpreet Kaur: Formal analysis, Writing — original draft, Writing
- review & editing. Josefa Canals-Sans: Conceptualization, Data
curation, Funding acquisition, Investigation, Methodology, Supervision,
Writing — review & editing. Carmen Hernandez-Martinez: Data cura-
tion. Monica Guxens: Conceptualization, Funding acquisition,
Investigation.

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.2026.124908.


https://doi.org/10.1016/j.envres.2026.124908
https://doi.org/10.1016/j.envres.2026.124908

S. Kaur et al.
Data availability
The data that has been used is confidential.

References

Allen, J.L., Klocke, C., Morris-Schaffer, K., Conrad, K., Sobolewski, M., Cory-Slechta, D.
A., 2017. Cognitive effects of air pollution exposures and potential mechanistic
underpinnings. Curr. Environ. Health Rep. 4 (2), 180-191. https://doi.org/10.1007/
s40572-017-0134-3.

Amnuaylojaroen, T., Parasin, N., Saokaew, S., 2024. Exploring the association between
early-life air pollution exposure and autism spectrum disorders in children: a
systematic review and meta-analysis. Reprod. Toxicol. 125, 108582. https://doi.org/
10.1016/j.reprotox.2024.108582.

Beelen, R., Hoek, G., Vienneau, D., Eeftens, M., Dimakopoulou, K., Pedeli, X., Tsai, M.-Y.,
Kiinzli, N., Schikowski, T., Marcon, A., Eriksen, K.T., Raaschou-Nielsen, O.,
Stephanou, E., Patelarou, E., Lanki, T., Yli-Tuomi, T., Declercq, C., Falq, G.,
Stempfelet, M., et al., 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. https://doi.org/10.1016/j.
atmosenv.2013.02.037.

Bolte, S., Neufeld, J., Marschik, P.B., Williams, Z.J., Gallagher, L., Lai, M.-C., 2023. Sex
and gender in neurodevelopmental conditions. Nat. Rev. Neurol. 19 (3), 136-159.
https://doi.org/10.1038/541582-023-00774-6.

Broséus, L., Guilbert, A., Hough, 1., Kloog, 1., Chauvaud, A., Seyve, E., Vaiman, D.,
Heude, B., Chevrier, C., Tost, J., Slama, R., Lepeule, J., 2024. Placental DNA
methylation signatures of prenatal air pollution exposure and potential effects on
birth outcomes: an analysis of three prospective cohorts. Lancet Planet. Health 8 (5),
e€297-e308. https://doi.org/10.1016/52542-5196(24)00045-7.

Canals Sans, J., Morales Hidalgo, P., Roigé Castellvi, J., Voltas Moreso, N., Hernandez
Martinez, C., 2021. Prevalence and epidemiological characteristics of ADHD in pre-
school and school age children in the province of Tarragona, Spain. J. Atten. Disord.
25 (13), 1818-1833. https://doi.org/10.1177/1087054720938866.

Carrico, C., Gennings, C., Wheeler, D.C., Factor-Litvak, P., 2015. Characterization of
weighted quantile sum regression for highly correlated data in a risk analysis setting.
J. Agric. Biol. Environ. Stat. 20 (1), 100-120. https://doi.org/10.1007/s13253-014-
0180-3.

Ceran, B., Biiyiiktiryaki, M., Okman, E., Simsek, G.K., Kutman, H.G.K., Konuk, Z.U.,
Canpolat, F.E., Ceran, B., Biiyiiktiryaki, M., Okman, E., Simsek, G.K., Kutman, H.G.
K., Konuk, Z.U., Canpolat, F.E., 2022. Being small for gestational age affect
neurodevelopmental outcomes in very preterm infants. The Journal of Current
Pediatrics. https://doi.org/10.4274/jcp.2022.05902.

Chen, B., Huang, S., He, J., He, Q., Chen, S, Liu, X., Peng, S., Luo, D., Duan, Y., 2020.
Sex-specific influence of prenatal air pollutant exposure on neonatal
neurobehavioral development and the sensitive window. Chemosphere 254, 126824.
https://doi.org/10.1016/j.chemosphere.2020.126824.

Chiu, Y.-H.M., Hsu, H.-H.L., Coull, B.A,, Bellinger, D.C., Kloog, I., 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, 56-65. https://doi.org/10.1016/j.envint.2015.11.010.

Chiu, Y.-H.M., Wilson, A., Hsu, H.-H.L., Jamal, H., Mathews, N., Kloog, I., Schwartz, J.,
Bellinger, D.C., Xhani, N., Wright, R.O., Coull, B.A., Wright, R.J., 2023. Prenatal
ambient air pollutant mixture exposure and neurodevelopment in urban children in
the Northeastern United States. Environ. Res. 233, 116394. https://doi.org/
10.1016/j.envres.2023.116394.

de Hoogh, K., Chen, J., Gulliver, J., Hoffmann, B., Hertel, O., Ketzel, M., Bauwelinck, M.,
van Donkelaar, A., Hvidtfeldt, U.A., Katsouyanni, K., Klompmaker, J., Martin, R.V.,
Samoli, E., Schwartz, P.E., Stafoggia, M., Bellander, T., Strak, M., Wolf, K.,
Vienneau, D., et al., 2018. Spatial PM2.5, NO2, 03 and BC models for Western
Europe — evaluation of spatiotemporal stability. Environ. Int. 120, 81-92. https://
doi.org/10.1016/j.envint.2018.07.036.

Dou, J., Zhang, K., Xie, R., Xu, H., Pan, Q., Xiao, X., Luo, Y., Xu, S., Xiao, W., Wy, D.,
Wang, B., Zhang, L., Sun, C., Liu, Y., 2025. Investigating the effects of long-term fine
particulate matter exposure on autism spectrum disorder severity: evidence from
multiple analytical approaches. Toxics 13 (11), 922. https://doi.org/10.3390/
toxics13110922.

Duque, 1., Dominguez-Berjon, M.F., Cebrecos, A., Prieto-Salceda, M.D., Esnaola, S., Calvo
Séanchez, M., Mari-Dell’Olmo, M., 2021. Indice de privacién en Espafia por seccién
censal en 2011. Gac. Sanit. 35 (2), 113-122. https://doi.org/10.1016/j.
gaceta.2019.10.008.

EEA, 2015. Airbase—The European air quality database, Version 8. http://www.eea.eur
opa.eu/data-and-maps/data/airbase-the-european-air-quality-database8.

Eeftens, M., Beelen, R., de Hoogh, K., Bellander, T., Cesaroni, G., Cirach, M., Declercq, C.,
Dédele, A., Dons, E., de Nazelle, A., Dimakopoulou, K., Eriksen, K., Falq, G.,
Fischer, P., Galassi, C., Grazulevi¢iené, R., Heinrich, J., Hoffmann, B., Jerrett, M.,
et al., 2012. Development of land use regression models for PM(2.5), PM(2.5)
absorbance, PM(10) and PM(coarse) in 20 European study areas; results of the
ESCAPE project. Environmental Science & Technology 46 (20), 11195-11205.
https://doi.org/10.1021/es301948k.

Gasparrini, A., 2011. Distributed lag linear and non-linear models in R: the package
dlnm. J. Stat. Software 43 (8), 1-20.

Gennings, C., Midya, V., Renzetti, S., DeFelice, N., 2025. Weighted quantile sum (WQS)
mixed-effects model. MethodsX 15, 103580. https://doi.org/10.1016/j.
mex.2025.103580.

11

Environmental Research 305 (2026) 124908

Guilbert, A., Bernard, J.Y., Peyre, H., Costet, N., Hough, 1., Seyve, E., Monfort, C.,
Philippat, C., Slama, R., Kloog, 1., Chevrier, C., Heude, B., Ramus, F., Lepeule, J.,
2023. Prenatal and childhood exposure to ambient air pollution and cognitive
function in school-age children: examining sensitive windows and sex-specific
associations. Environ. Res. 235, 116557. https://doi.org/10.1016/j.
envres.2023.116557.

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., Ferndndez-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), 636-647. https://doi.org/10.1097/EDE.0000000000000133.

Guxens, M., Lubczyniska, 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. Biological Psychiatry, Genetic and
Environmental Factors Influencing Developmental Cognitive Impairments 84 (4),
295-303. https://doi.org/10.1016/j.biopsych.2018.01.016.

Guxens, M., Lubczynska, M.J., Pérez-Crespo, L., Muetzel, R.L., El Marroun, H.,
Basagana, X., Hoek, G., Tiemeier, H., 2022. Associations of Air Pollution on the Brain
in Children: a Brain Imaging Study. Research Reports, 2022. Health Effects Institute,
p. 209.

Holm, S.M., Balmes, J.R., Gunier, R.B., Kogut, K., Harley, K.G., Eskenazi, B., 2023.
Cognitive development and prenatal air pollution exposure in the CHAMACOS
cohort. Environ. Health Perspect. 131 (3), 037007. https://doi.org/10.1289/
EHP10812.

Hsu, H.-H.L., Lane, J.M., Schnaas, L., Coull, B.A., Osorio-Valencia, E., Chiu, Y.-H.M.,
Wilson, A., Just, A.C., Kloog, I., Bellinger, D., Téllez-Rojo, M.M., Wright, R.O., 2024.
Sensitive development windows of prenatal air pollution and cognitive functioning
in preschool age Mexican children. Environ. Epidemiol. 8 (1), €291. https://doi.org/
10.1097/EE9.0000000000000291.

Jacobson, J.L., Akkaya-Hocagil, T., Ryan, L.M., Dodge, N.C., Richardson, G.A., Olson, H.
C., Coles, C.D., Day, N.L., Cook, R.J., Jacobson, S.W., 2021. Effects of prenatal
alcohol exposure on cognitive and behavioral development: findings from a
hierarchical meta-analysis of data from six prospective longitudinal U.S. cohorts.
Alcohol Clin. Exp. Res. 45 (10), 2040-2058. https://doi.org/10.1111/acer.14686.

Kaur, S., Morales-Hidalgo, P., Arija, V., Canals, J., 2023. Prenatal exposure to air
pollutants and attentional deficit hyperactivity disorder development in children: a
systematic review. Int. J. Environ. Res. Publ. Health 20 (8), 5443. https://doi.org/
10.3390/ijerph20085443.

Kusters, M.S.W., Essers, E., Muetzel, R., Ambroés, A., Tiemeier, H., Guxens, M., 2022. Air
pollution exposure during pregnancy and childhood, cognitive function, and
emotional and behavioral problems in adolescents. Environ. Res. 214, 113891.
https://doi.org/10.1016/j.envres.2022.113891.

Lagunas-Rangel, F.A., f\berg, M., Liao, S., Espinelli-Amorim, F., Tummaramatti-
Hanumant, R., Jackevica, L., Briviba, M., Liu, W., Fredriksson, R., Alsehli, A.M.,
Spjuth, O., Klovins, J., Dambrova, M., Kudtak, B., Andersson, C., Schiéth, H.B., 2025.
Extensive analysis of pollutant interactions: identification of deleterious synergistic
effects at environmentally relevant dose levels using Drosophila and mammalian
cells. Sci. Total Environ. 992, 179848. https://doi.org/10.1016/j.
scitotenv.2025.179848.

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, 114-121. https://doi.org/10.1016/j.envres.2019.04.001.

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, 108505. https://doi.org/10.1016/j.envres.2019.05.036.

Lu, Z., Hu, T., Kang, S., Fan, K., Liu, L., Zhou, Y., 2025. Associations of family
socioeconomic status during childhood with cognitive development in later life in
China: a population-based cohort study. J. Affect. Disord. 379, 297-303. https://doi.
0rg/10.1016/j.jad.2025.03.035.

Morales Hidalgo, P., Voltas Moreso, N., Canals Sans, J., 2021. Autism spectrum disorder
prevalence and associated sociodemographic factors in the school population:
EPINED study. Autism 25 (7), 1999-2011. https://doi.org/10.1177/
13623613211007717.

Morgan, Z.E.M., Bailey, M.J., Trifonova, D.I., Naik, N.C., Patterson, W.B., Lurmann, F.W.,
Chang, H.H., Peterson, B.S., Goran, M., Alderete, T.L., 2023. Prenatal exposure to
ambient air pollution is associated with neurodevelopmental outcomes at 2 years of
age. Environ. Health 22, 11. https://doi.org/10.1186/512940-022-00951-y.

Ni, Y., Loftus, C.T., Szpiro, A.A., Young, M.T., Hazlehurst, M.F., Murphy, L.E.,
Tylavsky, F.A., Mason, W.A., LeWinn, K.Z., Sathyanarayana, S., Barrett, E.S.,

Bush, N.R., Karr, C.J., 2022. Associations of Pre- and postnatal air pollution
exposures with child behavioral problems and cognitive performance: a U.S. multi-
cohort Study. Environ. Health Perspect. 130 (6), 067008. https://doi.org/10.1289/
EHP10248.

Perera, F., Miao, Y., Ross, Z., Rauh, V., Margolis, A., Hoepner, L., Riley, K.W.,
Herbstman, J., Wang, S., 2024. Prenatal exposure to air pollution during the early
and middle stages of pregnancy is associated with adverse neurodevelopmental
outcomes at ages 1 to 3 years. Environ. Health: A Global Access Science Source 23
(1), 95. https://doi.org/10.1186/512940-024-01132-9.

Puga, T.B., Dai, H.D., Wang, Y., Theye, E., 2024. Maternal tobacco use during pregnancy
and child neurocognitive development. JAMA Netw. Open 7 (2), e2355952. https://
doi.org/10.1001/jamanetworkopen.2023.55952.


https://doi.org/10.1007/s40572-017-0134-3
https://doi.org/10.1007/s40572-017-0134-3
https://doi.org/10.1016/j.reprotox.2024.108582
https://doi.org/10.1016/j.reprotox.2024.108582
https://doi.org/10.1016/j.atmosenv.2013.02.037
https://doi.org/10.1016/j.atmosenv.2013.02.037
https://doi.org/10.1038/s41582-023-00774-6
https://doi.org/10.1016/S2542-5196(24)00045-7
https://doi.org/10.1177/1087054720938866
https://doi.org/10.1007/s13253-014-0180-3
https://doi.org/10.1007/s13253-014-0180-3
https://doi.org/10.4274/jcp.2022.05902
https://doi.org/10.1016/j.chemosphere.2020.126824
https://doi.org/10.1016/j.envint.2015.11.010
https://doi.org/10.1016/j.envres.2023.116394
https://doi.org/10.1016/j.envres.2023.116394
https://doi.org/10.1016/j.envint.2018.07.036
https://doi.org/10.1016/j.envint.2018.07.036
https://doi.org/10.3390/toxics13110922
https://doi.org/10.3390/toxics13110922
https://doi.org/10.1016/j.gaceta.2019.10.008
https://doi.org/10.1016/j.gaceta.2019.10.008
http://www.eea.europa.eu/data-and-maps/data/airbase-the-european-air-quality-database8
http://www.eea.europa.eu/data-and-maps/data/airbase-the-european-air-quality-database8
https://doi.org/10.1021/es301948k
http://refhub.elsevier.com/S0013-9351(26)01239-9/sref18
http://refhub.elsevier.com/S0013-9351(26)01239-9/sref18
https://doi.org/10.1016/j.mex.2025.103580
https://doi.org/10.1016/j.mex.2025.103580
https://doi.org/10.1016/j.envres.2023.116557
https://doi.org/10.1016/j.envres.2023.116557
https://doi.org/10.1097/EDE.0000000000000133
https://doi.org/10.1016/j.biopsych.2018.01.016
http://refhub.elsevier.com/S0013-9351(26)01239-9/sref23
http://refhub.elsevier.com/S0013-9351(26)01239-9/sref23
http://refhub.elsevier.com/S0013-9351(26)01239-9/sref23
http://refhub.elsevier.com/S0013-9351(26)01239-9/sref23
https://doi.org/10.1289/EHP10812
https://doi.org/10.1289/EHP10812
https://doi.org/10.1097/EE9.0000000000000291
https://doi.org/10.1097/EE9.0000000000000291
https://doi.org/10.1111/acer.14686
https://doi.org/10.3390/ijerph20085443
https://doi.org/10.3390/ijerph20085443
https://doi.org/10.1016/j.envres.2022.113891
https://doi.org/10.1016/j.scitotenv.2025.179848
https://doi.org/10.1016/j.scitotenv.2025.179848
https://doi.org/10.1016/j.envres.2019.04.001
https://doi.org/10.1016/j.envres.2019.05.036
https://doi.org/10.1016/j.jad.2025.03.035
https://doi.org/10.1016/j.jad.2025.03.035
https://doi.org/10.1177/13623613211007717
https://doi.org/10.1177/13623613211007717
https://doi.org/10.1186/s12940-022-00951-y
https://doi.org/10.1289/EHP10248
https://doi.org/10.1289/EHP10248
https://doi.org/10.1186/s12940-024-01132-9
https://doi.org/10.1001/jamanetworkopen.2023.55952
https://doi.org/10.1001/jamanetworkopen.2023.55952

S. Kaur et al.

Reichman, N.E., Corman, H., Noonan, K., Papas, E.D., Kuhn, K.B., Hegyi, T., 2023. Small-
for-Gestational-Age and vocabulary and achievement test scores at age 9 among
children born at term in a contemporary U.S. sample. Matern. Child Health J. 27
(12), 2156-2164. https://doi.org/10.1007/5s10995-023-03760-y.

Rivas, 1., Basagana, X., Cirach, M., Lépez-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), 57002. https://doi.org/10.1289/EHP3169.

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, 170-177. https://doi.org/10.1016/j.envint.2017.05.021.

Shang, L., Yang, L., Yang, W., Huang, L., Qi, C., Yang, Z., Fu, Z., Chung, M.C., 2020.
Effects of prenatal exposure to NO2 on children's neurodevelopment: a systematic
review and meta-analysis. Environ. Sci. Pollut. Control Ser. 27 (20), 24786-24798.
https://doi.org/10.1007/s11356-020-08832-y.

Sukumaran, K., Botternhorn, K.L., Schwartz, J., Gauderman, J., Cardenas-Iniguez, C.,
McConnell, R., Hackman, D.A., Berhane, K., Ahmadi, H., Abad, S., Habre, R.,
Herting, M.M., 2024. Associations between fine particulate matter components, their
sources, and cognitive outcomes in children ages 9-10 years old from the United
States. Environ. Health Perspect. 132 (10), 107009. https://doi.org/10.1289/
EHP14418.

Tanner, E.M., Bornehag, C.-G., Gennings, C., 2019. Repeated holdout validation for
weighted quantile sum regression. MethodsX 6, 2855-2860. https://doi.org/
10.1016/j.mex.2019.11.008.

Tau, G.Z., Peterson, B.S., 2010. Normal development of brain circuits.
Neuropsychopharmacology 35 (1), 147-168. https://doi.org/10.1038/
npp.2009.115.

Tobfias, A., Carnerero, C., Reche, C., Massagué, J., Via, M., Minguillén, M.C., Alastuey, A.,
Querol, X., 2020. Changes in air quality during the lockdown in Barcelona (Spain)
one month into the SARS-CoV-2 epidemic. Sci. Total Environ. 726, 138540. https://
doi.org/10.1016/j.scitotenv.2020.138540.

Tokuda, N., Ishikawa, R., Yoda, Y., Araki, S., Shimadera, H., Shima, M., 2023.
Association of air pollution exposure during pregnancy and early childhood with
children's cognitive performance and behavior at age six. Environ. Res. 236, 116733.
https://doi.org/10.1016/j.envres.2023.116733.

12

Environmental Research 305 (2026) 124908

Volk, H.E., Perera, F., Braun, J.M., Kingsley, S.L., Gray, K., Buckley, J., Clougherty, J.E.,
Croen, L.A., Eskenazi, B., Herting, M., Just, A.C., Kloog, 1., Margolis, A., McClure, L.
A., Miller, R., Wright, R., 2021. Prenatal air pollution exposure and
neurodevelopment: a review and blueprint for a harmonized approach within ECHO.
Environ. Res. 196, 110320. https://doi.org/10.1016/j.envres.2020.110320.

Wang, Y., Perera, F., Guo, J., Riley, K.W., Durham, T., Ross, Z., Ananth, C.V.,
Baccarelli, A., Wang, S., Herbstman, J.B., 2022. A methodological pipeline to
generate an epigenetic marker of prenatal exposure to air pollution indicators.
Epigenetics 17 (1), 32-40. https://doi.org/10.1080/15592294.2021.1872926.

Wechsler, D., 2005. Wechsler Intelligence Scale for Children, fourth ed. TEA Ediciones.

Wechsler, D., 2014. Wechsler Preschool and Primary Scale of Intelligence, fourth ed.
Pearson C & T Assessment.

Weier, J., Herring, D., 2000. Measuring Vegetation (NDVI & EVI). NASA Earth
Observatory. https://earthobservatory.nasa.gov/features/MeasuringVegetation.
WHO, 2025. Ambient (outdoor) air pollution. https://www.who.int/news-room/fact-sh

eets/detail/ambient-(outdoor)-air-quality-and-health.

Xia, Y., Vieira, V.M., 2025. The association between neighborhood environment,
prenatal exposure to alcohol and tobacco, and structural brain development. Front.
Hum. Neurosci. 19. https://doi.org/10.3389/fnhum.2025.1531803.

Zhan, C., Dai, J., Wang, F., Guo, H., 2025. Impact of traffic emissions on ozone formation
in Hong Kong. Atmos. Environ. 361, 121507. https://doi.org/10.1016/j.
atmosenv.2025.121507.

Zhang, X., Liu, S.H., Geron, M., Mathilda Chiu, Y.-H., Gershon, R., Ho, E., Huddleston, K.,
Just, A.C., Kloog, 1., Coull, B.A., Enlow, M.B., Wright, R.O., Wright, R.J., 2022.
Prenatal exposure to PM2.5 and childhood cognition: accounting for between-site
heterogeneity in a pooled analysis of ECHO cohorts in the Northeastern United
States. Environ. Res. 214 (Pt 4), 114163. https://doi.org/10.1016/j.
envres.2022.114163.

Zhang, Y., Shao, S., Qin, J., Liu, Z., Zhang, X., 2025. Maternal gestational weight gain
and the long-term physical and neurological outcome of small for gestational age
children: a 4-year real-world study based on a longitudinal cohort. Early Hum. Dev.
201, 106180. https://doi.org/10.1016/j.earlhumdev.2024.106180.

Zhao, Y., Wang, P., Zhou, Y., Xia, B., Zhu, Q., Ge, W, Li, J., Shi, H., Xiao, X., Zhang, Y.,
2021. Prenatal fine particulate matter exposure, placental DNA methylation
changes, and fetal growth. Environ. Int. 147, 106313. https://doi.org/10.1016/j.
envint.2020.106313.


https://doi.org/10.1007/s10995-023-03760-y
https://doi.org/10.1289/EHP3169
https://doi.org/10.1016/j.envint.2017.05.021
https://doi.org/10.1007/s11356-020-08832-y
https://doi.org/10.1289/EHP14418
https://doi.org/10.1289/EHP14418
https://doi.org/10.1016/j.mex.2019.11.008
https://doi.org/10.1016/j.mex.2019.11.008
https://doi.org/10.1038/npp.2009.115
https://doi.org/10.1038/npp.2009.115
https://doi.org/10.1016/j.scitotenv.2020.138540
https://doi.org/10.1016/j.scitotenv.2020.138540
https://doi.org/10.1016/j.envres.2023.116733
https://doi.org/10.1016/j.envres.2020.110320
https://doi.org/10.1080/15592294.2021.1872926
http://refhub.elsevier.com/S0013-9351(26)01239-9/sref49
http://refhub.elsevier.com/S0013-9351(26)01239-9/sref50
http://refhub.elsevier.com/S0013-9351(26)01239-9/sref50
https://earthobservatory.nasa.gov/features/MeasuringVegetation
https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health
https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health
https://doi.org/10.3389/fnhum.2025.1531803
https://doi.org/10.1016/j.atmosenv.2025.121507
https://doi.org/10.1016/j.atmosenv.2025.121507
https://doi.org/10.1016/j.envres.2022.114163
https://doi.org/10.1016/j.envres.2022.114163
https://doi.org/10.1016/j.earlhumdev.2024.106180
https://doi.org/10.1016/j.envint.2020.106313
https://doi.org/10.1016/j.envint.2020.106313

	Single and combined effects of prenatal exposure to air pollutants on children’s cognitive performance
	1 Introduction
	2 Methods
	2.1 Study design and participants
	2.2 Cognitive performance assessment
	2.3 Estimation of air pollution exposure
	2.4 Covariables
	2.5 Statistical analysis

	3 Results
	3.1 Characteristics of participants and pollutants
	3.2 Trimester-specific effects of prenatal pollutant exposure
	3.3 Combined effects of prenatal pollutant mixtures

	4 Discussion
	4.1 Cognitive effects in preschool- vs. school-aged children
	4.2 Sensitive windows of prenatal exposure
	4.3 Mixture effects of air pollutants
	4.4 Strengths and limitations

	5 Conclusion
	Funding details
	CRediT authorship contribution statement
	Declaration of competing interest
	Appendix A Supplementary data
	Data availability
	References


