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ARTICLE INFO ABSTRACT

Handling Editor: Jose L. Domingo Early-life exposure to air pollutants, including ozone (O3), particulate matter (PMy 5 or PM;(, depending on
diameter of particles), nitrogen dioxide (NO3) and sulfur dioxide (SO2) has been suggested to contribute to the

Keywords: etiology of Autism Spectrum Disorder (ASD). In this study, we used air quality monitoring data to examine

Air pollution whether mothers of children with ASD were exposed to high levels of air pollutants during critical periods of

Autism spectrum disorder

o . pregnancy, and if higher exposure levels may lead to a higher clinical severity in their offspring. We used public
Clinical severity

Farly-life exposure data from the Portuguese Environment Agency to estimate exposure to these pollutants during the first, second

Particulate matter and third trimesters of pregnancy, full pregnancy and first year of life of the child, for 217 subjects with ASD born

Pregnancy between 2003 and 2016. These subjects were stratified in two subgroups according to clinical severity, as defined
by the Autism Diagnostic Observational Schedule (ADOS). For all time periods, the average levels of PMy 5, PM1o
and NO3 to which the subjects were exposed were within the admissible levels defined by the European Union.
However, a fraction of these subjects showed exposure to levels of PMys and PM;o above the admissible
threshold. A higher clinical severity was associated with higher exposure to PM5 5 (p = 0.001), NO; (p = 0.011)
and PM;o (p = 0.041) during the first trimester of pregnancy, when compared with milder clinical severity. After
logistic regression, associations with higher clinical severity were identified for PM; 5 exposure during the first
trimester (p = 0.002; OR = 1.14, 95%CI: 1.05-1.23) and full pregnancy (p = 0.04; OR = 1.07, 95%CI: 1.00-1.15)
and for PMjg (p = 0.02; OR = 1.07, 95%CI: 1.01-1.14) exposure during the third trimester. Exposure to PM is
known to elicit neuropathological mechanisms associated with ASD, including neuroinflammation, mitochon-
drial disruptions, oxidative stress and epigenetic changes. These results offer new insights on the impact of early-
life exposure to PM in ASD clinical severity.

1. Introduction communication and interaction; 2) repetitive sensory-motor behaviors
and restricted interests (Hof et al., 2021; Lord et al., 2020, American

Autism Spectrum Disorder (ASD) is a clinically heterogeneous neu- Psychiatric Association, 2013). The disorder has a lifelong impact in the
rodevelopmental disorder characterized by two core symptoms that are affected individuals, and significant family and societal burdens (van

usually evident during infancy and early childhood: 1) deficits in social Heijst et al., 2015).

* Corresponding author. Avenida Padre Cruz, 1649-016, Lisboa, Portugal.

E-mail addresses: joao.xavier@insa.min-saude.pt (J.X. Santos), pedro.sampaio@insa.min-saude.pt (P. Sampaio), celia.rasga@insa.min-saude.pt (C. Rasga), hugo.
martiniano@insa.min-saude.pt (H. Martiniano), fariacp2@yahoo.com.br (C. Faria), alexandraoliveira@chuc.min-saude.pt (A. Oliveira), fredericoduque.chuc@
gmail.com (F. Duque), guiomar@chuc.min-saude.pt (G. Oliveira), Imsousa@fc.ul.pt (L. Sousa), amnunes@fc.ul.pt (A. Nunes), astrid.vicente@insa.min-saude.pt
(A.M. Vicente).

https://doi.org/10.1016/j.envres.2023.115795

Received 29 July 2022; Received in revised form 6 March 2023; Accepted 28 March 2023

Available online 5 April 2023

0013-9351/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-
nc/4.0/).


mailto:joao.xavier@insa.min-saude.pt
mailto:pedro.sampaio@insa.min-saude.pt
mailto:celia.rasga@insa.min-saude.pt
mailto:hugo.martiniano@insa.min-saude.pt
mailto:hugo.martiniano@insa.min-saude.pt
mailto:fariacp2@yahoo.com.br
mailto:alexandraoliveira@chuc.min-saude.pt
mailto:fredericoduque.chuc@gmail.com
mailto:fredericoduque.chuc@gmail.com
mailto:guiomar@chuc.min-saude.pt
mailto:lmsousa@fc.ul.pt
mailto:amnunes@fc.ul.pt
mailto:astrid.vicente@insa.min-saude.pt
www.sciencedirect.com/science/journal/00139351
https://www.elsevier.com/locate/envres
https://doi.org/10.1016/j.envres.2023.115795
https://doi.org/10.1016/j.envres.2023.115795
https://doi.org/10.1016/j.envres.2023.115795
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envres.2023.115795&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

J.X. Santos et al.

Despite the massive efforts for the discovery of genetic biomarkers in
the last decades, a genetic etiology is only found in up to 40% of the
cases (Genovese and Butler, 2020), highlighting the complex etiologic
architecture underlying ASD (Rylaarsdam and Guemez-Gamboa, 2019).
Heritability estimates obtained in family studies range from 50 to 84%,
(Sandin et al., 2017; Bai et al., 2019; Pettersson et al., 2019), suggesting
that environmental risk factors have an important contribution to ASD
risk. Currently, the origin of ASD is considered multifactorial, with
multiple genes and early exposure to environmental factors contributing
to reach a liability threshold for disease expression (Rylaarsdam and
Guemez-Gamboa, 2019; Cheroni et al., 2020; Santos et al., 2022).

ASD pathophysiology results from brain reorganization, which may
be due to altered cortical development, disrupted neural circuitry and/
or synaptic dysfunction (Torre-Ubieta et al., 2016; Manoli and State,
2021). Given the early onset of ASD, environmental risk factors are
expected to exert their effect early in development, particularly during
the prenatal and early postnatal periods, spanning the preconception
period to the first years of life (Lyall et al., 2014). However, critical time
periods when environmental risk factors may affect brain functioning
are still debated. Previous studies provided strong evidence for an as-
sociation of maternal exposure to ubiquitous neurotoxins, namely
airborne pollutants, with ASD (Rossignol et al., 2014; Modabbernia
et al., 2017; Santos et al., 2021). Positive associations between ASD risk
and in utero exposure to nitrogen dioxide (NO3) (Becerra et al., 2013;
Volk et al., 2013; Volk et al., 2014; Kerin et al., 2018; Jung et al., 2013;
Raz et al., 2018) and to particulate matter (PM, classified as PMy 5 or
PM; o depending to their aerodynamic diameter) (Volk et al., 2013; Volk
et al., 2014; Raz et al., 2015; Talbott et al., 2015; Geng et al., 2019;
Kaufman et al., 2019) are well documented. Early exposure to sulfur
dioxide (SO3) (Jung et al. 2013) and ozone (O3) (Kim et al., 2017; Jung
et al., 2013) has also been implicated in ASD risk.

In many world regions, including the European Union, PM, NO3, SO,
and Oj3 constitute criteria air pollutants, for which permissible levels of
exposure have been set by government agencies responsible for public
health and environmental policies (Sicard et al., 2021). Thus, assess-
ment of exposure to these criteria air pollutants is obligatory, and
assured through air quality monitoring networks composed by moni-
toring stations that permanently measure concentrations of ambient air
pollutants (Guerreiro et al., 2014). Georeferencing strategies, which
leverage surveillance data collected and stored by these monitoring
networks, are a valuable tool to investigate associations between air
pollution exposure and disease risk or severity (Fleury et al., 2021; Gaio
et al., 2022).

The objectives of the present study were two-fold: to understand if
mothers of children with ASD show evidence of exposure to the selected
air pollutants above admissible levels, and whether exposure to these air
pollutants during the prenatal period and the first year of the child’s life
is associated with clinical severity of the disease. Because air pollution
compounds can cross the placenta and blood-brain barrier potentially
leading to neurodevelopmental problems in the offspring (Costa et al.,
2020; Ghazi et al., 2021; Zhu et al., 2021), maternal exposure is an
adequate proxy to estimate fetal exposure. This approach is justified by
the clinically heterogeneous character of the disorder, and the absence
of universal objective, quantitative and validated biomarkers for ASD
(McPartland et al., 2020), with stratification being an adequate
approach to identify risk factors specific to clinical subgroups (Frye
et al., 2019) and eventually to develop effective preventive and treat-
ment strategies.

2. Methods
2.1. Participants and clinical assessment
Participants were identified from an ongoing collaboration between

National Institute of Health Doutor Ricardo Jorge and Centro Hospitalar
e Universitario de Coimbra (CHUC). Clinical assessment of participants
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was carried out by trained clinicians from the Autism Clinic, which is the
reference clinic for autism at CHUC, the main pediatric hospital for
children in Regiao Centro of Portugal. This hospital is reference for
neurodevelopmental disorders, and children from across this region are
referred here by general practitioners and pediatricians when there are
concerns regarding their development and behavior. ASD cases were
assessed using the Autism Diagnostic Interview-Revised (ADI-R) (Lord
et al., 1994) and the Autism Diagnostic Observation Schedule (ADOS)
(Lord et al., 2000), which constitute diagnostic gold standard assessment
tools. Diagnosis fulfilled the criteria defined in the Diagnostic and Sta-
tistical Manual of Mental Disorders, 5th Edition (DSM-5) (American
Psychiatry Association). Children also undergo extensive functional and
cognitive assessments (Oliveira et al., 2007).

A categorical measure of ASD severity can be derived from the ADOS,
an observational, direct assessment of the child, which comprises a se-
ries of tasks to evaluate existing autistic behaviors. The ADOS severity
metric ranges from 1 to 10, and is calculated using raw scores from the
ADOS modules 1-3 (Gotham et al., 2009). This metric allows the cate-
gorization of the clinical severity of ASD, with score distribution
collapsed into three categories: “Autism” (scores 6 to 10), “Autism
Spectrum Disorder” (scores 4 to 5), and “Non-Spectrum” (scores 1 to 3),
with “Autism” being the most severe clinical form, while Non-Spectrum
includes subjects with subthreshold ASD symptoms. Children in the
“Autism” and “Autism Spectrum Disorder” categories were considered
for this study. Children in the “Non-Spectrum” ADOS category were
excluded because they do not meet the thresholds for ASD diagnosis
according to this instrument.

A total of 217 children with ASD, including 18 females and 199
males were included in the study. The higher clinical severity group,
with ADOS scores in the category “Autism”, included 163 subjects (12
females and 151 males), while the milder clinical severity group, with
ADOS scores in the category “Autism Spectrum Disorder”, included 54
subjects (6 females and 48 males).

Cognitive assessment was carried out for all children using age-
appropriate Wechsler Intelligence Scales, with scores <70 defining In-
tellectual Disability (ID). Adaptive functioning was assessed using the
Vineland Adaptive Behavior Scales (VABS) scores, a standardized mea-
sure of adaptive behavior across four domains: communication, daily
living skills, socialization and motor skills (the motor skills domain was
not considered in this study, because it can only be measured for chil-
dren older than 5 years old) (Sparrow et al., 2016). VABS global and
domain scores <70 indicate a low adaptive functioning.

All participants were born in Regiao Centro of Portugal between
2003 and 2016. In 2020, Portugal had a population of nearly 10.3
million inhabitants, of whom 2.2 million (21.4%) resided in Regiao
Centro. This region covers the Portuguese geographic and socioeco-
nomic backgrounds, with both interior and coastal areas as well as rural
and urban settings.

Informed consent to participate in the study was obtained for all
subjects by their parents/legal guardian. Ethical approval was obtained
by Comissao de Etica para a Satide do Instituto Nacional de Satide
Doutor Ricardo Jorge, I.P. (INSA, I.P.) and by Comissao de Etica do
Centro Hospitalar e Universitario de Coimbra (CE-CHUC).

2.2. Sample characterization

Summary sociodemographic and clinical data were retrieved for the
217 cases. Data on birth weight, gestational age and type of delivery was
examined because these variables are predictors of neonatal health and
were previously associated with ASD risk (Modabbernia et al., 2017).
Birth weight categories were defined in accordance to World Health
Organization (WHO) standards, and include Very Low Birth Weight
(<1500 g), Low Birth Weight (1500-2499 g), Normal Birth Weight
(2500-3999 g) and High Birth Weight (>4000 g) (Cutland et al., 2017).
Gestational age categories were also defined according to WHO, and
include preterm birth (<37 weeks), full term birth (37-41 weeks), and
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post-term birth (>41 weeks). Advanced maternal and paternal ages at
birth have also been previously associated with ASD risk (Wu et al.,
2017) and were categorized as follows: <25 years old, 26-34 years old,
>35 years old. A woman pregnant at 35 years old or more is considered
to be at higher risk of adverse maternal and perinatal outcomes (Glick
et al., 2021), and recent epidemiological studies show that men with 35
years or more also have higher risks of adverse outcomes in the offspring
(Fossé et al., 2020; Janeczko et al., 2020). Parental education level,
which functions as a proxy for socioeconomic status, has also been
associated with ASD risk (Meter et al., 2010). We defined three cate-
gories for parental education: illiteracy and primary education, sec-
ondary education and tertiary education. Season of birth has also been
associated with ASD, and can act as a confounder for an association
between exposure to air pollution and ASD risk (Lee et al., 2019). To
account for this, we divided the participants in two groups: participants
born between October and March and participants born between April
and September.

2.3. Air pollution data and estimation of individual pollution exposure

Publicly available data on air quality from 2003 to 2016 was ob-
tained from the Air Quality Database (QualAr) web-portal managed by
Portuguese Environment Agency (Ageéncia Portuguesa do Ambiente; APA).
The network to assess air quality in Portugal was created in 2001, and
thus we had no data on air quality for children born before 2003
(Ministério do Ambiente e Ordenamento to Ministério do Ambiente e
Ordenamento do Territério and Direcao Geral do Ambiente, 2001; in
Portuguese). As legislated by the European Union, air quality moni-
toring in Portugal is carried out by background stations that measure the
levels of criteria air pollutants, including O3, PMj 5, PM; 9, NO2, and SO».
In Regiao Centro there are 8 background stations distributed by six areas
of influence with homogeneous air quality, with each station reflecting
the air pollution for all the municipalities located in their area of in-
fluence. These areas of influence were delimited by the Portuguese
Directorate-General for the Environment, through measurements of the
distribution of air pollutants concentrations to assess air quality across
Portugal, considering also the location of industrial hotspots, population
density, land use and orography. The information was used to establish
the current legislation that defines the plan for assessment and man-
agement of air quality in Portugal. For a more detailed description
regarding the delimitation of areas of influence refer to supplementary
material. We did not consider other sources of air pollution, for instance
measured by traffic or industrial stations because these are not widely
distributed in Regiao Centro (there are only 2 traffic stations and in-
dustrial stations are non-existing). Information for other factors, like
wind patterns, altitude or temperature patterns were also not available.
The files downloaded from the APA portal contained the hourly levels of
each pollutant, measured in pg/m?>, for the 2003-2016 time period. A
data collection efficiency of at least 75% was considered, meaning that
when the hourly levels for a given air pollutant for a given station were
missing for 25% or more of the 2003-2016 time-period that data was not
analyzed. This is a conservative approach that allows us to have higher
confidence in the measures by the monitoring stations, since missing
data, particularly during continuous time-periods, may reflect an issue
with the station.

Using this data, together with information on gestational age for
each subject, we retrospectively estimated average hourly levels for Os,
PMs 5, PM;, NO3 and SOs, for each five time periods: first, second and
third trimesters of pregnancy, full pregnancy and the first year of the
child’s life. Each subject was assigned to the area of influence covering
his or her address at birth. Data for all pollutants was available for 179/
217 (82.5%) subjects.

Admissible annual average levels for PMy 5, PMjg, and NO, were
retrieved from European Air Quality Standards guidelines, legislated by
the European Union (EU) under Directive 2008/50/EU. These admissi-
ble levels were established to protect human health, particularly for
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vulnerable populations, as exposure above those levels is detrimental to
human health. To understand whether, in any of the years under anal-
ysis (2003-2016), any of the background stations measured levels of air
pollutants above the admissible levels stipulated by the EU, increasing
hazard risk for the population, these values were compared with the
average annual air pollutant concentrations.

For full pregnancy and first year of life time periods, we identified
the individuals that were exposed to average concentrations above the
thresholds defined as admissible by the EU. Admissible average annual
pollution levels for O3 and SO, are not provided by the referred
directive.

2.4. Mapping

The municipality of birth was considered the georeferencing unit for
mapping. All the municipalities of birth were within the areas of influ-
ence covered by the monitoring stations. Mapping was done using the
free and open source Geographic Information System software QGIS,
3.18.2 Ziirich version. The files in shapefile format containing geometric
information for Regiao Centro where provided by Statistics Portugal
(Instituto Nacional de Estatistica; INE) and APA.

2.5. Statistical analyses

For population characterization, chi-square or Fisher tests were
performed to compare the qualitative variables between higher and
milder severity groups. Significance was considered at o = 0.05.

Fisher tests were also performed to compare the numbers of ASD
subjects with exposure levels above and below the admissible annual
average levels imposed by European Union, for full pregnancy and first
year of life time periods.

A non-parametric Kruskal-Wallis test was performed to compare the
concentrations of each air pollutant, for the 2003-2016 time period,
between all areas of influence. Significance was considered at o = 0.05.

A non-parametric Mann-Whitney test for unpaired samples was used
to compare the distribution of exposure levels between patients in the
higher severity group and patients in the milder severity group. Com-
parisons were carried out independently for the five time periods. Sig-
nificance was considered at « = 0.05, and the Holm-Bonferroni
correction for multiple testing was applied.

We analyzed the association between exposure to multiple air pol-
lutants and clinical severity using logistic regression. Separate full
models were computed for each time period, with the clinical severity as
the response Bernoulli variable and the levels of exposure to O3, PMy s,
PM;o, NO3 and SO, as independent variables. Covariates previously
associated with ASD risk were also added to the model, including the
subjects’ sex, maternal and paternal age at birth (<35 years old vs > 35
years old), maternal and paternal education (higher education vs non-
higher education) and season of birth (birth in October-March vs birth
in April-September), as previously done by others (Ongono et al., 2022;
Rahman et al., 2022). For regression, the response variable was coded as
0 (milder severity group) or 1 (higher severity group). Stepwise back-
wards selection was applied, using the Akaike Information Criteria (AIC)
algorithm, to iteratively remove independent variables and covariates
from the model, in order to find the subset of variables in the dataset
resulting in the best performing model (named stepwise model). Sig-
nificance was considered at o = 0.05 and odds ratios (OR) with 95%
confidence intervals were calculated. The assumption of linearity be-
tween the independent variables and the log-odds of the outcome, for
each time period, was tested using Box Tidwell test, considering a =
0.05. Multicollinearity between variables that remain in the stepwise
models was measured, considering a cut-off value of Variation Inflation
Factor (VIF) of 5. For logistic regression analyses, only the 179 subjects
with data for all pollutants were considered.

All statistical analyses were performed using the open source soft-
ware R.
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3. Results

3.1. Geographical distribution of participants and pollution levels per area
of influence

We mapped the geographical distribution of the 217 children with
ASD, using their municipality of birth as the geo-referencing unit
(Fig. 1). This georeferenced data was then integrated with the areas of
influence defined by APA. Regiao Centro covers a third of the mainland
Portuguese territory, with littoral municipalities having more children
with ASD when compared to the interior areas (Fig. 1), reflecting the
higher population density and urbanization in coastal areas in Portugal.

The average annual concentrations of the analyzed pollutants, in
Regido Centro, for the 2003-2016 time period were 59.06 pg/m° (range:
45.96-67.10 pg/m?) for O3, 9.59 pg/m? (range: 5.76-19.58 pg/m?>) for
PM; 5, 21.58 ug/m3 (range: 15.53-33.63 ug/mS) for PM;, 2.59 ug/m3
(0.67-8.24 pg/m>) for SO, and 9.80 pg/m° (5.63-16.36 pg/m°) for NO,.
For PM5 5, PM;o and NOy, it is possible to compare these values with the
annual admissible limits imposed by the European Union. The annual
average concentrations obtained for these three pollutants were below
the annual limits defined by the European Union (25 pg/m3 for PMy s,
40 pg/m?® for PMyo and 40 pg/m® for NOy).

No significant differences in the concentrations of each air pollutant
were observed between areas of influence (p > 0.05) (Table S1), for the
2003-2016 time period.

Regarding the distribution of participants by clinical severity across
the six areas of influence, we note that these are similarly distributed
between the defined areas (Table S2).

3.2. Characterization of the population

Baseline characteristics of the study population, including relevant
clinical parameters as well as sociodemographic variables, are shown in
Table 1.

Age at diagnosis ranged from 1 to 10 years old (mean age at diag-
nosis = 3.37 years), with 88% of the participants receiving a positive
diagnosis until 4 years old.

As expected, higher and milder clinical severity groups differed

0 25
L —
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significantly in some of the clinical parameters. In the higher severity
group, 42.3% have ID, compared to 13.0% in the milder severity group
(p < 0.001). The groups also differed in the adaptive behavior measures,
as estimated by VABS. The higher severity group scored significantly
lower across all VABS modules when compared to the milder severity
group (Table 1). The two groups did not differ in other clinical analyzed
parameters, including birth weight, gestational age, or any of the soci-
odemographic variables, namely sex, paternal and maternal ages at
birth, education level and season of birth (Table 1).

3.3. Average levels of exposure to criteria air pollutants

The distribution of the concentrations of each criteria air pollutant to
which the mothers of the 217 participants were exposed, for each
pregnancy time period, is shown in Fig. 2. The exposure of the child
during the first year of life is also shown. Average concentration levels
per time period vary between 61.4 + 12.1 and 62.2 + 13.3 for O3, 11.4
4+ 7.8 and 12.8 + 9.0 for PM5 5, 21.3 4= 7.8 and 22.2 + 9.4 for PM;, 2.3
+ 1.2 and 2.4 &+ 1.5 for SO, and 8.7 + 4.4 and 9.0 + 4.5 for NO,. The
average period concentrations for all the pollutants were below the
annual admissible limits defined by the European Union (25 pg/m? for
PM; 5, 40 pg/m3 for PM;( and 40 pg/rn3 for NOy).

However, it is striking that for a fraction of the subjects, exposure to
PM; 5 and PM;( levels was above the admissible limits for the full
pregnancy and first year of life time periods (Fig. 2, Table 2). Further-
more, when stratifying by clinical severity, we observed that many
subjects for whom levels of exposure were above the admissible limits
have a higher clinical severity (Table 2). We found significant differ-
ences in the number of subjects with exposure levels to PM; 5 above the
admissible limits, between the higher and milder clinical severity
groups, for the full pregnancy (p = 0.049).

3.4. Exposure to air pollutants during early development in subjects with
higher vs milder clinical severity

The group of subjects with higher clinical severity had a significantly
higher exposure to PM; 5 (adjusted p = 0.001), NO; (adjusted p = 0.011)
and PM; (adjusted p = 0.041), during the first trimester of pregnancy,

Influence areas
B Aveiro/ilhavo

[ Centro Interior

[ Centro Litoral

Il Coimbra

[ Litoral Noroeste do Baixo Vouga

50 km [ Oeste, Vale do Tejo e Peninsula de Setubal

Fig. 1. Geographical distribution of the 217 children by municipality of birth, along Regiao Centro. Shown are the numbers of children by municipality. The white
dots represent the location of air quality monitoring stations. The region is subdivided in six areas of influence defined by APA.
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Table 1
Baseline characteristics of the study population.
Variables Total (n = Higher Milder
217) severity (n severity (n
=163) =54)
N % n % N % p-value
Sex
Male 199 91.7 151 92.6 48 88.9
Female 18 8.3 12 7.4 6 11.1  0.5612
Intellectual Disability
With intellectual 76 358 69 434 7 13.2
disability (<70)
Without intellectual 136 642 90 56.6 46 86.8
disability (>70)
Unknown 5 4 1 <0.001*
Vineland Adaptive Behavior Scales
VABS Global <70 132 67.7 113 758 19 413
VABS Global >70 63 32.3 36 24.2 27 58.7
Unknown 22 14 8 <0.001*
VABS Communication 111 569 95 63.7 16 34.8
<70
VABS Communication 84 43.1 54 36.3 30 65.2
>70
Unknown 22 14 <0.001*
VABS Daily Living Skills 125 64.1 106 71.1 19 41.3
<70
VABS Daily Living Skills 70 359 43 289 27 587
>70
Unknown 22 14 8 <0.001*
VABS Socialization <70 102 523 95 637 7 15.2
VABS Socialization >70 93 47.7 54 36.3 39 848
Unknown 22 14 8 <0.001*
Birth Weight
<1500 g 8 3.7 6 3.7 2 3.7
1500-2499 g 14 6.5 9 5.5 5 9.3
2500-3999 g 189 875 143 883 46 851
>4000 g 5 2.3 4 2.5 1 1.9
Unknown 1 1 0 0.809
Gestational age
<37 23 10.6 18 11.0 5 9.3
37-41 194 89.4 145 89.0 49 90.7
>41 0 0 0 0.909
Maternal age at birth
<25 26 12.2 19 11.8 7 13.0
26-34 134 62.6 99 61.9 35 64.8
>35 54 25.2 42 263 12 222
Unknown 3 3 0 0.838
Paternal age at birth
<25 14 6.6 8 5.0 6 11.1
26-34 120 56.1 94 588 32 593
>35 80 37.3 58 36.2 16 29.6
Unknown 3 3 0 0.244
Maternal educational level
Illiteracy and Primary 49 226 40 245 9 16.7
education
Secondary education 89 41.0 62 38.0 27 50.0
Tertiary education 79 36.4 61 37.4 18 333
Unknown 0 0 0 0.257
Paternal educational level
Illiteracy and Primary 85 39.2 64 393 21 389
education
Secondary education 71 327 52 319 19 352
Tertiary education 61 28.1 47 288 14 259
Unknown 0 0 0 0.879
Season of birth
October-March 112 516 83 509 29 537
April-September 105 484 80 49.1 25 463 0.944
Unknown 0 0 0

Statistical comparison of characteristics between higher (n = 163) and milder (n
= 54) severity groups were carried out using Fisher (birth weight) or Chi-square
(all other variables) tests, with significance at « = 0.05. Unknown values were
not considered for the statistical analyses. HBW — High Birth Weight, LBW — Low
Birth Weight, NBW — Normal Birth Weight, VABS - Vineland Adaptive Behavior
Scale, VLBW - Very Low Birth Weight; *p-value<0.05.
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when compared to the group of subjects with milder severity (Table 3,
Table S3). Higher exposure to PM s for the whole pregnancy in the
group with higher severity was also identified, but was non-significant
after correction for multiple testing (10.3 pg/m® VS 8.8 pg/m°, p =
0.036, adjusted p = 0.179) (Table 3, Table S3). No significant differ-
ences were identified for the remaining time periods (Table 3).

3.5. Association between exposure to air pollutants during early
development and clinical severity

The Box Tidwell test revealed that the linearity assumption between
the independent variables and the log odds of the outcome is met, since
p > 0.5 for all variables (Table S4).

Summary statistics for stepwise logistic regression models are shown
in Table 4 (refer to Table S5 for the results of the full models). The 95%
confidence intervals obtained for the logistic regression were not sub-
stantially large, indicating that the obtained odds ratios are precise.

The regression model showed that, for exposures occurring during
the first trimester of pregnancy, only PMs 5 levels had a significant as-
sociation with higher clinical severity (p = 0.002) (Table 4). The results
indicate that per each 1 pg/m® PMy 5 increment there is a fold increase in
the odds of having higher severity by 1.14 (OR = 1.14; 95% CIL:
1.05-1.23).

For the second trimester of pregnancy, no significant associations
were found (Table 4).

Regarding the third trimester, PM; levels showed a significant as-
sociation with higher clinical severity (p = 0.02), indicating that per
each 1 pg/m> PM;q increment there is a fold increase in the odds of
having a more severe phenotype by 1.07 (95% CI: 1.01-1.14) (Table 4).

When considering the complete pregnancy period, PMy s levels
showed a significant association with higher clinical severity (p = 0.04),
indicating that per each 1 pg/m® PM, 5 increment there is a fold increase
in the odds of having higher severity by 1.07 (OR = 1.07; 95% CL:
1.00-1.15) (Table 4).

No significant associations were identified for the period pertaining
to the first year of life (Table 4).

Multicollinearity was never found for any independent variable
remaining in the stepwise models, which means that no variable can be
linearly predicted from the others with a substantial degree of accuracy
(Table S6).

Notably, while not significant, sex and maternal education level were
included in the stepwise models for all trimesters of pregnancy and first
year of life, while sex was also included in the stepwise model for the full
pregnancy period. These results suggest that being a female and a lower
maternal education contribute to a higher severity of ASD, even when
air pollution is the significant variable.

4. Discussion

Ambient air pollution is a major public health issue, responsible for
4.2 million premature deaths globally in 2016, of which 286,000 were
children under 15 years old (WHO 2021). In 2005, the World Health
Organization (WHO) established expert-based guidelines to lessen the
health impact of exposure criteria air pollutants (WHO 2005). Growing
evidence supports a role for air pollution in neurodevelopmental prob-
lems, including ASD (Volk et al., 2021). In this study, we retrospectively
analyzed the exposure of mothers of ASD children to five criteria air
pollutants during critical periods of pregnancy, examined whether they
were exposed beyond admissible levels at early stages of development,
and explored for associations with the offspring clinical severity. We
analyzed a dataset of 217 children with ASD, for five well-defined time
periods critical for a healthy neurodevelopment (first, second and third
trimesters of pregnancy, full pregnancy and first year of life). All these
time periods are included in the first 1000 days concept, which refers to
the time spanning conception until the second birthday (Moore et al.,
2017). This is a period of extreme vulnerability to external influences,
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Fig. 2. Boxplot graphs showing the distribution of concentrations of each criteria air pollutant to which the mothers of the 217 participants with ASD were exposed
for each pregnancy period, as well as the exposure of the child for the first year of life. Red dots represent average concentrations. The dashed red lines represent

annual limit averages imposed by the European Union.

Table 2

Summary statistics regarding the comparison of the numbers of ASD subjects with exposure levels above and below the admissible annual average levels imposed by

European Union, for full pregnancy and first year of life time periods.

PMy 5 PMjo
Severity Exposure above admissible Exposure below admissible p- Exposure above admissible Exposure below admissible p-
group levels n (%) levels n (%) value levels n (%) levels n (%) value
Full Higher 17 (10.4%) 146 (89.6%) 0.049*  5(3.1%) 158 (96.9%) n/a
pregnancy Milder 1(1.9%) 53 (98.1%) 0 (0) 54 (100%)
First year of Higher 15 (9.2%) 143 (90.8%) 0.252 3 (1.8%) 160 (98.2%) n/a
life Milder 2 (3.7%) 52 (96.3%) 0 (0) 54 (100%)

Shown are the p-values for Fisher test between higher and milder clinical severity groups. *p-value<0.05.

where the foundations for an optimal neurodevelopment, and overall
lifelong health and wellbeing, are established (Moore et al., 2017).

For the 2003-2016 time period, the average annual concentrations
of PMy s, PMjp and NO; in Regiao Centro were below the admissible
levels imposed by the European Union. This indicates that, for this re-
gion, air quality standards are generally fulfilled, as has been reported
by other authors (Monteiro et al., 2007, 2015). The average concen-
trations of PMy 5, PM19 and NO; to which the 217 ASD were exposed
during pregnancy and the first year of life, in any of the time periods
considered, also met air quality requisites. However, an important

fraction of these subjects were individually exposed to concentrations of
PM, 5 and PM; above the admissible limits, particularly during preg-
nancy and first year of life. Many of these ASD subjects had a more se-
vere clinical phenotype, and the difference was significant for those
whose mothers were exposed to PMj 5 and PM;( above admissible levels
during full pregnancy. This compelled us to explore the possible asso-
ciation between air pollution exposure during defined early develop-
mental time periods and ASD severity.

This work provides novel evidence for an impact of prenatal expo-
sure to PMj 5 during the first trimester of pregnancy and a more severe
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Table 3

Summary statistics regarding Mann-Whitney test for comparisons of exposure levels to the different air pollutants, in each time-period, for higher vs milder severity groups.

NO,

SO,

PM;o

PMy 5

O3

p-

median exposure

n
(ug/m>) £SD

p-

median exposure

n
(ng/m3) £SD

p-

median exposure

n
(ug/m>) £SD

p-

median exposure

p- n
(ug/m>) +SD

median exposure

n

Severity
group

value

value

value

value

value

(ug/m>) +SD

0.011*

8.5+4.8
6.9 £ 3.2
7.6 £5.6
7.0£3.8
6.9 £5.8
7.6 £ 4.6
8.0 £4.1
7.7 £3.2
7.9+48
7.7 £28

154
51

0.866

21+1.6
25+1.3
21+13
24+1.3
22+1.6
23+14
25+1.2
25+1.2
21+1.5
27 +1.1

155
49

0.041*

21.2 + 8.4
18.3 £ 4.8
20.0 £ 8.1
20.9 + 6.5
21.6 £9.8
20.7 + 8.0
20.8 +£7.9
19.4 £5.5
20.2+7.4
199 £6.9

162
52

0.001*

142 10 +8.1

49

0.270

62.0 +12.3
64.8 + 11.0
63.4 + 13.0
60.1 + 4.0

162

52

Higher

First

7.4 £4.2
9.2+81
84+52

Milder

Trimester
Second

0.799

154
51
154
51
154
51
154
51

157
49

162

0.674

143
50

0.799

163
53

Higher

Milder

Trimester

Third

0.870

157
49

162
52

0.870

10.8 £ 9.5
85+7.2

143
50

0.870

62.6 +12.2
59.7 £ 10.9
62.9 + 8.4
60.8 + 8.4
62.6 +7.3
63.6 + 6.5

163

53

Higher

Milder

Trimester

Full

0.767

157
49

0.767

162

0.179

10.3+7.8
8.8 +5.0
9.9+7.3
9.2+7.2

143

50

0.939

163
53

Higher

Milder

pregnancy
First year of

0.864

157
49

0.864

162
52

143
50

0.864

163

Higher

Milder

life

Shown are corrected p-values, after Holm-Bonferroni correction for multiple testing. Significance was considered at « = 0.05. For uncorrected p-values see Table S2; SD — Standard Deviation.
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ASD clinical presentation of the offspring. Our analysis revealed a sig-
nificant association between a more severe clinical phenotype and
prenatal exposure to higher concentrations of this pollutant during the
first trimester, when compared to subjects with milder clinical pre-
sentations. Logistic regression including several covariates previously
associated with ASD risk, further showed that high PMj 5 levels are the
only variable significantly associated with a more severe phenotype
during this time period. Notably, PMs 5 levels were also the only sig-
nificant variable for the full pregnancy, and subjects with higher severity
had a significantly higher exposure to this pollutant when compared to
subjects with milder severity in this time period, before correction for
multiple testing. This trend observed for the full pregnancy is likely
driven by the results observed for the first trimester. Previous studies
have implicated prenatal exposure to PMy 5 in ASD risk (Volk et al.,
2013; Volk et al., 2014; Raz et al., 2015; Talbott et al., 2015; Geng et al.,
2019; Kaufman et al., 2019). This study reinforces these previous find-
ings and further provide evidence for an impact on the clinical severity
of the disorder.

Our findings from the logistic regression also implicate prenatal
exposure to higher concentrations of PMj during the third trimester in
the modulation of clinical severity increase. This is in agreement with
other epidemiologic studies comparing prenatal exposure in subjects
with ASD versus neurotypical controls, showing that exposure to PM;(
during the third trimester of pregnancy was associated with increased
risk of ASD (Kalkbrenner et al., 2015; Volk et al., 2013). The biological
mechanisms underlying the association of exposure to PM;( with clin-
ical severity, specifically in the third trimester and not before, are un-
clear but may be related with the composition of these particles
interfering with neurodevelopmental processes in this period, or with
the dynamics of transport across the placental and/or BBB of these larger
particles.

Among the analyzed criteria pollutants, PM have the most wide-
spread effects in human health, including neurological outcomes
(Anderson et al., 2012; Kim et al., 2020; Werder et al., 2021), in line
with our findings of an association between PMj 5 and PM;o and ASD
clinical severity. PM composition varies widely between regions
depending on local emission sources, but it generally consists of a
complex mixture of solid particles and liquid droplets, containing
organic chemicals, acids, metals, black carbon and dust and soil
particles.

The stronger associations found for PM; 5 relative to PM;q are bio-
logically plausible since, due to its small size, PM5 5 more easily pene-
trates the lungs and enters the bloodstream, spreading throughout the
body (Kim et al., 2020). PMy 5 has been shown to have neurotoxic
properties (Liu et al., 2015) and various of its constituents, including
metals, black carbon and organic chemicals, cross the placenta (Bové
et al., 2019; Familari et al., 2019; Zhu et al., 2021) and the blood-brain
barrier (Costa et al., 2020), ultimately reaching the developing brain.
Exposure to PMj 5 induces pathophysiological mechanisms associated
with ASD, including neuroinflammation, mitochondrial disruptions and
oxidative stress and epigenetic alterations. Among the neuro-
inflammatory actions promoted by PMj 5 exposure are microglial cell
activation (Chen et al., 2020, Yau et al., 2021), which disrupts normal
development and neuronal connectivity, and increased expression of
several cytokines (Pope III et al., 2016; Zhang et al., 2018; Zou et al.,
2020). Altered cytokine profiles have been consistently reported in
subjects with ASD, including in the neonatal period (Krakowiak et al.,
2017; Masi et al., 2017; Eftekharian et al., 2018). Animal studies using
murine models have also shown a decreased activity of antioxidant
enzymes following exposure to PMj; s, leading to imbalances in reactive
oxygen species and, consequently, to oxidative stress (Gangwar et al.,
2020). Biomarkers of elevated oxidative stress are a well reported phe-
nomena in patients with ASD (Pangrazzi et al., 2020). Repeated expo-
sure to PMj 5 has also been associated with mitochondrial damage (Sotty
et al., 2020). PM3 5 may also elicit epigenetic alterations: one study has
shown that exposure to PM,s induces DNA hypermethylation in
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Table 4
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Summary statistics regarding logistic regression stepwise models for first, second and third trimesters, full pregnancy and first year of life.

First Trimester

Second Trimester

Variable B SE p-value OR (95% CI) Variable B SE p-value OR (95% CI)
PM; s 0.13 0.04 0.002 1.14 (1.05-1.23) PM 5 0.05 0.03 0.08 1.05 (0.99-1.12)
Sex -1.03 0.62 0.10 0.36 (0.11-1.20) Sex -0.91 0.60 0.13 0.40 (0.13-1.29)
Maternal education —0.66 0.41 0.10 0.51 (0.23-1.15) Maternal education —0.63 0.40 0.11 0.53 (0.24-1.16)
Third Trimester Full pregnancy

Variable B SE p-value OR (95% CI) Variable B SE p-value OR (95% CI)
PM;o 0.07 0.03 0.02 1.07 (1.01-1.14) PMy s 0.07 0.03 0.04 1.07 (1.00-1.15)
NO, —0.09 0.05 0.06 0.91 (0.83-1.00) Sex -0.97 0.60 0.10 0.38 (0.12-1.22)
Maternal education —0.60 0.39 0.13 0.55 (0.26-1.18) Maternal education —0.64 0.40 0.11 0.53 (0.24-1.15)
First year of life

Variable B SE p-value OR (95% CI)

PM;o 0.04 0.03 0.16 1.04 (0.98-1.10)

Sex —-0.99 0.60 0.10 0.37 (0.12-1.20)

Maternal education -0.67 0.40 0.09 0.51 (0.24-1.12)

B — regression coefficient, SE — standard error, OR — Odds ratio, 95% CI — 95% Confidence interval.

promoter regions of ASD candidate genes, including AUTS2, BDNF,
GABRB3, GRIN1, MECP2, NLGN3, NRXN1, RELN, SHANK3 and SLC6A4
leading to alterations in their mRNA and protein expression in human
neurons (Wei et al., 2016). In fact, PMy 5 exposure has been shown to
shape global and gene-specific DNA methylation profiles throughout the
lifespan, with marked effects during key life stages such as prenatal
development and infancy (Ferrari et al., 2019).

When compared to PMj 5, few studies are available on health risks
associated with PM;( exposure (Yau et al., 2021. A recent study with
murine models showed that PM;, induces neurotoxicity by promoting
the death of dopaminergic neurons (Choi et al., 2022). PM;( exposure is
also reported to induce epigenetic alterations (Ferrari et al., 2019), with
a recent publication showing that prenatal exposure to PM;( was asso-
ciated with altered methylation patterns and telomere length in human
cord blood samples (Isaevska et al., 2022). Finer components of PM;,
including black carbon and metals, are able to cross the placenta (Gio-
vannini et al., 2018; Bové et al., 2019), which justifies its neuro-
developmental outcomes and may underline an association with a
higher clinical severity of ASD.

Our results suggest a time period specificity for the effects of PMa 5
(first trimester and full pregnancy) and PMj (third trimester). Early
pregnancy is a period of heightened vulnerability to environmental
toxins, and it has been suggested that PM; 5 exposure during the first
trimester promotes mitochondrial DNA damage at the placenta, leading
to oxidative stress, and interfering with the barrier function of this
structure (Grevendonk et al., 2016; Tapia et al., 2020). Maternal expo-
sure to PM; o during late pregnancy leads to altered blood viscosity and
clotting, resulting in a reduced flow of oxygen and nutrients between
mother and child through the placenta (Chen et al., 2021). However,
more studies are needed to experimentally assess neuropathological
events caused by specific time period exposures.

Previous studies addressing an impact of exposure to air pollution
during early life in ASD severity are scarce. An association between
higher prenatal and first year NOy exposure with poorer performances
on Mullen Scales of Early Learning and VABS scores, which measure
cognitive and adaptive behavior, has been reported in a sample of 327
children with ASD (Kerin et al., 2018). Postnatal exposure to air pol-
lutants has also been reported to modulate ASD severity, as observed by
one study showing that high short-term exposure to PMj 5, NO, and O3
increased the risk of hospital admissions, which were used as a proxy for
symptom aggravation, in Korean children with ASD aged 5-14 years old
(Kim et al., 2022).

Although PMys and PM;y were the significant variables in the
stepwise models, our results indicate that being female and a lower
maternal education are also associated with a higher severity. Low
maternal education is a strong predictor of lower IQ in the offspring

(Camargo-Figuera et al., 2014; Beck et al., 2022), and our results show a
not significant higher percentage of mothers with lower education in the
higher (24.5%) versus milder (16.7%) severity groups. We also observed
a non-significant trend of more females in the group with milder
severity, which is unexpected since the male bias in ASD diagnoses tends
to be less pronounced in groups with severe ID (Frazier et al., 2014).
However, there is evidence for a differential response of male and female
brains to air pollution, with males being more vulnerable to the adverse
effects of in-utero exposure to air pollutants (Yi et al., 2022). A Mexican
study further provides evidence for an interaction between air pollutant
exposure and genetic background in neurodevelopmental disorders, by
showing that in a population of children chronically-exposed to high
concentrations of PMy 5, young girls with Apolipoprotein E (APOE) 4
heterozygous allele presented increased odds of having low IQ scores
(Calderon-Garciduenas et al., 2016). Thus, integrating genetic data
could result in models that best reflect the actual heterogeneous char-
acter of this disorder. Overall, our results suggest that, besides early-life
exposure, sex and maternal education have a minor contribution to ASD
severity in this population. Additionally, the inclusion of genetic sus-
ceptibility data may add and additional layer of complexity to these
models.

Other clinical variables, including gestational age, birth weight and
parental ages at birth, previously associated with ASD risk, did not
impact on clinical severity. Epidemiologic studies that examine associ-
ations between these variables and ASD severity are scarce and present
conflicting results. Regarding gestational age, a study has reported
higher clinical severity in subjects with ASD from preterm births
(Movsas and Paneth, 2012). However, these results were not replicated
by a more recent study (Martini et al., 2022). Advanced paternal age, but
not maternal age, at birth has been associated with higher clinical
severity of ASD as measured by parental report, by one study (Rieske
and Matson, 2020), a result not observed by others (Itzchak et al., 2011).
Finally, one study found no association between very low birth weight
and ASD severity (Itzchak et al., 2011). It is possible that these variables
increase the risk of ASD, but have a more modest effect on modulating its
severity that would require larger population studies to be detected
(Martini et al., 2022).

The present study provides evidence that increased early-life expo-
sure to PM, during critical neurodevelopmental windows, is not only a
risk factor for ASD, but it is also associated with a higher clinical
severity. This is in line with the notion that clinical stratification is
fundamental to identify risk factors specific to clinical subgroups (Frye
et al., 2019). Our study uses air pollution monitoring data to estimate
maternal exposure during pregnancy, but does not directly measures the
fetus exposure, identify which PM components drive the effect or
examine the biological mechanisms by which the maternal exposure
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may impact the brain development of the offspring. Future studies need
to address these issues, eventually using biomarkers of exposure to PM,
such as oxidative stress and inflammatory biomarkers (Desai et al.,
2017; Friedman et al., 2021), as well as explore the biological mecha-
nisms by which PM can cause neurodevelopmental impairments and
modulate ASD clinical severity. Such studies could leverage brain
organoids as a model system, which have already been used to test for
neurotoxicity of PM (Bilinovich et al., 2020). Our results again highlight
the importance of air quality for a healthy neurodevelopment and for the
risk of severe neurodevelopmental disorders, raising questions that need
to be addressed by public health policies.
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