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A B S T R A C T

Genetic and environmental factors both contribute to the development of Autism Spectrum Disorder (ASD) and
Attention-Deficit/Hyperactivity Disorder (ADHD). One suggested environmental risk factor for ASD and ADHD is
air pollution, but knowledge of its effects, especially in low-exposure areas, are limited. Here, we investigate
risks for ASD and ADHD associated with prenatal exposure to air pollution in an area with air pollution levels
generally well below World Health Organization (WHO) air quality guidelines.

We used an epidemiological database (MAPSS) consisting of virtually all (99%) children born between 1999
and 2009 (48,571 births) in the study area, in southern Sweden. MAPSS consists of data on modelled nitrogen
oxide (NOx) levels derived from a Gaussian dispersion model; maternal residency during pregnancy; perinatal
factors collected from a regional birth registry; and socio-economic factors extracted from Statistics Sweden. All
ASD and ADHD diagnoses in our data were undertaken at the Malmö and Lund Departments of Child and
Adolescent Psychiatry, using standardized diagnostic instruments. We used logistic regression analyses to obtain
estimates of the risk of developing ASD and ADHD associated with different air pollution levels, with adjust-
ments for potential perinatal and socio-economic confounders.

In this longitudinal cohort study, we found associations between air pollution exposure during the prenatal
period and and the risk of developing ASD. For example, an adjusted Odds Ratio (OR) of 1.40 and its 95%
Confidence Interval (CI) (95% CI: 1.02–1.93) were found when comparing the fourth with the first quartile of
NOx exposure. We did not find similar associations on the risk of developing ADHD.

This study contributes to the growing evidence of a link between prenatal exposure to air pollution and
autism spectrum disorders, suggesting that prenatal exposure even below current WHO air quality guidelines
may increase the risk of autism spectrum disorders.

1. Introduction

Autism Spectrum Disorder (ASD) and Attention-Deficit/
Hyperactivity Disorder (ADHD) are neurodevelopmental disorders as-
sociated with broad functional impairments that can substantially affect
individuals' and families' quality of life (Klassen et al., 2004; Lee et al.,
2008; van Heijst and Geurts, 2015). The etiology behind these condi-
tions is largely unknown, although both environmental and genetic
factors play a role (Thapar et al., 2013; Lai et al., 2014; Sandin et al.,
2017). Environmental determinants alone are suggested to account for
10–40% of the risk for ADHD (Sciberras et al., 2017) and around 40%
for autism (Hertz-Picciotto et al., 2006).

Air pollution is recognized by the World Health Organization
(WHO) as one of the biggest health threats of our time (Cohen et al.,
2017). This particular environmental hazard might also have an effect
on the central nervous system, (Costa et al., 2017), making it a potential
risk factor for developing ASD and ADHD. Animal models have in-
dicated that prenatal exposure to high levels of air pollution causes
neurotoxicity (Allen et al., 2017; Costa et al., 2017). Children highly
exposed to air pollution have also shown brain imbalances and a
breakdown of the blood-brain barrier (Calderon-Garciduenas et al.,
2015a; Calderon-Garciduenas et al., 2015b). The known biological ef-
fects of air pollution are also in line with the multiple hypothetic me-
chanisms suggested for ASD and ADHD development (Bolton et al.,
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2012; Allen et al., 2017). Moreover, recent epidemiological studies
have found associations between exposure to air pollution and an ele-
vated risk of developing ASD in the United States of America (USA)
(Volk et al., 2013; Kalkbrenner et al., 2015; Raz et al., 2015; Talbott
et al., 2015; Weisskopf et al., 2015; Flores-Pajot et al., 2016; Yang et al.,
2017; Goodrich et al., 2018; Kalkbrenner et al., 2018; Kerin et al.,
2018), Taiwan (Jung et al., 2013), and Israel (Raz et al., 2018). These
findings have not been reproduced in most European cohort studies
investigating prenatal air pollution and autistic traits (Guxens et al.,
2016) or ASD (Gong et al., 2014; Gong et al., 2017). However, an as-
sociation between air pollution and clinical diagnoses of ASD was re-
cently confirmed by a Danish study (Ritz et al., 2018).

Fewer articles exist on ADHD and air pollution; most of which relied
on teacher- or parent-reported symptoms of ADHD. This body of lit-
erature presented contradicting results, as some authors did not find an
association (Gong et al., 2014; Forns et al., 2018; Myhre et al., 2018),
and others did (Perera et al., 2012; Yorifuji et al., 2017). Furthermore,
studies on air pollution and attention functions in Spain and the US
have found prenatal exposure to air pollution to be associated with
poorer scores in attentiveness (Chiu et al., 2016; Sentis et al., 2017).
The one study using clinical diagnosis found an association between air
pollution and ADHD development (Min and Min, 2017).

There is need to elucidate whether ASD and air pollution findings
are replicable in a European setting. More studies are also needed re-
garding the relationship between air pollution and ADHD. Indeed, those
minimizing exposure misclassification, considering the impact of co-
morbidities, and using population-based samples and clinical diagnoses
have been urged (Yang et al., 2017). Other recommendations by the
scientific community include increasing power with larger study sizes,
tracking residential mobility and incorporating methods for capturing
local and regional exposure levels (Flores-Pajot et al., 2016). In this
study, we had the possibility to perform population-based research with
high quality data on ASD and ADHD, air pollution concentrations with
high spatial resolution, and potential confounders, such as other neuro-
developmental disorders, perinatal factors, and socioeconomic status
(SES) from nation-wide registers.

2. Method

2.1. Study population

MAPSS (Maternal Air Pollution in Southern Sweden) is an epide-
miological database with>48,000 births in the Malmö-Lund-
Trelleborg region located within Skåne [Scania], the Southern-most
county in Sweden (see Fig. 1). The study population consists of virtually
all (99%) children born in Skåne between 1999 and 2009 and has
previously been used to study fetal growth and air pollution (Malmqvist
et al., 2017). Data concerning diagnoses was checked starting in 1999;
however, very few cases prior to 2004 were found, thus children were
followed between 2004 and 2016. We used data from Statistics Sweden
to assess if the MAPSS children were still living in the catchment areas
of the Malmö and Lund Departments of Child and Adolescent Psy-
chiatry during the study period.

2.2. Outcome

In this study, we extracted outcome data from the Skåne Healthcare
database (SHR). Because health care systems in Sweden are tax-sub-
sidized, readily-available and used by practically all residents, utilizing
these healthcare databases does not raise the risk of selection bias, as is
the case in many other countries. When a child is suspected of having
ASD or ADHD, they are referred to the Departments of Child and
Adolescent Psychiatry and examined by a multidisciplinary team. These
professionals diagnose cases according to the International
Classification of Mental and Behavioral Disorders version 10 (ICD10)
and add them into the SHR.

We identified ASD cases as children with an F84 diagnosis code,
which represents all Pervasive Developmental disorders (including i.e.
Asperger's syndrome). This is characterized by one or more of the fol-
lowing areas of psychopathology: qualitative abnormalities in re-
ciprocal social interactions, in patterns of communication, and as a
restricted, stereotyped and repetitive repertoire of interests and activ-
ities. All of which affect the individual's functioning in everyday si-
tuations. These symptoms do not have to be present by a specified age,
but children usually receive a diagnosis around 7 years of age (Haglund
and Kallen, 2011).

Furthermore, we restricted cases using the F84.0 code for Childhood
autism (excluding i.e. Asperger's syndrome). The criteria for F84.0 is
abnormal functioning in all three areas of psychopathology with early
onset. Specifically, symptoms need to be present before 3 years of age.
To ensure that the core symptoms of autistic disorders are present, the
team of professionals use both Autism Diagnostic Observation
Schedule–Generic (ADOS-G) (Lord et al., 2000) and the Autism Diag-
nostic Interview–Revised (ADI-R) (Lord et al., 1994) for the majority
(75%) of cases. Additionally, children with ASD can be identified
through Child Habilitation Centers, which support all children and
adolescents below 18 years of age who fulfil the criteria for ASD and
live in the area. In reviewing data from these centers, we found three
additional children not previously diagnosed at the Malmö and Lund
Departments of Child and Adolescent Psychiatry.

A child with suspected attention difficulties, hyperactivity and/or
difficulties with impulse control is generally referred to the
Departments of Child and Adolescent Psychiatry by a special education
teacher and a school psychologist or by their parents. Each child di-
agnosed with ADHD was assessed by one of the ten experienced clin-
icians at the Departments of Child and Adolescent Psychiatry in Malmö
and Lund using the Diagnostic and Statistical Manual of Mental
Disorders (DSM). An ICD10 diagnosis corresponding well with the DSM
diagnosis was then used. For ADHD, we included both the broader
definition, F90, and the Swedish-specific subtype, F90.0B, requiring
hyperactivity/impulsivity with or without clinically significant atten-
tion-deficit. We excluded 72 children with a diagnosis in both the F84
and F90 ICD10 groups to reduce potential misclassifications as sug-
gested by Craig et al. (2015).

Fig. 1. Map of the county of Scania in southern Sweden with modelled levels of
NOx for the year 2009 and locations of Malmö and Lund Departments of Child
and Adolescent Psychiatry (study clinics).
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2.3. Air pollution exposure

The modelled concentration of nitrogen oxides (NOx) was used as an
indicator of combustion-related air pollution from local sources, mainly
traffic. NOx levels were modelled using a Gaussian dispersion model,
AERMOD, and an extensive emission database on road networks (in-
cluding type of vehicle, speed, and number of vehicles per minute),
small-scale heating, incinerators, industry, non-road machinery, and
shipping. We applied a spatial resolution of 500*500m for the years
1999–2005 and 100*100m for 2006–2009. Modelled levels have been
compared to measured concentrations with good correlations for NOx

(Stroh et al., 2007; Stroh et al., 2012). Further, this air pollution model
has been used extensively in previous studies (Stroh et al., 2005; Oudin
et al., 2009; Malmqvist et al., 2013; Malmqvist et al., 2015; Malmqvist
et al., 2017; Frondelius et al., 2018). Modelled NOx concentrations were
then linked to the geocoded residential address of each individual
mother to obtain the study population's air pollution exposure. We
calculated trimester-specific exposure quartiles as well as average ex-
posure levels during the full pregnancy. In the main analysis, we used
year-specific quartiles. In an additional analysis, we instead used
quartiles for the whole time period, i.e. non year-specific. In main
analyses we also studied a continuous measure of NOx (per 10 μg/m3

increase).

2.4. Potential confounding factors

2.4.1. Parental birth country
ASD is over-represented among immigrants from sub-Saharan Africa

(Haglund and Kallen, 2011), and health-seeking behavior might differ
between Swedes and immigrants (Ivert et al., 2013). Additionally, im-
migrant and non-immigrant populations are unequally affected by air
pollution, with concentrations unevenly distributed in some areas
(Stroh et al., 2005). This is often related to socioeconomic status, as
discussed below. Specifically, maternal country was aggregated into the
following groups: Sweden, Nordic countries except Sweden, European
Union member nations (EU28) except the Nordic countries, Europe
except EU28 and Nordic countries, the Americas, Africa and Asia.

2.4.2. Socioeconomic status
As in all studies on the long-term effects of air pollution, it is im-

portant to distinguish between the effects of socio-economic status
(SES) and those from air pollution exposure. We have earlier observed
complex patterns between SES and air pollution in this study area
(Stroh et al., 2005) suggesting that associations between air pollution
and health could be confounded by SES. In the current study, in-
dividual-level data on education level as well as household income from
Statistics Sweden were used as markers for SES. Maternal education was
represented by six categories, although the two highest categories were
merged in some of the statistical models, and household disposable
income was divided into quartiles.

2.4.3. Potential perinatal and maternal risk factors
Data on maternal smoking, maternal age and sex of the child were

obtained from a local birth registry, Perinatal Revision South (PRS)
with nearly full coverage of the population (> 99%). A previous study
in this area identified the perinatal and maternal risk factors for de-
veloping ADHD and ASD as being maternal age (> 40 years), primi-
parae (only borderline significant) and male sex (Haglund and Kallen,
2011). Indeed, boys are more often diagnosed with ADHD (Arnold,
1996) and autism (Werling and Geschwind, 2013). Preeclampsia is also
a suggested risk factor for both ASD and ADHD (Zhu et al., 2016;
Dachew et al., 2018). Some risk factors, however, differed between
Asperger's syndrome and Childhood autism cases. For instance, being
born preterm (before 37 gestational weeks) and having low birth
weight (< 2500 g) was associated with Childhood autism (Wang et al.,
2017) and ADHD (Thapar et al., 2013) but not with Asperger syndrome

(Haglund and Kallen, 2011). Moreover, maternal smoking was not seen
to be a risk factor for the development of autism (Rosen et al., 2015) but
was for ADHD (Thapar et al., 2013). Recognizing these risk factors, we
adjusted for sex of the child, maternal age at birth (continuous vari-
able), maternal parity (1, 2, 3 and≥ 4), maternal smoking during
pregnancy (none, 1–9 cigarettes/day, ≥10 cigarettes/day and missing
information) and maternal BMI (< 18, 18- < 25, 25- < 30
and≥ 30 kg/m2) in our main analysis. In the sensitivity analyses, we
adjusted for birth weight, gestational age and preeclampsia.

2.4.4. Psychiatric unit factors
Distance to the psychiatric unit may influence the probability of

being diagnosed, and diagnosis may depend on which psychiatric unit
is visited. In our particular setting, the two psychiatric units (Lund and
Malmö) have clear catchment areas with a travel radius of ≤50 km for
any resident. However, it was quite common for patients from other
municipalities to seek care at the Lund and Malmö units. We, therefore,
had many patients in our data who did not live in the catchment area.
In our main analysis, we included patients (and non-patients) from
these municipalities too, given that their mothers had lived in the
catchment area during pregnancy. In a sensitivity analysis, we limited
our investigation to study subjects living in the catchment area. An
additional sensitivity analysis was performed to adjust for psychiatric
unit (Lund or Malmö). By incorporating birth year into the model as a
categorical variable, we could account for time to diagnosis and diag-
nosis trends in a final sensitivity analysis.

2.5. Statistical analyses

We used logistic regression with ASD and ADHD as outcome vari-
ables (four different variables, as defined above) with average re-
sidential NOx exposure during the three trimesters and full pregnancy
either entered as a continuous or as a categorical variable (quartiles).
We ran these analyses in two different sets of models: one crude model
and one “adjusted” model. In the adjusted models the following vari-
ables were entered: gender of child, maternal age, parity, maternal
smoking, maternal BMI, maternal education, disposable income, ma-
ternal country of birth.

In a cohort setting the odds ratios produced by logistic regression
should approximate the Hazard Ratios from a Cox Proportional Hazard
Regression. As a sensitivity analysis, we therefore ran the main analyses
with Cox Proportional Hazard Regression. Censoring occurred at diag-
nosis, relocation outside the study area or death, whichever came first.
In sensitivity analyses, we adjusted for birth weight, gestational age and
preeclampsia.

Dose-response curves of the risk estimates versus the NOx con-
centrations were created using a natural cubic spline for levels between
0 and 30 μg/m3. Above 30 μg/m3 there are very few observations, and
data are very skewed.

All analysis was done using SAS version 9.4.

3. Results

The mean NOx exposure in the population was 17.7 μg/m3, with a
standard deviation of 10.3 μg/m3, ranging from 3.5 μg/m3 to 48.6 μg/
m3. The (non year-specific) quartile limits were 11.3, 16.8 and 23.1 μg/
m3. Age at the time of diagnosis varied between 1 and 17 years.
Children with an ASD diagnosis were slightly younger at diagnosis
(range=1–17 years, mean age=7 years) than children with an ADHD
diagnosis (range=5–17 years, mean age=10 years). The distribution
of the participants' other characteristics was generally quite similar
between the children with both ASD and ADHD compared to the whole
cohort (Table 1). Although, the proportion of boys was much higher for
the children with either diagnosis, especially for ASD. Mothers of
children with ADHD seemed somewhat younger than the rest of the
cohort, whereas the opposite was seen for mothers with ASD-diagnosed
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children. Furthermore, there was a larger proportion of first-born
children with an ASD diagnosis than was seen in the cohort as a whole.
Maternal education and income were markedly lower in mothers with
an ADHD-diagnosed child. Additionally, having a mother born in
Sweden was more common for children in the ADHD group compared
to the whole cohort. Diagnoses seemed to depend on year of birth in the
ADHD group, which is not surprising given that diagnoses in this po-
pulation are highly age-dependent. For those diagnosed with ADHD, all
exposure variables seemed to be distributed similarly with respect to
the rest of the cohort. Conversely, exposure was generally higher
among the ASD group than the whole cohort. Mean levels of NOx varied
between the years with mostly a declining trend: average concentra-
tions in 1999 were 21 μg/m3 and 14 μg/m3 in 2009.

The results from the logistic regression analysis suggest an asso-
ciation between exposure to NOx during fetal life and ASD diagnosis in
our data. For example, an Odds Ratio (OR) of 1.40 was found when
comparing first to fourth quartile of NOx exposure in trimester 1 (95%
CI: 1.02–1.93) (Table 2). Results were very similar between the tri-
mesters. The OR for a 10 μg/m3 increase in NOx was 1.15 (1.01–1.31)
for trimester 1. For trimester 2 and 3, the point estimates were lower
(1.11 and 1.10), and not statistically significant. When looking at the
dose-response curve (Fig. 2), there seems to be a linear increase in ASD
related to air pollution exposure until reaching a NOx concentration of
about 25 μg/m3, but with higher concentrations, this trend instead
seems to slightly decrease. The analysis including only the Childhood
autism subgroup showed similar results to the whole ASD group, but
with less statistical precision (Supplementary material, Table 1).

For ADHD, however, there did not seem to be an association with
prenatal NOx exposure. In the crude analyses, an association in the
opposite direction of our hypothesis was shown, but ORs in the adjusted
models shifted closer to 1 (Table 3 and Supplementary material,
Table 2). Results were very similar between the trimesters.

Further, using Cox proportional regression analysis produced si-
milar estimates as logistic regression (data not shown).

When including only study subjects residing in the catchment areas,
the cohort size was reduced by approximately 8%. Even though the
smaller sample size decreased precision, the point estimates were si-
milar to those of the main analysis. Furthermore, adjusting for clinic
(Lund or Malmö) only had a marginal effect on the estimates. Further
adjustments for preeclampsia, birth weight and gestational age did not
seem to influence the findings. Finally, results from the subgroup

analysis on children of Swedish-born mothers were very similar to the
main results. Using year-specific quartiles or not did not influence the
results, and the findings were nearly identical when adjusting for birth
year.

Table 1
Participant characteristics, frequencies and column percentages of covariates for all and for the specific outcomes: Childhood autism (F84.0), Autism Spectrum
Disorder, ASD (F84), Attention-Deficit/Hyperactivity Disorder, ADHD with hyperactivity/impulsivity (F90.0B) and Attention-Deficit/Hyperactivity Disorder, ADHD
(F90).

Characteristics Childhood autism F84.0 (n=333) ASD F84 (n=435) ADHD subtype (F90.0B)
(n=516)

ADHD (F90)
(n=718)

All (n=48571)

Gender Girl 77 (23) 101 (23) 141 (27) 191 (27) 23570 (49)
Boy 256 (77) 334 (77) 375 (73) 73 (73) 25001 (51)

Maternal age (years) < 20 9 (3) 10 (2) 23 (5) 32 (5) 850 (2)
20-30 143 (43) 188 (43) 297 (58) 402 (56) 21660 (45)
30-38 145 (44) 199 (46) 168 (33) 239 (33) 22530 (46)
> 38 36 (11) 38 (9) 28 (5) 45 (6) 3531 (7)

Maternal parity 1 178 (53) 238 (55) 247 (48) 337 (47) 22638 (47)
2 91 (27) 116 (27) 179 (35) 239 (33) 16560 (34)
3 43 (13) 58 (13) 54 (10) 88 (12) 6084 (13)
≥4a 21 (6) 23 (5) 36 (7) 54 (8) 3289 (7)

Mat. Smoking Cigarettes/day Missing 25 (8) 26 (6) 41 (8) 49 (7) 3458 (7)
No Cig/Day 271 (81) 357 (82) 332 (64) 465 (65) 40521 (83)
1-9 Cig/Day 24 (7) 35 (8) 86 (17) 120 (17) 3228 (7)
≥10 Cig/Day 13 (4) 17 (4) 57 (11) 84 (12) 1364 (3)

Maternal BMI kg/m2 < 18.5 7 (2) 15 (3) 14 (3) 16 (2) 1145 (2)
18.5- < 25 149 (45) 202 (46) 231 (45) 333 (46) 26650 (55)
25- < 30 88 (26) 108 (25) 120 (23) 163 (23) 10423 (21)
≥30
Missing

43 (13)
46 (14)

61 (14)
49 (11)

74 (14)
77 (15)

101 (14)
105 (15)

4435 (9)
5918 (12)

a The distribution of this group was quite skewed, the 25th and 50th percentile was 4, the 75th percentile was 5, and the maximum value was 14.

Table 2
Odds ratios (ORs) with their 95% Confidence Intervals (CIs) for Autism
Spectrum Disorder (ASD F84) in association with NOx exposure during fetal life
in crude and adjusted models.

Exposurea Crude modelb

N=47, 865
OR (95% CI)

Adjusted modelc

N=38, 280
OR (95% CI)

Trimester 1
Quartile 1a 1 1
Quartile 2a 1.01 (0.75–1.36) 1.15 (0.84–1.59)
Quartile 3a 1.21 (0.92–1.61) 1.34 (0.98–1.84)
Quartile 4a 1.47 (1.12–1.92) 1.40 (1.02–1.92)
Linear per 10 μg/m3 1.19 (1.06–1.34) 1.15 (1.01–1.31)

Trimester 2
Quartile 1a 1 1
Quartile 2a 1.04 (0.77–1.39) 1.06 (0.77–1.46)
Quartile 3a 1.23 (0.93–1.62) 1.26 (0.92–1.72)
Quartile 4a 1.46 (1.11–1.91) 1.35 (0.98–1.84)
Linear per 10 μg/m3 1.16 (1.04–1.30) 1.11 (0.97–1.26)

Trimester 3
Quartile 1a 1 1
Quartile 2a 1.27 (0.96–1.70) 1.28 (0.94–1.75)
Quartile 3a 1.43 (1.08–1.89) 1.41 (1.03–1.93)
Quartile 4a 1.48(1.12–1.95) 1.39 (1.01–1.9)
Linear per 10 μg/m3 1.16 (1.03–1.30) 1.10 (0.96–1.26)

All pregnancyc

Quartile 1a 1 1
Quartile 2a 1.22 (0.92–1.63) 1.29 (0.95–1.76)
Quartile 3a 1.29 (0.97–1.71) 1.34 (0.98–1.84)
Quartile 4a 1.55 (1.18–2.04) 1.40 (1.02–1.93)
Linear per 10 μg/m3 1.20 (1.06–1.36) 1.14 (0.99–1.31)

a Year-specific quartiles (birth year) with first quartile as reference.
b
The linear estimates are adjusted for birth year (since the quartiles are birth

year-specific).
c Variables included into the adjusted models: gender of child, maternal age,

parity, maternal smoking, maternal BMI, maternal education, disposable in-
come, maternal country of birth.
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4. Discussion

4.1. Complexity of ASD etiology

The complex etiology of ASD has been discussed over the last dec-
ades, especially with the hope of understanding the substantial increase
of both children and adults diagnosed with autism. To date, heredity
and genetics constitute the major risk factors for ASD, with having an
older sibling diagnosed with ASD being the most common determinant

(Muhle et al., 2004). However, the underlying causal mechanism is still
unknown. More recently, environmental factors have been examined as
a potential explanation of ASD's surge among children, particularly
those with milder forms of ASD and developmental delay. Discussions
surrounding epigenetics have given rise to a hypothesis about geneti-
cally predisposed children: an unfavorable environment can exacerbate
preexisting vulnerability to ASD and, consequently, manifest into di-
agnosis (Posar and Visconti, 2017). Another issue to consider is that the
criteria for ASD diagnosis has broadened. With this, the classification of
children has changed and, ultimately, increased prevalence, which
challenges the occurrence of a genuine increase of autistic symptoms
among some ASD-diagnosed children (Arvidsson et al., 2018). Con-
sidering these complex aspects and the connection between genetics
and environment is crucial when interpreting this study's results. Time
trends were evident in both exposure and diagnosis, which could in
theory be a possible explanation for our findings. We therefore used
year-specific quartiles in the main analysis, but the results were nearly
identical as when using quartiles based on the whole time period, when
also adjusting for birth year. We cannot entirely rule out that time
trends might influence the results somehow, but it seems less likely
given these outcomes.

4.2. Neuro-inflammation and important exposure periods

A suggested pathway of air pollution's effect on the brain is the same
one that effects the lungs and heart: inflammation and oxidative stress
(Block and Calderon-Garciduenas, 2009). Children with autism present
more neuro-inflammation and systemic inflammation, both previously
linked to air pollution exposure (Costa et al., 2017). Accumulating
evidence from animal studies indicate that air pollution exposure
during the gestational period is linked to developmental neurotoxicity
in mice (Allen et al., 2017). Indeed, the association between prenatal
air pollution and ASD is supported by a recent animal study showing
ASD traits in mice after gestational diesel exposure (Chang et al., 2018).
The most important exposure period in animal models seems to corre-
spond to third trimester exposure in humans (Allen et al., 2017). This is
in line with previous epidemiological studies that illustrate more evi-
dent air pollution effects in humans during the third trimester
(Kalkbrenner et al., 2015; Raz et al., 2015; Costa et al., 2017). Our
estimated associations during the prenatal period also indicate a
stronger effect in the third trimester. The high correlation of exposure
between trimester-specific NOx values should, however, be considered
when interpreting trimester-specific results. Other studies have instead
found the postnatal period to be more relevant when adjusting for both
prenatal and postnatal time-periods (Volk et al., 2013; Raz et al., 2018;
Ritz et al., 2018). Unfortunately, we could not study this aspect in our
cohort because we did not have information on residential addresses
during childhood.

4.3. In relation to previous literature on ASD and air pollution

Our study is in agreement with most studies regarding the positive
association of air pollution and ASD found (Jung et al., 2013; Talbott
et al., 2015; Goodrich et al., 2018; Kerin et al., 2018; Raz et al., 2018).
The European studies not finding associations could possibly have been
subjected to outcome misclassification, as reported autistic traits were
used instead of clinical diagnoses (Gong et al., 2014; Guxens et al.,
2016). In fact, air pollution was found to have an association on
clinically diagnosed autism in Denmark (Ritz et al., 2018). A previous
Swedish study based in Stockholm, however, did not find an effect
when using clinical diagnoses (Gong et al., 2017). As previous studies
have found links between ASD and SES (Rai et al., 2012) and maternal
country of origin (Haglund and Kallen, 2011), careful adjustments of
these factors have been carried out. However, the confounding effect of
SES was small in the previous Swedish study (Gong et al., 2017) as well
as in this present study. Another caveat mentioned in the literature is

Fig. 2. Dose-response curve of the Hazard Ratios (from Cox Regression) versus
the NOx concentration.

Table 3
Odds ratios (ORs) with their 95% Confidence Intervals (CIs) for Attention-
Deficit/Hyperactivity Disorders (ADHD F90) in association with NOx exposure
during fetal life in crude and adjusted models.

Quartilesa Crude modelb Adjusted modelc

OR (95% CI) OR (95% CI)

Trimester 1
Quartile 1a 1 1
Quartile 2a 0.77 (0.62–0.95) 0.99 (0.78–1.26)
Quartile 3a 0.81 (0.65–0.99) 0.95 (0.74–1.21)
Quartile 4a 0.96 (0.79–1.17) 1.01 (0.80–1.28)
Linear per 10 μg/m3 1.00 (0.92–1.09) 1.01 (0.91–1.11)

Trimester 2
Quartile 1a 1 1
Quartile 2a 0.86 (0.70–1.06) 1.06 (0.84–1.34)
Quartile 3a 0.89 (0.73–1.10) 1.04 (0.81–1.32)
Quartile 4a 0.91 (0.74–1.12) 0.96 (0.75–1.22)
Linear per 10 μg/m3 0.99 (0.91–1.08) 1.01 (0.92–1.12)

Trimester 3
Quartile 1a 1 1
Quartile 2a 0.82 (0.66–1.01) 1.02 (0.81–1.29)
Quartile 3a 0.85 (0.69–1.04) 0.92 (0.72–1.17)
Quartile 4a 0.92 (0.75–1.12) 1.00 (0.78–1.26)
Linear per 10 μg/m3 1.00 (0.92–1.09) 1.02(0.92–1.13)

All pregnancyc

Quartile 1a 1 1
Quartile 2a 0.82 (0.67–1.01) 1.04 (0.82–1.32)
Quartile 3a 0.92 (0.75–1.13) 1.07 (0.85–1.36)
Quartile 4a 0.97 (0.80–1.19) 1.06 (0.83–1.35)
Linear per 10 μg/m3 0.99 (0.91–1.09) 1.02 (0.92–1.13)

a Year-specific (birth year) quartiles with first quartile as reference.
b
The linear estimates are adjusted for birth year (since the quartiles are birth

year-specific).
c Variables included into the adjusted models: gender of child, maternal age,

parity, maternal smoking, maternal BMI, maternal education, disposable in-
come, maternal country of birth.
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the impact other co-morbidities have on air pollution and ASD risk. It
has been suggested that a child with ADHD or intellectual develop-
mental disorders are more likely to be diagnosed with ASD than a child
without such co-morbidities (Gillberg and Fernell, 2014). In turn,
clinical diagnosis of ASD might entail greater support in society and
within schools, while other co-morbidities alone might not involve the
same level of assistance, hence there might be some misclassification
(Gillberg and Fernell, 2014). We could partially adjust for this possible
misclassification by excluding children also diagnosed with ADHD
when studying ASD, but we lacked data on intellectual development
disorders. However, we could study cases of Childhood autism with
more strict criteria, and in doing so, even moderately stronger asso-
ciations were identified.

4.4. In relation to previous literature on ADHD and air pollution

In not providing any associations between diagnosed ADHD and air
pollution, our study is in agreement with published articles on observed
ADHD symptoms (Gong et al., 2014; Forns et al., 2018; Myhre et al.,
2018). On the contrary, two Japanese studies did find a link between
ADHD-like behavior and air pollution, but they utilized coarse spatial
resolutions and lacked clinical diagnoses (Yorifuji et al., 2017). Studies
in Spain and the US found prenatal exposure to air pollution to be as-
sociated with poorer scores in attention functions (Chiu et al., 2016;
Sentis et al., 2017). Furthermore, a German study revealed an asso-
ciation between ADHD symptoms and air pollution levels during late
childhood years (Fuertes et al., 2016). Exposure to higher polycyclic
aromatic hydrocarbon (PAH) levels was even associated with ADHD
symptoms in a US study (Perera et al., 2018). Here, children whose
mothers suffered economic hardships were more susceptible to the ef-
fects of air pollution, illustrating the impact of SES (Perera et al., 2018).
Our study used clinical diagnoses of ADHD instead of symptoms, which
adheres to recommended methods (Myhre et al., 2018). We have only
identified one other study using clinical diagnoses of ADHD and air
pollution. The authors of this South Korean-based study found asso-
ciations between ADHD and cumulative air pollution exposures from
birth to time of diagnosis (Min and Min, 2017). The discrepancy be-
tween their results and ours could be attributed to the differences in
exposure assessments or exposure levels.

4.5. Exposure and methodological considerations

We used NOx, a well-known marker for near-roadway exposure to
air pollutants or ultrafine particles, to assess exposure (Arhami et al.,
2009). Ultrafine particles could reach the brain directly through the
olfactory bulb or indirectly via inhalation into the lungs and transpor-
tation by blood circulation (Block and Calderon-Garciduenas, 2009;
Lucchini et al., 2012). Naturally then, the available pathway for pre-
natal exposure to fine particles would be the circulatory system, with
air pollutants inhaled by the mother ultimately traveling through the
umbilical cord to the fetus. NOx on its own could also have an adverse
effect on brain function, as it is a potent oxidant. For instance, animal
studies involving rats have shown that nitrogen dioxide, the largest
component of NOx, can cause mitochondrial damage and harm the
brain (Yan et al., 2015). A previous study investigating air toxics
identified traffic-related air toxics to be associated with ASD diagnoses
and severity of disorder (Kalkbrenner et al., 2018). A weakness in our
study regarding exposure classification could be the exclusion of any
source-specific exposure; however, NOx exposure correlates well with
traffic-related emissions (Cyrys et al., 2012). As in most other epide-
miological air pollution studies, we assessed exposure at each partici-
pant's home residence. This means that we, due to lack of such data,
disregarded other sources of exposure, such as exposure during com-
muting or at workand maternal behavior. An advantage with an ex-
posure assessment model that does not take maternal behavior into
account is that exposure assessment cannot be associated with or

confounded by behavior (as opposed to using personal air pollution
measurements).

We observed a linear dose-response curve until levels up to around
25 μg/m3, where the association seemed to level off or decrease. We
cannot know for sure, but this could be due to unmeasured residual
confounding in Malmö, the main city in the study area. The statistical
power is unfortunately too low to study associations above 25 μg/m3

separately.
In our cohort study, we used logistic regression analysis to estimate

the associations between prenatal exposure to air pollution and risk of
ADHD and ASD. Although time-to-event analysis, specifically Cox re-
gression, may be a somewhat standard method for an open cohort study
design, the relevance of using a time-to-event analysis method could be
questioned when it comes to congenital disorders. Time to diagnosis
may depend on other factors than those studied, for example socio-
economic factors, which may in turn be associated with the exposure of
interest (here: air pollution). If this aspect of using time-to-event ana-
lysis would introduce bias in our setting, we doubt that it would explain
the associations. On the contrary, it may hide them since children living
in socially less privileged areas will be diagnosed later given the same
severity of illness. Furthermore, in a cohort study, the odds ratios
produced by logistic regression should approximate the Hazard Ratios
from a Cox Proportional Hazard Regression. As a sensitivity analysis,
we therefore ran all models with Cox Proportional Hazard Regression,
and the results were indeed very similar.

4.6. Public health implication

This study contributes to the growing evidence of a link between
prenatal exposure to air pollution and ASD. Autism can have a sig-
nificant influence on both the individual's and family's wellbeing as well
as future economic stability and productivity. Thus, we as a society
should consider all potential risk factors associated with the develop-
ment of ASD and actively work to mitigate and prevent them.
Additionally, air pollution has been shown to be unevenly distributed
among different socioeconomic groups, even in a relatively egalitarian
country such as Sweden (Stroh et al., 2005). It has been postulated that
if air pollution impairs children's health, ability to learn, and potential
to contribute to society, further segregation between communities will
occur (Perera, 2017). The environment is of special importance to the
unborn child because of its underdeveloped defenses and rapid neuro-
development. Today, bold policies and new technology are lowering
harmful emissions, decreasing average exposure levels, and con-
tributing to a safer environment for all children. Indeed, scientific
evidence has shown that interventions to lower emissions can benefit
children's neurodevelopment (Kalia et al., 2017). Moreover, a recent
study has given indication that folic acid intake during pregnancy could
mitigate air pollution's negative effects (Goodrich et al., 2018). More
studies on possible preventive measures on both an individual and so-
cietal level are urgently needed. The wellbeing of our children as a
shared fundamental value, irrespective of cultures and borders, presents
a politically powerful catalyst for action to lower pollutant levels
(Perera, 2017).

5. Conclusions

In this longitudinal cohort study, we found positive associations
between air pollution exposure during the prenatal period and an in-
creased risk of developing ASD. We did not find similar associations
between air pollution and the risk of developing ADHD.
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