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A B S T R A C T

Background: Polycyclic aromatic hydrocarbons (PAHs) have been proposed as environmental risk factors for
attention deficit hyperactivity disorder (ADHD). The effects of these pollutants on brain structures potentially
involved in the pathophysiology of ADHD are unknown.
Objective: The aim of this study was to investigate the effects of PAHs on basal ganglia volumes and ADHD
symptoms in school children.
Methods: We conducted an imaging study in 242 children aged 8–12 years, recruited through a set of
representative schools of the city of Barcelona, Spain. Indoor and outdoor PAHs and benzo[a]pyrene (BPA)
levels were assessed in the school environment, one year before the MRI assessment. Whole-brain volumes and
basal ganglia volumes (caudate nucleus, globus pallidus, putamen) were derived from structural MRI scans using
automated tissue segmentation. ADHD symptoms (ADHD/DSM-IV Scales, American Psychiatric Association
2002) were reported by teachers, and inattentiveness was evaluated with standard error of hit reaction time in
the attention network computer-based test.
Results: Total PAHs and BPA were associated with caudate nucleus volume (CNV) (i.e., an interquartile range
increase in BPA outdoor level (67 pg/m3) and indoor level (76 pg/m3) was significantly linked to a decrease in
CNV (mm3) (β=−150.6, 95% CI [−259.1, −42.1], p = 0.007, and β=−122.4, 95% CI [−232.9, −11.8],
p = 0.030 respectively) independently of intracranial volume, age, sex, maternal education and socioeconomic
vulnerability index at home). ADHD symptoms and inattentiveness increased in children with higher exposure to
BPA, but these associations were not statistically significant.
Conclusions: Exposure to PAHs, and in particular to BPA, is associated with subclinical changes on the caudate
nucleus, even below the legislated annual target levels established in the European Union. The behavioral
consequences of this induced brain change were not identified in this study, but given the caudate nucleus
involvement in many crucial cognitive and behavior processes, this volume reduction is concerning for the
children's neurodevelopment.
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1. Introduction

Attention-deficit hyperactivity disorder (ADHD) is among the most
frequently diagnosed childhood neurodevelopmental disorders.
Symptoms are characterized by an inability to focus on tasks, impulsive
hyperactive behavior, or lethargic inattention, and frequently lead to
functional impairment in academic, family, and social settings (Barkley,
2002). ADHD affects approximately 5–7.1% of children and adolescents
worldwide (Polanczyk et al., 2007; Willcutt, 2012), and persists into
adulthood in 65% of cases (Faraone et al., 2006). Although considered
to be a familial disorder, ADHD heritability estimated at 60% to 80%
highlights the considerable role of environmental factors in disorder
susceptibility (Nigg, 2009).

Influence of air pollutants on the ADHD prevalence has been poorly
investigated while there is growing evidence of their detrimental effect
on the central nervous system (Block et al., 2012). Among the different
air pollutants, of particular concern are the polycyclic aromatic
hydrocarbons (PAHs), mainly emitted into the air from anthropogenic
combustion sources. PAHs are a group of ubiquitous environmental
contaminants formed during the incomplete combustion of organic
material and found in diverse media including cigarette smoke,
charcoal-broiled food and emissions from combustion of fossil and
biomass fuels (World Health Organization, 2001). Experimental studies
have indeed reported that administration of benzo[a]pyrene (BAP)
induced spontaneous motor hyperactivity in rodents (Das et al., 2016;
Grova et al., 2007; Maciel et al., 2014). Moreover, prenatal exposure to
PAHs was associated with attention and ADHD behavior problems in
childhood in a birth cohort (Perera et al., 2011, 2012, 2014). Owing to
their lipophilicity, PAHs can cross the blood-brain barrier (Yan et al.,
2010) and cause pathophysiological changes such as loss of neuronal
activity and synaptic plasticity (Chepelev et al., 2015), and neuronal
death (Dutta et al., 2010). However, their effects on brain structures
remain unknown. To date, only one magnetic resonance imaging (MRI)
study, conducted in the same birth cohort reporting the association
between prenatal PAHs exposure and ADHD symptoms, has investi-
gated the changes in surface of the brain. This study has highlighted a
dose-response relationship between prenatal PAHs exposure and sub-
sequent reductions of the white matter surface (Peterson et al., 2015).
In addition to changes in white matter or prefrontal cortex, reductions
in basal ganglia (BG) are reported as the most consistently brain
abnormalities findings in many MRI meta-analysis in ADHD children
(Ellison-Wright et al., 2008; Frodl and Skokauskas, 2012; Nakao et al.,
2011; Valera et al., 2007). The BG thalamocortical circuits are indeed
involved in processes such as motor control, reward processing, and
cognitive and attentional control that are impaired in ADHD (Ring and
Serra-Mestres, 2002). Therefore, BG should also be investigated as a
potential mediator in the relationship between PAHs exposure and
ADHD symptoms.

The main aim of this study was to investigate the effects of PAHs
exposure in indoor and outdoor school environments on white matter,
gray matter and BG (putamen, caudate nucleus and globus pallidus) in
children from the general population. We hypothesized that higher
PAHs exposure would be associated with reduced BG volumes and
increased risk of ADHD symptoms.

2. Methods

2.1. Schoolchildren

This study was developed in the context of the Brain Development
and Air Pollution Ultrafine Particles in School Children (BREATHE)
project (Sunyer et al., 2015). Forty schools in Barcelona (Catalonia,
Spain) were selected based on modeled traffic-related nitrogen dioxide
(NO2) values (Wang et al., 2013). Low- and high-NO2 schools were
paired by socioeconomic vulnerability index and type of school (i.e.,
public/private). A total of 39 representative schools of the city of

Barcelona and 2897 children agreed to participate in the whole survey.
The participating children were in grades 2 through 4 (7–10 years of
age), an appropriate school age for the investigation of attention
functions (Anderson, 2002; Rueda et al., 2004).

Through the schools, all the participating children were given a
document asking whether they were interested in further information
about the MRI study. From the initial sample, 1564 families returned
the document and among them, 810 gave an initial positive response.
Parents of 491 children were successfully contacted. Consent to
participate was finally not obtained in 165 cases, 27 children were lost
before the assessment and 21 children were not eligible because of
dental braces. This group was further reduced in excluding 15 children
who did not complete the imaging protocol, 19 children with brain
scans of poor quality, and 2 with missing data for covariates (Fig. 1).
The final MRI sample included 242 children from 35 schools (49% of
girls, median age at MRI of 9.7 years). The median time spent in the
school before the beginning of the study was 6.5 years.

All parents or tutors signed the informed consent form approved by
the Research Ethical Committee (No. 2010/41221/I) of the IMIM-Parc
de Salut Mar., Barcelona, Spain and the FP7-ERC-2010-AdG Ethics
Review Committee (268479-22022011).

2.2. PAHs exposure

Air pollution measurements were taken in each the 35 schools
during two one-week periods separated by 6 months (sampling cam-
paign 1: January to June 2012; sampling campaign 2: September 2012
to February 2013). Indoor air in a single classroom and outdoor air in
the courtyard were measured simultaneously. Ambient particulate
Matter< 2.5 μm (PM2.5) was collected on pre-heated quartz filters
(Pall, 2500Q, 15 mm) during 8-h (school time, from 09:00 to 17:00 h)
using a High-Volume sampler (MCV SA, Spain). Air samples were
collected at a height of around 1.3 m above floor level, which is the
height at which the pupils aged 7–9 would usually inhale. A quarter of
each PM2.5 filter was used for organic analysis using organic solvent

Fig. 1. Flow chart.
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extraction and subsequent chemical analysis by gas-chromatography
coupled to mas-spectrometry detection (GC–MS) following the metho-
dology that is described elsewhere (Alier et al., 2014; Fontal et al.,
2015). PAHs included in this study were benz[a]anthracene (BAAN),
chrysene (CHRYS), benzo[b+ j+ k]fluoranthene (BFL), benzo[e]pyr-
ene (BEP), BAP, indeno[1,2,3-c,d)pyrene (IP) and benzo[g,h,i]perylene
(BGP) which were those showing detectable levels in all samples.

Outdoor and indoor long-term school PAHs levels were obtained by
averaging the two one-week measures. Given that the sampling was not
performed simultaneously in all schools, to reduce temporal fluctua-
tions when comparing the PAHs levels between the schools the data
were previously seasonalized after adjusting for the mean daily BAP
level measured in three urban monitoring stations of Eixample (429345,
4582085 UTM), Gràcia-SantGervasi (429323, 4583573 UTM) and Plaça
Universitat (430275, 4582307 UTM). These three sites are considered
urban road sites, exposed to traffic, and BAP is measured daily at least
in one of these stations continuously during the whole study period.
Seasonalized levels were obtained by multiplying the daily concentra-
tion at each school by the ratio of annual average to the same day
concentration at the three fixed air quality background monitoring
stations, as detailed elsewhere (Rivas et al., 2014).

Individual PAHs from the outdoor measurements showed very high
correlations. In contrast, among the indoor measurements, the correla-
tion coefficients were low between the high molecular weight PAHs
(BAP, BEP, IP, BGP) and the total sum of PAHs mainly driven by the
lower molecular weight PAHs (BAAN, CHRYS and BFL) (see eTables
1–3 and eFigs. 1–3 that show how these pollutants cluster). Hence, as
exposure variables, we retained the total sum of PAHs (total
PAHs = BAAN + CHRYS + BFL + BEP + BAP + IP + BGP), and the
BAP levels (as a representative of the high molecular weight PAHs) for
both indoor and outdoor measures.

A complete PM2.5 chemical characterization (including the analysis
of elemental carbon, EC) and the analysis of NO2 levels (using passive
samplers GRADKO) was also carried out in parallel at each school using
the methodology reported elsewhere by Rivas et al. (2014).

2.3. MRI

2.3.1. MRI acquisition
Cerebral anatomical images were acquired one year after the PAHs

measurements, between October 2012 and April 2014. A 1.5-Tesla
Signa Excite system (General Electric, Milwaukee, WI) equipped with
an eight-channel phased-array head coil was used. Anatomical images
were obtained using an axial T1-weighted three-dimensional fast
spoiled gradient inversion recovery prepared sequence. A total of 134
contiguous slices were acquired with repetition time 11.9 msec, echo
time 4.2 msec, flip angle 15°, field of view 30 cm, 256 × 256 pixel
matrix, and slice thickness 1.2 mm.

2.3.2. Data preprocessing and segmentation
Cortical reconstruction and volumetric segmentation was performed

with the Freesurfer image analysis suite (http://surfer.nmr.mgh.
harvard.edu/). The technical details of these procedures are described
in prior publications (Fischl et al., 2004, 2002; Ségonne et al., 2004).

Briefly, this processing includes removal of non-brain tissue using a
hybrid watershed/surface deformation procedure (Ségonne et al.,
2004), automated Talairach transformation and segmentation of the
subcortical white matter and deep gray matter volumetric structures
(Fischl et al., 2002, 2004).

In this study, we were interested in BG volumes (putamen, caudate
and globus pallidus), as well as in brain parenchymal fraction (BPF),
defined as the sum of gray and white matter divided by intracranial
volume (ICV).

2.4. Neurobehavior assessment

ADHD symptoms (ADHD/Diagnostic and Statistical Manual of
Mental Disorders (DSM-IV) Scales, American Psychiatric Association
2002) were reported by teachers. ADHD-DSM-IV consists of a list of 18
symptoms categorized under two separate symptom groups. These are
inattention (nine symptoms) and hyperactivity/impulsivity (nine symp-
toms). Each ADHD symptom is rated on a 4-point scale (0 = never or
rarely, 1 = sometimes, 2 = often, or 3 = very often). The number of
ADHD cases, defined as presenting often or very often ≥6 inattention
symptoms and/or ≥6 hyperactive/impulsive symptoms, was small (23
cases) and we were thus not able to consider the outcome “ADHD case”
in our analyses. Therefore, we analyzed the ADHD clinical criteria as a
continuous variable for the total score, the inattention and the
hyperactivity subscores in order to capture and quantify the ADHD
symptomatology in our MRI sample.

In addition, attention was also evaluated with the validated original
child attention network test (ANT) (Rueda et al., 2004) using standard
error of hit reaction time (HRT-SE) for correct responses, a measure of
response speed consistency throughout the test. Inattentiveness is
indicated by higher values of HRT-SE. The children were assessed with
computerized tests in 4 repeat visits, every three months. Data from
children with> 30% errors in any visit were excluded from the
analysis (1.67%) (Rueda et al., 2004). All children had repeated
inattentiveness data at least twice.

2.5. Contextual and individual covariates

Socio-demographic factors were measured using a neighborhood
socio-economic vulnerability index (based on level of education,
unemployment, and occupation in each census tract, the finest spatial
census unit, with median area of 0.08 km2) (Ministry of Public Works,
2012) according to both the school and home address, and maternal
education (equal or less than primary, secondary or university).

Exposures at home to nitrogen dioxide (NO2) and PM2.5 at the time
of the study and during the prenatal period were estimated at the
geocoded postal address of each participant using land use regression
models, details of which are explained elsewhere (Wang et al., 2013).

2.6. Statistical analyses

To determine whether brain structures might be affected by PAHs
exposure, we used linear mixed effects models with the different
neuroimaging variables (BPF and BG volumes) as outcomes, PAHs
levels as independent variables, and schools as nested random effects
due to the multilevel nature of the data.

In order to account for the overdispersion of ADHD scores and
subscores (eFigs. 4–6), we fit negative binomial mixed regression
models to test for associations between PAHs exposure and ADHD
scores and subscores (semi-quantitative outcomes) with schools as
random effects.

We then examined the relationship between PAHs exposure and
inattentiveness using linear mixed effects models with the four repeated
cognitive parameters as outcomes, and random effects for child and
school.

Given the higher frequency of ADHD cases in boys (Davies, 2014),
we also examined whether an interaction sex-PAHs exposure for both
outcomes (brain structures and ADHD symptoms) was present.

Finally, we conducted negative binomial mixed models and linear
mixed models with ADHD (scores and subscores) and inattentiveness as
outcomes and BG volumes as independent variables to study the
relationship between brain structures and neurobehavior.

All the analyses were adjusted for age, sex, ICV when needed,
maternal education and home socioeconomic vulnerability index.
Analyses were run using Stata 14 (StataCorp). Statistical significance
was set at p < 0.05. As the exposures (BAP and PAHs levels), as well as
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the outcomes (BPF, caudate nucleus, putamen and globus pallidus
volumes) were correlated, all the tests performed in our study are
dependent on each other. Therefore, we did not correct our results for
multiple testing as this could lead to conservative results.

In sensitivity analyses, we excluded 19 participants whose parents
reported to smoke at home to minimize confounding by exposure to
other sources of PAHs than those at schools. As ADHD does predict
volume reduction (Castellanos et al., 2002), we examined the relation-
ships between PAHs exposure and brain structures with an additional
adjustment for ADHD status, then in children with an ADHD-negative
status only. ADHD medication might also have an impact on volumes of
brain structures (Castellanos et al., 2002), we thus excluded the 6
children with ADHD medication (5 with methylphenidate and 1 with
atomoxetine) reported by parents from all the analyses.

We also adjusted all the analyses for exposure to NO2 and PM2.5 at
home, and noise in classroom. Finally, we investigated the relationship
between prenatal exposure to NO2 and PM2.5 and the brain volumes.

3. Results

Table 1 describes the children's characteristics. Forty-nine percent
of children were girls and age at MRI ranged between 8.0 and
12.1 years. More than 75% of the children had been attending the
same school for> 5 years before the beginning of the study. The
children within the MRI sample did not differ from those of the whole
BREATHE sample in terms of age and sex (eTable 4). However, higher
maternal education, lower socio-economic vulnerability index and
exposure levels to outdoor PAHs and BAP were observed in the MRI
sample when compared to the total population (eTable 4).

PAHs levels were highly variable between schools (Table 2). Total
PAHs ranged from 597 to 3235 pg/m3 for outdoor measures, and from
484 to 5220 pg/m3 for indoor ones (details about individual indoor and
outdoor concentrations are showed in eTable 5). BAP levels were
similar outdoors and indoors in the different schools. The PAHs levels
were strongly correlated with others markers of vehicle exhaust such as

NO2 and EC (Pearson correlation coefficients ranged from 0.55 to 0.84
and were all significant, eTables 6 and 7).

3.1. PAHs exposure and brain volumes

Table 3 presents the adjusted PAHs coefficients for BPF and BG
volumes which revealed a negative relationship between BAP levels
(outdoor and indoor) and caudate nucleus volume (CNV). An inter-
quartile range increase in both outdoor and indoor BAP levels (67 and
76 pg/m3 respectively) were significantly linked to a decrease in CNV
(mm3) (β = −150.6, 95% CI [−259.1, −42.1], p = 0.007, and
β = −122.4, 95% CI [−232.9, −11.8], p = 0.030 respectively)
independently of intracranial volume, age, sex, maternal education
and socioeconomic vulnerability index at home. The effects of outdoor
total PAHs on CNV were similar but to a lesser extent than for BAP
outdoor.

A similar trend was reported between total PAHs indoor and CNV,
but did not reach the significance threshold.

No significant associations were observed between PAHs outdoor or
indoor and any of the others different neuroimaging variables (BPF,
putamen and globus pallidus volumes).

No interaction between sex and PAHs was observed for brain
volumes (eTable 8). Hence, CNV was smaller with increasing levels of
total PAHs and BPA both in boys and girls (eTables 9 and 10).

3.2. PAHs exposure and neurobehavior

Table 4 gives the adjusted Rate Ratios (RR) for ADHD score and
subscores and coefficients for inattentiveness by school air pollution
exposure to PAHs.

Results suggest a trend for higher ADHD scores with an interquartile
range increase in outdoor BAP and indoor BAP levels (RR = 1.18,
95%CI [0.96, 1.45], p = 0.109, and RR = 1.14 95%CI [0.90, 1.45],
p = 0.274 respectively). Similar trends for detrimental associations
were observed between BAP exposure and ADHD hyperactivity and
inattention subscores, and inattentiveness (i.e., increase of HRT-SE
values over one year).

No significant relationships were observed between total PAHs and
neurobehavior outcomes.

No interaction between sex and PAHs was observed for ADHD
symptoms (eTable 11). Both boys and girls had higher ADHD symptoms
with increasing levels of BPA, although none of the associations were
statistically significant (eTables 12 and 13).

3.3. BG volumes and ADHD

A 200 mm3 decrease in putamen and caudate nucleus were asso-
ciated with significant higher inattention subscore (5% increase) and
ADHD score (4% increase for putamen only) independently of age and
sex (Table 5). However, these relationships were no longer significant
when adjusted for ICV.

Table 1
Children's characteristics, n = 242.

Socio-demographic characteristics
Age at baseline, yrs (median, range) 8.4 (7.1–10.3)
Age at MRI, yrs (median, range) 9.7 (8.0–12.1)
Girls (n, %) 119 (49%)
Years spent at the schoola (median, range) 6.5 (0.9–9.7)
Home socioeconomic vulnerability index (median,
range)

0.42 (0.06–0.90)

Maternal education level (n, %)
Primary or less than primary 22 (9%)
Secondary 59 (24%)
University 161 (67%)

Brain structures (median, range)
ICV, cm3 1393 (1109–1752)
Brain parenchymal fraction, % 79 (65–85)
Putamen, mm3 11,523 (8716–14,737)
Caudate nucleus, mm3 7849 (5052–10,192)
Globus pallidus, mm3 3331 (2327–4427)

ADHD symptomatology (median, range)b

ADHD DSM-IV scale
ADHD total score (n = 236) 4 (0–49)
Inattention score (n = 238) 2 (0–24)
Hyperactivity score (n = 237) 1 (0–26)

Inattentiveness (ANT, HRT-SE, milliseconds)c

Baseline (n = 217) 248 (95–481)
Visit 2 (n = 220) 233 (80–509)
Visit 3 (n = 224) 224 (72–490)
Visit 4 (n = 227) 216 (77–572)

Abbreviations: ADHD, Attention-Deficit Hyperactivity Disorder; ICV, intracranial volume.
a Before the beginning of the study.
b 6 teachers gave back incomplete ADHD DSM-IV questionnaires.
c Accuracy rate of the test is≥70% (children's data with high error rates were removed

from the analysis).

Table 2
PAHs level in the 35 schools.

PAHS level at schools, pg/m3 Mean (SD) Median Range

Outdoor
Total PAHsa 1458 (704) 1222 597–3235
BAP 99 (62) 86 20–304

Indoor
Total PAHsa 1710 (1107) 1486 484–5220
BAP 105 (72) 96 23–425

Abbreviations: BAP, Benzo[a]pyrene; PAHs, Polycyclic Aromatic Hydrocarbons.
a Total PAHs: Sum of Benzo[a]pyrene, Benzo[e]pyrene, Indeno[1,2,3-cd]pyrene, Benz

[a]anthracene, Chrysene, Benzo[b]fluoranthene, and Benzo[ghi]perylene.
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3.4. Sensitivity analyses

Excluding participants whose parents reported to smoke at home or
participants with ADHD medication, as well as adjustment for ADHD
status, NO2 and PM2.5 exposures at home or noise in classroom did not
change the results (data not shown). Furthermore, the results in ADHD-
negative children were similar to those observed in the whole MRI
sample (data not shown).We did not observe any statistically significant
association between the prenatal exposures to NO2 and PM2.5 and the
brain volumes, although the CNV was slightly smaller with higher
prenatal exposures (eTable 14).

4. Discussion

In this study, we examined the relationship between PAHs exposure
and BG volumes and ADHD symptoms. In our sample, we found that
exposure to BAP may induce structural changes in the caudate nucleus
in children from the general population. An increase of approximately
70 pg/m3 in the concentration of indoor or outdoor BAP in the school
environment was indeed significantly associated with a reduction
corresponding to almost 2% of the mean CNV in our population of
children aged 8 to 12 years. This reduction appeared to be subclinical
given that it was not significantly associated with ADHD symptoms. We
also observed trends for associations between BAP exposure and higher
ADHD scores and inattentiveness, but these relationships were not
statistically significant.

Neurotoxicity of PAHs, most widely studied via BAP, is likely to
occur through different mechanisms. First, by binding to aryl hydro-
carbon receptor, one of the most well characterized transcription
factors, BAP may alter gene expression of the N-methyl-D-aspartate
receptor (Chepelev et al., 2015), a glutamate receptor and ion channel

protein in nerve cells involved in synaptic plasticity, memory function
(Li and Tsien, 2009) and cell death pathways (Vanhoutte and Bading,
2003). Furthermore, BAP may be a source of oxidative stress (Dutta
et al., 2010; Saunders et al., 2006) which induces alteration in gene
expression, impairs cellular signaling, disrupts membrane integrity,
alters neurotransmission and finally causes neuronal death (Cardozo-
Pelaez et al., 1999; LeBel and Bondy, 1991). Oxidative stress can affect
the entire brain. Nevertheless, our findings are in agreement with in
vitro observations suggesting that striatum (caudate and putamen
nuclei) is more vulnerable to oxidative damage than the others brain
areas (Cardozo-Pelaez et al., 1999; Rivas-Arancibia et al., 2003).
Increased levels in lipid peroxidation, a major consequence of oxidative
stress, were indeed observed specifically in rodents striatum after
exposure to BAP or ozone (Rivas-Arancibia et al., 2000; Saunders
et al., 2006). Actually, the activity of cortico-striatal circuits is
modulated by dopamine, a neurotransmitter prone to oxidation at its
electron-rich catechol moiety, and which metabolism itself serves as a
major source of intracellular reactive oxygen species (Meiser et al.,
2013). Hence, oxidative stress appears to be preferably established in
this part of the brain, certainly because of a depletion in the local
antioxidant systems occurring in case of any additional oxidative
challenge (Dorado-Martínez et al., 2001).

In animal studies, deleterious effects on striatum were observed for
acute BAP exposures (Das et al., 2016; Saunders et al., 2006). In our
study, the BAP levels encountered by the children in their school
environment are obviously lower than those used in laboratory, but also
far below the legislated annual target levels of 1000 pg/m3 for BAP
established in the European Union (European Council Directive 2004/
107/EC, http://eur-lex.europa.eu/eli/dir/2004/107/oj). The BAP con-
centrations that we observed in our study are in the range of those
observed in Los Angeles in the United States (US) during the summer

Table 3
Difference (95%CI) in brain parenchymal fraction and basal ganglia volumes by school air pollution exposure to PAHs (interquartile range increase) in 242 children from 35 schools.

BPF, % Putamen, mm3 Caudate nucleus, mm3 Globus pallidus, mm3

β (95%CI) p β (95%CI) p β (95%CI) p β (95%CI) p

Outdoor
Total PAHsa 0.3 (−0.2, 0.7) 0.240 26.4 (−128.3, 181.2) 0.738 −132.9 (−245.0, −20.8) 0.020 4.5 (−46.1, 55.2) 0.861
BAP 0.0 (−0.4, 0.5) 0.929 13.0 (−139.2, 165.2) 0.867 −150.6 (−259.1, −42.1) 0.007 −16.9 (−64.9, 31.0) 0.488

Indoor
Total PAHsa 0.2 (−0.03, 0.3) 0.098 11.8 (−53.3, 76.8) 0.723 −30.5 (−82.5, 21.6) 0.252 6.0 (−15.6, 27.5) 0.588
BAP 0.2 (−0.2, 0.6) 0.377 −29.7 (−182.8, 123.4) 0.704 −122.4 (−232.9, −11.8) 0.030 14.4 (−34.3, 63.0) 0.563

Difference (95% CI) in brain structures adjusted for age at MRI, sex, intracranial volume, maternal education and residential neighborhood socioeconomic status; school as nested random
effects.
Abbreviations: BAP, Benzo[a]pyrene; BPF, Brain Parenchymal Fraction; PAHs, Polycyclic Aromatic Hydrocarbons.

a Total PAHs: Sum of Benzo[a]pyrene, Benzo[e]pyrene, Indeno[1,2,3-cd]pyrene, Benz[a]anthracene, Chrysene, Benzo[b]fluoranthene, and Benzo[ghi]perylene.

Table 4
Attention deficit hyperactivity disorder symptoms by air pollution exposure to PAHs (interquartile range increase) in the 35 schools.

ADHD scorea ADHD subscoresa Inattentivenessb

RR (95%CI) p Inattention score Hyperactivity score 12 months change

RR (95%CI) p RR (95%CI) p β(95%CI) p

Outdoor
Total PAHsc 1.02 (0.81, 1.29) 0.865 1.03 (0.82, 1.30) 0.794 1.03 (0.79, 1.35) 0.820 6.4 (−2.9, 15.8) 0.179
BAP 1.18 (0.96, 1.45) 0.109 1.20 (0.98, 1.46) 0.079 1.17 (0.92, 1.47) 0.193 3.9 (−5.9, 13.7) 0.434

Indoor
Total PAHsc 0.94 (0.85, 1.04) 0.242 0.93 (0.84, 1.03) 0.165 0.95 (0.85, 1.07) 0.435 0.3 (−3.5, 4.1) 0.879
BAP 1.14 (0.90, 1.45) 0.274 1.13 (0.89, 1.44) 0.328 1.17 (0.89, 1.54) 0.269 −2.9 (−13.2, 7.4) 0.584

Abbreviations: ADHD, attention deficit hyperactivity disorder; BAP, Benzo[a]pyrene; PAHs, Polycyclic Aromatic Hydrocarbons; RR, Rate Ratio.
a Negative binomial mixed regression models adjusted for age, sex, maternal education and residential neighborhood socioeconomic status; school as nested random effects.
b Mixed regression models adjusted for age, sex, maternal education and residential neighborhood socioeconomic status; school and individual as nested random effects.
c Total PAHs: Sum of Benzo[a]pyrene, Benzo[e]pyrene, Indeno[1,2,3-cd]pyrene, Benz[a]anthracene, Chrysene, Benzo[b]fluoranthene, and Benzo[ghi]perylene.
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2006 (Ning et al., 2007). However, many other studies report higher
annual average BAP levels worldwide: between 400 and 500 pg/m3 in
urban areas in Greece (Manoli et al., 2016) and in Germany
(Pietrogrande et al., 2011), between 500 and 1000 pg/m3 in Croatia
(Godec et al., 2016) and in Texas (US) (Maypole-Keenan et al., 2016),
or even> 1000 pg/m3 in Northeast Italy (Masiol et al., 2013, 2012)
and Czech Republic (Křůmal et al., 2013).

Our PAHs assessments actually reflect the dose at which children
are chronically exposed. Indeed,> 75% of the children had been
attending the same school for> 5 years before the beginning of the
study, and annual BAP levels have been quite constant for this period as
shown by the monitoring stations in the City of Barcelona (mean (SD)
inter-annual variation between 2008 and 2013 in six different areas in
Barcelona was 17 (14) pg/m3, http://qualitatdelaire.cat/contaminant/
cerca/14/1/4.html). Consequently, the BAP impact that we observed
on the CNV is probably rather attributable to a cumulative effect over a
long period of time. The magnitude of the effect that we observed, a 2%
decrease of the mean CNV for a 70 pg/m3 BAP increase, might be of
concern since, compared with healthy controls, the mean CNV is only 7
to 8% smaller in children with ADHD (Frodl and Skokauskas, 2012).
Furthermore, in those children, the CNV correlates with ADHD severity
(Castellanos et al., 2002) and with attentional performance on response
inhibition tasks (Casey et al., 1997). In our sample, a 200 mm3 decrease
in the CNV was associated with a 5% increase inattention ADHD
subscore. Nevertheless, this relationship was no longer significant when
adjusted for ICV. The investigation of the association between atten-
tional performance and MRI-based anatomical measures of volume are
actually very rude, particularly in healthy populations. Functional MRI
might be of interest to more directly assess structure-function relation
in this case.

The reasons why the BAP action was only detected in the caudate
nucleus are unclear. In previous work and with others neuroimaging
methods, we also found that the detrimental effect of airborne copper
was circumscribed to the caudate nucleus in our population (Pujol
et al., 2016a). The caudate nucleus is among the few structures
displaying a striking developmental variation across childhood and
adolescence. While the pre-pubertal period is characterized by greater
synaptogenesis, adolescence is the seat of normative pruning (Giedd
and Rapoport, 2010). These intense modifications on such a short
period probably make this structure particularly vulnerable in the age
range (8–12 years) of our study. The absence of associations between
prenatal exposure to NO2 and PM2.5 and the CNV in our sample also
supports this hypothesis.

We however did not observe any changes in brain BPF, parameter
that we used to examine fluctuations in total gray and white matter

volumes, while Peterson et al. (2015) found an association between
prenatal exposure to PAHs and substantial reductions in white matter
surface. However, the differences in the neuroimaging methods and
markers retained to evaluate the brain changes (volumes versus surface
morphologies) make comparison between the two studies difficult. In
addition, the children's mothers were coming from a minority popula-
tion with high poverty and very high levels of PAHs in the Peterson's
study. Oxidative damages might be extended to a larger range of brain
structures with greater exposures.

We did not either observed any significant relationships between
PAHs exposure and ADHD symptoms. Nevertheless, the trends we
observed between ADHD symptoms and BAP parallel the effects of
these compounds on the CNV, suggesting that the levels encountered in
our study are probably too low to detect their clinical effect. In the
absence of such an association, we were unable to investigate whether
the reduction in CNV might mediate the effect of PAHs on ADHD
symptoms. For the same reason, Peterson et al. (2015) could not reach a
clear conclusion about the potential mediator role of the white matter
reduction surface in the relationship between prenatal exposure to
PAHs and ADHD behavior problems in their population. Other studies
with larger MRI sample, with wilder range of exposure levels at
different time windows are still needed to understand the impact of
PAHs-related brain changes on neurodevelopment.

The strong correlations among the individual PAHs from the
outdoor measurements indicate that these distributions were essentially
generated by a common source, i.e. the traffic which is the dominating
source of PAHs emission in the studied urban area (Alier et al., 2013;
Reche et al., 2012; van Drooge et al., 2012). Conversely, the weaker
correlation coefficients observed for the indoor measurements could be
due to the partitioning of the more volatile PAHs (such as BAAN and
CHRYS) from the gas phase towards the particulate phase because of
the high indoor organic carbon concentrations (Lohmann and Lammel,
2004). Hence, the indoor level of total PAHs partly relies on the outdoor
PAHs emissions and partly on the indoor circumstances in the different
schools as well as children activities (Amato et al., 2014; Rivas et al.,
2014). However, higher molecular weight PAHs, such as BAP, are
exclusively confined to the particles phase and more related to the
outdoor traffic emissions (Alier et al., 2013; Lohmann and Lammel,
2004). Furthermore, outdoor and indoor BAP showed consistent
associations with reduction of CNV and seem more likely to be involved
in the detrimental effects observed on the caudate nucleus.

A number of limitations in this study must be considered. Firstly,
our MRI study participants, because of their high socio-economic levels
and low PAHs exposure levels, might not be representative of the
general population. Secondly, our PAHs exposure assessment in school

Table 5
Attention deficit hyperactivity disorder symptoms by basal ganglia volumes (200 mm3 decrease) in the 35 schools.

ADHD scorea ADHD subscoresa Inattentivenessb

Rate ratio (95%CI) p Inattention score Hyperactivity score 12 months change

Rate ratio (95%CI) p Rate ratio (95%CI) p β(95%CI) p

Model 1c

Putamen 1.04 (1.01, 1.07) 0.018 1.05 (1.01, 1.08) 0.008 1.03 (0.99, 1.07) 0.104 0.36 (−1.00, 1.72) 0.601
Caudate 1.03 (0.99, 1.07) 0.172 1.05 (1.01, 1.10) 0.026 1.00 (0.95, 1.05) 0.907 −0.71 (−2.51, 1.10) 0.442
Globus pallidus 1.06 (0.96, 1.17) 0.244 1.09 (0.98, 1.21) 0.097 1.02 (0.91, 1.16) 0.701 0.29 (−4.11, 4.69) 0.898

Model 2d

Putamen 1.03 (1.00, 1.06) 0.071 1.03 (1.00, 1.07) 0.054 1.03 (0.99, 1.07) 0.136 0.36 (−1.00, 1.72) 0.607
Caudate 1.01 (0.96,1.06) 0.739 1.02 (0.98, 1.07) 0.343 0.98 (0.93, 1.04) 0.579 −0.71 (−2.51, 1.10) 0.443
Globus pallidus 1.02 (0.92, 1.14) 0.701 1.04 (0.93, 1.16) 0.461 1.01 (0.88, 1.15) 0.905 0.38 (−4.02, 4.79) 0.864

Abbreviations: ADHD, attention deficit hyperactivity disorder.
a Negative binomial mixed regression models; school as nested random effects.
b Mixed regression models; school and individual as nested random effects.
c Model 1: adjusted for age and sex.
d Model 2: adjusted for age, sex and intracranial volume.
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children does not permit us to consider to what extent anterior PAHs
exposure during the critical prenatal period might have influenced the
BG volumes. Then, we did not have personal monitoring nor biomar-
kers, thus our PAHs measurements only provide indirect estimates of
the real exposure to PAHs. However, given the long period of time spent
in the school by the children, as well as the stability of the BAP levels in
Barcelona, our exposure assessment is likely to well reflect the exposure
throughout childhood. Indeed, exposure assessment at school appears
to be particularly relevant. We previously showed that exposure to
traffic-related air pollution at school was significantly higher than at
home and did not change by commuting mode (Sunyer et al., 2015).
This higher exposure level at school could be attributed to peaks of
pollution occurring during school time, and higher inhaled dose during
school time due to exercise and physical activity at schools.

Another potential limitation is that air pollution is actually a
mixture of numerous environmental contaminants and the effects
observed here might be not only attributable to BAP. Indeed, the
PAHs levels are strongly correlated with others markers of vehicle
exhaust such as NO2 and EC. However, the investigation of the potential
impact of NO2 and EC revealed no significant link between the CNV and
both outdoor and indoor EC levels, as well as inconsistent associations
between the CNV and the outdoor and indoor NO2 levels (eTable 15).
Furthermore, using voxel-based morphometry analyses, we recently
reported no associations between combined measurements of EC and
NO2 and brain anatomy in our population (Pujol et al., 2016b), which
supports our observation that PAHs might have a specific neurotoxic
effect on BG.

5. Conclusions

This study provides evidence that chronic exposure to PAHs during
the pre-adolescent school-age years is associated with subclinical
changes on the caudate nucleus, even for levels below the legislative
annual target level established in the European Union. These findings
add to a significant body of studies underlying the urgent necessity to
reduce anthropogenic emissions of air pollutants and may suggest the
need to re-evaluate the legislative annual target levels. The behavioral
consequences of this induced brain change were not identified in this
study, but given the caudate nucleus involvement in many crucial
cognitive and behavior processes, this volume reduction is of health
concern for the children's neurodevelopment.
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