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ABSTRACT

Background: The available evidence of the effects of air pollution and noise on behavioral
development is limited and overlooks exposure at schools where children spend a considerable
amount of time.

Objective: We aimed to investigate the associations of exposure to traffic-related air pollutants
(TRAPs) and noise at school on behavioral development of schoolchildren.

Methods: We evaluated children aged 7 to 11 years in Barcelona (Catalonia, Spain) during
2012-2013 within the BREATHE project. Indoor and outdoor concentrations of elemental carbon
(EC), black carbon (BC) and NO, were measured at schools in two separate one-week
campaigns. In one campaign we also measured noise levels inside classrooms. Parents filled out
the strengths and difficulties questionnaire (SDQ) to assess child behavioral development, while
teachers completed the attention deficit hyperactivity disease criteria of DSM-IV (ADHD-DSM-
IV) list to assess specific ADHD symptomatology. Negative binomial mixed effects models were
used to estimate associations between the exposures and behavioral development scores.

Results: Interquartile range (IQR) increases in indoor and outdoor EC, BC and NO2
concentrations were positively associated with SDQ total difficulties scores (suggesting more
frequent behavioral problems) in adjusted multivariate models, while noise was significantly
associated with ADHD-DSM-IV scores.

Conclusion: In our study population of 7-11 year old children residing in Barcelona,
exposure to TRAPs at school was associated with more behavioral problems in

schoolchildren. Noise exposure at school was associated with more ADHD symptoms.
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INTRODUCTION

There is a growing body of evidence on associations between pre- and postnatal exposure to
traffic-related air pollutants (TRAPs) and adverse impacts on cognitive development in children
(Block and Calderon-Garciduefias 2009; Guxens et al. 2012; Guxens and Sunyer 2012; Suglia et
al. 2008). Air pollution is considered as a suspected cause of developmental neurotoxicity
(Grandjean and Landrigan 2014). In this context, TRAPs may also impact on behavioral
development. The available evidence for such an effect is limited and mostly focused on
attention deficit and hyperactivity disorder (ADHD) symptomatology, suggesting a positive
association between prenatal (Perera et al. 2006, 2012) and early-life exposure to TRAPs
(Newman et al. 2013) and ADHD. Only one study has reported a positive cross-sectional

association between ADHD and TRAPs exposure during childhood (Siddique et al. 2011).

Like air pollution, noise is a ubiquitous environmental pollutant, mostly generated by traffic in
urban areas (Moudon 2009). Noise has been associated with adverse impacts on quality of life
and health, including mental health (Basner et al. 2014). It has been suggested that children are
vulnerable to noise due to their reduced ability to manage environmental stressors (Ben-Shlomo
and Kuh 2002). Therefore, efforts have been made to understand the impact of noise exposure on
cognitive development (Stansfeld et al. 2005). Some studies have suggested that the negative
impact of road traffic and aircraft noise at school and aircraft on cognitive development in
children may exceed that of air pollution (Clark et al. 2012; Hygge et al. 2002; van Kempen et al.
2010, 2012). The available body of evidence on the associations of noise exposure on child

behavioral development is limited, but associations have been reported between increased
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hyperactive symptomatology and both traffic noise at home (Tiesler et al. 2013) and aircraft

noise at school (Crombie et al. 2011; Stansfeld et al. 2005).

Most of the literature in this field is focused on children’s residential exposures to these
pollutants. However, children spend long periods of time at school, where levels of TRAPs and
noise peak during the day (Kim et al. 2002; Ning et al. 2007). Teaching requires a quiet
environment in classrooms. According to the World Health Organization’s recommendation, a
noise level<35 dB in classrooms is considered as optimal. However, it is not unlikely that the
noise levels exceeds this levels in some schools. (Berglund et al. 1999) The physical activity of
children at school may be increased due to physical education classes, sports or play activities,
and their breathing rates and dose of inhaled pollutants to the lungs may increase during school
hours (McConnell et al. 2010). The present study aimed at investigating the association between

levels of TRAPs and noise at school and behavioral developmental in schoolchildren.

METHODS

Study setting

This study was carried out as part of the BRain dEvelopment and Air polluTion ultrafine
particles in scHool childrEn (BREATHE) project, which aims to study associations between air
pollution and neuropsychological development of schoolchildren. Schools were selected based
on modeled levels of traffic-related nitrogen dioxide (NO,) in order to achieve maximum
contrast in TRAP levels (Wang et al. 2013). Thirty-six of the 416 schools in Barcelona were
selected. Three additional schools in an adjacent municipality, Sant Cugat del Vallés, were

included in BREATHE (39 schools in total). All participating schools were similar to the
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remaining schools in Barcelona in terms of the socioeconomic vulnerability index (0.66 versus

0.62, p=0.20) and NO, levels (51.5 versus 50.9 pg/m’, p=0.81).

All families of children without special needs from these 39 schools in the 2™, 3™ and 4"
primary grades were invited to participate in the study by letter and/or presentations in schools.
A total of 2897 (59%) enrolled in the study. All children had been at the school for more than 6
months (and 98% for more than one year) before the beginning of the study. We observed
similar participation rates across classes. Participation rates were similar across classes (62%,
61%, and 62% for 2nd, 3rd, and 4™ grades, respectively, p = 0.96). Participation rates were similar
according to the school vulnerability index (62% and 61% for higher and lower school
vulnerability index, respectively, p = 0.326), but not between public (52%) and private schools
(66%) (p<0.01).Parents or legal guardians of all participating children gave their informed

consent as approved by the IMIM-Parc Salut Mar Ethical Committee (No. 2010/41221/T).
Exposure
School air pollution measurement

For each school, TRAP levels were measured twice during one-week periods separated by six
months, in the warm and cold periods of the year 2012. In each campaign week, we measured
TRAP levels in two schools simultaneously: one located in an area with high levels of pollution,
and one in area with low levels. Levels of TRAPs were measured simultaneously indoors in a
single classroom and outdoors in the school yard. We selected measured elemental carbon (EC),
black carbon (BC), and NO,, given their relation high correlation to road traffic emissions in

Barcelona (Amato et al. 2014; Reche et al. 2014; Rivas et al. 2014). Initially, we also considered
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concentrations of traffic-related particulate matter with aerodynamic diameter <2.5um (PM, )
(composed of organic particles from motor exhaust, EC, and metals from brake wear (Cu, Sb, Sn
and Fe)) as another measure of exposure to TRAPs. However, given the high correlation between
EC and traffic-related PM; s concentration (Spearman Rho = 0.93) and the consistency of our
results for these two measures, only the results for EC are included in this manuscript. EC levels
were determined based on chemical analysis of daily 8-hour PM, s samples collected by high
volume (30 m’/h) MCV samplers. Real time concentrations of BC were measured using the
MicroAeth AE51 aerosol monitor (AethLabs). Weekly averaged NO, concentrations were

measured using Gradko Environmental passive dosimeters.

Annual outdoor and indoor school levels were obtained by averaging the results of the two
campaigns. Since different schools were monitored in different weeks during each campaign
period, we adjusted the levels of each TRAP for the weekly average level of that TRAP (during
the corresponding sampling week for each school) measured by a background monitoring station
in Barcelona to remove temporal fluctuation in background TRAP levels from our analyses

(Rivas et al. 2014).
Noise measurement

Traffic noise in the classroom (from now on referred to as noise) was selected as a surrogate of
noise exposure because children spend most of their time at school in the classroom, and also
because susceptibility to the cognitive effects of traffic noise might be greater during teaching
sessions (Basner et al. 2014). Data was obtained from comprehensive noise measurements taken
during the second one-week air pollution sampling period. Noise measurements were conducted

during the second week of the air pollution sampling period in a single classroom for each

7
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school. We installed the noise monitoring instrument in a classroom next to the classroom where
the TRAPs measurement was performed to avoid the noise from the TRAPs monitors while
having comparable measures in terms of orientation and floor. Three consecutive 10-minute
measurements of equivalent sound pressure levels (in dB(A)) at different distributed locations
within the classroom were performed over two consecutive days, following recommended
protocols (Decret 176/2009 de la Generalitat, Annex 7.I1.B, ISO 1996, and ISO 140-4) using a
calibrated SC-160 sound level meter (CESVA, inc; =+ 1.0 dB tolerance (type 2), range: 30-137
dB). As we aimed to register traffic and background noise levels, any unusual sounds were
deleted and measurements were done before children arrived (before 9am). For robustness, we
averaged the 30-minute measurements from the two consecutive days, though they showed high

reproducibility.

Behavioral development

General behavioral development was assessed using the strengths and difficulties questionnaire
(SDQ) (Goodman 1997) which was filled out by parents. The SDQ is comprises five separate
sub-scales, each including five questions (25 questions in total) covering different behavioral
aspects including emotional symptoms, conduct problems, hyperactivity/inattention, peer
relationship problems and prosocial behavior. Each question can be rated on a 3-point Likert
scale (not true (0), somewhat true (1), and certainly true (2)) and each subscale can therefore be
scored between 0 and 10. A total difficulties score (ranging from 0 to 40) is then generated by
summing the scores for all subscales except the prosocial behavior scale, with higher scores

indicating more behavioral problems. Prosocial subscale is considered as a behavioral strength.
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We inverted the original distribution of the prosocial behavior scale in order to harmonize the

interpretation of the sub-scales (higher score meaning less prosocial behavior).

Specific ADHD symptomatology was reported by teachers filling out the ADHD Criteria of
Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (ADHD-DSM-IV) list
(American Psychiatric Association 2002). ADHD-DSM-IV consists of 18 symptoms categorized
into two separate groups: inattention (nine symptoms) and hyperactivity/impulsivity (nine
symptoms). Each ADHD symptom is rated on a 4-point scale (0 = never or rarely, 1 =
sometimes, 2 = often, or 3 = very often) and subscales can therefore be scored from 0 to 27 and
the globalADHD symptomatology score can range from 0 to 54, where higher numbers indicate

more problems.
Other variables

Sociodemographic data including child age, sex (male and female) and maternal education
(primary, secondary and university) were collected by the BREATHE baseline questionnaire,
which was filled out by parents. In the same questionnaire, parents were asked whether their
children had been clinically diagnosed with ADHD by a medical doctor. We also included a
question regarding traffic noise annoyance at home using a 11-point scale question developed by
the International Commission on the Biological Effects of Noise (ICBEN) (Fields et al. 2001).
For each home and school address, we extracted the Urban Vulnerability Index, which is a
measure of neighborhood SES at the census tract level (median area of 0.08 km® for the study
area). This index is based on 21 indicators of urban vulnerability grouped into four themes that
has been developed based on the 2001 Spanish census data: sociodemographic vulnerability (five

indicators), socioeconomic vulnerability (six indicators), housing vulnerability (five indicators),

9



Environ Health Perspect DOI: 10.1289/ehp.1409449
Advance Publication: Not Copyedited

and subjective perception of vulnerability (five indicators). Annual air pollution concentrations
(BC) at the participants’ home addresses were estimated by temporally-adjusted land-use
regression (LUR) models developed as part of the European Study of Cohorts for Air Pollution
Effects (ESCAPE) project (Beelen et al. 2013; Eeftens et al. 2012). To explore the comparability
of levels of TRAPs measured by BREATHE monitors at schools and levels of TRAPs estimated

using ESCAPE LUR mod

els, we applied ESCAPE LUR models to estimated NO, and BC outdoor levels at schools during
the corresponding BREATHE sampling weeks for that school. We observed Spearman’s
correlation coefficients of 0.81 and 0.75 for NO, and BC, respectively, measured by BREATHE

monitors and estimated by ESCAPE LUR models.

Statistical analysis

Main analyses

We estimated associations of indoor and outdoor levels of TRAPs (EC and NO;) and noise on
the total difficulties score from SDQ and on the total ADHD symptomatology from ADHD-
DSM-IV list (one at a time) in two sets of models: single-exposure models, using noise and
TRAP levels as the exposure one at a time in separate models; and multi-exposure models, which
included each TRAP and noise together in the same model. Negative binomial mixed effects
models (including school and teacher as random effects for SDQ and ADHD-DSM-IV list,
respectively) were used to address the multilevel nature of the data and to account for over-
dispersion of the outcomes. Negative binomial model models the ratio of the mean score among

exposed and non-exposed. The results are presented as adjusted mean ratios (aMR) with

10
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corresponding 95% confidence intervals (95% CI). In all of these models, the exposure estimate
was reported for one interquartile range (IQR) increase in exposure levels, e.g. a ratio of mean
score of 1.15 for an IQR increase in EC exposure meant that those with an EC exposure at the
75th percentile had a 15% higher mean score, as compared with those with an EC exposure at the
25th percentile. The analyses were adjusted for a number of covariates identified a priori: child’s
sex (male/female), child’s age (continuous in years), BC concentrations at home (continuous as
png/m3), traffic noise annoyance at home (continuous ranging from 0 to 10, from the less to the
highest annoyance), home tobacco use (no, yes but not inside home, yes), and indicators of SES
at the individual level [maternal education (primary or less, secondary, or high educational level)
and the Urban Vulnerability Index at home address (continuous variable ranging from 0 to 1,
with 1 indicating the highest level of deprivation)] and the area level [Urban Vulnerability Index

for the child’s school and the type of school (public/private)].

Further and sensitivity analyses

Because of the rather high correlation between TRAPs and noise, we evaluated the potential
multicollinearity using the Multilevel Variance Inflation Factors (MVIFs). In addition, we tested
for potential effect modification by noise (low noise (<35dB); high noise (>35 dB)) in the
association between TRAPs and the total difficulties score from SDQ and on the total ADHD
symptomatology from ADHD-DSM-IV list. We included the product term between TRAPs and

the effect modifier, considering p<0.05 as the cut-off for interaction.

We further adjusted (one at a time) our main analyses for maternal occupation (self-employed,
employee, housewife, student, on work leave, unemployed or unknown), paternal education

(primary or less, secondary, or higher educational level), siblings at birth (no/yes), smoking

11
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during pregnancy (no/yes), alcohol consumption during pregnancy (no/yes) and duration of
breastfeeding (no breastfeeding, <1 week, Iweek to 3 months, 3 months to 6 months, and >12
months) to evaluate the robustness of our findings to inclusion of more SES-related or
biologically-relevant covariates. We repeated the main models, stratifying by high- and low-
polluted schools based on the previously modeled NO, to explore a potential variation in the
associations across these schools. ESCAPE land use regression models (Beelen et al. 2013) were
applied to estimate the annual (2009) NO; levels at schools and schools were categorized as high
or low polluted if their NO; levels were below or above the median of all the schools

participating in the BREATHE project

We also estimated associations between TRAPs and noise at school with the five SDQ sub-scales
and the two ADHD-DSM-1V list subscales. We further estimated associations with BC at each
child’s home address using estimates from ESCAPE land use regression models (Eeftens et al.

2012).

Finally, we repeated the main analysis but restricted it to those children attending the same
school from the age of 3 years and younger (n=2192 (81%)), to explore possible chronic

associations of the reported associations.

Statistical analyses were carried out with Stata 12 (Stata Corporation, College Station) and R (R

Core Team 2013).

RESULTS

Sociodemographic characteristics of the study sample are presented in table 1. Six percent of

children were reported as clinically diagnosed with ADHD. The median scores for SDQ total

12



Environ Health Perspect DOI: 10.1289/ehp.1409449
Advance Publication: Not Copyedited

difficulties was 8 and for SDQ subscales ranged from 1 to 3 (Table 2). For ADHD
symptomatology, the median score was 5 for total, 3 for inattention, and 1 for hyperactivity-

impulsivity (Table 2).

Regarding the exposure, EC and BC concentrations were almost the same indoors and outdoors
while the outdoor concentrations of NO, were higher than the indoor concentrations (Table 2).
The median (IQR) indoor noise was 38 (8) dB. The Spearman correlation coefficient between
school TRAPs levels ranged between 0.71 and 0.97 (Table 3). Noise showed moderate
correlations with school TRAPs levels with correlation coefficients ranging between 0.38 and

0.45 (Table 3).

Median SDQ total difficulties scores were higher for children attending public versus private
schools (9.03 and 7.80, respectively, p = 0.017) (see Supplemental Material, Table S1). We
found higher scores in SDQ for those children attending schools with medium vulnerability
index values (median SDQ score = 9.17) compared to those children attending school with
low (median SDQ score = 7.77) and high (median SDQ score = 8.58) values. ADHD
symptomatology scores were not significantly associated with the type of school or school

vulnerability index.

Main analysis

In single-exposure models (Table 4), higher levels of TRAPs were generally associated with
higher SDQ total difficulties scores with statistically significant associations for an IQR increase
in indoor EC (IQR = 1.01 pg/m3) (adjusted Mean Ratio (aMR) = 1.07; 95% Confidence Interval

(CI): 1.01, 1.12), outdoor EC (IQR = 0.85 pg/m3) (aMR = 1.07; 95%CI: 1.03, 1.12) and outdoor

13
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NO; (IQR = 22.26 pg/m3) (aMR = 1.07; 95%CI: 1.01, 1.14). Noise was not associated with the
SDQ total difficulties score (Table 4). In the multi-exposure models, we observed the same
pattern of results. Because of the high correlation between EC and BC (Spearman Rho = 0.97),
and since associations for BC were identical than those obtained for EC, we only present

associations for EC.

We observed higher ADHD symptomatology in association with an IQR increase in noise (IQR
= 7.60 dB)(aMR = 1.22; 95%CI: 1.11, 1.34) in the single-exposure models (Table 4). None of
the TRAPs were statistically associated with ADHD symptomatology in the single-exposure
models. In the multi-exposure models, we observed a stronger positive association between noise
(an IQR increase) and ADHD symptomatology (aMRs = 1.24 to 1.29). The associations for
TRAPs remained non-significant in the multi-exposure models with the exception of the
association with indoor EC, for which a statistically significant inverse relationship was found

(Table 4). Results for BC were the same as the results obtained for EC (data not shown).

Further and sensitivity analyses

The MVIFs for TRAPs and noise when combined in two-exposure models for both outcomes
ranged between 1.29 and 1.45 (as a rule of thumb MVIF > 10 is suggestive for multicollinearity)
(See Supplemental material, Table 2). The interaction between noise and TRAP was statistically
significant only for the association between indoor NO, and ADHD symptomatology [aMR =
0.93; 95% CI: 0.72, 1.19 versus 1.11; 95% CI: 1.02, 1.22 when stratified by low (< 35 dB) and
high noise, respectively, p = 0.03], otherwise associations with TRAPs were similar when

stratified by noise (see Supplemental material, Table S3).

14
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Our findings did not change meaningfully after further adjusting for SES-related or biologically-
relevant covariates (data not shown). When we stratified the main analyses by high and low
polluted schools based on the previous measure of NO,, we observed similar results (data not

shown).

We found similar positive associations for most SDQ sub-scales, particularly for
hyperactivity/inattention, peer relationship problems and prosocial behavior in association with
EC indoor and outdoor and NO, outdoor (See Supplemental Material, Figure S1). Similarly, the
results for the ADHD-DSM-IV subscales were similar to those for the overall ADHD
symptomatology scores, with positive associations between noise and both inattentiveness and
hyperactivity (Supplemental Material, Figure S2). Noise was associated with increased
symptomatology of inattentiveness and hyperactivity. Concentrations of BC at each child’s home
address using estimates from ESCAPE land use regression models were not associated with
either behavioral problems or with ADHD symptomatology (See Supplemental material, Table
S4). When we restricted the main analysis to those children attending the same school since 3
years of age and younger n=2192 (81%), we observed similar results to those reported for the

main analysis (See Supplemental material, Table S5).

DISCUSSION

To our knowledge, this is the first study to evaluate the impact of air pollution on behavioral
development in schoolchildren using both indoor and outdoor air pollution levels measured at
schools. We found a consistent pattern of positive associations between exposure to indoor and
outdoor EC, BC, and, to a lesser extent, NO2 and SDQ scores for general behavioral

development. Noise was not associated with general behavioral development (i.e. SDQ) scores,

15
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but was positively associated with ADHD symptom scores. In contrast, TRAPs exposures were

not associated with ADHD symptom scores.

TRAPs concentrations at school were positively associated with SDQ scores for general
behavioral development in schoolchildrenafter taking levels of residential air pollution into
account. These results persisted after adjusting our final models by noise. The results remained
unchanged after restricting the analysis to those children attending the same school since early in
life. Our analytical strategy (also including subscales from SDQ and ADHD-DSM-IV in the
further analysis) allowed us to conduct several comparisons. We are not aware of any available
report on the negative impacts of exposure to air pollution (EC, BC and NO;) during childhood
on general behavioral development assessed by SDQ scores; therefore, it is not possible to
compare our findings with those of others. However, our findings are consistent with several
previous observations assessing air pollution early in life. Hyperactivity symptom scores at age 7
years were higher in association with elemental carbon exposures during the first year of life in a
cohort of US children (Newman et al. 2013). In a cross-sectional study conducted in India
(Siddique et al. 2011), children living in urban areas (with higher concentrations of PM;y)
showed a fourfold rise in the prevalence of ADHD (assessed using the ADHD-DSM-IV list)
compared to those children living in rural areas. ADHD symptom scores were not positively
associated with TRAPs exposures in our cross-sectional study population. Unexpectedly, indoor
EC exposure was negatively associated with ADHD symptom scores when adjusted for noise.
We do not have a causal explanation for this finding, which may have been due to chance or

bias.

16
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A number of underlying mechanisms have been hypothesized for the observed negative
associations between TRAPs and brain development (Block et al. 2012). Neuroinflammation
implicating microglia has been proposed to play a central role (Block and Calderon-Garciduefias
2009; Hanisch and Kettenmann 2007). In two studies conducted in Mexico, autopsies of 35
healthy children and young adults living in Mexico City (considered as exposed group) and
about 12 healthy children and young adults living in a low polluted town (considered as control
group) were evaluated. Compared to the control group, the exposed group showed a significant
upregulation of some important inflammatory genes in several brain regions was found, as well
as disruption of the blood-brain-barrier, endothelial activation, oxidative stress, inflammatory
cell trafficking, and accumulation of ultrafine particles in the respiratory nasal epithelium,
olfactory bulb neurons and the endothelium and basement membranes of olfactory bulb arterioles
(Calderon-Garciduetias et al. 2008, 2010). It has also been suggested that exposure to diesel
exhaust particles may induce apoptosis of dopaminergic neurons in the presence of microglia

(Block et al. 2004).

In our study, 74.4% of children were exposed to levels of noise greater than the 35dB
recommended for teaching environments (Berglund et al. 1999). We detected a positive
association between noise exposure at school and ADHD symptomatology. In the multi-exposure
models, we detected some evidence of confounding of noise associations by TRAPs. The
available evidence on the impact of noise on behavioral development is limited. In two studies,
the authors found increased the SDQ hyperactivity subscale associated with aircraft noise at
school in children aged from 9 to 10 years old (Crombie et al. 2011; Stansfeld et al. 2009). . In

the most recent study, the authors reported an increased SDQ hyperactivity score associated with

17
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road traffic noise exposure at home in children aged 10 years old (Tiesler et al. 2013). In our
study population noise exposure was positively associated with ADHD symptom scores (ADHD-

DSM-IV), but not with the SDQ hyperactivity score.

A number of mechanisms might contribute to associations between noise exposure and ADHD
symptomatology (Stansfeld et al. 2005).These include noise annoyance (when noise interferes
the daily activities —i.e. teaching sessions — and usually accompanied by negative responses),
increased arousal and frustration (Basner et al. 2014; Evans 2006). It has also been suggested
that exposure to high levels of noise may produce externalizing symptomatology (i.e. ADHD
symptoms) rather than internalizing symptomatology (i.e. depressive symptoms) as a

consequence of increased arousal (Haines et al. 2001).

The results of the present study should be interpreted in the context of its limitations. We could
not confirm that exposure preceded the outcomes given the cross-sectional design of our study.
There was a short interval between measurement of TRAPs and the assessment of behavioral
development. BREATHE measurements (made at the school level) were deseasonalized
according to annual levels during the same year (2012) that the questionnaires were filled out.
The LUR models were developed on ESCAPE measurements conducted in 2009, prior to the
start of the BREATHE project. The generalizability of our findings may have been affected by
selection bias in that those children that participated in BREATHE were different to those who
did not participate with respect to maternal educational level. About 60% of mothers in our study
population had a university degree: higher than the regional average of 50% among women
between 25 and 39 years old living in Barcelona (Ajuntament de Barcelona 2014). Although

ADHD has been shown to be more prevalent among SES disadvantaged groups (Russell et al.
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2013), the prevalence of ADHD cases in our sample (6.5%) was similar to the prevalence of
ADHD in Spain (6.8%)(Catala-Lopez et al. 2012). Conversely, the sex distribution among the
BREATHE participants (50%) was very similar to the regional average in the same age group (5
to 9 years), and therefore, increases the generalizability of our results. Moreover, the Urban
Vulnerability Index of the schools was not associated with the school participation rate
(Spearman’s correlation coefficient=-0.09, p-value=0.61) which might suggest that
socioeconomic status was less likely to be a major predictor of participation. Another limitation
might be the potential for residual SES confounding (Klassen et al. 2004; Russell et al. 2013).
However, we adjusted our analyses for indicators of SES at both individual (maternal education)
and area (SES vulnerability index) levels, and adjusting for additional SES variables did not
result in any notable change in associations (data not shown). As in previous studies, the quality
of the assessment of noise exposure may have been limited. Because special attention is given to
noise levels during teaching sessions, when noise may be most detrimental (Basner et al. 2014),
we examined road traffic noise exposure in classrooms. This represented an improvement
compared to previous studies, which have generally relied on a single modeled or measured
outdoor noise level in front of the school. However, our noise measurements were each made in
a single classroom in each school. However, in getting closer to measuring the true personal
indoor environment, our assessment is also subject to exposure misclassification because of the

high dependency of classroom street orientation on the actual noise exposure.

In our study population, SDQ scores were positively associated with TRAPs exposures, whereas
ADHD-DSM-IV scores were positively associated with noise exposure. In our study, SDQ was

rated by parents while ADHD-DSM-IV questionnaire was rated by teachers. This approach does
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not allow us to compare the results obtained from the two scales. The use of two scales may,
however, provide better comprehensive information on behavioral development. While ADHD-
DSM-1V is a questionnaire used for in-depth assessment of ADHD symptomatology, the SDQ is
a screening questionnaire used for detecting general behavioral developmental problems
including hyperactivity and attentional problems as only one of several outcomes. In addition, it
has been suggested that the combination of parents’ and teachers’ reports is more sensitive to
detect behavioral problems than either alone when compared with independent psychiatric
assessments (Goodman et al. 2000). Results from previous studies suggested that parents
reported behavioral problems more frequently and of greater severity and therefore, the
agreement between parents and teachers has been considered as poor to moderate (Dirks et al.

2011; Gomez 2007).

Estimated associations between TRAPs and the SDQ total difficulties score were statistically
significant and consistent, but the magnitude of the associations were small Adjusted mean ratios
used to estimate associations between behavior scores and the exposures suggest a 7-8%
increase in scores with IQR increases in TRAPs, where each score can be considered a “count”
of prevalent symptoms, and the median total difficulties score was 8 (range 0—32). Therefore, the
results presented in this study could have a non-negligible societal impact given the link between
the total difficulties score of SDQ and worse child mental health (Vostanis 2006). A similar
explanation might be applied to the observed association between noise in schools and ADHD

symptomatology.
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CONCLUSION

The results of this study suggest that higher levels of TRAPs (EC, BC and NO,)at school are
associated with worse general behavioral development in schoolchildren. We also observed
increased ADHD symptomatology associated with noise levels at school. Further assessments of
the schools’ air quality, noise level, and child behavioral development are warranted to assess the
temporality of the potential causal relationship. If confirmed, the public health implications of
these findings would be of great importance considering the substantial personal and societal

burden accompanying such behavioral problems.

21



Environ Health Perspect DOI: 10.1289/ehp.1409449
Advance Publication: Not Copyedited

REFERENCES

Ajuntament de Barcelona. 2014. Statistical yearbook of Barcelona city. Year 2014
(http://www.bcn.cat/estadistica/catala/dades/anuari/cap05/C0501020.htm) (in Catalan).

Amato F, Rivas I, Viana M, Moreno T, Bouso L, Reche C, et al. 2014. Sources of indoor and outdoor
PM2.5 concentrations in primary schools. Sci. Total Environ. 490:757-765;
doi:10.1016/j.scitotenv.2014.05.051.

American Psychiatric Association. 2002. Manual diagnostico y estadistico de los trastornos mentales.
Masson, Barcelona.

Basner M, Babisch W, Davis A, Brink M, Clark C, Janssen S, et al. 2014. Auditory and non-auditory
effects of noise on health. Lancet 383:1325-1332; doi:10.1016/S0140-6736(13)61613-X.

Beelen R, Hoek G, Vienneau D, Eeftens M, Dimakopoulou K, Pedeli X, et al. 2013. Development of
NO2 and NOx land use regression models for estimating air pollution exposure in 36 study areas
in Europe — The ESCAPE project. Atmospheric  Environment  72:10-23;
doi:10.1016/j.atmosenv.2013.02.037.

Ben-Shlomo Y, Kuh D. 2002. A life course approach to chronic disease epidemiology: conceptual
models, empirical challenges and interdisciplinary perspectives. Int J Epidemiol 31: 285-293.

Berglund B, Lindvall T, Schwela D. 1999. Guidelines for Community Noise. World Health Organization
(WHO). Available: http://www.who.int/docstore/peh/noise/guidelines2.html  [accessed 3
November 2014].

Block ML, Calderon-Garciduefias L. 2009. Air pollution: mechanisms of neuroinflammation and CNS
disease. Trends Neurosci. 32:506-516; doi:10.1016/j.tins.2009.05.009.

Block ML, Elder A, Auten RL, Bilbo SD, Chen H, Chen J-C, et al. 2012. The outdoor air pollution and
brain health workshop. Neurotoxicology 33:972-984; doi:10.1016/j.neuro.2012.08.014.

Block ML, Wu X, Pei Z, Li G, Wang T, Qin L, et al. 2004. Nanometer size diesel exhaust particles are
selectively toxic to dopaminergic neurons: the role of microglia, phagocytosis, and NADPH
oxidase. FASEB J. 18:1618-1620; doi:10.1096/1].04-1945fje.

Calderon-Garciduenas L, Franco-Lira M, Henriquez-Roldan C, Osnaya N, Gonzéalez-Maciel A, Reynoso-
Robles R, et al. 2010. Urban air pollution: influences on olfactory function and pathology in
exposed  children and  young  adults.  Exp. Toxicol.  Pathol. 62:91-102;
doi:10.1016/j.etp.2009.02.117.

Calderon-Garcidueiias L, Solt AC, Henriquez-Roldan C, Torres-Jardon R, Nuse B, Herritt L, et al. 2008.
Long-term air pollution exposure is associated with neuroinflammation, an altered innate immune

22



Environ Health Perspect DOI: 10.1289/ehp.1409449
Advance Publication: Not Copyedited

response, disruption of the blood-brain barrier, ultrafine particulate deposition, and accumulation
of amyloid beta-42 and alpha-synuclein in children and young adults. Toxicol Pathol 36:289-310;
doi:10.1177/0192623307313011.

Catala-Lopez F, Peir6é S, Ridao M, Sanfélix-Gimeno G, Génova-Maleras R, Catald MA. 2012. Prevalence
of attention deficit hyperactivity disorder among children and adolescents in Spain: a systematic
review and meta-analysis of epidemiological studies. BMC Psychiatry 12:168; doi:10.1186/1471-
244X-12-168.

Clark C, Crombie R, Head J, van Kamp I, van Kempen E, Stansfeld SA. 2012. Does traffic-related air
pollution explain associations of aircraft and road traffic noise exposure on children’s health and
cognition? A secondary analysis of the United Kingdom sample from the RANCH project. Am. J.
Epidemiol. 176:327-337; doi:10.1093/aje/kws012.

Crombie R, Clark C, Stansfeld SA. 2011. Environmental noise exposure, early biological risk and mental
health in nine to ten year old children: a cross-sectional field study. Environ Health 10:39;
doi:10.1186/1476-069X-10-39.

Dirks MA, Boyle MH, Georgiades K. 2011. Psychological symptoms in youth and later socioeconomic
functioning: do associations vary by informant? J Clin Child Adolesc Psychol 40:10-22;
doi:10.1080/15374416.2011.533403.

Eeftens M, Beelen R, de Hoogh K, Bellander T, Cesaroni G, Cirach M, et al. 2012. Development of Land
Use Regression models for PM(2.5), PM(2.5) absorbance, PM(10) and PM(coarse) in 20
European study areas; results of the ESCAPE project. Environ. Sci. Technol. 46:11195-11205;
doi:10.1021/es301948k.

Evans GW. 2006. Child development and the physical environment. Annu Rev Psychol 57:423-451;
doi:10.1146/annurev.psych.57.102904.190057.

Fields JM, De Jong RG, Gjestland T, Flindell IH, Job RFS, Kurra S, et al. 2001. Standardized general-
purpose noise reaction questions for community noise surveys: research and a recommendation.
Journal of Sound and Vibration 242:641-679; doi:10.1006/jsvi.2000.3384.

Gomez R. 2007. Australian parent and teacher ratings of the DSM-IV ADHD symptoms: differential
symptom functioning and parent-teacher agreement and differences. J Atten Disord 11:17-27;
doi:10.1177/1087054706295665.

Goodman R. 1997. The Strengths and Difficulties Questionnaire: a research note. J Child Psychol
Psychiatry 38: 581-586.

Goodman R, Renfrew D, Mullick M. 2000. Predicting type of psychiatric disorder from Strengths and
Difficulties Questionnaire (SDQ) scores in child mental health clinics in London and Dhaka. Eur
Child Adolesc Psychiatry 9: 129-134.

23



Environ Health Perspect DOI: 10.1289/ehp.1409449
Advance Publication: Not Copyedited

Grandjean P, Landrigan PJ. 2014. Neurobehavioural effects of developmental toxicity. Lancet Neurol
13:330-338; doi:10.1016/51474-4422(13)70278-3.

Guxens M, Aguilera I, Ballester F, Estarlich M, Fernandez-Somoano A, Lertxundi A, et al. 2012. Prenatal
exposure to residential air pollution and infant mental development: modulation by antioxidants
and detoxification factors. Environ. Health Perspect. 120:144—-149; doi:10.1289/ehp.1103469.

Guxens M, Sunyer J. 2012. A review of epidemiological studies on neuropsychological effects of air
pollution. Swiss Med Wkly 141:w13322; doi:10.4414/smw.2011.13322.

Haines MM, Stansfeld SA, Brentnall S, Head J, Berry B, Jiggins M, et al. 2001. The West London
Schools Study: the effects of chronic aircraft noise exposure on child health. Psychol Med 31:
1385-1396.

Hanisch U-K, Kettenmann H. 2007. Microglia: active sensor and versatile effector cells in the normal and
pathologic brain. Nat. Neurosci. 10:1387-1394; doi:10.1038/nn1997.

Hygge S, Evans GW, Bullinger M. 2002. A prospective study of some effects of aircraft noise on
cognitive performance in schoolchildren. Psychol Sci 13: 469-474.

Kim S, Shen S, Sioutas C. 2002. Size distribution and diurnal and seasonal trends of ultrafine particles in
source and receptor sites of the Los Angeles basin. J Air Waste Manag Assoc 52: 297-307.

Klassen AF, Miller A, Fine S. 2004. Health-related quality of life in children and adolescents who have a
diagnosis of attention-deficit/hyperactivity disorder. Pediatrics 114:e541-547;
doi:10.1542/peds.2004-0844.

McConnell R, Islam T, Shankardass K, Jerrett M, Lurmann F, Gilliland F, et al. 2010. Childhood incident
asthma and traffic-related air pollution at home and school. Environ. Health Perspect. 118:1021—
1026; doi:10.1289/ehp.0901232.

Moudon AV. 2009. Real noise from the urban environment: how ambient community noise affects health
and what can be done about it. Am J Prev Med 37:167—-171; doi:10.1016/j.amepre.2009.03.019.

Newman NC, Ryan P, Lemasters G, Levin L, Bernstein D, Hershey GKK, et al. 2013. Traffic-related air
pollution exposure in the first year of life and behavioral scores at 7 years of age. Environ. Health
Perspect. 121:731-736; doi:10.1289/ehp.1205555.

Ning Z, Geller MD, Moore KF, Sheesley R, Schauer JJ, Sioutas C. 2007. Daily variation in chemical
characteristics of urban ultrafine aerosols and inference of their sources. Environ. Sci. Technol.
41: 6000-6006.

Perera FP, Rauh V, Whyatt RM, Tsai W-Y, Tang D, Diaz D, et al. 2006. Effect of prenatal exposure to
airborne polycyclic aromatic hydrocarbons on neurodevelopment in the first 3 years of life among
inner-city children. Environ. Health Perspect. 114: 1287-1292.

24



Environ Health Perspect DOI: 10.1289/ehp.1409449
Advance Publication: Not Copyedited

Perera FP, Tang D, Wang S, Vishnevetsky J, Zhang B, Diaz D, et al. 2012. Prenatal polycyclic aromatic
hydrocarbon (PAH) exposure and child behavior at age 6-7 years. Environ. Health Perspect.
120:921-926; doi:10.1289/ehp.1104315.

R Core Team. 2013. R: A language and environment for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing. Available: http://www.R-project.org/

Reche C, Viana M, Rivas I, Bouso L, Alvarez-Pedrerol M, Alastuey A, et al. 2014. Outdoor and indoor
UFP in primary schools across Barcelona. Sci. Total Environ. 493:943-953;
doi:10.1016/j.scitotenv.2014.06.072.

Rivas I, Viana M, Moreno T, Pandolfi M, Amato F, Reche C, et al. 2014. Child exposure to indoor and
outdoor air pollutants in schools in Barcelona, Spain. Environ Int 69:200-212;
doi:10.1016/j.envint.2014.04.009.

Russell G, Ford T, Rosenberg R, Kelly S. 2013. The association of attention deficit hyperactivity disorder
with socioeconomic disadvantage: alternative explanations and evidence. J Child Psychol
Psychiatry; doi:10.1111/jcpp.12170.

Siddique S, Banerjee M, Ray MR, Lahiri T. 2011. Attention-deficit hyperactivity disorder in children
chronically exposed to high level of vehicular pollution. Eur. J. Pediatr. 170:923-929;
doi:10.1007/s00431-010-1379-0.

Stansfeld SA, Berglund B, Clark C, Lopez-Barrio I, Fischer P, Ohrstrém E, et al. 2005. Aircraft and road
traffic noise and children’s cognition and health: a cross-national study. Lancet 365:1942—1949;
doi:10.1016/S0140-6736(05)66660-3.

Stansfeld SA, Clark C, Cameron RM, Alfred T, Head J, Haines MM, et al. 2009. Aircraft and road traffic
noise exposure and children’s mental health. Journal of Environmental Psychology 29:203-207;
doi:10.1016/j.jenvp.2009.01.002.

Suglia SF, Gryparis A, Wright RO, Schwartz J, Wright RJ. 2008. Association of black carbon with
cognition among children in a prospective birth cohort study. Am. J. Epidemiol. 167:280-286;
doi:10.1093/aje/kwm308.

Tiesler CMT, Birk M, Thiering E, Kohlbock G, Koletzko S, Bauer C-P, et al. 2013. Exposure to road
traffic noise and children’s behavioural problems and sleep disturbance: results from the
GINIplus and LISAplus studies. Environ. Res. 123:1-8; doi:10.1016/j.envres.2013.01.009.

van Kempen E, Fischer P, Janssen N, Houthuijs D, van Kamp I, Stansfeld S, et al. 2012. Neurobehavioral
effects of exposure to traffic-related air pollution and transportation noise in primary
schoolchildren. Environ. Res. 115:18-25; doi:10.1016/j.envres.2012.03.002.

25



Environ Health Perspect DOI: 10.1289/ehp.1409449
Advance Publication: Not Copyedited

van Kempen E, van Kamp I, Lebret E, Lammers J, Emmen H, Stansfeld S. 2010. Neurobehavioral effects
of transportation noise in primary schoolchildren: a cross-sectional study. Environ Health 9:25;
doi:10.1186/1476-069X-9-25.

Vostanis P. 2006. Strengths and Difficulties Questionnaire: research and clinical applications. Curr Opin
Psychiatry 19:367-372; doi:10.1097/01.yc0.0000228755.72366.05.

Wang M, Beelen R, Basagana X, Becker T, Cesaroni G, de Hoogh K, et al. 2013. Evaluation of land use
regression models for NO2 and particulate matter in 20 European study areas: the ESCAPE
project. Environ. Sci. Technol. 47:4357-4364; doi:10.1021/es305129t.

26



Environ Health Perspect DOI: 10.1289/ehp.1409449
Advance Publication: Not Copyedited

Table 1. Characteristics of the study population of the BREATHE project:

Variables n (%)

Child’s age (in years), mean (SD) 8.55 (0.88)
Child's grade

2nd 1076 (37.4)

3rd 1028 (35.7)

4th 772 (26.8)
Sex

Male 1446 (50.3)

Female 1430 (49.7)
Clinical diagnosis of ADHD by medical doctor

No 2544 (93.5)

Yes 176 (6.5)
Maternal education

Primary or less 346 (12.7)

Secondary 781 (28.7)

University 1596 (58.6)
Urban Vulnerability Index at home address

Less deprived 1061 (37.2)

Normal deprived 1301 (45.6)

High deprived 491 (17.2)
Type of school

Public 1031 (35.9)

Private 1845 (64.2)
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Table 2. Univariate description of the outcomes (at individual level) and the exposures (at school

level):
25th 75th
Variables min percentile Median percentile Max
Outcomes at individual level
SDQ (n=2.714)
Total difficulties score 0 4 8 11 32
Emotion symptoms 0 1 2 3 10
Conduct problems 0 0 2 3 10
Hyperactivity/Inattention 0 2 3 5 10
Peer relationship problems 0 0 1 2 9
Prosocial behavior 0 0 1 2 9
ADHD-DSM-IV (n=2.805)
ADHD symptomatology 0 1 5 12 54
Inattentive symptomatology 0 0 3 8 27
Hyperactive symptomatology 0 0 1 4 27
Exposure at school level (n=39)
Indoor (png/m3)
EC 0.44 0.77 1.19 1.77 3.47
BC 0.60 1.00 1.37 1.86 3.30
NO; 11.47 21.58 29.82 42.60 65.65
Outdoor (ng/m3)
EC 0.58 1.02 1.33 1.88 3.90
BC 0.65 1.13 1.33 1.75 3.38
NO; 25.92 35.10 48.46 57.37 84.55
Noise
Indoor (dB) 28.80 34.00 38.00 42.00 51.10
Exposure at home address - individual
level (n=2.805)
BC (ng/m3) 0.86 2.17 2.63 3.06 5.45
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Table 3. Spearman correlation coefficients between TRAPs at school (ng/m3) and the noise at

school (dB):
School TRAPs
Indoor Outdoor
EC BC NO, EC BC NO, Noise

Indoor

EC -

BC 0.97*

NO, 0.78* 0.74* -
Outdoor

EC 0.88* 0.88* 0.71* -

BC 0.89* 0.87* 0.78%* 0.97* -

NO, 0.84* 0.82* 0.76* 0.85* 0.84%* -

Noise 0.45* 0.40* 0.38* 0.39* 0.42* 0.42* -

*p-value<0.05
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Table 4. Adjusted mean ratios (aMRs and 95% Cls) of SDQ total difficulties score and ADHD symptomatology (from ADHD-DSM-
IV) for TRAPs exposure at school (pg/m’) and noise at school (dB) as continuous variable (based on an IQR increase):

Variables EC and Noise NO; and Noise
EC indoor NO; indoor
IQR =1.01 pg/m’ IQR =21.01 pg/m’
EC outdoor Noise NO; indoor Noise
IQR=10.86 pg/m’ | IQR=7.60dB | IQR=22.26 ug/m’ | IQR =7.60 dB
Total difficulties score (SDQ)®
Indoor
Single-exposure 1.07 (1.01, 1.12)* | 1.01 (0.96, 1.07) 1.02 (0.96, 1.08) 1.01 (0.96, 1.07)
Multi-exposure 1.08 (1.02, 1.14)** | 0.98 (0.92, 1.04) 1.02 (0.95, 1.10) 1.01 (0.94, 1.07)
Outdoor
Single-exposure 1.07 (1.03, 1.12)** | 1.01 (0.96, 1.07) 1.07 (1.01, 1.14)* 1.01 (0.96, 1.07)
Multi-exposure 1.08 (1.03, 1.13)** | 0.97 (0.92, 1.03) 1.08(1.01, 1.16)* 0.98 (0.92, 1.04)
ADHD symptomatology (DSM-1V)"
Indoor
Single-exposure 0.96 (0.89,1.03) |1.22(1.11,1.34)**| 1.08(0.99,1.17) |1.22(1.11, 1.34)**
Multi-exposure 0.89 (0.82,0.96)* | 1.29 (1.18, 1.43)** | 0.98 (0.89, 1.08) |1.24(1.12, 1.38)**
Outdoor
Single-exposure 0.99(0.93,1.07) |1.22(1.11,1.34)** | 1.03(0.94,1.13) |1.22(1.11, 1.34)**
Multi-exposure 0.94 (0.87,1.01) |1.27 (1.15,1.40)** | 0.94 (0.85,1.04) |1.26 (1.14, 1.39)**

*p-value<0.05; **p-value<0.001

* Single-exposure models including TRAPs (EC and NO2) were adjusted for sex, child's age, maternal education, urban vulnerability
index at home address, air pollution (black carbon) at home, home tobacco use, urban vulnerability index at school and type of
school.

* Single-exposure models including noise were adjusted for sex, child's age, maternal education, urban vulnerability index at home
address, traffic noise annoyance at home, home tobacco use, urban vulnerability index at school and type of school.
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* Multi-exposure models including TRAPs and noise were adjusted for sex, child's age, maternal education, urban vulnerability index
at home address, air pollution (black carbon) at home, traffic noise annoyance at home, home tobacco use, urban vulnerability
index at school and type of school.

“Including school as random effect

®Including teacher as random effect
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