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A B S T R A C T

Background: Ambient air pollution may increase the risk of overweight and obesity in children. However,
available evidence is still scarce and has mainly focused on ambient air pollution exposure occurring at home
without considering the school environment. The aim of this study is to assess whether exposure to ambient air
pollution at home and school is associated with overweight and obesity in primary school children.
Methods: We studied 2660 children aged 7–10 years during 2012 in Barcelona. Child weight and height were
measured and age- and sex-specific z-scores for body mass index (zBMI) were calculated using the WHO growth
reference 2007. Overweight and obesity were defined using the same reference. Land use regression models were
used to estimate levels of nitrogen dioxide (NO2), particulate matter< 2.5 μm (PM2.5),< 10 μm (PM10) and
coarse (PMcoarse) at home. Outdoor levels of NO2, PM2.5, elemental carbon (EC), and ultrafine particles (UFP)
were measured in the schoolyard. Multilevel mixed linear and ordered logistic models were used to assess the
association between ambient air pollution (continuous per interquartile range (IQR) increase and categorical
with tertile cutoffs) and zBMI (continuous and ordinal: normal, overweight, obese), after adjusting for socio-
demographic characteristics.
Results: An IQR increase in PM10-home (5.6 μg/m3) was associated with a 10% increase in the odds of being
overweight or obese (odds ratio (OR)=1.10; 95% CI=1.00, 1.22). Children exposed to the highest tertile of
UFP-school (> 27,346 particles/cm3) had a 30% higher odds of being overweight or obese (OR=1.30;
95%CI=1.03, 1.64) compared to the lowest tertile of UFP exposure. We also observed that exposure to NO2,
PM2.5 or EC at schools was associated with higher odds of overweight or obese at medium compared to low levels
of exposure. Home and school exposures did not show any significant associations with zBMI (except PM2.5-
school comparing tertile 2 vs tertile 1) but were similar in direction.
Conclusions: This study suggests that exposure to ambient air pollution, especially at school, is associated with
childhood risk for overweight and obesity. A cautious interpretation is warranted because associations were not
always linear and because school and home air pollution measurements were not directly comparable.

1. Introduction

The prevalence of childhood obesity has risen substantially in most
industrialised countries during the last decades ((NCD-RisC), 2017). In
Europe, the highest rates of childhood overweight and obesity are
found in southern countries (20–40%) (Moreno Aznar et al., 2011). In
Catalonia (Spain) for example, around 30% of children between 6 and
12 years old were overweight or obese in 2015 (Generalitat de

Catalunya, 2016). Childhood obesity is associated with several health
consequences such as cardiovascular diseases, metabolic complications,
gastrointestinal disorders, pulmonary dysfunction, and musculoskeletal
diseases (Daniels, 2009; Han et al., 2010) and therefore the early pre-
vention of disease is critical.

Childhood obesity is a multifactorial condition resulting from the
interaction between multiple genetic and non-genetic risk factors (Han
et al., 2010), with the imbalance between energy intake and energy
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expenditure as primary cause. During the last decade there has been
increasing interest in whether environmental chemical exposures may
contribute to the rising prevalence of obesity (Holtcamp, 2012). Am-
bient air pollution is one of the suspected environmental obesogens
(McConnell et al., 2016). Some studies in animals suggest that ambient
air pollution can alter the metabolism and increase weight gain (Bolton
et al., 2012; Sun et al., 2009; Xu et al., 2010).

A few epidemiological studies have analyzed the association be-
tween exposure to ambient air pollution and childhood obesity and
most of these report increases in body mass index (BMI) associated with
increasing levels of nitrogen dioxide (NO2), nitrogen oxides (NOx),
particulate matter< 2.5 μm (PM2.5),< 10 μm (PM10) and coarse
(PMcoarse) (Dong et al., 2015; Jerrett et al., 2010, 2014; McConnell
et al., 2014). However, a recent birth cohort study in Italy including
499 children at 8 years of age did not find association between exposure
to traffic-related air pollution (TRAP) and BMI, blood lipids, or ab-
dominal adiposity (Fioravanti et al., 2018). There is no evidence on the
impact of other ambient air pollution such as ultrafine particles (UFP)
and elemental carbon (EC) on childhood obesity. Further, these pre-
vious studies have assessed exposure to ambient air pollution ex-
clusively at the home address. However, school-aged children spend
between 23% and 35% of the day at school including morning hours
when the highest peaks in ambient air pollution are noted (Mazaheri
et al., 2014; Nieuwenhuijsen, 2015; Pañella et al., 2017). In fact, a
personal monitoring study of 45 schoolchildren in Barcelona found out
that 37% of their daily integrated BC dose was received at school (Rivas
et al., 2016). There is thus a need for studies including an evaluation of
the role of ambient air pollution exposure at schools in childhood
obesity risk.

We aimed to assess whether exposure to ambient air pollution at
home and school (the two micro-environments where schoolchildren
spend much of their time) is associated with overweight and obesity
risk in children aged 7 to 10 years.

2. Methods

2.1. Design and study population

This cross-sectional study was conducted in the context of the
BREATHE (BRain dEvelopment and Air polluTion ultrafine particles in
scHool childEn) study that aimed to evaluate the impact of long-term
exposure to TRAP in schools on cognitive development (Sunyer et al.,
2015). Forty primary schools were selected in Barcelona (2012) in
order to maximize the contrast in exposure based on modeled traffic-
related NO2 concentrations (Wang et al., 2013). Low- and high-polluted
schools were matched by a neighborhood socioeconomic indicator
(Ministry of Public Works, 2015), and type of school (i.e., public/pri-
vate). A total of 39 schools agreed to participate and were included in
the study (Supplementary Fig. S1). Participating schools were similar to
the remaining schools in Barcelona in terms of socioeconomic vulner-
ability index and NO2 levels (Sunyer et al., 2015). All school children
(n=5019) without special needs in grades 2th through 4th of primary
school (7–10 years old) were initially invited and 2897 (59%) children
agreed to participate. To be included in the BREATHE study, children
had to be enrolled at the school for at least 6 months before the be-
ginning of the study (98% of our final sample were at the same school
for more than one year). All parents or tutors/guardians signed the
informed consent form approved by the Clinical Research Ethical
Committee (No. 2010/41221/I) of the IMIM-Parc de Salut MAR, Bar-
celona, Spain (Sunyer et al., 2015).

2.2. Outcome assessment

Child height (nearest 0.1 cm) and weight (nearest 0.1 kg) were
measured at enrollment, between January 2012 and June 2013. All
measurements were taken without shoes and in light clothing by

specially trained personnel following a standardized protocol. Height
and weight were used to calculate BMI (kg/m2) and age-and-sex spe-
cific BMI z-scores (zBMI, in standard deviation units) were then cal-
culated using the WHO Growth Reference 2007 (de Onis et al., 2007).
Overweight and obesity status were defined following the WHO Child
Growth Standards where overweight is>+1 z-score (equivalent to
BMI 25 kg/m2 at 19 years) and obesity>+2 z-score (equivalent to a
BMI equal to 30 kg/m2 at 19 years).

2.3. Ambient air pollution assessment: residential levels

We estimated residential levels of NO2, NOx, PM10, PM2.5, PMcoarse

and PMabs for the geocoded postal address of each participant using a
land-use-regression (LUR) model; a detailed description can be found
elsewhere (Cyrys et al., 2012; Eeftens et al., 2012; Wang et al., 2013).
Briefly, this model was developed within the European Study of Cohorts
for Air Pollution Effects (ESCAPE) project that measured several pol-
lutants of interest in 36 European study areas. The monitoring cam-
paign in Barcelona was developed between January 2009 and January
2010 during 3 seasonal periods of two weeks, in the cold, warm and
intermediate temperature seasons per each of the 40 monitoring sites
for NOx and 20 for PM. Several predictor variables such as traffic in-
tensity, population, and land-use were used to model spatial variation
of annual average concentrations for each study area (Beelen et al.,
2013; Eeftens et al., 2012). Adding traffic predictors improved the
models in Barcelona (Beelen et al., 2013; Eeftens et al., 2012). There-
fore, the LUR model developed within ESCAPE predicted air pollutants
levels at children's residential addresses for the year 2009. We esti-
mated the annual average pollutant levels in 2011 (the year before the
BREATHE study was conducted), by temporally adjusting the spatial
estimates using a ratio method, according to the ESCAPE guidelines
(Beelen et al., 2013; Eeftens et al., 2012). These models predicted (R2)
75% and 83% of variation in annual levels (2009) of NO2 and PM2.5,
respectively.

2.4. Ambient air pollution assessment: school levels

We measured levels of NO2, PM2.5, elemental carbon (EC) and ul-
trafine particles (UFP) in schoolyards during two 1-week campaigns
separated by 6months from January to June 2012, and from September
2012 to February 2013, covering the warm and cold seasons for each
school (Rivas et al., 2014). Four weekday average of NO2 was obtained
with passive dosimeter (Gradko Environmetal). PM2.5 was measured
using a High-Volume sampler (MCV SA, Spain) during 8 h of school
(09:00 h to 17:00 h). Filter chemical analysis was used to measure the
concentration of EC that was analyzed via a Thermal-Optical Trans-
mission technique (Sunset Laboratory OCEC Analyzer). Details on the
PM2.5 filter analyses can be found elsewhere (Amato et al., 2014). Real-
time UFP numbers concentrations (10–700 nm in this study) were
measured during class time in real-time concentration using a DiSCmini
(Matter Aerosiol) meter. Outdoor school levels were then obtained by
averaging the results of the two campaigns. NO2 and EC were adjusted
also for temporal variability. Seasonalized levels were obtained by
multiplying the daily concentrations at each school by the ratio of an-
nual average to the same day concentration at a fixed air quality
background monitoring station in Barcelona (Rivas et al., 2014). The
main source of the pollutants is from traffic, except PM2.5 for which the
main source was mineral dust (Rivas et al., 2014). Therefore, we only
included the proportion PM2.5-school concentration that originated
from traffic sources – including organic particles from motor exhaust,
EC, and metals from brake wear (copper, antimony, tin, and iron) – as
obtained from a previous source apportionment analyses (Amato et al.,
2014).
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2.5. Covariates

Data on socio-demographic and lifestyle factors were collected from
parents through questionnaires. These included parental education,
employment status, and country of birth, maternal smoking during
pregnancy, child's adopting status, exposure to environmental tobacco
smoke (ETS) at home, number of siblings, and physical activity. To
measure this last variable, parents were asked how frequently the child
did physical exercise outside school enough to make out of breath or get
sweaty. It had six categories: every day, from 4 to 6 times a week, from
2 to 3 times a week, once a week, once a month, less than once a month.
In addition to the indicators of household levels of socioeconomic status
(i.e. parental education and employment), we also assigned each par-
ticipant the Urban Vulnerability Index which is an indicator of neigh-
borhood socioeconomic status. This indicator is based on level of edu-
cation, unemployment, and occupation in each census tract, the finest
spatial census unit, with median area of 0.08 km2 (Ministry of Public
Works, 2015). Noise levels in the classroom before children arrived (as
a measure of traffic-related noise) were also measured (Sunyer et al.,
2015). Residential noise levels were obtained from the Catalan regional
government (Generalitat de Catalunya, n.d.) and expressed as Lden (day,
evening and night). Further, school and residential surrounding
greenness was measured in buffers of 50m and 250m respectively,
around the address based on the Normalized Difference Vegetation
Index (NDVI) derived from Landsat 5 Thematic Mapper data.

2.6. Statistical analyses

Because of missing data in covariates multiple imputation was
performed. Five imputed datasets were created based on a predictive
stepwise distribution from the observed data on determinants covari-
ates, outcomes, and other characteristics used in the models (White
et al., 2011) (Supplementary Material Table S1). Distributions of cov-
ariates in imputed datasets were similar to those observed (Supple-
mentary Table S2). The exposure and outcome variables were not im-
puted.

Due to the multilevel nature of the data (i.e. children within
schools) we used linear mixed effect models to assess the association
between ambient air pollution and zBMI, whereas multilevel mixed
effects ordered logistic regression models were used to assess the as-
sociation between ambient air pollution and zBMI categories (normal
weight, overweight, obese). In all models, we firstly treated ambient air
pollution as a continuous variable (interquartile increase) and secondly
we categorized ambient air pollution using tertiles as cutoff points. We
used directed acyclic graphs (DAGs) to determine covariates included in
the multivariate models and minimize overadjustment bias (Shrier and
Platt, 2008) (Supplementary Fig. S2). Once the potential confounders
were identified, we included each of them one by one in the model and
we selected those that had a better fit of the model based on the Wald
test. The final adjusted model included maternal and paternal educa-
tion (primary education or lower, secondary education, university
education or higher), maternal and paternal country of birth (Spain,
other), paternal employment status (self-employed, employed, un-
employed), number of siblings, household status (bi-parental, mono-
parental) and maternal smoking during pregnancy (no, yes). The pro-
portional odds assumption was evaluated using likelihood ratio test.
Results are expressed as beta coefficients for continuous zBMI and as
odds ratios (OR) for the overweight/obesity categories, were the
normal weight category was the comparison group. The proportional
odds assumption assumes that the OR that describes the relationship
between normal weight versus overweight or obesity is the same as
those that describes the relationship between normal weight or over-
weight versus obesity none of the fitted model violated such assump-
tion. Because the relationship between all pairs of groups is the same,
there is only one set of coefficients.

2.6.1. Sensitivity analyses
Sensitivity analyses were performed to assess the robustness of our

results: i) we checked whether the association between ambient air
pollution and zBMI varied by child's sex, physical activity level, ex-
posure to ETS at home, and maternal education through inclusion of
interaction terms in the models and stratified analyses; ii) we checked
the role of confounding by socio-economic status by evaluating how the
removal of these variables (maternal and paternal education and
country of birth and paternal employment status) from the main models
affected the main effect estimates; and iii) we repeated all analyses
using the complete case dataset without imputations. Analyses were
conducted with the statistical software Stata 14 (StataCorp). Statistical
significance level was set up as α=0.05.

3. Results

From the 2897 school children participating in BREATHE, 2660
(92%) had complete information on ambient air pollution concentra-
tions and zBMI, and were included in the present analysis
(Supplementary Fig. S3). Children included in the analysis were more
likely to have parents who were born in Spain, and to have parents with
higher educational level and lower rates of unemployment, than the
excluded children (Supplementary Table S3). Included and excluded
children did not differ in terms of age, sex, number of sibling, maternal
smoking during pregnancy, and exposure to ETS at home
(Supplementary Table S3). Table 1 shows the characteristics of the
children included in this study stratified by zBMI categories. Children
with underweight represented only 0.2% of the final sample and were
included in the normal weight category. The prevalence of overweight
and obesity was 26% and 16%, respectively. Girls were more likely to
be overweight whereas boys were more likely to be obese. Children
who had obesity were more likely to have parents who were born
outside Spain, who were less educated, and who were more likely to be
unemployed compared to non-obese children. They were also more
likely to have fewer siblings and live in mono-parental families.

Table 2 shows the ambient air pollution concentrations at home and
school. > 50% of children were exposed to NO2 levels that exceeded
the annual mean WHO guidelines (40 μg/m3) both at home and at
school. > 75% of children were exposed to levels of PM2.5 (home and
school) and PM10 (home) higher than 10 and 20 μg/m3, respectively, as
recommended by the WHO. NO2 levels were similar at homes and
schools (median=44.4 and 48.5 μg/m3, respectively) whereas PM2.5

levels at schools (median= 25.0 μg/m3) were substantially higher than
at homes (median=13.4 μg/m3). NOx and PMabs at home level were
excluded from the final analyses as they were highly correlated with
NO2 levels at home (r= 0.92 and r= 0.93, respectively) (Supplemen-
tary Table S4). At school, all correlations were below 0.9 and all pol-
lutants were thus included in the final analyses.

Ambient air pollution concentrations at home and school were
generally not associated with child's BMI when zBMI was treated as a
continuous variable (Table 3). Among the different pollutants, we only
observed that children exposed to levels of PM2.5 at school in the second
tertile had increased BMI z-scores (β=0.02; 95% CI= 0.04, 0.29)
compared with children in the lowest tertile (Table 3).

When comparing overweight and obese children with normal
weight children, we observed that an IQR (5.61 μg/m3) increase in the
PM10 level at home was associated with a 10% increase in the odds of
being overweight or obese (OR=1.10; 95% CI=1.00, 1.22) (Table 4).
No further associations were found at homes exposure level. At schools,
children exposed to levels of NO2, PM2.5, and EC at school in the second
exposure tertile had a higher odds of being overweight or obese, versus
normal weight children, compared to the first tertile of exposure (NO2-
school OR=1.28, 95% CI=1.03, 1.61, PM2.5-school OR=1.35, 95%
CI= 1.01, 1.60, PM2.5-school OR=1.26, 95% CI= 1.01, 1.60)
(Table 4). Children exposed to levels of UFP in the highest tertile of
exposure had a 30% higher risk of being overweight or obese (OR for
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high versus low exposure= 1.30; 95% CI=1.03, 1.64). No significant
association was found between children exposed the medium level of
exposure to UFP and the odds of overweight or obesity (OR for medium
versus low exposure= 1.19; 95% CI= 0.96, 1.51). None of the models
violated the proportional odds assumption. Child's sex, physical activity
level, exposure to ETS at home, and maternal education did not modify
any of the associations between ambient air pollution and child zBMI
(Supplementary Tables S5 and S6). Effect estimates did not sub-
stantially change after removing socio-economic variables from the
models (Supplementary Table S7). In the complete case-analyses the
associations did not change notably (Supplementary Table S8 and S9).

Table 1
Population characteristics by zBMI categories in the 2660 children included in
the study.

Characteristics Normal
weight

N=1537
(58%)

Overweight
N=702
(26%)

Obesity
N=421
(16%)

Child characteristics
Age, years (IQR) 8.4 (7.7, 9.1) 8.5 (7.6, 9.2) 8.5 (7.7, 9.3)
Sex %

Male 57.0 23.8 19.3
Female 58.6 29.1 12.4
Number of siblings, (SD) 1.1 (0.8) 1.0 (0.7) 0.9 (0.7)

Family characteristics
Country of birth mother, %

Spain 60.4 25.7 13.9
Other 41.8 30.5 27.6

Maternal education, %
Primary or less 47.1 29.2 23.7
Secondary school 50.8 28.6 20.3
University studies 64.1 24.7 11.2

Country of birth father, %
Spain 60.2 25.7 14.0
Other 44.6 29.6 25.8

Paternal education, %
Primary or less 47.3 26.6 26.1
Secondary school 51.3 29.8 18.9
University studies 65.6 23.9 10.4

Paternal employment status, %
Self-employed 62.3 24.9 12.7
Employed 59.5 25.8 14.8
Unemployed 40.4 32.5 27.2

Household status, %
Bi-parental 60.0 25.8 14.3
Mono-parental 48.3 28.9 22.8

Family lifestyle
Maternal smoking during
pregnancy %
No 58.5 26.3 15.2
Yes 50.6 28.0 21.3

Environmental tobacco smoke
at home %
Nobody smokes 59.3 26.7 14.1
Yes, but not inside home 56.7 25.6 17.6
Yes, smokes inside home 54.5 25.8 19.8

Physical activity
Every day 43.4 34.3 22.2
From 4 to 6 time/week 58.2 23.1 18.8
From 2 to 3 time/week 57.9 26.9 15.2
Once a week 60.3 25.0 14.7
Once a month 55.8 34.9 9.3
Less than once a month 63.5 24.5 12.0

Values are mean (Standard deviation (SD)) for continuous normal distributed
variables, median (interquartile range) for continuous non-normal distributed
variables, and percentage for categorical variables. Pearson chi2 was used to
calculate p-value.

Table 2
Distribution of ambient air pollution concentrations at home and schools.

Air pollutants Min Percentile Max IQR WHO guidelines

p33.3 p50 P66.7

NO2 - home 1.7 39.6 44.4 47.9 97.0 13.7 40
NO2 - school 25.9 46.1 48.5 54.4 84.6 22.3 40
PM2.5 - home 6.1 12.7 13.4 14.3 25.0 2.7 10
PM2.5 - school 10.0 20.1 25.0 28.2 85.4 10.7 10
PM10 - home 15.2 28.0 30.0 31.6 45.3 5.6 20
PMcoarse - home 8.2 16.0 17.4 18.4 23.5 3.7 –
EC - school 0.6 1.1 1.3 1.5 3.9 0.9 –
UFP - school 11,939 17,612 22,157 27,346 51,146 13,010 –

Units are μg/m3 (NO2, PM2.5, PM10, PMcoarse, and EC) or number of particles per cubic centimeter (UFP). IQR= interquartile range.

Table 3
Association between ambient air pollution concentrations at home and at
school and continuous zBMI.

Pollutant Adjusted coefficient 95% Confidence interval

Home:
NO2

T2 vs T1 0.05 (−0.06, 0.16)
T3 vs T1 0.04 (−0.07, 0.15)
Per 13.7 μg/m3a 0.01 (−0.03. 0.05)

PM2.5

T2 vs T1 0.02 (−0.09, 0.12)
T3 vs T1 0.05 (−0.06, 0.16)
Per 2.7 μg/m3a 0.01 (−0.03, 0.06)

PM10

T2 vs T1 0.01 (−0.10, 0.11)
T3 vs T1 0.07 (−0.03, 0.18)
Per 5.6 μg/m3a 0.05 (−0.01, 0.09)

PMcoarse

T2 vs T1 0.02 (−0.09, 0.13)
T3 vs T1 0.04 (−0.08, 0.15)
Per 3.7 μg/m3a 0.03 (−0.03, 0.10)

School:
NO2

T2 vs T1 0.09 (−0.03, 0.21)
T3 vs T1 0.07 (−0.05, 0.20)
Per 22.3 μg/m3a 0.04 (−0.05, 0.12)

PM2.5

T2 vs T1 0.17 (0.04, 0.30)
T3 vs T1 0.06 (−0.06, 0.18)
Per 10.7 μg/m3a < 0.01 (−0.03. 0.04)

EC
T2 vs T1 0.10 (−0.03, 0.22)
T3 vs T1 0.08 (−0.05, 0.21)
Per 0.9 μg/m3a 0.03 (−0.03, 0.10)

UFP
T2 vs T1 0.03 (−0.09, 0.15)
T3 vs T1 0.11 (−0.02, 0.24)
Per 13,010 particles/cm3a 0.03 (−0.05, 0.11)

Adjusted for maternal and paternal education, maternal and paternal country of
birth, paternal employment status, number of siblings, household status and
maternal smoking during pregnancy.

a Additive change in the adjusted mean of the zBMI associated to an increase
in the pollutant level equivalent to a interquartile range increase.
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4. Discussion

To our knowledge, this is the first study evaluating the associations
of exposure to ambient air pollution at both home and school - the two
main micro-environments for school-aged children - with obesity in
children. It is also the first to report on such an impact for UFP and EC.
We observed that children exposed to high levels of UFP at schools were
more likely to be overweight or obese than those exposed to low levels.
We also found that increases in NO2, PM2.5 and EC exposure levels at
schools were associated with an increase in the odds of being over-
weight or obese, but only at medium levels of exposure. Sex, physical
activity and maternal education did not modify these associations.
Associations between ambient air pollution exposure at home and
school and zBMI were similar in direction to the overweight/obesity
results, but they did mostly (except PM2.5-school comparing T2 vs T1)
not reach statistical significance.

Five previous studies have assessed the association between ex-
posure to ambient air pollution and childhood obesity, especially fo-
cused on TRAP (Dong et al., 2015; Fioravanti et al., 2018; Jerrett et al.,
2010, 2014; McConnell et al., 2014). A cohort in 12 communities in
Southern California (United States) followed 3318 children from 10 to
18 years and observed a positive association between traffic within
150m, as proxy of TRAP, around child's home and attained BMI (Jerrett
et al., 2010). The same cohort also suggested a synergistic effect be-
tween TRAP and second-hand tobacco smoke on the development of

childhood obesity (McConnell et al., 2014). It is worth mentioning that
we tested whether exposure to ETS at home modified the association
between ambient air pollution and childhood obesity, but we did not
observe any effect modification. Another cohort in Southern California
from 13 communities, followed 4550 children from 5 to 11 years and
observed an annual increase of 14% in BMI, equivalent to an increase of
0.4 on attained BMI at age 10, when comparing the highest and the
lowest tenth percentile of TRAP (Jerrett et al., 2014). A Chinese cross-
sectional study conducted in 9354 children aged 5–17 observed that
obesity modified the association between long-term exposures to am-
bient air pollution, especially PM10, and hypertension, (Dong et al.,
2015). Finally, an Italian birth cohort of 719 infants assessed the as-
sociation between exposure to NO2, NOx, PM10, PM2.5, PMcoarse and
PMabs at home, obtained by using the same ESCAPE LUR model as us,
and BMI, blood lipids, and abdominal adiposity at 4 (N=581) and
8 years of age (N=499) (Fioravanti et al., 2018). They did not found
any association between TRAP and several obesity parameters. Al-
though in previous studies, the NOx concentrations were similar to
those in Barcelona, except in China (US=80.6 μg/m3, Italy= 69.2 μg/
m3, China (NO2)= 36.4 μg/m3 and Barcelona=75.3 μg/m3), associa-
tions were only observed in the US study maybe because of the larger
sample size. The Chinese study found an association using PM10 but not
with NO2, this is probably because the concentration of PM10 is three
times more than our study (China= 88.9 μg/m3 and Barce-
lona= 29.7 μg/m3). It is important to mention that all previous studies
focused on the exposure of ambient air pollution only at home address.
However, school-aged children spend approximately between 23% and
35% of their time at schools at morning hours when highest ambient air
pollution concentrations are observed (Mazaheri et al., 2014;
Nieuwenhuijsen, 2015; Pañella et al., 2017). In our study we evaluated
ambient air pollution exposures at schoolyard using in-situ measures, a
more accurate measurement of air pollution compared to modeling
approaches, and assessed EC and UFP in relation to childhood obesity
for the first time. Indeed, the strongest association was observed in
relation to UFP exposure at school level.

The health effects of air pollution have been described to follow a
linear exposure-response relationship, especially in areas with low ex-
posure levels (between 5 and 35 μg/m3 of PM2.5) (Burnett et al., 2014;
Cohen et al., 2017). In our study, the associations between ambient air
pollution at home (except NO2) and UFP at school and overweight and
obesity followed a linear relationship; however, for NO2, PM2.5 and EC
at school the strongest association with overweight or obesity was ob-
served at the second tertile of exposure. One possible explanation of this
nonlinearity could be attributable to the so-called saturation phenom-
enon, where relatively low levels of exposure can activate relevant
biological pathways such as oxidative stress and inflammation (Arden
Pope et al., 2011). Barcelona has one of the highest air pollution levels
in Europe (e.g. children from the lowest tertile are already exposed to
higher levels than the WHO recommendations) which could make this
saturation effect a possible explanation for our findings. Further, we
should consider that the pollutants have different composition, origin
and toxicity (HEI, 2010; Krzyzanowski, 2005) and the saturation point
maybe differ for each pollutant, leading to different shape of the ex-
posure-response relationship.

The mechanisms underlying the effects of air pollution exposure and
childhood obesity are yet to be established. Studies in animals have
shown that air pollution uptake may disrupt molecular mechanisms
known to underlie obesity pathogenesis including inflammation/oxi-
dative stress and hormone disruption (Sun et al., 2009; Xu et al., 2010).
One study observed that exposure to PM2.5 could induce insulin re-
sistance and visceral inflammation and adiposity in mice (Sun et al.,
2009). A similar study reported that early-life exposure to diesel par-
ticles can induce metabolic and vascular dysfunction, inflammation,
and visceral adiposity in mice (Xu et al., 2010). This could have further
impact on the basal metabolic rate and appetite control of exposed
individuals (Bolton et al., 2012). In this animal study they observed that

Table 4
Association between ambient air pollution concentrations at home and school
and zBMI categories.

Air pollutant Adjusted OR 95% Confidence interval

Home:
NO2

T2 vs T1 1.17 (0.95, 1.44)
T3 vs T1 1.12 (0.91, 1.39)
Per 13.7 μg/m3a 1.05 (0.97, 1.13)

PM2.5

T2 vs T1 1.05 (0.86, 1.29)
T3 vs T1 1.13 (0.92, 1.38)
Per 2.7 μg/m3a 1.05 (0.96, 1.15)

PM10

T2 vs T1 1.03 (0.84, 1.26)
T3 vs T1 1.19 (0.97, 1.46)
Per 5.6 μg/m3a 1.10 (1.00, 1.22)

PMcoarse

T2 vs T1 1.07 (0.87, 1.33)
T3 vs T1 1.13 (0.92, 1.45)
Per 3.7 μg/m3a 1.08 (0.95, 1.22)

School:
NO2

T2 vs T1 1.28 (1.03, 1.61)
T3 vs T1 1.16 (0.96, 1.42)
Per 22.3 μg/m3a 1.09 (0.92, 1.28)

PM2.5

T2 vs T1 1.35 (1.07, 1.68)
T3 vs T1 1.09 (0.87, 1.36)
Per 10.7 μg/m3a 1.00 (0.93, 1.08)

EC
T2 vs T1 1.26 (1.01, 1.60)
T3 vs T1 1.23 (0.98, 1.56)
Per 0.9 μg/m3a 1.09 (0.97, 1.22)

UFP
T2 vs T1 1.19 (0.96, 1.51)
T3 vs T1 1.30 (1.03, 1.64)
Per 13,010 particles/cm3a 1.11 (0.96, 1.29)

Adjusted for maternal and paternal education, maternal and paternal country of
birth, paternal employment status, number of siblings, household status and
maternal smoking during pregnancy.

a Adjusted OR (odds ratio) of obese/overweight versus normal weight (or,
equivalently, of obese versus overweight/normal) associated to an increase in
the pollutant level equivalent to a interquartile range increase.
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exposure to diesel exhaust at early-ages could increase the levels of
inflammatory cytokines in the brain, inducing microglial activation and
anxiety in adulthood, thus predisposing offspring to diet-induced
weight gain (Bolton et al., 2012). Another possibility is that effects in
other tissues (e.g. the cardio respiratory system) can influence also the
metabolic system through systemic inflammation or other common
underlying mechanisms (Haberzettl et al., 2016; Wei et al., 2016). A
study in mice suggested that the inflammatory activation and lipid
oxidation of the lungs induced by long-term exposure to air pollution
can, also lead to a metabolic dysfunction and weight gain (Wei et al.,
2016). Finally, another experimental study showed that pulmonary
oxidative stress could also be involved in the association between am-
bient air pollution and obesity through insulin resistance and in-
flammation (Haberzettl et al., 2016). In our study we observed that
among pollutants, UFP particles were the pollutants that most increased
the risk of overweight or obesity. This may be explained by the fact that
the ultrafine fraction of the particles deposit in greater number and
deeper into the lungs than do large-size particles, having more capacity
to reach the circulation and induce oxidative stress and inflammation
(Li et al., 2016).

The major strength of this study is the large sample size and that
height and weight were measured by a specialized technician. As
mentioned before, another strength is that we have objective measures
of air pollution at schools. It is important to assess air pollution at
schools as children receive 37% of their daily ambient air pollution dose
at schools and also because children normally do physical activity and
exercise during school time, thus increasing the inhalation rates (Mejía
et al., 2011; Rivas et al., 2016).

Our study faced some limitations. First, given the cross-sectional
design of our study, it has a limited capability to establish causality
between ambient air pollution and childhood obesity. Future pro-
spective studies with a clear temporal sequence between exposure and
health outcome are needed to establish a causal link between air pol-
lution and obesity in children, as well potential windows of exposure-
effect susceptibility. Second, even though we adjusted for several socio-
economic characteristics (education, employment, and country of
birth), we cannot rule out the likelihood of residual socioeconomic
confounding. In our study population children whose parents had a
high educational level and low rates of unemployment were exposed to
lower levels of ambient air pollution both at home and school than
children whose parents had a low educational level and high rates of
unemployment (data not shown). However, in the sensitivity analyses
we did not observe substantial changes in effect estimates after ex-
cluding these social-demographic factors from the models; also, no ef-
fect modification by maternal education was observed. Altogether these
analyses suggest that residual socioeconomic confounding is unlikely to
play a large role in our associations. Third, we cannot rule out residual
confounding by factors such as child caloric and antioxidants intakes,
but these data were not available in our study. However, child intakes
could also be mediators in the associations of interest, as air pollutant
exposures could influence appetite control (Bolton et al., 2012) and
therefore not a necessary adjustment as shown in the DAG (Shrier and
Platt, 2008). Fourth, we could not take into account time activity pat-
terns of the children, which can have an impact on ambient air pollu-
tion inhaled doses. Fifth, BMI is not an direct measure of adiposity and
therefore future studies can benefit from the use of gold-standard
measures, such as Dual-energy X-ray absorptiometry (Moreno Aznar
et al., 2011; Simmonds et al., 2015). Sixth, the range of air pollution
exposure levels at home was narrow (i.e. the IQR of PM2.5-home and
PM10-home were 2.7 and 5.6 μg/m3, respectively) and this may explain
why few significant associations were observed in this specific micro-
environment. Finally, we should also consider that our home and school
ambient air pollution exposures were estimated using different methods
and therefore effect estimates cannot be comparable directly. We
therefore recommend that future studies use the same exposure models
to estimate ambient air pollution at different places. Also, we should

consider that each of these measurements may have introduced dif-
ferent levels of exposure measurement error (neither measure total
personal ambient air pollution exposure). Indeed, the LUR model used
for our home ambient air pollution measurements may be subject to
measurement error due to its dependency on the number of measure-
ment sites, the number of available predictors (Basagaña et al., 2013),
and the characteristics of the study area (Mejía et al., 2011; Rivas et al.,
2014). In-situ measurements at school may be subject to measurement
error because the annual concentrations were only measured twice
during the study year (Basagaña et al., 2016), but they are generally
still considered to be more accurate (Mejía et al., 2011) and we
therefore decided to use the in-situ measurements rather than LUR es-
timates for the school assessments. We were not able to further quantify
these measurement errors as part of this study.

5. Conclusion

This study suggests that exposure to ambient air pollution, parti-
cularly at schools, was associated with higher odds of being overweight
or obese in a sample ~2500 primary school children in Barcelona.
However, a cautious interpretation is warranted because associations
were not always linear and because school and home air pollution
measurements were not directly comparable. Future studies should
examine long-term effects of ambient air pollution on the development
of childhood obesity using prospective designs, and taking into account
diet, time-activity patterns, and levels of exposure in different en-
vironments where children spend time.

Conflict of interest statement

There is no conflict of interest to declare.

Acknowledgements

We acknowledge all the participating families and schools for their
generous collaboration. We also acknowledge the ESCAPE project for
the design and supervision modeling of air pollution. Furthermore,
Cecilia Persavento, Judit Gonzalez, Laura Bouso and Pere Figueras for
their contribution to the field work.

This work was funded by the European Research Council (ERC)
under the ERC grant agreement number: 26847. Measurements of air
pollution have been collected as a part of the ESCAPE project funded by
the European Community's Seventh Framework Program (FP7/
2007–2011; grant agreement number: 211250). Jeroen de Bont is
funded by La Marató de TV3 Foundation (Grant Number: 201621-30).
Payam Dadvand is funded by a Ramón y Cajal fellowship (RYC-2012-
10995) awarded by the Spanish Ministry of Economy and Finance.
Maribel Casas received funding from Instituto de Salud Carlos III
(Ministry of Economy and Competitiveness) (MS16/00128).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envint.2019.01.048.

References

(NCD-RisC), N.R.F.C, 2017. Worldwide trends in body-mass index, underweight, over-
weight, and obesity from 1975 to 2016: a pooled analysis of 2416 population-based
measurement studies in 128·9 million children, adolescents, and adults. Lancet 390,
2627–2642. https://doi.org/10.1016/S0140-6736(17)32129-3.

Amato, F., Rivas, I., Viana, M., Moreno, T., Bouso, L., Reche, C., Àlvarez-Pedrerol, M.,
Alastuey, A., Sunyer, J., Querol, X., 2014. Sources of indoor and outdoor PM2.5
concentrations in primary schools. Sci. Total Environ. 490, 757–765. https://doi.org/
10.1016/j.scitotenv.2014.05.051.

Arden Pope, C., Burnett, R.T., Turner, M.C., Cohen, A., Krewski, D., Jerrett, M., Gapstur,
S.M., Thun, M.J., 2011. Lung cancer and cardiovascular disease mortality associated
with ambient air pollution and cigarette smoke: shape of the exposure-response re-
lationships. Environ. Health Perspect. 119, 1616–1621. https://doi.org/10.1289/

J. de Bont et al. Environment International 125 (2019) 58–64

63

https://doi.org/10.1016/j.envint.2019.01.048
https://doi.org/10.1016/j.envint.2019.01.048
https://doi.org/10.1016/S0140-6736(17)32129-3
https://doi.org/10.1016/j.scitotenv.2014.05.051
https://doi.org/10.1016/j.scitotenv.2014.05.051
https://doi.org/10.1289/ehp.1103639


ehp.1103639.
Basagaña, X., Aguilera, I., Rivera, M., Agis, D., Foraster, M., Marrugat, J., Elosua, R.,

Künzli, N., 2013. Measurement error in epidemiologic studies of air pollution based
on land-use regression models. Am. J. Epidemiol. 178, 1342–1346. https://doi.org/
10.1093/aje/kwt127.

Basagaña, X., Esnaola, M., Rivas, I., Amato, F., Alvarez-Pedrerol, M., Forns, J., López-
Vicente, M., Pujol, J., Nieuwenhuijsen, M., Querol, X., Sunyer, J., 2016.
Neurodevelopmental deceleration by urban fine particles from different emission
sources: a longitudinal observational study. Environ. Health Perspect. 124,
1630–1636. https://doi.org/10.1289/EHP209.

Beelen, R., Hoek, G., Vienneau, D., Eeftens, M., Dimakopoulou, K., Pedeli, X., Tsai, M.-Y.,
Künzli, N., Schikowski, T., Marcon, A., Eriksen, K.T., Raaschou-Nielsen, O.,
Stephanou, E., Patelarou, E., Lanki, T., Yli-Tuomi, T., Declercq, C., Falq, G.,
Stempfelet, M., Birk, M., Cyrys, J., von Klot, S., Nádor, G., Varró, M.J., Dėdelė, A.,
Gražulevičienė, R., Mölter, A., Lindley, S., Madsen, C., Cesaroni, G., Ranzi, A.,
Badaloni, C., Hoffmann, B., Nonnemacher, M., Krämer, U., Kuhlbusch, T., Cirach, M.,
de Nazelle, A., Nieuwenhuijsen, M., Bellander, T., Korek, M., Olsson, D., Strömgren,
M., Dons, E., Jerrett, M., Fischer, P., Wang, M., Brunekreef, B., de Hoogh, K., 2013.
Development of NO2 and NOx land use regression models for estimating air pollution
exposure in 36 study areas in Europe – the ESCAPE project. Atmos. Environ. 72,
10–23. https://doi.org/10.1016/j.atmosenv.2013.02.037.

Bolton, J.L., Smith, S.H., Huff, N.C., Gilmour, M.I., Foster, W.M., Auten, R.L., Bilbo, S.D.,
2012. Prenatal air pollution exposure induces neuroinflammation and predisposes
offspring to weight gain in adulthood in a sex-specific manner. FASEB J. 26,
4743–4754. https://doi.org/10.1096/fj.12-210989.

Burnett, R.T., Arden Pope, C., Ezzati, M., Olives, C., Lim, S.S., Mehta, S., Shin, H.H.,
Singh, G., Hubbell, B., Brauer, M., Ross Anderson, H., Smith, K.R., Balmes, J.R.,
Bruce, N.G., Kan, H., Laden, F., Prüss-Ustün, A., Turner, M.C., Gapstur, S.M., Diver,
W.R., Cohen, A., 2014. An integrated risk function for estimating the global burden of
disease attributable to ambient fine particulate matter exposure. Environ. Health
Perspect. 122, 397–403. https://doi.org/10.1289/ehp.1307049.

Cohen, A.J., Brauer, M., Burnett, R., Anderson, H.R., Frostad, J., Estep, K., Balakrishnan,
K., Brunekreef, B., Dandona, L., Dandona, R., Feigin, V., Freedman, G., Hubbell, B.,
Jobling, A., Kan, H., Knibbs, L., Liu, Y., Martin, R., Morawska, L., Pope, C.A., Shin, H.,
Straif, K., Shaddick, G., Thomas, M., van Dingenen, R., van Donkelaar, A., Vos, T.,
Murray, C.J.L., Forouzanfar, M.H., 2017. Estimates and 25-year trends of the global
burden of disease attributable to ambient air pollution: an analysis of data from the
Global Burden of Diseases Study 2015. Lancet 389, 1907–1918. https://doi.org/10.
1016/S0140-6736(17)30505-6.

Cyrys, J., Eeftens, M., Heinrich, J., Ampe, C., Armengaud, A., Beelen, R., Bellander, T.,
Beregszaszi, T., Birk, M., Cesaroni, G., Cirach, M., de Hoogh, K., De Nazelle, A., de
Vocht, F., Declercq, C., Dėdelė, A., Dimakopoulou, K., Eriksen, K., Galassi, C.,
Grąulevičienė, R., Grivas, G., Gruzieva, O., Gustafsson, A.H., Hoffmann, B., Iakovides,
M., Ineichen, A., Krämer, U., Lanki, T., Lozano, P., Madsen, C., Meliefste, K., Modig,
L., Mölter, A., Mosler, G., Nieuwenhuijsen, M., Nonnemacher, M., Oldenwening, M.,
Peters, A., Pontet, S., Probst-Hensch, N., Quass, U., Raaschou-Nielsen, O., Ranzi, A.,
Sugiri, D., Stephanou, E.G., Taimisto, P., Tsai, M.-Y., Vaskövi, É., Villani, S., Wang,
M., Brunekreef, B., Hoek, G., 2012. Variation of NO2 and NOx concentrations be-
tween and within 36 European study areas: results from the ESCAPE study. Atmos.
Environ. 62, 374–390. https://doi.org/10.1016/J.ATMOSENV.2012.07.080.

Daniels, S.R., 2009. Complications of obesity in children and adolescents. Int. J. Obes. 33,
S60–S65. https://doi.org/10.1038/ijo.2009.20.

de Onis, M., Onyango, A.W., Borghi, E., Siyam, A., Nishida, C., Siekmann, J., 2007.
Development of a WHO growth reference for school-aged children and adolescents.
Bull. World Health Organ. 85, 660–667.

Dong, G.-H., Wang, J., Zeng, X.-W., Chen, L., Qin, X.-D., Zhou, Y., Li, M., Yang, M., Zhao,
Y., Ren, W.-H., Hu, Q.-S., 2015. Interactions between air pollution and obesity on
blood pressure and hypertension in Chinese children. Epidemiology 26, 740–747.
https://doi.org/10.1097/EDE.0000000000000336.

Eeftens, M., Beelen, R., de Hoogh, K., Bellander, T., Cesaroni, G., Cirach, M., Declercq, C.,
Dėdelė, A., Dons, E., de Nazelle, A., Dimakopoulou, K., Eriksen, K., Falq, G., Fischer,
P., Galassi, C., Gražulevičienė, R., Heinrich, J., Hoffmann, B., Jerrett, M., Keidel, D.,
Korek, M., Lanki, T., Lindley, S., Madsen, C., Mölter, A., Nádor, G., Nieuwenhuijsen,
M., Nonnemacher, M., Pedeli, X., Raaschou-Nielsen, O., Patelarou, E., Quass, U.,
Ranzi, A., Schindler, C., Stempfelet, M., Stephanou, E., Sugiri, D., Tsai, M.-Y., Yli-
Tuomi, T., Varró, M.J., Vienneau, D., von Klot, S., Wolf, K., Brunekreef, B., Hoek, G.,
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. https://doi.org/10.1021/es301948k.

Fioravanti, S., Cesaroni, G., Badaloni, C., Michelozzi, P., Forastiere, F., Porta, D., 2018.
Traffic-related air pollution and childhood obesity in an Italian birth cohort. Environ.
Res. 160, 479–486. https://doi.org/10.1016/j.envres.2017.10.003.

Generalitat de Catalunya, 2016. Informe 2015 de l'Enquesta de salut de Catalunya
Directora general de Planificació en Salut Subdirector general de Planificació
Sanitària i Professional.

Generalitat de Catalunya, n.d. Mapa estratègic de soroll [WWW Document]. URL http://
sig.gencat.cat/visors/soroll.html (accessed 5.28.18).

Haberzettl, P., O'Toole, T.E., Bhatnagar, A., Conklin, D.J., 2016. Exposure to fine parti-
culate air pollution causes vascular insulin resistance by inducing pulmonary oxi-
dative stress. Environ. Health Perspect. 124, 1830–1839. https://doi.org/10.1289/
EHP212.

Han, J.C., Lawlor, D.A., Kimm, S.Y.S., 2010. Childhood obesity. Lancet 375, 1737–1748.
https://doi.org/10.1016/S0140-6736(10)60171-7.

HEI, 2010. Traffic-Related Air Pollution: A Critical Review of the Literature on Emissions,
Exposure, and Health Effects: HEI Panel on the Health Effects of Traffic-Related Air
Pollution. Boston, Massachusetts.

Holtcamp, W., 2012. Obesogens: an environmental link to obesity. Environ. Health
Perspect. 120, a62–a68. https://doi.org/10.1289/ehp.120-a62.

Jerrett, M., McConnell, R., Chang, C.C.R., Wolch, J., Reynolds, K., Lurmann, F., Gilliland,

F., Berhane, K., 2010. Automobile traffic around the home and attained body mass
index: a longitudinal cohort study of children aged 10-18 years. Prev. Med. (Baltim)
50 (Suppl. 1), S50–S58. https://doi.org/10.1016/j.ypmed.2009.09.026.

Jerrett, M., McConnell, R., Wolch, J., Chang, R., Lam, C., Dunton, G., Gilliland, F.,
Lurmann, F., Islam, T., Berhane, K., 2014. Traffic-related air pollution and obesity
formation in children: a longitudinal, multilevel analysis. Environ. Health 13, 49.
https://doi.org/10.1186/1476-069X-13-49.

Krzyzanowski, M., 2005. Health effects of transport-related air pollution: summary for
policy-makers. World Health 12.

Li, N., Georas, S., Alexis, N., Fritz, P., Xia, T., Williams, M.A., Horner, E., Nel, A., 2016. A
work group report on ultrafine particles (American Academy of Allergy, Asthma &
Immunology): Why ambient ultrafine and engineered nanoparticles should receive
special attention for possible adverse health outcomes in human subjects. J. Allergy
Clin. Immunol. 138, 386–396. https://doi.org/10.1016/j.jaci.2016.02.023.

Mazaheri, M., Clifford, S., Jayaratne, R., Megat Mokhtar, M.A., Fuoco, F., Buonanno, G.,
Morawska, L., 2014. School children's personal exposure to ultrafine particles in the
urban environment. Environ. Sci. Technol. 48, 113–120. https://doi.org/10.1021/
es403721w.

McConnell, R., Shen, E., Gilliland, F.D., Jerrett, M., Wolch, J., Chang, C.-C., Lurmann, F.,
Berhane, K., 2014. A longitudinal cohort study of body mass index and childhood
exposure to secondhand tobacco smoke and air pollution: the southern California
children's health study. Environ. Health Perspect. https://doi.org/10.1289/ehp.
1307031.

McConnell, R., Gilliland, F.D., Goran, M., Allayee, H., Hricko, A., Mittelman, S., 2016.
Does near-roadway air pollution contribute to childhood obesity? Pediatr. Obes. 11,
1–3. https://doi.org/10.1111/ijpo.12016.

Mejía, J.F., Choy, S.L., Mengersen, K., Morawska, L., 2011. Methodology for assessing
exposure and impacts of air pollutants in school children: data collection, analysis
and health effects – a literature review. Atmos. Environ. 45, 813–823. https://doi.
org/10.1016/j.atmosenv.2010.11.009.

Ministry of Public Works, 2015. Atlas of Urban Vulnerability in Spain: Methodology and
Contents. Madrid.

Moreno Aznar, L., Pigeot, I., Ahrens, W., 2011. Epidemiology of Obesity in Children and
Adolescents: Prevalence and Etiology. Springer.

Nieuwenhuijsen, M.J., 2015. Exposure Assessment in Environmental Epidemiology, 2nd
ed. Oxford University Presshttps://doi.org/10.1093/med/9780199378784.001.
0001.

Pañella, P., Casas, M., Donaire-Gonzalez, D., Garcia-Esteban, R., Robinson, O., Valentín,
A., Gulliver, J., Momas, I., Nieuwenhuijsen, M., Vrijheid, M., Sunyer, J., 2017.
Ultrafine particles and black carbon personal exposures in asthmatic and non-asth-
matic children at school-age. Indoor Air. https://doi.org/10.1111/ina.12382.

Rivas, I., Viana, M., Moreno, T., Pandolfi, M., Amato, F., Reche, C., Bouso, L., Àlvarez-
Pedrerol, M., Alastuey, A., Sunyer, J., Querol, X., 2014. Child exposure to indoor and
outdoor air pollutants in schools in Barcelona, Spain. Environ. Int. 69, 200–212.
https://doi.org/10.1016/j.envint.2014.04.009.

Rivas, I., Donaire-Gonzalez, D., Bouso, L., Esnaola, M., Pandolfi, M., de Castro, M., Viana,
M., Àlvarez-Pedrerol, M., Nieuwenhuijsen, M., Alastuey, A., Sunyer, J., Querol, X.,
2016. Spatiotemporally resolved black carbon concentration, schoolchildren's ex-
posure and dose in Barcelona. Indoor Air 26, 391–402. https://doi.org/10.1111/ina.
12214.

Shrier, I., Platt, R.W., 2008. Reducing bias through directed acyclic graphs. BMC Med.
Res. Methodol. 8, 70. https://doi.org/10.1186/1471-2288-8-70.

Simmonds, M., Burch, J., Llewellyn, A., Griffiths, C., Yang, H., Owen, C., Duffy, S.,
Woolacott, N., 2015. The use of measures of obesity in childhood for predicting
obesity and the development of obesity-related diseases in adulthood: a systematic
review and meta-analysis. Health Technol. Assess. 19. https://doi.org/10.3310/
hta19430.

Sun, Q., Yue, P., Deiuliis, J.A., Lumeng, C.N., Kampfrath, T., Mikolaj, M.B., Cai, Y.,
Ostrowski, M.C., Lu, B., Parthasarathy, S., Brook, R.D., Moffatt-Bruce, S.D., Chen,
L.C., Rajagopalan, S., 2009. Ambient air pollution exaggerates adipose inflammation
and insulin resistance in a mouse model of diet-induced obesity. Circulation 119,
538–546. https://doi.org/10.1161/CIRCULATIONAHA.108.799015.

Sunyer, J., Esnaola, M., Alvarez-Pedrerol, M., Forns, J., Rivas, I., López-Vicente, M.,
Suades-González, E., Foraster, M., Garcia-Esteban, R., Basagaña, X., Viana, M.,
Cirach, M., Moreno, T., Alastuey, A., Sebastian-Galles, N., Nieuwenhuijsen, M.,
Querol, X., 2015. Association between traffic-related air pollution in schools and
cognitive development in primary school children: a prospective cohort study. PLoS
Med. 12, e1001792. https://doi.org/10.1371/journal.pmed.1001792.

Wang, M., Beelen, R., Basagana, X., Becker, T., Cesaroni, G., de Hoogh, K., Dedele, A.,
Declercq, C., Dimakopoulou, K., Eeftens, M., Forastiere, F., Galassi, C.,
Gražulevičienė, R., Hoffmann, B., Heinrich, J., Iakovides, M., Künzli, N., Korek, M.,
Lindley, S., Mölter, A., Mosler, G., Madsen, C., Nieuwenhuijsen, M., Phuleria, H.,
Pedeli, X., Raaschou-Nielsen, O., Ranzi, A., Stephanou, E., Sugiri, D., Stempfelet, M.,
Tsai, M.-Y., Lanki, T., Udvardy, O., Varró, M.J., Wolf, K., Weinmayr, G., Yli-Tuomi,
T., Hoek, G., Brunekreef, B., 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. https://doi.org/10.1021/es305129t.

Wei, Y., Zhang, J., Li, Z., Gow, A., Chung, K.F., Hu, M., Sun, Z., Zeng, L., Zhu, T., Jia, G.,
Li, X., Duarte, M., Tang, X., 2016. Chronic exposure to air pollution particles in-
creases the risk of obesity and metabolic syndrome: findings from a natural experi-
ment in Beijing. FASEB J. 30, 2115–2122. https://doi.org/10.1096/fj.201500142.

White, I.R., Royston, P., Wood, A.M., 2011. Multiple imputation using chained equations:
issues and guidance for practice. Stat. Med. 30, 377–399. https://doi.org/10.1002/
sim.4067.

Xu, X., Yavar, Z., Verdin, M., Ying, Z., Mihai, G., Kampfrath, T., Wang, A., Zhong, M.,
Lippmann, M., Chen, L.-C., Rajagopalan, S., Sun, Q., 2010. Effect of early particulate
air pollution exposure on obesity in mice: role of p47phox. Arterioscler. Thromb.
Vasc. Biol. 30, 2518–2527. https://doi.org/10.1161/ATVBAHA.110.215350.

J. de Bont et al. Environment International 125 (2019) 58–64

64

https://doi.org/10.1289/ehp.1103639
https://doi.org/10.1093/aje/kwt127
https://doi.org/10.1093/aje/kwt127
https://doi.org/10.1289/EHP209
https://doi.org/10.1016/j.atmosenv.2013.02.037
https://doi.org/10.1096/fj.12-210989
https://doi.org/10.1289/ehp.1307049
https://doi.org/10.1016/S0140-6736(17)30505-6
https://doi.org/10.1016/S0140-6736(17)30505-6
https://doi.org/10.1016/J.ATMOSENV.2012.07.080
https://doi.org/10.1038/ijo.2009.20
http://refhub.elsevier.com/S0160-4120(18)32195-0/rf0060
http://refhub.elsevier.com/S0160-4120(18)32195-0/rf0060
http://refhub.elsevier.com/S0160-4120(18)32195-0/rf0060
https://doi.org/10.1097/EDE.0000000000000336
https://doi.org/10.1021/es301948k
https://doi.org/10.1016/j.envres.2017.10.003
http://refhub.elsevier.com/S0160-4120(18)32195-0/rf0080
http://refhub.elsevier.com/S0160-4120(18)32195-0/rf0080
http://refhub.elsevier.com/S0160-4120(18)32195-0/rf0080
http://sig.gencat.cat/visors/soroll.html
http://sig.gencat.cat/visors/soroll.html
https://doi.org/10.1289/EHP212
https://doi.org/10.1289/EHP212
https://doi.org/10.1016/S0140-6736(10)60171-7
http://refhub.elsevier.com/S0160-4120(18)32195-0/rf0095
http://refhub.elsevier.com/S0160-4120(18)32195-0/rf0095
http://refhub.elsevier.com/S0160-4120(18)32195-0/rf0095
https://doi.org/10.1289/ehp.120-a62
https://doi.org/10.1016/j.ypmed.2009.09.026
https://doi.org/10.1186/1476-069X-13-49
http://refhub.elsevier.com/S0160-4120(18)32195-0/rf0115
http://refhub.elsevier.com/S0160-4120(18)32195-0/rf0115
https://doi.org/10.1016/j.jaci.2016.02.023
https://doi.org/10.1021/es403721w
https://doi.org/10.1021/es403721w
https://doi.org/10.1289/ehp.1307031
https://doi.org/10.1289/ehp.1307031
https://doi.org/10.1111/ijpo.12016
https://doi.org/10.1016/j.atmosenv.2010.11.009
https://doi.org/10.1016/j.atmosenv.2010.11.009
http://refhub.elsevier.com/S0160-4120(18)32195-0/rf0145
http://refhub.elsevier.com/S0160-4120(18)32195-0/rf0145
http://refhub.elsevier.com/S0160-4120(18)32195-0/rf0150
http://refhub.elsevier.com/S0160-4120(18)32195-0/rf0150
https://doi.org/10.1093/med/9780199378784.001.0001
https://doi.org/10.1093/med/9780199378784.001.0001
https://doi.org/10.1111/ina.12382
https://doi.org/10.1016/j.envint.2014.04.009
https://doi.org/10.1111/ina.12214
https://doi.org/10.1111/ina.12214
https://doi.org/10.1186/1471-2288-8-70
https://doi.org/10.3310/hta19430
https://doi.org/10.3310/hta19430
https://doi.org/10.1161/CIRCULATIONAHA.108.799015
https://doi.org/10.1371/journal.pmed.1001792
https://doi.org/10.1021/es305129t
https://doi.org/10.1096/fj.201500142
https://doi.org/10.1002/sim.4067
https://doi.org/10.1002/sim.4067
https://doi.org/10.1161/ATVBAHA.110.215350

	Ambient air pollution and overweight and obesity in school-aged children in Barcelona, Spain
	Introduction
	Methods
	Design and study population
	Outcome assessment
	Ambient air pollution assessment: residential levels
	Ambient air pollution assessment: school levels
	Covariates
	Statistical analyses
	Sensitivity analyses


	Results
	Discussion
	Conclusion
	Conflict of interest statement
	Acknowledgements
	Supplementary data
	References




