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Children are more vulnerable to the effects of environmental elements due to their active developmental pro-
cesses. Exposure to urban air pollution has been associated with poorer cognitive performance, which is thought
to be a result of direct interference with brain maturation. We aimed to assess the extent of such potential effects
of urban pollution on child brain maturation using general indicators of vehicle exhaust measured in the school
environment and a comprehensive imaging evaluation. A group of 263 children, aged 8 to 12 years, underwent
MRI to quantify regional brain volumes, tissue composition, myelination, cortical thickness, neural tract architec-
ture, membrane metabolites, functional connectivity in major neural networks and activation/deactivation dy-
namics during a sensory task. A combined measurement of elemental carbon and NO, was used as a putative
marker of vehicle exhaust. Air pollution exposure was associated with brain changes of a functional nature,
with no evident effect on brain anatomy, structure or membrane metabolites. Specifically, a higher content of
pollutants was associated with lower functional integration and segregation in key brain networks relevant to
both inner mental processes (the default mode network) and stimulus-driven mental operations. Age and per-
formance (motor response speed) both showed the opposite effect to that of pollution, thus indicating that
higher exposure is associated with slower brain maturation. In conclusion, urban air pollution appears to ad-
versely affect brain maturation in a critical age with changes specifically concerning the functional domain.

© 2016 Elsevier Inc. All rights reserved.

Introduction

large-scale networks (Uddin et al., 2010; Vogel et al., 2010: Dwyer
et al., 2014; Di Martino et al., 2014).

Common to living beings, the brain development cycle is character-
ized by primary growth and subsequent maturation. Maturation
changes implicate structure and function with anatomical shaping, pro-
gressive myelination of neural tracks and fine-tuning of functional brain
networks (Menon, 2013; Pujol et al., 2006; Toga et al., 2006). The
highest-order events procure the integration of brain areas into func-
tional systems and the segregation of distinct but interconnected
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Developing children are at risk due to the potentially hazardous ef-
fects of environmental factors (Paus, 2010). Long-term exposure to
traffic-related air pollution has been associated with alterations in
children's cognition (Perera et al., 2009; Suglia et al., 2008; Wang
et al., 2009). We have recently identified a significant association be-
tween general markers of road traffic pollution and slower cognitive
growth in a large group of children (Sunyer et al., 2015).

Epidemiological studies, therefore, indicate that high levels of
urban air pollution may be dangerous to children, as they presum-
ably interfere with brain maturation processes. This hypothesis is
largely supported by a set of studies in both animals and humans
showing significant associations of pollutant exposure with
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inflammatory and degenerative brain pathology (Block and
Calderén-Garciduefias, 2009; Calderén-Garciduefias, 2012). How-
ever, such an interference effect on brain development has not
been thoroughly investigated. We aimed to assess the extent of po-
tential repercussions of traffic pollution exposure on child brain
maturation using a variety of imaging measurements ranging
from basic anatomy to high-order functional integration. A group
of 263 children, aged 8 to 12 years, recruited from a large study
assessing the impact of long-term exposure to urban pollution in
Barcelona city school environments (Sunyer et al., 2015) complet-
ed the protocol.

Our hypothesis was that the potential brain effects of air pollution
will be more evident on the more detectable anatomical and functional
maturation processes. Whereas developmental changes in gray matter
volume are less evident in this age period, active myelination implicates
increases of relative white matter volumes, elevated choline
compounds and water diffusion changes within white matter tracts
(Bliiml et al., 2013; Toga et al., 2006; Yoshida et al., 2013). At the func-
tional domain, preadolescence is critical to the optimal assembling of
large-scale functional networks (Menon, 2013). Accordingly, the imag-
ing protocol included a high resolution 3D anatomical acquisition to
measure regional volumes, brain tissue composition, myelination levels
and cortical thickness. Diffusion tensor imaging (DTI) measurements of
fractional anisotropy served to explore white matter tract architecture.
In vivo spectroscopy was used to grossly estimate precursors of mem-
brane components in white matter. Finally, functional MRI was used
to test the integrity of relevant networks using both resting-state func-
tional connectivity and a task activation/deactivation paradigm.

Selected cognitive assessment was also conducted to determine to
what extent potential repercussions were also detectable on children's
performance in the current study sample.

Methods
Participant selection

This study was developed in the context of the BREATHE project
(The European Commission: FP7-ERC-2010-AdG, ID 268479). The gen-
eral project design is fully described in Sunyer et al. (2015). A total of
1564 families, from 39 schools in the city of Barcelona, were invited to
participate in the MRI study via post, email or telephone, and 810 of
them gave an initial positive response. The study sample was consecu-
tively recruited from this group with the aim of including children
from all participating schools. Parents of 491 children were directly
contacted. Consent to participate was finally not obtained in 165
cases, 27 children were lost before the assessment and 21 children
were not eligible because of dental braces. The finally selected study
group included 278 cases. A total of 263 children completed the imaging
protocol (mean age of 9.7 years, SD 0.9 and range, 8.0 to 12.1 years).
Table 1 reports the characteristics of these participants. Additional
cases were excluded on the basis of image quality criteria in each specif-
ic MRI analysis (see further).

All parents or tutors signed the informed consent form approved by
the Research Ethical Committee (No. 2010/41221/1) of the IMIM-Parc
de Salut Mar., Barcelona, Spain and the FP7-ERC-2010-AdG Ethics Re-
view Committee (268479-22022011).

Pollutant exposure

Each school was measured twice during one-week periods separat-
ed by 6 months, in the warm (year 2012) and cold (year 2012/2013)
seasons. Indoor air in a single classroom and outdoor air in the play-
ground were measured simultaneously. Pollutants were measured dur-
ing class-time using methods previously described (Amato et al., 2014;
Rivas et al., 2014; Sunyer et al., 2015).

Table 1
Characteristics of the study sample (n = 263).

Gender
Age, years, mean =+ SD (range)
Overall school achievement—5-point scale
Difficulties Score (SDQ), range 0-40
Obesity: normal

Overweight, BMI 85-94

Obesity, BMI >94
Mother education (5-point scale. 5 = university)
Father education (5-point scale. 5 = university)
Vulnerability index®—home
Vulnerability index®—school
Public/non-public school
Task performance, N-back
Working memory, 2-back (detectability)
Working memory, 3-back (detectability)
Task performance, attentional network test
Reaction time (ms)

Reaction time standard deviation (ms)

Commission errors (number)
Omission errors (number)
Alerting (ms)

48.3% girls 51.7% boys
9.7 £ 09 (8.0-12.1)

3.7 £ 1.0 (1-5)

8.8 £ 5.3 (0-25)

71.4%

18.4%

10.2%

454 0.8 (1-5)

44 4+ 08 (1-5)

0.43 £ 0.21 (0.06-0.90)
0.43 4 0.22 (0.13-0.84)
43% vs 57%

25+ 1.3 (—0.6-3.9)
154 1.1 (—1.4-3.9)

650.6 = 119.9
(431-1091)

2229 + 912
(77.5-571.6)

43 (3.4%) + 5.0 (0-49)
1.6 (1.3%) + 3.9 (0-44)
53.1 + 555

(—138-270)

244 + 56.8
(—204-191)

394 + 355 (—91-170)

Orienting (ms)

Interference (ms)

Air pollution measurements®
Outdoor elemental carbon (EC) year average (ug/m>)
Outdoor NO, year average (ug/m>)
Indoor elemental carbon (EC) year average (ug/m?)
Indoor NO, year average (ug/m>)
Overall air pollution indicator (EC 4+ NO, weighted
average)

1.4 + 0.6 (0.6-3.99)
46.8 + 12.0 (25.9-84.6)
12 + 0.5 (0.4-2.7)
29.4 + 11.7 (11.5-65.6)
0.92 + 0.30 (0.42-1.92)

BMI, body mass index. SDQ, Strengths and Difficulties Questionnaire.

¢ Neighborhood socioeconomic status vulnerability index based on level of education,
unemployment, and occupation at the census tract (Atlas de vulnerabilidad urbana de
Espafia, 2012).

b After excluding 3 children with outlier measurements.

Elemental carbon was measured during 8 h (09:00 to 17:00 h) in
particulate matter with an aerodynamic diameter < 2.5 um (PM2.5) col-
lected on filters with High-Volume samplers (MCV SA, Spain) using a
Thermo Optical Transmission method (Sunset Laboratories Inc.). We
carefully followed the EUSAAR-2 protocol, TOT Sunset Laboratories
measurements, with a detection limit of 0.1 pg/m3 and an uncertainty
of £+ 5%. The air cleaning effect of High-Volume samplers may underes-
timate absolute measurements of elemental carbon in poorly ventilated
indoors. In our study, however, elemental carbon penetration was al-
most 1(indoor/outdoor ratio 94.1% [95% CI 85.7%-102.4%]), which sug-
gests a permanent ventilation of the measured classrooms. Elemental
carbon was additionally measured in each classroom using the
MicroAeth AE51 (AethLabs). The correlation between elemental carbon
measured through High-Volume samplers and with the aethalometer
was 0.95, supporting that High-Volume sampler measurements may
be adequate estimations of classroom elemental carbon.

Nitrogen dioxide (NO,) was measured with passive dosimeters
(Gradko). The dosimeter was exposed during a period of 96 h (4 days)
from Monday to Thursday in each school in both the warm and cold cam-
paigns. Weekly data from both seasons were averaged to obtain a single
measurement. Prior to the campaigns, we tested Gradko NO, passive do-
simeters in our urban background monitoring station Palau Reial (with
relatively low NO, concentrations) by measuring during 4 days and com-
paring the results with simultaneous chemiluminescence NO, online
data. The results showed that sampling periods of 4 days were enough
for ensuring a good precision. Also, during the whole sampling campaign,
NO, was measured each week (from Monday to Thursday) with both the
Gradko passive dosimeter and conventional chemiluminiscence ana-
lyzers in this reference station. We obtained a correlation of Gradko =
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0.85 x chemiluminescence + 3.6 (R2 = 0.7) for a mean of 37 pgNO,/m?>,
and an uncertainty of + 17%.

We operationally selected elemental carbon and NO, to compute a
general traffic pollution indicator given their relation to vehicle exhaust
emissions in the city of Barcelona (Amato et al., 2014). Our interest here
was not to identify specific neurotoxic agents directly responsible for
neuronal damage, but it was merely to use a measurement globally
representing exposure to this sort of air contamination. NO, is highly
correlated with elemental carbon in Barcelona and shows the two typ-
ical rush hour peaks (Reche et al., 2011). Barcelona has a diesel domi-
nated vehicle fleet (with very high NO, emissions and a high NO,/NOy
rate) with a primary NO, driven daily pattern (Reche et al., 2011). In
Barcelona, 80% of the NO, emissions arise from road traffic (Catalonian
Government Emission Inventory, 2011-2015 Air Quality. http://airuse.
eu/wp-content/uploads/2012/10/Kick-off_Generalitat.pdf), and even if
a fraction of NO, is secondary, this is arising in a large proportion from
NO emitted from road traffic as well (Grice et al., 2009). We did not
use in this study levels of ultrafine particles, which may be more directly
related to the potential neural damage, because in high insolation cities
such as Barcelona, levels of ultrafine particles are highly influenced by
photochemical nucleation usually occurring at midday. This effect pre-
vents a high correlation of ultrafine particle levels with other traffic
tracers (Brines et al., 2015; Reche et al., 2011).

To obtain more representative measurements, elemental carbon and
NO, were adjusted for temporal variability using whole-year data from
a background monitoring station in Barcelona (Sunyer et al., 2015). A sin-
gle traffic-related pollutant indicator was computed using the weighted
average of elemental carbon and NO, [(EC/group median) + (NOy/
group median) / 2] of pooled indoor and outdoor measurements from
both cold and warm seasons. All children had been in the school for
more than 18 months (and 98% more than two years) at imaging assess-
ment, which was carried out after the pollution measurement campaigns.

Cognitive performance measurements

General cognitive assessment included working memory, motor re-
sponse speed and attention. Working memory was assessed using a
computerized version of the N-Back task (Anderson, 2002). Children's
correct detections on 2-back and 3-back loads for number items were
used. Specifically, the n-back parameter analyzed was “detectability”,
a measure of detection subtracting the normalized false alarm rate
from the hit rate (Z hit rate — Z false alarm rate). A higher detectability
indicates more accurate test performance. Attention and speed of motor
responses were assessed using the computerized “Attentional Network
Test”, child version (Child ANT) (Rueda et al., 2004). We used the overall
“reaction time” to measure speed of motor responses and reaction time
standard deviation to measure trial-to-trial variability. A higher reaction
time standard deviation indicates lower executive and general atten-
tional resources (Langner and Eickhoff, 2013). The ANT task also uses
a set of cued and congruent/incongruent conditions to measure specific
attention features such as “alerting”, “orienting” and “interference”. De-
tails for administering both ANT and N-Back tasks are fully described in
a previous report (Forns et al., 2014).

Additional contextual assessments

Socio-demographic factors were measured using a neighborhood
socioeconomic status vulnerability index (based on level of education,
unemployment and occupation at the census tract) (Atlas de
Vulnerabilidad Urbana de Espaiia, 2012. http://www.fomento.gob.es/...
/Atlas Vulnerabilidad Urbana/) according to both school and home ad-
dress. Distance from home to school was estimated based at the
geocoded postal address of each participant and school. Parental educa-
tion was registered for both parents using a 5-point scale (1 illiterate/2
less than/3 primary/4 secondary/5 university). Standard measurements
of height and weight were performed to define overweight and obesity
(de Onis et al.,, 2009). Parents completed the Strengths and Difficulties

Questionnaire (SDQ) on child behavioral problems (Goodman, 2001).
A “difficulties” score ranging from 0 to 40 was generated. Overall school
achievement was rated by teachers using a 5-point scale (from the
worse = 1 to the best = 5).

MRI and MR spectroscopy acquisition

A 1.5 Tesla Signa Excite system (General Electric, Milwaukee, WI,
USA) equipped with an eight-channel phased-array head coil and
single-shot echoplanar imaging (EPI) software was used. The imaging
protocol involved an anatomical T1-weighted 3D sequence, diffusion
tensor imaging (DTI), MR proton spectroscopy and functional MRI.

High-resolution 3D anatomical images

High-resolution 3D anatomical images were obtained using an
axial T1-weighted three-dimensional fast spoiled gradient inversion
recovery-prepared sequence. A total of 134 contiguous slices were ac-
quired with inversion time 400 ms; repetition time 11.9 ms; echo
time 4.2 ms; flip angle 15°; field of view 30 cm; 256 x 256 pixel matrix;
slice thickness 1.2 mm.

Diffusion tensor imaging (DTI)

Diffusion tensor imaging (DTI) was obtained using spin-echo
single-shot echo-planar sequences of 25 directions with a B-factor of
1000 s/mm?. Twenty-six slices were acquired with repetition time
8300 ms; echo time 94 ms; thickness 5 mm, no gap; pulse angle 90°;
field of view 26 cm; 128 x 128 acquisition matrix reconstructed into a
256 x 256 matrix.

Magnetic resonance spectroscopy

Proton (1 H) spectroscopy was performed using the fully automated
Proton Brain Exam-Single Voxel (PROBE-SV) software package (GE
Medical Systems, Milwaukee, WI) and a Stimulated Echo Acquisition
Mode (STEAM) pulse sequence with TR/TE = 2000/30 ms and 128 sig-
nal averages. Total acquisition time was 5 m 4 s. The voxel showed a di-
mension of 23 x 14 x 14 mm and was always placed in the left frontal
white matter with the aid of high-resolution 3-D images. Orthogonal
projections in the three planes assisted the placement of the voxel.
The major axis (23 mm) was aligned along the anterior-posterior direc-
tion in the frontal white matter. Care was taken to minimally include
gray matter and to place the voxel just above the caudate nucleus be-
tween the cingulate cortex and the frontal cortex at the level of the
precentral sulcus.

The functional MRI sequences

The functional MRI sequences consisted of gradient recalled acqui-
sition in the steady state with repetition time 2000 ms; echo time
50 ms; pulse angle 90°; field of view 24 cm; 64 x 64-pixel matrix;
slice thickness 4 mm (inter-slice gap, 1.5 mm). Twenty-two interleaved
slices were prescribed parallel to the anterior-posterior commissure
line covering the brain. Two fMRI sequences were acquired for each par-
ticipant including a 6-min continuous resting-state scan generating 180
whole-brain EPI volumes, and a 4-min sensory task generating 120
whole-brain EPI volumes. The first four (additional) images in each
fMRI run were discarded to allow magnetization to reach equilibrium.

During the resting-state functional MRI, children were instructed to
relax, stay awake and lie still without moving, while keeping their
eyes closed throughout. The task-activation paradigm involved an
ABABABAB block design alternating four 30-s periods of rest (visual
fixation to a cross) with four 30-s periods of visual-auditory stimulation
delivered using MRI compatible goggles and headphones (VisuaStim
Digital, Resonance Technology, USA). Subjects were passively
confronted with a set of facial images expressing happiness and with
music showing a rapid tempo (Beethoven Symphony No. 6 “Pastorale”).
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Image/spectra processing

3D anatomical images

All the anatomical images were visually inspected before analysis by
a trained operator to detect any motion effect. A total of 10 children
were discarded as a result of poor quality images and thus the final sam-
ple for the 3D anatomical analysis included 253 children. Anatomical 3D
data were processed in two separate analyses assessing different ana-
tomical characteristics:

Gray and white matter tissue concentration and volume at a voxel
level was measured using Statistical Parametric Mapping (SPMS8)
(http://www.fil.ion.ucl.ac.uk /spm, Wellcome Department of Cognitive
Neurology, London, UK, 2008). SPM voxel-based morphometry (VBM)
algorithms with DARTEL registration were used with the following pro-
cessing steps: segmentation of anatomical images into gray and white
matter tissue probability maps in their native space; estimation of the
deformations that best align the images together by iteratively register-
ing the segmented images with their average; finally, generating spa-
tially normalized and smoothed segmentations (5 x 5 x 5 FWHM)
using the deformations estimated in the previous step. The analyses
were performed with scaling by Jacobian determinants (estimates of
volume change during the normalization) to consider tissue volume
and without Jacobian scaling to assess the relative concentration of
gray matter and white matter. Normalized images were finally trans-
formed to the standard SPM template, re-sliced to 1.5 mm resolution
in Montreal Neurological Institute (MNI) space.

Cortical thickness measurements across the whole cortex were ob-
tained using FreeSurfer tools (http://surfer.nmr.mgh.harvard.edu/).
Processing steps included removal of non-brain tissue, segmentation
of the subcortical white matter and deep gray matter volumetric struc-
tures, tessellation of the gray and white matter boundary, registration to
a spherical atlas which is based on individual cortical folding patterns to
match cortical geometry across subjects and creation of a variety of sur-
face based data. Cortical thickness is calculated as the closest distance

Pollutant-related increase

from the gray/white boundary to the gray/CSF boundary at each vertex
on the tessellated surface (Fischl et al., 1999).

Diffusion tensor imaging (DTI)

DTI was processed using Functional MRI of the Brain (FMRIB) Soft-
ware Library 5.0 (FSL), developed by the Analysis Group at the Oxford
Centre for FMRIB (Smith et al., 2004). Diffusion-weighted images were
corrected for motion and eddy current distortions (“Eddy Current Cor-
rection” option in the FMRIB Diffusion Toolbox [FDT] version 2.0 in
FSL), and a whole-brain mask was applied using the FSL Brain Extracting
Tool. A further rigorous image quality control was carried out to identify
potential residual effects of head motion, which involved the visual
inspection of each DTlI slice for all 25 DTI volumes in all participants. Vol-
umes with slices with signal loss (greater than ~10%) or residual arti-
facts were identified by an expert researcher. DTI full examinations
showing one or more degraded images in more than 5 volumes were
discarded. A total of 76 children were removed from the DTI analysis
on the basis of this criterion (in addition to 10 cases showing gross
image degradation). The final DTI sample involved 177 children show-
ing a mean =+ SD of 23.5 (94%) + 1.9 optimal-quality volumes. Subse-
quently, we estimated fractional anisotropy (FA) maps using FDT in
FSL after local fitting of the diffusion tensor model at each voxel
(“dtifit”). Next, diffusion data were processed using Tract-Based Spatial
Statistics (Smith et al., 2006). Each FA data set was re-sliced to a
1 mm x 1 mm x 1 mm anatomical resolution and normalized to stan-
dard MNI space via the FMRIB58_FA template using the FMRIB's Non-
linear Registration Tool.

Magnetic resonance spectroscopy

Metabolite relative measurements were performed on the Advan-
tage Windows, v. 4.2, workstation using the PROBE-SV software
package, which includes automatic processing of the raw data that per-
mits immediate display and evaluation of spectra. Measurements of
choline-containing compounds (choline-to-total creatine ratio) were

Pollutant-related decrease

Fig. 1. Correlations of urban pollution with functional connectivity in the medial frontal seed map. Higher pollution levels were associated with higher functional connectivity between the
medial frontal (seed) region and the lateral frontal cortex (left panels), and lower functional connectivity between the seed and both angular gyri (right panels). The right hemisphere

corresponds to the right side of axial and coronal views.
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used to test the association of air pollution with membrane precursors
in white matter (Bliiml et al., 2013). N-acetylaspartate (NAA) spectra
width and the ratio creatine-to-noise (root-mean-square ‘RMS’ noise)
were used to assess spectra quality. The quality criteria to be retained
for statistical analyses were NAA linewidth (full width at half maximum
of peak) of 0.09 ppm or less and creatine RMS noise of 8 or greater. A
total of 34 participants were excluded as a result of poor spectrum qual-
ity. The final sample for the spectroscopy analysis included 229 children.

Functional MRI

Resting-state and task functional MRI preprocessing was carried out
using SPM8 and involved motion correction, spatial normalization and
smoothing using a Gaussian filter (full-width half-maximum, 8 mm).
Data were normalized to the standard SPM-EPI template and re-sliced
to 2 mm isotropic resolution in MNI space.

The following procedures were adopted to control for potential head
motion effects: (i) Conventional SPM time-series alignment to the first
image volume in each subject. (ii) Exclusion of 24 children in the
resting-state analysis and 39 children in the task-activation analysis
with large head motion. That is, outliers (and extremes) with regard
to mean inter-frame motion were excluded using conventional boxplot
criteria (cases beyond the quartile Q3 by one-and-a-half Q3-Q1 inter-
quartile range [SPSS 15.0; SPSS Inc., Chicago IL]). The finally analyzed
sample therefore included 239 children with valid resting-state and
224 children with valid task assessment. (iii) Both motion-related re-
gressors (a total of 6 realignment parameters, including 3 translation
and 3 rotation first-order derivatives) and estimates of global brain sig-
nal fluctuations were included as confounding variables in first-level

Table 2
Functional MRI results.

(single-subject) analyses. (iv) Within-subject, censoring-based MRI sig-
nal artifact removal (scrubbing) (Power et al., 2014) was used to discard
motion-affected volumes. For each subject, inter-frame motion mea-
surements (Pujol et al., 2014b) served as an index of data quality to
flag volumes of suspect quality across the run. At points with inter-
frame motion >0.2 mm, that corresponding volume, the immediately
preceding and the succeeding two volumes were discarded. Using this
procedure, a mean + SD of 11.2 (6.2%) + 13.8 volumes out of 180
fMRI resting-state sequence volumes and 14.9 (12.4%) + 15.8 volumes
out of the 120 fMRI task volumes were removed. (v) Potential motion
effects were further removed using a summary measurement for each
participant (mean inter-frame motion across the fMRI run) as a regres-
sor in the second-level (group) analyses in SPM (Pujol et al., 2014b).

Resting-state fMRI. Four functional connectivity MRI maps were generat-
ed using coordinates taken from a classical study (Fox et al., 2005), con-
verted to MNI in mm and located at the medial frontal cortex [x = 1,
y = 54, z = 26], posterior cingulate cortex [x = —2,y = —38,z =
38], dorsal frontal cortex [x = 28,y = — 10, z = 58] and supplementary
motor area [x = —2,y = —2,z = 55].

The maps obtained using the medial frontal cortex and the posterior
cingulate cortex regions typically include all the elements of the Default
Mode Network (DMN), which is highly active in inner mental processes
and is negatively correlated (anticorrelated) with networks participat-
ing in attention-demanding tasks (Kelly et al., 2008). On the other
hand, maps from the frontal cortex and supplementary motor area re-
gions both capture networks commonly participating in attention-
demanding tasks. As classically described, the dynamic relationship

Correlation with air pollution- Non-adjusted

Adj. by age and sex

ml Xyz t Xyz t
Medial frontal seed map
L Lateral frontal cortex—positive correlation 5.1 —48 46 16 3.6 —524618 4.1
L Parietal cortex—negative correlation 2.6 —50 —5844 3.5 —48 —56 44 3.2
R Parietal cortex—negative correlation 1.7 58 —56 46 35 58 —56 46 32
Dorsal frontal seed map
L Parietal cortex—positive correlation 3.2 —32 —6432 3.6 —32 —6432 3.5
R Lateral frontal cortex—negative correlation 34 50242 3.7 50242 3.5
R Insula—negative correlation 14 382 -2 43 382 -2 43
Posterior cingulate cortex seed map
R Lateral frontal cortex—positive correlation 1.5 5636 —2 33 5636 —2 32
Supplementary motor area seed map
L Prefrontal cortex—positive correlation 6.1 —283828 44 —283828 4.6
R Prefrontal cortex—positive correlation 22 2248 34 35 2248 34 3.6
L Parietal cortex—positive correlation 35 —58 —46 36 33 —56 —46 36 34
R Parietal cortex—positive correlation 52 58 —46 40 4.1 58 —46 40 3.9
Anterior cingulate cortex—negative correlation 6.2 —1434 -12 3.6 —1436 —12 3.7
Sensory task
R Somatosensory cortex—positive correlation 6.3 34 —44 64 3.7 34 —44 64 3.8
L Premotor cortex—positive correlation 14 —10060 3.7 —10060 3.6
Correlation with age
Medial frontal seed map ml Xyz t
L Parietal cortex—positive correlation 10.7 —46 —7052 4.9
Medial frontal cortex—positive correlation 1.5 —65248 33
Cerebellum—positive correlation 58 —22 —48 —32 4.6
L Lateral frontal/insula—negative correlation 9.7 —36220 4.8
R Lateral frontal/insula—negative correlation 104 40162 3.5
Correlation with performance (motor speed)
Medial frontal seed map
Medial frontal cortex—positive correlation 7.6 —1046 26 3.6
L Frontal lateral cortex—negative correlation 1.6 —3244 -4 3.9

X y z, coordinates given in Montreal Neurological Institute (MNI) space. Statistics at corrected threshold Pryg < 0.05 estimated using Monte Carlo simulations. Cluster size in ml.
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Age-related increase

Age-related decrease

Fig. 2. Correlations of age with functional connectivity in the medial frontal seed map. Age was associated with higher functional connectivity between the medial frontal (seed) region and
the left angular gyrus, medial frontal cortex and cerebellum (left panels), and with lower functional connectivity between the seed and the lateral frontal cortex/insula region bilaterally

(right panels). The right hemisphere corresponds to the right side of axial and coronal views.

between the DMN and the anticorrelated task-related networks may
reflect the largest-scale functional organization in the brain (Fox et al.,
2005; Kelly et al., 2008). Interestingly, this network interaction matu-
rates significantly in the age period targeted in the present study
(Sherman et al., 2014).

Functional connectivity maps were generated using procedures de-
tailed in previous reports (Harrison et al., 2013; Pujol et al., 2014a).
For each location, the seed region was defined as a 3.5 mm radial sphere

(sampling ~25 voxels in 2 mm isotropic space). This was performed
using MarsBaR region of interest (ROI) toolbox in MNI stereotaxic
space (Brett et al., 2003). Signals of interest were then extracted for
each seed region respectively by calculating the mean ROI value at
each time point across the time-series. To generate the seed maps, the
signal time course of a selected seed region was used as a regressor to
be correlated with the signal time course of every voxel in the brain in
order to generate first-level (single-subject) voxel-wise statistical

&5

Pollutant-related decrease

&g

Pollutant-related increase

Age-related increase

Age-related decrease

Fig. 3. 3D rendering display of urban pollution and age effects in the medial frontal seed map. Age and air pollution were associated with opposite effects on functional connectivity in
notably similar areas, thus indicating that higher exposure may interfere with the normal development of functional connections.
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parametric maps (contrast images). The maps were estimated for each
seed separately. A high-pass filter set at 128 s was used to remove low
frequency drifts below ~.008 Hz. In addition, we derived estimates of
white matter, CSF and global brain signal fluctuations (using standard
masks in MNI space from SPM) to include in the regression analyses
as nuisance variables.

Task-activation fMRI. Functional interaction between brain systems may
also be inferred using fMRI task paradigms by assessing the segregation
between activated and deactivated areas during stimulation (Harrison
et al., 2008; Pujol et al., 2012). Deactivated areas during our sensory
task include part of the DMN, which are generally anticorrelated with net-
works participating in attention-demanding tasks (Chai et al., 2014; Kelly
et al., 2008), although the deactivation pattern is not limited to the DVIN.
In the task analysis, single-subject (first-level) SPM contrast images were
estimated for activations (stimulation condition > rest) and deactivations
(rest > stimulation condition). For these analyses, the fMRI signal re-
sponse at each voxel was modeled using the SPM canonical hemodynam-
ic response function.

Before the statistical analysis, all the processed images (anatomical
3D, DTI, and functional MRI) were visually inspected to detect
processing-induced artifacts and verify the accuracy of anatomical seg-
mentation and FreeSurfer surface reconstructions.

Statistical analysis

Data was treated as quantitative variables and the analyses involved
cross-correlations using SPM. After individual preprocessing of each im-
aging exam, separate second-level analyses were carried out to map
voxel-wise the correlation across-subjects between individual brain im-
ages and individual age and pollutant measurements (obtained in the
school of each participant). The correlations with pollutant measure-
ments were performed both with and without adjusting by age and
sex. The set of individual brain images included whole-brain estimates
of regional white matter and gray matter volume and concentration, cor-
tical thickness, DTI fractional anisotropy, resting-state functional connec-
tivity and task-activation/deactivation. The association with choline-to-
creatine metabolite ratio was obtained using simple bivariate Pearson
correlation. Total creatine was examined first for an association with

ensory Tas

Activation

Fig. 4. Sensory task results. One-sample group activation (top panel) and deactivation (middle panel) maps showing brain response to passive viewing and listening. Air pollution was
associated with lower deactivation in the supplementary motor area and somatosensory cortex included in the deactivation map (bottom panel). The right hemisphere corresponds to

the right side of axial and coronal views.
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traffic pollution. We found no association. As mentioned, the number of
participants finally included in each analysis after exclusions on the
basis of image quality criteria was: anatomic T1-weighted images, 253;
DTI, 177; MR spectroscopy, 229; resting-state fMRI, 239; and sensory
task fMRI 224. Finally, three additional children with outlier pollutant
measurements were excluded from the correlation between brain mea-
surements and air pollution.

Results were considered significant with clusters of 1.032 ml
(e.g., 129 voxels with a resolution of 2 x 2 x 2 mm) at a height threshold
of p < 0.005, which satisfied the family-wise error (FWE) rate correction
of Prwe < 0.05 according to Monte Carlo simulations (Pujol et al., 2014c).
Resting-state fMRI data were additionally adjusted for multiple testing
(four functional connectivity maps) using Bonferroni (significant clus-
ter size 21.4 ml). Maps in figures are displayed at t > 2.3.

Results

Traffic-related pollution at the children's schools was assessed using
the weighted average of two reliable vehicle exhaust indicators, namely
particulate elemental carbon and NO, (Methods). Table 1 reports ambi-
ent air concentrations of the measured pollutants. According to these
data, air pollution levels at school in the city of Barcelona may be consid-
ered moderate-to-high when compared with other areas (Cyrys et al.,
2012; Eeftens et al., 2012).

This summary pollution index was then whole-brain correlated with
several MRI maps characterizing brain maturation. No significant asso-
ciation was identified between air pollution and any anatomical, struc-
tural or metabolic brain measurement. By contrast, the functional
imaging analysis showed consistent results.

Our functional approach involved the generation of connectivity
maps representative of key neural networks using coordinates taken
from previous works (see Methods). The map obtained using the medial
frontal cortex (seed) region of interest produced the most illustrative
results. We found that traffic-related air pollution was significantly as-
sociated with weaker functional connectivity between regions belong-
ing to the DMN (i.e., between the medial frontal cortex and the
angular gyrus bilaterally), indicating lower intra-network integration
(Fair et al., 2009). In addition, pollution also was associated with stron-
ger functional connectivity between the (medial frontal cortex) seed re-
gion and the frontal operculum at the lateral boundary of the DMN,
indicating lower network segregation (Fair et al., 2009) (Fig. 1 and
Table 2).

Motor speed-related increase

The analysis of the correlation between children's age and functional
connectivity in the DMN was useful in establishing the detrimental na-
ture of the results (Fig. 2). Indeed, the age effect on functional connec-
tivity in this network was the opposite of the pollutant effect. Age was
significantly associated with stronger functional connectivity within
the elements of the DMN (integration) and significantly associated
with weaker functional connectivity with the bordering network (seg-
regation), as shown in a previous longitudinal study (Sherman et al.,
2014). Fig. 3 illustrates the opposite effects of age and pollutants using
a 3D rendering display.

The analyses based on additional functional connectivity maps mir-
rored such findings with results in the same direction. The maps includ-
ed the DMN identified from a seed region located in the posterior
cingulate cortex (Table 2) and anticorrelated networks generated
from dorsal frontal cortex (Supplementary Fig. 1) and supplementary
motor area seeds (Supplementary Fig. 2).

The potential effects of air pollution on brain function were further
tested by mapping the correlation between pollutant measurements
and fMRI task activations and deactivations. Air pollutants were signifi-
cantly associated with lower deactivations (rest> task map) during pas-
sive viewing and listening in the supplementary motor area and
somatosensory cortex (Fig. 4). No significant findings were observed
in the task > rest map.

To test whether measured pollution was associated with cognitive
performance, we used children's performance in working memory,
motor response speed and attention (Methods). The only significant re-
sult involved motor speed. Higher pollution predicted slower reaction
time in 248 participants with complete MRI and behavioral testing
(standardized = 0.154; p = 0.015). A further imaging analysis was
performed to correlate children's reaction time with functional connec-
tivity in the DMN map (Fig. 5). Interestingly, a faster reaction time was
associated with stronger connectivity within the DMN (network inte-
gration) and weaker connectivity in the frontal operculum (network
segregation).

The effect of potential confounders was tested for each significant
finding including age, sex, academic achievement, difficulties scores,
obesity, parental education, home and school vulnerability index, dis-
tance from home to school and public/non-public school category as co-
variates. Each potential confounder was both individually entered into
the model and combined with other confounders. No single confounder
or combination showed a relevant effect. That is, decreases in 3 esti-
mates after the inclusion of confounders in a regression model were

Fig. 5. Correlations of performance (motor speed) with functional connectivity in the medial frontal seed map. Faster responses were associated with higher functional connectivity within
a core region of the network (medial frontal cortex), and with lower functional connectivity in the lateral boundary of the network. The right hemisphere corresponds to the right side of

coronal views.
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very small (mean 4+ SD, 1.2% + 1.0%) with no variables affecting the pri-
mary results with 3 reductions greater than 7%.

Discussion

Vehicle exhaust-related air pollution exposure was associated with
brain changes of a functional nature, with no evident effect on brain
anatomy, structure or membrane metabolism. Children from schools
with higher traffic-related pollution showed lower functional integra-
tion and segregation in key brain networks. Age and performance
(i.e., motor response speed) both showed the opposite effect to that of
pollution on brain function, thus indicating that higher exposure is asso-
ciated with slower brain maturation.

The functional findings were highly consistent, as similar effects
were observed in different functional networks and the age-sensitive
areas notably coincided with the areas showing significant correlation
with air pollution. Similarly, the regions identified with the mapping
of correlations with motor speed also showed a notable correspondence
with the anatomy of findings from both pollutant and age analyses.
Nonetheless, despite the evident effect on functional connectivity, the
overall brain repercussion may, to some extent, be considered subtle,
as changes did not involve any measurement of brain structure. In
such a context, one may speculate on the reversibility of the brain
damage and the potential effectiveness of actions addressed to reduce
pollution. Epidemiological data also support the notion of a subtle re-
percussion, as large samples are required to demonstrate robust associ-
ations (Sunyer et al., 2015).

The effect of air pollution may, however, be more dramatic when the
exposure involves early developmental periods. Indeed, Peterson et al.
(2015) have provided evidence of brain structural alterations in later
childhood associated with prenatal pollutant exposure affecting large
areas of the left-hemisphere white matter, and a less severe effect asso-
ciated with postnatal exposures at age 5 years. Also, recent studies have
revealed that long-term ambient air pollution exposure may ultimately
affect brain tissue volume in older people (Chen et al., 2015; Wilker
et al., 2015).

We have used a general marker of vehicle exhaust traffic-related air
pollution based on elemental carbon and NO,. Although this indicator
reflects the amount of pollution from the traffic source, carbon and
NO, are not necessarily the agents causing the toxic effect on the
brain. Traffic pollution contains a variety of elements with greater po-
tential neurotoxicity, such as manganese, aluminum, lead and copper
(Amato et al.,, 2014). We have recently identified the effects of airborne
copper pollution, which is road traffic-related, although a significant
proportion also comes from industry, and a third source is the result
of railway traffic (submitted). Brain alterations associated with copper
were neural system specific and affected the basal ganglia with damage
to both structure and function. In contrast, our current study based on a
general indicator does not inform on which specific neurotoxicant or a
combination thereof may be responsible for the identified effect re-
stricted to functional measurements.

A concern in traffic pollution studies is potential residual confound-
ing by socio-demographic characteristics (e.g., when a relationship ex-
ists between proximity to traffic and economically disadvantaged
areas). In the city of Barcelona, however, there was a small and inverse
relation between air pollution and socioeconomic vulnerability, with
higher pollution levels in schools with lower vulnerability (Sunyer
et al., 2015). Also, we found no significant associations between school
pollution levels and parental education, employment or educational
quality. Besides, the associations between air pollution and fMRI
remained after adjusting for all the potential confounders (see Results),
which is opposed to a potential role of these variables.

A general limitation when assessing children with MRI is the potential
effect of head movements on image quality, particularly on functional
MRI and DTI acquisitions. We considered this issue carefully and adopted
several means to rigorously control the effects of motion (Methods).

However, it is relevant to emphasize that a rigorous control of potential
head motion may introduce spurious changes (e.g., regressing out global
brain signal may introduce negative correlations) or even remove chang-
es related to genuine neural activity (Pujol et al., 2014b). Also, a higher
MRI signal may be obtained using a higher magnetic field (i.e., 3-Tesla
magnets). Although we did have the 3-Tesla option, the present study
was developed using a 1.5-Tesla magnet following the recommendations
of the FP7-ERC Ethics Review Committee to limit magnetic field strength
in children.

Conclusion

Although children's brains may be vulnerable at each developmental
stage, preadolescence is notably transcendent in establishing solid bases
for large-scale functional network organization. Urban traffic pollution
appears to be capable of affecting the normal development of the
proto-adult brain and significantly interfering with functional network
maturation.
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