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Abstract
Purpose of Review An emerging body of evidence has raised concern regarding the potentially harmful effects of inhaled pollutants
on the central nervous system during the last decade. In the general population, traffic-related air pollution (TRAP) exposure has
been associated with adverse effects on cognitive, behavior, and psychomotor development in children, and with cognitive decline
and higher risk of dementia in the elderly. Recently, studies have interfaced environmental epidemiology with magnetic resonance
imaging to investigate in vivo the effects of TRAP on the human brain. The aim of this systematic review was to describe and
synthesize the findings from these studies. The bibliographic search was carried out in PubMed with ad hoc keywords.
Recent Findings The selected studies revealed that cerebral white matter, cortical gray matter, and basal ganglia might be the
targets of TRAP. The detected brain damages could be involved in cognition changes.
Summary The effect of TRAP on cognition appears to be biologically plausible. Interfacing environmental epidemiology and
neuroimaging is an emerging field with room for improvement. Future studies, together with inputs from experimental findings,
should provide more relevant and detailed knowledge about the nature of the relationship between TRAP exposure and cognitive,
behavior, and psychomotor disorders observed in the general population.
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Air pollution is a major environmental health problem that has
been already associated with cardiovascular morbidity and mortality [1]. Common sources of outdoor air pollution are combustion of fossil fuels and industrial and agricultural processes. Air
pollutants that are a major public health concern include particulate matter (PM) (e.g., organic and elemental carbon [EC], metals
and polycyclic aromatic hydrocarbons [PAHs]), carbon monoxide (CO), ozone (O3), lead, nitrogen dioxide (NO2), and sulfur
dioxide (SO2) (https://www.epa.gov/criteria-air-pollutants).
An emerging body of evidence has raised concern regarding the potentially harmful effects of inhaled pollutants during
the last decade on the central nervous system (CNS). Trafficrelated air pollution (TRAP) exposure has been associated
with adverse effects on mental development and on behavioral
functions such as attention, reduced global IQ, a decrease in
memory and academic performance, and higher prevalence of
Attention Deficit Hyperactivity Disorder and Autism
Spectrum Disorder [2•, 3]. Findings from epidemiological
studies also provide support for a relation of TRAP exposure
to cognitive decline and dementia in the elderly [4–6].
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Animal studies have shown that inflammation and oxidative stress, identified as common and basic mechanisms
through which air pollution causes damages [7], may also
affect the CNS by inducing neuronal death or synaptic toxicity
[8–10]. Increasing levels of circulating cytokines due to systemic inflammation may indeed have a peripheral impact on
the brain, and/or air pollutants might reach the brain after
crossing the blood brain barrier or more directly via the olfactory bulb, and may themselves be proinflammatory [11••, 12].
Damage caused to the CNS has been investigated in experimental conditions with animals via acute exposure to
high levels of pollutants [8, 9, 13–15]. Generally, humans
suffer a chronic exposure to TRAP at lower levels than those
used in the experimental studies [16–20] . The changes occurring in the human brain under these real conditions still
have to be precisely defined to provide biological plausibility for the associations between TRAP and adverse effects
on cognition reported in epidemiological studies. Magnetic
resonance imaging (MRI) is a powerful tool allowing in
vivo investigation of brain structure and functioning.
Anatomical MRI is used to assess morphological features
of the brain such as the whole-brain volume, the volume
of specific regions of the brain, and cortical thickness [21].
On the other hand, diffusion tensor imaging (DTI) provides
data on white matter integrity and fiber connectivity between
brain structures [22]. Functional MRI (fMRI) provides indirect measures of neuronal activity and magnetic resonance
spectrometry (MRS) allows in vivo investigation of a number of cerebral metabolites.
Recent MRI applications in environmental health studies
have already given promising clues to understanding the relationships between behavioral and cognitive disorders and exposure to lead, pesticides, or tobacco smoke [23••]. The present study systematically reviewed existing literature about interfacing neuroimaging and epidemiology to evaluate the impact of air pollution on the brain.

Methods
The systemic search of studies was carried out in the PubMed
search engine (U.S. National Library of Medicine) until May
2017 using the following keywords: (neuroimaging OR
“brain imaging” OR MRI OR fMRI OR “magnetic resonance
imaging” OR “functional magnetic resonance imaging” OR
“functional MRI” OR “white matter”) AND (“air pollution”
OR particulates OR PM2.5 OR PM10 OR “PM coarse” OR
diesel OR NO2 OR ozone OR “air pollutants”). Identification
and first screening of the articles was performed using the
information available in the title and the abstract. Doubts regarding the inclusion or exclusion of studies were resolved by
discussion between the authors.

Results
A total of 234 articles were identified in PubMed in our initial
search. Twenty-six of them were selected as potentially eligible
based on the title and abstract of which 3 articles were excluded
because they were reviews, 11 because they were occupational
studies, and another one because there was no cerebral neuroimaging data. Finally, 11 articles met the eligibility criteria and
were chosen for a full-text evaluation (Fig. 1).

Study Characteristics
Among the 11 selected studies (Table 1), six evaluated the
impact of urban air pollution on children’s brains. Two comparative studies, carried out within small samples of healthy
children, compared children with lifetime residency in Mexico
City with those from a low-polluted city [24, 25]. A birth
cohort, conducted in New York City in a minority population
with high poverty and high levels of pollution, used personal
air monitoring of the mother over a 48-h period in the third
trimester of pregnancy to investigate the effects of prenatal
exposure to polycyclic aromatic hydrocarbons (PAHs) on
brain structures in 40 children [19]. Finally, the BREATHE
project (Barcelona, Spain) explored whether high levels of
TRAP in the school environment using a combined measurement of EC and NO2 [26], airborne copper [20], or PAHs [18]
could be related to disruptions in the brain maturation of 263
children from the general population.
Four studies were conducted on elderly people in the USA.
Some subjects were from the general population [16, 17, 27]
and others were elders with concerns about memory loss [28].
These studies presented more homogeneity than those carried
out in children in terms of exposure, whether it be for the
pollutant, the evaluation method, or the exposure time windows. Indeed, in all studies, the residential exposure to fine
particulate matter (PM2.5) was calculated using spatiotemporal
modeled estimates over 1 to 7 years preceding the MRI assessment. Moreover, the levels of PM2.5 were very comparable with a median ranging from 11.0 to 12.2 μg/m3.
The neuroimaging outcomes investigated varied widely between the different epidemiological studies. Presence of cerebral lesions considered as markers of small vessel disease [30]
(white matter hyperintensities, covert brain infarct, or
microbleeds) were examined in a few studies [24, 27, 28].
For the brain’s structures examination, a region of interest
(ROI) approach was used in five studies, which focused on
measuring defined anatomical structure volumes: gray matter
(GM) and white matter (WM) in the whole brain and in the four
brain lobes, ventricles, hippocampus, corpus callosum (CC),
basal ganglia (BG), and amygdala volumes [17, 18, 25, 27,
28]. Other studies investigated the whole brain and measured
at a voxel level (voxel-based morphometry (VBM)), the GM
and WM volumes [16, 20, 26], and surfaces [19] using T1-
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weighted images or the fractional anisotropy (FA) using DTI
[20, 26]. Brain functioning, i.e., the neuronal activity measured
with fMRI, was only examined in the BREATHE project [20,
26]. Overall, the main confounding factors (i.e., age, sex, and
socioeconomic status) were taken into account in the studies’
analyses linking air pollution and brain changes. Analyses
aiming at determining the relationships between the observed
air pollution-related brain changes and cognition were present
only in studies involving children [18–20, 26].
Our review also included a study conducted in rats experimentally exposed to PM collected in Lahore, Pakistan [29]. This
study represents the advantage to combine and compare the in
vivo MRI findings detected with a visual inspection with the
cerebral air pollution-related anatomopathological lesions observed directly on brain sections after animals were sacrificed.

Air Pollution-Related Brain Changes Detected
in Epidemiological Studies
Small Vessel Disease
Results from studies interested in MRI lesions reflecting small
vessel disease were inconsistent. In the small sample of Mexican
children, the frequency of prefrontal white matter
hyperintensities was significantly higher in children from
Mexico City (56.5%, n = 23) than in children living in a less
polluted area (7.6%, n = 13) [24]. However, there was no clear
pattern of associations between PM2.5 exposure or proximity of a
major road and white matter hyperintensities load in large samples of elderly from the general population [27] or among those
with concerns about memory loss [28]. Reflecting, among others,
the degenerative changes in small vessels [31], white matter
hyperintensities are common findings on MRI in the elderly.
Hence, one would have thought to observe a stronger association
between TRAP exposure and the white matter hyperintensities

burden in older people already subject to the weakening effects
of age than in children. These unexpected findings might be due
in fact (i) to the measurement methods used to evaluate white
matter hyperintensities which are very different in the children
studies and in the elderly studies (visual scale [24, 25] versus
semi-automated procedure [27, 28]) (ii) and/or to the highly more
contrasted levels of TRAP observed in the children studies
(Mexico city versus a rural area) than in the elderly studies that
showed more limited range of exposure levels.
Nevertheless, significantly higher odds ratios of covert
brain infarcts were observed associated with increasing levels
of PM2.5 [27].

Gray Matter
Both studies in children and elders investigating regional brain
volumes did not reveal any significant association between air
pollution exposure and changes in subcortical brain structure
volumes (i.e., hippocampus, amygdala, and basal ganglia)
[17, 25]. Results were more inconsistent when studies focused
on GM. In rats, while a positive-dose relationship was observed postmortem between PM exposure and severity of neuronal loss on representative brain sections (predominantly in
motor cortex and primary somatosensory cortex), no changes
in the hyper intense signals nor any cortical atrophy were
visually detectable on T2-weighted images [29]. In the birth
cohort study conducted in New York City, prenatal exposure
to PAHS did not correlate with cortical thickness anywhere
across the cerebrum in children [19].
For the elderly participating in the WHIM cohort, wholebrain VBM analysis revealed a link between PM2.5 exposure
and smaller GM volumes primarily in the dorsolateral and
medial prefrontal cortex [16], whereas a prior investigation
with a region-based approach failed to find such an association in the same population [17].

n = 30
7–8 years

n = 40
7–9 years
Birth cohort, NYC

n = 263
8–12 years

[19]

[26]

n = 36
7–18 years

[25]

In children
[24]

Sample size age
(at MRI) cohort

Population

C

L

P

P

Study design

Weighted annual
average of EC and

2) Postnatal period
(Urinary PAH
Metabolites in
children)

PAHs
1) Prenatal period
(personal air
monitoring of the
mothers over a
48-h period in the
3rd trimester of
pregnancy)

Lifetime residency in
high-polluted area
(Mexico City) for
20 children (10
with WMH, 10
without), versus
lifetime residency
in low-polluted
area (Polotitlán)
for 10 children.

Lifetime residency in
high-polluted area
(Mexico City) for
23 children versus
lifetime residency
in low-polluted
area (Polotitlán)
for 13 children.

Air pollution
exposure
assessment

MRI 1.5 T
T1-weighted
3D sequence

MRI 3 T
T1-weighted
images

MRI 1.5 T
T2 and FLAIR

MRI 1.5 T
T2 and FLAIR

MRI acquisition

Neuroimaging data

Air pollution exposure and MRI-detected brain changes in humans and rats, ordered by year and author

Author/year

Table 1

Whole-brain
voxel-based
analysis

Surface morphological
measures of GM
and WM (index
of local volumes).

ROI-based analysis/
volumetric
measurements
WM, GM, CSF
volumes in brain’s
lobes, HV, BG,
and amygdala
volumes.
Whole-brain voxelbased analysis

Lesions assessment
WMH

Lesions assessment
WMH

Data
processing/outcomes

No correlations between PAHs
and measures of cortical
thickness.
Powerful dose-response
relationship between
prenatal PAH exposure and
subsequent reductions of the
WM surface (entire surface
of left hemisphere).
Postnatal exposure correlated
significantly with WM
measures in dorsal prefrontal
regions bilaterally
(independently of prenatal
exposure).
Adjustment for age and sex
No evident effect on brain
anatomy, structure, or
membrane metabolism.

Prefrontal WMH in 56.5%
of the Mexico City
children (compared with
7.6% in Polotitlán children).
WMH were persistent over
time in 3 children followed
up during 11 months.
Similar WMH found in 4 of 7
young Mexico City dogs
scanned in this study.
Children from Polotitlán had
significantly more WM
volume in temporal and
parietal areas than children
from Mexico City.
HV, BG volumes, and
amygdala were not
significantly different across
the three groups.

Findings
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[20]

Author/year

Table 1 (continued)

Annual level. Real
measurement of
pollutants at the
primary school.

Airborne copper

Real measurement of
pollutants at the
children’s school.

MRS
fMRI (Resting state)

MRI 1.5 T
T1-weighted 3D
sequence
DTI

-Task (ABABABAB
block design
alternating 4 30-s
periods of rest
with 4 30-s periods
of visual–auditory
stimulation)

fMRI
-Resting state

Cortical thickness
ROI-based analysis
fMRI signal at
resting state
in functional
connectivity
maps (Seed
regions: MFC

Whole-brain
voxel-based
analysis
GM and WM
volumes and
concentrations,
FA
Whole cortex
vertex-based
analysis

fMRI signal at resting
state in 4 functional
connectivity maps
(Seed regions:
MFC, PCC,
DFC, and SMA)

GM and WM volumes
and concentrations,
FA, and fMRI
signal during task.
Whole cortex
vertex-based
analysis
Cortical thickness
ROI-based analysis

DTI
MRS

NO2 (marker of
road traffic).

BREATHE study

Neuroimaging data

Data
processing/outcomes

Air pollution
exposure
assessment
MRI acquisition

Study design

Sample size age
(at MRI) cohort

Population

However, traffic-related air
pollution was related to
functional brain changes:
1)Resting state fMRI: Lower
functional connectivity
between regions distant in
space of the DMN (=lower
integration), higher
functional connectivity
between regions close in
space (=lower segregation).
2) Passive fMRI task: Lower
deactivation in the
supplemental motor area and
somatosensory cortex.
Adjustment for age, sex,
academic achievement,
difficulties scores, obesity,
parental education, home
and school vulnerability
index, and distance,
from home to school and
public/nonpublic school
category
Higher copper exposure is
associated with
1) Altered structure of caudate
nucleus, 2) delayed
maturation of the WM
pathways in the caudate
nucleus region, and
3) reduction of functional
connectivity between the
caudate nucleus and the
frontal cortex.
Adjustment for age, sex,
academic achievement,
academic difficulties score,
obesity, parental education,
home and school vulnerability
index, and public/nonpublic
school category.

Findings
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[27]

In elderly
[17]

[18]

Author/year

Table 1 (continued)

Framingham
Offspring Study

n = 934
≥ 60 years

WHIM Study

n = 1403 women
≥ 65 years

n = 242
8–12 years
BREATHE Study

Sample size age
(at MRI) cohort

Population

C

P

C

Study design

PM 2.5
Spatiotemporal model
to estimate average
PM2.5 levels
(participants’
residential
addresses) over
1 year.

PM 2.5
Spatiotemporal model
to estimate
cumulative PM2.5
exposure (based
on air
monitoring data,
and on participants’
residential
addresses) over
the 6–7 years
preceding MRI.

PAHs
Annual level. Real
measurement of
pollutants at the
primary school.

Air pollution
exposure
assessment

Lesions assessment

MRI 1 T
T2 weighted double
spin-echo
coronal
sequences

WMH and CBI
ROI-based analysis/
volumetric
measurements
HV and TCBV

ROI-based analysis/
volumetric
measurements
TBV, ventricle,
GM, and WM
volumes (total
and in the
4 lobes), CC,
HV, and BG
volumes

and caudate
nucleus)
ROI-based analysis/
volumetric
measurements
TBV and BG volume
(putamen, caudate
nucleus, and
globus pallidus
volumes)

Data
processing/outcomes

MRI 1.5 T
Standard T1, T2
weighted
and FLAIR

MRI 1.5 T
T1-weighted 3D
sequence

MRI acquisition

Neuroimaging data

Higher PM2.5 was associated
with smaller WM volumes
(in the total brain, association
areas, and CC) even in full
adjusted models.
GM, ventricular sizes, HV, and
BG did not differ by PM2.5
exposures.
Adjustment for ICV,
geographical region, age,
race/ethnicity, education,
income, employment status,
alcohol use, smoking,
depressive symptoms, BMI,
and CVD risk factors.
Higher PM2.5 was associated
with smaller TCBV and
higher odds of CBI.
No clear pattern of association
between PM2.5 and HV,
WMH.
Associations were no longer
significant when adjusted for
vascular risk factors
(homocysteine, sBP, diabetes
mellitus, CVD, history of
atrial fibrillation, HT

Higher exposures to PAHs and
BAP were associated with a
reduction in the caudate
nucleus size. TBV, putamen,
and globus pallidum
volumes did not differ by
PAHs exposure.
Adjustment for age at MRI, sex,
intracranial volume, maternal
education, and residential
neighborhood
socioeconomic status

Findings
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[28]

[16]

Author/year

Table 1 (continued)

74 (12) years
MADRC

n = 236 (with CDR 0–3)

71–89 years
WHIM Study

n = 1365 women

Sample size age
(at MRI) cohort

Population

C

P

Study design

PM 2.5
Spatiotemporal model
to estimate average
PM2.5 levels
(participants’
residential
addresses) over
1 year.
Near roadway exposure

PM 2.5
Spatiotemporal model
to estimate
cumulative PM2.5
exposure (based
on and air
monitoring data,
and on participants’
residential
addresses) over the
3 years preceding
MRI.

Near roadway exposure

Air pollution
exposure
assessment

Lesions assessment
WMH, cerebral
microbleeds
ROI-based analysis/
volumetric
measurements

MRI 1.5 T/3.0 T
T1, T2 weighted, and
FLAIR

BPF

Whole-brain voxelbased analysis
GM and WM volumes

Data
processing/outcomes

MRI 1.5 T
Standard T1, T2
weighted and
FLAIR

MRI acquisition

Neuroimaging data

medications, and obesity),
but for CBI.
Adjustment for age, sex, time
from examination to MRI,
income, date of MRI,
smoking status, education,
and drinking categories.
Increased PM2.5 exposure
were associated with
smaller volumes in both
cortical GM (the bilateral
superior, middle, and medial
frontal gyri) and subcortical
WM areas (the largest
clusters were in the frontal
lobe, with smaller clusters in
the temporal, parietal, and
occipital lobes).
No statistically significant
associations between PM2.5
exposure and HV or CC.
Larger volumes (thalamus,
putamen, globus pallidus,
and the posterior insula) were
associated with increased
PM2.5 exposures
Adjustment for ICV, age, race,
BMI, geographic region,
education, family income,
employment status, smoking,
alcohol consumption, CVD
history, hypertension, treated
diabetes, and prior hormone
therapy use.
No pattern of association
between residential
proximity to major roads or
average PM2.5 and greater
burden of small vessel
disease or
neurodegeneration.
Adjusted for age, sex,
education, income, smoking

Findings
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n = 60
4.5 months
Experimental study

Sample size age
(at MRI) cohort

Population

L

Study design

PM (collected in Lahore,
Pakistan).
Rats were provided
with drinking water
containing different
concentrations of PM.
3–4 months of exposure
before
histopathological
assessment and MRI

Air pollution
exposure
assessment

Histopathological
assessment:
ROIs-based (39
cytoarchitectonally
distinct cortical ROIs,
4 caudate/putamen
ROIs, and 1
thalamus ROI)

MRI 4.7 T
T2 weighted RARE
sequence

MRI acquisition

Neuroimaging data

Visual inspection

Data
processing/outcomes

No changes in the hyperintense
signal nor any cortical
atrophy of brain hemisphere
detectable with MRI (even in
the group treated with high
PM concentrations that
showed obvious selective
neuronal loss in the cortical
areas and glial activations
histopathologically).

status, diagnosis (dementia
or other), diabetes, statin,
hypertension, and stroke
history.

Findings

Abbreviations: BAP benzo[a]pyrene, BG basal ganglia, BMU body mass index, BPF brain parenchymal fraction, BREATHE Brain Development and Air Pollution Ultrafine Particles in School Children, C
cross-sectional, CBI covert brain infarct, CC corpus callosum, CDR Clinical Dementia Rating, CVD cardiovascular disease, DFC dorso frontal cortex, DMN Default Mode Network, DTI Diffusion Tensor
imaging, FA fractional anisotropy, FLAIR fluid-attenuated inversion recovery, EC elemental carbon, FU follow-up, GM gray matter, ICV intracranial volume, HV hippocampal volume, HT hypertension, L
longitudinal, MADRC Massachusetts Alzheimer’s Disease Research Center, MFC medial frontal cortex, MRI magnetic resonance imaging, MRS magnetic resonance spectroscopy, NO2 nitrogen dioxide,
NYC New York City, P prospective, PAHs polycyclic aromatic hydrocarbons, PCC posterior cingulate cortex, PM particulate matter, ROI region of interest, sBP systolic blood pressure, SMA supplementary
motor area, T tesla, TBV total brain volume, TCBV total cerebral brain volume (ratio of brain parenchymal volume/total cranial volume), WM white matter, WMH white matter hyperintensities, WHIM
Women’s Health Initiative Memory

In rats
[29]

Author/year

Table 1 (continued)
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White Matter
In contrast, a consistent pattern of air pollution-related reduction in WM volumes was observed [16, 17, 19, 25]. Greater
PM2.5 exposure was associated with smaller volumes in the
WM of all association areas (frontal, parietal, and temporal)
and the CC of the elderly in the WHIM cohort [16, 17]. In
children, there were also significant differences in WM volumes between controls and the Mexico City children in the
right parietal and bilateral temporal areas [25]. The authors
pointed out that the cognitive deficits in attention, short-term
memory, and learning abilities observed in children from
Mexico, when compared to the controls, match the localization of the volumetric differences. Neuroimaging investigation of 40 children from New York City revealed a doseresponse relationship between increased prenatal PAHs exposure and substantial reductions of the cerebral white matter
mostly confined to the left hemisphere of the brain and involving almost its entire surface [19]. Moreover, these WM reductions mediated the deleterious effects of prenatal PAHs exposure on processing speed performance observed in the cohort.
Interestingly, distinct effects of PAHs exposure measured later
in childhood were detected bilaterally in dorsal prefrontal
WM, independently of prenatal PAH exposure.
As a probable consequence of these air pollution-related WM
volumes reduction [17], smaller total brain volumes were also
observed in the elderly exposed to high levels of PM2.5 [17, 27].
The BREATHE Study
Among all of the selected studies, the BREATHE project had
the advantage of performing different MRI modalities within
the same population of primary schoolchildren. Within the 263
children of the study, no significant associations were identified
between the measurements of EC and NO2 in the school environment and any anatomical, structural, or metabolic brain
measurements [26]. However, functional MRI revealed that
higher combined levels of EC and NO2 were 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
showed the opposite associations to those of pollution, thus
indicating that higher exposure is associated with slower brain
maturation. However, within the same group of children, the
caudate nucleus appeared to be sensitive to the effects of airborne copper and PAHs exposure. Indeed, airborne copper was
associated with tissue modifications in the caudate nucleus,
which presented higher GM concentrations probably at the
detriment of WM [20]. In addition, potentially detrimental effects of copper on the WM pathways in the caudate nucleus
region and on functional connectivity between the caudate nucleus and the frontal lobe operculum were revealed by DTI and
fMRI analyses, respectively. In addition, exposure to PAHs,

and in particular to benzo[a]pyrene, was associated with a subclinical reduction in the caudate nucleus volume [18].

Discussion
The studies integrating neuroimaging and epidemiology revealed that long-term exposure to air pollution might have adverse impacts on brain structures and functioning in the general
population and that these impacts are detectable with different
MRI modalities. Moreover, findings from all these studies suggest that, because of their localization and their magnitude,
these air pollution-related brain changes visualized in vivo
could mediate the effects of air pollution on cognition.
So far, in vitro and in vivo animal studies have focused
primarily on the effect of TRAP on GM and have revealed
impaired synaptic functions [10], alterations in neuron morphology [32], and neuron death [13, 29, 33, 34] subsequent to
the exposure to the TRAP components. Studies investigating
the impact of such an exposure on myelin, the main component of WM, are still scarce [15, 35]. However, throughout the
literature reviewed, it appears that WM might be particularly
vulnerable to TRAP neurotoxicity. High levels of airborne
PM2.5, PAHs or living in a highly polluted city were associated with reductions of WM, especially the WM of the frontal
lobe [16, 17, 19, 25]. These associations were detected in both
children and elderly using different MRI methods and with
exposure assessed during different time windows (i.e., prenatal for PAHs, old age for PM2.5, and life span for children
living in Mexico City). In children and elderly, the oligodendrocytes (cells that produce the myelin sheath in the CNS) are
sensitive to inflammation and oxidative stress [36, 37]. Both
processes are thought to be key component of TRAP neurotoxicity [38]. However, the reasons explaining their vulnerability are certainly different depending on the person’s stage of
life. In children, during the prenatal period, the preoligodendroglial cells first increase and settle along the axons.
After maturation, the oligodendrocytes start the real
myelination process which occurs in a very precise spatiotemporal way in the brain [39]. This process starts at the third
trimester of pregnancy. Myelination remains intense during
the first 2 years of life and is protracted, to a lesser extent,
until adulthood [40, 41]. Because of these dramatic changes
concentrated over the fetal period and the very first years of
life, prenatal exposure is likely to have a more severe impact
on WM, as suggested in the birth cohort conducted in New
York City [19] and also in mice presenting hypomyelination
and aberrant WM structural integrity after early-life exposure
to ultrafine particle (UFP), during a period equivalent to the
human 3rd trimester of pregnancy [35]. No WM change was
observed in the primary schoolchildren exposed to high levels
of TRAP in BREATHE [26], though in this cohort, both WM
volumes and WM tract architecture were investigated using
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morphometric approaches and DTI, respectively. It is possible
that the BREATHE study, in measuring air pollution in late
childhood, did not capture the sensitive exposure time windows to explore the effects of TRAP on WM. In contrast, at
the other end of the age spectrum, WM volume decreases
rapidly from 60 years onwards [42]. Aging makes the oligodendrocytes more prone to degeneration, resulting in increased myelin breakdown [43]. On the other hand, agerelated vascular changes lead to decreased blood flow [44,
45] and hence increase WM intrinsic vulnerability to hypoperfusion [46]. In this context, and considering that exposure
to PM2.5 is likely to cause alterations in cerebrovascular hemodynamics [47], TRAP may be suspected to have detrimental ischemic effects on WM in the elderly. However, the absence of correlations between white matter hyperintensities
due to ischemia [31, 48] and exposure to PM2.5 observed so
far in two different populations of old people [27, 28] does not
support this biologically plausible hypothesis.
Regarding GM, cortical GM already shows widespread
thinning under the effect of aging in the elderly [49] and appears to be susceptible to the additional harmful effects of
TRAP [16, 17]. In contrast, no TRAP effect on the children’s
cortical GM was detected [19, 25, 26]. The dynamics of the
cortical GM volume is complex in children as GM volume
increases from early childhood to later childhood (6–9 years)
and decreases thereafter [50]. Therefore, cross-sectional imaging may not be appropriate to detect, or even interpret, any
TRAP-related GM volume changes in children, whatever is
the considered exposure time window [19, 25, 26]. The exploration of GM volume trajectory in longitudinal studies
could be much more relevant with children.
Among subcortical structures, basal ganglia was the only
component to present tissue alterations and size reduction in
relation to traffic-related pollutants: specifically airborne copper and PAHs exposure in children [18, 20]. These observations made in an urban context echo findings from occupational studies suggesting that basal ganglia might be a specific
target of inhaled transition metals [51–58]. Indeed, occupational studies using neuroimaging have highlighted that several metals including copper, manganese, and iron present in
great amounts in welding and smelting fumes, tend to preferentially accumulate in the basal ganglia of workers [51,
53–57], and could have a potential local neurotoxicity
[55–57]. Furthermore, in this brain region and more particularly in the striatum (caudate nucleus and putamen), the neuronal activity is mainly modulated by dopamine, a neurotransmitter prone to oxidation and with a metabolism that serves as
a major source of intracellular reactive oxygen species [59].
Therefore, the overstretched local antioxidant systems in the
striatum [60] are likely to have difficulties dealing with any
additional oxidative challenge like exposure to PAHs [9, 33],
and this depletion possibly makes this region particularly vulnerable to TRAP [9, 61].

The structural changes described above are more likely to
appear after long-term exposure. In contrast, current or shortterm exposure may influence the fluctuating brain activity, as
suggested by synaptic dysfunction observed in mouse hippocampus after a 2-h exposure to PM [10], as well as by the
changes reported in human volunteers’ electroencephalograms
following a 1-h exposure to diesel exhaust [62]. Furthermore,
when anatomical MRI did not reveal any associations between
levels of exposure in the school environment and the children’s
brain structures in the BREATHE study, fMRI was sensitive
enough to detect a delay in the brain’s functional organization
related to air pollution exposure [26]. FMRI may prove to be a
useful tool to investigate the effects of short-term or current
exposure to air pollution on brain and thus could help to better
understand the relationship between acute exposure and disorders in attention processes [63] and in visual information processing speed [64] observed in epidemiological studies.
In preclinical Alzheimer’s disease, connectivity disorders are
observed years before brain anatomical changes [65]. It is yet to
precisely identify what are the impacts of TRAP on the neuronal
activity in children, as well as to determine whether these TRAPrelated brain functions impairment might lead later to detectable
structural modifications. This is an important question to address
because if this is the case, it would emphasize the necessity to
study both the pre- and the postnatal exposure periods when
assessing the effects of TRAP on neurodevelopment.
The cognitive correlates of these air pollution-related brain
changes were observed in children. Pujol et al. reported that the
performance in motor speed and in motor response consistency
showed correspondence with the identified functional networks
and the WM tracts affected by TRAP [20, 26]. Peterson et al.
[19] showed that the magnitude of the reductions in WM surface
mediated the association between decreased performance in processing speed and PAHs exposure. Interestingly, the authors also
reported that these neuroimaging findings were associated with
conduct disorders and ADHD symptoms. In the restricted MRI
subsample (n = 40), the association between ADHD symptoms
and PAHs exposure was not significant and mediation analyses
were not possible. However, considering that in the whole sample (n = 250) this association was significant, a potential mediator
effect of WM reductions between PAHs exposure and ADHD
symptoms could be assumed.
These investigations were obviously limited by the batteries of cognitive tests designed for the cohorts. But considering that the neuroimaging findings mostly concern WM and
the prefrontal cortex [16, 17, 24, 25], the possibility of subsequent cognitive impairment is extended to many domains including all of those reported in epidemiological studies [2•, 5].
The prefrontal cortex is associated with higher cognitive functions such as working memory, episodic memory retrieval,
and executive function [66]. On the other hand, WM interconnects widely distributed networks that might be involved in all
cognitive domains [67].
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Recommendations for Future Studies
Despite a great heterogeneity in study populations, MRI
methods, pollutants, and cognitive investigation, the studies
reviewed suggest a biological plausibility in the associations
between exposure to urban air pollution and cognition observed in the overall population [2•, 5, 6]. From only a handful
of studies, insights drawn are already promising and should
encourage a more systematic use of neuroimaging in epidemiological studies interested in the question of the effects of air
pollution on the human brain (Fig. 2). As it is still an emerging
field, areas of improvement exist for future studies. The first
aspect to take into account should be the optimization of the
MRI detection sensitivity. The brain has a dynamic structure
in constant evolution throughout life [50], so longitudinal
studies with repeated MRI sessions should be promoted in
order to assess the impact of air pollution on the
developmental/aging trajectories of WM and cortical GM.
Subcortical structures should be examined with methods that
are able to better capture the complexity of their anatomy,
often made up of several subfields, each with a partially independent functional role [68]. Recent methods permit the exploration of the brain structure’s shape and beyond purely
volumetric measures [69]. These structures merit a particular
interest because of their involvement in many cognitive processes and psychiatric disorders [70–72].There is growing evidence suggesting that the fetal period is a highly vulnerable
period [19, 35]. However in humans, MRI data investigating
the brain damages consecutive to this period have only been
collected during childhood so far [19]. MRI sessions earlier in
life (i.e., prenatal or early postnatal MRI [73]) should be encouraged to get better insights about the effects of prenatal
exposure on the brain. Regarding cognition, mediation

analyses should be performed whenever this is feasible in
order to determine the exact influence of the brain damages.
Yet, there are remaining questions that still require experimental and neuropathological investigation before any conclusions can be made about a causal link between urban air
pollution and cognitive disorders in humans. Tremendous
work has been done and is still ongoing to determine the
mechanisms through which air pollutants reach the brain
[14, 74] and induce damages at the cellular and molecular
level [11••, 74]. Current findings converge towards the hypothesis that TRAP neurotoxicity leads to neuroinflammation,
oxidative stress, and/or neurovascular unit dysfunction, which
in turn result in oligodendrocytes and/or myelin damage and
loss of neurons or alterations in their morphology [29, 32, 34,
35, 75]. Currently, we can only assume that MRI-detected
changes reflect these cellular damages. To date, only Ejaz et
al. examined whether imaging-pathologic correlations might
exist in rats and failed to find any brain changes by visual
inspection of the MRI images while pathological analyses
revealed neuronal loss [29]. The investigation of this type of
correlation with more advanced MRI methods in animal studies is necessary to better understand the biological meaning of
the MRI-detected brain changes in humans (Fig. 2). Besides,
because humans are exposed throughout life to a mixture of
air pollutants, in vitro and in vivo animal studies are the only
ones that have the possibility to determine the individual effect
of the different chemical components of air pollution, as well
as the key exposure time window.
To summarize, future studies integrating neuroimaging and
epidemiological studies should consider (i) to explore the effects
of TRAP on brain growth/aging trajectories using repeated MRI
sessions, (ii) to perform MRI early in life, (iii) to investigate the
associations between data from fMRI (task and at rest) and acute

Fig. 2 Understanding the link between air pollution and cognition: the central role of studies interfacing environmental epidemiology and neuroimaging
in humans
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exposure to TRAP estimated in 2–3 days before the fMRI session, and (iv) to explore all the potential neuropsychological
functioning (psychomotor, cognition and social-emotional)
[76] correlates of the TRAP-induced brain changes.

Conclusion
In conclusion, studies integrating environmental epidemiology and neuroimaging suggest that WM, cortical GM, and
basal ganglia could be targets of TRAP and that these detected
TRAP-induced brain damages might underlie the observed
association between TRAP exposure and cognitive disorders
in humans. Related to several fields of research, these studies
still face many methodological challenges. They remain, however, the only means to investigate in vivo the physical effects
of TRAP potentially involved in cognitive, behavior, and psychomotor disorders in humans. Fortunately, areas of improvements have been identified and are feasible. Future studies,
together with inputs from experimental findings, should provide more relevant and detailed knowledge about the nature of
the link between TRAP exposure and cognitive, behavior, and
psychomotor disorders observed in the general population.
Funding Source Marion Mortamais is supported by a Marie SkłodowskaCurie Individual Fellowship (H2020-MSCA-IF-2014; EU project
656294).

Compliance with Ethical Standards
Conflict of Interest The authors declare that they have no conflict of
interest.
Human and Animal Rights and Informed Consent This article does not
contain any studies with human or animal subjects performed by any of
the authors.
Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References
Papers of particular interest, published recently, have been
highlighted as:
• Of importance
•• Of major importance
1.

Brook RD, Rajagopalan S, Pope CA, Brook JR, Bhatnagar A, DiezRoux AV, et al. Particulate matter air pollution and cardiovascular
disease: an update to the scientific statement from the American
Heart Association. Circulation. 2010;121:2331–78.

2.• Suades-González E, Gascon M, Guxens M, Sunyer J. Air pollution
and neuropsychological development: a review of the latest evidence. Endocrinology. 2015;156:3473–82. This review summarizes all the findings from epidemiological studies concerning
the relationships between neurodevelopment in children and
air pollution.
3. Flores-Pajot M-C, Ofner M, Do MT, Lavigne E, Villeneuve PJ.
Childhood autism spectrum disorders and exposure to nitrogen dioxide, and particulate matter air pollution: a review and meta-analysis. Environ Res. 2016;151:763–76.
4. Power MC, Adar SD, Yanosky JD, Weuve J. Exposure to air pollution as a potential contributor to cognitive function, cognitive
decline, brain imaging, and dementia: a systematic review of epidemiologic research. Neurotoxicology. 2016;56:235–53.
5. Clifford A, Lang L, Chen R, Anstey KJ, Seaton A. Exposure to air
pollution and cognitive functioning across the life course—a systematic literature review. Environ Res. 2016;147:383–98.
6. Chen H, Kwong JC, Copes R, Tu K, Villeneuve PJ, van Donkelaar
A, et al. Living near major roads and the incidence of dementia,
Parkinson’s disease, and multiple sclerosis: a population-based cohort study. Lancet. 2017;389(10070):718–726.
7. Mills NL, Donaldson K, Hadoke PW, Boon NA, MacNee W,
Cassee FR, et al. Adverse cardiovascular effects of air pollution.
Nat Clin Pract Cardiovasc Med. 2009;6:36–44.
8. Campbell A, Oldham M, Becaria A, Bondy SC, Meacher D,
Sioutas C, et al. Particulate matter in polluted air may increase
biomarkers of inflammation in mouse brain. Neurotoxicology.
2005;26:133–40.
9. Saunders CR, Das SK, Ramesh A, Shockley DC, Mukherjee S.
Benzo(a)pyrene-induced acute neurotoxicity in the F-344 rat: role
of oxidative stress. J Appl Toxicol. 2006;26:427–38.
10. Davis DA, Akopian G, Walsh JP, Sioutas C, Morgan TE, Finch CE.
Urban air pollutants reduce synaptic function of CA1 neurons via
an NMDA/N pathway in vitro. J Neurochem. 2013;127:509–19.
11.•• Block ML, Calderón-Garcidueñas L. Air pollution: mechanisms of
neuroinflammation and CNS disease. Trends Neurosci. 2009;32:
506–16. This study details the mechanisms through which air
pollution reaches the brain, as well as the mechanisms through
which air pollutants might be neurotoxic.
12. Genc S, Zadeoglulari Z, Fuss SH, Genc K. The adverse effects of
air pollution on the nervous system. J Toxicol. 2012;2012:782462.
13. Block ML, Wu X, Pei Z, Li G, Wang T, Qin L, et al. Nanometer size
diesel exhaust particles are selectively toxic to dopaminergic neurons: the role of microglia, phagocytosis, and NADPH oxidase.
FASEB J. 2004;18:1618–20.
14. Mumaw CL, Levesque S, McGraw C, Robertson S, Lucas S,
Stafflinger JE, et al. Microglial priming through the lung-brain axis:
the role of air pollution-induced circulating factors. FASEB J.
2016;30:1880–91.
15. Woodward NC, Pakbin P, Saffari A, Shirmohammadi F, Haghani A,
Sioutas C, et al. Traffic-related air pollution impact on mouse brain
accelerates myelin and neuritic aging changes with specificity for
CA1 neurons. Neurobiol Aging. 2017;53:48–58.
16. Casanova R, Wang X, Reyes J, Akita Y, Serre ML, Vizuete W, et al.
A voxel-based morphometry study reveals local brain structural
alterations associated with ambient fine particles in older women.
Front Hum Neurosci. 2016;10:495.
17. Chen J-C, Wang X, Wellenius GA, Serre ML, Driscoll I, Casanova
R, et al. Ambient air pollution and neurotoxicity on brain structure:
evidence from women’s health initiative memory study. Ann
Neurol. 2015;78:466–76.
18. Mortamais M, Pujol J, van Drooge BL, Macià D, MartínezVilavella G, Reynes C, et al. Effect of exposure to polycyclic aromatic hydrocarbons on basal ganglia and attention-deficit hyperactivity disorder symptoms in primary school children. Environ Int.
2017;105:12–9.

Curr Envir Health Rpt
19.

Peterson BS, Rauh VA, Bansal R, Hao X, Toth Z, Nati G, et al.
Effects of prenatal exposure to air pollutants (polycyclic aromatic
hydrocarbons) on the development of brain white matter, cognition,
and behavior in later childhood. JAMA Psychiatry. 2015;72:531–40.
20. Pujol J, Fenoll R, Macià D, Martínez-Vilavella G, Alvarez-Pedrerol
M, Rivas I, et al. Airborne copper exposure in school environments
associated with poorer motor performance and altered basal ganglia. Brain Behav. 2016;6:e00467.
21. Bansal R, Gerber AJ, Peterson BS. Brain morphometry using anatomical magnetic resonance imaging. J Am Acad Child Adolesc
Psychiatry. 2008;47:619–21.
22. Watts R, Liston C, Niogi S, Uluğ AM. Fiber tracking using magnetic resonance diffusion tensor imaging and its applications to
human brain development. Ment Retard Dev Disabil Res Rev.
2003;9:168–77.
23.•• Horton MK, Margolis AE, Tang C, Wright R. Neuroimaging is a
novel tool to understand the impact of environmental chemicals on
neurodevelopment. Curr Opin Pediatr. 2014;26:230–6. This study
provides an overview of the different MRI modalities used in
environmental epidemiologic studies interested in other environmental risk factors that air pollution.
24. Calderón-Garcidueñas L, Mora-Tiscareño A, Ontiveros E, GómezGarza G, Barragán-Mejía G, Broadway J, et al. Air pollution, cognitive deficits and brain abnormalities: a pilot study with children
and dogs. Brain Cogn. 2008;68:117–27.
25. Calderón-Garcidueñas L, Engle R, Mora-Tiscareño A, Styner M,
Gómez-Garza G, Zhu H, et al. Exposure to severe urban air pollution influences cognitive outcomes, brain volume and systemic inflammation in clinically healthy children. Brain Cogn. 2011;77:
345–55.
26. Pujol J, Martínez-Vilavella G, Macià D, Fenoll R, Alvarez-Pedrerol
M, Rivas I, et al. Traffic pollution exposure is associated with altered brain connectivity in school children. NeuroImage. 2016;129:
175–84.
27. Wilker EH, Preis SR, Beiser AS, Wolf PA, Au R, Kloog I, et al.
Long-term exposure to fine particulate matter, residential proximity
to major roads and measures of brain structure. Stroke. 2015;46:
1161–6.
28. Wilker EH, Martinez-Ramirez S, Kloog I, Schwartz J, Mostofsky
E, Koutrakis P, et al. Fine particulate matter, residential proximity to
major roads, and markers of small vessel disease in a memory study
population. J Alzheimers Dis. 2016;53:1315–23.
29. Ejaz S, Anwar K, Ashraf M. MRI and neuropathological validations of the involvement of air pollutants in cortical selective neuronal loss. Environ Sci Pollut Res Int. 2014;21:3351–62.
30. Fazekas F, Kleinert R, Offenbacher H, Schmidt R, Kleinert G,
Payer F, et al. Pathologic correlates of incidental MRI white matter
signal hyperintensities. Neurology. 1993;43:1683–9.
31. Pantoni L, Garcia JH. Pathogenesis of leukoaraiosis: a review.
Stroke. 1997;28:652–9.
32. Fonken LK, Xu X, Weil ZM, Chen G, Sun Q, Rajagopalan S, et al.
Air pollution impairs cognition, provokes depressive-like behaviors
and alters hippocampal cytokine expression and morphology. Mol
Psychiatry. 2011;16:987–95. 973
33. Dutta K, Ghosh D, Nazmi A, Kumawat KL, Basu A. A common
carcinogen benzo[a]pyrene causes neuronal death in mouse via
microglial activation. PLoS One. 2010;5:e9984.
34. Veronesi B, Makwana O, Pooler M, Chen LC. Effects of subchronic
exposures to concentrated ambient particles. VII. Degeneration of
dopaminergic neurons in Apo E−/− mice. Inhal Toxicol. 2005;17:
235–41.
35. Allen JL, Oberdorster G, Morris-Schaffer K, Wong C, Klocke C,
Sobolewski M, et al. Developmental neurotoxicity of inhaled ambient ultrafine particle air pollution: parallels with neuropathological and behavioral features of autism and other neurodevelopmental
disorders. Neurotoxicology. 2017;59:140–154.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Laszkiewicz I, Mouzannar R, Wiggins RC, Konat GW. Delayed
oligodendrocyte degeneration induced by brief exposure to hydrogen peroxide. J Neurosci Res. 1999;55:303–10.
Volpe JJ, Kinney HC, Jensen FE, Rosenberg PA. The developing
oligodendrocyte: key cellular target in brain injury in the premature
infant. Int J Dev Neurosci. 2011;29:423–40.
Jayaraj RL, Rodriguez EA, Wang Y, Block ML. Outdoor ambient
air pollution and neurodegenerative diseases: the neuroinflammation hypothesis. Curr Environ Health Rep. 2017;4:166–79.
Baumann N, Pham-Dinh D. Biology of oligodendrocyte and myelin in the mammalian central nervous system. Physiol Rev.
2001;81:871–927.
Dubois J, Dehaene-Lambertz G, Kulikova S, Poupon C, Hüppi PS,
Hertz-Pannier L. The early development of brain white matter: a
review of imaging studies in fetuses, newborns and infants.
Neuroscience. 2014;276:48–71.
Paus T, Collins DL, Evans AC, Leonard G, Pike B, Zijdenbos A.
Maturation of white matter in the human brain: a review of magnetic resonance studies. Brain Res Bull. 2001;54:255–66.
Liu H, Wang L, Geng Z, Zhu Q, Song Z, Chang R, et al. A voxelbased morphometric study of age- and sex-related changes in white
matter volume in the normal aging brain. Neuropsychiatr Dis Treat.
2016;12:453–65.
Hinman JD, Peters A, Cabral H, Rosene DL, Hollander W, Rasband
MN, et al. Age-related molecular reorganization at the node of
Ranvier. J Comp Neurol. 2006;495:351–62.
Brown WR, Moody DM, Challa VR, Thore CR, Anstrom JA.
Venous collagenosis and arteriolar tortuosity in leukoaraiosis. J
Neurol Sci. 2002;203–204:159–63.
Moody DM, Brown WR, Challa VR, Anderson RL. Periventricular
venous collagenosis: association with leukoaraiosis. Radiology.
1995;194:469–76.
Moody DM, Bell MA, Challa VR. Features of the cerebral vascular
pattern that predict vulnerability to perfusion or oxygenation deficiency: an anatomic study. AJNR Am J Neuroradiol. 1990;11:431–
9.
Wellenius GA, Boyle LD, Wilker EH, Sorond FA, Coull BA,
Koutrakis P, et al. Ambient fine particulate matter alters cerebral
hemodynamics in the elderly. Stroke. 2013;44:1532–6.
de Leeuw FE, de Groot JC, Bots ML, Witteman JC, Oudkerk M,
Hofman A, et al. Carotid atherosclerosis and cerebral white matter
lesions in a population based magnetic resonance imaging study. J
Neurol. 2000;247:291–6.
Fjell AM, Westlye LT, Amlien I, Espeseth T, Reinvang I, Raz N, et
al. High consistency of regional cortical thinning in aging across
multiple samples. Cereb Cortex. 2009;19:2001–12.
Casey BJ, Tottenham N, Liston C, Durston S. Imaging the developing brain: what have we learned about cognitive development?
Trends Cogn Sci. 2005;9:104–10.
Baker MG, Criswell SR, Racette BA, Simpson CD, Sheppard L,
Checkoway H, et al. Neurological outcomes associated with lowlevel manganese exposure in an inception cohort of asymptomatic
welding trainees. Scand J Work Environ Health. 2015;41:94–101.
Chang Y, Jin S-U, Kim Y, Shin KM, Lee HJ, Kim SH, et al.
Decreased brain volumes in manganese-exposed welders.
Neurotoxicology. 2013;37:182–9.
Chang Y, Woo S-T, Kim Y, Lee J-J, Song H-J, Lee HJ, et al. Pallidal
index measured with three-dimensional T1-weighted gradient echo
sequence is a good predictor of manganese exposure in welders. J
Magn Reson Imaging. 2010;31:1020–6.
Criswell SR, Perlmutter JS, Huang JL, Golchin N, Flores HP,
Hobson A, et al. Basal ganglia intensity indices and diffusion
weighted imaging in manganese-exposed welders. Occup Environ
Med. 2012;69:437–43.

Curr Envir Health Rpt
55.

Dietz MC, Ihrig A, Wrazidlo W, Bader M, Jansen O, Triebig G.
Results of magnetic resonance imaging in long-term manganese
dioxide-exposed workers. Environ Res. 2001;85:37–40.
56. Lee E-Y, Flynn MR, Du G, Li Y, Lewis MM, Herring AH, et al.
Increased R2* in the caudate nucleus of asymptomatic welders.
Toxicol Sci. 2016;150:369–77.
57. Shin YC, Kim E, Cheong H-K, Cho S, Sakong J, Kim KS, et al.
High signal intensity on magnetic resonance imaging as a predictor
of neurobehavioral performance of workers exposed to manganese.
Neurotoxicology. 2007;28:257–62.
58. Kim EA, Cheong H-K, Choi DS, Sakong J, Ryoo JW, Park I, et al.
Effect of occupational manganese exposure on the central nervous
system of welders: 1H magnetic resonance spectroscopy and MRI
findings. Neurotoxicology. 2007;28:276–83.
59. Meiser J, Weindl D, Hiller K. Complexity of dopamine metabolism.
Cell Commun Signal. 2013;11:34.
60. Dorado-Martínez C, Paredes-Carbajal C, Mascher D, BorgonioPérez G, Rivas-Arancibia S. Effects of different ozone doses on
memory, motor activity and lipid peroxidation levels, in rats. Int J
Neurosci. 2001;108:149–61.
61. Rivas-Arancibia S, Dorado-Martínez C, Borgonio-Pérez G, HiriartUrdanivia M, Verdugo-Diaz L, Durán-Vázquez A, et al. Effects of
taurine on ozone-induced memory deficits and lipid peroxidation
levels in brains of young, mature, and old rats. Environ Res.
2000;82:7–17.
62. Crüts B, van Etten L, Törnqvist H, Blomberg A, Sandström T, Mills
NL, et al. Exposure to diesel exhaust induces changes in EEG in
human volunteers. Part Fibre Toxicol. 2008;5:4.
63. Sunyer J, Suades-González E, García-Esteban R, Rivas I, Pujol J,
Alvarez-Pedrerol M, et al. Traffic-related air pollution and attention
in primary school children: short-term association. Epidemiology.
2017;28:181–9.
64. Saenen ND, Provost EB, Viaene MK, Vanpoucke C, Lefebvre W,
Vrijens K, et al. Recent versus chronic exposure to particulate matter
air pollution in association with neurobehavioral performance in a
panel study of primary schoolchildren. Environ Int. 2016;95:112–9.
65. Mortamais M, Ash JA, Harrison J, Kaye J, Kramer J, Randolph C, et
al. Detecting cognitive changes in preclinical Alzheimer’s disease: a
review of its feasibility. Alzheimers Dement. 2017;13:468–92.

66.

Koechlin E. Prefrontal executive function and adaptive behavior in
complex environments. Curr Opin Neurobiol. 2016;37:1–6.
67. Filley CM, Fields RD. White matter and cognition: making the
connection. J Neurophysiol [Internet]. 2016 [cited 2018 Feb
8];116:2093–104. Available from: https://www.ncbi.nlm.nih.gov/
pmc/articles/PMC5102321/.
68. Coras R, Pauli E, Li J, Schwarz M, Rössler K, Buchfelder M, et al.
Differential influence of hippocampal subfields to memory formation: insights from patients with temporal lobe epilepsy. Brain J
Neurol. 2014;137:1945–57.
69. Wang Y, Song Y, Rajagopalan P, An T, Liu K, Chou Y-Y, et al.
Surface-based TBM boosts power to detect disease effects on the
brain: an N=804 ADNI study. NeuroImage. 2011;56:1993–2010.
70. Schuetze M, Park MTM, Cho IY, MacMaster FP, Chakravarty MM,
Bray SL. Morphological alterations in the thalamus, striatum, and
pallidum in autism spectrum disorder. Neuropsychopharmacology.
2016;41:2627–37.
71. Frodl T, Skokauskas N. Meta-analysis of structural MRI studies in
children and adults with attention deficit hyperactivity disorder indicates treatment effects. Acta Psychiatr Scand. 2012;125:114–26.
72. Lazarov O, Hollands C. Hippocampal neurogenesis: learning to
remember. Prog Neurobiol. 2016;138–140:1–18.
73. Studholme C. Mapping fetal brain development in utero using magnetic resonance imaging: the Big Bang of brain mapping. Annu Rev
Biomed Eng. 2011;13:345–68.
74. Elder A, Gelein R, Silva V, Feikert T, Opanashuk L, Carter J, et al.
Translocation of inhaled ultrafine manganese oxide particles to the
central nervous system. Environ Health Perspect. 2006;114:1172–8.
75. Calderón-Garcidueñas L, Reynoso-Robles R, Vargas-Martínez J,
Gómez-Maqueo-Chew A, Pérez-Guillé B, Mukherjee PS, et al.
Prefrontal white matter pathology in air pollution exposed Mexico
City young urbanites and their potential impact on neurovascular
unit dysfunction and the development of Alzheimer’s disease.
Environ Res. 2016;146:404–17.
76. Forns J, Aranbarri A, Grellier J, Julvez J, Vrijheid M, Sunyer J. A
conceptual framework in the study of neuropsychological development in epidemiological studies. Neuroepidemiology. 2012;38:
203–8.

