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BACKGROUND: Only a limited number of neuroimaging studies have explored the effects of ambient air pollution in adults. The prior studies have
investigated only cortical volume, and they have reported mixed findings, particularly for gray matter. Furthermore, the association between nitrogen
dioxide (NO2) and neuroimaging markers has been little studied in adults.
OBJECTIVES:We investigated the association between long-term exposure to air pollutants (NO2, particulate matter (PM) with aerodynamic diameters
of ≤10 lm (PM10) and ≤2:5 lm (PM2.5), and neuroimaging markers.
METHODS: The study included 427 men and 530 women dwelling in four cities in the Republic of Korea. Long-term concentrations of PM10, NO2,
and PM2.5 at residential addresses were estimated. Neuroimaging markers (cortical thickness and subcortical volume) were obtained from brain mag-
netic resonance images. A generalized linear model was used, adjusting for potential confounders.
RESULTS: A 10-lg=m3 increase in PM10 was associated with reduced thicknesses in the frontal [–0:02 mm (95% CI: –0:03, –0:01)] and temporal
lobes [–0:06 mm (95% CI: –0:07, –0:04)]. A 10-lg=m3 increase in PM2.5 was associated with a thinner temporal cortex [–0:18 mm (95% CI: –0:27,
–0:08)]. A 10-ppb increase in NO2 was associated with reduced thicknesses in the global [–0:01 mm (95% CI: –0:01, 0.00)], frontal [–0:02 mm (95%
CI: –0:03, –0:01)], parietal [–0:02 mm (95% CI: –0:03, –0:01)], temporal [–0:04 mm (95% CI: –0:05, –0:03)], and insular lobes [–0:01 mm (95% CI:
–0:02, 0.00)]. The air pollutants were also associated with increased thicknesses in the occipital and cingulate lobes. Subcortical structures associated
with the air pollutants included the thalamus, caudate, pallidum, hippocampus, amygdala, and nucleus accumbens.
DISCUSSION: The findings suggest that long-term exposure to high ambient air pollution may lead to cortical thinning and reduced subcortical volume
in adults. https://doi.org/10.1289/EHP7133

Introduction
Recent research has suggested that air pollution is a risk factor for
dementia, mild cognitive disorders, and cognitive decline (Chen
et al. 2017; Power et al. 2011, 2016; Tzivian et al. 2016; Xu et al.
2016). Only a few studies have linked air pollution to anatomical
findings (e.g., cortical volume) on brain magnetic resonance

imaging (MRI) in adults, and these studies have yielded contradic-
tory findings regarding gray matter changes related to air pollution
(Casanova et al. 2016; Chen et al. 2015; Power et al. 2018). A rea-
son for the discrepancies may be differing brain MRI analysis
methods: region of interest (ROI) (Chen et al. 2015) and voxel-
based image analyses (Casanova et al. 2016). Another reason may
be heterogeneity in the associations between air pollution and brain
volumes across geographic regions, as demonstrated in the
Atherosclerosis Risk in Communities (ARIC) study analysis
(Power et al. 2018). In addition to this inconsistency, the existing
evidence is limited to the effect of particulatematter (PM) and there
is a paucity of data on the effect of exposure to traffic-related air
pollutants, such as nitrogen dioxide (NO2) on brain imaging
markers in adults. An analysis in the Northern Manhattan Study
found a null association between NO2 and brain MRI markers, but
the imaging markers were focused on vascular findings, such as
whitematter hyperintensities (Kulick et al. 2017).

The brain MRI markers used in prior studies were limited to
volumetric measures, such as cortical volume—a composite of the
genetically different cortical thickness and surface area (Panizzon
et al. 2009). Cortical thickness is reportedly a more sensitive indi-
cator of brain structural changes than cortical volume (Burggren
et al. 2008; Thambisetty et al. 2010). Some studies investigated
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associations between air pollution [elemental carbon, NO2 (Pujol
et al. 2016b), and copper (Pujol et al. 2016a)] and cortical thick-
ness. However, these studies included only children and used
1.5 Tesla brain MRI. Investigating cortical thickness in adults
using higher MRI resolution could clarify the mechanism underly-
ing neurodegeneration induced by air pollution exposure.

We examined the association between ambient air pollution
(PM and NO2) and brain MRI markers, including cortical thick-
ness, in adults. To account for the possible impact of differences
in individual characteristics between more- and less-polluted
areas, we also examined the above association after propensity
score matching (PSM) individuals. In addition to ROI-based
analysis (with predefined brain regions), we performed surface-
based morphometry (SBM) of brain 3 Tesla MRI to capture
small (and not predefined) brain regions associated with air
pollution.

Methods

Study Participants
The Environmental Pollution-Induced Neurological EFfects
(EPINEF) study included four cities in the Republic of Korea—
seven wards in two metropolitan cities (Seodaemun-gu, Mapo-
gu, Yangcheon-gu, Eunpyeong-gu, Nowon-gu, Gangnam-gu in
Seoul; Namdong-gu in Incheon) and two rural cities (Wonju and
Pyeongchang). Individuals ≥50 years of age without known neu-
rological diseases (e.g., dementia, movement disorders, stroke)
were recruited through local advertisements (starting in 2014)
and enrolled. The survey was conducted in three university-based
hospitals: Yonsei University Severance Hospital (Seoul), Gachon
University Gil Medical Center (Incheon), and Wonju Severance
Christian Hospital (Wonju and Pyeongchang). Using a standar-
dized survey protocol, participants underwent questionnaires, an-
thropometric and blood pressure measurements, blood tests, and
the Mini-Mental State Examination (MMSE). Systolic and dia-
stolic blood pressure (in millimeters of mercury) was measured
twice and averaged. Blood samples were collected after fasting
for ≥12 h and analyzed in a central laboratory (Seoul Clinical
Laboratory Co., Ltd, Seoul, Korea). Of the recruited participants
from between 2014 and 2017 (n=1,711), 998 participants were
invited to undergo brain 3T MRI scans by order of enrollment
and 2 participants were excluded because of incomplete brain
images. After excluding participants with missing values, 957
participants were included in the study. All individuals provided
written informed consent. The study was approved by the Yonsei
University Health System Institutional Review Board (approval
no. 4-2014-0359).

Exposure Assessment
The national prediction model, which included more than 300 ge-
ographic variables, was constructed using average annual concen-
trations of PM with aerodynamic diameters of ≤10 lm (PM10)
and NO2 at approximately 300 air quality regulatory monitoring
sites between 2001 and 2016 (Kim and Song 2017). This univer-
sal kriging model consisted of mean and variance components.
The mean component included two and three summary predictors
estimated by partial least squares of more than 300 geographic
variables. The variance component was parameterized by range,
partial sill, and nugget, which indicated the distance at which spa-
tial correlation, spatial variability, and nonspatial variability
existed, respectively. Using this model, we predicted annual aver-
age concentrations of each air pollutant at the residential
addresses of each study participant. We estimated 5-y average
concentrations of the air pollutants prior to the years of the three

recruitment intervals (i.e., 2010–2014, 2011–2015, and 2012–
2016 for the first, second, and third years of the survey, respec-
tively). The performance of this air pollution prediction model
was good for NO2 and moderate for PM10 (cross-validated
R2 = 0:82 and 0.45, respectively); this prediction ability was com-
parable to those of national prediction models based on regula-
tory monitoring data in the United States and Europe (Hart et al.
2009; Vienneau et al. 2010). Concentrations of PM with aerody-
namic diameters of ≤2:5 lm (PM2.5) at participants’ residential
addresses were estimated using the same method as for PM10. In
this prediction, the 1-y average in 2015 was computed given that
nationwide regulatory monitoring data are available from 2015.

Acquisition and Analysis of Brain MRI
Three-dimensional T1-magnetization prepared rapid gradient
echo images were obtained. The imaging parameters used in this
study were as follows: repetition time, 1,900 ms; echo time, 2.93
ms; flip angle, 8°; pixel bandwidth, 170 Hz/pixel; matrix size,
256× 208; field of view, 256 mm; and number of excitations
(NEX): 1, total acquisition. ROI-based and SBM analyses of the
brain images were performed using the standard pipeline of
FreeSurfer (version 6.0.0; http://surfer.nmr.mgh.harvard.edu/).
Both analyses involved subcortical segmentation (Fischl et al.
2002, 2004a), cortical surface reconstruction (Dale et al. 1999;
Fischl et al. 1999a), cortical thickness mapping (Fischl and Dale
2000), surface-based inter-subject alignment (Fischl et al. 1999a,
1999b), and cortical parcellation (Desikan et al. 2006; Fischl et al.
2004b). Specifically, in the ROI-based analysis, the outer and
inner cortical surface meshes were constructed based on the mag-
netic resonance volume of each individual. These two isomorphic
meshes had identical vertices and connectivity because the outer
cortical surface was constructed by deforming the inner surface.
To establish inter-individual correspondence, each individual’s
cortical surface to 40,962 vertices in each hemisphere was
resampled in line with a previous study (Cho et al. 2012). We
used the manifold harmonic transform (MHT), which mapped the
cortical thickness from the surface onto the frequency domain
(Qiu et al. 2006; Vallet and Lévy 2008). The MHT filtered out
high-frequency components (treated as noise), allowing us to
remove noise and reduce the dimensionality of the cortical thick-
ness data (Cho et al. 2012). This procedure yielded estimates of
regional cortical thickness (frontal, temporal, parietal, occipital,
cingulate, and insula) and subcortical gray matter volume (thala-
mus, caudate, putamen, pallidum, hippocampus, amygdala, and
nucleus accumbens). Estimates of the right and left hemispheres
were averaged, and global cortical thickness was calculated by
averaging the six cortical thicknesses. In contrast to the ROI-
based analysis, SBM did not require a priori definition of an ROI
and enabled the visualization of small brain regions associated
with air pollution in the present study. Compared with the voxel-
based morphometry used in the study by Casanova et al. (2016),
SBM measures more specific metrics, such as cortical thickness.
In the preprocessing for SBM, individual thickness maps were
resampled on the FreeSurfer reference surface (the so-called fsa-
verage) and then smoothed along the reference surface, (Fischl
et al. 1999b; Hagler et al. 2006). The reference surface was repre-
sented by triangulated meshes of the cortex, and the cortical
thickness of each vertex (where the points of adjacent triangles
meet) was used for hypothesis testing in SBM.

The MRI scanners used included a Philips 3T Achieva MRI
scanner (n=646) at Yonsei University Severance Hospital and
Wonju Severance Christian Hospital and a Siemens 3T Verio
MRI scanner (n=311) at Gachon University Gil Medical Center.
To address potential differences, 12 participants were invited to
participate in a pilot study and underwent brain MRI scans using
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both scanners. We created linear regression equations, including
an average estimate of cortical thicknesses or subcortical volumes
from the Siemens scanner as an independent variable and that
from the Philips scanner as a dependent variable; here, age was
adjusted for. For intracranial volume (ICV), a simple linear
regression equation was created. Adjusted R2 of the regression
equations were 0.91 for cortical thickness, 0.93 for cortical vol-
ume, and 0.91 for ICV. The resulting equations were used to
transform estimates from the Siemens scanner to equivalents of
those from the Phillips scanner. The regression coefficients for
age and global cortical thickness in the equation for cortical
thickness was also applied to the individuals’ thickness maps
measured on native cortical surfaces.

Covariates
The following covariates were selected a priori: age, sex, socioe-
conomic factors, and cardiovascular risk factors. The socioeco-
nomic factors included education level (years), marital status
[living with a spouse or partner (cohabiting) or not], and income
level. The cardiovascular risk factors included history of cardio-
vascular diseases (hypertension, diabetes, hyperlipidemia, and
angina or myocardial infarction), smoking (never, former, or cur-
rent smoker), alcohol consumption (currently drinking or not),
walking days per week, body mass index (in kilometers per meter
squared), systolic and diastolic blood pressure (in millimeters
mercury), fasting blood glucose, and total cholesterol levels.

Statistical Analysis
In the main analysis, a generalized linear model was used to inves-
tigate ROI-based brain MRI markers associated with air pollutant
concentrations. We estimated linear changes in brainMRI markers
per a 10-lg=m3 increase in PM and a 10-ppb increase in NO2 using
two models. Model 1 was adjusted for the aforementioned covari-
ates (except for the cardiovascular risk factors) plus survey year
and ICV.Model 2 was constructed including theModel 1 variables
plus the cardiovascular risk factors (with a view to reporting esti-
mates with and without adjustment for potential intermediates). In
this analysis, beta coefficients represented estimated differences
in cortical thickness (in millimeters) and subcortical volumes (in
millimeters cubed). Considering possible sex differences in corti-
cal thickness and volume (Ritchie et al. 2018), we additionally
investigated sex-specific associations between air pollutant con-
centrations and ROI-based brainMRI markers. The significance of
sex difference was tested using the method described by Altman
andBland (2003), yielding pinteraction values.

As a post hoc analysis, we conducted PSM to effectively con-
trol for the possible impact of differences in individual character-
istics between more- and less-polluted areas. In this multicity
study, individual characteristics might have been affected by area
of residence. Adjusting for or stratifying on area of residence can
lead to a loss of sufficient variations in air pollutant concentra-
tions to detect the studied association, particularly in a relatively
small study. Furthermore, simple adjustment for area of residence
(at the city level) might not account for individual differences
between more- and less-polluted areas within a city. The PSM
approach, mimic to a randomized intervention (i.e., higher or
lower air pollution exposure in this study), enabled us to obtain
two comparable groups dwelling in more- and less-polluted
areas. Although this approach weakens generalizability by select-
ing subgroups, it improves comparability and, in turn, the possi-
bility of causal inference in observational studies (Bind 2019). In
the present study, the propensity score was defined as the proba-
bility to be assigned to the higher or lower exposure group given
a set of individual covariates. To obtain PSM pairs for each air

pollutant (PM10, PM2.5, or NO2), we created three subsets of
participants. In each subset, we selected those with air pollution
concentration percentiles ≥66:6 (the higher exposure group) and
those with concentration percentiles ≤33:3 (the lower exposure
group). We then estimated propensity scores using multivariable
logistic regression models (including all Model 2 variables except
ICV). The resulting C-statistics of the logistic models were 0.71
for PM10, 0.72 for PM2.5, and 0.79 for NO2. Optimal matching
was performed within a maximum radius (i.e., absolute difference
of propensity score) of 0.1, in which one individual in the lower
group was selected for each individual in the higher group. After
estimating propensity scores for each air pollutant concentration
in the higher (vs. lower) group, the propensity scores for the two
groups matched 1:1. Using the resulting PSM subsets, we
explored brain MRI markers associated with the higher (vs.
lower) air pollution group. In the ROI-based analysis, we used
linear mixed models, with the matched pair identifier as a random
effect (to account for the correlation between matched pairs) and
adjusting for ICV. In SBM (only for cortical thickness), we con-
ducted paired t-tests on every vertex of the reference surface,
with both false discovery rate (FDR) correction (p<0:05)
(Casanova et al. 2016) and cluster-wise correction (Monte-Carlo
simulation, threshold with cluster-wise p<0:05) for multiple
comparisons (Hagler et al. 2006).

Another post hoc analysis was conducted to examine the asso-
ciations between PM and brain MRI markers after controlling for
NO2 and vice versa. We built two-pollutant models, including
the Model 2 covariates used in the main analysis.

Two sensitivity analyses were performed. First, constrained
to cognitively healthy participants (n=883), we repeated the
main analysis (Model 2). Although individuals with dementia,
movement disorders, or stroke were not eligible to participate in
our study, some participants might have had mild cognitive
impairment. This means that the entire study population in the
present study might not represent cognitively healthy individuals.
In this analysis, participants with possible cognitive impairment
(defined as an MMSE score<24) were excluded. Second, con-
strained to participants who underwent the survey from 2015
(n=792), we examined the associations between PM2.5 and
brain MRI markers using the Model 2 covariates used in the main
analysis. This analysis enabled us to address the issue of temporal
misalignment between PM2.5 data (data available from 2015)
and brain MRI data, by excluding the participants with MRI data
obtained in 2014.

All statistical analyses were conducted using SAS (version
9.4; SAS Institute Inc.) and FreeSurfer (version 6.0). The two-
sided p<0:05 was set as statistical significance.

Results

Characteristics of Study Participants
Themean [standard deviation (SD)] age was 67.3 (6.4) y (Table 1).
The mean (SD) concentrations of PM10, PM2.5, and NO2 were
50:7 ð4:8Þ lg=m3, 26:0 ð0:7Þlg=m3, and 29 (9.8) ppb, respec-
tively. The correlations between PM10 and PM2.5 (r=0:58,
p<0:001), between PM10 and NO2 (r=0:67, p<0:001), and
between PM2.5 and NO2 (r=0:38, p<0:001) were statistically
significant. The mean (SD) global thickness was 2.4 (0.1) mm. The
study participants had significantly higher air pollutant concentra-
tions compared with participants who did not undergo brain MRI
scans (Table S1). Although some factors (e.g., education level,
income, smoking, alcohol consumption) significantly differed
between the two groups, there were no significant differences in
mean age andMMSE score. Characteristics of the PSM individuals
(the higher and lower air pollution groups) are presented in Table
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Table 1. Characteristics of study participants.

Characteristics Total (n=957) Men (n=427) Women (n=530)

Age [mean (SD)] 67.3 (6.4) 68.3 (6.6) 66.4 (6.1)
Education level (y) [mean (SD)] 9.9 (4.3) 10.8 (4.3) 9.2 (4.2)
Marital status: cohabiting [n (%)] 804 (84.0) 403 (94.4) 401 (75.7)
Income per montha [n (%)]
<$455 95 (9.9) 36 (8.4) 59 (11.1)
$455–$908 123 (12.9) 53 (12.4) 70 (13.2)
$909–$1,363 134 (14) 52 (12.2) 82 (15.5)
$1,364–$1,817 151 (15.8) 69 (16.2) 82 (15.5)
$1,818–$2,726 164 (17.1) 74 (17.3) 90 (17.0)
$2,727–$3,635 110 (11.5) 62 (14.5) 48 (9.1)
$3,636–$5,454 89 (9.3) 44 (10.3) 45 (8.5)
≥$5,455 46 (4.8) 24 (5.6) 22 (4.1)
Missing 45 (4.7) 13 (3.0) 32 (6.0)
History of disease [n (%)]
Hypertension 313 (32.7) 119 (27.9) 194 (36.6)
Diabetes 170 (17.8) 89 (20.8) 81 (15.3)
Hyperlipidemia 308 (32.2) 101 (23.7) 207 (39.1)
Angina or myocardial infarction 89 (9.3) 42 (9.8) 47 (8.9)
Smoking [n (%)]
Never smoker 633 (66.1) 119 (27.9) 514 (97.0)
Former smoker 261 (27.3) 249 (58.3) 12 (2.3)
Current smoker 63 (6.6) 59 (13.8) 4 (0.7)
Alcohol consumption [n (%)] 395 (41.3) 252 (59.0) 143 (27.0)
Walking days per week [mean (SD)] 4.7 (2.3) 4.7 (2.3) 4.7 (2.3)
Body mass index (kg=m2) [mean (SD)] 24.7 (3) 24.7 (2.8) 24.7 (3.1)
Systolic blood pressure (mmHg) [mean (SD)] 128.5 (14.2) 129.2 (13.3) 128.0 (14.9)
Diastolic blood pressure (mmHg) [mean (SD)] 75.2 (9.1) 75.9 (8.6) 74.7 (9.4)
Total cholesterol (mg/dL) [mean (SD)] 183.2 (37.1) 175.9 (38.4) 189.1 (35.0)
Fasting blood glucose (mg/dL) [mean (SD)] 99.9 (21.5) 102.5 (21.5) 97.8 (21.2)
Survey year [n (%)]
First (August 2014–March 2015) 165 (17.2) 67 (15.7) 98 (18.5)
Second (April 2015–March 2016) 381 (39.8) 195 (45.7) 186 (35.1)
Third (April 2016–March 2017) 411 (43) 165 (38.6) 246 (46.4)
PM10 (lg=m3)
Mean (SD) 50.7 (4.8) 50.7 (4.8) 50.7 (4.8)
Range
Tertile 1 34.5–49.7 34.5–49.7 37.3–49.7
Tertile 3 52.8–62.2 52.8–62.1 52.9–62.2

PM2.5 (lg=m3)
Mean (SD) 26.0 (0.7) 25.9 (0.7) 26.0 (0.7)
Range
Tertile 1 24.1–25.6 24.1–25.6 24.3–25.6
Tertile 3 26.2–28.1 26.1–28.1 26.2–28.1

NO2 (ppb)
Mean (SD) 29.0 (9.8) 26.5 (10.8) 31.1 (8.4)
Range
Tertile 1 5.8–29.9 5.8–21.6 5.8–31.2
Tertile 3 34.5–44.3 33.5–44.3 34.8–44.0

Cortical thickness (mm) [mean (SD)]
Global 2.4 (0.1) 2.4 (0.1) 2.5 (0.1)
Frontal 2.5 (0.1) 2.5 (0.1) 2.5 (0.1)
Parietal 2.2 (0.1) 2.2 (0.1) 2.2 (0.1)
Temporal 2.7 (0.1) 2.7 (0.1) 2.7 (0.1)
Occipital 2.0 (0.1) 2.0 (0.1) 2.0 (0.1)
Cingulate 2.5 (0.1) 2.4 (0.1) 2.5 (0.1)
Insula 2.8 (0.1) 2.8 (0.1) 2.8 (0.1)
Subcortical volume (mm3) [mean (SD)]
Thalamus 6,462.3 (715.9) 6,669.1 (757.5) 6,295.8 (633.8)
Caudate 3,149.4 (461.5) 3,280.1 (471.3) 3,044.1 (425.7)
Putamen 4,325.2 (520.2) 4,467.6 (541.8) 4,210.5 (472.4)
Pallidum 1,798.1 (219.8) 1,836.4 (217.7) 1,767.3 (216.8)
Hippocampus 3,813.4 (405.9) 3,880.6 (418.3) 3,759.3 (387.6)
Amygdala 1,510.2 (209.3) 1,576.9 (213.9) 1,456.5 (189.4)
Nucleus accumbens 337.8 (105.9) 354.0 (106.8) 324.8 (103.4)
Intracranial volume (1,000 mm3) [mean (SD)] 1,527.5 (168.0) 1,630.2 (147.7) 1,444.7 (134.4)

Note: NO2, nitrogen dioxide; PM, particulate matter; PM2.5, PM ≤2:5 lm in aerodynamic diameter; PM10, PM ≤10 lm in aerodynamic diameter; SD, standard deviation.
aIncome was based on the average exchange rate at 1,100 Korean won per 1 U.S. dollar.
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S2. None of the included covariates significantly differed between
the two groups.

Association between Air Pollution and Brain Imaging
Markers

Cortical thickness. A 10-lg=m3 increase in PM10 was signifi-
cantly associated with thinner frontal {–0:02 mm [95% confidence
interval (CI): –0:03, –0:01] and temporal cortices [–0:06 mm (95%
CI: –0:07, –0:05)] (Model 2 estimates; Table 2). PM10 was also
significantly associated with increased occipital [0:05 mm (95%
CI: 0.04, 0.07)] and cingulate thicknesses [0:03 mm (95%CI: 0.02,
0.05)]. A 10-lg=m3 increase in PM2.5was significantly associated
with a thinner temporal cortex [–0:18 mm (95%CI: –0:27, –0:08)].
PM2.5 was also significantly associated with increased occipital
[0:15 mm (95% CI: 0.06, 0.26)] and cingulate thicknesses
[0:15 mm (95% CI: 0.04, 0.26)]. A 10-ppb increase in NO2 was
significantly associated with thinner global [–0:01 mm (95% CI:
–0:01, 0.00)], frontal [–0:02 mm (95% CI: –0:03, –0:01)], parietal
[–0:02 mm (95% CI: –0:03, –0:01)], temporal [–0:04 mm (95%
CI: –0:05,–0:03)], and insular thicknesses [–0:01 mm (95% CI:

–0:02, 0.00)]. NO2 was also significantly associated with increased
occipital [0:02 mm (95%CI: 0.01, 0.03)] and cingulate thicknesses
[0:03 mm (95%CI: 0.02, 0.03)].

Subcortical volume. A 10-lg=m3 increase in PM10 was sig-
nificantly associated with reduced volumes of the thalamus
[–184:0mm3 (95% CI: –255:4, –112:5)], pallidum [–49:3mm3

(95% CI: –76:4, –22:1)], hippocampus [–55:4mm3 (95% CI:
–101:6, –9:3)], amygdala [–36:2mm3 (95% CI: –59:7, –12:6)],
and nucleus accumbens [–56:8mm3 (95% CI: –70:1, –43:5)]
(Model 2 estimates; Table 2). A 10-lg=m3 increase in PM2.5 was
significantly associated with reduced volumes of the thalamus
[–541:9mm3 (95% CI: –1,020:8, –63:0)] and nucleus accumbens
[–203:3mm3 (95% CI: –293:7, –112:9)]. A 10-ppb increase in
NO2 was significantly associated with reduced volumes of the thal-
amus [–129:1mm3 (95% CI: –166:6, –91:5)], caudate [–38:3mm3

(95% CI: –69:2, –7:5)], pallidum [–26:2mm3 (95% CI: –40:7,
–11:8)], amygdala [–23:8mm3 (95% CI: –36:3, –11:3)], and nu-
cleus accumbens [–28:2mm3 (95%CI: –35:2, –21:1)].

Sex difference. Associations between PM10 and global corti-
cal thickness differed significantly between men and women
[–0:02 mm (95% CI; –0:04, 0.00) in men vs. 0:01 mm (95% CI:

Table 2. Association between air pollution and brain magnetic resonance imaging markers in adults.

Pollutant Measurement Brain region

Model 1 Model 2

Beta (95% CI) p-Value Beta (95% CI) p-Value

PM10 Cortical thickness (mm) Global 0.00 (−0:01, 0.01) 0.60 0.00 (−0:01, 0.01) 0.60
Frontal −0:02 (−0:03, −0:01) 0.003 −0:02 (−0:03, −0:01) 0.005
Parietal 0.00 (−0:02, 0.01) 0.68 −0:01 (−0:02, 0.01) 0.45
Temporal −0:06 (−0:07, −0:05) <0:001 −0:06 (−0:07, −0:04) <0:001
Occipital 0.05 (0.04, 0.07) <0:001 0.05 (0.03, 0.06) <0:001
Cingulate 0.04 (0.02, 0.05) <0:001 0.03 (0.02, 0.05) <0:001
Insula −0:02 (−0:04, 0.00) 0.015 −0:02 (−0:04, 0.00) 0.075

Subcortical volume (mm3) Thalamus −192:7 (−263:1, −122:3) <0:001 −184:0 (−255:4, −112:5) <0:001
Caudate −34:4 (−91:2, 22.5) 0.24 −45:4 (−103:6, 12.8) 0.13
Putamen −46:2 (−107:3, 14.8) 0.14 −60:6 (−122:4, 1.3) 0.055
Pallidum −49:8 (−76:3, −23:2) <0:001 −49:3 (−76:4,−22:1) <0:001
Hippocampus −58:4 (−104:2, −12:7) 0.012 −55:4 (−101:6, −9:3) 0.019
Amygdala −38:9 (−62:0, −15:8) 0.001 −36:2 (−59:7, −12:6) 0.003
Nucleus accumbens −63:1 (−76:2, −50:0) <0:001 −56:8 (−70:1, −43:5) <0:001

PM2.5 Cortical thickness (mm) Global 0.01 (−0:05, 0.08) 0.67 0.01 (−0:06, 0.08) 0.87
Frontal −0:03 (−0:11, 0.06) 0.51 −0:03 (−0:12, 0.05) 0.46
Parietal 0.02 (−0:07, 0.11) 0.62 0.00 (−0:08, 0.09) 0.95
Temporal −0:20 (−0:29, −0:11) <0:001 −0:18 (−0:27, −0:08) <0:001
Occipital 0.21 (0.11, 0.31) <0:001 0.16 (0.06, 0.26) 0.002
Cingulate 0.18 (0.07, 0.28) 0.001 0.15 (0.04, 0.26) 0.007
Insula −0:09 (−0:22, 0.03) 0.14 −0:07 (−0:2, 0.06) 0.28

Subcortical volume (mm3) Thalamus −486:5 (−961:9,−11:1) 0.045 −541:9 (−1,020:8, −63:0) 0.027
Caudate −208:1 (−586:9, 170.8) 0.28 −267:8 (−653:9, 118.4) 0.18
Putamen −186:5 (−593:5, 220.6) 0.37 −300:8 (−711:4, 109.9) 0.15
Pallidum −156:3 (−334:2, 21.6) 0.085 −169:7 (−350:7, 11.4) 0.067
Hippocampus −145:9 (−451:6, 159.7) 0.35 −222:0 (−528:4, 84.4) 0.16
Amygdala −102:6 (−257:4, 52.3) 0.20 −110:8 (−267:7, 46.0) 0.17
Nucleus accumbens −239:0 (−329:0, −149:0) <0:001 −203:3 (−293:7, −112:9) <0:001

NO2 Cortical thickness (mm) Global −0:01 (−0:01, 0.00) 0.001 −0:01 (−0:01, 0.00) 0.002
Frontal −0:02 (−0:03, −0:02) <0:001 −0:02 (−0:03, −0:01) <0:001
Parietal −0:02 (−0:03, −0:01) <0:001 −0:02 (−0:03, −0:01) <0:001
Temporal −0:04 (−0:05, −0:04) <0:001 −0:04 (−0:05, −0:03) <0:001
Occipital 0.02 (0.01, 0.03) <0:001 0.02 (0.01, 0.03) <0:001
Cingulate 0.03 (0.02, 0.03) <0:001 0.03 (0.02, 0.03) <0:001
Insula −0:02 (−0:03, −0:01) 0.002 −0:01 (−0:02, 0.00) 0.005

Subcortical volume (mm3) Thalamus −128:1 (−164:9, −91:3) <0:001 −129:1 (−166:6,−91:5) <0:001
Caudate −32:0 (−61:9, −2:0) 0.037 −38:3 (−69:2, −7:5) 0.015
Putamen 5.5 (−26:8, 37.7) 0.74 −7:1 (−40:1, 25.8) 0.67
Pallidum −23:9 (−37:9, −9:9) 0.001 −26:2 (−40:7, −11:8) <0:001
Hippocampus − 5:1 (−29:3, 19.2) 0.68 −7:2 (−31:7, 17.4) 0.57
Amygdala −24:1 (−36:3, −11:9) <0:001 −23:8 (−36:3, −11:3) <0:001
Nucleus accumbens −28:7 (−35:7, −21:7) <0:001 −28:2 (−35:2, −21:1) <0:001

Note: Beta coefficients (per 10-unit increase in each pollutant) were from generalized linear models. Model 1 was adjusted for age, sex, education level, marital status, income, survey
year, and intracranial volume. Model 2 was adjusted for the Model 1 variables plus body mass index; smoking; alcohol consumption; walking days per week; history of hypertension,
diabetes, hyperlipidemia, and angina or myocardial infarction; systolic blood pressure; diastolic blood pressure; fasting blood glucose level; and total cholesterol level. CI, confidence
interval; NO2, nitrogen dioxide; PM, particulate matter; PM2.5, PM ≤2:5 lm in aerodynamic diameter; PM10, PM ≤10 lm in aerodynamic diameter.
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0.00, 0.02) in women; pinteraction = 0.03] (Model 2 estimates;
Table 3). Significant differences with a similar pattern of inverse
associations in men and weak positive associations in women
were also evident for the parietal and insular lobes, whereas asso-
ciations were inverse in both groups but stronger in men than
women for the temporal lobe. Significant differences between
men and women were also estimated for positive associations
between PM10 and occipital thickness, with a weaker association
in men than women [0:03 mm (95% CI: 0.01, 0.05) and 0:06 mm
(95% CI: 0.03, 0.08), respectively, pinteraction = 0.03]. The associ-
ation between PM10 and a smaller subcortical volume was sig-
nificantly stronger in men [–259:8mm3 (95% CI: –318:9,
–137:7)] than women [–108:3mm3 (95% CI: –195:1, –21:4)]
(pinteraction = 0.047). Otherwise, associations between PM10 and
subcortical volumes were similar between men and women
(pinteraction = 0.09–0.93). Associations between PM2.5 and corti-
cal thickness were inverse in both groups but much stronger in
men [–0:32 mm (95% CI: –0:46, –0:17)] than women [–0:04 mm
(95% CI: –0:17, 0.08)] for the temporal lobe (pinteraction = 0.002).
Otherwise, associations between PM2.5 and brain imaging
markers were similar between men and women (pinteraction =

0.065–0.93). Associations between NO2 and brain imaging
markers did not differ significantly between men and women.
Model 1 estimates are presented in Table S3.

Association between Air Pollution and Brain Imaging
Markers after PSM
ROI-based analysis. The higher (vs. lower) PM10 group had sig-
nificantly thinner frontal [−0:02 mm (95% CI: –0:03, 0.00)] and
temporal cortices [−0:06 mm (95% CI: –0:08, –0:04)] and signif-
icantly thicker occipital [0:05 mm (95% CI: 0.03, 0.07)] and cin-
gulate cortices [0:02 mm (95% CI: 0.01, 0.04)] (Table 4). The
higher (vs. lower) PM2.5 group had significantly thinner frontal
[−0:02 mm (95% CI: –0:04, 0.00)] and temporal cortices
[−0:05 mm (95% CI: –0:06, –0:03)] and significantly thicker
occipital [0:04 mm (95% CI: 0.02, 0.06)] and cingulate cortices
[0:03 mm (95% CI: 0.00, 0.05)]. The higher (vs. lower) NO2
group had a significantly thinner temporal cortex [−0:05 mm
(95% CI: –0:07, –0:03)] and significantly thicker occipital
[0:03 mm (95% CI: 0.01, 0.05)] and cingulate cortices [0.04 mm
(95% CI: 0.02, 0.06)]. The higher PM10 group had significantly

Table 3. Sex difference in the association between air pollution and brain imaging markers (Model 2).

Pollutant Measurement Brain region

Men (n=427) Women (n=530)

pinteractionBeta (95% CI) Beta (95% CI)

PM10 Cortical thickness (mm) Global −0:02 (−0:04, 0.00) 0.01 (0.00, 0.02) 0.034
Frontal −0:03 (−0:05, −0:01) −0:01 (−0:02, 0.01) 0.16
Parietal −0:02 (−0:04, 0.00) 0.01 (−0:01, 0.02) 0.034
Temporal −0:08 (−0:10, −0:06) −0:04 (−0:05, −0:02) 0.005
Occipital 0.03 (0.01, 0.05) 0.06 (0.03, 0.08) 0.034
Cingulate 0.03 (0.00, 0.05) 0.03 (0.01, 0.05) 1.00
Insula −0:04 (−0:07, −0:01) 0.01 (−0:02, 0.03) 0.025

Subcortical volume (mm3) Thalamus −259:8 (−381:9, −137:7) −108:3 (−195:1, −21:4) 0.047
Caudate −17:4 (−110:2, 75.3) −68:8 (−144:7, 7.2) 0.40
Putamen −58:0 (−157:7, 41.7) −63:6 (−144:2, 16.9) 0.93
Pallidum −29:1 (−70:0, 11.7) −61:3 (−98:8, −23:9) 0.25
Hippocampus −106:9 (−179:9, −33:9) −24:4 (−83:6, 34.9) 0.086
Amygdala −51:2 (−90:0, −12:4) −26:0 (−56:1, 4.1) 0.32
Nucleus accumbens −62:0 (−82:3, −41:7) −49:3 (−66:9, −31:6) 0.35

PM2.5 Cortical thickness (mm) Global −0:06 (−0:17, 0.05) 0.07 (−0:02, 0.16) 0.096
Frontal −0:12 (−0:25, 0.01) 0.05 (−0:06, 0.16) 0.065
Parietal −0:04 (−0:18, 0.1) 0.04 (−0:08, 0.15) 0.39
Temporal −0:32 (−0:46, −0:17) −0:04 (−0:17, 0.08) 0.002
Occipital 0.15 (0.00, 0.03) 0.16 (0.02, 0.3) 0.92
Cingulate 0.14 (−0:03, 0.31) 0.15 (0.01, 0.29) 0.93
Insula −0:18 (−0:39, 0.02) 0.05 (−0:11, 0.21) 0.072

Subcortical volume (mm3) Thalamus −827:0 (−1,657:6, 3.6) −245:6 (−810:9, 319.7) 0.26
Caudate −220:6 (−840:9, 399.7) −257:7 (−750:4, 235) 0.93
Putamen −357:0 (−1,024:2, 310.2) −253:4 (−775:5, 268.7) 0.81
Pallidum −124:6 (−398:2, 149.1) −193:8 (−438:2, 50.7) 0.71
Hippocampus −218:4 (−711:3, 274.6) −255:6 (−638:7, 127.5) 0.91
Amygdala −154:7 (−415:8, 106.4) −77:3 (−272:5, 118) 0.64
Nucleus accumbens −278:3 (−417:5, −139:1) −111:7 (−228:9, 5.6) 0.073

NO2 Cortical thickness (mm) Global −0:01 (−0:02, −0:01) 0.00 (−0:01, 0.01) 1.00
Frontal −0:03 (−0:03, −0:02) −0:01 (−0:02, 0.00) 0.16
Parietal −0:02 (−0:03, −0:01) −0:01 (−0:02, 0.00) 0.48
Temporal −0:05 (−0:06, −0:04) −0:03 (−0:04, −0:02) 0.16
Occipital 0.01 (0.00, 0.02) 0.02 (0.01, 0.04) 0.48
Cingulate 0.02 (0.01, 0.04) 0.02 (0.01, 0.04) 1.00
Insula −0:02 (−0:04, −0:01) 0.00 (−0:01, 0.02) 0.16

Subcortical volume (mm3) Thalamus −154:7 (−216:3, −93:0) −96:9 (−148:7, −45:1) 0.16
Caudate −44:1 (−91:1, 2.9) −41:1 (−86:8, 4.5) 0.93
Putamen −6:3 (−57:1, 44.5) −16:7 (−65:1, 31.8) 0.77
Pallidum −12:4 (−33:2, 8.4) −40:6 (−63:0, −18:1) 0.071
Hippocampus −25:8 (−63:2, 11.7) −14:1 (−49:7, 21.5) 0.66
Amygdala −34:4 (−54, −14:7) −20:5 (−38:6, −2:5) 0.31
Nucleus accumbens −32:5 (−42:8, −22:2) −18:4 (−29:2, −7:6) 0.065

Note: Beta coefficients (per 10-unit increase in each pollutant) were from generalized linear models, adjusted for age; education level; marital status; income; body mass index; smok-
ing; alcohol consumption; walking days per week; history of hypertension, diabetes, hyperlipidemia, and angina or myocardial infarction; systolic blood pressure; diastolic blood pres-
sure; fasting blood glucose level; total cholesterol level; survey year; and intracranial volume. CI, confidence interval; NO2, nitrogen dioxide; PM, particulate matter; PM2.5,
PM ≤2:5 lm in aerodynamic diameter; PM10, PM ≤10 lm in aerodynamic diameter.
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reduced volumes of the thalamus, pallidum, hippocampus, amyg-
dala, and nucleus accumbens. The higher PM2.5 groups had a
significantly reduced volume in the nucleus accumbens. The
higher NO2 group had significantly reduced volumes of the thala-
mus, caudate, pallidum, and nucleus accumbens.

Surface-based morphometry. In SBM with FDR correction,
thinner brain regions in the higher (vs. lower) PM10 group
included the bilateral lateral temporal cortices, inferior parietal
cortices, prefrontal cortices, posterior cingulate cortices, insular
cortices, parahippocampal gyri, and fusiform gyri (Figure 1A).
Thicker brain regions in the higher PM10 group were the bilateral
occipital cortices and postcentral gyri. The higher (vs. lower)
PM2.5 group had reduced thicknesses in the bilateral lateral tem-
poral cortices, inferior parietal cortices, prefrontal cortices, insu-
lar cortices, parahippocampal gyri, and fusiform gyri (Figure
1B). The higher PM2.5 group also had increased thicknesses in
the bilateral occipital cortices and postcentral gyri. The higher
(vs. lower) NO2 group had reduced thicknesses in the bilateral
frontal cortices, lateral temporal cortices, inferior parietal corti-
ces, posterior cingulate cortices, insular cortices, parahippocam-
pal gyri, and fusiform gyri (Figure 1C). The higher NO2 group
also had increased thicknesses in the bilateral occipital cortices
and left postcentral gyrus.

In SBM with cluster-wise correction, the higher (vs. lower)
PM10 group had reduced thicknesses in the bilateral lateral tempo-
ral cortices, bilateral posterior cingulate cortices, left fusiform
gyrus, right supramarginal gyrus, and right parahippocampal gyrus
(Figure S1A). The higher PM10 groups also had increased thick-
ness in the bilateral lingual gyri, left lateral occipital gyrus, right
pericalcarine, and right cuneus. Thinner brain regions in the higher
(vs. lower) PM2.5 group included the bilateral lateral temporal cor-
tices, left supramarginal cortex, and left fusiform gyrus (Figure
S1B). Thicker brain regions in the higher PM2.5 group were the
bilateral lateral occipital cortices and lingual gyri. The higher (vs.
lower) NO2 group had reduced thicknesses in the bilateral lateral
temporal cortices, bilateral inferior parietal cortices, bilateral fron-
tal cortices, bilateral fusiform gyri, left cuneus, and right parahip-
pocampal gyrus (Figure S1C). The higher NO2 group also had
increased thicknesses in the bilateral lateral occipital cortices.

Two-Pollutant Models
After adjusting for NO2, the inverse association between PM10
and temporal thickness was null, whereas the positive association
between PM10 and occipital thickness persisted (Table 5). After
adjusting for NO2, the inverse association between PM2.5 and

Table 4. Association between air pollution and brain magnetic resonance imaging markers in propensity score-matched individuals.

Pollutant Measurement Brain region Beta (95% CI) p-Value

PM10 Cortical thickness (mm) Global −0:01 (−0:02, 0.01) 0.27
Frontal −0:02 (−0:03, 0.00) 0.044
Parietal −0:01 (−0:03, 0.01) 0.27
Temporal −0:06 (−0:08, −0:04) <0:001
Occipital 0.05 (0.03, 0.07) <0:001
Cingulate 0.02 (0.01, 0.04) 0.006
Insula −0:01 (−0:03, 0.01) 0.27

Subcortical volume (mm3) Thalamus −215:2 (−307:7, −122:6) <0:001
Caudate −47:5 (−112:4, 17.5) 0.15
Putamen −34:0 (−111:8, 43.7) 0.39
Pallidum −65:2 (−96:4, −34:0) <0:001
Hippocampus −85:8 (−143:0, −28:7) 0.004
Amygdala −42:4 (−73:3, −11:4) 0.008
Nucleus accumbens −65:2 (−81:2, −49:1) <0:001

PM2.5 Cortical thickness (mm) Global 0.00 (−0:02, 0.01) 0.62
Frontal −0:02 (−0:04, 0.00) 0.033
Parietal 0.00 (−0:02, 0.01) 0.70
Temporal −0:05 (−0:06, −0:03) <0:001
Occipital 0.04 (0.02, 0.06) <0:001
Cingulate 0.03 (0.00, 0.05) 0.016
Insula 0.00 (−0:02, 0.01) 0.70

Subcortical volume (mm3) Thalamus −78:7 (−173:7, 16.2) 0.11
Caudate −14:2 (−81:8, 53.5) 0.68
Putamen −2:0 (−79:8, 75.8) 0.96
Pallidum −1:1 (−33:5, 31.4) 0.95
Hippocampus −30:2 (−89:2, 28.7) 0.32
Amygdala −25:2 (−53:3, 2.9) 0.08
Nucleus accumbens −52:8 (−68:4, −37:1) <0:001

NO2 Cortical thickness (mm) Global 0.00 (−0:01, 0.02) 0.89
Frontal −0:02 (−0:03, 0.00) 0.12
Parietal −0:01 (−0:03, 0.01) 0.18
Temporal −0:05 (−0:07, −0:03) <0:001
Occipital 0.03 (0.01, 0.05) 0.002
Cingulate 0.04 (0.02, 0.06) <0:001
Insula −0:01 (−0:03, 0.01) 0.18

Subcortical volume (mm3) Thalamus −211:5 (−317:6, −105:3) <0:001
Caudate −113:6 (−179:9, −47:4) 0.001
Putamen −17:9 (−98:9, 63.0) 0.67
Pallidum −45:6 (−80:2, −10:9) 0.011
Hippocampus −32:2 (−99:5, 35.0) 0.35
Amygdala −23:6 (−56:2, 9.1) 0.16
Nucleus accumbens −48:4 (−66:4, −30:3) <0:001

Note: Beta coefficients were from linear mixed models including 66.6 percentile or higher (vs. 33.3 percentile or lower) air pollution and intracranial volume, with a matched pair as a
random effect. CI, confidence interval; NO2, nitrogen dioxide; PM, particulate matter; PM2.5, PM ≤2:5 lm in aerodynamic diameter; PM10, PM ≤10 lm in aerodynamic diameter.
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temporal thickness and the positive associations of PM2.5 with
occipital and insular thicknesses were null. By contrast, the inverse
associations between NO2 and cortical thickness in the global,
frontal, parietal, temporal, and insular lobes were comparable in
magnitude before and after adjustment of PM10 or PM2.5. After
adjusting for PM10, the positive association of NO2 with cingulate
thickness persisted, whereas the positive association with occipital
thickness was null. After adjusting for PM2.5, the positive associa-
tions of NO2 with cingulate and occipital thicknesses persisted.

Sensitivity Analyses
In the sensitivity analysis constrained to participants without pos-
sible cognitive impairment, the directions and magnitudes of all
the associations were similar to those in the main analysis (Table
S4). In the sensitivity analysis constrained to participants who
underwent the survey from 2015, the inverse association between
PM2.5 and temporal thickness and the positive associations of
PM2.5 with occipital and cingulate thicknesses were stronger
than in the main analysis (Table S5). The inverse associations
between PM2.5 and reduced volumes of the thalamus and nu-
cleus accumbens were also stronger than in the main analysis.

Discussion
We investigated associations of ambient air pollutants with corti-
cal thickness and subcortical volume in adults. The main finding
was that all the studied pollutants (i.e., PM10, PM2.5, and NO2)
were associated with a reduced cortical thickness in the temporal
lobe. PM10 was associated with a reduced thickness in the frontal
lobe as well, and NO2 was associated with reduced thicknesses in
more extensive areas (global, frontal, parietal, temporal, and insu-
lar lobes). Positive associations between all the studied pollutants
and cortical thickness in the occipital and cingulate lobes were
also found. In addition, all the studied pollutants were associated
with reduced volumes of the thalamus and nucleus accumbens.

The temporal lobe was most strongly associated with the air
pollutants in the main analysis as well as in the ROI-based and
SBM analyses after PSM. The ROI-based analysis of theWomen’s
Health InitiativeMemory Study (WHIMS)–MRI cohort revealed a
significant association between exposure to PM2.5 and decreased
white matter volume in the temporal lobe, but not with gray matter
volume (Chen et al. 2015). Other studies have shown null associa-
tions between air pollution and gray matter volume in the temporal
lobe (Casanova et al. 2016; Chen et al. 2015; Power et al. 2018).

This discrepancy might reflect noncausal sources of variation
among the studies (e.g., residual confounding, selection bias, ran-
dom error), but the present study used brain cortical thickness, a
more sensitive indicator of brain structural changes (Burggren et al.
2008; Thambisetty et al. 2010); thus, we may have detected
pollution-induced changes that occurred earlier than volumetric
changes. Furthermore, we found that an increase in PM10 was sig-
nificantly associated with reduced volumes of the hippocampus
and amygdala in the main analysis and the post hoc ROI-based
analysis after PSM. Although previous epidemiological studies
have reported null associations between PM2.5 and hippocampal
volumes (Casanova et al. 2016; Chen et al. 2015; Power et al.
2018; Wilker et al. 2015), an animal study showed that PM admin-
istration induced synaptic function impairment, which is related to
reduced gray matter volumes (Fjell and Walhovd 2010), in the
mouse hippocampus (Davis et al. 2013). Taken together with stud-
ies suggesting reduced hippocampal and amygdala volumes in
cognitively impaired individuals (Shi et al. 2009; Zanchi et al.
2017), it is possible that air pollution exposure affects the hippo-
campus and amygdala, leading to cognitive decline.

The frontal lobe exhibited significant cortical thinning associated
with PM10 and NO2 in the main analysis. After PSM, the higher
PM10 or PM2.5 group had significantly reduced frontal thicknesses
in the ROI-based analysis and SBM with FDR correction. These
findings align with a substantial number of studies linking air pollu-
tion to reduced memory function (Ailshire and Crimmins 2014;
Kulick et al. 2020a, 2020b; Petkus et al. 2020; Tonne et al. 2014;
Weuve et al. 2012;Wurth et al. 2018; Younan et al. 2020) given that
the frontal lobe is related to working and episodic memory.
However, the previous neuroimaging study findings are conflicting.
The voxel-based WHIMS-MRI analysis showed that PM2.5 was
primarily associated with the dorsolateral andmedial prefrontal cor-
tex (Casanova et al. 2016). Conversely, the ROI-based ARIC analy-
sis reported null associations between exposure to PM10 and PM2.5
and frontal volumes (Power et al. 2018). In addition to noncausal
sources of variation among the studies, the discrepancy may be at-
tributable to differences in proportions of PM constituents across
geographical regions. PM is a mixture of a range of pollutants (e.g.,
sulfur oxides, nitrogen oxides, heavy metals, hydrocarbons) and
these constituents might be individually linked to brain structures
given that our recent study demonstrated the association between
polycyclic aromatic hydrocarbons and brain cortical thinning in
adults (Cho et al. 2020). Future studies are warranted to explore the
associations between PMconstituents and brainMRImarkers.

Figure 1. Brain regions associated with (A) PM10, (B) PM2.5, and (C) NO2 in surface-based morphometry [with false discovery rate (FDR) correction for
multiple comparisons]. Paired t-tests were performed on every vertex of the reference surface between propensity score-matched groups (the higher and lower
air pollution groups), with FDR correction for multiple comparisons (p<0:05). The red color indicates the brain regions with reduced cortical thickness and
the blue color indicates those with increased cortical thickness in the higher (vs. lower) air pollution group. Note: NO2, nitrogen dioxide; PM, particulate mat-
ter; PM2.5, PM ≤2:5 lm in aerodynamic diameter; PM10, PM ≤10 lm in aerodynamic diameter.
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We also found associations between pollutants and reduced
volumes of the thalamus (PM10, PM2.5, and NO2), caudate (NO2
only), and pallidum (PM10 and NO2), which is in accord with the
ARIC analysis showing reduced thalamus, caudate, putamen, and
pallidum volumes related to PM10 (Power et al. 2018).
Conversely, the voxel-based WHIMS-MRI analysis reported
increased deep gray matter volume related to PM2.5 (Casanova
et al. 2016). Little is known about the positive association between
PM2.5 and deep gray matter volume. To determine the reason for
the opposing associations, it may be necessary to dissect each

subcortical structure from deep gray matter when measuring corti-
cal volume. In the present study, the nucleus accumbens was like-
wise inversely associated with air pollution. This finding is
supported by animal studies demonstrating dopaminergic neuron
loss induced by PM in the striatum (caudate, putamen, and nucleus
accumbens) (Gillespie et al. 2013; Veronesi et al. 2005). Further,
given that the nucleus accumbens is a subcortical structure related
to rewards and addictive behaviors, the finding is in accord with a
previous study showing the positive associations of PM and NO2
with substance abuse (Szyszkowicz et al. 2018).

Table 5. Association between air pollution and brain magnetic resonance imaging markers based on two-pollutant models.

Pollutant Measurement Brain region Beta (95% CI) p-Value

PM10 (adjusted for NO2) Cortical thickness (mm) Global 0.01 (0.00, 0.03) 0.055
Frontal 0.01 (0.00, 0.03) 0.094
Parietal 0.03 (0.01, 0.05) <0:001
Temporal −0:01 (−0:03, 0.01) 0.30
Occipital 0.04 (0.02, 0.06) <0:001
Cingulate 0.00 (−0:02, 0.03) 0.68
Insula 0.00 (−0:02, 0.03) 0.95

Subcortical volume (mm3) Thalamus −45:2 (−138:2, 47.9) 0.34
Caudate 2.6 (−73:9, 79.1) 0.95
Putamen −89:7 (−171:1, −8:3) 0.031
Pallidum −29:7 (−65:4, 6) 0.10
Hippocampus −80:8 (−141:5, −20:1) 0.009
Amygdala −12:2 (−43:1, 18.7) 0.44
Nucleus accumbens −38:7 (−56:1, −21:3) <0:001

PM2.5 (adjusted for NO2) Cortical thickness (mm) Global 0.05 (−0:02, 0.13) 0.15
Frontal 0.08 (−0:01, 0.17) 0.075
Parietal 0.11 (0.01, 0.20) 0.026
Temporal 0.02 (−0:08, 0.11) 0.71
Occipital 0.09 (−0:02, 0.20) 0.097
Cingulate 0.04 (−0:08, 0.15) 0.54
Insula 0.00 (−0:14, 0.13) 0.98

Subcortical volume (mm3) Thalamus 76.9 (−429:6, 583.4) 0.77
Caudate −101:7 (−517:9, 314.6) 0.63
Putamen −311:5 (−755:2, 132.2) 0.17
Pallidum −53:8 (−248:4, 140.9) 0.59
Hippocampus −219:5 (−550:6, 111.6) 0.19
Amygdala 1.4 (−167, 169.7) 0.99
Nucleus accumbens −82:4 (−177:9, 13) 0.091

NO2 (adjusted for PM10) Cortical thickness (mm) Global −0:01 (−0:02, −0:01) <0:001
Frontal −0:03 (−0:03, −0:02) <0:001
Parietal −0:03 (−0:04, −0:02) <0:001
Temporal −0:04 (−0:05, −0:03) <0:001
Occipital 0.00 (−0:01, 0.01) 0.51
Cingulate 0.02 (0.01, 0.03) <0:001
Insula −0:01 (−0:03, 0.00) 0.028

Subcortical volume (mm3) Thalamus −113:5 (−162:9, −64:1) <0:001
Caudate −39:2 (−79:9, 1.4) 0.059
Putamen 23.8 (−19:4, 67.1) 0.28
Pallidum −16:0 (−34:9, 3) 0.099
Hippocampus 20.7 (−11:5, 53) 0.21
Amygdala −19:6 (−36, −3:1) 0.02
Nucleus accumbens −14:8 (−24, −5:6) 0.002

NO2 (adjusted for PM2.5) Cortical thickness (mm) Global −0:01 (−0:02, 0.00) 0.001
Frontal −0:02 (−0:03, −0:02) <0:001
Parietal −0:02 (−0:03, −0:01) <0:001
Temporal −0:04 (−0:05,−0:03) <0:001
Occipital 0.01 (0.01, 0.02) 0.001
Cingulate 0.02 (0.01, 0.03) <0:001
Insula −0:01 (−0:03, 0.00) 0.009

Subcortical volume (mm3) Thalamus −131:4 (−172, −90:8) <0:001
Caudate −35:3 (−68:6, −1:9) 0.039
Putamen 2.3 (−33:3, 37.8) 0.90
Pallidum −24:6 (−40:2, −9) 0.002
Hippocampus −0:5 (−27:1, 26) 0.97
Amygdala −23:8 (−37:3, −10:3) 0.001
Nucleus accumbens −25:7 (−33:3,−18) <0:001

Note: Beta coefficients (per 10-unit increase in each pollutant) were from generalized linear models, adjusted for age; sex; education level; marital status; income; body mass index;
smoking; alcohol consumption; walking days per week; history of hypertension, diabetes, hyperlipidemia, and angina or myocardial infarction; systolic blood pressure; diastolic blood
pressure; fasting blood glucose level; total cholesterol level; survey year; and intracranial volume. CI, confidence interval; NO2, nitrogen dioxide; PM, particulate matter; PM2.5, PM
≤2:5 lm in aerodynamic diameter; PM10, PM ≤10 lm in aerodynamic diameter.
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Unexpectedly, the studied air pollutants were positively asso-
ciated with occipital and cingulate thicknesses in most of the
analyses. Previous studies have reported mixed findings on the
association between PM and the occipital lobe (Casanova et al.
2016; Power et al. 2018). The ARIC analysis, which included
four U.S. sites, found an inverse association between PM10 and
occipital volume in Minnesota as well as a positive association
between PM2.5 and occipital volume in Mississippi (Power et al.
2018). The voxel-based analysis of the WHIMS-MRI cohort
demonstrated an inverse association between PM2.5 and occipital
poles (Casanova et al. 2016). The occipital lobe is the primary
visual cortex and is known to be less important in the pathophysi-
ology of Alzheimer’s disease (the most common form of demen-
tia) as compared with the frontal and temporal lobes (Miller and
Boeve 2016). More studies are required to investigate whether air
pollution has divergent effects on different cortices of the human
brain.

There were several notable strengths of the present study.
First, nearly 1,000 individuals were included, which is a rela-
tively large sample for neuroimaging studies. Although two dif-
ferent MRI scanners were involved, we used the same protocol
and accounted for potential variation. Second, higher-resolution
MRI scanners were used compared with prior studies (Casanova
et al. 2016; Chen et al. 2015; Pujol et al. 2016a, 2016b). Last, we
conducted SBM as a complementary analysis to the ROI-based
analysis of brain images. The ROI-based approach facilitated
clinical interpretation by predefining brain regions, whereas SBM
enabled the detection of potential small (and not predefined) brain
regions associated with air pollution. Because the ROI-based
analysis estimates mean values of predefined brain regions, there
could be discrepancy in the results between the ROI-based analy-
sis and SBM; specifically, a small region that shows significance
in SBM might not be significant in the ROI-based analysis.
Furthermore, we conducted both FDR correction and cluster-
wise correction for multiple comparisons in SBM. Although
cluster-wise correction yielded more conservative estimates,
FDR correction enabled us to reduce the chances of missing an
important hypothesis, aligning with the exploratory nature of the
present study.

The study also had several limitations. First, the cross-sectional
nature of our study might preclude suggesting temporal associa-
tions between air pollution exposure and brain MRI markers. To
address this issue, we set the exposure window at 5 y (for PM10
and NO2) and at 1 y (for PM2.5) prior to recruitment, and the me-
dian duration of residencewas 15 y. Longitudinal investigations on
brainMRImarkers are needed to confirm the associations. Second,
the present study may not be free from selection bias given that it
included only individuals who underwent brain MRI scans.
Although we invited participants to undergo brain MRI scans by
order of enrollment, it is possible that the participants were more
likely to have concerns about cognitive impairment and some of
them had actual problem with memory. Third, there is a possibility
of residual confounding by individual-level factors as well as
contextual-level factors (e.g., neighborhood socioeconomic status,
noise, greenness, population density). Fourth, the PM2.5 data were
estimated based on monitoring that started in 2015. This means
that there is temporal misalignment between brain MRI data and
PM2.5 data in individuals who participated in the survey in 2014
(n=115). However, this limitation may have led to the narrow
range of PM2.5 concentrations and, hence, fewer significant asso-
ciations between PM2.5 and brain regions. Long-term monitoring
data are needed to obtain valid effect measures for the association
between PM2.5 and brain MRI markers. Fifth, estimates based on
Model 2 should be interpreted with caution given that the addi-
tional covariates may have included causal intermediates; albeit

estimates from Model 2 were generally similar to those from
Model 1. Last, small vessel diseases, such as white matter hyperin-
tensities were not investigated on brain MRI. Although previous
neuroimaging studies reported null associations between PM2.5
and white matter hyperintensities among the elderly (Wilker et al.
2015, 2016), future studies are needed to examine the mediation
effect of white matter hyperintensities on associations between air
pollution exposure and cortical thickness.

In conclusion, this study showed that long-term exposure to
air pollution was associated with cortical thickness and subcorti-
cal volume in Korean adults without dementia, movement disor-
der, or stroke. An increase in PM or NO2 concentrations was
associated with reduced thicknesses in the frontal, temporal, pari-
etal, and insular lobes, and with increased thicknesses in the occi-
pital and cingulate lobes. An increase in PM or NO2
concentrations was also associated with reduced volumes of the
thalamus, caudate, pallidum, hippocampus, amygdala, and nu-
cleus accumbens.
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