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BACKGROUND: Despite the importance of understanding associations of air pollution and noise exposure with loss of neurocognitive performance,
studies investigating these exposures and local brain structure are limited.
OBJECTIVE:We estimated associations of residential air pollution and noise exposures with neurocognitive test performance and the local gyrification
index (lGI), a marker for local brain atrophy, among older adults.
METHODS: For n=615 participants from the population-based 1000BRAINS study, based on the German Heinz Nixdorf Recall study, we assessed
residential exposures to particulate matter (PM10, PM2:5, PM2:5abs), accumulation mode particle number (PNAM), and nitrogen oxides (NOx, NO2),
using land-use regression and chemistry transport models. Weighted 24-h and nighttime noise were modeled according to the European noise direc-
tive. We evaluated associations of air pollution and noise exposure at the participants’ 2006–2008 residential addresses with neurocognitive test per-
formance and region-specific lGI values (n=590) from magnetic resonance imaging, both assessed in 2011–2015, using linear regression and
adjusting for demographic and personal characteristics.

RESULTS: Air pollution and noise were associated with language and short-term/working memory and with local atrophy of the fronto–parietal net-
work (FPN), a functional resting-state network associated with these cognitive processes. For example, per 2-lg=m3 PM10, local brain atrophy was
more pronounced in the posterior brain regions of the FPN, with a −0:02 [95% confidence interval (CI): −0:04, 0.00] lower lGI. In contrast, in the an-
terior regions of the FPN, weighted 24-h and nighttime noise were associated with less local brain atrophy [e.g., 0.02 (95% CI: 0.00, 0.04) for
10 dB(A) 24-h noise].

CONCLUSIONS: Air pollution and noise exposures were associated in opposite directions with markers of local atrophy of the FPN in the right brain
hemisphere in older adults, suggesting that both chronic air pollution and noise exposure may influence the physiological aging process of the brain.
https://doi.org/10.1289/EHP5859

Introduction
Long-term air pollution and noise exposure are known to have
various adverse health effects (Clark and Paunovic 2018; van
Kempen et al. 2018; Kim and van den Berg 2010; Thurston et al.
2017; WHO Regional Office for Europe 2013), but it is only
recently that the impact of long-term air pollution and noise on
mental health has come under investigation. Previous literature
supports associations between exposure to air pollutants and a
higher incidence of Alzheimer’s disease, depressive symptoms,
and suicide (Bakian et al. 2015; Carey et al. 2018; Lim et al.
2012; Power et al. 2016). Further, air pollution exposure may

have an adverse effect on cognitive performance, including tasks
related to working and long-term memory, verbal fluency, and
pattern recognition (Power et al. 2016; Tzivian et al. 2015,
2016a, 2016b; Xu et al. 2016). The effects of chronic noise expo-
sure on cognitive functions of adults, however, have rarely been
investigated (e.g., Hygge et al. 2003; Schapkin et al. 2006;
Tzivian et al. 2015, 2016a, 2016b).

Potential and partly overlapping biologic pathways of air pol-
lution and noise action on the brain include the elicitation of sys-
temic inflammation and local inflammatory processes in the
brain; vascular effects, including the development and progres-
sion of atherosclerosis; sleep disturbances; and stress reactions
with endocrinological sequelae. (Block et al. 2012; Münzel et al.
2017). Importantly, the extent to which air pollution and noise ex-
posure may affect the brain’s physiological aging process is not yet
understood. In an effort to understand whether associations with
lower cognitive function for memory, verbal fluency, and pattern
recognition (Ailshire and Clarke 2015; Power et al. 2011; Tonne
et al. 2014; Tzivian et al. 2015, 2016a, 2016b; Weuve et al. 2012;
Xu et al. 2016) could have amorphological substrate in brain struc-
ture, several prior studies have investigated the association
between air pollution andmostly globalmeasures of brain structure
(Casanova et al. 2016; Chen et al. 2015; Kulick et al. 2017; Power
et al. 2018; Wilker et al. 2015). Generally, higher exposure to par-
ticulate matter (PM) has been associated with adverse effects on
brain structure, including lower total brain volume (Wilker et al.
2015), increased odds of covert brain infarctions (Wilker et al.
2015), reduced white matter volume in several brain regions
(Casanova et al. 2016; Chen et al. 2015), and reduced cortical and
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total deep gray matter volume (Casanova et al. 2016; Power et al.
2018). These volumetric findings imply that air pollutionmay have
serious effects on the structure of the brain during the aging pro-
cess. Furthermore, the global measures of brain structure neglect
the intrinsic organization of the brain into functionally distinct net-
works that underlie cognitive abilities (Smith et al. 2009). These
networks are susceptible to age-related changes and show a high
interindividual variability especially during older ages (Marstaller
et al. 2015). However, the question of whether air pollution and
noise might be related to atrophy in such cognitive brain networks
remains open. Therefore, in the population-based 1000BRAINS
study, we first investigated whether air pollution and noise expo-
sure were associated with cognitive test performance in men and
women 55–85 years of age. Then, for the specific cognitive func-
tions associated with exposures in the initial analysis, we further
investigated whether exposures were associated with the underly-
ing functional brain networks characterized bymagnetic resonance
imaging (MRI). Within these functionally relevant brain regions,
we investigated whether exposure to air pollution and noise was
associated with differences in local gyrification indices (lGIs), a
surface-basedmeasure used for studying atrophy in the physiologi-
cally aging brain.

Methods

Study Design
The present study was conducted using data from participants of
the 1000BRAINS study (age range: 55–85 y), a population-based
study assessing the variability of brain structure and function in the
course of normal aging (Caspers et al. 2014). The 1000BRAINS
study is based on the Heinz Nixdorf Recall study (HNR study), a
population-based cohort study located in three adjacent cities
(Bochum, Essen, and Mülheim/Ruhr) in the urban and industrial-
ized German Ruhr Area (Schmermund et al. 2002). In total, 4,814
randomly selected women and men (age range: 45–75 y at base-
line) were enrolled into the HNR study between December 2000
and August 2003. The first follow-up examination (n=4,157) was
performed after 5 y (2006–2008). At the 10-y follow-up (2011–
2015; n=3,089), HNR study participants were invited to partici-
pate in the 1000BRAINS study (see Figure S1). Participants had to
be physically able and have no medical contraindications for MRI.
In addition, they underwent a neuropsychological assessment, a
motor assessment and laboratory, genetic, and epigenetic testing.

The HNR and associated 1000BRAINS studies were approved
by the ethics committee of the University Hospital Essen. All par-
ticipants gave their written informed consent. All study procedures
complied with the Declaration of Helsinki (WMA2013).

Environmental Exposures
All exposure estimates as described below were assigned to the
geocoded residential addresses of the participants obtained in
2006–2008 during the first follow-up examination. All exposure
assignments were conducted using ArcView 9.2.

Air pollution. The study area included about 600 km2. Air
pollution and noise exposure were derived from several sources
and for overlapping time periods (see Figure S2). First, we used
the land-use regression model (LUR) according to the European
Study of Cohorts for Air Pollution Effects (ESCAPE) standar-
dized procedure (ESCAPE-LUR), which has been described else-
where (Beelen et al. 2013; Eeftens et al. 2012). Briefly, PM of
varying aerodynamic diameter [≤10 lm (PM10) and ≤2:5 lm
(PM2:5)] and PM2:5 absorbance (PM2:5abs), a surrogate for black
carbon, were measured at 20 sites. Nitrogen oxide concentrations
[nitrogen oxides (NOx) and nitrogen dioxide (NO2)] were

measured at 40 sites. All exposures were measured in three sepa-
rate 2-week periods (to cover different seasons) between October
2008 and October 2009 (Beelen et al. 2013). For building the
LUR model, we used annual averages of the measured pollutant
concentrations from background and traffic-specific monitoring
sites as well as predictor variables from Europe-wide and local
Geographic Information System databases. This model was then
used to estimate exposure concentrations for the participants’ res-
idential addresses at the first follow-up exmaination (2006–
2008). In the Ruhr Area, the models explained 88% of the vari-
ability in the annual concentrations of PM2:5, 69% of that for
PM10, 97% of that for PM2:5abs, 89% of that for NO2, and 88% of
that for NOx (Beelen et al. 2013; Eeftens et al. 2012).

Moreover, accumulation mode particle number concentration
[PNAM;mean diameter of 0:07 lm, 67%of particles ranged between
0.035 and 0:14 lm in aerodynamic diameter (Nonnemacher et al.
2014)], a measure of quasi-ultrafine particles some of which may
translocate into the brain tissue (Oberdörster et al. 2004), was esti-
mated for each participant using the validated, spatio-temporal,
three-dimensional (3D) EURopean Air Pollution Dispersion
(EURAD) chemistry transport model (Büns et al. 2012; Hass et al.
1993; Memmesheimer et al. 2004). It is a multilayer, multigrid
model that projects the transport, chemical transformation, anddepo-
sition of tropospheric components (Büns et al. 2012). Input data con-
sists of topographic information from the U.S. Geological Survey
database (resolution of ∼ 500 m), land use data from the German
TroposphericResearch Programme, and both European and local of-
ficial emission inventories (Memmesheimer et al. 2004). Pearson
correlation coefficients between themodel estimates and dailymeas-
urements of PNAM were 0.57, with highest seasonal correlations dur-
ing winter and fall. Participants were assigned the 2006–2008
average PNAM concentrations from the 1-km2 grid cell in which they
resided at the time of the first follow-up examination of the HNR
study (Hennig et al. 2016; Nonnemacher et al. 2014). This 3-y aver-
agewas used as a surrogate for long-term exposure.

Noise exposure. Long-term outdoor road traffic noise expo-
sure [dB(A)] was modeled in 2007 according to the 2002/49/EC
Directive (EC 2002). Noise modeling was performed on behalf
of the local city administrations who supplied source-specific
traffic noise values applying the VBUS/RLS-90 method and
using the software CadnA (Bundesministerium für Justiz 2006;
DataKustik 2019). For the year 2006, averaged weighted day–
evening–night (24-h) (Lden) and average levels of nighttime noise
(Lnight; 2200–0600 hours) were modeled considering the follow-
ing factors: small-scale topography of the area (3D city model),
building dimensions, noise barriers, street axis, type-specific ve-
hicle traffic density, speed limit, and type of road surface. The
immission of noise at participants residences was estimated at a
height of 4± 0:2 m selecting the highest estimated noise level
within a buffer of 10 m of the geocoded address.

Traffic indicators. As an additional indicator for traffic-related
exposure, we used the distance (in meters) to the nearest heavily
trafficked road (Distmajroad), which was defined as a street in the
upper quintile of traffic density (>26,000 vehicles=d). Data on this
was obtained from the State Office for Nature, Environment and
Consumer Protection of North-Rhine-Westphalia.

Outcome Data
Neuropsychological assessment. All participants took part in
an in-depth neuropsychological assessment (paper/pencil-based
administration of the tests) that took place on the same day as the
MRI session between 2011 and 2015. Tests were administered
and explained by trained personnel with continuous quality assur-
ance (Caspers et al. 2014). Due to skewed distributions of test
performances, the results of the neuropsychological tests were
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rank-transformed, mean-centered, and scaled between −1 and 1.
Up to three missing test values per subject were replaced by the
age- and sex-stratified median scores. Participants with more than
three missing values were excluded from further analyses. Of
these standard scores, tests were grouped into five cognitive
domains (calculated as mean of all rank-transformed and mean-
centered test results for each domain): a) Attention: selective
attention, processing speed; b) Executive Functions: problem
solving, figural fluency, concept shifting, and susceptibility to in-
terference; c) Memory: figural memory and verbal learning; d)
Short-Term and Working Memory: visual, visual-spatial, and
verbal; e) Language Functioning: semantic and phonemic verbal
fluency and vocabulary (see Table S1). This approach is com-
monly used in neuropsychological research (e.g., Heaton et al.
2014; Lim et al. 2016) and refers to the composition of discrete
cognitive abilities into larger cognitive constructs that are differ-
entially affected during aging and disease.

Magnetic resonance image acquisition. 1000BRAINS brain
imaging data were obtained on a 3T Siemens Tim-TRIOMRI scan-
ner with a 32-channel head coil. Surface reconstruction was per-
formed on 3D high-resolution T1-weightedmagnetization-prepared
rapid acquisition gradient-echo anatomical scans [176 slices; slice
thickness, 1 mm; repetition time (TR), 2,250ms; echo time (TE),
3:03ms; field of view (FoV), 256 × 256mm2; flip angle, 9�; and
voxel resolution, 1 × 1× 1mm3] (Caspers et al. 2014). As for the
functional scans that were used for localization of the fronto–parie-
tal network (FPN), echo planar imaging generated 300 images (36
slices; slice thickness, 3:1 mm; TR, 2,200ms; TE, 30ms, FoV,
200× 200mm2, and voxel resolution, 3:1× 3:1× 3:1mm3) for
each participant at rest.

Image processing—definition of the FPN seed regions in
resting-state functional MRI data. Based on the identified associ-
ations between air pollution and noise with cognitive performance
domains (see above), we selected the bihemispheric FPN for fur-
ther examination. The FPN—composed of the dorsolateral pre-
frontal cortex (DLPFC), posterior cingulate cortex and precuneus
(PCC/PCu), and the inferior parietal lobule (IPL)—has previously
been shown to be associated with, among others, working memory
and language functions (Smith et al. 2009) (Figure 1). For the pres-
ent study, the FPN was extracted from resting-state data of the
participants using the state-of-the-art processing pipeline imple-
mented in the Functional Magnetic Resonance Imaging of the
Brain (FMRIB) software [FMRIB Software Library (version 6.0;
Analysis Group, FMRIB, Oxford, UK; Jenkinson et al. 2012)].
This included a preprocessing of the resting-state data of each indi-
vidual participant (for a detailed description of the methods used,
see Jockwitz et al. 2017) and MELODIC multi-session temporal
concatenation to identify common spatial patterns across subjects
within the resting-state signal using probabilistic independent
component analysis decomposition. This approach has been pro-
ven to be useful in extracting functional brain networks related to
specific cognitive functions (Smith et al. 2009). The FPN in our
data was selected via visual inspection to identify the best spatial
match to the FPN as published by Smith et al. (2009).

Image processing—surface reconstruction and lGI. Prepro-
cessing of the anatomical images was performed using Statistical
Parametric Modeling (SPM8) as well as FreeSurfer 5.3.0 (http://
freesurfer.net/; Dale et al. 1999; Fischl et al. 1999). For detailed
information see Jockwitz et al. (2017). Afterward, lGIs were cal-
culated (Schaer et al. 2012), defined as the ratio of the total pial
surface area (including sulci) to the outer hull surface area
(excluding sulci) in a specific region of the brain. The higher the
lGI, the stronger the cortical folding, with decreases of this mea-
sure indicating local brain atrophy (Zilles and Palomero-
Gallagher 2015). For the purpose of the present study, the lGI

was extracted for each part of the FPN (left and right: DLPFC,
PCC/PCu, and IPL).

Covariate Assessment
Covariate information was collected at the first follow-up exami-
nation (2006–2008) of the HNR study (Schmermund et al. 2002)
with the exception of education, which was assessed at baseline
(2000–2003). Socioeconomic status (SES) was assessed as
education level and classified by the International Standard
Classification of Education as total years of formal education,
combining school and vocational training in four categories: low
(≤10 y), medium low (11–13 y), medium high (14–17 y), and
high (≥18 y). The neighborhood unemployment rate, a measure
of neighborhood SES, was acquired from local census authorities
for each participant’s neighborhood according to administrative
bounds (median population size of 11,263; collected around base-
line) (Dragano et al. 2009). Lifestyle variables included alcohol
consumption (in five categories: 0, 1–3, 4–6, 7–14, and ≥14
drinks per week), smoking status (never, former, current), regular
exposure to environmental tobacco smoke (ETS; yes/no), cumu-
lative pack-years at baseline examination (in five categories with
the first group being never-smokers and the rest divided by quar-
tiles), and physical activity (in four categories: 0, ≤50, ≤100,
and >100 kcal expended per week through exercise). Further
covariates used in sensitivity analyses included body mass index
[BMI; weight in kilogram divided by squared height in meters
(kg=m2)] and coronary heart disease (CHD; self-reported history
of myocardial infarction or coronary intervention at baseline or
documented incidence of CHD during follow-up). Type 2 diabe-
tes mellitus was defined as a fasting blood glucose level of
>125 mg=dL, a blood glucose level of ≥200 mg=dL, or reported
use of insulin or oral antihyperglycemic medication in the last 7 d
before examination. Depressive symptoms were assessed using
the German version of the Center for Epidemiologic Studies
Depression scale (CES-D) short form (Hautzinger and Bailer
1993).

Statistical Analysis
Multiple linear regression models were conducted for each expo-
sure variable and overall performance in the five cognitive domains

Figure 1. Regions of interest in the fronto–parietal network. (A) left hemi-
sphere from lateral: left dorsolateral prefrontal cortex (DLPFC) and left infe-
rior parietal lobule (IPL). (B) left hemisphere from medial: left posterior
cingulate cortex and precuneus (PCC/PCu) and left dorsomedial prefrontal
cortex. (C) right hemisphere from lateral: right dorsolateral prefrontal cortex
(DLPFC) and right inferior parietal lobule (IPL). (D) right hemisphere from
medial: right PCC/PCu and parts of the right dorsomedial cortex.
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as well as each neuropsychological test individually as outcome
variables. We first conducted an unadjusted model as well as a dis-
covery model adjusted for age, individual SES, and sex in order to
identify potentially affected brain regions for the subsequent lGI
analysis. In order to address potential confounding by lifestyle, we
further included alcohol consumption, smoking status, ETS, cumu-
lative pack-years, and physical activity in an extended model and
additionally adjusted for neighborhood unemployment rate in a
separate step. For model fit, we checked the residuals for nonnor-
mality and nonconstant variance of the error terms. Due to nonli-
nearity, age wasmodeled usingmean-centered quadratic and cubic
terms. All air pollution exposures were modeled as continuous var-
iables andmodel parameters were estimated per interquartile range
(IQR) increase in exposure. Noise exposure was modeled with a
threshold at 45 dB(A) for Lnight and at 50 dB(A) for LDEN, with all
noise values lower than the defined threshold being set to the
threshold value and all values over the threshold being modeled
linearly. Model parameters in noise models were estimated per
10-dB(A) increase. Distmajroad was modeled using three categories
(<100 m, 100 m≤distance <200 m, and≥200 m as reference).

Similar multiple linear regression models were constructed
for all exposure variables using the lGI values of the identified
brain regions as outcome variables. We used the covariate sets of
the discovery and the full model from the neuropsychological
tests analysis to create the base and main models of the lGI analy-
sis, respectively.

In sensitivity analyses, we separately added potential inter-
mediates such as BMI, CHD, depression, and diabetes to the
main model. We conducted two-exposure models, adding PM2:5
to other exposures and Lnight to the PM2:5 analysis. We checked
for robustness to the exclusion of influential observations with
Cook’s D. All analyses were conducted in R (version 3.4.0; R
Development Core Team).

Results

Demographic Characteristics
Of the 3,087 HNR study participants at the second follow-up visit
(FU2), 666 completed the first follow-up examination (FU1) and
agreed to MRI scanning (see Figure S1). Reasons for nonpartici-
pation in the imaging studies included medical contraindications
(e.g., implanted metals) and unwillingness to travel to the imag-
ing center because of, for example, general health status.
Complete data on covariates and air pollution and noise exposure
at FU1 was available for 630 participants. For our analyses, we
included study participants who had complete or almost complete
neuropsychological testing results (≤3 missing values; n=615).
Of the 615 participants, 39 had one missing value, 13 had two
missing values, and 4 had three missing values. In addition, 25
participants were excluded from the lGI analysis owing to meth-
odological problems during image data processing, leaving 590
subjects for MRI analysis (i.e., the lGI group).

Participants were middle-aged to older (mean age of 61.5 y)
and of relatively high educational attainment status (Table 1; see
also Tables S2–S3). Exposure to PM10 and PM2:5 was 27.5 and
18:3 lg=m3, and mean nighttime noise level was 52:9 dB(A)
(Table 2). Air pollution and noise exposures were right skewed
and only low-to-moderately correlated (Spearman correlation
coefficients ranged from 0.17 to 0.39; see Table S4).

Summary estimates for neurocognitive test results are shown
in Tables 3 and S5. Mean lGI values were generally highest in
the IPL and lowest in the DLPFC, and the right hemisphere had a
wider range of lGI values than the left hemisphere in all three
regions (Table 4).

Table 1. Demographic and lifestyle characteristics of the participants of the
HNR study at first follow-up examination (2006–2008) included in the anal-
yses (n=615).

Variable

n=615

[mean±SD or n (%)]

Age (y) 61:5± 6:7
Sex (female) 271 (44.1)
Education level (y)
≤10 29 (4.7)
11–13 316 (51.4)
14–17 161 (26.2)
≥18 109 (17.7)

Smoking status
Never 266 (43.3)
Former 258 (42.0)
Current 91 (14.8)

Cumulative smoking (pack-years)a 22:1± 22:3
ETS exposure, yes 162 (26.3)
Alcoholic drinks per week
0 163 (26.5)
1–3 136 (22.1)
4–6 63 (10.2)
7–14 137 (22.3)
>14 116 (18.9)

Weekly energy expenditure through
physical activity (kcal)

0 (no sports) 205 (33.3)
>0–≤ 50 169 (27.5)
>50–≤ 100 153 (24.9)
>100 88 (14.3)

Neighborhood unemployment (%) 12:0± 3:2
BMI (kg=m2) 28:2± 4:4
CHD (yes) 10 (1.6)
Diabetes mellitus (yes) 90 (14.6)
CES-D score 7:0± 6:0

Note: BMI, body mass index; CES-D, Center for Epidemiologic Studies Depression
Scale; CHD, coronary heart disease diagnosis; ETS, environmental tobacco smoke;
HNR, Heinz Nixdorf Recall; SD, standard deviation.
aAmong current and former smokers only.

Table 2. Summary statistics for residential long-term exposure levels 1 y
before the first follow-up of the HNR study (2005–2006) from the EURAD
and ESCAPE-LUR exposure models.

Exposure

n=615

Mean±SD or n (%) Range IQR

PM10 (lg=m3)a 27:5± 1:8 24.1–34.2 2.0
PM2:5 (lg=m3)a 18:3± 1:0 16.1–21.4 1.4
PNAM (n/mL)b 3,203:6± 358:2 2,447.1–4,431.6 497.0
NOx (lg=m3)a 49:3± 11:3 24.3–107.7 14.2
NO2 (lg=m3)a 29:6± 4:7 19.8–62.4 5.3
PM2:5abs (10−5=m)a 1:5± 0:3 1.0–3.4 0.3
Lnight [dB(A)]

c 44:0± 8:5 25.2–75.3 12.6
LDEN [dB(A)]c 52:9± 8:7 34.3–83.7 12.6
Distmajroad (m)d

Absolute distance 1,098:4± 812:0 15.8–4,599.7 1,054.8
<100 23 (3.7) — —
≥100–<200 28 (4.6) — —
≥200 564 (91.7) — —

Note:—, No data; Distmajroad, distance to the nearest major road; ESCAPE-LUR, European
Study of Cohorts for Air Pollution Effects–Land-Use Regression; EURAD, European Air
Pollution Dispersion; HNR, Heinz Nixdorf Recall; IQR, interquartile Range; LANUV, State
Office for Nature, Environment and Consumer Protection of North Rhine-Westphalia;
LDEN, 24-h mean noise; Lnight, nighttime mean noise (2200–0600 hours); NOx, any nitrogen
oxide; NO2, nitrogen dioxide; PM, particulate matter; PM2:5, PM≤ 2:5 lm in aerodynamic
diameter; PMabs, PM absorbance; PM2:5abs, PM2:5 absorbance; PM10, particulate matter
with aerodynamic diameter ≤10 lm; PNAM, accumulation mode particle number; SD,
standard deviation.
aFrom ESCAPE-LUR.
bIn line with EURAD procedures.
cModeled according to European Standards.
dFrom LANUV.
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Air Pollution, Noise, and Neuropsychological Tests
Generally, we observed that participants with higher air pollution
exposure exhibited lower cognitive function in several, but not
all domains. In the discovery models, we observed inverse associ-
ations of several air pollutants (PM2:5, PM2:5abs, NOx, PNAM) and
noise (LDEN, and Lnight) with cognitive function in the Language
Domain (Figure 2; see also Table S6). These inverse associations
were similar for all air pollutants and noise across all individual
tests in the Language Domain (Figure 3; see also Table S7).
Within the Short-Term/Working Memory Domain, air pollution
exposure was associated with lower verbal working memory but
also, on the other hand, associated with higher visual-spatial
working memory. Noise exposure was inversely associated with
visual working memory (see Figure S3 and Table S8). No clear
pattern of association was observed for the individual neuropsy-
chological tests from the other three cognitive domains (see
Figures S4–S6 and Tables S9–S10). In the extended models, all
estimates became attenuated, especially upon addition of neigh-
borhood unemployment rate (see Tables S6–S10).

Air Pollution, Noise, and Brain Structure
In the main models, IQR increases in PM10, PM2:5, NOx, and
NO2 were generally associated with lower lGI values in the right

PCC/PCu {e.g., −0:02 [95% confidence interval (CI): −0:04,
0.00] per 1:4-lg=m3 PM2:5} and the right IPL [e.g., −0:01 (95%
CI: −0:03, 0.00) per 5:3-lg=m3 NO2; Figure 4 and also Table
S11]. In the right DLPFC, air pollutant associations were less
clear; however, an IQR increase in PNAM was associated with
lower lGI values [−0:02 (95% CI: −0:04, 0.00)]. In contrast,
10-dB(A) increases in Lnight and in LDEN were associated with
higher lGI values in the DLPFC [e.g., 0.03 (95% CI: 0.00, 0.05)
for Lnight; Figure 4 and also Table S11], but not in the other two
regions. Participants who lived between 100 m and 200 m from a
heavily trafficked road had lower lGI values in the right DLPFC
[−0:06 (95% CI: −0:12, −0:01)] and in the PCC/PCu [−0:07
(95% CI: −0:13, 0.00)] than participants who lived ≥200 m from
a heavily trafficked road (Figure 4 and also Table S11).

In the left hemisphere, we saw no clear pattern of associations
between air pollution or noise exposures and lGI (Figure 5; see
also Table S11). A detailed summary of the estimates for all
crude, base, and main models of both hemispheres is given in
Table S11. Separately adding BMI, CHD, depression, and diabe-
tes to the main model did not change the results of the model (see
Figures S7–S8). Results from the two-pollutant models were very
stable (see Figures S9–S10): Upon mutual adjustment, the associ-
ations of PM2:5 and Lnight did not change. In models including
two air pollutants, only estimates for PM2:5abs slightly attenuated
and confidence intervals slightly increased. After exclusion of
two participants with highly influential observations (both partici-
pants with high lGI values and moderate-to-high exposures), the
associations became slightly stronger.

Discussion
In this study, we found some evidence for an association of air
pollution and noise with neurocognitive test performance corre-
sponding to the Language Domain and, less consistently, for the
Short-Term/Working Memory Domain. Based on this, we
focused our structural MRI analyses on the functionally relevant
brain regions of the FPN associated with these domains. For the
right hemisphere, air pollution exposures were inversely associ-
ated with lGI in all three regions of the FPN and noise exposure
was directly associated with lGI in one region of the FPN. No
associations between environmental exposures and lGI were
observed for the left hemisphere.

The main aim of this study was to investigate associations
between air pollution and noise exposure and local brain structure,
measured via the lGI, a marker of local brain atrophy in the aging
brain. Previous work by Casanova et al. (2016), Chen et al. (2015),
Power et al. (2018), andWilker et al. (2015) have considered total,
white matter, and gray matter volumes as markers of brain struc-
ture and found that PM2:5, PM10, and Distmajroad were associated
with lower total white and gray matter volumes. Providing evi-
dence for local modification of brain structure, our results
strengthen the evidence that an association between air pollution
and brain atrophy in the course of the normal aging process may
exist but might affect functionally relevant regions locally.

In the present study, air pollution was inversely associated with
lGI values in the right hemisphere (DLPFC, PPC/PCu, and IPL)
only. These findings could be explained by the right hemi-aging
theory (Albert andMoss 1988; Brown and Jaffe 1975; Dolcos et al.
2002; Goldstein and Shelly 1981; Grady et al. 1994), which states
that the right brain hemisphere changes more rapidly during the
normal aging process than the left hemisphere. Although mainly
supported by behavioral data, current research has shown that the
theory is also supported by findings in brain structure (e.g.,
Jockwitz et al. 2017; Kovalev et al. 2003) and functional connec-
tivity (e.g., Lu et al. 2011). Our results suggest that exposure to air
pollutants might accelerate the normal aging process of the brain,

Table 3. Description of neurocognitive test results by domain in the neuro-
psychological tests group (n=615).

Domain and neurocognitive test Mean±SD Range

Attention (s)
Selective attention 35:3± 11:9 17–136
Processing speed 40:9± 17:8 16–300
Executive function
Problem solving (n) 20:2± 5:1 5–34
Figural fluency (n) 26:0± 7:5 4–57
Concept shifting (s) 56:5± 40:1 2–372
Susceptibility to interference (s) 44:8± 25:7 4–307
Memory (n)
Figural memory 17:3± 8:5 1–51
Verbal learning 41:4± 10:3 6–66
Verbal learning delayed 10:6± 2:7 0–15
Short-term/working memory (n)
Visual pattern 7:6± 1:7 4–12
Visual-spatial STM 6:5± 1:8 1–12
Visual-spatial WM 4:8± 1:8 0–12
Verbal STM 7:7± 2:0 2–13
Verbal WM 6:8± 1:8 2–18
Language
Phonemic verbal fluency [words (n)] 18:6± 6:5 2–39
+ concept shifting [words (n)] 18:8± 6:2 1–40
Semantic verbal fluency [occupations (n)] 23:8± 6:9 5–50
+ concept shifting [sports/fruits (n)] 19:8± 4:8 4–37
Vocabulary (n) 30:8± 5:2 2–41

Note: STM, short-term memory; WM, working memory (see also Table S1 for test
descriptions).

Table 4. Description of MRI scan local gyrification index (lGI) results in the
lGI analysis group (n=590).

Outcome Mean±SD Range

Right hemisphere
DLPFC 2:64± 0:13 2.28–3.34
PCC/PCu 2:73± 0:17 2.19–3.27
IPL 2:93± 0:14 2.46–3.40
Left hemisphere
DLPFC 2:50± 0:13 2.10–2.92
PCC/PCu 2:76± 0:18 2.27–3.29
IPL 2:98± 0:13 2.63–3.40

Note: DLPFC, dorsolateral prefrontal cortex; IPL, inferior parietal lobule; MRI,
Magnetic Resonance Imaging; PCC/PCu, posterior cingulate cortex and precuneus; SD,
standard deviation.
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which might also result in a higher vulnerability of right hemi-
spheric brain regions to endogenous or exogenous risk factors,
resulting in structural changes.

Overall, air pollutants were more consistently associated with
posterior brain regions than with the frontal brain region. The
posterior–anterior shift in aging theory (PASA; Davis et al. 2008)
could be used to explain the missing association with the frontal
brain region. The PASA theory, which was initially observed for
brain function, has also recently been substantiated by a counter-
part in brain structure (e.g., Jockwitz et al. 2017). The PASA
theory states that, in the course of the normal aging process, fron-
tal brain areas take over functions of posterior areas in order to
compensate for a loss of function in those areas. This implies that
damage to posterior regions could be compensated by activation
in frontal areas, possibly leading to more preserved brain struc-
ture and even brain plasticity processes in those now more-
required areas. Because of this compensatory process, an adverse
effect of PM2:5, PM10, NOx, and NO2 on the prefrontal cortex
might not have been observable.

On the other hand, PNAM was associated with lower lGI values
in the DLPFC only. For PM, NO2, and NOx, it is hypothesized that
air pollution exerts direct and indirect effects on the body via inha-
lation through the lungs (Block et al. 2012). These pollutants may
also affect the brain through direct transportation or through indi-
rect initiation of systemic and local inflammation, processes that
may reach all of the observed brain areas through the cerebral
arteries (Block and Calderón-Garcidueñas 2009; Jayaraj et al.
2017). For PNAM, an additional potential mechanistic pathway
may exist, where very small particles or small particle-induced
inflammatory processes reach the brain via axonal transport from
the olfactory bulb after nasal intake (Elder et al. 2006; Oberdörster
et al. 2004). We speculate that higher concentrations of PNAM
from direct transport along the olfactory nerve or PNAM-associated
inflammation in frontal brain areas might explain the adverse asso-
ciation of PNAM exposure on the right DLPFC.

Higher 24-h mean weighted noise and nighttime noise expo-
sures were associated with higher lGI values in the right DLPFC,
but these were not associated with any decreases in lGI values in

Figure 2. Difference in test score rank and 95% CI for the associations of air pollution and noise exposures with cognitive domain scores. n=615. Linear
regression models were adjusted for age, sex, and SES (Discovery Model). IQR-values: PNAM, 497; NOx, 14.2; NO2, 5.3; PM2:5abs, 0.3; PM2:5, 1.4; and PM10,
2.0. See Table S6 for corresponding numeric data. Note: CI, confidence interval; IQR, interquartile range; LDEN, averaged weighted day–evening–night (24-h);
Lnight, average levels of nighttime noise (2200–0600 hours); NOx, nitrogen oxides; NO2, nitrogen dioxide; PM, particulate matter; PM2:5, PM≤ 2:5 lm in aero-
dynamic diameter; PM2:5abs, PM2:5 absorbance; PM10, PM≤ 10 lm in aerodynamic diameter; PNAM, accumulation mode particle number; SES, socioeconomic
status.
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the other tested regions. At first sight, this seems to indicate that
noise exposure has no adverse effect, and perhaps even a protec-
tive effect, on local gray matter. Next to chance, several explana-
tions could be responsible for this finding. Considering the fact
that we used outdoor façade noise values, it is possible that
participants exposed to higher levels of noise exhibited more pro-
tective behaviors, such as leaving the windows closed more often
or installing soundproof windows. An alternative explanation is
that frontal brain areas could experience compensatory processes
of brain plasticity and, possibly, hypertrophy to make up for dif-
fuse losses of function induced by noise-related stress and annoy-
ance, noise-related reduced sleep quality, or energy-carrying
sound waves. The results of the cognitive test analyses support
that chronic noise exposure might have a damaging effect on
higher cognitive function, with verbal fluency and the vocabulary
test performance being most adversely affected. Thus, although
we found adverse effects of noise exposure on cognitive function,

further studies are warranted to unravel the inverse association
between noise exposure and brain atrophy.

In future studies, functional connectivity of the FPN should
be looked at in connection to air pollution and noise exposure in
order to evaluate whether support for the PASA theory and right
hemi-aging theories can also be found based on functional net-
work reorganization. In addition to already existing research on
the topic, even more basic experimental research needs to be
done with animal and human brain tissue, as well as brain imag-
ing studies on regional differences attributable to air pollution, to
further clarify pathways and mechanisms. If we want to better
understand the effect air pollutants have on the brain, we need to
know which, and in what quantities, particles are able to reach
certain brain regions; how pollutants are able to cross or circum-
vent the blood–brain barrier to directly access the brain; and how
other pollutants may exert adverse effects across the blood–brain
barrier without directly reaching the brain.

Figure 3. Difference in test score rank and 95% CI for the associations of air pollution and noise exposures with neuropsychological test results from the
Language Domain. n=615. Linear regression models were adjusted for age, sex, and SES (Discovery Model). IQR-values: PNAM, 497; NOx, 14.2; NO2, 5.3;
PM2:5abs, 0.3; PM2:5, 1.4; and PM10, 2.0. See Table S7 for corresponding numeric data. Note: CI, confidence interval; IQR, interquartile range; LDEN, averaged
weighted day–evening–night (24-h); Lnight, average levels of nighttime noise (2200–0600 hours); NOx, nitrogen oxides; NO2, nitrogen dioxide; PM, particulate
matter; PM2:5, PM≤ 2:5 lm in aerodynamic diameter; PM2:5abs, PM2:5 absorbance; PM10, PM≤ 10 lm in aerodynamic diameter; PNAM, accumulation mode
particle number; SES, socioeconomic status.
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Pathways by which noise exposure affects the brain have not
been previously investigated. It would, therefore, be of interest to
explore whether chronic ambient noise exerts an effect on the
brain via activation or deactivation of certain brain areas via the
auditory system and whether these changes in activation may
lead to changes in brain plasticity as well as to changes in struc-
ture and function.

Currently, it is highly debated among researchers which struc-
tural marker is most suitable to make a statement about structural
properties of the aging brain (Storsve et al. 2014, Lemaitre et al.
2012). Given that lGI is more focused on the cortical surface than
overall brain volume, lGI is more sensitive to small changes of
local brain structure; however, it is not the only marker for brain
atrophy (Hutton et al. 2009).

One major limitation of this study is that the number of partici-
pants was relatively low in comparison with previous studies on air
pollution and brain structure. In addition, the high degree of effort
needed for participation in this MRI study resulted in a selection of
younger and well-educated men into the study population, poten-
tially leading to selection bias. Another limitation is the lack of a
clear temporal order of exposure and effect. Although the exposure
assessment was conducted before the measurement of the outcome,
we have no information about the timing of the actual change in cog-
nitive function and brain morphology in the follow-up period. This

will be the subject of further analyses with forthcoming longitudinal
neuropsychological and MRI data. Furthermore, due to the rela-
tively large number of analyses, individual associations can be
chance findings. We therefore tried to limit the number of analyses
by reducing the investigated local brain regions to those that were
associated with specific impaired cognitive functions in the neuro-
psychological testing. Although the two applied air pollution expo-
sure models are accepted and validated models for application in
epidemiological studies, exposure measurement error of long-term
ambient exposures is an important issue in environmental epidemi-
ology, specifically for participants who relocate or spend little time
of the year at their home address.Wedid not conduct a detailed anal-
ysis of the residential exposure history in this study, but systematic
differences in relocations might exist and may have led to a biased
estimate. Furthermore, we did not have knowledge about the use of
protective measures concerning noise exposure, which could also
bias the effect estimates. Small numbers of participants in the dis-
tance categories close tomajor roads resulted in very imprecise esti-
mations, which should not be overinterpreted.

One of the strengths of our study was that we were able to
investigate the variability of structural differences (i.e., measured
by lGIs) in the aging brain in association with air pollution and
noise exposure across a wide range of participant ages (55–85 y
at FU1). By this, we particularly covered the period of aging

Figure 4. Differences and 95% CI for the associations of air pollution and noise exposures with lGI in the IPL, PCC/PCu, and DLPFC of the right hemisphere.
n=590. Linear regression models were adjusted for age, sex, SES, alcohol consumption, smoking status, cumulative pack-years, ETS, physical activity, and
neighborhood unemployment rate (Main Model). IQR-values: PNAM, 497.8; NOx, 14.0; NO2, 5.3; PM2:5abs, 0.3; PM2:5, 1.4; and PM10, 2.0. See Table S11 for
corresponding numeric data. Note: CI, confidence interval; DLPFC, dorsolateral prefrontal cortex; ETS, environmental tobacco smoke; lGI, local gyrification
index; IPL, inferior parietal lobule; IQR, interquartile range; LDEN, averaged weighted day–evening–night (24-h); Lnight, average levels of nighttime noise
(2200–0600 hours); NOx, nitrogen oxides; NO2, nitrogen dioxide; PCC/PCu, posterior cingulate cortex and precuneus; PM, particulate matter; PM2:5,
PM≤ 2:5 lm in aerodynamic diameter; PM2:5abs, PM2:5 absorbance; PM10, PM≤ 10 lm in aerodynamic diameter; PNAM, accumulation mode particle number;
SES, socioeconomic status.
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after a critical point in the mid 50s of age, where cognitive per-
formance and brain function decline is more pronounced (e.g.,
Seattle Longitudinal Study: Schaie et al. 2004). In addition, we
included both men and women, which has not been the case in
the previous female-only works of Casanova et al. (2016) and
Chen et al. (2015). We also had comprehensive data on expo-
sures, covariates, and possible confounders because of the
extensive individual-level assessment within the HNR and the
1000BRAINS studies. The neuropsychological testing and MRI
data within the 1000BRAINS study is particularly noteworthy
given that very few cohort studies have test data as well as MRI
scans available. In addition, we were able to look at differences
in task-specific, fronto–parietal regions rather than at global dif-
ferences in the brain structure in an analysis that directly links
to previous work on cognitive function and air pollution/noise
exposure. Although there have been previous studies on air pol-
lution and volumetric measures of the brain, to our knowledge,
this is the first study looking at air pollution and lGI, a sensitive
marker of local brain atrophy. Moreover, this is the first study
to look at noise exposure in the broader context of brain struc-
ture, and thus our study is also the first study to look at air pol-
lution and noise exposure simultaneously in this context.

Another strength of this study is the extensive sensitivity analy-
ses that revealed robust results to different assumptions.

Conclusion
Air pollution and noise exposures were associated in opposite
directions with markers of local atrophy of the right hemispheric
FPN in older adults, suggesting that both chronic air pollution
and noise exposure may influence the physiological aging process
of the brain. Our research delivers further evidence for the exis-
tence of structural changes in the brain due to air pollution and
noise exposure that accompany cognitive performance losses.
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