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Association between traffic-related air pollution
and brain morphology, assessing the olfactory
pathway as a mediator
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Traffic-related air pollution (TRAP) is a major environmental risk factor with growing evidence linking long-term exposure to adverse brain morph-
ology outcomes. A direct pathway for pollutant translocation to the brain via the olfactory bulb has been proposed, but in vivo its contribution to
TRAP-related changes in brain morphology remains inconclusive. We investigated these questions using cranial magnetic resonance imaging (MRI)
data. Based on cranial MRIs from the population-based ‘Cooperative Health Research in the Region of Augsburg’ cohort, we analyzed global and
region-specific white matter lesions, cerebral microbleeds, brain volumes, and olfactory bulb signal intensity in 400 participants. Land-use regression
models estimated residential long-term exposure to air pollutants, including particle number concentration, particulate matter with different dia-
meters, coarse particulate matter with a diameter between 10 um and 2.5 pm, absorbance of particulate matter with an aerodynamic diameter
<2.5 um, and nitrogen oxides. We used covariate-adjusted regression models to explore the association between TRAP and white matter lesions,
brain volumes, or cerebral microbleeds, and investigated whether the olfactory bulb mediates this association. Participants’ mean age was 56 + 9 years,
and 42% were female. We found that TRAP was associated with increased odds of prevalent white matter lesions. For global white matter lesions, an
interquartile range increase in absorbance of particulate matter was associated with an odds ratio of 1.48 [95% CI: 1.02; 2.14]. Comparable results
were found for non-frontal white matter lesions, where nitrogen dioxide, absorbance of particulate matter, and coarse particulate matter were linked
to increased odds of white matter lesions. In the mediation analysis we did not find evidence that the association was mediated by the signal intensity
of the olfactory bulb. Stratified analyses revealed that women were more susceptible for the detrimental effects of TRAP. Our findings suggest that

TRAP exposure was associated with an increased odds for white matter lesions, while the olfactory bulb did not appear to mediate this relationship.
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Introduction

Air pollution is a significant global health concern, particularly in
urban environments, where traffic-related air pollution (TRAP) ac-
counts for a substantial share of overall ambient air pollution.l’2
TRAP, which encompasses both direct vehicle emissions and indir-
ect sources such as tire and brake wear, consists of a complex mix-
ture of air pollutamts.3 Long-term exposure to TRAP, which
includes ultrafine particles (UFP), black carbon (BC), nitrogen di-
oxide (NO;), nitrogen oxides (NOj), and particulate matter
(PM), has been associated with adverse effects on multiple organ
systems, including the cardiovascular and respiratory systems.4 In
recent years, increasing evidence suggests that TRAP may also
play a significant role in neurological and mental health, contribut-
ing to both neurodevelopmental disorders and neurodegenerative
diseases.”® However, the specific impact of TRAP on brain struc-
ture, particularly as measured by cranial magnetic resonance im-
aging (cMRI), remains incompletely understood,”™® as most
studies using cMRI data do not explicitly refer to traffic-related
emissions. ' *

Epidemiological and experimental research suggests that TRAP
might be associated with structural changes in brain morphology,
including reductions in total cerebral brain volume, hippocampal
atrophy, and increased burden of white matter lesions
(WML).”'*"> Additionally, animal models demonstrate that
TRAP exposure leads to fibre-specific white matter degradation,

potentially accelerating neurodegeneration.16

Floum Frontal Temporal  Parieto-occipital  Non-frontal Basal ganglia  Microbleeds

Scientific evidence suggests that air pollutants enter the brain and
affect its structure and function. Experimental studies have shown
that air pollutants can deposit on the olfactory epithelium, translo-
cate along the olfactory nerve, and induce neuropathological
changes,17 leading to their accumulation in the olfactory bulb
and in deeper brain structures. 2! Beyond direct translocation,
air pollution can also induce neurotoxicity via systemic inflamma-
tion and oxidative stress.”* Inhaled pollutants trigger peripheral
circulating pro-inflammatory cytokines that compromise the
blood-brain-barrier and promote neuroinflammatory cascades.”>??

However, research on the effects of TRAP on brain morphology
remains limited, as most imaging studies do not specifically consider
traffic-related emissions as the source of pollution. Among existing
studies, the focus is primarily on particulate matter with an aero-
dynamic diameter <2.5 pm (PM;5), NO,, and NO,, while other
critical traffic-related pollutants, such as UFP and BC, remain un-
explored. Additionally, the direct translocation of pollutants via
the olfactory bulb has not been systematically examined in vivo.
This study investigated in an explorative fashion the associations be-
tween TRAP (NO,, NOx, particle number concentration (PNC)
as a proxy for UFP, PM with an aerodynamic parameter <10 um
(PM,), PM with an aerodynamic parameter <2.5 um (PM, s), par-
ticles with an aerodynamic parameter between 2.5 and 10 um
(PMcoarse)» and PM, 5 absorbance (PM; sabs) as a proxy for BC)
and brain morphology, using cMRI. Furthermore, we used medi-
ation analysis to assess whether pollutants reach the brain through
the olfactory pathway.
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Materials and methods

Within the KORA S4 cohort (Cooperative Health Research in the
Region of Augsburg), the KORA-MRI study was designed as a
cross-sectional population-based imaging study embedded within
the second follow-up (FF4). The study region encompasses two
neighbouring districts (Aichach-Friedberg district and Augsburg
district) as well as the city of Augsburg, located in southern
Germany. Detailed descriptions of the KORA cohort's design
and recruitment have been published previously.24

The second follow-up included 2279 participants and was con-
ducted from June 2013 to September 2014, of whom 400 were en-
rolled in the KORA-MRI sub-study. Comprehensive details
regarding the study design, as well as eligibility and exclusion cri-
teria, have been reported elsewhere.” Briefly, individuals were ex-
cluded if they had an impaired renal function, had a history of
cardiovascular disease such as myocardial infarction, revasculariza-
tion, or stroke, were over 72 years of age, or had any contraindica-
tions to MRI.

The KORA-MRI study received ethical approval from the insti-
tutional review board of the Ludwig-Maximilians-University
Munich (LMU Munich), while the KORA FF4 study was ap-
proved by the ethics committee of the Bavarian Chamber of
Physicians in Munich. Written informed consent was received
from all participants.

Anthropometric measurements were collected at the KORA study
centre. Standardized questionnaires and interviews were used to
gather data on medication use, health status, physical activity, social
status, alcohol consumption, and smoking habits.?> An oral glucose
tolerance test was performed in participants without manifest dia-
betes, after which they were classified into normoglycemia, predia-
betes, or diabetes groups based on WHO criteria.?®

Within 3 months after the visit to the study centre, all participants
of the MRI sub-study underwent a whole-body MRI examination.
Imaging was performed at a single study site using a 3 Tesla
MAGNETOM Skyra system (Siemens Healthineers, Erlangen,
Germany) with an 18-channel body coil in combination with the
table-mounted spine matrix coil. A comprehensive standardized im-
aging protocol was applied identically to all participants. Detailed
acquisition parameters and sequence specifications have been de-
scribed previously.zs’27

The following ¢cMRI parameters were used for the current
analysis:

* White matter lesions (WML) [yes/no], graded on T2 weighted
fluid-attenuated inversion recovery (FLAIR) 3D images
[SPACE, repetition time (TR): 5000 ms, slice thickness (ST):
0.9 mm, 0.5 mm x 0.5 mm in-plane spatial resolution, echo time
(TE): 389 ms, flip angle: 120°, inversion time (TT): 1800 ms]:
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© Region-specific WML (frontal, temporal, perieto-occipital, in-
fratentorial, non-frontal, basal ganglia).

o Global WML.

© Age-related WML; defined according to the Age-Related
White Matter Changes (ARWMC) scale as WML are typically
observed in older individuals and associated with aging and
vascular risk factors.”®

* Cerebral microbleeds [yes/no],
Susceptibility-Weighted Imaging (SWT).

* Cranial volumes [mm?], derived from T2 weighted FLAIR 3D
images:
© White matter (WM) volume.

Grey matter (GM) volume.

Cerebro-spinal fluid (CSF) volume.

Hippocampus and amygdala volume.

Total intracranial volume (ICV) (sum of WM volume, GM

volume, and CSF volume).

derived from

O O O O

A detailed description of how these measurements were obtained
is presented in Supplementary Materials 1.

Image analyses were performed by trained readers,
non-board-certified readers were closely supervised by board-
certified radiologists. Readers were blinded to clinical and exposure
information.

All images were reviewed by board-certified radiologists for clin-
ically relevant incidental findings according to prospectively defined
recommendations. Participants with clinically relevant findings
were informed by standardized written notification including re-
commendations for further diagnostic work-up, as described
previously.””

For the current investigation, signal intensity in the olfactory bulb
was bilaterally quantified using an approved and certified diagnostic
monitor. Measurements with T2-weighted 3D FLAIR images
[SPACE, repetition time (TR): 5000 ms, slice thickness (ST):
0.9 mm, 0.5mm x 0.5 mm in-plane spatial resolution, echo time
(TE): 389 ms, flip angle: 120°, inversion time (TT): 1800 ms] were per-
formed in the sagittal plane, with the coronal plane serving as the ref-
erence. The posterior third of the olfactory bulb was predefined as
the region of interest (ROI) (Fig. 1). Within the ROI, the minimum,
mean, and maximum signal intensities in arbitrary units were extracted.

Inter-rater variability was assessed for 10% of the observations by
trained physicians (MW, GA), under supervision of a board-
certified radiologist (SS). Measurements were performed independ-
ently and readers were blinded to each other’s results. Mean signal
intensity of the olfactory bulbs on both sides demonstrated low
inter-rater variability (5.5% and 5.8%, respectively), and the variabil-
ity for the minimum and maximum signal intensities ranged from
10% (maximum signal intensity) up to 35% (minimum signal
intensity) (Supplementary Materials 2). In addition, intra-rater vari-
ability was assessed for 10% of the observations (Supplementary
Materials 2). Intraclass correlation coefficients indicated moderate
reproducibility overall, with higher agreement observed for mean
and maximum signal intensity measures compared with minimum
values (Supplementary Materials 2).

For signal normalization, cerebrospinal fluid (CSF) signal inten-
sity was measured in the anterior horn of the right lateral ventricle.
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Figure 1 Measurements of the signal intensity of the olfactory bulb. In the sagittal plane on the left, the posterior third has been
predefined as ROI (marked pink). The mean, minimum, and maximum signal intensity in arbitrary units were 178.14, 154, and 189

respectively. The coronal plane on the right serves as a reference.

If measurement in the right ventricle was not feasible, the anterior
horn of the left lateral ventricle was used as an alternative site. All
signal intensities of the olfactory bulb were normalized for the
CSF signal intensity. Mean, maximum, and minimum signal inten-
sity of the olfactory bulb were used as outcomes in the current
analysis.

Exposure assessment

Long-term air pollution exposure was assessed for all KORA FF4
participants using land-use regression (LUR) models to estimate an-
nual mean concentrations of air pollutants between March 2014
and April 2015.%° Residential exposure levels were assigned to par-
ticipants based on their home addresses. The LUR models were de-
veloped using air pollution measurements from 20 monitoring
stations located in urban and rural areas within the study region,
sampled for three 14-day periods across different seasons (cold,
warm, and intermediate).

Particle number concentrations (PNC) were measured using a
NanoScan SMPS Nanoparticle Sizer (model 3910, TSI,
Shoreview, MN, USA) and GRIMM ultrafine particle counters
(model EDM 465 UFPC, GRIMM Aerosol, Ainring, Germany).
Nitrogen oxides (NOy and NO,) were quantified using Ogawa pas-
sive samplers (Ogawa & Co., USA Inc.). PM;y and PM, 5 levels
were determined with Harvard Impactors. PM s Was calculated
as the difference between PM;, and PM,s. PM, sabsorbance
(PM, sabs) was derived from reflectance measurements of PM fil-
ters. It served as a proxy for BC, which is predominantly
traffic-related in this study area due to the high proportion of diesel

. . 1-
vehicles in Germany.3 33

The final LUR models performed well with adjusted R?
(leave-one-out cross-validation adjusted R?) ranging between 0.68
(0.55) for PM qarse and 0.94 (0.89) for NO, and included the fol-
lowing predictor variables:

* PNC: Total traffic load of all major roads within 50 mj
Industrial, commercial and transport units within 300 m;
Forest and seminatural areas within 100 m; Urban green, forest
and seminatural areas within 500 m; Building density within
25 m.

* PM;o: Road length of all major roads within 100 m; Road length
of all roads within 1000 m; Industrial, commercial and transport
units within 300 m; Urban green within 500 m; Building density
within 25 m; Total traffic load of all major roads within 25 m.

* PM, 5: Road length of all roads within 50 m; Industrial, commer-
cial and transport units within 300 m; Forest and seminatural
areas within 1000 m; Artificial surfaces within 25 m; Industrial,
commercial and transport units within 300 m.

* PM_oue: Artificial surfaces within 1000 m; Product of traffic in-
tensity on nearest road and inverse distance to the nearest road
and distance squared; Industrial, commercial and transport units
within 300 m.

* NO,: Industrial, commercial and transport units within 5000 m;
Road length of all major roads within 100 m; Industrial, com-
mercial and transport units within 300 m; Forest and seminatural
areas within 100 m; Industrial, commercial and transport units
within 1000 m.

* NOx: Total traffic load of all major roads within 50 m; Urban
green, forest and seminatural areas within 1000 m; Industrial,
commercial and transport units within 300 m; Forest and semi-
natural areas within 100 m.
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* PM, sabs: Total traffic load within 100 m; Building density with-
in 25 m; Industrial, commercial and transport units within
1000 m; Water bodies within 5000 m.

Detailed information on model development, validation, quality,

and measurement techniques is available in a prior pubhcamon.3

Distributions of continuous variables were first inspected visually
for normality. For variables exhibiting a non-normal distribution,
the median and interquartile range (IQR) were reported, while vari-
ables following a normal distribution were expressed as mean and
standard deviation. Group comparisons by sex for both participant
characteristics and air pollution metrics were performed using
Wilcoxon rank-sum tests, Chi-square tests, or £-tests, as appropriate.

Associations for each exposure-outcome pair were evaluated
using covariate-adjusted regression models. We used linear regres-
sion for continuous outcome variables, correcting GM, WM, and
CSF volumes by dividing each by ICV, and applying a square-root
transformation to age-related WML. For binary WML outcomes,
we used logistic regression models.

Covariate selection for adjustment was based on prior evidence
from current literature. The minimum model was adjusted for
sex and age, while the main model was additionally adjusted for al-
cohol consumption (g/day), body-mass index (BML in kg/m?),
physical activity (very active, moderate active, little active, non-
active), smoking (regular, former, never), marital status, and years
of education.

For all exposure-outcome pairs, we performed mediation analysis
for potential mediation by the mean or maximum signal intensity of
the olfactory bulb. The mediation analysis was conducted with the
covariate adjustment used in the main model with the R package
‘mediate’.

We performed stratified analyses to evaluate potential effect
modifications. Following covariate adjustment of the main model,
variables used to define the strata were not included as covariates in
the respective stratified models: (I) sex female versus male, (II)
normoglycemia versus prediabetes versus diabetes, (III) age <65
years versus > 65 years, (IV) BMI < 30 kg/m* versus >30 kg/m”,
(V) hypertension no versus yes, (VI) high-sensitive C—reactive pro-
tein (hs-CRP) <1 mg/L versus >1 mg/L, participants with hs-CRP
>10 mg/L were excluded.

We performed several sensitivity analyses to evaluate the robust-
ness of the results, following covariate adjustment of the main mod-
el: Additional adjustment for (I) the degree of urbanization; (II)
hs-CRP; (IIT) ICV. (IV) Instead of stratification, we used an inter-
action term between the respective air pollutant and the effect
modifier. (V) Exclusion of all participants who had moved during
the year of the study or in the preceding year.

Results are presented as either the percentage change of the
mean outcome for linear regression models, as regression coeffi-
cients for outcome age-related WML, or as odds ratios (OR), and
95%-confidence intervals per interquartile range (IQR) increase in
the respective air pollutant. A complete case analysis was used based
on the availability of outcome data since exposure data were avail-
able for every participant.
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Statistical analyses were executed using R version 4.3.1 (The R
Foundation for Statistical Computing, Vienna, Austria). Due to
the exploratory character of our analysis, we denote associations be-
tween exposure and outcome with a P-value < 0.1 as a trend, and
those with a P-value < 0.05 as significant associations.

Results

The study population had a mean age of 56 9 years, with 42%
being female (Table 1). 40% of the participants had diabetes or pre-
diabetes, and 34% had hypertension.

Details on ¢cMRI outcomes and available sample size per out-
come are summarized in Table 2. 62% of the participants exhibited
WML, and the frontal lobe was most likely to be affected (60%). As
WML in the infratentorial region were only detected in 14 partici-
pants, we did not assess this region as a dedicated outcome in regres-
sion analyses.

Air pollution exposures and outcomes did not differ significantly
between women and men (Supplementary Table 1). The average
annual PM, 5 exposure was 11.7 ug/ m°, with an interquartile range
(IQR) of 1.4 ug/m” (Table 2). This exposure level is below the EU
annual threshold of 25 ug/ m>, Similarly, average NO, levels
(13.6 ug/m’) were within the EU limit of 40 pg/m>. PM, levels
averaged 16.5 ug/ m>, remaining under the EU limit of
40 pg/m>.>* Although the revised Ambient Air Quality Directive
(AAQD) will lower the annual limits for PM, s and NO, from
2030 onward, the observed exposure levels in this study were also
below these new thresholds. Air pollutants were highly to moder-
ately correlate with each other (Supplementary Table 2).

We found that exposure to TRAP was associated with an increased
odds for the presence of WML (Fig. 2, Supplementary Table 3). In
global WML, an IQR increase in PM, sabs was associated with an
increased OR of 1.48 [95%-CI: 1.02; 2.14]. Comparable results
were found for non-frontal WML, where NO,, PM, sabs, and
PM_oarse Were linked to increased odds for WML [NO,: 1.42
(1.03; 1.96); PM,sabs: 1.57 (1.10; 2.23); PMogaree: 1.61 (1.15;
2.25)]. For other air pollutants, such as PNC and PM, s, we ob-
served trends towards increased odds for the presence of WML
(Fig. 2, Supplementary Table 3), while we did not find an associ-
ation between TRAP and the presence of microbleeds. PM, sabs
and PM_ . Were associated with increased age-related WML
(Table 3). For example, an IQR increase in PM, sabs was associated
with a 0.17 [0.01; 0.33] increase in square-root-transformed
age-related WML. There were no significant associations between
TRAP and any brain volumes (Fig. 2, Supplementary Table 3).

In the mediation analysis, we did not find evidence that the mean or
maximum signal intensity of the olfactory bulb acts as a mediator
between TRAP and WML or brain volumes (Supplementary Figs
1-4). The total effect for the association between TRAP and global
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Description of participants’ characteristics

All participants: n =400

Mean (SD)
Age [years] 56.3(9.2)
Weight [kg] 83.0 (16.6)
Height [cm] 171.6 (9.7)
Waist circumference [cm] 98.6 (14.3)
BMI [kg/m°] 28.1 (4.9)
WHR 0.9 (0.1)
SBP [mmHg] 120.6 (16.7)
DBP [mmHg] 75.3 (10.0)
PP [mmHg] 71.3(9.9)
Cholesterol [mg/dL] 217.8 (36.3)
HDL [mg/dL] 61.9 17.7)
LDL [mg/dL] 139.5(32.9)
TAG [mg/dL] 131.5 (84.8)
Neighbourhood SES 22.4(21.7)

Median (IQR)
Alcohol consumption [g/day] 8.5(25.7)
hsCRP [mg/L] 1.2 (1.9)
Sex N (%)
Female 169 (42%)
Male 231 (58%)
Diabetes status
Diabetes 54 (14%)

103 (26%)
243 (60%)

Prediabetes
Normoglycemia

Hypertension 136 (34%)
Angina pectoris 25 (6%)
Antihypertensive medication 102 (26%)
Lipid lowering medication 43 (11%)
Antidiabetic medication 32 (8%)

Household income per month N (%)
<625€ 14 (4%)
625€ to <1250€ 106 (27%)
1250€ to <1875€ 192 (48%)
1875€ to <2500€ 11 (3%)
>2500¢€ 59 (14%)
Missing 18 (4%)
Marital status
Unmarried, living alone 39 (10%)
Unmarried, living with the partner 15 (4%)
Married, living with the spouse 289 (72%)
Married, living apart 9 (2%)
Divorced 31 (8%)
Widowed 17 (4%)
Years of education
8 0 (3%)
10 137 (34%)
11 55 (14%)
12 8 (9%)
13 80 (20%)
15 5 (1%)
17 77 (19%)
Smoking habits
Regular 80 (20%)
Former 174 (44%)
Never 146 (36%)
Physical activity
Very active 115 (29%)
Moderate active 123 (31%)
Little active 7 (14%)
Non-active 105 (26%)

BMI, body mass index; DBP, diastolic blood pressure; HDL, high density lipoprotein; hsCRP, high sensitive c-reactive protein; IQR, interquartile range; LDL, low density
lipoprotein; PP, pulse pressure; SBP, systolic blood pressure; SD, standard deviation; SES, socio-economic status; TAG, triacylglycerides; WHR, waist-to-hip ratio.

or region-specific WML and volumes (Supplementary Figs 1 and 2)
was comparable to the associations found in the main analysis
(Fig. 2, Supplementary Table 3). However, the average mediation
effect, which represents the effect between exposure and outcome
that is mediated by the signal intensity of the olfactory bulb, was
close to 0 and not significant for any of the examined associations,
the same applies to the proportion mediated (results not shown).

Stratification by sex significantly influenced the observed associa-
tions. We observed a significant association between TRAP exposure
and the presence of WML in women compared with men. Women
exhibited an increased odds of WML, both global and region-specific
in the frontal, temporal, and parieto-occipital regions, for nearly all
air pollutants (Fig. 3). In contrast, no significant associations were
found in men. For brain volumes, we found similar results. While
no associations were detected in the main analysis, stratification re-
vealed that exposure to TRAP was associated with lower white mat-
ter volumes only in women (Supplementary Fig. 5). Additionally, we
observed a trend toward decreased grey matter volume and total ICV.

Other stratification analyses yielded less consistent results
(Supplementary Figs 6-8). Notably, individuals with diabetes had

significantly decreased odds of WML in the temporal,
parieto-occipital, and non-frontal regions, whereas participants
with prediabetes exhibited higher odds (Supplementary Fig. 6).
Stratification by BMI did not reveal significant differences in
TRAP-associated WML odds between participants with BMI >
30 kg/m2 and those with BMI < 30 kg/m2 (Supplementary Fig. 7).

The results remained largely stable across most sensitivity analyses
(Supplementary Tables 4-7). Adjusting the main models for
hs-CRP did not significantly alter the observed associations.
Similarly, additional adjustment for ICV did not impact the find-
ings. The same applies to the adjustment for the degree of urbaniza-
tion, or the exclusion of movers. Using an interaction term for effect
modification instead of stratification also yielded consistent results,
further supporting the robustness of the conducted analyses.

Discussion

In our cross-sectional study, we examined in an explorative fashion
the association between long-term exposure to TRAP and brain
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Table 2 Description of exposure and MRI outcome parameter
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Description of environmental exposure
All participants: n =400

Mean (IQR) Mean (IQR)
PMyo [ug/m°] 16.5(2.1) NO, [ng/m3] 13.6 (6.0)
PM, 5 [ug/m?] 11.7 (1.4) NOy [ug/mq] 21.1(9.7)
PMcoarse [Hg/m°] 4.8 (1.5) PM, sabs [107> m™] 1.2 (0.3)
PNC [n/cm?®] 7076.8 (2241.8)
Description of cranial MRI parameter
WML and cerebral microbleeds Cranial volumes
Included participants: n = 379 N (%) Included participants: n = 352 Mean (SD)
Global WML 249 (62.3) Brain volume?® 0.829 (0.028)
Frontal WML 238 (59.5) GM volume (all reliable)? 0.076 (0.005)
Temporal WML 144 (36.0) WM volume? 0.411 (0.016)
Parieto-occipital WML 145 (36.2) CSF volume?® 0.171 (0.028)
Infratentorial WML 14 (3.5) Hippocampus and Amygdala volume® 0.008 (0.001)
Non-frontal WML 187 (46.8) Olfactory bulb signal intensity Mean (SD)

Included participants: n = 322
Basal ganglia WML 66 (16.5) Olfactory bulb mean® 7.66 (3.06)
Cerebral microbleedings 34 (8.5) Olfactory bulb minimum® 6.23 (2.59)
WML age-related Median (IQR) Olfactory bulb maximum® 8.75(3.49)
Included participants: n = 388

Age-related WML 2(5)

CSF, cerebro-spinal fluid; GM, grey-matter; NO,, nitrogen dioxide; NOy, nitrogen oxides; PMy, particulate matter with an aerodynamic diameter >10 um; PM, s,
particulate matter with an aerodynamic diameter >2.5 um; PM, sabs, PM, 5 absorbance; PMcoarse, particles with an aerodynamic parameter 10-2.5 um; PNC, particle
number concentration; WM, white matter; WML, white matter lesions. *Corrected for ICV. PCorrected for cerebro-spinal fluid signal intensity.
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Figure 2 Associations between TRAP and brain morphology. The upper panel (A) presents odd ratios (OR) and 95%-confidence
intervals (Cl) for global and region-specific WML, and cerebral microbleeds per interquartile-range (IQR) increase in the respective air
pollutant (n = 379). The lower panel (B) presents %-changes and 95%-Cl for brain volumes per IQR increase in the respective air
pollutant (n = 352). Strength of association derived from the regression analysis: significant: P-value < 0.05. Trend: 0.1 > P-value > 0.05.
No association: P-value > 0.1. Models were adjusted for age, sex, BMI, alcohol consumption, smoking, physical activity, marital status
and education years. White matter, grey matter, cerebro-spinal fluid (CSFE), and Hippocampus/Amygdala volumes were corrected for

ICV.
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morphology, using data from a population-based MRI cohort
study. We found that exposure to TRAP was significantly asso-
ciated with higher odds of prevalent WML. In particular,
PM, sabs showed significant associations with global and region-

Table 3 Associations between TRAP and square-root
age-related WML

Exposure IQR Coeff [95%-Cl] P-value
PNC 2241.76 0.09 [-0.03; 0.22] 0.135
NO, 6.03 0.10 [-0.05; 0.25] 0.198
NOyx 9.67 0.07 [-0.07; 0.20] 0.328
PM, sabs 0.28 0.17[0.01; 0.33] * 0.036
PM, 5 1.41 0.05 [-0.10; 0.20] 0.491
PM1o 2.06 0.11 [-0.04; 0.26] 0.154
PMeoarse 147 0.15 [0.00; 0.30] * 0.048

Results are presented as regression coefficients (coeff) and 95% confidence
intervals [95%-Cl] per interquartile-range (IQR) increase in the respective air
pollutant. Square-root regression models (SQRM) were adjusted for age, sex,
BMI, alcohol consumption, smoking, physical activity, marital status, and
education years. Significant results are indicated by *.

M. Woeckel et al.

specific WML. In contrast, no significant associations were ob-
served for brain volumes. Mediation analysis provided no evidence
that the signal intensity of the olfactory bulb acts as a mediator be-
tween TRAP exposure and brain morphology. In the stratified ana-
lyses, women had significantly higher odds for present WML and
reduced brain volumes compared with men.

WML are widely recognized as imaging markers of cerebral small
vessel disease. A substantial body of evidence demonstrates that
WML are associated with an increased risk of recurrent stroke
and major vascular events, as well as with long-term cognitive de-
cline and incident dementia, particularly vascular dementia.*>?”
In addition, WML have been linked to late-life and post-stroke de-
pression, supporting the concept of a vascular contribution to
neuropsychiatric outcomes.>®3? Thus, the observed association be-
tween TRAP and WML in our study may have important clinical
implications, as WML represent a structural marker underlying
stroke, dementia, and affective disorders. As TRAP is a potentially
modifiable environmental exposure, our findings suggest that redu-
cing long-term exposure may contribute to lowering the burden of
brain injury. From a clinical and public health perspective, this
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P-value > 0.05. No association: P-value > 0.1. Models were adjusted for age, BMI, alcohol consumption, smoking, physical activity,
marital status and education years. n = 379.

9Z0Z 8un( £ UO Jasn ¥aylol|qig|esjusz - HqWs) 118Ypunsas) pun jjamuin Jeny wniuazsbunyosio4-499 Aq | 2950/8/ | ZZ6eo)/s/g/8|o1ue/Swiwoouleld/woo dno olwapeoe//:sdiy Woll papeojumoc]



Air pollution and brain morphology

highlights the importance of environmental risk factor control as
part of broader strategies aimed at preventing stroke, cognitive de-
cline, and neuropsychiatric disorders at the population level.

Previous studies have reported inconsistent evidence regarding
the association between air pollution exposure and the risk of
WML. While the Three-City Montpellier study reported positive
associations PM s and NO, and region-specific WML, other co-
hort studies did not confirm such relationships‘lo’l1’15’40 Similarly,
analyses from the Framingham Offspring Study on residential prox-
imity to major roadways did not identify a clear pattern of associ-
ation with WML.”

Contrary to our hypothesis, we did not observe significant asso-
ciations between TRAP exposure and brain volumes. Previous
studies have reported inconsistent findings regarding air pollution
and brain volumes. 315! Thus, our results for volumetric mea-
sures were consistent with the heterogeneous evidence in the litera-
ture. However, we observed TR AP-related associations for markers
of small vessel disease, such as WML, but not for brain volumes,
suggesting that air pollution effects in this population may prefer-
entially manifest as microvascular WM alterations rather than glo-
bal volumetric changes.

Understanding the mechanisms through which air pollution af-
fects brain health is crucial for assessing its long-term neurophysio-
logical consequences. Existing literature highlights two major
pathways through which air pollution can impact brain health: dir-
ect neuroinvasion via the olfactory system and indirect effects
through systemic inflammation and oxidative stress.”> Animal stud-
ies have demonstrated that inhaled UFP, metal-laden nanoparticles,
and BC can translocate from the nasal cavity to the olfactory bulb
and subsequently distribute even to deeper brain regions, inducing
neuroinflammatory responses.'®"” Autopsy studies provided evi-
dence that chronic air pollution exposure is associated with neuro-
pathological changes in the olfactory bulb, including early
neurodegenerative markers such as hyperphosphorylated tau and
amyloid platques.ﬂ’42 However, despite strong evidence supporting
olfactory translocation, its contribution to broader neurotoxic ef-
fects within the brain remains debated, particularly in the context
of widespread WM alterations.”"!%%?

Systemic pathways appear to play a major role in air
pollution-induced neurotoxicity. Exposure to particulate matter,
diesel exhaust, and nanoparticles has been linked to systemic inflam-
mation, oxidative stress, and cerebrovascular damage, all of which
can contribute to neurodegeneration and structural brain
changes.%’44 Even in cases where direct olfactory translocation is
limited, air pollution exposure can disrupt cognitive function and
brain integrity via inflammatory cascades originating in the lungs
and systemic circulation.”® The ability of UFP to cross the blood-
brain barrier further complicates this interplay, as circulating pollu-
tants and inflammation-related mediators may exert neurotoxic
effects independently of direct neuronal translocation.'”?>%*

Our study did not find evidence for a significant mediation effect
of olfactory bulb signal intensity in the association between TRAP
exposure and brain morphology. This might be a hint that the in-
creased risk of developing WML identified in our main analysis is
more likely driven by systemic mechanisms rather than direct trans-
location of particles via the olfactory nerve. However, it is also pos-
sible that olfactory bulb signal intensity does not adequately
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capture the relevant neuroanatomical or pathological changes ne-
cessary to detect direct neuroinvasion. Alternative markers, such
as volumetric measures of the olfactory bulb, microstructural integ-
rity, or the presence of olfactory bulb lesions, may provide a more
accurate assessment of its potential involvement in air pollution-
related neurotoxicity.

Our findings complement recent large-scale neuroimaging ana-
lyses from the UK Biobank, which reported inverse associations be-
tween long-term exposure to particulate matter and nitrogen oxides
and total grey and white matter volumes,*! well as positive associa-
tions with white matter hyperintensity burden.*® While we did not
observe significant associations for brain volumes, we identified sig-
nificant associations between TRAP and WML presence, suggest-
ing that pollution-related effects in our cohort may be primarily
reflected in microvascular white matter alterations rather than glo-
bal atrophy measures. Ongoing and future analyses within other
deeply phenotyped population-based cohorts, such as the
German National Cohort (NAKO), will be important to replicate
and extend these findings, particularly with respect to WML bur-
den and brain volumes.

A major strength of this study is its integration within a well-
characterized cohort, allowing for comprehensive model adjust-
ments based on a wide range of covariates. This rigorous design
enhances the reliability of our findings and provides valuable in-
sights into the potential mechanisms. Furthermore, the use of
cMRI ensures highly precise and reproducible assessments, as it
is considered the gold standard for evaluating structural brain
changes. Unlike previous research, which has mainly focused on
selected air pollutants, we had a more comprehensive approach
by examining the association between a broad spectrum of
TRAP exposures and detailed brain morphology measures. By as-
sessing global and region-specific WML, including age-related pat-
terns, as well as volumetric brain measures, this study enables a
more detailed exploration of potential exposure-response
relationships.

Several limitations should be considered when interpreting the
findings. The cross-sectional design limits causal inference, and
the study’s small geographic scope with limited racial diversity
may affect generalizability. Participation in the MRI sub-study
was restricted to eligible and willing members of the underlying
cohort and further reduced by MRI-specific exclusion criteria
and image quality requirements, which may introduce selection
bias. However, previous analyses using sampling weights indicated
that the MRI sample was broadly comparable to the eligible
source population and that substantial selection bias is unlikely
to have materially affected the main ﬁndings.46 TRAP was esti-
mated based on residential addresses, without accounting for
time spent elsewhere, such as workplaces or during commutes.
This may have led to misclassification, especially for rural residents
commuting to urban areas. With respect to TRAP exposure, our
LUR models did not include a dedicated source apportionment
analysis. Furthermore, the small sample size constrained statistical
power. Multiple comparisons were conducted without adjust-
ment for multiple testing, increasing the chance of spurious find-
ings. Underlining the explorative character of the study, results
were interpreted as patterns of association across related pollu-
tants and outcomes.
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Conclusion

In our population-based MRI study, we found that long-term expos-
ure to TRAP was associated with higher odds of prevalent WML,
while no significant associations were observed for brain volumes.
Mediation analysis did not support a contribution of the olfactory
bulb in this association in our study, suggesting that, based on our
findings, systemic inflammatory mechanisms may be the more likely
pathway linking TRAP to brain changes. Our findings underline the
importance of reducing long-term exposure to TRAP as a potential
preventive strategy for brain health. At the same time, larger sample
sizes and longitudinal studies are needed to confirm these associations
and to further disentangle the underlying biological pathways.

Supplementary material

Supplementary material is available at Brain Communications online.
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