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Abstract. Recent evidence shows air pollution as a critical environmental factor
linked to cognitive decline and neurodegeneration. Long-term exposure to PM2 s
is associated with increased risk of disease like Alzheimer’s disease, vascular
dementia, and stroke, highlighting the need to identify which brain regions are
mostly affected. Therefore, this systematic review and meta-analysis evaluated
the impact of permanent exposure to ambient air pollution on structural brain
changes identified through magnetic resonance imaging (MRI). We mainly fo-
cused on neuroimaging markers such as white matter hyperintensity (WMH),
brain volume reduction, and cortical atrophy, that are highly associated with
memory and cognitive function. A systematic search was conducted in databases
- PubMed, Google Scholar, and the Directory of Open Access Journals up to
March 11, 2025. Out of 1,003 initially retrieved articles, 9 studies met the inclu-
sion criteria and were included in the meta-analysis. The findings indicate a sig-
nificant association between PMas exposure and WMH (OR = 1.40, 95% CI:
1.27-1.54), and reduced brain volume (OR = 0.8659, 95% CI: 0.8300—0.9033).
Moreover, according to Pearson correlation air pollution was positively corre-
lated with WMH (» = 0.62) and negatively with cognitive function (» = -0.95).
These results highlight air pollution as a substantial risk factor for neurostructural
damage. Thus, public health interventions targeting air quality improvement are
urgently needed.
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1 Introduction

Air pollution is a pressing global health concern, causing approximately 4.2 million
premature deaths per year [1]. While its respiratory and cardiovascular effects are well
studied, its impact on neurological health remains underexplored.

Neurotoxic air pollutants—fine particulate matter (PM2.5, PM10) and nitrogen di-
oxide (NO2)—can easily bypass pulmonary defenses, enter systemic circulation, and
cross the blood—brain barrier [2]. Once in the central nervous system, they trigger a
cascade of pathological processes, including oxidative stress, neuroinflammation, en-
dothelial dysfunction, and microvascular injury [3], [4]. These mechanisms are most
likely to cause structural brain changes like cortical thinning, white matter degenera-
tion, and neuronal loss. These changes are key pathological features of cognitive im-
pairment, Alzheimer’s disease, and other types of dementia [5], [6].

As populations age worldwide, dementia and other cognitive decline disorders have
become increasingly prevalent, affecting over 55 million people worldwide. This num-
ber is expected to double by 2050 [7]. Mongolia, as well, is experiencing an in-crease
in age-related neurodegenerative diseases, but precise epidemiological data are still
limited [8]. While the mechanism and etiology of cognitive decline are not fully ex-
plained, it has been proven that multiple factors, including genetics, lifestyle, and envi-
ronmental exposures, have a significant impact on disease progression [9], [10]. Long-
term exposure to ambient air pollution is increasingly recognized as a potential contrib-
utor to neurodegeneration [11], [12]. Therefore, understanding these environ-mental
influences is crucial for developing effective prevention and public health strategies,
especially in those rapidly aging populations [13], [14].

To find out how air pollutants lead to cognitive decline, it is essential to identify the
specific brain regions and structural changes mostly affected by chronic exposure. Mag-
netic resonance imaging (MRI) has been a key tool in detecting subtle brain alterations.
Studies report prolonged exposure to fine particulate matter (PMs) is associated with
cortical thinning, reduced gray matter volume, and white matter hyperintensities
(WMH)—changes that often correlate with impaired cognitive function and increased
risk of dementia [15], [16]. Furthermore, MRI allows monitoring of microvascular in-
jury and neuroinflammation, processes triggered by neurotoxic emission in the air [17].
Identifying these brain regions through neuroimaging is crucial to understanding the
biological mechanisms explaining air pollution-induced cognitive decline.

To better understand this link, our systematic review and meta-analysis aims to in-
vestigate the impact of long-term ambient air pollution exposure, particularly PM> s and
PM, on specific brain structures associated with neurodegeneration. The primary ob-
jectives are: (1) to evaluate the association between long-term exposure to ambient air
pollutants and MRI-detectable markers of neurodegeneration; (2) to identify the spe-
cific neuroanatomical structures most affected by air pollution, with a focus on WMH,
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brain volume loss; (3) to provide solid scientific evidence that may assist targeted pre-
vention strategies in aging populations. This investigation aims to find a critical
knowledge gap and contribute to a more comprehensive understanding of how environ-
mental exposures contribute to long-term brain health.

2 Methods

2.1 Study Design and Protocol Registration

This systematic review and meta-analysis aimed to evaluate the association between
structural brain changes, detected by MRI, and chronic exposure to ambient air pollu-
tion. The study was conducted according to PRISMA 2020 guidelines to ensure trans-
parency and methodological rigor. The study protocol was registered with the Interna-
tional Prospective Register of Systematic Reviews (PROSPERO) before data collection
to reduce bias and ensure reproducibility. The PROSPERO registration ID for this re-
view is CRD420251030714.

2.2 Search Strategy

A comprehensive literature search was conducted across different databases, including
PubMed, Google Scholar, and the Directory of Open Access Journals. The search strat-
egy combined Medical Subject Headings and relevant free-text keywords.

Search keywords were organized into three thematic groups:

ER T3 LEINNT3

1. Exposure (Air Pollution): “air pollution”, “air pollutant”, “inhalation expo-

CEINT3 CLINT3

sure”, “particulate matter”, “PM,s”, “PMio”, “coarse particle”, “ultrafine par-
ticle”, “vehicle emission”, “road traffic,” “0s3,” “NO,,” “NO”, “ambient air
pollution”.

2. Outcome (Brain Structural Changes): “white matter hyperintensity”, “white
matter lesions”, “gray matter volume”, “cortical thickness”, “brain atrophy”,
“brain volume”, “hippocampal atrophy”, “white matter integrity”, “brain
shrinkage”, “neuroinflammation”.

3. Method (MRI/Neuroimaging): “magnetic resonance imaging”, “neuroimag-

ing”, “diffusion tensor imaging”, “functional connectivity”, “brain connectiv-
ity”’ “MRI”_

The search was limited to articles published from January 1, 2015, to March 11,
2025.

2.3 Eligibility Criteria

Prior to screening precise inclusion and exclusion criteria were established to guide
study selection.
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Inclusion Criteria:

e Prospective, retrospective, or high-quality cross-sectional studies published in
English

e Use of MRI, particularly T2-weighted imaging, to assess structural brain out-
comes (for instance: total brain volume (TBV), WMH, cortical thickness)

e Long-term exposure (=1 year) to ambient air pollutants (PMa.5s, NO>, O3)

e Participants aged >50 years without severe cognitive impairment

e  Studies with appropriate ethical approvals and patient consent

Exclusion Criteria:

Animal or in vitro studies

Studies evaluating only acute or short-term exposure

Studies not published in English

Studies that include participants with cognitive decline, severe brain disorders

or brain tumors

e Studies lacking MRI-based structural outcomes or using only functional neu-
roimaging

e High risk of bias assessed by the risk of bias in non-randomized studies
(ROBINS-I) — of interventions tool

e Absence of informed consent

2.4 Data Extraction

Data extraction was independently conducted by two reviewers to ensure accuracy and
consistency. For each study, information such as study design, sample size, demo-
graphic characteristics, duration and intensity of air pollution exposure, and types of air
pollutants were extracted. Moreover, MRI information, and structural brain markers
like WMH, TBYV, cortical thickness, and hippocampal atrophy were recorded. Effect
sizes, including beta coefficient (f) with their 95% confidence intervals (Cls), and sta-
tistical adjustments for potential confounders such as age, sex, education, chronic dis-
ease, cardiovascular risk factors were also documented. Any confusions between re-
viewers were resolved through discussion.

2.5 Quality Assessment

To assess the methodological quality of each study, we used ROBINS-I. This tool eval-
uates potential bias in seven domains: including confounding, deviations from intended
exposures, missing data, measurement of the outcomes, and selection of reported re-
sults. Each domain was scored as low, moderate, serious, or critical risk of bias. All
studies were independently reviewed by two researchers, and any conflict was resolved
through discussion. Studies deemed to be at critical risk of bias in any domain were
removed from the final selection in order to maintain the integrity of the review. The
risk of bias across studies was summarized in Figure 1 for visual comparison.
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Fig. 1. Risk of bias in non-randomized studies of interventions (ROBINS-I) assessment.
2.6 Statistical Analysis

All statistical analyses were conducted using R software (version 4.4.1). Pooled odds
ratios (ORs) along with 95% ClIs were calculated using a random-effects model. Het-
erogeneity between studies was assessed using the /2 and 77 statistic, with values greater
than 50% indicating substantial heterogeneity. To explore potential sources of hetero-
geneity, subgroup analyses were performed. Publication bias was evaluated using fun-
nel plots and Egger’s test. In addition, Pearson correlation coefficients were calculated
to find the relationship between exposure levels and neuroimaging changes. (p < 0.05
indicates statistically significant).

3 Results

3.1  Study Selection

A total of 9 studies met the final inclusion criteria and were included in the meta-anal-
ysis. These studies examined the relationship between long-term exposure to ambient
air pollutants and structural brain changes found by MRI in older adults. The selection
process is summarized in Figure 2.
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PRISMA Flow Diagram for Systematic Review and Meta-Analysis of Air Pollutant’s impact on Brain
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Fig. 2. PRISMA flow chart detailing the search process and identification of studies to in-
clude in our meta-analysis.

3.2  Study Characteristics and Exposure Assessment

A total of nine studies were included in the extraction table, examining associations
between air pollution exposure and brain MRI outcomes. Of these, eight studies as-
sessed WMH, five studies - TBV two - cerebral microbleeds, and two — gray matter
volume. However, the findings related to gray matter volume were inconsistent and
ineffective, one study reported a significant association.



280 K. Ganzorig et al.

Within the WMH domain, 14 effect sizes were extracted, as several studies reported
results for individual pollutants separately (PM2s, PMjo, NO2, NO). These 14 effect
sizes were used to estimate the meta-analysis for WMH. Among them, seven effect
sizes demonstrated statistically significant associations (p < 0.05).

Sample sizes ranged from 190 to 4,001 participants, and PM s exposure levels
ranged from 10.6 to 18.4 pg/m>. Significant correlations were more common in studies
weight independent studies investigated the relationship between air pollution exposure
and WMH burden.

3.3  White Matter Hyperintensities: Descriptive Findings

Table 1 presents findings from eight independent studies (2015-2025), totaling 8,670
participants, investigating associations between air pollution exposure and WMH.
PM> s was the most commonly studied pollutant, followed by PM 9, NO», and SO».
Across these studies, 14 exposure-outcome associations were reported with effect size
and statistical significance. Of these, 7 were statistically significant (p < 0.05). Four
associations were positive, indicating greater WMH volume with higher pollutant ex-
posure. These findings were primarily observed in studies by Duchesne et al. [18] and
Cho et al. [19], with 8 values ranging from 0.262 to 0.577. Three studies reported sig-
nificant negative associations, including Ma et al. [20] and Chen et al. [21], suggesting
an unexpected inverse relationship (B = -0.356, p = 0.001 for PM, s in China). Seven
associations showed non-significant results. This heterogeneity may come from differ-
ences in study design, exposure assessment, population demographics, or regional pol-
lution levels (see Table 1).

Table 1. Interpretation of Air Pollution Exposure and WMH Associations Across Studies. The
beta coefficient () represents the estimated change in WMH volume per unit increase in pollu-
tant concentration measured in micrograms per cubic meter (pg/m?). The 95% Cis indicates the
range within which the true effect is likely to lie with 95% confidence. A p-value of less than
0.05 is considered statistically significant. Blank cells show missing or unreported data for spe-
cific exposure types in the corresponding study.

et al, PMio 9.73
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3.4  Meta-Analysis: White Matter Hyperintensity and Air Pollutant Exposure

The random-effects meta-analysis of eight studies revealed a statistically significant
pooled effect size of 1.40 (95% CI: 1.27—-1.54), indicating a significant association be-
tween long-term ambient air pollution exposure and increased WMH, as shown in Fig-
ure 3. Heterogeneity was minimal (/7 = 0%, p = 0.55), suggesting consistent findings
across studies despite potential variations in design, population, or exposure assess-
ment.

Study logOR SE(logOR) Odds Ratio OR 95%-Cl Weight
6 0.1906 0.2157 1.21 [0.79; 1.84] 5.0%
1 0.2311 0.0927 —RE 1.26 [1.05; 1.51] 27.2%
5 0.2624 0.1042 — 1.30 [1.07; 1.61] 21.5%
4 0.3716 0.1199 — 1.45 [1.15; 1.84] 16.3%
3 0.4187 0.1390 —— 1.52 [1.16; 2.00] 12.1%
8 0.5068 0.2202 ——=—— 1.66 [1.08;2.56] 4.8%
2 0.5423 0.1559 - 172 [1.27;2.34] 9.6%
7 0.5766 0.2604 ——— 1.78 [1.07;2.97] 3.4%
Random effects model <> 1.40 [1.27; 1.54] 100.0%
I E—
0.5 1 2
Heterogeneity: /2 = 0.0%, ©° = 0, p = 0.5535 Odds Ratio

Fig. 3. Forest plot illustrating the meta-analysis results on the association between long-term
ambient air pollution exposure and WMH on MRI-T2-weighted imaging.

However, funnel plot asymmetry, illustrated in Figure 4, indicated potential publication
bias (z =2.5231, p = 0.0116). To assess the robustness of results, sensitivity analyses
were conducted. Results showed stable and significant effect sizes while reducing both
heterogeneity and signs of publication bias. Recalculated asymmetry tests showed non-
significant results (z = 1.7139, p = 0.0865; z = 1.5033, p = 0.1328; z = 0.9684, p =
0.3329).
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Fig. 4. Funnel plot for assessing publication bias in the association between air pollution ex-
posure and WMH found by MRI- T2-weighted imaging.

3.5  Sensitivity Analysis of PM2s and WMH Association

In Figure 5, forest plotting presents a sensitivity analysis of the association between
PM: 5 exposure, the most commonly detected air pollutant and WMH. Three studies are
included, each represented by a square indicates effect size and horizontal line that
shows 95% CI. The pooled estimate, estimated using a random-effects model, is dis-
played as a diamond. The pooled odds ratio is 1.39 [95% CI: 1.21-1.61], indicating a
significant association between PM, s exposure and increased WMH burden. Notably,
heterogeneity was absent (/2= 0%), supporting the robustness and consistency of find-
ings across included studies.

Study logOR SE(logOR) Odds Ratio OR  95%-Cl Weight

2 0.2624 0.1042 1.30 [1.07; 1.61] 50.5%

1 0.3716 0.1199 — 1.45 [1.15; 1.84] 38.2%

3 0.5068 0.2202 —+=*——— 1.66 [1.08;2.56] 11.3%

Random effects model | | ‘ | 1.39 [1.21; 1.61] 100.0%
0.5 1 2

Heterogeneity: /2= 0.0%, ©° = 0, p = 0.5528 Odds Ratio

Fig. 5. Forest plot for sensitivity Analysis of the Association Between PM2.5s Exposure and
WMH
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3.6  Total Brain Volume: Descriptive Findings

For TBV assessment, a total of five studies were included in the meta-analysis. The
meta-analysis considered each unique exposure-outcome pair, resulting in multiple
ORs per study. The sample sizes ranged from 351 to over 4,000 participants, with pop-
ulations varying in gender distribution and geographic regions, including the United
States and the Netherlands. Most studies focused on exposure to particulate matter,
while others also examined PMo and NOs.

Across the studies, the exposure levels of PM, s ranged approximately from 10 to
15.3 pg/m3. The majority of reported effect sizes were negative, indicating that higher
exposure to air pollutants was associated with decreased TBV. f estimates ranged from
—0.623 to near-zero values, with several studies demonstrating statistically significant
inverse associations. For instance, studies with larger sample sizes and well-character-
ized exposure assessments reported significant negative effect (§ =—-0.623, 95% CI: —
0.874 to —0.372, p < 0.0001). However, some studies reported null or non-significant
findings, especially in subgroup analyses.

Table 2. Association Between Long-Term Ambient Air Pollution Exposure and TBV. NS de-
notes results that were not statistically significant. (—) indicates that data were either not reported
or not applicable for outcome. Exposure types are specified as PM2.s, PMio, NO, and NO2. Mean
+ standard deviations of total brain volume were noted if available. Effect sizes (f) and their
corresponding 95% CI represent the strength and precision of the associations between pollutant

exposure levels and brain volume.

Jiu- USA 351 100% PMys 10.0 | 808.0 | - (=0 | <o0.
Chiuan Female 0 =+(062 | .87 |000
Chen 74.17 | 3 4, 1
et al., -0.
2015 372
)
351 PMy s 11.4 | 799.4 — — —
6 1 =+
73.60
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NO; 18.4 — — — —
Melind | USA | 419 | 48% — — — |- (=0 | <o.
a C. Male 0.1 |.1se, |01
Power 0 -0.
et al, 05)
2018
443 37% — — — 10.00 | (=0 | NS
Male .03,
0.0
3)
446 43% — — — 10.00 | (=0 | NS
Male .09,
0.0
8)
441 33% — — — 10.07 | (=0 | NS
Male .09,
0.0
4)

3.7  Meta-Analysis: Total Brain Volume and Air Pollutant Exposure

The ORs ranged from approximately 0.54 to 0.99, reflecting a negative association be-
tween pollutant exposure and brain volume increase. Several outcomes within these
studies demonstrated statistically significant negative associations, suggesting that
higher exposure levels to certain pollutants are linked to reduced brain volume.

As shown in Figure 6, the pooled meta-analytic results confirmed a significant over-
all negative association between ambient air pollution exposure and brain volume de-
crease. The fixed-effects model estimated a pooled OR=0.8659 (95% CI: 0.8300—
0.9033; z = —6.66, p < 0.0001), while the random-effects model showed a pooled
OR=0.8270 (95% CI: 0.7139-0.9579; z=-2.53, p = 0.0113).

Considerable heterogeneity was observed (Q = 26.84, p = 0.0002), with an /? of
77.6% (95% CI: 53.5%—89.3%) and 72 = 0.0298. This reflects that variability exists not
only across studies but also between different pollutant exposures and population char-
acteristics. Nevertheless, the consistent negative association across multiple outcomes
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reinforces the evidence that long-term exposure to ambient air pollution has an impact

on brain volume decrease.

Study OR  95%-Cl

Study 1 0.54 [0.42; 0.69]

Odds Ratio

Weight Weight

OR 95%-Cl (common) (random)

0.54 [0.42; 0.69]

2.8%  12.2%

Study 5 0.73 [0.55; 0.95] 0.73 [0.55; 0.95] 25%  11.5%
Study 6 0.78 [0.72; 0.86] = 0.78 [0.72; 0.86] 22.8% 17.6%
Study 2 0.89 [0.68; 1.15] — 0.89 [0.68; 1.15] 26% 11.8%
Study 7 0.90 [0.86; 0.96] 0.90 [0.86; 0.96] 59.4%  18.4%
Study 3 0.99 [0.81;1.21] — 0.99 [0.81; 1.21] 43%  13.9%
Study 4 1.00 [0.83; 1.19] = 1.00 [0.83; 1.19] 55% 14.7%
Common effect model 0.87 [0.83; 0.90] 0.87 [0.83; 0.90]  100.0% .
Random effects model 0.83 [0.71; 0.96] < | 0.83 [0.71; 0.96] 100.0%

05 1 2
Odds Ratio (OR)

Heterogeneity: /° = 77.6%, 1> = 0.0298, p = 0.0002
0.

Fig. 6. Forest plot illustrating the meta-analysis results on the association between long-term
ambient air pollution exposure and brain volume: An OR less than 1 indicates a negative associ-
ation, suggesting that higher exposure to air pollution is linked to decreased brain volume.

To assess the presence of potential publication bias, Egger’s test was conducted using
a mixed-effects meta-regression model. The results, presented in Figure 7, showed a z-
value of 0.3361 (p = 0.7368), indicating no significant evidence of publication bias.
The limit estimate as the standard error approached zero was f=—0.2777, with a 95%
CI of [-0.7279, 0.1724], further supporting the absence of small-study effects.

Contour-Enhanced Funnel Plot

O p<010
p<0.05
® p<001

Standard Error

0.12

06 0.7 08 08 10 11
‘Odds Ratio (OR)
Fig. 7. Funnel plot for assessing publication bias in the association between air pollution exposure
and brain volume. The horizontal axis represents the OR, while the vertical axis - the standard
error of each study. The plot is divided into significance contours (p = 0.10, 0.05, and 0.01),
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allowing for visual inspection of potential small-study effects. The studies appear symmetrically
distributed, with no clustering along one side of the funnel, and no clear indication of missing
studies in non-significant areas.

3.8  Meta-Regression: Association Between PMz.s Exposure and White, Gray
Matter Volumes

A mixed-effects meta-regression was conducted to evaluate the relationship between
PM: 5 levels and white and gray matter volumes. For white matter volume, the model
estimated that each 1 pg/m? increase in PM, s was associated with a decrease of 17.57
cm?® (SE =10.91, z=-1.61, p = 0.1073). Although the result suggests a negative asso-
ciation, the effect was not statistically significant. On the other hand, gray matter vol-
ume was estimated to increase by 34.02 cm? per 1 ug/m*® PM» s (SE =22.78, z = 1.49,
p =0.1353). This association was also not statistically significant.

Table 3. Meta-Regression Results for Brain Volumes and PM2.s Exposure. The table presents
results from mixed-effects meta-regression models assessing the association between PMa.s ex-
posure (in pg/m?) and brain volume (in cm?). The Intercept represents the estimated brain volume
when PMzs exposure is zero. The Estimate for PMa2s reflects the change in brain volume per 1
pg/m?® increase in PM2s. SE shows the standard error of the estimate. z-value and p-value indicate
the statistical significance of the association. The 95% Confidence Interval (CI) provides the
range within which the true effect size is expected to fall with 95% confidence. Associations with
p-values < 0.05 are considered statistically significant.

White  Matter | Inter- 707.31 | 138.0 | 5.12 <0.000 | 436.73 to
Volume cept 5 1 977.90

PM:.s -17.57 11091 | -1.61 [ 0.1073 | -38.96 to 3.81

Gray Matter | Inter- 195.45 | 288.1 | 0.68 0.4976 | -369.37 to
Volume cept 8 760.27

PMa.s 34.02 | 22.78 | 1.49 0.1353 | -10.63 to 78.66
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3.9 Pearson Correlation Between PMozs, Brain Structure, and Cognitive
Outcomes

Figure 8 presents the Pearson correlation matrix, which reveals meaningful associations
among air pollution exposure, neuroimaging biomarker- WMH, and cognitive out-
comes. A strong positive correlation was found between PM; s exposure and WMH (r
= 0.62), suggesting that chances of getting WMH burden on imaging are high for indi-
viduals with higher particulate matter exposure. Additionally, air pollution was strongly
and negatively correlated with both brain volume (» = -0.86) and cognitive function (
=-0.95), indicating that chronic exposure may contribute to both structural brain change
and cognitive decline. These findings support the hypothesis that ambient air pollution
accelerates neurodegenerative processes, especially in regions vulnerable to white mat-
ter injury and global brain volume loss.

Correlation Coefficients Among Key Variables

. 0.6
WMH Beta vs Air Pollution 04

-0.2
-0.0
Cognitive Decline vs Air Pollution - _0.2
--0.4

-0.6
Cognitive Decline vs WMH Beta

-0.8

Pearson r

Fig. 8. Pearson correlation matrix showing associations between long-term air pollution expo-
sure, MRI biomarker, and cognitive function. Negative correlations are shown in blue, while
positive correlations appear in red.

4 Discussion

4.1 Do Air Pollutants Cause Neurodegeneration Among the Older Population?

This meta-analysis examined the relationship between long-term exposure to ambient
air pollution and structural brain changes, specifically WMH and TBV in older people.
Our findings align with prior research indicating that air pollution negatively affects
brain health.

For WMH, the pooled analysis revealed a significant positive association with pol-
lutant exposure, consistent with Duchesne et al. [ 18] and Cho et al. [19], who reported
B values 0f 0.262-0.577. However, Ma et al. [20] and Chen et al. [21] found unexpected
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negative associations, reflecting regional and methodological heterogeneity. This het-
erogeneity is also evident in the non-significant associations found in several studies,
which may be due to differences in pollutant types, exposure duration, and demographic
factors.

For TBV, we observed a consistent negative association (f = —0.623 to near zero),
in line with Chen et al. [21] and Wilker et al. [23], indicating pollution-related brain
atrophy. Larger studies showed stronger associations, reinforcing the hypothesis that
chronic exposure accelerates neurodegenerative processes [19]. Nevertheless, there are
studies that reported non-significant findings, which may occur due to differences in
sample size, imaging techniques, or pollutant levels.

Moreover, the heterogeneity observed in TBV analyses was substantial (1> = 77.6%),
likely showing methodological differences and varying exposure contexts, as men-
tioned by Power et al. [25]. In contrast, the WMH meta-analysis showed minimal het-
erogeneity, indicating more consistent findings across studies. Furthermore, publication
bias was minimal for TBV but suggested in WMH studies, emphasizing the need for
cautious interpretation and more robust longitudinal research.

4.2  Situation in Mongolia

Understanding these results in light of Mongolia’s situation is critical. Mongolia faces
one of the highest levels of air pollution globally, particularly in Ulaanbaatar, where
wintertime PM: 5 levels often exceed WHO limits by more than 10—15 times due to coal
burning and poor ventilation [26], [27]. A national report indicated that PM, 5 concen-
trations in ger districts can exceed 500 pg/m* during peak hours [28]. While most re-
search focuses on respiratory and cardiovascular outcomes, recent Mongolian studies
have begun to explore the neurological impacts. For instance, Erdenebayar et al. [§8]
reported early signs of cognitive decline among elderly residents in high-exposure ar-
eas, and a 2023 Ministry of Health report highlighted the need for further investigation
into neurodevelopmental and neurodegenerative effects of chronic pollution exposure.
Thus, integrating local evidence not only strengthens the global relevance of our study
but also highlights the urgent need for policy-level interventions and public health re-
search in highly polluted, underrepresented regions like Mongolia.

4.3  Neurobiological Mechanism

Prolonged exposure to air pollutants such as PM2 5, NO2, and SO; has been associated
with adverse neurological effects. PMys can penetrate alveolar spaces and enter the
bloodstream, while ultrafine particles may bypass the blood-brain barrier through the
olfactory nerve [1]. These pollutants trigger systemic inflammation and oxidative
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stress, elevating cytokines like IL-1B and TNF-a, which activate microglia and astro-
cytes in the hippocampus and prefrontal cortex [3].

Inflammation and Reactive Oxygen Species disrupt Blood-Brain Barrier integrity by
degrading tight junctions. This allows neurotoxicants to enter into the brain and worsen
neuroinflammation [29]. Thereby, cerebrovascular damage, including microbleeds and
lacunar infarcts in white matter regions, may occur further contributing to progression
of cognitive impairments [30], [2], highlighting a cascade of neuropathological pro-
cesses, summarized in Figure 9.

Long-term exposure is also linked to amyloid-beta accumulation and tau phosphor-
ylation, hallmarks of Alzheimer’s disease, impairing memory [11].

Inhalation of Air Pollutants
(PM2.5, NO2, SO»)

v

Pollutants enter bloodstream
via lungs and/or olfactory nerve
pathway

v

Activation of systemic and
neuroinflammation, increase'ed
oxidative stress

Vv

Blood-brain barrier disruption
and endothelial dysfunction

v

Cerebrovascular injury
(microbleeds, lacunar infarcct),
white matter damage

v

Neuronal loss, brain atrophy,
and white matter hyperintensities

v

Cognitive impairment, memory los
accelerated neurodegeneration

Fig. 9. Biomechanism of neurotoxic smog effect on brain structural changes.

4.4  Regional Methodological Consideration

A key limitation in the existing literature is its focus on high-income countries, where
air quality tends to be better due to stronger environmental policies. As a result, these
findings may not fully reflect the realities in low- and middle-income countries, where
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air pollutant emission tends to be a serious public and governmental concern. Conse-
quently, the public health risks associated with pollution may be even greater in these
countries. This raises questions about how well those findings apply to populations in
low- and middle-income countries with rising industrial activity, vehicle emissions, and
poor environmental regulation. Since studies from regions are lacking, it’s harder to
understand how air pollution impacts different populations-especially those who may
be more at risk due to finances restrictions or existing health issues.

4.5  Study Design and Heterogeneity Consideration

Individual studies tend to differ in how they are designed, how they measure air pollu-
tion, and the characteristics of the people that include-such as age, gender, and under-
lying health conditions. Because of these differences, the findings don’t always line up,
and some may be influenced by unaccounted factors. Therefore, to gain a clearer un-
derstanding of the relationship between air pollution and brain health, we conducted
this Meta—Analysis. This approach allowed us to combine data from several studies and
look at the issue from a broader perspective. By pooling results from a wide variety of
research, the Meta-Analysis increased our overall statistical power and strengthened
the reliability of our findings. It also helped us identify consistent trends-such as the
association between air pollution and structural brain changes-that may not be obvious
when looking at individual studies alone.

4.6  Our Strengths and Weaknesses

This meta-analysis has several strengths. Study quantitatively assessed the association
between ambient air pollution and brain structural changes in older adults, focusing
specifically on WMH and TBV. We defined concrete inclusion and exclusion criteria
and included studies that reported effect sizes and adjusted for confounding variables.
Thereby, we ensured methodological quality and enhanced the reliability of our find-
ings. Subgroup and sensitivity analyses further contributed to denoting heterogeneity
and testing the robustness of results.

However, there are also important limitations. Significant heterogeneity was ob-
served, particularly in total brain volume outcomes, likely due to differences in expo-
sure assessment methods, imaging techniques, population characteristics, and study de-
signs. Additionally, due to limitations in access to paid databases, we searched only
three freely available databases (PubMed, Google Scholar, and the Directory of Open
Access Journals). Most included studies were conducted in high-income countries, lim-
iting the generalizability of the findings to low- and middle-income regions.
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5 Conclusion

Chronic exposure to ambient air pollution, particularly fine particulate matter (PM> s)
is increasingly recognized as a silent but powerful threat to brain health. A growing
research data shows that long-term inhalation of polluted air can lead to measurable
structural changes in the brain, including shrinkage, reduced TBV, and increased white
matter damage. These alterations are strongly associated with brain aging and increased
risk of cognitive decline, dementia, and other neurodegenerative conditions, especially
among older people.

As air pollution continues to rise globally, its impact on brain health is becoming
more serious. Vulnerable populations, including the elderly and those in socioeconom-
ically unstable communities, are often the least equipped to protect themselves from its
effects. This underscores the urgent need for solid solutions not only in scientific re-
search and clinical care, but also in environmental policy, public education, and com-
munity-based interventions.

Air pollution is not just a respiratory or cardiovascular issues, it is also a pressing
neurological concern. Protecting air quality means protecting brain health.

Disclosure of Interests: The authors have no competing interests to declare that are
relevant to the content of this article.
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