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A B S T R A C T

Cerebral small vessel disease (CSVD), a chronic and progressive vascular disorder closely associated with stroke
and dementia, is primarily identified and diagnosed in cranial magnetic resonance imaging (MRI). Given the
limited evidence on the relationship between air pollution and CSVD, this study aimed to investigate the links
between multiple air pollutants exposure and CSVD risk. Eligible subjects and their cranial MRI data were ob-
tained from the Multi-modality Medical Imaging Study Based on Kailuan Study, totaling 1216 participants.
Ordinal and binary logistic regression models were utilized to evaluate the associations between air pollution
exposure and the neuroimaging markers of CSVD. For each interquartile range increase in air pollutant exposure
during the examination year, the odds ratios and 95% confidence intervals of the increased white matter
hyperintensity burden were 1.45 (1.15, 1.84) for PM2.5, 1.72 (1.27, 2.34) for PM10, 1.26 (1.05, 1.51) for SO2, 1.52
(1.16, 2.00) for NO2, and 1.63 (1.26, 2.13) for CO. The results remained consistent even when the model was
fitted using air pollution from different exposure windows. Furthermore, the estimated effect sizes for the total
burden of CSVD were 1.20 (1.01, 1.43) for PM2.5, 1.39 (1.12, 1.74) for PM10, 1.26 (1.03, 1.53) for NO2, and 1.30
(1.08, 1.58) for CO. These findings suggest that a positive link between air pollutants exposure and neuroimaging
markers of CSVD in the Chinese population, revealing the importance of controlling environmental pollutants to
protect the population against cerebral small vessel damage.
1. Introduction

Cerebral small vessel disease (CSVD) is a common neurological con-
dition characterized by pathological changes in the vessels of 50–500 μm
in diameter in the brain [1]. These small vessels, including arterioles,
venules, and capillaries, play a crucial role in regulating cerebral blood
flow and upholding the integrity of the blood–brain barrier [2]. CSVD
encompasses a spectrum of structural and functional abnormalities, such
as lipohyalinosis, arteriolosclerosis, microaneurysms, and microinfarcts,
predominantly in the deep white matter and subcortical regions of the
brain [3]. These changes can lead to cerebral hypoperfusion, chronic
ischemia, and ultimately, cognitive impairment, dementia, and even
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stroke. Due to the slow and insidious progression of CSVD in its early
stages, coupled with the absence of prominent clinical manifestations,
cranial magnetic resonance imaging (MRI) is the preferred radiological
modality for diagnosing CSVD [4]. Its neuroimaging features encompass
cerebral white matter hyperintensities (WMH), lacunes (LA), cerebral
microbleed (CMB), enlarged perivascular spaces (EPVS), and brain at-
rophy [2,5]. Given that CSVD accounts for over a quarter of ischemic
strokes and approximately half of dementia [2], it is critical to explore its
risk factor profile and develop targeted strategies to reduce the burden of
the disease.

Ambient air pollution is recognized as the primary environmental risk
factor, contributing to a range of health issues, including stroke, dementia,
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and Alzheimer's disease [6–9]. Nevertheless, it remains unclear whether
air pollution exposure is a risk factor for CSVD due to the relative paucity of
research evidence based on brain MRI data. For instance, population
studies have reported that long-term exposure to particulate matter was
related to an increase in brain WMH volume [10–12]. Both the Framing-
ham Offspring Study and the Korean National Health Insurance
Service-based study have found positive relationships between long-term
particulate matter with aerodynamic diameter � 2.5 μm (PM2.5) and
particulate matter with aerodynamic diameter � 10 μm (PM10) exposure
and covert brain infarcts, but not with WMH volume [12,13]. Similarly,
another study conducted in the U.S. failed tofind a significant link between
air pollution exposure and WMH volume, but it reported an increased risk
of CMBwas associated with air pollutant exposure [14]. Moreover, there is
also a dearth of studies focused on the effects of gaseous pollutants, such as
sulfur dioxide (SO2), nitrogen dioxide (NO2), or carbon monoxide (CO),
etc., on the risk of CSVD [15]. Additionally, CSVD is often characterized by
the coexistence of multiple radiologic markers. Previous studies that solely
focused on an individual radiological metric have resulted in a limited and
incomplete understanding of this disease [15,16].

Therefore, this study investigated the associations between air
pollution exposure and CSVD neuroimaging features, including WMH
burden, which integrates deep WMH (DWMH) and periventricular WMH
(PWMH), perivascular spaces surrounding the basal ganglia (BG-EPVS),
LA, and CMB, utilizing brain MRI data from the Multi-modality Medical
Imaging Study Based on Kailuan Study (META-KLS). Moreover, we
explored the unfavorable influence of air pollutants on the total burden of
CSVD, which encompasses a comprehensive evaluation of four CSVD
imaging characteristics: WMH burden, BG-EPVS, LA, and CMB. The total
burden of CSVD was scored on a scale ranging from 0 to 4 points, with
higher scores indicating more severe CSVD lesions.

2. Methods

2.1. Study design and participants

The META-KLS is a sub-cohort of the Kailuan Study, a prospective
cohort study initiated in 2006 that employs a population-based approach
to thoroughly investigate risk factors contributing to overall mortality
[17–19]. Since December 2020, META-KLS has been recruiting eligible
participants (no history of stroke, tumors, or traumatic brain injury) from
the Kailuan Study. All selected participants have undergone multimodal
medical imaging, such as brain MRI scan, retinal fundus photography,
and clinical assessment (including blood pressure, blood glucose, and
lipid profile, etc.) [19–21]. All study subjects completed an informed
consent form prior to the start of the META-KLS.

Among the 1530 participants included in this cross-sectional study,
we excluded individuals with missing health records (n ¼ 78) and in-
dividuals who lacked specific residential address information required
for air pollution exposure assessment (n ¼ 236). Finally, 1216 study
subjects were entered into the final analysis.

2.2. Exposure assessment

Ambient air pollutant data employed in this study were acquired from
the ChinaHighAirPollutants dataset (https://weijing-rs.github.io/product
.html). The generation of the dataset took into account the spatiotem-
poral heterogeneity of air pollution and integrated big data sources such as
ground-based measurements, satellite remote sensing products, atmo-
spheric reanalysis, and model simulations [22–25]. This dataset contains
PM2.5 and PM10 data (1 km ground-level) for China from 2013 to 2022, as
well as SO2, NO2, and COdata (1 km ground-level) from2019 to 2022. The
overall performance of the model in estimating near-surface air pollutant
concentrations was evaluated using a 10-fold cross-validation method
conducted on out-of-sample data, and the performance statistics of the
model indicated good performance [22–25]. In addition, a previous study
utilized PM2.5 data from the ChinaHighAirPollutants dataset to construct
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an exposure model in Tangshan City, Hebei Province, China, and the sta-
tistical indicators of model performance demonstrated that the exposure
assessment was good (R2 ¼ 0.94, RMSE ¼ 4.64 μg/m3) [26].

According to the method employed in our previous publications, we
first geocoded the addresses of each participant and then extracted the
corresponding values from the Raster object provided in the ChinaHigh-
AirPollutants dataset according to their respective locations [17,27,28].
During the process of exposure assessment, we considered the changes in
the residential addresses of the study participants (the rate of relocation
was 2.3%). Next, we calculated individual exposure across different time
windows: the year of themedical examination, namely, the average of the
365 days prior to the date of the medical examination (lag 0 year), two
years prior to the year of the medical examination (lag 2 years), the
average of the three years prior to the medical examination (average 3
years), and the average of the five years prior to the medical examination
(average 5 years, only for PM2.5 and PM10).

2.3. MRI data collection and definitions

The brainMRI scan was conducted using a 3.0 T scanner equippedwith
an eight-channel phased-array coil (MR750w, General Electric, Waukesha,
WI) in Kailuan General Hospital. Brain imaging data were in the Digital
Imaging and Communications in Medicine format. The radiologists
completed the cerebral MRI examinations of the study participants. The
interpretation of brain MRI images and the quantification of CSVD neu-
roimaging features were independently performed by two neuroradiolo-
gists from Kailuan General Hospital. In cases of disagreement, a third
neuroradiologist intervened to arbitrate, and the final results were deter-
mined through consultation and discussion. Neuroimaging markers of
CSVD were defined based on the Standards for Reporting Vascular
Changes on Neuroimaging (STRIVE) [29]. DWMH and PWMHwere scored
based on the Fazekas scale from 0 to 3 [30]. The WMH burden was
assessed by considering the DWMH and PWMH (DWMH � 2 or
PWMH¼ 3), ranging from 0 to 1 [31]. The BG-EPVSwas assessed based on
the number of EPVS in the basal ganglia of the brain, ranging from 0 to 4
[32,33]. CMB and LA were rated based on the size, shape, and location of
neuroimaging features, ranging from 0 to 1 [29]. Moreover, because CSVD
is a composite outcome with varied imaging features, individual neuro-
imaging markers cannot fully reflect overall brain damage. Therefore, we
utilized the well-established Wardlaw group methodology to calculate the
total burden of CSVD, aiming to comprehensively and systematically assess
the CSVD imaging profile and cumulative brain damage in our study
subjects [34,35]. The total burden of CSVD was calculated by assigning
one point to each of the four imaging features present in the study subjects'
MRI images (including WMH burden ¼ 1, BG-EPVS � 2, CMB � 1, or
LA � 1), and then summing these points. See Table 1 for specific defini-
tions and rating scales [29,30,32,35].

2.4. Covariates

In the investigation of the adverse effects of ambient air pollution
exposure on CSVD, previous studies have indicated that the presence of
certain confounding factors may affect the true associations between air
pollution exposure and CSVD [36,37]. Therefore, our study incorporated
factors potentially related to CSVD, including age (years), sex (male or
female), body mass index (BMI, kg/m2), smoking history (never, previ-
ous smoking, or current smoking), drinking history (never, previous
drinking, or current drinking), systolic blood pressure (SBP, mmHg),
diastolic blood pressure (DBP, mmHg), fasting blood glucose (FBG,
mmol/L), total cholesterol (TC, mmol/L), low-density lipoprotein (LDL,
mmol/L), as well as variables potentially related to air pollution expo-
sure, such as temperature (�C) and relative humidity (%). The tempera-
ture dataset was spatially downscaled from CRU TS v4.02 with
WorldClim datasets based on the Delta downscaling method [38]. The
humidity dataset was estimated using observational data from meteo-
rological stations and multiple covariates, including surface temperature,
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Table 1
Definitions of neuroimaging markers of CSVD.

MRI feature Visual assessment standard Rating scale Score range Ref.

DWMH/PWMH Fazekas scale Absence (0 point); Punctate foci (1 point); Beginning confluence of foci (2
points); large confluent areas (3 points).

0–3 [30]

WMH burden Fazekas scale DWMH � 2 or PWMH ¼ 3 (1 point); other (0 point). 0–1 [30]
BG-EPVS Semiquantitative scale No EPVS (0 point); 1–10 EPVS (1 point); 11–20 EPVS (2 points); 21–40 EPVS (3

points); over 40 EPVS (4 points).
0–4 [32]

CMB International consensus definition Absence (0 point); small (<5 mm), homogeneous, round foci of low signal
intensity on gradient echo images in cerebellum, brainstem, basal ganglia,
white matter, or cortico-subcortical junction (1 point).

0–1 [29]

LA International consensus definition Absence (0 point); Rounded or ovoid lesions, 3–20 mm diameter, in the basal
ganglia, internal capsule, centrum semiovale, or brainstem (1 point).

0–1 [29]

Total burden of CSVD Wardlaw group method 1 point is assigned to each of the four imaging features that appeared (WMH
burden ¼ 1, BG-EPVS � 2, CMB � 1, or LA � 1), and these points are then
summed.

0–4 [35]

CSVD, cerebral small vessel disease; WMH, white matter hyperintensities; DWMH, deep white matter hyperintensities; PWMH, periventricular white matter hyper-
intensities; BG-EPVS, perivascular spaces surrounding the basal ganglia; CMB, cerebral microbleed; LA, lacune.
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vapor pressure, and land cover, etc., employing the Light Gradient
Boosting Machine algorithm [39].
2.5. Statistical analysis

Depending on the data type, the distribution of covariates in this
study was presented as mean (standard deviation, SD) or frequency
(percentage). For ordinal categorical outcomes (DWMH, PWMH, BG-
EPVS, and total burden of CSVD), ordinal logistic regression models
were employed to explore the relationships between air pollution expo-
sure and the neuroimaging metrics of CSVD. For dichotomous outcomes
(WMH burden, CMB, and LA), binary logistic regression models were
used. Models incorporated several potential confounders, including age,
sex, BMI, smoking history, drinking history, SBP, DBP, FBG, TC, and LDL.
Temperature and relative humidity were also adjusted in the model using
a natural cubic spline function with 3 degrees of freedom [40,41]. Results
were presented as odds ratios (ORs) accompanied by their 95% confi-
dence intervals (CIs).

We further fitted models to calculate the corresponding effect size
estimations of air pollution exposure across different time windows
(including lag 0 year, lag 2 years, average 3 years, and average 5 years)
on the radiological markers of CSVD. To explore dose–response re-
lationships between air pollutants and the risk of CSVD, we fitted a lo-
gistic regression model with a restricted cubic spline. To identify the
potentially vulnerable populations, this study conducted subgroup ana-
lyses by age (<60 or �60 years), sex (male or female), BMI (<24 or
�24 kg/m2), smoking history (never, ever or current smoking), and
drinking history (never, ever or current drinking). Considering that
participants were exposed to multiple pollutants, we employed a
weighted quantile sum (WQS) regression model to assess the overall
influence of air pollution mixtures [42,43].

A range of sensitivity tests were performed to evaluate the robustness
of the results: (1) we substituted waist circumference for BMI during the
model fitting; (2) we replaced SBP, DBP and FBG with hypertension and
diabetes during the model fitting; (3) we fitted a multi-pollutant model
that simultaneously considered the influence of various air pollutants in
the regression analysis. The R programming language (version 4.2.2) was
utilized for all statistical analyses.

3. Results

3.1. Baseline characteristics of the study population

Table 2 shows the characteristics of study subjects. A total of 1216
participants were involved in this analysis, including 641 men and 575
women. The geographical distribution of the study subjects and the
temporal changes in air pollutant exposure concentrations are depicted
3

in Fig. S1 and Fig. S2. In general, the average (SD) age was 55.57 (12.17)
years, while the BMI stood at 25.23 (3.55) kg/m2. The average (SD) of
SBP, FBG, and LDL was 133.47 (19.67) mmHg, 5.61 (1.61) mmol/L, and
3.12 (0.78) mmol/L, respectively. There were 895 (73.60%) subjects
withWMH burden equal to 0. The numbers of subjects with the following
radiological markers were as follows: DWMH of 0–3 points, 286
(23.52%), 609 (50.08%), 267 (21.96%), and 54 (4.44%), respectively;
PWMH of 0–3 points, 773 (63.57%), 276 (22.70%), 120 (9.87%), and 47
(3.86%), respectively; BG-EPVS of 1–4 points, 500 (41.12%), 465
(38.24%), 208 (17.11%), and 43 (3.53%), respectively; LA of 0–1 point,
1023 (84.13%) and 193 (15.87%), respectively; CMB of 0–1 point, 888
(73.03%) and 328 (26.97%), respectively; and total burden of CSVD of
0–4 points, 401 (32.98%), 370 (30.43%), 239 (19.65%), 114 (9.38%),
and 92 (7.56%), respectively. Table S1 provides a summary of the dis-
tribution of PM2.5, PM10, SO2, NO2, and CO exposures in the different
time windows. Pearson correlation coefficients for air pollutants, as well
as meteorological factors, are displayed in Fig. S3.
3.2. Association between exposure to air pollution and CSVD

Binary logistic regression results indicated that exposure to air pol-
lutants increased the risk of WMH burden after adjusting for a series of
covariates (Table 3). For each interquartile range (IQR) increase of air
pollution exposure (lag 0 year), the ORs and 95% CIs of the worsened
WMH burden were 1.45 (1.15, 1.84) for PM2.5, 1.72 (1.27, 2.34) for
PM10, 1.26 (1.05, 1.51) for SO2, 1.52 (1.16, 2.00) for NO2, and 1.63
(1.26, 2.13) for CO. These findings remained statistically significant
when the exposure window was changed (lag 2 years, average 3 years,
and average 5 years). In Table 4, there were positive relationships be-
tween air pollution exposure (lag 0 year) and the total burden of CSVD,
with ORs of 1.20 (1.01, 1.43) for PM2.5, 1.39 (1.12, 1.74) for PM10, 1.26
(1.03, 1.53) for NO2, and 1.30 (1.08, 1.58) for CO. Furthermore, the total
burden of CSVD was also significantly associated with each IQR increase
in the 3-year average of PM10 [OR and 95% CI: 1.25 (1.02, 1.54)] and CO
[OR and 95% CI: 1.25 (1.01, 1.55)] exposure. Figs. 1 and 2 exhibit the
exposure–response relationships of air pollution exposure in different
time windows with WMH burden and the total burden of CSVD. In the
majority of cases, the exposure-response curves typically increased when
air pollutants were at low concentrations but tended to plateau or dis-
played a slight decline at higher concentrations.

For other neuroimaging markers of CSVD, apart from DWMH, which
was positively associated with air pollutant exposure (Table S2), we did
not observe any pronounced associations between air pollutants across
different exposure windows and neuroimaging markers such as PWMH
(Table S3), BG-EPVS (Table S4), LA (Table S5), and CMB (Table S6). Figs.
S4-S8 illustrate the exposure-response curves of these neuroimaging
markers to air pollutants across different time windows.



Table 2
Baseline characteristics of included participants.

Variables Participants
(n ¼ 1216)

PM2.5 exposure P value

Q1 (n ¼ 314) Q2 (n ¼ 317) Q3 (n ¼ 281) Q4 (n ¼ 304)

Age (years) 55.57 (12.17) 53.02 (13.87) 55.64 (11.58) 58.48 (11.12) 55.46 (11.24) <0.001
Sex, n (%) <0.001
Female 575 (47.29) 173 (55.10) 161 (50.79) 109 (38.79) 132 (43.42)
Male 641 (52.71) 141 (44.90) 156 (49.21) 172 (61.21) 172 (56.58)

BMI (kg/m2) 25.23 (3.55) 25.26 (3.50) 25.13 (3.92) 25.30 (3.31) 25.26 (3.44) 0.935
Smoking history, n (%) 0.014
Never 919 (75.58) 261 (83.12) 238 (75.08) 200 (71.17) 220 (72.37)
Previous smoking 90 (7.40) 17 (5.41) 27 (8.52) 21 (7.47) 25 (8.22)
Current smoking 207 (17.02) 36 (11.46) 52 (16.40) 60 (21.35) 59 (19.41)

Drinking history, n (%) 0.020
Never 828 (68.09) 228 (72.61) 224 (70.66) 177 (62.99) 199 (65.46)
Previous smoking 76 (6.25) 23 (7.32) 10 (3.15) 22 (7.83) 21 (6.91)
Current smoking 312 (25.66) 63 (20.06) 83 (26.18) 82 (29.18) 84 (27.63)

SBP (mmHg) 133.47 (19.67) 130.85 (19.06) 131.23 (19.64) 138.75 (19.71) 133.64 (19.39) <0.001
DBP (mmHg) 79.08 (12.28) 77.80 (12.12) 78.31 (12.48) 80.80 (12.19) 79.62 (12.17) 0.013
FBG (mmol/L) 5.61 (1.61) 5.79 (1.25) 5.50 (1.44) 5.79 (2.33) 5.39 (1.20) 0.002
TC (mmol/L) 5.18 (0.99) 5.27 (1.02) 5.16 (1.05) 5.17 (0.96) 5.14 (0.93) 0.375
LDL (mmol/L) 3.12 (0.78) 3.05 (0.78) 3.09 (0.81) 3.19 (0.74) 3.15 (0.78) 0.124
Temperature (�C) 12.93 (0.35) 12.92 (0.38) 13.06 (0.28) 12.78 (0.38) 12.94 (0.27) <0.001
Relative humidity (%) 54.09 (1.84) 54.08 (1.83) 54.18 (2.08) 53.72 (1.94) 54.33 (1.39) 0.001
DWMH, n (%) <0.001
0 286 (23.52) 90 (28.66) 78 (24.61) 45 (16.01) 73 (24.01)
1 609 (50.08) 169 (53.82) 159 (50.16) 133 (47.33) 148 (48.68)
2 267 (21.96) 45 (14.33) 69 (21.77) 82 (29.18) 71 (23.36)
3 54 (4.44) 10 (3.18) 11 (3.47) 21 (7.47) 12 (3.95)

PWMH, n (%) 0.003
0 773 (63.57) 212 (67.52) 211 (66.56) 151 (53.74) 199 (65.46)
1 276 (22.70) 73 (23.25) 69 (21.77) 77 (27.40) 57 (18.75)
2 120 (9.87) 21 (6.69) 24 (7.57) 37 (13.17) 38 (12.50)
3 47 (3.86) 8 (2.55) 13 (4.10) 16 (5.69) 10 (3.29)

WMH burden, n (%) <0.001
0 895 (73.60) 259 (82.48) 237 (74.76) 178 (63.35) 221 (72.70)
1 321 (26.40) 55 (17.52) 80 (25.24) 103 (36.65) 83 (27.30)

BG-EPVS, n (%) 0.028
1 500 (41.12) 140 (44.59) 143 (45.11) 87 (30.96) 130 (42.76)
2 465 (38.24) 112 (35.67) 114 (35.96) 123 (43.77) 116 (38.16)
3 208 (17.11) 52 (16.56) 46 (14.51) 61 (21.71) 49 (16.12)
4 43 (3.53) 10 (3.18) 14 (4.42) 10 (3.56) 9 (2.96)

LA, n (%) <0.001
0 1023 (84.13) 278 (88.54) 280 (88.33) 216 (76.87) 249 (81.91)
1 193 (15.87) 36 (11.46) 37 (11.67) 65 (23.13) 55 (18.09)

CMB, n (%) <0.001
0 888 (73.03) 239 (76.11) 243 (76.66) 174 (61.92) 232 (76.32)
1 328 (26.97) 75 (23.89) 74 (23.34) 107 (38.08) 72 (23.68)

Total burden of CSVD, n (%) <0.001
0 401 (32.98) 121 (38.54) 118 (37.22) 66 (23.49) 96 (31.58)
1 370 (30.43) 102 (32.48) 97 (30.60) 71 (25.27) 100 (32.89)
2 239 (19.65) 53 (16.88) 58 (18.30) 68 (24.20) 60 (19.74)
3 114 (9.38) 20 (6.37) 24 (7.57) 42 (14.95) 28 (9.21)
4 92 (7.56) 18 (5.73) 20 (6.31) 34 (12.10) 20 (6.58)

Participants were grouped by quartiles of PM2.5 exposure in lag 0 year. BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FBG, fasting
blood glucose; TC, total cholesterol; LDL, low density lipoprotein; Q, quartile.

Table 3
Binary regression results for the associations between air pollutants exposure and WMH burden.

Air pollutants
(per IQR increase)

Lag 0 year Lag 2 years Average 3 years Average 5 years

ORs (95% CIs) P value ORs (95% CIs) P value ORs (95% CIs) P value ORs (95% CIs) P value

PM2.5 1.45 (1.15, 1.84) 0.002 1.53 (1.15, 2.05) 0.004 1.52 (1.15, 2.02) 0.004 1.43 (1.09, 1.89) 0.009
PM10 1.72 (1.27, 2.34) <0.001 1.55 (1.19, 2.01) 0.001 1.60 (1.21, 2.13) 0.001 1.44 (1.12, 1.86) 0.004
SO2 1.26 (1.05, 1.51) 0.010 1.50 (1.06, 2.14) 0.023 1.55 (1.13, 2.13) 0.007 – –
NO2 1.52 (1.16, 2.00) 0.002 1.82 (1.22, 2.74) 0.004 1.83 (1.27, 2.66) 0.001 – –
CO 1.63 (1.26, 2.13) <0.001 1.63 (1.19, 2.23) 0.002 1.65 (1.21, 2.25) 0.001 – –

Models were adjusted for age, sex, BMI, smoking history, drinking history, SBP, DBP, FBG, TC, LDL, temperature, and relative humidity. Interquartile range (IQR) for
PM2.5 in lag 0 year, lag 2 years, average 3 years, and average 5 years were 5.23, 5.40, 5.40, and 5.76 μg/m3, respectively. IQR for PM10 in lag 0 year, lag 2 years, average
3 years, and average 5 years were 16.20, 11.90, 12.33, and 9.73 μg/m3, respectively. IQR for SO2 in lag 0 year, lag 2 years, and average 3 years were 2.20, 5.30, and
4.93 μg/m3, respectively. IQR for NO2 in lag 0 year, lag 2 years, and average 3 years were 6.62, 7.20, and 7.03 μg/m3, respectively. IQR for CO in lag 0 year, lag 2 years,
and average 3 years were 0.18, 0.21, and 0.20 μg/m3, respectively.
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Table 4
Ordinal logistic regression results for the associations between air pollutants exposure and total burden of CSVD.

Air pollutants
(per IQR increase)

Lag 0 year Lag 2 years Average 3 years Average 5 years

ORs (95% CIs) P value ORs (95% CIs) P value ORs (95% CIs) P value ORs (95% CIs) P value

PM2.5 1.20 (1.01, 1.43) 0.037 1.17 (0.95, 1.44) 0.146 1.16 (0.95, 1.42) 0.158 1.11 (0.91, 1.35) 0.302
PM10 1.39 (1.12, 1.74) 0.003 1.19 (0.98, 1.44) 0.073 1.25 (1.02, 1.54) 0.029 1.13 (0.94, 1.35) 0.196
SO2 1.12 (0.98, 1.28) 0.099 1.18 (0.92, 1.52) 0.201 1.19 (0.95, 1.50) 0.128 – –
NO2 1.26 (1.03, 1.53) 0.023 1.36 (1.01, 1.84) 0.041 1.29 (0.99, 1.67) 0.057 – –
CO 1.30 (1.08, 1.58) 0.007 1.24 (0.99, 1.55) 0.059 1.25 (1.01, 1.55) 0.044 – –

Models were adjusted for age, sex, BMI, smoking history, drinking history, SBP, DBP, FBG, TC, LDL, temperature, and relative humidity. IQR for PM2.5 in lag 0 year, lag 2
years, average 3 years, and average 5 years were 5.23, 5.40, 5.40, and 5.76 μg/m3, respectively. IQR for PM10 in lag 0 year, lag 2 years, average 3 years, and average 5
years were 16.20, 11.90, 12.33, and 9.73 μg/m3, respectively. IQR for SO2 in lag 0 year, lag 2 years, and average 3 years were 2.20, 5.30, and 4.93 μg/m3, respectively.
IQR for NO2 in lag 0 year, lag 2 years, and average 3 years were 6.62, 7.20, and 7.03 μg/m3, respectively. IQR for CO in lag 0 year, lag 2 years, and average 3 years were
0.18, 0.21, and 0.20 μg/m3, respectively.

Fig. 1. Exposure–response relationships of air pollutants exposure with WMH burden. A restricted cubic spline regression model with 3 knots (at the 10th, 50th, and
90th percentiles) was used to estimate the exposure–response relationships between air pollutants exposure and WMH burden. ORs (solid lines) and 95% CIs (shaded
areas) were adjusted for age, sex, BMI, smoking history, drinking history, SBP, DBP, FBG, TC, LDL, temperature, and relative humidity.
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Fig. S9 and Fig. S10 display ORs and 95% CIs of air pollution exposure
on WMH burden and the total burden of CSVD stratified by age, sex, BMI,
smoking history, and drinking history. Although we observed variations
in the effect sizes of air pollutants among different subgroups, these
differences did not reach statistical significance (P for interaction >
5

0.05). In the context of exposure to multiple air pollutants (Fig. S11), this
study revealed a positive relationship between the WQS indices and
WMH burden [ORs and 95% CIs: 1.43 (1.15, 1.78) for lag 0 year; 1.36
(1.10, 1.68) for lag 2 years; and 1.43 (1.14, 1.78) for average 3 years], as
well as the total burden of CSVD [OR and 95% CI: 1.29 (1.03, 1.62) for



Fig. 2. Exposure–response relationships of air pollutants exposure with the total burden of CSVD. A restricted cubic spline regression model with 3 knots (at the 10th,
50th, and 90th percentiles) was used to estimate the exposure–response relationships between air pollutants exposure and total burden of CSVD. ORs (solid lines) and
95% CIs (shaded areas) were adjusted for age, sex, BMI, smoking history, drinking history, SBP, DBP, FBG, TC, LDL, temperature, and relative humidity.
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lag 0 year]. In the sensitivity analyses (Tables S7-S9), it was found that
the results of the study remained virtually unchanged.

4. Discussion

The current study is the first to comprehensively investigate the re-
lationships between air pollution exposure and radiological markers of
CSVD. One notable discovery was the significant associations between
PM2.5, PM10, SO2, NO2, and CO exposures across various time windows
and the increased risk of WMH burden and the total burden of CSVD.
Another key finding highlighted a positive link between exposure to
multiple air pollution mixtures and the risk of CSVD.

4.1. Comparison with other studies

Similar to our findings, the Cardiovascular Health Study reported the
associations between PM10 (per 10 μg/m3 increase) and NO2 (per 10 ppb
increase) exposure and the deterioration of white matter grade, with
estimated effect sizes of 0.14 (0.01, 0.37) and 0.37 (0.04, 0.61),
respectively [44]. As well, in the Framingham Offspring Study,
6

community-dwelling participants exposed to PM2.5 (per 2 μg/m3 in-
crease) exhibited an elevated OR of covert brain infarcts [1.37 (1.02,
1.85)] [13]. While a study based on the Korean population found that
exposure to PM10 (per 11.6 μg/m3 increase) could elevate the risk of
covert brain infarction, no significant association was uncovered be-
tween PM10, NO2, SO2, and CO and the risk of CMB [12], aligning with
our findings. Likewise, WMH volume has attracted considerable atten-
tion in many prior studies, yet the findings have been inconsistent. For
example, a population-based analysis utilizing data from the French
Three-City Montpellier study (n ¼ 582) demonstrated an association
between PM2.5 exposure and an elevated risk of increased WMH volume
[16]. Conversely, a study conducted at the Massachusetts Alzheimer's
Disease Research Center (n¼ 236) reported that an increase in PM2.5 was
associated with a decrease in WMH volume [14]. The negative associa-
tions were also observed in the Women's Health Initiative Memory Study
[45,46]. Moreover, findings from the Framingham Offspring Study
(n ¼ 943) and the Northern Manhattan Study (n ¼ 1075) indicated that
the relationship between PM2.5 and NO2 exposure and cerebral WMH
volume was not statistically significant [13,47]. The heterogeneity of
findings may be attributed to the sample size, as the identification and
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diagnosis of CSVD rely on cranial MRI techniques, making it challenging
to collect a large number of cranial MRI images of study subjects. Another
possible reason lies in the varying concentrations of air pollutants in
different study areas. A meta-analysis denoted that the risk of cerebro-
vascular disease in the Asian region was associated with particulate
matter exposure, whereas in Europe and South America, this association
no longer held statistical significance. This was largely due to differences
in pollutant concentrations (median level of PM10: 71.6 μg/m3 in the
Asian region vs. 20.6 μg/m3 and 23.1 μg/m3 in Europe and South
America), respectively [48,49].

Delineating exposure windows facilitates a more precise identifica-
tion of susceptible period through which air pollutant exposure impacts
CSVD. Yet, previous studies have focused solely on a single time window,
such as pollution exposure in the year of health examination or average
exposure of several years, overlooking the impact of air pollution expo-
sure on CSVD across different exposure windows [10,12,16]. Our study
demonstrated that air pollutant exposure across different exposure win-
dows was consistently associated with an increased WMH burden. For
the total burden of CSVD, this study uncovered the positive links between
PM2.5, PM10, SO2, and CO exposure and small blood vessel damage in the
brain, which has not yet been reported in existing studies.

4.2. Potential mechanism

Several mechanisms have been proposed regarding the harmful
impact of air pollution on cerebrovascular health. According to the
classical inflammation hypothesis, inhaled particles are engulfed by
pulmonary macrophages, leading to the secretion of inflammatory me-
diators that subsequently affect the vascular system [50–52]. Similarly,
ultrafine particles have the ability to penetrate the alveolar-capillary
barrier, exerting a direct influence on blood vessels and circulating
blood cells [53,54]. Another hypothesis suggests that inhalation of air
pollutants activates neural sensory receptors, triggering changes in
autonomic nervous system function, which ultimately leads to alterations
in vascular homeostasis [55,56]. The proper functioning of these bio-
logical pathways is crucial for maintaining brain health. When disrupted
by air pollutants, they may adversely affect the cerebral microvascula-
ture, thereby influencing the onset of CSVD. Future studies should delve
deeper into the mechanisms underlying the association between air
pollution exposure and CSVD.

4.3. Strengths and limitations

To the best of our knowledge, this study represents the pioneering
investigation to comprehensively explore the hazardous effects of air
pollutant exposure on cerebral microvascular health through multiple
CSVD MRI features in the Chinese population. An additional strength of
this study is that we assessed the effects of environmental pollutants
across different exposure windows to gain a deeper understanding of the
role of varying exposure patterns in triggering CSVD. Nevertheless, this
study is still subject to some limitations. Initially, since this study
involved only one instance of cranial MRI and employed a cross-sectional
study design, future longitudinal research is required to validate the re-
lationships between air pollutant exposure and neuroimaging features of
CSVD. Secondly, the study, using an observational design, was unable to
establish definitive causal relationships. Thirdly, the assessment of
ambient air pollution exposure for each subject was based on their home
addresses, potentially leading to unavoidable exposure misclassification
Finally, study subjects were recruited from the META-KLS conducted in
Tangshan City, Hebei Province, China, necessitating caution when
extrapolating the research findings.

5. Conclusion

In Chinese adults, PM2.5, PM10, SO2, NO2, and CO exposures were
associated with an increased risk of CSVD. The relationships between
7

exposure to ambient air pollutants and neuroimaging markers of CSVD
remained significant even when considering different exposure windows.
Our study suggested that air pollution may serve as a potential inde-
pendent risk factor for CSVD, which emphasizes the importance of con-
trolling environmental pollutants to prevent cerebral small vessel
damage.
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