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ARTICLE INFO ABSTRACT

Editor: Pavlos Kassomenos Background: Short-term exposure to ambient PM, s and PM;, (particulate matter with aerodynamic diameters
=<2.5 pm and 10 pm, respectively) has been linked with hospitalization and mortality from stroke. However, the effect

Keywords: of PM; (=1 pm) exposure on the risk of hospitalization from stroke and its subtypes has rarely been investigated, in

PM,;

particular, on the basis of fine-scale exposure assessment at the individual level.

Methods: We collected data on hospital admissions due to stroke and its subtypes in Guangzhou, China from January 1,
2014 to December 31, 2018. Daily exposures to PM;, PM, 5, and PM;, were assessed from satellite-derived estimates
at a 1-km? spatial resolution based on residential addresses. A time-stratified case-crossover analysis combined with a con-
ditional logistic regression model was performed to examine the associations of stroke hospitalization risks with short-
term exposure to size-fractional particles. We conducted stratified analyses by sex, age, season, and ambient temperature.
Results: A total of 178,586 stroke hospitalizations were recorded during the study period, among which 141,709 cases
were ischemic stroke and 25,255 cases were hemorrhagic stroke. The mean concentrations on the day of hospitalization
were 20.0 pg/m° (control days: 19.9 ug/m?>) for PMy, 37.6 pg/m® (37.4 pg/m>) for PM, s, and 59.3 pg/m?> (59.0 pg/m°)
for PM; . Short-term exposure to size-fractional particles was significantly associated with increased risks of hospital ad-
mission for overall stroke and ischemic stroke, whereas null or negative associations were observed for hemorrhagic
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stroke. Compared with PM, 5 and PM; o, PM; was associated with greater excess risks of stroke hospitalizations. For each
10-pg/m? increase in PM;, PM, s, and PM;, exposure at lag 03-day, the odds ratios were 1.016 (95% confidence interval:
1.008, 1.024), 1.007 (1.003, 1.011), and 1.007 (1.004, 1.010) for overall stroke hospitalization, and were 1.023 (1.014,
1.033), 1.010 (1.005, 1.014), and 1.009 (1.006, 1.013) for ischemic stroke, respectively. These associations were robust
to co-pollutant adjustments and did not vary by sex and age, while significantly elevated risks were identified in cold
months (October to March of the next year) and low-temperature days (<23.8 °C) only.

Conclusions: Short-term exposure to particulate matter air pollution, particularly PM,, was associated with increased risks
of hospitalization for overall stroke and ischemic stroke.

1. Introduction

Stroke is a complex and multi-factorial disease resulting from a combi-
nation of genetic and environmental risk factors. Extensive epidemiological
and toxicological studies have revealed that short-term exposure to ambi-
ent particulate matter (PM), mainly inhalable PM (PM; o, PM with an aero-
dynamic diameter <10 pm) and fine PM (PM, 5, PM with an aerodynamic
diameter <2.5 pm), is associated with an elevated risk of morbidity and
mortality from stroke worldwide (Shah et al., 2015; Verhoeven et al.,
2021). Recently, there is emerging evidence pointing out that PM with
smaller sizes might pose stronger adverse effects on cardiovascular diseases
and the observed PM, s-induced effects are dominantly attributable to sub-
micron PM (PM;, PM with an aerodynamic diameter <1 pm) (Chen et al.,
2017; Hu et al., 2018; Lin et al., 2016). However, the relationship between
PM; exposure and the risk of stroke remained largely unstudied, owing pri-
marily to the scarcity of routine PM; monitoring data.

Several time-series or case-crossover investigations associated short-term
PM,; exposure with stroke incidence (Wu et al., 2022), hospitalization (Chen
etal., 2020; Liu et al., 2022), and mortality (Hu et al., 2018; Perez et al., 2009;
Yin et al., 2020) in highly polluted regions, while exposure assessment of
these studies largely relied on regional average PM concentrations or sparse
fixed stations. Despite high accuracy at specific locations, station-based PM
measurements failed to reveal the spatiotemporal variations of individual
residential-level exposure (Wang et al., 2013b), which may result in exposure
misclassification and bias the health effect estimation (Baxter et al., 2013;
Wei et al., 2022). In addition, limited research has been carried out to distin-
guish the impacts of size-fractional PMs on different stroke types, hindering a
comprehensive understanding of their underlying biological mechanisms. To
support evidence-based policymaking, systematic evaluations using high-
resolution pollutant data sets that link individual-level PM; exposure with
stroke and its subtypes are urgently required.

Therefore, we conducted a case-crossover study at the individual level
by enrolling ~0.17 million stroke cases in Guangzhou, China from 2014
to 2018. This analysis aimed to examine the associations between short-
term exposure to size-fractional particles (PM;, PM, s, PM;() and risks of
hospitalization for stroke and its subtypes. We also explored the susceptible
sub-populations and the seasonal pattern by carrying out stratified analyses
across different sexes, age groups, seasons, and temperature days.

2. Materials and methods
2.1. Study area and population

Located in the Pearl River Delta region, Guangzhou (112°57"-114°3’E,
22°26’-23°56" N) is the third largest city in China covering an area of
approximately 7434.4 km?2. The primary landform types in Guangzhou
City are hilly lands in the north and east, and alluvial plains in the south,
with the terrain high in the northeast while low in the southwest. This
study was conducted among permanent residents in Guangzhou and the
population distribution was shown in Fig. S1.

2.2. Stroke hospital admission data

Stroke hospital admission data in our study were extracted from
the Guangzhou Cardio- and Cerebrovascular Disease Event Surveillance

System, which was established to monitor stroke and other cardio- and ce-
rebrovascular events in Guangzhou (Guo et al., 2017). In order to collect
case data to the greatest extent, we recruited class 2 and class 3 hospitals
with the ability of diagnosis and treatment of stroke, excluding hospitals
that were not specialized in cerebrovascular diseases, such as pediatric, ob-
stetric, orthopedic, and other specialized hospitals. Finally, a total of 67
hospitals that were widely distributed in Guangzhou were included
(Fig. S1). All hospitals adopted a unified guideline and standard for the di-
agnosis of stroke. Hospital admission data for stroke were abstracted by
trained staff of the Guangzhou Center for Disease Control and Prevent
using a standardized operation procedure, and relevant information includ-
ing demographics, and clinical symptoms were collected. All stroke cases
were coded according to the International Classification of Diseases,
Tenth Revision (ICD-10) as follows: overall stroke (I60-169), ischemic
stroke (163), and hemorrhagic stroke (I60-161).

We obtained 178,586 stroke hospital admission records from 67 hospi-
tals in Guangzhou between January 1, 2014 and December 31, 2018. For
each case, we extracted 1) patient demographics including sex, age, and
ethnicity; 2) principal diagnosis codes; 3) inpatient admission date; 4) cur-
rent residential addresses and household registration addresses. We
geocoded the residential address of each patient into latitude and longi-
tude, and if the current residential address was missing (<0.2%), the house-
hold registration address was used. The spatial distribution of the included
cases was illustrated in Fig. 1.

2.3. Exposure assessment

Satellite-derived estimates for daily gridded particulate air pollution
data with a 1-km? spatial resolution from 2014 to 2018 were collected
from the ChinaHighAirPollutants (CHAP) dataset, which has been widely
validated and adopted in environmental health studies. Briefly, by well in-
corporating space-time models and advanced satellite remote sensing,
CHAP showed superior performance in estimating daily PM concentrations
with a cross-validation coefficient of determination (CV-R?) of 0.77 and a
root-mean-square error (RMSE) of 14.6 pg/m3 for PM; (Wei et al.,
2019a), CV-R? of 0.92 and RMSE of 10.76 pg/m® for PM, 5 (Wei et al.,
2021b), and CV-R? of 0.9 and RMSE of 21.12 pg/m?> for PM;, (Wei et al.,
2021a). Gridded gaseous pollutants (i.e., SO,, NO,, O3, and CO) at
10-km? spatial resolutions were also obtained from the CHAP dataset
(https://weijing-rs.github.io/product.html, accessed on April 30, 2023).
More modeling details could be found in prior publications. To account
for confounding effects of weather conditions, we extracted daily data on
mean temperature and relative humidity at a 10-km? spatial resolution
from European Center for Medium-Range Weather Forecasts (https://cds.
climate.copernicus.eu, accessed on April 30, 2023) for the same study pe-
riod. With these high-resolution predictions, we assigned environmental
exposures geographically to each stroke case according to their residence
and admission date.

2.4. Statistical analysis

A time-stratified case-crossover approach was applied to estimate asso-
ciations between short-term changes in PM concentrations and hospital ad-
missions for stroke. The case-crossover design has been broadly adopted in
environmental epidemiology to evaluate acute health effects of exposure to
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Fig. 1. Spatial distribution of the stroke cases in Guangzhou, China, 2014 to 2018.

air pollution (Verhoeven et al., 2021; Wei et al., 2019b). This approach fea-
tures that each case serves as his/her own control, and so confounders re-
lated to individual characteristics that are unlikely to vary within a short
period, such as demographic, socioeconomic, and some behavioral risk fac-
tors, are inherently well controlled. For each stroke case, date of hospital
admission was defined as the case day. The control days were derived
from the same calendar year, month, and day of the week (before or after
the case day) as the corresponding case to control for day of week, long-
term trends, and seasonal effects in hospital admissions and air pollutants
(i.e., if a case occurs on the first Wednesday of September 2016, the control
days are all other Wednesdays in September 2016) (Levy et al., 2001). Each
case day had three or four matching control days. The associations between
PM exposures and the risks of hospitalization for stroke were then assessed
by comparing the levels of exposure for each case on the case day with their
levels on control days. For the current study, 606,890 control days were se-
lected for 178,586 hospital admissions for overall stroke.

For each pollutant, we performed a conditional logistic regression to
separately evaluate the exposure-response (E-R) relationship of short-term
PM exposure with hospitalization for 3 types of stroke (i.e., overall stroke,
ischemic stroke, and hemorrhagic stroke) of interest. To characterize the
lag patterns, we assessed exposures at single-lag days (lag 0-day to lag
4-day) and moving-average exposures on the same and previous days of
each hospitalization (lag 01-day to lag 04-day). We applied a natural
cubic spline (NCS) function with 3 degrees of freedom (df) for terms of av-
erage temperature at lag 03-day and relative humidity on the current day,
so as to eliminate potential nonlinear confounding effects of meteorological
conditions. These modeling parameters were empirically chosen in

accordance with prior studies (Tian et al., 2018; Zhang et al., 2020). To
compare the effects of size-fractional PMs exposure on stroke hospitaliza-
tion based on comparable contrasts, we assessed odds ratios (ORs) and
their 95% confidence intervals (CIs) per 10-pg/m® or interquartile range
(IQR) increase in PMs concentrations. We depicted the E-R curves between
size-fractional PMs and stroke hospitalization risks by smoothing exposures
using NCS terms with 3 df.

To examine whether certain subpopulations suffered greatly from PM-
related health risks, we conducted several subgroup analyses stratified by
sex (male, female), age group (0-74, 75+ years), and season of admission
(warm, cold). Specifically, we defined the warm season as the month of ad-
mission from April to September, and the cold season as the month from
October to March of the next year. Furthermore, to investigate the potential
effect modification of ambient temperature, we divided subjects into low-
and high-temperature days using the median temperature (23.8 °C) as the
binary cutoff. We examined between-group differences via 2-sample z-
tests by comparing subgroup-specific regression coefficients ( = In odds
ratio) and corresponding standard errors (SE) derived from conditional lo-
gistic models (Altman and Bland, 2003).

Multiple sensitivity analyses were performed to check the robustness of
our results. First, we applied multipollutant analyses by additionally includ-
ing one of gaseous pollutants (i.e., SO, NO,, O3, and CO) and four pollut-
ants simultaneously in the main model to eliminate potential confounding
effects by other air pollutants. Second, we changed the df (s) from 3 to 4,
5, and 6 of NCS functions for temperature and relative humidity.

Statistical analyses were performed using R software version 4.0.4 (R
Foundation for Statistical Computing, Vienna, Austria), with the “survival”
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package for conditional logistic regression analysis and the “splines” pack-
age for NCS smoothing. A P value of <0.05 was considered statistically sig-
nificant for all two-sided tests.

3. Results

Table 1 summarizes the descriptive statistics of stroke cases included in
this study. From 2014 to 2018, we recorded a total of 178,586 hospital ad-
mission cases for overall stroke in Guangzhou, including 141,709 cases for
ischemic stroke and 25,255 cases for hemorrhagic stroke. For overall
stroke, 56.1% of the hospital admissions were males, more than half
(56.6%) were under 75 years of age, and 50.2% occurred in warm months.

The concentrations of particulate air pollutants on case days tended to
be slightly higher than those on control days, with average estimates of
20.0 pg/m?® versus 19.9 pg/m?> for PM;, 37.6 pg/m? versus 37.4 ug/m>
for PM, 5, 59.3 pg/m® versus 59.0 pg/m? for PM, o, respectively (Table 2).
Size-fractional PMs were positively and highly correlated (Spearman r:
0.90-0.96), while relatively weaker or negative correlations were observed
between PMs and gaseous pollutants (Fig. S2).

Fig. 2 presents the associations of PMs exposures with hospital admis-
sion for stroke across various lag days. Ambient exposures to size-
fractional particles (PM;, PM, s, and PM; o) were all significantly associated
with increased risks of hospital admission for overall and ischemic stroke.
In contrast, null or negative effects of PMs exposure were observed for hem-
orrhagic stroke, except for PM; , exposure at lag 4-day. Size-fractional PMs
exhibited highly similar lag patterns in associations with overall and ische-
mic stroke, wherein excess risks were seen immediately on the concurrent
day and lasted until lag 3-day or lag 4-day. In comparison with PM, 5 and
PM; 0, both a 10-pug/m? or an IQR increase of PM, yielded larger effects
on stroke hospitalizations (Tables S1 & S2). For instance, each 1O—pg/rn3 in-
crease in PM; exposure at lag 03-day was accordingly associated with an
OR of 1.016 (95% CI, 1.008-1.024) for overall stroke, corresponding to
ORs of 1.007 (95% CI, 1.003-1.011) and 1.007 (95% CI, 1.004-1.010) re-
lated to PM, 5 and PM;( exposure, respectively. E-R associations between
PM concentrations at lag 03-day and stroke risks were depicted in Fig. 3.
In general, largely similar shapes of curves were seen in associations of
size-fractional PMs with overall and ischemic stroke, consistently showing
a sharp increase of risk at higher concentrations only (e.g., >25 ug/m?> for
PM,).

Table 3 estimates subgroup-specific ORs of stroke hospital admission as-
sociated with PM exposures, stratified by sex, age at admission, season of

Table 1
Basic characteristics of the stroke cases, 2014 to 2018.
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Table 2
Summary distributions of exposure to ambient air pollutants and meteorological
conditions on case days and control days.

Variables Mean SD Percentile
5th 25th  50th  75th 95th
On case days (n = 178,586)
Air pollutant
PM;, pg/m> 20.0 11.2 79 123 171 24.6 42.5
PM, s, pg/m> 37.6 21.0 147 227 325 47.3 76.3
PM; 0, pg/m3 59.3 28.4 26.7 393 52.4 729 1129
SO,, pg/m> 13.2 5.8 6.4 9.3 118 15.7 24.4
NO,, pg/m® 42.3 18.0 21.4 302 384 50.1 76.9
CO, mg/rn3 0.9 0.2 0.6 0.7 0.8 1.0 1.3
03, pg/m> 93.0 49.0 236 559 87.3 1232 1821
Meteorological condition
Temperature, °C 22.5 58 12.0 181 238 27.4 29.6

Relative humidity, % 69.0 129 442 62.0 70.0 78.1 88.3
On control days (n = 606,890)

Air pollutant
PM;, pg/m3 19.9 11.0 79 123 17.1 24.4 42.2
PMS, 5, pg/m> 37.4 208 146 226 324 47.0 76.4
PM, 0, pg/m> 59.0 28.1 26.7 392 523 72.4 1129
SO, pg/rn3 13.2 5.8 6.4 9.3 11.8 15.7 24.4
NO,, p.g/m3 42.2 17.5 21,5 30.2 38.4 50.0 76.0
€O, mg/m® 0.9 0.2 0.6 0.7 0.8 1.0 1.3
03, pg/m> 93.1 49.4 229 555 875 123.8 1828
Meteorological condition
Temperature, °C 22.5 59 119 181 239 27.4 29.6

Relative humidity, % 69.0 13.0 439 61.8 70.0 78.3 88.4

Abbreviations: SD, standard deviation; PM;, particulate matter with aerodynamic
diameter <1 pm; PM, 5, particulate matter with aerodynamic diameter <2.5 pum;
PM, , particulate matter with aerodynamic diameter <10 pm; SO,, sulfur dioxide;
NO,, nitrogen dioxide; CO, carbon monoxide; O3, ozone.

admission, and ambient temperature. The magnitudes of associations
were generally comparable across different sex and age groups. We identi-
fied a clear seasonal pattern for PM-related risks of hospitalization for
overall stroke and ischemic stroke, with significant effects being found in
the cold months only. For instance, for per 10-pg/m?® rise in PM; exposure
at lag 03-day, the ORs for hospital admission for overall stroke were
1.022 (95% CI, 1.012-1.031) in the cold season and 0.987 (95% CI,
0.969-1.006) in the warm season. In stratified analysis by ambient temper-
ature, we also observed significantly stronger PM-stroke associations in

Characteristics

Values, No. (%)

Overall stroke

Ischemic stroke Hemorrhagic stroke

Stroke cases 178,586 (100.0)
Sex
Male 100,098 (56.1)
Female 78,488 (43.9)
Age at admission, years, mean * SD 70.8 = 12.4
<65 years 53,528 (30.0)
65-74 years 47,540 (26.6)
75-84 years 56,223 (31.5)
=85 years 21,243 (11.9)
Unknown 52 (<0.1)
Ethnicity
Han 177,303 (99.3)
Others 1283 (0.7)
Marital status
Never married 2453 (1.4)
Married 166,694 (93.3)
Divorced or widowed 6315 (3.5)
Unknown 3124 (1.7)
Season of admission
Warm (April to September) 89,595 (50.2)

Cold (January to March, October to December) 88,991 (49.8)

141,709 (100.0) 25,255 (100.0)

78,368 (55.3)
63,341 (44.7)

15,107 (59.8)
10,148 (40.2)

71.7 £ 11.7 65.4 = 14.8
38,755 (27.3) 11,728 (46.4)
38,737 (27.3) 5734 (22.7)
46,544 (32.8) 5821 (23)
17,635 (12.4) 1963 (7.8)
38(<0.1) 9(<0.1)
140,681 (99.3) 25,076 (99.3)
1028 (0.7) 179 (0.7)
1475 (1.0) 808 (3.2)
132,753 (93.7) 23,032 (91.2)
5028 (3.5) 883 (3.5)
2453 (1.7) 532 (2.1)

72,053 (50.8)
69,656 (49.2)

11,533 (45.7)
13,722 (54.3)

Note: The sum of proportions may not equal 100% due to the use of rounding-off method. Abbreviation: SD, standard deviation.
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low-temperature days than in high-temperature days (P <0.04 for between-
group differences).

In our sensitivity analyses, the results remained generally stable after in-
troducing gaseous pollutants separately or simultaneously for additional
modeling adjustments, suggesting minimal confounding from each other
(Table S3). Overall, the estimates were largely unchanged when using dif-
ferent df (s) for NCS smoothing of temperature and humidity.

4. Discussion

In this large individual-level case-crossover study of 178,586 stroke
cases in Guangzhou, we observed that short-term particulate air pollution
exposures increased the risk of hospital admission for overall and ischemic
stroke, whereas null or negative effects of PMs exposure on hemorrhagic
stroke were detected. The effect estimates were greater for PM; compared
with PM, s and PM;,. Significant effects of PMs exposures on stroke hospi-
talization were only detected in cold months and low-temperature days.
Our findings may have some implications in better understanding of cere-
brovascular health impacts associated with size-fractional particles and
evidence-based policymaking for stroke preventive strategies in highly
polluted days.

Several multi-city studies in China have provided evidence of positive
relationships between ambient PM; exposure and stroke incidence in 5
Third-grade class-A hospitals (Chen et al., 2020), 292 cities nationwide
(Liu et al., 2022), and 126 out of the 136 counties in Shandong Province
(Wu et al., 2022), respectively. These studies reported an increased risk of
0.53-1.2% for overall stroke and 0.67-1.4% for ischemic stroke, in relation
to a 10-pg/m? rise in PMj, respectively, which was slightly lower than our

estimates (1.6% for overall stroke and 2.3% for ischemic stroke). One rea-
son could be that we firstly evaluated the adverse impacts of acute exposure
to PM; on stroke admissions by applying a fine-scale exposure assessment
approach based on residential address of each subject. This provided a
more accurate assessment of individual-level exposure than prior studies
which utilized sparse fixed stations or county-level mean concentrations
to measure individual exposure levels (Baxter et al., 2013). For more intui-
tive comparisons, we reran the main model by using city-level average PM
concentrations measured at the supersite as the substitute for population-
level PM exposure. The analysis results showed that using station-based
PM measurements might underestimate the PM-stroke associations com-
pared with satellite-based predictions, which supported the above conjec-
ture (Fig. S3). A simulation study also suggested that the use of ambient
predictions with a finer spatial resolution will result in smaller bias (Wei
et al., 2022). Therefore, we call for more research leveraging more sophis-
ticated analyses and precise exposure assessments to explore PM;-stroke
associations.

Our study strengthened the notion that PM; exposure could induce
more deleterious health effects compared with PM, 5 and PM;,. We pro-
vided comparative risk assessments of size-fractional PMs on stroke hospi-
talization and the greater impacts of PM; were consistent with several
prior studies on stroke mortality (Hu et al., 2018; Yin et al., 2020), hospital
admission (Chen et al., 2020; Liu et al., 2022), recurrence (Cai et al., 2023;
Liu et al., 2022), prevalence (Yang et al., 2019), and 1-year survival after is-
chemic stroke (Chen et al., 2019). Very recently, a 4-province study in
China also showed that short- and long-term exposures to size-fractional
particles were associated with increased in-hospital case fatality among
stroke patients, where smaller PM exhibited larger toxicity (Cai et al.,
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2022). Furthermore, some studies found significant adverse effects of ultra-
fine particles (UFPs, particles with aerodynamic diameters <0.1 pm), the
smallest fraction of ambient PM, on stroke (Andersen et al., 2010;
Kettunen et al., 2007; Perez et al., 2009). For instance, a case-crossover
study from Copenhagen, Denmark reported that short-term exposure to
UFPs was associated with hospital admissions for ischemic stroke without
atrial fibrillation (Andersen et al., 2010), while weak associations were ob-
served with PM; . The underlying mechanism may be that its small particle
size and large surface area to mass ratio enable them to deposit in deeper
respiratory tract and carry more toxins (Zou et al., 2017). Moreover, evi-
dence shows that the smaller the size of particles, the easier the passage
into the systemic circulation and the greater the toxicity through mecha-
nisms of oxidative stress and inflammation (Manigrasso et al., 2020;
Valavanidis et al., 2008). The expanding evidence demonstrated great im-
portance of mitigating particulate matter air pollution and formulating
the air quality standards of smaller particles including PM; and ultrafine
particles in China.

We found differential effect directions of PMs on stroke subtypes. This
finding was consistent with most prior studies which reported that expo-
sure to particulate matter was significantly associated with an increased
risk of hospitalization and mortality for ischemic stroke, but not with
hemorrhagic stroke (Liu et al., 2017; Tian et al., 2019). Several pathophys-
iologic mechanisms have been proposed for the PM-induced effects on
stroke, such as inflammation, vasoconstriction, blood coagulation, and

atherosclerosis (Sun et al., 2005; Suwa et al., 2002), which might be more
likely to provoke ischemic stroke rather than hemorrhagic stroke. In a
study including 1023 Mexican Americans, short-term exposure to PM, 5
was linked to higher total cholesterol and low-density lipoprotein choles-
terol (Chen et al., 2016), while two systematic reviews and meta-analyses
reported negative associations between these two metabolic indicators
and hemorrhagic stroke (Wang et al., 2013a; Xie et al., 2017). This pro-
vided the biological plausible explanation for the negative relationship
between PM exposure and hemorrhagic stroke. More detailed mechanisms
of disparate effects of PM exposure on two subtypes of stroke are still war-
ranted to explore in the future.

Studies showed mixed results for effect modification by sex and age in
PM-stroke analyses. Our study reported comparable effect sizes of stroke
risk associated with size-fractional PM exposure for male and female, sug-
gesting no clear sex difference. Largely similar findings were observed in
several multi-city studies in China (Chen et al., 2020; Gu et al., 2020;
Tian et al., 2018), nonetheless, a few studies have also reported sex differ-
ences in the effects of particulate matter exposures on stroke (Wu et al.,
2022; Yang et al., 2019). The source of differences in the adverse effects
of particle exposures among different sexes have not been fully clarified
to date and need more sophisticated researches to explore. Consistent
with most prior studies (Ho et al., 2018; Tian et al., 2018; Wu et al.,
2022), we found that patients older than 75 years had a higher estimated
risk of stroke hospital admission, although between-group differences did
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Table 3
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Subgroup-specific odds ratios (95% CIs) for hospital admission associated with per 10-ug/m? increase in exposure to size-fractional particles at lag 03-day, stratified by sex,
age, season and ambient temperature.

Exposure Overall stroke Ischemic stroke Hemorrhagic stroke
OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value

PM,

Sex 0.76 1.00 0.19
Male 1.017 (1.006, 1.028) 1.023 (1.011, 1.036) 0.998 (0.971, 1.025)
Female 1.014 (1.002, 1.027) 1.023 (1.009, 1.038) 0.970 (0.938, 1.002)

Age, years 0.33 0.85 0.58
<75 1.012(1.001, 1.023) 1.023 (1.010, 1.036) 0.989 (0.965, 1.015)
=75 1.021 (1.008, 1.034) 1.025(1.011, 1.039) 0.977 (0.940, 1.015)

Season 0.001 0.003 0.44
Cold 1.022(1.012, 1.031) 1.030(1.019, 1.041) 0.988(0.965, 1.011)
Warm 0.987(0.969, 1.006) 0.994(0.974, 1.015) 0.966(0.919, 1.017)

Temperature <0.001 <0.001 0.85
Low (<50th) 1.032 (1.023, 1.041) 1.043 (1.033, 1.054) 0.980 (0.959, 1.002)
High (=50th) 0.986 (0.969, 1.004) 0.989 (0.993, 1.008) 0.985 (0.939, 1.034)

PM,5

Sex 0.89 0.99 0.37
Male 1.007 (1.001, 1.013) 1.009 (1.003, 1.016) 0.999 (0.985, 1.013)
Female 1.006 (1.000, 1.013) 1.010 (1.003, 1.017) 0.989 (0.973, 1.006)

Age, years 0.54 0.93 0.33
<75 1.006 (1.000, 1.011) 1.010 (1.003, 1.016) 0.998 (0.985, 1.011)
=75 1.008 (1.002, 1.015) 1.009 (1.002, 1.016) 0.987 (0.968, 1.006)

Season 0.02 0.02 0.69
Cold 1.009 (1.004, 1.014) 1.012 (1.007, 1.018) 0.992 (0.980, 1.004)
Warm 0.997 (0.988, 1.005) 0.998 (0.988, 1.008) 0.998 (0.974, 1.022)

Temperature 0.03 0.003 0.04
Low (<50th) 1.013 (1.009, 1.018) 1.019 (1.013, 1.024) 0.986 (0.975, 0.997)
High (=50th) 1.003 (0.994, 1.011) 1.002 (0.993, 1.012) 1.013 (0.990, 1,036)

PM;o

Sex 0.67 0.83 0.96
Male 1.006 (1.002, 1.011) 1.009 (1.005, 1.014) 0.997 (0.987, 1.007)
Female 1.008 (1.003, 1.012) 1.010 (1.005, 1.015) 0.997 (0.985, 1.009)

Age, years 0.26 0.69 0.37
<75 1.005 (1.001, 1.010) 1.009 (1.004, 1.013) 0.999 (0.990, 1.009)
=75 1.009 (1.005, 1.014) 1.010 (1.005, 1.015) 0.991 (0.978, 1.005)

Season 0.13 0.09 0.49
Cold 1.008 (1.004, 1.011) 1.011 (1.007, 1.015) 0.995 (0.986, 1.003)
Warm 1.002 (0.996, 1.008) 1.003 (0.996, 1.010) 1.001 (0.984, 1.019)

Temperature 0.009 <0.001 0.07
Low (<50th) 1.012 (1.009, 1.015) 1.016 (1.013, 1.020) 0.991 (0.983, 0.999)
High (=50th) 1.003 (0.997, 1.009) 1.003 (0.996, 1.010) 1.008 (0.991, 1.025)

Abbreviations: OR, odds ratio; CI, confidence interval; PM;, particulate matter with aerodynamic diameter <1 pm; PM, s, particulate matter with aerodynamic diame-

ter <2.5 pm; PMy, particulate matter with aerodynamic diameter <10 pm.

Note: P-value <0.05 indicates statistically significant effect heterogeneity between subgroups.

not reach statistical significance. It has been widely reported that older in-
dividuals are more susceptible to air pollution, which might be due to their
poorer respiratory function and ventilation and thus a higher deposition
rate of PM in the airway (Franchini and Mannucci, 2011). In addition,
older adults are more likely to have other cardiovascular risk factors,
which may contribute to increased PM-related risk of stroke. Notably, con-
sidering that older adults tend to spend more time indoors, ambient PM
measurements may fail to fully capture individual exposure levels and be
slightly overestimated in older adults (Verhoeven et al., 2021). Further in-
vestigation is clearly needed to assess whether subpopulations experience
higher risks of stroke associated with PMs exposures, so as to guide the pre-
ventive actions against particulate air pollution.

We observed distinct seasonal disparity in stroke risks relating to ambi-
ent PM exposure, with significant increases detected in the cold months
only. This may be related to the relatively higher particulate concentrations
in cold season than in warm season (e.g., 31.7 pg/m?> versus 20.6 pg/m?> for
PM,), as the associations were stronger at higher concentrations of PM
(Fig. 3). The seasonal heterogeneity may also be explained by variation in
chemical components and exposure patterns (Bell et al., 2008). In addition,
we also found some evidence for effect modification by ambient tempera-
ture in our stratified analyses, with higher PM-related hospitalization
risks for stroke observed in low-temperature days. This added another pos-
sible explanation to seasonal differences in PM-hospitalization associations.
Our finding was concordant with several prior studies conducted in China

(Chen et al., 2020; Hu et al., 2021), the United States (Bell et al., 2008;
Bell et al., 2015), and Europe (Yitshak-Sade et al., 2018), while there
were also contradictory evidence (Chen et al., 2013; Peng et al., 2005;
Yin et al., 2020). For example, a multi-city time-series study in Zhejiang
province found that PM; exposure was more strongly associated with all-
cause and cardiovascular mortality in the warm season than in the cold sea-
son (Hu et al., 2018). This is still an ongoing debate on seasonal patterns in
PM-stroke associations, which merits continuous efforts in further epidemi-
ological and experimental studies.

There are several limitations for this study. First, we failed to consider
time intervals between the date of onset and the date of hospitalization of
stroke patients, while most patients were admitted to the hospital within
the first 6 h of stroke occurrence in China (Fang et al., 2011). Second, due
to the unavailability of indoor air pollution and cases' time-activity pat-
terns, air pollutant concentrations at the individual residence were used
as surrogate exposures. This might lead to non-differential exposure mis-
classification to some extent, but it usually biases the PM-associated health
effects towards the null direction. Third, we had no access to information
on specific PM sources and chemical components, which might be helpful
for comparing the toxicity of size-fractional particles (Lin et al., 2016).
Fourth, although time-invariant factors (e.g., sex, race, genetics, and life-
style) and time-varying weather conditions could be well controlled by
the case-crossover design, residual confounders (e.g., medication use)
might still possibly bias the estimated association. In addition, although
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we included as many hospitals as possible where patients in Guangzhou
City might be admitted, there may still be some selection bias. Our findings
should be generalized with care given that this is a single-city study.

5. Conclusions

In summary, we identified compelling evidence for associations be-
tween short-term exposures to size-fractional particulate matter and in-
creased risks of hospitalization for overall stroke and ischemic stroke, but
not for hemorrhagic stroke in Guangzhou, China from 2014 to 2018. A
greater magnitude of associations was observed for PM; compared with
PM, 5 and PM;,. Significant adverse effects of PMs were mainly detected
during cold months and in low-temperature days. The findings of this
study could be helpful in better understanding of cerebrovascular health ef-
fects associated with air pollution and provide population-based insights
into underlying biological mechanisms, underscoring continued efforts to
control particulate air pollution and prevent PM-induced stroke.
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