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ARTICLE INFO ABSTRACT
Keywords: Background: Short-term exposure to ambient PMj 5 and PM is associated with increased risk of mortality and
Particulate matter hospital admissions for stroke. However, there is less evidence regarding the effect of exposure to PM; on stroke

Ischemic stroke
Hemorrhagic stroke
Disease burden

incidence. We estimated the incidence risk of stroke and the attributable fractions related to short-term exposure
to ambient PM;, PM, 5 and PM;q in China.

Methods: County-specific incidence of stroke was obtained from health statistics in years 2014-2019. We linked
county-level mean daily concentrations of PM;, PMy 5 and PM;o with stroke incidence. We used the time
stratified case-crossover design to estimate the associations between stroke incidence and exposure to PM;, PMs 5
and PM;o. We also estimated the disease burden fractions attributable to PM;, PM; 5, and PMj.

Results: The study included a total of 2,193,954 stroke, from which 1,861,331 were ischemic and 332,623 were
hemorrhagic stroke. PM;, PMy 5, and PMjq levels were associated with increased risks of total stroke and
ischemic stroke at when assessing the associations in exposure at lag0—4 days. The increase of 10 pg/m® in PM;,
PM, 5, and PM; was associated with total stroke, and the relative risks were 1.012 (95% confidence interval:
1.008, 1.015), 1.006 (1.004, 1.007) and 1.003 (1.002, 1.004), while the associations with ischemic stroke were
1.013 (1.010, 1.017), 1.006 (1.005, 1.008) and 1.003 (1.002, 1.004), respectively. There was no significant
association between PM and risk of hemorrhagic stroke. The attributable fractions of total stroke were 6.9%
(5.1%, 8.5%), 5.6% (4.2%, 6.8%) and 5.6% (3.9%, 7.1%) for PM;, PMy s, and PM;, respectively.

Conclusions: PM; showed a stronger association with stroke, with a larger attributable fraction of outcomes, than
PM3 5 and PMj. Clean air policies should target the whole scope of PM, including PM;.

1. Introduction Collaborators, 2021). It was estimated that the risk of stroke for life-time
is approximately 25% after the age of 25 years globally, with a larger

Stroke is one of the leading causes of death worldwide, and there lifetime risk in East Asia (38.8%) (Feigin et al., 2018). In China, there are
were about 101 million prevalent stroke cases in 2019, which has about 2.4 million new strokes annually in recent years and 75% had
increased by 85.0% compared with that in 1990 (GBD, 2019 Stroke varying degrees of disability from stroke (Wang et al., 2017a, 2017b).

* Corresponding author. No. 44 Wenhuaxi Road, Department of Epidemiology, School of Public Health, Cheeloo College of Medicine, Shandong University, Jinan,
China.

** Corresponding author. No. 16992 Jingshi Road, Shandong Center for Disease Control and Prevention, and Academy of Preventive Medicine, Shandong Uni-
versity, Jinan, Shandong, China.

E-mail addresses: wuhan9281@163.com (H. Wu), 13153785152@163.com (B. Zhang), weijing rs@163.com (J. Wei), 1zllzI22@163.com (Z. Lu),
zhaomin1986zm@126.com (M. Zhao), liuwenhui@sdu.edu.cn (W. Liu), pascal.bovet@unisante.ch (P. Bovet), guoxiaolei@126.com (X. Guo), xibo2010@sdu.edu.
cn (B. Xi).

1 Han Wu, Bingyin Zhang, and Jing Wei contributed equally to this study.

https://doi.org/10.1016/j.envres.2022.113350

Received 30 December 2021; Received in revised form 15 April 2022; Accepted 19 April 2022
Available online 27 April 2022

0013-9351/© 2022 Elsevier Inc. All rights reserved.


mailto:wuhan9281@163.com
mailto:13153785152@163.com
mailto:weijing_rs@163.com
mailto:lzllzl22@163.com
mailto:zhaomin1986zm@126.com
mailto:liuwenhui@sdu.edu.cn
mailto:pascal.bovet@unisante.ch
mailto:guoxiaolei@126.com
mailto:xibo2010@sdu.edu.cn
mailto:xibo2010@sdu.edu.cn
www.sciencedirect.com/science/journal/00139351
https://www.elsevier.com/locate/envres
https://doi.org/10.1016/j.envres.2022.113350
https://doi.org/10.1016/j.envres.2022.113350
https://doi.org/10.1016/j.envres.2022.113350
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envres.2022.113350&domain=pdf

H. Wu et al.

Numerous studies have shown that most stroke-related dis-
ability-adjusted life years and premature deaths could be attributed to
modifiable risk factors, such as overweight and obesity, diabetes melli-
tus, hypertension, smoking, and ambient air pollution (GBD, 2019
Stroke Collaborators, 2021; Gan et al., 2021; Jiang et al., 2020). Among
various air pollutants, particulate matter (PM) has been shown to be
most closely linked to stroke (Niu et al., 2021; Zhao et al., 2017).

PM is composed of a complex mixture of liquid and solid phase
particles in different shapes and sizes, with various chemical compo-
nents (Lu et al., 2021; Zheng et al., 2021). PMs are generally classified
into several size fractions based on their aerodynamic diameter, such as
PM; (particles with aerodynamic diameter <10 pm), PMy 5 (<2.5 pm)
and PM; (<1 pm) (Lu et al., 2021; Zheng et al., 2021). To date,
numerous epidemiological and toxicological studies showed that parti-
cles with smaller diameter are more harmful to health (Hu et al., 2018;
Yang et al., 2019a; Yin et al., 2020; Zhang et al., 2021; Filep et al., 2016),
and positive associations between exposure to PMys or PMj, in a
short-term and stroke mortality have been well documented (Niu et al.,
2021; Wang et al., 2014, 2018; Yu et al., 2014). Several recent studies
from China have investigated the relationship between PM; and stroke
mortality and showed a larger effect of PM; than PM; 5 and PM; (Hu
et al., 2018; Yin et al., 2020; Lin et al., 2016).

In China, there is a clearly downward trend of stroke-related mor-
tality among both urban and rural population in the past 30 years, and
related stimulative factors were considered to be the improved health-
care coverage, the updated treatment options and modern medical
technology (Wang et al., 2017b). On the contrary, the incidence rates of
hemorrhagic and ischemic stroke showed an increase trend in recent
years, which was because of the rapid socioeconomic, diet and lifestyle
transition, and the ubiquitous PM pollution across China (Wang et al.,
2020). Therefore, additional studies focusing on stroke morbidity are
required to improve our understanding of the acute effects of exposure
to PMs (PM;, PM; 5, and PM1() on stroke incidence.

Several studies have examined the association between short-term
exposure to PMy s or PM;y with hospital admissions for stroke, and
the reported positive associations varied at lag0 to lag5 days (Ban et al.,
2021a; Gu et al., 2020; Liu et al., 2017; Tian et al., 2017; Huang et al.,
2016). Only two studies additionally explored the effects of exposure to
PM; on hospital admission for stroke, and inconsistent results were also
presented (Zhang et al., 2021; Chen et al., 2020). Using hospital
admission for stroke as the outcome of interest may be biased since
people may not go to hospital at the day of the symptom or discomfort
occur and there is likely a delay between the stroke onset and hospital
admission. In addition, hospital admission data may not fully reflect the
true incidence rate of local population because of potential selection bias
(Liuetal., 2017). Therefore, in previous studies using hospital admission
data, the susceptible window for stroke of short-term exposure to PM
may be not accurate enough and the adverse effects of PM exposure on
stroke incidence may be underestimated. Registry datasets covering all
stroke case records from multiple sources may be relatively reliable to
reflect the local stroke incidence because of the fewer misclassifications
of disease and increased completeness (Butland et al., 2017), but studies
relying on population-based registry data are scarce until now (Ban
et al., 2021b; Dong et al., 2018; Qian et al., 2019; McClure et al., 2017).

We conducted this epidemiological study to examine the association
between short-tern exposure to ambient PM;, PMs 5, and PM;o and
ischemic and hemorrhagic stroke onset and assess related disease
burden, by using population-based registry data from a disease sur-
veillance system which covers the whole residents with an overall
population of more than 90 million in 126 counties from Shandong
Province, China.
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2. Materials and methods
2.1. Study setting

We collected county-level stroke registry data for 126 out of the 136
counties in the Shandong province, China. Shandong province is located
in Eastern China, with a generally mild climate (average annual tem-
perature of 11-14 °C. Shandong has 58 urban and 78 rural counties, and
the province’s total area spans over 158,000 km?.

2.2. Stroke registry data

Data on county-specific daily incidence of stroke were obtained from
the noncommunicable disease registry system operated by the Shandong
Center for Disease Control and Prevention (CDC). Patient admissions to
all medical institutions in Shandong province, such as private clinics,
community health service centers, and public hospitals, with a diagnosis
of stroke are obliged to be reported to this registry system. The registry
system was initially launched in 2012 with 20 counties as pilot sur-
veillance points, and more and more surveillance points were estab-
lished afterwards. By 2020, the system had covered 126 of the 136
counties in Shandong. The population in the 126 counties of Shandong,
who were considered in this study, correspond to a population of 91
million or 6.4% of the whole population of China.

In this registry system, registry certificates are based on information
provided by the attending physician who make a diagnosis for each
patient based on the patients’ symptoms, inquiries, complaints, and
results of medical inspections, and diagnosis is categorized according to
the International Classification of Diseases version 10 (ICD-10). In
addition, each patient was asked to report when his/her clinical symp-
tom occurred and then the date of symptom occurrence was recorded as
the incidence date. Then, the registry certificates will be reported to the
registry system in real time. Information on each certificate is validated
by professionals in local county CDC within a limit of 7 days, who also
check for completeness and coding and quality control of all data is
regularly performed. In this study, we focused on all stroke cases
recorded to 31 December 2019, including ischemic stroke (ICD-10 code:
163) and hemorrhagic stroke (ICD-10 codes: 160-161). Information on
de-identified cases including sex, age, residence, and incidence date
were exported from the registry system. Ethical approval was obtained
from the Ethics Review Committee of Public Health, Shandong Uni-
versity (No. LL20211203).

2.3. Air pollution and meteorological data

Daily ambient PM;, PMa 5, PM1g, SO2, and O3 data covering the
Shandong province in the years 2014-2019 at a spatial resolution of 0.1°
(~10 km?) were collected from the ChinaHighAirPollutants (CHAP,
available at https://weijing-rs.github.io/product.html). These data
were estimated by a developed space-time extremely randomized trees
(STET) model, which integrates satellite remote sensing products, at-
mospheric reanalysis, and ground-based measurements to accomplish
model simulation and detailed estimation procedure has been published
elsewhere (Wei et al., 2019, 2020, 2021a, 2021b, 2022; Wei, 2021).
Briefly, surface daily air pollutant monitoring data in situ observations
were obtained from the China National Environmental Monitoring
Center. Data from the Moderate Resolution Imaging Spectroradiometer
(MODIS) Multi-Angle Implementation of Atmospheric Correction
(MAIAC) aerosol optical depth (AOD) product (Lyapustin et al., 2018)
were also collected and they were used as the primary inputs to estimate
near-surface air pollutant concentrations. In addition, meteorological
variables (e.g., temperature, relative humidity, and surface pressure)
from the European Centre for Medium-Range Weather Forecasts
(ECMWF) Reanalysis product (Hersbach et al., 2020), pollutant emission
data from the Multiresolution Emission Inventory for China (MEIC) (Li
et al., 2017a), population distribution data from LandScanTM annual
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population distribution product (Dobson et al., 2000), and land use data
(e.g., MODIS land-use cover and Normalized Difference Vegetation
Index products, and the Shuttle Radar Topography Mission surface
elevation data) were used as auxiliary data to improve estimation ac-
curacy. All the above data were resampled to the same spatial resolution
to be consistent with the AOD product (Wei et al., 2019, 2020, 2021a,
2021b, 2022; Wei, 2021). Then, STET models were employed to estab-
lish stable estimation models for air pollutant concentrations, and model
performance was evaluated using the 10-fold cross-validation approach
(Wei et al., 2019, 2020, 2021a, 2021b, 2022; Wei, 2021). The predicted
air pollutants levels compare validly with ground-level measurements
with a cross-validation coefficient of determination (CV-R?) of 0.83 and
a root-mean-square error (RMSE) of 10.86 pg/m? for PM;, CV-R? of 0.91
and RMSE of 12.67 pg/m® for PMa 5, CV-R? of 0.86 and RMSE of 24.34
pg/m? for PM;o, CV-R? of 0.84 and RMSE of 10.07 pg/m? for SO, and
CV-R? of 0.87 and RMSE of 17.10 pg/m® for O3 on a daily basis,
respectively (Wei et al., 2019, 2020, 2021a, 2021b, 2022). These data
have been widely applied in recent epidemiological studies evaluating
the impact of exposure to ambient air pollutants on population health in
China (Lu et al., 2021; Zheng et al., 2021; Liu et al., 2021; Wang et al.,
2021a).

We collected temperature estimates [temperature (T) and dewpoint
temperature (DT)] from the ERA5-Land climate reanalysis product
supplied by the ECMWF (Hersbach et al., 2020). This product is a
gridded reanalysis dataset at 0.25° (~28 km?) spatial resolution across
the world spanning from 1979 to the present date (Hersbach et al.,
2020). ERAS data has been widely used in recent studies examining the
association between meteorological variables and population outcomes
(Burkart et al., 2021). We used ERA5 data with an hourly temporal
frequency for the Shandong province. The hourly relative humidity (RH)
was calculated from the hourly temperature estimates within each grid
according to the following formula (Alduchov and Eskridge, 1996):

RH = 100*(exp((17.625*DT)/(243.04 4+ DT))/ exp ((17.625*T)/(243.04 + T)))

This approximation has a relative error of 0.384% or less when used
between —40 °C and 50 °C (Alduchov and Eskridge, 1996). Then, the
daily average temperature and relative humidity within each location
grid were calculated based on hourly data.

2.4. Exposure assessment

For our analysis, the daily means of PM;, PMy 5, PM;(, O3, SOo,
temperature, and relative humidity for each county were estimated by
calculating the average of the pixel values weighted by the proportion of
the area of the county covered by the pixel, which enhances the spatial
representativeness of air pollution and meteorological data for each
county. Single-day lag exposures (from lag0 to lag6 days) were calcu-
lated. For example, the exposure level at lag0 day was the PM concen-
tration at the day of stroke incidence; the exposure level at lagl day was
the PM concentration at one day prior to the incidence day; and so on.
We also estimated the cumulative lag effect which is the overall effect
along lags. For example, the effect at lag0—1 day was defined as the
cumulative lag effects at lag0 and lagl days; the effect at lag0—2 day was
defined as the cumulative lag effects at lag0, lagl and lag2 days; and so
on.

2.5. Statistical analysis

A three-stage model was applied to analyze the daily count data of
stroke. In the first stage, the time stratified case-crossover design was
adopted and the associations between stroke incidence and PMs at lag0
to lag6 days were estimated for each included county. In the second
stage, the abovementioned associations for the 126 counties were
pooled via a random-effect meta-analysis approach. In the third stage,
the incidence burden attributable to PM;, PMys, and PM;, were
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estimated during the study period.

2.5.1. First stage analysis

The time stratified case-crossover design has been increasingly
applied to examine the associations between the acute effects of expo-
sure to air pollutants on health outcomes. By this design, the periods
used as reference (control) were the same day of the week, month, and
year. This allows to control for time invariant individual confounders (e.
g., gender, age, weight and smoking status) in short-term and time-
varying confounders in long-term (Peters et al., 2006).

The three types of stroke (total stroke, ischemic stroke, and hemor-
rhagic stroke) were outcomes of interest, and a conditional Poisson
regression (CPR) model was used to examine the association between
exposure to PMs and the risk of stroke incidence (Armstrong et al.,
2014). Compared with conditional logistic regression models, CPR al-
lows for overdispersion, autocorrelation and varying rate denominators
(Armstrong et al., 2014). We incorporated distributed lag non-linear
models (DLNMs) in our analyses to determine the effect of lag days,
and a cross-basis function was employed to fit the exposure-lag-response
association and estimate the cumulative lag effects of air pollutants. In
DLNMs, a natural cubic spline with a degree of freedom (df) of 3 was
used to model the lag-response association and a linear function was
used to model the exposure-response association (Gasparrini et al.,
2010; Gasparrini, 2014). Natural cubic splines were also included to
control the non-linear and lagged effects of meteorological variables,
with a df of 3 and a maximum lag of 6 for daily temperature and relative
humidity, respectively. A binary variable indexing for public holidays
was also adjusted. Single pollutant effects were examined in the main
model to avoid the correlation of air pollutants, and the effect estimates
for PM;, PMy 5, and PM;, were expressed as relative risk (RR) with
corresponding 95% confidence intervals (CI) for stroke incidence asso-
ciated with per 10 mg/m? increase in each pollutant. The linear rela-
tionship between PMy 5 and PM;( and risks of ischemic stroke and
hemorrhagic stroke has been well documented (Liu et al., 2017; Tian
et al.,, 2017; Ban et al, 2021b), and to test the linearity for
exposure-response curves between PM; and stroke, a natural cubic
spline was used to model the PM; terms (df = 3) instead of including
linear terms in the above DLNMs, and the exposure-response curves
were plotted.

Our preliminary analyses showed that the cumulative effects of PMs
tended to be stable at lag0—4 day. Hence, we conducted subgroup an-
alyses at lag0—4 day for PMs, and subgroups were stratified by sex, age
(18-64 years, 65-74 years, and >75 years), residence region (urban and
rural), and season [warm (April to September, mean temperature
23.1 °C) and cool (October to March, mean temperature 6.2 °C)]. We
conducted a Z test to examine the statistical significance of the differ-
ences between subgroups (Altman and Bland, 2003).

2.5.2. Second stage analysis

In this stage, a meta-analysis was adopted to combine county-specific
effect estimates for each of the single lag day and cumulative effect for
lag0—1 to lag0—6 day to obtain the overall results. We used a random
effect model using the parameters of coefficient and standard error
generated from the first-stage model (Viechtbauer, 2010). We per-
formed a meta-regression to examine the association between mean PM
levels, population density, and social deprivation index (SDI) at the
county level to test the modifying effects of county-level feature on the
effect estimates at lag0—4 day (Viechtbauer, 2010). Population density
data came from the China’s 2010 census survey, and SDI from the 2010
county-level area deprivation index (Wang et al., 2021b). SDI is a
well-validated metric of averaged socioeconomic status for residents
from each Chinese county (Wang et al., 2021b). The index is a
normalized score ranging from —2.71 to 2.92 with higher values indi-
cating greater social deprivation, generated from a principal component
analysis of eleven county-level characteristics covering education, in-
come, living conditions, and rural-urban differences (Wang et al.,



H. Wu et al.

2021Db). Detailed information on this index is provided elsewhere (Wang
et al., 2021b).

2.5.3. Third stage analysis

The burden of stroke incidence attributable to PMs was calculated
based on the estimated RR at lag0—4 day. The attributable number (AN)
of strokes caused by exposure to PM on day k were computed according
to the following formula (Gasparrini and Leone, 2014):

ANk :Nk*(RRk - 1)/RRk

where RRy was the relative risk of cumulative lag0—4 day associated
with the increment in PM level on day k, and N was the mean of inci-
dence counts between day k and day k + 4. Then, the ANy during the
study period was summed up to obtain the total AN, and the corre-
sponding attributable fractions (AF) of stroke incidence were derived by
dividing the total AN by total incidence number during the study period.

2.6. Sensitivity analysis

To test the robustness of the findings from the main model using the
PM exposure at lag0—4 day, we conducted several analyses. First, we
used the PM concentrations at the centroid of each county instead of the
weighted mean values of the pixels within each county to serve as the
daily exposure level. Second, we used monitored PM data from the
China National Environmental Monitoring Center instead of the CHAP
data to estimate the daily exposure level. For each district/county, we
calculated daily mean levels of PM concentrations averaged across the
monitors where available. Third, we restricted the data in years
2017-2019 to make the study period equal across districts/counties.
Fourth, we built two-pollutant model by additionally adjusting for PM;.
2.5 for PMl, PM2.5_10 for PM2.5, and 502 and 03 for PMl, PM2‘5 and PMl(),
respectively, aiming to test whether the observed PM-incidence associ-
ations were influenced by other fractions of PM or other air pollutants.
In DLNMs, they were adjusted by setting a linear function and a
maximum lag of 6 days (in a natural cubic spline with a df of 3) in the
cross-basis functions. The concentrations of PM;_5 5 were calculated by
subtracting PM; from PM; 5 and the concentrations of PMj 5.1¢ by sub-
tracting PMjy 5 from PM;( (Chen et al., 2019a). Fifth, we changed the df
of natural cubic spline for temperature (4-6 df) and relative humidity
(4-6 df), respectively.

Spearman correlation coefficients were applied to assess the corre-
lation among air pollutants and meteorological variables. Categorized
variables were described as frequencies with percentages and contin-
uous variables were described as means with standard deviation (SD) as
well as their minimum, 25th percentile, median, 75th percentile, and
maximum values. All analyses were conducted using R 4.0.3 (The R
Project for Statistical Computing, Vienna, Austria). A two-sided P-value
< 0.05 was considered statistically significant.

3. Results

During the study period, there was a total of 2,193,954 stroke cases
(10 per day), and 1,861,331 cases due to ischemic stroke (9 per day) and
332,623 cases due to hemorrhagic stroke (2 per day) in the 126 included
counties (Table 1 and Table 2). There were more stroke cases in males
than in females, at age <65 year than older, in urban than in rural area,
and during the cool than warm season (Table 1). During the study
period, the daily means (SD) of PM;, PMa 5, PMj(, temperature and
relative humidity were 38.5 (19.4) pg/m°, 61.7 pg/m°® (37.3), 113.7
(55.9) pg/ms, 14.7 (10.3) °C, and 61.6 (17.1) %, respectively. Detailed
information regarding the 126 counties is presented in Table S1 and
geographical location of them in Figure S1. PM;, PM5 5 and PM; levels
were positively correlated with other fractions of PM and SO, and
negatively correlated with Os, temperature and relative humidity
(except the non-significant correlation between PM; and relative
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Table 1
Characteristics of study participants.

Variables Total Ischemic stroke Hemorrhagic stroke
Total 2,193,954 (100.0) 1,861,331 (100.0) 332,623 (100.0)
Gender

Male 1,198,807 (54.6) 1,013,707 (54.5) 185,100 (55.6)

Female 995,147 (45.4) 847,624 (45.5) 147,523 (44.4)
Age (years)

<65 843,774 (38.5) 696,289 (37.4) 147,485 (44.3)

65-74 700,415 (31.9) 611,609 (32.9) 88,806 (26.7)

>75 649,765 (29.6) 553,433 (29.7) 96,332 (29.0)
Residence

Urban 1,358,753 (61.9) 1,158,377 (62.2) 200,376 (60.2)

Rural 835,201 (38.1) 702,954 (37.8) 132,247 (39.8)
Season

Warm 1,071,570 (48.8) 911,306 (49.0) 160,264 (48.2)

Cool 1,122,384 (51.2) 950,025 (51.0) 172,359 (51.8)

Table 2

Summary statistics of daily ambient air pollutants and meteorological variables
and daily stroke incidence.

Variables Mean Minimum P25 Median P75 Maximum
+ SD
PM; (pg/m>) 385+ 1.0 254 333 46.2 219.3
19.4
PMS, 5 (ug/m%) 61.7 + 3.1 36.3 51.6 76.0 447.3
37.3
PM;o (pg/ms) 113.7 4.0 73.7 103.0 139.5 725.3
+ 55.9
PM;.o5 (Hg/ 23.2 + 1.0 9.9 18.1 30.2 265.6
m?) 20.1
PMa25.10 (H8/ 52.0 + 1.0 341 47.6 63.8 521.5
m?) 27.0
S0, (ug/m%) 28.8 + 2.3 146 221 36.3 273.4
21.0
03 (pg/m>) 99.3 + 0.0 63.0 93.0 132.0 369.0
45.4
Temperature 14.7 £ -15.0 5.2 15.9 24.0 35.3
10.3
Relative 61.6 + 12.8 48.7  62.4 75.0 100.0
humidity (%) 17.1
Total stroke 10+7 0 5 9 14 564
Ischemic stroke 9+ 7 0 4 7 12 558
Hemorrhagic 2+2 0 0 1 2 161
stroke

humidity, Table S2).

Figure S2 presents the exposure-response relationship for the links
between PM; with total stroke, ischemic stroke, and hemorrhagic stroke
at lag0 day. We observed appropriately linear associations between PM;
and the relative risks for total stroke and ischemic stroke. There was a
slightly departure of the linearity of the association between PM; with
hemorrhagic stroke and the association was not significant. Fig. 1 pre-
sents the effect estimates of PM effects on stroke incidence at lag0 to lagé
day and lag0—1 to lag0—6 day. In the results for single lag day, PM; and
PM, 5 levels were associated with increased risks of total stroke and
ischemic stroke at lag0, lagl, lag2, lag3, and lag4 days, and the effect
estimates were largest at lag0 day and then attenuated at longer lags.
PM;( levels were associated with increased risks of total stroke and
ischemic stroke at lagl, lag2, lag3, lag4, and lag5 days, and the effect
estimate was the largest at lag3 day. A 10 pg/m3 increase in PM1, PMs s,
and PM;( at lag0—4 day was associated with increased risks of stroke
(RR: 1.012, 95%CI: 1.008, 1.015, RR: 1.006, 95%CI: 1.004, 1.007, and
RR: 1.003, 95%CI: 1.002, 1.004, respectively), and ischemic stroke (RR:
1.013, 1.010, 1.017, RR: 1.006, 95%CI: 1.005, 1.008, and RR: 1.003,
95%CI: 1.002, 1.004, respectively). In addition, PM; showed consis-
tently stronger association with total stroke and ischemic stroke than
PM, 5 and PM;q at same lag days. There was no significant association
between PM and risk of hemorrhagic stroke.
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Fig. 1. Pooled relative risk (with 95% confidence interval) in the 126 included counties for stroke, associated with a 10 pg/m? increase in PMy, PMy 5, and PM; o with

different lag time intervals.
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Fig. 2. Pooled relative risk (with 95% confidence interval) for ischemic stroke according to sex, age, and season, associated with a 10 pg/m? increase in exposure to

PM;, PM, 5, and PM;, at lag0—4

day.
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Fig. 2 presents the subgroup analyses of the associations between
PM;, PM; 5, and PM;( with ischemic stroke at lag0—4 days. The asso-
ciation with PM;, PM; 5, and PM;o were stronger with ischemic stroke
among females than males, among older than younger cases, and during
the warm season than cool season, although association were only
marginally significant in some instances. For total stroke, results were
similar with the above findings (Figure S3), while for hemorrhagic
stroke, no significant association was observed for any subgroups
(Figure S4).

For the county-level modifiers, SDI seemed to modify the effects of
exposure to PMj 5 at lag0—4 day for the relations with total stroke and
ischemic stroke (Table S3). For each 10 pg/m3 increase in PMy5, a
county with one score higher in local SDI would have increases of 0.6%
(95% CI: 0.0%, 1.0%) and 0.6% (95% CI: 0.0%, 1.0%) in daily incidence
for total stroke and ischemic stroke, respectively.

Table 3 presents the attributable numbers and attributable fractions
of stroke incidence attributable to PM across the 126 counties. Overall,
the attributable numbers of total stroke were 32,406 (95% CI: 24,073,
39,543), 26,022 (95% CI: 19,645, 31,684) and 26,127 (95% CI: 18,053,
33,164), and the attributable fractions were 6.9% (95% CI: 5.1%, 8.5%),
5.6% (95% CIL: 4.2%, 6.8%) and 5.6% (95% CI: 3.9%, 7.1%) for PMjy,
PMy 5 and PMj, respectively. The attributable numbers of ischemic
stroke were 30,096 (95% CI: 23,349, 35,874), 23,881 (95% CI: 18,481,
28,660) and 23,676 (95% CI: 16,972, 29,516), and the attributable
fractions were 7.6% (95% CI: 5.9%, 9.1%), 6.0% (95% CI: 4.7%, 7.2%)
and 6.0% (95% CI: 4.3%, 7.4%) for PM;, PMjy 5 and PM, respectively.
The attributable numbers and attributable fractions of hemorrhagic
stroke were not significant for PM;, PMy 5 or PM;q (the 95%Cls cross
Zero).

Sensitivity analyses along different PM concentrations at the
centroid of each county, using monitored air pollution data, using data
from years 2017-2019, building two-pollutant models with additionally
adjustment for PM; 5 5 for PM;, PM5 5.1¢ for PM3 5, and SO3 and O3 for
PM;, PM; 5 and PM;, respectively, as well as changing the df of natural
cubic spline for temperature and relative humidity, produced similar
effect estimates (Table S4).

4. Discussion

We found that short-term increase in PM1, PM5 5 and PM1 levels was
associated with increased incidence of total stroke and ischemic stroke
at lag0 to lag4 day, while no significant association of PMs with hem-
orrhagic stroke was observed. The associations for PMs with ischemic
stroke were stronger among females, older cases and in warm season.
Social deprivation seemed to strengthen the PM; s-stroke association.
The association with strokes and the attributable fraction were greater
for PM; than PMjy s and PM;o. These findings have important public
health implications for clean air policies, underlining in particular the
role of PM;.

Our findings of positive associations between PM;, PM; 5 and PM;
and stroke incidence, and the stronger impact of PM; are consistent with
several prior studies that had used stroke mortality as the main outcome
(Hu et al., 2018; Yin et al., 2020). For example, these studies reported a
0.77%, 0.72% and 0.68% increase in stroke mortality due to per 10
pg/m3 increase in short-term exposure to PM;, PMss and PMjq at
lag0—2 day in the Zhejiang province, and a 0.33%, 0.25% and 0.23%
increase in stroke mortality due to PM;, PMj 5 and PM; at lag0—1 day

Table 3
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in 65 cities of China (Hu et al., 2018; Yin et al., 2020). Some studies
using long-term exposures to air pollution found similar results: per 10
Hg/m3 increase in PM; and PM, s was associated with a 0.11% and
0.06% increase in stroke mortality in 33 Chinese communities, and was
associated with a 0.05% and 0.03% increase in fatal ischemic stroke
mortality across 132 urban hospitals in China (Yang et al., 2019a; Chen
et al., 2019b). However, using stroke mortality only as the outcome may
underestimate the fractions of population affected by PM, since only a
part of stroke incidence can lead to death.

Using hospital admission for stroke data may be a substitute to es-
timate the health burden of PM exposure on stroke incidence. Only
limited studies explored the effects of exposure to PM; on hospital
admission for stroke, and results are mixed (Zhang et al., 2021; Chen
et al., 2020). For instance, a study based on 5 Chinese hospitals showed
that a 10 pg/m? increase in PM;, PMy s and PMy at lag0—1 day was
associated with a 1.4%, 0.7% and 0.5% increase in daily hospital ad-
missions for ischemic stroke (Chen et al., 2020), but no association was
found in another study (Zhang et al., 2021). Several studies have
examined the association between short-term exposure to PM, 5 and
hospital admissions for ischemic and hemorrhagic strokes, but results
were inconsistent, and the reported susceptible lag time interval varied
at lag0 to lag5 days (Gu et al., 2020; Liu et al., 2017; Tian et al., 2017,
2019). Another previous study from 10 counties in China, which also
used the registry data, found that increases in PMy 5 were associated
with higher risks of ischemic stroke at lag0, lag0—1, lag0—2, and lag0—3
days, which is consistent with our results (Ban et al., 2021b). However,
the authors did not explore the association at longer lags (lag0—4,
lag0—5, etc), which does not allow us to make a further comparison. The
discrepancies between results across studies may be related to differ-
ences in study design (case-crossover or time-series), methodology of
estimating PM exposure (averaging the measurements from monitoring
sites or integrated data from multiple environmental sources), variations
in PM constituents among geographical regions, and analytic models
(generalized additive model, conditional logistic regression, or distrib-
uted lag model). Moreover, using hospital admissions as the outcome of
interest can introduce a bias because there is likely a delay between the
onset and hospital admission of stroke patients and not all stroke pa-
tients may report to hospital.

A number of pathophysiologic mechanisms can underlie the associ-
ation between ischemic stroke and short-term exposure to PM. First,
inhalation of particulate matters can cause endothelia injury and
dysfunction, which may subsequently trigger nonatherosclerotic arte-
riopathy and small-vessel stroke (Liang et al., 2021). Second, systemic
inflammation, oxidative stress, platelet activation, and fibrinolysis dis-
orders caused by exposure to inhaled PM can promote thrombosis and
vasoconstriction, and affect the hemodynamic response (Zhu et al.,
2021). Third, smaller particles are characterized by a higher surface area
to mass ratio and contain higher amounts of adsorbed or condensed
toxic compounds per unit mass (Yang et al., 2019b). In addition, Wang
et al. used a Multiple-Path Particle Dosimetry model to estimate the
deposition of PM in the human respiratory tract, and they found smaller
particles more are likely to deposit in the deeper respiratory tract and
pulmonary alveoli (Wang et al., 2021c). Moreover, smaller diameter
particles may more easily reach and penetrate into the bronchi and even
pass through the air-blood barrier and get into the circulatory system
(Rossi et al., 2021). The size-depended deposition pattern may partly
explain the more adverse effects of smaller vs larger PM on ischemic

Attributable number and attributable fractions (with 95% confidence interval) of stroke incidence due to PM;, PM, s and PM;, at lag0—4 day.

Outcome Attributable number (cases/year)

Attributable fraction (%)

PM; PMy 5

Total stroke
Ischemic stroke
Hemorrhagic stroke

32,406 (24,073, 39,543)
30,096 (23,349, 35,874)
2281 (—1225, 4850)

26,022 (19,645, 31,684)
23,881 (18,481, 28,660)
2418 (—71, 4354)

PM;o PM; PMy 5 PM;iq

26,127 (18,053, 33,164) 6.9 (5.1, 8.5) 5.6 (4.2, 6.8) 5.6 (3.9,7.1)
23,676 (16,972, 29,516) 7.6 (5.9,9.1) 6.0 (4.7,7.2) 6.0 (4.3,7.4)
2178 (-752, 4433) 3.2(-1.7,6.8) 3.4(-0.1,6.1) 31(-1.1,6.2)
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stroke (Deng et al., 2019). No significant association between PMs and
hemorrhagic stroke was observed in this study, and a recently published
review also reported that most of the previous studies found short-term
exposure to PM is not associated with hemorrhagic stroke. A study based
on 1023 Mexican Americans observed that short-term exposure to PMs 5
was associated with elevated levels of low-density lipoprotein choles-
terol and total cholesterol (Chen et al., 2016), and two meta-analyses
showed that elevated levels of these two metabolic indicators were
negatively associated with risk of hemorrhagic stroke (Wang et al.,
2013; Xie et al., 2017). Therefore, the different pathophysiologic
mechanisms may explain the discrepancy in the association of PM
exposure and the two subtypes of stroke. However, the detailed mech-
anisms are still incompletely understood, which requires further
exploration in future studies.

The association between PM and stroke was stronger in females than
males, which is consistent with findings from a prior study also using
stroke incidence as the outcome based on registry data (Ban et al.,
2021b). However, other studies did not find a sex difference (Gu et al.,
2020; Chen et al., 2020). A most recent cardiovascular disease screening
study based on 1.7 million adults from 141 Chinese counties found a
higher prevalence of obesity (26.6% vs. 19.6%), dyslipidemia (61.9% vs.
47.9%), diabetes (63.2% vs. 39.9%), and high blood pressure (98.1% vs.
94.2%) in females than males, which indicating sex may be a modifying
factor on the relation between air pollution and stroke (Lu et al., 2019).
Furthermore, females exhibited a higher deposition percentage of PM;
and PM; _5 5 in the pulmonary region than in males (Wang et al., 2021c),
and it was suggested that females have more reactive airways and sub-
sequently be more sensitive to PM exposure (Hu et al., 2018; Li et al.,
2017b). We also found a stronger relation between PM and stroke
among older vs younger persons. Such an age difference was also found
in a study in China between PMj 5 and cardiovascular hospital admis-
sions (Liu et al., 2017). This may be related to the weaker immune
response in older vs younger persons. We found a markedly stronger
association between PM and stroke during the warm than cool season,
consistent with previous studies (Kettunen et al., 2007). Some studies
suggested that high temperature was also an independent risk factor for
cardiovascular disease (Ravljen et al., 2021), and there may be an
interaction between high temperature and PM exposure on stroke
(Vered et al., 2020). However, a null association between PM and stroke
in warm season or stronger association in the cool season have also been
reported in some other studies (Gu et al., 2020; Chen et al., 2020; Dong
et al., 2018), which may be attributed to the variety in population sus-
ceptibility and in constituent of the PM across regions (Dong et al., 2018;
Kettunen et al., 2007).

Results of meta-regression revealed that the adverse effects of PMj 5
exposure on stroke appeared to be modified by county-level social
deprivation. That is, residents from area with higher social deprivation
level may have increased vulnerability to PM; s-induced stroke. A pre-
vious study reported that low gross domestic product per capita was
associated with increased susceptible to ischemic stroke caused by
coarse PM exposure, which is partly in line with our finding (Tian et al.,
2019). Social deprivation can reflect the averaged socioeconomic level
in a county, and is potentially correlated to local health care and pro-
motion level and air pollution prevention and control level. Therefore,
residents in area with relatively high social deprivation level may have
more chance of exposure to cardiovascular risk factors and less chance of
receiving air pollution prevention information delivered by local gov-
ernment, thus cumulatively increasing their susceptibility to stroke.

We estimated that 7.6%, 6.0%, and 6.0% of all ischemic stroke cases
were attributable to short-term exposure to PM;, PMs 5 and PM; in the
included counties. Our findings showed that PMs of smaller size might
be more important for causing harmful effects than larger ones.
Considering the severe PM pollution and the huge amount of population
in China, it is crucial to protect the population against PM related health
burden. We suggest that the existing global or national air clean policy
should be modulated and the public should be alerted to pay more
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attention to ambient PM;. The WHO has recently updated their global
air quality guideline on daily PM3 5 and PM;¢ levels in September 2021
(World Health Organization, 2021), but an expanded environmental
standard on PM; should be considered in the future.

To our knowledge, this is the first study to examine the association
between short-term exposure to PM; and stroke using population-based
registry data. The registry system covered a total of population of 90.63
million, accounting for 6.4% of the whole population of China. This may
make a substantial contribution to provide more robust effect estimates
than previous studies collecting hospital admission data based on
selected hospitals. Several limitations of this study should however be
noted. First, this study is essentially an ecological study, and individual
exposure levels were estimated according to weighted mean PM daily
concentrations at the county level (i.e. not the actual individual level).
Although the sensitivity analyses by using the PM concentrations at the
centroid of each county and from monitor stations indicate the results
are similar with the main models, exposure measurement errors are
inevitable. Second, we lack the data regarding some individual factors
known to influence stroke onset, such as weight status, hypertension,
active and passive smoking, household fuel type (GBD, 2019 Stroke
Collaborators, 2021; Gan et al., 2021; Jiang et al., 2020; Lu et al., 2021).
Hence, we could not test the roles, or possibly confounding effects, of
these factors. Third, the absence of data on smaller size PM and specific
constituents of PM did not allow us to further explore the cardiovascular
toxicity of specific aspects of PM. For example, a Danish study revealed
that the interquartile range in ultrafine particles (PM < 0.1 pm) at
lag0—4 day could result in a 21% increase of hospital admissions for
several cardiovascular conditions (Andersen et al., 2010). Another
recent study suggested that elemental carbon and some metallic ele-
ments (e.g., chromium, copper, and zinc) from PM; 5 was associated
with ischemic stroke.

5. Conclusions

Short-term exposure to ambient PM;, PM; 5, and PM;( was associ-
ated with increased risk of stroke, with exposure to PM; having the
strongest effect, and the association were larger in female than males,
older vs younger individuals, and during the warm vs cool season.
Residents from area with higher social deprivation level may have
increased vulnerability to PMj s-induced stroke. In view of persistently
severe PM pollution in China, air clean policies should cover the scope of
PM; and further raise public attention to PM; in the future.
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