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Abstract
Background and Objectives
To characterize the association of ambient particulate matter (PM) pollution of different sizes
(PM ≤1 μm in aerodynamic diameter [PM1], PM2.5, and PM10) with in-hospital case fatality
among patients with stroke in China.

Methods
We collected hospitalizations due to stroke in 4 provinces in China from 2013 to 2019. Seven-
day and annual averages of PM prior to hospitalization were estimated using bilinear in-
terpolation and residential addresses. Associations with in-hospital case fatality were estimated
using random-effects logistic regression models. Potential reducible fraction and the number of
fatalities attributed to PM were estimated using a counterfactual approach.

Results
Among 3,109,634 stroke hospitalizations (mean age 67.23 years [SD 12.22]; 1,765,644
[56.78%]male), we identified 32,140 in-hospital stroke fatalities (case fatality rate 1.03%). Each
10 μg/m3 increase in 7-day average (short-term) exposure to PM was associated with increased
in-hospital case fatality: odds ratios (ORs) were 1.058 (95% CI 1.047–1.068) for PM1, 1.037
(95% CI 1.031–1.043) for PM2.5, and 1.025 (95% CI 1.021–1.029) for PM10. Similar but larger
ORs were observed for annual averages (long-term): 1.240 (95% CI 1.217–1.265) for PM1,
1.105 (95% CI 1.094–1.116) for PM2.5, and 1.090 (95% CI 1.082–1.099) for PM10. In
counterfactual analyses, PM10 was associated with the largest potential reducible fraction in in-
hospital case fatality (10% [95%CI 8.3–11.7] for short-term exposure and 21.1% [19.1%–23%]
for long-term exposure), followed by PM1 and PM2.5.

Discussion
PM pollution is a risk factor for in-hospital stroke-related deaths. Strategies that target reducing
PM pollution may improve the health outcomes of patients with stroke.
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As of 2017, stroke was the second leading cause of death
across the globe.1 Strokes predominantly afflict low- and
middle-income countries (LMICs), which account for 70% of
stroke incidence and 87% of both stroke-related deaths and
disability-adjusted life-years.2 In China specifically, stroke led
to ≈2.19 million fatalities and 45.9 million disability-adjusted
life years in 2019.3

Stroke results in substantial morbidity and case fatality within
hospitals. The risk of in-hospital case fatality among patients
with stroke is a result of clinical treatment, demographics,
comorbidities, health behaviors, and environmental factors.4-6

Obtaining a deeper understanding of these risk factors and the
magnitude of their effects may help reduce in-hospital case
fatalities and improve the outcomes of hospitalized patients with
stroke in China, while also potentially informing the manage-
ment and prevention of stroke mortality in other LMICs.

Exposure to particulatematter (PM) has been widely associated
with the incidence, hospitalization, and mortality of stroke,5-7

yet few studies have examined how different particle sizes affect
the case fatality of hospitalized patients with stroke. Evidence
supporting the association of PM and in-hospital stroke case
fatality is particularly scarce in China, where both a high burden
of stroke and air pollutants have been reported.8-10 The wide-
spread adoption of an electronic medical records system in
China in recent years can be translated into valuable insights on
PM and stroke in-hospital case fatality for China and other
LMICs, keep national and global estimates of disease burden up
to date, and strengthen future environmental policies.

In this study, we collected data on ≈3.1 million stroke hospi-
talizations in 4 provinces of China and estimated individual-level
exposure to PM pollutants in the week prior to hospitalization,
as well as the annual average at residential addresses. Our aims
were to characterize the associations of both short-term and
long-term exposure to PM ≤1 μm in aerodynamic diameter
(PM1), PM2.5, and PM10 with the risk of in-hospital case fatality
of stroke in China and the associated attributable burden.

Methods
Data Sources
We used de-identified hospital electronic medical records from
4 provinces in China (Figure 1): Sichuan, Shanxi, Guangxi, and
Guangdong (Zhanjiang city only). The 4 provinces were se-
lected based on the availability of datasets. The data collection
periods were different for the 4 provinces: January 1, 2013, to
December 31, 2018, in Shanxi; January 1, 2018, to December
31, 2019, for Sichuan; January 1, 2013, to December 31, 2016,

for Guangxi and Guangdong (Zhanjiang). These data sets were
queried from electronic medical record databases managed by
provincial health information departments, covering almost all
patients hospitalized in tertiary and secondary hospitals, as well
as some primary hospitals in the sample provinces and cities.11-17

The database includes patient demographics and socioeconomic
variables, codes and text descriptions for clinical diagnoses and
procedures, and current residential addresses.

Standard Protocol Approvals, Registrations,
and Patient Consents
This study was an analysis of routinely collected data and
considered a minimal risk observational study under the Re-
vised Common Rule, and consequently the requirement for
informed consent was waived. The study was approved by the
institutional review board of the School of Public Health, Sun
Yat-sen University.

Inclusion and Exclusion Criteria for
Stroke Cases
Stroke cases were identified using principal inpatient diagnosis
ICD-10 codes that were previously validated and reported to have
high positive predictive value for identifying stroke cases.18-20

Ischemic stroke was identified using primary diagnosis ICD-10
codes I63.x and H34.1; hemorrhagic stroke was identified by
primary diagnosis ICD-10 codes I60.x, I61.x, and G45.x; un-
specified stroke was identified using ICD-10 code I64.x.

We excluded patients younger than 18 years or with missing
information on age, sex, or ethnicity (n = 1,219) as well as
those without residential location information or outside of
the sample provinces (n = 47,959). The final sample included
3,109,634 stroke cases collected in the 4 provinces (Figure 1).

Outcomes
The primary outcome of interest is in-hospital case fatality,21

defined as fatality within the time of hospitalization. This
variable was recorded in the field “discharge status” by phy-
sicians in the electronic medical records.

Exposure Data
Weused the 10 × 10 km grid ChinaHigh Air Pollutants (CHAP)
daily data set as the data source for assessing exposure to air
pollutants.22-25 CHAP is a long-term, full-coverage, high-
resolution, high-accuracy, ground-level air pollutant data source.
It uses a combination of advanced satellite remote sensing and
space–time models, achieving a high cross-validation coefficient
of determination of 0.89 and low root mean square error of
10.33 μg/m3.22-25 This data set includes daily concentrations of
PM1, PM2.5, PM10, O3, NO2, SO2, and CO in China from 2013
to 2020, with the exception of 2013, whenPM1was not recorded.

Glossary
CHAP = China High Air Pollutant; ICD-10 = International Classification of Diseases, 10th Edition; LMIC = low- and middle-
income country; OR = odds ratio; PM = particulate matter.
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In addition, PM1, PM2.5, PM10, NO2, SO2, and CO were mea-
sured in daily average concentrations, while O3 was measured
using maximum 8-hour averages. In sensitivity analyses, we also
measured the residential air pollution using a much higher res-
olution CHAP, a 1 × 1 km annual average data set of the 7 air
pollutants, and re-estimated the models for long-term exposure.

We also obtained daily data on meteorologic variables (tem-
perature and relative humidity) measured at 10 × 10 km grids
from the fifth generation of European Reanalysis (ERA5)–
Land reanalysis data set.26 The ERA5 is a high-resolution and

long-span dataset for meteorologic variables, estimated using
state-of-the-art land surface modeling techniques.

Matching Stroke Cases With Exposure Using
Bilinear Interpolation Approach
We used a 2-stage assessment strategy to evaluate individual-
level exposure to pollutants and meteorologic variables for the
stroke cases.

In the first stage, we obtained the latitudes and longitudes
of each patient using the residential address and then a

Figure 1 Flowchart for Sample Inclusion, Exclusion, Exposure Measurements, and Statistical Analyses

CHAP = China High Air Pollutant; ERA5 = the fifth generation of European Reanalysis.
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geocoding programming interface provided by amap (also
known as Gaode map),27 a leading mapping, navigation, and
location-based service provider in China. The accuracy of
residential addresses and geocoding was enhanced by in-
cluding the province and cities identified using the patient’s
postal code. Cases with latitudes and longitudes located
outside the provinces were excluded to eliminate bias caused
by outlier locations.

In the second stage, we used bilinear interpolation to estimate
the exposure to pollutants and meteorologic variables. This
algorithm enhanced the spatial resolution of environmental
variables at a specific location by calculating a weighted
average of the nearest 4 grids.28 The closer air pollutant and
meteorologic variables grids were to the location of the cases,
the larger the associated weights associated with the grids. In
locations where fewer than 4 grids were available (for exam-
ple, islands or coastal cities), we used given available grids and
recalculated the weights so that the weights sum up to unity.
These outliers accounted for less than 1% of our sample and
they had at least one measure of a nearby air pollution level, so
we decided to include them in our final sample.

Short-Term and Long-Term Exposure to PM
Short-term exposure to PM air pollution was defined as the
7-day average of PM prior to the day of hospitalization. We
also used alternative measures of lag 0 to lag 7 and moving
averages of PM in sensitivity analyses. PM air pollution within
hospitals was not accounted for in this study because data on
indoor air pollution were not available. CHAP is a satellite
image-based air pollution source and it is essentially a measure
of outdoor air pollution. Inpatient departments in Chinese
hospitals are generally equipped with air conditioners, which
can substantially reduce the level of PM air pollution within
hospitals compared with outdoor air pollution.29

Because the adverse effects of pollution on in-hospital fatali-
ties among patients with stroke may be attributable to long-
term exposure, we further assessed the annual (365 days)
average exposure to major pollutants prior to the day of
hospitalization as long-term exposure to PM pollution.

Covariates
We considered several covariates in the analysis, including
demographics (age, sex, and ethnicity), socioeconomic status
(marital status and occupation), and comorbidities. Self-
reported ethnicity was classified as Han or non-Han Chinese.
Marital status was categorized as married, unmarried, wid-
owed, divorced, or other. Occupation was classified as public
institution, private institution, farmer, jobless, retired, or
other. Missing data for marital status and occupation were
imputed using the highest-frequency category (married for
marital status and farmer for occupation). We also included a
set of comorbidities including hypertension, diabetes, con-
gestive heart failure, cardiac arrhythmias, peripheral vascular
disorders, liver disease, and stroke subtypes (ischemic, hem-
orrhagic, and unspecified stroke), which were selected based

on relevance to both air pollution and in-hospital fatality. These
comorbidities were identified using ICD-10 codes from patient
diagnosis fields and were further enhanced by text matching
using regular expressions in clinical diagnosis descriptions.4,30

Hospital level was coded as tertiary or non-tertiary.11 In-
tracranial procedure was identified using ICD-9 procedure
codes and key words matching in procedure text description.
We included 7-day averages of the meteorologic variables
(temperature and relative humidity) prior to the day of hos-
pitalization as the environmental covariates in all models.

Statistical Analyses
We calculated the frequency for categorical variables and
means and SDs for continuous variables for the overall sample
and stratified by in-hospital fatality. We constructed random-
effects logistic regression models where the provinces and
cities were included as random intercepts to account for
clustering among observations. To estimate the exposure–
response curves, we further constructed random-effects lo-
gistic regression models where the continuous pollutant
variables were included as natural cubic splines with knots
specified at each quartile.31 Temperature and relative hu-
midity (7-day means prior to hospitalization) were included
as natural cubic splines with knots specified at each quartile in
all models.

To estimate the potential reducible fractions and number of
in-hospital case fatalities associated with the exposures, we
predicted the number of fatalities based on our main random-
effects logistic regression models and a counterfactual sce-
nario. The scenario was set to be hypothetical levels of each
size of PM that achieved the optimal fifth percentile in the
entire sample.32-34 If the observed levels of PM were lower
than the fifth percentile, they were kept the same in the sce-
nario. We did not use the guideline levels specified by the
WHO35 as there were no guideline levels for either 24-hour or
1-year PM1. The differences between the observed and pre-
dicted number of fatalities (using the fifth percentiles of PM1,
PM2.5, and PM10) were used to represent the potential re-
ducible number of fatalities attributable to PM1, PM2.5, and
PM10, respectively. The potential reducible fractions were
then calculated by dividing these differences between the
observed and predicted number of fatalities by the observed
total number of fatalities. The associated 95% CIs were esti-
mated using a bootstrap method, with 1,000 replicate samples
produced for each model.15

This study is reported following the Strengthening the
Reporting of Observational Studies in Epidemiology report-
ing guideline. The effect estimates were considered statisti-
cally significant if the p values were lower than 0.05 or the CIs
excluded unity. The computations were performed on the
Ohio Supercomputer Center platform. We used statistical
computing environment R 4.0.2 for all data cleaning, analyses,
and visualization.36 A flowchart of data inclusion and exclu-
sion, data processing, statistical modeling, and sensitivity
analyses is provided in Figure 1.
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Sensitivity Analyses
We performed several sensitivity analyses to assess the robust-
ness of results to the lags of exposure measurement, gaseous air
pollutants, model specification, and missing comorbidity con-
founding. First, we assessed different lags (lag 0 to lag 7) and
moving averages (MA01 to MA07) of short-term exposure to
PM using the bilinear interpolation approach. Second, we per-
formed several 2-pollutant models by further including each of
the gaseous air pollutants (O3, NO2, SO2, and CO). Third, to
assess the robustness of results in different model specifications,
we included the time to in-hospital fatality starting from hospi-
talization as the outcome and re-estimated the results using Cox
proportional hazard models. For nonevent hospitalizations, we
used the length of stay within hospitals as the follow-up period.
Fourth, in main analyses, we included only a few comorbidity
dummy variables that were most relevant to stroke or in-hospital
fatalities and may be prone to bias caused by missing comor-
bidities. To have amore comprehensive capture of comorbidities
and their weights, we alternatively adjusted for Elixhauser
comorbidity scores,37-39 which were weighted summation of 31
comorbidities and showed high predictive performance for in-
hospital case fatality in Chinese samples.15 Fifth, to test the
robustness of our exposure resolution, we assessed the long-term
exposure to the pollution for each case using a much finer res-
olution annual 1 × 1 km CHAP data set as the alternative data
source for air pollutants,22,24 and themainmodels and sensitivity
analyses models were re-estimated using these high-resolution
grids. The 1 × 1 km exposure data were not used in our primary
results because daily exposure at this resolution is not currently
available. Sixth, to examine the robustness of results to samples
with incomplete covariate information, we conducted our
models among participants (n = 2,321,628, 74.7% of the full
sample) who had complete occupation and marital status (not
equal to other category) and full 4 grids of exposure.

Data Availability
The original data cannot be shared because they include private
patient address information. The secondary data, analysis re-
sults, and R code may be shared at the request of any qualified
investigator for purposes of replicating procedures and results.

Results
Characteristics of the Sample Stroke Cases
The final full sample included 3,109,634 stroke cases, among
which 1,434,524 (46.1%) were from Sichuan province,
1,369,536 (44.0%) from Shanxi province, and 305,574 (9.8%)
from Guangxi province and Zhanjiang city. Figure 2 presents
the geographic distribution of the sample stroke cases. There
were 32,140 in-hospital fatalities, resulting in a case fatality
rate of 1.03%. Temporal trends of the stroke hospitalizations
and case fatality rate by year and month are shown in eFig-
ure 1 (links.lww.com/WNL/B983).

The 7-day average (short-term) level of PM prior to the day of
hospitalization was 31.38 (SD 17.43) μg/m3 for PM1, 45.43

(SD 25.80) μg/m3 for PM2.5, and 78.75 (SD 38.24) μg/m3

PM10 (Table 1). Similarly, the annual average (long-term)
level of PM prior to the year of hospitalization was 32.98
(8.27) μg/m3 for PM1, 49.08 (12.32) μg/m3 for PM2.5, and
87.32 (17.66) μg/m3 PM10. At the time of hospitalization, the
patients who experienced in-hospital fatalities were more
likely to be older adults, male, Han Chinese, retired, un-
married, widowed, or divorced; to have experienced hemor-
rhagic stroke; or to have comorbidities (Table 1).

Associations of PM1, PM2.5, and PM10 With
In-Hospital Stroke Case Fatality
We observed that each 10 μg/m3 increment in 7-day averages
of PMprior to hospitalization were significantly associated with
stroke fatality: odds ratios (ORs) 1.058 (95% CI 1.047–1.068)
for PM1, 1.037 (95% CI 1.031–1.043) for PM2.5, and 1.025
(95% CI 1.021–1.029) for PM10 (Table 2). Similar patterns of
ORs can be observed for annual average concentration of PM:
1.240 (95% CI 1.217–1.265) for PM1, 1.105 (95% CI
1.094–1.116) for PM2.5, and 1.090 (95% CI 1.082–1.099) for
PM10. When stratified by stroke subtypes, we found that the
associations of PM pollution and in-hospital case fatality were
consistently larger among patients with ischemic stroke than
those among patients with hemorrhagic stroke (Table 2). In
summary, we found that the effect sizes of each 10 μg/m3

increase in PM were larger in smaller PM than those in larger
PM, and the effect sizes of PMmeasured using annual averages
were larger than those measured using 7-day averages.

Figure 3 presents the exposure–response relationships between
short-term and long-term exposure to PM and ORs of in-
hospital case fatality. For the short-term exposure (Figure 3A),
we observed a consistent concave-down trend of the nonlinear
associations with the risk of in-hospital fatality. Similarly, we also
observed a concave-down trend for annual means of PM1 and
PM10 with the risk of in-hospital fatality, except that the trend for
annual exposure to PM2.5 with in-hospital fatality was a slight
concave-up relationship (Figure 3B).

Sensitivity Analyses
Table 3 demonstrates the results of sensitivity analyses. The results
were highly consistent with the primary analyses (1) using Elix-
hauser comorbidity score as a more comprehensive measurement
of comorbidities than the 6 comorbidity dummy variables in the
main models, (2) using Cox proportional hazard model to re-
estimate the results, and (3) when stratified by different provinces.
We observed a consistent trend that the effect sizes per 10 μg/m3

increment in PMpollutants were larger in PMof smaller sizes, and
effect sizes of annual means were larger than those of daily means.
When stratified by different provinces, we still observed the general
pattern of smaller PM associated with larger effect sizes.

In 2-pollutant models using different lags (lag 0 to lag 7) and
moving averages (MA01 toMA07) for 7-day and annual averages
of exposure to PM (eFigure 2 and eTable 1, links.lww.com/
WNL/B983), we observed a consistent pattern that both short-
term and long-term exposure to PM were associated with
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elevated risk of stroke case fatality when CO, O3, and SO2 were
included in themodel sequentially. The 2-pollutant models when
controlling for NO2 showed null or extremely slight protective
association of PM, whichmay be subject to the strong association
between NO2 and PM1, PM2.5, and PM10 (eFigure 3).

When the exposure to PM was measured at yearly 1 × 1 km
resolution grids, the results for main models and sensitivity
analysis models (eTable 2, links.lww.com/WNL/B983) were
highly consistent with those of 365-day averages, shown in
Table 2. Results of sensitivity analyses in which participants
with incomplete occupation and marital status were excluded
are shown in eTable 3, and the results revealed a consistent
pattern that ORs per 10 μg/m3 increment were larger for PM
with smaller sizes.

Potential Reducible In-Hospital Fatalities
Attributable to PM Air Pollution
The total potential reducible in-hospital fatalities are a product
of the toxicity of PM(ORs per 10 μg/m3 increment in PM) and
potential reducible level of PM. Although previous analyses
showed that the effect sizes of 10 μg/m3 increases were larger

for smaller PM (OR: PM1 > PM2.5 > PM10), the potential
reducible in-hospital fatalities may not exhibit a similar trend
because the distributions of PM1, PM2.5, and PM10 vary sub-
stantially (Figure 4, C and D). For example, the averages of
short-term exposure to PM1, PM2.5, and PM10 were 31.4, 45.4,
and 78.8 μg/m3 (Table 1), and the corresponding fifth per-
centiles were 12.6, 17.7, and 31.3 μg/m3 (Figure 4C and
eTable 4, links.lww.com/WNL/B983), representing 18.8, 27.7,
and 47.5 μg/m3 potential level of reduction for PM1, PM2.5,
and PM10 in our counterfactual scenarios, respectively.

Figure 4, A and B, and eTable 4 (links.lww.com/WNL/B983)
present the potential reducible fraction and number of in-
hospital fatalities associated with PM1, PM2.5, and PM10.
PM10 was associated with the largest potential reducible
fraction and number (10% [95% CI 8.3–11.7] and 3,199
[2,653–3,746] fatalities for short-term exposure; 21.1% [95%
CI 19.1–23] and 6,766 [95% CI 6,139–7,393] fatalities for
long-term exposure), followed by PM1 (9.4% [95% CI
7.5–11.3] and 3,013 [95%CI 2,403–3,624] fatalities for short-
term exposure; 18.4% [95%CI 16.7–20.2] and 5,917 [95%CI
5,354–6,479] fatalities for long-term exposure), and PM2.5

Figure 2 Location of the 4 Sample Provinces (Sichuan, Shanxi, Guangxi, and Guangdong [Zhanjiang City Only]) and the
Geographic Distribution of the Stroke Hospitalizations in the 4 Provinces
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Table 1 In-Hospital Outcomes, Environmental Variables, and Patient Characteristics by Case Fatality

Characteristic Overall (n = 3,109,634)

Case fatality

p ValueNo (n = 3,077,494) Yes (n = 32,140)

In-hospital outcomes

Case fatality 32,140 (1.03)

7-day moving averages of air pollutants and meteorologic variables prior to hospitalization

PM1, μg/m
3 31.38 (17.43) 31.38 (17.45) 31.40 (16.18) 0.78

PM2.5, μg/m
3 45.43 (25.80) 45.42 (25.78) 46.55 (26.79) <0.001

PM10, μg/m
3 78.75 (38.24) 78.78 (38.23) 75.68 (38.24) <0.001

Temperature, °C 14.91 (8.98) 14.90 (8.98) 15.47 (8.35) <0.001

Relative humidity, % 65.90 (16.25) 65.85 (16.27) 70.56 (13.86) <0.001

Annual exposure to PM prior to hospitalization

PM1, μg/m
3 32.98 (8.27) 32.99 (8.28) 32.12 (7.28) <0.001

PM2.5, μg/m
3 49.08 (12.32) 49.06 (12.32) 51.01 (12.64) <0.001

PM10, μg/m
3 87.32 (17.66) 87.34 (17.66) 85.47 (17.36) <0.001

Patient demographics and socioeconomic status

Age, y 67.23 (12.22) 67.21 (12.19) 70.00 (14.72) <0.001

Sex <0.001

Female 1,343,990 (43.22) 1,332,093 (43.28) 11,897 (37.02)

Male 1,765,644 (56.78) 1,745,401 (56.72) 20,243 (62.98)

Ethnicity 0.091

Han 3,074,784 (98.88) 3,042,972 (98.88) 31,812 (98.98)

Non-Han 34,850 (1.12) 34,522 (1.12) 328 (1.02)

Occupation <0.001

Public institution 81,987 (2.64) 81,037 (2.63) 950 (2.96)

Private institution 184,542 (5.93) 182,379 (5.93) 2,163 (6.73)

Farmer 1,643,981 (52.87) 1,631,369 (53.01) 12,612 (39.24)

Jobless 81,526 (2.62) 80,520 (2.62) 1,006 (3.13)

Retired 377,263 (12.13) 371,278 (12.06) 5,985 (18.62)

Other 740,335 (23.81) 730,911 (23.75) 9,424 (29.32)

Marital status <0.001

Married 2,593,695 (83.41) 2,568,707 (83.47) 24,988 (77.75)

Unmarried 86,244 (2.77) 84,016 (2.73) 2,228 (6.93)

Widowed 150,583 (4.84) 147,969 (4.81) 2,614 (8.13)

Divorced 39,532 (1.27) 38,387 (1.25) 1,145 (3.56)

Other 239,580 (7.70) 238,415 (7.75) 1,165 (3.62)

Stroke type <0.001

Hemorrhagic 764,414 (24.58) 746,417 (24.25) 17,997 (56.00)

Ischemic 2,206,840 (70.97) 2,194,499 (71.31) 12,341 (38.40)

Unspecified 138,380 (4.45) 136,578 (4.44) 1,802 (5.61)

Continued
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(9.2% [95% CI 7.6–10.9] and 2,962 [95% CI 2,432–3,493]
fatalities for short-term exposure; 17.4% [95% CI 15.4–19.3]
and 5,579 [95% CI 4,953–6,206] fatalities for long-term ex-
posure). Long-term exposure to PM was associated with
around twice the potential reducible fraction and number of
in-hospital case fatalities compared with short-term exposure.

Discussion
Based on the sample of 3,109,634 hospitalized stroke cases in
4 provinces of China, we found robust evidence that exposure
to ambient PM of different sizes was associated with an in-
creased risk of in-hospital case fatality. We observed a graded

Table 1 In-Hospital Outcomes, Environmental Variables, and Patient Characteristics by Case Fatality (continued)

Characteristic Overall (n = 3,109,634)

Case fatality

p ValueNo (n = 3,077,494) Yes (n = 32,140)

Comorbidities and procedures

Hypertension 1,618,594 (52.05) 1,601,874 (52.05) 16,720 (52.02) 0.922

Diabetes 414,174 (13.32) 409,208 (13.30) 4,966 (15.45) <0.001

Congestive heart failure 106,403 (3.42) 103,177 (3.35) 3,226 (10.04) <0.001

Cardiac arrhythmias 163,320 (5.25) 159,560 (5.18) 3,760 (11.70) <0.001

Peripheral vascular disorders 287,697 (9.25) 286,714 (9.32) 983 (3.06) <0.001

Liver disease 85,032 (2.73) 83,638 (2.72) 1,394 (4.34) <0.001

Elixhauser comorbidity score 4.06 (3.94) 4.04 (3.91) 5.81 (5.96) <0.001

Intracranial procedure 52,766 (1.70) 50,103 (1.63) 2,663 (8.29) <0.001

Hospital level

Nontertiary 1,664,400 (53.52) 1,649,484 (53.60) 14,916 (46.41) <0.001

Tertiary 1,445,234 (46.48) 1,428,010 (46.40) 17,224 (53.59)

Abbreviations: PM = particulate matter; PM1 = ambient particulate matter with diameter ≤2.5 μm.
Values are n (%) or mean (SD).

Table 2 Association of 10 μg/m3 Increase in PM1, PM2.5, or PM10With In-Hospital Stroke Fatality Among 3,109,634 Stroke
Hospitalizations in China

PM1 PM2.5 PM10

Main models

7-day mean (short-term) 1.058 (1.047–1.068) 1.037 (1.031–1.043) 1.025 (1.021–1.029)

Annual mean (long-term) 1.240 (1.217–1.265) 1.105 (1.094–1.116) 1.090 (1.082–1.099)

Models stratified by stroke types

7-day mean (short-term)

Ischemic (n = 2,206,840) 1.066 (1.050–1.083) 1.044 (1.035–1.053) 1.031 (1.025–1.038)

Hemorrhagic (n = 764,414) 1.046 (1.032–1.060) 1.022 (1.014–1.030) 1.012 (1.007–1.018)

Unspecified (n = 138,380) 1.059 (1.010–1.110) 1.055 (1.028–1.084) 1.037 (1.017–1.056)

Annual mean (long-term)

Ischemic (n = 2,206,840) 1.238 (1.206–1.271) 1.118 (1.100–1.136) 1.089 (1.075–1.103)

Hemorrhagic (n = 764,414) 1.232 (1.194–1.272) 1.070 (1.056–1.085) 1.071 (1.059–1.082)

Unspecified (n = 138,380) 1.279 (1.174–1.392) 1.174 (1.126–1.224) 1.164 (1.124–1.206)

Abbreviation: PM = particulate matter.
Values are odds ratio (95% CI).
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increase in the risk of in-hospital fatality when the sizes of PM
were smaller. The associations of PM and in-hospital case
fatality were stronger among patients with ischemic stroke
than those among patients with hemorrhagic stroke. Long-
term exposure to PM was associated with a higher risk of in-
hospital fatality. These findings were consistent and robust in
multiple sensitivity analyses including those using multiple
lags and moving averages of exposure, alternating the pol-
lutant models and statistical models, comorbidity adjust-
ments, and resolution of exposure grids, as well as subgroups
analyses in different provinces. Counterfactual analyses sug-
gested that PM10 was associated with the largest reducible
fraction of in-hospital fatality, followed by PM1, and PM2.5.

Our study supports the longstanding assumption that expo-
sure to smaller PM is more harmful than exposure to larger
PM.40-42 Our study includes measurements of PM1, which
may be small enough to be inhaled deeply into lungs, pass
through lung tissue, penetrate biological membranes, and
circulate in the bloodstream.41 Previous toxicologic experi-
ments also supported the assumption that smaller PM exhibits
larger toxicity per unit increment than that of larger particles
through various mechanisms such as oxidative stress and
vascular inflammation.40-42 Among hospitalized patients with
stroke, who are generally sicker than patients with stroke
without hospitalization, ambient PM pollution may increase
the risk of death through recurrent cerebrovascular events or

Figure 3 Exposure–Response Relationships Between Short-Term and Long-Term Exposure to ParticulateMatter andOdds
Ratios of In-Hospital Case Fatality

Exposure–response relationships of (A) short-term and (B) long-term exposure to PM1, PM2.5, and PM10with stroke in-hospital case fatality (upper panels), aswell
as the kerneldensity curvesandboxplots of PM1, PM2.5, andPM10distributionof sample cases (lowerpanels). Thepollutantsweremeasuredas7-daymeansprior
to hospitalization and annualmeans prior to the year of hospitalization. The daily and annual pollution data were assessed using 10 × 10 km grids. The pollutants
were trimmed at 0.1-th percentiles to avoid excessively large CIs and abnormally nonlinear patterns due to small sample sizes. The solid lineswith shaded bands
in the upper panels indicate the changes in odds ratios of in-hospital stroke case fatality and their 95% CIs, respectively. PM = particulate matter.
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other complications.43 Our epidemiologic results also show
that the PM and in-hospital mortality association were
stronger among patients with ischemic stroke than patients
with hemorrhagic stroke; this may increase the likelihood
of biological pathways specific to ischemic stroke including
vascular inflammation, changing vasomotor tone, and ac-
celerating atherosclerosis.44-46 However, the biological
mechanism underlying our observed association among
patients with hospitalized stroke is not clear and remains to
be investigated.

Although our logistic regressions showed larger effect sizes
per 10 μg/m3 increase in smaller PM, the results of the
counterfactual analyses indicated that PM10 was associated
with the largest potential reducible number of in-hospital fa-
talities and fractions. These seemingly contradictory results
are caused by the stark difference in the distribution of PM1,
PM2.5, and PM10. Compared with a more concentrated dis-
tribution of smaller PM, the distribution of larger PM was
more diffuse on the higher end, which led to more potential
for reduction in PM in counterfactual scenarios of the fifth
percentile. The fifth percentiles of annual exposure to PM in
this study (29.5 μg/m3 for PM2.5 and 58.4 μg/m3 for PM10)
were higher than theWHO guideline (10 μg/m3 for PM2.5 and
20 μg/m3 for PM10) and the European guideline (20 μg/m

3 for
PM2.5 and 40 μg/m

3 for PM10).
35 This indicates that setting the

counterfactual thresholds to levels commensurate with those
specified by the European guidelines (20 μg/m3 for PM2.5 and
40 μg/m3 for PM10, much lower than our fifth percentile) will

result in greater potential reducible fraction and number of
stroke fatalities within hospitals.

The results of counterfactual analyses indicate that ambient
PM10 was associated with a larger burden of stroke in-hospital
case fatality compared with smaller PM including PM1 and
PM2.5. The results suggest that public health policy efforts
should consider targeting reducing ambient PM10 instead of
focusing on smaller PM (PM1 and PM2.5); this may have
more public health benefits on reducing stroke in-hospital
case fatality and ameliorating the health outcomes of hospi-
talized patients with stroke. Although PM1 showed larger
effect sizes for in-hospital case fatality, the level of PM1 pol-
lution was low compared with that of PM10 in our sample and
the overall health benefits of reducing PM1 may not be as
effective as those of reducing PM10.

Compared with previous studies that investigated case fatality
rate among patients with stroke, the in-hospital case fatality rate
in this study appears to be relatively low (1.03%). For example,
Zhang et al. reported that the 1-month case fatality rate of
ischemic stroke in Asia was 10.8% (95% CI 8.3–13.5).47 An-
other study showed the rate of in-hospital death or discharge
against medical advice was 8.3% among 3 million stroke in-
patients from 1,853 tertiary Chinese hospitals in 2018.48 Three
reasons may explain the low case fatality rate in our study. First,
our study included hospitalized patients with stroke in primary,
secondary, and tertiary hospitals in the 4 sample provinces in
China. Tertiary hospitals primarily focus on the treatment and

Table 3 Exposure–Response Relationships Between Short-Term and Long-Term Exposure to Particulate Matter and
Odds Ratios of In-Hospital Case Fatality

PM1 PM2.5 PM10

Short-term association using 7-day mean of air pollutants

Elixhauser comorbidity score, OR 1.056 (1.046–1.067) 1.036 (1.030–1.041) 1.024 (1.020–1.028)

Cox proportional hazard model, HR 1.042 (1.032–1.052) 1.027 (1.022–1.033) 1.017 (1.013–1.020)

By different provinces and cities

Sichuan (n = 1,434,524), OR 1.050 (1.035–1.065) 1.022 (1.015–1.030) 1.017 (1.011–1.023)

Shanxi (n = 1,369,536), OR 1.033 (1.013–1.053) 1.042 (1.030–1.053) 1.019 (1.011–1.027)

Guangxi and Zhanjiang (n = 305,574), OR 1.147 (1.116–1.179) 1.091 (1.074–1.108) 1.065 (1.052–1.077)

Long-term association using annual mean of air pollutants

Elixhauser comorbidity score, OR 1.242 (1.218–1.266) 1.104 (1.093–1.115) 1.091 (1.083–1.010)

Cox proportional hazard model, HR 1.170 (1.148–1.192) 1.077 (1.067–1.188) 1.071 (1.063–1.080)

By different provinces and cities

Sichuan (n = 1,434,524), OR 1.236 (1.205–1.269) 1.107 (1.089–1.124) 1.102 (1.089–1.114)

Shanxi (n = 1,369,536), OR 1.185 (1.135–1.237) 1.098 (1.072–1.124) 1.075 (1.058–1.093)

Guangxi and Zhanjiang (n = 305,574), OR 1.378 (1.302–1.457) 1.233 (1.198–1.270) 1.154 (1.130–1.178)

Abbreviations: HR = hazard ratio; OR = odds ratio; PM = particulate matter.
95% CIs presented in parentheses.
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Figure 4 Potential Reducible Fraction of In-Hospital Stroke Case Fatality Attributable to Short-Term and Long-Term Am-
bient PM1, PM2.5, and PM10 Based on a Counterfactual Scenario of the 5th Percentiles of Air Pollutant
Distributions

(A–D) Potential reducible fractions and distributions. The error bars in A and B are the 95% CIs calculated based on 1,000 bootstrap samples. PM = particulate
matter.
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care of acute stroke; primary and secondary hospitals (53.5% of
the total sample were hospitalized in nontertiary hospitals) play
a major role in stroke rehabilitation and care for nonsevere
stroke,11 and these patients had lower case fatality rate. Second,
there may be recurrent hospitalizations in our sample, which
may expand the denominator (the number of participants at
risk) and dilute the case fatality rate. Third, many patients with
stroke at terminal status would prefer to die at home than in
hospitals owing to the Chinese culture of strong family ties and
hospice care16; this would also lead to low in-hospital case
fatality rates in our sample.

The study has a few limitations. The sample hospitalized stroke
cases were collected at the convenience of data accessibility and
may have limited generalizability to hospitalized stroke cases in
other provinces in China. Although we accounted for several
known covariates, we cannot exclude the possibility of missing
covariate bias. For example, our study did not adjust for a few
covariates including smoking status, body mass index, and the
severity of stroke. The exposure was measured at the current
residential addresses, so we were unable to account for expo-
sure in previous residential addresses within the past year, in-
door exposure to air pollutants during the hospitalization
period, or occupational exposure at nonresidential addresses.
Although we re-estimated the results using Cox proportional
hazard models in sensitivity analyses, the follow-up periods
were computed using in-hospital length of stay and were rel-
atively short. In addition, we cannot capture the outcomes of
the nonfatality cases after they were discharged from hospitals.
In-hospital case fatality has very specific setting and the bi-
ological mechanism underlying the positive association in this
study is unclear and remains to be investigated.

Compared with Europe and North America, the level of air
pollution in this study is high (annual PM2.5 was around
50 μg/m3), and evidence on exposure to air pollution and
stroke case fatality is scarce using individual-level data at this
elevated level of air pollution. The estimated association of
ambient PM and stroke mortality in China suggest efforts to
reduce PM air pollution may help ameliorate in-hospital
outcomes of people with stroke in developing countries,
where the level of air pollution and the burden of stroke
mortality are high.49 To our knowledge, this is the first study
that investigates the relationship between exposure to PM of
varied sizes and in-hospital case fatality among a large multi-
province sample of patients with stroke. The association of
exposure to air pollution and stroke mortality has been well
reported, but we have not found any evidence of exposure to
air pollution and in-hospital case fatality among patients with
stroke at individual level. A key strength of the study is the
large sample size and individual-level data with >3 million
stroke cases, spanning multiple provinces in central, western,
and southern China.

Among 3.1 million stroke hospitalizations in China, expo-
sure to PMwas consistently associated with increased risk of
in-hospital case fatality, where smaller PM and long-term

exposure to PM exhibited larger toxicity. The results suggest
that prioritizing efforts to reduce the level of PM air pollu-
tion may improve the health outcomes of people hospital-
ized with stroke.
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