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BACKGROUND: Daily exposure to ambient air pollution is associated with stroke morbidity and mortality; however, the association 
between hourly exposure to air pollutants and risk of emergency hospital admissions for stroke and its subtypes remains 
relatively unexplored.

METHODS: We obtained hourly concentrations of fine particulate matter (PM2.5), respirable particulate matter (PM10), nitrogen 
dioxide (NO2), sulfur dioxide (SO2), ozone (O3), and carbon monoxide (CO) from the China National Environmental Monitoring 
Center. We conducted a time-stratified case-crossover study among 86 635 emergency hospital admissions for stroke 
across 10 hospitals in 3 cities (Jinhua, Hangzhou, and Zhoushan) in Zhejiang province, China, between January 1, 2016 and 
December 31, 2021. Using a conditional logistic regression combined with a distributed lag linear model, we estimated the 
association between hourly exposure to multiple air pollutants and risk of emergency hospital admissions for total stroke, 
ischemic stroke, hemorrhagic stroke, and undetermined type.

RESULTS: Hourly exposure to PM2.5, PM10, NO2, and SO2 was associated with an increased risk of hospital admissions for total 
stroke and ischemic stroke. The associations were most pronounced during the concurrent hour of exposure and lasted for 
≈2 hours. We found that the risk was more pronounced among male patients or those aged <65 years old.

CONCLUSIONS: Our findings suggest that exposure to PM2.5, PM10, NO2, and SO2, but not CO and O3, is associated with 
emergency hospital admissions for total stroke or ischemic stroke shortly after exposure. Implementing targeted pollution 
emission reduction measures may have significant public health implications in controlling and reducing the burden of stroke.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Stroke is a critical global health challenge, ranking 
among the foremost causes of death. In 2019 alone, 
there were ≈6.55 million deaths attributed to stroke, 

alongside an estimated 143 million disability-adjusted 
life years lost on a global level. Ischemic stroke and hem-
orrhagic stroke, the 2 primary types of stroke, accounted 
for 3.29 and 3.26 million deaths, respectively.1 The global 

burden of stroke (the absolute number of cases) is 
increasing, particularly in low- and middle-income coun-
tries.2 In China, stroke has been responsible for ≈2.19 
million premature deaths,3 with a notable impact on the 
younger and middle-aged adults.4,5

Previous studies suggested that ambient air pol-
lution might play an important role in stroke morbidity 
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and mortality.1,6–11 However, many of these studies have 
predominantly examined stroke as a whole or investi-
gated the association between daily exposure to air pol-
lution and risk of stroke,6,12,13 which may be susceptible 
to ecological fallacy and temporal misclassification of 
exposures. To overcome these challenges, studies at 
an hourly level are necessary to better understand the 
relationship between air pollution exposure and stroke 
hospital admissions.

The evidence about the association between hourly 
air pollution exposure and the risk of stroke is lim-
ited. One study conducted in Barcelona among 2742 
patients with stroke did not find a relationship between 
hourly PM2.5 exposure and ischemic stroke symptom 
onset over 0 to 23, 24 to 47, and 48 to 72 hours after 
exposure.14 To our knowledge, there is a scarcity of 
studies that have examined the associations between 
hourly exposure to air pollution and specific stroke 
subtypes, especially in regions with moderate to high 
levels of air pollution. In China, although air pollution 
levels have shown some improvement in recent years, 
the overall average levels of air pollution remain higher 
than the air quality guidelines set by the World Health 
Organization. Therefore, it is crucial to investigate the 
association between hourly exposure to air pollution 
and the risk of stroke in China.

Accordingly, we aimed to examine the association 
between hourly exposure to multiple air pollutants and 
the risk of stroke and its subtypes among 86 635 emer-
gency hospital admissions for stroke across 10 hospitals 
in 3 cities (Jinhua, Hangzhou, and Zhoushan) in Zhejiang 
province, China. We also examined whether the asso-
ciation was varied by age, sex, season, city, and time of 
admission.

METHODS
Study Population and Health Outcome
Emergency care delivered in Zhejiang is typically provided 
through a network of public hospitals, clinics, and special-
ized emergency medical centers. Emergency care is covered 
under China’s basic public health insurance schemes, but there 
could still be out-of-pocket expenses for certain treatments or 

services. We obtained hourly emergency hospital admissions for 
stroke across 10 hospitals located in 3 cities (Jinhua, Hangzhou, 
and Zhoushan) within Zhejiang province from January 1, 2016 
to December 31, 2021. We used International Classification of 
Diseases, 10th Revision (ICD-10) codes to identify cases of 
stroke (ICD-10: I60–I61 and I63–I64) and stroke subtypes, 
including ischemic stroke (ICD-10: I63), hemorrhagic stroke 
(ICD-10: I61), and undetermined type (ICD-10: I60 and I64). 
The data that support the findings of this study are available 
from the corresponding author on reasonable request. The 
study was approved by the institutional review committee of the 
Zhejiang Provincial Center for Disease Control and Prevention 
(approval number AF/SC-06/01.0), and informed consent was 
waived. This study complies with the STROBE (Strengthening 
the Reporting of Observational Studies in Epidemiology) guide-
line (Supplemental Material).

Environmental Assessment
We collected hourly concentrations of fine particulate matter 
(PM2.5), respirable particulate matter (PM10), nitrogen dioxide 
(NO2), sulfur dioxide (SO2), ozone (O3), and carbon monox-
ide (CO) between January 1, 2016 and December 31, 2021 
from the China National Environmental Monitoring Center. We 
obtained hourly ambient temperature (°C) and relative humid-
ity (%) from the China Meteorological Data Service Center 
(http://data.cma.cn/). We geocoded the latitude and longi-
tude coordinates of each hospital address and matched them 
with the nearest monitoring station. In case, where the air pol-
lution data from the nearest station were missing during the 
specified time period, we obtained the air pollutant data from 
the second nearest station in the same hours as a replace-
ment.15 The median distance between the final included moni-
toring stations and the hospitals was 3.9 km. To control for 
the potential impact of outliers in the analysis, we removed 
the highest and lowest 0.1% of hourly concentrations of air 
pollutants.16

Statistical Analyses
We used a time-stratified case-crossover design to estimate 
the association between hourly exposure to multiple ambi-
ent air pollutants and the risk of emergency hospital admis-
sions for stroke.17,18 For each patient with stroke, we defined 
the case period as the specific hour when the patient admit-
ted to the hospital. To select appropriate control periods, we 
matched the case period by the same hour of the day, day of 
the week, month, and year.18 For example, a patient admitted to 
emergency room for stroke at 2:00 pm on Tuesday, March 15, 
2016 would have the index hour of the case period defined 
as Tuesday, March 15, 2016. The control index hours would 
be 2:00 pm on all other Tuesdays in March 2016 (specifically, 
March 1, 8, 22, and 29). By implementing this study design, 
it can control for seasonality, long-term trends, and potential 
individual-level confounders.17

We used conditional logistic regression models to estimate 
the associations of exposure to hourly air pollutants with the 
risk of stroke, ischemic stroke, hemorrhagic stroke, and unde-
termined type.19 In the models, we adjusted for public holiday, 
hourly ambient temperature using a natural cubic spline with 
6 df, and hourly relative humidity using a natural cubic spline 
with 3 df.

Nonstandard Abbreviations and Acronyms

CO	 carbon monoxide
ICD-10	 �International Classification of Diseases, 

10th Revision
NO2	 nitrogen dioxide
O3	 ozone
PM2.5	 fine particulate matter
PM10	 respirable particulate matter
SO2	 sulfur dioxide
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We used distributed lag linear modelling framework to fit 
both linear exposure-response function and nonlinear lag-
response function for air pollutants.16,20 Based on our pre-
liminary analysis, we selected a maximum lag of 48 hours. 
To model the lag-response function, we used a natural cubic 
spline function with 3 internal knots placed at equal inter-
vals on the log scale of lags up to 48 hours. To explore 
both the acute and delayed effects of air pollutant, we con-
sidered lag periods of <1 day (eg, 0–2, 3–12, 13–24, and 
0–12 hours), and daily periods, including day 1 (ie, 0–24 
hours), day 2 (ie, 25–48 hours), and 0–2 days (ie, 0–48 
hours). We expressed results as the percentage excess 
risk (%) increase in stroke associated with an interquartile 
range or 10 µg/m3 increase in PM2.5, PM10, NO2, SO2, O3, 
and 1 mg/m3 increase in CO.

To examine the exposure-response relationship between 
hourly exposure to air pollutants and the risk of hospital admis-
sions for stroke, we used a natural cubic spline with 3 df to 
model the exposure-response function and included the same 
covariates as the main model above.

To identify susceptible subpopulations, we conducted strati-
fied analyses by sex (male versus female), age (<65 versus 
≥65 years), season (warm [April–September] versus cold 
[October–March]), city (Jinhua, Hangzhou, and Zhoushan), and 
time of admission (8 am–8 pm versus 8 pm–8 am in the next 
day). We used 2-sample Z tests to assess whether the differ-
ences between subgroups were statistically significant based 
on a P<0.05.

We performed 2 main sensitivity analyses to confirm the 
robustness of our results. First, to assess the potential con-
founding of copollutant, we constructed 2-pollutant models. 
Second, we varied the number of knots in the natural cubic 
spline of the lag-response function and used 2 and 4 internal 
knots placed at equal intervals on the log scale of lags up to 
48 hours.

We conducted all analyses in R software (version 4.2.2) with 
the dlnm and survival packages.

RESULTS
A total of 86 635 emergency hospital admissions for 
stroke were documented during the study period, of 
which 79 478 were ischemic stroke, 3122 were hemor-
rhagic stroke, and 4035 were undetermined type (Tables 
S1 and S2; Figure S1). Patients were more likely to be 
aged >65 years (63.99%), male (53.13%), resided in the 
Zhoushan area (57.65%), and admitted to hospitals more 
frequently during the warm season (51.50%) and day-
time hours (92.62%; Table 1).

The median distance between the selected hospitals 
and the air pollutant and meteorologic monitoring station 
was 3.9 and 17.5 km, respectively (Figure S2). Levels of 
hourly air pollutants and meteorologic factors are shown 
in Table S3. The Spearman correlations between air pol-
lutants were generally low to moderate (r<0.5) during 
both warm and cold seasons (Table S4).

Generally, the association between hourly exposure to 
air pollutants and risk of hospital admissions for stroke 
was most pronounced during the concurrent hour of 

exposure and gradually attenuated over a period of 3 
hours. Compared with the other studied lag periods, the 
associations were strongest at lag 0 to 2 hours, and thus 
we reported results using a lag period of 0 to 2 hours as 
the main results (Figure 1).

Exposure to PM2.5, PM10, NO2, and SO2 was asso-
ciated with an increased risk of hospital admissions 
for total stroke and ischemic stroke over 0 to 2 hours 
(Table 2; Table S5). For example, an interquartile range 
increase in PM2.5, PM10, NO2, and SO2 was associated 
with an increased risk of hospital admissions for total 
stroke by 1.86% (95% CI, 0.27%–3.47%), 2.19% (95% 
CI, 0.64%–3.76%), 3.34% (95% CI, 1.41%–5.31%), 
and 2.81% (95% CI, 1.15%–4.51%), respectively. The 
strongest association with ischemic stroke was 3.06% 
(95% CI, 1.03%–5.14%) for NO2, followed by 2.53% 
(95% CI, 0.79%–4.31%) for SO2, 2.25% (95% CI, 
0.64%–3.90%) for PM10, and 1.69% (95% CI, 0.03%–
3.37%) for PM2.5. Furthermore, each interquartile range 
increase in PM2.5, PM10, O3, and CO over lags 25 to 
48 hours was associated with a higher risk of hospital 
admissions for total stroke and ischemic stroke, respec-
tively (Table S6). We found evidence of an association 
between NO2 exposure and undetermined stroke over 
lags 0 to 24 hours.

The exposure-response relationships for the asso-
ciation between PM2.5, PM10, SO2, and NO2 and risk of 
hospital admissions for stroke were approximately lin-
ear, indicating that the risks of total stroke and ischemic 
stroke increased with increasing concentration of PM2.5, 
PM10, SO2, and NO2 (Figure 2).

Table 1.  Characteristics of the Study Population

Baseline characteristics N (%) 

Age at onset, y

 � <65 137 446 (36.0)

  �≥65 244 202 (64.0)

Sex

 � Male 202 771 (53.1)

 � Female 177 199 (46.4)

 � Missing 1678 (0.4)

Season

 � Warm (April–September) 196 533 (51.5)

 � Cold (October–March) 185 115 (48.5)

City

 � Hangzhou 110 552 (29.0)

 � Zhoushan 220 016 (57.7)

 � Jinhua 51 080 (13.4)

Time of admission

 � Daytime 353 486 (92.6)

 � Nighttime 28 162 (7.4)

We defined April–September as the warm season, and October–March as the 
cold season. We defined 8 am–8 pm as the daytime and 8 pm–8 am the next day 
as the nighttime.
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We performed subgroup analysis to test whether the 
association between air pollution and risk of stroke was 
more pronounced among subgroups defined by age, sex, 
season, city, and time of admission. We found that the 
risk was higher among male patients and those aged 
<65 years old (Table 3; Table S7).

In sensitivity analyses, our results were not materially 
different when we additionally adjusted for other air pol-
lutants individually in the 2-pollutant models (Figure S3) 
or varied the number of knots for the natural cubic spline 
of the lag-response function and used 2 and 4 internal 
knots placed at equal intervals on the log scale of lags up 
to 48 hours (Tables S8; Table S9).

DISCUSSION
In our analysis of 86 635 emergency department admis-
sions for stroke across 10 hospitals, we found that expo-
sure to PM2.5, PM10, NO2, and SO2 was associated with 
an increased risk of hospital admissions for total stroke 
and ischemic stroke shortly after exposure. The associa-
tions were most pronounced during the concurrent hour 
of exposure and lasted for ≈2 hours. We found that the 
risk was higher among male patients and patients aged 
<65 years old.

Using hourly measurement data, we found that expo-
sure to PM2.5 and PM10 was linked to an increased risk 

Figure 1. Lag structures for the associations of hospital admissions for stroke with hourly exposure to air pollutants.
CO indicates carbon monoxide; NO2, nitrogen dioxide; O3, ozone; PM2.5, fine particulate matter; PM10, respirable particulate matter; and SO2, sulfur 
dioxide.
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of hospital admissions for total stroke and ischemic 
stroke. Our findings were generally consistent with pre-
vious studies, although most prior studies investigated 
the association on a daily basis.21,22 For example, Ban et 
al21 reported that the risk of stroke increased by 0.37% 
(95% CI, 0.15%–0.60%) and the risk of ischemic stroke 
increased by 0.46% (95% CI, 0.21%–0.72%) associated 
with 10 µg/m3 increase in PM2.5 at lag 0 days among 
131 947 patients with stroke in 10 Chinese counties. 
Using hourly measurement data, a time-stratified case-
crossover study conducted in Boston found a positive 
association between exposure to PM2.5 or NO2 and 
ischemic stroke over lags 0 to 24 hours.22 Conversely, a 
positive association between PM2.5 exposure and risk of 
ischemic stroke was not observed in a large prospective 
multi-center stroke registry in 8 cities in Canada.23

We found a positive association between exposure to 
NO2 and SO2 and risk of hospital admissions for total 
stroke or ischemic stroke. These findings align with pre-
vious studies that investigated the association between 
NO2 or SO2 exposure and risk of total stroke or ischemic 
stroke at the daily timescale.6,24,25 For example, a study 
conducted in the Boston area reported an odds ratio of 
1.12 (95% CI, 1.03–1.22) for ischemic stroke associ-
ated with an interquartile range increase in NO2 over lags 
0 to 24 hours.22 Similarly, in a study of 5257 patients 
in Canada, Chen et al26 reported a positive association 
between exposure to NO2 and emergency department 
visits for ischemic stroke at the hourly timescale.

We found no evidence of an association between expo-
sure to O3 and CO and the risk of hospital admissions for 
total stroke and ischemic stroke. These results align with a 
study that utilized data from the Women’s Health Initiative, 
which similarly did not observe any associations between 
daily exposure to O3 and CO and stroke and its subtypes.27 
Nevertheless, it is important to note that evidence about 
the short-term effects of O3 or CO exposure on total stroke 
or ischemic stroke has been inconsistent across previous 
studies.6,28,29 These discrepancies in findings may be attrib-
uted to variations in pollutant concentrations, geographic 
disparities, population characteristics, pollutant sources 
and composition, and statistical methods used.30,31 Recog-
nizing that CO has a higher affinity for hemoglobin, there is 

a reduction in the hemoglobin’s ability to transport oxygen, 
which causes hypoxia in the brain tissue and damage to 
the neurological system.32 Furthermore, both epidemio-
logical and experimental studies have demonstrated that 
exposure to gaseous pollutants can induce systemic vas-
cular oxidative stress and contribute to thrombus formation, 
thereby increasing the risk of cardiovascular diseases.33,34 
However, the current body of evidence about the associa-
tion between exposure to gaseous pollutants at the hourly 
level and risk of stroke remains limited.

With the exception of SO2, we find no evidence of an 
association between hourly exposure to the 6 air pollutants 
and the risk of hospital admissions for hemorrhagic stroke 
or undetermined type of stroke. These findings are consis-
tent with previous studies conducted at the daily level.21,35 
However, it is worth noting that a study among 10 949 
patients in Japan found a positive association between 
PM with an aerodynamic diameter <7 µm (PM7) and hem-
orrhagic stroke, with the highest odds ratio of 1.08 (95% 
CI, 1.00–1.16) over lags 48 to 72 hours.36 Meanwhile, a 
case-crossover study conducted in Zhejiang revealed that 
SO2 exposure was linked to a higher risk of hemorrhagic 
stroke when assessed at the daily level.9

Several hypotheses have been proposed to eluci-
date the potential biological mechanisms through which 
short-term exposure to air pollutants could play a role in 
triggering stroke admissions.37 Both controlled exposure 
studies in human and animal studies support that just 
a few hours after exposure to air pollutants, molecular, 
and cellular pathways associated with stroke onset can 
be activated. These pathways include processes, such as 
the induction of oxidative stress, activation of inflamma-
tory pathways, promotion of platelet activation, and the 
disruption of the autonomic nervous system.38–44 Acute 
stroke can be induced by an increase in blood pressure, 
arrhythmia, or ischemia, all of which can be triggered by 
the aforementioned molecular and cellular mechanisms.37

In our stratified analyses, we found that the relation-
ship between PM2.5 or PM10 exposure and risk of stroke 
was more pronounced among male patients, which may 
be attributed to their greater involvement in outdoor 
activities and potentially lesser attention to protective 
measures. Additionally, we found stronger associations 

Table 2.  Percentage Excess Risk of Hospital Admissions for Stroke Associated With an  
Interquartile Range Increase in Air Pollutants Over 0–2 Hours

Air pollutant Total stroke Ischemic stroke Hemorrhagic stroke Undetermined type 

PM2.5 1.86 (0.27 to 3.47) 1.69 (0.03 to 3.37) 5.10 (−3.26 to 14.17) 2.90 (−4.22 to 10.55)

PM10 2.19 (0.64 to 3.76) 2.25 (0.64 to 3.90) 4.90 (−2.91 to 13.33) −0.78 (−7.51 to 6.43)

NO2 3.34 (1.41 to 5.31) 3.06 (1.03 to 5.14) 8.46 (−0.72 to 18.48) 3.41 (−4.49 to 11.96)

SO2 2.81 (1.15 to 4.51) 2.53 (0.79 to 4.31) 11.84 (2.73 to 21.75) 1.92 (−5.14 to 9.52)

O3 −1.00 (−2.80 to 0.84) −0.77 (−2.66 to 1.17) −1.19 (−9.58 to 7.99) −4.38 (−12.27 to 4.22)

CO 1.83 (−0.33 to 4.04) 1.90 (−0.36 to 4.21) 9.85 (−1.69 to 22.75) −4.55 (−13.73 to 5.59)

CO indicates carbon monoxide; NO2, nitrogen dioxide; O3, ozone; PM2.5, fine particulate matter; PM10, respirable particulate 
matter; and SO2, sulfur dioxide.
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between PM10 exposure and stroke among patients aged 
<65 years old, consistent with findings from a time-series 
study among 5269 patients in China.45 The increased 
vulnerability of younger individuals to the effects of air 
pollution on stroke risk might be explained by their higher 
engagement in outdoor activities and exposure to higher 
levels of air pollution earlier in life compared with older 
individuals. These variations in susceptibility highlight the 
importance of implementing effective health protection 
measures to reduce exposure to air pollution and miti-
gate the risk of stroke in younger and male populations.

The study also has several limitations. First, our 
exposure assessment relied on data from the nearest 

monitoring site to the hospital address. Although this is a 
commonly used approach and justified by the practice of 
promptly sending patients with stroke to the nearest hos-
pital in China, it may not account for localized variations 
in pollution concentrations. Second, although our study 
design enables control of time-invariant confounding fac-
tors, there remains the possibility of residual confounding 
arising from time-varying lifestyle-related factors. How-
ever, it is unlikely that such confounding would substan-
tially alter our results given that these factors typically do 
not change significantly within a 1-month period. Third, 
our study was conducted in Zhejiang province, and as 
such, the generalizability of our findings to other Chinese 

Figure 2. Cumulative exposure-response curves for the associations of hourly exposure to air pollutants with total stroke, 
ischemic stroke, hemorrhagic stroke, and undetermined type over lags—48 h.
CO indicates carbon monoxide; NO2, nitrogen dioxide; O3, ozone; PM2.5, fine particulate matter; PM10, respirable particulate matter; and SO2, sulfur dioxide.
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cities or countries may be limited. Further large-scale 
studies encompassing diverse populations are needed to 
better understand the effects of air pollution on stroke 
risk. Fourth, it is important to note that the time of symp-
tom onset preceded the time of the admission, potentially 
leading to nondifferential exposure misclassification and 
biasing the relative risk toward the null. Nevertheless, 
despite these limitations, the utilization of hourly air pollu-
tion data and emergency hospital admissions for stroke in 
our study is a notable strength, which allows for a detailed 
examination of the sub-daily time process from exposure 
to stroke admissions, providing a more comprehensive 
understanding of the temporal relationship.

In conclusion, this time-stratified case-crossover study 
of 86 635 stroke admissions across 10 hospitals in 3 
cities provides compelling evidence that hourly exposure 
to PM2.5, PM10, NO2, SO2, but not CO, and O3 was associ-
ated with emergency hospital admissions for total stroke 
or ischemic stroke shortly after exposure. These findings 
contribute to the growing body of evidence highlighting 
the detrimental effects of air pollution on stroke.
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