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Abstract

Background

Evidence of the short-term effects of ambient air pollution on the risk of ischemic stroke in

low- and middle-income countries is limited and inconsistent. We aimed to examine the

associations between air pollution and daily hospital admissions for ischemic stroke in

China.

Methods and findings

We identified hospital admissions for ischemic stroke in 2014–2016 from the national data-

base covering up to 0.28 billion people who received Urban Employee Basic Medical Insur-

ance (UEBMI) in China. We examined the associations between air pollution and daily

ischemic stroke admission using a two-stage method. Poisson time-series regression mod-

els were firstly fitted to estimate the effects of air pollution in each city. Random-effects

meta-analyses were then conducted to combine the estimates. Meta-regression models

were applied to explore potential effect modifiers. More than 2 million hospital admissions

for ischemic stroke were identified in 172 cities in China. In single-pollutant models,

increases of 10 μg/m3 in particulate matter with aerodynamic diameter <2.5 μm (PM2.5), sul-

fur dioxide (SO2), nitrogen dioxide (NO2), and ozone (O3) and 1 mg/m3 in carbon monoxide

(CO) concentrations were associated with 0.34% (95% confidence interval [CI], 0.20%–

0.48%), 1.37% (1.05%–1.70%), 1.82% (1.45%–2.19%), 0.01% (−0.14%–0.16%), and

3.24% (2.05%–4.43%) increases in hospital admissions for ischemic stroke on the same

day, respectively. SO2 and NO2 associations remained significant in two-pollutant models,

but not PM2.5 and CO associations. The effect estimates were greater in cities with lower air

pollutant levels and higher air temperatures, as well as in elderly subgroups. The main limi-

tation of the present study was the unavailability of data on individual exposure to ambient

air pollution.
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Conclusions

As the first national study in China to systematically examine the associations between

short-term exposure to ambient air pollution and ischemic stroke, our findings indicate that

transient increase in air pollution levels may increase the risk of ischemic stroke, which may

have significant public health implications for the reduction of ischemic stroke burden in

China.

Author summary

Whywas this study done?

• Epidemiological studies have reported associations between short-term exposure to

ambient air pollution and mortality and morbidity from ischemic stroke.

• Previous studies have been primarily conducted in high-income countries, and few

research data at the country level have been generated in low- and middle-income coun-

tries, despite their much higher air pollution levels.

What did the researchers do and find?

• We conducted a national time-series study using data on more than 2 million hospital

admissions for ischemic stroke in 172 cities in China from 2014 to 2016.

• City-specific associations between ambient air pollution and hospital admissions for

ischemic stroke were estimated with Poisson time-series regression models. Random-

effects meta-analyses were used to obtain national and regional average associations.

• Our results indicated that short-term exposures to PM2.5, SO2, NO2, and CO were asso-

ciated with increased hospital admissions for ischemic stroke. The associations were

stronger in the elderly.

What do these findings mean?

• To our knowledge, this is the first national study in China to systematically examine the

associations between short-term exposure to ambient air pollution and ischemic stroke.

• Our findings strengthened the rationale for further limiting air pollution levels in low-

and middle-income countries.

Introduction

Stroke is a major public health concern that caused 6.5 million deaths and 113 million disabil-

ity-adjusted life years worldwide in 2013 [1]. Epidemiological studies have examined the asso-

ciations between short-term increases in ambient air pollution and risk of mortality and

morbidity from ischemic stroke (and the predominant subtype of stroke), but the findings

have been inconsistent [2–7]. According to the Global Burden of Disease Study 2013, air
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pollution accounts for more than a quarter of the stroke burden [8]. Compared with well-doc-

umented risk factors for ischemic stroke, such as smoking, poor diet, and physical inactivity

[8], air pollution represents a potentially modifiable risk factor that is independent of changes

in an individual’s behavior. Therefore, improving air quality has considerable public health

implications for the reduction of ischemic stroke burden.

Previous studies on the acute effects of ambient air pollution on ischemic stroke have been

primarily conducted in high-income countries, with only limited information from low- and

middle-income countries, despite the much higher air pollution levels in these countries. A

systematic review of studies on the associations between short-term exposure to air pollution

and risk of stroke also indicated the scarcity of scientific evidence generated in low- or middle-

income countries [7]. Moreover, the potential effects of particulate matter with aerodynamic

diameter<2.5 μm (PM2.5) on ischemic stroke have been less investigated, especially in low-

and middle-income countries, although PM2.5 has been widely considered as the predominant

pollutant in the air [9]. Considering the substantial differences in the levels of air pollution,

weather patterns, population susceptibility, and sociodemographic characteristics across dif-

ferent geographic regions, scientific data specific to low- and middle-income countries are

needed.

As the largest low-middle–income country, China bears the greatest burden of ischemic

stroke [10] and has also been experiencing the severest ambient air pollution in the world [11].

The adverse effects of air pollution on public health are of increasing concern in China, partic-

ularly in relation to haze days [12]. However, although several recent studies have examined

the relations between air pollution and ischemic stroke morbidity risk in China, the studies

were restricted to a single city or large hospitals. The results have been inconclusive, with some

[13–16] but not other [17,18] studies finding evidence of a positive association. Therefore, the

generalizability of the effect estimates from prior studies might be uncertain at the national

level. In addition, these studies have limited ability to explore possible effect modifiers of the

relations because of small numbers of study sites involved. To our knowledge, there have been

no national studies on the acute effects of air pollution on ischemic stroke morbidity in China.

Since 2013, China has gradually introduced PM2.5 and ozone (O3) in the national air quality

monitoring network and publicized real-time monitoring data. In addition, national morbid-

ity data are available, along with the establishment of social health insurance schemes in China

[19]. We therefore conducted a national study to examine the associations between short-term

exposure to air pollution and daily hospital admissions for ischemic stroke in China during

2014–2016 under different circumstances.

Materials andmethods

Study population

China achieved universal health insurance coverage in 2011, which now has three main insur-

ance schemes. The Urban Employee Basic Medical Insurance (UEBMI) covers urban employ-

ees and retired employees. All employers in urban areas, including government agencies and

institutions, state-owned enterprises, private businesses, social organizations, and other private

entities and their employees (retirees included), are obliged to enroll in UEBMI [20]. The

Urban Residence Basic Medical Insurance covers urban residents, including children, stu-

dents, elderly people without previous employment, and unemployed people. The New Rural

Cooperative Medical Scheme covers rural residents. Private medical insurance covers little in

China and is generally supplementary on top of the basic schemes. The data on city-specific

hospital admissions for ischemic stroke in our study for 2014–2016 were obtained from

UEBMI, administered by China’s Ministry of Human Resources and Social Security. At the
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end of 2016, the database contained information on 0.28 billion people in 31 provincial admin-

istrative regions (except Tibet, Hong Kong, Macao, and Taiwan), representing more than 20%

of the total population in Mainland China. We identified daily hospital admissions for ische-

mic stroke based on the information of primary discharge diagnosis. In addition, conducted

medical examinations (yes or no, and financial cost), i.e., brain computed tomography or mag-

netic resonance imaging used in this study, were also recorded in the national insurance data-

base. To decrease the impacts of diagnostic errors, admissions without brain computed

tomography or magnetic resonance imaging examination were excluded from this analysis.

Admissions under age 18 were too few and thus were also excluded. For each hospitalization,

we extracted the date of admission, sex, and age. Because the data used for this study were col-

lected for administrative purposes without any individual identifiers, this study was exempted

from Institutional Review Board approval by the Ethics Committee of Peking University

Health Science Center, Beijing, China. The need for informed consent was also waived by the

Institutional Review Board.

Air pollution and meteorological data

Data on PM2.5, sulfur dioxide (SO2), nitrogen dioxide (NO2), carbon monoxide (CO), and O3

for each city were obtained from the National Air Pollution Monitoring System. There are

1–17 monitors in each city. A series of standards or regulations have been made on the loca-

tions of monitors and the monitoring process of air pollutants by the Chinese government

[21], ensuring that the monitoring measurements could reflect air pollution levels of the urban

background [22,23]. The monitoring data have been extensively used as a proxy for population

exposure to air pollution in China [23–25]. For each city, we obtained daily mean levels of

PM2.5, SO2, NO2, and CO and maximum daily 8-hour mean O3 concentrations averaged

across the monitors [24–26]. We also collected daily mean air temperature and relative humid-

ity for each city from the China Meteorological Data Sharing Service System. In this study, we

examined the effects of short-term exposure to air pollution on daily hospital admissions for

ischemic stroke. Short-term exposure generally indicates exposure of air pollution up to a lag

of 7 days, in line with previous studies [7].

Statistical analysis

In this study, cities with data on both health insurance and air pollution available were

included. We applied a commonly used two-stage approach to obtain regional and national

average estimates of the associations between air pollution and daily hospital admissions for

ischemic stroke [26,27]. This method and the model used in this study were designed before

the analyses were conducted. The primary analysis was based on single-pollutant models

[24,26,28,29]. In the first stage, a time-series analysis using Poisson regression in a generalized

additive model was applied to estimate the associations in each city. Confounding covariates

were incorporated in the model, including temperature, relative humidity, public holidays,

and day of the week, which are predefined according to previously published studies

[24,26,28,29]. We controlled for seasonality and time trends using a natural cubic spline with

seven degrees of freedom (df) per year to exclude unmeasured time trends longer than 2

months in hospital admissions for ischemic stroke [24]. The selection of 7 df per year for calen-

dar time was based on the parameter used in several recent large national studies in China

[24,25,30,31]. We adjusted for the nonlinear and delayed effects of weather conditions on

ischemic stroke admissions by fitting natural cubic splines with 3 df for the 3-day moving aver-

age air temperature and relative humidity [14]. We also incorporated indicator variables for

public holidays and day of the week to adjust for the difference in the baseline hospital

Air pollution and ischemic stroke
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admission rates for each day. The model was as shown below:

Log½EðYtÞ� ¼ aþ bðair pollutantsÞþ day of the weekþ public holidaysþ nsðcalendar time;

df ¼ 7=per yearÞþ nsðtemperature; df ¼ 3Þ þ nsðrelative humidity; df ¼ 3Þ

where E(Yt) is the expected count of admissions for ischemic stroke on day t; β represents the

log-relative risk of ischemic stroke associated with a unit increase of air pollutant levels; ns()

indicates natural cubic spline function; public holidays and day of the week were included in

the model as indicator variables; and temperature and relative humidity indicate 3-day moving

average air temperature and relative humidity, respectively. We used same-day air pollutant

concentrations (lag 0) in our main analyses, because it often produced the largest effect esti-

mate in previous studies [5,7,28]. Single lags of 1 and 2 days were also conducted to explore

the lag pattern in the effects. In the second stage, we conducted random-effects meta-analyses

to pool the city-specific results for regional- or national-level estimates [26,27].

Subgroup analyses were performed stratified by individual characteristics, including sex

and age (18–64, 65–74, and�75 years). Considering the substantial variations in air pollution

levels, meteorological conditions, and topography between southern and northern China,

defined by the Huai River–Qinling Mountains line [32,33], a stratified analysis by geographical

region was also conducted [24,26]. We compared the stratified models using a z-test [34].

We also evaluated whether the associations between air pollution and daily ischemic stroke

admission differed by city-level characteristics, including cities’ mean air pollutant levels,

ambient temperatures, relative humidity, and gross domestic product (GDP) per capita using

meta-regression models [24,26]. Data on GDP per capita were collected from city statistical

yearbooks.

Several sensitivity analyses were conducted to assess the robustness of the results: (1) using

different subsets of cities with 2- or 3-year data; (2) using different df values (6–12 per year) for

time trend, temperature (4–6), and relative humidity (4–6); (3) two-pollutant models if an

individual pollutant showed a statistically significant association with ischemic stroke admis-

sion (P< 0.05).

All results were reported as percentage changes and 95% confidence intervals (CIs) in daily

hospital admissions for ischemic stroke, in association with increases of 10 μg/m3 in PM2.5,

SO2, NO2, and O3 and 1 mg/m3 in CO exposures. To allow for comparison of the size of effects

across the several pollutants, we also reported estimated effects in interquartile range (IQR)

increments. All first-stage analyses were done using R, version 3.2.2 (R Foundation for Statisti-

cal Computing, Vienna, Austria). Meta-analyses were conducted in Stata statistical software,

version 12 (StataCorp, College Station, TX).

Results

A total of 2,032,667 hospital admissions for ischemic stroke from 172 cities in China formed

the basis of this study. Of the 172 cities, 86 cities were located in south region and 86 cities

were in the north. The locations of the 172 cities are shown in Fig 1. Overall, there were 65.0%

male patients and 35.5% patients aged�75 years. The sex distribution of ischemic stroke

patients in the south versus north regions was similar, while the proportion of elderly patients

was higher in southern China (Table 1). Table 2 presents the summary statistics of air pollut-

ants and weather conditions from citywide averages of the monitors in the 172 Chinese cities

between 2014 and 2016. The average annual means (standard deviation [SD]) of air pollutants

were 51.5 (21.6) μg/m3 for PM2.5, 27.9 (16.5) μg/m
3 for SO2, 31.0 (10.8) μg/m

3 for NO2, 1.07

(0.35) mg/m3 for CO, and 86.1 (13.6) μg/m3 for O3, respectively. On average, cities in northern

China have higher air pollutant levels and lower air temperatures and relative humidity. The
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levels of PM2.5, SO2, NO2, and CO were positively correlated with each other (correlation coef-

ficient = 0.52–0.64, P< 0.001), while O3 was negatively correlated with other air pollutants

(Table 3).

Fig 2 presents the national average estimates of the associations between air pollution and

hospital admissions for ischemic stroke for different lag structures. All analyzed air pollutants,

with the exception of O3, showed consistent significant associations at lag 0 day. Increases of

10 μg/m3 in concurrent day PM2.5, SO2, NO2, and O3 and 1 mg/m3 in CO exposure were

Fig 1. Locations of the 172 Chinese cities in this study. The most populous city in each province is marked with its name.

https://doi.org/10.1371/journal.pmed.1002668.g001

Table 1. Demographic characteristics of hospital admissions for ischemic stroke in 172 cities in China, 2014–
2016.

Variable Overall Southern China Northern China

Number of cities 172 86 86

Total 2,032,667 839,266 1,193,401

Sex

Male (%) 1,320,444 (65.0) 521,504 (62.1) 798,940 (68.0)

Female (%) 712,223 (35.0) 317,762 (37.9) 394,461 (32.0)

Age (years)

18–64 (%) 656,819 (33.3) 214,887 (26.3) 441,931 (38.2)

65–74 (%) 616,339 (31.2) 250,744 (30.7) 365,595 (31.6)

�75 (%) 702,065 (35.5) 351,654 (43.0) 350,411 (30.3)

https://doi.org/10.1371/journal.pmed.1002668.t001
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associated with 0.34% (95% CI, 0.20%–0.48%), 1.37% (95% CI, 1.05%–1.70%), 1.82% (95% CI,

1.45%–2.19%), 0.01% (95% CI, −0.14%–0.16%), and 3.24% (95% CI, 2.05%–4.43%) increases

in hospital admissions for ischemic stroke, respectively. The estimated effects in IQR incre-

ments are also presented in S1 Table.

Table 2. Summary statistics† for air pollutant concentrations and meteorological variables in 172 cities in China, 2014–2016.

Variable Mean ± SD Minimum Percentile Maximum IQR

25th 50th 75th

PM2.5 (μg/m
3) 51.5 ± 21.6 15.7 37.5 49.6 59.7 122.3 22.2

Southern China 46.5 ± 13.7 15.7 35.8 47.8 57.7 78.9 21.9

Northern China 56.6 ± 26.4 16.7 38.8 51.4 70.3 122.3 31.5

PM10 (μg/m
3) 91.8 ± 61.3 28.0 65.3 84.5 102.0 186.0 36.7

Southern China 72.3 ± 19.0 28.0 56.0 73.3 86.0 113.6 30.0

Northern China 110.2 ± 79.3 40.9 72.2 94.4 127.2 186.0 50.0

SO2 (μg/m
3) 27.9 ± 16.5 6.1 17.0 23.0 34.5 78.3 17.5

Southern China 19.3 ± 7.1 6.1 13.9 19.9 23.4 40.6 9.5

Northern China 35.9 ± 18.7 6.7 19.3 33.1 50.1 78.3 30.8

NO2 (μg/m
3) 31.0 ± 10.8 10.0 22.4 30.9 37.7 59.7 15.3

Southern China 29.7 ± 10.5 10.0 21.0 29.9 36.7 51.9 15.7

Northern China 32.2 ± 11.0 12.0 22.9 33.0 40.3 59.7 17.4

CO (mg/m3) 1.07 ± 0.35 0.39 0.85 1.00 1.26 2.24 0.41

Southern China 0.95 ± 0.21 0.39 0.82 0.95 1.06 1.51 0.24

Northern China 1.18 ± 0.42 0.47 0.88 1.14 1.44 2.24 0.56

O3 (μg/m
3) 86.1 ± 13.6 51.4 77.5 86.7 96.2 118.0 18.7

Southern China 84.8 ± 12.5 51.4 77.5 83.6 93.7 109.0 16.2

Northern China 87.2 ± 14.6 55.2 78.0 88.4 97.1 118.0 19.1

Temperature (˚C) 14.3 ± 5.4 0.3 10.6 14.9 17.8 24.9 7.2

Southern China 18.4 ± 2.9 10.0 16.6 17.8 20.7 24.9 4.1

Northern China 10.1 ± 3.8 0.3 7.5 10.7 13.3 16.9 5.8

Relative humidity (%) 68.7 ± 13.4 35.8 58.9 69.2 78.4 83.8 19.5

Southern China 79.0 ± 9.0 60.4 74.7 78.4 81.1 83.8 6.4

Northern China 58.4 ± 8.0 35.8 53.0 58.9 64.1 78.0 11.1

†Statistics were generated from citywide averages of the monitors.

Abbreviation: IQR, interquartile range.

https://doi.org/10.1371/journal.pmed.1002668.t002

Table 3. Spearman correlation coefficients among the exposure variables in 172 cities in China, 2014–2016.

Variables PM2.5 PM10 SO2 NO2 CO O3 Temp RH

PM2.5 1.00 0.90† 0.57† 0.64† 0.60† −0.15† −0.25† −0.09†

PM10 ― 1.00† 0.61† 0.63† 0.56† 0.05† −0.26† −0.29†

SO2 ― ― 1.00 0.57† 0.52† −0.09† −0.38† −0.34†

NO2 ― ― ― 1.00 0.53† −0.13† −0.30† −0.12†

CO ― ― ― ― 1.00 −0.21† −0.28† −0.04†

O3 ― ― ― ― ― 1.00 0.53† −0.22†

Temp ― ― ― ― ― ― 1.00 0.25†

RH ― ― ― ― ― ― ― 1.00

†P< 0.01.

Abbreviations: RH, relative humidity; Temp, temperature.

https://doi.org/10.1371/journal.pmed.1002668.t003
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Fig 3 shows the associations between air pollutant levels (lag 0) and ischemic stroke admis-

sion, stratified by geographical region, sex, and age. The associations varied by geographical

region and age. The associations were generally stronger in the south region, and also in

patients aged�75 years. We did not observe evidence for effect modification by sex

(P> 0.05). Table 4 shows the results from meta-regression analyses. Generally, the acute

effects of air pollutants on ischemic stroke were greater in cities with lower air pollutant levels

and higher air temperatures. We found no evidence for effect modification by relative humid-

ity and GDP per capita.

Table 5 shows the results of two-pollutant models. The associations of ischemic stroke with

SO2 and NO2 remained statistically significant when controlling for the effects of other air pol-

lutants. However, the estimated effects of PM2.5 and CO exposure turned out to be statistically

insignificant after adjustment of SO2 and NO2. Sensitivity analyses were present in S2 Table.

Pooled significant associations between air pollution and daily hospital admissions for ische-

mic stroke were consistently observed across all cities, cities with 2-year data, and cities with

Fig 2. PC and 95% CI in daily hospital admissions for ischemic stroke associated with increases of 10 μg/m3 in PM2.5, SO2,
NO2, and O3 and 1 mg/m3 in CO concentrations at different lag days. CI, confidence interval; PC, percentage change.

https://doi.org/10.1371/journal.pmed.1002668.g002
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Fig 3. PC and 95% CI in daily hospital admissions for ischemic stroke associated with increases of 10 μg/m3 in
PM2.5, SO2, NO2, and O3 and 1 mg/m3 in CO concentrations (lag 0), classified by sex, age, and region. P value
obtained from z-test for the difference between the two risk estimates derived from stratified analysis. CI, confidence
interval; PC, percentage change.

https://doi.org/10.1371/journal.pmed.1002668.g003

Air pollution and ischemic stroke
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3-year data. The use of alternative df value for time trend (6–12 per year), temperature (4–6),

and relative humidity (4–6) did not substantially affect the effect estimates of the associations

between air pollution and daily hospital admissions for ischemic stroke.

Discussion

To the best of our knowledge, this is the first national study in China to systematically examine

the associations between short-term exposure to ambient air pollution and ischemic stroke.

Overall, our study suggested that transient increases in PM2.5, SO2, NO2, and CO were signifi-

cantly associated with increased hospital admissions for ischemic stroke in 172 Chinese cities

in single-pollutant models. The associations of SO2 and NO2 remained significant in two-

pollutant models, but not PM2.5 and CO associations. The associations were stronger in the

elderly. The associations varied with several city-level characteristics, including geographical

region, air pollutant levels, and air temperatures. Our findings contributed to the limited evi-

dence regarding the acute effects of air pollution on ischemic stroke in low- and middle-

income countries.

Table 4. Relations between air pollutant effects and city-specific characteristics.

Variables Percentage change 95% confidence interval P

PM2.5

PM2.5 (10 μg/m
3) −0.065 −0.151–0.022 0.143

Temperature (˚C) 0.011 0.001–0.021 0.047

Relative humidity (%) 0.002 −0.012–0.016 0.741

GDP per capita −0.044 −0.130–0.043 0.318

SO2

SO2 (10 μg/m
3) −0.398 −0.708–−0.087 0.012

Temperature (˚C) 0.196 0.075–0.316 0.002

Relative humidity (%) 0.066 0.025–0.016 0.002

GDP per capita 0.054 −0.200–0.308 0.676

NO2

NO2 (10 μg/m
3) −0.487 −1.057–0.085 0.094

Temperature (˚C) 0.176 0.056–0.296 0.004

Relative humidity (%) 0.023 −0.021–0.067 0.298

GDP per capita −0.131 −0.390–0.129 0.320

CO

CO (1 mg/m3) −4.714 −8.926–−0.307 0.036

Temperature (˚C) 0.309 −0.065–0.685 0.105

Relative humidity (%) 0.087 −0.046–0.222 0.199

GDP per capita −0.138 −0.958–0.688 0.741

Abbreviation: GDP, gross domestic product.

https://doi.org/10.1371/journal.pmed.1002668.t004

Table 5. Associations of air pollution with hospital admissions for ischemic stroke in two-pollutant models.

Variable PM2.5 SO2 NO2 CO

Adjusted for PM2.5 ― 1.45 (1.07–1.83) 2.26 (1.80–2.71) 2.58 (0.95–4.24)

Adjusted for SO2 0.06 (−0.10–0.22) ― 1.61 (1.11–2.10) 1.17 (−0.27–2.62)

Adjusted for NO2 −0.17 (−0.34–0.01) 0.60 (0.19–1.02) ― −0.64 (−2.29–1.05)

Adjusted for CO 0.17 (−0.02–0.37) 1.41 (1.01–1.81) 2.27 (1.75–2.80) ―

https://doi.org/10.1371/journal.pmed.1002668.t005
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In contrast to prior Chinese studies using morbidity data obtained from a single city or

large hospitals, we analyzed the national data under a systematically consistent framework,

thus significantly decreasing the impacts of publication bias as well as having greater statistical

power to detect the associations of air pollution with ischemic stroke. We included 172 cities

in China involving great diversity in air pollutant levels, geography, weather conditions, and

socioeconomic status, which enabled us to explore the potential effect modification by these

characteristics. Therefore, our study would yield more representative and stable effect esti-

mates of the short-term associations between air pollution and ischemic stroke admission than

prior studies offered.

All analyzed air pollutants, with the exception of O3, were significantly associated with

increased ischemic stroke admissions in single-pollutant models in this study. A majority of

previously published epidemiological studies were from high-income countries, yielding

inconclusive results on this issue. For example, Wellenius and colleagues [35] estimated the

short-term effects of air pollution on hospital admissions for ischemic stroke among Medicare

beneficiaries (aged�65 years) residing in nine United States counties. IQR increases in same-

day particulate matter with aerodynamic diameter<10 μm (PM10) (22.96 μg/m
3), CO (0.71

parts per million [ppm]), NO2 (11.93 parts per billion [ppb] μg/m3), and SO2 (6.96 ppb) con-

centrations were associated with 1.03%, 2.83%, 2.94%, and 1.35% increases in ischemic stroke

admissions, respectively. However, no association was found between short-term exposure to

air pollution and stroke in eight French cities [36]. Similarly, a case-crossover study done in

seven Australian and New Zealand cities failed to observe significant associations of air pollut-

ant levels with stroke in elderly people [37]. In a meta-analysis of studies on the acute effects of

air pollution on stroke, Shah and colleagues [7] estimated that the excess changes in daily hos-

pital admissions for stroke associated with per 10 μg/m3 increment of PM2.5; 10 ppb increment

of SO2, NO2, and O3; and 1 ppm increment of CO were 1.1% (95% CI, 1.0%–1.2%), 1.6% (95%

CI, 0.4%–2.8%), 1.2% (95% CI, 0.5%–1.8%), 0.1% (95% CI, 0%–0.2%), and 1.1% (95% CI,

−0.1%–2.3%), respectively. The inconsistency of the results on the associations between air

pollution and stroke might be attributable to variations in air pollution levels, outcome defini-

tions, weather conditions, population susceptibility, and sociodemographic characteristics

across studies.

In two-pollutant models, the associations of ischemic stroke with SO2 and NO2 remained

significant when controlling for the effects of other air pollutants. However, the estimated

effects of PM2.5 and CO exposure turned out to be statistically insignificant after adjustment

of SO2 and NO2. Our results were consistent with several multicenter studies. For example,

two recent studies done in 272 Chinese cities reported significant effects of SO2 and NO2 on

all-cause and cardiovascular mortality after controlling for PM2.5 and CO [31,38]. Liu and

colleagues reported a significant association between CO and stroke mortality in single-pol-

lutant model, but it became nonsignificant after adjustment of SO2 and NO2 [30]. A recent

multi-city study done in 26 Chinese cities reported significant short-term associations

between PM10, SO2, NO, and CO and hospital admissions for ischemic stroke in single-pol-

lutant models. Similarly, in two-pollutant models, the associations of ischemic stroke with

SO2 and NO2 remained stable and significant after adjusting for PM10 and CO, while the

associations for PM10 and CO became nonsignificant when controlling for SO2 and NO2

[39]. NO2 generally serves as a surrogate measure for vehicular pollution because of its close

association with vehicle exhaust emissions [40]. SO2 is largely from combustion of sulfur-

containing fuels such as coal and oil. In China, a substantial proportion of PM2.5 originates

from vehicle exhaust emissions [41]. The attenuation of the effect of PM2.5 can be interpreted

by either that the PM2.5 effect may be confounded by other air pollutants or by the collinear-

ity in the regression model, as suggested by a vast amount of literature [29,42], although the
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CIs of the effect estimations were not remarkably inflated in the two-pollutant model in our

study.

The identification of potentially sensitive subpopulations has significant implications for

scientific and public health purposes, as it may provide new insights into the mechanisms and

help to target certain subgroups that need to reduce personal exposure during hazardous pol-

lution days. In this study, we found that the effect estimates of air pollutants for the�75 age

group were higher than for the 18–64 age group. It is now generally believed that elderly sub-

jects are at increased risk of cardiovascular events associated with short-term exposure to air

pollution [43].

Few studies have explored city-level characteristics in the relations between air pollution

and ischemic stroke, possibly because of the small number of study sites in prior studies. In

this nationwide study, we found smaller effects of air pollutants in cities with higher air pollut-

ant levels. Similarly, several recent studies done in China reported weaker acute effects of air

pollution on mortality risk in cities with higher air pollutant levels [24,26]. The relatively

smaller effect estimates at higher air pollutant levels might be related to “harvesting effect”

in that people who are vulnerable to air pollution exposure might have developed ischemic

stroke symptoms and gone to hospitals before air pollution reached a fairly high level [44]. In

addition, we found increased risk of ischemic stroke associated with higher air temperatures.

Previous studies have demonstrated that high temperatures could enhance acute effects of air

pollution on mortality risk [24,45].

Moreover, we explored the variation of risks between southern and northern China, and

observed higher effect estimates in the south region, which is consistent with the reported

higher mortality effects associated with air pollution in the south region [24,26]. There are sev-

eral possible explanations for this regional variation in the magnitude of effect estimates. First,

differences in demographic characteristics of ischemic stroke patients may contribute to the

regional heterogeneity. For example, the south region has a remarkably higher proportion of

patients aged�75 years, who were found to be more susceptible to adverse effects of air pollu-

tion in our study. Second, air pollution is a heterogeneous, complex mixture consisting of vari-

ous compounds from multiple sources. The effects of each component or source on stroke

remain unclear [43]. Because of the winter heating policy, cities located in the north region

generally have a higher proportion of crustal components and materials in relation to biomass

burning [46]. The differences in the composition and sources of air pollution between the

south and north regions may be responsible for the spatial heterogeneity of effect estimates.

Third, the substantial differences in the meteorological conditions between southern and

northern China may be another possible explanation. In this study, the south region has sub-

stantially higher air temperature, which could enhance effects of air pollution on ischemic

stroke, as shown in the meta-regression analysis (Table 4).

To further explore the variables contributing to the regional variation in the magnitude of

effect estimates, an analysis on the association between temperature and ischemic stroke was

conducted, showing that a 1 ˚C increase in the same-day temperature was associated with a

0.44% (0.29%–0.58%) increase in hospital admissions for ischemic stroke after controlling

for calendar time, relative humidity, public holidays, and day of the week. The associations

between air pollution and ischemic stroke were more evident in the warm season, compared

with those in the cool season (S3 Table). In addition, we divided the 172 cities into four groups

based on their annual average temperatures and air pollutant levels. High temperature could

consistently enhance the effects of air pollution in both low- and high-polluted areas, while the

positive effect modification of long-term air pollutant levels were less consistent (S4 Table).

These findings indicate that high temperature might exert greater modifying effects on the

associations than long-term air pollution levels.
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This study has several potential limitations. First, the use of ambient air pollutant levels as a

proxy for personal measures is expected to result in exposure measurement error, although this

misclassification is expected to bias the risk estimates downward [47]. Second, the impacts of

potential misclassification of ischemic stroke resulting from diagnostic error should be consid-

ered when interpreting the results. However, this error is unlikely related to air pollutant levels

and is expected to reduce the precision of the estimates and bias the risk estimates downward

[35]. Third, we linked air pollutant levels to ischemic stroke events based on date of admission

rather than on date of symptom onset, which would cause non-differential error in exposure

measurement and bias of the effect estimates toward null [47]. Finally, although one-stage and

two-stage methods usually generate very similar results [48], the first-step variances in a two-

stage analysis are often not exactly those implied in a one-stage method, which may further

lead to the issue related to propagating the uncertainty and the correlation structure. However,

computational problems in a one-stage method might be formidable in large data sets [49].

In conclusion, we found that short-term exposure to air pollution was associated with

increased hospital admission for ischemic stroke in China. Our study also provided evidence

that the acute effects of air pollution on ischemic stroke were modified by certain city-level

characteristics.
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