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Abstract 

Background Short-term air pollution exposure and intracerebral hemorrhage (ICH) risk are related. However, 
the impact of the pollutant levels decline on this relationship, which attributes to clean air policy implementation 
and the COVID-19 pandemic lockdown, is unclear. In the present research, we explored the influence of different pol-
lutant levels on ICH risk during eight years in a southwestern China megacity.

Methods Our research used a time-stratified case-crossover design. We retrospectively analyzed ICH patients 
in a teaching hospital from January 1, 2014, to December 31, 2021, and divided 1571 eligible cases into two groups 
(1st group: 2014–2017; 2nd group: 2018–2021). We observed the trend of every pollutant in the entire study period 
and compared the pollution levels in each group, using air pollutants data  (PM2.5,  PM10,  SO2,  NO2, CO, and  O3) docu-
mented by the local government. We further established a single pollutant model via conditional logistic regression 
to analyze the association between short-term air pollutants exposure and ICH risk. We also discussed the association 
of pollution levels and ICH risk in subpopulations according to individual factors and monthly mean temperature.

Results We found that five air pollutants  (PM2.5,  PM10,  SO2,  NO2, CO) exhibited a continuous downward trend 
for the whole duration, and the daily concentration of all six pollutants decreased significantly in 2018–2021 com-
pared with 2014–2017. Overall, the elevation of daily  PM2.5,  SO2, and CO was associated with increased ICH risk 
in the first group and was not positively associated with risk escalation in the second group. For patients in subgroups, 
the changes in the influence of lower pollutant levels on ICH risk were diverse. In the second group, for instance, 
 PM2.5 and  PM10 were associated with lower ICH risk in non-hypertension, smoking, and alcohol-drinking participants; 
however,  SO2 had associations with increased ICH risk for smokers, and  O3 had associations with raised risk in men, 
non-drinking, warm month population.

Conclusions Our study suggests that decreased pollution levels diminish the adverse effects of short-term air pol-
lutants exposure and ICH risk in general. Nevertheless, the influence of lower air pollutants on ICH risk in subgroups 
is heterogeneous, indicating unequal benefits among subpopulations.
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Background
Intracerebral hemorrhage (ICH), a dominant subtype of 
hemorrhagic stroke, is a leading cause of disability and 
death worldwide [1, 2]. According to The Global Bur-
den of Diseases, Injuries, and Risk Factors Study, ICH 
constitutes 27.9% of all newly diagnosed strokes, and 
the proportion in World Bank low-income to upper-
middle-income countries is nearly twice as high as that 
in high-income countries. Statistics on an international 
scale indicate that the absolute incidence of ICH is 34.1 
per 100,000 annually, and the number of disability-
adjusted life years is 685.7 per 100,000 [3]. In China, 
there were 0.85 million new ICH cases and 1.07 million 
related deaths in 2019, with a growth of 17.6% and 37.4% 
compared with 1990 [4]. The disease burden is severe 
nationally, [4] given that ICH patients always have poor 
prognoses and few proven treatments [5].

Increasing evidence demonstrates that air pollution 
is an influential environmental risk factor for stroke, 
and this risk factor is estimated to be responsible for 
14% of all stroke-associated deaths [2]. Although not as 
numerous as studies for ischemic stroke, the association 
between short-term ambient air pollutants exposure and 
ICH risk is confirmed globally, including the countries in 
Asia, North America, and Europe [6–18]. In our previ-
ous report, we found that the daily concentration of par-
ticulate matter with an aerodynamic diameter ≤ 2.5  μm 
 (PM2.5), particulate matter with an aerodynamic diam-
eter ≤ 10  μm  (PM10), sulfur dioxide  (SO2), and carbon 
monoxide (CO) with a lag of 4 days had positive associa-
tions with the risk of ICH [15]. Therefore, it is logical to 
speculate that low pollutant level is conducive to reduc-
ing ICH risk and bringing benefits to this population.

Over the past decade, multinational governments have 
actively advocated clean air policies to control ambient 
air pollution. Particularly, since the ongoing COVID-19 
global pandemic in 2019, the level of ambient pollutants 
has been an unprecedented drop due to the dramatic 
and sudden reduction in anthropogenic activity [19, 20]. 
There is a call for researchers to explore whether cleaner 
air can result in less air pollution-related disease, [2] 
although the executive air quality standards vary in dif-
ferent countries [21]. Studies to evaluate the impact of 
clean air on human diseases, such as cardiovascular dis-
ease and ischemic stroke, confirm significant reductions 
in air pollution-related total and cause-specific deaths 
and lower disease morbidity [22–24]. However, the inves-
tigation that analyzes the association between decreased 
short-term air pollutants exposure and ICH risk is scarce.

Chengdu is a megacity in southwestern China, having 
a subtropical monsoon climate and four distinct sea-
sons, with low wind speed, high humidity, and less sun-
shine [25]. The outdoor pollutants detected by the local 

government since 2014 include  PM2.5,  PM10,  SO2, nitro-
gen dioxide  (NO2), CO, and ozone  (O3). In the present 
research, we conducted a time-stratified case-crossover 
study to explore the relationship between ambient air 
pollutant levels and ICH risk over eight years in this 
region by dividing the participants into two groups. We 
also discussed the association of pollution levels and ICH 
risk in subpopulations according to individual factors and 
monthly mean temperature.

Methods
Study area and population
We retrospectively analyzed 1874 ICH patients in a 
teaching hospital (east longitude 103.8° and north lati-
tude 30.7°) in the western region of Chengdu from 
January 1, 2014, to December 31, 2021 (2922  days). 
There were 1571 eligible cases with 303 exceptions. 
The hospital, the nearest medical center to the national 
benchmark climate station in Chengdu (straight-line dis-
tance = 6.4 km), covers an area of 277 square kilometers 
and provides medical services to a population of more 
than one million. We defined ICH cases as patients with 
I61 coding (ICD-10), which included cerebral hemi-
sphere hemorrhage (lobar and deep), brainstem hemor-
rhage, cerebellar hemorrhage, ventricular hemorrhage, 
multi-site cerebral hemorrhage, and other cerebral hem-
orrhages. The diagnostic criteria for these participants 
refer to our previous report [15]. We excluded patients if 
they had macro-cerebrovascular diseases, attacks outside 
Chengdu, unclear onset time, or a lack of clinical data. All 
research procedures followed the ethical standards of the 
Chengdu Fifth People’s Hospital Ethical Committee (ref. 
no. 2019–085), and informed consent was waived since 
data were anonymized.

Clinical, air pollution, and meteorological data
We collected clinical information of eligible cases using 
hospital electronic medical records. The patient’s char-
acteristics comprised age, sex, hypertension, diabetes, 
smoking, and alcohol drinking. Smoking history was 
defined as continuous or cumulative smoking for six 
months or more. Alcohol drinking history was defined as 
taking alcohol drink at least once a month or cumulative 
drinking for six months or more. We included six air pol-
lutants  (PM2.5,  PM10,  SO2,  NO2, CO, and  O3) and gath-
ered their daily concentration from December 27, 2013, 
to December 31, 2021 (2927 days), utilizing the data from 
Chengdu Ecological and Environment Bureau (http:// 
sthj. cheng du. gov. cn/). The daily values of  PM2.5,  PM10, 
 SO2, and  NO2 were the 24-h mean concentration, CO 
was the 95th percentile of the daily mean concentration, 
and  O3 was the 90th percentile of the 8-h maximum con-
centration. In addition, we collected meteorological data 

http://sthj.chengdu.gov.cn/
http://sthj.chengdu.gov.cn/
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of the same period, including daily temperature (TEM) 
and daily relative humidity (RHU), as covariables to con-
trol their influence on ICH risk. We also calculated the 
monthly mean TEM to determine the effect of the ther-
mal background. The cold months were monthly mean 
TEM < 20  °C, and the warm months were ≥ 20  °C. The 
meteorological data were from the Chinese Meteorologi-
cal Data Center (http:// data. cma. cn/).

Study design
Our study adopted a time-stratified case-crossover 
design. We divided eligible cases into two groups based 
on attack time. The first group included ICH patients 
from January 1, 2014, to December 31, 2017 (2014–
2017), and the second from January 1, 2018, to Decem-
ber 31, 2021 (2018–2021) (Fig.  1). This time bisection 
can balance the number of cases in each study period, 
which helps to reduce selective bias. Case days (lag0) 
were the days when ICH symptoms occurred, and 
the control days were corresponding days of the same 
month with seven days as the interval. Study days were 
the sum of case days and control days. To analyze the 
lag effect, we included air pollution and meteorological 

data 1–5 days (lag1-5) before case days, and the selec-
tion of lag1-5 in the control days was accordant. The 
data we used were from the electronic medical record 
in the hospital, as the administration data can easily 
cause the dislocation classification of stroke time and 
shift the effect to zero [13].

Statistical analysis
We plotted a scatter diagram with a locally weighted 
scatterplot smoothing curve for each air pollutant to 
assess the trend of the daily concentration level in the 
entire study period. We adopted the Chi-square test 
or Wilcoxon rank-sum test as appropriate for group 
comparison of the clinical, air pollution, and meteoro-
logical data and used Spearman correlation analysis for 
relationship exploration between the pollutants and 
meteorological data. We established a single pollutant 
model through conditional logistic regression to ana-
lyze the association between short-term air pollutants 
exposure and ICH risk in the two groups. The formula 
of the single-pollutant conditional logistic regression is 
as follows.

Fig. 1 Flow chart of the present study. We retrospectively reviewed 1874 patients with intracerebral hemorrhage (ICH) and enrolled 1571 eligible 
cases with 303 exceptions. We divided the cases into two groups according to ICH onset time. Seven hundred and four patients belonged 
to the first group (red) from January 1, 2014, to December 31, 2017, and 867 belonged to the second (blue) from January 1, 2018, to December 
31, 2021. Case days were the days when ICH symptoms occurred, and control days were corresponding days of the same month with seven days 
as the interval. Study days were the sum of case days and control days

http://data.cma.cn/
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P was the probability of ICH occurrence, and i was the 
number of matched pairs. X represented a single air pol-
lutant, for instance,  PM2.5,  PM10,  SO2,  NO2, CO, or  O3. 
β0i was the constant term of the matched pairs effect; β1, 
β2, and β3 were the model parameters.

We also investigated the influence of pollutants on ICH 
risk in different subpopulations by individual factors (age, 
sex, hypertension, diabetes, smoking, and alcohol drink-
ing) and monthly mean TEM. Two variables did not 
enter regression analysis if their absolute value of corre-
lation coefficient exceeded 0.9 [25]. We conducted sen-
sitivity analyses to examine the robustness of our main 
results. (Supplementary materials) We calculated the 
odds ratios when the daily values of  PM2.5,  PM10,  NO2, 
and  O3 increased by 10 μg/m3,  SO2 by 1 μg/m3, and CO 
by 0.1 mg/m3, respectively. Our research used R statisti-
cal software (4.1.2) and Graphpad (9.0) for analysis and 
plotting. The difference was statistically significant when 
P < 0.05.

Results
Statistical description
Our study enrolled 1571 ICH patients. The median age 
of the patients was 63 years (20 to 95), and nearly two-
thirds were men (65.9%). 69.5% of the patients had hyper-
tension, 11.7% had diabetes, and more than 30% had 
smoking (31.0%) or alcohol drinking (31.6%). According 
to the monthly mean TEM, 983 cases occurred in the 
cold month (< 20 °C), and the percentage was 62.6%. We 
divided the cases into two groups according to the onset 
time. There were 704 patients in the first group (2014–
2017) and 867 in the second group (2018–2021). We 
did not observe a statistical difference in age, sex, diabe-
tes, smoking, or alcohol drinking between these groups 
except for hypertension (Table 1).

The scatter diagrams with locally weighted scatterplot 
smoothing curves demonstrate that five air pollutants 
 (PM2.5,  PM10,  SO2,  NO2, CO) exhibited a continuous 
downward trend, while  O3 did not have this manifest 
tendency. (Fig.  2) Table  2 shows the statistical descrip-
tion of air pollutants and meteorological data in the two 
study groups (2014–2017 vs. 2018–2021). Compared 
with 2014–2017, the daily concentration of  PM2.5,  PM10, 
 SO2,  NO2, and CO in 2018–2021 decreased dramatically 
(P < 0.001). And the daily  O3 level also declined signifi-
cantly (P = 0.027), although not as encouraging as other 
pollutants. However, we did not observe a significant dif-
ference in daily TEM and RHU between the two periods 
(Fig. 3). The Spearman analysis showed that the absolute 
values of correlation coefficients of  PM2.5 and  PM10 were 

Logit(Pi) = ln
Pi

1− Pi
= β0i + β1X + β2TEM + β3RHU

all greater than 0.9 in the entire (2014–2021), the first 
(2014–2017), and the second study period (2018–2021) 
(Fig. 4).

Single pollutant model
We constructed a single pollutant model to study the 
association between ambient air pollutants and the ICH 
risk in each group. The results revealed that the eleva-
tion of daily concentration of  PM2.5 (lag4),  SO2 (lag4), 
and CO (lag4&5) was associated with increased ICH 
risk in the first group. Nevertheless, for the cases in the 
second group, the increment of pollutants was not posi-
tively associated with risk escalation. Unexpectedly, the 
increase of  SO2 (lag1) and  NO2 (lag2) in the second group 
was even associated with decreased ICH risk (Fig. 5).

Stratified analysis
We further conducted a stratified analysis, and the results 
showed various associations between air pollutants 
and ICH risk in subgroup patients (Fig. 6). The detailed 
results are as follows.

1 In the first group,  PM2.5 and  PM10 were associated 
with increased ICH risk for non-smoking or non-
drinking patients, and  PM2.5 was associated with an 

Table 1 Baseline characteristics of patients with intracerebral 
hemorrhage enrolled in the present study

a Comparison was performed between patients in 2014–2017 and 2018–2021
b Data were expressed in median and upper/lower quartile

Variables Overall (n = 1571) Year: 
2014–2017 
(n = 704)

Year: 
2018–2021 
(n = 867)

P a

Age b 63 (52, 73) 63 (51, 72) 64 (53, 74) 0.087

Sex 0.931

 Male 1035 (65.9%) 463 (65.8%) 572 (66.0%)

 Female 536 (34.1%) 241 (34.2%) 295 (34.0%)

Hypertension 0.019

 Yes 1092 (69.5%) 468 (66.5%) 624 (72.0%)

 No 479 (30.5%) 236 (33.5%) 243 (28.0%)

Diabetes 0.240

 Yes 184 (11.7%) 75 (10.7%) 109 (12.6%)

 No 1387 (88.3%) 629 (89.3%) 758 (87.4%)

Smoking 0.458

 Yes 487 (31.0%) 225 (32.0%) 262 (30.2%)

 No 1084 (69.0%) 479 (68.0%) 605 (69.8%)

Alcohol drinking 0.399

 Yes 496 (31.6%) 230 (32.7%) 266 (30.7%)

 No 1075 (68.4%) 474 (67.3%) 601 (69.3%)

Cold month 0.637

 Yes 983 (62.6%) 436 (61.9%) 547 (63.1%)

 No 588 (37.4%) 268 (38.1%) 320 (36.9%)
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Fig. 2 Scatter diagrams of daily air pollutants concentration with locally weighted scatterplot smoothing curves. The abscissa represents the date, 
and the ordinate represents the pollutant concentration. The unit of  PM2.5,  PM10,  SO2,  NO2, and,  O3 is μg/m3, and the unit of CO is mg/m3
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increased risk of cases with hypertension or non-
diabetes. However,  PM10 had associations with 
decreased risk for elderly patients (≥ 60). In the sec-
ond group,  PM2.5 and  PM10 had associations with 

lowered risk in non-hypertension, smoking, or alco-
hol-drinking cases.

2 SO2 in the first group was associated with increased 
ICH risk for the old (≥ 60), hypertension, non-dia-

Table 2 Statistical descriptions of ambient air pollutants and meteorological parameters from December 27, 2013, to December 31, 
2021, in Chengdu

a Comparison was performed between 2014–2017 and 2018–2021 for air pollutants and meteorological parameters

Abbreviations: TEM Temperature, RHU Relative humidity, Min Minimum, Q1 Lower quartile, Q2 Median, Q3 Upper quartile, Max Maximum, IQR Interquartile range

Variables 2014–2017 2018–2021 P a

Min Q1 Q2 O3 Max IQR Min Q1 Q2 O3 Max IQR

PM2.5 (μg/m3) 6.0 33.0 51.0 81.0 396.0 48.0 4.0 22.0 35.0 55.0 201.0 33.0  < 0.001

PM10 (μg/m3) 16.0 57.2 85.0 135.0 562.0 77.8 6.0 38.0 57.5 90.0 278.0 52.0  < 0.001

SO2 (μg/m3) 4.0 10.0 13.0 18.0 61.0 8.0 3.0 5.0 6.0 8.0 19.0 3.0  < 0.001

NO2 (μg/m3) 15.0 41.0 50.0 62.0 121.0 21.0 8.0 29.0 38.0 49.0 93.0 20.0  < 0.001

CO (mg/m3) 0.4 0.8 1.0 1.3 2.8 0.5 0.3 0.6 0.7 0.9 1.9 0.3  < 0.001

O3 (μg/m3) 4.0 49.0 81.0 129.0 300.0 80.0 7.0 49.0 76.0 116.0 250.0 67.0 0.027

TEM (◦C) -1.9 9.8 17.4 22.8 29.8 13.0 0.9 10.5 17.0 23.5 32.5 13.0 0.257

RHU (%) 42.0 77.0 82.0 87.8 98.0 10.8 37.0 77.0 83.0 88.3 99.0 11.3 0.070

Fig. 3 The box plot shows the comparison of air pollutants and meteorological parameters between 2014–2017 and 2018–2021. The thick line 
in the box represents the median  (Q2), the upper bound of the box represents the upper quartile  (Q3), and the lower bound of the box represents 
the lower quartile  (Q1). The end of the line above the box represents the upper limit (Q3 + 1.5 × IQR), while the end of the line below the box 
represents the lower limit (Q1-1.5 × IQR). The points outside the box represent extreme values. * P < 0.01, **P < 0.05 Abbreviations: TEM, temperature; 
RHU, relative humidity; IQR, interquartile range
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betes, non-smoking, non-drinking, or warm month 
population. And  SO2 in the second group had associ-
ations with a decreased risk for females, diabetes, or 
cold month subgroups. But,  SO2 was associated with 
increased risk for smokers in the second group.

3 NO2 in the first group was associated with increased 
ICH risk in men or non-smokers. While  NO2 had 
associations with decreased risk for women or hyper-
tension patients in the first group, and this pollut-
ant was also associated with lowered risk for males, 

Fig. 4 Spearman correlation analysis between air pollutants and meteorological parameters. The size of the circle indicates the absolute value 
of the correlation coefficient. The black circle represents a negative correlation coefficient, while the white circle represents a positive correlation 
coefficient. Symbol “ × ” represents the absolute value of the two variables’ correlation coefficient exceeding 0.9. A: Data from 2014 to 2021; B: Data 
from 2014 to 2017; C: Data from 2018 to 2021. Abbreviations: TEM, temperature; RHU, relative humidity

Fig. 5 Forest plots of association between the increase of six air pollutants and intracerebral hemorrhage risk for cases in 2014–2017 and 2018–
2021. Lag0 refers to the day of symptoms onset, lag1 refers to one day before lag0, lag2 refers to two days before lag0, so as lag3, lag4, and lag5. 
We calculated the odds ratios when the daily values of  PM2.5,  PM10,  NO2, and  O3 increased by 10 μg/m3,  SO2 by 1 μg/m3, and CO by 0.1 mg/m.3, 
respectively. * P < 0.05

Fig. 6 Odds ratio (OR) of intracerebral hemorrhage risk associated with the increase of six air pollutants in subgroups stratified by individual 
factors (age, sex, hypertension, diabetes, smoking, and alcohol drinking) and monthly mean temperature in 2014–2017 and 2018–2021. Lag0 
refers to the day of symptoms onset, lag1 refers to one day before lag0, lag2 refers to two days before lag0, so as lag3, lag4, and lag5. We calculated 
the odds ratios when the daily values of  PM2.5,  PM10,  NO2, and  O3 increased by 10 μg/m3,  SO2 by 1 μg/m3, and CO by 0.1 mg/m.3, respectively. 
Symbol “ × ” represents P < 0.05

(See figure on next page.)



Page 8 of 12Wang et al. BMC Public Health         (2023) 23:1303 

Fig. 6 (See legend on previous page.)
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youth (< 60), non-hypertension, non-diabetes, non-
smoking, non-drinking, or cold month population in 
the second group. Surprisingly, for non-diabetes or 
non-drinking cases in the first group,  NO2 had differ-
ent relationships with ICH risk in diverse lag days.

4 CO was associated with increased ICH risk for men, 
youth (< 60), hypertension, non-diabetes, non-smok-
ing, non-drinking, cold, or warm month population 
in the first group, and CO had associations with 
reduced risk for non-diabetes, alcohol drinking, or 
cold month patients in the second group. CO had dif-
ferent effects on ICH risk in female or elderly patients 
(≥ 60) in the first group at different lag stages.

5 O3 was only associated with increased ICH risk in 
men, non-drinking, or warm month population of 
the second group.

Discussion
In this study, we explored the impact of different pollut-
ant levels on the ICH risk in totality and subpopulation 
from 2014 to 2021, considering the decline in pollutant 
levels caused probably by the local government’s clean 
air policy and the lockout since the covid-19 global 
pandemic in 2019. We only focused on ICH patients as 
previous studies concerning the association between 
air pollution and stroke risk usually did not distinguish 
ischemic stroke from hemorrhagic stroke, which led to 
challenges in interpreting the result [2]. Our main find-
ings were: 1) the ambient air pollutants levels decreased 
during 2018–2021, 2) the reduction in air pollutants, 
including  PM2.5,  SO2, and CO, weakened their adverse 
association with total ICH risk, 3) and the effect of 
lower pollutants levels on ICH risk in subgroups was 
heterogeneous.

The daily concentrations of six dominant air pollut-
ants significantly decreased in 2018–2021 compared with 
2014–2017 in Chengdu. According to WHO Global Air 
Quality Guidelines, [26] the medians of  PM2.5,  PM10, 
and  NO2 reached higher interim targets in 2018–2021 
than in 2014–2017, and the medians of  SO2, CO, and 
 O3 matched air quality guideline levels in both study 
periods. These results indicate that the air quality level 
in the city has remarkably improved. One possible rea-
son may be related to the local government’s successive 
measures to improve the ecological environment, includ-
ing continuous strengthening of comprehensive manage-
ment of air, water, and soil pollution (http:// www. scaepp. 
cn/ sthjt/ index. shtml). Another possible reason may be 
the lockdown since the COVID-19 global pandemic, 
accompanied by notable reductions in industrial and 
vehicle emissions of air pollutants [19, 20]. In addition, 
we found that five air pollutants  (PM2.5,  PM10,  SO2,  NO2, 

CO) exhibited a continuous downward trend in the entire 
period. This result suggests a persistent improvement 
in air quality in the region we are studying, although 
the COVID-19 pandemic lockdown may accelerate this 
process.

Particulate matter (PM) is the most commonly studied 
pollutant in exploring the biological effect of air pollu-
tion on health. Compared with gaseous pollutants, PM 
has more toxic effects on humans [27]. Previous research 
shows that the relationship between PM and ICH risk is 
inconsistent. Studies in heavily polluted areas reveal that 
PM significantly increases ICH risk, [11, 15] but others 
in some areas with low-level air pollution indicate that 
PM is irrelevant to ICH risk or even has a negative asso-
ciation [12, 13, 17]. We found that  PM2.5 was associated 
with increased ICH risk of entire participants in the first 
group when the daily concentration of pollutants was at 
a high level. However, it was not related to the ICH risk 
in the second group when the pollutant level decreased. 
These outcomes suggest that decreased pollution levels 
lessen the adverse biological association between short-
term  PM2.5 exposure and ICH risk. We did not observe a 
similar phenomenon for  PM10 in the present study, which 
may be because this pollutant is less toxic than  PM2.5 [6].

Our study also demonstrated that PM, including  PM2.5 
and  PM10, was associated with decreased ICH risk in 
some subpopulations, and this mainly occurred within 
the second group with lower pollutant levels. We specu-
late that PM may play a "double role" on cerebral vessels 
in some ICH subpopulations, as PM in previous research 
can increase the risk of ischemic and hemorrhagic stroke, 
respectively [11, 15, 28]. A potential explanation for 
detail is that the effect of PM causing a cerebral vascu-
lar rupture and bleeding is dominant when air pollution 
is heavy. However, the phenomenon that PM compels 
cerebrovascular thrombosis becomes a leading factor 
when the level of pollutants decreases, which lowers the 
bleeding risk. Nonetheless, it is critical to note that our 
hypothesis of the dual influence of PM on cerebral ves-
sels needs confirmation by further studies. In addition, 
we discovered that  PM10 was associated with decreased 
risk for elderly patients (≥ 60) in the first group. A possi-
ble reason is that the elderly patients in the present study 
may have less time to be exposed to the outdoor environ-
ment, thus showing a low biological sensitivity.

SO2, a colorless acid gas, is a common air pollutant. 
Our study found that  SO2 had associations with increased 
ICH risk when the daily average concentration level was 
remarkable, and this positive effect changed in the oppo-
site direction with a descending ICH risk when the  SO2 
level dropped. Previous studies also suggest that  SO2 can 
boost ICH risk in areas with significant air pollution, [9] 
and this pollutant is related to ICH risk reduction within 

http://www.scaepp.cn/sthjt/index.shtml
http://www.scaepp.cn/sthjt/index.shtml
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an environment with relatively low  SO2 concentration 
[17]. These results display that  SO2 exposure at differ-
ent levels causes distinct ICH risk changes. We think the 
possible reason may be as  SO2, similar to PM, may also 
have a two-way effect on causing an ischemic and hem-
orrhagic stroke. Interestingly, in stratified analysis, low 
concentrations of  SO2 had associations with increased 
ICH risk in smoking patients, which may be due to some 
synergy mechanism.

NO2 is another prevailing acid gas pollutant. We dis-
covered that this pollutant was associated with a reduced 
ICH risk in total participants when the daily concentra-
tion decreased. A nationwide study from Singapore found 
a similar result, which suggests that  NO2 with a low level 
is negatively associated with ICH risk in the Asian popu-
lation [17]. Nevertheless, we observed that the relatively 
high daily concentration of  NO2 was associated with 
decreased ICH risk for women and patients with hyper-
tension, and  NO2 showed opposite effects in different lag 
periods for patients without diabetes and alcohol con-
sumption. We speculated that this phenomenon may be 
due to the distinctions in lag effects between air pollut-
ants. Further study is necessary to explore this diverse 
influence of  NO2 on ICH risk in distinct subpopulations.

CO is a neutral gas, which is less studied when discuss-
ing the impact of air pollution on ICH risk. The findings 
of two studies from Asia indicate that the increase in 
daily CO concentration aggravates ICH risk in the con-
dition of short-term exposure [15, 17]. In the present 
research, CO had associations with increased ICH risk 
when the concentration level was high. Nonetheless, the 
effect disappeared when the pollution level dropped. This 
result suggests that a decrease in CO level helps reduce 
its positive association with ICH risk. In stratified analy-
sis, CO at a high level showed opposite effects in different 
lag periods for females and ≥ 60 patients, which may be 
caused by the differences in pollutant exposure between 
participants and lag effects between air pollutants.

We did not observe that  O3 was associated with 
increased ICH risk in the overall case, regardless of the 
pollutant level. However, in subgroups (men, non-drink-
ers) and warm months, low concentration of  O3 has 
associations with increased ICH risk. Nhung and their 
colleagues also discovered that the effect of  O3 is weaker 
in cold seasons compared with other pollutants [29]. This 
outcome may be interpreted by the diversity in exposure 
between populations and the unbalanced seasonal distri-
bution of  O3.

Our research highlights the influence of ambient air 
pollution on ICH risk by comparatively studying two 
patient groups with different air pollution exposure lev-
els. There are several limitations. 1) The data in this 
study came from a single city. And the results may not be 

generalized to ICH patients in other areas, given that the 
climatic characteristics and specific components of pol-
lutants, such as  PM2.5, may vary from region to region. A 
multicenter large-sample study on the impact of declin-
ing pollutant levels on ICH risk is essential. 2) Our study 
did not include indoor air pollutants, which also can 
increase the risk of ICH. Especially during the COVID-
19 epidemic, indoor pollutants exposure may increase 
because people spend more time indoors due to the lock-
down. Further studies are needed to clarify the associa-
tion between low indoor pollutant levels and ICH risk. 3) 
We did not explore the influence of long-term air pollu-
tion exposure on ICH risk. Previous studies have shown 
that long-term exposure to pollutants significantly pro-
motes the risk of stroke [30, 31]. Considering the cumula-
tive effect, the assumption that long-term exposure still 
has an adverse association with health may be reason-
able, even if the level of pollutants decreases significantly.

Conclusions
Our study suggests that decreased pollution levels 
diminish the adverse effects of short-term ambient air 
pollutants exposure on ICH risk in general, which dem-
onstrates that clean air policies with the effort to lower 
pollution levels have positive preventive significance. 
Nevertheless, the influence of lower air pollutants on 
ICH risk in subgroups with different individual risks or 
monthly mean temperature is heterogeneous, indicating 
differential benefits among subpopulations.

Abbreviations
ICH  Intracerebral hemorrhage
PM2.5  Particulate matter with an aerodynamic diameter ≤ 2.5 μm
PM10  Particulate matter with an aerodynamic diameter ≤ 10 μm
SO2  Sulfur dioxide
NO2  Nitrogen dioxide
CO  Carbon monoxide
O3  Ozone
TEM  Temperature
RHU  Relative humidity
PM  Particulate matter
OR  Odds ratio
Min  Minimum
Max  Maximum
IQR  Interquartile range

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12889- 023- 16232-3.

Additional file 1. 

Acknowledgements
We acknowledge the funding support received from Sichuan Health Commis-
sion (19PJ016) and Sichuan Medical Association (Q19016). We also thank Ms. 

https://doi.org/10.1186/s12889-023-16232-3
https://doi.org/10.1186/s12889-023-16232-3


Page 11 of 12Wang et al. BMC Public Health         (2023) 23:1303  

Qing Qing, who graduated from Massey University in New Zealand, for her 
English editorial assistance.

Authors’ contributions
Peng Wang: Methodology, Funding acquisition, Writing—Original Draft, 
Wentao Feng: Data Curation, Formal analysis, Writing—Original Draft, Shuang 
Luo: Validation, Visualization, Shuwen Cheng: Data Curation, Investigation, 
Min Gong: Data Curation, Investigation, Yaxin Li: Formal analysis, Yanhui Liu: 
Conceptualization, Supervision, Writing—Review & Editing.

Funding
This research was supported by Grants from the Foundation of Sichuan Health 
Commission (19PJ016), the Youth Project of Medical Innovative Scientific 
Research in Sichuan Province (Q19016).

Availability of data and materials
The datasets generated and/or analyzed during the current study are available 
in the Chengdu Ecology and Environment Bureau and the Chinese Meteoro-
logical Data Center.
Chengdu Ecology and Environment Bureau:http:// sthj. cheng du. gov. cn/
Chinese Meteorological Data Center:http:// data. cma. cn/

Declarations

Ethics approval and consent to participate
The current study was approved by the Chengdu Fifth People’s Hospital 
Ethical Committee (ref. no. 2019–085). All procedures performed in the 
study followed the ethical standards of the Chengdu Fifth People’s Hospital 
Ethical Committee and the 1964 Declaration of Helsinki and its later amend-
ments or comparable ethical standards. The need for consent was waived 
by the Chengdu Fifth People’s Hospital Ethical Committee since data were 
anonymized.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Neurosurgery, West China Hospital, Sichuan University, 
Chengdu, China. 2 Department of Neurosurgery, Cancer Prevention and Treat-
ment Institute of Chengdu, Chengdu Fifth People’s Hospital (The Second Clini-
cal Medical College, Affiliated Fifth People’s Hospital of Chengdu University 
of Traditional Chinese Medicine), Chengdu, China. 3 West China Fourth Hospi-
tal/West China School of Public Health, Sichuan University, Chengdu, China. 

Received: 19 November 2022   Accepted: 2 July 2023

References
 1. Kase CS, Hanley DF. Intracerebral Hemorrhage: Advances in Emergency 

Care. Neurol Clin. 2021;39(2):405–18.
 2. Verhoeven JI, Allach Y, Vaartjes ICH, Klijn CJM, de Leeuw FE. Ambient air 

pollution and the risk of ischaemic and haemorrhagic stroke. Lancet 
Planet Health. 2021;5(8):e542–52.

 3. GBD 2019 Stroke Collaborators. Global, regional, and national burden of 
stroke and its risk factors, 1990–2019: a systematic analysis for the Global 
Burden of Disease Study 2019. Lancet Neurol. 2021;20(10):795–820.

 4. Ma Q, Li R, Wang L, Yin P, Wang Y, Yan C, Ren Y, Qian Z, Vaughn MG, McMil-
lin SE, et al. Temporal trend and attributable risk factors of stroke burden 
in China, 1990–2019: an analysis for the Global Burden of Disease Study 
2019. Lancet Public Health. 2021;6(12):e897–906.

 5. Cordonnier C, Demchuk A, Ziai W, Anderson CS. Intracerebral 
haemorrhage: current approaches to acute management. Lancet. 
2018;392(10154):1257–68.

 6. Chiu HF, Chang CC, Yang CY. Relationship between hemorrhagic stroke 
hospitalization and exposure to fine particulate air pollution in Taipei. 
Taiwan J Toxicol Environ Health A. 2014;77(19):1154–63.

 7. Han MH, Yi HJ, Ko Y, Kim YS, Lee YJ. Association between hemorrhagic 
stroke occurrence and meteorological factors and pollutants. BMC 
Neurol. 2016;16:59.

 8. Wilker EH, Mostofsky E, Fossa A, Koutrakis P, Warren A, Charidimou A, 
Mittleman MA, Viswanathan A: Ambient Pollutants and Spontaneous 
Intracerebral Hemorrhage in Greater Boston. Stroke 2018:2764–2766.

 9. Zhong H, Shu Z, Zhou Y, Lu Y, Yi B, Tang X, Liu C, Deng Q, Yuan H, Huang 
Z. Seasonal Effect on Association between Atmospheric Pollutants and 
Hospital Emergency Room Visit for Stroke. J Stroke Cerebrovasc Dis. 
2018;27(1):169–76.

 10. Nzwalo H, Guilherme P, Nogueira J, Felix C, Andre A, Teles J, Mouzinho M, 
Ferreira F, Marreiros A, Logallo N, et al. Fine particulate air pollution and 
occurrence of spontaneous intracerebral hemorrhage in an area of low 
air pollution. Clin Neurol Neurosurg. 2019;176:67–72.

 11. Qian Y, Yu H, Cai B, Fang B, Wang C. Association between incidence of 
fatal intracerebral hemorrhagic stroke and fine particulate air pollution. 
Environ Health Prev Med. 2019;24(1):38.

 12. Sun S, Stewart JD, Eliot MN, Yanosky JD, Liao D, Tinker LF, Eaton CB, Whit-
sel EA, Wellenius GA. Short-term exposure to air pollution and incidence 
of stroke in the Women’s Health Initiative. Environ Int. 2019;132:105065.

 13. Fisher JA, Puett RC, Laden F, Wellenius GA, Sapkota A, Liao D, Yanosky JD, 
Carter-Pokras O, He X, Hart JE. Case-crossover analysis of short-term par-
ticulate matter exposures and stroke in the health professionals follow-up 
study. Environ Int. 2019;124:153–60.

 14. Guo Y, Xie X, Lei L, Zhou H, Deng S, Xu Y, Liu Z, Bao J, Peng J, Huang C. Short-
term associations between ambient air pollution and stroke hospitalisations: 
time-series study in Shenzhen, China. BMJ Open. 2020;10(3): e032974.

 15. Wang P, Song W, Li Y, Cheng S, Gong M, Liu L, Luo S: Short-term air 
pollutants exposure has heterogeneous associations with intracerebral 
hemorrhage risk: A case-crossover study based on symptom onset time 
in Chengdu, China. Atmospheric Environment 2022, 273.

 16. Liu T, Jiang Y, Hu J, Li Z, Guo Y, Li X, Xiao J, Yuan L, He G, Zeng W, et al. 
Association of ambient PM1 with hospital admission and recurrence of 
stroke in China. Sci Total Environ. 2022;828: 154131.

 17. Ho AFW, Lim MJR, Zheng H, Leow AS, Tan BY, Pek PP, Raju Y, Seow WJ, Yeo 
TT, Sharma VK, et al. Association of ambient air pollution with risk of hem-
orrhagic stroke: A time-stratified case crossover analysis of the Singapore 
stroke registry. Int J Hyg Environ Health. 2022;240: 113908.

 18. Wu H, Zhang B, Wei J, Lu Z, Zhao M, Liu W, Bovet P, Guo X, Xi B. Short-term 
effects of exposure to ambient PM1, PM2.5, and PM10 on ischemic and 
hemorrhagic stroke incidence in Shandong Province, China. Environ Res. 
2022;212(Pt C):113350.

 19. Liu F, Wang M, Zheng M. Effects of COVID-19 lockdown on global air 
quality and health. Sci Total Environ. 2021;755(Pt 1): 142533.

 20. Potts DA, Marais EA, Boesch H, Pope RJ, Lee J, Drysdale W, Chipperfield 
MP, Kerridge B, Siddans R, Moore DP, et al. Diagnosing air quality changes 
in the UK during the COVID-19 lockdown using TROPOMI and GEOS-
Chem. Environ Res Lett. 2021;16(5): 054031.

 21. Schraufnagel DE, Balmes JR, De Matteis S, Hoffman B, Kim WJ, Perez-
Padilla R, Rice M, Sood A, Vanker A, Wuebbles DJ. Health Benefits of Air 
Pollution Reduction. Ann Am Thorac Soc. 2019;16(12):1478–87.

 22. Son JY, Fong KC, Heo S, Kim H, Lim CC, Bell ML. Reductions in mortality 
resulting from reduced air pollution levels due to COVID-19 mitigation 
measures. Sci Total Environ. 2020;744: 141012.

 23. Wu H, Lu Z, Wei J, Zhang B, Liu X, Zhao M, Liu W, Guo X, Xi B. Effects of the 
COVID-19 Lockdown on Air Pollutant Levels and Associated Reductions 
in Ischemic Stroke Incidence in Shandong Province. China Front Public 
Health. 2022;10: 876615.

 24. Pan M, Li S, Tu R, Li R, Liu X, Chen R, Yu S, Mao Z, Huo W, Yin S, et al. Asso-
ciations of solid fuel use and ambient air pollution with estimated 10-year 
atherosclerotic cardiovascular disease risk. Environ Int. 2021;157: 106865.

 25. Wang P, Cheng S, Song W, Li Y, Liu J, Zhao Q, Luo S. Daily Meteorological 
Parameters Influence the Risk of Intracerebral Hemorrhage in a Subtropi-
cal Monsoon Basin Climate. Risk Manag Healthc Policy. 2021;14:4833–41.

 26. World Health Organization: WHO global air quality guidelines: particulate 
matter (PM2.5 and PM10), ozone, nitrogen dioxide, sulfur dioxide and 
carbon monoxide. Geneva: World Health Organization; 2021.

http://sthj.chengdu.gov.cn/
http://data.cma.cn/


Page 12 of 12Wang et al. BMC Public Health         (2023) 23:1303 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 27. Qi X, Wang Z, Guo X, Xia X, Xue J, Jiang G, Gu Y, Han S, Yao Q, Cai Z, et al. 
Short-term effects of outdoor air pollution on acute ischaemic stroke 
occurrence: a case-crossover study in Tianjin. China Occup Environ Med. 
2020;77(12):862–7.

 28. Wang M, Han Y, Wang CJ, Xue T, Gu HQ, Yang KX, Liu HY, Cao M, Meng X, 
Jiang Y et al: Short-term effect of PM2.5 on stroke in susceptible popula-
tions: A case-crossover study. Int J Stroke 2022:17474930221110024.

 29. Nhung NTT, Schindler C, Chau NQ, Hanh PT, Hoang LT, Dien TM, Thanh 
NTN, Kunzli N. Exposure to air pollution and risk of hospitalization for car-
diovascular diseases amongst Vietnamese adults: Case-crossover study. 
Sci Total Environ. 2020;703: 134637.

 30. Huang K, Liang F, Yang X, Liu F, Li J, Xiao Q, Chen J, Liu X, Cao J, Shen 
C, et al. Long term exposure to ambient fine particulate matter and 
incidence of stroke: prospective cohort study from the China-PAR project. 
BMJ. 2019;367: l6720.

 31. Wolf K, Hoffmann B, Andersen ZJ, Atkinson RW, Bauwelinck M, Bellander 
T, Brandt J, Brunekreef B, Cesaroni G, Chen J, et al. Long-term exposure 
to low-level ambient air pollution and incidence of stroke and coronary 
heart disease: a pooled analysis of six European cohorts within the 
ELAPSE project. Lancet Planet Health. 2021;5(9):e620–32.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Cleaner outdoor air diminishes the overall risk of intracerebral hemorrhage but brings differential benefits to subpopulations: a time-stratified case-crossover study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study area and population
	Clinical, air pollution, and meteorological data
	Study design
	Statistical analysis

	Results
	Statistical description
	Single pollutant model
	Stratified analysis

	Discussion
	Conclusions
	Anchor 19
	Acknowledgements
	References


