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Abstract  

Ambient air pollution has been increasingly recognized as a modifiable risk 

factor for cerebrovascular disease; however, evidence from heavily polluted valley 

cities remains limited. This study aimed to investigate the associations between 

short-term exposure to six ambient air pollutants (PM₂.₅, PM₁₀, SO₂, NO₂, O₃8h, and 

CO) and daily hospital admissions for ischemic stroke (IS) in Lanzhou, a typical 

river-valley city in northwestern China, and to identify vulnerable subpopulations by 



gender, age, and season. Daily IS hospital admissions from all public hospitals, 

concurrent air pollutant concentrations, and meteorological data in Lanzhou were 

obtained from January 1, 2016 to December 31, 2019. A time-series analysis using a 

quasi-Poisson generalized linear model coupled with a distributed lag non-linear 

model (DLNM) was employed to quantify the pollutant–IS associations, adjusting for 

long-term temporal trends, day-of-week effects, and meteorological confounders. 

Stratified analyses were performed by gender, age group, and season. 

Exposure-response (E-R) relationships were characterized, and robustness was 

assessed through two-pollutant models and sensitivity analyses with varying degrees 

of freedom. Over the four-year study period, 53,489 IS admissions were recorded, 

averaging 37 cases per day. In single-pollutant models, each 10 μg/m³ increment in 

PM₂.₅ (lag07), PM₁₀ (lag07), and SO₂ (lag05), and each 1 mg/m³ increment in CO 

(lag06) were associated with significantly elevated risks of IS admission, with 

cumulative RRs of 1.059 (95% CI: 1.004–1.117), 1.136 (95% CI: 1.032–1.249), 1.038 

(95% CI: 1.016–1.062), and 1.005 (95% CI: 1.000–1.010), respectively. Notably, NO₂ 

(lag7) and O₃-8h (lag07) exhibited inverse associations, with RRs of 0.986 (95% CI: 

0.974–0.998) and 0.968 (95% CI: 0.948–0.988). Subgroup analyses revealed 

heightened susceptibility among females, individuals aged ≥75 years (particularly for 

particulate matter), and during the cold season. The E-R curves for PM₂.₅, PM₁₀, and 

CO demonstrated approximately linear relationships with no discernible thresholds, 

suggesting that no safe concentration level exists for these pollutants. This study 

provides robust evidence that short-term elevations in PM₂.₅, PM₁₀, SO₂, and CO 

significantly increase the risk of IS hospital admissions in a topographically 

constrained, heavily polluted urban environment. The observed effect modification by 

gender, age, and season underscores the need for differentiated public health 

strategies. These findings carry important implications for local policymakers in 

developing season-specific air quality interventions and targeted early-warning 

systems to protect vulnerable populations from pollution-related cerebrovascular 

events. 
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1.  Introduction  

Ischemic stroke (IS) refers to brain tissue necrosis caused by narrowing or 

occlusion of the cerebral blood-supplying arteries, including the carotid and vertebral 

arteries[1]. Stroke is one of the leading causes of death and disability worldwide, 

ranking as the third most fatal disease globally. Approximately 15 million people 

suffer from stroke each year worldwide[4]. As the most prevalent subtype, IS 

accounts for over 80% of all stroke cases[5], and has become the second leading 

cause of death and the third leading cause of disability globally[6]. The risk factors 

for IS are multifactorial, encompassing smoking, alcohol consumption, obesity, 

genetic predisposition, and dietary patterns. Notably, environmental factors, 

particularly ambient air pollution, have been increasingly recognized as important 

contributors to the onset and progression of IS[7]. 

With the deterioration of global air quality, growing attention has been paid to 

the association between ambient air pollution and stroke. A number of 

epidemiological studies have demonstrated significant associations between air 

pollutant exposure and stroke risk in various countries, including Korea[8], Canada[9], 

and the United States[10], as well as in several Chinese cities such as Shenzhen[7], 

Chengdu[11], Wuhan[12], Changsha[13], and Hangzhou[14]. However, given the 

substantial geographic variations in air pollution profiles, climatic conditions, and 

population characteristics, findings from these studies may not be directly 

generalizable to other regions. 

Lanzhou, an important heavy industrial city in northwest China, is one of the 

largest cities situated in the upper reaches of the Yellow River. Characterized by a 

valley basin topography and unfavorable atmospheric dispersion conditions, Lanzhou 

has long been confronted with severe air pollution challenges. With rapid economic 

development and lifestyle changes, the burden of IS has been increasing in this region. 

However, most existing studies have focused on high-income countries or 



economically developed regions, and limited evidence is available regarding the 

impact of air pollution on IS hospital admissions in Lanzhou.  

The distributed lag non-linear model (DLNM) is a well-established statistical 

approach for evaluating the health effects of short-term exposure to air pollution[15, 

16]. DLNM employs cross-basis functions to simultaneously capture both linear and 

non-linear exposure-response relationships, while allowing for a comprehensive 

quantitative assessment of pollutant effects across different lag days and cumulative 

lag periods, thereby offering higher model flexibility and accuracy compared with 

conventional methods. Therefore, we collected daily IS hospital admissions, ambient 

air pollutant concentrations, and meteorological data in Lanzhou from 2016 to 2019, 

and employed DLNM to investigate the short-term effects of air pollutants on IS 

hospital admissions. This study aims to provide scientific evidence for the 

development of targeted prevention strategies and air quality control policies to 

reduce the IS burden and protect population health in Lanzhou. 

2. Materials and Methods 

2.1. Study area 

Lanzhou, the capital of Gansu Province, is located in northwest China (36°03′N, 

103°40′E), with a permanent resident population exceeding 3.3 million and a total 

administrative area of 13,100 square kilometers in 2019. The city features a typical 

temperate continental climate and is characterized by a river valley topography 

nestled between canyons and basins. 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Geographic location of Lanzhou City and the distribution of air pollution 
monitoring stations 

2.2. Data collection 

Daily IS hospital admission data were obtained from the Health Statistics 

Information Network Direct Reporting System of the Health Statistics Information 

Center of Gansu Province for the period from January 1, 2016 to December 31, 2019. 

The database contains information on each inpatient's gender, age, residential address, 

disease coding, and dates of admission and discharge extracted from electronic 

hospitalization records. IS cases were identified using the International Classification 

of Diseases, 10th Revision (ICD-10) code I63. 

Daily concentrations of six air pollutants during 2016–2019 were obtained from 

the China Air Quality Online Monitoring and Analysis Platform 

(https://www.aqistudy.cn/). Hourly air pollution data were collected from three 

state-controlled monitoring stations located in the main urban area of Lanzhou (Figure 

1). The 24-hour average concentrations of PM₂.₅, PM₁₀, SO₂, NO₂, and CO, as well as 



dow)as.factor(+holiday)as.factor(+

df),yns(Humidit+df),turens(Tempera+df),ns(T+Pollution+=)][E(YLog ttttt βα

the maximum daily 8-hour average ozone concentration (O38h), were then calculated. 

The completeness and consistency of the monitoring data met the requirements of the 

national Ambient Air Quality Monitoring Specification. Daily meteorological data, 

including mean temperature (°C) and relative humidity (%), were obtained from the 

China Meteorological Data Service Center (http://data.cma.cn). 

2.3. Statistical analysis 

Given that daily IS hospital admissions are rare events relative to the total 

population, the data approximate a Poisson distribution. Therefore, a quasi-Poisson 

generalized linear regression model combined with the DLNM was employed to 

estimate the short-term effects of air pollutants on daily IS hospital admissions, which 

served as the dependent variable. Natural spline (ns) functions were applied to control 

for confounding factors, including long-term temporal trends, temperature, and 

relative humidity. The day-of-the-week effect and public holiday effect were 

incorporated as dummy variables. The model was constructed as follows: 

 

where t denotes the observation day; Yt represents the number of hospital 

admissions for IS on day t; E(Yt) is the expected number of hospital admissions on 

day t; α is the intercept; β is the regression coefficient of air pollutants; Pollutiont is 

the concentration of air pollutants on day t; ns denotes the natural spline smoothing 

function; df represents the degrees of freedom; Tt is the time variable for long-term 

trends; Temperaturet is the daily mean temperature on day t; Humidityt is the relative 

humidity on day t; holiday is a dummy variable for public holidays; and dow is a 

dummy variable for the day-of-the-week effect. The degrees of freedom for each 

smoothing term were determined using the Quasi Akaike Information Criterion 

(QAIC)[17]. The optimal degrees of freedom for the time trend, temperature, and 

relative humidity were 7 per year, 3, and 3, respectively. 

Previous studies have suggested that the health effects of air pollution may 

exhibit a lag period typically not exceeding 7 days[18]. Accordingly, in this study, 



both single-day lag structures (lag0–lag7) and cumulative multi-day lag structures 

(lag01–lag07) were constructed to assess the effects of air pollutants on daily IS 

hospital admissions. Stratified analyses were performed by gender (male and female), 

age (<65, 65–74, and ≥75 years), and season (warm season: April to September; cold 

season: October to March of the following year). Exposure-response relationship 

curves were also fitted to visualize the concentration-response patterns. Finally, 

sensitivity analyses were conducted by applying two-pollutant models and varying the 

degrees of freedom for the time trend (df = 6–10) to evaluate the robustness of the 

results. All statistical analyses were performed using the "dlnm" package in R 

software (version 4.1.1), with a two-sided significance level of 0.05. 

3. Results 

3.1. Data description 

A total of 53,489 IS hospital admissions in Lanzhou City were included in this 

study. Table 1 presents the descriptive statistics of daily hospital admissions, air 

pollutant concentrations, and meteorological factors during the study period. From 

January 1, 2016 to December 31, 2019, the daily average number of IS admissions 

was 37, of which 21 were males and 16 were females. Among the three age groups, 

the 65–74 years group had the highest daily admissions with an average of 13 cases 

per day. The daily mean concentrations of PM₂.₅, PM₁₀, SO₂, NO₂, O38h, and CO were 

46.47 μg/m³, 114.10 μg/m³, 19.00 μg/m³, 50.12 μg/m³, 97.02 μg/m³, and 1.15 mg/m³, 

respectively, none of which exceeded the Chinese National Ambient Air Quality 

Standards (GB 3095-2012)[19]. The daily mean temperature was 11.36°C and the 

mean relative humidity was 51.03%. 

3.2. Spearman correlation analysis 

Figure 2 presents the Spearman correlation matrix among air pollutants and 

meteorological factors. In this figure, the color and size of the circles represent the 

magnitude of the correlation coefficient, with blue indicating positive correlations and 

orange indicating negative correlations; crosses denote statistically non-significant 

correlations (P > 0.05). Temperature was negatively correlated with PM₂.₅ (r = −0.60), 



PM₁₀ (r = −0.44), SO₂ (r = −0.70), NO₂ (r = −0.37), CO (r = −0.57), and O38h (r = 

−0.76). Similarly, relative humidity was negatively correlated with PM₂.₅ (r = −0.20), 

PM₁₀ (r = −0.41), SO₂ (r = −0.28), NO₂ (r = −0.20), CO (r = −0.06), and O38h (r = 

−0.28). In addition, moderate to strong inter-pollutant correlations were observed 

among the six air pollutants. These findings indicated the necessity of adjusting for 

meteorological confounders in the regression models and employing two-pollutant 

models to assess the independence of pollutant effects. 

 



Table 1.  Distribution of daily IS admissions, air pollutant concentrations, and meteorological factors in Lanzhou, China (2016–2019). 
 

X±S Minimum 
Percentage 

Maximum 
 P25 P50 P75 

CI hospital admissions       

Total 37.00±35.00 2.00  17.00  26.00  43.00  210.00  

Male 21.00±18.00 1.00  9.00  15.00  25.00  124.00  

Female 16.00±15.00 1.00  6.00  11.00  19.00  91.00  

＜65 12.00±11.00 1.00  4.00  8.00  15.00  81.00  

65-74 13.00±9.00 1.00  6.00  10.00  15.00  67.00  

≥75 12.00±11.00 1.00  4.00  8.00  14.00  83.00  

Air pollutants       

PM2.5(μg/m³) 46.47±26.87 9.00  28.21  40.00  56.00  278.00  

PM10(μg/m³) 114.10±93.85 16.00  66.00  94.88  132.98  1484.54  

SO2(μg/m³) 19.00±13.52 3.54  9.00  14.00  25.00  81.87  

N02(μg/m³) 50.12±19.18 13.21  37.00  47.89  58.75  146.60  

O38h(μg/m³) 97.02±39.79 11.00  65.00  92.00  126.00  222.00  

CO(mg/m³) 1.15±0.70 0.20  0.70  0.90  1.37  4.65  

Meteorological factors       

Mean temperature (°C)  11.36±9.99 -12.30  2.25  12.70  20.06  30.40  

Relative humidity (%) 51.03±14.95 11.71  40.00  51.46  61.62  96.09  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Spearman correlation coefficients among air pollutants and meteorological factors 

3.3. DLNM analysis 

Figure 3 presents the three-dimensional plots of the lag-response relationships 

between concentrations of six air pollutants and daily IS hospital admissions in 

single-pollutant models. The results revealed non-linear associations between all six 

pollutants (PM₂.₅, PM₁₀, SO₂, NO₂, O38h, and CO) and daily IS hospital admissions, 

with evident lag patterns in the effect estimates. The relative risks exhibited a trend of 

initial increase followed by decline as lag days progressed. Specifically, PM₂.₅, NO₂, 

and CO showed the strongest associations at lag day 1, while SO₂ and O38h peaked at 

lag day 4, and the effects of PM₁₀ remained relatively stable across lag days 5 to 6. 

Table 2 presents the RR and 95% CI for the associations between air pollutant 

concentrations and daily IS hospital admissions in single-pollutant models. Significant 

positive associations were observed for PM₂.₅ (lag6, lag04–lag07), PM₁₀ (lag5, lag6, 



and lag07), SO₂ (lag05, lag06), and CO (lag02–lag07). The strongest cumulative 

effects for each 10 μg/m³ increase in PM₂.₅, PM₁₀, and SO₂, and each 1 mg/m³ 

increase in CO were identified at lag07 for PM₂.₅ (RR: 1.038, 95% CI: 1.016–1.062), 

lag07 for PM₁₀ (RR: 1.005, 95% CI: 1.000–1.010), lag05 for SO₂ (RR: 1.059, 95% CI: 

1.002–1.117), and lag06 for CO (RR: 1.136, 95% CI: 1.032–1.249). In contrast, 

protective effects were detected for NO₂ and O38h, with significant negative 

associations observed at NO₂ (lag6–lag7) and O38h (lag2, lag02–lag07). The lowest 

risks of daily IS admissions were found at lag7 for NO₂ (RR: 0.986, 95% CI: 0.974–

0.998) and lag07 for O38h (RR: 0.968, 95% CI: 0.948–0.988). 

Figure 4 presents the results of stratified analyses by gender. Overall, females 

exhibited greater susceptibility to air pollution-related IS hospital admissions. 

Significant positive associations were observed among females for PM₂.₅ at lag07, 

PM₁₀ at lag07, SO₂ at lag05, and CO at lag06, with RRs of 1.047 (95% CI: 1.022–

1.072), 1.006 (95% CI: 1.000–1.012), 1.070 (95% CI: 1.009–1.134), and 1.164 (95% 

CI: 1.046–1.294) for each 10 μg/m³ increase in PM₂.₅, PM₁₀, and SO₂ and each 1 

mg/m³ increase in CO, respectively. In contrast, NO₂ and O38h showed stronger 

protective effects among males, with the lowest RRs observed at lag7 for NO₂ (RR: 

0.986, 95% CI: 0.973–0.999) and lag07 for O38h (RR: 0.971, 95% CI: 0.950–0.992). 

Figure 5 presents the results of stratified analyses by age group. The effects of 

PM₂.₅ and PM₁₀ were most pronounced in patients aged ≥75 years at lag07, with 

corresponding RRs of 1.051 (95% CI: 1.022–1.080) and 1.007 (95% CI: 1.000–1.013), 

respectively. For the <65 years group, the strongest effects were observed at lag06 for 

SO₂, lag1 for NO₂, and lag07 for CO, with corresponding RRs of 1.069 (95% CI: 

1.000–1.143), 1.025 (95% CI: 1.002–1.149), and 1.162 (95% CI: 1.027–1.314), 

respectively. In contrast, O38h exhibited the strongest protective effect in the 65–74 

years group, with the lowest RR observed at lag07 (RR: 0.962, 95% CI: 0.942–0.982). 

Table 3 presents the results of stratified analyses by season. Overall, the effects 

of PM₂.₅, PM₁₀, SO₂, NO₂, and CO on IS hospital admissions were more pronounced 

during the cold season. The strongest effects were observed at lag02 for PM₂.₅, lag07 

for PM₁₀, lag05 for SO₂, lag04 for NO₂, and lag05 for CO. For each 10 μg/m³ increase 



in PM₂.₅, PM₁₀, SO₂, and NO₂, and each 1 mg/m³ increase in CO, the corresponding 

RRs were 1.039 (95% CI: 1.013–1.065), 1.006 (95% CI: 1.002–1.010), 1.075 (95% 

CI: 1.010–1.145), 1.085 (95% CI: 1.052–1.118), and 1.264 (95% CI: 1.136–1.408), 

respectively. Similarly, the protective effect of O38h was also more significant during 

the cold season, with the lowest RR observed at lag07 (RR: 0.933, 95% CI: 0.903–

0.963). 

Figure 6 illustrates the exposure-response (E-R) curves depicting the 

relationships between air pollutant concentrations at lag07 and the relative risks of 

daily IS hospital admissions. The E-R curves for PM₂.₅, PM₁₀, and CO exhibited 

approximately linear relationships without apparent thresholds, indicating that the risk 

of IS hospital admissions increased steadily with rising pollutant concentrations. The 

curve for SO₂ also displayed a linear trend, but the association was not statistically 

significant. Negative concentration-response relationships were observed for NO₂ and 

O38h with daily IS hospital admissions, suggesting protective effects at higher 

concentrations. However, the curve for NO₂ did not reach statistical significance, 

whereas the protective effect of O38h was statistically significant. 

3.4. Stability analysis 

Table S1 presents the results of two-pollutant models. The models were 

constructed by incorporating the pollutant pairs at their respective most significant lag 

days. Due to the high collinearity between PM₂.₅ and PM₁₀, these two pollutants were 

not included in the same model simultaneously. After adjusting for co-pollutants, the 

associations of PM₂.₅, PM₁₀, SO₂, NO₂, O38h, and CO with daily IS hospital 

admissions remained robust, indicating that the effects of individual pollutants were 

independent of one another. 

Table S2 presents the results of sensitivity analyses examining model stability at 

the strongest lag days (lag07 for PM₂.₅, lag07 for PM₁₀, lag05 for SO₂, lag01 for NO₂, 

lag4 for O38h, and lag06 for CO). The models were refitted by varying the degrees of 

freedom for the time trend from 6 to 10 per year. The RR estimates and 95% CIs did 

not change substantially across different specifications, confirming the robustness and 

stability of the models. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Three-dimensional plots of exposure-lag-response relationships between 
air pollutants and daily IS hospital admissions. (a) PM2.5, (b) PM10, (c) SO2, (d) NO2, (e) 
O38h, (f) CO. 



Table 2.  Relative risks (95% CIs) for daily IS hospital admissions associated with a 10 μg/m³ increase in air pollutant concentrations (1 mg/m³ for CO) at different lag days 

Lag days 
 PM2.5  PM10  SO2  NO2  O38h  CO 

 RR 95%CI  RR 95%CI  RR 95%CI  RR 95%CI  RR 95%CI  RR 95%CI 

lag0  0.998  (0.983,1.014)  0.999  (0.996,1.003)  1.018  (0.981,1.057)  1.002  (0.984,1.020)  0.999  (0.989,1.010)  1.024  (0.958,1.095) 

lag1  1.010  (0.995,1.025)  1.001  (0.997,1.004)  1.009  (0.970,1.049)  1.014  (0.995,1.034)  0.991  (0.979,1.002)  1.045  (0.975,1.121) 

lag2  1.004  (0.994,1.015)  1.000  (0.998,1.003)  1.000  (0.973,1.027)  0.995  (0.982,1.008)  0.988  (0.977,1.000)  1.027  (0.979,1.077) 

lag3  1.004  (0.997,1.011)  1.001  (0.999,1.002)  1.008  (0.990,1.026)  0.995  (0.986,1.003)  0.993  (0.982,1.005)  1.016  (0.984,1.049) 

lag4  1.005  (0.998,1.012)  1.001  (0.999,1.002)  1.014  (0.995,1.032)  0.998  (0.990,1.007)  1.003  (0.991,1.015)  1.010  (0.978,1.042) 

lag5  1.006  (0.999,1.012)  1.001  (1.000,1.003)  1.010  (0.993,1.027)  0.997  (0.989,1.005)  0.998  (0.987,1.010)  1.005  (0.976,1.036) 

lag6  1.005  (1.000,1.011)  1.001  (1.000,1.004)  0.999  (0.987,1.011)  0.992  (0.986,0.998)  0.999  (0.987,1.010)  1.002  (0.981,1.023) 

lag7  1.005  (0.994,1.015)  1.001  (0.999,1.004)  0.986  (0.961,1.011)  0.986  (0.974,0.998)  0.995  (0.985,1.005)  0.999  (0.955,1.045) 

lag01  1.009  (0.993,1.024)  1.000  (0.997,1.004)  1.027  (0.985,1.071)  1.016  (0.997,1.035)  0.990  (0.976,1.004)  1.071  (0.996,1.150) 

lag02  1.013  (0.997,1.028)  1.001  (0.997,1.004)  1.027  (0.983,1.072)  1.011  (0.991,1.030)  0.979  (0.963,0.995)  1.099  (1.020,1.184) 

lag03  1.017  (0.999,1.035)  1.001  (0.997,1.005)  1.035  (0.986,1.086)  1.005  (0.983,1.028)  0.972  (0.955,0.989)  1.117  (1.028,1.214) 

lag04  1.022  (1.004,1.041)  1.002  (0.998,1.006)  1.049  (0.998,1.102)  1.003  (0.980,1.027)  0.975  (0.957,0.993)  1.128  (1.035,1.229) 

lag05  1.028  (1.008,1.048)  1.003  (0.999,1.007)  1.059  (1.004,1.117)  1.000  (0.974,1.026)  0.973  (0.954,0.993)  1.134  (1.033,1.244) 

lag06  1.034  (1.013,1.055)  1.004  (0.999,1.009)  1.058  (1.002,1.117)  0.992  (0.965,1.020)  0.972  (0.952,0.992)  1.136  (1.032,1.249) 

lag07  1.038  (1.016,1.062)  1.005  (1.000,1.010)  1.043  (0.986,1.104)  0.978  (0.949,1.008)  0.968  (0.948,0.988)  1.134  (1.026,1.253) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  Relative risks (95% CIs) for daily IS hospital admissions associated with a 10 μg/m³ 
increase in air pollutant concentrations (1 mg/m³ for CO) stratified by gender in single-pollutant 
models. (a) PM2.5, (b) PM10, (c) SO2, (d) NO2, (e) O38h, (f) CO. 
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Figure 5.  Relative risks (95% CIs) for daily IS hospital admissions associated with a 10 μg/m³ 
increase in air pollutant concentrations (1 mg/m³ for CO) stratified by age in single-pollutant models.(a) 
PM2.5, (b) PM10, (c) SO2, (d) NO2, (e) O38h, (f) CO. 

a b 

c d 

e 
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Table 3 . Relative risks (95% CIs) for daily IS hospital admissions associated with a 10 μg/m³ increase in air pollutant concentrations (1 mg/m³ for CO) stratified by season in single-pollutant 

models. 

 Lag 

days 

 PM2.5  PM10  SO2  NO2  O38h  CO 

  RR 95%CI  RR 95%CI  RR 95%CI  RR 95%CI  RR 95%CI  RR 95%CI 

Cold lag0  
1.01

2  
(0.994,1.031)  

1.00

3  
(0.999,1.007)  

0.98

5  
(0.943,1.029)  

1.01

7  
(0.994,1.041)  

0.98

4  
(0.964,1.004)  

1.01

3 
(0.945,1.085) 

 lag1  
1.01

8  
(0.997,1.039)  

1.00

1  
(0.997,1.006)  

1.01

2  
(0.969,1.056)  

1.02

4  
(1.000,1.049)  

0.99

1  
(0.971,1.012)  

1.07

8  
(1.001,1.161) 

 lag2  
1.00

4  
(0.990,1.019)  

1.00

1  
(0.998,1.005)  

1.03

4  
(1.003,1.066)  

1.02

2  
(1.005,1.040)  

0.99

7  
(0.977,1.018)  

1.06

5  
(1.011,1.121) 

 lag3  
0.99

9  
(0.990,1.008)  

0.99

9  
(0.997,1.001)  

1.02

8  
(1.007,1.049)  

1.01

4  
(1.002,1.025)  

0.97

3  
(0.953,0.993)  

1.04

6  
(1.010,1.083) 

 lag4  
0.99

8  
(0.990,1.007)  

0.99

8  
(0.996,1.000)  

1.01

4  
(0.993,1.035)  

1.00

5  
(0.994,1.017)  

0.99

8  
(0.978,1.019)  

1.02

8  
(0.992,1.066) 

 lag5  
1.00

0  
(0.991,1.008)  

0.99

8  
(0.996,1.000)  

1.00

2  
(0.983,1.022)  

0.99

8  
(0.988,1.009)  

0.99

6  
(0.976,1.017)  

1.01

1  
(0.978,1.046) 

 lag6  
1.00

2  
(0.996,1.008)  

1.00

0  
(0.999,1.002)  

0.99

1  
(0.978,1.005)  

0.99

3  
(0.986,1.001)  

1.00

8  
(0.987,1.029)  

0.99

5  
(0.971,1.019) 

 lag7  
1.00

5  
(0.992,1.018)  

1.00

3  
(1.000,1.006)  

0.98

2  
(0.954,1.010)  

0.98

9  
(0.974,1.004)  

0.98

4  
(0.965,1.003)  

0.97

9  
(0.933,1.026) 

 lag01  
1.03

0  
(1.010,1.050)  

1.00

5  
(1.000,1.009)  

0.99

6  
(0.945,1.050)  

1.04

2  
(1.013,1.071)  

0.97

5  
(0.951,1.000)  

1.09

2  
(1.004,1.187) 

 lag02  
1.03

5  
(1.016,1.054)  

1.00

6  
(1.002,1.010)  

1.03

0  
(0.975,1.088)  

1.06

5  
(1.036,1.094)  

0.97

2  
(0.945,1.000)  

1.16

2  
(1.064,1.269) 

 lag03  1.03 (1.012,1.055)  1.00 (1.001,1.010)  1.05 (0.999,1.122)  1.07 (1.048,1.112)  0.94 (0.917,0.976)  1.21 (1.105,1.338) 



4  5  9  9  6  6  

 lag04  
1.03

2  
(1.010,1.054)  

1.00

3  
(0.998,1.008)  

1.07

3  
(1.012,1.138)  

1.08

5  
(1.052,1.118)  

0.94

4  
(0.914,0.975)  

1.25

0  
(1.132,1.380) 

 lag05  
1.03

2  
(1.008,1.056)  

1.00

2  
(0.996,1.007)  

1.07

5  
(1.010,1.145)  

1.08

3  
(1.047,1.120)  

0.94

0  
(0.909,0.972)  

1.26

4  
(1.136,1.408) 

 lag06  
1.03

4  
(1.009,1.059)  

1.00

2  
(0.996,1.008)  

1.06

6  
(1.000,1.136)  

1.07

6  
(1.038,1.114)  

0.94

8  
(0.916,0.980)  

1.25

8  
(1.126,1.405) 

 lag07  
1.03

9  
(1.013,1.065)  

1.00

5  
(0.999,1.011)  

1.04

6  
(0.980,1.117)  

1.06

3  
(1.025,1.103)  

0.93

3  
(0.903,0.963)  

1.23

1  
(1.100,1.377) 

 Lag 

days 

 PM2.5  PM10  SO2  NO2  O38h  CO 

  RR 95%CI  RR 95%CI  RR 95%CI  RR 95%CI  RR 95%CI  RR 95%CI 

Warm lag0  
0.99

7 
(0.978,1.017)  

1.00

0  
(0.995,1.005)  

0.99

0  
(0.926,1.058)  

0.98

1 
(0.954,1.009)  

0.99

8 
(0.987,1.008)  

0.90

3 
(0.759,1.074) 

 lag1  
1.01

3 
(0.998,1.028)  

1.00

3 
(1.000,1.007)  

0.95

2 
(0.894,1.014)  

0.99

9 
(0.971,1.027)  

0.99

4 
(0.983,1.005)  

0.97

3 
(0.818,1.159) 

 lag2  
1.00

2 
(0.990,1.014)  

1.00

0  
(0.998,1.003)  

0.95

2 
(0.908,0.999)  

0.97

4 
(0.956,0.993)  

0.99

2 
(0.982,1.003)  

0.92

3 
(0.809,1.053) 

 lag3  
1.00

2 
(0.994,1.010)  

1.00

1 
(0.999,1.003)  

0.98

2 
(0.950,1.015)  

0.99

0  
(0.977,1.004)  

0.99

2 
(0.982,1.003)  

1.01

9 
(0.932,1.114) 

 lag4  
1.00

4 
(0.996,1.013)  

1.00

1 
(0.999,1.003)  

1.00

2 
(0.967,1.037)  

1.00

7 
(0.994,1.021)  

1.00

1 
(0.991,1.012)  

1.10

0  
(1.005,1.203) 

 lag5  
1.00

2 
(0.994,1.010)  

1.00

1 
(0.999,1.003)  

0.99

8 
(0.966,1.032)  

1.00

7 
(0.994,1.020)  

0.99

6 
(0.985,1.007)  

1.08

3 
(0.995,1.179) 

 lag6  
0.99

7 
(0.990,1.005)  

1.00

0  
(0.998,1.001)  

0.98

0  
(0.955,1.005)  

0.99

4 
(0.985,1.003)  

1.00

3 
(0.992,1.013)  

1.00

3 
(0.941,1.070) 



 lag7  
0.99

1 
(0.978,1.005)  

0.99

8 
(0.995,1.001)  

0.95

4 
(0.912,0.997)  

0.97

6 
(0.960,0.992)  

1.00

1 
(0.991,1.010)  

0.90

1 
(0.804,1.010) 

 lag01  
1.01

0  
(0.990,1.031)  

1.00

3 
(0.998,1.008)  

0.94

2 
(0.863,1.029)  

0.98

0  
(0.946,1.015)  

0.99

2 
(0.978,1.005)  

0.87

9 
(0.704,1.098) 

 lag02  
1.01

2 
(0.989,1.035)  

1.00

3 
(0.998,1.009)  

0.89

7 
(0.816,0.988)  

0.95

5 
(0.919,0.992)  

0.98

4 
(0.969,1.000)  

0.81

2 
(0.640,1.029) 

 lag03  
1.01

4 
(0.988,1.041)  

1.00

4 
(0.998,1.010)  

0.88

1 
(0.793,0.979)  

0.94

6 
(0.907,0.986)  

0.97

7 
(0.960,0.993)  

0.82

7 
(0.636,1.076) 

 lag04  
1.01

9 
(0.990,1.047)  

1.00

5 
(0.999,1.012)  

0.88

3 
(0.789,0.988)  

0.95

3 
(0.911,0.996)  

0.97

8 
(0.960,0.996)  

0.90

9 
(0.688,1.203) 

 lag05  
1.02

1 
(0.990,1.053)  

1.00

6 
(0.999,1.014)  

0.88

1 
(0.781,0.995)  

0.95

9 
(0.914,1.006)  

0.97

4 
(0.955,0.993)  

0.98

5 
(0.728,1.333) 

 lag06  
1.01

8 
(0.986,1.052)  

1.00

6 
(0.998,1.014)  

0.86

3 
(0.762,0.978)  

0.95

3 
(0.907,1.002)  

0.97

7 
(0.957,0.997)  

0.98

9 
(0.724,1.350) 

 lag07  
1.00

9 
(0.973,1.046)  

1.00

4 
(0.995,1.013)  

0.82

3 
(0.726,0.934)  

0.93

0  
(0.885,0.978)  

0.97

7 
(0.958,0.997)  

0.89

1 
(0.651,1.218) 



 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  Exposure-response curves for the associations between air pollutants and 
daily IS hospital admissions at lag 07.

a b 

c d 
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4. Discussion 

This study employed a quasi-Poisson generalized linear regression model 

combined with the distributed lag non-linear model (DLNM) to investigate the 

short-term effects of ambient air pollutants on daily ischemic stroke (IS) hospital 

admissions in Lanzhou from 2016 to 2019. Our findings revealed significant positive 

associations between IS admissions and ambient concentrations of PM₂.₅, PM₁₀, SO₂, 

and CO, whereas NO₂ and O₃8h exhibited protective associations. These effects were 

modified by gender, age, and season. The exposure-response curves for PM₂.₅, PM₁₀, 

and CO demonstrated approximately linear relationships without apparent thresholds, 

while O₃8h displayed a negative concentration-response relationship with IS 

admissions. 

4.1 Lag Patterns and Regional Heterogeneity 

The strongest cumulative effects on daily IS admissions were observed at lag07 

for PM₂.₅ and PM₁₀, lag05 for SO₂, and lag06 for CO. These lag patterns differ from 

those reported in other Chinese cities. In Beijing[20], PM₂.₅ and PM₁₀ exhibited the 

most significant effects on cerebrovascular disease emergency visits at lag6, while in 

Wuhan[21], PM₂.₅ peaked at lag0 and PM₁₀ and SO₂ at lag1. A nationwide study 

across 172 Chinese cities[22] demonstrated consistent significant associations at lag0 

for PM₂.₅, SO₂, and CO. These discrepancies likely reflect regional differences in 

geographic and climatic conditions, pollutant compositions and concentrations, and 

population susceptibility, suggesting that the precise window of exposure 

vulnerability is region-specific and warrants further investigation. 

4.2 Positive Associations with PM₂.₅, PM₁₀, SO₂, and CO 

Each 10 μg/m³ increase in PM₂.₅ and PM₁₀ was associated with elevated IS 

admission risks. These findings are consistent with studies conducted in 

Yancheng[23], Shenzhen[7], Beijing[20], and Hangzhou[14]. The biological 

plausibility of these associations is well-established: particulate matter exposure can 



dysregulate cardiac autonomic function, elevate and destabilize blood pressure[24], 

stimulate oxidative stress, promote systemic inflammatory cytokine release, and 

impair vascular endothelial function, collectively enhancing peripheral thrombosis 

and coagulation[25, 26]. 

SO₂ exposure was significantly associated with increased IS admissions, 

consistent with findings from Wuhan[21], Guangzhou[27], and Chongqing[28]. 

Similarly, CO demonstrated a significant positive association with IS admissions, 

corroborating results from Canada[9]and a nationwide Chinese study[29]. The 

underlying mechanisms for both pollutants likely involve alterations in cardiac 

autonomic function, enhanced oxidative stress, and increased blood coagulation and 

thrombosis[30, 31]. Notably, the health effects of CO on IS remain relatively 

understudied compared with particulate matter, and further investigation is warranted. 

4.3 Protective Associations with NO₂ and O₃8h 

Our finding of a protective association between NO₂ and IS admissions contrasts 

with most previous studies, which have reported either positive associations in 

Korea[32], Chongqing[28], and Guangzhou[27], or null associations in Sweden[33]. 

Similarly, O₃8h exhibited a protective effect on IS admissions in Lanzhou, differing 

from the adverse effects reported in Chengdu[34] and Shenzhen[7], though consistent 

with the uncertain or null associations observed in Japan[35] and Wuhan[21]. The 

discrepancies for both pollutants may be attributable to differences in ambient 

concentration levels, meteorological conditions, and population characteristics. 

Regarding O₃, it is important to note that strong solar radiation and elevated 

temperatures during summer facilitate photochemical ozone formation, resulting in 

substantially higher O₃ concentrations during the warm season[36]. Given that IS 

incidence is characteristically higher during the cold season—when O₃ concentrations 

are typically lowest—the observed negative association may reflect seasonal 

co-variation rather than a direct biological protective mechanism. These findings 

warrant cautious interpretation and further investigation. 



4.4 Effect Modification by Gender 

The associations between air pollutants and IS admissions were more 

pronounced in females, consistent with findings from Chengdu[37], Beijing[20], 

Wuhan[21], Shenzhen[7], and other studies. The greater susceptibility of females may 

be partially explained by anatomical and physiological differences in the respiratory 

system: females tend to have smaller and more reactive airways, and the deposition of 

coarse particles in proximal airways results in a greater local tissue burden, potentially 

leading to enhanced systemic inflammatory responses[38, 39]. However, this finding 

is not universal, as no significant gender modification was detected in Chongqing[28]. 

The role of gender in modifying air pollution effects on IS requires further 

investigation, as physiological differences, lifestyle behaviors, occupational exposure 

patterns, and immune function may all contribute to the observed heterogeneity. 

4.5 Effect Modification by Age 

Patients aged ≥75 years were more susceptible to PM₂.₅ and PM₁₀, while those 

aged <65 years were more vulnerable to SO₂, NO₂, and CO, and the protective effect 

of O₃8h was most pronounced in the 65–74 years age group. The heightened 

susceptibility of older adults to particulate matter is supported by studies in 

Yancheng[23], Beijing[20], and the United States[40], and may be related to 

age-related declines in respiratory and cardiovascular function, compromised immune 

defenses, and a higher prevalence of underlying comorbidities. The differential 

age-specific vulnerability to gaseous pollutants across studies—including findings 

from Chengdu[34] and Shenyang[41]—likely reflects differences in exposure 

assessment methodologies, population activity patterns, and pollutant source 

characteristics. 

4.6 Seasonal Variation 

Statistically significant associations between air pollutants and IS admissions 

were predominantly observed during the cold season, consistent with studies in 

Shenzhen[7], Yancheng[23], Changzhou[42], and Chongqing[28]. Several factors 



may explain this pattern in Lanzhou. The city's river valley topography inherently 

limits atmospheric pollutant dispersion, and cold-season subsidence air currents 

further suppress vertical mixing. Additionally, extensive fossil fuel combustion for 

residential heating leads to substantially elevated pollutant concentrations. Cold 

temperatures themselves may exacerbate physiological vulnerability by inducing 

vasoconstriction, altering fibrinogen levels and plasma viscosity, and increasing 

cholesterol and triglyceride concentrations[43]. The compounded effects of higher 

pollutant concentrations and increased physiological susceptibility underscore the 

need for enhanced protective measures during the cold season. 

4.7 Exposure-Response Relationships 

The approximately linear exposure-response relationships without apparent 

thresholds observed for PM₂.₅, PM₁₀, and CO are consistent with findings from 

Yancheng[23], Wuhan[21], and Chongqing. These results suggest that no safe 

concentration level exists below which these pollutants pose no cerebrovascular risk, 

underscoring the importance of continuous air quality improvement. The negative 

concentration-response relationship observed for O₃8h differs from findings in other 

cities, potentially reflecting regional differences in O₃ concentration levels and 

seasonal confounding as discussed above. 

5. Conclusions 

In conclusion, this study demonstrated that PM₂.₅, PM₁₀, SO₂, and CO were 

significantly and positively associated with IS hospital admissions in Lanzhou, with 

the effects being more pronounced during the cold season. Females appeared to be 

more susceptible to the adverse effects of PM₂.₅, PM₁₀, SO₂, and CO. Regarding 

age-specific vulnerability, patients aged ≥75 years were more vulnerable to PM₂.₅ and 

PM₁₀, while those aged <65 years were more vulnerable to SO₂, NO₂, and CO. The 

exposure-response curves for PM₂.₅, PM₁₀, and CO at lag07 exhibited approximately 

linear relationships without apparent thresholds, suggesting that no safe concentration 

level exists for these pollutants with respect to IS risk. Based on these findings, we 



recommend that local authorities implement targeted measures to improve air quality, 

strengthen health protection advisories for susceptible populations—particularly 

females, the elderly, and residents during the cold season—and establish early 

warning systems to mitigate the cerebrovascular health risks associated with air 

pollution exposure. 

Acknowledgments 

The authors would like to express sincere gratitude to Jiyuan Dong for invaluable 
guidance on research methodology, to Jinwen Yao for generously providing access to 
the medical record data, and to Yongcong Chen and Yongmei He for their dedicated 
assistance with manuscript preparation and proofreading. 

Author Contributions Statement 

Sixuan Chen: Acquisition, analysis, or interpretation of data for the work, Writing- 
Original draft preparation, Methodology, Software,Revised the manuscript .  

Yongmei He: Data curation, proofreading article.  

Yongcong Chen:Writing assistance and proofreading the article 

Funding declaration 

This research did not receive any specific grant from funding agencies in the public, 
commercial, or not-for-profit sectors. 

Ethics, Consent to Participate, and Consent to Publish declarations  

Ethics approval and consent to participate:  

This study was approved by the Ethics Committee of the School of Public Health, 
Lanzhou University (approval number: IRB21122501). The requirement for informed 
consent was waived because anonymized individual-level data were used. 
Consent for publication: Not applicable. 
 

 

 

 

 

 

 

 



References: 

 1. Wen L, Zhang S, Wan K, Zhang H, Zhang X: Risk factors of haemorrhagic transformation for 
acute ischaemic stroke in Chinese patients receiving intravenous thrombolysis: A meta-analysis. 
MEDICINE 2020, 99(7):e18995. 
 2. GBD SC: Global, regional, and national burden of stroke and its risk factors, 1990-2019: a 
systematic analysis for the Global Burden of Disease Study 2019. The Lancet. Neurology 2021, 
20(10):795-820. 
 3. Sun J, Qiao Y, Zhao M, Magnussen CG, Xi B: Global, regional, and national burden of 
cardiovascular diseases in youths and young adults aged 15-39?years in 204 countries/territories, 
1990-2019: a systematic analysis of Global Burden of Disease Study 2019. BMC MED 2023, 
21(1):222. 
 4. Maida CD, Norrito RL, Daidone M, Tuttolomondo A, Pinto A: Neuroinflammatory Mechanisms 
in Ischemic Stroke: Focus on Cardioembolic Stroke, Background, and Therapeutic Approaches. 
INT J MOL SCI 2020, 21(18):6454. 
 5. Li Y, Wu J, Du F, Tang T, Lim JCW, Karuppiah T, Liu J, Sun Z: Neuroprotective Potential of 
Glycyrrhizic Acid in Ischemic Stroke: Mechanisms and Therapeutic Prospects. Pharmaceuticals 
(Basel, Switzerland) 2024, 17(11):1493. 
 6. Kondo M, Tamura H, Segi-Nishida E, Hasegawa H: Age-Related Changes in 
Neuroinflammation and Epigenetic Regulation in Mouse Ischemic Stroke Model. Brain sciences 
2025, 15(8):810. 
 7. Wang Z, Peng J, Liu P, Duan Y, Huang S, Wen Y, Liao Y, Li H, Yan S, Cheng J et al: Association 
between short-term exposure to air pollution and ischemic stroke onset: a time-stratified 
case-crossover analysis using a distributed lag nonlinear model in Shenzhen, China. Environmental 
health : a global access science source 2020, 19(1):1. 
 8. Nakhjirgan P, Kashani H, Kermani M: Exposure to outdoor particulate matter and risk of 
respiratory diseases: a systematic review and meta-analysis. ENVIRON GEOCHEM HLTH 2023, 
46(1):20. 
 9. Chen L, Villeneuve PJ, Rowe BH, Liu L, Stieb DM: The Air Quality Health Index as a predictor 
of emergency department visits for ischemic stroke in Edmonton, Canada. Journal of exposure 
science & environmental epidemiology 2014, 24(4):358-364. 
10. Saver JL, Duncan PW, Stein J, Cramer SC, Fox EJ, Zorowitz RD, Billinger SA, Eickmeyer SM, 
Kirshblum SC, Androwis GJ et al: Electromagnetic Stimulation to Reduce Disability After Ischemic 
Stroke: The EMAGINE Randomized Clinical Trial. JAMA network open 2025, 8(10):e2537880. 
11. Yao J, Sun J, Kuang D, Qian W, Luo L, Qin F, Zhai Y, Li Y, Huang J, Wang C et al: Interaction 
effects of high temperature and ozone on cardiovascular disease mortality in Chengdu, 2014-2023. 
Frontiers in public health 2025, 13:1580849. 
12. Xiang H, Mertz KJ, Arena VC, Brink LL, Xu X, Bi Y, Talbott EO: Estimation of short-term 
effects of air pollution on stroke hospital admissions in Wuhan, China. PLOS ONE 2013, 
8(4):e61168. 
13. 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. 
Journal of stroke and cerebrovascular diseases : the official journal of National Stroke Association 2018, 
27(1):169-176. 



14. Lv X, Shi W, Yuan K, Zhang Y, Cao W, Li C, Xu L, Wu L, Sun S, Hong F: Hourly Air Pollution 
Exposure and Emergency Hospital Admissions for Stroke: A Multicenter Case-Crossover Study. 
STROKE 2023, 54(12):3038-3045. 
15. Liu Y, Dong J, Zhai G: Association between air pollution and hospital admissions for 
hypertension in Lanzhou, China. Environmental science and pollution research international 2022, 
29(8):11976-11989. 
16. Jin L, Zhou T, Fang S, Zhou X, Bai Y: Association of air pollutants and hospital admissions for 
respiratory diseases in Lanzhou, China, 2014-2019. ENVIRON GEOCHEM HLTH 2023, 
45(3):941-959. 
17. Wellenius GA, Schwartz J, Mittleman MA: Air pollution and hospital admissions for ischemic 
and hemorrhagic stroke among medicare beneficiaries. STROKE 2005, 36(12):2549-2553. 
18. Chen Y, Zheng M, Lv J, Shi T, Liu P, Wu Y, Feng W, He W, Guo P: Interactions between ambient 
air pollutants and temperature on emergency department visits: Analysis of varying-coefficient 
model in Guangzhou, China. The Science of the total environment 2019, 668:825-834. 
19. Wang Z, Tan Y, Guo M, Cheng M, Gu Y, Chen S, Wu X, Chai F: Prospect of China's ambient air 
quality standards. Journal of environmental sciences (China) 2023, 123:255-269. 
20. Cheng B, Zhou J, Ma Y, Zhang Y, Wang H, Chen Y, Shen J, Feng F: Association between 
atmospheric particulate matter and emergency room visits for cerebrovascular disease in Beijing, 
China. Journal of environmental health science & engineering 2022, 20(1):293-303. 
21. Yan Y, Chen X, Guo Y, Wu C, Zhao Y, Yang N, Dai J, Gong J, Xiang H: Ambient air pollution and 
cerebrovascular disease mortality: an ecological time-series study based on 7-year death records in 
central China. Environmental science and pollution research international 2021, 28(21):27299-27307. 
22. Liu T, Jiang Y, Hu J, Li Z, Li X, Xiao J, Yuan L, He G, Zeng W, Rong Z et al: Joint Associations of 
Short-Term Exposure to Ambient Air Pollutants with Hospital Admission of Ischemic Stroke. 
Epidemiology (Cambridge, Mass.) 2023, 34(2):282-292. 
23. Hu W, Chen Y, Chen J: Short-term effect of fine particular matter on daily hospitalizations for 
ischemic stroke: A time-series study in Yancheng, China. ECOTOX ENVIRON SAFE 2021, 
208:111518. 
24. Luo J, Kibriya MG, Jasmine F, Shaikh A, Jin Z, Sargis R, Kim K, Olopade CO, Pinto J, Ahsan H et 
al: Duration-sensitive association between air pollution exposure and changes in cardiometabolic 
biomarkers: Evidence from a predominantly African American cohort. ENVIRON RES 2024, 
240(Pt 2):117496. 
25. Khoshakhlagh AH, Mohammadzadeh M, Gruszecka-Kosowska A, Oikonomou E: Burden of 
cardiovascular disease attributed to air pollution: a systematic review. GLOBALIZATION HEALTH 
2024, 20(1):37. 
26. Ejaz ZH, Maya MF, Kazim F, Amir Ali Z, Akber Ali N, Khoja A: Impact of climate change and 
air pollution on cardiovascular disease: A systematic review and meta-analysis protocol. JRSM 
cardiovascular disease 2025, 14:198487384. 
27. Guo P, Wang Y, Feng W, Wu J, Fu C, Deng H, Huang J, Wang L, Zheng M, Liu H: Ambient Air 
Pollution and Risk for Ischemic Stroke: A Short-Term Exposure Assessment in South China. INT J 
ENV RES PUB HE 2017, 14(9):1091. 
28. Chen H, Cheng Z, Li M, Luo P, Duan Y, Fan J, Xu Y, Pu K, Zhou L: Ambient Air Pollution and 
Hospitalizations for Ischemic Stroke: A Time Series Analysis Using a Distributed Lag Nonlinear 
Model in Chongqing, China. Frontiers in public health 2022, 9:762597. 



29. Tian Y, Liu H, Zhao Z, Xiang X, Li M, Juan J, Song J, Cao Y, Wang X, Chen L et al: Association 
between ambient air pollution and daily hospital admissions for ischemic stroke: A nationwide 
time-series analysis. PLOS MED 2018, 15(10):e1002668. 
30. Lewis A, Galetta SL: Editors' Note: Short-Term Exposure to Air Pollution and Ischemic 
Stroke: A Systematic Review and Meta-Analysis. NEUROLOGY 2024, 103(3):e209633. 
31. Toubasi A, Al-Sayegh TN: Short-term Exposure to Air Pollution and Ischemic Stroke: A 
Systematic Review and Meta-analysis. NEUROLOGY 2023, 101(19):e1922-e1932. 
32. Ha SH, Hwang J, Kim N, Lee E, Kim BJ, Kwon SU: Reply to the Letter to the Editor Regarding: 
Spatiotemporal association between air pollution and stroke mortality in South Korea. Journal of 
stroke and cerebrovascular diseases : the official journal of National Stroke Association 2024, 
33(3):107520. 
33. A Oudin ESUS: Long-term exposure to air pollution and hospital admissions for ischemic 
stroke. A register-based case-control study using modelled NOxas exposure proxy. BMC PUBLIC 
HEALTH 2009, 9(1):301. 
34. Luo L, Dai Y, Zhang F, Chen M, Chen F, Qing F: Time series analysis of ambient air pollution 
effects on dynamic stroke mortality. The International journal of health planning and management 
2020, 35(1):79-103. 
35. Turin TC, Kita Y, Rumana N, Nakamura Y, Ueda K, Takashima N, Sugihara H, Morita Y, Ichikawa 
M, Hirose K et al: Ambient air pollutants and acute case-fatality of cerebro-cardiovascular events: 
Takashima Stroke and AMI Registry, Japan (1988-2004). Cerebrovascular diseases (Basel, 
Switzerland) 2012, 34(2):130-139. 
36. Lu X, Zhang L, Wang X, Gao M, Li K, Zhang Y, Yue X, Zhang Y: Rapid Increases in 
Warm-Season Surface Ozone and Resulting Health Impact in China Since 2013. ENVIRON SCI 
TECH LET 2020, 7(4):240-247. 
37. Zeng W, Zhang Y, Wang L, Wei Y, Lu R, Xia J, Chai B, Liang X: Ambient fine particulate 
pollution and daily morbidity of stroke in Chengdu, China. PLOS ONE 2018, 13(11):e206836. 
38. Yazdi MD, Wang Y, Di Q, Requia WJ, Wei Y, Shi L, Sabath MB, Dominici F, Coull B, Evans JS et 
al: Long-term effect of exposure to lower concentrations of air pollution on mortality among US 
Medicare participants and vulnerable subgroups: a doubly-robust approach. The Lancet. Planetary 
health 2021, 5(10):e689-e697. 
39. Christou S, Chatziathanasiou T, Angeli S, Koullapis P, Stylianou F, Sznitman J, Guo HH, Kassinos 
SC: Anatomical variability in the upper tracheobronchial tree: sex-based differences and 
implications for personalized inhalation therapies. Journal of applied physiology (Bethesda, Md. : 
1985) 2021, 130(3):678-707. 
40. Chen C, Warrington JA, Dominici F, Peng RD, Esty DC, Bobb JF, Bell ML: Temporal variation in 
association between short-term exposure to fine particulate matter and hospitalisations in older 
adults in the USA: a long-term time-series analysis of the US Medicare dataset. The Lancet. 
Planetary health 2021, 5(8):e534-e541. 
41. Chen C, Liu X, Wang X, Qu W, Li W, Dong L: Effect of air pollution on hospitalization for acute 
exacerbation of chronic obstructive pulmonary disease, stroke, and myocardial infarction. 
Environmental science and pollution research international 2020, 27(3):3384-3400. 
42. Dong H, Yu Y, Yao S, Lu Y, Chen Z, Li G, Yao Y, Yao X, Wang S, Zhang Z: Acute effects of air 
pollution on ischaemic stroke onset and deaths: a time-series study in Changzhou, China. BMJ 
OPEN 2018, 8(7):e20425. 



43. Wang Y, Hao Y, Zhou Y, Liu J, Dong Y, Long J, Li W: Quantitative and mechanistic study of the 
effect of river valley topography on urban scale pollution dispersion. Environmental pollution 
(Barking, Essex : 1987) 2025, 383:126848. 
 



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

Tables.doc

SupplementalMaterials.doc

GraphicalAbstract.tif

https://assets-eu.researchsquare.com/files/rs-10216536/v1/223d57ab998cb71653a54896.doc
https://assets-eu.researchsquare.com/files/rs-10216536/v1/0943f268fee01c1239493387.doc
https://assets-eu.researchsquare.com/files/rs-10216536/v1/7f067d3cb4f4c4eaadb1eba2.tif

