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Objectives: This study investigated whether exposure to air pollution remains a 
significant factor contributing to childhood asthma in China.

Methods: Short-term exposure to air pollutants was assessed using daily average 
concentrations of pollutants at current and lag intervals (0–6 days) from 2015 
to 2018. Long-term individual exposure in 2016 was estimated using land-use 
regression (LUR) models. The effects of short- and long-term exposure on 
childhood asthma hospitalizations were evaluated using generalized additive 
models and multiple time-dependent Cox regression models, respectively.

Results: Hospitalizations for childhood asthma typically peaked in late spring 
and fall, with a higher prevalence of wheezing or asthma observed in male 
individuals than in female individuals. Hospital admissions were most frequent 
among children aged 0–3 years. However, no significant positive associations 
were observed between short- or long-term air pollutant exposure and daily 
childhood asthma hospitalizations, based on the applied statistical models and 
the levels of air pollution exposure measured during the study period.

Conclusion: In this study, variability in air pollution exposure was not associated 
with variability in hospitalizations of children with asthma. Instead, asthma onset 
exhibited unique seasonal and demographic patterns.

KEYWORDS

air pollution, exposure, asthma, childhood, association

1 Introduction

Over the last 30 years, China’s rapid economic growth and urbanization have exacerbated 
air pollution, leading to an increase in respiratory diseases (1). Asthma, in particular, has 
become a growing public health concern. According to the 2013 national survey conducted by 
the China Asthma Alliance, the overall prevalence of asthma in China was 1.24%. In cities such 
as Beijing and Shanghai, the prevalence increased by 147.9% and 190.2%, respectively, compared 
to a previous survey conducted a decade earlier (2). The rise in childhood asthma has been 
particularly alarming. The first national survey in 1990 reported a prevalence of 0.91% among 
children aged 0–14 years, which increased to 1.5% (3) by 2000 and reached 3.02% (4) in the 
2010–2011 survey on childhood asthma and allergic diseases. Asthma is a multifactorial disease 
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influenced by both genetic and environmental factors. Epidemiological 
studies have consistently linked air pollution exposure to increased 
prevalence and severity of asthma (5–8). For instance, one study 
evaluated the association between gaseous pollutants and emergency 
ambulance dispatches for asthma in southwestern China (9). However, 
some cohort studies in Europe and the United States have reported no 
significant association between air pollution and the prevalence of 
asthma (10, 11), highlighting the need for context-specific evaluations. 
Differences in ambient air pollution levels across regions may partly 
explain these discrepancies. According to China’s Environmental Status 
Bulletin (2014–2017), PM2.5 concentrations in the Yangtze River Delta 
decreased by 34.3% from 2013 to 2017, indicating an improvement in 
air quality. However, the beneficial effects of improved air quality on 
asthma have not been sufficiently investigated. Studies conducted in 
Taiwan have shown that improved air quality reduces the effect of PM2.5 
on childhood asthma (12, 13). These findings emphasize the 
importance of considering regional pollution trends and population 
characteristics in assessing the relationship between air pollution and 
asthma. Recent evidence regarding the association between air 
pollution exposure and childhood asthma in China remains limited. 
This study aimed to assess whether air pollutants continue to 
significantly contribute to the increasing prevalence of asthma in 
children in China. Utilizing public data from 2015 to 2018, we analyzed 
the relationship between six common air pollutants (SO2, NO2, CO, O3, 
PM2.5, and PM10) and childhood asthma hospitalizations in Nanjing, 
located in the Yangtze River Delta region of East China.

2 Materials and methods

2.1 Data collection

Hospitalization data from 1 January 2015 to 31 December 2018 
were collected from the Department of Respiratory Medicine at the 
Children’s Hospital of Nanjing Medical University (Hospital A) and 
Jiangsu Women and Children Health Hospital of Nanjing Medical 
University (Hospital B). This study included hospitalized cases with 
diagnoses of bronchial asthma (J45) and suspected asthma-acute 
asthmatic bronchitis (J21.901), based on the International 
Classification of Diseases, 10th revision. All cases were validated by a 
study physician.

Air pollution data, including daily concentrations of SO2, NO2, 
CO, O3-(8 h), PM2.5, and PM10, were obtained from the China National 
Environmental Monitoring Centre. Meteorological data, such as 
temperature, relative humidity, and wind speed, were obtained from 
the China Meteorological Administration and adjusted to account for 
the confounding effects of weather conditions.

2.2 Association between short-term 
exposure to air pollutants and childhood 
asthma hospitalizations using a generalized 
additive model

The relationship between air pollutants and meteorological 
variables was assessed using Spearman’s rank correlation coefficients. 
Time series analysis using a generalized additive model (GAM) was 
performed to evaluate the effects of each air pollutant (SO2, NO2, CO, 

O3, PM2.5, and PM10) on childhood asthma hospitalizations. Given that 
the hospitalization data followed an over-dispersed Poisson distribution, 
a quasi-Poisson regression was employed within the GAM framework.

To control for unmeasured confounders such as seasonal and long-
term trends, the following adjustments were made: (1) natural cubic 
spline functions of calendar time with 5 degrees of freedom (df) per year, 
(2) natural smooth functions of the present-day temperature difference 
(3 df) and relative humidity (3 df) to exclude the confounding effects of 
weather, and (3) indicator variables for “day of the week” and “holidays.” 
The data were also stratified by sex, age group, and hospital level. A 
single-pollutant model was used to examine the effects of air pollution 
on asthma hospitalization, considering both single lag days (lag 0, 1, 2, 3, 
4, 5, and 6) and multiple lag days (lag 0–1, 0–2, 0–3, 0–4, 0–5, and 0–6). 
The pollutant effect was quantified as the percentage change in daily 
asthma admissions per interquartile range increase, along with the 
corresponding 95% confidence interval (CI). Sensitivity analyses were 
conducted within subgroups. All analyses were performed using R 
software (version 3.5.3) with the mgcv package, and statistical 
significance was set at a p-value < 0.05.

2.3 Association between long-term 
exposure to air pollutants and childhood 
asthma hospitalizations using multiple 
time-dependent cox regression models

Individual exposures to air pollutants in 2016 were estimated 
based on residential locations using a spatiotemporal (ST) land-use 
regression (LUR) model for long-term exposure (details provided in 
Supplementary material). Data from nine monitoring stations in 
Nanjing in 2016 were used to measure the six air pollutants, with 
station details provided in Supplementary Table S1. The model’s 
independent variables included traffic, land use, meteorology, 
socioeconomic factors, and other relevant data, as detailed in 
Supplementary Table S2. Following standard LUR methodology, each 
independent variable was normalized before further analysis 
(Supplementary Table S3). The ST model was developed using the 
SpatioTemporal package (version 1.1.9) in R (version 3.5.1), with 
hyperparameters determined via cross-validation 
(Supplementary Table S4). The leave-one-out cross-validation method 
was used to assess the performance of the model. The coefficients of 
determination (R2cv) for SO2, NO2, CO, O3, PM2.5, and PM10, were 
0.929, 0.876, 0.903, 0.959, 0.951, and 0.936, respectively. Subsequently, 
individual address coordinates replaced the monitoring sites, and air 
pollutant concentrations were predicted based on the address 
coordinates using buffer and distance parameters. Multiple time-
dependent Cox regression models were used with asthma as the 
dependent variable, adjusting for age and sex. Time-dependent hazard 
ratios (HRs) and 95% CIs were estimated for air pollutants (SO2, NO2, 
CO, O3, PM2.5, and PM10) across all days in 2016. In addition, exposure 
was censored at the time of the first hospitalization, and a p-value of 
<0.05 was considered statistically significant.

3 Results

Nanjing, the provincial capital of Jiangsu Province, is located in 
the Yangtze River Delta region of China. Children’s Hospital of 
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Nanjing Medical University and Jiangsu Women and Children Health 
Hospital of Nanjing Medical University are the two main pediatric 
hospitals in Nanjing. According to the Nanjing Hygiene Almanac 
(2015–2018), hospitalization data for children are reported only from 
these two hospitals. Table 1 shows the number of hospitalized cases of 
childhood asthma by age group and sex over the 4-year period. The 
cases were subdivided into three age groups (1–3) each year. The 
number of cases in age level 1 was significantly higher than that in the 
other two subgroups. On average, level 1 accounted for 77.5% of cases, 
compared to 16.7% in level 2 and 5.8% in level 3. The sex analysis 
revealed that, on average, 67.7% of asthma cases were male, indicating 
a sex difference in childhood asthma. Male children were significantly 
more likely to be sensitized to allergens (14, 15). This can be explained 
by differences in airway development and immune system function 
between male and female individuals (16, 17). Hospitalizations for 
childhood asthma peaked in late spring (March–May) and fall 
(September–November), as shown in Figure 1, consistent with the 
seasonal pattern of bronchial asthma exacerbations (18, 19).

The comparison of the trend patterns between the monthly 
average concentrations of the six air pollutants and childhood asthma 
hospitalizations is shown in Figure 2. As shown, the concentrations of 
SO2, NO2, CO, PM2.5, and PM10 were usually higher from November 
to February of the following year. Unlike SO2, NO2, CO, PM2.5, and 
PM10, O3 concentrations were typically higher from May to September, 
with June, July, and August showing the highest ozone (O3) levels. By 
visual inspection, except for O3, the peaks in SO2, NO2, CO, PM2.5, and 
PM10 concentrations occurred after the peaks in asthma 
hospitalizations. Only the peaks in O3 concentrations preceded those 
in asthma hospitalizations, indicating a potential link to increased 
asthma-related hospital admissions. However, there was no significant 
positive association between the six common air pollutants and 
childhood asthma hospitalizations at the levels of air pollution 
exposure measured during the study period (Figure 3). Sex-stratified 
analysis revealed no significant association in both females (Figure 4A) 
and males (Figure 4B). Age-stratified analysis (0–3, 4–6, >6 years) 

showed no significant association across all subgroups (Figures 5A–C). 
However, as stratified by hospital level (Figures 6A, B), PM2.5 
exposure at lag 4 day in Hospital B had a positive association with 
childhood asthmatic hospitalization. Monthly variations in 
temperature, average relative humidity, and average wind speed also 
aligned with hospital admissions, as shown in Figure 7, although the 
associations were not statistically significant.

Although the exposure estimates were derived from the LUR 
model, which offered improved accuracy, the results of the time-
dependent Cox regression models indicated that SO2, NO2, CO, O3, 
PM2.5, and PM10 were not significant risk factors for asthma 
exacerbations requiring hospitalization, as shown in Table 2.

4 Discussion

By the end of 2013, the majority of cities in China had established 
real-time monitoring for PM2.5 levels, and the new air quality standards 
were fully implemented nationwide in 2016. In the past 5 years, China 
has been implemented various policies to reduce fossil fuel combustion 
and vehicle exhaust emissions. As a result, significant reductions in 
PM2.5, PM10, and SO2 concentrations have been observed in the Yangtze 
River Delta, as shown in Table 1. While the positive effects of these 
policies on air quality are well-documented, their impact on childhood 
asthma remains insufficiently understood. In our study, we found that 
childhood asthma hospitalizations followed a seasonal pattern that did 
not entirely align with trends in air pollution. Pollen counts in Nanjing 
usually peak during April–May and September–October (20). The onset 
of spring leads to pollen allergies caused by grasses, weeds, and trees, 
while the transition to colder weather in the fall also exacerbates asthma 
attacks. The seasonal peaks in asthma hospitalizations observed in our 
study were consistent with these trends. However, we did not find a clear 
or significant positive association between the six air pollutants and 
childhood asthma hospitalizations from 2015 to 2018  in Nanjing 
(Supplementary Figure S1). However, the impact of O₃ on asthma 

TABLE 1 Summary of information about hospitalized childhood asthma cases (N = 2,529) and air pollutant indices in the Yangtze River Delta region 
during the study period (1 January 2015–31 December 2018).

Variables 2015 (N = 703) 2016 (N = 574) 2017 (N = 676) 2018 (N = 576)

Age level, n (%)

 Level 1 (0–3 years) 537 (76.4) 448 (78.0) 533 (78.8) 441 (76.6)

 Level 2 (4–6 years) 119 (16.9) 98 (17.1) 105 (15.5) 100 (17.4)

 Level 3 ( >6 years) 47 (6.7) 28 (4.9) 38 (5.6) 35 (6.1)

Gender, n (%)

 Female 213 (30.3) 189 (32.9) 221 (32.7) 192 (33.3)

 Male 490 (69.7) 385 (67.1) 455 (67.3) 384 (66.7)

Air pollutant indice

 PM2.5 (μg/m3) 53 46 44 44

 PM10 (μg/m3) 83 75 71 70

 SO2 (μg/m3) 21 17 14 11

 NO2 (μg/m3) 37 36 37 35

 CO (mg/m3) (95%) 1.5 1.5 1.3 1.3

 O3 (8h) (μg/m3) (90%) 163 159 170 167

The data of air pollutant indices are from Report on the State of the Environment in China (http://www.mee.gov.cn/).
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FIGURE 1

Monthly asthma-related hospital admissions during the study period (2015–2018). The X-axis represents the month and year, while the Y-axis 
represents the number of hospitalized asthmatic children in the corresponding month.

FIGURE 2

Pattern matching between the concentration trends of the six air pollutants and asthma-related hospital admissions during the study period (2015–
2018). The X-axis represents the month and year, while the Y-axis on the left represents the monthly mean concentration of the pollutants, and the 
Y-axis on the right represents the number of hospitalized asthmatic children in the corresponding month.

https://doi.org/10.3389/fpubh.2025.1527214
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Bao et al. 10.3389/fpubh.2025.1527214

Frontiers in Public Health 05 frontiersin.org

prevalence varies compared to the effects of other pollutants such as 
SO2, NO2, CO, PM2.5, and PM10. Ozone acts as an oxidizing agent, which 
may induce respiratory tract inflammation (21, 22). It is also recognized 

as a secondary pollutant. Its formation is influenced by the presence of 
nitrogen oxides and photochemical transformation processes. 
Consequently, the exposure patterns of ozone can deviate substantially 

FIGURE 3

Percentage changes in daily asthma-related hospitalizations, with 95% confidence intervals, expressed as percentage deviations (%). In the single-
pollutant model, an interquartile range (IQR) increase in the concentrations of SO2, NO2, CO, O3, PM2.5, and PM10 was associated with changes in 
asthma-related hospitalizations at different lag days.

FIGURE 4

The patients were stratified by sex to analyze the association. Percent changes (95% CI) in daily asthma hospitalization deviations (%) stratified by sex: 
(A) female; (B) male.

https://doi.org/10.3389/fpubh.2025.1527214
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Bao et al. 10.3389/fpubh.2025.1527214

Frontiers in Public Health 06 frontiersin.org

from those of other pollutants, such as nitrogen dioxide and fine 
particulate matter (23). In our study, during the observational years, 
ozone levels remained relatively high in the Yangtze River Delta region, 
partly due to the decrease in PM and increased solar radiation. This 
pattern is similar to the ozone pollution observed in the Pearl River 
Delta region (24), which may help explain the relationship between 
ozone concentrations and asthma outcomes. Although the associations 
between air pollutants and respiratory diseases have been widely 
studied, the results are complex and often inconclusive. Not all studies 
support a causal link between long-term exposure to air pollution and 
the prevalence of asthma (25). Indeed, etiological analyses from the 
International Study of Asthma and Allergies in Childhood (ISAAC) 
have revealed that the prevalence of asthma in less-polluted developed 
countries is generally much higher compared to those with higher levels 
of air pollution (26). In addition, two birth cohort studies found no 
association between traffic-related air pollution and atopic eczema, 
allergic sensitization, or bronchial hyperresponsiveness (27, 28), raising 

questions about the underlying mechanisms—whether irritation is 
caused by air pollution or allergic reactions due to allergens. Some 
studies have demonstrated that children residing in urban areas exhibit 
a higher susceptibility to asthma compared to those dwelling in rural or 
suburban regions. This elevated risk is, in part, attributed to their greater 
exposure to air pollution due to rapid urbanization and industrialization 
(29, 30). Nevertheless, cross-sectional studies carried out in Lanzhou, 
China, in 2017 and in Belgium have both revealed that the urban 
environment does not have a significant influence on children’s 
wheezing or asthma-related symptoms (31, 32). It is well known that 
children are susceptible to adverse effects of air pollution due to their 
developing lungs, immature immune systems, and metabolic pathways. 
In addition, even prenatal exposures might increase the postnatal risk 
of developing asthma later in life (33, 34). Reported associations in 
children have shown highly variable results. For example, a systematic 
review of cohort studies found that only prenatal exposure to NO2 
(OR = 1.04, 95%CI: 1.01–1.07) and PM10 (1.08, 1.05–1.12) was 

FIGURE 5

The patients were stratified by age to analyze the association. Percent changes (95% CI) in daily asthma hospitalization deviations (%) stratified by age: 
(A) 0–3 years; (B) 4–6 years; (C) >6 years.
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associated with an increased risk of wheezing and asthma development 
in childhood. The effect was most pronounced in children aged 
0–5 years, becoming weaker in older age groups. The researchers 
suggested that individual pollutant exposure assessments—such as 
LUR, inverse distance weighting (IDW), and personal monitors—used 
in these cohort studies might strengthen the observed positive 
associations between air pollution and wheezing and asthma (5). 
However, another systematic review published in the same year 
indicated that PM10 was not associated with asthma exacerbation in 
children. The researchers suggested that differences in methodologies 
for estimating air pollution concentrations across studies could lead to 
exposure misclassification (7). Alternatively, weaker associations have 
been observed in regions with lower levels of air pollution (35). 
Furthermore, the association between changes in ambient air pollution 
and incident asthma should be investigated in areas with predominantly 
low air pollution levels to avoid saturation effects.

In the present study, we raise the question of whether the role of 
air pollution in the prevalence of asthma has attenuated. It is also 
possible that the impacts of air pollution on asthma are overshadowed 
by other seasonal triggers that have a more substantial influence, such 
as bacterial, fungal, and viral infections. For example, recent studies 
have reported that air pollutants could significantly impact the city 
microbiome, which could further impact the prevalence of allergic 
diseases in a season-specific manner (36–38).

In summary, we believe that it is too arbitrary to draw a precise 
conclusion. In addition, even if air quality has improved significantly in 

recent years, the accumulated effects of environmental pollution still 
exist, preventing a decline in the prevalence of asthma. There are 
limitations in our study, such as the lack of a multicenter database 
evaluation and the use of single-year data for a long-term period, 
highlighting the need for further original studies to explore the 
relationship between air pollution exposure and childhood asthma. 
Nevertheless, a significant proportion of childhood asthma incidence/
development may be attributable to air pollution (39–41). In the future, 
additional data should provide insights into the number of asthma cases 
that could potentially be prevented by reducing exposure to air pollution.

5 Conclusion

In our study, six nationally supervised air pollutant indices showed 
no clear or significant association with asthma hospitalizations in the 
studied population from 2015 to 2018 in East China, based on the levels 
of air pollution exposure measured during the study period. Our 
findings provide fundamental data and public health insights. The three 
national surveys on asthma prevalence among children aged 0–14 years 
in China were conducted in 1990, 2000, and 2010. These surveys 
indicated that the prevalence of asthma has continued to increase. A new 
round of national-level surveys on asthma prevalence is expected soon. 
As global emissions continue to rise, future research efforts should focus 
on identifying the pollutants most relevant to asthma, determining the 
most vulnerable children, and reducing exposure to improve child health.

FIGURE 6

The patients were stratified by hospital level to analyze the association. Percent changes (95% CI) in daily asthma hospitalization deviations (%) stratified 
by hospital level: (A) Hospital A; (B) Hospital B.
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FIGURE 7

Pattern matching between temperature (°C), average relative humidity (%), average wind speed (m/s), and asthma-related hospital admissions during 
the study period (2015–2018). The X-axis represents the month and year, while the Y-axis on the left represents temperature (DTm, °C), average relative 
humidity (Av HR, %), and average wind speed (Av Win, m/s), respectively, and the Y-axis on the right represents the number of hospitalized asthmatic 
children in the corresponding month.
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