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In this study, outpatient data of pediatric neurological diseases together with air pollutants data and 
meteorological factors were collected in SJZ from 2013 to 2021 to study the correlation between 
exposure to PM2.5 and pediatric neurological diseases. A Poisson regression GLM was employed to 
assess the risk associated with both a single time lag and a moving average time lag of 0–7 days. The 
Poisson regression GLM was evaluated with respect to sex, age, seasons, and disease types. For per 
IQR (75.2 µg/m3) increase in PM2.5 concentration over a 7-day period (lag07) was correlated with a 
2.047% increase in the overall count of pediatric outpatient visits for nervous system-related issues. 
As PM2.5 concentration increased, its impact was more obvious among girls or children aged < 6 years. 
Moreover, the adverse effects on nervous systems of children were more pronounced during the warm 
season (ER: 4.875%). A preliminary exposure assessment revealed a significant correlation between 
PM2.5 and both the overall outpatient visits for pediatric neurological diseases and the number of 
various outpatient visits for neurological disorders in children. Additionally, girls < 6 years old were 
identified as a group particularly sensitive to PM2.5 exposure.
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Abbreviations
SJZ	� Shijiazhuang
GLM	� Generalized linear model
NSDs	� Nervous system diseases
CNS	� Central nervous system
BBB	� Blood–brain barrier
SO2	� Sulfur dioxide
NO2	� Nitrogen dioxide
O3	� Ozone
GLM	� Generalized linear model
ER	� Excess risk
ANOVA	� Analysis of variance
CI	� Confidence interval
IQR	� Interquartile range

The global burden of diseases, injuries, and risk factors study recognizes NSDs as significant contributors to 
morbidity and mortality worldwide1. NSDs encompass a wide range of conditions that include communicable 
neurological disorders, stroke, headache, neurodegenerative diseases, demyelinating diseases, brain, and CNS 
cancers. NSDs also encompass other less common neurological disorders, such as tetanus and meningitis, 
idiopathic epilepsy, encephalitis, and migraine, which are the primary causes of pediatric neurologic disorders2. 

1Shijiazhuang Center for Disease Control and Prevention, Hebei Key Laboratory of Intractable Pathogens, 
Environment and Health Research Base of China Center for Disease Control and Prevention (Shijiazhuang), 
Shijiazhuang 050011, China. 2School of Water Resources and Environment, Hebei GEO University, Shijiazhuang 
050031, China. 3Hebei Provincial Ecological Environment Digital Intelligence Center, Shijiazhuang 050051, China. 
4These authors contributed equally: Ziyue Liang and Aifang Gao. email: zhangying431@163.com

OPEN

Scientific Reports |         (2026) 16:6469 1| https://doi.org/10.1038/s41598-026-36877-5

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-026-36877-5&domain=pdf&date_stamp=2026-1-28


Environmental pollution is a notable significant external factor that contributes to the development of mental 
and neurological diseases that manifest across all age groups.

PM2.5, one of six standard air pollutants, poses serious risks to human health3–7. Acute exposure to PM2.5 
can result in rapid systemic effects because of its ability to penetrate the alveoli and enter the bloodstream, 
leading to various physiological responses8–10. In particular, PM2.5 exposure can exacerbate inflammation and 
oxidative stress, two key biological mechanisms that have been implicated in neurological disorders. Acute 
neuroinflammatory responses may be triggered as PM2.5 prompts the release of inflammatory cytokines at entry 
points such as the lungs, and it can subsequently reach the CNS through the peripheral circulatory system11.

Although PM2.5 may not directly enter the CNS, its acute inflammatory and oxidative effects can compromise 
the BBB or blood–cerebrospinal fluid barriers, thus facilitating secondary neurotoxicity12,13. These mechanisms 
have been linked to the acute exacerbation of neurological diseases. Recent studies have highlighted the 
association between PM2.5 exposure and acute neurological diseases14–18, including stroke, cognitive decline, 
and the aggravation of pre-existing conditions, such as epilepsy. A case-crossover study conducted in eastern 
China revealed a significant association between short-term PM2.5 exposure and an increased risk of childhood 
epilepsy exacerbation19. It is crucial to further explore the acute effects of PM2.5 on pediatric neurological health, 
as children are especially vulnerable to environmental hazards because of their ongoing neurodevelopment20–24.

SJZ, a city located in northern China, has historically experienced severe air pollution25. Although numerous 
studies have assessed the health risks to adults26,27, the impact of air pollution on children’s nervous systems 
remains understudied. The aims of this study are: (1) to investigate the association between PM2.5 exposure and 
pediatric neurologic disorders in SJZ; (2) to explore the effect of PM2.5 exposure on the number of outpatient 
visits for pediatric neurologic disorders using a time-series model; (3) to identify populations who are sensitive 
to PM2.5 exposure in SJZ; and (4) to evaluate the potential health risk to pediatric nervous systems.

Methods
Study area and data collection
SJZ is located southwest of Hebei Province, China, at 114°30′E and 38°02′N. The region experiences a typical 
temperate monsoon climate that is characterized by distinct seasonal fluctuations.

Daily records of pediatric outpatient visits were collected from a local children’s hospital from January 1, 
2013, to December 31, 2021. All of the cases involved individuals aged ≤ 14 years, and all of the patients were 
residents of urban districts. This children’s hospital is the only tertiary grade A pediatric specialty hospital 
located in the urban area of SJZ, and it has the highest volume of pediatric consultations in the city. Further, the 
hospital is distinguished by its focus on the diagnosis, treatment, and rehabilitation of neurological disorders. 
Consequently, the daily outpatient volume of this hospital serves as a valuable indicator of the effects of PM2.5 
concentration fluctuations on pediatric health outcomes in the primary urban area of SJZ, thus possessing a 
degree of representativeness. Demographic data were recorded for every patient, including the diagnosis date, 
age, sex, and International Classification of Diseases 10th Revision (ICD-10) codes. NSDs were categorized 
based on ICD-10 codes (G00–G99), and further classified and summarized according to their pathophysiological 
mechanisms.

Central infectious encephalopathy includes meningitis, encephalitis, and myelitis. Noninfectious acute 
encephalopathy includes demyelinating diseases, epilepsy, migraine, and hydrocephalus. Chronic brain 
dysfunction disease includes systemic atrophy, Parkinson’s disease, and cerebral palsy. The specific classifications 
of neurological diseases are shown in (Table 1).

The meteorological data (e.g., daily average temperature, relative humidity, atmospheric pressure, sunshine 
duration, and wind speed) during the study period were obtained from the National Meteorological Science Data 
Center (http://data.cma.cn/, accessed 15 May 2021). Air pollution data of SJZ during the study period, which 
included the daily 24-hour average concentration of PM2.5, PM10, SO2, NO2, CO and the maximum 8-hour mean 
concentration of O3, were obtained from the China National Urban Air Quality Real-time Publishing Platform 
(https://air.cnemc.cn:18007/). There are seven monitors (Xinan Gaojiao, Xibei Shuiyuan, Renmin Huitang, Zhi 
Gong Yiyuan, Gaoxinqu, Shiji Gongyuan, 22 Zhong Nanxiaoqu) in SJZ main urban area. We used the average 
air pollutant concentrations calculated as the mean values from 7 monitors for following analysis. Missing 
environmental and meteorological data points were imputed using the mean of adjacent values.

Statistical analysis
Time-series analyses have been extensively used to examine the immediate impacts of ambient pollutants and 
meteorological conditions on human health28. In this study, we used a GLM to quantify the associations29. The 
primary exposure variables consisted of the daily averages of individual air pollutants. We used a time-series 
regression analysis based on the Poisson distribution family and natural splines, to estimate the short-term 
relationship between PM2.5 and pediatric outpatient visits for neurological disorders.

Disease type ICD coding range

Central infectious encephalopathy G00-G09

Noninfectious acute encephalopathy G35-G37; G40-G47; G91-G96

Chronic brain dysfunction disease G10-G14; G20-G26; G80-G83

Table 1.  Classification of neurological diseases based on ICD-10 codes.
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Adjustments for factors in the meteorological data and the daily average concentration of PM2.5 were 
introduced into the GLM in order to control for potential confounding effects. Factor variables were used to 
adjust for weekdays and holidays. The model is described by Eq. (1):

	 Log [E (Yt)] = βZt + ns (time, df) + ns (Xt, df) + DOW + holiday + intercept� (1)

where E(Yt) represents the daily expected outpatient visits on day t; β signifies the regression model coefficients; 
Zt represents the daily concentration of PM2.5 in the single pollutant model and the concentrations of both 
PM2.5 and the respective co-pollutant (O3, SO2, or NO2) in the two-pollutant model; DOW and holiday are 
dummy variables representing the weekdays and holidays, respectively; ns refers to the natural smooth spline 
function; time corresponds to the date; df represents the degrees of freedom; and Xt encompasses the daily 
weather factors, including daily average temperature, relative humidity, atmospheric pressure, wind speed, and 
sunshine duration. Natural smooth spline functions were adopted to control for the time trend in the dates, with 
seven degrees of freedom per year30. For the seasonal analysis, three degrees of freedom per year was used. The 
daily average temperature was adjusted with six degrees of freedom, while the other meteorological factors were 
adjusted with three degrees of freedom each.

Single-day lags (lag0 to lag7) and moving average lags (lag01 to lag07) were included to determine the lag 
day with the most significant effect, and this was identified as the optimal effect period. The effect estimate was 
defined as the ER and its 95% confidence interval (95% CI) for daily outpatient visits resulting from an increase 
in daily ambient pollutant concentrations. In addition, stratified analyses were used to investigate potential effect 
modifiers based on sex, age, disease type, and season to assess the effect of exposure to PM2.5 on neurological 
outpatient visits. The cold season was defined as November to April of the subsequent year, while the warm 
season spanned from May to October. We conducted one-way ANOVA tests to examine significant differences 
between the effect estimates from stratified groups.

Informed consent
The study was approved by the Shijiazhuang Center for Disease Control and Prevention Institutional Ethical 
Review Board Committee (#2024-06). All methods were carried out in accordance with guidelines and 
regulations, including the Declaration of Helsinki. The dataset included age, sex, the date of visit, and ICD-10 
diagnosis code for each outpatient visit. There was no personal identifiers such as names, identification numbers, 
or residential addresses collected or used in the analysis. Therefore, the data of pediatric neurological outpatient 
visits were anonymous, and the requirement for informed consent was therefore waived.

Sensitivity analysis
A two-pollutant model was constructed to evaluate the robustness of the single-pollutant model that was 
developed in order to account for potential interaction effects in the model. Co-pollutants with absolute values 
of the Spearman’s correlation coefficient < 0.7 were included in the two-pollutant model in this study31.

All of the analyses were conducted using the program R 4.2.0.

Results
Descriptive statistics
Table 2 summarizes the air contaminant statistics, meteorological parameters, and outpatient visits for NSDs of 
children. A total of 154,348 records for NSDs were collected between January 1, 2013, and December 31, 2021, 
with a median daily outpatient visit count of 43 cases. During the study period, the daily PM2.5 concentrations 
ranged from 6.3 µg/m3 to 771.3 µg/m3, and the IQR was 75.2 µg/m3.

The percentages of boys and girls with NSDs were 59.3% and 40.7%, respectively. The percentages of patients 
aged 0–6 and 7–14 years with NSDs were 71.4% and 28.6%, respectively. The total daily pediatric neurological 
outpatient visits ranged from 0 to 153, with a median (P25, P75) of 43 (31, 61). The medians (P25, P75) of the 
daily pediatric neurological outpatient visits for boys and girls were 25 (17, 37) and 18 (12, 24), respectively. 
The medians (P25, P75) of the 0–6- and 7–14-year-old groups were 31 (18, 47) and 13 (9, 17), respectively. The 
volume of central infectious encephalopathy, noninfectious acute encephalopathy, and chronic brain dysfunction 
disease outpatient visits ranged from 0 to 69, 0 to 89, and 0 to 14, with medians (P25, P75) of 6 (2, 13), 32 (24, 
43), and 1 (0, 2), respectively. Figure 1 shows a strong correlation (r = 0.92) between the daily concentrations of 
PM2.5 and PM10. PM2.5 exhibited positive correlations with carbon monoxide (CO) (r = 0.80), NO2 (r = 0.66), 
and SO2 (r = 0.63), as well as with air pressure (r = 0.22) and humidity (r = 0.22), and a negative correlation with 
O3 (r = -0.35).

Associations between the PM2.5 concentrations and pediatric neurological outpatient visits
We investigated with effect of air pollution concentration on the daily number of outpatients with NSDs with a 
single-pollutant model. We considered how different lag times impacted these effects. Figure 2 shows lag effects 
for PM2.5 on total neurological outpatient visits among children were statistically significant for single-day lag 
times of 3 to 6 days, as well as moving average of 4 days and 7 days. The largest lag effect was observed at a 
moving average of 7 days, with a per IQR (75.2 µg/m3) increase in PM2.5 correlated with a 2.047% increase in the 
total pediatric neurological outpatient visits (95% CI 0.66%–3.45%).

Table 3 shows the stratified analysis results. For girl outpatients, at lag07, every IQR increase in PM2.5 was 
associated with a 3.96% increase (95% CI 1.77%–6.20%). For boy outpatients, at lag4 every IQR increase in 
PM2.5 was associated with a 1.00% increase (95% CI 0.14%–1.87%). The difference between the sex groups was 
statistically significant at lag5 and lag07, and girls were more sensitive to PM2.5 (P < 0.05).
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As shown in Table 3, in the children aged 0–6 years group, the association between PM2.5 and outpatient visits 
was the highest at lag07 (ER: 2.66%, 95% CI 1.05–4.30%). There was no statistically significant excess risk of daily 
outpatient visits associated with PM2.5 for children aged 7–14 for lag07 An analysis of the inter-group differences 
by age group was statistically significant at lag3, and 0−6-year-old were more sensitive to PM2.5 (P < 0.05).

The results of the analysis of the different NSD types are presented in (Fig. 2). For central infectious 
encephalopathy diseases, the lag impacts of PM2.5 were statistically significant for lag0–lag3 and lag01–lag07. The 
largest lag effect was discovered for lag03, with every IQR increase in PM2.5 corresponding to a 4.19% increase 
in outpatient visits (95% CI: 1.73%–6.71%). The lag effects of PM2.5 were statistically significant for lag4–lag6 
and lag07 for noninfectious acute encephalopathy diseases. The largest lag effect was observed for lag07, with 
every IQR increase in PM2.5 corresponding to a 1.69% increase in outpatient visits (95% CI: 0.07%–3.33%). For 
chronic brain dysfunction diseases, the lag effects of PM2.5 were statistically significant for lag1 and lag01–lag04. 
The largest lag effect was observed for lag03, with every IQR increase in PM2.5 corresponding to a 7.84% increase 
in outpatient visits (95% CI: 1.65%–14.41%).

Seasonal differences in the effect of PM2.5 exposure on pediatric neurological outpatient 
visits
As shown in Table 3, the annual data were categorized into cold and warm seasons for a seasonal differences 
analysis in order to further analyze the effect of PM2.5 on neurological outpatient visits of children across various 
seasons. In the cold season, at lag07 every IQR (114  µg/m3) increase in PM2.5 was associated with a 2.84% 
increase (95% CI: 0.29%–5.46%). However, the effect of PM2.5 on NSDs was more pronounced during the 
warm season compared to the cold season. Every IQR (47 µg/m3) increase in PM2.5 corresponded to a 4.88% 
increase in outpatient visits (95% CI: 3.37%–6.41%) at lag07 during the warm season. The study of the seasonal 
differences between groups indicated that during the warm season, changes in the PM2.5 concentration had a 
greater impact on the number of outpatient visits for pediatric neurological diseases, and this was statistically 
significant (P < 0.05).

Sensitivity analysis
Based on the single-pollutant model, pollutants with an absolute value of Spearman’s coefficient < 0.7 were 
included in the two-pollutant model. In the two-pollutant models, after adjusting for O3, SO2, and NO2, the 
effects of PM2.5 on pediatric neurological outpatient visits remained statistically significant, indicating stable 

Variable Mean(SD) Min Median(P25, P75) Max

Kind-specific diseases

All 47(21.9) 0 43(31, 61) 153

Central infectious encephalopathy 9.3(10.5) 0 6(2, 13) 69

Noninfectious acute encephalopathy 33.8(13.8) 0 32(24, 43) 89

Chronic brain dusfunction disease 1.42(1.71) 0 1(0, 2) 14

Sex

Male 27.9(13.9) 0 25(17, 37) 93

Female 19.1(9.2) 0 18(12, 24) 73

Age (years)

0–6 33.5(19.2) 0 31(18, 47) 120

7–14 13.4(6.2) 0 13(9, 17) 44

Air pollution exposure*

PM2.5 (µg/m3) 96.9 (78.6) 6.3 61 (35.9, 111.1) 771.3

PM10 (µg/m3) 159.9 (121) 13 124.9 (78.6, 200.3) 867.3

SO2 (µg/m3) 38.5 (46.7) 2 20.7 (11, 43.7) 319.4

NO2 (µg/m3) 49.3 (25.8) 7.4 44.7 (30.7, 62.3) 188

O3 (µg/m3) 93.6 (59.3) 1.9 84.7 (47.3, 132.4) 309.6

CO (mg/m3) 1.3 (1.1) 0.1 1 (0.7, 1.4) 10.5

Meteorological conditions

Temperature (℃) 14.8 (10.7) -10.2 15.9 (5, 24.5) 34.7

Air pressure (kpa) 100.0 (10.0) 98.2 100.5 (99.6, 101.3) 103.4

Relative humidity (%) 56.1 (20.3) 4.9 57 (40, 72.3) 100

Wind speed (m/s) 1.9 (0.8) 1.3 1.8 (1.3, 2.2) 6.5

Sunshine duration (h/d) 5.8 (4.4) 0 7 (0, 9.4) 13.8

Table 2.  Descriptive characteristics of daily pediatric neurological outpatient visits, air pollution, and 
meteorological data. ALL = Total daily pediatric neurological outpatient visits. *Air pollution concentrations 
represent the 24-hour average concentrations for PM2.5, PM10, SO2, NO2, CO, and maximum 8-hour mean 
concentration for O3.
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results (Table 4). After adjusting for NO2, the ER decreased to 1.43%, though the association remained statistically 
significant.

Discussions
In this study, we assessed the effects of short-term PM2.5 exposure on pediatric outpatient NSD visits based on 
data from pediatric outpatient visits, air pollutants, and meteorological factors spanning from 2013 to 2021. 
As a representative component of air pollution, studies have shown that PM2.5 can enter the bloodstream 
through the gas–blood barrier, reach the brain, and then invade the CNS through the BBB, potentially causing 
damage through oxidative stress, inflammation, and other mechanisms, and this may lead to the occurrence of 
NSDs32–35. Our findings revealed a positive association between the PM2.5 concentration and outpatient visits 
for pediatric neurological diseases. The results also indicated that the effect estimates of the single-day lagged 
model were lower compared to those of the lagged model using moving averages. This indicated that PM2.5 
negatively impacts children’s nervous systems, with a particular emphasis on the accumulative effects of PM2.5 
on children’s nervous systems. This highlights the importance of understanding the short-term health impacts of 
PM2.5 exposure and the necessity for increased awareness regarding the health effects associated with prolonged 
pollutant exposure.

A stratified analysis revealed that girls showed higher sensitivity to PM2.5 exposure than boys. This result 
could have been due to differences in particle deposition between sexes36 and variations in physiological 
structures and hormone levels37, making girls’ nervous systems more vulnerable. In addition, children aged 0−6 
years were more sensitive to PM2.5 exposure than those aged 7−14 years, likely due to the rapid development of 
the nervous system during early childhood when the brain reaches approximately 90% of its adult size by age 
five38, also as the study of 1,967 mother−child dyads from three pregnancy cohorts in the US found ambient air 
pollution were associated with impaired behavioral functioning and cognitive performance at 4 to 6 years of 
age39. PM2.5 also has potential developmental toxicity40, making younger children more susceptible. Therefore, 
the period from birth to six years is particularly critical, and parents should intensify efforts to protect their 
children from PM2.5 during this vulnerable stage.

According to association analysis between PM2.5 concentrations and the three NSD types, we found that 
PM2.5 exposure positively correlated with outpatient visits for central infectious encephalopathy, noninfectious 
acute encephalopathy, and chronic brain dysfunction, thus suggesting a broad impact on children’s nervous 

Fig. 1.  Spearman’s correlations between daily concentration of PM2.5 and other pollutants (PM10, CO, NO2, 
SO2, O3), meteorological condition in SJZ, 2013–2021.
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systems15,23,41. Meanwhile, neurological disorders showed varying sensitivities to PM2.5 exposure. Extensive data 
in the previous studies supported that PM2.5 could go through the BBB or otherwise breathe into the brain via the 
olfactory nerve, and other pathways, causing neurological inflammation, oxidative stress or damage to affect the 
nervous system with varying intensity42–44. In addition, for the chronic brain dysfunction diseases, the study of 
Calderón-Garcidueñas45 indicated that children in Mexico City exposed to PM2.5 show systemic inflammation, 
blood-brain barrier disruption, cognitive deficits, and early Alzheimer’s and Parkinson’s pathology compared 
to those in clean-air environments. PM2.5 could contribute to the pathological development of Alzheimer’s 
disease in early life, offering further mechanistic support for the associations observed in our study. Additionally, 
pediatric outpatient visits for chronic brain dysfunction may also represent an exacerbation of health conditions 
resulting from chronic brain dysfunction caused by PM2.5. Understanding these mechanisms can help tailor 

Fig. 2.  ER (95% CI) of daily pediatric neurological outpatient visits associated with IQR increase in 
PM2.5 concentrations by different lag days. (a) Total neurological outpatient visits; (b) Central infectious 
encephalopathy; (c) Noninfectious acute encephalopathy; (d) Chronic brain dysfunction disease.
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disease management strategies to specific vulnerabilities. These findings underscore the need for targeted public 
health interventions and policies to reduce PM2.5-related neurological harm in children.

The results of seasonal difference suggested a stronger association between PM2.5 exposure and pediatric 
neurological diseases during warmer seasons, likely due to the synergistic effects of high temperatures and air 
pollution, that exacerbate physiological stress, inflammation, and oxidative damage. While PM2.5 concentrations 
are typically higher during winter46, our findings indicated a stronger correlation during the warm season, 
consistent with Qiu et al.47. Notably, the impact of PM2.5 on pediatric neurological visits peaked at lag07 during 
the warm months, suggesting a cumulative effect. Temperature plays a crucial role in this association, with 
high temperatures linked to increased risk of neurological disorders48,49. Lee found that air pollution could 
trigger migraines on hot days, suggesting a synergistic effect between PM2.5 and temperature50. However, other 
studies have reported different seasonal impacts, such as increased migraines during colder months51 and no 
seasonal effect on epilepsy hospitalizations52. Further research should explore the combined effects of PM2.5 and 
temperature and consider additional meteorological factors, such as sunshine duration and humidity.

In addition to the PM2.5 single-pollutant model, we explored two-pollutant models to investigate the effects of 
incorporating other pollutants (O3, SO2, and NO2 for PM2.5). As indicated in Table 4, the findings from the PM2.5 
model remained statistically significant even after the addition of O3, NO2, and SO2 as risk factors, indicating 
that these co-pollutants did not modify PM2.5’s effect on neurological visits. This could have been due to the same 
source of these pollutants (e.g., vehicle exhaust or the burning of fossil fuels), and thus no additive effect was 

Co-pollutants ER (95% CI)

Main model 2.05 (0.66 ~ 3.45)

PM2.5+O3 2.12 (0.73 ~ 3.53)

PM2.5+SO2 2.09 (0.70 ~ 3.49)

PM2.5+NO2 1.43 (0.04 ~ 2.84)

Table 4.  ER (95% CI) of daily pediatric neurological outpatient visits associated with every IQR increase in 
PM2.5 concentrations by the multi-pollutant model.

 

Days of lag

Sex Age Season (IQR)

Female Male 0–6 years 7–14 years
Warm season
(47 µg/m3)

Cold season
(114 µg/m3)

lag0 1.79 (0.47 ~ 3.12) 0.08
(-1.01 ~ 1.18)

0.56
(-0.42 ~ 1.54)

1.42
(-0.24 ~ 3.11) 3.15 (2.17 ~ 4.13)* -0.12

(-1.64 ~ 1.42)

lag1 0.02
(-1.13 ~ 1.19)

-0.26
(-1.22 ~ 0.71)

-0.09
(-0.94 ~ 0.78)

-0.37
(-1.84 ~ 1.11) 1.75 (0.87 ~ 2.63)* -0.78

(-2.08 ~ 0.54)

lag2 0.45
(-0.60 ~ 1.52)

0.42
(-0.46 ~ 1.31)

0.60
(-0.19 ~ 1.38)

-0.12
(-1.46 ~ 1.24) 1.37 (0.55 ~ 2.20)* 0.48

(-0.72 ~ 1.70)

lag3 0.61
(-0.42 ~ 1.65) 1.00 (0.14 ~ 1.87) 1.24

(0.47 ~ 2.01)*
-0.34
(-1.65 ~ 0.99) 1.60 (0.80 ~ 2.41)* 1.29 (0.10 ~ 2.48)

lag4 1.22 (0.19 ~ 2.26) 0.69
(-0.16 ~ 1.56)

1.06
(0.30 ~ 1.83)

0.53
(-0.79 ~ 1.85) 1.52 (0.72 ~ 2.32) 1.58 (0.41 ~ 2.77)

lag5 1.70 (0.67 ~ 2.74)* -0.06
(-0.91 ~ 0.80)

0.74
(-0.02 ~ 1.50)

0.41
(-0.90 ~ 1.73) 1.41 (0.61 ~ 2.22)* 1.16

(-0.01 ~ 2.35)

lag6 1.54 (0.51 ~ 2.58) 0.22
(-0.63 ~ 1.08) 1.00 (0.24 ~ 1.77) 0.03

(-1.27 ~ 1.35)
0.75
(-0.05 ~ 1.55) 1.54 (0.37 ~ 2.72)

lag7 0.88
(-0.15 ~ 1.91)

-0.31
(-1.16 ~ 0.55)

0.23
(-0.53 ~ 0.99)

0.05
(-1.25 ~ 1.37) 1.24 (0.45 ~ 2.04)* -0.21

(-1.37 ~ 0.97)

lag01 1.09
(-0.34 ~ 2.55)

-0.14
(-1.32 ~ 1.07)

0.29
(-0.78 ~ 1.36)

0.56
(-1.25 ~ 2.40) 3.20 (2.12 ~ 4.28)* -0.58

(-2.20 ~ 1.07)

lag02 1.12
(-0.40 ~ 2.67)

0.25
(-1.02 ~ 1.53)

0.67
(-0.47 ~ 1.81)

0.36
(-1.55 ~ 2.32) 3.31 (2.17 ~ 4.48)* 0.06

(-1.67 ~ 1.81)

lag03 1.32
(-0.31 ~ 2.98)

0.84
(-0.52 ~ 2.22)

1.33
(0.12 ~ 2.56)

0.14
(-1.91 ~ 2.23) 3.71 (2.49 ~ 4.95)* 0.99

(-0.87 ~ 2.89)

lag04 1.90 (0.15 ~ 3.68) 1.05
(-0.40 ~ 2.52)

1.74
(0.44 ~ 3.06)

0.38
(-1.81 ~ 2.62) 4.11 (2.81 ~ 5.42)* 1.71

(-0.31 ~ 3.77)

lag05 2.76 (0.87 ~ 4.69) 0.95
(-0.61 ~ 2.53)

2.08
(0.68 ~ 3.50)

0.51
(-1.84 ~ 2.92) 4.50 (3.12 ~ 5.90)* 2.29 (0.11 ~ 4.52)

lag06 3.40 (1.35 ~ 5.48) 0.90
(-0.77 ~ 2.60) 2.48 (0.97 ~ 4.01) 0.29

(-2.23 ~ 2.87) 4.58 (3.14 ~ 6.05)* 2.84 (0.47 ~ 5.27)

lag07 3.96 (1.77 ~ 6.20)* 0.72
(-1.06 ~ 2.53) 2.66 (1.05 ~ 4.30) 0.24

(-2.44 ~ 3.00) 4.88 (3.37 ~ 6.41)* 2.84 (0.29 ~ 5.46)

Table 3.  ER (95% CI) of daily pediatric neurological outpatient visits associated with every IQR increase in 
PM2.5 concentrations in different subgroups. Warm season = April to October; Cold season = November to 
March of the subsequent year. *The difference between groups was statistically significant (P < 0.05).
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detected53. Additionally, when adjusting for NO2, the ER for PM2.5 decreased to 1.43%, as compared to 2.05% in 
the main model, suggesting potential confounding or interaction effects.

In this study, we focused on pediatric neurological diseases, specifically examining the effects of short-term 
PM2.5 exposure on neurological diseases in children, thus filling a gap in research on the neurological health 
risks of air pollutants in this vulnerable population. In addition, we conducted sex and age stratified analyses, 
providing a basis for targeted health interventions. Utilizing outpatient and environmental data from SJZ from 
2013 to 2021, the study provides long-term data support and examines the associations between PM2.5 exposure 
and pediatric neurological diseases across different seasons. This approach helps to understand the combined 
effects of temperature and pollutants on children’s health, provides insights for future multifactorial research, 
and offers a data reference for public health interventions.

Strengths and limitation
This study has several limitations. First, there may be heterogeneity in the diagnosis of NSDs that could 
potentially lead to differences in disease classifications, and the limited number of chronic brain dysfunction 
diseases visits constrains the generalizability of the analysis results, necessitating further research to substantiate 
these findings. Second, we relied on pollutant concentration data from urban environmental monitors rather 
than accurate individual exposure values; this means that there may be disparities between these results and 
the real-life effects of PM2.5. Meanwhile, due to data accessibility constraints, socioeconomic factors were not 
included in the model to be analysed.

Conclusion
In this study, we found a significant association between PM2.5 exposure and pediatric neurological disorders, 
especially in girls and children aged 0−6 years, thus highlighting the need for targeted public health interventions. 
Parents and caregivers should take proactive measures, such as reducing outdoor activities and using air purifiers 
during high-pollution periods, especially during warmer seasons. Local and national governments should 
prioritize air quality improvements in urban areas, especially during summer when PM2.5 has more severe health 
impacts. Policies aimed at reducing emissions from vehicles and industries combined with public education are 
essential to protect children’s neurological health.

In summary, in this study, we revealed that PM2.5 exposure was linked to increased outpatient visits for 
pediatric neurological disorders in SJZ, with a stronger association observed during the warm season. The 
identification of high-risk groups, such as girls and young children, underscores the importance of protective 
measures to safeguard children’s neurological health during periods of high pollution and temperature.

Data availability
Ambient air quality data during the study period (PM2.5 , PM10 , O3 , CO, SO2 , NO2 ) were obtained from the 
China National Urban Air Quality Real-time Publishing Platform (https://air.cnemc.cn:18007/). The ​m​e​t​e​o​r​o​l​o​
g​i​c​a​l data (e.g., daily average temperature, relative humidity, atmospheric pressure, sunshine duration, and wind 
speed) during the study period were obtained from the National Meteorological Science Data Center (http://
data.cma.cn/). The datasets used and/or analysed during the current study available from the ​c​o​r​r​e​s​p​o​n​d​i​n​g 
author on reasonable request.

Received: 31 July 2025; Accepted: 16 January 2026

References
	 1.	 Vos, T. et al. Global burden of 369 diseases and injuries in 204 countries and territories, 1990–2019: a systematic analysis for the 

global burden of disease study 2019. Lancet 396, 1204–1222. https://doi.org/10.1016/s0140-6736(20)30925-9 (2020).
	 2.	 Wang, Y. et al. Burden of common neurologic diseases in Asian countries, 1990–2019: an analysis for the global burden of disease 

study 2019. Neurology 100, e2141–e2154. https://doi.org/10.1212/wnl.0000000000207218 (2023).
	 3.	 Wang, Y. et al. Associations of daily mortality with short-term exposure to PM2. 5 and its constituents in Shanghai, China. 

Chemosphere 233, 879–887. https://doi.org/10.1016/j.chemosphere.2019.05.249 (2019).
	 4.	 Wang, C. et al. Effects of using different exposure data to estimate changes in premature mortality attributable to PM2. 5 and O3 

in China. Environ. Pollut. 285, 117242. https://doi.org/10.1016/j.envpol.2021.117242 (2021).
	 5.	 Huang, Y. et al. Exploring health effects under specific causes of mortality based on 90 definitions of PM2. 5 and cold spell 

combined exposure in Shanghai, China. Environ. Sci. Technol. 57, 2423–2434. https://doi.org/10.1021/acs.est.2c06461.s001 (2023).
	 6.	 Sharma, S., Chandra, M. & Kota, S. H. Health effects associated with PM2. 5: A systematic review. Curr. Pollut Rep. 6, 345–367. 

https://doi.org/10.1007/s40726-020-00155-3 (2020).
	 7.	 Zhao, H., Wang, Y. & Zhang, Z. Increased ground-level O3 during the COVID-19 pandemic in China aggravates human health 

risks but has little effect on winter wheat yield. Environ. Pollut. 338, 122713. https://doi.org/10.1016/j.envpol.2023.122713 (2023).
	 8.	 Peng, W., Li, H., Peng, L., Wang, Y. & Wang, W. Effects of particulate matter on hospital admissions for respiratory diseases: an 

ecological study based on 12.5 years of time series data in Shanghai. Environ. Health. 21, 12. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​8​6​/​s​1​2​9​4​0​-​0​2​1​-​0​
0​8​2​8​-​6​​​​ (2022).

	 9.	 Hu, J. et al. Fine particulate matter air pollution and subclinical cardiovascular outcomes: A longitudinal study in 15 Chinese cities. 
Environ. Int. 163, 107218. https://doi.org/10.1016/j.envint.2022.107218 (2022).

	10.	 Li, D. et al. Multiple organ injury in male C57BL/6J mice exposed to ambient particulate matter in a real-ambient PM exposure 
system in Shijiazhuang, China. Environ. Pollut. 248, 874–887. https://doi.org/10.1016/j.envpol.2019.02.097 (2019).

	11.	 Genc, S., Zadeoglulari, Z., Fuss, S. H. & Genc, K. The adverse effects of air pollution on the nervous system. J. Toxicol. 2012 
(782462). https://doi.org/10.1155/2012/782462 (2012).

	12.	 Shin, J., Han, S. H. & Choi, J. Exposure to ambient air pollution and cognitive impairment in community-dwelling older adults: the 
Korean frailty and aging cohort study. Int. J. Environ. Res. Public. Health. 16, 3767. https://doi.org/10.3390/ijerph16193767 (2019).

Scientific Reports |         (2026) 16:6469 8| https://doi.org/10.1038/s41598-026-36877-5

www.nature.com/scientificreports/

https://air.cnemc.cn
http://data.cma.cn
http://data.cma.cn
https://doi.org/10.1016/s0140-6736(20)30925-9
https://doi.org/10.1212/wnl.0000000000207218
https://doi.org/10.1016/j.chemosphere.2019.05.249
https://doi.org/10.1016/j.envpol.2021.117242
https://doi.org/10.1021/acs.est.2c06461.s001
https://doi.org/10.1007/s40726-020-00155-3
https://doi.org/10.1016/j.envpol.2023.122713
https://doi.org/10.1186/s12940-021-00828-6
https://doi.org/10.1186/s12940-021-00828-6
https://doi.org/10.1016/j.envint.2022.107218
https://doi.org/10.1016/j.envpol.2019.02.097
https://doi.org/10.1155/2012/782462
https://doi.org/10.3390/ijerph16193767
http://www.nature.com/scientificreports


	13.	 Xu, M., Zhu, Y., Chang, H. & Liang, Y. Nanoceria restrains PM2. 5-induced metabolic disorder and hypothalamus inflammation 
by Inhibition of astrocytes activation related NF-κB pathway in Nrf2 deficient mice. Adv. Free Radical Biol. Med. 99, 259–272. ​h​t​t​p​
s​:​​/​/​d​o​i​.​​o​r​g​/​1​0​​.​1​0​1​6​/​​j​.​f​r​e​​e​r​a​d​b​i​​o​m​e​d​.​2​​0​1​6​.​0​8​​.​0​2​1 (2016).

	14.	 Fu, P., Guo, X., Cheung, F. M. H. & Yung, K. K. L. The association between PM2. 5 exposure and neurological disorders: a systematic 
review and meta-analysis. Sci. Total Environ. 655, 1240–1248. https://doi.org/10.1016/j.scitotenv.2018.11.218 (2019).

	15.	 Cipriani, G., Danti, S., Carlesi, C. & Borin, G. Danger in the air: air pollution and cognitive dysfunction. Am. J. Alzheimers Dis. 
Other Dementias. 33, 333–341. https://doi.org/10.1177/1533317518777859 (2018).

	16.	 Zanobetti, A., Dominici, F., Wang, Y. & Schwartz, J. D. A National case-crossover analysis of the short-term effect of PM2. 5 on 
hospitalizations and mortality in subjects with diabetes and neurological disorders. Environ. Health. 13, 38. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​8​
6​/​1​4​7​6​-​0​6​9​X​-​1​3​-​3​8​​​​ (2014).

	17.	 Armas, F. V. & D’Angiulli, A. Neuroinflammation and neurodegeneration of the central nervous system from air pollutants: A 
scoping review. Toxics 10, 666. https://doi.org/10.3390/toxics10110666 (2022).

	18.	 Zhu, X. et al. Risks of hospital admissions from a spectrum of causes associated with particulate matter pollution. Sci. Total 
Environ. 656, 90–100. https://doi.org/10.1016/j.scitotenv.2018.11.240 (2019).

	19.	 Cheng, J., Su, H., Song, J. & Wang, X. Short-term effect of air pollution on childhood epilepsy in Eastern china: a space–time-
stratified case-crossover and pooled analysis. Environ. Int. 170, 107591. https://doi.org/10.1016/j.envint.2022.107591 (2022).

	20.	 Tokuda, N. et al. Association of air pollution exposure during pregnancy and early childhood with children’s cognitive performance 
and behavior at age six. Environ. Res. 236, 116733. https://doi.org/10.1016/j.envres.2023.116733 (2023).

	21.	 Julvez, J. et al. Early life multiple exposures and child cognitive function: A multi-centric birth cohort study in six European 
countries. Environ. Pollut. 284, 117404. https://doi.org/10.1016/j.envpol.2021.117404 (2021).

	22.	 Li, M., Huang, T., Zhang, S. & Li, D. Effects of household indoor air pollution on children’s cognitive function: a systematic review. 
Chin. J. Women Child. Health. 14, 22–29. ​h​t​t​p​s​:​​/​/​d​o​i​.​​o​r​g​/​1​0​​.​1​9​7​5​7​​/​j​.​c​n​​k​i​.​i​s​s​​n​1​6​7​4​-​​7​7​6​3​.​2​​0​2​3​.​0​6​.​0​0​5 (2023).

	23.	 Calderón Garcidueñas, L., Kulesza, R. J., Doty, R. L. & D’Angiulli, A. Torres-Jardón, R. Megacities air pollution problems: Mexico 
City metropolitan area critical issues on the central nervous system pediatric impact. Environ. Res. 137, 157–169. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​
1​0​.​1​0​1​6​/​j​.​e​n​v​r​e​s​.​2​0​1​4​.​1​2​.​0​1​2​​​​ (2015).

	24.	 Cainelli, E., Vedovelli, L., Trevisanuto, D., Suppiej, A. & Bisiacchi, P. Prospective assessment of early developmental markers and 
their association with neuropsychological impairment. Eur. J. Pediatr. 182, 5181–5189. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​0​0​4​3​1​-​0​2​3​-​0​5​1​8​
2​-​y​​​​ (2023).

	25.	 Sun, H. et al. Platelet mitochondrial DNA methylation as epigenetic biomarker of short-term air pollution exposure in healthy 
subjects. Front. Mol. Biosci. 8, 803488. https://doi.org/10.3389/fmolb.2021.803488 (2022).

	26.	 Gao, A. et al. Health and economic losses attributable to PM2. 5 and Ozone exposure in Handan, China. Air Qual. Atmos. Health. 
14, 605–615. https://doi.org/10.1007/s11869-020-00964-x (2021).

	27.	 Zhang, Q. et al. Overview of particulate air pollution and human health in china: Evidence, challenges, and opportunities. 
Innovation 3 https://doi.org/10.1016/j.xinn.2022.100312 (2022).

	28.	 Moshammer, H. et al. Acute effects of air pollution and noise from road traffic in a panel of young healthy adults. Int. J. Environ. 
Res. Public. Health. 16, 788. https://doi.org/10.3390/ijerph16050788 (2019).

	29.	 Bhaskaran, K., Gasparrini, A., Hajat, S., Smeeth, L. & Armstrong, B. Time series regression studies in environmental epidemiology. 
Int. J. Epidemiol. 42, 1187–1195. https://doi.org/10.1093/ije/dyt092 (2013).

	30.	 Dominici, F., Sheppard, L. & Clyde, M. Health effects of air pollution: a statistical review. Int. Stat. Rev. 71, 243–276. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​
g​/​1​0​.​1​1​1​1​/​j​.​1​7​5​1​-​5​8​2​3​.​2​0​0​3​.​t​b​0​0​1​9​5​.​x​​​​ (2003).

	31.	 Vatcheva, K. P., Lee, M., McCormick, J. B. & Rahbar, M. H. Multicollinearity in regression analyses conducted in epidemiologic 
studies. Epidemiol. (Sunnyvale Calif). 6, 227. https://doi.org/10.4172/2161-1165.1000227 (2016).

	32.	 Liu, X. et al. Neurodevelopmental toxicity induced by PM2. 5 exposure and its possible role in neurodegenerative and mental 
disorders. Hum. Exp. Toxicol. 42, 09603271231191436. https://doi.org/10.1177/09603271231191436 (2023).

	33.	 Liu, F. et al. Neurotoxicity of the air-borne particles: from molecular events to human diseases. J. Hazard. Mater. 457, 131827. 
https://doi.org/10.1016/j.jhazmat.2023.131827 (2023).

	34.	 Qin, S. et al. Neurotoxicity of fine and ultrafine particulate matter: A comprehensive review using a toxicity pathway-oriented 
adverse outcome pathway framework. Sci. Total Environ. 947, 174450. https://doi.org/10.1016/j.scitotenv.2024.174450 (2024).

	35.	 Aderinto, N. et al. The impact of air pollution on neurodegenerative diseases: a narrative review of current evidence. Egypt. J. 
Intern. Med. 37 https://doi.org/10.1186/s43162-025-00403-2 (2025).

	36.	 Zeka, A., Zanobetti, A. & Schwartz, J. Individual-level modifiers of the effects of particulate matter on daily mortality. Am. J. 
Epidemiol. 163, 849–859. https://doi.org/10.1093/aje/kwj116 (2006).

	37.	 Picillo, M. et al. The relevance of gender in parkinson’s disease: a review. J. Neurol. 264, 1583–1607. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​0​0​4​1​
5​-​0​1​6​-​8​3​8​4​-​9​​​​ (2017).

	38.	 Lenroot, R. K. & Giedd, J. N. Brain development in children and adolescents: insights from anatomical magnetic resonance 
imaging. Neurosci. Biobehav Rev. 30, 718–729. https://doi.org/10.1016/j.neubiorev.2006.06.001 (2006).

	39.	 Ni, Y. et al. Associations of pre-and postnatal air pollution exposures with child behavioral problems and cognitive performance: 
a US multi-cohort study. Environ. Health Perspect. 130, 067008. https://doi.org/10.1289/EHP10248 (2022).

	40.	 Zhang, Y. et al. Genetic and epigenetic susceptibility of airway inflammation to PM2. 5 in school children: new insights from 
quantile regression. Environ. Health. 16, 88. https://doi.org/10.1186/s12940-017-0285-6 (2017).

	41.	 Calderón Garcidueñas, L. et al. Air pollution, combustion and friction derived nanoparticles, and alzheimer’s disease in urban 
children and young adults. J. Alzheimers Dis. 70, 343–360. https://doi.org/10.3233/JAD-190331 (2019).

	42.	 Cory-Slechta, D. A., Merrill, A. & Sobolewski, M. Air pollution–related neurotoxicity across the life span. Annu. Rev. Pharmacol. 
Toxicol. 63, 143–163. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​r​​g​/​​1​0​.​1​1​​4​​6​/​a​n​n​​u​​r​e​v​-​p​​h​a​r​m​​t​​o​x​-​0​5​​​1​9​2​1​-​0​2​0​8​1​2 (2023).

	43.	 Kim, H., Kim, W. H., Kim, Y. Y. & Park, H. Y. Air pollution and central nervous system disease: a review of the impact of fine 
particulate matter on neurological disorders. Front. Public. Health. 8, 575330. https://doi.org/10.3389/fpubh.2020.575330 (2020).

	44.	 Kang, Y. J., Tan, H. Y., Lee, C. Y. & Cho, H. An air particulate pollutant induces neuroinflammation and neurodegeneration in 
human brain models. Adv. Sci. 8, 2101251. https://doi.org/10.1002/advs.202101251 (2021).

	45.	 Calderón-Garcidueñas, L. et al. Prefrontal white matter pathology in air pollution exposed Mexico City young urbanites and 
their potential impact on neurovascular unit dysfunction and the development of alzheimer’s disease. Environ. Res. 146, 404–417. 
https://doi.org/10.1016/j.envres.2015.12.031 (2016).

	46.	 Vlachogiannis, D. M., Xu, Y., Jin, L. & González, M. C. Correlation networks of air particulate matter (PM2.5): a comparative study. 
Appl. Netw. Sci. 6, 32. https://doi.org/10.1007/s41109-021-00373-8 (2021).

	47.	 Qiu, H., Wang, L., Zhou, L. & Pan, J. Coarse particles (PM2. 5–10) and cause-specific hospitalizations in Southwestern china: 
Association, attributable risk and economic costs. Environ. Res. 190, 110004. https://doi.org/10.1016/j.envres.2020.110004 (2020).

	48.	 Culqui, D., Linares, C., Ortiz, C., Carmona, R. & Díaz, J. Association between environmental factors and emergency hospital 
admissions due to alzheimer’s disease in Madrid. Sci. Total Environ. 592, 451–457. https://doi.org/10.1016/j.scitotenv.2017.03.089 
(2017).

	49.	 Chen, J. et al. Association between temperature variability and global meningitis incidence. Environ. Int. 171, 107649. ​h​t​t​p​s​:​/​/​d​o​i​.​
o​r​g​/​1​0​.​1​0​1​6​/​j​.​e​n​v​i​n​t​.​2​0​2​2​.​1​0​7​6​4​9​​​​ (2023).

	50.	 Lee, H. et al. Ambient air pollution exposure and risk of migraine: synergistic effect with high temperature. Environ. Int. 121, 
383–391. https://doi.org/10.1016/j.envint.2018.09.022 (2018).

Scientific Reports |         (2026) 16:6469 9| https://doi.org/10.1038/s41598-026-36877-5

www.nature.com/scientificreports/

https://doi.org/10.1016/j.freeradbiomed.2016.08.021
https://doi.org/10.1016/j.freeradbiomed.2016.08.021
https://doi.org/10.1016/j.scitotenv.2018.11.218
https://doi.org/10.1177/1533317518777859
https://doi.org/10.1186/1476-069X-13-38
https://doi.org/10.1186/1476-069X-13-38
https://doi.org/10.3390/toxics10110666
https://doi.org/10.1016/j.scitotenv.2018.11.240
https://doi.org/10.1016/j.envint.2022.107591
https://doi.org/10.1016/j.envres.2023.116733
https://doi.org/10.1016/j.envpol.2021.117404
https://doi.org/10.19757/j.cnki.issn1674-7763.2023.06.005
https://doi.org/10.1016/j.envres.2014.12.012
https://doi.org/10.1016/j.envres.2014.12.012
https://doi.org/10.1007/s00431-023-05182-y
https://doi.org/10.1007/s00431-023-05182-y
https://doi.org/10.3389/fmolb.2021.803488
https://doi.org/10.1007/s11869-020-00964-x
https://doi.org/10.1016/j.xinn.2022.100312
https://doi.org/10.3390/ijerph16050788
https://doi.org/10.1093/ije/dyt092
https://doi.org/10.1111/j.1751-5823.2003.tb00195.x
https://doi.org/10.1111/j.1751-5823.2003.tb00195.x
https://doi.org/10.4172/2161-1165.1000227
https://doi.org/10.1177/09603271231191436
https://doi.org/10.1016/j.jhazmat.2023.131827
https://doi.org/10.1016/j.scitotenv.2024.174450
https://doi.org/10.1186/s43162-025-00403-2
https://doi.org/10.1093/aje/kwj116
https://doi.org/10.1007/s00415-016-8384-9
https://doi.org/10.1007/s00415-016-8384-9
https://doi.org/10.1016/j.neubiorev.2006.06.001
https://doi.org/10.1289/EHP10248
https://doi.org/10.1186/s12940-017-0285-6
https://doi.org/10.3233/JAD-190331
https://doi.org/10.1146/annurev-pharmtox-051921-020812
https://doi.org/10.3389/fpubh.2020.575330
https://doi.org/10.1002/advs.202101251
https://doi.org/10.1016/j.envres.2015.12.031
https://doi.org/10.1007/s41109-021-00373-8
https://doi.org/10.1016/j.envres.2020.110004
https://doi.org/10.1016/j.scitotenv.2017.03.089
https://doi.org/10.1016/j.envint.2022.107649
https://doi.org/10.1016/j.envint.2022.107649
https://doi.org/10.1016/j.envint.2018.09.022
http://www.nature.com/scientificreports


	51.	 Wan, D., Du, L. & Song, L. Research progress in relationships and mechanisms between fine particles and nervous system diseases. 
Mil Med. Sci. 47, 544–550 (2023).

	52.	 Cakmak, S., Dales, R. E. & Vidal, C. B. Air pollution and hospitalization for epilepsy in Chile. Environ. Int. 36, 501–505. ​h​t​t​p​s​:​/​/​d​o​
i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​e​n​v​i​n​t​.​2​0​1​0​.​0​3​.​0​0​8​​​​ (2010).

	53.	 Liang, Z. et al. The association between short-term ambient air pollution and daily outpatient visits for schizophrenia: a hospital-
based study. Environ. Pollut. 244, 102–108. https://doi.org/10.1016/j.envpol.2018.09.142 (2019).

Acknowledgements
We thank LetPub (www.letpub.com.cn) for its linguistic assistance during the preparation of this manuscript.

Author contributions
Z. L. and A. G. conducted relevant research and wrote the paper, Y. Z. was responsible for determining the 
research direction, conducting academic review and revision of the manuscript, and provided guidance on ex-
perimental design and data analysis methods. H. K., F. C., H. M., X. Z., X. S., X. Y., Y. S. assisted in conducting 
research and revised the paper together.

Funding
This work was supported by Medical Science Research Project of Hebei (No. 20250203).

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in 
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide 
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence 
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​:​/​/​c​r​e​a​t​i​v​e​c​o​m​m​o​
n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​

© The Author(s) 2026 

Scientific Reports |         (2026) 16:6469 10| https://doi.org/10.1038/s41598-026-36877-5

www.nature.com/scientificreports/

https://doi.org/10.1016/j.envint.2010.03.008
https://doi.org/10.1016/j.envint.2010.03.008
https://doi.org/10.1016/j.envpol.2018.09.142
http://www.letpub.com.cn
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Short-term effect of PM﻿2.5﻿ exposure on pediatric neurological outpatient visits in Shijiazhuang China 2013–2021
	﻿Methods
	﻿Study area and data collection
	﻿Statistical analysis
	﻿Informed consent
	﻿Sensitivity analysis

	﻿Results
	﻿Descriptive statistics
	﻿Associations between the PM﻿2.5﻿ concentrations and pediatric neurological outpatient visits
	﻿Seasonal differences in the effect of PM﻿2.5﻿ exposure on pediatric neurological outpatient visits



