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A B S T R A C T   

Background: Although mounting evidence has associated air pollution and environmental temperature with 
children’s health problems, it is unclear whether there is an interaction between these factors on childhood 
asthma. 
Objectives: To explore the effects of temperature-pollution interactions during pre- and post-natal periods on 
asthma among pre-schoolers. 
Methods: A retrospective cohort study of 39,782 pre-schoolers was performed during 2010–2012, in seven cities 
in China. Exposure to three temperature indicators (TI) and three critical ambient air pollutants, including 
particulate matter with aerodynamic diameter ≤ 10 μm (PM10), sulfur dioxide (SO2) and nitrogen dioxide (NO2) 
as proxies of industrial and vehicular air pollution, was estimated by an inverse distance weighted (IDW) method. 
Two-level logistical regression analysis was used to examine the association between both pre- and post-natal 
exposure and childhood asthma in terms of odds ratio (OR) and 95 % confidence interval (CI). 
Results: Asthma prevalence in pre-schoolers at age of 3–6 years (6.9 %) was significantly associated with traffic- 
related air pollutant (NO2) exposure, with ORs (95 % CI) of 1.17 (1.06, 1.28), 1.19 (1.05–1.34) and 1.16 
(1.03–1.31) for an IQR increase in NO2 exposure during lifetime, pregnancy, and entire postnatal period 
respectively. Furthermore, childhood asthma was positively associated with exposure to increased temperature 
during lifetime, pregnancy, and entire postnatal period with ORs (95 % CI) = 1.89 (1.66, 2.16), 1.47 (1.34, 1.61), 
and 1.15 (1.11, 1.18) respectively, while was negatively associated with decreased temperatures. Childhood 
asthma was positively related with exposure to extreme heat days (EHD) during postnatal period particularly in 
first year of life respectively with ORs (95 % CI) = 1.23 (1.04, 1.46) and 1.26 (1.07, 1.47), but was not related 
with extreme cold days (ECD) exposure. A combination of high air pollutant levels and high temperatures 
significantly increased the risk of asthma during both pre- and post-natal periods. Strikingly, we found a 
significantly positive interaction of temperature and PM10 or SO2 on asthma risk among boys and younger 
children. 
Conclusions: Prenatal and postnatal exposure to ambient air pollution and high temperatures are independently 
and jointly associated with asthma risk in early childhood.   
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1. Introduction 

Asthma is the most common chronic inflammatory airway disease in 
childhood and is the leading cause of pediatric hospitalizations across 
the globe (Wenzel 2012, WHO 2017). The prevalence of childhood 
asthma has increased considerably since the 1950s. Although there ex-
ists an indication of plateauing in developed countries, low- and middle- 
income countries have witnessed a rapidly increased prevalence in 
recent years (Asher et al., 2006; Strachan et al., 2022). Coinciding 
changes in environmental exposure, independently and jointly with 
genetic factors, are thought to be responsible for this rising trend (Gaffin 
et al., 2014). 

Ambient air pollution (AAP) is widely considered to be associated 
with the incidence and prevalence of asthma and allergies (Khreis et al., 
2016). There is sufficient evidence that AAP can exacerbate pre-existing 
asthma (Guarnieri and Balmes, 2014; Lam et al., 2016; Lavigne et al., 
2021; Weinmayr et al., 2010; Zhang et al., 2021), but the role of long- 
term exposure in the initial onset of asthma is unclear (Deng et al., 
2016; Gehring et al., 2015; Gowers et al., 2012; Lu et al. 2020a). 
Although earlier studies, mostly from developed countries, have 
excluded AAP as a plausible cause of childhood asthma, particularly for 
the classic air pollutants such as sulfur dioxide (SO2), and total sus-
pended particles (TSP) (Eder et al., 2006; Koenig, 1999), increasing 
evidence links the onset and development of asthma with traffic-related 
air pollution (TRAP) (Anderson et al., 2013; Anenberg et al., 2022; 
Cisneros et al., 2021; Khreis et al., 2016; Leung et al., 2021), especially 
for long-term exposure at high levels (Brunst et al., 2015). China is 
currently facing the world’s worst classic air pollution mix associated 
with domestic heating and industrial and power plant emissions, indi-
cated as SO2 and inhalable particulate matter (PM10, aerodynamic 
diameter ≤ 10 um) (Kan et al., 2012). The rapidly increasing number of 
vehicles in larger cities in recent years, has led to a combined classic 
industrial and modern traffic air pollution (Deng et al., 2015). The dis-
parities in the chemical and physical composition of air pollution be-
tween China and developed countries, both in level and source, prompts 
a need for further investigation into the impact of air pollution on 
childhood asthma in China. 

Another putative environmental factor for asthma risk is tempera-
ture exposure (Barnes et al., 2013; Hu et al., 2022; Shea et al., 2008). 
Climate change has considered to be the greatest threat to global health 
in the 21st century (Costello et al., 2009). Mounting evidence have 
suggested that global climate change can directly and indirectly impact 
both incidence and exacerbation of asthma and allergies in childhood 
(Cisneros et al., 2021; Hu et al., 2022; Lavigne et al., 2021; Leung et al., 
2021; Zhang et al., 2021). Global warming will have a greater impact on 
young children due to their susceptibility to respiratory diseases under 
the situation of high temperature, which is partly owed to their imma-
ture respiratory systems and poor immunity and adaptation abilities 
(Sheffield and Landrigan, 2011). Thus, understanding how raised tem-
perature exposure impacts the development of asthma in early child-
hood warrants further investigation (Xu et al., 2012). Although 
increasing evidence has linked short-term exposure to temperature in-
dicators (TI), e.g., daily mean temperature and extreme heat days (EHD) 
and cold days (ECD) with the prevalence, severity, and hospitalization of 
asthma (Hashimoto et al., 2004; Hu et al., 2022; Li et al., 2016; Nastos 
et al., 2008; Qiu et al., 2015), the role of long-term exposure on asthma 
development in young childhood remains unclear. 

Previous studies have mainly focused on the association of childhood 
asthma with air pollution or temperature separately, but their combined 
effect is poorly investigated (Buckley and Richardson, 2012; Pan et al., 
2020; Hu et al., 2022). Several review studies highlighted links between 
the effects of climate factors and increases in both prevalence and 
severity of asthma and related allergic diseases (Shea et al., 2008; Hu 
et al., 2022). It has been suggested that direct and indirect interactions 
between climatic factors and chemistry can amplify or reduce the 
climate effects of air pollutants (Arneth et al., 2009; Cisneros et al., 

2021). To date, however, epidemiological studies have rarely taken 
account into the joint effects of air pollution and environmental tem-
perature on asthma and allergies (Buckley and Richardson, 2012; Hu 
et al., 2022; Yan et al., 2022). As global climate change continues, the 
frequency, intensity, and duration of extreme weather events (i.e., 
heatwave and cold spells) will increase in the future (IPCC AR6 2021). 
On the other hand, a potential interaction of high temperature with air 
pollution (Pan et al., 2020) and pollen (De Roos et al., 2020; Tong et al., 
2021) would have an adverse effect on the development of childhood 
asthma. Therefore, it is profound to examine the interaction effect be-
tween air pollution and temperature on asthma to effectively reduce and 
early prevent childhood asthma and allergies. 

Early life has been identified as a critical time window for both in-
door and outdoor environmental exposure associated with childhood 
asthma development (Clark et al., 2010; Deng et al., 2015; Lu et al., 
2020a). A few studies estimated the relative effects of prenatal and early 
postnatal exposure to air pollution on a child’s later risk of asthma or 
chronic allergic symptoms, with inconsistent findings, while, to our 
knowledge, few study have examined long-term exposure to ambient 
temperature in this context (Anenberg et al., 2022; Lu et al., 2020a). 
Some studies have suggested that exposure to air pollution during 
pregnancy and early postnatal period especially in the first year of life 
may be the most important determinant for asthma risk (Clark et al., 
2010; Zhang et al., 2022). Recent studies have shown that TRAP expo-
sure during prenatal and early-life periods is responsible for an increased 
risk of persistent wheeze and asthma onset (Brunst et al., 2015; Hsu 
et al., 2015), but merely postnatal high exposure during long term across 
childhood was related with the development of asthma (Brunst et al., 
2015). Thus, the timing and duration of exposure to environmental 
factors, including both air pollution and increased temperature, exert an 
important effect on childhood asthma development, and warrants 
further investigations. 

In this study, we hypothesize that the rapid increased incidences of 
asthma in Chinese children is related with prenatal and early postnatal 
exposure to key air pollution and elevated temperature. To test this 
hypothesis, we conducted a nationwide, multi-centre, study called the 
“China-Children-Homes-Health (CCHH)” (Zhang et al., 2013) to inves-
tigate the independent and joint effects of prenatal and postnatal 
exposure to ambient air pollution, temperature, extreme heat days 
(EHD), and extreme cold days (ECD) on asthma in early childhood. 

2. Materials and methods 

2.1. Study population 

Between 2010 and 2012, we performed a prospective cohort of 
childhood doctor-diagnosed asthma and allergies in kindergartens in 
three northern cities (Urumqi, Beijing, and Taiyuan) and four southern 
cities (Nanjing, Shanghai, Chongqing, and Changsha) in China (Fig. 1). 
In China, the northern and southern cities were divided by the boundary 
line of Qinling Mountains and the Huai River. Chinese northern cities 
are characterized as a temperate monsoon climate, while southern cities 
as a subtropical monsoon climate. A total of 207 kindergartens were 
included in the study, and all the attending children were invited to 
participate. Our study was supported by the Ethics Committee of each 
University and/or the local government and was also approved by all the 
kindergartens in each city. A modified Chinese version based on the 
standard questionnaire of International Study of Asthma and Allergies in 
Childhood (ISAAC) (Asher et al., 2006) and a questionnaire in Sweden 
regarding dampness in buildings and health (DBH) (Bornehag et al., 
2004) to designed to collect the information on health conditions, home 
environmental exposures, and the living habits of each child and the 
family members. The parents or guardian of each child received a 
questionnaire to be returned within one week, with questions regarding 
the residential environment and any asthma and/or allergy symptoms of 
the pre-schooler. Out of a total of 55,301 questionnaires 42,666 were 
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completed (77 % response rate). For this study we only considered 
children 3–6 years old. Initially, we excluded 1,832 pre-schoolers with 
an age < 3 years or > 6 years. Another 1,052 pre-schoolers were 
excluded as their information regarding the sex or age were missing. We 
were left with data for 39,782 pre-schoolers for this study. 

2.2. Exposure assessment 

2.2.1. Exposure timing windows 
In this study, life-time exposure was divided into prenatal and 

postnatal timing windows. Prenatal period included first trimester, 
second trimester, third trimester, and entire pregnancy, which were 
defined as the periods from the 1st week to the 12th week of gestation, 
from the 13th week to the 27th week of gestation, from the 28th week of 
gestation to the day of birth, and from the first day of conception month 
to the day of birth, respectively. Postnatal period consisted of first year 
of life, past year, and entire postnatal period, which were defined as the 
periods from the day of birth to the day of first birthday, the year before 
the date of completing questionnaire, and from the day of birth to the 
date of completing questionnaire (Lu et al., 2020b). 

2.2.2. Assessment of city-level ambient temperature and air pollution 
Annual mean outdoor temperatures were collected from 2005 to 

2012 for each city from the website of Weather Underground 
(https://www.wunderground.com). Annual mean data of air pollution 
from 2005 to 2012 were downloaded in each city via the website of 
National Bureau of Statistics of the People’s Republic of China (http: 
//www.stats.gov.cn/). Each city had between 7 and 17 air quality 
monitoring stations and between 8 and 33 temperature monitoring 
stations. A life-time averaged value for temperature and levels of PM10, 
SO2 and NO2 was calculated for each pre-schooler, according to the 

means of annual data in the cities, from birth year till the year of 
completing questionnaire. In this study, SO2 indicated as industry–re-
lated air pollutant, NO2 as traffic–related air pollution, and PM10 as a 
surrogate of complex mixture of air pollutants (Kan et al., 2012). 

2.2.3. Assessment of day care centre level ambient temperature and air 
pollution 

In addition to the measured city level data, we also modelled tem-
perature and air pollution levels at the day care centre level. Since pre- 
schoolers normally live near their kindergartens, this data should 
accurately represent outdoor home exposure than city level data would. 
An inverse distance weighted (IDW) method (Deng et al., 2015) was 
adopted to determine monthly mean ambient temperature and targeted 
air pollutants for each kindergarten by interpolating from modelled data 
at the nearest four monitoring stations, with an inverse of the squared 
distance between the kindergarten and the closest monitoring station 
(1/d2) used as the weighting function. The mean distance (d) was the-
oretically<5 km. Using the data recorded by all the monitoring stations 
between 2014 and 2016, and the official annual averaged city-level air 
pollution during the study period (from 2003 to 2013), we modelled the 
exposure levels of air pollution and temperature retrospectively. Details 
of the retrospective model are published in our previous studies 
(Norbäck et al., 2018; Lu et al., 2021). We calculated extreme heat days 
and extreme cold days, which were defined as days when the average 
daily temperature ≥ 95 % sample values (≥30 ◦C for all the cities) and <
5 % sample values for each city during 2005–2012. We had to exclude 
Beijing because the data did not include exact locations for the day care 
centres. 

2.2.4. Individual exposure 
We used the IDW method described in the section above we obtained 

Fig. 1. Map showing the location of the seven cities in China where the CCHH survey was conducted during 2010–2012 (number of surveyed children, and the 
prevalence of diagnosed asthma among children stratified by sex and age in each city). 
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an estimate of the concentrations of air pollutants, mean temperature, 
and number of extreme heat days at each kindergarten. We initially used 
the available daily mean concentrations at 61 monitoring stations and 
temperatures at 81 monitoring stations to obtain the daily averaged 
concentrations of the three air pollutants (PM10, SO2, NO2) and daily 
temperature at 207 kindergartens. We then computed the monthly 
averaged concentrations of air pollutants, temperatures, and number of 
extreme heat days at each kindergarten from these daily means. Finally, 
we assessed individual exposure based on the monthly mean values: (1) 
prenatal exposure was computed by the average value of the monthly 
mean concentrations from the three air pollutants, temperatures, and 
number of extreme heat days for the entire pregnancy; (2) postnatal 
exposure was calculated by the average for the monthly mean concen-
trations from the first month after birth until the questionnaires were 
completed. 

We assumed that even though the movement of children from one 
kindergarten to another might result in potential exposure misclassifi-
cation, this would not impact the results. The assumption is that parents 
generally move within a short distance for work, and that the errors in 
exposure assessment were likely to be random, and therefore may not 
cause bias for the analysis. 

2.3. Health outcome 

The health outcome was life-time prevalence of doctor-diagnosed 
asthma, which was identified based on a positive response to the ques-
tion: “Has your child ever been diagnosed for asthma by doctor(s)?”. 

2.4. Cofounding covariates 

Potential confounding variables were obtained from the question-
naires, including personal, residential and socioeconomic factors 
(Table 1): personal covariates included sex (boys vs girls), age (3–4 vs 
5–6 years), birth season (spring [March-May] vs summer [June-August] 
vs autumn [September-November] vs winter [December-next 
February]), birth weight (<2.5 vs ≥ 2.5 kg), breast-feeding (yes vs 
no), parental atopy (yes vs no); residential factors included the number 
of people living in the home (<3 vs 3–4 vs > 4), environmental tobacco 
smoke (ETS) (yes vs no), cooking fuel (only electricity vs natural gas but 
no biomass vs any biomass [coal/wood]), new furniture (yes vs no), 
redecoration (yes vs no), visible mold or damp stains (yes vs no), win-
dow pane condensation in winter (yes vs no), water damage (yes vs no), 
cleaning every day (yes vs no), cockroaches noted (yes vs no), air con-
ditioning use (yes vs no); and socioeconomic factor included house size 
(≤100 vs > 100 m2) and maternal occupation during pregnancy (not 
occupationally active vs farmer vs industrial worker vs white-collar 
worker). Parental atopy was defined as a history of maternal and/or 
paternal asthma or allergic rhinitis. House size and mother’s occupation 
was indicated as socioeconomic status (SES) (Deng et al., 2018; Norbäck 

et al., 2018). 

2.5. Statistical analysis 

We used multilevel logistic regression models, to investigate the 
associations between pre-schoolers’ asthma and in utero and postnatal 
exposure to both air pollution and temperature indicators after adjusting 
for all considered covariates. Two levels (city and pre-schooler) were 
used in this study. We included the covariates in all models (sex, age, 
birth season, birth weight, breast-feeding, parental atopy, number of 
people living in the home, ETS, cooking fuel, new furniture, redecora-
tion, visible mold or damp stains, window pane condensation in winter, 
water damage, cleaning every day, cockroaches noted, air conditioning 
use, house size, and maternal occupation during pregnancy). Outdoor 
daily mean temperature exposure was selected to be included in all 
models for asthma risk analysis of air pollution exposure during each 
time window as temperature is the most important meteorological 
parameter in relation to respiratory outcomes. Outdoor NO2 exposure 
was selected to be entered in all models for estimated risk of asthma due 
to temperature indicators (daily mean temperature and number of 
extreme heat day) exposure during each time window sine NO2 is a 
typical surrogate of traffic-related air pollution (TRAP) that is closely 
related with asthma and allergies. We included all covariates without 
outdoor temperature or air pollution exposure in models for interaction 
analysis. Lifetime, prenatal, and postnatal exposure to outdoor air pol-
lutants (PM10, SO2, and NO2), daily mean temperatures, and number of 
extreme heat days were included in the logistic regression model 
respectively as continuous or discrete variables. As continuous variables, 
associations between air pollution and childhood asthma were esti-
mated by an interquartile range (IQR) increase in their exposure levels. 
As categorical variables, air pollutants exposure and temperature were 
classified into low and high exposure levels based on median value in 
each window, and then the risk for high exposure (≥median value) was 
estimated by setting the low exposure (<median value) as the reference 
(setting OR = 1). To assess the independent associations of asthma with 
air temperature and pollution exposure in utero and postnatal period, 
the exposure was divided into four stratified categories according to the 
median values: exposure to low temperature and low air pollutant level, 
low temperature and high air pollutant level, high temperature and low 
air pollutant level, and high temperature and high air pollutant level. In 
addition, there was minimal movement of families and thus was not 
considered in our work. Associations were calculated as OR with 95 
confidence intervals (95 % CI). A two-tailed p-value<0.05 was statisti-
cally significant. For interaction analysis, p < 0.1 was indicated as sig-
nificant level of interaction. Personal exposure to outdoor air pollutants 
and temperature was calculated by Python software (version 3.10). All 
statistical analyses were performed with STATA 11.0 (STATA Corp., 
College Station, TX). 

3. Results 

3.1. Demographic information and prevalence of childhood asthma 

The prevalence of doctor diagnosed asthma among all children 
stratified by different cities is Table 1. Among 39,782 children, 2,936 
(7.6 %) reported a history of doctor diagnosed asthma. We found a 
significant difference in the prevalence of childhood asthma between 
different cities (p < 0.001), with the highest prevalence observed in 
Shanghai (10.2 %) while the lowest in Taiyuan (2.0 %). The prevalence 
of childhood asthma stratified by child’s sex and age range in each city 
was shown in Fig. 1. We found that the prevalence of asthma was 
significantly higher among boys than those among girls in all cities 
except for Taiyuan. Furthermore, the asthma prevalence was higher in 
older children (5–6 years) compared to younger children (3–4 years) in 
all cities except for Chongqing. 

The demographic information of covariates, number and prevalence 

Table 1 
Number and prevalence of doctor diagnosed asthma among pre-school children 
in China (n = 39,782).   

Total Asthma 

Number (n) (%) Number (%) 

Total 39,782 (100.0) 2,936 (7.6) 
Urumqi 4,302 (10.8) 149 (3.6) 
Beijing 5,478 (13.8) 333 (6.3) 
Taiyuan 3,453 (8.7) 69 (2.0) 
Nanjing 3,349 (8.4) 296 (8.9) 
Shanghai 14,570 (36.6) 1,448 (10.2) 
Chongqing 4,945 (12.4) 393 (8.2) 
Changsha 3,685 (9.3) 248 (6.8) 
p-value    <0.001 

Sum of the numbers are not 39,782 due to missing data. P-values calculated by 
Chi-2 analysis. 
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of asthma stratified by personal, residential, and socioeconomic factors 
are given in Table 2. We found that sex, age, birth weight, breast- 
feeding, parental atopy, number of people living in the home, cooking 
fuels in current home, new furniture, redecoration, visible mold/damp 
stains, window pane condensation, water damage, cockroaches noted, 
and maternal occupation during pregnancy were significantly associated 
with childhood asthma (all p values < 0.05). The prevalence of child-
hood asthma was significantly higher in boys (8.8 %), older children 
(5–6 years) (8.0 % and 8.7 %), low birth weight (<2.5 kg) (10.2 %), 
children without breast-feeding (8.7 %), with parental atopy (18.2 %), 
with more people (>4) living in the home (8.2 %), families using 
cooking fuels with any biomass (coal/wood) (9.8 %), with new furniture 
(8.0 %), redecoration (8.7 %), visible mold/damp stains (9.4 %), win-
dow pane condensation (8.1 %), water damage (8.9 %), cockroaches 
noted (8.3 %), and mother without occupationally active occupation 
during pregnancy (8.4 %) than girls (5.9 %), younger children (3–4 
years) (5.4 % and 7.3 %), normal birth weight (≥2.5 kg) (7.3 %), chil-
dren with breast-feeding (7.2 %), without parental atopy (5.9 %), with 
few people (<3) living in the home (4.1 %), families only using elec-
tricity as cooking fuels (7.2 %), without new furniture (7.0 %), redec-
oration (6.9 %), visible mold/damp stains (6.9 %), window pane 
condensation (6.4 %), water damage (7.1 %), cockroaches noted (6.3 
%), and maternal occupation as farmer during pregnancy (3.9 %). 
However, the prevalence of childhood asthma was not associated with 
birth season, ETS, cleaning every day, air conditioning use, or house size 
(all p values > 0.05). 

3.2. Personal exposure to ambient air pollution and temperature 
indicators 

Personal exposure to ambient air pollutants (PM10, SO2, and NO2) 
and temperature indicators (temperature and extreme heat day) by 
using lifetime data at the city level for the seven cities and exposure data 
for prenatal and postnatal periods obtained by the IDW method for the 
six cities are summarized in Table 3. The lifetime exposure concentra-
tions (mean ± SD) of PM10, SO2, and NO2 were 100 ± 20 μg/m3, 48 ±
19 μg/m3, and 49 ± 11 μg/m3 respectively. Similarly, the concentration 
(mean ± SD) of individual exposure to PM10, SO2, and NO2 were 107 ±
20 μg/m3, 67 ± 20 μg/m3, and 50 ± 12 μg/m3 during prenatal period 
(pregnancy) and 96 ± 17 μg/m3, 53 ± 17 μg/m3, and 48 ± 11 μg/m3 

during postnatal period. We obviously found that the concentration 
levels of the three air pollutants substantially decreased from the pre-
natal period to the postnatal period and declined from the first trimester 
to the third trimester as well as from the first year of life to the past year 
due to the effective measures taken by the government to improve the 
air quality. 

Personal exposure levels of mean temperature and the number of 
extreme heat day was also presented in Table 3. The lifetime, prenatal, 
and postnatal exposure levels (mean ± SD) of temperature were 15.4 ±
3.4 ◦C, 16.6 ± 4.5 ◦C, and 16.3 ± 3.8 ◦C respectively, which did not vary 
greatly across different time windows. Furthermore, the number of 
prenatal and postnatal exposure to extreme heat day (mean ± SD) were 
17 ± 13 and 70 ± 44 respectively. The levels of temperature, number of 
extreme heat days and extreme cold days were similar across the three 
trimesters. 

3.3. Association of exposure to ambient air pollution and temperature 
with asthma 

Estimates of the effect on childhood asthma of an IQR increase in air 
pollutants exposure during the lifetime, prenatal and postnatal periods 
are given in Table 4. Childhood asthma was significantly associated with 
traffic-related air pollutant exposure (NO2) during the lifetime, prenatal 
and postnatal periods, with adjusted ORs (95 % CI) = 1.17 (1.06–1.28), 
1.19 (1.05–1.34), and 1.16 (1.03–1.31), respectively. Furthermore, we 
found that NO2 exposure during both early postnatal period (first year of 

Table 2 
Demographic information of personal factors (covariates), number and preva-
lence of doctor diagnosed asthma among preschool children (n = 39,782).   

Total Asthma 

Number 
(n) 

Percentage 
(%) 

Case 
(n) 

Prevalence 
(%) 

P value 

Personal factors      
Sex      <0.001 
Boys 20,633 (51.9) 1,809 (8.8)  
Girls 19,149 (48.1) 1,127 (5.9)  
Age (years)      <0.001 
3–4 21,345 (53.7) 1,419 (6.6)  
5–6 18,437 (46.3) 1,517 (8.2)  
Birth season      0.785 
Spring (March- 

May) 
9,331 (23.5) 673 (7.2)  

Summer (June- 
August) 

9,934 (25.0) 737 (7.4)  

Autumn 
(September- 
November) 

10,072 (25.3) 752 (7.5)  

Winter 
(December- 
February) 

9,374 (23.6) 670 (7.1)  

Birth weight (kg)      <0.001 
<2.5 977 (2.5) 100 (10.2)  
≥2.5 37,668 (94.7) 2,741 (7.3)  
Breast-feeding      <0.001 
No 4,341 (10.9) 378 (8.7)  
Yes 34,494 (86.7) 2,498 (7.2)  
Parental atopy      <0.001 
No 33,626 (84.5) 1,987 (5.9)  
Yes 4,854 (12.2) 884 (18.2)  
Home 

environmental 
factors      

Number of 
persons living 
in home (n)      

<0.001 

<3 5,794 (14.6) 240 (4.1)  
3–4 21,174 (53.2) 1,713 (8.1)  
>4 9,879 (24.8) 810 (8.2)  
Environmental 

tobacco smoke 
(ETS)      

0.845 

No 15,510 (39.0) 1,175 (7.6)  
Yes 22,176 (55.7) 1,663 (7.5)  
Cooking fuel in 

current home      
<0.001 

Only electricity 4,527 (11.4) 325 (7.2)  
Natural gas but no 

biomass 
29,863 (75.1) 2,188 (7.3)  

Any biomass 
(coal/wood) 

2,650 (6.7) 260 (9.8)  

New furniture      <0.001 
No 21,685 (54.5) 1,518 (7.0)  
Yes 16,302 (41.0) 1,301 (8.0)  
Redecoration      <0.001 
No 29,428 (74.0) 2,044 (6.9)  
Yes 8,128 (20.4) 711 (8.7)  
Visible mold/ 

damp stains at 
home      

<0.001 

No 31,016 (78.0) 2,135 (6.9)  
Yes 8,262 (20.8) 778 (9.4)  
Window pane 

condensation      
<0.001 

No 16,384 (41.2) 1,042 (6.4)  
Yes 22,482 (56.5) 1,832 (8.1)  
Water damage      <0.001 
No 31,077 (78.1) 2,201 (7.1)  
Yes 5,370 (13.5) 476 (8.9)  
Cleaning every 

day      
0.338 

No 17,321 (43.5) 1,318 (7.6)  
Yes 21,438 (53.9) 1,564 (7.3)       

<0.001 

(continued on next page) 
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life) and current period (past year) significantly increased risk of 
childhood asthma with ORs = 1.15 (1.02, 1.31) and 1.18 (1.01, 1.38) 
respectively, but no significant risk was observed for any pollutant 
exposure during any trimester of pregnancy. 

Association between asthma and temperature indicators (TIs) is 
provided in Table 5. The prevalence of childhood asthma was signifi-
cantly increased for to an IQR increase in temperature exposure over a 
lifetime period, entire pregnancy, first year of life, past year, and entire 
postnatal period, with ORs (95 % CI) = 1.89 (1.66, 2.16), 1.47 
(1.34–1.61), 1.17 (1.13–1.22), 1.18 (1.13–1.23), and 1.15 (1.11, 1.18) 
respectively. We further observed a similarly significantly negative as-
sociation between asthma and exposure to a decline in temperature, but 
the decreased odds were slightly smaller than the increased odds during 
each window. This result indicates that the adverse effect caused by 
increased temperature and the protective effect caused by decreased 
temperature are not equal although their increment and decrement in-
terval are not the same. Moreover, we detected that exposure to extreme 
heat days during entire postnatal particularly during first year of life 
significantly elevated the risk of childhood asthma with ORs = 1.22 
(1.03, 1.45) and 1.24 (1.06, 1.45) respectively, but no asthma risk was 
observed for an increase in extreme cold days exposure during any 
window. 

Associations between childhood asthma and ambient air pollution 
(Fig. 2) and temperature indicators (Fig. 3) exposure in utero and 
postnatal period stratified by sex and age are also analysed in this study. 
Fig. 2 shows that the associations of asthma with PM10 and/or NO2 
exposure during postnatal periods were only significant among boys, 
while the associations for exposure to SO2 and NO2 exposure during the 
third trimester of pregnancy and asthma was merely significant among 
girls. Furthermore, asthma risk of classic air pollutants (PM10 and/or 
SO2) exposure was significantly higher among younger children aged 
3–4 years than older children aged 5–6 years, while asthma risk of TRAP 
(NO2) exposure was significantly higher among older children than 
younger children. Fig. 3 presents that girls were more susceptible to both 
adverse and protective effects of temperature and extreme heat/cold 
days than boys. Moreover, younger children and older children were 
more sensitive to the effect of exposure to various temperature in-
dicators during prenatal and postnatal periods, respectively. 

Table 2 (continued )  

Total Asthma 

Number 
(n) 

Percentage 
(%) 

Case 
(n) 

Prevalence 
(%) 

P value 

Cockroaches 
noted 

No 17,580 (44.2) 1,113 (6.3)  
Yes 19,748 (49.6) 1,640 (8.3)  
Air conditioning 

use      
0.083 

No 32,114 (80.7) 2,478 (7.7)  
Yes 3,717 (9.3) 260 (7.0)  
Socioeconomic 

factors      
House size (m2)      0.063 
≤100 26,799 (67.4) 1,934 (7.2)  
>100 11,837 (29.8) 927 (7.8)  
Maternal occupation during 

pregnancy    
<0.001 

Not 
occupationally 
active * 

15,255 (38.3) 1,276 (8.4)  

Farmer 635 (1.6) 25 (3.9)  
Industrial worker 1,492 (3.8) 95 (6.4)  
White-collar 

worker †
22,116 (55.6) 1,531 (6.9)  

Sum of the % is sometimes not 100% due to missing data. 
* House wife or unemployed; † White-collar worker was defined as office staff, 

teacher, medical staff, student, shop assistant and other occupations. 

Table 3 
Statistics of prenatal and postnatal exposure to outdoor temperature and air 
pollution using lifetime city-level data from 7 cities a (n = 39,782), and inverse 
distance weighted (IDW) modelled data for 6 cities b among children aged 3–6 
years (n = 30,735).   

Mean SD 25th 
Percentile 

50th 
Percentile 

75th 
Percentile 

IQR 

Lifetime city level data in 7 cities (n ¼ 39,782) a 

PM10 100 20 82 92 109 27 
SO2 48 19 36 40 57 21 
NO2 49 11 44 51 53 9 
T 15.4 3.4 13.2 17.1 17.5 4.3 
IDW modelled data in 6 cities (n ¼ 30,735) b 

First trimester 
PM10 110 31 86 106 126 40 
SO2 70 33 46 63 82 36 
NO2 51 17 39 50 64 25 
T 16.2 8.7 9.7 16.4 23.9 14.2 
Number of 

extreme 
heat day 

5 9 0 0 5 5 

Number of 
extreme 
cold day 

6 10 0 0 9 9 

Second trimester 
PM10 106 28 84 102 122 38 
SO2 67 30 46 59 77 31 
NO2 50 16 39 50 60 21 
T 16.7 8.3 10.6 17.1 24.2 13.6 
Number of 

extreme 
heat day 

6 10 0 0 9 9 

Number of 
extreme 
cold day 

7 10 0 0 10 10 

Third trimester 
PM10 105 29 82 102 122 40 
SO2 66 30 45 59 76 31 
NO2 50 16 38 49 61 23 
T 16.7 8.3 10.4 17.3 23.9 13.5 
Number of 

extreme 
heat day 

6 10 0 0 9 9 

Number of 
extreme 
cold day 

6 10 0 0 9 9 

Entire pregnancy 
PM10 107 20 90 103 120 30 
SO2 67 20 55 60 77 22 
NO2 50 12 45 53 58 13 
T 16.6 4.5 15.2 17.4 19.7 4.5 
Number of 

extreme 
heat day 

17 13 3 17 28 25 

Number of 
extreme 
cold day 

18 13 8 15 29 21 

First year 
PM10 102 18 86 99 110 24 
SO2 63 16 53 57 72 19 
NO2 49 11 44 54 55 11 
T 16.6 3.8 17.3 18.1 18.7 1.4 
Number of 

extreme 
heat day 

21 13 10 23 31 21 

Number of 
extreme 
cold day 

24 12 12 24 34 22 

Past year 
PM10 91 17 78 83 102 24 
SO2 42 17 29 35 48 19 
NO2 47 11 39 50 51 12 
T 16.0 3.8 16.6 17.6 17.9 1.3 
Number of 

extreme 
heat day 

17 9 16 19 21 5 

35 9 29 34 42 13 

(continued on next page) 
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3.4. Interaction between ambient air pollution and temperature on asthma 

Associations between asthma and a combination in different expo-
sure levels of ambient air pollutants and temperatures during the pre-
natal and postnatal periods are shown in Table 6. We found that the 
asthma risk was significant and the highest among children at a condi-
tion of a combination of both high levels of temperature and air pol-
lutants including PM10 and SO2 exposure during entire pregnancy (ORs 
[95 % CI] = 1.48 [1.13, 1.93] and 1.56 [1.20, 2.03]), SO2 exposure 
during first year of life (1.39 [1.06, 1.82]), and all the three pollutants 
(PM10, SO2, and NO2) exposure during entire postnatal periods (1.70 
[1.17, 2.46], 1.43 [1.08, 1.91], and 1.67 [1.31, 2.11]). This result in-
dicates a potential interaction between high temperature and heavy air 
pollution especially in early life on the development of childhood 
asthma. 

Interaction effects of air pollutant with temperature stratified by sex 
and age are shown in Fig. 4 and Fig. 5, respectively. We found that the 
asthma risk was significantly higher when co-exposure to both high 
levels of PM10 and temperature exposure during entire postnatal periods 
compared to co-exposure to both low levels in boys, with a significant 
interaction p value = 0.039 (Fig. 4). Furthermore, younger children 
aged 3–4 years were more susceptible to the interactions between high 
temperature and postnatal exposure to PM10 and SO2 on asthma risk, 
with significant interaction p values = 0.024 and 0.071 respectively 
(Fig. 5). 

4. Discussion 

The present study is, to the best of our knowledge, the first 
population-based prospective cohort study at a multi-city level in China, 
to explore the combined effect between ambient air pollution and 
environmental temperature during prenatal and postnatal windows on 
the risk of asthma among pre-schoolers. Childhood asthma was signifi-
cantly associated with traffic-related air pollutant (NO2) exposure dur-
ing both prenatal and postnatal stages, and with PM10 exposure during 
the postnatal stage. Furthermore, in utero and postnatal increased 
temperature exposure and postnatal extreme heat day exposure were 
also related to asthmatic risk. We observed a synergy between high 
exposure of air pollution in the presence of high temperatures in early 

life, on the prevalence of asthma, and this temperature-pollution inter-
action was significant in some sensitive subgroups. Our finding indicates 
independent and joint effects of air temperature and pollution on 
schooler’s asthma development. 

The present study has some strengths. First, this study assesses the 
association of both in utero and postnatal exposure to different air 
pollutants and important temperature indicators (ambient temperature, 
extreme heat days, and extreme cold days) with diagnosed asthma in 
early childhood in multi-cities in China. Second, we determined indi-
vidual exposure, using the IDW method, for each child surveyed in the 
six of the cities (Beijing lacked some location data). Although we could 
not conclude that exposure misclassification was absent from the study 
completely, our exposure assessment method eliminated common 
sources of misclassification by calculating different kindergarten ad-
dresses for each child and by modelling individual exposures. A further 
advantage of the exposure model was that it provided exposure esti-
mates for different timing windows (Mölter et al., 2014). Third, the 
striking finding that there is a temperature-pollution synergy on the risk 
of asthma development was systematically demonstrated in our study 
for the first time. 

We observed that both pre- and post-natal NO2 exposure was 
significantly associated with asthma in pre-schoolers. This finding is 
consistent with those of previous epidemiological studies that have 
associated exposure to TRAP with asthma and allergies (Anenberg et al., 

Table 3 (continued )  

Mean SD 25th 
Percentile 

50th 
Percentile 

75th 
Percentile 

IQR 

Number of 
extreme 
cold day 

Entire postnatal 
PM10 96 17 82 92 105 23 
SO2 53 17 41 46 61 20 
NO2 48 11 43 52 53 10 
T 16.3 3.8 17.1 18.0 18.2 1.1 
Number of 

extreme 
heat day 

70.35 44 43 75 104 61 

Number of 
extreme 
cold day 

93 41 64 89 112 48 

PM10 (μg/m3) = particulate matter ≤ 10 μm in aerodynamic; SO2 (μg/m3) =
sulphur dioxide; NO2 (μg/m3) = nitrogen dioxide; T (◦C) = temperature; 
extreme heat days: daily mean temperature ≥ 95 % sample value during 
2005–2012 (30 ◦C for all cities); extreme cold days: daily mean temperature < 5 
% sample value for each city during 2005–2012. 
SD = standard deviation, IQR = inter quartile range. 

a Lifetime city-level data included 7 cities: Urumqi, Beijing, Taiyuan, Nanjing, 
Shanghai, Chongqing, and Changsha. 

b IDW modelled data included 6 cities: Urumqi, Taiyuan, Nanjing, Shanghai, 
Chongqing, and Changsha. The data from Beijing lacked detailed location in-
formation for each kindergarten. 

Table 4 
Odd ratio (95 % CI) of childhood diagnosed asthma for pre- and post-natal 
exposure to air pollution using lifetime city-level data in 7 cities (n = 39,782) 
and inverse distance weighted (IDW) modelled data in 6 cities among children 
aged 3–6 years (n = 30,735).   

Increment interval (IQR, μg/m3) OR (95 % CI) 

Lifetime city level data in 7 cities (n ¼ 39,782) 
PM10 27 1.22 (0.93, 1.60) 
SO2 21 0.91 (0.78, 1.07) 
NO2 9 1.17 (1.06, 1.28)*** 

IDW modelled data in 6 cities (n ¼ 30,735) 
First trimester 
PM10 40 1.00 (0.86, 1.17) 
SO2 36 1.04 (0.91, 1.20) 
NO2 25 1.10 (0.90, 1.35) 
Second trimester  
PM10 38 0.85 (0.72, 1.00) 
SO2 31 0.89 (0.77, 1.02) 
NO2 21 0.86 (0.70, 1.05) 
Third trimester  
PM10 40 1.01 (0.85, 1.20) 
SO2 31 1.00 (0.99, 1.01) 
NO2 23 1.03 (0.83, 1.27) 
Entire pregnancy  
PM10 30 0.90 (0.74, 1.10) 
SO2 22 1.00 (0.87, 1.16) 
NO2 13 1.19 (1.05, 1.34)** 

First year  
PM10 24 1.02 (0.90, 1.15) 
SO2 19 1.07 (0.95, 1.20) 
NO2 11 1.15 (1.02, 1.31)* 
Past year  
PM10 24 1.12 (1.00, 1.25) 
SO2 19 0.96 (0.83, 1.10) 
NO2 12 1.18 (1.01, 1.38)* 
Entire postnatal 
PM10 23 1.09 (0.96, 1.23) 
SO2 20 1.07 (0.93, 1.23) 
NO2 10 1.16 (1.03, 1.31)* 

OR (95 %CI) was estimated for IQR increase in each outdoor air pollutant 
exposure. 
Models were adjusted for all the covariates in Table 2 and outdoor temperature 
exposure during each time window. 

* p < 0.05. 
** p < 0.01. 
*** p < 0.001. 
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2022; Cisneros et al., 2021; Hu et al., 2020b; Gehring et al., 2010; 
Morgenstern et al., 2007). A recent study based on 5,220 NO2 monitors 
in 58 countries indicated that combustion-related NO2 pollution con-
tinues to be an important contributor to the incidence of childhood 
asthma worldwide, especially in the cities (Anenberg et al., 2022). A 
recent study in US found that an increase in NO2 exposure elevated the 
odds of having asthma emergency department visits, and the risk was 
the highest among young children under 5 years old (Cisneros et al., 
2021). A recent study from China reported that exposure to high level of 
NO2 could significantly increase risk for clinical visits of childhood 

asthma (Hu et al., 2020b). Some of our recent work also suggested that 
suggests that early life exposure to outdoor NO2 could increase the risk 
of asthma and allergies in pre-school children (Norbäck et al., 2019a, 
2019b; Lu et al., 2021). A previous review study using meta-analyses, 
showed a significant association between TRAP including NO2 exposure 
and asthma risk in pre-schoolers (Khreis et al., 2016). Several birth 
cohort studies found significant associations between outdoor fine par-
ticulate matter (PM2.5, particulate matter with aerodynamic diameter ≤
2.5 μm) exposure and doctor-diagnosed asthma or asthma symptoms 
among young children, with a range of ORs of 1.15–1.32 (Brauer et al., 
2007; Gehring et al., 2010). A prospective cohort study from Japan 
showed that the distance between home and the nearest main road in 
pregnancy was inversely related with asthma (Miyake et al., 2010). 
However, some other cohort studies observed no association between 
TRAP (PM2.5, NO2, or ozone [O3]) exposure in utero with childhood 
asthma in a Canadian study (Clark et al., 2010), or during the postnatal 
period in a German study (Fuertes et al., 2013), which is consistent with 
our study. Several recent studies found inconsistent associations be-
tween NO2 exposure in utero and childhood asthma (He et al., 2019; Liu 
et al., 2016; Sbihi et al., 2016). On the other hand, we observed no as-
sociation between childhood asthma and exposure to PM10 and SO2. In 
our previous work, we observed significant associations between 
childhood asthma and both SO2 and NO2 exposure during early life in 
one city, however the association tended to be inconsistent for SO2 
exposure in the present study including multi-cities. The differences 
between our findings and studies carried out on a community or city 
level needs further investigation. One reasonable hypothesis is that 
exposure levels of air pollutants have only been related with asthma 
incidence but not with asthma prevalence at the population level (Zhang 
et al., 2016). 

We further found that both pre- and post-natal exposure to increased 
ambient temperature significantly elevated asthmatic risk among pre- 
schoolers. Although the impact of short-term climate change on 
asthma exacerbation is well established, the role of temperature expo-
sure during early life on the initiation and/or exacerbation of allergic 
symptoms among predisposed subjects is still poorly understood 
(D’Amato et al., 2010; Hu et al., 2022). Although some of our recent 
studies have found an association of prenatal exposure to an increase in 
ambient temperature or diurnal temperature variation (DTV) in preg-
nancy with risk of childhood common cold (Lu et al., 2018) and pneu-
monia (Miao et al., 2017; Zeng et al., 2017), the role of prenatal 
temperature on childhood asthma has been scarcely studies. Recent 
epidemiological and experimental studies suggest that temperature in-
dicators (low temperature, high temperature and temperature variation) 
are one of the underlying triggers and potential causes of asthma 
(Donovan and Hansbro, 2019; Xu et al., 2018). However, most of the 
available literature addressed the postnatal exposure and focused on the 
short-term impact of temperature on asthma and allergies (Hu et al., 
2022; Qiu et al., 2015). A time-series study from Japan indicated a 
positive association between daily mean temperature and increased 
number of emergency visits for asthma in children at age of 2–15 years 
(Hashimoto et al., 2004), which is in line with our result. Several pre-
vious studies assessing the impact of climatic factors on asthma have 
shown that the prevalence of asthma increases when annual mean 
temperature increases (De Marco et al., 2002; Weiland et al., 2004; 
Zanolin et al., 2004), which supports our finding that postnatal exposure 
to higher temperatures increases childhood asthma risk. However, 
several time-series studies detected that pediatric hospital admissions 
for asthma were inversely associated with monthly average air tem-
peratures in Greece (Nastos et al., 2008) and with maximum tempera-
tures in Singapore (Loh et al., 2011). Cold temperatures have also been 
reported to be related to an increased risk of asthma exacerbation (Abe 
et al., 2009; Guo et al., 2012). Some studies have found a negative 
(Nastos et al., 2008) or no association (Zhang et al., 2016) between 
annual mean temperature and prevalence of asthma. These findings are 
not consistent with our results and further investigations are necessary. 

Table 5 
Odd ratio (95 % CI) of childhood diagnosed asthma for pre- and post-natal 
exposure to temperature indicators using lifetime city-level data from 7 cities 
(n = 39,782) and inverse distance weighted (IDW) modelled data for 6 cities 
among children aged 3–6 years (n = 30,735).   

Increment 
interval 

OR (95 % CI) 

Lifetime city level data in 7 cities (n ¼
39,782) 

±IQR (◦C)  

Lifetime temperature +4.3 1.89 (1.66, 
2.16)*** 

Lifetime temperature − 4.3 0.53 (0.46, 
0.60)*** 

IDW modelled data in 6 cities (n ¼ 30,735) 
Increased temperature +IQR (◦C)  
First trimester +14.2 0.96 (0.74, 1.25) 
Second trimester +13.6 0.86 (0.66, 1.13) 
Third trimester +13.5 1.25 (0.94, 1.66) 
Entire pregnancy +4.5 1.47 (1.34, 

1.61)*** 

First year +1.4 1.17 (1.13, 
1.22)*** 

Past year +1.3 1.18 (1.13, 
1.23)*** 

Entire postnatal +1.1 1.15 (1.11, 
1.18)*** 

Decreased temperature -IQR (◦C)  
First trimester − 14.2 1.04 (0.80, 1.35) 
Second trimester − 13.6 1.16 (0.89, 1.52) 
Third trimester − 13.5 0.80 (0.60, 1.06) 
Entire pregnancy − 4.5 0.68 (0.62, 

0.75)*** 

First year − 1.4 0.85 (0.82, 
0.88)*** 

Past year − 1.3 0.85 (0.82, 
0.88)*** 

Entire postnatal − 1.1 0.87 (0.85, 
0.90)*** 

Extreme heat day (EHD) +5 (days)  
First trimester +5 1.03 (0.98, 1.07) 
Second trimester +5 0.96 (0.90, 1.03) 
Third trimester +5 1.04 (0.97, 1.11) 
Entire pregnancy +5 1.11 (0.95, 1.31) 
First year +5 1.26 (1.07, 

1.47)** 

Past year +5 0.99 (0.92, 1.07) 
Entire postnatal +5 1.23 (1.04, 1.46) 

* 
Extreme cold day (ECD) +5 (days)  
First trimester +5 1.03 (0.96, 1.10) 
Second trimester +5 0.98 (0.91, 1.06) 
Third trimester +5 1.02 (0.95, 1.09) 
Entire pregnancy +5 1.02 (0.91, 1.14) 
First year +5 1.09 (0.96, 1.23) 
Past year +5 0.94 (0.85, 1.02) 
Entire postnatal +5 1.06 (0.94, 1.20) 

OR (95 %CI) was estimated for an IQR increase and decrease in temperature and 
5 days increase for extreme heat and cold days exposure. 
Models were adjusted for all the covariates in Table 2 and outdoor NO2 exposure 
during each time window. 

* p < 0.05. 
** p < 0.01. 
*** p < 0.001. 
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We interestingly found that exposure to extreme heat days during 
postnatal period particularly in first year of life significantly increased 
risk of childhood asthma. Although the association between exposure to 
extreme temperatures and mortality is well-documented, associations 
between extreme low and high temperatures and morbidity caused by 
childhood asthma has seldomly been examined (Hu et al., 2022). On the 
one hand, our observation regarding on the positive association between 
postnatal exposure to extreme heat day and childhood asthma is 
consistent with some previous studies. A case-crossover study in US 
demonstrated that exposure to extreme heat event was associated with 

an increased risk of hospitalization of childhood asthma during summer 
(Soneja et al., 2016). A study from Australia reported an added effect of 
extreme temperature (heat waves) on emergency department admis-
sions (EDAs) for childhood asthma, but no added effect of extreme cold 
temperature (cold spells) was found (Xu et al., 2013). They identified 
that boys and younger children aged 0–4 years were more sensitive to 
extreme heat effects, which partly consistent with our study. A recent 
study in China observed that cold spells, defined by daily minimum 
apparent temperature which fell below its 5th percentile for at least 3 
consecutive days, significantly increased risk of childhood asthma. They 

Fig. 2. Odd ratio (95 % CI) of childhood diagnosed asthma for exposure to outdoor air pollutants during different time windows stratified by child’s sex (A) and age 
(B). ORs were adjusted for all the covariates in Table 2 and temperature during each time window by using a two-level logistic regression model. 
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found that and this effect of cold spell continued for about five days (lag 
1–5), with the largest relative risk at lag 3 (Liu et al., 2021). They 
identified that boys and school-age children were more sensitive to cold 
spells, which may parallel our findings on a more susceptibility in girls 
and preschool-age children. A recent study in China found that both 
extreme heat and cold were related with an increase in relative risk of 

emergency department visits (EDVs) for childhood asthma (Hu et al., 
2020a). Several recent review studies indicated that exposure to both 
extreme high and low temperature could elevated asthma exacerbations 
(Xu et al., 2012) and risk (Hu et al., 2022). A recent animal study 
strikingly observed a U shape for immune proteins and pro- 
inflammatory factors with a peak value at 24 ◦C, indicating that both 

Fig. 3. Odd ratio (95 % CI) of childhood diagnosed asthma for exposure to air temperature and extreme heat day (EHD) stratified by child’s sex (A) and age (B). ORs 
were adjusted for all the covariates in Table 2 and outdoor NO2 during each time window by using a two-level logistic regression model. 
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high and low temperatures can aggravate airway inflammation in a 
mouse model of asthma (Deng et al., 2020). With a contribute of global 
warming, extreme weather conditions especially for heatwave are 
consistently associated with childhood allergic diseases including 
asthma (Hu et al. 2020a, 2020b; Lam et al., 2016; Xu et al., 2013), and 
therefore it is of significance to further explore their health impact and 
potential mechanism. 

Strikingly, we found a synergistic effect between ambient air pollu-
tion and raised temperature exposure in utero and postnatal period on 
pre-schooler’s asthma, especially for boys and younger children. To- 
date, epidemiological studies have rarely addressed for interaction ef-
fects of air pollution and temperature on children’s asthma and allergies 
(Buckley and Richardson, 2012; Hu et al., 2022). A recent Chinese study 
found that girls and pre-school children were more susceptible to the 
interactive effect between temperature and air quality index (AQI) on 
asthma hospitalizations, while boys and school-age children were more 
likely to be affected by the humidity-AQI interaction (Pan et al., 2020). 
Some studies have found an interaction of pollution and meteorological 
parameters and have indicated that a particular climatic factor could 
exacerbate a pollution effect on health (D’amato et al., 2000; De Marco 
et al., 2002). One possible explanation for this interaction could be that 
there are higher levels of some air pollutants (i.e., O3) in the atmosphere 
at higher temperatures (D’Amato et al., 2010). A recent study (Samoli 
et al., 2011) suggested that the modification that SO2 effects occurred 
mainly in spring when the temperature rises, which is agreement with 
our study. This same study found that the effect of PM10 exposure on 
pediatric asthma exacerbation was higher in winter and desert dust 
days, which is inconsistent with our result. Secondly, there are more 
biological particles of indoor and outdoor origin in a warm climate, e.g., 
mold and bacteria (Fu et al., 2020), pollen and different animal -
allergens, and thus could lead to an adjuvanted effect of air pollution on 
sensitization to common allergens. Thirdly, people keep windows open 
more in a warm climate, and thereby they are exposed to nearly same 
pollution levels indoor as outdoors. Comparatively, windows are 
frequently closed in a cold climate especially in winter, which reduces 
the indoor levels of air pollution from outdoors. Therefore, the ratio of 
indoor to outdoor for PM10 and NO2 in homes is usually higher in areas 
with warm climate than those with cold climate. Although the limited 
findings are inclusive, these studies support our hypothesis that there 
exists a synergistic effect between ambient air pollution and tempera-
ture on pre-schooler’s asthma. This may be due to the higher 

temperature in the long-term view that can interplay with air pollution 
to increase asthma risk. This finding also can be attributed to the higher 
temperatures being experienced due to global warming in recent years 
that interacted with air pollution in relation to the elevated asthmatic 
risk. 

Our detected associations of pre-schooler’s asthma with early-life 
ambient air pollutants and temperature indicators exposure are bio-
logically plausible. Several proposed mechanisms explain the associa-
tion for asthma with air pollution exposure. First, air pollutants may 
independently aggravate the airway epithelium, causing oxidative 
injury or other toxic effects (Riedl, 2008). Second, air pollution particles 
allow allergen particles to adhere, providing a path for allergen-induced 
airway inflammation in sensitized subjects. Third, many air pollution 
exposure studies have shown that these pollutants can be related to 
increased allergic sensitization (Morgenstern et al., 2008) raising the 
possibility of an adjuvant effect on the local allergens (Li et al., 2009). 
Air pollution has recently been considered as an adjuvant for allergic 
sensitization to inhaled allergens via increasing immunoglobulin E (IgE) 
antibodies. The stimulation of immune system by IgE can raise the 
likelihood in increased asthma and allergic diseases due to long-term 
exposure (Gould and Sutton, 2008). In addition, some evidence sug-
gests that air pollution may mediate the immune response via epigenetic 
mechanisms (Patel and Miller, 2009), which may also explain our 
findings. On the other hand, climate factors such as temperature can 
directly affect asthma by influencing the airways, or indirectly, through 
airborne allergens and pollution levels (D’Amato et al., 2010). The 
susceptibility of early childhood to respiratory diseases at high tem-
perature condition could be partly owed to their immature respiratory 
system and limited ability to adapt (Sheffield and Landrigan, 2011). 
Warm temperatures can increase cellular and humoral defences 
(Mydlarz et al., 2006) and can lower host immunity (Murdock et al., 
2012). Raffel et al. showed that increased climate variability can inter-
fere with host immunity (Raffel et al., 2013). Higher temperatures may 
stimulate the growth of indoor allergens including molds, causing hay 
fever, allergenic rhinitis, and allergenic asthma (Xu et al., 2012). 

This study had several limitations that should be acknowledged. 
First, there is a possibility of recall bias as the questionnaires were 
retrospectively filled by the children’s parents. Parents with a family 
history of allergy, or whose children had been diagnosed as asthma were 
more likely to clearly remember childhood symptoms and their home 
environmental exposures. Second, there may have been a 

Table 6 
Odd ratio (95 % CI) of childhood diagnosed asthma for combined prenatal and postnatal exposure to temperature and air pollution divided into low and/or high 
exposure levels (n = 30,735).   

OR (95 % CI) 

First trimester Second trimester Third trimester Entire pregnancy First year Past year Entire postnatal 

T PM10 

Low Low 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Low High 1.04 (0.86, 1.27) 1.00 (0.83, 1.21) 0.94 (0.77, 1.15) 1.22 (0.95, 1.57) 1.22 (0.83, 1.77) 0.77 (0.43, 1.37) 0.80 (0.45, 1.42) 
High Low 0.98 (0.78, 1.24) 1.13 (0.90, 1.41) 0.96 (0.71, 1.31) 1.28 (1.04, 1.56)* 1.09 (0.93, 1.28) 1.04 (0.90, 1.20) 1.38 (1.17, 1.62)*** 

High High 1.00 (0.75, 1.33) 1.19 (0.90, 1.57) 0.97 (0.70, 1.36) 1.48 (1.13, 1.93)** 1.32 (0.94, 1.84) 1.82 (0.97, 3.42) 1.70 (1.17, 2.46)** 

T SO2 

Low Low 1.02 (0.85, 1.23) 1.00 1.00 1.00 1.00 1.00 1.00 
Low High 0.97 (0.77, 1.22) 0.95 (0.79, 1.15) 0.95 (0.78, 1.17) 1.21 (0.98, 1.50) 1.19 (0.95, 1.49) 0.90 (0.65, 1.25) 0.94 (0.67, 1.33) 
High Low 0.98 (0.74, 1.32) 1.11 (0.89, 1.39) 0.94 (0.70, 1.28) 1.26 (1.03, 1.53)* 1.09 (0.93, 1.28) 1.04 (0.90, 1.20) 1.40 (1.19, 1.64)*** 

High High 1.02 (0.85, 1.23) 1.10 (0.83, 1.47) 1.05 (0.75, 1.47) 1.56 (1.20, 2.03)*** 1.39 (1.06, 1.82)* 1.87 (0.80, 4.39) 1.43 (1.08, 1.91)* 
T NO2 

Low Low 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Low High 1.15 (0.87, 1.53) 1.08 (0.82, 1.42) 1.12 (0.85, 1.49) 0.85 (0.67, 1.08) 1.02 (0.80, 1.31) 1.69 (0.67, 4.31) 1.20 (0.97, 1.49) 
High Low 1.15 (0.84, 1.57) 1.13 (0.83, 1.53) 1.20 (0.84, 1.70) 1.10 (0.85, 1.41) 0.92 (0.72, 1.17) 1.80 (0.72, 4.48) 1.32 (0.90, 1.94) 
High High 1.03 (0.74, 1.42) 1.30 (0.95, 1.78) 1.02 (0.71, 1.47) 1.10 (0.85, 1.43) 1.23 (0.93, 1.61) 1.77 (0.70, 4.49) 1.67 (1.31, 2.11)*** 

Models were adjusted for all the covariates in Table 2. 
Low/high exposure indicated that exposures to the three air pollutants or temperature were lower/higher than the median values shown in Table 3. 

* p < 0.05. 
** p < 0.01. 
*** p < 0.001. 
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misclassification of exposure due to our assumption that air pollution 
exposure was the same at kindergarten as it was at home since we 
assumed that parents normally enrolled their children in the kinder-
garten nearest to the home. Third, we only had data for PM10, SO2, and 
NO2, while data for some other air pollutants (PM2.5, carbon monoxide 
[CO], and O3) was not available in this study. In China, PM10, SO2, and 
NO2 have been routinely monitored and their levels were publicly 
available (Kan et al., 2012), while other air pollutants (PM2.5, CO, and 
O3) have been monitored since 2014 by the Environmental Protection 
Agency (EPA) of China. Fourth, air pollution exposure was modelled by 
IDW model based on the data reported from ambient air quality moni-
toring stations during 2014–2016, and annual data for PM10, SO2, and 
NO2 during 2003–2016 from the National Bureau of Statistics of Peo-
ple’s Republic of China. This IDW modelling method may cause an 
exposure bias as the number of monitoring stations was sparse with an 
ignorance in the land used conditions. Finally, some other covariates 
containing green space, nutrition, and medication were not included in 

this study in spite of their importance for asthma. 

5. Conclusions 

This population-based retrospective cohort study found that asthma 
in pre-schoolers was mainly associated with prenatal and postnatal 
traffic air pollution exposure. We further found that higher temperature 
exposure in utero and postnatal period was positively related with 
asthma. Strikingly, we detected the synergistic effects between air 
pollution and temperature exposure in utero and postnatal period, in 
relation to increased risk of asthma. In particular, we observed a sig-
nificant interaction between classic air pollution (PM10 or SO2) and 
temperature during the postnatal period among boys and younger 
children. The results indicate that public education programs or policies 
for reduction in TRAP exposure and high temperature for pregnant 
mothers and also particulate matter in early childhood, may effectively 
decrease the risk of asthma in pre-schoolers, especially for sensitive 

Fig. 4. Interaction effect between outdoor temperature and air pollutants during different time windows on the prevalence of asthma between boys (A) and girls (B) 
by using a two-level logistic regression model. ORs were adjusted for all the covariates in Table 2. Interaction p value < 0.1 indicates a statistically significant 
difference in the odds of asthma due to a combination of outdoor temperature and air pollutants exposure level during each time window. 
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subgroups. Our findings could also provide effective measures to pre-
vent asthma development, such as setting stricter regulations to reduce 
traffic emissions and reduce traffic density in residential areas and 
around kindergartens and planning for kindergartens to be located far 
from main roads. Our study also indicates the necessity to improve 
ventilation and indoor air conditioning systems in polluted urban en-
vironments to counteract the increased temperatures expected with 
climate change. However, more studies to investigate the potential 
mechanism(s) in the temperature-pollution synergistic effect in early life 
on asthma risk are also required. 
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Deng, Q., Lu, C., Norbäck, D., Bornehag, C.-G., Zhang, Y., Liu, W., et al., 2015. Early life 
exposure to ambient air pollution and childhood asthma in China. Environ. Res. 143, 
83–92. 

Deng, Q., Lu, C., Ou, C., Chen, L., Yuan, H., 2016. Preconceptional, prenatal and 
postnatal exposure to outdoor and indoor environmental factors on allergic diseases/ 
symptoms in preschool children. Chemosphere 152, 459–467. 
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