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A B S T R A C T

Background: Although air pollution and social stress may independently increase childhood asthma, little is
known on their synergistic effect on asthma, particularly in China with high levels of stress and air pollution.
Objectives: To examine associations between exposure to a combination of parental stress and air pollution and
asthma prevalence in children.
Methods: We conducted a cohort study of 2406 preschool children in Changsha (2011–2012). A questionnaire
was used to collect children’s lifetime prevalence of asthma and their parental stress. Parental socioeconomic
and psychosocial stresses were respectively defined in terms of housing size and difficulty concentrating.
Children’s exposure to ambient air pollutants was estimated using concentrations measured at monitoring sta-
tions. Associations between exposure to parental stress and air pollution and childhood asthma were estimated
by multiple logistic regression models using odds ratio (OR) and 95% confidence interval (CI).
Results: Life time prevalence of asthma in preschool children (6.7%) was significantly associated with parental
socioeconomic and psychosocial stresses with OR (95% CI) respectively 1.48 (1.02–2.16) and 1.64 (1.00–2.71).
Asthma was also associated with exposure to air pollutants, with adjusted OR (95% CI) during prenatal and
postnatal periods respectively 1.43 (1.10–1.86) and 1.35 (1.02–1.79) for SO2 and 1.61 (1.19–2.18) and 1.76
(1.19–2.61) for NO2. The association with air pollution was significant only in children exposed to high parental
stress, the association with parental stress was significant only in children exposed to high air pollution, and the
association was the strongest in children exposed to a combination of parental stress and air pollution.
Sensitivity analysis showed that the synergistic effects of parental stress and air pollution on childhood asthma
were stronger in boys.
Conclusions: Parental stress and air pollution were synergistically associated with increased childhood asthma,
indicating a common biological effect of parental stress and air pollution during both prenatal and postnatal
periods.

1. Introduction

Asthma is the most common chronic disease in children and the
leading cause of pediatric hospitalization worldwide and leads to a
heavy economic burden on the family and poor quality of the life (Eder
et al., 2006). A rapid increase in the prevalence of childhood asthma
has been observed in developing countries, including China (Zhang
et al., 2013). Identifying the key causal factors is important to develop
prevention measures so as to reduce the rapidly increasing childhood
asthma in China.

Although both genetic and environmental factors are responsible for
the development of asthma, environmental factors are likely re-
sponsible for the rapid increase in the prevalence (London, 2007).

Ambient air pollution has been suggested to be linked with childhood
asthma (Guarnieri and Balmes, 2014). Mounting evidence indicates
that early-life exposure to traffic-related air pollution (TRAP) in de-
veloped countries contributes to the development of asthma in children
(Anderson et al., 2013; Brunst et al., 2015; Gasana et al., 2012;
Nishimura et al., 2013; Tétreault et al., 2016). Several recent studies in
China have showed that exposures to both TRAP and industry-related
air pollution (IRAP) were associated with childhood asthma (Deng
et al., 2015, 2016a; Liu et al., 2016).

Social environment is another important contributor to childhood
asthma (Sandberg et al., 2000). Family or parental stress, such as so-
cioeconomic and psychosocial stresses, may play an important role in
their children’s health (Shalowitz et al., 2006). Exposure to stress
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during pregnancy and early childhood can result in permanently altered
changes in stress-response systems, which are thought to play a key role
in the programming of respiratory disorders that result in asthma in the
later childhood (Lee and Wright, 2016). A growing number of epide-
miological studies over the past decade have demonstrated significant
associations between prenatal maternal stress and early asthma phe-
notypes in the children (Cookson et al., 2009; Heinrich, 2015; Lee et al.,
2016). Recent systematical reviews and meta-analyses confirmed the
link between prenatal stress and the subsequent development of asthma
in early childhood (Flanigan et al., 2018; Van De Loo et al., 2016).
However, the role of parental stress in childhood asthma in China is
lacking and further investigation is warranted to fill the knowledge gap.

Although exposures to air pollution and social stress may increase
susceptibility to childhood asthma, there is growing concern about their
potential interaction (Chen et al., 2008). Social stress and air pollution
often co-exist (O'Neill and Schwartz, 2003), and a recent review found
that stress is very likely associated with air pollution, such as low so-
cioeconomic communities face higher levels of air pollution (Hajat
et al., 2015). Several recent studies have also observed that children
from stressed households are more susceptible to the effects of air
pollution on the development of asthma or other respiratory diseases
(Bose et al., 2017; Chiu et al., 2014; Clougherty and Kubzansky, 2009;
Lee et al., 2018; Shankardass et al., 2009). Strikingly, coinciding with
the rapidly increased prevalence of childhood asthma, an increase in air
pollution (especially the air pollution episode or haze events) and social
stress in China also has been reported (Chen et al., 2014; Huang et al.,
2014). Whether the “double exposure” to high air pollution and high
parental stress in China contributes to the rapidly increasing of child-
hood asthma is the focus of this research.

We hypothesize that there is a synergistic effect between exposures
to parental stress and air pollution on childhood asthma. To test the
hypothesis, we examined not only the role of parental stress in the
association between exposure to air pollution and childhood asthma but
also the role of air pollution in the association between exposure to
parental stress and childhood asthma. We carried out a cohort study in
Changsha as part of nationwide multi-center “China-Children-Homes-
Health (CCHH)” study (Deng et al., 2015; Zhang et al., 2013). In the
present study, parental stress includes socioeconomic stress and py-
schosocial stress, ambient air pollution includes both traffic- and in-
dustry-related air pollutants, and the exposure window includes both

prenatal and postnatal periods.

2. Materials and methods

2.1. Study population

Between September 2011 and January 2012, we conducted a survey
for childhood asthma and allergies in the kindergartens in Changsha
(Fig. 1). The cohort study protocol was described in detail elsewhere
(Deng et al., 2016a). Briefly, we used a self-administered Chinese
questionnaire to collect information on health status, exposure to in-
door environment risk factors, and lifestyles of the children and their
family members. A total of 4988 questionnaires were distributed to the
children in 36 randomly selected kindergartens. Children were in-
structed to have the questionnaire completed by parents and to return it
to kindergartens within one week. We received 3897 completed ques-
tionnaires (78% response rate). We excluded the following children:
745 children from kindergartens having response rates lower than 50%;
162 children with low birth weight and preterm birth and 10 children
with multiple births; 15 children older than 6 years of age ;and 65
children younger than 3; and 494 children without information about
health outcome were excluded. In total, 2406 questionnaire responses
from children aged 3–6 years were used.

2.2. Exposure windows

We considered both prenatal and postnatal exposure windows for
each child. Prenatal exposure window was from the conception month
to the birth month, and postnatal window spanned from the first month
of the first year of life to the last month of last year before survey.

2.3. Exposure to parental stress

Parental stress in the present work was classified into 2 types: so-
cioeconomic stress and psychosocial stress, which were obtained from
the parent administered questionnaires. We used housing size to de-
scribe parental socioeconomic stress. Housing size has recently become
a useful index of socioeconomic status (SES) to predict health outcomes
(Butterfield et al., 2011; Juhn et al., 2011), and we further considered it
as a kind of socioeconomic stress, as a lower SES is usually related to

Fig. 1. Distributions of kindergartens and air pollution monitoring stations in Changsha, China.
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higher stress level, particularly in China ( Meyer et al., 2008). The
housing size was determined according to the question “What’s the size
of your house (≤40/41–60/61–75/76–100/101–150/> 150m2)?”
The socioeconomic stress was then divided into two levels: low
(housing size> 100m2) and high (housing size ≤100m2). The larger
the housing size, the lower is the stress.

Since our questionnaire has not involved the questions for chronic
psychosocial stress in parents, such as anxiety and depression, we
evaluated parental psychosocial stress in terms of difficulty con-
centrating, a main and important symptom of depression, according to
American Psychological Association (http://www.apa.org/helpcenter/
work-stress.aspx). Difficulty concentrating during work was defined
according to the question “During the past three months, how often do
you have the feeling of difficulty concentrating (weekly/sometimes/
never)?” According to the level of difficulty concentrating, psychosocial
stress was also divided into two levels: low (never) and high (weekly or
sometimes).

We assumed that parental socioeconomic and psychosocial stresses
were stable during both prenatal and postnatal periods. The reason is
that Chinese Household Registration System (or hukou) has posed se-
vere restrictions on labor mobility (Tong and Piotrowski, 2012) and in
the present work we found most children (higher than 70%) have been
living in the same house. On the other hand, it was observed that the
task-related job stressors, social stressors, and social support remained
rather stable over the first 10 years since the young adults worked
(Kälin et al., 2014).

2.4. Exposure to air pollution

Three pollutants, sulfur dioxide (SO2), nitrogen dioxide (NO2), and
particulate matter ≤ 10 µm in diameter (PM10) were chosen as in-
dicators of IRAP, TRAP, and mixture of air pollution, respectively (Deng
et al., 2015). The daily (24-h) average concentrations of air pollutants
during all children’s pre- and post-natal periods (2005–2011) were
obtained from the seven municipal monitoring stations (Fig. 1).

We estimated children’s exposure at kindergartens. Children’s daily
exposure to air pollutants at kindergartens was estimated in terms of
daily average concentrations obtained at monitoring stations by an
inverse distance weighted (IDW) method (Deng et al., 2015). Then, we
calculated the monthly mean concentrations of air pollutants at each
kindergarten. Finally, child's prenatal exposure was calculated as
average of the monthly mean concentrations of PM10, SO2 and NO2

during the full gestational months, and child’s postnatal exposure was
calculated as the average of the monthly mean concentrations of the air
pollutants during the months from the first year of life to the last year
before survey.

2.5. Health outcome

Health outcome is lifetime prevalence of doctor-diagnosed asthma
that was defined as an affirmative answer to the question in the ques-
tionnaire: “Has a doctor ever diagnosed your child as having asthma?”

2.6. Confounding covariates

Potential confounding variables were obtained from the parent
administered questionnaires including personal and indoor environ-
mental factors. The personal covariates included child’s sex, age,
breastfeeding, maternal productive age, and parental atopy.
Breastfeeding was defined based on the answer to the question: “How
long was your child breastfed or fed breast milk (None/<1 month/1–3
months/3–6 months/> 6 months)?” and we divided it into two cate-
gories: no or yes. Parental atopy was defined as a history of maternal or
paternal asthma and/or allergic rhinitis. The covariates related to in-
door environment included environmental tobacco smoke (ETS) at
home, indoor new furniture, house redecoration, visible mold/damp

stains at home, condensation on the windows during winter, and
household pets (dogs) (Deng et al., 2016b; Norbäck et al., 2018). It was
identified in previous studies that these confounders were related to
childhood asthma and may influence the effect estimates (Deng et al.,
2015).

2.7. Statistical analysis

We used multiple logistic regression models to evaluate the asso-
ciation between pre-/post-natal exposure to air pollutants and parental
stress and childhood asthma by adjusting for potential confounding
covariates. Associations in the regression analysis were calculated as
odds ratios (ORs) with 95% confidence interval (95% CI). The asso-
ciation between childhood asthma and exposure to air pollutants was
assessed by either continuous or categorical model. In continuous
model, ORs were expressed by per interquantile range (IQR) increase in
the exposure level for each pollutant. In categorical model, the ex-
posure range was divided into low (<median) and high (≥median),
and OR at high exposure level was estimated as compared to the low
exposure that was set as reference. The association between childhood
asthma and exposure to parental stress was assessed by categorical
model, during which OR at high parental stress was estimated as
compared to the low parental stress. A p value less than 0.05 was
considered statistically significant. We finally carried out sensitivity
analysis by child’s sex. All statistical analyses were performed by SPSS
software (version 16.0, SPSS Inc, Chicago, USA).

Table 1
Covariates, demographic information, and prevalence of asthma among chil-
dren aged 3–6 years old (n=2406).

Number (%) Case (n) Prevalence (%) p-value

Total 2406 (100) 160 6.7 —
Sex
Boys 1291 (54) 105 8.1 0.002
Girls 1115 (46) 55 4.9
Age (years)
3 633 (26) 25 3.9 0.013
4 873 (36) 70 8.0
5 746 (31) 55 7.4
6 154 (6) 10 6.5
Breast-feeding
No 200 (8) 23 11.5 0.004
Yes 2206 (92) 137 6.2
Maternal reproductive age (years)a

< 30 1717 (71) 110 6.4 0.409
≥ 30 667 (28) 49 7.3
Parental atopy
No 2149 (89) 106 4.9 < 0.001
Yes 257 (11) 54 21.0
Environmental tobacco smoke (ETS) at home
No 801 (33) 53 6.6 0.963
Yes 1605 (67) 107 6.7
Indoor new furniturea

No 1144 (48) 69 6.0 0.169
Yes 1095 (46) 82 7.5
House redecorationa

No 1561 (65) 96 6.1 0.023
Yes 593 (25) 53 8.9
Visible mold/damp stains at homea

No 1821 (76) 113 6.2 0.118
Yes 583 (24) 47 8.1
Window condensationa

No 1075 (45) 54 5.0 0.004
Yes 1279 (53) 102 8.0
Household pets (dogs)
No 2252 (94) 154 6.8 0.156
Yes 154 (6) 6 3.9

a Sum of the number is not 2406 due to missing data. The p-values< 0.05
were in bold.

Q. Deng et al. Environmental Research 165 (2018) 23–31

25

http://www.apa.org/helpcenter/work-stress.aspx
http://www.apa.org/helpcenter/work-stress.aspx


3. Results

Of 2406 children, 160 (6.7%) had a history of doctor-diagnosed
asthma. Table 1 shows the lifetime prevalence of asthma stratified by
covariates. We found that the asthma prevalence in boys (8.1%), those
without breast-feeding (11.5%), and those with parental atopy (21.0%)
was significantly higher than the girls (4.9%), those with breast-feeding
(6.2%), and those without parental atopy (4.9%). The asthmatic risk for
older children was significantly higher than the young children aged 3
years (p= 0.013). Environmental tobacco smoke (ETS) was not asso-
ciated with childhood asthma, but other indoor environmental factors

(new furniture, redecoration, mold/dampness, window condensation,
and household pets) had marginal or significant risk.

The prevalence of parental stress and its association with childhood
asthma were shown in Table 2. Children living in houses< 100m2

(58% of sample) had higher prevalence of asthma (7.3%) than those
lived in larger houses. The children from families where parents re-
ported difficulty concentrating (39%) had higher asthma prevalence
(7.9%) than those from families that reported never having difficulty
concentrating. We found that childhood asthma was significantly as-
sociated with parental stress with OR (95% CI) = 1.48 (1.02–2.16) for
high socioeconomic stress and 1.64 (1.00–2.71) for high psychosocial
stress after adjusting for the covariates. Exposure to both high socio-
economic and psychosocial stresses further increased the risk with OR
(95% CI) = 2.05 (1.17–3.58).

The statistics of children’s exposure to air pollutants was summar-
ized in Table S1 (Please see the file in supplemental materials) and the
association between exposure to air pollutants and childhood asthma
was shown in Table 3. We found both SO2 and NO2 were significantly
associated with childhood asthma, with adjusted OR (95% CI) respec-
tively 1.43 (1.10–1.86) and 1.61 (1.19–2.18) during prenatal period
and 1.35 (1.02–1.79) and 1.76 (1.19–2.61) during postnatal period for
per IQR increase in the exposure level.

The combined effect of parental stress and air pollutants on child-
hood asthma was examined by stratified analysis. Table 4 showed the
association between exposure to air pollutants and childhood asthma
was significant only in children with high parental stress, and Table 5
showed the association between parental stress and childhood asthma
was significant only in children exposed to high level of air pollution,
which indicated a synergistical effect.

The interaction between parental stress and air pollution on the risk
of childhood asthma was shown in Table 6. We found the asthmatic risk
of high exposure to both parental stress and air pollution was sig-
nificantly higher than the risk of low exposure to parental stress and air
pollution. There is a strong interaction (p < 0.1) between psychosocial
stress and exposure to air pollutants during prenatal period, but a
strong interaction (p < 0.1) between both socioeconomic and psy-
chosocial stresses and exposure to NO2 during postnatal period.

We further investigated the association between air pollution and
childhood asthma stratified by maternal and paternal psychosocial
stresses (the maternal and paternal socioeconomic stresses are the same
in a family), as shown in Table 7. We found that paternal stress sig-
nificantly modified the association during prenatal period, but maternal
stress modified the association during postnatal period.

We examined the gender sensitivity for the independent and sy-
nergistic effects of exposure to parental stress and air pollution on
childhood asthma. Table S2 (Please see the supplemental materials)
showed that the asthmatic risks of exposure to air pollution and

Table 2
Prevalence of parental stress and its associations with childhood asthma
(n=2406).

Number (%) Case (%) OR (95% CI)a

Socioeconomic stress (housing size)
Low (> 100m2) 978 (41) 56 (5.7) 1
High (≤ 100m2) 1403 (58) 103 (7.3) 1.48 (1.02, 2.16)*

Psychosocial stress (difficulty concentrating)
Low (never) 1231 (51) 70 (5.7) 1
High (weekly or sometimes) 949 (39) 75 (7.9) 1.64 (1.00, 2.71)*

Both socioeconomic and psychosocial stress
Low 495 (21) 24 (4.8) 1
High 540 (22) 48 (8.9) 2.05 (1.17, 3.58)*

The total number is not 2406 due to the missing data.
a Adjustment for all the covariates in Table 1.
* p≤ 0.05.

Table 3
Associations between exposure to air pollutants and childhood asthma
(n=2406).

Air pollutants OR (95% CI)a

Prenatal (during pregnancy)
PM10 0.96 (0.73, 1.28)
SO2 1.43 (1.10, 1.86)**

NO2 1.61 (1.19, 2.18)**

Postnatal (from the first year to the past year of life)
PM10 1.45 (1.01, 2.10)*

SO2 1.35 (1.02, 1.79)*

NO2 1.76 (1.19, 2.61)**

OR (95%CI) was estimated for per interquartile range (IQR) increase in PM10,
SO2, and NO2.
* **p≤ 0.001.

a Adjustment for all the covariates in Table 1.
* p≤ 0.05.
** p≤ 0.01.

Table 4
Associations between exposure to air pollutants and childhood asthma stratified by parental stress (n=2406).

Socioeconomic stress, OR (95% CI) Psychosocial stress, OR (95% CI)

Low (n=978) High (n= 1403) Low (n=1231) High (n= 949)

Prenatal
PM10 0.58 (0.34, 0.99)* 1.16 (0.83, 1.63) 1.16 (0.75, 1.79) 0.77 (0.50, 1.16)
SO2 1.20 (0.75, 1.91) 1.51 (1.09, 2.10)* 1.16 (0.77, 1.74) 1.64 (1.11, 2.42)*

NO2 1.29 (0.78, 2.12) 1.77 (1.20, 2.61)** 1.18 (0.73, 1.90) 1.93 (1.26, 2.96)**

Postnatal
PM10 1.42 (0.79, 2.54) 1.44 (0.89, 2.32) 1.28 (0.74, 2.23) 1.62 (0.95, 2.77)
SO2 0.99 (0.60, 1.61) 1.53 (1.07, 2.18)* 1.15 (0.75, 1.78) 1.34 (0.89, 2.01)
NO2 1.17 (0.63, 2.20) 2.18 (1.31, 3.64)** 1.31 (0.72, 2.40) 2.03 (1.15, 3.58)*

OR (95%CI) was estimated for per interquartile range (IQR) increase in PM10, SO2, and NO2 and adjusted for the covariates in Table 1 (child’s sex, age, breast-feeding,
maternal productive age, parental atopy, ETS, new furniture, house redecoration, visible mold/damp stains, window condensation, and household pets).
* p≤ 0.05.
** p≤ 0.01.
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parental stress were both significant in boys only. Table 8 further
showed that the asthmatic risks of synergistic exposure to air pollution
and high parental stress asthma were also significant in boys only.

4. Discussion

This is the first cohort study to examine the synergistic effect be-
tween parental stress and air pollution on childhood asthma. We found
that the association with air pollution was significant only in children
exposed to high parental stress, the association with parental stress was
significant only in children exposed to high level of air pollution, and
the association was the strongest in children exposed to a combination
of parental stress and air pollution. Sensitivity analysis showed that the
independent and synergistic effects of parental stress and air pollution
on childhood asthma were stronger in boys. The strength of our study
includes: (1) we provided further evidence on the modification of the
association between air pollution and childhood asthma by social stress;
(2) we newly found that the association between social stress and
childhood asthma was modified by air pollution; (3) our findings de-
monstrated an interactive or synergistic effects between air pollution
and social stress on childhood asthma.

In our present work, we considered the housing size as a kind of
socioeconomic stress as we hope to find the common and similar effect
with the psychosocial stress during work. Housing size was in fact a
proxy of parental socioeconomic status (SES). Juhn et al. (2011) first
developed the housing characteristics (housing size was the most im-
portant component) to measure SES and predict health outcomes. Its
utility is qualified by specific social contexts and in concert with other
SES indices, and recently housing size has become a useful index of SES
to predict health outcomes (Butterfield et al., 2011). It is reasonable to
consider housing size as a kind of socioeconomic stress, as a lower
socio-economic status (SES) is usually related to higher stress level
(Meyer et al., 2008). Growing evidence suggests that exposure to lower
SES could increase the risk for mental illnesses, such as depression and
anxiety disorders, throughout life (Zimmerman and Katon, 2005). In
the recent years, SES has been demonstrated to be associated with
symptoms of depression and anxiety, and it was found that symptoms of
depression and anxiety are more prevalent among persons with lower
compared to higher SES (Lorant et al., 2007; Tracy et al., 2008). A

Table 5
Associations between parental stress and childhood asthma stratified by low and high levels of exposure to air pollution (n=2406).

Socioeconomic stress Psychosocial stress

Pollutants Exposure level Low (n= 978) High (n= 1403) Low (n= 1231) High (n=949)

Prenatal
PM10 Low 1 1.13 (0.66, 1.93) 1 1.76 (1.02, 3.05)*

High 1 1.98 (1.16, 3.39)* 1 1.10 (0.64, 1.89)
SO2 Low 1 1.19 (0.67, 2.14) 1 0.72 (0.39, 1.33)

High 1 1.69 (1.02, 2.81)* 1 2.00 (1.19, 3.35)**

NO2 Low 1 1.26 (0.71, 2.25) 1 0.89 (0.49, 1.64)
High 1 1.68 (1.01, 2.81)* 1 1.80 (1.09, 2.99)*

Postnatal
PM10 Low 1 1.46 (0.83, 2.58) 1 1.13 (0.64, 1.98)

High 1 1.47 (0.88, 2.43) 1 1.64 (0.97, 2.79)
SO2 Low 1 1.24 (0.71, 2.16) 1 1.04 (0.59, 1.83)

High 1 1.72 (1.01, 2.93)* 1 1.78 (1.01, 3.14)*

NO2 Low 1 0.96 (0.53, 1.75) 1 0.70 (0.37, 1.33)
High 1 1.86 (1.13, 3.08)* 1 1.95 (1.18, 3.21)**

Exposure levels were divided into low (<median) and high (≥ median) categories.
OR (95%CI) was adjusted for all the covariates in Table 1.
* p≤ 0.05.
** p≤ 0.01.

Table 6
Interaction between parental stress and air pollution on childhood asthma in
terms of adjusted odds ratios (95% CI) (n=2406).

Exposure level Stress level Socioeconomic stress Psychosocial stress

Prenatal
PM10 Low Low 1 1

Low High 1.11 (0.65, 1.89) 1.71 (0.99, 2.96)
High Low 0.69 (0.36, 1.31) 1.12 (0.61, 2.08)
High High 1.32 (0.73, 2.39) 1.26 (0.67, 2.36)
Interaction p .149 0.275

SO2 Low Low 1 1
Low High 1.21 (0.68, 2.16) 0.76 (0.42, 1.38)
High Low 1.45 (0.79, 2.67) 1.03 (0.58, 1.81)
High High 2.41 (1.40, 4.16)** 2.04 (1.23, 3.40)**

Interaction p .417 0.015
NO2 Low Low 1 1

Low High 1.26 (0.71, 2.22) 0.91 (0.50, 1.64)
High Low 1.38 (0.76, 2.51) 1.15 (0.66, 2.00)
High High 2.17 (1.28, 3.66)** 2.07 (1.23, 3.47)**

Interaction p .559 0.082
Postnatal
PM10 Low Low 1 1

Low High 1.56 (0.89, 2.73) 1.09 (0.63, 1.90)
High Low 1.39 (0.72, 2.69) 0.95 (0.51, 1.78)
High High 1.98 (1.07, 3.67)* 1.58 (0.88, 2.81)
Interaction p .808 0.285

SO2 Low Low 1 1
Low High 1.29 (0.75, 2.23) 1.05 (0.60, 1.82)
High Low 1.14 (0.62, 2.09) 0.95 (0.54, 1.68)
High High 1.87 (1.09, 3.19)* 1.61 (0.96, 2.70)
Interaction p .534 0.210

NO2 Low Low 1 1
Low High 0.97 (0.54, 1.75) 0.76 (0.41, 1.41)
High Low 1.32 (0.73, 2.39) 1.18 (0.69, 2.04)
High High 2.44 (1.46, 4.06)*** 2.29 (1.39, 3.77)***

Interaction p .103 0.020

Exposure levels were divided into low (<median) and high (≥ median) ca-
tegories.
The risk at the low exposure and low stress was set as reference, i.e. OR =1.
OR (95%CI) was adjusted for all the covariates in Table 1.
* p≤ 0.05.
** p≤ 0.01.
*** p≤ 0.001.
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recent review and meta-analysis also found compelling evidence for
socioeconomic inequality in depression (Lorant et al., 2003). House has
become a significant stressor in China due to its high cost.

We found pre- and post-natal exposures to both TRAP (NO2) and
IRAP (SO2) were associated with childhood asthma. The association
between long-term postnatal exposure to TRAP and childhood asthma
were observed in many previous birth cohort studies worldwide, such
as in Canada (Clark et al., 2010; Gauderman et al., 2005; Jerrett et al.,
2008; Mcconnell et al., 2010), France (Zmirou et al., 2004), Germany
(Morgenstern et al., 2008), Japan (Yamazaki et al., 2014), Netherlands
(Brauer et al., 2007; Gehring et al., 2010), Sweden (Gruzieva et al.,
2013), USA (Nishimura et al., 2013), and China (Deng et al., 2015; Liu
et al., 2016). Recent systematic reviews and meta-analyses of birth
cohort studies also confirmed the association of TRAP with childhood
incident asthma (Anderson et al., 2013; Bowatte et al., 2015; Gasana
et al., 2012). Only a few studies investigated the asthmatic risk of
prenatal exposure to TRAP and our findings were also consistent with
these scarce studies (Clark et al., 2010; Deng et al., 2015, 2016a; Hsu
et al., 2015; Liu et al., 2016; Sbihi et al., 2016). We further confirmed
the recent studies in China that long-term exposure to IRAP (SO2) was
also associated with childhood asthma (Chiang et al., 2016; Deng et al.,

2015, 2016a), although it has been ignored in the developed countries
due to its low concentration level (Pénard-Morand et al., 2010).

We found childhood asthma was associated with parental socio-
economic stress, i.e. higher risk of asthma at higher socioeconomic
stress or lower socioeconomic status (SES). The evidence for the link
between SES and the development of asthma is less clear. Although
many studies report asthma to be more prevalent among lower SES
children (Almqvist et al., 2005; Galobardes et al., 2015; Hammer-
Helmich et al., 2014; Kozyrskyj et al., 2010), several studies found no
significant impact of SES on the prevalence of childhood asthma
(Hancox et al., 2004). However, a recent review and meta-analysis in-
dicated that lower SES associated with higher prevalence of asthma
(Uphoff et al., 2015). A possible mechanism by which SES may modify
the effects of air pollution is psychological stress. Several studies sug-
gest that increased severity of asthma among low SES children and
adults may be explained by stress.

We found parental psychosocial stress predicted higher risk of
asthma in children that was consistent with the findings from many
previous investigations (Chen et al., 2006; Sandberg et al., 2004). The
literatures mainly focused on chronic psychosocial stress in terms of
depression and/or anxiety (Del Giacco et al., 2016; Kozyrskyj et al.,

Table 8
Associations between exposure to air pollutants and childhood asthma stratified by parental stress respectively for boys and girls (n=2406).

Socioeconomic stress Psychosocial stress

Low High Low High

Boys
Prenatal
PM10 0.46 (0.22, 0.97)* 1.28 (0.83, 1.97) 1.42 (0.80, 2.55) 0.68 (0.39, 1.19)
SO2 1.32 (0.70, 2.48) 1.80 (1.20, 2.69)** 1.50 (0.89, 2.53) 1.86 (1.14, 3.04)*

NO2 1.48 (0.75, 2.92) 2.11 (1.29, 3.46)** 1.60 (0.86, 3.00) 2.08 (1.19, 3.62)**

Postnatal
PM10 1.04 (0.50, 2.18) 1.55 (0.85, 2.83) 1.06 (0.53, 2.12) 1.82 (0.91, 3.63)
SO2 1.01 (0.53, 1.91) 1.68 (1.09, 2.60)* 1.41 (0.81, 2.47) 1.40 (0.84, 2.32)
NO2 1.40 (0.60, 3.28) 2.62 (1.37, 5.00)** 1.75 (0.78, 3.91) 2.42 (1.17, 5.01)*

Girls
Prenatal
PM10 0.68 (0.31, 1.49) 1.11 (0.63, 1.95) 0.92 (0.47, 1.81) 0.96 (0.51, 1.83)
SO2 1.10 (0.55, 2.23) 1.03 (0.57, 1.87) 0.71 (0.36, 1.40) 1.29 (0.65, 2.54)
NO2 1.13 (0.53, 2.41) 1.33 (0.69, 2.58) 0.73 (0.34, 1.55) 1.68 (0.84, 3.37)
Postnatal
PM10 2.46 (0.87, 6.95) 1.21 (0.54, 2.73) 1.63 (0.64, 4.18) 1.27 (0.53, 3.06)
SO2 0.96 (0.44, 2.10) 1.23 (0.65, 2.31) 0.78 (0.38, 1.61) 1.18 (0.59, 2.38)
NO2 1.00 (0.38, 2.60) 1.54 (0.65, 3.66) 0.86 (0.33, 2.19) 1.43 (0.57, 3.61)

OR (95%CI) was estimated for per interquartile range (IQR) increase in PM10, SO2, and NO2 and adjusted for the covariates in Table 1 (child’s sex, age, breast-feeding,
maternal productive age, parental atopy, ETS, new furniture, house redecoration, visible mold/damp stains, window condensation, and household pets).
* p≤ 0.05.
** p≤ 0.01.

Table 7
Associations between exposure to air pollutants and childhood asthma stratified by maternal and paternal stress.

Maternal psychosocial stress (n= 1668) Paternal psychosocial stress (n=512)

Low (n=921) High (n= 747) Low (n=310) High (n=202)

Prenatal
PM10 1.46 (0.89, 2.38) 0.67 (0.42, 1.08) 0.40 (0.14, 1.12) 1.90 (0.68, 5.28)
SO2 0.97 (0.62, 1.54) 1.49 (0.97, 2.28) 2.81 (0.94, 8.40) 4.66 (1.18, 18.35)*

NO2 1.00 (0.59, 1.70) 1.59 (1.00, 2.51) 2.41 (0.69, 8.38) 8.76 (1.92, 40.01)**

Postnatal
PM10 1.17 (0.64, 2.15) 1.62 (0.91, 2.89) 2.24 (0.46, 10.92) 1.61 (0.32, 8.11)
SO2 1.06 (0.66, 1.72) 1.33 (0.86, 2.06) 1.72 (0.52, 5.72) 1.69 (0.49, 5.80)
NO2 1.11 (0.57, 2.17) 1.93 (1.05, 3.55)* 2.94 (0.57, 15.21) 3.68 (0.59, 22.87)

OR (95%CI) was estimated for per interquartile range (IQR) increase in PM10, SO2, and NO2 and adjusted for the covariates in Table 1 (child’s sex, age, breast-feeding,
maternal productive age, parental atopy, ETS, new furniture, house redecoration, visible mold/damp stains, window condensation, and household pets).
* p≤ 0.05.
** p≤ 0.01.
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2008; Lee and Wright, 2016). Recently, there is an increasing body of
evidence supporting a causal relationship between prenatal maternal
stress and asthma risk in the offspring (Plant et al., 2015). A UK birth
cohort observed that maternal anxiety symptoms during fetal life may
lead to the development of childhood asthma (Cookson et al., 2009). A
recent prospective cohort study in Denmark showed that prenatal de-
pressions in both mother and father were associated with increased risk
of asthma in children (Liu et al., 2015). A growing number of studies
suggest that maternal stress during pregnancy promotes atopic dis-
orders in the offspring and recent systematic reviews and meta-analyses
also suggested a relationship between maternal stress during pregnancy
and atopic disorders in the child (Andersson et al., 2016; Van De Loo
et al., 2016).

We found that exposure to multiple stressors, both socioeconomic
and psychosocial stresses, predicted a higher risk of asthma, which was
also consistent with some scarce studies (Chen et al., 2006; Exley et al.,
2015; Sandberg et al., 2000). The strongest associations were con-
sistently observed in workers with low educational level or low occu-
pational position, which indicated that stress at work either mediates
the association of low socioeconomic status with poorer health or in-
teracts with low socioeconomic status to produce a high risk of poorer
health (Wege et al., 2008). The reason may be due to that individuals of
low socioeconomic status possess fewer resources to cope with the
burden of work and as a result, they may more often experience pro-
longed or more intense stress (Wege et al., 2008).

We found that children from high parental socioeconomic stress or
low socioeconomic status (SES) families were at higher risk of incident
asthma due to air pollution. The short-term effect of outdoor air pol-
lution on child hospitalization for asthma was larger in children with
higher stress or lower SES has been observed in many countries (Burra
et al., 2009; Lin et al., 2004; Neidell, 2004). A US cohort study observed
a stronger long-term asthmatic risk among children with low SES as
compared to those with high SES (Shankardass et al., 2009). A recent
cohort study in Canada observed that children from lower SES house-
holds have a higher risk of respiratory diseases due to long-term ex-
posure to air pollution (Cakmak et al., 2016). However, very few stu-
dies investigated the association between early life SES and asthma
(Braback et al., 2005; Patel et al., 2012). Children from lower SES fa-
milies may be at higher risk from air pollution, as they tend to live near
heavy polluted areas (O'Neill and Schwartz, 2003).

We found that parental psychosocial stress enhanced the effect of air
pollution on childhood asthma. Very few studies have assessed the
potential role of stress as susceptibility factor in the association between
air pollution and childhood asthma (Cooney, 2011). A US cohort study
observed that parental stress increased the impact of TRAP on the in-
cidence of asthma in children age 5–9 years (Shankardass et al., 2009).
Another US birth cohort study found a positive association between
TRAP (NO2) and asthma only among children with elevated exposure to
violence, a social stressor in urban areas (Clougherty et al., 2007).
Another Canadian study also found that vulnerability to asthma ex-
acerbations may be heightened in children exposed to higher chronic
stress (Chen et al., 2008). A recent birth cohort study found that
‘stressful’ family events may also increase children’s susceptibility to
the adverse effect of TRAP exposure (Rancière et al., 2017). On the
other hand, very few studies considered effects of prenatal exposures to
parental stress and air pollution (Chiu et al., 2014; Exley et al., 2015;
Wright, 2007).

We found that paternal psychosocial stress significantly modified
the prenatal association between air pollution and childhood asthma.
Much attention has been given to the effect of maternal stress on
childhood asthma morbidity, whereas little is known about the influ-
ence of paternal stress on childhood asthma. It was found that paternal
depressive symptoms or lower occupational class contributed to the
child’s asthma morbidity (Lim et al., 2011; Patel et al., 2012). A recent

study found paternal depression during pregnancy was also associated
with childhood asthma (Liu et al., 2015). A US cohort study observed
that both maternal and paternal depressions were associated with
asthma morbidity in young children (Lange et al., 2011).

We found that the asthmatic risks of exposure to air pollution and
parental stress were both significant in boys only. Sex-specific effects of
stress on childhood asthma are limited with conflicting results. A recent
study found male gender may increase their susceptibility to the ad-
verse effect of early TRAP exposure (Rancière et al., 2017) and another
study reported a stronger susceptibility of TRAP modified by parental
stress for male children compared to female children (Shankardass
et al., 2009). A recent US cohort study found that boys were more
vulnerable to maternal stress during prenatal period but girls vulner-
able to higher stress during postnatal period (Lee and Wright, 2016).
However, another study found that prenatal maternal depression in-
creased asthma in girls but not boys (Turcotte-Tremblay et al., 2014).

The interaction or “synergistic” effect between social stresses and
physical pollutants on childhood asthma may due to a common biologic
pathway of both exposures (Clougherty and Kubzansky, 2009). It was
well known that the air pollution could induce childhood asthma by the
mechanism of oxidative stress that resulted in airway inflammation. It
was demonstrated that a parent’s perceived stress or depression may be
transmitted to their child and can be indicative of stress in children
(Pearson et al., 2013; Wolf et al., 2008). On the other hand, maternal
stress during pregnancy could affect the developing foetus and in-
creased the risk of stress in the offspring (O’Donnell et al., 2013).
Psychosocial stress has been linked to inflammation and oxidative stress
(Umetsu et al., 2002). Synergistic effects of stress and pollutants are
possible because they likely act on common biological systems. A
consistent body of evidence indicates that depression is associated with
dysregulated inflammation. Recent meta-analyses reported significantly
higher levels of the inflammatory markers in depressed subjects com-
pared to controls (Dowlati et al., 2010; Liu et al., 2012). Experimental
research also underlined the effects of acute psychosocial stress on in-
flammatory responses (Steptoe et al., 2007).

Some limitations of this study should be acknowledged. First, we
used housing size as a proxy of socioeconomic stress in China. Although
it is reasonable to regard it as a kind of stress, housing size is in fact an
index of socioeconomic status. We couldn’t distinguish the asthmatic
risk effects between socioeconomic status and stress. Secondly, we
didn’t measure the children stress. Previous studies have demonstrated
a relationship between parental and childhood stress. Parental stress
has been shown to be indicative of stress in children and it was found
that a parent’s perceived stress may be transmitted to their child (Islam
et al., 2011; Wolf et al., 2008). A longitudinal cohort study demon-
strated that both prenatal and postnatal parental depression was asso-
ciated with increased risk of depression in offspring (Quarini et al.,
2015). However, the use of parental stress as a proxy for childhood
stress limited our ability to distinguish between the effects of parental
and personal stresses in the children. The third limitation is we assumed
a stable parental socioeconomic and psychosocial stresses. Although it
seemed reasonable, parental stress may be changed over time and thus
it is better to accurately capture stress in different life domains. On the
other hand, we cannot disentangle the effect of parental stresses be-
tween prenatal and postnatal periods. The fourth limitation is the po-
tential misclassification of exposure. We estimated children’s exposure
to air pollution during pregnancy and postnatal life according to their
exposure in kindergarten. It will be much better if we could use the
home address for prenatal exposure assessment. But in our ques-
tionnaire we didn’t ask the children’s home address because it is a very
sensitive and private question in China. However, the exposure as-
sessment was reasonable by considering the situation in China that the
parents usually enrolled their children in kindergarten nearest to their
home and that parents usually worked near home or kindergartens. In
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addition, the monthly average exposure would cause misclassification
in exposure in pregnancy. The main reason is that we assessed chil-
dren’s exposure to air pollutants based on monthly average con-
centrations, because our survey have collected only information about
birth month and gestational months of each child.

5. Conclusions

We found that childhood asthma was associated with pre- and post-
natal exposure to both air pollution and parental stress, suggesting that
both physical toxins and social determinants played an etiologic role in
the evolution and trajectory of childhood asthma. Our findings have
potentially important implications for both public health and inter-
vention policy. Our study highlights the need to be aware of vulner-
ability to asthma development in the children who lived in areas with
higher levels of air pollution, especially in those families experiencing
higher levels of parental stress.
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