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hood allergic diseases in Shanghai, China.

Methods: Data on clinical visits due to childhood asthma, allergic rhinitis (AR) and atopic dermatitis (AD) from
2007 to 2017 in Shanghai were collected from Shanghai Children's Medical Center and Xinhua Hospital. The me-
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Meteorological Center. Air pollution data (PM;o, PM; 5, NO,, SO, and O3) were provided by the Shanghai Environ-
mental Protection Agency. Quasi-Poisson regression with distributed lag non-linear models and Poisson regres-
sion combined with generalized linear models were used to assess the relative impact of meteorological factors
and air pollutants on childhood allergic diseases.

Results: There were a total of 2,410,392 cases of childhood allergic diseases, including 975,771 asthma, 646,975
AR and 787,646 AD. Most of environmental factors were significantly associated with childhood allergic diseases.
Daily mean temperature (standard 3: —0.076 (95% confidence interval (CI): —0.086, —0.067)) and air pressure
(standard f3: 0.075 (95% CI: 0.068, 0.082)) seemed to play more important roles than other environmental factors
in the occurrence of these allergic diseases. The numbers of these allergic diseases attributable to an interquartile
range (IQR) change in meteorological factors also appeared to be greater than those attributable to an IQR change
in air pollutants.

Conclusions: Both climatic variation and air pollution were associated with childhood allergic diseases, but the
former appeared to play a more important role in the occurrence of these diseases. These findings may have sig-
nificant implications for the development of tailored strategies to prevent these rapidly-increasing diseases

worldwide.

© 2019 Published by Elsevier B.V.

1. Introduction

Allergic diseases (e.g., asthma, allergic rhinitis (AR) and atopic der-
matitis (AD)) are becoming the major child health problems worldwide
which lead to a great economic burden and poor quality of life (Asher
et al., 2006; GBD, 2016; Ahmed et al., 2018). The International Study
of Asthma and Allergies in Childhood (ISAAC) investigated the preva-
lence of symptoms and severity of asthma, AR and AD in different pop-
ulations around the world and reported rising global trends in the
prevalence of allergic disorders, particularly in highly developed coun-
tries (Asher et al., 2006). They found that environmental rather than ge-
netic factors may be the most important drivers of childhood allergic
diseases (ISAAC Steering Committee, 1998; Williams et al., 1999).

Asthma, a chronic non-communicable disease characterized by in-
flammation and reversible obstruction of the airways (GINA, 2017), af-
fects approximately more than three hundred million people
worldwide, especially children (GBD, 2016; Kassebaum et al., 2016;
Asher and Pearce, 2014; GBD, 2017; To et al., 2010). Wide differences
in asthma prevalence have been observed among countries and popula-
tions, ranging from 1.5 to 15.6% (Masoli et al., 2004; Van Wonderen et al.,
2010). These differences could be a result of complex interactions among
environmental and genetic factors (Nishimura et al., 2013; Oh et al.,
2016). The prevalence of AR is high, affecting over 10%-40% of the popu-
lation worldwide, and it continues to rise rapidly in recent years
(Bousquet et al., 2008; Wang et al., 2016). ISAAC has found a slight world-
wide increase in the prevalence of AR among children aged 13-14 years
(0.18% per year) and 6-7 years (0.17% per year), as well as >20-fold var-
iation in the prevalence of self-reported AR among countries in the same
region and between centers in the same country (GBD, 2016). AD, also
known as atopic eczema or eczema, is a chronic inflammatory skin dis-
ease mostly occurring in early childhood. Recently, the prevalence of
AD is estimated to be 15-20% in children worldwide (Nutten, 2015).
The prevalence of AD in children is still increasing in both developing
and developed countries (Ahn, 2014; Williams et al., 2008).

Within the ISAAC studies, Weiland et al. (2004) found that climate
may affect the prevalence of childhood asthma and AD. Outdoor relative
humidity was negatively associated with asthma symptoms. The preva-
lence of AD symptoms was also negatively correlated with mean annual
outdoor temperature. It has also been found that climatic conditions
(and future climate changes) affected the prevalence of childhood AR
symptoms (Fuertes et al., 2014). Mounting evidence suggests that
long-term exposure to non-optimal environmental factors like high air
pollution is associated with the development of childhood allergic dis-
eases (Guarnieri and Balmes, 2014; Kim et al., 2013). It is reported
that 8-20% of asthma emergency room visits worldwide could be attrib-
uted to ozone (O3) and 4-9% to PM, 5 (Anenberg et al., 2018). However,
Anderson et al. (2012) found no evidence of a positive association

between ambient air pollution and the prevalence of asthma as mea-
sured at the community level in contrast to reports from within-
community studies of individuals exposed to PM, s, NO, and Os. Indeed,
a systematic review and meta-analysis reported that exposure to NO,,
NOx, PM,; 5, and PM;q was significantly associated with increased risks
of childhood asthma (Khreis et al., 2017). A study conducted in 28 coun-
tries in Europe reported that environmental risk exposures were esti-
mated to produce 211,000 disability-adjusted life years (DALYs) in
children annually, representing 2.6% of all DALYs in children (Rojas-
Rueda et al,, 2019). Another study showed that a 1 pug/m? reduction in
particulate matter concentration would generate nearly $350 million
annually in economic benefits to the US (Williams et al., 2019).

Given that environmental factors affect the development of
children's diseases, causing enormous economic burden of families
and society and affecting children’s health and socio-economic develop-
ment (Rojas-Rueda et al., 2019; Ahmed et al., 2018; GBD, 2016;
Kassebaum et al., 2016; Asher and Pearce, 2014; Asher et al., 2006), a
number of studies have been conducted to unveil the relationship be-
tween environmental factors and childhood allergic diseases
(Anenberg et al.,, 2018; Passali et al., 2018; Khreis et al., 2017;
D'Amato et al,, 2014; Sargen et al,, 2014). It is of great importance to ex-
plore the relative impact of meteorological factors and air pollution on
childhood allergic diseases as it can aid in the wise allocation of
stretched resources of allergic disease control and prevention. This
study aimed to quantify the relative impact of meteorological factors
and air pollutants on childhood allergic diseases in Shanghai, China.

2. Methods
2.1. Study participants

This study was conducted in Shanghai, China, a provincial-level ad-
ministrative region, municipality directly under the Central Govern-
ment. Shanghai has a subtropical monsoon climate, mild and humid,
with four distinct seasons, abundant sunshine and abundant rainfall
(Sun et al,, 2012; Li et al,, 2012). In the past decades, the prevalence of
children's allergic diseases including asthma, AR and AD, increased
sharply in Shanghai, making Shanghai the city with the highest preva-
lence rate of childhood allergic diseases in China (Li et al., 2011; Zhang
et al., 2013; Liu et al., 2016). In this study, data on clinical visits due to
childhood allergic diseases including asthma, AR and AD from January
1st 2007 to December 31st 2017 were collected from Shanghai
Children's Medical Center and Xinhua Hospital, two big pediatric hospi-
tals located in Shanghai (Fig. 1, Xinhua Hospital also has a section for
adult patients). Principal diagnostic classification of childhood allergic
diseases was made according to the tenth version of International Clas-
sification of Diseases for asthma (ICD-10, J45-]46), AR (ICD-10, ]30) and
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Fig. 1. Locations of two major pediatric hospitals and air quality monitoring stations in Shanghai, China. SCMC:Shanghai Children's Medical Center; XH: Xinhua Hospital; Triangles repre-

sent the monitoring stations.

AD (ICD-10, L23). Children were defined as those aged <18 years. We
used the first diagnosis upon presenting to the hospital as the method
to define childhood allergic disease cases, so each person could only
be counted once per day. There were 2,410,392 cases in total, including
975,771 asthma, 646,975 AR, and 787,646 AD. The ethical approval of
this project was granted by the Ethics Committee of Shanghai Children's
Medical Center (# 18411951600) prior to the data being collected.

2.2. Meteorological factors and air pollution exposure assessment

The meteorological data (daily mean temperature, daily tempera-
ture difference, mean air pressure, daily air pressure difference, precip-
itation, average relative humidity (RH), sunshine hours and average
wind speed) from the 1st January 2007 to the 31st December 2017
were obtained from the Shanghai Meteorological Center. The data on
daily mean values of ozone (03), nitrogen dioxide (NO,), sulfur dioxide
(SO,) and airborne particulate matter with an aerodynamic diameter
<2.5 pum (PM,5) or 10 um (PM;o) were supplied by the Shanghai Envi-
ronmental Protection Agency. Daily mean values of meteorological fac-
tors, NO,, SO,, O3, PMjo and PM, 5 were calculated using the 24-h
monitoring records. Due to the lack of residential addresses of the
study subjects, we used the daily averages of air pollutants monitored
by many stations distributed in various districts of Shanghai. Monitoring
stations were widely distributed in Shanghai, providing monitoring
data with considerable geographic coverage (Fig. 1).

2.3. Statistical analysis

A two-stage analysis was conducted. There were three steps in the
first stage. Step [: Spearman correlation analysis was used to calculate
the correlations between all variables (including environmental factors
and childhood allergic diseases). Seasonal decomposition analysis was
conducted to assess the seasonal patterns and long-term trends of envi-
ronmental factors and childhood allergic diseases during 2007-2017.
Step II: using Poisson regression allowing for over-dispersion with
distributed lag non-linear model (DLNM) (Gasparrini et al., 2010), we
examined the relationship between each environmental factor and
clinical visits for childhood allergic diseases separately (i.e., one-
environmental-factor model) and selected those factors which were
significantly associated with the clinical visits of childhood allergic dis-
eases for the analysis of the next step. The environmental factors

examined in this step were daily mean temperature, temperature dif-
ference, mean air pressure, air pressure difference, average RH, sunshine
hours, precipitation, wind speed, NO,, SO,, PM;o, PM; 5 and Os. Step III:
using the significant environmental factors identified in step II, we built
up multivariable models including different sets of covariates using
quasi-Poisson regression allowing for over-dispersion with distributed
lag non-linear model. Because temperature was highly correlated with
air pressure, relative humidity was highly correlated with precipitation,
and some of NO,, SO, PMg and PM; s were highly correlated each
other, we only chose one from a set of correlated variables each time
to build up the models to avoid multicollinearity issues (rs > 0.7 would
be considered as highly correlated). By comparing all models in step
III, we found that the model with mean temperature, RH, wind speed,
NO, and O; or the model with mean air pressure, RH, wind speed,
NO, and O; performed the best (i.e., these two models had the mini-
mum residual deviance). We herewith used mean temperature as an
example to elaborate the modelling details. A cross-basis defined by
natural cubic spline with four degrees of freedom (dfs) for the space of
mean temperature was used. A maximum lag of 21 days was adopted
in the analysis after considering the findings of previous studies (Yi
and Chan, 2015; Gasparrini et al., 2015) and the reference of Akaike in-
formation criterion. Seasonality and long-term trend were controlled by
natural cubic spline with 8 dfs in the model. The day of week and public
holiday were also controlled as dummy variables.

In the second stage, there were two steps. Step [: we assessed the re-
gression coefficients and standardized regression coefficients in multi-
variate generalized linear models (GLM). The standard regression
coefficient refers to the regression coefficient after eliminating the influ-
ence of the unit of the dependent variable Y and the independent vari-
ables X, X5, ... X;,, and the magnitude of the absolute value directly
reflects the degree of influence of X; on Y (Suzuki et al., 2009; Higashi
et al,, 1998). The equation is as follows:

Y~ Bo 4 Bi Xy 4. +BXj + . +BX),

Standardized (3 = {3; + SDX;/SDY; SD means standard deviation.

Step II: we calculated the numbers of childhood allergic diseases at-
tributable to an inter-quartile range (IQR) change in meteorological fac-
tors and air pollutants. In detail, an increase of IQR in air pollutants and
air pressure was adopted to calculate the attributable number, and
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meanwhile, a drop of IQR in temperature, RH and wind speed was used
to calculate the attributable number to facilitate the comparison be-
tween two sets of variables. We used both standardized regression coef-
ficients in multivariate GLM and the numbers of childhood allergic
diseases attributable to an IQR change of meteorological factors and
air pollutants to assess the relative impact of different environmental
exposures in childhood allergic diseases. In the models of the second
stage, seasonality and long-term trend were controlled by natural
cubic spline with 8 dfs, and the day of week and public holiday were
also adjusted as dummy variables.

All statistical analyses were conducted using R (version 3.5.1; R Core
Team) in which “tseris”, “dlnm” and “splines” packages were mainly
used. Statistical significance was set at p values < 0.05 (two sides).

2.4. Sensitivity analysis

A series of sensitivity analyses were conducted using alternative dfs
for calendar time and environmental factors. We used 6-10 dfs per year
for calendar time and 3-7 dfs for environmental factors. DLNM combin-
ing other covariates were also performed, such as the model with mean
temperature, RH, wind speed, SO, and Os, to compare with the final
model and verify it.

3. Results

3.1. Distribution and correlation of childhood allergic diseases and environ-
mental factors

Table 1 presents the summary statistics of childhood allergic dis-
eases, meteorological factors and air pollutants from 1 January 2007 to
31 December 2017. The average value of daily clinical visits for asthma,
AR and AD was 243, 161 and 196, respectively. The average value of
daily mean temperature, air pressure, sunshine, relative humidity, pre-
cipitation and wind speed was 17.3 °C, 1016.0 hPa, 4.9 h, 74.0%, 3.8 mm
and 1.5 m/s, respectively. The average value of PM;o, PM; 5, NO,, SO,
and O; was 74.5 pg/m>, 48.3 pg/m>, 49.1 pg/m3 27.3 pg/m> and
68.5 ug/m’>, respectively.

Table 2 shows the correlations between environmental factors and
childhood allergic diseases during 2007-2017. Spearman correlation

coefficients between three allergic diseases were 0.693 (asthma and
AR), 0.697 (asthma and AD), and 0.682 (AR and AD). Both asthma and
AD were inversely correlated with daily mean temperature, wind
speed and SO, but positively correlated with daily mean air pressure
and NO,. AR was inversely correlated with SO, but positively correlated
with Os. In addition, daily mean air pressure was highly inversely corre-
lated with daily mean temperature (r; = —0.879, p<0.01). Each of NO,,
S0,, PM; and PM,; 5 was positively correlated with others while O3 was
negatively associated with other air pollutants.

3.2. Relationships between environmental factors and childhood allergic
diseases

Fig. 2 shows the overall exposure-response relationships of mean
temperature, RH, wind speed, NO,, O3 and mean air pressure with
asthma, AR and AD by using Poisson regression with distributed lag
non-linear model. Low mean temperature, RH, wind speed and high
levels of NO,, and Os increased the clinical visits for childhood asthma.
There was a non-linear trend between air pressure levels and the risk
of asthma. Air pressure levels were positively associated with the risk
of asthma when air pressure levels were < 1027 hpa. However, there
was a downward pattern when air pressure levels reached 1027 hpa
or over. Low levels of RH and wind speed and high mean air pressure in-
creased clinical visits for childhood AR. Low temperature, RH, wind
speed and high level of NO, and mean air pressure increased clinical
visits for childhood AD.

3.3. Multivariate GLM results for the relative impact of different environ-
mental exposures on childhood allergic diseases

Table 3 depicts the results of standard regression coefficients (St_g3)
in the multivariate GLM for the relationship between environmental
factors and childhood allergic diseases. All three allergic diseases were
inversely associated with daily mean temperature and mean wind
speed, but positively associated with daily air pressure, NO, and Os.
AR and AD were inversely associated with daily RH, but asthma was
positively associated with RH. In addition, the values of St_{3 of daily
mean temperature (—0.076 (95% CI: —0.086, —0.067)) and mean air
pressure (0.075 (95% CI: 0.068, 0.082)) were higher than the values of

Table 1
Daily clinical visits for childhood allergic diseases, meteorological factors and air pollutants from 1 January 2007 to 31 December 2017.

Variables Mean Min? P25° P50° P75° Max? IQR®

Asthma 243 21 126 212 329 802 203

Allergic rhinitis 161 70 132 221 780 151

Atopic dermatitis 196 1 112 180 261 734 149

Meteorological factors
Mean temperature (°C) 17.3 —5.6 9.5 18.2 244 34.8 149
Max temperature (°C) 214 —3.8 13.8 224 28.6 40.9 14.8
Min temperature (°C) 13.9 —-7.2 6.1 14.4 21.7 31 15.6
Daily temperature difference (°C) 74 0.8 4.8 7.1 9.9 19.5 5.1
Mean air pressure (hPa) 1016.0 992.6 1008.5 1016.0 1023.1 1039.4 14.6
Max air pressure (hPa) 1018.0 996.0 1010.0 1018.0 1026.0 1041.0 16.0
Min air pressure (hPa) 1013.8 984.9 1006.4 1013.7 1020.5 1037.2 14.1
Daily air pressure difference (hPa) 4.6 13 3.0 39 5.4 20.2 2.4
Sunshine(h) 49 0.0 0.0 54 8.5 12.5 8.5
Relative humidity (%) 74.0 24.0 67.0 75.0 83.0 100.0 16.0
Precipitation (mm) 3.8 0.0 0.0 0.0 1.6 164 1.6
Wind speed (m/s) 1.5 0.1 1.0 1.5 1.9 6.1 0.9

Air pollutants (pg/m?)
PM;o 74.5 6.0 422 61.9 92.1 803.8 49.9
PM;5 483 5.0 27.0 41.0 60.0 447.0 33.0
NO, 49.1 5.0 340 46.0 61.0 153.1 27.0
SO, 273 5.0 13.0 195 345 2139 215
O3 68.5 7.0 454 68.8 85.8 277.9 404

Values of meteorological factors were daily average; Values of PM, o, PM, 5, NO, and SO, were daily hourly average; Values of O3 were computed using 1-h mean concentrations.

4 Min: minimum; Max: Maximum.
b p25, 25th centile; P50, 50th centile; P75, 75th centile.
¢ IQR: interquartile range.
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Table 2
Spearman correlations between environmental factors and childhood allergic diseases during 2007-2017.
Variables Asthma AR AD Mean DTD Mean AP DAPD Sunshine RH Precipitation Wind NO, PM;o PM; s SO,
temp speed
AR 0.693
AD 0.697 0.682
Mean temp  —0.290 0.055 —0412
DTD 0.016 0.070 0.226 0.039
Mean AP 0.351 —0.007 0.391 —0.879 0.008
DAPD 0.104 —0.026 0.168 —0.384 0.036 0.219
Sunshine —0.067 0.048 0.100 0.201 0.676 —0.061 —0.169
RH —0.079 —-0.037 —0.255 0.210 —-0421 -0.327 0.014 —0.592
Precipitation —0.043 —0.037 —0.190 0.063 —0.498 0.216 0.154 —0.597  0.602
Wind speed —0.154 —0.098 —0.098 0.048 —0.197 —-0.080 0.121 0.085 —0.120 —0.001
NO, 0.106 —0.058 0.223 —0.434 0.357 0.360 0.149 —0.001 —0.150 —0.148 —0.470
PM;o —0.002 —0.089 0.145 —0.227 0.459 0.189 0.086 0.223 —0.381 —0.355 —0.245 0.709
PM, 5 0.074 —0.020 0.179 —0.224 0.330 0.143 0.071 0.076 —0.166 —0.200 —0.280 0.655 0.828
SO, —0.297 -0437 -0.138 —-0.359 0.288 0.333 0.079 0.155 —0374 —0.292 —0.161 0.687 0.690 0.532
03} —0.071 0.125 0.024 0.413 0.184 —0356 —0.168 0.253 —0.134 —-0.102 0.151 —0.376 —0.043 —0.075 —0.270

AR: allergic rhinitis; AD: atopic dermatitis; temp: temperature; DTD: daily temperature difference; AP: air pressure; DAPD: daily air pressure difference; RH: relative humidity; r; > 0.7 was

considered as high correlation; Bold values are statistically significant (p < 0.05).

other environmental factors for childhood asthma. The St_f3 of daily
mean air pressure (0.061 (95% Cl: 0.054, 0.067)) was higher than the
St_p3 of other environmental factors for childhood AR and the values of
St_f3 of daily mean temperature (—0.157 (95% Cl: —0.169, —0.146))
and mean air pressure (0.191 (95% CI: 0.183, 0.200)) were higher than
the values of St_g of other environmental factors for childhood AD.

3.4. Numbers of childhood allergic diseases attributable to an IQR change in
meteorological factors and air pollutants

Table 4 shows the numbers of childhood allergic diseases attribut-
able to an IQR change in meteorological factors and air pollutants, sug-
gesting that the number of asthma attributable to a drop of IQR in
temperature (41,763 (95% CI: 6040, 74,086)), RH (21,594 (95% CI:
8126, 34,155)) in model 1 or the number of asthma attributable to an
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IQR change of air pressure (25,762 (95% ClI: 2566, 49,313)), RH
(57,710 (95% CI: 40151, 75,686)) in model 2 were much greater than
those attributable to NO, and Os. For AR and AD, the number attribut-
able to an IQR change in RH was obviously bigger than those attribut-
able to other environmental factors.

4. Discussion

Our study shows that both meteorological factors and air pollution
were significantly associated with childhood allergic diseases, but the
climatic variables seemed to play a more important role in the child-
hood allergic diseases than air pollutants. The values of standard (3 of cli-
matic variables were apparently greater than those of air pollution, and
the numbers of childhood allergic diseases attributable to an IQR change
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Fig. 2. The overall exposure-response relationships between environmental factors and childhood asthma, AR and AD. AR: allergic rhinitis; AD: atopic dermatitis; mean temp: daily mean

temperature; RH: relative humidity; mean AP: daily mean air pressure.
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Table 3
Multivariate GLM results for the relationships between environmental factors and childhood allergic diseases after adjustment for confounders.
Variable Asthma AR AD
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
Mean —0.076 —0.018 —0.157
temperature (—0.086,—0.067) (—0.027,—0.009) (—0.169,—0.146)
Relative humidity 0.004(0.002,0.007) 0.014(0.011,0.018) —0.028 —0.017 —0.097 —0.070
(—0.031,—0.025) (—0.020,—0.013) (—0.101,—0.093) (—0.074,—0.066)
Wind speed —0.005 —0.002 —0.004 0.001(—0.003,0.004) —0.017 —0.007
(—0.009,—0.001) (—0.006,0.002) (—0.008,—0.000) (—0.022,—-0.012) (—0.011,—0.002)
Mean air pressure 0.075(0.068,0.082) 0.061(0.054,0.067) 0.191(0.183,0.200)
NO, 0.022(0.018,0.026) 0.028(0.023,0.032)  0.032(0.028,0.036) 0.040(0.036,0.044) 0.148(0.143,0.153) 0.164(0.159,0.170)
03 0.007(0.002,0.011) 0.001(—0.004,0.005)  0.024(0.020,0.028 0.025(0.021,0.029) 0.110(0.105,0.116) 0.099(0.093,0.104)

Data were presented with St_3 and 95% confidence interval; St_f3: standard regression coefficient; AR: allergic rhinitis; AD: atopic dermatitis; mean temperature, relative humidity, wind
speed, NO,, O3, long-term trends, seasonal trends, the day of week and public holiday effects were controlled in model 1, model 3, model 5; mean air pressure, relative humidity, wind
speed, NO,, O3, long-term trends, seasonal trends, the day of week and public holiday effects were controlled in model 2, model 4, model 6; Bold means statistical significant (p < 0.05).

in meteorological factors were also greater than those attributable to air
pollutants.

Even though compelling evidence indicates that both climatic varia-
tion and air pollution can affect childhood asthma, AR and AD (Norback
etal.,, 2019; Anenberg et al.,, 2018; Passali et al., 2018; Khreis et al., 2017;
Guan et al,, 2016; D'Amato et al., 2014; Sargen et al., 2014; Fuertes et al.,
2014), no studies have examined the relative impact of climatic vari-
ables and air pollutants in childhood allergic diseases to date. Xu et al.
(2013) found that both hot and cold temperatures had significant ef-
fects on emergency department admissions for childhood asthma in
Brisbane, Australia. Children aged 0-4 years were most vulnerable to
heat effects, while children aged 10-14 years were most vulnerable to
cold effects. Lam et al. (2016) observed that in the cold season, low tem-
perature and humidity were associated with more hospital admissions
for asthma in Hong Kong. Another study found that low ambient tem-
perature and RH may aggravate AD symptoms in children (Kim et al.,
2017). In addition, adverse effects of NO, on AD symptoms were ob-
served. However, none of previous studies has examined the relative
role of meteorological conditions and air pollution.

Climatic conditions can directly affect allergic diseases. For instance,
low temperature significantly inhibits the body's immune system by re-
ducing lung function and lung capacity (LaVoy et al., 2011) which is
conducive to the survival and transportation of respiratory viruses, in-
creased respiratory inflammation, leading to narrowing of the respira-
tory tract to affect the occurrence and exacerbation of asthma
(Kaminsky et al., 2000). In this study, we found that, in general, the
lower ambient temperature, the greater the risk for childhood asthma.
Similar trend was observed for AD.

Air pollutants, particularly PM, O3, NO,, and SO, have been shown to
have an inflammatory effect on the airways of susceptible subjects,
causing increased mucosal permeability, facilitating the penetration
and access of inhaled allergens to the cells of the immune system
(D'Amato, 2011). There are also data suggesting that air pollution can
lead to the development of asthma (Anenberg et al., 2018; Khreis
et al., 2017; Guan et al.,, 2016; Guarnieri and Balmes, 2014). Recently,

a study involving 39,782 participants in seven cities across China sug-
gests that outdoor NO, and PM;q can increase the risk of asthma,
wheeze, rhinitis and eczema among pre-school children (3-6y)
(Norback et al., 2019). In our study, high level of NO, was also a risk
for clinical visits of childhood asthma. Similar patterns were found for
AR and AD. Therefore, exposure to air pollution may have severe im-
pacts on respiratory health, especially in children. Experimental and
clinical studies have demonstrated that asthmatic patients have an in-
creased inflammatory response to air pollutants like PM, 5_1¢ (Rusconi
et al,, 2011) and especially O3 (Hernandez et al., 2012). Inflammation
and oxidative stress are known mechanisms of the harmful effects
caused by air pollution. Additionally, some studies have shown that epi-
genetic modifications of DNA played an important role in air pollution
and childhood asthma (Rusconi et al., 2011).

Real-world evidence has become increasingly important in the liter-
ature. Our study based on the information extracted from electronic
medical records databases in two pediatric hospitals provides a unique
opportunity to address the relative importance of environmental factors
in the occurrence of allergic diseases. We found that meteorological fac-
tors seemed to play a more important role than air pollutants in child-
hood allergic diseases in this study. For public health policy
development, it is essential to quantity the relative role of meteorolog-
ical conditions and air pollution, and to design effective community-
based allergic disease prevention and control programs. Climate change
has been widely recognized as the biggest challenge and opportunity for
global health in the 21st century (Watts et al., 2018; Costello et al., 2009;
Watts et al., 2015). Human-induced climate change leads to unprece-
dented temperature increases across the globe and also results in signif-
icant changes in precipitation patterns, causing heavy rainfall in some
regions and severe droughts in other regions (Watts et al., 2015; IPCC,
2014; Patz et al., 2014; McMichael, 2013). Climate change increases
the frequency, intensity and duration of extreme weather events
(e.g., heatwaves, floods, bushfires and storms) which pose significant
risks to human health (D'Amato et al., 2015). The impact of climate
change on the health of vulnerable groups (e.g., children) has attracted

Table 4
Number of childhood allergic diseases attributable to an IQR change in meteorological factors and air pollutants.
Variable Asthma AR AD
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
Mean temperature  41,763(6040,74,086) - 28,222(—23,822,71,684)
Relative humidity ~ 21,594(8126,34,155) 57,710(40,151,75,686) 40,051(19,134,60,168) 49,711(28,889,70,573)  54,588(36,679,71,834) 57,710(38,577,75,250)
Wind speed 4710(—5870,14,213)  17,171(2712,30,810) 13,292(—21,858,47,674) 7965(—27,636,43,090) 11,237(—3407,24,773) 17,171(3158,31,398)
Mean air pressure 25,762(2566,49,313) 47,542(—1187,87,435) -
NO, 11,685(5323,18,098) 11,765(1936,21,121) 13,409(858,25,364) 11,531(—1320,22,764) 6836(—2739,16,092) 11,765(2201,22,055)
03 6934(396,13,876) - - - - -

Data were presented with number and 95% confidence interval; AR: allergic rhinitis; AD: atopic dermatitis; —: have no risk in model; mean temperature, relative humidity, wind speed,
NO,, 03, long-term trends, seasonal trends, the day of week and public holiday effects were controlled in model 1, model 3, model 5; mean air pressure, relative humidity, wind speed, NO,,
05, long-term trends, seasonal trends, the day of week and public holiday effects were controlled in model 2, model 4, model 6.
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a great deal of attention. For example, in recent years, an increasing
body of evidence shows that climate change can affect the development
of childhood allergic diseases such as childhood asthma, AR and AD
(D'Amato et al., 2014; Passali et al.,, 2018; Sargen et al., 2014). It is also
vitally important to curb greenhouse gas emissions through disseminat-
ing real-world evidence because climate change will worsen air quality
in many parts of the world, which affects a wide spectrum of diseases.
Further, it is crucial to develop public health adaptation strategies be-
cause overall global emissions continue to rise, and the impacts of cli-
mate change will become increasingly severe.

This study has three major strengths. Firstly, to our knowledge, this
is the first study to examine the relative importance of meteorological
factors and air pollutants in childhood allergic diseases. Secondly, up
to 11 years' time-series data were analyzed, with a wide range of mete-
orological factors and air pollutants. Finally, novel analytic methods
were used to explore the association of environmental factors with
childhood allergic diseases and their relative role in clinical visits due
to these diseases.

Two key limitations in this study should also be acknowledged.
Firstly, due to data unavailability, some risk factors (e.g., food, pollen
and life events) which may lead to childhood allergic diseases were
not included in this study. It is expected that climate change may induce
anincrease in airborne pollen, an increase of the allergen potency of pol-
len grains, and variations in the pollen season timing, with an earlier
onset and a longer duration. A great number of studies have addressed
the strong relations between aerobiology and biometeorology (Beggs
and Sikoparija, 2017; Ziska et al., 2019). They have demonstrated the
clear short- and long-term influence of meteorological parameters
(temperature, relative humidity, rainfall and wind speed) on airborne
pollen season. Other studies have demonstrated that meteorological
factors such as temperature and relative humidity can affect the physi-
ology, distribution, and amounts of these allergens (van Strien et al.,
2004; Piotrowska and Kubik-Komar, 2012). Pollen concentration trends
were associated with the overall increasing trend of temperature and
inversely associated with the fluctuating trends of relative humidity
and rainfall (Bruffaerts et al., 2018). Our study found that childhood al-
lergic diseases were inversely associated with the fluctuating trends of
relative humidity, which might be partly explained by higher concen-
trations of pollen in dry days and lower levels in humid days. Secondly,
like other ecological time-series studies, measurement bias is inevitable
to some extent because environmental data were collected from moni-
tors at central sites, which could not fully represent personal exposures.
Even though this type of measurement error is likely to be non-
differential, which may bias effect estimates towards the null (Brenner
and Loomis, 1994), the extent of such bias may differ between the mea-
surement of meteorological variables and air pollution. If the exposure
misclassification was higher for air pollutants than for meteorological
variables, the effect estimates for air pollutants would be more biased
towards the null (and hence smaller) than those for meteorological var-
iables. We cannot entirely rule out this potential explanation for our
findings.

For the future research directions, prospective cohort studies
assessing the associations of a wide range of sociodemographic, behav-
ioral and environmental factors with childhood allergic diseases are
warranted. It is also necessary to conduct panel studies with personal
monitoring devices to assess the relationship between exposure to envi-
ronmental factors and childhood allergic diseases. Additionally, it is de-
sirable to distinguish between short- and long-term impacts of
environmental exposures on childhood allergic diseases.

5. Conclusions

Both climatic variation and air pollution were associated with child-
hood allergic diseases, but the former appeared to play a more impor-
tant role in the occurrence of clinical visits for these diseases. These
findings may have important implications for the development of

effective strategies to prevent and treat these rapidly-increasing dis-
eases worldwide, if our findings are confirmed in different populations
across different regions.
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