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Abstract Recently, particulate matter pollution has
been worsening, which has been affecting the asthma
visits in children. In this study, we assessed the short-
term effects of PM;, and PM, 5 on asthma visits in
children in Shanghai, China from January 1, 2009 and
December 31, 2010, using a generalized additive
model. We controlled the confounding factors, such as
long-term trends, week day effect, and weather
elements. The lag effects of different age subgroups
(< 2 yr, 3-5 yr, and 6-18 yr subgroups) were per-
formed. The results showed significant effects of PM,
and PM, s on asthma visits in children, though the
seasonal lags varied for the three age subgroups. In
general, the effect of PM,s on asthma visits in
children was stronger and more acute than that of
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PM,y. PM; 5 showed the highest relative risk of 1.192
at lag 0 day in summer; and PM,, showed the highest
relative risk of 1.073 at lag 3 day in autumn. Overall,
particulate matter pollution showed a greater effect on
relatively younger children. In particular, the < 2 yr
subgroup showed the highest seasonal relative risk of
PM,. Especially, seasonal relative risk of PM; in
autumn for the < 2 yr subgroup was much higher than
that for the other two subgroups. The 3-5 yr and
6—18 yr subgroups showed the highest seasonal rela-
tive risk of PM, 5 in summer and winter, respectively.
But the pediatric visits data we obtained cannot reflect
the true prevalence of asthma and multiple visits.
Thus, selection bias may exist in our analysis.

Keywords Asthma visits - Particulate matter
pollution - PM;, - PM, 5 - Relative risk

Introduction

Worldwide prevalence of asthma significantly
increased from 8.4% (95% CI: 7.8-9.0) in 1996 to
10.9% (95% CI: 10.1-11.7) in 2016 (Maio et al.,
2016). According to the National Pediatric Asthma
Collaborative Group (2013), asthma is the most
prevalent in East China (with a rate of 4.23%) and
the least prevalent in Northeast China (with a rate of
2.00%). Generally, asthma is more prevalent in the
southern region than in the northern region of China.
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Based on the city-level prevalence of asthma in
children, the highest rate occurs in Shanghai
(7.57%), and the lowest rate occurs in Lhasa (0.48%).

Studies have pointed out that particulate matter
(PM) pollution is closely correlated with asthma (Liu
et al., 2016; Polezer et al., 2018). Around the world,
asthma has affected a total of 300 million people
(Torgerson et al., 2011). PM pollution significantly
affects the epidemic of asthma (Mazenq et al., 2017;
Veremchuk et al., 2016). Meta-analysis showed the
onset of asthmatic was positively correlated with
exposure to PM, 5 and PM;( (Khreis et al., 2017). In
Europe, the adverse effect of PM;, on asthma in
children was statistically significant, with an odds ratio
(OR) of 1.028 (95% CI: 1.006-1.051) (Weinmayr
et al., 2010). In addition, excessive exposure to PM;
was found to be associated with increases in asthma-
related hospitalization cases, with an odds ratio
random effect (ORRE) of 1.017 (95% CI:
1.008-1.025) (Romeo et al., 2006). The risk of asthma
in children between 8 and 12 years old was particu-
larly high; the overall OR for time-weighted average
exposure to PM;y was 2.0 (95% CI: 1.1-3.5). For non-
allergic asthma in children between 8 and 12 years-
old, the difference between the 5th and the 95th
percentile of the OR for exposure to 7.2 pg/m PM;,
was 3.8 (95% CI: 0.9-16.2) (Gruzieva et al., 2013). In
Canada, the relative risk (RR) of asthma would
increase by 2.24% (95% CI: 0.93%-5.38%) for per
10ug/m3 increase in PM, 5 (Requia et al., 2017). In
Hong Kong, China, emergency room (ER) admission
rate for asthma would increase by 3.24% (95% CI:
0.93-5.60%) with a 20.6 pg/m3 increase in PM, 5 (Lee
et al., 2010). In Shanghai, China, the case of pediatric
asthma (between 3 and 14 years-old) would increase
by 0.78% (95% CIL: 0.16-1.4%) for per 10 ug/m’
increase in PM,s (Mo et al.,, 2014). However, a
comprehensive study on the effect of PM pollution on
childhood asthma prevalence for different age groups
on different timescales in Shanghai has not yet been
reported.

In this study, we assumed that PM pollution had
hysteresis effect on childhood asthma visits in Shang-
hai, China. The goal of this study is to quantify the
annual and seasonal effects of PM;o and PM, 5 on
pediatric asthma visits between 2009 and 2010 in
Shanghai, China. We used a generalized additive
model (GAM) with lag of 1-6 days to analyze the
annual and seasonal effects of PM pollution on the
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incidence of pediatric asthma visits. Meanwhile, we
also conducted a comparative analysis between the
effects of PM ;o and PM, 5. Our goal is to assist local
health and human service authorities to prevent
asthma visits in children by identifying links between
hospital visits for asthma and pollution.

Data and methods
Study area

We chose one of the biggest cities in East China,
Shanghai (121°48'E, 31°22'N), as the study area.
Shanghai has a subtropical humid maritime monsoon
climate, with an annual average air temperature of
17.4 °C, and an annual average relative humidity of
69.4%. Based on demographic statistics, Shanghai’s
resident population was about 24.2 million in 2017.

Data

We obtained the concentrations of PM;, and PM,; 5
between January 1, 2009 and December 31, 2010,
from Shanghai Environmental Protection Bureau. We
acquired daily weather data from Shanghai meteoro-
logical Bureau, including average air temperature
(°C), wind speed (m/s), air pressure (hPa), and relative
humidity (%).

We collected the pediatric visits data which sum-
marized and classified into a general group and three
subgroups by age (<2yr, 3-5yr, and 6-18 yr
subgroups) classified according to ICD-10 from the
Shanghai Medical Insurance Affairs Management
Center, which documents all asthma visits that involve
social medical insurance, including date of the visit,
age, and sex, as well as diagnosis code. These daily
medical records covered all patients with social
medical insurance. The law requires that every
resident must purchase social medical insurance,
whether it is primary or secondary medical insurance.
We divided the pediatric visits data by season to study.
Four seasons are defined as spring (March—-May),
summer (June—August), autumn (September—Novem-
ber), and winter (December to the next February). The
basic information and summary of daily PM pollu-
tants, meteorological elements, and pediatric visits are
shown in Table 1.
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Table 1 The basic information and summary of PM pollutants, meteorological elements data, and pediatric visits for asthma

Item Type of data

PM(pg/m?) PM,o PM, 5

Meteorological elements Average air temperature (°C) Relative humidity (%) Wind speed (m/s) Air pressure (hPa)
Pediatric visits Date of the visit Sex Diagnosis code

Methods

We used the time series and correlation coefficient to
determine whether there was a relationship between
particulate matter and pediatric asthma visits (Fig. 1
and Table 2). If the correlation coefficient is greater
than 0, it means that there is a positive correlation
between the two variables in the study; otherwise,
there is a negative correlation. The absolute value of
the correlation coefficient closer to 1 represents the
stronger the correlation between variables. The speci-
fic calculation formula (Eq. (1) is as follows:

I > SYC 0 S A
VI (6 -X) Y, (r-7)

We used a GAM [Eq. (2)] model based on time
series analysis to evaluate the short-term effect of PM
pollution on pediatric asthma visits in Shanghai,
China. We presented the results in relative risk (RR)
(with 95% CI) of hospital visits for asthma visits in
children for each interquartile range (IQR) increase in
PM concentrations. As the ratio of morbidity or
mortality in the exposed and non-exposed groups, RR
is an indicator of the extent to which the exposed
research object is susceptible to a certain disease
(asthma visits in this study).

Log(E(Y;)) = a + pX; + DOW + holiday
+ s(time, df) + s(T, df ) + s(P, df)
+ s(H,df) + s(W, df)

(2)
where Y; is the number of children asthma visits on day
i, E(Y;) is the expected children asthma visits on day i;
o is the intercept; f§ is the coefficient of exposure
response; X; is the pollutant that produces a linear
effect on day i; DOW (day of week) and holiday (all
statutory holidays) control the confounding factors of
week and holiday, respectively; s is a nonparametric
smoothing function; df is degree of freedom; time is

the calendar date variable with the range from 1 to 730,
with a df of 3; T'is daily average air temperature, with a
df of 4; P is daily average air pressure, with a df of 3;
H is daily relative humidity, with a df of 4; and W is
daily average wind speed, with a df of 5.

In order to select df for all the involved variables,
we set an empirical value (df = 3) for all non-time
variables at first, and adjusted df for time according to
the lowest Akaike information criterion (AIC) (i.e.,
when m is the smallest) (Akaike, 1975). Then, we
adjusted each of the remaining variables until reaching
the minimum of m (2.878 for PM, s and 2.845 for
PM in this study).

Through the GAM model, the effects of smoothing
functions of hospital visits for pediatric asthma visits
were drawn (Fig. 2).

In the optimal model, we derived the exposure
response coefficient to compute RR values (as well as
the 95% CI) for per IQR increase in PM (35.63 pg/m’)
using Egs. (3) and (4).

RR = exp(f * IQR) (3)

RR(95%CI) = exp[(ff £ 1.96SE) = IQR] 4)

where RR indicates the effect of per IQR change in PM
concentrations on the number of children asthma
visits. Greater than 1 RR means a positive effect, and
less than 1 RR means a negative effect. In addition, we
considered the lag effects in the analysis by using the
concentrations of PM, s and PM; on the current day
(lag 0) and previous one to six days (lag 1-6 days) in
the model. We chose the lag day with the highest RR
on the number of hospital visits for pediatric asthma
visits to build a core model.

In this study, evaluated the short-term effects of
annual and seasonal effects of PM, s and PM;, on
asthma visits. We used the mgcv package in R3.5.0 to
adjust the GAM models. The statistical significance
level of RR is at p < 0.05.
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Fig.1 Time series of concentrations of PM o and PM, s, pediatric asthma hospital visits and meteorological elements in Shanghai from
2009 to 2010
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Table 2 Correlation Item Timescale  All <2yr 3-5yr 6-18 yr
coefficients between the
number of hospital visits for Concentrations of PM;,  Annual 0.300%* 0.290%* 0.254% 0.191%*
pediatric asthma visits Spring — 0012 0022  — 0.065 ~ 0,016
(including the entire study
group and three different Summer 0.087 — 0.046 0.118 0.177*
age subgroups) and Autumn 0.449%%* 0.392%%* 0.394%%* 0.502%%*
environmental elements Winter 0.310%* 0.275%+ 0.327++ 0.210%*
(including concentrations of . )
PM,o, PM, 5, wind speed, Concentrations of PM, s Annual 0.184% 0.263%* 0.104%* 0.008
relative humidity, air Spring — 0.044 — 0.026 — 0.083 0.035
pressure, and average air Summer 0.292% 0.158%* 0.379%% 0.127
temperature) on annual and Autumn 0.404%%  0374%F  0349%F  0.420%
seasonal timescales from ]
2009 to 2010 in Shanghai, Winter 0.024 0.064 — 0.005 — 0.052
China Wind speed Annual — 0.148%*  — 0.097**  — 0.134¥*  — 0.204%*
Spring 0.054 0.088 0.046 —0.138
Summer — 0.185% — 0.092 — 0.194%%  — 0.179*
Autumn — 0.183* — 0.210%*  —0.116 — 0.210%*
Winter 0.002 —0.021 0.033 —0.015
Relative humidity Annual — 0.183%*  — 0.157**  — 0.165%*  — (.143**
Spring 0.056 0.140 — 0.059 — 0.098
Summer 0.026 0.105 0.033 —0.128
Autumn — 0.351*%x  —0.329%*  — 0.286%*  — 0.400%*
Winter — 0.254%  — 0.268**  — 0.222%*  — 0.165%
Air pressure Annual 0.450%* 0.564%** 0.322%%* 0.064
Spring 0.181%* 0.270%* 0.059 — 0.149%
Summer 0.136 0.102 0.127 0.107
Autumn 0.663%* 0.654%* 0.604%* 0.506%
Winter - 0.079 — 0.055 — 0.100 — 0.056
Average air temperature  Annual — 0.399%*  — 0.631**  — 0.208%* 0.114%%*
Spring — 0.337*%x  — 0482%*  — 0.092 0.150%*
Summer — 0.409%*  — 0.420%*  — 0.493%* 0.062
Autumn — 0.691%x  — 0.707**  — 0.603** = — (0.543%*
Winter 0.120 0.081 0.139 0.147%*

*#%p < 0.01; and *p < 0.05

Results

Variation characteristics of PM concentrations
and pediatric asthma visits

From 2009 to 2010, annual average concentrations of
PM,, (76.7 ug/m3) were higher than that of PM, s
(44.0 pg/m’) in Shanghai, China. Within the year,
seasonal average concentrations of PM;, and PM, 5
were the highest in winter, with the values of 89.2 and
57.4 pg/m?, respectively, followed by spring and
autumn, and the lowest in summer (Table S1).

The numbers of pediatric asthma hospital visits for
all study group and three age subgroups of < 2 yr,

3-5 yr, and 6-18 yr are 169, 79, 61, and 29, respec-
tively. < 2 yr subgroup has the highest prevalence,
followed by 3-5 yr, and 6-18 yr. Within the year,
except for < 2 yr subgroup who have the highest
prevalence in the winter (116), the visits of all study
group, 3-5 yr, and 6-18 yr subgroups reach the peak
in autumn, with the values of 221, 95 and 42,
respectively (Table S2).

The average temperature in Shanghai is 17.4 °C,
showing a trend of high in summer (27.7 °C) and low
in winter (6.6 °C) within a year. The average relative
humidity is 69.4%, showing a trend of high in summer
(73.1%) and low in spring (66.6 °C) within a year. The
average wind speed is 2.9 m/s, showing a trend of high

@ Springer
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Fig. 2 The effects of smoothing functions in the generalized
additive model of hospital visits for pediatric asthma visits (for
the entire study group as well as the three age subgroups) and

in spring (3.2 m/s) and low in autumn (2.7 m/s) within
a year. The average air pressure is 1015.5 hPa,
showing a trend of high in winter (1023.1 hPa) and
low in summer (1005.7 hPa) within a year. The
changes of these meteorological elements are consis-
tent with the characteristics of the subtropical mon-
soon climate in Shanghai.

For the entire study group, the number of hospital
visits for pediatric asthma visits was positively
correlated with annual concentrations of PM,q (par-
ticularly in autumn and winter) and PM, 5 (particularly
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concentrations of PM, 5 (lag 2 day) and PM,, (lag 3 day) from
2009 to 2010 in Shanghai, China. (IogRR means the logarithm
of RR value)

in summer and autumn). Among the three subgroups,
the < 2 yr subgroup showed the highest positive
correlation coefficients between the number of hospi-
tal visits for pediatric asthma visits and annual
concentrations of PM;q and PM, 5 (Table 2).

For the entire study group, the number of hospital
visits for pediatric asthma visits showed negative
correlations with annual average wind speed, relative
humidity, and air temperature, but positive correlation
with annual average air pressure from 2009 to 2010 in
Shanghai, China. Annual average wind speed affected
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the relatively older children more than the relatively
younger children. Within the year, relative humidity in
autumn and winter showed statistically significant
correlations with the number of hospital visits for
pediatric asthma visits for the entire study group. In
autumn and winter, relative humidity mostly affected
the 6-18 yr and < 2 yr subgroups, respectively. Air
pressure in autumn showed a statistically significant
correlation with the number of hospital visits for
pediatric asthma visits, especially in the < 2 yr sub-
group. The entire study group showed statistically
significant correlations with average air temperature in
spring, summer, and autumn. Among the three
seasons, autumn average air temperature showed the
closest correlation with the number of hospital visits
for pediatric asthma visits, especially in the < 2 yr
subgroup (Table 2).

The effects of smoothing functions

The effects of smoothing functions in the generalized
additive model showed that as the concentrations of
PM;o and PM, 5 increased, RR of pediatric asthma
visits for the entire study group increased first then
stayed stable. PM, s showed a lower critical point than
PM,, with a greater logRR value. In addition, when
the concentrations of PM were below the critical
points, the response curve for PM, 5 was steeper than
that for PM;y. These indicated that PM,s had a
stronger short-term effect on the incidence of pediatric
asthma visits than PM in the study area. The < 2 yr
subgroup showed similar response curves to PM, 5 and
PM,o with the entire study group. For the 3-5 yr
subgroup, as the concentrations of PM, s and PM;
increased, RR of the incidence of pediatric asthma
visits increased first then decreased. PM, 5 showed a
stronger short-term effect on the incidence of pediatric
asthma visits than PM, in the 3-5 yr subgroup, with a
lower critical point and a steeper response curve.
Nevertheless, only half of the response curve showed
greater than 1 RR values, which indicated that PM, 5
and PM;, had relatively weak effects on the 3-5 yr
subgroup. For the 6-18 yr subgroup, as the concen-
trations of PM, 5 increased, RR of the incidence of
pediatric asthma visits increased first and then
decreased. However, the response curve barely
showed greater than 1 RR values, indicating that
PM, 5 had a limited short-term effect on the 6-18 yr
subgroup when it comes to the incidence of pediatric

asthma visits. As the concentrations of PM;
increased, RR of the incidence of pediatric asthma
visits in the 6-18 yr subgroup increased first, then
decreased, and then back to increasing. The response
curve showed a relatively long part with RR value
greater than 1, indicating that PM;( had a stronger
short-term effect than PM, 5 on the incidence of
pediatric asthma visits in the 6-18 yr subgroup.

Relative risks of particulate matter on pediatric
asthma visits

For the entire study group, the highest RR of pediatric
asthma visits for PM;, (1.064) and PM, 5 (1.060)
occurred at a lag of 4 day. Among the three subgroups,
the highest RR occurred at a lag of 5 day for
the < 2 yr subgroup (1.073 for PM;, and 1.061 for
PM, 5), a lag of 4 day for the 3-5 yr subgroup (1.065
for PM,( and 1.071 for PM, 5), and a lag of 2 day for
the 6-18 yr subgroup (1.049 for PM,, and 1.052 for
PM, 5). In general, PM, ¢ affected the < 2 yr subgroup
the most, while PM, 5 affected the 3-5 yr subgroup the
most (Table 3).

In spring, the highest RR of PM;, on pediatric
asthma visits occurred at a lag of 2 day for the entire
study group (1.022). Among the three subgroups, the
highest RR of PM in spring occurred at a lag of 5 day
for the < 2 yr subgroup (1.067) and a lag of 1 day for
the 3-5 yr (1.012) and 6-18 yr (0.988) subgroups.
From lag 0 to 6 days, only the < 2 yr subgroup
showed a consistently greater than 1 average RR,
indicating that PM,, had a relatively strong effect on
pediatric asthma visits in spring for this subgroup. The
highest RR of PM,s on pediatric asthma visits
occurred at a lag of O for the entire study group
(1.041) as well as the three different age subgroups
(1.045 for < 2 yr subgroup, 1.039 for 3-5 yr sub-
group, and 1.025 for 618 yr subgroup). From lag O to
2 days, average RR for PM, 5 was greater than 1 for
the entire study group as well as the three age
subgroups. After lag 2 day, only the entire study
group and the < 2 yr subgroup showed average RR
values that were above 1. Overall, PM, 5 affected
spring incidence of pediatric asthma visits in the < 2
yr subgroup more than the 3-5 yr and 6-18 yr
subgroups. For the entire study group and the two
3-5 yr and 6-18 yr subgroups, PM, 5 showed a more
instant effect on spring incidence of pediatric asthma
visits, while PM;, showed a longer-lasting effect. As
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Table 3 Relative risk of pediatric asthma visits for PM;, and PM, s from 2009 to 2010 for the entire study group as well as the three
different age subgroups in Shanghai, China

<2yr

3-5yr

6-18 yr

Lag (day) PM All

0 PM, o 1.033(1.025,1.041)
1 1.044(1.037,1.050)
2 1.057(1.051,1.063)
3 1.058(1.052,1.064)
4 1.064(1.058,1.070)
5 1.063(1.057,1.069)
6 1.053(1.047,1.059)
0 PM, 5 1.021(1.011,1.031)
1 1.011(1.002,1.020)
2 1.049(1.041,1.057)
3 1.052(1.044,1.060)
4 1.060(1.053,1.068)
5 1.057(1.050,1.065)
6 1.043(1.035,1.050)

1.028(1.017,1.039)
1.042(1.033,1.051)
1.061(1.052,1.069)
1.067(1.058,1.075)
1.070(1.061,1.079)
1.073(1.064,1.082)
1.057(1.048,1.066)
1.014(1.001,1.029)
1.010(0.997,1.023)
1.047(1.036,1.058)
1.053(1.043,1.064)
1.057(1.047,1.068)
1.061(1.051,1.072)
1.046(1.035,1.056)

1.034(1.021,1.047)
1.044(1.034,1.055)
1.054(1.044,1.064)
1.055(1.045,1.065)
1.065(1.055,1.075)
1.062(1.052,1.072)
1.054(1.044,1.065)
1.037(1.020,1.054)
1.012(0.997,1.028)
1.049(1.036,1.062)
1.056(1.043,1.069)
1.071(1.058,1.084)
1.063(1.050,1.076)
1.045(1.032,1.058)

1.047(1.026,1.067)
1.047(1.031,1.063)
1.049(1.034,1.065)
1.038(1.023,1.054)
1.043(1.028,1.059)
1.038(1.023,1.053)
1.040(1.025,1.056)
1.013(0.988,1.038)
1.010(0.986,1.034)
1.052(1.033,1.073)
1.035(1.016,1.055)
1.042(1.023,1.062)
1.032(1.013,1.051)
1.031(1.012,1.050)

95% CI values are provided in the parentheses. Values that are statistically significant at p < 0.05 are set in italics. For the entire
study group as well as the three different subgroups, the greatest RR values among lags of 0-6 days for PM;o and PM, 5 are set in

bold

to the < 2 yr subgroup, spring incidence of pediatric
asthma visits was affected more by PM;, than by
PM, 5 (Fig. 3a).

In summer, the highest RR of PM;, on pediatric
asthma visits occurred at a lag of 4 day for the entire
study group (1.034). Among the three subgroups, the
highest RR of PM, occurred at a lag of 4 day for both
the < 2 yr (1.029) and 3-5 yr (1.042) subgroups, and
alag of 6 day for the 6-18 yr subgroup (1.073). RR of
PM,( on pediatric asthma visits in summer was less
than 1 until lag 3 days, indicating a delayed effect on
the study group. Meanwhile, the highest RR of PM, 5
on pediatric asthma visits occurred at lag O for the
entire study group (1.192) as well as the < 2 yr
(1.216) and 3-5 yr (1.267) subgroups. As to the
6-18 yr subgroup, the highest RR of PM,s on
pediatric asthma visits in summer occurred at a lag
of 4 day (1.054). Overall, PM, showed the strongest
effect on pediatric asthma visits in summer for the
6-18 yr subgroup; while PM, 5 affected the 3-5 yr
subgroup the most. The delayed effect of PM,, and
PM,; 5 on summer incidence of pediatric asthma visits
was stronger for the relatively older children than the
younger children (Fig. 3b).
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In autumn, the highest RR of PM, on pediatric
asthma visits occurred at a lag of 2 day for the entire
study group (1.069). Among the three subgroups, the
highest RR of PM, on seasonal incidence of pediatric
asthma visits occurred at a lag of 3 day for the < 2 yr
subgroup (1.083), and a lag of 2 day for both the
3-5 yr (1.068) and 6-18 yr (1.063) subgroups. At the
same time, the highest RR of PM, 5 occurred at a lag of
3 day for the entire study group (1.073) as well as
the < 2 yr subgroup (1.112), and a lag of O for the
3-5 yr (1.064) and 6-18 yr (1.081) subgroups. In
general, PM;o, and PM, 5 both showed the strongest
effect on autumn incidence of pediatric asthma visits
for the < 2 yr subgroup. PM;, and PM, 5 showed a
longer effect on the relatively younger children than
on the relatively older children in autumn (Fig. 3c).

In winter, the highest RR of PM,, on pediatric
asthma visits occurred at a lag of 4 day for the entire
study group (1.052) as well as the 3-5 yr subgroup
(1.048), a lag of 5 days for the < 2 yr subgroup
(1.074), and a lag of 3 days for the 618 yrs subgroup
(1.035). Meanwhile, the highest RR of PM, 5 occurred
at a lag of 4 days for the entire study group (1.087) as
well as the 6-18 yrs subgroup (1.089), a lag of O for
the < 2 yr subgroup (1.089), and a lag of 5 days for
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the 3-5 yrs subgroup (1.132). Both PM,y and PM, 5
showed the strongest effect on winter incidence of
pediatric asthma visits in the 3-5 yrs subgroup.
Overall, PM, 5 showed a stronger effect on winter

incidence of pediatric asthma visits for the study group
than PM;, (Fig. 3d).

Comparison of the highest RR values

For the entire study group, the highest RR of PM, 5
(PM () on pediatric asthma visits among lag 0-6 days
was in the high-low order of summer, winter, autumn,
and spring (autumn, winter, summer, and spring). In
four seasons, the highest RR of PM, 5 was greater than
that of PM . This indicates that PM, 5 had a worse
effect on the entire study group than PM,,. For
the < 2 yr subgroup, the highest RR of PM, 5 (PM;)
on pediatric asthma visits among lag 0-6 days was in
the high-low order of summer, autumn, winter, and
spring (autumn, spring, winter, and summer). In
summer, autumn, and winter, the highest RR of
PM, s was greater than that of PM,,. For the 3-5 yr
subgroup, the highest RR of PM, 5 (PM;) on pediatric
asthma visits was in the high-low order of summer,
winter, autumn, and spring (winter, autumn, summer,
and spring). In spring, summer, and winter, the highest
RR of PM, 5 was greater than that of PM,,. For the
6—-18 yr subgroup, the highest RR of PM, 5 (PM;() on
seasonal incidence of pediatric asthma visits was in the
high-low order of winter, autumn, summer, and spring
(summer, autumn, winter, and spring). In spring,
autumn, and winter, the highest RR of PM, 5 on
seasonal incidence of pediatric asthma visits was
greater than that of PM,, (Fig. 4).

Discussion

As an international metropolis, childhood asthma in
Shanghai has become more and more serious in recent
years, which has greatly aroused the attention of
scholars from various countries (Hong et al., 2018).
Zhang et al. (2013) pointed out Shanghai had the
highest prevalence of all illnesses for rhinitis and
atopic eczema. Therefore, the study of children’s
asthma in Shanghai is very necessary and urgent.

In this study, we found that the effect of PM, 5 on
asthma visits in children was stronger and more acute
than that of PM;o. PM, 5 (PM;o) showed a greater
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effect on relatively younger children displayed the
highest RR of 1.192 (1.073) in summer (autumn). This
article focused on the seasonal effects of PM;y and
PM, s on childhood asthma visits, which had a
valuable indicator for the prevention of childhood
asthma visits.

Positive correlations were found between the
incidence of pediatric asthma visits and the concen-
trations of PM;y and PM, s from 2009 to 2010 in
Shanghai, China. This is consistent with David et al.
(2000) and Kuo et al. (2018). However, another
domestic study that was conducted in Shijiazhuang,
Hebei suggested that there were no linear correlations
between the hospitalization rate of pediatric respira-
tory diseases and the concentrations of PM;, and
PM,; 5 (Zhang et al., 2017). This may be related to the
local pollutant content. Hebei is a heavily polluted
city, and the daily variation of pollutants is not
obvious, so the relationship between pollutants and
asthma is not obvious. Our results showed that cool
and dry weather is adverse for children due to the
potentially high incidence of pediatric asthma visits
(Stefaniak, 2007).

We found significant effects of PM;, and PM, 5 on
pediatric asthma visits between 2009 and 2010 in the
study area. For per IQR (10 ug/m3) increase in PM,
and PM,; 5, RR of pediatric asthma visits for the entire
study group would increase by 6.4% (1.80%) and
6.0% (1.60%), respectively. In Ji’nan, China, the
incidence rate of pediatric asthma would increase by
0.65% and 0.54% for per 10 pg/m’ increase in PM;,
and PM, 5 concentrations, respectively (Zhao et al.,
2017). This result is much smaller than that in this
article. But the increase percentage of PM;q in our
study is smaller than that in a previous study
performed in Athens, Greece, which showed a 4.3%
increase in the number of hospitalization cases due to
asthma with per 10 pg/m? increase in PM;, concen-
trations, which is higher than the results in this study
(Nastos et al., 2010). This difference may be related to
PM pollution in various regions (Tzivian, 2011 and
Nili et al., 2016), environmental factors (Liu, 2014),
population movement (Zanhouo et al., 2019), and
children’s physique (Pianosi et al., 2004).

Our study confirmed the negative effects of PM;
and PM, 5 on pediatric asthma visits. In addition, we
found that the youngest children (< 2 yr subgroup)
accounted for the largest share of the incidence of
pediatric asthma visits in Shanghai, China, which
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Fig.4 The highest RR of PM, 5 and PM; on annual and seasonal incidence of pediatric asthma visits among lag 0—6 days for the entire

study group as well as the three different age subgroups

could be explained by the fact that infants/toddlers do
not have fully developed defense systems in their
lungs and are more susceptible to PM pollution (Qiao
et al., 2016), which was also reported by Winter
(2012), Chen, Feng, et al. (2016), and Guo (2018). Due
to the physical and chemical characteristics of PM, 5
and PM, in atmospheric pollutants, inhalation of PM
could affect the respiratory system in human bodies by
reducing the respiratory defense ability and increasing
the inflammatory injury of the respiratory tract and
lung (Wei, 2013). Children’s immune systems are not
fully developed until they reach a certain height,
weight, and age. When the immune system is not fully
developed, pollutants are more likely to enter chil-
dren’s bodies, and young children are less able to resist
the effects of pollutants on the respiratory system, so
they are more likely to suffer from asthma and
therefore need to visit health clinics. Children’s lung
function indicators are negatively correlated with
airborne particulate pollution, which implies that PM
pollution in the air is one of the main causes for airway
ventilatory dysfunction in children (Wei et al., 2001).

We found that PM,y and PM, 5 showed prominent
lagging effects between 1 and 6 days in Shanghai,
China. The greatest lag effects of both PM; and PM, 5
were found at lag 4 day for the entire study group. The
lag effect of PM pollution on pediatric asthma visits

was more delayed in relatively young children than in
relatively old children. This result is consistent with
that from a similar study in Athens, Greece (Nastos
et al., 2010). Other domestic studies showed that the
lag effects of PM pollution on pediatric asthma
occurred at lag 2 day in Taiwan (Chien et al., 2018)
and lag 6 days in Shandong province (Zhao et al.,
2017). In Hong Kong, China, for per 10 pg/m’
increase in the concentrations of PM;q and PM, s,
RR of hospitalization rate due to asthma would
increase by 1.019 (within lag 0—4 days) and 1.021
(within lag 0-5 days), respectively (Ko et al., 2007).
In general, the lagging effect of PM on pediatric
asthma exists all over world, and it is concentrated
before lag6 days. But there are differences between
different regions, which related to the environment
and the physique of children between different regions
(Liu et al., 2014 and Pianosi et al., 2004). The lag
effects could partially be explained by the inflamma-
tion of the alveolar in the region of the lung caused by
the smaller particles in the pollutant mixture (Peters
et al., 1997). Effective deposition of ultrafine particles
can penetrate deeply into humans’ lungs, especially
those of asthma patients (Anderson et al., 1990). For
different individuals, the lag effects could be affected
by their behavioral patterns. It usually takes several
days for the deterioration to become severe enough to
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lead to clinical visits. This may explain the fact that the
increase in asthma outpatient visits has been delayed
(Chien et al., 2018).

In this study, < 2-year old’s were slower to
respond to PM pollution. There may be two possible
reasons. First, < 2-year old’s have poorer mobility
compared to older children, resulting in shorter
exposure to pollutants. Older children are often
exposed to pollutants and are more directly affected
by them, and the probability of asthma visits is higher.
Children with asthma are more sensitive to the effects
of air pollution than children with non-asthmatic or
cough symptoms (Hoek et al., 1994, Pope et al., 1992
and Roemer et al., 1993). Long-term exposure to air
pollutants leads to decreased lung function, or acute
exposure to other triggers that may worsen the
condition, resulting in increased susceptibility to other
triggers (such as viral infection). Second, it is true that
babies and preschoolers are more likely to cough and
wheeze, but these symptoms do not reflect “real”
asthma. Because the disease is not chronic, and as the
child grows and develops, the symptoms eventually
disappear. And the time to discover the illness and go
to the hospital after the illness is also varies. But in
China, medical insurance is generally reimbursed after
treatment. Therefore, unless it is a diagnosis error in
the hospital, there is basically no statistical error in
Shanghai Medical Insurance Affairs Management
Center. Young children were slower to respond to
PM pollution. But the threat to them was huge. At least
we want to alert parents that they should pay attention
to the protection and prevention of young children in
order to reduce the children asthma visits.

Seasonally, RR of PM pollution on pediatric asthma
visits was the highest in summer. For the entire study
group, RR of PM, 5 on annual incidence of pediatric
asthma visits was lower than that of PM; albeit PM, s
showed higher RR on pediatric asthma visits than
PM, in all four seasons. Among the three subgroups,
the < 2 yr subgroup showed the highest RR of PM,
especially in autumn; the 3-5 yr and 6-18 yr sub-
groups showed the highest RR of PM, 5 in summer and
winter, respectively.

In Taipei and Kaohsiung of Taiwan, the effect of
PM, on pediatric asthma was stronger in winter (with
an OR of 1.204, 95% CI: 0.950-1.527) than that in
summer (with an OR of 1.087, 95% CI: 0.630-1.874)
(Kuo et al., 2018). In Adelaide, South Australia, the
OR value of PM for childhood asthma inpatients was
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also higher in cold season (1.083, 95% CI:
1.025-1.144) than in warm season (1.011, 95% CI:
0.964-1.060) (Chen, Feng, et al., 2016; Chen, Glonek,
et al., 2016). Several studies have indicated that more
asthma emergency department ED visits were associ-
ated with air pollution during warm season (April-
September) (Jalaludin et al., 2008; Strickland et al.,
2010). Around the world, for per 10 pg/m3 increase in
PM, 5 concentrations, RR of PM 5 on the number of
ER visits due to asthma was higher in warm seasons
(3.7%, with 95% CI of 0.5%-6.9%) than in cool
seasons (2.6%, with 95% CI of 0.7%-4.6%) (Fan et al.,
2015). The same situation that RR in warm season
(1.043, 95% CI: 1.016-1.070) higher than in cold
season (1.005, 95% CI: 0.978-1.031) is in Atlanta
(Matthew et al., 2010). Also in Wenshan District,
Taipei, the impact of PM, 5 on the emergency room
visit of COPD is concentrated on lag 3, 4, 5 days in
summer (RR: 1.704,95% CI: 1.104-2.632; RR: 1.716,
95% CI. 1.151-2.557; RR: 1.619, 95% CI:
1.111-2.360). But the effect in winter is not obvious
(Chang, 2017).

Differences in seasonal effects of PM pollution on
pediatric asthma might be explained by the relatively
higher pollen (trees, grass, weeds, and so on) level in
warm seasons, which is positively associated with the
incidence of respiratory diseases (Carracedo et al.,
2010). Wang et al. (2000) suggested two pollen peaks
in spring—summer and autumn in Shanghai, China.
Pollen level can induce bronchial obstruction that
leads to increased risk of asthma exacerbation (Barnig
& Casset, 2012; Gleason et al., 2014). Exposure to fine
particles together with pollen will increase allergen
sensitization and the risk of asthma (Barnig et al.,
2012; Salvi., 2007). This is because airway mucosal
damage and impaired mucociliary clearance caused by
air pollution may enable allergens to penetrate
immune system cells (DAmato et al., 2010). Never-
theless, further studies are urged to clearly explain the
differences in seasonal effects of PM pollution on
pediatric asthma visits.

Generally, fine PM is more closely related to the
increase in asthma prevalence and morbidity. How-
ever, when fine PM concentrations reached a certain
point, increases in the concentrations of coarse PM
would lead to higher incidence of asthma: for per 1 pg/
m?> increase in the concentrations of coarse PM, RR
would be 1.006 (95%CI: 1.001-1.011) for the preva-
lence of asthma, 1.023 (95%CI: 1.003-1.042) for the
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number of hospitalization cases due to asthma, and
1.017 (95%CI: 1.001-1.033) for the number of ER
visits due to asthma (Keet et al., 2018). PM, 5 showed
a stronger effect on the incidence of seizure than PM .
For per 10 pg/m® increase in the concentrations of
PM, o (PM; 5), the number of hospitalization cases for
pediatric asthma would increase by 1.75% (3.45%) on
average (Ding et al.,, 2015). The results of above
references are consistent with this article.

Our study has found that PMs have significant
effects on hospital visits for childhood asthma visits,
but Wang et al. (2000) found that there is no obvious
correlation between the incidence of asthma and PM,
concentration. This may be related to environmental
and cultural differences among regions. We also found
that the impact of PM, 5 on asthma is greater than that
of PM(, which is similar to some research results all
over the world. On the other hands, pollutants may
affect asthma by causing other allergens (Villeneuve
et al., 2007). And anthropogenic emissions cause
approximately 37% and 73% of the total ozone and
PM, s impact, respectively (Anenberg et al., 2018).
These are the possible reasons why PM, s has a greater
impact in the warm season than in the cold season. But
in this article, we do not have the conditions to collect
any data about allergens and man-made pollutants,
which is also our future research direction. Zhang et al.
(2013) also found that the prevalence of allergic
diseases (wheezing, rhinitis, and atopic eczema) is not
much different from the prevalence of asthma diag-
nosed by doctors, and the prevalence of the disease is
higher under higher climatic conditions. Hu et al.
(2019) found that the number of allergic diseases
(including asthma) caused by meteorological elements
is greater than that of pollutants. In this article, we
smoothed the influence of meteorological elements to
reduce the impact of meteorological elements as much
as possible. In addition, this article focuses on the
seasonal effects of PM;, and PM,s on childhood
asthma (divided into spring, summer, autumn, and
winter), which is difficult to be seen in other studies.
This is a valuable indicator for the prevention of
childhood asthma visits.

But, we only studied two kinds of particulate
matters (PM, s and PM,), which is far from enough,
because pollutants include not only particulate mat-
ters. Pan et al. (2010) found that in six cities (i.e.,
Anshan, Benxi, Dandong, Liaoyang, Panjin, and
Shenyang) and three districts (slight, moderate, heavy)

within each city of Northern China, for each interquar-
tile range (IQR) increment of total suspended partic-
ulate, SO, and NO,, the prevalence of persistent
cough, persistent phlegm and current asthma increased
by 21-28%, 21-30%, and 39-56%, respectively. Cai,
(2014) found that when the average concentration of
PM;g, SO,, NO,, and black carbon in Shanghai
increased within the quartile range, asthma hospital-
ization increased by 1.82%, 6.41%, 8.26%, and 6.62%,
respectively. In the research of Hua et al. (2014), the
influence of black carbon even exceeded PM,s. In
addition, indoor CO, concentration also affected the
prevalence of asthma, with a negative correlation in
spring, summer and autumn, and a positive correlation
in winter (Huang et al., 2016).

Inevitably, there are some limitations of the results
in this study: (a) the air pollutant concentrations were
averaged from different monitoring stations, yet the
measurement bias was not eliminated due to its
inherent nature (Chen et al., 2012); (b) hospital
admissions for asthma were collected from the
Shanghai Medical Insurance Affairs Management
Center, thus, selection bias may exist in our analysis;
(c) it is possible for the same patient to revisit hospitals
during a short period of time; however, we did not ID
the study group to exclude such hospital visit data in
the analysis, which might reduce the accuracy of the
results. We suggest further research should combine
various pollutants to study their joint impacts on
childhood asthma, and try to eliminate the collinearity
among pollutants to explore which pollutants will
have larger contribution to children asthma under
specific environmental conditions.

Conclusions

We concluded that the number of pediatric asthma
visits from 2009 to 2010 was significantly affected by
particulate matter pollution in Shanghai, China. In
general, the relatively younger children were more
affected by particulate matter pollution than the
relatively older children. Overall, the effect of PM, 5
on pediatric asthma visits was stronger than that of
PM]().
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