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Abstract 

Background: Global environmental pollution caused by human activities has become 
a threat to public health. Children are especially susceptible to adverse environmen‑
tal conditions owing to their unique physiological and behavioral characteristics. A 
number of studies have demonstrated associations between the incidence of some 
childhood diseases and adverse environmental conditions. Shanghai is the largest and 
most important economic center in China. After rapid population expansion in recent 
decades, the shortage of pediatric medical resources is becoming a serious public 
health problem. This study aimed to identify and characterize the social and environ‑
mental effect of adverse environmental conditions on overall pediatric admissions at 
hospitals in Shanghai, China.

Methods: This was a multi‑center study spanning from January, 2013 to November, 
2014. Daily pediatric admission data (~ 12,000 overall pediatric admissions/day) of 
three tertiary pediatric hospitals were collected from the large‑scale health information 
exchange network of Shanghai. We linked the admission data with local environmental 
data. A seasonal decomposition method was applied to a time‑trend analysis of the 
admission data; a generalized additive model was applied to model the association 
between environmental measurements and admissions data.

Results: Admissions to outpatient and emergency departments were highly influ‑
enced by calendar factors; however, these same factors showed opposite effects on 
different clinical departments. The effect of nitrogen dioxide was a 0.27% increase (95% 
confidence interval (CI) 0.23% to 0.32%) in outpatient admissions and 0.78% (95% CI 
0.68% to 0.88%) increase in emergency admissions. Concentrations of fine particles 
≤ 2.5 micrometers in diameter (PM2.5) and carbon monoxide (CO) showed multi‑fac‑
eted effects on pediatric admissions. PM2.5 and CO concentrations were significantly 
associated with decreased current‑day outpatient admissions but also significantly 
associated with increased current‑day emergency admissions at all three hospitals.

Conclusions: Based on the health information exchange network of Shanghai, we 
conducted a large‑scale, multi‑center retrospective study of the association between 
adverse environmental conditions and pediatric admissions. Our study contributes to 
environmental health research in children and may guide decision‑making regarding 
pediatric resource planning and policies.
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Introduction
It is well known that a turbulently changing or polluted environment can directly cre-
ate health risks and induce illnesses. Over the past decade, a large number of studies 
have been conducted in this regard, and this topic is growing in popularity with respect 
to assessing various diseases [1–6]. For instance, in 2008, Bell and colleagues studied 
the short-term effects of PM2.5 (fine particles 2.5 micrometers or less in diameters) on 
hospitalization risk for cardiovascular and respiratory illnesses in the elderly population 
across 202 United States counties, from 1999 to 2005. The authors found about a 1.05% 
and 1.49% increase in hospitalizations per 10 μg/m3 increase in current-day PM2.5 for 
respiratory and cardiovascular diseases, respectively [7]. However, there are still rela-
tively few studies on the association between adverse environmental conditions and 
childhood illnesses.

“Children are not little adults” [8]. Infancy and childhood are critical periods for the 
development and maturation of important organs, such as those of the respiratory sys-
tem, and the immune system. Children are much more susceptible to environmental 
hazards than adults [9, 10]. Studies of adverse environmental conditions in relation to 
causing or exacerbating childhood illnesses are increasingly being emphasized [8, 11–
13]. Such childhood illnesses can result in pediatric hospital admissions [14, 15], school 
absences, dysfunction of the respiratory or immune systems, bronchitis and chronic 
cough, and increased infant mortality [11]. Although some of these studies have not 
reached a clear conclusion, it has been recognized that adverse environmental condi-
tions can have a serious impact on a child’s health. Most previous studies have attempted 
to find the association between adverse environmental conditions and a single child-
hood disease. It is worth conducting comprehensive studies exploring the time trends 
and associations between adverse environmental conditions and overall pediatric hospi-
tal admissions.

Shanghai is the largest city in China, with over 24 million permanent residents and 9 
million migrant residents. About 1.98 million residents of the city are under 14 years of 
age. Pediatric medical resources have become the most overburdened component in this 
urban system. According to reports, the average bed-occupancy rate in all four tertiary 
pediatric hospitals of Shanghai has consistently remained at 100% [16].

On September 2010, the first and largest Chinese Health Information Exchange (HIE) 
network was established in Shanghai. As of 2016, the system includes all of Shanghai’s 38 
tertiary hospitals, plus 6 district hospitals, and 40 community health centers, with cover-
age for 39 million patients. The HIE network currently provides a rich source of patient 
information including diagnostics history, medication history, laboratory results, radiol-
ogy images and reports, and clinical notes.

Based on daily admission data collected from three tertiary pediatric hospitals of the 
Shanghai HIE network, we aimed to link pediatric admission data to local environmen-
tal data. The principal objective of this study was to identify and characterize the effect 
of short-term adverse environmental conditions on trends in pediatric admissions, 
using a generalized additive model (GAM). Insights into these effects for a hospital or 
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a particular region could provide a whole picture of pediatric admission trends under 
adverse environmental conditions impact. Our findings will be of value when allocating 
and planning pediatric resources and some references for future studies on specific dis-
eases and environmental associations.

Research methodology
Data sources

This retrospective study used a daily pediatric hospital admission dataset obtained from 
the HIE network (Shanghai Hospital Development Center). We did not directly involve 
any individual participants, and no individual information was collected. To protect sen-
sitive data, we masked the names of these hospitals and used the codes A, C, and D 
to represent each hospital. Daily local weather measurements were obtained from the 
Shanghai Environment Monitoring Center (http://www.semc.gov.cn/) and the United 
States National Oceanic Atmospheric Administration (NOAA, https ://www.ncdc.noaa.
gov/).

From January 1, 2013 to November 30, 2014, the three pediatric hospitals in Shanghai 
had a total of ~ 10,000 and ~ 2000 daily outpatient and emergency admissions, respec-
tively (Table 1). Hospital A accounted for about 50% of all outpatient admissions, and 
Hospital D accounted for about 40% of the total emergency admissions. For outpatient 

Table 1 Summary statistics of  daily hospital admission and  local environmental 
measurements, Shanghai (January 2013–November 2014)

TDIF24H is the difference of temperature in 24 h

MTD48H is the absolute value of mean temperature differences over 2 days

PRCP is the daily precipitation

Mean Median Maximum SD

Daily hospital admission (visit number/day)

 Hospital A Outpatient 5020 5248 7291 1233.6

Emergency 677 681 1011 88.6

 Hospital C Outpatient 3074 3282 4598 778.2

Emergency 711 707 1155 146.3

 Hospital D Outpatient 2072 2291 3375 745.9

Emergency 903 823 1947 297.3

 Total Outpatient 10,170 10,730 15,010 2553

Emergency 2292 2259 3964 447

Weather measurements

 Temperature (°C) 17.85 18.73 35.02 8.7

 TDIF24H (°C) 5.6 6.21 20.6 3.33

 MTD48H (°C) 1.58 1.21 14.64 1.44

 PM2.5 (μg/m3) 56.17 44 447 41.5

 PM10 (μg/m3) 74.91 60 467 49.4

 SO2 (μg/m3) 19.96 15 103 14.2

 NO2 (μg/m3) 45.74 41 136 20.8

 CO (mg/m3) 0.7958 0.7100 3.023 0.3

 O3 (μg/m3) 103.8 98 302 41.9

 PRCP (mm) 3.98 0 189.5 12.0

http://www.semc.gov.cn/
https://www.ncdc.noaa.gov/
https://www.ncdc.noaa.gov/
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and emergency admissions, a similar long-term time trend of admissions was observed 
for these three hospitals (Fig. 1).

Statistical modeling

We used a GAM with log-link function to infer the associations between environmental 
conditions and pediatric admissions. The GAM is a general linear regression approach 
that incorporates smoothing splines to describe non-linear relationships between the 
predictor and response variables. The GAM has been widely used in previous studies 
[17, 18].

First, we generated a single-pollutant model and fitted it with each environmental con-
dition. For example, the single-pollutant model with nitrogen dioxide  (NO2) concentra-
tion as the independent variable can be specified as:

Here, E(Yt) refers to the expected pediatric admissions on day t; Xt indicates the envi-
ronmental condition  (NO2 in this case) on day t; the regression coefficient β represents 
the log-relative rate of hospital admission count associated with a one-unit increase of 
the environmental condition.

The s(t, df ) term indicates a penalized splines smoothing function for long-term time 
trend. Selection of the degrees of freedom of this splines function was based on auto-
matic df selection of the single-pollutant model as well as a previous study [19]. In this 

log E(Yt) = βXt + s
(

t, df = 9
)

+ PRCP + PRCPlag1

+ Weekday + Month + School + PH

Fig. 1 Time plot of daily admissions from January 1, 2013 to November 30, 2014. Left diagram is outpatient 
admissions, and the right is emergency admissions; the upper diagram is Hospital A, middle is Hospital C, and 
lower diagram is Hospital D. Red lines indicate the de‑seasonalized trend in hospital admissions. Green and 
red boxes represent winter and summer school vacations, and yellow boxes are public holidays
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study, 9 df for the time trend was selected for all single-pollutant and multi-pollutant 
regression models.

The environment effect estimates were expressed as excess risk (ER), the exponent 
of β − 1) ∗ 100% , and 95% confidence intervals (CI). The remaining variables were 
all control variables, PRCP is a categorical variable representing the amount of pre-
cipitation: no rainfall (0  mm), light rainfall (0.1–9.9  mm), moderate rainfall (10.0–
24.9 mm), heavy rainfall (25.0–49.9 mm), and extreme rainfall (≥ 50 mm). Weekday 
is a categorical variable indicating the day of week; Month is a categorical variable 
indicating the month of year; School is a categorical variable indicating the summer/
winter vacation; and PH is a categorical variable indicating the public holiday effect.

Next, a multi-pollutant analysis was conducted to estimate regression coefficients 
and their significance level. The multi-pollutant regression model was specified as:

As the daily concentrations of fossil fuel-related air pollutants are highly correlated, 
we only included two fossil fuel-related pollutants in the multi-pollutant analysis: 
PM2.5 and Sulphur dioxide (SO2). O3 is the ground-level ozone concentration, and 
TDIF24H is the difference of temperature in 24 h.

There is usually a time delay between adverse environmental conditions and an 
increase in hospital admissions. We examined various lag structures, including both 
simple single/multi-day lag (for example, PM2.5lag1 is lag 1 day for PM2.5) and multi-
day cumulative lag structures (for example, PM2.5lag4MA is a 4-day moving average of 
PM2.5). A simple single/multi-day lag structure was used to estimate the lag effect of 
environmental conditions and a multi-day moving average lag structure was applied 
to examine the cumulative effect of environmental conditions on pediatric admis-
sions. In our single-pollutant regression model, we tested the 1-day to 6-day simple 
lag effect and 2-day to 6-day cumulative lag effect, to determine the optimal lag and 
cumulative structures for the multi-pollutant model; lag2 and lag4MA were selected 
for PM2.5, SO2, and O3; lag1 and lag4MA were selected for TDIF24H; and lag1 was 
selected for PRCP.

The R (https ://www.cran.r-proje ct.org/) package “mgcv” was used to build the GAM 
and the “stats” package was used to perform seasonal decomposition analysis [20].

Results
The focus of this work was to uncover the environmental effects on pediatric hospital 
admissions in Shanghai, by using statistical modeling, admission data sourced from 
three tertiary pediatric hospitals in Shanghai; and meteorological and air quality data. 
Our results describe the following aspects: the effect of calendar factors, the effect of 
environmental conditions—regression results for a single and multiple pollutants, as 
well as ozone, and temperature effects.

log E(Yt) =PM2.5 + PM2.5lag2 + PM2.5lag4MA + SO2 + SO2lag2 + SO2lag4MA

+ O3 + O3lag2 + O3lag4MA
+ TDIF

+ TDIF24Hlag1 + TDIF24Hlag4MA + s
(

t, df = 9
)

+ PRCP + PRCPlag1 + Weekday + School + Month + PH

https://www.cran.r-project.org/
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Calendar factors effect on pediatric admissions volume

The number of outpatient admissions was strongly affected by calendar factors, includ-
ing the day of week, public holidays, the month, and school term (Figs. 1, 2 and Addi-
tional file 1: Figs. S1 and S2). For outpatient departments, Monday was the busiest day, 
whereas Sunday and public holidays were the busiest days in emergency departments. 
The lowest number of hospital admissions was observed in the month of February. The 
calendar effects described above varied slightly among hospitals; however, the num-
ber of emergency admissions was relatively more stable than the number of outpatient 
admissions. Pediatric patient admissions volumes were also strongly affected by school 
vacations (Fig. 1, Additional file 1: Fig. S3).

In specific pediatric department (Fig.  2), for example, the infectious disease depart-
ment, the number of admissions increased steadily, when the new school term began; 
and this increase in admissions volume reached its peak at the end of the school term. 
However, the number of admissions to infectious disease departments decreased sig-
nificantly during the summer vacation. In contrast, the number of admissions to endo-
crinology departments remained at a relatively low level throughout the year, but then 
significantly increased during the summer vacation.

Effect of environmental conditions on pediatric hospital admissions

In this segment we focus on exploring the environmental condition effect on pediatric 
hospital usage. The environmental conditions in Shanghai are considered as well as the 
effects of single pollutants, temperature, ozone, and multiple pollutants.

Environmental conditions in Shanghai

During our research period, the mean daily temperature, temperature difference within 
24 h, and absolute mean temperature difference within 48 h were 17.85 °C, 5.6 °C, and 
1.58 °C, respectively. Air quality in Shanghai varies through the year, and is sometimes 
poor, especially in winter. The mean daily concentrations of PM2.5, PM10,  SO2,  NO2, 
CO, and  O3 were 56.17 μg/m3, 74.91 μg/m3, 19.96 μg/m3, 45.74 μg/m3, 0.80 mg/m3, and 
103.8  μg/m3, respectively. For about 30% of the days in our research period, the daily 

Fig. 2 Comparison of outpatient admissions between the endocrinology and infectious disease 
departments during 2013–2014. The blue and red lines are de‑seasonalized admissions to the endocrinology 
and infectious disease departments. Green and red boxes represent winter and summer school vacations, 
and yellow boxes are public holidays
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concentration of  SO2 failed to meet the World Health Organization (WHO) standard 
limits (20 μg/m3).

Fossil fuel-related air pollutants, including PM10, PM2.5, CO,  SO2, and  NO2, were 
strongly inter-correlated (Additional file  2: Table  S1); the Pearson coefficients among 
these pollution factors were all higher than 0.7. The daily concentration of ground-level 
 O3, which is created by chemical reactions between air pollutants and oxygen in the 
presence of strong sunlight, was not strongly correlated with any fossil fuel-related air 
pollutants.

Regression results for single pollutants

Effect of fossil fuel‑related air pollutants on pediatric admissions

Environmental effects on pediatric admissions and their lag structures were esti-
mated using a GAM model and adjusted according to calendar factors and rainfall 
amount. Fossil fuel-related air pollutants appeared to produce multi-faceted effects 

Fig. 3 Percent increase (excess risk, ER) with different lag structures for total outpatient admissions (three 
hospitals) due to fossil fuel‑related air pollutants. ER for every unit (10 μg/m3) increase in  NO2, PM2.5, and  SO2 
concentrations and for every 1 mg/m3 increase in CO concentration. ER values obtained by single‑pollutant 
regression. The X‑axis represents ER values and the Y‑axis is the different lag structures. Red bars indicate 95% 
confidence intervals of ER. Lag1 to Lag6 are simple lag effects and Lag2MA to Lag6MA are 2‑day to 6‑day 
cumulative effects
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on pediatric admissions to pediatric outpatient departments (Fig.  3). The current-
day concentration of  NO2 was positively related to the number of outpatient admis-
sions. For every unit (10 μg/m3) increase in  NO2 concentration, the total number of 
outpatient admissions increased 0.27% (95% CI 0.23% to 0.32%). However, no sig-
nificant effect was observed for the current-day concentration of  SO2. Surprisingly, 
the current-day concentrations of PM2.5 and CO were associated with a significantly 
reduced number of outpatient admissions. For every unit increase in PM2.5 and CO 
concentration (10 μg/m3 and 1 mg/m3, respectively), the total number of outpatient 
admissions decreased 0.27% (95% CI 0.25% to 0.29%) and 1.7% (95% CI 1.38% to 
1.96%), respectively. The lag and cumulative effects of these fuel consumption-related 
environmental conditions on outpatient admissions were remarkably significant for 
the simple lag-2 day and lag-4 day moving average. For the simple lag-2 days of CO, 
 NO2, and  SO2 concentrations, the ER increased to 1.38% (95% CI 1.09% to 1.68%), 
0.63% (95% CI 0.58% to 0.68%), and 0.74% (95% CI 0.66% to 0.81%), respectively. For 
the lag-4  day cumulative effects of CO,  NO2, and  SO2 concentrations, the ER was 
0.84% (95% CI 0.41% to 1.29%), 0.87% (95% CI 0.80% to 0.94%), and 0.97% (95% CI 
0.86% to 1.08%), respectively.

For pediatric emergency departments (Fig.  4), fossil fuel-related air pollut-
ants showed clearer positive associations with pediatric admissions. For every unit 
(10 μg/m3 for PM2.5,  NO2, and  SO2 and 1 mg/m3 for CO) increase, the total number 
of emergency admissions increased 0.17% (95% CI 0.13% to 0.21%), 0.78% (95% CI 
0.68% to 0.88%), 1.99% (95% CI 1.40% to 2.59%), and 0.84% (95% CI 0.68% to 0.99%) 
for current-day concentration of PM2.5,  NO2, CO, and  SO2, respectively. All fossil 
fuel-related air pollutants showed strong positive cumulative effects on the number of 
emergency admissions. For the lag-4 day moving average cumulative effects of PM2.5, 
 NO2, CO, and  SO2, the ER increased to 0.39% (95% CI 0.32% to 0.45%), 1.86% (95% CI 
1.72% to 2.01%), 6.26% (95% CI 5.32% to 7.21%), and 2.90% (95% CI 2.67% to 3.14%), 
respectively. Only  SO2 showed a clear positive lag effect on emergency admissions. 
For simple lag-2 days, the ER of  SO2 increased to 1.55% (95% CI 1.40% to 1.70%).

Effect of temperature changes on pediatric admissions

We examined two types of short-term temperature changes: temperature differences in 
24 h (TDIF24H; the maximum temperature minus the minimum temperature in 1 day) 
and the absolute value of mean temperature differences over 2 days (MTD48H) (Fig. 5). 
Short-term temperature change showed significant and positive associations with out-
patient and emergency admissions, and TDIF24H showed a clearer positive association 
than the association showed by MTD48H. For every unit (1 °C) increase in the current-
day TDIF24H, the total number of outpatient and emergency admissions increased 
0.06% (95% CI 0.04% to 0.09%) and 0.64% (95% CI 0.59% to 0.70%), respectively. 
TDIF24H also showed clear lag and cumulative effects on the number of outpatient 
admissions. For the simple lag-1-day effect of TDIF24H, ER increased to 0.23% (95% 
CI 0.21% to 0.26%) and 0.52% (95% CI 0.47% to 0.58%) for outpatient and emergency 
admissions, respectively. For lag-4 day cumulative effects of TDIF24H, the ER increased 
to 0.43% (95% CI 0.39% to 0.47%) and 1.15% (95% CI 1.06% to 1.24%) for outpatient and 
emergency admissions, respectively.
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Effect of ground‑level ozone on pediatric admissions

O3 production is associated with hot, dry weather; in a sense, the  O3 concentration is a 
good weather indicator. The ground-level  O3 effects are displayed in Fig. 6. The current-
day  O3 concentration had strong negative effects on outpatient admissions but strong 
positive effects on emergency admissions. For every unit (10 μg/m3) increase in current-
day  O3 concentration, the ER decreased 0.06% (95% CI 0.04% to 0.09%) for outpatient 
admissions and increased 0.42% (95% CI 0.37% to 0.47%) for emergency admissions. 
Interestingly, as the multi-day moving average increased, the cumulative effects on out-
patient and emergency admissions decreased.

Multi‑pollutant regression results—effect of environmental conditions on pediatric admissions

For outpatient departments, PM2.5 concentration was significantly and negatively asso-
ciated with pediatric admissions (Table 2). For each one-unit increase of the current-day 
and lag-4 moving average of PM2.5 concentration, the ER value was − 0.31% (95% CI 

Fig. 4 Percent increase (excess risk, ER) with different lag structures for total emergency admissions 
(three hospitals) owing to fossil fuel‑related air pollutants. ER for each unit (10 μg/m3) increase in  NO2, 
PM2.5, and  SO2 concentrations and for each 1 mg/m3 increase in CO concentration. ER values obtained by 
single‑pollutant regression. The X‑axis represents ER values, and the Y‑axis is the different lag structures. Red 
bars indicate 95% confidence intervals of ER. Lag1 to Lag6 are simple lag effects and Lag2MA to Lag6MA are 
2‑day to 6‑day cumulative effects
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− 0.36% to − 0.25%) and − 0.65% (95% CI − 0.77% to − 0.54%), respectively. However, 
the  SO2 concentration was strongly and positively associated with outpatient admis-
sions; for each one-unit increase of the current-day and lag-4 moving average of  SO2 
concentration, the ER value was 0.48% (95% CI 0.30 to 0.66%) and 1.66% (95% CI 1.26% 
to 2.07%), respectively. The simple lag-2 days of  O3 concentration had a significant nega-
tive effect on the number of patient admissions, with ER for O3

lag2
 of − 0.13% (95% CI 

− 0.17% to − 0.08%). In addition, the current-day TDIF24H was significantly associated 
with decreased outpatient admissions (ER − 0.17%, 95% CI − 0.21% to − 0.13%), but the 
lag-4 moving average of TDIF24H was significantly associated with increased outpatient 
admissions (ER 0.67%, 95% CI 0.59% to 0.75%).

For emergency departments, PM2.5 also showed a negative association with admis-
sions (Fig. 2) For current-day and simple lag-2 day of PM2.5 concentration, the ER was 
− 0.15% (95% CI − 0.26% to − 0.04%) and − 0.30% (95% CI − 0.44% to − 0.16%), respec-
tively. Unlike outpatient admissions, the PM2.5 concentration had a significant positive 
association with emergency admissions, with ER value of 0.24% (95% CI 0.00% to 0.48%). 

Fig. 5 Percent increase (excess risk, ER) with different lag structures for total pediatric outpatient and 
emergency admissions (three hospitals) owing to temperature change. ER for 1 °C increases in temperature 
difference in 24 h (TDIF24H) and absolute value of mean temperature difference in 48 h (MTD48H). ER values 
obtained by single‑pollutant regression. The X‑axis represents ER values, and the Y‑axis is the different lag 
structures. Red bars indicate 95% confidence intervals of ER. Lag1 to Lag6 are simple lag effects and Lag2MA 
to Lag6MA are 2‑day to 6‑day cumulative effects
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For simple lag-2 day and lag-4 day moving average of  SO2 concentration, a significant 
positive association with emergency admissions was seen, with strong lag and cumula-
tive effects. The ER values of SO2lag2 and SO2lag4MA

n were 0.74% (95% CI 0.29% to 1.20%) 
and 1.20% (95% CI 0.39% to 2.02%), respectively. In contrast to the effects of PM2.5, the 
current-day and simple lag-2 days of  O3 concentration were significantly and positively 
associated with emergency admissions, with ERs 0.58% (95% CI 0.50% to 0.66%) and 
0.12% (95% CI 0.02% to 0.21%), respectively. However, the cumulative effects of  O3 were 
negatively associated with emergency admissions; the ER for lag4MA of  O3 was − 0.87% 
(95% CI − 1.05% to − 0.69%). Temperature differences in 24  h also showed strong 

Fig. 6 Percent increase (excess risk, ER) with different lag structures for total pediatric outpatient and 
emergency admissions (three hospitals) owing to ozone  (O3) concentration. ER for every unit (10 μg/m3) 
increase in  O3 concentration. ER values obtained by single‑pollutant regression. The X‑axis represents ER 
values, and the Y‑axis is different lag structures. Red bars indicate 95% confidence intervals of ER. Lag1 to 
Lag6 are simple lag effects and Lag2MA to Lag6MA are 2‑day to 6‑day cumulative effects

Table 2 Multi-pollutant linear regression for pediatric outpatient admissions

* Significance level, p < 0.05
a Excess risk

Outpatient Emergency

ER (%)a 95% CI P-value ER (%) 95% CI P-value

PM2.5 − 0.31* [− 0.36, − 0.25] 0.0000 − 0.15* [− 0.26, − 0.04] 0.0074

PM2.5_lag2 0.09* [0.02, 0.15] 0.0111 − 0.30* [− 0.44, − 0.16] 0.0000

PM2.5_lag4MA − 0.65* [− 0.77, − 0.54] 0.0000 0.24* [0.00, 0.48] 0.0493

SO2 0.48* [0.30, 0.66] 0.0000 − 0.18 [− 0.55, 0.19] 0.3364

SO2lag2 − 0.14 [− 0.37, 0.09] 0.2351 0.74* [0.29, 1.20] 0.0015

SO2lag4MA
1.66* [1.26, 2.07] 0.0000 1.20* [0.39, 2.02] 0.0037

O3 − 0.03 [− 0.07, 0.01] 0.1703 0.58* [0.50, 0.66] 0.0000

O3
lag2

− 0.13* [− 0.17, − 0.08] 0.0000 0.12* [0.02, 0.21] 0.0163

O3
lag4MA

0.05 [− 0.04, 0.13] 0.2520 − 0.87* [− 1.05, − 0.69] 0.0000

TDIF − 0.17* [− 0.21, − 0.13] 0.0000 0.01 [− 0.07, 0.09] 0.7789

TDIFlag1 0.03 [0.00, 0.07] 0.0746 − 0.08* [− 0.16, 0.00] 0.0391

TDIFlag4MA 0.67* [0.59, 0.75] 0.0000 1.03* [0.87, 1.19] 0.0000
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positive cumulative effects. The ER value for lag4MA of TDIF24H was 1.03% (95% CI 
0.87% to 1.19%) for every 1 °C increase.

Discussion
We analyzed the daily admission data of three pediatric tertiary hospitals in Shanghai 
from January 1, 2013 to November 30, 2014, together with local environmental data. 
During our research period, there were a total of about 10,000 outpatient admissions 
and 2000 emergency admissions per day in these three pediatric hospitals.

Modes of calendar factors influence on hospital admissions

According to our observations and analysis, the total admissions for these hospitals var-
ied by year (Additional file  1: Fig. S4); however, admission volumes in these hospitals 
shared some common patterns. Generally, both outpatient and emergency admissions 
of these pediatric hospitals were highly affected by calendar factors, especially the day 
of the week (Additional file 1: Fig. S1), month of the year (Additional file 1: Fig. S2), pub-
lic holidays, and school vacations (Additional file 1: Fig. S3); previous studies have con-
firmed this finding [21].

Monday is a busy day for both outpatient and emergency departments. However, 
since outpatient departments are closed on weekends and public holidays, patient traffic 
directs to the ER on such days. Thus, weekend and holidays these are busy days for emer-
gency departments. Pediatric hospital admissions were higher in winter than in warmer 
seasons. However, outpatient and emergency departments had fewer admissions during 
winter vacations and during summer vacations. Winter vacations for children and the 
Chinese New Year public holiday week often occur in February and are associated with 
mass travel of Shanghai residents to their respective hometowns, which is associated 
with a reduced utilization of Shanghai hospital resources.

According to data from Hospital A, chronic disease-related outpatient departments 
had higher admissions during summer vacations (Fig.  2). For example, the depart-
ments of endocrinology, surgery, nephrology, neurology, and urology had more pediat-
ric admissions during summer vacations. However, the infectious diseases department 
reached peak admissions in June (before summer vacations begin); daily admissions then 
dropped dramatically during summer vacation (Fig. 2).

We suspect that there are two feasible explanations for this phenomenon: (i) sum-
mer vacations resulted in fewer school-acquired infections; (ii) vacation travel reduced 
the child population in the city. When children are in school, they spend more time 
together indoors than when they are on vacation, which facilitates the spread of infec-
tious pathogens. As a result, admissions for infectious diseases are higher when schools 
are in session. When children are home during their summer vacation, they spend less 
time indoors together and reduce the indoor transmission route of pathogens; thus, 
infectious disease admissions decline. However, additional information is needed before 
a final conclusion can be reached in this regard. For outpatients, we suspect that the 
marked increase in outpatient admissions during summer vacations can be explained by 
traveling patients such as children with chronic diseases from surrounding regions who 
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arrive into Shanghai during their school vacations with the goal to receive better medical 
service.

Modes of environmental conditions influence on hospital admissions

We performed regression analysis to investigate the effect of short-term adverse envi-
ronmental conditions on pediatric hospital admissions. We found that the concentration 
of air pollutants and difference in daily temperatures were positively associated with hos-
pital admissions. According to our observations, the effect of  NO2 was a 0.27% increase 
(95% CI 0.23% to 0.32%) in outpatient admissions and 0.78% increase (95% CI 0.68% to 
0.88%) in emergency admissions. PM2.5 has been reported to have an important role in 
increasing morbidity and mortality because it can penetrate capillary vessels of the lungs 
and reach the alveoli. Extensive research has been conducted on the association between 
PM2.5 and respiratory diseases. Previous systematic reviews and meta-analyses have 
reported the effect of PM2.5 on hospital admissions for asthma was an ER of 2.3% (95% 
CI 1.5% to 3.1%) and 2.5% (95% CI 1.3% to 3.7%) for children and adults, respectively [1]. 
However, unlike  NO2, the concentrations of PM2.5 and CO in our study showed some 
multi-faceted effects on pediatric hospital admissions. The concentrations of PM2.5 and 
CO were significantly associated with decreased overall current-day outpatient admis-
sions (Fig.  3) as well as admission for all three hospitals (Additional file  1: Fig. S5). 
However, PM2.5 and CO were also significantly associated with increased current-day 
emergency admissions at all three hospitals. We suspect that if air quality worsens, fewer 
people are willing to go outdoors, including people with non-acute illnesses. Indeed, this 
hypothesis could also explain the negative associations of PRCP (the amount of rainfall) 
with patient admissions. PM2.5 and CO levels largely reflect fossil fuel-related air pol-
lution levels and are more closely associated with poor visibility than  NO2. Despite the 
possibility that PM2.5 could result in fewer current-day outpatient admissions, PM2.5 
eventually harms children’s health. Compared with outpatient departments, the influ-
ence of air pollutants on emergency pediatric admissions was more apparent.

Advantages and limitations

A notable advantage of the present study is the representativeness of the pediatric 
admissions data. Through support from the HIE network of Shanghai, we included 
data from three pediatric hospitals for a total 10,000 outpatient and 2000 emergency 
admissions, covering over 75% of the total pediatric admissions of Shanghai during 
the study period. The main limitation of this study is the high degree of heterogeneity 
of the hospital admission data, because the data collected from the HIE network were 
not well organized into different clinical departments. Thus, we did not analyze the 
associations between environment measurements and admissions to clinical depart-
ments. Different clinical departments dealing with different diseases have different 
admission trends and different responses to adverse environmental conditions (Fig 2). 
Regression analysis for total hospital admissions was therefore missing many details 
of such associations.
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Conclusions
In summary, we conducted a retrospective study of daily hospital admission data 
from three regional tertiary pediatric hospitals in Shanghai. In this study, we investi-
gated the effect of multiple calendar factors and environmental conditions on pediat-
ric admissions. The results suggested that calendar factors and adverse environmental 
conditions have an important influence on pediatric admissions. Our work contrib-
utes to the limited knowledge of the factors influencing overall pediatric hospital 
admissions and can help to improve understanding of the short-term trends of pedi-
atric admissions in a mega-city like Shanghai, and can be utilized to guide decision-
making in pediatric hospital management and public health policy.
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