
ENVIRONMENTAL POLLUTION AND ENERGY MANAGEMENT

Impact of PM10 and meteorological factors on the incidence of hand,
foot, and mouth disease in female children in Ningbo, China:
a spatiotemporal and time-series study

Ruixue Huang1
& Huacheng Ning1

& Tianfeng He2
& Guolin Bian2

& Jianan Hu1
& Guozhang Xu2

Received: 21 September 2017 /Accepted: 19 June 2018
# Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Hand, foot, and mouth disease (HFMD) is a viral illness that is considered a critical public health challenge worldwide. Previous
studies have demonstrated that meteorological parameters are significantly related to the incidence of HFMD in children;
however, few studies have focused only on female children. This study quantified the associations of HFMD incidence with
meteorological parameters and PM10 (particulate matter with an aerodynamic diameter of 10 μm) among female children. Data
were collected on daily HFMD cases, meteorological variables, and PM10 levels in Ningbo, China, from January 2012 to
December 2016. Data were assessed using a distributed lag nonlinear model (DLNM) with Poisson distribution. A total of
59,809 female children aged 0−15 years with HFMDwere enrolled. The results showed that highest relative risk (RR) of HFMD
for temperature was 3 °C and the lag effect was 3 days. The highest RR for PM10 was 80 mg/m3 and the lag effect was 5 days.
Spatial analysis showed that female HFMD incidence was mainly concentrated in the suburban of Ningbo city indicating that
female children in this area should be more paid attention on avoiding this disease outbreak. Our findings suggest that HFMD
prevention strategies should focus more attention on local meteorological parameters.
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Background

Hand, foot, and mouth disease (HFMD) is a viral illness
that is considered a critical public health challenge world-
wide (Howard and Vu 2015; AbuBakar et al. 1999;
Dwibedi et al. 2010; Wang et al. 2016a; Wu et al. 2014).
HFMD is caused mainly by infection with coxsackievirus
A16 and enterovirus 71 (Clark et al. 2015; Nassef et al.

2015). These viruses are spread through direct contact with
the mucus, saliva, or feces of an infected person. Most cases
of HFMD in children are not serious, beginning with a mild
fever and then proceeding to a rash of flat discolored spots,
bumps, and blisters on the skin of the hands, feet, mouth,
and sometimes the buttocks and genitalia (Nassef et al.
2015). However, serious neurological and other complica-
tions may occur (Ooi et al. 2010), especially in infants and
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young children (Zhu et al. 2012). Scientists worldwide are
struggling to find effective ways to protect the health of the
younger generations, including the use of novel high-speed
real-time PCR methods to diagnosis adenovirus (Fujimoto
et al. 2010) and investigations into children’s immunity
level to HFMD (Zhang et al. 2017; Du et al. 2016).

Large outbreaks of HFMD have been reported in Asia in
recent years (Gui et al. 2015; Chen et al. 2015; Zha and Ma
2015), especially in China, Japan, and India (Gui et al. 2015;
Chen et al. 2015; Zha and Ma 2015). In China, HFMD was
first reported in the 1980s, and beginning in March 2008, a
single outbreak in Fuyang (Anhui province) resulted in over
25,000 cases and 42 deaths (Zhang et al. 2010). Since then, the
number of cases has increased dramatically. From 2008 to the
end of July 2012, China as a whole reported 1,520,274 HFMD
cases and 431 deaths. In 2013, and 2014, over 4.5 million
cases were identified by China’s national surveillance system.

As of 2010, there were 130 million female children in
China, representing 46.3% of all children in China. The soci-
etal position of female children is strongly associated with
their overall health. Despite the availability of some vaccines
in the Chinese market last year, prevention strategies and early
warning methods are particularly important for governmental
efforts aimed at integrated, large-scale disease control.
According to a report from Zhejiang Province, the average
incidence of HFMD was 172.98 (range 72.61−270.04) per
100,000 individuals (Gui et al. 2015). A study by Hongxiao
Ni conducted in Ningbo from 2008 to 2011 found that 95.6%
of HFMD cases occurred in children under 5 years of age (Ni
et al. 2012).

Studies carried out in several different regions of China
have shown that the incidence of HFMD is sensitive to mete-
orological changes (Guo et al. 2011; Zhu et al. 2015; Liu et al.
2015). For instance, an investigation byYin et al. conducted in
Chengdu found that temperature played an important role in
HFMD incidence, with non-linear and delayed effects (Yin et
al. 2016). Wang et al. also found that HFMD incidence among
children in China was positively associated with meteorolog-
ical parameters, as well as being influenced by overall climate
type (Yin et al. 2016). A study by Liao et al. in Sichuan
Province showed heterogeneous spatial-temporal mapping of
HFMD and found that temperature was the primary risk factor
for infection in wealthier counties (Liao et al. 2016). A study
by Hii et al. showed that the incidence of HFMD was posi-
tively associated with temperature: The incidence of HFMD
increased by 36% per degree above 32 °C (Hii et al. 2011).
Another study conducted in Beijing revealed that the relation-
ship between temperature and HFMD incidence was non-
linear in most age groups (the exception being children aged
6 to 15 years), with a peak at 25 to 27 °C (Xu et al. 2015).

Air pollution, which causes adverse health effects in large
populations, is of increasing concern worldwide. Of particular
concern is particulate matter, such as PM10 (particulate matter

with an aerodynamic diameter of 10 μm). PM10 can enter the
respiratory system and penetrate pulmonary alveoli, through
which it can enter the circulatory system, resulting in serious
health problems. Ye et al. found that PM10 concentrations
were positively associated with the relative risk (RR) of rota-
virus infection, with a 1- to 1.5-day lag (Ye et al. 2016). Souza
et al. found a strong positive association between exposure to
PM10 and hospitalization for pneumonia among children. The
percentage increase in relative risk was 15% to PM10 in lag 0
(Souza 2016). Furthermore, Dr. Wangjian Zhang et al. report-
ed that younger children and those from the Pearl River Delta
region were more sensitive to weather changes and that tem-
perature showed the largest contribution to HFMD epidemics
(Zhang et al. 2016). Spatial pattern is also the concern on the
effect to the incidence of HFMD. A study byWu et al. showed
that HFMD incidence from 2009 to 2015 in Hunan Province
was a spatiotemporal clustering tendency (Wu et al. 2017). Xu
et al. have drawn spatiotemporal risk mapping of HFMD and
found that some cities such as Beijing and Tianjin have higher
incidence than other moderate cities (Xu and Xiao 2017).

We focused our attention on female HFMD incidence since
some recent studies have been indicated that female children
have a higher relative risk (RR) of HFMD in the association
with meteorological changes. Yang et al. reported that the
effects of relative humidity (RH) on female children HFMD
incidence were higher than those of male children (female RR
2.00 vs. male RR 1.55) (Ye et al. 2016). A study byGaihuan et
al. analyzed the risk factors for HFMD death and indicated
that gender was a risk factor and, in particular, female sex with
odds ratio (OR 17.38) was identified as independent risk fac-
tors for death (Souza 2016). However, authors declared that
due to limited studies on the gender risk factor, no plausible
explanation was available for their finding. Based on the pre-
vious reports, we hypothesized that the female children were
more sensitive to the meteorological changes and air pollu-
tion, specifically PM10. Thus, the incidence of respiratory dis-
eases, such as HFMD, in female children would be influenced
by meteorological parameters and air pollutants, specifically
PM10. The goal of this study was to assess the effects of
temperature and PM10 on the incidence of HFMD in female
children in Ningbo. Ningbo is a city on the east coast of China
(see Fig. 1) with a population of 7.81 million as of 2014. The
climate consists of hot summers and cool, wet winters. The
city has seen a disproportionately high incidence of HFMD in
recent years. The first death due to HFMD in Ningbo occurred
in 2009; since then, many severe HFMD cases have occurred
in children, resulting in neurogenic pulmonary edema and
several deaths. We hypothesized that meteorological parame-
ters, including temperature, humidity and wind, may influence
HFMD virus reproduction and concentration. Additionally,
PM10 is typically suspended in the air and persists for a long
period, where it can reflect and absorb ultraviolet rays. This
characteristic has been shown to influence virus reproduction
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and survival, as well as affect meteorological variables. We
investigated the effects of meteorological changes, air pollu-
tion, and spatial characteristics on HFMD incidence in female
children, and our findingsmay lead to appropriate strategies to
decrease the incidence of HFMD in female children.

Methods

Data collection

All data on HFMD cases in Ningbo from January 2012 to
December 2016 were collected by the Ningbo Centre for
Disease Control and Prevention through the National
Notifiable Disease Reporting System. All HFMD cases were
diagnosed by the standards of the Chinese Ministry of Health
(Zhou et al. 2015). Daily data from January 2012 to December
2016 on meteorological variables, including mean tempera-
ture, relative humidity, wind velocity, and PM10 concentra-
tion, were collected from the China Meteorological Data
Sharing Service System founded by the Chinese
Meteorological Bureau.

Data analysis

The statistical analysis was carried out in two steps. First,
descriptive statistics were commenced by displaying the dis-
tribution of meteorological factors, PM10, and HFMD cases.
Additionally, Spearman’s correction test was performed to
explore the relationships between meteorological factors,
PM10, and HFMD. Second, according to our previous study,
there was a lag effect on the incidence of HFMD: The number
of HFMD cases on any given day was shown to be affected by
the meteorological conditions over the past few days. For
sufficient flexibility to describe the additional time dimension
of the exposure-response relationship, a distributed lag

nonlinear model (DLNM) was used in this study.
Furthermore, this model, which has previously been used to
investigate the impact of heat waves on daily mortality and
temperature variation between neighboring days and morbid-
ity (Ban et al. 2017; Phung et al. 2016), was shown to be an
effective model to investigate associations of HFMD inci-
dence with meteorological parameters and PM10. The
DLNM model was generated with R software (R
Development Core Team, Vienna, Austria) and showed non-
linear relationships and delayed time effects simultaneously.

The model is described by the following formula:
Y t∼Poisson μtð Þ log E Yð Þ½ � ¼ αþ ns Tt;l; df

� �þ φpressure
þns PM10t;l; df

� �þ σwindspeed þ ns HMt;l; df
� � þλDOWt

þκStrata where E(Y) refers to the expected daily numbers
for HFMD on a certain day; t is the day of the observation;
α is the model intercept; l is the lag days; Tt,l is the daily
average temperature in Celsius; HMt,l is the daily average
percent ns(RHt, l, df) humidity; PM10t,l is the daily PM10 con-
centration; a natural cubic spline DLNM was used to model
the nonlinear temperature, humidity PM10 association with 5
degrees of freedom (df), and the lagged association using 4 df;
k and j are vectors of coefficients; DOWt is the week param-
eter; and Strata is a categorical variable for the year and cal-
endar month used to control for long-term trends and season-
ality, with 36 strata in total (Xu et al. 2015).

Given that some meteorological factors and HFMD rela-
tionships can be nonlinear and that the association can be
delayed (Huang et al. 2016), and assuming that HFMD has
an incubation period that typically ranges from 3 to 12 days,
the maximum lag was set to 13 days to explore the whole lag
structure of effect. Spline knots were designed for the same
intervals in meteorological variables and PM10 ranges, as well
as in the log scale of lag days. Analyses were conducted using
R software (ver. 3.1.0); the Bdlnm^ package was used to con-
duct stratified analysis (Gasparrini 2011). Spearman’s correla-
tion tests were two-sided. P values less than 0.05 were

Fig. 1 Map of Ningbo City,
Zhejiang Province, China
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considered statistically significant. Corresponding 95% confi-
dence intervals (CI) were used to describe all risk estimates.
Sensitivity analyses were carried out, changing the maximum
lag days for DLNM from 13 to 20 days and the df from 4 to 7.
This study was approved by the Institutional Review Board of
the Ningbo Centre for Disease Control. Data analyses were
de-identified (number 201601).

To illustrate the spatiotemporal characteristics of female
HFMD incidence, meteorological factors, and PM10 levels,
and to investigate the presence of spatial stratified heteroge-
neity in the strata mentioned in this study, we used a geograph-
ical information system (GIS) (Gasparrini 2011)and the spatial
stratified heterogeneity q-statistic (Wang et al. 2016b;Wang et
al. 2010) for analysis. GIS is used to store, display, and ana-
lyze geographically referenced data (locations) (Smith et al.
2017). Spatial stratified heterogeneity, which is available on
the website http://www.geodetector.org/, is a universal driver
of biological diversity and evolution, environmental patterns
and dominance, and inter-regional conflicts and cooperation
(Wang et al. 2011; Wang et al. 2013; Shi et al. 2014; Bo et al.
2014; Huang et al. 2015). Based on the hypothesis that the
philosophy of geographical detector is that variable Y is asso-
ciated with variable X if their spatial distributions tend to be
identical,

q ¼ 1−
∑L

h¼1Nhσ2
h

Nσ2

where σ2 stands for the variance of Y, N stands for the size of
study population of Y (the size of study area or the size of
study human population, for example), and the study pop-
ulation of Y is composed of L strata (h = 1, 2, …, L). The
strata of Y may exist already, may be constructed by classi-
fication, or may be formed by laying Y over X, which con-
sists of strata. q = [0, 1], q = 0 indicates that Y is not a
spatially stratified heterogeneous or that there is no associ-
ation between Y and X; q = 1 indicates that Y is perfectly
spatially stratified heterogeneous or that Y is completely
determined by X; and the value of the q-statistic indicates
the degree of spatial stratified heterogeneity of Y or how
much Y is interpreted by X.

In this study, the female HFMD incidence is represented as
Y, while temperature, wind speed, relative humidity, and PM10

represent risk factors. First, we divided Ningbo City into 2 ×
2-km grids, producing 1003 grids, and then we added the grid
to female HFMD incidence and exacted the incidence from
each grid. Then, we used the formula mentioned above to
calculate the stratified heterogeneity. A portion of the popula-
tion data was drawn from the 2014 statistical yearbook, 2010
census data, and the resident population, while other data were
obtained from villages and towns, streets, government net-
works, or geographical names network mentioned in the
2010 resident population.

Data availability The data used in this study are available from
NingboMunicipal Center for Disease Control and Prevention,
Ningbo, Zhejiang Province, China, but restrictions apply to
the availability of these data, which were used under license
for the current study and are not publicly available. Data are,
however, available from the authors upon reasonable request
and with permission of Ningbo Municipal Center for Disease
Control and Prevention, Ningbo, Zhejiang Province, China.

Results

Study characteristics

Table 1 includes all female HFMD cases from 2012 to 2016
and provides the number of cases by age range. In Ningbo,
this period contained a total of 59,809 HFMD cases, of which
7.06% of patients were aged < 1 year, 52.25% were aged 1–
3 years, 31.63% were aged 3–6 years, and 9.06% were aged
6–15 years. Notably, 99.94% of all confirmed cases occurred
in children under 15 years of age. Female children aged 1–
6 years accounted for 83.88% of all reported female pediatric
cases and should be given special attention.

Table 2 reveals the conditions of meteorological variables
and PM10 levels in Ningbo during the period from January
2012 to December 2016. The daily averages for temperature,
relative humidity, atmospheric pressure, wind speed, and
PM10 were 18.14 °C, 74.07%, 1014.51 hPa, 12.88 m/s, and
94.49 mg/m3, respectively.

Baseline information for Ningbo, meteorological
factors, and female HFMD cases

Figure 1 illustrates the location of Ningbo on a map. Ningbo is
a sub-provincial city in northern Zhejiang Province in China.
This city comprises the urban districts of Ningbo proper, three
satellite cities, and 80 rural counties. According to the 2010
census, Ningbo has a population of 7.6 million, with 3.5 mil-
lion residing in the six urban districts of Ningbo proper.

Figure 2 illustrates the daily distributional trends of HFMD
cases and meteorological variables from 2012 to 2016. The
results indicate significant seasonal variation in the incidence
of female HFMD cases from January 2012 to December 2016
in Ningbo. The incidence of female HFMD cases peaked in
April, June, and July and was lowest in January. This seasonal
variation in female HFMD cases was most significantly relat-
ed to temperature. The daily concentration of PM10 did not
show as much seasonal variation as did the incidence of fe-
male HFMD cases and temperature; however, it can be seen in
Fig. 2 that the PM10 concentration was higher in fall than in
summer. The peak PM10 concentration of 605 mg/m3 was
recorded in December. The daily humidity and wind speed
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were fairly homogenous, without significant peaks during the
period of data collection.

DLNM illustrations

Figure 3 shows a three-dimensional (3D) plot generated to
display the associations among relative risk (RR), temperature
in degrees Celsius, and lag days (n = 13). This plot revealed a
nonlinear relationship between temperature and the incidence
of HFMD, as well as a different lag pattern between temper-
ature and the incidence of HFMD. The incidence of HFMD
was relatively high at low temperatures and highest near 3 °C.

Figure 4 shows the RR of female HFMD cases at different
lag days and temperatures. The highest RR was seen at 3 °C.
At this temperature, the RR of HFMD was high at the 0-day
lag and highest at the 3-day lag, before showing a steady
decrease for 10 days. In contrast, the high temperature
(31 °C) showed the lowest RR.

Figure 5 shows a 3D plot generated to display the associ-
ations among RR, PM10, and lag days (n = 13). This plot
shows a nonlinear relationship between the PM10 concentra-
tion and incidence of HFMD, as well as a different lag pattern
than that between temperature and the incidence of HFMD.
When the PM10 concentration was 35 mg/m3, the highest RR
for the incidence of female HFMD cases was observed at a lag
5 of days.

Figure 6 presents the RR of female HFMD cases by PM10

concentration at specific lag days (0, 3, 7 days). The highest
PM10 concentration, approximately 80 mg/m3, showed a high
risk relative to female HFMD cases on the fifth lag day.

Spatiotemporal pattern

Table 3 presents significant spatial stratified heterogeneity in
the risk factors analyzed, including average temperature, av-
erage wind speed, relative humidity, and PM10 level. The spa-
tial stratified heterogeneity of relative humidity was largest
(q = 0.2977), indicating that the influence of this risk factor
was greater than that of the other three risk factors on female
HFMD.

Figure 7 shows the spatiotemporal pattern of the incidence
of female HFMD, temperature, wind speed, relative humidity,
and PM10 level in Ningbo for 2014. A high female HFMD
incidence was mainly concentrated in the suburban areas,
while the female HFMD incidence was smaller in the city
center and tended to decrease in the outer suburbs. The yearly
average temperature in the eastern and southern urban areas
was higher than in other areas, while the yearly average wind
speed was lower in the center and eastern urban region. In the
urban west region, the yearly average level of PM10 was
higher than in the eastern and south-eastern portion of the city.

Discussion

In this study, we conducted a DLNM analysis to investigate
the effects of meteorological variables and PM10 levels on the
incidence of HFMD among female children in the city of
Ningbo. After controlling for confounders, the outcomes
displayed nonlinear relationships. The results showed that
the highest relative risk (RR) of HFMD for temperature was
3 °C and the lag effect was 3 days. The highest RR for PM10

was 80 mg/m3 and the lag effect was 5 days. Spatial analysis
showed that female HFMD incidence was mainly concentrat-
ed in the suburban of Ningbo city. Our study conducted to
provide some baseline information for further takingmeasures
or strategies to reduce the incidence HFMD in female children
or help official institutes to control HFMD outbreaks among
female children. Here, although many researchers have indi-
cated that the case number of male children is even more than
that of the female ones (Huang et al. 2018), in this study, we
focused our attention on the female children based on the
following considerations. First, some previous studies have
reported that female children were more sensitive to HFMD
with meteorological changes. Yang et al. reported that the
effects of relative humidity (RH) on female children HFMD
incidence were higher than those of male children (female RR
2.00 vs. male RR 1.55) (Ye et al. 2016). A study byGaihuan et
al. analyzed the risk factors for HFMD death and indicated
that gender was risk factor and, in particular, female sex with
odds ratio (OR 17.38) was identified as independent risk fac-
tors for death (Souza 2016). Second, in China, as well as in
some other developing countries, due to the traditional pref-
erence for boys, female children are usually neglected, in

Table 1 Demographic characteristics of all female HFMD cases in
Ningbo, 2012–2016

Variables Ningbo

Total 59,809

Age

0–1 years 4222(7.06%)

1–3 years 31,250 (52.25%)

3–6 years 12,362 (31.63%)

6–15 years 1894 (9.0%)

> 15 years 36 (0.06%)

Table 2 Meteorological variables and PM10 in Ningbo, 2012–2016

Mean ± SD Min. Median Max.

Temp (°C) 18.14 ± 9.82 − 0.2 18.95 35.4

Relative humidity 74.07 ± 10.14 22 74 90

Atmospheric pressure 1014.51 ± 8.07 986.12 1014.51 1042.25

Wind speed 12.88 ± 6.12 2 12 66

PM10 92.49 ± 50.11 11 89 621
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particular, in the rural areas. Our study results showed that
female children in the rural Ningbo areas have a higher RR
of HFMDmentioning their parents or researchers to pay more
attention on prevent female children from HFMD damage.

In recent years, HFMD has become well-known for caus-
ing severe complications in infants and children, including
pulmonary edema, myocarditis, or even death (Aswathyraj
et al. 2016). Epidemiological data indicate that the incidence

Fig. 2 Daily distribution of hand, foot, and mouth disease (HFMD) incidence andmean temperature, humidity, wind speed, and PM10 (particulate matter
with an aerodynamic diameter 10 μm) level in Ningbo, 2012–2016

Fig. 3 Three-dimensional (3D)
plot generated to display the
associations among relative risk
(RR), temperature in degrees
Celsius, and lag days (n = 13)
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of HFMD continues to increase in Ningbo, which presents a
great challenge. In particular, these outbreaks of HFMD are
occurring with increasing frequency among children (Ni et al.
2012). Lin Zhu reported a relationship between HFMD and
temperature in 17 cities in China (Zhu et al. 2016). In addition,
a study by Xu et al. suggested that differences in temperature
between neighboring days, and by diurnal temperature, may
impact the incidence of HFMD among children in Huainan
Province, China (Xu et al. 2016). Zhu et al. showed that the
effect of temperature on HFMD incidence was significant and
that impact patterns change according to geography (Zhu et al.
2015). Xu et al. applied DLNM analysis and reported a

nonlinear association between ambient temperature and
HFMD (Xu et al. 2015); his outcomes also showed a positive
relationship between temperature and the incidence of HFMD
cases in female children, and our study generated similar re-
sults. A study by Jinju Wu also showed that females were
more vulnerable to temperature increases (Wu et al. 2016).
Kim et al. used a generalized additive model and found that
when the temperature increased by 1°, the HFMD rate in-
creased by 10.3% (Kim et al. 2016), and Jiang et al. used
Spearman’s rank correlation analysis to show that HFMD in-
cidence was also positively correlated with temperature (Jiang
et al. 2016). Thus, different statistical models have all

Fig. 4 The RR of female HFMD
cases at different lag days and
temperatures

Fig. 5 Three-dimensional plot
generated to display the
associations among RR, PM10,
and lag days (n = 13)
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demonstrated that temperature contributes to the incidence of
HFMD. We chose to apply DLNM analysis because it pro-
duces a detailed representation of nonlinear exposure–re-
sponse relationships while avoiding the co-linearity issues
among lagging exposure variables that occur in other models.
Our female-specific analyses indicated that there existed asso-
ciations between high temperatures and the incidence of
HFMD; however, besides this, a high RR of female HFMD
incidence was associated with low temperatures as well. The
incidence of HFMD cases was relatively high at low temper-
atures, and it was highest near 3 °C. Thus, our results differ
from those of some previous studies, and the reason for the
higher RR observed at lower temperatures may be explained
as follows. First, Ningbo is a coastal city, with a different
location compared to previous studies regarding female
HFMD, such as Beijing and Hefei. Thus, different locations
may show different meteorological patterns. Second, the city
of Ningbo is located in the mid-latitudes in the monsoon re-
gion, and the climate is cool and wet in winter but hot and

rainy in summer. According to some previous studies, high
humidity has a positive effect on HFMD incidence (Yang et al.
2017; Wu et al. 2016; Onozuka and Hashizume 2011), as the
HFMD virus can aerosolize more easily in low temperatures
with high humidity. Indeed, the HFMD virus can survive for
an extended period as an aerosol. Thus, increased viral repli-
cation facilitates the spread of HFMD throughout the popula-
tion such that the odds of infection increase dramatically. For
these reasons, we believe that the higher relative risk of infec-
tion in winter in Ningbo, compared to summer, may be due to
the high humidity present in winter. However, further studies
involving other female HFMD cases in other cities or counties
should be carried out to verify the effect of temperature on this
disease. Furthermore, children spend much time studying in
classrooms. Due to the rapid increase in the child population,
the available classroom space for children is insufficient; as
this phenomenon of Bshort supply^ continues to intensify,
increasing numbers of classrooms will be crammed with chil-
dren. As a result, these conditions may increase the infection
opportunity of HFMD; particularly if some schools keep the
doors and windows closed during cold periods, the spread of
HFMD could become more rapid. Thus, these conditions in-
crease the risk of infection due to both proximity and lack of
air flow. Furthermore, lab experiments have shown that en-
teroviruses thrive in wet environments. Ningbo, as a coastal
city, has a high number of precipitation days and high humid-
ity, especially in the spring, which may exacerbate HFMD

Fig. 6 The RR of female HFMD
cases by PM10 concentration at
specific lag days (0, 3, 7 days)

Table 3 The result of q-statistic

Temperature Wind speed Humidity PM10

q-statistic 0.1647 0.1875 0.2977 0.2142

P value 0.00 0.00 0.00 0.00
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epidemics. There is also increased haze during cold seasons
due to low-pressure systems, and evidence has shown that
haze can collect bacteria and viruses in the air, leading to
human infections as a result of inhaling the haze. In con-
trast, Kim et al. used a generalized additive model and
found that when the temperature increased by 1°, the
HFMD rate increased by 10.3% (Kim et al. 2016), and
Jiang et al. used Spearman’s rank correlation analysis to
show that HFMD incidence was also positively correlated
with temperature (Jiang et al. 2016). Thus, different statis-
tical models have all demonstrated that temperature con-
tributes to the incidence of HFMD. We chose to apply
DLNM analysis because it produces a detailed representa-
tion of nonlinear exposure–response relationships while
avoiding the co-linearity issues among lagging exposure
variables that occur in other models.

The influence of other meteorological factors upon the in-
cidence of HFMD has been shown by numerous studies. For

instance, Wang et al. investigated the spatial dynamic patterns
of HFMD disease in China and found that HFMD was spa-
tially dispersed across China (Wang et al. 2013; Wang et al.
2011; Hu et al. 2012). Liao assessed the association between
weekly HFMD cases and meteorological data on different
temporal and spatial scales in Shandong Province from May
2008 to July 2008 and September 2008 to October 2008 (Liao
et al. 2015). These studies have contributed to understanding
the mechanisms of HFMD incidence from the perspectives of
physiologic and demographic determinants. Our results,
showing that the city of Ningbo in eastern China had a higher
incidence of HFMD during 2012–2014 and that this incidence
was influenced by meteorological factors, support these pre-
vious findings. According to our analysis of spatial stratified
heterogeneity q-statistics, one meteorological factor, relative
humidity, was found to have significant stratified heterogene-
ity (q = 0.2977, p = 0.00) as well as the highest influence on
female HFMD incidence among all of the risk factors

Fig. 7 spatiotemporal pattern of
incidence of female HFMD,
temperature, wind speed, relative
humidity, and PM10 in 2014,
Ningbo City
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investigated. Indeed, a study by Yang et al. indicated that the
effect of relative humidity on childhood HFMD increased
above a humidity of 84%, with a 0.34% (95% CI 0.23–
0.45%) increase of childhood HFMD per 1% increment of
relative humidity (Yang et al. 2017). As a coastal city,
Ningbo experiences high humidity throughout the year, with
an average humidity of approximately 73.17%. Humidity ben-
efits viral survival and spread, and changes in humidity should
be considered important for the development of HFMD con-
trol programs. Together, our findings may contribute to gov-
ernment efforts aimed at effective preventive strategies to con-
trol HFMD outbreaks in various seasons and areas with dif-
ferent meteorological factors.

Few studies have investigated the effects of PM10 concen-
tration on HFMD incidence. It is interesting to note that while
PM10 was positively associated with HFMD incidence in fe-
male children, the RR peaked at a 6-day lag with the PM10

level at 90 mg/m3. These results may be due to increasing
industrial activities in recent years, which may have increased
the level of air pollution. At this point, there is more than
sufficient evidence for a relationship between air pollution
and respiratory diseases. In recent years, studies on the rela-
tionships between PM10 and various diseases have increased
markedly. One study showed positive and significant coeffi-
cients for PM10 during periods when asthma medication was
administered to school children (Gordian and Choudhury
2003). PM10 has also demonstrated an adverse effect on the
pulmonary function of normal children (Kim et al. 2005).
Reyes-Zarate et al. found that PM10 was a risk factor for the
development of lung cancer (Reyes-Zarate et al. 2016), and a
study in Australia found that geogenic PM10 exposure in-
creased inflammation, impaired lung function, and increased
viral load, thereby exacerbating the response to respiratory
viral infection (Smith et al. 2006). Another study reported that
PM10 seems to play an important role in the transmission of Q
fever from infected animals to humans. It has also been shown
that more severe respiratory symptoms, including cough,
phlegm, and dyspnea, can be caused by air pollution.
Indeed, in the presence of air pollution, including PM10, the
entire respiratory system remains under attack. Thus, it can be
inferred that with greater damage to the respiratory system, the
risk of infection with pathogens such as HFMD increases.
Female children living in developing countries are the most
vulnerable population in terms of total deaths attributable to
indoor and outdoor air pollution because their bodies are im-
mature and their organs are more sensitive to air pollution.
Thus, protective strategies against HFMD in children should
be immediately implemented in China, and the association
between ambient air pollution and the incidence of HFMD
warrants further investigation.

Several limitations of this study should be acknowledged.
First, we considered only certain meteorological variables and
PM10. Other major risk factors for HFMD include season,

urban or suburban living, aggregated ultraviolet radiation, so-
cioeconomic status, and environmental PM2.5, and these fac-
tors should be considered or adjusted for in future studies.
Second, the data in our study were fixed environmental data
rather than individual exposure data, which may have led to
measurement error. Third, because this study covered only a
single city, the results may not be applicable to other cities
with different climates.

In conclusion, our study revealed a nonlinear relationship
between temperature, PM10 levels, and the incidence of
HFMD among female children in a coastal city in China.
Although the complexity of HFMD incidence cannot be fully
explained by weather or air pollution, our results provide new
quantitative evidence for the influence of weather factors and
air pollution on HFMD infections in female children. Further
studies are required to investigate the mechanism underlying
the effect of climate and ambient air pollution on the incidence
of HFMD in children.
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