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Abstract

Background: Hand, foot, and mouth disease (HFMD) has become an emerging infectious disease in China in
the last decade. There has been evidence that meteorological factors can influence the HFMD incidence, and
understanding the mechanisms can help prevent and control HFMD.

Methods: HFMD incidence data and meteorological data in Minhang District, Shanghai were obtained for the
period between 2009 and 2015. Distributed lag non-linear models (DLNMs) were utilized to investigate the
impact of meteorological factors on HFMD incidence after adjusting for potential confounders of long time
trend, weekdays and holidays.

Results: There was a non-linear relationship between temperature and HFMD incidence, the RR of 5th percentile
compared to the median is 0.836 (95% Cl: 0.671-1.042) and the RR of 95th percentile is 2.225 (95% Cl. 1.774-
2.792), and the effect of temperature varied across age groups. HFMD incidence increased with increasing
average relative humidity (%) (RR=1.009, 95% CI: 1.005-1.015) and wind speed (m/s) (RR=1.197, 95% CI: 1.118-1.282),
and with decreasing daily rainfall (mm) (RR=0.992, 95% Cl- 0.987-0.997) and sunshine hours (h) (RR=0.966,
95% (. 0.951-0.980).

Conclusions: There were significant relationships between meteorological factors and childhood HFMD incidence in
Minhang District, Shanghai. This information can help local health agencies develop strategies for the control and
prevention of HFMD under specific climatic conditions.
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Background

Hand, foot, and mouth disease (HFMD), a human syn-
drome caused by highly contagious enteroviruses, was
first discovered in New Zealand in 1957 [1]. Since then,
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HFMD has become an endemic disease in many coun-
tries. However, it had been neglected in the Asia-Pacific
Region for a long time until its continuous outbreaks in
countries and regions such as Malaysia, Taiwan of China,
Singapore, Japan, Australia and Republic of Korea at the
end of the twentieth century [2-6].

As for China, the first HFMD case was reported in
Shanghai in the 1980s [7], but it did not attract public
attention until two major outbreaks in 2007 and 2008.
In 2007, a HFMD outbreak in Linyi City, Shandong
Province led to 1149 cases with three fatalities [8], and
another more severe outbreak in Fuyang City, Anhui
Province in 2008 resulted in 6049 cases with 20 deaths
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[9]. A national system to monitor HFMD has been set
up since May 2008 [10], and HFMD has become one of
the major infectious diseases in the country with an inci-
dence of approximately 1.2 per 1000 person-years and is
responsible for a total of 500—900 deaths annually.

As an infectious disease, HFMD can be transmitted
through 1) close personal contact, 2) contact with con-
taminated objects and surfaces, 3) respiratory pathway
and 4) fecal-oral pathway (https://www.cdc.gov/hand-
foot-mouth/about/transmission.html). Meteorological fac-
tors can affect all the transmission channels as well as the
survival of enteroviruses in vitro [11, 12]. However, exist-
ing studies have shown inconsistent results for the rela-
tionships between meteorological factors and HFMD
incidence. For instance, a study in Guangzhou showed an
approximately linear relationship between temperature
and weekly HEMD cases, the weekly HFMD cases
increased with weekly average temperature [13], while
studies from other areas such as Singapore and Japan
[14, 15] revealed non-linear associations in which the
relationship varied within the lag range. There are
several possible reasons for the discrepancies. First,
different modelling schemes (e.g. the statistical model
chosen, covariates incorporated in the model) in dif-
ferent studies might lead to different statistical infer-
ence results. Second, types of data were different, for
example, some studies used daily-based data while
others were based on weekly data. Third, region-
specific characteristics such as socio-economic factors
might result in different behaviors or living environ-
ments under similar climatic conditions, which could
modify the effects of meteorological factors on HFMD
incidence. As a result, more studies conducted in dif-
ferent areas of the Asia-Pacific region are needed to
specify the region-specific effects of meteorological
factors on HFMD incidence [10].

Distributed lag non-linear models (DLNMs) were used
in the current study to quantify the effects of meteoro-
logical factors on HFMD incidence in Minhang District,
Shanghai due to its flexibility in modelling exposure-
response relationship. The objective of the study was to
provide more information to health agencies and policy
makers for the planning of HFMD control and preven-
tion measures.

Methods

Study site

Minhang District is a suburban district of Shanghai with a
land area of 372 km?® and a population of approximately 2
429000 (https://en.wikipedia.org/wiki/Minhang_District).
It has a mild subtropical climate with four distinctive sea-
sons: spring (March to May), summer (June to August),
autumn (September to November) and winter (December
to February). The seasonal pattern is suited for exploring
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the relationship between meteorological factors and
HFMD incidence via time series analysis [16].

Data sources

An individual-based surveillance database including
patient’s gender, age and other personal information was
obtained from the Minhang District Center for Disease
Control and Prevention (CDC) in Shanghai. As over 99%
(51 776/52 132) of the patients were younger than 15 years
old, the analyses were restricted to those aged less than
15 years. Daily meteorological data from 1st January 2009
to 31st December 2015 were obtained from the Shanghai
Meteorological Service including temperature, relative
humidity, rainfall, wind speed and sunshine hours
(https://en.wikipedia.org/wiki/Sunshine_duration).

Data preprocessing

Daily HEMD incidence was calculated and matched with
meteorological data of the same day. Indicator variables
of weekday and holiday on each day during the study
period were also created. Holidays included national hol-
idays as well as summer and winter vacations for pupils.

Statistical analysis

Distributed lag non-linear models (DLNMs) were fitted
to detect the relationships between daily count of
HFMD cases and meteorological factors [17, 18]. Daily
counts of HFMD cases were assumed to have a negative
binomial distribution to account for over-dispersion
[15]. Daily average temperature was incorporated in the
model in the form of a “cross-basis” to account for a
possible complex relationship between temperature and
HFMD incidence [11, 14]. The cross-basis contains two
elements: the natural cubic spline of the non-linear
exposure-response relationship and the natural cubic
spline of the lag-response relationship. Given that it
takes approximately 1 to 7 days from exposure to symp-
tom and diagnosis of HFMD [19], the start lag may be
chosen from 1 to 4 days in that a start lag larger than
four may underestimate the effect of temperature.
According to sensitivity analyses, the start lag was set to
four to minimize Akaike Information Criteria (AIC), the
result was shown in Additional file 2. Other meteoro-
logical variables including relative humidity, wind speed,
rainfall and sunshine hours are more likely to have rela-
tionships with HFMD incidence in a linear fashion in
China [12], and therefore were included in the model as
exponential moving averages within the same lag range
as temperature’s.

Furthermore, natural cubic splines of calendar time
were included in the models to control for long-term
trends and seasonality of HFMD incidence. Indicator
variables of weekdays and holidays were also incorpo-
rated in the models. The model is formulated as follows.
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EY,) =,
log(u,) = By + cb(Temperature, df |, lag, df ,)

+EMAs(Meteorological) + ns(t, df 5)

“Hactor(weekday) + factor(holiday)

In the formula, Y; means the daily count of HFMD
cases on day t, p, denotes the expectation of Y, Sy
stands for the intercept, cb() is the cross-basis, EMA()
means the exponential moving average, ns() represents
the natural spline, and factor() denotes the indicator var-
iables. There are three parameters in the model need to
be specified, 2 degrees of freedom (df) for the tempera-
ture’s cross-basis (df; and df;) and 1 degree of freedom
for time’s natural spline (df;). The df for exposure-
response relationships (df;) was set to five according
similar studies in China [12, 20]. For a total lag of
11 days, a df that ranges from 3 to 5 can capture the
complexity of the lag structure [12], and df; was eventu-
ally set to three to minimize AIC. The df for time’s nat-
ural spline in previous time series studies about chronic
health outcomes were usually set to seven [21]. However,
HFMD’s time series was more changeable than chronic
disease and the degree of freedom could be larger.
Therefore, the df; for time’s natural spline was set to
eight in this study.

The overall exposure-lag-response relationship be-
tween temperature and HFMD from lag 4 to lag 14 was
specified by comparing to the median of temperature
(18.5 °C), and cumulative relative risks of temperature
on HEMD were obtained by summing up temperature’s
contribution during the lag range (4-14th day). Relative
risks on HFMD by temperature at specific lags (4, 7, 10
and 14 days) and by lag at 5th, 25th, 75th and 95th per-
centile of temperature distribution were also calculated
to present the detailed effects of specific temperature at
specific lags. Besides, the effects of meteorological vari-
ables other than temperature were presented by regres-
sion coefficient estimates of their corresponding
exponential moving averages.
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Stratified analyses were also conducted by gender and
age groups (< 3 years: usually cared at home; 45 years:
usually cared in nurseries; 6-14 years: usually attend
schools). Children <3 years were further divided into
two groups (< 1 and 2-3 years) due to the difference in
daily activities regardless of care type [20].

All the analyses were performed with R 3.3.1 using the
dlnm and TTR package (R Core Team, 2016).

Results

Descriptive analysis

A total of 51776 HFEMD cases under 15 years old were
recorded in Minhang District, Shanghai from 1st January
2009 to 31st December 2015, of which 31 537 were male
and 20 239 were female (male-to-female ratio: 1.56). The
overall mean age was 3.05 years, 7.22% (3738/51 776) of
the patients aged less than 1 year, 48.95% (25 344/51
776) of those aged 2-3 years, 37.17% (19 244/51 776) of
those aged 4-5 years, and 6.66% (3450/51 776) of those
aged 6-14 years. Home-cared children accounted for
60.90% (31 533) while nursery school children took up
34.79% (18014), and only 2229 patients (4.31%) were
students.

The descriptive statistics for daily HFMD cases and
meteorological factors are presented in Table 1. The
variance of daily HFMD case count was larger than its
average indicating a non-Poisson distribution. Average
temperature and average relative humidity were approxi-
mately normally distributed while daily rainfall, average
wind speed and sunshine hours showed positive skewed
distributions.

Figure 1 implicitly displays the time series of daily
HEMD case count and variations of meteorological fac-
tors during the study period. There was a seasonal pat-
tern for daily HFMD case count in Minhang District,
Shanghai with 1 or 2 peaks each year. A major peak
often occurred in late spring and summer (May-July),
and a minor peak might occur in autumn or winter
(November—February). The average temperature also
had a seasonal pattern, and its peak tended to be earlier
than the epidemics of HFMD. There was no explicit

Table 1 Descriptive summary for HFMD cases and meteorological factors in Minhang District, Shanghai, 2009-2015

Variables Mean  SD Min 5" Percentile 257 Percentile  Median 75" Percentile 95" Percentile  Max
HFMD incidence
Daily count 20.3 16.1 0 2 9 16 27 53 106
Daily meteorological variables
Average temperature (°C) 17.3 89 -31 29 9.3 18.5 24.5 304 351
Average relative humidity (%) 702 124 21 48 62 71 79 89 97
Daily rainfall (mm) 36 109 0 0 0 0 14 20.7 195.5
Average wind speed (m/s) 1.8 06 03 0.9 14 17 2.2 29 59
Sunshine hours (h) 52 4.1 0 0 03 5.7 8.7 1.3 163
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Fig. 1 Time-series of hand, foot, and mouth disease (HFMD) and the variations of meteorological variables, 2009-2015
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seasonal pattern in the time series of other meteoro-
logical variables. In addition, the time series of EMAs
for meteorological variables are provided in
Additional file 3.

DLNM results

Figure 2 is a 3-D plot that depicts the overall exposure-
lag-response relationship between temperature and
HFMD incidence during the lag range (4th to 14th day).
The RRs were calculated with the median of daily
average temperature (18.5 °C) as a reference (RR=1 at
18.5 °C) [22]. The relationship between temperature and
HFMD incidence was non-linear, which will be more in-
tuitive after split into slices below.

Figure 3 shows the cumulative relative risks at differ-
ent levels of temperature which were calculated by sum-
ming up the contribution of temperature during the lag
range (from 4th to 14th day). The cumulative relative
risk of HFMD incidence reached the peak at the daily
average temperature of 28 °C (95% CI: 1.78-2.67). Under
the temperature of 28 °C, the cumulative relative risk
increased with daily average temperature from the mini-
mum to about 2 °C, and then there was little variation in
the cumulative relative risk of HFMD from 3 °C to
18.5 °C (5th to 50th percentile). After that, the cumu-
lative relative risk increased with temperature until it
reached 28 °C. Above the temperature of 28 °C, the

cumulative relative risk decreased with daily average
temperature.

Figure 4 shows the relative risks for HFMD incidence by
daily average temperature at specific lags (4, 7, 10 and
14 days) and by lag at 5th, 25th, 75th and 95th percentile
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Fig. 2 Three-dimensional plot of relative risks (RRs) along temperature

and lags, 185 °C as reference
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Fig. 3 The cumulative relative risks (RRs) of temperature on HFMD, 18.5 °C as reference

of temperature distribution. At the lag of 4 days, the rela-
tive risks were larger than 1 when the temperature was
between 2 and 11 °C or higher than 185 °C, and
otherwise the relative risks were not statistically dif-
ferent from one. At the lag of 7 days, the relative
risks were lower than 1 when the temperature was
below 18.5 °C, it showed a platform when the
temperature was between 8 and 15 °C, and the rela-
tive risks increased with the temperature when it was
between 185 and 28 °C while decreased with the
temperature after it exceeded 28 °C. At the lag of
10 days, 28 °C was a turning point, the relative risks
increased with temperature before 28 °C and de-
creased thereafter. At the lag of 14 days, the relative
risks were larger than 1 only when the temperature
was between 2 and 13 °C. The lower part of Fig. 4
depicts relative risks by lag at 5th, 25th, 75th and
95th percentile of temperature distribution. The rela-
tive risks of temperature between 5th and 25th per-
centile were larger than 1 at the beginning (the lag of

4 days) and end (the lag of 14 days) of the lag range
respectively, while the relative risks of temperature
between 75th and 95th percentile decreased along
lags and became not significantly different from one
at the end of the lag range.

Figure 5 depicts the cumulative relative risks associ-
ated with temperature stratified by gender and age. The
association was similar for males and females except that
the maximum of cumulative relative risk was slightly lar-
ger for females. For age group <1 year, the cumulative
relative risks were slightly larger than 1 when the
temperature was between 22 and 30.5 °C, and were not
significantly different from one otherwise. For age group
2-3 vyears, the pattern was similar to that of all age
groups combined. For age group 4-5 years, there were
two peaks for the cumulative relative risk: 3—13 °C and
18.5-32.5 °C. For the age group 6-14 years, the pattern
was totally different from the others.

Table 2 shows the relationship between other meteoro-
logical factors and HFMD incidence. Average relative
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Fig. 4 The relative risks (RRs) at specific lags and temperature values, 18.5 °C as reference. Legend of Fig. 4: The upper row of Fig. 4 shows the
relative risks (RRs) by temperature at specific lags, and the lower row shows the relative risks (RRs) by lag at 5th, 25th, 75th and 95th percentile of
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humidity and average wind speed were positively, and
daily rainfall and sunshine hours were negatively associ-
ated with HFMD incidence. When stratified by gen-
der, average relative humidity and average wind speed
were positively, and daily rainfall and sunshine hours
were negatively associated with HFMD incidence in
males; in females, average wind speed was positively,
and daily number of sunshine hours was negatively
associated with HFMD incidence. For children <1 year
old, none of the meteorological variable showed sta-
tistically significant impact on HFMD incidence; for
children aged 2-3 vyears, average relative humidity
and average wind speed had positive effect on HFMD
incidence while sunshine hours had negative effect.
For children aged 4-5 years, average relative humidity
and average wind speed had positive effects on
HFMD incidence and for children aged 6-14 vyears,
daily rainfall had negative effect on HFMD incidence.
Besides, the estimations of natural spline for time,

indicator variables of weekdays and holiday can be
found in Additional file 4.

Discussion

This study explored the quantitative relationship be-
tween meteorological factors and HFMD incidence in
Minhang District, Shanghai between 2009 and 2015. The
relationship between temperature and HEMD incidence
was nonlinear after adjusting for seasonality, long-term
trend and other potential confounders, and it varied
across age groups. Average relative humidity and average
wind speed showed positive associations, while daily
rainfall and sunshine hours showed negative associations
with HFMD incidence.

The non-linear relationship between temperature
and HFMD incidence has also been found in other
studies in China including Hong Kong, Chengdu and
Beijing [11, 20, 23], but the pattern in this study is
different from those of the three studies mentioned.
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Table 2 The coefficient estimates of exponential moving averages of meteorological variables
Variables Estimate Standard Error RR 95% CI
Total
Average relative humidity 0.0098 0.0025 1.009 (1.005, 1.015)
Daily rainfall —0.0076 0.0026 0.992 (0.987, 0.997)
Average wind speed 0.18 0.035 1.197 (1.118, 1.282)
Sunshine hours -0.035 0.0078 0.966 (0.951, 0.980)
Male
Average relative humidity 0.013 0.0029 1.013 (1.007, 1.019)
Daily rainfall —0.0091 0.0030 0.991 (0.985, 0.997)
Average wind speed 0.16 0.040 1174 (1.085, 1.269)
Sunshine hours -0.029 0.0092 0.971 (0.954, 0.989)
Female
Average relative humidity 0.0044 0.0034 1.004 (0.998, 1.011)
Daily rainfall —-0.0047 0.0035 0.995 (0.989, 1.002)
Average wind speed 0.18 0.047 1.197 (1.092, 1.313)
Sunshine hours —0.041 0.011 0.960 (0.939, 0.981)
<1 year
Average relative humidity 0.0096 0.0067 1.010 (0.996, 1.023)
Daily rainfall -0.010 0.0064 0.990 (0.978, 1.003)
Average wind speed 0.12 0.091 1127 (0.943, 1.348)
Sunshine hours -0.029 0.021 0.971 (0.932,1.012)
2-3 years
Average relative humidity 0.0082 0.0030 1.008 (1.002, 1.014)
Daily rainfall -0.0059 0.0031 0.994 (0.988, 1.000)
Average wind speed 0.20 0.042 1.221 (1.125,1.326)
Sunshine hours —0.045 0.0095 0.956 (0.938, 0.974)
4-5 years
Average relative humidity 0014 0.0036 1014 (1.007, 1.021)
Daily rainfall —-0.0064 0.0037 0.994 (0.986, 1.001)
Average wind speed 0.12 0.050 1.127 (1.022, 1.244)
Sunshine hours -0.018 0.011 0.982 (0.961, 1.004)
6-14 years
Average relative humidity 0.0097 0.0073 1.010 (0.995, 1.024)
Daily rainfall -0.017 0.0074 0.983 (0.969, 0.998)
Average wind speed 0.14 0.10 1.150 (0.946, 1.399)
Sunshine hours 0.014 0.023 1.014 (0.969, 1.061)

There are several possible explanations for the ob-
served relationship in this study. Low temperature
(lower than 2.2 °C) may not favor the survival of
pathogens and personal close contacts, which may hinder
the transmission of HFMD [24, 25]. Activities of enterovi-
ruses and frequency of close contacts were similar when
the temperature was between 2.2 and 18.5 °C which might
lead to a platform of cumulative relative risks. Higher
temperature (between 18.5 and 28 °C) may favor the sur-
vival of enteroviruses, outdoor activities and close contacts

for children, but when the temperature exceeded 28 °C,
outdoor activities tended to be less frequent and
temperature-sensitive enteroviruses may be less active [12].

The slices of the 3-D plot (see the first row of Fig. 4)
illustrated that the relative risks were larger than 1 when
the temperature was between 2 and 11 °C at the begin-
ning of the lag range (the lag of 4 days). There might be
two reasons for this phenomenon: first, enteroviruses
might keep active for about 4 days within this
temperature range; second, the indoor ventilation might
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not as good within this temperature range which may
also facilitate the transmission of HFMD [26]. The slices
of the 3-D plot (see Fig. 4) also illustrated that the rela-
tive risks were larger than 1 when the temperature was
between 4 and 10 °C at the end of the lag range (the lag
of 14 days), which might be attributed to “harvesting”
[27]. The susceptible population can shrink at the early
stage of the lag range for temperature higher than
18.5 °C, which may cause the risk of HFMD for high
temperature become smaller compared to the risk for
low temperature at the final stage of the lag range.

Average relative humidity was positively associated
with HFMD incidence, which is consistent with the re-
sults from studies conducted in Japan and some areas of
China [13, 15, 28, 29]. Humid environment is postulated
to favor the attachment of enteroviruses on airborne
droplets, which may promote the transmission of
HEMD. Enteroviruses also survive longer on the surface
of airborne droplets in more humid environment [30].
Daily rainfall had a negative impact on HFMD incidence,
which is not in line with the results of another study in
China [14, 31]. It was assumed that the pollution of
ground water facilitates the transmission of HFMD in
that study, while children living in Shanghai are assumed
to have a sanitary environment that may protect them
from the pollution of ground water. On the contrary,
rainfall can flush the airborne droplets which tackles the
respiratory pathway of HFMD transmission. Wind speed
was positively associated with HFMD incidence, and it is
biologically plausible because the transmission is
assumed to attribute more to respiratory droplet than
the fecal-oral route in developed areas due to better per-
sonal hygiene and sanitation facilities [32]. Faster wind
speed promotes the respiratory pathway of HFMD,
which is in line with a previous study conducted in
Hong Kong [33] and Beijing [34]. Sunshine hours were
negatively related to HFMD incidence likely because en-
teroviruses can be inactivated by UV radiation [35]. As a
result, periods with increasing average relative humidity
and wind speed, and decreasing daily rainfall and sun-
shine hours are noteworthy.

There are some important findings in the stratified
analyses. The cumulative risk of 28 °C was slightly larger
for females than males but there were more male cases
which was also found in Beijing [20]. This result indi-
cated that there were other risk factors for males. Boys
are usually more physically active than girls, which may
increase the probability of HEFMD transmission via close
contact. Furthermore, there may be gender-related dif-
ference in HFMD susceptibility, which needs further
exploration. The phenomenon indicates that maybe
more attentions should be paid to boys due to their sus-
ceptibility to the disease. Children <1 year were less
influenced by meteorological factors, which might result
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from the protection of maternal antibodies [36]. Besides,
these children are usually cared at home, this certain
pattern of care may protect them from getting infected
via close personal contact. For children aged between 2
and 3 years, the pattern of the temperature and HFMD
association was similar to that of all age groups com-
bined. For children aged between 4 and 5 vyears, the
pattern of the temperature and HFMD association was
in a “M” shape, i.e., the risk was relatively high for the
temperature between 3 and 13 °C. The potential explan-
ation might be that the indoor ventilation in nurseries
(for most children at the age range) is inadequate within
this temperature range which promotes the transmission
of HEMD via respiratory pathway [26]. For children aged
between 6 and 14 years, the association pattern was very
different from those of other age groups, the risk of
HFMD was highest within lowest temperature range
though the risk was not statistically significant due to
the wide confidence interval. The possible explanation is
that the small sample size for this age group could be
strongly influenced by outliers (e.g., four cases were
reported on a day with a daily average temperature —
0.8 °C while the average daily incidence for 18.5 °C is
0.67). Besides, the excessively wide confidence interval
could also be attributed to the sparseness of cases in this
age group.

Due to the discrepancies of patterns of HFMD risk
across different age groups, specific interventions should
be applied to different age groups by local caregivers and
health agencies. For instance, boys require more atten-
tions during the prevention because of their vulnerability
to the disease, and babysitters in the nurseries should
take prophylactic measures, like sterilization and ventila-
tion within 3 to 13 °C. Besides, disease prevention staffs
should reinforce health education and supervision of
nurseries within this temperature range; and pediatrician
should be alerted and prepared for the epidemics of
HEMD.

One limitation of the study is that serotypes of entero-
viruses were not specified in the data. In China, the epi-
demics of enteroviruses other than EV71 and CA16 have
been rising recently [37, 38]. Different genotypes of
enteroviruses may result in different health outcomes,
on which meteorological factors may have different im-
pacts. Information about the serotypes of HFMD patho-
gens can help clarify this issue. However, this study has
some important strength including regulated data collec-
tion and management, long study period and large study
population.

Conclusions

This study has demonstrated that there was a non-linear
relationship between daily average temperature and
HEMD incidence in Minhang District, Shanghai. The
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most important finding in this study was that the effects
of daily average temperature on HFMD incidence varied
across different age groups. In addition to special atten-
tions to the prevention and control of HFMD during
relatively warm days (higher than 18.5 °C), the result has
revealed that it may also be necessary to apply special
interventions to children cared in nurseries when the
temperature ranges from 3 to 13 °C.
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