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Abstract
Background

Although three monovalent EV-A71 vaccines have been launched in mainland China since 2016, hand,
foot, and mouth disease (HFMD) still causes a considerable disease burden in China. Vaccines’ use may
change the epidemiological characters of HFMD. This study aims to analyze the spatiotemporal cluster
of HFMD at the province level in mainland China from 2009 to 2018 and compare the difference before
and after the vaccines were launched.

Methods

All HFMD cases’ data from January 2009 to December 2018 were obtained from the public health
science data center given by the Chinese Center for Diseases Control and Prevention. Spatial
autocorrelation analysis and space-time scan statistics analysis were used to explore the spatiotemporal
distribution pattern of this disease at the provincial level in mainland China.

Results

The median annual incidence of HFMD was 143.22 per 100,000 (ranging from 87.01 to 205.06) in
mainland China from 2009 to 2018. Two peaks of infections were observed per year. Children 5 years and
under were the main morbid population. The global autocorrelation analysis showed that the spatial
distribution of HFMD was presented a signi�cant clustering pattern in each year (P<0.001), and the local
autocorrelation analysis indicated that the high incidence areas were clustered in the southern and
southeastern coastal provinces. The distribution of HFMD cases was clustered in time and space. The
range of cluster time was between April and October. The most likely cluster appeared in the southern
coastal provinces (Guangxi, Guangdong, Hainan) from 2010 to 2017 and in the southeastern coastal
provinces (Shanghai, Jiangsu, Zhejiang) in 2018.

Conclusion

Changes in the spatiotemporal cluster of HFMD after the launch of EV-A71 vaccines were observed at the
province level in mainland China in 2018. It is necessary to advance the EV-A71 vaccination plan, analyze
the spatial-temporal distribution characteristics of different enterovirus pathogens of HFMD, and promote
HFMD multivalent vaccines. 

Introduction
Hand, foot, and mouth disease (HFMD) is a common infectious disease in childhood caused by various
enteroviruses. The most commonly reported pathogens are Enterovirus A71 (EV-A71) and Coxsackievirus
A16 (CV-A16)[1]. HFMD can be transmitted through close contact with virus-contaminated objects or
contaminated respiratory droplets, water, and food[2]. Symptoms of HFMD typically include �u-like
infections, skin eruptions on hands and feet, and oral herpes[3, 4]. Most patients show mild and self-
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limiting symptoms, while few patients may occur complications such as myocarditis, pulmonary edema,
and aseptic meningitis. Some severe cases will develop rapidly and eventually death[5, 6]. HFMD has a
severe impact on children’s health under �ve years[1, 5]. 

In the past two decades, some Asian countries frequently reported outbreaks of HFMD, which has
become a signi�cant public health problem across the Asia-Paci�c region[7-11]. HFMD is prevalent
throughout China as a perennial disease[2]. By 2018, the Chinese Center for Disease Control and
Prevention (Chinese CDC) had reported 20.5 million cases of HFMD, including 3,667 deaths. HFMD has
caused an enormous burden of disease in China[12]. In May 2008, HFMD was classi�ed as a category C
noti�able infection in China. Medical institutions have been required to report it through the Noti�able
Infectious Disease Reporting System (NIDRIS) within 24 hours[13].

Affected by factors such as average temperature, average relative humidity, monthly precipitation,
population density, environmental sanitation, etc., the spatial distribution of the HFMD incidence shows
differences[14, 15]. From the perspective of temporal dimension, the peak of HFMD occurs in summer in
temperate regions, but in the tropical areas, HFMD can occur at any time of the year[16]. Some
researchers have found evidence of spatial distribution patterns and spatiotemporal clusters of
HFMD [14, 17-20]. Analyzing the spatiotemporal cluster patterns of infections can contribute to
identifying high-risk areas and populations, exploring disease risk factors, formulating effective measures
to prevent and control the spread of diseases, and allocating public health resources reasonably[14, 17,
20, 21]. Because the risk of HFMD varies with space and time, it is imperative to determine the
spatiotemporal clusters of HFMD in China [22].

Some studies have shown that latitude will affect the incidence of HFMD to a certain extent, and the
incidence of HFMD is higher in low latitudes such as tropical and temperate regions[23]. Mainland China
spans multiple temperature zones. Natural and social factors vary greatly between the south and north,
coastal and inland areas, and the prevalence patterns of HFMD are different in different regions[23, 24].
The incidence of HFMD in southern China is higher than that in the north, and there are two peaks
(summer and autumn) of HFMD each year in south China, while there is only one peak(summer) each
year in northern China[1]. From 2008 to 2012, China had reported 7.2 million cases of HFMD, of which
were 2457 fatal[1]. Several studies had reported that HFMD spread in the complex space-time domain,
and the space-time cluster was detected in mainland China from 2008 to 2012[21, 25]. Since 2016, three
inactive monovalent EV-A71 vaccines have been launched in China, which may change the
epidemiological characters of HFMD[26]. Since then, researches on the spatial and temporal distribution
pattern of HFMD has mainly been concentrated in several provinces and cities, such as Shandong[27],
Xinjiang[24], Shaanxi[28]. However, few studies have been conducted in the whole of China. Determining
the spatiotemporal cluster variation of HFMD after the vaccine was launched will help de�ne new high-
risk areas and periods and provide a basis for relevant departments to implement disease control and
prevention policies in critical areas. 
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Therefore, this study was aimed to use the surveillance data of HFMD to analyze the spatiotemporal
cluster of HFMD at the province level in mainland China from 2009 to 2018 and compare the difference
before and after the vaccines were launched.

Methods
Data Resources and Study Area 

All HFMD cases’ data were obtained from the public health science data center given by the Chinese
Center for Diseases Control and Prevention (Chinese CDC)[29]. All HFMD cases were diagnosed
according to the uni�ed diagnostic criteria issued by the Ministry of Health of China and reported to the
infectious disease surveillance system[2]. This HFMD cases database collected all the data reported
since the direct online reporting from 2008. The main content included the number of cases and death,
incidence and mortality by region, age group, and gender[29]. The incidence of HFMD was calculated as
the ratio of the number of cases to the number of permanent residents during the study period. The
population data from 2009 to 2015 were collected from Chinese CDC. Due to the lack of data from 2016
to 2018, the remaining data were collected from the National Bureau of Statistics of China(NBSC)[30].

Because this HFMD cases database did not contain data on HFMD cases in Taiwan, Hong Kong, and
Macau, the actual study area was mainland China, which includes 22 provinces, 4 municipalities, and 5
autonomous regions, a total of 31 provincial-level administrative regions (excluding Hong Kong, Macau
and Taiwan). The geographic data were downloaded from the National Geomatics Center of
China(NGCC)[31].

A total of 20048244 cases of HFMD were included in this study, which was reported by 31 provincial
administrative regions in Mainland China from January 2009 to December 2018. Microsoft Excel (version
2013, Microsoft Corp, Redmond,WA, USA) was used to build the database, and the incidence of each
local administrative region each year was represented in different colors on the map by Tableau (version
2021.3.3, TABLEAU, Seattle, WA, USA).

Spatial autocorrelation analysis

Global spatial autocorrelation analysis

The global spatial autocorrelation analysis started from the macro-level of the whole country, compared
the mean value of the attribute in the general area and the attribute value on each spatial unit to obtain
the average degree of association between the incidence of HFMD in various provinces across the
country. That was, to determine whether the incidence of HFMD was clustered nationwide. Global Moran's
I is a commonly used global correlation index ranging from -1 to 1[32]. I> 0 indicates a positive spatial
correlation at the given signi�cance level. The larger the value, the more pronounced the spatial
correlation, high observations accumulate in space with high observations, and low observations
accumulate spatially. I <0 indicates a negative spatial correlation. The smaller the value, the more
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signi�cant the spatial difference, the tendency of high observations to cluster with low observations. If I
=0, the observations are randomly distributed in space[33]. 

Local spatial autocorrelation analysis

Local indicator of spatial association (LISA) is the analysis index of local spatial autocorrelation
analysis[34]. In this study, it was used to measure the degree of spatial dependence between the HFMD
incidence of a province and the HFMD incidence of its neighboring provinces and identify its spatial
cluster pattern in a local space. There are four spatial correlation patterns: High-High cluster, Low-Low
cluster, High-Low cluster, and Low-High cluster. High-High cluster and Low-Low cluster indicate that the
observations have a strong positive spatial correlation. The two patterns respectively indicate that the
high-incidence areas are adjacent to the high-incidence areas, and the low-incidence areas are adjacent to
the low-incidence areas. The High-Low cluster and Low-High cluster signify that the observations have a
strong negative spatial correlation. The two patterns mean that high-incidence areas are adjacent to low-
incidence areas.

GeoDa (version 1.16.016, GitHub, San Francisco, CA, USA) was used for spatial autocorrelation analysis,
and the results of local spatial autocorrelation were displayed on the map with Tableau (version
2021.3.3, TABLEAU, Seattle, WA, USA)

Space-time scan statistics analysis

The space-time scan statistics analysis was proposed by Kulldorff, which can determine the space-time
cluster[35]. The principle is to establish a scanning window that moves in space, the radius of the window
is constantly changing according to the population of the study area, and an in�nite number of circular
windows with different radius are generated to detect possible spatial agglomeration areas. Calculate the
expected number of cases based on the total incidence and the population in each scanning window, and
then use the ratio of the actual number of cases inside and outside the window to the expected number
of cases to calculate the relative risk (RR) and log-likelihood ratio (LLR). The window with the maximum
LLR was de�ned as the most likely cluster, and other windows with smaller LLR, which were statistically
signi�cant, were de�ned as secondary clusters. The Markov Chain Monte Carlo (MCMC) method
generates 999 simulation data sets, obtaining the probability P-value. The formula of LLR is:

L0 is the likelihood under the null hypothesis, which is always a constant for a certain data set, L(z) is the
likelihood of a certain area under the alternative hypothesis, c is the actual number of cases in the
window, and n is the window under the null hypothesis Expected number of cases, C is the total number
of cases, C-c and C-n are the actual number of cases outside the window and the number of expected
cases, respectively[35-37].
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The space-time scan statistics analysis results are very sensitive to the parameter settings of the
maximum spatial cluster size and the maximum length of the temporal scanning window[38]. Hjalmars
suggested that 10% of the population at risk should be selected as the size of the maximum cluster[39]. A
study recommended 15% of the number of people at risk as to the appropriate scale for the largest
spatial scanning window[40]. In addition, the coverage of the largest cluster should not exceed 15% of the
study area[41]. Across the country, HFMD had a peak activity in half a year. Southern China had two peak
outbreaks of HFMD each year, and northern China had one peak outbreak each year[1]. Therefore, this
study set 15% of the total population as the maximum cluster size, and the time frame of the scan
analysis was set to one year to observe the cluster changes during the study. 

SaTScan (version 10.0, Martin Kulldorff, Harvard Medical School, Boston, MA, USA and Information
Management Services Inc, Calverton, MD, USA) was used to perform space-time scan statistics analysis
of HFMD cases in 31 provinces of mainland China from 2009 to 2018. The analysis results were
visualized on the map with ArcMap (version 10.2, ESRI Inc., Redlands, CA, USA).

Results
Epidemiology Characteristics of HFMD Cases

20,048,244 HFMD cases were reported from 2009 to 2018 in mainland China, with a median annual
incidence of 143.22 per 100,000 (ranging from 87.01 to 205.06). A total of 3541 cases died with a case
fatality rate of 0.18‰. Children 5 years and under were the main morbid population, accounting for
94.17% of all reported cases. The results of the reported cases grouped by age are shown in Table 1. In
2018, the incidence of children who are 5 years and under was 92.76%, the lowest level in 10 years.

Fig 1 shows the epidemic trend of the number of reported cases and annual incidence of HFMD in
mainland China from 2009 to 2018. The number of reported cases and annual incidence of HFMD
increased in even-numbered years (i.e.2010, 2012, 2014, 2016, 2018) and declined in odd-numbered years



Page 7/22

(i.e.2011, 2013, 2015, 2017) in mainland China, which demonstrated a phenomenon of increasing
incidence in a two-year cycle from 2009 to 2014 and slightly decreasing incidence in a two-year cycle
from 2015 to 2018. The incidence of HFMD peaked in 2014. Fig 2 shows the monthly distribution of the
reported cases of HFMD in Mainland China from 2009 to 2018. Two peaks of infections were observed
per year. The �rst peaks occurred from April to July, and the second occurred from September to
November. The �rst peaks were higher than the second over the entire investigated period. In general, the
result indicated that the incidence of HFMD was potentially seasonal and cyclical. 

The spatial distribution of the incidence of HFMD in mainland China is shown in Fig 3, and dark color
indicates high incidence. The incidence of HFMD varied greatly among provinces. Except for 2009, the
incidence was higher in eastern and southern mainland China than in western and northeastern regions.
The incidence of HFMD in the southern coastal provinces (Hainan, Guangxi, Guangdong) had been at the
forefront of mainland China for many years. The inland province of Hunan had also been at a high
incidence level for many years. Zhejiang had the highest incidence of HFMD in 2018. Adjacent to
Zhejiang, Jiangsu, Shanghai, and Fujian also had high incidences. The western province of Chongqing
showed the second-highest incidence this year. This result indicates the expansion of high-incidence
areas.

Spatial autocorrelation analysis

The results of global spatial autocorrelation are shown in Table 2. The province-level of mainland China
had a high global spatial autocorrelation from 2009 to 2018(global Moran’s I > 0.395, P < 0.001). This
result indicated that the spatial distribution of HFMD cases was non-random in mainland China, and
there was a statistically signi�cant positive correlation.

Table 2. Results of the global spatial autocorrelation analysis on HFMD incidence in Mainland China,
2009-2018.
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Year Moran’s I Z-Value p-Value

2009 0.587 4.972 0.001

2010 0.395 3.588 0.001

2011 0.419 4.778 0.001

2012 0.500 4.868 0.001

2013 0.485 4.857 0.001

2014 0.476 4.581 0.001

2015 0.432 4.899 0.001

2016 0.503 4.694 0.001

2017 0.547 5.386 0.001

2018 0.534 4.664 0.001

According to the result of local spatial autocorrelation analysis combined with the LISA value, there were
spatial correlation cluster maps for HFMD incidence in mainland China from 2009 to 2018 (Fig 4). In this
study, positive spatial association (High-High cluster and Low-Low cluster) was found in mainland China
every year from 2009 to 2018. High-High clusters mainly appeared in a few provinces in southern China,
including Guangdong, Guangxi, and Hunan. The results indicated that these provinces and their
neighboring provinces have a high incidence of HFMD. The High-High cluster was found in new regions
(Zhejiang and Fujian) in 2018, which meant that areas with a high incidence of HFMD have expanded.
Low-Low cluster was only found in western and northern China, mainly Xinjiang, Xizang, Qinghai, and
NeiMongol, which indicated that the incidence of HFMD is relatively low in western and northern China.
Negative spatial associations (High-Low cluster and Low-High cluster) were scattered in mainland China
and only found in a few inland provinces in a few years.

Spatiotemporal Clusters Analysis

Space-time scan analysis of HFMD data was conducted year by year in mainland China from 2009 to
2018. The results showed that the cases of HFMD were not randomly distributed in mainland China
during the study period. Each year at least �ve signi�cant spatiotemporal clusters were found, including
the most likely cluster and secondary clusters. The red part on the map is the area of the most likely
cluster (Fig 5). 
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Table 3 shows the cluster time, cluster province, relative risk, and other information of the most likely
cluster from 2009 to 2018. In most years (2010-2017), the most likely cluster was in the southern coastal
provinces, including Hainan, Guangxi, and Guangdong. The range of cluster time for these years was
between April and October. The relative risk ranged from 3.75 to 6.53, indicating that the incidence risk in
the clusters was 3.75 to 6.53 times that of outside the gathering area in these years. In 2009, it was
observed that the most likely cluster was in northern China, including Beijing, Tianjin, Hebei, and
Shandong. The cluster time lasted from April to August. The relative risk was 3.84, indicating that the risk
of incidence in the cluster was close to 4 times that outside the cluster. The most likely cluster was
different from the past in 2018, which appeared in the southeast coastal areas, including Shanghai,
Jiangsu, and Zhejiang. The cluster time was from May to September, and the relative risk was 3.45.
Summarizing the results of space-time scan analysis from 2009 to 2018, we observed that the risk areas
for HFMD were mainly southern coastal provinces (Hainan, Guangxi, Guangdong), followed by eastern
coastal provinces (Zhejiang, Shanghai, Jiangsu, Fujian), which with a developed economy, high
population density and strong population mobility. The high-risk time frame was at the end of spring,
throughout the summer, and early autumn, when the climate is warm and humid. Although the central
and southwest regions were not included in the most likely cluster, their relative risk was at the forefront
for many years, and these provinces need to be paid attention to.

Discussion
Since HFMD was listed as a noti�able infection in China, it has caused an enormous disease burden. It
has a severe impact on the health of children under �ve years. The launch of the vaccine in 2016 might
change the epidemiological character of HFMD in mainland China. Using GIS technology to analyze the
spatiotemporal distribution patterns of HFMD in mainland China will help further to explore the high-risk
areas and times of the disease and provide a basis for developing more effective HFMD prevention and
control policies.

This study found that the incidence of HFMD in mainland China showed an overall downward trend after
2014, which may be related to HFMD vaccines launched against EV-A71 enterovirus in mainland China in
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2016[26, 42]. However, the decline in the incidence of HFMD was not large. The incidence of HFMD in
Mainland China was 169.41 per 100,000 in 2018, which was only lower than the incidence in 2014 and
2016, higher than Thailand's incidence rate of 102.51/100,000[43] and Malaysia's incidence rate of
138.6/100,000[44]. So, the incidence of HFMD was still at a high level in mainland China in 2018. There
may be three reasons for this. On the one hand, the monovalent inactivated EV-A71 vaccines cannot
provide protection against non-EV-A71 virus infections of HFMD[45]. On the other hand, due to the stable
birth rate and no cross-protection of alternate serotypes, the previous HFMD epidemics did not reduce the
susceptible persons in the population probably[46]. In addition, the vaccines of HFMD have not been
included in the National Immunization Program in China, which means that parents need to vaccinate
their children at their own expense and voluntarily. Hence, the vaccination coverage rate was not high[47].
A study found that the annual EV-A71 vaccination coverage rate of children under 5 years old ranged
from 5.53% to 15.01% in Yunnan from 2016 to 2019[48]. In Guangdong, the coverage rate of EV-A71
vaccination among the 6-month to 5-year children was 2.67% in 2016 and 10.07% in 2017[49]. A study in
Chengdu showed that the EV-A71 vaccination coverage rate should reach 94.0% to end the EV-A71-
related HFMD transmission[50]. Therefore, efforts should be made to develop multivalent vaccines
against major enteroviruses and increase the vaccination rate in the future.

The study results suggested the cyclical and seasonal pattern of the HFMD epidemics. The HFMD
epidemic took two years as a cycle. This cyclical pattern was observed in many countries, and there was
evidence that this cyclicality is related to the time required to accumulate enough susceptible children in
the population[7, 51, 52]. In this study, the seasonal pattern of HFMD was re�ected in the peak incidence
of twice a year, the �rst peak occurred in April to July, and the second peak occurred from September to
November in mainland China. Seasonal patterns of HFMD have also been observed in other countries.
HFMD usually breaks out from June to August in Thailand[53], cases of HFMD increased during the rainy
season in Vietnam[54]. However, the seasonal patterns observed in temperate, tropical, and subtropical
Asia are different[55]. In China, the seasonal characteristics of the south and the north were also
inconsistent[56]. In mainland China, the �rst peak of each year may be related to climate factors such as
temperature, humidity, and atmospheric pressure. Appropriate climatic conditions are conducive to the
reproduction and survival of pathogens. Warm temperature promotes children’s activities and mutual
contact, thereby promoting the transmission of pathogens. Although the temperature and humidity are
still high in August, the school has summer vacation, which reduces the gathering and contact of
students, so the incidence is reduced. September coincides with the end of summer and the beginning of
autumn, so the temperature and humidity are still high. The second peak may be due to the opening of
kindergarten in September to increase the contact between children, thereby increasing the possibility of
cluster cases[24, 44, 56-59]. 

We also found that children under 5 years are the main morbid population, accounting for 94.17% of all
reported cases. The result was consistent with other research’s �ndings in other countries and China[1, 7,
43, 47]. The low incidence of children over 5 years old maybe because they have had HFMD before,
thereby protecting them and their peers from HFMD[60, 61]. In 2018, the incidence of children aged 5 and
under was the lowest level in 10 years, which may be related to the increase in the cumulative coverage of
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vaccines[26]. Therefore, we call for attention to children in this age range, vaccinate them as soon as
possible, and introduce the HFMD vaccine into the routine immunization program.

The global Moran’s I for 2009-2018 ranged from 0.395 to 0.587. The global spatial autocorrelation
analysis results showed that the spatial distribution of HFMD cases was non-random in mainland China
and tended to cluster at the provincial level, which was the same as the analysis result for 2008-2011 by
Xiao[62]. Combined with the incidence distribution map (Fig 3), we found that the incidence of HFMD was
quite different between the southern and northern of China. Overall, the incidence of south China was
much higher than that in north China. This phenomenon has also been found in other studies[1, 23, 24,
63]. Meteorological factors are a fundamental reason for the difference in incidence between south and
north China. South China is mostly in high temperature, high humidity, and rainy weather conditions,
which to a certain extent promotes the reproduction, survival, and spread of the pathogens of HFMD[23,
64]. Each year, there was only one peak incidence in late spring and early summer (May-July) in the
northern region. At the same time, there were two peak incidences in April-June and September-November
in the southern region[1, 25, 56].

The most likely cluster appeared in southern coastal provinces (Guangxi, Guangdong, Hainan) from 2010
to 2017. The results of local spatial autocorrelation analysis and spatiotemporal clusters analysis
indicated that the southern coastal provinces (Guangxi, Guangdong, Hainan) were the areas with a high
incidence of HFMD in China. Their incidence had been at the highest level in mainland China for many
years, the same as previous research results[23, 65, 66]. The climate of these provinces is characterized
by short and mild winter, while summer is long, hot, and very humid. In addition to climatic factors, the
high incidence in southern coastal provinces may also be due to the high population density, strong
population mobility, developed economy, and more frequent communication and close contact between
individuals, which led to a higher risk of spreading HFMD[44, 58, 65-67]. The cluster time ranged between
April and October, which was consistent with the peak time of HFMD in mainland China[1]. In 2017, the
relative risk of the most likely cluster (Hainan, Guangxi, Guangdong) was 6.53, which was higher than
before. Because the incidence of HFMD had decreased in other provinces, while the incidence of Hainan,
Guangxi, and Guangdong were still at a high level, the low coverage rate of the vaccine may be one of the
reasons. In 2017, the cumulative coverage rate of EV-A71 vaccine among 6-month to 5-year children was
9.26% in Guangxi[26] and 10.07% in Guangdong[49], while it was 18.94% in Yunnan[48] and 15% in
Beijing[68]. In addition, some studies have found that non-EV-A71 enteroviruses were the dominant
serotype in Guangxi in 2017, while the monovalent EV-A71 vaccine cannot generate cross-immunity
against other enterovirus infections[26, 58, 69]. In 2018, the southern coastal provinces (Guangxi,
Guangdong, Hainan) were no longer the most likely cluster. The decline in the incidence of HFMD was
large in these three provinces, and the incidence had reduced to the lowest level during the study period,
which was 258.10 per 100,000 in Hainan and 354.28 per 100,000 in Guangxi, 265.23 per 100,000 in
Guangdong. This result may be related to the increase in vaccine coverage. Since Guangxi implemented
comprehensive prevention and control measures focusing on promoting the EV-A71 vaccine among
susceptible populations, the vaccine coverage rate of susceptible children had approached 30% in
Guangxi in 2018, and the EV-A71-related incidence had declined[26, 69]. The same �nding was also
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found in the study of Guangdong[58, 70]. For this reason, it is necessary to expand the HFMD vaccination
program. 

According to the results of spatiotemporal clusters analysis, we found that three southeast coastal
provinces (Shanghai, Jiangsu, Zhejiang) were included in secondary cluster 1 from 2010 to 2016. The
relative risk of this cluster was only second to the most likely cluster. This result indicated that these
provinces were areas with a high incidence of HFMD, and they had a higher incidence than the northern
and inland provinces. These provinces have a subtropical climate, so they are tended to be hotter and
more humid. Furthermore, they have a higher population density and a larger migratory population. These
factors are the main reason for the high incidence of HFMD[71]. In 2018, these provinces constituted the
new most likely cluster, and the cluster time ranged between May and September. We also discovered that
the new High-High cluster area appeared in Jiangsu in 2018 through local spatial autocorrelation
analysis. Both results suggested that the incidence of HFMD in Jiangsu and its neighboring Shanghai
and Zhejiang was higher than that of other provinces in 2018, which was found in other studies[72, 73].
However, the incidence of the previous most likely cluster (Hainan, Guangxi, Guangdong) had decreased,
so the southeast coastal provinces (Shanghai, Jiangsu, Zhejiang) became the new most likely cluster. In
2018, the incidence in Zhejiang and Jiangsu reached the highest value after the vaccine was launched,
which was 436.02 per 100,000 in Zhejiang and 237.50 per 100,000 in Jiangsu, and Zhejiang had the
highest incidence in the country. EV-A71 vaccine coverage rate had increased year by year to 24.05% in
Zhejiang, higher than 19.4% in Guangdong[74]. The proportion of EV-A71 positive cases declined from
22.6% in 2017 to 3.3% in 2018 in Zhejiang[75]. Another study found that CV-A16 and CV-A6 became the
primary pathogens of HFMD in Jiangsu, and the cases caused by these two pathogens accounted for
more than 96% of all cases[76]. Therefore, the peak incidence of HFMD in 2018 may be related to other
serotypes becoming dominant. Even large-scale vaccination of the EV-A71 vaccine would not greatly
reduce the number of cases[26, 76]. This result suggested that the dominant pathogens in different
regions and at different times are various. Therefore, it is necessary to monitor the enterovirus genotypes
of HFMD cases in various places and promote HFMD multivalent vaccines. 

Compared with studies in various provinces[65, 66, 77, 78], we found that clusters were not only
distributed in one province but also cross-linked to multiple provinces, which showed the importance of
cooperation between provinces to prevent and control the spread of HFMD[25]. This strong spatial and
temporal correlation of HFMD was also found in other studies, which may be related to meteorological
factors. Because meteorological factors promote the prevalence of HFMD, the meteorological conditions
in adjacent areas and adjacent time points are similar[71].

The southern inland province Hunan was included in the High-High cluster areas in 2014 and 2016-2018.
Although Hunan had not appeared in the most likely cluster, the results of spatiotemporal clusters
analysis showed that Hunan was one of the high-risk areas for HFMD. It was observed to have a high
incidence, which was also found in other studies[79]. Because Hunan has a subtropical monsoon climate
with abundant heat, concentrated rainfall, and high humidity, in addition to high population density and
high levels of migration, both suitable natural and social environments have promoted the development
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and spread of enteroviruses in Hunan[78, 80]. This result suggested that the HFMD epidemic in Hunan
was worthy of attention.

For the prevention and control strategy of HFMD, we make the following suggestions: First, the prevention
and control of HFMD should focus on southeastern and southern coastal provinces in mainland China,
especially from April to September each year. Attention should also be paid to the southern inland
provinces. Moreover, regarding the strong spatial and temporal association of HFMD in neighboring
provinces, the provinces should strengthen cooperation and joint control to avoid a widespread HFMD
across provinces. In addition, it is necessary to advance the EV-A71 vaccination plan and expand the
vaccine coverage, especially in coastal areas of China. As the dominant pathogens have changed, future
research should analyze the spatial-temporal distribution characteristics of different pathogens of HFMD
and develop multivalent HFMD vaccines as soon as possible.

The main advantage of our research is using Chinese CDC's disease surveillance data, so the authenticity
and completeness of the data are guaranteed. In addition, our study used spatiotemporal clusters
analysis that combines time and space, revealing the temporal and spatial distribution patterns of HFMD
at the province level in mainland China. We set 15% of the risk population as the maximum cluster size in
the analysis, avoiding the most likely cluster containing low-risk regions and thus larger than the actual
cluster. In this study, the data of HFMD cases were scanned year by year, and the trend of the most likely
cluster could be found. As far as we know, it is the �rst study to analyze the spatiotemporal clusters of
HFMD in the whole of mainland China after the HFMD vaccines were launched in China.

The limitations of this study are worth mentioning. First, although Chinese CDC disease surveillance data
could ensure the authenticity and completeness of the data to a certain extent, it may not avoid the
differences in the quality of case reports in the surveillance systems of different regions and the
underreporting of cases caused by mild cases that do not go to the hospital for treatment. In addition, the
outbreak of COVID-19 in 2019 may change the spatial and temporal distribution pattern of HFMD in
China. However, we have not obtained HFMD data after 2019. The incidence data of HFMD was at the
provincial level. More accurate results may be attained if using smaller spatial scale (such as district,
county) information. On the other hand, the spatial scanning window used to detect the cluster was
circular, while the geographic shape was irregular, which may not represent the actual shapes of the
clusters.

Conclusions
In summary, changes in the spatiotemporal cluster of HFMD after the launch of EV-A71 vaccines were
observed at the province level in mainland China from 2016 to 2018. The most likely cluster appeared in
the southern coastal provinces (Guangxi, Guangdong, Hainan) from 2010 to 2017 and in the
southeastern coastal provinces (Shanghai, Jiangsu, Zhejiang) in 2018. The range of cluster time was
between April and October. The spatiotemporal cluster of HFMD may be related to climate factors,
population density, vaccine coverage, enterovirus genotypes. Our research results provide information for
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further determining the high-risk areas of HFMD after the vaccines were launched and the development of
more effective HFMD prevention and control policies.
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Figures

Figure 1

Annual incidence and number of cases of HFMD in mainland China,2009-2018.

Figure 2

Monthly distribution of HFMD cases in mainland China, 2009-2018.

Figure 3

Spatial distribution of HFMD incidence in mainland China, 2009-2018.

Figure 4

Spatial correlation cluster maps of HFMD incidence in mainland China, 2009-2018.

Figure 5

Spatiotemporal clusters of HFMD in mainland China, 2009-2018.


