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Abstract
Hand, foot and mouth disease (HFMD) is one of the major public health concerns in China.

Being the province with high incidence rates of HFMD, the epidemiological features and the

spatial-temporal patterns of Zhejiang Province were still unknown. The objective of this

study was to investigate the epidemiological characteristics and the high-incidence clusters,

as well as explore some potential risk factors. The surveillance data of HFMD during 2008–

2012 were collected from the communicable disease surveillance network system of Zhe-

jiang Provincial Center for Disease Control and Prevention. The distributions of age, gen-

der, occupation, season, region, pathogen’s serotype and disease severity were analyzed

to describe the epidemiological features of HFMD in Zhejiang Province. Seroprevalence

survey for human enterovirus 71 (EV71) in 549 healthy children of Zhejiang Province was

also performed, as well as 27 seroprevalence publications between 1997 and 2015 were

summarized. The spatial-temporal methods were performed to explore the clusters at

county level. Furthermore, pathogens’ serotypes such as EV71 and coxsackievirus A16

(Cox A16) and meteorological factors were analyzed to explore the potential factors associ-

ated with the clusters. A total of 454,339 HFMD cases were reported in Zhejiang Province

during 2008–2012, including 1688 (0.37%) severe cases. The annual average incidence

rate was 172.98 per 100,000 (ranged from 72.61 to 270.04). The male-to-female ratio for

mild cases was around 1.64:1, and up to 1.87:1 for severe cases. Of the total cases, chil-

dren aged under three years old and under five years old accounted for almost 60% and

90%, respectively. Among all enteroviruses, the predominant serotype was EV71 (49.70%),

followed by Cox A16 (26.05%) and other enteroviruses (24.24%) for mild cases. In severe

cases, EV71 (82.85%) was the major causative agent. EV71 seroprevalence survey in

healthy children confirmed that occult infection was common in children. Furthermore, litera-

ture summary for 26 seroprevalence studies during 1997–2015 confirmed that 0–5 years
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group showed lowest level of EV71 seroprevalence (29.1% on average) compared to the

elder children (6–10 years group: 54.6%; 11–20 years group: 61.8%). Global positive spatial

autocorrelation patterns (Moran’s Is>0.25, P<0.05) were discovered not only for mild cases

but also for severe cases, and local positive spatial autocorrelation patterns were revealed

for counties from the eastern coastal and southern regions. The retrospective space-time

cluster analysis also confirmed these patterns. Risk factors analyses implied that more

EV71 and less sunshine were associated with the clusters of HFMD in Zhejiang Province.

Our study confirmed that Zhejiang Province was one of the highly epidemic provinces in

China and that the epidemiological characteristics of HFMD were similar to other provinces.

Occult infection in elder children and adults was one of the important reasons why most

HFMD cases were children aged under-five. Combining the results of spatial autocorrela-

tion analysis and the space-time cluster analysis, the major spatial-temporal clusters were

from the eastern coastal and southern regions. The distribution of pathogens’ serotypes

and the level of sunshine could be risk factors for, and serve as an early warning of, the out-

break of HFMD in Zhejiang Province.

Introduction
Hand, foot, and mouth disease (HFMD) is a common enteroviral infectious disease which is
mainly caused by the infection of human enterovirus 71 (EV71) and coxsackievirus A16 (Cox
A16) [1–3]. Young children, especially those under the age of five years (under-five), are the
group most susceptible to HFMD [4–6]. HFMD is generally mild and self-limiting with com-
mon symptoms such as fever, rashes or herpes appearing on the hands, feet or mouth. How-
ever, complications (such as meningitis, encephalitis and pulmonary edema) mainly caused by
the infection of EV71 can lead to severe cases and even deaths, especially for young children [7,
8]. Since enteroviruses have high infectivity and can transmit through different ways such as
fecal-oral channel, respiratory tract, or touching contaminants, it’s rather easy to have out-
breaks in nursery centers or schools where the high density of young children contributes to
the transmission of enteroviruses. Therefore, it’s still a great challenge to prevent and control
the outbreak of HFMD given the lack of effective drugs or vaccine [9–11].

The first record of HFMD was reported in New Zealand and Canada in 1957 [12, 13] and
then HFMD was majorly prevalent in theWest [14–16]. Since 1997, several great outbreaks of
HFMD emerged in the Asia-Pacific region, especially: Malaysia [17, 18], Taiwan [19, 20] and
Australia[21]. As for mainland China, the first case of HFMD was reported in the Shanghai
Municipality in 1981 [22], and then some small outbreaks occurred in the Tianjin Municipality
[22] and Shandong Province [23]. After its great outbreak at Fuyang of Anhui Province, which
caused 22 deaths during three months [24], HFMD was under surveillance by the communica-
ble disease surveillance network system of the China Center for Disease Control and Prevention
(CDC). In recent years, outbreaks of HFMD were still common in most of the provinces of
China and threatened the health of young children. For example, Shandong Province [5, 23],
Guangdong Province [25, 26] and Beijing Municipality [6] had reported that boys under-five
were the most susceptible group to HFMD and spatial-temporal patterns steadily occurred.

Zhejiang Province, with a geographical location between 27.21N to 31.52N and 118E to
123E, is one of the eastern coastal provinces of China (Fig 1). It has a population of approxi-
mately 54.77 million and covers an area of 101.8 thousand square kilometers with 11 districts
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comprising 90 counties in total. As a province with a subtropical monsoon climate, plentiful
rainfall and high humidity make it easier for the reproduction and transmission of enterovi-
ruses. Being one of the provinces with high incidence rates of HFMD in China, Zhejiang Prov-
ince had an annual incidence rate of about 150 per 100,000 in the total population in recent
years, and more than one thousand severe cases with all kinds of complications were reported
in 2010 [27].

Therefore, we analyzed the epidemiological characteristics and performed the spatial-tem-
poral analysis based on the surveillance data of Zhejiang Province, 2008–2012 to discover the
potential clustered regions of HFMD which were important for the control and prevention of
HFMD. Pathogens’ serotypes, seroprevalence and meteorological factors were analyzed to
explore the potential factors associated with the clusters.

Materials and Methods

Data collection
The surveillance data of HFMD from 2008 to 2012 were collected from the communicable dis-
ease surveillance network system of the CDC of Zhejiang Province, including each patient’s
disease related demographic information such as gender, occupation, age, date of diagnosis
and disease severity (mild case or severe case). The pathogens’ serotypes (EV71, Cox A16 or
other enteroviruses) identified by the real-time fluorescence quantitative polymerase chain
reaction (qRT-PCR) were available for part of patients. Demographic information of 90 coun-
ties was provided by the Zhejiang Provincial Statistics Bureau. Meteorological data including
monthly average temperature, monthly average rainfall and monthly average sunshine of 11
districts were collected from the Zhejiang Statistical Yearbook.

Fig 1. Themap of Zhejiang Province.

doi:10.1371/journal.pone.0139109.g001
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Ethics statement
This retrospective study was approved by the Ethics Committee of Ningbo University School
of Medicine and Zhejiang Provincial Center for Disease Control and Prevention. Since all anal-
yses were at least county-based, all individual identifying information (including name, address
and telephone, etc) was anonymized and de-identified prior to analysis. All individuals partici-
pating in the serological study signed informed consent forms by themselves or their parents/
guardian. The study was carried out in a manner conforming to the Declaration of Helsinki.

Basic epidemiological and statistical analysis
Descriptive statistics (incidence rates, distributions of age, gender, occupation, year and
month, pathogen’s serotype and disease severity) were used to describe the epidemiological
characteristics of HFMD annually. The correlation between the proportion of EV71 or Cox
A16 among all enteroviruses and the case-severity rate (the rate of the severe cases among total
cases) were assessed by the partial correlation coefficients. Meteorological factors (monthly
average temperature, monthly average rainfall and monthly average sunshine) from April to
July (the annual peak of the incidence) were compared between cases-clustered regions and
non-clustered regions with student t tests. Chi-square tests were used to compare HFMD’s dis-
tributions of ages and pathogens’ serotypes between mild and severe cases. These statistical
analyses were performed using SPSS 17.0 (http://www-01.ibm.com/software/analytics/spss/).

Age-specific EV71 seroprevalence survey and summary in healthy
children
Participants were selected by stratified random sampling from four districts (Hangzhou,
Ningbo, Taizhou and Jinhua) of Zhejiang Province. The sample sizes for each age-group (0–5,
6–10, 11–20) were calculated according to the age-specific incidence rates of HFMD in Zhe-
jiang Province. Non-HFMD children in pediatric infectious wards were randomly chosen and
those who had HFMD histories or rejected to subscribe names in the written informed consent
forms were excluded. Five ml venous bloody samples were collected from each participant,
then serum were separated and stored at -70°C until testing. All specimens were tested for
human antibody immunoglobulin G to EV71 (EV71-IgG) using Enzyme-Linked Immunosor-
bent Assay (ELISA) with the criterion that an S/N�2.1 was considered to be positive. ELISA
steps were completed according to the guidance of reagent kids which were registered by China
Food and Drug Administration and produced by Beijing Beier Bioengineering CO., LTD.

To summarize the age-specific EV71 seroprevalence in healthy children since 1997, publica-
tions from 1997 to 2015 were retrieved from NCBI Pubmed and Google Scholar by Jun 30,
2015. The keywords included “human enterovirus 71” or “enterovirus 71” or “EV 71”, together
with “seroprevalence” or “seroepidemiology” or “serological” or “seroincidence” or “antibody”
or “neutralizing antibody” or “microneutralization test” or “IgG antibody” or “ELISA” or
“serum samples (or sera)” or “geometric mean titer (GMT)”. Our literature search harvested a
total of 27 publications. Among them, four HFMD cases based publications [28–31], one adult
based [32] and one study without detailed data [33] were excluded. Thus, the age-specific
EV71 seroprevalence summary was conducted on 21 publications [34–54] and our study.

Spatial autocorrelation analysis
As a spatial method used to analyze the spatial autocorrelation association based on the loca-
tions of study regions, global Moran’s I [55] was used to detect whether the significant spatial
autocorrelation regions of HFMD in Zhejiang Province existed. If so, then local Moran’s I was
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further used to clarify the patterns of spatial autocorrelation among local counties. The signifi-
cance of Moran’s I was validated by Monte Carlo tests with Z statistics and the P values. Posi-
tive spatial autocorrelation (high-incidence clusters or low-incidence clusters) is exhibited if
Moran’s I is larger than zero with the statistical significance, while negative autocorrelation
(mixed clusters with both high-incidence and low-incidence regions) for negative I. By using
local indicators of spatial association (LISA) map [56–58], four patterns of spatial correlation
with high-high (high-incidence regions surrounded by high-incidence regions, which are
highly epidemical regions), low-low (low-incidence regions surrounded by low-incidence
regions, which are lowly epidemical regions), high-low (high-incidence regions surrounded by
low-incidence regions) and low-high (low-incidence regions surrounded by high-incidence
regions) were demonstrated. In reality, the high-high pattern or so-called hot spot is most use-
ful for disease control and prevention. The spatial weights used to describe the spatial relation-
ships among counties in Zhejiang Province were created by queen contiguity rule and Geoda
(V1.4.0) software (http://geodacenter.asu.edu/projects/opengeoda) was used to perform the
above analyses.

The formula of global Moran’s I was listed as follow:

I ¼
n
Xn

i¼1

Xn

j¼1

wijðxi � �xÞðxj � �xÞ
Xn

i¼1

Xn

j¼1

wijðxi � �xÞ2

Where n is the number of districts, i and j are two different districts, xi and xj are the values of
the observed indicators (such as incidence rate) for district i and j, �x is the average of the indi-
cator of all districts, and wij is the spatial weight indicator. For local Moran’s I, the formula is
the same except that i and j refer to the local counties.

Space-time cluster analysis
Based on a moving cylindrical window with dynamic changes of circular base and height corre-
sponding to space and time respectively, the space-time scan statistic can be used to detect pos-
sible spatial-temporal clusters by producing an infinite number of overlapping cylinders with
different radiuses [59, 60]. For each window, the expected number of cases can be inferred by
using the discrete Poisson model or Bernoulli model with the observed number of cases and
the number of the population within/outside the moved windows (the potential clusters) of
candidate regions during candidate time. The relative risk (RR) can be calculated by the ratio
of the observed number to the expected number within the windows and outside the windows,
as well as the log likelihood ratio (LLR) is calculated by a likelihood function. The most likely
cluster is the one with the maximum LLR and the significance of it can be inferred through
Monte Carlo tests with 1,000 permutations.

For each space-time scanning window, the alternative hypothesis is that there is an elevated
risk within the window as compared to the outside. The likelihood ratio (LR) according to the
discrete Poisson model can be calculated as follows:

LR ¼ LðZÞ
L0

¼ c
mðZÞ

� �c C � c
C � mðZÞ

� �C�c

Where C is the total number of cases, c is the observed number of cases within the window Z, μ
(Z) is the expected number of cases within the window under the null-hypothesis, and C−c and
C−μ(Z) are the observed and expected numbers of cases outside the window.
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In our study, the retrospective space-time statistic was used to analyze the spatial-temporal
clusters of the collected data. It was specified that the maximum spatial size of the clusters is
20% of the total population at risk and the maximum temporal size of the clusters is 50% of the
study period. The cluster with maximum LLR was regarded as the most likely cluster while oth-
ers that also have significant P-values were named as secondary clusters. The space-time cluster
analysis was performed using SatScan 9.3 (http://www.satscan.org/).

Phylogenetic analysis
A phylogenetic tree for the VP1 gene of EV71 was constructed to show the phylogenetic rela-
tionships of EV71 strains isolated from China. Details of material and methods can be seen in
supplemental material and methods (S1 File).

Results

Epidemiological characteristics
A total of 454,339 HFMD cases were reported in Zhejiang Province, 2008–2012 with the aver-
age annual incidence rate of 172.98 per 100,000 (range from 72.61 to 270.04, S1 Fig). Of
454,339 HFMD cases, 1688 (0.37%) were severe cases (most were encephalitis or meningitis).
Since males are more susceptible to HFMD, the male-to-female ratio for mild cases is around
1.64:1 while up to 1.87:1 for severe cases (Table 1). Of the total cases, children aged under-
three and under-five accounted for almost 60% and 90%, respectively. A significant difference
(χ2 = 154.92, P<0.001) had been found between the age distributions of mild cases and severe
cases where more severe cases (74.05%) occurred in the under-three group. Corresponding to
the age distribution, children scattered at home accounted for about 70% and 85% of mild
cases and severe cases respectively, followed by nursery children (27.68% and 13.39%) and
school students (2.37% and 1.30%) respectively.

The variation of monthly distribution of HFMD was shown in Fig 2, which indicated that
the number of cases came to arise from March (13rd week) and reached the first and highest
peak between April and July (Fig 2A). September (36th week) was the start of the second peak

Table 1. Epidemiological characteristics of HFMD cases from Zhejiang Province, 2008–2012.

Cases type Year Sex ratio (M:F) Age (years) Occupation (Children)* Pathogen’s serotype

0–3 (%) 3–5 (%) >5 (%) Scattered (%) Nursery (%) School (%) EV71 (%) Cox A16 (%) Others (%)

Mild cases 2008 1.70:1 60.69 27.62 11.69 68.83 27.49 3.11 54.58 4.37 41.05

2009 1.67:1 62.53 28.84 8.63 71.71 25.92 1.99 41.73 40.04 18.24

2010 1.64:1 58.32 29.88 11.79 68.94 28.45 2.33 54.67 30.36 14.97

2011 1.65:1 60.25 29.84 9.91 69.92 27.46 2.19 56.14 20.11 23.75

2012 1.60:1 57.45 31.40 11.15 69.06 28.08 2.49 39.68 30.57 29.75

Total 1.64:1 59.24 30.03 10.73 69.58 27.68 2.37 49.70 26.05 24.24

Severe cases 2008 1.60:1 74.39 20.12 5.49 83.54 15.24 1.22 69.05 0.00 30.95

2009 1.98:1 78.52 19.46 2.01 88.59 8.72 2.01 71.03 19.63 9.35

2010 1.97:1 73.94 20.73 5.33 87.86 10.86 1.28 87.71 2.43 9.86

2011 1.76:1 72.11 22.71 5.18 76.10 21.51 1.59 82.49 1.38 16.13

2012 1.52:1 72.97 21.62 5.41 78.38 21.62 0.00 73.68 7.89 18.42

Total 1.87:1 74.05 20.91 5.04 85.13 13.39 1.30 82.85 4.02 13.12

*Since most cases were children (<18), only these children’s occupations (scattered, nursery or school) were classified.

doi:10.1371/journal.pone.0139109.t001
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observed between October and December. As seen with severe cases, a clear peak was only
observed less than a month following the appearance of the first peak of mild cases (Fig 2B). In
2010, a large outbreak of severe cases in Wenzhou caused an especially high peak for that sea-
son (Fig 2B and S1 Fig). When Wenzhou was excluded annually, the number of severe cases of
Zhejiang Province in 2010 is similar to those of other years (S2 Fig). The variation of geograph-
ical distribution of HFMD of mild and severe cases can be observed from Fig 3 and S3 Fig, indi-
cating that five districts (Wenzhou, Taizhou, Lishui, Ningbo and Quzhou) had higher
incidences than others (Fig 3) and the districts with the top incidences of severe cases were
Wenzhou, Quzhou, Ningbo and Lishui (S2 Fig). In a word, the eastern coastal and southern

Fig 2. Themonthly distribution of the number of mild cases (A) and severe cases (B) during 2008–
2012.

doi:10.1371/journal.pone.0139109.g002

Fig 3. The incidence rates of counties in Zhejiang Province, 2008–2012.

doi:10.1371/journal.pone.0139109.g003
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counties were the major regions with high incidences of HFMD while the northwest and the
central regions were the relatively low-incidence regions.

Distributions of pathogens’ serotypes
Of 454,339 cases, 15,055 (3.31%) were laboratory-confirmed cases including 1143 severe cases.
The predominant serotype was EV71 (accounting for 49.70%), followed by Cox A16 (26.05%)
and other enteroviruses (24.24%) for mild cases (Table 1). The distribution of pathogens’ sero-
types of severe cases was different from that of mild cases (χ2 = 566.89, P<0.001) where EV71
(82.85%) is the major causative agent. The monthly distributions of the composition of the
enteroviruses’ serotypes are shown in S4 Fig. It was clear that EV71 and Cox A16 were almost
the most important pathogens in each month. The positive correlation (partial correlation
coefficient = 0.621, P<0.001) between the monthly proportion of EV71 and the case-severity
rate was observed when time factors (year and month) were controlled (Fig 4). The negative
correlation (partial correlation coefficient = -0.325, P = 0.028) between Cox A16 and the case-
severity rate was also observed. When the proportions of EV71 exceeded 50%, the rates of
severe cases reached their peaks except for 2010. In this year, the peak of severe cases was
delayed and occurred in autumn. Since most of the severe cases of 2010 were fromWenzhou,
we excluded the cases fromWenzhou annually. The positive correlation between EV71 and

Fig 4. The partial correlations between the monthly proportions of EV71/Cox A16 and the case-severity rate.

doi:10.1371/journal.pone.0139109.g004
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severe cases, and the negative correlation between Cox A16 and severe cases, were also
observed for each year including 2010 (S5 Fig). Furthermore, the fact that 80% of pathogens’
serotypes of all cases were EV71 in Wenzhou and the proportion was much higher than other
districts in Zhejiang Province, may hint at the cause of the outbreak of severe cases in Wen-
zhou. According to that, there were fewer cases of EV71 in its peak in 2012; there were also
fewer severe cases in that year (Fig 4 and S1 Fig). Since data for pathogens’ serotypes were
unreliable for several months in 2008 (S4 Fig), we did not show the correlation graph for 2008
in Fig 4 and S5 Fig.

Age-specific EV71 seroprevalence survey and summary in healthy
children
To test the hypothesis that the relatively low level of EV71 antibody was the reason for high
HFMD incidence in children aged under-five, age-specific EV71 seroprevalence was surveyed
in healthy children in Zhejiang Province via ELISA. In total, 49.9% (274/549) healthy children
showed positive EV71-IgG (Table 2) which indicated occult infection was common in children.
To our surprise, the seroprevalence of the young children (0–5 years: 53.0%) was higher than
those of elder children (6–10 years: 42.3%; 11–20 years: 30.8%). Thus, age-specific EV71 sero-
prevalence summary in healthy children since 1997 was performed to describe the age distribu-
tion of EV71 seroprevalence in healthy children and verify the above hypothesis.

Among 26 seroprevalence studies (pre- and post-epidemic studies were performed in four
publications) during 1997–2015, two-thirds were surveyed in mainland China and Taiwan
(Table 3). Almost all studies used neutralizing antibody to test serum antibodies except for our
and Kuang et al.’s studies where EV71-IgG was detected by ELISA. Only four studies were
based on neonates (0 year) and cord blood was used instead of venous blood. The neonates
exhibited high seroprevalence (44.0–75.0%) which implied that their mothers (the source of
the neonates’ antibodies) had high level of EV71 antibody. In general, the level of the neonates’
antibodies declined until six months after birth when occult infection could induce the active
immunity. Therefore, 0–5 years group (children aged under-five) showed lowest level of EV71
seroprevalence (29.1% on average, Table 3 and Fig 5). Since the elder children had more
chances of exposure to the enteroviruses and repeated active immunity, their seorprevalences
were significant higher than the younger (6–10 years group: 54.6%, t = 4.540, P<0.001; 11–20
years group: 61.8%, t = 6.406, P<0.001). This age-specific EV71 seroprevalence pattern pro-
vided the evidence that children aged under-five were most susceptible to HFMD. Another
hypothesis was that HFMD epidemics would significantly increase the level of EV71 seropreva-
lence after the epidemics. However, the results of four studies were contradictory (Table 3):
one positive result (Study ID: 9&10) and three mixed results (Study ID: 5&6, 15&16, 17&18).
Furthermore, as a country confronting the long-term exposure to HFMD epidemics, it was
considered that China may have a higher level of seroprevalence than other counties. Fig 5
indicated that only 0–5 years group exhibited significant difference between China and other

Table 2. Age-specific EV71 seroprevalence (EV71-IgG) in healthy children of Zhejiang Province, China.

Age group (years) No. samples No. Positive Positive rate (%) 95% CI (%)

0–5 445 236 53.0 (48.4, 57.6)

6–10 52 22 42.3 (28.9, 55.7)

11–20 52 16 30.8 (18.3, 43.3)

Total 549 274 49.9 (45.7, 54.1)

doi:10.1371/journal.pone.0139109.t002
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Table 3. Summary of the EV71 seroprevalence studies in healthy children since 1997.

ID Sampling
yeara

Author Region Populationb Tested
Antibodyc

Sample size Seroprevalence (%)

0
yrd

0–5
yrs

6–10
yrs

11–20
yrs

Total 0
yrd

0–5
yrs

6–10
yrs

11–20
yrs

Total

1 2014 This study China S, H I - 445 52 52 549 - 53.0 42.3 30.8 49.9

2 2011 Ni et al.[49] China O N - 147 37 37 221 - 34.0 67.6 86.5 48.4

3 2010–2011 Zeng et al.[50] China O N - 614 - - 614 - 19.9 - - 19.9

4 2010 Kuang et al.[44] China S I - 652 167e 167e 819 - 30.8 22.8e 22.8e 29.2

5 2010(a) Li et al.[53] China S N - 280 50e 50e 330 - 52.7 78.0e 78.0e 56.5

6 2010(b) Li et al.[53] China S N - 194 98e 98e 292 - 64.1 71.0e 71.0e 66.4

7 2010 Ji et al.[48] China S N 40 640 80 80 840 75.0 34.7 92.0 80.0 46.4

8 2007–2010 Zhu et al.[51] China C N - 975 - - 975 - 49.3 - - 49.3

9 2006–2010
(a)

Yu et al.[47] China S N - 49 25 9 83 - 36.7 72.0 77.8 51.8

10 2006–2010
(b)

Yu et al.[47] China S N - 235 158 79 472 - 24.3 55.7 74.6 43.2

11 2008 Yang et al.[46] China S N - 60 - - 60 - 41.2 - - 41.2

12 2006–2008 Luo et al.[38] Taiwan C N 459 - - - 459 51.0 - - - 51.0

13 2006–2007 Huang et al.[43] Taiwan C N - 287 - - 287 - 12.5 - - 12.5

14 2005 Zhu et al.[41] China S N - 900 - - 900 - 32.0 - - 32.0

15 1997–1999
(a)

Chang et al.[34] Taiwan O N - 2091 761 648 3500 - 24.8 61.0 65.0 40.1

16 1997–1999
(b)

Chang et al.[34] Taiwan O N - 216 48 79 343 - 20.2 63.0 66.0 36.8

17 1994–1999
(a)

Lu et al.[35] Taiwan O N - 576 108 264 948 - 23.3 45.4 63.0 36.9

18 1994–1999
(b)

Lu et al.[35] Taiwan O N - 281 54 64 399 - 24.9 57.0 62.3 35.2

19 2008–2010 Ang et al.[42] Singapore S N - 327 290 566 1183 - 13.2 22.9 37.9 26.9

20 1994–2010 Honkanen et al.
[52]

Finland O N - 505e 505e - 505 - 1.6e 1.6e - 1.6

21 2005–2009 Tran et al.[45] Viet Nam S N 200 1194 120e 120e 1514 55.0 11.0 84.0e 84.0e 24.6

22 2007–2008 Akhmadishina
et al.[54]

Russia O N - 826 - - 826 - 29.2 - - 29.2

23 1997–2007 Diedrich et al.[37] Germany S N - 112 55 109 276 - 36.6 58.0 64.6 51.7

24 2006 Rabenau et al.[40] Germany O N - 100 100 200 400 - 12.0 47.0 51.0 40.3

25 2004 Mizuta et al.[39] Japan O N - 29 22 7 58 - 24.1 50.0 42.9 36.2

26 1996–1997 Ooi et al.[36] Singapore S N 70 463 238 155 926 44.0 21.9 45.3 53.9 34.9

a: after the epidemic (a); before the epidemic (b). For example, 2010(a) and 2010(b) are the seroprevalence results after and before the 2010 HFMD

epidemic.
b: S: healthy children defined as "no HFMD symptom or no sign at the time of the survey"; H: no HFMD history; O: serum samples collected from studies

for other diseases or general population; C: HFMD cohort study.
c:IgG antibody (I); Neutralizing antibody (N).
d:0 yr are neonates (cord blood).
e:In original paper, the nearby age groups are merged.

doi:10.1371/journal.pone.0139109.t003
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counties (t = 2.694, P = 0.013) which implied the complex relationship between the seropreva-
lence and the history of exposure.

Spatial autocorrelation analysis
Based on the surveillance data of counties of Zhejiang Province, 2008–2012, globally positive
spatial autocorrelation association (Moran’s I ranged from 0.29 to 0.47 with statistical signifi-
cances) for mild cases was revealed by using the global spatial autocorrelation analysis which
indicated the nonrandom distribution of HFMD in Zhejiang Province (Table 4). The LISA
maps were used to illustrate the results of local spatial autocorrelation analysis (S6 Fig). It
shows that high-incidence clusters (high-high pattern, dark red color) were mostly from east-
ern coastal and southern districts including Wenzhou, Lishui, Taizhou, Ningbo and Quzhou

Fig 5. Age-specific EV71 seroprevalence summary in healthy children.

doi:10.1371/journal.pone.0139109.g005

Table 4. The Moran’s I of global spatial autocorrelation analysis for mild cases of HFMD during 2008–
2012.

Year Moran's I Z score P-value

2008 0.29 5.43 <0.001

2009 0.41 6.83 <0.001

2010 0.35 6.12 <0.001

2011 0.47 8.90 <0.001

2012 0.41 6.25 <0.001

doi:10.1371/journal.pone.0139109.t004
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while northwest of Zhejiang Province were low-incidence regions (low-low pattern, dark blue
color). Other districts were mixed clusters or non-cluster regions. According to severe cases,
Moran’s Is were higher (range from 0.25 to 0.67) especially for 2010 (S1 Table). At first glance,
the high-incidence regions of severe cases were similar to those of mild cases (S7 Fig). Even
though, Ningbo was a major difference for severe cases and showed a high-high pattern in the
LISA map for several years.

Space-time cluster analysis
Table 5 listed the scanning results of most likely clusters for mild cases derived from the retro-
spective space-time cluster analysis. The results showed that most likely clusters (dark blue)
were mainly located at eastern coastal and southern regions (Fig 6). In 2008, 15 counties were
classified into the most likely cluster (radius of the cluster was 93.26 km) fromMay to June
where 7,807 cases were observed with a very high RR of 8.95 (P<0.001). During 2009 to 2012,

Table 5. The scanning results of space-time cluster analysis for mild cases of HFMD from Zhejiang Province, 2008–2012.

Year Counties
(n)

Radius
(km)

Time
(month)

Observed
cases (n)

Expected
cases (n)

Relative
risk

P-
value

Most likely clusters Others

EV71
(%)

Cox
A16 (%)

Others
(%)

EV71
(%)

Cox
A16 (%)

Others
(%)

2008 15 93.26 5–6 7,807 1,075.81 8.95 <0.001 50.75 2.99 46.27 55.71 3.91 40.38

2009 12 85.41 9–12 16,102 4,594.96 4.26 <0.001 56.25 37.50 6.25 18.29 71.95 9.76

2010 12 85.41 4–7 26,086 7,415.45 4.27 <0.001 76.64 11.37 11.99 51.04 36.84 12.12

2011 14 93.26 5–7 15,272 4,049.33 4.36 <0.001 80.99 9.51 9.50 59.35 10.42 30.23

2012 17 98.60 4–6 23,981 7,273.37 3.74 <0.001 65.52 15.93 18.55 34.79 43.17 22.04

doi:10.1371/journal.pone.0139109.t005

Fig 6. The results of space-time cluster analysis for mild cases of Zhejiang Province, 2008–2012.

doi:10.1371/journal.pone.0139109.g006
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RR was lowered and ranged from 3.74 to 4.36 while the number of the clusters was almost sta-
ble. EV71 was the major causative of the most likely clusters and the proportions of them were
much higher than other regions (Table 5) which hinted that EV71 was associated with not only
the severity of HFMD but also the clusters of HFMD. The second most likely clusters (light
blue) illustrated in Fig 6 spread all over the province, especially those counties from Ningbo,
Jinhua, Shaoxing and Quzhou. According to severe cases, the scanning results of most likely
clusters were similar to those of spatial autocorrelation association and three districts (Wen-
zhou, Lishui and Ningbo) were major clusters (S2 Table and S8 Fig).

Meteorological factors analysis
Since five districts (Wenzhou, Taizhou, Lishui, Ningbo and Quzhou) were the major clusters
according to their incidences and the results of spatial autocorrelation analysis and space-time
cluster analysis, we roughly defined them as clustered regions while other districts made up
non-clustered regions. To explore the possible meteorological factors associated with the clus-
ters of HFMD, the levels of monthly average temperature, monthly average rainfall and monthly
average sunshine were compared between clustered regions and non-clustered regions during
the peak of HFMD (April, May, June and July). Table 6 showed that sunshine was much lower
in clustered regions than non-clustered regions during the peak period of the epidemics (three
months had significant P-values of 0.032,<0.001 and 0.024, respectively using Student t tests
and another month had a P-value of 0.064). Meanwhile no statistical differences were found on
temperature and rainfall except rainfall in July (P = 0.003). Furthermore, S9 Fig detailed the
rather lower levels of sunshine of clustered regions. As Wenzhou had a great epidemic of severe
cases in 2010, we compared the levels of sunshine of Wenzhou since 2006. It was obvious that
there was much less sunshine during the peak period in 2010 than other nearby years (S10 Fig).

Discussion and Conclusions
Our study confirmed that Zhejiang Province was one of the highly epidemic provinces of
HFMD with average annual incidence rate 172.98 per 100,000. Consistent with previous
reports in China [4–6], children, especially boys under-five, were the most susceptible group.
One of the important explanations was that elder children and adults may have been occult
infected and developed antibodies to the enteroviruses. The seroprevalence summary provided
the evidence that occult infection was common in elder children. The EV71 seroprevalence of

Table 6. The comparison of meteorological factors between clustered regions and non-clustered regions during the peak period (April to July).

Factors Month Clustered regions (Mean ± SD) Non-clustered regions (Mean ± SD) t P-values

Temperature (°C) Apr 17.020±1.463 16.400±1.687 1.374 0.175

May 21.835±0.857 21.814±1.150 0.070 0.944

Jun 25.410±1.009 24.883±1.136 1.722 0.091

Jul 29.255±0.722 29.423±1.037 -0.639 0.525

Rainfall (mm) Apr 122.605±43.513 105.240±50.300 1.291 0.202

May 135.165±90.277 112.309±60.067 1.127 0.265

Jun 246.680±95.755 290.189 ±157.840 -1.272 0.209

Jul 210.515±91.555 144.403±64.036 3.142 0.003
Sunshine (h) Apr 140.040±33.303 161.826±36.260 -2.206 0.032

May 152.900±37.241 192.706±37.093 -3.823 <0.001
Jun 95.085 ±29.371 118.923±40.029 -2.326 0.024

Jul 206.630±32.737 224.014±32.783 -1.893 0.064

doi:10.1371/journal.pone.0139109.t006

HFMD Epidemics in Zhejiang Province, China, 2008-2012

PLOS ONE | DOI:10.1371/journal.pone.0139109 September 30, 2015 13 / 20



the young children (0–5 years group) was about 29.1% while the elder children (6–10 years
group and 11–20 years group) were 54.6% and 61.8%, respectively (Table 3 and Fig 5). In addi-
tion, the neonates’ high level of seroprevalence (44.0–75.0%) implied their mothers’ similar
high level of antibody. Under such circumstance, children aged under-five may be the most
susceptible group to HFMD. Furthermore, many studies reported that although elder children
and adults had higher seroprevalence than younger children, their geometric mean titers
(GMT) may be lower [31, 36, 42, 48]. It could be indirect evidence that enterovirus transmis-
sion may majorly occur in pre-school centers than at home [36, 42]. It was still unclear why
boys had more chances to get infected. One possible explanation was that they usually spent
more time on playing and were in close contact with their friends [25, 26]. Our EV71 seroprev-
alence survey confirmed that occult infection was common in children in Zhejiang Province.
However, it was confusing that the elder children had more seroprevalence than the younger
children (Table 2). Kuang et al. got the same results where ELISA was also used to detect
EV71-IgG instead of neutralizing antibody [44]. ELISA was a fast and simple method for test-
ing immunoglobulins such as IgG [61] and IgM [62, 63], which are serological markers of the
past and ongoing infections. The relatively low level of GMT of elder children may decrease
the sensitivity of ELISA which was an indirect method in nature [62, 63]. In addition, the fact
that some subclasses of IgG did not have neutralizing activity may complicate the testing [61].
Therefore, neutralizing antibody should be recommended in the circumstances.

High-incidence clustered regions majorly consisted of the eastern coastal and southern coun-
ties (counties fromWenzhou, Taizhou, Lishui, Ningbo and Quzhou) whatever incidence rates
comparison, spatial autocorrelation analysis or space-time cluster analysis was performed. One
of the possible reasons is that the peaks of HFMD epidemics mostly occurred in April to July in
Zhejiang Province due to the subtropical monsoon climate of warm weather, plentiful rainfall
and low sunshine. Previously, researchers had found that the weather factors were associated
with the incidence of HFMD [64, 65]. Furthermore, Deng et al. found that sunshine was nega-
tively correlated with the incidence rate of HFMD [25] and Xing et al. associated the spring sun-
shine with the annual amplitude of epidemics [4]. We also showed that the clustered regions of
Zhejiang Province had rather lower levels of sunshine than non-clustered regions (Table 6). Fur-
thermore, Wenzhou, the district that had a great outbreak of severe cases in 2010, had quite low
sunshine in that year according to the recent history (S10 Fig). Since the levels of other meteoro-
logical factors such as temperature and rainfall are similar in different regions of Zhejiang Prov-
ince, sunshine may be the important meteorological factor for the reproduction or
transmissibility of EV71 as well as for the early warning of epidemics of HFMD.

It was widely known that EV71 was the major cause of the severe cases of HFMD and our
analysis found that the proportion of EV71 among all isolated viruses was correlated with the
case-severity rate. When the proportions of EV71 reach 50% during April and July, the case-
severity rate also reached their peaks for the year (Fig 4 and S5 Fig). Furthermore, the propor-
tions of EV71 were much higher in the clustered regions than non-clustered regions (Table 5).
Thus, the ecology of the enteroviruses may be important for the outbreaks of HFMD epidemics
and the serological distribution of the enteroviruses can be a predictable factor for the early
warning of epidemics of severe cases. In reality, the serotypes of the enteroviruses were mea-
sured only for the enteroviruses routinely isolated from most severe cases and a small part of
mild cases. Therefore, it was an indirect index and biased estimate for investigating the serolog-
ical distribution of the enteroviruses in the susceptible population and the clusters. Targeted
sampling and serotyping may improve the accuracy of estimating the pathogens’ composition.

Phylogenetic analysis provides an essential way to track the variation and the evolution of
the genomes of the enteroviruses and determine the phylogenetic relationships between the
enteroviruses isolated from different regions. The genotypes of EV71 can be divided into A, B
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and C groups according to the phylogenetic tree of the VP1 gene [15]. Group B has five subli-
neages: B1–B5; and Group C also has five sublineages: C1–C5. C4 was originally detected in
Japan in 1997 and then circulated in the Asia-Pacific regions, especially in mainland China [23,
66, 67]. Almost all EV71 strains isolated from China belonged to C4 while other genotypes
such as B3, B4, B5, C3 and C5 had circulated in the Asia-Pacific region, and the exact reason is
still unknown (S1 File and S11 Fig). From S11 Fig, we can conclude that the sequences of EV71
isolated from China were highly homologous and all Zhejiang strains originated from the
country and were mixed with the strains from other provinces in the phylogenetic tree. Thus,
the epidemics that occurred in Zhejiang Province were tightly related to those which occurred
in other provinces. No sequence fromWenzhou was deposited in the NCBI database; however,
Chen et al. reported that the VP1 sequences fromWenzhou (17 strains isolated during 2008–
2010) were highly homologous to other Chinese strains and all belonged to the C4 group [68].
Therefore, no evidence showed that the Wenzhou epidemic of 2010 was caused by a novel
EV71 strain and the high activity of EV71 (80% of pathogens isolated fromWenzhou were
EV71) in that year can be a possible reason.

Since vaccines were still under phase III clinical trials [10, 11], the prevention and control of
HFMD depended on interventions such as health education, regularly disinfection and mini-
mizing patients’ public exposure. Our cluster analysis in this study was county-based, further
subdistrict-based in the cities, and village-based in the counties, thus would support fine-map-
ping of the HFMD clusters. With these fine-mapping clusters, targeted interventions to HFMD
could be performed more rapidly and efficiently. In the above discussion, evolutionary analysis
has shown the phylogenetic relationships between the strains isolated from Zhejiang Province
and the strains from other provinces, which has provided clues for the origin and the develop-
ment of the enteroviruses. Cottam et al. [69] and Valdazo-Gonza´lez et al. [70] demonstrated
that reconstructing of the transmission history of the foot-and-mouth disease virus using geno-
mic sequences could support and help direct epidemiological investigations of the field out-
breaks. Sequencing the genomes of the enteroviruses was not routine work even in the
provincial CDCs in China today. We considered that routine sequencing and targeted sequenc-
ing for the outbreaks would be helpful for the tracking of the epidemics.

In summary, our study analyzed the epidemiological characteristics of HFMD in Zhejiang
Province and revealed that the eastern costal and southern regions were the major locations of
the clusters. We also found that pathogens’ serotypes and sunshine were the potential risk fac-
tors associated with these clusters. These findings can be helpful for the later prevention and
control the HFMD epidemics in Zhejiang Province.

Supporting Information
S1 Fig. The incidence rates and case-severity rates of HFMD in Zhejiang Province, 2008–
2012.
(DOC)

S2 Fig. The number of severe cases from Zhejiang Province (Wenzhou excluded), 2008–
2012.
(DOC)

S3 Fig. The incidence rates of severe cases from Zhejiang Province, 2008–2012.
(DOC)

S4 Fig. The monthly distributions of pathogens’ serotypes (EV71, Cox A16 and other
enteroviruses) of mild and severe cases from Zhejiang Province, 2008–2012.
(DOC)

HFMD Epidemics in Zhejiang Province, China, 2008-2012

PLOS ONE | DOI:10.1371/journal.pone.0139109 September 30, 2015 15 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139109.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139109.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139109.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139109.s004


S5 Fig. The partial correlations between the proportions of EV71/Cox A16 and the case-
severity rate (Wenzhou excluded) from Zhejiang Province, 2009–2012.
(DOC)

S6 Fig. The LISA cluster map for mild cases from Zhejiang Province, 2008–2012.
(DOC)

S7 Fig. The LISA cluster map for severe cases from Zhejiang Province, 2008–2012.
(DOC)

S8 Fig. The results of space-time cluster analysis for severe cases from Zhejiang Province,
2008–2012.
(DOC)

S9 Fig. The monthly average sunshine (from April to July) of districts of Zhejiang Province,
2008–2012.
(DOC)

S10 Fig. The monthly average sunshine (from April to July) of Wenzhou during 2006–
2012.
(DOC)

S11 Fig. Phylogenetic tree of the VP1 gene of EV71 strains isolated from China.
(DOC)

S1 File. Supplementary material and methods.
(DOC)

S1 Table. The Moran’s I of global spatial autocorrelation analysis for severe cases from Zhe-
jiang Province, 2008–2012.
(DOC)

S2 Table. The scanning results of space-time cluster analysis for severe cases from Zhejiang
Province, 2008–2012.
(DOC)

Acknowledgments
We would like to thank colleagues in the Zhejiang Provincial Center for Disease Control and
Prevention for collecting and managing the data of notified hand, foot and mouth disease cases
in Zhejiang Province.

Author Contributions
Conceived and designed the experiments: CD HG HL. Performed the experiments: HL. Ana-
lyzed the data: CD JG ZL TZ QH. Contributed reagents/materials/analysis tools: HG HL ZJ
BC. Wrote the paper: CD HG HL JG ZL.

References
1. McMinn PC. Recent advances in the molecular epidemiology and control of human enterovirus 71

infection. Curr Opin Virol. 2012; 2(2):199–205. doi: 10.1016/j.coviro.2012.02.009 PMID: 22482716

2. Solomon T, Lewthwaite P, Perera D, Cardosa MJ, McMinn P, Ooi MH. Virology, epidemiology, patho-
genesis, and control of enterovirus 71. Lancet Infect Dis. 2010; 10(11):778–90. doi: 10.1016/s1473-
3099(10)70194-8 PMID: 20961813

HFMD Epidemics in Zhejiang Province, China, 2008-2012

PLOS ONE | DOI:10.1371/journal.pone.0139109 September 30, 2015 16 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139109.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139109.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139109.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139109.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139109.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139109.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139109.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139109.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139109.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139109.s014
http://dx.doi.org/10.1016/j.coviro.2012.02.009
http://www.ncbi.nlm.nih.gov/pubmed/22482716
http://dx.doi.org/10.1016/s1473-3099(10)70194-8
http://dx.doi.org/10.1016/s1473-3099(10)70194-8
http://www.ncbi.nlm.nih.gov/pubmed/20961813


3. Yip CCY, Lau SKP,Woo PCY, Yuen K-Y. Human enterovirus 71 epidemics: what’s next? Emerg Health
Threats J. 2013; 6. doi: 10.3402/ehtj.v6i0.19780

4. XingW, Liao Q, Viboud C, Zhang J, Sun J, Wu JT, et al. Hand, foot, and mouth disease in China, 2008–
12: an epidemiological study. Lancet Infect Dis. 2014; 14(4):308–18. doi: 10.1016/s1473-3099(13)
70342-6 PMID: 24485991

5. Liu Y, Wang X, Liu Y, Sun D, Ding S, Zhang B, et al. Detecting Spatial-temporal clusters of HFMD from
2007 to 2011 in Shandong province, China. PLoS one. 2013; 8(5):e63447. doi: 10.1371/journal.pone.
0063447 PMID: 23704909

6. Wang J, Cao Z, Zeng DD, Wang Q, Wang X, Qian H. Epidemiological Analysis, Detection, and Com-
parison of Space-Time Patterns of Beijing Hand-Foot-Mouth Disease (2008–2012). PLoS one. 2014; 9
(3):e92745. doi: 10.1371/journal.pone.0092745 PMID: 24663329

7. McMinn P, Stratov I, Nagarajan L, Davis S. Neurological manifestations of enterovirus 71 infection in
children during an outbreak of hand, foot, and mouth disease in Western Australia. Clin Infect Dis.
2001; 32(2):236–42. PMID: 11170913

8. Tseng FC, Huang HC, Chi CY, Lin TL, Liu CC, Jian JW, et al. Epidemiological survey of enterovirus
infections occurring in Taiwan between 2000 and 2005: analysis of sentinel physician surveillance
data. J Med Virol. 2007; 79(12):1850–60. PMID: 17935170

9. Lu S. EV71 vaccines: a milestone in the history of global vaccine development. Emerg Microbes Infect.
2014; 3:e27. doi: 10.1038/emi.2014.29 PMID: 26038519

10. Li R, Liu L, Mo Z, Wang X, Xia J, Liang Z, et al. An inactivated enterovirus 71 vaccine in healthy chil-
dren. New Engl J Med. 2014; 370(9):829–37. doi: 10.1056/NEJMoa1303224 PMID: 24571755

11. Zhu F, XuW, Xia J, Liang Z, Liu Y, Zhang X, et al. Efficacy, safety, and immunogenicity of an enterovi-
rus 71 vaccine in China. New Engl J Med. 2014; 370(9):818–28. doi: 10.1056/NEJMoa1304923 PMID:
24571754

12. Seddon JH. Research Newsletter No. 2: Research Committee of New Zealand Council, College of
General Practitioners. 1961.

13. Robinson C, Doane FW, Rhodes A. Report of an outbreak of febrile illness with pharyngeal lesions and
exanthem: Toronto, summer 1957—isolation of group A coxsackie virus. Can Med Assoc J. 1958; 79
(8):615. PMID: 13585281

14. Schmidt NJ, Lennette EH, Ho HH. An apparently new enterovirus isolated from patients with disease of
the central nervous system. J Infect Dis. 1974; 129(3):304–9. PMID: 4361245

15. Brown BA, Oberste MS, Alexander JP, Kennett ML, Pallansch MA. Molecular Epidemiology and Evolu-
tion of Enterovirus 71 Strains Isolated from 1970 to 1998. J Virol. 1999; 73(12):9969–75. PMID:
10559310

16. van der Sanden S, Koopmans M, Uslu G, van der Avoort H. Epidemiology of enterovirus 71 in the Neth-
erlands, 1963 to 2008. J Clin Microbiol. 2009; 47(9):2826–33. doi: 10.1128/JCM.00507-09 PMID:
19625480

17. Podin Y, Gias EL, Ong F, Leong Y-W, Yee S-F, Yusof MA, et al. Sentinel surveillance for human entero-
virus 71 in Sarawak, Malaysia: lessons from the first 7 years. BMC Public Health. 2006; 6(1):180.

18. Chan Y, Wee K, Chiam C, Khor C, Chan S, Amalina W, et al. Comparative genetic analysis of VP4,
VP1 and 3D gene regions of enterovirus 71 and coxsackievirus A16 circulating in Malaysia between
1997–2008. Trop Biomed. 2012; 29(3):451–66. PMID: 23018509

19. HoM, Chen E-R, Hsu K-H, Twu S-J, Chen K-T, Tsai S-F, et al. An epidemic of enterovirus 71 infection
in Taiwan. New Engl J Med. 1999; 341(13):929–35. PMID: 10498487

20. Huang S-W, Hsu Y-W, Smith DJ, Kiang D, Tsai H-P, Lin K-H, et al. Reemergence of Enterovirus 71 in
2008 in Taiwan: Dynamics of Genetic and Antigenic Evolution from 1998 to 2008. J Clin Microbiol.
2009; 47(11):3653–62. doi: 10.1128/jcm.00630-09 PMID: 19776232

21. McMinn P, Lindsay K, Perera D, Chan HM, Chan KP, Cardosa MJ. Phylogenetic analysis of enterovirus
71 strains isolated during linked epidemics in Malaysia, Singapore, andWestern Australia. J Virol.
2001; 75(16):7732–8. PMID: 11462047

22. Sun J, Zhang J. A review on the advancement of epidemiology on hand-foot-mouth disease (in Chi-
nese). Chin J Epidemiol. 2009; 30(9):973–6.

23. Zhang Y, Tan X-J, Wang H-Y, Yan D-M, Zhu S-L, Wang D-Y, et al. An outbreak of hand, foot, and
mouth disease associated with subgenotype C4 of human enterovirus 71 in Shandong, China. J Clin
Virol. 2009; 44(4):262–7. doi: 10.1016/j.jcv.2009.02.002 PMID: 19269888

24. Zhang Y, Zhu Z, YangW, Ren J, Tan X, Wang Y, et al. An emerging recombinant human enterovirus
71 responsible for the 2008 outbreak of hand foot and mouth disease in Fuyang city of China. Virology
Journal. 2010; 7(1):94.

HFMD Epidemics in Zhejiang Province, China, 2008-2012

PLOS ONE | DOI:10.1371/journal.pone.0139109 September 30, 2015 17 / 20

http://dx.doi.org/10.3402/ehtj.v6i0.19780
http://dx.doi.org/10.1016/s1473-3099(13)70342-6
http://dx.doi.org/10.1016/s1473-3099(13)70342-6
http://www.ncbi.nlm.nih.gov/pubmed/24485991
http://dx.doi.org/10.1371/journal.pone.0063447
http://dx.doi.org/10.1371/journal.pone.0063447
http://www.ncbi.nlm.nih.gov/pubmed/23704909
http://dx.doi.org/10.1371/journal.pone.0092745
http://www.ncbi.nlm.nih.gov/pubmed/24663329
http://www.ncbi.nlm.nih.gov/pubmed/11170913
http://www.ncbi.nlm.nih.gov/pubmed/17935170
http://dx.doi.org/10.1038/emi.2014.29
http://www.ncbi.nlm.nih.gov/pubmed/26038519
http://dx.doi.org/10.1056/NEJMoa1303224
http://www.ncbi.nlm.nih.gov/pubmed/24571755
http://dx.doi.org/10.1056/NEJMoa1304923
http://www.ncbi.nlm.nih.gov/pubmed/24571754
http://www.ncbi.nlm.nih.gov/pubmed/13585281
http://www.ncbi.nlm.nih.gov/pubmed/4361245
http://www.ncbi.nlm.nih.gov/pubmed/10559310
http://dx.doi.org/10.1128/JCM.00507-09
http://www.ncbi.nlm.nih.gov/pubmed/19625480
http://www.ncbi.nlm.nih.gov/pubmed/23018509
http://www.ncbi.nlm.nih.gov/pubmed/10498487
http://dx.doi.org/10.1128/jcm.00630-09
http://www.ncbi.nlm.nih.gov/pubmed/19776232
http://www.ncbi.nlm.nih.gov/pubmed/11462047
http://dx.doi.org/10.1016/j.jcv.2009.02.002
http://www.ncbi.nlm.nih.gov/pubmed/19269888


25. Deng T, Huang Y, Yu S, Gu J, Huang C, Xiao G, et al. Spatial-temporal clusters and risk factors of
hand, foot, and mouth disease at the district level in Guangdong Province, China. PLoS one. 2013; 8
(2):e56943. doi: 10.1371/journal.pone.0056943 PMID: 23437278

26. Huang Y, Deng T, Yu S, Gu J, Huang C, Xiao G, et al. Effect of meteorological variables on the inci-
dence of hand, foot, and mouth disease in children: a time-series analysis in Guangzhou, China. BMC
infectious diseases. 2013; 13(1):134.

27. Miao Z, Lv H, Qin S, Cai J, Chen Z, Cao Y. Epidemiology of hand, foot and mouth disease in Zhejiang,
2010–2011 (in Chinese). Disease Surveillance. 2012; 27(7):530–4.

28. Gomes ML, de Castro CM, Oliveira MJ, Da SE. Neutralizing antibodies to enterovirus 71 in Belem, Bra-
zil. Mem I Oswaldo Cruz. 2002; 97(1):47–9.

29. Castro CMO, Cruz ACR, Silva EED, Gomes MDLC. Molecular and seroepidemiologic studies of
Enterovirus 71 infection in the State of Pará, Brazil. Rev Inst Med trop S Paulo,. 2005; 47(2):65–71.
PMID: 15880216

30. Luchs A, Cilli A, Russo DH, Costa FF, Carmona RDCC, Timenetsky MDCST. Evaluation of enterovirus
71 immune status in Sao Paulo state, BRAZIL. Revista Do Instituto De Medicina Tropical De Sao
Paulo. 2010; 52(6):339–41. PMID: 21225219

31. Linsuwanon P, Puenpa J, Huang SW,Wang YF, Mauleekoonphairoj J, Wang JR, et al. Epidemiology
and seroepidemiology of human enterovirus 71 among Thai populations. J Biomed Sci. 2014; 21
(9):1121–9.

32. Wang X, Xing M, Zhang C, Yang Y, Chi Y, Tang X, et al. Neutralizing antibody responses to enterovirus
and adenovirus in healthy adults in China. Emerging Microbes & Infections. 2014; 3:e30.

33. Lee MS, Chiang PS, Luo ST, Huang ML, Liou GY, Tsao KC, et al. Incidence Rates of Enterovirus 71
Infections in Young Children during a Nationwide Epidemic in Taiwan, 2008–09. PloS Neglected Tropi-
cal Diseases. 2012; 6(2):145.

34. Chang LY, King CC, Hsu KH, Ning HC, Tsao KC, Li CC, et al. Risk factors of enterovirus 71 infection
and associated hand, foot, and mouth disease/herpangina in children during an epidemic in Taiwan.
Pediatrics. 2002; 109(6):260–5.

35. Lu CY, Lee CY, Kao CL, ShaoWY, Lee PI, Twu SJ, et al. Incidence and Case-Fatality Rates Resulting
from the 1998 Enterovirus 71 Outbreak in Taiwan. J Med Virol. 2002; 67(2):217–23. PMID: 11992582

36. Ooi E, Phoon M, Ishak B, Chan S. Seroepidemiology of human enterovirus 71, Singapore. Emerg Infect
Dis. 2002; 8(9):995–7. PMID: 12194783

37. Diedrich S, Weinbrecht A, Schreier E. Seroprevalence and molecular epidemiology of enterovirus 71 in
Germany. Arch Virol. 2009; 154(7):1139–42. doi: 10.1007/s00705-009-0413-x PMID: 19506798

38. Luo S, Chiang P, Chao A, Liou G, Lin R, Lin T, et al. Enterovirus 71 maternal antibodies in infants, Tai-
wan. Emerg Infect Dis. 2009; 15(4):581–4. doi: 10.3201/eid1504.081550 PMID: 19331737

39. Mizuta K, Aoki Y, Suto A, Ootani K, Katsushima N, Itagaki T, et al. Cross-antigenicity among EV71
strains from different genogroups isolated in Yamagata, Japan, between 1990 and 2007. Vaccine.
2009; 27(24):3153–8. doi: 10.1016/j.vaccine.2009.03.060 PMID: 19446185

40. Rabenau HF, Richter M, Doerr HW. Hand, foot and mouth disease: seroprevalence of Coxsackie A16
and Enterovirus 71 in Germany. Medical Microbiology & Immunology. 2010; 199(1):45–51.

41. Zhu Z, Zhu S, Guo X, Wang J, Wang D, Yan D, et al. Retrospective seroepidemiology indicated that
human enterovirus 71 and coxsackievirus A16 circulated wildly in central and southern China before
large-scale outbreaks from 2008. Virology Journal. 2010; 7(1):300.

42. Ang LW, Phoon MC, Wu Y, Cutter J, James L, Chow VT. The changing seroepidemiology of enterovi-
rus 71 infection among children and adolescents in Singapore. BMC Infectious Diseases. 2011; 11
(41):270.

43. HuangWC, Huang LM, Kao CL, Lu CY, Shao PL, Cheng AL, et al. Seroprevalence of enterovirus 71
and no evidence of crossprotection of enterovirus 71 antibody against the other enteroviruses in kinder-
garten children in Taipei city. Journal of Microbiology, Immunology, and Infection. 2011; 45(2):96–101.
doi: 10.1016/j.jmii.2011.09.025 PMID: 22154997

44. Kuang L, Wang C, Liang Z, Zhong J, Xiao M, Zhu B. Investigation on enterovirus 71 antibody levels
among children in Guangzhou area (in Chinese). Chinese Journal of Evidence-Based Pediatrics. 2011;
6(3):211–4.

45. Tran CBN, Nguyen HT, Phan HTT, Tran NV, Wills B, Farrar J, et al. The Seroprevalence and Seroinci-
dence of Enterovirus71 Infection in Infants and Children in Ho Chi Minh City, Viet Nam. PLoS one.
2011; 6(7):e21116. doi: 10.1371/journal.pone.0021116 PMID: 21765891

46. Yang C, Deng C, Wan J, Zhu L, Leng Q. Neutralizing antibody response in the patients with hand, foot
and mouth disease to enterovirus 71 and its clinical implications. Virology Journal. 2011; 8(6):306.

HFMD Epidemics in Zhejiang Province, China, 2008-2012

PLOS ONE | DOI:10.1371/journal.pone.0139109 September 30, 2015 18 / 20

http://dx.doi.org/10.1371/journal.pone.0056943
http://www.ncbi.nlm.nih.gov/pubmed/23437278
http://www.ncbi.nlm.nih.gov/pubmed/15880216
http://www.ncbi.nlm.nih.gov/pubmed/21225219
http://www.ncbi.nlm.nih.gov/pubmed/11992582
http://www.ncbi.nlm.nih.gov/pubmed/12194783
http://dx.doi.org/10.1007/s00705-009-0413-x
http://www.ncbi.nlm.nih.gov/pubmed/19506798
http://dx.doi.org/10.3201/eid1504.081550
http://www.ncbi.nlm.nih.gov/pubmed/19331737
http://dx.doi.org/10.1016/j.vaccine.2009.03.060
http://www.ncbi.nlm.nih.gov/pubmed/19446185
http://dx.doi.org/10.1016/j.jmii.2011.09.025
http://www.ncbi.nlm.nih.gov/pubmed/22154997
http://dx.doi.org/10.1371/journal.pone.0021116
http://www.ncbi.nlm.nih.gov/pubmed/21765891


47. Yu H, Wang M, Chang H, Lu J, Lu B, Li J, et al. Prevalence of antibodies against enterovirus 71 in chil-
dren from Lu'an City in Central China. Jpn J Infect Dis. 2011; 64(6):528–32. PMID: 22116336

48. Ji H, Li L, Liu Y, Ge H, Wang X, Hu J, et al. Seroepidemiology of human enterovirus71 and coxsackievir-
usA16 in Jiangsu province, China. Virology Journal. 2012; 9(11):248.

49. Ni H, Yi B, Yin J, Fang T, He T, Du Y, et al. Epidemiological and etiological characteristics of hand, foot,
and mouth disease in Ningbo, China, 2008–2011. J Clin Virol. 2012; 54(4):342–8. doi: 10.1016/j.jcv.
2012.04.021 PMID: 22652041

50. Zeng M, El Khatib NF, Tu S, Ren P, Xu S, Zhu Q, et al. Seroepidemiology of Enterovirus 71 infection
prior to the 2011 season in children in Shanghai. J Clin Virol. 2012; 53(4):285–9. doi: 10.1016/j.jcv.
2011.12.025 PMID: 22265829

51. Zhu F, Liang Z, Meng F, Zeng Y, Mao Q, Chu K, et al. Retrospective study of the incidence of HFMD
and seroepidemiology of antibodies against EV71 and CoxA16 in prenatal women and their infants.
PLoS one. 2012; 7(5):e37206. doi: 10.1371/journal.pone.0037206 PMID: 22662137

52. Honkanen H, Oikarinen S, Pakkanen O, Ruokoranta T, Pulkki MM, Laitinen OH, et al. Human enterovi-
rus 71 strains in the background population and in hospital patients in Finland. Journal of Clinical Virol-
ogy the Official Publication of the Pan American Society for Clinical Virology. 2013; 56(4):348–53. doi:
10.1016/j.jcv.2012.11.018 PMID: 23261080

53. Li W, Yi L, Su J, Lu J, Ke C, Zeng H, et al. Seroprevalence of Human Enterovirus 71 and Coxsackievirus
A16 in Guangdong, China, in Pre- and Post-2010 HFMD Epidemic Period. PLoS one. 2013; 8(12):
e80515. doi: 10.1371/journal.pone.0080515 PMID: 24324604

54. Akhmadishina LV, Eremeeva TP, Trotsenko OE, Ivanova OE, Mikhailov MI, Lukashev AN. Seroepide-
miology and Molecular Epidemiology of Enterovirus 71 in Russia. PLoS one. 2014; 9(5):e97404. doi:
10.1371/journal.pone.0097404 PMID: 24819617

55. Moran PAP. Notes on continuous stochastic phenomena. Biometrika. 1950; 37(1–2):17–23. doi: 10.
1093/biomet/37.1-2.17 PMID: 15420245

56. Anselin L. Local indicators of spatial association—LISA. Geogr Anal. 1995; 27(2):93–115.

57. Ord JK, Getis A. Local spatial autocorrelation statistics: distributional issues and an application. Geogr
Anal. 1995; 27(4):286–306.

58. Getis A, Ord JK. The analysis of spatial association by use of distance statistics. Geogr Anal. 1992; 24
(3):189–206.

59. Kulldorff M. Prospective time periodic geographical disease surveillance using a scan statistic. J R Stat
Soc Ser A Stat Soc. 2001; 164(1):61–72.

60. Kulldorff M, AthasWF, Feurer EJ, Miller BA, Key CR. Evaluating cluster alarms: a space-time scan sta-
tistic and brain cancer in Los Alamos, NewMexico. Am J Public Health. 1998; 88(9):1377–80. PMID:
9736881

61. Cao RY, Dong DY, Liu RJ, Han JF, Wang GC, Zhao H, et al. Human IgG subclasses against enterovi-
rus Type 71: neutralization versus antibody dependent enhancement of infection. PLoS one. 2013; 8
(6):e64024.

62. Wang SY, Lin TL, Chen HY, Lin TS. Early and rapid detection of enterovirus 71 infection by an IgM-cap-
ture ELISA. J Virol Methods. 2004; 119(1):37–43. PMID: 15109819

63. Xu F, Yan Q, Wang H, Niu J, Li L, Zhu F, et al. Performance of Detecting IgM Antibodies against Entero-
virus 71 for Early Diagnosis. PLoS one. 2010; 5(6):e11388. doi: 10.1371/journal.pone.0011388 PMID:
20613983

64. Hii YL, Rocklöv J, Ng N. Short term effects of weather on hand, foot and mouth disease. PLoS one.
2011; 6(2):e16796. doi: 10.1371/journal.pone.0016796 PMID: 21347303

65. Wang J, Guo Y-S, Christakos G, YangW-Z, Liao Y-L, Li Z-J, et al. Hand, foot and mouth disease: spa-
tiotemporal transmission and climate. Int J Health Geogr. 2011; 10(25):1–10.

66. Guan D, van der Sanden S, Zeng H, Li W, Zheng H, Ma C, et al. Population Dynamics and Genetic
Diversity of C4 Strains of Human Enterovirus 71 in Mainland China, 1998–2010. PLoS one. 2012; 7(9):
e44386. doi: 10.1371/journal.pone.0044386 PMID: 22984501

67. Zhu J, Luo Z, Wang J, Xu Z, Chen H, Fan D, et al. Phylogenetic analysis of enterovirus 71 circulating in
Beijing, China from 2007 to 2009. PLoS one. 2013; 8(2):e56318. doi: 10.1371/journal.pone.0056318
PMID: 23418551

68. Chen D, Tou h, Sun B, Chen L, Wu K, Gong L. Molecular epidemiological study of enterovirus 71 in
severe HFMD in Wenzhou area (in Chinese). Chinese Journal of Health Laboratory Technolog. 2012;
22(4):739–41.

HFMD Epidemics in Zhejiang Province, China, 2008-2012

PLOS ONE | DOI:10.1371/journal.pone.0139109 September 30, 2015 19 / 20

http://www.ncbi.nlm.nih.gov/pubmed/22116336
http://dx.doi.org/10.1016/j.jcv.2012.04.021
http://dx.doi.org/10.1016/j.jcv.2012.04.021
http://www.ncbi.nlm.nih.gov/pubmed/22652041
http://dx.doi.org/10.1016/j.jcv.2011.12.025
http://dx.doi.org/10.1016/j.jcv.2011.12.025
http://www.ncbi.nlm.nih.gov/pubmed/22265829
http://dx.doi.org/10.1371/journal.pone.0037206
http://www.ncbi.nlm.nih.gov/pubmed/22662137
http://dx.doi.org/10.1016/j.jcv.2012.11.018
http://www.ncbi.nlm.nih.gov/pubmed/23261080
http://dx.doi.org/10.1371/journal.pone.0080515
http://www.ncbi.nlm.nih.gov/pubmed/24324604
http://dx.doi.org/10.1371/journal.pone.0097404
http://www.ncbi.nlm.nih.gov/pubmed/24819617
http://dx.doi.org/10.1093/biomet/37.1-2.17
http://dx.doi.org/10.1093/biomet/37.1-2.17
http://www.ncbi.nlm.nih.gov/pubmed/15420245
http://www.ncbi.nlm.nih.gov/pubmed/9736881
http://www.ncbi.nlm.nih.gov/pubmed/15109819
http://dx.doi.org/10.1371/journal.pone.0011388
http://www.ncbi.nlm.nih.gov/pubmed/20613983
http://dx.doi.org/10.1371/journal.pone.0016796
http://www.ncbi.nlm.nih.gov/pubmed/21347303
http://dx.doi.org/10.1371/journal.pone.0044386
http://www.ncbi.nlm.nih.gov/pubmed/22984501
http://dx.doi.org/10.1371/journal.pone.0056318
http://www.ncbi.nlm.nih.gov/pubmed/23418551


69. Cottam EM,Wadsworth J, Shaw AE, Rowlands RJ, Goatley L, Maan S, et al. Transmission pathways
of foot-and-mouth disease virus in the United Kingdom in 2007. PLoS Pathogens. 2008; 4(4):
e1000050. doi: 10.1371/journal.ppat.1000050 PMID: 18421380

70. Valdazo-González B, Polihronova L, Alexandrov T, Normann P, Knowles NJ, Hammond JM, et al.
Reconstruction of the transmission history of RNA virus outbreaks using full genome sequences: foot-
and-mouth disease virus in Bulgaria in 2011. PLoS one. 2012; 7(11):e49650. doi: 10.1371/journal.
pone.0049650 PMID: 23226216

HFMD Epidemics in Zhejiang Province, China, 2008-2012

PLOS ONE | DOI:10.1371/journal.pone.0139109 September 30, 2015 20 / 20

http://dx.doi.org/10.1371/journal.ppat.1000050
http://www.ncbi.nlm.nih.gov/pubmed/18421380
http://dx.doi.org/10.1371/journal.pone.0049650
http://dx.doi.org/10.1371/journal.pone.0049650
http://www.ncbi.nlm.nih.gov/pubmed/23226216

