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Despite the adoption of a national immunization program in China, the incidence of
mumps remains high. This study aimed to describe the epidemiological characteristics,
including the time, region, occupation, and age, of mumps in Wuhan from 2005 to 2018
and to evaluate its transmissibility. In this study, the susceptible—exposed-infectious—
asymptomatic-recovered (SEIAR) model fitted the actual incidence data of mumps. The
effective reproduction number (R;) was used to evaluate and compare the transmission
capacity in different areas. From 2005 to 2018, there were 36,415 cases. The incidence
of mumps was highest among people aged 5-10 years (460.02 per 100,000). The SEIAR
model fitted the reported mumps data well (P < 0.01). The median transmissibility (R;)
was 1.04 (range = 0-2.50). There were two peak spreads every year (from March to
May and from October to December). The R; peak always appeared in the first 2 months
of the peak incidence rate. The peak time of the epidemic spread of mumps was 1-2
months earlier than the peak incidence rate. The prevention and control measures of
vaccination for children aged 5-10 years should be taken before the peak transmission
capacity each year, 2 months before the peak of the outbreak, to reduce the spread
of mumps.

Keywords: China, effective reproduction number, mathematical model, mumps, transmissibility, Wuhan

INTRODUCTION

Mumps is an acute respiratory infectious disease caused by the mumps virus, Rubulavirus (1). It
occurs mainly in children and adolescents and is highly transmissible (2). The main symptoms
include fever, muscle pain, and headache. Pain and swelling of one or both parotid and salivary
glands soon follow the presentation of the main symptoms. The mumps virus is a member of the
Paramyxoviridae RNA family of viruses (3). It is an envelope RNA virus that is transmitted through
the saliva, respiratory secretions, or close contact with an infected person (4). Up to 10% of patients
with mumps develop encephalitis, which can lead to death or disability (5).
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Mumps is usually mild and self-limiting, but its burden
should not be underestimated (6). Mumps is an epidemic viral
disease worldwide. More than 90% of cases are not reported
(7). From 2005 to 2010, an average of 560,000 cases were
reported worldwide (8). In countries such as Egypt, where the
population is not provided with routine mumps vaccination, the
burden of mumps is very high (100-1,000 cases per 100,000
people), and the epidemic peak occurs every 2-5 years (5, 9). In
several developed countries, the outbreak of mumps is cyclical
because of vaccination being voluntary (2). Even in countries
where mumps vaccines are used through national immunization
programs, mumps demonstrates a recurrent trend (10-12). In
the United States, for instance, mumps outbreaks occur in highly
immunized school-age populations (13-15). In some countries,
such as Iraq, the incidence rate of mumps has been increasing
due to long-term military conflicts, economic sanctions, and
wars (16).

In China, mumps is still an important public health problem.
The incidence rate of mumps in Mainland China remains high.
Since mumps surveillance was first conducted in 2004, the
average annual incidence rate of mumps has been 24 cases per
100,000 people (17). Although the mumps vaccine has been used
in the national vaccination program for children aged 18-24
months since 2007, the incidence of mumps has not decreased
significantly between 2008 and 2010. In fact, the incidence of
mumps was slightly higher from 2008 to 2010 than that from
2004 to 2007 (8).

Children and adolescents are particularly vulnerable to
mumps. In a prospective study (18) on the effect of a single dose
of the measles, mumps, and rubella (MMR) vaccine on children’s
immunity against mumps (18), it was reported that children in
kindergartens and elementary schools who only received a single
dose of MMR had a high risk of mumps infection, and their
immunity gradually declined over time. In recent years, mumps
still poses a considerable disease burden, and its incidence is
uneven in China. The reported incidences of mumps in southern
provinces, such as Guangdong, rank among the top three for
China. Furthermore, the incidence rates of mumps in western
provinces are higher than those in eastern and central provinces
(8, 19). The incidence rates of mumps in most parts of China have
been affected by precipitation, air pressure, temperature, and
wind speed. The incidence of mumps in North and Southwest
China is more susceptible to climatic factors (20).

Mathematical models are important tools for understanding
the spread and control of infectious diseases and implement
a number of practical prevention and control measures to
curb the spread of an epidemic. Several studies have used
epidemic dynamics models to analyze mumps. In one study
on the seasonal model of mumps in China, a non-autonomous
susceptible-vaccinated—exposed-mildly infectious-severely
infectious-hospitalized-recovered model (21, 22), which
described the seasonal variation of the transmission rate of
mumps, was proposed (21, 22). One study established a state
space model to describe the transmission process and the trend of
mumps before and after the implementation of the vaccine policy
(23). However, this study considered only the effect of vaccine
prevention and control and did not consider the influence of

the infectious source, transmission route, and the susceptible
population on the prevention and control of infectious diseases
(23). Moreover, it did not introduce the recessive infection
into the dynamic model, so it had certain limitations. In recent
years, in addition to ordinary differential equations, studies
have focused on the establishment of the seasonal autoregressive
integrated moving average model to fit the epidemic trend of
mumps (24). However, these models failed to clarify the process
of disease transmission and could not quantitatively evaluate
disease transmissibility.

Only a few studies have used the infectious disease dynamics
model to simulate and predict the incidence trend of mumps.
Therefore, we established an ordinary differential equation
of mumps, namely, the susceptible—exposed-infectious—
asymptomatic-recovered (SEIAR) model to describe the
epidemic trend of mumps in Wuhan from 2005 to 2018 and to
evaluate its transmissibility.

MATERIALS AND METHODS
Study Design

In this study, a mathematical epidemiological method was used to
establish the SEIAR model with seasonally adjusted parameters
to mine data in order to determine the characteristics and
transmissibility of mumps.

Data Collection

The research data on mumps cases from January 1, 2005 to
December 31, 2018, in Wuhan City were obtained from the
Chinese Information System for Disease Control and Prevention
(CISDCP). As a class C notifiable communicable disease, mumps
cases should be reported through the CISDCP within 24h of
diagnosis. The diagnosis of mumps was made by following the
criteria for mumps set forth by the National Health Commission
of the People’s Republic of China. Information on sex, age,
occupation, address, illness onset date, and date of diagnosis was
included in the data. The population data were obtained from the
Wuhan Statistical Yearbook.

Model Building

In the SEIAR model, the population was divided into
five categories: susceptible (S), exposed (E), infectious (I),
asymptomatic (A), and recovered/removed (R). The model was
based on the following assumptions: (1) # is the total population,
w is the birth rate, and m is the natural death rate; (2) the
infection rate coeflicient after effective contact between S and I is
B, and that asymptomatic A is infectious and the transmissibility
is k (0 < k < 1) times that of infectious I; then, at moment
t, the number of new infections is BS (I + kA); (3) the
proportion of asymptomatically infected is p, and the exposed
individuals become symptomatic and asymptomatic cases after
an incubation period (1/w) and a latent period (1/w’); the
numbers of people who change from E to A and I at time ¢
are po'E and (1 - p)wE, respectively; the model assumes that
the incubation period is equal to the latent period; and (4)
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FIGURE 1 | SEIAR (susceptible—exposed-infectious—asymptomatic-recovered) model framework of mumps in Wuhan City.

symptomatic and asymptomatic patients are defined as removed
persons after an infectious period of 1/y and 1/y’, respectively.

The model framework is shown in Figure 1. The equations of
the model are as follows:

d(S)/dt = nu— BS(I + kA) — mS

d(E)/dt = BSU + kA) — po'E — (1 — p)wE — mE

di) /dt = (1 — p)wE — yI — ml

d(A)/dt = po'E — y'A — mA

d(R)/dt = yI + y'A — mR
n=S8S4+E+I+A+R

Seasonality of Transmission

In this study, the seasonality of transmission was considered.
According to the mechanism of the SEIAR model we established,
the seasonality should be dynamic, focusing on B. Therefore, a
trigonometric function was adopted as follows:

N

In the equation, By, t, &, and T refer to the baseline of the
transmission relative rate, time, a constant adjusting the position
of time, and the time span of the season cycle respectively.

Parameter Estimation

According to the model, there are six parameters involved in
the SEIAR model of mumps: birth rate u, natural mortality rate
m, infection coefficient 8, proportion of the asymptomatic p,
incubation relative rate o, latent relative rate «’, and the recovery
removal rate coefficient y. There are six variables involved,
namely, the total population N, susceptible S, latent period E,
dominant infection I, recessive infection A, and emigrant R. The
average incubation period of mumps is 18 days. This study,
with reference to previous studies and combined with actual
conditions in Wuhan, set the incubation period in the range

TABLE 1 | Description and source of parameters in the SEIAR model.

Parameter  Description Method Unit Range Value

m Birth rate Reference day~! 0-1 -
Mortality rate Reference day~! 0-1 -

B Transmission Curve fitting - 0-1 -
relative rate

p Proportion of Reference 1 0.15-0.27 0.2
those
asymptomatic

19} Incubation Reference day~! 0.05-0.1 0.08333
relative rate

' Latent relative Reference day-" 0.05-0.1 0.08333
rate

y Removed rate  Reference day~! - 0.05882
of those
infectious

y' Removed rate  Reference day~! - 0.05882
of those
asymptomatic

SEIAR, susceptible-exposed-infectious—asymptomatic-recovered.

between 10 and 20 days. This value was 12 days, so @ = 1/12.
The value was 0.08333 (25). With reference to the research on the
definition and selection of disease course according to the actual
epidemic situation combined with the actual epidemic situation
in Wuhan, the disease course range was set to 5-25 days, with
a value of 17 days and y = 1/17. The value was 0.05882 (26).
The significance and estimation of each parameter and the initial
value setting of the variables are shown in Table 1.

Quantitative Evaluation of Transmissibility

The transmissibility of the mumps virus was quantified using
the basic reproduction number (Rg) (27). Ry refers to the
number of new cases that could arise from direct transmission
of one infectious source in the susceptible population during
its infection period. When Ry > 1, the disease will spread and
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cause an epidemic; when Ry < 1, the epidemic terminates;
when Ry = 1, the disease will neither cause an epidemic nor
stop. When the intervention measures are taken, Ry reflects the
real transmissibility of infectious diseases. It is expressed as the
effective reproduction number (R;) (28, 29). The effectiveness
of the prevention and control measures can be evaluated
by calculating the value of R, in different time periods and
comparing the value with the threshold of 1 to the changes in the
different time periods. The formula for R; in the SEIAR model is

as follows:
1— K
R: = BS (710 + i)
Y 144

Global Spatial Autocorrelation Analysis

The OpenGeoDa 1.2.0 software was used to calculate the
global Moran’s I coefficient and to detect the overall spatial
autocorrelation. The range of Moran’s I coeflicient is [—1,1].
When the value is >0, the spatial correlation is positive, and
the larger the value, the stronger the spatial clustering. When
the value is <0, the spatial correlation is negative. The closer
the value is to —1, the greater the spatial difference; the space is
irrelevant. Of note is that the significance of Moran’s I coefficient
is based on the Z value and the P-value.

Simulation Method and Statistical Analyses
We used the Berkeley Madonna 8.3.18 software (developed by
Robert Macey and George Oster of the University of California at
Berkeley; Copyright© 1993-2001 Robert I. Macey and George F.
Oster) to model the actual situation of mumps in Wuhan. The
simulation method (Runge-Kutta fourth-order method, with

tolerance set to 0.001) was the same as those used in previously
published studies. The model was used to fit the data to calculate
the parameters. Transmissibility was calculated according to
the parameters. The goodness of fit of mumps in Wuhan was
calculated using the coefficient of determination (R?) values and
the P-values in SPSS 21.0 (IBM Corp, Armonk, NY, USA).

RESULTS

Epidemiological Description of Mumps in
Wuhan

From 2005 to 2018, 36,415 cases of mumps were reported in
Wuhan, with a minimum incidence rate of 8.98 per 100,000 in
2005 and a maximum of 69.72 per 100,000 in 2010. From 2005 to
2006, the incidence rate of mumps increased gradually. The first
large increase occurred between 2006 and 2008. The incidence
rate decreased slightly in 2009, but there was a second significant
increase that reached the peak in 2010 (69.42 per 100,000). The
incidence rate dropped sharply from 2010 to 2014, decreased
slowly in 2016, and increased again from 2016 to 2018. The
results are shown in Figure 2.

From 2005 to 2018, 36,355 cases of mumps were reported in
13 districts of Wuhan. Among them, Hongshan District (5,205
cases), Jiang'an District (4,543 cases), and Wuchang District
(4,280 cases) had more cases. From 2005 to 2010, the epidemic
area was transferred from the surrounding area to the middle
area. In 2010, the incidence rate of mumps in Wuhan was high
(69.72 per 100,000). From 2010 to 2016, the incidence rate in
the middle area dropped significantly; it began to decline in the
surrounding area later than it did in the middle area. The number
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of the surrounding areas began to decrease significantly from
2014. The incidence rate of each district has been increasing since
2016. In general, the incidence rates in the districts of Caidian,
Dongxihu, Hongshan, and Jiang’an were relatively high, while
those of Hanyang, Qingshan, and Xinzhou were low (Figure 3).

The reported cases of mumps involved mainly patients who
were 3-15 years old. They accounted for 79.24% of the total
number of cases. Among them, patients who were 5-10 years
old had the highest average annual incidence rate of 460.02
per 100,000. Patients aged >40 years had the lowest reported
incidence, which accounted for only 3.12% of the total number
of cases, and the average annual incidence for this age group was
30.37 per 100,000 (Figure 4A).

We analyzed the incidence rate for each age group in each
year in 13 regions of Wuhan. Overall, the highest average annual
incidence rate was found in the 5 to 10-year-old age group
in each region in each year. The years 2010 and 2018 had
higher average annual incidence rates in this age group in each
region than did the other years. Except for Hannan District and

Jiangxia District, the average annual incidence rate of the 9 to
10-year-old age group was higher in the remaining regions than
that in the other age groups, with the top three regions being
East and West Lake District, Jiang'an District, and Hanyang
District, with average annual incidence rates of 882.61, 834.97,
and 628.19 per 100,000, respectively. The results are shown
in Figure 5.

Among the reported cases of mumps in Wuhan from 2005 to
2018, 22,641 cases were males, with an average annual reported
incidence rate of 34.14 per 100,000. There were 13,774 cases
among females, with an average annual reported incidence rate
of 21.96 per 100,000. The incidence of cases in males was higher
than that in females. The ratio of the incidence in males to females
was 1.55:1 (Figure 4B).

Students accounted for the highest proportion in the
total number of cases, at 61.33% (22,333 cases). They
also accounted for more than 50% of the total affected
population every year, except in 2014-2016. For kindergarten
and scattered children, the cumulative numbers of cases
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FIGURE 3 | Map of the incidence rate of mumps in Wuhan City in 2005-2018. The map depicted in this figure was taken from Wikimedia Commons (http://
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TABLE 2 | Goodness-of-fit test for Wuhan City and its 13 districts.

Area R? P-value
Wuhan City 0.878 <0.001
Caidian District 0.904 <0.001
Dongxihu District 0.881 <0.001
Hannan District 0.576 <0.001
Hanyang District 0.802 <0.001
Hongshan District 0.902 <0.001
Huangpi District 0.883 <0.001
Jiangan District 0.886 <0.001
Jianghan District 0.907 <0.001
Jiangxia District 0.901 <0.001
Qiaokou District 0.877 <0.001
Qingshan District 0.876 <0.001
Wuchang District 0.865 <0.001
Xinzhou District 0.922 <0.001

for 14 years were 6,826 and 3,235, accounting for 18.75
and 8.88% of the total number of cases, respectively
(Figure 4C).

Model Fitting Results and Effect Evaluation
The actual epidemic situation of mumps in Wuhan and its 13
districts from 2005 to 2018 was fitted (Figure 6). The results
showed that there were reported cases in Wuhan every month
with seasonal high incidence characteristics. The incidence
started to rise in February each year, reached a peak in April and
July, fell back, reached its first trough in September, increased
slowly, peaked for a second time from November to January of
the following year, and reached its second trough in February.
The overall incidence showed two peaks and two troughs, one
large and one small. Among them, the incidence in June 2010
reached the highest peak in history. Among the 13 districts in
Wuhan, Xinzhou had the best-fitting effect (R? = 0.922, P <
0.001). The determination coefficients of the 13 districts ranged
from 0.576 to 0.922, all of which were statistically significant (P
< 0.001) (Table 2).

Transmissibility Calculation Results

From 2005 to 2018, the median transmissibility of mumps in
Wuhan was 1.04 (range = 0-2.50), showing obvious seasonal
characteristics. Each year, there were two transmission peaks
(from March to May and from October to December). The
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calculation results of the transmissibility of the 13 districts in
Wuhan are shown in Figure 7. The trend of R; in Wuhan was
consistent with the incidence. The peak of R; always appeared in
the first 1-2 months of the peak of incidence. There were seasonal

and two peaks, respectively (Figure 8).

the entire region (Table 3).

Spatial Autocorrelation Analysis Results

There was no significant difference in the global Moran’s I
coefficient of mumps in Wuhan from 2015 to 2018 (P > 0.05),
and the distribution of mumps showed no spatial correlation in
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FIGURE 8 | Trend of incidence rates and transmissibility of mumps in Wuhan City.

TABLE 3 | Global autocorrelation of the incidence of mumps in Wuhan City from
2005 to 2018.

Years Moron’s / Z value P-value
2005 —0.149 —0.583 0.330
2006 —0.100 —0.168 0.438
2007 —0.025 0.442 0.284
2008 -0.124 —0.389 0.381
2009 0.013 0.840 0.198
2010 —0.064 0.166 0.407
2011 -0.074 0.078 0.453
2012 —-0.112 —0.256 0.452
2013 —0.111 —0.234 0.455
2014 -0.186 -0.934 0.178
2015 —0.091 —0.036 0.469
2016 -0.124 —0.304 0.423
2017 0.018 0.909 0.172
2018 —0.035 0.436 0.307

Sensitivity Analysis

The value of the parameter k was still uncertain. There were
no clear data or literature to support its value. Therefore, k was
divided into seven values in the range from 0 to 1 (k= 0,k =0.1,
k=03,k=0.5k=0.7k=0.9, and k = 1). The coincidence
degree of the fitting curves of the seven values of parameter k in
the range of 0-1 was not high, which indicated that the SEIAR
model used in this study was sensitive to it. The results are shown
in Figure 9.

DISCUSSION

In this study, to the best of our knowledge, for the first
time, we used a seasonally adjusted SEIAR model to determine

the transmissibility of mumps, which could provide guidance
in the study of mumps transmissibility and prevention and
control measures.

We described the epidemiology of mumps in Wuhan from
2005 to 2018 in terms of incidence trends and the distribution
of peak incidence times and populations. Overall, the incidence
of mumps in Wuhan has shown a fluctuating trend during this
14-year period. Since 2008, one dose of the MMR vaccine has
been administered to children aged 18-24 months. However,
prior to 2008, the mumps vaccine was used as a class II vaccine,
following the principle of independent, voluntary, and self-
funded vaccination. The short duration of the introduction of the
MMR vaccine resulted in children aged 5-10 years not receiving
the mumps vaccine, being the susceptible population in Wuhan
from 2005 to 2010. Thus, despite the introduction of the MMR
vaccine in 2008, the incidence of mumps continued to show
an upward trend until 2010. In the following years, targeted
immunizations were administered in Wuhan to children aged 5-
10 years in order to effectively protect the susceptible population,
resulting in a downward trend in mumps incidence from 2011 to
2016. Several studies (30, 31) have shown that, after vaccination,
the mumps virus-specific antibody concentrations decreased,
vaccine effectiveness decreased, and the risk of developing
mumps virus infection increased again, which are consistent with
the results of our study: the incidence of mumps in Wuhan again
showed an increasing trend from 2017 to 2018.

Some studies have confirmed that climatic factors such as
temperature and humidity are important factors affecting the
incidence of mumps (32, 33). Wuhan is located in the eastern
part of Jianghan District and has a subtropical humid monsoon
climate. It has been shown that the mumps virus survives longest
in the temperature range of 2-4°C; the average winter and spring
temperatures in Wuhan are 1-3°C, which provides an impetus
for the spread of mumps (34). On combining the incidence
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FIGURE 9 | Sensitivity analysis results.
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map of Wuhan with the results of the global autocorrelation
analysis, we found that there was no spatial correlation between
the differences in mumps incidence in various districts of Wuhan,
implying a random distribution of mumps cases in each district
without regional aggregation. In relatively developed areas such
as Jianghan District and Dongxihu District, the high incidence
may be caused by the high population density, high population
mobility, and the high level of diagnosis. In some areas with
low socioeconomic status and inadequate medical and health
services, such as in the districts of Huangpi, Xinzhou, and
Caidian, a high mumps incidence was also observed in some
years, which may be due to the untimely mumps vaccination and
low coverage (35, 36). Therefore, the actual factors influencing
mumps in areas with high incidence should be further studied in
addition to the existing immunization policy deficiencies, where
the second dose of the mumps vaccine immunization program
has not yet been implemented.

Mumps is frequently observed in crowded places such as
prisons, kindergartens, boarding schools, military barracks, and
others (37). Age, an immunocompromised status, and exposure
are risk factors for mumps. According to epidemiological
studies of mumps in other regions (38-40), the prevalence was
significantly higher in males than in females, which is consistent
with our study and may be due to the behavioral patterns of
males and females (41, 42), with boys being more active than girls
and more likely to have increased exposure to the mumps virus.
The present study showed that those under the age of 15 years,
especially students in the age group 5-10 years, accounted for the
highest proportion of mumps cases. Previous studies have shown
that, after one dose of the MMR vaccine in children aged 18-24
months, the antibody positivity rate was only 58.18% after 3 years
of immunization up to 4 years of age, and the vaccine positivity
rate and protective effect decreased significantly over time (43).
This is one of the main reasons why students and children are
susceptible to mumps during the school year, along with the
weak immunity to the virus in this population. The two peak
months for the onset of mumps coincide with the school year,
and the confined environment of schools is more conducive to

the spread of mumps, so once students are infected, an outbreak
of mumps is inevitable. Therefore, it is recommended that
schools and kindergartens strengthen the health management of
students by strictly checking their vaccination certificates before
enrollment and providing health education to avoid potential
mumps epidemics.

The infectiousness of mumps varies greatly throughout the
year, with abnormal peaks in the winter and spring of each
year and a marked increase in the transmission rate, the highest
peak being 450,000 times higher than the lowest peak, in a
bimodal seasonal distribution, consistently reported in previous
studies (44, 45). The present study showed that the frequency of
mumps transmission preceded the incidence rate and the peak
of transmission preceded the onset of mumps by 1-2 months in
Wuhan. This suggests that the increased infectiousness of mumps
preceded its outbreak. Therefore, to better control the outbreak,
the timing of intervention should be adjusted to 1-2 months
before the peak of mumps onset. The spread of the epidemic
can be maximized if the correct timing of intervention is chosen
before the peak of mumps incidence from March to May and
from September to November each year. Currently, the most
effective way of controlling the spread of mumps is to increase
the mumps vaccination rates (5). Several developed countries
have added a second dose of the MMR vaccine to their national
immunization programs for children aged 2-12 years to ensure
durable immunity to mumps (46-48). Some reports have shown
that, after the introduction of a second dose of the MMR vaccine
in developed provinces in China, such as Beijing, Tianjin, and
Shanghai, the annual incidence of mumps in these areas showed
a decreasing trend (49, 52). Some studies have also shown that
the antibody positivity rate increased to 98.00% after the second
dose of the MMR vaccine, and the vaccine protection reached
83.00% (31). However, there is no relevant study on mumps
vaccination in the Wuhan area. Since 2008, the MMR vaccination
has been administered to children aged 18-24 months in Wuhan.
High-risk groups may not have received the second dose of the
MMR vaccine in a timely manner due to factors such as the
remoteness of their areas, lack of medical resources, insufficient
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health awareness, and low vaccine coverage, which affects the
vaccination rate. Therefore, children in Wuhan should receive
the second dose of the MMR vaccine in a timely manner to reduce
the incidence of mumps in high-risk age groups and to curb
the spread of mumps among susceptible populations. The results
of this study may provide evidence and clues for public health
authorities to develop effective prevention and control measures
and for further research on the risk factors related to mumps.

The present study has some limitations. Firstly, the optimal
time period for implementing the intervention, i.e., the optimal
time for vaccination, was suggested for the characteristics of
mumps transmission in Wuhan, but the timing and effects of this
intervention were not specifically evaluated; therefore, we need a
transmission dynamics study for Wuhan after the intervention of
the second dose of MMR vaccination.

CONCLUSIONS

Many of the epidemiological features of mumps in Wuhan are
consistent with those reported in local literature (50, 51). It was
found that mumps in Wuhan has a peak period of nearly 5
years. The incidence was highest in children aged 5-10 years. It
was highest from April to July and from November to January.
There was no spatial correlation between the differences in the
incidence rates and regions in Wuhan. The peak time of mumps
transmission was 1-2 months earlier than the peak time of the
outbreak. Modeling of mumps data in Wuhan from 2005 to 2018
revealed that vaccination played an important role in controlling
the incidence of mumps. We recommend improving mumps
vaccine coverage in Wuhan and implementing preventive and
control measures, such as two vaccination doses for the 5 to 10-
year-old population, before the peak of the transmission time to
reduce the transmission of mumps in the population.

REFERENCES

1. Cui A, Zhu Z, Hu Y, Deng X, Sun Z, Zhang Y, et al. Mumps epidemiology
and mumps virus genotypes circulating in mainland China during 2013-2015.
PL0oS ONE. (2017) 12:0169561. doi: 10.1371/journal.pone.0169561

2. St-Martin G, Knudsen LK, Engsig FN, Panum I, Andersen PH, Renn
J, et al. Mumps resurgence in Denmark. J Clin Virol. (2014) 61:435-8.
doi: 10.1016/j.jcv.2014.08.013

3. Brown D. The encyclopedia of virology plus. Trends Biochem Sci. (1997)
22:34-35. doi: 10.1016/S0968-0004(97)81757-4

4. Rubin S, Eckhaus M, Rennick L], Bamford CG, Duprex WP. Molecular
biology, pathogenesis and pathology of mumps virus. J Pathol. (2015)
235:242-52. doi: 10.1002/path.4445

5. Galazka AM, Robertson SE, Kraigher A. Mumps and mumps vaccine: a global
review. Bull World Health Organ. (1999) 77:3-14.

6. Dong Y, Wang L, Burgner DP, Miller JE, Song Y, Ren X, et al. Infectious
diseases in children and adolescents in China: analysis of national surveillance
data from 2008 to 2017. BMJ. (2020) 369:m1043. doi: 10.1136/bmj.
m1043

7. Vashishtha VM, Yadav S, Dabas A, Bansal CP, Agarwal RC, Yewale VN, et al.
IAP position paper on burden of mumps in India and vaccination strategies.
Indian Pediatr. (2015) 52:505-14. doi: 10.1007/s13312-015-0666-2

8. Cui A, Zhu Z, Chen M, Zheng H, Liu L, Wang Y, et al. Epidemiologic and
genetic characteristics of mumps viruses isolated in China from 1995 to 2010.
Infect Genet Evol. (2014) 21:384-90. doi: 10.1016/j.meegid.2013.12.005

9. Mumps virus vaccines. Wkly Epidemiol Rec. (2007) 82:51-60.

DATA AVAILABILITY STATEMENT

The data analyzed in this study is subject to the following
licenses/restrictions: The datasets used and analyzed during
the current study are available from Dr. Tianmu Chen
(13698665@qq.com) on reasonable request. Requests to access
these datasets should be directed to 13698665@qq.com.

AUTHOR CONTRIBUTIONS

TC and XY designed the research. YP, DK, BD, and WL collected
the data. TY, YZ, CL, PL, ZZ, ZL, YW, JH, LL, JX, XL, JR, SL,
MY, YP, DK, BD, WL, XY, and TC analyzed the data. YP, TY, YZ,
XY, and TC wrote the manuscript. All authors contributed to the
article and approved the submitted version.

FUNDING

This study was partly supported by the Health Research
Fund of Hubei Province (no. WJ2019H402), the Health
Research Fund of Wuhan City (no. WGI9QO05), the
Bill & Melinda Gates Foundation (INV-005834), the
Science and Technology Program of Fujian Province (no:
2020Y0002), and the Xiamen New Coronavirus Prevention
and Control Emergency Tackling Special Topic Program
(no. 350272020YJ03).

ACKNOWLEDGMENTS

The authors would like to express their sincerest gratitude to the
following people, without whom the study would not be possible:
(1) the study participants for providing data and (2) the field
investigators for collecting the data.

. Atrasheuskaya AV, Kulak MV, Rubin S, Ignatyev GM. Mumps vaccine failure
investigation in Novosibirsk, Russia, 2002-2004. Clin Microbiol Infect. (2007)
13:670-6. doi: 10.1111/j.1469-0691.2007.01727.x

. Centers for Disease Control and Prevention. Update: mumps outbreak - New
York and New Jersey, June 2009-January 2010. MMWR Morb Mortal Wkly
Rep. (2010) 59:125-9.

. Kutty PK, McLean HQ, Lawler ], Schulte C, Hudson JM, Blog D, et al.
Risk factors for transmission of mumps in a highly vaccinated population
in Orange County, NY, 2009-2010. Pediatr Infect Dis J. (2014) 33:121-
5. doi: 10.1097/INF.0000000000000020

. Hersh BS, Fine PE, Kent WK, Cochi SL, Kahn LH, Zell ER, et al. Mumps
outbreak in a highly vaccinated population. J Pediatr. (1991) 119:187-
93. doi: 10.1016/50022-3476(05)80726-7

. Cheek JE, Baron R, Atlas H, Wilson DL, Crider RD Jr. Mumps
outbreak in a highly vaccinated school population. Evidence for large-
scale vaccination failure. Arch Pediatr Adolesc Med. (1995) 149:774-
8. doi: 10.1001/archpedi.1995.02170200064010

. Briss PA, Fehrs L], Parker RA, Wright PE Sannella EC, Hutcheson RH,
et al. Sustained transmission of mumps in a highly vaccinated population:
assessment of primary vaccine failure and waning vaccine-induced immunity.
J Infect Dis. (1994) 169:77-82. doi: 10.1097/00006454-199409000-0003 1

. Lafta R, Hussain A. Trend of vaccine preventable diseases in Iraq in time of

conflict. Pan Afr Med J. (2018) 31:130. doi: 10.11604/pam;.2018.31.130.16394

Cui A, Rivailler P, Zhu Z, Deng X, Hu Y, Wang Y, et al. Evolutionary analysis

of mumps viruses of genotype F collected in mainland China in 2001-2015.

Sci Rep. (2017) 7:17144. doi: 10.1038/s41598-017-17474-z

17.

Frontiers in Medicine | www.frontiersin.org

11

August 2021 | Volume 8 | Article 683720


mailto:13698665@qq.com
mailto:13698665@qq.com
https://doi.org/10.1371/journal.pone.0169561
https://doi.org/10.1016/j.jcv.2014.08.013
https://doi.org/10.1016/S0968-0004(97)81757-4
https://doi.org/10.1002/path.4445
https://doi.org/10.1136/bmj.m1043
https://doi.org/10.1007/s13312-015-0666-2
https://doi.org/10.1016/j.meegid.2013.12.005
https://doi.org/10.1111/j.1469-0691.2007.01727.x
https://doi.org/10.1097/INF.0000000000000020
https://doi.org/10.1016/S0022-3476(05)80726-7
https://doi.org/10.1001/archpedi.1995.02170200064010
https://doi.org/10.1097/00006454-199409000-00031
https://doi.org/10.11604/pamj.2018.31.130.16394
https://doi.org/10.1038/s41598-017-17474-z
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Peng et al.

Transmissibility of Mumps in Wuhan

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

LiuY, Liu Z, Deng X, Hu Y, Wang Z, Lu P, et al. Waning immunity of one-dose
measles-mumps-rubella vaccine to mumps in children from kindergarten to
early school age: a prospective study. Expert Rev Vaccines. (2018) 17:445-
52. doi: 10.1080/14760584.2018.1445529

Zhou Z, Mei S, Chen J, Li X, Yin L, Liang J, et al. Nonlinear effect of wind
velocity on mumps in Shenzhen, China, 2013-2016. Public Health. (2020)
179:178-85. doi: 10.1016/j.puhe.2019.10.023

Zha WT, Li WT, Zhou N, Zhu JJ, Feng R, Li T, et al. Effects of meteorological
factors on the incidence of mumps and models for prediction, China. BMC
Infect Dis. (2020) 20:468. doi: 10.1186/s12879-020-05180-7

Qu Q, Fang C, Zhang L, Jia W, Weng J, Li Y. A mumps model with seasonality
in China. Infect Dis Model. (2017) 2:1-11. doi: 10.1016/j.idm.2016.10.001

Liu Z, Hu ], Wang L. Modelling and analysis of global resurgence of mumps: a
multi-group epidemic model with asymptomatic infection, general vaccinated
and exposed distributions. Nonlinear Anal Real World Appl. (2017) 37:137-
61. doi: 10.1016/j.nonrwa.2017.02.009

Luo C, Li RZ, Xu QQ, Xiong P, Liu YX, Xue FZ, et al. [Application
of State Space model in the evaluation of the prevention and control
for mumps]. Zhonghua Liu Xing Bing Xue Za Zhi. (2017) 38:1218-21.
doi: 10.3760/cma.j.issn.0254-6450.2017.09.015

Xu Q, Li R, Liu Y, Luo C, Xu A, Xue F, et al. Forecasting the incidence of
mumps in Zibo City based on a SARIMA model. Int ] Environ Res Public
Health. (2017) 14:925. doi: 10.3390/ijerph14080925

Zhang SD, Hao H, Zhang XH. A kind of infectious disease dynamics model
with latency period. ] Math Med. (2002) 15:385-6. Available online at: http://
kns.cnki.net/kems/detail/detail.aspx?FileName=SLYY200205000&DbName=
CJEQ2002

Pan JR, Huang ZQ, Chen K. Evaluation of outbreak control effect of varicella
by time-delay discrete SEIR model in journal of mathematical medicine. Chin
J Prev Med. (2012) 46:343-7. Available online at: https://kns.cnki.net/kcms/
detail/detail.aspx?FileName=ZHYF201204020&DbName=ZHYX2012
Delamater PL, Street EJ, Leslie TF, Yang YT, Jacobsen KH. Complexity
of the basic reproduction number (R(0)). Emerg Infect Dis. (2019) 25:1-
4. doi: 10.3201/eid2501.171901

Aylward B, Barboza P, Bawo L, Bertherat E, Bilivogui P, Blake I, et al. Ebola
virus disease in West Africa-the first 9 months of the epidemic and forward
projections. N Engl J Med. (2014) 371:1481-95. doi: 10.1056/NEJMoal4
11100

Liu QH, Ajelli M, Aleta A, Merler S, Moreno Y, Vespignani A. Measurability
of the epidemic reproduction number in data-driven contact networks.
Proc Natl Acad Sci USA. (2018) 115:12680-5. doi: 10.1073/pnas.18111
15115
Lewnard JA, Grad YH. Vaccine waning
emergence in the United States. Sci  Transl
10:eaa05945. doi: 10.1126/scitranslmed.aa05945

Zhang L, Wang JJ. Comparison of vaccination rate and dose protective effects
between different mumps vaccines. Chin J School Health. (2013) 34:575-9.
doi: 10.16835/j.cnki.1000-9817.2013.05.023

Hao Y, Wang RR, Han L, Wang H, Zhang X, Tang QL, et al. Time series
analysis of mumps and meteorological factors in Beijing, China. BMC Infect
Dis. (2019) 19:435. doi: 10.1186/s12879-019-4011-6

Lin S, Ruan S, Geng X, Song K, Cui L, Liu X, et al. Non-linear
relationships and interactions of meteorological factors on mumps in
Jinan, China. Int ] Biometeorol. (2021) 65:555-63. doi: 10.1007/s00484-020-0
2048-y

Hviid A, Rubin S, Mihlemann K. Mumps. Lancet. (2008) 371:932-
44. doi: 10.1016/S0140-6736(08)60419-5

Gram L, Soremekun S, ten Asbroek A, Manu A, O’Leary M, Hill Z, et al.
Socio-economic determinants and inequities in coverage and timeliness of
early childhood immunisation in rural Ghana. Trop Med Int Health. (2014)
19:802-11. doi: 10.1111/tmi.12324

Hu Y, Wang Y, Chen Y, Li Q. Determinants of inequality in the up-to-date fully
immunization coverage among children aged 24-35 months: evidence from
Zhejiang province, East China. Hum Vaccin Immunother. (2017) 13:1902-
7. doi: 10.1080/21645515.2017.1327108

Osborne K, Gay N, Hesketh L, Morgan-Capner P, Miller E. Ten years of
serological surveillance in England and Wales: methods, results, implications
and action. Int ] Epidemiol. (2000) 29:362-8. doi: 10.1093/ije/29.2.362

and mumps re-
Med.  (2018)

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Yu G, Yang R, Wei Y, Yu D, Zhai W, Cai J, et al. Spatial, temporal, and
spatiotemporal analysis of mumps in Guangxi province, China, 2005-2016.
BMC Infect Dis. (2018) 18:360. doi: 10.1186/s12879-018-3240-4

Li D, Chen ZF Yang XH, Pan WY, Wang Q, Zhang SH, et al
[Epidemiological and pathogenic characteristics of mumps in Fujian province,
2005-2017]. Zhonghua Liu Xing Bing Xue Za Zhi. (2018) 39:1356-61.
doi: 10.3760/cma.j.issn.0254-6450.2018.10.013

Jiang RJ, Yin QZ, Xu MJ, Zhao ZM, Deng Y, Che YC. [Epidemiological
characteristics of mumps in mainland China from 2004 to 2018 and key
population for prevention and control]. Zhongguo Dang Dai Er Ke Za
Zhi. (2019) 21:441-4. doi: 10.7499/j.issn.1008-8830.2019.05.008

Muenchhoft M, Goulder PJ. Sex differences in pediatric infectious diseases. J
Infect Dis. (2014) 209(Suppl. 3):5120-6. doi: 10.1093/infdis/jiu232

van Lunzen J, Altfeld M. Sex differences in infectious diseases-common but
neglected. ] Infect Dis. (2014) 209(Suppl. 3):579-80. doi: 10.1093/infdis/jiul59
Zhang L, Wang Z, Hu Y, Deng X, Guo H, Sun X, et al. Application of
a mixture model to assess the effect of measles-mumps-rubella vaccine
on the mumps epidemic in children from kindergarten to early school
age in Jiangsu province, China. Hum Vaccin Immunother. (2018) 14:2654-
9. doi: 10.1080/21645515.2018.1480239

Li R, Cheng S, Luo C, Rutherford S, Cao J, Xu Q, et al. Epidemiological
characteristics and spatial-temporal clusters of mumps in shandong province,
China, 2005-2014. Sci Rep. (2017) 7:46328. doi: 10.1038/srep46328

Liu D, Meng L, Gou E Wei K, Yang X, Liu X. [Spatial temporal
distribution of mumps in Gansu, 2009-2013]. Zhonghua Liu Xing Bing Xue
Za Zhi. (2015) 36:1258-62. doi: 10.3760/cma.j.issn.0253-9624.2016.07.009
Barskey AE, Schulte C, Rosen JB, Handschur EF, Rausch-Phung E, Doll
MK, et al. Mumps outbreak in orthodox jewish communities in the
United States. N Engl ] Med. (2012) 367:1704-13. doi: 10.1056/NEJMoa
1202865

Woudenberg T, van der Maas NAT, Knol MJ, de Melker H, van Binnendijk
RS, Hahné SJM. Effectiveness of early measles, mumps, and rubella
vaccination among 6-14-month-old infants during an epidemic in the
Netherlands: an observational cohort study. J Infect Dis. (2017) 215:1181-
7. doi: 10.1093/infdis/jiw586

Leuridan E, Maertens K, Wautier M, Hutse V, Theeten H. Susceptibility to
measles, mumps, and rubella in 5-year-old children in Flanders, Belgium. Eur
] Pediatr. (2015) 174:925-32. doi: 10.1007/s00431-014-2481-5

Su QR, Liu J, Ma C, Fan CX, Wen N, Luo HM. [Epidemic profile of mumps in
China during 2004-2013]. Zhonghua Yu Fang Yi Xue Za Zhi. (2016) 50:611-4.
doi: 10.3784/j.issn.1003-9961.2011.09.008

Ding Y, Tian H, Sun J, Qu J, Cao Z. Evaluation of the effect of mumps
containing vaccine in expanded program on immunization, Tianjin. Mod Prev
Med. (2016) 43:2070-3.

Herzog C. [Mumps epidemiology-worldwide]. Soz Praventivmed. (1995)
40:93-101. doi: 10.1007/BF01360323

Fei FR, Feng LZ, Xu Z, Feng ZJ. Epidemiology of mumps in China, 2008-2010.
Dis Surveill. (2011) 26:691-3.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Peng, Yang, Zhu, Hu, Wang, Zhao, Rui, Lin, Liu, Xu, Yang,
Deng, Huang, Liu, Luo, Liu, Li, Li, Kong, Yang and Chen. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Medicine | www.frontiersin.org

August 2021 | Volume 8 | Article 683720


https://doi.org/10.1080/14760584.2018.1445529
https://doi.org/10.1016/j.puhe.2019.10.023
https://doi.org/10.1186/s12879-020-05180-7
https://doi.org/10.1016/j.idm.2016.10.001
https://doi.org/10.1016/j.nonrwa.2017.02.009
https://doi.org/10.3760/cma.j.issn.0254-6450.2017.09.015
https://doi.org/10.3390/ijerph14080925
http://kns.cnki.net/kcms/detail/detail.aspx?FileName=SLYY200205000&DbName=CJFQ2002
http://kns.cnki.net/kcms/detail/detail.aspx?FileName=SLYY200205000&DbName=CJFQ2002
http://kns.cnki.net/kcms/detail/detail.aspx?FileName=SLYY200205000&DbName=CJFQ2002
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=ZHYF201204020&DbName=ZHYX2012
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=ZHYF201204020&DbName=ZHYX2012
https://doi.org/10.3201/eid2501.171901
https://doi.org/10.1056/NEJMoa1411100
https://doi.org/10.1073/pnas.1811115115
https://doi.org/10.1126/scitranslmed.aao5945
https://doi.org/10.16835/j.cnki.1000-9817.2013.05.023
https://doi.org/10.1186/s12879-019-4011-6
https://doi.org/10.1007/s00484-020-02048-y
https://doi.org/10.1016/S0140-6736(08)60419-5
https://doi.org/10.1111/tmi.12324
https://doi.org/10.1080/21645515.2017.1327108
https://doi.org/10.1093/ije/29.2.362
https://doi.org/10.1186/s12879-018-3240-4
https://doi.org/10.3760/cma.j.issn.0254-6450.2018.10.013
https://doi.org/10.7499/j.issn.1008-8830.2019.05.008
https://doi.org/10.1093/infdis/jiu232
https://doi.org/10.1093/infdis/jiu159
https://doi.org/10.1080/21645515.2018.1480239
https://doi.org/10.1038/srep46328
https://doi.org/10.3760/cma.j.issn.0253-9624.2016.07.009
https://doi.org/10.1056/NEJMoa1202865
https://doi.org/10.1093/infdis/jiw586
https://doi.org/10.1007/s00431-014-2481-5
https://doi.org/10.3784/j.issn.1003-9961.2011.09.008
https://doi.org/10.1007/BF01360323
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Estimating the Transmissibility of Mumps: A Modelling Study in Wuhan City, China
	Introduction
	Materials and Methods
	Study Design
	Data Collection
	Model Building
	Seasonality of Transmission
	Parameter Estimation
	Quantitative Evaluation of Transmissibility
	Global Spatial Autocorrelation Analysis
	Simulation Method and Statistical Analyses

	Results
	Epidemiological Description of Mumps in Wuhan
	Model Fitting Results and Effect Evaluation
	Transmissibility Calculation Results
	Spatial Autocorrelation Analysis Results
	Sensitivity Analysis

	Discussion
	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


