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Objectives: Despite the adoption of a new childhood immunization program in China, the incidence of mumps remains high. This study aimed to describe the epidemiological characteristics of mumps in Jilin Province from 2005 to 2019 and to assess the transmissibility of mumps virus among the whole population and different subgroups by regions and age groups.

Methods: The Non-age-specific and age-specific Susceptible–Exposed–Pre-symptomatic–Infectious–Asymptomatic–Recovered (SEPIAR) models were fitted to actual mumps incidence data. The time-varying reproduction number (Rt) was used to evaluate and compare the transmissibility.

Results: From 2005 to 2019, a total of 57,424 cases of mumps were reported in Jilin Province. The incidence of mumps was the highest in people aged 5 to 9 years (77.37 per 100,000). The two SEPIAR models fitted the reported data well (P < 0.01). The median transmissibility (Rt) calculated by the two SEPIAR models were 1.096 (range: 1.911 × 10−5–2.192) and 1.074 (range: 0.033–2.114) respectively. The age-specific SEPIAR model was more representative of the actual epidemic of mumps in Jilin Province from 2005–2019.

Conclusions: For mumps control, it is recommended that mumps-containing vaccines (MuCV) coverage be increased nationwide in the 5–9 years age group, either by a mumps vaccine alone or by a combination of vaccines such as measles-mumps-rubella (MMR) vaccine. The coverage of vaccines in Jilin Province should be continuously expanded to establish solid immunity in the population. China needs to redefine the optimal time interval for MuCV immunization.

KEYWORDS
 China, mumps, transmissibility, age-specific dynamics, time-varying reproduction number, Jilin


Introduction

With the introduction of two doses of measles, mumps, and rubella (MMR) vaccine (1) into national immunization program (NPI) in many countries, the incidence of mumps has declined dramatically (1). China is a country with a high number of reported mumps cases, and despite the provision of free routine single-dose MMR vaccination for children aged 18–24 months, since the implementation of the Expanded Programme on Immunization (EPI) in 2008, the incidence of mumps has not decreased significantly (2). In recent years, there have been an average of more than 250,000 cases of mumps infections in China each year, of which more than 90% are in children under 16 years of age, with children aged 5 and 9 years being at high risk for mumps (3–5). This situation is similar in other developed countries. For example, the high-risk population of the mumps outbreak in the United States between 2000 and 2015 was mainly concentrated in people aged 5–17 years (6). However, in many countries and regions that have been highly vaccinated, such as Portugal, Norway, Australia, etc. The number of cases has rebounded, mainly among adolescents and young adults, due to a combination of factors including waning vaccine immunity and opposition to vaccination (7–10).

Mumps virus (MuV) is the major cause of Mumps, but we have a limited understanding of the transmissibility of Mumps virus, which is responsible for the high incidence (140–726 per 100,000) (11, 12) for this vaccine-preventable disease. Many modeling studies have not only discussed and explained the relationship between mumps and meteorological factors, vaccination rates, etc. but have also predicted trends in mumps incidence in the coming years (13–16). These studies have led to a common view that the mumps epidemic remains serious and MMR vaccination coverage should be increased. A booster dose of MMR vaccine should be administered to high-risk groups such as students, and Anders Hviid et al. showed that the ideal schedule for mumps vaccination should be determined to optimize vaccine control and suggested that the optimal age for the second dose remains to be determined (17). Regarding to the current immunization strategy in China, many studies advocate adjusting the timing and doses of MMR vaccination to reduce the future incidence of mumps in China, but there is insufficient theoretical support (15, 18). The immunization schedules in China were adjusted after 2020 to one dose of MMR vaccine at 8 months of age and one dose at 18–24 months of age. However, there is evidence in the literature that MMR vaccine at shorter intervals may not reduce future trends in mumps incidence (10, 18). None of these studies explored the differences in the transmission of MuV across age groups, making it difficult to determine the optimal age for MuCV immunization due to the lack of a theoretical basis. The benefits of a new immunization policy for mumps are still unclear. Therefore, future rescheduling of MuCV in China may also be necessary. This study analyzed the daily incidence of mumps in Jilin Province from 2005–2019 and detailed the characteristics of epidemic changes between the whole population and different age groups during the 15-year period.

Two different Susceptible–Exposed–Pre-symptomatic–Infectious–Asymptomatic–Recovered (SEPIAR) models were created firstly to describe the epidemiology of mumps in the whole population of Jilin Province from 2005–2019 and to assess the differences of mumps transmissibility within and between different age groups to determine the optimal age for second or booster vaccination in Jilin Province, which can provide a reliable theoretical basis for the development of future MuCV immunization schedule intervals in China.



Materials and methods


Study design

In this study, a non-age-specific SEPIAR model and an age-specific SEPIAR model with seasonally adjusted parameters were developed using a mathematical epidemiological approach to characterize the transmissibility of mumps throughout the whole population and in different age groups.



Data collection

We collected reported data of mumps in Jilin Province from 1 January 2005 to 31 December 2019 from the Chinese Information System for Disease Control and Prevention (CISDCP). Since 2004, as a Category C notifiable infectious disease, mumps should be reported through CISDCP within 24 h. The diagnosis of mumps is based on the mumps criteria established by the National Health and Well-ness Commission of the People's Republic of China. Data include information on gender, age, occupation, address, date of onset, and date of diagnosis. Population data were obtained from the Statistical Yearbook.




Model construction


Non-age-specific SEPIAR model

We established the non-age-specific SEPIAR model with the addition of compartment P (Pre-symptomatic) based on our previous SEIAR model (19). In this model, the population is divided into six categories based on the natural history of mumps: susceptible (S), exposed (E), pre-symptomatic (P), infectious (I), asymptomatic (A), and recovered/removed (R) (Figure 1). This model was based on the following assumptions:

(1) Set n as the number of population, br as the birth rate, and dr as the natural death rate.

(2) Suppose that the infection rate coefficient after effective contact between S and I is β, and that asymptomatic A and pre-symptomatic P are infectious and their transmissibility k1 (0 ≤ k1 ≤ 1) and k2 (0 ≤ k2 ≤ 1) times that of Infectious I, then at t moment, the number of new infections is βS (I + k1A+ k2P).

(3) The proportion of asymptomatically infected was defined as ρ, the exposed individuals become asymptomatic and pre-symptomatic cases after an incubation period (1/ω1) and a latent period (1/ω2). the numbers of people who change from E to A and P at time t are ρω1E and (1-ρ) ω2E, respectively. the number of people who change from P to I at t time is ω3P.

(4) The asymptomatic and symptomatic cases are transferred into removed persons after an infectious period of 1/γ and 1/γ1, respectively.


[image: Figure 1]
FIGURE 1
 The natural history framework of mumps.


This model equation is a special case of the following age-specific SEPIAR model equation, so it will not be repeated here.



Age-specific SEPIAR model

Considering the interaction between different age groups, we create an age-specific SEPIAR model. We divide the total population into five age groups and use the subscripts i and j to denote age groups 1 to 5. (i ≠ j; 1: 0–4 years old; 2: 5–9 years old; 3: 10–14 years old; 4: 15–19 years old and 5: ≥ 20 years old). Mumps can be transmitted within each age group, so the transmission rate within a given age group i is denoted as βii. Mumps can be transmitted between different age groups, so the transmission rate from age group i to j is βij and that from j to i is βji.

The model framework is shown in Figure 2. The equations of the model are shown as follows:
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FIGURE 2
 Age-specific SEPIAR model framework of mumps. [i and j represent age 0–4, 5–9, 10–14, 15–19 and ≥20, and respectively (i ≠ j)].




Seasonality of transmission

In this study, we considered the seasonality of transmission. The Seasonality should be dynamic, with a focus on β. Therefore, the following trigonometric functions were applied as follows:

[image: image]

In this equation, β0, t, α and T refer to the baseline of the relative rate of transmission, the time, the constant to adjust the time position and the time span of the seasonal cycle.



Parameter estimation

According to the two model and the natural history framework of mumps, there are eight parameters involved: birth rate br, natural mortality rate dr, infection coefficient without age groups β, infection coefficient by age groups βij (the subscripts i and j (i ≠ j) represent age groups 1 to 5), proportion of the asymptomatic ρ, latent relative rate ω1, non-contagious relative rate ω2, contagious relative rate ω3, and the recovery removal rate coefficient γ and γ1. A systematic review has further confirmed that the proportion of asymptomatic mumps is between 15 and 27%, and it is suggested that the ρ should be set at 0.2 (20, 21). The incubation period of mumps is 16–18 days (22). As mumps patients can secrete MuV from saliva approximately 1 week before the onset of salivary gland enlargement to 9 days after the onset, the contagious and recovery periods of mumps patients are 7 and 9 days respectively, so ω3 = 1/7 and γ1 = 1/9. The value were 0.14286 and 0.11111, respectively (17, 23–25). The latent period and non-contagious of mumps were the difference between the incubation period and the contagious period, which were 9–11 days. This value was 10 days, so ω1 = ω2 =1/10. The value was 0.1. Combining the actual epidemic definition of mumps in Jilin Province with a previous study (19), the disease course range was set to 5–25 days, with a value of 16 days and γ = 1/16. The value was 0.06250. In addition, the value of the parameter k1 and k2 are set to 0.3 (19). The significance and estimation of each parameter and the initial value settings of the variables are shown in Table 1.


TABLE 1 Descriptions and values of parameters in the two models of mumps.
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Quantitative evaluation of transmissibility

According to previous studies (19, 26, 27), the transmissibility of mumps virus is quantified by the basic reproduction number (R0), R0 has a threshold characteristic that if R0 < 1, each infected individual produces on average < 1 secondary case during their lifetime and therefore the epidemic fades away, whereas if R0 > 1, the disease may result in a large number of new infections. Estimating the correct R0 is crucial in an epidemic emergency response, as it provides direction for subsequent control measures. When the intervention is applied, R0 is expressed as the effective reproduction number (Reff) which reflects the real transmissibility of infectious diseases (26, 27). The effectiveness of prevention and control measures can be evaluated by calculating the Reff value for different time periods and comparing this value with the change in the threshold value for different time periods. In this study, we first calculate Reff and then obtain the time-varying reproduction number (Rt) based on the time-varying (S(t), β(t), …) in the Reff expression. Therefore, we used Rt to assess the transmissibility of mumps. Due to the optimization of the compartments and parameters involved in this research model compared to the previous model, the next-generation matrix method (NGM) was used in this study to calculate Rt (28). The calculation procedure is detailed in Additional file 1.



Simulation method and statistical analyses

We used the MATLAB (R2021a) and Berkeley Madonna 8.3.18 software (developed by Robert Macey and George Oster of the University of California at Berkeley. Copyright1993–2001 Robert I. Macey & George F. Oster) to model the actual situation of mumps in Jilin province. The simulation methods (Runge–Kutta method of order four with tolerance set to 0.001) were the same as those used in previously published studies (29–33). The models were used to fit the data to calculate the parameters. The transmissibility was calculated according to the parameters. The goodness of fit of mumps in Jilin province was calculated using the coefficient of determination (R2) values and P-values in SPSS 21.0 (IBM Corp, Armonk, USA). If R2 ≥ 0.5 and P < 0.05, the models fitted well and the results were statistically significant, if R2 < 0.5 or P > 0.05, the models did not fit well or the results were not statistically significant.




Results


Epidemiological description of mumps in Jilin Province

From 2005 to 2019, a total of 57,424 cases of mumps were reported in Jilin Province, with an overall decreasing trend (Figure 3A). The lowest incidence rate was 4.26 per 100,000 in 2016 and the highest was 27.18 per 100,000 in 2008. There were two large increases during this 15-year period, the first from 2005 to 2008 and the second from 2010 to 2012, with the first peak being higher than the second. The incidence of mumps showed a decreasing trend from 2012 to 2016, followed by a slow increase until 2019. The trend in mumps incidence by month from 2005–2019 shows that there are two peaks intervals of mumps incidence in each year, namely May-July and around November and January of the following year, with a clear seasonal trend, but this trend is not obvious after 2015 (Figure 3B).


[image: Figure 3]
FIGURE 3
 Mumps cases and incidence rate in Jilin Province, 2005–2019. (A) By years. (B) By months.


The reported cases of mumps mainly involved patients aged 3 to 14 years, accounting for 75.44% of the total number of cases. Patients aged 5 to 9 years had the highest average annual incidence rate of 77.37 per 100,000 and patients <1 year had the lowest number of cases accounting for only 0.28% of the total number of cases, with an average annual reported incidence rate of 0.53/100,000 (Figure 4A). Among all cases, there were 35,746 males with an average annual reported incidence rate of 8.85 per 100,000. 21,726 females with an average annual reported incidence rate of 5.38/100,000. The ratio of males to females incidence rate was 1.65:1 (Figure 4B). Students accounted for the highest proportion of total cases (64.27%). Except from 2016 to 2018, students accounted for more than 50% of the total cases, followed by kindergarten children and diaspora children, with a cumulative number of cases of 8,831 and 6,647 cases, accounting for 15.37 and 11.57% of the total cases, respectively (Figure 4C).


[image: Figure 4]
FIGURE 4
 Distribution of mumps in Jilin Province. (A) Age distribution. (B) Gender distribution. (C) Occupation distribution.


From 2005 to 2019, a total of 57,375 cases of mumps were reported in nine cities in Jilin Province. Of these, Changchun City (15,279 cases) had the highest number of cases compared to other cities, while Baishan City (1,535 cases) and Liaoyuan City (1,508 cases) had the lowest number of cases. The trends of the epidemic shifted from intermediate urban areas to neighboring urban areas from 2005 to 2008. The incidence of mumps was at a high level in all cities of Jilin province after 2008, and decreased gradually after 2014. Incidence rates in neighboring urban areas started to decrease later than in intermediate urban areas and started to decrease significantly from 2015. Since 2016, incidence rates have been increasing in all districts, but not to a significant extent. Overall, the average annual incidence rates were relatively high in Siping City and Yanbian Korean Autonomous Prefecture, while lower in Baishan City and Liaoyuan City (Figure 5).


[image: Figure 5]
FIGURE 5
 Map of the incidence rate of mumps in Jilin Province, 2005–2019.




Models fitting results and evaluation of effectiveness

Firstly, the actual prevalence of mumps in nine cities in Jilin Province from 2005–2019 was fitted using the non-age-specific SEPAIR model (Figure 6). The results were good and were statistically significant in all cities (R2 > 0.6, P < 0.01), with the best fit effect in Baicheng City (R2 = 0.87, P < 0.01) (Table 2).


[image: Figure 6]
FIGURE 6
 Fitting results of mumps cases in 9 cities of Jilin Province using the non-age-specific SEPIAR model. (A) Baicheng City. (B) Baishan City. (C) Jilin City. (D) Liaoyuan City. (E) Siping City. (F) Songyuan City. (G) Tonghua City. (H) Yanbian Korean Autonomous Prefecture. (I) Changchun City.



TABLE 2 Goodness–of–fit test of nine cities in Jilin Province.

[image: Table 2]

Secondly, the age-specific SEPAIR model was used to fit the actual prevalence of mumps in different age groups (Figure 7). The best-fit were obtained for age group 2 (5–9 years old) and age group 3 (10–14 years old) (R2 > 0.8, P < 0.01) (Table 3).


[image: Figure 7]
FIGURE 7
 Curve fitting of the age-specific SEPIAR model to the reported data of different age groups in Jilin Province. (A) Age group 1: 0–4 years. (B) Age group 2: 5–9 years. (C) Age group 3: 10–14 years. (D) Age group 4: 15–19 years. (E) Age group 5: ≥ 20 years.



TABLE 3 Goodness–of–fit test of each age group.
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Assessment of transmissibility

The non-age-specific SEPAIR model and the age-specific SEPAIR model were used to calculate the transmissibility of mumps in Jilin Province from 2005 to 2019, respectively. The results showed that the overall median Rt was 1.096 (range: 1.911 × 10−5–2.192) and 1.074 (range: 0.033–2.114), respectively, during these 15 years. The median Rt for mumps calculated by both models was > 1 except in 2006 and 2018, with the highest in 2010 at 2.625 (range: 2.425 × 10−6–5.251) and 1.894 (range: 0.097–3.691), respectively (Figure 8).


[image: Figure 8]
FIGURE 8
 Results of two SEPIAR models for the calculation of the transmissibility of mumps in Jilin Province, 2005–2019.


Based on a non-age-specific SEPAIR model, the transmissibility of mumps was calculated for nine cities in Jilin Province from 2005 to 2019, where the median Rt larger than 1 was Changchun City (median = 1.033, IQR: 0.286–1.716); Yanbian Korean Autonomous Prefecture (median = 1.037, IQR: 0.241–2.072); Songyuan City (median = 1.015, IQR: 0.287–1.600); Siping City (median = 1.030, IQR: 0.243–2.058); Liaoyuan City (median = 1.370, IQR: 0.367–2.386); Baishan City (median = 1.373, IQR: 0.313–2.866); Baicheng City (median = 1.029, IQR: 0.230–2.350). Only two cities had median Rt values < 1, namely Jilin City (median = 0.950, IQR: 0.204–1.972) and Tonghua City (median = 0.976, IQR: 0.216–2.039) (Figure 9).


[image: Figure 9]
FIGURE 9
 Calculation results of transmissibility of mumps in 9 cities in Jilin Province.


Based on the age-specific SEPAIR model, the results of the Rij values of mumps within and between each age group (with i and j used to represent age groups 1 to 5) in Jilin Province during 2005–2019 are as follows: the highest transmission risk occurred from patients in age group 2 to patients in age group 3 (median = 0.428, range: 1.519 × 10−7–2.321), namely age group 2 to 3, followed by age group 2 to 2 (median = 0.384, range: 8.310 × 10−8–3.029) and age group 2 to 1 (median = 0.184, range: 2.770 × 10−9–4.384); the lowest transmissibility occurred from age group 3 to 5 (median = 6.166 × 10−9, range: 5.739 × 10−21–3.314 × 10−3), followed by age group 3 to 2 (median = 4.854 × 10−8, range: 2.080 × 10−18-1.562) and age group 5 to 1 (median = 5.130 × 10−8, range: 2.744 × 10−19–3.762 × 10−2). The median relative transmissibility showed that the highest transmission was from patients in group 2 to patients in group 3, followed by age group 2 to 2 and age group 2 to 1. The maximum value of the relative transmissibility showed that the relative transmission within other age groups is > 1 except within age group 1 (Figure 10A). Over the 15-year period, the transmissibility of age Group 2 to 2 varied significantly, with fluctuating trends before 2010, then reached a peak in 2010 (the median of Rt = 1.052, range: 1.82910−5–3.020) and then decreased each year. Secondly, the transmissibility of age groups 2 to 3 peaked every 4 years before 2011, declines to zero after 2011, but reached a peak in 2017 (median = 0.806, range: 5.03110−6–1.079). It is noteworthy that age group 2 to 1 had a high transmissibility in both 2016 (median = 1.182, range: 6.532 × 10−6–4.142) and 2017 (median = 1.260, range: 2.304 × 10−5–4.384) respectively (Figure 10B).


[image: Figure 10]
FIGURE 10
 (A) Range of relative transmissibility by five age groups of Jilin Province. (B) Calculation results of relative transmissibility of five age groups of mumps in Jilin Province, 2005–2019. (1: 0–4 years; 2: 5–9 years; 3: 10–14 years; 4: 15–19 years; 5: ≥ 20 years).





Discussion

In this study, an age-specific SPEIAR model was used to assess the transmissibility of mumps, considering the population heterogeneity in the transmission. This model takes into account differences in the transmission of MuV between and within age groups, more accurately assessed the transmissibility of mumps in different age groups, and better identified the age of high mumps incidence. The results of the goodness-of-fit test imply that the validity of the models is high and that the two models accurately reflect the real situation of mumps in Jilin Province from 2005-2019.

During 2005–2019, the overall median transmissibility of mumps was > 1 in all cities of Jilin Province, indicating a natural epidemic trend of mumps throughout Jilin province during this 15 years period, which is consistent with the situation in China (4). The incidence of mumps in Jilin Province has a cyclical trend with outbreaks every 4–5 years and two peak months per year (June and December), which is consistent with previous results (34, 35). In China, MuCV was not included in non-pharmaceutical interventions until 2008 because the voluntary, self-funded vaccination requirement resulted in very low national coverage. Since 2008, routine single-dose MMR vaccination has been offered to children aged 18–24 months (14). However, the incidence of mumps in Jilin Province did not decrease significantly in 2008–2010 and was slightly higher than that in 2005–2007. This observation may be attributed to the persistently low vaccination rate. However, despite China's push for annual MMR vaccine coverage of more than 95 % since 2009 (2), mumps in Jilin Province was not effectively controlled and peaked again in 2012. This suggests that a single dose of MMR vaccine has limited efficacy in containing the spread of mumps (36). Even children who receive a single dose of MMR vaccine have declining levels of mumps antibodies as they grow older and become susceptible to mumps again (37).

Mumps outbreaks often occur in densely populated areas such as kindergartens, schools, military camps, communities, etc (35). The literature on epidemiology has found a significantly higher incidence in males than in females, which is consistent with our study and may be due to the behavioral patterns of males and females, with boys being more active and more likely to have increased exposure to MuV than girls (2, 38–40). In this study, the highest incidence rates of mumps were found in the 5–9 years age group. This may be a direct consequence of susceptibility to mumps in children aged 5–9 years who were not vaccinated with MuCV. Children who were vaccinated at 18–24 months of age may be more susceptible to mumps virus infection during primary school (41, 42). The peak months of mumps outbreaks in Jilin Province coincide with school semesters, and the closed environment and management of schools facilitate the spread of mumps, which is consistent with our findings that students are a high-risk occupation for mumps (43). Therefore, students are a priority population for prevention, and it is recommended to check vaccination registrations before school entry, provide booster vaccinations to unvaccinated students, and strengthen school health education.

There are a number of studies that have used R0 to estimate the transmissibility of mumps. The R0 was 3.6–4.5 in many European countries from 1970 to1990 (44). Kanaan et al. estimated the R0 for mumps was 19.3 using a matrix model with individual heterogeneity in the UK in 1986 (45). the R0 of mumps was about 4.3 in China from 2009 to 2015 (14). In 2012 and 2014 years, the R0 for children in schools was 4.49 and 2.50 in Shandong, China, respectively (46). In contrast, the median value of R0 for mumps estimated by our model was slightly > 1, which was much lower than the results of the above studies. We think this is mainly related to the continued EPI for children in Jilin Province after 2008, which has increased the MMR vaccination rate. This has resulted in a decrease in the susceptible population year by year. Those who have been previously vaccinated are partially immune, so MuV transmission is less likely to occur in the population and subsequent infection rates are low. The remaining reason is that, based on the description of high-risk occupations for mumps in Jilin Province, it cannot be ruled out that mumps outbreaks are highly likely to occur in schools even with MMR vaccination. Therefore, we should be more concerned about the transmission characteristics of mumps in students.

The inconsistency in MMR vaccination rates is due to differences in socioeconomic status and health care conditions across cities. The incidence of mumps is lower in relatively developed areas, such as Jilin and Changchun, where better health care is available. In some areas with low socio-economic status and inadequate health services, such as Baishan City and Liaoyuan City, the transmissibility of MuV is high, which may be due to untimely mumps vaccination and low coverage. The proximity of different provinces and countries in Yanbian Korean Autonomous Prefecture, Baicheng City and Siping City and the large movement of people who have not acquired basic immunity against mumps, had led to large differences in the incidence of mumps in these three cities, suggesting that large movement of people across regions may also be a factor in the spread of mumps (7, 47). Therefore, it is recommended that MuCV coverage be continuously expanded nationwide to establish solid immunity among the entire population in order to eliminate mumps outbreaks in different regions.

We found that the transmissibility of mumps in Jilin Province showed a rapid increase until 2010 but a rapid decline in 2011, followed by low levels of stability with small fluctuations in the following years. The reason for this analysis was the use of MuCV as a class II vaccine before 2008, resulting in a significant under-coverage of MuCV. Even though China introduced a routine MMR vaccination program in 2008, the short duration of the introduction of the MMR vaccine did not recommend solid immunity in the population, resulting in a high level of transmissibility of mumps in Jilin Province until 2010. However, as MMR vaccine coverage increased year by year, the level of mumps antibodies in the population also increased, leading to a rapid decrease in the transmissibility of mumps in Jilin Province in 2011. Combined with the timing of peak mumps incidence and population distribution described previously, it is suggested that most mumps outbreaks in Jilin Province occurred in schools, which is the main reason for the stable trend and low fluctuation of mumps transmissibility after 2011. Therefore, we recommend that primary school students who have not received a booster dose of MMR be screened for missed vaccines.

Analysis of the relative transmissibility within and between different age groups showed high transmissibility in all age groups except 0–4 years. This suggests that frequent contact within different age groups could also cause outbreaks (48). In 2008, Remarkably, the study also found a high relative transmission contribution of the 5–9 years age group to the other age groups (except 14–19 years, ≥20 years) and within them. This suggests that the 5–9 years susceptible group was the main cause of the mumps epidemic in Jilin province during the 15 years period. In other Chinese provinces and cities, such as Beijing, Tianjin and Shanghai, the incidence of mumps was significantly lower after the second dose of the MMR vaccine was administered to children aged 4, 5 and 6 years, suggesting the effect of immune failure in the 5–9 years age group (40, 49). Due to the unbalanced development of economic and medical resources in China, the coverage of 1 dose of MMR vaccine is low in many places, not to mention the second dose of MMR vaccine, let alone a second dose of MMR vaccine, is low in many places; therefore, timely administration of a second dose or booster dose of MuCV after a single dose of vaccine is essential, depending on the decline of antibodies and the prevalence of the different age groups. Although the immunization schedule for MuCV in China has been adjusted in recent years to provide one dose of MMR vaccine for children 8 months of age and one dose for children 18 months of age (50), the previous study suggests that completing two doses of MMR vaccine in a shorter interval may lead to an increased risk of mumps infection in adolescents due to weakened immunity, and vaccination of preschool children seems more feasible (7).

Therefore, it is recommended that the MMR immunization strategy in Jilin Province be adjusted to set the optimal age for the second dose of MMR vaccine at 5–9 years of age and that it be expanded nationwide. It is of concern that if a new MMR vaccination schedule is developed as we envision, it is unknown whether the future epidemiological trend in China will result in mumps outbreaks in adolescents and young adults as in the United States and France (35). Therefore, as an alternative, in addition to the routine 2-dose of MMR vaccination in Jilin province according to the NPI, a booster vaccination with MuCV vaccine could be administered only to special groups of students before different school entry stages (elementary, middle, high school and university) to reduce the incidence of future mumps. As China updates its childhood NPI in 2021, the benefits of the new mumps immunization strategy are unclear at this stage, so we still need to observe and study future mumps surveillance data and seroepidemiology to provide a solid theoretical basis for developing an optimal interval for future MuCV immunization program in China.

There are several limitations that may have influenced the results obtained. To address the transmission characteristics of mumps in Jilin Province, we proposed the optimal age for implementing the second dose of MMR intervention, but did not specifically assess whether implementing this vaccine intervention at the optimal age could affect the epidemiological trend of mumps in Jilin Province at this stage. Therefore, we will develop age-specific SVEPIAR models under additional MuCV interventions to determine changes in mumps transmissibility and future epidemiological trends under different age-specific vaccine interventions in a comparative study to further provide stronger evidence for future MuCV immunization schedules in China.



Conclusions

The epidemic pattern of mumps in Jilin Province from 2005–2019 was characterized by cyclical and seasonal epidemics, with peaks every 4 years and the highest incidence periods in May-July and November-January. The highest incidence was among children aged 5–9 years. The age-specific SEPIAR model more accurately reflects the true picture of mumps epidemic trends in Jilin Province from 2005–2019. The transmission risks were high from the 5–9 years age group to the 10–14 years age group and between the 5–9 years age group. The priority population for prevention is students by checking the vaccination registration before the start of school for timely replenishment. The coverage of vaccines in Jilin Province should be continuously expanded to establish solid immunity in the population and China should redesign the optimal time interval for MuCV immunization to reduce the incidence of mumps in the future.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

TY, YW, QZ, YS, and TC designed the research. QZ, TY, YW, BD, JH, WL, SY, and XG collected the data. BD, JH, TY, and ZZ analyzed the data. TC, TY, YW, and QZ wrote the manuscript. All authors read and approved the final manuscript.



Funding

This study was supported by the Bill & Melinda Gates Foundation (INV-005834).



Acknowledgments

The authors would like to express their sincerest gratitude to the study participants who provided data and the field investigators who collected the data, without whom the study would not have been possible.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpubh.2022.968702/full#supplementary-material



Abbreviations

SEPIAR, Susceptible–Exposed–Pre-symptomatic–Infectious–Asymptomatic–Recovered; MMR, measles-mumps-rubella; MuCV, mumps-containing vaccines; MuV, Mumps virus; NPI, national immunization program; EPI, expanded immunization program; R0, basic reproduction number; Reff, effective reproduction number; Rt, time-varying reproduction number; R2, coefficient of determination.



References

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

 2. 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

 3. 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 J Biometeorol. (2021) 65:555–63. doi: 10.1007/s00484-020-02048-y

 4. 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. PLoS ONE. (2017) 12:e0169561. doi: 10.1371/journal.pone.0169561

 5. Global Health Observatory data repository. (2021). Available online at: https://apps.who.int/gho/data/node.main.WHS3_53?lang=en

 6. Fields VS, Safi H, Waters C, Dillaha J, Capelle L, Riklon S, et al. Mumps in a highly vaccinated Marshallese community in Arkansas, USA: an outbreak report. Lancet Infect Dis. (2019) 19:185–92. doi: 10.1016/S1473-3099(18)30607-8

 7. Westphal DW, Eastwood A, Levy A, Davies J, Huppatz C, Gilles M, et al. A protracted mumps outbreak in Western Australia despite high vaccine coverage: a population-based surveillance study. Lancet Infect Dis. (2019) 19:177–84. doi: 10.1016/S1473-3099(18)30498-5

 8. Veneti L, Borgen K, Borge KS, Danis K, Greve-Isdahl M, Konsmo K et al. Large outbreak of mumps virus genotype G among vaccinated students in Norway, 2015 to 2016. Euro Surveill. (2018) 23:1700642. doi: 10.2807/1560-7917.ES.2018.23.38.1700642

 9. Dias JA, Cordeiro M, Afzal MA, Freitas MG, Morgado MR, Silva JL, et al. Mumps epidemic in Portugal despite high vaccine coverage - preliminary report. Euro Surveill. (1996) 1:25–8. doi: 10.2807/esm.01.04.00160-en

 10. Vygen S, Fischer A, Meurice L, Mounchetrou Njoya I, Gregoris M, Ndiaye B, et al. Waning immunity against mumps in vaccinated young adults, France 2013. Euro Surveill. (2016) 21:30156. doi: 10.2807/1560-7917.ES.2016.21.10.30156

 11. Fiebelkorn AP, Rosen JB, Brown C, Zimmerman CM, Renshowitz H, D'Andrea C, et al. Environmental factors potentially associated with mumps transmission in yeshivas during a mumps outbreak among highly vaccinated students: Brooklyn, New York, 2009-2010. Hum Vaccin Immunother. (2013) 9:189–94. doi: 10.4161/hv.22415

 12. Deeks SL, Lim GH, Simpson MA, Gagné L, Gubbay J, Kristjanson E, et al. An assessment of mumps vaccine effectiveness by dose during an outbreak in Canada. Cmaj. (2011) 183:1014–20. doi: 10.1503/cmaj.101371

 13. Hui S, Chen L, Liu F, Ouyang Y. [Application of multiple seasonal autoregressive integrated moving average model in predicting the mumps incidence]. Zhonghua Yu Fang Yi Xue Za Zhi. (2015) 49:1042–6.

 14. Li Y, Liu X, Wang L. Modelling the transmission dynamics and control of mumps in Mainland China. Int J Environ Res Public Health. (2017) 15:15010033. doi: 10.3390/ijerph15010033

 15. Yin Z, Zheng C, Fang Q, Gong X, Cao G, Li J, et al. Introduction of Two-Dose mumps-containing vaccine into routine immunization schedule in Quzhou, China, using cox-proportional hazard model. J Immunol Res. (2021) 2021:5990417. doi: 10.1155/2021/5990417

 16. Zhu Y, Zhang D, Hu Y, Li C, Jia Y, She K et al. Exploring the relationship between mumps and meteorological factors in shandong Province, China based on a two-stage model. Int J Environ Res Public Health. (2021) 18:10359. doi: 10.3390/ijerph181910359

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

 18. Wang D, Nie T, Pan F, Wang Y, Wang J, Qin W. Loss of protective immunity of two-dose mumps-containing vaccine over time: concerns with the new strategy of the mumps immunization program in China. Hum Vaccin Immunother. (2021) 17:2072–7. doi: 10.1080/21645515.2020.1861877

 19. Peng Y, Yang T, Zhu Y, Hu Q, Wang Y, Zhao Z, et al. Estimating the transmissibility of mumps: a modelling study in Wuhan City, China. Front Med (Lausanne). (2021) 8:683720. doi: 10.3389/fmed.2021.683720

 20. Mouchtouri VA, Lewis HC, Hadjichristodoulou C. A systematic review for vaccine-preventable diseases on ships: evidence for cross-border transmission and for pre-employment immunization need. Int J Environ Res Public Health. (2019) 16:16152713. doi: 10.3390/ijerph16152713

 21. Bonwitt J, Kawakami V, Wharton A, Burke RM, Murthy N, Lee A, et al. Notes from the field: absence of asymptomatic mumps virus shedding among vaccinated college students during a mumps outbreak - Washington, February-June 2017. MMWR Morb Mortal Wkly Rep. (2017) 66:1307–8. doi: 10.15585/mmwr.mm6647a5

 22. Betáková T, Svetlíková D, Gocník M. Overview of measles and mumps vaccine: origin, present, and future of vaccine production. Acta Virol. (2013) 57:91–6. doi: 10.4149/av_2013_02_91

 23. Henle G, Henle W. Isolation of mumps virus from human beings with induced apparent or inapparent infections. J Exp Med. (1948) 88:223–32. doi: 10.1084/jem.88.2.223

 24. Chiba Y, Horino K, Umetsu M, Wataya Y, Chiba S. Virus excretion and antibody response in saliva in natural mumps. Tohoku J Exp Med. (1973) 111:229–38. doi: 10.1620/tjem.111.229

 25. Ennis FA, Jackson D. Isolation of virus during the incubation period of mumps infection. J Pediatr. (1968) 72:536–7. doi: 10.1016/S0022-3476(68)80347-6

 26. 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/NEJMoa1411100

 27. 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 U S A. (2018) 115:12680–5. doi: 10.1073/pnas.1811115115

 28. Guo X, Guo Y, Zhao Z, Yang S, Su Y, Zhao B, et al. Computing R (0) of dynamic models by a definition-based method. Infect Dis Model. (2022) 7:196–210. doi: 10.1016/j.idm.2022.05.004

 29. Chen T, Ka-Kit Leung R, Liu R, Chen F, Zhang X, Zhao J et al. Risk of imported Ebola virus disease in China. Travel Med Infect Dis. (2014) 12(6 Pt A):650–8. doi: 10.1016/j.tmaid.2014.10.015

 30. Chen T, Huang Y, Liu R, Xie Z, Chen S, Hu G. Evaluating the effects of common control measures for influenza A (H1N1) outbreak at school in China: a modeling study. PLoS ONE. (2017) 12:e0177672. doi: 10.1371/journal.pone.0177672

 31. Chen S, Yang D, Liu R, Zhao J, Yang K, Chen T. Estimating the transmissibility of hand, foot, and mouth disease by a dynamic model. Public Health. (2019) 174:42–8. doi: 10.1016/j.puhe.2019.05.032

 32. Huang Z, Wang M, Qiu L, Wang N, Zhao Z, Rui J, et al. Seasonality of the transmissibility of hand, foot and mouth disease: a modelling study in Xiamen City, China. Epidemiol Infect. (2019) 147:e327. doi: 10.1017/S0950268819002139

 33. Yi B, Chen Y, Ma X, Rui J, Cui JA, Wang H, et al. Incidence dynamics and investigation of key interventions in a dengue outbreak in Ningbo City, China. PLoS Negl Trop Dis. (2019) 13:e0007659. doi: 10.1371/journal.pntd.0007659

 34. 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

 35. Su SB, Chang HL, Chen AK. Current status of mumps virus infection: epidemiology, pathogenesis, and vaccine. Int J Environ Res Public Health. (2020) 17:1686. doi: 10.3390/ijerph17051686

 36. Muhsen K, Shohat T, Aboudy Y, Mendelson E, Algor N, Anis E, et al. Sero-prevalence of mumps antibodies in subpopulations subsequently affected by a large scale mumps epidemic in Israel. Vaccine. (2011) 29:3878–82. doi: 10.1016/j.vaccine.2011.03.047

 37. Schenk J, Abrams S, Theeten H, Van Damme P, Beutels P, Hens N. Immunogenicity and persistence of trivalent measles, mumps, and rubella vaccines: a systematic review and meta-analysis. Lancet Infect Dis. (2021) 21:286–95. doi: 10.1016/S1473-3099(20)30442-4

 38. van Lunzen J, Altfeld M. Sex differences in infectious diseases-common but neglected. J Infect Dis. (2014) 209 (Suppl) 3:S79–80. doi: 10.1093/infdis/jiu159

 39. Muenchhoff M, Goulder PJ. Sex differences in pediatric infectious diseases. J Infect Dis. (2014) 209 Suppl 3:S120–126. doi: 10.1093/infdis/jiu232

 40. 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

 41. Cohen C, White JM, Savage EJ, Glynn JR, Choi Y, Andrews N, et al. Vaccine effectiveness estimates, 2004-2005 mumps outbreak, England. Emerg Infect Dis. (2007) 13:12–7. doi: 10.3201/eid1301.060649

 42. Ma C, Liu Y, Tang J, Jia H, Qin W, Su Y, et al. Assessment of mumps-containing vaccine effectiveness during an outbreak: importance to introduce the 2-dose schedule for China. Hum Vaccin Immunother. (2018) 14:1392–7. doi: 10.1080/21645515.2018.1428508

 43. 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

 44. Edmunds WJ, Gay NJ, Kretzschmar M, Pebody RG, Wachmann H. The pre-vaccination epidemiology of measles, mumps and rubella in Europe: implications for modelling studies. Epidemiol Infect. (2000) 125:635–50. doi: 10.1017/S0950268800004672

 45. Kanaan MN, Farrington CP. Matrix models for childhood infections: a Bayesian approach with applications to rubella and mumps. Epidemiol Infect. (2005) 133:1009–21. doi: 10.1017/S0950268805004528

 46. 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

 47. Koeller S, Meyer D, Shearer MP, Hosangadi D, Snyder M, Nuzzo JB. Responding to a mumps outbreak impacting immigrants and low-english-proficiency populations. J Public Health Manag Pract. (2020) 26:124–30. doi: 10.1097/PHH.0000000000001055

 48. Bharti N, Exten C, Fulton V, Oliver-Veronesi R. Lessons from managing a campus mumps outbreak using test, trace, and isolate efforts. Am J Infect Control. (2021) 49:849–51. doi: 10.1016/j.ajic.2020.11.008

 49. Su QR, Liu J, Ma C, Fan CX, Wen N, Luo HM, et al. [Epidemic profile of mumps in China during 2004-2013]. Zhonghua Yu Fang Yi Xue Za Zhi. (2016) 50:611–4. doi: 10.3760/cma.j.issn.0253-9624.2016.07.009

 50. China adjusts immunization schedule for polio vaccine and measles-containing vaccine in immunization programme (2020). Available online at: http://www.nhc.gov.cn/jkj/s3590/202001/f1b793e053ea49d3b4251fe107ada325.shtml



OPS/images/fpubh-10-968702-t003.jpg
Age groups

0-4 years old
5-9 years old
10-14 years old
14-19 years old
> 20 years old

062
0381
08

071
0.63

<001
<0.01
<001
<0.01
<001





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Age-specific transmission dynamic of mumps: A long-term large-scale modeling study in Jilin Province, China



		Introduction



		Materials and methods



		Study design



		Data collection







		Model construction



		Non-age-specific SEPIAR model



		Age-specific SEPIAR model



		Seasonality of transmission



		Parameter estimation



		Quantitative evaluation of transmissibility



		Simulation method and statistical analyses







		Results



		Epidemiological description of mumps in Jilin Province



		Models fitting results and evaluation of effectiveness



		Assessment of transmissibility







		Discussion



		Conclusions



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		Abbreviations



		References

















OPS/images/fpubh-10-968702-t002.jpg
City

Baicheng City
Baishan City
Jilin City

Lioyuan City
Siping City

Songyuan

ty
Tonghua City
Yanbian Korean Autonomous Prefecture

Changehun City

087
076
0.69
077
0.6
078
083
086
085

<001
<001
<001
<001
<001
<001
<001
<001
<001





OPS/images/math_2.gif
p=pio |1+ sin (ZE2) |





OPS/images/math_1.gif
dsifdt = Nbr=5; ) Bjillj + ki Aj + koPy) — drS;
=t
dEi/dt = ;) pyilly +kiAj +kaP) — pooy B
=t
— (=plank; - drF;

dpifdt = (1= plorEi_w3Pi— drPi

dnfdt = 3Pyl = drly
dAifdt = parEi— y A~ drd

dRifdt =yl +y A= deR;
L






OPS/images/fpubh-10-968702-t001.jpg
Parameter

b
d

Descriptions

Birth rate

Mortality rate

Transmission relative rate

Transmission relative rate within age group i
Transmission relative rate from age group i to j
Transmission relative rate from age group j to i
Transmission relative rate within age group j
Relative transmissibility rate of asymptomatic to
symptomatic individuals

Relative transmissibility rate of pre-asymptomatic to
symptomatic individuals

Proportion of the asymptomatic

Latent relative rate

Non-contagious relative rate

Contagious relative rate

Removed rate of the asymptomatic

Removed rate of the infections

Method

Analysis on the reported data
Analysis on the reported data
Curve fitting
Curve fitting
Curve fitting
Curve fitting
Curve fitting

Reference

Reference

Reference
Reference
Reference
Reference
Reference

Reference

Unit

years™
years™!
days™
days™
days™!
days™!
days™!

Range

0-1
0-1
0-1
0-1
0-1

0-1

0.15-0.27

0.09-0.11

0.09-0.11
0.04-0.2
0.04-0.2

Value

0.00662
0.00551

03

03

02

01

01
0.14286
0.06250
011111





OPS/images/fpubh-10-968702-g010.gif









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Public Health





OPS/images/fpubh-10-968702-g005.gif





OPS/images/fpubh-10-968702-g006.gif
- Reporteddata





OPS/images/fpubh-10-968702-g003.gif
g

R
Time(years)

]
B

FE DS

Time(months)





OPS/images/fpubh-10-968702-g004.gif
co00000

PRI PRSI





OPS/images/fpubh-10-968702-g009.gif





OPS/images/fpubh-10-968702-g007.gif
sl b

TSIV RS IEEEEE

TIPS S IR

.

i ien e
Yime

[Prevalence
per 100,000 persons






OPS/images/fpubh-10-968702-g008.gif
T

- 1&!0‘&'&?&%‘«‘@'@“«"&‘





OPS/images/cover.jpg
& frontiers | Frontiers in Public Health

Age-specific transmission
dynamic of mumps: A long-term
large-scale modeling study in
Jilin Province, China





OPS/images/fpubh-10-968702-g001.gif
NonComagions T Comsions
Koo

4

Tcabaionperind
Ly






OPS/images/fpubh-10-968702-g002.gif





