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Abstract 

Background: Syphilis is a sexually transmitted disease and infects tens 

of millions of people every year. In China, syphilis has its 

characteristics in spreading patterns: this disease always spreads with 
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the migration of the floating population. But rarely quantitative 20 

modeling studies have been conducted in this field. 

Method: Based on the Bayesian back-calculation method and datasets 

collected in Zhejiang Province, China, a novel model to analyze the 

syphilis transmission and immigration process is constructed.  

Results: The results show that immigrant patients are the main source 25 

of syphilis in the Zhejiang province. By using the PRCC method to 

analyze the relationship between parameters and infected cases, we find 

two main effective measures to control syphilis: the patients paying 

attention to their behaviors and using sexual protection measures. 

Conclusion: With the increase of intensive personnel exchange among 30 

different countries and regions, it is becoming more important to study 

the transmission of diseases within the floating populations. The 

method we use in this manuscript provides a quantitative research 

method by using the diagnosed cases. All the methods and models in 

this manuscript could be used in the studies of other diseases where 35 

immigrant patients should be considered. 

Keywords: syphilis, Bayesian back-calculation, immigrant workers, 

sexual workers 
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1. Introduction 40 

Syphilis, a worldwide sexually transmitted disease, is caused by 

the bacterium \textit{Treponema pallidum}. In 2015, about 45.4 million 

people were infected with syphilis (Vos et al., 2016), while six million 

of them were newly infected cases (Newman et al., 2015). During that 

year, it caused about 107,000 deaths, down from 202,000 in 1990 45 

(Wang et al., 2016). In mainland China, the first case of syphilis was 

found in the year 1505. By the time of 1950, 84% of sexual workers, 

and 2–3% of rural residents had suffered from this disease (Chen et al., 

2007). In the 1960s, the Chinese government leaded an elimination 

campaign of sexually transmitted disease, sosyphilis and other sexually 50 

transmitted disease were virtually eradicated (Chen et al., 2007). 

However, with the relaxation of government prevention and control 

measures, the new syphilis cases came out in the year 1979 (Chen et al., 

2007). And in 2015, the annual incidence rate of syphilis in China 

increased to 9.81 per 100 thousands people (Wong et al., 2018). 55 

Nowadays, syphilis is regarded as a Class B infectious disease in 

mainland China and the Ministry of Health of China has established a 

national-wide surveillance system to control this disease. 



In China, sexual workers are one of the main sources to transmit 

sexually transmitted disease, such as AIDS and syphilis (Li et al., 2009; 60 

Zhou et al., 2020). Many of them come from rural areas of poor 

provinces and become sex workers in big cities or porn industry 

gathered areas of rich provinces of China, such as Zhejiang Province 

(Zhou et al., 2020; Ma rt al., 2017). The survey data of Ningbo of 

Zhejiang province shows 81.09% of sexual workers comes from the 65 

other provinces (Jiang et al., 2012). Another source of syphilis comes 

from the immigrant workers, who also come from rural areas of poor 

provinces and leave home working in the cities of rich provinces. Many 

of the immigrant workers, working alone in the cities, could engage in 

sexual relationships with sex workers or other non-marital partners 70 

(Yang et al., 2014), which accelerates the spread of syphilis and 

increases the difficulty of prevention and control of this disease. 

With the rapid development of China’s economy and the increase 

in population mobility, the problem of infectious diseases carried by the 

floating population cannot be ignored. Some survey works (Shen and 75 

Pan, 2008) show that the floating population could accelerate the spread 

of many infectious diseases, such as malaria, AIDS and hepatitis B. The 

latest data show that the large cities or provinces with many immigrant 
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workers (such as Beijing and Zhejiang Province) are also the places 

where new cases of syphilis occur (Tucker and Cohen, 2011). Although 80 

there are many studies about data investigation of the disease 

transmission with the floating population, few works have constructed 

models to quantitatively analyze how the floating population could 

influence the transmission of disease, such as the syphilis.  

To compensate the limitation of theoretical models, in this 85 

manuscript, Bayesian back-calculation is introduced to estimate the 

floating population. As a method based on mathematical models and 

Bayes' theorem, it could generate the estimated number of infections of 

a disease over time (Sweeting et al., 2005). This method has long been 

used to estimate the HIV incidence rate with the AIDS diagnosed cases 90 

(Brookmeyer et al., 1994). In the work of Birrell et al. (Birell et al., 

2012), the authors applied this method in the new HIV, AIDS 

diagnoses with the help of data on CD4 counts in England and Wales. 

Using this method, the author characterized the time-varying 

distribution of the time between infection and diagnosis, and also 95 

estimated the HIV incidence. Meanwhile, in the subsequent work, 

Birell and his coauthors (Birell et al., 2013) used this method to analyze 

the spread of HIV among the nationwide population of UK. And the 



work by Sun et al. (Sun et al., 2020) estimated the cases of HIV and 

AIDS within different ranges of CD4 counts in Guangxi province, 100 

China. 

Overall, in this manuscript, we modified the Bayesian back-

calculation method so that it could estimate the number of infected 

patients among the floating population. Based on Bayesian back-

calculation method, we divided the newly diagnosed syphilis 105 

population into two parts: population infected in the working province 

and infected in other provinces. Based on the Markov processes of the 

people who were infected outside the specific working province they 

are working in (referred as the working province hereinafter) and the 

infection pattern of the syphilis we construct our modified Bayesian 110 

back-calculation to describe the infection population in the floating 

population. Using the likelihood function and the data on diagnosed 

cases in Zhejiang province (Zhejiang CDC, 2020; Zhejiang Statistic, 

2020), which is one of the main provinces with many migrant workers 

in China, we estimated how the floating population could affect the 115 

spread of syphilis in Zhejiang Province. In actual calculations, we used 

data from January to October for the past ten years to control the 
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number of samples while reducing the influence of control strategies of 

COVID-19 on our model. 

2. Method 120 

In this part, we mainly describe how the model is constructed and 

show the likelihood function used in model fitting.  

The state probabilities of one person being infected out of his or 

her working province but finally diagnosed in the working province at 

time t are made up of three parts: (1) the probability that the person is 125 

infected outside his or her working province and has not immigrated to 

this province; (2) the probability that the person has already immigrated 

to the working province but has not been diagnosed; (3) the probability 

that the person is diagnosed in the working province. Let p0(t), p1(t) and 

p2(t) denote these three probabilities. Then the equations can be written 130 

as, 

     (1) 



where α is the immigration rate, and δ is the diagnostic rate. Many of 

the immigrant workers or sexual workers tend to work in the working 

province for a long time (Yang et al., 2014). Thus in this Markov 135 

process, we don’t consider the case where the person migrates back. 

When the person is infected at time 0, the initial conditions can be 

given as p0(0) = 1, p1(0) = 0, and p2(0) = 0. Thus, the solutions of 

equations (1) are 

 140 

and,  

 

One person who is infected with syphilis will hardly self-recover 

from this disease until the person is diagnosed and treated by the 

specific therapies (Clement et al, 2014). In China, syphilis is a national 145 

legally classified B infectious disease and all of the newly diagnosed 

syphilitics must be reported to the CDC (China CDC, 2020). Based on 

this situation, the expected number of newly infected people in the 

working province at time t can be illustrated as the sum of the expected 

numbers of people who are infected by (1) the diagnosed and not 150 
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healed people, (2) the newly incoming undiagnosed immigrants, and (3) 

the other undiagnosed people at time t: 

  (2) 

where gτ,t = exp[−γ(t−τ)] is the probability that one person is diagnosed 

at time τ, but will not be healed or migrate to another province at time t, 155 

and γ is the rate of infection ability loss due to either recovery or 

migration. λ(τ) is the number of immigrants who are already infected 

out of the working province at time τ. And fτ,t = exp[−δ(t−τ)] is the 

probability that one person is already infected at time τ but not 

diagnosed at time t, and β is the infection rate, respectively. The term 160 

S(t) is the number of susceptible people in the working province at time 

t. The function µ(t) represents the expected number of diagnosed 

people at time t and can be written as the sum of the expected numbers 

of residents and new immigrants who are diagnosed at time t: 

  (3) 165 

Within the month around the Spring Festival holiday [Jiang et al., 2015; 

Yao et al., 2019), many workers including the sex workers will go back 

to their hometown and stop their work until the end of the Spring 



Festival. So, the infection rate β will become smaller during that period. 

Thus, we could rewrite the infection rate as p(t)β, where 170 

 

and 0 < p < 1 is the parameter to evaluate the effect of the Spring 

Festival on infection rate. 

Based on the Poisson distribution, the probability of reporting D(t) 

diagnosed person and S(t) susceptible person from the output of model 175 

(3) can be given as, 

 

where θ = {λ(t), α, β, δ, γ, p, µ(t), I(t)} is the set of parameters and 

terms in model (3), N is the number of data points, and ti, i = 1; 2; · · · ; 

N are the time points in data, respectively. Hence the likelihood 180 

function can be written as, 

(4) 

where log Γ(x) is the log Gamma function. Based on equation (4), the 

Markov Chain Monte Carlo (MCMC) method is used to estimate the 

parameter set {α, β, δ, γ, p}. 185 
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In the numerical calculation, we use the date 12 months before the 

present time to replace the negative infinity in the integral formulas (2) 

and (3), so that we can get an approximate estimation while increasing 

the calculation efficiency. By that approximate estimation, the samples 

collected from January 2019 to December 2019 are used as the known 190 

diagnosed cases, and formula (4) is used to fit the other 9 years’ 

samples. The function λ(t) is considered as a piece-wise function and is 

assumed as a constant in every three months (Jan to March, April to 

June, July to September, and October to December have different 

constants in different years). All of the source codes are available at the 195 

author’s GitHub (https://github.com/ChentongLi/Migration-

population-estimation) 



3. Main Result 

    

Fig. 1 The fitted number of diagnosed patients (black line) and reported 200 

number (points) in each month. The sky-blue shadow shows the 95% 

confidence interval of our fit results. 

 

Figure 1 shows the fitted result of the model in the last section. The 

black line represents the mean values of the estimated number of 205 

diagnosed patients and the black points which come from the data sets 

are the reported diagnosed cases. The sky-blue shadow in that figure 

shows the 95% confidence interval of the estimated results. This figure 

shows that our model could fit the data set very well, which means our 
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Markov model (1) could reflect the immigration and infection processes 210 

of syphilis among the immigrant workers in Zhejiang province. 

 

Fig. 2 The estimated parameter values of α, β, δ, γ and p. 

 

Figure 2 illustrates the estimated values of the parameters in our 215 

Bayesian back-calculation model. The mean value of the infection rate 

β is 1.66 × 10−9 per health person per month in Zhejiang province and 

its 95% confidence interval is (1.43×10−9, 1.92 × 10−9). Compared with 

the whole population of Zhejiang province (around 30 million residents 

(Zhejiang Statistic, 2020)), the infection rate is big enough to cause 220 

more than 30 thousands diagnosed patients per year. Disease prevention 



and control departments need to consider measures such as the 

distribution of condoms to reduce the infection rate and control the 

spread of syphilis. The mean value of the parameter p, which is used to 

evaluate the Spring Festival effect, is 0.12 (with the 95% confidence 225 

interval (0.03, 0.20) ). It shows the Spring Festival in China is has such 

a large influence that could decrease the transmission of syphilis. The 

mean value of the parameters α, δ and γ of the Markov process (1), are 

9.95 (95% confidence interval (6.05, 13.88)), 1.73×10−2 (95% 

confidence interval (1.64×10−2, 1.79×10−2)), and 1.92 (95% confidence 230 

interval (1.15, 2.71)). These three parameters share the unit of per 

month. These parameters reflect the immigration and infection process 

of syphilis and could be used in other related works on simulating the 

immigration of workers and syphilis transmission among healthy 

people. 235 
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Fig. 3 The sensitivity of the mean infected cases in Zhejiang 

province from the year 2010 to 2019 with respect to the parameters α, 

β, δ, γ and p. 

 240 

The partial rank correlation coefficients (PRCC) between the model 

parameters and the mean infected cases from the year 2010 to 2019 

(MI) are also calculated in this manuscript and Figure 3 illustrates the 

results. The samples in calculating the PRCC are collected from the 

95% confidence intervals of the model parameters α, β, δ, γ and p, 245 

which are generated from the MCMC method. The result shows that the 

parameters δ and γ have negative effects on the mean infected number, 

while the other parameters have positive effects. And the parameter p, 

which is a value to reflect human behavior, has the greatest impact on 



the mean infection number over these years. This means that the most 250 

effective way to control syphilis is that everyone tries to control the 

behavior of themselves. The second greatest factor in disease control is 

the infection rate, which means measures to decrease the infection rate, 

such as the use of condoms, could have great impacts on the control of 

syphilis. 255 

Fig. 4 The fitted number of the patients infected at Zhejiang province in 

each month. The mean value illustrated in black line and the sky-blue 

shadow shows the 95% confidence interval of our fit results. 

 260 

The estimated results of the number of patients infected in Zhejiang 

province are shown in Figure 4. The black line shows the mean values 
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in each month and the sky-blue shadow shows the 95% confidence 

intervals. This figure shows the transmission of syphilis in Zhejiang 

province. More susceptible people get infected in Zhejiang province in 265 

2010 and 2011 than in the other years. From the year 2012 to 2019, the 

number of infected people in each month doesn’t show a clear 

difference and the differences between years are narrow. The figure 

also shows the Spring Festival for Chinese brings fewer infection cases 

since this time is the right time for a family reunion. 270 

 

Fig. 5 The fitted number of immigrants infected out of Zhejiang 

province in each three months. The points show the estimated mean 

values and the error bars illustrate the 95% confidence intervals. 



The estimated results of the number of the immigrants who were 275 

infected out of Zhejiang province and diagnosed in Zhejiang province 

in every three months (the piece-wise function λ(t)) are illustrated in 

Figure 5. The distribution of the immigrant syphilis patients shows no 

clearly regular pattern. The first three months of each year always touch 

the lowest number, and the number of patients in the second half of 280 

each year is always larger than that in the first half. The number of 

infected people in the warm seasons is sometimes larger than that in the 

cold seasons. The peak of the number of immigrant syphilis patients is 

at the period from October to December of the year 2018, with the 

mean value 3535 and the 95% confidence interval (2641, 4437). 285 

Compared the result shown in this figure with the number illustrated in 

Figure 4, immigrant patients are one of the main sources of syphilis in 

Zhejiang province, and the national disease control department needs to 

carry out effective actions to supervise these key populations 

(especially the immigrant sex workers). 290 

4. Discussion 

In this manuscript, based on a modified Bayesian back-calculation 

method and the data on the diagnosed cases of syphilis, we mainly 
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estimate the possible number of syphilis patients among the floating 

population. The result shows that immigrant patients are the main 295 

source of syphilis in Zhejiang province, implying that the government 

should give a free test to the immigrant sex workers. From the 

estimation result of the parameters, we find that the infection rate in 

Zhejiang province is not a small number and the Spring Festival is 

having an important effect on the Chinese. We also find that the 300 

infected cases in Zhejiang province stay as an almost stable distribution 

among different months. By the PRCC analysis, we find that the two 

main measures to control syphilis are: (1) the infected people pay 

attention to their behaviors and (2) use practical ways to reduce the 

infection rate, such as the wide use of condoms among sex workers. 305 

By using the Markov process and infection equations to describe the 

immigration and infection processes of the syphilis patients, the 

Bayesian back-calculation model is constructed within a floating 

population. This method could estimate not only the number of infected 

cases but also the number of floating patients via the data of diagnosed 310 

cases, which improves the estimation ability of the traditional back-

calculation method. With the development of the modern economy and 

the intensive exchange of personnel among different countries and 



regions, it is becoming more and more important to study the disease 

status within floating populations. And the method we use in this 315 

manuscript could give a new insight into this problem, providing a 

quantitative research basis via the diagnosed cases. All of the methods 

mentioned in this manuscript could be used in other disease studies 

where immigrant patients should be considered. 

Other than the on-site investigation of the spread of diseases and the 320 

patients in the floating population (Jiang et al., 2012), in this work a 

quantitative analysis on syphilis has been carried out, the number of 

new infection cases and patients among the immigrant population, as 

well as the transmission and immigration parameters have been 

estimated by using the data on diagnosed cases in each month. These 325 

quantitative values could be used to guide how to prevent and control 

diseases more accurately in reality and deepen people's understanding 

of diseases. Compared with the related work on back-calculation (Sun 

et al., 2020), we use the overall method framework, but have 

innovations in model and likelihood function construction in terms of 330 

calculation details. Based on the original Bayesian back-calculation 

model, we have not only considered the factor of floating population 
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but also modified the likelihood function to make it more in line with 

the issues considered in this paper. 

For the model described in this article, the environmental factors in 335 

the spread of the disease are ignored because it is a sexually transmitted 

disease. But, for air-transmitted diseases such as influenza, and vector-

transmitted diseases such as dengue fever, these diseases are sensitive 

to the effects of temperature and humidity, and they could also migrate 

with the migration of the population. Thus, to meet the more practical 340 

needs for disease studies, a more comprehensive model that 

incorporating environmental factors should be considered in future 

work. 
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