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This is a supplementary material describing in detail the formulation of transmission model and parameter estimation presented in the main text.

1. Data sources and mathematical model   
We collected the reported data from the national serosurveys of hepatitis B in 1992, 2006 and 2014 in China (Table 1).1-3 Three national serosurveys were conducted in 160 disease surveillance sites in 31 provinces and cities nationwide, and the multi-stage random sampling method was used to extract the data of the resident population. In 1992, the data of a total of 61,702 people (29,693 males and 32,009 females) aged 1-59 years were investigated, and the prevalence of HBsAg in males was higher than that in females (11.33% vs 8.23%).2 In 2006, the data of a total of 81,775 people (38,895 males and 42,880 females) aged 1-59 years were investigated, and the results from this survey showed that the prevalence of HBsAg in males and females was lower than that in 1992.1 In 2014, the data of only 31,713 people (15,814 males and 15,899 females) aged 1-29 years were investigated to assess the effect of the hepatitis B vaccination in newborns, and the results showed that the prevalence of HBsAg in both males and females was reduced significantly compared with 1992 and 2006 ( see Table 1).3







Based on the natural history of the HBV infection and the main characteristics of HBV transmission in China, we proposed an age-structured discrete model by further considering another important transmission route for hepatitis B, sexual transmission among adults in the sexually active age classes and another important intervention, the promotion of condom use.1,4-7 Specifically, we divided the total population into three compartments: susceptible; chronic HBV infections; and individuals who had recovered from HBV infection and obtained immunity, where denoted the group of males or females,  denoted the age, and  denoted the time. Here, we selected “year” as the basic unit of time. The acutely infectious individuals were considered to be in a transient process given the short average duration of 3 months compared with years for the chronic period.8,9 Particularly, apart from perinatal infection from infected mothers to their infants and horizontal transmission (non-sexual transmission) among the whole population, in this study, we considered sexual transmission among adults in the sexually active age classes. For simplicity, we made the following assumptions: 
(i). We only focused on heterosexual transmission.
(ii). The whole population was homogeneously distributed.
(iii). The maximum age of people was 100 years old, and the whole population was divided into 101 age groups.
(iv). Sexual activities were considered to begin at age 20 and continue until age 60 for both males and females in order to facilitate the direct use of data derived from the national serosurveys of hepatitis B in 1992, 2006 and 2014 in China.
(v). Susceptible individuals aged 1-100 years could be infected by contact with all age groups of infectious individuals, and the transmission rate in same age groups due to horizontal transmission among individuals of the same sex was assumed to be the same.
Based on the above assumptions, the age-structured compartmental model was described by equations (1) and (2).

For individuals aged 0 year ():

 (1)
For individuals aged 1-100 years:  

(2)

The force of infection  for the population aged 1-100 years was given by     

                (3)






where denotes the total number of chronic HBV infections, denotes the total population, denotes the force of infection due to horizontal transmission, and represents the sex-specific horizontal transmission rate for susceptible individuals in age group  in year . The force of infection due to sexual transmission was described as 

                        (4)

                        (5)






where and  represent the sexual transmission probabilities of HBV per-partnership for males and females, and denote the average numbers of sexual partners per year for males and females, and denotes the condom use rate for males and females in year . For simplicity, we divided the individuals aged 20 to 60 years into 6 groups (20-24, 25-29, 30-34, 35-39, 40-49 and 50-60 years), and in each group, the average numbers of sexual partners per year and the initial horizontal transmission rate for males and females were assumed to be the same. The total number of sexual partners for males per year should be equal to the total number of sexual partners for females per year, that is, 


 ,               (6)




where and denote the average numbers of sexual partners per year in each age group for males and females, and and  are assumed to remain the same every year starting in 1992. In this model, acute HBV infections come from perinatal infection, horizontal transmission and sexual transmission.  
2. Initial conditions of models (1) and (2)





The initial time of equations (1) and (2) was taken as. The age-specific and sex-specific total population numberequalled the age-specific and sex-specific proportion of newborns in 1990 multiplied by the calibrated age-specific total population number in 1992. The age-specific and sex-specific chronic HBV infectionsequalled the age-specific and sex-specific prevalence rate of HBsAg in 1992 multiplied by the age-specific and sex-specific total population number (see Supplementary data.xlsx, columns 5 and 6). The individuals who recovered from HBV infection and obtained immunityequalled the difference between the age-specific and sex-specific prevalence of HBV and HBsAg in 1992 multiplied by the age-specific and sex-specific chronic HBV infections (see Supplementary data.xlsx, columns 7 and 8). The sex-specific prevalence of HBV was not assessed in 1992; here, we used the age-specific prevalence of HBV in 1992 as the prevalence of HBV for males and females in 1992. The susceptible individuals (see Supplementary data.xlsx, columns 3 and 4) were calculated based on the following equation: 


3. Estimation of model input parameters 













Next, we determined the parameter values in models (1) and (2). First, some of the parameters were derived from published literature and nationally reported data. The birth rate and the sex-specific proportion of newborns were determined according to the National Bureau of Statistics of China, and(see Figure S1a).10-12 The vaccination coverage rate for newbornswas obtained from the National Immunization Survey, .13 The proportion of HBsAg-positive mothers aged 20-49 years in the total prevalence of HBsAg was calculated by dividing the proportion of HBsAg-positive mothers among females by the proportion of HBsAg-positive individuals among the population aged 20-49 years. The age-specific and sex-specific mortality rates of HBV-related diseases were calculated by dividing the age-specific and sex-specific total number of HBV-related cirrhosis and HCC by the age-specific and sex-specific number of chronic HBV infections (see Figure S1b).14 Here, we assumed that the sex-specific number of chronic HBV infections was calculated based on the sex-specific prevalence rate of HBsAg in 2006. The age-specific and sex-specific total death ratewas obtained according to statistics released by the National Bureau of Statistics in 1995, 2000, 2005, 2010 and 2015 (see Figure S1c, Figure S1d).15,16 Hence, the age-specific and sex-specific death rate of non-HBV-related diseaseswas determined based on the equation .16 The condom use rates for males and females  were determined from the China Population and Employment Statistics Yearbook (1993-2016) and (see Supplementary data.xlsx, column 9) .15,17 



Second, we estimated the initial horizontal transmission rateand the average numbers of sexual partners per year for males and females in each age group. To estimate the initial horizontal transmission rate, we first estimated the initial force of HBV infection by using a classical catalytic model to describe the natural process of HBV infection, similar to our previous work.16,18 Because there were no sex-specific prevalence of HBV for males and females in 1992, we used the total prevalence of HBV in 1992 instead, and we selected the same exponential function to fit the reported prevalence data, that is, 

.








By using the Markov Chain Monte Carlo (MCMC) method, we obtained ,  and , and the corresponding 95% confidence intervals were (0.0107, 0.0141), (0.2107, 0.3295) and (-0.5870, -0.3366), respectively. Based on the first formula in equation (3), we obtained the initial horizontal transmission rate for 1≤a<20 and 60<a≤100. Next, we estimated and the average numbers of sexual partners per year for males and females for 20≤a≤60 simultaneously. In the above analyses, we divided the individuals aged 20 to 60 years into 6 groups (20-24, 25-29, 30-34, 35-39, 40-49 and 50-60 years), and we assumed that and the average numbers of sexual partners per year for males and females were the same in each age group. Specifically, we chose the above exponential function for as the observation function. The initial values in each group were selected according to the sexual behaviour and lifestyle in China, and we assumed an approximate 1:1 proportional relationship between horizontal and sexual transmission.19,20 By using the piecewise fitting method, we obtained the initial horizontal transmission rate and its 95% confidence intervals (see Figure S1e, Figure S1f), as well as the average numbers of sexual partners per year for males and females in each age group (see Table S2).   





Finally, we estimated the sex-specific annual rate of HBsAg seroclearance  and the sex-specific horizontal transmission rate . For simplicity, we divided the individuals aged 1-59 years into 10 groups (1-4, 5-9, 10-14, 15-19, 20-24, 25-29, 30-34, 35-39, 40-49 and 50-59 years), and in each group, the age-specific and sex-specific annual rates of HBsAg seroclearance were assumed to be different. The sex-specific annual rate of HBsAg seroclearance for individuals aged 60-100 years was assumed to be 0.015.16 In addition, we assumed that the sex-specific horizontal transmission ratedecreased exponentially with the implementation of prevention and control measures of hepatitis B.3,21,22 After determining the initial conditions and model input parameters, based on the sex-specific prevalence of HBsAg in populations aged 1-59 years in 2006, we used the MCMC method to estimate the age- and sex-specific annual rates of HBsAg seroclearance and the corresponding 95% confidence intervals by setting the iteration number to 10,000 and the first 8,000 times as burn-in periods. The results showed that the average annual rate of HBsAg seroclearance for males aged 1-59 years was 1.04% (95% CI, 0.49-1.59%) from 1993 to 2006, which was lower than 1.92% (95% CI, 1.11-2.73%) for females. In addition, we found that the top two age groups of HBsAg seroclearance for males were the 5-9 and 20-24 age groups and were the 1-4 and 5-9 age groups for females (see Table 2). Furthermore, we also estimated the sex-specific horizontal transmission rate, which was given by            

               (7)

               (8)
where 


, ;


, .









4. Supplementary Tables 
Table S1. Parameter description for models (1) and (2)
	Parameters
	Meanings
	Values
	References

	

	Birth rate in year t  
	See Supplementary data.xlsx, column 1
	[10]

	

	Proportion of sex-specific newborns at birth in year t 
	Figure S1a
	[11, 12]

	

	Vaccination coverage rate of newborns in year t     
	See Supplementary data.xlsx, column 2
	[13]

	

	Age- and sex-specific mortality rates of HBV-related diseases
	Figure S1b
	[14]

	

	Vaccination protection rate per year 
	0.85 (0.75-0.95)
	[16]

	

	Perinatal infection rate per year   
	0.06 (0.03-0.09)
	[16]

	

	Proportion of HBsAg positive mothers aged 20–49 years to the total prevalence of HBsAg 
	0.8436
	[16]

	

	Age-specific and sex-specific death rates of non-HBV related diseases in year t
	

	[16]

	

	Proportion of acute HBV infections that became chronic during the delivery period   
	0.90
	[23-25]

	

	Age- and sex-specific total death rates in year t 
	Figure S1c and Figure S1d
	[15, 16]

	
	1993 ≤ t ≤ 1997 
	

	

	
	1998 ≤ t ≤ 2002
	

	

	
	2003 ≤ t ≤ 2007
	

	

	
	2008 ≤ t ≤ 2012
	

	

	
	2013 ≤ t ≤ 2035 
	

	

	

	Catch-up vaccination coverage rate for adolescents aged 8-15 years during the years 2009-2011 
	0.95
	[26]

	

	Age-specific proportion of acute HBV infections that became chronic per year
	
	[23-25]

	
	0 ≤ a< 1 
	0.30
	

	
	1≤ a≤ 4 
	0.25
	

	
	5 ≤ a ≤ 15
	0.06
	

	
	16 ≤ a ≤ 100
	0.03
	

	

	Horizontal transmission rate for males in 1992
	Figure S1e
	[16]

	

	Horizontal transmission rate for females in 1992
	Figure S1f
	[16]

	

	Sexual transmission probability of HBV per-partnership for males per year
	0.024
	[27]

	

	Sexual transmission probability of HBV per-partnership for females per year
	0.009
	[27]








Table S2. Estimated average numbers of sexual partners per year in each age group.
	Age group
(years)
	Male
	Female

	
	sexual partners
	95% CI
	sexual partners
	95%CI

	20-24
	1.62
	(1.60, 1.64)
	1.72
	(1.71, 1.74)

	25-29
	1.76
	(1.74, 1.79)
	1.83
	(1.80, 1.85)

	30-34
	1.92
	(1.90, 1.95)
	2.12
	(2.11, 2.14)

	35-39
	1.59
	(1.57, 1.61)
	1.70
	(1.69, 1.72)

	40-49
	1.33
	(1.31, 1.34)
	1.39
	(1.38, 1.40)

	50-60
	1.11
	(1.10-1.12)
	1.21
	(1.18, 1.24)





















[bookmark: _GoBack]Table S3. Sensitivity analysis results for HBV infections.   
	Parameters 
	Number of chronic HBV infections in males in 2035 
	Number of chronic HBV infections in females in 2035  
	Number of acute HBV infections in males in 2035
	Number of acute HBV infections in females in 2035
	Number of HBV-related deaths of males in 2035 
	Number of HBV-related deaths of females in 2035

	Current practice
	22806441
	16014056
	307571
	326930
	306624
	140103

	

	The upper limit value
	24128523
	16050250
	386200
	339514
	311334
	140166

	
	Increase from current practice (%)
	5.80%
	0.23%
	25.56%
	3.85%
	1.54%
	0.04%

	
	The lower limit value
	21818721
	15986903
	246852
	317498
	303116
	140056

	
	Decrease from current practice (%)
	4.33%
	0.17%
	19.74%
	2.89%
	1.14%
	0.03%

	

	The upper limit value
	22852209
	16919379
	319103
	409093
	306750
	141699

	
	Increase from current practice (%)
	0.20%
	5.65%
	3.75%
	25.13%
	0.04%
	1.14%

	
	The lower limit value
	22773489
	15362620
	299289
	262941
	306533
	138914

	
	Decrease from current practice (%)
	0.14%
	4.07%
	2.69%
	19.57%
	0.02%
	0.85%

	Vaccination protection rate
	0.95
	22101281
	15560323
	211263
	225501
	306012
	139924

	
	Decrease from current practice (%)
	3.09%
	2.83%
	31.31%
	31.02%
	0.20%
	0.13%

	
	0.75
	23528793
	16479627
	409035
	433767
	307241
	140284

	
	Increase from current practice (%)
	3.17%
	2.91%
	32.99%
	32.68%
	0.20%
	0.13%

	Perinatal infection rate
	0.09
	23167822
	16156958
	316016
	335122
	307000
	140167

	
	Increase from current practice (%)
	1.58%
	0.89%
	2.75%
	2.51%
	0.12%
	0.05%

	
	0.03
	22447303
	15872317
	299366
	318941
	306247
	140039

	
	Decrease from current practice (%)
	1.57%
	0.89%
	2.67%
	2.44%
	0.12%
	0.05%














5. Supplementary Figures
[image: Fig S1]
Figure S1. Model input parameters. (a) Proportion of sex-specific newborns at birth in year t. (b) Age-specific and sex-specific mortality rates of HBV-related diseases. (c) Age-specific total death rate for males in 1995, 2000, 2005, 2010 and 2015. (d) Age-specific total death rate for females in 1995, 2000, 2005, 2010 and 2015. (e) The age-specific horizontal transmission rate for males in 1992 and its 95% confidence intervals. (f) The age-specific horizontal transmission rate for females in 1992 and its 95% confidence intervals.
[image: Fig 1]
Figure S2. Comparison of estimated age- and sex-specific prevalence of HBsAg with the observed data. (a) In males in 2006. (b) In females in 2006. (c) In males in 2014. (d) In females in 2014. 





 

     [image: Figure S3]
Figure S3. Effect of sex-specific horizontal transmission rate on the sex-specific annual rate of HBsAg seroclearance. (a) The effect of the horizontal transmission rate for males in 1992 on the annual rate of HBsAg seroclearance for males. (b) The effect of the horizontal transmission rate for males in 1992 on the annual rate of HBsAg seroclearance for females. (c) The effect of the horizontal transmission rate for females in 1992 on the annual rate of HBsAg seroclearance for males. (d) The effect of the horizontal transmission rate for females in 1992 on the annual rate of HBsAg seroclearance for females. 



[image: Figure S4]
Figure S4. Impact of vaccination protection rate and perinatal infection rate on the sex-specific annual rate of HBsAg seroclearance. (a) The effect of the vaccination protection rate on the annual rate of HBsAg seroclearance for males. (b) The effect of the vaccination protection rate on the annual rate of HBsAg seroclearance for females. (c) The effect of the perinatal infection rate on the annual rate of HBsAg seroclearance for males. (d) The effect of the perinatal infection rate on the annual rate of HBsAg seroclearance for females.  
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