TEXT S1
Mathematical models description

1. HIV model structure 
We developed a deterministic/stochastic compartmental mathematical model that describes the parenteral transmission of HIV through sharing unsterile needles/syringes among people who inject drugs (PWID) (Figure 1). Other methods of HIV transmission (e.g. sexual) are not considered in the model. The model stratifies the PWID population into compartments according to HIV status, stage of HIV infection, and level of injecting risk behavior. 


 


Susceptible

µ+ƞ
µ
µ+ƞ


Acute
infection

 


Latent infection
µ+ƞ

 


Advanced infection
µ+ƞ

 

Figure S1. HIV model structure

The model was solved both deterministically and stochastically. The deterministic version of the model was expressed with the below system of coupled nonlinear differential equations for each risk group. For the stochastic version, we used the same transition rates in this deterministic system of equations to generate the stochastic process. 

								

								

									 

									


















To accommodate heterogeneity of injecting risk behavior, we stratified the population into 7 injecting risk groups, defined with the index  ( representing the low to high risk groups). Here  is the HIV susceptible population in the –risk group, and  is the HIV infected population in the –risk group. The index  marks the stage of HIV pathogenesis;  represent the acute, latent, and advanced stages, respectively.is the initial population size of each -risk group. is the natural mortality rate, and  is the leaving injecting career rate. The rate of progression from one HIV stage to the next is described by  and, while  is the rate of HIV/AIDS disease mortality. The rate  is the HIV force of infection (incidence rate of infection) experienced by the  susceptible population.[image: ] is given by:

								




where describes the effective new partner acquisition rate for any population variable   (or )  (note further discussion in section 3.2 below).


The parameter  defines the HIV transmission probability per partnership between a member of the susceptible population [image: ] and a member of the HIV infected population [image: ]:

										


It is expressed in terms of HIV transmission probability per needle/syringe sharing act per HIV stage in this partnership () and the number of needle/syringe sharing acts per partnership ().




The mixing among the different risk groups is dictated by the injecting-mixing matrix . This matrix provides the probability that an individual in risk group  would choose a partner in risk group . It is given by:

							




Here,  is the identity matrix and the parameter  measures the degree of assortativeness in the mixing. At the extreme , the mixing is proportionate (choosing partners with no preferential bias based on the kind of risk group) while at the other extreme , the mixing is fully assortative as individuals choose partners only from within their own risk group [1]. 

2. HCV Model structure 
We developed a deterministic/stochastic compartmental mathematical model that describes the parenteral transmission of HCV through sharing unsterile needles/syringes among PWID (Figure 2). The model is similar in structure to the HIV model described above, and also stratifies the PWID population into compartments according to HCV status and stage of infection, and level of injecting risk behavior. 
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Figure S2. HCV model structure

The model was solved both deterministically and stochastically. The deterministic version of the model was expressed in terms of a system of coupled nonlinear differential equations for each risk group:  

								 

								

						

						

								 	


















The index  defines the seven injecting risk groups, ( representing the low to high risk groups). Here  is the HCV susceptible population in the –risk group, and  is the HCV infected population in the –risk group. The index  marks the stage of HCV pathogenesis;   represent the acute, chronic, and secondary acute stages, respectively.  is the population, in the –risk group, that was previously exposed to HCV infection but cleared it and is now susceptible for HCV reinfection.  is the initial population size of each -risk group.  is the natural mortality rate, and ƞ is the leaving injecting career rate.  The rates of progression from primary and secondary acute HCV infections are  and, respectively.  is the percentage of primary HCV infections that clear, and  the percentage of HCV reinfections that clear. 



The rate  is the HCV force of infection experienced by the  susceptible population and is given by:

						


We assume here that the susceptible population  experiences the same force of infection as the   population (no acquired immunity):

											




  describes the effective new partner acquisition rate for any population variable  (or )  (note further discussion in section 3.2 below).




The parameter  defines the HCV transmission probability per partnership between a member of the susceptible population  and a member of the HCV infected population :

									


It is expressed in terms of HCV transmission probability per needle/syringe sharing act per HCV stage in this partnership  and the number of needle/syringe sharing acts per partnership (),




The mixing among the different risk groups is dictated by the mixing matrix . This matrix provides the probability that an individual in risk group  would choose a partner in risk group . It is given by:

						




Here,  is the identity matrix and the parameter  measures the degree of assortativeness in the mixing. At the extreme, the mixing is proportionate while at the other extreme , the mixing is fully assortative [1]. 

3. Injecting risk behavior


3.1. Distribution of injecting risk behavior in the population

The PWID population was stratified into a number of risk groups. In the absence of direct empirical data to inform on the exact distribution of injecting risk behavior in a given PWID population, we assumed that the proportion of the PWID population initially in each risk group   follows a gamma distribution. This assumption was informed by previous theoretical work [2-5] and mathematical modeling of HIV sexual transmission [6, 7], and accommodates wider flexibility [4]. The gamma distribution of the population size across the risk groups is given by:

		 


Here  is the shape parameter determined through normalization of the distribution, and  is the scale parameter in the gamma distribution.  

3.2. The effective new injecting partner acquisition rate



[bookmark: _GoBack]The  parameter describes the number of new injecting partners an individual in a specified risk group acquires, but also effectively other factors that enhance the risk of exposure to the infection such as concurrency and clustering within injecting networks, and variability in injecting risk behavior in the population. Since the exact nature of injecting behavior and injecting networks is not well-understood and varies within and across communities,  is effectively a summary measure of the population-specific level of injecting risk behavior, and captures the distribution and strength of the risk of exposure to HIV (or HCV) infection. The form of the  distribution across different risk groups was defined through a power law function as:



											where  is the exponent in the power-law function and   is an overall constant.  


This form is motivated by simulations using an individual-based network model developed to explore the diversity of risk in risk networks [8], and also by analyses of the architecture of complex weighted networks [9, 10], and by an analysis of the average separation between individuals in a network or a sub-network  [11, 12]. The latter can be seen as a proxy of the size of the “ecology” through which an individual can acquire an infection. Here is a constant determined by the average risk behavior and  is the exponent parameter that determines the level of variability in the effective new injecting partner acquisition rate [8]. 

4. Parameter values 
The parameters of the model were derived using current empirical data on HIV/HCV epidemiology and natural history, and are listed in Table S1 along with their references. 

We assumed that the transmission probability of HIV per sharing needle/syringe is 10 times higher than the probability of transmission per coital act in each HIV stage [13]. The latter were based on recent re-analyses of the Rakai Study data [14-17].  The durations of the acute, latent, and advanced stages of HIV infection were assumed to be 49 days, 9 years, and 2 years, respectively. These choices were based on compilation of data by UNAIDS indicating that the average duration from HIV acquisition to death, in absence of antiretroviral therapy, is about 11 years [18], and based on the classification in Wawer et al. [17], re-analysis of the Rakai data for acute infection [14], and measured time from seroconversion to death in several cohort studies [19, 20]. 

The transmission probability of HCV in the chronic stage was calculated based on the transmission probability of HIV in the latent stage [14-17]. Based on model fitting to empirical data (please see main text), we found HCV transmission probability in the chronic stage to be 7.8 times greater than that of HIV. HCV transmission probability in the primary acute infection was estimated earlier at 2.7 times HCV transmission probability in the chronic stage [21]. We also assumed that HCV transmission probability in the secondary acute stage is half of that in the primary acute stage, based on the 50% reduction in viral load following reinfection compared to primary infection, as estimated in a cohort study by Obsurn et al. [22]. The durations of primary and secondary HCV acute stages were assumed to be 16.5 weeks and 4.1 weeks, respectively, based on direct measurement in recent prospective cohort studies [22, 23]. The percentage of primary HCV infections and HCV reinfections that clear were assumed to be 25% and 83%, respectively, based on cohort studies data [22, 23]. 
 




[bookmark: _Ref134243205]As for the parameters of injecting risk behavior, the degree of assortativeness () was fixed at 0.3; a representative value informed by earlier modeling work on HIV [16]. Meanwhile, the scale (), and shape () parameters (in the gamma distribution of the population across the different risk groups) were fixed at 0.5 and 0.28, respectively, based on our model fitting to a statistical model summarizing the HCV/HIV empirical data [24]. The exponent parameter in the power law function of the distribution of injecting risk behavior () was fixed at 2.0, based also on our model fitting to HCV/HIV empirical data [24]. The duration of the injecting career was assumed to be 10 years as informed by empirical data [13]. 

5. Effect of ART - sensitivity analysis 



We assessed the sensitivity of the HCV thresholds for HIV epidemic expansion to antiretroviral therapy (ART) scale up. We assumed that the efficacy of ART in reducing HIV transmission among PWID is 100%, based on clinical trials of treatment for prevention and other observational data [25, 26]. Accordingly, the probability of HIV transmission per needle/syringe sharing act () in a population with ART coverage of  among those eligible for treatment is reduced by a factor of . We assumed that with ART scale up, all infected PWID in the advanced stage and half of those in the latent stage would be eligible for ART treatment, which corresponds roughly to an eligibility treatment criteria of CD4 cell count < 500 cells/μl [27]. 



We also assumed that ART slows disease progression from onset of infection to death. The average duration of latent infection in the HIV infected population up to treatment initiation was assumed to be . The average duration from treatment initiation to death was assumed to be. Accordingly, 100% coverage among those eligible will double the average duration from onset of infection to death in the HIV infected population from 11 years to 22 years. 
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