Supplementary Material

Modelling the impact of opioid substitution therapy on the prevention benefit of antiretroviral therapy amongst people who inject drugs

Description of static OST and ART model

Prevention effectiveness of ART for PWID on OST compared to PWID off OST
Assuming the probability of being on ART was  for PWID off OST, the increased odds (odds ratio ) of currently being on ART for PWID on OST compared to PWID off OST (from the systematic review) was used to derive the probability of being on ART when on OST, . Similarly, assuming the chance of being virally supressed was  for PWID currently on ART but not OST, the increased odds (odds ratio ) of viral suppression when on both ART and OST compared to PWID on just ART was used to derive the probability of achieving viral suppression when on both ART and OST, . 

To determine the decrease in HIV transmission risk among virally suppressed and unsuppressed PWID on ART, we estimated the log difference between the baseline plasma viral load ( for PWID off ART, and PWID on ART with suppressed ( PVL , or unsuppressed ( PVL. Because prior studies [1, 2] suggest HIV transmission risk increases (factor ) for each log increase in PVL, these log differences in PVL were used to estimate the relative decrease in transmission risk among virally suppressed  and unsuppressed  PWID on ART: 

									 (1)

To calculate the average prevention effectiveness of ART for PWID on OST  or off OST , we assumed a proportion of PWID were on ART, and a proportion of these were virally suppressed, with both proportions depending on whether a PWID was on OST or not. This gives the following:

		Equation (2)

These were used to estimate the absolute (- ) and relative (()/) increase in the prevention effectiveness of ART due to being on OST compared to not being on OST.

Overall population-level prevention effectiveness of ART due to introducing OST
To determine the overall prevention effectiveness of ART at the population level after introducing OST, we split the population into those that are on OST (proportion y) or not (proportion (1-y)), and applied the average prevention effectiveness of ART for these two scenarios (equations 2). Therefore, the overall prevention effectiveness of ART before () and after OST introduction () is:  

                       (3)
	                                                                  
The degree to which OST introduction increases the population-level prevention effectiveness of ART is given by (), whereas the relative increase in ART prevention effectiveness is .

Figure S1 shows the schematic for how the effectiveness of ART is estimated with the static model.

Description for dynamic OST and ART model
[bookmark: _GoBack]The model stratifies the HIV-positive PWID population by ART and OST status. HIV-infected PWID are divided into those that have never been on ART (), those that are currently on antiretroviral treatment (ART) (), and those that have discontinued treatment (). These 3 classes are then stratified by whether the PWID are on OST (short or long stay) or not. PWID leave all compartments due to non-HIV death or cessation of injection at a rate . HIV-infected PWID that have never been on ART experience HIV-related mortality at a rate , and can be recruited onto ART at a rate . When on ART, the HIV-related mortality rate is reduced by a factor , but PWID are assumed to discontinue HIV treatment at a rate . PWID off ART are assumed to recruit back on to ART at a factor  lower rate than PWID who have never been on ART. The recruitment rate  into the HIV infected compartment is such that it maintains a constant population when there is no ART.
We initially consider a population of HIV-infected PWID not on OST, but after a certain time point we initiate a rate of recruitment onto OST denoted by , which is assumed to be independent of HIV treatment status. After this time point, we also assume a proportion ( - set to be the coverage of OST that the model is being calibrated to) of new HIV-infected PWID entering the model are on short duration OST. When initiated on to OST, PWID first enter short duration OST, from which they either leave OST at a rate per year or transition to long duration OST at a rate . PWID on long duration OST leave OST at a slower rate of  per year. When on OST, the rate of recruitment onto ART is increased by a factor  and the rate of loss to follow up from ART is reduced by a factor d, both estimated from the systematic review. The schematic for the dynamic model is shown in Figure 1 and model equations are as follows.
Model equations
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Estimating rate of ART loss to follow up
Estimates for the rate of ART attrition for PWID were derived from a prospective pan-European study[3], which estimated the rate of ART attrition to be 3.72% (95%CI: 3.58-3.86) per year for Europe, with increased rates in Eastern Europe (Incidence rate ratio (IRR)=2.16, 95%CI: 1.84-2.53) and amongst PWID (IRR=1.36, 95%CI: 1.22-1.52), but reduced for more recent combination ART regimes (IRR=0.69, 95%CI: 0.63-0.76). We sampled from these data estimates (n=1000) to obtain estimates for the rate of ART attrition amongst PWID for Europe and Eastern Europe, and combined these estimates to give a median and 95% credible interval for the rate of ART attrition (4.79%, 95% CrI 2.99-9.84% per year) by taking the 2.5th and 97.5th percentiles from the sampled estimates.

Estimating short and long-term loss to follow up from OST
Data for long-term attrition from OST are limited with most studies only considering OST retention over 6-12 months. To model attrition from OST over longer time periods, we combined five datasets which captured OST retention for over a year ([4-7] and Matthew Hickman unpublished). For each dataset, a split exponential function was fit to the proportion remaining on OST (methadone or buprenorphine) at different observation time points. The form of the exponential function used was as follows:
	
		 (4)

This function assumes there are two attrition rates associated with OST, with PWID leaving OST at a rate  for the initial period on OST up to time , and then after that leaving OST at a rate . The exponential curves obtained from fitting equation 4 to data from the different studies (using excel solver to minimise the sum of the squared error) are shown in Figure S2, with Figure S3 showing how the fits compare to data from each study. The upper and lower bounds of the projections from these different calibrated functions for each year were extended by +10% and -10%, respectively, to give an uncertainty region for the likely retention of PWID on OST over 1 to 5 years (shown in Figure S2 as shaded grey area). Ranges for the parameters  obtained from calibrating the exponential function to the different data sets (Figure S2 and S3) were then extended to produce an uncertainty range for each parameter, by taking +50% of the maximum and -50% of the minimum. These expanded parameter ranges were randomly sampled 5000 times, and each combined parameter set that predicted a proportion on OST (using equation 4) at years 1 to 5 within the uncertainty range in Figure S2 was retained, while all others discarded. Ranges obtained for the parameters are given in Table 1.

Sensitivity analysis using saturating functional relationship between plasma viral load and HIV transmission risk from Fraser et al[8].
The proposed formula for infectiousness being a saturating function of viral load is given by:

Where Fraser et al. estimated that
 per year is the maximum infection rate per annum 
 copies per millilitre of peripheral blood is the viral load at which infectiousness is half its maximum
 =1.02 is the steepness of the increase in infectiousness as a function of viral load.
The new formula is then used to determine the likely decrease in transmission risk among those virally suppressed and unsuppressed as given by

Where ,  and  are the baseline viral load, viral load among those suppressed, and viral load among those unsuppressed, respectively. 
From equation (5), we find that:

Substituting equation (7) into (6) we have the decrease in transmission risk among virally suppressed and unsuppressed as

Using the expressions in equation (8) and sampling from the values for ,  and  from Table 1, then the decrease in transmission risk among virally suppressed PWID is estimated as  = 0.996 (0.994 – 0.997), and  = 0.721 (0.043–0.981) amongst virally unsuppressed PWID. 
This compares to  = 0.924 (0.832 - 0.979) and  = 0.614 (0.078 – 0.893) when we use the non-saturating relationship between viral load and HIV transmission risk (equation 1), suggesting that our baseline projections were more conservative in estimating the likely decrease in transmission risk among those virally suppressed and unsuppressed. 
Using the alternative functional forms for the decrease in HIV transmission risk among the virally suppressed and unsuppressed PWID (equation (8)), with parameter values from Table 1, the dynamic model projects that scaling-up OST to 40% coverage results in a relative increase in the population-level prevention effectiveness of ART (using the formula for  and  in equation 3) of 27.1% (15.8-40.2%), 19.8% (11.9-29.1%) and 12.6% (7.7-20.1%) for a baseline ART coverage of 20, 40 and 60%, respectively. This compares very closely to the existing results for the dynamic model, which estimated the population-level prevention effectiveness of ART would increase by 27.1 (16.2-39.6%), 19.7% (12.2-28.7%) and 12.6% (8.1-19.6) for a baseline ART coverage of 20, 40 and 60%, respectively. This suggests that the results of our main analyses are robust to whether we assume the alternative saturating relationship between viral load and HIV transmission risk [8](Fraser et al., 2007). 

Estimation of the HIV infections averted
The yearly number of new HIV infections before and after introducing OST can be estimated as:

Where  is the baseline HIV incidence in the PWID population,  is the number of HIV-negative PWID in the population, and as given in equation (3)  is the overall prevention effectiveness of ART without OST and  is the overall prevention effectiveness of ART with OST introduced. Using equation (9), the number of yearly HIV infections averted can be estimated as ().
For the dynamic model, when there is OST scale-up to 40% coverage then the overall prevention effectiveness of ART without OST is  15.9% (9.6-18.7%), 31.8% (19.2-37.4%), 47.8% (28.7-56.1%) for a baseline ART coverage of 20, 40 and 60%, respectively, whereas the corresponding values with OST introduced is   20.1% (13.0-24.3%), 37.9% (24.3-45.0%), 53.6% (34.1-63.0%). By using equations (9), the yearly number of infections averted are obtained for different OST and ART coverages as shown in the table below for the dynamic model. The table gives estimates for a population with 1000 HIV-negative PWID and a HIV incidence of 10 per 100 person years. For this population, 100 PWID would become HIV-infected yearly if there was no ART, 68.2 with ART scale-up to 40% coverage but no OST, and 62.1 with ART scale-up (to 40% coverage) and OST scale-up to 40% coverage. Therefore, 6.0 HIV infections (after accounting for rounding) would be averted due to the effect of OST on improving ART outcomes (Table S2) for this scenario. Fewer HIV infections are averted if we assume the static model (Table S3). It is also important to note that these estimates of HIV infections averted do not account for the added infections averted from the direct effect of OST on reducing HIV transmission risk through reducing injecting frequency. If this was included then those on OST would have a further 50% reducing in HIV incidence as estimated in a meta-analysis from 2012, and so there would be a further 20% reduction in HIV infections or about another 12 HIV infections would be averted.  



Table S1. Relative increase in population-level prevention effectiveness of ART due to OST from dynamic model.
	Baseline ART coverage 
	Coverage of OST

	
	20%
	40%
	60%

	20%
	13.5% (8.0-19.8%)
	27.1% (16.2-39.6%)
	40.8% (24.4-59.5%)

	40%
	9.9% (6.1-14.5%)
	19.7% (12.2-28.7%)
	29.1% (18.3-42.1%)

	60%
	6.3% (4.0-9.8%)
	12.6% (8.1-19.6%)
	18.5% (12.0-28.7%)

	80%
	3.2% (2.0-6.3%)
	6.3% (4.0-12.2%)
	9.2% (6.0-18.1%)



Table S2. Yearly number of HIV infections averted for different levels of OST coverage and baseline ART coverage for the dynamic model in a population of 1000 susceptible PWID and HIV incidence of 10 per 100 person years.
	Baseline ART coverage 
	Coverage of OST

	
	20%
	40%
	60%

	20%
	2.1(1.2-3.1)
	4.1 (2.4-6.1)
	6.2 (3.6-9.1)

	40%
	3.0 (1.8-4.3)
	6.0 (3.6-8.5)
	8.9(5.5-12.3)

	60%
	2.9 (1.9-4.0)
	5.8 (3.8-7.8)
	8.6 (5.6-11.3)


 
Table S3. Yearly number of HIV infections averted for different levels of OST coverage and baseline ART coverage for the static model in a population of 1000 susceptible PWID and HIV incidence of 10 per 100 person years.

	Baseline ART coverage 
	Coverage of OST

	
	20%
	40%
	60%

	20%
	1.3 (0.6-2.4)
	2.6 (1.1-4.7)
	3.9 (1.7-7.1)

	40%
	1.9 (0.8-3.1)
	3.8 (1.7-6.2)
	5.7 (2.5-9.3)

	60%
	1.9 (0.9-2.9)
	3.7 (1.7-5.8)
	5.6 (2.6-8.7)




Figures
(a)[image: ]
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(b)
Figure S1. Schematic tree diagrams illustrating how the PWID population is divided up for estimating the prevention effectiveness of ART among PWID on and/or off OST and ART when (a) there are no effects of OST on ART and (b) when there are effects of OST on ART. Coverage of ART and OST are denoted by x and y, respectively, ps is proportion of PWID on ART that are virally suppressed when assuming no effects of OST on ART, and es and eu are the efficacies of ART for reducing HIV infectivity amongst those PWID with suppressed or unsuppressed viral loads, respectively. When assuming the effects of OST on ART, x* is proportion of those PWID on OST that are on ART, and p*s is proportion of PWID on OST and ART that are virally suppressed.
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Figure S2. Graphs showing the best fitting exponential curves to data from five studies on retention on OST in USA [4] , Scotland, UK [5], England, UK (Matthew Hickman unpublished), China [6]  and Australia [7]. The grey area shows the extended uncertainty range of the projected proportions on OST over 1 to 5 years that was then used to fit multiple OST retention curves (see methods).
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Figure S3: Comparison of the calibrated exponential function (Black line) to data (red dots) on the long-term retention of individuals on OST from different settings. Rate  per year of leaving OST in the initial period on OST (time on OST<a years), duration of initial period on OST  in years, and rate  per year of leaving OST in subsequent period on OST (time on OST>=a) are: Scotland, UK- =0.9, =0.7, =1.0; England, UK- =2.7, =0.6, =0.5; Washington, USA -=0.3, =0.4, =1; China - =1.1, =0.2, =0.4; Australia (using methadone)-=0.7, =0.1, =1; and Australia (using buprenorphine) - =1.3, =0.3, =0.9. 
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Figure S4. Percentage contribution of improvements in viral suppression to the increase in ART prevention effectiveness amongst PWID on OST compared to PWID not being on OST. Remainder of contribution is due to increases in ART coverage amongst PWID on OST compared to PWID off OST. Bold line shows the median and dotted lines 2.5 and 97.5 percentiles from a set of parameter combinations.
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Figure S7. ANCOVA results for parameters that contribute more than 1% variability to the dynamic model’s projections of the relative increase in population-level ART prevention effectiveness for an OST coverage of 40% and baseline ART coverage of 40%. Uncertainty in other model parameters contribute less than 1% to the uncertainty in the model projections. These include the cofactor difference in ART recruitment rate after discontinuing ART compared to when initiating ART, HIV mortality in the latent stage, cofactor difference in HIV mortality rate while on ART compared to latent stage, injecting cessation and non-HIV death rate, rate of leaving short-term OST per year, rate of moving from short- to long-term OST per year, factor difference in HIV transmission risk for each log increment in viral load, and baseline plasma viral load when not on ART.
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