Time to scale up PrEP beyond the highest-risk populations? Modelling insights from high-risk women in sub-Saharan Africa
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Short summary: A study exploring strategies for scale-up of PrEP for women at population-level across sub-Saharan African countries spanning a range of HIV burden, weighing individual cost-effectiveness with population impact.


Abstract 
Objectives: New HIV infections remain higher in women than men in sub-Saharan Africa. PrEP is an effective HIV prevention measure, currently prioritized for those at highest risk, such as female sex workers (FSW), for whom it is most cost-effective. However, the greatest number of HIV infections in sub-Saharan Africa occur in women in the general population. As countries consider wider PrEP scale-up, there is need to weigh the population-level impact, cost and relative cost-effectiveness to inform priority-setting. 
Methods: We developed mathematical models of HIV risk to women and derived tools to highlight key considerations for PrEP programming. The models were fitted to South Africa, Zimbabwe and Kenya, spanning a range of HIV burden in sub-Saharan Africa. The impact, cost and cost-effectiveness of PrEP scale-up for adolescent girls and young women (AGYW), women 25-34 years and women 35-49 years were assessed, accounting for differences in population sizes and the low program retention levels reported in demonstration projects.
Results: PrEP could avert substantially more infections a year among women in general population than among FSW. The greatest number of infections could be averted annually among AGYW in South Africa (24-fold that for FSW). In Zimbabwe, the greatest number of infections could be averted among women 25-34 years (8-fold that for FSW), and in Kenya similarly between AGYW and women 25-34 years (3-fold that for FSW). However, the unit costs of PrEP delivery for AGYW, women 25-34 years and women 35-49 years would have to reduce considerably (by 70.8-91.0% across scenarios) for scale-up to these populations to be as cost-effective as for FSW.
Conclusions: PrEP has the potential to substantially reduce new HIV infections in HIV-endemic countries in sub-Saharan Africa. This will necessitate PrEP being made widely available beyond those at highest individual risk, and continued integration into a range of national services and at community level to significantly bring down the costs and improve cost-effectiveness.
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Introduction
Women remain the most affected by the global HIV epidemic. In sub-Saharan Africa, the region with the greatest HIV burden, 59% of new adult infections are among women1. In 2018, a quarter of all new infections were among adolescent girls and young women (AGYW) aged 15-24 years2, whilst female sex workers (FSW) are up to 20 times more likely to be HIV positive than women in the general population3.

Oral pre-exposure prophylaxis (PrEP) has shown HIV prevention efficacy in randomised controlled trials (up to 99% risk reduction, depending on drug adherence and study population)4,5. It is hoped PrEP will address some of the drivers of HIV in women, which include lack of agency to negotiate sex and condom use1. Aside from women in sero-discordant relationships6, PrEP demonstration projects have faced challenges in retaining women7–9, raising concerns about the ability of programs to avert infections when scaled-up1. A recently completed PrEP demonstration project among FSW in South Africa reported 22% 12-month program retention rates7. Early results from programming in Kenya9,10,11 and Zimbabwe12 show even lower retention rates in AGYW than FSW. 

As PrEP is rolled out in countries in sub-Saharan Africa in line with 2016 normative guidance, its use has been prioritised for populations at substantial risk of HIV13, including FSW, AGYW and individuals with history of low condom use, STIs, multiple concurrent partnerships and transactional sex14–23. PrEP programs are being hosted by services tailored for groups at highest risk of infection, or in general services with screening tools used to identify those most at risk. There have been challenges with the sensitivity and specificity of screening tools, which may serve better as an initiator of client-provider dialogue rather than as a determinator of eligibility13,24–27. Increasingly, there is pressure for countries to move towards universal access to PrEP as part of a rights-based approach to health28. The rights-based language of PrEP programming is shifting to refer to populations who could benefit from PrEP, rather than focus on an individual’s level of risk28.

Whilst FSW are typically women at highest HIV risk2, HIV incidence among women in the general population varies significantly by age range across countries in sub-Saharan Africa2, To date, six of the eight finalised population-based HIV impact assessments (PHIA) undertaken in sub-Saharan African countries reveal higher levels of incidence in women 25-34 years or 35-49 years than in AGYW 15-24 years29–36. Policy makers are having to weigh the potential benefits and challenges of scaling up PrEP for groups of women at lower individual levels of risk, but in whom the total number of new infections is greater due to differences in population sizes1. 

Decisions around PrEP scale-up are taking place in a context of limited external resources for HIV, constraints in domestic budgets and a global push for countries to prioritize resources to reach the 90-90-90 treatment targets1. These decisions mirror those previously faced by policy makers in determining whether to scale up antiretroviral treatment (ART) for individuals at higher CD4 counts, balancing comparatively lower benefits for individuals with potential for greater population-level prevention effects13. 

Several modelling studies have evaluated the cost-effectiveness and impact of PrEP for high-risk populations in sub-Saharan Africa37–41; between key populations and men/ women in the general population42,43; between groups in the general population44–47; relative to other HIV prevention interventions and ART40,44,45,48–51. Studies typically find PrEP to be less cost-effective than other established prevention interventions or scaling up ART, but cost-effective as part of a combination prevention approach for those at greatest risk. To date no study has assessed the scale-up of PrEP from highest-risk populations (e.g. FSW) to groups of women across the general population at comparatively lower risk, weighing cost-effectiveness on an individual basis with the need to avert the greatest number of infections at a population level. 

Our study aims to build simple mathematical models to highlight key considerations to feed into policy making, as countries consider scaling-up PrEP across a more broadly defined group of women at risk in sub-Saharan Africa. It aims to present decision makers with a range of important considerations, including PrEP cost-effectiveness, cost and estimated number of HIV infections averted on PrEP for different groups of women at population-level. We use case studies of three HIV-endemic countries: South Africa, Zimbabwe and Kenya. These countries, spanning a range of HIV burden levels in the region, have each adopted a national PrEP strategies19–21, and been at the forefront of PrEP roll-out in sub-Saharan Africa28. This study makes a first attempt to address a gap in the literature, given the limited use of real-world PrEP retention and use-effectiveness data in parameterizing modelling studies52. 


Materials and Methods
As the contexts in which the models are being applied are stable generalised high prevalence HIV epidemics1, we adopted static mathematical models of HIV risk53–55. Static models are a comparatively easier tool for use and communication with policy makers, and have been shown to be robust to inform policy making around the introduction of new HIV interventions over short-medium time horizons in stabilised epidemics56.

The mathematical models take the Bernoulli formulation of HIV risk56. In this model formulation, women’s sexual partners are assumed to come from one or more population groups, each with a given level of HIV prevalence. Women are assumed to have a certain number of partners from each of these population groups per year, with whom they have an average number of sex acts each per year. Sex acts are assumed to be peno-vaginal, which is the predominant pathway of HIV transmission to heterosexual women in sub-Saharan Africa1. Condoms are assumed to be used with partners from each population group with a given level of consistency (% of time that they are used). The risk-reduction efficacy of condoms is taken to be 85% (range 80-90%)57,58. We used estimates for women from the Partners Demonstration Project59 to relate levels of PrEP adherence to levels of HIV risk reduction. We used the 12-month PrEP programme retention levels reported in the South African TAPS demonstration project in FSW7 (the only study to date from which there is empirical evidence of 12-month PrEP retention levels in women in sub-Saharan Africa) The models also account for STI levels, levels of viral load suppression due to ART in HIV positive partners, and male circumcision. Analyses were conducted over a one-year timeframe, as PrEP is intended to cover ‘seasons’ of HIV risk, and few PrEP demonstration programs have achieved significant retention in women in this context beyond the first 12 months7,9. The mathematical models, basic rules derived from them, and data used to parameterise and calibrate the models are given in the Supplementary Materials: Supplementary Methods section. All models were programmed in R version 3.3.2. 

Tools to help guide PrEP programme decision making
Heatmaps were developed to help guide programme decision making using a basic set of information typically available to PrEP programmes60. They are intended to apply to women from any age group, to help programmers understand their underlying HIV risk and evaluate whether PrEP may be of benefit to them. The first set of heatmaps helps decision makers estimate the annual HIV incidence in women by number of monthly sex acts, average condom use and underlying epidemic setting (i.e. HIV prevalence in the partner population). The number of monthly sex acts, average condom use and HIV prevalence in the partner population are simulated over a range of possible levels in the sub-Saharan African context – spanning women who have very low to very high risk behaviours. 

The second set of heatmaps helps decision makers estimate the relative unit cost at which it will be cost-effective to scale up PrEP from a comparatively higher- (e.g. FSW) to comparatively lower-risk woman (e.g. AGYW). The cost-effectiveness ratio is defined as the incremental cost of PrEP per infection averted, per year. It accounts for the level of PrEP program retention and average PrEP adherence. The cost-effectiveness ratio and further details are given in Supplementary Materials: Supplementary Methods section 2.2 and equation S2.5. In the absence of willingness-to-pay thresholds, relative cost-effectiveness was assessed by comparing estimates of cost per infection averted between populations. It was assumed that the higher-risk group had 22% PrEP program retention levels and all women retained had PrEP adherence levels of 70-85% (corresponding to risk-reduction of 73-99%59), consistent with the South African TAPS demonstration project in FSW7. Given this paucity of empirical data, PrEP program retention for the lower-risk group was simulated between 25% of the 22% retention levels of the higher-risk group (i.e. 16.5%-27.5%), consistent with the difference between 6-month AGYW and FSW retention in Kenya9 for the lower bound, and for the upper bound to account for data uncertainty. For lower-risk women retained in the PrEP program, it was assumed that PrEP adherence was the same as the higher-risk group. 


Country case studies 
In order to highlight key considerations to feed into decision making as countries consider scaling-up PrEP beyond those at highest-individual risk, we assessed the cost-effectiveness, cost and impact of scaling-up PrEP for women across a spectrum of high HIV risk in South Africa, Zimbabwe and Kenya. Given their significantly higher individual HIV risk1, FSW were taken as the benchmark for assessment. In comparison, we considered the scale-up of PrEP to three groups of women at high HIV risk in the general population61–63: AGYW, women 25-34 years and women 35-49 years. No further targeting of PrEP was assumed. Women aged 50+ were not evaluated given paucity of information available to parameterise and fit the models in all three country contexts29,64–67. 

FSW were assumed to have partners drawn from two populations: regular partners and clients. AGYW were assumed to have partners drawn from their own age group (15-24 years) and the 25-34 years age group, given that 17% and 14% women 15-19 years report relationships with men at least 10 years older in Zimbabwe65 and Kenya66 respectively, and 36% South African women 15-19 years report relationships with men at least 5 years older61. Women 25-34 years and women 35-49 years were assumed to have partners drawn from their own age groups given lack of data to suggest otherwise. This assumption was explored further through structural sensitivity analysis (see below section). Data to parameterise the models were drawn from the literature and fitted to the latest national estimates of HIV incidence29,68–75 using Bayesian Monte Carlo Filtering with Latin Hypercube Sampling. See Supplementary Materials: Table S2 for all data used in parameterising and fitting the models.

FSW were assumed to have 12-month PrEP program retention and adherence levels consistent with the TAPS demonstration project7. All other women were assumed to have program retention levels between 25% of these 12-month FSW retention levels9, and the same adherence levels as FSW retained in the program. To explore the role of adherence, the parametric uncertainty analyses were repeated with 1) 25% lower HIV risk-reduction across all groups, and 2) 25% lower HIV risk-reduction across AGYW, women 25-34 years and women 35-49 years (unchanged among FSW).
	
As a comparison, we estimated the current unit costs of PrEP program delivery per person retained after 12-months (Table 1). We assumed FSW were offered PrEP through programmes with outreach and community mobilisation components and all other women were offered PrEP through sexual and reproductive health services, with AGYW having larger counselling components. Further information on the methodology and assumptions are set out in Supplementary Materials: Supplementary Methods section 2.2 and in the assumptions column in Table 1.




Structural sensitivity analysis
We explored how the model outcomes change if women aged 25-34 years have an additional partner group from an older male population (35-49 years); illustratively assuming 50% the number of partners a year from this age group as had by women 35-49 years.

Further details on the methods are set out in Supplementary Materials: Supplementary Methods, and all data used in the study in Supplementary Materials: Table S2.


Results
Figure 1 shows the estimated annual HIV incidence in women, according to their number of monthly sex acts and their average condom use. The estimates are shown for four cases: underlying HIV prevalence in partner population of 5%, 10%, 20% and 40%. 

Figure 1 shows that where women’s partners come from a population with HIV prevalence of up to 5%, women will be below the 3%13 WHO-recommended annual HIV incidence threshold for PrEP where the number of sex acts a month is up to 10 and average condom use is at least 50% (areas shaded yellow). As the underlying HIV prevalence in the partner population increases, women will need higher levels of condom consistency or to engage in fewer sex acts a month to be below the WHO incidence threshold for PrEP (areas shaded orange-red). Where women’s partner population have a prevalence of 40%, women will almost uniformly be above the threshold for PrEP. 

The relative cost at which PrEP will be equally as cost-effective to be scaled-up in the lower-risk group as it will be in the higher-risk group, is demonstrated in Figure 2 for four scenarios: underlying HIV prevalence in the lower-risk women’s partner population of 10%, 20%, 30% and 40%, with HIV prevalence in the higher-risk women partner population of 40%. The equivalent figure corresponding to 20% HIV prevalence in the higher-risk women’s partner population is given in Supplementary Materials: Figure S4. The relative cost at which PrEP will be equally as cost-effective is shown by the relative average condom use in the lower-risk group compared to the higher-risk group (x-axis), and the relative number of sex acts a month for women in the lower-risk group compared to the higher-risk group (y-axis). 

Where HIV prevalence in the lower-risk women’s partner population is 10%, the results show that the unit cost of PrEP in the lower-risk group will have to be much lower than in the higher-risk group for PrEP roll-out to be equally as cost-effective (areas shaded yellow), other than where the numbers of monthly sex acts in the lower-risk group exceeds that of the higher-risk group (areas shaded green). This is independent of the levels of condom use by either the higher- or lower-risk women. As HIV prevalence increases in the lower-risk women’s partner population relative to the higher-risk women’s partner population, PrEP will be equally cost-effective between the two groups at increasingly higher unit costs for the lower-risk group relative to the higher-risk group. Relative cost-effectiveness does not, however, imply affordability at either individual or population level40.

In Figure 2, 100% on the axes represents the point at which condom use or the number of sex acts per month in the “lower-risk” woman goes from being lower than to the same as in the “higher-risk woman”. This may represent the case that, for example, an AGYW engaging in transactional sex has higher risk behaviours (e.g. lower condom use) than a FSW (e.g. with relatively high levels of condom use). 

Country case studies 
The model fits to HIV incidence for South Africa, Zimbabwe and Kenya are given in Supplementary Materials: Figures S1-S3. 
Figure 3 shows the maximum unit cost of PrEP for AGYW, women 25-34 years and women 35-49 years, relative to the unit cost of PrEP for FSW, for scale-up to be equally as cost-effective as it is in FSW. This is shown for South Africa (blue), Zimbabwe (orange) and Kenya (green). As comparators, the estimated current relative unit costs are shown (cream). The underlying data for Figure 3 are given in Table 2.

For example, in the case of AGYW in South Africa, Figure 3 shows that PrEP will be equally cost-effective for AGYW as for FSW at a maximum median relative unit cost of 23.3 % (95% CrI: 13.3%, 36.8%) (furthest left blue boxplot). The current estimated unit cost of PrEP in AGYW relative to FSW in South Africa is median 79.8 % (95% CrI: 73.0%, 87.0 %) (furthest left cream boxplot). If the cost of PrEP for AGYW in South Africa dropped by median 70.8% (95% CrI: 53.2%, 83.4 %) it would be equally as cost-effective as for FSW. 
Otherwise, across all other scenarios in all three countries, the current unit cost of PrEP for AGYW, women 25-34 years and women 35-49 years would have to drop between median 71.8-91.0% (95% CrIs spanning: 50.8%, 96.5%) to be equally as cost-effective. 

Figure 4 illustrates the estimated number of infections that could be averted a year due to PrEP in each high-risk women population group, in each country, for every $100,000 available for PrEP programming. 

Given the differences in relative population sizes, Figure 5 demonstrates the relative number of infections that could be averted a year with PrEP at equal coverage levels in AGYW, women 25-34 years and women 35-49 years as in FSW. In comparison to the number of infections averted annually in FSW in South Africa, a median 24 times (95% CrI:12, 45) the number of HIV infections could be averted in AGYW, median 14 times (95% CrI:7, 27) in women 25-34 years, and median 8 times (95% CrI:4, 17) in women 35-49 years, if PrEP were rolled out at the same coverage levels across populations. However, the cost of these programmes relative to the cost of programmes for FSW would be a median 28.3-, 26.7- and 18.7-fold higher for AGYW, for women 25-34 years and for women 35-49 years, respectively (Supplementary Materials: Table 4a).
In Zimbabwe, a median 4 times (95% CrI:2, 9) the number of annual HIV infections could be averted in AGYW, median 8 times (95% CrI:3, 14) in women 25-34 years, and median 3 times (95% CrI:2, 5) in women 35-49 years, in comparison to FSW with equal PrEP program coverage. However, the cost of these programmes relative to the cost of programmes for FSW would be a median 21.9-, 15.2- and 7.0-fold higher for AGYW, for women 25-34 years and for women 35-49 years, respectively.
In Kenya, a median 3 times (95% CrI:2, 8) the number of HIV infections could be averted in AGYW, median 3 times (95% CrI:1, 5) in women 25-34 years, and median 1 times (95% CrI:1, 3) in women 35-49 years, in comparison to FSW with equal PrEP program coverage. However, the cost of these programmes relative to the cost of programmes for FSW would be a median 27.4-, 16.4- and 8.5-fold higher for AGYW, for women 25-34 years and for women 35-49 years, respectively.


Sensitivity analyses
Repeating the analyses shown in Figures 3 and 5 with 25% reduced adherence-related HIV risk-reduction across all female groups led to <0.01% change across the scenarios (Supplementary Materials: Tables S9 and S10). Repeating these analyses with 25% reduced adherence-related HIV risk reduction among all non-FSW women groups led to <0.3% change across the scenarios (Supplementary Materials: Tables S11 and S12). Repeating these analyses under the structural sensitivity analysis led to <1% change across scenarios (Supplementary Materials: Tables S13 and S14).


Discussion
This is the first study to assess the potential impact and relative cost-effectiveness of PrEP scale-up from FSW to groups of women in the general population groups among countries in sub-Saharan Africa, using updated data from PrEP programming to highlight key considerations for decision making. Our findings  may be of interest to national policy makers as they consider adopting PrEP policies based on more inclusive definitions of people at risk in line with conclusions from other studies that PrEP will only have substantial effect on generalised epidemics if scaled-up beyond highest-risk groups40,45,46. PrEP should be offered to women at highest HIV risk, such FSW, for whom it is most cost-effective. However, only by extending PrEP to women at comparatively lower risk will new HIV infections reduce substantially. 
We developed tools to guide PrEP programming: heatmaps to estimate the annual HIV incidence in women (Figure 1) and relative cost-effectiveness between higher- and lower-risk women (Figure 2). By adapting the models to three countries spanning the spectrum of high HIV burden contexts in sub-Saharan Africa, we have shown that the unit costs of PrEP delivery for AGYW, women 25-34 years and women 35-49 years would have to reduce considerably (by median 70.8-91.0%  across scenarios) for scale-up to these populations to be as cost-effective as for FSW. 
Rolling out PrEP for women in the general population has potential to substantially impact on the countries’ HIV epidemics. In South Africa, PrEP has the potential to avert approximately 24 times the number of infections annually in AGYW as in FSW when scaled up at equal coverage levels, and approximately 14 and 8 times the number in women 25-34 and 35-49 years respectively. In Zimbabwe approximately 8 times the number of infections could be averted annually in women 25-34 years as in FSW, and approximately 4 and 3 times the number in AGYW and women 35-49 years respectively. In Kenya, approximately 3 times the number of infections could be averted annually in AGYW and in women 25-34 years as in FSW, and around the same number in women 35-49 years as in FSW. 
However, scaling up PrEP programs among the general population is likely to be costly and pose challenges of affordability. This study has shown that scaling up PrEP programs for AGYW, women 25-34 years and women 35-49 years would cost a median 18.7-28.3 times (across scenarios) the cost of programmes with equal coverage levels among FSW in South Africa. In Zimbabwe, programmes for these groups of women with equal coverage would cost a median 7.0-21.9 times the cost of programmes for FSW, and in Kenya, a median 8.5-27.4 times the cost of programmes for FSW.
Policy makers will need to weigh these prospects for population-level impact against affordability, in view of current program costs, budget constraints and program sustainability (although PrEP is for seasons of risk, rather than long-term use, so may be more feasibly scaled back as population incidence decreases). Relative cost-effectiveness does not indicate affordability at individual or population level40. Scaling up PrEP for women in the general population has the potential to drive cost reductions through economies of scale. This will require countries to continue to integrate PrEP into a range of health, non-health and community services for women in the general population19–21, which in some instances (e.g. education) may be challenging in local cultural contexts. Future long-acting PrEP formulations under investigation76–78, may also help improve cost-effectiveness, if they increase HIV prevention use-effectiveness through improved product adherence and retention. This study complements the ongoing effort to use mathematical models as tools to understand PrEP scale-up in other countries outside of South Africa37–43,44–51,79,80.

Limitations
This study was conducted using static mathematical models, given their comparative ease for use in policy making and they require a narrower and more readily available set of data in comparison to the more complex dynamic models typically used to HIV decision making. However, these models do not assess long-term cost-effectiveness81 or capture downstream infections averted in partner populations. Studies have shown that introducing HIV prevention interventions to high-risk groups has greatest impact on reducing onwards transmission early in epidemics when prevalence is low and the basic reproductive rate is high, than in endemic high-burden contexts82,83, such as those in which our model is applied1. Therefore, if the study were extended to look at the impact of PrEP beyond its recipients, the estimated number of infections averted would likely increase, the costs per infection averted would likely decrease, and modest changes would be expected comparing the relative impact between high-risk populations. 

The heatmap tools in Figures 1 and 2 were developed to help PrEP programmers estimate women’s HIV risk using a basic set of information typically available to PrEP programmes (number of sex acts/ month, condom use, estimated HIV prevalence in partner population)60. They do not account for more granular information, such as the presence of STIs in sexual partnerships, ART use or viral suppression among HIV positive partners, and male circumcision levels. Such information is needed to estimate a woman’s HIV risk more accurately. As such, the heatmap tools should be taken to be indicative, rather than precise, tools for estimating a woman’s HIV risk.

Much of the data used to characterise women are limited by age and lack of reliable data on numbers of partners and sex acts. Sexual behaviour data is subject to under-reporting, and when collected through demographic health surveys, reporting as percentages makes it difficult to derive meaningful limits or statistic distributions for the underlying data. Cost estimates are limited by assumptions on how subgroups are reached and scarcity of empirical data. Data uncertainty is addressed to some extent through the uncertainty analysis.

This study was parameterised using population averages for broadly defined groups. It does not account for significant behavioural heterogeneity that exists within each of these groups nor in differences in HIV burden at local-levels, potentially masking important risk groups and population interactions. Accordingly, reported population mixing between women 15-19 years and men 5-10 years older in these countries was represented by AGYW (15-24 years) drawing partners from male populations 15-24 years and 25-34 years. Lack of available data to parameterize women 50 years+ meant it was not possible to explore the scale-up of PrEP to this population group. 

This assessment is limited by a paucity of empirical 12-month PrEP programme retention data for women in sub-Saharan Africa7,11. Potential differences in PrEP programme retention by female population group were accounted for to some extent in the sensitivity analyses. Should future PrEP programmes be able to retain women for longer than 12-months, it is possible that greater programme efforts will be needed to maintain programme retention and drug adherence (e.g. retention support, client follow up), which may reduce the cost-effectiveness of programmes over longer time horizons. This study also does not explicitly account for other PrEP program cascade factors, such as uptake. Doing so would affect the relative estimates of PrEP effectiveness where at least one female population has materially different program uptake than the others. 


Conclusion 
PrEP has the potential to significantly reduce the numbers of new HIV infections in HIV-endemic countries in sub-Saharan Africa, even considering low levels of PrEP program retention in women. This will necessitate PrEP being made widely available beyond those at highest individual risk, including to women in the general population. Wide-scale roll out will require integration of PrEP into a wide range of national services and at community level, in order to significantly bring down the costs and improve cost-effectiveness.
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Country
	Population 
	Current unit cost 
(min - max)
	Service delivery excl. drugs
	Drugs only 
(min - max)
	Specific Assumptions

	South Africa
	FSW
	190 – 210
	130
	57 - 80
	Unit costs measured during a demonstration project in Johannesburg and Pretoria via FSW clinics. Costs reported by Eakle et al7 included direct costs (eg, antiretrovirals, laboratory tests and consumables, labour and equipment) and indirect costs (eg, management, utilities, and transportation). We allocated outreach, demand creation and HCT costs to a unit cost of per person-year on PrEP as these were reported separately.

	South Africa
	AGYW (15-24 years)
	149 – 169
	89
	57 - 80
	Unit costs estimated from local data and with input from several demonstration projects in South Africa. Costs reported by Meyer-Rath et al84 included direct costs (eg, antiretrovirals, laboratory tests and consumables, labour and equipment), indirect costs (eg, management, utilities, and transportation), and outreach, demand creation and HCT costs. These estimates reflect the authors’ estimation of costs among female adolescents.

	South Africa
	Women (25-34 years)
	128 – 148
	68
	57 - 80
	Unit costs estimated from local data and with input from several demonstration projects in South Africa. Costs reported by Meyer-Rath et al84 included direct costs (eg, antiretrovirals, laboratory tests and consumables, labour and equipment), indirect costs (eg, management, utilities, and transportation), and outreach, demand creation and HCT costs. These estimates reflect the authors’ estimation of costs among young women.

	South Africa
	Women (35-49 years)
	87 – 107
	27
	57 - 80
	Unit costs estimated from local data and with input from several demonstration projects in South Africa. Costs reported by Meyer-Rath et al84 included direct costs (eg, antiretrovirals, laboratory tests and consumables, labour and equipment), indirect costs (eg, management, utilities, and transportation), and outreach, demand creation and HCT costs. These estimates reflect the authors estimation of costs among pregnant women - we assumed for this lowest risk population, the cost will be similar to those attending ANC.

	Zimbabwe
	FSW
	293 – 317
	237
	57 - 80
	Drug costs were kept constant and we adjusted service costs in South Africa using PPP index.85

	Zimbabwe
	AGYW (15-24 years)
	219 – 243
	163
	57 - 80
	Drug costs were kept constant and we adjusted service costs in South Africa using PPP index.85

	Zimbabwe
	Women (25-34 years)
	181 - 204
	124
	57 - 80
	Drug costs were kept constant and we adjusted service costs in South Africa using PPP index.85

	Zimbabwe
	Women (35-49 years)
	106 - 130
	50
	57 - 80
	Drug costs were kept constant and we adjusted service costs in South Africa using PPP index.85

	
	
	
	
	
	

	Kenya
	FSW
	399 - 423
	343
	57 - 80
	Unit costs measured in preparation for a demonstration project in Nairobi via SWOP clinics (for FSW). Costs reported by Cremin et al86 included direct costs (eg, antiretrovirals, laboratory tests and consumables, labour and equipment), related costs (eg, outreach and demand creation), and indirect costs (eg, management, utilities, and transportation). 

	Kenya
	AGYW (15-24 years)
	358 - 382
	302
	57 - 80
	Unit costs measured as part of a demonstration project aiming to integrate PrEP into routine maternal and child health and family planning clinics in western Kenya. Costs reported by Roberts et al87 included fixed (start-up costs, such as microplanning and training, capital, overheads (e.g. building costs, transportation, and airtime) and administrative and supervisory personnel) or variable (drugs, clinical personnel direct service costs, laboratory testing, and other supplies). These estimates reflect the authors measurement of costs among the highest risk subpopulation in the general population.

	Kenya
	Women (25-34 years)
	294 - 318
	238
	57 - 80
	Unit costs measured as part of a demonstration project aiming to integrate PrEP into routine maternal and child health and family planning clinics in western Kenya. Costs reported by Roberts et al87 included fixed (start-up costs, such as microplanning and training, capital, overheads (e.g. building costs, transportation, and airtime) and administrative and supervisory personnel) or variable (drugs, clinical personnel direct service costs, laboratory testing, and other supplies). These estimates reflect the authors measurement of costs among all women.

	Kenya
	Women (35-49 years)
	185 - 209
	129
	57 - 80
	Unit costs measured as part of a demonstration project aiming to integrate PrEP into routine maternal and child health and family planning clinics in western Kenya. Costs reported by Roberts et al87 included fixed (start-up costs, such as microplanning and training, capital, overheads (e.g. building costs, transportation, and airtime) and administrative and supervisory personnel) or variable (drugs, clinical personnel direct service costs, laboratory testing, and other supplies). These estimates reflect the authors measurement of costs among all women excluding screening costs.



Table 1: Current unit cost estimates per person retained on PrEP after 12-months by population and country. 
The estimated current unit costs for FSW, AGYW, women 25-34 years and women 35-49 years are shown disaggregated by the portion that is service delivery costs and the portion that is drug costs. The costs were calculated in line with the methodology set out in Supplementary Materials: Methods section 2.2. Service delivery costs were taken from demonstration projects and previous costing publications in Kenya86,87 and South Africa7. For Zimbabwe, non-tradable components of the South African estimates were transferred using purchasing power parities88. Costs in USD 2017. Ranges were only available for drug unit costs. The far right hand side column of the table sets out specific assumptions made in the calculations. 
*For these calculations, we replaced reported drug costs by a range of USD57-80. The low bound is the internationally traded value of USD3.75 (https://www.theglobalfund.org/media/5813/ppm_arvreferencepricing_table_en.pdf) plus 25% top up of freight and distribution costs in country (15% shipping and handling charges, and 10% for drug distribution costs). The high bound is the highest reported price for drugs in the demonstration projects - 30 days TDF/FTC at USD6.75.
**transferability of costs between countries followed standard guidelines (https://pdfs.semanticscholar.org/36ab/74fd24fb883db703c475364c34ad574a3f35.pdf)
*** Purchasing Power Parities (PPP)
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[bookmark: _Ref1636991][bookmark: _Ref1636984][bookmark: _Hlk2028788]Figure 1: Women’s estimated HIV incidence by risk factor. 
The heatmaps show the estimated annual HIV incidence in women according to their number of sex acts per month (number of partners multiplied by average number of sex acts with each per month), and average condom use. The estimated annual HIV incidence is shown by colour (according to the colour key on the right-hand side of the graph) in incidence increments of 1% or 1 per 100 person years. An annual incidence of at least 3% or 3 per 100 person years is coloured light orange and corresponds to the WHO recommended threshold for PrEP eligibility13. The 4 heatmaps correspond respectively (left to right, top to bottom) to underlying partner HIV prevalence of 5%, 10%, 20% and 40%. The heatmaps are calculated using equation (S1.1) from the Supplementary Materials: Supplementary Methods, section Model Structure, assuming that a women’s partners are drawn from a single population and no women are on PrEP.
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[bookmark: _Ref1641396]Figure 2: Relative unit cost at which it is cost-effective to scale up PrEP from a higher- to lower-risk women group. 
The heatmaps show the relative unit cost at which it is cost-effective to scale up PrEP from a higher- to a lower-risk group. The relative unit cost at which PrEP is cost-effective is shown by the relative average condom use in the lower-risk group compared to the higher-risk group (x-axis), and the relative number of sex acts a month for women in the lower-risk group compared to the higher-risk group (y-axis). 100% on the axes represents the point at which the condom use or number of sex acts in the lower-risk group goes from being lower than to higher than in the levels in the higher-risk group.
The unit cost of PrEP in the lower-risk group relative to the higher-risk group at which PrEP is equally cost-effective between the two groups is shown by colour, according to the colour key on the right-hand side of the graph. A colour within the yellow spectrum denotes that the relative unit cost of PrEP in the lower-risk group relative to the higher-risk group has to be less than 1 for it to be equally as cost cost-effective. A colour within the green spectrum denotes that the relative unit cost of PrEP in the lower-risk group relative to the higher-risk group will be greater than 1 for it to be equally as cost cost-effective. The 4 heatmaps correspond respectively (left to right, top to bottom) to underlying partner HIV prevalence of 10%, 20%, 30% and 40% in the lower-risk group’s partner population and all of them corresponding to 40% HIV prevalence in the higher-risk women’s partner population. The heatmaps are calculated using equation (S1.5) from the Supplementary Materials: Supplementary Methods, section Model Structure, assuming that women’s partners are drawn from a single population each. The higher-risk group are assumed to have 12-month PrEP program retention levels of 22%7 and adherence levels of 70-85% (corresponding to a risk reduction of 73-99%59). The PrEP program retention levels for the lower-risk group were simulated between +/- 25% the retention of the higher-risk group9. For those lower-risk women retained in the PrEP program, it was assumed that PrEP adherence was the same as the higher-risk group. The axes were capped at 140% relative condom use or number of sex acts/ month, in order to depict the most pertinent trends for programmers in the heatmaps.
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[bookmark: _Ref1641927]Figure 3: Relative unit cost of PrEP for scale-up to be equally as cost-effective as for FSW. 
The boxplot shows the maximum unit cost of PrEP per year for AGYW, women 25-34 years or women 35-49 years relative to the unit cost of PrEP for FSW, for PrEP scale-up in these populations to be equally as cost-effective as it is for FSW (bright-coloured boxes). The maximum relative unit costs are shown, grouped left to right, for AGYW, women 25-34 years or women 35-49 years. Within each age grouping, the results are show by country, left to right, for South Africa (in blue), Zimbabwe (in orange) and Kenya (in green). The maximum relative unit costs are calculated using equation (S2.5) from Supplementary Materials: Supplementary Methods, section Model Structure and assume that 12-month PrEP program retention in AGYW, women 25-34 years or women 35-49 years is within +/-25% of retention levels for FSW, taken to be 22%, in line with the results of the TAPS demonstration project7. As comparisons, current estimates of the unit costs of PrEP for AGYW, women 25-34 years and women 35-49 years, relative to the unit cost of PrEP for FSW are shown for all countries (in cream), calculated using data from Table 1. The abbreviations used in the graph are as follows: AGYW denotes adolescent girls and young women 15-24 years, S Africa denotes South Africa and Zim denotes Zimbabwe.
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	Women Population Group

	Country
	Unit Cost Relative to FSWs
	AGYW (15-24 years)
	Women 25-34 years
	Women 35-49 years

	South Africa
	Maximum Relative Unit Cost to be as Cost-Effective as for FSW
	23.3 % ( 13.3 % , 36.8 % )
	16.2 % ( 9.1 % , 26.0 % )
	10.5 % ( 5.7 % , 18.0 % )

	
	Estimated Current Unit Cost Relative to FSW
	79.6 % ( 72.4 % , 86.7 % )
	68.7 % ( 62.7 % , 75.8 % )
	48.3 % ( 42.4 % , 54.7 % )

	
	% Reduction in Current Unit Cost Needed to be Equally as Cost-Effective as for FSW
	-70.8 % ( -83.4 % , -53.2 % )
	-76.2 % ( -87.0 % , -62.6 % )
	-78.4 % ( -88.1 % , -61.8 % )

	Zimbabwe
	Maximum Relative Unit Cost to be as Cost-Effective as for FSW
	7.1 % ( 2.7 % , 14.9 % )
	17.7 % ( 7.1 % , 31.2 % )
	11.0 % ( 5.5 % , 17.2 % )

	
	Estimated Current Unit Cost Relative to FSW
	75.6 % ( 70.8 % , 80.8 % )
	63.0 % ( 58 % , 67.7 % )
	38.8 % ( 34.1 % , 42.7 % )

	
	% Reduction in Current Unit Cost Needed to be Equally as Cost-Effective as for FSW
	-90.4 % ( -96.5 % , -80.6 % )
	-71.8 % ( -88.9 % , -50.8 % )
	-72.0 % ( -86.1 % , -53.6 % )

	Kenya
	Maximum Relative Unit Cost to be as Cost-Effective as for FSW
	8.1 % ( 3.9 % , 18.5 % )
	9.1 % ( 3.6 % , 17.7 % )
	6.4 % ( 3.1 % , 11.6 % )

	
	Estimated Current Unit Cost Relative to FSW
	90.3 % ( 86.2 % , 94.8 % )
	74.9 % ( 71.1 % , 78.4 % )
	48.1 % ( 45.1 % , 51.6 % )

	
	% Reduction in Current Unit Cost Needed to be Equally as Cost-Effective as for FSW
	-91 % ( -95.7 % , -79.6 % )
	-88 % ( -95.3 % , -76.6 % )
	-86.7 % ( -93.7 % , -75.4 % )


Table 2: Maximum Unit Costs of PrEP for AGYW, Women 25-34 years and Women 35-49 years to be Equally as Cost-Effective as for FSW, with Estimates of Current Relative Unit Costs. 

For each country, the table displays three rows of information. The first row shows the maximum relative unit costs of PrEP in AGYW, women 25-34 years and women 35-49 years relative to the unit costs of PrEP for FSW, for PrEP to be equally as cost-effective. This is calculated using equation S1.5 in Supplementary Materials: Methods, considering the estimated relative annual HIV risk reduction on PrEP between the population groups. 
The second row shows the estimated current relative unit costs between the populations, calculated using the data set out in Table 1.
The third row shows the % reduction in the current unit cost needed for PrEP to be equally as cost-effective for AGYW, women 25-34 years or women 35-49 years as for FSW, considering the data set out in Table 1. 
The comparisons are shown separately for South Africa, Zimbabwe and Kenya. The values shown in the table outside the brackets are the median values, and the values shown in the brackets are the 95% credible intervals (CrIs).
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[bookmark: _Ref1642866]Figure 4: Boxplot of the number of HIV infections that could be averted a year due to PrEP, for each $100k available for PrEP programming. 
The boxplot shows, for each $100k available for PrEP programming a year for FSW, AGYW, women 25-34 years and women 35-49 years, the total number of infections that could be averted a year due to PrEP. The number of infections that could be averted a year for each $100k available for PrEP are shown, grouped left to right, for FSW, AGYW, women 25-34 years or women 35-49 years. Within each age grouping, the results are shown by country, left to right, for South Africa (in blue), Zimbabwe (in orange) and Kenya (in green). The number of infections averted a year is calculated using equation (S2.10) from Supplementary Materials: Supplementary Methods, section Model Structure and assumes that 12-month PrEP program retention in AGYW, women 25-34 years or women 35-49 years is within +/-25% of retention levels for FSW, taken to be 22%, in line with the results of the TAPS demonstration project7. The unit costs of PrEP for each high-risk women group are as stated in Table 1. These estimates hold until PrEP saturation (determined by retention levels and population size) has been reached in the smallest population group – in this case, FSW. After this point, no additional financial resources will be able to reduce infections per year in this population group.

[image: ]
[bookmark: _Ref2094764]Figure 5: Violin plot of the relative number of infections averted a year on PrEP with equal program coverage as in FSW.
The violin plot shows the relative number of infections that could be averted a year in HIV negative AGYW, women 25-34 years or women 35-49 years, compared to in FSW, if PrEP were scaled up at the same coverage levels as in HIV negative FSW. The relative number of infections that could be averted are shown, grouped left to right, for South Africa (in blue), Zimbabwe (in orange) and Kenya (in green). In the violin plots, the white dots represent the median values, the thick black vertical lines represent the interquartile range, the vertical length of the violin represents the range of values and the width of the violin represents the frequency with which those values occur. The relative number of infections that could be averted are calculated using equation (S2.9) from Supplementary Materials: Supplementary Methods, section Model Structure and assumes that 12-month PrEP program retention in AGYW, women 25-34 years or women 35-49 years is within +/-25% of retention levels for FSW, taken to be 22%, in line with the results of the TAPS demonstration project7. If these comparisons were applied to more narrowly defined sub-population groups, the wide variability in the violin plot estimates highlight that decisions around PrEP scale-up will depend on the specific characteristics of the sub-population groups under consideration. The abbreviations used in the graph are as follows: AGYW denotes adolescent girls and young women 15-24 years, 25-34 yr denotes women 25-34 years and 35-49 yr denotes women 35-49 years in each country.
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