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Abstract

Background

Expanded HIV prevention options are needed to increase uptake of HIV prevention among
women, especially in generalized epidemics. As the dapivirine vaginal ring moves forward
through regulatory review and open-label extension studies, the potential public health
impact and cost-effectiveness of this new prevention method are not fully known. We used
mathematical modeling to explore the impact and cost-effectiveness of the ring in different
implementation scenarios alongside scale-up of other HIV prevention interventions. Given
the knowledge gaps about key factors influencing the ring’s implementation, including
potential uptake and delivery costs, we engaged in a stakeholder consultation process to
elicit plausible parameter ranges and explored scenarios to identify the possible range of
impact, cost, and cost-effectiveness.

Methods and findings

We used the Goals model to simulate scenarios of oral and ring pre-exposure prophylaxis
(PrEP) implementation among female sex workers and among other women <21 years or
>21 years with multiple male partners, in Kenya, South Africa, Uganda, and Zimbabwe. In
these scenarios, we varied antiretroviral therapy (ART) coverage, dapivirine ring coverage
and ring effectiveness (encompassing efficacy and adherence) by risk group. Following dis-
cussions with stakeholders, the maximum level of PrEP coverage (oral and/or ring) consid-
ered in each country was equal to modern contraception use minus condom use in the two
age groups.

We assessed results for 18 years, from 2018 to 2035. In South Africa, for example, the
HIV infections averted by PrEP (ring plus oral PrEP) ranged from 310,000 under the high-
est-impact scenario (including ART held constant at 2017 levels, high ring coverage, and
85% ring effectiveness) to 55,000 under the lowest-impact scenario (including ART reaching
the UNAIDS 90-90-90 targets by 2020, low ring coverage, and 30% ring effectiveness). This
represented a range of 6.4% to 2.2% of new HIV infections averted. Given our assumptions,
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the addition of the ring results in 11% to 132% more impact than oral PrEP alone. The cost
per HIV infection averted for the ring ranged from US$13,000 to US$121,000.

Conclusions

This analysis offers a wide range of scenarios given the considerable uncertainty over ring
uptake, consistency of use, and effectiveness, as well as HIV testing, prevention, and treat-
ment use over the next two decades. This could help inform donors and implementers as
they decide where to allocate resources in order to maximize the impact of the dapivirine
ring in light of funding and implementation constraints. Better understanding of the cost and
potential uptake of the intervention would improve our ability to estimate its cost-effective-
ness and assess where it can have the most impact.

Introduction

Despite successes in scaling up antiretroviral therapy (ART) in many countries, which can
help reduce HIV transmission when viral load suppression is achieved, there are still as many
as 1.8 million new HIV infections annually. In sub-Saharan Africa, women account for more
than half of all new adult HIV infections [1]. Access to and use of daily oral pre-exposure pro-
phylaxis (PrEP) has been increasing in sub-Saharan Africa since September 2015, when the
World Health Organization (WHO) issued guidance recommending daily oral PrEP for peo-
ple at “substantial risk” of HIV infection (defined by the WHO as HIV incidence greater than
3% in the absence of daily oral PrEP) [2]. Yet not everyone at substantial risk will be able to
effectively use oral PrEP. Prevention gaps will remain, which could be addressed by offering
more biomedical prevention choices, similar to how expanded method mix has led to greater
uptake in the contraceptive field [3]. Additional biomedical prevention approaches are under
development in an effort to provide a suite of HIV prevention options that can be used effec-
tively by a wider subset of the population at risk. The monthly dapivirine vaginal ring is one of
these potential prevention options, which specifically addresses the need for a woman-cen-
tered product. Developed by the International Partnership for Microbicides, the dapivirine
ring is a flexible, silicone ring that provides sustained release of the antiretroviral (ARV) drug
dapivirine over one month to reduce the risk of HIV-1 acquisition. Phase III clinical trials (i.e.,
ASPIRE and The Ring Study) showed that the ring reduced HIV infection by approximately
30 percent overall [4]. Post-hoc exploratory analyses suggested that HIV risk was reduced by
up to 75% among a subset of participants who appeared to have better adherence [5]. As these
results are influenced by challenges in quantifying adherence due to measurement error of
drug levels in the ring, the effectiveness of the ring at near-perfect adherence may be even
higher. Further data are anticipated from two recently completed open-label extension (OLE)
studies, HOPE and DREAM, in which ring was provided to previous Phase III trial partici-
pants. Preliminary findings from these two studies suggest higher overall levels of adherence,
leading to higher effectiveness (estimated to be around 50% using modeling), than were seen
during the Phase III trials, similar to the experience with oral PrEP in Phase III versus OLE
[6,7,8].

As the ring moves forward through regulatory review, the potential impact and cost-effec-
tiveness of this new HIV prevention product are not fully known. There are significant knowl-
edge gaps with regard to the ring’s potential uptake, delivery costs, and effectiveness in real-
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world settings. This study used mathematical modeling to explore dapivirine ring impact and
cost-effectiveness in different implementation scenarios, alongside scale-up of HIV treatment
and other prevention interventions, in order to define the range of potential impact.

Given the knowledge gaps related to rollout of the ring, we conducted a stakeholder consul-
tation process to elicit plausible parameter ranges, and we explored different scenarios to
bookend impact, cost, and cost-effectiveness. Forty-four stakeholders representing donors,
United Nations agencies, product developers, modelers, advocates, and implementers were
engaged in consultations individually, in small groups, or a large group in one case (with 37
participants). Stakeholder consultation respondents offered a wide, and often divergent, range
of opinions. Stakeholders recommended that modeling include countries where the ring clini-
cal trials had been held and that represented a range of epidemic contexts. Recommendations
related to estimates of coverage—meaning the percentage of women in each risk group with
oral PrEP pills or the ring in their possession at a given point—ranged from a minimum of 5%
to 10%, to a maximum of 20% to 30%, and there were disparate opinions of whether con-
traceptive prevalence was an appropriate benchmark. Regarding subpopulations, there was a
consensus that although younger women generally have higher HIV incidence than older
cohorts, younger women may have lower uptake, and this should be included in modeling,
although age disaggregation is challenging due to paucity of data. Respondents had trouble
quantifying potential adherence to the ring. Efficacy estimates were highly divergent, from
90% to 95% down to 30%. The results of the stakeholder consultation emphasized the degree
to which we do not yet know what the actual values of these parameters will be in non-research
settings.

Methods
Model

We used Goals, a dynamic, compartmental HIV epidemic model within the Spectrum suite of
models (developed by Avenir Health [9]), to simulate scenarios of PrEP implementation in
Kenya, South Africa, Uganda, and Zimbabwe among medium-risk women less than or equal
to 21 years of age and greater than 21 years, as well as female sex workers (FSWs). Here, we use
the term “PrEP” to refer to the general class of products for preventing HIV prior to exposure
using ARV drugs, regardless of delivery modality (i.e., oral, ring, injectable, implant). Goals
simulates transmission of HIV and its morbidity and mortality consequences for adult popula-
tions ages 15 to 49 years, which are structured into five mutually exclusive risk categories: 1)
low risk (stable couples, defined as men and women reporting a single sexual partner in the
last year), 2) medium risk (men and women with more than one partner in the last year), 3)
high risk (FSWs and their male clients), 4) men who have sex with men, and 5) male and
female people who inject drugs.

Medium-risk women 21 years of age or less and greater than 21 years are embedded within
the medium-risk group in Goals. The Goals model was modified to accept correction factors
based on the relative population size and relative incidence within each age group by country.
These correction factors are derived from the AIDS Impact Module (AIM) in Spectrum,
which Goals uses to disaggregate the impact between the two age groups. National AIM files
are publicly available in Spectrum and are updated and validated annually by Ministry of
Health staff in each country in a process coordinated by the Joint United Nations Programme
on HIV/AIDS (UNAIDS) to produce national, regional, and global estimates of HIV burden.

In various test scenarios, we varied ART coverage, oral PrEP and dapivirine ring coverage,
and ring effectiveness (encompassing efficacy and adherence) by risk group. In the Goals
model, we used the average coverage in a year to represent the entire year. Unless otherwise
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Table 1. PrEP (oral or ring) coverage values by risk group and country.

High
Female sex workers
Medium-risk women >21
Medium-risk women < 21
Moderate
Female sex workers
Medium-risk women >21
Medium-risk women < 21
Low
Female sex workers
Medium-risk women >21

Medium-risk women < 21

https://doi.org/10.1371/journal.pone.0218710.t001

Kenya Zimbabwe Uganda South Africa
36% 36% 36% 36%
30% 37% 15% 26%
15% 18% 14% 25%
18% 18% 18% 18%
15% 18% 7% 13%

8% 9% 7% 12%
9% 9% 9% 9%
8% 9% 4% 7%
4% 5% 3% 6%

stated, all scenarios used the following assumptions: moderate oral PrEP coverage (level varied
by country and risk group, see Table 1), moderate ring coverage (level varied by country and
risk group, see Table 1), oral PrEP effectiveness of 71%, ring effectiveness of 50% [6,7], and
ART scale-up achieving the 90-90-90 targets by 2020 [10]. Condom use and voluntary medical
male circumcision (VMMC) rates were held constant at 2017 levels for all scenarios. See S1
Table for additional details of all scenarios described below.

ART scale-up scenarios

We evaluated four different ART scenarios:

1. Base scenario, achieving 90-90-90 by 2020 (Scenario a): Country achieves the UNAIDS 90-
90-90 targets by 2020, which means that 90% of all people living with HIV (PLHIV) know
their HIV status, 90% of those who know their status (81% of PLHIV) are on ART, and
90% of ART patients (73% of PLHIV) are virally suppressed. This assumption was used
except where otherwise indicated.

2. Low ART scenario, continuing current coverage (Scenario b): ART and viral suppression
coverages remain at 2017 levels.

3. Intermediate scenario 1, 90-90-90 by 2030 (Scenario c): Country achieves 90-90-90 targets
by 2030.

4. Intermediate scenario 2, 90-90-90 by 2020 among women only (Scenario d): Country
achieves 90-90-90 targets by 2020, but only for women, while men remain at 2017 levels.

Ring coverage scenarios

We developed seven scenarios of ring scale-up involving different combinations of high, mod-
erate, low, and no ring scale-up in the three risk groups, with maximum ring coverage levels
being reached in 2035 (with scale-up beginning in 2023). These seven ring scale-up scenarios
were conducted in the context of moderate oral PrEP coverage for all populations, with maxi-
mum oral PrEP coverage reached in 2030 (with scale-up beginning in 2018), and used a mod-
erate level of ring effectiveness (50%). A counterfactual of no ring or oral PrEP coverage was
used to calculate the number of HIV infections averted by PrEP (oral plus ring).
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Table 2. Ring coverage scenarios.

PrEP Coverage Scenarios

Oral PrEP Coverage Patterns Ring Coverage Patterns

Scenarios FSWs Med >21 Med < 21 FSWs Med >21 Med < 21
1. Oral PrEP only (moderate) Moderate Moderate Moderate No scale-up No scale-up No scale-up
2. Oral PrEP (moderate) and ring (moderate) Moderate Moderate Moderate Moderate Moderate Moderate
3. Oral PrEP (moderate) and ring coverage (low) Moderate Moderate Moderate Low Low Low

4. Oral PrEP (moderate) and ring (high) Moderate Moderate Moderate High High High

5. Ring coverage lower among medium-risk women Moderate Moderate Moderate Moderate Low Low

6. Ring coverage lower among younger women Moderate Moderate Moderate Moderate Moderate Low

7. No use of ring among younger women Moderate Moderate Moderate Moderate Moderate No scale-up

https://doi.org/10.1371/journal.pone.0218710.t002

The combined PrEP (oral plus ring) reference coverage for the model’s medium risk group
was set at the level of modern contraception use among sexually active women (minus the
level of condom use for the purpose of family planning) in each of the two age groups
[11,12,13,14]. We benchmarked PrEP coverage to the use of modern contraception as a proxy
for health system access and capacity, as well as the ability and motivation of women in a given
context to use a prevention intervention. Our expert consultations advised that this was a rea-
sonable reference in the absence of real-world uptake data on the ring.

For FSWs, the combined PrEP reference coverage was set at 60%. The coverage of 30% per
method for FSWs was informed by oral PrEP uptake in demonstration projects in South Africa
and Benin [15,16]. See Table 1 for coverage values by risk group in each country. High cover-
age for each method was 60% of the reference coverage level for each risk group/country; mod-
erate coverage was 30%, and low coverage was 15%, such that the total combined PrEP
coverage would be 120% of the reference if both methods had high coverage, 60% if both had
moderate coverage, and 30% if both had low coverage. It should be noted that because the high
and medium risk groups are only a fraction of the total female population, the coverage of
PrEP in the overall population is much lower than the indicated value.

In addition to the scenarios where all risk groups achieved the same level of coverage, we
evaluated three scenarios where coverage varied between risk groups: (5) ring coverage is
lower among medium-risk women, (6) ring coverage is lower among younger women
(intended to represent a scenario of lower uptake of the ring among younger women, similar
to Phase III trial findings indicating lower use and adherence in this group), and (7) no use of
the ring among younger women (to represent a case in which the ring is not approved or rec-
ommended for use in younger women). See Table 2 for the coverage patterns and Table 3 for
an example of the resulting values for South Africa.

Table 3. South Africa PrEP coverage values.

PrEP Coverage Scenarios Total PrEP Coverage
Oral PrEP Coverage Levels Ring Coverage Levels
Scenarios FSWs | Med >21 | Med <21 | FSWs | Med >21 | Med <21 | FSWs | Med >21 | Med <21
1. Oral PrEP only (moderate) 18% 13% 12% 0% 0% 0% 18% 13% 12%
2. Oral PrEP (moderate) and ring (moderate) 18% 13% 12% 18% 13% 12% 36% 26% 25%
3. Oral PrEP (moderate) and ring (low) 18% 13% 12% 9% 7% 6% 27% 20% 19%
4. Oral PrEP (moderate) and ring (high) 18% 13% 12% 36% 26% 25% 54% 39% 37%
5. Ring coverage lower among medium-risk women 18% 13% 12% 18% 7% 6% 36% 20% 19%
6. Ring coverage lower among younger women 18% 13% 12% 18% 13% 6% 36% 26% 19%
7. No use of ring among younger women 18% 13% 12% 18% 13% 0% 36% 26% 12%

https://doi.org/10.1371/journal.pone.0218710.t003
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Table 4. Ring effectiveness scenario values.

Ring Effectiveness

Scenarios FSWs | Med >21 | Med < 21
9. High ring effectiveness 0.7 0.7 0.7
10. Low ring effectiveness 0.3 0.3 0.3
11. Higher ring adherence among FSWs 0.7 0.5 0.5
12. Lower ring adherence among younger women 0.5 0.5 0.3
13. Higher adherence among FSWs + lower adherence among younger women 0.7 0.5 0.3

https://doi.org/10.1371/journal.pone.0218710.t004

Ring effectiveness scenarios

We examined low, moderate, and high ring effectiveness in all risk groups, as well as in differ-
ent combinations, to represent potential variations in adherence in different risk groups. All
ring effectiveness scenarios included moderate PrEP coverage (from Scenario 2 in Table 2).
These scenarios were: (11) higher ring adherence among FSWs, (12) lower ring adherence
among younger women, and (13) both higher ring adherence among FSWs and lower adher-
ence among younger women. Levels ranged from a low of 30% to a high of 85% as a sensitivity
analysis around the standard assumption of 50% effectiveness (see Table 4) [4,5,6,7]. For this
analysis we chose to not disaggregate efficacy and adherence (the combination of which consti-
tutes effectiveness), but we assumed that adherence (not efficacy) is the mechanism through
which effectiveness would vary.

Bookend scenarios

In order to represent the extremes of the range of possible impact, the upper bound was set by
combining the most optimistic PrEP coverage and effectiveness with the low-ART scenario
(i.e., continue current coverage), while the lower bound was set by combining the most pessi-
mistic PrEP coverage and effectiveness with the base ART scenario (i.e., achieving 90-90-90 by
2020).

Unit costs

The unit costs for oral PrEP in Kenya and South Africa came from costing studies conducted
in each country using comparable approaches and cost categories [17,18]. The Kenya costs
were translated to Zimbabwe and Uganda, where unit cost data encompassing the same cost
categories were not available in the literature, using the gross national income (GNI) per capita
to convert values for cost categories that were driven by labor costs. Costs represent a provider
perspective. We assumed the service delivery costs for the ring were the same as those for oral
PrEP and that only product and laboratory testing costs varied across countries. For the prod-
uct component of the ring unit cost, we used a cost of US$7 per ring and 12 rings per year. For
the ring, we assumed that HIV testing was the only laboratory test required, whereas for oral
PrEP, hepatitis B and creatinine testing were also included. Included in Table 5 is the cost of a
person-year of ART in each country, as the incremental cost of PrEP for each scenario takes
into account ART cost savings from HIV infections averted by PrEP during the period
assessed. All of these costs were held constant over time.

Results

The results for all of the scenarios described above, representing sensitivity analyses around
ART scale-up, ring coverage, oral PrEP coverage, and ring effectiveness, are presented in full
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Table 5. Total unit cost in US$ for oral PrEP, the ring, and antiretroviral treatment per client per year, by
country.

Oral PrEP Ring ART
Kenya $202 $189 $257
Zimbabwe $121 $157 $254
Uganda $133 $154 $445
South Africa $160 $152 $286

https://doi.org/10.1371/journal.pone.0218710.t005

in S2 Table and the person-years of PrEP coverage in each scenario is shown in S3 Table. A
selection of results is presented below.

What is the range of potential impact of PrEP (oral plus ring) in the most
extreme scenarios?

Evaluating the base and low-ART scenarios, combined with the extremes of ring coverage and
effectiveness, allows us to bookend the range of highest and lowest potential impact of PrEP
(see Table 6, Scenarios 14 and 15). The maximum potential impact in South Africa is far
greater in absolute terms than in any other country included in the analysis, with 310,000new
HIV infections averted by ring and oral PrEP from 2018-2035. The maximum potential
impact in Kenya, Uganda, and Zimbabwe is 64,000, 53,000, and 50,000 new HIV infections
averted, respectively. In relative terms, the potential maximum impact ranges from 7.7% (HIV
infections averted divided by the total number of HIV infections in the counterfactual sce-
nario) in Kenya to 4.5% in Uganda, based on variations in assumed ring coverage in each
country. Comparatively, the minimum potential impact for PrEP is 55,000 new HIV infections
averted in South Africa, 10,000 in Kenya, 10,000 in Uganda, and 8,000 in Zimbabwe. In rela-
tive terms, the minimum potential impact ranges from 2.3% in Kenya 1.5% in Uganda.

How will different scenarios for coverage of the dapivirine ring affect the
impact of the HIV prevention program?

Comparing each ring coverage scenario with our counterfactual scenario with no ring or oral
PrEP gives us an estimate of the contribution of the ring to HIV infections averted at different
levels of coverage. All scenarios below (Fig 1) assume moderate coverage of oral PrEP and that
countries reach 90-90-90 by 2020. As seen previously, in absolute terms, the largest combined
impact of ring plus oral PrEP is in South Africa, ranging from 58,000 infections averted in the

Table 6. Range of absolute and relative impact of PrEP (oral plus ring) (2018-2035) in new HIV infections averted.

Kenya Uganda South Africa Zimbabwe
No. % No. % No. % No. %

14. Highest ring impact (current ART levels, 85% effectiveness, high ring coverage) Ring 35,000 | 4.2% | 29,000 | 2.5% | 176,000 | 3.6% | 26,000 | 3.2%

15. Lowest ring impact

Oral PrEP | 29,000 | 3.5% | 24,000 | 2.0% | 134,000 | 2.7% | 24,000 | 3.0%
Total 64,000 | 7.7% | 53,000 | 4.5% | 310,000 | 6.3% | 50,000 | 6.2%
Ring 1,000 | 0.2% | 1,000 | 0.1% | 6,000 | 0.2% | 1,000 | 0.2%

(90-90-90 by 2020, 30% effectiveness, low ring coverage) Oral PrEP | 10,000 | 2.1% | 9,000 | 1.4% | 49,000 | 2.1% | 7,000 | 1.9%

Total 11,000 | 2.3% | 10,000 | 1.5% | 55,000 | 2.3% | 8,000 | 2.0%

Absolute impact is shown as the number of new HIV infections averted, while relative impact is defined as the number of HIV infections averted by PrEP divided by the

total number of HIV infections without PrEP.

https://doi.org/10.1371/journal.pone.0218710.t006
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Fig 1. Impact of ring coverage scenarios on the percentage of new HIV infections averted by PrEP (oral plus ring) (2018-2035). Scenarios:
(3) Low ring coverage, (5) Ring coverage lower in medium-risk, (7) No ring coverage in women < 21, (6) Lower ring coverage in women < 21,
(2) Moderate ring coverage, (4) High ring coverage.

https://doi.org/10.1371/journal.pone.0218710.g001

low-coverage scenario to 84,000 in the high-coverage scenario. Ring impact roughly corre-
sponds to the level of ring coverage in the overall population. However, the relative impact
shows some variability between countries, due to the differences in HIV incidence among risk
groups, as well as in levels of ring coverage. Almost identical levels of relative impact are seen
in Kenya and South Africa for the low-, moderate-, and high ring coverage scenarios.

How will different scenarios for ART scale-up affect PrEP (oral plus ring)
impact?

Using the standard scenario of moderate oral PrEP coverage, moderate ring coverage, and
moderate ring effectiveness (Scenario 2) and varying ART scale-up, we see the strong influence
treatment as prevention has on the potential impact of PrEP. Our base scenario of achieving
90-90-90 by 2020 (Scenario 2a) allows for the lowest potential impact, ranging from a low of
10,000 new HIV infections averted by PrEP in Zimbabwe to 67,000 in South Africa. The high-
est impact comes from the low ART scale-up scenario (2b) ranging from 32,000 new infections
averted in Zimbabwe to 185,000 in South Africa. The relative impact of the two intermediate
ART scale-up scenarios (90-90-90 by 2030 and 90-90-90 by 2020 among women only) varies
by country, as seen in Fig 2.

How will different scenarios for effectiveness of the dapivirine ring affect
impact?
HIV infections averted are directly correlated with the level of ring effectiveness used in the

scenario, ranging from 30% effectiveness on the low end to 85% effectiveness on the high
end. Fig 3 presents the scenarios that vary effectiveness overall and by risk group. These are
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Fig 2. Impact of ART scale-up scenarios on the percentage of new HIV infections averted (2018-2035). Scenarios: (2a) Base scenario,
achieving 90-90-90 by 2020; (2¢) Intermediate scenario 1, 90-90-90 by 2030; (2d) Intermediate scenario 2, 90-90-90 by 2020 among women
only; (2b) Low ART scenario, continuing current coverage.

https://doi.org/10.1371/journal.pone.0218710.g002

- Kenya - Uganda @Ring
(9] (0]
T 3.5% S 35% mOral PrEP
& 3.0% & 3.0%
@ 2.5% © 25%
S 2.0% S 2.0%
S 1.5% 5 1.5%
2 10, uq—') 0,
: iz :
= 0.0% Z 0.0%
z PN R A v > & S B oy Y R v > N
A D S T S S R A R i R S
ES & 2 & & & & & 2 & & & & & & &
e o) () =) o o of o ) ) =) I3y o o
- South Africa - Zimbabwe
[0} Q
T 35% T 35%
& 3.0% & 3.0%
9 25% @ 25%
5 2.0% 5 2.0%
B 1.5% B 15%
£ 1.0% £ 1.0%
S 05% Z 05%
> >
= 0.0% = 0.0%
=2 Q . Vv . S . .{l/ \‘5 N = Q . Vv . ) . e ,\"1, ,\“J N
R AP R N A I AP P R
R & & & I<a & & & S & & & I<d & & &
%0 ) ) (=) (¢ %0 %0 %O =) () (=) %0 %0 %(:

Fig 3. Impact of ring effectiveness scenarios on the percentage of new HIV infections averted by PrEP (oral plus ring) (2018-2035).

Scenarios: (10) Low ring effectiveness, (2) Moderate ring effectiveness, (9) High ring effectiveness, (8) Ambitious ring effectiveness, (12) lower
ring adherence among younger women, and (13) both higher ring adherence among FSWs and lower adherence among younger women, (11)
higher ring adherence among FSWs.

https://doi.org/10.1371/journal.pone.0218710.g003
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compared with the moderate-effectiveness scenario (50% effectiveness), which is the same
moderate scenario (Scenario 2) seen in the previous three research questions (i.e., What is the
range of potential impact of the dapivirine ring plus oral PrEP in the most extreme scenarios?
How will different scenarios for coverage of the dapivirine ring affect the impact of the HIV
prevention program? How will different scenarios for ART scale-up affect dapivirine ring
impact?), where there is moderate coverage of both oral PrEP and the ring and ART scale-up
assumes achievement of 90-90-90 by 2020. This illustrates the results of reduced adherence in
younger women, the combination of higher adherence among FSWs and lower adherence
among younger women, and finally, higher adherence among FSWs. The patterns are similar
across countries, with some variation in levels. For example, in South Africa, given the relative
incidence rates in the risk groups included in the model, reduced adherence among younger
women has a greater impact on new HIV infections than increased adherence among FSWss.
This parallels the results seen when increasing ring coverage in FSWs or reducing coverage in
younger women.

How does the cost-effectiveness of the dapivirine ring vary in these
scenarios?

The cost per HIV infection averted varies widely with the assumptions made about ring effec-
tiveness and ART scale-up. Fig 4 illustrates the range for South Africa, where the cost per HIV
infection averted ranges from US$13,000 to US$121,000 in the highest- and lowest-impact sce-
narios, respectively. The x-axis shows the incremental cost per HIV infection averted, while
the y-axis shows the percent of new HIV infections averted, relative to a counterfactual of
moderate oral PrEP and no ring use (Scenario 1).
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Fig 4. Incremental cost per HIV infection averted by use of the dapivirine ring in South Africa (2018-2035).
https://doi.org/10.1371/journal.pone.0218710.g004
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For the moderate scenario in South Africa, assuming achievement of 90-90-90 by 2020
(Scenario 2a), the cost per infection averted by the ring is US$73,000, compared with US
$40,000 per infection averted by oral PrEP with no ring and achievement of 90-90-90 by 2020
(Scenario 1a), and US$13,000 for oral PrEP with no ring when continuation of current ART
coverage is assumed (Scenario 1b) and US$23,000 for the ring under this same ART scenario
(Scenario 2b). S2 Table shows the cost per HIV infection averted by ring for all countries and
scenarios.

Discussion

Just as total contraception use has been shown to increase (and unintended pregnancies
decrease) with the number of contraceptive methods made available [3], we anticipate the
addition of dapivirine ring to the choice of prevention options could result in 11% to 132%
more impact for ARV-based prophylaxis than oral PrEP alone. Our analysis showed how the
impact of the dapivirine ring depends on the level of ring coverage achieved in each target pop-
ulation and the effectiveness of the ring, which can be increased by increasing adherence. It
also depends on the level of scale-up of other interventions, such as ART and oral PrEP. Not
surprisingly, the maximum potential impact in absolute terms is far greater in South Africa
than in any other country evaluated, with 310,000 new HIV infections averted from 2018-
2035, while the potential impact across the four countries is lowest in Zimbabwe (8,000). In
relative terms, the greatest potential impact is seen in Kenya, with 7.7% of new HIV infections
averted, while the lowest potential impact is in Uganda (4.5%). As expected, with higher ring
coverage and consistent use, the impact of the ring increases. During implementation of the
ring, maximizing adherence would increase both impact and cost-effectiveness of the interven-
tion. The scenarios presented here include modest assumptions on uptake, based on feedback
from the stakeholder consultation, in the absence of implementation research. Focusing on
uptake would increase the overall impact of the intervention, but that would not in itself
increase cost-effectiveness.

We have assumed here that the ring is less effective than oral PrEP; however, the effective-
ness and uptake of both products may vary by subpopulation, based on these groups’ different
needs and product preferences. A recent user preference study among product-experienced
(with placebo injections, tablets, and rings) participants emphasized the importance of offering
a variety of method options in order to meet the heterogenous needs and preferences of differ-
ent women [19,20]. It is also unknown whether the effectiveness of oral PrEP is actually higher
than that of the ring in real-world settings. Because the ring is more user-independent than
oral PrEP (requiring only monthly placement of the ring rather than daily use of a pill), there
is the potential for the effectiveness of the ring to be greater than oral PrEP in real-world appli-
cation. This may have significant implications for potential future uptake, as prevention effi-
cacy is a strong determinant of method choice [20].

The impact and cost-effectiveness results depend on the likelihood of infection for the
users. Any HIV prevention intervention will be more impactful and cost-effective among
populations with higher incidence. With high ART coverage, the likelihood of HIV transmis-
sion—and infection—decreases, and therefore the additional impact of the ring and other
primary prevention interventions would also decrease. For example, if South Africa were to
achieve 90-90-90 by 2020, incidence would decline by more than half from 2015 to 2020.
This would be a welcome scenario, as lowering HIV infections is the overall goal, but it also
would mean that every prevention intervention will be twice as expensive per infection
averted, if evaluated as a single intervention. In a scenario in which the current pace of
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ART scale-up remains steady or slows (Scenarios b-d), as UNAIDS is anticipating [21], the
ring’s potential impact would be higher, as would that of other primary HIV prevention
interventions.

The numbers for cost per HIV infection averted that are presented in our findings may
seem high. Readers should keep in mind that the scenarios presented here assume not only
scale-up of oral PrEP, but also in most cases scale-up of ART to the 90-90-90 targets. Because
both of these interventions serve to decrease HIV incidence in the population, the incremental
impact of yet another prevention intervention will be smaller than if the ring had been intro-
duced at a time prior to massive scale-up of ART and in the absence of oral PrEP. At this point
in the HIV epidemic response, additional interventions are still needed to fill gaps left by scale-
up of ART and other prevention approaches, but the incremental cost-effectiveness of these
gap-filling interventions, especially those that require delivery on an ongoing basis, such as
any form of PrEP, will necessarily be high. Moreover, if we compare the cost per HIV infection
averted by ART to that of primary prevention, we need to consider the fact that ART for the
index case reduces the risk to all partners. Primary prevention, on the other hand, must over-
come the probability of meeting an infected partner first.

These results are more robust in illustrating relative cost-effectiveness for different possible
scenarios within countries than in cross-country comparison. As few country-specific costing
studies of oral PrEP have been conducted, and none have been conducted for the ring, to date,
the unit costs for these interventions, and the resulting cost-effectiveness findings, should be
interpreted with caution. Unit costs may vary by implementation model, and costs of both
oral PrEP and the ring may come down with improved implementation and efficiencies of
scale. Additionally, the cost per person-year of treatment was held constant over time. If the
actual cost of treatment were to decrease relative to the cost of ring delivery, then the ring
would become less cost-effective. Conversely, if the cost to deliver the ring in any country
were lower than the cost used in this analysis, then the ring would become more cost-effective.
The differences between countries are affected not just by the cost of the intervention and of
ART, but also by the HIV incidence in the population that is being provided with the
intervention.

It is worth calling attention to the fact that this analysis did not include any scenarios in
which low-risk women used the dapivirine ring, meaning that the uptake assumptions, even in
the highest coverage scenarios, are quite conservative. While PrEP is generally discussed as
being needed for high risk populations [2], lower risk women in generalized epidemic situa-
tions may also wish to protect themselves from HIV, and some may find the ring particularly
attractive due to its discretion, ease of use, and lack of side effects compared with oral PrEP,
particularly if it is formulated in combination with contraception to protect against unwanted
pregnancy [20]. Uptake among lower risk women in generalized epidemics could increase the
impact of the ring above the levels projected in this analysis.

With the paucity of data to inform every parameter used in the modeling, the limitations to
this analysis are significant. While we set our ranges based on early study results and expert
consultation, uptake, cost, and effectiveness of both the ring and oral PrEP when fully imple-
mented could be very different. In addition, while the ring and oral PrEP were provided to
FSWs and medium risk women in our analysis, it should be noted that the medium risk group
in the model is a poor proxy for women at elevated risk for HIV, as this group is not well char-
acterized in the real world. Little is known about how to identify women at elevated risk in
implementation settings, how big this subpopulation is, and the degree to which their risk is
increased. The levels of impact and cost-effectiveness in this modeling exercise should be inter-
preted with these caveats in mind.
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Conclusion

Given the persistently high rates of HIV infection among women despite the scale-up of ART
and VMMUC, and the importance of product choice for effective use, new HIV prevention
methods for women are needed. Depending on a number of factors explored in this paper, the
dapivirine vaginal ring may provide additional impact on control of the HIV epidemic.
Greater understanding of the real-world cost and potential uptake of the intervention would
improve our ability to estimate its possible impact and cost-effectiveness. However, ultimately,
the purpose of the ring is to increase uptake of HIV prevention to prevent HIV acquisition,
not necessarily to maximize cost-effectiveness.

Because the ring is a new delivery modality, there are many unknowns. Implementation
research and demonstration and pilot projects are needed to improve our understanding of
the ring’s potential impact and to devise strategies to maximize it. This modeling exercise
offers a wide range of scenarios that incorporate the considerable uncertainty about ring
uptake, consistency of use, and effectiveness, as well as oral PrEP and HIV treatment use over
the next two decades. Even amid this uncertainty, however, it is clear that for the ring to have
the greatest impact, implementers and donors should invest in maximizing uptake and adher-
ence to the ring among women who are in need of HIV prevention and who are unlikely to
consistently use other primary prevention interventions.

Supporting information

S1 Table. Dapivirine ring and Oral PrEP scenarios.
(XLSX)

$2 Table. Impact and cost-effectiveness of the dapivirine ring 2018-2035.
(XLSX)

S3 Table. Person-years of PrEP in each scenario (2018-2035).
(XLSX)

Acknowledgments

The authors would like to thank all of the experts who participated in the stakeholder
consultation.

Author Contributions

Conceptualization: Meghan Reidy, Elizabeth Gardiner, Carel Pretorius, Kristine Torjesen,
Katharine Kripke.

Formal analysis: Meghan Reidy, Carel Pretorius.
Funding acquisition: Kristine Torjesen.
Investigation: Meghan Reidy, Carel Pretorius, Katharine Kripke.

Methodology: Meghan Reidy, Elizabeth Gardiner, Carel Pretorius, Robert Glaubius, Kathar-
ine Kripke.

Project administration: Katharine Kripke.
Software: Carel Pretorius, Robert Glaubius.

Supervision: Elizabeth Gardiner, Kristine Torjesen, Katharine Kripke.

PLOS ONE | https://doi.org/10.1371/journal.pone.0218710  June 26, 2019 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218710.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218710.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218710.s003
https://doi.org/10.1371/journal.pone.0218710

@ PLOS|ONE

Potential impact of dapivirine ring for HIV prevention

Visualization: Meghan Reidy, Katharine Kripke.

Writing - original draft: Meghan Reidy, Katharine Kripke.

Writing - review & editing: Meghan Reidy, Elizabeth Gardiner, Carel Pretorius, Robert Glau-

bius, Kristine Torjesen, Katharine Kripke.

References

11.

12

13.

14.

15.

16.

AIDSinfo [Internet]. Geneva: UNAIDS. [cited 2018 June 25]. http://aidsinfo.unaids.org/

World Health Organization (WHO). Guideline on when to start antiretroviral therapy and on pre-expo-
sure prophylaxis for HIV. Geneva: WHO; September 2015. http://www.who.int/hiv/pub/guidelines/
earlyrelease-arv/en/

Ross J, Hardee K. Access to contraceptive methods and prevalence of use. J Biosoc Sci 2013;
45:761-778. https://doi.org/10.1017/S0021932012000715 PMID: 23151399

Baeten JM, Palantee-Phillips T, Brown ER, Schwartz K, Soto-Torres LE, Govender V, et al. Use of a
vaginal ring containing dapivirine for HIV-1 prevention in women. N Engl J Med. 2016; 375(22): 2121—
32. https://doi.org/10.1056/NEJMoa1506110 PMID: 26900902

Brown E, Palantee-Philips T, Marzinke M, Hendrix C, Dezutti C, Soto-Torres L, et al. Residual dapivirine
ring levels indicate higher adherence to vaginal ring is associated with HIV-1 protection. Presented at:
IAS 2016. 21st International AIDS Conference, 2016 18—22 July; Durban, South Africa. http://natap.org/
2016/IAC/IAC_38.htm

Baeten J, Palanee-Phillips T, Mgodi N, Mayo A, Nel A, Rosenberg Z, Hillier SL, Brown E. High uptake
and reduced HIV-1 incidence in an open-label trial of the dapivirine ring. Presented at: CROI 2018. 25th
Conference on Retroviruses and Opportunistic Infections; 2018 4—7 March; Boston, MA. http://www.
croiconference.org/sessions/high-uptake-and-reduced-hiv-1-incidence-open-label-trial-dapivirine-ring

Nel A, Van Nierkerk N, Van Baelen B, Rosenberg Z. HIV incidence and adherence in DREAM: an open-
label trial of dapivirine vaginal ring. Presented at: CROI 2018. 25th Conference on Retroviruses and
Opportunistic Infections; 2018 4—7 March; Boston, MA. http://www.croiconference.org/sessions/hiv-
incidence-and-adherence-dream-open-label-trial-dapivirine-vaginal-ring

McCormack S, Dunn DT, Desai M, Dolling DI, Gafos M, Gilson R, et al. Pre-exposure prophylaxis to
prevent the acquisition of HIV-1 infection (PROUD): effectiveness results from the pilot phase of a prag-
matic open-label randomised trial. Lancet. 2016; 387: 53—60. https://doi.org/10.1016/S0140-6736(15)
00056-2 PMID: 26364263

Avenir Health: Spectrum Model [software]. http://www.avenirhealth.org/software-spectrum.php

Joint United Nations Programme on HIV/AIDS (UNAIDS). 90-90-90: an ambitious treatment target to
help end the AIDS epidemic. Geneva: UNAIDS; 2014. http://www.unaids.org/sites/default/files/media_
asset/90-90-90_en.pdf

Kenya National Bureau of Statistics, Ministry of Health/Kenya, National AIDS Control Council/Kenya,
Kenya Medical Research Institute, National Council for Population and Development/Kenya, and ICF
International. Kenya demographic and health survey 2014. 2015. Rockville, MD, USA: Kenya National
Bureau of Statistics, Ministry of Health/Kenya, National AIDS Control Council/Kenya, Kenya Medical
Research Institute, National Council for Population and Development/Kenya, and ICF International.

National Department of Health/South Africa, Statistics South Africa, South African Medical Research
Council, and ICF. South Africa demographic and health survey 2016: key indicator report. 2017. Preto-
ria, South Africa: Statistics South Africa.

Uganda Bureau of Statistics (UBOS) and ICF International. Uganda demographic and health survey
2011.2012. Kampala, Uganda: UBOS and ICF International.

Zimbabwe National Statistics Agency and ICF International. Zimbabwe Demographic and Health Sur-
vey 2015: Final Report. 2016. Rockville, Maryland, USA: Zimbabwe National Statistics Agency (ZIM-
STAT) and ICF International.

Eakle R, Gomez GB, Naicker N, Bothma R, Mbogua J, Cabrera Escobar MA, et al. HIV pre-exposure
prophylaxis and early antiretroviral treatment among female sex workers in South Africa: results from a
prospective observational demonstration project. PLoS Med. 2017; 14(11): e1002444. Available from:
https://doi.org/10.1371/journal.pmed.1002444 PMID: 29161256

Behanzin L, Guedou FA, Geraldo N, Matsetse EG, Aza-Gnandiji M, et al. PrEP and early antiretroviral
therapy demonstration project: challenges to ensure follow-up and adherence among female sex work-
ers in Cotonou, Benin. Presented at: HIVR4P 2016. 2nd HIV Research for Prevention Conference;
2016 17—20 October; Chicago, lllinois.

PLOS ONE | https://doi.org/10.1371/journal.pone.0218710  June 26, 2019 14/15


http://aidsinfo.unaids.org/
http://www.who.int/hiv/pub/guidelines/earlyrelease-arv/en/
http://www.who.int/hiv/pub/guidelines/earlyrelease-arv/en/
https://doi.org/10.1017/S0021932012000715
http://www.ncbi.nlm.nih.gov/pubmed/23151399
https://doi.org/10.1056/NEJMoa1506110
http://www.ncbi.nlm.nih.gov/pubmed/26900902
http://natap.org/2016/IAC/IAC_38.htm
http://natap.org/2016/IAC/IAC_38.htm
http://www.croiconference.org/sessions/high-uptake-and-reduced-hiv-1-incidence-open-label-trial-dapivirine-ring
http://www.croiconference.org/sessions/high-uptake-and-reduced-hiv-1-incidence-open-label-trial-dapivirine-ring
http://www.croiconference.org/sessions/hiv-incidence-and-adherence-dream-open-label-trial-dapivirine-vaginal-ring
http://www.croiconference.org/sessions/hiv-incidence-and-adherence-dream-open-label-trial-dapivirine-vaginal-ring
https://doi.org/10.1016/S0140-6736(15)00056-2
https://doi.org/10.1016/S0140-6736(15)00056-2
http://www.ncbi.nlm.nih.gov/pubmed/26364263
http://www.avenirhealth.org/software-spectrum.php
http://www.unaids.org/sites/default/files/media_asset/90-90-90_en.pdf
http://www.unaids.org/sites/default/files/media_asset/90-90-90_en.pdf
https://doi.org/10.1371/journal.pmed.1002444
http://www.ncbi.nlm.nih.gov/pubmed/29161256
https://doi.org/10.1371/journal.pone.0218710

@ PLOS|ONE

Potential impact of dapivirine ring for HIV prevention

17.

18.

19.

20.

21.

Phanitsiri S, Kiragu M, Nnakabonge I, Wachihi C, Tagar E, Kimani P, et al. The unit cost of delivering
oral PrEP as part of a combination HIV prevention package: results from the IPCP-Kenya demonstra-
tion project. Poster presented at: ICASA 2017. 19th International Conference on AIDS and STls in
Africa; 2017 4-9 Dec; Abidjan, Cote d’Ivoire.

Jamieson L, Meyer-Rath G, Gomez G, Johnson LF. The impact of differential uptake by HIV risk group
on the effect and cost-effectiveness of PrEP in different populations in South Africa. Presented at IAEN
2018. 10th International AIDS Economic Network Pre-Conference; 2018 20-21 July; Amsterdam, Neth-
erlands. http://www.iaen.org/documents/D2_Lise_Jamieson.pptx

Shapley-Quinn MK, Manenzhe KN, Agot K, Minnis AM, van der Straten A. “We are not the same”: Afri-
can women’s view of multipurpose prevention products in the TRIO clinical study. International Journal
of Women’s Health. 2019; 11:97-107. https://doi.org/10.2147/IJWH.S185712 PMID: 30799959

Minnis AM, Browne EN, Boeri M, Agot K, van der Straten A, Ahmet K, et al. Young Women'’s Stated
Preferences for Biomedical HIV Prevention: Results of a Discrete Choice Experiment in Kenya and

South Africa. JAIDS. 2019; 80(4):394—403. https://doi.org/10.1097/QA1.0000000000001945 PMID:
30633040

Joint United Nations Programme on HIV/AIDS (UNAIDS). Global AIDS update 2018. Miles to go: clos-
ing gaps, breaking barriers, righting injustices. Geneva: UNAIDS; 2018. http://www.unaids.org/sites/
default/files/media_asset/miles-to-go_en.pdf

PLOS ONE | https://doi.org/10.1371/journal.pone.0218710  June 26, 2019 15/15


http://www.iaen.org/documents/D2_Lise_Jamieson.pptx
https://doi.org/10.2147/IJWH.S185712
http://www.ncbi.nlm.nih.gov/pubmed/30799959
https://doi.org/10.1097/QAI.0000000000001945
http://www.ncbi.nlm.nih.gov/pubmed/30633040
http://www.unaids.org/sites/default/files/media_asset/miles-to-go_en.pdf
http://www.unaids.org/sites/default/files/media_asset/miles-to-go_en.pdf
https://doi.org/10.1371/journal.pone.0218710

