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Abstract
Introduction: Over one hundred implementation studies of HIV pre-exposure prophylaxis (PrEP) are completed, underway or
planned. We synthesized evidence from these studies to inform mathematical modelling of the prevention cascade for oral and
long-acting PrEP in the setting of western Kenya, one of the world’s most heavily HIV-affected regions.
Methods: We incorporated steps of the PrEP prevention cascade – uptake, adherence, retention and re-engagement after
discontinuation – into EMOD-HIV, an open-source transmission model calibrated to the demography and HIV epidemic pat-
terns of western Kenya. Early PrEP implementation research from East Africa was used to parameterize prevention cascades
for oral PrEP as currently implemented, delivery innovations for oral PrEP, and future long-acting PrEP. We compared infec-
tions averted by PrEP at the population level for different cascade assumptions and sub-populations on PrEP. Analyses were
conducted over the 2020 to 2040 time horizon, with additional sensitivity analyses for the time horizon of analysis and the
time when long-acting PrEP becomes available.
Results: The maximum impact of oral PrEP diminished by over 98% across all prevention cascades, with the exception of
long-acting PrEP under optimistic assumptions about uptake and re-engagement after discontinuation. Long-acting PrEP had
the highest population-level impact, even after accounting for possible delays in product availability, primarily because its effec-
tiveness does not depend on drug adherence. Retention was the most significant cascade step reducing the potential impact
of long-acting PrEP. These results were robust to assumptions about the sub-populations receiving PrEP, but were highly influ-
enced by assumptions about re-initiation of PrEP after discontinuation, about which evidence was sparse.
Conclusions: Implementation challenges along the prevention cascade compound to diminish the population-level impact of
oral PrEP. Long-acting PrEP is expected to be less impacted by user uptake and adherence, but it is instead dependent on
product availability in the short term and retention in the long term. To maximize the impact of long-acting PrEP, ensuring
timely product approval and rollout is critical. Research is needed on strategies to improve retention and patterns of PrEP
re-initiation.
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1 | INTRODUCTION

HIV is a leading cause of death in sub-Saharan Africa [1], par-
ticularly in Eastern and Southern Africa, which contain a
majority of the world’s HIV burden and incidence [2]. Western
Kenya contains some of the world’s hardest-hit communities,
with approximately one in four adults living with HIV in the
counties of Homa Bay and Siaya [3]. Over the past decade,
rates of new HIV infections have declined in western Kenya,
concurrently with scale-up of HIV treatment and preventative

interventions such as male circumcision, but remain among
the highest rates observed globally [4].
Oral pre-exposure prophylaxis (PrEP) reduces the risk of

HIV acquisition [5,6], but implementation has been slow to
expand in Eastern and Southern Africa [7] due to numerous
social, political, cultural and logistical barriers [8]. Some of
these barriers have a multiplicative effect, compounding to
make population-level impact more challenging.
A “prevention cascade” framework has been proposed for

HIV [9] and for PrEP in particular [10,11] to organize the
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components of PrEP implementation that have an effect on
HIV prevention. This is analogous to the HIV “treatment cas-
cade,” or care continuum framework, widely adopted for treat-
ment of people living with HIV (PLHIV), which helped to
inform the UNAIDS 90-90-90 targets for HIV diagnosis, treat-
ment and viral load suppression [12]. Here we adapt a previ-
ously developed agent-based HIV network transmission
model, which includes a detailed model of HIV care and pre-
vention, to simulate the cascades of prevention affecting the
population-level impact of PrEP. Our analysis provides quanti-
tative insights into a relatively new and increasingly critical
concept in HIV prevention research.

2 | METHODS

2.1 | Model of HIV in western Kenya

We developed a cascade of prevention model for PrEP within
the health care component of EMOD-HIV, part of the EMOD
transmission modelling software tool [13,14]. EMOD-HIV is
an HIV epidemiological model that integrates population
demography, HIV disease progression; and network-based HIV
transmission configured to match age- and sex-specific
propensities to form different sexual partnership types [15].
Interventions such as antiretroviral therapy (ART), voluntary
medical male circumcision (VMMC), and PrEP are added to
EMOD through a highly configurable health care module in
which different steps of health seeking and outreach can be
targeted to sub-populations and can be made to vary over
time [16].
Prior to the current analysis, EMOD had been calibrated to

fit the HIV epidemic in six counties in western Kenya: Siaya,
Kisumu, Homa Bay, Migori, Kisii and Nyamira [17]. Model cali-
bration methods, parameter values and their distributions, and
quality of fit to HIV survey and routine data, have been pub-
lished in detail elsewhere [17] and are summarized below,
with emphasis on those model components most closely
related to HIV prevention. Because PrEP rollout did not begin
until 2017 – whereas the most recently available HIV preva-
lence survey was conducted in 2012 – the pre-existing model
was not re-calibrated. As a model validation exercise, EMOD-
HIV was calibrated to demographic, HIV prevalence, and viral
suppression data from 32 high-incidence communities in East-
ern Africa, including 16 communities in western Kenya, that
were enrolled in a community-randomized trial of ART scale-
up [18]. The model successfully predicted HIV incidence in
these communities while still blinded to measured incidence,
the trial’s primary outcome [19].
Both traditional male circumcision and scale-up of VMMC

were included using age- and county-specific circumcision cov-
erage estimates from the Demographic and Health Surveys
(DHS) [20]. Importantly, the model incorporated county-
specific estimates of the population sizes of commercial sex
workers based on an enumeration conducted in 2012, the
same year as the most recently available HIV prevalence
estimate [21].
The calibration target data, model parameters and fitted

modelled trajectories for the six-county western Kenya model
have been described in detail [17]. Briefly, the agent-based
model represented the western Kenyan population, with an in
silico model population equal to one-25th the population of

western Kenya. The population structure was fit to match the
Kenya Population and Housing Census, and with age-specific
fertility rates and age- and sex-specific non-HIV mortality
rates published by the UN Population Division [22,23]. The
model was fit to age-, sex- and county-stratified HIV preva-
lence estimates from 2003 and 2008 to 2009 DHS Surveys,
2007 and 2012 AIDS Indicator Surveys, numbers of PLHIV on
ART reported annually by the Kenya Ministry of Health, and
population statistics from the Kenya Population and Housing
Census [24,25].
Modelling fitting to data was performed using parallel simul-

taneous perturbation optimization, an algorithm that maxi-
mizes the posterior probability of the model’s fit to data
[26,27]. The cost function being minimized in the calibration
process was the log-likelihood of the model’s fit to population
age/sex structure, number on ART, and age-, sex- and country-
stratified HIV prevalence after accounting for the uncertainty
of each estimate based on the survey design and sample size.
After model fitting, 250 trajectories were obtained by resam-
pling parameter sets among all those run during the fitting
process in proportion to the likelihood score of each simula-
tion. To estimate the impact of only historical levels of PrEP,
for which the total number of averted infections is still small,
the number of replicates was increased to 2000 model runs.

2.2 | Baseline levels of PrEP usage

County-specific estimates of PrEP use since the start of roll-
out were obtained from the U.S. President’s Emergency Plan
for AIDS Relief (PEPFAR) [28], and national-level estimates
were obtained from PrEPWatch [29]. PrEPWatch estimated
the total number of PrEP users in Kenya in 2019 to be
44,000. Among the 14,258 PrEP users included in the PEP-
FAR dataset, 7866 resided in six counties comprising the for-
mer Nyanza province of western Kenya. We used the
proportion of users in each county relative to the total to allo-
cate the PrEPWatch estimates across the six counties of the
Nyanza region, yielding a total of 24,274 users within Nyanza.
The baseline scenario allocations by county were: 8,243 (34%)
in Siaya, 5120 (21%) in Kisumu, 4820 (20%) in Homa Bay;
4663 (19%) in Migori; 1102 (5%) in Kisii; and 327 (1%) in
Nyamira. To model continuation of 2019 levels of PrEP use,
we simulated 25,000 users annually with the same propor-
tions by county: 8489 in Siaya; 5273 in Kisumu; 4964 in
Homa Bay; 4802 in Migori; 1135 in Kisii; and 337 in Nyamira.

2.3 | Target populations for PrEP scale-up

Scenarios of PrEP rollout were modelled by increasing the
numbers of individuals on PrEP in four target populations: (1)
adolescents and adults ages 15 to 29 living in areas with HIV
prevalence exceeding 10%, which for western Kenya were
Homa Bay, Siaya, Kisumu and Migori Counties; (2) adolescent
girls and young women (AGYW) ages 15 to 24 living in coun-
ties with HIV prevalence exceeding 10%; (3) higher-risk
AGYW, defined as female sex workers and women likely to
have multiple sex partners in all counties, (4) and higher-risk
males, defined as males in the high-incidence age group of 20
to 29 years who are clients of sex workers or likely to have
multiple sex partners in all counties. Risk of multiple sex part-
ners was modelled as a propensity to acquire multiple
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simultaneous sex partners within the sexual network – with
partner acquisition rates varying by age according to the matrix
of age-dependent assortativity – as well as a three-fold higher
risk of co-infection with a sexually transmitted infection.

2.4 | PrEP cascade steps

Previously published conceptual frameworks of the prevention
cascade [9-11] have considered numerous potential steps of
the HIV prevention cascade. To simplify the analysis given the
paucity of data on individual steps, our analysis consolidates
the proposed frameworks into four steps that they share in
common: uptake, adherence, retention, and re-engagement
(Figure 1). To parameterize each step, we reviewed current
and ongoing PrEP implementation and demonstration projects
referenced in review articles [8,30-32] and tabulated by the
AIDS Vaccine Advocacy Coalition [33]. Of the 108 PrEP stud-
ies globally, 43 had at least one site in sub-Saharan Africa and
15 were completed as of April 2019. Published results from
these studies were used to inform composite model assump-
tions of three potential prevention cascades: (1) currently
available oral PrEP implementation (“oral conventional”), (2)
future innovation in PrEP implementation strategies (“oral
innovative”), and (3) new long-acting PrEP products (“long-act-
ing”).

2.5 | PrEP cascade parameterization

Assumptions regarding each step of the three PrEP cascades
are summarized in Table 1. To represent the PrEP cascade
achievable with currently available methods of oral PrEP deliv-
ery (“oral conventional”), we drew on existing data and cover-
age targets. For uptake, we used the World Health
Organization (WHO) target of 10% coverage by 2020 of high-
risk populations, defined as young people in high-prevalence
settings and key populations in all settings [34]. This target is
consistent with the achieved coverage in PrEP scale-up pro-
jects in sub-Saharan Africa [35,36]. Uptake in the model is

defined as the proportion of individuals initiating PrEP annu-
ally.
To represent how ongoing oral implementation research

can improve the PrEP cascade (“oral innovative”), we used
results from a study conducted in Uganda which found that
both uptake and retention on PrEP were three-fold higher
among users who resided within two kilometres of a PrEP-dis-
pensing clinic, after adjusting for other factors [38]. We
assumed that innovations to overcome barriers to PrEP
uptake and continuation could raise uptake three-fold to 30%.
Our optimistic assumptions about long-acting PrEP assumed
even higher uptake of 50% based on user preference research
in western Kenya [40], while pessimistic assumptions assumed
an uptake of 10%, the same as the WHO target for conven-
tional oral PrEP.
Adherence patterns for daily oral PrEP are highly variable

and have a strong correlation with PrEP efficacy. A meta-
analysis of five clinical trials of oral PrEP in women in esti-
mated an efficacy of 36% across all study participants, and
61% for participants with high adherence (defined as having
detectable levels of PrEP drugs in 75% of blood samples) [37].
In the western Kenya setting, a study estimated far higher
PrEP efficacy of 75% [5]. Therefore, we examined as pes-
simistic assumptions an adherence-driven efficacy of 36% for
conventional PrEP and 61% for PrEP with innovative imple-
mentation, and an optimistic assumption of 75% efficacy for
both conventional and innovative PrEP implementation. Since
long-acting PrEP is independent of user adherence to daily
pills (but rather reliant on continued clinical care) we assumed
efficacy for long-acting PrEP was 95%, the same level as the
upper limit scenario.
Retention has been a significant challenge in PrEP imple-

mentation. Among AGYW ages 15 to 29 initiating PrEP in
Kenya, only 5% remained on PrEP after ten months [39]. In a
large prevention project in Kenya and Uganda, the average
duration of PrEP use was three months [35,38]. Therefore, we
assumed a three-month retention period on PrEP. Drawing on
the study of PrEP users living close to PrEP-dispensing clinics,

Figure 1. Diagram of the prevention cascade added to the EMOD-HIV model. PrEP, pre-exposure prophylaxis
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we assumed that the mean duration on PrEP could be tripled,
from three months to nine months, through innovative imple-
mentation [38].
We did not find evidence to inform the fourth step of the

prevention cascade: re-engagement of clients who have discon-
tinued PrEP. Therefore, two model scenarios were compared:
one in which users who discontinued PrEP would not re-initiate
PrEP, and one in which PrEP re-initiation after discontinuation
occurs at the same rate as for other PrEP-eligible individuals.
For each cascade step, the attenuation in PrEP impact was

estimated as number of infections averted at the population
level – including among those not on PrEP – relative to a base-
line scenario in which PrEP usage increased at a steady rate
based on 2019 levels. In lieu of annual discounting of impact,
which is commonly performed in cost-effectiveness analyses,
we instead used more interpretable undiscounted time hori-
zons of 5, 10, 20 and 30 years ending in 2025, 2030, 2040
and 2050 respectively with all analyses beginning in 2020.

2.6 | Timelines for PrEP rollout

For oral innovative PrEP, we assumed that optimized strategies
for PrEP delivery would be identified by 2021, based on pro-
jected completion dates of ongoing implementation studies. To
account for the time required to implement new evidence-
based strategies, we assumed innovative PrEP rollout ramped
up in a linear fashion from 2021 to 2023. For long-acting PrEP,
an ongoing clinical trial to measure efficacy among women in
sub-Saharan Africa has an estimated completion date of May
2022 [41]. We assumed the most optimistic rollout would
begin in 2023 with a two-year ramp up until 2025. This rapid
timeline for long-acting PrEP was taken as an upper limit, and
we compared how impact might diminish if long-acting PrEP
availability were delayed until 2025, 2027 or 2029.

3 | RESULTS

The early PrEP rollout in western Kenya has already averted
approximately 100 HIV infections annually, as shown in

Figure 2. In a conservative projection that assumes no further
expansion of PrEP beyond 2019 levels (approximately 25,000
users annually, each using PrEP for an average of three
months), maintaining status quo PrEP availability could avert
2000 HIV infections in western Kenya by 2050.
Impact along the cascades diminished greatly due to com-

pounding declines along each cascade step, under both pes-
simistic and optimistic assumptions about uptake and
adherence (Figure 3). Although the model captured knock-on
effects of PrEP averting infections in the community, the over-
all prevention cascades were approximately proportional to
the assumed reduction in uptake, adherence and annual reten-
tion, and dropped off considerably if those who previously dis-
engaged from PrEP were unwilling to re-initiate PrEP in the
future.
Assuming those who discontinue PrEP could re-initiate as

often as annually, the end-to-end prevention cascades for con-
ventional oral PrEP, innovative delivery of oral PrEP, and long-
acting PrEP had a drop-off in infections averted of 98.5%,
90.4% and 95.9% respectively under pessimistic assumptions,
and 96.5%, 89.8% and 78.6% respectively under optimistic
assumptions. Assuming those who discontinue PrEP are
unwilling to re-initiate PrEP, the drop-off in impact was >98%
all cascades except for the long-acting PrEP cascade under
optimistic assumptions, where it was 96.6%.
The decline in impact along PrEP cascades was not sensitive

to the target population receiving PrEP Figure S1 among the
four populations tested: youth ages 15 to 29 in counties with
>10% HIV prevalence, adolescent and young women ages 15
to 24 in counties with >10% HIV prevalence; sex workers and
high-risk women in all counties; or sex worker clients and
higher-risk men in all counties.
The time horizon of analysis substantially influenced the rel-

ative impact among the three prevention cascades Figure 4.
In particular, optimism about the possible uptake of long-
acting PrEP was offset by the delay in its availability and time
required to ramp up coverage, so that an optimistic long-
acting PrEP cascade was only distinguished itself from oral
PrEP cascades over time horizons of ten or more years.
The timeline for rollout of long-acting PrEP in sub-Saharan

Africa is uncertain. We examined how delayed rollout, relative
to the optimistic timeline of a 2023 launch with a linear ramp-
up through 2025, would diminish the impact of long-acting
PrEP under optimistic assumptions (Figure 5). As expected, a
product launch later than 2025 provides no opportunity for
impact over the 2020 to 2025 period and would greatly
diminish impact over a 10-year time horizon. However, exam-
ined over longer time horizons of 20 or 30 years, long-acting
PrEP would out-perform oral PrEP under optimistic assump-
tions.

4 | DISCUSSION

Analogous to the care cascade for HIV treatment, we exam-
ined the use of an HIV prevention cascade to evaluate how
different steps compound to influence population-level impact
of PrEP in terms of HIV infections averted. We found that the
population-level impact of PrEP diminishes considerably across
the cascade of prevention. For oral PrEP, the largest drop-off
in PrEP impact occurred from limited uptake. Even with

Table 1. Prevention cascade model scenarios, assumptions and

ranges used in sensitivity analysis

Cascade Step Assumption Sources

Conventional

oral PrEP

Uptake 10% [34–36]

Adherence 36% to 75% [5,37]

Retention 3 months [35,38,39]

Reengagement 0% to 100% No available data

Innovative

delivery of

oral PrEP

Uptake 30% [38]

Adherence 61% to 75% [5,37]

Retention 9 months [35,38,39]

Reengagement 0% to 100% No available data

Long-acting

PrEP

Uptake 10% to 50% [40]

Adherence 95% [40]

Retention 9 months [35,38,39]

Reengagement 0% to 100% No available data

PrEP, pre-exposure prophylaxis.
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optimistic assumptions about the impact of implementation
innovations, uptake remained the greatest drop-off in the oral
PrEP cascade. For long-acting PrEP, it is not known whether
uptake will be limited to levels similar to that of oral PrEP as
the main limiting factor. Under optimistic assumptions about
uptake, the main limiting factor for long-acting PrEP would be
retention.
With the exception of long-acting PrEP under optimistic

assumptions about uptake, all other cascades caused a dimin-
ishing of >98% of impact after aggregating the compounding

effects of each step of the cascades. Long-acting PrEP, under
optimistic assumptions about uptake and re-engagement, still
lost a substantial 78.6% of its impact long the cascade, high-
lighting the formidable challenge of compounding steps in pre-
vention cascades even in the best of circumstances.
Introduction of long-acting PrEP could enable a shift of

resources from adherence-focused interventions to ones that
maximize retention and re-engagement. Such interventions
might address support from intimate partners, perception of
HIV risk, reducing and coping with stigma, and prioritization

Figure 2. Infections averted by oral PrEP used at current levels in western Kenya. PrEP use was simulated for the six counties of Nyanza using
estimates from PrEPWatch, and stratified at the county level using data from PEPFAR. As a conservative assumption, this analysis assumed a con-
tinued rate of 25,000 annual PrEP users in Nyanza, just above the 24,274 users estimated for 2019. Impact is estimated at the population, so
that estimates include averted infections in PrEP users as well as averted infections among individuals in the sexual network of PrEP users. Impact
is modest because western Kenya is still early in the process of PrEP roll-out. PrEP, pre-exposure prophylaxis; PEPFAR: president's emergency
plan for AIDS relief

Figure 3. Percentage of infections averted along prevention cascades with pessimistic and optimistic assumptions. Arrows show absolute
percentage decrease relative to the previous step of the cascade. Prevention cascades are shown for conventional implementation of oral PrEP
(blue), innovative implementation of oral PrEP (green), and long-acting PrEP (orange) in western Kenya, under assumptions described in Table 1.
The population receiving PrEP is men and women ages 15 to 29 in counties with HIV prevalence exceeding 10% (Homa Bay, Siaya, Kisumu, and
Migori). Infections averted are calculated for the entire population, including those not on PrEP. PrEP, pre-exposure prophylaxis
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of PrEP among competing priorities of providers and users
[42,43]. In addition, the impact of long-acting PrEP was highly
sensitive to assumptions about re-engagement after PrEP
interruption. The current evidence gap about willingness to
re-engage in PrEP will be especially critical to address for
long-acting PrEP.
Our study has several important limitations. Evidence about

the cascades of prevention, especially the “oral innovative” and
“long-acting” PrEP cascades that have not yet been imple-
mented, is limited to extrapolation from studies of oral con-
ventional PrEP. We encountered the greatest evidence gaps
for the final step of re-engagement of those who have

discontinued PrEP. In light of uncertainty, we modelled several
possible long-acting PrEP launch dates (2023, 2025, 2027 and
2029). Although 2029 is likely pessimistic since oral PrEP has
improved readiness to adopt long-acting PrEP, it is possible
that unexpected challenges could arise from trial results, regu-
latory approval, supply or other prerequisites to the launch of
long-acting PrEP in Africa. Our analysis should be revisited as
new information becomes available regarding the likely time-
line of long-acting PrEP rollout.
Owing to the paucity of data on prevention cascades, our

analysis consolidated more detailed frameworks for preven-
tion cascades into just a small number of cascade steps that

Figure 4. Percentage of infections averted along prevention cascades over different time horizons of analysis. Arrows show absolute percent-
age decrease relative to the previous step of the cascade. Prevention cascades for conventional implementation of oral PrEP (blue), innovative
implementation of oral PrEP (green), and long-acting PrEP (orange) in western Kenya were organized into the uptake, adherence, retention and
re-initiation of those at risk who have discontinued PrEP. The population receiving PrEP is men and women ages 15 to 29 in counties with HIV
prevalence exceeding 10%. Infections averted is calculated for the entire population, including those not on PrEP. Infections averted are cumula-
tive over time horizons of 2020 to 2025 (top left), 2020 to 2030 (top right), 2020 to 2040 (bottom left) and 2020 to 2050 (bottom right). PrEP,
pre-exposure prophylaxis
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those frameworks share in common. Expanding evidence
about HIV prevention cascades may allow future analyses to
disaggregate steps of the cascade that have been consolidated
in this analysis. Future analyses could also leverage findings
about integration of PrEP into existing HIV and non-HIV ser-
vices, for example, whether PrEP availability influences rates
of HIV testing, thus conferring additional benefits by support-
ing prompt HIV diagnosis.
There is a lack of empiric data on the overlap between HIV

risk and the cascade of prevention, especially in terms of risk-
driven patterns of discontinuation and re-engagement. Given
evidence of logistical barriers to oral conventional PrEP reten-
tion and adherence, we conservatively assumed that adher-
ence, retention, and re-engagement occurred independently of
time periods of risky behaviour. Qualitative research suggests

that users have intentions to discontinue PrEP when HIV risk
is lower, and re-engage when risk is higher [44]. There is a
negative association between PrEP use and psychosocial fac-
tors such as stigma and depression, which may increase HIV
risk and reduce protective behaviours other than PrEP use
[45]. To the extent that PrEP engagement may have a net
positive correlation with HIV risk, our conservative assump-
tions overestimate the fall-off in impact across the prevention
cascade.
Although our analysis attempts to leverage early results

from PrEP implementation studies, a majority of global PrEP
implementation studies are still ongoing. In addition, current
users of PrEP may be biased toward “early adopters” and may
not be representative of the population targeted to receive
PrEP. Our analysis may necessitate revisiting if new future

Figure 5. Percentage of infections averted along prevention cascades for long-acting PrEP for different timelines of product rollout and dif-
ferent time horizons of analysis. Adherence is not included in the depicted cascades; return for injections is subsumed into the retention step of
the cascade. The target group is adults 15 to 29 in counties with prevalence above 10%. Infections averted are cumulative over time horizons of
2020 to 2025 (top left), 2020 to 2030 (top right), 2020 to 2040 (bottom left) and 2020 to 2050 (bottom right). PrEP, pre-exposure prophylaxis
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implementation science exposes different PrEP cascade
parameters compared to early evidence.
Finally, our model used simple demographic criteria (age, sex

and geographic location) along with general stratification of
HIV risk (sex work, multiple sex partners and STI co-infection
rates) to determine the populations targeted for PrEP. Future,
more detailed modelling should be coupled with emerging evi-
dence on the characteristics of those to whom PrEP is offered
at scale. Such characteristics could include having a recent sex-
ually transmitted infection; beliefs about a partner’s HIV status
or viral suppression status; or other behavioural, biological or
demographic indicators of HIV risk. Because the cascade analy-
sis exhibited little sensitivity to the target group, we expect
that additional details on the target group are unlikely to sub-
stantially change the proportional fall-off of impact along the
cascade of prevention, but the characteristics would be impor-
tant for estimating the absolute magnitude of impact. Addition-
ally, fall-off along the prevention cascade could depend on the
specific sub-population or reason for PrEP initiation – an inter-
dependence that our analysis did not capture.
Our analysis provides insight into the most important steps

in the cascade of prevention, as well as the overall attenuation
of impact when the steps of the cascade are combined. Guided
by conceptual frameworks for prevention cascades, such mod-
elling can integrate emerging evidence in order to help guide
priorities for implementation science and product development.

5 | CONCLUSIONS

Implementation challenges along the prevention cascade com-
pound to diminish the population-level impact of PrEP. Even
after accounting for the delay in long-acting PrEP availability
in terms of HIV infections that will occur prior to rollout,
long-acting PrEP nonetheless exhibited the best-performing
prevention cascade over a 20- or 30-year time horizon. Our
analysis projects that uptake will constitute the largest step-
down in impact along the “oral conventional” and “oral innova-
tive” PrEP cascades. For long-acting PrEP, our analysis sug-
gests that the greatest limitations on impact will be caused by
product availability timelines in the short term, and retention
in the long term. To maximize the impact of long-acting PrEP,
ensuring timely product approval and rollout is essential in
the short term. In the long term, implementation research
should focus on retention and re-engagement of users.

AUTHORS ’ AFF I L IAT IONS

1Department of Population Health, NYU Grossman School of Medicine,
New York, NY, USA; 2Institute for Disease Modeling, Bellevue, WA, USA;
3Department of Global Health, University of Washington, Seattle, WA, USA;
4Department of Epidemiology, Emory University, Atlanta, GA, USA; 5Department
of Epidemiology, University of Washington, Seattle, WA, USA; 6Department of
Decision Sciences, University of South Africa, Pretoria, South Africa

COMPET ING INTEREST

The authors declare that they have no competing interests.

AUTHORS ’ CONTR IBUT IONS

EM, KP and AB conceived of the study. All authors reviewed the literature and
other data sources. AB coded the model, ran the simulations, performed the

analyses and drafted the manuscript. All authors edited the manuscript and
have read and approved the final manuscript.

ACKNOWLEDGEMENTS

The authors thank the developers of the EMOD disease modelling framework
and its associated scripts and calibration capabilities, especially Dan Briden-
becker, Daniel J. Klein, Christopher Lorton and Clark Kirkman.

FUNDING

AB and ANA received funding from the Global Good Fund. MS received funding
from NIMH K01MH115789. The funders had no role in the study design, analy-
sis, interpretation of data, or the decision to submit the paper for publication.

REFERENCES

1. Roth GA, Abate D, Abate KH, Abay SM, Abbafati C, Abbasi N, et al. Global,
regional, and national age-sex-specific mortality for 282 causes of death in 195
countries and territories, 1980–2017: a systematic analysis for the Global Bur-
den of Disease Study 2017. Lancet. 2018;392(10159):1736–88.
2. Dwyer-Lindgren L, Cork MA, Sligar A, Steuben KM, Wilson KF, Provost NR,
et al. Mapping HIV prevalence in sub-Saharan Africa between 2000 and 2017.
Nature. 2019;570(7760):189.
3. De Cock KM, Rutherford GW, Akhwale W. Kenya AIDS indicator survey
2012. J Acquir Immune Defic Syndr. 2014;66:S1–S2.
4. Borgdorff MW, Kwaro D, Obor D, Otieno G, Kamire V, Odongo F, et al. HIV
incidence in western Kenya during scale-up of antiretroviral therapy and volun-
tary medical male circumcision: a population-based cohort analysis. Lancet HIV.
2018;5(5):e241–49.
5. Baeten JM, Donnell D, Ndase P, Mugo NR, Campbell JD, Wangisi J, et al.
Antiretroviral prophylaxis for HIV prevention in heterosexual men and women.
N Engl J Med. 2012;367(5):399–410.
6. Thigpen MC, Kebaabetswe PM, Paxton LA, Smith DK, Rose CE, Segolodi TM,
et al. Antiretroviral preexposure prophylaxis for heterosexual HIV transmission
in Botswana. N Engl J Med. 2012;367(5):423–34.
7. Hodges-Mameletzis I, Dalal S, Msimanga-Radebe B, Rodolph M, Baggaley R.
Going global: the adoption of the World Health Organization’s enabling recom-
mendation on oral pre-exposure prophylaxis for HIV. Sex Health. 2018;15
(6):489–500.
8. C�aceres CF, Mayer KH, Baggaley R, O’Reilly KR. PrEP implementation
science: state-of-the-art and research agenda. J Int AIDS Soc. 2015;18:20527.
9. Garnett GP, Hallett TB, Takaruza A, Hargreaves J, Rhead R, Warren M, et al.
Providing a conceptual framework for HIV prevention cascades and assessing
feasibility of empirical measurement with data from east Zimbabwe: a case
study. Lancet HIV. 2016;3(7):e297–306.
10. Nunn AS, Brinkley-Rubinstein L, Oldenburg CE, Mayer KH, Mimiaga M,
et al. Defining the HIV pre-exposure prophylaxis care continuum. AIDS. 2017;31
(5):731–4.
11. Dunbar MS, Kripke K, Haberer J, Castor D, Dalal S, Mukoma W, et al.
Understanding and measuring uptake and coverage of oral pre-exposure pro-
phylaxis delivery among adolescent girls and young women in sub-Saharan
Africa. Sex Health. 2018;15(6):513–21.
12. Sidib�e M, Loures L, Samb B. The UNAIDS 90–90–90 target: a clear choice
for ending AIDS and for sustainable health and development. J Int AIDS Soc.
2016;19(1):21133.
13. Bershteyn A, Gerardin J, Bridenbecker D, Lorton CW, Bloedow J, Baker RS.
Implementation and applications of EMOD, an individual-based multi-disease
modeling platform. Pathog Dis. 2018;76(5):fty059. https://doi.org/10.1093/fem
spd/fty059.
14. Kerr CC. Is epidemiology ready for Big Software? Pathog Dis. 2019;77(1):
ftz006. https://doi.org/10.1093/femspd/ftz006.
15. Bershteyn A, Klein DJ, Eckhoff PA. Age-dependent partnering and the HIV
transmission chain: a microsimulation analysis. J R Soc Interface. 2013;10
(88):20130613.
16. Klein DJ, Bershteyn A, Eckhoff PA. Dropout and re-enrollment: implications
for epidemiological projections of treatment programs. AIDS. 2014;28:S47–59.
17. Bershteyn A, Mutai KK, Akullian AN, Klein DJ, Jewell BL, Mwalili SM. The
influence of mobility among high-risk populations on HIV transmission in Wes-
tern Kenya. Infect Dis Model. 2018;3:97–106.
18. Jewell B, Akullian A, Camlin CS, Kaur M, Clark T, Charlebois E. Under-
standing epidemic contexts within the cluster-randomized SEARCH trial: a

Bershteyn A et al. Journal of the International AIDS Society 2020, 23(S3):e25527
http://onlinelibrary.wiley.com/doi/10.1002/jia2.25527/full | https://doi.org/10.1002/jia2.25527

103

https://doi.org/10.1093/femspd/fty059
https://doi.org/10.1093/femspd/fty059
https://doi.org/10.1093/femspd/ftz006
http://onlinelibrary.wiley.com/doi/10.1002/jia2.25527/full
https://doi.org/10.1002/jia2.25527


clustering approach to grouping rural communities in East Africa according to
epidemic characteristics. 9th IAS Conference on HIV Science; 2017. http://pro
gramme.ias2017.org/Abstract/Abstract/3031.
19. Jewell BL, Bershteyn A. Predicting HIV Incidence in the SEARCH Trial: A
Mathematical Modelling Study. bioRxiv. 2018;376244. https://doi.org/10.1101/
376244.
20. Akullian A, Onyango M, Klein D, Odhiambo J, Bershteyn A. Geographic cov-
erage of male circumcision in western Kenya. Medicine. 2017;96:e5885.
21. Odek WO, Githuka GN, Avery L, et al. Estimating the size of the female
sex worker population in Kenya to inform HIV prevention programming. PLoS
ONE. 2014;9:e89180.
22. Kenya National Bureau of Statistics, USAID, United Nations Population Fund.
United States Census Bureau. Kenya Population and Housing Census 2009.
23. United Nations Population Division. World population prospects [cited
2017 Sep 15]. Available from: https://esa.un.org/unpd/wpp/DataQuery/
24. Central Bureau of Statistics - CBS/Kenya, Ministry of Health - MOH/Kenya,
ORC Macro. Kenya Demographic and Health Survey 2003. Calverton, MD:
CBS, MOH, and ORC Macro; 2004 [cited 2019 Sep 15]. Available from: http://
dhsprogram.com/pubs/pdf/FR151/FR151.pdf
25. Kenya National Bureau of Statistics - KNBS, National AIDS Control Coun-
cil/Kenya, National AIDS/STD Control Programme/Kenya, Ministry of Public
Health and Sanitation/Kenya, Kenya Medical Research Institute. Kenya Demo-
graphic and Health Survey 2008-09. Calverton, MD: KNBS and ICF Macro;
2010. Available from: http://dhsprogram.com/pubs/pdf/FR229/FR229.pdf
26. Alaeddini A, Klein DJ.Parallel simultaneous perturbation optimization.
arXiv:170400223 [math]. April 2017 [cited 2018 Dec 1]. Available from: http://
arxiv.org/abs/1704.00223
27. Alaeddini A, Klein DJ. Application of a second-order stochastic optimization
algorithm for fitting stochastic epidemiological models. In: 2017 Winter Simula-
tion Conference 2017:2194-2206.
28. PEPFAR dashboard [cited 2019 Jul 14] Available from: https://data.pepfa
r.gov/dashboards
29. AVAC. A snapshot of PrEP scale-up, registration and resources for Kenya.
PrEPWatch [2019 Jul 14]. Available from: https://www.prepwatch.org/country/ke
nya/
30. Desai M, Field N, Grant R, McCormack S. State of the art review: recent
advances in PrEP for HIV. BMJ. 2017;359:j5011.
31. Zablotska IB, Baeten JM, Phanuphak N, McCormack S, Ong J. Getting pre-
exposure prophylaxis (PrEP) to the people: opportunities, challenges and exam-
ples of successful health service models of PrEP implementation. Sex Health.
2018;15(6):481–4.
32. Heffron R, Ngure K, Odoyo J, et al. Pre-exposure prophylaxis for HIV-
negative persons with partners living with HIV: uptake, use, and effectiveness in
an open-label demonstration project in East Africa. Gates Open Res. 2017;1:3–10.
33. AVAC. Ongoing and planned PrEP demonstration and implementation stud-
ies. 2019 [cited 2019 Jul 15]. Available from: https://www.avac.org/resource/on
going-and-planned-prep-demonstration-and-implementation-studies
34. Coleman R. Setting the scene, setting the targets. The Joint United Nations
Programme on HIV/AIDS prevention targets of 2016 and estimating global pre-
exposure prophylaxis targets. Sex Health. 2018;15(6):485.
35. Koss CA, Ayieko J, Mwangwa F, et al. Early adopters of human immunodefi-
ciency virus preexposure prophylaxis in a population-based combination preven-
tion study in rural Kenya and Uganda. Clin Infect Dis. 2018;67(12):1853–60.
36. Mugo NR, Ngure K, Kiragu M, Irungu E, Kilonzo N. The preexposure pro-
phylaxis revolution; from clinical trials to programmatic implementation. Curr
Opin HIV AIDS. 2016;11(1):80–6.

37. Hanscom B, Janes HE, Guarino PD, Huang Y, Brown ER, Chen YQ, et al.
Preventing HIV-1 Infection in women using oral pre-exposure prophylaxis: a
meta-analysis of current evidence. J Acquir Immune Defic Syndr. 2016;73
(5):606–8.
38. Mayer CM, Owaraganise A, Kabami J, Kabami J, Kwarisiima D, Koss CA,
et al. Distance to clinic is a barrier to PrEP uptake and visit attendance in a
community in rural Uganda. J Int AIDS Soc. 2019;22:e25276.
39. Hosek S, Pettifor A. HIV prevention interventions for adolescents. Curr
HIV/AIDS Rep. 2019;16(1):120–8.
40. Minnis AM, Browne EN, Boeri M, et al. Young women’s stated preferences
for biomedical HIV prevention: results of a discrete choice experiment in Kenya
and South Africa. J Acquir Immune Defic Syndr. 2019;80(4):394–403.
41. Alwin DF. Integrating varieties of life course concepts. J Gerontol B Psychol
Sci Soc Sci. 2012;67B(2):206–20.
42. Ahmed N, Pike C, Bekker L-G. Scaling up pre-exposure prophylaxis in sub-
Saharan Africa. Curr Opin Infect Dis. 2019;32(1):24–30.
43. Eakle R, Weatherburn P, Bourne A. Understanding user perspectives of and
preferences for oral PrEP for HIV prevention in the context of intervention
scale-up: a synthesis of evidence from sub-Saharan Africa. J Int AIDS Soc.
2019;22 Suppl 4:e25306.
44. Haberer JE, Kidoguchi L, Heffron R, Mugo N, Bukusi E, Katabira E, et al.
Alignment of adherence and risk for HIV acquisition in a demonstration project
of pre-exposure prophylaxis among HIV serodiscordant couples in Kenya and
Uganda: a prospective analysis of prevention-effective adherence. J Int AIDS
Soc. 2017;20(1):21842.
45. Velloza J, Baeten JM, Haberer J, Ngure K, Irungu E, Mugo NR, et al. Effect
of depression on adherence to oral PrEP among men and women in East Africa.
J Acquir Immune Defic Syndr. 2018;79(3):330–8.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:
Figure S1. Percentage of infections averted along prevention
cascades for different target groups receiving PrEP in western
Kenya. Arrows show absolute percentage decrease relative to
the previous step of the cascade. Cascades are shown for the
target group of adults age 15 to 29 in the four counties with
HIV prevalence exceeding 10% (top left), AGYW ages 15 to
24 in the four counties with HIV prevalence exceeding 10%
(top right), higher-risk men in all counties, including clients of
sex workers and those at risk of having multiple sex partners
or participation in transactional sex (bottom left), and higher-
risk women in all counties, including sex workers and those at
risk of multiple sex partners or participation in transactional
sex (bottom right). All scenarios use a 20-year time horizon
over 2020 to 2040.
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