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Abstract: Antiretroviral therapy (ART) for those infected
with HIV can prevent onward transmission of infection,
but biological efficacy alone is not enough to guide policy
decisions about the role of ART in reducing HIV incidence.
Epidemiology, economics, demography, statistics, biolo-
gy, and mathematical modelling will be central in framing
key decisions in the optimal use of ART. PLoS Medicine,
with the HIV Modelling Consortium, has commissioned a
set of articles that examine different aspects of HIV
treatment as prevention with a forward-looking research
agenda. Interlocking themes across these articles are
discussed in this introduction. We hope that this article,
and others in the collection, will provide a foundation
upon which greater collaborations between disciplines
will be formed, and will afford deeper insights into the key
factors involved, to help strengthen the support for
evidence-based decision-making in HIV prevention.

Introduction

The 19th International AIDS Conference will meet in
Washington, District of Columbia, 22-27 July 2012. Since the
last International AIDS Conference in Vienna two years ago,
more than five million people globally have become newly infected
with HIV [1,2]. In South Africa, a country with one of the largest
HIV epidemics, 3% of the young men and women who were 19
years old and uninfected at the time of the last conference will now
be infected [3]. Indications that the rate of new HIV infections in
several countries may have declined recently are extremely
welcome. Moreover, the recent UNAIDS Investment Framework
[4] and President’s Emergency Plan for AIDS Relief guidance on
combination prevention [5] suggest that combining existing
interventions and scaling them up could have further significant
impact on reducing HIV incidence. However, these strategies are
not expected to bring the epidemic fully under control.

Advances in HIV prevention research over the past two years
have generated considerable optimism. First, it was shown that a
1% tenofovir vaginal microbicide gel reduced HIV acquisition in
women in South Africa [6], and this was followed by a trial
demonstrating that daily oral co-formulated tenofovir and
emtricitabine reduced the risk of HIV acquisition in men who
have sex with men (MSM) [7]. Subsequently, daily oral tenofovir
alone or combined with emtricitabine was shown to reduce the risk
of HIV acquisition in heterosexual men and women in long-term
relationships in Uganda and Kenya [8]. There have also been
some indications that a vaccine candidate (RV144) provides some
short-term protection against infection [9]. These modalities
provide a partial reduction in risk, but some studies on pre-
exposure prophylaxis have produced conflicting results, highlight-
ing that many questions in this field remain unanswered [10].

However, the finding that has created that greatest excite-
ment has been that HIV-infected individuals who are given
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antiretroviral therapy (ART) are much less likely to transmit the
infection to their heterosexual partners than those who are not.
This finding was shown in the HPTN 052 trial [11] (Box 1), which
was chosen as the Science magazine breakthrough of the year for
2011 [12]. If viral load is fully suppressed, those on ART may
effectively be almost uninfectious. Although anticipated [13,14],
this finding has catalyzed enormous interest in how ART could
not only benefit the individual provided with the medicines, but
also reduce the epidemic burden of the communities in which they
live by limiting HIV transmission.

The role of ART in reducing HIV incidence will probably be
among the most important topics in the field of HIV prevention
for years to come, and it is already being debated urgently at
national and international levels, within major normative agencies
and charities, and by donors and implementers. The issues cut
across the domains of epidemiology, economics, statistics, demog-
raphy, virology and immunology, behavioural science, mathemat-
ical modelling, and clinical trials, and demand an interdisciplinary
approach.

The HIV Modelling Consortium aims to coordinate and
promote research across these disciplines and streamline commu-
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Box 1. The HPTN 052 Trial

The HPTN 052 trial enrolled 1,763 HIV-1 serodiscordant
couples (i.e., couples in which one partner is HIV-infected
but the other is not) in which the CD4 cell count for the
HIV-infected partner was between 350 and 550 cells/ul.
The HIV-infected partners were randomized either to
receive ART immediately (“early ART” arm) or to receive
ART when their CD4 cell count dropped below 250 cells/ul
(“delayed ART” arm). The couples were followed up for a
median of 1.7 years, and substantial effort was made to
ensure that viral suppression was achieved among those in
the early ART arm. A total of 39 transmission events were
observed. Genetic linkage analysis confirmed that 28 of
these were linked to the stable partner. Of these 28 linked
transmissions, 27 were in the delayed ART arm and one
was in the early ART arm, resulting in an estimated 96%
reduction (95% confidence interval: 73%-99%) in the risk
of transmission from HIV-infected individuals on early ART
compared with delayed ART. Earlier ART was also
associated with significant improvement in a composite
indicator of morbidity and mortality (41% [95% confidence
interval: 12%-60%] reduction).

Although the HPTN 052 study was the first randomized
controlled study to demonstrate the impact of ART on
transmission, an earlier observational study among cou-
ples recruited for another trial had previously indicated
that ART was associated with a 92% reduction in the risk of
transmission [13]. Other observational studies also support
that the risk of transmission when virally suppressed on
ART is very substantially reduced [14,57]. However, many
questions remain about the impact of ART on transmis-
sion, including the durability of the effect, levels of
suppression that would be possible in other settings,
and the impact through other routes of HIV transmission
(especially unprotected anal sex).

nication between decision-makers and researchers. Mathematical
modellers have considered the potential impact of ART on HIV
incidence in a variety of scenarios and settings over the past 15 years,
with model estimates becoming more refined as improved data have
become available. A collaborative meeting of the HIV Modelling
Consortium was held in November 2011 (http://www.hivmodelling.
org/events/potential-impact-treatment-hiv-incidence)  to
findings and identify priorities for future research. Several
interlocking themes arose at the meeting, which are covered by
the set of articles in this special collection, “Investigating the Impact
of Treatment on New HIV Infections” (http://www.ploscollections.
org/TasP2012) [15-23]. In this article we seek to set each piece in
context, and describe important issues that are beyond the scope of
this collection.

review

The Potential Impact of ART on HIV Incidence

Fundamentally, the impact that a treatment programme can
have on preventing infections in an epidemic is determined by two
main factors. First, it is determined by the number of onward
transmissions generated by a newly infected person before they start
treatment, which is determined by the biology of HIV infection,
patterns of sexual contact between partners, the effects of other
prevention interventions, and the rates of HIV testing and linking
to care (Figure 1). Second, the impact is determined by the
number of onward infections generated by an individual afier ART
initiation, which additionally depends on the biological efficacy of
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treatment, as well as adherence and retention in care. Estimating
the population-level impact of expanded access to ART therefore
involves synthesising diverse sources of information and managing
substantial amounts of uncertainty about virology, immunology,
human sexual behaviour, and the long-term performance of
prevention programmes. The biological efficacy data provided by
the HPTN 052 trial [11] is only one piece of this puzzle.

Mathematical models provide a framework within which to
assemble this information, and several models of the epicentre of
the worldwide epidemic, sub-Saharan Africa, have been developed
and used to investigate the potential impact of treatment on HIV
incidence. As different studies have addressed different questions
and made different assumptions, it has been unclear whether or
not these models fundamentally agree about the potential impact
of particular treatment interventions in reducing HIV incidence. If
they do, this could increase confidence in their collective findings,
but if they do not, then this provides an important note of caution
when considering results and highlights areas for further investi-
gation.

A Systematic Comparison of 12 Models

In this collection, Eaton et al. [15] present the results of a
systematic model comparison exercise in which 12 of these models
were used to simulate the same sets of interventions. The model
results were relatively consistent for short-term (eight-year)
projections of reductions in incidence associated with treatment.
For instance, if, hypothetically, 80% of individuals were treated
after their CD4 cell count reaches 350 cells/pl (approximating
current international guidelines; Box 2), the models projected that
the incidence rate would be reduced by 35%-54% after eight
years, compared with what the incidence would be in the absence
of any ART. All models suggested that the existing treatment
scale-up in South Africa should have already reduced new
infections (incidence in 2011 is estimated to be 17%-32% lower
than if there had been no ART [15]). The consensus that
treatment provided within current guidelines has a prevention
benefit is significant and should serve to reinforce the case for
continuing to improve access to ART. However, there was much
more variation in long-term (38-year) projections of reductions in
incidence. One important way in which the models differ is in how
they represent the behaviours leading to transmission, such as
heterogeneity in sexual risk behaviours and patterns of contact
with respect to age, which are notoriously hard to quantify [24].
Another difference is in how they represent the biology of
infection, in particular the rate of CD4 cell count decline and
relative infectiousness [25,26], about which there is little compre-
hensive agreement. It will be important to consider the influence of
these factors on the key outcomes of interest when interpreting
future modelling studies on this topic.

Connecting Model Projections to the “Real World”
When using extremely ambitious assumptions about the ability
of ART programmes to test and start treatment of HIV-infected
individuals very soon after infection, and retain them in care, five
of nine models compared by Eaton et al. [15] suggested that
incidence would be reduced by more than 90%, similar to the
modelling predictions reported by Granich et al. [27]. However,
these assumptions can be contrasted with recent real world
experience in which the HIV testing rate was 52% in the cross-
sectional, nationally representative South African National HIV
Prevalence, Incidence, Behaviour and Communication Survey [3],
and the repeat testing rate of individuals in an intensive
community-mobilising intervention was 28% [28]. In addition,
linkage from testing to AR'T uptake is assumed to be 100% in the
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Figure 1. A framework for understanding the epidemiological impact of HIV treatment. The published results of models [38,53-55] that
have estimated the contribution of different stages of HIV infection to onward transmission are compiled in a median cumulative distribution of
infections generated by one infected person over the course of his/her infection in the absence of treatment (red line). The horizontal axis shows time
from the time of infection to 12 years, which is the mean survival time for those with untreated HIV infection [56]. The vertical axis shows the
cumulative transmission, from 0% (no new infections generated yet) to 100% (all onward transmission completed). (Note that the uncertainty in this
distribution is not indicated.) The shading indicates the approximate CD4 cell count category at each time point [25,26]. Currently, treatment tends to
be initiated well below a CD4 cell count of 200 cells/ul [32], meaning that the contribution of treatment to prevention is minimal because most of the
transmission from that person has already occurred before treatment starts. If increased testing and improved linkages to care enabled individuals to
start treatment at a CD4 cell count very close to 200 cells/pl, this could result in a substantial reduction in HIV incidence, because ~25%-30% of
transmission normally arises from individuals after that point. The prevention impact would be expected to be even greater with initiation close to a
CD4 cell count of 350 cells/pl. If the average number of new infections arising from an infected person in a susceptible population exceeds one
before treatment could be feasibility initiated, then treatment could not eliminate the HIV epidemic. In this framework, the influence of other forms of
prevention will be to change the shape of the graph. For instance, if many men are circumcised or individuals have fewer new sexual partners per
time unit, then new infections arising from an infected person will grow more slowly over time, so that on average one new infection might be
generated only after the point at which a feasible programme could have initiated treatment.

doi:10.1371/journal.pmed.1001259.g001

models, but has been about 33% in actual programmes [29]. In many models, including several of those in the modelling
Rather than 0% refusal of uptake of treatment, as assumed in the comparison [15], several significant simplifying assumptions about
models, some settings have seen 20% refusal [30]. Finally, the other factors that might influence success were made, because the
dropout rate from programmes was 1.7% per year in the most exercise was focussed on the impact of a simple and stylized
optimistic model simulations presented in Eaton et al., compared treatment programme on HIV incidence. In particular, most
with around 10% over the first year in the IeDEA network of models did not explicitly include the relationship between
clinics [31-33]. adherence to ART regimens and degree of viral suppression,

These inconsistencies between modelling assumptions and which would affect the therapeutic benefit, the prevention effect,
projects and real world situations do not mean that treatment and the potential for emergence of drug-resistant virus. Drug
cannot be used to generate greater reductions in incidence, but resistance is an important issue, especially over the long timescales
rather that major advances in programme coverage and delivery considered here, because it effectively weakens the impact of
will be required to fully exploit the potential prevention benefits of existing first-line regimens and could cause greater reliance on
treatment. These are operational barriers that could be improved second- and third-line treatment regimens, which are currently
without the development of new scientific prevention technologies, more expensive. There are many other considerations that the
but which will nevertheless require substantial investment in health modelling comparison by Eaton et al. did not address, such as the
services. interaction of ART with behavioural interventions and the best
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Box 2. Current International Guidelines for
Use of ART

The current World Health Organization international
guidance recommends that HIV-infected patients with
CD4 cell count =350 cells/ul be initiated on ART. In
addition, patients with advanced clinical disease or HIV-
infected people with active tuberculosis should be
immediately initiated on ART, irrespective of CD4 cell
count [58]. In April 2012, new guidance was issued that
HIV-infected individuals with a long-term partner who is
HIV-uninfected could also be considered for ART initiation
[59]. New guidelines will be promulgated by the World
Health Organization in 2013 [60].

However, these guidelines do not necessarily reflect the
care that patients actually receive. National guidelines may
or may not fully reflect the World Health Organization
guidance, and typically, constraints on resources, the
capacity of health systems, and care-seeking behavior
result in individuals being initiated on ART at lower CD4
cell counts than the guidelines recommend.

use of diagnostic tools that could measure viral load or CD4 cell
count at point of care, which are also the subject of ongoing
research [34-37] but beyond the scope of this collection.

Evidence of Impact from Existing Programmes

Consensus across multiple models can be reassuring, but it is still
possible that all the models could be wrong if, for instance, the
small number of key data sources they rely on are not
representative, or if all the models do not incorporate some
crucial aspects of the system. Another essential check for models is
a comparison of their projections with real data: in this case, the
observed impact of treatment programmes in industrialised
countries that have already achieved good access to treatment
[38]. In this collection, Smith et al. [16] review the data that have
been interpreted as showing that treatment has already had an
impact on reducing incidence, showing apparent consistency
between modelled expectations and reality. However, Smith
et al.[16] advise caution when interpreting the level of evidence
implied, particularly where indirect metrics for ART exposure
(such as community viral load) and proxies for HIV incidence
(such as new diagnoses) are used.

In this collection, Wilson [17] describes the examples of
Australia and France, among other settings, where, despite high
testing rates and coverage of treatment among MSM, HIV
incidence has not decreased. This is in contrast to what models
suggest should have occurred if the assumptions about treatment
as prevention from heterosexual studies are applied to MSM
populations. It will be essential for modellers to learn from the past
by reconciling these and other observations to refine future model
projections.

The Role of Early HIV Infection

One particular issue that may prevent even the most ambitious
treatment programmes from reducing HIV epidemics to very low
levels is the role of early HIV infection in sustaining HIV
transmission. Early HIV infection covers the time shortly after
infection—and usually before HIV diagnosis—when viral con-
centration in the blood spikes and individuals are more infectious
[39]. If a substantial proportion of transmission occurs during
early infection, the impact of treatment programmes will be less
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[40] (Figure 1). This could in part explain the apparent lack of
preventive efficacy of ART in epidemics among MSM, as explored
in Australia and elsewhere by Wilson [17] and in other examples
examined by Kumi Smith et al. [16]. However, it is an open
question whether early HIV infection is a dominant factor in
sustaining epidemics in sub-Saharan Africa, and it has been
argued that the contribution of acute infection to sustaining
epidemics is not a primary determinant of the impact of treatment
interventions. In this collection, Cohen et al. [18] debate the size
and significance of this effect, and call for new data to be collected
that may help this to be determined.

Economic Considerations

Ideally, public health policy should be driven by maximising
improvements in the health of populations, rather than by
economic considerations. But the HPTN 052 [11] findings have
come at a difficult time for the public health response to HIV.
After years of rapid growth, funding commitments and disburse-
ments have stabilised or been reduced [41], and only a few
countries in sub-Saharan Africa are currently able to achieve the
high levels of treatment coverage for those eligible recommended
by current international guidelines (Box 2) [1,2]. While the cost of
providing treatment has fallen dramatically in recent years [42],
offering ART to individuals who are not in immediate clinical
need may continue to be significantly more expensive and
complex than other existing methods for reducing HIV transmis-
sion, such as male circumcision [43] and some forms of behaviour
change communication interventions (in particular, voluntary
counselling and testing) [44—46].

To some policy-makers, the slowdown of growth in budgets
available for HIV/AIDS programmes is a sobering constraint and
makes the potential benefits of radical programmes with high
near-term costs irrelevant. Their questions are about the most
cost-effective allocation of incremental changes in resources and
portfolio optimisation in light of the new data about the additional
effect of reducing new infections. To others, the squeeze on
funding is a cue to look for ways to drive large reductions in the
need for resources in the future, which could be generated by an
overhaul of the current epidemic response and an increase in
resources in the short term. New, large investments in controlling
HIV may not be impossible, but there would have to be a strong
case for the return on such an investment.

Estimating Costs

In this collection, Meyer-Rath and Over [19] outline economic
concepts that should guide discussions about the potential for ART
to reduce incidence, and how the programmatic targets identified
by epidemiological modelling could translate into costs. They
argue that the nature of the cost function for ART—that is, the
cost of providing additional patient-years of ART given the
current scale of a programme and practical constraints—has
received insufficient attention in earlier analyses. In particular,
they suggest that the scale and scope of a country’s ART
programme, including clinic size and density, cohort maturity,
patient mix, and health-worker effectiveness, could mean that the
cost of scale-up of ambitious treatment programmes has been
substantially underestimated. However, some projected increases
in cost could be offset if future programmes radically change by
simplifying the delivery of treatment, such as by eliminating
measurement of CD4 counts and/or pre-ART disease monitoring.
In a commentary in this collection on the review by Meyer-Rath
and Over, Barnighausen et al. [20] consider the dilemma for those
making economic projections for the use of ART as prevention. As
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ART for prevention represents a significant departure from the
current practice of ARTT for those in greatest clinical need, it is not
clear how to extrapolate from past experience.

Short-Term versus Long-Term Goals

Another key economic consideration is finding the right level of
spending now to provide the potential for significant benefits in the
long term. The HIV/AIDS epidemic and interventions to stop
HIV and AIDS are inevitably long-wave events [47], so this issue
is particularly important. Treatment programmes spend money
today for returns (in terms of averted infections and deaths, or
reduced costs) years and even decades later. If future costs and
benefits have the same value as current ones, then enormous sums
spent today to eventually avert greater costs and reduce mortality
forever (if incidence is reduced to low levels) would be judged as a
worthwhile expenditure. Whereas, if we accept that, to a decision-
maker, savings that are accrued in the future may be worth less
than those made today, then potential future payoffs may be less
attractive, and investment in programmes for other, more
immediate causes of mortality would be a rational, if not
necessarily an inspiring or ethical, response. Recognition of this
reality for decision-makers requires modellers to vary the relative
value that is assigned to costs and benefits in the future. This is
called discounting. Discounting is just one component of how
decisions are made, and it is important for those contributing to
the debate to be able to couch their arguments in the context of
this fundamental consideration.

Working within Economic Constraints while Increasing
Access

Those making decisions about expanding the provision of ART
for prevention purposes must also plan for the long-term mainte-
nance of such a commitment. Once treatment is initiated, it is
lifelong, and, because relying on treatment to reduce incidence does
not inherently alter the underlying drivers of infectious spread (e.g.,
patterns of sexual contact), future reduction of an ART intervention
effort could lead to a resurgence of the epidemic. Given economic
constraints, the most likely scenario might be for programmes to
increase access to treatment gradually. They could increase access by
expanding eligibility criteria incrementally to include groups who are
most likely to benefit clinically, and whose treatment will most
reduce onward transmission. Several possibilities for doing this have
been raised, including prioritisation according to biological charac-
teristics (e.g., pregnant women, those with active tuberculosis, or
those with high plasma viral loads) or according to behaviours (those
in serodiscordant couples, those attending sexually transmitted
infection clinics, those with many sexual partners, or sex workers).
The epidemiological benefit of providing increased access to
treatment for groups beyond current guidelines will be determined
by the extent to which the criteria being used to prioritise individuals
can reliably identify those who most need treatment or contribute
most to generating new infections.

There are also many other factors that should be considered in
prioritising groups for expanded ART. These include the size of
the group and affordability. The cost to access the group is another
factor. For instance, would it be less costly to reach pregnant
women, who are already in contact with the health system, than
some other groups? The response of a group to treatment also
needs to be considered. For example, would stable couples adhere
to treatment better than others, or would adherence be low if there
is little immediate therapeutic benefit? Ethical considerations,
programme acceptance, and feasibility also need to be taken into
account. For instance, would it be acceptable to provide
serodiscordant couples with preferential access to treatment?
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These layers of considerations will not always point to one
particular group as the best option, and local epidemic, economic,
and social conditions will also influence this choice. In addition to
these judgments being unlikely to be clear-cut, they are further
complicated in instances in which human rights and public health
do not necessarily have the same objectives if followed to their
logical ends, for instance, if the best strategy for a population does
not give optimal outcomes for all individuals. In this collection,
Delva et al. [21] review these issues for a wide set of prioritisation
options, and Boily et al. [22] describe how mathematical
modelling can be used to design, conduct, and analyse studies so
that the impact of some of these options can be tested and
compared effectively.

Full accounting of the economic costs and benefits of ART
includes potentially significant macroeconomic benefits (develop-
ment of infrastructure, supply chains, and education, and
productivity gains) and social benefits (reduced orphaning and
increased family stability and employment) derived from spending
on ART programmes, which could also have synergies with, and
spillover benefits for, interventions for other diseases [48]. These
important economic questions are not addressed in this collection
of articles. Nevertheless, incorporating these factors into estimates
of the cost-effectiveness of alternative forms of interventions [49]
or estimates of optimal resource allocation [50] among the
repertoire of antiretroviral-drug-based and non-antiretroviral-
drug-based prevention interventions, even while uncertainties
remain, is an important area of ongoing and future research to
help inform decision-making processes.

Research Agenda: Upcoming Trials

The findings of the HPTN 052 trial [11] demonstrated the
biological efficacy of treatment in reducing infectiousness in
heterosexual individuals who receive the best care and monitoring
that is possible. The durability of the effect over the long term will
be the focus of the next phase of HPTN 052 [51]. The efficacy of
ART in reducing infectiousness from anal sex among MSM is
being investigated in observational studies, such as the Opposites
Attract study in Sydney, Australia (A. Grulich, personal commu-
nication).

Meanwhile, the operational questions will centre on how to
deliver the services that are required for maximising the impact of
treatment on epidemic spread: very high coverage of HIV testing,
frequently repeated HIV testing, strong linkage to care, and high
retention in care. Many studies that are already underway aim to
examine some of these issues [52].

Several large cluster randomized controlled trials that aim to
measure the impact of treatment interventions on HIV incidence
in whole communities will also be initiated shortly. One of these
studies, PopART (HPTN 071) [52], will test the hypothesis that
greatly expanded access to treatment, in combination with access
to other services including safe medical male circumcision, is
feasible and reduces HIV incidence in populations by 60%. The
trials will provide an important and direct test of the predictions
set out by mathematical models, and models will have a key a role
in the design of the studies and the interpretation of findings. In
this collection, Boily et al. [22] describe PopART and other
upcoming trials, and outline the role of modelling before (in
planning and design), during (in monitoring), and after (for
interpretation and extrapolation) trials.

Future Directions: Priorities for Modelling

From consultation with programme leaders, key stakeholders,
community members, and funders at the HIV Modelling Consor-
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Key Points

e |t has been established that ART for those infected with
HIV can prevent onward transmission of infection, but
biological efficacy alone is not enough to confirm the
impact that ART could have on the HIV epidemic, or to
show how best to use ART to reduce incidence of HIV.
This will be among the most important issues in the field
of HIV prevention for the foreseeable future.

e Epidemiology, economics, demography, statistics, biolo-
gy, and mathematical modelling will be central in
framing key decisions in the optimal use of ART.

e The HIV Modelling Consortium aims to coordinate and
promote research across these disciplines, and facilitate
communication between researchers and policy-makers.
At a collaborative meeting of this consortium in
November 2011, several interlocking themes emerged
that are discussed in this article and covered in more
depth by other articles in this collection.

e Mathematical modelling is used to investigate the
potential impact of treatment on HIV incidence.
However, because of incomplete information on all the
factors that could influence impact, substantial uncer-
tainties will remain. Models should acknowledge those
uncertainties and help prioritise data collection where
this could strengthen model conclusions.

e The current economic constraints on HIV prevention
bring to the fore the role of modelling to help assess the
value and cost-effectiveness of ART. Understanding costs
and integrating costing and epidemiological models will
be key areas of ongoing and future research to help
inform decision-making processes. Models are also being
used to help design and interpret trials that test
hypotheses about the impact of expanded access to
treatment on the spread of HIV in communities.

e We hope that this article and others in the collection will
provide a solid foundation upon which greater collab-
orations between disciplines will be formed, so as to
better integrate the role of modelling into the wider
scientific process and to more clearly articulate the
strengths and weaknesses of particular modelling
analyses. This approach will ultimately strengthen the
support for evidence-based decision-making in HIV
programmes.

tium meeting in 2011, several themes have emerged as priority
issues for further analysis and modelling. First, models need to focus
more specifically on the impact of decisions over short time
horizons, which are of greater relevance when justifying expendi-
ture, as well as on long-term impacts. Second, models should
estimate the impact that programmes may have already had and the
benefits of current policy decisions, rather than only what impact
radically different programmes might have in the distant future.
Third, models should estimate impact in a greater variety of settings,
including concentrated epidemics. Fourth, models should become
better aligned with the experience of real programmes, rather than
using unrealistically optimistic assumptions. And, finally, models
should be utilised to further explore potential negative outcomes of
expanded treatment programmes, such as imperfect adherence,
drug resistance, difficulties in recognising resistance if treatment is
initiated at high CD4 counts, and the potential influence of
compensatory changes in risk behaviours.

At the HIV Modelling Consortium meeting, many called for
modelling to articulate the consequences of reductions in funding,
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such as numbers of new treatment initiations decreasing substan-
tially or even current cohorts of treated patients not being
maintained. This modelling would highlight the ethical choices at
the heart of these issues. It was also agreed that models should
incorporate more fully the benefits of earlier treatment initiation,
in terms of a potential, but not certain, additional therapeutic
benefit, reduced incidence of tuberculosis, reduced costs of
prevention of mother-to-child transmission services, reduced cost
of monitoring patients in care and treating opportunistic
infections, and spillover effects such as greater productivity and
reduced numbers of orphans.

There has also been a call to improve communication of
mathematical modelling research to policy-makers, clinicians, and
other researchers so as to better integrate its role into the wider
scientific process and to more clearly articulate the strengths and
weaknesses of particular modelling analyses. In response, Delva
et al. [23] in this collection present some principles of “best
practice” for model presentation and interpretation, which they
hope will become a shared resource for both those who conduct
modelling research and those who use modelling results.

Conclusions

The question of how to best use the tools that have been shown
to reduce HIV transmission will likely dominate the field of HIV
prevention for the foreseeable future. It touches every other aspect
of the response to the worldwide HIV epidemics, from the optimal
allocation of resources in real programmes, to the relative value of
investing in developing additional prevention modalities, to the
global spending that will be required in the future. Epidemiology,
economics, demography, statistics, and mathematical modelling
will be central, and it is hoped that this collection of articles will
provide a solid foundation upon which greater collaborations and
deeper insights will be formed, and will strengthen the support for
evidence-based decision-making, to the benefit of all those whose
lives are threatened by HIV epidemics.
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Abstract: Policy discussions about the feasibility of
massively scaling up antiretroviral therapy (ART) to reduce
HIV transmission and incidence hinge on accurately
projecting the cost of such scale-up in comparison to
the benefits from reduced HIV incidence and mortality.
We review the available literature on modelled estimates
of the cost of providing ART to different populations
around the world, and suggest alternative methods of
characterising cost when modelling several decades into
the future. In past economic analyses of ART provision,
costs were often assumed to vary by disease stage and
treatment regimen, but for treatment as prevention, in
particular, most analyses assume a uniform cost per
patient. This approach disregards variables that can affect
unit cost, such as differences in factor prices (i.e., the
prices of supplies and services) and the scale and scope of
operations (i.e., the sizes and types of facilities providing
ART). We discuss several of these variables, and then
present a worked example of a flexible cost function used
to determine the effect of scale on the cost of a proposed
scale-up of treatment as prevention in South Africa.
Adjusting previously estimated costs of universal testing
and treatment in South Africa for diseconomies of small
scale, i.e,, more patients being treated in smaller facilities,
adds 42% to the expected future cost of the intervention.

Introduction

Informed by biological plausibility [1], observational studies [2],
and a trial [3] showing that ART reduces transmission of HIV
within heterosexual serodiscordant couples, recent modelling
papers [4-6] have projected the reduction in HIV incidence and
the impact on health care costs that would follow from achieving
close-to-universal coverage with HIV testing and ART. These
papers argue that sufficiently universal ART coverage would
eventually pay for itself by suppressing HIV incidence and
therefore averting the future need for HIV care, including ART.
Other papers in the July 2012 PLoS Medicine Collection,
“Investigating the Impact of Treatment on New HIV Infections”
analyse the sensitivity of the projected population-level incidence
reductions to the structure and assumptions of an epidemiological
projection model [7-9]. This paper focuses on the cost side of such
projection models. We begin with a general discussion of cost
accounting identities versus flexible cost functions. Then we review
the available literature on modelled estimates of the projected cost

Review articles synthesize in narrative form the best available evidence on a topic.
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of ART provision, including ART for prevention, with a focus on
identifying determinants authors have included, implicitly or
explicitly, in their assumed cost function for ART service delivery.
We then discuss the evidence for a number of such cost
determinants. Finally, we present an example of a flexible cost
function used to explore how economies of scale might affect the
costs of scaling up ART in South Africa. A second paper focussing
on economic evaluation in this collection further discusses how
operational and effectiveness issues in scaling up ART for
prevention will affect its cost-effectiveness [10].

Cost Accounting Identities versus Flexible Cost
Functions

Just as most epidemiological projection models include a
functional representation of epidemiological concepts such as the
force of infection, cost projection models include a function or a set
of functions to characterise the relationship between the total cost
of ART service delivery and various determinants of cost, such as
the number of patients on treatment, the stage in their disease at
which they were recruited, and the ART regimen they receive.
Most existing cost projections assume a single constant unit cost
per patient-year, or per patient-year on a certain regimen, across
large populations and often extended projection periods. A
somewhat more complex approach is to assume a single unit cost
for each of a set of services received by an HIV-positive patient,
such as a unit cost for each type of laboratory test or outpatient
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visit or inpatient day, and then multiply these unit costs by an
estimate of the number of each of these services per patient-year
and by the number of patient-years delivered in a year. We call
such an equation an accounting identity and designate a total
annual cost so defined as an accounting identity cost function,
TCar In its simplest form such a cost function can be written as

TCap =Fixed cost+ A Z qk (1)
k

where £ indexes the facilities delivering ART, ¢, represents the
output of facility 4 in a single time period, typically a year, and 4 is
the average variable cost per patient-year. Cost accounting
identities impose the discipline of arithmetical consistency on
discussions of budgets, costs, expenditures, and efficiency, and
predict future expenditures over the short run. They are a natural
approach when estimating how much delivery of a service
“should” cost. (See the discussion of the distinction between
“normative” and “positive” cost functions in Text S2.) As such,
they are often sufficient for capturing the impact of incremental
policies, e.g., an extension of a health care intervention to a slightly
larger proportion of the same population by increasing coverage.

However, cost accounting identities cannot be used to predict
how costs will change when civil servants, managers, providers,
and patients have an opportunity to adjust service delivery by, for
example, substituting one input for another, or changing the scale
and scope of operations, eligibility criteria, task shifting, or the
deployment of supply- or demand-side incentives. We argue that,
as a result, cost accounting identities are too rigid to model large-
scale changes over periods of more than a few years—such as
those required to achieve the HIV prevention benefits of ART.
For these purposes, a more flexible cost function such as

[TClr =/ (pi-Z;-ax) (2)
can provide a more plausible characterisation and projection of
total annual costs. In Equation 2, p and { are vectors representing,
respectively, the set of relevant input prices and all other policy
and environmental determinants of cost, many of which we discuss
in this paper. The notation f...) stands in for a flexible functional
form chosen either to fit the data or, when data is lacking, to fit the
analysts’ assumptions (see Text S2 for more details). For simplicity,
in both Equation 1 and 2 we have suppressed the time subscripts,
but in a more formal development, time might itself influence
price, output, or other policy determinants.

The Use of Cost Functions in Published Modelled
Economic Analyses of ART

In order to determine the current state of the art, we reviewed
the available literature on modelled estimates of the projected cost
of ART provision to a variety of eligible populations, including
ART for prevention. We searched eight databases (PubMed,
HealthSTAR, POPLINE, EconLit, HEED, Web of Knowledge
[Science and Social Sciences], Embase and CAB Health) for the
years 1988-2011 using any combination of the terms cost*, econ®,
and HIV or AIDS. We supplemented the identified articles by
reviewing the reference lists of identified articles, additional review
articles, and grey literature (slides, conference proceedings, books,
and manuals). We included all articles in any language that
contained modelled cost data of any kind as well as ART as an
intervention, except where it was used for the prevention of
mother-to-child transmission only. Abstracts and articles in all
languages (English, Italian, Spanish, French, and German) were
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read in full by the first author, who made the decision whether to
include the article in the review. We excluded editorials and
letters, articles without quantitative data, and articles that did not
include a modelled estimate, such as papers reporting cost data
from a single site. The last have been reviewed repeatedly in the
past [11-15]. We reviewed the included articles with regards to
their economic evaluation method, the type of model used, their
time horizon, the outcome metric and result, and whether the
input cost (often in the form of average per patient cost per unit
time) was constant or had been varied by determinants such as
types of regimens used, health state, time on treatment, and mode
of delivery, in either the main or the sensitivity analysis.

We identified 45 published articles, one conference abstract,
and four reports on modelled economic analyses of ART provision
worldwide (Table 1; Text S1). Thirty-eight analyses were for single
countries, four were for wider regions, and eight were global. Five
analyses, all for single countries, specifically considered the impact
of ART on HIV transmission; we discuss these separately.

Thirty-three analyses modelled ART programmes within a
single country, without considering the transmission impact of
ART [16-48]. Most of the 24 high-income-country analyses
compared the incremental cost and effectiveness of a new drug
regimen with that of an older one [22,24-26,33,36-39]. Amongst
the nine low- and middle-income-country (LMIC) analyses, six
analyses focussed on the choice of eligibility criteria [40-45,47,48].
One analysis compared ART with no ART [43], one, first-line
treatment with first- and second-line treatment [40], and one,
different regimens for women previously exposed to single-dose
nevirapine as part of prevention of mother-to-child transmission
[47].

In terms of the use of cost functions, most of these single-country
papers varied input cost (i.e., the cost per patient per unit of time)
by protocol-related variables such as treatment regimen, health
state (defined by the absence or presence of symptoms, opportu-
nistic infections, AIDS-defining diseases, and/or CD4 cell count
levels), and/or time on treatment (see Table 1). Only two papers,
both of them on LMICs, varied cost by level of care (secondary
versus tertiary) [43] or mode of health care provision (public versus
private) [44]; none of the papers varied per patient cost by scale or
other programmatic variables.

The four regional studies [49-52] all focussed on sub-Saharan
Africa (with one study [52] additionally including Southeast Asia).
These studies modelled the cost of defined increases in ART
coverage from a low baseline [49,50] and the cost effectiveness of
ART provision through the specific setting of an antenatal care
clinic [51]. One paper used the same constant input cost for all
patients [52]; two papers varied input cost by regimen [49,52].
None of the papers varied per patient cost by any other variables.

The eight global studies, published between 1997 and 2011,
describe a clear evolution in both data availability and modelling
technique [53-60]. The older analyses estimate cost based only on
the number of HIV-positive people from a number of sources,
varying assumptions of AR'T coverage at baseline, with costs based
on guidelines and prices from high-income countries [53,54].
Later analyses model global cost under concrete programmes,
such as the World Health Organization’s 3 by 5 initiative [57] and
the Global Fund to Fight AIDS, Tuberculosis and Malaria
[56,58], based on per patient cost estimates from relevant LMICs
and more advanced epidemiological models of the number of
patients in need of ART, such as the Spectrum model [58,59] and
the Resource Needs Model [60]. Three of the eight global analyses
used constant input costs for all patients [53-55]; two varied input
cost by regimen [57,58], and one additionally by health state [58].
One study included the impact of access to pool procurement
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prices negotiated by the Clinton HIV/AIDS Initiative on per
patient cost [57], one varied drug prices by per capita gross national
product [56], and one assumed a reduction of per patient cost of
65% by 2020 as a result of task shifting and cheaper point-of-care
diagnostics [60]. No other cost determinants were considered.

Tive studies between 2006 and 2011 that analysed the cost of
ART for a single country included an impact of treatment on HIV
transmission and, hence, on the number of future infections and
future cost [4,5,61-63]. Three of these analyses were cost-
effectiveness analyses of different strategies of eligibility and
coverage [61-63]; two were analyses of the cost impact and cost
benefit of earlier treatment initiation, including universal testing and
treatment [4,5]. With respect to cost functions, three of the analyses
varied input cost by regimen [4,5,63], three by health state [61-63],
and one by time on treatment [62]; additionally, one analysis varied
input cost by whether treatment was administered in a structured
way in the public sector or an unstructured way in the private sector
[62]. No other variation in cost was considered.

Potential Determinants of a Flexible Cost
Function

As summarised above, most modelled estimates of the projected
cost of ART provision to date have used cost accounting identities,
with minimal use of cost functions. If a more flexible cost function
is chosen for modelling the future cost of ART over several
decades, which variables should be included in this function? Here
and in Table 2, we review the evidence for some possible
determinants of the cost of AR'T provision.

Treatment Characteristics: Regimens, Health States, Time
on Treatment

Most reviewed papers recognised that more complex cases of any
disease engender higher treatment costs. Modellers addressed this
by assuming a unit cost that varied by treatment regimen, health
state, or time on treatment. These are important cost determinants,
since the cost of a national programme will be largely defined by the
distribution of the national treatment cohort into first- and second-
line regimens (with second-line regimens being much more
expensive in most countries) [64] and into CD4 cell count strata
associated with different disease burden and cost. Likewise, an

analysis of hospitalisation frequency and cost in the same patients
before and after ART initiation found the cost of hospitalisation per
patient-year in patients with CD4 cell count <100 cells/ul to be ten
times higher than in patients with CD4 cell count >350 cells/ul
[65] (see also [66-68]). However, we argue that these characteristics
are not the only ones that input cost should vary by, and their
relevance for total cost might be overwhelmed in situations of rapid
scale-up or large-scale changes to programme delivery such as task
shifting to lower levels of facilities and health care cadres.

Factor Prices

The prices of factors of production, including labour, supplies,
utilities, transportation, equipment, and buildings, clearly affect the
cost of health services. By varying input cost by treatment regimen
and, in some cases, also changing the cost of laboratory tests over
time, most of the reviewed analyses have taken factor prices into
account. And for good reason: the cost of antiretroviral drugs—in
many countries the largest component of the cost of ART
provision—has changed dramatically over the last ten years,
especially for LMICs. By October 2000, the prices of antiretroviral
drugs in resource-constrained settings had fallen by 90% on average
[69], owing largely to the increased availability of generically
manufactured drugs from three Indian companies and the
possibility of importing these drugs in parallel with patent-protected
drugs under the World Trade Organization Agreement on Trade-
Related Aspects of Intellectual Property Rights [70]. The price of
the non-generic version of the most common first-line drug
combination (stavudine+lamivudine+nevirapine) dropped by 93%
from US$10,439 to US$727 between June 2000 and September
2001 [71]. Even though the price of the regimen fell by another
54% between 2001 and 2008, the scope for further reductions in the
price of antiretrovirals is assumed to be limited, shifting the focus to
the cost of other factor prices such as service delivery, laboratory
tests, and overheads.Reductions in all of these are targeted by
UNAIDS’s Treatment 2.0 initiative [72].

Scale

As mentioned, none of the reviewed papers considered an
impact of scale, i.e., the size or coverage of the programme, on
cost, despite the dramatic increases in scale modelled by some of
the papers—especially those analysing the cost of treatment for
prevention [4,5]. This stands in contrast to much of economic
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Table 2. Schematic summary of determinants of the cost of ART provision.
Direction and Size of Direction of Change Open to Direct

Determinant Metric Change in Cost with Scale Manipulation?
Treatment characteristics: regimens, Median CD4 cell count under ART; distribution | | 1 No
health states, time on treatment into first line/second line; proportion of cohort

with CD4 <50 cells/ul
Factor prices Cost per input A l (Yes)
Scale Number of patients; number of ART clinics | |, then 1 — (Yes)
Experience of facility and programme  Total patient-years of treatment ! T No
Scope (facility type) and distribution Proportion treated in primary- versus secondary- | /1 1 Yes
into care sectors versus tertiary-level clinics versus stand-alone

clinics; proportion treated by public versus

private (for-profit and not-for-profit)
Quiality of care Retention = clinical improvement (weight, CD4 1, then | l Yes

cell count, viral load)
Technical efficiency: incentives, Provider payments as a function of output or |, except technical ? Yes
supervision, and technical change outcome; frequency/intensity of supervision/ change:?

training; doctor/nurse ratio or protocol selection
doi:10.1371/journal.pmed.1001247.t002
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theory, which assumes a U-shaped relationship between scale and
average cost, with cost per unit of output at first decreasing as
quantities of output increase, because inputs (e.g., staff) are shared
to produce an increasing number of outputs (e.g., patients seen).
When scaling up further, beyond a certain number of outputs, new
inputs will be required, leading to increasing average cost for large
facilities or broadly expanded programmes. Scale economies seem
plausible in ART service delivery because the cost of some
functions of an ART treatment site, such as building maintenance,
personnel management, and the transportation of supplies, will
increase in more direct proportion to the number of sites than to
the number of patients each one serves. This means that at the site
level, increasing the number of patients generates a less than
proportionate increase in cost.

Only a few programmes have produced data that have allowed this
relationship to be examined empirically. Economies of scale have
been found in HIV prevention programmes [73-75] and in the
modelled cost of hygiene outreach interventions, the latter showing a
U-shaped relationship between coverage and average or marginal
cost [76]. The worked example below and Text S2 provide more
discussion of the concept and application of scale economies.

Experience of Facility and Programme

The implementation of most interventions is traditionally
assumed to benefit from “learning by doing”, which results in
reductions in average cost. Since this learning often coincides with
scale-up, this relationship is not always easy to distinguish from the
reduction of average cost with scale mentioned above. In an analysis
of data from ART clinics supported by the US President’s
Emergency Plan for AIDS Relief, Menzies et al. found that median
per patient cost across a number of sites in different countries
decreased with each successive six-month period from the start of
the ART programme at each site [77], with the biggest decrease
between the first and the second six-month periods. The potential
effect on cost of increased facility and programme experience over
time was not considered in any of the reviewed papers.

Scope (Facility Type) and Distribution into Care Sectors
(Private versus Public)

As with scale, the cost of a national ART programme will also be
affected by a change in the scope of ART provision, 1.e., the type of
facilities (e.g., primary health care clinics versus specialised ART
clinics at secondary- or tertiary-level hospitals) and whether or not
they are in the public or the private sector, with the private sector
further divided into for-profit and not-for-profit (e.g., non-govern-
mental organisations [NGOs]). Generally, larger health care
facilities, such as hospitals, can achieve economies of scope by
spreading the cost of infrastructure over the production of multiple
health services. Rosen et al. compared the cost of ART provision
per patient-year for the first 12 months of treatment across a clinic in
a public hospital, a group of private general practitioners, a private
NGO-run HIV clinic, and a private NGO-run primary health care
clinic in South Africa [78]. They found costs to vary significantly
between sites as a result of differences in service delivery (see
Figure 1). Since patient mix was comparable across three of the four
sites, only a small portion of the difference in cost could be ascribed
to differences in disease severity. Amongst the reviewed papers, only
three included level of care as a variable determining input cost (in
South Africa [43], India [44], and Thailand [63]). Future cost
projections should include information on the variation of cost by
level of care and mode of delivery, as well as the expected
distribution of the treatment cohort between different levels and
modes, especially where these are likely to change as a result of
planned dramatic increases in the size of the programme.
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Quality of Care

Quality of health care is notoriously difficult to measure, but in
ART service delivery, a facility’s success at retaining patients in
treatment, and improving the patient cohort’s health on average, is a
reasonable proxy. The same analysis by Rosen et al. compared the
cost per quality-adjusted output between the four settings, using
routinely collected data (such as patient status, CD4 cell counts, viral
loads, and the absence or presence of new World Health
Organization stage 3 or 4 conditions) to calculate patient retention
in care and response to treatment [78]. While the cost of patients who
were no longer in care (i.e., had died or been lost to follow-up during
the first 12 months after treatment initiation) was comparable across
settings, the cost per patient in care and responding to treatment, and
the cost per patient in care and not responding to treatment, was
significantly different between the four clinics (Figure 2). Depending
on the quality of care in each clinic, and the resulting levels of loss to
follow-up and treatment failure, the additional cost per patient in care
and responding was 22% and 48% of the average annual cost per
patient at two sites because of resources spent on patients either
leaving care or not responding to care.

Technical Efficiency: Incentives, Supervision, and
Technical Change

Technical efficiency i3 defined as the production of a good or
service without waste, and is thus another important determinant of
cost. Both public and private sector providers face constraints in the
availability and quality of staff, which will affect the cost of rolling out
an intervention differently at a different scale. Staffing in the public
sector faces constraints such as lower wages, low work morale, and
staff absenteeism, which result in low quality of care. Staffing in the
private sector may not be subject to those issues to the same extent
because of fee-for-service financing mechanisms, but fee-for-service
mechanisms have the undesirable effect of deterring patients,
especially uninsured patients, from seeking treatment [79]. Leonard
and colleagues have shown that non-financial incentives such as
encouragement and supervision by a peer can improve the quality of
care provided by health care workers [80,81]. As donor programmes
such as the US President’s Emergency Plan for AIDS Relief and its
contractors relinquish direct control of patient treatment in favour of
subsidies to NGOs or technical support for local government
provision, the issue of management will become increasingly
important as a determinant of technical efficiency and therefore costs.

Our view that programme characteristics such as scale/
coverage, scope, managerial incentives, and quality/effectiveness
can have important effects on the costs of ART delivery is
endorsed by a second paper in this PLoS Medicine collection [10],
which also points to the difficulty of projecting the future costs of
technologies that are not yet widely used or have not even been
invented. The solution to the former problem is to collect cost data
on a wide range of current practices, and project future costs
under the hypothesis that the technology mix will shift, e.g.,
towards smaller scale treatment programmes, as in the example in
the next section. Projecting the costs of unknown future
novations is a less tractable problem, but arguably could best
be approached by using simple flexible functions of a few
fundamental variables like input prices, and allowing technical
efficiency to improve according to a time trend.

A Worked Example of a Flexible Cost Function:
The Impact of Scale on the Cost of Universal
Testing and Treatment

For achieving the target coverage for universal testing and
treatment in South Africa, Granich et al. [4] proposed a scale-up
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Figure 1. Annual per patient cost of ART provision in four different settings in South Africa. Based on [78]. *, difference from public
hospital significant at p<<0.05. GPs, general practitioners; PHC, primary health care clinic; USD, US dollars.
doi:10.1371/journal.pmed.1001247.9001
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Figure 2. Annual per patient cost of ART provision per type of outcome in four different settings in South Africa. Based on [78]. GPs,
general practitioners; PHC, primary health care clinic; USD, US dollars.
doi:10.1371/journal.pmed.1001247.g002
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doi:10.1371/journal.pmed.1001247.g003

from 1.5 million patients on ART in June 2011 [82] to 4.1 million
patients by mid-2016. While a flexible cost model of this scale-up
proposal could incorporate any of the cost determinants described
above, we have data on only one of these: the current size
distribution of treatment facilities, i.e., scale. Since economies of
scale seem likely to be a persistent feature of ART service delivery,
we use this cost determinant in this example, with the hope that
more of the data needed to model other potentially important cost
determinants will become available in the future. We reviewed the
actual size distribution of accredited ART treatment sites in South
Africa in June 2010, using government and other sources (Figure 3).
When the logarithm of size is charted against the logarithm of size
rank, many size distributions in nature are approximately linear,
following Zipfs law [83]. We hypothesize that the marked
nonlinearity of the size distribution of South Africa’s ART sites in
2010 was due to the recent scale-up occurring in larger sites and was
temporary. If that is true, and if the largest 50 sites are assumed to
retain their current patient loads during programme expansion,
then expansion from 1 million patients at the beginning of 2010 to
4.1 million in 2016 would require that more sites be opened and that
the scale of smaller sites be increased sufficiently to accommodate
the additional patients. As a result, the size distribution of ART sites
would straighten out over time. Then, as patient load subsequently
contracts over time due to the hypothesized prevention success of
the universal test-and-treat policy, we expect the size distribution to
mature into a power law that is linear in logarithms, which first
steepens, as smaller sites contract first and, once the number of
enrolled patients contracts to below 1 million, contracts propor-
tionally at all sites (sece Text S2 for details).

Assuming a plausible size distribution of the patient load at
ART sites allows us to estimate the effect that a cost function
incorporating scale economies would have on the projection of

@ PLoS Medicine | www.plosmedicine.org

total cost. Suppose that the production technology of AR services
exhibits a scale elasticity of 0.7, meaning that every 10% increase
in scale is associated with only a 7% increase in total cost, because
of scale efficiencies. Assuming for simplicity that all economies of
scale occur at the facility level, total cost (tc) for the country would
be the sum of

teg = Ay + g A3)
over all the sites in the country, where 4, =/(p;, <), held constant
at A in the present analysis (US$7,600, calibrated from the known
size distribution of patients and total cost per patient in 2010; Text
S2 gives results for other elasticities of scale between 1.0 and 0.5).
Since average cost at a site is defined as total cost at that site
divided by quantity of patients at that site, the facility-specific
average cost function (atcy) consistent with Equation 3 is

tc -
atcy = & = A q;O'S
qk

)
Applying this cost function to the current and projected facility size
distribution yields estimates of the total national cost of ART in
each year of the simulation, which we compare to the Granich et
al. estimates for the same scale-up scenario (Figure 4). Our
assumption that the number of clinics must expand substantially to
serve the estimated 4.1 million patients means that an increasing
proportion of patients will be served in smaller clinics, which suffer
from diseconomies of operating at small scale. In comparison to
Granich’s estimate of a peak annual cost of US$3.5 billion in 2016,
the scale-adjusted estimate is US$4.4 billion, or 26% higher. As the
number of patients moderates over time (due to Granich et al’s
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assumptions of a strong population-level reduction in HIV transmis-
sion and of a concomitant 40% reduction in risky behaviour), the
excess of scale-adjusted costs over accounting identity costs declines to
below 20% and then rises again to 50% by the year 2050. Total
accumulated cost over the 40-year period of the projection rises from
US$75 billion to US$106 billion, an increase of 42%.

This example shows that the simple adjustment of the cost per
patient-year for scale and a plausible pattern of distribution of
patients into clinics can have a major impact on projected costs
over future decades and can highlight the challenge of scaling up a
treatment programme to full coverage of people outside urban
areas.

Conclusions and Recommendations for Improved
Cost Projections

For modellers’ projections of alternative ART scale-up scenarios
to attract serious policy attention, the assumptions and structure of
the cost side of these models, like those on the epidemiological
side, should be plausible, supported by observational studies, and,
where available, based on results from trials of the costs of
alternative service delivery methods. The envisaged cost-effective-
ness analyses alongside the planned large-scale trials of treatment
as prevention that will be rolled out over the next years provide a
historic opportunity to collect such data and allow more precise
projections of the future cost of ART programmes using flexible
cost functions. Text S2 provides a summary of the differences in
data and algebra needed for an accounting identity versus a
flexible cost function for estimating cost for an individual facility’s
or a country’s national ART programme. Data collection on large
samples of facilities should go beyond measuring the quantity and
quality of ART services, to capturing the actual cost of services
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delivered in a sample of facilities at different levels of care and
details about all of the above-listed determinants of cost. With such
data on a sample of ART facilities within its own borders, a

Key Points

e In modelling the projected costs of a health programme,
flexible cost functions, in which costs vary with certain
known or assumed determinants, provide a more
plausible characterisation and projection of total annual
costs than simple accounting identities.

e A review of previous models estimating the cost of ART
provision indicates that while most models accounted
for how costs vary with patient health status and
treatment regimen, variability in other determinants of
cost was rarely included.

e Potential determinants of cost that could be included in
flexible cost functions for ART provision when modelling
over several decades into the future include patient
health status and treatment regimen, factor prices,
programme/facility scale, facility experience, facility type,
quality of care, and the technical efficiency of staff.

e A worked example of a flexible cost function modelling
the impact of one of these determinants, programme
scale, on the costs of a proposed universal testing and
treatment programme in South Africa found that the
inefficiencies of small scale could add up to 42% to the
total future cost of the programme.

e Another article in this PLoS Medicine collection [10]
discusses additional operational and effectiveness issues
relevant for the economic evaluation of scaling up ART
for prevention.
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country’s government and any donors supporting its HIV care
programme can not only improve their projections of the long-
term implications of any given commitment to antiretroviral
treatment, but also model the benefits of policies to improve the
cost-effectiveness of their efforts.

Supporting Information

Text S1 Methods and results of previously published
modelled economic analyses.

(PDF)

Text S2 The algebra of flexible cost functions.
(PDF)
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Abstract: Meyer-Rath and Over assert in another article
in the July 2012 PLoS Medicine Collection, “Investigating
the Impact of Treatment on New HIV Infections”, that
economic evaluations of antiretroviral therapy (ART) in
currently existing programs and in HIV treatment as
prevention (TasP) programs should use cost functions that
capture cost dependence on a number of factors, such as
scale and scope of delivery, health states, ART regimens,
health workers’ experience, patients’ time on treatment,
and the distribution of delivery across public and private
sectors. We argue that for particular evaluation purposes
(e.g., to establish the social value of TasP) and from
particular perspectives (e.g., national health policy mak-
ers) less detailed cost functions may be sufficient. We then
extend the discussion of economic evaluation of TasP,
describing why ART outcomes and costs assessed in
currently existing programs are unlikely to be generaliz-
able to TasP programs for several fundamental reasons.
First, to achieve frequent, widespread HIV testing and
high uptake of ART immediately following an HIV
diagnosis, TasP programs will require components that
are not present in current ART programs and whose costs
are not included in current estimates. Second, the early
initiation of ART under TasP will change not only patients’
disease courses and treatment experiences—which can
affect behaviors that determine clinical treatment success,
such as ART adherence and retention—but also quality of
life and economic outcomes for HIV-infected individuals.
Third, the preventive effects of TasP are likely to alter the
composition of the HIV-infected population over time,
changing its biological and behavioral characteristics and
leading to different costs and outcomes for ART.

More versus Less Detailed Cost Functions

The results from the HTPN 052 trial reported in August 2011
demonstrated under the controlled conditions of a well-conducted
clinical trial that early antiretroviral therapy (ART) can be highly
effective in preventing transmission of HIV in stable heterosexual
HIV-discordant couples [1]. Several experimental studies are
currently underway or planned to investigate the effectiveness of
HIV treatment as prevention (TasP) in general populations,
including in HIV hyperendemic communities in sub-Saharan
Africa [2,3]. A few mathematical modeling studies have predicted
the cost-effectiveness of TasP, using cost estimates derived from
currently existing ART programs [4-7]. Meyer-Rath and Over
review prior studies of ART costs, and discuss the cost assumptions
used in economic evaluations of HIV treatment [8]. They find that
economic evaluations of TasP have tended toward a simplified
accounting for variation in ART costs across patients and settings,
focusing on a limited set of factors such as regimen or disease

@ PLoS Medicine | www.plosmedicine.org

stage. Meyer-Rath and Over argue that future economic
evaluation should account for a range of other factors that may
be significant determinants of ART costs, including scale and
scope of delivery, health states, ART regimens, health workers’
experience, patients’ time on treatment, and the distribution of
delivery across public and private sectors.

In making this argument, Meyer-Rath and Over distinguish
between two categories of ART cost functions [8]: “cost
accounting identities,” which generate estimates of total costs
based on mathematical representations of the production process,
and “flexible cost functions,” which generate estimates of total
costs based on empirically derived relationships between costs and
other factors, while treating the details of the production process as
a “black box” (Text S1 of [8]). Meyer-Rath and Over find that
that “[m]ost existing [ART] cost projections assume a single
constant unit cost per patient-year, or per patient-year on a certain
regimen,” while a few have allowed for variation of costs by
disease stage but not by other factors [8]. Concerns with the level
of detail in modeling the costs of TasP derive in part from the past
focus on predictive, or ex ante, economic evaluations, which rely
heavily on mathematical or statistical models to extrapolate from
limited empirical observations (as opposed to ex post evaluations,
which use direct observation of actual costs and benefits) [9].

It may indeed be ideal to capture the dependence of costs on
many factors in economic evaluation of TasP—a task that could
theoretically be achieved either by improving our understanding of
the production process or through empirical examination of
relationships between costs and other factors. However, the
necessary data on the ART production process or on the
relationship between ART costs and factors such as the scope of
delivery or patients’ time on treatment are currently largely lacking
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and may not become widely available for most settings in the near
future, despite ongoing studies that will generate such data for a
few settings. The absence of empirical data raises the question
whether economic evaluation of TasP can be “good enough”
without accounting for the dependence of ART costs on many of
the factors that Meyer-Rath and Over argue convincingly could be
determinants of ART costs.

The answer to this question will depend on both evaluation
purpose and perspective. If the purpose is to decide whether or not
to implement TasP, less detailed cost functions may be sufficient,
because the result will be a yes/no answer indicating whether
TasP produces a net benefit to society, or falls below some
predetermined cost-effectiveness threshold. Such a result may be
relatively robust to imprecision in the specification and estimation
of costs. If, on the other hand, the purpose of the evaluation is to
establish the most efficient approach to deliver TasP, given that it
has been decided that it should be implemented, it will be crucial
for the analysis to capture cost variations based on factors such as
health worker—to—patient ratio, size and type of health care facility,
and the level of integration of TasP programs into the general
health care system.

The example Meyer-Rath and Over calculate in their article is a
case in point. Based on theoretical considerations of economies of
scale and empirical observation of scale effects in most industries,
including in the delivery of HIV prevention services [10-12], they
argue that it is unlikely that average costs would remain constant
across scale of ART delivery. To demonstrate the potential impact
of scale effects on costs, they adjust the estimates for implementing
TasP in South Africa produced by Granich et al. [13] “for scale
and a plausible pattern of distribution of patients into clinics” [8].
The result of this adjustment is an increase in total accumulated
cost over 40 years from US$75 billion to US$106 billion. While
this difference in cost estimates is large, given the dramatic effect of
TasP estimated by Granich et al. [13], it may not alter the overall
conclusion that TasP is a socially worthwhile intervention. In
particular, if TasP could indeed eliminate HIV incidence, as
Granich et al. [13] assert based on their modeling results, the
economic case for TasP would likely be robust to large increases in
the cost estimates. At the same time, cost increases of the
magnitude calculated by Meyer-Rath and Over would be
extremely important for the practical exercises of financial
planning and budgeting for TasP.

Whether less detailed cost functions will suffice in a given
situation is also affected by the evaluation perspective. For
instance, from the perspective of national health policy makers,
economic evaluation may not need to account for the relationship
between ART costs and the sector of delivery because policy
makers may not be concerned about patients who utilize ART in
the private sector. Conversely, from the perspective of for-profit
companies providing ART in workplace HIV treatment programs,
only the private sector costs will be relevant. In such cases, cost
functions that account for differences in public versus private
sector costs are not required.

Meyer-Rath and Over start the important discussion of which
factors to include in cost functions in economic evaluations of
TasP. We argue that for particular evaluation purposes (e.g., to
establish the social value of TasP) and from particular perspectives
(e.g., national health policy makers) “‘undetailed” cost functions,
which do not capture cost dependence on many factors, may be
sufficient.

ART and TasP Programs: Important
Considerations for Economic Evaluation

A more fundamental issue in the economic evaluation of TasP is
the fact that TasP programs will differ from existing ART
programs in several important respects, which may substantially
impact the costs, outcomes, and cost-effectiveness of TasP (for an
overview, see Table 1).

Program Components and Costs

As Meyer-Rath and Over observe, estimates of ART costs in
models predicting the cost-effectiveness of TasP are usually based
on the mix of interventions in currently existing ART programs.
However, TasP strategies will likely require interventions that are
not usually present in existing ART programs [14]. The costs of
these interventions need to be accounted for in economic
evaluations of TasP. As data on CD4 count at ART initiation
demonstrate [15,16], most HIV-infected people in sub-Saharan
Africa do not start treatment until they have reached advanced
stages of HIV disease (despite a moderate but steady increase in
median CD4 count at initiation over the past years [16]). The late
ART initiation occurs despite national treatment guidelines in sub-
Saharan Africa stipulating that all HIV-positive individuals be

Table 1. Overview of differences between existing ART programs and TasP.

Difference Explanation

Program components To achieve widespread and frequent HIV testing and high uptake of ART immediately following an HIV diagnosis, TasP strategies will

likely require interventions that are not present in current ART programs.

Disease experiences and
treatment outcomes

Disease experiences and treatment-relevant behaviors: patients who initiate ART early are less likely to experience recovery from the
symptoms of the later stages of HIV disease. Lack of such experience may affect behaviors that are crucial for treatment outcomes,
such as ART retention and adherence.

Quality of life: early initiation may reduce quality of life (because it increases the duration of drug side effects and transforms people
into patients several years earlier than under current ART guidelines) or improve quality of life (because it decreases the severity of
drug side effects and avoids the psychologically distressing situation of having to wait for one’s health status to deteriorate before
being allowed to start ART).

Economic productivity: early initiation may reduce the lifetime economic productivity of HIV-infected individuals (because it increases
the total portion of lifetime spent utilizing ART) or improve productivity (because it avoids the negative economic consequences of
deteriorating health preceding late ART initiation).

Patient population In the long run, successful TasP could lead to changes in the composition of the people requiring ART, because the preventive effects

of TasP may benefit some population subgroups at risk of HIV acquisition, but not others.

doi:10.1371/journal.pmed.1001263.t001
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referred to CD4 count testing and clinical disease staging after a
positive HIV test result [17].

To succeed in reducing HIV incidence in the general
population, TasP programs require that very high proportions of
all HIV-infected people in a community receive ART. To this end,
TasP programs must ensure that most community members who
have not been diagnosed with HIV frequently test for HIV and, if
found to be HIV-infected, initiate treatment soon after diagnosis.
The costs of interventions to achieve frequent, widespread HIV
testing (e.g., through community mobilization and home-based
testing) and high uptake of ART among people newly diagnosed
with HIV (e.g., through counseling, improved transport, and
financial incentives) must be included on the cost side of the
economic evaluation of TasP [18].

In addition, some structures and processes that are in place in
existing ART programs may need to be enhanced to achieve good
TasP outcomes, e.g., community-based treatment supporters or
mobile-phone short messages to ensure good ART retention and
adherence [19]. The expenditures for such enhancements need to
be accounted for in the economic evaluation of TasP. Of course,
the specific components required for successful TasP will depend
on the particular TasP intervention strategy—universal popula-
tion-wide HIV testing and treatment will use different approaches,
and incur different costs, than TasP strategies targeted at people at
high risk of HIV transmission, such as HIV-infected individuals in
HIV-discordant couples [2,13,20]. It will thus be crucial that TasP
implementations both in trials and in routine settings are
accompanied by rigorous empirical studies that measure the
expenditures for all TasP components.

Disease Experiences and Treatment Outcomes

A second issue in predicting the cost-effectiveness of TasP based
on costs and outcomes observed in current ART programs is that
TasP patients are initiated earlier on ART than patients in existing
programs. While patients in sub-Saharan Africa currently initiate
ART at a median CD#4 cell count below 140 cells/pl [15] (which is
substantially lower than the typical CD4 count eligibility
thresholds of 200 cells/pul or 350 cells/pl), patients in successful
TasP programs would initiate ART soon after first diagnosis of
HIV infection (which ideally would occur soon after HIV
infection). As a result of earlier ART initiation, patients’ disease
experiences and treatment outcomes are likely to be significantly
altered.

Disease experiences and treatment-relevant
behaviors. Patients who initiate ART early are unlikely to
experience the symptoms of the later stages of HIV disease, as well
as the subsequent recovery on treatment, which many patients
enrolled in currently existing ART programs have experienced.
The recovery on ART from weight loss, physical weakness, and
the opportunistic infections of late-stage HIV disease may
convince patients in current treatment programs that ART is
indeed effective and, as a result, improve their long-term ART
retention and adherence. Patients in successful TasP programs, on
the other hand, will usually lack such experiences and may
consequently be less motivated to adhere well to their clinical
appointments and drug regimens. Rates of resistance develop-
ment, mortality, and morbidity may thus be higher in TasP
programs than in existing ART programs.

Quality of life. TasP is also likely to affect quality of life, but
the direction and magnitude of the net effect over a patient’s life
course is unknown. TasP patients who initiate ART early will
experience drug side effects of ART for a longer total duration
than patients in currently existing programs. At the same time, side
effects and toxicities may be less frequent or less severe in patients
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who initiate ART early [21,22], and TasP patients who adhere
well to their treatment regimens may be able to completely avoid
some of the symptoms of more advanced stages of HIV disease
that can substantially reduce quality of life [23]. It is further
plausible that early ART initiation improves quality of life because
it avoids the psychologically distressing situation of having to wait
for one’s health status to deteriorate before being allowed to start
ART. Conversely, it is also plausible that early initiation reduces
quality of life, because it transforms people with no obvious
symptoms into patients, and burdens them with the responsibilities
of chronic disease treatment, such as regular clinic visits and pill-
taking, several years earlier than under current ART guidelines.

Importantly, the net effect of TasP on quality of life will depend
on the counterfactual to which it is compared. Since economic
evaluation is intended to inform the decision whether to
implement TasP against the background of already existing
policies, the best counterfactual will be ART provided at the
current ART eligibility threshold in a country. In particular
settings, such as the US, where individuals are currently already
eligible at the highest CD4 count for which there is clear evidence
of health benefit to the HIV-infected patient [24], TasP will be
equivalent to initiating on ART a group of people who will not yet
derive benefits for their own health from the treatment. In these
situations, limiting the health effects of TasP will be limited to
reduction of HIV transmission to others and quality of life
changes. Empirical evaluations of TasP should thus always include
quality of life assessments.

Economic productivity. In current ART programs, ART
patients’ economic situation commonly improves with time on
treatment [25—27], and recent evidence from a population-based
study shows that ART can lead to nearly full employment recovery
among HIV patients in rural Southern Africa [28]. In the context
of TasP, patients who adhere well to their treatment regimens will
be unlikely to experience negative effects of HIV on economic
productivity because they initiate ART many years before they
would have suffered from significant HIV disease, had they not
received ART. On the other hand, TasP patients will start
incurring the time losses and transport costs of ART utilization
several years earlier in their disease course than patients enrolled
in currently existing ART programs. For economic evaluations
that take the perspective of the society as a whole, which include
patients’ private expenditure and economic productivity in
addition to the costs incurred by the public health care sector,
ART effects on patient income must be incorporated in the
analysis. As the direction and magnitude of TasP effects on
economic outcomes over a patient’s life course are currently
unknown, these effects need to be established in empirical studies
of TasP.

Changes in the HIV-Infected Population

Above, we have argued that the same people would behave
differently in TasP programs than they currently do in existing
ART programs. But, over time, TasP will also change who the
people living with HIV are. One important reason for this change
arises because people who newly acquire HIV despite successful
implementation of TasP in their communities are likely to differ in
their biology or behavior from the people who have acquired HIV
in the past and are currently receiving treatment. If TasP is indeed
effective in averting onward transmission of HIV, the people who
acquire HIV in the presence of TasP may have particularly weak
immune-system functioning or engage in exceptionally high-risk
sexual behavior with HIV-infected people who do not participate
in TasP. Thus, under successful TasP strategies the population of
HIV-infected individuals will not only be smaller (as the TasP
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effects reducing transmission will over time outweigh the effects on
survival [29,30]), but it will also possess different average
characteristics, e.g., regarding biological susceptibility to HIV
infection or sexual risk-taking. As average ART patient charac-
teristics change following the introduction of TasP, it is likely that
ART costs and outcomes will change as well, because some of the
characteristics that determine the extent to which a person is
protected from HIV acquisition by TasP will also affect ART
success (such as immunological functioning or adherence behav-
ior).

Conclusion

Over the coming years, more detailed cost data are likely to
become available, which will allow incorporating the cost
determinants that Meyer-Rath and Over identify into predictive
models of the economic value of TasP. While these data are not
yet available, it is important to keep in mind that detail in
representing the dependence of ART costs on a range of factors in
economic evaluation is likely to matter far less for establishing
whether TasP is beneficial for a population than for determining
which models of TasP delivery allocate scarce resources optimally.
For the former purpose, relatively simple cost functions may be
sufficient.

Several more fundamental issues deserve consideration
setting up economic evaluations of TasP. First, to achieve
frequent, widespread HIV testing and high uptake of ART
immediately following an HIV diagnosis, TasP programs will likely
require components that are not present in current ART programs
and whose costs are thus not incorporated in current cost estimates
(such as community mobilization and frequent HIV testing of all
community members who have not been diagnosed with HIV).
Second, the early initiation of ART under TasP will change not
only patients’ disease courses and treatment experiences (which
can affect behaviors that determine clinical treatment success, such
as ART adherence and retention), but also the quality of life and
economic productivity of HIV-infected populations—changes in
outcomes that need to be accounted for in economic evaluation.
And, third, the preventive effects of TasP are likely to alter the
composition of the HIV-infected population in the long run,
changing its biological and behavioral characteristics and leading
to ART costs and outcomes that are different from those observed
for current ART patients.

in
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Key Points

e Using antiretroviral treatment (ART) cost functions that
capture a range of relationships between costs and other
factors, as recommended by Meyer-Rath and Over in
another article in this collection [8], will likely be
important for economic evaluations aiming to determine
which delivery model of HIV treatment as prevention
(TasP) will allocate resources optimally, but it may not be
necessary to establish whether TasP will increase social
welfare.

e There are several problems inherent in predicting the
cost-effectiveness of TasP based on outcomes and costs
observed in currently existing ART programs, because
TasP will (i) require components that are not present in
existing programs, (i) affect the disease courses and
treatment experiences, quality of life, and economic
productivity of people living with HIV, and (iii) change
the composition of the HIV-infected population.

e To improve our capacity to estimate the social value of
TasP in economic evaluation, empirical studies need to
comprehensively assess the costs of all TasP components
and measure not only the TasP effects on HIV incidence
and mortality but also the impacts on quality of life and
economic productivity.

Hence, while it is useful to predict the economic value of TasP
using data from existing ART programs, such forecasts can only
serve as an initial guide for health policy. Future studies
accompanying ongoing and planned TasP trials and implemen-
tations need to comprehensively assess the costs of all TasP
components, as well as TasP effects on a range of outcomes
beyond HIV incidence and mortality, including quality of life and
economic productivity.
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Abstract: Until now, decisions about how to allocate ART
have largely been based on maximising the therapeutic
benefit of ART for patients. Since the results of the HPTN
052 study showed efficacy of antiretroviral therapy (ART)
in preventing HIV transmission, there has been increased
interest in the benefits of ART not only as treatment, but
also in prevention. Resources for expanding ART in the
short term may be limited, so the question is how to
generate the most prevention benefit from realistic
potential increases in the availability of ART. Although
not a formal systematic review, here we review different
ways in which access to ART could be expanded by
prioritising access to particular groups based on clinical or
behavioural factors. For each group we consider (i) the
clinical and epidemiological benefits, (ii) the potential
feasibility, acceptability, and equity, and (iii) the afford-
ability and cost-effectiveness of prioritising ART access for
that group. In re-evaluating the allocation of ART in light
of the new data about ART preventing transmission, the
goal should be to create policies that maximise epidemi-
ological and clinical benefit while still being feasible,
affordable, acceptable, and equitable.

Introduction

There has been a rapid expansion in access to antiretroviral
therapy (ART) over the past decade, especially in the countries
with the highest burden of HIV. At the end of 2010, an estimated
6.7 million people were on ART globally, an increase of over 1.4
million from the previous year, but around 7.5 million people are
still in need of treatment based on current World Health
Organization (WHO) guidelines [1]. Until now, decisions around
how to allocate ART have been based on maximising the
therapeutic benefit of ART for patients, within the constraints of
limited financial and health care system resources [2]. This has led
to ART access being prioritised for those with the lowest CD4 cell
counts (and patients with active tuberculosis [TB]) [3].

The HPTN 052 study [4] demonstrated that earlier ART
mnitiation can reduce heterosexual HIV transmission [5]. This
finding suggests that future expansions of ART access should seek
to maximise not only the therapeutic but also the prevention
benefits of treatment. Currently, constrained resources and
capacity for HIV treatment and prevention [6-8] make it
unfeasible to immediately provide ART for all people living with
HIV, even if this was the optimal epidemiological and therapeutic
strategy and was widely accepted by communities. However, as
increasingly high levels of access under current guidelines are
achieved in coming years, the recent information about the
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prevention benefit of ART has inspired renewed discussion about
whether and how to incrementally expand access to treatment to
subgroups that will differentially benefit from the preventive and
therapeutic features of ART, especially in sub-Saharan Africa,
where the burden of HIV is greatest.

Candidate priority groups for early treatment are defined by
both clinical and behavioural criteria. Potential clinical criteria for
providing early treatment include the following: incrementally
increasing the CD4 cell count threshold for treatment eligibility,
immediate treatment for those with high set-point viral load,
immediate treatment for pregnant women, and immediate
treatment for those with TB coinfection. Behavioural risk groups
that have been proposed for early treatment include HIV-
serodiscordant couples, female sex workers (FSWs), men who
have sex with men (MSM), and people who inject drugs (PWID).
Expanding access to treatment for each of these subgroups is
evaluated here according to (i) clinical and epidemiological
benefits, (ii) potential feasibility, acceptability, and equity, and
(1i1) affordability and cost-effectiveness (Box 1).

This article 1s not a systematic literature review of all clinical,
epidemiological, and policy implications of alternative options for
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Box 1. A Breakdown of Questions Related to
the Impact, Feasibility, Affordability, and
Acceptability of Expanded ART Provision

Epidemiological Impact

o What is the incremental effectiveness of the expanded
ART programme for averting new HIV infections, relative
to the existing HIV prevention and treatment pro-
gramme?

e What is the likelihood of behavioural risk substitution
that could undermine prevention benefits?

Clinical Impact

o What is the incremental effectiveness of expanding ART
for averting HIV-related morbidity and mortality, relative
to the existing modes of ART delivery?

e What is the potential impact of expanded access to ART
on the acquisition and transmission of drug resistance?

Affordability and Cost-Effectiveness

e \What size is the additional priority group?

o What is the expected start-up cost of the expanded ART
programme?

o How would the programme costs accumulate over time?

e Would the programme be cost-effective compared to

accepted international benchmarks, and relative to
alternative HIV prevention methods?

Feasibility

e What infrastructure and human resources does the
expanded ART programme require?

o How would the prioritisation for a particular group be
operationalized?

o What is the expected adherence and retention in care for
the additional priority group?

Acceptability

o Would the expanded ART programme violate principles
of health ethics or human rights?

e Would the expanded ART programme be acceptable to
the newly eligible priority group, communities, and
decision-makers?

expanding HIV treatment programmes. Rather, it represents an
organised collection of expert opinions, literature reviews, and
multidisciplinary discussions. Following the publication of the
HPTN 052 results and the US President’s Emergency Plan for
AIDS Relief (PEPFAR) Scientific Advisory Board recommenda-
tions for PEPFAR HIV treatment programmes [2], experts in the
field of HIV epidemiology, mathematical modelling, and HIV
policy were convened in an HIV Modelling Consortium (http://
www.hivmodelling.org) meeting in November 2011 to discuss the
potential impact of expanded HIV treatment in sub-Saharan
Africa. Following from this meeting, this review focuses on the
biological and behavioural factors that determine the potential
impact of various AR'T prioritisation options on transmission,
morbidity, and mortality, as well as the factors affecting feasibility,
affordability, acceptability, cost-effectiveness, and health systems
interactions. These include the relative size of the priority group,
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anticipated ease of identification and recruitment of the priority
group, treatment uptake, adherence and loss to follow-up, ethical
challenges, and technical and human resources required.

Potential Prioritisation Groups for ART Expansion
CD4 Cell Count

CD4 Cell Count

As many low- and middle-income countries are moving towards
adoption of the WHO guidelines of providing treatment for all
HIV-infected individuals with CD4 cell counts less than 350 cells/pl
[3], one natural strategy for increasing the prevention benefit of
treatment is to further increase the threshold of eligibility to those
with CD4 counts less than 500 cells/pl. Current US treatment
guidelines recommend initiation of treatment for asymptomatic
HIV-infected individuals with CD4 counts between 350 and 500
cells/pl [9], and European guidelines suggest that treatment should
be considered at this point [10]. Observational and clinical trial data
that link transmission events confirm that heterosexual transmis-
sions occur from asymptomatically infected individuals with CD4
counts between 350 and 500 cells/ul [5,11], and the HPTN 052
study demonstrated a 96% reduction in transmission associated
with treatment initiation at a CD4 cell count between 350 and 550
cells/pl compared to delaying treatment until CD4 count was below
250 cells/pl [5]. However, compared to other CD4 strata,
individuals with CGD4 counts between 350 and 500 cells/pl have
the lowest transmission rates [11] (Figure 1), suggesting that
expanding treatment to this group without considering other
biological or behavioural transmission risk factors may be the least
efficient strategy for prioritising treatment for prevention.

The magnitude of the overall long-term additional therapeutic
benefit of providing treatment at CD4 count above 350 cells/pl is
uncertain. A collaborative analysis of observational data found
that deferring treatment initiation from between 351 and 450
cells/ul to between 251 and 350 cells/ul increased the hazard of
AIDS or death by 28% [12], and the HPTN 052 trial found that
delaying treatment until CD4 count was lower than 250 cells/ul
was associated with a 41% increased hazard of adverse clinical
outcome [5]. However, the potential benefits of early treatment
need to be weighed against the potential toxicities of ART and
negative effects on quality of life [9]. Earlier treatment initiation
may also be associated with poorer adherence or retention in care
[13], which can lead to increased risk of drug-resistant virus. More
robust data about the clinical benefit of earlier treatment and
patients’ retention in care when treatment is initiated earlier are
expected from the START trial [14].

Both the cost and epidemiological impact of expanding
eligibility for ART to those with CD4 counts up to 500 cells/ul
will largely be determined by the number of additional people on
treatment. Cross-sectional data from sub-Saharan Africa suggest
that between 20% and 25% of HIV-infected people have CD4
counts between 350 and 500 cells/pl [15]. Based on the Joint
United Nations Programme on HIV/AIDS estimate of approx-
imately 19.8 million adults infected in sub-Saharan Africa [16],
increasing the CD4 threshold would add between 4 and 5 million
to the 10 million people currently still in need of treatment.

However, even with a change in the threshold at which patients
are considered eligible for treatment, the numbers expected to
initiate treatment at high CD4 counts will be low without
improvements in frequency of testing and retention in pre-ART
care [17]. Surveillance of HIV testing programmes in a township
near Cape Town, South Africa, found that amongst individuals
accessing voluntary counselling and testing, 66% of those testing
HIV-positive already had CD#4 cell counts below 350 cells/ul [18].
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Figure 1. HIV transmission and mortality by CD4 count. (A) HIV transmission rate per 100 person-years (PYs) by CD4 count for the infected
partner in discordant couples enrolled in a randomized controlled trial of acyclovir [11]. (B) Mortality rate by CD4 category in ART-naive HIV-positive
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doi:10.1371/journal.pmed.1001258.9001

Another testing-related problem is that within-patient variability in
CD#4 cell count can be very high [19], such that the CD4 count
from a single test could be an unreliable indicator of transmission
risk and clinical need [20,21]. Moreover, HIV-infected individuals
who are feeling healthy may decline the option to initiate
treatment [22], a challenge likely to be exacerbated under earlier
treatment eligibility at high CD4 counts. Earlier access to ART
would, on the other hand, also reduce the number of patients
needing pre-ART care, the phase at which retention is the poorest,
according to a systematic review of retention in HIV care in sub-
Saharan Africa [17].

Steadily increasing the CD#4 threshold for treatment eligibility as
further resources become available may be viewed as the most
equitable and acceptable strategy for allocating additional
treatment, considering that treatment eligibility has long been
based on a CD4 criterion, but while resources for treatment
continue to be constrained, expanding treatment access beyond
current clinical guidelines based on an increasing CD4 criterion is
unlikely to be the most efficient route to maximising the
epidemiological or clinical benefit of ART.

Viral Load

Untreated asymptomatic HIV infection is characterised by the
viral load fluctuating around a steady level, called the set-point

@ PLoS Medicine | www.plosmedicine.org

26

viral load (SPVL) [23]. Individuals vary considerably in SPVL;
values are approximately log-normally distributed with standard
deviation 0.75 log) units, such that the 95% range spans a 1,000-
fold variation in SPVL [24]. SPVL has proven one of the more
robust predictors of infectiousness [11,25-28]. In a recent study
amongst serodiscordant couples [28], the transmission rate in
couples with index individuals with viral load in the range 100,000
to 1,000,000 copies/ml of blood was estimated to be 5.6 per 100
person-years at risk (95% confidence interval: 4.0 to 7.6), while the
transmission rate for index individuals with viral load in the range
100 to 1,000 copies/ml was estimated at 0.8 per 100 person-years
(0.4 to 1.5). Thus, a 100-fold difference in viral load translates to a
7-fold variation in infectiousness, although this relationship is
highly nonlinear [11,25-28]. As it becomes easier to measure viral
loads in the field, with point-of-care tests in development (e.g.,
[29]), it becomes reasonable to ask whether prioritising further
ART expansion for individuals with high viral load would be an
effective, efficient, and affordable strategy.

While individuals with high SPVL are more likely to effectively
transmit the virus, they also tend to progress from asymptomatic
infection to disease more quickly than those with low SPVL [30].
To estimate how much individuals with differing SPVL contribute
to the epidemic, their transmission potential can be calculated as
the product of their biological infectiousness and duration of
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infection [24] (Figure 2). Compared to individuals with interme-
diate SPVL, individuals with very high SPVL may contribute less
to the epidemic, because they progress to advanced disease and
death very quickly and thus have fewer opportunities to infect
others.

Consequently, prioritised ART expansion for individuals with
very high viral loads may not provide greater long-term prevention
benefits than expanded access for a comparably large random
fraction of the untreated population. The principal frailty in this
conclusion comes from multiplying infectiousness and duration of
asymptomatic infection from different studies. However, this
conclusion is robust to parametric assumptions, to assumptions
about the sexual network, and to including heightened infectious-
ness in early- and late-stage untreated infection [24,31].

While the epidemiological benefit of expanded ART access for
individuals with very high SPVL may be limited, targeting these
individuals for rapid ART initiation may offer substantial clinical
benefits. ART prioritisation for people with very high SPVL could
be expensive to implement, as viral load screening and follow-up
would require substantial resources. How this form of prioritisa-
tion would affect the number of patients eligible for treatment is
not clear: a recent analysis of HIV-1 RNA viral load data from two
general population cohorts in Botswana suggested that 24%-28%
and 14%—-18% of HIV-infected, treatment-naive individuals
(n=1,286) had viral load levels greater than 50,000 and 100,000
copies/ml, respectively [32], but it is unclear how many of these
individuals were not eligible under current CD4-based ART
initiation guidelines.

Pregnant Women

Existing guidelines for the prevention of mother-to-child
transmission (PMTCT) recommend that pregnant women with
CD4 counts higher than 350 cells/pl take an antiretroviral drug
course from the 14th week of pregnancy until one week after
delivery (Option A) or until one week after breastfeeding has
finished (Option B) [33]. A new option “B+" has been proposed,
in which pregnant women would be eligible to immediately initiate
lifelong ART regardless of HIV disease stage, TB disease status, or
CD4 count [34]. The cost and epidemiological impact of
expanding ART to all pregnant women will vary between settings
with different patterns of fertility, sexual behaviours, and existing
ART programmes.

The potential HIV prevention impact of option B+, beyond
PMTCT, would be low if many infected pregnant woman are in
stable relationships with partners who are already infected. Data
from Demographic and Health Surveys in Lesotho, Malawi, and
Kenya indicate that more than half of married, cohabiting
partners of HIV-infected pregnant women are HIV-infected (83%
[10/12] in Lesotho, 54% [20/37] in Malawi, and 50% [6/12] in
Kenya) [35-37]. However, for serodiscordant couples, the female-
to-male transmission rate may be more than twice as high during
pregnancy as during non-pregnant periods [38]. Whether ART
initiation during pregnancy would effectively override this risk
elevation is questionable, given the lag time of up to five months
between ART initiation and viral load suppression [39].

The number of additional people who would be on treatment
with this prioritisation strategy depends on several factors. The
crude birth rate (and hence the incidence of pregnancy) varies
greatly across sub-Saharan Africa, even within subregions: from as
high as 46.5 childbirths per 1,000 people per year in Zambia to
less than half this rate (22.9/1,000 individuals/year) in the
neighbouring country of Botswana [40]. However, overall, the
difference between the number of HIV-infected pregnant women
that would be ART-eligible under PMTCT option B+ and the

@ PLoS Medicine | www.plosmedicine.org

27

number eligible under current ART initiation guidelines may be
small because of the effect of haemodilution on CD4 cell count.
Haemodilution, a normal physiological phenomenon during
pregnancy, temporarily reduces CD4 cell count, meaning that
many pregnant HIV-infected women become eligible for treat-
ment on the basis of CD4 count during pregnancy. In a
prospective cohort study of 324 HIV-infected pregnant women
from Abidjan, Cote d’Ivoire, 48.3% (157/325) had CD4 counts
less than 350 CD4 cells/pl at 32 weeks of gestation, yet this
fraction decreased to 28.9% (94/325) one month postpartum [41].
The implication for Cote d’Ivoire is that only just over 10,000
additional women would initiate ART if immediate treatment was
expanded to all pregnant women regardless of CD4 count, and
ART coverage in women, in the first year of the intervention,
would increase only from 39% to 42% [42].

HIV-positive pregnant women are a priority group that is
relatively easy to identify, because of the high uptake of antenatal
care (ANC) in most populations, with associated HIV counselling
and testing, even in resource-limited settings. Several studies
reported very high acceptance of provider-initiated HIV counsel-
ling and testing in ANC at several sites across Africa during the
past few years: 99.5% acceptance of testing in Nigeria, 91% in
South Africa, 97% in Ghana, and 99% in Zambia [43-46]. The
acceptance of HIV testing at first ANC visit is still as low as 69.1%
in rural areas of Swaziland and South Africa [47], but provider-
initiated testing and counselling in ANC may be able to raise the
testing uptake by 9.9%-65.6% [48].

Obstacles remain in the linkage between diagnosis in ANC and
long-term ART treatment because of ART refusal and poor
retention. In a recent review, Ferguson et al. found that 38%-88%
of known ART-eligible women in sub-Saharan countries fail to
initiate treatment [49]. Once in treatment, retention among pregnant
women has been found to be no worse than in other population
groups in seven resource-limited countries in sub-Saharan Africa and
Thailand [50]. However, Boyles et al. found that initiating ART
while pregnant is associated with a higher lost-to-follow-up risk
compared with the general population in rural South Africa [51].
Retention challenges faced when expanding ART to pregnant
women regardless of CD4 count are likely to be similar to those
currently faced in traditional PMTCT programmes: (1) patients’ not
being prepared for HIV testing and its implications before the ANC
visit; (2) fear of stigma, discrimination, household contflict, or divorce
on disclosure of HIV status; (3) long waiting times at the ANC
facilities; and (4) inability to afford the transport to these facilities [52].

Because expanding access to ART for pregnant women utilises
existing ANC and PMTCT infrastructure for diagnosis and HIV
counselling, the only additional costs associated with this strategy
are additional drug costs for the period between the end of
pregnancy and ART eligibility under other criteria, suggesting
favourable affordability of this ART expansion strategy. Cost-
effectiveness studies of ART in pregnant women have thus far
focused on benefits in terms of PMTCT, and have found that it is
cost-effective as measured against accepted international bench-
marks in a variety of low- and middle-income countries [53,54].
Cost-effectiveness studies of PMTCT option B+ for adult HIV
transmission prevention are still to be conducted. Expanding ART
to all HIV-positive pregnant women may provide additional
maternal health benefits and contribute to the Millennium
Development Goals if ART, PMTCT, and reproductive health
care services are integrated [55,56].

Active Tuberculosis Disease

The provision of ART to all HIV-infected people with active
TB disease, irrespective of CD4 cell count, has been recom-
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mended by the World Health Organization since 2010 [3], based
on its clinical benefits. In the SAPIT trial, the mortality rate in 429
patients with CD4 cell counts up to 500 cells/ul who initiated
ART during TB treatment was 56% lower (95% confidence
mterval: 21%—-75%, p=0.003) than in patients who initiated ART
after completion of TB treatment [57]. However, the coverage of
ART for all HIV-infected people with active TB disease remains
low. In the WHO African Region in 2011, only 59% of TB
patients were tested for HIV, and of those identified to be HIV-
infected, only 42% were on, or started on, ART [58].

The epidemiological benefits of expanding ART to all patients
with active TB disease are unclear. Although there were some
early indications that those with TB disease are more infectious
[59-61], the largest study conducted among HIV-positive people
with incident TB disease indicated that viral load increases by only
a small amount following a TB episode [62], and a more recent
study showed that treating active TB disease in individuals with
CD4 counts greater than 350 cells/pl reduced markers of immune
activation but had no effect on HIV viral load or CD4 count [63].
Therefore, providing ART to TB patients with CD4 counts above
350 cells/pl is likely to have a similar prevention effect on HIV
transmission as treating a random subset of HIV-infected
individuals with a CD4 count above 350 cells/pl.

In high HIV prevalence settings, the proportion of HIV-infected
people with active TB who have CD#4 cell counts greater than 350
cells/pl has been estimated to range from 11% to 30% [2].
Assuming a 1% incidence of active TB disease and 50% HIV
prevalence in individuals with incident active TB, this would mean
that for South Africa, around 27,500 to 75,000 extra individuals
would be eligible for ART in the first year of this form of
prioritisation. Given the suppressive effect of ART on TB disease
incidence [64,65], a decreasing number of active TB patients in
need of ART would be expected in the following years. A
modelling study that estimated the impact of the roll-out of annual
HIV testing and immediate ART on TB disease incidence in nine
African countries reported a 21% (range: 10%—-31%) reduction in
the cumulative AIDS-related TB disease incidence over the first
five years, and a 48% (range: 37%-55%) reduction in the
incidence of TB disease at five years [64].

Integration of ART provision for all HIV patients, regardless of
TB coinfection status, with TB services may offer a relatively
feasible way to implement an expansion of ART to individuals
with active TB disease. Data from eight countries with a high
burden of HIV-infection-associated TB showed that there were up
to five TB treatment facilities for each ART facility in 2007 [66],
and a study in Tugela Ferry, South Africa, showed that integration
of TB and HIV services was associated with high ART adherence
[67]. However, with this approach it would be critical to
implement adequate infection control to minimise nosocomial
TB infection, and obtaining high TB treatment coverage is
challenged by the difficulty of diagnosing active TB in HIV-
infected patients [68].

Given the clear clinical benefit of ART in TB patients, this
option of ART expansion is likely to be highly acceptable by both
the target group and the general population. For TB patients,
current illness and the prospect of a reduced risk of TB recurrence
are incentives for ART initiation, high adherence, and retention in
care. If implemented successfully, ART expansion to all TB
patients should lead to large gains in healthy person-years of life
and long-term cost savings due to decreased recurrent TB.

Serodiscordant Long-Term Relationships

Stable serodiscordant relationships, in which one partner is HIV-
infected and the other is not, are an identifiable prevention
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opportunity, and the continued transmission in such couples during
carefully monitored clinical trials with intensive counselling demon-
strates the need for additional prevention options for this population
[5,11]. Trial and observational data have demonstrated the efficacy
of ART in preventing HIV transmission in stable serodiscordant
heterosexual partnerships [5,11], and recent WHO guidelines for
stable serodiscordant couples already include offering ART to the
HIV-infected partner irrespective of CD4 cell count, in addition to
behaviour change counselling [69]. While the biological efficacy of
the effect of ART on transmission risk should generalise to non-
stable heterosexual partnerships as well, it has been hypothesized
that couples in stable partnerships will be most able to adhere to daily
dosing regimens and therefore achieve the maximum individual-
level benefit [70,71]. Further, it is known that couples in stable
partnerships in which the HIV-infected individual has a high CD4
cell count are likely to conceive (16% per year among discordant
couples [38]); therefore this strategy would incur many of the
maternal and PMTCT-related health benefits described above [33].

The relative epidemiological impact of prioritising early treat-
ment to HIV-infected individuals who have an uninfected long-term
partner will depend primarily on the risk of within-couple
transmission without treatment, and secondarily, on the risk of
onward transmission from the partner to someone else. The risk of
transmission without ART in couples could be relatively low: 1.7
per 100 person-years at risk ([5]; among those with CD4 counts of
350-500 cells/ul: [11]). One model suggests that providing ART to
serodiscordant couples might be expected to avert 21 infections per
1,000 person-years of ART [72]. If the risk of transmission in
couples is actually higher (as has been observed in couples that did
not necessarily know that they were in a discordant partnership
[73], and as assumed by El-Sadr et al. [74]), and if it is assumed that
the infected partner forms many additional partnerships with other
individuals, then it has been estimated that the number of infections
averted per 1,000 person-years of ART could be as high as 77. This
can be compared to 53-159 for providing ART to all individuals
with CD#4 cell counts below 350 cells/pl irrespective of partnership
status, and 65152 if ART is provided irrespective of CD4 cell count
[75]. Thus, prioritising those in stable partnerships for treatment
may not be a more efficient form of prevention than providing the
treatment to the general population without prioritisation.

It is unclear how feasible it would be to preferentially provide
access to ART to those in serodiscordant couples. Only ~8%—
31% of couples were found to be discordant in recruitment to a
clinical trial [76], and other data suggest that the countries with
the highest levels of HIV prevalence tend to have the smallest
numbers of stable serodiscordant couples [77]: only a small
minority (<15%) of infected individuals report being in a stable
partnership with someone known to be uninfected [77]. There are
few opportunities to identify serodiscordant couples in current
health care systems in most settings in Africa, though household
testing interventions may increase opportunities to reach couples
[78]. However, many would question the general acceptability of
an intervention that favours those in stable discordant partnerships
over those in concordant partnerships. Operationally, defining a
consistent criterion for a discordant couple is challenging. In
Kenya, for example, there may be 150,000 individuals that would
be newly eligible to start treatment today under this policy [77],
but many more might claim to be in stable discordant
relationships, or limitations in disclosure in couples could mean
that many fewer would actually start treatment earlier.

Female Sex Workers

Almost one-fifth of the HIV epidemics in sub-Saharan Africa
are classified as concentrated (defined as HIV epidemics with HIV
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prevalence < 1% in the adult population), and many more are not
highly disseminated (43% of epidemics in this region have an adult
HIV prevalence below 3%) [79]. In these settings, FSWs and their
clients are key populations for the transmission of HIV [80-86].
Previous modelling [81,82,87,88] and epidemiological analyses
[89,90] suggest that prioritising interventions for FSWs and their
clients in these settings can substantially reduce HIV transmission
amongst FSWs, and amongst the population as a whole. It
therefore seems natural to consider whether ART eligibility
irrespective of CD4 cell count should be prioritised to FSWs.

A literature review was conducted in PubMed with the search
terms “(“sex workers” or FSW or FSWs or CSW [commercial sex
worker] or GSWs or sexwork*) and HIV and (antiretroviral or
“anti-retroviral” or ART or HAART)”. This produced 67 papers,
of which nine considered ART treatment amongst FSWs, barriers
to accessing care, and risk behaviours following ART initiation
[91-97]. The majority were from sub-Saharan Africa (six of nine),
with three others from Chennai, India, and Vancouver, Canada.
These papers informed the following discussion of ART prioritisa-
tion for FSWs.

In settings with existing and effective non-ART interventions to
prevent HIV transmission amongst FSWs and their clients, the
main questions are to evaluate the potential added prevention
benefits of prioritising ART to FSWs, and the likelihood of risk
substitution (i.e., potential increases in risk behaviours following
ART expansion) [94,98,99]. In settings where behaviour-targeted
interventions have not been fully implemented, the question is
whether these should be scaled up before scaling up ART for
prevention. If expanded access to ART is scaled up for FSWs
following behaviour change interventions, this may increase the
relative impact of ART treatment. For instance, because increases
in condom use could reduce the incidence of new acute HIV
infections, it is possible that such an intervention could temporarily
lead to a smaller proportion of incident infections being due to
early acute infection, and therefore a relatively greater prevention
benefit of ART when provided to those with chronic infection.

Achieving a high preventive benefit from expanding ART to
FSWs depends on initiating and retaining individuals in
programmes. FSWs have generally received lower coverage of
ART, because of factors such as reduced health-seeking behaviour
and the stigmatised nature of sex work [100]. However, numerous
targeted HIV prevention interventions worldwide show that FSWs
can be engaged and recruited into intensive interventions with
high coverage [101-103] and at reasonable cost [104-106].
Emerging data on ART provision amongst FSWs [92,93,95,107]
suggest that FSWs can be successfully initiated on ART in
resource-poor settings; existing interventions could act as an ecasy
and affordable entry point for increasing ART coverage among
FSWs [93]. However, maintaining high ART adherence among
FSWs remains challenging, leading to poorer outcomes with
respect to CD4 count and suppression of viral load compared to
non-FSWs [93,107]. This is likely to translate into smaller
reductions in infectivity, and greater morbidity or mortality
[93,107,108], and indicates that there would be a particular need
for retention efforts and adherence counselling for this prioritisa-
tion group [96], which could increase the costs of FSW-targeted
ART programmes.

In addition to clinical and behavioural issues, the transient
nature of sex work could affect the potential impact of ART on
transmission, and the subsequent costs. As most FSWs sell sex for
only a few years [109,110], the early phase of acute HIV infection
with high HIV viraemia may make a disproportionately large
contribution to sex-work-driven HIV transmission [111]. Even
with frequent retesting and immediate linkage to care, ART is
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likely to be initiated only after this phase, which would reduce the
impact of ART on transmission, and highlights the continued
importance of condom interventions. In addition, the cumulative
costs of immediate ART eligibility for FSWs might grow sharply,
as new FSWs become infected and eligible for ART, and HIV-
infected former FSWs remain on ART after ceasing sex work. This
could result in considerable investment and a suboptimal
allocation of ART in some settings with rapid turnover of sex
worker populations. However, it is possible that ex-FSWs may still
be at greater risk of transmitting HIV than the general population
and so could remain a good target population for ART as
prevention.

Lastly, as has been shown for other HIV prevention interven-
tions, the expected preventive benefit of targeting FSWs with ART
is smaller in generalised epidemics than in concentrated epidemics,
and is reduced 1in the late phase of an HIV epidemic compared to
the early phase, especially in the short term. However, even in
generalised HIV epidemics, modelling analyses suggest it would be
cost-effective to target FSWs because of their disproportionate
contribution to HIV transmission, although it may not be
sufficient for achieving large and rapid reductions in HIV
transmission in the general population. Conversely, not reaching
high-risk groups such as FSWs may seriously attenuate the impact
of any ART intervention [71,112].

In summary, the decision to target FSWs with ART provision
has to balance the likely heightened costs associated with increased
adherence counselling and monitoring, and outreach to ensure
retention, with benefits of decreased transmission that may be
short-lived in contexts where sex work is transient. However, in
settings where sex work is longer term the impact could be much
greater. In addition, the ethical and social acceptability of giving
prioritised ART access to FSWs needs to be carefully considered
before any FSW-targeted programme is initiated—the benefits to
the population as a whole would need to be clearly determined
and communicated, and proactive monitoring of all ART
provision channels would need to be in place to ensure that the
care of other HIV-infected individuals is not compromised. Drug
resistance should also be monitored, as FSWs on ART may
facilitate the spread of resistance.

Men Who Have Sex with Men and People Who Inject
Drugs

The arguments for expanded access to other key populations,
including MSM and PWID, are similar to those for expanded
access to FSWs. If there is a population that contributes
disproportionately to the number of infections in a population,
and they can be identified and enrolled and retained in care, then
it could be efficient to prioritise ART access to that group.
However, the evidence from the HPTN 052 study that ART
reduces infectiousness was specifically for heterosexual transmis-
sion: the extent to which ART decreases transmission occurring
through homosexual sex or intravenous injection is not known
[113].

Also, for the epidemics in Africa, there is little information
about the population sizes of MSM and PWID, and their
behaviours and contribution to the epidemic, which makes it
hard to formulate firm recommendations about the benefits of
prioritising access to these groups. Several studies in Africa have
been able to recruit MSM [114,115], and it has been estimated
that, in total, transmission among MSM could account for 6%
of new infections in Kenya and up to 21% in some concentrated
epidemics [115], a range that is broadly supported by the Joint
United Nations Programme on HIV/AIDS review of modes of
transmission ([116]; K. K. Case, P. D. Ghys, E. Gouws, J. W.
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Eaton, P. Cuchi, et al., unpublished data]. Meanwhile, in a
global review of injecting behaviour, there were no data (or
estimated prevalence levels) for most African countries [117],
and consequently the estimated number of HIV-infected PWID
was very uncertain, ranging from 26,000 to 572,000 for sub-
Saharan Africa. However, it has been hypothesized that in
particular areas, such as Mombasa and Nairobi in Kenya, a high
frequency of injecting among a growing population of PWID,
coupled with overlapping sexual risk behaviours, has resulted in
a substantial proportion of overall transmission possibly result-
ing from injection [118,119]. There are also indications that
PWID are less likely to access care and treatment services than
others [120], and they have lower adherence [121] and
retention to therapy [122,123], so any ART programme

prioritising ART to this group would presumably have to
contend with these issues.

Discussion

If it could be afforded, all HIV-infected individuals who wanted
to initiate ART should be able to do so. However, resource
constraints, at least in the short and medium term, necessitate
some form of prioritising of HIV treatment through health
policies. These policies should maximise epidemiological and
clinical benefit while still being feasible, affordable, acceptable, and
equitable [124]. To date, this prioritisation has been based
principally on the CD4 cell count of HIV-infected individuals, as a
marker of their immediate clinical need, but with the finding that

Table 1. Likely profile of prevention and clinical impact, affordability, feasibility, and acceptability of alternative options for ART
expansion beyond current guidelines.

Prioritisation
Group

Impact on New
HIV Infections

Impact on HIV-Related
Morbidity and Mortality

Feasibility

Affordability

Acceptability

CD4 cell count
(350-500 cells/ul)

Viral load
(SPVL=50,000
copies/ml)

Active TB
disease

Pregnant
women

Serodiscordant
couples

Sex workers

— (Unlikely to be highly
transmissible, relative to
those at lower CD4 cell
counts or other
prioritisation groups)

« (Strong evidence from
many discordant studies
that infectiousness
increases with SPVL,

but not dramatically)

— (Likely to have the
same impact on HIV
transmission as reaching
a subset of HIV-infected
individuals with CD4
cell counts between
350 and 500 cells/ul)

? (Potential reductions
in maternal orphanhood
and potential to
prevent paediatric HIV
transmission; estimates
of the impact on
heterosexual HIV
transmission are yet

to be produced)

— (Likely fewer
infections averted per
person-year of ART
than allocation to those
with multiple partners)

+ (Elevated HIV
transmission risk in
many settings likely to
result in large number
of HIV infections
averted per year

on ART)

? (Clinical trial evidence
expected from START trial,
reporting in 2015; unlikely
to be as efficient as
strategies targeting clinical
need, e.g., high SPVL, TB
coinfection)

+ (Strong evidence from
many seroconverter cohorts
that individuals with high
SPVL progress rapidly to AIDS,
and so may enhance linkage
to care in rapid progressors)

+ (Much greater impact
on morbidity and
mortality than treating
many other groups)

+ (Impact mainly on
morbidity and mortality
of newborns with
HIV-positive mothers)

? (Marginal therapeutic
benefit of ART initiation
at CD4 >350 cells/ul
not certain)

? (May be more modest
than other groups because
limited data suggest that
they have lower adherence
and worse outcomes in
terms of morbidity and
mortality)

+ (Screening utilises already
standard CD4 screening;
reaching high coverage
would likely require efforts to
improve routine HIV testing
at the population level)

? (Requires development of
point-of-care viral load
testing; many prototypes,
but none validated yet)

+ (Can be integrated with
existing TB services;
adherence/retention to ART
may be higher because of
current illness and the
prospect of a reduced risk
of TB recurrence)

+ (Targets are easy to identify
via existing ANG; testing
uptake is high in some areas
and can be increased by
provider-initiated service;
contrary results are found on
retention)

+ (In some settings couples
hard to find; trial data indicate
discordant couples are a highly
motivated population with
good adherence to pill-taking
regimes and retention in care)

+ (Previous FSW-targeted
interventions have
demonstrated feasibility;
limited studies suggest FSWs
are willing to initiate ART;
however, likely to have worse
adherence and retention)

— (Would likely
expand access to
treatment to an
additional 20% of
the HIV-infected
populations)

? (Cost of point-
of-care viral load
testing is unknown)

+ (Relatively small
group, compared with
individuals with CD4
350-500 cells/pl; large
reduction in mortality
suggests targeting TB
patients may be more
cost-effective than
other groups)

+ (Increment of newly
identified target
patients is not big;
infrastructures and
staff that already exist
favours the
affordability)

? (Minority of infected
individuals in stable
discordant couples,
but uptake unknown)

+ (FSWs make up a small
proportion of the female
population, but if sex
work is of short duration,
then there may be a much
larger group of ex-FSWs
that will continue on ART)

+ (May be perceived as
the most equitable
option for expanding
access to ART, because
of the history of
determining treatment
need and access based
on CD4 cell count)

? (May prove
controversial if not
backed by evidence for
direct clinical benefit)

+ (Given the clear clinical
need, likely to be highly
acceptable to both the
target group and the
general population)

+ (May be better
accepted by patients if
initiated by ANC
provider)

? (Unclear if it is socially
acceptable for those
with stable partners to
receive preferential
access)

? (May not be acceptable
to the wider community;
programmes would
need to show and
emphasise population
benefit)
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?, insufficient evidence to warrant definitive decision; +, available evidence suggests this is a beneficial option, compared to the other expansion options; —, available
evidence suggests this is an unfavourable option, compared to the other expansion options; «, available evidence supports neither that this is a beneficial option nor
that it is an unfavourable option.

doi:10.1371/journal.pmed.1001258.t001
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ART reduces transmission risk, it is important to re-evaluate other
ways in which ART could be allocated. In this article, we have
examined several of the main options for prioritising ART access
and have highlighted the key epidemiological and policy
considerations that should guide decision-making and future
research (summarised in Table 1).

There are some forms of prioritisation that are already
supported by existing guidelines or programmes. In particular,
ART for all individuals with active TB disease has substantial
epidemiological and clinical benefits, and already forms part of
WHO international guidelines. Treatment for pregnant women
irrespective of CD4 cell count, for which the epidemiological
impact is not yet clear, could have advantages in terms of
simplified care for pregnant women and benefits for their children
and partners, and is being implemented in some settings.

Important questions remain regarding all of the options, and
there is a clear need for further data collection. Some knowledge
gaps could be filled shortly, as results are reported from at least
50 projects planned or ongoing to evaluate the impact of ART
and other interventions on HIV- and/or TB-related morbidity
and mortality, HIV incidence and transmission, and risk
behaviour [125]. Almost half of these projects are in sub-
Saharan Africa, and include studies that will test the individual-
and community-level preventive effect of ART provided to
patients with CD4 cell counts between 350 and 500 cells/ul,
those with the highest viral loads, HIV-infected pregnant
women, and HIV-infected partners in serodiscordant couples
[125,126]. In addition, the secondary objectives of many of these
projects are the evaluation of the feasibility, cost, health care
impact, treatment adherence and retention, and social accept-
ability of the interventions. With a large variation in geograph-
ical areas, target populations, and outcome variables, the
combined body of evidence generated by these studies may
begin to address the question of whether and how different
sociodemographic, economic, and epidemiological contexts
influence the impact of ART interventions.

In the short term, the costs of expanding access to ART are
likely to be driven by the size of the groups to whom access is
extended and the costs associated with identifying and reaching
members of these groups. Long-term affordability is likely to
depend on the size of the group as well as reductions in incidence
resulting from the expanded ART programme, the success of
other HIV prevention interventions, and economic nonlinearities
such as economies of scale. Although relative group sizes will vary
from setting to setting, ART expansion to HIV-infected people
with CD4 counts of 350-500 cells/pl or above 500 cells/ul would
likely require the largest programme increase. In contrast, initial
increases required to prioritise ART in FSWs and pregnant
women would most likely be much smaller than for the other
prioritisation options, though cumulative costs would grow as
women started ART during pregnancy or sex work, then
continued on lifelong ART.

Evidence from ART programmes in southern Africa indicates
that high retention in care becomes increasingly challenging as
treatment programmes expand [127]. Affordability and feasibility
are negatively affected not only by larger group size, but also by the
more intensive efforts required to identify eligible people and
maintain high adherence and retention in care. Globally, patients’
health literacy regarding AR'T adherence remains an important
challenge [128]. On the other hand, there is a rapidly growing body
of strategies and tools to improve retention in care and ART
adherence, including interventions to improve the mental health
(especially treatment of depression) of HIV-positive individuals, and
reminder devices and interactive communication technologies [129].
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This review has aimed to highlight some of the key issues and
identify the needs for future studies, and has not provided a direct
quantitative comparison of the impact of alternative prioritisation
strategies in specific settings, which will be a critically important
body of modelling work in the future. To further facilitate a
constructive debate that is meaningful to national decision-makers
and donor organisations, context-specific mathematical models
should be developed that enable head-to-head comparison of
multiple ART expansion options in an internally consistent
manner, that is, with all simulations based on the same data and
assumptions. However, the considerations raised here already
indicate that the impact and feasibility of these alternative forms of
ART allocation are expected to vary substantially between
settings, and there is no single formulation that will be optimal
in all settings. Furthermore, the best strategy will depend on the
relative values assigned to therapeutic benefits, preventative
benefits, and wider societal benefits, such as reducing the number
of orphans and increasing labour force availability. Combined
metrics of impact such as quality-adjusted life years saved or
disability-adjusted life years averted [130] can be used to
understand how preventative and therapeutic benefits are related.

The overall effectiveness of treatment in reducing infectiousness,
as well as the risk of drug resistance [130], is expected to be
crucially dependent on the viral suppression achieved, which is in
turn affected by patterns of adherence. Throughout this analysis,
we have assumed ART has a suppressive effect on HIV
transmission for all patients receiving the treatment. Whilst this
is biologically plausible, we recognise that it is possible that
different groups could behave differently from the HIV-infected
individuals in the HPTN 052 trial and therefore achieve lower
levels of viral suppression and a smaller reduction in infectiousness.
However, there is little information available on levels of viral
suppression for ART, nor on adherence to the treatment regimen.

Finally, we recognise that the issues of expanding access to ART
do not exist in a vacuum. Decisions concerning the implementa-
tion of ART should be scaled—scaling up will have to take place in
the context of the entire portfolio of the HIV response programme
in a particular country, which will include multiple forms of
prevention intervention. Indeed, WHO guidance on the use of
antiretrovirals for prevention is expected to include both pre-
exposure prophylaxis and ART, and we would anticipate that
further strategic advice from normative agencies will increasingly

Key Points

e Discussions about expanded access to ART for HIV
prevention have been focused on one particular
strategy—providing ART to all HIV-infected individuals.
Here we aim to broaden the discussion by considering
the implications of prioritising access to ART according
to clinical and behavioural factors.

e Any recommendation to prioritise particular groups
should consider not only the impact of ART in that
group, including its therapeutic and prevention effects,
but also its feasibility, affordability, and acceptability.

e Some forms of prioritisation—ART for individuals with
active TB and for pregnant women irrespective of CD4
cell count—are already promoted by existing guidelines
or programmes.

e For other prioritisation options, there are currently
insufficient data to make first recommendations, al-
though findings of future studies and further modelling
analyses should contribute to forming policy.
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embrace the full range of possibilities for maximising the health
impact of ART in combination with other interventions [131].
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Abstract: Universal HIV testing and immediate antiret-
roviral therapy for infected individuals has been proposed
as a way of reducing the transmission of HIV and thereby
bringing the HIV epidemic under control. It is unclear
whether transmission during early HIV infection—before
individuals are likely to have been diagnosed with HIV and
started on antiretroviral therapy—will compromise the
effectiveness of treatment as prevention. This article
presents two opposing viewpoints by Powers, Miller,
and Cohen, and Williams and Dye, followed by a
commentary by Fraser.

Introduction to the Debate

Triple-combination antiretroviral therapy (ART) first became
available in 1995 for the treatment of people living with HIV [1].
The fact that ART reduces viral load raised the prospect of using
ART not only to keep people alive, but also to control the
epidemic by annually testing everyone at risk of HIV infection and
immediately starting infected individuals on ART [2—4]. In 2011,
the HPTN 052 trial showed that ART reduced the risk of infection
in heterosexual HIV-serodiscordant couples (where one individual
is HIV-seropositive and the other is not) by 96% (95% confidence
interval [CI], 73% to 99%) and decisively confirmed the impact of
treatment on heterosexual transmission [5].

If the individual-level effects observed in the HPTN 052 trial are
to be successfully replicated at a population level, many operational
issues need to be addressed. An issue of particular importance
concerns transmission in the early stages of HIV infection, before an
individual is likely to be diagnosed with HIV and start receiving
treatment. Early HIV infection (EHI), the first 3-6 months after
infection, includes acute HIV infection (AHI), the period before the
development of antibodies to HIV, when the concentration of virus
in the plasma spikes and then falls to the set-point viral load.
Chronic HIV infection (CHI) comprises an asymptomatic period
following EHI, characterized by a stable viral load (~10*> copies/
ml) and relatively low transmissibility, as well as late infection/
AIDS, when viral load and transmissibility are elevated again.
Different studies have arrived at widely differing estimates of the
proportion of HIV transmission events that occur during the first 3
6 months after HIV infection, ranging from 5% to 95% [6]. High
levels of HIV transmission early in infection could compromise the
impact of universal testing and treatment on HIV transmission at a
population level, so it is essential to resolve this issue if ART is to be
used to help control the HIV pandemic.
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In this debate, which specifically addresses heterosexual trans-
mission of HIV, Powers, Miller, and Cohen argue that up to 40% of
transmission takes place during EHI, and that this transmission will
compromise the effectiveness of treatment as prevention. Williams
and Dye argue that only about 2% of transmission takes place
during AHI, so that annual testing and immediate ART will be
sufficient to control the epidemic of HIV. In the final section,
Christophe Fraser summarizes and weighs in on the debate.

Kimberly A. Powers, William C. Miller, Myron S.
Cohen’s Viewpoint: Acute and Early HIV Infection
Will Limit the Effectiveness of HIV Treatment as
Prevention

Although the use of ART to stop the spread of HIV has become
a major focus of HIV prevention, reliable empirical evidence to
support this strategy at the population level does not exist, and its
success in the real world may be limited by numerous factors [7].
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Here we focus on one particular factor: transmission during AHI
and EHI, which will not be affected by a treatment-as-prevention
approach. We argue that high levels of transmission during this
period of maximal infectiousness [6] will compromise the
effectiveness of HIV treatment as prevention.

Transmission Biology

HIV acquisition leads to a ramp-up in viremia to 10 million
copies/ml or more [8], with a subsequent cell-mediated immune
response that leads to decreased viral replication during asymptom-
atic infection [9]. The best available estimates of heterosexual HIV
transmission by infection stage, calculated among steady couples in
Rakai, Uganda, suggest that transmissibility is 26 times as high (95%
CI, 13-54) during EHI as it is in the subsequent asymptomatic
period [10]. Among the Rakai couples, the probability of a newly
infected person transmitting HIV to his or her partner in the first five
months of infection was estimated at 43% [11].

Importantly, the elevation in transmissibility observed during
EHI in Rakai is greater than would be expected based on viral
load alone [10]. If viral load were the only driver of infectiousness,
then we would expect transmission rates during AHI and EHI to
be only a few times higher than during chronic infection, as
Williams and Dye describe below. The mechanism for the
additional enhancement in transmissibility observed during EHI
in Rakai has not been elucidated, but there is evidence from
macaques that individual virions from EHI are 75-750 times as
infectious as virions from CHI [12].

Mathematical Modelling

Mathematical modelers have attempted to predict the potential
population benefits of ART [13]. With perhaps the most optimistic
model, Granich et al. have argued that universal annual HIV testing
and immediate ART would lead to HIV “elimination,” defined as
one incident infection per 1,000 persons annually, within ten years
in South Africa [4]. However, the analyses leading to this conclusion
failed to account for the effect of poor engagement in care [14] and
the increased infectiousness of persons with EHI [15], who would
not be reached by the test-and-treat strategy.

Modelling estimates of the percentage of new cases that are due
to contact with EHI index cases vary widely, depending on
epidemic stage, model structure, transmission mode, and EHI
definition. Most endemic-phase estimates have been in the range
of 5% to 40% [6], broadly consistent with estimates of 25%-50%
from phylogenetic studies [16]. However, the data available for
parameterizing most of these models have been limited. Using
behavioral and viral load data from Lilongwe, Malawi, as well as
the best available estimates of transmission efficiency by infection
stage [10], we constructed a mathematical model that allowed for
transmission both within and outside of steady heterosexual
relationships, substantial variation in transmissibility over the
course of infection, and heterogeneity in behavioral risk (rates of
partner change and contact within pairs) [15]. We used a Bayesian
melding procedure to account for input uncertainty, to fit the
model to empirical HIV prevalence data from Lilongwe, and to
express uncertainty around outputs.

In our model, we estimated that transmission rates were
elevated for 4.8 months (i.e., EHI lasted for 4.8 months) and that
38% (95% credible interval 19%-52%) of endemic-phase incident
infections arose from contact with EHI index cases annually. We
estimated that an annual test-and-treat strategy with very
optimistic chronic-phase coverage and engagement levels of 90%
or greater could substantially reduce HIV incidence, and
eventually prevalence, in this setting, but HIV elimination was
possible only at coverage and engagement levels of 99% or greater.
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This prediction is consistent with the conclusion of Granich et al.
[4] and Williams and Dye (below) that with truly universal
coverage and engagement, annual test-and-treat strategies could
lead to HIV elimination. At more realistic coverage and
engagement levels (75%—-85% of chronic-phase cases), however,
elimination did not occur in our model, but additional interven-
tions halting transmission during EHI led to marked, durable
reductions in HIV prevalence and incidence. Even in sensitivity
analyses where the contribution of EHI in Lilongwe was only half
our best estimate of 38% (19%), our results suggested that unless
test-and-treat coverage is essentially perfect, the impact of such
interventions is likely to be limited substantially by transmission
during EHI.

Williams et al. [17] recently argued (as Williams and Dye argue
below) that the 38% of cases we estimated to arise from contact with
EHI index cases is too high, proposing instead that only 2%-4% of
incident infections arise during AHI. By basing their calculations
only on the putative relationship between chronic-phase viral load
and transmissibility, they do not capture the greater-than-expected
transmissibility observed during EHI among the Rakai couples [10].
Furthermore, the duration (one month) and increase in transmission
rate per sexual encounter (three-fold) that they calculate for AHI
correspond to an expected within-couple transmission probability of
~3% during AHI (calculated as 1 —¢ P where B=0.106 cases per
person-year, the asymptomatic-period transmission rate estimated
from the Rakai data [10]; T=3, the proposed relative increase in
transmissibility comparing AHI and asymptomatic infection [17]
and below; and = 1 month, the proposed duration of AHI [17] and
below). This within-couple transmission probability of 3% during
AHI is dramatically lower than the 43% observed during EHI in
Rakai [11]. Simply put, the calculations of Williams and Dye are
inconsistent with the best available data from epidemiological,
mathematical, and phylogenetic studies regarding transmission
during EHI [6,10,11,16].

Implications for Treatment as Prevention

We believe that EHI can be expected to limit the impact of
treatment-as-prevention programs—at least in settings similar to
Lilongwe, Malawi—and that reductions in HIV incidence and
prevalence can be optimized through intervention packages that
stop transmission during both CHI and EHI. A number of
randomized trials to investigate the population-level effects of
treatment as prevention are underway [18]. Because they do not
include a specific strategy for dealing with AHI or EHI, the extent
to which they succeed will provide some indication as to whether
or not transmission during EHI compromises the effectiveness of
treatment as prevention. In addition, some of these studies will use
phylogenetic measurements to clarify transmission events attrib-
utable to acute/early cases versus chronic cases, providing more
specific information about the importance of AHI/EHI in the
context of these trials. If AHI and EHI are found to limit
treatment as prevention empirically, we will need to develop a
more efficient strategy for identifying individuals with EHI, as well
as credible behavioral and/or treatment-based intervention
strategies [19] for this period.

Brian G. Williams and Christopher Dye’s
Viewpoint: Acute and Early HIV Infection Will Not
Limit the Effectiveness of HIV Treatment as
Prevention

It has been shown that successful ART reduces heterosexual
transmission of HIV by 96% (95% CI, 73%-99%) [5], more than
enough to eliminate HIV transmission [4]. However, Powers et al.
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([15] and above) argue that 38% of transmission events occur during
the first 4.8 months after HIV acquisition and that unless HIV-
positive individuals start ART very early in this period, ART will
not be sufficient to eliminate HIV transmission. Here we argue that
(1) there is no convincing evidence to support their estimate of the
proportion of transmission events that take place during the first 4.8
months, and (2) even if their estimate is correct, annual testing and
immediate treatment would nevertheless be sufficient to eliminate
transmission

Transmission during Early HIV Infection

Twelve studies, summarized by Cohen et al. [6], suggest that
between 8% and 75% of new infections occur during EHI.
Unfortunately, all of the studies that are concerned with
heterosexual transmission depend on one set of data collected
from the retrospective identification of 23 couples in Rakai,
Uganda [11], in a study designed for other purposes. In ten
couples in the Rakai study, both partners seroconverted in the
same ten-month interval between testing. It was assumed that the
first person in the couple was infected after an average of five
months, leaving five months for them to infect their partner. Of
the 13 remaining serodiscordant couples, three of the seronegative
partners were infected in the next ten months, giving a rate ratio
for infection during the first and second periods of 7.3 (95% CI,
3.1-17.3) [11]. Allowance was made for the self-reported number
of sexual encounters, but not for the possibility that the second
person was infected from outside the relationship. Data from a
study of 23 couples, designed for other purposes, in which people
were tested for HIV only at ten-month intervals and were
identified retrospectively, which relied on self-reported sexual
activity, and which did not determine whether or not the infection
came from outside the relationship [11], do not provide a sound
basis for drawing conclusions about the importance of EHI.

Since there is no convincing direct evidence that heterosexual
transmission is higher during AHI than during the asymptomatic
period of CHI, we consider indirect estimates based on viral load
and the likely duration of AHI. Most new HIV infections are
established by a single founder virus. The concentration of virions in
the plasma then increases rapidly over three to four weeks, reaching
~10%° copies/ml, and then falls equally rapidly to a set point at
~10*° copies/ml [20,21]. From a preliminary analysis of data
presented by Robb [20] for people in the acute phase of infection,
the peak concentration of virus in the plasma is 10*' (95% CIL, 10"~
10%) copies/ml times greater than at the set point, and AHI lasts
for 2.1 (1.6-2.5) weeks. Miller et al. [16] likewise observe that “acute
HIV infection, when the concentration of HIV in blood and genital
secretions is extremely high, is only a few weeks in duration.”
According to the model of Powers et al. (Supplementary Web
Appendix Figure 1 in [15]), AHI, the period of peak viral load that
lasts for a maximum of six weeks, corresponding to an average
duration, with the same area under the curve, of two weeks, with
average viral load increased about 20-fold.

Transmission increases with viral load, and most authors assume
that transmission increases as viral load to the power of 0.3 to 0.5
[22-24]; the relationship is clearly sublinear so that transmission
saturates as viral load increases [25]. A more biologically plausible
model [26], which gives an equally good fit to the available data
[27], assumes that transmission increases linearly with viral load at
low values of viral load, but converges to an asymptote above a viral
load of 10** copies/ml [27]. In order to estimate P, the proportion
of infections that take place in stage 7, we calculate, to first order,

o rid;
b id;
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Figure 1. The predicted effect of different levels of acute
infection on a combination prevention package including
universal testing and treatment, as will be tested in the
POpART trial [20]. (A) Green line: prevalence; red line: incidence.
Two versions of a model are fitted to the adult HIV prevalence curve for
South Africa (Joint United Nations Programme on HIV/AIDS): one
“corrected” for serial monogamy effects in low-risk individuals [5], and
thus with a low contribution of AHI (solid line), and one without the
correction, and thus with a high contribution of AHI (dashed line). Fitted
parameters are as follows: the proportion of individuals in three risk
groups (low, medium, and high), rate of partner change for high-risk
individuals, assortativity of mixing by risk, start time, early treatment
rates, and an overall infectiousness parameter. Other parameters were
fixed from the literature [13,14]. (C) The intervention is introduced in
2012, and predictions are made until 2020, for three scenarios ranging
from the very pessimistic (green line), through “just on target” (red
line), to very optimistic (blue line). The results are surprisingly
independent of the amount of transmission from AHlI, as indicated by
the solid versus dashed lines. (B and D) The contribution to transmission
from individuals in different disease stages in the just-on-target
scenarios is plotted in (B), corresponding to solid lines in (A) and (C)
(corrected for serial monogamy effects), and (D), corresponding to
dashed lines in (A) and (C) (not corrected for serial monogamy effects).
Shown are all new infections of index cases in AHI and EHI (green), of
index cases in untreated CHI (blue), and of index cases in treated CHI
(red), as a proportion of total new infections.
doi:10.1371/journal.pmed.1001232.g001

where d;is the duration and 7, is the relative infectiousness of stage 7,
assuming a steady state, in which prevalence, incidence, and
mortality are constant, and random mixing. With a mean set-point
viral load of 10™ copies/ml, an increase in the average viremia
from 10 copies/ml to 10°° copies/ml during AHI would make
little difference to the overall rate of transmission. Even if we
generously assume that the viral load peak during AHI lasts for one
month and that transmission rates per sexual encounter are
increased three-fold during AHI, Equation 1 shows that AHI
accounts for only 2% of all transmissions and would be
consequential only if people had several partners in the two-week
period of AHI, which is not supported by data. Raised viremia
during AHI does not support the claim that EHI contributes
significantly to heterosexual HIV transmission.

Powers et al. [15] estimate that EHI lasts for 4.8 months and
that during this time the risk of infection per sexual encounter is
30.3 (13.6-47.1) times greater than it is during the asymptomatic
period of CHI. If we grant these assumptions, Equation 1, which
assumes a steady state, shows that about 56% of infections would
then occur during EHI, in agreement with their estimate of 78%
(95% credible interval, 68%—-85%) in 1975, falling to 38% (19%—
52%) i 2010. The agreement between this estimate using
Equation 1 and the estimate of Powers et al. [15] shows that our

July 2012 | Volume 9 | Issue 7 | 1001232



different conclusions arise from our different estimates of the
duration of elevated infectiousness and transmission rates during
that period, and is not due to other structural details of the model.

Early Treatment and Rq

Even if the modeled outcomes of Powers et al. [15] are correct,
annual testing and immediate treatment would still be sufficient to
eliminate transmission. The initial doubling time of the prevalence
of HIV in the Malawi study was 1.3 years ([15]), and the greater
the relative risk of transmission in EHI, the smaller must be the
value of the basic reproduction number, Ry, to maintain the same
initial doubling time, as follows directly from the Euler-Lotka
equation [28,29]. If we suppose that transmission per sexual
contact is 30 times higher during EHI than during the next ten
years of CHI, as proposed by Powers et al. [15], the value of Ry,
subject to the constraint that the initial doubling time is 1.3 years,
would have to be ~2 rather than ~5-10 [27]. Testing people at
regular intervals of one year and starting them immediately on
ART would reduce Ry to 0.8 [27]; testing people more frequently
would reduce it further. Thus, early treatment could still lead to
elimination of HIV transmission, and adding other interventions,
such as male circumcision, would increase the impact further.

Implications for Treatment as Prevention

There is agreement that ART reduces the rate of transmission
by about 25 times [5] and that this reduction is much greater than
has been demonstrated with any other currently available
intervention. It is unlikely that AHI or EHI significantly
compromises the impact of treatment on transmission. We agree
that if the intention is to start people on ART as soon as possible
after they become infected with HIV, ways of detecting people in
the acute phase of HIV infection would increase the impact of
treatment as prevention. Whatever may be the precise details of
transmission during AHI, treatment as prevention must now be
the cornerstone of HIV prevention programs. Going beyond
mathematical modelling, the magnitude of the effects of treatment
as prevention are being evaluated in a number of field trials [18].
We expect the results of these trials to offer, for the first time, the
prospect of an AIDS-free generation [30,31].

Christophe Fraser's Commentary on the Debate

The role of AHI and EHI in transmission has been debated
since the early days of the HIV epidemic [32] and for much the
same reason is still debated today: it seems self-evidently important
but is hard to pin down. It is the subject of renewed attention in
light of growing interest in treatment as prevention, because unless
diagnosis can be made during AHI, most individuals will have
passed through EHI before universal testing and treatment would
start them on ART.

Powers et al. argue that EHI is a major driver of the epidemic,
while Williams and Dye suggest a minimal role for EHI; other
studies provide estimates across this range [6]. The debating
parties agree that data from the Rakai study in Uganda indicate
very high onward transmission in EHI, with 43% of couples found
to be mutually infected at the first follow-up after neither of them
was [11], and they agree that this is not consistent with
expectations from viral load alone [10]. Powers et al. support
the epidemiological observation (high transmission) and argue that
there is no reason to believe that viral load is a good marker for
infectiousness in EHI (true), while Williams and Dye support
arguments based on viral load and argue that, with only 23
couples, the Rakai study [11] is, in this context, too small to draw
such a strong conclusion (also true).
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Key Points

e Two opposing model-based viewpoints are presented
about whether transmission during early HIV infection is
likely to compromise the effectiveness of treatment as
prevention, i.e., using universal HIV testing and imme-
diate ART to halt the transmission of HIV in a population.

e Powers, Miller, and Cohen’s model suggests that 38% of
transmission takes place in the first few months after HIV
infection, i.e., before infections would be detected and
treated via annual testing and treatment, making early
HIV transmission a serious impediment to treatment as
prevention.

e Williams and Dye argue that their model shows that the
high levels of viremia during the acute phase of HIV
infection do not significantly increase HIV transmission
and that the risk of infection is not significantly higher
during early infection than it is during chronic infection.
They argue further that even if there were much higher
rates of transmission in the acute and early stages of
infection, early treatment would still be effective in
controlling the epidemic of HIV.

e Fraser highlights that the epidemiological contribution
of acute infection depends not just on infectiousness but
also on patterns of risk behavior. However, Fraser largely
concurs with Williams and Dye that the effect of acute
and early infection on the predicted impact of universal
testing and treatment may be much smaller than
expected.

e All authors agree that future modelling and empirical
studies will be useful in elucidating the impact of
treatment as prevention on the epidemic of HIV.

A pivotal point that neither party delves deeply enough into is the
effect of patterns of risk behavior. In a reanalysis of the Rakai data,
Hollingsworth et al. [10] show that low-risk (serial monogamy) and
high-risk (random mixing) contexts led to significantly different
estimates of the extent of transmission during EHI; Eaton et al. [33]
show that transmission in a sexual network with concurrent
partnerships produces intermediate estimates. Powers et al.
obtained higher estimates by allowing for complex correlations
between partner change rates and transmission probabilities per sex
act [15]. Finally, Koopman et al. [34] emphasize that assuming
constant sexual risk behavior over individuals® lifetimes is neither
sensible nor supported by the data, and this too plays into the
estimation of the role of AHI, since if partner change rates decline
with age, EHI becomes more important.

While the role of different patterns of risk behavior in driving
EHI may have been underestimated, the argument made by
Williams and Dye that AHI and EHI do not matter to prevention
efforts as much as we might think may in fact be more
fundamental. This argument is based on the Euler-Lotka equation,
which constrains the relationship between growth rates and
generation times [35,36]. Here, I test this argument using a
conventional mathematical model of HIV transmission, which
extends earlier models [4,37] and is more complex than the
models that Williams and Dye have used in this context. Estimates
of transmission rates during EHI in the model are based on the
data from Rakai, which is still the best evidence to date on this
topic, and the model is fit to national surveillance data from South
Africa (from the Joint United Nations Programme on HIV/AIDS).
The model allows the rate of transmission during EHI to be
modified by turning on or off the correction factor for finite
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partnerships amongst low- and medium-risk individuals [10]; this
is more efficient than increasing the parameter for the infectious-
ness of EHI, due to the counteracting effects of limited partnership
turnover on biological infectiousness. When the contribution of
EHI is tuned up or down, very different model projections result,
as expected.

However, changing our assumptions about the importance of
AHI and EHI not only affects our predictions about the future, but
also changes our interpretation of what has happened in the past:
each time the contribution of EHI is tuned up or down, the model
must be refitted to data. Figure 1 shows the outcome of this
process: it broadly confirms the prediction of the Euler-Lotka
equation in the context of a more complex mathematical model,
validating the hypothesis of Williams and Dye that the total
effectiveness of treatment as prevention depends surprisingly little
on the effect of EHI on transmission.

It must be stated that these predictions are based on a model
that is still relatively simple, and reality may yet surprise us.
Further modelling work could play a useful role by determining
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more systematically under which circumstances the prediction of
the Euler-Lotka equation is or is not expected to hold, and guiding
the collection of appropriate data. Treatment as prevention holds
extraordinary promise, but will also be expensive and challenging
to deliver in many settings. Arguments about potential barriers to
success, such as presented in this debate, need careful consider-
ation. Population-based trials, such as PopART (HPTN 071) [38]
and others [18] that are being planned, as well as more
observational data, will provide much needed empirical tests of
the proposal that treatment as prevention is feasible and effective.
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Abstract: Results from several observational studies of
HIV-discordant couples and a randomized controlled trial
(HIV Prevention Trials Network 052) show that antiretro-
viral therapy (ART) can greatly reduce heterosexual HIV
transmission in stable HIV-discordant couples. However,
such data do not prove that ART will reduce HIV incidence
at the population level. Observational investigations using
ecological measures have been used to support the
implementation of HIV treatment for the specific purpose
of preventing transmission at the population level. Many
of these studies note ecological associations between
measures of increased ART uptake and decreased HIV
transmission. Given the urgency of implementing HIV
prevention measures, ecological studies must de facto be
used to inform current strategies. However, the hypoth-
esis that widespread ART can eliminate HIV infection may
have raised expectations beyond what we may be able to
achieve. Here we review and discuss the construct of the
exposure and outcome measures and analysis methods
used in ecological studies. By examining the strengths
and weaknesses of ecological analyses, we aim to aid
understanding of the findings from these studies to
inform future policy decisions regarding the use of ART
for HIV prevention.

Introduction

Ecological studies use observational data to examine relation-
ships between exposures and outcomes at the level of groups rather
than individuals [1]. When individual-level data are unavailable,
ecological studies can provide important insight into population-
level trends [2,3]. Ecological studies appeal to researchers and
policy-makers because they are inexpensive, use existing data, and
are applicable to a broad range of issues. However, statistical
models using only group-level data cannot evaluate person-level
details and are therefore unable to test etiological hypotheses [2,4—
6]. Further, because ecological studies often use separate data
sources to measure exposures and their potential effects, the link
between exposures and outcomes cannot be determined at the
individual level.

Concern over these limitations has focused on “ecological
fallacy,” in which associations detected at the population level are
mistakenly interpreted to reflect the experience of individuals in
that population [1]. The first study describing ecological fallacy
presented an analysis of literacy and immigration in the US, in
which states with higher proportions of immigrants were shown to
have higher average literacy rates [7]. An “ecologically fallacious”

Review articles synthesize in narrative form the best available evidence on a topic.
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interpretation of this association would be that immigrants have
higher literacy rates than native-born individuals; in fact,
individual-level analysis shows lower literacy rates among immi-
grants. The best explanation for this particular population-level
observation is that immigrants tend to settle in sites where the
native-born individuals have higher literacy levels [7].

Despite their limitations, ecological studies play an important
role in generating hypotheses that can be tested in experimental or
individual-level observational studies [2,8]. For instance, ecological
analyses were successfully applied during the exploratory phases of
research on male circumcision to prevent HIV, in which
geographical associations between circumcision rates and HIV
prevalence [9-11] provided the foundation for two decades of
observational research [12,13] on the topic. All three randomized
clinical trials that followed were halted because of a readily
demonstrable reduction of HIV acquisition in circumcised men
[14,15]. A Cochrane review published in 2009 concluded that
male circumcision is a clinically viable HIV prevention strategy
(16].

Here we describe an illustrative set of observational studies that
use ecological measures to examine the population-level effects of
antiretroviral therapy (ART) on HIV transmission. We critically
review what these studies measure, how they measure it, and how
their findings are interpreted. These results are used to provide
insight into the strengths and limitations of this approach.
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Ecological Studies of ART for HIV Prevention

The narrative of exploring the effects of treatment on prevention
shares similarities with the narrative for male circumcision, though with
a somewhat different chronology. The hypothesis that antiretroviral
agents can prevent sexual HIV transmission was suggested in 1988
shortly after the development of azidothymidine, which was found to
effectively penetrate the genital tract [17]. This report was followed by
more intensive study of the effect of newly developed antiretroviral
agents on HIV replication in the male and female genital tract [18-21].
In 1994, Musicco et al. observed that azidothymidine could reduce
transmission of HIV in a cohort of discordant couples by 50% [22].
Several clinical trials in the late 1990s showing that ART stopped
mother-to-child transmission lent further credibility to the potential use
of ART to prevent sexual transmission [23]. In 2000, a randomized
clinical trial, HIV Prevention Trials Network 052 (HPTN 052), was
launched to determine the magnitude and durability of the effect of
combination antiretroviral agents on the prevention of sexual
transmission of HIV [24]. After this trial was launched, several [25—
28], but not all [29], individual-level observational studies reported a
protective effect of ART against HIV transmission in serodiscordant
couples. In addition, many modeling exercises suggested varying
degrees of population-level prevention benefit from broader use of ART
[30], the most widely discussed of which predicted elimination of HIV
within five yearsunderideal conditions [31]. These models are discussed
inareview by Eaton etal. [32] in the July 2012 PLoS Medicine Collection,
“Investigating the Impact of Treatment on New HIV Infections.” A
third group of eight ecological studies examined the population-level
effects of widespread ART on HIV incidence using ecological measures,
and reported significant effects [33-38] in all but two cases [39,40].
These eight studies are the focus of this review. Finally, in mid-2011, the
HPTN 052 investigatorsreported a 96 % reduction of HIV transmission
in heterosexual couples over the 1.7 years of follow-up [41].

The promise of ART to control-—and perhaps even eliminate
[31]—HIV has mobilized calls from public health leaders to
integrate preventive and clinical applications of ART [42—45]. In
light of several trials showing markedly improved survival for those
mitiating ART earlier in the course of disease, such initiatives often
emphasize the clinical benefits that early treatment can bring HIV-
infected persons [46,47]. However, numerous behavioral, epide-
miological, and programmatic challenges may well limit the ability
to translate the individual-level prevention benefits of ART to a
larger population [48-52]. As such, demonstration of a minimally
biased population-level benefit is critical. Not surprisingly, there is a
credible tension between the need for more randomized individual-
and community-level trials (also called cluster randomized
controlled trials), and the immediate scale-up of HIV treatment
to prevent the spread of HIV [53-55]. The arguments for
immediate and broader roll-out of ART for the sake of prevention
are based on the HPTN 052 study [41], observational studies of
transmission within HIV-discordant couples [25-29], ecological
reports [33-36], and modeling exercises [31,56-59].

In this report we examine eight influential ecological studies that
assess the population-level effects of ART on HIV transmission
(Table 1). Most of the studies are from North America
[33,34,36,38—40], with one set in Taiwan [35] and one in Australia
[37]. Each study uses an ecological measure of the exposure, such as
access to ART, or the outcome, such as HIV incidence, or both
(summarized in Table 1; further considerations detailed in Table 2).

Measuring Population Exposure to ART

The simplest way investigators have characterized ART
exposure in a population of HIV-infected persons is to use a
dichotomous “before/after”” measure, as in the case of Fang et al.
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[35] and Porco et al. [38], based on the time at which scale-up of
local HIV treatment policies improved access to ART. Other
investigators have used more detailed measures of AR'T exposure,
including Montaner et al. [33], who estimated the number of
HIV-infected persons known to be receiving ART in a population,
or Katz et al. [40], who used prevalence of ART use among all
identified HIV patients. How well these measures reflect actual
ART exposure of an entire HIV-infected population depends on
the extent to which some subpopulations remain “hidden” to
investigators. ART exposure of the entire HIV-infected population
can only be measured if every person with HIV infection can be
identified and their treatment status assessed.

The hypothesis that population ART usage will decrease HIV
incidence relies on the assumption that ongoing HIV care will
sustain viral suppression, which is essential to transmission
prevention [60]. However, large numbers of HIV-infected persons
are lost to follow-up along the path from testing to suppressive
treatment [61,62]; the US Centers for Disease Control and
Prevention recently estimated that only about 24% of the 1.2
million people in the US with HIV infection in 2010 were virally
suppressed (Figure 1) [61-63]. Even once in care, rates of
treatment refusal by eligible individuals can be substantial [64].

To address the shortcomings of measures that do not fully reflect
suppressive. ART use, alternative metrics incorporate viral load
information, based on the well-understood relationship between
sexual transmission of HIV from infected individuals and viral
concentrations in their blood [65] and genital fluids [66]. One such
measure uses the proportion (or absolute number) of treated
individuals in a study population with undetectable viral load,
usually defined as having fewer than 400 copies/ml [33,37-39].

A related measure, community viral load (CVL), is used by Das
et al. [34], Montaner et al. [33], and Wood et al. [36], and is
defined as the total, mean [33,34], or median [36] viral load for a
particular group or geographic region in a given period of time
(usually a year). CVL may be a useful biomarker for describing
population-level treatment outcomes over time, particularly in
cases in which geospatial information about the patients’ primary
residence or point of medical care is available, allowing inves-
tigators to compare geographic disparities in CVL with other
predictive factors such as socioeconomic status or proximity to
health care programs [34,39]. However, because most CVL
measures rely on public health surveillance data [33,34,39], these
exposure measures reflect the treatment outcomes only for the
subset of the HIV-infected population who get tested for HIV, link
to care, and remain in care long enough to contribute such
measurements. Patients with acute infection unidentified by
serological testing are de facto not considered in the calculation
of CVL, but may well be expected to contribute disproportionately
to onward HIV transmission [67,68]. Additionally, the use of an
aggregate measure of viral load in a community cannot capture
other important drivers of HIV transmission, such as the
distribution of viral loads within the population, sexual and
drug-using behaviors, and the sexual or drug-use networks
through which these behaviors spread HIV.

Outcome Assessment: Tracking Population HIV
Transmission

Accurate assessment of HIV incidence is critical for evaluating
the population-level effect of interventions, but such assessment is
challenging. The simplest approach is taken by Law et al. [37],
who simply refer to HIV incidence trends cited in past publications
[37]. Another approach, taken by Montaner et al. [33], Das et al.
[34], and Castel et al. [39], estimates population-based incidence
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Table 2. Summary of measures used and considerations for their use.

Measure

Considerations

ART
Before/after ART

Prevalence of ART use

Portion of treated individuals with undetectable VL

CvL

Outcome: trends in HIV transmission
New HIV diagnoses

HIV incidence via longitudinal cohort follow-up

HIV incidence via laboratory-based methods for identifying recent
infections

HIV transmission rates (new cases per prevalent case-year) from
modified back-calculation approach

Exposure: trends in population-level exposure to suppressive

Dichotomous measure does not quantify the level of suppressive ART use in a population

Only represents the prevalence of ART use among populations in clinical care; does not
account for failure to achieve viral suppression

Only represents the portion of individuals with undetectable VL among populations in clinical
care

Only represents VL among populations in clinical care; aggregate and mean values obscure
important differences in transmissibility among individuals

New HIV diagnoses do not necessarily represent incident cases.

Individuals who enroll and stay in cohorts may have lower HIV incidence than those who do
not; choice of testing interval and assay can introduce bias

Recent infections identified only among HIV-infected individuals who test; assays have low
specificity and can overestimate recent infections

Sensitive to peculiarities of a population’s testing behavior, including frequent repeat testers
or variable rates of disease progression among identified cases

VL, viral load.
doi:10.1371/journal.pmed.1001260.t002

from information on newly identified cases, using new HIV
diagnoses as a direct proxy for new infections. Obviously, newly
diagnosed patients acquired HIV at some unknown earlier time,
and so they are not “incident” in the traditional use of the word.
Using new diagnoses as a proxy for incidence also misses
populations that do not seek testing and that may have lower
access to health care and a corresponding higher risk for
acquiring HIV [69,70]. Changes in the number of new HIV

A

diagnoses may reflect actual changes in incidence, but will also be
affected by changes in availability of services and testing
behaviors [71].

A second population-based incidence estimation method, used
by Fang et al. [35], back-calculates past incidence from new
diagnoses [35]. This method relies in part on assumptions of
uniform parameters for disease progression markers such as the
onset of AIDS symptoms or the proportion of newly diagnosed

20.0 — 45.0% do not achieve viral suppression

33.3 — 49.0% do not receive treatment

25.0% are not linked to care

20.0 - 21.0% are unaware of their status

Figure 1. Estimated numbers of HIV-infected individuals in the US retained (and corresponding percentages lost) at various stages
of the test, link, and treat cascade. This figure is based on data from [61,62].

doi:10.1371/journal.pmed.1001260.g001
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individuals with CD#4 cell count less than 200 cells/ul, although
variation in the rate of decline of CD#4 cell count over time and
across gender, ethnicity, and HIV subtypes undermines the
validity of this method [72-74].

Laboratory assays to identify persons with recent HIV infection
can be applied to stored biospecimens collected in the course of
routine surveillance or epidemiological research studies and may
provide a more rigorous method to determine current HIV
incidence from new diagnoses. The serologic testing algorithm for
recent HIV seroconversion (STARHS) [75] derives current HIV
incidence from the prevalence of recent infections, based on the
assay window period, delineated by the seroconversion dates as
detected by the original HIV-1 antibody test and the STARHS
method, and adjusting for the estimated prevalence among non-
testers and the probability that HIV-infected individuals will test,
receive treatment, and/or have missing specimens. Although the
investigations that use this method take advantage of existing
surveillance data, as in the case of Das et al. [34] and Katz et al.
[40], logistical challenges in storing and tracking remnant blood
can affect the completeness of data. Furthermore, even relatively
new laboratory methods such as the detuned enzyme-linked
immunosorbent assay or the newer BED capture enzyme
immunoassay have been known to misclassify established infec-
tions as incident infections; therefore, results must be interpreted
with some caution [76]. The use of this approach has generally
fallen out of favor pending development of better laboratory-based
tests or algorithms [77].

In contrast to population-based methods, longitudinal cohort
follow-up data have also been used to define population incidence,
as in the analyses carried out by Wood et al. [36] and Porco et al.
[38]. Although long considered the gold standard of HIV
incidence estimation, cohort follow-up is not immune to bias,
such as that which can result from the choice of testing intervals
and HIV assay [78]. Moreover, cohort participants may be a poor
proxy for the rest of the population, especially if the individuals
who enroll and remain in the cohort have fewer risk behaviors
than their unobserved counterparts.

Identifying the Effects of ART on HIV
Transmission

The ultimate aim of these investigations is to determine
whether population-level ART exposure has affected HIV
transmission. Some investigators used inductive reasoning to
synthesize either their own results [38,40] or a combination of
their own results and other published reports [37]. The remaining
studies quantify the association by comparing transmission rates,
defined as the ratio of new cases to prevalent cases in an interval
of time, before and after introduction of ART [35], or by using
time series regression modeling [33,34,36,39]. Although these
methods of analysis differ considerably, it is worth consideration
that nearly every study arrives at the same conclusion: that
increased population exposure to ART leads to lower HIV
transmission (Table 3).

However, inaccurate assessment of exposures or outcomes can
generate bias [51]. Overestimating the decline in incidence, for
instance—perhaps because of an unrecognized change in testing
behaviors—could produce an upward bias in the estimated impact
of ART on HIV transmission. Additionally, statistical associations
do not show causation, and observed trends in HIV diagnoses may
be due to factors other than population-level exposure to ART.
For example, declines in HIV incidence in settings worldwide—
most of which started to occur before ART was available or could
be expected to have had an effect—have been ascribed to various
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phenomena, including the saturation of HIV in high-risk groups
[79] and changes in sexual behavior in response to the HIV
pandemic [71,78]. Although the potential confounding effects of
changes in HIV-related risk behaviors have been widely acknowl-
edged, only one report, from Vancouver [36], formally controls for
them in a regression model (Table 3). By comparison, another
study from British Columbia attributes large numbers of averted
HIV infections among injection drug users (IDUs) to broader
uptake of ART in the community, but some have suggested that
the analysis underestimates the potential protective effects of other
HIV prevention measures directed at the same community [80].
Indeed, the protective effects of Vancouver’s safer injection sites
have been documented in the past [81,82]. Also, consistent ART
adherence may be difficult to sustain in IDUs [83], further
suggesting that factors beyond viral suppression may have
contributed to the reduction in HIV incidence in this population.

The ability of ART to visibly reduce the number of newly
diagnosed cases of HIV takes time, because most new diagnoses
are made years after infection occurs, and many patients present
with a reduced CD4 count, reflecting substantial progression of
HIV disease. But in some ecological studies, the effect of ART is
presumed to be almost immediate. In the report from British
Columbia [33], where combination ART was introduced in 1996,
the largest decrease in documented new HIV diagnoses took place
between 1997 and 2000, but it is reasonable to question whether
enough suppressive combination ART was immediately available
to most patients to explain this decline.

Alternative Results and Other Considerations

The comparative lack of reports investigating the ecological
effects of population-level ART in settings where rising incidence
rates have been detected [84,85] suggests potential publication
bias. It is also noteworthy that ecological studies of ART for HIV
prevention are almost exclusively from developed western settings,
likely because of the limited availability of surveillance data, viral
load measurements, or registry data in resource-constrained
settings.

Stable or rising HIV incidence among certain population
subgroups with ready access to ART suggests the possibility that
identified relationships between ART access and declines in HIV
diagnoses in the studies reviewed here may be overstated. For
example, HIV incidence (estimated by STARHS) increased and
then stabilized among voluntary testers in San Francisco between
1999 and 2006 [85], and model-estimated numbers of new HIV
infections among men who have sex with men (MSM) in British
Columbia increased by 13% from 2005 to 2008 [86]. In parts of
Australia, the number of HIV diagnoses among MSM between
2000 and 2006 doubled, although cohort data suggest that this
observation may be largely driven by new infections among older
MSM [87,88]. In Denmark [89] and the UK [90], incidence rates
among MSM have reportedly increased. In Canada, some
subgroups of IDUs have experienced rising HIV incidence,
including Aboriginals [91], women [92], and youth [93],
prompting a call for renewed prevention efforts [94].

More than 50 experimental studies of treatment as prevention
are in some stage of development, and more can be anticipated
[95,96]. Policy-makers often do not have the luxury of waiting
years for trial data, and all decisions take place under a certain
degree of uncertainty. To this end, several studies, including some
considered in this review, have successfully applied novel tools of
geospatial mapping and phylogenetic analysis to aid interpretation
of observational data. A study in the UK [97] used viral molecular
phylogeny to determine the single most likely transmitter among
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Table 3. Analysis methods and conclusions regarding effects.

[39] (2011)

Das et al.
[34] (2010)

Fang et al.
[35] (2004)

Katz et al.

[40] (2002)

Law et al.
[37] (2011)

Montaner
et al. [33]
(2010)

[38] (2004)

[36] (2009)

Porco et al.

Wood et al.

new diagnoses on mean CVL

Poisson regression of new diagnoses
on changes in total and mean CVL;
meta-regression of estimated incidence
on changes in total and mean CVL

Modified back-calculation to estimate
reduction in transmission rate (new
cases per prevalent case-year)
between pre- and post-HAART eras

Inferences drawn from observation
of concurrent changes in HIV
incidence rates, reported sexual
behavior, STI diagnoses, and ART

use among population in clinical care

Inferences drawn from predicted
changes in prevalence of undetectable
VL among population in clinical care
and external reports of HIV incidence

Poisson regression of estimated new
diagnoses on changes in median CVL
and numbers receiving HAART

Inferences drawn from trends in
annual HIV incidence based on
antibody testing and time period
(pre- versus post-HAART period)
as indicator of ART use

Unadjusted and adjusted Cox
proportional hazards regression of

but lack of association
reported (p=0.11)

No effect estimate given, but

statistically significant trend with
new diagnoses noted (p =0.003)

No effect estimate given, but

lack of association with estimated

incidence noted (p>0.30)

Pre-HAART transmission rate
estimated as 0.391 new
infections per prevalent case

Post-HAART transmission rate
estimated as 0.184 new
infections per prevalent case

Effect of 100 new patients
receiving HAART on estimated
new diagnoses predicted as
—0.97 (95% Cl 0.96-0.98)

Effect of 1 log decrease median

CVL on estimated new diagnoses

predicted as —0.86 (0.75-0.98)

Unadjusted hazard ratio for

Notes reported trends in
rectal gonorrhea, but no
formal assessment

Secondary analysis of
concurrent trends in annual
reported cases of syphilis and
gonorrhea, but no formal
assessment

Secondary analysis of
concurrent trends in reported
risk behaviors and cases of
rectal gonorrhea among MSM,
but no formal assessment

No

Notes reported trends in
infectious syphilis, rectal
gonorrhea, and genital
chlamydia as proxies for sexual
risk behaviors; trends in
hepatitis C were also noted

as proxy for unsafe injecting
behaviors

Transmission probability
accounts for sexual risk
behaviors among surveyed
MSM

Adjusted model controlled for

effect of median CVL on time to

needle sharing, unprotected

Author
(Year) Analysis Method Statistical Analysis Results Control for Confounders? Conclusions
Castel et al.  Negative binomial regression of No effect estimate given, No No association was found between

trends in the mean CVL and newly
diagnosed HIV/AIDS cases

Reductions in CVL were associated
with a decrease in new HIV diagnoses,
but not with slight HIV incidence
decrease

Provision of free ART was associated
with a 53% reduction in the estimated
HIV transmission rate

ART impact on HIV transmission has
been counterbalanced by increased
reported risk behaviors

Declines in predicted detectable VL
between 1997 and 2009 coincide with
reports of rising new diagnoses and
estimated incidence in the same
community

Increased ART coverage and reduced
CVL are associated with a decreased
number of new HIV diagnoses

Wider availability of ART appears to
have slowed transmission in the study
population

Median CVL predicts HIV incidence
independent of HIV risk behaviors

time to seroconversion on median
CVL in the preceding six months

of median CVL on time

seroconversion estimated as 3.57
(2.03-6.27) per log,, CVL increase

to

sex, ethnicity, daily heroin use,
and unstable housing

Adjusted hazard ratio for effect

seroconversion estimated as 3.32
(1.82-6.08) per log;o CVL increase

doi:10.1371/journal.pmed.1001260.t003

MSM, allowing the investigators to account for the higher
transmission probability of individuals with acute and early
infection. Other studies, including those from San Francisco [34]
and Washington, D. C. [39], used geospatial analysis to illustrate
the spatial distribution of HIV-infected individuals in communi-
ties. Most recently, investigators at the Africa Centre for Health
and Population Studies in South Africa have been able to identify
a relationship between the density of ART wuse and HIV
acquisition risk within a community by studying HIV incidence

@ PLoS Medicine | www.plosmedicine.org
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Cl, confidence interval; HAART, highly active ART; STI, sexually transmitted infection; VL, viral load.

in a longitudinal cohort of more than 16,000 individuals (personal
communication, F. Tanser). Additional strengths of this study
include the use of information about the patients’ primary
residence and attempts to control for at least some possible
confounders of the relationship between ART uptake and HIV
incidence in the same community.

Several large cluster randomized controlled trials are being
developed [98]. A team from the Harvard School of Public Health
AIDS Initiative, working with partners in Botswana, will target
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individuals with sustained, high plasma viral loads for immediate
treatment, a strategy that could have exponential public health
benefits [73]. A second group from the London School of Hygiene
& Tropical Medicine and Imperial College London plans to test
the feasibility and impact of a universal test-and-treat strategy
along with other combination prevention measures, including
male circumcision [99]. But clinical trials have their own
limitations, including time, cost, ethical challenges, and perturba-
tions to the underlying community that can cause bias. And there
is never a guarantee that approaches employed in a trial will prove
effective outside of the trial setting.

Conclusions

Suppressive ART prevents HIV transmission in stable, monog-
amous, heterosexual couples. While ART seems to hold great
promise as a public health tool, its population-level benefits have
not been proven. Although ecological studies can play an
important role in the development of new HIV prevention
strategies, they are methodologically limited to building justifica-
tion of further formal scientific inquiry into population-level effects
of the potential policies in question. They are therefore the first of
many steps in the path from science to policy, beginning with the
establishment of biological plausibility, and progressing to
assessment of an individual-level effect and then a group-level
effect. Though most policy decisions must be made under
conditions of uncertainty, the hypothesis that widespread ART
can eliminate HIV infection [31,100] may have raised expectations
beyond what can actually be achieved. Additionally, implementa-
tion of treatment as prevention is not without its risks, including the
rise of population-level drug resistance with the rapid uptake of
ART in the face of continued limited infrastructure, and increased
risk compensation by treated individuals who believe that treatment
alone may justify forgoing other forms of protection [101-103].

Although we expect an impact of ART at the population level,
the magnitude of the effect may not be as great as some hope;
measuring the impact of ART roll-out on HIV spread, as in
several planned cluster randomized controlled trials, therefore
remains a critical step. Much as combination prevention methods
are believed to be better than single interventions for HIV
prevention [104], all the methods available to determine the
benefits of prevention interventions, including ecological studies,
should be deployed. The results must be weighed and used with a
full understanding of the methods used to define the outcomes of
treatment of HIV infection for prevention of transmission.
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Key Points

e Several strong observational studies and one random-
ized controlled trial, HPTN 052, demonstrate that ART
reduces the transmission of HIV in stable, heterosexual
HIV-discordant couples.

e A number of ecological studies, which use observational
data to examine relationships between exposures and
outcomes at the level of groups instead of individuals,
have found associations between the broader use of
antiretroviral agents and reductions in new HIV diagno-
ses in at-risk populations or in the general population.
Ecological studies may generate hypotheses that can be
explored using other experimental or observational
methods.

® A better understanding of the strengths and limitations
of the various exposure and outcome measures used in
ecological studies that examine the population-level
effects of ART on HIV transmission, and the methods
used to analyze them, is essential for the effective
application of the findings in policy-making processes.

o Methodological challenges such as measurement error,
selection bias, confounding, and assumptions about the
time lag of effects must be taken into account when
interpreting the results of these studies.

® Prospective measurement of the population-level impact
of ART can be approached through cluster randomized
controlled trials, but the cost, time, and degree of
difficulty of designing and conducting these studies are
appreciable, and the potential for the intervention itself
to introduce bias can threaten the validity of the results.

e Measuring the population-level benefits of ART is critical
to HIV prevention efforts, and consideration of results of
all methods may be used to inform ongoing research
and public health policy. A firm understanding of the
strengths and weaknesses of each approach is crucial to
the interpretation of results and allocation of resources.
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Abstract: There is growing enthusiasm for increasing
coverage of antiretroviral treatment among HIV-infected
people for the purposes of preventing ongoing transmis-
sion. Treatment as prevention will face a number of
barriers when implemented in real world populations,
which will likely lead to the effectiveness of this strategy
being lower than proposed by optimistic modelling
scenarios or ideal clinical trial settings. Some settings, as
part of their prevention and treatment strategies, have
already attained rates of HIV testing and use of
antiretroviral therapy—with high levels of viral suppres-
sion—that many countries would aspire to as targets for a
treatment-as-prevention strategy. This review examines a
number of these “natural experiments”, namely, British
Columbia, San Francisco, France, and Australia, to provide
commentary on whether treatment as prevention has
worked in real world populations. This review suggests
that the population-level impact of this strategy is likely to
be considerably less than as inferred from ideal condi-
tions.

Introduction

HIV prevention decision-makers across the world are consid-
ering the expansion of antiretroviral therapy (ART) for HIV-
infected people in order to reduce their infectiousness and thus
prevent onward transmission. This approach, called treatment as
prevention, is a paradigm shift from using ART for the sole
purpose of improving the health and longevity of patients with
HIV. We are now in an era where the secondary benefit of ART is
being considered as potentially the primary public health
approach to controlling HIV epidemics.

Several findings suggest that treatment might be effective as
prevention: the HPTN 052 study demonstrated that AR'T reduces
sexual transmission between discordant couples in a trial setting
[1]; various ecological studies from community settings have
shown an association between ART programs and reduced
markers of incidence [2-5]; associations have been demonstrated
between reduced viral load and lower infectiousness [6-8]; and
some theoretical models even suggest that under idealised
conditions, elimination might be possible [9,10]. However, these
findings do not imply that widespread scale-up of ART programs
under real world conditions will reduce HIV incidence at a
population level to the degree that some people are expecting (i.e.,
towards elimination). Cluster-randomised trials are currently
underway in Africa to investigate the impact of high coverage of
ART at the population level. In the meantime, models are
projecting potential epidemic trajectories associated with treat-
ment-as-prevention strategies under less ideal conditions [11], and
various national and international organisations are already
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discussing operational issues about how to implement treatment
as prevention [12].

We do not need to wait for trials of increased ART coverage to
be completed, or speculate through the use of mathematical
models, to have some understanding of the likely population-level
impact of this strategy. Treatment as prevention has essentially
been implemented in some settings already for a considerable
time. Planned treatment-as-prevention approaches involve fre-
quent universal testing and initiation of ART early post-diagnosis,
but increasing treatment coverage at any stage of infection—and
reaching high degrees of viral suppression across a population of
people living with HIV—is de facto treatment as prevention. Some
settings have achieved these objectives as part of their independent
prevention and treatment responses: these settings can be
considered as natural experiments for treatment as prevention at
the population level.

Natural Experiment Case Studies

British Columbia, Canada

A study by Montaner et al. [3] has been widely promoted as
demonstrating treatment as prevention in a community setting,
namely, among people who inject drugs (PWID) in British
Columbia, Canada. In British Columbia, there is universal access
to free rapid HIV testing (though it is not known what proportion
of PWID get tested for HIV each year). Guidelines for ART in
British Columbia indicate that any HIV-positive patient may
commence treatment, regardless of CD4 count, and ART is
recommended for all symptomatic patients with established
disease, and for asymptomatic individuals with CD4 cell count
=500 cells/pl [13]. Estimates for ART coverage are difficult to
quantify precisely, but coverage is considered to be relatively high
and has certainly increased over time.
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Montaner et al. found that there was an association between
declining rates of HIV diagnoses and increasing rates of testing,
ART coverage, and viral suppression. However, it is not clear to
what extent the reduction in incidence is attributable to ART
versus other interventions. As discussed by Smith et al. [14], also in
the July 2012 PLoS Medicine Collection, “Investigating the Impact
of Treatment on New HIV Infections”, analyses conducted for
British Columbia have been ecological, and declines in incidence
could be attributed to other prevention programs specifically
targeting this population group over the same period [15].

San Francisco, United States

With high, and increasing, rates of HIV testing and ART
coverage and eflectiveness, San Francisco is an obvious case study
for evaluating the role of treatment as prevention. It is estimated
that rates of HIV testing have been increasing in San Francisco,
such that ~72% of the core group at risk of infection, namely,
men who have sex with men (MSM), received an HIV test in the
past 12 months, and only 15%-20% of HIV cases are
undiagnosed [4]. An increasing proportion of HIV-infected
patients are enrolled in care (~71% in 2004 and 78% in 2008)
[16], and mean levels of community viral load have significantly
decreased (from ~25,000 copies/ml in 2004/2005 to 15,000
copies/ml in 2008) [4].

Das et al. [4] used San Francisco’s HIV/AIDS surveillance
system to examine trends in community viral load and new HIV
diagnoses, as a surrogate marker for incidence. They found that
reductions in community viral load were associated with decreased
HIV diagnoses since 2004. As a purely ecological study, causation
cannot be attributed to ART, but their results suggest that high
coverage of ART could have reduced HIV transmission at the
population level. However, although the number of newly
diagnosed and reported HIV cases has been declining in San
Francisco, the rate of new infections is still relatively high [4],
possibly because of the substantial HIV prevalence (~25%) among
MSM [17,18]. As such, even if the average per individual
infectiousness is reduced, there is still likely to be a significant
number of new HIV infections occurring at the population level
each year.

France

A ““treatment as prevention” statement has been released by the
French National AIDS Council [19], which takes a less assertive
approach to “test and treat” but still strongly promotes testing and
treatment. The level of undiagnosed infections in France is
approximately 25%-30%, comparable to levels in other resource-
rich settings [20-28]. ART guidelines in France in 2007 indicated
that ART should be started as early as possible for symptomatic
patients and those with high viral loads (>100,000 copies/ml), and
for asymptomatic patients when the CD4 count reached 350 cells/
ul [29]. There have been significant increases in the uptake of
ART among eligible people in France (to ~85%), and ~92% of
treated patients achieve plasma viral suppression [30]. However,
treatment-as-prevention strategies cannot be said to have been
fully implemented in France, as many patients initiate ART too
late [29].

The outcomes of the natural experiment in France suggest that
there may be differences between at-risk groups in the population-
level effectiveness of ART for reducing incidence: HIV incidence
has declined or remained stable in all major population groups,
except MSM, where incidence has been high and increasing [30].
Data from behavioural studies indicate that unprotected anal sex
and numbers of sexual partners among MSM have increased [31]
(also coinciding with increases in syphilis transmission [32]), raising
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the possibility that disinhibition or independent sociobehavioural
changes could undercut the effectiveness of treatment as preven-
tion. It is also possible that the increased HIV incidence among
MSM could be due to higher risk behaviours among those who are
not on ART and do not have suppressed virus.

Australia

Australia could also be considered a setting where a natural
experiment for treatment as prevention has taken place. First, the
HIV epidemic is highly concentrated, with the majority (~80%) of
all HIV cases being among MSM [33], a population generally well
educated and actively engaged with respect to HIV. Second, HIV
testing is routinely carried out by most MSM, with approximately
60%—75% of men self-reporting an annual test [34] and just 10%
of men reporting having never been tested [35]. Third, all regimen
lines and combinations of ART are publicly funded and freely
available to all HIV-infected patients. Australian guidelines for
treatment advise considering ART when CD4 cell count is <500
cells/pul, and definitely treating when CD4 cell count is <350
cells/pl. There are increased numbers of people receiving ART in
Australia (at about 70% of all individuals living with HIV) [36];
however, about 20% of individuals commence ART when CD4
cell count is <200 cells/ul, because of late presentation [33].
Fourth, the proportion of people on ART with undetectable viral
load has increased from 65% to 90% (at 400 copies/ml sensitivity;
40% to 85% at 50 copies/ml sensitivity) [37]. Further information
and analyses on these data are provided elsewhere [38].

It is likely that many countries would aspire to the conditions in
Australia as a target for treatment as prevention, as this is a real
world population with high coverage of effective treatment.
However, new HIV diagnoses, which can be interpreted as
reflecting HIV incidence [39], have increased from around 700
cases in 1999 (a nadir of national diagnoses) to around 1,000 new
cases annually [33]. This suggests that implementation of
treatment as prevention may have less impact on reducing
population incidence than previously expected.

Limits to Treatment as Prevention

Treatment as prevention possibly has the greatest chance to
succeed now in resource-rich countries with concentrated HIV
epidemics, where there is generally universal access to ART,
adequate infrastructure, and guidelines that enable early initiation
of treatment. However, it is in these very settings that HIV
incidence, or surrogate markers thereof, has been increasing [40—
45], as in Australia and France. Indeed, at the latest Annecy
Group meeting (consisting of representatives from national HIV/
AIDS surveillance organisations from developed countries in
North America, Australia, Western Europe, and the UK) in Rome
in January 2011, it was ascertained that despite differences in
epidemiological profiles, surveillance systems, and programmatic
responses, HIV epidemics among MSM were generally stable or
increasing in almost all of these developed-country settings, despite
widespread and increasing availability and effectiveness of ART.
Outbreaks of HIV among PWID have also recently been observed
in some of these countries [46,47].

There are numerous possible reasons for the apparent
meffectiveness of increased treatment in reducing HIV incidence
in “natural experiments”. One potential explanation is changes in
risk behaviour (shifts in cultural practices, condom fatigue, or risk
compensation), as observed in numerous settings including France
and Australia [48]. Another possible explanation is the influence of
migration from higher prevalence regions, which leads to greater
numbers of detected cases in the country of question—sometimes
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Figure 1. Series of steps required in order to reduce onward transmission from someone infected with HIV.
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used as a measure of incidence—as well as greater background
prevalence. There is also the potential emergence of marginalised
groups that experience additional barriers to accessing services.
These marginalised groups often include migrant and other
populations that experience relatively high levels of stigma and
discrimination but that are also at greatest risk of HIV infection.
Increases in prevalence of other sexually transmitted diseases can
also increase HIV incidence, since some sexually transmitted
diseases act as a biological cofactor for increasing both HIV
infectiousness and susceptibility [49,50]. Another possibility is that
treatment is not as effective in reducing infectiousness for riskier
modes of transmission as it is for heterosexual transmission (the
only mode of transmission considered in the HPTN 052 study)
[4,51-53]. Currently, there is little evidence that treatment as
prevention is as effective for MSM and PWID [54,55]. These
factors may help explain the observed increases in HIV incidence
in the era of expanded ART.

One way to consider the problem is that there is a series of
barriers to overcome for treatment to be effective in reducing
infectiousness (Figure 1). As indicated by Gardner et al. [56],
treatment can have a population-level effect in prevention if a high
proportion of all HIV-infected people (i) are tested for HIV, (ii) are
linked to clinical care in a timely manner, (iii) are retained in care,
(iv) receive effective ART, and (v) are adherent to treatment and
regularly monitored. It is not uncommon for people to drop out at
any of these barriers. Idealised conditions for a treatment-as-
prevention strategy may involve setting targets of 90% of all people
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at each barrier progressing to the next stage. However, as pointed
out by Gardner et al., this would result in a maximum of just 66%
of HIV-infected people in the population having suppressed virus.
Populations of people on ART may have reduced transmission
potential, but transmission events are still likely to occur from
individuals on ART, as well as from the remaining HIV-infected
population without suppressed virus [57].

A related problem of treatment as prevention is that the
significant advances in the effectiveness of ART in reducing viral
replication have decreased HIV/AIDS-associated mortality
[58,59], thereby resulting in a growing pool of HIV-infected
people. There is a balance between ART reducing infectiousness
and increasing prevalence. This is demonstrated in the natural
experiment case of Australia. As shown in Figure 2, the estimated
average number of onward HIV infections resulting from each
HIV-infected person per year has decreased substantially, but has
levelled off at a value above zero. At the same time, the prevalence
of HIV has been steadily increasing in Australia because of
increased survival due to effective ART (the trend is not altered
considerably when adjusted for population size). Correspondingly,
overall population incidence has increased over this period. Also,
acute HIV infection, with high viremia and high infectiousness, is
likely to be an important contributing factor to ongoing
transmission [60-63], particularly as most of these cases are
usually unrecognised.

On the positive side, the potential problem of there being an
increased pool of potential transmitters produced by successful
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ART may turn out to be minor. People’s sexual-transmission-
related behaviours generally decrease as they age. Therefore, the
average transmission rate per infected person may not be reflective
of transmission from the majority of people living with HIV. It
may be possible to reduce the average reproduction number, R, to
below the elimination threshold, R<I, even with higher preva-
lence. Future studies may be able to assess whether this is feasible
under realistic conditions.

It is important to note that over the last 5-10 years there have
been substantial increases in ART programs across low- and
middle-income countries. There is now clear evidence of
decreasing HIV prevalence across eastern and southern Africa,
which is undoubtedly multifactorial but may reflect some impact
of ART on transmission (as assessed by Johnson et al. [64] for
South Africa). There have also been large reductions in mortality
and corresponding reductions in prevalence throughout Asia
associated with ART programs (e.g., [65-67]). Although such
benefits are to be celebrated, and there is little doubt that ART
programs have likely had an impact in reducing incidence, the
levels of undiagnosed infections and treatment coverage make it
unlikely that treatment as prevention can lead towards elimination
at this stage.

Conclusions

The efficacy of treatment in reducing transmission has been
demonstrated for heterosexual transmission in the HPTN 052
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trial, with supporting evidence from other types of studies.
However, this does not imply that increased ART coverage will
result in substantial declines in incidence in real world populations.
The average per person rate of transmission will decrease because
of ART, but it will likely saturate at a level above zero. Due to
increased prevalence of potential transmitters, and other limita-
tions, it may be difficult to decrease overall population incidence

Key Points

e The real world effectiveness of treatment as prevention
is likely to be less than the efficacy measured in trials or
calculated in optimistic model scenarios.

® Some settings have attained rates of testing and
effective ART coverage that many countries would
aspire to as targets for treatment-as-prevention strate-
gies.

e Examination of data from treatment-as-prevention “nat-
ural experiments” suggests that there are limitations to
reductions in population incidence.

e Limitations might stem from behaviour changes, diffi-
culties linking patients with and retaining them in clinical
care, differences in the effectiveness of ART for different
modes of HIV transmission, and the increasing pool of
potential transmitters produced by successful ART.
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without other prevention approaches. While trial results are
obtained under optimised conditions, where regular counselling
and condoms are provided and where there are relatively low rates
of sexually transmitted infections, this is often not the situation in
the real world. There are also other external factors that may limit
the impact of treatment as prevention, including adherence to
treatment and shifts in sexual behaviours.

Justifiably, there is large enthusiasm for treatment as prevention.
But current planning is based on expected outcomes informed by
clinical trials and models—with supporting evidence from
ecological and observational studies—that may be overly optimis-
tic. Natural experiments suggest that there are limitations to the
overall benefit that can be achieved with this strategy. Before large
portions of HIV/AIDS budgets [68] are shifted to treatment as
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prevention in place of traditional prevention approaches, these
limitations need to be given appropriate consideration. It must be
acknowledged that ART is cost-effective with respect to clinical
benefits [69,70] and is likely to be even more so if prevention
benefits are included. But combination prevention using other
approaches proven to be effective, feasible, and cost-effective is
also essential to reduce incidence among all major groups at risk of
infection.
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Abstract: The rigorous evaluation of the impact of
combination HIV prevention packages at the population
level will be critical for the future of HIV prevention. In this
review, we discuss important considerations for the
design and interpretation of cluster randomized con-
trolled trials (C-RCTs) of combination prevention inter-
ventions. We focus on three large C-RCTs that will start
soon and are designed to test the hypothesis that
combination prevention packages, including expanded
access to antiretroviral therapy, can substantially reduce
HIV incidence. Using a general framework to integrate
mathematical modelling analysis into the design, conduct,
and analysis of C-RCTs will complement traditional
statistical analyses and strengthen the evaluation of the
interventions. Importantly, even with combination inter-
ventions, it may be challenging to substantially reduce
HIV incidence over the 2- to 3-y duration of a C-RCT,
unless interventions are scaled up rapidly and key
populations are reached. Thus, we propose the innovative
use of mathematical modelling to conduct interim
analyses, when interim HIV incidence data are not
available, to allow the ongoing trials to be modified or
adapted to reduce the likelihood of inconclusive out-
comes. The preplanned, interactive use of mathematical
models during C-RCTs will also provide a valuable
opportunity to validate and refine model projections.

Rationale for Cluster Randomized Controlled
Trials

Significant progress has been achieved in developing, imple-
menting, and scaling- up safe and effective biomedical and
behavioural HIV interventions such as promoting condom use,
male circumcision (MC), and the use of antiretroviral drugs for
treatment and for the prevention of mother-to-child and
heterosexual transmission [1]. Other interventions, such as oral
or topical pre-exposure prophylaxis, are in the late stages of
clinical evaluation [2]. Considered alone, each intervention
provides only partial protection or requires high levels of
individual adherence. The combination of several prevention
interventions could achieve substantial reductions in incidence
even if coverage and adherence to each intervention is suboptimal.
The combination approach is widely seen as the most promising
way to control the HIV epidemic, especially in highly endemic
countries [3,4]. However, the potential population-level effective-
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ness or impact of combination prevention packages is difficult to
predict and needs to be rigorously evaluated in real world settings.

The impact of an intervention at the population level can be
very different from its observed efficacy in clinical trials for many
reasons, including differences in implementation (e.g., speed and
quality of scale-up), target population (e.g., universal, or key
subpopulations), and in individual-level factors (e.g., adherence,
uptake, sexual behaviour disinhibition) [5-7]. In addition, the level
of indirect or herd effects on those not receiving the intervention as
a result of the decreasing prevalence of infectious individuals over
time is not captured in individual-based randomized controlled
trials (I-RCTs) and may differ between interventions [5-7].
Cluster randomized controlled trials (C-RCTs; also called
community-based RCTs) are trials in which whole communities,
or clusters of individuals, are randomly allocated to receive either
the intervention or the control condition [5,8]. C-RCTs can be
used to measure the population-level impact of an intervention
[5,8]. Typically, the intervention is implemented across the trial
communities, but the population-level impact is assessed by
measuring the incidence rate among a cohort of individuals in
the intervention group compared with a cohort in the control
group.

Three large C-RCTs commissioned by the US President’s
Emergency Plan for AIDS Relief (PEPFAR) to measure the impact
of combination prevention packages (including expanded access to
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antiretroviral therapy [ART]) on HIV incidence in different
populations will start shortly (Table 1) [9-11]. The different trial
intervention packages focus on the scale-up of AR (i) initiated at
different CD4 levels in Zambia and South Africa, (ii) prioritising
those with the highest viral loads in Botswana, and (iii) in
combination with other interventions in Tanzania.

In a context in which resources generally are becoming
increasingly scarce, obtaining valid answers from these trials will
be critical for the future of HIV prevention. Positive results
showing large reductions in HIV incidence could shift the
paradigm guiding the response to HIV epidemics, whilst negative
results could challenge the case for continued investment in
combination prevention interventions.

Despite being considered the gold standard for measuring the
population-level impact of interventions, the design, implementa-
tion, and interpretation of C-RCTs can be extremely challenging
[5,8,12,13]. In the past, some researchers have turned to
mathematical models once the studies were completed to help
understand ambiguous and counter-intuitive results from C-RCTs
[14-16]. Others have advocated for their use before studies
begin to improve trial design [5,17-21]. All three PEPFAR
trials currently include an HIV transmission dynamic modelling
component to complement traditional statistical approaches
for the analysis of C-RCTs. Mathematical models will be used
in three distinct phases—at the formative stage of trial planning,
during the trial itself to monitor progress, and at the end of the

Table 1. Main characteristics of cluster randomized controlled trials for combination prevention of HIV transmission commissioned

Intervention arm(s)

Control arm
Design

Number of randomized
clusters

Total
Per arm

Average size of randomized
cluster

Overall cohort followed up
Age eligibility

Size per cluster

Total size

Primary Outcome
Follow-up duration

HIV incidence assumption

Anticipated HIV prevalence at
baseline

Target reduction in incidence

Stages when modelling is
currently planned

Status

A: Enhanced HIV testing (including mobile
and home-based testing), active linkage to
care and treatment; enhanced MC; ART for all
HIV-infected persons with CD4<350 cells/ul
or with HIV-1 RNA>10,000 copies/ml; and
point-of-care CD4 testing in antenatal clinics
with universal HAART in pregnancy started by
28 wk gestation, as well as HIV retesting at
delivery among women HIV-negative in
second trimester or earlier

B: Standard of care®

Pair matched

30
15
5,800

16-64 y

~500 adults per cluster
15,000

HIV incidence®

34y

~1.5 per 100 person-years
25%

In arm A versus B: ~50%

Start

Planning

A: Treatment by CD4<350 cells/ul;
active scale-up and linkage to MC;
cash transfer for young women;
targeted outreach to the most
at-risk populations (including
female sex workers); social and
behaviour change communication

B: Standard of care®

Stratified

24
12
8,000-10,000 (~55%>15 y)

15-39 y

~500 adults per cluster
12,000

HIV incidence®

2y

1.0-1.5 per 100 person-years
10%-15%

In arm A versus B: ~40%
(35%-50%)

Start, interim, final

Pre-trial

by PEPFAR.

Study CDC/HSPH? JHU/USAID PopART (HPTN 071)

Site Botswana Iringa, Tanzania Zambia+South Africa (Western Cape)
Number of arms 2 2 3

A: Universal community home-based
testing; active linkage of HIV-positive
individuals to care and immediate
ART according to national guidelines
and/or MC. B: Same as A but ART at
CD4<350 cells/ul

C: Enhanced standard of care®

Triplet matched

24 (South Africa: 9, Zambia: 15)
8
50,000 (25,000>18 y)

18-44 y

~2,500 adults per cluster

60,000

HIV incidence®

2y

1.0-1.5 per 100 person-years

15%

In arm A versus C: —50% to 60%; in
arm B versus C: —25% to 30%

Start, final

Pre-trial

Data as of 15 March 2012.

*The design of the intervention and plan of analysis for this trial are still being finalised.
PStandard of care is ART for HIV-positive individuals with CD4<350 cells/ul or AIDS.
Standard of care is standard referral to MC and ART according to Tanzania guidelines (this will soon change from CD4<200 cells/ul to CD4<350 cells/ul, initially
focusing on HIV-positive people with tuberculosis and pregnant women).
9Standard of care is no home-based testing or home-based visit to facilitate linkage to ART. ART given according to country guidelines; standard referral to MC.
€Cumulative HIV incidence measured over the trial duration.
CDC/HSPH, US Centers for Disease Control and Prevention/Harvard School of Public Health; HAART, highly active ART; JHU/USAID, Johns Hopkins University/United
States Agency of International Development; PopART (HPTN 071), HIV Prevention Trials Network.
doi:10.1371/journal.pmed.1001250.t001
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trial to assist in interpretation and evaluation of short- and long-
term impact.

In this review, we draw on results from a range of models to
identify important considerations that should inform the design
and interpretation of C-RCTs of combination interventions. We
then propose how mathematical modelling can be integrated into
the design, conduct, and analysis of the planned trials to
complement traditional statistical approaches.

Considerations for the Design, Conduct, and
Interpretation of Cluster Randomized Controlled
Trials

Previous modelling studies suggest that ART used alone or in
combination with other interventions could significantly reduce
long-term HIV transmission [4,10,22-26]. However, to evaluate
the impact of interventions in the time frame of a trial, which is
usually 2-3 vy, it is critical to understand what magnitude of impact
can be expected in the short term, whether the short-term impact
is predictive of the long-term impact, and what implementation
efforts might be required to achieve the desired level of impact.
The answers to these questions are influenced by different
determinants of the magnitude of intervention impact, and of
the measurement and assessment of impact in C-RCTs. The
important considerations and implications for C-RCTs for these
determinants are summarised in Table 2. We provide illustrations
of the main points below.

Determinants of the Magnitude of Intervention Impact
Increase of intervention impact over time. A concern of
particular relevance for C-RCTs is that the full impact of
interventions on HIV incidence at the population level is unlikely
to be generated immediately after the start of the trial [16,26]. For
example, HIV risk might actually increase during the wound
healing period following MC procedures [27]. In the case of ART,
complete viral suppression and reduced infectivity takes time to
occur after initiating treatment. Moreover, if ART eligibility is not
immediate but occurs only once an individual reaches a
predetermined CD#4 level, as shown in Figure 1, there will be a
lag between the start of the screening and treatment programme
and the time point when the fraction of eligible HIV-positive
individuals provided with ART is large enough to reduce
transmission at the population level. This differs from I-RCTs,
in which all eligible patients in the trial are immediately provided
with their assigned treatment. In addition, in real-life situations,
ART failure, poorer treatment adherence, and viral blips may be
more frequent than in the ideal conditions of trials such as HPTN
052 [28], thereby reducing intervention impact. Finally, indirect
benefits or “herd effects” accrued through the prevention of
onward transmission, which are measurable in G-RCT's but not in
I-RCTs, manifest more slowly, as these rely on a decreasing
prevalence of HIV infections in some subpopulations [5-7].
Thus, CG-RCTs designed to evaluate intervention impact after a
short time will assess an impact that has not reached its maximum
potential [16,26]. For example, in Figure 1, HIV incidence is
reduced by only 34% at 2y even with a very ambitious
combination intervention, compared with 66% after 25 y (not
shown). Studies that estimate the intervention impact from
changes in HIV prevalence, as is commonly done when
monitoring key populations, have an even slower increase in
intervention impact [13,29]. Finally, because it can take different
amounts of time for each intervention component to have its full
effect, the overall impact of a combination intervention may be
most strongly determined by different components at different
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time points after the start of the intervention programme (Figure 1)
[26].

Influence of the epidemiological context. The epidemiolog-
ical context for a given country or population is determined by the
drivers of HIV transmission (e.g., patterns of risk behaviour and
contact, and key biological factors that facilitate transmission) and by
the past trajectory of the epidemic, which determines the distribu-
tions of individuals at different stages of HIV infection [30-36]. The
underlying patterns and strength of transmission interact with the
intervention and make predictions more complex. For example, for
interventions that include expanded access to ART to prevent HIV
(as will be the case in the three trials summarised in Table 1), the
amount of transmission by an individual before treatment initiation,
including during the initial highly infectious period, will determine
the level of treatment required to reduce incidence. The amount of
transmission generated early after infection depends on the number
of concurrent sexual partners, the interval between sexual partner-
ships, the frequency and type of sexual acts, transmission probabil-
ities, the fraction of new sexual partners who are already infected,
and the prevalence of cofactors of HIV transmission, such as other
sexually transmitted infections [36-39].

The effect of the same universal “test and treat” intervention
can differ greatly across populations that have similar HIV
prevalence, incidence, and rate of partner change but differences
in other key sexual behaviours [31]. For instance, an intervention
may reduce incidence by nearly 100% and eliminate the infection
in one population if there is little heterogeneity in risk behaviour,
whereas exactly the same intervention may reduce incidence by
only 60% in another population if there is substantial heteroge-
neity and assortative mixing by sexual activity levels [31]. In a
heterogeneous population transmission can persist within the
highest risk group because individuals transmit rapidly after
becoming infected and before getting ART. Thus, the impact of
the same intervention may vary across C-RCTs conducted in
different populations or settings, and, consequently, the findings
from one trial may not necessarily apply to another setting.
Mathematical models can take into account knowledge of the
drivers of the HIV epidemic and the intervention impact in a
specific trial setting, and help generalise trial results to other
epidemiological contexts [5,13,21,40].

Identifying drivers of short-term and long-term
intervention impact. Although C-RCTs aim to measure the
impact of interventions over a short period, broader public health
interests are usually longer term. Factors that drive short-term
impact may not be the same as those determining long-term
impact and overall success of the programme. For example, one
would expect the short-term impact of ART for prevention to be
driven by factors such as the speed of linkage and retention in care
during the first years after treatment initiation and adherence in
the months following initiation, whereas long-term impact would
be more sensitive to factors such as prolonged maintenance of
retention in care and high adherence, continued frequent HIV
testing, and robust linkage to care [22,23,26,31]. Collection of
data on these long-term factors may not be immediately useful for
understanding the trial results in the short term, but will help
predict the long-term impact of the trial results.

Finally, one important and often neglected consideration for C-
RCTs is that most modelling analysis assumes that the interven-
tion coverage is uniform with respect to different forms of risks and
geography. This is unlikely to be the case in real world settings, as
it is difficult to rollout an intervention with equal intensity in all
settings, particularly if accessibility and outreach to key popula-
tions is poor [4,22-26]. Modelling of a C-RCT of mass treatment
of sexually transmitted diseases in Rakai, Uganda, showed that
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combination interventions.

Table 2. Summary of important considerations for the design and interpretation of cluster randomized controlled trials (of

Important Considerations

Implications for Trials

Determinants of the magnitude
of intervention impact

Increase in intervention impact following the start of trial
can be slow due to a number of delays before the full
impact develops

The maximum impact of different intervention components
is achieved at different times

The epidemiological context influences the intervention
impact

HIV prevalence and HIV incidence do not exhaustively
describe the epidemiological context

The drivers of short-term and long-term impact can be
different

Distribution of coverage matters even at high coverage

Challenges to the measurement of impact

Measurement of HIV incidence in a cohort over the whole
trial duration, before the intervention has reached its full
effect, underestimates the change in incidence that is
achieved at the end of the trial

Evolving standard of care in control arm, as the coverage
or scale-up of standard of care may improve over time

Imbalance in key epidemiological characteristics between
trial arms can occur, as HIV incidence and prevalence do
not determine all key epidemiological characteristics that
influence intervention impact

Dilution and contamination of the intervention impact may
occur due to movement and sexual partnerships across
multiple communities

Short-term impact will underestimate the long-term impact; substantially reducing HIV incidence
over a trial of short duration will be challenging even with an ambitious combination intervention
and rapid scale-up; it is important to set realistic expectations about the achievable magnitude of
impact over the trial duration; this slow growth in impact can undermine the utility of stepped-
wedge designs (with staggered randomized time of delivery of the intervention in each community)
to measure a difference in HIV incidence between different interventions or components because
the time interval between steps may need to be unfeasibly long®

The trial duration will influence which type of intervention seems to be the most effective; the
overall impact of a combination intervention will be most strongly determined by different
components at different times

The impact of the same intervention may not be the same across trials conducted in different
epidemiological contexts; the results of the trial may not be generalisable to other settings

This may introduce imbalance between the intervention and control arms, even after matching for
HIV prevalence or even HIV incidence

Sufficient information on the epidemic drivers should be collected during the trial to help interpret
trial results and to predict longer term impact

Intervention impact can be substantially reduced if the intervention does not reach high-risk
individuals; intervention impact can be substantially improved if the intervention does reach high
transmitters; to understand trial results, detailed information on programmatic (e.g., coverage,
uptake) and intermediate outcomes (e.g., change in behaviour, CD4 levels, viral load) by risk groups,
age, and clinical status in both the intervention and control communities will be essential

It would be better to measure incidence at the start and end of the trial using two independent
cohorts with shorter follow-up

Reduces the contrast between intervention and control communities over time; our ability to
measure a difference between trial arms will depend on the rapid scale-up of the intervention,
having a large number of clusters to enable detection of smaller effects, or having trial duration
longer than 2-3 y, to allow the intervention impact to be seen

Could lead to a spurious indication that the intervention is working better or worse than it really
did—matching clusters may be desirable; matching on HIV prevalence alone may not be sufficient,
as trajectories in incidence and underlying patterns of risk behaviour across trial communities would
not be captured

The influence of the different sources of contamination on trial results will depend on the type of
intervention; when there is extensive sexual contact between individuals from the trial arms, the
measurable impact may be more strongly determined by acquisition-reducing than infectiousness-
reducing interventions, such as ART; choosing distinct, independent communities will be important,
especially to evaluate ART interventions

prevalence.
doi:10.1371/journal.pmed.1001250.t002

even if a high coverage is achieved overall, differential coverage in
which those with highest sexual activity are not reached can

Stepped-wedge design can still be useful for programme and intermediate outcomes, as changes in these outcomes can occur more rapidly than for HIV incidence or

incidence over the whole

Measuring HIV trial
duration. When incidence is measured in a single cohort over

severely attenuate the impact of the intervention [15]. Conversely,
if those at highest risk can be effectively prioritised as coverage is
increased, the impact of interventions can be enhanced [15,32,40].
Thus, collecting detailed information on programmatic, imple-
mentation, and intermediate outcomes (e.g., changes in behaviour,
CD#4 levels, and viral load) by risk group, age, and clinical status in
both the intervention and control communities at different times
during the trial is necessary for evaluation of the short-term and
long-term impact.

Challenges in Measuring Impact

Even if the intervention really does have an impact following
rapid scale-up, high uptake, good adherence, etc., external factors
may compromise our ability to measure a difference in impact
between the intervention and control clusters.
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the whole duration of a trial, as currently planned in the three
combination intervention trials (T'able 1), the measured difference
in incidence between the trial arms will be attenuated compared
with the true difference that would be seen if HIV incidence were
measured only at the end of the trial (Figure 2) [16]. This is
because the measurement of incidence includes exposure while the
intervention activities are still being ramped up and have not yet
reached their full impact. Ideally, incidence should be measured at
the start and end of the trial, using two independent samplings of
the cohorts with shorter follow-ups. However, this solution may
not be feasible in practice because of time constraints or costs.
Thus, caution must be used when using modelling predictions of
intervention impact based on predicted incidence at fixed time
points (i.e., an instantaneous reduction in incidence) to estimate
effect size and inform trial design.
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Figure 1. Predicted short-term impact of three intervention
components linked to HIV testing in KwaZulu-Natal, South
Africa. The model is based on a high-transmission setting under
conditions of the current standard of care versus a high-coverage
combination intervention (see [26]). The instantaneous HIV incidence
rate ratio in the y-axis is intervention versus control. Impact estimates
include an initial 6-mo period of preparation for the study. Assumptions
for the combination intervention: 90% of adults in the intervention
community are tested in the first year and thereafter every 4 y; those
who test positive reduce risk behaviour for 3y (on average) (25.0%/
12.5% of men/women increase condom use; 25%/25% reduce partner
acquisition); 70% of uncircumcised men are circumcised in the first year
(efficacy =60%); and all those in need of treatment (CD4 cell count
<350 cells/ul) are immediately treated with ART (efficacy = 92%) with an
annual dropout rate from treatment of 5%. The efficacy of MC in
reducing susceptibility is assumed to be immediate (i.e., the wound
healing period is negligible). Viral suppression for infected individuals
once on treatment is immediate (i.e, no delay between treatment
initiation and viral suppression). Assumptions for the standard of care:
20% of individuals test annually; 12.5%/6.5% of men/women who test
positive increase condom use, and 12.5%/12.5% reduce partner
acquisition, for one year; HIV-positive individuals are treated if
CD4<200 cells/ul (dropout rate of 15%); and 27% of men are
circumcised at baseline and 10% more over 4 y since the start of the
intervention.

doi:10.1371/journal.pmed.1001250.g001

Evolving standard of care in control arm. One of the

strengths of C-RCT design is that it has a control group. One
inescapable challenge, especially for the Johns Hopkins Univer-
sity/United States Agency for International Development (JHU/
USAID) study, is that coverage with the standard of care in the
control arm may increase over time, albeit more slowly than in the
intervention arm, because of ongoing scaling-up activities for MC
and/or changes in ART guidelines (from CD4<200 cells/ul to
CD4<350 cells/pl). This can potentially reduce HIV incidence in
the control arm and thereby reduce the contrast with the
intervention arm, so compromising the power of the trial.
One important and rarely
acknowledged implication of the epidemiological context is that it
could introduce an imbalance between trial arms, despite
randomization and even if clusters are matched according to
HIV incidence and/or prevalence. Such imbalance could lead to
biases in either direction [8,16]. Measurements of baseline HIV
incidence before the start of the trial intervention, allowing the
evaluation of “within cluster” changes in HIV incidence (before—
after comparison), could help reduce this problem. However, this
approach may not necessarily eliminate all confounding if
differences in baseline HIV incidence actually reflect differences
in key baseline epidemiological characteristics that influence how
each community responds to interventions. Statistical adjustment
limited to differences in cluster-level prevalence (or incidence) may
only partially control for these nonlinear effects, especially if valid
measures of most of the key potential confounding factors, and
their interactions, are not available. Despite the benefit of
randomization, which protects against known and unknown
confounding, imbalance remains of particular concern in C-
RCTs, as fewer units are randomized than in I-RCTs. For
instance, there will be ~24-30 clusters in the three planned C-
RCTs versus ~2,000 individuals in many I-RCTs [12].

Ideally, the number of clusters that are randomized needs to be
sufficiently large to minimise the risk of imbalance or to allow
matching of pairs or triplets of similar clusters, as proposed in the
US Centers for Disease Control and Prevention/Harvard School
of Public Health (CDC/HSPH) and PopART trials, using

Imbalance between trial arms.
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Figure 2. Consequence of measuring HIV incidence over the whole trial duration. Comparison of the instantaneous reduction in HIV
incidence measured at one time point with the cumulative incidence rate ratio (IRR) measured over the whole trial duration (i.e., in a cohort that was
initiated at the start of the trial) in a simulated population in Zimbabwe [16]. The grey dotted line shows the IRR if the full impact were achieved at
the start of the intervention rather than after 10 y. The instantaneous IRR is 0.65 compared with only 0.77 for the cumulative IRR at year 10. From [16].
doi:10.1371/journal.pmed.1001250.g002
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information on the epidemiological indicators available at the start
of the trial. Whilst matching should help increase power if the
matching indicators are highly correlated with the primary
outcome [8], it can also be inefficient and reduce power if the
matching indicators are not strongly related to outcomes. This
could be the case when using only estimates of HIV prevalence. In
addition, matching using several factors might not be feasible, as
only a limited number of communities are available for most C-
RCTs, and this might also limit the types of analyses that can be
done [8,41]. Due to limited information, especially on HIV
prevalence at the cluster level in Iringa, Tanzania, a stratified
approach is being adopted in the JHU/USAID trial.

Dilution and contamination. To minimise the risk of
contamination, the clusters enrolled should be distinct, indepen-
dent epidemiological units. Risk of contamination increases when
individuals move or form sexual partnerships between clusters in
different intervention arms of the trial or communities not enrolled
in the trial. Individuals can also be lost to follow-up or can access
an intervention not assigned to their cluster, thereby diluting the
differences between arms.

The influence of the different sources of contamination on trial
results will also vary for different interventions. For example, the
impact of interventions that reduce acquisition of HIV, such as
MC, should be only modestly affected by sexual mixing between
communities, as long as residents in the intervention community
are sufficiently exposed to the intervention. However, if substantial
mixing occurs between communities, then interventions that
reduce infectiousness such as ART may not have an observable
mmpact in the intervention community. Choosing communities
that are more isolated will therefore be more important for
evaluating treatment as prevention than behaviour change
communication or MC interventions. Although the risk of dilution
and contamination can be minimised by choosing geographically
separated communities, studies should still aim to collect data on
sexual partnerships between communities; genetic sequencing
technologies may be a useful for this [8,42].

The Role of Modelling in Planned and Future
Cluster Randomized Controlled Trials

As discussed above, mathematical models have been useful to
highlight important considerations relevant to C-RCTs. Based on
this prior knowledge, we describe how mathematical models can
be used before, during, and at the end of trials with reference to
the three planned PEPFAR trials (Table 1), and with suggestions
for future trials that may be planned subsequently.

Modelling Prior to the Start of the Trial: Formative Phase

Informing design and intervention targets. Prior to the
start of the trial, provided that sufficient data are available, models
can be used to better understand the epidemic drivers in the trial
communities and to define the combination intervention package
most suited for the epidemiological context [40]. Then, models
can be used, as in the three planned C-RCTs, to estimate the
potential impact of the selected intervention in a given setting and
to simulate how large a difference in HIV incidence (or
prevalence, which is often used for key populations) will develop
between the study arms over the trial duration, and how quickly it
will develop. These impact estimates should take into account that
the prevention activities occurring in the control arm may also
evolve over the trial duration [13,43]. Models can also be used to
inform the minimum programmatic and implementation targets,
such as the speed of scale-up and coverage of each intervention
component, and/or the intermediate outcomes, such as change in
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behaviour, that are required to achieve the desirable impact or
“effect size” at the end of the trial. Together, this information
contributes to the overall design of the study.

Once a study design is chosen, models can also be used to
simulate the process of the trial to identify potential difficulties
such as the influence of sources of contamination or imbalance, to
evaluate gain in power from matching clusters, or to validate
sample size and power calculations [5,16,20]. All three C-RCTs
are using models to simulate the influence of possible contamina-
tion. In addition, simulations can be used to control the chance of
obtaining spurious significant results (type I error) when a novel
design, such as an adaptive design that allows preplanned mid-
course corrections, is used (see section on interim modelling
analyses below) [5,16-18,20,47-53].

Refinement of intervention package. Once calibrated to
the specific trial setting using techniques previously described
[13,44-46], models can be used to refine the combination
intervention package by assessing the impact of the different
Intervention components, such as promotion of condom use, MC,
or ART, independently and in combination. This assessment can be
achieved by varying the coverage, intensity, and uptake in different
risk groups in the models. These modelling analyses help identify the
minimum combined package (in terms of effort, persons reached,
and resources spent) needed to maximise the short- and/or long-
term impact, since the optimal package may depend on the time
frame used to assess it [5,26,27,32,33]. These analyses can provide
useful information about the attenuation of impact that could ensue
from worse coverage in populations at the highest risk of infection,
or from scaling up one component more quickly than another.

Modelling during the Trial: Interim Modelling Analyses

Although statistical methods for formal interim efficacy review
of phase III I-RCTs can theoretically be adapted for monitoring
C-RCTs [52], they may be logistically more challenging, especially
for short C-RCT trials, if HIV incidence measurements are
required soon after the start of the trial. We propose the innovative
use of mathematical modelling to conduct interim analyses, when
interim HIV incidence data are not available, to allow the ongoing
trials to be modified or adapted to reduce the likelihood of
inconclusive outcomes.

The planned C-RCTs commissioned by PEPFAR are partic-
ularly ambitious, aiming to reduce HIV incidence by 25%—60% in
just 2 or 3 y (Table 1). As currently proposed by the JHU/USAID
team, mathematical modelling can be used to help monitor the
progress of the trial. This can help assess the quality of the
implementation and, if needed, trigger predetermined mid-course
corrections as part of an adaptive design, such as accelerated roll-
out or modified trial duration [48-51]. For example, a minimum
level of coverage (at specific time points) under which the trial will
probably be unsuccessful can be predetermined. In addition,
interim modelling analyses can be done using additional data from
the baseline surveys in each trial cluster (such as sexual behaviour
and updated HIV prevalence estimates) and the most recent
information on process indicators of coverage and intensity that is
available. Robust monitoring and evaluation data will be necessary
to permit these kinds of analyses in a timely fashion. The objective
is to predict the likely impact at the end of trial and to estimate the
probability that an effect size will be detected. This is similar to a
conditional power analysis for futility stopping conducted at the
interim analysis of an I-RCT, after which the trial is stopped if the
interim results suggest that the effect sought is unlikely to be
achieved if the trial continues. This approach is particularly
relevant in situations in which no interim incidence measurements
are available to conduct a formal interim analysis.
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The information gained from this type of modelling can then be
used to guide the conduct of the rest of the trial (Figure 3). The
question of particular interest is to determine, with the level of
coverage and intensity achieved between baseline and interim
analysis, the likelihood of observing a measurable impact at the
end of the trial and whether changes to the implementation of the
intervention or conduct of the study are required to maximise its
usefulness. When considering allowing modifications of some
prespecified aspect of the design based on interim analysis, it is
necessary to consider its possible influence on the overall type I
error (chance of detecting a false positive result). Although the type
I error is usually well controlled with traditional (non-adaptive)
trial designs, this is generally not the case for adaptive trial designs,
where inflation of the type I error is often a concern [48,49,53].
Thus, mid-course corrections should be carefully planned and
implemented using trial simulations to demonstrate that the type I
error will be protected [49-51,53]. The interim modelling analysis
may come to one of the four conclusions shown in Figure 3. For
example, a finding that there is little chance of detecting an impact
even if the study lasted longer (outcome iv) would indicate a high
likelihood of obtaining non-informative results, akin to the concept
of “futility” in I-RCTs.

This information should be used as a warning of potential
problems, and the recommended action might include improving
programmatic targets with or without increasing study duration.
Those decisions should be discussed within the framework of the
independent data monitoring committee that oversees the conduct
of the trial, the quality of the implementation, and impact

projection. The data monitoring committee could endorse the trial
protocol team’s decision and/or recommend modifications of the
trial. At least one or two members of the data monitoring
committee should have expertise in mathematical modelling.

Modelling at the End of the Trial: Evaluation,
Interpretation, and Extrapolation

Depending on the outcome of the trial, models can be used in
slightly different ways to help interpret the trial results (Figure 4)
[5,13-16,29,31,43,44]. The first goal of this final set of analyses is to
test and potentially validate final model predictions of intervention
impact at the end of the trial. To do this, the analyses should use all
the relevant available data on sexual behaviour as well as process
indicators of intervention coverage and intensity collected in each
community and trial arm during the whole trial duration, to inform
prior model parameter distribution and calibrate the model to the
HIV outcomes. For validation purposes, model predictions should
ideally be derived just before the end of the trial, while the modeller
is still blind to the empirical trial results on HIV incidence.

If the model predictions and trial results are similar, then this
validates the model projections, and the model can be used for
further analyses with a greater degree of confidence. If not,
refinements in the statistical analysis, such as adjustment for baseline
factors, and/or in the mathematical model are required until the
source of the discrepancies is identified, as shown in Figure 4.

If the trial results suggest that the intervention has a significant
impact and there is no imbalance in key indicators of epidemi-

INTERIM MODELLING ANALYSES

Is the study likely to have enough power to detect

an intervention impact within the study period?

v V

Yes (i) No
Q

Can we modify intervention programme or study design
to improve the study power within study duration?

No

Yes
Re-align Increase study
implementation duration or
targets (ii) sample size (iii)

Q Q

v

High-risk of
non-informative
results (iv)

Q

Figure 3. Logical flow of interim modelling analyses. This approach uses available data from the baseline surveys in each trial cluster and
information on process indicators of coverage and intensity available for each cluster within each trial arm gathered after the start of the trial. These
data would not include observed HIV incidence. The interim modelling analysis may come to one of four conclusions. (i) The targeted effect size on
HIV is likely to be achieved at the end of the study without having to modify the intervention targets/implementation strategy. (ii) The targeted effect
size is unlikely to be achieved, and therefore the intervention targets/implementation strategy need to be revised. (iii) The targeted effect size is
unlikely to be achieved, even if the intervention targets are improved to their realistic maximum, unless there is a change in the study design (such as
an increase in sample size or study duration). (iv) There is little chance of being able to detect an impact at the end of the trial even if the study
duration is increased. The number of interim analyses should be predetermined at the start of the trial and take into account trial characteristics,
logistical considerations (such as the time and cost required to regularly update programmatic data during the trial and to perform the modelling
analyses), and the statistical effect of the interim analysis and proposed changes on the overall type | error.
doi:10.1371/journal.pmed.1001250.g003
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ological context between the trial arms, the final modelling
analysis can predict the number of infections that would be averted
by the combined package in the intervention arm compared with
the standard package in the control arm over different time
periods if the intervention were continued. The counterfactual
would be simulated using the level of coverage and change in
behaviour and other programmatic outcomes observed with the
standard package in the control arm over the course of the study.
The models could also be adapted to project impact in other
populations with different epidemiological contexts to help
generalise the trial results, and to compare the results with those
of other trials of combination interventions. Provided that good
costing data are also collected (as is planned in all three trials), it
will be possible to link the costing data to the short- and long-term
model predictions for a cost-effectiveness analysis [54]. One of the
challenges will be to understand the costs incurred for the
intervention in the trial, including start-up, small-scale set-up, and
cost of the learning curve, compared with how these costs would
evolve in a large-scale programme over the long term [54].

Currently, C-RCTs are not designed to establish differences
between the different intervention components, as this would require
larger trials with multiple arms, potentially using factorial designs. It
may be possible to model and predict the impact of each specific
component of the intervention package independently, but it will be
challenging. If individuals were exposed to several intervention
components during the trial, it would be difficult to attribute an
observed reduction in risk behaviour, e.g., relating to sexual
behaviour or adherence, to one particular component. Also, with
the acknowledged limitations of the collection of behavioural data, it
is difficult to reliably transduce the effects of reported changes in
behaviour into an impact on transmission. It may be more feasible to
link interventions that have hard end points, such as being
circumcised or starting on ART, to estimated impact. The
epidemiological synergy between interventions, which can make
the impact of combination prevention greater than the sum (or
multiplication) of its parts, may also be an important part of the total
mpact. Conversely, redundancy between components may reduce
the combined intervention impact, meaning that the total interven-
tion impact may be lower than the sum (or multiplication) of its parts.

If there is a significant imbalance in key baseline characteristics
between trial arms, it would be useful to assess the extent to which
this imbalance could have biased the observed impact estimate, and
to produce “adjusted” estimates, i.e., estimates revised upward in
the case of a positive trial or downward in the case of a negative trial.

Finally, if a trial produces negative results despite the coverage
of interventions such as ART and MC increasing substantially, the
main points to explore would be the following: to what extent this
lack of impact was because the trial was too short; how long would
it have taken to detect a measurable impact; and whether the level
of contamination in the control group was too high.

The Way Forward

In this exciting new era of HIV prevention technologies, C-RCT's
will be used to test the hypothesis that combination HIV prevention,
including expanded access to ART, can substantially reduce HIV
incidence. Of particular relevance for the three planned C-RCTss is
the observation that it may be challenging to observe a substantial
reduction in HIV incidence (>40% reduction) over the 2- to 3-y
duration of a trial unless the interventions are scaled up rapidly and
the key populations are reached quickly. Models that reflect realistic
delays in implementation and scale-up, as well as delays in the
development of direct and indirect effects calibrated to the specific
trial settings, will be particularly useful. These models will provide
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Are model predictions
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No
(iii)

Y

Figure 4. Logical flow of modelling stages for the final impact
analyses.
doi:10.1371/journal.pmed.1001250.g004

estimates of the effect size that can be expected at the end of the
trial, the programmatic and implementation targets required to
generate this effect, and the projected long-term impact. Ideally, the
effect size should be chosen to be of public health relevance and to
reflect long-term goals [5].

Given the challenges in scaling up interventions rapidly and the
importance of these current trials, interim modelling analysis can
provide a very useful and innovative tool to project the final
intervention impact and to adopt mid-course corrections to
accelerate scale-up and minimise the chance of having inconclu-
sive trial results. However, the adaptive features of this design
require careful statistical considerations so not to inflate the false
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Key Points

e Cluster randomized controlled trials (C-RCTs) are cur-
rently planned to evaluate whether combination HIV
prevention, including expanded access to ART, can
substantially reduce HIV incidence at the population
level in southern and eastern Africa.

e |t may be challenging to observe a substantial reduction
in HIV incidence (>40% reduction) over the 2- to 3-y
duration of a C-RCT, unless the interventions are
scaled up rapidly and the key populations are reached
quickly.

o Mathematical models can and will be used to comple-
ment C-RCTs before, during, and after their completion

positive rate, which in turn requires modelling analysis to
determine when that risk is outweighed by potential benefits.
The proposed modelling analyses will require collection of
detailed data prior to and during the trial about the epidemio-
logical context, and detailed information about the programmatic
outcomes of each component will need to be available in a timely
manner for key populations. Thus, it is critical that efficient data-
capture systems are in place to allow linkage of HIV testing to the
different services and the other components being modelled.
There is also an emerging consensus that collecting detailed data
characterising sexual networks will be important to interpret the
results of the different trials effectively, especially if negative results
are obtained. Efforts are currently ongoing to harmonise survey
instruments across settings. The feasibility and added value of
conducting complementary phylogenetic analyses to help under-
stand transmission networks is also being considered.
Importantly, the interactive use of mathematical models during
C-RCTs in a carefully preplanned fashion will not only be useful
to demonstrate the use of models in designing, conducting, and
interpreting C-RCTs, but will also provide a unique opportunity
to validate and refine model projections. It will also test the
usefulness of this modelling framework, which could then be used
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to help plan, conduct, and interpret trial results and
strengthen the evaluation of these interventions.

e Given the challenges in scaling up interventions rapidly
and the importance of these current trials, we propose
the innovative use of mathematical modelling to
conduct interim analyses to modify or adapt an ongoing
trial (in a carefully planned and prespecified manner) to
reduce the likelihood of inconclusive trial outcomes,
when interim HIV incidence data are not available.

e The interactive use of mathematical models during C-RCTs
in a carefully preplanned fashion will also provide a unique
opportunity to validate and refine model projections.

for C-RCTs designed to test prevention interventions for other
infectious diseases with complex transmission dynamics such as
malaria, tuberculosis, and neglected tropical infections.
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Abstract: Public health responses to HIV epidemics have
long relied on epidemiological modelling analyses to help
prospectively project and retrospectively estimate the
impact, cost-effectiveness, affordability, and investment
returns of interventions, and to help plan the design of
evaluations. But translating model output into policy
decisions and implementation on the ground is chal-
lenged by the differences in background and expectations
of modellers and decision-makers. As part of the PLoS
Medicine Collection “Investigating the Impact of Treat-
ment on New HIV Infections"—which focuses on the
contribution of modelling to current issues in HIV
prevention—we present here principles of “best practice”
for the construction, reporting, and interpretation of HIV
epidemiological models for public health decision-making
on all aspects of HIV. Aimed at both those who conduct
modelling research and those who use modelling results,
we hope that the principles described here will become a
shared resource that facilitates constructive discussions
about the policy implications that emerge from HIV
epidemiology modelling results, and that promotes joint
understanding between modellers and decision-makers
about when modelling is useful as a tool in quantifying
HIV epidemiological outcomes and improving prevention
programming.

Introduction

In almost all areas of public health, mathematical models are
used to provide quantification and insight that can inform
decision-making. Epidemiological data can be collected about
individuals, and clinical trials can measure individual-level effects
in a selected study population (often under best-case circum-
stances), but public health decision-making requires an under-
standing of the dynamics of disease across a population under a
variety of conditions. Mathematical modelling aims to unite
knowledge and assumptions about behavioural dynamics,
biology, costs, and constraints to generate estimates of impact
and cost-effectiveness, and recommendations for resource
allocation.

Models are especially useful in the case of infectious diseases,
where they can estimate temporal changes in disease burden and
treatment needs, and so underpin projections of the counter-
factuals in some quasi-experimental impact evaluation designs,
and power calculations for prospective experimental study designs.
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These are important applications, especially in contexts where
empirical data are not available. Thus, models have increased in
prominence over the last several years, including in establishing
optimal responses to emerging pathogens [1] and influenza
pandemics [2], examining the conditions for polio eradication
[3] and malaria control [4], and making a case for restructuring
investment in HIV programs [5,6].

Investigators from many different disciplines generate models,
and the techniques and presentation formats employed have
tended to follow a corresponding diverse set of conventions and
presumptions. Meanwhile, those who rely on modelling output
have highly varied needs and expectations from epidemiological
modelling analyses. It is not uncommon for different models
addressing very similar questions to produce—or appear to
produce—widely different estimates [7], and thus a model’s
validity and ability to inform an important public health decision
can be questioned.

Therefore, there is a need for constructive dialogue between
“producers” and ‘“‘consumers” of modelling results about a
model’s assumptions and structure, the policy implications of the
results, and what further empirical and modelling studies should
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be planned. The World Bank Global HIV/AIDS Program, as a
funder, coordinator, and evaluator of HIV prevention efforts, has
become increasingly reliant on mathematical modelling and has
initiated a modelling guidelines development process through its
Prevention Science and Mathematical Modelling Reference
Group, a panel of experts in HIV prevention, and modelling
relating to HIV prevention, created and convened by the World
Bank on the basis of individuals’ publication records and
institutional roles. In consultation with the reference group and
other HIV modelling experts, we have developed a set of
principles for the construction, reporting, and interpretation of
HIV epidemiological models for public health decision-making on
all aspects of HIV.

Development and Scope of the Recommendations

The nine principles, discussed below and summarised in
Table 1, were initially identified during a number of discussions
within the context of collaboration amongst the authors, within the
HIV Modelling Consortium and the World Bank modelling
guidelines production process. Written input on the nine principles
was solicited from a wider group of modellers, including former
and current collaborators. This was followed by a three-day work
retreat of five of the authors, during which a first draft was
produced, based on the authors’ experience and other researchers’
responses to the proposed core principles. The resulting draft was
presented to a meeting of the World Bank Prevention Science and
Mathematical Modelling Reference Group, and revised in light of
feedback received.

Our focus complements more general reviews of modelling [8—
10] and technical content in modelling textbooks [11,12]. The
recommendations are intended for all HIV public health
practitioners who rely on modelling research to make policy
decisions, as well as those conducting the modelling research itself.
They are not intended to be prescriptive, and hence should not be
seen as a normative checklist against which to score the quality or
validity of modelling studies. For instance, where mathematical
models are used to construct a simple conceptual framework of
behavioural, clinical, virological, and/or epidemiological dynam-
ics, rather than to conduct research for public health decision-
making, some of the recommendations in this article may not be
applicable.

Principle 1: Clear Rationale, Scope, and Objectives

As in any scientific report, the rationale, scope, and objectives
of a modelling study should be clearly stated. The reporting of a
modelling study should include an explicit explanation for why
epidemiological modelling, rather than another study design
(e.g., systematic review, meta-analysis, quasi-experimental de-
sign, or a randomized controlled trial), is appropriate for the
problem, the exact questions the work seeks to address, and the
readership for which it is intended. This statement of rationale,
scope, and objectives provides the criteria against which all
modelling decisions should be judged, assists in framing the
interpretation of the work, and should be referred to at key
points throughout the write-up, to maintain the alignment of
aims, model, results, and interpretation. Examples might be:
“We aimed to generate estimates for the cost of rolling out a
male circumcision programme in South Africa so that stake-
holders can compare these costs against those of other possible
interventions, and use the comparison to inform decisions about
allocation of funding”’; “We aimed to explore the extent to which
HIV incidence rates can be influenced by changes in condom
use among sex workers and their clients under different
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assumptions about sexual mixing patterns in concentrated HIV
epidemics, so that recommendations can be made for data
collection during the implementation of a condom distribution
campaign’’.

For studies that aim to estimate the potential population-level
impact of a given biomedical intervention, there are differences in
emphasis in their purpose that should be clear from the outset and
throughout the presented work. An important distinction is
between investigation of the potential benefits of a hypothetical
biomedical intervention that is currently in development but has
unknown efficacy, and an intervention that has a proven efficacy,
such as from a trial setting. Typically, the purpose of the first type
of study is to estimate the population-level effectiveness of the
hypothesized intervention and to identify key properties the
intervention would need to have to be effective (such as for
vaccines [13-15], microbicides [16,17], and chemoprophylaxis
[18]), whereas the purpose of the second type of study is to guide
targeted implementation of the intervention in real populations
(such as deciding which populations should be circumcised first
[19], or prioritised for treatment as prevention [20]). Another
distinct form of modelling study is where an assessment is
generated for the epidemiological impact of a previously
implemented public health program [21].

Principle 2: Explicit Model Structure and Key
Features

The model chosen for the analysis should be described
completely and clearly (commonly in the form of an online
technical appendix, ideally with the model’s computer code
made available), so that other investigators can reproduce its
findings and projections. Justification for the choice of model
(individual- versus population-based, stochastic versus deter-
ministic, linear versus nonlinear) should be provided, along
with a description of the model’s structure and key features,
with cross-references to the scope and objectives. A flow
diagram, representing how individuals or subpopulations
transition through the different demographic, behavioural,
or clinical states in the model can be an excellent way to
communicate the model’s main structure.

The model structure, and the consequent key demographic,
behavioural, biological, clinical, and epidemiological factors
represented or omitted by the model, may affect the interpretation
of the results. Certain biological or behavioural features of HIV
transmission, prevention, and treatment may be at the core of the
issue addressed by the model, and cannot be omitted. However,
additional features that are irrelevant to the primary objectives of
the analysis may obscure the main conclusions or may open
unnecessary debate about the validity of parameter values that are
not essential to interpretation of the model output [8]. Judging
which features fall into which category may be informed by earlier
research or explicit investigation, but is more commonly based on
assumptions, which should at least be clearly stated. Furthermore,
a mathematical model need not require an examination at all
scales (e.g., within host, individual level, sexual network level, and
population level); rather, scales to be included should be dictated
by the objectives of the study (e.g., some models focus on within-
host processes and thus must include the interaction between virus
and immune cells, but models that focus on between-host
transmission may not require detail at this scale). In general, the
strength of the model should not be judged merely by the level of
model detail and whether or not particular factors are included.
Rather, the appropriateness of model detail and factors taken into
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Table 1. Summary of principles of good HIV epidemiology modelling.

Principle

Model Producer Considerations

Model Consumer Considerations

Explicit model structure and key
features

Well-defined and justified model
parameters

Alignment of model
output with data

Clear presentation of results,
including uncertainty in estimates

Exploration of model limitations

Contextualisation with other
modelling studies

Application of epidemiological
modelling to health economic
analyses

Clear language

Clear rationale, scope, and objectives

Are the rationale, scope, and objectives clearly stated?

Is there a statement about why epidemiological
modelling is appropriate for this problem?

Is the model structure completely described, such
that all analyses can be reproduced?

Is there a description of key model features?

Has a justification for the model structure been provided?

Is there an understandable and complete listing of the
model parameters, their values, and their justification?

Are the model fitting, calibration, and validation
approaches with respect to relevant data defined and
justified?

Have the uncertainties been captured for all relevant
factors included in the model?

Is the key result of the study robust to that uncertainty?

Are specific recommendations for new data analyses/
collections appropriate?

Are sufficient details provided about limitations of the
study, specifically about model structure,
parameterization, and application/generalisability?

Have relevant previous studies been referenced and
differences/similarities discussed?

Is it clearly specified whether a new result versus a
confirmation/contradiction of a previous result is
presented?

Where relevant, are understandable and appropriate
estimates of epidemiological impact provided, such
that health economic inferences can be made?

Are model scenarios described in clear formal terms
(separate from interpretations about reality) that
facilitate technical understanding and evaluation?

Are the rationale, scope, and objectives understood?

Is epidemiological modelling appropriate for this problem?

Is the model presented comprehensively, such that the
inclusion/exclusion of any particular assumption or feature can
be identified?

Is the justification for model structure/key assumptions
reasonable, considering the primary rationale, scope, and
objectives of the study?

Are the implicit inputs upon which the model predictions are
made understood, and are they satisfactorily justified?

Does the model produce, or fail to produce, outputs that can
be compared to real world data, and does the model output
reflect realistic conditions?

Does the comparison with real world data increase confidence
in the suitability of the model for the current enquiry?

Have the uncertainties been captured for all relevant factors
included in the model?

Are the results sufficiently robust for confident decision-
making, or is further analysis or data collection required?

Are the limitations of the model and its findings clearly
understood, including the limits of applicability and
generalisability?

Considering the strength of the evidence, how are the model
findings relevant for informing public health decision-making?

Is there an understanding of the overarching conclusion(s) from
modelling studies on the topic?

Are the general reasons (assumptions or underlying real world
conditions) for why models differ in their conclusions
understood?

Can the model-based estimates be used to infer cost-
effectiveness measures of relevant interventions or be
extended to health economics?

Is the degree of uncertainty in estimates relevant to cost-
effectiveness understood, particularly with respect to the
sensitivity of key parameters?

Are there clear explanations of intended correspondences
between inputs used in the model and key real world
conditions such as epidemiological conditions, policy, and
programmes?

doi:10.1371/journal.pmed.1001239.t001

account by the model should be assessed within the context of the
scope and objectives.

Discussion of how the model structure could have influenced the
results should always be included. Examples of formal evaluations
of differently structured models addressing similar research
questions but reaching different conclusions can be found in
various branches within the infectious disease modelling field, e.g.,
in the modelling of chlamydia [22], influenza [23], and HIV
epidemics [24]. It is often not feasible, in one article or within one
modelling research group, to explore large differences in model
structure, such as between deterministic population-based versus
individual-based models. However, where possible, comparison
between models is highly encouraged. For example, Johnson et al.

[25] used two models in the same study to assess the impact of

antiretroviral therapy (ART) and condom wusage on HIV
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epidemics in South Africa, and Eaton et al. [7] discuss the
implications of alternative model structures for estimating the
potential impact of early initiation of ART on HIV incidence in
hyperendemic settings. Such formal evaluations foster discussions
of the reasons behind discrepancies in model predictions, and
either pave the way for a consensus statement about the findings
and conclusions that are most certain, or highlight key issues for
further scientific enquiry.

Principle 3: Well-Defined and Justified Model
Parameters

Another set of assumptions in a model concerns the values that are
given to the parameters. Examples of parameters include the
probability of HIV transmission per sex act for an individual on
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ART, the fraction of patients still alive and on ART three years after
ART initiation, and the annual population growth rate. It is essential
for any modelling study to include a transparent listing of all model
parameters, providing the following for each parameter: the name of
the parameter; the mathematical symbol of the parameter (if
appropriate); the meaning of the parameter in plain language; the
value(s) assigned to the parameter (a point estimate and range/
confidence interval as appropriate); and a contextual justification for
used values, with references for the origins of the model parameter(s),
and any relevant caveats (particularly important if more than one
value for the model parameter exists or if the parameter is fit in the
model or is derived from another modelling analysis).

This notion of justifying or formally “fitting” individual
parameters—or a model in its entirety—to data covers many
possibilities. As these also do not lie on a clear continuum from
“rough heuristic/ qualitative” to “formally rigorous and unbiased”,
some ad hoc critical evaluation is appropriate for the most
important inputs into any model. All model fitting relies on the
notion of the likelihood of observing a set of data. There are then
various possible approaches to (1) maximising the likelihood, i.e.,
selecting the particular model within which the data are most
consistent, or (2) performing a sensitivity analysis, i.e., identifying
ranges of model parameters that are consistent with the data and
determining the relative importance of each model parameter. Note
that the “likelihood function™ itself can capture multiple sources of
randomness, such as the usually unavoidable incompleteness of
sampling and random effects in population processes themselves.

Some parameters, such as the mother-to-child HIV transmission
rate under a particular care regimen, can be more or less directly
“measured” in an appropriate (typically randomized) study, using
observation and standard robust biostatistical methods, but there
may be subtle artefacts. For example, using logistic regression to
identify the characteristics of individuals that are associated with an
HIV infection or transmission event may be misleading in ways that
are seldom systematically explored in routine application, beyond
noting the potential for “residual confounding”. A particular shape
for a relationship between a predictor (such as viral load or age) and
an outcome (transmission) is implicitly assumed, although it may be
inappropriate—age in particular may correlate strongly with health
status, but not necessarily monotonically.

For parameters where it is very difficult to obtain direct
measurements, e.g., to capture behavioural dynamics such as risk
reduction in the face of risk perception, heuristic parametrization
may indicate which parameter sets are plausible and which are
clearly at odds with data: a heuristically sensible model and a
formally fitted model should be clearly distinguished, with
sensitivity analyses where applicable.

Often the most important assumptions concern those specifying
a simulated intervention, and it is recommended that these be
prominently and exhaustively listed. For instance, if the interven-
tion of interest relates to a policy change in ART, specifying a
“coverage” and “efficacy’” may not be enough: assumptions about
enrolment rates, adherence, and retention, as well as behavioural
characteristics (e.g., risk reduction or compensation) and demo-
graphic impacts (e.g., reduced mortality rates and increased size of
the HIV-positive population) [7] may need to be made explicit.
These specifications should be documented over the time period of
the model simulation, and, where relevant, for different substrata
of the modelled population. If the work is specific to a country,
then it is helpful to involve relevant stakeholders in the decisions
taken about parameter values, and this process should be
described. Such documentation also assists when modelling
findings are subsequently used to inform decision-making in that

setting [26,27].
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Principle 4: Alignment of Model Output with Data

Here the emphasis shifts to assessing the alignment of output
from a particular epidemiological scenario model to data.
Understanding the modelled scenarios produced, and relating
these to data by back-fitting them to a model, naturally forms an
important component of the evaluation and application of any
model. It is particularly important to indicate whether, and to
what extent, input parameters were chosen to maximise the
correspondence of outputs to data, or whether correspondences
emerged naturally from choosing externally justified inputs.
Demonstrating that a model can reproduce observed patterns
provides a certain level of reassurance that the model is capturing
the system appropriately, and where models cannot demonstrate
this, extreme caution should be taken in interpreting results.

The most desirable situation is when a model that has been
fitted to some data (a training set) produces output in close
correspondence with additional data (a testing set). There are two
primary caveats to this approach: (1) fitting a smooth model to
slowly varying data and extrapolating a little may be “too easy”,
and might indicate little about the suitability of the model, and (2)
in key applications relevant to impact evaluation, asking the model
to produce other independent data may be an unreasonable
demand, tantamount to asking a model to predict future changes
in the financial or political context. There may be deeper
differences between the scenarios producing the training/testing
datasets than can realistically be captured by a model-—such as
changes in treatment uptake or effects of improved treatment
programmes on mortality.

While correspondence between models and data is reassuring
and potentially useful—if not taken as absolute confirmation of the
correctness of either model structure or parameter values—it is
important to consider whether there are multiple ways to fit the
data, and to realise that there may be scientific progress in a failure
to fit data, either at all or without resorting to implausible values,
ranges, or correlations of parameters. For example, simple
(biological) models of ART cannot reproduce both the consistently
strong reductions in patient viral loads and the inability to achieve
viral eradication observed in the real world, without implausible
“fine tuning” of individual subjects’ treatment efficacy parameters
into a narrow range. This situation diagnoses a model limitation,
namely, the neglect of the fact that interactions between cells,
drugs, and virions vary among compartments within the infected
host.

The difficulties of “correctly” capturing a complex set of shifting
context-defining processes impinge not only on the interpretation
of correspondence between models and historical data, but also on
the interpretation of the predictive component of scenarios. One
useful application of modelling, when there are insufficient data to
construct scenarios with conventional predictive credibility, is to
pose questions such as what characteristic of a program would be
required for certain goals to be achieved (e.g., what level of risk
compensation, captured in a suitably clearly defined parameter,
would be required to negate the risk reduction of a planned
intervention).

Principle 5: Clear Presentation of Results,
Including Uncertainty in Estimates

The output of any modelling study needs to be presented clearly,
using explicitly defined metrics and with any deviance in the
interpretation between the model metric and the real world
analogue explained. The many assumptions involving the structure
of the model, the parameter estimates, and the data will all have
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uncertainties, and it is important to understand how these propagate
to key model outputs. In some cases, uncertainty in a particular
parameter will be benign—a result is reached irrespective of any
credible assumption about that parameter—and this serves to
increase confidence in the findings. In other cases, different credible
values for a parameter (or model structure or interpretation of data)
would lead to different conclusions, and this should be noted.

Uncertainties are best depicted as part of the modelling results
presentation—either in tables or as part of the graphical output of
the model. If sufficient information is available about inputs,
computational techniques can manufacture a distribution for
model outcomes, so that the main result can be given as a
“credible interval”. In addition to uncertainty analyses, formal
sensitivity analyses of the importance of each model parameter in
influencing the variability in model outcomes can be useful for
identifying items for further data collection or investigation (see
[28-30] for examples in HIV modelling). Bayesian melding
approaches have also been used recently, and have the advantage
that they integrate uncertainty analyses with model fitting: good
examples in HIV transmission modelling include work by Alkema
et al. [31] and Johnson et al. [32].

Principle 6: Exploration of Model Limitations

As Box and Draper [33] wrote, “Remember that all models are
wrong; the practical question is how wrong do they have to be to
not be useful”. It is necessary for modellers to provide a
description of model limitations and for model consumers to
appreciate the caveats and limitations of modelling studies when
considering their results. Many limitations are due to the data that
are available and used to parameterize modelling studies. Direct
observation of some of the model parameters is often not feasible.
This is especially true in the case of HIV, where transmission
dynamics are dependent on sensitive and private aspects of human
behaviour [34]. Modelling strategies address this challenge in part
by fitting the model to data to yield estimates for the unknown
parameters.

One thing that modellers may implicitly understand but that
model consumers may not—and which therefore should always be
made clear—is that capturing complex reality is not really the
purpose of mathematical models. Practicality implies that one can
never capture full dynamical structure, such as all conceivable
population compartments, transition rules, or stochasticity. A
mathematical model is a minimalist approach to representing the
essential elements of reality that are necessary and sufficient for
addressing a specific research question [35,36]. Models are often
applied to specific settings, and so transferability of the predictions
to other settings may be limited. Just as the findings of clinical trials
can be subject to multiple interpretations, modelling studies
similarly may have multiple interpretations, and even more readily
admit various choices in emphasis, of which only a few receive a
full airing in the investigators’ report.

Some of the limitations of modelling studies can be addressed by
uncertainty or sensitivity analyses as discussed above [28,37,38].
Probably the least appreciated mode by which limitations in
models are addressed is by a comparative assessment of models
and their predictions, similar to systematic reviews and meta-
analyses of datasets. Recent examples of this kind of process
include the male circumcision modelling consensus paper [19], a
special edition of Vaccine that examined the potential impact of a
partially effective vaccine [13], and model comparisons of the
impact of ART on prevention presented in another article in the
July 2012 PLoS Medicine Collection, “Investigating the Impact of
Treatment on New HIV Infections™ [7].
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Principle 7: Contextualisation with Other
Modelling Studies

It is common for multiple modelling groups to attempt to
address similar research questions but with different modelling
approaches: using models that have been designed to describe
different populations, involve different model structures, and make
different parameter assumptions. Apparently conflicting results in
the modelling literature may consequently lead to greater
confusion for the consumers of models or to distrust in the use
of models for decision-making. Therefore, it is necessary that
interpretations of results are contextualised with previous model-
ling findings relevant to the topic. It should be made clear whether
a new result is being presented or whether study findings concur
with previously published results.

Meanwhile, journal editors should recognise the value of works
that rigorously confirm or draw together previous findings. Review
papers that summarise the modelling literature on a specific topic
are highly useful (see the recent special issue on HIV epidemic
modelling in Current Opinion in HIV and AIDS [39]). Also, papers
that aim to present meta-analyses of model results (e.g., [24])
should be encouraged, as well as papers that compare modelling
results to quasi-experimental results. Of even greater utility for
policy-makers is the formulation of consensus documents that
summarise conclusions from numerous modelling studies, and
provide general conclusions in a single voice from the modelling
community; this has been done for evaluations of circumecision
interventions [19] and HIV vaccines [13], and this PLoS Medicine
Collection on HIV treatment as prevention aims to move the field
in that direction as well, although there is clearly much more to do

[7,40].

Principle 8: Application of Epidemiological
Modelling to Health Economic Analyses

A public health policy or programme decision-maker generally
desires to take actions that will have maximal impact whilst
minimising the amount of money required to achieve the health
outcomes—based, for example, on estimates of either the
maximum impact that can be achieved for a given amount of
money, or the money needed to achieve specific set levels of
impact. Therefore, the cost-effectiveness, affordability, and returns
on investments of interventions are among the most important
considerations in their potential implementation. HIV epidemic
modelling studies often attempt to estimate the population-level
impact associated with changes in programme or policy condi-
tions, and hence estimate the denominator (effectiveness) in the
incremental cost-effectiveness ratio. Ideally, such models should be
designed to produce outputs amenable to recycling into analyses
of cost implications and estimates of primary epidemiological
effects that are understandable and relevant to decision-makers,
such as the number of incident infections or deaths averted,
quality-adjusted life years gained, or disability-adjusted life years
averted. Effective assessment of affordability and cost-effectiveness
may require different time horizons than those chosen in
epidemiological modelling analyses, hence additional simulations
may be necessary prior to attaching costs, benefits, and utilities to
epidemiological model outputs.

There are numerous good examples of modelling studies that
have provided outputs that are relevant for use in health economic
calculations or that have been integrated into cost-effectiveness
analyses [41-44]. Guidelines have been developed for the
production, submission, and review of health economic analyses
for BMJ [45]; some of the principles presented in those guidelines
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align with those presented here. When modelling studies have the
potential to be extended to health economic calculations,
consideration of these health economic guidelines is encouraged.

Principle 9: Clear Language

A particular challenge that arises when using models to evaluate
the impact of interventions is a lack of clarity around the
intervention itself. Such a lack of clarity minimises the usefulness
of results for policy-makers in deciding which interventions to
prioritise. While modellers are usually keenly aware of the technical
details of the model, the interpretation of model features—both in
the input and output phase—is prone to oversimplification by both
modellers and readers. It can be convenient but misleading to
present a correspondence in the real world between an actual policy
choice and future events. For instance, a write-up should highlight
that what is modelled is a reduction in the proportion of
“unprotected sex acts”, which is not an intervention per se but
could be the outcome of an intervention (e.g., an increase in
condom distribution points or a targeted education campaign).

It is probably better to risk erring on the side of repetitiveness in
efforts to keep focusing on precise model assumptions (qualitative
and quantitative), and for consumers to process the model first on
its own terms, before evaluating model scenarios in broad
correspondence to reality and potential policy implications. At
the same time, it is important that modellers use language that
facilitates easy communication, without loss of precision and of key
real world messages to consumers.

Conclusion

The issue of using models in decision-making is especially
important for the field of HIV prevention, which has now reached
a critical point. Just as spending on HIV has levelled off or
declined [46], there have been several significant scientific
breakthroughs, including the finding that ART can substantially
reduce the infectiousness of infected individuals [47]. This finding
immediately conjures a multitude of questions that can be best
examined through mathematical modelling. Examples of specific
questions within the field would include (1) whether programs
should reallocate funding to treatment in response to the new data
[48], (2) the probability of drug resistance emerging as a threat to
the therapeutic effectiveness of treatment [49], and (3) how the
mmpact of real programs can be scientifically measured [50].
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Key Points

o Mathematical models are used to inform public health
decision-making about many questions in the response
to HIV epidemics, and here we present our recommen-
dations for “best practices” for constructing, interpret-
ing, and presenting such models.

e An overarching theme of our recommendations is that it
is crucial for modellers to be explicit about the choices
they make—about model structure, parameters, and
model fitting and interpretation—and the reasoning
behind their choices.

® Modellers need to make the limitations of their models
clear, and model consumers (such as policy- and
decision-makers) need to appreciate the caveats and
limitations of modelling studies when considering their
results.

® One of the least appreciated ways to address the
limitations of models is through comparing the param-
eters, structure, and outputs of alternate models of the
same processes.

® Especially useful are consensus documents that bring
together conclusions from numerous modelling studies
and summarise what researchers agree on and where
uncertainty persists.

Further research questions are delineated in this PLoS Medicine
Collection [40]. Our intention in compiling our recommendations
is to help strengthen the support that mathematical models can
provide in addressing such questions that are critical for setting
research and intervention priorities for HIV.
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Abstract

Background: Many mathematical models have investigated the impact of expanding access to antiretroviral therapy (ART)
on new HIV infections. Comparing results and conclusions across models is challenging because models have addressed
slightly different questions and have reported different outcome metrics. This study compares the predictions of several
mathematical models simulating the same ART intervention programmes to determine the extent to which models agree
about the epidemiological impact of expanded ART.

Methods and Findings: Twelve independent mathematical models evaluated a set of standardised ART intervention
scenarios in South Africa and reported a common set of outputs. Intervention scenarios systematically varied the CD4 count
threshold for treatment eligibility, access to treatment, and programme retention. For a scenario in which 80% of HIV-infected
individuals start treatment on average 1 y after their CD4 count drops below 350 cells/ul and 85% remain on treatment after
3y, the models projected that HIV incidence would be 35% to 54% lower 8 y after the introduction of ART, compared to a
counterfactual scenario in which there is no ART. More variation existed in the estimated long-term (38 y) reductions in
incidence. The impact of optimistic interventions including immediate ART initiation varied widely across models, maintaining
substantial uncertainty about the theoretical prospect for elimination of HIV from the population using ART alone over the
next four decades. The number of person-years of ART per infection averted over 8 y ranged between 5.8 and 18.7.
Considering the actual scale-up of ART in South Africa, seven models estimated that current HIV incidence is 17% to 32% lower
than it would have been in the absence of ART. Differences between model assumptions about CD4 decline and HIV
transmissibility over the course of infection explained only a modest amount of the variation in model results.

Conclusions: Mathematical models evaluating the impact of ART vary substantially in structure, complexity, and parameter
choices, but all suggest that ART, at high levels of access and with high adherence, has the potential to substantially reduce
new HIV infections. There was broad agreement regarding the short-term epidemiologic impact of ambitious treatment
scale-up, but more variation in longer term projections and in the efficiency with which treatment can reduce new
infections. Differences between model predictions could not be explained by differences in model structure or
parameterization that were hypothesized to affect intervention impact.
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Introduction

There has recently been increasing interest in expanding
provision of antiretroviral therapy (ART) as a tool for reducing
the spread of HIV in generalised epidemics in sub-Saharan Africa
[1-5]. As momentum gathers for “HIV treatment as prevention”,
there is an urgent need to understand how ART might contribute
to averting HIV transmissions, in addition to its direct benefits in
reducing morbidity and mortality amongst treated patients.
Mathematical modelling has supplied critical insights to discus-
sions about treatment as prevention by providing a framework for
combining information about the relationship between an infected
individual’s viral load and HIV transmissibility [6,7], the reduction
in a host’s HIV viral load when on ART [8,9], and the population-
level contact structure over which HIV is transmitted [10,11].

The idea of using medicines that suppress viral concentrations
to reduce transmission of infection was posed almost as soon as the
first HIV drugs were developed [12,13]. Early models of the
impact of ART focused on the opposing effects of reduced
transmissibility and extended survival on new HIV infections, and
whether associated increases in sexual risk behaviour would negate
the prevention benefits of ART [10,12,14-23]. Since then,
longitudinal observational data and one randomized controlled
trial have demonstrated substantial reductions in the risk of
heterosexual HIV transmission when the infective partner is virally
suppressed [24-28], and continued follow-up of individuals
receiving ART has confirmed the durability of viral suppression
[29], including in sub-Saharan Africa [30,31]. At the same time,
there have been tremendous improvements in access to treatment
in sub-Saharan Africa [32]. More recent modelling has shown
more optimism about the potential for treatment to reduce new
HIV infections in this region, with much work focused on the
setting of South Africa, home to one in six people living with HIV
globally [33].

Perhaps the most provocative of these modelling efforts has
been the study by Granich and colleagues suggesting that a
strategy involving annual testing and immediate treatment for all
HIV-infected individuals, combined with other interventions,
could eliminate HIV by the year 2050 [34]. Wagner and Blower
implemented the same model but used different assumptions about
treatment uptake amongst asymptomatic infected individuals that
they characterised as being more realistic, and concluded that
climination would not be possible [35]. Kretzschmar et al.
highlighted how choices in model structure affect the epidemic
dynamics and intervention impact [36]. Dodd et al. showed that
the potential for treatment to eliminate HIV depends on the
patterns of sexual mixing in the population [11]. An age-structured
model by Bacaér et al. found that elimination might be possible
with less frequent testing than proposed by Granich et al., given
recent epidemic trends and increases in condom usage [37].
Bendavid et al. used a microsimulation model to highlight that, in
addition to increasing HIV testing, improving linkage to and
retention in care are essential to achieving maximal benefits of
test-and-treat interventions [38].

Other models have focused on the potential prevention benefits
of providing treatment in line with current therapeutic guidelines.
Eaton et al. estimated that 60 to 90 new infections could be
averted for every 1,000 additional persons treated with CD4 cell
count below 350 cells/pl (the current World Health Organization
recommendation for when to start treatment [39]), depending on
how well patients on treatment are retained in care [40]. The
Goals model, used in the evaluation of the new UNAIDS
Investment Framework, found that a US$46.5 billion incremental
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investment over the years 2011 to 2020, incorporating expanding
access to ART, could avert 12.2 million new infections and 7.4
million deaths globally over that period [41]. Using a micro-
simulation model of the HIV epidemic in KwaZulu-Natal
Province, Hontelez et al. found that expanding access to ART
from those with CD4 cell count =200 cells/pl to those with =350
cells/pl required 28% more patients to receive treatment, but
amounted to only a 7% increase in annual investment [42].
Cumulative net costs broke even after 16 y.

Models have also sought to understand the impact of past and
current treatment policies; Johnson et al. used the ASSA2003 and
STI-HIV Interaction models to assess the relative contributions of
increased condom usage and ART scale-up to the declines in HIV
incidence in South Africa up to 2008 [43]. Finally, other
mathematical models have been used for short-term projections
as a basis for power calculations for community-randomized trials
of treatment as prevention [44].

Each of these models has predicted dramatic epidemiologic
benefits of expanding access to ART, but models appear to diverge
in their estimates of the possibility of eventually eliminating HIV
using ART, the cost-effectiveness of increasing the CD4 threshold
for treatment eligibility, and the benefits of immediate treatment
compared to treatment based on the current World Health
Organization eligibility guidelines. Directly comparing the models’
predictions is challenging because each model has been applied to
a slightly different setting, has used different assumptions regarding
other interventions, has been used to answer different questions,
and has reported different outcome metrics.

In this study we seek to understand the extent to which diverse
mathematical models agree on the epidemiological impact of
expanded access to ART by simulating the same set of
intervention scenarios across the models and focusing on
standardised outputs. The intervention scenarios are designed to
be simple enough to be consistently implemented across different
types of models in order to control several aspects of the treatment
programme and isolate the effects of model structure, parameters,
and assumptions about the underlying epidemic on estimates of
intervention impact. The purpose of this study is not to make
predictions about the impact of any particular intervention in any
specific setting, but rather to better characterise the array of
mathematical models being used to inform policy about treatment
as prevention in hyperendemic settings such as South Africa.

Methods
Study Design

Literature and reports of meetings on related topics were
reviewed in August 2011, and researchers who had previously
developed mathematical models of the potential epidemiological
impact of expanded access to ART, calibrated to the South
African epidemic setting, were invited to participate in the model
comparison exercise by simulating a standardised set of ART
scale-up scenarios. Three aspects of the treatment programme
were systematically varied: the CD4 threshold for treatment
eligibility, access to treatment for those eligible, and the retention
of patients on treatment. The timing of ART introduction and the
rate at which individuals start treatment after becoming eligible
were also standardised. The impact of an intervention was
measured by comparing the number of new infections in the
intervention scenario with that in a counterfactual epidemic
simulation in which no ART is provided within the same model
population. The counterfactual of no ART was chosen so that
comparison between models would be independent of assumptions
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about the historic growth in ART uptake. As such, the results
should not be interpreted as estimates of the future impact of
treatment compared to current patterns of ART coverage, but can
be generally taken as estimates of the overall net impact of
treatment in a hypothetical scenario that assumes rapid ART
scale-up and a homogenous rate of ART initiation across all ART-
eligible adults. Although different models may incidentally have
been calibrated using the same data, no standardisation was
mmposed on the specific epidemiologic data used for model
calibration or on the calibration procedure itself in this exercise.

Mathematical Models

Twelve groups accepted the invitation to participate in the
model comparison exercise. The collection of models encompasses
a wide range of model structures, mechanisms for representing
HIV transmission and disease progression, overall levels of
complexity, and detail in the characterisation of treatment
programmes. Table 1 summarises the names, authors, and key
references for each model, and compares aspects of model
structure. Four of the models are agent-based microsimulation
models (i.e., models that track the behaviour and infection status of
individual people) and use random-number generators to simulate
particular events such as a new partnership formation or
transmission events. The remaining eight models are deterministic
compartmental models that stratify the population into groups
according to each individual’s characteristics and HIV infection
status and use differential or difference equations to track the rate
of movement of individuals between these groups. One of the
models, the BBH model, solves the differential equations
analytically, while the others numerically evaluate the differential
equations. Ten of the models explicitly simulate both sexes and
heterosexual HIV transmission, and six of the models include
some form of age structure, although the extent to which age
affects the natural history of HIV, the risk of HIV acquisition, and
the risk of HIV transmission varies amongst these. All of the
models simulate the national HIV epidemic in South Africa except
for the STDSIM model, which simulates the higher prevalence
Hlabisa subdistrict of KwaZulu-Natal Province, South Africa. Box
1 gives further comparative description of the structures and
parameterization of the mathematical models.

Intervention Scenarios

Three different CD4 cell count thresholds for treatment
eligibility were considered: CD4 count =200 cells/ul, CD4 count
=350 cells/pl, and all HIV-infected individuals. In each eligibility
scenario, treatment initiation was simulated under the assumption
that all eligible individuals had equal access, without prioritisation
for any subpopulations. It was further assumed that eligible
individuals with access to the intervention would initiate ART at a
constant rate after reaching eligibility, such that average time from
eligibility to treatment initiation would be 1 y.

Treatment access was defined as the proportion of eligible
individuals who eventually initiate treatment. For example, 60%
access and eligibility at CD4=350 cells/pl implies that 60% of
individuals will initiate treatment, on average 1 y after their CD4
count drops below 350 cells/ul, while 40% will never access
treatment. Seven levels of treatment access were evaluated: 50%,
60%, 70%, 80%, 90%, 95%, and 100%.

Retention was defined as the percentage of individuals
remaining on treatment after 3y, excluding from both the
numerator and the denominator those who had died while on
treatment. The levels of retention were 75%, 85%, 95%, and
100% (no dropout), with individuals dropping out from treatment
at a constant rate such that the desired level of retention was
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achieved at the 3-y time point. The prognosis and future treatment
options for individuals who dropped out from treatment were not
standardised.

Intervention Scale-Up

ART was assumed to be introduced into the population from
the beginning of year 2012, with no treatment provision prior to
this (in contrast to the rapid scale-up of treatment that has actually
occurred prior to 2012 in South Africa). Intervention scale-up was
immediate—a fraction (corresponding to the specified level of
ART access) of individuals already eligible for treatment at the
start of the intervention period were assumed to initiate treatment
at a constant rate from that point, along with individuals who
became eligible for treatment after the start of the intervention
period.

Output Metrics

The measures of intervention impact were the percentage
reduction in HIV incidence rate among adults (aged 1549 y) in
the ART scenario versus the no-ART counterfactual, the
cumulative number of person-years of ART provided since the
introduction of ART, and the cumulative number of person-years
of ART provided per infection averted as a measure of the
“efficiency” with which ART prevents infections. The percentage
reduction in incidence was defined by calculating the difference in
the adult HIV incidence rate between the intervention and no-
ART counterfactual in the same year and dividing this by the
incidence rate in the counterfactual scenario. The number of
person-years of ART provided per infection averted was
calculated by dividing the cumulative number of person-years of
ART by the difference between the number of new adult
infections since year 2012 in the intervention and the counterfac-
tual scenario. Each of these metrics was reported at the midpoints
of the years 2020 and 2050. Most of the models included in this
study were not designed with the intention of making realistic
projections to year 2050, but these results were included to gain
some insight into the long-term dynamics of the models.

In addition to these measures of intervention impact, each
model reported the HIV prevalence and HIV incidence rate
amongst males and females aged 15-49 y for the no-treatment
counterfactual simulation and the total size of the adult population
(age 15 y and older). Each model also produced the proportion of
the HIV-infected population in each CD4 count category (=200,
200-350, and >350 cells/pl) and in early HIV infection in year
2012, and the proportion of HIV transmissions from individuals in
each category.

The Eaton and STI-HIV Interaction models report posterior
means and 95% credible intervals for model outcomes of
interest (see Box 1). The Bendavid model completed simulations
only for 50%, 80%, and 100% access, and 75%, 85%, and
100% retention scenarios, and only simulated to year 2040, so
results for this model are reported for the year 2040 where other
model results are reported for year 2050. The BBH model
completed simulations only for the 85% and 100% retention
scenarios. The Granich model did not simulate ART for the
CD4=200 cells/ul eligibility threshold, while the STI-HIV
Interaction model did not simulate ART eligibility for all HIV-
infected individuals. As a result of these models not completing
all intervention scenarios and outputs, some analyses include
only a subset of the models. To maximise comparability, the
40% reduction in transmission due to combination with other
preventive interventions assumed by Granich and colleagues in
[34] was not incorporated here.
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Box 1. Comparative Description of Mathematical Models

This box elaborates on the comparison of aspects of the
models’ structure, assumptions, and parameterization pre-
sented in Table 1. Specific details about the structure and
implementation of each of the models are available in the
references included in Table 1 or from the HIV Modelling
Consortium  (http://www.hivmodelling.org/plos-medicine-
special-collection).

Many of the models allow individuals to have different
propensities for sexual risk behaviour. Each of the micro-
simulation models allows individuals to have both long-term
(or marital) partnerships and short-term (or informal or
casual) partnerships that are different in duration, and
individuals have heterogeneous propensities to form short-
term partnerships. In the STDSIM model a proportion of the
population engages in commercial sex work partnerships; in
the EMOD model a proportion can have transitory partner-
ships, a third partnership type that is shorter than a casual
partnership. Among the microsimulation models, EMOD and
STDSIM explicitly simulate the sexual partnership network,
while the Bendavid and Synthesis Transmission models
calculate the risk of acquiring HIV for an individual in a
partnership by sampling the distribution of viral load across,
respectively, the entire population and potential partners.
The deterministic models assume that sexual contacts occur
instantaneously. The BBH, Granich, and HIV Portfolio models
assume that all individuals form new contacts at the same
rate and mix homogeneously. The other deterministic
models stratify the population into risk groups that form
new contacts at different rates (Eaton, Fraser, and Goals:
three groups; STI-HIV Interaction: two groups). The STI-HIV
Interaction and Goals models additionally include commer-
cial sex workers, and the Goals model includes transmission
among men who have sex with men and injecting drug
users. The STI-HIV Interaction model separates both the low-
and high-risk groups into those with short-term or long-term
partnerships or both. The Eaton, Fraser, and STI-HIV
Interaction models all include a degree of “assortative”
mixing (preferential partnership formation with those in the
same risk group), and all partnerships are formed in the same
risk group in the Goals model, except for low-risk men and
women who are married to high-risk partners. The CD4 HIV/
ART model does not explicitly model sexual mixing but
rather calculates the number of new HIV infections by
multiplying the current number of HIV-infected adults by a
fixed force of infection calculated from the Spectrum model
projection for South Africa.

All of the models except for the Granich model simulate
different stages of HIV infection that affect the transmissi-
bility of an individual, including a period of elevated
infectiousness during the first few weeks of infection and
increased transmission during later stage infection. Param-
eters governing the relative transmissibility during early
infection are based principally on two sources: a meta-
analysis of HIV transmission per coital act by Boily et al. [68],
which estimated a 10-fold increase in transmission relative to
asymptomatic infection (BBH, CD4 HIV/ART, Goals, and STI-
HIV Interaction), or a reanalysis of data from Rakai, Uganda
[70], by Hollingsworth et al. [69], which estimated a 26-fold
increase (Eaton, EMOD, Fraser, and Synthesis Transmission).
Relative transmissibility after the early stage is according to
clinical stage (asymptomatic and AIDS: BBH, CD4 HIV/ART,
EMOD, Goals; asymptomatic, pre-AIDS, and AIDS: STDSIM,
STI-HIV Interaction) or CD4 count (Eaton, Fraser, and HIV
Portfolio). The Bendavid and Synthesis Transmission models
simulate the change in viral load for infected individuals and
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associate HIV transmission with this according to an
empirically described relationship [6]. Many models assume
an increased risk of male-to-female transmission compared
to female-to-male transmission, and attenuation in female-
to-male transmission due to male circumcision. The Goals,
STDSIM, and Synthesis Transmission models include an
increased risk of HIV transmission in the presence of other
sexually transmitted infections.

The models that simulate each individual’'s viral load
(Bendavid and Synthesis Transmission) mechanistically relate
reduction in transmission on treatment to the effect of ART
on viral load, while the other models all assume a reduction
in transmission of greater than 90% for individuals on ART.
The Bendavid, Eaton, and Synthesis Transmission models
simulate a period of a few months of incomplete viral
suppression after ART initiation before the full reduction in
infectiousness is achieved. These three models and EMOD
include a return to higher infectiousness during treatment
failure. The remaining models assume a fixed reduction in
transmissibility as soon as treatment is started, until either
death on ART or dropout from treatment. The Bendavid and
Synthesis Transmission models simulate switching to sec-
ond-line ART upon an immunologic (Bendavid) or virologic
(Synthesis Transmission) failure event. The Synthesis Trans-
mission model is the only model to explicitly simulate
heterogeneous adherence to treatment between patients
and the emergence and impact of resistance. The models
vary in their assumptions about what happens to an
individual after dropping out from treatment. The CD4
HIV/ART, Fraser, Goals, Granich, and HIV Portfolio models
return individuals who drop out to an untreated state,
allowing them to restart treatment in exactly the same
manner as those that have never been treated, while the
Bendavid, STDSIM, STI-HIV Interaction, and Synthesis Trans-
mission models do not allow individuals to start treatment
again in the implementation for this exercise. Eaton allows
individuals to restart treatment, but only once, and EMOD
allows half of individuals to restart treatment after they once
again satisfy the eligibility criterion.

Eleven of the models simulate the South African national HIV
epidemic, while the STDSIM model has been calibrated
specifically to the higher prevalence Hlabisa subdistrict of
KwaZulu-Natal Province, South Africa. Nine models were
calibrated to reproduce the historical time series of HIV
prevalence in South Africa, while the BBH, HIV Portfolio, and
Bendavid models were initialized using the current epidemic
state in the years 2009, 2011, and 2012, respectively, and
simulated forward from that point.

Most of the models were calibrated to yield a single set of
model parameters and outputs. Two of the models (Eaton
and STI-HIV Interaction) were calibrated using a Bayesian
framework allowing for uncertainty in model parameters,
which produces a joint posterior distribution of parameter
combinations consistent with the observed HIV epidemic
[43,84]. The STI-HIV Interaction model allows for uncertainty
in sexual behaviour, the natural history of HIV infection, and
the effect of ART, while the Eaton model only allows for
uncertainty in sexual behaviour and sexual mixing parame-
ters.

Many of the models include facilities to simulate HIV testing
and diagnosis, retention in care prior to treatment eligibility,
and other processes related to achieving successful treat-
ment, but these were not implemented for this exercise in
order to conform to the simple intervention scenarios.
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Table 2. Number of adults starting ART each year in the short term.

Year “Low”” Future Scale-Up ‘‘Baseline”” Future Scale-Up ““Medium”’ Future Scale-Up “High’”’ Future Scale-Up
2012 400,000 400,000 600,000 800,000

2013 200,000 400,000 600,000 900,000

2014 200,000 400,000 600,000 900,000

2015 200,000 400,000 600,000 700,000

2016 200,000 400,000 600,000 600,000

Total 1,200,000 2,000,000 3,000,000 3,900,000

doi:10.1371/journal.pmed.1001245.t002

Scenarios Representing the Existing ART Programme in
South Africa

In a separate analysis, seven of the models (CD4 HIV/ART,
Eaton, Fraser, Goals, Granich, STDSIM, and STI-HIV Interac-
tion) were used to estimate the impact that the existing scale-up of
ART in South Africa has had on HIV incidence and prevalence
by comparing model simulations that include the ART scale-up
over the past decade with the no-ART counterfactual. Models
either used an existing calibration to the number of people on
ART in South Africa (Fraser and STDSIM) or were calibrated
using estimates of the number of adults starting and on ART in
each year from 2001 to 2011 [45] (CD4 HIV/ART, Eaton, Goals,
Granich, and STI-HIV Interaction).

Five models (Bendavid, CD4 HIV/ART, Eaton, Goals, and
Granich) constructed short-term projections of HIV incidence in
South Africa assuming different trajectories for continued ART
scale-up from 2011 to 2016, the period covered by South Africa’s
national strategic plan [46]. Starting from the number of patients
on ART in mid-2011, the numbers of adults starting ART in each
of the years from mid-2011 through mid-2016 was specified. A
“baseline” scenario was considered in which 400,000 adults would
start ART in each of the next 5 y (approximately the number who
started ART in 2009), for a total of 2 million new adults initiating
ART. Three other scenarios were considered for the total numbers
starting ART over the same period: (i) “low”—1.2 million start
ART; (1) “medium”—3 million start ART; and (iii) “high”—3.9
million start ART. (The exact number starting in each year is
listed in Table 2.) The HIV incidence rate at the midpoint of 2016
and the cumulative number of new adult HIV infections over the
period 2011 to 2016 were reported for each of these scenarios. For
these projections, assumptions regarding CD4 distributions at
ART initiation and rates of retention were based on actual
treatment guidelines and programme experiences, but were not
standardised across models.

Results

Figure 1 shows HIV prevalence and HIV incidence in 15- to 49-
y-old males and females simulated by each of the models under the
counterfactual assumption of no ART provision.

Other epidemiologic statistics are presented in Table 3. The
estimates of adult male HIV prevalence in year 2012 ranged
between 10% and 16%, and estimates of female prevalence
between 17% and 23%. Male HIV incidence in year 2012 ranged
between 1.1 and 2.0 per 100 person-years, and female incidence
ranged between 1.7 and 2.6. The STDSIM model calibrated to
KwaZulu-Natal Province simulated a considerably larger burden
of HIV, consistent with observation [47], with prevalences in year
2012 of 23% and 33% in males and females, respectively, and
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Number of adults (age 15 y and older) initiating ART between midpoint of the previous year and the midpoint of indicated year.

incidence rates of 3.0 and 3.9 per 100 person-years, respectively.
All of the sex-stratified models simulated higher HIV prevalence in
adult women than in men, with sex ratios in HIV prevalence in
year 2012 between 1.2 and 1.7, and all of the models except for
Bendavid simulated higher incidence in year 2012 in females than
in males.

Nearly all of the models projected declines in HIV incidence
after 2012 in the absence of ART, but the magnitude of the
projected natural changes between 2012 and 2050 varied widely
from almost no change (Goals and Granich) to greater than 45%
reduction (Bendavid and Synthesis Transmission).

Model projections of future national population growth in the
absence of ART varied widely, ranging from a 6% reduction to a
13% increase in the population aged 15 y and older between the
years 2012 and 2020. For comparison, the low and high variants
for the projected total population growth from the United Nations
Population Division over the same period (which incorporates
some assumptions about ART provision) are 1.5% and 6.1% [48].

Impact of ART on HIV Incidence

Figure 2 presents the outcomes of an intervention starting in
year 2012 with ART eligibility at CD4 count =350 cells/pl,
reaching 80% of those requiring treatment, and retaining 85% of
patients on ART after 3 y. This scenario reflects an optimised
implementation of the current World Health Organization
treatment guidelines [39] and the Joint United Nations Pro-
gramme on HIV/AIDS definition for “universal access” of
reaching 80% of those in need [32]. Compared to the no-
treatment counterfactual scenario, ART provision reduced inci-
dence in year 2020 by 35% to 54% across all models (Figure 2A).
There was much greater variation, however, in the estimated long-
term impact of the intervention. In year 2050, the range of the
predicted reduction in incidence was from 32% to 74%. The
relative impact of the AR intervention on HIV incidence
decreased between 2020 and 2050 in four models and increased in
seven.

Number of Person-Years of ART per Infection Averted
There was considerable variation between models in estimates
of the number of person-years of treatment per infection averted.
For the scenario described above, the range of estimates for the
number of person-years of ART per infection averted between
2012 and 2020 was between 6.3 and 18.7, and over the period
2012 to 2050, the range was 4.5 to 20.2 (Figure 2B). The four
models with the greatest estimates of the number of person-years
of ART provided per infection averted (Eaton, EMOD, STI-HIV
Interaction, and Synthesis Transmission) all explicitly included
variation in transmission by age (e.g., allowing for reduced impact
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Figure 1. No-treatment counterfactual epidemic trends. Male (left) and female (right) HIV prevalence (top) and incidence (bottom) amongst
15- to 49-y-olds for counterfactual HIV epidemics with no ART. The STDSIM model is calibrated to a more severe epidemic in the Hlabisa subdistrict of
KwaZulu-Natal Province, South Africa. The CD4 HIV/ART and Granich models do not stratify by sex, and the same prevalence and incidence curves are

plotted for both sexes for these models. PYs, person-years.
doi:10.1371/journal.pmed.1001245.9001

through ART provision to older adults who are less sexually active
and hence less likely to expose susceptible individuals), whereas the
other models did not assume reduced transmission by older people.
(STDSIM allows for decreased sexual activity for those older than
50 and has the lowest estimate of person-years of ART per infection
averted, but simulates a much higher HIV incidence.)
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Determinants of Programme Impact

The impact on incidence of increasing access from 50% to
100%), improving 3-y programme retention from 85% to 100%,
and changing the CD4 threshold for treatment eligibility, is
shown for each model in Figure 3. The reduction in incidence
increases approximately linearly with access in all models. In

July 2012 | Volume 9 | Issue 7 | e1001245
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Figure 2. Impact of treatment for a scenario with eligibility at CD4=350 cells/ul, 80% access, and 85% retention. (A) The percentage
reduction in HIV incidence in the years 2020 and 2050 when eligibility for treatment is at CD4 count =350 cells/pul, 80% of individuals are treated, and
85% are retained on treatment after 3 y. (B) The cumulative number of person-years of ART provided per infection averted for the same scenario.
Horizontal lines indicate 95% credible intervals (Cl). For the Bendavid model, results in year 2040 are reported in the right panels.

doi:10.1371/journal.pmed.1001245.9002

most models, improvements in retention in care led to greater
impact of treatment on HIV incidence. The benefit of improving
retention was minimal for the Fraser, Granich, and HIV Portfolio
models. Each of these models regards individuals who have
dropped out of treatment identically to untreated eligible
individuals, allowing them to start treatment again on average
within 1 y. In several models, improved retention means that the
impact improves more rapidly with increasing access (i.e., the

@ PLoS Medicine | www.plosmedicine.org

slope in reduction in incidence as access increases is steeper for
higher retention).

Figure 4 shows how the number of person-years of ART
provided per infection averted up to year 2020 varied in relation to
the intervention programme. There were no consistent trends
across all models. In some models, with earlier initiation of
treatment, fewer years of ART were required per infection averted
(efficiency increases), whereas the opposite was predicted in others.
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Figure 3. Proportion reduction in HIV incidence in year 2020. For each model, the proportion reduction in HIV incidence in year 2020 for
increasing access levels from 50% to 100% (horizontal axis). ART eligibility thresholds are indicated by line colour; 85% retention is indicated by solid

lines, and perfect 100% retention is indicated by dashed lines.
doi:10.1371/journal.pmed.1001245.9g003

For all of the models except the Granich model, which does not
include increased transmissibility during late-stage infection, it
might be expected that treating at lower CD4 count would be
more efficient, as it targets treatment towards individuals with the
highest current infectiousness (as in the BBH, Bendavid, CD4
HIV/ART, Eaton, and Goals models). However this could be
counteracted if stage of infection interacts with other processes
such as decreased propensity to form new partnerships with
ageing. For half of the models (BBH, Eaton, EMOD, Fraser,
Goals, Granich, and HIV Portfolio), increasing the percentage of
the population with access to treatment reduced the amount of
treatment per infection averted, at least at earlier CD4 initiation
thresholds. This increased efficiency is indicative of increasing
returns due to “herd immunity” at high intervention coverage
levels.

Treatment Eligibility and the Theoretical Impact of “Test
and Treat”

The models varied in their predictions as to the relative benefit
of increasing treatment eligibility from a CD4 threshold of =200
cells/pul (national guidelines in some settings and close to actual
experience in many) to =350 cells/ul (international guidelines)
compared to further increasing eligibility to all infected individuals
(Figure 3). The Bendavid, CD4 HIV/ART, Goals, HIV Portfolio,
and Synthesis Transmission models all predicted that there would
be only a relatively modest benefit in moving from initiation at
=200 cells/pl to =350 cells/ul, and a much greater benefit in
moving from initiation at =350 cells/pl to immediately upon
diagnosis of HIV infection. In contrast, the BBH model simulated
very little benefit in moving from the =350 cells/ul threshold to
immediate eligibility. The Eaton, Fraser, and EMOD models
showed similar benefits associated with each of the increments at
moderate levels of access.

One important argument that has been made for immediate
ART is that commitment of a large amount of ART now could
reduce the cumulative amount of ART required in the future as a
result of averted HIV infections [2,49]. Whether such savings
could occur was evaluated by investigating whether the cumulative
person-years of treatment through year 2050 to implement
immediate treatment is less than the amount of ART required
when treating after the CD4 count falls below 350 cells/ul for the
same levels of access and retention. In six (BBH, CD4 HIV/ART,
Fraser, Goals, HIV Portfolio, and STDSIM) out of eleven models
(excluding STI-HIV Interaction) this was not the case: increasing
eligibility from CD4=350 cells/ul to immediate initiation always
required more person-years of treatment, even with “perfect”
ART programmes (100% access and 100% retention). However,
for the EMOD model, expanding eligibility from CD4=350 cells/
ul to all HIV-infected adults required fewer cumulative person-
years of treatment in all intervention scenarios (including access as
low as 60% and retention in care as low as 75%). The Synthesis
Transmission model found expanding access to be ART-saving
with 70% access and retention above 95%, or with 80% access
and retention above 85%. The other three models that found that
expanding access could be ART-saving required more demanding
assumptions about programmes: according to the Granich model,
immediate initiation would be ART-saving if access were above
90% and retention above 95%; according to the Eaton model,
access and retention would need to exceed 95%; and according to
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the Bendavid model, access and retention would both need to be
100%.

In an intervention treating all HIV-infected adults with 95%
access and 95% retention, three (CD4 HIV/ART, EMOD, and
HIV Portfolio) out of nine models (excluding BBH, Bendavid, and
STI-HIV Interaction) predicted that HIV incidence would fall
below 0.1% per year by 2050. The Granich model, which was
used to argue the case for HIV elimination using treatment,
projected that incidence in South Africa would be 0.13% under
this scenario, a 92% reduction (in the original published
projections, there was an assumption that risk of infection would
fall by an additional 40% due to other interventions [34]).

Understanding Differences between Model Predictions

One factor expected to influence how much ART reduces HIV
is the fraction of all transmission that occurs after individuals reach
treatment eligibility thresholds, in the absence of any treatment
[50]. Figure 5A shows the proportion of transmissions that occur
from individuals in each CD4 count range in the counterfactual
simulation in year 2012. Of the models that include a period of
carly infection, the percentage of new infections that occurs during
this stage is between 4% and 28%), while between 20% and 51% of
transmission results from individuals with CD4 cell count =200
cells/pl.

These percentages of transmission after ART eligibility can be
compared with the percentage reduction in incidence in year 2020
(Figure 5B). Here, it is assumed that access is 80% and 3-y
retention in care is 85%. Although this comparison explains why,
within one model, earlier treatment initiation reduces HIV
incidence more, the amount of between-model variation in
projected impact explained by the distribution of transmission by
CD4 count is modest. R® values for this relationship were 0.28,
0.20, and 0.40 for eligibility at CD4=200, eligibility at CD4=350,
and immediate eligibility, respectively. The correlation did not
improve when considering higher access or higher retention
scenarios.

Two other factors hypothesized to explain the differences
between the model projections are different assumptions about the
efficacy of ART in reducing transmission—between 90% and
99%—and different assumptions about the outcomes of individ-
uals who drop out from treatment programmes. To test the
importance of these factors, selected intervention scenarios were
repeated under the artificial assumption that an individual never
transmits after initiating treatment (treatment is 100% efficacious
at preventing transmission, and retention on treatment is 100%).
This assumption increased the intervention impact in every
model, but, surprisingly, did not reduce the variation in the
results between models or improve the ability of factors such as
different model assumptions about CD4 progression, HIV
transmission, or the future trajectory of HIV incidence to explain
the variation.

Estimates of the Current Impact of ART in South Africa
Figure 6 shows the estimated impact of the current ART
programme in South Africa on HIV prevalence and incidence.
The CD4 HIV/ART, Eaton, Goals, Granich, and STI-HIV
Interaction models used estimates of the number of adults
starting treatment in South Africa in each year between 2001
and 2011 from [45], and the Fraser and STDSIM models used
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Figure 4. Cumulative number of person-years of ART provided per infection averted through year 2020. The cumulative person-years of
ART provided per infection averted through the year 2020 for increasing access levels from 50% to 100% (horizontal axis), assuming 85% retention after

3 y. ART eligibility thresholds of are indicated by line colour. Varying retention did not affect trends between access and efficiency for any models.

doi:10.1371/journal.pmed.1001245.9004

existing calibrations to ART coverage levels in the Western
Cape and KwaZulu-Natal Provinces, respectively. All of the
models predicted that ART should already have had a
substantial impact on the HIV epidemic, estimating that HIV
incidence in year 2011 was between 17% and 32% lower than it
would have been in the absence of ART. The increasing impact
on HIV incidence over time mirrors the steep increase every
year in the number of people starting treatment during this
period.

The impact on prevalence was more modest and less consistent
across models. The Eaton and STI-HIV Interaction models
estimated that prevalence is around 8% higher than it would have
been without treatment (an absolute increase in prevalence of one
percentage point) due to the increased survival for those infected
with HIV. The Fraser and Granich models suggest that this effect
is offset by the reductions in incidence, so that there is no net
change in prevalence. It is unlikely that standard surveillance
methods based on monitoring trends in prevalence would have
detected this impact, despite the significant underlying reductions
in incidence.

The estimated potential impact of further ART scale-up is
summarised in Table 4. In the baseline scenario, where 400,000
people are started on ART each year, the models estimated that
incidence would be reduced in 2016 by between 13% and 26%
compared to the incidence rate in 2011. If 800,000 fewer people
are put on ART, then between 39,000 and 186,000 more new
adult HIV infections would occur over the period 2012 to 2016
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than under the baseline scenario. If more people are put on
ART—3.0 or 3.9 million over the next 5 y—then the models
estimated that the number of new infections over the 5-y period
would be reduced by 64,000 to 327,000 and 270,000 to 521,000,
respectively, compared to the baseline. The table underscores that
there are still substantial potential preventive benefits from
expanding ART coverage in South Africa. The models that
tended to estimate the greatest reduction in incidence in
hypothetical programmes over the medium term (CD4 HIV/
ART, Goals, and Granich) also tended to project greater
reductions in incidence over the short term in these more realistic
scenarios.

Discussion

The mathematical models used to simulate the impact of
treatment on HIV incidence in South Africa are diverse in their
structure, level of complexity, representation of the HIV transmis-
sion process and the ART intervention, and parameter choices. All
twelve of the models compared in this analysis predicted that
treatment could substantially reduce HIV incidence—even using
past or existing treatment guideline eligibility criteria, provided that
coverage is high. Only three (CD4 HIV/ART, EMOD, and HIV
Portfolio) out of nine models (excluding BBH, Bendavid, and STI-
HIV Interaction), however, predicted that treatment could reduce
HIV incidence below 0.1% by year 2050 (the definition of
“elimination” established by [34]), even with very high access and
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Figure 5. Impact of treatment by transmission in each CD4 category. (A) The percentage of all HIV transmissions from individuals in each
CD4 cell count category in year 2012, in the no-ART counterfactual simulation. (B) The reduction in incidence in year 2020, for the 80% access and
85% retention scenario, according to the cumulative proportion of transmission that occurs after eligibility (A). For the scenario where all HIV-positive
adults are eligible (“all HIV+ eligible”), the percentage of transmission after ART eligibility is the percentage of transmission that occurs after the end
of primary HIV infection. Colours for models are the same as in Figures 1 and 2. The BBH, Bendavid, and STI-HIV Interaction models do not estimate
the proportion of transmission in each CD4 category and are not included in this figure.

doi:10.1371/journal.pmed.1001245.g005
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Figure 6. The impact of the existing ART programme in South Africa on HIV prevalence and incidence. The percentage increase in HIV
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models use the same estimates of the number starting ART each year (from [45]). Fraser uses an existing calibration to the ART scale-up in the
Western Cape Province. STDSIM is calibrated to the number of people on ART in the Hlabisa subdistrict. Vertical lines on the Eaton and STI-HIV

Interaction models indicate 95% credible intervals (Cl).
doi:10.1371/journal.pmed.1001245.g006

retention. When simulating the historical scale-up of ART in South
Africa, the models indicated that ART may already have reduced
HIV incidence by between 17% and 32% in 2011, compared to
what would have been expected in the absence of ART.

Although there have been ad hoc informal model comparison
exercises [51], collections of work using standardised assumptions
for interventions [52], and thorough model comparisons involving
a few research groups [53,54], to our knowledge, this exercise is
the first to bring together such a large number of independent
modelling groups to examine the same set of interventions. We
hope that this will provide a foundation for much more
collaborative work.

In this study we set out to test whether different models of the
potential impact of treatment on new HIV infections in South
Africa would make similar predictions when implementing the
same intervention scenarios. We found substantial consistency
between the model projections of the impact of ART interventions
on HIV incidence in the short term (8 y). However, there was
more variation in the predicted longer term (38 y) reductions in
incidence, and models also produced divergent estimates of the
number of person-years of ART provided per infection averted.
While establishing where models agree and disagree about the
epidemiological impact of ART represents an important scientific
finding in itself, the substantial variation in the long-term impact
and efficiency of interventions demands further investigation and
explanation.

Based on epidemiological theory and previous modelling
studies, we hypothesized a number of model attributes that might
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explain differences in model predictions about the impact of ART,
including the amount of transmission in different stages of HIV
infection, the assumed efficacy of ART for preventing transmis-
sion, opportunities for treatment reinitiation following dropout
from a treatment programme, the age and sex structure of the
population, future population growth rates, the degree of
heterogeneity and assortativity in sexual mixing, the future
trajectory of HIV incidence in the absence of intervention, and
the inclusion of changes in sexual behaviour over the past decade.
There was indeed substantial variation between the models in their
characterisation of each of these aspects of the system, largely
reflecting the true uncertainties that persist even after decades of
tremendous research into the epidemiology of HIV in South
Africa. We were able to show that crude differences in the
proportion of transmission at each stage of infection explained a
modest amount of the variation in the short-term impact of ART,
but less of the long-term impact. However, beyond this, findings
from the models did not appear to clearly support any of these
hypotheses in univariate analyses, likely because of the large
number of processes that interact nonlinearly to create HIV
epidemics and interventions. For example, projecting a seemingly
simple quantity such as the number of person-years of ART that
will be provided in an intervention depends on future population
growth, the natural trend in the epidemic, the proportion of HIV-
infected individuals qualifying for treatment, retention and
survival on ART, and the impact that ART provision has on
future HIV incidence. This situation contrasts with that of an
earlier exercise that compared predictions of the impact of male
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1.14
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1.34

Granich

Number of adults (age 15 y and older) initiating ART between midpoint of the previous year and the midpoint of indicated year.

®HIV incidence rate per 100 susceptible person-years amongst 15- to 49-y-olds at midpoint of year 2016.

bCumulative number of additional new infections over the period mid-2011 to mid-2016 compared to “baseline” future scale-up scenario (rounded to nearest 1,000).

“The Eaton model reports posterior mean and 95% credible intervals.

doi:10.1371/journal.pmed.1001245.t004
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circumcision interventions [51], where the relationship between
the established efficacy of the intervention and population-level
impact was less complicated.

Having investigated the extent to which differences in ART
programmes determine differences in results, the natural focus for
future model comparison studies should be to explore the
contribution of other hypotheses through incrementally standard-
1sing biological, behavioural, and demographic model parameters,
and calibrating models to the same levels of HIV prevalence and
incidence. A systematic approach to standardising model param-
eters would identify which parameters most significantly influence
the results and guide priorities for future data collection. The HIV
Modelling Consortium (http://www.hivmodelling.org) will coor-
dinate such research efforts in coming months to investigate the
extent to which variation in model predictions is driven by
differences in underlying models of sexual mixing, or different
models of the natural history of infection and epidemic trajectory.

Although our experiment and analysis has focused on how
factors included in models can affect model predictions, it is
important to note that if all models exclude an important aspect of
the system, they could all be wrong. Early models of the impact of
ART on HIV incidence were very focused on the concern that
increased sexual risk behaviour might offset the reduction in
transmission for those on treatment, but for this exercise all of the
models assumed that population risk behaviour would not change
in response to the introduction of ART. This may be a reasonable
assumption given consistent evidence that patients report safer
sexual behaviour after starting ART [55-59] and given the relative
lack of information from sub-Saharan Africa about how the
untreated and HIV-negative population responds to the availabil-
ity of treatment [60]. But in other epidemic settings the availability
of ART has been associated with receding gains in protective
behaviour [61-63], and monitoring this in sub-Saharan African
settings will be a priority for surveillance over coming years. The
models also all assumed high efficacy of ART to reduce
transmission. True effectiveness will depend on adherence and
the level of viral suppression, which is mainly determined by
adherence levels. While there are some data from South Africa on
viral suppression rates outside carefully controlled trial settings
[64], further information on this and on patterns of acquired and
transmitted resistance will help in the calibration of models. Only
one of the models in this exercise (Synthesis Transmission)
explicitly incorporated the effect of antiretroviral drug resistance
on the impact of ART interventions. Models have predicted that
antiretroviral drug resistance could be widespread in sub-Saharan
Africa in coming decades [20], which could eventually lead to the
spread of transmitted drug resistance [65,66]. This could affect the
long-term costs and efficacy of treatment-as-prevention strategies
[67].

Another finding from systematically comparing models is that
often seemingly independent modelling studies rely on the same
limited data. Nearly all of the models relied on two sources to
derive parameters for elevated infectiousness during the first few
weeks of infection [68,69], but both of these sources are based
principally on data from a few retrospective couples in Rakai,
Uganda [70] (see [71]). This highlights both how invaluable these
data are and also the importance of recognising the dependencies
between seemingly independent modelling studies. However, even
using the same data, models may reach different conclusions. The
Eaton, EMOD, and Fraser models all in some way used the
estimates of early HIV infectivity from [69] but estimate very
different contributions of this stage to overall HIV transmission
(Figure 4A), and the three models all reached different conclusions
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from those in another recent modelling study relying on these
same estimates [72].

The purpose of this exercise was not to draw conclusions or
recommendations about specific ART intervention strategies, but
rather to test the hypothesis that a range of different models would
come to similar conclusions about the impact of ART on HIV
incidence when the same interventions were modelled. The
simulated interventions were artificially simple and stylized to
enable comparison between models. These did not explicitly
simulate the steps of HIV testing, diagnosis, linkage to care, and
adherence to ART required to achieve the access levels specified in
the intervention scenarios (although several of the models include
facility for this and have investigated this in independent analyses).
Interpretation of models simulating high levels of treatment
coverage should be cautioned by data suggesting that at present
fewer than one-third of patients in sub-Saharan Africa are
continuously retained in care from HIV diagnosis to ART
initiation [73], and that barriers remain to access to and uptake
of HIV testing [32]. The models assumed that all individuals
eligible for treatment were equally likely to access treatment,
which might not be true in practice (for example, women are more
likely to start treatment than men [74]). The comparison scenario
(counterfactual) against which interventions were evaluated
assumed no treatment at all, which made it easier to compare
models, but is clearly not the relevant benchmark for policy-
makers. This study has also considered treatment in isolation from
other interventions, even as there is broad consensus that
“combination prevention” strategies are presently the best strategy
for attacking the epidemic [41,75].

We hope that this study will help to characterise the models that
are being used to investigate questions related to the impact of
HIV treatment and enable those who rely on models for decision-
making to think critically about how the assumptions underlying
models affect the results. The relative consistency between models’
estimates of the short-term epidemiological impact of ART,
including the impact of the existing ART programme, provides
some reassurance that model projections on this time scale may be
relatively robust to the substantial uncertainties in parameters and
systems. This is a significant result considering that such short-
term projections are often the most relevant for policy and
resource allocation questions. On the other hand, the substantial
variation in long-term epidemiological impacts and efficiency of
ART, upon which arguments of substantial epidemic reduction
and cost savings hinge, suggests that results in these areas from any
single model should be extrapolated with caution. Care should be
taken to ensure that models evaluating the long-term costs,
benefits, and cost-effectiveness of treatment programmes ade-
quately communicate the degree and myriad sources of uncer-
tainty that influence these outputs.

A common question when faced with a diversity of model results
is whether some models are “better” or “worse”. Without data
against which to test the predictions of models, it is not possible to
answer this question in a study such as this, nor is this the correct
question to be asking. Rather, users of model outputs should ask
whether models include the necessary components to capably
answer the specific questions at hand, and whether the models
make credible assumptions in light of the information available,
and choose models accordingly. Evaluated along these guidelines,
the most appropriate models will vary between applications, so
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Fortunately there will be important new opportunities in the
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Editors’ Summary

Background. Following the first reported case of AIDS in
1981, the number of people infected with HIV, the virus that
causes AIDS, increased rapidly. In recent years, the number of
people becoming newly infected has declined slightly, but
the virus continues to spread at unacceptably high levels. In
2010 alone, 2.7 million people became HIV-positive. HIV,
which is usually transmitted through unprotected sex,
destroys CD4 lymphocytes and other immune system cells,
leaving infected individuals susceptible to other infections.
Early in the AIDS epidemic, half of HIV-infected people died
within eleven years of infection. Then, in 1996, antiretroviral
therapy (ART) became available, and, for people living in
affluent countries, HIV/AIDS gradually became considered a
chronic condition. But because ART was expensive, for
people living in developing countries HIV/AIDS remained a
fatal condition. Roll-out of ART in developing countries first
started in the early 2000s. In 2006, the international
community set a target of achieving universal ART coverage
by 2010. Although this target has still not been reached, by
the end of 2010, 6.6 million of the estimated 15 million
people in need of ART in developing countries were
receiving ART.

Why Was This Study Done? Several studies suggest that
ART, in addition to reducing illness and death among HIV-
positive people, reduces HIV transmission. Consequently,
there is interest in expanding the provision of ART as a
strategy for reducing the spread of HIV (“HIV treatment as
prevention”), particularly in sub-Saharan Africa, where one in
20 adults is HIV-positive. It is important to understand
exactly how ART might contribute to averting HIV transmis-
sion. Several mathematical models that simulate HIV
infection and disease progression have been developed to
investigate the impact of expanding access to ART on the
incidence of HIV (the number of new infections occurring in
a population over a year). But, although all these models
predict that increased ART coverage will have epidemiologic
(population) benefits, they vary widely in their estimates of
the magnitude of these benefits. In this study, the
researchers systematically compare the predictions of 12
mathematical models of the HIV epidemic in South Africa,
simulating the same ART intervention programs to deter-
mine the extent to which different models agree about the
impact of expanded ART.

What Did the Researchers Do and Find? The researchers
invited groups who had previously developed mathematical
models of the epidemiological impact of expanded access to
ART in South Africa to participate in a systematic comparison
exercise in which their models were used to simulate ART
scale-up scenarios in which the CD4 count threshold for
treatment eligibility, access to treatment, and retention on
treatment were systematically varied. To exclude variation
resulting from different model assumptions about the past
and current ART program, it was assumed that ART is
introduced into the population in the year 2012, with no
treatment provision prior to this, and interventions were
evaluated in comparison to an artificial counterfactual
scenario in which no treatment is provided. A standard
scenario based on the World Health Organization’s recom-
mended threshold for initiation of ART, although unrepre-
sentative of current provision in South Africa, was used to
compare the models. In this scenario, 80% of HIV-infected
individuals received treatment, they started treatment on
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average a year after their CD4 count dropped below 350 cells
per microliter of blood, and 85% remained on treatment
after three years. The models predicted that, with a start
point of 2012, the HIV incidence would be 35%-54% lower in
2020 and 32%-74% lower in 2050 compared to a counter-
factual scenario where there was no ART. Estimates of the
number of person-years of ART needed per infection averted
(the efficiency with which ART reduced new infections)
ranged from 6.3-18.7 and from 4.5-20.2 over the periods
2012-2020 and 2012-2050, respectively. Finally, estimates of
the impact of ambitious interventions (for example, imme-
diate treatment of all HIV-positive individuals) varied widely
across the models.

What Do These Findings Mean? Although the mathe-
matical models used in this study had different characteris-
tics, all 12 predict that ART, at high levels of access and
adherence, has the potential to reduce new HIV infections.
However, although the models broadly agree about the
short-term epidemiologic impact of treatment scale-up, their
longer-term projections (including whether ART alone can
eliminate HIV infection) and their estimates of the efficiency
with which ART can reduce new infections vary widely.
Importantly, it is possible that all these predictions will be
wrong—all the models may have excluded some aspect of
HIV transmission that will be found in the future to be
crucial. Finally, these findings do not aim to indicate which
specific ART interventions should be used to reduce the
incidence of HIV. Rather, by comparing the models that are
being used to investigate the feasibility of “HIV treatment as
prevention,” these findings should help modelers and policy-
makers think critically about how the assumptions underly-
ing these models affect the models’ predictions.

Additional Information. Please access these websites via
the online version of this summary at http://dx.doi.org/10.
1371/journal.pmed.1001245.

® This study is part of the July 2012 PLoS Medicine Collection,
“Investigating the Impact of Treatment on New HIV
Infections”

e Information is available from the US National Institute of
Allergy and Infectious Diseases on HIV infection and AIDS

o NAM/aidsmap provides basic information about HIV/AIDS
and summaries of recent research findings on HIV care and
treatment

e Information is available from Avert, an international AIDS
charity on many aspects of HIV/AIDS, including informa-
tion on HIV/AIDS treatment and care, on HIV treatment as
prevention, and on HIV/AIDS in South Africa (in English and
Spanish)

e The World Health Organization provides information about
universal access to AIDS treatment (in English, French, and
Spanish); its 2010 ART guidelines can be downloaded

e The HIV Modelling Consortium aims to improve scientific
support for decision-making by coordinating mathematical
modeling of the HIV epidemic

e Patient stories about living with HIV/AIDS are available
through Avert; the charity website Healthtalkonline also
provides personal stories about living with HIV, including
stories about taking anti-HIV drugs and the challenges of
anti-HIV drugs
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