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Objective: The first evidence of modest effectiveness of an HIV vaccine was demon-
strated by the RV144 trial in Thailand in 2009. Although promising, this vaccine has
largely been dismissed because it only had 30% efficacy. In contrast, male circumcision
is widely supported and has approximately twice the efficacy, but can only be targeted
to half of the population. We question the vaccine efficacy required before being
considered in prevention strategies.

Design: We forecast the expected population-level impact of implementing circumci-
sion among males compared with a 30% effective vaccine among males and females.

Methods: A mathematical transmission model was developed to describe the HIV
epidemics in two different settings, Thailand and South Africa, and to forecast the
expected impact of circumcision or vaccine interventions.

Results: Interventions using a vaccine with 30% efficacy would likely have a greater
population benefit than male circumcision because a proportion of males are already
circumcised, thus diminishing the potential target population. Both males and females
will receive considerable benefit from vaccination (for example, 33% of infections
averted for males and 36% for females in South Africa), whereas females will receive
only moderate benefit from male circumcision (for example, 47% of infections averted
for males and 19% for females in South Africa). In both settings, it would likely take a
number of years before the interventions could have a noticeable impact on HIV
epidemics.

Conclusion: A moderately effective vaccine, such as the one demonstrated in the
RV144 trial, may have a potential role in public health programs.
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Introduction

In 2009, a consortium of Thai and United States
researchers published a report stating that for the first time
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a vaccine had successfully protected humans against
infection with HIV [1]. Coming after a series of setbacks
in HIV vaccine development, this result was hailed
around the world as an important milestone in the
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long-term fight against the global HIV pandemic, but
commentators were also cautious about the implications
of the finding [2–4]. Questions were raised about the
choice of statistical methodology, and whether the
difference between randomized groups really was
significant at the 5% level, but the main concern was
the modest size of the reduction in HIV incidence. No
matter which way the data were analyzed the best-case
scenario was relative protection of approximately 30%.
Critics of the RV144 trial asserted that even if the result
was real and that HIV incidence was reduced in the
vaccinated group, a reduction in risk of this magnitude
was far too small for the vaccine to be of any public
health benefit.

Is 30% efficacy truly too low to warrant programmatic use
of a vaccine? The question of how much protection a
prevention agent should offer before it can be recom-
mended for wide use in public health programs cannot be
answered in absolute terms. The vaccines recommended
by the WHO [5] are recognized as offering long-term
protection at very high levels of efficacy. On the other
hand, vaccines with lower levels of protection, such as
those against typhoid [6], cholera [7,8] and tuberculosis
[9,10] have been proposed for use in particular
populations or circumstances. In the field of HIV
prevention, there have been many trials of new agents
and medical strategies to prevent infection, but so far only
one approach, male circumcision, has been unequivocally
demonstrated to be effective (although there is now
renewed optimism over the potential for prevention
through vaginal microbicides, following the release of the
results of the CAPRISA 004 trial [11]). Three large-scale
randomized trials of circumcision in Africa were
remarkably consistent in finding that this surgical
intervention reduced men’s risk of acquiring HIV
infection by 60%. As a consequence of these trials and
other research showing that circumcision was acceptable
to men and their female partners, as well as being cost-
effective under standard criteria for evaluating health
interventions, male circumcision has been recommended
by the WHO, and is currently the subject of
implementation programs in several African countries.
Development of this recommendation was by no means
uncontroversial, with major debates unfolding around the
potential for circumcision to undermine other forms of
prevention such as condom promotion, and concerns
about the ability of the health system to deliver
circumcision on a large scale. Nevertheless, several
African countries are now rapidly expanding male
circumcision programs, but high coverage is likely to
be achieved only after a number of years.

While male circumcision has an indisputable benefit for
HIV prevention, it has a fundamental limitation, in that it
only applies to half the population, with the benefits to
adolescent girls and women evident at a secondary level,
as male infection rates are reduced. Therefore, in a
pyright © Lippincott Williams & Wilkins. Unautho
simplistic sense, male circumcision at a whole population
level is an intervention that has a 30% benefit, rather than
the usually cited 60%. Coincidentally, this is exactly the
same level of protection that may be provided by the
vaccine investigated in the recent Thai trial, provided
the results are not owing to a statistical fluke, or type I error.
A vaccine would clearly have some major programmatic
advantages over circumcision in that it can be administered
in minutes by a wide variety of clinical personnel, does not
require any specific medical infrastructure, and could
potentially provide direct protection for both males and
females. Under these circumstances, is it reasonable to
dismiss the potential public health role of the vaccine if
research could unequivocally show that it had a true
efficacy of 30%?

In order to explore the relative public health benefit of a
30% effective vaccine and male circumcision in more
detail, we developed a mathematical model for HIV
transmission and used it to quantitatively compare the
impact of the two interventions, under various imple-
mentation scenarios in the context of the Thai and South
African HIV epidemics.

Methods

We developed a mathematical transmission model that
tracked changes over time in the numbers of people in a
population without HIV infection, with HIV infection
but untreated, or receiving antiretroviral therapy for HIV
infection. The model shared key features with those that
have been used by our group and others [12–14]. It
stratified the population of sexually active adults by sex
(male/female), age (16–49 years, in 1 year age groups)
and susceptibility status (uncircumcised or circumcised
and vaccinated or unvaccinated), and made use of
difference equations to transition the number of people in
each population stratification and HIV-related health state
each year over the 20-year period 2010–2029. The
model difference equations of the number of people, of
age i, in each health stage over time are:

SM;i;0ðt þ 1Þ ¼ ð1� mS � lM;i;0ÞSM;i�1;0ðtÞ
for unvaccinated and uncircumcised males;

SM;i;1ðt þ 1Þ ¼ ð1� mS � lM;i;1ÞSM;i�1;1ðtÞ
for unvaccinated; circumcised males;

SM;i;2ðt þ 1Þ ¼ ð1� mS � lM;i;2ÞSM;i�1;2ðtÞ
for vaccinated; uncircumcised males;

SM;i;3ðt þ 1Þ ¼ ð1� mS � lM;i;3ÞSM;i�1;3ðtÞ
for vaccinated and circumcised males;

IM;iðt þ 1Þ ¼ ð1� mI � 1=tÞIM;i�1ðtÞ

þ
X3

j¼0

lM;i; jSM;i�1; jðtÞ for HIV-infected males;
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TM;iðt þ 1Þ ¼ ð1� mTÞTM;i�1ðtÞ þ 1/tIM;i�1ðtÞ

for HIV-infected males receiving treatment;

SF;i;0ðt þ 1Þ ¼ ð1� mS � lF;i;0ÞSF;i�1;0ðtÞ
for unvaccinated females;

SF;i;1ðt þ 1Þ ¼ ð1� mS � lF;i;1ÞSF;i�1;1ðtÞ
for vaccinated females;

IF;iðt þ 1Þ ¼ ð1� mI � 1=tÞIF;i�1ðtÞ

þ
X1

j¼0

lF;i; jSF;i�1; jðtÞ for HIV-infected females;

TF;iðt þ 1Þ ¼ ð1� mTÞTF;i�1ðtÞ þ 1=t IF;i�1ðtÞ
for HIV-infected females receiving treatment:

Here, the m parameters refer to health-state-specific
mortality rates, t is the average time from HIV-infection
until commencement of antiretroviral treatment, and the l
parameters refer to the ‘force of infection’ or per-capita
annual risk of acquiring HIV. The force of infection in this
model depends on the prevalence of HIVamong people in
the pool of potential sexual partners. We assumed
assortative sexual mixing, such that females may have
male sexual partners between the ages of 1 year younger
and 3 years older than themselves. The risk of infection
changed over time as HIV prevalence evolved dynamically
in the presence of the intervention. The force of infection
for susceptible males (lM) and females (lF) was modeled
according to the following mathematical expressions:

lM;i;k ¼
Piþ1

j¼i�3ðIF; j þ ’TF; jÞ
Piþ1

j¼i�3ðSF; j þ IF; j þ ’TF; jÞ
bMð1� evdv;kÞ

ð1� ecdc;kÞ

lF;i;k ¼
Piþ3

j¼i�1ðIM; j þ ’TM; jÞ
Piþ3

j¼i�1ðSM; j þ IM; j þ ’TM; jÞ
bFð1� evdv;kÞ;

where i denotes age, k denotes circumcision or
vaccination status, S, I, and T represent the total number
of susceptible people (including combinations of vacci-
nation or circumcision status), untreated HIV-infected
people, and treated HIV-infected people respectively
with dv=c;k ¼ 1 if the associated group is vaccinated/
circumcised and else dv=c;k ¼ 0. The parameters ev; ec ;bM
and bF represent the protective effectiveness of vaccina-
tion, circumcision and the annual risk of HIV-trans-
mission to males and females in discordant sexual
partnerships, respectively. The latter two parameters
represent an average probability of HIV-transmission per
discordant partnership, implicitly incorporating condom
usage and frequency and type of sexual act. In this model,
we assume that sexual behavior does not change over
time. We assume that treated people have w¼ 92%
reduced infectiousness [9–13]. Circumcision reduced
opyright © Lippincott Williams & Wilkins. Unauth
the rate of HIV acquisition by 60% for males [15–17]
and the vaccine reduced it by 30% for both males and
females [2,3]. Parameters used in the model are presented
in Table 1. The model was implemented in MS-Excel.

The model was separately calibrated for two separate
settings, Thailand and South Africa, in which all
transmission was assumed to be heterosexual. The model
incorporated age-specific HIV prevalence levels, average
annual incidence, and circumcision rates [18–24]. The
Thai model was initialized with male circumcision rates
of 13% and overall population HIV incidence of 0.16%
for males and 0.12% for females [18–22]. The South
African model was initialized with a male circumcision
rate of 35% and HIV incidence of 1% for males and 1.5%
for females [18,21,23,24]. Simulated implementation of
vaccine or circumcision interventions commenced in
2010 and was offered at age 16, assumed to be the debut of
sexual activity in both males and females.

We considered scenarios under which circumcision was
undertaken by 75 or 100% of eligible males just prior to
sexual debut (assumed to be at 16 years of age), or
vaccination was received by 75 or 100% of males and
females just prior to sexual debut. We did not simulate
interventions targeting older age groups. For each
scenario, we used the model to estimate how many
infections would be expected to occur each year with and
without the intervention.
Results

According to our model, a vaccine with 30% efficacy
would have a greater benefit than male circumcision in
both the Thailand and South Africa scenarios (see Fig. 1).
Administration of the vaccine among all 16 year olds in
the Thailand setting would avert 44% of infections over
the next 20 years among the cohort of people, who attain
age 16 during this time interval and are, therefore,
targeted by the interventions. In the South African
setting, 35% of infections would be averted. In
comparison, circumcision would avert 39% of infections
in Thailand and 31% in the South African setting. The
population-level advantage of the vaccine over circumci-
sion arises primarily because a proportion of males is
already circumcised, so the potential target population for
a circumcision intervention is less than the potential
coverage of a vaccine intervention.

In both Thailand and South Africa, it would take a
number of years before the interventions could have a
noticeable impact on HIVepidemics at a population level
because of the time required for people to age, such that
sufficient population coverage is reached. However, in
those directly targeted for the intervention, there would
be a marked reduction in incidence within a few years
(Fig. 2). In both countries, administration of a 30%
orized reproduction of this article is prohibited.
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Table 1. Parameter values used in the mathematical model.

Parameter Thailand Africa

Background male circumcision prevalence 13.3% 35%

Initial population-level HIV incidence Male Female Male Female
0.16% 0.12% 1% 1.5%

Initial HIV prevalence Age group (years) Male (%) Female (%) Male (%) Female (%)

15–19 0.01 0.02 2.50 6.70
20–24 0.11 0.14 5.10 21.10
25–29 0.39 0.31 15.70 32.70
30–34 0.46 0.30 25.80 29.10
35–39 0.34 0.20 18.50 24.80
40–44 0.19 0.12 19.20 16.30
45–49 0.10 0.06 6.40 14.10

Male Female Male Female
Annual transmission risk in 2009 over discordant partnerships

over all partners and risk exposures per year (bM/bF: calibrated
to match overall population incidence rate in each setting)

0.395 0.234 0.06 0.144

Annual probability of death for uninfected people 0.002
Annual probability of death for untreated HIV-infected people 0.015
Annual probability of death for HIV-infected people on ART 0.01
Average number of years from HIV infection to initiating ART 8 years

ART, antiretroviral therapy.
effective vaccine would continue to be more advan-
tageous than circumcision over time (Fig. 2). Addition-
ally, both sexes will receive considerable benefit from
vaccination (for example, 33% of infections averted for
males and 36% for females in South Africa), whereas
females will receive only moderate benefit from male
circumcision (for example, 47% of infections averted for
males and 19% for females in South Africa).
Discussion

Through a mathematical model, we have shown that a
preventive vaccine with efficacy of 30% will have a greater
pyright © Lippincott Williams & Wilkins. Unautho
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Fig. 1. Estimated percentage of HIV infections averted over 20 yea
targeted, for vaccination, male circumcision and both. Intervention
population. Over time, the cumulative cohort of targeted populat
effect on reducing HIV transmission and prevalence than
male circumcision. For Thailand, where HIV prevalence
and circumcision rates are lower, the relative effect of
male circumcision compared with the vaccine would be
greater than in South Africa.

In addition to infections averted, the cost, acceptability
and risk of the two interventions would also have to be
taken into account in a comprehensive comparative
analysis. The costs associated with male circumcision have
been estimated at approximately US$50–70 per oper-
ation [25,26]. This cost does not include the training of
additional healthcare workers or providing additional
clinical facilities, both of which will be needed to carry
rized reproduction of this article is prohibited.
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100% male and female vaccine coverage(b) 100% coverage of male circumcision

Fig. 2. Projections of the impact of circumcision versus
vaccination interventions on the percentage of HIV infec-
tions averted among people of the age group in which
interventions were targeted in (a) Thailand and (b) South
Africa. That is, over time as more people enter the sexually
active population, the targeted population for interventions
increases in size. The percentage of infections averted in this
increasing cohort over time is presented.
out a large-scale expansion of male circumcision. Costing
of a vaccine is entirely hypothetical at this stage. By
analogy with hepatitis B virus, human papillomavirus and
other vaccines, initial prices would be in the several
hundred dollar range, but there could be a rapid drop in
price with volume and through negotiation with public
and foundation sponsors. In a population with very low
current levels of circumcision, the number of interven-
tions would be twice as high for vaccination as it would
be for circumcision to achieve approximately the same
relative reduction in incidence. Therefore on this
theoretical basis, cost-effectiveness would be roughly
equal once the price of vaccination fell to roughly half
that of the circumcision operation. The relative uptake of
the two interventions is also difficult to quantify at
present, but it is likely that a vaccine would prove to be
more widely accepted. The short-term medical risks of
male circumcision are well quantified in a trial setting, but
may be greater as the procedure is offered more widely
through routine programs. The corresponding risks for an
HIV vaccine are as yet unknown. It is also important to
opyright © Lippincott Williams & Wilkins. Unauth
note that both interventions may lead to an increase in
unsafe sexual behavior, if recipients believe that they are
fully or substantially protected. Another important
difference between the two interventions is that
circumcision is understood to confer permanent protec-
tion, whereas the protection that may be conferred by a
vaccine could wane over time, as suggested by the results
from the Thai trial [1].

In reality, the greatest question is whether the RV144
vaccine actually works, regardless of its level of efficacy.
An answer to this question can only come from further
clinical research that will be very expensive and take
a number of years to complete. However, an effective
vaccine is recognized as the ultimate solution to global
HIV control, and with no other construct currently
showing the promise of substantial protective efficacy
such an investment should not be dismissed without due
consideration and debate. The purpose of our analysis was
to inform this debate and specifically to model the impact
of a low-efficacy vaccine, compared with the widely
accepted intervention of male circumcision. It is essential
that the scientific and public health community remains
open to the potential benefit of any strategy that can help
to alleviate the burden of the ongoing HIV pandemic
[27].
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