
Informing Decision Making on Male Circumcision for HIV Prevention in High 
Prevalence Settings: What Mathematical Modelling Can Contribute 

 

SUPPORTING INFORMATION 

 

Text S1: Details of Mathematical Models Presented to the Expert Group 

 

Full details and technical specification of the models presented have been published, and the 
presentations made to the Expert Group are provided in Text S2. This document provides a 
brief unified summary of the setting, model structure, including key assumptions, and the 
analyses performed using the models. 
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Hallett TB, Singh K, Smith JA, White RG, Abu-Raddad LJ, Garnett GP. Understanding the 
impact of male circumcision interventions on the spread of HIV in southern Africa. PLoS ONE 
2008,3:e2212. 

 

Published Abstract: 

Background: Three randomised controlled trials have clearly shown that 
circumcision of adult men reduces the chance that they acquire HIV infection. 
However, the potential impact of circumcision programmes – either alone or in 
combination with other established approaches – is not known and no further field 
trials are planned. We have used a mathematical model, parameterised using 
existing trial findings, to understand and predict the impact of circumcision 
programmes at the population level. 

Findings: Our results indicate that circumcision will lead to reductions in incidence 
for women and uncircumcised men, as well as those circumcised, but that even the 
most effective intervention is unlikely to completely stem the spread of the virus. 
Without additional interventions, HIV incidence could eventually be reduced by 25-
35%, depending on the level of coverage achieved and whether onward transmission 
from circumcised men is also reduced. However, circumcision interventions can act 
synergistically with other types of prevention programmes, and if efforts to change 
behaviour are increased in parallel with the scale-up of circumcision services, then 
dramatic reductions in HIV incidence could be achieved. In the long-term, this could 
lead to reduced AIDS deaths and less need for anti-retroviral therapy. Any increases 
in risk behaviours following circumcision , i.e. ‘risk compensation’, could offset some 
of the potential benefit of the intervention, especially for women, but only very large 
increases would lead to more infections overall.  

Conclusions: Circumcision will not be the silver bullet to prevent HIV transmission, 
but interventions could help to substantially protect men and women from infection, 
especially in combination with other approaches. 

 

This model was a simple deterministic compartmental model representing the heterosexual 
spread in Zimbabwe, or other similar settings in sub-Saharan Africa with HIV prevalence of 
approximately 20% and low rates of circumcision before the intervention starts. 

 

To capture the heterogeneity in the number of sexual partners, men and women in the model 
were stratified into risk groups that form different numbers of sexual partnerships. Those in 
the higher risk groups tend to form more partnerships, but each of these partnerships 
comprises fewer sex acts and condom use is greater. Men and women form partnerships so 
that it is more likely that high risk individuals form partnerships with one another. Published 
data from eastern Zimbabwe were used to inform these parameters specifying sexual 
behaviour (although the broad behavioural patterns are similar to reports in other settings). 

 

Based on observational data from several longitudinal studies, the course of infection is 
represented by individuals progressing through several stages: acute infection (short duration, 
high infectiousness), latent infection (long duration, low infectiousness) and pre-AIDS (short 
duration, high infectiousness). After pre-AIDS, a fraction of individuals develop full-blown 
AIDS and die, whist others start anti-retroviral therapy (ART) and survive for eight years with 
very low infectiousness. In this model, the fraction of individuals that can start treatment 
increases from 0% two years before the circumcision intervention starts (which we take to be 
approximately equal to calendar year 2005) to 28% within two years (i.e. 2007) – this is 
typical for sub-Saharan Africa. It was optimistically assumed that ART coverage will plateau at 
90% by 2020. If some risk groups suffer greater AIDS-related mortality than others, the model 
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allows individuals to move between groups so that the overall mean and distribution of risk in 
the population is held constant. 

 

Uncircumcised men can be circumcised in the intervention and it is assumed that circumcised 
men are 60% less likely to acquire infection in each sex act that they are exposed to HIV. The 
rate at which men are circumcised in the model is such that the eventual level of coverage of 
circumcision (fraction of men circumcised) is reached within 5 years of the intervention 
starting. A range of coverage levels were experimented with, ranging from 30 to 90%. In most 
simulations no effect on male-to-female transmission is assumed. In some simulations it is 
assumed that there is short period of wound healing (2 months) immediately following the 
operation, during which time most men are not sexually active but the chance of transmission 
to women per sex act may be elevated.  

 

The main limitation of the model is the simplified way it represents the actual network of 
sexual partnership formation and the varied duration and type of sexual partnership. The wide 
range of possible sexual network structure are crudely captured with a small numbers of 
parameters determining the extent to which individuals at most risk of infection form 
partnerships with others at most risk, and the relative chance of transmission in casual and 
regular sexual partnerships. However, varying these parameter did not qualitatively affect the 
conclusions drawn. 

 

This model was used to address the following issues: 

1. What is the likely reduction in HIV incidence, given certain fractions of men (30-90%) 
being circumcised in the intervention? And, how does it change over time? 

2. How is the impact of the circumcision intervention distributed between the men being 
circumcised, men not being circumcised and women? 

a. Does this change over time, or with the scale of the intervention? 

b. How is this affected if circumcision also reduces the chance of transmission 
from men to women? 

3. How will circumcision interventions interact with existing interventions? 

a. Are there potential synergies with other interventions changing levels of 
sexual behaviour? 

b. Are there potential synergies with the scale-up of ART? 

4. Is there the potential for perverse impacts on HIV spread from scale up of 
circumcision? 

a. How is the impact of circumcision interventions affected if the men that are 
circumcised reduce the frequency that they use condoms in their casual 
partnerships? 

b. How is the impact of circumcision interventions affected if there is a brief 
period of wound healing, during which some men are sexually active, and 
there is an increased chance of transmission to women at this time? 

 

In addition, an age-structured version of the model has also been developed and published 
(Manicaland HIV/STD Prevention Project 2008, available from the authors). This was used to 
investigate how the impact of circumcision interventions is affected by alternative forms of 
targeting to different age-groups. This incorporated the typical pattern of sexual mixing 
whereby young women form most partnerships with men 5-10 years older. It was found that, 
over the first 30 years, an intervention targeted to men aged 20-29 years could lead to 
greatest reduction in incidence. In the longer term, circumcising infants or boys (younger than 
19) could lead to a greater reduction in incidence; however, no impact would be detected for 
the first 20 years of the intervention. 
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Published Abstract: 

Background and objective: Male circumcision (circumcision) reduces HIV incidence 
in men by 50–60%. The United Nations Joint Programme on HIV/AIDS (UNAIDS) 
recommends the provision of safe circumcision services in countries with high HIV 
and low circumcision prevalence, prioritizing 12–30 years old HIV-uninfected men. 
We explore how the population-level impact of circumcision varies by target age 
group, coverage, time-to-scale-up, level of risk compensation and circumcision of 
HIV-infected men. 

Design and methods: An individual-based model was fitted to the characteristics of 
a typical high-HIV-prevalence population in sub-Saharan Africa and three scenarios 
of individual-level impact corresponding to the central and the 95% confidence level 
estimates from the Kenyan circumcision trial. The simulated intervention increased 
the prevalence of circumcision from 25 to 75% over 5 years in targeted age groups. 
The impact and cost-effectiveness of the intervention were calculated over 2–50 
years. Future costs and effects were discounted and compared with the present value 
of lifetime HIV treatment costs (US$ 4043).  

Results: Initially, targeting men older than the United Nations Joint Programme on 
HIV/ AIDS recommended age group may be the most cost-effective strategy, but 
targeting any adult age group will be cost-saving. Substantial risk compensation could 
negate impact, particularly if already circumcised men compensate. If circumcision 
prevalence in HIV-uninfected men increases less because HIV-infected men are also 
circumcised, this will reduce impact in men but would have little effect on population-
level impact in women.  

Conclusion: Circumcision is a cost-saving intervention in a wide range of scenarios 
of HIV and initial circumcision prevalence but the United Nations Joint Programme on 
HIV/AIDS/WHO recommended target age group should be widened to include older 
HIV-uninfected men and counselling should be targeted at both newly and already 
circumcised men to minimize risk compensation. To maximize infections-averted, 
circumcision must be scaled up rapidly while maintaining quality. 

 

 

This study primarily addressed the following questions: 

1. What is the likely reduction in HIV incidence (effectiveness) if the prevalence of male 
circumcision was increased from 25% to 75% over 5 years? 

2. What is the likely cost-effectiveness of increasing the prevalence of male 
circumcision? 

3. How does the effectiveness and cost-effectiveness change over time? 

4. How does the effectiveness and cost-effectiveness vary by priority age-group? 

5. How does the effectiveness and cost-effectiveness vary by coverage? 

6. How does the effectiveness and cost-effectiveness vary by time to scale-up? 

7. How does the effectiveness and cost-effectiveness vary by the amount of risk 
compensation in circumcised and uncircumcised males? 

8. How does the effectiveness and cost-effectiveness vary by the proportion of 
circumcised males who are already HIV-infected? 
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9. How is the effectiveness and cost-effectiveness affected if circumcision also reduces 
the probability of transmission from men to women? 

 

METHODS 

Model 

An individual-based stochastic model was used in this study. It simulates the natural history 
and heterosexual transmission of HIV and other STIs in a population consisting of individuals 
with characteristics that can change over time. The formation and dissolution of heterosexual 
relationships and transmission of STIs during contacts between sexual partners are modelled 
as stochastic events [1, 2].  The model allows for the simultaneous and interactive simulation 
of up to 16 different STIs (see supporting-material: section-S1 in [3]).  The model has been 
used to explore the impact of STI treatment, vaccination and male circumcision for HIV-1 
prevention in Africa, the heterogeneous spread of HIV-1 in Africa, and the diverging HIV-1 
and HIV-2 prevalence trends in West Africa [3-12]. 

Baseline scenario 

The STI natural history and the characteristics of the simulated population used in this study 
were based on extensive literature reviews and previously published work [6, 7, 10].  The 
model was fitted to the demographic, behavioural and epidemiological characteristics of a 
typical high-HIV, low-circumcision prevalence population (Kisumu, Kenya) for the years 1997 
and 2006 and to available data on trends over time as detailed in earlier publications [6, 10], 
except that the mean survival time from HIV infection to death was increased from 10 to 11 
years in line with the findings of a recent meta-analysis [13], and an additional increase in 
condom use rates was simulated in 2000 (to 40% of casual and sex worker contacts) in 
Kisumu to fit recent falls in HIV prevalence [3].  HIV, herpes simplex virus type 2 (HSV-2), 
chancroid, syphilis, gonorrhoea and chlamydia were simulated. STIs were assumed to 
enhance HIV susceptibility and infectivity.  The assumed per-contact cofactor effects [6] 
reflected their relative clinical severity [14]. Multiple cofactor effects in the same individual 
were assumed to sum and overall cofactor effect for each partner in HIV-discordant 
partnerships to multiply (see supporting-material: section-S1 in [3]).   In line with data, we 
assumed that 25% of men were already circumcised before the start of the intervention [6]. 

In the model, HIV was represented by four stages: primary, asymptomatic, symptomatic and 
AIDS [6]. The use of four stages for HIV infection allowed us to simulate changes in infectivity 
over the course of the infection [15]. Infectivity of HIV was simulated as high in the primary 
stage, lower during the asymptomatic stage and then increasing again during the 
symptomatic and AIDS stages [15].  The a-priori ranges for HIV transmission probabilities in 
each stage were based on a recent review of per contact transmission probabilities [16]. 

Simulated effects of male circumcision  

Three direct and three indirect effects of male circumcision on HIV transmission we assumed 
in this study.  Lack-of-circumcision was assumed to directly increase the risk of HIV 
acquisition in males.  The magnitude of the per-contact cofactor for HIV acquisition in males 
was fitted to empirical individual-level data from the Kenyan trial[17](see below).  In this study 
we also assumed two direct effects due to sexual intercourse before circumcision wound-
healing.  Among HIV-infected men in the Ugandan trial, there was a non-significant increase 
in the proportion of wives infected within six months of circumcision in men who resumed sex 
before wound-healing(25%) compared to those who did not(11%)[18].  Using these data and 
assuming that the median time to wound-healing was four-weeks in HIV-uninfected men[19], 
we used a Bernoulli model to calculate that the per-contact cofactor for HIV-infectiousness in 
contacts between HIV-infected males who resume sex before wound-healing, and their HIV-
uninfected partners, was 9.8(supporting-material:section-S2 in [3]).  We assumed 15% of 
HIV-infected males resumed sex before wound-healing[20].  When fitting the model to the trial 
data in this study we also assumed that 15% of HIV-uninfected males were subject to the 
same increased risk of HIV acquisition in the month following their circumcision in contacts 
with HIV-infected females, as postulated[21]. 
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Much uncertainty remains in the effect of circumcision on the acquisition and transmission of 
cofactor STIs[17, 22-25].  In this study we assumed three indirect effects.  We assumed that 
lack-of-circumcision doubled the per-contact risk of syphilis and chancroid acquisition(but had 
no effect on HSV-2 acquisition)[24] and HSV-2 ulcer point-prevalence was reduced by 50% in 
circumcised/HSV-2-infected males, in line with data suggesting that circumcision halves 
genital ulcer rates[17, 23]. 

 

Fitting to individual-level impact data 

In this study we simulated three scenarios of the individual-level impact of male circumcision 
in previously uninfected males on HIV-incidence corresponding to the central estimate(59%) 
and the upper(76%) and lower(30%) 95%-confidence limits from the intervention trial in 
Kenya[17].  In each scenario the projected impact of the simulated intervention was fitted to 
the central, upper or lower estimate of impact from the trial by varying the magnitude of the 
lack-of-circumcision cofactor for HIV acquisition in males and refitting the observed HIV 
prevalence in 1997 and 2006.  The simulated trial intervention circumcised 100% of 15-24 
year old HIV-uninfected males on 1/1/2004.  Incidence rate-ratios in this age-group were 
calculated over two-years, corresponding to the median follow-up period[17]. 

 

In this study we used the fitted model to estimate the proportion of the observed trial impact 
that was due to direct and indirect effects of circumcision, by simulating scenarios in which 
the direct and indirect effects on HIV were removed in turn. 

 

Simulated interventions 

The three baseline scenarios, fitted to the central, upper and lower bounds of individual-level 
impact, were then used to estimate the population-level impact of various scenarios of the 
roll-out of circumcision.  All simulated interventions were simulated to start on 1/1/2007.  Our 
‘Default’ intervention resulted in a linear increase in the proportion of circumcised HIV-
uninfected males in the targeted age-group, from 25%(pre-intervention prevalence), to 75% 5 
years later with no risk-compensation. In separate simulations the following age-groups were 
targeted: 15-24,25-29,30-34,35-49,15-49, neonates and 15 year olds.  HIV-uninfected males 
aging into the targeted age-group were also circumcised at the appropriate prevalence for 
that year of the intervention.  This maintained circumcision prevalence in the targeted age-
group over time and led to increases in circumcision prevalence in older age-groups as 
circumcised males aged.  Results were based on means over 500 simulation runs. 

 

The (cost-)effectiveness of the intervention was calculated over 2,5,10,20,30,40 and 50 years.  
In this study we allowed for varying time-horizons to reflect different time-preferences by 
society. 

 

Impact on HIV-incidence was calculated as one minus the mean annual incidence rate-ratio in 
15-49 year olds over the period.  Over the same periods we also calculated the number of 
HIV infections averted in adults 15-49 years old per 1000 circumcisions in men of all ages, 
and the cost per-HIV-infection-averted.  Adult circumcision costs were based on the published 
data from the trials, and adjusted for inflation to constant 2007US$, using the US consumer 
price index.  Our central, lower and upper estimates of the cost of an adult circumcision were 
$51, $33 and $69, based on 2007US$ and data from the South Africa intervention excluding 
publicity[26], the Kenyan intervention[27] and the Ugandan intervention[28], respectively.  
Costs were incremental to clinic facilities, and include the direct costs of a circumcision 
procedure including supplies and personnel.  Costs also included capital equipment specific 
to circumcisions but not training.  Neonatal circumcision costs in sub-Saharan Africa are 
poorly known but are likely to be lower than for adults.  American studies suggest that 
neonatal circumcision costs could be as low as 10% of adult costs[29, 30].  Conservatively, 
we adjusted the adult costs for likely lower supply costs and shorter procedure time. We 
assumed that the central estimate was 30% of the adult cost ($15), with an upper and lower 
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estimate of $7 and $25.  Future costs and effects were discounted at 3% per year, and cost-
effectiveness was shown in present value terms[26].  Our cost per-HIV-infection-averted 
estimates were compared to a recent estimate of the present value of lifetime treatment costs 
of an HIV infection in Africa($3,469 in 2004US$)[31], recalculated using a 3% discount rate 
and adjusted for inflation to 2007US$($4,043). 

 

Scenario and sensitivity analysis 

 

In this study we explored various alternative scenarios of coverage, scale-up period, risk-
compensation, circumcision of HIV infected males and other uncertain parameter values.  We 
varied the coverage of HIV negatives between 25-100% in line with acceptability-data[32] and 
the scale-up period between 0-20 years.  In this study we modelled two scenarios in which 
newly-circumcised men or all-circumcised men, changed their condom use rate from 40% to 
0-30%(risk-compensation) and 50-80%(effective counselling).  We simulated a scenario in 
which the same proportions of HIV-infected and HIV-uninfected males were circumcised, 
while ensuring that the number of circumcisions over each period was equal to that in the 
default scenario in which only HIV-uninfected males were circumcised.  In this study we 
combined this with a scenario in which we assumed a strong direct effect of male 
circumcision on male-to-female HIV transmission.  In this scenario, we assumed that the per-
contact cofactor for HIV infectiousness for HIV-infected and circumcised males was 50% of 
that for HIV-infected uncircumcised males. 

 

To assess the robustness of our results to different epidemiological scenarios and 
uncertainties in parameters known to affect (cost-)effectiveness, alternative scenarios were 
simulated and key parameter values were varied while refitting HIV-prevalence where 
appropriate, and the (cost-)effectiveness of the default intervention targeted at 15-49 year 
olds was recalculated.  First, we removed the effects of circumcision on chancroid, syphilis 
and HSV-2.  Second, we increased the proportion of males who resumed sex before wound-
healing.  Third, we explored the impact of the intervention in populations in which HIV-
prevalence(a) remained around 25% after 1997, (b)fell more steeply after 1997 to 10% in 
2020, and (c)was lower overall, peaking at 10% in 1997.  These fits were obtained by varying 
condom use and risk behaviour rates(see supporting-material, section-S3 in [3], for full 
details). Fourth, we varied the baseline circumcision prevalence from 25% to 0% and 50%. 
Finally, we varied the unit circumcision-cost for adults/neonates between US$33/7 and 
US$69/25, respectively, and the discount-rate between 0% and 6%.  

 

DEFAULT SCENARIO RESUTS ARE SHOWN IN [3] 

 

SCENARIO AND SENSITIVITY ANALYSIS RESULTS:  

 

Coverage and rollout timing, and effect of behaviour change in circumcised males 

Both coverage and scale-up duration were approximately linearly related to intervention 
impact (Figure 3a/b in [3]).  Increased risk behaviour in circumcised males reduced 
intervention impact, such that impact was negated if condom use reduced from 40% in casual 
and sex-worker contacts to 15% if changes were restricted to newly-circumcised males 
(Figure 3c in [3]), or 20% if changes occurred in all circumcised males(Figure 3d in [3]).  More 
optimistically, a larger number of HIV-infections would be averted if counselling increased 
condom use. 

 

Effect of circumcising HIV infected males  

Circumcising the same proportion of HIV-infected as HIV-uninfected males had little effect on 
the population-level impact(Figure 4 in [3]).  The projected impact on HIV-incidence in males 
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was slightly lower than when circumcision was restricted to HIV-uninfected males, primarily 
because fewer HIV-uninfected males were circumcised, rather than because recently 
circumcised males were assumed briefly more infectious and susceptible to HIV.  The lower 
projected impact among males did not translate into lower impact among women, because it 
was offset by lower cofactor-STI rates in STI/HIV coinfected males. 

 

Figure 4 in [3] also shows the impact of assuming that circumcision halves the male-to-female 
HIV transmission probability.  If only HIV-uninfected males were circumcised, the short-term 
impact on HIV-incidence was predicted to be small because the reduced transmission 
probability only applied to HIV-infected males who had become HIV-infected after 
circumcision.  Over the longer-term, the intervention impact was predicted to be larger than in 
the default scenario.  If HIV-infected males were also circumcised, then the short-term impact 
on HIV-incidence in females was markedly increased(Figure 4  in [3]). 

 

Further sensitivity analysis 

The impact of the circumcision intervention was robust to the assumed effects of circumcision 
on chancroid, syphilis and HSV-2(supporting-material:section-S3 in [3]).  Removing all indirect 
effects reduced impact on HIV-incidence over 50 years from 51% to 45% in males and 44% 
to 36% in females.  The population-level impact of circumcision on HIV incidence was robust 
to increasing the assumed proportion of males who resumed sex before wound-healing to at 
least 60%.  Impact was largely unaffected when HIV prevalence was stable or was lower 
overall, but the projected longer-term impact was slightly lower when HIV prevalence declined 
more steeply, because of falls in STI rates due to the higher simulated condom use rates.  
The intervention was less cost-effective when the HIV prevalence declined more steeply or 
was lower overall, and more cost-effective when HIV prevalence was stable.  The impact of 
the circumcision intervention was also robust to the assumed baseline prevalence of 
circumcision, but the intervention became slightly more cost-effective at higher circumcision 
prevalences, and vice versa. The intervention was more cost-effective when the cost per-
procedure was lower, and vice versa. 
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Nagelkerke et al 
Nico JD Nagelkerke, Stephen Moses, Sake J de Vlas, and Robert C Bailey. Modelling the 
public health impact of male circumcision for HIV prevention in high prevalence areas in 
Africa. BMC Infectious Diseases 2007, 7:16 

 

Published Abstract: 
Background: Recent clinical trials in Africa, in combination with several 
observational epidemiological studies, have provided evidence that male 
circumcision can reduce HIV female-to male transmission risk by 60% or more. 
However, the public health impact of large-scale male circumcision programs for HIV 
prevention is unclear. 

Methods: Two mathematical models were examined to explore this issue: a random 
mixing model and a compartmental model that distinguishes risk groups associated 
with sex work. In the compartmental model, two scenarios were developed, one 
calculating HIV transmission and prevalence in a context similar to the country of 
Botswana, and one similar to Nyanza Province, in western Kenya. 

Results: In both models, male circumcision programs resulted in large and sustained 
declines in HIV prevalence over time among both men and women. Men benefited 
somewhat more than women, but prevalence among women was also reduced 
substantially. With 80% male circumcision uptake, the reductions in prevalence 
ranged from 45% to 67% in the two "countries", and with 50% uptake, from 25% to 
41%. It would take over a decade for the intervention to reach its full effect. 

Conclusion: Large-scale uptake of male circumcision services in African countries 
with high HIV prevalence, and where male circumcision is not now routinely 
practised, could lead to substantial reductions in HIV transmission and prevalence 
over time among both men and women. 
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In this paper two different models were used. One a proportionate (random) “Anderson-May 
type” mixing model. This model is mathematically tractable, and equilibrium values for the 
basic reproduction number R0, and HIV prevalence in equilibrium, both with 0% and 100% 
male circumcision, were calculated. However, this model was less appropriate for studying 
the dynamic behaviour of the HIV epidemic before and after the introduction of an MC 
programme.  Also, we felt that in all likelihood high risk (specifically sex workers and their 
clients) and low risk individuals do not mix randomly.  We therefore also developed a 
deterministic compartmental model that did have these features. Our projections of the 
impact of MC were mostly based on the latter model. 

 

Model structure 

The model structure of the compartmental model is shown in Fig. 1. The only mode of HIV 
transmission in the model is heterosexual transmission. The model subdivides the 
population according to different dimensions (gender, involvement in commercial sex, 
circumcision status, HIV infection status and stage of infection), into discrete high-risk (male 
clients and female sex workers for the high-risk groups) and low-risk (general population, not 
involved in paid sex) groups. Each of these groups is again subdivided into compartments of 
individuals who are either HIV infected or not, and, for males, whether they are circumcised 
or not. In addition, HIV infection is split into two compartments, early and late, to incorporate 
non-exponential progression to AIDS and mortality. Altogether 6 compartments for (living) 
women and 8 for (living) men are distinguished. For women these 6 compartments are: 

1. F11. HIV negative low risk women, not involved in sex work. 

2. F12. Women not involved in sex work, during the early stages of HIV infection. 

3. F13. Women not involved in sex work, during late(r) stage HIV infection. 

4. F21. HIV negative female sex workers. 

5. F22. Female sex workers during the early stages of HIV infection. 

6. F23. Female sex workers during late(r) stage HIV infection. 

 

For men these 8 compartments are: 

1. M11. Men who are not sex worker clients, HIV uninfected, uncircumcised. 

2. M14. Men who are not sex worker clients, HIV uninfected, circumcised. 

3. M12. Men who are not sex worker clients, during the early stages of HIV infection, either 
circumcised or not. 

4. M13. Men who are not sex worker clients, during late(r) stage HIV infection, either 
circumcised or not. 

5. M21. Male sex worker clients, HIV uninfected, uncircumcised. 6. M24. Male sex worker 
clients, HIV uninfected, circumcised. 

7. M22. Male sex worker clients, during the early stages of HIV infection, either circumcised 
or not. 

8. M23. Male sex worker clients, during late(r) stage HIV infection, either circumcised or not. 

We did not incorporate an age-structure in the model in view of evidence that age-mixing in 
Sub-Saharan Africa is probably so large that ignoring age would not distort reality too much. 
It did however limit our choice of MC strategies to those that did not involve age-targeting.  
Interactions, i.e. sexual relationships with the opposite sex, in the model depend on the 
compartment (high-risk or low-risk) that individuals are in. For example, "non-client" men do 
not visit sex workers at all. HIV transmission between low risk population groups consists of 
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two types, viz. entering into a new marriage-like or other stable relationship, or through 
"leakage" from infected individuals, such as non-paid casual sex and all existing sexual 
relationships at the time an individual becomes HIV infected. The rate of becoming a sex-
worker client, and the frequency of intercourse with sex-workers is controlled by independent 
mechanism, but the rate of becoming a sex worker and also the average number of client 
contacts per sex worker modeled as demand driven. Group membership (e.g. being a sex 
worker) of individuals changes over time (e.g. women may practice sex work for a few years 
only).   

 

We set the parameters of the model to values obtained from epidemiological literature and 
by fitting the model to reported prevalence data from two regions in Africa where MC is 
uncommon (approximately 10% of all adult males) and HIV prevalence is high, viz. Nyanza 
Province in Kenya, and Botswana in southern Africa 

On the basis of the Orange farm trial, the only one published at the time of developing the 
model, a 60% reduction in female-to-male transmission risk following MC was assumed. The 
risk of early resumption of intercourse, before wound healing, was not incorporated in the 
model.  For our main analyses we assumed absence of behavioral disinhibition (risk 
compensation, i.e. increased risk taking) after circumcision, and no effect of male 
circumcision on male-to-female transmission In our model specification, men were not 
circumcised  instantaneously, but uncircumcised men were recruited as a constant rate 
leading to a specified (50% or 80%) equilibrium prevalence of circumcision among HIV 
uninfected men. As initially most men are uncircumcised, the total number of men getting 
circumcised is higher initially than in equilibrium when circumcision numbers are just high 
enough to maintain equilibrium circumcision levels. 

Sensitivity analyses For our main (baseline) model specifications, we assumed a relative risk 
of MC for female- to-male transmission of 0.4, no risk compensation (behavioral 
disinhibition), and no effect on male-to-female transmission. These three assumptions were 
subjected to sensitivity analyses as follows: 

1) As a first sensitivity analysis we considered two "extreme" relative risks of the effect of 
circumcision on female-to-male transmission, viz. a RR of 0.25, and a RR of 0.6 for female-
to-male transmission. These values correspond roughly to the per-protocol estimate of the 
RR from the Orange Farm trial, and the upper limit of the 90% CI of the RR, respectively, 
and thereby constitute moderately optimistic and pessimistic estimates. The high RR value 
of 0.6 also somewhat exceeds the estimated effects in Uganda and Kenya and thus seems 
to be a "safe" upper limit of the RR. 

2) As a second sensitivity analysis we explored the effect of a (moderate) protective effect of 
MC on male-to-female transmission, which we had assumed absent in our main analysis. 
Instead of a relative risk of 1 for MC (i.e. no effect on male-to-female transmission), we 
assumed a relative risk of 0.75. 

3) As a third sensitivity analysis, we considered a specific form of risk compensation, viz. 
that circumcised men would abandon condom use in high-risk sexual contacts (assumed to 
be 20% effectively initially).  
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Structure of the compartmental model. Boxes represent compartments, i.e. the states 
males or females can be in. Arrows represent flows of individuals between compartments. 
High risk groups are male clients of sex workers, and female sex workers (csw). Disease 
progression is subdivided into 2 stages: early and late, including AIDS. Individuals (men) 
move to the circumcised boxes after circumcision. The flow diagram for women is similar 
except that there exists no circumcised compartment. Symbols refer to compartments and 
flows formally defined in the Additional file 1 (Compartments: M = male, F = female; first 
subscript: 1 = low risk group, 2 = high risk group; second subscript: 1 = uninfected, 2 = early 
HIV, 3 = late HIV, 4 =circumcised and uninfected. Flows: a = from low risk to high risk group, 
b = from high risk to low risk group, c = circumcision, i = infection, p =progression (to late 
stage HIV infection), q = death)
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Gray RH 
Gray, Ronald, Li, Xianbin, Kigozi, Godfrey, Serwadda, David, Nalugoda, Fred, Watya, 
Stephen, Reynolds, Steven, Wawer, Maria 

The impact of male circumcision on HIV incidence and cost per infection prevented: a 
stochastic simulation model from Rakai, Uganda. 

AIDS. 21(7):845-850, April 23, 2007. 
 

Published Abstract: 
Objectives: To estimate the impact of male circumcision on HIV incidence, the 
number of procedures per HIV infection averted, and costs per infection averted. 
 
Methods: A stochastic simulation model with empirically derived parameters from a 
cohort in Rakai, Uganda was used to estimate HIV incidence, assuming that male 
circumcision reduced the risks of HIV acquisition with rate ratios (RR) ranging from 
0.3 to 0.6 in men, their female partners, and in both sexes combined, with 
circumcision coverage 0-100%. The reproductive number (R0) was also estimated. 
The number of HIV infections averted per circumcision was estimated from the 
incident cases in the absence of surgery minus the projected number of incident 
cases over 10 years following circumcision. The cost per procedure ($69.00) was 
used to estimate the cost per HIV infection averted. 
 
Results: Baseline HIV incidence was 1.2/100 person-years. Male circumcision could 
markedly reduce HIV incidence in this population, particularly if there was 
preventative efficacy in both sexes. Under many scenarios, with RR <= 0.5, 
circumcision could reduce R0 to < 1.0 and potentially abort the epidemic. The 
number of surgeries per infection averted over 10 years was 19-58, and the costs per 
infection averted was $1269-3911, depending on the efficacy of circumcision for 
either or both sexes, assuming 75% service coverage. However, behavioral 
disinhibition could offset any benefits of circumcision. 
 
Conclusion: Male circumcision could have substantial impact on the HIV epidemic 
and provide a cost-effective prevention strategy if benefits are not countered by 
behavioral disinhibition. 

 
The model simulated HIV transmission from an HIV-positive person to a negative partner 
within an HIV-discordant relationship. The parameters used in the simulation are listed in 
Table 1. The probability of transmission per sex act was computed first by stage of disease 
in the HIV-positive individuals (acute infection/early disease, latency, and advanced 
disease/AIDS), by age (15–24, 25–29, 30–34, and 35+ years), and by gender. Gender-
specific rates of partner change were based on data from the Rakai cohort, with 
approximately 8% of HIV-positive women and 53% of HIV-positive men reporting multiple 
partnerships in a given year. Interview information on sexual networks was used to generate 
distributions of multiple partnerships, non-marital relationships, coital frequencies, and 
durations of relationships; on the basis of these distributions, HIV-positive individuals were 
randomly assigned a probability of such relationships. In this setting, virtually all multiple 
partnerships were concurrent. To estimate sexual contacts of infected persons with HIV-
negative partners, the number of reported sexual partners in the model was randomly 
reduced by 0.14, since 14% of the infected population in Rakai was in a concordant HIV-
positive relationship. (Details of model parameters can be provided on request.) 
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Each coital act was then simulated to determine whether the HIV-negative partner 
seroconverted, based on the transmission probability per sex act and characteristics of the 
couple. Partners who remained uninfected were recycled into the pool of uninfected persons 
and exposed to risk in subsequent replications. New seroconverters generated by the 
simulation were recycled into the pool of HIV-infected persons, and transmissions to their 
subsequent HIV-negative partners were simulated as described above. Simulations were run 
using SAS (version 8; SAS Institute, Cary North Carolina, USA) with 500 replications. 

The total number of seroconversions and total person-years at risk among HIV-negative 
persons were obtained from the simulation for calculation of average HIV incidence rates per 
100 person-years in the Rakai population. To assess the simulated effect of circumcision on 
the future course of the HIV epidemic, the approximate basic reproductive number (R0) was 
estimated using the equation R0 = [gamma]Dc [7], where [gamma] is the probability of HIV 
transmission per sex act, D is the total number of coital acts during the infectious period 
(approximately 10 years, with an average of 106.8 acts of intercourse per year per couple), 
and c is the average number of HIV-negative partners for each infected individual (the mean 
value of c in Rakai is 1.25 HIV-negative partners per HIV-positive individual per year for both 
sexes combined). 

To estimate the possible effects of male circumcision, it was assumed that circumcision 
might reduce the incidence of HIV with incidence rate ratios (IRR) varying from 0.3 to 0.6 in 
either males or females alone, or both sexes combined. Efficacy, the reduced incidence of 
HIV afforded by circumcision, was estimated from 1 - IRR. These ranges of potential IRR 
and efficacy are comparable to those reported in the literature [1–6]. It was assumed that the 
coverage of circumcision services might vary from 0 to 100% of HIV-negative uncircumcised 
men, and simulations were run for quartiles of program coverage (25%, 50%, 75%, and 
100%). Uncircumcised men constitute 84% of the Rakai male population, so coverage only 
pertained to this proportion. From Rakai data in male HIV-positive/female HIV-negative 
couples, a non-significant decreased risk of female HIV acquisition was previously observed, 
with a rate ratio of 0.4, comparable to the South African trial effects in men [2]; however, in 
an updated analysis, the HIV IRR in uninfected females with circumcised versus 
uncircumcised HIV-positive male partners was 0.7 [10]. Therefore, a scenario was also 
simulated in which the male rate ratio was 0.4 (comparable to the South African trial), and 
the female IRR was 0.7. 

The number of HIV infections potentially averted by each surgery was calculated from the 
total number of incident cases expected in the population in the absence of a circumcision 
program minus the number of incident cases estimated with varying circumcision efficacies. 
To simplify presentation, it was assumed that program coverage was 75% of eligible 
uncircumcised men. The cost per surgery in the Rakai trial was $69.0, including 
postoperative care. This was used to estimate the cost per HIV infection averted by 
circumcision over a period of 10 years. 

If circumcision reduces HIV risk, it is possible that individuals will develop exaggerated 
beliefs in the protective effects and increase sexual risk behaviors. Therefore, models were 
constructed in which number of sexual partners per individual was randomly increased, so 
that the average number of partners increased by 25%, 50%, or 100% in the population. The 
impact on HIV incidence was then compared with that estimated from the observed number 
of partners in the Rakai population. 
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Alsallaq et al  
R. A. Alsallaq, B. Cash, H. A. Weiss, I. M. Longini, S. B. Omer, M. J. Wawer, R. H. Gray and 
L. J. Abu-Raddad (2008) Quantitative assessment of the role of male circumcision in HIV 
epidemiology at the population level. Epidemics under review. 

 

Published Abstract: 
Background: Three recent randomized trials have shown that male circumcision 
(MC) reduces HIV incidence in heterosexual men by about 60%. Mathematical 
models are needed to assess the historical role of MC in the observed disparate 
levels of prevalence in sub-Saharan Africa and to translate these findings into 
estimates of the population-level impact of MC on HIV prevalence. 

Methods and findings: A deterministic compartmental model of HIV dynamics with 
MC was parameterized by empirical data from the Rakai, Masaka and Four-City 
studies. The model predicts that in Kisumu, Kenya, and in Rakai, Uganda, universal 
MC implemented in 2008 would reduce HIV prevalence by 19%, and 14% 
respectively by 2020, and would avert more than 10,000 and 8,000 new infections 
respectively. In Kisumu, a setting with high HIV prevalence, about six MCs would be 
needed for each infection averted while in Rakai, eleven MCs would be needed. 
Females will also benefit from MC with a substantial reduction in prevalence of about 
8% in Kisumu and 4% in Rakai within a few years of universal MC. The beneficial 
impact of MC for both males and females will not be undermined by risk behavior 
compensation unless the increase in risk behavior is in excess of 20%. The 
effectiveness of MC as an intervention is maximized by universal MC within 2-3 
years. 

Conclusion: In West Africa, MC may have “quarantined” the spread of HIV by 
limiting sustainable transmission to within high risk groups and bridge populations. 
Our findings indicate that MC is an effective intervention in both high and 
intermediate HIV prevalence settings. MC coverage should be expanded as soon as 
possible to optimize the epidemiological impact. 
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Key results  

We list here key results presented at the meeting of the UNAIDS Expert Group on 

Modelling the Impact and Cost of Male Circumcision for HIV Risk Reduction, March 

2008, London, United Kingdom. 
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Figure 1 Impact of uptake rate on outcome of MC intervention. The annual decline in 

HIV incidence as the male circumcision intervention is being rolled out slowly over 10 

years (A), or rapidly over two years (B) in Kisumu, Kenya. Rapid rollout is much more 

beneficial in achieving substantial declines in incidence rapidly.   
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Figure 2 Number of MC procedures needed per each HIV infection averted at varying 

rates of MC uptake. 
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Mathematical model description 

Our model consists of a system of 12 differential equations for each risk group: 
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The index i  stands for an i -sexual risk population where 1,2,3,4i =  represent low, low 

to intermediate, intermediate to high, and high risk groups respectively. The population is 

stratified into three groups based on sex and male circumcision (MC) status: females, 
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non-circumcised males, and circumcised males (subscripts f , nm , and cm , 

respectively). Here, ( )X iγ  is the HIV susceptible population belonging to sex and MC 

groupγ . The ( , )Y iγ α  are the HIV infected populations where the indexα marks the stage 

of HIV pathogenesis; 1, 2,3α =  stand for acute, latent, and late stages, respectively. The 

( )fN i , ( )mN i  are the female and male population sizes of each i -risk group 

respectively, and 0 ( )fN i , 0 ( )mN i  are the corresponding initial population sizes. Lastly, 

cmf  is the fraction of the male population that are circumcised before starting sexual 

activity. 

The progression of HIV is described by 1ω , the rate of progression from acute to latent 

stage, 2ω , the rate from latent to late stage, and 3ω , the rate of HIV/AIDS disease 

mortality. μ  is the birth (and death) rate. We assume a constant birth rate in the model 

and we do not stratify the population explicitly according to age. η  denotes the average 

rate at which non-circumcised males are being circumcised as part of a MC intervention. 

The reciprocal (i.e. 1η− ) provides the average waiting time before circumcision. The rates 

( )X iγΛ  are the HIV forces of infection (hazard rates of infection) experienced by each 
susceptible population ( )X iγ : 
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In these expressions, ( )Z iρ  describes the effective new sexual partner acquisition rate for 

each population variable ( )Z i . Note that we use the term effective rate of partner change, 

as opposed to rate of partner change, since this parameter does not merely reflect the 

actual rate at which individuals change their partners, but also represents other behavioral 

mechanisms that effectively enhance this quantity such as concurrency and topology of 

sexual networks (Watts and May 1992; Kretzschmar and Morris 1996; Morris 1997), as 
well as variability in risk behavior (May and Anderson 1988). The parameter [ )0,r∈ ∞  

models the relative increase in the effective rate of partner change due to behavioral dis-

inhibition experienced by circumcised males following circumcision.  On the other hand, 
the parameter [ ]0,1q∈  measures the efficacy of male circumcision against HIV 

acquisition (Auvert, Taljaard et al. 2005; Gray, Kigozi et al. 2007; Nagelkerke, Moses et 

al. 2007). At the extremes, 0q =  implies no protection against HIV and 1q =  implies 

total protection against HIV.  

The parameters 
'( , ) ( )Y i X jt

γ γα →  stand for HIV transmission probability per partnership in a 

heterosexual partnership between a member of the susceptible population ' ( )X jγ  and a 

member of the HIV infected population ( , )Y iγ α . These transmission probabilities are 

expressed in terms of HIV transmission probability per coital act per HIV stage in this 
partnership (

'( , ) ( )
HIV
Y i X jp
γ γα → ), the frequency of coital acts per HIV stage in this partnership 
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(
'( , ) ( )Y i X jn

γ γα ↔ ), and the duration (
'( , ) ( )Y i X jγ γατ ↔ ) of this partnership, using the binomial 

model 
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The best data on HIV transmission probability per coital act indicates that there are no 

differences between HIV transmission probability per coital act from a non-circumcised 

male to a female and from a female to a non-circumcised male (Gray, Wawer et al. 2001; 

Wawer, Gray et al. 2005). For completeness, we included in our model a reduction factor 

g  in the transmission probability per coital act from an infected circumcised male to a 

susceptible female, but we set it to zero in our results due to the absence of a concrete 

evidence for this effect. Thus, 
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The mixing among the four risk groups between females and males is dictated by the 

sexual-mixing matrices ( , )a b i j→  which provides the probability that an individual of 

gender a  in risk group j  would choose a partner of gender b  in risk group i  (Garnett 

and Anderson 1993). The two mixing matrices are given by the expressions 
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Here, ,i jδ  is the identity matrix and the parameters [ ],  0,1e e′∈  measures the degree of 

assortativeness in the mixing. At the extreme 0e e′= = , the mixing is fully proportional 

while at the other extreme 1e e′= = , the mixing is fully assortative as individuals choose 

partners only from within their risk group. ( )m jρ%  represents the total number of 

partnerships acquired by males of risk group j  regardless of their circumcision or HIV 

infection status and is given by 

( )
( )( )

( ) ( )

( , ) ( ', )
1,2,3

( ) ( ) 1 ( )

           ( , ) 1 ( , )
nm nm

nm nm

m X j nm X j cm

Y j nm Y j cm

j X j r X j

Y j r Y jα α
α

ρ ρ ρ

ρ α ρ α′
′=

= + + +

′ ′+ +∑
%

    (0.6) 

Similarly the total number of partnerships acquired by females of risk group i  regardless 

of their circumcision or HIV infection status is given by  

( ) ( , )
1,2,3

( ) ( ) ( , )
f ff X i f Y i fi X i Y iα

α

ρ ρ ρ α
=

= + ∑%   (0.7) 

We assume a balance in partnerships so that the number of partnerships formed by males 

is equal to the number of partnerships made by females. This is done by constraining the 

number of partnerships formed by females in any specific population compartment with 

males in a certain population compartment to be equal to the number of partnerships 

formed by males in this certain compartment with the females in that specific 

compartment. For example, the mixing between the two compartments ( , )cmY iα  and 

( )fX j  is balanced through the condition 

( )
( ) ( )( , )

( ) ( , )

( )1 ( , )
( ) ( , ) 1 ( , ) ( , )

( ) ( )
fnm

f nm

X i fY j cm
X i f m f Y j cm f m

m f

X ir Y j
X i i j r Y j j i

j i
α

α

ρρ α
ρ ρ α

ρ ρ→ →

+
= +

% %
 (0.8) 

Similar conditions are established between all population compartments leading 
consistently to the balance equation 
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( ) ( , ) ( ) ( , )m f m f m fj j i i i jρ ρ→ →=% %   (0.9) 

This equation defines an expression for ( , )f m i j→  in terms of ( , )m f j i→ . ( )f iρ%  can be 

written in terms of ( )m iρ%  by summing over risk group j  in (0.9), using (0.5) and matrix 

inversion to yield  

1
( , )

1,2,3,4

( ) [ ] ( ) ( )T
f m f i j m m

j

i j iρ ρ ρ−
→

=

= =∑% % %        (0.10)

and  

 ( , ) ( , )f m m fi j i j→ →=         (0.11) 

These equations determine the partner change rates of one of the sexes if those of the 

other sex are determined.  

For Kisumu, Kenya, we used the general population survey of the Four City study (Buve, 

Carael et al. 2001) to fit HIV prevalence levels in the year 1997-1998 for the sexually 

active population. Meanwhile, we used the antenatal clinic surveillance data 

(WHO/AFRO 2002; UNAIDS/WHO 2004) to fit the time series trends in HIV 

prevalence. For Rakai, Uganda, we used data from the Rakai group survey (Gray 2008). 

Please note that antenatal surveillance data do not necessarily reflect the HIV population 

prevalence level (UNAIDS/WHO 2003), though they are valuable in describing the 

trends in prevalence. Our prediction for HIV prevalence in Kisumu appears to 

underestimate the epidemic since the general population survey for Kisumu found 

substantially lower prevalence than provided by the antenatal surveillance data.  
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Sensitivity and uncertainty analyses 

We performed sensitivity and uncertainty analyses to assess the robustness of our 

predictions to the uncertainty in the MC efficacy, behavioral parameters, and HIV 

progression parameters used to parameterize the model.  

The parameter values in our model such as HIV transmission probabilities, HIV stage 

durations, and MC efficacy are set by empirical data and one of the main goals of this 

work is to assess the implications of these measured values on the impact of MC as an 

intervention in sub-Saharan Africa. We examined the sensitivity of our MC intervention 

predictions to variations of 1) 43-69% in the MC efficacy (efficacy is 58% (95% CI 43-

69%) according to a random-effect meta-analysis of results of the three MC trials (Weiss, 

Halperin et al. 2008)); 2) 15% in the duration from onset of HIV infection to death; 3) 

15% in the fraction of the population in the highest risk group with a corresponding 

variation in the rest of the risk groups; 4) 15% in all values of the new sexual partner 

acquisition rates; 5) 15% in the degree of assortativeness in the mixing between the risk 

groups.   

Figure 1 shows the results of the sensitivity and uncertainty analyses with respect to our 

predictions for the epidemiologic measures at 2020. The analyses were done by Monte 

Carlo sampling from the specified ranges of uncertainty using the uniform distribution for 

1000 runs of the model. The predictions are largely invariable to the specified variations 

in the fraction of the population in the highest risk group, the rates of partner change, the 

level of assortativeness in the mixing between the risk groups, and the duration from 

onset of infection to death. However, not surprisingly, the epidemiologic measures are 
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sensitive to the variations in the MC efficacy and vary by about 15-20% with the 

specified range of uncertainty in the MC efficacy.  
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Figure 3 Sensitivity and uncertainty analyses with respect to MC efficacy, behavioural 

parameters, and HIV progression parameters. The impact of universal MC intervention 

with respect to variations in (A) MC efficacy; (B) fraction of the population in the highest 

risk group; (C) new sexual partner acquisition rates; (D)  assortativeness in the mixing 

between the risk groups; (E) duration from onset of HIV infection to death. 
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Published Abstract: 
Background: A randomized controlled trial (RCT) has shown that male circumcision 
(MC) reduces sexual transmission of HIV from women to men by 60% (32%-76%; 
95% CI) offering an intervention of proven efficacy for reducing the sexual spread of 
HIV. We explore the implications of this finding for the promotion of MC as a public 
health intervention to control HIV in sub-Saharan Africa. 

Methods and Findings: Using dynamical simulation models we consider the impact 
of MC on the relative prevalence of HIV in men and women and in circumcised and 
uncircumcised men. Using country level data on HIV prevalence and MC, we 
estimate the impact of increasing MC coverage on HIV incidence, HIV prevalence, 
and HIV-related deaths over the next ten, twenty, and thirty years in sub-Saharan 
Africa. Assuming that full coverage of MC is achieved over the next ten years, we 
consider three scenarios in which the reduction in transmission is given by the best 
estimate and the upper and lower 95% confidence limits of the reduction in 
transmission observed in the RCT. MC could avert 2.0 (1.1-3.8) million new HIV 
infections and 0.3 (0.1-0.5) million deaths over the next ten years in sub-Saharan 
Africa. In the ten years after that, it could avert a further 3.7 (1.9-7.5) million new HIV 
infections and 2.7 (1.5-5.3) million deaths, with about one quarter of all the incident 
cases prevented and the deaths averted occurring in South Africa. We show that a) 
MC will increase the proportion of infected people who are women from about 52% to 
58%; b) where there is homogenous mixing but not all men are circumcised, the 
prevalence of infection in circumcised men is likely to be about 80% of that in 
uncircumcised men; c) MC is equivalent to an intervention, such as a vaccine or 
increased condom use, that reduces transmission in both directions by 37%.  

Conclusions: This analysis is based on the result of just one RCT, but if the results 
of that trial are confirmed we suggest that MC could substantially reduce the burden 
of HIV in Africa, especially in southern Africa where the prevalence of MC is low and 
the prevalence of HIV is high. While the protective benefit to HIV-negative men will 
be immediate, the full impact of MC on HIV-related illness and death will only be 
apparent in ten to twenty years.. 

31/42



  

Male circumcision and HIV in Africa 

Mathematical note 
The formal definition of a convolution (main text; Equation 14) is  

 ( ) ( ) ( ) ( )A t B t A t B t t dt
+∞

−∞

⊗ ≡ −∫ % % %  1 

Rate of expansion of male circumcision 
We assume that the coverage of MC increases logistically with time. The analytical 
expression for coverage is then 

 ( )
( )

( )
0

0
0 0

e1
1+e

t t

t t

α

α
χ χ χ

−

−
= + −  2 

where χ0 is the initial prevalence of MC, t0 is the time at which the logistic term reaches 0.5, 
and α determines the rate at which the coverage of MC increases. For the ten year expansion 
we set t0 = 2010 and α = 0.6/year while for the five year expansion we set t0 = 2007.5 and α 
= 1.2/year giving the coverage as a function of time, illustrated for South Africa in Figure S1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S1. The increase of MC in South Africa starting from a coverage of 35% and 
reaching full coverage in 2015 (red line) and 2010 (blue line). 

Separating contact and transmission parameters 
We focus on interventions that reduce the probability of transmission without changing 
sexual behaviour. The key result (Equation 6 in the main text) is that R0 can be expressed as  

 ( ) ( )0R f g cφ=  3 
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where φ depends on those parameters that determine the risk of infection given contact with 
an infected person and c depends on those parameters that determine the number of sexual 
contacts per unit time. For interventions that reduce transmission probabilities while not 
affecting sexual behaviour, changes in the epidemic can be estimated from changes in the 
transmission probabilities without reference to the (unchanging) sexual behaviour.  An 
absolute value of R0 during the intervention can be estimated by multiplying the relative 
change by an empirical estimate of the pre-intervention R0, which implicitly includes the 
complexities and heterogeneities of sexual behaviour. 

Random mixing 

If the intervention leads to changes in sexual behaviour, at either the individual or population 
level, then further analysis is required.  Such scenarios have been considered in detail in 
previous work [1-6].  If only a fraction of the population is covered by the intervention (such 
as circumcision or vaccination), then the decoupling argument assumes that individuals mix 
randomly with respect to intervention coverage status. If interventions are targeted at specific 
risk groups the contact rates and probability of transmission given contact are not 
independent and cannot be decoupled.  If higher-risk groups are targeted successfully, then 
results from the decoupled analysis will place a conservative lower bound on the benefits of 
the intervention. 

Differential impact of male circumcision on different groups 

Because of the asymmetry of HIV transmission between men and women, prevalence among 
women is generally higher than prevalence among men in heterosexual epidemics [7].  
Higher levels of circumcision could increase this asymmetry in transmission, and increase the 
imbalance in prevalence between men and women. Circumcision will reduce the prevalence 
of infection among all men but will have a greater impact on those that are circumcised. In 
the main text we calculate the impact of MC averaged over women, circumcised men, and 
uncircumcised men, and we make separate estimates of the relative impact on men and 
women. Here we analyse a model that explicitly divides the population into women, 
circumcised men, and uncircumcised men in order to confirm the validity and test the 
accuracy of the results obtained in the main text. We employ a simple model formulation for 
analytic tractability bearing in mind that real-world complexities, including heterogeneity in 
risk and mixing patterns, could affect the results. 

The three-group model 

The disease process is modelled using an SI (susceptible-infected) framework. Infected 
individuals die at per capita rate δ, but we assume constant population size for each group so 
that people who die are replaced immediately by susceptible people of the same type. Each 
individual is assumed to have heterosexual contacts at an effective contact rate c, and women 
divide their contacts among circumcised and uncircumcised men in proportion to their 
frequency in the population. We model transmission using frequency-dependent incidence, 
such that the incidence rate in each group is the product of the number of susceptible people 
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in the group, their contact rate with members of other groups, the probability of infection 
given contact with members of other groups, and the prevalence of infection in the other 
groups. This model is a mechanistically accurate depiction of partnership-based HIV 
transmission, particularly for populations with frequent partner change [8].  
 Let Sj and Ij be the numbers of susceptible and infected individuals in each population 
group where j = u, c or f represent uncircumcised men, circumcised men, and women, 
respectively, and let Nj =Sj + Ij be the total number in each group. The three-group model can 
then be written: 

 fu
u m u

f

IdS I c S
dt N

δ φ= −  4 

 fu
m u u

f

IdI c S I
dt N

φ δ= −  5 

 (1 ) fc
c m m c

f

IdS I c S
dt N

δ φ π= − −  6 

 (1 ) fc
m m c c

f

IdI c S I
dt N

φ π δ= − −  7 

 

 ( ) ( )1 1f u c
f f f

u c

dS I II c Sf
dt N N

δ φ χ χ π
⎛ ⎞

= − − + −⎜ ⎟
⎝ ⎠

 8 

 

 ( ) ( )1 1f u c
f f f

u c

dI I Ic Sf I
dt N N

φ χ χ π δ
⎛ ⎞

= − + − −⎜ ⎟
⎝ ⎠

 9 

 
Here δ is the disease-induced mortality, c is the effective contact rate, χ is the proportion of 
men that are circumcised, φm is the probability per contact of female-to-male transmission, 
and πm is the proportional reduction in this probability if a man is circumcised; φf and πf  are 
the corresponding quantities for male-to-female transmission.  
 To simplify the model, we convert the equations to proportions, introducing new state 
variables ,u u ui I N=  ,c c ci I N=  and f f fi I N= . The three-group model is then 
represented by the following system of equations: 

 (1 )u
m u f u

di c i i i
dt

φ δ= − −  10 

 (1 )(1 )c
m c m f c

di c i i i
dt

φ π δ= − − −  11 

 ( ) ( )( )(1 ) 1 1f
f f u f c f

di
c i i i i

dt
φ χ χ π δ= − − + − −  12 
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We found the endemic equilibrium of this system using Mathematica 5.0 (Wolfram Research, 
Champaign IL), and calculated relative measures of the long-term burden of HIV in different 
groups under different circumcision scenarios.  The resulting expressions are too complex for 
direct interpretation, but are available from the authors upon request.  The proportion of 
prevalent cases that are women agrees precisely with Equation 7 of the main text (derived 
from a simpler two-group model) when χ = 0 or 1, and differs by less than 1.3% at 
intermediate MC coverage.  
 
 
 
 
 
 
 
 
 
 
 
Figure S2. The percentage of all HIV cases that occur in women, as a function of 
circumcision parameters.  In (a) circumcision is assumed to have no protective benefit for 
women (πf  = 0).  In (b), circumcision coverage is 100% (χ = 1).  Other parameters were 
chosen with reference to the South African HIV epidemic as discussed in the main text: δ = 
0.102 yr–1, mcφ = 0.52 yr–1, fcφ  = 1.05 yr–1. 

The impact of MC on men and women 

Figure S2 shows the proportion of all prevalent HIV cases that are women under two 
scenarios: assuming that MC has no effect on male-to-female transmission (Figure S2a), and 
assuming that circumcision coverage is complete but allowing for an effect on female-to-
male and male-to-female transmission (Figure S2b). Figure S2a shows that the proportion of 
cases that are women could only increase to 70% if all men are circumcised and MC reduces 
female-to-male transmission by 88% or more (πm  ≥ 0.88), or if at least 61% are circumcised 
and MC reduces female-to-male transmission by 99% (πm = 0.99). Figure S2b shows that, 
with 100% MC coverage, the proportion of prevalent HIV cases that are women could fall to 
40% only if MC reduced male-to-female transmission by at least 88% (if female-to-male 
transmission is not reduced at all), or if MC reduced male-to-female transmission by 99% and 
female-to-male transmission by 78% or less. 
 If the per contact probability of HIV transmission from uncircumcised men to women is 
twice that from women to uncircumcised men (i.e. φf /φm = 2.0), then in a population with no 
male circumcision (χ = 0) we calculate that 52% of HIV cases will be women (Figure S2a).  
In a wholly circumcised population (χ = 1), if circumcision provides 60% protection to men 
(πm = 0.60) and no protection to women (πf = 0), then the proportion of HIV cases who are 
women will increase to 58%.  In this scenario (χ = 1, πm = 0.60), even if circumcision reduces 
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male-to-female transmission by 50% (πf = 0.5), women will still comprise 55% of HIV cases 
(Figure S2b).  

The impact of MC on circumcised versus uncircumcised males 

Figure S3 shows the impact of MC on the ratio of the prevalence in circumcised to 
uncircumcised men as a function of the reduction in transmission. If circumcision reduces 
female-to-male transmission by 60%, HIV prevalence among circumcised men is still 
expected to be about 78% of that among uncircumcised men, and it is only when the 
reduction in transmission is greater than about 80% that the difference in the prevalence in 
the two groups is substantial. The chronic nature of the infection and the interconnectedness 
of the population both act to average out the risk in the long term. Note, however, that this 
prediction could change if circumcised and uncircumcised men were in different 
communities and sexual mixing among communities was limited. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S3. Ratio of the prevalence of HIV in circumcised to 
uncircumcised men at the steady-state assuming an average 
infectious period of 9.8 years. The relationship is almost 
completely independent of the circumcision coverage, χ, and the 
possible protective effect for women, πf. Other parameters: χ = 
1, πf  = 0, cφm  = 0.52/yr and cφf = 1.04/yr 

Collapsing the three-group model to a one-group model 

In the main text, we fit trends and make projections based on country and regional HIV 
prevalence data.  Because separate time series do not exist for females, uncircumcised males, 
and circumcised males, it is unnecessarily cumbersome to use the three-group model so we 
collapse the three-group model to a one-group SI model. Here we carry out simulations to 
determine the levels of error that may introduced by this procedure. 
 To represent the effects of circumcision in the collapsed model, we use the 
approximations discussed in the main text to replace Equations 10−12 by a single equation 
governing the proportion, i, of all individuals who are infected: 
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 ( )( ) ( )1 1 1f m m f
di c i i i
dt

φ φ π χ π χ δ= − − − −  13 

 To compare the two models quantitatively, we choose basic parameters to fit the data 
for the South African epidemic, as described in the Methods section of the main text.  Fitting 
an exponential trend line to the South Africa prevalence data gives r = 0.55 ± 0.16/year (best 
estimate ± standard error), which corresponds to an intrinsic doubling time of d = 1.26 ± 0.37 
years. The life expectancy of people infected with HIV and without access to ART, 
standardized to a mean age at infection of 27 years, is τ = 9.8 ± 0.5 years [9,10], so the 
average mortality rate is 0.102 ± 0.005/year.  We then calculate R0 = r/δ+1 [11], yielding the 
value 6.4 ± 1.6 using Monte Carlo simulation to estimate the standard error in the result. 
Since an estimated χ = 0.35 ± 0.10 of South African men are circumcised (Table 1) and MC 
reduces female-to-male transmission by πm=0.60 (0.32−0.76), the value of R0 in the absence 
of circumcision would be ( )1 1 mr δ χπ+ −  or 7.2 ± 1.8. We relate this empirical estimate 
of R0 to the expression derived from the two-sex model, 0 f mR c φ φ δ=  (Equation 6 in the 
main text), to estimate male-to-female and female-to-male transmission rates. Taking φf/φm to 
be 2.0 ± 0.5, we find cφm = 0.52 ± 0.16/year and cφf  = 1.05 ± 0.29/year.  
 
 
 
 
 
 
 
 
 
 
 

Figure S4. Comparison of three-group (blue line) and the equivalent 
one-group (red line) models. Parameter values: χ = 0.35, πm  = 0.60, 
πf  = 0, cφm  = 0.52/yr and cφf = 1.04/yr, δ = 0.102/year and ρ = 
0.29. 

 Finally, for this model comparison we scale the endemic prevalence using the 
Epidemiological Projection Package (EPP) method [12] assuming that a fraction γ of the 
population is at risk for HIV infection, while the remaining 1 − γ are at zero risk.  For R0  = 
6.4 in the presence of 35% MC coverage, we choose γ = 0.29 to yield a steady state 
prevalence near 24.6%, the estimated steady state for South Africa (Table 1). We simulated 
the two models using Berkeley Madonna (Berkeley CA), and the resulting epidemic curves 
are shown in Figure S4. 
 The initial doubling times are 1.35 years for the one-group model, and 1.26 years for 
the three-group model, both close to the data-derived value of 1.26 years. The full three-
group model predicts an endemic prevalence of 23.8% while the collapsed one-group model 

37/42



  

predicts an endemic prevalence of 24.5%. Thus the collapsed model estimate of endemic 
prevalence has an absolute error of less than 1% or a relative error of less than 3%. 
 For the South African epidemic, then, the one-group model reproduces the predictions 
of the three-group model well, though it slightly overestimates the steady-state prevalence.  
To explore the accuracy of the one-group model as an approximation to the three group 
model we varied the value of πm, the protective efficacy for female-to-male transmission due 
to MC (Figure S5). Introducing a protective effect for females (πf   > 0) always decreases the 
difference between the models. For parameter ranges of interest to our investigation, output 
from the collapsed one-group model matches that of the full three-group model with 
reasonable accuracy (i.e. within a few percentage points).  Because other uncertainties in the 
system far exceed this margin of error, we use the one-group model to fit the prevalence data 
and estimate the impact of MC. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S5. Absolute difference between the percent prevalence as predicted by the one-
group (collapsed) model and the three-group model for different levels of MC 
coverage. The lines give different levels of protective efficacy πm: green, 0.76; red, 
0.60; black, 0.32. Other parameters are the same as in Figure S4. 

Decline of transmission with increasing prevalence 

There is a distribution of sexual risk within all populations depending on gender, age and 
other social factors [13-16]. The EPP model [12] assumes that people are either at a fixed risk 
or zero risk and the model adjusts the size of the risk group to get the desired endemic 
prevalence. Here we make the more realistic assumption that risk varies continuously in the 
population. Since the functional form of the sexual risk distribution will, to some extent, 
determine the way in which incidence falls as prevalence rises, it will also determine the way 
in which the impact of MC varies with increasing efficacy. It must be the case that the 
average contact rate of uninfected people declines with prevalence. If this were not so then 
people at lower risk would have to be infected, on average, before those at higher risk. 
 Let us assume that there are some number of risk groups, each with characteristic 
contact rate cj (j = 1,…, n), and that whenever a person dies in a certain risk group a new 
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person is recruited to the same risk group. This ensures that the proportion of people in each 
risk group remains constant over time whereas, in reality, the attrition of people in higher risk 
groups may reduce the overall risk of infection. This calculation will tend to provide a 
conservative estimate of the extent to which average risk among those who are still 
uninfected declines with prevalence. We denote the number of susceptible and infected 
individuals in group j as Sj and Ij, and the group size Nj = Sj + Ij. If individuals choose partners 
at random (i.e. the fraction of contacts with individuals in group k is equal to the fraction of 
all contacts contributed by members of group k),  then the dynamics of each risk group are 
[4,17] 

 
1

n ji
i i i j

j

IdS I c S c
dt N

μ φ
=

= − ∑  14 

so that at the steady state  

 ( )
( )0 0 0 0

i i ii c N II
I c N I

−
=

−
 15 

where we have chosen one of the groups, labelled 0, as the reference group. Let ij = Ij/Nj be 
the prevalence in group j, and Ωj be the odds for the prevalence in group j, then 

 
0

i ic
c

Ω
Ω0

=  16 

Table S1. The number of sexual partners in the last month as reported by men in 
Carletonville, South Africa [18]. ‘Other’ refers to people who say that they have 
had no sexual partners in the previous twelve months. 

Q401: How many times have you had sexual intercourse with anyone in the last 12 months (other 
than a regular partner)?  This includes mistresses, girlfriends, casual partners, prostitutes, or 
somebody you met in a bar or at a special occasion. (If none, then skip Q402). 
Q402: How many different people have you had sexual intercourse with in the last month (apart 
from your regular partner?) 

No. partners Frequency No. partners Frequency 
0 186 11 0 
1 257 12 2 
2 99 13 0 
3 44 14 1 
4 17 15 0 
5 4 16 0 
6 5 17 0 
7 3 18 0 
8 2 19 0 
9 0 20 16 
10 4 Other 1594 
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To obtain an admittedly rough estimate of the relative risk of infection at different 
prevalences we use data from a survey in Carletonville, South Africa, of the number of sexual 
partners (excluding regular partners) reported by men in the previous month [18]. We make 
several simplifying assumptions.  First, we assume that the number of partners reported in the 
survey is indicative of each individual’s habitual contact rate. Second, we assume that those 
who say that they have had a sexual partner in the last year but not in the last month are at the 
same risk as those who say that they have had one sexual partner in the last month (so that we 
combine the categories 0 and 1 in Table S1). Third we assume that those who say that they 
have not had a sexual partner in the last year are indeed at no risk of infection.  
 To determine the relationship between the prevalence and the average risk we first 
choose a value for the prevalence among those who have had one sexual partner in the last 
month, i0. We then calculate the prevalence in all other classes, ij, using Equation 15. 
Knowing the prevalence in each class we can calculate the overall prevalence 
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We then calculate the transmission parameter for susceptible individuals in each group 
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To obtain the average value of the transmission parameter for all those who are still 
susceptible  we take a weighted average over the groups 

 
( )

( )

1

1

j j j
j

k k
k

i N

i N

λ

λ

−

=
−

∑

∑
 19  

 Because the overall prevalence, i, is uniquely determined by the group prevalences, ij, 
by Equations 17 to 19, the average force of infection can be expressed as a function of the 
overall prevalence, λ(i).  The normalized force of infection for a given prevalence is therefore  
λ(i)/λ(0). We repeat the above process for a range of values of i0 to generate a plot of this 
relationship (Figure S6). 
 Although the exponential curve is close to the curve based on the Carletonville data 
there are many assumptions and approximations involved in the estimation and the result 
should be treated as illustrative of the effect that variation in the risk of infection might have. 
However, the blue line must necessarily be conservative and in the absence of further data the 
exponential model seems reasonable. 
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Figure S6. Force of infection, scaled to one at zero prevalence, as a 
function of prevalence. The red line is estimated from survey data 
for Carletonville, South Africa. The green line assumes that the 
risk declines exponentially with prevalence, the blue line that the 
risk has the same value for all those who are at risk as assumed in 
the EPP model. The curves are scaled to pass through the point 
where the curve based on the Carletonville data passes through the 
prevalence among men in the survey (21%). 
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