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Abstract

Introduction: Voluntary medical male circumcision (VMMC) among men who have sex with
men (MSM) may protect against HIV acquisition. We conducted a series of analyses to assess if
expanded VMMC might reduce HIV incidence among MSM effectively and economically.

Methods: We used a deterministic compartmental model to project new HIV cases (2016-2026)
under annual VMMC coverage rates (A) ranging from 0.0001 to 0.15. The “number needed to
avert (NNA)” that defined as the cumulative number of VMMC conducted up to that year divided
by the cumulative number of HIV cases averted in that specific year.

Results: Compared with the baseline circumcision coverage rate, we projected that new HIV
cases would be reduced with increasing coverage. By 2026 (last year simulated), the model
generated the lowest ratio (15.76) when the annual circumcision rate was the most optimistic
(A=0.15). The breakeven point was observed at the year of 2019 with the annual VMMC coverage
rate of 0.001. The total cost saved by averting HIV cases would range from 2.5 to 811 million by
the end of 2026 with different hypothetical coverage rates.

Discussion: Our model suggests that acceleration in VMMC implementation among MSM
could help stem the HIV/AIDS epidemic.
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Introduction

Three randomized controlled trials (RCT) have shown voluntary medical male circumcision
(VMMC) to be effective in reducing HIV acquisition among heterosexual men by over 50%
(1-3). However, the role of VMMC in preventing HIV infection among men who have sex
with men (MSM) is controversial and circumstantial (4-9). In a meta-analysis using
published data through August 2016 assessing the efficacy of VMMC among MSM, 30 of
33 studies reported non-significant associations between VMMC and HIV although the
meta-analysis suggested an overall weak, but significant protective efficacy (10). Two
studies from India suggested that VMMC might reduce HIV risk significantly among MSM,
even among males who primarily practiced receptive sex (11, 12). Among MSM in Beijing,
a remarkably strong protection effect was noted, especially among MSM who predominately
practice insertive sex (aOR=0.15, 95% CI1=0.04, 0.65) vs. MSM who were uncircumcised
and practicing receptive and/or versatile (both receptive and insertive) sexual positioning.
These Asian studies found the strongest evidence to date that VMMC might be a useful
biomedical tool for HIV risk reduction among MSM, especially for MSM with
comparatively lower risk profiles, such as MSM practicing insertive anal intercourse in Asia
(10). Circumcision is rare in Asia except among Muslims, and circumcised men have
undergone the procedure in childhood or adolescence, typically, due to pre-existing medical
conditions such as phimosis (13). Hence, the observational studies comparing circumcised
and uncircumcised men are not likely to be biased, given the lack of association between
phimosis and later sexual preference.

The willingness of VMMC uptake among Chinese males ranged from less than one-third
among male miners in Guangxi (14), to more than two-thirds among general Chinese male
population who received an intervention for circumcision uptake promotion (15, 16). The
willingness for receiving VMMC among MSM was consistent with that among general
population in China, among whom two-thirds of them expressed their willingness to accept
the VMMC as a strategy to prevent HIV and other sexually transmitted infections (15,
17).Well-designed interventions may facilitate increased willingness of accepting VMMC
among MSM in China (18). For instance, an intervention successfully increased the
willingness to be circumcised from 8.1% to 35.1% among a group of bisexual MSM in the
Southern China (18). Therefore, promoting VMMC may be beneficial for HIV prevention
and is also feasible among MSM, particularly among some subgroups including youths and
those who practice insertive anal sex.

To assess long-term population-level impacts of expanding VMMC among MSM, we should
consider the balance between investment (e.g., costs for VMMC performed) and impact
(e.g., numbers of HIV cases averted). The United States Agency for International
Development (USAID) and the Joint United Nations Programme on HIV/AIDS (UNAIDS)
have developed a modeling tool called “Decision Makers’ Program Planning Tool”
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(DMPPT) to facilitate decision makers’ estimates of the epidemiological impact and cost of
alternative programmatic options for scaling up VMMC (19-21). However, these model-
based studies only focused on heterosexual sexual men in specific settings (e.g., African
nations) with generalized HIV epidemics (19, 21-23).

The DMPPT model assumes the HIV incidence rate to remain constant during the prediction
period, resulting in potentially over- or underestimating the impact of VMMC (20). To date,
no analogous modeling studies have specifically addressed the potential utility of
circumcision programs targeting MSM. Given the lower prevalence of VMMC among
Chinese MSM (5, 10, 24), it is conceivable that VMMC would have a greater impact in
China than in areas of high circumcision prevalence (e.g., the United States). In order to
assess context-specific impacts of VMMC among MSM in China(25), we conducted the
current analysis to assess the extent to which expanding VMMC programs might reduce
HIV incidence among MSM effectively and economically.

Model Building Procedure

We employed a deterministic compartmental model to project the HIV epidemic for the
period between 2016 and 2026 among MSM in Beijing. Susceptible men are HIV-
uninfected, in contrast to HIV-infected men. The fixed estimate for the protective efficacy of
VMMC is derived from the meta-analysis (10) and is set conservatively at 7%. It is plausible
that efficacy for HIV prevention in MSM is much higher than this (26). The study
population fell into four mutually exclusive subgroups: (1) circumcised susceptible MSM
(Sc+); (2) circumcised infected MSM (l¢+); (3) uncircumcised susceptible MSM (S..); and
(4) uncircumcised infected MSM (I¢.). With the H/V transmission rate of p~, uncircumcised
susceptible MSM (S..) became uncircumcised /infected MSM (l..). Similarly, with the H/V
transmission rate of p*, circumcised susceptible MSM (S¢+) became circumcised /nfected
MSM (Ic+). In this dynamic model, seronegative MSM entered the susceptible pool at a rate
of a. The rate of entering the circumcised susceptible compartment (Sc+) was o™, while o~
represented the rate of entering the uncircumcised susceptible compartment (Sc.).
Meanwhile, MSM were considered to have left the susceptible pool by aging beyond 65
years, emigrating out of Beijing, or dying of any causes. We used the parameter < to indicate
the rate of leaving the model among susceptible MSM, with t* representing the rate of
leaving the circumcised susceptible pool (Sc+), and T~ representing the rate of leaving the
uncircumcised susceptible pool (S¢.). In this model, susceptible MSM would change from
being uncircumcised to being circumcised at a rate of A..

As very few MSM are expected to be circumcised after HIV infection (27), we did not
consider the number of infected MSM who transited from being uncircumcised to being
circumcised. Both circumcised and uncircumcised MSM would leave the infectious
compartments for one reason: 1) death due to HIV infection, or 2) having undetectable viral
loads due to either being an immunologically elite controller (e.g., the small group of HIV-
infected patients who can maintain high CD4+ cell counts and low viral loads without
progressing immunologically towards AIDS over years in absence of ART (28) or an
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effective ART regime at a rate of 4~ for uncircumcised and 4" for circumcised MSM (Figure
1). When possible, demographic and transmission parameters were estimated from the
published literature (27, 29, 30) or from available unpublished data sources (personal
communication); a few parameters were calculated within the model itself (Supplementary
Table 1).

In order to refine the model to provide the most valid predictions, we calibrated the model
parameters to enable the model to predict historical surveillance data. When the prediction
model overlapped with the surveillance data, using plausible and defensible parameter
estimations, we considered the generated model to serve well for predictions forward in
time. Additionally, through 50 repeated simulations, we generated the predicted transmission
rates (e.g., p~ and p*) for 2016-2025 among both uncircumcised and circumcised MSM. An
assumption that the protection of VMMC is similar for MSM across all ages has been made
during the model building. Although the life expectation protected by VMMC varied for
MSM at different ages, we calculated the average benefits among MSM in this study.

Economic impact analysis

In order to assess the economic impact for VMMC scale-up among MSM, we conducted the
current analysis from the perspectives of budget holders and health professionals (31). We
employed the “numbers needed to avert” (NNA) that defined as “the cumulative number of
VMMC conducted up to that year divided by the cumulative number of HIV case averted” as
an indicator. NNA was calculated by dividing the cumulative number of HIV cases averted
(compared with the baseline [A=0.0001]) by the cumulative number of VMMC conducted at
a given year. The lower the NNA, the more economically effective the VMMC campaign
would be among MSM. We calculated the NNA under different annual VMMC coverage
rates at each predicted year.

In addition, we further identified the breakeven point that balances the total cost of VMMC
with the cost saved from averting new HIV cases. The breakeven point can be considered as
the tipping point that it was economically desirable to proceed with the VMMC program
among MSM in Beijing. We also calculated the total cost saved compared to the cost at
baseline after expanding the VMMC program in each projected year. The cost at each
scenario included the cost of VMMC and cost of HIV treatment. The cost of each individual
VMMC and HIV treatment in each projected year (2016-2026) was discounted by 3%
(32)that started from the baseline cost derived from existing studies (33-36)(Supplementary
Table 2).

Sensitivity analyses

We conducted sensitivity analyses by setting the transmission rates for both circumcised and
uncircumcised MSM at the same level as the incidence rate seen in 2015. If nothing changes
from 2015 (i.e., very, very few VMMC), it represents a lower bound for the transmission
rate. In addition, we assessed the economic impact in terms of the NNA and breakeven
points by different protective efficacies (e.g., 7%, 17%, 27%, 37%, and 47%) ranging from
being very conservative 7% (10) to being optimistic 47%(26) incrementally in the current
study.
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Results

Model predictions of the numbers of new HIV cases and averted HIV cases

We presented findings from the prediction model in Table 1, including the number of new
VMMC, total number of new HIV cases, and numbers of HIV cases averted compared to
baseline at each predicted year (2016-2026), varying the annual coverage rates for VMMC
from A=0.0001 to A=0.15. With an increased VMMC coverage rate, the numbers of VMMC
were increased proportionately. For example in the year 2026, under a coverage rate of
0.0001 there would be 42 new VMMC in Beijing, but under an annual coverage rate of 0.15
there would be 18,836 new VMMC. The number of susceptible MSM will have decreased
over time in the latter case, but will have changed little in the former. In the model, when a
hypothetical VMMC coverage rate was no greater than 0.01, the number of new VMMC
increased linearly with each year due to a minimal change in the susceptible MSM. In
contrast, when a hypothetical VMMC coverage rate reached 0.05 or more, numbers of new
VMMC decreased over time due to the decline in susceptible uncircumcised MSM. For
instance, under an annual VMMC coverage rate of 0.1, the number of new VMMC would be
33,652 in 2016, decreasing to 18,094 in 2026. As expected given the protective estimates of
VMMC for HIV prevention in MSM, new HIV cases decreased as VMMC coverage
increased. By contracting the number of new HIV cases at the baseline from the number of
new HIV cases under different hypothetical coverage rates of VMMC, we calculated the
potential number of HIV cases averted (Table 1).

Economic impact assessment

The NNA under different coverage rates were presented in Table 2. Our analyses revealed
that the higher the VMMC coverage rate was, the fewer numbers of VMMC was needed for
one HIV case averted. For instance, under the VMMC coverage rate of 0.0005, the
cumulative number of VMMC conducted up to that year for averting one HIV case was
880.76 at 2026, and the number dropped to 345.60 when the coverage rate increased to
0.001, 78.50 under the coverage rate of 0.005, 47.82 under the coverage rate of 0.01, 22.06
under the coverage rate of 0.05, 17.76 under the coverage rate of 0.1, and 15.79 under the
coverage rate of 0.15 (Table 2).

We further calculated the prevalence of VMMC over the projected period (2016-2026). If
the annual circumcision coverage rate remained at the 2015 baseline (A=0.0001), the
prevalence of VMMC would remain stable over the projected years (1.89% in 2015 vs.
1.74% in 2026), while with a high annual coverage rate (A=0.15) in the 2016-2026 period,
the coverage would rise from 1.89% in 2015 to 58.8% in 2026 (Table 3).

The analytical result for the “breakeven point” was presented in Table 4. We compared the
cost spent for expanding VMMC with the cost saved from averting HIV cases. At the year of
2019 with the annual VMMC coverage rate of 0.001, the cost after scaling up VMMC was
approximately equal to the cost at the baseline (costed save was approximately equal to
zero), which was considered as the breakeven point of the VMMC coverage rate. Therefore,
it is economically desirable to proceed with the VMMC program forward among MSM in
Beijing, China beyond the breakeven point in terms of the time (e.g.,2019) and the coverage
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rate (e.g., 0.001). The amount of cost saved got increased with a higher coverage rate.
Compared to baseline, the saved cost ranged from $2534.2 (in 1,000 USD) under the
coverage rate of 0.0005 to $811,092.2 (in 1,000 USD) under the coverage rate of 0.15.

Results from sensitivity analyses

In the sensitivity analyses, the same pattern for HIV infections and susceptibility by
circumcision status was observed when the transmission rates were set at the same incidence
rate seen in 2015.The higher the VMMC coverage rate, the fewer numbers of VMMC
needed per HIV case averted. Similarly, the trend of a lower NNA was observed for each
given coverage rate over time (results not shown).

A series of sensitivity analyses with incrementally increased protective efficacies revealed
that the higher the protective efficacy of VMMC, the lower coverage rate and less time was
required to reach the breakeven point. For instance, at the protective efficacy of 17%,27%
and 37%, the breakeven point was achieved in the year of 2018 with the coverage rate of
0.0005; while the breakeven point was achieved earlier (e.g., 2017) with the same coverage
rate (e.g., A=0.0005) when the protective efficacy increased to 47% (Supplementary Table
3). The amount of cost saved increased either with a higher protective efficacy for each
given coverage rate, or with a higher coverage rate for each given protective efficacy
(Supplementary Figure).

Discussion

We employed a deterministic, compartmental model to assess epidemiologic and economic
impact of expanding VMMC on HIV prevention among MSM in China. Economic impact
analysis was an essential part of a comprehensive assessment of a health intervention,
playing an increasingly important role in decision-making for policy makers in the current
study (31). We found that the higher the annual coverage rate, the lower numbers of VMMC
needed per HIV case averted was over time. A lower NNA can be obtained by expanding
VMMC campaign significantly among MSM, which in turn, requires a higher budget cost of
scaling-up the VMMC. If we achieved the greatest impact with the NNA as low as 15.79
when the annual VMMC coverage rate was 0.15, a total of 330,826 VMMC would be
conducted by the year of 2026. We observed that he NNA was very sensitive to the level of
VMMC coverage. It could be due to the “herd immunity effect” which individuals were
indirectly protected as the result of a large percentage of a population become immune to an
infection (4,5,26). In this case, the great proportion of MSM who are immune from VMMC
in Beijing, the smaller the probability that those who are not circumcised will contract with
HIV. On the other hand, if we adopted the most frugal budget to provide a low annual
coverage rate (e.g., 0.0005) of VMMC, the impact would be trivial even though this
coverage is five times the very low baseline. Furthermore, the analyses for “breakeven
points” and total cost saved compared to baseline can assist health authorities to visualize
time period and coverage rate for the tipping point of the intervention. Therefore, preventive
health and decision-makers can use findings from the current modeling study for resource
and budget planning.
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A study conducted among heterosexual men in high HIV prevalence settings indicated that
one HIV infection can be averted by every five to 15 male circumcisions performed over a
10-year time-frame with a 80% VMMC coverage (37). Our study revealed that to avert one
HIV case, 11 to 22 male circumcisions needed to be performed on average over a 10-year
period with an eventual 58.7% VMMC coverage with our use of very conservative estimates
of the efficacy of VMMC in protecting MSM (e.g., 7%) (10). With a higher protective
efficacy, fewer numbers of VMMC would be needed for averting one HIV case. Although
WHO/UNAIDS guidance has stated that the VMMC would exert its greatest potential public
health impact in settings where HIV prevalence exceeds 15% (37, 38), the HIV prevalence
in Chinese MSM approaches this prevalence in many cities(5, 10, 39-41). Hence, the
argument for VMMC deployment among Chinese MSM rivals that for heterosexual men in
Africa, even with a lower anticipated efficacy (e.g., 7%) (10), though this assumption may
overly conservative (26).

Several strengths of our study are notable, particularly its unique contribution to the existing
literature. Although the current study employed a deterministic compartmental model
similar to the DMPPT of UNAIDS/UNAID (20), we simulated transmission rates based
upon the National HIV Surveillance data in order to capture possible randomness properties
(42). Compared to the arbitrary 15% variance strategy that employed by other published
studies (19, 20), the HIV surveillance data can improve the validity of the model parameters
and likely accuracy of context-specific predictions. In addition to the simulation, sensitivity
analyses estimated new HIV cases at their lower bound when transmission rates remained
the same as seen in 2015, suggesting our findings to be robust and plausible. Both parameter
(e.g., uncertainty of transmission rates) and structural uncertainties (e.g., uncertainty of
VMMC coverage rates) were assessed. The analyses based upon incrementally increased
protective efficacies also comprehensively assessed the intervention impact of VMMC.
Furthermore, as one of the first prediction models to evaluate VMMC from an economic
perspective outside Africa (43), our model assists decision making and resource planning for
other settings similar to China, especially for places where MSM increasingly dominated the
HIV epidemic.

Limitations of other models also apply here. Our model in the current study has limited
generalizability due to the context-specific parameters although we used a meta-analysis
derived circumcision efficacy estimate which would presumably apply to many settings(10).
Unlike the DMPPT model in which age-specific VMMC scaling up strategies were assessed
(20), we only assessed the overall epidemic among all MSM with an extended age range
from 18 to 65 years old. We did not examine the age pattern among MSM who would have
VMMC as we calculated the average benefits of MSM across all ages in their life span. Due
to the limits of predictability of the deterministic model, we cannot project the VMMC
benefits for the lifelong period of MSM (27, 29, 30). However, the life-long protection from
VMMC would definitely continue beyond our model prediction limits (e.g., 2026). In
addition, we did not assess epidemiologic and economic impacts of VMMC with other
concurrent behavioral (e.g., condom use), structural (e.g., microfinance for at-risk
populations) or biomedical intervention strategies (e.g., pre-exposure prophylaxis) (5, 27,
44). The nature of these available tools depends on user-adherence, a potential disadvantage
compared to VMMC (5, 27, 44-46). If acceptable, if offered, and if taken up by MSM,
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VMMC can confer potentially lifelong protective benefits once the one-time surgical
procedure is performed (37). Future research can consider synergistic effects of other
available prevention tools (27) as well as considering indirect protective effects toward
women and children among bisexual men who get circumcised (20, 37), or potential
modulation of benefit due to risk compensation after the VMMC procedure was conducted
(37). Finally, due to the controversial definition of quality-adjusted life year, we did not
conduct the cost-effectiveness analysis as other investigators have done (47-49).
Nonetheless, these current analyses can provide health system and decision-makers
estimates useful for deciding when and how to deploy a VMMC scale-up strategy among
MSM in settings like China (31).

Our model serves as one of the first studies to provide economic data (e.g., breakeven
analysis, NNA, total cost saved), suggesting VMMC to be a viable prevention option for
control of HIV among MSM in China and similar venues. Policy-makers would do well to
consider accelerating access to VMMC targeting MSM, a neglected component in the
“prevention tool box™ in addition to other strategies(50, 51), to stem the HIV/AIDS
epidemic.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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[ Susceptible ]

[ Infected ]

Demographic parameters:
recruitment rate (o), death
rate/emigration rate (t/ n)
Epidemic parameters:
transmission rate (p); VMMC
coverage rate (A)

Basic model structure

Equations from the diagram

© S'(®)=0"—pTxSc () —AxS;(t) —T7 S (b)

o ST(E)=AxS;(t)—ptxST() -1t xSI(t) + o

c 'O =p7xSc @) —n7*Iz ()

o [F'@) =p*xSE() —n* =11 (t)
*parameters p*/p are transmission rates.
* parameter A will be changed based upon different coverage
of VMMC

Figurel.
Schematic diagram for the HIV transmission model and voluntary medical male

circumcision among men who have sex with men
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Results from mathematical modeling of predicting HIV cases at different voluntary medical male circumcision
coverage rates (2016-2026)

Year

| 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | Total number

A1=0.0001 (baseline)

# of new
VMMC per year

37

38

39

39

40

40

M

M

42

42

42

441

total # of new
HIV cases
(baseline)

6344

9816

13581

17547

21688

26104

30694

35397

40242

45190

50301

296904

A1=0.0005

# of new
VMMC per year

185

189

193

196

199

202

204

206

207

208

209

2198

# of new HIV
cases

6344

9816

13580

17546

21685

26099

30687

35386

40225

45167

50270

296805

# HIV cases
averted vs.
baseline

11

17

23

31

99

A1=0.001

# of new
VMMC per year

371

378

386

392

397

402

406

410

413

415

417

4387

# of new HIV
cases

6344

9815

13580

17543

21679

26090

30673

35366

40199

45132

50224

296645

# HIV cases
averted vs.
baseline

14

21

31

43

58

7

259

A1=0.005

# of new
VMMC per year

1847

1878

1905

1929

1950

1968

1982

1994

2002

2007

2009

21471

# of new HIV
cases

6343

9812

13570

17524

21644

26031

30582

35233

40013

44881

49897

295530

# HIV cases
averted vs.
baseline

11

24

44

73

113

164

229

308

404

1374

A1=0.01

# of new
VMMC per year

3675

3719

3756

3787

3813

3832

3845

3852

3854

3851

3842

41826

# of new HIV
cases

6343

9809

13560

17501

21603

25961

30472

35073

39788

44577

49499

294186

# HIV cases
averted vs.
baseline

21

46

85

143

222

324

454

612

802

2718

A1=0.05

# of new
VMMC per year

17671

17221

16776

16340

15915

15496

15086

14689

14302

13927

13561

170984

# of new HIV
cases

6337

9779

13476

17322

21279

25427

29656

33897

38170

42431

46724

284498

# HIV cases
averted vs.
baseline

37

105

225

409

677

1038

1500

2071

2759

3577

12406
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Year

| 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | Total number

A1=0.1

# of new
VMMC per year

33652

31295

29157

27226

25485

23909

22488

21211

20060

19026

18094

271603

# of new HIV
cases

6330

9744

13380

17122

20923

24853

28800

32696

36553

40331

44074

274806

# HIV cases
averted vs.
baseline

13

72

201

425

765

1251

1894

2701

3689

4858

6227

22098

A1=0.15

# of new
VMMC per year

48067

42665

38042

34099

30740

27873

25434

23362

21601

20107

18836

330826

# of new HIV
cases

6324

9711

13292

16943

20614

24368

28094

31726

35279

38716

42081

267148

# HIV cases
averted vs.
baseline

20

104

290

604

1074

1736

2600

3671

4963

6474

8220

29756

Notes: pm [p-]: transmission rate among uncircumcised; pp [p+]: transmission rate among circumcised; Scp0: number of circumcised susceptible
MSM; ScmO: number of uncircumcised susceptible MSM; IchpO: number of circumcised infected MSM; Ichm0: number of uncircumcised infected

MSM;
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