ASSESSING EFFECTIVENESS AND COST-EFFECTIVENESS OF CONCURRENCY
REDUCTION FOR HIV PREVENTION

SUPPLEMENTARY APPENDIX
This supplementary Appendix provides a detailed description of the model and the results of

supplemental sensitivity analyses.

MODEL DESCRIPTION

Model Overview

Our model is a stochastic microsimulation model of HIV transmission and progression in
a sexual partnership network. The model is implemented in Mathworks Matlab R2008. We
considered four study countries: Swaziland, Tanzania, Uganda, and Zambia. We instantiated the
model separately for each of the four study countries using country-specific data wherever
possible. For each country, we constructed a population reflective of that country’s demographic
characteristics, HIV prevalence, and pattern of concurrent sexual partnerships. We simulated the
model for ten years on a month-by-month basis, capturing dynamic factors such as entry into the
population, partnership formation and dissolution, HIV transmission, HIV disease progression,
HIV treatment, and deaths from HIV and other causes. We calculated HIV prevalence and
incidence, cumulative HIV infections, life years experienced, and deaths from HIV and other
causes.

Since the model is stochastic and includes many variables drawn at random from pre-
specified distributions, the results of each model iteration differed. For example, when we
instantiated the population at the beginning of each simulation, individuals were assigned ages

drawn from the country-specific age distribution. On average, the distribution of ages in the
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model population matched the demographic data; however, any given simulation realization was
different. For this reason, we performed multiple repetitions of the simulation to develop
confidence intervals for estimated outcomes.

Model Structure

The model tracks the health state of all individuals in the population over time. Each
individual is characterized by a set of attributes (which may or may not change over time) such
as gender, age, disease state, and CD4 count. Time-varying attributes are updated over time as
the model progresses. The model also tracks heterosexual partnerships in the population. This
information is stored in an adjacency matrix. The adjacency matrix has dimension N,, rows by
Nrcolumns, where N,, and Nyare the number of men and women in the population, respectively.
A non-zero value in the i row and j’h column of the adjacency matrix indicates a sexual
partnership between man i and woman j. Different non-zero values represent different types of
partnerships: a value of 1 in the adjacency matrix represents a spousal partnership while a value
of 2 indicates a non-spousal partnership.

Population

We created an initial population of approximately 9,000 adults 15 to 49 years old, with
each individual assigned a gender, age, and HIV status. We used the most recent population
pyramid of each study country to determine the age distribution in the population [1]. Similarly,
we matched our population to published age- and gender-specific HIV prevalence estimates for
the country of interest. Individuals who were infected prior to the model start date were initially
assigned an HIV disease state and CD4 count that reflect the distribution among currently

infected individuals in southern Africa [2]. Newly infected individuals follow a natural history
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that depends on their treatment eligibility and access to treatment, as described below (HIV
Disease Model).

We modeled a population of individuals 15 to 49 years old. Fifteen year-olds enter the
population monthly. These individuals enter with a gender-specific HIV prevalence matching
that of 15-year-olds in the country of interest [3-6]. The rate of entry is calculated from the
population pyramid as the fraction of 14-year-olds reaching age 15 as a proportion of the current
population size. We assumed that this proportion stays constant over the ten-year period of
study. Individuals who reach age 50 exit the population unless they are involved in a sexual
partnership; the latter individuals remain in the population until the dissolution of the
partnership. Individuals also exit the population due to death. All individuals experience a
monthly age-related mortality risk, determined from country-specific mortality tables [7].
Individuals infected with HIV experience an additional mortality risk that depends on their CD4
count [8].

HIV Disease Model

We modeled the progression of HIV in infected individuals using two parameters: CD4
cell count and HIV disease state. A diagram of the HIV disease states is shown in Appendix
Figure 1. HIV-related mortality is determined by an individual’s CD4 count, while the
probability of transmission per coital act is determined by the HIV disease state (as a proxy for
viral load).

An uninfected individual can become infected with HIV from an infected sex partner.
We modeled the risk of infection as a monthly probability per partnership. This value subsumes
in it the average number of coital acts per month and the average chance of infection per coital

act. The probability of infection per coital act is primarily dependent on the HIV disease state.
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We used the risk of HIV transmission per coital act by disease state found among discordant
couples in Rakai, Uganda [9]. We did not model condom use and other sexually transmitted
infections as explicit risk factors for HIV transmission.

Once infected, an individual transitions to the acute infection state. Acute HIV infection
is characterized by a rapid drop in CD4 count and a high probability of transmitting HIV to any
uninfected sexual partners (8.2 infections per 1,000 coital acts) [9-11]. After the acute infection
state, which we assumed lasts three months, individuals transition to the chronic HIV infection
state. Chronic HIV infection is characterized by a slow and steady decline in CD4 count and a
moderate risk of transmission (7 infections per 10,000 coital acts). As CD4 counts decline, an
individual’s risk of HIV-related mortality increases, as does the risk of an AIDS defining illness
(ADI). HIV-specific mortality is a function of both CD4 count and the presence of an ADI. We
used the monthly HIV-related mortality risk as a function of CD4 count estimated from a
longitudinal study of HIV disease progression in South Africa [8]. We used the risk of ADI as a
function of CD4 count from estimates by Holmes et al. from the Cape Town AIDS cohort data
[12]. We modeled an ADI as an acute event, lasting for one month, which temporarily increases
HIV-related mortality risk. The increase in HIV-related mortality due to ADI was also taken
from the Cape Town AIDS cohort data [12]. The mortality risk of individuals who survive an
ADI is similar to those who never had an ADI, and is primarily dependent on the CD4 count.

Once the CD4 count drops below the World Health Organization (WHO) treatment
threshold, individuals become eligible for treatment. WHO guidelines advise treatment for CD4
counts less than 200 cells/uL and recommend the consideration of treatment for CD4 counts less
than 350 cells/uL [13]. In sub-Saharan Africa, where resources are scarce, patients generally do

not receive treatment until their CD4 counts have fallen below 200 cells/uL. Individuals are also

-37-



eligible for treatment if they have experienced an ADI, regardless of their CD4 count. Not all
treatment-eligible individuals receive treatment. The fraction of eligible individuals who receive
treatment in each country was determined by the antiretroviral coverage levels in 2008 [14].
This reflects the influences of imperfect linkage from testing to treatment sites, loss-to-follow-up
from treatment programs, and insufficient supply of antiretroviral medications in many regions.
Individuals who do receive treatment experience a recovery in CD4 count and a reduced
probability of transmission (1 infection per 10,000 coital acts). Individuals who do not receive
treatment experience a continued decline in CD4 count and an increasing risk of HIV-related
death. Finally, individuals who receive treatment may experience treatment failure. Under
failed treatment, an individual experiences a decline in CD4 counts, though at a slower rate than
if untreated.

Thus, treatment has two important effects: it reduces individual risk of mortality through
an elevation of CD4 and reduction of the risk of ADIs; and it reduces the risk of HIV
transmission through suppression of viral load. Patients who are on effective treatment have a
risk of transmitting the virus per coital act that is 7 times lower than chronically infected
untreated individuals and 82 times lower than acutely infected individuals [15]. Conversely,
untreated individuals or individuals on a failed regimen have an elevated risk of transmission,
and a mortality risk that is primarily determined by their CD4 count.

Of those individuals who are infected with HIV at the beginning of the study period, 7%
are assigned to the acute phase, reflecting current UNAIDS estimates [14]. The remaining HIV-
infected individuals are assigned a CD4 count according to a normal distribution with a mean of
280 cells/uL and a standard deviation of 100 cells/uL, consistent with observed CD4 count

distributions in an African population [2]. Individuals with CD4 counts above the treatment
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threshold do not receive treatment. They follow the natural history as specified in our disease
progression model for untreated individuals.

Sexual Partnership Network

We used a network model to explicitly track sexual partnerships between individuals.

We only included heterosexual partnerships, since this is the primary mode of transmission of
HIV in sub-Saharan Africa. We modeled two types of partnerships: spousal and non-spousal.
Spousal partnerships are long in duration (120 months on average), while non-spousal
partnerships are relatively short in duration (18 months on average). We estimated partnership
durations from the duration of partners reported by surveys in Uganda and Botswana [16, 17].
At any given time, an individual can have at most one spousal partnership, though an individual
can have multiple non-spousal partnerships.

The number of individuals with 0, 1, 2, or more partners was determined from
Demographic Health Survey data [3-6]. Using the most recent primary dataset for each study
country, we computed the proportion of individuals reporting 0, 1, 2, 3, or 4 partners in the past
12 months. We did this separately for men and women. In all the countries considered, very few
individuals reported more than 4 partners. We used the number of partners in the past 12 months
as a surrogate for number of concurrent partners. While this is an imperfect measure of
concurrent partnerships — individuals may have multiple serially monogamous relationships in a
12-month period [18, 19] — this is an established and intuitive measure that is consistently
measured across countries [20]. We addressed the issue of concurrency overestimation in
sensitivity analysis. Partnerships are either spousal or non-spousal. We calculated the number of
spousal partnerships in the population from the proportion of married individuals in the study

country [3-6]. All additional partnerships were assumed to be non-spousal.
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At the beginning of the study (the initialization of the simulation), men and women were
partnered with 0, 1, 2, 3, or 4 partners. The distribution of partnerships corresponded to the
observed partnership distribution in the population. To do this, we assigned a partnership
number to each individual so that the proportion of men and women assigned 0, 1, 2, 3, or 4
partners matches the proportion of men and women reporting 0, 1, 2, 3, or 4 partners in the study
country [3-6]. We then randomly matched men and women until all the partnerships were
assigned. Finally, a certain number of partnerships were designated as spousal partnerships to
match the observed proportion of married individuals in the population.

The total number of partnerships among men in the network must equal the total number
of partnerships among women in the network (since each partnership involves one man and one
woman). Men in the study countries reported more sexual partners than women reported [3-6].
As a result, the number of women in the network was greater than the number of men. To ensure
that the total number of partnerships among men equaled the total number of partnerships among
women, we used a fixed male population of 4,000 and adjusted the number of women in the
population appropriately. This resulted in total population sizes between 8,000 and 9,000,
depending on the country. The resulting male-to-female ratio in the model is compared to the
ratio predicted by demographic data in Appendix Table 1. The reported gender-specific
concurrency behaviors are more consistent with male-to-female ratios in some countries
(Swaziland and Tanzania) than others (Uganda and Zambia). This highlights the need for better
data measuring sexual behavior patterns in these countries. In sensitivity analysis, we evaluated
the impact of adjusting the male-to-female ratio compared to other methods for reconciling

gender-related discrepancies in sexual behavior reporting.
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Network Dynamics

The sexual partnership network evolves over time: each month, partnerships are lost and
partnerships are gained. The probability of partnership dissolution is different for the different
types of partnerships, and is determined by the average partnership duration; thus, each spousal
and non-spousal partnership has a constant monthly probability of dissolution of 1/120 and 1/18,
respectively. We calculated the probability of partnership formation to balance the probability of
partnership dissolution, as well as new individuals entering the population at age 15 without
partnerships, so that the proportion of individuals with 0, 1, 2, 3, or 4 partners is approximately
constant over time. The probability that an individual gains a new partnership depends on the
number of partners he or she currently has. This probability also differs by gender and by type
of partnership to be gained. To find these probabilities, we solved a convex optimization
problem: we found the partnership formation probabilities that result in a steady-state partnership
distribution as close to the observed partnership distribution as possible [21]. In practice, we
found that the calculated partnership formation probabilities resulted in stable partnership
distributions over time (Appendix Figure 2).

Behavior Change Scenarios

We used the model to evaluate three potential behavior change scenarios:

1) Increased Monogamy: individuals with more than one partnership change to having at
most one partnership at any one time.

2) High-Risk Partnership Reduction: individuals with the highest number of concurrent
partnerships reduce their number of partners, but do not necessarily become

monogamous.
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3) Untargeted Partnership Reduction: individuals with more than one partnership reduce
their number of sexual partners.
Each behavior change scenario represents a modification of the degree distribution in the
population. Thus, a 10% increase in monogamy means that we generate a new degree
distribution by taking 10% of non-monogamous individuals and making them monogamous. We
then simulate using this new degree distribution.

To facilitate the comparison of these scenarios, we removed the same number of
partnerships in each scenario. The number of partnerships to be removed in each scenario was
determined by the number of partnerships removed under the Increased Monogamy scenario. In
the base case, where we consider all scenarios as being 10% effective, we mean that in each
scenario we remove the number of partnerships removed under a 10% increased in monogamy.
The difference between scenarios is in how those partnerships are removed (only among high-
risk individuals or randomly among individuals with concurrent partnerships).

Primary Qutcomes

As described above, the model is probabilistic: to initialize the model we randomly
assigned characteristics to individuals, and then events (e.g., disease transmission and
progression, death, and partnership formation and dissolution) occur randomly over time. We
simulated the model for ten years in one-month time increments. For each run of the model, we
calculated a variety of outcome measures, including HIV incidence and prevalence over time,
new HIV infections, life years experienced, and deaths from HIV and other causes. We then ran
the model 500 times with random initialization to develop a mean value and range for each
outcome measure. We chose 500 runs for each scenario because we found that, for more than

500 runs, the standard deviation of each outcome measure was unchanged. To illustrate the
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variability in our results, we show the distribution of the number of infections for the Status Quo
and the three behavior change scenarios in Appendix Figure 3.
SUPPLEMENTAL SENSITIVITY ANALYSES

Our base case analyses explored the impact of concurrency reduction in different
demographic and epidemiological settings by modeling four different sub-Saharan African
countries — which was a form of sensitivity analysis. We also conducted sensitivity analyses on
a variety of potentially influential model parameters, such as the level of access to HIV
treatment, HIV treatment eligibility criteria, the average duration of non-spousal partnerships,
and the risk of HIV transmission through non-spousal partnerships. These results are
summarized for Tanzania for the case of 10% program effectiveness (Appendix Table 2).
Although the number of infections averted changed with different parameter values, the rank
ordering of the different behavior change scenarios was the same over the ranges of values
considered.

We varied the level of HIV treatment coverage of eligible individuals by = 20%. The
number of infections averted by concurrency reduction was not significantly changed. We also
considered an increased CD4 count threshold for the initiation of HIV treatment: our original
analysis was conducted with an HIV treatment threshold of 200 cells/uL; revised guidelines now
advise initiation of treatment at 350 cells/uL [22]. This change in HIV treatment policy also did
not significantly impact the number of infections averted by concurrency reduction.

We varied the average duration of non-spousal partnerships by + 6 months. This had
little effect on the number of infections averted under the Increased Monogamy and Untargeted

Partnership Reduction behavior change scenarios. The number of infections averted under the
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High-Risk Partnership Reduction scenario increased as partnership duration increased.
However, the rank order of the different behavior change scenarios was preserved.

We also considered changes in non-spousal HIV transmission probability by + 20%,
representing a decrease or increase in levels of condom use or other risk reduction behaviors as
compared to our base case analysis. The number of infections averted by concurrency reduction
was reduced as the risk of HIV transmission through these partnerships declined. Again, the
rank ordering of the behavior change scenarios was not affected.

We based on our analysis on sexual behavior survey data to estimate concurrency
behavior in the study countries. These surveys did not explicitly report the number of concurrent
partnerships; instead we used the number of partners reported in the past 12 months. An analysis
of sexual behavior survey responses in the Caribbean found that the number of partners reported
in the past 12 months overestimated the level of concurrent partners by approximately 50% [19].
To explore the effects of possible overestimation of concurrency behaviors, we evaluated
concurrency reduction for one study country (Tanzania) under the assumption that the number of
partners reported in the past 12 months overestimates the level of concurrent partners by 50%.
To do so, we changed 50% of individuals reporting concurrent partnerships to having a single
partnership, but kept the relative levels of individuals reporting 2, 3, and 4 partners the same.
This resulted in 10% of men and 6% of women having >1 sex partners (versus 20% of men and
12% of women reporting >1 sex partner in the past 12 months [3]). The results of this analysis
are shown in Appendix Figure 4. As expected, the number of infections averted by concurrency
reduction is smaller when there is less concurrency behavior in the population. However, the

relative effectiveness of the different types of behavior change remains unchanged.
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The reported gender-specific degree distributions suffered from inconsistencies in the
number of sexual partners reported by men compared to the number of sexual partners reported
by women. We adjusted the male-to-female ratio in the model population to reconcile these
discrepancies, but this calculated ratio did not always match demographic estimates. Instead of
adjusting the male-to-female ratio, one might consider adjusting the reported sexual partnership
distributions — for example, by averaging the partnership distributions reported by men and
women and then applying this average distribution to both genders. We looked at the effects of
using an averaged partnership distribution to evaluate concurrency reduction in Zambia, which
has the most divergent male-to-female ratio from demographic estimates. This resulted in 11%
of both men and women having >1 sex partners (versus 20% of men and 2% women reporting
>1 sex partner [6]). Results of this sensitivity analysis are shown in Appendix Figure 5.
Concurrency reduction averts fewer infections when the partnership distributions are averaged.
However, the relative effects of the different types of behavior change are not qualitatively

affected.

- 45 -



APPENDIX REFERENCES
I. US Census Bureau. International Data Base. 2008 [cited January 2009]; Available from:

http://www.census.gov/ipc/www/idb/tables.html

2. Williams BG, Lloyd-Smith JO, Gouws E, et al. The potential impact of male
circumcision on HIV in Sub-Saharan Africa. PLoS Med 2006;3(7):¢262-¢.

3. MEASURE DHS. Tanzania Demographic and Health Survey. 2003 [cited January
2009]; Available from:

http://www.measuredhs.com/countries/country _main.cfm?ctry id=39&c=Tanzania

4. MEASURE DHS. Swaziland Demographic and Health Survey. 2006 [cited January
2009]; Available from:

http://www.measuredhs.com/countries/country _main.cfm?ctry id=220&c=Swaziland

5. MEASURE DHS. Uganda Demographic and Health Survey. 2004 [cited January 2009];
Available from:

http://www.measuredhs.com/countries/country_main.cfm?ctry id=44&c=Uganda

6. MEASURE DHS. Zambia Demographic and Health Survey. 2001 [cited January 2009];
Available from:

http://www.measuredhs.com/countries/country_main.cfm?ctry id=47 &c=Zambia

7. World Health Organization. Life Tables for WHO Member States. 2006 [cited
November 2008]; Available from:

http://www.who.int/whosis/database/life_tables/life_tables.cfm.

8. Badri M, Lawn SD, Wood R. Short-term risk of AIDS or death in people infected with
HIV-1 before antiretroviral therapy in South Africa: a longitudinal study. Lancet

2006;368(9543):1254-9.

- 46 -



9. Wawer MJ, Gray RH, Sewankambo NK, et al. Rates of HIV-1 transmission per coital act,
by stage of HIV-1 infection, in Rakai, Uganda. J Infect Dis 2005;191(9):1403-9.

10.  Pinkerton SD. Probability of HIV Transmission During Acute Infection in Rakai,
Uganda. AIDS Behav 2008;12(5):677-84.

11. Pilcher CD, Tien HC, Eron Jr JJ, et al. Brief but efficient: acute HIV infection and the
sexual transmission of HIV. J Infect Dis 2004;189(10):1785-92.

12. Holmes CB, Wood R, Badri M, et al. CD4 decline and incidence of opportunistic
infections in Cape Town, South Africa: implications for prophylaxis and treatment. J Acquir
Immune Defic Syndr 2006;42(4):464-9.

13.  World Health Organization. Antiretroviral Therapy For HIV Infection in Adults And
Adolescents: Recommendations for a Public Health Approach. Geneva, 2006 Revision.

14.  UNAIDS. Report on the Global AIDS Epidemic. Geneva: Joint United Nations
Programme on HIV/AIDS, 2008.

15. Quinn TC, Wawer MJ, Sewankambo N, et al. Viral load and heterosexual transmission of
human immunodeficiency virus type 1. Rakai Project Study Group. N Engl J] Med
2000;342(13):921-9.

16. Morris M, Kretzschmar M. A microsimulation study of the effect of concurrent
partnerships on the spread of HIV in Uganda. Math Popul Stud 2000;8(2):109-33.

17.  National AIDS Coordinating Agency. National Campaign Plan: Multiple Concurrent
Partnerships. 2009 [cited March 2009]; Available from:

http://www.psiwash.org/resources/pubs/National%20MCP%20strategy.pdf

18.  UNAIDS Reference Group on Estimates, Modelling and Projections. Consultation on

Concurrent Sexual Partnerships. Nairobi: UNAIDS, 2009.

-47 -



19.  LePont F, Pech N, Boelle P, et al. A new scale for measuring dynamic patterns of sexual
partnership and concurrency: application to three French Caribbean regions. Sex Transm Dis
2003;30(1):6-9.

20. Mishra V, Assche SB-V. Concurrent Sexual Partnerships and HIV Infection: Evidence
from National Population-Based Surveys: Macro International Inc., 2009.

21.  Enns EA, Brandeau ML. Inferring Network Structure and Dynamics in Network-Based
Disease Simulation. Health Care Manage Sci 2011;In press.

22.  World Health Organization. Antiretroviral Therapy For HIV Infection in Adults And

Adolescents: Recommendations for a Public Health Approach. Geneva, 2010 Revision.

- 48 -



Appendix Figure 1: Schematic diagram of HIV disease model.
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Appendix Figure 2: Partnership distributions for men (blue) and women (red) over time for 3
simulation runs.
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Appendix Figure 3: Mean and distribution of number of new HIV infections for the Status Quo
and three behavior change scenarios over 500 runs.
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Appendix Figure 4: Sensitivity analysis on using the reported partnership distribution versus
adjusting for 50% over-reporting of concurrent partnerships in Tanzania. 95% confidence
intervals are indicated for each sample point.
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Appendix Figure 5: Sensitivity analysis on adjusting the male-to-female ratio versus averaging
gender-specific partnership distributions in Zambia to reconcile discrepancies between reported
number of partners between men and women. 95% confidence intervals are indicated for each
sample point.

—e—Increased Monogamy
—=— High Risk Partnership Reduction

—&— Untargeted Partnership Reduction

40%

o ——
25% ﬂ

20% /:;-/

o /,z///

% Reduction in New Infections

0% T T T T 1
0% 10% 20% 30% 40% 50%
% Effectiveness
(a) Adjusted male-to-female ratio
—e—Increased Monogamy
—=— High Risk Partnership Reduction
—&— Untargeted Partnership Reduction
35%
30% I

25% /“//E
20% /‘//"/
15% / /
10% / /
| e

0% 10% 20% 30% 40% 50%
% Effectiveness

% Reduction in New Infections

(b) Average partnership distribution



Appendix Table 1: Male-to-female ratio from demographic data and as adjusted in the model to
reconcile differences in reported number of partnerships by men and women.

Male-to-female ratio

among 15-49 year-olds Swaziland Tanzania Uganda Zambia
Actual 1:1.06 1:1.02 1:1.00 1:1.00
Model 1:1.08 1:1.09 1:1.31 1:1.40
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Appendix Table 2: Sensitivity analysis results showing percentage of total infections averted in
Tanzania over 10 years for varying input parameters with 10% program effectiveness.

Behavior Change Scenario

High-Risk Untargeted
Increased Partnership Partnership
Parameter Scenario Monogamy Reduction Reduction
Base Case 9.4% 14.2% 9.2%
HIV treatment coverage level
10% 10.2% 14.6% 9.9%
50% 9.2% 14.4% 9.3%
HIV treatment threshold
350 cells/uLL 9.4% 14.9% 10.5%
Non-spousal partnership
duration (years)
1.0 10.0% 11.9% 9.5%
2.0 10.3% 16.9% 10.1%
Non-spousal HIV transmission
risk (relative risk)
0.8 8.4% 11.9% 8.6%
1.2 12.0% 18.4% 11.7%
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