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Supplemental Table 1. Baseline inputs for an analysis of 90-90-90 in South Africa from 2015-2030.

Parameter Value Reference
Population size at model initiation 100,000

Number of births per person per month 0.0022 (D)
Proportion of the population who is male 0.50 (D)
Age of first sex 17 years (2-4)
Proportion of newborn males circumcised 0.35 (2,3,5,6)
Proportion of females becoming CSW 0.01-0.04**

Proportion of males in the HR group 0.07-0.4

Proportion of non-CSW females in the HR 0.01-0.3**

group

Sexual Partnership Characteristics

Steady Partnerships

Duration of partnership” 10.20 years (SD 7.80 years) (7-9)
Number of sex acts per partnership per month® 9 (10-12)
Probability of male condom use per sexual 12 (SD 6) (4,13, 14)
act® (%)

Regular Partnership

Duration of partnership” 13.50 mo. (SD 9 mo.) (2, 15)
Number of sex acts per partnership per month 4-11%*

Probability of male condom use per sexual act 29 (SD 15) (2,4,16,17)
(%)

Casual Partnership

Duration of casual partnership 1 sexual act (MA)
Number of sex acts per partnership per month® 1

(MA)

Probability of male condom use per sexual 37 (SD 19) (2,4, 16)
act’ (%)

CSW Encounters

Duration of CSW encounter 1 sexual act (MA)
Number of sex acts per partnership per month® 1 (MA)
Probability of male condom use per sexual 50 (SD 25) (13)

act® (%)

Partnership Selection Criteria




Supplemental Table 1. Baseline inputs for an analysis of 90-90-90 in South Africa from 2015-2030.

Parameter Value Reference
Average number of years younger the female 5 (SD 2.50) (7, 14)
is compared to male partner (steady, regular

and casual)”

Average number of years younger CSW is 13 (SD 6-50) (18, 19)
compared to male partner”

Sexual Network Parameters

High-risk multiplier 1-10**

High-risk multiplier CSW 30-100**

Partner acquisition multiplier while in steady 0-1%%*

partnership or low-risk males

Assortativeness parameter for steady, regular, 0.2-0.8**

and casual partnerships

Intervention Efficacy

Circumcision efficacy (%) 56 (20-23)
Condom efficacy (%) 80 (24)
HI1V Testing

Intervention HIV testing interval 1 year (25, 26)(MA)

Average background HIV test frequency
Sensitivity of HIV test (%)
Specificity of HIV test (%)

Sensitivity in acute phase® of HIV test (%)

Linkage to care (%)

Mean initial CD4 cell count, cells/ul
Acute, primary® HIV infection

ART

CD4 ART start criteria in 2013

ART Suppression at 6 months (%)

Monthly late ART failure probability (%)

ART program loss to follow-up at 12 mo. (%)

Natural History

Mean monthly CD4 decline (cells/ul) by HIV

RNA level
>30,001 copies/ml

Every 10 years
99.9
99.4
0
46.8

884
<350 cells/ul
78

0.1
9.9

6.4

(26)
(MA)
(MA)
(MA)

(26)

27
(28)
(29)
29)

(30, 31)

(32, 33)
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Supplemental Table 1. Baseline inputs for an analysis of 90-90-90 in South Africa from 2015-2030.

Parameter Value Reference
10,001-30,000 copies/ml 5.4
3,001-10,000 copies/ml 4.6
501-3,000 copies/ml 3.7
<500 copies/ml 3.0
Probability of transmission per sexual act by (11, 12, 34, 35)
HIV RNA (copies/ml)
0-500 0.0001
501-3,000 0.0012
3,001-10,000 0.0012
10,001-30,000 0.0014
30,001 + 0.0023
Acute infection® 0.0082
Late-stage infection® 0.0036 (12)

Abbreviations: ART= antiretroviral therapy; CSW= commercial sex worker; HIV=human
immunodeficiency virus; HR=high risk; MA ~Model assumption; mo.=month.

* Acute infection is the first three months post-infection; chronic infection immediately follows primary
infection and continues until the individual’s CD4 count drops below 50/mm?; late-stage infection occurs
when the individual’s CD4 drops below 50/mm”.

® The duration of partnerships and the average number of years between partners are parameters chosen
from a normal distribution with the denoted mean and standard deviation.

¢ The number of sex acts per partnership per month parameter is chosen from a Poisson distribution with
the denoted mean (and standard deviation).

¢ The probability of a condom use in each partnership parameter is chosen from a beta distribution. This
distribution is converted to a normal distribution with the denoted mean and standard deviation for
presentation in table.

** These parameters were varied in the calibration procedure. Each of the 564 parameter sets has a
randomly selected value from within these ranges for each of the 12 varied parameters.
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Supplemental Table 2. Rollout Specifications. This table indicates the population size and historical treatment rollout
numbers in South Africa from 2002-2014. Because the model population size is smaller than that of the actual South
African population, a treatment availability ratio is calculated from these numbers which is used to scale the model
population size to determine the number of treatment slots available in the model run. Specifically, the historical number
being treated is divided by the total population size for each year to determine the historical treatment ratio. This ratio is
then multiplied by the model population size in the same year to determine the number of available treatment slots for that
year. After 2014, assumptions are made about the speed of ART rollout (slow, medium, or rapid) by changing the
treatment availability ratio, which is similarly multiplied by the model population size in the same year to determine the
number of available treatment slots. The number of individuals on treatment is dictated by the number of individuals who

have gotten through the treatment cascade for which there is an available treatment slot.

Year Population Historical Historical Historical Rapid Medium Slow
Size (in Number Number Treatment Treatment  Treatment Treatment
millions) (36)  Infected (in Being Ratio Availability Availability Availability

millions) (37) Treated (37, Ratio Ratio Ratio
38)

2002 40.00 4.68 15000 0.0004

2003 41.00 4.95 26000 0.0010

2004 41.80 5.15 55000 0.0010

2005 42.50 5.32 206718 0.0050

2006 43.40 5.46 324754 0.0070

2007 44.60 5.59 458951 0.0100

2008 45.90 5.72 730183 0.0160

2009 47.40 5.82 971556 0.0200

2010 48.80 5.88 1389865 0.0280

2011 50.10 5.97 1702060 0.0340

2012 52.60 6.07 2150881 0.0410

2013 52.98 6.30 2596020 0.0490

2014 54.00 6.50 2754000 0.0510

2015 0.06 0.06 0.06

2016 0.99 0.08 0.07

2017 0.99 0.12 0.08

2018 0.99 0.20 0.09

2019 0.99 0.36 0.10

2020 0.99 0.68 0.11

2021 0.99 0.68 0.12

2022 0.99 0.68 0.13
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Year Population Historical Historical Historical Rapid Medium Slow
Size (in Number Number Treatment Treatment  Treatment Treatment
millions) (36)  Infected (in Being Ratio Availability Availability Availability
millions) (37) Treated (37, Ratio Ratio Ratio
38)
2030 0.99 0.80 0.21




Page 24 of 35

Supplemental Table 3. Comparison of HIV-CDM to South African data in 2012. Model results (weighted median and
quartiles) in 2012 are compared with data from South Africa in 2012. Indicators including HIV prevalence, HIV
incidence, proportion of HIV-positives who are diagnosed, and proportion of HIV-positive who are virally suppressed are

documented below.

Indicator HIV-CDM Model Prediction South African Data
HIV prevalence (%) in 2012 24.9 (22.9,27.4) 18.8 (17.5, 20.3)* (25)
Women 28.2(25.8,30.5) 23.2(21.3,25.1)* (25)
Men 21.6 (19.2, 24.3) 14.5 (12.8, 16.3)* (25)
H1V incidence (cases per 100 2.59 (2.23, 3.06) 1.72 (1.38, 2.06)* (25)
person-years) in 2012
Women 2.92(2.55,3.42) 2.28 (1.84,2.74)* (25)
Men 2.28(1.89,2.74) 1.21 (0.97, 1.45)* (25)
% of HIV-positives who are 44.1 (42.1,46.1) 37.8-55.0 (25, 39, 40)
diagnosed
% of HIV-positives who are 28.6 (26.0, 31.0) 23.8-25.0 (39, 40)
virally suppressed

* Represents data from those 15-49 years of age.
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Supplemental Table 4. Historical ART Treatment Guidelines. Assumptions for access to ART are highlighted in the
table for each of the years in which a major treatment guideline was revised. We assumed that the first two years of ART
distribution were dominated by individuals with severe Ols. We then followed the treatment guidelines published by the

South African Department of Health for the subsequent years until present day. Treatment decisions in 2015 are dictated

by Table 1.
Year Treatment Guidelines
WHO Stage/OI CD4
2002 4 Irrespective
3 Irrespective, including recurrent or
persistent oral thrush and recurrent
invasive bacterial infections
2004 (41) 4,3 Irrespective
1,2,3 <200/mm’
2010 (42) TB <350/mm’
4 Irrespective
Irrespective <200/mm’
2013 (43) 34 Irrespective
Irrespective <350/mm’
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Supplemental Figure 1. Graphical representation of prevalence and incidence. This figure shows the changes in the
weighted median prevalence (solid, left axis) and incidence (dashed, right axis) for the scenarios that improve upon the
Baseline. The population size is increasing in all scenarios. In the Baseline scenario the total model population size

increases from 367,438 to 415,748 from 2020 to 2030.
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Supplemental Figure 2. Loss to follow-up for 80% improvement scenarios. This figure shows the proportion of those
on ART that are lost to follow-up over time for the 80% improvement scenarios (rapid, medium, and slow rollout). The
figure highlights the fact that more individuals are lost to follow-up over time in the rapid scenario than the slow scenario,

influencing the proportion suppressed in 2030.
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Supplemental Information

In addition to the details found in the text, we refer the reader to (Abuelezam et al. PLoS One 2014) for details of the
model calibration procedure and the sexual partnership structure.
Sexual Partnership Network Details
Partnerships between male and female individuals in the model are formed and dissolved every month based on a number
of different partnership characteristics including length of the partnership, partnership type, and the number of sexual acts
each month. Males chose females for partnerships based on her partnership (single or non-single) and CSW status
applying the user-defined partner selection weights for each partnership type. Men chose from eligible age categories for a
female based on the user-defined average age difference for that partnership type. Durations of partnerships are drawn
from distributions defined in Table S1. The HIV-CDM tracks the type and the number of partnerships each individual
forms each month allowing males and females to engage in multiple partnerships within a given month. An individual in a
steady partnership has a decreased acquisition rate for other partnership types. Once all males have formed new
partnerships for a given month, all sexual acts between partners occur and the model determines if HIV transmission has
occurred for each sexual act.
The probability of HIV transmission at each sexual act with an HIV infected individual (PTrAct) in the HIV-CDM is
dependent upon the following parameter values: the probability of transmission per act (Buvy), which is dependent on an
infected individual’s HIV RNA and stage of HIV infection (see Table S1); the per-act probability of condom use by
partner type (con,); the protective efficacy of a condom (protEffCon); circumcision status (circ;); and the protective
efficacy of circumcision (protEffCirc). PTrAct increases as the HIV RNA level increases and it is decreased by
circumcision and condom use. Therefore, the PTrAct for HIV-infected males transmitting to an uninfected female (MtoF)
is:
PTrActyor = Brvi*[1-(con,*protEffCon)]
and PTrAct for HIV-infected females transmitting to an uninfected male (FtoM) is:
PTrActeom = Bruve *[1-(con,*protEffCon)]*(1-Circ;*protEffCirc).
From this, the probability of transmission per month (PTrMonth) for each partnership is calculated using the following
equation:
PTrMonth = 1-(1-PTrAct)"
where n is the number of acts per partnership per month and PTrAct is either MtoF or FtoM depending on which partner

1s infected.

Calibration

We have described the three phases of the model calibration below. The goal of the calibration procedure was to produce
model runs that replicated data on sexual behavior, partnership histories, and HIV prevalence in South Africa.

Phase I — Behavioral Calibration

The goal of the first calibration step is to determine whether a parameter set produces realistic patterns of sexual

partnerships and acts, based on prior knowledge and an extensive literature review of South African data. This calibration
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step is necessary because many model inputs that affect partnership prevalence and sexual behavior (i.e. partnership
formation rates) have not been directly measured in the literature, but many model outputs (e.g. the proportion of the
population in particular partnership types) have been measured and reported. Acceptable ranges (comparable to uniform
priors) were specified for five behavioral outputs, and then an additional four constraints were imposed in the form of
inequalities between male and female behavioral parameters. We set to zero the weights of parameter sets that produced
model output that fell outside these limits, for any one of more of the constraints, effectively discarding these parameter
sets. The parameter sets whose output fell within all constraints were considered to pass “phase 1” or “behavioral”
calibration.
Phase 1 calibration restricted the model output using pre-specified prior distributions, of the following quantities:
oThe proportion of the entire sexually active (SA) population that was in a steady partnership (non-single) the year prior
to Phase 1 calibration (the last year of model initialization)
oThe proportion of SA males that had at least one casual partnership the year prior to Phase 1 calibration (the last year of
model initialization)
oThe proportion of SA males that had at least one CSW partnership the year prior to Phase 1 calibration (the last year of
model initialization)
oThe proportion of SA males with more than 1 partner (one of which was a steady/regular partnership) the year prior to
Phase 1 calibration (the last year of model initialization)
oThe average number of acts per person among the entire SA population in the last month of model initialization
In addition, there were conditions specific to sexually active females only:
e The casual partnership prevalence among sexually active females could be no greater than that of sexually active
males.
e The percent of sexually active females in multiple partnerships within the past month could be no greater than
that of sexually active males.
e The ratio of acts per month for low risk sexually active females could be no greater than that of high risk
females, multiplied by some user-defined ratio.
For the analyses reported here, these user-defined ratios were all set to one.
Phase 1 calibration examined model output after the model initialization period (currently set to 50 years). If the
partnership outcomes did not satisfy all of the above-mentioned criteria, the parameter set was assign zero weight and

HIV was not introduced for that parameter set.

Phase 2 - HIV Prevalence Calibration

Once all parameter sets that satisfied the behavioral data restrictions (Phase 1) were identified and HIV was introduced to
each individual run, it was important to determine how well the epidemic curve produced by the HIV-CDM for each
parameter set fit the UNAIDS data (Phase 2). After we produced a HIV prevalence curve for a parameter set, the model
identified the section of the HIV prevalence curve that best fit the UNAIDS HIV prevalence data from 1990-2002 , by
“sliding” the HIV output prevalence along the UNAIDS data (on the x-axis) until the difference between the 13 time
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points was as small as possible. This is equivalent to identifying which 13-year period of the model output corresponded
to the best fit to the UNAIDS data from 1990-2002.
To do the fit, we used the Levenberg-Marquardt algorithm (LMA), which is a standard iterative fitting procedure that

2002

Z (yi _M(t+a))2

seeks to minimize the value of the sum of squares, i.e. =199 , where y; was the UNAIDS HIV prevalence for
year i, M was the HIV prevalence from the model run, ¢ was the number of months the model had run since the end of
model initialization and a was the fit parameter representing the number of months we shifted the model run to the
UNAIDS HIV prevalence data points. From the fitting procedure we extracted two pieces of information: a list of the
rankings of the best fitting runs based on the LMA weights and for each run, the model time points corresponding the

period that provided the best fit to the 1990-2002 UNAIDS data.

Phase 3- Reality Checks and Likelihood Weighting

Once the prevalence output for each parameter set had been calibrated to UNAIDS data, further filtering was performed to
assess whether the behavioral patterns at the end of the calibration period (2002) were as expected based on the literature.
We analyzed the parameter set runs that had passed Phase 1 and Phase 2 calibration and determined if the outputs for each
run fell within the ranges gathered from the literature. Any parameter set producing a value for any quantity that fell
outside these ranges had its weight set to zero and was not considered further.

For the parameter sets that passed the preceding steps (thus had not had zero weights assigned), pseudo-likelihood weights
were produced for each to indicate how well it fit the UNAIDS HIV prevalence data being used for calibration (44). Since
we ran the model for 50 years with HIV and needed at least 12 years for the curve to fit the years from 1990 to 2002, runs
that took longer than 38 years to produce an epidemic were assigned zero weight; although their fit would have led to very

low weights in any case, we chose to set them to zero to reduce computational time in future work.

The likelihood for run j that passed Phases 1, 2 and 3 of calibration was given by:

2002 X. =Y 3
Likelihood oc exp| — Z ( - l) 2
i=1990 2(0'(H,- -L ))

where X, is the HIV prevalence of year i from run j, H, is the high estimate for the UNAIDS HIV prevalence for year i,

L is the low end estimate for the UNAIDS HIV prevalence for year i, Y; is the UNAIDS HIV prevalence of year i, and ¢
is an adjustment factor that accounts for the uncertainty in the UNAIDS high and low estimates. We initially assumed ¢ =
1 but were able to adjust this according to observed output, as explained below.

We normalized the weights such that for run j:

Likelihood .
LikelihoodWeight,; = ennood,

248,186
> Likelihood,

k=1
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We compared the calculated likelihood weights for each run against the run’s fit to evaluate whether factor adjustments
were necessary. As expected, when the adjustment factor was increased, we observed a wider spread in the likelihood
weights, allowing more runs to contribute to the fit of the HIV prevalence curve. After examining the effects of varying
the adjustment factor, ¢, across a wide range of values (0-2.5), we decided that =1 was the best choice since with this
value the runs that contributed 90% of the weight approximated the UNAIDS curve fell almost entirely within the upper
and lower UNAIDS estimates. Of the 3,750 runs that passed the calibration procedure with nonzero weights, the best-
fitting 564 runs contributed 90% of the weight.
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