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1 Introduction to the approach taken

The model is an individual-based stochastic simulation model including sexual behaviour, HIV
transmission, HIV progression and effects of ART within a sub-Saharan African context (Phillips 2011,
Cambiano 2013, Cambiano 2014). Being “individual-based” means that each time the model is run
it generates a data set of the simulated lifetime adult experience of a population of people thought
to reflect a setting (e.g. a country, district, town, or other small area). The model runs from 1989
(assumed to be the start of the epidemic) with variables updated in 3 month periods. Each run of the
simulation program creates 100,000 simulated people who will be age 15 or above at some point
between 1989 and 2076. For each simulated person in the data set, there are multiple variables
created, such as age, condomless sex partners, male circumcision, oral PrEP use, HIV testing, and, if
infected with HIV, HIV diagnosis, CD4 count, viral load, use of specific ART drugs, adherence,
resistance. The values of variables are updated every 3 month period for each individual. Below we
describe full details.

We apply the model by considering a series of "setting scenarios", each generated by one run of the
model by sampling several parameter values to reflect the range of settings in SSA and also to
incorporate uncertainty in assumptions. The sampled parameters, which are described in full below
in Table S27, include male circumcision rates; initiation of sex work; HIV testing; linkage and
retention; ART adherence; resistance emergence, transmission and persistence; ART interruption;
extent of implementation of viral load monitoring; rate of switching to 2nd line after detected
virologic failure. For each model run we scale up the outputs to a total adult population size in the
current base year (i.e. usually the year we are living in at the time or the following year) of
10,000,000. The model is programmed in SAS.

Throughout the sections below we introduce parameters which are indicated in italics. For those
parameters for which a value is sampled the distribution is indicated at the end of this document.

2 Demography, pregnancy and breastfeeding, and DALYs

2.1 Determination of age in 1989

The initial age distribution for both males and females is sampled for each population simulation
from three possible distributions representing three different population demographic structures
(Table S1). These are chosen such that in the absence of HIV, and given the death rates, the resulting
population pyramids and growth rates represent the range of those seen across the setting
scenarios (CIA. The World Factbook). Thus a proportion of simulated people have an age below 15
in 1989 (and most are yet to be born). The only variable that is modelled and updated up to reaching
the age of 15 (when becoming potentially sexually active) is age itself. The “youngest” person in
1989 is age -72 (i.e. will be born in 2061 and reach age 15 in 2076, just before the modelled period
ends.



Table S1. Distribution of ages of simulated individuals in 1989

Probability of being in age group in 1989

Age group Population Population Population
demographic demographic demographic
structure 1 structure 2 structure 3

-73t0-56 0.200 0.170 0.148

-55to -46 0.155 0.125 0.114

-45 1o -36 0.134 0.115 0.108

-35t0-26 0.114 0.105 0.099

-25to0-16 0.090 0.095 0.092

-15to -6 0.080 0.090 0.090

-5to4 0.068 0.080 0.081

5to 14 0.047 0.065 0.074

15to 24 0.036 0.048 0.060

25t0 34 0.027 0.040 0.050

35to 44 0.021 0.030 0.038

45 to 54 0.016 0.021 0.026

55to 64 0.012 0.016 0.020

Age specific death rates for uninfected people are based on death rates in South Africa in 1997
(before the significant impact of HIV-related deaths). South Africa has a death registration system
and hence provides a reliable setting from which to source death rates. These are given in Table S2.
These death rates are modified slightly as described further below where we separate out deaths
from non-HIV TB and cardiovascular disease.

Table S2. Age specific death rates (per year)

Age group Annual death rate Age group Annual death rate
Males Females

15-19 0.0020 15-19 0.0015
20-24 0.0032 20-24 0.0028
25-29 0.0058 25-29 0.0040
30-34 0.0075 30-34 0.0040
35-39 0.0080 35-39 0.0042
40 —-44 0.0100 40-44 0.0055
45 —-49 0.0120 45 -49 0.0075
50-54 0.0190 50-54 0.0110
55-59 0.0250 55-59 0.0150
60— 64 0.0350 60— 64 0.0210
65—-69 0.0450 65— 69 0.0300
70-74 0.0550 70-74 0.0380
75-79 0.0650 75-79 0.0500
80—-84 0.1000 80—-84 0.0700

>85 0.4000 >85 0.1500




2.2 Pregnancy and parity

A woman can become pregnant in a period in which she has one or more condomless partner. Use
of contraception is not explicitly modelled so the pregnancy risk incorporates the use of
contraception. The baseline probability per condomless partner of a woman being pregnant in each
three-month period is fixed throughout the simulation. This can be modified by a number of
population-level and individual-level factors, described in Table S3. Pregnancy probability is
calculated separately for each condomless partner. 95% of women are assumed to ever be able to
become pregnant and each woman can have a maximum of 10 children. A woman can become
pregnant 6 months after their previous birth.

Table S3. Factors affecting risk of pregnancy

Factor Value

Baseline pregnancy risk per 0.03 + U(0,1)*0.08. Based on fertility data from (4)
three months,
prob_pregnancy_base

Modifier for overall Overall population-level fertility rate can be higher or lower than the

population fertility base assumption, sampled from distribution shown below.
Probability 33% 33% 33%
Factor applied to 1.75 1.0 1/1.75
prob_pregnancy_base

Age Pregnancy probability is affected by a woman’s age. Based on fertility

data from (4)

Age 15-24 25-34 35-44 45-54 55+
(years)
Value of 2 1.9 1.0 0.2 0
fold_preg

Pregnancy risk from short- Pregnancy risk with short term condomless partners is reduced (per

term condomless partner partner) due to the assumed lower number of sex acts with a short-term

compared to long-term partner. The factor fold_tr_newp is applied at
population level and is the same reduction that also applies to HIV
transmission risk from a short-term condomless partner (see Table S27).

Probability 33% 33% 33%
Value of 0.3 0.5 0.7
fold_tr_newp

Desire for more children It is assumed that women aged 25-54 years stop desiring more children
at a rate of 0.5% per 3 months (termed rate_want_no_more_children),
regardless of parity. These women have an 80% reduction in pregnancy
risk at each time step.

Risk of mother to child transmission of HIV is dependent on the viral load of the mother at birth: viral
load > 100,000: 40% risk, 10,000 — 100,00: 20%, 1000 — 10,000: 10%, < 1000: 0.02%. Risk of a neural
tube defect (NTD) due to dolutegravir applies to women on dolutegravir in the relevant period of
conception.

Before 2012, nevirapine as a single dose was used in women to prevent mother to child
transmission. The rate of acquiring NNRTI resistance in these circumstances if given by



prob_nnresmaj_sd_nvp = 0.35. Later in this period nevirapine was used with zidovudine and here
prob_nnresmaj_dual_nvp = 0.045 (Arrive 2007). If an NNRTI mutation has arisen in these
circumstances the rate of loss of the mutation from majority virus is given by
rate_loss_nnres_pmtct_maj = 0.75. There is evidence of the mutation being lost entirely as
responses to subsequent NNRTI based regimens were undiminished so there is a rate of loss entirely
of rate _loss_nnres_pmtct_min = rate_loss_nnres_pmtct_maj.

2.3 Breastfeeding

Women with ne born children are assumed to breastfeed with the 3 monthly probability of stopping
in year 1 and 2 given by prob_stop_breastfeeding _yr1 and prob_stop_breastfeeding yr2
respectively. Transmission from an mother who has HIV to her child through breastfeeding is
determined by the parameter rate_trans_breastfeeding, which is the rate per 3 months of
transmission to the child through breastfeeding when log10 viral load of the mother is between 4
and 5. The rate ratio for transmission risk by viral load category is as for birth with infected child; i.e.
these values are reduced by 1000 fold if mother has VL < 3, by 2 fold if VL 1000-10000, and increased
by two fold if the mother’s viral load is > 100,000 copies/mL.

2.4 DALYs

DALYs are calculated in the standard way as the sum of years of life lost due to premature death and
years lived with disability (using the weights shown in Table S28 below). Years of life lost as a result
of each death are counted only until the end of the time horizon for analysis. Since children of
mothers giving birth are not modelled explicitly, for each child infected through mother to child
transmission we assume that 5 DALYs (with discounting) are incurred.

3 Sexual behaviour and risk of HIV acquisition

Here we describe the approach to modelling sexual behaviour and HIV acquisition. The basic
approach is summarized in Figure S1. The distributions for parameter values related to sexual
behaviour were chosen to reflect uncertainty and variability between settings. Sexual behaviour is
characterized by two variables representing, respectively, the number of short term condomless sex
partners and whether the person has a current long term condomless sex partner in the 3 month
period. The status of long term partners is tracked over time (i.e. if they are infected, diagnosed, on
ART, have viral load suppression). Short term partners are not tracked over time, in that if a person
has a short term partner in time period t who is infected with HIV, this is independent of the
probability that any short term partner in time t+1 is infected with HIV.

Figure S1 Summary of modelling of sexual behaviour and HIV acquisition
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3.1 Determination of number of short term (condomless sex) partners at period t

The number of short term partners for an individual in a given period (termed newp) is generated at
random, according to which sexual behaviour group the person is in for the period. Changes in the
sexual behaviour group from time t-1 to time t are determined by transition probabilities between
the groups. These differ for men, women (who are not sex workers) and female sex workers, and can
be affected by multiple other factors described below.

For men, there are four sexual behaviour groups: (i) no short term condomless partners in 3 month
period, (ii) low number of short term partners (n=1-3), (iii) medium number of short term partners
(n=4-9), and (iv) high number of short term partners (n=10-35; Table S4).

For women (who are not sex workers), there are two sexual behaviour groups: (i) no short term
condomless partners in 3 month period, (ii) one or more short term condomless partners in 3 month
period (n=1-9; Table S5). Younger women (age 15-24) can have up to nine short-term condomless
partners in a three month period and women aged 25 and older can have up to three.

The lifetime susceptibility of initiating sex work is classed as low, medium or high, conceptually
reflecting different social circumstances. Amongst women with medium or high susceptibility for
initiating sex work, the probability of initiating sex work in any 3- month period is dependent on four
things in addition to the base rate of initiating sex work ((base_rate_sw, which is sampled from a
distribution of possible values (See Table S27)); whether the susceptibility is medium or high (for
high: rr_sw_life_sex_risk_3=10), age (rr_sw_age 1519 =0.80, rr_sw_age 2024 = 1.00,

rr_sw_age 2534=0.30, rr_sw_age 3549 = 0.03), the overall population levels of sexual risk
behaviour and whether the woman has previously been a sex worker (rr_sw_prev_sw = 10). Once a
woman has initiated sex work, the probability of stopping sex work is dependent on the base rate of
stopping sex work, their age and overall population levels of sexual risk behaviour. These parameter
values lead to a distribution of prevalence of sex workers consistent with observed data (Vandepitte
2006, Frascino, Fearon 2020, Cowan 2017, 2019, Lancaster 2016).

For female sex workers, there are five sexual behaviour groups: (i) no short term condomless
partners in 3 month period, (ii) low number of short term partners (n=1-6), (iii) medium number of
short term partners (n=7-20), (iv) high number of short term partners (n=21-51) and (v) very high
number of short term partners (n=51-150; Table S6). Sex workers aged more than 30 years were
limited to a maximum of 30 short-term condomless partners.



Table S4. Distribution of number of short-term condomless partners within each risk category for

men
Risk
category
Zero (n =0) Number of short- 0
term condomless
partners
Probability 100%
Low (n=1-3) Number of short- 1 2 3
term condomless
partners
Probability 50% 30% 25%
Medium (n = Number of short- 4 5 6 7 8 9
4-9) term condomless
partners
Probability 35% 21% 17% 13% 9% 5%
High (n =10- Number of short- 10 15 20 25 30 35
35) term condomless
partners
Probability 60% 20% 10% 5% 4% 1%

Table S5. Distribution of number of short-term condomless partners within each risk category for

women

Risk

category

Zero Number of short- 0
term condomless
partners
Probability 100%

Any (n=1-9)  Number of short- 1 2 3 4 5 6 7 8 9
term condomless
partners
Age 15-24
Probability 30% 20% 15% @ 12% 9% 6% 4% 2% 2%
Age 25+
Probability 70%  15% 15% 0% 0% 0% 0% 0% 0%




Table S6. Distribution of number of short-term condomless partners within each risk category for
female sex workers

Risk
category
Zero (n =0) Number of short- 0
term condomless
partners
Probability 100%
Low (n=1-6) Number of short- 1 2 3 4 5 6
term condomless
partners
Probability 70% 10% 10% 5% 3% 2%
Medium (n = Number of short- 7-20
7-20) term condomless
partners
Probability Uniform distribution across range
High (n =21-  Number of short- 21-50
50) term condomless
partners
Probability Uniform distribution across range
Very High (n Number of short- 51-150
=51-150) term condomless
partners
Probability Uniform distribution across range

All sex workers aged more than 30 years are limited to a maximum of 30 condomless partners in a three
month period.

The transition probabilities pg;j, of an individual moving from partner group i at t-1 to partner group
jat tare given by

fgij

o = forj=1
Pgije (Fou+Zty(Foijrga)) ’
fgijTga .
i = otherwise
Pgija (fgi1+2;?:2(fgi,-rga))

(equation 1)

where g = 1,2,3 for males, females, and female sex workers, respectively, a = 1-10 for age groups
15-, 20-, 25-, 30-, 35-, 40-, 45-, 50-, 55-, 60-, respectively, and k is the number of short-term partner
categories defined for that population group.

We considered 15 sets of values of f;; each for males and females (who are not sex workers) as
shown in Tables S7 and S8, and 5 sets of values for female sex workers (Table S9). These are
characterized by substantially different intra-person variability over time in sexual behaviour
subgroups. We randomly sampled a matrix independently for each gender for each model run.

Values of 7, are shown in Table S10. These can be modified at time t by multiple factors, described
in Table S11.
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For each individual, actual transitions between groups were determined by random sampling at each
time step t. The initial allocation of the population across the different risk groups is also sampled
from a distribution at the start of each model run. The number of short-term condomless partners of
each individual for that time step, newp, is then sampled from the distribution for the appropriate
risk group (Tables S4-S6).

For sex workers, the number of short-term condomless partners may then by modified further.
Firstly, if there is a reduction in the overall behaviour of the population, leading to a reduced
propensity for forming condomless partnerships (rred_rc<1), there is a possibility of an additional
reduction in sex worker condomless partner numbers.

Probability 33% 33% 33%
Value of 0.01 0.03 0.1
p_rred_sw_newp

Secondly, if a sex worker is engaged in a sex worker program there is a 10% or 5% chance that their
short-term condomless partners are reduced by two-thirds for that time period, for a ‘strong’ or
‘weak’ program, respectively.

Table S7. Values of f;; (values determining probability of transitioning between short term
partner risk behaviour groups) for men.

Short term partners group in period t (j)

Short term partners group in Zero Low Medium High
period t-1 (i) (n=0) (n=1-3) (n=4-9) (n=10-35)

Sexual behaviour transition matrix 1

Zero 0.995 0.005 0.005 0.00005
Low 0.95 0.03 0.02 0.00005
Medium 0.03 0.07 0.90 0.00025
High 0 0 0.05 0.95

Sexual behaviour transition matrix 2

Zero 0.98 0.01 0.01 0.00025
Low 0.98 0.01 0.01 0.00025
Medium 0.05 0.15 0.80 0.00125
High 0 0 0.20 0.80

Sexual behaviour transition matrix 3

Zero 0.95 0.03 0.02 0.0005
Low 0.93 0.05 0.02 0.0005
Medium 0.20 0.20 0.60 0.0025
High 0 0 0.40 0.60

Sexual behaviour transition matrix 4

Zero 0.995 0.005 0.005 0.0001
Low 0.95 0.03 0.02 0.0001
Medium 0.03 0.07 0.90 0.0005
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High 0.04 0.04 0.09 0.83
Sexual behaviour transition matrix 5

Zero 0.98 0.01 0.01 0.005
Low 0.98 0.01 0.01 0.0005
Medium 0.05 0.15 0.8 0.0025
High 0.025 0.06 0.17 0.75
Sexual behaviour transition matrix 6

Zero 0.95 0.03 0.02 0.001
Low 0.93 0.05 0.02 0.001
Medium 0.20 0.20 0.60 0.005
High 0.04 0.08 0.21 0.67
Sexual behaviour transition matrix 7

Zero 0.995 0.005 0.005 0.000025
Low 0.95 0.03 0.02 0.000025
Medium 0.03 0.07 0.90 0.000125
High 0 0 0.05 0.95
Sexual behaviour transition matrix 8

Zero 0.98 0.01 0.01 0.000125
Low 0.98 0.01 0.01 0.000125
Medium 0.05 0.15 0.80 0.000625
High 0 0 0.20 0.80
Sexual behaviour transition matrix 9

Zero 0.95 0.03 0.02 0.00025
Low 0.93 0.05 0.02 0.00025
Medium 0.20 0.20 0.60 0.00125
High 0 0 0.40 0.60
Sexual behaviour transition matrix 10

Zero 0.90 0.06 0.04 0.0005
Low 0.99 0.005 0.005 0.0005
Medium 0.20 0.20 0.60 0.0025
High 0 0 0.40 0.60
Sexual behaviour transition matrix 11

Zero 0.90 0.06 0.04 0.001
Low 0.99 0.005 0.005 0.001
Medium 0.20 0.20 0.60 0.005
High 0.04 0.08 0.21 0.67
Sexual behaviour transition matrix 12

Zero 0.90 0.06 0.04 0.00025
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Low 0.99 0.005 0.005 0.00025
Medium 0.20 0.20 0.60 0.00125
High 0 0 0 1.00
Sexual behaviour transition matrix 13

Zero 0.75 0.15 0.10 0.0005
Low 0.99 0.005 0.005 0.0005
Medium 0.90 0.05 0.03 0.02
High 0.90 0.05 0.03 0.02
Sexual behaviour transition matrix 14

Zero 0.75 0.15 0.10 0.001
Low 0.99 0.05 0.02 0.001
Medium 0.95 0.03 0.01 0.01
High 0.95 0.03 0.01 0.01
Sexual behaviour transition matrix 15

Zero 0.75 0.15 0.10 0.00025
Low 0.93 0.05 0.02 0.00025
Medium 0.80 0.10 0.05 0.05
High 0.80 0.10 0.05 0.05

Table S8. Values of f5;; (values determining probability of transitioning between short term

partner risk behaviour groups) for women.

Short term partners group in period t (j)

Short term partners group in Zero Any
period t-1 (i) (n=0) (n=1-9)
Sexual behaviour transition matrix 1

Zero (n =0) 0.995 0.005
Any (n =1-9) 0.99 0.01
Sexual behaviour transition matrix 2

Zero (n =0) 0.995 0.005
Any (n = 1-9) 0.98 0.02
Sexual behaviour transition matrix 3

Zero (n=0) 0.995 0.005
Any (n =1-9) 0.95 0.05
Sexual behaviour transition matrix 4

Zero (n =0) 0.995 0.005
Any (n =1-9) 0.85 0.15
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Sexual behaviour transition matrix 5

Zero (n=0) 0.995 0.005
Any (n = 1-9) 0.75 0.25
Sexual behaviour transition matrix 6

Zero (n=0) 0.99 0.01
Any (n =1-9) 0.99 0.01
Sexual behaviour transition matrix 7

Zero (n =0) 0.99 0.01
Any (n = 1-9) 0.98 0.02
Sexual behaviour transition matrix 8

Zero (n=0) 0.99 0.01
Any (n =1-9) 0.95 0.05
Sexual behaviour transition matrix 9

Zero (n =0) 0.99 0.01
Any (n = 1-9) 0.85 0.15
Sexual behaviour transition matrix 10

Zero 0.99 0.01
Any (n =1-9) 0.75 0.25
Sexual behaviour transition matrix 11

Zero (n =0) 0.98 0.02
Any (n = 1-9) 0.99 0.01
Sexual behaviour transition matrix 12

Zero (n=0) 0.98 0.02
Any (n =1-9) 0.98 0.02
Sexual behaviour transition matrix 13

Zero (n =0) 0.98 0.02
Any (n =1-9) 0.95 0.05
Sexual behaviour transition matrix 14

Zero (n=0) 0.98 0.02
Any (n =1-9) 0.95 0.05
Sexual behaviour transition matrix 15

Zero (n =0) 0.98 0.02
Any (n =1-9) 0.75 0.25
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Table S9. Values of f3,-]- (values determining probability of transitioning between short term
partner risk behaviour groups) for female sex workers.

Short term partners group in period t (j)

Short term partners Zero Low Medium High Very High
group in period t-1 (i) (n=0) (n=1-3) (n =4-9) (n =10-35) (n =51-150)

Sexual behaviour transition matrix 1

Zero 0.80 0.17 0.015 0.010 0.005
Low 0.15 0.80 0.030 0.015 0.005
Medium 0.05 0.10 0.80 0.045 0.005
High 0.025 0.025 0.10 0.80 0.05
Very High 0.025 0.025 0.05 0.01 0.80

Sexual behaviour transition matrix 2

Zero 0.90 0.10 0.00 0.00 0.00
Low 0.10 0.80 0.10 0.00 0.00
Medium 0.00 0.10 0.80 0.10 0.00
High 0.00 0.00 0.10 0.80 0.10
Very High 0.00 0.00 0.00 0.10 0.90

Sexual behaviour transition matrix 3

Zero 0.80 0.05 0.05 0.05 0.05
Low 0.05 0.80 0.05 0.05 0.05
Medium 0.05 0.05 0.80 0.05 0.05
High 0.05 0.05 0.05 0.80 0.05
Very High 0.05 0.05 0.05 0.05 0.80

Sexual behaviour transition matrix 4

Zero 0.99 0.01 0.00 0.00 0.00
Low 0.01 0.98 0.01 0.00 0.00
Medium 0.00 0.01 0.98 0.01 0.00
High 0.00 0.00 0.01 0.98 0.01
Very High 0.00 0.00 0.00 0.01 0.99

Sexual behaviour transition matrix 5

Zero 0.96 0.01 0.01 0.01 0.01
Low 0.01 0.96 0.01 0.01 0.01
Medium 0.01 0.01 0.96 0.01 0.01
High 0.01 0.01 0.01 0.96 0.01

Very High 0.01 0.01 0.01 0.01 0.96




Table $10. Baseline values of rg, (factor determining basic* relative level of sexual risk activity by

age and gender)

Age group  Patternl

(a=1,10) Probability = 15%

Pattern 2

Probability = 15%

Pattern 3

Probability = 30%

Pattern 4

Probability = 30%

Males Females Males Females Males Females Males Females

(s=1) (8=2) (s=1) (8=2) (e=1) (8=2) (e=1) (s=2)
15- 0.30 1.80 0.65 1.10 0.05 2.50 0.05 3.00
20- 0.40 1.80 0.65 1.10 0.20 2.50 0.30 3.00
25- 0.85 1.00 1.20 1.00 1.00 1.00 0.80 1.00
30- 1.00 0.80 1.20 0.85 1.00 0.85 0.70 0.85
35- 0.85 0.50 0.65 0.55 0.65 0.55 0.65 0.40
40- 0.50 0.35 0.50 0.45 0.50 0.45 0.50 0.30
45- 0.40 0.30 0.45 0.35 0.45 0.35 0.45 0.15
50- 0.35 0.10 0.40 0.25 0.35 0.03 0.35 0.03
55- 0.20 0.03 0.35 0.20 0.25 0.01 0.25 0.01
60- 0.15 0.02 0.30 0.20 0.15 0.01 0.15 0.01

* Before factors defined below in Table S11 are considered
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Table S11. Factors modifying transition probabilities between categories of short-term condomless partners. See also Table S27 below.

positive HIV test

Factor Description Value
newp_factor Underlying propensity of whole population to Sampled at start of simulation from distribution:
form short-term partnership with condomless sex. Probability 33% 33% 33%
Value of newp_factor 0.5 1 2
rred_a Age-related factor describing the relative The initial age-specific factors are sampled from the distribution shown in Table S10.
propensity of each five-year age group to form The balancing modifier is calculated every time step within model. Equals 1 if partnerships balance
short-term condomless partnerships. These are across the sexes, <1 if the number of age-specific partnerships formed by one sex outweighs that
selected at the start of the model run and can be reported by the other and vice versa.
modified at each time step to balance the number
of short-term partnerships with condomless sex
between different age groups within the
population.
rred_p Person-specific factor reflecting a person’s The population-level propensity for fewer short-term condomless partners (termed p_rred_p) is
propensity to be in a higher or lower risk category | sampled at the start of the simulation from the distribution shown below. Individual-level values
for short-term condomless partners are then sampled with p_rred_p defining the probability that rred_p=0.00001; otherwise rred_p=1.
Probability 33% 33% 33%
Value of p_rred_p 0.3 0.5 0.7
rred_adc Factor reducing the chance of transitioning to 0.2
higher risk category for short-term partnerships
with condomless sex for people with a AIDS-
defining condition
rred_adhav Whether there is a tendency for people with In 20% of runs, people with an adherence score of less than 0.8 will have rred_adhav=2.0.
lower ART adherence to be people who tend to
also have higher numbers of short-term
condomless partners.
rred_d Possible reduction in condomless sex following a Takes value ch_risk_diag_newp within six months of diagnosis and the square root of

ch_risk_diag_newp thereafter. ch_risk_diag _newp is sampled at the start of the simulation for the
whole population from the distribution shown below. Informed by Fonner et al (Fonner 2012)
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Probability 25% 25% 25% 25%

ch_risk_diag_newp 0.7 0.8 0.9 1.0

rred_balance

Factor to balance the absolute number of short-
term condomless partners between men and
women across the population.

Calculated every time step within model. Equals 1 if total partnerships balance across the sexes, <1
if the number of partnerships formed by one sex outweighs that reported by the other and vice
versa.

rred_rc Factor representing population-level behaviour From 1995-2000, there is a general reduction in condomless sex among the whole population,
change through time with respect to the number | determined by ych_risk_beh_newp according to the distribution, informed by [Desmond 2018,
of condomless sex partners. In addition, for sex Glynn 2011]:
workers, the existence and effectiveness of a sex Probability 20% 60% 20%
worker program can affect sexual risk behaviour. Value of ych_risk_beh_newp 0.6 0.7 0.8
From 2018-2024, there is the possibility of a further behavioural change, determined by
ch2_risk_beh_newp according to the distribution:
Probability 50% 50%
Value of ych2_risk_beh_newp | 1.05 1.1
For sex workers, the impact of any sex worker program (starting in 2015 in 20% of all model runs)
can also modify risk. Sex workers who are engaged with the program (defined by sw_program_visit)
have their population-level value for rred_rc further modified by the factor effect_sw_prog _newp.
rred_ep Population-level factor modifying chance of Takes value conc_ep, sampled at the start of the simulation for the whole population from the

transitioning to higher risk category for short-
term condomless partnership for those in a long-
term partnership.

distribution shown below.
Probability
Value of conc_ep

33% 33% 33%
0.33 1.0 3.0
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3.2 Determination of having a long term (condomless sex) partner at period t

Note that only condomless sex partnerships are modelled. Thus if a person has a long term partner
but condoms are used on all occasions of sexual intercourse then this is not counted as having a long
term condomless sex partner, and rates of starting and stopping condomless partnerships can
represent changing condom use within an existing long-term partnership as well as the initiation or
termination of a new partnership itself.

3.2.1 Starting a new long term condomless partnership at period t

At each period, people with no current long term partner have an age-dependent probability of
forming a new long term partnership, termed eprate (equation 2).

0.160'25*N(0’1)

eprate = 7
(equation 2)
Values of a, the age modifier for eprate
Age group 15-34 35-44 45-54 55-64
a 1 2 3 5

The probability of starting a new long-term condomless partnership at time t is modified by several
other factors, described in above.

Table S12. Factors modifying the probability of starting a new long-term condomless partnership.

Factor Description Value

ch_risk_beh_ep | Factor representing Calculation of ch_risk_beh_ep over time:
possibility of Time period <1995 | 1995-2000 >2000
population-level Value of 1 ych_risk_beh_ep | ych_risk_beh_ep
behaviour change ch_risk_beh_ep A (t-1995) A (2000-1995)
through time with
respect to condom Distribution of ych_risk_beh_ep:
use in long-term Probability 25% 25% 25% 25%
partnerships. Value of 0.80 0.90 0.95 1.00

ych_risk_beh_ep

ch_risk_diag Possible adjustment Distribution of ch_risk_diag:
in condomless sex in Probability 25% 25% 25% 25%
long-term Value of 0.7 0.8 0.9 1.0
partnerships ch_risk_diag
following a positive
HIV test.
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Balancing Adjustment to the Uses the ratio of long-term condomless partnerships reported by
partnerships probability of forming | men compared to women, termed r_ep_mw, to adjust the
a new long-term probability of starting a new partnership by either sex.
condomless
partnership in order Value of <0.8 0.8- 0.9- 1.1- >1.2
to balance the total r_ep_mw
number reported by Adjustment | x4 for | x2for | No x2 for | x4 for
men and women to probability | men men change | women | women
within the simulated of
population, updated partnership
each time step. formation

At the time a long term partnership is started, it is classified into 3 duration groups, each with a
different tendency to endure. The percent of people in each group is dependent on age and is
shown in Table S13.

Table S13. Percent of newly formed long term partnerships classified into each of three duration
groups, each of which has a different tendency to endure (higher class, more durable).

Age group Partnership duration group

1 2 3
15-44 30% 30% 40%
45-54 30% 50% 20%
55-64 30% 70% 0%

3.2.2 Stopping a long term condomless partnership at period t

At time period t, for people with a long term partner, the probability of the condomless sex
partnership continuing with respect to their partnership duration group is shown in Table S14. It is
also modified by ch_risk_beh ep, the parameter conveying the population level change in sexual
behaviour with long term partners that occurs from 1995-2000, defined in Table S12. Further, the
probability of the partnership ending is reduced by a factor ch_risk_diag in the 3 month period after
an HIV diagnosis for either the individual or partner.

Table S14. Probability of long-term partnership continuing in time period t.

Duration category 1 2 3
Partnership continuation 1 0.25 - 0.05 1 0.02
probability ch_risk_beh_ep ch_risk_beh_ep ch_risk_beh_ep

20




The probability that a partnership continues is also modified by an age- and sex-specific factor that is
updated each time step to ensure that the numbers of long-term condomless partners reported by
each age group approximately mirror the reciprocal number reported by the opposite sex.

Note also that levels of sexual behaviour, in terms of numbers of short term partners and the
probability of a long term partner are essentially determined by the levels of such sexual behaviour
required in order to produce an epidemic as described, given rates of transmission with condomless
sex partners. Sexual behaviour tends to be under-reported particularly in women and higher levels
of behaviour have to be assumed both to be consistent with levels of risk behaviour reported in
men, and to generate an epidemic of the proportions observed (e.g. Desmond 2018, Glynn 2011,
Yeatman 2011, Gregson 2002, Johnson 2002).

3.3 Determination of number of short term (condomless sex) partners who are HIV
infected at time t

For each short term partner that a subject has at time t, the probability that the partner is infected is
calculated. This is dependent on the prevalence of HIV in those of the opposite gender themselves
having short term partners, taking consideration of age mixing. If the subject is of gender g and age
group a, then for each short term partner the first step is to determine by sampling at random, the
age group of the short term partner, a""P (in fact, for simplicity, all short term partners at time t are
assumed to be in this same age group). The gender and age mixing probabilities used are sampled
independently for each gender in each run from the matrices shown in Table S15.

Table S15. Sexual mixing matrices by age and gender. The proportion of short term partnerships
formed by men in age group an, which are with females of age group arand the proportion of short
term partnerships formed by females in age group ar which are with men of age group an.

A. Men

Female age groups (ay)

Male age 15-24 25-34 35-44 45-54 55-65
groups (am)

Sex age mixing matrix 1

15-24 0.865 0.11 0.025 0.00 0.00
25-34 0.47 0.43 0.10 0.00 0.00
35-44 0.30 0.50 0.20 0.00 0.00
45-54 0.43 0.30 0.23 0.03 0.01
55-64 0.18 0.18 0.27 0.27 0.10

Sex age mixing matrix 2

15-24 0.865 0.11 0.025 0.00 0.00
25-34 0.47 0.43 0.10 0.00 0.00
35-44 0.20 0.35 0.40 0.05 0.00
45-54 0.15 0.23 0.25 0.30 0.07
55-64 0.05 0.08 0.25 0.30 0.32

Sex age mixing matrix 3

15-24 0.90 0.05 0.02 0.02 0.01
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25-34 0.44 0.43 0.10 0.02 0.01

35-44 0.20 0.34 0.40 0.05 0.01
45-54 0.15 0.23 0.25 0.30 0.07
55-64 0.05 0.08 0.25 0.30 0.32

Sex age mixing matrix 4

15-24 0.93 0.05 0.01 0.01 0.00
25-34 0.50 0.40 0.08 0.01 0.01
35-44 0.20 0.34 0.41 0.05 0.00
45-54 0.15 0.20 0.25 0.37 0.03
55-64 0.05 0.08 0.20 0.40 0.27

Sex age mixing matrix 5

15-24 0.94 0.05 0.01 0.00 0.00
25-34 0.50 0.40 0.08 0.01 0.01
35-44 0.40 0.40 0.15 0.04 0.01
45-54 0.30 0.30 0.25 0.10 0.05
55-64 0.30 0.30 0.30 0.05 0.05

Sex age mixing matrix 6

15-24 0.94 0.05 0.01 0.00 0.00
25-34 0.50 0.40 0.08 0.02 0.00
35-44 0.50 0.35 0.10 0.05 0.00
45-54 0.50 0.35 0.10 0.05 0.00
55-64 0.50 0.35 0.10 0.05 0.00
B. Women

Male age groups (am)

Female age 15-24 25-34 35-44 45-54 55-65
groups (ay)

Sex age mixing matrix 1

15-24 0.43 0.34 0.12 0.10 0.01
25-34 0.09 0.49 0.30 0.10 0.02
35-44 0.03 0.25 0.34 0.25 0.13
45-54 0.00 0.00 0.05 0.70 0.25
55-64 0.00 0.00 0.00 0.10 0.90

Sex age mixing matrix 2

15-24 0.43 0.415 0.12 0.03 0.005
25-34 0.09 0.50 0.35 0.05 0.01
35-44 0.03 0.25 0.34 0.25 0.13
45-54 0.00 0.00 0.05 0.70 0.25
55-64 0.00 0.00 0.00 0.10 0.90

Sex age mixing matrix 3

15-24 0.25 0.55 0.15 0.03 0.02
25-34 0.09 0.50 0.35 0.05 0.01
35-44 0.03 0.25 0.34 0.25 0.13
45-54 0.00 0.00 0.05 0.70 0.25
55-64 0.00 0.00 0.00 0.10 0.90
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Sex age mixing matrix 4

15-24 0.05 0.55 0.35 0.03 0.02
25-34 0.03 0.52 0.40 0.03 0.02
35-44 0.03 0.05 0.57 0.30 0.05
45-54 0.00 0.00 0.05 0.70 0.25
55-64 0.00 0.00 0.00 0.10 0.90

Sex age mixing matrix 5

15-24 0.05 0.45 0.30 0.15 0.05
25-34 0.01 0.40 0.39 0.15 0.05
35-44 0.01 0.07 0.47 0.30 0.15
45-54 0.00 0.00 0.05 0.70 0.25
55-64 0.00 0.00 0.00 0.10 0.90

Sex age mixing matrix 6

15-24 0.20 0.20 0.20 0.20 0.20
25-34 0.00 0.25 0.25 0.25 0.25
35-44 0.01 0.01 0.32 0.33 0.33
45-54 0.00 0.00 0.05 0.70 0.25
55-64 0.00 0.00 0.00 0.10 0.90

Then, for the given partner (of gender 1-g and age group a™""), the risk that the partner is infected is
then given by

inf
h, .= Larews,(g-1) Lt-1)
gat —

Danews (g—1) L(e-1)
(equation 3)
where Li("tf_l) is the total number of infected short-term partners at time (t-1), and L(;_4) is the total

number of short term partners at time t-1. The numerator is therefore the total number of infected
short term partnerships of the opposite gender in age group a™"*.

Since we assume that all short term partners at time t are in this same age group, the total number
of infected short term partners that the subject has at time t, L‘{‘f, is then given by

Lirf = Min(Poisson(h; - L;), L)

(equation 4)

3.4 Determination of probability that a long term partner is HIV infected at time t

E/" indicates whether the subject has a long term (condomless sex) partner who is infected (Ej"f =
1 if infected, else E}”f = 0). A long term partner at time t can be infected either because (i) a new
long term partnership has been formed and the partner was already infected, (ii) because a long
term partner at t-1, which has remained a long term partner at time t, has become infected, or (iii)
because an infected long term partner has remained as a long term partner.

For (i):
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It is assumed that 50% of new long-term condomless partners were previously a long-term
condomless partner of the individual (for example, if condom use has started and then stopped
within an ongoing partnership); for these individuals, if the partner was previously recorded as being
HIV-infected then they remain HIV-infected. For new partners who are not known to be already
infected, the probability of infection is based on the HIV prevalence of infection in the previous time
step among subjects of age group a and gender 1-g (equation 5).

EMf=1U< Pa(1-g)(t-1) Where U randomly sampled from Uniform(0,1)
E" = 0, otherwise

(equation 5)
where pg1-g)(t-1) is the HIV prevalence.
For (ii):

The probability that a long term partner of a subject of age group a and gender g becomes infected
from a different partner is derived from the HIV incidence at t-1 for age group a (i.e. the same age
group) and gender 1-g, la(1-g)(t-1) @mong the sexually active population who have both a long term
partner and at least one short term partner (equation 6).

Erf=1, U <ig(1-g)t—1) Where U randomly sampled from Uniform(0,1)
EPf=0,  otherwise

(equation 6)

In order to maintain balance, for each gender, between the number of uninfected people with a long
term partner who is infected, and the number of infected people with a long term partner who is
uninfected, this incidence i, 1 gy—1) is modified at time t dependent on the degree of balance at
time t-1.

For (iii):
IfE( 1) =1 and E, > 1 then assign E{" =1

(equation 7)

3.5 Determination of the risk of infection from a short term partner to the subject

For each HIV infected short term partner of a subject of gender g and age group a the viral load
group, v, of the partner is obtained by sampling from the viral load distribution of those of the
opposite gender. Thus we sample from Uniform(0,1), where the probability of the partner having
viral load in group v is given by

Zv Li(ntf—l)

L LG
(equation 8)

where the numerator is the total number of short-term partnerships had by infected people in viral
load group v and the denominator is the total number of short-term partnerships had by infected
people (in any viral load group).
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Viral load groups are:

(1) <2.7 log cps/mL

(2) 2.7-3.7 log cps/mL

(3) 3.7-4.7 log cps/mL

(4) 4.7-5.7 log cps/mL

(5) >5.7 log cps/mL

(6) primary infection.

Once the viral load group, v, of the infected partner is determined, the probability, t,, of the subject
being infected by the partner is then given according to:

(1) ti=Normal (tr_rate_undetec_vl*fold_tr_newp, 0.0000252)
(2) t2=Normal (0.01*fold_tr_newp*fold_tr, 0.00252)
(3) ts=Normal (0.03*fold_tr_newp*fold_tr, 0.00752)

)

)

)

(4) ta=Normal (0.06*fold_tr_newp*fold_tr, 0.0152)
(5) ts=Normal (0.10*fold_tr_newp*fold_tr, 0.0252)
(6) ts=Normal (0.16*fold_tr_newp, 0.075%)

5
6

These are based on Hollingsworth et al (2008) and Bellan (2015), which are estimated for a longer
term partner.

The transmission risk from a short term partner is multipled by fold_tr_newp due to the assumed
lower number of sex acts in short-term partnerships and fold_tr for viral load groups 2-5 only to
represent underlying variability in transmissibility across the whole population. These probabilities
are increased by fold change w-fold for female subjects aged > 20, by fold _change_yw-fold for
female subjects aged < 20, by fold _change_sti-fold if the person has an existing STI (risk of a new STI
in any one three month period is given by the number of short term condomless partners / 20, and
risk of an STI persisting to each subsequent time step is given by the number of short term
condomless partners / 5) (Cohen 1998), and decreased by 60% if a male partner is circumcised
(Bailey RC, Auvert 2005, Gray 2012). The risk is decreased by 90% or 95% (determined by random
sampling) if the subject is on PrEP with > 80% adherence (details of PrEP use are given below)
(Heffron 2018) Full details of the effects of PrEP are described in Section 6. Each of these
probabilities is sampled once for the whole simulation from the distributions shown in Table S27
below.

In 20% of model runs, it is assumed that short-term partners can have a lower level of viral load
suppression (exp_setting lower_p vI1000) due to short-term migration; in these runs, for
individuals aged 20-49 years, the probability of a short-term condomless partner being virally
suppressed <1000 cells/mL is adjusted by 1/(1+uniform(0,1)) (termed ‘external_exp_factor’) for 1%
of men and 0.05% of women (rate_exp_set_lower_p_vI1000).

We assume that super-infection can occur (i.e. a person can be re-infected with HIV with consequent
risk of acquiring new mutations).

Realization of whether the subject is infected by each short term partner is determined by sampling
from Uniform(0,1).
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3.6 Determination of the risk of infection from a long term partner to the subject

Infected long term partners at time t are classified by whether they are in primary infection (if
infection occurred at t-1), whether they are diagnosed with HIV, whether they are on ART, and
whether their current viral load is < 2.7 cps/mL or not.

The probability of a long term partner with HIV being diagnosed at time t, pf’diag, is determined by
the proportion of all HIV-infected long-term condomless partners who are diagnosed at time t-1,

p‘f’_diag, adjusted according to the difference between this value and the proportion of subjects with
Tdiag
HIV who are diagnosed, T(if,;l) (equation 9).

(t-1)

( ifdiIY <0 then pf? =0
pe,diag
. e, diag ediag _ FPt—1
if 0 <d;_y) <005 then p/™% = .
{ pe,diag
. , dlii ,diag __ Ft—1
if 0.05 < d(et_'i% < 0.10 then p/™™ = — -
if 0.10 < di% then pg@ = pgy
e, diag T(dtlg) e, diag
where d('t_l) — T(“,Zf_l) — g

(equation 9)

T(‘iifﬂ) is the total number of subjects diagnosed with HIV at time t-1 and T(igfl) is the total number

of subjects with HIV (diagnosed and undiagnosed) at time t-1.

The proportion of those diagnosed who are on ART, and the proportion of those on ART who have
viral load < 2.7 log cps/mL are determined in a similar manner. In this way the proportions
diagnosed with HIV, on ART, and with current viral load is < 2.7 log cps/mL are kept similar for the
long term partners as in the simulated subjects themselves.

Risk of infection from a long term infected partner is determined by Normal (0.001, 0.0752) if the
existing partner is in primary infection (ie. infected at t-1), Normal (0.16, 0.000025?) if the existing
partner has viral load < 2.7 log cps/mL, and Normal (0.05*fold_tr, 0.01252) otherwise.

Similar to short-term partners, the transmission risk from a long-term partner is multipled by fold_tr
for partners who are not in primary infection or virally suppressed to represent underlying variability
in transmissibility across the whole population; by fold_change_w-fold for female subjects aged > 20
and by fold_change_yw-fold for female subjects aged < 20; by fold_change_sti-fold if the person has
an existing STI; and is decreased, exactly as for short term partners above, if a male partner is
circumcised or the subject is on PrEP.

3.7 Determination of the risk of infection from the subject to a long term partner

If the subject is infected and a long-term condomless partner is not, there is the possibility of HIV
transmission from the subject to the partner. First, the probability that the subject is the long-term
partner’s only sexual partner is estimated from the proportion of subjects of that age group who
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only have a long-term partner (compared to those who have a long-term and short-term condomless
partners) in that time step.

For long-term partners in a monogamous partnership with the subject, the risk of HIV infection is
based on the subject’s viral load group, modified by fold_tr, fold_change_w, fold_change_yw and
fold_change_sti (based on the subject rather than the partner’s STl status) as described above.

For long-term partners who are assumed to also have other short-term condomless partners (who
not explicitly modelled), risk of infection each time step is based on the HIV incidence for all subjects
of that gender and age group who have a long-term partner and at least one short-term partners.

Balancing of infection rates from subjects to long-term partners is achieved by comparing the
number discordant partnerships from the perspective of infected men with an uninfected female
partner compared to uninfected women with an infected male partner (and vice versa) and
adjusting the number of transmissions accordingly.

A further balancing adjustment is made to equalize the number of concordant positive partnerships
reported by men and women by dissolving some partnerships if the ratio differs from one.

3.8 Occurrence of an STI

The risk of developing an STl in a given 3 month period is given by rate_sti (0.05) times the value of
newp. For people with an STl in one period the probability of persistence to the next is given by
rate_persist_sti (0.20).

4  Transmitted resistance

The modelling of transmission of drug resistance is summarized in Figure S2. The presence or not of
resistance mutations does not influence the risk of transmission (i.e. virus with resistance mutations
present is assumed equally transmissible as virus without such mutations, for a given viral load). The
probability that resistance mutations present in majority virus of the source partner are transmitted
to the newly infected person is dependent on the specific mutation. Once a resistance mutation is
transmitted to the new host it is assumed to have a certain probability of being lost from majority
virus over time (Castro). Even after being lost from majority virus, it is assumed to remain in
minority virus and is selected back as majority virus if an antiretroviral drug selecting for that
mutation is initiated. We also consider the possibility of a person who is already infected become
super-infected, including with drug resistant HIV (Smith 2005), although there is assumed to be at
most a 20% chance (80% chance in 10% of model runs, determined by super_inf_res) that a person
super-infected by a person with HIV resistance then has virus with those resistance mutations as a
result.
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Figure S2. Overview of modelling of transmission of drug resistance
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4.1 Transmitted resistance: details

The viral load group of the person who infected the subject is known, as indicated above. For a
subject infected by a person in viral load group v the probability of a resistance mutation being
present in the infected person is given by

Z . Linf
v, and mutation present ~(t—1)

Zu Li(nt:f—l)

where Y, and mutation present 1S the sum over all partnerships had by HIV-infected people in viral load
group v for whom a resistance mutation is present in majority virus and ), is the sum over all HIV-
infected subjects in viral load group v. Again, realization of whether the subject is infected by a
person with at least one resistance mutation in majority virus is determined by sampling from
Uniform(0,1).

For subjects infected from a source partner with a resistance mutation, the probability that a specific
mutation, m, is present in the source is given by

Z . Linf
mutation m present ~(t—1)

inf
Zmutation present v L(t—l)

Where Y. utation m present iS the sum over all HIV-infected subjects with mutation m present in
majority virus and Y, tation present 1S the sum over all HIV-infected subjects with at least one
resistance mutation in majority virus.

If a given resistance mutation, m, is present in the source partner, the probability that the mutation
is both transmitted and survives in the subject (i.e. that its presence will affect future response to
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drugs for which the mutation confers reduced sensitivity) is mutation specific (Table S16). We
consider uncertainty in the extent to which NNRTI and INSTI transmitted resistance mutations are
effectively immediately lost (even from minority virus) by sampling from a distribution for
parameters res_trans_factor_nnrti and res_trans_factor_ii, which are sampled at the start of each
run.

Table S16. Table of probabilities that for a given mutation present in the source partner the
mutation is both transmitted and survives in the subject (based on evidence from studies comparing
distribution of resistance mutations between treated and antiretroviral naive populations; (e.g.
Corvasce 2006, Turner 2004) and modelling of HIV in MSM in the UK (Phillips 2013)

M184V 0.2

K65R 0.2

Q151M 0.5

Thymidine analogue mutations (TAMS) 0.5

NNRTI mutations (K103N, G190A, Y181C) 1-(0.20*res_trans_factor_nn)

Pl mutations 0.5

Integrase inhibitor mutations sampled from 0.2, 0.4, 0.6 0.8 (res_trans_factor _ii)
Capsid mutation sampled from 0.2 0.5 0.8 (res_trans_factor ca)

4.2 Loss from majority virus of transmitted mutations

There is a probability per 3 months of loss of persistence of transmitted mutations from majority
virus to minority virus (same for each mutation) rate_loss_persistence, which is one of the
parameters sampled at the start of each model run (see Table S27 below). This is again informed by
fitting of a model of HIV in MSM to UK data UK (Phillips 2013)

5 People being hard to reach for services

A proportion of people have a long term propensity not to take up HIV services (including testing,
PrEP, VMMC), for various possible reasons including stigma, physical barriers, etc. (Grimsrud 2020)
(“hard to reach”). The proportion of women that have a propensity to be hard to reach with
prevention and testing services is given by p_hard_reach_w (sampled from Uniform(0.05, 0.15) for
each run / setting scenario; see Table S27). The extent to which this is higher in men is given by a
parameter hard_reach_higher_in_men (sampled from Uniform(0,0.1).

Limited data are available to inform this parameter (proxy variables are the proportion who
reported never being tested for HIV and the proportion who refuse HIV testing), nevertheless we
considered it important to take this into account, given the evidence that not everyone accepts HIV
testing for various reasons. The level of acceptability of provider initiated HIV testing and
counselling (PITC) in resource limited settings is extremely variable from levels of 99%, observed in
inpatients in Uganda (Wanyenze 2011) to 31% among outpatients in South Africa (Bassett 2007).
Among pregnant women the level of acceptability of PITC seems to be higher, varying from 76 to
99.9% (Henson 2012), while the estimated acceptability of home-based counselling and testing has
been estimated in a meta-analysis to be 83% (Sabapathy 2012). This variability seems to be related
mainly to the quality of the intervention delivered and calendar time.
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6 HIV testing and diagnosis of HIV infection

HIV testing was assumed introduced in 2003. People who are hard to reach have no possibility of
getting tested for HIV unless symptomatic. For the remainder of the population (not hard to reach),
increasing gender and age-specific rates of HIV testing (for the 1st time and for repeat testing) since
1996 were assumed (parameter an_lin_incr_test sampled at the start of each model run), to reflect
the range of levels of testing observed in countries in SSA. This increase in testing is assumed to stop
so that testing rates reach a plateau (date_test_rate_plateau). We assume some targeting of testing
such that those having a condomless sex partner since last test are more likely to test — the degree
of such targeting is conveyed by the parameter test_targeting. Pregnant women experience an
additional probability of being tested in the ANC, which increases over calendar time
(rate_testanc_inc).

People with acute symptoms (WHO stage 4, 3 or active TB) are assumed to have a higher chance of
testing for HIV in that 3 month period and a higher chance of being linked to care once diagnosed
and the increase over time in this testing probability incr_test _rate _sympt (test_rate_who4 =
min(0.9, 0.1*incr_test_rate_sympt), test_rate_non_tb_who3 = min(0.7, 0.05*incr_test_rate_sympt),
test_rate_non_tb_who3 = min(0.8, 0.1*incr_test_rate_sympt)). incr_test _rate_sympt is sampled at
the start of each model run (see Table S27 below). There is also a probability of non-HIV-related
symptoms arising in people, regardless of HIV status, which resemble HIV symptoms and so lead to
testing (rate_non_hiv_symptoms=0.005).

The default for HIV tests modelled is 3™ generation antibody tests. These tests have sensitivity 0.98,
except during the 3 month period of primary infection they have a sensitivity determined by the
parameter sens_primary_testtype3.

We consider that a proportion of tests performed may be with self tests (prop_tests_self). We do
not track for each individual test whether it is a self-test. Instead, we assume a test sensitivity which
is a weighted (according to prop_tests_self) average test sensitivity between 0.98 (for clinic tests)
and 0.92 (for self-tests). Likewise the test costs is a weighted average between the costs of clinic 3™
generation antibody tests and self-tests.

7 PrEP

7.1 Overview of modelling of (oral) PrEP

We consider various possible policies by which oral PrEP (tenofovir (TDF) and lamivudine (which is
not distinguished from emtricitabine in the model)) is provided / available. By default we assume
that, in the context of community-led PrEP with education and unrestricted availability, women and
men will only use PrEP during 3 month time periods in which they have an “indication” for PrEP;

We have various ways of defining having an indication for PrEP in a given 3 month period
(prep_any_strategy):

Definition (i): has condomless sex with at least one short-term partner (i.e. newp > 1) OR a long
term partner (ep) who is known to have HIV but is not on ART, OR when a woman feels there is a
high risk her long term partner is in this position (implemented as women aged under 50 without
HIV and with a long term condomless sex partner who is not on ART having a 5% chance that she will
be considered as fulfilling the criteria for risk-informed PrEP, which becomes 50% if her partner has

30



HIV, based on the assumption that for women who suspect they are at risk are indeed at
substantially higher risk that their partner has HIV).

Definition (ii) as (i) but replacing the 5% chance with 10%

Definition (iii) as (i) but having condomless sex with a short term partner in the previous 3 month
period is also sufficient to define having an indication for PrEP

Definition (iv) as (i) but replacing the 5% chance with 1%

Definition (v) as (i) but replacing the 5% chance with 1% AND having condomless sex with a short
term partner in the previous 3 month period is also sufficient to define having an indication for PrEP

It is assumed that the aim is for daily PrEP use during such 3 month periods, although we account for
< 100% adherence.

While in our main analyses we assume that all PrEP use will be risk-informed as described above, we
do not assume that everyone fulfilling the above criteria for risk-informed PrEP will take it. Only a
proportion of people are considered willing to take PrEP even when they have an “indication” for
PrEP (variable name: prep_oral_willing). Whether prep_oral_willing = 1 or 0 depends on the value
of the variable pref_prep_oral which represents the degree to which the person would be likely to
take oral PrEP should it be indicated. It is sampled for each individual from a distribution
beta(pref prep oral beta s1,5), where pref prep oral _beta sl is sampled uniformly from values
0.60.70.80.91.01.1. If pref_prep_oral is above a lower threshold (prep_willingness_threshold,
currently = 0.2) then prep_oral_willing = 1, otherwise it is 0.

The subset of people considered “hard to reach”, as described above, also will not start PrEP. A
parameter rate_test_startprep_any represents the additional rate of being tested for HIV because of
interest in PrEP in people who have never been on PrEP but who have an indication for PrEP. If a
person is willing to take PrEP (prep_oral_willing = 1) and has tested negative and has an indication
for PrEP and is not “hard to reach” then they will start PrEP in the period with probability
pr_prep_oral_b (with the exception that during the scale-up period (dur_prep_oral_scaleup = 4)
lower values are used).

PrEP continuation requires 3 monthly confirmation of HIV negative status in addition to continuing
to have an indication. We also consider that people may stop oral PrEP despite continuing to have
an indication. There is assumed to be a probability (rate_choose_stop prep_oral) of discontinuation
per 3 months. If this is the case, there is assumed to be a prob_prep_any_restart_choice chance of
HIV testing and resumption per 3 month period in which they have a PrEP indication thereafter. If a
person stops oral PrEP solely due to no longer having an indication then PrEP is restarted if the
person tests HIV negative and again fulfils the criteria.

We assume that oral PrEP has efficacy (prep_oral_efficacy) of 90% or 95% (each in 50% of setting
scenarios) (Heffron 2018) and the partner with HIV does not carry virus resistant to emtricitabine/
lamivudine or TDF. Oral PrEP adherence level for an individual, quantified on a scale of 0-1 is the
proportion of the drug target level that is attained with condomless sex partners in a given 3-month
period (determined by adh_pattern_prep_oral). We assume that in 50% of 3- month periods on oral
PrEP adolescents and young adults (age 15-24 years) will have an oral PrEP adherence
rel_prep_oral_adh_younger 0.8 times that for older adults. The assumptions described result on
average in a median of 86% of people on PrEP having > 80% adherence. Oral PrEP effectiveness, as
opposed to efficacy, is what is measured in real life conditions and is assumed to be proportional
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(i.e .0.90 or 0.95-fold) to the PrEP adherence level. In a person with current PrEP adherence of 80%
when assuming PrEP efficacy of 0.95 the current effectiveness would be 0.95 x 80% = 76%. Oral PrEP
is assumed to be only 25% / 50% (determined by sampling oral_prep_eff 3tc_ten_res) as effective
when the partner has virus with both K65R and M184V resistance mutations that affect tenofovir
and emtricitabine or lamivudine. (Gibas 2019)

Oral PrEP can inadvertently be used in people with HIV due to starting oral PrEP when already
infected with HIV. This can be caused by <100% HIV test sensitivity - we assume 3™ generation HIV
tests have sensitivity 98% / 95% (sampled with probabilities 0.8 and 0.2) beyond the 3 month period
of primary infection and sensitivity sens_primary_testtype3 for a person in the 3 month period of
primary infection. Inadvertent use of PrEP in people with HIV can also occur due to them becoming
infected while taking oral PrEP (due to sub-optimal adherence, less than 100% PrEP efficacy, or
infection with tenofovir/FTC drug resistant virus). There is a risk of resistance emergence for
persons who inadvertently take oral PrEP while having (drug sensitive) HIV (Lehman 2015, Parikh
2016), determined by the same mechanism as if they were on tenofovir/FTC as treatment, except
when in primary infection when the risk is directly determined by parameters
pr_184m_oral_prep_primary (= 0.3) and pr_65m_oral_prep primary (= 0.1). The approach to
determining the risk of resistance in people on ART is described below. In brief, risk of resistance
depends on overall activity of the drug regimen being taken (sum of the activity levels of the drugs,
accounting for presence of drug resistance mutations), current adherence and current viral load.
Resistance risk is highest when the overall regimen activity is low and/or adherence is moderate or
high. For a fully active regimen, resistance risk is highest when adherence is moderate. (see details
in section entitled Modelling the effect of ART).

When the prevalence of HIV viral load > 1000 copies/mL amongst all -adults reaches below a certain
level people may not consider there to be a high enough HIV risk to warrant use of PrEP so in some
setting scenarios we assume that PrEP use stops when this prevalence is below 0.05% or 1%
(determined by parameter prep_dependent_prev_vg1000).

We do not generally consider use of post-exposure prophylaxis (PEP), although in a section below we
consider a policy of making PEP in the form of tenofovir-lamivudine-dolutegravir freely available
without prescription.

7.2 Long-acting injectable PrEP

Recent trials have shown that long-acting injectable cabotegravir (cab-la PrEP), an integrase
inhibitor, is highly efficacious in reducing HIV acquisition risk through sex (Delany-Moretlwe et al
2022, Landovitz et al 2021). Assumptions below are informed by data from these and other studies
of cabotegravir (e.g. Eshleman 2022 x 2, Marzinke 2021 x 2, Radzio-Basu J 2019). For modelling of
cab-la PrEP, parameters pr_prep _cab_b, prep_cab_efficacy, rate_choose_stop_prep_cab,
pref_prep_cab_beta_s1 have the equivalent role as the corresponding parameters for oral PrEP.
pref prep_cab the degree to which the person would be likely to take cab-la should PrEP be
indicated is given by sampling from beta(pref prep cab_beta_s1, 5) for each individual where
pref_prep_cab_beta_s1is pref prep_oral_beta_s1 + 1.0. When cab-la PrEP is available then a
person starting PrEP will start the PrEP type according to which of pref prep_oral and
pref_prep_cab has the highest value. The scale up of cab-la takes dur_prep_cab_scaleup =5 years.
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Cab-la PrEP is administered by injection every 2 months (note that our 3 month model time step
means that we have to consider periods of cabotegravir use of 3 months at a time which does not
reflect the actual time interval). Since Cab-la PrEP is injected at a clinic the concept of adherence to
oral drugs does not apply. Due to the existence of long acting injectable drugs we generalise the
concept of adherence and the variable adh which was previously used to convey the persons
adherence to an oral regimen (whether taken by a person with HIV as treatment or by a person on
PrEP who does not realise they have HIV) to be called the adherence / drug level (adh_dl). For oral
drugs adh_dl is the same as adh was. For those currently on cab-la PrEP, adh_dl = 1, representing
the fact that they have the intended full drug level.

Integrase inhibitor drug resistance mutations modelled are at the following codon positions on the
integrase gene: 118, 140, 148, 155, 263 (https://hivdb.stanford.edu/dr-summary/resistance-
notes/INSTI/). A parameter pr_inm_cab_prep_primary determines the risk that a person in primary
infection while dosed with cabotegravir (due to cab-la PrEP being started when in the primary
infection window period in which HIV was not detected, or due to breakthrough infection during
cab-la) develops resistance to cabotegravir in this 3 month period of primary infection. After the
period of primary infection the risk of resistance is determined as described in the below section
entitled Modelling the effect of ART, as if cabotegravir was being intentionally used as treatment,
with the exception that risk of integrase inhibitor resistance in the 3 month period after primary
infection is directly determined by a parameter incr_res_risk_cab_inf 3m (values 135 10 20 50 to
express the high uncertainty). This parameter is included to ensure that we consider fully the
potential risk of integrase inhibitor resistance due to starting cab-la when in early infection.

After a person on cab-la PrEP stops the injections their drug level will fall, with a trajectory that can
be very gradual. Of interest in the model is the period during which the level remains at a
sufficiently high level that if the person becomes infected, there is a substantive risk of drug
resistance (integrase inhibitor drug resistance). There is also some ongoing inhibitory effect on viral
replication. The length of this period is likely to differ by individuals. We currently consider two
scenarios of the pattern of drug level in this “early tail” period (determined by

cab_time_to _lower_threshold g).

A parameter rel_pr_inm_cab_prep_tail_primary determines the relative risk (compared with
pr_inm_cab_prep_primary mentioned above) that a person who becomes infected with HIV who is
in the early cabotegravir tail period develops resistance to cabotegravir. As above, after the period
of primary infection the risk of resistance is determined exactly as described in the below section
entitled Modelling the effect of ART with the “adherence” being the drug level (adh_dl).

Cab-la PrEP is assumed to be less efficacious (parameter prep_cab_effect inm_partner) when the
sexual partner with HIV to whom the subject is exposed has virus with an integrase inhibitor
resistance mutation.

HIV testing to discern whether HIV is present is particularly challenging in the context of people
taking cab-la PrEP because cabotegravir exerts a strong effect on viral replication so virus levels can
be low and antibody levels slow to develop. Rapid 3™ generation antibody tests have particularly
low sensitivity. For this reason it has been proposed that it may be necessary to use RNA-based
tests to in people starting cab-la PrEP to rule out HIV (if variable hivtest_type 1 init_prep_cab=1),
and perhaps to also continue using such tests for the regular 3 monthly tests (if variable
hivtest_type_1 prep_cab=1). We consider four scenarios of sensitivity of such tests in people
exposed to cab-la PrEP determined by the parameter sens_tests_prep cab. Each of these involves
specification of sensitivity of antibody (referred to as type3) and RNA-based tests (referred to as
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typel) according to the time since HIV infection (primary, 3-6 months, 6-9 months or more;
sens_ttype3_prep_cab_primary, sens_ttype3 prep_cab_inf3m, sens_ttype3 prep cab_infgebm,
sens_ttypel_prep_cab_primary, sens_ttypel prep_cab_inf3m, sens_ttypel prep_cab_infgebm)
Separately we specify the sensitivity of antibody testing in a person with HIV in the cab-la “early tai
(sens_vct_testtype3 cab_tail). See Table x above in Supplementary Tables section above Model
Details. Due to earlier detection of HIV and more rapid ART initiation, RNA testing for people on
PrEP throughout is assumed to lead to (testtl_prep _cab_eff on _res prim=0.25/0.5/0.75 (with
equal probability) times the probability of acquiring a given integrase resistance mutation for a
person in primary infection while on Cab-LA. This is summarized in Table S17 below.

IH

Table S17. HIV test sensitivity in the context of cab-la use. Range of HIV test sensitivity values
sampled for various cab-la use situations. See Taylor et al, Eshleman et al 2022 x 2, Marzinke et al
2021x 2.

Sensitivity in detecting HIV in a person.... Sensitivity value (or range from which
value selected for each model run /
setting-scenario)

rd
3 generation RNA-based tests
rapid tests

...in 3 month period of primary infection, not on cab-la 0.5/0.75* 0.86

...infected 3-6 months ago, not on cab-la 0.5/0.75 0.98

...on cab-la, within 3-month period of primary infection | 0/0.1 0.7/0.5/0.3/0.2

...on cab-la, infected 3-6 months ago 0/0.2 0.85/0.7/05/0.3

...on cab-la, infected 6 months ago or more 0.1/0.25/0.5 095/0.8/0.7/0.5

...in early cab-la tail period 0.5/0.8/0.98 0.98

...not currently on cab-la or in primary infection 0.98 0.98

* Since the model updates in 3 month chunks, this value reflects an average of sensitivity across the 3
months (zero sensitivity in initial few days of infection followed by gradual increase over the first
month and then high sensitivity in the second and third months).

8 Male Circumcision

Amongst those testing HIV negative, the probability of VMMC is influenced by the underlying VMMC
rates (see Table S27 for values from which we sample), age and calendar year. The range of
probabilities of VMMC according to age and calendar year reflects the range of VMMC prevalence
across the region. Additionally there is assumed to be a test_link_circ_prob =0.05 probability that an
uncircumcised man testing negative for HIV will link to VMMC. VMMC is assumed to lead to a 60%
lower risk of HIV acquisition from a given partner with HIV (Bailey 2007, Auvert 2005, Gray 2012).
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9 HIV progression in absence of treatment

Figure S3 gives an overview of the modelling of HIV natural history. The model of the natural history
of HIV and the effect of antiretroviral therapy has been derived previously and compared with a
range of observed data (see Phillips et al Lancet 2008, AIDS 2011, Nakagawa et al 2012, 2015 and
associated supplementary material). Below we set out the structure of the model and explain what
parameters represent.
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Figure S3. Overview of modelling of natural history of HIV infection
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9.1 Determination of changes in viral load and CD4 count

Initial logo viral load (Vset) is dependent on age and sex and is sampled from Normal(4.075,0.52) +
((age(t)-35)*0.005) for men and Normal(3.875,0.5%) + ((age(t)-35)*0.005) for men

This viral load (Vset) is assumed to be that reached after primary infection. It is not used to determine
the risk of transmission in primary infection itself.

Initial CD4 count, modelled on the square root scale, is partially dependent on initial viral load and
given by

Square root CD4 count = mean_sqrtcd4_inf (= 27.5) - (1.5 x Vset) + Normal(0,2%) — ((age — 35) x 0.05)
Initial virus is assumed to be R5-tropic. Shift to presence of X4 virus is assumed to depend on viral
load. Probability of a shift per 3 months is given by 10" x 0.0000004, where v is the current logio
viral load.

Viral load change (vc) from period t-1 to period t (i.e. in 3 months) is given by

vc(t-1( = (gx x 0.02275 + Normal(0, 0.052) + ((age(t-1) - 35) x 0.00075)

gx is sampled as described in Table S27. viral load at t (v(t)) = v(t-1)+ vc(t-1)

CD4 count changes from period t-1 to t are dependent on the current viral load (i.e. viral load at time

t-1) and are given by sampling from a Normal distribution with standard deviation sd_cd4=1.2 and
mean fx (sampled as described in Table S27) times the values as follows:
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Viral load att-1  Change in square root

CD4 count (per 3
mths)

<3.0 +0.000

3.0- +0.022

3.5- +0.085

4.0- -0.400

4.5- -0.400

5.0- -0.850

5.5- -1.300

6.0- -1.750

People with X4 virus present experience an additional change in square root CD4 count of -0.25.

These estimates were derived based on consideration of evidence from natural history studies
(Pantazis 2005, Sabib 2000, Hubert 2000, O’Brien 1998, Henrard 1995, Lyles 2000, Touloumi 2004,
Mellors 1997, Koot 1993) and were selected in conjunction with other relevant parameter values to
provide a good fit to the incubation period distribution. Differences that have been found in initial
viral load by sex, age and risk group are not currently incorporated in the model.

Table S18. Example model outputs of incubation period by age. Kaplan-Meier percent with WHO 4
Event. Compare with Darby 1996. This varies by model run due to the sampling of the value of the
parameter fx.

Age at infection 5 10 15 20
15- 10% 30% 38% 39%
25- 16% 36% 43% 43%
35- 21% 42% 48% 51%
45- 28% 46% 55% 50%
55- 35% 53% 56% 100%

If a CD4 count is being measured then the measured value is the underlying value (on the square
root scale) plus measurement error (obtained by sampling from a Normal distribution with standard
deviation (sd_measured_cd4) 1.7.

10 Modelling the effect of ART

Here we describe details of the modelling in relation to drug resistance and the effect of ART.

Before giving full details we show (Figure S4) outputs of the model relating to outcomes by 1, 3 and
10 years from initiation of first line ART with either an efavirenz or dolutegravir based regimen (each
with tenofovir and 3TC) in the absence of any switching in drug regimen.

This illustrates the combined effects of the model assumptions which are described below. This is in
the context of adherence profile 2 (see below for different adherence profiles considered), and it is
for a situation with which there is no pre-ART NNRTI resistance.
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Figure S4. Illustration of assumptions on effectiveness of efavirenz and dolutegravir-containing 1st
line regimens. Outcomes at 1, 3 and 10 years in absence of any switching to second line. In the
context of adherence profile 2
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10.1 Modelling the effect of ART - Structure

The structure of how the relationship between ART adherence, viral load, development of
resistance, CD4 count and risk of death is modelled is illustrated in Figure S5 below. The adherence
level - the determination of which is described in detail below - influences the risk of acquisition of
new mutations as well as having a direct effect on the viral load and CD4 count. Acquisition of
resistance mutations impacts on the total activity level of the regimen, calculated as the sum of the
activity level of the drugs, akin to what is sometimes referred as a “genotypic sensitivity score”. This,
in turn, is a further determinant of the risk of new mutations arising. Distinction is made for each
resistance mutation as to whether it is only present in minority virus (which can occur if the patient
has a mutation present but is not taking a drug that selects for that mutation), so the mutation is
assumed not transmissible, or if it is present in majority virus. Failure of the current line of ART is
determined by CD4 count or viral load or clinical disease, depending on the monitoring strategy
being implemented, and this triggers a switch to the next line of ART at a certain rate
(pr_switch_line). The following sections provide further details, including how adherence levels are
determined and how they influence the viral load, risk of resistance and the CD4 count. We also
explain the modelling of ART interruption and loss to follow-up. We provide references to papers
that have been used to inform the approach. It should be noted though that parameter values used
in the model are rarely extracted directly from any one paper, they are values that are arrived at
based on their ability to generally reproduce outputs that are consistent with observed estimates.
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Figure S5. Overview of the modelling of the effect of ART.
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10.2 Initiation of ART

It is assumed ART became available in 2004. Eligibility for ART initiation in people diagnosed with HIV
before 2003 is determined by the development of a WHO 4 or TB event. From 2004 to 2010,
eligibility for ART initiation is determined by a measured CD4 count < 200 (in the last year) or the
development of a WHO 4 event or TB and from 2011 to 2014 by a CD4 count <350 or a WHO 4
event. From 2011 onwards, pregnancy (option B+) is also an indicator for ART initiation. From 2014,
ART initiation was indicated also based on a CD4 count < 500. From 2017 onwards, all people
diagnosed with HIV are eligible for treatment. For people that are eligible to be initiated on
treatment the probability that ART initiation occurs is determined by sampling from a Uniform (0,1)
distribution and determining whether this is below the value for pr_art _init. The ART initiation
policy at any point in time in the model is specified by the variable art_initiation_strategy.

10.3 Choice of ART regimen

We model a representative range of specific drugs, but not all drugs. Drugs included are lamivudine
(also representing FTC/emtricitabine), zidovudine, tenofovir (no distinction between TDF and TAF),
nevirapine, efavirenz, atazanavir/r, lopinavir/r, darunavir/r, dolutegravir and cabotegravir (with the
latter only used as long-acting PrEP). Regimen choice at a given point in time is largely reflective of
WHO guidelines at the time. For several years until 2017 there has been a recommendation to use
efavirenz/tenofovir/lamivudine. With increases in NNRTI drug resistance there has been a recent
WHO recommendation to initiate ART with a first line regimen of dolutegravir/3TC/tenofovir
(initially this applied only if pre-treatment NNRTI resistance levels were above 10%, but from 2019 is
a general recommendation). There has not been a WHO recommendation to switch efavirenz to
dolutegravir in people already taking efavirenz, except in the context of detected virologic failure.
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However, several countries have in fact switched nearly all people on ART to
dolutegravir/3TC/tenofovir. We sample for each model run a parameter to determine whether
there has been such a complete switch to dolutegravir, or only for ART initiators (reg_option_104:
50% probability of each ).

10.4 Monitoring of people on ART

Early guidance from WHO for monitoring of people on 1°! line ART and deciding whether to switch to
second line ART included monitoring for occurrence of new clinical conditions or regular
measurement of the CD4 count to detect if this was declining. From around 2015 the
recommendation changed to use of viral load monitoring. Our model reflects these changes. The
monitoring strategy in use at any point in time is conveyed by the variable art_monitoring_strategy.
If viral load monitoring is in place a parameter prob_vl_meas_done determines the probability that
any measure due is done as intended.

10.5 Switch to second line after failure of first line ART

The probability of switching per 3 month period after the criterion for failure of first line ART is met
is pr_switch_line. The switch rate is likely to vary substantially by setting' (Fox 2012, Johnston 2012,
Rohr et al, Narainsamy et al, Petersen et al, Ramadhani et al, Murphy et al). The 2" line regimen
has tended to consist of a boosted protease inhibitor, lamivudine and zidovudine. Recently
dolutegravir has been used as part of 2™ line regimens in people who had not previously
experienced this drug. There is not a consensus on whether the 2" line regimen should replace
tenofovir with zidovudine or not. As discussed above, we aim to reflect this variability.

10.6 Adherence pattern

The model specifies a current adherence level (i.e. for the current 3 month period) for people on
ART, a value between 0%-100%. We first give a brief description of the approach and then give
further detail. Since the model updates in 3 month periods, short term interruptions of days or a
few weeks are treated as sub-optimal average adherence during the 3 month period. Interruption of
ART over periods of 3 months or greater are referred to as ART interruption/discontinuation and
modelled explicitly. ART interruption/discontinuation is usually concomitant with disengagement
from clinic attendance. Average adherence in each 3 month period for an individual is determined
from the underlying tendency to adhere (which is a lifelong value for the individual, unless changed
as a result of an adherence intervention) with within-person period-to-period variability. Each
patient thus has a certain higher or lower tendency to adhere but their actual adherence varies over
time, both at random and according to factors such as age, gender, presence of symptoms and
experiencing an enhanced adherence intervention as a result of a viral load measured > 1000
copies/mL, as detailed below. Effects of adherence on viral load and resistance acquisition risk are
modelled by classifying levels into < 50%, 50-79%, > 80%, with effects of ART on viral load
suppression being maximal in the > 80% adherence level (Cheng 2018) and the resistance acquisition
risk being highest in the 50%-79% category. We do not distinguish between patterns of adherence
at a level more granular than the 3 monthly average level and hence cannot explicitly take into
account the specific pattern within the 3 month period, which could be important (e.g. whether 80%
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adherence consists of missing drug one day in every five or a 1 week interruption in every 5 weeks).
Thus the adherence level in each period should be conceived of as conveying the degree to which
the pattern of adherence means that drug levels are maintained at intended therapeutic levels,
rather than simply the average adherence over the period. The distribution of adherence levels was
primarily determined by the adherence levels required for the model outputs to mimic observed
data. This includes data on rates of resistance development and virologic failure and also data on
the proportion of patients at first virologic failure who have no resistance mutations present (Fox
2008, Bangsberg 2004, Bangsberg 2006, Bangsberg 2006, Hamers 2011, Hassan 2014, Hoffmann
2009, Hoffmann 2014, Kobin 2011, Li 2014, Mackie 2010, Rosenblum 2009, Tran 2014, Usitalo 2014,
von Wyl 2013, Johannesen 2009, Musengimana 2022, Agegnehu 2022)

Consistent with evidence that people tend to have different tendencies to adhere, adherence is
modelled using two components. Each patient has a certain greater or lesser tendency to adhere
(adhav, measured on a scale of 0-100%) but, as described above, their actual adherence in a given
period varies over time. Adherence in a given 3 month period is referred to as adh. adhvar is the
standard deviation representing the within-person period-to-period variability over time. Thus,
adherence at any one period is initially determined as follows (although with modifications
explained below):- adh = adhav + Normal(0,adhvar?). An example of how the the distribution of the
values of adhav and adhvar are specified as follows and as illustrated in Figure S6. We consider a
range of such patterns and sample at random from the distribution of adh_pattern for each model
run. The different adherence profiles from which we sample are as follows:

1

1% probability adhav = 10% adhvar = 20%
1% probability adhav = 79% adhvar = 20%
18% probability adhav = 95% adhvar = 5%

80% probability adhav = 95% adhvar = 2%

2

3% probability adhav = 10% adhvar = 20%
3% probability adhav = 79% adhvar = 20%
14% probability adhav = 90% adhvar = 6%

80% probability adhav = 95% adhvar = 5%

3

5% probability adhav = 10% adhvar = 20%
7% probability adhav = 79% adhvar = 20%
8% probability adhav = 90% adhvar = 6%

80% probability adhav = 95% adhvar = 5%

q

5% probability adhav = 10% adhvar = 20%
10% probability adhav = 79% adhvar = 20%
27% probability adhav = 90% adhvar = 6%

38% probability adhav = 90% adhvar = 5%

20% probability adhav = 95% adhvar = 5%

5

41



15% probability adhav = 10% adhvar = 20%

15% probability adhav = 70% adhvar = 20%
50% probability adhav = 90% adhvar = 6%
20% probability adhav = 95% adhvar = 5%
6

20% probability adhav = 10% adhvar = 20%
20% probability adhav = 79% adhvar = 20%
40% probability adhav = 90% adhvar = 6%
20% probability adhav = 95% adhvar = 5%
7

30% probability adhav = 10% adhvar = 20%
30% probability adhav = 60% adhvar = 20%
10% probability adhav = 70% adhvar = 6%
30% probability adhav = 90% adhvar = 5%

Figure S6. lllustration of adherence pattern assumptions. This is for adherence pattern 2. 3% of
the population have the adherence as shown in the top left, 14% as shown in the bottom left right,
etc. While adherence is generally high in the majority of people on ART (hence the high proportion
of people on ART with viral suppression), most probably experience at least some periods of poorer
adherence (e.g Muyingo, 2008)

Adherence 3% Adherence 3%
100% — = = = = = = = = = = = - 100% == = = = = = — — — —— -
80% |- = === ————— - 80% | = = ==m —_————— =l
505 (U 50% |- == = — — o - —-

average = 10%
average = 80%

Time on ART Time on ART

0
Adherence 14%’ Adherence 80%

100% — = = = = — = = = — = — -
100% = = = = = = = = = == — =
80% [F= Yy — === - 80% Lo - - ___-__"
50% |-=—-—=—=—==—=====- 50% == == == = = === -

average = 90% average = 95%

Time on ART Time on ART

The above describes how we determine the person-specific underlying adherence (adhav) and
variation in adherence (advar). adhav remains constant over a person’s lifetime, with the exception
that it can increase as a result of an adherence intervention due to viral load measurement above
1000 cps/mL (see below), or when starting 2" line ART (due to the fact that there is the emphasis
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that this is likely the last line of ART available — a last chance to be adherent, albeit that this effect
can be counteracted by the lower adherence described below due to toxicity of atazanavir). The
increase in adhav when starting second line is person-specific and given by 5% x exp(Normal(0, 1)).

Given adhav and adhvar, the adherence in any one period is determined as follows. First adh =
adhav + Normal(0,adhvar?). Then adh can be modified according to presence of a drug toxicity, a
current WHO stage 4 condition or TB, or gender and age.

10.7 Effect of current drug toxicity and current TB or WHO stage 4 condition on
adherence

The effect of drug toxicity on adherence is person-specific and given by 5% x exp(Normal(0, 0.3)). In
any one 3 month period in which a toxicity is present there is 30% chance of this effect operating.
The effect of drug toxicity on adherence is most clearly seen in randomized double-blind trials in
which, for example, discontinuation rates are higher for efavirenz-based 1% line compared with a
dolutegravir-based regimen (Walmsley 2013, Walmsley 2015). During the time of a WHO stage 4 or
TB disease, adherence is assume to be reduced by 10%..

10.8 Effect of age and gender on adherence

There is an effect of age on adherence, partly evidenced by differences in viral suppression levels,
most notably with lower adherence in the 15-20 year age group compared with older ages
(O’Connor 2016, Filimado 2019, Haberer 2019, Ligeois 2019, Jiamsakui 2017, Malawi MoH). Gender is
also an influence, as suggested by the higher proportion of women on ART with viral suppression in
the PHIA surveys (PHIA surveys).

For men age 15-19 / 20-24 / 25-29, if initially there is adh_dl in a period above 80% there is a 30% /
20% / 10% chance of the adherence being reduced: 65% in two thirds of men and 10% in one third.

For women age 15-19, if initially there is adh_dl in a period above 80% there is a 20% chance of the
adherence being reduced: 65% in two thirds of women and 10% in one third.

For women age 20-24 / 25-29 / 30-34 / 35--49 / 50+, if initially there is adh_dI in a period below 80%
thereisa 10% / 30% / 50% / 80% / 90% chance of the adherence being increased to 90%.

Comparisons between model outputs and data from the literature in Figure S7-S13 illustrate the
extent to which the model captures various aspects of virologic responses to ART (efavirenz based
regimens).
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Figure S7. Model outputs of the risk of virologic failure while on ART according to adherence level
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Figure S8. Model outputs of the risk of NNRTI resistance with virologic failure while on ART,
according to adherence level
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The distribution of adherence over the first year of ART has been compared with data from a large
programme in Zambia (see Figure S9; (Chi 2009)). Viral load suppression at one year from start of

ART is shown in Figure S10. These are reconstructed outcomes for all people who have initiated ART
in Zimbabwe (the overall mean CD4 count at initiation is 145 /mm3). Figure S11 and Figure S12
compare Kaplan-Meier estimates of time to virologic failure and resistance, respectively, between
the model and observed data, in the latter case from the UK due to the lack of data from sub-
Saharan Africa (although noting that a substantial minority of people in the UK database originate

from sub-Saharan Africa). Figure S13 illustrates the proportion of people with resistance (amongst

those on ART with non-suppressed viral load) and corresponds to estimates from the large WHO
resistance surveillance.

44



Figure S9. Distribution of average adherence level over first year of ART (for those on ART at 1 year)
(Chi 2009).
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Figure S10. (a) Percent of people alive at given time points from start of ART who have viral load
suppression and (b) percent of people alive and on ART at given time points from start of ART who
have viral load suppression (WHO resistance report 2012).
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Figure S11 Kaplan Meier estimates of risk of virologic failure while on ART, by time from start of ART
(Fox 2012).
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Figure S12. Kaplan Meier estimates of risk of NNRTI resistance with virologic failure while on ART,
by time from start of ART (Cozzi-Lepri 2010).
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Figure S13. Of people with viral load > 500 at 1 year from start of ART, percent who have NNRTI
drug resistance (WHO resistance report 2012).

Data from WHO Resistance Report 2012
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10.9 Effective adherence

We also considered the concept of effective adherence, which reflects predicted adequacy of drug
levels, whereby for those on regimens that do not include an NNRTI the effective adherence is as the
adherence itself, but for those on NNRTI-containing regimens the effective adherence is the
adherence + add_eff _adh_nnrti (base value Log normal(In 0.10, 0.30)), reflecting the long half life of
NNRTI drugs (Cheeseman 1993) which is an advantage as it means such regimens are more forgiving
of periods of poor adherence (Bangsberg 2004, Bangsberg 2006, Bangsberg 2006, Kobin 2011,
Gardner 2009, Gross 2008, Meresse 2014, Parienti 2007). Additionally,-it is assumed that patients
on ART are susceptible to occasional (rate 0.02 per 3-months severe temporary drops in drug level
(i.e. effective adherence level), leaving them susceptible to viral rebound (but with low risk of
resistance as the effective adherence drop is so profound). This phenomenon is assumed to be 100
times more frequent among those on protease inhibitor regimens than in those on other regimen:s.
This latter assumption is the only plausible means (at least within our model framework) to explain
why virologic failure occurring on boosted protease inhibitor regimens often occurs in the absence
of resistance (Hill 2013).

10.10 Effect of viral load measurement above 1000 cps/mL on adherence

As mentioned, adherence can be affected by experience of an enhanced adherence intervention
after initial measurement of viral load > 1000 copies/mL which is assumed to lead to an increase in
adherence in 35%/50% of people, consistent with data showing that a significant proportion of
people with measured viral load > 1000 copies/mL who undergo an adherence intervention
subsequently achieve viral suppression without a change in ART (Hoffmann 2009, Hoffmann 2014,
Orrell 2007, Rutstein 2015) and broadly consistent with a meta-analysis (Bonner 2013). Although
the appropriate duration to assume for this effect is uncertain (Hoffmann 2014), the impact of
adherence interventions has often been shown to diminish with time (Barnighausen 2011). Based
on this overall body of data, we assume that the adherence intervention is effective only the first
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time it is performed and that for 90% the effect is permanent but that in the remaining 10% of those
with an adherence benefit it lasts only 6 months.

10.11 ART interruption / discontinuation

People can interrupt ART, and this may be due to not continuing with clinic visits (disengagement,
modelled as simultaneous interruption and loss to clinic follow up) but ART can be interrupted also
in those still attending clinical visits. The basic rate of interruption due to patient factors (refered to
as rate_int_choice, although recognising that this is often not a free choice) is greater in people with
current toxicity (2-fold) and those with a greater tendency to be non-adherent (1.5-fold if adherence
average adhav 50 — 79% and 2-fold if adherence average adhav < 50%). In a systematic review, drug
toxicity, adverse events and side effects have been found to be the most commonly given reasons
for drug discontinuation (Kranzer 2011, Dear 2022).

The rate of interruption also reduces with time on ART, decreasing after 1 years (Kranzer 2011,
Kranzer 2010, Tassie 2010, Wandeler 2012, Dear 2022). If adherence average (adhav) > 80% then
the chance that interruption coincides with interrupting/stopping visits to the clinic is equal to
prob_lost _art; if 50 <= adhav < 80% then prob_lost _art is multiplied by 1.5, if adhav < 50% then
prob_lost_art is multiplied by 2. This is due to an assumption that factors leading to poor
adherence are also likely to be associated with interruption. The rate of interruption and
disengagement with care is likely to vary by setting. Figure S14 shows a comparison between
modelled and observed (from a study by Kranzer et al 2010). Kaplan Meier estimates of the percent
of people having interrupted or discontinued ART by time from ART initiation.

Figure S14. Percent who have interrupted or discontinued ART by time from initiation (87).
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10.12 Interruption of ART without clinic being aware

It is known that in some instances people on ART have such poor adherence that they have in fact
interrupted or stopped ART entirely but, in the same way that the clinic is not always aware of the
true adherence level, they are also not always aware when the person has completely interrupted
ART. This means that the clinic may think a patient is virologically failing, because viral load is high,
when in fact this is due to interruption rather than resistance. This can be seen from studies on
people with virologic failure in which a proportion have no identified resistance mutations (Hamers
2011, Wallis 2010). Thus, when a person interrupts ART (but remains under care) we introduce a
variable that indicates whether the clinic is unaware. clinic_not_aw_int_frac (base value Beta (6,4),
median=0.61). This distribution was chosen to produce realistic model outputs for the proportion of
people with detectable viral load who have resistance. If a patient has interrupted ART with the
clinic unaware then not only is the patient (wrongly) classified (by the clinic) as virologically failing (if
viral load has been measured), but a switch to second line can occur. Figure S15 compares the
proportion of people with resistance between our model and WHO survey data.

10.13 Re-initiation of ART after interrupting in patients still under clinic follow-up

For patients who have interrupted ART due to “choice” but are still under clinic follow-up, the
probability of restarting ART per 3 months in the base model is rate_restart. This probability is
increased 3-fold if a new WHO 3 condition has occurred at t-1, and 5-fold if a new WHO 4 condition
has occurred at t-1 since occurrence of clinical disease in a person seen at clinic is likely to prompt
ART re-initiation. This will vary by setting but is informed by studies showing that of people who
have initiated ART who are still seen at clinic a very high proportion are on ART at 12 months from
start of ART (McMahon 2013). Kranzer et al found a rate of restarting ART amongst those that
interrupted or discontinued of 21 per 100 person-years but this figure is an overall figure which
includes in the denominator those who are not attending the clinic (loss to follow-up and return to
care are described below) (Kranzer 2010).

10.14 Interruption due to drug stock-outs

The basic rate of interruption due to interruption of the drug supply is prob_supply_interrupted per
3 months. This will vary over time and by setting but we assume low rates in current and future

years (0.003 per 3 months per person). For patients who have interrupted ART due to interruption
of supply the probability of restarting ART per 3 months is prob_supply_resumed (McMahon 2013).

10.15 Loss to follow-up while off ART (for reasons apart from drug stock-outs)

The probability per 3 months of interrupting/stopping clinic visits (i.e. being lost to follow-up) is
rate_lost if adherence average adhav > 80%. This is increased by 1.5 fold if 50% < adhav < 80% and
by 2-fold if adhav < 50%. This high rate is informed by the fact that low numbers of people
attending clinics after having been initiated on ART are not still on ART (e.g. WHO resistance report
2012). Interruption of ART and loss to follow-up are assumed correlated with the underlying
tendency to adhere when on ART because we assume that the same underlying social, practical and
economic factors will be an underlying cause of these behaviours.
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For people lost to follow-up who are asymptomatic, the probability of returning to clinic per 3
months is rate_return if adherence average adhav >80%. This is decreased by 2-fold if 50% < adhav
< 80% and by 3-fold if adhav < 50%. If a person develops a new WHO 3 or 4 event then they are
assumed to return to the clinic with probability 1. As mentioned above, this leads to an overall rate
of restarting of ART after interruption (including having been loss to follow-up in many cases)
consistent with the estimates from South Africa from Kranzer et al, although these will vary by
setting (Fox 2012, Gross 2008, Charurat 2010).

Report (2012) (74).
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10.16 Effect of ART on viral load, CD4 count, resistance development and drug
toxicity

This section describes the determination of updated viral load, CD4 count, and acquisition of new
resistance mutations in a given time period for people on ART. The updated viral load, CD4 count
and risk of new resistance mutations appearing all depend on the effective adherence in the
previous and current period, the number of active drugs (nactive) and the current viral load, as well
as the time period from the last time ART was started or restarted. The values of viral load, CD4
count, and resistance mutation risk for any combination of these factors are given in Table S19-521
below. The rationale behind this approach and how the specific values in the table were chosen is
explained below. The choice of values is directly informed by studies in this area and by comparison
of model outputs with data. For the new resistance mutation risk, the number in the table is
multiplied by the viral load (mean of values at t-1 and t) to give a value for the variable newmut,
which is used when assessing whether a new mutation or mutations have arisen (see below).
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10.17 Number of active drugs

We use the concept of the number of drugs that are active, based on presence of resistance
mutations to the drugs being used. The level of resistance is determined by the presence of drug
resistance mutations, with a given set of mutations being translated into a level of resistance to a
given drug on a scale of 0 to 1 in the same way as is done for common resistance interpretation
systems. The activity level of a drug is then calculated as 1 minus the level of resistance to the drug.
The ability of the number of active drugs, or the genotypic sensitivity score, to predict the viral load
outcome is well established (DeGruttola 2000), and the concept of using a genotypic score to define
“optimised background therapy” has been common to the design of several trials in treatment
experienced patients (e.g. Grinsztejn 2007). While some studies of NRTIs have suggested that this
relationship does not hold, these are confounded by adherence level (Paton 2017 ). This is the
basic concept but note that below we explain consider that drugs, such as boosted Pls, can have
higher potency (since they can virtually sustain viral suppression alone) and thus contribute a value
greater than 1.

10.18 Classification of adherence levels

While we model the adherence level for each individual at each three month time period as a value
between 0 and 100%, to determine the viral load, CD4 count and resistance risk, as noted above, we
classify adherence into three levels. This is the simplest approach that allows inclusion of the fact
that the relationship between adherence and resistance risk is not linear, since the risk of resistance
tends to be lower when the adherence is either low or high, and the risk of resistance is highest
when adherence is moderate, allowing enough replication for mutations to occur and enough drug
present to allow selection of virus with resistance mutations (Bangsberg 2004, Gardner 2009,
Rosenbloom 2012).

As mentioned, the cut-offs used to define the three adherence levels are 50% and 80%. Adherence-
resistance and adherence-viral load relationships differ by regimen type and even specific regimen
within a class and any overall breakdown into groups is necessarily a simplification. A cut off of 80%
is chosen as the upper level as (unlike for unboosted PI regimens) at adherence levels of at least
80%, NNRTI, integrase inhibitor, and boosted Pl regimens are likely to have maximal or close to
maximal effects on viral load and minimal risk of resistance selection (Parienti 2007, Cheng 2018).
Actual risk of resistance probably depends on the pattern of adherence, not just the average over a
three month period, so that a treatment interruption of over 1 week during the three month period,
while maintaining an overall average adherence of 80%, could lead to a higher level of risk of
resistance emergence than a situation in which the adherence was more uniform over the period
(Genberg 2012), although in people who have ongoing viral suppression NNRTI regimens seem to be
generally robust to even relatively low levels of adherence (Gross 2008, Meresse 2014, Parienti
2007, Cambiano 2010). A level below 50% is one that that has been associated with raised risk of
detectable viral load (Genberg 2012, Arnsten 2001)

10.19 Determination of viral load, CD4 count and risk of resistance in people on ART

Viral load, CD4 count and risk of resistance in the first 3 months after (re-)starting ART
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Table S19 shows how the viral load, CD4 count and risk of resistance is determined for people in the
first 3 months after starting ART or re-starting ART after an interruption of at least 3 months. Since
in this early period on ART, the viral load will depend on the initial value the updated viral load is
given as a reduction from the pre-ART maximum viral load. If the number of active drugs is three or
more then at a high adherence level (above 0.8) the mean viral load change from the pre-ART
maximum is 3 log copies/mL. To reflect the fact that there is variability in the response (Montaner
1998), the value for a given person is sampled from a Normal distribution with standard deviation
0.5. This viral load response diminishes both with decreasing number of active drugs in the regimen
being started (which is informed by data from studies relating GSS to virologic outcome, as well as by
studies of mono and dual therapy regimens (DeGruttola, Eron 1995, Havlir 1995, Kuritzkes 1996,
Larder 1995, Phillips 1997, Wittkop 2011, Wittkop 2013). The viral load response also diminishes
with decreasing level of adherence (see Figure 16 and for example Genberg et al). Asis well
established, the CD4 count response generally mirrors the viral load response, although with very
low numbers of active drugs and low adherence there is a mean decrease in CD4 count and still a
small decrease in viral load from the maximum. Note that we do not incorporate the known more
rapid decline in viral load seen with integrase inhibitors.

Figure S16. Model output: of people on ART, percent with current VL >500 according to current
adherence. Comparison with data from Genberg at el on electronic monitoring-based adherence
measures (Genberg 2012).
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Regarding the risk of new drug resistant mutations arising, Tables S19-S21 provide a number for
“new mutation risk” that is multiplied by the viral load (mean of values at t-1 and t) to give a
probability used when assessing whether a new mutation(s) has/have arisen. Values of the new
mutations risk have been chosen in conjunction with the translation of presence of mutations into
reduced drug activity to provide estimates of resistance accumulation consistent with those
observed in clinical practice (Johannessen 2009, Gallant 2004, Harrigan 2005, Ledergerber 1999,
Phillips 2001, Phillips 2005, Staszewski 1999).
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Risk of new resistance mutations arising increases with decreasing number of active drugs, reflecting
the known greater risk of resistance with regimens less able to suppress viral replication, most
clearly seen in the fact that early mono and dual therapy regimens were highly susceptible to
resistance development (Charurat 2010, DeGruttola 2000, Grinsztejn 2007). At low adherence
levels, the risk of resistance development is generally low regardless of the number of active drugs,
as drug selection pressure is low. However, for those on NNRTI regimens the new resistance
mutation risk is assumed to be that for the effective adherence category of 50 — 80% (i.e. maximal)
even if the effective adherence is below 50%, reflecting the fact that NNRTI resistance develops
easily, even when drug exposure is very low (Bangsberg 2004, Bangsberg 2006).

Viral load, CD4 count and risk of resistance between 3-6 months from (re-)starting ART

For the period 3-6 months from (re-)start of ART (Table S20; to reduce the table content we do not
provide the matrices of values for the resistance risk or CD4 count, only for the viral load (the full
table is available in Cambiano et al 2014 (Van Leth 2004). We consider the adherence in both the
current and previous 3 month period, since the likelihood of reaching viral suppression by 6 months
will depend on adherence throughout the whole 6 month period from start of ART, although the
adherence in the current period is assumed to be the stronger factor. By 6 months after starting
ART, those on 3 or more active drugs with consistently high adherence generally reach a relatively
high level of viral suppression, regardless of pre-ART maximal viral load, so a person’s viral load is no
longer given by the change from baseline but the absolute level of viral load which it is likely they
have reached. In these optimal conditions of high adherence and maximal active drugs we assume
the viral load has a mean value of 0.5 log, again with variability between individuals. Since most viral
load assays have a lower limit of quantification of 40 or 50 copies per mL, it is not actually known
what the viral load level is, although highly sensitive assays suggest that a proportion of patients
reach below 11 copies/mL. At lower numbers of active drugs and lower adherence, the viral load is
still related to the maximal pre-ART viral load rather than being an absolute value, as the person’s
viral load has not become so low that the initial value loses relevance. The viral load response
decreases with a lower number of active drugs, lower current adherence, and lower adherence in
the previous 3 month period. Values for the viral load response between those known from studies
(high level of suppression for 3 active drugs and maximal adherence, and only around 0.5 log viral
suppression when adherence is < 0.5 even with three active drugs (Phillips 1997, Ruggiero 2018) are
imputed assuming a monotonic relationship. CD4 count responses again mirror the viral load
response, as has been extensively studied in patients with ongoing viraemia on ART (Gross 2001).
Risk of new resistance mutations again increases with decreasing number of active drugs, if current
adherence is in the middle or highest group. The only situation in which risk of new mutations is
extremely low is when the number of active drugs is 3 or above and the current adherence is in the
high category.

Viral load, CD4 count and risk of resistance after 6 months of (re-)starting ART

Table S21 shows how the viral load, CD4 count and risk of resistance is determined for the situation
where a person has been on ART for more than 6 months and the viral load is suppressed or partially
suppressed (< 4 log copies/mL). These values are similar to those used for the period 3-6 months
from start of ART except that there is assumed to dependence on the adherence in the current 3
month period only.
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The situation where the viral load is above 4 log copies /mL, 10,000 copies/mL is treated the same as
that in the period 3-6 months from start of ART (described above), with adherence in the current
and previous period having some influence.

10.20 Variable patient-specific tendency for CD4 count rise on ART

There is variability in the tendency for the CD4 count to rise on ART, for a given level of viral load
suppression. For scenarios in the above Tables (519 —S21) in which the CD4 count change is positive
the CD4 count change is multiplied by this patient-specific factor (i.e. it is fixed for each patient),
which is given by sampling for each patient from Exp ( N(O, (sd_patient_cd4 rise_art)?) where
sd_patient_cd4_rise_art = 0.2. To reflect the fact that the rate of CD4 count increase on ART tends
to diminish with time, for those with patient-specific factor determining the CD4 count rise on ART >
1, this factor is divided by 1.25 after 1 year of continuous treatment, by 3 after 3 years of continuous
treatment and by 10 after 5 years. In addition there is a dependence of CD4 increase on current
CD4 level with a multiplying factor of 0.85-fold if the CD4 count is 100-200 and 0.7-fold if > 200.
Comparisons of resultant outputs with observed data are described below.

10.21 Accelerated rate of CD4 count loss if Pl not present in regimen

The rate of change in CD4 count in people on failing regimens is largely based on data from the
PLATO collaboration, for which patients were mainly on regimens containing a Pl (Ledergerber
2004). If the regimen does not contain a Pl the change in CD4 count per 3 months is modified (in the
base model) by poorer_cd4rise_fail_nni (= -6 /mm3). This applies regardless of viral load level, so Pls
are assumed to lead to a more beneficial CD4 count change than NNRTIs (Ledergerber 2004). We
assume in 50% of setting scenarios that this applies also for dolutegravir and in 50% that it does not
(determined by poorer_cd4rise_fail_ii).

10.22 Variability in individual (underlying) CD4 counts for people on ART

Once the mean of the underlying CD4 count is obtained as described above for people on ART, to
obtain the CD4 count, variability (sd_cd4 = 1.2) is added on the square root scale. The estimate was
based on unpublished analyses. The ongoing CD4 count increases in people with viral suppression
are informed by Mocroft et al 2007. As a result of these assumptions, model outputs for mean
changes in CD4 count from start of (efavirenz-based) ART in people with ongoing viral suppression at
years 1, 3, 5, 10 were 200, 338, 442 and 633. Amongst people starting ART with CD4 < 100 at start
of ART, the proportion of people with a CD4 count above 500/mm3 by 5 years from start of ART was
62%. Similar figures for people with baseline CD4 count 100-200, and 200-300 were 75% and 78%
respectively. In comparison, Bishop et al report CD4 count changes of 206, 278,419,509 at 1, 3,5
and 10 years respectively (Bishop 2016). Geng et al report a CD4 count increase of 365 /mm3 in
people in southern Africa starting with a CD4 count of 150/mm3 (Geng 2015). At 5 years from start
of ART O’Connor et al report a proportion with CD4 count > 500 of 60% for people starting ART with

54



CD4 count < 100 (O’Connor 2014). In the Single trial the CD4 count rise at 1 year was 208/mm? and
at 3 years was 332/mm?3 (Walmsley 2013, Walmsley 2015).

Each person has a maximum attainable CD4 count given by sampling from exp(Normal(7.3, 0.252)).
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Table S19. Viral load (mean change from viral load max), CD4 count change (mean change between t-1 and t), and new mutation risk in first 3 months. For
0 active drugs, these are the changes regardless of time from start of ART. For viral load this is the mean of a Normal distribution with standard deviation
0.5 (sd_v_art), from which the patient's value/change is sampled. For the CD4 count patients vary in their underlying propensity for CD4 rise on ART (given
by sampling from lognormal(1,0.5%) and the CD4 count change given here is multiplied by this factor. For the new mutation risk, this is a number that is
multiplied by the viral load (mean of values at t-1 and t). The resulting probability is used when assessing whether a new mutation or mutations have arisen.

Effective
adherence

betweent-1 & t

Number of active drugs

3 2.75 2.5 2.25 2.0 1.75 1.5 1.25 1 0.75 0.5 0.25 0

Viral load > 80% -3.0 -2.6 -2.2 -1.8 -1.5 -1.25 -09 -0.8 -0.7 -0.55 -04 -0.3 -0.3
(log change > 50%, <80% -2.0 -1.6 -1.2 -1.1 -0.9 -0.8 -0.6 -0.5 -0.4 -0.25 -0.1 -0.05 -0.1
from vmax) <50% -0.5 -0.4 -0.3 -0.25 -0.2 -0.15 0.0 +0.05 +0.1 +0.1 +0.1 +0.1 0.0
CD4 count > 80% +50 +45 +40 +35 +30 +25 +20 +17 +13 +10 +5 -2 -15
change > 50%, <80% +30 +30 +23 +20 +15 +13 +10 +8 +5 +3 0 -7 -17
(t-1tot) <50% +5 +4 +3 +2 +1 -1 -3 -6 -10 -11 -12 -13 -18
New mutation > 80% 0.002 0.01 0.03 0.05 0.1 0.15 0.2 0.3 0.4 0.45 0.5 0.5 0.5
Risk > 50%, <80% 0.15 0.15 0.2 0.25 0.3 0.3 0.3 0.35 0.4 0.45 0.5 0.5 0.5
(x log viral load) < 50%* 0.15 0.15 0.2 0.25 0.3 0.3 0.3 0.35 0.4 0.45 0.5 0.5 0.5

< 50%** 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

* for NNRTI-based regimen, ** for boosted Pl or integrase inhibitor based regimen.
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Table S20. Summary of viral load (mean absolute value or mean change from viral load max) between 3-6 months, and after 6 months if viral load at t-1 >
4 logs. This is the mean of a Normal distribution with standard deviation 0.2, from which the patient's value/change is sampled.

Effective
adherence
betweent-1 &t

Effective
adherence
between t-2 & t-1

Number of active drugs

3 275 25 225 2.0 1.75 1.5 125 1 075 0.5 0.25
> 80% > 80% 05 0.8 1.2 1.4 2.0 2.7 1.7 -115 -09 -0.75 -06 -04

> 50%, <80% > 80% 12 1.2 1.2 1.4 20 -16 -12 -105 -09 -07 05 -0.35
<50% > 80% 12 1.2 1.2 1.4 20 -6 -12 10 09 07 05 -0

> 80% > 50%, <80% 12 16 1.8 2.2 2.4 24 15 09 -07 -055 -04 -03

> 50%, <80% > 50%, <80% 25 25 2.5 2.5 12 -11 -08 -065 -05 -035 -02  -0.05
<50% > 50%, <80% 20 -18 -15 -135 -12 -11 -08 -065 -05 -02 -02  -0.05
> 80% < 50% 05 -04 -03 -025 -02 -015 -0.10 -0.05 +0.0 +0.0 +0.0 +0.0
> 50%, <80% < 50% 05 -04 -03 -025 -02 -015 -0.10 -0.05 +0.0 +0.0 +0.0 +0.0
<50% < 50% 05 -04 -03 -025 -02 -015 -0.10 -0.05 +0.0 +0.0 +0.0 +0.0
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Table S21. Summary of viral load (mean change from viral load max), CD4 count change (mean change between t-1 and t), and new mutation risk after 6
months, where viral load at t-1 < 4 logs. For viral load this is the mean of a Normal distribution with standard deviation 0.2, from which the patient's
value/change is sampled. For the CD4 count patients vary in their underlying propensity for CD4 rise on ART (given by sampling from lognormal(1,0.52) and
the CD4 count change given here is multiplied by this factor. For the new mutation number, this is a number that is multiplied by the viral load (mean of
values at t-1 and t). The resulting probability is used when assessing whether a new mutation or mutations have arisen.

Effective Number of active drugs
adherence
betweent-1 & t

3 2.75 2.5 2.25 2.0 1.75 1.5 1.25 1 0.75 0.5 0.25
Viral load > 80% 0.5 0.0 1.2 1.6 25 20 -14 -115 -09 -075 -06 -0.3
(absolute value > 50%, <80% 1.2 1.2 1.2 1.4 12 -10 07 06 05 -04 -03 -0.1
or log change < 50% -0.5 -0.4 -0.3 -0.25 -0.2 -0.2 -0.1 -0.1 -0.1 -0.1 -0.1 -0.0
from vmax)
CD4 count > 80% +30 +28 +25 +23 +21 +19 +3 -5 -9 -105 -12 -12
Change >50%, <80% +15 +13 +10 +8 -4.5 -7.5 -10 -12 -13 -14 -15 -15
(t-1tot) < 50% -13 -14 -15 -15.5 -16 -16.5  -17 -17 -18 -17 -17 -17
New mutation > 80% 0.002 0.01 0.03 0.08 0.10 0.15 0.2 0.3 0.4 0.45 0.5 0.5
risk > 50%, <80% 0.15 0.18 0.2 0.25 0.3 0.3 0.3 0.35 0.4 0.45 0.5 0.5
(x logviral load) < 50%* 0.15 0.18 0.2 0.25 0.3 0.3 0.3 0.35 0.4 0.45 0.5 0.5
< 50%** 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

* for NNRTI-based regimen, ** for boosted Pl or integrase inhibitor based regimen.
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10.23 Viral load and CD4 count changes during ART interruption

Viral load returns to previous maximum viral load (vmax) in 3 months and adopts natural history
changes thereafter.

CD4 rate of decline returns to natural history changes (ie those in ART naive patients) after 9 months,
unless the count remains > 200 above the CD4 nadir

Rate of CD4 count decline depends on current viral load. c(t) is the CD4 count at time t, cmin(t) is the
CD4 count nadir measured by time t and cc(t-1) is the change in CD4 count from t-1 to t.

if time off ART = 3 months or if time off ART > 3 months and CD4 in previous period is > 300 above
the minimum CD4 count to date
v(t) = vmax(t-1)

if v(t)>5 then cc(t-1) = Normal (-200,10?)
if45<=v(t)<5 then cc(t-1) = Normal (-160,10%)
if v(t) < 4.5 then cc(t-1) = Normal (-120,10%)

If this leads to c(t) < cmin(t) (CD4 nadir) then c(t) is set to cmin(t)
if time off ART = 6 months:-

if v(t)>5 then cc(t-1) = Normal (-100,10?)

if4.5<=v(t)<5 then cc(t-1) = Normal (-90,10?)

if v(t) < 4.5 then cc(t-1) = Normal (-80,10?)
if time off ART = 9 months:-

if v(t)>5 then cc(t-1) = Normal (-80,10%)

if 4.5<=v(t)<5 then cc(t-1) = Normal (-70,10%)

if v(t) < 4.5 then cc(t-1) = Normal (-60,10?)

This is broadly based on evidence from a number of analyses of the effects of ART interruption (e.g.
(d'Arminio Monforte 2005, Li 2005, Mocroft 2001, Wit 2005)

10.24 Incidence of new current toxicity and continuation of existing toxicity

Toxicities including gastrointestinal symptoms, rash, hepatoxicity, CNS toxicity, lipodystrophy,
hypersensitvity reaction, peripheral neuropathy and nephrolithiasis can occur with certain
probability on certain specific drugs (Table S22). These probabilities are based broadly on evidence
from trials and cohort studies, although there are no common definitions for some conditions which
complicates this.
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Table $22. Risk of development of specific drug toxicities and probability of switching away from the
drug if toxicity occurs. Note toxicity also increase the risk of treatment interruption and affects drug

adherence.
Toxicity Drug Risk of development | Probability of Probability of
per 3 months continuation if pre- | switching away from
existing drug per 3 months if
toxicity present
Nausea atazanavir 1% (5-fold higher in 50% 5%
1t year)
zidovudine 3% (5-fold higher in 50% 8%
1t year)
Diarrhoea atazanavir 1% (2.5-fold higher in | 50% 5%
1%t year)
Rash Efavirenz 3% (in first 6 months 5%
on efavirenz)
CNS toxicity efavirenz 10% (if been on 80% if been on 2%
efavirenz <1 year) efavirenz <1 year.
90% if been on
efavirenz 21 year
dolutegravir | 5% (if been on 40% if been on 2%
dolutegravir <1 year) | dolutegravir <1
year. 90% if been on
dolutegravir 21 year
Lipodystrophy | zidovudine 1.5% 100% 1%
Anaemia zidovudine 3% (1.5-fold higherin | 20% 5%
1%t year)
Headache zidovudine 10% (1.5-fold higher 40% 2%
in 15t year)
Lactic acidosis | zidovudine 0.02% 100%
Renal tenofovir 0.35% 100% 20%
dysfunction
Weight gain dolutegravir | 1% 100% 0%
Injection site Cabotegravir | 0.3 0.5 10% increased risk

reaction

lenacapavir

10.25 Switching of drugs due to toxicity

If toxicity is present then we consider in some scenarios that drugs may be switched due to toxicity.
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10.26 Emergence of specific resistance mutations and their effect on drug activity

newmut (see Table S19 —S21 above) is a probability used to indicate the level of risk of new
mutations arising in a given 3 month period. If this chance comes up in a given 3 month period
(determined by sampling from the binomial distribution) then the following criteria operate.

Table S23. Risk of acquiring new resistance mutations.

Resistance mutation
M184
# TAMS increases by 1

# TAMS increases by 2

K65

Q151

K103

Y181

G190

150L

184V

N88

Integrase codon: 118
140
148
155
263

Capsid codon: 66

Probability
of arising
80%

20%

12%

1%

1%

10%

2%

60%

10%

10%

3%

3%

3%
pr_res_dol *
pr_res_dol
pr_res_dol
pr_res_dol
pr_res_dol

pr_res_len

*See Table S27 below of sampled parameters.

Conditions

if on 3TC or FTC

if on zidovudine and (not on 3TC nor FTC)
if on zidovudine and (on 3TC or FTC)

if on zidovudine and (not on 3TC nor FTC)
if on zidovudine and (on 3TC or FTC)

if on tenofovir

if on zidovudine

If on efavirenz

If on efavirenz

If on efavirenz

If on atazanavir

If on atazanavir

If on atazanavir

if on dolutegravir or cabotegravir

if on dolutegravir or cabotegravir

if on dolutegravir or cabotegravir

if on dolutegravir or cabotegravir

if on dolutegravir or cabotegravir

If on lenacapavir

These values are chosen, in conjunction with values of newmut, to provide estimates of accumulation

of specific classes of mutation consistent with those observed in clinical practice (Cozzi-Lepri 2010,
Phillips 2001, Sigaloff 2012) They reflect a greater propensity for some mutations to arise than

others. This probably relates to the ability of the virus to replicate without the mutations (e.g.
probably very low in the presence of 3TC for virus without M184V) as well as the replicative capacity

of virus with the mutations.

10.27 New resistance to NNRTI arising as a result of ART interruption

It is assumed that due to the long half life of NNRTIs nevirapine and efavirenz, stopping of a regimen
containing one of these drugs is associated with a specific probability of an NNRTI resistance

mutation arising (see, for example, Fox et al, 2008. The respective probabilities for K103, Y181 and
G190 are 1.8%, 0.06% and 0.6%.
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10.28 Loss of acquired mutations from majority virus

It is assumed that mutations tend to be lost from majority virus with a certain probability from 3
months after stopping to take a drug that selects for that mutation. The probability of losing
mutations per 3 months (from 3 months after stopping) is as follows (Deeks 2003, Devereux 1999,
Hance 2001, Tarwater 2003, Walter 2002).

Table S24. Probability of loss of acquired mutations from majority virus per 3 months after stopping
drugs selecting for mutation.

M184V 0.8
L74vV 0.6
Q151M 0.6
K65R 0.6
TAMS* 0.4
NNRTI mutations 0.05

Protease mutations 0.2
Integrase mutations 0.2
Capsid mutation 0.2
* to lose all TAMS

Mutations are regained in majority virus if a drug selecting for the mutation is again started.

10.29 Determination of level of resistance to each drug

Table S25. shows the level of resistance to each drug according to presence of specific resistance
mutations.

Table $25. Level of resistance to each drug according to presence of specific resistance mutations.

Level of Condition
resistance
Resistance mutation Drug (1=full resistance)
M184 3TCor FTC 0.75
1-2 TAMS zidovudine 0.5 No 3TC or FTC in regimen
zidovudine 3TC or FTCin regimen and ever had
0.25 M184v
zidovudine 3TC or FTCin regimen and never had
0.5 M184V
2-3 TAMS tenofovir 0.5
3-4 TAMS zidovudine 0.75 No 3TC or FTC in regimen
zidovudine 3TC or FTCin regimen and ever had
0.5 M184v
zidovudine 3TC or FTC in regimen and never had
0.75 M184V
4 or more TAMS tenofovir No 3TC or FTC in regimen, or 3TC in the
0.75 regimen and never had M184V
tenofovir 3TC or FTC in regimen and ever had
0.5 M184v
5 or more TAMS zidovudine 1.0 No 3TC or FTC in regimen
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Q151

K65

K103
Y181
G190
1501
N88
184

1 -3 of (V32, M46, 154,

V82, L90)

At least 4 of (V32, M46,

154, V82, L90)

Integrase mutation
codon 118

Integrase mutation
codon 140

Integrase mutation
codon 148

Integrase mutation
codon 155

Integrase mutation
codon 155

Capsid mutation codon

66

zidovudine
zidovudine

3TCor FTC
zidovudine
3TCor FTC
tenofovir
efavirenz
efavirenz
efavirenz
atazanavir
atazanavir
atazanavir

atazanavir

atazanavir
Dolutegravir
or
cabotegravir
Dolutegravir
or
cabotegravir
Dolutegravir
or
cabotegravir
Dolutegravir
or
cabotegravir
Dolutegravir
or
cabotegravir

Lenacapavir

* Determined by res_level_dol_cab_mut

These rules approximately follow the interpretation systems for conversion of mutations present on

0.75

0.75
0.25
0.75
0.25
0.75
1.0
0.75
0.75
1.0
1.0
1.0

0.5

1.0

0.5,0.75 or 1.00 *

0.5,0.75 or 1.00 *

0.5,0.75or 1.00 *

0.5,0.75 or 1.00 *

0.5,0.75 or 1.00 *

0.5,0.750r 1.00 *

3TC or FTC in regimen and ever had
M184vV

3TC or FTC in regimen and never had
M184vV

genotypic resistance test into a predicted level of drug activity (or, equivalently, of resistance;
http://hivdb.stanford.edu, http://www.hivfrenchresistance.org/

10.30 Calculation of activity level of each drug

For drugs with a potency of 1 the activity level is 1-level of resistance. For ritonavir boosted Pls,
which are asigned a potency of 2 it is given by 2 — (2 x level of resistance). Potency is assumed higher
due to the ability to induce sustained viral suppression alone. Activity levels of each drug in the
regimen are summed to give the total number of active drugs. For dolutegravir the potency is
assumed to be 1.5 (the modal value of the distribution) so the activity is 1.5 — (1.5 x level of

63


http://hivdb.stanford.edu/
http://www.hivfrenchresistance.org/

resistance). We also consider a range of values for the potency of dolutegravir, as described below
(and determined by dol_higher_potency). For lenacapavir the potency is 1.5 (25% chance) or 2.0
(75% chance) (and determined by len_higher_potency). .

10.31 Occurrence of clinical disease and death in HIV infected people

The basic underlying rate of clinical diseases according to CD4 count, viral load and age per 3 months
is given in Table S26 below. We explain further below how these rates are modified to obtain
separate CD4 count- and viral load-specific rates for TB, other WHO stage 3 events, serious bacterial
infections, crypococcal meningitis, and other WHO stage 4 conditions.

Table $26. Basic underlying rate of clinical disease according to CD4 count, viral load, age, and being
on ART.

Effect of CD4 count

If cd4 > 650 rate=0.002 if 500 < cd4 < 650 rate=0.010
if 450 < cd4 < 500 rate=0.013 if 400 < cd4 <450 rate=0.016
if 375 < c¢d4 < 400 rate=0.020 if 350 < cd4 < 375 rate=0.022
if 325 < cd4 <350 rate=0.025 if 300 < cd4 < 325 rate=0.030
if 275 < c¢d4 < 300 rate=0.037 if 250 < cd4 < 275 rate=0.045
if 225 < c¢d4 < 250 rate=0.055 if 200 < cd4 < 225 rate=0.065
if 175 < cd4 <200 rate=0.080 if 150 < cd4 <175 rate=0.10
if 125 < c¢d4 <150 rate=0.13 if 100 < cd4 <125 rate=0.17
if 90 < cd4 < 100 rate=0.20 if 80 <cd4 <90 rate=0.23
if 70 < cd4 <80 rate=0.28 if60<cd4 <70 rate=0.32
if 50 < cd4 <60 rate=0.40 if 40 < cd4 <50 rate=0.50
if 30 < cd4 <40 rate=0.80 if 20<cd4 <30 rate=1.10
if 10<cd4 <20 rate=1.80 if0<cd4<10 rate=2.50

Independent effect of viral load

ifv<3 rate =rate x 0.2
if3<=v<4 rate =rate x 0.3
if4<=v<45 rate = rate x 0.6
if45<=v<5 rate =rate x 0.9
if5<=v<5.5 rate = rate x 1.2
if 5.5<=v rate =rate x 1.6

Independent effect of age

rate = rate x (age / 38)'?

Independent effect of being on ART
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For patients on ART (a 3 drug regimen) the rate is multiplied by 0.6
(ind_effect_art_hiv_disease_death = 0.6), to reflect that being on ART has a positive effect on risk
of HIV-related clinical disease and death independent of latest CD4 count and viral load.

This is informed by Phillips et al 2004.

Occurrence of WHO stage 3 diseases

WHO stage 3 conditions are modelled as a group, with the exception of TB being modelled
separately. Risk of a WHO stage 3 disease event in a given 3 month period is given by the above
basic underlying rate of clinical disease multiplied by a relative rate fold_incr_who3 (which currently
takes the value 5). The rate for non-TB WHO stage 3 disease is 4/5 of the resulting rate. The rate for
TB is 1/5 of the resulting rate (and hence effectively the rate of TB is the same as the rate of all WHO
stage 4 conditions combined).

Occurrence of active TB
As mentioned above, the rate of TB is equal to the overall underlying rate of WHO stage 4 disease.

TB preventative treatment (TPT) is recommended by WHO for people with HIV without identified
active TB. The rate of use of TPT is determined by rate_tb_proph_init. This has recently been coded
and currently the value for this in the Core model is 0. Effects of application of policies involving TPT
are being explored in specific analyses and we anticipate explicitly including use of TPT in future
updates to the Core model program. The assumed effect of TPT on risk of active TB is
effect_tb_proph currently taking the value 0.5 for a duration of 1 year.

On development of active TB, we assign whether this is diagnosed “early” or “late”, with the
implication of a higher probability of survival if diagnosed early. The base probability of being
diagnosed late is given by tb_base_prob_diag_I (sampled from a distribution of 0.25, 0.50, 0.75, with
equal probability). People that are under care for their HIV have a greater chance that, if they
develop active TB, this is diagnosed early (effect_visit_prob_diag /, 0.50 0.67 0.80). In some policies
investigated there is assumed to be TB LAM testing available. If TB LAM testing is available then this
has the effect of increasing the probability of active TB being diagnosed early (tblam_eff prob diag |
=0.5). We do not explicitly model use of specific TB drugs — we assume a reduction in risk of death in
those diagnosed early due to treatment (see below).

Occurrence of cryptococcal meningitis

The risk of cryptococcal meningitis is given by the above-described underlying rate of clinical disease
multiplied by a parameter representing the proportion of WHO stage 4 conditions that are CM
(prop_adc_crypm - current value 0.15).

As with TB, we assign whether this is diagnosed “early” or “late”, with the implication of a higher
probability of survival if diagnosed early. The base probability of being diagnosed late is given by
crypm_base_prob_diag_| (sampled from a distribution of 0.25, 0.50, 0.75, with equal probability).
People that are under care for their HIV have a greater chance that, if they develop cryptococcal
meningitis, this is diagnosed early. This effect is assumed the same as for TB and other diseases for
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which we model early/late diagnosis (effect_visit_prob_diag l). We consider some strategies in
which cryptococcal antigen testing is employed, with its effect being to increase the probability of
cryptococcal meningitis being diagnosed early rather than late (crag_eff prob_diag_| current value =
0.5). if crag_cd4 1200 or crag_cd4_1100 then if the CD4 count at presentation or return to care is
measured and it is below 200 / 100 then plasma crag testing is done.

In some strategies we consider use of prophylaxis to prevent cryptococcal meningitis (with low dose
fluconazole). The rate of use of this is given by rate_crypm_proph_init, currently = 0. Fluconazole
prophylaxis is assumed to result in a decline in risk of cryptococcal meningitis given by
effect_crypm_proph, currently with the value = 0.5 for a period of one year. We do not explicitly
model use of specific drugs to treat cryptococcal meningitis — we assume a reduction in risk of death
in those diagnosed early due to treatment (see below).

Occurrence of serious bacterial infection (SBI)

The risk of SBI is given by the above-described underlying rate of clinical disease multiplied by a
parameter representing the proportion of WHO stage 4 conditions that are a SBI (prop_adc_sbi -
current value 0.15). We assign whether this is diagnosed “early” or “late”, with the implication of a
higher probability of survival if diagnosed early. The base probability of being diagnosed late is given
by sbi_base_prob_diag_| (sampled from a distribution of 0.25, 0.50, 0.75, with equal probability).
People that are under care for their HIV have a greater chance that, if they develop SBI, this is
diagnosed early. This effect is assumed the same as for other diseases for which we model early/late
diagnosis (effect visit_prob_diag_l).

Occurrence of other WHO stage 4 diseases

The risk of occurrence of an other (non-cryptococcal meningitis, non-SBI) WHO stage 4 condition is
given by the underlying base rate of clinical disease multiplied by (1 - prop_adc_sbi -
prop_adc_crypm). We assign whether this is diagnosed “early” or “late”, with the implication of a
higher probability of survival if diagnosed early. The base probability of being diagnosed late is given
by oth_adc_base _prob_diag | (sampled from a distribution of 0.25, 0.50, 0.75, with equal
probability). As for all WHO stage 4 conditions, people that are under care for their HIV have a
greater chance that, if they develop the disease, this is diagnosed early.

Use and effect of co-trimoxazole

From 2015 onwards, there is an 80% chance that people under care for their HIV are on co-
trimoxazole prophylaxis. This has the effect of reducing the underlying base risk of clinical disease by
a multiple 0.8 (effect_pcp_p_death _rate = 0.8).

Measurement of CD4 count

We have a parameter which determines whether the policy is for CD4 count to be measured each
time a person comes back into care or have viral load > 1000 cps/mL, to see if have advanced HIV
disease (as in WHO guidelines). The above-described approaches to enable early diagnosis of clinical
disease tend to rely on CD4 measurement to identify those with advanced HIV disease.
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Risk of HIV-related death

The underlying risk of HIV-related death is given by the underlying base rate of clinical disease,
multiplied by a factor fold_decr_hivdeath (current value = 0.25). Beyond this there is a multiplicative
increase in risk of death in a 3-month period in which TB or a WHO stage 4 condition occurs;
incr_death_rate_tb, incr_death_rate_oth _adc, incr_death_rate_crypm, incr_death_rate_sbi.

The effect of TB being diagnosed early on rate of death from the tb event is given by
rel_rate_death_tb_diag_e, the value of which is sampled from the values 0.50 0.67 0.80. Similarly
for cryptococcal meningitis, SBI, and other WHO stage 4 disease (rel_rate_death_oth _adc_diag e,
rel_rate_death_crypm_diag_e, rel_rate_death_sbi_diag_e).

Some deaths are related to CD4 but will not go down as who4_ related (e.g. other cancers, but not
including liver death) so a proportion (15%) are classified as non-HIV deaths.

CVD death risk
Risk of death from CVD depends on systolic blood pressure, age and gender.

cvd_death_risk = base_cvd _death_risk * exp (((age - 15) * effect_age cvd_death) +
(effect_gender _cvd_death*(gender - 1)) + ((sbp - 115)* effect sbp_cvd_death)) ;

where base_cvd_death_risk =0.00002 effect age cvd death = 0.03 effect _gender _cvd death =
0.4 and effect_sbp_cvd _death = 0.05

This applies also to HIV negative people.

Other non-HIV-related death in people with HIV

Risk of non-HIV death is based on age specific death rates from South Africa in 1997, before the main
impact of HIV. South Africa has a death registration system and hence provides a reliable setting
from which to source death rates. These are given in Table S2.

Since CVD is modelled separately, we modify these rates to remove the CVD component. Based on
data suggesting 10% of deaths in over 50’s and 35 in 15-49 year olds are due to CVD (Sifuna et al
2018). Thus we multiply the rates applied from Table 2 by 0.93 or 0.90 depending on age.

There is an additional risk of death of 0.005 during a period in which there is presence of a
nephrologic toxicity (CDC Kidney Disease Surveillance System;
https://nccd.cdc.gov/ckd/detail.aspx?Qnum=Q185), and of 0.10 in a period in which there is
presence of the drug toxicity of lactic acidosis.

Risk of non-HIV death is increased by a factor rr_non_aids_death_hiv_off art in people with HIV who
are not on ART (due to effects of HIV on non-AIDS conditions) and rr_non_aids_death_hiv_on_art

for people on ART.

In addition, there is an age-specific risk of death due to COVID-19 during the period 2020.25 to
2021.75.

67



Death in HIV negative people

The death rate in HIV negative people is as for non-HIV death in people with HIV, with the exception
that we explicitly model TB death in HIV negative people.

Risk of TB is given by the parameter non_hiv_tb_risk (current value = 0.0005). We again model early
and late diagnosis and assume a reduced death risk in those diagnosed early. Death risk is given by
non_hiv_tb_death_risk (current value =0.3).

10.32 Long-acting injectable treatment with cabotegravir and lenacapavir

A person on a long acting injectable drug cabotegravir or lenacapavir is assigned as having an
adherence level of 100% (the variable is named adh_dl to signify that it represents the drug level) for
the recommended duration of time between doses. Since our model operates with a 3-month time
step we make the simplifying assumption that the adh_dlI for a person on cabotegravir is 1 if an
injection was received in the period. The potency of lenacapavir and cabotegravir is given by a
parameters cab_higher_potency (= dol_high_potency) and len_higher_potency, with cabotegravir
having a potency of 2 and lenacapavir a potency of 1.5(25%) /2(75%).

We assume that a policy of offering cabotegravir/lenacapavir treatment would involve active offer of
lenacapavir-cabotegravir in people with sustained viral load measured > 1000 copies/mL on oral
drugs, and to people living with diagnosed HIV who are not currently engaged in treatment. The
policy would also involve some switching from oral drugs to lenacapavir-cabotegravir in people with
ongoing viral suppression oral drugs who express a strong preference for lenacapavir-cabotegravir

lencab_uptake_vlg1000 is the probability that a person who has a measured viral load above 1000
copies/mL despite enhanced adherence advice is offered and accepts to start lenacapavir-
cabotegravir. This applies to each time a person on oral drugs has a new viral load value > 1000
copies/mL so long as it is at least one year since the last offer. lencab_uptake is the probability per 3
months that a person who has not been identified as having an indication for lenacapavir-
cabotegravir nevertheless starts lenacapavir-cabotegravir due to having a strong preference.
prob_strong_pref lencab is the proportion of people who will have a strong preference for
lenacapavir-cabotegravir even if they are able to be highly adherent to oral drugs.
rate_return_for_lencab is the probability that a person with diagnosed HIV who is out of care returns
to care and starts lenacapavir-cabotegravir as a result of clinic outreach with the offer of lenacapavir-
cabotegravir.

For people on (any) ART there is the chance of interruption, which is determined by an underlying
parameter value selected at the start of each model run and modified by a parameter
rel_rate_interrupt_lencab which determines the relative rate of interruption for those on
lenacapavir-cabotegravir compared with those on oral drugs, and individual person characteristics,
such as whether they have a current toxicity to their drugs (including injection site pain/nodules for
long acting drug). In the model, if lenacapavir + cabotegravir is stopped and no oral drugs started
then there is an increased risk of lenacapavir resistance in months 3-6 after the stop due to
lenacapavir being effectively a monotherapy for this period, informed by.
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As for anyone on ART there is viral load monitoring in place (with probability determined by
parameter prob_vl_meas_done) and people can have two consecutive values above 1000 copies /mL
which leads to switching back to an oral regimen.

A parameter rate_lencab_to_tld determines the probability that a person on lenacapavir-
cabotegravir switches back to oral drugs.

11 Disadvantages in accessibility to care for sex workers and effect of a sex worker
program

We consider that sex workers might have disadvantages in terms of lower ability to engage in care.
have lower engagement in HIV care (determined by sw_art_disadv). If sex workers have
disadvantages then this can be in terms of a higher probability of not engaging in care after HIV
diagnosis, higher rate of interruption of ART and lower tendency to be able to adhere to ART (e.g.
due to mobility).

We also consider that a program may exist to support sex workers (determined by sw_program). If
so the rate of engagement (rate_engage _sw_program) = 0.10 and the rate of disengagement
(rate_disengage _sw_program = 0.025) are specified. There are potential effects of such a program,
the magnitudes of which are determined by sampling. We consider effects of a sex worker program
on: levels of condomless sex, whether 6 monthly HIV testing is done, the rate of interruption of ART
for women on ART, the level of adherence to ART for women on ART, the probability of not engaging
with care for women at time of HIV diagnosis, the propensity to take PrEP, and the persistence on
bacterial any STl they may acquire.

12 Distributions for parameters

In Table S27 below, we describe all the parameters from which we sample for each model run to
create setting scenarios.
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Table S27. Parameter distributions sampled for each model run / setting scenario »# Parameters are sampled for each model run as indicated.

Parameter name”

Description

Distribution sampled (value; % with value)

Motivation for distribution

Population demographics

inc_cat

Three future demographic structures with differing levels
of population growth.

1:33% 2:33% 3:33%

Different countries in sub-Saharan Africa have
different population growth rates so we
consider a range from around 1% to 3% per
year (UN WPP)

Parameters relating to sexual behaviour

base_rate_sw

Base rate per 3 months of a woman becoming a sex worker
(also influenced by age and lifetime propensity)

0.0015:20% 0.002: 60% 0.0025: 20%

Informed by data on the proportion of
women who are sex workers (Vandepitte
2006)

base_rate_stop_sexwork

Base rate per 3 months of a sex worker stopping sex work
(also influenced by age)

0.01:33% 0.015:33% 0.030: 33%

Informed by data on the proportion of
women who are sex workers and duration of
sex work (Vandepitte 2006)

worker

rr_sw_age_1519 Relative rate of entering sex work for women relative to 0.8 Calibration to data from cross sectional
rr_sw_age_2534 women of age 20-24 0.30 surveys in Zimbabwe
rr_sw_age_3549 0.03
rr_sw_prev_sw Relative rate of entering sex work if have been a sex 10
worker previously
rr_sw_life_sex_risk_3 Relative rate of entering sex work for women with 10 A woman specific tendency to be more
life_sex_risk =3 vulnerable to starting sex work.
rr_sw_prev_sw Relative risk of entering sex work if previously been a sex 10

sw_trans_matrix

Transition matrices determining probabilities of transition
between categories of number of condomless partners had
in the 3 month period by sex workers. (See Table S9
above)

1:10% 2:80% 3:10%

We consider a range of matrices to reflect
uncertainty. Reports of condomless partner
numbers are associated with inaccuracy of
recall and potential bias in over-estimating
consistency of condom use. (Cowan 2017)
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Parameter name”

Description

Distribution sampled (value; % with value)

Motivation for distribution

sw_init_newp

Distribution of categories of number of condomless
partners had in the 3 month period in first 3 month period
of sex work

1:90% 2:10%;

See above

p_rred_sw_newp

Effect of population level changes in sexual behaviour on
the probability of starting and stopping sex work and/or
moving to a lower category of number of condomless sex
partners (see section 3 above)

0.01:33% 0.03:33% 0.10: 33%

Population level changes in sexual behaviour
are believed to partially explain changes in
HIV incidence in early phases of the HIV
epidemic. (Gregson 2010, Halperin 2011)

newp_factor

To express uncertainty in underlying propensity of whole
population to form short-term partnership with
condomless sex,

0.5:33% 1.0:33% 2:33%

sex_beh_trans_matrix_m and
sex_beh_trans_matrix_m

Matrix determining rate of transition between four levels
of sexual behaviour. There are 15 versions for each of men
and women.

1/15 probability for each transition matrix for men,
the same for women

Due to the fact that data on sexual behaviour
are from self-report, which is known to be
highly unreliable (Yeatman 2011, Gregson
2002, Desmond 2018, Glynn 2011), there is
uncertainty over longitudinal patterns of
sexual behaviour and the degree of skewness
in the distribution of number of new partners
we consider a range of possible matrices (15
for each gender = 225 possible combinations).

Jointly with other parameters in this section
these help to determine the extent to which
risk behaviour is concentrated both between
individuals and within individuals over time
(Mishra)

sex_age_mixing_matrix_m and
sex_age_mixing_matrix_w

Matrix determining the age gender sexual mixing from
male and female perspectives

6 different matrices for each gender perspective,
sampled at random

Uncertainty about mixing patterns by age and
gender so we consider a range of these.

p_rred_p

Indicates the proportion of the population in whom the
sexual risk behaviour is very low

0.3:60% 0.5:30% 0.7: 10%

In order to include a person-level effect on
sexual behaviour this and the parameter
below allow the population to be divided into
three according to the lifelong tendency to
have short term condomless sex partners.
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Parameter name” Description Distribution sampled (value; % with value) Motivation for distribution
p_hsb_p Indicates the proportion of the population in whom the 0.05:33% 0.08:33% 0.15:33% As above
sexual risk behaviour has a tendency to be higher than
average
rred_a_p Relative condomless sex levels by gender and age; four 1:15% 2:15% 3:35% 4:35% Uncertainty over levels of condomless sex by
different patterns. age so we consider a range of possibilities
eprate Base rate (youngest age group) of starting to have a long Lognormal(0.1, 0.25) Informed by outputs that give the proportion
term condomless sex partner. of people with a long term condomless sex
partner by age.
conc_ep Parameter indicating the degree to which those with a 0.333:33% 1:33% 3:33% This is likely to vary across setting scenarios

primary condomless sex partner have a lower of higher
probability of short term (non-primary) condomless sex
partners than those without a primary condomless sex
partner.

and we wished to consider across the range.
Again, this distribution of values was found, in
certain (randomly selected) combination with
other sexual behaviour parameter values to
re-produce epidemics within the observed
prevalence range.

ych_risk_beh_newp

Degree of reduction in condomless sex with short term
partners per year from 1995 — 2000

0.5:5% 0.6: 15% 0.70: 30% 0.80:35% 0.9: 10%
1.0:5%

In order to explain the decrease in incidence
and prevalence of HIV in southern Africa in
the late 1990s it is necessary to assume there
was a reduction in condomless sex, which is
supported by data in Zimbabwe (Gregson
2002, Gregson 2010, Halperin 2011)

ych_risk_beh_ep

Degree of reduction in condomless sex per year with long
term partners from 1995-2000

0.8:25% 0.9: 25% 0.95: 25% 1.0: 25%

As above

ch_risk_diag_newp

Degree of reduction (fold change) in condomless sex with
short term partners in a person diagnosed with HIV

0.7:25% 0.8:25% 0.9: 25% 1.0: 25%

Informed by (Fonner 2012)

ch_risk_diag

Degree of reduction in condomless sex with long term
partner in a person diagnosed with HIV

0.7:25% 0.8:25% 0.9: 25% 1.00: 25%

As above

ych2_risk_beh_newp

Degree of change in condomless sex with short term
partners per year from 2018 — 2024

1.05:50% 1.10: 50%

Suggestion of some decline in condom use

prop_redattr_sbcc

Proportion of reduction in condomless sex due to SBCC
(social and behavioural change communication.

0.1:33% 0.3:33% 0.5:33%

exp_setting_lower_p _vI1000

external_exp_factor
rate_exp_set_lower_p_vI1000

Whether there is exposure of individuals to settings with
lower population viral suppression levels, due to migration
(and return)

Measure of level of effect of the above exposure

Rate of exposure

In 20% of runs

Uniform(1,2)
Uniform(0, 0.01)

A subset of a population may have sexual
exposure to others outside the population
and the degree of this will be setting
dependent so this is varied across model runs.
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Parameter name”

Description

Distribution sampled (value; % with value)

Motivation for distribution

higher_newp_with_lower_adhav

In people with lower adherence to ART there is a tendency
for lower number of condomless partners

In 20% of runs

There could be correlation between ART
adherence and sexual risk behaviour, in either
direction

rate_sti The risk of developing an STl in a given 3 month period is 0.05
rate_sti times the value of newp.
rate_persist_sti For people with an STl in one period the probability of 0.20

persistence to the next.

Parameters relating to male circumcision

circ_inc_rate

rel_incr_circ_post_2013

circ_red_10_14
circ_inc_15_19
circ_red_20_30
circ_red_30_50

prob_birth_circ

Determines the rate with which male circumcision
increases over time

Relative increase in VMMC after 2013

Relative increases in age groups

Probability of circumcision at birth

0.0001: 10% 0001: 30% 0.003: 40% 0.01: 10%
0.10: 10%

0.8:10% 1:25% 3:25% 7: 40%

0.1:33% 0.2: 33% 0.3: 33%

1.5:33% 2.0:33% 3.0:33%

0.3:33% 0.4:33% 0.5:33%
0.15:33% 0.25:33% 0.35: 33%

0.05:33% 0.1:32% 0.4:20% 0.9: 10%

This varies by country in the region.

test_link_circ_prob

Probability of being linked to VMMC for an uncircumcised
man having an negative HIV test

0.05

Parameters relating to being hard to reach for services

p_hard_reach_w_

Proportion of women that have a propensity to be hard to
reach with prevention and testing services

Uniform(0.05, 0.15)

A small proportion of people have a long term
propensity not to take up HIV services, for
various possible reasons including stigma,
physical barriers, etc. (Grimsrud 2020)

hard_reach_higher_in_men

The extent to which this is higher in men (in men this also
includes propensity to be medically circumcised)

Uniform(0,0.1)

Parameters relating to HIV testing

an_lin_incr_test

Parameter determining the rate of increase in HIV testing
(any testing outside ANC)

0.0001: 20% 0.0005: 25%
0.02: 5% 0.03: 5%

0.003:35% 0.01: 10%

Range and pattern required to re-produce the
observed range in proportion of HIV positive
people diagnosed (see Table 1 of main paper).
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Parameter name”

Description

Distribution sampled (value; % with value)

Motivation for distribution

test_rate_who4
test_rate_tb
test_rate_non_tb_who3

Rate of testing for people with current or previous who
stage 4 / 3 condition. Actual rate of testing also influenced
by incr_test_rate_sympt

0.1
0.1
0.05

date_test_rate_plateau_

Year in which the rate of HIV testing plateaus.

2011: 10% 2013: 10% 2015:20% 2017: 30% 2019:

30%

Some countries have increased testing rates
markedly and these have plateaued at
different levels in different settings (e.g
Malawi MoH)

rate_testanc_inc

Rate of increase in testing in ANC clinics

0.005: 20% 0.01:20% 0.03:20% 0.05:20%
0.1:20%

Distribution is intended to reflect variation
across settings.

incr_test_rate_sympt_

The rate of increase per 3 months in the probability of a
person with a WHO stage 3 or 4 disease is tested for HIV.

1.05:20% 1.10:20% 1.15:20% 1.20: 20% 1.25:
20%

Little direct data on this parameter and wide
range taken to reflect uncertainty and
variation across settings.

max_freq_testing

A parameter defining the maximum frequency with which
a person (non sex-worker) without AIDS or WHO stage 3
disease can test for HIV

Annually: 80% 6-monthly: 20%

Policy on frequency of testing varies by
setting.

rr_testing_female

Extent to which women have a greater tendency to test for
HIV than men. This is beyond the effect of testing in ANC.

1.5: 100%

Implied by higher levels of diagnosis in
women compared with men.

rate_anc_inc

Parameter determining rate of increase in testing in ANC
over time

0.005:20% 0.01:20% 0.03: 20% 0.05: 20% 0.10:
20%

Varies by setting

prob_test_2ndtrim

Probability of testing during second semester

0.7:25% 0.8:25% 0.9: 25% 1.0: 25%

Varies by setting

prob_test_postdel

Probability of testing post delivery

0.95

Informed by data from Zimbabwe

rate_non_hiv_symptoms

rate of development of non-hiv symptoms, regardless of
hiv status;

0.01

This parameter determines testing
symptomatic person for suspected HIV when
the symptoms are in fact not related to HIV.

test_targeting

Parameter conveying the degree to which HIV testing is
targeted towards people having condomless sex since last
test.

1:20% 1.25:60% 1.5:20%

Data on condomless sex since last test not
collected but likely to be a higher tendency to
test if had sexual risks. We vary the degree of
such “targeting”. Partially informed by
outputs on testing yield.

sens_primary_testtype3

Sensitivity of rapid HIV antibody-only tests for a person in
the 3 month period of primary HIV infection

50% 50%: 75%: 50%

(Taylor 2014)

sens_vct

Sensitivity of 3" generation antibody tests from period
after primary infection, for people not on cab-la.

0.98: 100%
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Parameter name”

Description

Distribution sampled (value; % with value)

Motivation for distribution

fold_rate_decr_test_future

Fold decrease in rate of testing in future years

0.25:33% 0.33:33% 0.5:33%)

Parameters relating to PrEP

prep_any_strategy

Definition of having a current indication for PrEP

Definition (i): has condomless sex with at least one short-
term partner (i.e. newp > 1) OR a long term partner (ep)
who is known to have HIV but is not on ART, OR when a
woman feels there is a high risk her long term partner is in
this position (implemented as women aged under 50
without HIV and with a long term condomless sex partner
who is not on ART having a 5% chance that she will be
considered as fulfilling the criteria for risk-informed PrEP,
which becomes 50% if her partner has HIV, based on the
assumption that for women who suspect they are at risk
are indeed at substantially higher risk that their partner
has HIV).

Definition (ii) as (i) but replacing the 5% chance with 10%

Definition (iii) as (i) but having condomless sex with a short
term partner in the previous 3 month period is also
sufficient to define having an indication for PrEP

Definition (iv) as (i) but replacing the 5% chance with 1%

Definition (v) as (i) but replacing the 5% chance with 1%
AND having condomless sex with a short term partner in
the previous 3 month period is also sufficient to define
having an indication for PrEP

(i): 20% (ii): 20% (iii): 20% (iv): 20%
(v): 20%

Distribution reflects uncertainty. Difficult to
obtain reliable data on sexual behaviour.

rate_test_startprep_any

Additional rate of being tested for HIV (because of interest
in PrEP) in people who have never been on PrEP but are
eligible for it. Represents the probability he or she can
access it easily enough to mean that they do indeed start .

0.02:33% 0.05:33% 0.1:33%

Distribution is chosen to reflect the range of
settings and to encompass potential future
higher levels of PrEP uptake and use.

rate_choose_stop_prep_oral

Rate of discontinuing oral PrEP per 3 months (person’s
choice to stop despite risky condomless sex)

0.5:50% 0.7:50%

To reflect likely variation by setting. Resulting
outputted overall levels of PrEP persistence
can be compared with those observed in
various settings. (e.g. Khadka et al 2023)

rate_choose_stop_prep_cab

Rate of discontinuing Cab-LA PrEP per 3 months (person’s
choice to stop despite risky condomless sex)

0.1: 80% 0.15:33% 0.30:33%

As yet uncertain
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Parameter name”

Description

Distribution sampled (value; % with value)

Motivation for distribution

prob_prep_any_restart_choice

Probability of restarting PrEP after previous
discontinuation when still having risky condomless sex (not
differential by whether oral or cab PrEP)

0.05:33% 0.10:33% 0.20:33%

To reflect likely variation by setting. Resulting
outputted overall levels of PrEP persistence
can be compared with those observed in
various settings.

pref_prep_oral_beta_s1
pref_prep_cab_beta_s1

Parameter determining individual willingness to take oral
and cab PrEP

Individual variable pref_prep_oral is drawn from
beta(pref prep_oral_beta_s1,5). Similarly for
pref_prep_cab.

1.05:25% 1.1: 25% 1.3:25% 1.5: 25%
pref_prep_cab_beta_s1= pref prep_oral_beta_s1 +
1.0

Calibration to effect of DCP and Cab LA

prep_willingness_threshold

If pref_prep_oral is above a lower threshold
(prep_willingness_threshold, currently = 0.2) then
prep_oral_willing = 1, otherwise it is 0. Similarly for
pref_prep_cab (we use the same threshold for all types of
PrEP).

0.2: 100%

As above, along with other parameters this
determines the level of use of oral and cab-la
PrEP (cab-la PrEP is referred to by “cab” in
parameter and variable names).

prob_prep_oral_b
prob_prep_cab_b

If a person is willing to take oral PrEP (prep_oral_willing =
1) and has tested negative and meets the criteria for risk-
informed PrEP and is not “hard to reach” then they will
start PrEP in the period with probability pr_prep_oral_b
(with the exception that during the scale-up period lower
values are used). Similarly for cab-la PrEP. When cab-la
PrEP is available the person will start the PrEP type
according to which of pref_prep_oral and pref_prep_cab
has the highest value.

0.05:50% 0.1:50%

As above, distribution is chosen to reflect the
range of settings and to encompass potential
future higher levels of PrEP uptake and use.

adh_pattern_prep_oral

Each person has a fixed long term tendency to adhere to
ART that applies should they become infected with HIV and
start ART. The degree to which this tendency to adhere is
modified if the person is taking PrEP compared with if they
had HIV and were taking ART is determined by this
parameter.

Similar to ART adherence: 100%

Likely to be a strong person-specific
component to adherence. Given data on viral
suppression, adherence to ART is known to be
high in the majority of people on treatment.
Adherence to risk-informed oral PrEP may be
similar.

rel_prep_oral_adh_younger

We assume that 50% of adolescents and young adults (age
15-24 years) will have an oral PrEP adherence
rel_prep_oral_adh_younger times that for older adults.

0.8: 100%

AGYW known to be on average less adherent
to ART than older women. (Yun et al)

prep_oral_efficacy

prep_cab_efficacy

Oral PrEP efficacy (with 100% adherence)

Cab-la PrEP efficacy

0.90: 20% 0.95: 80%

0.90: 20% 0.95:40% 0.98: 40%

(Heffron 2018, Delany-Moretlwe)
HPTN 084 Delany-Moretlwe et al.

oral_prep_eff 3tc_ten_res

Effect on efficacy of oral PrEP when partner’s virus has
M184V and K65R mutations

0.25 times: 50% 0.5 times: 50%

(Cong 2013)

prep_cab_effect_inm_partner

Cab-la PrEP is assumed to be less efficacious (efficacy x
prep_cab_effect_inm_partner ) when the sexual partner

0:33% 0.25:33% 0.5:33%

No data available to our knowledge. Sampled
from a wide range to reflect uncertainty.
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Parameter name”

Description

Distribution sampled (value; % with value)

Motivation for distribution

with HIV to whom the subject is exposed has virus with an
integrase inhibitor resistance mutation.

sens_tests_prep_cab

Regular rapid 3™ generation antibody tests have
particularly low sensitivity. For this reason it has been
proposed that it may be necessary to use RNA-based tests
to in people starting cab-la PrEP to rule out HIV, and
perhaps to also continue using such tests for the regular 3
monthly tests (if variable hivtest_type_1_prep_cab=1). We
consider four options of sensitivity of such tests in people
exposed to cab-la PrEP determined by the parameter
sens_tests_prep_cab.

Each of these involves specification of sensitivity of RNA-
based tests (referred to as “typel”) according to the time
since HIV infection (primary, 0.25 years, 0.5 years or more)
in people on cab-la. Test sensitivity for 37 generation tests
in people on cab-la is assumed the same for each of the
four options

In primary infection =0

3-6 months from infection =0

> 6 months from infection = 0.25

Option 1:25% option 2:25% option 3:25%
option 4:25%

Test sensitivity for RNA-based tests:

Option 1

In primary infection = 0.7

3-6 months from infection = 0.85
> 6 months from infection = 0.95

Option 2

In primary infection = 0.5

3-6 months from infection = 0.7
> 6 months from infection = 0.8

Option 3

In primary infection = 0.3

3-6 months from infection = 0.5
> 6 months from infection = 0.7

Option 4

In primary infection = 0.2

3-6 months from infection = 0.3
> 6 months from infection = 0.5

Eshleman 2022 x 2, Marzinke 2021 x 2.
Sampled from wide ranges to reflect
uncertainty.

cab_time_to_lower_threshold_g

We consider two possible distributions across individuals
of the time for cabotegravir concentrations to decline
below a level relevant for resistance risk after stopping
cab-la.

1:50% 2:50%

With 1, 67% have time 0.25 years, 33% have time
0.5 years

With 2, 50% have time 0.25 years, 40% have time
0.5 years, 10% have time 1.0 years.

Cabotegravir tail known to be long but
unknown what concentration is needed to
pose continued risk for resistance
development if HIV is present (Landovitz 2020
tail).

sens_vct_testtype3_cab_tail

Sensitivity for 3" generation antibody testing in a person
with HIV in the cab-la “early tail”

0.5:33% 0.8:33% 0.98:33%

Wide distribution to reflect uncertainty due
to lack of data.

testtl_prep_cab_eff_on_res_prim

Due to earlier detection of HIV and more rapid ART
initiation, RNA testing for people on PrEP throughout is
assumed to lead to lower probability of acquiring a given

0.25:33% 0.5:33% 0.75:33%

Eshleman 2022 x 2. Wide distribution to
reflect uncertainty due to lack of data.
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Parameter name”

Description

Distribution sampled (value; % with value)

Motivation for distribution

integrase resistance mutation for a person in primary
infection while on Cab-LA, by an amount determined by
this parameter..

pr_inm_cab_prep_primary

This determines the risk (for each of the 5 integrase
inhibitor mutations) that a person in primary infection
while dosed with cabotegravir (due to cab-la PrEP being
started when in the primary infection window period in
which HIV was not detected, or due to breakthrough
infection during cab-la) develops resistance to cabotegravir
in this 3 month period of primary infection.

0.1: 25% 0.2: 25% 0.3: 25% 0.5: 25%

Marzinke 2021 x 2. High uncertainty reflected
in wide distribution.

incr_res_risk_cab_inf 3m

The extent to which risk of integrase inhibitor resistance is
increased in the 3 month period after primary infection, for
a person on cab-la or in the early cab-la tail.

1:17% 3:17% 5:17% 10:17% 20:17% 50:17%

To reflect uncertainty. This parameter

included to ensure that we consider fully the
potential risk of integrase inhibitor resistance
due to starting cab-la when in early infection.

rel_pr_inm_cab_prep_tail_primary

Determines the relative risk (compared with
pr_inm_cab_prep_primary mentioned above) that a
person who becomes infected with HIV who is in the early
cabotegravir tail period develops resistance to
cabotegravir.

0.25:20% 0.5:20% 0.75:20% 1:20% 1.33:
20%

Currently there is substantial uncertainty due
to lack of data.

rr_mort_tdf_prep

Relative risk of mortality associated with tenofovir as PrEP

1.005: 65% 1.01:30% 1.03: 5%

Increased mortality risk related to kidney
dysfunction likely very small.

prep_dependent_prev_vg1000

Does prep use depend on the prevalence of vl > 1000 in
population ?

If so: prep_vlg1000_threshold;

No:33% Yes: 66%

0.005:50% 0.01:50%

Perceived likely thresholds with uncertainty

pr_184m_oral_prep_primary
pr_65m_oral_prep_primary

Probability that M184V mutation for 3TC (K65R mutation
for tenofovir) arises in a person who starts oral PrEP when
in primary infection

0.3
0.1

Informed by e.g. Girometti et al.

hivtest_type_1_init_prep_cab

testtl_prep_cab_eff on_res_prim

Whether nucleic acid based testing is used for people
starting Cab-LA PrEP

Fold lower risk of acquiring integrase inhibitor mutations in
primary infections

Yes: 50% No: 50%

0.25:33% 0.5:33% 0.75:33%

Decision may vary by setting

Uncertainty reflected in wide distribution

Parameters relating to transmission
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Parameter name”

Description

Distribution sampled (value; % with value)

Motivation for distribution

fold_change_w

fold_change_yw

The fold difference in female to male transmission rate
compared with male to female, for a given viral load.

Rate is higher in younger women by fold_change_yw.

1:5% 1.5:25% 2:70%

1:33% 3:33% 5:33%

Informed by the higher incidence and
prevalence in women in younger age groups
and some direct evidence. (Masson 2015,
Nicolosi 1994)

fold_change_sti The fold difference in HIV acquisition risk for a person with 2:50% 3:50% Multiple studies show a raised risk of
a current STI. acquisition but uncertainty over the effect
size. (Cohen 1998)
fold_tr A higher or lower risk of acquiring HIV for a given viral load 0.67:33% 1:33% 1.5:33% The convey uncertainty in the estimate of
in the partner transmission rates
fold_tr_newp Fold transmission rate per 3 months for short-term 0.3:9% 0.4:9% 0.5:9% 0.6:9% 0.7:9% 0.8:9% Uncertainty over this — considered more likely
partners compared with long-term partners 0.9:9% 1.0:9% 1.25:9% 1.66:9% 2.5:9% to be lower than higher due to assumed

lower number of sex acts in the 3 month
period with short-term partners than long
term

res_trans_factor_nn

Parameter affecting the probability that if NNRTI resistance
mutation present in source partner that this is not
present/detectable in virus new host

0.5:20% 0.7:20% 0.8: 20% 0.90: 20% 1.00: 20%

Informed by the values needed to lead to the
range of transmitted NNRTI resistance
observed (see Table 1 in paper)

res_trans_factor_ii Parameter affecting the probability that if integrase 0.2:25% 0.4:25% 0.6:25% 0.8:25% Little data available to inform this yet — we
inhibitor resistance mutation present in source partner make the assumption in 80% of runs that
that this is not present/detectable in virus new host transmission occurs. Bailey 2007, Ndashimye
2021
tr_rate_undetec_vl Rate of acquisition of HIV from a condomless partner with 0.0: 70% 0.0001: 20% 0.001: 10% To express range of uncertainty.

undetectable VL

super_infection

super_inf_res

Whether we consider super-infection (which means a
person with HIV can acquire HIV drug resistant HIV through
a subsequent infection with a new viral strain).

If super-infection can occur, the probability that resistance
mutations in the source partner become present in the
subject.

Occurs in 50% of runs.

0.2: 90% 0.8: 10%

Super-infection can occur but its significance
is uncertain but unlikely to be substantial.
(Smith 2005)

Parameters relating to pre-ART care and development

of TB and WHO stage 4 diseases

mean_sqrtcd4_inf Mean CD4 at infection on square root scale 27.5 Derived based on consideration of evidence
from natural history studies (Pantazis 2005,
Sabin 2000, Hubert 2000, O’Brien 1998,
Henrard 1995)
fold_incr_who3 Degree to which there is a higher risk of WH stage 3 5 times As above
conditions compared with WHO stage 4.
fold_decr_hivdeath degree to which hiv death rate is lower than aids rate 0.25 times As above
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Parameter name” Description Distribution sampled (value; % with value) Motivation for distribution
sd_measured_cd4 Error added to measured CD4 count, on square root scale. 1.7
fx Multiplicative factor to alter the average rate of CD4 count | 0.7: 20% 0.85:20% 1.0: 20% 1/0.85:20% 1/0.7: As above
decline in natural HIV progression (which thus alters the 20%
incubation period distribution).
sd_cd4 CD4 count, variability (sd_cd4 =1.2) is added on the 1.2
square root scale
Gx Multiplicative factor allowing expression of uncertainty in 1.0:33% 1.5:33% 2.0:33% There is uncertainty over rates of viral load

rates of viral load increase over time in people untreated

increase (Pantazis 2005)

prob_loss_at_diag

prob_lossdiag_adctb
prob_lossdiag_who3e

Probability that a person is immediately lost after initial
HIV diagnosis.

...if has an AIDS disease or TB at time of diagnosis
...if has an AIDS disease or TB at time of diagnosis

0.02: 60% 0.05:30% 0.15:5% 0.35:4% 0.50: 1%

Beta(5,95)
Beta(15,85)

e.g. (Rosen 2011)

rate_lost

For people under care yet to start ART or previously have
taken ART, the rate of being lost to care per 3 mths.

0.2:33% 0.35:33% 0.5:33%

Uncertain and will vary by setting.
Distribution chosen to reflect this. This is one
of the parameters influencing the proportion
of diagnosed people on ART.

rate_return Probability of return to care for a person who has been 0.05: 25% 0.10: 25% 0.30: 25% 0.60: 25% As above
diagnosed with HIV (and may have started ART) but is now
lost and not on ART, without current WHO stage 3 or 4
disease, per 3 months.

prob_return_adc Probability of return to care for a person who has been 0.7:5% 0.8: 15% 0.9: 80% As above

diagnosed with HIV (and may have started ART) but is now
lost and not on ART and has a WHO stage 4 condition. This
is a probability that operates just for the 3-month period
that the events occurs.

rate_loss_persistence

Rate of loss from majority virus of transmitted resistance
mutations (per 3 months)

0.00: 10% 0.005: 10% 0.01: 10% 0.015: 40%
0.02: 30%

(e.g. Jain 2011, Yang 2015)

prob_supply_interrupted

Probability per 3 months that ART is interrupted (/
resumed) as a result of drug stock-out

0.003: 100%

Stock-outs generally now seems low in
countries of focus in sub-Saharan Africa.

prob_supply_resumed Probability per 3 months that ART is resumed after 0.8: 100%
interruption as a result of drug stock-out
rate_loss_acq_nnm_offart The rate with which NNRTI mutations are lost from 0.05: 100% Indirectly informed by detection of NNRTI

majority virus when a person with an NNRTI mutation in
majority virus interrupts ART

mutations in people who remain off ART.
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Parameter name”

Description

Distribution sampled (value; % with value)

Motivation for distribution

prob_nnresmaj_sd_nvp Before 2012, nevirapine as a single dose was used in 0.35 In SA guidelines in 2010: AZT from 14 weeks,
women to prevent mother to child transmission. The rate sdNVP + AZT 3hrly during labour, TDF + FTC
prob_nnresmaj_dual_nvp of acquiring NNRTI resistance in these circumstances if 0.045 single dose (stat) after delivery, Arrive 2007,
given by prob_nnresmaj_sd_nvp = 0.35. Later in this meta-analysis, prevalence of nnres 4-8 weeks
period nevirapine was used with zidovudine and here post partum ( single dose nevirapine +
prob_nnresmaj_dual_nvp = 0.045. additional post-partum) 0.045,22% had
resistance mutation to AZT (8% considering
prop>20%), 18% to NVP (4% considering
prop>5%) ;
fold_change_151_risk Fold change in the risk of cross-NRTI mutation at codon 1: 100% Included to allow possibility to vary
151
is_red_activity Extent to which number of active drugs is under or over- 0: 100% Included to allow possibility to vary
estimated by interpretation systems
sd_patient_cd4_rise_art Inter-patient variation in rate of CD4 rise - when CD4 is 0.2: 100% CD4 count increases on ART are informed by
rising comparisons with data described in section
entitled Variability in individual (underlying)
CD4 counts for people on ART
prob_cd4_meas_done When people on ART were monitored with CD4 count 0.85: 100% Assumed good implementation of viral load

measurement, probability that measure was done when
due.

monitoring.

cm_1stvis_return_vimg1000

Whether the policy is for CD4 count to be measured each
time a person comes back into care or have viral load >
1000 cps/mL, to see if have advanced HIV disease (as in
WHO guidelines)

1 (yes): 100%

Recommended by WHO as part of package of
care for advanced HIV disease.

crag_cd4_1100

crag_cd4_1200

whether cryptococcal antigen testing done if measured
CD4 count < 100 / 200

0 (no): 100%

0 (no): 100%

Will be explored in future analyses

tblam_cd4_1100

tblam_cd4_1200

whether tblam test done if measured cd4 count < 100 /
200

0 (no): 100%

0 (no): 100%

Will be explored in future analyses

prob_who3_diagnosed When, in the past, “clinical monitoring” was used to decide | 0.50: 100% Included to allow possibility to vary
on switching from 1t to 2" line ART, it was necessary to
prob_who4_diagnosed model whether a person having a WHO stage 3 or 4 0.80: 100%
condition had that condition diagnosed and thus had the
possibility of the switch being made.
sd_vl_whb Parameters relating to viral load measurement 0.50: 100% Discussed in detail in Phillips et al 2016 OFID
performance when using whole blood in the form of dried
decr_sd_vl_whb blood spots (DBS) 0.05: 100%
vl_whb_offset 0.0: 100%
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Parameter name”

Description

Distribution sampled (value; % with value)

Motivation for distribution

dol_higher_potency
(= cab_higher_potency)

The potency of a drug is the contribution to regimen
activity if resistance to the drug is not present. For all
NRTIs the value is 1, for boosted protease inhibitors it is 2,
for efavirenz, dolutegravir and cabotegravir we sample
from alternative values.

Potency of dolutegravir and efavirenz and cabotegravir
(only used in people on cal-la PrEP who do not have their
HIV diagnosed) is assumed equal and sampled between 1.5
and 2.

0.5: 25% 1:75% (0.5 means potency of 1.5, 1 means
potency of 2)

Dolutegravir has substantial efficacy as
monotherapy, albeit insufficient to be
recommended. Dolutegravir and efavirenz
appear of equal potency in the Advance trial
(Venter 2019) (although a different risk of

resistance)

ntd_risk_dol

Risk of neural tube defect in baby of woman on
dolutegravir at conception

0.0: 100%

Zash 2019

incr_death_rate_crypm
incr_death_rate_sbi
incr_death_rate_tb
incr_death_rate_oth_adc

Relative increase in risk of death (beyond that indicated by
the current CD4 count, viral load, and age, and whether on
ART) for a person with cryptococcal meningitis.

Similarly for serious bacterial infection (SBI), tb, and other
WHO stage 4 condition (oth_adc)

3:33% 5:33% 10:33%
1.5:33% 2:33% 3:33%
1.5:33% 2:33% 3:33%
1.5:33% 2:33% 3:33%

To reflect uncertainty.

rr_non_aids_death_hiv_off art

rr_non_aids_death_hiv_on_art

Parameters to reflect the increased risk of non-AIDS death
in people with HIV, with a greater effect in those not on
ART.

1.5:33% 2:33% 3:33%

1.1:33% 1.3:33% 1.5:33%

Phillips et al 2016

prop_adc_crypm Proportion of WHO stgge 4 conditions which are CM 0.15: 100% Hakim at el. Mfinanga et al.
prop_adc_sbi Proportion of WHO stgge 4 conditions which are SBl. We 0.15:100%

determine risk of WHO stage 4 condition (AIDS defining

condition ADC) occurring and then if one occurs we

determine whether it is due to cryptococcal meningitis or

Serious Bacterial Infection.
rate_crypm_proph_init Rate of initiation of prophylaxis against cryptococcal 0: 100% Placeholder values. To be varied in future
rate_tb_proph_init meningitis and TB 0: 100% analyses.
rate_sbi_proph_init 0: 100%
effect_tb_proph Effect of TB prophylaxis on risk of TB. 0.5: 100% Placeholder values. Prophylaxis is not
effect_crypm_proph The same for cryptococcal meningitis and SBI 0.5: 100% implemented currently. To be varied in
effect_sbi_proph 0.5: 100% future analyses in which prophylaxis is

implemented.

tb_base_prob_diag_|
crypm_base_prob_diag_|
sbi_base_prob_diag_|
oth_adc_base_prob_diag_|

Base probability that tb is diagnosed late rather than early
(which has a consequence for the risk of death)

0.25:33% 0.50:33% 0.75:33%
0.25:33% 0.50:33% 0.75:33%
0.25:33% 0.50:33% 0.75:33%
0.25:33% 0.50:33% 0.75:33%

Variation and uncertainty over this so sample

from a wide range of values.
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Description

Distribution sampled (value; % with value)

Motivation for distribution

tblam_eff prob_diag |
crag_eff_prob_diag_|

If tested on a TB LAM test and have TB, the effect this has
on the probability that the TB is diagnosed late rather than
early

0.5: 100%

To be varied when TB lam tested is switched
on in model in future investigations.

rel_rate_death_tb_diag e
rel_rate_death_crypm_diag_e
rel_rate_death_sbi_diag_e
rel_rate_death_oth_adc_diag_e

Relative increase in rate of death from TB event if it is
diagnosed late . The same for cryptococcal meningitis and
SBI

and other WHO stage 4 conditions (oth_adc)

0.50:33% 0.67:33% 0.80:33%
0.50:33% 0.67:33% 0.80:33%
0.50:33% 0.67:33% 0.80:33%
0.50:33% 0.67:33% 0.80:33%

Expressing substantial uncertainty and
variability

effect_visit_prob_diag_| Given a WHO stage 4 or TB event, relative risk of being 0.50: 33% Expressing substantial uncertainty and

diagnosed late if currently under care (i.e. visit = 1) 0.67:33% variability

0.80: 33%

effect_pcp_p_death_rate Effect of PCP prophylaxis on the HIV death rate 0.8 fold
ind_effect_art_hiv_disease_death Independent effect of being on ART on risk of HIV disease 0.6 times

and death
non_hiv_tb_risk TB in people without HIV. Risk, mortality risk, probability 0.0005 Will vary by setting. Currently we are not
non_hiv_tb_death_risk of early diagnosis. 0.3 investigating a question for which these
non_hiv_tb_prob_diag_e 0.5 probabilities are important to calibrate.

Parameters relating to people on ART

adh_pattern

Population adherence profile; described in terms of the
proportion having a given average adherence and period-
to-period variability in adherence. Note that adherence is
additionally affected by age and gender.

1: 0% 2: 20% 3: 20% 4:20% 5:20% 6:20% 7:0%

Reflection of wide range of adherence profiles
in different settings, informed by differences
in proportions of people on ART with viral
load suppression. This range leads to a range
of levels of viral suppression and of
resistance.

red_adh_tb_adc

red_adh_tox_pop

add_eff_adh_nnrti

red_adh_multi_pill_pop_

Reduction in adherence to ART associated with currently
having an AIDS defining condition / TB

The extent to which drug toxicity influences adherence to
ART negatively.

NNRTI drugs tend to have a longer half-life than Pls — this
indicates the gain in effective adherence from NNRTIs due
to this effect.

The extent to which taking multiple ARVs separately tends
to lead to lower adherence than a single once daily pill.

logNormal(0.1, 0.5)

logNormal(red_adh_tox_pop_v, 0.5)
where red_adh_tox_pop_v =0.05 50% 0.10 50%
logNormal(0.10, 0.30)

logNormal(red_adh_multi_pill_pop_v, 0.5)
where red_adh_multi_pill_pop_v =0.05 33% 0.10
33% 0.15:33%

(Heestermans 2016)

Uncertain

e.g. Cohen et al 2013
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Description

Distribution sampled (value; % with value)

Motivation for distribution

rate_loss_acq_pim_offart
rate_loss_acq_iim_offart

Rate of loss of PI / Integrase inhibitor mutations from
majority virus after stopping ART

0.2
0.2

e.g. Hunter et al, Castro et al. Little data for
integrase inhibitors.

pr_art_init

Probability of ART initiation per 3 months in a person in
care who is eligible according to current criteria.

0.5:20% 0.7:20% 0.9: 20% 0.95: 20% 1.0: 20%

These parameters contribute to determine
the proportion of HIV diagnosed people who
are on ART. The distributions are chosen such
that combinations of these parameters lead
to observed proportions of HIV diagnosed
people on ART (e.g. PHIA surveys)

rate_return

Probability of return to care for a person who has been
diagnosed with HIV (and may have started ART) but is now
lost and not on ART, without current WHO stage 3 or 4
disease, per 3 months.

0.05: 25% 0.10: 25% 0.30: 25% 0.60: 25%

Variable by setting

rate_restart

Rate of restart of ART for people who previously have been
on ART and have returned to care, per 3 months.

0.8:25% 0.85:25% 0.9:25% 0.95: 25%

Assumed high rate of ART restart given re-
engagement with care

rate_int_choice

Rate of interruption / stopping of ART per 3 months. Also
influenced by current drug toxicity and underlying
tendency to adhere.

0.001: 30% 0.004:30% 0.008:30% 0.012: 10%

(McMahon 2016) and informed by PHIA
survey data.

clinic_not_aw_int_frac

If a person interrupts ART, the probability that this is not
disclosed to the clinic and they are classified as being on
ART

0.7: 50% 0.9: 50%

Uncertain and will vary by setting, hence a
broad distribution.

prob_lost_art

For a person who interrupts / stops ART the probability
that they are simultaneously lost from care.

0.5:20% 0.6:20% 0.7:20% 0.8: 20% 0.9:20%

(e.g. McMahon 2016)

rate_restart

Rate of restart of ART for people who previously have been
on ART and have returned to care, per 3 months.

0.8:25% 0.85:25% 0.9:25% 0.95: 25%

Assumed to be high, given the person has
returned to care. Most people who are
regularly seen in clinics who have previously
started ART are on ART.

incr_rate_int_low_adh

Parameter indicating the extent to which people with a
long-term average adherence in the lowest group have a
multiplicatively increased risk of ART interruption.

Effect of current low adherence on risk of treatment
interruption / discontinuation.

1:50% 2:25% 5:25%

(Agbaji 2015)

pr_switch_line

Probability of switch to second line per 3 months in a
person who has fulfilled the failure criteria for first line
failure.

0.50:10% 0.75:20% 0.9:35% 1.00:35%

(Fox 2012, Johnston 2012, PHIA surveys)

fold_change_mut_risk

Fold difference in rate of accumulation of mutations (for all
drugs) compared with base case.

1:80% 2:10% 0.5:10%

To consider that the rate of resistance
mutation acquisition is higher or lower than
the rate assumed, reflecting some
uncertainty. This relates to all resistance
mutations.
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Description

Distribution sampled (value; % with value)

Motivation for distribution

rate_res_ten_

Parameter reflecting the rate of acquisition of tenofovir
resistance. The value of 0.1 was derived based on
European cohort data and the value of 0.3 reflects the
potentially higher value for subtype C in southern Africa.

0.1:33% 0.2:33% 0.3:33%

(Tenores 2016)

poorer_cd4rise_fail_nn

poorer_cd4rise_fail_ii

This indicates the extent of poorer CD4 rise per 3 months
on failing NNRTI based regimens (compared with Pl)

This indicates whether the poorer CD4 rise also applied to
failing INSTI based regimens

Normal(-6,3)

no: 50% yes: 50%

(Ledergerber 2004)

adh_effect_of meas_alert

The effect of having a viral load measured > 1000
copies/mL on adherence, due to the enhanced adherence
intervention.

0.35:50%  0.50: 50%

Uncertainty over the effect size.

prob_vl_meas_done

Probability of a viral load measure being done. This
probability operates for each time a viral load is due to be
tested.

0.3:5% 0.5:5% 0.7:5% 1.00: 85%

Variation in viral load implementation in
different settings. Note that in half of settings
with value 0 there is CD4 count monitoring of
people on ART in place.

cd4_monitoring

If viral load monitoring is not being implemented
(prob_vl_meas_done = 0), if CD4 count monitoring being
done ?

if prob_vl_meas_done =0 then
no: 50% yes 50%

This will vary by setting.

switch_for_tox

Whether the ART program manages to implement drug
substitutions in response to specific toxicities experienced
by patients.

No: 80% Yes: 20%

This will vary by program but generally not
widespread.

zero_3tc_activity_m184

activity of 3TC in presence of M184V mutation

No: 80% Yes: 20%

To consider alternative assumptions;
distribution broadly reflects the uncertainty.

zero_ten_activity_k65

activity of tenofovir in presence of K65R mutation

No: 80% Yes: 20%

To consider alternative assumptions;
distribution broadly reflects the uncertainty.

higher_rate_res_dol

Whether there is a higher rate of resistance to dolutegravir
than the base assumption (i.e. 4 times lower than efavirenz
compared with 13 times lower in base case).

No: 80% Yes: 20%

To consider alternative assumptions;
distribution broadly reflects the uncertainty.

prop_bmi_ge23_

Proportion of people initiating dolutegravir who have BMI
>23

0.5:50% 0.75: 50%

Uncertainty over the proportion of the
population starting dolutegravir who have
BMI > 23 and hence a possible negative effect
of weight gain on dolutegravir.

(Msyamboza 2011, Thorogood 2007)

incr_mort_risk_dol_weightg_

Rate ratio for mortality in people on dolutegravir who had
BMI > 23 at start, due to dolutegravir induced weight gain.

1: 1% 1.1:16% 2:17% 2.1:17% 2.2:17% 3.0:

17% 4.0: 15%

Wide distribution within plausible bounds
reflecting uncertainty (Berrington 2010, Flegal
2013, Achhra 2018, Kivimaki 2017)
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Parameter name”

Description

Distribution sampled (value; % with value)

Motivation for distribution

nnrti_res_no_effect

Effect of NNRTI resistance mutations on activity of
efavirenz (base case: K103N 0 activity, G190A 0.25 activity,
Y181C 0.25 activity)

0:75% 0.25: 20% 0.5:5%

Some uncertainty over this. With this
distribution the average odds ratio for VL >
1000 at 1 year from start of ART associated
with pre-treatment NNRTI drug resistance =
3.3 (compared with 3.9 in a recent meta-
analysis (Kanters 2019)

tox_weightg_dol

Whether weight gain is treated as a toxicity that has an
associated increased risk of ART interruption

no: 50% yes: 50%

Weight gain does not seem to be mentioned
as troublesome to people on dolutegravir, but
this could change with time.

rel_dol_tox_

Relative rate of neurologic toxicity (sleep disturbance for
dolutegravir and dizziness and vivid dreams for efavirenz)

0.5 fold that of efavirenz 80%
Equal to efavirenz 20%

While evidence suggests neurologic toxicity is
higher with efavirenz, there is uncertainty
over size of effect of insomnia with
dolutegravir so we consider the possibility
that the overall neurologic toxicity of the two
drugs could be equal.

double_rate_gas_tox_taz

Parameter related to the rate of gastrointestinal toxicity
relating to atazanavir. Whether base rate is doubled or
not.

Yes: 50% No: 50%

Uncertainty over gastrointestinal toxicity
relating to atazanavir — consider possibility
that this has been underestimated.

lower_future_art_cov

Whether future coverage of ART is below that predicted by
continuation in current trend in rates.

No0:97% Yes: 3%

To reflect uncertainty.

rr_int_tox

Increased rate of ART interruption according to presence of
a drug toxicity.

1.5-fold: 33% 3-fold: 33% 10-fold: 33%

Consider possibility that ART interruption is
substantially more highly related to drug
toxicity than base case

greater_disability_tox

Parameter to allow consideration of a greater disability
weight associated with drug toxicity (0.25) compared with
the base assumption (of 0.05)

No: 50% Yes: 50%

To reflect the uncertainty and perceived
relatively low likelihood that value is as high
as 0.25.

greater_tox_zdv_

Whether the toxicity associated with zidovudine is greater
than the base assumption.

No: 33% Yes, 2-fold: 33% Yes, 4-fold: 33%

https://clinicalinfo.hiv.gov/en/guidelines/pedi
atric-arv/zidovudine

r_ane_start_zdv
p_ane_stops_zdv
r_lip_start_zdv
r_lac_start_zdv
r_head_start_zdv
p_head_stops_zdv
r_nau_start_zdv_Ilpr
p_nau_stops_zdv_Ipr
r_dia_start_Ipr
p_dia_stops_Ipr
r_dia_start_taz_dar
p_dia_stops_taz_dar

Rate of onset and ending of specific toxicities for specific
drugs.

cns — cns toxicity; ras — rash; hep — hepatitis; nau — nausea;

head — headache; lip — lipodystrophy; ane —anaemia; lac —

lactic acidosis; neph — nephrotoxicity; dia — diarrhoea; otx —
other toxicity; weightg — weight gain

0.03
0.8
0.015
0.0002
0.1
0.6
0.03
0.5
0.02
0.5
0.01
0.5

Based on experience from reading of cohort
study literature
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Parameter name”

Description

Distribution sampled (value; % with value)

Motivation for distribution

r_res_start_nev
r_hep_start_nev
r_weightg_start_dol
r_cns_start_dol
p_cns_stops_dol
r_cns_start_efa
p_cns_stops_efa
r_ras_start_efa
r_neph_start_ten
p_neph_stops_ten
p_neph_stops_after_ten
r_isr_cablen
r_isr_resolve

0.10
0.02
0.01
0.05
0.6
0.1
0.2
0.03
0.0035
0
0.1
0.3
0.5

r_swi_efa_cns
r_swi_efa_ras
r_swi_nev_hep
r_swi_nev_ras
r_swi_zdv_nau
r_swi_zdv_head
r_swi_zdv_lip
r_swi_zdv_ane
r_swi_zdv_lac
r_swi_ten_neph
r_swi_lpr_nau
r_swi_lpr_dia
r_swi_taz_nau
r_swi_taz_dia
r_swi_dol_cns

r_otx_start

switch_for_tox

The rate with which a person with a given drug toxicity has
the drug switched. This only applies for model runs in
which it is considered possible that drugs are in practice
switched due to toxicity (switch_for_tox).

cns — cns toxicity; ras — rash; hep — hepatitis; nau — nausea;

head — headache; lip — lipodystrophy; ane — anaemia; lac —

lactic acidosis; neph — nephrotoxicity; dia — diarrhoea; otx —
other toxicity

0.02
0.05
0.10
0.15
0.08
0.02
0.01
0.05
1

0.20
0.05
0.05
0.05
0.05
0.02

0.03

No: 80% Yes: 20%

Assumptions

zdv_potency_p75

Whether potency of zdv is 0.75 of an active drug rather
than 1.

No: 50% Yes: 50%

To reflect uncertainty

sw_art_disadv

If sex workers have disadvantages:
sw_higher_int

rel_sw_lower_adh

sw_higher_prob_loss_at_diag,

Whether sex workers have lower engagement in HIV care

Fold-higher rate of interruption of ART

Fold-lower tendency to be able to adhere to ART

Yes: 75% No: 25%

2:50% 3:50%

0.8:50% 0.9: 50%

2:50% 3:50%

Likely to vary by setting
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Parameter name”

Description

Distribution sampled (value; % with value)

Motivation for distribution

Fold-higher probability of not engaging in care after HIV
diagnosis

higher_newp_less_engagement

Whether there is a tendency for people with more short
term partners to be less likely to be engaged with ART care

No: 80% yes: 20%

Likely to vary by setting

reg_option_104

Indicator of which regimen sequencing strategy is used
from 2021: whether all people on ART are switched to TLD
or whether it is only new ART initiators in which TLD is
used.

All switch: 95% New initiators only: 5%

WHO guidelines say new initiators only but
several countries are switching in all.

reg_option_107_after_cab

Indicator of whether there is a policy that a person who
becomes diagnosed with HIV having previously been on
cab-la is started on an atazanavir/r based regimen rather
than dolutegravir.

No: 80% Yes: 20%

Uncertainty about whether it will be possible
to implement such a policy.

pr_res_dol

Probability of each integrase inhibitor drug resistance
mutation emerging in a given 3 month period in which the
criteria for newmut is met (see above).

0.001:25% 0.003:25% 0.005:25% 0.01:25%

Rate of emergence of dolutegravir resistance
is low (Walmsley 2013, 2015, Venter 2019),
even in the context of dolutegravir
monotherapy (albeit that the risk is too high
for clinical use as monotherapy) (Fournier
2022, Mbhele 2021, Rossetti 2022)

rr_res_cab_dol

Relative risk of an integrase inhibitor mutation arising with
cabotegravir compared with dolutegravir, for a given
number of active drugs, adherence_drug level, viral load.

1.5:33% 2:33% 3:33%

Oliveira 2018

res_level_dol_cab_mut

Degree to which full activity of dolutegravir is diminished
as a result of presence of one of the primary integrase
inhibitor resistance mutations (1.00 means there is no
residual antiviral effect when a resistance mutation is
present).

0.5:33% 0.75:33% 1.00: 33%

https://hivdb.stanford.edu/hivdb/by-
patterns/

Parameters relating to lenacapavir-cabotegravir treatment

lencab_uptake_vig1000

The probability that a person who has a measured viral
load above 1000 copies/mL despite enhanced adherence
advice is offered and accepts to start lenacapavir-
cabotegravir. This applies to each time a person on oral
drugs has a new viral load value > 1000 copies/mL.

0.3:33% 0.5:33% 0.7:33%

No data as yet available to inform — will
depend on how policy is implemented

lencab_uptake

The probability per 3 months that a person who has not
been identified as having an indication for lenacapavir-
cabotegravir nevertheless starts lenacapavir-cabotegravir
due to having a strong preference.

0.001: 14% 0.003: 14% 0.01: 14% 0.03: 14% 0.05:

14% 0.1: 14% 0.3:14%

No data as yet available to inform — will
depend on how policy is implemented.

prob_strong_pref lencab

The proportion of people who will have a strong
preference for lenacapavir-cabotegravir even if they are
able to be highly adherent to oral drugs

0.1: 20% 0.2: 20% 0.3:20% 0.5: 20% 0.7: 20%

No data as yet available to inform — will
depend on how policy is implemented.

rate_return_for_lencab

The probability that a person with diagnosed HIV who is
out of care returns to care and starts lenacapavir-
cabotegravir as a result of clinic outreach.

0.3:33% 0.5:33% 0.7:33%

No data as yet available to inform — will
depend on how policy is implemented
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Parameter name”

Description

Distribution sampled (value; % with value)

Motivation for distribution

len_higher_potency

Potency level of lenacapavir (0.5 means potency = 1.5, 1
means potency = 2)

0.5:25% 1.0: 75%

Ogbuagu et al, Segal-Maurer S et al. Di Perri
etal.

res_level_len_mut

The level of resistance associated with the CA66 mutation

0.5:50% 1.00: 50%

https://hivdb.stanford.edu/dr-
summary/comments/CAl/ CA66 mutation
associated with highly reduced susceptibility
to lenacapavir, with a cost to viral replicative
capacity.

pr_res_len

The risk of resistance emergence on lenacapavir

0.005: 25% 0.01: 25% 0.02: 25% 0.05: 25%

Segal-Maurer et al. Wide range to reflect
uncertainty.

incr_len_res_mono

Relative increase in risk of lenacapavir resistance emerging
for a person who is effectively under lenacapavir
monotherapy due to lenacapavir and cabotegravir both
being stopped and no oral antiretroviral drugs being
started.

10

All antiretroviral drugs are much more
susceptible to drug resistance when not part
of a fully active regimen of at least 3 active
drugs.

rate_lencab_to_tld

Rate of switch from lenacapavir + cabotegravir back to oral
drugs out of patient choice

0.0003:16% 0.001:16% 0.003:16% 0.01:16%
0.03i:16% 0.1: 16%

Uncertain how this will play out.

rel_rate_interrupt_lencab

Relative difference in rate of interruption of lenacapavir +
cabotegravir compared with oral drugs.

0.5:20% 0.8:20% 1:20% 1/0.8:1.25 1/0.5:2.0

Uncertain at this stage. The relative rate
could be below or above 1.

Parameters relating to pregnancy (see also Table S3)

prob_pregnancy_base

Parameter determining base rate of pregnancy for women
aged 35-44 having condomless sex (to which there is an
effect of age (fold_preg1524=2, fold_preg2534=1.9,
fold_preg4554=0.2, fold_preg5564=0.0))

Uniform (0.06, 0.11)

ifinc_cat = 1 then prob_pregnancy_base increased
1.75-fold

ifinc_cat = 3 then prob_pregnancy_base decreased
1.75 -fold

Variability between settings in fertility rate.

rate_birth_with_infected_child

Parameter determining the risk of mother to child
transmission (MTCT), for a given level of mother viral load.

0.3:5% 0.4:25% 0.5:60% 0.6: 10%

(these values reduced by 1000 fold if mother has
VL < 3, by 2 fold if VL 1000-10000, and increased by
two fold if VL > 100,000 copies/mL

To produce plausible variation in the MTCT
rate.

oth_dol_adv_birth_e_risk_

Risk of dolutegravir-induced adverse birth event, due to
dolutegravir-induced weight gain

0.0005: 20%
20%

0.0015:40% 0.002:20% 0.003:

Wide distribution within plausible bounds
reflecting uncertainty. (Cresswell 2012)

prob_stop_breastfeeding_yr1
prob_stop_breastfeeding_yr2

3 month probability of stopping breast feeding in the first /
second year after birth.

0.02/0.132

Neves et al 2021 and Zong et al 2021
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Parameter name”

Description

Distribution sampled (value; % with value)

Motivation for distribution

rate_trans_breastfeeding

Rate per 3 months of transmission to child through
breastfeeding when log10 viral load between 4 and 5. Rate
ratio for transmission risk by viral load category is as for
birth with infected child.

0.05:50% 0.1: 50%

Nduati et al. 2000

pmtct_inc_rate Parameter determining level of increase per year in 0.2 e.g. Audureau et al.
provision of pMTCT during scale up
can_be_pregnant Proportion of women who can become pregnant 0.95 Larsen et al
rate_want_no_more_children Rate of women wanting no more children 0.005 Approximately inferred by typical fertility rate

Parameters relating to sex worker programmes

sw_program

Whether a program for sex workers is in place.

No: 10%: yes: 90%

Specific programmes exist in some countries
(e.g. Cowan 2018, Wilson 2015)

rate_engage_sw_program Rate of initiating engagement with sw program 0.10 Mainly informed by data relating to the
Sisters program in Zimbabwe.
rate_disengage_sw_program Rate of ending engagement with sw program (despite still 0.025
be a sex worker)
date_sw_prog_intro Date of start of sex worker program 2015

effect_sw_prog_newp;
effect_sw_prog_6mtest
effect_sw_prog_int;
effect_sw_prog_adh

effect_sw_prog_lossdiag

effect_sw_prog_prep

effect_sw_prog_pers_sti

Effect of sex worker program on:

levels of condomless sex

whether 6 monthly HIV testing is done

the rate of interruption of ART for women on ART
the level of adherence to ART for women on ART

the probability of not engaging with care for women at
time of HIV diagnosis

the propensity to take PrEP

the persistence on bacterial any STI they may acquire

0.05:33% 0.1:33% 0.2:33%

0.25:33% 0.50:33% 0.75:33%

0.3:33% 0.5:33% 0.8:33%

0.25:33% 0.5:33% 0.75:33%

0.3:33% 0.5:33% 0.8:33%

0.8:50% 0.95: 50%

0.5:50% 0.7:50%

Sampling widely to consider various program
effects

age_effect_stop_sexwork

Effect of being age > 40 on the rate of stopping sex work

3 fold

Informed by age distribution of sex workers.
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Parameter name”

Description

Distribution sampled (value; % with value)

Motivation for distribution

Parameter for COVID-19 death risk

cov_death_risk_mult

There is a calendar time limited between April 2020 and
Sept 2021 risk of death from COVID-19 which is age
dependent. The base risk per 3 months during the
epidemic is as follows

if 15 <= age < 20 then cov_deathrix = 0.0001

if 20 <= age < 30 then cov_deathrix = 0.0003

if 30 <= age < 40 then cov_deathrix = 0.0008

if 40 <= age < 50 then cov_deathrix = 0.0016

if 50 <= age < 60 then cov_deathrix = 0.006

if 60 <= age < 70 then cov_deathrix = 0.019

if 70 <= age < 80 then cov_deathrix = 0.043

if 80 <= age then cov_deathrix = 0.078

This parameter allows us to consider uncertainty in the
form of a relative risk to allow consideration of higher risk.

1: 0.4 2:40% 3:20%

To reflect uncertainty

A model program (in which these variable names are used) available on figshare (see main paper)
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13 Disability weights and costs

Table S28. Disability weights

Values are 1 in each three-month period except for the following:

Condition in current 3-month period

Disability weight for current 3-month period

Source

HIV positive (even if asymptomatic)

Any drug toxicity in current 3-month period

0.02

Any WHO stage 3 condition (except TB) in current 3-month period 0.22
TB in current 3-month period 0.40
Any WHO stage 4 condition in current 3-month period 0.54

0.05 (0.25 if greater_disability_tox =1)

(Salomon 2012)

Table S29. Unit Costs

Item Unit Cost Source / explanation

Drug costs per year:

TLD $50 per year including supply CHAI 2024

chain costs

TL — darunavir (used from 2025) $292 per year including supply

chain costs

Cost of treatment of a WHO stage 4 $200 Specific data not available on average unit costs of

condition over 3 months (cost is treating WHO stage 3 and 4 conditions and per clinic

incurred for 3 months) visit costs - costs used are informed by evidence
synthesis from studies that cost according to current

Cost of treatment of a WHO stage 3 $20 CD4 count of those in pre-ART care, cost of ART

condition over 3 months (cost is initiation, which also include costs of CD4 tests

incurred for 3 months) (Eaton 2014)

Cost of treatment of TB per 3 months $50

(cost is incurred for 6 months)

Cotrimoxazole annual cost S5

CD4 count measurement $10 (Hyle 2014, Keebler 2014)

Viral load measurement: S22 Human resource costs $3, sample collection
consumables $2, relaying of results $2 (this costing
information was provided by Médecins Sans
Frontieres (MSF) (including equipment and other
costs such as consumables, maintenance and
shipping) $15. Updates are consistent with this cost
(Global Fund)

Resistance test $200

Urine tenofovir test $15

92




Item

Unit Cost

Source / explanation

Non-ART programme costs per year

$40 (520 per year if measured
viral load < 1000)

Siapka 2014, Tagar 2014, Menzies 2012, Nichols
2021 x 2, Shiri at al 2021, Rosen et al 2022

Cost of the targeted adherence $10 Assumption (this is the assumed cost, whether a

counselling intervention triggered by a single session or for multiple sessions)

viral load > 1000 copies/mL

Clinic based HIV test (including

personnel costs) $3.70 Personal communication. CHAI.

Self-test $1.00 https://www.who.int/news/item/27-07-2022-new-1-
dollar-price-for-hiv-self-tests

Cost for a child born with HIV $1000 Clinical care costs are over $100 per year so this is

likely to be a lower limit cost.

Oral PrEP drug
Oral PrEP clinic visits

$15 per 3 months
$10 per 3 months

Jamieson L, Gomez GB, Rebe K, et al. The impact of
self-selection based on HIV risk on the cost-
effectiveness of preexposure prophylaxis in South
Africa. AIDS 2020; 34: 883-91.

Cab PrEP drug
Cab PrEP clinic visits

$15 per 3 months
$15 per 3 months

Clinton Health Access Initiative. Cost of goods sold
(COGS) analysis: generic long-acting injectable
cabotegravir (CAB-LA). Oct 12, 2022.
https://chail9.wpenginepowered.com/wp-content/
uploads/2022/10/Generic-CAB-LA-COGS-
Analysis_October-2022_ vF.pdf (accessed Nov 16,
2022).

VMMC

$90

PEPFAR

Condom distribution

$0.25 per adult per 3 months

Estimate that leads to a total cost approximately in
line with the proportion of programme costs spent
on condomes.

Oral PrEP (tenofovir + lamivudine)

Drug
Clinic and other costs (not including
HIV tests)

Cab-LA PrEP

Drug
Clinic and other costs (not including
HIV tests)

$60 per year
$40 per year

$60 per year
$60 per year

$40 per year for additional costs necessary to
facilitate education and access (including any costs
of HBV or creatinine testing that might be done at
first start).

clinic visit costs are 1.5 fold higher due to 6 visits per
year rather than 4 (so $36 per 3 months in total,
$144 per year).
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