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1. Introduction

Thembisa is a mathematical model of the HIV epidemic in South Africa. The purpose of this
document is to provide a technical description of the madelthe methods used to calibrate
the model. The fous of this report is limited to the national model; descriptions of the
calibration procedures for the provincial models will be published separately.

This document describes versio 8f the Thembisa model, and is similar in structure to the
previousreport that described version 2.4 of the mddgl Briefly, the main changes to the
previous version of the model are as follows:

1 The process of calibratinthe model to recorded mortality data has been revised
substantially, with four additional years of data, aatbwance for differenial
completeness of vital registration by age and sex.

1 The model has been extended to allow for bias in the leBEAdata hat were
previously used to set the ART mortality parameters, and has also been extended to
allow for changes in HIV virulence over time

1 The new model includes men who have sex with men (MSM); the previous model
considered only heterosexual transmissiad @othesto-child transmission.

1 Assumptions about moth#o-child transmission rates have been updated
substantially, following a systematic review performed for the UNAIDS Reference
Group on Estimates, Models and Projectif#js

1 The model of medical male circumcision (MMC) uptake has been revised, with
uptake being assumed to depend on[&8peather than sexual risk behaviour.

1 The model has been recalibrated to new HIV prevalence data, including data from
surveys conducted in South African MSM.

1 The tme to sexual debut is modelled using a-llegjstic distribution instead of a
Weibull distribution, as the former provides a better fit to survey data.

The model is deterministic and compartmeriale to the large number of parameters in the
Thembisa moel, it is not possible to retain separate symbols for every parameter in the
mathematical descriptions that follow. However, we have attempted to be consistent, as far as
possible, in the use of indexing variables. The index variables are listed in Thiteggther

with an explanation of the possible values for each index variable.



Table 1.1: Index variables in Thembisa

Symbol  Description Value Definition
a ART status 0 ART-naive
1 On ARTor previously treated
d Time since 0 ART-nave
ART 1 156 months after ART start
initiation 2 7-18 months after ART start
3 19-30 months after ART start
4 31-42 months after ART start
5 >42 months after ART start
g Sex 1 Male
2 Female
i’ Risk group 1 High risk
2 Low risk
J Partner 1 High risk
risk group 2 Low risk
I Marital 0 Unmarried/shorterm relationship
statusor 1 Married/longterm relationship
relationship 2 Sex workefsex workerclient relationship
type 3 MSM/samesex shorterm relationship
r Circumcision 0 Uncircumcised
status 1 Circumcised
S HIV stage 0 Uninfected
or baseline 1 Acute HIV
CD4 count 2 HIV-positive, CD4 =500 (
3 HIV -positive, CD4350-499
4 HIV -positive, CD4200-349
5 HIV -positive,CD4 <200
t Year -
v HIV testing 0 Never tested for HIV
history 1 Lasted tested HA\hegative
2 Diagnosed HIVpositive
X Age 0-90+ Age at last birthday (at start of the year)
y Partner age 1090+ Age at last birthday (at start of the year)

* Note that in section 3.2 we use the symbiolstead ofv to refer to the HIV testing historyn order to avoid
confusion with thdraction of pregnant women who are tested for HIV.



2. Model of sexual behaviour

The popul ation aged 10 and ol der is divided
and a ‘low risk’ group. The high ravesak gr ou
propensity to engage in concurrent sexual partnerships and/or commercial sex, while the low
risk group consists of individuals who are serially monogamous (i.e. never having more than
one partner at a point in timeyithin each risk group individuslare further stratified
according to whether they are sexually experienced or virgins, married/cohabiting or
unmarried, and (if they are married) the risk group of their married partner. Unmarried
women in the high risk group are further classified adgogrtb whetherr notthey are sex
workers,andunmarried men are further stratified according to whether they engage in same

sex activity There are thus three types of relationship considered in the modetetomg
relationships (marital/cohabiting), attrterm relationships (nemarital and nosfcohabiting)

and contacs between sex workers and their clients. The model makes various assumptions
about the rates at which people move between different relationship states, and patterns of
sexual mixing betweedifferent groupsFigure 2.1(a) illustrates the possible transitions for

women in the high risk group (similar transitions are defined for women in the low risk
group, butthe sex worker state is omitdedt is implicitly assumed that women only engage

in heterosexual relationships (although this assumption is obviously incorrect, female same

sex relationships carry negligible HIV transmission risk and are therefore not considered in

the model).

Figure 2.1(b) illustrates the possible transitions for mienthe high risk groudthe same
transitions are defined for men in the low risk growgnmarried men are divided into those

who are heterosexual (having sex only with women) and those who are bisexual (having sex
with both men and women}or the sakefo si mpl i ci ty, we do not |
‘“bi sexual’ me n , as the vast maj ority of Sou
report having had sex with womé#7]. It is also assumed, in the interests of simplicity, that
bisexual men only enter into losigrm relationships with female partners, as surveys of

South African MSM show that only about 20% report being in méaahhbiting
relationships[5, 8]. Once bisexual men enter into leteym relationships with female

partners, they are assumed to cease sexuaitaetith other menAlthough this assumption

is unrealistic, it has the advantage of ensuring that the age profile of MSM matches the very
young age profile observed in various surveys of MSh].



(a) High risk females

Married to
low risk
partner
A
A 4
Sexually .| Married to
Virgin > experienced, [ " high risk
unmarried partner
A
A 4
Female
sex
worker
(b) High riskmales
Sexually »| Married to
experienced, | low risk
unmarried female
/ heterosexual partner
Virgin
Sexually Married to
experienced, high risk
unmarried female
bisexual partner

Figure2.1: Transitions between relationship states

Table 2.1 summarizes the major sexual behaviour paramefdisse parameters are
explained in more detail in subsequent sectidihe assumed initial proportiorms men and

women in the high risk group have been set at 35% and 25% respectively, based on studies
that have estimated proportions of adults ever engaging in concurrent partndi@tigs



Table2.1: Sexual behaviour assumptions

Parameter Men*  Women Reference
Initial % of population in high risk group 35% 25% [10-12]
Median age at sexual debut: high risk 17.5 16.5 } Calibrated
Log-logistic shape parameter for time to sexual debut 6.0 7.0
Relative rate of shotterm partnership formation in married high 0.33 0.14 Calibrated

risk adults (compared to unmarried high risk) (se€e[13])
Relative rate of shotterm partnership formation in unmarried low 0.37 0.16  Calibrated

risk adults (compared to unmarried high risk) (Thembisa v2.5)

Mean age difference beeen partners in shetérm relationships - } [14-1§]
Standard deviation of age difference in skiertn relationships -

Mean age difference betwepartners in longerm relationships - } [19]
Standard deviation of age difference in letegm relationships -

Assortativeness of sexual mixing - 0.47 Calibrated[13]

ao ww

* Male paraneters are determindbm female parameters in those cases where male parameters are mot show

2.1 Age at sexual debut

In modelling sexual debut, it is assumed that the youngest age at which sexual activity can
begin is age 10, and that the time tatstg sexual activity after age I6llows a loglogistic
distribution in high risk individualsSeparatdéog-logistic parameters are specified for males

and femaleg¢Table2.1). We assume that at each age the rate of starting sexual activity in the
low risk group is0.58 timesthat in the high risk group20-25]. Theseparameters were
chosen toyield estimates of the proportion sexually experienced at each agélyou
consistent with the aggpecific data from three national survé¥s, 26, 27], as demonstrated

in Figure2.2. Rates of sexual debut are assumed to be the same for heterosexual and bisexual
men[28, 29].

(a) Males (b) Females
1.0 1.0
0.9 ® 0.9 -
0.8 - 0.8 -
0.7 0.7
0.6 - ° 0.6 ® Data
05 | 05 | (adjusted)
0.4 0.4 — Model
0.3 0.3 -
0.2 e 0.2 1
0.1 0.1 -
0.0 0.0

14 15 16 17 18 19 20 21 22 23 24 14 15 16 17 18 19 20 21 22 23 24

Figure2.2: Proportion of youth who are sexually experienced, by age and sex
Data in panel (b) have been adjusted to reflect probatnierueporting of sexual experience by young women
(assuminghat the odds ratio relating true sexual experience to reported average sexual experjence is 2

2.2 Rates at which non -marital partnerships are formed

We definec;, (x) to be he annual rate of nemarital partnership formation in individuals

agedx, of sexg and marital status who are in risk group The female rates of partnership
formation at different ages are modelled using a scaled gamma density of the form

9



(x- 107 *exd- / (x- 10)
/210" *ex- 10/ )

Coii (X) =€y, (20 d ; (2.1)

where thea-and U parameters determine the mean and variance of the gamma distribution,
and the offset of 10 years is included to prevent sexual activity below age 10, T{®0)

value is 3.3 for women in the higisk group { = 1) who are unmarried € 0), based on
previous modelling of rates of partnership formation in South Aff8&. The mean and
standard deviation of the gamma density have been set to 38.71 and 19.38 respectigely, and
and U parameters arealculated to be caistent with these values (values are set at 0.0764
and 2.195 respectively)Thesevalues were chosen to yield the best model fit to the age
pattern of HIV infection and HIV mortality in previous model simulatioRer unmarried
individuals in the low rislgroup, the rate of nemarital partnership is assumed to be

Cg,Z,O(X) = LgCg,l,O (X)1 (22)

wherelg is the ratio of the rate of nemarital partnership formation in the low risk group to
that in the high risk group. Because the low risk grougened to consist of individuals

who do not engage in concurrent partnerships, it might be expected that the rate of
partnership formation would be lower in the low risk group than in the high risk greup.

and L» values have been set to 0.3719 and 21]16he valuegpreviously estimated in the
calibration of Thembisa version 2bable 2.1.

For married individuals in the high risk group, of sgxhe rate of nomarital partnership
formation is assumed to be

Cgvlyl (X) = Rg Cg,l,o (X) ’ (23)

whereRy is the ratio of the rate of nemarital partnership formation in married high risk
individuals to that in unmarried high risk individuals. Valuesghave been set to 0.33 for
males and 0.14 for femalé$able2.1), based on values previouslytéd using the STHIV
Interaction mode]13]. No nonmarital partnership formation is modelled in married low risk
individuals, as the low risk group would (by definition) not engage in concurrent
partnership.

Finally, male rates of nemarital relationship formation are calculated to be consistent with

the assumed rates at which females form newmantal partnerships. Further mathematical
details are provideth Appendix A Rates of nommarital relationkip formation are assumed

to be the same in heterosexual and bisexual men, in the absence of reliable data comparing
the two.Although this is probably not realistic, it ensures that overall coital frequencies are
the same in heterosexual and bisexual mémch is consistent with studies that have found
coital frequencies in MSM31] similar to the coital frequencies we have assumed for
heterosexual men.

10



2.3 Marriage and divorce

The model def i nes i nyaredegallyunairied ordivsng togather with e d ’
their main partner. Rates of marriage and divorce, by age and sex, are assumed to be the same
as those assumed in previous modelling w@®, based on proportions of the population
reporting that they are married or living witheth main partner, in the 1996 and 2001
censuses and 2007 Community Survey. Rates of divorce are estimategublished

divorce statistics in 200@32], applying a multiple of 2 to the crude ratesreflect known

biases in divorce statistid83]. Age-specific rates of marriage and divorce are shown in
Table2.3.

11



Table2.3: Agespecific behawural parameters

Annual rate
Annual rate of Annual rate of of sex worker Proportion
Age marriage divorce contact in of sexworkers
unmarried at eaclage
Males Females Males Females high risk males
15 0.0000 0.0000 0.0000 0.0000 0.02 0.9%
16 0.0026 0.0073 0.0000 0.0033 0.07 1.4%
17 0.0043 0.0224 0.0009 0.0071 0.20 2.0%
18 0.0058 0.0354 0.0047 0.0104 0.50 2.6%
19 0.0080 0.0465 0.0081 0.0134 1.06 3.2%
20 0.0123 0.0562 0.0112 0.0161 2.02 3.7%
21 0.0197 0.0650 0.0139 0.0183 3.50 4.1%
22 0.0313 0.0730 0.0165 0.0201 5.62 4.5%
23 0.0475 0.0807 0.0188 0.0215 8.44 4.7%
24 0.0674 0.0879 0.0211 0.0226 12.01 4.8%
25 0.0890 0.0943 0.0230 0.0233 16.27 4.9%
26 0.1090 0.0993 0.0246 0.0237 21.14 4.9%
27 0.1235 0.1022 0.0257 0.0241 26.46 4.8%
28 0.1302 0.1@5 0.0262 0.0244 32.05 4.7%
29 0.1309 0.1008 0.0262 0.0245 37.68 4.5%
30 0.1297 0.0980 0.0259 0.0246 43.14 4.2%
31 0.1290 0.0949 0.0255 0.0244 48.21 4.0%
32 0.1278 0.0918 0.0250 0.0239 52.72 3.7%
33 0.1268 0.0891 0.0245 0.0230 56.50 3.4%
34 0.1259 0.0868 0.0240 0.0219 59.46 3.2%
35 0.1241 0.0841 0.0233 0.0206 61.52 2.9%
36 0.1215 0.0811 0.0225 0.0193 62.67 2.6%
37 0.1187 0.0780 0.0217 0.0182 62.93 2.4%
38 0.1161 0.0749 0.0210 0.0177 62.36 2.1%
39 0.1135 0.0718 0.0204 0.0174 61.02 1.9%
40 0.1108 0.0686 0.0197 0.0172 59.02 1.7%
41 0.1079 0.0655 0.0190 0.0168 56.47 1.5%
42 0.1051 0.0626 0.0182 0.0163 53.48 1.3%
43 0.1027 0.0601 0.0175 0.0154 50.17 1.2%
44 0.1004 0.0578 0.0167 0.0144 46.64 1.0%
45 0.0982 0.0556 0.0160 0.0133 42.99 0.9%
46 0.096l 0.0535 0.0153 0.0123 39.31 0.8%
47 0.0941 0.0513 0.0145 0.0113 35.67 0.7%
48 0.0924 0.0491 0.0138 0.0105 32.14 0.6%
49 0.0908 0.0469 0.0131 0.0098 28.76 0.5%
50 0.0893 0.0448 0.0124 0.0091 25.57 0.4%
51 0.0879 0.0428 0.0117 0.0083 22.59 0.4%
52 0.0866 0.0408 0.0110 0.0077 19.85 0.3%
53 0.0853 0.0388 0.0102 0.0071 17.34 0.3%
54 0.0842 0.0369 0.0093 0.0065 15.06 0.2%
55 0.0831 0.0351 0.0085 0.0060 13.02 0.2%
56 0.0821 0.0333 0.0077 0.0055 11.20 0.2%
57 0.0812 0.0315 0.0070 0.0050 9.59 0.2%
58 0.0803 0.0297 0.0064 0.0045 8.18 0.1%
59 0.0794 0.0280 0.0058 0.0040 6.94 0.1%

Although the model allows for sexual activity at ages 60 and older, assumptions are not shown.

2.4 Commercial sex

Sexually experiencetheterosexuamen in the high risk groupr@ assumed to visit sex
workers at annual ratey (x), which depends on their current agednd marital statud)( It

12



is assumed that the rate of visiting sex workers is reduced by a factor of 0.25 in married men
(I = 1) [34] and that the effect of age is determined by a gamma scaling function with
parameters/, and a,.The formula usedo determine the rate of male contact with sex

workers is thus

/12 (x- 10 exg- /,(x- 10))
/%(215- 10" exd- /,(215- 10))

o ~A1-1

=K3 ae'l—sg exp- /,(x- 215))2 0.25, (2.4)

w (x) =K 0.25

whereK is the rate at which unmarried men aged 21.5 visit sex workers. (The offset of 10 is
applied to age to prevent boys belowage 10 from having contact with sex workers, and the

age of 21.5 was chosen previously because it corresponded to the average age of male
military recruits who were asked about their rate of contact with sex woi88r$ The
parameterd, and a, are set at 0.37 and 11.1 respectively. With these parameters, the model

simulates a client age distribution in 1995 that has a mean of 35.0 years and a standard
deviation of 7.9 years, roughly consistent with observed client age digiributi the early
stages of Sout h P86 87 as weéll as aHnlor¥ recem sud@ym Lane,
personal communicatiof88]). Finally, theK parameter has been set to 3.5, which ensures
that the total male demand for commercial sex is roughly consistent with the number of South
African sex workers estimated in a recent national stB&ly assuming that the average sex
worker has 750 client contacts per annji#@-47]. (Some downward adjustment is made to

the survey estimate to take into account differences in definitions of commercial'kex.)
model estimates substantial age variation in the rate at which men visit sex workers, with the
rate reaching as high as 63 tamis per annum in unmarried high risk males agedramlé¢

2.3). Bisexual men andnen in the low risk group are assumed to have no contact with sex
workers.

Women are assumed to enter commercial sex only from the unmarried high risk group
(Figure2.1), with the rate of entry determined to be sufficient to meet the male demand for
commercial sex. The rate of entry into commercial sex is also assumed to vary in relation to
age, with the agspecific rates being determined in such a way that the age distnilodi the

sex worker population remains constant over time. This distribution is assumed to be of
gamma form, with mean 29 years and standard deviation 9 yEalde 2.3), based on
surveys of South African sex worke$4, 42, 44-51]. Women are assumed to retire from
commercial sex at a rate of 0.33 penam[42, 43, 45].

2.5 Preferences regarding partner risk group

Mi xing between the high and | ow risk group:
mi xi ng’' P &his paraeéter rakes on values between 0 and 1, 0 implying completely
assortative sexual mixing (i.e. individuals only choose sexual partners from their own risk
group), and 1 implying random sexual mixing (i.e. individuals have no preferences regarding

the risk group of their partners and choose partners in proportion to their availgb#jty)
TheUparameter is difficult to determine from empirical data, and we have thefifedehis

parameter at a value of 0.47, the posterior mean estimated in a previous analysis of the STI

13



HIV Interaction mode[13]. The same mixing parameter is assumed to apply in the selection
of heterosexual and samsex partners.

2.6 Preferences regarding partner age

The symbolf  (y|x) represents the probability thébr an individual of sexg and age, in

a relationship of typé, t he pary Wemodet fenzalg age preferences regarding
married partner ages using gamma distributions. For married womerxatiedpreferred

age distribution of the marital partners is assumed to have a mean 6j,(and a standard
deviation of 5 yearsThis gamma distribution is adjusted to take into account relative
numbers of available em at different agesThese assumptions yield marital partner age
distributions consistent with those observed in the 1998 Deapbig and Health Survey
(DHS). Mathematically, the probability that a married woman aglds a husband between
the ages oy andy + 1 is

(/Z(X) +X(X))az(x) (t - min(x))az(x)-l t
da,(x)exd(/,(x) +x(X))(t - min(x)))

Ay 10 (25)

where /,(x) and a,(x) are the paranters ofthe gamma distributioncélculated from the
mean, variance and minimum 3agex(x)is the average rate of decline in the number of
available men per year of increase in ége women aged), and minK) = 17 + k — 17)/2
forx= 1 7 hat theoorigin of the gamma distribution is at this minimum age and not at
zero, in order to prevent unrealistically low married male agd® x(x) parameters are
updated dynamically each year as the population pyramid changes.

For wanen who are ages and in noamarital relationships, the age distribution of non
marital partners is assumed to have a meax #fJ), and a standard deviation of 3 years,
consistent with partner age distributions reported by young women in various/ASoodm
studies[14-18]. As for marital relationships, this distribution is adjusted to take into account
the actual number of men available at each Bgsexworkerclient contacs, clientsand sex
workersare assumed toave no age preferences

Proportions of men who choose thémale partners from different agesfy (y|x)) are

calculated to be consistent with the distributions specified/éonen, taking into account the
relative rates of partnership formation at different ages, and relative numbers of men and
women at different ages. Further mathematical detail is prowdagpendix A Appendix A

also describes the approach to modelligg mixing patterns in MSMf( ,(y | X)).

2.7 Coital frequencies

The average number of sex acts per-spousal relationship is assumed to be 18. This is
consistent with an average coital frequency of 3 acts per month ispousal relationsps

[16, 18, 53, 54] and an average nanarital relationship duration of 6 montf®0]. In marital
relationshi ps, the frequency of sex 1 s assur

14



For married women who are aged 20, the average number of spousal sex actstipes mon
assumed to be 5, and this number is assumed to halve for egehrdfcrease in agéq).

2.8 Condom usage

Rates of condom use are assumed to depend on age, sex, type of relationship and knowledge
of HIV-positive status. Rates of condom usage are also assumed te dvangime; this
time-dependency represents the effect of HIV communication programmes and condom
promotion campaigns, which were introduced in the 1990s and early 2000s, but which have
since seen a decline in fundifigb]. The parametep,, (x,t) represerdthe probability that

an HIV-negativewoman aged uses a condom in an act of sex with a partner ofltgpéme

t (time is measured in years since 198bhis paraneter is calculated in relation to a
arbitrary* basel i ne’ r at @, whidh ische probabitity of soadpra use for a
woman aged20 in a shoriterm relationship in 1998. The following formula is used to
calculateg,, (x,t):

np %V 8, 8+c +n,(x- 20)+ Y(t) 26)
&- g, (x1)Q % o '

where
ex;:(cl) = the odds of using a condom in relationship tipeelative to that in shoterm

relatiorships ( = 0), in 1998;
exp(n,) = the factor by which the odds ofrmlom use reduces, per year of age;
exr(ll/(t)) = the odds of using a condom yeart, relative to that in 1998for relationship

typel.

The Y/(t) functionis a linear combination of a constant term and two cumulative Weibul

distribution functions. The constant term represents the initial rate of condom usage, prior to
the start of the HIV epidemic in South Africa, the first Weibull distribution corresponds to the
increase in condom usage following the introduction of HIvhownication programmes in

the mid1990s, and the second Weibdistribution represents the reversal in condom usage
ratesin recent yeardn mathematical terms,

W) =k + (k2 - kﬁ)%- 050/ MD? 8- (k- kﬁ)%- 05t/ MO g (27
¢

wheret is time in years since 1985, and the other varisdnieslefined as follows:

k' representghe initial rate ofcondomusein relationship typd, in 1985 (relative to the
baseline in 1998)

k? - k! representshe increase incondomusein relationship typd, following initial HIV
communication programmges

k? - Kk representshereduction incondomusein relationship type, following reductions in

condom promotioftisk compensatiagn
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M = the mediarfor the first Weibull distribution

M? = the mediarfor the second Weibull distribution

Q = the Weibull shape parameter controlling the speed of behaviour change in relationships
of typel.

The values assumed for these parameters, and the detasson which they are based, are
summarized iMable2.4. Although several of the model parameters were initially calibrated

to match proportions of women reporting condom use at last sex in national surveys, this was
found to lead to implausible HIV indgence trend$13], and the calibrated parameters were
therefore adjusted downward so that the modelled proportions of women using condoms were
closer to the proportion of women who reported using condom®iffraceptive purposes.

Table2.4: Condom usage assumptiongeriod up to 2012

Parameter Symbol Value Source

‘Baseline’ condom usa g 0.104 [19], calibrated

OR for condom use in marital relationsh{i898) exp(c,) 0.46 [19]

OR for condom use in commercial 4998) exr(cz) 6.0 [14, 48

OR for condom use per year increase in age exp(nl) 0975 T [19, 56|

OR for condom use in 1985 (relative to 1998)
Marital and normarital relationships ex kll) 0.07 [57]
Commercial sex eXF(k;) 017 [37]

Maximum OR for condom use (relative to 1998
Non-marital relationships exp(ké) 4.6 [16, 17, 27],
Marital relationships exp(kf) 2.16 calibrated
Commercial sex exp(kj) 3.8  [51, 58], calibrated

OR for condom usafter reversal of behaviour
changgrelative to 1998)

Non-marital relationships exp(kg’) 2.14 } Set to square
Marital relationships ex;:(kf) 1.47 root of explk?)
Commercial sex exp(kg) 3.8  No evidence of

condom reduction
Shape parameter: speed of behaviour change

Non-marital relationships Q, 3.6  Calibrated
Marital relationships Q 3.24  Calibrated
Commercial sex Q, 3.8  Calibrated
Median time to reversal of behaviour change |\/||2 26 Calibrated

(in years since 1985)

f The same assumpt i on-marpaprélatienshipsf it theareanetér ts adt tb farrsek n o n
workerclient interactionsOR = odds ratio.

The parameteM is calculated as a function thfe remaining parameters:
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Y ) - 1/Q
2\2Q
M :13{3%12/(,3 (k7 - k205 TIMOTE 0z - k1) /n(O.S)E (2.8)
¢ é U 5 y

The resulting trends lationshipaype arée showo iBigu@23n u s e,
To ensure that male and female assumptions are consistent, the probability Hiat-a
negativeman uses a condom inraaritalor non-maritalrelationship is calculated as

Gu(x)=a fi, (Y199, (¥.1), (2.9)

where f,, (y|x) is the probability that a female partner is aged the male partner is aged

x. The rate of condom use among clients of sex workers is the same as that estimated for sex
workers, with no age dependenttyis also assumed ththe rate of condom use in saisex
relationships is the same as that in heterosexual relatior2Bj#9, 59].
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Marital
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Figure 2.3: Trends in proportion of sex acts that are protected amongdOold HIV

negative women having sex with Hivegative or undiagnoseubsitivepartners
Rates are adjusted to tak¢o account knowledge of HIV status and ART (see secfidisand2.11).

2.9 Effect of CD4 count on level of sexual activity

The model assumes that coital frequencies in-pib¥itive individuals decline as they enter

more advanced stages of HIV disedsis assumed that the frequency of sex in Hldsitive
adults with CD4 counts =500/ pl -negative &delts s a me
with the same characteristicEhe frequency of sex is assumed to be reduced by 8% in

individuals with CD4 conts of 3564 9 9/ u | , by 24% in individual s
349/ pl , and by 45% in individuals with CD4
CD4 counts of 2500/ pl in all Cc a saaady3esof These

various studieshat have assessed either differences in sexual behaviour or differences in the
incidence of pregnancy between CD4 staff#%66]; results of the individual stigs are
shown inFigure2.4.
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Figure 2.4: Comparison of model assumptions about relative frequency of sex at different
CD4 levels and empirical estimates

Model assumptions are represented by horizontal grey lines. Empirical estimates are represiotteelpr

bars represent 95% confidence intervals). Note that the model assumption for the GD4 Z0DOatedoryis

taken as the average of thatinthe-350 9/ p | -3a4n9d p200c at egori es. For conveni
Sedghet al (2005) estimtes as if they are based on CD4-offs of 200 and 500 (not 250 and 500).

It is assumed that the frequency of sex is the only sexual behaviour parameter that changes in
relation to the CD4 count in HNAhfected adults. In the interests of simplicity, de not

model the possible effect of the CD4 count on rates at which new partnerships are formed,
rates of partnership dissolution or rates of condom usage. However, in high risk women, it is
assumed that rates of entry into commercial sex are reducedbwatl@D4 counts of 350

499, by 35% at CD4 countsof 2304 9 and by 60% at CD4 count s
exit from commercial sex are increased by factors that are inversely related to these reduction
factors (for example, a sex worker with a CD4got <200/ p | i s assumed t
sex at a rate that is 1/ 0.6) = 2.5 times that in HRegative sex workers). These
assumptions are consistent with data from sex workers in Kéayawvho were found to be
significantly more likely to abstain from sex at lower CD4 counts (OR 1.70 for CD4 counts

of 200-499and 2.39 for CD4 counts of <200). It is also assumed that the frequency at which
men visit sex workers is reduced by the same factors as those used to reduce coital
frequencies in shoterm and longerm relationships.

2.10 Effect of knowledge of HIV st atus on sexual behaviour

Most evidence suggests that HIV testing does not significantly affect sexual behaviour or
HIV incidence in individuals who receive negative test res[8&71], and the model
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therefore assumes no change in behaviour followm#li¥ -negative test result. However,
studies from developing countries show that Hbdsitive diagnoses usually lead to
significant declines in unprotected sewth the reductions varying between 10% and 95%

(average reductio61%, based on a random effects matalysis of the estimates irable

2.5. We have set the assumed reduction in the fraction of sex acts that are unprotected to
58%, based on the averagalue estimated in the calibration of Thembisa version 2.5, and
roughly consistent with the 61% estimated from the studies summarized in Table 2.5

Table 2.5 Studies evaluating the effect of HIV diagnosis on sexual risk behaviour in
developing countries

Effect on risk

. Definition of behaviour in
Study Location risk behaviour Controls HIV -diagnosed
(OR, 95% CI)
Marlow et al South No condom use at 14 HIV-negative 0.59 (0.480.72)
[72] Africa weeks postpartum  women
Ngubaneet al South No condom use HIV -negative
[73] Africa 0-12 mo postpartum women 0.58 (0.470.72)
13-24 mo postpartum 0.62 (0.440.87)
Morroni et al South No condom use at Women at FP/ 0.28 (0.160.51)
[74] Africa last sex STl clinics
Mwangiet al Kenya Any unprotected sex Individuals who 0.05 (0.020.12)
[79] with a partner who wa: were HIV-
HIV -negative or of positive but
unknown HIV status  undiagnosed
Voluntary HIV-1 Kenya, Any unprotected sex Individuals who 0.60 (0.400.89)
Counsellingad Tanzania, with primary partner tested HIV
Testing Efficacy Trinidad  Any unprotected sex negative
Study Group with nonrprimary
[76] partner: Women 0.90 (0.491.66)
Men 0.19 (0.050.81)
Mdiller et al Thaland  <100% condom use in Individuals who 0.15 (0.090.24)
[77] last 3 sex acts were HIV-
positive but
undiagnosed
Creminet al Zimbabwe Inconsistentondom  Individuals who
[70] usewith regular wereHIV -
partners: Women positive but 053(0.24-1.16
Men undiagnogd 0.61(0.251.47)
Pooled OR 0.39(0.280.56

In all studies, with the exception ®diller et al the odds ratio presented is based on multivariate analysis

(Mdller et aldid not employ multivariate analysis, but did select controls who wereaadesexmatchel to the

cases.)

2.11 The effect of ART on sexual behaviour

In our model, ART is assumed to affect the sexual behaviour of treated individuals in two

ways.

Firstly,

by

bringing

about

an i
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health and sexuidesire[78], ART is assumed to cause an increase in the frequency of sexual
activity. Secondly, because of their greater contact with health services and greater exposure
to prevention messages, sexually active ART patients are assumed to have a higher level of
condom usage when compared with sexually active -ARiVe patients who are HiV
diagnosed.

Coital frequencies after ART initiaticsre assumed to depend only on eartCD4 count, as
described in sectio®.9, with no effect of ART after controlling faurrentCD4 count. This

is because most African studies show that after controlling for measures of disease severity,
ART does not significantly affe¢tequency of sexal activity[79-81].

Theassumegbroportion of sex acts that are protected in yegr an HIV-treated adult of age
x and sexg, in relationship typé, is

1- (- g,, (x))L- d®)2- h), (2.11)

where g,,(x,t) is the corresponding rate of condom use in iiBgative individuals

(discussed in sectiadh8), U(t) represents the reduction in unprotected sex following diagnosis
(discussed in sectio.10), and h represents theadditional reduction in unprotected sex
following ART initiation. The h parameter has been set to 0.32, based on a recent meta
analysig[82], which found that in hig-quality studies receipt of ART was associated with a
significant reduction in unprotected sex (OR 0.68, 95% CI:-0.38). Lowquality studies
were excluded, as these tend not to control for time since diagmubihius tend to conflate

the effects oHIV diagnosis and ART on levels of condom usage.

2.12 Same-sex relationships

It is assumed that at the time of beginning
unmarried’ group and the remainder enter th
assumption is based on the results of a household survey conducted in two South African
provinces, which used compuassisted interview techniqusobtain sensitive estimates of

the fraction of men who had ever engaged in sex with other [#jeBisexual menare

assumed to form 70% of their shoetm relationships with other men and the remaining 30%

with women. 69% is the average fraction of MSM whpartonly engaging in sex with men

in the last 6 monthsacross three South African studj&s7]. Although this may be an under

estimate of the fractionf parhers who are malésince those who reported having sex with

women were also having sex with men), it could also be anestenate if MSM who have

less frequent sex with men are less likely to be included in the sample (recent sex with other
men was a cdatition for inclusion in the three cited studies).
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3. Model of HIV disease progression and mortality in adults

HIV-infected adults are assumed to progress through five stages of HIV infection in the
absence of ART. An initial acute infection phase, tagtior three months, is followed by

four stages of i ncreasing immuno4d4UPpcebbsbp
200349 <cel |l s/ pl and <200 cell s/ pl). I ndi vi du.
they have been diagnosed Hpdsitive, with rates of diagnosis changing over time and

varying in relation to age, sex and CD4 stage. Adults who have been diagnospdditive

are assumed to start ART at a rate that changes over time, as ART rollout expands and
treatment eligibility criteria ltange [83]. Once individuals have started ART, they are
stratified by their time since ART initiation and baseline CD4 category. The mbé#Vo

disease progression, diagnosis and ART initiation is illustratEdyure3.1

HIV-negative, HIV-negative,
untested tested
Acute HIV, Acute HIV,
untested tested
l l Started ART at CD4 500+
CD4500+4, CD4500+, CD4500+,
untested tested diagnosed HI Y1 | Y2 | Y3 | Y4 | Y5+ |
l [ )
l v l Started ART at CD4 35099
CD4 350499, CD4 350499, CD4 350499,
untested tested diagnosed YL | Y2 ] Y3 | Y4 |Y5+
l A
Started ART at CD4 26849
CD4 200349, CD4 200349, CD4 200349,
untested tested diagnosed Y1 | Y2 [ Y3 | Y4 | Y5+
l N [ ) l
v Started ART at CD4 <200
CD4 <00, CD4 <00, CD4 <00,
untested tested diagnosed Y1 1 Y2 | Y3 | Y4 | Y5+
l A

Figure3.1 Multi-state model o$urvival in HIV-positive adults

3.1 HIV disease progression and mortality prior to ART initiation

In untreated individuals, we da@ the symbol/ ; ((X) to be the annual rate of transition from

HIV statesto state ¢ + 1) in untreated HIVpositive individuals of sexy (1 = males, 2 =
females) who are aged This is calculated as

/4o =1 L+ k)BT, 3.9
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where as is the rate that applies in men aged 30,is the factor by which HIV disease
progression is adjusted in womek,is the proportional increase in the rate of disease
progression per Qear increase in agandE is the factor by \Wwich the rate is adjusted per
year as a result athanges in HIWirulence Similarly, we define the symbaoly ((x) to be

the annuaHIV -relatedmortality rate in HIV statesin untreated individuals of sexwho are
agedx. This is calculted as

my(x) = my &L+ k)2, (3.2

wherees is theHIV mortality rate that applies in men aged 3be adjustment factors for the

effects of age and sex on HIV disease progression are thus the same as the adjustment factors
for the corresponding effects on HPélated mortality(except in respecof the HIV

evolution parameterHIV -positive women tend to havewer viral loadq84-86] and lower

rates ofCD4 decline[87] than HIV-positive men, and studies suggest a lower mortality rate

in HIV-positive women than in HRpositive men in the prART era[86, 8890]. To
represent the uncertainty regardithg ¥ parametera gamma prior distribution has been
assigned, with a mean of 0.96 and standard deviation of @15

Evidence suggests that increasing age is associated with both increasing rates of CD4 decline
[92, 93] and increasing mortality in HRpositive adult§94-97]. To represent the uncertainty

around he k parametera gamma prior with a mean ofl8 and standard deviation of 0.06

has been assigng@1]. A gamma prior has also been assigned to represent the uncertainty
regarding the overall mean HIV survival time (mean 12 years, standard deviation 1 year), and

this is used to determiree andes parameters (corresponding prior means shown inrable

3.1) [91]. Assumptions about the relative lengths of time spent in different CD4 stages were
determined by calibrating the model to crssstionalsurveys ofCD4 distributions in HI\

positive adult§98-104], and assumptions about relative rates of mortality by CD4 stage were
based on the assumption of negligible i eci fi ¢ mortal ity at CD4
and amortality hazard raticof 0.13 for individuals with CD4 counts of 229, when
compared to individual s[83with CD4 counts <200

HIV virulence may behanging as a result of HIV evolution; recent studies from Uganda and
Botswana suggest that there have been substantial reductions in HIV virulence over time
[105 106]. It is also possible that HIV virulence may have changed as a result of
improvements in tuberculosis prevention, screening and treatment (for example, isoniazid
preventive therapy for HApositive individuals and tuberculosis case finding in Hivsitive
individuals[107]). However, evidence from highcome countries generally suggests a shift
towardsincreasedH|V virulence over timg108 109. Given the inconsistent estimates from

the literature, a gamma prior has beassigned to represent the uncertainty in Ee
parameter, with a mean of 1 and a standard deviation of 0[0@E5
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Table3.1 Parameters by HIV disease stage

Acute CD4 range
Parameter 350 200 Source
HIV 500+ 499 349 <200
Averagetime (in years) to next stage, absence 0.25 316t 213f 3.20t - Calibrated

of ART* (1/a)
Annual HIV mortality ratejn absence of ARTfes) 0.00 0.00 0.00 0.03t 0.254t Calibrated

Annual incidence 00ls, in absence of ART [110 117
All WHO stage Ill and IV Ols 0.05 0.05 0.12 0.27 0.90
WHO stage IV 0.01 o0.01 0.02 0.06 0.28
Pulmonary TB 0.01 0.01 0.015 o0.04 0.07

Relative infectiousess ifuntreated]s) 10 1 1 2 7 [112114

Annual male HIV mortality after ART initiation,
by baseline CD4t%

156 months of ART - 0.0002 0.0016 0.0146 0.2554 [11§
Months 718 - 0.0009 0.00% 0.0132 0.0613
Months 1930 - 0.0027 0.0085 0.0116 0.0306
Months 3142 - 0.0042 0.0076 0.0076 0.0202
Months 43 - 0.0049 0.0063 0.0063 0.0166

Annual female HIV mortality after ART initiation,
by baseline CD4t%

1%t6 months of ART - 0.0001 0.0016 0.0159 0.2072 [11§
Months 718 - 0.0008 0.0045 0.0101 0.0490
Months 1930 - 0.00D 0.0057 0.0057 0.0235
Months 3142 - 0.0027 0.0034 0.0034 0.0141
Months 43+ - 0.0025 0.0025 0.0025 0.0103

* Parameters are specified for-§8ar old malesn 1999 and adjustrentsfor age sex and yeare made in the

process of calibrating the model to reported death data.Pr i or means <corresponding
survival of 12 yearst Par amet er t® take in® acaodrjt age effectisfects of increasing bagse

CD4 counts over timand effects of bias in the data source (the leEEAdata are likely to understimate the

true mortality rate at early ART duratiofl]). Ol = opportunistic infection.

3.2 HIV testing and diagnosis

As shown inFigure 3.1, the population aged 10 and older is divided ithiree HIV testing

history groups (never tested, previously tested negative and previously tested positive). Three
types of HIV testing are modelled: testing in antenatal clinics, testing of HIV patients with
opportunistic infectiongOls), and testing fo other reasons. The annual rate at which
sexuallyexperienced individualget tested is assumed to depend on their HIV sggade

(x), sex @), HIV testing historyi) and the calendar yeaj:(

(%) =b(t) A, (X B)F, +W,d, (t) + F, . (x v, (1 (3.3

tg,i,s

whereb(t) is the bae rate of HIV testing in yedy in individuals who do not have any HIV
symptoms and are not pregnaf§(x,t) is an adjustment factor to represent the effect of age
and sex on the base rate of test uptakes an adjustment factor to represent the aefte

t esti ng sibthesanmual ymciden€e @ls in CD4 stages; di(t) is the fraction of Ol
patients who are tested for HIV in ydaFgs(xt) is the fertility rate in sexually experienced
women aged, in HIV stages, during yeatt (set to zerdor men); andv(t) is the proportion

of pregnant women who receive HIV testing in yeafhe function used to represent the
effect of age and sex on the uptake of HIV testing is
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-1

A, (x.t) = B, (t)%z% " exl- s, (x- 29), (3.4)

whereBy(t) is a timedependent sexdiustment factor, antly anddy are coefficients for the
effect of age on the rate of HIV test uptakbe parameterization of the model is described in
detail elsewherg¢l1q. Briefly, the model parameters have been estimated using a Bayesian
procedure that incorporates three data sources: total numbers of HIV tests performed in the
South African public and private health sectors (22022), proportionsof individuals
testing for HIV who test positive, and proportions of adults who report previous HIV testing
in three national survey46, 17, 117], stratified by age, sex and HIV status. The calibration
procedure allows fopotential bias in selfeporting of previous HIV testing. The prior
distributionsin the Bayesian analysis are based on observed patterns of HIV testing by age
and seX{118 119 and observed increases in rates of testing in previtastgd individuals

[49, 120, 12]]. The assumed incidence of Ols by HIV sta@e) (s shown inTable3.1, and

the assumed proportions of Ols tested for HIV are showfahble 3.2 Assumptions
regarding fertilityratesand the effect of HIV on fertility are described in sectto? and the
assumed fractions of pregnant women testedHfV are also shown iable3.2

Table3.2 Assumed proportions of patients tested for R4 linked to ART

vear Antenatal testing(t))  Testing of Ol patientsd((t)) Linkage to ART in pregnancff(s,t))

Rate Sources Rate Sources Rate Sources
Pre1999 0.0% 5% 0.0%
199900 0.9% 5% 0.0%
200001 2.9% 5% 1.9%
200102 7.5% [122 5% 2.5%
200203 15.6% [123 124 5% 2.5%
200304 31.3% 5% 3.6%
200405 42.0% [125 8% [126] 12.6%
200506 54.5% [127] 20% [12§ 22.6% [129%
200607 72.2% [13Q 31% [12§ 29.1%
200708 84.0% [13]] 40% [128 132 35.5% [133%
200809 89.0% [134] 45% [128 132 44.5% [135%
200910 93.0% 50% [129 550%
201011 97.0% [136] 55% [137] 64.1% [139
201112 98.0% [139 60% 75.4% [139
201213 98.0% 65% 75.9%
201314 98.0% 70% 76.3% [14Q
201415 98.0% 75% 91.2% [14Q
201516 98.0% 80%t 93.0% [14Q
* Rates are assumed to remain constant at 98% aftér 20t Rat es are assumed to inc
until an ultimate rate of 90% is reached in 2047. Adj ust ed to take i ntoARaccount

between provinces.

In calibrating the model to historic data, the average estimate for the bad¥tyateer the
four-year period from mi2012 to mid2016, is 0.287 This represents the average annual
rate of testing in women aged 25 who arengstpmatic and not pregnant, who have not
previously bee tested for HIV.This rate is assumed to apply in each future year from mid
2016 onward.
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3.3 Adult ART Initiation

We model ART initiation as occurring either in the month of HIV diagnosis, ora¢leager

durations since HIV diagnosis. (In reality relatively few adults start ART within a month of
same mo
represent individuals who link to care and start ART shortly &ft¥ diagnosis.)Table3.3

being diagnosed, but we wu

summarizes the assumed proportions of 4Bsitive adults in different categoriego are
eligible to receive lifd ong ART, and shows

private sectoprogrammes applied higher CD4 eligibility thresho[d45147), and these

S e

i n t

how
receive ART’ her e meguiddinesoreconymernddd ART irtitiatien im e | e v
these patientfl41-144] — this does not reflect the actual proportion of patients who started

ART whenthey became eligible. In some of the periods the assumed eligible proportion has
been set to 50% because the change in guideline occurred midway through the relevant
period. For patients with CD4 counts of 2804 9 cel | s/ pl
access to ART prior to official guideline changes, as some N@ported programmesd

he

t hi

S

has ¢c

t heeromo d e |

adjustments are necessary to bring the mest#nates in line with reported fractions of ART

initiators in the CD4£200-349 category14§.

Table3.3 Proportions of adult patients assumed to be eligible to retié®long ART

2006 2003 2009 2010 201k 2012 2014 2015 Post

2003 2009 2010 2011 2012 2014 2015 2016 2016
WHO stage IV or CD4 <200 100% 100% 100% 100% 100% 100% 100% 100% 100%
Pulmonary TB, CD4 20349 10% 10% 50% 100% 100% 100% 100% 100% 100%
WHO stage Ill, CD4 350+ 0% 0% 0% 0% 0% 100% 100% 100% 100%
Pregnant women, CD4 28419 10% 10% 50% 100% 100% 100% 100% 100% 100%
Pregnant women, CD4 350+ 0% 0% 0% 0% 0% 0% 50% 100% 100%
Other patientsCD4 200349 10% 10% 10% 20% 80% 100% 100% 100% 100%
Other patientsCD4 350499 0% 0% 0% 0% 0% 0% 50% 100% 100%
Other patientsCD4 500+ 0% 0% 0% 0% 0% 0% 0% 0% 100%9

Calendar periods are defined to run from the middle of the first year quoted to the middle of the second year.
in 2016/ 17 (80 %)

* Applies only to rollod in private sector and NG€&in programmest

The number of adults of sexwho initiate ART in the same month as diagnosis, in year

modelled as

Except

S =4 & & Nyi.(xH{BOA (D1 16(S.8) +W,d, (Ol (5.}

i=0 s=2 x=15
2 5 49

+a a a. Ng,i,s(xit)Fg,s(Xit)Vi (t)lz(slt)

i=0 s=2 x=15

where N

g.i.s

HIV testing historyi at the start of yeat; |,(s,t) is the fraction of newhdiagnosed,

asymptomatic, nopregnant individuals in HIV stagewho start ART within a month of
beingdiagnosed; and, (s,t) andl,(s,t) are the corresponding fraction$ Ol patients and

(3.9

(x,t) is the numbenof individuals of agex and sexg, in HIV stages and with

pregnant women respectively who start ART immediately after diagnosis (other symbols are
defined in the same way as in equati@B)). Although the calculation is presented as an
annual total for ease of comparison with equati®r®)( the actual model calculations of
numbers starting ART are performed at monthly time steps, using monthly rates of HIV
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testing in place of annual rates oftieg. Note that the summation excludes individuals in the
acute phase of HIV infectiors € 1), since it is assumed that most rapid tests would return
negative results during this disease stagpe summation also excludes individuals who were
previouslydiagnosedi(= 2), although previousigiagnosed pregnant women are included if
they are retested and are ARIigible.

3.3.1 Linkage to ART after diagnosis during pregnancy

The assumed fractions of ARHligible pregnant women who start ART during pregreare
shown inTable3.2 Assumptions for the early years are based on studies in the Western Cape
[129 133 134, but are adjusted downward to take into account the lower rate of access to
ART in other provinces in the early stages of AT programmeapplying the ratio of the

ART initiation rate in women in the Western Cape to that estimated natioredsymptions

for the more recent years are obtained from national statistitgesh showed the proportion
increasing to 75.4% in 2011/1}A3§. This proportion increased in subsequ@eriods,
following the introduction of WHO option B at the start of 2013, which eliminated the need
for CD4 testing prior to ART initiation and thus simplified the ART initiation procBased

on data from the DHI$14(Q, it is assumed that coverage increase€3% in 2015/16 and
remains at this level in subsequgears.

3.3.2 Linkage to ART after HIV diagnosis in Ol patients

Few studies have reported on rates of linkage to ART specifically in gademts who are
diagnosed in the course of management of an Ol. Howsslatively high rates of linkage
mightbe expected, given that (a) such patients are likely to bérdagied through the patient
preparation process (since CD4 testing is not required prior to ART initiation), and (b)
symptomatic patients are likely to be more motivated to start MR®151]. In one Cape
Town study the rate of linkage in Ol patients was found to be similar to that in pregnant
patients[135. We have therefore set the assumptions about, {sg) parameters to be the

same as the assumptions for women who are diagnosed positive during prednemy (
(Table3.2).

3.3.3 Linkage to ART after HIV diagnosis in hon -pregnant, asymptomatic
adults

In a recent review of suBaharan African studies that have examined linkages between HIV
diagnostic services and ART services, half of studies included veemeSouth Africd 152.
Restricting attention to those studies conducted in South Africa, the median proportion of
patients who received CD4 testif@lowing HIV diagnosis was around 75% and the median
proportion of those receiving CD4 testing who collected their test results was around 80%. Of
those who were determined to be ARIgible, the average proportion who started ART was
around 67%. This ggests that of all individuals who are newly diagnosed and-&lRjible,

the proportion who actually start ART within a few months of diagnosis is only about 40%
(0.75 x 0.80 x 0.67)We have therefore set the rate of linkage to care in2/281
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(1,(s,2013) to 0.4, for all individuals who are AR@&ligible. This is half of the rate assumed

for Ol patients, consistent with relative rates of linkage to ART in a Cape Town study
conducted from 2004 to 200935. We have therefore set tHg(s,t) parameters foall

years to be half of theorrespondingates assumed f@I patients

3.3.4 ART initiation in previously -diagnosed adult s who did not link to ART
soon after diagnosis, up to mid-2017

In the period up to mi®017, the modelled rates of ART initiatian previouslydiagnosed
adults are calculated from reported numbers of adults starting ART in each period. Suppose
that in thke period up to mi2017, S(t) is the estimated number of adults of gegtarting

ART in montht. Further suppose thﬁg(t) is the number who started ART immediately

after HIV diagnosisn montht, calculated as shown in equatich but converting the

annual total into a monthly numberet Ng<(x,t) be the number of HAdiagnosed individuals

in CD4 categorys, who are ARTnaive at timet, of agex and sexg. Let g45(x,t) be the

monthly HIV mortality rate that applies in these individuals, anddgx be the relative rate

of ART initiation in stagesr el ati ve to that I ns=tS5h & m@sb4 <20
periodsJs(t) will be zero fors < 5, since South #kican ART guidelines have only recently
changed to allow for ART i nWhenhalindividoalsare CD4
eligible for ART, we setls(t) to 0.40 for CD4 of 500 or higher, 0.50 for CD4 of 381D,

0.70 for CD4 of 20849 and 1 for CB <200. (These assumptions are bgs@darily on the

observed relative ratesf ART initiation in ART-eligible individuals in different CD4
categorie§ 153, and are consistent with the relative raa¢svhich individuals enrtgd in

pre-ART care return for regular CD4 testif8j7, 145.) We wish to estimate the monthly rate

at whichpreviouslydi agnosed individuals in thgtCD4 <2

We estimate this by noting that

90 5

S,(0- S50 = & & Ny, (x0 7o O3, expl- (73,06 + 7,3, ()u) du

© & A N, ()7, I, O 05(m.(x1)+ 7, ®)J. 1) (3.6

x=15s=1

This is a quadratic irr (), and the smaller ahe two roots is the rate of ART initiation that
we wish to estimate.

The assumed values §f(t), expressed as annual totals, are summarizédbie 3.4. These

are estimated by combining data from the public sector, private sector and NGO programmes.
Suveys of private sector and NGO programmes have been conducted every two years, to
determine total numbers of patients currently receiving AR34. Reporting of patient

totals in the public sector kachanged over timeearly reporting systems prowd
information only on numbers of patients cumulatively enrolled into ARGrarmmes but

since late 2009 most provinces have switched to reporting numbers of patiemistly
receiving ART[138 155. To estimate the number of new initiates in each period from the
reported numbers of currepatientswe havemodelled the change over time in the number

of new ART initiates using Bayesiandplines, with the model beingted to the reported
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totals; a more detailed description is provided elsewfEs€. The model has been fat
separately for each province, and the results presenteabie 3.4 are the aggregated totals
for the whole country.

Table 3.4 Assumed annual numbers of patients starting ART intSAtrica, and implied
average treatment delays in previomdly agnosed patients with CDA4

Men (15+) Women (15+) Children (<15) M|$]pé|le5d+,)6\RTV\$I§rlggn(J(yl(;)J)r)

Pre2000 0 0 0 - -
2000601 3309 4187 457 167.5 211.7
200102 3885 4916 547 189.3 249.2
200203 4569 5782 657 203.8 280.2
200304 10486 14481 1961 100.5 134.0
200405 21408 41440 6183 59.2 55.5
200506 35717 69521 10185 53.5 45.2
200607 61410 117959 17758 35.8 28.9
200708 79263 154150 23233 32.1 23.4
200809 106103 199404 30789 23.4 16.6
200910 142921 255630 34546 15.7 11.6
201011 178639 341503 39215 11.8 7.5
201312 176543 344911 32728 21.6 13.3
201213 184419 339526 27647 24.7 12.7
201314 165661 305706 21992 25.5 10.7
201415 151133 280209 18011 40.0 29.2
201516 130440 243881 13779 - -
201617 117862 222093 11246 - -

3.3.5 ART initiation in previously -diagnosed adults who did not link to ART
soon after diagnosis, after mid-2017

Because we do not yet have data on the absolute msirstaeting ART after mi@017, we
specify ther (t) parameterslirectly for this period. These parameters can also be expressed

in terms of average delays (in months) between diagnosis and ART initiation, if the
individual does not linko ART soon after ART initiatior(]/rg(t)). The average delays

implied by our assumed absolute numbers are shown in the last two caltifiaisle 3.4.

Our simulations suggest that liwth men andvomenwi t h CD4 counts of <2C
average delaincreased roughly fotfiold betweer2010/11and 2014/15possibly as a result

of ‘“crowding out’ of sicker patients as AR-
healthier patientsHowever, these results should be interpreted wittiaauas the estimates

are sensitive tassumptions about linkage to care after diagnosis (se&i®ris3.3.3), which

are difficult to determine preciselyResults for the 20137 period are not shown because

they are highly uncertainfor the period féer 221, we assume an average treatment delay

of 18 months and 36 months in women and men respectively who have CD4 counts <200

c e | | reughlylconsistent with the average delay over the period fror2@id to mid

2015 In the periodup t02021, the cklays are interpolated between the rates shown in Table

3.4 and these ultimate rates.
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3.4 Mortality after ART initiation  in adults

HIV -related mortality after ART initiation is assumed to depend on age, sex, baseline CD4
category and time since ART iration. The mortality rates specified Trable 3.1 relate to

individuals who are aged 3&nd these mortality rates are assumed to increase by factors of

1.12 and 1.09 per 1gear increase in age, in men and women respecti¥elythe most part

these paraeters have been determined from a model fitted to data from the leDEA Southern
Africa collaboration[115. However, the leDEASA data relate mainly to individuals who

start ART with CD4 countb el ow 350 <cel |l s/ pl, and the few
CD4 counts are mostly patients who started ART because they qualified on the basis of HIV
related symptomsAlthough we lack South African data on mortality in asymptomatic
patients startindART at higher CD4 counts, observational data from high income countries
suggest that untreated patients withermCD4 <co
mortality rates, as long as they start ART before their CD4 count decknesctow 250 <c el |
[157]. We have lerefore set the miality rates of patients starting ART at higher CD4

counts in such a way that the predicted leEmgn mortality rate in untreated patients with

CD4 counts above 500 cell s/ pl i systad ARTh 1 y t h
immediately, defer ART tavhen their CD4 count drops below 500, or defer ART to when

their CD4 count drops below 350.

Within the group of patient s IdhereistubsiagtialART a
heterogeneity in mortality depending on the exact baseline CD4 vdlheugh the model

does not explicitly model variation in mortality rates by CD4 cdwelow the200 cellstl

cutoff, mortality rates are adjusted to take into account the rate of ART initiation, since high

rates of ART initiation would imply that (a) mostdividuals starting ART at CD4 <200

cellskl do so soon after their CD4 count falls below 200, and (b) most untreated individuals

with CD4 <200 cells#l have CD4 counts close to 200. We therefore calculate the theoretical
minimum mortality rates that wédi be expected (both in untreated individuals with CD4

<200 and in treated individuals starting ART with CD4 <200) if ART was started soon after

the CD4 count dropped below the 200 threshold. The difference between the mortality rate in

Table 3.1 and the heoretical mininam is reduced by a factor oéxp(— mr (t )) in yeart,

where r (t") is theaveragerate of ART initiation in the8 years prior to yeart, in adults of

sexgwi t h CD4 < andmis acsealiny fadtofTtis, scaled difference is added to the
minimum mortality rate to determine timeodelledmortality rate in yeat. To represent the
uncertainty regardinthe m scaling parametea gamma prior has been igsed, with a mean
of 7.5 and standard deviation of 3%l]|. The adjustments are made only to those ARive
adul ts with CDA4landohasdréated addtdviith mseliné GD4 pounts <200
cell s/ pl

In addition, the mortality assumptions are adjusted to take into account likelynbibs i
leDEA-SA data. This bias arises mainly because the lelSBAcohorts do not constitute a
representative sample of all ART services in South Africa; lef3AAcohorts are almost all
located in urban areas, and most have support from academic parthBiG@s.This means

that the mortality rates in those cohorts are likely to be lower than the national average.
However, the bias may become less substantial at longer treatment durations, as patients
frequently discontinue ART or move to different servjgsugh their vital status can still be
tracked through the South African vital registration system. In additienleDEASA data
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may overstate the true mortality rate in the longest duration category, i.e. durations >42
months (Table 3.1). This is lamase the average folleup duration in the leDEAA cohorts

is short, which means that folleup times in the >42 month category are likely to be biased
towards those individuals with relatively short follay, who are likely to have higher
mortality. We therefore specify parametkrto represent the ratio of the true mortality rate to
the leDEASA mortality estimateat durationd after ART initiation. Gamma prior
distributions are assigned to represent the uncertainty ateand the ratid/lo. The nean

and standard deviation for the first prior are 1.85 and 0.50 respectively, while those for the
second prior are 0.80 and 0.10 respectij®l§]. The Iq values at other durations are
calculated by interpolating between th@ndl,4 values.
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4. Model of sexual ransmission of HIV

HIV transmis#on probabilities per act of sex are difficult to determine with a high degree of
precision. We therefore specify prior distributions to represent the uncertainty regarding
average transmission probabilities from untreated adults to kH¥irsusceptible artners,

then specify various adjustments to represent the effects of known cofaotordV
transmission.

4.1 The effect of sex and relationship type

The symbol b, represents the average HIV transmission probability, in a singlefact

unprotected sex, from an untreated Hivsitive individual of sexg, to an HI\fnegative
partnerof the opposite sein relationship typd. Table 4.1 summarizes the assumed prior
distributions for these parameter valudghough empirical estimates ggest high female
to-male transmission probabilities per act of unprotected sex in unmarriedi1&s&m59,
these are likely to bever-estimates, as they do not reflect possible male acquisition of HIV
infection through sex worker contact, which is often substantially wegerted[160. The
prior distribution for theb,, parameter has therefore been set in sualaythat the mean

(0.008) is below the empirical estimates (0.016 and 0.0128) but the 97.5 percentile of the
distribution (0.015) is close to the empirical estimaista distributions are used for all of

the specified priordn the case of malt-maletransmission probabilities, the only published
estimates are from highcome settings[161-163, and as heterosexual transmission
probabilities in developing cotries tend to be higher than those in higtome settings

[114, we have chosen parameter value substantialiygher than thiaobserved @.0269,

this parameter having been chosen so that the model matched the levels of HIV prevalence
observed in South African studies of MSNMhe model does not distinguish transmission
probabilitiesin MSM relationshipsccording to the type aiex act.

Table4.1: Assumedprobabilitesof HIV transmission per act of sex

Relationship type  Symbol P e Ret, Viean " S1d dev. Ref,
CSWclient relationships bg,Z 0.00F - [164, 165 0.008 - -

Shortterm relationships bg,o 0.012  0.005 [166 167 0.008 0.003 [158 159
Long-term relationships bgvl 0.043 - [85,168 169 O0.0000* - [85,168 169
MSM relationships b1,4 - - 0.0%682 - [161-163

CSW = commercial sex woek.
2 Fixed parameter, not included in Bayesian analymsed on previous model calibratiohBarameter value is
assumed to be the same as in starh relationships. For a male partner who is uncircumcised.

4.2 The effect of risk group

Sexually tansmitted infections (STIs) have been shown to have a significant effect on HIV
transmission probabilities, both when present in the-blisceptible partndil70 171 and
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when present in the HRnfected partnefl7Z. Although Thembisa doesot model other

STIs explicitly, we would expect the prevalence of other STIs to be higher in high risk groups
than in low risk groups, and for this reason, some adjustment to the prexstatsly HIV
transmission probabilities is appropriate, dependimghe risk groups of the HFNhfected

partner and the HRsusceptible partnef.he transmission probabilities specifiedTiable4.1

are assumed to apply to partnerships in which both partners are in the low risk group (except
in the case of interactionsetween sex workers and clients, in which both partners are by
definition high risk). The parameteQ,;, ; is defined to represent the ratio of the

transmission probability from an infected imdiual of sexg and risk group to a partneof

typel in risk groupj, to the transmission probability that would be expected if both partners
were low risk. These parameter values have been estimated from a prepitul&hed
model of STHIV interactions in South Africgl73, and are shown ifable4.2

Table 4.2 Assumed multiples by which HIV transmission probabilities are increased
depending on partner risk groups

Shortterm contacts Marital contacts
HIV+ male HIV+female HIV+ male HIV+ female
partner partner partner partner
High risk male, highisk female 1.23 1.20 1.62 1.38
High risk male, low risk female 1.25 1.14 1.57 1.35
Low risk male, high risk female 1.08 1.09 1.33 1.24
Low risk male, low risk female 1.00 1.00 1.00 1.00

4.3 The effect of HIV stage and antiretroviral treatment

Table 3.1 shows how relative levels of HIV infectiousness are assumed to differ by CD4
count in untreated adult®lthough we do not express these assumptions in terms of
differences in viral load between CD4 stages, we do make assumptions about viral load
distributions and HIV infectiousness as a function of viral load for the purpose of calculating
average levels of infectiousness after ART initiat®®appose that random variat{gs is the
difference between the maximum viral load and the actual viral lmadhe logarithmic
scale, in individuals with ART status (0 = untreated, 1 = treated) and CD4 stag@n
untreated individualss refers to the current CDgtage while in treated individuals refers to

the CD4 stage at the time of ART initiatioifhe maximum viral load is set to 6 on the 1og
scale (although higher values are possible, these little effect on the HIV transmission
dynamics in which we are interested). Varialfle; is assumed to be Weibtdistributed,

with parameters as andt . The probability of viral suppression (a viral load of less than 400
copies/ml) in treated individuals is thus

exp{- w, ,(6- log400’ ) (4.1)
from which it follows that ifV(t) is the probability of viral suppression in year

_ - In(v,) 4.2

(6- log40Q’

1s
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In fitting Weibull distributions to viral load data from both treafé@1, 104 and ART-naive

South Africas [174], we have found thattaparameter of 1.5 produces reasonable ffitshe

period up to mid2013, theVs(t) parameter (representing the rate of viral suppression in
patients starting ART with CD4 <200 cell s/ pl
Africa’s public d¥% (asimilarefimhatepf Od/gas astmasd for

2012 in a recenanalysis of data from the National Health Laboratory Seryic&)]).
SubstitutingVs(t) = 0.77into equation (21) yields &15 estimate 0f0.042. Based on fitting

the Weibull model to the median and intprartile range of viral loads prior to ART
initiation in South Africans who [®E4] mes't al |l
estimate theros parameter to be 0.635.

We assume that K is the difference between the maximum viral load and the actual viral
load (on the logarithmic scale), the HIV transmission risk per act of sex is

cexd- g¢'), 4.3

wherec is the maximum HIV transmission risk (whgr= 0) and parametef determines the
extent of the association between viral load Bt transmission risk. Including > 1 in the

above equation ensures that the effect of viral load is less substantial at higher viral load
levels than at lower viral load leve[d76. For reasons of mathematical convenience,
explained below, we use the same valueé ef 1.5 as estimated in the model of viral load
distributions. Thed parameter is estimatethy noting that if the factor by which
infectiousness increases, per unit increase in viral load, is of the order[862157, 178,

this implies that

- oo o)

coxd o) =In(2.5). (4.9

From this it follows thaig ¥ =In(2.5). Substituting = 1.5 andx = 2[85, 177] yieldsd =

0.432.The average HIV transmission probability, for patients with Adtdtusa and CD4
stages, is then

~ -1 f f — -1 f
Al w, X exp(— W, X )cexp(— [0/4 )jx—crO] w, X exd— (q+ W&S)X )jx
cw,

=_  as (45)

Wos tq

The advantage of using the same value sf1.5 in the modelled relationship between viral
load and HIV transmission risk is thus that it ensures a simpklaematical expression for
the average probability of HIV transmissiofrom equation 4.5), the ratio of the
infectiousness after ART initiation to that prior to ART initiation is

M/].S M/OS
R = / ’ (4.6

Wistq/ Wos+q
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Substituting the values of15 = 0.042 and¥os = 0.635 into this equation yields &
estimate of 0.149This is somewhat higher than the relative risk estimates of-Q.08
estimated fronrandomizedcontrolled trials[113 179, but lower than the relative risk of

0.36 estimated in a recent mataalysis of observational studigs3d. For patients who start

ART at higher CD4 countslata show that although thigive lower baseline viral loafag],

they also have lower rates of virological failure after ART initiafi®81], which suggests
similar relative reductions in infectiousness across baseline CD4 categories. It is therefore
assumed thahe relative reduction in infectiousness is the samalipatients starting ART

(i.,e. Rs = Rs for s < 5). Rates of viral suppression in patients who stdkfTAat CD4 counts
>200 cell s/ pl ar e 46, hssumingthag averdge \rahloael tevels ini o n
untreated patients decrease by 0.18 for eachc&Ddncrease in the CD4 cell couffg]

(which determines thegs values).

4.4 Condom effectiveness

Condoms are assumed to be 90% effective in preventing HIV transmission. Although this is
slightly higher than the rates of around 80% that have been estimated empirictily
context of heterosexual intercouldb, 182, it is likely that empirical estimates are biased
downward due to overeporting of condom usagd 83 184. Levels of condom efficacy
close to 90% have also been estimated in M$64,.

4.5 Age and year effects

Young women are at a biolmglly increased risk of HIV acquisition due to the high
prevalence of cervical ectopy in adolescence and young adul{i®3187, and their
relatively low levels of protective lactobacillj188. The model makes allowance for this
heightened susceptibilithy assuming that the HIV transmission risk per act of sex is
increased by a factor @(x), relative to adults aged 2%d older, in individuals of sexand
agex. The functionZ(x) is defined as

é1+z ) *forx<25

: 4.
il for x2 25 At

The Z, paramete(for females) is setqual to 0.15based on studies that have quantified the

effed of age on HIV transmission probabilities in wonfé®9-191]. For males, there does
not appear to be strong evidence of age variation in the risk of efjuistion per sex act
[85, 190], andthe Z, parametehas therefore been detzero.

As described in seion 3.1, the model allows or changes in HIV virulence over time through
the parameteE, which represents the factor by which the rate of CD4 decline reduces per
year, in untreated adults. These reductions in virulence are likely to be associated with
reduwctions in set point viral load (SPVL), which in turn are likely to cause reductions in HIV
transmission probabilities. The model therefore allows for an annual reduction in the
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transmission probabilitywhich depends on the annual reduction in the ratelsf decline.
We define the transmission probability in yesw be

ng (t) — ng E(t-19993 2.5a ’ (48)

where 2.8 is the scaling factor for the relationship between HIV virulence and HIV
transmissibility. As explained in more detail elsewhef@l], the U parameter can be
interpreted as the ratio of the increase in infectivity to the increase in HIV disease progression
(on a natural log scale), for a given change in SPAVgamma prior distribution with a mean

of 1 and a standard deviation 08ias beemssigned to represent the uncertainty around this
parameter.

4.6 Mathematical model of heterosexual transmission

We defines) to be the frequency of sex in untreated HIV disease stagktive to that in
uninfected individuals fiese parameters are estimated in se@i@n The previouslydefined

b,, transmission probabilities are assumed to be weighted averages of the probabilities from
all untreated disease stages, where the weights are calculated froxpebte@ numbers of
unprotected sex acts in each stage. If we deﬁg]pto be the transmission probability from

chronicallyi nf ect ed i ndividuals whe=2)tene CD4 count

51609, 1G4, /. 1,809
:b* s=1 /s /4+/7Z /4+/7l 17?) (49)
M fdy, G, 165

a
o /s 1,vm (1, +m)m

b

wherethe | factors arahe relative levels of infectiousnes&aple3.1), and the CD4 decline
parameters {,) and mortality parameters{) are those specified in secti@rl. We define
| . to be the ratio of infectiousness in stage average infectiougss, from which it follows
thatl, = by, /b

o1 » @nd hence

jay, o4 | 1.6

o & em e m)m 4.10)
s . .
4160, LG 1., 1,69)

s=1 /s /4""71 /4+/71 /7%

For other values of, | =1,3 I. Lastly, we definel _(a) to be the relative infectiousness

for individuals with ART statusa (0 implying ART-naive and 1 implyingever treated),
wheres is either the current HIV stage (far= 0) or the HIV stage at the time ART was

initiated (fora = 1). For ART-naive individualsl ; (0) = I ;. For ART-experiencedndividuals
who started ART in HIV disease stage, the relative infectiousness is
1@ =1.(, +(@- /;)R,), where/, is the proportion of ARTexperienced adults survigrto
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durationd after ART initiation, who are interrupting ART, af is the relative infectivity
after ART initiation (as defined in equatio#.§). The/, parameters have been se0t624

for the first 6 months after ART initiatip 0.072 for months-18, 0.088 for months 130,
0.081 for months 3#2 and0.067 for longer ART durations, based on a model of ART
interruptions in South Africfl97.

We define G(v,a) to be the ratio of the proportion of sex acts that are unprotected in

individuals with testing history and ART statusa, to that in individuals who are HIV
negative As in sectim 3.2, the HIV testing history is coded as O if the individual has never
been tested, 1 if the individual has been tested but not diagnosed positive, and 2 if the
individual has been diagnosed positive. For all valuas<o2, we setG(v,a) = 1, while forv

= 2 we set
G(v,a) = (1- d(t))2- h)?, (4.12)

where thed(t) andh parameters represent the reductions in unprotected sex due to HIV
diagnosis and ART initiation respectively (see sectibh®and2.11).

We define Y(a,s,d) to be the ratio of the frequency of sex in individuals with ART status

and CD4 stags, with durationd since first ART initiation to the frequency of sex in H¥V
negative individuals. In the case @RT-naive individuals @ = 0 and d = 0),
Y(0,s,0) =Fs) . In the case cART-experiened individuals, we define

Y(Ls.d) =/, &9+ (1- /,)A ¥ o (Si 9 CLs) (4.12)

si=2

where y ,(si|s) is the proportion ofsurviving ART patients with current CD4 count in

categorysi, in the cohort of patients who started ART with a CD4 coustasfdwho arein
ART duration categord. Individuals who interrupt ART are assumed to experience a return
to baselineCD4 levels[84], and he frequency of sex is thus assumed to be a function only of
the currentCD4 count.The y ,(si|S) values are estimated frostudies of CD4 disibutions

after ART initiation[193-195, and the assumed values are showhainle4.3.
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Table4.3 Proportions ofreatedpatients in different CD4 categories

Time since ART initiation (months)
0-6 7-18 1930 31-42 43+

Patients starting ART with CD4 <200

Proportion with current CD4 500+ 0.00 0.08 0.22 0.30 0.41
Proportion with current CD4 35099 0.01 0.22 0.29 0.30 0.28
Proportion with current CD4 26849 0.20 0.44 0.35 0.30 0.24
Proportbn with current CD4 <200 0.79 0.26 0.13 0.10 0.06
Patients starting ART with CD4 268419
Proportion with current CD4 500+ 0.00 0.28 0.57 0.66 0.81
Proportion with current CD4 354099 0.26 0.58 0.35 0.25 0.16
Proportion with current B4 200349 0.73 0.14 0.08 0.08 0.04
Proportion with current CD4 <200 0.01 0.00 0.00 0.00 0.00
Patients starting ART with CD4 35189
Proportion with current CD4 500+ 0.28 0.69 0.81 0.84 0.93
Proportion with current CD4 35099 0.65 0.29 0.17 0.13 0.06
Proportion with current CD4 26849 0.06 0.02 0.02 0.03 0.01
Proportion with current CD4 <200 0.00 0.00 0.00 0.00 0.00
Patients starting ART with CD4 500+
Proportion with current CD4 500+ 0.91 0.93 0.94 0.94 0.98
Proportion with current CD4 354099 0.09 0.07 0.06 0.05 0.02
Proportion with current CD4 26849 0.00 0.00 0.00 0.01 0.00
Proportion with current CD4 <200 0.00 0.00 0.00 0.00 0.00

For the purpose of calculating average transmission piiateshiwe defineN;, (x) to be

the total number of individuals agedand of sexg, who are in risk group, in relationship
statel (O for unmaried heterosexual, 1 for married/cohabiti@gfor sex workerand 3 for
MSM) with a partnern risk groupj (thej subscript is omitted in the case of unmarried
individuals, i.e. forl = 0, 2 or 3 and circumcision status (1 for circumcised males, 0

otherwise). Within this group we defin¥;; ;(x,a,s,v,d) to be the proportion who are in

HIV stages, with ART statusa, HIV testing historyv and ART duratiord. In total there are
35 possible HIVpositive states, summarizedTiable4.4.
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Table4.4 Definitions of HIV-positive states

ART HIV Testing ART
status stage history duraion Description

@ v) (d)

0 Acutely infected, never tested

Chb4 =500, never tested

CD4 350499, never tested

CD4 200349, never tested

CD4 <200, never tested

Acutely infected, previously tested but undiagnosed

Cbh4 =500, previously tested but
CD4 350499, previously tested but undiagnosed

CD4 200349, previously tested but undiagnosed

CD4 <200, previously tested but undiagnosed

Acutely infected, diagnosedibnot yet treated*

CD4 =500, diagnosed but not yet
CD4 350499, diagnosed but not yet treated

CD4 200349, diagnosed but not yet treated

CD4 <200, diagnosed but not yet treated

Started ART iwcutremtygaD4 =500

Started ART with CD4 =500 in pr
Started ART with CD4 =500 2 yeas
Started ART with CD4 =500 3 yea
Started ART with CD4 =500 4 yea

Stared ART with CD4 358199 in current year

Started ART with CD4 35@99 in previous year

Started ART with CD4 35@99 2 years previously

Started ART with CD4 35@99 3 years previously

Started ART with CD4 35@99 4 years eviously or earlier
Started ART with CD4 20349 in current year

Started ART with CD4 20349 in previous year

Started ART with CD4 20349 2 years previously

Started ART with CD4 20349 3 years previously

Stated ART with CD4 206849 4 years previously or earlier
Started ART with CD4 <200 in current year

Started ART with CD4 <200 in previous year

Started ART with CD4 <200 2 years previously

Started ART with CD4 <200 3 yegpseviously

Started ART with CD4 <200 4 years previously or earlier

PRPRRPRPRRPRPRPRRPRPRRPRPRPRRPRPRPRRPRPRRPRPRPOO0OO0OO0OO0OO0OO0OO0OO0ODO0OO0OOOOO
GO UIVORARMDMRADWWWWWNRNNNNUORMONROMONRLODMWNR
NRONNRONRNNNRNONNNNNNNNNNNNNNNNNNNMNNNNNNRRPRRRPOO0OO0O0O0O
AWNRORMWNRORMWONFOMAWNROOOOOOOOOOOOOOO

* Only relevant in the case of individuals who seroconvert while receiving RrBIP other infections are
assumed to be diagnosed following acute infection.

As in recent modeltig of herpes transmissi¢h96g, the model is parameterized in terms of a
force( or ‘* ho& teamsmidsion per sex act, which is then converted anbmmulative
hazard given the expected number of sex acts in the relation$twp an HI\:positive
individual with state covariates,(s, v, d), thecumulative hazard for HIV transmissioper
shortterm partnership with a partner in risk grqups

N, 6 (XY (@5, d) b, o013 (@)Q, 0, (- [1- (- g, o(x 1))V, A)]E)
=1, ()Y (a,5,d) b, ()1 (A)Q,,0,{ll- g0 (xD)GW,AE+(1- E)}  (4.13)

where ny,(X) is the average number of sex acts per steon relationshipg, ,(x,t) is the
probability of condom use by HMegative individuals (as defined in seati&8), andE is
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the condom efficacy parameter. From this we can calculate the probability of HIV
transmission per shetérm partnership:

1- expl- n,o()Y(a,5,d)b,, ()1 (@Q,; o, {1- g,,(xD)EV.a)E+{- E}) . (4.19)

The rate at which individuals transmit HIger shorterm partnership with a paer in risk
groupj, averaged across the HIV disease stages definEahile4.4, is defined as

Tor (X)) = 8 Xgi(xasv,dngo(x)Y(a,s,d) by, ()1 (2)Qy; 0,
a,s,v,d . (415)

{{L- g,0(x o (v, 2)E +(1- E)

For the sake of simplicity, we consider here only the case where the susceptible partner is
uncircumcised and is not receing PrEP or microbicides, but allowing for these factors

involves only a multiplicative adjustment to tﬁ§;f,,k(j,x) variable. It is also worth noting

here that although we have expressed these equations in terms of rates of transmission per
short-term partnership, the approach is the same for-teng partnershipsé€placing 0 with

1 in the above equations), except that(x) is defined as the number of sex gots month

and henceT;{,lyk(j,x) represents the awage transmission rate per month rather than per

partnership. The same approach is also followed in interactions between sex workers and
their clients (eplacing 0 with2 in the above equations), except that these interactions are
assumed to comprise a si@gact, meaning that the,, (x) factor is 1 andngygfl,k(j,x)
represents the average transmisgiwobability per sex actThe same approach is again
followed in MSM relationships (replacing 0 with 3 in the above equatiénslly, it should

be noted that the relationship type in the supersiipbt necessarily the same as the marital
status indicatorl) in the subscript, as some married individuals may engage in extramarital
or commercial sex activity. Similarly, the riskogip of the longerm partner K) is not
necessarily the same as the risk group of the partner under considgyation (

The average probability of transmission per siemin relationship is calculated as

1- expl- T, (j, ). (4.16)

g.ilk

and theaverage probability that an individual agedf sexg and risk group, transmits HIV
to a shorterm partner in risk groupis

é. Ngr],i,l K (X)Cg,i,l () eXIO(- Tgo,ir,Lk(j ) X))
U2 (j,x) =1- =& , (4.17)

a Ng;,u x(¥)cy; (X)

r,l,k

where c;;,(X) is the annual rate at which new Repousal relationshipare formed(as

defined in sectior2.2). Although MSM are included in the above equatibe @), their rate
of partner acquisition is scaled down in proportion to the fraction of their partners who are
female (see Appendix)A
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Following the same approadihe average monthly probability that an individual agedf
sexg and risk group, transmits HIV to a longerm partner in risk groupis

gllj(x)exd Tgllrlj(J1X))
u;,i(j,x):l- r , (4.18)

gll](x)

and the average probability that a client transmits HIV to a sex worker is

a Nij (9w (X)Tl,zij,k @
Ufl — rl,k,x , (419)
Ny (W (X)

rlkx

wherew; (X) is the annual rate at which high risk men visit sex workers if they arexayet

of marital statud. Note that MSM are excluded from this equation, i.e. MSM are assumed
not to have sewith female sex workers.

Now consider a sexually experienced Hi€gativeindividual of sexg in risk groupi, agedx

and with marital status The probability that this individual acquires HIV from a skerm
heterosexugbartner in the next montl i

gll()

Py (x) =1- exl% z (x)a fao(Y1)

y=10

(420
POV RV VR3]

where f;,(y[X) is the proportion of shoterm partners who are aggd 7 ; ,(j,t) is the
proportion of partners who are in risk grguand (3-g) is the sex opposite @

For a man who d&s sex with other men, a similar approach is adopted in calculating their
probability of HIV acquisition through a sarsex relationshipwith the inclusion of a factor
Q ) to represent the fraction of partners who are of the same sex

CusIWMN 7 93 £ (v1%)

P%.(x) =1- ex
1|3( ) % 2 o

) (4.20)
[ry s @OUL G + 7y @OUE GG

If the individual is married to an individual in risk groypthe probability that they acquire
HIV from their marital partner in the next month is

40



Pl (x)=1- exr%Z (0A (Y 10UL, (. y)§ 4.2)

y=10

If the individual is a higfrisk man who has sex only with womethen the probability that
they acquire HIV from a sex worker in the next month is

PL (9 =1- ex@ 102,00 8 NLOTEEY | AN, (42

and if the individual is a female sex Wer her probability of HIV acquisition in the next
month is

212(x) 1- exp(a;e —Z (X)Ullo, (4.24)

whereC is the average annual number of clients a sex worker has.

4.7 Extensions to represent effect of male circumcision

Men who arecircumcised are assied to have a 60% lower probability of HIV transmission
than uncircumcised men, per act of sex with an Jddéitive partner (the transmission
probabilities inTable 4.1 relate to uncircumcised mehl97-200. Male circumcision is
assumed to have no effect on maldemale rates of HIV transmissidi201] or maleto-
male transmissio[202, 203 .

The rate at which men get circumcised is assumed tcobgosed of two parts: the
‘“background’ rate of male circumcision that
to promote male circumcision as an HIV prevention strategy, and the rate of male
circumcision due tanedicalmale circumcisioMMC) campaignsin modelling the former,

a cumulative Weibull distribution is used to represent therelgéed changes in the
prevalence of male circumcisigorior to 20@. It is assumed that the prevalence of male
circumcision at age is determined by the function

-O00O

p(x) = a+(b- a)%- 05/m) 8 (4.25)
¢

wherea is the proportion of males who are circumcised soon after Hrith themaximum
cumulativeuptake of male circumcision in the absenc®®C promotion my is the median

age at circumcision in men who get circumcised after birth,faadhe shape parameter that
determines the concentration of the distribution of cirdaimon ages (podbirth) around the
median. Since surveys usually report the median age at circumcision for alintiedifg

those who are circumcised at the time of birth), it is useful to parameterize the model in terms
of this overall median circumcimn agem, noting that
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3 _ag
m, = mzaln(b/(Z(b a)))g for b >a. (4.26)

¢ In(05  x 2
Parametera andb areset at0.105 and).42respectively The shape parametéis set at 4.5,
and he median age at circumcisiom is set at 18, the median agecatumcision reported
by Africans in the 2002 HSRC survg304]. Most of these parameters have been set so that
the modelis consistent with reported rates of male circumcision by age in national surveys
[56, 204, 205, after correcting the seteported data to take into account known biases in the
reporting of male circumcision[206-211]. The two national surveys used in the
parameterization were conducted in 2002 and 2003, and thus represent then gti@tito
the promotion of male circumcision as an HIV prevention stratEBgyure 4.1 shows the
model calibration.

60%
50% - o o}
) (e} [ ]
40% - °
O Unadjusted data
30% -

® Adjusted data
——NModel

20% -

10% -

O% T T T T T T T T
15-1920-2425-2930-34 35-3940-4445-4950-54 55-59

Figure4.l Fraction of men who are circumcised, by gg@&r to MMC campaigns
Unadjusted data represent the average of the resaits rintional surveys in 2002 and 20[(ES5, 204, 205.
Adjusted estimates are calculated on the assumption that the sensitivity and specificityregosedti male
circumcision status (relative to true status) are 96.4% and 88.4% respectively.

The annual probabilitthat uncircumcised men ag&dvould get circumcised in the absence
of MMC campaigns is calculated from thg) values defined previously using the equation

1- p(x+2

4.27
1- p(x) (*.27)

y(x) =1-

Men are assumed to undergo MMC only if they are {HBgatve, as HIV testing is
conducted prior to most MMC operatiop2l2 213, and although men who are HIV
positive are not excluded from getting circumcised, there would be little incentive to undergo
the pocedure if they were already Hipbsitive. The symbol /4, (x,t) is defined as the

probability that HI\\negative men in risk group of marital statud, who are agec and
uncircumcised at the start of yearget medically circumcised thrgh MMC campaigns.
This is calculated as
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A, (1) = REJI(X), (4.28)

whereR(t) is the maximum probability in yedland J(X) is the relative rate of MMC uptake

in men agedx, compared to boys aged -1d. Although sone South African evidence
suggests that uptakeirgcreasedn high-risk groups[214], other South African studies refute
this [206, and the high proportion of MMC operations occurring in thel4@ge group3]
suggests that uptake is determined principally by age rather than level of HIV risk behaviour
The relative rates of MMC uptake in the-19, 2024, 2549 and 50+ age groups have been
set to 0.6, 0.35,0.20 and 0.@ respectively; these rates were chosen to ensure the model
matched the age profile of MMC operations reported in South Africa over thel20d€riod

[3]. In the period up t®01516, theR(t) values are calculated from the annual total numbers
of MMC operations performed thugh MMC campaigs, as reported by the Department of
Health (summarized inTable 4.5. Suppose that in yedr the reported number of medical
mal e circumcisions perfor med a st). Ipwerdefineo f t he
N;, (x,t) to bethe number of uncircumcised Hikegative men agexiat the start of yeat

who are in risk groupand are of marital statlisthen we obtain

L®° A aa N, xt i, (xni- 058y (x), (4.29)

from which it follows that

L ()
R(t)° —— . 430
O a8 a N, IRE- 05y () (#30

Table4.5 Annual numbers of MMC operations performed through MMC campaigns

Year Pre2008 2008/09 2009/10 2010/11 2011/12 2012/13 2013/14 2014/15 2015/16

Operations 0 5190 9168 131117 347973 422262 331668 508 404 518 130

Source: World Health Orgaration[215], Department of Healtf216-219
Based on equation .@D), themodelestimats theannual probability of MMC ir2015/16, for

boys aged 114, to be 0.15This value is assumed to continue to apply in future years.

4.8 Extensions to represent effect of pre -exposure prophylaxis (PrEP)

4.8.1 Effectiveness of PrEP

Randomized controlled trials published to date have yielded conflictimgpates of the
effectiveness oPrEP. As in our previous woifR2(, we set theaverage PrEP effectiveness

at 40%.This corresponds to the average efficacy level in the studies of PrEP in heterosexual
adults that have begublished to dat¢221-225, and is close to the average heterosexual
efficacy of 46% estimated in a recent matalysig22§.
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4.8.2 Risk compensation

Although data from randomized trials generally do not show evidence of risk compensation
in PrEP recipents[221, 222, 224, it is difficult to extapolate from the data collected in these
randomized trials, as trial participants would have been counselled on the uncertainty
regarding the efficacy of the products that were being evaluated, and even if they believed the
study products to be effectiverould not have known whether they were receiving the study
drug or the placebo. In a recent analysis of changes in behaviour after the unblinding of the
Partners PrEP trial data, satistically significant 10%ncrease was noted in unprotected
extramarith sex, amongst individuals who were receiving cfsvel PrEP[227]. Another
microbicide acceptability study found that women were resistant to the idea of using both
condoms and microbicides simultaneou$B28. This suggests that some reduction in
condom use could occur. Hower, in a study of MSM and transgender women who were
offered PrEP following news of its efficacy, unprotected anal intercourse declined similarly
over the course of the study in those who chose to receive PrEP and those who did not take
PrEP[229. Based on the Partners PrEP trial data, we assume a 10% reduction in condom use
among PrEP users.

4.8.3 PrEP discontinuation

Rates at which individuals discontinue PrEP are ljigariable between studies, ranging

from rates of @3 per annum in American MSIR3( to rates of 0.45 and 0.80 per annum in
studies that have followed indduals following the completion of randomized controlled
trials of PrEP[227, 229. The model assumesahindividuals who start PrEP discontinue
PrEP at a rate of 0.5 per annum, corresponding roughly to the average of the estimates from
the three cited studies.

4.8.4 Adoption of PrEP by sex workers

Few studies have investigated the acceptability of Prisdhg sex workers. In a study of sex
workers in four countries (Kenya, India, Peru and Ukraine), Eisingetiai231] found that

more than 90% of seworkers reported that they would probably or definitely use PrEP if it
was available. In another Kenyan study, 80% of sex workers and MSM reported that they
would use PrEP if it was found to be effectii@82. However, stated acceptability may
differ from actual uptake. Among MSM attending STI clininsSan Francisco, who were
offered PrEP, only19% accepted the offei23(. Sex workers may avoid EP if they are
concerned that it provides no protection against other STIs and pregnancy. Even if PrEP is
highly acceptable, actual levels of uptake may be low if PrEP promotion programmes
struggle to reach women engaging in commercial sex; this is lijedy that commercial sex

is currently criminalized in South Africa. Wessume that from mig016 (around the time
when South Africa’s PrEP for themeanaonuakrate pr o
at which sex workers adopt PrigP0.3 With this mearuptake of 0.3 per annum, the average
PrEP coverage in sex workers would be approximaté¥s £0.3/(0.3 +0.5+ 1/3), given an
assumed PrEMRiscontinuation rate of 0.5 per anniand an assumed average duration of
commercial sex of 3 years).
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5. Model of mother -to-child transmission and paediatric HIV

The model allows for two types of mothterchild transmission (MTCT): perinatal

transmission (at or before the time of birth, i.e. intrapartum or intrauterine) and postnatal

transmission (transmission occugi due to breastfeedingHlV survival rates in HIV

infected children are assumed to depend on whether infection is acquired perinatally or

postnatally.

5.1 Perinatal transmission

The model of motheto-child transmission has been described elsewf23§, and key
parameters are summarizedTiable5.1 Perinatal transmission probabilities are assumed to
depend on the mother’s HIV disease stage
receives. Proportionsf @omen who receive testing for HIV and proportions of women who
start longterm ART (if they are ARTeligible) havebothbeen presented ihable3.2

5.1.1 Short-course antiretroviral prophylaxis

Of women who test positive during pregnancy but do matt $ongterm ART, 71% are
assumed to receive singl®se nevirapine (sd NVP) in the period up to 2011/12. A fraction
D(t) of these women also receive shoourse AZT (dual therapy), and the fraction of women
not receiving sd NVP who receive shodurseAZT is assumed to be proportional Dt).

The fraction of diagnosed women not starting loeign ART, who receive some form of
shortcourse ARV prophylaxis, is thus 0.71 ++10.71) xD(t) x 0.79, where 0.79 is the
assumed constant of proportionality af€ Kerber, personal communication, based on
national survey datf234]). TheD(t) parameters are assumed to increasa frero in 2002/3

up to 90% in the 2010012 period[234, 235. However,D(t) parameters are assumed to
decine to zero in 2014, following the introduction of WHO option B, which recommended
triple-drug prophylaxis for all HIWpositive women, regardless of CD4 count. It is
nevertheless assumed that even after the introduction of WHO option B, 71% eof HIV
diagnosd mothers who do not start tripteug therapy prior to ART initiation would receive

sd NVP as an emergency prophylaxis (typically in situations where HIV is diagnosed only in

labour).
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Table5.1 Motherto-child transmission assumptions

Parameter Value  Source

Transmission rate at/before birfhgm chronically
infected women with no ARV prophylaxis, with

CD4 >500 13.4% Metaanalysis of
CD4 350500 15.2% published studief236]
CD4 2006349 25.8%
CD4 <200 35.0%
Transmission rate at/before birfhpm acutely 26.0% [237-242
infected women with no ARV prophylaxis
% of HIV-diagnosed women who receive 71.0% Kate Kerber (pers. comm.), based
singledose nevirapine, if not starting ART on national survey daf234
% reduction irperinatalMTCT if mother 40.0% [243
receives singkelose nevirapinenly
% reduction irperinatalMTCT if mother 65.0% [244
receives shortourse zidovudinenly
% reduction irperinatalMTCT if mother receives 86.36* [245 246]*
singledose nevirapine + shecburse movudine
Transmission rate at/before birfhpm 0.3% [247-252
womenon long-term ART pre-conception
Probability of MTCT from chronically 9.8%* Metaanalysig253, adjusted to
infected mothers, per year of mixed feeding reflect effect of excluding EBF
Probabilityof MTCT from acutely 14.®%* Derived frommetaanalysiq233*
infected mothers, per month of mixed feeding
Ratio of postnatal transmission risk per month 0.362* [254, 255

of EBF to postnatal transmission risk per month
of mixed feeding

% reduction in monthly postnatal MTCT risk 60.0% [256-25§
if child receives extended nevirapine prophylaxis
% reduction in monthly postnatal MTCT risk 1- average MTCT rate per month
if mother receives longerm ART of BF divided by the rate in
women not on ART253
ART initiated during pregnancy 78%  [25926§
ART initiated before conception 96% [249 252 269

* Posterior means estimated from a previous andl§kisited data sourcedeterminedhe corresponding prior
distributions EBF = exclusive breastfeeding; MTCT = motheschild transmission.

5.1.2 Effectiveness of long-term maternal ART

For women who start ART during pregnanay,CD4 dages, the probability of perinatal
transmission is assumed to be of the form

a+b,R*, (6.9

wherea is the minimum transmission risk (the risk that might be expected in women who
started ART prior to conceptions is the difierence between the maximum and minimum
transmission risk (the maximum being that which applies if ART is initiated just prior to
delivery),R is the factor by which the difference reduces per week of ART prior to delivery,
andx is the number of weeks of B received prior to delivery. I§(x) is the probability
density function describing the distribution of ART durations in the baseline scenario (before
any interventions to improve ARihitiation during pregancy), and this density is assumed

to be of gamma form, then the average probability of perinatal transmission in the baseline
scenario is
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gy aap 2! O expl- /(1)) o
g(x)(a+ b,R )dx-a+bsro~| Ga) R*dx
a /() @

:a+bsg 9o InRE (5.2

whereUandaft) are the parameters of the gamma distribution. BaseSbath African data
sourceq247, 248 270, 271], the mean and standard deviation of the gamma distribution in
the baseline scenarftave been sab 10.6 weeks and 8 weeks respectivély(1.7556 and

&t) = 0.1656for t < 2010, and theR parameter has been set to ®@rametea has been set

to 0.0@3, the average transmission risk from studies that evaluated the perinatal transmission
rate from mothers who started ART prior to conaapfR47-257 (Table5.1).

e

The remainingos parameter is estimated by equating expres$d) o the known average
perinatal transmission probability thatigted in the baseline scenario. This is calculated
separately for women who started ART during pregnancy with CD4 (208) and women
who started ART in pregnancy at higher CD4 coupsts 5); based on previous research
these average transmission proibaes are assumed to 8036 and 0.0B respectivelyj247,

248 250, 259261, 263 264, 267, 268 270 272 273. The resulting estimates of thwe
parameter ar8.078 and 0.02 respectively.

It is likely that there has already been some improvement in the average duration of ART,
relative to the baseline scenario. The South African 2010 PMT@Jelques recommended
integration of ART provision into PMTCT servicgg74], which led to more rapid initiation

of ART during pregnancy. For example, Van Schalkweylkal [271] found that the median
duration of ART prior to delivery increased from 7.7 weeks in the Z0p8&riod to 13.1
weeks in2010 following the introduction of the new guidelines. A similar median of around
12 weeks has been observed in the period following 2010 in the Eastern Cape, and even
higher rates of ART uptake were measured from 3@¥%. Stinsonet al[276 documented

a more substantial difference (about 7 weeks) in the median time to ART initiation when
comparing the ART referfanodel to the integrated ART model. There have also been steady
improvements over time in the mean gestational age at first antenatal booking; for example,
the Department of Healtf21§ reports that the proportion of mothers who had their first
antenatal visit before 20 weeks gestati@as Increased from 37.5% in 2010/11 to 50.6% in
2013/14. It is therefore assumed that the mean duration of ART increased by 50%-12201
(relative to the mean duration in the {2@10 period). This mearsettingaft) = 0.1104 over

the 20D-2012 period, which leads to a 22% reduction in the probability of perinatal
transmission from mothers with initial CD4
of WHO option B at the start of 2013, it is likely that theday in ART initiation would have

been reduced even further, since the removal of the CD4 restriction would have eliminated
the delay associated with CD4 testilige assume that after 2013, the average ART duration
before delivery increases by 70% (relatio baseline), which is roughly consistent with what
would be expected if all pregnant women starting ART during pregnancy did so soon after
their first antenatal visit.
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5.1.3 HIV incidence in pregnancy and retesting in late pregnancy

The first antenial visit is assumed to occur at 23 weeks gestfion277, 278 and delivery

at 39 week$279, on average, so that the average time in which a woman seronegative at her
first visit can acquire HIV before delivery is 20 weeks if-avdek wndow period is assumed
[279. The probability that a pregnant woman seronegative at her first antenatal visit acquires
HIV before delivery is therefore calculated as the annual HIV incidence rate in pregnant
women multiplied by a factor of 0.38 (20)52Zhe probability that a woman who acquires
HIV in late pregnancy transmits HIV perinatally d&ficult to determine precisely, and a
value of 26% has beerassumedTable5.1). This probability applies if the woman receives

no antiretroviral prophylaxis.

In the period up to 2006, there is assumed to have been no ref@stingo deliveryof
mothers HIV(negative at their firsantenatal visit. Recent studies suggest that the proportion
of women testing negative who get tested again in late pregnanbgémasteadily increasing
over time[280, 281], with the most recerDHIS data suggesting jgropation close to 100%

in 2016/17 A retesting freqancy of95% is thereforeassumed from 2@lonward.WWomen

who are diagnosed HPositive following retesting are assumed to be as likely to receive
shortcourse ARV prophylaxis and lortgrm ART as women who are diagnosed at their first
antenatal visit.

5.2 Postnatal HIV transmission

5.2.1 Infant feeding practices up to 2011

AmongHIV -negative mothers and undiagnosed Hbidsitive mothers36.7% are assumed to
breastfeed, and in those who breastfeed the duration of breastfeeding is modelled using a
Weibull distribution with a median of 18 months and a shape parametgd . 2ll of these

women are assumed to practise mixed feeding, as exclusive breastfeeding (EBF) was rare
prior to the introduction of PMTCT programmpkd, 282. Of women whowere diagnosed

HIV -positive antenatallyn the period up to 2011t is assumed 56%voided breastfeeding
completely [136, 30% practisd EBF and 2% practisd mixed feeding[283. HIV-
diagnosed women who practisEBF are assumed ttave doneso for a median of 2 months

(up to a maximum of 6 months), after which 30% are assumeldave discontinue
breasteeding completely and the remainder practismixed feeding (i.e. continge
breastfeeding while introducing complementary feeds), for a median of 7 nj@@#285.

The median duration of mixed feeding in HtWagnosed mothers is assumed to be the same
regardless of whether mixed feeding wasvided from birth or following a period of EBF.

5.2.2 Infant feeding practices after 2011

The benefits of EBFawe been increasingly emphasizetiowing the Tshwane declaration
[286], with guidelines recommending 6 months of EBF for all mothers (as well as cahtinue
mixed feeding after 6 months) and the phasing out of the free provision of formula milk for
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HIV -positive mothersThe proportion oHIV-diagnosed women who avoid breastfeeding is
assumed tdavedeclinad from 56% in 2010/11 to 20% in 20184, in line with data froma
series ohational PMTCT survey287].

5.2.3 Postnatal transmission probabilities

Table 5.1 summarizes the assumptions regarding postnatal HIV transmission probabilities,
per month of breastfeeding. Exclusive breastfeeding is assumed to be associated with a
reduced risk of transmissioelative to mixed feeding, while women who seroconvert during
breastfeeding are assumed to be at a significantly increased risk of transmitting HIV to their
infants. The duration of this period of increased postnatal transmission risk is assumed to be
thesame as thduration of acute infection.

Following the revision to the South African PMTCT guidelines in 2[2, HIV-positive
mothers who breastfed but dibt start ART were provided with extended nevirapine
prophylaxisto administer to their infants during the breastfeeding peAtidough there is a
lack of data on the uptake of this prophylaxiss iassumed that 80% of all breastfed children
whose HI\(positive mothers are not &RT receive this prophylaxis.

The nodelling of the uptake of loaterm ART in pregnant HIMpositive women has been
described in sectioB.3. In addition to this, in the period between the start of 2013 and the
end of 2014 (prior to adoption of WHO Option B¥#omen who were not eligible féong-

term ART were eligible for shoterm ART (tripledrug therapy) for the duration of
pregnancy and the breastfeeding peridte rate of shosterm ART uptake during pregnancy

is assumed to have been the same as the rate efdon@RT uptake in theorresponding
year.

For women who are on ART while breastfeeding, the monthly HIV transmission risk is
assumed to depend on whether they started ART beforeeptionor during pregnancy
(Table5.1). The assumption of ari8% reduction in postnatal trangsion rates in women

who started ART during pregnanaelative to breastfeeding mothers who are untreated, is
calculatedas one less the ratio tife average monthly postnatal transmission riskaimous
studies (0.007) to the average monthly transmiss risk of 0.0Q7 for untreated motheis a
metaanalysig253. Similarly, the 96% reduction in postnatal transmission risk from mothers
who started ART prior to their pregnancy is calculated as one less the ratio of the average
monthly transmissionisk from these mothers (0.0003) to timtintreated mothers (0.0077).

5.3 Paediatric HIV survival

The structure of the paediatric HIV survival model is illustrateBigure5.1, and a detailed
description of the model of paediatric HIV survival has been published previf2&8y
Briefly, HIV-infected children are assumed togress from an early disease stage tate
disease stage in the absence of ARie disease is defined as having met the immunological
or clinical criteria that were previously used to determine ART eligibility under the 2006
WHO paediatric ART guideties [289). HIV-related mortality in untreated children is
assumed to occur only in thate disease stage. Children who are infected posiyatee
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assumed to have a slower rate of progression from early dise#ste tiisease, but after
progression tdate diseaseand after ART initiation, agsepecific mortality rates are assumed
to be the same regardless of timing of transmission.

Infected after Infected at or
birth, early before birth,
disease early disease
v N
Late disease, Stabilized Early initiation
untreated on ART of ART
:
|
|
Y + A\ 4 \ 4
Recently R B Discontination
initiated ART | AIDS death [ of ART

Figure5.1 Multi-state model of HIV survival in HApositive children
All children are assumed to experience #&BDS mortality rates that vary by age and sex (nhot shown). Dashed
arrows represent ART initiation at 2 months of age, following PCR screening &k8.we

Since the rate of progressionléde diseasdeclines as children age, the time to reachateg
diseases assumed to follow a Makeham distribution, witle hazard ratan perinatally
infected children agexibeing

h(\) =G, +(H,3c*), (53)

where Gp is the annual rate of progression in older childreg,is the excess rate of
progression in neonates, ang the factor by which the excess rate of progression is reduced
per year of ageChildren who acquired HIV postnatally are assunb@drogress tdate
disease at ratdd(x), whered is a constant scaling factor. Thesumed parameter valwssd

the data sources on which they are based are summarizadieb.2

50



Table5.2 Paediatric HIV survival assumptiofeges <10)

Parameter Symbol Value Source
Children infectecht/before birth
Annual rate of progression tate Gp 0.428* d G=0.14 is consistent with rates of
diseasen older children progression observed by Charlebois
etal[29( in childrenaged 1 y e at
Excess annual rate of progression Hp 211*  [291,292*
late disease neonates
Excess progression reduction factor, c 0.25 [291-294
per yearwf age
Relative rate of progression fate d 0.362* [295298*

diseasef infected after birth
Childrenin late disease, untreated

Annual rate of AIDS mortality in Gm 0.143* [299 300*
older children

Excess annual rate of AIDS Hm 3.64* Based on fitting model to mortality
mortality in neonates data from children diagrsed with

Excess mortality reduction factor, d 0.05 HIV -related symptoms at different
per year of age ageq300*

Relative rate of AIDS mortality in
children who started ART after

progression to late disease Based on fitting model to mortality
“High ri sk’ phase @ 0.95 data from leDEA Southern Africa
fatilized’ phase )] 0.10 Collaboration[301]

Children who started ARWhile in
early disease
Relative rate of excess early P 0.40 Based on fitting model to data from
AIDS mortality early ART trial[29]]

* Posterior means estimated from a previous andl§ki€ited data sources determined the corresponding prior
distributions

In the absence of ART hddrenin the late disease stagee assumed to die from AIDS at
ratee(x) at agex. As this mortality rate appeats decline with increasing age99, 30Q, a
Makeham disibution is again used to modele time from reachindate diseaséo death. It
is thereforeassumed that the AlD&lated mortality rate is of the form

mx) =G, +(H, 2 d*), (5.4)
where Gn is the annual rate of mortality that would be expedte older childrenin late
diseaseHm is the excess AIDS mortality rate in neonates, @il the factor by which this
excess mortality risk declines per year of aggsumed parameter valuasee summarized in
Table5.2

Children who start ART after hang progressed to late disease are assumed to remain in a

“high risk’ phase for an average period of t
After “stabilizing’ on ART, these children
Therateof AI DS mortality in the “high re(k’ and

a n die(dbrespectively, and are thus higher in children receiving ART at young ages than in
children on ART at older ages. The mortality rate in children who start ARarnly disease,
y (X) at agex, is calculated as

y()=F,(G, +(Ps H,3d), (5.5)
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whereP is the factor by which the excess early mortality rate is reduced as a result of early
ART initiation. Although the model allows for children to interrupt ARFiqure5.1), there is
uncertainty about how much of the loss to follap that is reported is actually due to
treatment interruptions, and rates of ART interruption have therefore been set to zero for the
purpose of this analysis.

The model assumes thapeoportion of children born to HApositive motherseceive PCR

testing for HIV soon after birth (until 2015, guidelines recommended PCR screening at 6
weeks and since then screening has been done both at birth and at 10 @é¢hsde
screened infants proportion of those eligible for ART are assumed to start ARiich is
assumed to occur either at birth or at 2 months of age (the latter being a crude approximation
to the timing that might be expected if screening occurs at 6 weeks or 10 .weeks)
Mathematically, the number gberinatallyinfectedinfants who start ART abirth or at 2

months following PCR screening, is assumed to be

S°(t) = & (NL(0,)V(0,1)p,(0) + N, (2, 1)V (2, )p, (2)E, (1)1, (5.6)

s=0

whereNy(x, t) is the number operinatallyinfectedinfantsat the age ok months, in stags

of infection;V(x, t) is the fraction of children born to H¥gositive mothers who receive PCR
testingat agex in yeart; " s(x) is the sensitivity of the PCR in infants in stagggedx; E(t) is

the fraction ofinfantswho are eligible to receive ART in yefrin stages of infection; and

is the fraction of ARTeligible diagnosed infants who link to ART care soon after diagnosis.
Stages 0 andlL correspond tanfants in early disease whwere antenatallyPMTCT-
unexposd and PMTCTexposed respectively, and stage 2 corresponds to infants in the late
stage of HIV diseaséall ART-naive) The timedependent parameters are summarized in
Table5.3 Rates of PCR testingt 6 weeksare basean public sector statistiq438 307,
adjusted to reflect underount due to late immunizatidi303 304 and overcount due to
nonreturn of test results to caregive305-307]. Although recent data suggest a birth
screening rate of 68.79d4(, no information is available on the rate safreening at 10
weeks since the introduction of the new screening policy. Preliminary data suggest that
screening coverage at 10 weeks may be lower than hasdafiiobeen observed at 6 weeks
[309, but we have optimistically assumed 92% coverage from 2015 onRR@RI €nsitivity
levelsat 2 monthshave been set d6%, 81% and 100% for stages 0, 1 and 2 respectively
based on a previous model of perinatal transmigdd6§, assuming that all infants who are
tested for HIV would at least have received NVP prophylaxis postn{fa¥}. Sensitivity
levels at birth have been set to 38% and T6Ptages 0 and 1 nesctively (no infants are
assumed to be already in advanced disease at Aithhugh children in late disease have
been eligible for ART since 200/4L41], ART eligibility for infants in early disease only
became official policy in 2010810, with some earlier provision following the 2008 WHO
guideline revisior{311]. The fraction of eligible, diagnosed infants who liokcare has been
set to 8094307, 317.
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Table5.3 Infantdiagnosis and ART eligibilityn perinataly-infected infants

Fraction tested Fraction tested Early ART Late ART

at 6 or 10 weeks at birth eligibility eligibility

(V(2.1) (V(0.1)) (Eo(t), Ea(1)) (E2(1)

Pre2004 0.0% 0.0% 0.0% 0.0%
20042006 0.0% 0.0% 0.0% 100.0%
20062007 8.5% 0.0% 0.0% 100.0%
20072008 19.1% 0.0% 0.0% 100.0%
20082009 29.5% 0.0% 20.0% 100.0%
20092010 40.1% 0.0% 60.0% 100.0%
20162011 53.0% 0.0% 100.0% 100.0%
20112012 60.8% 0.0% 100.0% 100.0%
20122013 68.9% 0.0% 100.0% 100.0%
20132014 84.8% 0.0% 100.0% 100.0%
20142015 92.0% 0.0% 100.0% 100.0%
Post2015 92.0% 68.7% 100.0% 100.0%

If HIV is not diagnosed soon after birth, it is assunb@de diagnosed only at a later age,
after the child has progressed to late disease. Similtret approach adopted in modelling
ART initiation in adults, the approach is to calculate the rate of ART initiation in children in
late diseasérom the reporéd total numbers of children starting ART montht (St)), after
subtracting the model estimate of the number of children starting ART due to diagnosis at the
time of 6week screening. Similar to equatidh@),

179

St)- S'M=a & N(xDHrOexd- (mx)+dxt)+rt)u)du

°q & N.(xt)r®)- 05(mtx) +a(x.t) + 7 (t))) (5.7

x=0s=2,4

whereS(t) is the total number of children (aged <15) starting ARTontht; Na(x, t) is the
number of postnatallinfected children agea months, who are in late disease but ART
naive; J (t) is the monthly rate of ART initiation in montt in children who are in late
disease; andi(xt) is the rate of no#AIDS mortality at agex in yeart. Equation (57) is a
guadratic inj (t), and can thus be solvexh a monthly basis, for those periogiswhich
absolute numbers of children starting ART are specified. The assumed total numbers of
children starting ART are shown ihable 3.5 for each year up tonid-2017 (monthly
numbers are calculated by dividing these annual totals by 12).

In the period after mid2017, the rate of ART initiation is calculated based on assumed
average times to ART initiation (in months) after progressing to late disease. The baseline
results suggest that over the 208 period the average treatment delay (€)) was
approximately 45 month&nd this same parameter value has been assumed in #H20post
period.

Transitions from the paediatric HIV disease categories to the adult HIV disease stages are
modelled on the assumption that late disease is equivaleno a CD4 count of
older children, to be consistent with the definition of late dis€28¢. This means thatro
reaching ge 10, children who are in the late HIV stage and ARive get movedhto the
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CD4 <200/ pl hildeen ety are ARInaieerand incearly disease on reaching age
10 are divided equally between the CD4 500+,-899 and 206849 categories. HIV survival

in 10-14-year olds is modelled according to the disease progresaia mortality
assumptions specified for adults, although the model of ART initiation ib4d@ar olds
remains consistent with that in children under the age of 10.
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6. Demographic assumptions

6.1 Base population

The initial population numbers in 198by sex and individual age from 0 to 89 and open
interval 90+, were set the same as those from the ASSA2008 provincial 8i8gls

6.2 Fertility

Total fertility rates (TFRS) for the 12 months prior to each census and the Community Survey
(CS) were estimted by rescaling the aggoup specific fertility rates (ASFRs) derived from

the number of births in the 12 months prior to each census/survey and children ever born
reported by women in the censu$g$4 so that the number of births in a particular year was
equal to the number estimated by projecting the number of survivors at the time of the 2011
censis who were born in the primce/country, backward to the time of birth. TFRs for the
years between the censuses/survey were produced in a similar way, assuming that the
proportion of births to each-year age group of women changed linearly over time between
the censuses/survey.

TFRs for the projection years (from the middle of one year to the middle of the next) were
linearly interpolated from the estimates by census year (i.e. from census anniversary in one
year to the census anniversary in the next).

TFRs for the period from thmiddle of 1985 to middle of 1996 were estimated to be the
linear trend from the ASSA2008 estimate for 1985 to the estimate for the year starting at the
middle of 1996, produced above. Kinks in the estimates in the period 1998 to 2003 were
smoothed to pragte a smooth trend over time.

The agespecific fertility rates were set by applying proportions of the TFR at each individual
age to TFRs for each year from 1985 to 2011.

The proportions of the TFR attributable to single ages for 1996, 2001, 2006 Ehavefe
derived from the proportions attributable to five year age groups reported by women in each
census and the 2007 Community Survey using Beers subdivision. The proportions for
individual years between the census/survey years were derived by litergoliation. For

the projection years 198895 the ASSA2008 ASFRs were rescaled to the TFRs estimated
above.

Beyond 2011, agspecific fertility rates are assumed to decline to a common set of ultimate
fertility rates at annual rates of decline. The assth ultimate rates and annual rates of
decline are both the same as assumed in the ASSA2008 models.

Fertility rates in different stages of HIV disease are assumed to be related to frequencies of
sex by HIV stage. In women who are Hpésitive and untreatk with CD4 count in
categorys and current age, the fertility rate in yearis assumed to be
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F(x)&9)", (6.1)

where F(x,t) is the fertility rate in sexuallgxperienced HIvhegative women agedin year

t, [(s) is the coital reduction factor that applies to CD4 sg@ad(q is an adjustment factor.

The coital reducti on f48% 2008349andi<200 £d)140.92,0.@86g e s =
and 0.55 respectively (the same as the assumed relative frequersaesn different stages,

as discussed in sectidh9). However, previous studies have suggested that in countries in

which contraceptive usage is high and fertility is low, the impact of HIV on fertility may be
relatively modesf315, 316]. Thus the assumption of a reduction in fertility proportional to

the reduction in coital frequency may be overly conservative, and we have thereforegset the
parameter to 0.5, which brings the reduction factors closer to 1.

In women who initiated RT d years previously, at a CD4 countthe current fertility rate
is assumed to be

F(xt)Y(Ls,d)* (6.2

whereY(1,s,d) is therelative frequency of sex the cohort ofindividualswho started ART

with a CD4 count ok, d yearspreviously (as defined irequation 4.12). According to this
model, HIV-positive fertility rates in treated women can be expected to increase after ART
initiation, as a result of the increases in CD4 cqouwussistent with what has been observed

in a numbepf studies of the incidence of pregnancy in Afifi64, 249 317, 31§).

For the purpose of calculating the Hhégative fertility rate,F (x,t), we defineN, ., (xt)
to be the total number of women agedith sexual expeence indicator (O for virgins, 1 for
sexuallyexperienced women), ART statag0 for ART-naive, 1 for treated), CD4 stagé¢0

corresponding to HIvhegative women), and ART durati@hyears (O if untreated). The
average fertility rate is then

e N . [}
FOuDEN 0000 + 8 Nioo (R DES° + & Ni, (x DY@ s,d)°
e s,d

F(xt)= = U (6.3

a Niq(xt)

i,a,s,d

and this equation is then used to solve Fqix,t), given theF (x,t) value. In the years that

follow 2010, we have projected the HNhégative fertility rates forward on the assumption of
a steadydecline in HI\:negativefertility, converging toward an ultimate set of fertility rates.
These assumptions about declining future-Hidv fertility are the same as in the ASSA2008
“lite” model

The assumed proportion of births that are male is 0.503% &gaed on the ASSA2008
model.
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6.3 Non-HIV mortality

The agespecific probabilitiesdy) of nonHIV/AIDS mortality for 19972010 were derived

from the central mortality ratesng) for all-cause and HIMspecific mortality from the 2010
National Burden bDisease (NBD) study319. First mp, 4my, sms,  siko, andmgs+ were

derived by subtracting éhHIV/AIDS-specific rates from the atlause rates. Next, because of

the erratic nature of the rates at the older ages, the rates above age 65 were smoothed to
follow the curve of the average rates by age over the period, scaled to the level of thre rates i
each year. Then Beers interpolation was applied to the ratesifroim mgs. to produce rates

at individual ages from 2 to 87. These rates were then converted to probabilities of death for
ages 2 to 80. Probabilities above age 80 were derived frompebdted central mortality

rates assuming that rates followed a Gompertz curve, increasing by 9% per year of age, to
further reduce fluctuation over time and age. Fingdlyvas set equal to-&xp(0.983m) and

g1 was set equal to-éxp(3.985m)/[(1-q2)(1-g3)(1-q4)], wheremp and 4smy were the rates
derived from the NBD estimates.

Probabilities of death for 1985 were set to those from the ASSA2008 model and for 1986 to
1996, probabilities of death were determined by linear interpolation between the essfionat
1985 and 1997. Beyond 2010, RdIV/AIDS mortality rates are assumed to decline to a
common set of ultimate rates at agpeecific rates of decline. The ultimate rates and annual
rates of decline are the same as assumed in the ASSA2008 models.

6.4 Migration

For each year from 1985 to 2015, we specify a number of matgrants (immigrants less
emigrants) for each age and s&ke numbers of migrants were set in two stages. Initially the
numbers of migrants by sex and single age for each year Q9BH0 were set equal those
from the ASSA2008 models. The numbers for 22010 were set as per those used to
produce the alternative migkar estimates. These numbers were derived from the change in
the numbers of people by place of birth (province osidetSouth Africa) between censuses,
deducting an estimate of the number of South Afrigamn emigrants as captured by
censuses in the main countries of destination (UK, Australia, New Zealand, USA and
Canada), scaled to match the total numbers recondibe iofficial midyear estimateg32Q.

After this, these numbers were adjusted by anspgeific number (fixed over time) so that

the projection of the population to the middle of 1996, 2001 and 201dheththe census
counts (approximately, for example, allowing for differences that might be expected due to
errors in the census, such as undercounting of children or age exaggeration at the old ages).
Although adjustment of migration of those born in theicensal period was avoided as far

as possible, there are probably some instances where the adjustment of migration
compensated for errors in fertility. These adjustments were made at a provincial level, with
national net immigration being the sum of tleultant provincial net tmigration.

Generally these adjustments were determined by subtracting the projected numbetrs in five
year age groups before adjustment from the census count in these agesitosipas set to
(5P%-5Px)/10, sMg to (5P°-5Ps)/5 andMsgs+ to sMso, WheresPy represents the number of people

in the population aged betwegrandx+5, the superscrigt represents the census count and
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sMx represents the additional number of migrants aged betweed x+5 required for the
adjustmentThe age range requiring adjustment for each census was limited to that needed to
correct for major deviations in one census from what would be expected given the other two,
on the assumption that the estimates of migration reported by census questliedyatie

be less accurate than the census counts.

The numbers at each age for 2011 to 2015 were set equal to those for 2010. Beyond 2015, the
numbers at each age are assumed to trend to zero over the next 30 years, in line with the
approach used in A22008.

For each age, sex and year, we calculate a migration adjustment factor, which is one plus the
number of net irmmigrants divided by the number of individuals of the relevant age and sex at
the end of the relevant projection year. This migrationusidjent factor is applied
multiplicatively to all sexual behaviour and HIV disease-strhta within the relevant age

sex stratum. The implicit assumption that is made in applying this adjustment factor is that
migrants (whether they are coming into SoAthca or leaving South Africa) have the same
sexual behaviour and HIV disease profile, on average, as shefr¢he South African
population.
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7. Statistical analysis

The model is calibrated to historic HIV prevalence gatd mortality datausing aBayesian
approachThe sections that follow describe the different steps in more detail.

7.1 Prior distributions

The parametershat are allowed to vary in thealibration, and the corresponding prior
distributions chosen to represent the uncertaintyratdhese parameters, are summarized in
Table 7.1. Most of these prior distributions have besierred topreviously (see section
references in last column), except in the case of the initial HIV prevaiereemen in the

high risk group (this parameters e e d s’ t.Ransidermng thaethei HEV)prevalence in

the first national antenatal clinic survey in 1990 was 0.76% and this grew by a multiple of 1.8
in each of the next two yeaf821], it is unlikely that HIV prevalence in womemed 1549

in 1985 would have been more than 0.0400076 1.8°°), sinceantenatal HIV prevalence
tends to exceed prevalence in the general fepapulatior] 322. Since we assume tha5%

of womenare in the high risk groupghis suggests an upper limit of 0.16% on the initial HIV
prevalence in the high risk group (0.0004/0.2%)e initial HIV prevalence in 1819 year old
females in thehigh risk group has therefore been assigned a uniform (0, 0.002) Fnier.
initial ratio of male prevalence to female prevalence, as well as the initial age distribution of
HIV, is set to be consistent with patte of infection observed in the early stages of the
epidemic in KwaZuleNatal in 1991323.

Table7.1: Prior distributions

Prior Prior mean, Ref.
distribution std deviation
Average survival in absence of ART (years) Gamma (144, 12) 12,1 3.1
RR of HIV diseas progression in women Gamma (369, 384) 0.96, 0.05 3.1
Increase in HIV disease progression per Gamma (9, 50) 0.18, 0.06 3.1
10-year increase in age
RR of HIV disease progression per calendar year Gamma 23669 23669 1, 0.0065 3.1
leDEA-SA bias<6 mmths after ART start Gamma (13.69, 7.40) 1.85, 0.50 3.4
Ratio of IeDEASA bias >42 months after ART Gamma (64.0, 80.0) 0.80, 0.10 3.4
start to bias <6 months after ART start
Reduction in mortality per unit increase in rate of Gamma (4.59, 0.612) 7.5,3.5 3.4
ART initiation (at M4<200) over last 3 years
Femaleto-male transmission probability in shaerm/ Beta(7.05 874 0.008, 0.0 4.1
nontspousal partnerships
Male-to-female transmission probability in shaerm/ Beta(5.68, 468) 0.012, 0.005 4.1
norntspousal partnengps
Ratio of increase in infectivity* to increase in Gamma (.56 1.56 1.0, 08 4.5
disease progression,* per unit change in SPVL
Initial HIV prevalence in high riskvomen ages 1519 Uniform (0, 0.002) 0.001,0.0058 7.1

* On a natural log scale.
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7.2 Likelihood definition

The model is calibrated tovo HIV prevalence data sources: antenatal clinic surveyatada
household survey datdn addition, the model is calibrated to recorded death ddia.
likelihood for all three data sources is simply the product of the likelihood calculated for each
individual data source, as detailed below.

7.2.1 Likelihood definition for antenatal clinic survey data

The model is fitted to antenatal HIV prevalence data frotiomal surveys that have been
conducted from 1997 t8014 (survey data collected prior to 1997 have not been included, as
these early antenatal surveys were based on convenience samples and reported 95%
confidence intervals did not include survey desigieat$). We include HIV prevalence
estimates for 5 age groups {19, 2024, 2529, 3034 and 3539).

Suppose thaH (u) is themodel estimate of HIV prevalence in pregnant women aged

x + 4, in yeart, where the vectoéi represents the values of the model input param@ikis.
is calculated from equation (§.8s

X+4

a F(i.HNgo,(J.1)
H,(0)=1- = . (7.

X+4

a F(.t a Nt

j=x iasd

The corresponding prevalence of HIV actually measured in the antenatal survey is
represented byy, . It is assumed that ifi is the true set of parameter values, then the

difference between the logitansformed modetstimateand the logitransformed observed
prevalence is normally distributed. The mean of this normaillision represents the extent

of antenatal bigsvhich arise due to the exclusion of women receiving private antenatal care

from the sampland other behavioural factorBhe variance of the distribution is assumed to

be conmposed of a ' s (represengying &he wneoartainty tareunanthe survey
estimate due to binomial variation anlister variation in the surveg nd a ‘* model e
term (representing the error that may arise due toagsumption that the antenatal bias is
constant over time arcbnstant with respect to ag®jore formally, it is assumed that

yxt é H ( )
gae >y o gp( )0+b+r’nxt te,, (7.2
Q s Q

whereb is the antenatal bias parameter,, ~ N(O,sri) and e, ~ N(O,sfyt). The latter two

terms represent the model error and the esuerror respectively. The logit transformations
ensure that the error terms are closer to normalitytlzatdhe model error terms are roughly
independent of the level of HIV prevalence. For a given parameter combinatiadhe

anteratal bias parametés estimated using the formula
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(7.3

The s, values are estimated from the 95% confidence intervals that have been published for

the various survey estimateé3nce theses 2, values have been obtained, thé parameter is
estimated using the formula

o3 o ~ o ,r ~ ~2
o, 1..8 &y, 0 &H,(6G)a -0 ,
§2== Foge - 0- loge—0- b9 - s 7.4
"To0 A%y, 0 M H, (@e 0 79

The likelihoodin respect of the antenatal d&ahen calculated based on the assumption that
the error terms aneormally distributed:

e . . , ~\2
.\ A A ~D 2 \\-05 A (loglt(yx,t ) B |Og|t(H Xt (U )) B b)
L(ylu)_OQ(zp(sm-l-sx,t)) exrpé- 2(§§1+sft)

, (7.9

X

[ e el O]

wherey represents thenatrix of y,, values, across age bands%bto 3539, and across
calendar years 1930 2014.

7.2.2 Likelihood definition for h  ousehold survey data

The model is calibrated to HIV prevalence data from three natieregghgsentative
household surveys conducted by the Human Sciences Research Council (HSRC) in 2005
[16], 2008[17] and 2014 117. HIV prevalence levels in each survey are estimated ygab

age group (from 1B9 up to 589) and by sexThe approach adomtein defining the
likelihood function in respect of the HSRC HIV prevalence dstide same as that for the
antenatal dataexcept that the bias terrh)(@and model error term) are both omitted. The
omission of the bias term is consistent with the apgmoadopted in other uncertainty
analyses of HIV data in developing countrigg24, 325, in which it is assumed that
household prevalence data provide an unbiased estimate of HIV prevalence in the general
population.The modekrror term is omitted becaugeas not necessary if the survey estimates

are truly unbiased. However, even if the household survey estimates were thias@blo
confidence intervals around the household preval@stimates are very wide, relative to the
confidence intervals around the antenatal survey estimates the model errowould
thereforebesmall relative to the survey error

7.2.3 Likelihood definition for recorded death data

To calculate the likelihood in respect of the reported death da&taestrict this analysis to
deaths occurring over the period from the start of 1997 to the endldf[2Pg. Because
cause of death information i®ldom captured accurately, and reported AIDS deaths are
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likely to be only a fraction of the actu#lV-related deaths[327, we compre model
estimates of altause mortality with reported levels of-aluse mortality. This comparison

is only likely to be meaningful in those age groups in which a substantial proportion of deaths
areHIV-related, and this analysis is therefore regtddb deaths occurring from ages 20 to

59. Mortality data are grouped inyear age bands for calibration purposes, and estimates are
considered separately for males and females.

Suppose thaQ,,,
of sexg, between agesandx + 4, in yeart, where the vectodl represents the values of the
model input parameters. Further suppose Rgat, represents the reported number of deaths

in individuals of sexg, between ages andx + 4, in yeart. In order to specify a likelihood
function for the reported death data, it must be assumed that a certain proportion of adult
deathsyxt, IS reported.It is assumed that ifi is the true set of parameter values, then the
difference between the ldgansformed model estimate of the number of reported deaths
(Qgxt(()g,:) and the logransformed actual number of reported deaths is normally

distributed with zew mean. More formally, the likelihood is calculated on the assumption that

(G) represents the model estimate of thenbar of deaths in individuals

10g(R, )= 100(Q 1 ()G )+ € (7.6)

~N(O,s§).Theparameteegvxltcan be regarded as compr.i

error’ and ‘ rraonrd’ o nt obmpnoonnei natl, ebrut because the
large, the random binomial component of the error is relatively small on the log scale. It is
therefore reasonable to assume that the variance of the error term is independent of the
population ste in the relevant sex and age group.

where e, ,,

The oxt parameters have been estimated from a variety of sources. Over the period from
October 1996 to October 2001, Dorringten al [328 estimate that the fraction of adult
deaths recorded was 84%, based on death distribution methods (i.e. based on comparing the
recorded numbers of adult deaths to the changes in the population sizes in each age cohort
over the intercensus period). Theuthors also estimate that the annual increase in the
proportion of deaths recorded, over thigéar period, was 1.7% in men and 2.1% in women,
based on an assumption of stable mortality rates at ages 65 and older (where AIDS would be
expected to have ralaely little impact on mortality). In the period after 2001, estimates of

the completeness of adult death recording have been around 93%, based on similar methods
[329-331]. Based on these estimates, we set initial completeness assurmgtidependent

of age and sex that increase linearly from 80.2% in 1997 to 87.8% in 2001 (an increase of
1.9% per annum, with 84% completeness in 1999) aB% 9n 2004, after which
completeness is assumed to remain constant (Table 7.2). The assumption of constant
completeness after 2004 is supported by an analysis of factors affecting the recording of
deaths in ART patients, which showed no significant changhe completeness of vital
registration over the 2002014 period337.

In the final set of completeness assumptions, we use the completeness estimates by age and
sex, as estimated in the analysis of factors affecting the recording of deaths in ART patients
over the 20042014 period[337, and sca these down by the ratio of initial completeness
assumptions to 0.93 in the period prior to 2004. The completeness assumptions are shown in
Table 7.2.
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Table 7.2: Completeness assumptions (fraction of deaths that are recorded)

Year 1997 1998 1999 2000 2001 2002 2003 2004+

Initial completeness assumptions

0.802 0.821 084 0.859 0.878 0.897 0.914 0.930
Final completeness assumptions
Women aged

20-24 0.798 0.817 0.836 0.855 0.874 0.892 0.909 0.925
25-29 0.809 0.828 0.847 0.866 0.886 0.905 0.92 0.938
30-34 0.817 0.836 0.855 0.875 0.894 0.913 0.931 0.947
3539 0.823 0.842 0.862 0.881 0.901 0.920 0.937 0.954
40-44 0.827 0.847 0.866 0.886 0.905 0.925 0.943 0.959
45-49 0.831 0.850 0.870 0.890 0.909 0.929 0.947 0.963
50-54 0.834 0.853 0.873 0.3 0.913 0.932 0.950 0.967
5559 0.836 0.856 0.876 0.895 0.915 0.935 0.953 0.969
Men aged

20-24 0.756 0.774 0.792 0.810 0.828 0.846 0.862 0.877
25-29 0.772 0.791 0.809 0.827 0.845 0.864 0.880 0.896
30-34 0.789 0.807 0.826 0.845 0.863 0.882 0.899 0.914
3539 0.802 0.821 0.840 0.859 0.878 0.897 0.914 0.930
40-44 0.813 0.832 0.852 0.871 0.890 0.909 0.927 0.943
45-49 0.821 0.841 0.860 0.880 0.899 0.918 0.936 0.952
50-54 0.827 0.847 0.866 0.886 0.906 0.925 0.943 0.959
5559 0.832 0.851 0.871 0891 0.910 0.930 0.948 0.964

The maximum likelihood estimate of the paramestgris calculated as

2

si=t A8 A lodR,.)- odQ,. @, ) @1
g X t=1997

The likelihood in respect of the reported death data is then calculated based on the assumed
normality of the error terms:

(IOg(Rg,x,t )' IOQ(QQ,XJ (ﬁ)gg,x,t ))2 g

A A B vos &
LRIH=00 O (2057) " exp 0, (7.9

22
g X t=1997 Q 25d =

whereR represents the matrix of reported death data.

7.3 Posterior simulation

The posterior distribution was simulated numerically usimgemental Mixture Importance
Sampling (IMIS)[333. Following the recommendations of Raftery and Ba83, an initial

set of 10000 parameter combinations was randomly drawn from the prior distributions in
Table7.1 and the likelihood was calculated for each. Importance sampling was then used to
draw a second sample of0D0 parameter combinatie from the region of the parameter

63



space with the highest likelihood values, and the procedure was repeated iteratively, updating
the importance sampling distribution at each step to reflect the region of the parameter space
with the highest likelihood \laes, until the algorithm converged on a posterior sample that
was sufficiently heterogeneous. A posterior sample 00 parameter combinations was
drawn andmeans and 95% confidence intervals were calculated from this sample.
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8. Results of model cali bration

8.1 Comparison of prior and posterior distributions

Table 8.1 compares the prior and posterior means for thparameters that are allowed to
vary when fitting the model to thedult HIV prevalence datand mortality dataFor most of

these panmameters, the prior and posterior distributions overlap substantially, though the
posterior 95% confidence intervals are substantially narrower, reflecting the increased
precision due to the HIV prevalence datad mortality dataThere is significant evidee to
suggest that HIV virulence has declined over time, with the posterior distribution for the
relative rate of disease progression per calendar year being significantly different from the
corresponding prior distribution.

Table8.1: Comparison of prioand posterior distributions

Posteriodistribution
(mean, 95% CI)

Prior distribution
(mean, 95% CI)

Average survival in absence of ART (years)

RR of HIV disease progression in women

Increase in HIV disease progression per
10-year increase in age

RR of HIV disease progression per calendar year

leDEA-SA bias<6 months after ART start

Ratio of IeDEASA bias >42 months after ART
start to bias <6 months after ART start

Reduction in mortality per unit increase in rate of
ART initiation (at CD4<200) over lag& years

Femaleto-male transmission probability in shaerm/
nonspousal partnerships

Male-to-female transmission probability in shaerm/
nonspousal partnershép

Ratio of increase in infectivity* to increase in
disease progression,* per unit change in SPVL

12.00 (10.1214.04)
0.960 (0.8641.060)
0.180 (0.0820.315)

1.000 (0.9871.013)
1.850 (1.0042.951)
0.800 (0.6161.008)

7.50 (2.2915.76)

0.0080 (0.003D.0149)

0.0120 (0.0043.0236)

1.000 (0078-3.069

1151 (11.2311.82)
0.929 (0.901-0.959)
0.241(0.215-0.265)

0.977 (0.971-0.98)
1.270(1.018-1.512)
0.702(0.597-0.836)

459 (3.71:5.64)

0.0071 (0.0057-0.007%)

0.0206(0.0197-0.0217)

0.091 (0.072-0.112)

Initial HIV prevalence in high risk women, ages4% 0.100% (0.008.195%) 0.187% (0.17-0.1%%)

8.2 Calibration to adult HIV prevalence data

Figure 8.1 shows the calibration of the model to the antenatal survey HIV prevalence data
(although the data from the 199096 surveys were not included in the likelihood dé&bni,

they are included here as a validation of the model). The posterior mean model estimates of
antenatal HIV prevalence are generally consistent with the survey data, although the model
slightly overestimates HIV prevalence in pregnant women age@40rhe model also
provides a reasonably good fit to the HSRC prevalence surveyHigiag8.2).
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Figure8.1: HIV prevalence levels in pregnant women attending public antenatal clinics

Dots represent HIV prevalence levels reported in surveys condércted 199-2014 (the 1998 data were
adjusted to correct an error in the provincial weights in that year). Solid lines represent the posterior mean model
estimates of HIV prevalence in pregnant women, after adjusting for antenatadniasy data in the pr1997

period are included in the graphs even though they were not used in defining the likelihood function.
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(a) Males, 2012 (b) Females, 2012
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(c) Males, 2008 (d) Females, 2008
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(e) Males, 2005 (f) Females, 2005
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Figure8.2: HIV prevalence levels in the general population

Dots represent HSRC survey prevalence estimates, together with 95% confidenedsir®lid lines represent

the posterior mean model estimates of HIV prevalence, and dashed lines represent the 95% confidence intervals
around these estimates

The model does not provide a good fit to the HIV prevalence data from sex workers (Figure
8.3(a)), with the early surveyd4, 43, 164, 334, 335 tending to measure a higher prevalence

than estimated by the model, and the more recent surveys estimating a lower prevalence than
the model[38, 46, 49, 336, 337. However, none of the sex worker surveys is nationally
representative, and some degree of divergence is therefore to be expected.eStimates

of HIV prevalence in MSM are highly variable, reflecting variation in geographic locations
and sampled populatiojs-7, 9, 33§, although the model estimates of HIV prevalence in
MSM are roughly consistent with the average of the survey estimates (Figure 8.3(b)).
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(a) Sex workers (b) Men who have sex with men
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Figure8.3: HIV prevalece inkey populations
Dots represent survey prevalence estimates. Solid lines represent the posterior mean model estimates of HIV
prevalence, and dashed lines represent the 95% confidence intervals around these.estimates

8.3 Calibration to adult mortali ty data

Figure 8.4 compares the model estimates of deaths over tB® aQe range with the
corresponding recorded numbers of deaths (after adjusting the latter for incomplete vital
registration). Model estimates are in good agreement with the datatiiyeaos, although the
model slightly ovefestimates the numbers of recorded deaths in men in the most recent year
for which data are available (2014), as well as the numbers of recorded deaths in women in
2005 and 2006Similar patterns are observed whegegpecific comparisons are performed
(Figure 8.5). The model does not fit the recorded numbers of male deaths irG8ea§é

group well, which could be an indication of problems with the -HO mortality
assumptions.
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Figure 8.4: Numbers of deathsadults aged 269
Dots representecorded numbers of deaths, after adjusting for incomplete registr&ttid lines represent the
posterior mean model estimates
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Figure 8.5: Numbers of deaths in adults, by-year age gpup

Dots representecorded numbers of deaths, after adjusting for incomplete registr&tdid lines represent the
posterior mean model estimates

69



8.4 Calibration to paediatric HIV prevalence and mother -to-child
transmission data

Figure 8.6 comparetie model estimates of HIV prevalence in children with the results from
the three HSRC surveys conducted in 2005, 2008 and 2012. Although the model estimate of
HIV prevalence in 2005 is significantly lower than the survey estimate in that year, model
estimates in subsequent year appear more consistent with the surveys.
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Figure 8.6: HIV prevalence in children aged2
Dots represent survey prevalence estimates. Solid lines represent the posterior mean model estimates of HIV

prevalence

Figure 8.7 compas the model estimates of motterchild transmission rates from recent
surveys with corresponding model estimatdedel estimates of perinatal motkerchild
transmission rates are reasonably close to routine data s@lige® 8.6(a))which include

the District Health Information System (DHI$339 and the National Health Laboratory
Service (NHLS)[30Z. However, these estimates of perinatal transmission are -under
estimates of the total perinatal transmission because they do not reflect transmission from
mothers who are umagnosed. There is a lack of data on postnatal transmission rates,
although the SAPMTCTE study, which followed mothers who were diagnosed either
antenatally or at their -veek immunization visit, found that cumulative transmission
(perinatal and postnatallp to 18 months was 4.3% (95% CI. -5.8%)[34(. Our model
estimates are consistent with this survey (Figure 8.6(b)), although the definition of postnatal
transmission considered here is an ureimate of all postnatal transmission, since some
transnission occurs after 18 months, and substantial transmission occurs from mothers who
are undiagnosed.
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(a) Transmission to 6 weeks (b) Transmission to 18 months
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Figure 8.7: Motheto-child transmission rates

Dots represent survey prevalence estimates. Solid lines represent the posterior mean model eskitvates of
prevalenceln panel (a), the denominator is all Hpbsitive women who were diagnosed antenatally (excluding
mothers who were not diagnosed), and in panel (b) the denominator is the numberpafdiixeé mothers who

were diagnosed either antenatailyat their 6week immunization visit (again excluding mothers who were not
diagnosed). Panel (a) represents only perinatal transmission, while panel (b) represents combined perinatal and
postnatal transmission.

8.5 Calibration to ART data

Figure 8.8 compares the model estimates of nhumbers of ART patients (after adjusting to
exclude the independentgstimated numbers receiving ART in the private sector) with the
reported numbers of patients receiving ART in the public sector. In the period up to 2009,
when public sector statistics reflected mostly cumulative enrolment, model estimates of
cumulative enrolment appear consistent with the reported ldateever, from 2012 onward,
model estimates of current enrolment are more consistent with the data tharodbe
estimates of cumulative enrolment, reflecting the gradual transition to reporting of current
enrolment that started in late 2009.
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Figure 8.8: ART enrolment in the South African public sector

Dots representeported numbers receiving ART in tipaiblic sector Solid and dashedines represent the
posterior mean model estimates mimbers currently and cumulatively enrolled on the ART programme,
respectively.

Figure 8.9 shows that the modelled age distribution of adults starting ART matches that
South African patients starting ART between 2002 and 2009, in a number of cohorts
participating in the leDEASA collaboratior341].
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Figure 8.9: Fraction of adult age patients starting ART in different age groups

The model has also been validated by comparing the feddede distribution of children
stating ART with the reported age distribution of children starting ART natior{d!b5
(Figure8.10. Although these data have not been used in defining the likelihood function, the
model is remarkably consistent with the observed age distribution.
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Figure8.1Q Fractionsof children starting ARTin different age groups
Solid lines represent posterior means. Dots represent data from the national ART monitoringl§8tem
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Appendix A: Mathematical approach to modelling sexual
behaviour

This appendix provides further mathematical detail regarding the modelling of sexual

behaviour Sections A.4A.3 describe the calculations performed to ensure that male rates of

partnership formation are consistent with female rates of partnership formation. Section A.4
explains the method for calculating female rates of movement into and ouinaieroial

sex. Finally, section A.5 explains the approach to modelling divorce and widowhood. In all

sections, the symbadN;, ; (x,t) represents the number of sexually active individuals aged

in yeart, who are of sexg and risk groug, in rdationship category (O for heterosexual
unmarried, 1 for heterosexual married/cohabiting, 2 for femaleveekers and 3 for MSIW
with a partner in risk group(thej subscript is omitted in the case of unmarried individuals,

i.e. forl =0, 2 or 3). Whhin this group we define,;, ; (x,a,s,v,d) to be the proportion who

are in HIV stages (representing CD4 category in untreated infection), with ART stafQsf
untreated), HIV testing historyand ART duratiord.

A.1 Non-spousalheterosexualrelationships

Suppose thatF j;(x,t) is the total number of nespousal relationships formed by

individuals of sexg and agex, in risk groupi, during yeart. For highrisk women this is
calculated as

F 2,1(X7t) = N2,l,O(X! t) Ca10 (X) + (N2,1,1,1(X7t) + N2,1,1,2(X1t))02,1,1(x) )

where c;, (X) is the annual rate of nemarital partnership formation in individuals aged

of sexg and marital statuls who are in risk group(1 for high risk, 2 for low risk)For low
risk women the number of new partnerships is just

Fo2(6t) =Ny, 0 (1) C,y,0(X),

since married women in the low risk group are assumed not to have extramarital partners.
The total number of neweterosexuahornspousal partnerships involving men of ages
then calculated as

90

Fu()+F (00 = 8 (F o)+ F 5o (x0)f0(y 1),
x=10
where f_, (y|x) is the probability that for an individual of sepand agex, in a relationship

oftypel, t he p ary({asdefinédsn sectipR6). The rate at which unmarried men in
the high risk group form nevheterosexuapartnerships in yeat is then calculated by
observing that
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Fa(WD)+F (00 = (Npo(v,1) + Ny 5 (v, 1) Wy)))eyso(y, 1) +
+(Npo (V1) + Ny 5 (7,1 (1- WY)))ewso (VDL
+(Npay (V) + Ny, (9,8) e (DR,

where L, and R, are the relative rates of n@pousal partnership formation in unmarried

low-risk men and married higtisk men respectively (express as multiples of the rate in
unmarried higkrisk men)a n d y) @ the fraction of partners who are men, among MSM
agedy. From this we calculate

F(y,)+F,(y.1)
Npzo(¥ot) + Npoo (V) Ly + Ny (VD) + N (v ) L)L W)
+ (N (1) + Ny, (W D)R,

Ciio (y,t) =

It is worth noting in passing that the rates at which men forrasponsal relationships are a

function oft, while the rates at which wieen form norspousal relationships are assumed to

be independent df This is because male sexual activity is assumed to change over time in
response to demographic changes (relative numbers of males and females at different ages
and numbers of married drunmarried individuals at different ages). In reality, both male

and female sexual behaviour patterns would change and male behaviour would not be
dictated entirely by female ‘demand’ for sex
simplicity, we fix the female sexual behaviour parameters.

For a man who is aged starting a new nespousal relationship in yegirthe probability that
his femalepartner is between the agesx@ndx + 1 is

(F o t) +F 50 (6 )fo0 (¥ 1X)
FLyD+F,(nt)

fo(X]y,t) =

A.2 Mixing between risk graups in nonspousalheterosexualrelationships

The total number of nespousalheterosexuatelationships formed by men in the high risk
group in yeat is

90

F ()= 8 {NLo () + Ny (1)@ W)Y+ Ny (7.1 + Ny (DR Je o (v )

y=10

and the total number of nespousaheterosexualelationships formed by W-risk men is

90

F(.0)= a (Nl,Z,O(y’t) + N1,2,3(Yat)(1' NY)))Cl,l,o(y’t)Ll-

y=10

The total numbers of nespousalheterosexuatelationships formed by women in the high
risk and lowrisk groups € ,,(.,t)) and F ,,(.,t)) respectively) are similarly defined. For
women wWo are in risk group in yeart, the probability that their nespousal partner is in
risk groupj is
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Fl,j (.,1)
Fu()+F 00

r2,i,0(j’t) =(1-e3l(i=j)+ed

where e is the assortativeness parameter described in s&§oand | (i = j) is an irdicator

function (taking on value 1 whenr= | and value 0 when# j). For men who are in risk group
j in yeart, the probability that theiilemalenonspousal partner is in risk grous calculated
as

Fz,i(-1t)f2,i,o(jyt)
F 2,1(-1t)r2,1,o(j1t) +F 2,2(-1t)f2,2,o(j’t) .

rl,j,o(i!t) =

A.3 Partner age and rik group preferences in pousal relationships

We calculate the proportion of married men, agedyeart, whose partners are ageds

N, 1s (O6t) + Ny, (X 1) + Ny (1) + Ny, (1)) L0 (Y] X)
fa(xly,t)= 9(0 2111 2112 2,211 2,212 ) 21 .

a (N2,l,l,1(vit) + N2,l,l,2(v’t) + N2,2,l,l(V’t) + N2,2,1,2(V’t))f2,l(y | V)

v=15

It is worth noting here that represents theurrent partner age, not the age of partners
newly-formed spousal relationships, since there is an implicit allowance for differential rates
of survival at different ages in the calculationf, (y | X).

The number omenin risk groupi who enter spousal relationships in yearcalculated as

90

Dl,i (t) = a (Ng,i,O(y’t) + Ng,i,3(y1t) )mg,i (y1t) ’

y=15

where m ; (y,t) is the annual probability of forming a new spousal relationship ay.age

similar formula is used to calculate the number of women who enter spousal relationships,
except that the M term (N, ,(y,t) )) is omitted. For women who are in risk group

entering into a spousal relationship in ygathe probability that their new partner is in risk
groupj is

D,, ()

rz,i,l(j’t) =A-eli=j+e Dl,l(t)'*' D1,2(t).

For men in risk group who are enteng spousal relationships in yetarthe probability that
their new partner is in risk groups calculated as

D, (1) 7 4;.(]:1)
D,y (6)7 501 (§,1) + Dy (1) 755, (ju1)

rl,j,l(i1t):
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A.4 Female rates of entry into and exit from sex work

At the end of each month the model updates female movenmatand out of sex work
based on assumed rates of retirement from sex work and based on male demand for sex work.
The total male demand for sex workers at tinsecalculated as

EM=24 & Nuy, (0)Xe (62 sv,dw (xY(a,sd)

x,l,j a,sv,d

where w, (x) is the rate at whit HIV-negative men visit sex workers (as defined in section
2.4), Y(a,s,d) is the adjustment made to the coital frequencies of-pli%itive individuals

(as defined in sectioA.6), andC is the assumed average annual number of clients ger se
worker. MSM are assumed to have no contact with female sex worksrgxplained in
section 2.4, there is assumed to be a constant sex worker age distribution,/{»}h

representing the fraction of sex workers who are aggelars. Tle required number of sex
workers agec at timet is thereforeE(t)7 (X) .

Suppose that (a,s,d) represents the monthly probability of retirement from commercial sex

in sex workers who are in HIV stagewith ART statusa andART durationd years. Then at
agex, the total number of sex workers retiring from sex work in morgh

N,.,(xt-1) & X,.,(xasv,d)(asd).

a,s,v,d

(It is worth noting that although the symb®l,,,(x,t- 1) represents the number of sex

workers at timet(— 1), the calculation is actually performedter HIV disease progression
and AIDS mortality in month have been updated.) In order to meet the male demand for sex
workers, the number of women agedho need to enter sex work during monis

D.(x,t) = E(t- DF(X) - N, ,(xt- 1)%- a X, (xasv,d)(a, s,d)g.

(; a,s,v,d

Women enter into sex work from the unmarried high risk group, but it is assumed that
women in the advanced stages of HIV disease are less likely to enter sex work than women
who are HIVnegative or asymptomatic. The symbdl(a,s,d) represents the relative

probability of entry into commercial sex (compared to Hi&bative women) for women who
are in HIV stages, with ART statusa and ART duratiord years. For sexually experienced
HIV-negative women in the high risk unmarried growmo are aged at time ¢ — 1), the
probability of entry into sex work in months

D, (x,1)
N, (xt-1) & X,.,(xasVv,dW(asd)’

a,s,v,d

For HIV-positive women, the probability of entry into sex worker is obtained by multiplying
the above expression by the relevea, s,d) factor.
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The variables?(a,s,d) and W(a,s,d), discussedn section2.4, are a function only of

current CD4 count in untreated individuals, (but for treated individuals the variabde
represents the baseline CRdtegory. In treated individuals thiga,s,d) and W(a,s,d)
variables are therefore calculated based on the expected distribution of current CD4 counts in
individuals who started ART in CD4 categosyd years previously. Thigxpected CD4
distribution is defined iffable4.3.

A.5 Divorce and widowhood

Divorce and widowhood are calculated on an annual basis. Consider a married individual of
agex and sexg, in risk groupi, with married partner in risk groyp The probabilitythat the
relationship does not terminate in the current year is calculated as the product of three
probabilities:

a) the probability that the partner does not die from AIDS;

b) the probability that the partner does not die from-AdDS causes; and

c) the probabity that the relationship does not end through divorce.

Considering the first probability, we defimﬁg’*’jyi (y,t) to be the probability of AIDS death

during the course of yearfor a married individual of ageand risk group, who is aliveat
the start of yeat. The average probability that the partner does not die from AIDS during
yeart is

90
1- a fgl(yl X’t) q:;a-\g,j,i (y’t) )

y=15

where (3- Q) is the sex opposite @ Similarly, we definqu‘ (y,t) to be the probability of

death due t@ norAIDS cause during the course of yéafor a married individual of age
and sexg, who is alive at the start of yelarThe average probability that the partner does not
die from norAIDS causes during yeais then

90
1_ a fgl(yl X!t) q3N-g(y!t) '
y=15
Finally, we defined, (x) to be the annual rate at which married individuals obeaed sexg
divorce, so that the probability that the relationship does not end in divomep(isdg(x)).

Combining these three expressions, ghabability that an individual of age sexg and risk
groupi, who is married to a partner of risk grougt the start of year returns to the single
state in the course of yetis

a @ 0]
1- @8- A o (yIx) ol (VD@ A o (vIxb ol s (v, gexd- d, ().
(; y=15 —(; y=15 -

A.6 Partner age preferences in MSM
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Fewstudies report on age mixing patterns in MSM relationships in the South African setting.
Arnold et al [3]] found that in 758 mailenale sexual relationships in Soweto, the average
partner age difference was small (0.25 years) betet was high variation in partner age
differences (standard deviation of 5.8 years). Based on what is known about the age
distribution of sexually active MSM in South Africa, it is possible to use this information to
determine how patterns of age mixingry in relation to age. N(x) is the age distribution of
sexually active MSM and,(y | x) represents the proportion of male partners agied an

MSM agedx, then for a random sample of MSM, the expected proportion of their partners
who ae agedyis

PN (9 f15(y [ X)dx.

If the sample of sexually active MSM is truly representative, then we would expect that this
proportion should be the sameN(y). We would also expect that

AN fif s (Y [ X)(x - y)*dydx=5.87,

if the estimated standard datron of 5.8 year$31] is correct. These constraints allow us to
determine the likely patterns of sexual mixing. It is assumed M@t) is a gamma

distribution, with a mean of 25 years and a standard dewiafi@ yeard31, 338, with an
ageoffset of 1 years to prevent implausible levels of sexual activity in very young boys. The
f.,(y|X) distribution is also assumed to be of gamma form, with mean of
nx) = max(x- 10 x+ A(25- x)) and variance oB? (again, with an offset of AL yeas to

prevent sexual activity at young ages). The two free paramétensd B, have been set to
0.45 and 5.0 years respectively, to yield a variance of partner age differences eqiab® 5.8

well as a distribution ofjN(x) f, ;(y | X)dx values rougly consistent with the distribution of
N(y) values (Figuré\l1).
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FigureAl: Age distribution of sexual activity in South African MSM
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