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Executive summary

Mathematical models have an important role to play in identifying which interventions are
having the greatest impact, and where HIV interventions are most needed. Thembisa is a
mathematical model that has been developed to simulate the demographic profile of South
Africa and the impact of various HIV prevention and antiretroviral treatment (ART)
programmes. The model has previously been applied to each province to identify the factors
accounting for HIV prevalence differences across provinces, to compare provinces in terms of
how they have progressed in scaling up prevention and treatment programmes, and to assess
the differential impact of HIV interventions across provinces.

The previous provincial versions of the Thembisa model were released in March of 2021. This
report describes recent updates to the model and presents updates to the results. Since 2021, a
number of important changes have been made to the model, which affect the results in all
provinces. These include allowing for changes over time in the rates of marriage and divorce,
increased ART initiation if people are re-diagnosed after a previous diagnosis, new HIV testing
strategies (self-testing and index testing) and linking durations of ART interruption to HIV
testing rates.

The updated Thembisa model also includes new provincial data from a variety of sources:
monthly numbers of patients receiving ART in 2020-2021, total numbers of HIV tests
performed in 2020-2021, numbers of VMMC operations by province, and recent estimates of
viral suppression. As before, the provincial models are calibrated to province-specific HIV
prevalence data from household surveys and antenatal surveys, antiretroviral metabolite data
from the 2012 and 2017 HSRC surveys (survey data on ART coverage), adult vital registration
data (all-cause mortality), data on the proportion of adult ART patients who are male, and
household survey estimates of HIV prevalence in children. In addition, the new provincial
versions of the model are calibrated to data on the age distributions of ART patients, both for
adults and children. In most provinces, HIV estimates have not changed substantially relative
to the previous version of Thembisa (version 4.4). However, estimates of HIV prevalence have
increased slightly in most provinces (relative to Thembisa 4.4 estimates). Estimates of levels
of viral suppression have declined slightly in all provinces (relative to version 4.4), which is
partly because we have assumed a slower rollout of dolutegravir than assumed previously, and
partly due to the assumed higher rates of ART initiation in re-diagnosed individuals (which
imply higher rates of ART initiation in later stages of disease, when individuals are less likely
to achieve viral suppression).

Results suggests that the epidemiology of HIV in South Africa’s is highly heterogeneous. In
2020/21, HIV incidence rates in adults aged 15-49 varied between 0.51% (95% CI: 0.47-
0.57%) in Western Cape and 1.09% (95% CI: 1.00-1.22%) in Eastern Cape. Incidence rates
have been consistently declining in all provinces, with incidence declines over the 2010-2020
period being greatest in KwaZulu-Natal (66%) and smallest in Western Cape (33%). Despite
the steep incidence declines in KwaZulu-Natal, it remained the province with the highest HIV
prevalence. HIV prevalence among 15-49 year olds in 2019 varied between 12.4% (95% ClI.
11.8-13.2%) in Western Cape and 26.1% (95% CI: 25.4-26.8%) in KwaZulu-Natal.

Progress towards the 95-95-95 targets has been mixed. The model estimates for 2021 suggest
that progress towards the first UNAIDS target (95% of HIV-positive individuals diagnosed by
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2025) is good, and that progress has been relatively uniform across provinces, with most
provinces at around 93%. However, progress towards the second UNAIDS target (95% of HIV-
diagnosed individuals on ART) is generally poor, with this fraction treated varying between
59% in Western Cape and 79% in KwaZulu-Natal. Most provinces are close to reaching the
third UNAIDS target (95% of ART patients virally suppressed with viral load <1000 RNA
copies/ml), with viral suppression being highest in Western Cape (94%), KwaZulu-Natal
(93%) and Free State (93%). However, Limpopo and Eastern Cape have viral suppression rates
of 87%, suggesting that there is still room for improvement in some provinces. ART coverage
in 2021 varied between 54% in Western Cape and 75% in KwaZulu-Natal. Overall, KwaZulu-
Natal is the province that has made the most progress towards the 95-95-95 targets, while
Western Cape and Limpopo are the provinces that are lagging farthest behind.

Progress in scaling up HIV prevention programmes also appears to have been variable. Levels
of condom use appear to be lowest in Northern Cape, Western Cape and Eastern Cape, and
highest in Gauteng. The prevalence of male circumcision has increased steeply in KwaZulu-
Natal, Free State and Mpumalanga over the last few years, while there has been almost no
change in the prevalence of male circumcision in the Western Cape.

One refinement to the model calibration procedure has been to allow for inter-provincial
differences in the natural history of paediatric HIV. This has allowed us to get better to fits to
the paediatric ART age distributions than we would otherwise. The model estimates suggest
somewhat faster progression to late disease and death in children in the Western Cape, Northern
Cape and Eastern Cape provinces (relative to the rest of the country), consistent with the
estimates for the adult natural history parameters. However, the model does not yet allow for
inter-provincial differences in mortality rates after ART initiation. Another limitation is that
the model still needs to be calibrated separately to HIV testing data for each province, instead
of assuming (as we do currently) that the age and sex patterns of HIV testing are the same
across all provinces. This could help to improve the model fit to the age distributions of ART
patients in provinces such as Eastern Cape and Limpopo, where the modelled age distribution
of ART patients currently does not match the observed age distribution.

Another important refinement has been to the modelling of inter-provincial differences in
marriage and divorce rates. Marriage rates were previously assumed to remain constant over
time, but in the latest version of Thembisa we estimate declining rates of marriage over time,
in all provinces. This may partly explain why estimates of HIV incidence and prevalence in
recent years are slightly higher than in the previous version of Thembisa, since a decline in
marriage rates over time should imply a slower decline in HIV incidence rates (on the
assumption that married individual engage in fewer sexual risk behaviours than unmarried
individuals of the same age and sex).

Although it is encouraging to see high levels of HIV diagnosis and viral suppression in ART
patients, it remains concerning that South Africa’s progress towards the UNAIDS ART
coverage target is poor. The declines in HIV incidence over the 2010-2020 period, although
consistently falling short of the 75% UNAIDS target for the 2010-2020 period, are nevertheless
consistent with the average incidence decline over the 2010-2020 period in the Eastern and
Southern African region (43%). Renewed efforts are needed in order to reach the UNAIDS
target of 95% ART coverage in HIV-diagnosed individuals by 2025, and continued innovation
in the field of HIV prevention will be critical to ensuring that the National Strategic Plan target
of a 50% reduction in HIV incidence over the 2017-2022 period is met. More work is required
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to identify the success factors that have enabled provinces like KwaZulu-Natal to make good
progress towards the 95-95-95 targets, and to follow these examples in other provinces.
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1. Introduction

South Africa has the largest number of HIV infections in the world, and in the past has faced
major challenges in rolling out HIV prevention and treatment programmes. Although much
progress has been made in reducing HIV incidence [1] and HIV-related mortality [2] in South
Africa, many challenges remain. Mathematical models have an important role to play in
assessing which interventions are likely to have the greatest impact, which interventions are
likely to be most cost-effective, and where HIV interventions should be targeted. The latter is
particularly important, given the extreme geographical heterogeneity in HIV prevalence in
South Africa [3], and given the likely efficiency gains if HIV prevention programmes are
prioritized in the sub-populations in which HIV incidence is highest [4].

Mathematical modelling is also important in retrospectively evaluating programme impact, and
in comparing prevention and treatment programmes between provinces. UNAIDS has set the
goal of 95% of HIV-positive individuals diagnosed, 95% of diagnosed individuals on
antiretroviral treatment (ART) and 95% of treated individuals virally suppressed, by 2025 [5].
Tracking progress towards these ‘95-95-95” targets at a provincial level will be important in
identifying where South Africa is falling short.

The Thembisa model was developed to address these questions in the South African context.
The model has previously been used to assess which interventions are likely to be most
important in reducing future HIV incidence levels [6-8]. The model has also been used to assess
progress towards diagnosis and treatment targets, both at national [6, 9, 10] and provincial [11]
levels. The model has also provided insights into the factors that account for variation in HIV
prevalence between provinces [12], and has been used to assess the impact that antiretroviral
treatment (ART) is having on mortality in South Africa [2, 10]. The first set of Thembisa
provincial models was released in September of 2016 [13], and updates were released in
September of 2017 [14], August 2018 [15], June 2019 [16], June 2020 [17] and March 2021
[18]. Since the March 2021 release, a number of changes have been made to the model. These
include allowing for changes over time in the rates of marriage and divorce, increased ART
initiation if people are re-diagnosed after a previous diagnosis, new HIV testing strategies (self-
testing and index testing), linking durations of ART interruption to HIV testing rates [19], and
revising the model of PrEP uptake. In addition, the model has been recalibrated using more
recent HIV programme data (for the 2020-21 year), as well as HIV prevalence data from the
2019 antenatal survey (not previously included in the calibration), and new demographic
parameters have been incorporated.

The objective of this report is to describe the updated provincial models and to present their
results. For a more complete description of the Thembisa model structure and the calibration
to national HIV data, the reader is referred to the most recent report on the Thembisa national
model [19]. The focus of this report is limited to the assumptions that differ between provinces,
and to the presentation of province-specific results. Sections 2 to 7 of this report describe the
province-specific assumptions. Section 8 describes the model calibration procedure and results
are presented in section 9. The report concludes with a synthesis of the key findings and a
discussion of the strengths and limitations (section 10).



2. Modelling sexual behaviour

The sections that follow describe the sexual behaviour parameters that differ between
provinces. As there is some uncertainty regarding the sexual behaviour parameters, we have
adopted a Bayesian approach, specifying prior distributions to represent the extent of this
uncertainty.

2.1 Proportions of individuals in the high-risk group

The high-risk group is defined to consist of individuals with a propensity for concurrent
partners and/or commercial sex activity. In the national version of the Thembisa model, the
fraction of the adult population that is high-risk is assumed to be 35% for males and 25% for
females, based on a review of studies that have estimated the prevalence of concurrency in
South Africa. However, the prevalence of concurrency appears to differ substantially between
provinces. Table 2.1 shows the proportion of men reporting currently having more than one
partner in the 2009 National HIV Communication Survey, stratified by province, as estimated
by Morris and Leslie-Cook [20]. (Although results were reported for women as well, there was
believed to be substantial under-reporting of concurrency by women, and these results are
therefore not shown here.) The ratio of the provincial concurrency prevalence to the national
average ranges from 0.383 in the Northern Cape to 1.591 in KwaZulu-Natal.

Table 2.1: Point prevalence of concurrency reported by men, 2009
Province EC FS GT KZ LM MP NC NW  WC SA
Minimum®  0.098 0.052 0.105 0.166 0.103 0.141 0.04 0.071 0.061 0.103
Maximum®  0.108 0.059 0.129 0.179 0.109 0.141 0.043 0.087 0.065 0.114
Relative to
SA
Minimum 0.951 0505 1.019 1.612 1.000 1.369 0.388 0.689 0.592
Maximum 0.947 0.518 1.132 1570 0.956 1.237 0.377 0.763 0.570

Average 0.949 0511 1.07/5 1591 0.978 1303 0.383 0.726 0.581

* Minimum and maximum values reflect different interpretations of missing values.
Source: Morris and Leslie-Cook [20]

An alternative approach to estimating the proportions of the population in the high-risk group
is to examine provincial differences in the proportion of men who report having had more than
one partner in the last year. Although this does not correspond to the definition of high-risk
used in our model, we would expect men in the high-risk group to have the most partners on
average, and the relative differences in the proportions of men reporting multiple partners may
therefore serve as a crude approximation to the relative differences in the proportion of men
who are high-risk. Table 2.2 shows the proportion of men who reported multiple partners in
the last year in the 2012 National HIV Communication Survey [21] and 2016 DHS [22] and
the ratios of the provincial proportions to the national average. The ratios are generally quite
different from those in Table 2.1, especially for Free State and KwaZulu-Natal.



Table 2.2: Proportion of men reporting multiple partners in the last year

Province EC FS GT Kz LM MP NC NW WC SA
Reported (2012) 14% 33% 25% 19% 13% 12% 12% 19% 12% 19%
Reported (2016) 18.0% 22.6% 17.3% 13.6% 23.7% 18.1% 85% 18.4% 11.3% 15.5%
Relative to SA 0.74 1.74 1.32 1.00 0.68 0.63 0.63 1.00 0.63

(2012)

Relative to SA

(2016) 1.16 1.46 1.12 0.88 1.53 1.17 055 1.19 0.73

Source: Johnson et al [21], Department of Health [22]

A limitation of both analyses is that neither analysis considers the extent to which differences
in the reporting of high-risk behaviour might be attributable to inter-provincial differences in
the rate of marriage or differences in the age distribution of the population (both factors are
assumed to affect the level of extramarital sex in the Thembisa model). Given this limitation,
and given the discrepancies between the ratios estimated in Tables 2.1 and 2.2, we represent
the uncertainty around the risk group sizes in each province by assigning prior distributions to
the factors by which the national high-risk group proportions are multiplied in each province.
The means of these prior distributions are the average of the ratios estimated from the three
surveys (as shown in the last row of Table 2.1 and last two rows of Table 2.2). The assumed
priors are gamma distributions, all with a coefficient of variation of 0.25, to ensure reasonably
wide ranges of prior uncertainty around the high-risk proportion in each province. Figure 2.1
shows that these assumptions yield prior distributions with confidence intervals wide enough
to include almost all of the ratios estimated from the 2009 and 2012 National HIV
Communication Surveys and 2016 DHS.

2.5

2.0 -

15 - ® 2009 NCS
¢ 2012 NCS

10 - ® 2016 DHS
+ Prior

0.5 - °

0.0 T T T T T T T T

EC FS GA Kz LM MP NC NW WC

Figure 2.1: Ratio of province-specific high-risk proportion to national average

Error bars represent the range between the 2.5 and 97.5 percentiles of the prior distributions, while crosses
represent the means of the prior distributions. DHS = Demographic and Health Survey. NCS = National HIV
Communication Survey.
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2.2 Marriage and divorce

A full description of the model of marriage and divorce is provided elsewhere [23]. Here we
provide a brief description of the model. It is worth noting that the model definition of
‘marriage’ includes cohabiting relationships, and the model definition of ‘divorce’ similarly
includes separations (even when there is no legal dissolution of the union).

For an individual of age x and sex g, born at time t (measured in years after 1985), the
probability that they have never been married is modelled as
1

S, (x,t) =
g 1+((x—16)exp(—Cg—ﬁgt))

1/vg

for x > 16. This assumes that the time to marriage (after age 16) follows a log-logistic
distribution, with scale parameter Cq and shape parameter yq, with Sy determining the extent
of change in marriage rates over time. From this we calculate the probability of entry into
marriage over the next year, for an individual currently aged x and born in year t, who has
never been married, as

1 Sg(x+1,t)

The same annual probability is assumed to apply to individuals who have previously been
married except in the year in which they become divorced or widowed. The odds or
remarriage in the year of divorce or widowhood is assumed to be Ry times the odds of
marriage in people of the same age who have never been married.

The probability that an individual of age x and sex g, who is married at the start of year z, gets
divorced in year 7 is calculated as

Dy(x,t) =1— exp(—Kdg(x)GT‘ZOO“')

where dg(x) is an empirically-estimated set of divorce rates in 2004, K is an adjustment factor
to correct for possible bias in the empirical estimates, and G is the factor by which divorce
rates increase (or reduce) per calendar year.

These parameters were estimated separately for each province by fitting the Thembisa model
to census and community survey data in four years (1996, 2001, 2006 and 2016). The census
and community survey data were stratified by age and sex, and a likelihood function was
specified to represent the model goodness of fit to the census and community survey data. A
Bayesian approach was adopted in fitting the model to the data, with prior distributions
specified to represent the prior ranges of uncertainty around each of the 10 marriage and
divorce parameters. Table 2.3 shows the posterior mean estimates for each of the 10
parameters, by province. A more complete description of the calibration of the model to the
province-specific marriage data is provided elsewhere ([24], with manuscript in preparation).
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Table 4.3: Marriage and divorce parameters by province

Parameter Symbol Eastern  Free Gauteng KwaZulu- Lim- Mpuma- Northern North Western
Cape  State Natal popo langa Cape West Cape
Log-logistic parameters for 1% marriage
Constant scale parameter: male C1 3.21 2.80 2.89 3.21 3.08 2.96 3.26 3.03 2.82
Constant scale parameter: female C 2.71 2.51 2.49 291 2.68 2.57 2.81 2.85 2.67
Birth cohort effect: male Joi! 0.0147 0.0153 0.0164 0.0163 0.0197 0.0165 0.0232 0.0118 0.0134
Birth cohort effect: female Ji7; 0.0200 0.0177 0.0193 0.0186 0.0236 0.0179 0.0239 0.0147 0.0212
Shape parameter: male 71 0.53 0.45 0.45 0.48 0.54 0.44 0.61 0.48 0.47
Shape parameter: female 72 0.57 0.68 0.75 0.51 0.68 0.57 0.74 0.74 0.78
Remarriage parameters
Ratio: male odds of first marriage to 1/Ry 0.020 0.085 0.080 0.028 0.025  0.055 0.042 0.097 0.138
odds of remarriage, per year
Ratio: female odds of first marriage 1/R> 0.709 0.774 0.728 0.650 0.735  0.750 0.787  0.813 0.804
to odds of remarriage, per year
Union dissolution parameters
Adjustment to empirical estimates K 1.84 0.73 1.16 1.72 0.89 2.10 0.93 0.78 0.44
Annual change in divorce rates G 0.9989 0.9751 0.9834 0.9936 0.9783 1.0129 0.9910 0.9865 0.9672
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2.3 Sexual mixing

The extent of mixing between high risk and low risk groups is important in determining both
the rate at which the epidemic spreads in its early stages and the level at which HIV prevalence
ultimately stabilizes. If mixing is highly assortative (i.e. high risk individuals tend to form
partnerships mainly with other high risk individuals), HIV prevalence grows more rapidly at
first, but ultimately levels off at a lower level than would be expected in the presence of random
sexual mixing [25]. The degree of sexual mixing, which defines the extent of the mixing
between high and low risk groups, varies between 0 (‘completely assortative mixing’) and 1
(random mixing, where individuals have no preferences regarding the risk group of their
partners). Empirical estimates from high income countries suggest that sexual mixing is
generally much closer to random than to completely assortative [26-29]. However, there is a
lack of data from African settings, and simulation studies suggest that empirical estimates of
the degree of sexual mixing are likely to be biased upward [30]. In previous attempts to fit the
Thembisa model to province-specific data we found that the best-fitting degree parameter
varied between 0.42 and 0.80 (average 0.57, standard deviation 0.12) [18]. We have therefore
assigned a beta prior distribution to represent the uncertainty around the degree of assortative
mixing, with a mean of 0.57 and a standard deviation of 0.12.

2.4 Condom usage

Condom usage may be heterogeneous between provinces due to differences in levels of
condom distribution, differences in exposure to social marketing campaigns and differences in
perceived levels of HIV risk. Multiplicative adjustment factors are applied to the condom usage
rates that have been estimated nationally to account for differences between provinces.

In the provincial model, the parameter y2i(x, t, p) represents the probability that an HIV-
negative woman in province p aged x uses a condom in an act of sex with a partner of type | at
time t (time is measured in years since 1985). This parameter is calculated as

210X, t, p) = (t, p) v* 29 B 6,

where ((t, p) represents the time trend in condom use, v is the factor by which condom use
decreases per year of increase in age, £ is the relative rate of condom use in relationship type
I, and 6 is a scaling parameter, which we include to allow for the possibility of bias in self-
reported condom use data (the value depends on the type of reporting, r). The ‘base rate’ of
condom use, {(t, p), relates to women aged 20 who are unmarried (I = 0) and reporting on their
condom use at last sex (r = 0), and the fo and 6o parameters are therefore both set to 1. The {(t,
p) function is a linear combination of a constant term and two cumulative Weibull distribution
functions. The constant term (ko,p) 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 behaviour change communication programmes
in the mid-1990s, and the second Weibull distribution represents a possible change in condom
usage rates in recent years. In mathematical terms,
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(L D) =k +h, 1080 i, 1-05477 ).

The ky,p parameter represents the extent of the increase in condom use following the early phase
of the HIV communication programmes, and the m1 and ¢ parameters represent the median
and shape parameters respectively of the first Weibull distribution. The k2, parameter
represents the extent of the change in condom use in recent years (possibly due to changes in
funding for behaviour change communication programmes, and possibly due to changes in
attitudes towards condom use as ART has become more widely available); the m; and ¢
parameters represent the median and shape parameters respectively of the second Weibull
distribution.

Most of the parameters in these two equations are not province-specific, and have been fixed
at the values estimated when fitting the national model to nationally-representative data on self-
reported condom use (as specified elsewhere [23]). However, the kop, ki,p and ko, parameters
do differ by province. For the sake of simplicity, we specify Kop = ap % ko and Ki,p = ap % ki,
where ko and ki represent the national estimates of the corresponding parameters, and op
represents a constant scaling factor (the ratio of condom use in province p to that nationally, in
the early stages of the South African HIV epidemic). For the purpose of setting the ap
parameters, we consider evidence from national surveys conducted up to 2012 (before 2012,
the contribution of the second Weibull term is relatively small). Table 2.4 shows the ratio of
reported condom usage in each province to the national average. The data from the HSRC
household surveys relate to the whole population aged 15 and older, and the ratios presented
may therefore differ due to demographic differences between provinces (for example,
differences in the age profile or in the fraction of the population that is married). The data from
the two DHSs relate only to women aged 15 to 49, and the ratios presented control for
differences in type of relationship (but not for differences in age). The only consistent pattern
is one of lower rates of condom use in Northern Cape and Western Cape when compared with
the rest of the country; for the other provinces the average ratio of provincial condom use to
national condom use is close to one.

Table 2.4: Ratio of provincial condom use to national average
1998 2002 2003 2005 2008 2012

DHS HSRC DHS HSRC HSRC HSRC “\verage
Eastern Cape 0.75 1.15 0.93 1.01 1.06 1.05 0.99
Free State 1.60 1.29 0.89 0.87 1.05 1.12 1.14
Gauteng 1.20 1.16 1.00 1.06 0.93 0.99 1.06
KwaZulu-Natal 0.79 0.98 1.56 1.03 1.05 1.09 1.08
Limpopo 0.90 1.01 0.82 1.26 1.17 1.09 1.04
Mpumalanga 1.22 0.89 0.75 1.02 1.15 1.09 1.02
Northern Cape 0.64 0.62 0.62 0.54 0.67 0.74 0.64
North West 1.18 0.97 0.90 1.05 1.06 1.13 1.05
Western Cape 0.79 0.78 0.77 0.64 0.77 0.67 0.74

Source: Shisana et al [3], Department of Health [31, 32]

Given the limitations of the published statistics, particularly the lack of control for background
characteristics, it is difficult to state precisely by what factor condom usage is increased or
decreased in each province, relative to the national average. Our approach is therefore to
specify prior distributions to represent the ranges of uncertainty around the province-specific
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ap adjustment factors. For each province, the prior is a gamma distribution with a mean equal
to the value in the last column of Table 2.4 and a coefficient of variation equal to 0.15. The
coefficient of variation was chosen so that the intervals between the 2.5 and 97.5 percentiles of
each prior distribution included 96% of the corresponding data points in Table 2.4, thus
ensuring reasonable coverage of the 95% confidence intervals.

There is also substantial uncertainty around the ko, parameters. In fitting the national model
we estimated a ko p value of 0.02, i.e. suggesting no decline in condom use in recent years [23].
Given the lack of recent survey data and the absence of strong evidence of risk compensation,
we use the same assumption, k2, = 0.02, in all provinces.

2.5 Rates of short-term partnership formation

In setting the assumed rates of non-marital partnership formation, we follow a five-step
process: (1) we specify the rate of non-marital partnership formation in unmarried ‘high risk’
women who are aged 20; (2) we specify a gamma function that determines the relative rates of
non-marital partnership formation that apply at all other ages; (3) we specify rates of non-
marital partnership formation in the ‘low risk’ group as a fraction of those in the high risk
group; (4) we specify rates of non-marital partnership formation in married individuals, as a
fraction of those in unmarried individuals; and (5) we derive rates of non-marital partnership
formation in men from the assumptions made for women. Steps (1)-(5) are essentially the same
for all provinces, and have been described previously for the national model [19]. However,
the model allows for differences across provinces in the age pattern of non-marital sexual
activity, and this section describes how these age differences are accounted for.

We define ¢ ;,(x) to be the annual rate of non-marital partnership formation in individuals

aged x, of sex g and marital status I, who are in risk group i. The female rates of partnership
formation at different ages are modelled using a scaled gamma density of the form

2%(x—10)"" exp(- 2(x —10))
2710* " exp(—104)

Coi (x) = Coii (20)

where the 4 and a 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. The c,;,(20) value

is 3.3 for women in the high risk group (i = 1) who are unmarried (I = 0), based on previous
modelling of rates of partnership formation in South Africa [33]. The mean and standard
deviation of the gamma density are uncertain; in the previous version of Thembisa (version
4.4), different posterior estimates were obtained for each of the 9 provinces. The average of the
gamma means was 37.8 years (standard deviation 3.9 years), and the average of the gamma
standard deviations was 20.7 years (standard deviation 2.4 years) [18]. We have therefore
represented the uncertainty regarding the gamma mean and standard deviation using gamma
prior distributions, with means and standard deviations equal to those estimated from the
previous provincial fits. For each sampled value of the gamma mean and standard deviation, 4
and o parameters are calculated to be consistent with these values.
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2.6 Rates of male contact with sex workers

The Thembisa model assumes that only men in the high-risk group have contact with sex
workers, and that their rates of contact depend on their age and marital status. To the extent
that the high-risk proportions, age distributions and marriage rates are assumed to differ across
provinces, the Thembisa does already make implicit allowance for inter-provincial differences
in male rates of sex worker contact. However, there may be other factors that account for inter-
provincial differences in rates of sex worker contact. Two important factors that we have not
previously considered in parameterizing the provincial models are the effects of urbanization
and sex ratios. Previous studies suggest that male contact with sex workers tends to be more
frequent in urban settings than in rural settings [34]. Evidence also suggests that male contact
with sex workers tends to be more frequent in settings in which there is a high sex ratio (i.e.
more men than women) [35]. However, the two factors are somewhat conflated, as sex ratios
tend to be higher in urban areas, and relatively few analyses have controlled for both
urbanization and local sex ratios when assessing predictors of male contact with sex workers.

To assess local evidence for these two factors, we analyse data from the 2016 Demographic
and Health Survey (DHS) [22]. 3.0% of sexually experienced men aged 15-59 reported having
paid for sex in the 12 months prior to the survey. This is likely to be an under-estimate of the
true fraction of men who have sex worker contact, as self-reported data on sex worker contact
is known to be unreliable [36]. Nevertheless, the data may be useful in assessing the relative
significance of different factors affecting male rates of sex worker contact. Table 2.5 shows the
results of a multivariable logistic regression model fitted to the DHS data. In this analysis, the
sex ratio was calculated as the number of men per 100 women, in the province in which the
male was interviewed. These sex ratios were calculated from the Thembisa version 4.2 outputs
for 2016, in the population aged 15-49. In addition to the local sex ratio and urban/rural
location, we controlled for age, marital status and multiple partners in the last year (as a proxy
for high-risk group activity), to be consistent with the factors that are already controlled for in
the Thembisa model.

Table 2.5: Factors associated with male contact with sex workers in the last 12 months

Variable Level Adjusted OR (95% CI)
Age 15-24 1

25-34 4.17 (1.82-9.55)

35-44 5.76 (2.36-14.06)

45-59 2.87 (0.94-8.71)
Sex ratio (men per 100 women)  Per unit 1.02 (0.99-1.06)
Location Rural 1

Urban 1.36 (0.85-2.18)
Marital status Unmarried 1

Married/cohabiting 0.41 (0.21-0.79)
Partners in last 12 months 1 or none 1

2 or more 3.57 (2.07-6.14)

Source: Author’s analysis, based on 2016 DHS data [22].

The results are roughly consistent with previous analyses. The self-reported data suggest that
male contact with sex workers is relatively infrequent in the 15-24 age group, and peaks in the
35-44 age group; this is consistent with the assumptions in Thembisa, which yield a peak in
male contact with sex workers around age 37 [37]. Men who are married or cohabiting are
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estimated to have a lower rate of sex worker contact (aOR 0.41, 95% CI: 0.21-0.79), roughly
consistent with the Thembisa assumption that the relative rate of sex worker contact is 0.25 in
married men, though not as low as the rate observed in Zambia (OR 0.17) [38]. The finding of
a significantly increased rate of sex worker contact in men who report multiple sexual partners
is also consistent with the Thembisa assumption that contact with sex workers is limited to the
high-risk group. The results also suggest a positive effect of urban location and the provincial
sex ratio on the odds of sex worker contact — although neither effect is statistically significant.
Although attempts were made to control for province (instead of controlling for urbanization
and sex ratio), the resulting provincial odds ratios had extremely wide confidence intervals
around them, owing to the small numbers of men reporting contact with sex workers.
Controlling only for sex ratio and urbanization is therefore a more parsimonious approach to
assessing geographical variation.

To our knowledge, only two previous studies have assessed the effects of both urban location
and the sex ratio on men’s rates of sex worker contact. The results of these two studies are
compared with the results of our South African analysis in Table 2.6; these other two studies
also found positive effects of urbanization and sex ratio on the rate of sex worker contact. In
all three studies, other important predictors of male contact with sex worker contact were also
controlled for (most significantly age and marital status). Pooling the results of the three studies
in a meta-analysis, the odds of sex worker contact are on average 1.54 (95% CI: 1.14-2.08)
times higher in urban areas than in rural areas, and the odds increase by a factor of 1.009 (95%
Cl: 1.004-1.015) per unit increase in the number of men per 100 women. The meta-analysis
results are heavily weighted to the analysis of South et al [39] in India, as this study yielded
the most precise estimates.

Table 2.6: Comparison of estimates of effects of urban location and sex ratio (men per 100
women), on male rates of sex worker contact

Study Location Effect of urban location Effect of sex ratio
(aOR, 95% CI) (aOR, 95% CI)
Present study South Africa 1.36 (0.85-2.18) 1.024 (0.988-1.062)
South & Trent [39] China 3.00 (0.93-9.74) 1.020 (1.000-1.040)"
South et al [40] India 1.56 (1.03-2.36) 1.008 (1.002-1.014)"
Meta-analysis 1.54 (1.14-2.08) 1.009 (1.004-1.015)

* In the original studies, the sex ratio was reported as the number of women per 100 men, and we have therefore
inverted the odds ratios estimated from these studies in order to be consistent with the more conventional definition
of the sex ratio (number of men per 100 women).

For the purpose of estimating parameters in Thembisa, we use the odds ratios from the meta-
analysis to estimate the relative rates of male contact with sex workers in each province
(relative to the national average), and multiply these by the assumed rates of sex worker contact
in the national model. Results of these calculations are shown in Table 2.7. The odds ratio in
the Eastern Cape, for example, is calculated as 1.54(048-0645) x 1 009(07-%89) = .86, and the
annual number of contacts with sex workers, for unmarried sexually experienced high-risk men
in the Eastern Cape, aged 21, is 3.5 x 0.86 = 3.03 (where 3.5 is the assumed number at a national
level). The resulting rates of male contact with sex workers are lowest in the Limpopo and
Eastern Cape provinces (which have relatively low levels of urbanization and low sex ratios)
and highest in Gauteng (the most urbanized province and also a province with a relatively high
sex ratio). Although confidence intervals around these estimates are not estimated, we found
when substituting the lower and upper confidence interval limits from the meta-analysis into
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the calculations that these resulted in only modest changes in the relative rates of sex worker
contact across provinces.

Table 2.7: Relative rates of male contact with sex workers in different provinces
Annual contacts with

Province % urban”  Sex ratiot OR for SW contact SWs,
(relative to national)  for unmarried high-risk
men aged 21
Eastern Cape 48.0% 90.7 0.86 3.03
Free State 85.2% 97.1 1.08 3.77
Gauteng 96.5% 107.4 1.24 4.34
KwaZulu-Natal ~ 47.3% 93.6 0.89 3.10
Limpopo 20.0% 90.6 0.77 2.68
Mpumalanga 40.1% 99.7 0.91 3.17
Northern Cape 74.9% 102.7 1.08 3.79
North West 50.2% 110.8 1.05 3.66
Western Cape 94.8% 99.5 1.15 4.01
South Africa 64.5% 98.9 - 3.50

* Estimated from the 2016 South African General Household Survey (author’s own calculations). T Number of
men per 100 women in 2016, in the 15-49 age group, as estimated by Thembisa version 4.2. SW = sex worker.
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3. Modelling HIV survival

3.1 Rates of HIV disease progression pre-ART

The course of untreated HIV disease was previously assumed to be the same across South
Africa’s provinces. However, there is evidence of differences in CD4 distributions in HIV-
negative adults when comparing Gauteng [41] and rural KwaZulu-Natal [42], and there are
substantial differences across provinces in the incidence of tuberculosis [43], which is a major
cause of death in people living with HIV. There are also major socioeconomic differences
between provinces, and to the extent that socioeconomic factors influence HIV mortality [44],
differences in HIV survival might be expected. For simplicity, we assign the same prior
distribution to represent our uncertainty around the average adult survival time in all provinces;
this gamma prior distribution has a mean of 12 years and a standard deviation of 1 year. The
model also includes parameters that represent the effect of age and sex on the average adult
HIV survival time, but in the interests of simplicity, we do not allow these parameters to vary
in the calibration process.

3.2 Rates of ART initiation in adults

Suppose we define pg(t) as the monthly rate of ART initiation in projection year t in HIV-
diagnosed individuals of sex g, with CD4 <200 cells/ul (excluding individuals who are newly
diagnosed in the current month). We adopt a relatively parsimonious approach to estimating
these parameters, which is to specify average rates of ART initiation in women over the mid-
2000 to mid-2004 period (before the launch of the national public sector programme, when
ART access was limited to the private sector), over mid-2004 to mid-2005 (the first year of the
public sector roll-out), over mid-2010 to mid-2011 (the last year before the first major change
in ART eligibility criteria), over mid-2011 to mid-2016 (when adult ART eligibility changed
to CD4 count < 350 cells/pl and later to < 500 cells/ul), and over the period after mid-2016
(when there was universal ART eligibility). Over the 2005-2010 period, rates of ART initiation
are interpolated linearly from those specified in the 2004-05 and 2010-11 years. We also
assume that over the period from April 2020 to June 2021 rates of ART initiation were reduced
by a proportion C, to reflect the impact of the COVID-19 epidemic on ART services [45]. To
present this in more mathematical terms:

Py(t) =0 for t <2000

Py(t) = pg(2000) for 2000 <t <2003

Py(t) = pg(2004) + (pg(2010) — pg(2004))(t — 2004)/6 for 2004 <t < 2010

Py(t) = pg(2011) for 2011 <t< 2016

Py(t) = pg(2016) fort > 2016

Py(t) = pg(2016) (1 -C) for April 2020-June 2021

To further simplify the model, we assume that the ratio of ART initiation in men to that in
women (M = pi(t)/ p2(t)) is constant over time. There are thus seven parameters that need to
be estimated for each province: p2(2000), p2(2004), p2(2010), p2(2011), p2(2016), C and M.
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We adopt a Bayesian approach in estimating these parameters, assigning gamma distributions
to represent the uncertainty around these parameters that exists a priori. For the first five
parameters, we assign the prior distributions based on the mean and standard deviation of the
rates estimated in the previous version of Thembisa [18], i.e. taking account of plausible levels
of variation across provinces. These are gamma distributions with means of 0.0039 for

02(2000), 0.0154 for p2(2004), 0.0576 for p2(2010), 0.0622 for p»(2011), and 0.0591 for

p2(2016) (standard deviations are 0.0011, 0.0117, 0.0202, 0.0196 and 0.0240 respectively).
The prior distribution assigned to the C parameter is a beta prior distribution with a mean of
0.28 and standard deviation of 0.10, based on a recent analysis of South African data on new
ART initiations, which found 28% fewer new ART initiations in 2020 than in 2019 [45].

For the purpose of setting the prior distribution on the M parameter, we review South African
studies on relative rates of linkage to HIV care/ART initiation after HIV diagnosis, when
comparing men to women (Table 3.1). Results of these studies are highly variable, with relative
rates of linkage/ART initiation varying between 0.34 and 1.11 (median 0.84). These empirical
estimates may under-estimate the M parameter, as the M parameter effectively combines the
effect of male sex on rates of linkage to care after diagnosis and the effect of male sex on ART
initiation after linkage to care, whereas most of the estimates in Table 3.1 represent only one
of these two components. To represent the uncertainty around M we assign a gamma prior
distribution with a mean of 0.7 (roughly equal to 0.84 x 0.84, i.e. taking into account the
compounding effect of male sex on linkage and ART initiation) and a standard deviation of 0.1
(2.5 and 97.5 percentiles of 0.52 and 0.91 respectively).

Table 3.1: Relative rates of linkage to care/ART initiation in HIV-diagnosed men (compared
to women)

Study Outcome RR for men (95%
Cl)
Dorward et al Linkage to care within 1 year of diagnosis 0.86 (0.76-0.98)
[46]
Boyer et al [47] ART initiation within 1 month of linkage 1.0 (0.7-1.3)
Larsonetal [48]  Return to clinic within 1 year of pre-ART care 0.83 (0.58-1.20)
Lessellsetal [49] Repeat CD4 within 13 months of pre-ART 0.71 (0.53-0.95)
care
Kranzer et al [50] CD4 within 6 months of HIV diagnosis:
STI patients 0.93 (0.79-1.09)
Clients seeking HIV testing 1.10 (1.01-1.33)
Lurie et al [51] Linkage to pre-ART care 0.79 (0.69-0.90)
ART initiation after linkage 0.34 (0.30-0.38)
Maughan-Brown  Linkage to HIV services 12 weeks after 0.99 (0.51-1.93)
et al [52] diagnosis
Osler et al [53] ART initiation after linkage 0.79 (0.77-0.80)

Rates of ART initiation are also adjusted to allow for differences between CD4 categories in
rates of ART initiation. Let Js(t) be the relative rate of ART initiation in stage s relative to that
in the CD4 <200/ul category (s = 5, i.e. implying Js(t) = 1). In most periods Js(t) will be zero
for s < 5, since South African ART guidelines have only recently changed to allow for ART
initiation at higher CD4 counts. When all individuals are eligible for ART, we set Js(t) to 0.40
for CD4 of 500 or higher, 0.50 for CD4 of 350-499, 0.70 for CD4 of 200-349 and 1 for CD4
<200. (These assumptions are based primarily on the observed relative rates of ART initiation
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in ART-eligible individuals in different CD4 categories [54, 55], and are consistent with the
relative rates at which individuals enrolled in pre-ART care return for regular CD4 testing [48,
49])

Further details regarding the model calibration to ART programme data is provided in sections
8.1.4-8.1.5.

3.3 Rates of viral suppression on ART

The description that follows is mostly the same as that in Appendix F of the national report
[19], but as it contains a number of province-specific assumptions, we repeat it here for
convenience.

We adopt a Bayesian approach to estimating the true rate of viral suppression from a number
of data sources. For each province, we assume that the odds of viral suppression is proportional
to the odds of viral suppression estimated using data from South African cohorts participating
in the International epidemiology Databases to Evaluate AIDS (IeDEA) collaboration [56].
This constant of proportionality (or odds ratio) is assumed to differ by province. In addition,
we assume for each province that there is an odds ratio relating the odds of viral suppression
in patients with unrecorded viral loads to that in patients with recorded viral loads. We follow
a two-step Bayesian updating approach in estimating these two parameters. In the first step
(described in section 3.3.1), only the TIER data are used in the model fitting. In the second step
(described in section 3.3.3), the posterior estimate of the 1eDEA bias from the first step
becomes the prior distribution for the leDEA bias in the second step, and the Thembisa model
is fitted to other HIV data sources. Note that in the second step it is not necessary to include
the uncertainty regarding the bias due to missing data, because this bias affects only the
interpretation of the TIER data, and the TIER data on viral suppression are not included in the
second step.

3.3.1 Viral suppression in adults

A model of the following form is fitted to leDEA-SA data on viral suppression in adults:
logit(ls) = C + B + s, (3.1)

where lis represents the proportion of patients who are virally suppressed in year t, in patients
who started ART in baseline CD4 count category s. Full details of the IeDEA-SA dataset and
the procedures followed in defining viral suppression are provided elsewhere [56]. The results
of the model are summarized in Table 3.2. Consistent with the previous Thembisa estimates
[37], the results suggest a substantial decline in rates of viral suppression after 2009, followed
by a gradual increase in viral suppression after 2013. The results also suggest substantially
higher rates of viral suppression in patients who start ART at higher CD4 counts, consistent
with previous studies [57-60].
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Table 3.2: Predictors of viral suppression in leDEA-SA cohorts

Factor Symbol Odds ratio (95% CI)
Constant exp(C) 7.24 (6.22-8.42)
Effect of calendar year (ref. 2005)
2006 exp(f2006) 1.05 (0.89-1.24)
2007 exp(f2007) 0.95(0.81-1.11)
2008 exp(f200s) 1.04 (0.88-1.22)
2009 exp(f2000) 0.91 (0.77-1.07)
2010 exp(f2o10) 0.71 (0.60-0.83)
2011 exp(fS2o11) 0.47 (0.40-0.54)
2012 exp(f2o12) 0.53 (0.45-0.62)
2013 exp(f2o013) 0.52 (0.45-0.61)
2014 exp(f2o14) 0.63 (0.54-0.73)
2015 exp(f2o15) 0.82 (0.70-0.96)
2016 exp(f2o16) 0.63 (0.54-0.74)
2017 exp(f2017) 0.91 (0.78-1.06)
2018 exp(f2o1s) 0.93 (0.79-1.09)
Baseline CD4 category (ref. <200 cells/pl)
200-349 cells/ ul exp(y200) 1.49 (1.44-1.54)
350-499 cells/ ul exp(ysso) 1.73 (1.63-1.83)
>500 cells/ pl exp(ysoo) 1.92 (1.81-2.05)

We define Vis(p) as the estimate of the true rate of viral suppression in patients on ART in year
t, who started ART in CD4 category s and who currently live in province p. This is calculated
as

logit(Vis(p)) = logit(lts) + Zp, 3.2

where exp(4p) is the odds ratio relating the odds of viral suppression in province p to that in the
leDEA-SA cohorts. The logit transformation is applied to avoid situations in which the
regression model predicts a rate of viral suppression <0% or >100%.

The Jp terms are unknown, and we therefore specify a prior distribution to represent the
uncertainty around these parameters. In the analysis of leDEA-SA adult viral load data, it was
noted that the average rate of viral suppression (at a threshold of <400 RNA copies/ml) was
85.7%, and that the rates in each year were consistently between 1% and 5% higher than those
reported by the Department of Health at a national level (using the same threshold) [56]. This
suggests a prior mean for A, of around -0.23 (logit(0.827) — logit(0.857), where 0.827 = 0.857
—0.03 and 0.03 is the midpoint of the 0.01-0.05 range). We have set the standard deviation of
the prior distribution to 0.27, based on fitting the same regression model as shown in equation
(3.2) to leDEA-SA data, but allowing for additional terms to represent differences across ART
cohorts. The standard deviation of these cohort-specific terms determines the prior standard
deviation of 0.27. The prior distribution is thus a normal distribution with a mean of -0.23 and
a standard deviation of 0.27.

For the purpose of calibrating the model estimates (Vis(p)) to routinely reported rates of viral
suppression from TIER, it is also necessary to allow for uncertainty regarding the bias due to
missing viral load data. We define 6, as the ratio of the odds of viral suppression in patients
with missing viral load measurements to that in patients with recorded viral loads, in province
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p. Based on a review of empirical estimates (presented more fully in Appendix F of the national
report [61]), we assign a gamma prior to represent the uncertainty around the 6, parameter,
with mean 0.96 and standard deviation of 0.25. This distribution has 2.5 and 97.5 percentiles
of 0.53 and 1.51 respectively, roughly consistent with the range of empirical estimates that we
have identified.

Suppose that Ri(p) is the reported rate of viral suppression in province p at time t, and that the
corresponding testing coverage on which this is based is dt(p). For the purpose of defining a
likelihood function, we define

logit &, (IR, (P)+—1 5 o |- Iogit@m,xp)vt,s(p)}st(p), 33
R (D)6,

where 7t s(p) is the model estimates of the fraction of ART patients who started ART in CD4
category s, and &i(p) ~ N(0, ¢2). Our assumption is thus that if the model provides a good fit to
the data, the difference on the logit scale between the reported rates of viral suppression (after
adjustment for missing viral load data) and the modelled rates of viral suppression (after
adjustment for differences in viral suppression across baseline CD4 categories) should be close
to zero on average, with relatively small variance (i.e. low ¢%). The ms(p) terms are
approximated from version 4.4 of Thembisa.

The variance term is approximated using the maximum likelihood formula:

2

o2 = niz logitl &, ()R, (p) +11-5—tl?(p()r)) - Iogit(Zﬁt,s(p)Vt’s(p)j ,
p teT, 1+7t pry
R(P)G,

where Tp is the set of time points for which we have viral suppression estimates and nj, is the
number of Ry(p) data points for province p.

The model is fitted to several datasets for each of the nine provinces (and for the country as a
whole). The following sources are combined in creating the dataset for each province:

e Province-specific viral load data from the TIER database for 2013-14, considering
patients who had been on ART for 6 months and 48 months, i.e. a total of 18 data points
(information on viral suppression was not available for other years or for other ART
durations) [62].

¢ National viral load data from the TIER database for patients who had been on ART for
6 months (for each year from 2005-2014) and for 48 months (for each year from 2009-
2014), i.e. a total of 16 data points [62].

e National viral load data from the TIER database for patients on ART in 2013, reported
at 12-month intervals from 12 to 108 months after ART initiation, i.e. a total of 9 data
points [63].
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e National and provincial viral load data from the TIER database, for patients who had
been on ART for 6 months, for each of the four quarters in the 2017-18 to 2020-21
fiscal years, i.e. a total of 160 data points (Thapelo Seatlhodi, personal communication).

Other viral load data are available, but this analysis is limited to those data sources for which
there was information on both the proportion of patients with viral load measurements and the
proportion of those measurements that were suppressed. Suppression was defined in all cases
as a viral load of <400 RNA copies/ml.

Having specified the prior distributions and the likelihood function, the final step in the
Bayesian analysis is the simulation of the posterior distribution. We follow a Sampling
Importance Resampling approach to approximate the posterior [64]. Since there are only two
parameters being estimated in the analysis (1, and 6y), it is sufficient to use a small sample size
(1000) in both the sampling and resampling steps.

Table 3.3 summarizes the results of the Bayesian analysis for each province (and for the country
as a whole). The standard deviation of the model errors is included as a measure of ‘goodness
of fit’. In most provinces, the standard deviation is around 0.2 or lower. In the Free State,
KwaZulu-Natal and Western Cape, levels of viral suppression appear to be close to the rates
estimated from the IeDEA data (i.e. estimates of A, are close to zero), but in all other provinces
viral suppression appears to be lower than that in the leDEA-SA cohorts. Finally, the posterior
estimates of the 6, parameter are in most cases not very different from the prior mean (0.96).

Table 3.3: Posterior estimates of viral suppression parameters

Sample Standard deviation Difference in viral OR for viral suppression

Size of model errors (o) suppression relative if VL not recorded (&)

(np) to leDEA (4p)
EC 18 0.093 -0.47 (-0.62 to -0.34) 1.07 (0.68-1.48)
FS 18 0.230 0.03 (-0.19 t0 0.20) 0.97 (0.57-1.37)
GT 18 0.300 -0.40 (-0.59 to -0.22) 1.12 (0.72-1.65)
KZ 18 0.242 -0.01 (-0.24 to 0.16) 0.79 (0.48-1.24)
LM 18 0.177 -0.60 (-0.74 to -0.48) 1.00 (0.64-1.43)
MP 18 0.198 -0.33 (-0.49 to0 -0.18) 1.10 (0.69-1.66)
NC 18 0.206 -0.31 (-0.57 to -0.05) 1.22 (0.75-1.79)
NW 18 0.231 -0.32 (-0.52 to -0.14) 1.00 (0.60-1.63)
wcC 17 0.162 0.13 (-0.10 to 0.39) 1.01 (0.57-2.03)
SA 41 0.232 -0.28 (-0.44 t0 -0.12) 0.82 (0.57-1.08)

Figure 3.1 shows an example of the model calibration to the data at a national level. The data
shown in Figure 3.2 are unadjusted since the posterior mean of & is close to 1 at a national
level. The model results are calculated for the posterior mean (4, = -0.28) and the 2.5 and 97.5
percentiles (1, = -0.44 and -0.12 respectively, as represented by the dashed lines). The model
results generally appear consistent with the data, with one notable outlier in 2013 (which related
to patients who had been on ART for 9 years, i.e. a relatively small cohort since the public-
sector ART programme only started in 2004). The model is also validated by two data points
from 2016 (not included in the model calibration because there was no associated information
on the testing coverage). Both the model and the data suggest a dip in rates of viral suppression
around 2010-2011, followed by a gradual increase thereafter.
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Figure 3.1: Viral suppression trends (% of ART patients with VL <400 RNA copies/ml)

In 2013 there are several data points, as rates of viral suppression were reported at a number of different ART
durations; in most other periods the data relate to viral load testing around 6 months after ART initiation. Dashed
lines represent 95% confidence intervals calculated using the 2.5 and 97.5 percentiles of 1,. Model results are
calculated using the regression coefficients in Table 3.3, adjusted by A, (equation 3.2) and weighting by the
Thembisa estimates of the fraction of ART patients starting ART in each CD4 category in the corresponding year.

3.3.2 Viral suppression in children

For children, we lack reliable nationally representative data on rates of viral suppression. The
District Health Information System (DHIS), which summarizes the data from TIER, reports
overall rates of viral suppression, but not disaggregated by age group. Our approach is therefore
to use leDEA paediatric ART data to estimate time trends in viral suppression [65], and then
to adjust these rates using the same adjustment factors that we use in adults (i.e. using the same
formula as in equation 3.2). This means that we are not attempting to ‘fit’ routine viral
suppression data, in the way we do for adults. Table 3.4 summarizes the IeDEA-SA estimates
of viral suppression in children, and shows the implied rates of viral suppression for different
values of Ap.
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Table 3.4: Viral suppression in children (<400 RNA copies/ml)

leDEA-SA Model estimate
Year estimate Ap =-0.28 Ap = -0.44 Ap =-0.12
2005 73.7% 68.0% 64.3% 71.4%
2006 78.2% 73.1% 69.7% 76.1%
2007 78.0% 72.9% 69.5% 75.9%
2008 82.0% 77.5% 74.5% 80.1%
2009 79.5% 74.6% 71.3% 77.5%
2010 73.5% 67.8% 64.1% 71.2%
2011 67.9% 61.6% 57.6% 65.3%
2012 68.0% 61.7% 57.7% 65.4%
2013 64.3% 57.7% 53.6% 61.5%
2014 70.4% 64.3% 60.4% 67.9%
2015 67.7% 61.4% 57.4% 65.1%
2016 66.2% 59.7% 55.6% 63.5%
2017 71.9% 66.0% 62.2% 69.5%
2018 70.6% 64.5% 60.6% 68.1%

3.3.3 Updating the assumptions about viral suppression in Thembisa

In the calibration of the Thembisa model to provincial HIV prevalence data, we allow for
uncertainty regarding the 1, parameter, as the extent of viral suppression influences the trends
in HIV incidence. The posterior distributions in Table 3.3 become the prior distributions in this
calibration process, i.e. using a Bayesian updating process to estimate A,. (In the first step, the
estimates of A, are determined by province-specific or national viral suppression data, and in
the updating step the A, parameters are determined by the province-specific HIV prevalence
trends.)

We define V'is(p) as the Thembisa estimate of the true rate of viral suppression in patients on
ART in year t, who started ART in CD4 category s and who currently live in province p. This
is calculated as

logit(V'ts(p)) = logit(0.5 x [lis + lts1s]) + Ap,

fort>2005 and t <2018. This is similar to the equation in (3.2), but we average across calendar
years t and t + 1 for the purpose of calculating the Thembisa estimates because the projection
years in Thembisa run from mid-year to mid-year. In the period from 2020 onward, rates of
viral suppression are assumed to increase as a result of the introduction of dolutegravir to
replace efavirenz and nevirapine in first-line ART regimens. A recent network meta-analysis
estimates that patients receiving dolutegravir are significantly more likely to achieve viral
suppression than patients receiving efavirenz (OR 1.87, 95% Cl: 1.34-2.64) [66]. We have used
this odds ratio to determine the rates of viral suppression in 2021 and subsequent periods, since
efavirenz has been the main first-line antiretroviral drug in South Africa up to 2019. In the
2019 projection year (which runs from mid-2019 to mid-2020) we assume that on average 20%
of adult ART patients are on dolutegravir; this proportion is then assumed to increase to 40%,
60%, 80% and 100% in the 2020, 2021, 2022 and 2023 projection years respectively (the
limited available data suggest a very slow transition toward dolutegravir). No dolutegravir
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adjustments are made in the case of children, as this drug is only recommended for individuals
over 20 kg.

3.4 Rates of ART interruption

In earlier versions of Thembisa, rates of ART interruption were assumed to be the same across
provinces, with this parameter being fixed at a rate of 0.25 per year. However, in some
provinces this led to an implausible ‘levelling off” in ART coverage in recent years. We have
therefore allowed this parameter to vary in the model calibration, at a provincial level. To
represent the prior uncertainty around this parameter, we assign a gamma prior distribution,
with a mean of 0.25 interruptions per annum, and a standard deviation of 0.10. This distribution
has 2.5 and 97.5 percentiles of 0.094 and 0.481 respectively. This is based on an analysis of
data from three different South African studies of ART interruption rates [67-69], which
estimated ART interruption rates of 0.06-0.19 per annum, though these were noted to be under-
estimates [70]. The same prior distribution is used in all provinces.
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4. Initializing HIV prevalence and modelling HIV
transmission

In this analysis, HIV transmission probabilities per act of sex are assumed to be the same across
all provinces (after controlling for differences by age, sex, risk group, HIV disease stage and
relationship type). Although there is evidence of differences in the incidence of STIs between
South Africa’s provinces [71, 72], which might be expected to lead to differences in HIV
transmission probabilities, it is not clear whether these STI prevalence differentials would
remain after controlling for the behavioural differences that are already allowed for in the
model.

It is assumed that initial HIV prevalence levels in 1985 differ between provinces. Although
almost all of the earliest AIDS cases in South Africa were from the urban centres in Western
Cape, Gauteng and KwaZulu-Natal, most of these early AIDS cases occurred in white men
who reported having sexual contact with other men [73], and these statistics are therefore
unlikely to be representative of the early HIV epidemic in the heterosexual population. There
is thus substantial uncertainty regarding relative levels of HIV prevalence in the early HIV
epidemic.

In the national version of the Thembisa model, the epidemic was seeded by specifying the HIV
prevalence level among women aged 15-49 in the high-risk group in 1985. A prior distribution,
uniform on the range from 0 to 0.2%, was specified to represent the uncertainty regarding this
initial HIV prevalence parameter. The upper limit of 0.2% was calculated by estimating the
rate of growth in antenatal HIV prevalence in the first three national antenatal surveys (1990-
92), and back-projecting the antenatal HIV prevalence to 1985, supposing that all of the initial
HIV infections occurred in the high-risk group, and noting that antenatal HIV prevalence in
1985 would probably not have been less than the HIV prevalence among women in the general
population. In the provincial versions of the Thembisa model, we attempt to apply the same
methodology to setting the priors on the initial HIV prevalence levels, but with a few minor
modifications. Firstly, because the antenatal survey sample sizes are smaller at the provincial
level, it is more difficult to estimate the epidemic growth rate precisely, and we therefore use
the data from the first five antenatal surveys (1990-94) to back-project the antenatal HIV
prevalence in 1985. Secondly, because the high-risk proportion is assumed to differ between
provinces, we multiply the female high-risk proportion for the country as a whole (25%) by the
province-specific adjustment factor (the prior means shown in Figure 2.1). In the case of the
North West province, it was not possible to apply this methodology due to the extreme
variability in HIV prevalence in this province in the first few antenatal surveys. Figure 4.1
shows the back-projected estimates of the HIV prevalence in pregnant high-risk women in
1985, in the remaining eight provinces. In all provinces except KwaZulu-Natal, the prevalence
was well below the previously-assumed upper bound of 0.2%.
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Figure 4.1: Back-projected HIV prevalence in high-risk pregnant women in 1985

Although these back-projected prevalence estimates are generally considered to be upper
bounds on the prevalence in non-pregnant high-risk women, the uncertainty regarding the high-
risk proportions in each province and the relatively small sample sizes associated with the early
antenatal surveys mean that there are substantial margins of uncertainty around these ‘bounds’.
We have therefore used the same prior distribution as assumed nationally for Eastern Cape,
Free State, Limpopo, Mpumalanga, Northern Cape and North West, i.e. uniform on the range
from 0 to 0.2%. For KwaZulu-Natal, we have assumed a prior distribution that is uniform on
the range 0 to 0.4%, and for Gauteng the prior distribution is uniform on the range from 0 to
0.3%. For Western Cape, initial HIV prevalence appears to have been much lower than in the
other provinces, and we therefore assign a prior distribution that is uniform on the range from
0 to 0.05%.
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5. Paediatric HIV assumptions

5.1 Breastfeeding by undiagnosed HIV-positive mothers

In the national model, we assume that 86.7% of undiagnosed HIV-positive mothers initiate
breastfeeding after birth, and that the duration of breastfeeding by these undiagnosed mothers
is Weibull-distributed (with a median of 18 months and a shape parameter of 2). There are
likely to differences in breastfeeding durations across provinces, as women tend to breastfeed
for longer durations in rural areas than in urban areas [31]. We therefore specify a multiplicative
adjustment to the national median of 18 months, for each province, to allow for inter-provincial
differences in the breastfeeding duration.

We estimate these multiplicative adjustments from the 1998 and 2003 DHSs, using data on
both the proportions of all women who breastfeed and the median duration of breastfeeding.
Although we also have data from the 2016 DHS, we have not included these because in 2016
a substantial fraction of mothers had been diagnosed positive, but it is not possible to tell which
mothers had been diagnosed positive, and including these mothers would bias the estimate of
the median breastfeeding duration because HIV-diagnosed mothers tend to breastfeed for
shorter durations. In 1998 and 2003, relatively few mothers would have been diagnosed
positive, and we assume that the breastfeeding durations of the HIV-positive mothers were
similar to those in HIV-negative mothers. Table 5.1 summarizes the data that are used to
estimate the province-specific multiplicative adjustments. The table also shows the ratio of the
provincial breastfeeding estimates to the corresponding national average, and the average ratio
for each province. In most provinces the average ratio is close to 1, suggesting little difference
in breastfeeding durations relative to the national average. However, breastfeeding durations
appear to be somewhat longer in Limpopo (a mainly rural province) and shorter in North West
province.

Table 5.1: Breastfeeding practices, by province

1998 DHS 2003 Ratio or provincial BF to national BF
DHS
Ever BF Median Ever BF 1998 1998 2003 Average
BF ever median ever
EC  90.0% 16.6 77.4% 1.04 1.06 0.95 1.02
FS  89.5% 15.0 78.8% 1.03 0.96 0.97 0.99
GT 83.1% 14.3 82.4% 0.96 0.92 1.01 0.96
KZ 87.5% 14.9 76.7% 1.01 0.96 0.94 0.97
LP  95.5% 19.5 93.0% 1.10 1.25 1.14 1.16
MP  91.8% 16.5 87.8% 1.06 1.06 1.08 1.06
NC 86.3% 15.0 90.1% 1.00 0.96 1.11 1.02
NW  61.5% 14.1 54.4% 0.71 0.90 0.67 0.76
WC 85.4% 10.4 87.1% 0.99 0.67 1.07 0.91
SA  86.7% 15.6 81.5%

* Median in months. BF = breastfeeding.

To represent the uncertainty around the multiplicative adjustments, we assign gamma prior
distributions. The mean of the gamma prior distribution is set to the value estimated in the final
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column of Table 5.1, and we assume in each province that the prior standard deviation is 10%
of the mean. This 10% coefficient of variation was chosen such that the prior 95% confidence
intervals included approximately 95% of the ratios estimated in Table 5.1. Figure 5.1 shows
the prior means and 95% confidence intervals, together with the ratios from Table 5.1.
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Figure 5.1: Relative rates of breastfeeding, by province

5.2 Prevention of mother-to-child transmission

The assumptions regarding the proportion of HIV-positive mothers who receive HIV testing in
each province are the same as those in the ASSA2008 model up to 2007/08 [74]. These
assumptions were set based on the data from the District Health Barometer reports from 2004
[75], after correcting errors in some districts; the results of two health facility surveys over the
2002/03 period [76, 77]; and an initial assessment of the PMTCT pilot programme in 2001/02
[78]. The assumed rates for 2008/09 have been adapted from the rates reported in the 2008/09
District Health Barometer [79]. The rates from the subsequent District Health Barometer
reports were judged to be implausible, as estimates of HIV testing rates exceeded 100% in
many districts. We have therefore set the assumed rates for 2009/10 and 2010/11 by
interpolating between the assumed rates for 2008/09 and an ultimate rate of 98% in 2011/12.
98% is the ultimate rate assumed in the national model, and the same rate is assumed to apply
in all provinces in all years following 2011/12. Figure 5.2 shows the assumed provincial rates
of HIV testing in antenatal clinics over the 1999-2011 period.
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Figure 5.2: Proportion of pregnant women tested for HIV

The proportions of women receiving single-dose nevirapine who are assumed to receive AZT
are also the same as those assumed in the ASSA2008 model. These assumptions have been set
so that the proportions are zero prior to 2007/08 in all provinces other than the Western Cape.
(In the Western Cape a dual regimen of AZT and nevirapine was provided to pregnant mothers
from May 2004 [80], but in other provinces this change occurred only in early 2008 [81].) By
2010/11 it is assumed that the proportion of those receiving NVP who also received AZT had
risen to 90% in all provinces, consistent with the data from the national PMTCT survey
conducted in 2010 (Kate Kerber, personal communication). Following the introduction of
Option B in 2013, it is assumed that the provision of short-course AZT and single-dose
nevirapine was phased out in all provinces.

The proportion of mothers who chose not to breastfeed varied substantially between provinces
in the period between 2002 and 2011, when free formula milk was offered to HIV-positive
mothers. Studies estimated high rates of formula feeding in the Western Cape (average 86%,
range 66-99%), and intermediate rates in Eastern Cape (average 63%, range 35-95%) and
KwaZulu-Natal (average 52%, range 19-79%) [82-89]. However, none of these studies
systematically sampled health facilities, and the results therefore cannot be considered
representative at a provincial level. The only representative data on infant feeding practices by
HIV-positive mothers, prior to the phasing out of free formula milk, are the data from the
national PMTCT survey conducted in 2010 [90]. Table 5.2 shows the proportion of mothers of
HIV-positive infants who reported not breastfeeding their infants when interviewed at 4-8
weeks after birth. The actual proportion of HIV-positive mothers who never breastfed is likely
to be somewhat lower, given that many HIV-positive mothers initiate breastfeeding at birth but
discontinue soon afterwards. Given the default Thembisa assumptions about rates at which
HIV-positive mothers discontinue breastfeeding, we have calculated the proportions never
breastfeeding that would need to be assumed at birth in order to yield estimates consistent with
the proportions not breastfeeding at 6 weeks (shown in the last row of Table 5.2). These
proportions are roughly consistent with the previously-quoted means estimated from other
studies.
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Table 5.2: Proportion of diagnosed HIV-positive mothers who were not breastfeeding (pre-
2011)

EC FS GT KZ LM MP NC NW  WC

At 4-8
weeks” 67.3% 58.6% 67.9% 61.3% 53.3% 59.1% 31.7% 50.8% 85.9%
At birth 62.0% 51.9% 62.7% 55.0% 45.7% 52.4% 20.6% 42.8% 83.6%

* Source: Data from 2010 national PMTCT survey provided by Kate Kerber

For the period prior to 2011, the model assumptions about the fraction of HIV-positive mothers
who never breastfed have been set equal to the values in the last row of Table 5.2. It is assumed
that following the phasing out of free formula milk from August of 2011, this proportion
decreased linearly to 20% by mid-2013, in each province.

5.3 Paediatric HIV disease progression and mortality

In the absence of ART, HIV-positive children are assumed to progress through two HIV stages
of disease prior to AIDS mortality: early disease and late disease, the latter defined in terms of
the ART eligibility criteria previously used in the 2006 WHO paediatric ART guidelines [91].
Consistent with the approach adopted for adults, we allow for inter-provincial differences in
the rates of HIV disease progression and mortality in the absence of ART. We do this by
multiplying the rates of disease progression and mortality in the national model (for children
with untreated HIV disease) by a province-specific adjustment factor.

Several studies have suggested that there are substantial inter-regional differences in untreated
paediatric HIV disease progression and mortality. For example, studies conducted in high-
income settings prior to the availability of ART found that vertically-infected infants had a 6-
26% probability of death in the first year of life [92-95], compared to a rate of around 33% in
African settings [96]. High levels of immune activation among African children [97], high
levels of malnutrition [98-100] and high incidence of other infectious diseases in African
settings are possible explanations for the relatively high disease progression and mortality rates.
However, we lack reliable data on the natural history of HIV in South African children, and we
therefore assign the same prior distribution in all provinces when representing the uncertainty
around the province-specific adjustment factor. This prior is a gamma distribution with a mean
of 1 (implying no difference, on average, between the provincial and the national average
disease progression and mortality rates) and a standard deviation of 0.15.

5.4 Paediatric HIV diagnosis

Rates of early infant diagnosis (EID) differ substantially between provinces [101, 102]. We
have set the assumed proportion of HIV-exposed infants who are diagnosed at 6 weeks after
birth to be the same as the rates of PCR coverage estimated in the 2012 Annual Health Statistics
report [101], and using NHLS data from the 2013/14 District Health Barometer [103]. As data
are missing for the 2012-13 year, the model assumption for this year is set by interpolating
between the 2011/12 and 2013/2014 estimates. Figure 5.3 shows the assumed fractions of HIV-
exposed infants who are diagnosed 6 weeks after birth. Rates of diagnosis have generally been
highest in Western Cape and Gauteng, the two provinces that are most urbanized. Although the
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Department of Health estimates relate only to the period from 2008 to 2011, we have assumed
that the proportion was zero in 2003 and increased in proportion to the national growth rates
estimated by Sherman et al [102] over the 2006-2008 period. Public sector data in 2014/15 are
not plausible (the reported rate of PCR testing at birth is 100.6% [104]), and the fraction of
HIV-exposed infants who are tested at 6 weeks is therefore assumed to have increased to 92%
in 2014/15, in all provinces.
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Figure 5.3: Fraction of HIV-exposed infants who are tested and receive their test results soon
after birth

In 2015, guidelines on EID changed to recommend that all HIV-exposed infants be tested at
birth and again at 10 weeks (if not diagnosed positive at birth), with no testing scheduled at 6
weeks. The model has been extended to allow for testing at both time points, although the
model time step is not short enough to distinguish 6 weeks and 10 weeks. The change in
guideline has created difficulties in terms of monitoring and evaluation, as the monitoring
system is not based on a unique patient identifier, and this makes it impossible to determine
how many of the individuals tested at 10 weeks had already been tested at birth and how many
were tested at 10 weeks for the first time [105]. However, it is possible to estimate the fraction
of HIV-exposed infants who were tested at birth from NHLS data, as shown in Table 5.3.

Table 5.3: Fraction of HIV-exposed infants tested for HIV at birth in 2015-16
EC FS GT KZ LM MP NC NW WC

Atbirth 489% 56.7% 71.3% 82.7% 61.1% 60.6% 61.6% 69.1% 68.7%
Source: NHLS data, as reported in 2015/16 District Health Barometer [105]

More recent data suggest that coverage of birth testing increased to over 90% nationally in
2016-17 [106], and we therefore assume that the same level of coverage (90%) is achieved in
all provinces in 2016-17 and subsequent years. Due to the lack of reliable estimates of the
fraction of infants who are tested at 10 weeks, the assumed fraction tested at 10 weeks is set to
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80% in 2015-16 and subsequent years, the same assumption as has been made in the national
model based on Western Cape data [107].

Guidelines also recommend testing at 18 months, but provinces have differed in their approach
to 18-month testing: some appear to test only the children born to HIV-diagnosed mothers,
while others aim to test all children (including those whose mothers have no HIV diagnosis).

5.5 Paediatric ART initiation

The model allows for both ART initiation within the same month as diagnosis (‘immediate’
ART initiation) and deferred ART initiation. As in the national version of the model, we assume
that the probability of ART initiation in the month of diagnosis is 10 times the monthly
probability of linkage thereafter, and we assume that the rate of ART initiation after diagnosis
in early HIV disease is 0.5 times that in late disease. The p1(t) parameter represents the monthly
rate of ART initiation in children in late HIV disease, who were diagnosed previously and did
not start ART in the month of diagnosis, in year t.

We adopt a similar approach to that described for adults, which is to specify p1(t) for different
periods, defined by ART availability and ART eligibility criteria. ART initiation rates are
assumed to be piecewise-constant over the mid-2000 to mid-2004 period (before the launch of
the national public sector programme, when ART access was limited to the private sector),
over mid-2004 to mid-2005 (the first year of the public sector roll-out), over mid-2009 to mid-
2010 (the last year before the first major change in paediatric ART eligibility criteria), over
mid-2010 to mid-2016 (a period of expanding paediatric ART eligibility criteria), and over the
period after mid-2016 (when there was universal ART eligibility). Over the 2005-2009 period,
rates of ART initiation are interpolated linearly from those specified in the 2004-05 and 2009-
10 years. To present this in more mathematical terms:

pi(t) =0 for t <2000
pa(t) = p1(2000) for 2000 < t < 2003
pi(t) = p1(2004) + (01(2009) — p1(2004))(t — 2004)/5 for 2004 < t < 2009
p1(t) = p1(2010) for 2010 <t < 2016
p1(t) = p1(2016) fort > 2016

We specify gamma prior distributions for the pi(t) parameters, with means and standard
deviations estimated from the provincial estimates obtained previously in Thembisa version
4.4 [70]. Prior means are set at 0.003 for 2000, 0.043 for 2004, 0.177 for 2009, and 0.110 for
2020 and 2016. Corresponding standard deviations are 0.001, 0.075, 0.193 and 0.099
respectively.

For children who are in the early stage of disease and eligible to start ART, the monthly rate of
ART initiation (if they did not start ART at the time of diagnosis) is 8 pi(t), where 6 is the
relative rate of ART initiation in early disease (relative to late disease). One might expect a
lower rate of ART initiation in children who are not yet symptomatic or severely
immunosuppressed, but we lack reliable local data to inform this parameter. We therefore
assign a uniform (0, 1) prior distribution to represent the uncertainty in this parameter, and
estimate the parameter separately for each province.
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6. HIV testing, male circumcision and PrEP

6.1 HIV testing and counselling

The method used to model the adult uptake of HCT in the national version of the Thembisa
model has been described elsewhere [9]. Briefly, it is assumed that adults can be tested for HIV
in three different ways: HIV testing during pregnancy, HIV testing in patients with HIV-related
opportunistic infections (Ols), and HIV testing for other reasons. As described in section 5.1,
the model allows for provincial variation in rates of antenatal HIV testing, based on data from
the District Health Barometer reports. We currently lack province-specific data on the rate of
HIV testing in patients with Ols, and have therefore set the assumed proportions of Ol patients
tested to be the same as assumed in the national model, for all provinces. However, we do have
reasonable estimates of the total numbers of HIV tests performed in each province, and have
therefore set the province-specific rates of testing for other reasons in such a way that the model
estimate of the total number of HIV tests is consistent with the estimates derived from other
data sources.

The set of province-specific estimates of total HIV tests were derived by disaggregating our
previously-estimated total numbers of HIV tests for the country as a whole [9]. These totals
were derived for the public health sector, medical schemes, the life insurance industry, and
other private providers of HIV testing (e.g. workplace HIV testing programmes). Most of the
public health sector statistics include provincial disaggregation, and these were used to
calculate the numbers of individuals tested for HIV in the public sector in each province [108].
In the case of medical schemes, data on the provincial profile of individuals tested was not
directly available. However, information on provincial differences in rates of HIV testing in
2011 is available for the Discovery medical scheme, the largest medical scheme in the country
[109]. We assume that the province-specific rates of HIV testing are the same in other medical
schemes, and combining these rates with data on the total number of medical scheme
beneficiaries in each province at the end of 2011 [110] we calculate the expected fraction of all
medical scheme HIV testing in each province. Information is also available on the provincial
profile of HIV testing by insurers [111] and other private providers [112]. For all three private
sector data sources, the fraction of HIV tests in each province that was estimated was assumed
to apply in all years, due to the lack of information on temporal changes in provincial
distributions.

Figure 6.1 shows the resulting estimates of the numbers of HIV tests performed in each
province in each year. Gauteng and KwaZulu-Natal, the two provinces with the largest
populations, account for the greatest numbers of HIV tests performed in most years. Testing
numbers reached their highest level in 2019-20, then dropped substantially over the 2020-21
year following the start of the COVID-19 epidemic. The proportionate reductions in total
numbers of tests performed, when comparing 2020-21 to the previous year, were greatest in
Northern Cape (35%) and Gauteng (34%) and smallest in North West (1%).
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Figure 6.1: Numbers of HIV tests performed in each province, 2002-2019

In the period prior to 2002, we lack data on the number of tests performed. We therefore make
the same assumption as that made in the national model, i.e. that the number of HIV tests
performed in each province increased linearly over time, from zero in 1990 to the level in 2002,
as shown in Figure 6.1.

The data and assumptions presented previously all relate to HIV tests performed by health
workers. In Thembisa version 4.5 we have also included self-testing, and the model allows for
five different strategies for the distribution of self-testing kits. Programme data from the HIV
Self-Testing Africa (STAR) Initiative were used to estimated numbers of people who received
self-testing kits in each province (Mohammed Majam, personal communication), and for each
distribution strategy. These data are summarized in Table 1. These could be under-estimates,
as the data exclude sales of self-testing Kits through pharmacies and other private providers.
Overall, the numbers of self-testing Kits distributed are quite small relative to the numbers of
tests performed by health workers (Figure 6.1), although Gauteng is an exception.

Table 6.1: Assumed numbers of self-testing Kits distributed

Province 2017-18 2018-19 2019-20
EC 0 2565 4756
FS 2354 31776 41560
GT 249425 393887 167734
KZ 3662 11177 13652
LP 0 1935 1935
MP 26385 60926 45158
NC 0 0 0
NW 8495 10810 13878
WC 0 0 0
Total 290320 513074 288672
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In the period after 2019-20, we lack data on the numbers of self-testing kits distributed. In the
national version of the model, we have assumed that the annual self-testing rates in the period
after 2020 are the same as the average rates calculated over the 2017-2020 period [113]. In the
provincial version of the model we use the same rates for the post-2020 period for all provinces,
and set these equal to the rates estimated in the national version of the model.

6.2 Male circumcision

6.2.1 Uptake of male circumcision prior to the promotion of male circumcision as an HIV
prevention strategy

In the national version of the Thembisa model, the proportion of men aged x who were
circumcised prior to the promotion of MMC is modelled using the function

p(x)=a+(b- a)(l—o.s(x/mlyj,

where a is the proportion of males who are circumcised soon after birth, b is the proportion of
males who ever get circumcised, my is the median age at circumcision in men who get
circumcised after infancy, and ¢ is the shape parameter that controls the variance of the
distribution of ages at circumcision after infancy. At a provincial level, we estimate these
parameters by fitting the above functional form to age-specific estimates of the prevalence of
male circumcision in 2007, prior to the rollout of VMMC promotion campaigns, as estimated
by Thomas et al [114]. The estimates of Thomas et al are based on statistical models fitted to
self-reported data on circumcision status and age at circumcision in nationally-representative
household surveys. Because the estimates rely on self-reported data, and self-reporting of male
circumcision status is known to be unreliable, we adjust the estimates of Thomas et al using an
assumed sensitivity and specificity of 96.4% and 88.4% respectively, the same adjustments as
used in the national version of the model.

Table 6.2 shows the resulting estimates for the model parameters, and Figure 6.2 shows the
model calibration to the adjusted estimates from Thomas et al [114].
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Figure 6.2: Proportions of men circumcised, prior to the promotion of MMC

Dots represent estimates of prevalence of male circumcision in 2007, from Thomas et al [114], after adjusted for
assumed sensitivity and specificity of self-reporting of 96.4% and 88.4% respectively in males aged 25+. In males
aged <15 no adjustment is made, as circumcision in these younger age groups is rare and published estimates of
the reliability of self-report, based on adult men, are unlikely to be applicable.

Table 6.2: Male circumcision parameters for different provinces

Proportion Proportion Median age of
Provi circumcised ultimately circumcision Shape
rovince . X ) :
at birth circumcised after infancy parameter
a b my )
Eastern Cape 2.0% 82.3% 19.8 6.65
Free State 1.5% 38.0% 18.9 2.74
Gauteng 4.1% 49.9% 15.7 2.22
KwaZulu-Natal 2.3% 16.3% 16.9 1.52
Limpopo 1.7% 80.9% 13.6 3.07
Mpumalanga 1.2% 46.8% 16.2 2.54
Northern Cape 1.8% 22.5% 194 2.00
North West 1.2% 34.4% 18.3 2.55
Western Cape 7.4% 40.8% 18.8 3.74

6.2.2 Uptake of medical male circumcision

In the national Thembisa model, annual numbers of medical male circumcisions are specified
as inputs, for each year from 2008-09 to 2020-21. For the purpose of parameterizing the
provincial models, these numbers are distributed between provinces, making use of
disaggregated data as far as possible. In the three years for which the provincial disaggregation
is missing (2008, 2009 and 2012), the national MMC total has been allocated between
provinces in proportion to the average provincial totals over the 2010, 2011 and 2013-2015
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years. Table 6.3 shows the assumed annual numbers of MMC operations in each year, by
province. There have been dramatic reductions in MMC numbers in 2020-21 as a result of
COVID-19, with numbers dropping by more than two thirds in all provinces except Gauteng
(where there appears to have been only a 14% drop). The numbers assumed in Limpopo and
Mpumalanga provinces are slightly lower than assumed in previous versions of the Thembisa
model, over the 2015-2019 and 2013-2019 periods respectively. This is because some of the
MMC operations performed in these provinces were in fact medical circumcisions in traditional
settings, and since these circumcisions are already included in the ‘background’ circumcision
rates (as specified in section 6.2.1), we would be double-counting if we included them here.
These numbers of medical circumcisions in traditional settings are based on the estimates of
Thomas et al [114], and are 4-16% of the annual MMC totals in Limpopo and 3-9% of the
annual totals in Mpumalanga.

Table 6.3: Assumed numbers of medical male circumcisions occurring in each province
Year EC FS GT KZ LM MP NC NW WC SA
2008/09 310 317 1381 1595 473 600 62 306 146 5190
2009/10 548 560 2439 2818 835 1060 110 540 258 9168
2010/11 27913 10001 18253 43460 22972 5223 1157 1726 413 131117
2011/12 74079 26541 48441 115338 60966 13862 3070 4579 1097 347973
2012/13 25256 25799 112319 129780 38452 48841 5080 24861 11874 422262
2013/14 4929 13712 115732 107132 10357 44483 4086 19637 9906 331668
2014/15 10533 26260 146275 139046 29481 84064 8043 41658 20042 508404
2015/16 16333 44480 126742 161329 68174 37875 4863 35598 17215 518130
2016/17 13306 33232 121586 131419 54170 37552 2694 30392 12576 446678
2017/18 8789 35303 112699 200463 46398 75477 5252 28039 16557 540327
2018/19 11397 31250 102331 209709 82021 77313 10970 43373 14218 595006
2019/20 10722 20616 75789 139910 35774 49822 8586 48071 18124 417138
2020/21 3527 2474 65038 26985 1006 16169 847 9582 3961 129587

In the national model, it is further assumed that after mid-2021, the rate at which uncircumcised
males aged 10-14 get circumcised reverts to the average of the annual probabilities estimated
over the period from mid-2015 to mid-2020 (i.e. before the impact of COVID-19). In the
provincial versions of the Thembisa model, we adopt a similar approach, calculating the
average rate of male uptake of MMC in the 10-14 age group over the period from mid-2015 to
mid-2020 and assuming that this is the average rate that applies from mid-2021. These rates
that apply after 2021 are shown in Table 6.4. Rates of MMC over the 2015-20 period having
been highest in Limpopo and Mpumalanga, and lowest in the Western Cape and Northern
Cape.

Table 6.4: Assumed long-term annual MMC probabilities in males aged 10-14
Province EC FS GT KZ LM MP NC NwW WC
Probability 0.359 0.387 0.334 0.358 0.898 0.439 0.092 0.202 0.048

6.3 Pre-exposure prophylaxis (PrEP)

Our approach to modelling PrEP uptake is described more fully in the national modelling report
[19]. Most parameters relating to PrEP eligibility and relative rates of PrEP uptake in different
risk groups are assumed to be the same across provinces, and the values are specified in section
4.8 of the national report. However, there some exceptions are made in the case of MSM
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(slightly higher rates of uptake in Gauteng and Western Cape and lower rates in Limpopo) in
order to avoid inconsistencies with PEPFAR programme data on the numbers of MSM/males
on PrEP. In addition, we assume a slightly later start to PrEP rollout among adolescent girls
and young women (AGYW) in Limpopo, Northern Cape and Western Cape, to avoid AGYW
on PrEP estimates that are out of line with PEPFAR programme data. The relative rate of PrEP
uptake in other risk groups (outside of AGYW, MSM and FSWs) is also assumed to be lower
over the 2019-2021 period in three provinces (Eastern Cape, KwaZulu-Natal and Limpopo) in
order to avoid estimates of men on PrEP that were very inconsistent with PEPFAR programme
data. Because the PEPFAR programme data are not representative of all PrEP recipients, this
adjustment process was subjective, and the modelled PrEP estimates by risk group should be
treated with caution (especially at a provincial level).

Annual numbers of people receiving PrEP, which are used to determine the rates at which HIV-
negative sex workers initiate PrEP, are assumed to differ by province, and are shown in Table
6.5. Most of the early data were not disaggregated by province, and the estimates for the early
years should therefore be treated with caution. Since 2020, public sector PrEP numbers have
been disaggregated by province, and private sector data for 2020 are also disaggregated by
province (Kerensa Govender, personal communication).

Table 6.5: Assumed numbers of people receiving PrEP at the middle of each year
Province  EC FS GT KZ LM MP NC NW WC

2016 21 8 142 66 5 21 1 11 30
2017 297 107 2031 940 77 298 21 159 431
2018 701 253 4796 2219 183 703 49 375 1018
2019 2369 856 16204 7496 618 2377 165 1266 3438
2020 6372 2474 29196 22757 1453 9840 274 2182 5615
2021 25176 15217 78914 84411 5360 50513 414 11438 11256
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7. Demographic assumptions

A brief description of the derivation of the demographic assumptions included in the model is
given below. While these assumptions could be refined further, any adjustments in future are
not expected to have significant effect on the estimates of the unfolding of the HIV/AIDS
epidemic and the likely success or otherwise of various interventions.

7.1 Population

The initial population numbers in 1985, by sex and individual age from O to 89 and open
interval 90+, were set the same as those from the ASSA2008 provincial models [74].

7.2 Fertility

Estimates of the number of births by calendar year were estimated from the same sources as
used to produce the national estimates, except that births recorded by DHIS were not used prior
to 2006, as they appeared to be particularly under-registered prior to that in some provinces.
The best estimate was produced using the numbers of births implied by census 2011 counts or
school enrolment numbers up to the early to mid-2000s (if these estimates appeared more
plausible), and after that DHIS data, and from 2011 projections from the CARe model* were
included. The average of these estimates was then used to measure the completeness of the
vital registration (VR) and the estimates were adjusted to ensure (to the extent that it is possible)
that the completeness of the deaths reported up to and including a given year of registration
was not implausible.

The estimates of the numbers of births from the different sources were less consistent with one
another for the provinces than nationally, and so in some instances judgement was required to
give preference to one source over another, or bring the one source in line with the others by
assuming change in the level of reporting over time. This process of reconciliation proved
particularly problematic for two provinces (Northern Cape and Limpopo), so there remains
some uncertainty about the reliability of the estimates of the numbers of births in these
provinces.

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 the middle 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
produce a smooth trend over time.

! The CARe workbook is a simplified model which concentrates on the demographic impact of HIV/AIDS. It uses
the same demographic assumptions as the Thembisa model together with output from the Thembisa model that
allows for the incorporation of the impact of HIVV/AIDS on births and deaths into the simplified model.
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The age-specific 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, 2011 and 2015
were derived from the proportions attributable to five-year age groups reported by women in
each census and the 2007 and 2016 Community Surveys using Beers subdivision. The
proportions for individual years between the census/survey years were derived by linear
interpolation. For the projection years 1985-1995, the ASSA2008 ASFRs were rescaled to the
TFRs estimated above.

For the version 4.5 update, the estimates for five of the provinces (EC, FS, GT, KZ and NW)
up to and including projection year 2016 were assumed to be the same as in the previous
versions of the model (version 4.1-4.4) and for the years after that it was assumed that fertility
remained level for projection years 2017-2020, which brought the numbers of births projected
by the model more in line with the estimates of the true number of births over this period. For
MP previous assumptions were accepted to 2015 and assumed to remain level from 2016-2020,
and for WC the previous assumptions were accepted to 2011 and the fertility was assumed to
remain unchanged after that.

The remaining provinces (NC and LM) were more problematic. For both, the numbers of births
estimated by the model have been tracking below (approximately 5-15% for LM and 10-15%
for NC) the estimate of the true number of births since the 2011 census. This implies that either
the number of women aged 15-49 is too low or the fertility rates in the model are too low
(which is a possibility in NC), or both. At this stage, it is difficult to make sense of why these
problems might exist in these provinces (particularly LM, unless there are migrants not being
captured in the census but giving birth to children being captured by the DHIS). It was therefore
decided, for both these provinces, to accept previous estimates up to and including 2011 and
assume that the fertility did not decline between 2011 and 2020.

Beyond the 2020 projection year, age-specific fertility rates are assumed, for all provinces, to
decline to a common set of ultimate fertility rates at annual rates of decline. The assumed
ultimate rates and annual rates of decline are both the same as assumed in the ASSA2008
models.

7.3 Non-HIV mortality rates

The age-specific probabilities (gx) of non-HIV/AIDS mortality for 1997-2010 were derived
from the central mortality rates (.myx) for all-cause and HIV-specific mortality from the 2010
National Burden of Disease (NBD) study [115]. First mo, am1, sms, ... smgo, and mes+ were
derived by subtracting the HIV/AIDS-specific rates from the all-cause 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 the rates in each
year. Following this Beers interpolation was applied to the rates from sm; to 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 from extrapolated 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. Finally go was set equal to 1-exp(-0.983mo) and
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q: was set equal to 1-exp(-3.9854m1)/[(1-02)(1-0s)(1-q4)], where mo and am: were the rates
derived from the NBD estimates.

An initial set of non-HIV/AIDS mortality rates incorporating the impact of the SARS-CoV-2
epidemic on mortality for projection years 2019-2021 was derived using estimates of
HIV/AIDS mortality from the Thembisa 4.3 model. The numbers of HIV/AIDS deaths from
Thembisa 4.3 were reduced to reflect that some would have died of COVID instead. The rates
were then developed by first deriving a set of all-cause mortality, less excess deaths? rates for
projection years 2018-2021 for age groups 0, 1-4, 5-9, ...80-84, 85+. The adjusted HIVV/AIDS
mortality rates from Thembisa 4.3 were then deducted from these rates, and smoothed single-
age mortality rates derived from the results using abridged life tables for these years and a full
single-age life table of non-HIV/AIDS for 2015. Finally, single-age specific excess death rates
were then added back to the non-HIV/AIDS mortality rates for projection years 2018-2021.
Rates for projection years 2016 and 2017 were set by interpolating between rates for 2015 and
2018.

These estimates were then used as input to the Thembisa 4.5 model in order to generate age
and sex-specific HIV/AIDS mortality. These were then used together with the estimates of all-
cause age and sex-specific mortality rates from the Thembisa 4.5 model to produce revised
estimates of non-HIV/AIDS mortality rates in a similar process, except without the need for
the adjustment to allow for a reduction in HIV/AIDS due to the increase in deaths from
COVID-19 and other causes of excess deaths.

Two problems were apparent from the first iteration, namely, (a) that the estimates of the excess
deaths from the weekly RMS appeared to be too high for the Northern Cape and Limpopo and,
to a lesser extent, too low for Gauteng, and (b) interpolation between projection years 2015 and
2018 produced too sharp a change in rates over time. Thus, it was decided to reduce the level
of the non-HIV/AIDS mortality rates for projection years 2019-2021 for Northern Cape and
Limpopo and increase them for Gauteng to bring them more in line with the trend in rates for
the provinces in prior years. In addition, it was decided to use 2007 instead of 2015 as the base-
year for smoothing and interpolate the rates for projections year 2008 to 2017.

Inspection of the results identified ‘kinks’ in the progression by age for age 1 in the Eastern
Cape for males and females in 2020 and Western Cape for males aged 1 in 2020, and in the
Northern Cape ages 76-86 for males and 62-78 for females in 2020 and 2021. These were
smoothed by interpolation between rates either side of these irregularities.

Although there is great uncertainty as to the impact of the SARS-CoV-2 epidemic on non-HIV
mortality in future years, it does not seem appropriate to assume a general long-term decline in
mortality from projection year 2023 onwards. Thus, it was decided to use the following
estimates of mortality rates (all years referring to projection years):

Rates for 2022 = 0.25 x (3 x 2021 rates + 2018 rates)

Rates for 2023 = 0.50 x (2021 rates + 2018 rates)

Rates for 2024 = 0.25 x (2021 rates + 3 x 2018 rates)

Rates for 2025 = 2018 rates.

2 From the data underlying “Report on weekly deaths in South Africa” prepared by the SAMRC and the Centre
for Actuarial Research (CARe), UCT: https://www.samrc.ac.za/reports/report-weekly-deaths-south-
africa?bc=254.
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Rates for 2011 to 2015 were set as those projected using the CARe_3.2 provincial models,
assuming no HIV/AIDS.

Probabilities of death for 1985 were set to those from the ASSA2008 model and for 1986 to
1996, the probabilities of death were determined by linear interpolation between the estimates
for 1985 and 1997.

Beyond projection year 2026, non-HIV/AIDS mortality rates are assumed to decline to a
common set of ultimate rates at age-specific rates of decline. The ultimate rates and annual
rates of decline are the same as assumed in the ASSA2008 models.

7.4 Migration

An important feature of these projections is that the population is according to the provincial
boundaries as at the middle of the year in question and not (in the pre-2011 period) according
to the boundaries at the time of the 2011 census. This is the same approach as used for
ASSA2008 and the alternative mid-year estimates [116] and thus estimates of migration from
those sources incorporate the major boundary changes by treating the change in population as
migration in the year in which the change occurred. (This differs from the approach adopted in
the official mid-year population estimates produced by Stats SA, which backdates boundary
changes to the start of any projection series.)

The numbers of migrants were set in two stages. Initially the numbers of migrants by sex and
single age for each year 1985 to 2000 were set equal those from the ASSA2008 models. The
numbers for 2001-2010 were set as per those used to produce the alternative mid-year estimates
[116]. These numbers were derived from the change in the numbers of people by place of birth
(province or outside South Africa) between censuses, less an estimate of the number of South
African-born emigrants as captured by censuses in the main countries of destination (UK,
Australia, New Zealand, USA and Canada), scaled to match the total numbers recorded in the
official mid-year estimates [117].

After this, these numbers were adjusted by an age-specific number (fixed over time) so that the
projection of the population to the middle of 1996, 2001 and 2011 matched the 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 the intercensal 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 the resultant provincial net in-migration.

Generally, these adjustments were determined by subtracting the projected numbers in five-
year age groups before adjustment from the census count in these age groups. sMx.s was set to
(5P°-5Px)/10, 5sMg to (5P%-5Ps)/5 and Mas-+ to sMgo, Where sPx represents the number of people
in the population aged between x and x+5, the superscript ¢ represents the census count and
sMyx represents the additional number of migrants aged between x and x+5 required for the
adjustment. The 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,
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on the assumption that the estimates of migration reported by census questions are likely to be
less accurate than the census counts.

The extent of adjustments varied by province as follows:

e Northern Cape: No adjustment was made since the comparison of the projections to the
census numbers were inconclusive about whether any of the censuses were more
reliable than the projected populations.

e Western Cape, Mpumalanga and Limpopo: The 2001-2011 migration numbers (aged
10+, 10+ and 15+ respectively), by five-year age group, were adjusted to reproduce the
2011 census numbers.

e Free State and KwaZulu-Natal: No adjustment to the migration for 2001-2011 but, for
Free State, extensive adjustment (1985-1996 migration at all ages was adjusted to
reproduce the numbers in the 1996 census, and increased in the 1996-2001 at ages 0-
14 to reproduce the numbers in the 2001 census) and, for KwaZulu-Natal, less extensive
adjustment (1985-1996 migration adjusted to match the numbers 0-9 in the 1996
census, and the 1996-2001 migration to match the numbers 5-14 in the 2001 census).

e Eastern Cape: Increased the 1996-2001 migration to match the numbers 5-9 in 2001,
and the 2001-2011 migration numbers to match the numbers 10+ in 2011.

e North West: Adjusted the 1996-2001 migration to match the numbers 0-24 in 2001 and
the 2001-2011 migration to match the numbers at all ages in the 2011 census.

e Gauteng: This province required the most extensive adjustments to migration to
reproduce the census numbers. The 1991-1996 migration was adjusted to reproduce the
numbers in all age groups of a re-estimate of the population in 1996. The re-estimated
population numbers were derived as an average of the estimate from ASSA2008 and
estimates derived by back projecting the numbers from the 2001 census. In addition the
2001-2011 migration was adjusted to match the numbers at all ages in the 2011 census.

The numbers at each age for 2011 to 2015 were set equal to those for 2010.

In the absence of data and sufficient research on the impact of the COVID-19 epidemic and
interventions to manage it on migration, we adopt the crude approach of simply scaling the net
numbers of migrants by age nationally and provincially for each sex in projection year 2016 in
the same ratios as the net arrivals (i.e., arrivals less departures) recorded at the country’s borders
for calendar years 2017 to 2021 (as published monthly by Statistics South Africa [118]). In
order to estimate the scaling factors the following assumptions were made:

1. The level of national and provincial migration in projection year 2017 was the same as
that assumed previously for 2016.

2. The net numbers of arrivals for the first six months of calendar year 2022 was the same
as that for the first six months of calendar year 2017.

3. The level of national and provincial migration in projection year 2022 will be the same

as that in 2016.
This resulted in the following scaling factors (net arrivals in projection year relative to those in
projection year 2017) of 1.0, 1.2, 1.0, 0.1, 0.8 and 1.0 for projection years 2017, 2018, 2019,
2020, 2021 and 2022, respectively.

Beyond projection year 2022, the numbers at each age are assumed to trend asymptotically to
zero at a rate of 4.5% per annum.
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The model also allows for the possibility that migrants into a province may have a different
HIV profile from current residents. The assumptions about relative rates of HIV prevalence in
migrants are explained in more detail in Appendix A.
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8. Model fitting and uncertainty analysis

The calibration of the Thembisa provincial model follows a two-step process. In the first step,
we aim to fit the model to adult HIV data sources, accounting for the uncertainty regarding the
key adult HIV parameters. Once the adult parameters have been estimated, we aim to calibrate
the model to paediatric HIV data sources, allowing for uncertainty regarding the main
paediatric parameters. The calibration process is broadly similar in each step, and we therefore
describe the two calibration processes together in the sections that follow.

8.1 Likelihood function

Five data sources are used when fitting the adult model:

1. the HIV prevalence levels in the antenatal clinic surveys (1994-2015 and 2017),

2. the HIV prevalence levels in the HSRC household surveys (conducted in 2005, 2008,
2012 and 2017) and the 2016 Demographic and Health Survey (DHS),

3. the numbers of ART patients (2000-2020),

4. the household survey estimates of the fraction of HIV-positive individuals on ART
(2012 and 2017),

5. the proportions of ART patients who are male (2012 and 2017-2019), and

6. the recorded numbers of deaths in adults.

Two data sources are used when fitting the paediatric model:
1. the HIV prevalence levels in the HSRC household surveys (conducted in 2005, 2008,
2012 and 2017), and
2. the numbers of ART patients (2000-2020).

The sections that follow explain how the likelihood function is defined for each of these data
sets.

8.1.1 Antenatal clinic HIV prevalence data

The antenatal likelihood is calculated by comparing model estimates of HIV prevalence in
pregnant women and corresponding survey estimates. The model is calibrated to the age-
specific HIV prevalence data, which are available for the period 1994-2015 and 2017. Suppose

that H; ((p) is the model estimate of HIV prevalence in pregnant women in province i, in age
group x and year t, where the vector ¢ represents the values of the model input parameters.
The corresponding prevalence of HIV actually measured in the antenatal survey is represented
by Vi Itis assumed that if @ is the true set of parameter values, then the difference between

the logit-transformed model estimate and the logit-transformed observed prevalence is
normally distributed with zero mean. The variance of the distribution is assumed to be
composed of a ‘survey error’ term, representing the uncertainty around the survey estimate due
to binomial variation and cluster variation in the survey, and a ‘model error’ term, which
represents the possible effect of mis-specified fertility adjustments in HIVV-positive women.
More formally, it is assumed that
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where m; ., ~ N(O,af) and &, ~ N(O,afxvt). The latter two terms represent the model error

and the survey error respectively. The logit transformations ensure that the error terms are
closer to normality and that the model error terms are roughly independent of the level of HIV
prevalence.

In the previous versions of Thembisa, the above equation was modified to include an ‘antenatal
bias’ term, which represented the difference in HIV prevalence between pregnant women and
women of the same age in the sexually experienced population, after controlling for HIV effects
on fertility. This bias arose in part because of differences in HIV prevalence between pregnant
women attending private and public antenatal services (since surveys represent only the public
sector) but also because of unmeasured behavioural confounding (independently of the direct
effect of HIV on fertility and sexual activity, HIV-positive women might be expected to have
different sexual behaviour from HIV-negative women). In the new version of Thembisa, we
attempt to account for these sources of bias more explicitly, by specifying relative levels of
HIV prevalence in private and public antenatal clinic attenders, effects of HIV diagnosis on
fertility, and differences in fertility between undiagnosed HIV-positive women in early HIV
infection and HIV-negative women (for a more complete description, see sections 6.2.2 and
7.2.1 of the national report [70]). Whereas we previously specified a prior distribution to
represent the uncertainty around the antenatal bias parameter in each province, we now instead
specify a prior distribution to represent the uncertainty around the ratio of fertility in
undiagnosed HIV-positive women in early-stage HIV infection to fertility in sexually-
experienced HIV-negative women of the same age. This prior distribution is a gamma
distribution with a mean of 1.30 and a standard deviation of 0.13 (which has 2.5 and 97.5
percentiles of 1.06 and 1.57 respectively). We based this prior on previous arguments that the
true value of this ratio was likely to lie between 1.12 and 1.50, based on relative rates of
pregnancy in HIV-negative and HIV-positive women in the Western Cape [70, 119].

The ofxyt parameters have been estimated from the published 95% confidence intervals around

the antenatal survey estimates, in 1998 and subsequent years. Prior to 1998, the published 95%
confidence intervals were calculated on the assumption of simple random sampling (SRS), i.e.
not reflecting the clustering associated with the sampling of antenatal clinics. As these
confidence intervals would have exaggerated the precision associated with the prevalence
estimates, we recalculated the standard errors by inflating the published standard errors up to
1998 by province-specific adjustment factors. The adjustment factor was calculated as the
average ratio of the published standard error to the SRS standard error over the 2003-2005
period (the only period for which we had sufficient data to calculate both standard error

estimates in all provinces). The afxyt parameters up to 1998 were then estimated from these

inflated standard error estimates. Confidence intervals have not been reported for the 2014 and
2015 survey estimates, and the standard errors in these two years have therefore been assumed
to be the same as in 2013.
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The variance of the model error (Gf) is assigned a value of 0.32, which was chosen in order to

achieve an appropriate weighting of the antenatal HIV prevalence data and other data sources
(discussed below) while avoiding overly narrow confidence intervals around the model HIV
prevalence estimates.

The likelihood in respect of the antenatal data is then calculated based on the assumption that
the error terms are normally distributed:

L(y lo)= HH(Zﬂ(c%f var, )" exp| - (logitly,..)- Iogit(H)i,X,t (o))

2(6'i2 +07

i,xt

where Y; represents the vector of Y, ,, values, across calendar years 1994 to 2015 and 2017.

8.1.2 Household survey HIV prevalence data

The approach followed in defining the likelihood in respect of the HSRC household survey
data is similar to that for the antenatal data, with a few key differences. Firstly, we calculate
the likelihood separately for 15-24 year olds and adults aged 25 and older, as these are the
published age disaggregations (in the paediatric calibration, we consider only the prevalence
in 2-14 year olds). Secondly, the model error term (mix.) is omitted from the expression for the
observed prevalence, because any error introduced by mis-specified assumptions about fertility
in HIV-positive women would have minimal effect on estimates of HIV prevalence in the
general population.

The approach taken in defining the likelihood function for the 2016 DHS data is the same as
that for the HSRC survey data. The 2016 DHS did not include HIV testing in children, and is
therefore not used in the paediatric analysis.

For validation purposes, we have also included the results of a 2003 national survey, conducted
among youth aged 15-24 [120], although the data from this survey are not included in the
definition of the likelihood function.

8.1.3 Numbers of ART patients

The interpretation of public sector ART statistics is challenging because ART reporting
systems have changed a number of times since 2009, and the way in which totals are reported
is not always consistent across provinces (or even within provinces). The Comprehensive Care,
Management and Treatment (CCMT) reporting system initially reported cumulative numbers
of patients started on ART for all provinces other than the Western Cape (which has always
reported numbers of patients currently on ART). However, late in 2009 most provinces
switched to reporting numbers of patients currently on ART. Since 2011 most government
publications have quoted ART statistics from the District Health Information System (DHIS)
and the TIER system, which are supposed to report the numbers of patients currently on ART
[63]. However, because of delays in switching to the new reporting system, many clinics were
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not included in the early reports of DHIS statistics, and the DHIS statistics are therefore
probably not representative of the whole public health sector prior to 2012.

To account for the change in reporting in 2009 (from cumulative to current enrolment) and the
uncertainty around the speed of the change in reporting, we define 7, as the time up to which
all reported public sector totals in province p are known to represent cumulative ART
enrolment (in most provinces this will be some time in 2009). After time zp, there is uncertainty
as to whether the reported public sector totals represent cumulative enrolment, current
enrolment, or some combination of the two. We define 6, to be the annual change in the fraction
of public ART services that report current enrolment, after time z,. In other words, if f(t, p) is
the fraction of public ART services that report cumulative enrolment at time t, then

¢ B 1 ift<z'p
CP) = ep(C0,(t-7,) iftze,

For the purpose of this analysis, we fix the 7, and 6, values at the values estimated previously
[16]. These are summarized in Table 8.2. Note that results are not shown for Western Cape
because this province has always reported current enrolment rather than cumulative enrolment
(i.e. f(t, p) = 0 for all t in the Western Cape).

Table 8.2: Transitions from cumulative enrolment to current enrolment
EC FS GT KZ LP MP NC NW
p August  August  August August August August August  June
2009 2009 2009 2009 2009 2009 2009 2010

exp(-6p) 0.1401 0.0001" 0.0001° 0.5059 0.4952 0.5449 0.0001° 0.3223
* Values of 0.001 imply immediate transition from reporting cumulative enrolment to current enrolment.

In the current report, we update the calibration using public sector statistics for each province
and each month in the April 2018 to March 2019 period (personal communication, Thapelo
Seatlhodi), and using 2018-2019 private sector statistics provided by the Council for Medical
Schemes (personal communication, Bilia Luwaca, South African National AIDS Council).

The likelihood function represents how well the model fits the reported numbers of patients on
ART. For the purpose of calculating the likelihood, we assume that the error terms (the
differences between the modelled numbers of patients on ART and the corresponding reported

numbers of ART patients, on a log scale) are normally distributed with zero mean and variance

2

Op-

Firstly, we define the reported ART total at time t, in province p, to be the sum of the totals
reported for the private and public sectors:

Qft, p) =Ry (t, p) + Ry (¢, p).

where RCS (t,p) represents the reported level of ART enrolment at time t, in group ¢ (0 for

adults and children combined, 1 for children only) in sector s (0 for public, 1 for private/NGO),
and in province p. Because the private/NGO numbers are small relative to the public sector
numbers, it is the latter that we are most interested in when calibrating the model. The private
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sector totals are therefore included in the calibration only at the mid-year time points prior to
the start of the public sector ART rollout in 2004, and at the time points for which public sector
statistics are reported in subsequent periods (for time points at which a public sector total is
reported but there is no corresponding reported private sector total, the private sector total is
approximated by linearly interpolating between the nearest reported private sector totals). We

use the symbol N (P) to represent the number of time points for which we have reported ART
enrolment statistics for the public sector (or private sector pre-2004), and we use the symbol
T.(P) to represent the set of these time points.

Secondly, we define G(Gp,t) to be the model estimate of the number of patients we would

expect to be reported as on ART at time t, if parameter combination © p Tepresents the ‘true’

set of model parameters. This estimate depends on the assumed fraction of ART services that
report cumulative enrolment, which in turn depends on the fraction of patients receiving ART
through the public sector (since only the public sector facilities report cumulative enrolment).
The Thembisa model does not directly simulate the fraction of patients receiving ART through
the public sector, so we approximate this fraction by the quantity

#(t, p) =1-Ry(t, p)/ Ny (t, p),

where No(t, p) represents the model estimate of the number of patients currently receiving ART
at time t in province p. If g(t, p) > 0, then we calculate G(G)p,t) as

G(@,,t)=Ri(t, p) + f (t, PM, (t, p)g(t, p)+ (L F (t, )N, (t, p)(t. ).

where Mo(t, p) represents the model estimate of cumulative ART enrolment in province p up
to time t. This simplifies to G(@,,t)= Ny (t, p) iff(t, p) = 0. If ¢i(t, p) <0, this implies that all
ART is provided through the private sector, which reports current ART enrolment. Thus we
use the same simplified formula, G(G)p ,t): No(t, p), if 4(t, p) <O.

As noted previously, we calculate the likelihood by assuming that the difference between
G(G)p,t) and Q(t, p), on a log scale, is normally distributed with zero mean and variance o,

The variance is set to 0.1?, which is equivalent to assuming a 10% coefficient of variation to
represent the error in the model estimates. The likelihood function is then calculated as

B 1 _(in(c(e,.t)- (e, p))f
e, 19,)- telo_([p) Joze ¥ 262

where € represents the vector of (t, p) values, for all t € To(p) .

52



8.1.4 Household survey ART coverage data

For each province, we calculate a likelihood to represent the goodness of model fit to 2012 and
2017 household survey estimates of the proportions of HIV-positive adults who are on ART.
In both household surveys, the proportion of HIV-positive adults on ART was estimated based
on testing for antiretroviral metabolites (efavirenz, nevirapine, lopinavir and other less
commonly used drugs, i.e. accounting for most first- and second-line ART regimens) [3, 121].
Although the survey also collected self-reported data on ART use, we have not used these data
in calibration, in part to be consistent with the methods used in the HSRC survey reports, and
in part because there were high levels of non-response to questions about ART use (Jeffrey
Eaton, personal communication). Estimates of coverage were also obtained separately for men
and women in each province, so that the model was calibrated to a total of 4 data points in each
province. We calculated the likelihood on the assumption that the difference between the
survey estimate of ART coverage and the modelled ART coverage, on a logit scale, was
normally distributed with zero mean and variance calculated from the 95% confidence interval
around the survey estimate.

A number of other sources provide data on ART coverage based on self-reported receipt of
ART; for example, the DHIS provides data on the proportion of HIVV-positive pregnant women
who report having started ART prior to their current pregnancy. We have not included these
data in the model calibration, as we do not consider self-reporting of ART status to be reliable.
For example, in the 2017 national antenatal survey, viral load testing was conducted in all HIV-
positive pregnant women, and viral loads of less than 1000 RNA copies/ml were detected in
39% of women who reported not being on ART [122]; such a high rate of viral suppression
does not seem plausible in HIV-positive women who are truly untreated. Several other South
African studies have found a substantial prevalence of detectable antiretroviral metabolites in
HIV-positive individuals who report being undiagnosed [9, 123-125], although one South
African study found only minimal disagreement between self-reported ART coverage and the
ART coverage based on self-report [126].

8.1.5 Proportions of adult ART patients who are male

A significant limitation of the DHIS monitoring system is that it does not provide a male-
female disaggregation when reporting numbers of adults on ART. However, it is possible to
infer relative rates of ART initiation in men and women from a number of alternative sources.
Firstly, the ART coverage estimates from household surveys (described in section 8.1.4) are
disaggregated by sex to provide rough estimates of relative rates of ART coverage in men and
women. Secondly, a number of alternative data sources provide data on the proportion of ART
patients who are male. Data obtained from the CCMT reporting system in 2012, prior to the
transition to DHIS reporting, provide a male-female disaggregation for all provinces [101]. We
also obtained data from the TB/HIV information system (THIS) on the proportion of adult ART
patients who are male in 2018, for each province except the Western Cape. Separately, we
obtained data on the proportions of adult ART patients who are male in the Western Cape, for
each year from 2007 to 2019 (Themba Mutemaringa and Alexa Heekes, personal
communication). We also obtained data from the National Health Laboratory Service in 2017
and 2019, on the proportion of patients receiving viral load tests who are male.
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For the purpose of defining the model likelihood, we assume that the difference between the
reported proportion of ART patients who are male and the model estimate for the
corresponding year is normally distributed with a zero mean and a standard deviation of 0.01,
over the 2017-19 period (and for the Western Cape the same standard deviation is used for all
years). In the case of the 2012 CCMT data, a greater standard deviation is used (0.02), to reflect
the greater uncertainty regarding the quality of the CCMT reporting, and also due to concerns
that at this earlier stage in the ART rollout, the private sector accounted for a greater proportion
of ART patients [127], which may have biased the model estimates for the population as a
whole (relative to the public sector).

8.1.6 Recorded numbers of deaths in adults

Suppose that Ng(X, t) represents the model estimate of the number of deaths (due to all causes)
in adults of sex g, in age group X, in year t in the province of interest. Let Rqy(X, t) be the
corresponding number of recorded deaths. We define yy(x, t) as the completeness of death
recording assumed at a national level (i.e. the assumed proportions of deaths that are recorded
through South Africa’s vital registration system). These completeness assumptions are
described elsewhere [61]. Briefly, completeness is assumed to have increased over the 1997 to
2004 period [128], and then to have remained stable over time [129]. Completeness in adults
is also assumed to increase with respect to age, and is assumed to be lower in men than in
women, particularly at younger ages [129].

For the purpose of calibrating the provincial models to recorded death data, we further define
the province-specific adjustment factor Pgy(t), which represents the ratio of the rate of death
reporting in the province of interest to the rate of death reporting at a national level. This ratio
is estimated by comparing the recorded number of deaths at ages 60 and older to the modelled
number of deaths at ages 60 and older, after adjusting for the national level of vital registration
completeness. The reason for limiting the analysis to ages 60 and older is that the contribution
of HIV mortality to total mortality is likely to be small at these older ages, and thus any bias
due to the misspecification of HIV in the initial model is likely to be minimal.

Mathematically, we calculate Pgy(t) as

D> R, (x,1)

P, (1) = H, (t)ng (X, )y, (x,1) ’

x=60

where Hg(t) is a national-level adjustment that we include to correct for differences between
the assumed levels of completeness and the actual levels of completeness in older adults:

D Ry (x.1)

H, (1) = D lilzgo(x,t)yg (x.t)

X=60

R'y(x, t) and N'g(x, t) represent the national numbers of recorded and modelled deaths
respectively (as distinct from the province-specific totals defined previously). Although Hg(t)
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should in theory be close to 1 (if our national completeness assumptions are reasonable), the
ratios are in fact consistently greater than 1, suggesting that our model under-estimates the
completeness of death reporting at older ages, at a national level (Figure 8.1). We therefore
include the Hgy(t) adjustment in order to ‘correct’ this error.
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Figure 8.1: Ratio of actual completeness to assumed completeness in adults aged 60 and older,
at a national level

Figure 8.2 shows the Py(t) adjustment factors estimated using the above equation. In the most
urbanized provinces (Gauteng and Western Cape) these adjustments are relatively high in 1997,
and then drop towards the national average (i.c. a ratio of 1), suggesting a ‘catching up’ in vital
registration in the other provinces. In some provinces, the trend is irregular; for example in the
Eastern Cape, vital registration appears to improve relative to the national average over the
1997-2005 period, but deteriorates thereafter. The opposite trend is seen in North West
province.

(a) Completeness adjustments in men (b) Completeness adjustments in women
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Figure 8.2: Ratio of death reporting in each province to national death reporting, in adults aged
60 and older

As in the national model, we consider deaths in each five-year age group, from 20-24 up to 55-
59, over the 1997-2016 period. The recorded deaths are obtained from Statistics South Africa
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reports of the numbers of deaths recorded in each province [130]. (We have tabulated the
numbers by the province in which the death was recorded rather than the province of residence
of the deceased. Although the latter might be considered more appropriate, information on the
province of residence is missing for 13% of deaths, and the overall distribution of deaths by
province of residence, after removing missing data, does not appear to differ substantially from
the distribution of deaths by province of recording.)

Let cy(x, t) be the province-specific completeness/reporting adjustment. This is calculated as
the product of yg(x, t) and Pgy(t).

Suppose Ag(x, t) represents the model estimate of AIDS deaths in individuals of sex g and age
group x, in year t, and that By(x, t) represents the model estimate of non-AlIDS deaths (due to
‘background’ mortality), i.e. Ag(X, t) + Bg(X, t) = Ng(x, t). In calculating the likelihood for the
recorded death data, we assume that the difference between the modelled deaths and the
recorded deaths (after completeness adjustment), on a natural log scale, is normally distributed
with zero mean. The variance of this normal distribution is assumed to be of the form

Var[In(Ng(x, t))] = Var[Ng(x, t)] / Ng(x, t)?
= Var[In(Ag(x, £)] (Ag(X, t) / Ng(x, 1))? + Var[In(Bg(x, t))] (By(X, t) / Ng(X, 1))?

We have set the variance of the AIDS mortality term, Var[In(Ag(x, t))], to 0.32, to be consistent
with the weight given to the antenatal survey data in the calibration procedure. The variance of
the non-AIDS mortality, sz = Var[In(Bgy(X, t))], has been estimated from the difference between

the model predictions of mortality and the recorded levels of mortality at ages 60 and older
(after adjusting for completeness), since the contribution of AIDS mortality to total mortality
IS expected to be small at these older ages.

2 _i _ 2
ol = 24()%;2(& (xt) =N, (xte, (1),

where 240 is the number of squared differences across which we are averaging (20 years, 2
sexes and 6 five-year age groups). Table 8.3 shows the estimated values of sz for each
province.

Table 8.3: Variance of non-HIV mortality (on natural log scale)
EC FS GT KZ LP MP NC NW  WC ZA
Variance 0.034 0.023 0.018 0.025 0.038 0.035 0.035 0.033 0.016 0.020

SD 0.184 0.150 0.133 0.157 0.194 0.186 0.186 0.182 0.125 0.141
SD = standard deviation

As noted previously, the likelihood is calculated on the assumption that the difference between
the log-transformed recorded number of deaths (after application of the completeness
adjustment) and the log-transformed model estimate of deaths is normally distributed with zero
mean and a variance of 2. More formally,

In(R, (x,t)/c, (x,1))= (N, (x,t)}+ &, (x,1)
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where &, (X,t) ~ N(O, Var[In(Ng(x, t))]). The likelihood is calculated for all years from 1997-

2016, for both sexes, and for each five-year age group, from 20-24 up to 55-59. We do not
calculate likelihood values for ages 60 and older, partly because we expect relatively few AIDS
deaths at the older ages (and hence these deaths would have little effect on the model
calibration), and partly because we are already using the data at ages 60+ to estimate the
completeness adjustments and the variance of the non-AIDS mortality terms.

8.2 Prior distributions

The prior distributions have been described and motivated in previous sections. Tables 8.4 and
8.5 summarizes the prior distributions assumed for all 17 parameters included in the adult
uncertainty analysis, for each of the nine provinces. (Table 8.5 does not show parameters
separately for each province, as the prior distributions for the ART initiation and ART
interruption rates are the same for all provinces.)

Table 8.6 summarizes the prior distributions assumed for the eight parameters included in the
paediatric uncertainty analysis, for each of the nine provinces. With the exception of the
duration of breastfeeding (relative to the national average), the prior distributions are the same
in all provinces.
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Table 8.4: Prior distributions in adult calibration (mean and standard deviation in brackets)

Hiah ri Condom Mean age SD age Mean OR viral Initial HIV Rela_lt!ve
igh risk Sexual X prevalence fertility
Parameter adjustment mixing use of fema]e of fema_le untreated SUppression in high risk in early
adjustment  non-marital  non-marital HIV relative to .
factor parameter factor sex activity  sex activity survival leDEA-SA women, undiagnosed
aged 15-49 HIV
Prior type Gamma Beta Gamma Gamma Gamma Gamma Gamma Uniform Gamma
Report section 2.1 2.3 2.4 2.5 25 3.1 3.3.1 4 8.1.1
Prior mean (SD)
EC 0.95(0.24) 0.53(0.12) 0.99(0.149) 37.8(3.9) 20.7(2.3) 12.0(1.00) 0.63(0.051) 0.10% (0.048)  1.30(0.13)
FS 1.24(0.31) 0.53(0.12) 1.14(0.171) 37.8(3.9) 20.7(2.3) 12.0(1.00) 1.03(0.107) 0.10% (0.048)  1.30(0.13)
GT 117 (0.29) 0.53(0.12) 1.06(0.159) 37.8(3.9) 20.7 (2.3) 12.0(1.00) 0.67(0.060) 0.15% (0.071)  1.30(0.13)
Kz 1.16 (0.29) 0.53(0.12) 1.08(0.163) 37.8(3.9) 20.7 (2.3)  12.0(1.00) 0.99 (0.097) 0.20% (0.095)  1.30(0.13)
LM 1.06 (0.27) 0.53(0.12) 1.04 (0.156)  37.8(3.9) 20.7(2.3) 12.0(1.00) 0.55(0.035) 0.10% (0.048)  1.30(0.13)
MP 1.03(0.26) 0.53(0.12) 1.02(0.153) 37.8(3.9) 20.7(2.3) 12.0(1.00) 0.72(0.054) 0.10% (0.048)  1.30(0.13)
NC 0.52(0.13) 0.53(0.12) 0.64 (0.096) 37.8(3.9) 20.7 (2.3)  12.0(1.00) 0.74 (0.093) 0.10% (0.048)  1.30(0.13)
NW 0.97(0.24) 0.53(0.12) 1.05(0.157) 37.8(3.9) 20.7(2.3) 12.0(1.00) 0.73(0.068) 0.10% (0.048)  1.30(0.13)
wWC 0.65(0.16) 0.53(0.12) 0.74(0.110) 37.8(3.9 20.7(2.3) 12.0(1.00) 1.14(0.127) 0.03% (0.012)  1.30(0.13)
OR = odds ratio, SD = standard deviation.
Table 8.5: Prior distributions in adult calibration: ART initiation and interruption rates
Monthly rate of ART initiation in HIV- RR male Reduction in Rate of
Parameter diagnosed women, with CD4 <200 ART ART start due ART
2000 2004 2010 2011 2016 initiation to COVID-19 interruption
Prior type Gamma Gamma Gamma Gamma Gamma Gamma Beta Gamma
Report section 3.2 3.2 3.2 3.2 3.2 3.2 3.4
Prior mean 0.0039 0.0154 0.0576 0.0622 0.0591 0.70 0.28 0.25
Standard deviation 0.0011 0.0117 0.0202 0.0196 0.0240 0.10 0.10 0.10

RR = relative rate.
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Table 8.6: Prior distributions in paediatric calibration (mean and standard deviation in brackets)

Relative Relative Monthly rate of ART initiation in previously-diagnosed children in late disease Relative ART
Parameter bduratlon (_)f dlseasg 2000 2004 2009 2010 2016 initiation in
reastfeeding progression early disease
Prior type Gamma Gamma Gamma Gamma Gamma Gamma Gamma Uniform
Report section 5.1 5.3 55 55 5.5 5.5 5.5 55
Prior mean (SD)
EC 1.02 (0.102) 1.00 (0.15) 0.003 (0.001) 0.043 (0.075) 0.177 (0.193) 0.110 (0.099) 0.110 (0.099) 0.50 (0.29)
FS 0.99 (0.099) 1.00 (0.15) 0.003 (0.001) 0.043 (0.075) 0.177 (0.193) 0.110 (0.099) 0.110 (0.099) 0.50 (0.29)
GT 0.96 (0.096) 1.00 (0.15) 0.003 (0.001) 0.043 (0.075) 0.177 (0.193) 0.110 (0.099) 0.110 (0.099) 0.50 (0.29)
KZ 0.97 (0.097) 1.00 (0.15) 0.003 (0.001) 0.043 (0.075) 0.177 (0.193) 0.110 (0.099) 0.110 (0.099) 0.50 (0.29)
LM 1.16 (0.116) 1.00 (0.15) 0.003 (0.001) 0.043 (0.075) 0.177 (0.193) 0.110 (0.099) 0.110 (0.099) 0.50 (0.29)
MP 1.06 (0.106) 1.00 (0.15) 0.003 (0.001) 0.043 (0.075) 0.177 (0.193) 0.110 (0.099) 0.110 (0.099) 0.50 (0.29)
NC 1.02 (0.102) 1.00 (0.15) 0.003 (0.001) 0.043 (0.075) 0.177 (0.193) 0.110 (0.099) 0.110 (0.099) 0.50 (0.29)
NW 0.76 (0.076) 1.00 (0.15) 0.003 (0.001) 0.043 (0.075) 0.177 (0.193) 0.110 (0.099) 0.110 (0.099) 0.50 (0.29)
WC 0.91 (0.091) 1.00 (0.15) 0.003 (0.001) 0.043 (0.075) 0.177 (0.193) 0.110 (0.099) 0.110 (0.099) 0.50 (0.29)
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8.3 Posterior analysis

The posterior distributions, representing the parameter sets that were most consistent with both
the province-specific HIV data and the prior beliefs about the most plausible parameter values
(Tables 8.4-8.6) were approximated using the Incremental Mixture Importance Sampling
(IMIS) method [131]. In the adult analysis, an initial set of 10 000 parameter combinations
were sampled from the prior distributions, for each province, and the likelihood function was
calculated for each parameter combination. In subsequent IMIS steps, the regions of the
parameter space with the highest posterior density were sampled more heavily, with an
additional sample of 1000 parameter combinations being evaluated in each IMIS step. The
procedure was repeated until a sufficiently mixed posterior sample was generated, containing
1 000 parameter combinations. The same procedure was followed in the paediatric analysis,
except that a smaller initial sample (5000 parameter combination) and smaller additional
sample in each subsequent IMIS step (500) were used, due to the lower number of parameters
in the paediatric analysis.

The 1 000 sampled values of the 17 adult parameters of interest were then merged with 1 000
sampled values of the six paediatric parameters, to generate a set of 1 000 combinations of the
19 parameters, for each province. All posterior means and 95% confidence intervals are
calculated from this sample of 1 000 parameter combinations. The 95% confidence intervals
around the model outputs thus reflect both the uncertainty in the adult parameters and the
uncertainty in the paediatric parameters.
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9. Results

9.1 Comparison of prior and posterior distributions

Figure 9.1 compares the prior and posterior distributions for the adult parameters included in
the uncertainty analysis (excluding the ART initiation rates). In the case of the adjustment to
the high-risk proportion (panel a), the posterior means are generally similar to the prior means,
although the posterior is substantially higher than the prior mean in Mpumalanga, and
substantially lower than the prior mean in Western Cape. The high-risk proportion is estimated
to be at high levels in Mpumalanga and KwaZulu-Natal (1.3 times the national average) and at
relatively low levels in Northern Cape and Western Cape (0.3-0.4 times the national average).

In the case of the sexual mixing parameter (panel b), posterior means are generally between
the 2.5 and 97.5 percentiles of the prior distribution, although in Limpopo sexual mixing
appears to be somewhat more random than at a national level.

In previous versions of the Thembisa model, estimates of the relative rate of condom use in
different provinces were mostly close to 1 (implying levels of condom use close to the national
average), except in Western Cape and Northern Cape, where the ratio was usually below 1, and
Gauteng, where the ratio was usually above 1 [12, 18]. In Thembisa version 4.5, however, there
appear to be a number of other provinces in which the ratio is well below 1: Eastern Cape,
Limpopo and Mpumalanga. The explanation for this is unclear, although these are relatively
poor, rural provinces.

In all provinces, the posterior estimate of the mean age at female non-marital sexual activity is
within the 2.5-97.5 percentile range of the prior distributions (panel d). The posterior mean is
highest in Limpopo (44 years) and lowest in Western Cape (33 years). The standard deviation
of the age distribution of non-marital sexual activity is generally close to the prior mean (panel

e).

Panel f compares the posterior estimates of the mean adult HIV survival time (in the absence
of ART) across provinces. The mean duration of untreated survival varies between 9.0 years
in Northern Cape and 13.3 years in Gauteng. Some of this variation may be attributable to
differences in TB incidence: Northern Cape and Western Cape, which have historically had the
highest TB incidence rates, are among the provinces with the shortest HIV survival time [43].
The relatively high mean survival time in Gauteng might be a reflection of the high average
socio-economic status in this province, and better HIV survival in individuals of higher socio-
economic status [44].

The posterior estimates of the relative rate of ART initiation in men are consistently below the
prior mean, except in Eastern Cape and Western Cape (panel g). It is noteworthy that the three
provinces with the highest posterior estimates of the relative rate of ART initiation in men (viz.
Western Cape, Eastern Cape and Northern Cape) are also the provinces with the shortest
posterior estimates of untreated HIV survival (panel f).

The odds of viral suppression, relative to IeDEA-SA cohorts, are highly variable across
provinces, varying between 0.51 in Limpopo and 1.11 in Western Cape (panel h). In general,
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the posterior means are close to the prior means, suggesting that calibration to province-specific
HIV prevalence data does not substantially change estimates of viral suppression.

Posterior estimates of annual rates of ART interruption, tend to be below the prior mean (0.25),
except in Western Cape and Limpopo (panel i). These results need to be interpreted with a
degree of caution, as the ART interruption rate parameter is the only parameter varied in the
calibration process that influences the extent of mortality on ART. It might be preferable to
allow for uncertainty in the ART mortality rates more directly in the calibration process, which
would probably lead to different posterior estimates of the ART interruption rates.

Initial HIV prevalence levels (in 1985) are estimated to have been highest in Mpumalanga and
Gauteng provinces (panel j). In contrast, early HIV prevalence levels were relatively low in
the Northern Cape and Western Cape.

Posterior estimates of the relative rate of fertility in HIV-positive women in the early stages of
HIV infection (before immune decline and before HIV diagnosis), when compared to HIV-
negative women, are in most cases close to the prior mean of 1.30 (panel k). The relative rates
vary between 1.15 in Northern Cape and 1.43 in Gauteng.

Finally, posterior estimates of the reduction in the rate of ART initiation after diagnosis,
following the start of the COVID epidemic, are generally close to the posterior mean (a 28%
reduction) (panel I). However in Northern Cape province there appears to have been a
particularly remarkable 49% drop in the ART initiation rate.

62



(a) Adjustment to high risk % (b) Sexual mixing (c) Adjustment to condom use

EC Fs 6T Kz M MP NC NW we EC Fs 6T Kz M MP NC NW we

(d) Mean age of non-marital sex (f) Mean HIV survival

EC Fs 6T Kz Y] mP NC NW wc

(h) Odds of viral suppression, relative to leDEA

EC Fs. 6T Kz Y] MP NC NWowe EC Fs 6T Kz ™ MP NC NW wc EC Fs 6T Kz ™ MP NC NW wc

(j) Initial prevalence in women aged 15-49 (k) Relative fertility in undiagnosed early HIV (1) % reduction in ART initiation due to COVID

EC Fs 6T Kz ™ MP NG ONW WC EC Fs 6T Kz ™ MP NC NW wc

@Prior M Posterior

Figure 9.1: Comparison of prior and posterior distributions for adult parameters (excluding

ART initiation parameters)

Bar heights represent means and vertical error bars represent 2.5 and 97.5 percentiles (95% confidence intervals)
of the relevant distributions. In panels (b), (d)-(g), (i), (k) and (I) the prior distributions are the same for all
provinces, and the horizontal lines therefore represent the prior mean and 95% confidence interval.

Table 9.1 shows the posterior estimates for the ART initiation rates in previously diagnosed
women with CD4 counts of <200 cells/ul. Posterior estimates of the ART initiation trends are
quite different across provinces. For example, in Western Cape ART initiation rates started at
relatively high levels (compared to other provinces) over the 2004-2010 period, the early phase
of the public sector ART rollout, but then gradually declined. In contrast, ART initiation rates
have steadily increased over time in provinces such as KwaZulu-Natal and Mpumalanga.
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Table 9.1: Posterior estimates of ART initiation rates in previously-diagnosed females with

CD4 <200 (means and 95% confidence intervals in brackets)

2000 2004 2010 2011 2016
Prior 0.004 0.015 0.058 0.062 0.059
(0.002-0.006) (0.001-0.045)  (0.025-0.103)  (0.030-0.106)  (0.022-0.115)
EC 0.005 0.022 0.039 0.031 0.027
(0.005-0.006) (0.019-0.028)  (0.036-0.043)  (0.028-0.034)  (0.023-0.03)
FS 0.004 0.007 0.040 0.037 0.072
(0.004-0.005) (0.006-0.008)  (0.037-0.043)  (0.034-0.041)  (0.063-0.082)
GT 0.005 0.018 0.044 0.044 0.038
(0.004-0.005) (0.014-0.021)  (0.038-0.049)  (0.04-0.051)  (0.033-0.044)
KZ 0.005 0.014 0.049 0.063 0.077
(0.005-0.006) (0.012-0.017)  (0.044-0.055)  (0.055-0.07)  (0.066-0.085)
LM 0.006 0.019 0.064 0.041 0.035
(0.006-0.007) (0.018-0.022)  (0.06-0.068)  (0.037-0.044)  (0.031-0.039)
MP 0.006 0.011 0.040 0.047 0.057
(0.005-0.006) (0.009-0.013)  (0.037-0.043)  (0.043-0.05)  (0.052-0.065)
NC 0.003 0.020 0.018 0.030 0.031
(0.003-0.003) (0.017-0.022)  (0.015-0.02)  (0.029-0.032)  (0.028-0.036)
NW 0.004 0.021 0.040 0.025 0.036
(0.003-0.004) (0.020-0.024)  (0.035-0.044)  (0.021-0.028)  (0.033-0.039)
e 0.003 0.054 0.066 0.048 0.044
(0.002-0.003) (0.047-0.063)  (0.056-0.078)  (0.044-0.054)  (0.039-0.05)

Figure 9.2 compares the prior and posterior estimates of the paediatric parameters, by province.
Posterior estimates of the relative rate of ART initiation in early paediatric disease (relative to
advanced disease) appear highly heterogeneous across provinces (panel a), which may be a
reflection of differences in HIV testing and linkage practices in HIVV-positive children who do
not have advanced disease. Posterior estimates of the paediatric HIV disease progression and
mortality adjustment are generally close to 1 (panel b), although the adjustments are notably
greater than 1 in Western Cape, Northern Cape and Eastern Cape. These are provinces that
have historically had very high TB incidence rates [43], and it is possible that the high TB
incidence rates in these provinces are responsible for the relatively high rates of disease
progression. The results are also quite consistent with those obtained for adults (Figure 9.1f),
which suggest relatively poor HIV survival rates in the Northern Cape, Eastern Cape and
Western Cape provinces. Posterior estimates of breastfeeding duration adjustments (panel c)
are generally close to 1, implying breastfeeding durations close to the national average.
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Figure 9.2: Prior and posterior estimates of the paediatric HIV parameters (excluding ART

initiation parameters)

Bar heights represent means and vertical error bars represent 2.5 and 97.5 percentiles (95% confidence intervals)
of the relevant distributions. In panels (a) and (b) the prior distributions are the same for all provinces, and the
horizontal lines in panel (b) represent the prior mean and 95% confidence interval.

Table 9.2 summarizes the posterior estimates of the paediatric ART initiation rates. ART
initiation rates over the 2000-2003 period were consistently between 0.001 and 0.002 per
month, then increased to around 0.01 per month in 2004, following the start of the public sector
ART programme (though Western Cape was a notable exception, with extremely rapid early
rollout of paediatric ART). By 2009-2010, ART initiation rates increased to 0.02-0.10 per
month in most provinces, but were at substantially higher rates in the highly urbanized
provinces (Gauteng and Western Cape). In most provinces (with the exception of Free State)
there were reductions in ART initiation rates in later years, as ART eligibility criteria were
expanded.
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Table 9.2: Posterior estimates of ART initiation rates in previously-diagnosed children in late
disease (means and 95% confidence intervals in brackets)

2000

2004

2009

2010

2016

Prior
EC
FS
GT
KZ
LM
MP
NC
NW
WC

0.003 (0.001-0.006)
0.002 (0.002-0.002)
0.001 (0.001-0.001)
0.002 (0.002-0.002)
0.002 (0.001-0.002)
0.001 (0.001-0.001)
0.001 (0.001-0.001)
0.001 (0.001-0.002)
0.001 (0.001-0.001)
0.002 (0.002-0.002)

0.043 (0.000-0.260)
0.011 (0.009-0.013)
0.004 (0.003-0.005)
0.017 (0.015-0.019)
0.006 (0.005-0.007)
0.007 (0.006-0.008)
0.003 (0.003-0.004)
0.015 (0.013-0.017)
0.005 (0.004-0.006)
0.828 (0.591-1.099)

0.177 (0.002-0.703)
0.044 (0.039-0.052)
0.023 (0.020-0.026)
0.043 (0.035-0.050)
0.043 (0.037-0.049)
0.033 (0.028-0.038)
0.017 (0.015-0.019)
0.097 (0.080-0.119)
0.040 (0.037-0.044)
0.407 (0.132-0.859)

0.110 (0.005-0.372)
0.207 (0.140-0.286)
0.062 (0.052-0.075)
0.392 (0.189-0.723)
0.081 (0.065-0.122)
0.040 (0.034-0.047)
0.035 (0.030-0.048)
0.040 (0.031-0.048)
0.026 (0.021-0.032)
0.280 (0.140-0.477)

0.110 (0.005-0.372)
0.077 (0.056-0.100)
0.148 (0.087-0.273)
0.017 (0.013-0.022)
0.015 (0.012-0.022)
0.027 (0.023-0.035)
0.053 (0.036-0.090)
0.060 (0.047-0.072)
0.014 (0.011-0.017)
0.050 (0.038-0.070)

9.2 Calibration to HIV prevalence and ART data

9.2.1 Eastern Cape calibration

Figure 9.3 shows the comparison of the Eastern Cape provincial model to the HIV prevalence

data from the antenatal surveys. The model does not fit the age-specific HIV prevalence data

well, especially in the 1990s, when the model tends to estimate a higher HIV prevalence in
pregnant women than the survey data suggest. (This is probably because the model is ‘forced’

to estimate a higher HIV prevalence in the 1990s in order to match the rising levels of mortality

observed in the late 1990s.) In addition the model under-estimates HIV prevalence in the two
most recent surveys (2017 and 2019).
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Figure 9.3: HIV prevalence levels in pregnant women attending public antenatal clinics in

Eastern Cape
Solid lines represent posterior means. Dots represent antenatal survey estimates.

Figure 9.4 shows the comparison of the HIV prevalence data from the household surveys to
the Eastern Cape model. The model is generally consistent with the surveys, except in the case
of the 2017 survey (and more specifically youth in the 2017 survey), where the model under-
estimates HIV prevalence.
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Figure 9.4: HIV prevalence in the general adult population of the Eastern Cape
Solid lines represent posterior means and dashed lines represent 95% confidence intervals. Dots represent
calibration data (the 2003 youth survey data point was not used in calibration).

Figure 9.5 shows the Eastern Cape model fit to ART coverage data. The model matches the
total number of ART patients quite well in the period after 2010, but is slightly lower in the
period before 2010 (panel d), because the reported numbers in the period before 2010 reflect
cumulative enrolment rather than current enrolment. The model matches the 2012 HSRC
survey estimates of ART coverage, but under-estimates the ART coverage in the 2017 HSRC
survey (panels a and b). It is worth noting that it would not be possible to improve the fit to the
2017 data points without either (a) reducing HIV prevalence (which would give a worse fit to
the data in Figure 9.4) or (b) increasing numbers of adults on ART (which would give a worse
fit to the data in panel d). Available data on the proportion of adult ART patients who are male
are quite inconsistent in 2012 and over 2015-2021, but the model fits the more recent data well
(panel c). Finally the model does not fit the age distributions of ART patients well (panels e
and f). In particular the modelled age distribution in women is too old, while the model under-
estimates the numbers of older men on ART.

68



(a) ART coverage in men (b) ART coverage in women

100% 100%
90% - 90%
80% - 80% A

70% -+
60% -
50% -
40%
30% A
20% o
10% A
0%

70% A
60% -
50% -
40%
30% A
20% A
10% A
0%

OHNM‘V‘LHKDI\OOU\OHNMV‘LH‘&DI\OOG} OHNM‘#‘U’)‘\DI\DOGXOHNM#‘U‘A‘\DI\OOCD
O O O 0O 0 00 00 O o ™o ™o o o o o3 oA oA o O O © O O 0 0 0 0 OO0 d ™o ™o o A o A o o o
O O O O O O O O O O 0O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O
N N N N N AN AN AN NN N NN NN NN NN N N N N N NN AN NN N NN AN AN N NN
(c) % of adult ART patients who are male (d) Total ART patients
60% 700 000
50% - 600 000
500000
40% - %
400 000 -
30%
w 300 000 -
20%
200000 -
0, 4
10% 100000 -
0% +—————————T——T T T 0 b—eesoweer—
w OV NNV DN O H N M T N O N 0 O O O d N MM S W0 WONONWONDO = NMST W OIMNOWO.DO A N
O O O © O H4 «H = «=H @4 «=E «Hd =2 = = o o O 0O 0O 0000000 d ™d ™ ™o ™o ™ = = = 4 N N
S R 8 R RIRIRIRELI/IRSI/RSA SRRRIRRIRIRIR|RIKRRIK/RKRRIRRERR
(e) Age distribution of ART patients in 2015 (f) Age distribution of ART patients in 2021
0.25 0.25
0.20 020 1
0.15 - 0.15 -
0.10 - 0.10 1
0.05 - 0.05 1
0.00 0.00
15-19 20-24 25-29 30-34 35-39 40-44 45-49 50-54 55-59 60+ 15-19 20-24 25-29 30-34 35-39 40-44 45-49 50-54 55-59 60+
Model males ® Data males Model females ® Data females

Figure 9.5: Adult ART calibration in the Eastern Cape
Solid lines represent posterior means and dashed lines represent 95% confidence intervals. Dots represent
calibration data.

Figure 9.6 shows the model calibration to the recorded death data. Model estimates of mortality
are roughly consistent with recorded levels, although the modelled male mortality estimates
appear slightly too high in the late 1990s.
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Figure 9.6: Deaths due to all causes in adults aged 20-59, Eastern Cape
Recorded deaths have been adjusted to reflect incomplete reporting, as described in section 8.1.6. Solid lines
represent posterior means.

Figure 9.7 shows the model fit to the paediatric data sources. The model is consistent with
recent paediatric ART data (panel a), but the model tends to under-estimate the reported totals
in the period before 2010 (as in adults, this is largely because the reported totals before 2010
reflected cumulative enrolment). The model estimates of HIV prevalence in children are also
consistent with household survey estimates of HIV prevalence (panel b) and the modelled age
distribution of children on ART is consistent with programme data (panel c).

70



25000

20000 -

15000

10000

5000 A

70%

60% A

50% A

40% -

30% A

20% A

10%

0%

Figure 9.7:

(a) Children on ART

(b) HIV prevalence in children

6%

5% -

4%

3% A

2% A

1%

o
o
T T T 0%
O N OO T W OMNMNVDHDO =T ANMT NN OV O = N o N < o 2] o N < o [e9) o o~ < o ]
O OO0 0000 00 O o o ef e oo N AN D (o)} f=2} (=) D o o o o o b= L=l il b= —
O 0O 0O 0000000000000 00000 OO o a ) (= a (= o o o o o o o o o o
NN AN SNSNSNSSSSS - 4 +4 +H4 4 & N N N N & N ] 8 N

(c) Age distribution of children on ART
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Paediatric calibration in the Eastern Cape

Solid lines represent posterior means and dashed lines represent 95% confidence intervals. Dots represent
calibration data.

9.2.2 Free State calibration

Figure 9.8 shows the model fit to the antenatal prevalence data from Free State. The model fits
the survey data well, although the model tends to over-estimate prevalence in the early 1990s.
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Figure 9.8: HIV prevalence levels in pregnant women attending public antenatal clinics in Free

State

Solid lines represent posterior means. Dots represent antenatal survey estimates.

Figure 9.9 shows the model fit to the household survey prevalence data. On the whole the
model fits the data well, although in 2017 the model under-estimates the survey prevalence at
ages 25 and older (panel c), and in 2008 and 2012 the model over-estimates the survey
prevalence in the 15-24 age group (panel b).
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Figure 9.9: HIV prevalence in the general adult population of Free State
Solid lines represent posterior means and dashed lines represent 95% confidence intervals. Dots represent
calibration data (the 2003 youth survey data point was not used in calibration).

Figure 9.10 shows the model fit to the adult ART data. The model appears to be fairly consistent
with both the programme data and the HSRC household survey data. However the modelled
age distribution of patients on ART is not quite consistent with the programme data: the model
over-estimates the proportion on male ART patients who are aged 35-39, while under-
estimating the proportion of female ART patients who are aged 20-24.
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Figure 9.10: Adult ART calibration in Free State
Solid lines represent posterior means and dashed lines represent 95% confidence intervals. Dots represent
calibration data.

® Data females

Figure 9.11 shows that the model fits the recorded death data reasonably well, although the
model slightly over-estimates the number of male deaths in the period 1997-2007.
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Figure 9.11: Deaths due to all causes in adults aged 20-59, Free State
Recorded deaths have been adjusted to reflect incomplete reporting, as described in section 8.1.6. Solid lines
represent posterior means.

Figure 9.12 shows the model calibration to Free State paediatric data. The model matches most
of the paediatric ART data, although there appear to be problems with the quality of the data
over the 2010-2013 period (panel a). Survey estimates of HIV prevalence in children have
extremely wide confidence intervals around them; nevertheless, the model appears to over-
estimate HIV prevalence in 2012 (panel b). The modelled age distribution of children on ART
is reasonably consistent with programme data (panel c).
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(c) Age distribution of children on ART
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Figure 9.12: Paediatric calibration in Free State
Solid lines represent posterior means and dashed lines in panel b represent 95% confidence intervals. Dots
represent calibration data.

9.2.3 Gauteng calibration

Figure 9.13 shows the model fit to the antenatal prevalence data from Gauteng. Although the
model fits the overall survey data reasonably well, the model tends to under-estimate HIV
prevalence in the 25-34 age group over the 2000-2006 period. The model also tends to over-
estimate HIV prevalence in the early 1990s, although these data are not used in calibration.
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Figure 9.13: HIV prevalence levels in pregnant women attending public antenatal clinics in
Gauteng

Solid lines represent posterior means. Dots represent antenatal survey estimates.

Figure 9.14 shows the model fit to the household survey HIV prevalence data. In general, the
model fits the data reasonably well, although the DHS prevalence estimate in 2016 is
significantly higher than the model estimate (particularly in the 25+ age group).
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Figure 9.14: HIV prevalence in the general adult population of Gauteng
Solid lines represent posterior means and dashed lines represent 95% confidence intervals. Dots represent
calibration data (the 2003 youth survey data point was not used in calibration).

Figure 9.15 shows the model fit to Gauteng ART data. Overall there is good consistency
between the model estimates and the survey data and the ART programme data.
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Figure 9.15: Adult ART calibration in Gauteng
Solid lines represent posterior means and dashed lines represent 95% confidence intervals. Dots represent
calibration data.

15-19 20-24 25-29 30-34 35-39 40-44 45-49 50-54 55-59 60+

Model females ® Data females

Figure 9.16 shows the model fit to the recorded death data. Although the model is roughly
consistent with the data, the data suggest a slightly lighter mortality peak (around 2007-8) than
the model does (around 2005-6).
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Figure 9.16: Deaths due to all causes in adults aged 20-59, Gauteng
Recorded deaths have been adjusted to reflect incomplete reporting, as described in section 8.1.6. Solid lines
represent posterior means.

Figure 9.17 shows the model fit to the paediatric data sources. The fit to the paediatric ART
data in this province is generally poor, in part because of the noise in the data; the model falls
below the reported numbers in 2010-2011, but above the reported number in 2016-2017 (panel
a). Although the model estimates of HIV prevalence in children are within the 95% confidence
intervals around the survey estimates, the confidence intervals are generally very wide. The
modelled age distribution of children on ART is not very consistent with the data: the model
tends to over-estimate the fraction aged 5-9 while under-estimating the fraction aged 10-14.
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Figure 9.17: Paediatric calibration in Gauteng
Solid lines represent posterior means and dashed lines in panel b represent 95% confidence intervals. Dots
represent calibration data.

9.2.4 KwaZulu-Natal calibration
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Figure 9.18 shows the model fit to the antenatal prevalence data from KwaZulu-Natal.
Although the model fits the data acceptably in most years, the model does not match the high
HIV prevalence levels observed in 2014 and 2015, and also under-estimates the HIV
prevalence in the most recent survey (2019).
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Figure 9.18: HIV prevalence levels in pregnant women attending public antenatal clinics in

KwaZulu-Natal
Solid lines represent posterior means. Dots represent antenatal survey estimates.

Figure 9.19 shows the model fit to the HIV prevalence data from household surveys. Overall
the model is reasonably consistent with the household survey data.
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Figure 9.19: HIV prevalence in the general adult population of KwaZulu-Natal
Solid lines represent posterior means and dashed lines represent 95% confidence intervals. Dots represent
calibration data (the 2003 youth survey data point was not used in calibration).

Figure 9.20 shows the model fit to the adult ART data. The model fits the reported ART totals
reasonably well in the period from 2012 onward (panel d), but the model estimates of ART
numbers in the period before 2012 are mostly below the reported numbers, reflecting the
previous reporting of cumulative ART enrolment and a slow transition to reporting current
ART enrolment over the 2009-2011 period. Estimates of ART coverage in 2012 and 2017 are
roughly consistent with the results from the household surveys. The modelled age distributions
of ART patients are also reasonably consistent with the routine data (panels e and f)
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Figure 9.20: Adult ART calibration in KwaZulu-Natal
Solid lines represent posterior means and dashed lines represent 95% confidence intervals. Dots represent
calibration data.

Figure 9.21 shows the model provides a good fit to the recorded death data, although the model
slightly over-estimates mortality in women in 2005 and 2006.
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Figure 9.21: Deaths due to all causes in adults aged 20-59, KwaZulu-Natal
Recorded deaths have been adjusted to reflect incomplete reporting, as described in section 8.1.6. Solid lines
represent posterior means.

Figure 9.22 shows the model fit to the paediatric data. The model fits the recorded ART
numbers reasonably well in the period from 2014 onward, but the model consistently under-
estimates the reported numbers in the period before 2013 (panel a), for the same reasons as in
adults. Although the model is not consistent with the exceptionally high HIV prevalence
measured in the 2005 survey, it is roughly consistent with the three most recent surveys (panel
b). The modelled age distribution of children on ART is also roughly consistent with the data
(panel c).
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(c) Age distribution of children on ART
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Figure 9.22: Paediatric calibration in KwaZulu-Natal
Solid lines represent posterior means and dashed lines in panel b represent 95% confidence intervals. Dots
represent calibration data.

9.2.5 Limpopo calibration

Figure 9.23 shows the model fit to the antenatal prevalence data from Limpopo. The model fits
the data reasonably well, although the model over-estimates HIV prevalence in the 35-39 age

group.
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Figure 9.23: HIV prevalence levels in pregnant women attending public antenatal clinics in
Limpopo
Solid lines represent posterior means. Dots represent antenatal survey estimates.

Figure 9.24 shows the model fit to the household survey HIV prevalence data. The model
produces a substantially higher estimate of HIV prevalence in 2016 than was measured in the
2016 DHS, especially among youth, but the model estimates are consistent with the data from
the other household surveys.
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Figure 9.24: HIV prevalence in the general adult population of Limpopo
Solid lines represent posterior means and dashed lines represent 95% confidence intervals. Dots represent
calibration data (the 2003 youth survey data point was not used in calibration).

Figure 9.25 shows the model fit to the adult ART data. The model is reasonably consistent with
the reported ART totals (panel d). However, the model estimate of ART coverage in women is
somewhat higher than that measured in the 2012 HSRC survey but lower than that measured
in the 2017 survey (panel b). The model does not match the age distribution of adult ART
patients (panels e and f): as in the Eastern Cape, the model under-estimates the proportion of
female ART patients in the 20-29 age group, and over-estimates the proportion of male ART
patients in the older age groups.
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Figure 9.25: Adult ART calibration in Limpopo
Solid lines represent posterior means and dashed lines represent 95% confidence intervals. Dots represent
calibration data.
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Figure 9.26 shows that the model does not match the adult mortality data well, especially in
men. The data suggest a steeper decline in adult male mortality than is estimated by the model.
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Figure 9.26: Deaths due to all causes in adults aged 20-59, Limpopo
Recorded deaths have been adjusted to reflect incomplete reporting, as described in section 8.1.6. Solid lines
represent posterior means.

Figure 9.27 shows the model fit to the Limpopo paediatric data. Although the model is roughly
consistent with the paediatric ART data from 2014 onward, model estimates of numbers of
children on ART before 2010 are substantially lower than the programme data before 2010
(panel a). Some of this can be explained by programme data reflecting cumulative rather than
current enrolment, but it may also reflect unrealistic model assumptions, and further work is
required to improve the calibration procedure. The model estimates of HIV prevalence in
children are consistent with the three most recent surveys, but are significantly lower than the
prevalence measured in the 2005 HSRC survey (panel b). The modelled age distribution of
children on ART is reasonably consistent with the programme data (panel c).
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Figure 9.27: Paediatric calibration in Limpopo
Solid lines represent posterior means and dashed lines in panel b represent 95% confidence intervals. Dots
represent calibration data.

9.2.6 Mpumalanga calibration

Figure 9.28 shows the model fit to the antenatal prevalence data from Mpumalanga. The model
appears to fit the data reasonably well.

91



(a) 15-49 (b) 15-19

70% 70%

60% - 60% -

50% - 50% -

40% - 40% -

30% - 30% - %

20% - 20% - §§

10% - 10% - ee%e

0% 0@ % -
O N & VW W O N & O W O N < O o O N & O 0 O &N & VU 0 O N <& VU ®
a OO O O O O O O O O = «=H = o o A O O O OO0 O O O O O ™=@ ™= ™= «o -
a O O O O O O O O O O O O o o oo OO O O O O O O O O O O O o o
™~ = - = = AN AN AN &N N N N N N ™ = = = = N N N N N N N N N

(c) 20-24 (d) 25-29

70% 70%

60% - 60% -

50% - 50% -

40% - 40% - %

30% - %%*% 30% -

20% - 20% -

10% - 10% -

Oﬂn rr 1111 r1rrrrrrTrrrrrrrrrrr1r 11171 0% LI B BN I R N B NN N I N BN N N I NN BN BN N NN NN B BN L I B B B |
O N & VW 0 O &N & O 0 O N < O o O N & W 0 O &N & VW X O N < W o
a o O O 0O O O O O O dA «HF «HF «F - a O O O OO O O O O O « «H «H oI «
T2 3 23R RIS RILR LR 232222 RRRRIRLILLRR

(e) 30-34 (f) 35-39

70% 70%

60% - 60% -

50% - 50% - %

40% - % %40%—

30% - 30% -

20% - 20% - %%

10% - 10% -

0% % A —° -
O N & O 0 O N & VU 0 O N <& VU O N & O 0 O N & VU 0 O N <& VU ®
D O OO OO O O O O O O «wW o «oH o o QO O O OO OO O O O O O «wW «H o o o
ao o O O 00O O O O O O O o o o o oo OO O O OO O O O O O O O O o o
™ = = = = AN AN N N N N N N N ™ = = = = N AN N N N N N N N

Figure 9.28: HIV prevalence levels in pregnant women attending public antenatal clinics in

Mpumalanga
Solid lines represent posterior means. Dots represent antenatal survey estimates.

Figure 9.29 shows the model fit to the Mpumalanga adult HIV prevalence data from household
surveys. The model is reasonably consistent with the surveys.
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Figure 9.29: HIV prevalence in the general adult population of Mpumalanga
Solid lines represent posterior means and dashed lines represent 95% confidence intervals. Dots represent
calibration data (the 2003 youth survey data point was not used in calibration).

Figure 9.30 shows the model fit to the adult ART data. The model is roughly consistent with
the programme data, although the model slightly under-estimates the ART numbers in the most
recent year (panel d). As in the Eastern Cape, the programme data suggest a substantial
reduction in the proportion of adult ART patients who are male between 2012 and 2015-2021,
and the model fits the latter set of data points reasonably well (panel c). Survey estimates of
ART coverage in men are consistent with the model (panel a), and the modelled age distribution
of ART patients is reasonably consistent with programme data (panels e and f).
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Figure 9.30: Adult ART calibration in Mpumalanga
Solid lines represent posterior means and dashed lines represent 95% confidence intervals. Dots represent
calibration data.
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Figure 9.31 shows that the model matches the vital registration data well.
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Figure 9.31: Deaths due to all causes in adults aged 20-59, Mpumalanga
Recorded deaths have been adjusted to reflect incomplete reporting, as described in section 8.1.6. Solid lines
represent posterior means.

Figure 9.32 shows the model calibration to the paediatric data. The model estimates of numbers
of children on ART in recent years are roughly consistent with the programme data, although
there appears to be some noise in the data (panel a). In the period before 2010, the model
appears to under-estimate the reported ART totals, again because the latter reflect cumulative
ART enrolment. Model estimates of HIV prevalence in children differ substantially from the
household survey data (panel b). However, it is difficult to discern a consistent pattern of
discrepancy; while the model estimates of HIV prevalence in 2005 and 2017 are substantially
lower than the corresponding survey estimates, the model estimate of HIV prevalence in 2012
is substantially higher than the survey estimate. The modelled age distribution of children on
ART is consistent with programme data (panel c).

95



(a) Children on ART (b) Paediatric HIV prevalence

25000 10%
9% A

20000 - 8% A
7% A
6% A

5%

15000
10000 A 4% -
3% A
5000 - 2%
1% A
0%

2000
1990
1992
1994
1996
1998
2000
2004
2006
2008

2002
2010
2012
2014
2016
2018

(c) Age distribution of children on ART

70%

60% - 0-4years =---05-9years 10-14 years
50% -

40% -

2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019

Figure 9.32: Paediatric calibration in Mpumalanga
Solid lines represent posterior means and dashed lines in panel b represent 95% confidence intervals. Dots
represent calibration data.

9.2.7 Northern Cape calibration

Figure 9.33 shows the model fit to the antenatal prevalence data from Northern Cape. The
model fits the data reasonably closely in the younger age groups, but in the period after 2010
the model over-estimates HIV prevalence in the 30-39 age group. The small size of the
Northern Cape population means that confidence intervals around the survey estimates are
generally wide.

Figure 9.34 shows the model fit to the HIV prevalence data from household surveys. Although
the model is consistent with the most recent survey in 2017, the model tends to over-estimate
HIV prevalence when compared against earlier surveys, which suggests that estimates of HIV
prevalence may be too high (especially in the age group 25 and older). However, reducing the
model estimate of HIV prevalence would have the effect of increasing the estimated ART
coverage, which would lead to worse fits to the data in Figure 9.29.

Figure 9.35 shows the model fit to the adult ART data. The model appears roughly consistent
with the recorded treatment totals, although the model appears to under-estimate the numbers
of ART patients over the 2014-2018 period. The model estimates of ART coverage in males
are higher than those measured in the surveys, especially in 2017 (panel a).
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Figure 9.33: HIV prevalence levels in pregnant women

Northern Cape
Solid lines represent posterior means. Dots represent antenatal survey estimates.
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Figure 9.34: HIV prevalence in the general adult population of Northern Cape
Solid lines represent posterior means and dashed lines represent 95% confidence intervals. Dots represent
calibration data (the 2003 youth survey data point was not used in calibration).
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Solid lines represent posterior means and dashed lines represent 95% confidence intervals. Dots represent
calibration data.

Figure 9.36 shows the model fit to the recorded death data. Although the model is generally
consistent with the female data, model estimates for men appear too low in the 2006-2016
period.
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Figure 9.36: Deaths due to all causes in adults aged 20-59, Northern Cape
Recorded deaths have been adjusted to reflect incomplete reporting, as described in section 8.1.6. Solid lines
represent posterior means.

Figure 9.37 shows the model fit to the paediatric data sources. The model estimates of numbers
of children on ART are roughly consistent with the programme data in recent years (panel a),
although it should be noted that the programme data have been adjusted to correct for the mis-
reporting of adults on ART in Kimberley Hospital as the numbers of children on ART, and
vice versa (Jeffrey Eaton, personal communication). The quality of reporting in earlier years is
clearly also a concern. The model estimates of HIV prevalence in children appear reasonably
consistent with the survey data (panel b). The modelled age distribution of children on ART is
slightly inconsistent with the data: the model over-estimates the proportion in the 5-9 age group
but under-estimates the proportion in the 10-14 age group.
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represent calibration data.

9.2.8 North West calibration

Figure 9.38 shows the model fit to the antenatal prevalence data from North West. The overall
model fit to the data is reasonable, although the model slightly over-estimates HIV prevalence
in recent years among women aged 30-39. The early antenatal surveys contain a number of
outlier prevalence measurements, although it is only the outlier in 1996 that affects the model
calibration, since the pre-1994 data are not age-disaggregated and have therefore not been used

in the model calibration.
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North West
Solid lines represent posterior means. Dots represent antenatal survey estimates.

: HIV prevalence levels in pregnant women

attending public antenatal clinics in

Figure 9.39 shows the model fit to the HIV prevalence data from household surveys. The model
appears consistent with the data, although the model estimates of HIV prevalence appear a bit
low when compared against the two most recent surveys, especially in the 25+ age group.
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Figure 9.39: HIV prevalence in the general adult population of North West
Solid lines represent posterior means and dashed lines represent 95% confidence intervals. Dots represent
calibration data (the 2003 youth survey data point was not used in calibration).

Figure 9.40 shows the model fit to the adult ART data. The model appears roughly consistent
with the recorded ART numbers in the period after 2015 (panel d). However, there is poor
consistency with the data in the earlier periods, as North West transitioned to reporting current
enrolment later than the other provinces, and the reported numbers before 2015 mostly reflect
cumulative enrolment (i.e. we would expect these to exceed the model numbers of current
enrolment). Model estimates of ART coverage are also consistently lower than survey
estimates (panels a and b). However, improving the model fits to these coverage data would
only be possible if we either (a) increased the numbers of adults on ART (which would give a
worse fit to the data in panel d) or (b) reduced the model estimates of adult HIV prevalence
(which would give worse fit to the HIV prevalence data in recent years in Figure 9.39). The
modelled age distribution of female ART patients is roughly consistent with the programme
data in 2021 but not in 2015. The modelled age distribution in men does not match the data
well: the model estimates too many men on ART in the 35-39 age range and not enough men
on ART at ages 50 and older.
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Figure 9.40: Adult ART calibration in North West
Solid lines represent posterior means and dashed lines represent 95% confidence intervals. Dots represent

calibration data.
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Figure 9.41 compares the model estimates of adult mortality with the vital registration data.
The model matches the vital registration data reasonably well.
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Figure 9.41: Deaths due to all causes in adults aged 20-59, North West
Recorded deaths have been adjusted to reflect incomplete reporting, as described in section 8.1.6. Solid lines

represent posterior means.

Figure 9.42 shows the model fit to the paediatric data. The fit to the programme data is
generally poor (panel a). In the period before 2012, the model estimates are mostly below the
reported numbers, for the same reason as in adults. However, the model estimates are roughly
consistent with the data in the most recent years (note that the data over the 2015-18 period
have been corrected, to adjust for an error in one district, which included vertically infected
youth over age 14 in the paediatric totals). Model estimates of HIV prevalence in children are
consistent with the survey data (panel b). The model estimates of the age distribution of
children on ART are also consistent with programme data, although the model slightly over-
estimates the proportion of children aged 5-9 in recent years (panel c).
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Figure 9.42: Paediatric calibration in North West
Solid lines represent posterior means and dashed lines in panel b represent 95% confidence intervals. Dots

represent calibration data.

9.2.9 Western Cape calibration
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Figure 9.43 shows the model fit to the antenatal prevalence data from Western Cape. The model

fits the data reasonably closely.
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Figure 9.43: HIV prevalence levels in pregnant women attending public antenatal clinics in

Western Cape
Solid lines represent posterior means. Dots represent antenatal survey estimates.

Figure 9.44 compares the model estimates of HIV prevalence in the general population with
the data from the household surveys. On the whole, the model fit to the data is poor; the data
suggest a much steeper increase in HIV prevalence over the 2005-2017 period than the model
estimates. However, changing the model to give a steeper increase in prevalence would lead to
model estimates of HIV prevalence in pregnant women much less consistent with the data from
the antenatal surveys (Figure 9.35).
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HIV prevalence in the general adult population of the Western Cape

Solid lines represent posterior means and dashed lines represent 95% confidence intervals. Dots represent
calibration data (the 2003 youth survey data point was not used in calibration).

Figure 9.45 shows the model fit to the adult ART data. The model fit to the ART programme
data is good (panel d). Unlike the other provinces, Western Cape has always reported current
enrolment, not cumulative enrolment, so we would expect to see consistency between the
reported totals and the modelled totals in the period before 2010. The Western Cape also differs
from the other provinces in having more data on the proportion of adult ART patients who are
male, and the model appears quite consistent with these data (panel ¢). When compared against
the survey estimates, model estimates of ART coverage appear slightly too low in 2017. The
modelled age distribution of adults on ART is reasonably consistent with programme data
(panels e and f).
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Figure 9.45: Adult ART calibration in Western Cape
Solid lines represent posterior means and dashed lines represent 95% confidence intervals. Dots represent
calibration data.

Figure 9.46 shows the model fit to the vital registration data. Although the model matches the

female trends reasonably well, estimates of mortality in men tend to be lower than reported in
the period after 2005.
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Figure 9.46: Deaths due to all causes in adults aged 20-59, Western Cape
Recorded deaths have been adjusted to reflect incomplete reporting, as described in section 8.1.6. Solid lines
represent posterior means.

Figure 9.47 shows the model calibration to the paediatric HIV data sources. The model
estimates of paediatric ART enrolment are slightly lower than recorded numbers over the 2010-
2013 period, but are otherwise roughly consistent with the reported data (panel a). Model
estimates of HIV prevalence in children are consistent with most of the household survey data,
but appear too low when compared against the 2017 survey result, which is a clear outlier
(panel b). The modelled age distribution of children on ART is very inconsistent with the
programme data, with the model substantially over-estimating the proportions of children aged
5-9 and under-estimating the proportions aged 10-14 (panel c)

109



(a) Children on ART (b) Paediatric HIV prevalence

5%

4% A

3% [ ]

2% A

1% A ———

1990
1992
1994
1996
1998
2000
2002
2004
2006
2008
2010

(d) Age distribution of children on ART

0-4 years - ---5-9years 10-14 years
50% -
40% A
30%

20%

10% A

0%

2005
2006<
2007
2008<
2009<

1

1

1

1

1

1

1

1

1

1

Figure 9.47: Paediatric calibration in Western Cape
Solid lines represent posterior means and dashed lines in panel b represent 95% confidence intervals. Dots
represent calibration data.

9.3 HIV incidence outputs

Figure 9.48(a) compares HIV incidence trends by province, in the 15-49 year age group. In all
provinces, HIV incidence peaked between 1998 and 2004 (with later peaks in Limpopo,
Western Cape and Eastern Cape) and has been steadily declining since then. However,
provinces differ in the pace of the HIV incidence decline. The percentage reduction in HIV
incidence between the start of 2000 and the start of 2020 is greatest in KwaZulu-Natal (77%)
and Free State (74%), but is relatively modest in the Western Cape (33%), Limpopo (44%) and
Northern Cape (47%). Similar rankings are observed when considering the HIV incidence
decline over the period from the start of 2010 to the start of 2020, with incidence declines being
lowest in Western Cape (33%) Northern Cape (39%) and Limpopo (43%) and greatest in
KwaZulu-Natal (66%), Free State (62%) and Mpumalanga (61%). Figure 9.48(b) compares
the HIV incidence rates in 2020-21 across provinces: incidence rates are highest in Eastern
Cape (1.09%, 95% CI: 1.00-1.22%), and lowest in Western Cape (0.51%, 95% CI. 0.47-0.57%)
and Gauteng (0.53%, 95% CI: 0.47-0.64%). These incidence estimates should be interpreted
with caution, as we do not have any HIV prevalence data after 2019, and estimates of HIV
incidence over the 2020-21 period are therefore projections of past trends.
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Figure 9.48: HIV incidence among adults aged 15-49

Solid lines in panel (a) and bars in panel (b) represent posterior means. Error bars in panel (b) represent 95%
confidence intervals (2.5 and 97.5 percentiles of the posterior distributions).

9.4 HIV prevalence outputs

Figure 9.49 compares HIV prevalence trends by province. In all provinces, the prevalence has
been steadily increasing over time, although in some provinces prevalence appears to have
peaked (KwaZulu-Natal, Mpumalanga, Free State, North West and Gauteng). Prevalence in
the 15-49 age group appears to be increasing more rapidly in the Western Cape, Eastern Cape,
Northern Cape and Limpopo than the other provinces. Prevalence has consistently been highest
in KwaZulu-Natal and Mpumalanga, followed by Free State and Eastern Cape in recent years.
In 2021, HIV prevalence among 15-49 year olds varied between 12.4% (95% CI: 11.8-13.2%)
in Western Cape and 26.1% (95% CI: 25.4-26.8%) in KwaZulu-Natal.

(a) HIV prevalence trends (b) HIV prevalence in 2021
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Figure 9.49: HIV prevalence in 15-49 age group, by province
Solid lines represent posterior means.

9.5 AIDS mortality outputs

Figure 9.50 shows crude AIDS mortality rates by province (total AIDS deaths in each year per
100 000 population each year). Although AIDS mortality rates have historically been highest
in KwaZulu-Natal and Free State, these provinces have also seen the steepest decline in AIDS
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mortality since 2005 (panel a), due to the particularly rapid rollout of ART in these provinces.
In 2020-21, AIDS mortality rates were highest in North West and Eastern Cape, and AIDS
mortality rates were lowest in Western Cape (panel b). However, as the model has not been
calibrated to mortality data in the post-2016 period, these estimates should be treated with
caution.
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Figure 9.50: Crude AIDS mortality rates (AIDS deaths per 100 000 population)
Solid lines in panel (a) and bars in panel (b) represent posterior means. Error bars in panel (b) represent 95%
confidence intervals (2.5 and 97.5 percentiles of the posterior distributions).

9.6 Intervention coverage

Figure 9.51 shows the trends in levels of ART coverage by province. Levels of ART coverage
have been heterogeneous between provinces over time. The public sector ART programme in
the Western Cape started slightly earlier than that in other provinces, and as a result, ART
coverage was generally higher than that in other provinces prior to 2012. However, in the last
decade, rates of ART initiation have picked up substantially in KwaZulu-Natal, with the result
that ART coverage in 2021 is highest in this province. ART coverage in 2021 varied between
54% in Western Cape and 75% in KwaZulu-Natal. In several provinces ART coverage dropped
in 2021 due to the impact of COVID-19.
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Figure 9.51: Fraction of HIV-positive individuals on ART
Lines represent posterior averages. ART coverage is defined on the assumption that all HIV-positive individuals
are eligible for ART.
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Figure 9.52 shows progress towards the 95-95-95 targets in 2021. Levels of HIV diagnosis are
similarly high across provinces, at around 93%, with only KwaZulu-Natal having reached the
95% target. There is greater variation in the fraction of diagnosed adults who are on ART,
ranging from 59% in Western Cape to 79% in KwaZulu-Natal; none of the provinces is close
to the 95% target. Rates of viral suppression (<1000 RNA copies/ml) also vary between
provinces, from levels of 87% in Limpopo and Eastern Cape to 94% in Western Cape. The
target for all three indicators (for 2025) is 95% [5], and there is thus substantial scope for
improvement, particularly on the second indicator. Combining all three targets implies a target
of 86% of all HIV-positive individuals on ART and virally suppressed by 2020. Figure 9.52(d)
shows that all provinces fall short of this combined target, with the net viral suppression rate
varying from 50% in Western Cape to 70% in KwaZulu-Natal.
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Figure 9.52: Progress towards the UNAIDS 95-95-95 targets in 2021
Bars represent posterior averages. Dashed lines represent UNAIDS targets for 2025.

Figure 9.53 shows the change over time in the proportion of men who are circumcised. In
general there has been little change in the fraction circumcised over the 2003-2011 period, with
increases only becoming noticeable in 2012-2021. These increases have been most substantial
in KwaZulu-Natal, Free State and Mpumalanga. Increases have been small in Western Cape,
and modest in the Eastern Cape and Northern Cape. Overall levels of circumcision remain
highest in Limpopo.
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(a) Male circumcision trends (b) % of men circumcised in 2021
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Figure 9.53: Proportion of men aged 15-49 who are circumcised
Lines represent posterior averages.

9.7 Comparison with previous Thembisa estimates

Figure 9.54 compares key indicators from the previous Thembisa provincial modelling report
(version 4.4) to the results from the updated analysis (version 4.5), as presented in this report.
For the sake of comparison, we have focused on estimates in 2020 (or the 2019-20 projection
year), to limit the potential effect of new programme data that were not available at the time of
the previous round of estimates. Estimates of adult HIV incidence in adults (15-49) are mostly
not significantly different from those estimated previously, although in most provinces (with
the exception of Gauteng and Western Cape), version 4.5 gives slightly higher estimates of
HIV incidence than version 4.4. Consistent with this, the new estimates of HIV prevalence in
the 15-49 age group are mostly higher than in version 4.4 (panel b). It is worth noting that
version 4.4 prevalence estimates were mostly lower than in version 4.3, and thus the new model
estimates (version 4.5) are more in line with version 4.3. Thembisa 4.5 estimates of HIV
prevalence in children are mostly similar to those in Thembisa 4.4 except in Free State (where
it is again worth noting that the new estimates are more in line with version 4.3) and Limpopo
(where the new model estimates are significantly lower than those in version 4.4).

The new model estimates levels of ART coverage in 2020 tend to be close to those estimated
by the previous model in most provinces (panel d). There is also similarity between versions
4.4 and 4.5 when ART coverage estimates are disaggregated by sex (panels e and f). In most
provinces, estimates of the ART coverage in children are slightly higher than those estimated
previously (panel g), except in the case of Free State (due to the increase in paediatric
prevalence shown in panel c). Finally, estimates of viral suppression are consistently lower
than those estimated previously (panel h), which is probably because we have assumed a slower
rollout of dolutegravir, and also because the changes to the modelling of ART initiation after
re-diagnosis mean that relatively more ART patients start ART at low CD4 counts (when there
is a lower chance of virological suppression being achieved).
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(a) HIV incidence, ages 15-49, 2019-20 (b) HIV prevalence, ages 15-49, 2020
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Figure 9.54: Comparison of key epidemic indicators in most recent (version 4.5) and previous
(version 4.4) Thembisa models
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10. Discussion and conclusions

10.1 Key findings

As in previous versions of Thembisa, we find that most provinces have made good progress
towards the first 95% target and the third 95% target, but there is a persistent problem with
reaching the second 95% target. No province has come close to the target of 95% of all HIV-
diagnosed individuals on ART by 2025, although KwaZulu-Natal and Free State have made
reasonable progress, with 79% and 78% of HIV-diagnosed patients on ART, respectively.
Western Cape and Limpopo appear to be the poorest performing provinces, in terms of the 95-
95-95 targets. It should be noted that since the HIV epidemic in Western Cape and Limpopo
emerged later than in the other provinces, a lower ART coverage is to be expected (because
there are relatively more HIV-infected individuals in the early stages of HIV disease). In many
provinces ART coverage is estimated to have declined over the 2020-2021 period, as a result
of COVID-19.

There have been substantial increases in the prevalence of male circumcision in recent years,
especially in KwaZulu-Natal, Mpumalanga and Free State. However, there has been virtually
no change in male circumcision prevalence in the Western Cape, and growth in male
circumcision coverage in Northern Cape and Eastern Cape has been modest. The Eastern Cape,
Western Cape and Northern Cape appear to have the lowest levels of condom use in the
country, while rates of condom use have generally been highest in Gauteng. The model
estimates that over the 2000-2020 period, HIV incidence declines have been smallest in the
Western Cape, Limpopo and Northern Cape (between 33% and 47%), which may be partly
explained by the relatively low rates of change in condom use and/or MMC uptake in these
provinces. In contrast, the HIV incidence decline over the 2000-2019 period has been most
substantial in KwaZulu-Natal and Free State (74-77%), which is probably a reflection of the
high ART coverage in these province and high uptake of MMC. Importantly, KwaZulu-Natal
has transitioned from being the province with the highest HIV incidence rate in the period
before 2017, to having an incidence rate close to the national average in 2020-21. Eastern Cape,
in contrast, has transitioned from having one of the lowest HIV incidence rates in the country
in the 1990s, to have the highest HIV incidence rate in 2020-21. Estimates of HIV incidence
need to be treated with caution, however, as we lack recent HIV prevalence data to validate the
model.

10.2 Strengths and limitations

The Thembisa version 4.5 provincial model improves on the previous (version 4.4) model in
several respects. Firstly, the new model incorporates data on the age distributions of ART
patients. In the case of children, these data on age distributions were previously incorporated
in the national model calibration [10] but not in the provincial model calibration. The age
distributions are useful in informing the likely extent of postnatal transmission (because
postnatally infected children are more likely to survive to older ages) and thus the likely
durations of breastfeeding. Previously, in version 4.4, posterior estimates of breastfeeding
durations varied between 0.80 and 1.32 times the national average, whereas the new posterior
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estimates are between 0.90 and 1.08 times the national average. The inclusion of the age
distribution data thus suggests greater similarity in breastfeeding durations across provinces
than was previously estimated.

In the case of adults, the inclusion of the age distribution data has had mixed results. In some
provinces (e.g. Western Cape, Gauteng, KwaZulu-Natal), the modelled age distribution is
reasonably consistent with the ART programme data, but in other provinces (most notably
Limpopo and Eastern Cape) there are marked discrepancies between the modelled and
observed age distributions. We have given relatively little weight to the age distribution data
in the calibration (relative to other data sources) and it is therefore not surprising that the model
fit to the data is poor in some provinces. Nevertheless, it is concerning that in both Eastern
Cape and Limpopo there is a substantially greater difference between males and females in the
observed age distributions than in the modelled age distributions. This suggests that the model
may be failing to capture important gender dynamics in these predominantly rural provinces.
Our model currently assumes that male-female differences in HIV testing rates are the same
across provinces, but if in fact there are more extreme differences in rural provinces than in
urban provinces [132], this may go some way to explaining the poor model fits in the rural
provinces. These and other possible explanations will be explored in future updates to the
Thembisa model.

A major structural change in Thembisa 4.5 is to the modelling of marriage/cohabitation and
dissolution of marital/cohabiting relationships. Previously, limited effort was made to account
for inter-provincial differences in marriage and union dissolution. In addition, Thembisa 4.4
did not allow for changes over time in rates of marriage and rates of union dissolution. The
new model allows for changes in these rates over time, and ten different parameters (controlling
incidence of marriage and union dissolution, age and sex differences in these rates and changes
over time) are estimated for each province, based on calibration to age- and sex-specific
marriage prevalence data from four national censuses/community surveys. In all provinces the
incidence of marriage is estimated to have declined steeply over time, especially at younger
ages. This might partly explain why HIV incidence estimates in recent years are mostly higher
than in Thembisa 4.4 (since unmarried individuals generally have higher HIV incidence than
married individuals [133-136]).

Another change to the provincial model has been to allow for uncertainty in the HIV natural
history parameters in children. Previously we allowed for inter-provincial differences in the
adult natural history parameters but not the paediatric natural history parameters. By and large,
the inter-provincial differences are consistent for adults and children: the provinces in the
southern and western parts of the country appear to have more rapid progression to AIDS and
death (in the absence of ART) than the other provinces, both for adults and children. Although
we have noted the historically high TB incidence rates in these provinces [43] as a possible
explanation, other environmental factors could be significant. For example, levels of vitamin
D deficiency tend to be greater in the most southern provinces, due to lower levels of exposure
to UV radiation at lower altitudes and higher latitudes [137], and vitamin D deficiency is
strongly associated with HIV disease progression [138, 139].

We have also revised our assumptions about male circumcision. In some provinces
(Mpumalanga and Limpopo), the previously reported VMMC numbers from the DHIS
included significant numbers of medical circumcisions in traditional settings [114], which are
accounted for in our model in the ‘background’ male circumcision assumptions. This means
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that previous versions of Thembisa were ‘double counting’ these medical circumcisions in
traditional settings. We have corrected the VMMC numbers in these provinces based on recent
estimates of the numbers of medical circumcisions in traditional settings [114]. We have also
revised our assumptions about the ‘background’ levels of male circumcision prevalence, at a
provincial level, based on this recent analysis of South African data. This has led to notably
higher levels of male circumcision prevalence in Eastern Cape (the prevalence in men aged 15-
49 in 2005 has increased from 48% in version 4.4 to 63% in version 4.5) and Limpopo
(prevalence in 2005 increasing from 64% to 75%). In other provinces the effects of the changes
in male circumcision assumptions have been relatively small.

Thembisa version 4.5 includes unpublished data from the 2019 antenatal prevalence survey. In
most provinces the model matches the most recent prevalence survey data closely. However,
in Eastern Cape and KwaZulu-Natal the model estimates of HIV prevalence in pregnant women
in 2019 are substantially lower than those measured in the survey. In Limpopo, the model
estimates are higher than measured in the 2019 survey. It is difficult to establish whether these
differences are due to the model failing to match recent HIV incidence trends or if they are due
to random survey measurement outliers. The Eastern Cape is most concerning, given that the
model estimates are also inconsistent with the earlier 2017 survey. The province has
experienced severe drought since 2015 [140], and it is possible that this may have led to
increases in sexual risk behaviour, as observed in neighbouring Lesotho [141]. KwaZulu-Natal
was also severely affected by drought in 2015 and (to a lesser extent) 2017 [142].

The new model also includes more recent HIV programme data. At the time of the Thembisa
4.4 release there was much uncertainty regarding the impact of COVID-19 on HIV services.
We can now estimate these impacts with slightly more confidence, and it is clear that although
there has been an impact in all provinces, this impact has been heterogeneous. Limpopo and
Northern Cape had particularly substantial drops in HIV testing volumes when comparing
2020-21 to 2019-20 (51% and 44% reductions respectively). Northern Cape has also
experienced particularly significant reductions in rates of linkage to ART after HIV diagnosis.
Numbers of VMMC operations in 2020-21 have reduced by over two thirds relative to 2019-
20, in all provinces except Gauteng (in which the reduction was only 14%). A limitation of the
model is that it does not consider potential impacts of COVID-19 on HIV testing during
pregnancy and rates of linkage to ART after paediatric HIV diagnosis.

Our new model includes updated demographic parameters. The previous version of Thembisa
(version 4.4) relied on demographic parameters produced in 2018, and it therefore did not
reflect the impact of COVID-19 on non-HIV mortality. The revisions to the demographic
estimates have led to higher estimates of non-HIV mortality in the period from 2020 and
slightly reduced population growth forecasts. However, the HIV estimates are not generally
much affected by the revisions to the demographic assumptions.

A major limitation is that our estimates of ART numbers are particularly uncertain. In this and
other recent versions of Thembisa we have relied mainly on data from the DHIS for estimates
of ART uptake in the public sector, and on data from the Council for Medical Schemes for
estimates of ART uptake in the private sector. However, recent comparisons of DHIS and Tier
data suggest that the DHIS may have slightly under-estimated the true numbers of ART patients
in the public sector, particularly over 2015-2019 (unpublished data). This could be due to
clinics not reporting numbers to DHIS and being accidentally excluded when reporting
provincial totals (in contrast to Tier, which is an individual-based record system). In addition,
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it has become clear that the medical scheme data could substantially understate the private
sector total because there are many ‘cash-paying’ ART patients in the private sector who are
not medical scheme members. Unpublished data suggest that these cash-paying patients are
particularly substantial in the Gauteng and Western Cape provinces. Further work will be
required to update and improve our provincial ART estimates in future.

Another limitation is that we have not to date allowed for differences across provinces in
mortality rates in ART patients (controlling for age, sex, baseline CD4 count and ART
duration). Our previous analyses of leDEA data suggest that even after controlling for these
predictors of mortality there can be significant heterogeneity in mortality across cohorts [143,
144]. 1t is therefore likely that such inter-provincial differences exist, and we hope to explore
possible inter-provincial differences in ART mortality rates in future Thembisa updates. It will
be particularly important to consider the role of inter-provincial differences in rates of viral
suppression, as viral suppression is a major predictor of mortality after the first 6 months on
ART [145]. In the interim, model estimates of the extent of the inter-provincial differences in
the mean duration of untreated HIV and the ART interruption rate need to be treated with some
caution, as it is possible that inter-provincial differences in ART patient mortality are being
incorrectly attributed to these other parameters when we calibrate to vital registration data.

There remains significant uncertainty regarding the extent of inter-provincial differences in
transmission between sex workers, clients, and men who have sex with men. Previous
modelling studies suggest that epidemics that are driven largely by key populations might be
easier to bring under control than epidemics that are more generalized [146], and consideration
of the relative differences in key population sizes across provinces are therefore important to
consider. Unfortunately there are few reliable estimates of key population size at a provincial
level, with most previous studies only producing estimates for major metropolitan areas [147].
However, recent data from a national survey provide estimates of HIV prevalence in sex
workers in all nine provinces (Jenny Coetzee, personal communication). We aim to calibrate
future provincial versions of Thembisa to province-specific data on HIV prevalence in key
populations, in order to improve confidence in key population estimates at a provincial level.
Our model also assumes that the fraction of men who are MSM is the same across provinces,
although it might be expected that the MSM proportion is higher in the more urbanized
provinces [148, 149].

We also plan to include province-specific data on the proportion of HIV testers who receive
positive results, in future updates to Thembisa. This will allow us to more reliably assess
whether there are differences across provinces in progress towards the 95% diagnosis target.
The additional HIV prevalence data may also provide indirect evidence on HIV incidence
trends, which is important, given that other HIV prevalence data sources only provide
prevalence estimates up to 2019. HIV antibody testing data in children might similarly help to
improve confidence in the estimates of HIV prevalence in children, at a provincial level.

A final limitation to note is that we have calibrated the model using programme data up to
March 2021. The impact of COVID-19 in the period from April 2020 to March 2021 is
particularly noticeable, and we have made a number of assumptions about the extent to which
HIV services recover after March 2021, which might not be realistic. Early indications are that
the recovery in ART enrolment after March 2021 might have been more significant than we
have assumed here (Jeffrey Eaton, personal communication), and ART forecasts beyond 2021
should therefore be treated with some caution.
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10.3 Conclusion

This update to the previous Thembisa provincial models makes use of more recent data and
improved statistical methods to derive updated estimates of HIV incidence and progress in
scaling up access to HIV prevention and treatment services in South Africa. Although it is
encouraging to see high levels of HIV diagnosis and viral suppression in ART patients, it
remains concerning that South Africa’s progress towards the UNAIDS ART coverage target is
poor. The decline in HIV incidence over the 2010-2020 period varies between 33% in Western
Cape and 66% in KwaZulu-Natal, which falls short of the 75% UNAIDS target for the 2010-
2020 period. This is nevertheless in line with the average incidence decline over the 2010-2020
period in the eastern and southern African region (43%) [150]. Renewed efforts are needed in
order to reach the UNAIDS target of 95% ART coverage in HIV-diagnosed individuals by
2025, and continued innovation in the field of HIV prevention will be critical to ensuring that
the National Strategic Plan target of a 50% reduction in HIV incidence over the 2017-2022
period is met [151]. More work is required to identify the success factors that have enabled
provinces like KwaZulu-Natal to make good progress towards the 95-95-95 targets, and to
follow these examples in other provinces.
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Appendix A: Differences in HIV profiles between immigrants
and residents

Prior to version 4.3, the Thembisa model assumed that the HIV profile of individuals migrating
into and out of a province in a given year was that same as that of individuals in the province
who did not migrate. This is probably an unrealistic assumption, especially in the provinces
with relatively low HIV prevalence, for which most immigrants are likely to be from provinces
with higher prevalence levels.

Migration is modelled as occurring at the end of each projection year. Suppose that Ny is the
population at age x at the end of the year before adjusting for migration, that Iy is the number
of in-migrants at age x at the end of the year, and that Eyx is the number of out-migrants at age
x at the end of the year. Further suppose that zx is the HIV prevalence in the population aged x
before the migration adjustment is made and @ is the ratio of HIV prevalence in immigrants to
that in the receiving population (after controlling for age). It is assumed that the individuals
leaving the population have the same age-specific HIV prevalence levels as those who remain
in the population. Then the ratio of HIV prevalence in the population aged x after migration to
that before migration is

. _nX(NXJrIXH—EX)/ N, +1,0-E,

N+l —E, N, +1 —E,

which is independent of ax. This can be calculated as R, =1+(6-1)J,, where
J,=1,/(N,+1,—E,) is the rate of in-migration (the fraction of the population that moved

into the province over the last year). The Jx values are estimated from the censuses conducted
in 1996, 2001 and 2011. The 2001 and 2011 censuses also asked questions about the province
(or country) in which the recent migrants lived prior to moving to their current location.
Suppose that ai is the proportion of recent immigrants who are from province/country i, and
that 6; is the ratio of HIV prevalence in province/country i to that in the receiving province.
Then we can calculate

0= Zaﬂi .

The ai values are calculated from the census data. In the case of the 1996 census, there is the
complication that previous locations were not recorded by province or country. We have
therefore assumed that individuals who reported having migrated to their current location in
the last year but who reported a country of birth outside of South Africa were international in-
migrants, and all in-migrants who were not classified as international were allocated to
different provinces of origin in the same proportions as reported in the 2001 census.

For the purpose of calculating the 6; ratios, we have taken estimates of HIV prevalence in 15-
49 year olds in each year from two sources. Estimates of HIV prevalence in each of South
Africa’s provinces are taken from the previous version of the Thembisa provincial models [13].
Estimates of HIV prevalence in countries outside of South Africa are taken from UNAIDS
(accessed from http://aidsinfo.unaids.org/ on 10 Feb 2017). For the purpose of our analysis, it
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is sufficient to take the prevalence estimates from five other African countries that make up the
bulk of in-migration into South Africa (Zimbabwe, Mozamique, Lesotho, Malawi and
Swaziland). Other international in-migrants are almost all from low-HIV prevalence settings,
and the 6 ratio is therefore set to zero for international in-migrants from other countries.

The resulting Rx values are shown in Figure Al for each province. In most provinces and in
most years, the ratio is very close to 1, indicating that migration has little effect on HIV
prevalence. However, in the three provinces with the lowest levels of HIV prevalence (Western
Cape, Northern Cape and Limpopo), the ratio is notably above 1, as might be expected when
migrants arrive mostly from provinces (or countries) in which there is a relatively high HIV
prevalence. In contrast, the ratios tend to be below 1 in the provinces that have the highest HIV
prevalence levels (KwaZulu-Natal and Mpumalanga), since most of the migrants into these
provinces will be from areas with relatively low prevalence. The ratios are generally furthest
from 1 in 1996, when the South African HIV epidemic was in its early stages and there were
large differences in prevalence between provinces; over time, these inter-provincial differences
in prevalence have reduced. It is also apparent that the ratios are furthest from 1 in the young
adult age range (20-35) and in children under the age of 5; these are the age groups in which
the most migration occurs, and one would therefore expect the impact of migrant on HIV
prevalence to be most substantial in these age groups.

The Ry values calculated from the 1996, 2001 and 2011 census data are assumed to apply in
the 1995, 2000 and 2010 projection years. The reason for this is that projection years run from
mid-year to mid-year, and the census is conducted in October of each year. Thus the 1995
projection year runs from mid-1995 to mid-1996, and the migration adjustments are made at
the end of the projection year (mid-1996). This corresponds most closely to the census data
collected in October 1996 regarding migration over the last year. We lack reliable
census/survey data on inter-provincial migration before 1996 and after 2011, and have
therefore assumed that the Ry values for projection years before 1995 are the same as in 1995,
and Ry values for projection years after 2010 are the same as those in 2010. In the projection
years 1996-1999, the Ry values are linearly interpolated between the values estimated in the
1995 and 2000 years. Similarly, in the projection years 2001-2009, the Ry values are linearly
interpolated between the values estimated in the 2000 and 2010 years.

Suppose that at age x, HIV prevalence is ngx in individuals of sex g. Similarly, Mgx is the
migration adjustment factor (the ratio of the population size after immigrants and emigrants
have been subtracted/added, to the population size before migration). Both variables are
indexed by age at the end of the year. The number of HIV-positive individuals in each HIV
disease state is increased by a factor of Mgx Rx, and the number of HIVV-negative individuals is
increased by a factor of Mgx (1 — 7gx Rx)/(1 — 7gx). This adjustment ensures that the population
size (for HIV-positive and HIV-negative combined) increases by a factor of Mg x.
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Figure Al: Ratio of HIV prevalence in the population after migration to HIV prevalence before
migration
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