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Introduction
South Africa’s HIV epidemic is highly heterogeneous, with population HIV prevalence levels 
ranging between 5.0% in the Western Cape and 16.9% in KwaZulu-Natal in 2012.1 In such settings, 
it has been suggested that policymakers should focus HIV prevention efforts on the regions in 
which HIV incidence is greatest, in order to make efficient use of limited HIV resources.2,3,4 It is 
therefore important to produce robust estimates of provincial HIV prevalence and incidence.

Models may also be required to estimate HIV prevalence at district levels for the purpose of 
district-level treatment coverage estimation and resource allocation. Although previous studies 
have estimated district HIV prevalence from antenatal HIV survey data,5 antenatal survey data 
are known to be biased.6,7,8 It is likely that the extent of the bias differs between districts as a result 
of differences in the factors that account for the bias (e.g. patterns of health-seeking behaviour, 
contraception, epidemic stage and age distributions). It is therefore important to assess the extent 
of differences in antenatal bias between regions so that resource allocation is not unfairly skewed 
towards those districts in which the antenatal bias is greatest.

Lastly, an understanding of the factors that explain geographical differences in HIV prevalence 
is important in identifying epidemic drivers, which in turn is important in developing effective 
HIV prevention strategies. Previous studies have speculated that geographical variation in 
HIV prevalence within sub-Saharan Africa may be explained by differences in rates of marriage,9 
male circumcision,10,11,12,13 migration,11 concurrency13,14 and other sexually transmitted infections.15 
However, few attempts have been made to identify the factors that account for inter-provincial 
differences in HIV prevalence in South Africa.

Background: HIV prevalence differs substantially between South Africa’s provinces, but the 
factors accounting for this difference are poorly understood.

Objectives: To estimate HIV prevalence and incidence trends by province, and to identify the 
epidemiological factors that account for most of the variation between provinces.

Methods: A mathematical model of the South African HIV epidemic was applied to each of the 
nine provinces, allowing for provincial differences in demography, sexual behaviour, male 
circumcision, interventions and epidemic timing. The model was calibrated to HIV prevalence 
data from antenatal and household surveys using a Bayesian approach. Parameters estimated 
for each province were substituted into the national model to assess sensitivity to provincial 
variations.

Results: HIV incidence in 15–49-year-olds peaked between 1997 and 2003 and has since 
declined steadily. By mid-2013, HIV prevalence in 15–49-year-olds varied between 9.4% (95% 
CI: 8.5%–10.2%) in Western Cape and 26.8% (95% CI: 25.8%–27.6%) in KwaZulu-Natal. When 
standardising parameters across provinces, this prevalence was sensitive to provincial 
differences in the prevalence of male circumcision (range 12.3%–21.4%) and the level of non-
marital sexual activity (range 9.5%–24.1%), but not to provincial differences in condom use 
(range 17.7%–21.2%), sexual mixing (range 15.9%–19.2%), marriage (range 18.2%–19.4%) or 
assumed HIV prevalence in 1985 (range 17.0%–19.1%).

Conclusion: The provinces of South Africa differ in the timing and magnitude of their HIV 
epidemics. Most of the heterogeneity in HIV prevalence between South Africa’s provinces is 
attributable to differences in the prevalence of male circumcision and the frequency of non-
marital sexual activity.
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This study aims to estimate HIV incidence and prevalence 
trends in each of South Africa’s provinces, and to identify the 
key epidemiological factors that account for these differences.

Methods
The Thembisa model of the South African HIV epidemic was 
applied to each of the nine provinces in South Africa. Detailed 
descriptions of the national model16 and the province-specific 
adjustments to the national model17 have been published 
previously. Briefly, Thembisa is a combined demographic 
and epidemiological model, which simulates changes in the 
population profile and HIV disease burden over time, starting 
in 1985. Demographic estimates of the 1985 population 
profile, fertility rates, non-HIV mortality rates and migration 
were adapted from province-specific demographic estimates 
from the earlier Actuarial Society of South Africa (ASSA) 
2008 model,18 updated to ensure consistency with the 2011 
census,19 vital registration statistics20,21 and the 2010 National 
Burden of Disease study.22,23

Sexual behaviour is modelled by dividing the sexually 
experienced population into two broad classes: ‘high risk’ 
(individuals who have a propensity for concurrent partnerships 
and commercial sex) and ‘low risk’. Within these two classes, 
individuals are divided into sub-classes on the basis of their 
marital status and (if they are high-risk women) current 
engagement in commercial sex. The national assumption 
about the fraction of individuals who are high risk (35% for 
males and 25% for females) is adjusted by a multiplicative 
factor, which differs by province. Because of the uncertainty 
regarding this adjustment, a Bayesian approach is adopted, 
with prior distributions being specified to represent the range 
of uncertainty around the appropriate adjustment factor, for 
each province (Table 1). The mean and standard deviation of 
each prior distribution were chosen based on provincial 
differences in male reporting of concurrent partnerships24 and 
multiple partnerships in the last year.25 Similar multiplicative 
adjustments are made to national assumptions about rates of 
marriage, based on provincial differences in estimates of the 
age at first marriage.26

A sexual mixing parameter determines the extent of sexual 
contact between the high-risk and low-risk groups, with this 

parameter varying between 0 (no contact) and 1 (random 
sexual mixing).27 In the national model, the parameter was 
set to 0.47, but in initial attempts to fit the model to province-
specific data, best-fitting parameter values ranged between 
0.1 and 0.6 (average value of 0.35). To represent the uncertainty 
around the sexual mixing parameter in each province, a prior 
distribution was therefore assigned, with a mean of 0.35 and 
a standard deviation of 0.15 (Table 1).

Rates of partnership formation, coital frequency and condom 
use are assumed to differ by age, sex, risk group and 
relationship type. Rates of condom use are also assumed 
to  change over time, in response to HIV communication 
programmes, and are assumed to increase following HIV 
diagnosis. National assumptions about probabilities of 
condom use are adjusted by province-specific multiplicative 
factors. Prior distributions are specified to represent the 
uncertainty around these adjustments (Table 1), with means 
and standard deviations being chosen based on survey 
estimates of differences in condom use between provinces.1,28,29

The model distinguishes between the ‘background’ rate of 
male circumcision (the rate that would be expected in the 
absence of campaigns to promote male circumcision as an 
HIV prevention strategy) and the rate of medical male 
circumcision (MMC) associated with campaigns promoting 
MMC. The annual background rate of male circumcision 
differs by age and province, with the age pattern being 
determined by assumed fractions of males circumcised 
during infancy, fractions of males who ever get circumcised 
and median ages at circumcision post-infancy. These 
assumptions are set to match the patterns of male circumcision 
in each of South Africa’s language groups in 200230 and are 
weighted by the province-specific proportions of the 
population in each language group19 in order to obtain 
average provincial background rates of circumcision. Rates 
of MMC uptake through campaigns are assumed to be 
proportional to men’s probability of engaging in non-marital 
relationships, and are estimated from annual numbers of 
MMC operations reported by the Department of Health,31,32 
distributed between provinces in proportion to numbers of 
uncircumcised men and in proportion to stated levels of 
MMC acceptability, which again differ by language.33,34,35,36,37

TABLE 1: Prior distributions
Parameter High-risk  

adjustment factor†
Sexual mixing 
 parameter‡

Condom use  
adjustment factor†

Initial HIV prevalence in  
high-risk women aged 15–49§

Antenatal bias  
(logit scale)†

 Mean Standard 
deviation

Mean Standard 
deviation

Mean Standard 
deviation

Mean Standard 
deviation

Mean Standard 
deviation

Prior mean (SD)
EC 0.84 0.21 0.35 0.15 0.99 0.099 0.10 0.048 0.38 0.019
FS 1.12 0.28 0.35 0.15 1.14 0.114 0.10 0.048 0.39 0.020
GT 1.20 0.30 0.35 0.15 1.06 0.106 0.15 0.071 0.51 0.026
KZ 1.29 0.32 0.35 0.15 1.08 0.108 0.20 0.095 0.38 0.019
LP 0.83 0.21 0.35 0.15 1.04 0.104 0.10 0.048 0.36 0.018
MP 0.97 0.24 0.35 0.15 1.02 0.102 0.10 0.048 0.41 0.020
NC 0.51 0.13 0.35 0.15 0.64 0.064 0.10 0.048 0.44 0.022
NW 0.86 0.22 0.35 0.15 1.05 0.105 0.10 0.048 0.37 0.019
WC 0.61 0.15 0.35 0.15 0.74 0.074 0.10 0.048 0.49 0.025

SD, standard deviation; EC, Eastern Cape; FS, Free State; GT, Gauteng; KZ, KwaZulu-Natal; LP, Limpopo; MP, Mpumalanga; NC, Northern Cape; NW, North West; WC, Western Cape.
†, Gamma; ‡, Beta; §, Uniform.
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In each province, the epidemic is seeded by specifying 
an initial level of HIV prevalence in high-risk women aged 
15–49 in 1985 and a relative level of prevalence in men aged 
15–49. The uncertainty regarding the former is represented 
by prior distributions (Table 1). These prior distributions are 
determined by calculating the rate of growth in antenatal 
HIV prevalence over the first five survey years (1990–1994) 
and back-projecting the likely antenatal prevalence in 1985. 
Sexual transmission of HIV after 1985 is modelled based on 
assumed probabilities of transmission per act of unprotected 
sex, which differ according to age, sex, relationship type and 
the disease stage of the HIV-positive partner. Female-to-male 
transmission rates are reduced by 60% if the male partner is 
circumcised,38 and transmission rates are reduced by 90% if 
a condom is used. HIV transmission probabilities per act of 
sex are assumed to be the same across all provinces.

Untreated HIV-positive adults are stratified according to 
their CD4 count and HIV testing history, while treated 
adults are stratified according to their baseline CD4 count 
at antiretroviral treatment (ART) initiation and time since 
first ART initiation. Assumptions about rates of CD4 
decline and HIV mortality are the same for all provinces. 
However, assumptions about rates of HIV testing and ART 
initiation differ by province, based on reported numbers of 
HIV tests performed39 and numbers of patients who are on 
ART by  province.40 The model also allows for differences 
between provinces in rates of antenatal HIV testing,41 uptake 
of  prophylaxis against mother-to-child transmission, 

breastfeeding by HIV-positive mothers and uptake of 
polymerase chain reaction (PCR) screening after birth.42,43

Each provincial model is fitted to province-specific HIV 
prevalence data from the 1990–2013 antenatal surveys44 and 
household surveys conducted in 2005, 2008 and 2012.1 A 
detailed description of the method used to calculate the 
likelihood function is provided in the Online Appendix. 
Because the antenatal surveys represent only women using 
public antenatal facilities, and because of other biases, an 
antenatal bias parameter is specified for each province to 
represent the average difference between the true HIV 
prevalence in pregnant women and that measured in the 
survey. Prior distributions are specified to represent the 
uncertainty around these biases (Table 1), with the prior 
means and standard deviations being set based on the biases 
estimated when fitting the national model, adjusted to take 
into account provincial differences in the fraction of adults 
who are members of private medical schemes.29 Posterior 
estimates of the best-fitting parameter values were calculated 
using Incremental Mixture Importance Sampling.45

Results
Differences in the provincial assumptions about male 
circumcision led to the modelled fraction of 15–49 year old 
men who were circumcised in 2000 varying between 19% in 
KwaZulu-Natal and 64% in Limpopo (Figure 1a). After fitting 
the model to HIV prevalence data, a number of the other 

0

10

20

30

40

50

60

70

EC FS GT KZ LP MP NC NW WC

%
 m

en
 c

ir
cu

m
ci

se
d 

(%
)

Province

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

EC FS GT KZ LP MP NC NW WC

A
dj

us
tm

en
t t

o 
co

nd
om

 u
se

Province

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

EC FS GT KZ LP MP NC NW WC

In
i�

al
 H

IV
 p

re
va

le
nc

e 
(%

)

Province

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

EC FS GT KZ LP MP NC NW WC

A
nt

en
at

al
 b

ia
s

Province

a b c

d e f

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

EC FS GT KZ LP MP NC NW WC

Se
xu

al
 m

ix
in

g

ProvinceProvince

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

EC FS GT KZ LP MP NC NW WC

A
dj

us
tm

en
t t

o 
hi

gh
 r

is
k 

(%
)

EC, Eastern Cape; FS, Free State; GT, Gauteng; KZ, KwaZulu-Natal; LP, Limpopo; MP, Mpumalanga; NC, Northern Cape; NW, North West; WC, Western Cape.

FIGURE 1: Male circumcision rates and posterior estimates of sexual behaviour parameters, initial HIV prevalence and antenatal bias. Panel (a) shows the modelled 
prevalence of male circumcision in men aged 15–49 years in 2000 (prior to MMC promotion campaigns); (b) Multiplicative adjustment to high risk proportion; (c) Sexual 
mixing parameter; (d) Multiplicative adjustment to condom usage; (e) Initial HIV prevalence in women aged 15–49 years (initial HIV prevalence in high-risk women 
multiplied by the fraction of women in the high-risk group); (f) Antenatal bias (on logit scale). Panels (b)–(f) show posterior means of the input parameters for which 
prior distributions have been specified (Table 1), and error bars represent the 95% confidence intervals from the posterior distributions. In all panels, the dashed line 
represents the national average.
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parameters were also found to differ substantially between 
provinces. The high-risk adjustment factor was significantly 
below the national average in Northern Cape (0.56, 95% CI: 
0.51–0.63) and Western Cape (0.58, 95% CI: 0.51–0.67), but 
significantly above the national average in Free State, Gauteng, 
KwaZulu-Natal and Mpumalanga (Figure 1b). The sexual 
mixing parameter ranged between 0.11 (95% CI: 0.04–0.23) in 
Gauteng and 0.55 (95% CI: 0.42–0.68) in KwaZulu-Natal 
(Figure 1c). Condom usage was significantly below the 
national average in Northern Cape and Western Cape, but not 
significantly different from the national average in other 
provinces (Figure 1d). Initial HIV prevalence in women aged 
15–49 in 1985 was highest in Gauteng (0.051%, 95% CI: 0.043%–
0.062%) and lowest in the provinces in the southern and 
western parts of the country (Figure 1e). Finally, the extent of 
the antenatal bias was greatest in Gauteng and Western Cape 
(Figure 1f). Prior and posterior estimates of each parameter are 
compared as shown in Online Appendix Figure 1.

Figure 2 shows that the model estimates of antenatal HIV 
prevalence over the 1990–2013 period are generally in close 

agreement with the survey data. However, some of the early 
antenatal surveys in North West and Mpumalanga produced 
erratic trends, with the result that there are wide confidence 
intervals around the model estimates. In addition, the 
model tends to under-estimate HIV prevalence in Gauteng 
in the early 2000s. In sensitivity analyses that excluded 
antenatal data collected prior to 1997 (before the introduction 
of standard sampling protocols), average model estimates 
of  HIV prevalence over the 1997–2013 period were 
virtually  unchanged, but confidence intervals were 
substantially narrower in North West and Mpumalanga 
(Online Appendix). The model fit to the Gauteng data was 
not improved in sensitivity analyses that considered 
different priors on the sexual behaviour parameters 
(Online Appendix).

HIV incidence trends differed substantially by province 
(Figure  3a). Incidence in 15–49-year-olds peaked in 
KwaZulu-Natal in 1997–1998 at 3.97% per annum (95% CI: 
3.81%–4.13%) and subsequently declined to 1.83% (95% CI: 
1.71%–1.93%) in 2012–2013. In contrast, incidence in the 
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FIGURE 2: HIV prevalence levels in pregnant women attending public antenatal clinics: (a) Eastern Cape; (b) Free State; (c) Gauteng; (d) KwaZulu-Natal; (e) Limpopo; 
(f) Mpumalanga; (g) Northern Cape; (h) North West; (i) Western Cape. Dark blue lines represent posterior means and shaded light blue areas represent posterior 95% 
confidence intervals (model estimates have been adjusted to reflect the modelled antenatal bias). Dots represent antenatal survey estimates (95% confidence intervals 
for survey estimates prior to 1998 are not shown, as the reported confidence intervals did not account for survey design effects).
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Western Cape peaked in 2003–2004 at 0.92% (95% CI: 
0.84%–0.99%) and declined to 0.64% (95% CI: 0.53%–0.75%) 
by 2012–2013. HIV prevalence trends reflect similar inter-
provincial differences (Figure 3b); by  mid-2013, HIV 
prevalence in 15–49-year-olds varied between 9.4% (95% CI: 
8.5%–10.2%) in Western Cape and 26.8%  (95% CI: 25.8%–
27.6%) in KwaZulu-Natal. Although HIV prevalence has 
been steadily increasing in all provinces over the last five 
years, the pace of increase has been greater in Western Cape, 

Limpopo and Eastern Cape, reflecting the slower pace of 
HIV incidence decline in these provinces.

To assess the relative importance of different parameters 
in  explaining inter-provincial prevalence differences, the 
parameters estimated in each provincial model were 
substituted into the national model in a series of one-way 
sensitivity analyses (Figure 4). HIV prevalence in 2013 in 
15–49-year-olds varied between 18.2% when substituting 
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FIGURE 3: HIV incidence: (a) and prevalence (b) trends in 15–49-year-olds. Lines represent posterior means (95% confidence intervals not shown).
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FIGURE 4: Effect on adult HIV prevalence (15–49 years) in the national HIV model of substituting province-specific parameter values: (a) Substituting provincial marriage 
rates; (b) Substituting provincial sexual mixing parameters; (c) Substituting provincial high risk proportions; (d) Substituting provincial initial HIV prevalence levels; (e) 
Substituting provincial rates of condom use; (f) Substituting provincial male circumcision rates. For panels (b)–(e), province-specific parameters substituted into the 
national model are the posterior means shown in Figure 1.
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the Free State marriage rates into the model and 19.4% when 
substituting the KwaZulu-Natal marriage rates into the 
model (Figure 4a). Prevalence varied between 15.9% when 
substituting the Gauteng sexual mixing parameter into the 
model and 19.2% when substituting the KwaZulu-Natal 
sexual mixing parameter into the model (Figure 4b). In 
contrast, prevalence was highly variable when substituting 
province-specific high-risk adjustments, ranging from 9.5% 
when using the Western Cape parameter to 24.1% when 
using the Mpumalanga parameter (Figure 4c). Although 
provincial differences in initial HIV prevalence (in 1985) 
accounted for much variation in prevalence during the 
1990s and early 2000s (Figure 4d), prevalence in 2013 was 
relatively insensitive to the initial prevalence, ranging 
between 17.0% when substituting the Western Cape initial 
prevalence and 19.1% when substituting the Gauteng initial 
prevalence (Figure 4d). In contrast, provincial differences in 
condom use accounted for little variation in prevalence 
during the 1990s, but accounted for more variation in 
prevalence in 2013: prevalence in this year varied between 
17.7% when substituting the Free State condom use and 
21.2% when substituting Northern Cape condom use. 
Finally, prevalence was very sensitive to the assumed levels 
of male circumcision prior to MMC promotion, varying 
between 12.3% when substituting the Limpopo parameters 
and 21.4% when substituting the KwaZulu-Natal parameters 
into the national model.

Discussion
This analysis confirms the heterogeneous distribution of 
HIV within South Africa and advances our understanding 
of the factors that account for this heterogeneity. Most of 
the current inter-provincial variation in HIV prevalence in 
South Africa is attributable to two factors: differences in 
the prevalence of male circumcision and differences in the 
fraction of the population in the high-risk group. Because 
the model assumes that rates of marriage are the same 
in  the  high-risk and low-risk groups, but rates of 
non-marital sex (short-term relationships and sex worker–
client contacts) differ between high-risk and low-risk, the 
provincial differences in the high-risk fraction are equivalent 
to differences in the frequency of non-marital sex. Our 
findings of relatively low rates of non-marital sex in Western 
Cape and Northern Cape are consistent with the findings of 
sexual behaviour surveys, which show that the fraction of 
men reporting multiple or concurrent partnerships is lowest 
in these two provinces.24,25

Rates of male circumcision are highly variable between South 
African ethnic groups. The Pedi and Venda ethnic groups, 
which account for the majority of the population in Limpopo, 
have high rates of circumcision, and circumcision typically 
occurs in early adolescence.14,30 The Xhosa, which comprise 
79% of the Eastern Cape population,19 also have high rates of 
male circumcision, but circumcision occurs at later ages than 
in other ethnic groups,30,33 with the result that there is less 
HIV prevention benefit. The Zulu, which account for 78% of 
the population in KwaZulu-Natal, had the lowest fraction of 

men circumcised in 2002 (14.5%),30 which partially accounts 
for the severity of the HIV epidemic in this province.

Ethnicity may also be an important factor explaining 
provincial differences in sexual mixing patterns. It is 
interesting to note that the sexual mixing parameter is lowest 
in Gauteng, the most ethnically heterogeneous province, 
and is highest in Eastern Cape and KwaZulu-Natal, which 
are ethnically relatively homogeneous (Figure 1c). Although 
the sexual mixing parameter is defined to represent the 
extent of mixing between high-risk and low-risk groups, the 
model-fitting procedure may effectively be identifying 
mixing in relation to other dimensions of HIV risk (such as 
ethnicity and socioeconomic status). To the extent that 
individuals tend to be ethnically and socioeconomically 
homogamous,46,47,48 one might expect to observe less sexual 
mixing in the provinces in which there is greater ethnic/
socioeconomic heterogeneity. This is important because 
mathematical models suggest that HIV epidemics develop 
differently depending on sexual mixing patterns: when 
there is little sexual mixing between high-risk and low-risk 
groups, HIV spreads more rapidly at first but levels off at 
a  lower rate (Figure 4b),49,50,51 and the greater degree of 
heterogeneity in HIV risk means that interventions have less 
of an impact on HIV incidence.52 Thus the relatively rapid 
levelling off in HIV prevalence seen in Gauteng is likely to 
be because of the low level of sexual mixing in this province 
rather than any unusually successful HIV intervention.

Differences in the timing of peak HIV incidence are largely 
explained by differences in the prevalence of HIV in 1985, 
which is a proxy for the age of the epidemic. Consistent with 
earlier analyses,53 we find that the HIV epidemic started later 
in Eastern Cape, Northern Cape and Western Cape than the 
other provinces (Figure 1e), and HIV incidence therefore 
peaked later in these provinces (Figure 3a). However, in 
recent years differences in epidemic timing account for 
relatively little inter-provincial variation.

This analysis suggests that antenatal bias differs substantially 
between provinces, being most extreme in the provinces 
in  which use of private healthcare is greatest. Caution is 
therefore required when using antenatal HIV prevalence 
data to draw conclusions about differences in HIV burden 
between provinces or districts. Ideally, such comparisons 
should rely on HIV prevalence data from household surveys, 
but the cost of such surveys and the difficulty in obtaining 
adequately precise estimates for small geographical units 
often make this impractical.

There have been few previous attempts to model the role of 
different factors in explaining inter-provincial HIV variation 
within South Africa. The ASSA models explained differences 
in HIV prevalence across provinces primarily in terms of 
provincial differences in initial HIV prevalence, proportions 
of the population in different risk groups and population 
group profile (for example, the low prevalence of HIV in the 
Western Cape was partly explained by the relatively small 
proportion of black South Africans living in this province).54 
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However, the models did not consider directly the role of 
factors such as male circumcision or marriage. Another 
modelling study noted that provincial differences in measures 
of HIV incidence and epidemic growth did not correlate 
strongly with the prevalence of male circumcision, and hence 
concluded that male circumcision was not a significant 
driver to HIV spread in South Africa.55 However, this study 
did not consider the role of provincial differences in sexual 
behaviour patterns. Understanding reasons for inter-
provincial differences in HIV prevalence requires a model 
that is sophisticated enough to simulate each of the major 
epidemic drivers simultaneously.

A strength of this analysis is that it relies on a parsimonious 
model-fitting procedure, with only a few key parameters 
being used to explain the differences in HIV prevalence 
between provinces. Unlike the approach in other HIV 
model-fitting studies,56,57 these parameters relate to observable 
measures of behaviour and HIV risk, allowing an 
understanding of the factors that are most influential in 
driving HIV. However, the parsimony of the model-fitting 
procedure is also a limitation, as there may be important 
epidemic drivers that we have not been able to identify 
because of the simple model structure. For example, drug 
and alcohol use may be important determinants of HIV risk 
behaviour,58,59 but are not currently considered in the model. 
There are also variables that might not be important in 
explaining inter-provincial HIV differences, but which are 
nevertheless important as epidemic drivers. For example, 
differences in marriage rates account for relatively little 
variation in HIV prevalence between provinces (Figure 4a), 
but this may be because marriage rates in South Africa are 
uniformly low in comparison to the rates in most other 
African countries.9

Another limitation associated with the relatively parsimonious 
model-fitting procedure is that the model fit to the antenatal 
survey data is not always as good as might be hoped for, 
especially in the case of Gauteng. This implies that there 
is  some uncertainty around the HIV incidence estimates, 
particularly in the most recent years. Incorporating other data 
sources, such as recorded death data, in the calibration 
procedure could potentially lead to more precise estimates. 
However, recorded death data have not been used in the 
calibration of the provincial models because of current 
uncertainty regarding provincial differences in the fractions 
of deaths that are recorded,60 and the possibly substantial 
fraction of individuals who die outside of the province in 
which they are normally resident.60,61

Another limitation of this study is that uncertainty regarding 
the prevalence of male circumcision is not considered in the 
model-fitting procedure. Assumptions about the prevalence 
of male circumcision were considered more robust than the 
assumptions about sexual behaviour, the former having been 
validated using data from various nationally representative 
surveys.62,63 There is also uncertainty regarding relative levels 
of risk behaviour in circumcised and uncircumcised men. 
Consistent with most published studies,64,65,66,67 the model 

assumes that male circumcision is not associated with any 
change in HIV risk behaviour. However, one South African 
study found a univariate association between traditional 
male circumcision and reduced HIV risk perception, as well 
as a univariate association between MMC and reporting of 
multiple partnerships.62 Another Cape Town study found 
that HIV risk behaviours in traditionally circumcised men 
were related to knowledge of the protective effects of male 
circumcision.68 However, even if it is true that increased 
awareness of the protective effects of male circumcision is 
leading to increased risk behaviour in circumcised men, this 
does not diminish the importance of male circumcision in 
explaining inter-provincial HIV prevalence differences in the 
period up to 2005, before the protective effect of male 
circumcision was widely known.

Although this analysis does not consider provincial 
differences in HIV testing and ART coverage as factors 
explaining differences in HIV prevalence, we have shown 
that levels of HIV diagnosis are similar across provinces,17 
and thus they would be unlikely to account for HIV 
prevalence differences. ART reduces HIV incidence, but the 
impact that this has on HIV prevalence is completely offset 
by the impact on mortality in the short term.69 The net effect 
of provincial differences in ART access on provincial HIV 
prevalence is therefore also likely to be relatively small.

Conclusion
The conclusion that the low prevalence of male circumcision 
and high prevalence of multiple/concurrent partnerships are 
important in driving the high HIV prevalence in southern 
Africa, is not new.13 However, advances in new HIV 
prevention and treatment strategies have meant that these 
factors have received relatively less attention in recent HIV 
prevention debates. It is important that these epidemic 
drivers are not neglected in the push towards the ‘90-90-90’ 
targets,70 and that HIV communication programmes continue 
to promote male circumcision and risk awareness in the 
context of non-marital relationships.

Acknowledgements
This research was funded by the South African National 
AIDS Council.

Competing interests
The authors declare that they have no financial or personal 
relationships that may have inappropriately influenced them 
in writing this article.

Authors’ contributions
L.J. developed the mathematical model, set the epidemiological 
input parameters for each province and drafted the first 
version of the article. R.D. set the demographic parameters 
for each province. H.M. ran the model simulations and 
assisted in data collection. All authors assisted in the drafting 
of the article.

http://www.sajhivmed.org.za


Page 8 of 9 Original Research

http://www.sajhivmed.org.za Open Access

References
 1.	 Shisana O, Rehle T, Simbayi LC, et al. South African National HIV prevalence, 

incidence, and behaviour survey, 2012 [homepage on the Internet]. Cape Town: 
Human Sciences Research Council. 2014 [cited 2014 Apr 16]. Available from: 
http://www.hsrc.ac.za/en/research-outputs/view/6871

 2.	 Anderson SJ, Cherutich P, Kilonzo N, et al. Maximising the effect of combination 
HIV prevention through prioritisation of the people and places in greatest need: A 
modelling study. Lancet. 2014;384(9939):249–256. https://doi.org/10.1016/
S0140-6736(14)61053-9

 3.	 Gerberry DJ, Wagner BG, Garcia-Lerma JG, Heneine W, Blower S. Using geospatial 
modelling to optimize the rollout of antiretroviral-based pre-exposure HIV 
interventions in sub-Saharan Africa. Nat Commun. 2014;5:5454. https://doi.
org/10.1038/ncomms6454

 4.	 Verguet S. Efficient and equitable HIV prevention: A case study of male 
circumcision in South Africa. Cost Eff Resour Alloc. 2013;11(1):1. https://doi.
org/10.1186/1478-7547-11-1

 5.	 Bor J, Brennan A, Fox M, et al. District prevalence of unsuppressed HIV in 
South  African women: Monitoring programme performance and progress 
towards 90-90-90 [Abstract TUAC0205]. 21st International AIDS Conference; 2016 
Jul 18–22; Durban, South Africa.

 6.	 Eaton JW, Rehle TM, Jooste S, et al. Recent HIV prevalence trends among 
pregnant  women and all women in sub-Saharan Africa: Implications for 
HIV  estimates. AIDS. 2014;28(Suppl. 4):S507–S514. https://doi.org/10.1097/
QAD.0000000000000412

 7.	 Montana LS, Mishra V, Hong R. Comparison of HIV prevalence estimates 
from  antenatal care surveillance and population-based surveys in sub-Saharan 
Africa. Sex Transm Infect. 2008;84(Suppl. 1):i78–i84. https://doi.org/10.1136/sti.​
2008.030106

 8.	 Rice BD, Batzing-Feigenbaum J, Hosegood V, et al. Population and antenatal-based 
HIV prevalence estimates in a high contracepting female population in rural South 
Africa. BMC Public Health. 2007;7:160.

 9.	 Bongaarts J. Late marriage and the HIV epidemic in sub-Saharan Africa. Pop Stud. 
2007;61(1):73–83.

10.	 Williams BG, Lloyd-Smith JO, Gouws E, et al. The potential impact of male 
circumcision on HIV in Sub-Saharan Africa. PLoS Med. 2006;3(7):e262.

11.	 Hargrove J. Migration, mines and mores: the HIV epidemic in southern Africa. 
S Afr J Sci. 2008;104:53–61.

12.	 Orroth KK, Freeman EE, Bakker R, et al. Understanding differences between 
contrasting HIV epidemics in East and West Africa: Results from a simulation 
model of the four cities study. Sex Transm Infect. 2007;83(Suppl. 1):i5–16.

13.	 Halperin DT, Epstein H. Why is HIV prevalence so severe in southern Africa? The 
role of multiple concurrent partnerships and lack of male circumcision: 
Implications for AIDS prevention. S Afr J HIV Med. 2007;8(1):19–25.

14.	 Kenyon C. Association of HIV prevalence and concurrency of sexual partnerships 
in South Africa’s language groups: An ecological analysis. S Afr J HIV Med. 
2013;14(1):25–8.

15.	 Auvert B, Buvé A, Ferry B, et al. Ecological and individual level analysis of risk 
factors for HIV infection in four urban populations in sub-Saharan Africa with 
different levels of HIV infection. AIDS. 2001;15(Suppl. 4):S15–S30.

16.	 Johnson LF, Chiu C, Myer L, et al. Prospects for HIV control in South Africa: A 
model-based analysis. Glob Health Action. 2016;9:30314.

17.	 Johnson LF, Dorrington RE, Moolla H. Modelling the impact of HIV in South Africa’s 
provinces: University of Cape Town [homepage on the Internet]. 2016 [cited 2016 
Aug 24]. Available from: http://www.thembisa.org/content/downloadPage/
Provinces2016

18.	 Actuarial Society of South Africa. ASSA2008 AIDS and demographic model 
[homepage on the Internet]. 2011 [cited 2011 Apr 05]. Available from: http://aids.
actuarialsociety.org.za

19.	 Statistics South Africa. Census 2011: Census in brief [homepage on the Internet]. 
Pretoria. 2012 [cited 2013 Dec 26]. Available from: http://www.statssa.gov.za/
census2011/Products/Census_2011_Census_in_brief.pdf

20.	 Statistics South Africa. Recorded live births, 2014 [homepage on the Internet]. 
Pretoria. 2015 [cited 2016 Sept 9]. Available from: http://www.statssa.gov.za/
publications/P0305/P03052014.pdf

21.	 Statistics South Africa. Mortality and causes of death in South Africa, 2014: 
Findings from death notification [homepage on the Internet]. Pretoria. 2015 
[cited 2016 Mar 13]. Available from: http://www.statssa.gov.za/publications/
P03093/P030932014.pdf

22.	 Msemburi W, Pillay-van Wyk V, Dorrington RE, et al. Second national burden 
of  disease study for South Africa: Cause-of-death profile for South Africa, 
1997–2010. Cape Town: South African Medical Research Council; 2014.

23.	 Bradshaw D, Msemburi W, Dorrington R, Pillay-van Wyk V, Laubscher R, 
Groenewald P. HIV/AIDS in South Africa: How many people died from the disease 
between 1997 and 2010? AIDS. 2016;30(5):771–778. https://doi.org/10.1097/
QAD.0000000000000947

24.	 Morris M, Leslie-Cook A. Basic sexual concurrency analyses. In: Fraser-Hurt N, 
Zuma K, Njuho P, et al., editors. The HIV epidemic in South Africa: What do we 
know and how has it changed? Washington, DC: World Bank, 2011; pp. 203–212.

25.	 Johnson S, Kincaid DL, Figueroa ME, Delate R, Mahlasela L, Magni S. The Third 
National HIV Communication Survey, 2012 [homepage on the Internet]. Pretoria: 
Johns Hopkins Health and Education in South Africa; 2013 [cited 2014 Apr 19]. 
Available from: http://jhhesa.org/sites/default/files/hiv_survey.pdf

26.	 Kalule-Sabiti I, Palamuleni M, Makiwane M, Amoateng AY. Family formation and 
dissolution patterns. In: Amoateng AY, editor. Families and households in post-
apartheid South Africa: Socio-demographic perspectives. Cape Town: HSRC Press, 
2007; pp. 89–112.

27.	 Garnett G, Anderson R. Sexually transmitted diseases and sexual behaviour: 
insights from mathematical models. J Infect Dis. 1996;174(Suppl. 2):S150–S160.

28.	 Department of Health. South Africa Demographic and Health Survey 1998: 
Full report. 1999.

29.	 Department of Health. South Africa Demographic and Health Survey 2003: 
Preliminary report [homepage on the Internet]. Pretoria. 2004 [cited 2012 Jan 6]. 
Available from: http://www.doh.gov.za/docs/reports/2003/sadhs2003/part2.pdf

30.	 Connolly C, Simbayi LC, Shanmugam R, Nqeketo A. Male circumcision and its 
relationship to HIV infection in South Africa: Results of a national survey in 2002. 
S Afr Med J. 2008;98(10):789–794.

31.	 Department of Health. Annual performance plan: 2014/15–2016/17 [homepage 
on the Internet]. 2014 [cited 2014 Aug 20]. Available from: http://www.health.
gov.za/docs/strategic/2013/app201415.pdf

32.	 Department of Health. Annual report 2013–2014 [homepage on the Internet]. 
2014 [cited 2015 Jan 25]. Available from: http://www.health.gov.za/annualreports.
php

33.	 Rain-Taljaard RC, Lagarde E, Taljaard DJ, et al. Potential for an intervention based 
on male circumcision in a South African town with high levels of HIV infection. 
AIDS Care. 2003;15(3):315–327.

34.	 Mark D, Middelkoop K, Black S, et al. Low acceptability of medical male 
circumcision as an HIV/AIDS prevention intervention within a South African 
community that practises traditional circumcision. S Afr Med J. 2012;102(6):​
571–573.

35.	 Maughan-Brown B, Venkataramani AS, Nattrass N, Seekings J, Whiteside AW. A 
cut above the rest: Traditional male circumcision and HIV risk among Xhosa men 
in Cape Town, South Africa. J Acquir Immun Defic Syndr. 2011;58(5):499–505. 
https://doi.org/10.1097/QAI.0b013e31823584c1

36.	 Simbayi L, Peltzer K, Onoya D. Prevalence and acceptability of medical male 
circumcision in South Africa [Abstract WEPE250]. XIX International AIDS 
Conference; 2012 Jul 22–27; Washington, DC; 2012.

37.	 Lissouba P, Taljaard D, Rech D, et al. Adult male circumcision as an intervention 
against HIV: An operational study of uptake in a South African community (ANRS 
12126). BMC Infect Dis. 2011;11:253. https://doi.org/10.1186/1471-2334-11-253

38.	 Weiss HA, Halperin D, Bailey RC, Hayes RJ, Schmid G, Hankins CA. Male 
circumcision for HIV prevention: From evidence to action? AIDS. 2008;22(5):​
567–574.

39.	 Republic of South Africa. Global AIDS response progress report 2012 [homepage 
on the Internet]. 2012 [cited 2014 May 3]. Available from: http://www.unaids.
org/en/dataanalysis/knowyourresponse/countryprogressreports/2012countries/
ce_ZA_Narrative_Report.pdf

40.	 Department of Health. ART programme analysis: Reviewing the ART programme 
from April 2004 to March 2014. Pretoria; 2015.

41.	 Day C, Monticelli F, Barron P, Haynes R, Smith J, Sello E. District health barometer: 
Year 2008/09 [homepage on the Internet]. Durban: Health Systems Trust; 2010 
[cited 2010 Jun 25]. Available from: http://www.hst.org.za/publications/864

42.	 Department of Health. Annual health statistics 2012 [homepage on the Internet]. 
2013 [cited 2016 Sept 20]. Available from: http://www.hst.org.za/sites/default/
files/AnnualHealthStatistics2012_Aug2013.pdf

43.	 Sherman GG, Lilian RR, Bhardwaj S, Candy S, Barron P. Laboratory 
information  system data demonstrate successful implementation of the 
prevention of mother-to-child transmission programme in South Africa. S Afr Med 
J. 2014;104(3 Suppl 1):235–238.

44.	 Department of Health. The 2013 National Antenatal Sentinel HIV Prevalence 
Survey South Africa [homepage on the Internet]. Pretoria; 2015 [cited 2016 May 
20]. Available from: http://www.health.gov.za/index.php/2014-03-17-09-09-38/
reports/category/176-reports-2015

45.	 Raftery AE, Bao L. Estimating and projecting trends in HIV/AIDS generalized 
epidemics using incremental mixture importance sampling. Biometrics. 
2010;66:1162–1173.

46.	 Kenyon C, Colebunders R. Birds of a feather: Homophily and sexual network 
structure in sub-Saharan Africa. Int J STD AIDS. 2013;24(3):211–215. https://doi.
org/10.1177/0956462412472455

47.	 Gullickson A, Torche F. Patterns of racial and educational assortative mating 
in  Brazil. Demography. 2014;51(3):835–856. https://doi.org/10.1007/s13524-
014-0300-2

48.	 Jacobson CK, Amoateng AY, Heaton TB. Inter-racial marriages in South Africa. 
J Compar Fam Stud. 2004;35(3):443–458.

49.	 Hertog S. Heterosexual behavior patterns and the spread of HIV/AIDS: The 
interacting effects of rate of partner change and sexual mixing. Sex Transm Dis. 
2007;34(10):820–828. https://doi.org/10.1097/OLQ.0b013e31805ba84c

50.	 Gupta S, Anderson RM, May RM. Networks of sexual contacts: Implications for the 
pattern of spread of HIV. AIDS. 1989;3(12):807–817.

51.	 Garnett G, Anderson R. Factors controlling the spread of HIV in heterosexual 
communities in developing countries: Patterns of mixing between different age 
and sexual activity classes. Philos Trans R Soc Lond B. 1993;342:137–159.

52.	 Johnson LF, Hallett TB, Rehle TM, Dorrington RE. The effect of changes in condom 
usage and antiretroviral treatment coverage on HIV incidence in South Africa: 
A model-based analysis. J Roy Soc Interface. 2012;9(72):1544–1554.

http://www.sajhivmed.org.za
http://www.hsrc.ac.za/en/research-outputs/view/6871
https://doi.org/10.1016/S0140-6736(14)61053-9
https://doi.org/10.1016/S0140-6736(14)61053-9
https://doi.org/10.1038/ncomms6454
https://doi.org/10.1038/ncomms6454
https://doi.org/10.1186/1478-7547-11-1
https://doi.org/10.1186/1478-7547-11-1
https://doi.org/10.1097/QAD.0000000000000412
https://doi.org/10.1097/QAD.0000000000000412
https://doi.org/10.1136/sti.2008.030106
https://doi.org/10.1136/sti.2008.030106
http://www.thembisa.org/content/downloadPage/Provinces2016
http://www.thembisa.org/content/downloadPage/Provinces2016
http://aids.actuarialsociety.org.za
http://aids.actuarialsociety.org.za
http://www.statssa.gov.za/census2011/Products/Census_2011_Census_in_brief.pdf
http://www.statssa.gov.za/census2011/Products/Census_2011_Census_in_brief.pdf
http://www.statssa.gov.za/publications/P0305/P03052014.pdf
http://www.statssa.gov.za/publications/P0305/P03052014.pdf
http://www.statssa.gov.za/publications/P03093/P030932014.pdf
http://www.statssa.gov.za/publications/P03093/P030932014.pdf
https://doi.org/10.1097/QAD.0000000000000947
https://doi.org/10.1097/QAD.0000000000000947
http://jhhesa.org/sites/default/files/hiv_survey.pdf
http://www.doh.gov.za/docs/reports/2003/sadhs2003/part2.pdf
http://www.health.gov.za/docs/strategic/2013/app201415.pdf
http://www.health.gov.za/docs/strategic/2013/app201415.pdf
http://www.health.gov.za/annualreports.php
http://www.health.gov.za/annualreports.php
https://doi.org/10.1097/QAI.0b013e31823584c1
https://doi.org/10.1186/1471-2334-11-253
http://www.unaids.org/en/dataanalysis/knowyourresponse/countryprogressreports/2012countries/ce_ZA_Narrative_Report.pdf
http://www.unaids.org/en/dataanalysis/knowyourresponse/countryprogressreports/2012countries/ce_ZA_Narrative_Report.pdf
http://www.unaids.org/en/dataanalysis/knowyourresponse/countryprogressreports/2012countries/ce_ZA_Narrative_Report.pdf
http://www.hst.org.za/publications/864
http://www.hst.org.za/sites/default/files/AnnualHealthStatistics2012_Aug2013.pdf
http://www.hst.org.za/sites/default/files/AnnualHealthStatistics2012_Aug2013.pdf
http://www.health.gov.za/index.php/2014-03-17-09-09-38/reports/category/176-reports-2015
http://www.health.gov.za/index.php/2014-03-17-09-09-38/reports/category/176-reports-2015
https://doi.org/10.1177/0956462412472455
https://doi.org/10.1177/0956462412472455
https://doi.org/10.1007/s13524-014-0300-2
https://doi.org/10.1007/s13524-014-0300-2
https://doi.org/10.1097/OLQ.0b013e31805ba84c


Page 9 of 9 Original Research

http://www.sajhivmed.org.za Open Access

53.	 Williams B, Campbell C. Understanding the epidemic of HIV in South Africa. 
Analysis of the antenatal clinic survey data. S Afr Med J. 1998;88(3):247–251.

54.	 Dorrington RE. The ASSA2000 suite of models. Paper presented at Actuarial 
Society of South Africa Convention; Somerset West, South Africa; 24–25 October, 
2000.

55.	 Garenne M. Long-term population effect of male circumcision in generalised HIV 
epidemics in sub-Saharan Africa. Afr J AIDS Res. 2008;7(1):1–8. https://doi.
org/10.2989/AJAR.2008.7.1.1.429

56.	 Brown T, Bao L, Eaton JW, et al. Improvements in prevalence trend fitting and 
incidence estimation in EPP 2013. AIDS. 2014;28(Suppl. 4):S415–S425. https://
doi.org/10.1097/QAD.0000000000000454

57.	 Hogan DR, Zaslavsky AM, Hammitt JK, Salomon JA. Flexible epidemiological 
model  for estimates and short-term projections in generalised HIV/AIDS 
epidemics. Sex Transm Infect. 2010;86(Suppl. 2):ii84–92. https://doi.org/10.1136/
sti.2010.045104

58.	 Nkosi S, Rich EP, Morojele NK. Alcohol use, sexual relationship power, and 
unprotected sex among patrons in bars and taverns in rural areas of North West 
province, South Africa. AIDS Behav. 2014;18(11):2230–2239. https://doi.
org/10.1007/s10461-014-0764-5

59.	 Kalichman SC, Simbayi LC, Kagee A, et al. Associations of poverty, substance use, 
and HIV transmission risk behaviors in three South African communities. Soc Sci 
Med. 2006;62(7):1641–1649. https://doi.org/10.1016/j.socscimed.2005.08.021

60.	 Johnson LF, Dorrington RE, Laubscher R, et al. A comparison of death recording by 
health centres and civil registration in South Africans receiving antiretroviral 
treatment. J Int AIDS Soc. 2015;18:20628.

61.	 Welaga P, Hosegood V, Weiner R, Hill C, Herbst K, Newell ML. Coming home to 
die? The association between migration and mortality in rural South Africa. BMC 
Public Health. 2009;9:193. https://doi.org/10.1186/1471-2458-9-193

62.	 Zungu NP, Simbayi LC, Mabaso M, et al. HIV risk perception and behavior among 
medically and traditionally circumcised males in South Africa. BMC Public Health. 
2016;16:357. https://doi.org/10.1186/s12889-016-3024-y

63.	 Shisana O, Simbayi LC, Rehle T, et al. South African National HIV Prevalence, 
Incidence, Behaviour and Communication Survey, 2008: The health of our children 
[homepage on the Internet]. Cape Town; 2010 [cited 2010 Aug 7]. Available from: 
http://www.hsrc.ac.za/Research_Publication-21767.phtml

64.	 Auvert B, Taljaard D, Rech D, et al. Association of the ANRS-12126 male 
circumcision project with HIV levels among men in a South African township: 
Evaluation of effectiveness using cross-sectional surveys. PLoS Med. 
2013;10(9):e1001509. https://doi.org/10.1371/journal.pmed.1001509

65.	 Kong X, Kigozi G, Nalugoda F, et al. Assessment of changes in risk behaviors during 
3 years of posttrial follow-up of male circumcision trial participants uncircumcised 
at trial closure in Rakai, Uganda. Am J Epidemiol. 2012;176(10):875–885. https://
doi.org/10.1093/aje/kws179

66.	 Westercamp M, Jaoko W, Mehta S, Abuor P, Siambe P, Bailey RC. Changes in male 
circumcision prevalence and risk compensation in the Kisumu, Kenya population, 
2008–2013. J. Acquir Immun Defic Syndr. 2017;74(2):e30–e37. https://doi.
org/10.1097/QAI.0000000000001180

67.	 Maughan-Brown B, Venkataramani AS. Learning that circumcision is protective 
against HIV: Risk compensation among men and women in Cape Town, 
South  Africa. PLoS One. 2012;7(7):e40753. https://doi.org/10.1371/journal.
pone.0040753

68.	 Eaton LA, Cain DN, Agrawal A, Jooste S, Udemans N, Kalichman SC. The influence 
of male circumcision for HIV prevention on sexual behaviour among traditionally 
circumcised men in Cape Town, South Africa. Int J STD AIDS. 2011;22(11):674–679. 
https://doi.org/10.1258/ijsa.2011.011006

69.	 Eaton JW, Johnson LF, Salomon JA, et al. HIV treatment as prevention: Systematic 
comparison of mathematical models of the potential impact of antiretroviral 
therapy on HIV incidence in South Africa. PLoS Med. 2012;9(7):e1001245. https://
doi.org/10.1371/journal.pmed.1001245

70.	 UNAIDS. Ambitious treatment targets: Writing the final chapter of the 
AIDS  epidemic [homepage on the Internet]. Geneva. 2014 [cited 2014 
Aug 19]. Available from: http://www.unaids.org/en/media/unaids/contentassets/
documents/unaidspublication/2014/JC2670_UNAIDS_Treatment_Targets_en.pdf

http://www.sajhivmed.org.za
https://doi.org/10.2989/AJAR.2008.7.1.1.429
https://doi.org/10.2989/AJAR.2008.7.1.1.429
https://doi.org/10.1097/QAD.0000000000000454
https://doi.org/10.1097/QAD.0000000000000454
https://doi.org/10.1136/sti.2010.045104
https://doi.org/10.1136/sti.2010.045104
https://doi.org/10.1007/s10461-014-0764-5
https://doi.org/10.1007/s10461-014-0764-5
https://doi.org/10.1016/j.socscimed.2005.08.021
https://doi.org/10.1186/1471-2458-9-193
https://doi.org/10.1186/s12889-016-3024-y
http://www.hsrc.ac.za/Research_Publication-21767.phtml
https://doi.org/10.1371/journal.pmed.1001509
https://doi.org/10.1093/aje/kws179
https://doi.org/10.1093/aje/kws179
https://doi.org/10.1097/QAI.0000000000001180
https://doi.org/10.1097/QAI.0000000000001180
https://doi.org/10.1371/journal.pone.0040753
https://doi.org/10.1371/journal.pone.0040753
https://doi.org/10.1258/ijsa.2011.011006
https://doi.org/10.1371/journal.pmed.1001245
https://doi.org/10.1371/journal.pmed.1001245
http://www.unaids.org/en/media/unaids/contentassets/documents/unaidspublication/2014/JC2670_UNAIDS_Treatment_Targets_en.pdf
http://www.unaids.org/en/media/unaids/contentassets/documents/unaidspublication/2014/JC2670_UNAIDS_Treatment_Targets_en.pdf

	_ENREF_1
	_ENREF_2
	_ENREF_3
	_ENREF_4
	_ENREF_5
	_ENREF_6
	_ENREF_7
	_ENREF_8
	_ENREF_9
	_ENREF_10
	_ENREF_11
	_ENREF_12
	_ENREF_13
	_ENREF_14
	_ENREF_15
	_ENREF_16
	_ENREF_17
	_ENREF_18
	_ENREF_19
	_ENREF_20
	_ENREF_21
	_ENREF_22
	_ENREF_23
	_ENREF_24
	_ENREF_25
	_ENREF_26
	_ENREF_27
	_ENREF_28
	_ENREF_29
	_ENREF_30
	_ENREF_31
	_ENREF_32
	_ENREF_33
	_ENREF_34
	_ENREF_35
	_ENREF_36
	_ENREF_37
	_ENREF_38
	_ENREF_39
	_ENREF_40
	_ENREF_41
	_ENREF_42
	_ENREF_43
	_ENREF_44
	_ENREF_45
	_ENREF_46
	_ENREF_47
	_ENREF_48
	_ENREF_49
	_ENREF_50
	_ENREF_51
	_ENREF_52
	_ENREF_53
	_ENREF_54
	_ENREF_55
	_ENREF_56
	_ENREF_57
	_ENREF_58
	_ENREF_59
	_ENREF_60
	_ENREF_61
	_ENREF_62
	_ENREF_63
	_ENREF_64
	_ENREF_65
	_ENREF_66
	_ENREF_67
	_ENREF_68
	_ENREF_69
	_ENREF_70

