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1. Data sources

1.1 Numbers of HIV tests performed

Our approach to estimating the total number of HIV tests performed in South Africa is to aggregate estimates from four different sources: the public health sector, private medical schemes, insurance companies (tests performed on individuals applying for life insurance) and other private providers (tests performed by employee wellness programmes and workforce programmes that are independent of medical schemes). Of these four sources, the most significant are the public sector and the insurance industry, both of which have supplied data for several years. However, data are missing or incomplete for some years, and data from other sources are very limited. Our approach is therefore to estimate total numbers of HIV tests in South Africa for each of the years for which public sector data are available, then to use linear interpolation and extrapolation to estimate the totals for the other years. The sections that follow describe in more detail the approach to estimate the total numbers of HIV tests performed by each provider, as well as the interpolation procedure. 
1.1.1 Tests performed in the public health sector

Tests performed in the public sector have been reported as follows:

· The number of HIV tests performed in the public sector was reported to be 691 000 in the 2002/3 financial year (Manto Tshabalala-Msimang, speech at Consultation on UN processes, Benoni, 2 March 2006), consistent with the estimates of around 50 000 individuals tested per month in a 2002 survey of public health facilities 1[]
.
· Unpublished Department of Health data show an increase in the number of HIV tests from 951 476 in 2004/5, to 1 376 582 in 2005/6, to 1 610 755 in 2006/7, to 1 923 430 in 2007/8. The 2006/7 estimate has been published in South Africa’s 2008 UNGASS report 2[]
.
· The number of South Africans aged 15 and older who received HIV counselling and testing (HCT) decreased from 6 989 312 in the January-December 2009 period to 6 553 952 in the January-December 2010 period 3[]
. Although it is not stated explicitly, we assume that this number relates only to the public health sector.
· In the 2010/11 financial year, 9 523 400 HIV tests were performed in the public health sector 4[]
.
· In the 2011/12 financial year, 8 772 000 HIV tests were performed in the public health sector 5[]
.

The model projection years run from mid-year to mid-year, which is not the same as the government financial year (1 April to 30 March). However, in light of the data gaps and given the lack of monthly reporting, we set the assumed numbers of HIV tests in each projection year to be the same as the numbers reported for the corresponding financial year. For the 2009-2010 projection year, the number of tests is assumed to be the average of the numbers reported in the 2009 and 2010 calendar years (6 770 000).
1.1.2 Tests performed by private medical schemes

In 2011, a total of 215 432 HIV tests were performed by three of South Africa’s largest medical scheme administrators (Discovery Health, Medscheme/Aid for AIDS and GEMS, the government employee medical scheme) 4[]
. These administrators/schemes accounted for approximately 61% of all medical scheme beneficiaries in 2011 6[]
, and the number of tests per 1000 beneficiaries was consistently around 42 for all three administrators/schemes. This suggests that it is reasonable to estimate the total number of HIV tests performed by medical schemes in 2011/12 as 353 000 (215 432/0.61). 
Although data are not available for other years, it is unlikely that testing rates in medical schemes would have changed substantially since 2002, as HIV testing was already available to more than 80% of medical scheme beneficiaries in 2002, and ART was available to around 90% of beneficiaries in 2002 7[]
. However, it is likely that absolute testing volumes will have increased over time, due to steady growth in the size of the medical scheme population. We therefore scale the estimate of 353 000 for other years by the ratio of the number of beneficiaries in the relevant year to the number of beneficiaries in 2011/12 8[]
.
1.1.3 Tests performed by life insurance companies

Life insurance companies require life insurance applicants to undergo HIV testing if the sum assured is above a certain limit. Swiss Re, one of the country’s largest reinsurers, has regularly conducted surveys to determine HIV prevalence among life insurance applicants, collecting data from all the major insurers. In recent years, the number of tests performed has remained stable at around 430 000 per annum: 426 000 in 2009, 444 000 in 2010 and 427 000 in 2011 9[]
. Although numbers in earlier years are lower, the earlier surveys did not include some of the significant insurers, and the lower testing volumes are therefore to be expected. It is important to note that until recently, most individuals who received HIV testing did not receive post-test counselling and were not informed of their test results. However, the test outcomes were generally obvious to applicants: individuals whose applications were approved would generally assume that they were HIV-negative, and in the small proportion of cases (<2%) where the test result was positive, individuals would often be referred to specialist products for individuals living with HIV.
In the absence of evidence suggesting a substantial change in volumes of new life insurance business in recent years, we assume that the number of HIV tests performed by life insurers has remained stable at 432 000 since 2002 (the average for the 2009-2011 period).
1.1.4 Tests performed by other private providers

Bizwell was an initiative launched in October of 2010 to record numbers of tests performed in the private sector. Statistics on the Bizwell website (www.bizwell.co.za) suggest that the number of HIV tests performed as part of employee wellness programmes and workforce testing programmes increased from 91 634 in 2010 to 115 283 in 2011, before dropping to 76 542 in 2012. However, funding for the Bizwell initiative was significantly curtailed after September 2012, and the accuracy of the 2012 total is therefore questionable. It is also possible that the 2010 number may be an under-estimate, since the initiative only began in October of 2010. It is possible that the Bizwell data may include some of the medical scheme testing reported previously, since the Bizwell report lists a number of medical schemes and scheme administrators among its reporting companies 10[]
. The 2011 UNGASS report for South Africa quotes a total of 75 798 from Bizwell, separate from the totals for the medical schemes listed previously 4[]
, and this may be a truer reflection of the number of tests performed outside of medical schemes.
It is not clear if testing volumes in employee wellness and workforce testing programmes have changed over time, but since the numbers are fairly small when compared with the other sources of testing, any assumptions about trends are unlikely to alter substantially the overall estimates of numbers of HIV tests performed prior to 2011. We therefore assume that numbers of individuals tested through other private providers have remained constant at 76 000 per annum since 2002.

1.1.5 Interpolation procedure

Table S1 summarizes the assumed numbers of tests from the previous sections and the aggregated totals, for each of the years for which public sector data are available. The results suggest that in 2002/3, roughly 53% of all tests were conducted by the private sector. This proportion is somewhat higher than the fraction of adults ever tested for HIV who reported having been tested due to an ‘external request’ from employers or insurers (35%) in the 2002 HSRC household survey 11[]
. The discrepancy may be due to individuals independently seeking HIV testing through the private sector, or to a higher frequency of HIV testing in individuals of higher socioeconomic status (who are less likely to use public health facilities). By 2011/12, the proportion tested in the private sector had declined to 9%. This is less than the proportion of individuals in the 2012 HSRC household survey who reported that their last HIV test was in a private facility or workplace (22%) 12[]
, possibly because the last test performed was in many cases from the period when the private sector accounted for a higher proportion of the total.
Table S1: Assumed numbers of HIV tests performed in South Africa (in thousands)

	
	2002/3
	2004/5
	2005/6
	2006/7
	2007/8
	2008/9
	2009/10
	2010/11
	2011/12

	Public
	691
	951
	1 377
	1 611
	1 923
	2 591
	6 770
	9 523
	8 772

	Medical schemes
	286
	286
	290
	299
	315
	328
	336
	345
	353

	Insurers
	432
	432
	432
	432
	432
	432
	432
	432
	432

	Other private
	76
	76
	76
	76
	76
	76
	76
	76
	76

	Total
	1 485
	1 745
	2 175
	2 417
	2 747
	3 427
	7 614
	10 376
	9 633


In the period from mid-2003 to mid-2004, the total number of tests is assumed to be the average of the totals for 2002/3 and 2004/5 (1 615 000). In the period prior to 2002, there is almost no data to guide assumptions about annual numbers of HIV tests performed. Prior to 1990, there was little indication of HIV in South Africa’s heterosexual population, and HIV testing was therefore rarely offered. In the period up to 1992, the only government response to HIV was the establishment of 15 AIDS Training, Information and Counselling Centres (ATICCs), which were responsible mainly for producing educational materials 13[]
. The first significant response to the HIV challenge was the establishment of the National AIDS Convention of South Africa (NACOSA) towards the end of 1992, and since that time efforts to increase access to testing have steadily increased 13[]
.
Given the lack of data prior to 2002, our approach is to assume that annual numbers of HIV tests increased linearly from zero in 1990 to 1 485 000 in 2002. In a sensitivity analysis, we assess the effect of alternative assumptions regarding the growth prior to 2002 (see section 2.6.1). 
1.2 HIV prevalence in individuals tested for HIV

Reported levels of HIV prevalence in individuals tested for HIV differ substantially between providers:

· In the public sector, the prevalence of HIV in people tested between April 2010 and June 2011 was 16.2% 4[]
, having declined from levels in excess of 30% prior to 2008 (unpublished data).

· Among life insurance applicants tested for HIV, HIV prevalence was 1.63% in 2010 and 1.55% in 2011 9[]
.
· Among individuals tested for HIV through employee wellness and workforce testing programmes, HIV prevalence was 10.3% in 2010 and 8.7% in 2011 10[]
.
Table S2 shows the reported HIV prevalence data, as well as the estimated total HIV prevalence across all providers when weighting the different prevalence estimates by the assumed total numbers of tests in Table S1. Although there is no data on HIV prevalence among individuals tested for HIV through medical schemes, the HIV prevalence in the medical scheme population is generally considered to be much lower than that in the general population. We therefore assume, as our baseline estimate, that HIV prevalence in individuals tested for HIV in medical schemes is half of that in the public sector (i.e. 8.1%), then perform sensitivity analyses to explore the effect of changing this prevalence to 0% or 16.2%. Due to the lack of HIV prevalence data from employee wellness and workforce testing programmes prior to 2010, we assume that the average prevalence over 2010/11 (9.5%) applies to employee programmes in previous years (the overall prevalence estimate is not sensitive to this assumption due to the relatively low numbers of individuals tested through employee programmes).
Table S2: Reported HIV prevalence in South Africans receiving HCT, and estimated total prevalence

	
	2004/5
	2005/6
	2006/7
	2007/8
	2008/9
	2010/11

	Public
	35.57%
	34.89%
	31.82%
	30.14%
	28.44%
	16.21%

	Insurers
	1.97%
	1.98%
	2.08%
	2.12%
	1.85%
	1.59%

	Employee programmes
	-
	-
	-
	-
	-
	9.51%

	Total*
	22.59%
	24.53%
	23.22%
	22.81%
	22.69%
	14.60%

	   Lower bound
	19.00%
	21.55%
	20.60%
	20.43%
	20.68%
	13.63%

	   Upper bound
	26.12%
	27.46%
	25.80%
	25.16%
	24.67%
	15.55%

	Standard error
	1.82%
	1.51%
	1.33%
	1.21%
	1.02%
	0.49%


* Estimated based on the assumption that prevalence in medical schemes is half of that in the public sector, that the prevalence in employee programmes is the same as that in 2010/11, and that the specificity of the HIV testing algorithm is 99.2% (Table S1 totals are used in weighting prevalence estimates).
An additional complication to consider is that reported prevalence statistics (particularly those from the public sector) might be inflated by false positive reactions on rapid assays, which are routinely used in HIV diagnosis 14[]
. Because rapid testing is often performed by lay health workers in field settings, results are seldom as accurate as those obtained by skilled staff in laboratory settings 14[]
. Although it is usually required that positive results be confirmed with a second test, a Ugandan study has shown that even when testing algorithms are based on two rapid assays, their specificity may be as low as 90.4% 15[]
. Other studies of algorithms involving two rapids have produced higher estimates of specificity: 98.7% in DRC 16[]
, 99.7% in Congo 17[]
 and 99.7% in Tanzania 18[]
. We use the median specificity estimate from these four studies (99.2%) as our baseline assumption when adjusting the reported prevalence statistics, but explore the effects of assuming 98.4% and 100% in calculating the upper and lower bounds on the estimated prevalence. 98.4% is likely to be a lower bound on the specificity in the South African setting, as specificities of around 98% have been estimated in South African field settings, for a single rapid test performed by a lay health worker 14[]
, and a higher specificity would be expected, given the required second confirmatory test.
In calculating the likelihood function for the HIV prevalence in adults tested for HIV, we assume that the ‘observed’ prevalence is the prevalence estimated in Table S2, and calculate the standard error for the observation assuming that the lower and upper bounds on the estimated prevalence correspond to the 2.5 and 97.5 percentiles of the normal distribution around the observed prevalence. This standard error is greatest in the earliest years, due to the proportionately large contribution of medical schemes to testing volumes in the earliest years, and the associated uncertainty regarding HIV prevalence in medical scheme testers.
1.3 Proportions of adults ever tested for HIV

Estimates of the proportions of adults ever tested for HIV were obtained from three national household surveys, conducted by the Human Sciences Research Council (HSRC) in 2005, 2008 and 2012 12


[ ADDIN EN.CITE , 19, 20]
. Estimates were stratified by age group, sex and HIV status, as shown in Table S3.

Table S3: Proportions of adults reporting having ever tested for HIV

	
	
	HIV-negative
	HIV-positive

	Year
	Age
	Males
	Females
	Males
	Females

	2005
	15-24
	11.3% (9.2-13.9)
	27.3% (24.1-30.8)
	22.4% (9.2-45.1)
	37.2% (29.5-45.6)

	
	25-34
	43.4% (34.4-52.7)
	48.2% (43.2-53.3)
	29.6% (19.9-41.5)
	44.1% (35.6-52.9)

	
	35-44
	46.4% (40.3-52.7)
	47.3% (42.2-52.4)
	34.2% (24.7-45.3)
	35.6% (27.0-45.2)

	
	45-59
	36.0% (30.6-41.7)
	26.1% (22.7-29.9)
	49.4% (31.0-67.9)
	25.4% (15.0-39.7)

	
	60+
	17.8% (12.2-25.4)
	6.2% (4.2-9.2)
	40.6% (11.2-78.8)
	3.5% (0.9-12.8)

	2008
	15-24
	25.7% (21.9-29.9)
	50.5% (46.8-54.3)
	21.2% (8.8-43.0)
	73.3% (65.2-80.0)

	
	25-34
	54.8% (48.2-61.2)
	80.6% (76.1-84.4)
	52.5% (39.9-64.9)
	76.4% (68.6-82.7)

	
	35-44
	63.2% (56.4-69.5)
	70.7% (66.1-75.0)
	63.9% (48.9-76.6)
	69.5% (61.4-76.6)

	
	45-59
	59.9% (54.3-65.2)
	43.3% (39.1-47.5)
	61.2% (44.7-75.5)
	57.2% (44.6-69.0)

	
	60+
	28.8% (22.8-35.7)
	15.5% (12.3-19.4)
	62.7% (32.4-85.5)
	26.9% (8.3-59.7)

	2012
	15-24
	38.1% (34.5-41.7)
	61.6% (58.4-64.8)
	58.9% (46.2-70.6)
	78.8% (70.9-85.1)

	
	25-34
	65.3% (60.3-69.9)
	91.0% (88.7-92.9)
	61.9% (49.8-72.7)
	94.1% (91.6-95.9)

	
	35-44
	71.8% (66.1-76.8)
	86.3% (83.0-89.0)
	75.4% (63.8-84.2)
	91.5% (86.0-95.0)

	
	45-59
	71.4% (66.8-75.6)
	68.4% (64.8-71.7)
	82.4% (70.0-90.4)
	77.8% (70.3-83.7)

	
	60+
	46.7% (41.0-52.5)
	36.6% (32.6-40.8)
	58.2% (36.6-77.0)
	57.8% (43.2-71.2)


95% confidence intervals are shown in brackets.
2. Model description
2.1 Model of HIV disease progression and engagement in HIV care

Figure S1 summarizes the structure of the model of adult HIV disease progression and engagement in HIV care. The symbol s represents the stage of HIV disease: 0 representing uninfected individuals, 1 representing recently-infected individuals in the acute stage of HIV infection, and 2-5 representing individuals in CD4 categories ≥500, 350-499, 200-349 and <200 respectively (in the case of treated individuals, s refers to the CD4 category at the time of ART initiation). It is assumed that individuals who are tested during the acute phase of infection would test antibody-negative, although in reality the duration of the window period on most rapid antibody tests is shorter than the assumed average duration of acute infection 21[]
. The symbol i represents the HIV testing history: 0 representing individuals who have never tested for HIV, 1 representing individuals who have tested for HIV but have never been diagnosed HIV-positive, and 2 representing individuals who have been diagnosed HIV-positive. Individuals who have been diagnosed HIV-positive are further stratified according to their receipt of ART and time since ART initiation, but uptake of HIV testing is assumed to be independent of these ART variables, and this stratification is therefore not considered further.
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Figure S1: Multistate model of adult HIV disease progression and engagement in HIV care

AIDS and non-AIDS mortality are not shown.
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where φs is the rate of disease progression in 30-year old men, 
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 is the relative rate of disease progression in women, and k is the proportional increase in disease progression per 10-year increase in age. Similarly, we define the symbol 
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 to be the annual mortality rate in HIV state s in untreated individuals of sex g who are aged x. This is calculated as
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where μs is the rate of HIV mortality in 30-year old men in state s. Most of the parameters in these models have been estimated by fitting the model to South African recorded death data, using a Bayesian approach, and by validating the model estimates against cross-sectional surveys of the proportion of the HIV-positive population in different CD4 categories 22[]
. The assumed values of the different parameters are summarized in Table S4.
Table S4: Estimated values of HIV disease progression and mortality parameters

	Parameter
	Symbol
	Value
	Source

	Mean time in acute stage (years)
	1/φ1
	0.25
	
 ADDIN EN.CITE 
[23, 24]


	Mean time from stage 1 to stage 2 (years)
	1/φ2
	2.94
	Fitted

	Mean time from stage 2 to stage 3 (years)
	1/φ3
	1.99
	Fitted

	Mean time from stage 3 to stage 4 (years)
	1/φ4
	2.99
	Fitted

	Annual HIV-related mortality in stages 1-3 (untreated)
	μ1, μ2, μ3
	0.000
	-

	Annual HIV-related mortality in stage 4 (untreated)
	μ4
	0.035
	Fitted

	Annual HIV-related mortality in stage 5 (untreated)
	μ5
	0.272
	Fitted

	Relative rate of disease progression in women
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	0.90
	25[, 26]


	Increase in disease progression per 10-year age increase
	k
	0.266
	Fitted


Assumptions regarding HIV-related mortality in treated HIV-positive adults are based on the estimates of a relative survival model, fitted to data from the IeDEA Southern Africa collaboration 27[]
. A more detailed explanation of the assumptions regarding ART initiation and survival after ART initiation is provided elsewhere 22[]
.
2.2 Rates of HIV testing in pregnant women and patients with opportunistic infections

Table S5 summarizes the model assumptions about the changes over time in the proportions of pregnant women and patients with opportunistic infections (OIs) who receive HIV testing. In the case of pregnant women, assumptions are the same as in a previously-described paediatric HIV model 28[]
, updated to reflect more recent data 
 ADDIN EN.CITE 
[29-31]
. The data sources on which the assumptions are based are early surveys of public health facilities (reviewed in detail elsewhere 32[]
) and the District Health Information System (after adjustment for differences in reporting periods and after removing anomalous results for certain districts). In the case of OI patients, it is assumed that there was minimal HIV testing prior to the start of the ART rollout in 2004; in all years prior to 2004, the assumed proportion tested is 5% 33[]
. After 2011, the proportion of OI patients who are tested is assumed to increase by 5% per annum, until a maximum of 90% is reached in 2017, in line with recent estimates of proportions of TB patients tested for HIV in Cape Town 34[]
 and in line with the ultimate target of 90% in the 2012-16 National Strategic Plan 35[]
. Although the assumptions are based on rates of HIV testing in TB patients, it is possible that rates of HIV testing may be lower in patients with other OIs. We therefore include a sensitivity analysis in which the rates of HIV testing in OI patients are assumed to be lower than those in Table S5 (see section 2.6).
Table S5: Assumed proportions of patients tested for HIV (undiagnosed)
	Year
	Antenatal testing (vi(t))
	Testing of OI patients (di(t))

	
	Rate
	Sources
	Rate
	Sources

	Pre-1999
	0.0%
	
	5%
	

	1999-00
	0.9%
	
	5%
	

	2000-01
	2.9%
	
	5%
	

	2001-02
	7.5%
	36[]

	5%
	

	2002-03
	15.6%
	1[, 37]

	5%
	

	2003-04
	31.3%
	
	5%
	

	2004-05
	42.0%
	38[]

	8%
	39[]


	2005-06
	54.5%
	40[]

	20%
	41[]


	2006-07
	72.2%
	42[]

	31%
	41[]


	2007-08
	84.0%
	43[]

	40%
	41[, 44]


	2008-09
	89.0%
	45[]

	45%
	41[, 44]


	2009-10
	93.0%
	
	50%
	41[]


	2010-11
	97.0%
	31[]

	55%
	46[]


	2011-12
	98.0%
	30[]

	60%
	

	2012-13
	98.0%*
	
	65%†
	


* Rates are assumed to remain constant at 98% after 2013. † Rates are assumed to increase by 5% per annum until an ultimate rate of 90% is reached in 2017.
Assumptions regarding average fertility rates, for each age from 15 to 49, and for each year from 1985 to 2010, are obtained by adjusting the ASSA2008 model assumptions in proportion to the total fertility rates estimated from a back-projection of the number of surviving South African-born children in the 2011 census 47[]
. These average fertility rates are adjusted to take into account differences in fertility rates between women in different stages of HIV disease and between virgins and women who are sexually experienced. The adjustments made in respect of HIV stage are based on the assumption that rates of fertility in HIV-positive women are 1, 0.96, 0.87 and 0.74 times those in HIV-negative women, for CD4 categories ≥500, 350-499, 200-349 and <200 respectively. These assumptions are based on observed changes in frequencies of sexual activity over the course of HIV disease, and further explanation is provided elsewhere 22[]
. In the years that follow 2010, the model projects the HIV-negative fertility rates forward on the assumption of a steady decline in HIV-negative fertility, converging toward an ultimate set of fertility rates. These assumptions about declining future non-HIV fertility are the same as in the ASSA2008 ‘lite’ model 48[]
.
The assumed proportions tested in Table S5 relate only to individuals who have either never been tested before (i = 0) or who have previously tested HIV-negative (i = 1). For individuals who have previously been diagnosed HIV-positive (i = 2), the vi(t) and di(t) parameters are set to zero. Although it may be unrealistic to assume that all previously-diagnosed pregnant women and OI patients would disclose their HIV status to providers or decline the offer of an HIV test, there is nevertheless an allowance for retesting of previously-diagnosed individuals through the r2 parameter in equation (1) of the main text. 
2.3 Rates of HIV testing in asymptomatic, non-pregnant individuals

Suppose that G(t) is the total number of HIV tests performed in South Africa in year t, as shown in Table S1, and that 
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 is the rate of HIV testing in individuals of age x and sex g, in HIV stage s and with HIV testing history i (as defined in equation (1) in the main text). If 
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(The relation is not exact because the numbers of individuals in the different strata change over the course of the year, so relying only on the values at the start of the year may lead to some bias – it will later be shown that this bias is very small.) Expanding this equation using the symbols defined in equation (1) of the main text, we obtain
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and from this we obtain
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This approximation to b(t) is calculated at the start of each year, and is substituted into equation (1) of the main text. Estimates of the 
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 population totals are updated at monthly time steps, with the estimated values of b(t) being held constant over the course of each year.

Estimates of b(t) may be biased due to inaccuracies in the model estimates of the population size (the 
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 parameters). The demographic parameters in the Thembisa model are preliminary 22[]
, and further work is required to obtain greater consistency with the results of the 2011 census 49[]
. Currently the model underestimates the 2011 census estimate of the population size by about 2%, and this could imply a slight exaggeration of the b(t) parameters.
2.4 Model estimates of numbers of HIV tests and HIV prevalence in HIV testers
The total number of HIV-negative test results over the course of year t is calculated as
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and the total number of HIV-positive test results is
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The model estimate of the HIV prevalence among individuals tested for HIV in year t is then
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2.5 Likelihood definition

The likelihood function is defined with respect to two data sources: the proportions of individuals who report having ever tested for HIV in three national household survey (see section 1.3), and empirically-derived estimates of the HIV prevalence in individuals tested for HIV in six years (see section 1.2).
Considering first the likelihood in respect of the household survey data, we define Eg,x,h(t) to be the model estimate of the proportion of the population ever tested, in individuals of sex g and HIV status h (0 = negative, 1 = positive), in age group x, at time t. The corresponding survey estimate is denoted by 
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. For the purpose of calibration, the data are grouped into five age categories: 15-24, 25-34, 35-44, 45-59 and 60+. The likelihood is calculated on the assumption that the differences between the logit-transformed survey estimates and the logit-transformed model estimates are normally distributed with mean Uh. (The logit transformation is used as it helps to ensure that the assumption of normally-distributed error terms is not violated.) In mathematical terms, we assume



[image: image19.wmf])

(

)

(

)

(

1

)

(

log

)

(

1

)

(

log

,

,

,

,

,

,

,

,

,

,

,

,

t

t

U

t

E

t

E

t

t

h

x

g

h

x

g

h

h

x

g

h

x

g

h

x

g

h

x

g

e

h

z

z

+

+

+

÷

÷

ø

ö

ç

ç

è

æ

-

=

÷

÷

ø

ö

ç

ç

è

æ

-


where Uh is a reporting bias parameter, 
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 is defined as the odds ratio comparing reported prior testing to actual prior testing. The Uh parameter is estimated using the standard maximum likelihood formula,
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and the 
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 parameter is estimated from the 95% confidence intervals shown in Table S3. The model error term is assumed to follow a N(0, 
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The likelihood function in respect of the household survey data is then


[image: image28.wmf](

)

(

)

(

)

(

)

(

)

(

)

Õ

Õ

Õ

Õ

ú

ú

û

ù

ê

ê

ë

é

+

-

-

-

+

-

g

x

t

h

x

g

E

h

h

x

g

h

x

g

h

h

x

g

E

t

U

t

E

t

t

)

(

ˆ

2

ˆ

)

(

logit

)

(

logit

exp

)

(

ˆ

2

2

,

,

2

2

,

,

,

,

5

.

0

2

,

,

2

s

s

z

s

s

p

.
Secondly, for the purpose of defining the likelihood function in respect of the HIV prevalence data, suppose that H(t) represents the empirically-derived estimate of HIV prevalence in individuals tested for HIV in year t. It is again assumed that the difference between the model estimate and the empirical estimate is normally distributed on the logit scale. In mathematical terms, we assume
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where 
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 being estimated from  the upper and lower limits on the empirically-derived prevalence estimates (section 1.2). In the case of the HIV prevalence data, we do not make provision for a model error term, as there are relatively few HIV prevalence data points, and the inclusion of a model error would lead to the HIV prevalence data being given very low weight relative to the household survey data. The likelihood function in respect of the HIV prevalence data is 
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The total likelihood is the product of the likelihood in respect of the household survey data and the likelihood in respect of the HIV prevalence data.

2.6 Sensitivity analyses

Sensitivity analyses were conducted to assess the robustness of the model results to alternative assumptions regarding numbers of HIV tests performed prior to 2002, levels of bias in self-reported history of prior HIV testing, relative rates of testing in HIV-positive and HIV-negative adults, and proportions of OIs in which HIV testing is performed. These sensitivity analyses are also conducted in order to assess whether alternative assumptions yield substantially better (or substantially worse) fits to the data, when compared to the baseline model. Suppose that M0 represents the baseline model (as described in the main text) and Mj represents alternative model j. The performance of model j relative to the baseline model is quantified using a Bayes factor, which represent the ratio of the average likelihood for model j (weighted according to the prior distribution) to that for the baseline model 50[]
. Mathematically, the Bayes factor is defined as
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 is the likelihood for the self-reported testing history data (Z) and HIV prevalence data (H), given parameter inputs Φj into model Mj, and 
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 is the prior density for parameter combination Φj in model Mj. Although the expression cannot be evaluated analytically, it can be approximated numerically when applying the Incremental Mixture Importance Sampling procedure 51[]
. We assess the quantity 
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, noting that values above zero imply better correspondence between the model estimates and the data for model j than for the baseline model. Kass and Raftery 50[]
 consider that if 
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 exceeds 6, this constitutes ‘strong’ evidence in favour of model j (and conversely, if the quantity is less than -6, this constitutes strong evidence that the alternative model is inferior to the baseline model).
2.6.1 Model 1: Variation in numbers tested prior to 2002

Model 1 assumes linear annual growth in the number of HIV tests performed in South Africa, from zero in 1990 to a number G(1996) in 1996, followed by linear growth from G(1996) to 1 485 000 over the period from 1996 to 2002. The approach in the sensitivity analysis is therefore to fit a piecewise-linear function over the 1990-2002 period, with the parameter G(1996) determining the extent of the HIV testing prior to 2002. Given the uncertainty regarding the value of G(1996), we include this parameter in the uncertainty analysis and assign a prior distribution, which is uniform on the range (0, 1 485 000).  With this prior distribution, the number of HIV tests performed prior to 2002 will be between 50% and 150% of the number assumed in the baseline scenario.
2.6.2 Model 2: Variation in relative rates of testing in HIV-positive and HIV-negative individuals
Results from the baseline model suggest that the bias towards over-reporting prior HIV testing may be greater in HIV-negative individuals than in HIV-positive individuals. An alternative interpretation of the data is that the reporting bias might be the same for all adults, but HIV testing might be less frequent in HIV-positive individuals, after excluding the effect of testing in OI patients. To explore the effect of assuming different rates of HIV testing in asymptomatic positive and negative individuals, we modify equation (1) in the main text as follows:
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where Ys is an adjustment factor to take into account the effect of HIV status on the rate of HIV testing. We set Y0 = 1 for HIV-negative individuals, and set Ys = Y* for all s > 0 (HIV-positive individuals). Some South African studies have found an association between sexual risk behaviour and HIV testing 20[, 52]
, which suggests the possibility that HIV-infected individuals may be more likely to get tested for HIV (Y* > 1). Individuals who do not test for HIV often cite as their reason for not testing that they do not perceive themselves to be at risk of HIV 44[, 53]
, which also suggests that HIV-negative individuals may be less likely to get tested. However, fear of a positive result is also frequently cited as a reason for not testing 
 ADDIN EN.CITE 
[44, 53, 54]
, which may be relatively more of a barrier in individuals who suspect that they might be infected. Maughan-Brown and Nyblade 55[]
 found that in youth in the Cape Town area, having tested for HIV was strongly associated with low self-perceived risk of HIV infection and (in men) higher educational attainment. Other studies have also shown a strong association between educational attainment and HIV test uptake 
 ADDIN EN.CITE 
[20, 56-58]
. Given the association between lower educational attainment and HIV risk that has emerged in the more advanced stages of the HIV epidemic 59[, 60]
, it is possible that HIV-infected individuals may be less likely to have been tested on account of their lower educational attainment and/or socioeconomic status (Y* < 1). The evidence reviewed here is therefore unclear as to whether HIV-positive individuals are more or less likely to have been tested for HIV; different HIV risk factors influence the rate of HIV testing in different directions. To represent this uncertainty, we have assigned a gamma prior to the Y* parameter, with a mean of 1 and a standard deviation of 0.5.
In model 2, we assume that there is no difference in the reporting bias between HIV-positive and HIV-negative individuals. The U0 and U1 parameters are therefore estimated using the same equation, which pools the estimates for HIV-positive and HIV-negative adults:
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2.6.3 Model 3: No reporting bias

In model 3 it is assumed that there is no misreporting of prior HIV testing (i.e. the U0 and U1 parameters are both set to zero). To compensate for the restriction that this places on the model fitting, we extend the baseline model to allow for flexibility in both the numbers of HIV tests performed prior to 2002 and the relative rates of HIV testing in HIV-negative and HIV-positive adults. Model 3 therefore incorporates elements of models 1 and 2, with the same priors on the G(1996) and Y* parameters as in models 1 and 2 respectively.
2.6.4 Model 4: Reduced level of HIV testing in OI patients
As noted in section 2.2, the model assumptions about the proportions of OI patients who receive HIV testing are based on rates of HIV testing in TB patients. However, it is possible that the average rate of HIV testing in OI patients may be lower than that in TB patients. For example, South African guidelines recommend testing all pneumonia patients for HIV, but only after the patient has recovered from pneumonia 61[]
, which may lead to a substantial fraction of HIV cases being missed. TB is well recognized as being related to HIV in the South African setting, and the rate of HIV testing in TB patients is a key performance indicator, which may lead to HIV testing being performed more routinely in TB patients than in patients with other HIV symptoms. It is also possible that there may be some degree of over-reporting in published estimates of proportions of TB patients who receive HIV testing. For these reasons we apply a bias adjustment factor, Ψ, to the di(t) estimates, so that equation (1) of the main text becomes
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Given the uncertainty regarding the likely magnitude of this bias, we assign a uniform (0, 1) prior distribution to represent the range of possible values of Ψ.

2.6.5 Model 5: Under-reporting of total numbers of HIV tests

Although we have interpreted the discrepancy between self-reporting of past HIV testing and the total numbers of HIV tests performed as reflecting a bias towards over-reporting of HIV testing, an alternative interpretation might be that the estimates of total tests performed by health services are under-estimates. There are a number of reasons why this might occur. Firstly, in the public sector each counsellor has their own paper register, and totals from these registers are routinely aggregated, but there are some situations in which the person performing the HIV test might not have a register (for example, a nurse might perform an HIV test at a midwife obstetric unit after hours, when there are no counsellors present), and it is possible that in such situations the test might not be recorded. Secondly, although most NGOs performing HCT services report their numbers of HIV tests to the Department of Health (so that they are included in the public sector statistics), it is possible that there are some NGO programmes that are not included. We therefore consider a sensitivity analysis in which the total number of HIV tests performed in each year is assumed to be 20% greater than the number assumed in the baseline scenario (Table S1).
3. Additional results

3.1 Comparison of prior and posterior distributions

Table S6 compares the means and 95% confidence intervals of the prior and posterior distributions. As noted in the main text, most of the posterior distributions are similar to the corresponding prior distributions, although the age distribution of HIV test uptake is somewhat younger in the posterior analysis, and the relative rate of HCT uptake in men appears to have fallen substantially in recent years. Rates of retesting are estimated to be higher in the posterior analysis than assumed a priori, both for individuals who previously tested positive and for individuals who previously tested negative.
Table S6: Comparison of prior and posterior distributions
	Parameter
	Prior distribution

(mean, 95% CI)
	Posterior distribution

(mean, 95% CI)

	Mean age of testing: men*
	42.0 (29.4-56.8)
	37.2 (30.9-44.5)

	Mean age of testing: women*
	24.0 (16.8-32.5)
	22.3 (16.3-27.7)

	SD of age of testing: men*
	30.0 (21.0-40.6)
	28.0 (20.7-37.7)

	SD of age of testing: women*
	24.0 (16.8-32.5)
	19.4 (15.8-24.4)

	Ratio of male to female test uptake in 2002†
	0.80 (0.62-1.01)
	0.83 (0.70-0.99)

	Ratio of male to female test uptake in 2010†
	0.80 (0.62-1.01)
	0.68 (0.53-0.84)

	HIV test history adjustment:
	
	

	   Previously tested negative
	1.50 (0.82-2.38)
	1.97 (1.53-2.41)

	   Previously tested positive
	0.50 (0.025-0.975)
	0.92 (0.77-1.00)


* For a hypothetical population with uniform age distribution. The actual distribution of HIV testing ages differs when the function is applied to the population pyramid in South Africa. † At age 25.
3.2 Time trends and age patterns of test uptake
Model estimates of the numbers of HIV tests performed in South Africa are close to those derived from reported private and public programme statistics (Figure S2a), suggesting that any bias due to the assumption of a constant population profile over the course of a year is likely to be minimal. Figure S2b shows that the model estimates a steady increase in HIV prevalence among HIV testers up to 2003, in line with national HIV prevalence trends. Thereafter a steep increase in HIV prevalence among testers occurred over the 2004-2006 period, corresponding to the increasing rates of HIV testing among patients with OIs (Table S5). In subsequent years, this was offset by increasingly high rates of HIV testing in the general population, and higher rates of retesting among HIV-negative individuals than among previously-diagnosed individuals. This caused a decline in HIV prevalence among HIV testers, consistent with other South African studies that have noted declines in prevalence among testers as HCT access was scaled up 62[, 63]
. The model estimates of HIV prevalence among HIV testers are roughly consistent with the estimates derived from the empirical data, although the model tends to underestimate prevalence in 2004 and 2005. This could potentially be due to the model making overly conservative assumptions about rates of HIV testing in OI patients prior to 2006, or it may be due to the assumed numbers of tests in the private sector being too low in these years (increasing the number of private sector HIV tests would lead to lower empirically-derived prevalence estimates).
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Figure S2: Calibration to empirically-derived estimates of numbers of HIV tests and HIV prevalence among testers (ages 10 and older)
Figure S3 shows the posterior estimates of the rates of HIV testing in adults over the 2011-12 period (corresponding to the b(t) Ag(x,t) factor in equation (1) of the main text). In both men and women, rates of testing are highest at the young ages, although the age gradient is steeper in women than in men. The posterior estimates of HIV testing rates are substantially higher in women than in men at the young ages, but after age 35 rates of HIV testing are more similar in men and women.
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Figure S3: Age-specific annual rates of HIV testing in sexually-experienced adults who have not previously been tested, and who are not currently pregnant or experiencing HIV symptoms (2011-12)
Solid lines represent posterior means. Dashed lines represent 2.5 and 97.5 percentiles of the posterior distribution.

3.3 Sensitivity analyses

Table S7 summarizes the posterior estimates and Bayes factors for the alternative models considered in the sensitivity analysis. All the Bayes factors are negative, indicating that none of the alternative models provide better fits to the data. Estimates of the fraction of HIV-positive adults who were diagnosed in 2002 and 2012 are remarkably consistent across the sensitivity analyses. 
For Model 1, the Bayes factor suggests no material difference from the baseline model, but the posterior estimate of the number of HIV tests performed in 1996 is lower than the number in the baseline model, accounting for a slightly lower estimated fraction ever tested in 2005 when compared to the baseline model (Figure S4a and b). In 2008 and 2012, the estimated fractions ever tested are virtually indistinguishable when comparing Model 1 and the baseline model. The HIV prevalence among HIV testers is also marginally higher than in the baseline model during the late 1990s (Figure S6), due to the lower number of HIV tests performed in the asymptomatic population.
The Bayes factor for Model 2 provides very strong evidence against the hypothesis that the observed differences in reporting of prior testing are due to actual differences in access to testing among HIV-positive and HIV-negative adults rather than differences in reporting bias. This is confirmed in Figure S4, which shows that Model 2 generally does not correspond as closely with the data as the baseline model, especially amongst HIV-negative adults in 2008 (Figure S4c). The posterior estimate of the Y* parameter is 0.90 (95% CI: 0.77-1.07), which is not significantly different from the assumption of 1 in the baseline model (i.e. assuming no difference in HIV test access by HIV status).
Model 3 is very similar to Model 2, with a similarly low Bayes factor and almost identical estimates of the fraction of the population ever tested for HIV (Figure S5). The low Bayes factor for Model 3 is strong evidence against the hypothesis that there is no bias in the reporting of prior HIV testing. The relative rate of HIV testing in individuals who previously tested negative is substantially lower in Model 3 (1.48, 95% CI: 1.10-1.94) than in the baseline model (1.97, 95% CI: 1.53-2.41), and the posterior estimate of the number of HIV tests in 1996 is higher than in the baseline model. This is because it is only possible for Model 3 to match the high reported rates of prior testing if it is assumed that relatively few previously-tested individuals get retested and if it is assumed that there were relatively high rates of HIV testing prior to 2002.

Table S7: Parameter estimates from different models

	Parameter
	Base model
	Model 1:

Change in testing

rates pre-2002
	Model 2:

Different testing

rates in HIV+
	Model 3:

No reporting bias
	Model 4:

Lower testing in

OI patients
	Model 5:

20% higher testing

numbers (all years)

	Mean age of testing: men*
	37.2 (30.9-44.5)
	38.6 (31.8-45.2)
	38.7 (32.1-45.3)
	38.4 (30.5-46.4)
	37.1 (31.0-44.0)
	37.5 (31.4-44.2)

	Mean age of testing: women*
	22.3 (16.3-27.7)
	23.0 (17.4-28.4)
	23.0 (17.1-29.3)
	22.6 (16.6-28.8)
	22.4 (16.8-28.0)
	22.6 (16.7-28.7)

	SD of age of testing: men*
	28.0 (20.7-37.7)
	27.4 (20.0-36.4)
	29.2 (21.6-39.0)
	30.1 (22.2-39.6)
	28.4 (20.9-38.1)
	27.7 (20.5-38.5)

	SD of age of testing: women*
	19.4 (15.8-24.4)
	20.2 (16.3-25.3)
	21.0 (16.9-26.6)
	21.4 (17.3-28.1)
	19.7 (16.1-24.4)
	19.9 (16.0-24.8)

	Ratio of male to female test uptake in 2002†
	0.83 (0.70-0.99)
	0.84 (0.70-1.01)
	0.83 (0.68-1.00)
	0.85 (0.69-1.03)
	0.84 (0.69-1.00)
	0.82 (0.68-0.97)

	Ratio of male to female test uptake in 2010†
	0.68 (0.53-0.84)
	0.68 (0.53-0.85)
	0.71 (0.55-0.89)
	0.72 (0.57-0.90)
	0.67 (0.53-0.83)
	0.68 (0.54-0.83)

	HIV test history adjustment:
	
	
	
	
	
	

	   Previously tested negative
	1.97 (1.53-2.41)
	2.04 (1.58-2.56)
	1.62 (1.22-2.16)
	1.48 (1.10-1.94)
	1.94 (1.48-2.47)
	1.67 (1.35-1.94)

	   Previously tested positive
	0.92 (0.77-1.00)
	0.90 (0.74-0.99)
	0.91 (0.73-1.00)
	0.87 (0.66-1.00)
	0.91 (0.74-0.99)
	0.96 (0.86-1.00)

	Ratio of # tests in 1996 to # tests in 2002
	0.50
	0.31 (0.07-0.64)
	0.50
	0.61 (0.36-0.89)
	0.50
	0.50

	Ratio of HIV test uptake in HIV+ to HIV-
	1.00
	1.00
	0.90 (0.77-1.07)
	0.92 (0.75-1.11)
	1.00
	1.00

	Ratio of HIV testing in OI cases to TB
	1.00
	1.00
	1.00
	1.00
	0.96 (0.85-1.00)
	1.00

	OR for reported testing to actual testing
	
	
	
	
	
	

	   HIV-negative
	1.51 (1.36-1.68)
	1.69 (1.38-2.04)
	1.12 (1.03-1.22)
	1.00
	1.50 (1.33-1.67)
	1.12 (1.01-1.23)

	   HIV-positive
	0.91 (0.83-0.97)
	0.99 (0.84-1.15)
	1.12 (1.03-1.22)
	1.00
	0.91 (0.83-0.99)
	0.70 (0.64-0.75)

	Bayes factor
	-
	-0.17
	-20.3
	-25.4
	-6.24
	-30.2

	% of HIV+ adults undiagnosed in 2002
	81.4 (80.9-81.9)
	83.4 (79.9-86.1)
	82.6 (80.6-84.3)
	81.4 (77.9-84.5)
	81.5 (80.9-82.0)
	78.5 (77.9-79.0)

	% of HIV+ adults undiagnosed in 2012
	23.7 (23.1-24.3)
	23.8 (23.1-24.5)
	24.6 (22.5-26.4)
	24.2 (21.8-26.2)
	23.9 (23.1-24.7)
	20.5 (20.0-20.9)


95% confidence intervals are shown in brackets. OI = opportunistic infection, OR = odds ratio.

* For a hypothetical population with uniform age distribution. The actual distribution of HIV testing ages differs when the function is applied to the population pyramid in South Africa. † At age 25.
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(f) HIV-positive adults, 2012
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(a) HIV-negative adults, 2005
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(b) HIV-positive adults, 2005
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(c) HIV-negative adults, 2008
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(d) HIV-positive adults, 2008
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(e) HIV-negative adults, 2012
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Figure S4: Proportions of adults who report having ever been tested for HIV

Model estimates are posterior means, after adjustment to reflect expected reporting. Vertical lines represent 95% confidence intervals around survey estimates.
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(f) HIV-positive adults, 2012
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Males

Females

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

15-

24

25-

34

35-

44

45-

59

60+ 15-

24

25-

34

35-

44

45-

59

60+

(c) HIV-negative adults, 2008

Model

Survey

Model 4

Model 3

Model 5

Males

Females

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

15-

24

25-

34

35-

44

45-

59

60+ 15-

24

25-

34

35-

44

45-

59

60+

(d) HIV-positive adults, 2008

Males

Females

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

15-

24

25-

34

35-

44

45-

59

60+ 15-

24

25-

34

35-

44

45-

59

60+

(a) HIV-negative adults, 2005
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Figure S5: Proportions of adults who report having ever been tested for HIV

Model estimates are posterior means, after adjustment to reflect expected reporting bias (except in the case of Model 3, for which there is assumed to be no bias). Vertical lines represent 95% confidence intervals around survey estimates.
The Bayes factor for Model 4 suggests strong evidence against the hypothesis that rates of HIV testing are lower in OI patients than rates of HIV testing in TB patients. The posterior estimate for the Ψ parameter is 0.96 (95% CI: 0.85-1.00), very close to the ratio of 1 assumed implicitly in the baseline model. As a result, the Model 4 estimates of the proportion of the population ever tested for HIV are almost indistinguishable from those for the baseline model (Figure S5), and the Model 4 estimates of HIV prevalence among testers is also almost indistinguishable from that in the baseline model (Figure S6).

The Bayes factor is lowest for Model 5, suggesting strong evidence against the hypothesis that the total numbers of HIV tests would be under-reported by as much as 20%. Although this alternative assumption makes little discernible difference to the calibration of the model to the reported proportions ever tested for HIV (Figure S5), it does lead to substantially lower estimates of HIV prevalence among individuals tested for HIV than have been observed in the 2004-2008 period (Figure S6). The reduction in the estimated HIV prevalence among individuals testing for HIV (relative to the baseline model) is probably because individuals with HIV-related symptoms contribute relatively less to total testing numbers as the assumed total testing numbers increase. If the assumption of a 20% under-reporting of total HIV test numbers were correct, this would imply a much more modest bias towards over-reporting of prior testing in HIV-negative individuals (OR 1.12, 95% CI: 1.01-1.23) but a much more substantial bias towards under-reporting in HIV-positive individuals (OR 0.70, 95% CI: 0.64-0.75) (Table S7). In an alternative sensitivity analysis, in which there was assumed to be 20% over-reporting of total HIV tests numbers in all years, a non-significant improvement in model fit was obtained relative to the baseline model (Bayes factor 1.94). However, this model was considered to be less plausible, as 20% over-reporting would imply fabrication of data on a large scale.
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Figure S6: HIV prevalence among individuals tested for HIV
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