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a b s t r a c t 

Objectives: To quantify the South African adult tuberculosis (TB) incidence and mortality attributable to 

HIV between 1990 and 2019 and to estimate the reduction in TB incidence due to directly observed ther- 

apy, antiretroviral therapy (ART), isoniazid preventive therapy, increased TB screening, and Xpert MTB/RIF. 

Methods: We developed a dynamic TB transmission model for South Africa. A Bayesian approach was 

used to calibrate the model to South African-specific data sources. Counterfactual scenarios were simu- 

lated to estimate TB incidence and mortality attributable to HIV and the impact of interventions on TB 

incidence. 

Results: Between 1990 and 2019, 8.8 million (95% confidence interval [CI] 8.3-9.3 million) individuals de- 

veloped TB, and 2.1 million (95% CI 2.0-2.2 million) died from TB. A total of 55% and 69% of TB cases and 

mortality were due to HIV, respectively. Overall, TB screening and ART substantially reduced TB incidence 

by 28.2% (95% CI 26.4-29.8%) and 20.0% (95% CI 19.2-20.7%), respectively, in 2019; other interventions had 

minor impacts. 

Conclusion: HIV has dramatically increased TB incidence and mortality in South Africa. The provision of 

ART and intensification of TB screening explained most recent declines in TB incidence. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious 

Diseases. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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South Africa is ranked among the top 20 high tuberculosis 

TB) burden countries ( World Health Organization, 2019 ). The TB 

pidemic grew rapidly in the early 1990s, primarily driven by 

IV ( Abdool Karim et al. , 2009 ). HIV infection is the strongest

ndividual-level TB risk factor, increasing the risk of progression 

o TB disease and reactivation of latent TB infection, worsening 

reatment outcomes and increasing mortality ( Lawn et al. , 2009 ). 

lthough the effect of HIV on TB has been established, very few 

tudies have quantified its population-level effect on incidence and 
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ortality over time. South Africa has implemented TB control in- 

erventions, including directly observed therapy (DOTS), which was 

caled up in 1996 ( World Health Organization, 1994 ). This strategy 

ad multiple components, including directly observed treatment, 

olitical commitment, improved microscopy services, surveillance 

nd monitoring, and quality treatment ( World Health Organiza- 

ion, 1994 ). Other interventions, which were scaled up in the 

id-20 0 0s, included the provision of isoniazid preventive therapy 

IPT) and antiretroviral therapy (ART) for HIV-positive individuals 

 Churchyard et al. , 2014b ; Lawn et al. , 2011). Declines in TB no-

ifications and mortality from 2008 have largely been attributed 

o ART, which was made widely available during the mid-20 0 0s 

 Dye and Williams, 2019 ; Loveday et al. , 2019 ; Surie et al. , 2018 ).

his is supported by the established individual-level effectiveness 

f ART in reducing TB incidence and mortality ( Lawn et al. , 2006 ;

oss et al. , 2021 ). In addition, IPT also reduces the risk of devel-

ping TB in people living with HIV ( Ayele et al. , 2015 ; Ross et al. ,
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Figure 1. The TB natural history model structure 

Rx = treatment. Sm + = smear-positive. Sm- = smear-negative. 
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021 ). However, few studies have shown the population-level ef- 

ect of IPT. 

Substantial effort has also been invested in identifying TB cases 

n South Africa. Between 2004 and 2012, the annual number of 

icrobiological TB tests performed doubled ( Nanoo et al. , 2015 ). 

pert MTB/RIF was introduced in 2011 to replace smear mi- 

roscopy ( Di Tanna et al. , 2019 ; Theron et al. , 2014b ). Although

arlier modeling studies anticipated substantial health benefits 

rom Xpert MTB/RIF implementation compared with microscopy 

 Menzies et al. , 2012 ), clinical trials have found minimal or no im-

act on TB mortality ( Di Tanna et al. , 2019 ). To understand these

ynamics better, modeling studies with detailed diagnostic algo- 

ithms that account for empirical treatment are required. 

There have been no formal analyses to quantify the contribution 

f the abovementioned TB interventions to the declining TB trends. 

uch evaluations are essential in assessing which South African TB 

rogram components are most critical to decreasing TB incidence. 

herefore, we sought to (i) describe the South African TB epidemic 

rends between 1990 and 2019; (ii) assess the burden of TB at- 

ributable to HIV; and (iii) assess the impact of TB interventions, 

ncluding DOTS, increased TB screening, Xpert MTB/RIF as an ad- 

itional first-line diagnostic tool replacing smear microscopy, IPT, 

nd ART on TB incidence. 

ethods 

We developed an age- and sex-structured deterministic com- 

artmental model of TB and HIV for the South African adult pop- 

lation (aged 15 years and older). The core TB states are mod- 

led following conventions described by previous studies ( Menzies 

t al. , 2012 ). Transitions between states include TB infection, pro- 

ression to TB disease, natural recovery, diagnosis and treatment 

nitiation, death, and treatment cure. Age- and sex-specific relative 

isks were applied to rates of progression to TB disease to capture 

ge and sex differences in TB risk factors. 

After cure by TB treatment, two post-treatment states depen- 

ent on time since cure are defined: short term (within 6 months 

fter cure) and long term (6 or more months after cure). In both 

tates, individuals are at risk of reinfection, whereas in the short 

erm, individuals are assumed to have a high likelihood of relapse 

 den Boon et al. , 2007 ). The natural history parameters are de-

cribed in Table 1 . The model structure is shown in Figure 1 . A

etailed description of the model is provided in the supplemen- 

ary material. The risk of infection depends on the mean contact 

ates, age- and sex-mixing patterns ( Dodd et al. , 2016 ), the proba-
812 
ility of transmission per contact, and the prevalence of infectious 

B. 

The Thembisa HIV model forms the HIV component of the 

odel ( Johnson and Dorrington, 2020 ). Thembisa is a compart- 

ental model of the South African HIV epidemic, designed to an- 

wer policy questions relating to HIV prevention and treatment. 

he model is age- and sex-structured, and the HIV epidemic is 

imulated dynamically from 1985. Subpopulations who are HIV- 

ositive are further stratified by HIV testing history, CD4 count, and 

uration since ART initiation. The model also captures changes in 

he ART guidelines over time ( Johnson and Dorrington, 2020 ) and 

s calibrated to South African data. HIV is assumed to affect the TB 

atural history parameters. These HIV effects are modeled as rela- 

ive risks, which vary by CD4 count and duration since ART initia- 

ion ( Table 1 ). 

IPT is modeled for individuals with latent tuberculosis infection 

ho are HIV-positive and eligible as per guidelines ( Department of 

ealth, 2013 ). Uptake depends on CD4 count, ART duration, and la- 

ent TB status. IPT uptake started in 2010; the number of IPT ini- 

iators was obtained from the District Health Information System. 

ssumptions on IPT duration, completion, and efficacy are in the 

upplementary material. 

The assumed health-seeking patterns in the model are based 

n South African studies. We assumed different health facility at- 

endance rates for individuals: (i) with TB, attending health facil- 

ties due to TB-related symptoms; (ii) without TB, attending due 

o other health conditions; and (iii) without TB, attending due 

o TB-like symptoms. We assumed females were more likely to 

eek care than males ( Horton et al. , 2016 ), and individuals who 

re HIV-positive had higher health-seeking rates than individu- 

ls who are HIV-negative ( Corbett et al. , 2003 ). Individuals who 

re smear-positive experience more TB symptoms than individuals 

ho are smear-negative ( Onozaki et al. , 2015 ). We consider smear 

icroscopy and Xpert MTB/RIF as the first-line diagnostic tools, ac- 

ounting for the phased implementation of Xpert MTB/RIF from 

011 onwards. To estimate the numbers of true- and false-positive 

B diagnoses, we specified the sensitivity and specificity of these 

ests. After initial negative test results, we assumed a proportion 

f individuals were followed up for a second test by culture. 

The model also allows treatment initiation in a proportion of 

ndividuals who do not have laboratory-confirmed TB (empirical 

reatment). Health-seeking parameters and rates of TB screening 

re estimated through calibration by fitting the model to the num- 

er of microbiological tests performed ( Nanoo et al. , 2015 ) and 

umber of cases treated. Once individuals start the 6-month TB 

reatment course, the following outcomes are considered: cure, 
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Table 1 

Key model parameters. 

Parameter description Mean 

Standard 

deviation 

Varied / 

fixed 

Section 

described in 

supplementary 

The proportion of incident TB cases in HIV-negative adults that are smear-positive 0.51 Fixed 3 

TB transmission probability per contact per day (if an infectious individual is smear-positive) 0.0025 0.0025 Varied 4 

Relative rate of infectivity smear-negative compared to smear-positive 0.206 Fixed 4 

The annual rate of reactivation in HIV-negative individuals 0.00148 Fixed 5 

The proportion of individuals experiencing fast progression 0.112 Fixed 5 

Reduction in TB incidence in previously infected individuals if HIV-negative 0.79 Fixed 5 

Relative rate of immunity to TB per 100-cell increase in CD4 1.1 Fixed 5 

Relative rate of TB incidence per 100-cell increase in CD4 0.703 Fixed 5 

Annual natural recovery rate in smear-positive TB, HIV-negative individuals 0.075 Fixed 5 

Annual natural recovery rate in smear-negative TB, HIV-negative individuals 0.224 Fixed 5 

Smear-negative TB mortality (untreated) 0.049 Fixed 5 

Smear-positive TB mortality (untreated) 0.196 Fixed 5 

Relative rate of TB incidence on ART (controlling for CD4) 0.81 0.05 Varied 5 

Prevalence of cough > 2 weeks duration in individuals with smear-negative TB 0.198 Fixed 6 

Ratio of symptoms in patients with smear-positive compared to smear-negative TB 3.03 Fixed 6 

The annual rate of health-seeking in males with smear-negative TB 2.14 0.49 Varied 6 

The annual rate of health-seeking in males in the general population 1.15 0.5 Varied 6 

The annual rate of health-seeking in males due to TB-like symptoms 0.22 0.15 Varied 6 

The proportion of active TB cases seeking treatment who are treated empirically if no 

microbiological test is done 

0.125 0.144 Varied 6 

The proportion of smear-negative TB cases who are treated empirically if they initially screened 

negative on smear test 

0.333 0.236 Varied 6 

Relative rate of empirical treatment if not seeking treatment because of TB symptoms 0.5 0.289 Varied 6 

Relative rate empirical treatment if symptoms are not due to TB 0.5 0.289 Varied 6 

Reduction in empiric treatment after a negative screen due to Xpert MTB/RIF 0.5 0.18 Varied 6 

Relative rate of health-seeking in women, compared to men 1.55 0.17 Varied 6 

Relative rate of health-seeking in HIV-positive compared to HIV-negative individuals 3 1 Varied 6 

Relative rate of screening in TB patients seeking treatment for TB symptoms, compared to those 

seeking treatment for other conditions: initial (a) 

8.71 2.5 Varied 6 

Relative rate of screening in TB patients seeking treatment for TB symptoms, compared to those 

seeking treatment for other conditions: ultimate (a) 

4 1.2 Varied 6 

Probability of cure if a patient dropped out before completing TB treatment 0.65 Fixed 7 

Increase in TB mortality rate per 10-year increase in age 1.4 Fixed 7 

The annual mortality rate in HIV-negative individuals receiving TB treatment (b) 0.192 Fixed 7 

The relative rate of TB mortality per 50-cells increase in CD4 count if HIV + 0.95 Fixed 7 

Relative rate of TB mortality if on ART 0.55 0.08 Varied 7 

Increase in TB risk if previously experienced TB 3.03 Fixed 8 

Rate of relapse in short-term post-treatment state 0.1 Fixed 8 

Increase in TB incidence due to alcohol abuse 1.94 (c) Fixed 10 

Increase in TB incidence due to diabetes (HbA1c > 6.5%) 2.59 (c) Fixed 10 

Increase in TB risk if currently smoking 0.47 (c) Fixed 10 

Increase in TB risk per 10-year increase in the duration of smoking 0.38 (c) Fixed 10 

Increase in TB risk due to low BMI 0.8 (c) Fixed 10 

ART = antiretroviral therapy; 

BMI = body mass index; HbA1c = Glycated hemoglobin. TB = tuberculosis. 

All rates are annual rates unless specified otherwise. The supplementary material in the indicated sections provides further descriptions and references for the model 

parameters. (a): This is a time-varying parameter. The initial rate applies up to 2005, the ultimate rate applies from 2012, with linear interpolation over the intervening 

years (2006-2011). (b): Applies when most people get treated in the very advanced stages of disease (i.e., when screening rates are close to zero). (c): A value of 1.94, for 

example, is equivalent to a relative risk of 2.94, comparing individuals with the exposure to individuals in the baseline category (supplementary material). 
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ailure, discontinuation, and death (with the rates of cure and fail- 

re depending on treatment discontinuation rates). Treatment out- 

ome assumptions are based on the electronic TB treatment reg- 

ster (ETR.net) data for drug-susceptible TB and are shown in the 

upplementary material. 

alibration targets and data sources 

A Bayesian approach was used to calibrate the model. Prior dis- 

ributions were set to represent uncertainty in key model parame- 

ers ( Table 1 ). Four main data sources were used for the calibration

argets. First are the sex-stratified recorded numbers of TB deaths 

rom the vital register for 1997-2016. These mortality data were 

djusted for misclassification and under-reporting (supplementary 

aterial). Second, we relied on ETR.net for the numbers of individ- 

als initiating treatment (2004-2016), deaths on treatment (2004- 

016), and HIV prevalence in individuals on treatment (2008-2016). 

hird, we relied on the National Institute for Communicable Dis- 

ases for the number of microbiological tests performed (2004- 
813 
012) and positive TB diagnoses (2004-2019) ( Nanoo et al. , 2015 ). 

astly, we used the 2018 national TB prevalence survey to calibrate 

he prevalence of active TB disease ( Department of Health, 2021 ). 

or the calibration process, likelihood functions were defined to 

epresent the goodness of fit to each calibration target, allowing 

or possible under- or over-reporting in the vital register and the 

TR.net data. 

We simulated posterior distributions numerically using incre- 

ental mixture importance sampling, that is, using importance 

ampling to draw a sample of parameter combinations from re- 

ions of the parameter space that yield the highest likelihood 

alues ( Raftery and Bao, 2010 ). The means for the model esti- 

ates were calculated over 10 0 0 posterior samples, and 95% con- 

dence intervals (CIs) were calculated by taking the 2.5th and 

he 97.5th percentiles of the posterior sample (supplementary 

aterials). 

We performed a sensitivity analysis to assess how the model 

nputs that varied in the calibration process were correlated with 

he estimated TB incidence and mortality for 2019. 
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Table 2 

Model experiments to assess the impact of HIV and programmatic interventions over time 

Scenario Model scenario descriptions Parameters used 

A The baseline scenario represents the interventions 

currently in place: 

• DOTS was introduced in 1996, 
• smear microscopy as the dominant diagnostic tool 

before 2011, with Xpert MTB/RIF gradually 

implemented from 2011, 
• public-sector ART scale-up from 2004, 
• implementation of IPT from 2010. 

• We assumed the relative rate of treatment 

discontinuation was 0.48 under DOTS (Pasipanodya 

and Gumbo, 2013). 
• Xpert MTB/RIF is assumed to be more sensitive than 

microscopy, but is associated with reduced empirical 

treatment. 
• ART is assumed to reduce TB incidence and mortality, 

through both direct effects on viral load, and indirect 

effects on CD4 count ( Table 1 ). 
• IPT is assumed to reduce TB incidence by 52% in 

latently-infected adults ( Ayele et al. , 2015 ). 

B To assess the burden of TB attributable to HIV, we 

simulated a scenario with no HIV infection. 

HIV transmission probabilities were set to zero, so that 

there was no HIV epidemic. 

C To assess the impact of DOTS, we simulated a scenario 

without DOTS. 

Treatment discontinuation rates held constant (no 

reduction due to DOTS). 

D To assess the impact of IPT, we simulated a scenario 

where no IPT is implemented. 

The number of HIV-infected individuals initiated on 

isoniazid preventive therapy in each year was set to zero. 

E To assess the impact of ART, we simulated a scenario 

where there is no ART. 

Annual numbers of ART initiations are set to zero. 

F To assess the impact of scaling up TB screening, we 

simulated a scenario where testing rates after 2004 

remain the same as the 2004 rates. 

Screening rates calculated from numbers of 

microbiological TB tests performed in 2004 are assumed 

to apply in all subsequent years. 

G To assess the impact of the introduction of Xpert 

MTB/RIF, we simulated a scenario where Xpert MTB/RIF 

was not introduced. 

Numbers of microbiological TB tests performed by year 

are unchanged, but all testing is assumed to be based on 

microscopy. 

H To assess what would have happened without any 

programmatic changes, we simulated a scenario without 

any interventions in C to G. 

Including all changes described in C-G. 

ART = antiretroviral therapy; DOTS = directly observed therapy; IPT = isoniazid preventive therapy. 
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odel experiments to assess the impact of HIV and programmatic 

nterventions over time 

To quantify the effects of HIV, DOTS, increased TB screening, 

pert MTB/RIF, ART, and IPT on TB incidence and mortality, we ran 

he scenarios A-H described in Table 2 . Each of the counterfactual 

cenarios B-H was compared with baseline scenario A to assess the 

hange in TB incidence and mortality attributable to the relevant 

actor. 

esults 

The estimated number of TB deaths for males and females 

as consistent with the recorded number of deaths. The esti- 

ated deaths rapidly increased from 1994, peaked in 2006, fol- 

owed by a decline to 31,0 0 0 (95% CI 30,0 0 0-33,0 0 0) and 21,0 0 0

95% CI 21,0 0 0-22,0 0 0) in 2019, in males and females, respectively

 Figures 2 a and 2 b). The model estimates for the numbers of peo-

le starting treatment were slightly inconsistent with the data. Be- 

ore 2010, the model overestimated the number of females initiat- 

ng treatment. After 2008, the model underestimated the number 

f males initiating treatment ( Figures 2 c and 2 d). The estimated 

B prevalence was reasonably close to the results of the 2018 TB 

revalence survey; in 2019, the estimated TB prevalence was 1.02% 

95% CI 0.97-1.06%) and 0.6% (95% CI 0.52-0.57%) in males and fe- 

ales, respectively ( Figures 2 e and 2 f). 

In the counterfactual scenario, without HIV, the model esti- 

ated that TB incidence and mortality would have remained rela- 

ively low ( Figure 3 ), although still high enough for South Africa to

e classified as a high TB burden country. 

In the presence of HIV, the number of incident TB cases and 

eaths increased rapidly during the early 1990s and peaked in the 

id-to-late 20 0 0s, followed by declines until 2019 ( Figure 3 ). The

odel estimated 273,0 0 0 (95% CI 261,0 0 0-288 0 0 0) new cases and
814 
2,0 0 0 (95% CI 50,0 0 0-55,0 0 0) deaths in 2019. Over the 10-year

eriod from 2009-2019, the percentage reduction in new TB cases 

nd deaths was 30.4% (95% CI 29.4-31.5%) and 47.7% (95% CI 46.2- 

9.1%), respectively. 

Cumulatively, between 1990 and 2019, there were 8,80 0,0 0 0 

95% CI 8,30 0,0 0 0-9,30 0,0 0 0) new TB cases and 2,10 0,0 0 0 (95% CI

,0 0 0,0 0 0-2,20 0,0 0 0) TB deaths. Overall, 55.4% (95% CI 54.7-56.1%)

f new TB cases and 68.5% (95% CI 67.0-69.7%) of TB deaths are at- 

ributable to HIV over the 1990-2019 period. A total of 57% of the 

ew TB cases were in individuals who are HIV-positive, and 69% of 

B deaths were in individuals who are HIV-positive. 

Reductions in TB incidence due to DOTS and IPT were small 

 < 3%) in all years ( Figures 4 a and 4 b). On the other hand, the re-

uction in TB incidence due to ART was evident from 2006. The 

mpact of ART increased monotonically until 2019, with a reduc- 

ion of 20.0% (95% CI 19.2-20.7%) in TB incidence ( Figure 4 c). 

The reduction in TB incidence due to screening consistently in- 

reased from 2005-2019, reaching a maximum of 28.2% (95% CI 

6.4-29.8%) ( Figure 4 d). On the other hand, the reduction in TB in-

idence due to Xpert MTB/RIF was very low ( < 1.3%) for all years 

 Figure 4 e). However, between 2011 and 2019, Xpert MTB/RIF re- 

uced the number of individuals without TB who initiated TB 

reatment by 56% (counterfactual: 52,0 0 0 vs baseline: 23,0 0 0). In 

ddition, Xpert MTB/RIF also reduced the number of individuals 

tarting treatment on an empirical basis by 28% (counterfactual: 

5,0 0 0 vs baseline: 46,0 0 0). 

All interventions combined (DOTS, IPT, ART, scaled-up screen- 

ng, and Xpert MTB/RIF) contributed to a 45.2% (95% CI 43.6-46.7%) 

eduction in TB incidence in 2019 ( Figure 4 f). 

Apart from DOTS and IPT, most interventions had a greater im- 

act on TB mortality than on TB incidence (supplementary mate- 

ial, Figure 17). For example, reductions in mortality in 2019 due to 

nterventions were 37.6% (95% CI 35.8-39.5%) for ART, 37.9% (95% 

I 37.1-38.6%) for scaled-up TB screening, and 3.2% (95% CI 2.4- 
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Figure 2. Estimated adult TB trends and calibration data by sex, 1990-2019. Gray solid lines represent model estimates, and dashed lines represent 95% confidence intervals. 

Black dots represent adjusted recorded mortality in 2a and 2b; people initiating treatment recorded on the electronic TB treatment register in 2c and 2d, and the national 

TB prevalence with 95% confidence intervals around point estimates in 2e and 2f. 

815 
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Figure 3. Impact of HIV on TB incidence and mortality, 1990-2019. The solid gray line represents the counterfactual scenario where there is no HIV assumed in the model. 

The solid black line represents the baseline scenario where HIV is present. The dashed lines represent 95% confidence intervals. 
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.8%) for Xpert MTB/RIF. All interventions combined (DOTS, IPT, 

RT, scaled-up screening, and Xpert MTB/RIF) led to a 63.1% (95% 

I 61.1-64.4%) reduction in TB mortality in 2019. 

Most of the model input parameters had the expected relation- 

hips with the outcomes (shown by correlation coefficients and 

catter plots). However, because several parameters were varied si- 

ultaneously in the calibration process, some counterintuitive as- 

ociations need to be interpreted in terms of correlations between 

odel parameters (for further discussion, see section 18 of the 

upplementary materials). 

iscussion 

HIV has had a devastating impact on TB incidence and mor- 

ality. Between 1990 and 2019, 8.8 million South Africans devel- 

ped TB, and 2.1 million lives were lost. HIV caused 55% (4.8 mil- 

ion) of the TB cases and 69% (1.4 million) of TB deaths. We also 

howed that interventions implemented by the South African TB 

rogram have led to notable reductions in TB incidence, with ART 

nd increased screening contributing to most of the decline. Our 

odel also showed that the other interventions—DOTS, IPT, and 

pert MTB/RIF—had modest impacts on TB incidence. For most of 

he interventions (increased screening, ART, and Xpert MTB/RIF), 

he impact on TB mortality was proportionately greater than the 

mpact on TB incidence (Supplementary material). 

Although HIV is the strongest driver of the TB epidemic, our 

odel estimated that even in the absence of HIV, TB incidence 

n South Africa would remain high. This was demonstrated in the 

o-HIV counterfactual scenario, in which there were an estimated 

35 cases per 10 0,0 0 0 population in 2019. This rate is much higher

han the estimated TB incidence for industrialized regions, such as 

urope and America ( World Health Organization, 2019 ). The high 

B burden in the HIV-negative population indicates other underly- 

ng factors that drive the epidemic (i.e., low rates of diagnosis and 

isk factors that increase susceptibility to TB disease). 

The provision of ART substantially impacted TB incidence; in 

019, it led to a 20% reduction. The benefits of ART in reducing in-

idence ( Dye and Williams, 2019 ; Nanoo et al. , 2015 ; Surie et al. ,

018 ) depend on CD4 count and duration of ART (Lawn et al. , 

011)— individuals who are HIV-positive who initiate ART earlier 

t higher CD4 counts and stay on ART for longer experience the 

reatest benefits of ART. In the model, the effect of ART on reduc- 

ng TB incidence increased during the mid-20 0 0s, when access to 

RT expanded in South Africa. Over time, the CD4 count threshold 

t which individuals can start ART has increased ( Meintjes et al. , 
816 
017 ), and average ART durations have increased, consequently 

ontributing to the substantial reduction in the population-level TB 

ncidence. 

Intensified TB screening also led to significant declines in TB in- 

idence. Between 2005 and 2012, South Africa scaled-up effort s to 

dentify TB cases and testing rates doubled ( Nanoo et al. , 2015 ). As

 result, there were rapid reductions in TB incidence owing to in- 

reased TB screening during this period. In 2019, increased screen- 

ng led to a 28% reduction in TB incidence. 

The reasons for DOTS having minimal impact on TB may in- 

lude high ongoing Mycobacterium tuberculosis transmission rates, 

igh prevalence of substantial risk factors, such as HIV, which in- 

rease progression to disease, and the emergence of resistant TB 

 De Cock and Chaisson, 1999 ; Wood et al. , 2011 ). Lastly, we have

nly considered one component of the DOTS strategy; considering 

ther aspects could have led to a larger impact. Nonetheless, our 

ndings of the minimal impact of DOTS align with studies that 

uggested that DOTS would have minimal impact in settings with 

 high HIV burden ( Dowdy and Chaisson, 2009 ; Dye et al. , 1998 ). 

The small population-level impact of IPT on TB incidence in in- 

ividuals who are HIV-positive is consistent with other epidemi- 

logic analyses, which attribute the limited impact to the low 

mplementation of IPT in South Africa ( Dye and Williams, 2019 ). 

owever, other reasons may be because this HIV-positive popula- 

ion has a high risk of progression to disease or because IPT does 

ot necessarily cure latent Mycobacterium tuberculosis infection in 

ndividuals who are HIV-positive ( Houben et al. , 2014 ). In addition, 

here appears to be minimal protection from IPT after IPT discon- 

inuation or completion. Thus, the short duration of IPT protec- 

ion might explain the relatively modest population-level impact 

n South Africa ( Churchyard et al. , 2014a ). Another possible reason 

ay be that ART eligibility criteria have changed over time. In re- 

ent years, more people have started ART at higher CD4 counts. 

hose starting ART at higher CD4 counts stand to benefit less from 

PT. 

Our findings regarding the small effect of Xpert MTB/RIF on 

B incidence align with studies that found no significant effect 

f Xpert MTB/RIF on TB mortality ( Di Tanna et al. , 2019 ). It has

een suggested that reductions in empirical treatment offset the 

ositive effect of Xpert MTB/RIF ( Theron et al. , 2014a ). The intro-

uction of Xpert MTB/RIF has increased the number of microbi- 

logically confirmed diagnoses; however, this has not equated to 

ore new diagnoses because many cases were diagnosed empiri- 

ally before adopting Xpert MTB/RIF. In addition, there was more 

ulture testing in those testing negative under microscopy than 
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Figure 4. The impact of programmatic interventions on TB incidence: a) DOTS, b) IPT, c) ART, d) scaled-up TB screening, e) Xpert MTB/RIF, and f) all interventions combined. 

Solid lines represent the estimated mean reductions in TB incidence. All dashed lines represent the 95% confidence intervals. 

ART = antiretroviral therapy. DOTS = Directly Observed Therapy; IPT = isoniazid preventive therapy. 
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nder Xpert MTB/RIF ( McCarthy et al. , 2016 ). Another modeling 

roup, which had initially estimated a substantial positive impact 

f Xpert MTB/RIF on health outcomes, conducted a reanalysis ac- 

ounting for empirical treatment and the sensitivity and specificity 

f diagnostic algorithms ( Menzies et al. , 2015 ). The revised anal- 

sis found a reduction in the benefits, with 70% fewer disability- 
817 
djusted life years averted due to Xpert MTB/RIF ( Menzies et al. , 

015 ). 

We implemented a detailed diagnostic algorithm that estimated 

rue- and false-positives from microbiological diagnoses. We also 

onsidered the proportions of individuals who initiate treatment 

mpirically, as informed by South African pragmatic trials and op- 
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rational studies. As a result, we showed that Xpert MTB/RIF has 

ndeed led to a reduction in the number of individuals without TB 

ho started treatment (by 56%) and reduced the number of in- 

ividuals who started treatment on an empirical basis (by 28%). 

pert MTB/RIF possibly has other benefits, such as reducing the 

ime to diagnosis and time to treatment initiation; however, we 

id not model the effect of Xpert MTB/RIF on these endpoints. 

onetheless, we assumed that loss to follow-up before treatment 

nitiation was lower when Xpert MTB/RIF compared with smear 

icroscopy testing was used (supplementary material). We did not 

odel other benefits of Xpert MTB/RIF, such as the ability to detect 

rug-resistant TB ( Di Tanna et al. , 2019 ). 

This study was subject to several limitations. First, we only con- 

idered the adult population (aged 15 years and older). Second, 

wing to the lack of data on the national rollout of Xpert MTB/RIF, 

e relied on expert opinion regarding Xpert MTB/RIF implemen- 

ation. Third, it was difficult to quantify the extent of empirical 

reatment before introducing Xpert MTB/RIF due to the lack of data 

nd studies to inform our assumptions. Fourth, our model does not 

istinguish between symptomatic and asymptomatic TB. However, 

e made assumptions about the prevalence of symptoms for mod- 

ling screening algorithms. Fifth, our model did not fit the num- 

er of treatment initiations data very well, particularly in the ear- 

ier years of the ETR data, before 2010. The model estimates for 

reatment initiations peaked earlier than the ETR data, for both 

ales and females, and it overestimated the treatment initiations 

n males. This may be because, in earlier years, there was greater 

nder-reporting in the ETR data. Lastly, this analysis only focused 

n the past impact of interventions implemented in South Africa. 

hus, we did not explore the potential impact of new interventions 

r improvements to current interventions. 

To the best of our knowledge, this is the first comprehensive 

etrospective assessment of the impact of HIV and multiple TB in- 

erventions on the South African TB burden at a national level. 

his study demonstrated the tremendous effect HIV has had on TB 

ncidence and mortality. However, even in the HIV-negative pop- 

lation, the TB incidence remains unacceptably high. The South 

frican TB program has made notable efforts that have led to a 

ignificant reduction in TB incidence and mortality. Further model- 

ng studies are needed to identify the changes to current programs 

hat are required to accelerate these reductions in future. 
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