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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/)

Introduction

mortality over time. South Africa has implemented TB control in-
terventions, including directly observed therapy (DOTS), which was

South Africa is ranked among the top 20 high tuberculosis
(TB) burden countries (World Health Organization, 2019). The TB
epidemic grew rapidly in the early 1990s, primarily driven by
HIV (Abdool Karim et al, 2009). HIV infection is the strongest
individual-level TB risk factor, increasing the risk of progression
to TB disease and reactivation of latent TB infection, worsening
treatment outcomes and increasing mortality (Lawn et al, 2009).
Although the effect of HIV on TB has been established, very few
studies have quantified its population-level effect on incidence and
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scaled up in 1996 (World Health Organization, 1994). This strategy
had multiple components, including directly observed treatment,
political commitment, improved microscopy services, surveillance
and monitoring, and quality treatment (World Health Organiza-
tion, 1994). Other interventions, which were scaled up in the
mid-2000s, 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-
tifications and mortality from 2008 have largely been attributed
to ART, which was made widely available during the mid-2000s
(Dye and Williams, 2019; Loveday et al., 2019; Surie et al., 2018).
This is supported by the established individual-level effectiveness
of ART in reducing TB incidence and mortality (Lawn et al., 2006;
Ross et al., 2021). In addition, IPT also reduces the risk of devel-
oping 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.

2021). However, few studies have shown the population-level ef-
fect of IPT.

Substantial effort has also been invested in identifying TB cases
in South Africa. Between 2004 and 2012, the annual number of
microbiological TB tests performed doubled (Nanoo et al, 2015).
Xpert MTB/RIF was introduced in 2011 to replace smear mi-
croscopy (Di Tanna et al, 2019; Theron et al, 2014b). Although
earlier modeling studies anticipated substantial health benefits
from Xpert MTB/RIF implementation compared with microscopy
(Menzies et al., 2012), clinical trials have found minimal or no im-
pact on TB mortality (Di Tanna et al, 2019). To understand these
dynamics better, modeling studies with detailed diagnostic algo-
rithms that account for empirical treatment are required.

There have been no formal analyses to quantify the contribution
of the abovementioned TB interventions to the declining TB trends.
Such evaluations are essential in assessing which South African TB
program components are most critical to decreasing TB incidence.
Therefore, we sought to (i) describe the South African TB epidemic
trends between 1990 and 2019; (ii) assess the burden of TB at-
tributable to HIV; and (iii) assess the impact of TB interventions,
including DOTS, increased TB screening, Xpert MTB/RIF as an ad-
ditional first-line diagnostic tool replacing smear microscopy, IPT,
and ART on TB incidence.

Methods

We developed an age- and sex-structured deterministic com-
partmental model of TB and HIV for the South African adult pop-
ulation (aged 15 years and older). The core TB states are mod-
eled following conventions described by previous studies (Menzies
et al., 2012). Transitions between states include TB infection, pro-
gression to TB disease, natural recovery, diagnosis and treatment
initiation, death, and treatment cure. Age- and sex-specific relative
risks were applied to rates of progression to TB disease to capture
age and sex differences in TB risk factors.

After cure by TB treatment, two post-treatment states depen-
dent on time since cure are defined: short term (within 6 months
after cure) and long term (6 or more months after cure). In both
states, individuals are at risk of reinfection, whereas in the short
term, individuals are assumed to have a high likelihood of relapse
(den Boon et al., 2007). The natural history parameters are de-
scribed in Table 1. The model structure is shown in Figure 1. A
detailed description of the model is provided in the supplemen-
tary material. The risk of infection depends on the mean contact
rates, age- and sex-mixing patterns (Dodd et al., 2016), the proba-
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bility of transmission per contact, and the prevalence of infectious
TB.

The Thembisa HIV model forms the HIV component of the
model (Johnson and Dorrington, 2020). Thembisa is a compart-
mental model of the South African HIV epidemic, designed to an-
swer policy questions relating to HIV prevention and treatment.
The model is age- and sex-structured, and the HIV epidemic is
simulated dynamically from 1985. Subpopulations who are HIV-
positive are further stratified by HIV testing history, CD4 count, and
duration since ART initiation. The model also captures changes in
the ART guidelines over time (Johnson and Dorrington, 2020) and
is calibrated to South African data. HIV is assumed to affect the TB
natural history parameters. These HIV effects are modeled as rela-
tive risks, which vary by CD4 count and duration since ART initia-
tion (Table 1).

IPT is modeled for individuals with latent tuberculosis infection
who are HIV-positive and eligible as per guidelines (Department of
Health, 2013). Uptake depends on CD4 count, ART duration, and la-
tent TB status. IPT uptake started in 2010; the number of IPT ini-
tiators was obtained from the District Health Information System.
Assumptions on IPT duration, completion, and efficacy are in the
supplementary material.

The assumed health-seeking patterns in the model are based
on South African studies. We assumed different health facility at-
tendance rates for individuals: (i) with TB, attending health facil-
ities due to TB-related symptoms; (ii) without TB, attending due
to other health conditions; and (iii) without TB, attending due
to TB-like symptoms. We assumed females were more likely to
seek care than males (Horton et al, 2016), and individuals who
are HIV-positive had higher health-seeking rates than individu-
als who are HIV-negative (Corbett et al., 2003). Individuals who
are smear-positive experience more TB symptoms than individuals
who are smear-negative (Onozaki et al., 2015). We consider smear
microscopy and Xpert MTB/RIF as the first-line diagnostic tools, ac-
counting for the phased implementation of Xpert MTB/RIF from
2011 onwards. To estimate the numbers of true- and false-positive
TB diagnoses, we specified the sensitivity and specificity of these
tests. After initial negative test results, we assumed a proportion
of individuals were followed up for a second test by culture.

The model also allows treatment initiation in a proportion of
individuals who do not have laboratory-confirmed TB (empirical
treatment). Health-seeking parameters and rates of TB screening
are estimated through calibration by fitting the model to the num-
ber of microbiological tests performed (Nanoo et al, 2015) and
number of cases treated. Once individuals start the 6-month TB
treatment course, the following outcomes are considered: cure,
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Table 1
Key model parameters.
Section
Standard Varied | described in
Parameter description Mean deviation fixed 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 0.125 0.144 Varied 6
microbiological test is done
The proportion of smear-negative TB cases who are treated empirically if they initially screened 0.333 0.236 Varied 6
negative on smear test
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 8.71 25 Varied 6
seeking treatment for other conditions: initial@
Relative rate of screening in TB patients seeking treatment for TB symptoms, compared to those 4 1.2 Varied 6
seeking treatment for other conditions: ultimate(®
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(") 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©) Fixed 10
Increase in TB incidence due to diabetes (HbAlc > 6.5%) 2.59(9) Fixed 10
Increase in TB risk if currently smoking 0.470) Fixed 10
Increase in TB risk per 10-year increase in the duration of smoking 0.38(9) Fixed 10
Increase in TB risk due to low BMI 0.8(9 Fixed 10

ART=antiretroviral therapy;
BMI=body mass index; HbAlc= 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).

failure, discontinuation, and death (with the rates of cure and fail-
ure depending on treatment discontinuation rates). Treatment out-
come assumptions are based on the electronic TB treatment reg-
ister (ETR.net) data for drug-susceptible TB and are shown in the
supplementary material.

Calibration targets and data sources

A Bayesian approach was used to calibrate the model. Prior dis-
tributions were set to represent uncertainty in key model parame-
ters (Table 1). Four main data sources were used for the calibration
targets. First are the sex-stratified recorded numbers of TB deaths
from the vital register for 1997-2016. These mortality data were
adjusted for misclassification and under-reporting (supplementary
material). Second, we relied on ETR.net for the numbers of individ-
uals initiating treatment (2004-2016), deaths on treatment (2004-
2016), and HIV prevalence in individuals on treatment (2008-2016).
Third, we relied on the National Institute for Communicable Dis-
eases for the number of microbiological tests performed (2004-
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2012) and positive TB diagnoses (2004-2019) (Nanoo et al., 2015).
Lastly, we used the 2018 national TB prevalence survey to calibrate
the prevalence of active TB disease (Department of Health, 2021).
For the calibration process, likelihood functions were defined to
represent the goodness of fit to each calibration target, allowing
for possible under- or over-reporting in the vital register and the
ETR.net data.

We simulated posterior distributions numerically using incre-
mental mixture importance sampling, that is, using importance
sampling to draw a sample of parameter combinations from re-
gions of the parameter space that yield the highest likelihood
values (Raftery and Bao, 2010). The means for the model esti-
mates were calculated over 1000 posterior samples, and 95% con-
fidence intervals (CIs) were calculated by taking the 2.5th and
the 97.5th percentiles of the posterior sample (supplementary
materials).

We performed a sensitivity analysis to assess how the model
inputs that varied in the calibration process were correlated with
the estimated TB incidence and mortality for 2019.
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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:

e We assumed the relative rate of treatment
e DOTS was introduced in 1996, discontinuation was 0.48 under DOTS (Pasipanodya
e smear microscopy as the dominant diagnostic tool and Gumbo, 2013).
before 2011, with Xpert MTB/RIF gradually e Xpert MTB/RIF is assumed to be more sensitive than
implemented from 2011, microscopy, but is associated with reduced empirical
e public-sector ART scale-up from 2004, treatment.
e implementation of IPT from 2010. e ART is assumed to reduce TB incidence and mortality,
through both direct effects on viral load, and indirect
effects on CD4 count (Table 1).
e 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 HIV transmission probabilities were set to zero, so that
simulated a scenario with no HIV infection. there was no HIV epidemic.

C To assess the impact of DOTS, we simulated a scenario Treatment discontinuation rates held constant (no
without DOTS. reduction due to DOTS).

D To assess the impact of IPT, we simulated a scenario The number of HIV-infected individuals initiated on
where no IPT is implemented. isoniazid preventive therapy in each year was set to zero.

E To assess the impact of ART, we simulated a scenario Annual numbers of ART initiations are set to zero.
where there is no ART.

F To assess the impact of scaling up TB screening, we Screening rates calculated from numbers of
simulated a scenario where testing rates after 2004 microbiological TB tests performed in 2004 are assumed
remain the same as the 2004 rates. to apply in all subsequent years.

G To assess the impact of the introduction of Xpert Numbers of microbiological TB tests performed by year
MTB/RIF, we simulated a scenario where Xpert MTB/RIF are unchanged, but all testing is assumed to be based on
was not introduced. microscopy.

H To assess what would have happened without any Including all changes described in C-G.

programmatic changes, we simulated a scenario without

any interventions in C to G.

ART = antiretroviral therapy; DOTS = directly observed therapy; IPT = isoniazid preventive therapy.

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

To quantify the effects of HIV, DOTS, increased TB screening,
Xpert MTB/RIF, ART, and IPT on TB incidence and mortality, we ran
the scenarios A-H described in Table 2. Each of the counterfactual
scenarios B-H was compared with baseline scenario A to assess the
change in TB incidence and mortality attributable to the relevant
factor.

Results

The estimated number of TB deaths for males and females
was consistent with the recorded number of deaths. The esti-
mated deaths rapidly increased from 1994, peaked in 2006, fol-
lowed by a decline to 31,000 (95% CI 30,000-33,000) and 21,000
(95% CI 21,000-22,000) in 2019, in males and females, respectively
(Figures 2a and 2b). The model estimates for the numbers of peo-
ple starting treatment were slightly inconsistent with the data. Be-
fore 2010, the model overestimated the number of females initiat-
ing treatment. After 2008, the model underestimated the number
of males initiating treatment (Figures 2c¢ and 2d). The estimated
TB prevalence was reasonably close to the results of the 2018 TB
prevalence 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-
males, respectively (Figures 2e and 2f).

In the counterfactual scenario, without HIV, the model esti-
mated that TB incidence and mortality would have remained rela-
tively low (Figure 3), although still high enough for South Africa to
be classified as a high TB burden country.

In the presence of HIV, the number of incident TB cases and
deaths increased rapidly during the early 1990s and peaked in the
mid-to-late 2000s, followed by declines until 2019 (Figure 3). The
model estimated 273,000 (95% CI 261,000-288 000) new cases and
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52,000 (95% CI 50,000-55,000) deaths in 2019. Over the 10-year
period from 2009-2019, the percentage reduction in new TB cases
and deaths was 30.4% (95% CI 29.4-31.5%) and 47.7% (95% CI 46.2-
49.1%), respectively.

Cumulatively, between 1990 and 2019, there were 8,800,000
(95% CI 8,300,000-9,300,000) new TB cases and 2,100,000 (95% CI
2,000,000-2,200,000) TB deaths. Overall, 55.4% (95% CI 54.7-56.1%)
of new TB cases and 68.5% (95% CI 67.0-69.7%) of TB deaths are at-
tributable to HIV over the 1990-2019 period. A total of 57% of the
new TB cases were in individuals who are HIV-positive, and 69% of
TB deaths were in individuals who are HIV-positive.

Reductions in TB incidence due to DOTS and IPT were small
(<3%) in all years (Figures 4a and 4b). On the other hand, the re-
duction in TB incidence due to ART was evident from 2006. The
impact of ART increased monotonically until 2019, with a reduc-
tion of 20.0% (95% CI 19.2-20.7%) in TB incidence (Figure 4c).

The reduction in TB incidence due to screening consistently in-
creased from 2005-2019, reaching a maximum of 28.2% (95% CI
26.4-29.8%) (Figure 4d). On the other hand, the reduction in TB in-
cidence due to Xpert MTB/RIF was very low (<1.3%) for all years
(Figure 4e). However, between 2011 and 2019, Xpert MTB/RIF re-
duced the number of individuals without TB who initiated TB
treatment by 56% (counterfactual: 52,000 vs baseline: 23,000). In
addition, Xpert MTB/RIF also reduced the number of individuals
starting treatment on an empirical basis by 28% (counterfactual:
65,000 vs baseline: 46,000).

All interventions combined (DOTS, IPT, ART, scaled-up screen-
ing, and Xpert MTB/RIF) contributed to a 45.2% (95% CI 43.6-46.7%)
reduction in TB incidence in 2019 (Figure 4f).

Apart from DOTS and IPT, most interventions had a greater im-
pact on TB mortality than on TB incidence (supplementary mate-
rial, Figure 17). For example, reductions in mortality in 2019 due to
interventions were 37.6% (95% Cl 35.8-39.5%) for ART, 37.9% (95%
Cl 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.
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b) Tuberculosis deaths
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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.

3.8%) for Xpert MTB/RIF. All interventions combined (DOTS, IPT,
ART, scaled-up screening, and Xpert MTB/RIF) led to a 63.1% (95%
CI 61.1-64.4%) reduction in TB mortality in 2019.

Most of the model input parameters had the expected relation-
ships with the outcomes (shown by correlation coefficients and
scatter plots). However, because several parameters were varied si-
multaneously in the calibration process, some counterintuitive as-
sociations need to be interpreted in terms of correlations between
model parameters (for further discussion, see section 18 of the
Supplementary materials).

Discussion

HIV has had a devastating impact on TB incidence and mor-
tality. Between 1990 and 2019, 8.8 million South Africans devel-
oped TB, and 2.1 million lives were lost. HIV caused 55% (4.8 mil-
lion) of the TB cases and 69% (1.4 million) of TB deaths. We also
showed that interventions implemented by the South African TB
program have led to notable reductions in TB incidence, with ART
and increased screening contributing to most of the decline. Our
model also showed that the other interventions—DOTS, IPT, and
Xpert MTB/RIF—had modest impacts on TB incidence. For most of
the interventions (increased screening, ART, and Xpert MTB/RIF),
the impact on TB mortality was proportionately greater than the
impact on TB incidence (Supplementary material).

Although HIV is the strongest driver of the TB epidemic, our
model estimated that even in the absence of HIV, TB incidence
in South Africa would remain high. This was demonstrated in the
no-HIV counterfactual scenario, in which there were an estimated
235 cases per 100,000 population in 2019. This rate is much higher
than the estimated TB incidence for industrialized regions, such as
Europe and America (World Health Organization, 2019). The high
TB burden in the HIV-negative population indicates other underly-
ing factors that drive the epidemic (i.e., low rates of diagnosis and
risk factors that increase susceptibility to TB disease).

The provision of ART substantially impacted TB incidence; in
2019, it led to a 20% reduction. The benefits of ART in reducing in-
cidence (Dye and Williams, 2019; Nanoo et al, 2015; Surie et al.,
2018) depend on CD4 count and duration of ART (Lawn et al.,
2011)— individuals who are HIV-positive who initiate ART earlier
at higher CD4 counts and stay on ART for longer experience the
greatest benefits of ART. In the model, the effect of ART on reduc-
ing TB incidence increased during the mid-2000s, when access to
ART expanded in South Africa. Over time, the CD4 count threshold
at which individuals can start ART has increased (Meintjes et al.,
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2017), and average ART durations have increased, consequently
contributing to the substantial reduction in the population-level TB
incidence.

Intensified TB screening also led to significant declines in TB in-
cidence. Between 2005 and 2012, South Africa scaled-up efforts to
identify TB cases and testing rates doubled (Nanoo et al., 2015). As
a result, there were rapid reductions in TB incidence owing to in-
creased TB screening during this period. In 2019, increased screen-
ing led to a 28% reduction in TB incidence.

The reasons for DOTS having minimal impact on TB may in-
clude high ongoing Mycobacterium tuberculosis transmission rates,
high prevalence of substantial risk factors, such as HIV, which in-
crease progression to disease, and the emergence of resistant TB
(De Cock and Chaisson, 1999; Wood et al., 2011). Lastly, we have
only considered one component of the DOTS strategy; considering
other aspects could have led to a larger impact. Nonetheless, our
findings of the minimal impact of DOTS align with studies that
suggested that DOTS would have minimal impact in settings with
a high HIV burden (Dowdy and Chaisson, 2009; Dye et al., 1998).

The small population-level impact of IPT on TB incidence in in-
dividuals who are HIV-positive is consistent with other epidemi-
ologic analyses, which attribute the limited impact to the low
implementation of IPT in South Africa (Dye and Williams, 2019).
However, other reasons may be because this HIV-positive popula-
tion has a high risk of progression to disease or because IPT does
not necessarily cure latent Mycobacterium tuberculosis infection in
individuals who are HIV-positive (Houben et al., 2014). In addition,
there appears to be minimal protection from IPT after IPT discon-
tinuation or completion. Thus, the short duration of IPT protec-
tion might explain the relatively modest population-level impact
in South Africa (Churchyard et al., 2014a). Another possible reason
may be that ART eligibility criteria have changed over time. In re-
cent years, more people have started ART at higher CD4 counts.
Those starting ART at higher CD4 counts stand to benefit less from
IPT.

Our findings regarding the small effect of Xpert MTB/RIF on
TB incidence align with studies that found no significant effect
of Xpert MTB/RIF on TB mortality (Di Tanna et al, 2019). It has
been suggested that reductions in empirical treatment offset the
positive effect of Xpert MTB/RIF (Theron et al., 2014a). The intro-
duction of Xpert MTB/RIF has increased the number of microbi-
ologically confirmed diagnoses; however, this has not equated to
more new diagnoses because many cases were diagnosed empiri-
cally before adopting Xpert MTB/RIF. In addition, there was more
culture testing in those testing negative under microscopy than
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b) % reduction in TB incidence due to IPT, 2010-
2019
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interventions, 1996-2019

50% r
45%
40% I
35%
30%
25% |
20% |
15%
10%

5%

0%

1996
1998
2000
2002
2004
2006
2008
2010
2012
2014
2016
2018

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.

under Xpert MTB/RIF (McCarthy et al, 2016). Another modeling
group, which had initially estimated a substantial positive impact
of Xpert MTB/RIF on health outcomes, conducted a reanalysis ac-
counting for empirical treatment and the sensitivity and specificity
of diagnostic algorithms (Menzies et al, 2015). The revised anal-
ysis found a reduction in the benefits, with 70% fewer disability-

adjusted life years averted due to Xpert MTB/RIF (Menzies et al.,
2015).

We implemented a detailed diagnostic algorithm that estimated
true- and false-positives from microbiological diagnoses. We also
considered the proportions of individuals who initiate treatment
empirically, as informed by South African pragmatic trials and op-
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erational studies. As a result, we showed that Xpert MTB/RIF has
indeed led to a reduction in the number of individuals without TB
who started treatment (by 56%) and reduced the number of in-
dividuals who started treatment on an empirical basis (by 28%).
Xpert MTB/RIF possibly has other benefits, such as reducing the
time to diagnosis and time to treatment initiation; however, we
did not model the effect of Xpert MTB/RIF on these endpoints.
Nonetheless, we assumed that loss to follow-up before treatment
initiation was lower when Xpert MTB/RIF compared with smear
microscopy testing was used (supplementary material). We did not
model other benefits of Xpert MTB/RIF, such as the ability to detect
drug-resistant TB (Di Tanna et al., 2019).

This study was subject to several limitations. First, we only con-
sidered the adult population (aged 15 years and older). Second,
owing to the lack of data on the national rollout of Xpert MTB/RIF,
we relied on expert opinion regarding Xpert MTB/RIF implemen-
tation. Third, it was difficult to quantify the extent of empirical
treatment before introducing Xpert MTB/RIF due to the lack of data
and studies to inform our assumptions. Fourth, our model does not
distinguish between symptomatic and asymptomatic TB. However,
we made assumptions about the prevalence of symptoms for mod-
eling screening algorithms. Fifth, our model did not fit the num-
ber of treatment initiations data very well, particularly in the ear-
lier years of the ETR data, before 2010. The model estimates for
treatment initiations peaked earlier than the ETR data, for both
males and females, and it overestimated the treatment initiations
in males. This may be because, in earlier years, there was greater
under-reporting in the ETR data. Lastly, this analysis only focused
on the past impact of interventions implemented in South Africa.
Thus, we did not explore the potential impact of new interventions
or improvements to current interventions.

To the best of our knowledge, this is the first comprehensive
retrospective assessment of the impact of HIV and multiple TB in-
terventions on the South African TB burden at a national level.
This study demonstrated the tremendous effect HIV has had on TB
incidence and mortality. However, even in the HIV-negative pop-
ulation, the TB incidence remains unacceptably high. The South
African TB program has made notable efforts that have led to a
significant reduction in TB incidence and mortality. Further model-
ing studies are needed to identify the changes to current programs
that are required to accelerate these reductions in future.

Author contributions

MK, LJ, and AB contributed to the study conceptualization, anal-
ysis, and interpretation of the results. L] and MK wrote the code
for the mathematical model. LJ and AB were the study supervi-
sors. MO curated the electronic tuberculosis register data and con-
tributed to interpretation of results. MK wrote the first manuscript
draft, and all authors critically reviewed versions of the manuscript
and agreed on the final version to be submitted for publication. All
data used in this study were drawn from publicly available data
sources, which are described and reported in the supplementary
material.

Funding

MK received PhD funding from the Fogarty International Cen-
ter of the National Institutes of Health (D43 TW010559), the South
African Department of Science and Technology/National Research
Foundation Centre of Excellence in Epidemiological Modelling and
Analysis, and the International Epidemiology Databases to Evalu-
ate AIDS (National Institutes of Health, UO1AI069924). L] was sup-
ported by the Bill and Melinda Gates Foundation (019496). The
content of this manuscript is solely the responsibility of the au-
thors and does not necessarily represent the views of the funders.

818

International Journal of Infectious Diseases 122 (2022) 811-819
Ethical approval statement

Not applicable. All data used in this study were drawn from
publicly available data sources which are described and reported
in the supplementary material.

Declaration of competing interests

The authors have no competing interests to declare.

Acknowledgments

We thank Yogan Pillay, the South African National Department
of Health and the National tuberculosis program, for providing us
permission to use the electronic tuberculosis register data and Rory
Dunbar for contributing to curating these data. We thank Thapelo
Seatlhodi and the South African National Department of Health for
providing additional data from the District Health Information Sys-
tem. We also thank Mark Hatherill and Tom Scriba from the South
African Tuberculosis Vaccine Initiative for providing data on latent
tuberculosis prevalence in South Africa.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.ijid.2022.07.047.

References

Abdool Karim SS, Churchyard GJ, Karim QA, Lawn SD. HIV infection and tuberculosis
in South Africa: an urgent need to escalate the public health response. Lancet
2009;374:921-33.

Ayele HT, Van Mourik MSM, Debray TPA, Bonten MJM. Isoniazid prophylactic ther-
apy for the prevention of tuberculosis in HIV infected adults: A systematic re-
view and meta-analysis of randomized trials. PLoS One 2015;10.

Churchyard GJ, Fielding KL, Lewis ]J, Coetzee L, Corbett EL, Godfrey-Faussett P, et al.
A trial of mass isoniazid preventive therapy for tuberculosis control. N Engl ]
Med 2014a;370:301-10.

Churchyard GJ, Mametja LD, Mvusi L, Ndjeka N, Hesseling AC, Reid A, et al. Tuber-
culosis control in South Africa: successes, challenges and recommendations. S
Afr Med ] 2014b;104:244-8.

Corbett EL, Watt CJ, Walker N, Maher D, Williams BG, Raviglione MC, et al. The
Growing Burden of tuberculosis: global trends and interactions with the HIV
epidemic. Arch Intern Med 2003;163:1009-21.

De Cock KM, Chaisson RE. Will DOTS do it? A reappraisal of tuberculosis control in
countries with high rates of HIV infection. Int ] Tuberc Lung Dis 1999;3:457-65.

den Boon S, van Lill SW, Borgdorff MW, Enarson DA, Verver S, Bateman ED, Irusen E,
Lombard CJ, White NW, de Villiers C, Beyers N. High prevalence of tuberculo-
sis in previously treated patients, Cape Town, South Africa. Emerg Infect Dis
2007;13:1189-94.

Department of Health. The South African antiretroviral treatment guidelines 2013,
Pretoria, South Africa: Department of Health, 2013.

Di Tanna GL, Khaki AR, Theron G, McCarthy K, Cox H, Mupfumi L, Trajman A, Zi-
jenah LS, Mason P, Bandason T, Durovni B, Bara W, Hoelscher M, Clowes P,
Mangu C, Chanda D, Pym A, Mwaba P, Cobelens F, Nicol MP, Dheda K, Church-
yard G, Fielding K, Metcalfe JZ. Effect of Xpert MTB/RIF on clinical outcomes in
routine care settings: individual patient data meta-analysis. Lancet Glob Heal
2019;7:e191-9.

Dodd PJ, Looker C, Plumb ID, Bond V, Schaap A, Shanaube K, et al. Age- and sex-spe-
cific social contact patterns and incidence of Mycobacterium tuberculosis infec-
tion. Am ] Epidemiol 2016;183:156-66.

Dowdy DW, Chaisson RE. The persistence of tuberculosis in the age of
DOTS: reassessing the effect of case detection. Bull World Health Organ
2009;87:296-304.

Dye C, Garnett GP, Sleeman K, Williams BG. Prospects for worldwide tuberculosis
control under the WHO DOTS strategy. Directly observed short-course therapy.
Lancet 1998;352:1886-91.

Dye C, Williams BG. Tuberculosis decline in populations affected by HIV: a retro-
spective study of 12 countries in the WHO African Region. Bull World Health
Organ 2019;97:405-14.

Horton KC, Macpherson P, Houben RMG]J, White G, Corbett EL. Sex differences
in tuberculosis burden and notifications in low- and middle-income coun-
tries ountsystematic review and meta-analysis. PLOS Med 2016;13.

Houben RM, Sumner T, Grant AD, White RG. Ability of preventive therapy to cure
latent Mycobacterium tuberculosis infection in HIV-infected individuals in high-
-burden settings. Proc Natl Acad Sci U S A 2014;111:5325-30.


https://doi.org/10.1016/j.ijid.2022.07.047
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0001
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0002
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0003
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0004
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0005
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0006
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0007
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0020
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0010
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0011
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0012
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0013
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0014
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0015

M. Kubjane, M. Osman, A. Boulle et al.

Johnson LF, Dorrington RE, Thembisa version 4.3: A model for evaluating the impact
of HIV/AIDS in South Africa. (https://www.thembisa.org/content/downloadPage/
Thembisa4_3report), 2020 (accessed 07 11 2020).

Lawn SD, Myer L, Bekker LG. Wood R. Wood R. Burden of tuberculosis in an an-
tiretroviral treatment programme in sub-Saharan Africa: impact on treatment
outcomes and implications for tuberculosis control. AIDS 2006;20:1605-12.

Lawn SD, Myer L, Edwards D, Bekker LG, Wood R. Short-term and long-term risk of
tuberculosis associated with CD4 cell recovery during antiretroviral therapy in
South Africa. AIDS 2009;23:1717-25.

Loveday M, Mzobe YN, Pillay Y, Barron P. Figures of the dead: A decade of tubercu-
losis mortality registrations in South Africa. S Afr Med ] 2019;109:728-32.
McCarthy KM, Grant AD, Chihota V, Ginindza S, Mvusi L, Churchyard GJ, et al. Im-
plementation and Operational Research: What happens after a negative test for
tuberculosis? Evaluating adherence to TB diagnostic algorithms in South African

primary health clinics. ] Acquir Immune Defic Syndr 2016;71:e119-26.

Meintjes G, Moorhouse MA, Carmona S, Davies N, Dlamini S, Van Vuuren C, et al.
Adult antiretroviral therapy guidelines 2017. South Afr J HIV Med 2017;18:776.

Menzies NA, Cohen T, Lin HH, Murray M, Salomon JA. Population health impact
and cost-effectiveness of tuberculosis diagnosis with Xpert MTB/RIF: A dynamic
simulation and economic evaluation. PLOS Med 2012;9.

Menzies NA, Cohen T, Murray M, Salomon JA. Effect of empirical treatment on out-
comes of clinical trials of diagnostic assays for tuberculosis. Lancet Infect Dis
2015;15:16-17.

Nanoo A, Izu A, Ismail NA, Ihekweazu C, Abubakar I, Mametja D, et al. Nation-
wide and regional incidence of microbiologically confirmed pulmonary tuber-
culosis in South Africa, 2004-12: A time series analysis. Lancet Infect Dis
2015;15:1066-76.

Onozaki I, Law I, Sismanidis C, Zignol M, Glaziou P, Floyd K. National tuberculo-
sis prevalence surveys in Asia, 1990-2012: an overview of results and lessons
learned. Trop Med Int Health 2015;20:1128-45.

819

International Journal of Infectious Diseases 122 (2022) 811-819

Raftery AE, Bao L. Estimating and projecting trends in HIV/AIDS general-
ized epidemics using incremental mixture importance sampling. Biometrics
2010;66:1162-73.

Ross JM, Badje A, Rangaka MX, Walker AS, Shapiro AE, Thomas KK, et al. Isoniazid
preventive therapy plus antiretroviral therapy for the prevention of tuberculo-
sis: a systematic review and meta-analysis of individual participant data. Lancet
HIV 2021;8:e8-e15.

Surie D, Borgdorff MW, Cain KP, Click ES, DeCock KM, Yuen CM. Assessing the
impact of antiretroviral therapy on tuberculosis notification rates among peo-
ple with HIV: a descriptive analysis of 23 countries in sub-Saharan Africa,
2010-2015. BMC Infect Dis 2018;18:481.

Theron G, Peter ], Dowdy D, Langley I, Squire SB, Dheda K. Do high rates of empiri-
cal treatment undermine the potential effect of new diagnostic tests for tuber-
culosis in high-burden settings? Lancet Infect Dis 2014a;14:527-32.

Theron G, Zijenah L, Chanda D, Clowes P, Rachow A, Lesosky M, et al. Feasibility,
accuracy, and clinical effect of point-of-care Xpert MTB/RIF testing for tubercu-
losis in primary-care settings in Africa: A multicentre, randomised, controlled
trial. Lancet 2014b;383:424-35.

The First National tuberculosis prevalence survey, South Africa 2018: Short
report. (https://www.knowledgehub.org.za/system/files/elibdownloads/2021-02/
A4_SA_TPS%20Short%20Report_10June20_Final_highres.pdf), 2021 (accessed 20
02 2021).

Wood R, Lawn SD, Johnstone-Robertson S, Bekker LG. Tuberculosis control has failed
in South Africa - time to reappraise strategy. S Afr Med ] 2011;101:111-14.
World Health Organization. World Health Organization tuberculosis programme
framework for effective Tuberculsosis control. Geneva: World Health Organiza-

tion 1994.

World Health Organization. Global tuberculosis report. Geneva: World Health Orga-

nization, 2019.


https://www.thembisa.org/content/downloadPage/Thembisa4_3report)
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0017
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0018
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0019
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0021
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0022
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0023
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0024
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0025
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0026
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0027
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0028
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0029
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0030
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0031
https://www.knowledgehub.org.za/system/files/elibdownloads/2021-02/A4_SA_TPS%20Short%20Report_10June20_Final_highres.pdf
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0032
http://refhub.elsevier.com/S1201-9712(22)00438-6/sbref0033

	The impact of HIV and tuberculosis interventions on South African adult tuberculosis trends, 1990-2019: a mathematical modeling analysis
	Introduction
	Methods
	Calibration targets and data sources
	Model experiments to assess the impact of HIV and programmatic interventions over time

	Results
	Discussion
	Author contributions
	Funding
	Ethical approval statement
	Declaration of competing interests
	Acknowledgments
	Supplementary materials
	References


