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A B S T R A C T   

Background: Tuberculosis remains a major public health problem in South Africa, with an estimated 300,000 
cases and 55,000 deaths in 2021. New tuberculosis vaccines could play an important role in reducing this 
burden. Phase IIb trials have suggested efficacy of the M72/AS01E vaccine candidate and BCG-revaccination. The 
potential population impact of these vaccines is unknown. 
Methods: We used an age-stratified transmission model of tuberculosis, calibrated to epidemiological data from 
South Africa, to estimate the potential health and economic impact of M72/AS01E vaccination and BCG- 
revaccination. We simulated M72/AS01E vaccination scenarios over the period 2030–2050 and BCG- 
revaccination scenarios over the period 2025–2050. We explored a range of product characteristics and de-
livery strategies. We calculated reductions in tuberculosis cases and deaths and costs and cost-effectiveness from 
health-system and societal perspectives. 
Findings: M72/AS01E vaccination may have a larger impact than BCG-revaccination, averting approximately 80% 
more cases and deaths by 2050. Both vaccines were found to be cost-effective or cost saving (compared to no new 
vaccine) across a range of vaccine characteristics and delivery strategies from both the health system and societal 
perspective. The impact of M72/AS01E is dependent on the assumed efficacy of the vaccine in uninfected in-
dividuals. Extending BCG-revaccination to HIV-infected individuals on ART increased health impact by 
approximately 15%, but increased health system costs by approximately 70%. 
Interpretation: Our results show that M72/AS01E vaccination or BCG-revaccination could be cost-effective in 
South Africa. However, there is considerable uncertainty in the estimated impact and costs due to uncertainty in 
vaccine characteristics and the choice of delivery strategy. 
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1. Introduction 

Tuberculosis (TB) continues to be a major cause of illness and mor-
tality with an estimated 10.6 million incident cases and 1.6 million 
deaths in 2021 [1]. While TB incidence and mortality had been declining 
prior to the COVID pandemic, the rate of decline is insufficient to meet 
the Sustainable Development Goals target to end the tuberculosis 
epidemic by 2030 [2]. Previous work [3,4] has shown that new TB 
vaccines will be critical to accelerate declines in TB and achieve 
elimination. 

Several new vaccine candidates are in development [5]. Candidate 
M72/AS01E has been shown to have efficacy of 49.7 % (95 % confidence 
interval: 2.1–74.2) against TB disease over 3 years follow-up among 
adolescents and adults with previous sensitisation to Mycobacterium 
tuberculosis (M.tb), indicated by a positive QuantiFERON-TB Gold In- 
tube assay (QFT) result [6]. There is also renewed interest in the use 
of Bacillus Calmette-Guérin (BCG) revaccination to prevent TB. Evalu-
ation of BCG-revaccination of QFT-negative adolescents showed an ef-
ficacy of 45.5 % (6.4–68.1) against the secondary endpoint, sustained 
QFT conversion at 6 months [7]. 

Recent modelling [8] has suggested that M72/AS01E vaccination and 
BCG-revaccination could be cost-effective in India for a range of 
different vaccine characteristics and implementation strategies. How-
ever, the potential impact and costs of vaccine implementation are likely 
to be context-specific. Previous analyses of the impact of hypothetical TB 
vaccines in China, South Africa, and India showed that overall vaccine 
impact, and the importance of different vaccine characteristics, was 
dependent on the epidemiology in each country [4]. 

TB remains a major public health problem in South Africa. Despite 
huge improvements in antiretroviral therapy (ART) coverage, human 
immunodeficiency virus (HIV) continues to be a significant factor in the 
TB epidemic. In 2021, over 50 % of incident TB cases and almost 60 % of 
deaths due to TB were among people living with HIV (PLHIV) [1]. 
Previous modelling of routine adolescent vaccination [9] or mass 
vaccination of adults [10] with an M72/AS01E-like vaccine found it was 
likely to be cost-effective in South Africa, but the cost-effectiveness of 
other implementation strategies for M72/AS01E vaccination or BCG- 
revaccination in this setting have not been explored. In this paper, we 
used a mathematical model to estimate the health impact and cost- 
effectiveness of M72/AS01E and BCG-revaccination in South Africa 
under a range of vaccine characteristics and delivery assumptions. 

2. Methods 

2.1. Data 

We used estimates for South Africa’s demography from the United 
Nations Population Division [11]. TB incidence and mortality estimates 
and reported notifications were taken from the WHO [1] and prevalence 
data were obtained from the South African national prevalence survey 
[12]. HIV incidence, prevalence, and mortality estimates and data on 
ART coverage and levels of viral suppression were obtained from 
UNAIDS [13]. TB and HIV data values and sources are reported in the 
Supplementary material (Section 3). 

2.2. Model 

We developed a mathematical model of TB in South Africa. The 
model is an adaptation of previous models of TB vaccination [8,14]. It 
describes infection with M.tb, progression of TB disease, and diagnosis 
and treatment, stratified by access to care, age, and vaccination status. 

HIV is a key risk factor for TB in South Africa. We stratified the model 
by HIV status to capture the stages of HIV infection and treatment 
relevant for TB epidemiology and to simulate differences in the targeting 
and efficacy of TB vaccines by HIV status. The HIV-infected population 
was stratified by CD4 count (>350 cells per cubic millimeter, <350 cells 

per cubic millimeter), whether individuals had been diagnosed with HIV 
or not, whether they are on ART or not, and whether they are virally 
suppressed or not. The population can transition between HIV states 
based on rates of diagnosis, ART initiation (and discontinuation) and 
viral suppression (and rebound). HIV infection is not modelled dynam-
ically but is an external input to the model based on UNIADS projections. 

The TB and HIV models are linked, such that all combinations of TB 
and HIV status are possible (e.g. a HIV uninfected individual with TB 
disease who is infected with HIV would move to the corresponding HIV 
Infected, TB disease state). HIV status also affects the transitions be-
tween TB states, increasing susceptibility to M.tb infection, increasing 
rates of progression to TB disease, reducing rates of natural recovery 
from TB and increasing the rate of TB associated mortality. 

Full details of the TB and HIV model structure and parameter values 
are given in the Supplementary material (Sections 1 and 2). 

2.3. Calibration 

The model was fitted to TB and HIV calibration targets using history 
matching with emulation, a method that allows efficient exploration of 
high-dimensional parameter spaces and generates a reduced parameter 
space that is consistent with the calibration targets [15]. History 
matching was implemented using the hmer package in R [16] and used 
togenerate 1000 parameter sets consistent with the calibration targets. 
Further details of the process are given in the Supplementary material 
(Section 3). 

Calibration targets included: TB incidence rate by HIV status and 
age, TB mortality rate by HIV status and TB notification rate [1]; overall 
TB prevalence and the proportion of TB prevalence that was sub-clinical 
(asymptomatic) [12]; the ratio of prevalent TB in low and high access to 
care strata [17,18]; HIV prevalence by age,HIV (AIDS-related) mortality 
and the proportion of PLHIV who knew their status [19]. Values and 
sources for the calibration targets are given in Table S3.1 in the Sup-
plementary material. 

TB diagnosis and treatment were explicitly included in the model but 
existing prevention measures (neonatal BCG vaccination and preventive 
therapy) were not. We assumed that the effects of these prevention 
measures are included in the calibration targets and therefore implicitly 
captured in our model. 

2.4. Vaccine scenarios 

In our baseline (no-new-vaccine) scenario, we assumed that TB and 
HIV diagnosis and treatment continued at 2020 levels, and that HIV 
incidence remained constant at 2020 estimates. The calibrated model 
was used to simulate the TB and HIV epidemiology to 2050 under this 
no-new-vaccine scenario. 

The base case M72/AS01E vaccination scenario assumed a vaccine 
with 50 % efficacy against TB disease [6] and 10-year duration of pro-
tection [20]. The efficacy of M72/AS01E has only been measured in 
QFT-positive individuals [6]; however, immunogenicity studies suggest 
that two-doses of M72/AS01E induced sustained antigen-specific T cell 
and IgG responses in both QFT-positive and QFT-negative adolescents 
[21]. In our main analysis, we therefore assumed the vaccine would be 
efficacious irrespective of M.tb infection status at time of vaccination. 
We also explored scenarios in which M72/AS01E was only efficacious in 
individuals with M.tb infection and assumed this includes individuals 
who have recovered from TB disease. We simulated the introduction of 
the vaccine in 2030 with routine vaccination of 15-year-olds (80 % 
coverage) and campaigns for 16–34-year-olds conducted in 2030 and 
2040 (70 % coverage). We assumed that M72/AS01E would be given to 
all individuals irrespective of HIV status with reduced efficacy in PLHIV 
[22] (10 % reduction in efficacy in virally suppressed individuals; 46 % 
reduction in efficacy in all other PLHIV) (see Supplementary material 
Section 4). We assumed that a course of M72/AS01E vaccination would 
require two doses, with a price of US$2.50 per dose. 
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The basecase BCG-revaccination scenario assumed a vaccine with 45 
% efficacy against sustained M.tb infection [7] with 10-year duration of 
protection [20]. We assumed the vaccine would only be efficacious in 
individuals uninfected with M.tb at time of vaccination. We simulated 
the introduction of revaccination in 2025, with routine vaccination of 
10-year-olds (80 % coverage) and campaigns for 11–18-year-olds in 
2025, 2035, and 2045 (80 % coverage). Due to uncertainty about the 
safety of BCG in PLHIV (especially infants) [23], in the basecase scenario 
we assumed that BCG-revaccination would only be offered to HIV- 
uninfected individuals. We assumed that BCG-revaccination would 
require a single dose at the average UNICEF BCG price of US$0.17 per 
dose [24]. 

Vaccine introduction costs for both vaccine products were assumed 
to be US$2.40 (range: 1.20–4.80) per individual in the targeted age 
group based on vaccine introduction support policy from Gavi, the 
Vaccine Alliance [25]. A further US$0.11 (0.06–0.22) supply costs and 
US$2.50 (1.00–5.00) delivery costs per dose were included [26]. We 
assumed vaccine a wastage rate of 5 %. 

2.5. Uncertainty analysis 

We considered several different delivery options for M72/AS01E 
vaccination and BCG-revaccination (Table 1). These represented a finite 
set of discrete policies for vaccine delivery that may be considered by 
decision makers. For M72/AS01E vaccination, we considered policies 
based on different age targeting. For BCG-revaccination, we considered 
different age targeting and, based on evidence that the protective benefit 
of BCG can outweigh the risks of local or disseminated BCG disease in 
people established on ART [27], policies including revaccination of 
PLHIV who are on ART and/or virally suppressed. 

We explored a variety of different vaccine characteristics to explore 
the effects of uncertainty on the results (Table 1). These include varying 

vaccine efficacy, duration of protection, year of introduction, and 
coverage. We explored scenarios in which M72/AS01E vaccination and 
BCG-revaccination were efficacious against both sustained M.tb infec-
tion and TB disease, and scenarios in which M72/AS01E efficacy was 
limited to individuals who were infected with M.tb at time of vaccination 
and BCG-revaccination was efficacious irrespective of M.tb infection 
status at time of vaccination. We assume that vaccines that are effica-
cious against infection protect against first and repeat infections. For 
M72/AS01E vaccination, we explored two different assumptions about 
the efficacy in PLHIV. 

To explore how our results depended on our no-new-vaccine baseline 
assumptions we simulated a series of alternative baselines in which the 
TB diagnostic rate increased linearly from 2020 to 2050, resulting in 
varying declines in TB incidence to 2050. We then evaluated our base-
case M72/AS01E vaccination and BCG-revaccination scenarios under 
each of these alternative baselines. 

2.6. Outcomes 

We calculated the cumulative number of TB cases and deaths averted 
by 2050 compared to the no-new-vaccine baseline. As vaccines are 
introduced at different times (2025 for BCG, 2030 for M72) we consider 
different time periods for each vaccine however this reflects real dif-
ferences in possible implementation dates of the two vaccines and is 
therefore the most relevant comparison for decision makers. 

We estimated the annual incremental costs over the same timeframe 
in 2020 US dollars from both health-system and societal perspectives. 
Health-system costs included vaccine costs, costs of testing and treating 
TB (estimated separately for drug susceptible and drug resistant cases), 
and the costs of ART. The societal perspective also included costs of 
patient time for vaccination, non-medical patient costs (e.g., trans-
portation) associated with TB, and indirect patient costs of TB treatment. 

Table 1 
Vaccine scenarios. Basecase assumptions are shown in the shaded columns. Other assumptions are explored in univariate scenario analysis. VS = virally suppressed, 
NVS = not virally suppressed.  

Characteristic M72/AS01E vaccines BCG-revaccination vaccines 

Basecase Univariate scenario analyses Basecase Univariate scenario analyses 

Policy Options 
Age targeting Campaign for ages 16–34, routine 

age 15 
Campaign for ages 18–55  

Campaign for ages 11–34, routine 
age 10 

Campaign for ages 11–18, routine 
age 10 

Campaign for ages 16–34, routine 
age 15 

HIV targeting All All None On ART, ages 11–18 
On ART, ages 10+
VS, ages 10+

Vaccine Characteristics and Coverage 
Efficacy in HIV 

uninfected 
50 % 60 % 

70 % 
45 % 70 % 

Relative efficacy in 
PLHIV 

Medium: 
VS, 90 % 
NVS, 54 % 

Low: 
VS, 80 % 
NVS, 16 % 
High: 
VS, 100 % 
NVS, 100 % 

na 100 % 

Duration of protection 10 years 5 years 
15 years 
20 years 

10 years 5 years 
15 years 
20 years 

Mechanism of effect Prevents disease Prevents infection and disease Prevents infection Prevents infection and disease 
Host infection status Any infection (current / no current 

infection) 
Current infection only No current infection only Any infection (current / no current 

infection) 
Introduction year 2030 2034 2025 2029 
Coverage Medium: 

80 % routine 
70 % campaign 

Low: 
70 % routine 
50 % campaign 
High: 
90 % routine 
90 % campaign 

Medium: 
80 % routine 
80 % campaign 

Low: 
70 % routine 
70 % campaign 
High: 
90 % routine 
90 % campaign  
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Health system unit costs, and non-medical patient costs were identified 
from the published literature. We assumed that uncertainty in these 
costs were gamma distributed around unit cost estimates. Indirect pa-
tient costs (due to time lost to transport and treatment), and the cost of 
patient time for vaccination were estimated by multiplying the time 
required for these activities by a wage proxy of GDP per captia for South 
Africa. Full details of the costs are in Table S5.1 in the Supplementary 
material. 

Total disability-adjusted life years (DALYs) averted from the intro-
duction of vaccination to 2050 were calculated using disability weights 
for TB disease, and aspirational life tables, from the Global Burden of 
Disease 2019 study [28]. 

Cost-effectiveness analysis was conducted for the policy options for 
each vaccine. The difference in incremental cost-effectiveness ratios 
(ICERs) (the ratio of mean incremental costs to mean incremental ben-
efits in DALYs averted) were calculated from a health-system perspec-
tive for each non-dominated strategy for the analytic period 2025–2050. 
Both costs and benefits were discounted to 2025 (when vaccination 
began) at 3 % per year as per guidelines. We compared the cost- 
effectiveness estimates to three country specific thresholds: 1x gross 
domestic product (GDP) per capita in 2020 (US$5,742) [29] and the 
upper and lower bounds of country-level opportunity cost thresholds 
defined by Ochalek et al. [30] (Ochalek upper [US$3,334] and lower 
[US$2,480] bounds). 

To explore how cost-effectiveness of vaccination depended on vac-
cine characteristics and coverage assumptions we examined the differ-
ence in ICERs for the characteristics listed in Table 1, compared to the 
no-new-vaccine baseline, assuming the vaccine was introduced using 
the basecase policy option. ICERs were calculated from a health system 
and societal perspective. 

Outcomes were calculated across the 1000 parameter sets generated 
through the calibration process. For each parameter set the model was 

run for the no-new-vaccine baseline and for each vaccination scenario. 
Health outcomes (cases and deaths averted) were then calculated for 
each parameter set. We report the median and 95 % range given by the 
2.5 and 97.5 % quantiles. For each set of epidemiological model outputs 
we then sampled costs and TB disability weights from the distributions 
described above and calculated DALYs, incremental costs and ICERs. 
Results are reported as the mean and 95 % range. 

3. Results 

3.1. No-new-vaccine projection 

In the absence of new vaccines, there were an estimated 9.4 (95 % 
uncertainty interval: 8.6–11.0) million incident TB cases and 1.6 
(1.4–1.9) million deaths due to TB between 2025 and 2050. Plots of the 
baseline model outputs can be found in the Supplementary material 
(Section 7). 

3.2. Health impact 

With our basecase assumptions, M72/AS01E vaccination could avert 
1.56 (1.44–1.87) million cases and 0.22 (0.18–0.25) million deaths by 
2050 (Fig. 1). If vaccine efficacy was higher (70 % vs. 50 %), the number 
of cases averted could be 33 % (32 %–34 %) higher. If the vaccine 
protected against both disease and infection, the impact could be 37 % 
(36 %–38 %) higher. When we assumed that M72/AS01E was only 
effective in people who were infected with M.tb at the time of vaccina-
tion, the number of cases averted was 39 % (37 %–43 %) lower. The 
relative efficacy of M72/AS01E in PLHIV compared to HIV-uninfected 
individuals produced a relatively small change in the predicted 
impact. If the vaccine was equally efficacious in both populations, the 
numbers of cases and deaths averted could be increased by 7 % (6 %– 

Fig. 1. Cumulative cases and deaths averted by 2050. Bars show the median estimates and error bars show the 95% uncertainty range. The vertical dashed line 
indicates the median estimate from the Basecase scenario. Shading indicates the scenario types (dark grey: Basecase; mid grey: policy options; light grey: vaccine 
characteristics and coverage). 
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8%) and 10 % (9 %–11 %), respectively. 
In the basecase, BCG-revaccination could avert 0.86 (0.80–0.97) 

million cases and 0.12 (0.10–0.13) million deaths by 2050 (Fig. 1). 
Similar to M72/AS01E, increased efficacy (70 % vs. 45 %) could increase 
the number of cases averted by 57 % (54 %–60 %), while assuming 
protection against infection and disease could increase the impact by 51 
% (47 %–55 %). Delayed introduction of BCG-revaccination (by 4 years 
to 2029) resulted in a reduction of 22 % (21 %–23 %) in the number of 
cases averted. We found a small additional impact (3 % (2 %–4%) in-
crease in cases averted) when extending BCG-revaccination to 11–18- 
year-olds on ART (compared to no use of BCG in PLHIV) and 15 % (10 
%–18 %) greater impact if BCG-revaccination was offered to all people 
on ART aged 10 years or older. 

In our basecase scenarios, we found an 82 % (73 %–96 %) greater 
impact from M72/AS01E vaccination compared to BCG-revaccination 
(1.56 million cases averted vs 0.86 million cases averted). If M72/ 
AS01E was assumed to only be effective in people who were infected 
with M.tb at the time of vaccination then the number of cases and deaths 
averted was comparable to that predicted for the basecase BCG- 
revaccination scenario. 

3.3. Cost-effectiveness 

Compared to the no-new-vaccine scenario, the basecase M72/AS01E 
policy had an incremental cost of US$255 million from a health system 
perspective, US$64 million from a societal perspective and averted 3.7 
million DALYs by 2050. A policy which vaccinated older age groups 
(campaign for ages 18–55) was dominated by the other policy options 
considered (i.e., this strategy was more costly and less effective than 
alternative strategies) and was removed from further analysis (Table 2). 
The basecase (routine vaccination for age 15, campaign for ages 16–34,) 
and a policy of delivering the vaccine to younger ages (routine vacci-
nation for age 10, campaign for ages 11–34,) were found to be poten-
tially cost-effective from a health system perspective and are displayed 
on the efficiency frontier in Fig. 2. 

The basecase BCG-revaccination policy had an incremental cost of 
US$50 million (health system), was cost-saving from a societal 
perspective and averted 2.2 million DALYs by 2050 compared to the no- 
new-vaccine baseline. For BCG-revaccination, of the policies modelled, 
those which targeted older ages (routine age 15, campaign for ages 

16–34) or included virally suppressed individuals aged over 10 years 
were both dominated by other strategies and removed from consider-
ation. Including individuals on ART aged 10 years or over was the 
optimal option of the strategies considered (Fig. 2). 

Fig. 3 shows the ICERs (health-system perspective) for the scenarios 
with different vaccine characteristics and coverages, assuming that the 
vaccines are introduced using the basecase policy option (results for the 
societal perspective are presented in Supplementary material Section 9). 
Our results suggest that the introduction of M72/AS01E would be cost- 
effective compared to not introducing the vaccine irrespective of vac-
cine characteristics (Table S9.1). BCG-revaccination would be cost- 
effective from a health system perspective or cost-saving from a socie-
tal perspective (Table S9.4). 

In the basecase policy scenario, the costs of vaccinating with M72/ 
AS01E were approximately US$12 million per year compared to 
approximately US$3 million for BCG-revaccination, in part driven by the 
lower cost of BCG. The incremental costs of the basecase M72/AS01E 
scenario were approximately five times higher than those for BCG- 
revaccination, due to larger increases in future ART costs associated 
with the reductions in HIV-TB mortality. From a societal perspective, 
both vaccines resulted in reductions in direct and indirect patient costs 
due to the reduced burden of TB (see Supplementary material Section 9, 
Tables S9.3 and S9.6 for breakdown of the costs of each scenario). 

Under our alternative no-new-vaccine baselines, in which TB diag-
nosis was increased between 2020 and 2050 to projecting declining TB 
incidence, we found that the number of DALYs averted by vaccination 
was reduced, incremental costs of vaccination remained largely constant 
and as a result the ICERs increased, for both M72/AS01E vaccination and 
BCG-revaccination. All ICERs remained below all thresholds considered. 
If TB incidence declined by 60 % between 2020 and 2050 the ICER for 
M72/AS01E vaccination was 314 $/DALY averted (compared to 69 
$/DALY averted with our original baseline) while the ICER for BCG- 
revaccination was 82 $/DALY averted (compared to 23 $/DALY aver-
ted with our original baseline). Full results from this sensitivity analysis 
are presented in the Supplementary material, Section 10). 

4. Discussion 

Our results suggest that, across the scenarios considered, M72/AS01E 
vaccination in South Africa could avert between 0.86 and 2.55 million 

Table 2 
Cost-effectiveness analysis of policy scenarios. Discounted costs from a health-system perspective (US$ millions). Discounted (DALYs) (millions).  

Scenario Total costs (USD, 
millions) 

Total DALYs 
(millions) 

Total DALYs 
averted 
(millions) 

Incremental 
costs 
(USD, millions) 

Incremental DALYs 
averted 
(millions) 

Cost (USD) per DALY 
averted 

M72/AS01E Policy Scenarios 
No-new-vaccine 41,405 255.6 – 41,405 – – 
Basecase 

(campaign for ages 16–34, routine age 
15) 

41,659 251.9 3.67 254.7 3.67 69.4 

Younger ages 
(campaign for ages 11–34, routine age 
10) 

41,708 251.5 4.06 48.5 0.39 125.3 

Older ages 
(campaign for ages 18–55) 

41,758 251.8 3.76 – – Strongly dominated  

BCG-revaccination Policy Scenarios 
No-new-vaccine 41,405 255.6 – 41,405 – – 
Basecase 

(campaign for ages 11–18, routine age 
10) 

41,455 253.4 2.17 50.3 2.17 23.1 

Basecase plus on ART ages 11–18 41,456 253.3 2.25 2.0 0.08 26.1 
Basecase plus virally suppressed ages 

10+
41,491 253.1 2.52 – – Weakly dominated 

Basecase plus on ART ages 10+ 41,492 253.0 2.53 35.5 0.28 125.2 
Older ages (campaign for ages 16–34, 

routine age 15) 
41,498 253.4 2.19 – – Strongly dominated  
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TB cases and 0.11 to 0.35 million deaths by 2050. BCG-revaccination 
could avert 0.54 to 1.55 million cases and 0.07 to 0.17 million deaths. 
M72/AS01E vaccination had higher incremental health system and so-
cietal costs than BCG-revaccination due to the higher costs of M72/ 
AS01E resulting in higher ICERs for M72/AS01E for both perspectives All 
scenarios we simulated were cost-effective at all thresholds considered 
under a health system perspective, and cost-effective or cost-saving 
under a societal perspective, consistent with previous cost- 
effectiveness estimates of novel TB vaccination in other settings [8,31]. 

We used data from clinical trials [6,7] to inform our basecase vaccine 
characteristics. However, several important characteristics, such as the 
duration of protection, are unknown. Similarly, our policy scenarios 
were informed by expert opinion, but the real-world implementation 
will also be dependent on logistical and operational criteria. To address 
this, we explored a variety of vaccine characteristics and delivery sce-
narios. As expected, increasing vaccine efficacy, duration of protection, 
vaccination coverage, and the age range of the population offered 
vaccination increased the estimated impact. Based on clinical trial 
endpoints [6,7], we assumed in our basecase scenarios that M72/AS01E 
provided protection against progression to disease while BCG- 
revaccination provided protection against sustained infection with M. 
tb. These assumptions are important in determining the results, with the 
addition of protection against infection or disease for M72/AS01E or 
BCG, respectively, significantly increasing the predicted impact and 
reducing the ICERs. The host status required for the vaccine to be 
effective was also important for M72/AS01E vaccination. We assumed, 
based on immunogenicity studies [21], that the vaccine would be 
effective in all individuals whether they had previously been infected 
with M.tb or not. However, to date, efficacy of M72/AS01E has only been 
directly assessed in QFT-positive individuals [6]. When we restricted the 
efficacy in our model to currently infected individuals, the impact of 
M72/AS01E was reduced to similar levels as BCG-revaccination and the 

ICERs approximately doubled. Data on the efficacy of M72/AS01E in 
QFT-negative individuals, together with improved estimates of QFT 
positivity rates in target populations, will be important for refining es-
timates of the impact and cost-effectiveness of M72/AS01E vaccination. 

The potential effect of M72/AS01E in HIV-infected individuals is 
unclear. While safety and immunogenicity trials have shown it is likely 
to be safe and immunogenic in this population [22], there is no clinical 
trial evidence of efficacy against TB disease or M.tb infection. We 
considered three scenarios for the efficacy of M72/AS01E in HIV- 
infected people and found that this assumption had only a small effect 
on the predicted impact. This is in part due to the relatively small 
population affected (compared to the HIV-uninfected population) and 
the narrow range of the relative efficacy parameter informed by 
immunogenicity data [22]. 

While BCG is contraindicated in HIV-infected infants [23], there is 
evidence that its protective benefit can outweigh the risks of BCG disease 
in people established on ART [27]. In our basecase, we assumed that 
BCG would be given to HIV-uninfected individuals and explored the 
effect of extending BCG-revaccination to people on ART in scenario 
analysis. Including HIV-infected individuals without extending the age 
range of BCG-revaccination (10–18-year-olds) had minimal effect on the 
results because of the small additional number of people vaccinated. 
When BCG-revaccination was extended to all people on ART aged 10 or 
over we found an approximate 15 % increase in the number of cases 
averted. This increase was based on the assumption that BCG revacci-
nation would have equivalent efficacy in PLHIV on ART as in HIV- 
uninfected individuals. If the efficacy of BCG is reduced in this popu-
lation then the additional benefit would be smaller. The expansion of 
BCG targeting to PLHIV also increased the health system costs for BCG- 
revaccination. This increase in costs, from US$50 million to US$87 
million, is due to the increased number of vaccines given and increases 
in future ART costs. 

Fig. 2. Efficiency frontiers for policy options. Discounted total costs (US$ billions) from a health-system perspective versus discounted total disability-adjusted life 
years (DALYs) averted (millions) for each policy option. Dashed lines indicate the efficiency frontiers. Incremental cost effectiveness ratios (ICERs) are shown in US$ 
per DALY averted. 
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Previous modelling of an M72-like vaccine in South Africa suggested 
that routine vaccination of adolescents was likely to be cost-effective 
[9]. While the scenarios considered in our work are not directly com-
parable, the findings are consistent with this previous study. For 
example, Harris et al [9] estimated that routine vaccination of 15 years 
olds with 80 % coverage and 15 years duration of protection had a cost 
per DALY averted of US$42. Our basecase scenario, which combined 
routine vaccination of 15 year olds with 80 % coverage and a campaign 
in 16–34 year olds, assuming 10 years duration of protection had an 
ICER of US$69. 

Comparison with our previous modeling of M72/AS01E vaccination 
and BCG-revaccination in India [8] highlights some key similarities and 
differences between countries. In our basecase scenarios M72/AS01E 
vaccination prevented more cases of TB than BCG-revaccination in both 
countries. The additional benefit of M72/AS01E was greater in South 
Africa (80 % more cases averted by M72/AS01E than BCG) than in India 
(40 % more cases averted by M72/AS01E than BCG). The differences in 
impact between M72 and BCG are partly a result of the assumed char-
acteristics of the vaccines and also the modeled prevalence of infection 
in the two countries. We assumed that BCG-revaccination was only 
efficacious in those who are not infected at time of vaccination and 
therefore the relative effect of BCG-revaccination is lower in South Af-
rica where we assumed a higher prevalence of prior infection with M.tb. 
In India, the incremental cost of vaccine roll-out was greater than in 
South Africa (20-fold higher for M72/AS01E, 12-fold higher for BCG- 
revaccination) as a result of the larger population size in India. For 
M72/AS01E, adjusting vaccine characteristics had similar effects on the 
cost-effectiveness results in both countries. In India, the cost- 
effectiveness of BCG-revaccination was more sensitive to assumed vac-
cine efficacy and age targeting, than in South Africa. 

Our results are derived from a mathematical model and are therefore 

subject to several limitations in addition to the uncertainty about vac-
cine characteristics. Our model was based on the most recent knowledge 
on the clinical spectrum of TB, incorporating subclinical states and 
declining risks of disease by time since infection. Uncertainty in these 
assumptions and their interactions with the efficacy of vaccines may 
affect our results [32]. In generating our baseline projection of future TB 
burden we have assumed that TB care will continue at current levels in 
the future. While we explored how increase in TB diagnosis may affect 
our results, changes in treatment or preventive therapy may also alter 
this trajectory and may affect the estimated impact of new vaccines. We 
also made several simplifications in our modelling of HIV to ensure a 
workable number of states in our model, and made assumptions about 
the efficacy of vaccination in people living with HIV. Further work will 
explore in more detail the interaction between HIV, levels of immuno-
suppression, and vaccine efficacy. 

Finally, we did not directly compare M72 and BCG re-vaccination in 
our cost-effectiveness analysis, assuming that only one vaccine would 
become available. In reality, both vaccines may become available and 
decision makers would have to consider which vaccine, or combination 
to implement. Future work could consider scenarios where both vac-
cines are available are may be used in combination. 

5. Conclusion 

Our results suggest that M72/AS01E vaccination or BCG- 
revaccination could be cost-effective in South Africa for a range of 
vaccine characteristics and delivery strategies. Greatest impact could be 
achieved with M72/AS01E vaccination while the lowest costs were 
associated with BCG-revaccination. However, there is considerable un-
certainty in the estimated impact and costs due to uncertainty in vaccine 
characteristics and choice of delivery strategy. These results can help 

Fig. 3. Comparison of ICERs for varying vaccine characteristics and coverage. Discounted incremental disability-adjusted life years (DALY) averted (millions) versus 
discounted incremental costs (US$ millions) for each scenario compared to the no-new-vaccine baseline. Points show the mean values for each characteristic, 
assuming vaccines are introduced using the Basecase policy option. Lines (on far left) indicate cost-effectiveness thresholds based on 1x per-capita GDP (solid line), 
the Ochalek upper bound (dashed line), and the Ochalek lower bound (dotted line). Points lying to the right of a given line indicate that the scenario would be 
considered cost-effective compared to the no-new-vaccine baseline. 
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inform global and country-level decision makers on when, where and 
how to employ new TB vaccines. 

6. Data sharing statement 

No individual level participant data was used for this modelling 
study. All model code will be made freely available upon publication. 
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