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The impact of alternative delivery strategies for novel 
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Summary
Background Tuberculosis is a leading infectious cause of death worldwide. Novel vaccines will be required to reach 
global targets and reverse setbacks resulting from the COVID-19 pandemic. We estimated the impact of novel 
tuberculosis vaccines in low-income and middle-income countries (LMICs) in several delivery scenarios.

Methods We calibrated a tuberculosis model to 105 LMICs (accounting for 93% of global incidence). Vaccine scenarios 
were implemented as the base-case (routine vaccination of those aged 9 years and one-off vaccination for those aged 
10 years and older, with country-specific introduction between 2028 and 2047, and 5-year scale-up to target coverage); 
accelerated scale-up similar to the base-case, but with all countries introducing vaccines in 2025, with instant scale-
up; and routine-only (similar to the base-case, but including routine vaccination only). Vaccines were assumed to 
protect against disease for 10 years, with 50% efficacy.

Findings The base-case scenario would prevent 44·0 million (95% uncertainty range 37·2–51·6) tuberculosis cases 
and 5·0 million (4·6–5·4) tuberculosis deaths before 2050, compared with equivalent estimates of cases and deaths 
that would be predicted to occur before 2050 with no new vaccine introduction (the baseline scenario). The accelerated 
scale-up scenario would prevent 65·5 million (55·6–76·0) cases and 7·9 million (7·3–8·5) deaths before 2050, 
relative to baseline. The routine-only scenario would prevent 8·8 million (95% uncertainty range 7·6–10·1) cases and 
1·1 million (0·9–1·2) deaths before 2050, relative to baseline.

Interpretation Our results suggest novel tuberculosis vaccines could have substantial impact, which will vary 
depending on delivery strategy. Including a one-off vaccination campaign will be crucial for rapid impact. Accelerated 
introduction—at a pace similar to that seen for COVID-19 vaccines—would increase the number of lives saved 
before 2050 by around 60%. Investment is required to support vaccine development, manufacturing, prompt 
introduction, and scale-up.
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Introduction
Tuberculosis is one of the leading causes of infectious 
disease death worldwide, second only to COVID-19.1 The 
negative impact of COVID-19 on tuberculosis-related 
health services, such as delays in diagnosis, treatment, 
and neonatal vaccination has paused and reversed slowly 
declining trends in mortality.1,2

WHO established the End TB Strategy in 2015, with the 
goal of reducing disease incidence, deaths, and costs 
worldwide from tuberculosis.3 Targets for 2025 include 
reductions in the absolute number of deaths from 
tuberculosis by 75% and in incidence by 50%, and targets 
for 2035 include reductions in the absolute number of 
deaths by 95% and in incidence by 90%, both compared 

with 2015 rates.3 However, most countries are not on track 
to achieve these targets.1,4

The 2035 End TB targets explicitly assumed the 
introduction of new tools, including a novel tuberculosis 
vaccine, by 2025.3 WHO has proposed preferred product 
characteristics for new tuberculosis vaccines,5 which 
were developed through a highly consultative process, 
including regulators and policy makers from high-
burden countries. Although progress has been made, the 
2025 target for novel tuberculosis vaccine introduction is 
unlikely to be achieved.

A phase 2b trial of the M72/AS01E candidate vaccine 
showed an efficacy of 49·7% (95% CI 2·1–74·2) for pre
venting disease in adults positive by interferon-gamma 
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release assay after 3 years of follow-up,6 and a trial of BCG-
revaccination appeared efficacious at preventing sustained 
infection in a cohort of adolescents negative for interferon-
gamma release assay, with an efficacy of 45·4% (6·4–68·1).7 
Unfortunately, the phase 3 trial of M72/AS01E has not 
started, and therefore the realistic licensure date, should a 
positive result be found, might not be for many years. 
Policy changes on BCG-revaccination in adolescents could 
happen sooner in settings such as South Africa, but BCG-
revaccination has not been tested in individuals positive 
for tuberculosis infection—a population shown previously 
to be epidemiologically important for rapid population-
level impact.8

This situation raises crucial questions for global and 
country decision makers, including the following: how 
many lives will be lost if we fail to roll out a novel 
tuberculosis vaccine by 2025? What is the potential 
impact if, instead, vaccines are introduced and rolled out 

following more traditional timelines? And how would 
these impacts vary by WHO region, income level, and 
tuberculosis burden?

We aimed to estimate the potential impact of vaccines 
meeting the WHO specifications5 in low-income and 
middle-income countries (LMICs) across a range of 
introduction and scale-up scenarios.

Methods
Model development and calibration
To estimate the impact of novel tuberculosis vaccines, 
we developed a compartmental age-stratified dynamic 
Mycobacterium tuberculosis transmission model by 
adapting features of previous models.8,9 We represented 
tuberculosis natural history with eight compartments, 
allowing for M tuberculosis infection along a spectrum 
from uninfected to active clinical disease.10,11 A detailed 
description is provided in appendix 5 (pp 3–14).
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Research in context

Evidence before this study
Two systematic reviews in the previous 7 years have highlighted 
the benefits that novel tuberculosis vaccines could have on 
reducing the tuberculosis burden globally, and that vaccines are 
likely to be crucial to achieve elimination. These studies indicate 
that the impact of novel tuberculosis vaccines will depend on 
the characteristics of the setting, the vaccine, and the delivery 
strategy. We searched PubMed on Nov 2, 2022, with no date or 
language restrictions, to find all studies modelling the impact 
of vaccines aligned with the WHO preferred product 
characteristics for new tuberculosis vaccines, using the search 
terms ((tuberculosis) OR (Mtb)) AND ((vaccine) OR 
(immunisation)) AND ((WHO) OR (World Health Organization)) 
AND (preferred product characteristics). We found no studies 
estimating the potential health impacts of introducing a 
vaccine with characteristics aligned with the WHO preferred 
product characteristics in low-income and middle-income 
countries, and existing literature remains limited in terms of 
how realistic the modelled vaccine introduction and scale-up 
scenarios were.

Added value of this study 
We estimated the potential impact on tuberculosis cases and 
deaths of vaccines for infants and for adolescents and adults 
meeting WHO preferred product characteristics in 105 low-
income and middle-income countries that accounted for 93% of 
the global tuberculosis incidence and mortality in 2019. We 
evaluated more complex and realistic base-case vaccine delivery 
scenarios than previously modelled by including country-specific 
introduction years between 2028 and 2047, and scaling up to 
target vaccine coverage across 5 years upon initial country 
introduction. The vaccine for infants was assumed to be 
delivered routinely to neonates, and the vaccine for adolescents 
and adults was assumed to be introduced routinely to those 
aged 9 years and as a one-off campaign for those aged 10 years 

and older. We compared the base-case scenarios to accelerated 
introduction and scale-up in all countries in 2025, at a speed 
similar to the pace of COVID-19 vaccine introduction, to 
estimate the implications of not meeting the End TB strategy 
target to develop and license a new tuberculosis vaccine by 
2025, and scale up quickly. We also compared the base-case 
scenario for the adolescent and adult vaccine with a less 
ambitious routine-only introduction (no one-off vaccination for 
those aged 10 years and older). We grouped countries by WHO 
region, income group, and tuberculosis burden to identify where 
the largest impacts of a novel vaccine could be realised and 
identified the key implications of these findings.

We found novel tuberculosis vaccines meeting the WHO 
preferred product characteristics could have a substantial 
impact, which would vary depending on delivery and vaccine 
characteristics. Inclusion of a vaccination campaign would be 
crucial for rapid impact. Most lives could be saved by novel 
vaccine introduction in the WHO South-East Asian region and 
African region, and higher rate reductions could be seen in low-
income countries. Failing to meet the End TB target to develop 
and license a vaccine for adolescents and adults by 2025, and to 
quickly scale up roll-out in all countries, could lead to around 
3 million more deaths in low-income and middle-income 
countries, whereas introduction at a pace similar to that 
achieved with COVID-19 vaccines could increase the number of 
lives saved before 2050 by around 60%.

Implications of all the available evidence
Our new evidence supports investment decisions in vaccine 
development, manufacturing, and delivery. Millions of additional 
deaths could be averted with rapid development and licensing of 
novel tuberculosis vaccines, and preparations should be made for 
their prompt introduction, including in campaigns, ideally at the 
pace that COVID-19 vaccines have been introduced.

See Online for appendix 5
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We incorporated an access-to-care structure to 
represent systematic differences in tuberculosis burden, 
social protection, and health-care access by socioeconomic 
status.12 The access-to-care structure contains a high-
access-to-care category, representing the top three 
income quintiles (ie, 60% of the population per country), 
and a low-access-to-care category, representing the 
bottom two income quintiles (ie, 40% of the population 
per country). We assumed no transition between strata, 
and random mixing (appendix 5 pp 9, 10).

To account for the influences of HIV and antiretroviral 
therapy (ART) on the risk of infection and progression to 
disease,13,14 we classified countries as having a higher 
tuberculosis burden due to HIV if more than 15% of 
tuberculosis cases were among people living with HIV 
and HIV prevalence was greater than 1% (appendix 5 
pp 21, 22). We modelled an HIV structure including 
categories in which people were classified as HIV-
uninfected, HIV-infected and not on ART, and HIV-
infected and on ART. The tuberculosis mortality rate and 
progression risk were increased in both HIV-infected 
compartments, with greater increases in those not 
on ART.

For each country, we calibrated a model to 
epidemiological data using history matching with 
emulation through the hmer R package,15 generating 
at least 1000 fitted parameter sets per country. Each 
country model was independently fitted to nine  calibration 
targets in 2019: the country-specific tuberculosis incidence 
rate (for all ages, those aged 0–14 years, and those 15 years 
and older, separately), country-specific tuberculosis case 
notification rate (for all ages, those aged 0–14 years, and 
those 15 years and older, separately), country-specific 
tuberculosis mortality rate (for all ages), the global fraction 
of subclinical tuberculosis among active tuberculosis, 
and the global risk ratio of active tuberculosis for high-
access-to-care relative to low-access-to-care. Models for 
countries classified as having a high tuberculosis burden 
due to HIV were fit to four additional country-specific 
all-age targets in 2019: HIV prevalence, ART coverage, 
tuberculosis incidence rate in people living with HIV, and 
tuberculosis mortality rate in people living with HIV. We 
used the distribution of results produced by these 
parameter sets to quantify estimation uncertainty.16

Policy scenarios
For each country, a primary baseline scenario with no 
novel vaccine introduction was simulated, assuming 
non-vaccine tuberculosis interventions continue at 
current trends (ie, the status quo, no-new-vaccine 
baseline scenario). Because reported country-level data 
include the high coverage of neonatal BCG vaccination 
and we anticipate no discontinuation across the model 
time horizon,17 neonatal BCG vaccination was not 
explicitly modelled.

Aligning with the product characteristics described in 
the WHO preferred product characteristics, we evaluated 

a novel tuberculosis vaccine for adolescents and adults, 
and a novel vaccine for neonates and infants.5 Vaccines 
were assumed to prevent disease by reducing progression 
to subclinical disease and confer a mean protection of 
10 years. We assumed the vaccine for adolescents and 
adults would be efficacious in individuals in any 
tuberculosis infection state at the time of vaccination (ie, 
pre-infection and post-infection), with 50% vaccine 
efficacy. We assumed the vaccine for infants would be 
efficacious in individuals who were not infected with 
M tuberculosis at the time of vaccination (ie, pre-infection), 
with 80% efficacy (appendix 5 p 26).

Roll-out of the vaccine for infants was simulated in two 
scenarios, and, separately, roll-out of the vaccine for 
adolescents and adults was simulated in three scenarios, 
with assumptions confirmed through consultation with a 
range of global tuberculosis vaccine experts involved in 
research, government, academia, and policy making. The 
base-case and accelerated scale-up scenarios for the 
infant vaccine involved routine neonatal vaccination with 
85% coverage. The base-case and accelerated scale-up 
scenarios for the adolescent and adult vaccine involved 
routine vaccination of those aged 9 years (80% coverage), 
with a one-time vaccination campaign for all individuals 
aged 10 years and older (70% coverage). The routine-only 
scenario (ie, the vaccine for adolescents and adults only) 
assumed routine vaccination of those aged 9 years (80% 
coverage). We assumed no differential vaccination by 
HIV infection or access-to-care status.

We evaluated vaccine delivery scenarios by varying 
the introduction year and scale-up trends between 
scenarios and countries (table 1; appendix 5 pp 26–30). 
In the base-case and routine-only scenarios, based on 
data from historical vaccine introduction, vaccines were 
assumed to be introduced in country-specific years and 
linearly scaled up to coverage targets across 5 years. To 
estimate introduction years, countries were divided into 
those that would be procuring with support from Gavi, 
the Vaccine Alliance and those that would be self-
procuring. Factors influencing the timing of vaccine 
introduction were identified through expert consultation, 
and included disease burden, previous early adopter 
status, timelines for Gavi processes, capacity for 
immunisation, country-specific registration timelines, 
and commercial prioritisation. A scoring system was 
applied to each factor, and countries were assigned an 
aggregate score ranking their introduction position. The 
number of countries introducing the vaccine per year 
was informed by pneumococcal vaccine scale-up.18 In the 
accelerated scale-up scenarios, to more resemble the 
pace of COVID-19 vaccine introduction, all countries 
introduced vaccines in 2025 with coverage targets 
reached instantly.

Health impact indicators
We calculated the cumulative number of tuberculosis 
cases, treatments, and deaths averted between vaccine 
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introduction and 2050, compared with the number 
estimated by the baseline scenario between the 
corresponding years, and we calculated tuberculosis 
incidence and mortality rate reductions in 2050 for each 
vaccine scenario compared with the rates estimated by 
the baseline in 2050. Incidence rates in 2035 for each 
vaccine scenario were estimated to investigate the 
feasibility of meeting the 2035 End TB target. Results are 
presented as the median and 95% uncertainty range for 
all countries modelled, WHO region, World Bank 
income group,19 and WHO tuberculosis burden level.1 

Additional scenario analyses
We conducted scenario analyses to evaluate alternative 
assumptions regarding vaccine characteristics, delivery, 
and the baseline scenario. We simulated vaccine scenarios 
with lifelong protection for both vaccines, as well as 
scenarios with efficacy of the vaccine for adolescents and 
adults increased to 75%. For each scenario, low-coverage 
and high-coverage targets were compared with the 
medium-coverage targets used for the main analyses. 
We explored an alternative baseline: the 2025 End TB 

no-new-vaccine baseline, which assumed strengthening 
of non-vaccine tuberculosis interventions to meet the 
2025 End TB incidence target,3 providing an alternative 
estimate of impact assuming more effective deployment 
of existing measures (appendix 5 p 25).

Role of the funding source
The funder was involved in the development of the 
research question, study design, and provided comments 
on the manuscript draft, but had no role in the collection, 
analysis, and interpretation of the data, or writing of the 
report.

Results
Epidemiological and demographic data were available 
to model 115 of 135 LMICs. We successfully calibrated 
105 of 115 countries, accounting for 93% of global 
tuberculosis cases and deaths in 2019. Calibrated model 
incidence and mortality rate trends for WHO regions, 
WHO tuberculosis burden levels, and World Bank 
income groups are given in appendix 5 (p 41). Country-
specific vaccine introduction years (used in base-case and 
routine-only scenarios) ranged between 2028 and 2047 
(appendix 5 pp 35–38). Figure 1 shows the cumulative 
number of countries introducing the vaccine per year, 
with 50% of countries introducing the vaccine by 2034.

Our findings suggest that a vaccine for adolescents and 
adults with 50% efficacy and 10-years of protection in the 
base-case scenario could avert approximately 44·0 million 
(95% uncertainty range 37·2–51·6) cases for all countries 
compared with the status quo no-new-vaccine baseline, 
including 1·4 million (1·2–1·6) cases of drug-resistant 
tuberculosis (table 2; appendix p 69). High numbers of 
cases overall could be averted in the WHO African region 
and South-East Asian region, which contribute the highest 
number to the global total, and 34·3 million (28·6–40·3) 
cases could be averted in lower-middle-income countries 
(table 2, figure 2). By 2050, 5·0 million (95% uncertainty 
range 4·6–5·4) deaths could be averted across all 
countries, including 2·2 million in the South-East Asian 
region, 2·1 million in the African region, and 4·1 million 
in lower-middle-income countries (table 2, figure 2). By 

Scenarios for the infant vaccine Scenarios for the adolescent and adult vaccine 

Base-case Accelerated scale-up Base-case Accelerated scale-up Routine-only 

Ages targeted Routine for infants Routine for infants Routine for those aged 9 years and a 
one-time vaccination campaign scaled 
up across 5 years for those aged 
10 years or older

Routine for those aged 9 years and a 
one-time vaccination campaign in 
2025 for those aged 10 years or older

Routine for those aged 9 years 

Introduction year Country-specific 2025 Country-specific 2025 Country-specific

Vaccine roll-out trend 5-year linear scale-up 
to coverage

Instant scale-up to 
coverage

5-year linear scale-up to coverage Instant scale-up to coverage 5-year linear scale-up to coverage

Coverage target (low, 
medium, and high)

75%, 85%, and 95% 75%, 85%, and 95% 70%, 80%, and 90% for those aged 
9 years; 50%, 70%, and 90% for those 
aged 10 years and older

70%, 80%, and 90% for those aged 
9 years; 50%, 70%, and 90% for those 
aged 10 years and older

70%, 80%, and 90% for those aged 
9 years; 50%, 70%, and 90% for those 
aged 10 years and older

Table 1: Characteristics of modelled vaccine delivery scenarios

Figure 1: Assumed cumulative number of countries introducing the novel 
vaccine by year for the base-case and routine-only scenarios
Base-case assumes introduction of routine vaccination for those aged 9 years 
and one-off vaccination for those aged 10 years and older. Routine-only assumes 
introduction of routine vaccination among those aged 9 years only. The earliest 
vaccine introduction occurs in 2028 and the latest in 2047. See appendix 5 
(pp 26–33) for full details.
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2050, 24·9 million (95% uncertainty range 21·9–27·3) 
treatments could be averted, with 11·7 million (10·1–13·4) 
averted treatments in the South-East Asian region alone. 
In the 27 countries categorised by WHO as having a high 
tuberculosis burden of the 105 countries modelled, 
39·8 million (95% uncertainty range 33·7–46·7) cases, 
22·6 million (19·9–24·8) treatments, and 4·5 million 
(4·2–4·9) deaths could be averted by 2050; around ten 
times higher than those averted in all other countries 
combined (table 2, figure 2).

Introducing the vaccine for adolescents and adults in 
the base-case scenario was predicted to reduce 
tuberculosis incidence by 25·4% (23·9–27·7) and 
deaths by 27·1% (25·6–30·1) in 2050, compared with 
the status quo no-new-vaccine baseline scenario 

(table 2). The incidence reduction ranged from 15·9% 
in the WHO region of the Americas to 27·0% in the 
African region (table 2, figure 2). Deaths from 
tuberculosis were estimated to reduce by 17·7% in the 
region of the Americas to 28·1% in the Eastern 
Mediterranean region by introducing the adolescent 
and adult vaccine in the base-case scenario. By income 
group, the relative impact of the adolescent and adult 
vaccine was higher in low-income and lower-middle-
income countries than in upper-middle-income 
countries (table 2, figure 2).

In both the base-case and accelerated scale-up 
scenarios, a lower impact of the infant vaccine (compared 
with the vaccine for adolescents and adults) was 
estimated before 2050, including 0·4–0·6 times 

All 
modelled 
countries

WHO region WHO tuberculosis 
burden level

World Bank income group

African 
region

Region of 
the 
Americas

Eastern 
Mediter
ranean 
region

European 
region

South-East 
Asian 
region

Western 
Pacific 
region

High-
burden 
countries

All other 
countries

Low-
income 
countries

Lower-
middle-
income 
countries

Upper-
middle-
income 
countries

Adolescent and adult vaccine

Base-case

Averted cases before 
2050, millions

44·0 
(37·2–51·6)

13·9 
(11·7–16·7)

0·5 
(0·5–0·6)

3·9 
(3·1–4·8)

0·3 
(0·3–0·4)

19·5 
(15·9–23·1)

5·9 
(5·0–6·9)

39·8 
(33·7–46·7)

4·1 
(3·4–4·9)

5·0 
(4·1–6·0)

34·3 
(28·6–40·3)

4·7 
(4·1–5·4)

Averted deaths 
before 2050, millions

5·0 
(4·6–5·4)

2·1 
(1·9–2·3)

0·04 
(0·03–0·04)

0·3 
(0·2–0·4)

0·03 
(0·03–0·03)

2·2 
(2·0–2·6)

0·3 
(0·2–0·3)

4·5 
(4·2–4·9)

0·5 
(0·4–0·5)

0·6 
(0·5–0·6)

4·1 
(3·7–4·4)

0·4 
(0·3–0·5)

Averted treatment 
before 2050, millions

24·9 
(21·9–27·3)

6·3 
(5·7–6·8)

0·4 
(0·3–0·4)

2·4 
(2·0–2·8)

0·2 
(0·2–0·3)

11·7 
(10·1–13·4)

3·8 
(3·3–4·2)

22·6 
(19·9–24·8)

2·3 
(2·0–2·6)

2·9 
(2·5–3·2)

19·0 
(16·6–21·2)

2·9 
(2·7–3·2)

Incidence rate 
reduction in 2050, %

25·4% 
(23·9–27·7)

27·0% 
(25·7–31·3)

15·9% 
(15·2–16·9)

26·7% 
(23·7–31·6)

20·2% 
(18·6–22·6)

25·4% 
(23·3–28·2)

19·8% 
(18·3–22·2)

25·4% 
(23·8–27·9)

25·1% 
(24·1–26·6)

27·3% 
(26·0–29·1)

26·1% 
(24·3–28·9)

16·7% 
(15·8–18·0)

Mortality rate 
reduction in 2050, %

27·1% 
(25·6–30·1)

27·7% 
(26·3–33·3)

17·7% 
(16·8–18·7)

28·1% 
(25·0–32·8)

19·9% 
(18·6–21·6)

26·5% 
(24·3–29·4)

23·1% 
(21·2–25·8)

27·3% 
(25·5–30·6)

25·9% 
(25·0–27·1)

27·8% 
(26·6–29·4)

27·6% 
(25·8–31·3)

19·4% 
(18·1–21·3)

Accelerated scale-up

Averted cases before 
2050, millions

65·5 
(55·6–76·0)

19·5 
(16·7–23·1)

0·8 
(0·7–1·0)

5·4 
(4·3–6·7)

0·6 
(0·5–0·7)

31·0 
(25·8–36·4)

8·1 
(6·9–9·5)

58·6 
(49·9–67·9)

7·0 
(5·8–8·2)

7·5 
(6·2–9·0)

51·7 
(43·6–60·2)

6·4 
(5·6–7·2)

Averted deaths 
before 2050, millions

7·9 
(7·3–8·5)

3·1 
(2·9–3·4)

0·1 
(0·1–0·1)

0·5 
(0·4–0·6)

0·1 
(0·1–0·1)

3·8 
(3·3–4·3)

0·4 
(0·4–0·4)

7·0 
(6·4–7·6)

0·8 
(0·8–0·9)

0·9 
(0·8–1·0)

6·5 
(5·9–7·0)

0·5 
(0·4–0·6)

Averted treatment 
before 2050, millions

38·6 
(34·4–42·3)

9·2 
(8·5–9·9)

0·6 
(0·5–0·7)

3·4 
(2·9–4·0)

0·4 
(0·4–0·5)

19·5 
(16·8–22·2)

5·3 
(4·8–5·9)

34·6 
(30·7–37·9)

4·0 
(3·5–4·4)

4·5 
(4·0–5·0)

30·0 
(26·5–33·3)

4·1 
(3·7–4·4)

Incidence rate 
reduction in 2050, %

25·2% 
(23·9–27·5)

27·6% 
(26·3–32·1)

15·2% 
(14·4–16·2)

27·1% 
(24·5–31·4)

18·4% 
(16·4–21·6)

24·7% 
(22·8–27·3)

19·4% 
(18·1–21·3)

25·2% 
(23·8–27·6)

25·3% 
(24·5–26·8)

27·5% 
(26·3–29·2)

25·9% 
(24·3–28·6)

16·3% 
(15·5–17·3)

Mortality rate 
reduction in 2050, %

26·7% 
(25·2–29·9)

28·2% 
(26·8–34·6)

16·2% 
(15·3–17·3)

27·9% 
(25·2–32·3)

18·1% 
(16·5–20·7)

25·3% 
(23·2–28·2)

21·8% 
(20·2–24·3)

26·8% 
(25·1–30·4)

26·1% 
(25·3–27·2)

27·7% 
(26·6–29·2)

27·2% 
(25·5–31·0)

18·4% 
(17·3–20·0)

Routine-only

Averted cases before 
2050, millions

8·8 
(7·6–10·1)

3·5 
(3·0–3·9)

0·04 
(0·03–0·05)

0·9 
(0·7–1·2)

0·02 
(0·02–0·03)

3·4 
(2·6–4·4)

1·0 
(0·8–1·2)

8·1 
(7·0–9·3)

0·7 
(0·6–0·8)

1·1 
(0·9–1·3)

7·2 
(6·2–8·3)

0·5 
(0·4–0·7)

Averted deaths 
before 2050, millions

1·1 
(0·9–1·2)

0·5 
(0·4–0·6)

0·003 
(0·003–
0·004)

0·1 
(0·1–0·1)

0·002 
(0·002–
0·003)

0·4 
(0·3–0·5)

0·1 
(0·0–0·1)

1·0 
(0·8–1·1)

0·1 
(0·1–0·1)

0·1 
(0·1–0·1)

0·9 
(0·7–1·0)

0·1 
(0·0–0·1)

Averted treatment 
before 2050, millions

4·1 
(3·7–4·6)

1·2 
(1·1–1·4)

0·03 
(0·02–0·03)

0·5 
(0·4–0·6)

0·01 
(0·01–0·02)

1·8 
(1·4–2·2)

0·6 
(0·5–0·7)

3·8 
(3·4–4·2)

0·3 
(0·3–0·4)

0·6 
(0·5–0·6)

3·3 
(2·9–3·8)

0·3 
(0·2–0·3)

Incidence rate 
reduction in 2050, %

9·9% 
(9·0–11·6)

11·2% 
(10·3–14·7)

3·4% 
(3·1–3·9)

11·9% 
(9·9–15·3)

4·1% 
(3·4–5·2)

9·1% 
(7·8–11·1)

7·7% 
(6·5–9·5)

10·2% 
(9·1–12·0)

8·0% 
(7·3–9·2)

10·5% 
(9·6–11·9)

10·4% 
(9·2–12·5)

5·2% 
(4·4–6·3)

Mortality rate 
reduction in 2050, %

9·9% 
(8·9–12·3)

10·7% 
(9·7–15·2)

3·7% 
(3·3–4·2)

11·9% 
(9·9–15·1)

3·8% 
(3·3–4·5)

8·7% 
(7·3–10·7)

9·2% 
(7·5–11·7)

10·2% 
(9·1–12·9)

7·2% 
(6·5–8·1)

9·6% 
(8·8–10·7)

10·2% 
(9·0–13·1)

6·2% 
(5·2–7·8)

(Table 2 continues on next page)
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incidence and mortality rate reductions by 2050 and 
0·1–0·3 times the number of cases, treatments, and 
deaths averted (table 2).

Under the accelerated scale-up scenario, a 50% efficacy 
of the vaccine for adolescents and adults could prevent 
7·9 million (7·3–8·5) deaths—2·9 million more than 
the base-case—and avert 65·5 million (55·6–76·0) cases 
and 38·6 million (34·4–42·3) treatments (table 2, 
figure 2). By contrast, by only routinely vaccinating those 
aged 9 years (ie, the routine-only scenario), 8·8 million 
(7·6–10·1) cases, 4·1 million (3·7–4·6) treatments, and 
1·1 million (0·9–1·2) deaths would be averted compared 
with the status quo no-new-vaccine baseline scenario 
(table 2, figure 2).

Assuming non-vaccine interventions do not improve 
in the future (ie, the status quo no-new-vaccine 
baseline), the outcomes of the base-case scenario of 
introducing the vaccine for adolescents and adults 
suggest we would reach 34% of the 2035 global target to 

reduce tuberculosis cases by 90% compared with 2015 
levels, and under the accelerated scale-up scenario, we 
would reach 41% of the target. Assuming the 2025 End 
TB target of reducing the incidence by 50% compared 
with 2015 levels is met (ie, the 2025 End TB no-new-
vaccine baseline), progress would be increased further, 
with the base-case and accelerated scale-up scenarios 
reaching 82% of the target. 

Impact results from scenarios with lifelong 
protection, 75% efficacy, and low-coverage and high-
coverage targets are provided in appendix 5 (pp 55–68). 
Assuming lower coverage targets or the 2025 End TB 
no-new-vaccine baseline led to reduced vaccine impact 
compared with vaccines with medium coverage or the 
status quo no-new-vaccine baseline, and vaccines with 
higher coverage, 75% efficacy, or lifelong protection led 
to increased vaccine impact compared with vaccines 
with medium coverage, 50% efficacy, or 10 years 
protection.

All 
modelled 
countries

WHO region WHO tuberculosis 
burden level

World Bank income group

African 
region

Region of 
the 
Americas

Eastern 
Mediter
ranean 
region

European 
region

South-East 
Asian 
region

Western 
Pacific 
region

High-
burden 
countries

All other 
countries

Low-
income 
countries

Lower-
middle-
income 
countries

Upper-
middle-
income 
countries

(Continued from previous page)

Infant vaccine

Base-case

Averted cases before 
2050, millions

6·7 
(5·8–7·7)

2·9 
(2·5–3·4)

0·03 
(0·02–0·03)

0·8 
(0·6–1·1)

0·02 
(0·01–0·02)

2·2 
(1·6–2·8)

0·8 
(0·6–1·0)

6·2 
(5·3–7·1)

0·5 
(0·4–0·6)

0·9 
(0·7–1·1)

5·4 
(4·7–6·2)

0·4 
(0·3–0·5)

Averted deaths 
before 2050, millions

0·9 
(0·8–1·0)

0·5 
(0·4–0·6)

0·003 
(0·002–
0·003)

0·1 
(0·1–0·1)

0·002 
(0·002–
0·002)

0·3 
(0·2–0·4)

0·1 
(0·0–0·1)

0·8 
(0·7–1·0)

0·1 
(0·1–0·1)

0·1 
(0·1–0·1)

0·7 
(0·6–0·9)

0·1 
(0·0–0·1)

Averted treatment 
before 2050, millions

2·7 
(2·4–2·9)

0·9 
(0·8–0·9)

0·02 
(0·01–0·02)

0·4 
(0·3–0·5)

0·009 
(0·008–
0·01)

1·0 
(0·8–1·2)

0·4 
(0·3–0·5)

2·4 
(2·2–2·7)

0·2 
(0·2–0·3)

0·4 
(0·4–0·5)

2·1 
(1·9–2·3)

0·2 
(0·1–0·2)

Incidence rate 
reduction in 2050, %

8·8% 
(7·9–10·4)

11·0% 
(10·0–14·5)

2·7% 
(2·4–3·1)

12·0% 
(9·7–15·6)

2·9% 
(2·5–3·4)

6·9% 
(5·8–8·6)

7·2% 
(5·9–9·2)

9·0% 
(8·1–10·7)

7·1% 
(6·4–8·2)

9·8% 
(8·9–11·1)

9·1% 
(8·1–11·1)

4·7% 
(3·9–5·9)

Mortality rate 
reduction in 2050, %

9·8% 
(8·7–12·0)

11·3% 
(10·1–15·7)

3·7% 
(3·2–4·3)

13·4% 
(10·5–18·1)

3·3% 
(2·9–3·9)

7·2% 
(5·9–9·6)

11·2% 
(8·5–15·4)

10·1% 
(8·9–12·5)

7·1% 
(6·4–8·0)

9·9% 
(9·0–11·2)

10·0% 
(8·7–12·5)

6·6% 
(5·4–8·5)

Accelerated scale-up

Averted cases before 
2050, millions

16·3 
(14·0–18·8)

6·3 
(5·4–7·2)

0·1 
(0·1–0·1)

1·7 
(1·3–2·2)

0·1 
(0·1–0·1)

6·6 
(5·1–8·6)

1·5 
(1·2–1·9)

14·7 
(12·6–17·1)

1·6 
(1·3–1·9)

2·2 
(1·8–2·8)

13·3 
(11·4–15·5)

0·8 
(0·6–0·9)

Averted deaths 
before 2050, millions

2·3 
(2·0–2·6)

1·1 
(0·9–1·2)

0·007 
(0·006–
0·008)

0·2 
(0·1–0·2)

0·007 
(0·006–
0·009)

0·9 
(0·7–1·2)

0·1 
(0·1–0·2)

2·0 
(1·8–2·3)

0·2 
(0·2–0·3)

0·3 
(0·2–0·3)

1·9 
(1·6–2·2)

0·1 
(0·1–0·1)

Averted treatment 
before 2050, millions

7·7 
(6·9–8·6)

2·2 
(2·0–2·4)

0·04 
(0·04–0·05)

0·9 
(0·8–1·2)

0·04 
(0·04–0·05)

3·6 
(2·9–4·3)

0·9 
(0·7–1·0)

6·9 
(6·2–7·8)

0·7 
(0·7–0·8)

1·1 
(1·0–1·3)

6·2 
(5·5–7·0)

0·4 
(0·3–0·4)

Incidence rate 
reduction in 2050, %

14·3% 
(13·0–16·7)

16·7% 
(15·4–21·6)

4·6% 
(4·2–5·2)

17·6% 
(14·5–22·3)

7·5% 
(6·2–9·8)

12·9% 
(11·0–15·8)

10·3% 
(8·7–12·6)

14·4% 
(13·0–17·0)

13·4% 
(12·4–14·9)

16·3% 
(15·1–18·1)

14·9% 
(13·3–17·9)

6·5% 
(5·6–7·8)

Mortality rate 
reduction in 2050, %

15·9% 
(14·2–19·3)

17·5% 
(15·9–24·1)

5·8% 
(5·2–6·6)

19·2% 
(15·5–24·7)

7·7% 
(6·5–9·5)

13·4% 
(11·2–17·0)

15·0% 
(12·0–19·3)

16·1% 
(14·3–19·9)

14·1% 
(13·1–15·3)

16·8% 
(15·6–18·5)

16·3% 
(14·4–20·3)

8·9% 
(7·5–11·1)

Data are median estimates (95% uncertainty range). Cumulative cases, treatments, and deaths averted are calculated for each vaccine scenario compared with the estimated number predicted by 2050 with the 
status quo no-new-vaccine baseline. Incidence and mortality rate reductions are calculated relative to the incidence and mortality rate predicted in 2050 relative to the status quo no-new-vaccine baseline. See 
appendix 5 for all scenarios (pp 55–68). 

Table 2: Cumulative cases, treatments, and deaths averted between vaccine introduction and 2050, and incidence and mortality rate reductions in 2050 by WHO region, WHO 
tuberculosis burden level, and World Bank income group for select vaccine scenarios (all 10-year duration of protection and medium coverage targets)
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Discussion
Our results suggest that novel tuberculosis vaccines 
could substantially reduce the tuberculosis burden in 
the coming decades. Relative to the status quo no-new-
vaccine baseline, the base-case scenario—in which a 
tuberculosis vaccine for adolescents and adults with 
50% efficacy was introduced during 2028–47—could 
prevent 44·0 million cases and 5·0 million deaths 

before 2050, including 2·2 million deaths in the WHO 
South-East Asian region and 2·1 million deaths in the 
African region. The more ambitious accelerated scale-
up scenario could prevent 65·5 million cases and 
7·9 million deaths relative to baseline (which is around 
60% more deaths than the base-case scenario). The 
less ambitious routine-only scenario could prevent 
8·8 million cases and 1·1 million deaths relative to 

Figure 2: Cumulative cases, treatments, and deaths averted between vaccine introduction and 2050, and incidence and mortality rate reductions in 2050 for 
the vaccine for adolescents and adults with varying delivery scenarios (50% efficacy vaccine, medium coverage, 10-year duration of protection), by WHO 
region, WHO tuberculosis burden level, and World Bank income group, expressed relative to a baseline scenario with no new vaccine
Cumulative cases, treatments, and deaths averted are calculated for each vaccine scenario compared with the estimated number predicted by 2050 with the status 
quo no-new-vaccine baseline. Incidence and mortality rate reductions are calculated relative to the incidence and mortality rate predicted in 2050 by the status quo 
no-new-vaccine baseline. Base-case scenario: routine vaccination of those aged 9 years and a one-off campaign for those aged 10 years and older, introduced in 
country-specific years between 2028 and 2047 and scaled up over 5 years. Accelerated scale-up scenario: routine vaccination of those aged 9 years and a one-off 
campaign for those aged 10 years and older, introduced in 2025 and scaled up instantly in all countries. Routine-only scenario: routine vaccination of those aged 
9 years, introduced in country-specific years between 2028 and 2047 and scaled up over 5 years. 
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baseline (which is around a fifth of the base-case 
scenario).

Impact estimates for vaccine introduction varied by 
region in our results. Although incidence and mortality 
rate reductions achievable by 2050 were similar between 
high-tuberculosis-burden countries and all other 
countries, the number of cases, treatments, and deaths 
averted were around ten times higher than those averted 
in all other countries, emphasising the need to focus on 
high-burden countries to maximise health impact. Large 
numbers of averted cases, treatments, and deaths were 
predicted in the African region and South-East Asian 
region, and in lower-middle-income countries, which are 
arguably populations in the greatest need.

Our modelling suggests that campaigns will be 
important to expedite health gains from vaccination. The 
base-case and routine-only scenarios offer a direct 
comparison of implementing vaccination with and 
without a campaign for those 10 years and older. The 
base-case scenario averted up to six times as many cases, 
deaths, and treatments as the routine-only scenario, 
supporting the need to include a campaign in any future 
delivery strategy to maximise health impact.

A new vaccine will be an important tool to accelerate 
progress towards the 2035 End TB targets. Conservatively 
assuming non-vaccine interventions do not improve in 
the future (status quo no-new-vaccine baseline) and roll 
out from 2028 in line with the pace of historical vaccine 
uptake, the base-case scenario suggests we could reach 
around a third of the 2035 global target. More optimistic 
assumptions, in which the 2025 End TB targets are met 
before vaccine roll-out (2025 End TB no-new-vaccine 
baseline), combined with the accelerated scale-up 
scenario, suggest more than 80% of the global 2035 target 
could be met.

Two systematic reviews have highlighted potential 
health impacts of novel tuberculosis vaccines.20,21 Our 
study expands on their findings, and it addresses some 
identified gaps. We showed that a vaccine for adolescents 
and adults would have greater and more rapid health 
impacts than a vaccine for infants before 2050. The 
largest burden of pulmonary tuberculosis disease is often 
found in adults;1 and in our modelling the vaccine for 
adolescents and adults was delivered to ages with a 
higher burden of tuberculosis compared with the vaccine 
for infants. Because health outcomes are estimated for 
2050, the maximum follow-up time between vaccine 
delivery and impact calculation is 25 years. Therefore, 
even with the duration of protection increased, the infant 
vaccine is unlikely to protect those at highest risk of 
progressing to active disease in most countries during 
our simulation.

Meeting the End TB target to develop and license a 
vaccine for adolescents and adults by 2025, and 
introducing this vaccine at a pace similar to that of 
COVID-19 vaccines (accelerated scale-up) could avert 
around 60% more deaths compared with introduction at 

a historical pace (base-case). The pace of COVID-19 
vaccine introduction in LMICs, which was albeit slower 
than in high-income countries, was much faster than 
our base-case introduction assumption. As of February, 
2023, more than 10% of the population in almost 95% of 
LMICs (ie, 122 of 129 countries reporting data) have 
been fully vaccinated since COVID-19 vaccines have 
been available, showing that faster vaccine introduction 
in LMICs is possible with high political will and 
financial resources.22 This situation is more similar to 
our accelerated scale-up scenario, which averted up to 
2·9 million more deaths, than our base-case scenario. 
Although the benefits of rolling out a vaccine from 2028 
at a pre-COVID-19 pace are predicted to be large, the 
increase in deaths shows the consequences of failing 
to rapidly introduce a vaccine. Unlike COVID-19, 
tuberculosis is a disease of those on low-incomes, which 
does not have the associated novelty, nor the same effect 
on high-income countries. Therefore, tuberculosis 
vaccines need concerted, sustained policy attention to 
overcome these barriers.

We successfully calibrated 105 of 135 LMICs, 
representing 93% of global tuberculosis incidence. 
Excluding 30 countries will underestimate the number 
of cases, deaths, and treatments averted, and could bias 
the generalisability of the relative impact results if the 
epidemic in the excluded countries is substantially 
different than those included. Model misspecification 
and structural uncertainty is possible if country-specific 
epidemiology does not align with our structure. We 
used the best available estimates from literature, 
combined with previous knowledge and expert opinion, 
to substantiate the prior distributions. Therefore, our 
results reflect the inherent uncertainty in our 
knowledge of tuberculosis natural history. For newer 
discoveries in the field (eg, subclinical disease and self-
clearance) data are sparse, and uncertainty is wide, 
which could bias our vaccine impact estimates. We 
made assumptions on parameters (eg, assuming the 
same amount of protection against reinfection in the 
infection and resolved compartments), which might 
slightly underestimate vaccine impact. We predicted 
tuberculosis declining across time, but the projected 
declines are unlikely to match actual declines, primarily 
affecting estimates of reaching End TB strategy goals, 
and numbers averted.

Because there are no new vaccines for tuberculosis, 
we assumed the characteristics of the modelled vaccines 
aligned with the recommendations in the WHO 
preferred product characteristics. Our impact results 
could be overestimated or underestimated if values for 
efficacy and duration of protection are lower or higher 
than the actual characteristics of a new vaccine. We 
assumed the vaccine for adolescents and adults would 
be efficacious in all individuals, because testing for 
tuberculosis infection before vaccination would be 
costly and logistically difficult. However, most trials 
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have only enrolled individuals who are either positive 
for interferon-gamma release assay or negative for 
interferon-gamma release assay.6,7 If the vaccine will 
only be efficacious in those who are positive for 
interferon-gamma release assay or those who are 
negative, our results will be overestimates, as shown 
previously.8 We assumed equivalent vaccine efficacy in 
people living with HIV and those who are HIV-naive, 
but vaccines are not always as efficacious in individuals 
who are immunocompromised,23,24 which would reduce 
impact in countries classified as having a high 
tuberculosis burden associated with HIV.

For vaccine delivery, we attempted to represent a 
reasonable breadth of possibilities by speaking to 
experts and evaluating low and high coverage, efficacy, 
and introduction scenarios. Should there be rapid 
developments in tuberculosis diagnostics and treat
ments, or if funding were substantially increased, the 
impacts could be overestimates or underestimates. Our 
more ambitious scenario, accelerated scale-up, is less 
realistic than the base-case scenario, particularly in 
some LMICs. The scenario assumes a vaccine candidate 
would be ready for licensure, the supply exists, and 
that countries are positioned to make an introduction 
decision resulting in immediate uptake, all within the 
next 2–3 years, which is unlikely to be attainable by all 
countries. No specific risk groups were vaccinated in our 
model; however, initial delivery within countries could 
be through a targeted approach, which was previously 
shown to have a large population impact per vaccinated 
individual.25–29 Some countries could initially vaccinate 
groups at the highest risk of developing disease or who 
contribute the most to transmission, whereas others 
could focus on vulnerable ages or those who have had 
contact with an individual with confirmed tuberculosis 
disease. Understanding how a new tuberculosis vaccine 
could be introduced in different settings is an important 
area for future research.

There are remaining gaps that modelling can address 
to provide evidence for investing in tuberculosis vaccine 
development and delivery to inform the Full Value of 
Vaccine Assessment.30 Estimates of the cost-effectiveness, 
budget effect, and wider benefits of specific tuberculosis 
vaccine candidates would support research investment 
decision making. Future modelling research can help 
to better understand potential vaccine effectiveness 
considering a variety of factors, such as age, sex, and 
specific risk groups. We included an access-to-care 
structure to account for differences in tuberculosis 
burden and health-care access, which could be used to 
investigate differential vaccine targeting. To maximise 
the potential evidence available to countries, creating 
detailed individual country models to inform vaccine 
introduction decision making would be beneficial.

Our results suggest that novel tuberculosis 
vaccines could have a substantial impact on cases of and 
deaths from tuberculosis, which would vary depending 

on vaccine and delivery characteristics. Vaccination 
campaigns will be crucial for rapid impact, and an 
accelerated introduction that is done at a similar pace to 
that of COVID-19 vaccine introduction could save around 
60% more lives before 2050 than the same vaccine 
introduced and scaled up across 20 years. The COVID-19 
pandemic has shown the advantages that billions of 
dollars of investment can have on vaccine research and 
development, and it provides an illustration of what is 
possible to achieve with novel tuberculosis vaccines. 
Continued investment in tuberculosis vaccine research is 
required to strengthen vaccine development, trials, and 
manufacturing, and to support prompt introduction and 
scale-up.
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