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Abstract

Objective To develop a new tuberculosis transmission model, addressing the
limitations of and building on the TB Impact Model and Estimates software tool, to
enable decision-makers to assess the impact of various tuberculosis interventions
and allocate resources more effectively.

Methods We designed a model incorporating diagnosis and treatment
pathways across public and private sectors, stratified across age groups, drug
susceptibility, human immunodeficiency virus status and vaccination status. We
calibrated our model using country-specific data from 29 high-burden countries and
determined calibration target indicators according to national epidemic profiles. We
performed the model calibration using a Bayesian adaptive Markov chain Monte Carlo
process. We compare modelled and actual data for Indonesia and Nigeria.

Findings Our model calibration results showed good agreement with historical
tuberculosis data. In Indonesia, we demonstrate that comprehensive implementation
of the Stop TB Partnership Global Plan to End TB interventions, including a public—
private partnership, modern diagnostics, improved treatment for drug-resistant
tuberculosis and a post-exposure vaccine, could enable the country to achieve the
targets of the World Health Organization (WHO) End TB Strategy by 2035. In Nigeria,
implementing the National strategic plan for tuberculosis control 2021-2026 could
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reduce tuberculosis incidence by 27% and mortality by 37% by 2030, even without a
vaccine.

Conclusion Our model provides a robust analytical foundation from which to
assess the epidemiological impact of diverse interventions, prioritize investments and
guide policy. The model’'s open-source design and alignment with WHO
recommendations make it a valuable tool for guiding evidence-based investment.
Introduction
Tuberculosis remains one of the deadliest infectious diseases globally, representing a
significant public health challenge despite concerted efforts to control and eliminate it. In
2015, WHO published The end TB strategy with the targets of a 90% reduction in incidence
and a 95% reduction in mortality by 2035 relative to 2015 levels.! Progress towards these
goals has been constrained by structural, financial and implementation challenge, most
notably a persistent funding gap that limits the scale-up of effective tuberculosis prevention,
diagnostic and treatment interventions.>* Recent reductions in United States government
funding for global tuberculosis programmes have further widened this gap, particularly in
high-burden regions.*”’ In this context of insufficient resources, prioritizing high-impact
interventions and quantifying the funding required to meet specific targets are critical for

informed policy and investment decisions.

Mathematical modelling is a powerful tool in this context, enabling researchers and
decision-makers to assess the impact of various tuberculosis interventions and allocate
resources effectively.® '3 Transmission models have informed global and national strategies:
the Stop TB Partnership Global Plan to End TB (2016-2020, 2018-2022, 2023-2030) and
the Global Fund to Fight AIDS, Tuberculosis and Malaria investment case analysis towards
the 5th to 7th replenishment!*!® were informed by results obtained from the TB Impact
Model and Estimates (TIME) software tool.2’ Despite its broad use, this software tool has
important limitations: WHO guidelines and recommendations and Global Plan to End TB
strategies cannot be clearly mapped to the intervention structures; services that are not part of
the national tuberculosis care programmes, including private sector care, are not explicitly
represented; large-scale vaccination is not modelled; and uncertainty plausibility bounds are

absent.

Extensive use of this software tool in global applications despite these limitations
prompted technical guidance groups to call for a redesigned model to inform the Global Fund
Investment Case for the 8th replenishment. In response, the TB Modelling and Analysis

Consortium convened our global model advisory group, comprising representatives of WHO,
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the Global Plan to End TB working group, the Global Fund and other modelling experts, to

review existing tools and guide model improvements.

Under this guidance, we aimed to develop a new tuberculosis transmission model to
address the above limitations, while building on the methodological foundations of the TB
Impact Model and Estimates software tool and maintaining alignment with models used for
strategic tuberculosis planning. In this paper we describe the methods used to develop a new
model, present validation results for Indonesia and Nigeria, and discuss the implications for

global tuberculosis control.

Methods

Model construction

We depict the simplified tuberculosis natural history model in Fig. 1, incorporating diagnosis
and treatment pathways across public (national tuberculosis control programme) and private
sectors. For clarity, we omit several model parameters (e.g. self-cure, exogenous reinfection
and background mortality) from the diagram. For full details of model parameters and

equations, please see the online repository.>!

According to the WHO definitions updated in 2024,?? tuberculosis is classified as
either symptomatic (individuals with typical symptoms who often seek care) or asymptomatic
or subclinical (microbiologically or clinically diagnosed tuberculosis without reported
symptoms during screening). Asymptomatic individuals are assumed to be less infectious.?>**
Symptomatic individuals seek care in the public or private sector, where successful diagnosis

leads to treatment initiation; otherwise, they enter missed diagnosis or temporarily

disengaged states, with potential re-entry into care unless they self-cure or die.

Our model considers that post-treatment outcomes are dependent upon the completion
of treatment. We consider that patients who have completed treatment are cured and have a
low relapse risk, and that individuals who are lost to follow-up during treatment enter a state
of high risk of relapse. We consider those failing to complete treatment as infectious. Our
model allows for the risk of occurrence of relapses within the first 2 years following
recovery; we assume a stabilized lifetime relapse risk for patients who do not experience a
relapse during that period.>>2” Our model also accounts for reinfection, with reduced
susceptibility across those groups of patients with a history of infectiousness. We note that
most deaths related to tuberculosis occur before the initiation of treatment, particularly in

settings of low case detection.

30f22



Publication: Bulletin of the World Health Organization; Type: Research
Article ID: BLT.26.295896

Our model is stratified by age (04, 5-9, 10-14, 15-64 and > 65 years, with an
explicit age-contact matrix to capture age-dependent transmission), drug susceptibility (drug
sensitive or rifampicin resistant), human immunodeficiency virus (HIV) status (HIV negative,
HIV positive but not on antiretroviral therapy; ART; or HIV positive on ART) and
vaccination status (unvaccinated, vaccinated or waning immunity). We incorporate HIV

status without explicitly modelling HIV transmission dynamics.

Although our full model consists of 585 compartments (the 13 compartments depicted
in Fig. 1, stratified across five age groups, two drug susceptibility categories, three HIV status
groups and three vaccination status groups), we did not consider differences in tuberculosis
burden between sexes, the distinction between pulmonary and extrapulmonary tuberculosis,
or the effect of co-morbidities, such as diabetes. We assumed an average level of

infectiousness across different forms of tuberculosis.

Model calibration

We calibrated our model using country-specific data from 29 high-burden countries eligible
for support from the Global Fund, who together represent 90% of the tuberculosis burden in
the Global Fund portfolio (see online repository for a list of these countries).>! We
determined 13 different calibration target indicators according to national epidemic profiles,
including mortality rates among HIV-negative individuals (2000 and 2022) and among
people living with HIV (2022); incidence of drug-resistant tuberculosis (2022) and second-
line treatment initiation (2022); overall tuberculosis incidence (2000 and 2022) and incidence
among people living with HIV (2022); case notification rates (2022) and cumulative
notifications for 2000-2022; as well as the proportion of symptomatic individuals among
prevalent cases (2022), HIV prevalence in the general population (2022), and antiretroviral
therapy coverage among people living with HIV (2022). We excluded rifampicin-resistant
tuberculosis or HIV indicators where burdens were low, and we included additional data such
as prevalence estimates with minimal code changes. Our data sources were a tuberculosis
prevalence survey,?® the WHO global tuberculosis report? for incidence and mortality data,
and a Joint United Nations Programme on HIV/AIDS report®® for HIV prevalence. We used
AIDS Impact Model version 6.3 (Avenir Health, Glastonbury, Untied States of America) to
calculate the proportion of people living with HIV on ART. We applied a 10% uncertainty
range to reported data for tuberculosis notification, cumulative notification and second-line

treatment initiation to account for potential under- or overreporting in the programmatic data.
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We conducted the model calibration using a Bayesian adaptive Markov chain Monte
Carlo process, which performed at least 50 000 iterations (details available in the online
repository).>!*! We summarize our calibration data using a published reporting framework

proposed (online repository).2!-32

lllustrative scenarios

Our model focuses on three key domains of tuberculosis intervention: prevention, diagnosis
and treatment, and the model evaluates a broad range of strategies across these domains. We
considered two illustrative scenarios: one examining the interventions required in Indonesia
to achieve the targets defined by the WHO The end TB strategy,' and another evaluating the
impact of implementing a country-specific national strategic plan in Nigeria.** In Table 1 we
list the interventions assessed in our model and their coverage levels in Indonesia and Nigeria
(further details available in the online repository).?! We assumed each intervention would
commence in a specified year and scale up linearly over a defined period; we can adapt such

assumptions to reflect evolving global strategies and national priorities.

Assessing lives saved

By calibrating our model using incidence and mortality data from 2000 and 2022, we were
able to estimate the projected number of tuberculosis deaths. To estimate the number of lives
saved by tuberculosis programmes, we compared projected tuberculosis deaths with
counterfactual scenarios in which public-sector tuberculosis services (supported by the
Global Fund) either ceased in 2000 or remained at the 2000-2003 coverage levels without

scale-up.

Results

Calibration
We depict results for Indonesia and Nigeria in Fig. 2, Fig. 3 and Fig. 4, in which we compare

values of calibration target indicators with modelled results for the 13 selected indicators.

lllustrative scenarios

Indonesia

Our model projects that the Indonesian health-care service could achieve the 2035 targets of
The end TB strategy by implementing the comprehensive strategy outlined in The global plan
to end TB, 2023-2030."* Non-vaccine interventions would have to be scaled up linearly

between 2024 and 2029 and maintained thereafter, and a vaccine introduced in 2028. Fig. 5
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and Fig. 6 depict the projected tuberculosis incidence and mortality, respectively, under
various scenarios, with current programmatic activities shown as the baseline. The credible
intervals (Crls)arise from the uncertainty in input parameters and in potential future

background trends in tuberculosis burden.

The sequential addition of interventions substantially reduces burden: for instance,
implementation of a public—private partnership with improved routine tuberculosis services
reduces incidence and mortality by 17% (95% Crl: 2-30) and 22% (95% Crl: 7-37),
respectively, relative to 2015. Scaling all interventions except the vaccine achieves a
reduction of 63% (95% Crl: 52-74%) in incidence and 82% (95% Crl: 68-95) in mortality,
but remains insufficient to meet the targets of the strategy. Our model shows that the
introduction of a post-exposure vaccine with 60% efficacy at the population level (age,
> 15 years) from 2028, rolled out over 5 years, would enable the Indonesian health-care

sector to achieve the targets of the strategy.

Nigeria

We illustrate the projected impact of the full-scale implementation of Nigeria’s National
strategic plan for tuberculosis control 2021-2026 during 2022-2030 in Fig. 7 and Fig. 8 with
curves representing individual interventions. The wide credibility bounds reflect the
substantial uncertainty in available epidemiological data and calibration targets for Nigeria,
which is appropriately propagated through the model. The greatest reduction in tuberculosis
burden is achieved when all interventions are implemented concurrently. In the absence of
vaccination, the national strategic plan interventions alone are estimated to reduce
tuberculosis incidence by 27% (95% Crl: 14-39) and mortality by 37% (95% Crl: 11-57) by
2030, relative to 2022 levels.

Lives saved

We used our model to estimate the returns on investment from past tuberculosis programme
scale-up, starting from the first year of Global Fund investment. We performed our analysis
at the country level for the 29 high-burden countries (online repository)?! and then aggregated

our results to estimate the impact for all countries eligible for Global Fund support.

In Fig. 9 we illustrate country-level results for Indonesia, showing estimated annual
lives saved under two scenarios. Compared with a counterfactual scenario in which all
public-sector tuberculosis services had ceased in 2000 or 2003, an estimated 41 400 (95%
Crl: 31 20048 600) or 41 000 (95% Crl: 31 200-48 300) lives, respectively, were saved in
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2022 as a result of Global Fund support. Similarly, compared with a scenario in which
services had remained at their 2000 or 2003 levels without scale-up, estimated lives saved in
2022 were 34 100 (95% Crl: 26 30040 700) and 27 200 (95% CrI: 21 800-33 800),
respectively, as a result of Global Fund support.

Discussion

Our enhanced global tuberculosis transmission model addresses the key limitations of
existing frameworks, and demonstrates flexibility and high accuracy in evaluating national
and global tuberculosis control strategies. By capturing critical epidemiological
heterogeneities, our model enables policy-relevant assessments of potential interventions
across prevention, diagnostic and treatment pathways. The model’s capacity to simulate
upstream case-finding and vaccine roll-out dynamics, including waning immunity and

efficacy, further strengthens its utility for evaluating future strategies.

For Indonesia, our findings indicate the magnitude of coverage levels required to meet
the targets of the WHO’s The end TB strategy; however, the feasibility of achieving these
targets depends on health system capacity as well as the country’s economic constraints. Our
model therefore does not determine whether a country can achieve the goals, but projects
results that can serve as a starting point for discussion on what would be required to meet
incidence and mortality targets. In contrast, our analysis of the National strategic plan for
tuberculosis control 2021-2026 of Nigeria illustrates that well aligned, nationally tailored
interventions can achieve substantial impact even without a vaccine. These scenario analyses
underscore the importance of coherent national planning and coordinated public—private
implementation, inform the Global Fund Investment Case for the 8th replenishment and

allow an estimation of primary health-care utilization savings.**

To ensure alignment with WHO screening and tuberculosis care guidelines,* as well
as The global plan to end TB, 2023—2030, we also developed a target population component
to interface between the global costing and impact models (available in the online
repository).! These populations are described in detail in a separate paper on the costing

component that we developed alongside the transmission component.®

We aggregated
tuberculosis prevention, diagnostic and treatment variables across these populations to inform
the global transmission model, enabling cost and impact analyses aligned with WHO

guidelines. These functionalities make our model a valuable tool for donor decision-making,
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based on investment outcomes such as those presented in the most recent Global Fund

Investment Case.

Alignment of the target population component with the WHO Integrated Health Tool
framework®’ enables our model to be used within the tuberculosis module of the framework
for national planning and decision-making, with user-defined inputs allowing closer

alignment with country-specific contexts than for typical global analyses.

A key strength of our model lies in its open-source design and publicly accessible,*®
enabling transparency, reproducibility and adaptability to country-specific epidemiology and

programmatic structures.

However, several limitations must be acknowledged. First, although our model
captures age-dependent mixing and major determinants of tuberculosis transmission such as
HIV status, it excludes other important factors, as mentioned in the section Model
construction above. Second, HIV is included through stratification, but dynamic modelling of
HIV transmission and ART scale-up is beyond the scope of our model. Third, another
limitation is our reliance on generalized assumptions where country-specific data are lacking,
particularly for treatment adherence and the quality of private-sector health care. Although
Bayesian calibration with wide priors addresses some uncertainty, improved local data would
enhance model fidelity. Fourth, although our model is efficient for global analyses, large-
scale multicountry scenario testing remains computationally demanding. Fifth, because of
limited subnational data availability, our model was calibrated using national-level data from
WHO global tuberculosis reports, resulting in national-average estimates that may not capture
within-country heterogeneity. Where subnational data exist, the model can be recalibrated to

generate localized estimates.

Although model-based analyses support strategic decision-making, they cannot
replace empirical evidence. Such analyses should be complemented by implementation
research. Such validation requires sustained funding, stronger country-level data systems and

close collaboration with national tuberculosis programmes.

Our global tuberculosis model represents a considerable step forward in producing
model-based information for strategic programme planning. Our model provides a robust
analytical foundation from which to assess the epidemiological impact of diverse

interventions, prioritize investments and guide policy. As funding constraints continue to
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shape global health priorities, such modelling tools are indispensable for developing cost-

effective and evidence-based strategies.
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Table 1. Interventions and corresponding coverage levels assessed for achieving the tuberculosis incidence and mortality

targets of the WHO End TB Strategy in Indonesia and for alignment with the national strategic plan in Nigeria

Intervention

Brief description of modelling activity

Coverage level to meet targets

Indonesia®
(scale-up period: 5 years)

Nigeria®
(scale-up period: 3 years)

Public—private partnership

A proportion of individuals diagnosed in private facilities receive
the same standard of care as in the public sector

Enhanced routine tuberculosis services

Improved diagnosis

Improved treatment completion

Probability of successful diagnosis and treatment initiation per
care-seeking visit in public sector among individuals with active
tuberculosis is increased

Default rate is reduced

Interventions for drug-resistant tuberculosis

Expanded drug susceptibility
testing

Shorter regimens for second-line

treatment
Improved second-line treatment
outcomes

Upstream case-finding
(symptomatic tuberculosis)

Detection of asymptomatic
tuberculosis

Preventive therapy

Targeting household contacts and

vulnerable populations
Targeting people living with HIV

New tuberculosis vaccines

Higher proportion of patients undergo tests soon after diagnosis

Current second-line therapies are replaced with newly developed,
shorter-duration regimens

Success of second-line treatment is increased with a higher
proportion of patients cured

Accelerates the diagnosis of symptomatic tuberculosis, ideally
before the individual’s first care-seeking attempt

Identify and treat individuals with asymptomatic tuberculosis
before they progress to active disease

Reduction of progression and reactivation rate by uptake among
household contacts and risk groups as per WHO guidelines

Assumed to provide 60% protection against progression to active
tuberculosis among individuals with HIV

A vaccine with 60% efficacy against both infection and disease,
conferring an average duration of protection of 10 years

35%

95% from the baseline of 80%

10%
50% from the current level

24 months at baseline to

9 months

Treatment success rate
increased to 70% from the
baseline 50%

Reduced delay to diagnosis by
30%

Diagnosed 30% of
asymptomatic tuberculosis
before developing symptoms

5% reduction of progression
(online repository)?!

Expanded to all people living
with HIV

Rolled out to the entire adult
population aged > 15 years,
starting from 2028

35%

95% from the baseline of
78%;

5%
75% from the current level
75% from the current level

75% from the current level

Reduced delay to diagnosis
by 17% (from 6 months to
5 months)

NA

Expanded to fulfil national
strategic plan targeted
numbers

Expanded to all people
living with HIV

NA

HIV: human immunodeficiency virus; NA: not applicable; WHO: World Health Organization.
a To meet the targets of the WHO'’s The end TB strategy.’
b To align with the National strategic plan for tuberculosis control 2021-2026.33
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Fig. 1. Simplified structure of newly developed tuberculosis transmission
model, incorporating diagnosis and treatment pathways across public and

private sectors
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Note: For the full model structure is available in the online repository.2!
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Fig. 2. Comparison of calibration incidence with incidence estimated by a
newly developed tuberculosis transmission model, Indonesia and Nigeria
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Crl: credible intervals; HIV: human immunodeficiency virus.
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Fig. 3. Comparison of calibration mortality with mortality estimated by a newly developed tuberculosis transmission
model, Indonesia and Nigeria

Indonesia Nigeria:
60 120
5 s |-
© =
= 50 5 100
Q =
3 40 & 80
o Q.
S o
o 30 S eof ¢
o o
~— o
‘g20 T 40 I
5 L
S 10 § S 20
A z
0 o ° o . “ o 4
S N D D N
L L ¢ & & & P
@ @ @ o O 2 @ 4 & Q
& & N ) © - ) ) & O
> 2 & N @ > & Yy ¢
& & & & & & & & & &
N SR SR N F
SRR F & SN
S & & S S N
0(\ S @0\ Q:\ & & o\\’b @0(\ I\ '\\(\Q'
) ) R o(b < 6& 006'
O
& F ‘ &00 P
.600 X2
& &8
AN &

Crl: credible intervals; HIV: human immunodeficiency virus.
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Fig. 4. Comparison of basic calibration indicators with estimated data from newly developed tuberculosis transmission
model, Indonesia and Nigeria
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ART: antiretroviral therapy; Crl: credible intervals; HIV: human immunodeficiency virus.
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Fig. 5. Impact of interventions on tuberculosis incidence under different
intervention scenarios, Indonesia, 2022-2035
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Notes: intervention scenarios are outlined the Stop TB Partnership Global Plan to End TB.* WHO
target is from The end TB strategy.! Shaded areas show 95% credible intervals.
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Fig. 6. Impact of interventions on tuberculosis mortality under different
intervention scenarios, Indonesia, 2022-2035
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Notes: intervention scenarios are outlined the Stop TB Partnership Global Plan to End TB.'* WHO
target is from The end TB strategy." Shaded areas show 95% credible intervals.
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Fig. 7. Impact of interventions on tuberculosis incidence under different
intervention targets as described in the proposed National Strategic Plan,
Nigeria,2022-2030

HIV: human immunodeficiency virus; WHO: World Health Organization.

Notes: intervention targets as described in the National strategic plan for tuberculosis control.3® WHO
target is from The end TB strategy.! Shaded areas show 95% credible intervals.
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Fig. 8. Impact of interventions on tuberculosis mortality under different
intervention targets, Nigeria 2022-2030

HIV: human immunodeficiency virus; WHO: World Health Organization.

Notes: intervention targets as described in the National strategic plan for tuberculosis control.3® WHO
target is from The end TB strategy.! Shaded areas show 95% credible intervals.

1 of 22



Publication: Bulletin of the World Health Organization; Type: Research
Article ID: BLT.26.295896

Fig. 9. Estimated number of lives saved annually by tuberculosis programmes
compared with no service and constant coverage scenarios, Indonesia
Notes: no service refers to a counterfactual scenario in which all public-sector tuberculosis services

had ceased in 2000 or 2003, and constant coverage refers to a counterfactual scenario in which
services had remained at their 2000 or 2003 levels without scale-up. Shaded areas show 95%

credible intervals.

1 of 22



