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Introduction
Despite being a disease of antiquity that is largely 
curable with affordable treatment, tuberculosis is 
currently the leading cause of death due to infectious 
disease.1 Annually, over 10 million people develop 
tuberculosis disease globally, with more than 1 million 
dying from the disease. The expansion of the Directly 
Observed Treatment, Short Course (DOTS) strategy 
worldwide in the 1990s2,3 involved strengthening the 
delivery of high-quality tuberculosis treatment through 
nationally coordinated tuberculosis programmes, and 
has achieved important reductions in mortality4–6 
through improved reporting and treatment outcomes.1 
However, despite these efforts, global tuberculosis 
incidence has been declining slowly over the past decade 
at a rate of only 1–2% per year.1 Recent years have seen 
renewed global ambitions for accelerating these declines 
in tuberculosis burden—eg, with the End TB strategy 

launched in 2015, calling for reductions of 90% in tuber
culosis incidence and 95% in tuberculosis mortality by 
2035.7

For strategic planning to achieve these goals, there is a 
need to understand how best to focus control efforts in a 
given setting. A 2016 modelling study showed that avail
able interventions for tuberculosis control (enhancing 
access to high-quality tuberculosis services, active case-
finding, and other approaches) would not be sufficient 
to reach the 2025 milestones of the End TB strategy in 
either China or India, two of the countries with the 
highest burden.8 However, the question remains as to 
where control and research efforts should be focused in 
the future to meet the End TB goals by 2035. Strategic 
planning in the End TB era should address where 
deployment of current tools should be improved 
(eg, optimising treatment outcomes), as well as high
lighting priority areas for future research, to identify 
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Summary
Background In the context of WHO’s End TB strategy, there is a need to focus future control efforts on those 
interventions and innovations that would be most effective in accelerating declines in tuberculosis burden. Using a 
modelling approach to link the tuberculosis care cascade to transmission, we aimed to identify which improvements 
in the cascade would yield the greatest effect on incidence and mortality. 

Methods We engaged with national tuberculosis programmes in three country settings (India, Kenya, and Moldova) 
as illustrative examples of settings with a large private sector (India), a high HIV burden (Kenya), and a high burden 
of multidrug resistance (Moldova). We collated WHO country burden estimates, routine surveillance data, and 
tuberculosis prevalence surveys from 2011 (for India) and 2016 (for Kenya). Linking the tuberculosis care cascade to 
tuberculosis transmission using a mathematical model with Bayesian melding in each setting, we examined which 
cascade shortfalls would have the greatest effect on incidence and mortality, and how the cascade could be used to 
monitor future control efforts.

Findings Modelling suggests that combined measures to strengthen the care cascade could reduce cumulative tuber­
culosis incidence by 38% (95% Bayesian credible intervals 27–43) in India, 31% (25–41) in Kenya, and 27% (17–41) in 
Moldova between 2018 and 2035. For both incidence and mortality, modelling suggests that the most important 
cascade losses are the proportion of patients visiting the private health-care sector in India, missed diagnosis in health-
care settings in Kenya, and drug sensitivity testing in Moldova. In all settings, the most influential delay is the interval 
before a patient’s first presentation for care. In future interventions, the proportion of individuals with tuberculosis 
who are on high-quality treatment could offer a more robust monitoring tool than routine notifications of 
tuberculosis. 

Interpretation Linked to transmission, the care cascade can be valuable, not only for improving patient outcomes but 
also in identifying and monitoring programmatic priorities to reduce tuberculosis incidence and mortality.
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new, cost-effective approaches (eg, developing approaches 
for active case-finding).

In the present work, which is in support of the Lancet 
Commission on tuberculosis,9 we present an analytical 
approach for addressing these issues. As an organising 
framework, we use the care cascade, which has been 
used extensively in HIV10–12 and now increasingly in 
tuberculosis.13–16 The care cascade is a framework listing 
the steps of care that an individual must go through to be 
cured (eg, linkage to treatment). Here we build on this 
framework, linking it to a transmission model to capture 
epidemiological features of a given country. We then use 
this model to quantify the influence of different elements 
of the care cascade on tuberculosis incidence and 
mortality. Combining key themes in the Commission,9 
this framework illustrates how to prioritise among those 
themes in a given setting.

We focus on three major challenges to global tuberculosis 
control efforts: first, many individuals with tuberculosis in 
south Asia seek care in the private health-care sector.17–19 In 
this sector, substandard care leads to missed opportunities 
for diagnosis, and poor treatment outcomes.20,21 Second, 
multidrug resistant (MDR) tuberculosis is a pressing 
problem, particularly in central and eastern European 
countries.22,23 Third, the so-called syndemic of HIV and 
tuberculosis in sub-Saharan Africa means that tuberculosis 
programmes cannot operate independently of HIV control 
efforts.24,25 As case studies for each of these challenges, we 
engaged with national tuberculosis programmes in three 

countries: India for public and private sectors; Moldova as 
a country with a high-MDR burden; and Kenya as a country 
with a high HIV burden. For each setting we developed 
a country-specific transmission model in collaboration 
with the respective country programmes.

Our approach focuses not on specific interventions, but 
on the care cascade outcomes that those interventions 
seek to achieve (eg, adherence support mechanisms as a 
means for improving treatment outcomes). Our primary 
objective is to establish which shortfalls in the care cascade 
are most important to address in order to reduce incidence 
and mortality in a given setting. These shortfalls can then 
either be mapped onto specific interventions, or used to 
identify research priorities for innovative approaches. Our 
secondary objective was to examine the potential value of 
the care cascade in monitoring tuberculosis control 
efforts. Incidence surveys are not feasible; nonetheless, 
we considered whether there were correlates of impact 
that could usefully be tracked. We examined whether 
elements of the cascade could offer such a correlate.

The tuberculosis care cascade is not exhaustive. It does 
not address preventive measures that could avert the 
progression from latent tuberculosis to active disease (eg, 
addressing malnutrition26), or infection control measures 
(eg, improved ventilation and hospital-based infection 
control27). Nor does it address intersectoral approaches, 
such as those addressing malnutrition, or urban develop
ment. These additional measures will be important in 
meeting the End TB goals.

Research in context

Evidence before this study
Mathematical models have been used to assess the potential 
effect of tuberculosis interventions. A study published in 2016 
combined different models to assess the feasibility of meeting 
the 2025 End TB milestones, showing, for example, that India 
and China are unlikely to meet these targets using currently 
available tools alone. Earlier modelling work used generic, 
illustrative models to show the scale of activity required to 
eliminate tuberculosis. However, there is a need to translate the 
ambitions of the End TB goals into context-specific priorities for 
tuberculosis control efforts, whether in the improved 
deployment of current tools, or in identifying where innovative 
approaches are most needed. We additionally searched PubMed 
using the terms “tuberculosis” AND “strategy” AND (“End TB” 
OR “elimination”])’, but found no additional, relevant studies. 
The search was done in Nov 1, 2018, with no restriction on year, 
but limited to papers published in English.

Added value of this study
We engaged with three national tuberculosis programmes and 
Kenya’s HIV programme, as examples of distinct challenges in 
tuberculosis control: India (where tuberculosis care is fragmented 
between public and private health-care sectors); Kenya (with a 
high HIV burden); and Moldova (with a high drug-resistance 
burden). As an organising framework we used the care cascade, 

a concept initially developed to identify shortfalls in HIV care, 
and now increasingly being applied to improve patient outcomes 
in tuberculosis. Linking the care cascade to transmission, 
we shifted attention from individual interventions and patient 
outcomes, to the population level. We examined the shortfalls in 
the cascade, which, if addressed, would have the greatest effect 
on tuberculosis incidence and mortality. As well as capturing 
existing priorities (eg, the importance of engaging the private 
sector in India), our findings also cast light on problems that 
require attention (eg, transmission occurring before a patient’s 
first presentation for care). Additionally, we show how indicators 
based on the care cascade could offer robust monitoring tools for 
future tuberculosis control efforts.

Implications of all the available evidence
Future tuberculosis control efforts require a combination of 
improvement in basic tuberculosis services (such as private 
sector engagement in India) and innovation to develop new, 
scalable approaches (eg, in all settings, to reach individuals with 
tuberculosis who have not sought care). Although the care 
cascade is conventionally applied in the context of improving 
patient outcomes, linking this cascade to transmission can 
provide a framework for synthesising diverse possible 
interventions, allowing systematic prioritisation and 
monitoring in a given country setting.
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Methods
Modelling approach
Work on patient pathways in different settings28 and care 
cascade analyses13,14 have highlighted the steps through 
which people must pass to be cured of tuberculosis 
(figure 1; table). Along this pathway, we refer to points 
where patients do not reach the next step as the gaps 
in the cascade. A second important dimension to the 
cascade is the delay in the transition between stages. 
A programme might, for example, successfully treat 
100% of individuals with incident tuberculosis, but 
would have a small effect on transmission if successful 
cure occurs only after a year of undetected disease. We 
refer to the combined framework shown in figure 1—
one quantifying both gaps and delays in a given setting—
as the delay-care cascade.

For India, Kenya, and Moldova, we developed a 
deterministic model linking the delay-care cascade to 
tuberculosis transmission dynamics, as well as capturing 
essential features of the tuberculosis epidemic in each 
setting: the presence of a large private sector in India, the 
burden of HIV and tuberculosis in Kenya, and the 
burden of MDR-tuberculosis in Moldova. Drawing such 
stark distinctions between these country settings is 
somewhat artificial, as high-burden countries often face 
a combination of these challenges; nonetheless, as the 
purpose of this analysis is to be illustrative rather than 
prescriptive, this approach helps to simplify analysis of 
the priorities specific to each type of care cascade. The 
table lists the gaps and delays characterising the care 
cascade in each of the three country settings, together 
with examples of interventions to address each element 
of the cascade. Further technical details are given in the 
appendix (p 2,8,14).

Calibration
In each country setting, we used Bayesian melding 
methods35 to estimate delay-care cascade and transmission 
parameters in such a way that the model captured key 
data simultaneously from disparate sources of evidence, 
while also incorporating uncertainty in model inputs. 
Data and sources are listed in the appendix and 
summarised as follows. In collaboration with country 
programmes, we collated WHO country burden estimates, 
routine surveillance data, and, when available, tuberculosis 
prevalence surveys. In 2016, Kenya completed a national 
tuberculosis prevalence survey,36 and for India we drew 
from a 2011 state-wide prevalence survey in the major 
state of Gujarat.37 Like other high MDR-burden countries 
in central and eastern Europe, Moldova has no prevalence 
survey to draw on. Therefore, we adopted plausible ranges 
for delays, and tested the model’s sensitivity to these 
assumptions. For each country we also did a literature 
search to identify published sources relevant to the model 
parameters (table). 

Combining data in this way allows estimation of 
elements in the delay-care cascade that might otherwise 

not be possible to estimate directly. An important example 
is the initial patient delay before presenting for care, 
shown in figure 1. This delay is challenging to measure 
directly because patient recall might be biased by the 
mildness of early tuberculosis symptoms, and evidence 
suggests that under-reporting of cough is common.38,39 
However, prevalence surveys can offer helpful, if indirect 
evidence. The Gujarat survey in India37 suggested that 
40% of individuals who were bacteriologically positive for 
tuberculosis reported symptoms, but had not yet sought 
care for those symptoms. Despite being a cross-sectional 
picture, a long patient delay in figure 1 would relate to 
a high proportion of prevalent tuberculosis in this 
compartment—the task for model calibration is to 
estimate this delay, to reproduce the data.

One challenging aspect of the data shown in figure 1 
is that little evidence exists for what proportion of 
individuals who are symptomatic die or recover without 
ever presenting for care. We have taken a simple 
approach, assuming that losses at this point in the care 
cascade arise as a result of the mortality and spontaneous 
cure that occurs during the patient delay—a competing 
hazard40 with the rate at which individuals who are 
symptomatic present for care.

We examined the sensitivity of model results to data 
and parameters, to highlight those inputs most strongly 
associated with uncertainty in model projections. Using 
the Bayesian framework for model calibration, we propa
gated uncertainty in model inputs to outputs, quantifying 

Figure 1: The delay-care cascade
Delays between successive stages (green) and losses at each stage (red) illustrating 
the delay-care cascade. For the three country settings analysed, we adapted the 
simple framework shown here to the epidemiological conditions prevailing in 
each setting. The table lists the additional gaps and delays adopted in each setting.

Incident tuberculosis

Not presenting for care

Missed diagnosis

Delay to initial 
presentation for care 
(patient delay)

Diagnostic delay

Treatment delay

Treatment duration

Initial presentation for care

Successful diagnosis

Treatment initiation

Cure

Initial loss to follow-up

Default, failure

See Online for appendix
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the uncertainty in model outputs by reporting 95% 
Bayesian credible intervals (CrI) on model projections.

Effect of improvements to the care cascade 
The primary objective was to identify priorities for inter
ventions. We modelled a combined cascade measures 
scenario, which reduces each gap in the table to an 
absolute level of 5% (such that 95% of patients pass 
through each stage), and reduces each delay in the table  
by 25%. These choices are arbitrary but illustrative. The 
choices also reflect the fact that it can be more difficult 

and resource-intensive to reduce delays (eg, the initial 
patient delay) than to close gaps (eg, loss to follow-up, 
among patients who are already in the cascade). Next, to 
address the importance of a given gap or delay, X, in the 
cascade, we simulated an all-but-one scenario, in which 
all shortfalls are addressed, with the exception of X. We 
defined the attributable effect of X as the reduction in 
impact, in respect of transmission and of mortality, 
relative to the combined measures scenario. Note that 
under this approach, a given gap cannot be compared 
directly against a given delay. We therefore treated 

Value Relevant interventions

India

Tuberculosis delay-care cascade

Gap: proportion of individuals with incident tuberculosis that 
die or self-cure before presenting for care

10% (95% CrI 7∙3–12∙6)* Case-finding in high-burden subpopulations (eg, slum dwellers); encouraging demand 
for tuberculosis services (eg, through social protection for patients with tuberculosis); 
aligning the availability of tuberculosis services to where patients seek care

Delay: patient delay before first presentation for care 4∙1 months (95% CrI 2∙8–5∙1)* Case-finding in high-burden subpopulations (eg, slum dwellers); encouraging 
demand for tuberculosis services (eg, through social protection for patients with 
tuberculosis); aligning the availability of tuberculosis services to where patients 
seek care

Gap: proportion of symptomatic individuals with tuberculosis 
visiting the high-quality sector at each care-seeking attempt

43% (95% CrI 40–55)* Private sector engagement;29 aligning the availability of tuberculosis services to 
where patients seek care

Gap: proportion of symptomatic individuals with tuberculosis 
presenting to the high-quality sector who are successfully 
diagnosed

83% (95% UI 80–85)13 Improve quality of diagnosis throughout the public health-care system, including use 
of rapid, accurate diagnostics

Gap: proportion of individuals diagnosed with tuberculosis in 
the high-quality sector who initiate treatment

88% (95% UI 86–90)13 Network optimisation; aligning the availability of tuberculosis services to where 
patients seek care

Delay: interval between diagnosis and treatment initiation in 
the high-quality sector

2∙5 days (95% UI 1∙9–3∙6)30 Network optimisation; aligning the availability of tuberculosis services to where 
patients seek care 

Gap: proportion of individuals with tuberculosis completing 
high-quality treatment

85% (95% UI 83–87)13 Adherence-support interventions in the public sector and among engaged private 
providers (eg, using new information communication technologies)

Kenya

Tuberculosis delay-care cascade

Gap: proportion of patients with incident tuberculosis that die 
or self-cure before presenting for care

22% (95% CrI 19–27)* Case-finding in high-burden subpopulations (eg, slum dwellers); encouraging demand 
for tuberculosis services (eg, through social protection for patients with tuberculosis); 
aligning the availability of tuberculosis services to where patients seek care

Delay: initial patient delay before first presentation for care 
among individuals who are HIV-negative

11 months (95% CrI 10∙5–16∙0)* Case-finding in high-burden subpopulations (eg, slum dwellers); encouraging demand 
for tuberculosis services (eg, through social protection for patients with tuberculosis); 
aligning the availability of tuberculosis services to where patients seek care 

Delay: initial patient delay before first presentation for care 
among individuals who are HIV-positive

3∙6 months (95% CrI 3∙1–4∙8)* Case-finding in high-burden subpopulations (eg, slum dwellers); encouraging demand 
for tuberculosis services (eg, through social protection for patients with tuberculosis); 
aligning the availability of tuberculosis services to where patients seek care 

Gap: proportion of symptomatic individuals with tuberculosis 
presenting who are successfully diagnosed

0∙49 (95% CrI 0∙35–0∙64)* Improve diagnostic capacity at health facilities, including use of rapid, accurate 
diagnostics; network optimisation; aligning the availability of tuberculosis services to 
where patients seek care

Gap: proportion of individuals diagnosed with tuberculosis 
who initiate treatment

0∙8 (95% CI 0∙77–0∙82)31 Improve treatment capacity at health facilities where patients are diagnosed with 
tuberculosis; network optimisation; aligning the availability of tuberculosis services 
to where patients seek care

Delay: interval between diagnosis and treatment initiation 2∙5 days (95% UI 1∙9–3∙6)30 Improve treatment capacity at health facilities where patients are diagnosed with 
tuberculosis; network optimisation; aligning the availability of tuberculosis services 
to where patients seek care 

Gap: proportion of individuals diagnosed with tuberculosis 
completing high-quality treatment

87% (95% CrI 74–99)32 Adherence support interventions in the public sector, (eg, 99DOTS)

HIV cascade

Gap: proportion of individuals with HIV who are on 
antiretroviral therapy

70% (country estimates)† Increased rates of HIV testing and antiretroviral therapy initiation

Gap: proportion of individuals on antiretroviral therapy 
receiving tuberculosis preventive therapy

60% (country estimates)† Implementation of WHO isoniazid preventive therapy guidelines; HIV and 
tuberculosis collaborative activities

(Table continues on next page)
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delays and gaps separately, aiming to identify the most 
influential (highest attributable effect) of each. For a list 
of the interventions most relevant to each gap and delay 
see the table.

Our secondary objective was monitoring future control 
efforts. We considered how well different monitoring 
indicators would track progress in reducing inci
dence as the care cascade is strengthened. Considering 
three control scenarios, we compared annual notifications 
of tuberculosis cases against an alternative indicator, 
P—the proportion of individuals with tuberculosis under
going high-quality tuberculosis treatment. The three 
control scenarios were: (1) no change in the delay-care 
cascade, (2) reducing gaps to 5% (leaving the patient delay 
unchanged), and (3) additionally reducing the patient 
delay by 25% (ie, reaching the full combined measures 
scenario). Scenarios 2 and 3 reflect the distinction between 
passive and active tuberculosis services (ie, services not 
contingent on a patient’s voluntary presentation for care). 
Overall, these scenarios reflect increasing levels of tuber
culosis control effort, with correspondingly increasing 
effect.

We simulated all scenarios from 2018 to 2035, the 
target year of the End TB goals. We assumed all care 
cascade measures to be scaled up in a linear way over 
3 years from 2018 onwards. Model simulations were all 
programmed in C++.

Role of the funding source
The funders had no role in the study design, data 
collection, data analysis, data interpretation, or writing 
of the report. The corresponding author had full access 
to all the data in the study and had final responsibility 
for the decision to submit for publication.

Results
Model fits to the calibration targets for each of the 
country settings are shown in the appendix p 20 with the 
resulting model estimates of the gaps and delays for each 
of the three country settings. For India, the combined 
measures scenario corresponds to reductions of 57% 
(95% CrI 39–65) in incidence and 72% (95% CrI 60–79) 
in mortality by 2035, compared with 2015 (figure 2). The 
appendix (p 29) shows how these interventions influence 
two essential aspects of tuberculosis control: the mean 
length of the care cascade (ie, the duration of infec
tiousness) and the treatment success rate, both averaged 
at the population level.

To address our primary objective, figure 2 shows 
the attributable effect of each element. Results suggest 
that among the gaps considered, the proportion of 
symptomatic individuals visiting high-quality providers 
has the greatest attributable effect. As listed in the 
table, this parameter is improved by intervention through 
measures to engage with the private health-care sector, 

Value Relevant interventions

(Continued from previous page)

Moldova

Tuberculosis delay-care cascade 

Gap: proportion of individuals with incident tuberculosis who 
die or self-cure before presenting for care

4% (95% CrI 2∙6–10∙0)* Case-finding in key populations; contact investigation; encouraging demand for 
tuberculosis services (eg, through social protection for patients with tuberculosis; 
aligning the availability of tuberculosis services to where patients seek care

Delay: initial patient delay before first presentation for care 1∙5 months (95% CrI 1–4)* Case-finding in key populations; contact investigation; encouraging demand for 
tuberculosis services (eg, through social protection for patients with tuberculosis; 
aligning the availability of tuberculosis services to where patients seek care

Gap: proportion of individuals with tuberculosis presenting 
who are diagnosed

93% (95% CrI 79–100; assumption 
to match 80% coverage 2016)33

Improve quality of diagnosis throughout the public health-care system, including 
use of rapid, accurate diagnostics

Gap: proportion of individuals with incident tuberculosis 
undergoing drug sensitivity testing

74%34 Increased use of rapid molecular tests to facilitate recognition of drug sensitivity 
status at the point of tuberculosis diagnosis

Gap: proportion of individuals with retreated tuberculosis 
undergoing drug sensitivity testing

47%34 Increased use of rapid molecular tests to facilitate recognition of drug sensitivity 
status at the point of tuberculosis diagnosis 

Delay: interval between diagnosis and treatment initiation 2∙5 days (95% UI 1∙9–3∙6)30* Network optimisation; aligning the availability of tuberculosis services to where 
patients seek care

Gap: proportion of individuals diagnosed with tuberculosis 
who initiate treatment

93% (95% CrI 79–100) (assumption 
to match 80% coverage 2016)33 

Network optimisation; aligning the availability of tuberculosis services to where 
patients seek care

Gap: proportion individuals diagnosed with tuberculosis 
completing high-quality first-line treatment

80%33 Adherence support interventions in the public sector

Gap: proportion of individuals with tuberculosis completing 
high-quality second-line treatment

48% (95% CrI 41∙0–55∙2; cohort; 
all multidrug resistant tuberculosis 
cases)33

New, shortened second-line regimens

For India, high-quality denotes the public programme, along with private providers that have engaged with the public programme. For Kenya, we incorporate relevant elements of the HIV cascade in a simple 
way (see elements under HIV cascade). UI=uncertainty interval. CrI=credible interval. ECDC=European Centre for Disease Prevention and Control. NTP=National Tuberculosis Programme. *Model estimate. 
†Muthoni Karanja, National AIDS and STI Control Programme, Ministry of Health, Kenya, personal communication.

Table: Quantification of the tuberculosis care cascade in three country settings
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to improve the standard of tuberculosis care in that 
sector. Similarly with delays, the initial patient delay 
before first presentation for care is associated with the 
greatest attributable effect. This interval is estimated 
to be 4∙6 months (table), longer than other delays 
occurring in the cascade. A multivariate sensitivity 
analysis (appendix p 26) shows the key uncertainties 
in these results, highlighting in particular the impor
tance of the infectiousness over time for an individual 
with tuberculosis. In a scenario in which infectiousness 
increases over time, the transmission influence of 
upstream elements in the cascade tends to be promoted 
(eg, the patient delay), and vice versa.

The corresponding results for Kenya show that a 
combined measures scenario yields reductions of 56% 
(95% CrI 48–66) in incidence and 77% (95% CrI 71–83) 
in mortality, relative to 2015 (figure 3). As well as the 
tuberculosis treatment cascade, this scenario includes 
increased antiretroviral therapy (ART) coverage and 
uptake of isoniazid preventive therapy (IPT) among 
individuals on ART (table). Although measures to improve 
the HIV cascade have an important role (ie, coverage of 
ART and of IPT among individuals on ART), the gap with 
the greatest attributable effect is that relating to missed 
diagnosis, and the most prominent delay is again the 

patient delay before first presentation for care. However, 
this delay is only important among individuals with 
tuberculosis who are HIV-negative; it is much shorter 
among HIV-positive individuals with tuberculosis (table). 
This difference potentially reflects the greater severity of 
disease among this subgroup, and the fact that a patient’s 
existing linkage to HIV care might facilitate more rapid 
tuberculosis diagnosis. Overall, it is important to note that 
these results are context dependent. The appendix (p 27) 
shows corresponding results in a situation consistent with 
South Africa, where rates of HIV and tuberculosis co-
infection are much higher (60% compared with 16% in 
Kenya). These results illustrate the greater transmission 
influence associated with the HIV cascade in this higher 
co-infection prevalence setting. The combined effect of 
these measures on the duration of infectiousness and 
treatment success rate, both averaged at the population 
level, are shown in the appendix (p 29).

In Moldova, a combined measures scenario yields 
reductions of 27% (95% CrI 17–41) in cumulative inci
dence and 52% (35–63) in mortality, between 2018 and 
2045 (figure 4). The figure illustrates the importance of 
early drug sensitivity testing for settings with high MDR-
tuberculosis burden, with similar effects attributable to 
levels of drug sensitivity testing in new and previously 
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Figure 2: Assessing tuberculosis intervention priorities in India
Tuberculosis incidence (A) and mortality (B), comparing a baseline scenario (blue curve) to a combined cascade measures scenario in which each gap is reduced to 5%, 
and each delay is shortened by 25%. Shaded areas show 95% credible intervals arising from Bayesian simulation. Error bars in panels A and B show the incidence data 
used to calibrate the model, for comparison. (C, D) Reduction in effect on tuberculosis incidence that occurs when each element of the care cascade is dropped, singly and 
in turn, from the full set of interventions illustrated in panels A and B. Higher bars thus indicate a greater influence on transmission. Similarly, higher bars in panels E and 
F indicate a greater influence in mortality reduction. Blue bars (C, E) denote gaps, and red bars (D, F) denote delays (shown on separate axes because gaps are not directly 
comparable with delays). We do not show the effect of reducing the proportion of tuberculosis patients who never present for care. This gap is modelled as a consequence 
of the patient delay; closing this gap is thus the same intervention as reducing the patient delay (second red bar, panels D, F). LTFU=lost to follow-up. 
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treated cases. As with Kenya, the details of these results 
are context dependent. Other settings might differ in 
the relative importance of new and previously treated 
cases, depending on existing levels of coverage in these 
subgroups. Figure 4 also highlights the importance of 
second-line treatment outcomes, in the control of MDR-
tuberculosis.

Although the delay-care cascade can be a helpful tool 
for understanding control priorities, measures to fix 
the cascade are not sufficient by themselves to achieve 
elimination in high-burden settings. This result can be 
shown with a hypothetical scenario, in which all gaps 
and delays in the cascade are eliminated—ie, patients 
with tuberculosis are initiated on treatment without 
delay or loss from the care cascade (appendix p 28). This 
scenario is artificial but illustrative; even with these 
extreme measures, it would take until 2100 to reach the 
End TB goals in India. As discussed in India’s National 
Strategic Plan,33 measures to prevent tuberculosis on a 
population level are clearly needed to achieve tuberculosis 
elimination in the coming decades.

To address our secondary objective, figure 5 examines 
potential approaches for monitoring future control efforts 
in each country setting. Under the progressively intensive 
tuberculosis control scenarios described (ie, no interven
tion, closing all gaps in the cascade, and additionally 

addressing the patient delay), figure 5A shows how 
tuberculosis notifications might change with each 
scenario. In the case of India, engaging the private sector 
improves the reporting of tuberculosis and therefore 
increases notifications. However, addressing the patient 
delay brings down incidence, therefore decreasing 
notifications. With a similar effect in other country 
settings, figure 5 illustrates challenges in using notifi
cation as a monitoring tool. Increasing or decreasing 
trends are not necessarily linked to programmatic success 
in a straightforward way.

Figure 5B illustrates an alternative metric P, defined as 
the proportion of individuals with tuberculosis who are 
on high-quality treatment. Based on the care cascade, 
this quantity can be increased either by closing gaps 
in the cascade, or by shortening delays, both having 
concomitant effects on incidence. As a result, increasing 
levels of P can be a proxy for incidence effect (figure 5B). 
In practice, as we discuss, monitoring P need not involve 
repeated prevalence surveys in the general population, 
an infeasible task.

Discussion
In an era of renewed ambition for accelerating declines in 
tuberculosis incidence and mortality, there is a need to 
understand in what areas future control efforts need to be 

Figure 3: Assessing tuberculosis intervention priorities in Kenya
Tuberculosis incidence (A) and mortality (B), comparing a baseline scenario (blue curve) to a combined cascade measures scenario in which each gap is reduced to 5%, 
and each delay is shortened by 25%. Shaded areas show 95% credible intervals arising from Bayesian simulation. Error bars in panels A and B show the incidence data 
used to calibrate the model, for comparison. (C, D) Reduction in effect on tuberculosis incidence that occurs when each element of the care cascade is dropped, singly 
and in turn, from the full set of interventions illustrated in panels A and B. Higher bars thus indicate a greater influence on transmission. Similarly, higher bars in panels 
E and F indicate a greater influence in mortality reduction. Blue bars (C, E) denote gaps, and red bars (D, F) denote delays (shown on separate axes because gaps are not 
directly comparable with delays). We do not show the effect of reducing the proportion of tuberculosis patients who never present for care. This gap is modelled as a 
consequence of the patient delay; closing this gap is thus the same intervention as reducing the patient delay (second red bar, panels D, F). LTFU=lost to follow-up.
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focused. In this context, the present work accompanies 
the Lancet Commission on tuberculosis.9 Here, we have 
presented a framework for bringing together the diverse 

themes discussed by the Commission, and for prioritising 
within these themes in a given setting. We have applied 
this analytical framework to three country settings: India, 
Kenya and Moldova, each capturing a distinct, important 
challenge in global tuberculosis control.

Our results underscore three key needs for tuberculosis 
control. First, ensuring the availability of coordinated, 
high-quality tuberculosis care throughout the health-care 
system (strengthening the service side of the care cascade). 
Second, optimising the linkage between these services 
and individuals who would benefit from them, whether 
or not they have presented for care (meeting the need 
for tuberculosis services). And third, recognising that 
strengthening the tuberculosis care cascade in these ways 
is only a first step, and that ultimately there will be a need 
for primary prevention of tuberculosis. We discuss each of 
these in turn.

First, regarding the service side within the care cascade, 
our analysis captures recognised priorities in tuberculosis 
care, including the need for private sector engagement in 
many south Asian countries, the need to assure the 
availability of high-quality diagnostic facilities, and the 
importance of universal drug sensitivity testing for 
control of MDR tuberculosis. These priorities are among 
key themes discussed in the Lancet Commission on 

Figure 5: Potential approaches for monitoring future tuberculosis control efforts
Progression of effect (vertical axis) and indicators (horizontal axis) under a series of intervention scenarios: 
(1) baseline with no intervention until 2045; (2) improving the public sector treatment cascade; and (3) additionally 
shortening the patient delay. Arrows show the progression from scenario (1) to (3), with increasing transmission 
effect. Panels show the behaviour of two possible indicators, under this progression: (A) notifications, as currently 
used to monitor tuberculosis programme performance, and (B) an alternative, cascade-based indicator, the 
proportion of patients with prevalent tuberculosis who are on high-quality tuberculosis treatment. This indicator can 
be increased by any measures to reduce delays and gaps in the cascade (thus reducing the proportion of patients in 
other stages in the cascade). As a result, this indicator shows a closer association with effect than notifications alone. 
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Figure 4: Assessing intervention priorities in Moldova
Tuberculosis incidence (A) and mortality (B), comparing a baseline scenario (blue curve) to a combined cascade measures scenario in which each gap is reduced to 5%, 
and each delay is shortened by 25%. Shaded areas show 95% credible intervals arising from Bayesian simulation. Error bars in panels A and B show the incidence data 
used to calibrate the model, for comparison. (C, D) Reduction in effect on tuberculosis incidence that occurs when each element of the care cascade is dropped, 
singly and in turn, from the full set of interventions illustrated in panels A and B. Higher bars thus indicate a greater influence on transmission. Similarly, higher bars 
in panels E and F indicate a greater influence in mortality reduction. Blue bars (C, E) denote gaps, and red bars (D, F) denote delays (shown on separate axes because 
gaps are not directly comparable with delays). We do not show the effect of reducing the proportion of tuberculosis patients who never present for care. This gap is 
modelled as a consequence of the patient delay; closing this gap is thus the same intervention as reducing the patient delay (second red bar, panels D, F). DST=drug 
susceptibility testing. LTFU=lost to follow-up. FL=first line. SL=second line. 
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tuberculosis.9  Our analysis illustrates the importance, for 
tuberculosis incidence and mortality, of addressing these 
gaps in basic tuberculosis service provision. However, 
these priorities are not universal, and will vary by country. 
The contrast between Kenya and South Africa is an 
example in which both countries are settings with a 
high HIV burden, but measures to improve HIV and 
tuberculosis services take a higher priority in South Africa 
than Kenya (appendix p 27). Our analysis offers a quan
titative, systematic approach for resolving these priorities 
among a complex range of interventions in different 
country settings.

Second, to address the need side, our results suggest that 
much is still to be achieved in all of the three country 
settings that we have analysed. This challenge involves 
reaching individuals with tuberculosis who have not 
presented for care (figures 2–4). The evidence for how 
best to achieve this challenge is incomplete.41 Active 
case-finding is one potential approach, for which imple
mentation should be considered carefully, depending on 
local conditions. India’s 2017 national strategic plan 
prioritises sustained, systematic screening in high-risk 
populations such as individuals living in urban slums, 
which bear a disproportionate tuberculosis burden.42 A 
2018 study in Vietnam has also highlighted the value of 
household contact investigation with longitudinal follow-
up.43,44 However, other, more person-centred approaches 
also merit attention. In practice the patient delay can arise 
from various factors, including barriers in access to care 
such as wage and time costs of seeking care or stigma. 
Social protection mechanisms, such as nutrition and 
cash support for patients with tuberculosis undergoing 
treatment45 might have the secondary but important 
effect of encouraging individuals with symptoms to come 
forward for care. Such effects are as yet only speculative. 
Given the potential importance of these effects for 
controlling transmission, however, our analysis highlights 
these evidence gaps as key priority areas to address for 
future prioritisation.

Third, addressing the care cascade is important but 
ultimately falls short of the magnitude of impact that is 
needed for the End TB goals, which is an important 
limitation of the care cascade (appendix p 28). In particular, 
and in agreement with previous work,46 measures will 
ultimately be required to prevent tuberculosis. Wider 
deployment of preventive therapy is one possible ap
proach, and could become more feasible with ongoing 
development in preventive regimens.47 Other approaches 
to preventing tuberculosis include infection control 
measures in the household, hospital, and other settings. 
Looking beyond vertical disease programmes, the End TB 
strategy recognises the need for multisectoral approaches 
including measures to address comorbidities such as 
nutritional status26 and diabetes,48 and the role of over
crowding, ventilation, and the built environment in 
tuberculosis transmission.49 All of these factors lie outside 
the scope of the tuberculosis care cascade, but, through 

their role in preventing tuberculosis transmission and 
progression, could become essential in reaching the End 
TB goals.

Our findings also illustrate the challenges in moni
toring tuberculosis control efforts with existing standard 
approaches (figure 5). Notifications currently play a central 
role in assessing programme performance. Here we 
propose a complementary indicator—the proportion of 
individuals with tuberculosis on high-quality treatment—
that can only be enhanced by closing gaps in the 
care cascade and by accelerating the rate at which 
individuals with tuberculosis are diagnosed and initiated 
on treatment. By shortening delays, the numbers of 
individuals with tuberculosis in other stages of the cascade 
are reduced. This proposed indicator is therefore 
potentially a more robust correlate of impact, than 
notifications. A clear challenge is that such measures 
depend on prevalence surveys, which, being so resource-
intensive, are ill-suited for routine surveillance. None
theless, focused efforts in high-risk populations, such as in 
urban slums, could be as informative. If tuberculosis 
burden is low in these populations, it is likely to be lower 
in other, lower-risk populations. Sustained, systematic 
screening efforts have already begun in high-risk 
populations in India. Ongoing collection of treatment 
status data from patients with tuberculosis thus identified 
would be valuable in monitoring ongoing control efforts. 
In the longer term, however, such measures should only 
be an interim solution. Evolving health data systems would 
afford invaluable opportunities for monitoring through 
routine data collection. In particular, a well-functioning 
vital registration system, fully integrated with data for 
health-care use, would allow monitoring to shift from 
prevalence-based to mortality-based approaches.

As with any modelling approach, the transmission 
framework has some limitations. Being illustrative and 
not prescriptive, the models we have presented here are 
deliberately simplified. For ease of presentation, they 
are not fully representative of each country setting, but 
rather they are focused on a specific issue in each setting. 
Therefore, this approach should be seen as a framework 
that can be developed as necessary for a given setting, 
to capture all of the key concurrent challenges (eg, HIV 
burden and MDR tuberculosis). In doing so, future 
applications of this approach could benefit from incor
porating additional data sources, including notifications 
and mortality data, especially in settings where these 
sources reflect tuberculosis burden in a stable way. 
Additionally, it has been necessary to address gaps and 
delays separately in the model, recognising that they 
cannot be directly compared with one another.

Among other simplifications, the models presented 
here ignore age and sex structure, and the difference 
between different forms of tuberculosis (eg, pulmonary 
vs extrapulmonary tuberculosis), instead taking an 
average transmission potential. The models also ignore 
subnational heterogeneity, such as the heterogeneities 
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across different counties in Kenya highlighted by patient 
pathway analysis.50 Similarly, urban and rural settings in 
India are likely to call for different approaches.51 In the 
example of Kenya, for simplicity we have not aimed to 
capture the dynamics of HIV, taking it as a model input; 
our estimate of the influence of the HIV cascade 
(figure 3) might therefore be an underestimate. We have 
not addressed cost, as the analysis is intentionally 
unrestricted to any specific interventions. Instead, we 
have focused on identifying the outcomes for which cost-
effective interventions are required. A next step is to 
estimate the upper limits on unit costs, for any future 
activity to be cost-effective. Other modelling analysis 
has, for example, addressed this question in the case of 
active case finding.52 Finally, model findings are subject 
to substantial uncertainty. This uncertainty reflects 
important data gaps relating to health systems, and to the 
natural history of tuberculosis. Multivariate sensitivity 
analysis (appendix p 26) shows the importance of the 
temporal variability in infectiousness, in the relative 
effect of late-stage versus early-stage cascade effects. 
Addressing these factors and other data gaps will have 
important implications for refining our understanding of 
priority interventions.

In summary, tuberculosis is a complex and multi
factorial disease. Although a global problem, priority 
needs in specific settings vary widely depending on 
local epidemiology, and on the combination of activities 
already in effect. In the face of this complexity, there is a 
pressing need for evidence to identify in what way and at 
what stage current efforts are falling short, and where 
future efforts should be focused. Here we have presented 
one possible approach for doing so. Guided by the 
available evidence, future programmatic change could 
realise new opportunities for achieving true declines in 
tuberculosis burden.
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