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Abstract

The current active/latent paradigm of tuberculosis (TB) largely neglects the documented
spectrum of disease. Lack of consistency on definitions, terminology and diagnostic criteria
for different TB states constrains progress in research and product development required to

achieve TB elimination.

We reached consensus on a set of conceptual states, related terminology and research
gaps through a Delphi process, involving 64 experts, representing a wide range of

disciplines, sectors, income settings and geographies.

The resulting International Consensus for Early TB (ICE-TB) framework distinguishes
disease from infection by the presence of macroscopic pathology and defines two subclinical
and two clinical tuberculosis states based on reported symptoms or signs of TB, further
differentiated by likely infectiousness. Presence of viable M. tuberculosis and an associated

host response are prerequisites for all infection and disease states.

Our framework provides a clear direction for TB research, which in time with scientific

progress, will improve TB clinical care and elimination policies.



Key messages

- Need - There is a need for clarity and consistency in the terminology used for conceptual
tuberculosis (TB) states and criteria to enable progress in research towards improvements in
clinical practice and policy.

- Process - We achieved consensus through a Delphi process with wide representation from
geographical locations, gender, professional disciplines, as well as lived and working
experiences

- Disease dimensions - Three disease dimensions were considered to define TB states 1)
macroscopic pathology, 2) infectiousness and 3) symptoms & signs.

- Disease Threshold - Defined as the presence of macroscopic pathology irrespective of
infectiousness or symptoms and signs

- Disease framework - Four disease states were defined: non-infectious and infectious
subclinical TB, as well as non-infectious and infectious clinical TB.

- Non-linearity - After pathology develops, people may fluctuate between infectious and
non-infectious states, and between the presence and absence of symptoms or signs.

- Diagnostic tools - We have imperfect tools to accurately identify the various conceptual
disease states. Developing better tools to facilitate research using the conceptual framework
is an urgent priority.

- Flexibility - The ICE-TB framework will be responsive to new evidence and insight, with

adaptation as needed.



INTRODUCTION

Tuberculosis (TB) has been a major cause of morbidity and mortality for thousands of years.
[1] Despite the availability of a vaccine for over 100 years and drugs for over 75 years, TB
remains the leading cause of death globally from an infectious disease. [2,3] TB has a
complex natural history and pathogenesis which is still incompletely understood. A minority
of people exposed and considered infected with Mycobacterium tuberculosis (Mtb) progress
to disease. The incubation period is variable, with highly heterogeneous disease
presentation and progression pathways. Faced with this complexity, a simplifying framework
has value in helping to guide and communicate the public health approach, management,
and scientific investigation of TB. Periodically, the nature of the framework inevitably must
evolve reflecting new scientific understanding, tools for diagnosis and intervention, and

public health priorities.

The development of curative antibiotic treatment from the late 1940s resulted in a radical
change in the approach to managing TB and led to a shift in approach to disease
classification. Prior to this period, TB was recognised as a dynamic process, [4] with
prognostic stratification by disease extent on chest X-ray (CXR) and the precise
classification of current disease state (arrested, quiescent, active, etc.). [5] This approach
was abandoned and in its place, a simple binary paradigm of latent infection and active
disease emerged. [6,7] The diagnosis of disease increasingly focused on microbiological
confirmation as a prerequisite for receiving curative treatment. Infection was inferred from
evidence of immune sensitisation to Mtb antigens in the absence of features of disease, with
therapy recommended in certain situations to prevent progression to disease. [6] This
binomial simplicity facilitated the development and improvement of programmatic
management of TB during the 1990s particularly with the DOTS strategy, which emphasised
case detection and standardised treatment of symptomatic people with sputum smear-
positive pulmonary TB. [8] While this approach prevented millions of TB deaths [9,10], it had
lesser impact on transmission and disease incidence, possibly because millions of

individuals with TB do not present to health facilities or receive care.

The globally adopted EndTB strategy aims to dramatically reduce TB incidence and mortality
by 2030, with ultimate TB elimination. [11-13] With these ambitious goals, which are
currently not on track to being met, the limitations of the binary active disease vs latent
infection paradigm are increasingly apparent and can hinder progress. Since 2000, over 25
national TB prevalence surveys in Asia and Africa, conducted in over 2,000,000 people,

have shown that approximately 50% of people with sputum culture-positive and potentially
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infectious TB in the community do not report TB symptoms, as traditionally defined. [14]
Natural history descriptions suggest that individuals could remain in this asymptomatic or
minimally-symptomatic state for several months or years. [15,16] This group is not identified
by current symptom-based active case finding strategies. Furthermore, although
immunocompetent adults with Mtb infection that subsequently progress to pulmonary
disease contribute to transmission, attempts to implement TB preventive treatment (TPT) for
this group as a public health strategy to interrupt transmission have faced operational
challenges [17] This is due to the low predictive value of diagnostic tests for infection to
identify those at highest risk of disease progression, resulting in over 100 people requiring
TPT to prevent a single occurrence of disease in some settings. [18] Tests to identify more
precisely those who stand to benefit most from TPT are a priority, but the current binary

framework does not provide a satisfactory mechanism to approach this.

These limitations have been well documented. [19,20] In a scoping review we performed to
inform this work, we identified 40 articles proposing that TB infection and disease is better
represented as multiple states beyond just latent and active. [21] However, there was a lack
of consistency in conceptual and diagnostic definitions, in the number and type of additional
TB states described, and in their terminology. This has understandably led to confusion
among researchers, practitioners and policymakers on the precise meaning and definitions

of terms related to early disease states that precede symptomatic TB.

An updated classification for TB that accommodates key disease states but retains sufficient
simplicity to support pragmatic research and implementation is needed. Such a framework
should provide clarity and consensus for researchers on the definition of distinct conceptual
states, consistent terminology and identify research gaps but also be able to facilitate
communication of the public health approach to TB and ultimately improve individual patient
management. To address this need, an International Consensus Group for Early TB was
convened, comprising a multidisciplinary group of TB survivors, academics, policymakers,
clinicians, industry and funders. In this paper we aim to report on the process and outcomes
of this consensus process that resulted in the International Consensus for Early TB (ICE-TB)

classification framework.

METHODS

We took a systematic Delphi process towards developing consensus through a three-step
approach (Figure 1 and Appendix page 2). [22,23] In the first step, a scoping review was

conducted through a systematic search without date restrictions, for review articles
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describing TB as a multi-state disease. [21] The results of the scoping review provided the
evidence-base for the second step which included two rounds of expert surveys between
November 2022 and January 2023. Building on the survey results, the third step consisted of
an in-person symposium in February 2023 during which the final consensus on conceptual

states and terminologies was reached.

Participants

The project was conceived by AC, HE and RH who formed a Scientific Organising
Committee (SOC) to conduct and manage the project, inviting scientists and clinicians with
long-standing interest in early states of tuberculosis (JS, DW, SZ) and a clinician and policy
expert with expertise in consensus methodology (TK). The SOC invited experts in this area
to compose a steering committee (SC) including senior academics, funders (NIH and Bill
and Melinda Gates Foundation) and representatives from WHO, the International Union
against TB and Lung Disease, FIND (diagnostic product development organisation) and TB
Proof (advocacy group) (PD, PF, GG, NI, MK, GM, MR, PT, RW).

Participants

To enable constructive in-person discussions, participation in the consensus process was
limited to 64 expert delegates (of which 56 attended the in-person symposium), supported by
seven Early Career Researchers (ECR) invited from local universities through an open call
to act as observers and support the in-person meeting through a rapporteur role (Appendix
page 4). Expert delegates were purposefully selected to ensure a diverse and broadly
representative group able to provide opinions that were relevant to a wide spectrum of
stakeholders and reflected a range of priorities, geographical locations with balance in
income settings, gender, professional disciplines as well as lived and working experiences
(Table 1 and Appendix page 4). A list of potential participants was drafted by the SOC, with
further input by the SC, representing academics drawn from a range of scientific specialties,
as well as clinicians (adult, paediatric and public health), policymakers, TB programme and
governmental representatives, TB advocates and survivors, and funders. Invitations were
sent to 56 experts of which 44 accepted (79%), and 3 subsequently withdrew. Eight invited
experts who completed the Delphi Process could not attend the in-person meeting and were
replaced with two experts from the waiting list (1 academic clinical practice, 1 policy) and five
expert observers (4 funder and 1 industry), ensuring maintenance of gender and

geographical representation.

Delphi process - online surveys
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The results of the scoping review helped inform questions for the expert surveys. This
included commonly used terminologies, definitions, nomenclature and diagnostic criteria.
These were utilised to derive the questions and responses for the surveys, including
specifics related to conceptual and diagnostic definitions for each state. The surveys were
drafted by the SOC and reviewed by the SC. A mix of semi-quantitative, open and closed
ended questions were utilised. Pilot testing of the survey was conducted with respondents
consisting of TB researchers from the MRC Clinical Trials Unit at UCL and feedback was
obtained regarding the clarity and relevance for each question. Modifications were made to
the surveys based on the feedback provided and were finalized by the SOC. Both surveys
were subsequently developed on Mentimeter in English and distributed to the participants
through an online link via email. Two authors (SMAZ and HE) analysed the survey results

using MS Excel.

The first survey included 20 Delphi and six free-text qualitative questions that explored the
perceived need for a novel framework, perspectives on TB states, natural history of TB
(including the dimensions that define disease) and research priorities. Participants also rated
35 terminologies for TB states identified from the scoping review. The first survey identified
broad agreement among respondents on the need for a novel classification for TB states
and on key steps in the disease pathogenesis. Participants frequently described the current
binary classification as an “over-simplification”. Important distinguishing criteria for TB states
were also identified. “Transmission potential / infectiousness” and “ability to discriminate
using current or future diagnostics” were identified as key criteria for distinguishing states
whereas “pathological damage” was most frequently mentioned as the starting point for

disease.

Results from the first survey were reviewed by both committees and helped derive questions
for the second survey. Free text responses were analysed qualitatively, and common
phrases and themes were identified to supplement the Delphi questions. At the beginning of
the second survey, summary results from the first survey were shared with participants
online using Mentimeter slides. This was followed by questions asking participants to rate
the relevance of four key steps in TB pathogenesis, five proposed conceptual TB states and
four diagnostic criteria. Participants broadly agreed on the steps in pathogenesis, however,
there was disagreement on diagnostic criteria and relevance for some of the proposed
states. Novel diagnostic tests that are not in routine clinical use but are potentially applicable

for differentiating between disease states were also identified.
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Results from both online surveys (see Appendix page 15) were reviewed by the SOC and
the SC and key discussion points were identified. They were subsequently presented to all
participants at the first session of the in-person consensus meeting with the aim of
establishing broad areas of agreement and to help focus discussions on areas of
disagreement. Word clouds for free text responses generated via Mentimeter were utilised to
corroborate findings of the quantitative results by highlighting the most frequently used

phrases and themes to the participants.

Delphi process - in-person consensus meeting

The consensus meeting consisted of plenary sessions where presentations were followed by
open discussions chaired by content specialists and moderated by an impartial expert
methodologist (TK). In addition, eight small-group workshops were conducted on specific
topics of interest, identified from the first round of online Delphi and discussions between the
SC and SOC to identify likely areas where identifying a consensus might be challenging.
Four expert delegates (BA, BJM, LM, TJS) were invited by the SOC to help design and co-
chair each workshop. (See Appendix page 32 for the full meeting agenda, including

workshop chairs and participants)

At the conclusion of the symposium, agreement on all stages and definitions for the
proposed novel framework was reached through informal polling and discussion to reach a
broad consensus. without the need for a formal vote on any specific disagreement. Several
expert delegates (n=10) declared a priori that they would not vote, including the invited
observers, although this was not needed given the consensus reached without need for
formal vote. Further details on the in-person symposium consensus process are provided in
Appendix page 2-14. Following on from the in-person consensus meeting this position paper
was written by the SOC with input from the SC and workshop co-chairs. All members of the
ICE-TB group were sent a draft of the paper and invited to online-meetings for further
involvement to ensure the draft text, tables and diagrams accurately represented

discussions.

RESULTS

Scoping review

The scoping review identified considerable inconsistency in terminology and definitions used
to describe conceptual disease and non-disease states of Mtb infection, with a total of
twenty-seven distinct state variations identified. As previously described,[21] these 27

variations could be subdivided into eight putative states centred around common concepts
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with suggested nomenclature and diagnostic criteria. These eight putative states and 35
selected terminologies were utilised to develop the Delphi survey questions, including
specifics related to conceptual and diagnostic definitions, and perceived usefulness of each

terminology.

Demographics and characteristics of Delphi participants

The first round of the Delphi survey was conducted between November 17-30, 2022, and the
second round between January 13-30, 2023. 51 of 54 individuals (94%, 25 Academic, 16
Clinical Academic/Clinical Practice, 2 Patient perspective/Lived experience, 6 Policy, 2
Funder) who initially agreed to participate in the survey completed questions in at least one
round (6 of 60 who accepted invitations were observers for the survey [1 SOC, 3 SC, 2
experts]) (Table 1, Figure 1). A total 46 participants responded to the first survey and 48
responded to the second. The three individuals who completed neither round withdrew from
participation due to scheduling conflicts, at varying stages after acceptance. Delphi survey
participants had broad representation, including 39% female, 61% male, nationality 51%
from LMIC, 49% from HIC, 20% from Africa, 22% from the Americas, 24% from Europe, 4%

from Eastern Mediterranean, 18% from South-East Asia and 14% from Western Pacific.

The in-person meeting was held February 1-2, 2023, with 63 participants (28 Academic, 16
Clinical Academic/Clinical Practice, 3 Patient perspective/Lived experience, 7 Policy, 8
Funder, 1 industry), including 43/51 (84%) Delphi survey participants, 7 new invited experts
(replacing 8 who completed the Delphi that could not attend due to visa delays (6) or
scheduling conflict (2)) and 7 local ECR (4 Academic, 3 Clinical Academic/Clinical Practice).
Gender and nationality representation was similar to the Delphi survey with geographical
representation 35% from Africa, 12% from the Americas, 25% from Europe, 3% from

Eastern Mediterranean, 8% from South-East Asia and 8% from Western Pacific (Table 1).

Principles for defining new infection and disease states

Results of the Delphi surveys are detailed in Appendix page 15. Round 1 results established
agreement within the group that the current active/latent TB binary paradigm was insufficient
both for research (89%) or programmatic purposes (76%) to achieve TB elimination and that
a new framework representing more TB states would be beneficial (76%). There was also
agreement that each conceptual state considered should have the possibility of targeted
intervention to provide defined benefits to either the individual (through prevention and care
that improves health and wellbeing) or population/society (through strategies to reduce

transmission).

10



0o N o bk~ W N -

N N A A A A A A A A a
- O ©W 00O N O o0 b W N ~ O ©

22

23
24
25
26
27
28
29
30
31
32
33
34
35
36

Based on the survey results presented at the in-person meeting we then agreed on a set of
principles for the framework. First, a new framework should be parsimonious, i.e. include
only as many states as needed and avoid unnecessary subcategories. Second, it should be
internally consistent, by applying the same criteria throughout. Third, as over a quarter of TB
either occurs in children or is exclusively extrapulmonary [17], a new framework should

conceptually cover all presentations of TB and not be restricted to adult pulmonary TB.

Building on these principles, we agreed that each conceptual state should reflect

pathophysiological processes, rather than be bound solely by practical considerations, such
as the ability to identify them with existing diagnostic tools. We also we agreed a conceptual
state should reflect the current TB state of the host, and not be predicated on an anticipated

future trajectory, which may or may not happen.

Finally, there was consensus regarding the non-linear trajectory of TB, recognising that once
the disease process starts, people may fluctuate between infectious and non-infectious
states, and between the presence and absence of specific symptoms. Over time, an
individual's disease may ultimately resolve or not. [22] The concept of non-linearity across
the spectrum of TB was widely accepted in the early 20" century [4,5] and has been borne
out by recent reviews of historical and contemporary data [15,23] and longitudinal studies of

asymptomatic TB contacts using high-resolution imaging. [24]

Dimensions of infection and disease states

During the first online Delphi survey, we explored views on the points along the natural
history of TB that should be considered as disease. “The point at which
inflammatory/infiltrative pathology to Mtb is evident through imaging” was the earliest point
where the majority agreed or strongly agreed should be considered disease, whereas the
majority disagreed or strongly disagreed that “the point at which a granuloma is formed
containing replicating Mtb” should be considered disease. The reasoning for this related to
recognition of the significance of tissue damage and the potential for impact on organ

structure or function being a distinguishing feature of disease (Appendix page 15).

Within the Delphi surveys, we also asked delegates to indicate the dimensions which could
define TB states, seven reaching majority selection: the presence of 1) viable Mtb, 2) host
response, 3) macroscopic pathology, 4) infectiousness, 5) TB symptoms and signs, 6)

potential for progression and 7) treatment approach.

11
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During in-person Symposium discussions, two features were excluded; potential for
progression (given consensus to base conceptual definitions on current not future states)
and treatment approach (which will continually evolve). The remaining features were

considered fundamental pathophysiological components.

Of these five pathophysiologic features, it was agreed that there are two prerequisite
dimensions for all states of infection and disease, 1) the presence of viable Mtb and 2) an
associated host response (see Table 2 for definitions). Whilst both vary qualitatively between
states, they do not currently help to distinguish between states. The prerequisite of both
distinguishes all states from the concept of colonisation where bacteria are present on or
within the host in the absence of a host response; whether such a state exists for Mtb
remains to be determined. It also emphasises that T cell Mtb antigen immunoreactivity alone
(as determined by Tuberculin Skin Test [TST] or Interferon Gamma Release Assays [IGRA])
is insufficient to define current infection, as T cell memory can persist following Mtb
clearance [25]. In addition, these tests also do not detect all memory responses to Mtb and
can also be potentially falsely negative as Mtb antibodies can be present in individuals who

are not immunoreactive by TST or IGRA.

Having defined two prerequisite dimension of all states, the remaining three
pathophysiological components were agreed as distinct disease dimensions: 1) presence of
macroscopic TB pathology, 2) infectiousness of the host, and 3) TB symptoms or signs (see
Table 2 for definitions). These three dimensions, presenting in distinct combinations, define
four different states of TB (Figure 2a-b, and Table 3).

Macroscopic pathology

Macroscopic pathology was agreed as the first disease distinguishing dimension with its
presence a prerequisite for all disease states, potential infectiousness (when occurring in the

respiratory tract) and symptoms and signs of TB.

Macroscopic pathology here is distinct from a contained granuloma or completely healed
lesions, referring to the cellular infiltration occurring after failure of Mtb containment. This
may be observed directly on anatomical samples (biopsy or autopsy), by clinical
examination, or by imaging. It was recognised that the very initial stages of this infiltration
may be microscopic and below the limit of detection of current imaging approaches (i.e.
0.25mm with ultra-high resolution CT). However, this microscopic pathology would not
impact organ structure or function and it is appropriate to place the disease threshold as

macroscopic pathology, which also facilitates detection.

12
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Treatment in those with macroscopic pathology could minimise the unfavourable
consequences for the individual associated with pathological tissue damage and chronic

inflammation as a part of a person-centred approach to management of TB.

Infectiousness

The second dimension, infectiousness, reflects the ability of an individual to aerosolise or
expectorate Mtb from the respiratory tract which has the potential to cause new Mtb
infections, driving the societal impact of TB through Mtb transmission. Macroscopic
pathology will be present in the lung or respiratory tract. Establishing infectiousness at an
individual level remains challenging and there is considerable heterogeneity in the degree of
infectiousness between though able to aerosolise or expectorate Mtb which is poorly
understood. However, conceptually it is a key point of intervention as reducing or, where
possible, preventing transmission from infectious individuals is one of the main goals of TB

programmes along with improving individual outcomes.

Symptoms and signs of TB

Clinical characteristics represent the third dimension. Present with or without infectiousness,
symptoms and signs are caused by the host response to Mtb and may prompt the individual
to seek care, enabling low-cost passive case detection which has been the cornerstone of
TB care for decades, as well as a potential starting point for clinic and community-based

screening programmes. [26]

International Consensus for Early TB (ICE-TB) framework

Guided by the consensus principles and considerations, we derived a framework with five
conceptual states (1 non-disease and 4 disease) and consistent terminology (see Appendix

page 30).

Mitb infection
Conceptually a non-disease state, where viable Mtb exist in the host but are effectively
contained by the immune response. The individual has no macroscopic pathology or

symptoms or signs consistent with TB and is non-infectious.
Whilst Mtb infection must precede the onset of disease, this state is also the most

problematic to diagnose with current tools, such as the TST or IGRA which only detect

immunoreactivity to Mtb (see below). [27] A minority of those infected (currently only inferred

13
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by conversion to positive immunoreactivity following exposure) will develop disease. [28,29]
While Mtb infection was assumed to be lifelong in the classic framework, evidence now
suggests that a substantial proportion of individuals self-clear infection. [30,31] Existing
estimates for the proportion of people with Mtb infection are based on immunoreactivity, [32]

likely leading to an overestimate.

Successful antibiotic or immune-mediated clearance of viable bacteria, or maintaining
granuloma control, would decrease risk of disease development and negative outcomes
arising. Similarly, potential transmission in the future would be prevented (Figure 2a, top
row). Once an individual fails to contain Mtb infection and develops macroscopic pathology

the following subclinical and clinical disease states are recognised.

Subclinical TB, non-infectious

In this disease state, macroscopic pathology is present, but the individual is not infectious,
and symptoms or signs, if present, are not recognised or not acknowledged by the individual,
or are insufficient to seek care. Therefore, typically it would be identified through screening

using an imaging modality.

Assessing whether the observed pathology is due to viable Mtb when microbiological
investigation of samples are negative is challenging (see Diagnostic Considerations and
Research Priorities below). Subclinical non-infectious TB could occur at extrapulmonary

sites but would require a screening mechanism other than chest imaging to be detected.

Treatment of this state has the benefit to the individual of limiting further pathological
damage [33] and resolving chronic inflammation, which if left could cause further illness,
post-TB sequelae or death and could impact other comorbidities. Treatment also prevents

potential future infectiousness.

Subclinical TB, infectious

Individuals with subclinical, infectious TB are capable of transmitting Mtb with macroscopic
pathology present, but symptoms, if present, are not recognised or not acknowledged by the

individual, or are insufficient to seek care.

Primarily occurring in pulmonary disease, this state results from progressive
immunopathology allowing Mtb escape into tissue-air interfaces, where Mtb aerosolization or
expectoration contributes to transmission, although transmission intensity likely varies over

time, with lesion nature and perhaps infecting strain of Mtb. [34] Aerosolization can occur

14
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without coughing, through breathing and speaking, although it has not yet been established
whether Mtb released in this method can be cultured, they were confirmed physiologically
active. [35,36] Analysis of household contact data has suggested that subclinical TB is
infectious, [37,37,38] while modelling analyses of empirical data suggest that individuals can
persist in this state for prolonged periods, which means in terms of transmission an average
lower bacterial burden could be nevertheless associated with prolonged periods of

infectiousness and thereby substantial transmission. [15,39,40]

Contemporary prevalence surveys have shown that this state represents around half of
individuals with prevalent infectious pulmonary disease, [14] based on CXR and
microbiological testing with culture or PCR-based testing of sputum. In the future, better
sampling techniques for respiratory aerosols may further improve the detection of subclinical
infectious TB (see below). Although prevalence surveys rarely also identify those positive on
sputum microbiology and normal CXR, pathology is typically evident with higher resolution

imaging. [24]
Treatment of this state has the benefit of limiting further pathological damage, resolving
chronic inflammation, and therefore preventing the potential risk of iliness, post-TB sequelae

or death. Detection and treatment should also reduce Mtb transmission. [41]

Clinical TB, non-infectious

This state includes all forms of disease where the affected individual experiences symptoms
or signs sufficient for them to be recognised or for the individual to seek care. However, the

individual is not infectious.

A substantial proportion of adults presenting clinically with pulmonary TB have
bacteriologically-negative sputum, and may be classified in this state. [17] In addition, most

extrapulmonary TB in adults and most TB in children falls within this disease state.
Treatment at this stage can arrest pathological damage or promote resolution to improve
health and survival for the individual. For pulmonary disease, it can also prevent possible

future transmission.

Clinical TB, infectious

This state most closely reflects the classic ‘active TB’ (i.e. individuals are infectious based on
sputum microbiologically confirmed pulmonary TB, which is diagnosed among individuals

experiencing symptoms or signs of TB sufficient for them to be recognised by the individual
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or prompt them to seek care). Any symptomatic individual able to aerosolise Mtb would be
considered to be in this state irrespective of disease at other sites (i.e. they may also have

extra-pulmonary disease or disseminated disease)

Contemporary prevalence surveys have shown that this group makes up about half of
prevalent pulmonary infectious disease, which contributes strongly to transmission.
[14,42,43]

Treatment is key to prevent death from TB, as well as reducing further progressive

pathological damage, post-TB sequelae and transmission.

Incipient TB
The inclusion of the concept and/or term “incipient” TB was explored in the Delphi process

and discussed in person. The consensus was to not include this conceptual state in the
framework, since it represented a trajectory rather than a state, which was inconsistent with
the consensus principle-based approach (see Appendix page 30 for fuller discussion). In
addition, in the on-line Delphi Survey when asked about the use of the term in TB staging on
a 5-point Likert scale “incipient TB” itself was less popular than other terms with a mean

score of 2.8 (see Appendix page 15).

Diagnostic considerations

While identifying diagnostic criteria for the states was a desired outcome of the ICE-TB
meeting, the lack of validated tools for some states meant this was not feasible. However,
acknowledging the limitations, it was agreed that tools across the expanding diagnostic
landscape could be used to classify an individuals’ TB state according to the relevant
disease dimensions, particularly in a research context. Establishment of appropriate
reference standards for the new states and subsequent development of new diagnostic tools
will be necessary to define the TB states more accurately. (See Table 3 for a list of potential

tools, sample approaches, and likely performance in detecting the disease dimensions).

The issue of imperfect reference standards has long been a challenge for the TB field,
especially for extrapulmonary TB, paediatric TB, and TB in people living with HIV, due to the
paucibacillary nature of the samples usually available for diagnosis. However, many
research groups have designed and validated composite reference standards with
predetermined rules, consisting of multiple concurrent or sequential tests and applying
statistical methods to correct for the imperfect nature of the existing reference standards,

(e.g. for TB meningitis). [44] Additionally, applying Bayesian approaches such as latent class
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analysis where imperfect reference standards exist, can help minimize misclassification

when doing accuracy trials. [45,46]

Following development of a consensus-driven reference standard, it will be imperative to
have robust study designs to evaluate diagnostic accuracy and effectiveness of existing and
new tools for each TB state. This will require careful considerations around study designs,

participant inclusion criteria, statistical approaches, and outcome measures.

Viable Mtb

There is currently no validated test of viable Mtb that can be used to confirm the state of Mtb
infection. Validated molecular tools that detect Mtb DNA or antigen (i.e. LAM) confirm
bacterial antigen presence but not viability, while current host immunoreactivity assays (e.g.
TST or IGRA) can only infer recent/previous Mtb infection. Repeat tests for immunoreactivity
confirming conversion from negative to positive suggests a recent infection event and are
associated with an elevated risk of subsequent disease. As test positivity can persist
following Mtb clearance, the probability of infection varies by exposure timing and frequency.
Host response tests to confirm viable Mtb infection under diagnostic evaluation include Mtb-
specific T cell activation markers, which detect T cells actively responding to Mtb antigen in
the body. [47,48]

Host response
Host immunological response can be separated into two types: Mtb-specific antigen

responses used to monitor infection (as described for Viable Mtb) and host-specific
responses that reflect ongoing pathophysiological processes. Tests which inform disease
processes include blood transcriptional signatures under evaluation for clinical TB diagnosis
and progression risk. [49,50] The development of new host response tests for different

disease states will be important particularly for non-infectious TB.

Macroscopic pathology

Assessment of pathology has been a cornerstone of TB care and research since the
development of X-Ray to produce radiographs. CXR remains widely used as a screening
and diagnostic tool. Cross sectional imaging with CT considerably increases the sensitivity to
identify pathological changes and can be enhanced by FDG-PET, to provide deep insights
into the presence of likely TB-associated pathology.[51] However, current radiotracers and
imaging approaches are not specific for TB and are suboptimal for monitoring treatment
response, which are significant limitations and could result in overtreatment if used alone to

guide treatment decisions. There has been progress in the development of PET radiotracers
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30

31
32
33
34
35
36

more specific for TB, which could be a valuable research tool. However, this would not have
wide implications globally for clinical diagnosis. [52,53] However, development of blood,
urine or respiratory biomarkers and diagnostic tests that could detect TB-specific pathology

with high sensitivity and specificity could be transformative. [54,55]

Infectiousness

Assessment of infectiousness has been based on identifying Mtb in respiratory samples,
particularly sputum, using sputum smear, culture, or molecular tests. In recent years, new
sample modalities are being developed, including upper respiratory tract samples (e.g.,
tongue swabs), and bio-aerosol capture, using the Cough Aerosol Sampling System (CASS)
and face mask sampling technologies. [36,56] Identification of Mtb in respiratory samples is
a key, but only first, step in establishing infectiousness, which is the potential ability to cause
new Mtb infections (Table 2). Tests ideally need validating through; for example, the guinea
pig transmission model [57], measuring Mtb infection in household contacts [58,59], or using
molecular tools to identify whether epidemiologically linked individuals present with
genetically closely linked Mtb. [60,61] In this context, the CASS is currently the best-
performing tool, showing good correlation with clinical endpoints including TST and IGRA

conversion and downstream development of symptomatic, infectious TB. [62,62]

Symptoms or signs

Establishing the presence of symptoms or signs of TB is a trade-off between sensitivity
(identifying as many individuals with potential TB) and specificity (avoiding over diagnosing
this dimension) [63], as highlighted by the complementary use of CXR in TB prevalence
surveys. Widely used screening tools such as presence of cough or the WHO 4-symptom
screen are known to omit certain symptoms or signs that people may report if asked. [26,64]
Even when present, a symptom or sign may not be reported by the individual, highlighting
the difference between subclinical and asymptomatic (Table 2). [64] The optimal approach to
assessing TB symptoms or signs will also depend on setting (research, screening

programme, clinical care) and goal in terms of sensitivity and specificity.

Research priorities

Key research priorities were identified during discussions and further developed during topic-
specific workshops. Priority areas include diagnosis, interventions for treatment and
prevention, defining the individual (morbidity and mortality) and population (transmission and
incidence) benefits of intervening during subclinical and non-infectious clinical TB states,

and challenges for programmatic implementation (Table 4).
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Such research efforts will help with the further operationalisation of the disease dimensions
(macroscopic pathology, infectiousness and symptoms or signs), including establishing
diagnostic thresholds and where possible quantifying the non-linearity (how quickly
individuals move in and out of disease states), as well as enable broader consultations to

establish language that can be used in clinical and public interactions.

Diagnostics
Key priorities are development of 1) reference standards and 2) validated operational tests

for all dimensions of infection and disease. This includes evaluation of existing tools against
the new states, as well as the development of new tools. The area of greatest diagnostic
need is biomarkers for non-infectious subclinical and clinical TB to increase diagnostic
confidence that radiographically evident disease is caused by Mtb, in absence of
sputum/biopsy microbiological positivity. In addition, while current immunoreactivity tests
remain in use despite their limitations, developing a test to confirm Mtb infection by

demonstrating presence of viable bacilli is key.

Treatment

It is likely that the combination of duration and composition for a curative regimen for
subclinical TB will lie between that of current TPT for Mtb infection and treatment for ‘active
TB’ (clinical infectious TB in our framework). A key research priority is therefore to identify
the optimal combination, dosage and duration of anti-mycobacterial drugs, as well as any
relevant host directed therapies, to effectively treat each TB state and prevent future

progression (Figure 2b).

Individual benefits

Two priorities were agreed upon: determining 1) the benefit of subclinical TB treatment for
reducing TB mortality, recurrence/relapse and post-TB sequelae; and 2) the potential impact
of chronic subclinical TB-associated inflammation on exacerbation of comorbidities, including
HIV-1, diabetes, lung cancer, cardiovascular and chronic kidney disease. [65,66] This will be
aided by a better understanding of the macroscopic and microscopic cellular alterations that

correlate with the presentation of subclinical TB.

Transmission
The relative infectiousness of infectious-subclinical TB and tools to define infectiousness are
key research priorities to determine the benefit of subclinical TB treatment and prevention on

community transmission and, consequently, TB incidence.
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Implementation

Operational and implementation research will need to complement diagnostic development
and clinical trials for subclinical TB states and non-infectious clinical pulmonary TB to avoid
poorly implemented algorithms and misclassification of individuals resulting in inappropriate
treatments. Requirements for adoption include engagement with policymakers, updating of
national and international guidelines, training curricula and surveillance systems, as well as
engaging with individuals and communities to co-develop acceptable diagnostic and

treatment approaches targeted towards each TB state.

DISCUSSION

The inadequacies of the binary active/latent TB paradigm have been highlighted for several
years. There has been increasing recognition, reflected by numerous articles and
commentaries, on the need for additional states without a clear strategy on how to move this
agenda forward. Here we have taken the next step, bringing together a diverse group of
stakeholders and experts to identify the most useful classification that reflects our current

understanding of TB conceptual states and relevant research priorities.

The new classification highlights variability in three central dimensions of TB (macroscopic
pathology, infectiousness and symptoms or signs), and their separate consideration should
result in greater flexibility and accuracy of categorization of a disease that operates on a
spectrum. We also highlight how infectiousness can be independent of symptoms, yet

disease cannot exist without pathology.

Emphasising how disease pathology can occur without symptoms and infectiousness (the
latter as suggested by the detection of Mtb in respiratory samples) we provide a potential
approach for early diagnosis and intervention in those with subclinical non-infectious TB to

prevent progression to infectious TB, thus distinguishing it from TPT for Mtb infection.

By definition, the classification is a simplification of the disease process and reflects current
understanding and evidence, and as such limitations and compromises are inevitable.
Arguments could be made to further subdivide severe or late disease. The framework does
not cover all disease scenarios (for example severe disease that may have different
prognosis, or post-TB outcome) as its initial purpose is to enable research towards improving

TB elimination and therefore, we focused on better defining early disease states.
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While this consensus group will not have included all voices, by involving a large and diverse
group of stakeholders we hope that it reflects a wide range of views to enable broad

acceptance.

The process of developing and implementing a new classification will take time and should
be revisited at regular intervals to (1) continue to include other views and perspectives, (2)
reflect on feedback of groups seeking to implement it in a range of settings, (3) potentially
extend the framework, for example to consider advanced disease and post-TB complications
and, crucially, (4) incorporate new research findings and diagnostic developments. Areas of
emerging research that could influence our understanding of TB are the study of Mtb in
bioaerosols, investigation of cellular reservoirs of Mtb, impact of subclinical inflammation on
co-morbidities and post-TB sequela, assessment of viable Mtb post-treatment and existence

of Mtb colonization.

Our proposed classification is conceptual, but the intention is for it to ultimately inform public
health and clinical practice as well. Some elements will be immediately relevant to all areas,
particularly the awareness of subclinical disease states. By providing a shared framework for
the required research, individuals working across fundamental science, qualitative and
quantitative approaches, implementation science, and policy research, our framework can
have the assurance that results will have broad application, and work towards the required
policy shifts. For example, as the binary paradigm led to a binary treatment approach and a
one-size fits all approach to treat disease, our classification suggests a reconsideration of
existing boundaries between preventive and curative treatment policies. [67] These and
other urgent areas of research, including but not restricted to those outlined in the previous

section, will need to be taken up over the coming years.

Realising the full potential of the new international consensus classification will require

promotion by a broad group of stakeholders, with funding to support key research questions
and regular review to revise the conceptual model as necessary. In time the new framework
should contribute to TB elimination if it facilitates early diagnosis and effective treatment that

optimises patient outcomes and minimises Mtb transmission within affected communities.

ACKNOWLEDGEMENTS

Funding for the consensus meeting venue and accommodation for participants was provided
by Wellcome (Grant Ref: 203135Z/16/Z). Funding for participants travel costs to attend the
consensus meeting was provided by National Institutes of Health/RePORT RSA (Grant Ref:
G-202211-69475) and the Bill and Melinda Gates Foundation (Grant Ref: UCT 35044). No

21



0o N o bk~ W N -

N N N N U U U U |
© 0O N O o b~ W N -~ O ©

20
21

22

funding was received for the writing of this paper. SZ was funded though the Commonwealth
Scholarship Commission. The work was also supported by the Medical Research Council
(Grant Ref: MR/V00476X/1) awarded to HE, the European Research Council (Starting Grant
— Action Number 757699) awarded to RH and the National Health and Medical Research
Council (Grant Ref: GNT2020750) awarded to AC. For the purposes of open access, the
authors have applied a CC-BY public copyright to any author-accepted manuscript arising

from this submission.

CONTRIBUTORS

The project was conceived by AC, HE and RH. AC, HE, RH, TK, JS, DW, SZ formed the
Scientific Organising Committee, drafted the Delphi questionnaires, undertook the Scoping
Review, developed the agenda for the in-person meeting and wrote the first draft of the
Position Paper. PD, PF, GG, NI, MK, GM, MR, PT, RW formed the Steering Committee,
commented on the Delphi Questionnaires, advised on the invitees to the Delphi process and
agenda for the in-person meeting and inputted into the Position Paper and approved the
final version. BA, BM, LM, TS co-organised and co-chaired workshops at the in-person
meeting and inputted in the Position Paper and approved the final version. All members of

the ICE-TB participants attended the in-person to find consensus.

DECLARATION OF INTEREST
Authors declare no significant conflicts of interest

22



N
SQOWoo~NOOOTPR~,WDN

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

References

[1]

[2]

[3]

[4]

[5]

[6]
[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Comas |, Coscolla M, Luo T, Borrell S, Holt KE, Kato-Maeda M, et al. Out-of-Africa
migration and Neolithic coexpansion of Mycobacterium tuberculosis with modern
humans. Nat Genet 2013;45:1176-82. https://doi.org/10.1038/ng.2744.

Lange C, Aaby P, Behr MA, Donald PR, Kaufmann SHE, Netea MG, et al. 100 years of
Mycobacterium bovis bacille Calmette-Guérin. Lancet Infect Dis 2022;22:e2-12.
https://doi.org/10.1016/S1473-3099(21)00403-5.

British Medical Research Council. Streptomycin Treatment of Pulmonary Tuberculosis:
A Medical Research Council Investigation. Br Med J 1948;2:769-82.
https://doi.org/10.1136/bm;j.2.4582.769.

Gothi GD. Natural History of Tuberculosis. Indian J Tuberc 1978;25:13.

National Tuberculosis Association. Diagnostic Standards and Classification of
Tuberculosis - 1940 edition 1940.

Weg JG. Diagnostic standards of tuberculosis--revised. JAMA 1976;235:1329-30.
https://doi.org/10.1001/jama.235.13.1329.

Long ER, Hopkins FD. History of Diagnostic Standards and Classification of
Tuberculosis of the National Tuberculosis Association. Am Rev Tuberc 1952;65:494—
504.

World Health Organization. Communicable Diseases Cluster. What is DOTS? : a guide
to understanding the WHO-recommended TB control strategy known as DOTS. World
Health Organization; 1999.

Raviglione M, Marais B, Floyd K, Lonnroth K, Getahun H, Migliori GB, et al. Scaling up
interventions to achieve global tuberculosis control: progress and new developments.
Lancet 2012;379:1902—13. https://doi.org/10.1016/S0140-6736(12)60727-2.

Mandal S, Chadha VK, Laxminarayan R, Arinaminpathy N. Counting the lives saved by
DOTS in India: a model-based approach. BMC Medicine 2017;15.
https://doi.org/10.1186/s12916-017-0809-5.

Floyd K, Glaziou P, Houben RMGJ, Sumner T, White RG, Raviglione M. Global
tuberculosis targets and milestones set for 2016—2035: definition and rationale. Int J
Tuberc Lung Dis 2018;22:723-30. https://doi.org/10.5588/ijtld.17.0835.

Lonnroth K, Migliori GB, Abubakar I, D’Ambrosio L, de Vries G, Diel R, et al. Towards
tuberculosis elimination: an action framework for low-incidence countries. Eur Respir J
2015;45:928-52. https://doi.org/10.1183/09031936.00214014.

Migliori GB, Dowdy D, Denholm JT, D’Ambrosio L, Centis R. The path to tuberculosis
elimination: a renewed vision. Eur Respir J 2023;61:2300499.
https://doi.org/10.1183/13993003.00499-2023.

Frascella B, Richards AS, Sossen B, Emery JC, Odone A, Law I, et al. Subclinical
Tuberculosis Disease—A Review and Analysis of Prevalence Surveys to Inform
Definitions, Burden, Associations, and Screening Methodology. Clinical Infectious
Diseases 2021;73:€830—41. https://doi.org/10.1093/cid/ciaa1402.

Richards AS, Sossen B, Emery JC, Horton KC, Heinsohn T, Frascella B, et al.
Quantifying progression and regression across the spectrum of pulmonary tuberculosis:
a data synthesis study. The Lancet Global Health 2023. https://doi.org/10.1016/S2214-
109X(23)00082-7.

Kendall EA, Shrestha S, Dowdy DW. The Epidemiological Importance of Subclinical
Tuberculosis. A Critical Reappraisal. Am J Respir Crit Care Med 2021;203:168-74.
https://doi.org/10.1164/rccm.202006-2394PP.

World Health Organization. Global tuberculosis report 2022. Geneva: World Health
Organization; 2022.

Jonas DE, Riley SR, Lee LC, Coffey CP, Wang S-H, Asher GN, et al. Screening for
Latent Tuberculosis Infection in Adults: Updated Evidence Report and Systematic
Review for the US Preventive Services Task Force. JAMA 2023;329:1495-509.
https://doi.org/10.1001/jama.2023.3954.

23



O©COoONOOBRWN-

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Drain PK, Bajema KL, Dowdy D, Dheda K, Naidoo K, Schumacher SG, et al. Incipient
and Subclinical Tuberculosis: a Clinical Review of Early Stages and Progression of
Infection. Clinical Microbiology Reviews 2018;31:24.

Barry 3rd CE, Boshoff HI, Dartois V, Dick T, Ehrt S, Flynn J, et al. The spectrum of
latent tuberculosis: rethinking the biology and intervention strategies. Nat Rev Mic
2009;7:845-55.

Zaidi SM, Coussens A, Kredo T, Seddon J, Warner D, Houben RMGJ, et al. Beyond
latent and active: a scoping review of conceptual frameworks and diagnostic criteria for
tuberculosis 2023:2023.07.05.23292171. https://doi.org/10.1101/2023.07.05.23292171.
Meghji J, Lesosky M, Joekes E, Banda P, Rylance J, Gordon S, et al. Patient outcomes
associated with post-tuberculosis lung damage in Malawi: a prospective cohort study.
Thorax 2020;75:269—78. https://doi.org/10.1136/thoraxjnl-2019-213808.

Sossen B, Richards AS, Heinsohn T, Frascella B, Balzarini F, Oradini-Alacreu A, et al.
The natural history of untreated pulmonary tuberculosis in adults: a systematic review
and meta-analysis. The Lancet Respiratory Medicine 2023.
https://doi.org/10.1016/S2213-2600(23)00097-8.

Esmail H, Coussens AK, Thienemann F, Sossen B, Mukasa S, Warwick J, et al. High
resolution imaging and five-year tuberculosis contact outcomes
2023:2023.07.03.23292111. https://doi.org/10.1101/2023.07.03.23292111.

Behr MA, Edelstein PH, Ramakrishnan L. Is Mycobacterium tuberculosis infection life
long? BMJ 2019:15770. https://doi.org/10.1136/bm;.I15770.

World Health Organization. WHO consolidated guidelines on tuberculosis - Module 2:
Systematic screening for tuberculosis disease. Genéve: World Health Organisation;
2021.

Pai M, Behr M. Latent Mycobacterium tuberculosis Infection and Interferon-Gamma
Release Assays. Microbiol Spectr 2016;4.

https://doi.org/10.1128/microbiolspec. TBTB2-0023-2016.

Menzies NA, Wolf E, Connors D, Bellerose M, Sbarra AN, Cohen T, et al. Progression
from latent infection to active disease in dynamic tuberculosis transmission models: a
systematic review of the validity of modelling assumptions. The Lancet Infectious
Diseases 2018. https://doi.org/10.1016/S1473-3099(18)30134-8.

Horton KC, Richards AS, Emery JC, Esmail H, Houben RMGJ. Re-evaluating
progression and pathways following Mycobacteria tuberculosis infection within the
spectrum of tuberculosis disease 2022:2022.12.14.22283422.
https://doi.org/10.1101/2022.12.14.22283422.

Fan W-C, Liu C-J, Hong Y-C, Feng J-Y, Su W-J, Chien S-H, et al. Long-term risk of
tuberculosis in haematopoietic stem cell transplant recipients: a 10-year nationwide
study. Int J Tuberc Lung Dis 2015;19:58-64. https://doi.org/10.5588/ijtld.14.0301.

Lee H-J, Lee D-G, Choi S-M, Park SH, Cho S-Y, Choi J-K, et al. The demanding
attention of tuberculosis in allogeneic hematopoietic stem cell transplantation
recipients: High incidence compared with general population. PLoS One
2017;12:e0173250. https://doi.org/10.1371/journal.pone.0173250.

Houben RMGJ, Dodd PJ. The Global Burden of Latent Tuberculosis Infection: A Re-
estimation Using Mathematical Modelling. PLoS Med 2016;13:1002152.
https://doi.org/10.1371/journal.pmed.1002152.

British Medical Research Council. A study of the characteristics and course of sputum
smear-negative pulmonary tuberculosis. Tubercle 1981;62:155-67.

Zwyer M, Rutaihwa LK, Windels E, Hella J, Menardo F, Sasamalo M, et al. Back-to-
Africa introductions of Mycobacterium tuberculosis as the main cause of tuberculosis in
Dar es Salaam, Tanzania. PLOS Pathogens 2023;19:e1010893.
https://doi.org/10.1371/journal.ppat.1010893.

Dinkele R, Gessner S, McKerry A, Leonard B, Leukes J, Seldon R, et al. Aerosolization
of Mycobacterium tuberculosis by Tidal Breathing. Am J Respir Crit Care Med 2022.
https://doi.org/10.1164/rccm.202110-23780C.

24



O©COoONOOBRWN-

[36] Williams CM, Abdulwhhab M, Birring SS, De Kock E, Garton NJ, Townsend E, et al.
Exhaled Mycobacterium tuberculosis output and detection of subclinical disease by
face-mask sampling: prospective observational studies. The Lancet Infectious
Diseases 2020:5S1473309919307078. https://doi.org/10.1016/S1473-3099(19)30707-8.

[37] Emery JC, Dodd PJ, Banu S, Frascella B, Garden FL, Horton KC, et al. Estimating the
contribution of subclinical tuberculosis disease to transmission — an individual patient
data analysis from prevalence surveys 2022:2022.06.09.22276188.
https://doi.org/10.1101/2022.06.09.22276188.

[38] Xu Y, Cancino-Mufoz I, Torres-Puente M, Villamayor LM, Borras R, Borras-Mafez M,
et al. High-resolution mapping of tuberculosis transmission: Whole genome sequencing
and phylogenetic modelling of a cohort from Valencia Region, Spain. PLoS Med
2019;16:€1002961. https://doi.org/10.1371/journal.pmed.1002961.

[39] Ku C-C, MacPherson P, Khundi M, Nzawa R, Feasey HRA, Nliwasa M, et al. Estimated
durations of asymptomatic, symptomatic, and care-seeking phases of tuberculosis
disease. Epidemiology; 2021. https://doi.org/10.1101/2021.03.17.21253823.

[40] Ryckman TS, Dowdy DW, Kendall EA. Infectious and clinical tuberculosis trajectories:
Bayesian modeling with case finding implications. Proc Natl Acad Sci U S A
2022;119:€2211045119. https://doi.org/10.1073/pnas.2211045119.

[41] Marks GB, Nguyen NV, Nguyen PTB, Nguyen T-A, Nguyen HB, Tran KH, et al.
Community-wide Screening for Tuberculosis in a High-Prevalence Setting. New
England Journal of Medicine 2019;381:1347-57.
https://doi.org/10.1056/NEJMoa1902129.

[42] Onozakil, Law I, Sismanidis C, Zignol M, Glaziou P, Floyd K. National tuberculosis
prevalence surveys in Asia, 1990-2012: an overview of results and lessons learned.
Trop Med Int Health 2015;20:1128—45. https://doi.org/10.1111/tmi.12534.

[43] Law I, Floyd K, African TB Prevalence Survey Group. National tuberculosis prevalence
surveys in Africa, 2008-2016: an overview of results and lessons learned. Trop Med Int
Health 2020;25:1308—-27. https://doi.org/10.1111/tmi.13485.

[44] Marais S, Thwaites G, Schoeman JF, Térok ME, Misra UK, Prasad K, et al.
Tuberculous meningitis: a uniform case definition for use in clinical research. The
Lancet Infectious Diseases 2010;10:803-12. https://doi.org/10.1016/S1473-
3099(10)70138-9.

[45] MacLean EL, Kohli M, Képpel L, Schiller I, Sharma SK, Pai M, et al. Bayesian latent
class analysis produced diagnostic accuracy estimates that were more interpretable
than composite reference standards for extrapulmonary tuberculosis tests. Diagn Progn
Res 2022;6:11. https://doi.org/10.1186/s41512-022-00125-x.

[46] Kohli M, Schiller I, Dendukuri N, Dheda K, Denkinger CM, Schumacher SG, et al.
Xpert® MTB/RIF assay for extrapulmonary tuberculosis and rifampicin resistance.
Cochrane Database of Systematic Reviews 2018.
https://doi.org/10.1002/14651858.CD012768.pub2.

[47] Mpande CAM, Musvosvi M, Rozot V, Mosito B, Reid TD, Schreuder C, et al. Antigen-
Specific T-Cell Activation Distinguishes between Recent and Remote Tuberculosis
Infection. Am J Respir Crit Care Med 2021;203:1556-65.
https://doi.org/10.1164/rccm.202007-26860C.

[48] Hiza H, Hella J, Arbués A, Magani B, Sasamalo M, Gagneux S, et al. Case—control
diagnostic accuracy study of a non-sputum CD38-based TAM-TB test from a single
milliliter of blood. Sci Rep 2021;11:13190. https://doi.org/10.1038/s41598-021-92596-z.

[49] Sutherland JS, van der Spuy G, Gindeh A, Thuong NTT, Namuganga A, Owolabi O, et
al. Diagnostic Accuracy of the Cepheid 3-gene Host Response Fingerstick Blood Test
in a Prospective, Multi-site Study: Interim Results. Clin Infect Dis 2022;74:2136—41.
https://doi.org/10.1093/cid/ciab839.

[50] Scriba TJ, Fiore-Gartland A, Penn-Nicholson A, Mulenga H, Kimbung Mbandi S, Borate
B, et al. Biomarker-guided tuberculosis preventive therapy (CORTIS): a randomised
controlled trial. The Lancet Infectious Diseases 2021:51473309920309142.
https://doi.org/10.1016/S1473-3099(20)30914-2.

25



O©COoONOOBRWN-

[51]

[52]

[53]

[54]

[59]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Esmail H, Lai RP, Lesosky M, Wilkinson KA, Graham CM, Coussens AK, et al.
Characterization of progressive HIV-associated tuberculosis using 2-deoxy-2-
[18F]fluoro-D-glucose positron emission and computed tomography. Nat Med
2016;22:1090-3. https://doi.org/10.1038/nm.4161.

Khan RMN, Ahn Y-M, Marriner GA, Via LE, D’Hooge F, Lee SS, et al. Distributable,
Metabolic PET Reporting of Tuberculosis. bioRxiv 2023:2023.04.03.535218.
https://doi.org/10.1101/2023.04.03.535218.

Rundell SR, Wagar ZL, Meints LM, Olson CD, O’Neill MK, Piligian BF, et al.
Deoxyfluoro-d-trehalose (FDTre) analogues as potential PET probes for imaging
mycobacterial infection. Org Biomol Chem 2016;14:8598-609.
https://doi.org/10.1039/c60b01734g.

Huang Z, LaCourse SM, Kay AW, Stern J, Escudero JN, Youngquist BM, et al.
CRISPR detection of circulating cell-free Mycobacterium tuberculosis DNA in adults
and children, including children with HIV: a molecular diagnostics study. Lancet
Microbe 2022;3:e482-92. https://doi.org/10.1016/S2666-5247(22)00087-8.
Nathavitharana RR, Garcia-Basteiro AL, Ruhwald M, Cobelens F, Theron G.
Reimagining the status quo: How close are we to rapid sputum-free tuberculosis
diagnostics for all? eBioMedicine 2022;0. https://doi.org/10.1016/j.ebiom.2022.103939.
Savage HR, Rickman HM, Burke RM, Odland ML, Savio M, Ringwald B, et al. Accuracy
of upper respiratory tract samples to diagnose Mycobacterium tuberculosis: a
systematic review and meta-analysis 2023:2022.11.28.22282827.
https://doi.org/10.1101/2022.11.28.22282827 .

Escombe AR, Moore DA, Gilman RH, Pan W, Navincopa M, Ticona E, et al. The
infectiousness of tuberculosis patients coinfected with HIV. PLoS Medicine
2008;5:e188.

Hill PC, Ota MO. Tuberculosis case-contact research in endemic tropical settings:
design, conduct, and relevance to other infectious diseases. The Lancet Infectious
Diseases 2010;10:723-32. https://doi.org/10.1016/S1473-3099(10)70164-X.

Khan PY, Crampin AC, Mzembe T, Koole O, Fielding KL, Kranzer K, et al. Does
antiretroviral treatment increase the infectiousness of smear-positive pulmonary
tuberculosis? Int J Tuberc Lung Dis 2017;21:1147-54.
https://doi.org/10.5588/ijtld.17.0162.

Behr MA, Warren SA, Salamon H, Hopewell PC, Ponce de Leon A, Daley CL, et al.
Transmission of Mycobacterium tuberculosis from patients smear-negative for acid-fast
bacilli. Lancet 1999;353:444-9.

Tostmann A, Kik SV, Kalisvaart NA, Sebek MM, Verver S, Boeree MJ, et al.
Tuberculosis transmission by patients with smear-negative pulmonary tuberculosis in a
large cohort in the Netherlands. Clin Infect Dis 2008;47:1135—-42.
https://doi.org/10.1086/591974.

Acuna-Villaordufia C, Fennelly KP, Jones-Lopez EC. Aerosol Sampling Outperforms
Sputum to Predict Mycobacterium tuberculosis Transmission. Clin Infect Dis
2023:ciad372. https://doi.org/10.1093/cid/ciad372.

Dhana A, Hamada Y, Kengne AP, Kerkhoff AD, Rangaka MX, Kredo T, et al.
Tuberculosis screening among ambulatory people living with HIV: a systematic review
and individual participant data meta-analysis. The Lancet Infectious Diseases
2021:S147330992100387X. https://doi.org/10.1016/S1473-3099(21)00387-X.

Stuck L, van Haaster A-C, Kapata-Chanda P, Klinkenberg E, Kapata N, Cobelens F.
How ‘subclinical’ is subclinical tuberculosis? An analysis of national prevalence survey
data from Zambia. Clinical Infectious Diseases 2022:ciab1050.
https://doi.org/10.1093/cid/ciab1050.

Chidambaram V, Ruelas Castillo J, Kumar A, Wei J, Wang S, Majella MG, et al. The
association of atherosclerotic cardiovascular disease and statin use with inflammation
and treatment outcomes in tuberculosis. Sci Rep 2021;11:15283.
https://doi.org/10.1038/s41598-021-94590-x.

26



NOoO O WN -

[66] Chen G-L, Guo L, Yang S, Ji D-M. Cancer risk in tuberculosis patients in a high
endemic area. BMC Cancer 2021;21:679. https://doi.org/10.1186/s12885-021-08391-6.

[67] Esmail H, Macpherson L, Coussens AK, Houben RMGJ. Mind the gap — Managing
tuberculosis across the disease spectrum. eBioMedicine 2022;0.
https://doi.org/10.1016/j.ebiom.2022.103928.

27



1 Figure Legends

2  Figure 1a-b: Meeting process (a) and delegate overview (b)

Study design, management,
selection of Steering Committee
members and draft list of invited
experts by the SOC

7 SOC members

v

SOC discussion with the Steering
Committee to advise on invitee list
and nominate additional experts.
9 Steering Committee members

v

Invitation accepted by 44 experts

(56 invited)

Round 1 Delphi survey drafted by
SOC, reviewed by Steering
Committee and revised by SOC

Scoping Review by SOC to identify
existing terminology, conceptual
themes and create Delphi round 1
questions

8 Putative states identified

27 State variations identified

5 Diagnostic criteria identified

v

v

Delphi survey: Round 1
46 participants (6 SOC, 4 Steering
Committee, 36 experts)*

20 Delphi questions
35 Terminologies rated
6 free-text qualitative questions

!

Review of round 1 results and
free-text comments by SOC & SC

!

Round 2 Delphi survey drafted by
SOC, reviewed by Steering
Committee and revised by SOC

v

A4

Delphi survey: round 2
48 participants (6 SOC, 5 Steering
Committee, 37 experts)*

5 Conceptual states rated

4TB pathogenesis steps rated

4 Diagnostic domains rated
Preferred terminology and
additional diagnostics identified

!

Review of round 2 results and
free-text comments by SOC & SC

v

A4

In-person meeting including 4
consensus building and 4
research gap workshops#

63 participants (7 SOC, 9 Steering

Committee, 35 experts, 5 expert

observers, 7 ECR)*

7 dimensions of infection and
disease rated:

5 achieved agreement

2 did not achieve agreement

7 conceptual states rated:
5 achieved agreement
2 did not achieve agreement

5 terminologies agreed
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Figure 2a-b: Overview of Delphi consensus process and participantsFigure 2a-b: Conceptual

Mtb infection and TB states identified with consideration of benefit resulting from diagnosis

and treatment (2a) and pathways across infection and disease states (2b).
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Pathology = macroscopic pathology, Infectious = ability to cause new Mtb infections,

Symptoms & Signs = TB symptoms and signs, Self-cleared = absence of viable Mtb after

Mtb infection, never crossed disease threshold and not received treatment, Infected =

persistence of Mtb infection, including after antibiotic or self cure from disease, remains at

risk of developing disease. Full recovery = Both disease and infection fully resolved without

post-TB impairment, with or without treatment, Post-TB = disease or disability due to

damage caused by TB pathology after microbiological or self-cure. Figure created with

Biorender.com
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1. Table 1: Participant demographics of those in the online Delphi process and in-person

meeting

Participant demographics Total (n=71) Delphi (n=51) Meeting (n=63)
Female 29 (40.8%) 20 (39.2%) 24 (38.1%)
Gender
Male 42 (59.2%) 31 (60.8%) 39 (61.9%)
Early 11 (15.5%) 3 (5.9%) 10 (15.9%)
Career Stage
Mid/Late 60 (84.5%) 48 (94.1%) 53 (84.1%)
LMIC 39 (54.9%) 26 (51.0%) 32 (50.8%)
Nationality
HIC 32 (45.1%) 25 (49.0%) 31 (49.2%)
AFR 22 (31.0%) 10 (19.6%) 22 (34.9%)
AMR 13 (18.3%) 11 (21.6%) 13 (20.6%)
EUR 17 (23.9%) 12 (23.5%) 16 (25.4%)
Region
EMR 2 (2.8%) 2 (3.9%) 2 (3.2%)
SEAR 10 (14.1%) 9 (17.6%) 5 (7.9%)
WPR 7 (9.9%) 7 (13.7%) 5 (7.9%)
Academic 32 (45.1%) 25 (49.0%) 28 (44.4%)
Clinical
Academic/Clinical
Practice 18 (25.4%) 16 (31.4%) 16 (25.4%)
Patient
Stakeholder perspective/Lived
group experience 3 (4.2%) 2 (3.9%) 3 (4.8%)
Policy 9 (12.7%) 6 (11.8%) 7 (11.1%)
Funder 8 (11.3%) 2 (3.9%) 8 (12.7%)
Industry 1 (1.4%) 0 (0.0%) 1(1.6%)

2. Table 2: Glossary of terms

Term

Concise

definition

Detailed Definition
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Viable Mtb Live Mtb is Mitb is present inside the body, and if isolated
present would grow if cultured appropriately, can cause
infected individuals to develop TB without re-
exposure to Mitb.
Immunoreactivity | Presence of Evidence of an acquired immune response to Mtb

immune memory
to current or
previous Mtb

infection

antigens, typically through skin test or interferon
gamma release assays, suggesting that the
person has had an infection with Mtb at some
point either currently or in the past. Response
may persist after sterilisation of infection. In the
context of immunocompromise the immune
response to infection may insufficient to be

detected thus being falsely negative.

Host response

Infection or
disease specific

host response

The host response to Mtb, which is multifaceted
and evolves through the infection and disease
course. A host response can be protective or
contribute to disease and influences the outcome

of infection.

Mitb infection

Viable Mtb is
present without
macroscopic

pathology

Viable Mtb and an associated host response is
present without macroscopic pathology (no
disease). The individual has no symptoms or

signs consistent with TB and is non-infectious.

TB state

Current
presentation of
TB

Four disease states are defined by the present
combination of three disease dimensions:
macroscopic pathology, infectiousness, TB
symptoms or signs. Not defined by anticipated
future trajectory. The minimum threshold for
disease is the presence of macroscopic
pathology. Viable Mtb and an associated host
response is present in each state. The non-
disease state of Mtb infection lacks all three

disease dimension.
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Macroscopic

TB pathology

The visible manifestation of Mtb not being

Pathology visible with the effectively controlled by the host immune
naked eye, response with evidence of cellular infiltration,
imaging, or tissue | tissue invasion or destruction. Distinct from a
examination contained granuloma or completely healed
lesions, May require high resolution imaging to
detect (e.g. CT, PET/CT, MRI).
Infectiousness The potential An individual is infectious if they aerosolise or

ability to cause
new Mtb

infections

expectorate Mtb from the respiratory tract which
has the potential to cause new infections.
Infectiousness is a function of multiple factors,

including viability, load and phenotype of the Mtb.

Transmission

A new Mib (re-)
infection occurs in

another host

Transmission occurs when the presence of an
infectious individual is coupled with a receptive
new host as well as appropriate contact intensity

and environment.

Symptoms or

signs

Symptoms and

signs of TB

Symptoms or signs of TB that are identified

through medical history or physical examination.

Subclinical

Individuals are
without, not
aware of, or not
reporting
symptoms or

signs of TB

Individuals are without, not aware of, or do not
report any symptoms during a symptom screen or
medical history, and no physical signs that would
be recognised as indicative of TB upon clinical

examination.

Asymptomatic

Individuals do not
have symptoms

or signs of TB

Individuals do not have symptoms or signs

caused by or related to TB

Diagnostic
reference

standard

Current best
individual/combin
ed set of tools to
diagnose a

disease state

Current best individual or combined set of tools to
diagnose a disease state and to assess the
accuracy of newer tests. The accuracy of newer
tests is expressed as a proportion of reference

standard positive or negative.
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3. Table 3: Examples of existing diagnostics to identify different disease dimensions

Disease Dimensions

Tool Application

Macroscopic

Pathology

Infectiousness

Symptoms and

Signs

Potential for use

as or

Advanced imaging

PET/CT

BAL culture

In-depth symptom

interview and clinical

incorporation into | CT Induced sputum exam
a reference MRI culture
standard Objective symptoms
Histopathology CASS evaluation
Examination of
anatomical
samples
Potential for Digital CXR +/- Spontaneous sputum | WHO 4 symptom
operational use CAD culture screen

Symptom severity

scores

Cough (=2 weeks or

any duration)

Unclear

implications

Blood or urine
tests (eg blood
transcriptional
markers, serum
CRP, urine Mtb
antigen detection
(ie LAM))*

Spontaneous sputum
Mtb DNA PCR only

Upper respiratory (e.g.

mouth) tract swab

Bio-aerosol sampling
(e.g. face mask

sampling)

Ag, antigen; BAL, bronchoalveolar lavage; CRP, C-Reactive Protein; CXR, chest X-ray;

CAD, Computer-Aided Diagnosis; CT, computed tomography; LAM, lipoarabinomannan;
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MRI, Magnetic resonance imaging; PET/CT, Positron emission tomography/CT; Xpert,
GeneXpert MTB/RIF; CASS, Cough Aerosol Sampling System; WHO 4 symptom screen,
any one of current cough, fever, night sweats, or weight loss. *Note, host response related to
evident macroscopic pathology could be detected through a validated blood test. This is yet

to be determined for existing tests.
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4. Table 4: Research priorities and challenges for investigating subclinical and non-

infectious TB

Research Gap

Notes/challenges

Diagnosis

Reference standards for new
TB states

Validated reference standards need to be developed for

subclinical TB and Mtb infection.

Validated operational tests for
viable Mtb

No current tools exist to confirm the presence of Mtb in
the body when routine microbiological tests are negative
(e.g. on sputum for pulmonary TB or biopsies for

extrapulmonary TB).

Validated operational tests for

host response

A confirmatory biomarker is needed to confirm whether
pathology that is evident on imaging is due to a currently

active disease process.

It is possible that that some biomarkers will be unique
across states, reflective of current disease processes
(i.e. blood RNA), and some will be detectable across

multiple states (i.e. Mtb-specific T cell activation).

Validated operational tests for

macroscopic pathology

Digital CXR and associated CAD technologies can detect
evidence of macroscopic pathology but not with the
sensitivity of more high-resolution cross-sectional imaging
such as CT which are not practical operational tools.
Developments in CXR technology or improvement in Al-
based CAD software are needed to facilitate improved
detection of macroscopic pathology. No imaging modality i
specific for TB pathology hence radiotracers or additional
biomarkers should be developed to detect to provide this
specificity. Ultimately a diagnostic test capturing the host
response associated with macroscopic pathology may omi

the need for imaging.

Validated operational tests for

infectiousness

Need to establish the performance of new testing

modalities (e.g. bio-aerosol, tongue swab) in detecting
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and quantifying the degree to which index cases can
cause new Mtb infections, as compared to current

sputum-based tests.

Standardised protocol to detect

symptoms & signs of TB

Limitations of current thresholds (cough = 2 weeks, WHO
4 symptom screen [any one of current cough, fever, night
sweats, or weight loss]) are known, but need empirically
informed alternatives that provide workable balance
between sensitivity and specificity. Need to consider
which symptoms and signs to include, their duration and

severity.

TB screening strategies

To use tools to measure all three dimensions of disease
and report the tests used, to determine sensitivity of

approach.

Targeting high risk populations and piggybacking or
embedding subclinical and non-infectious TB screening
activities into other activities can improve TB detection

strategies.

Treatment and prevention

Optimal treatment for
infectious/non-infectious
subclinical TB and non-

infectious clinical TB

Determining sufficiency of treatment for non-infectious
TB.

Develop research networks
that could undertake
randomised trials in TB case

finding

It is necessary to screen large numbers of individuals to
identify new cases, so large multi-site approaches, with

shared protocols, may potentially be more efficient.

Prevention of disease

Trials of vaccination to prevent disease should attempt to

rule out subclinical TB at enrolment. The benefit/harm of
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vaccination is unknown if an individual has subclinical
TB.

Expanding vaccine trial outcomes to earlier states (i.e.
beyond infectious clinical disease) may reduce time and

costs of clinical studies.

Individual benefit from treating

subclinical TB states

Impact on mortality and
recurrence by subclinical TB

treatment

Opportunities exist for the retrospective analysis of
existing cohort data where people in subclinical TB

states have received treatment.

Impact on post-TB sequelae by

subclinical TB treatment

Evaluation of impact on post-TB sequalae requires multi-
modal measurements embedded within subclinical TB
treatment ttrials and follow up beyond the end of

treatment.

Impact on psychosocial and
economic quality of life by

subclinical TB treatment

Engagement is needed to develop patient-informed
outcomes that assess both desirable and undesirable

outcomes.

Impact on comorbidity
exacerbation and incidence by

subclinical TB treatment

Timing and frequency of measurements needs to be

defined by each clinically meaningful outcome.

Opportunity for design of new trials for subclinical
treatment to include collection of samples/data to assess

these measures.

Population benefit from diagno

sing and treating subclinical TB states

The potential and benefits of
detection and treatment of
subclinical TB to reduce

transmission and incidence

Historical and contemporary case finding studies have
suggested substantial impact on TB prevalence. But
studies with clear disease phenotypes are key to provide

direct empirical evidence.

Relative infectiousness of

subclinical TB infectious states

Requires the identification of phenotypes in a defined
population, with subsequent comparison of relative

infectiousness metrics.

38




Tools to measure transmission

It is not possible to ‘prove’ transmission events,
immunoreactivity is poorly understood, and new (blood-)
based biomarkers of Mtb infection would be extremely

welcome. These are likely to be challenging to develop.

Implementation Gaps

Programmatic implementation

of sub- disease management

Implementation will require sufficient diagnostics,
treatments and algorithms to be developed to avoid

misclassification and inappropriate treatment

Translating new framework into

practice

Requires significant changes to recording and reporting
tools. Modification to guidelines, training and surveillance

systems.

Cost-effectiveness of
subclinical and non-infectious
TB detection

To inform the likely economic benefits to TB program
budgets, cost effectiveness evaluations will need to be
conducted. The balance between resource-intensive
mass screening initiatives and short-long term benefits to
impact on clinical management costs needs to be

weighed up.

Implications of population-

based screening on individuals

Individuals and communities need to be engaged to
evaluate potential stigma and implementation
challenges, as well as benefits of integration in existing

community initiatives and health screening programs.
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