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Abstract

There were approximately 10 million tuberculosis (TB) cases in 2020, of which 500,000

were drug-resistant. Only one third of drug-resistant TB cases were diagnosed and enrolled

on appropriate treatment, an issue partly driven by a lack of rapid, accurate drug-susceptibil-

ity testing (DST) tools deployable in peripheral settings. In 2014, World Health Organization

(WHO) published target product profiles (TPPs) which detailed minimal and optimal criteria

to address high-priority TB diagnostic needs, including DST. Since then, the TB commu-

nity’s needs have evolved; new treatment regimens, changes in TB definitions, further emer-

gence of drug resistance, technological advances, and changing end-users requirements

have necessitated an update. The DST TPP’s revision was therefore undertaken by WHO

with the Stop TB Partnership New Diagnostics Working Group. We describe the process of

updating the TPP for next-generation TB DST for use at peripheral centres, highlight key

updates, and discuss guidance regarding technical and operational specifications.

Introduction

Although substantial progress toward ending tuberculosis (TB) has been attained in recent

years, considerable gaps remain in achieving global targets. These gaps have been exacerbated

by the COVID-19 pandemic. Nearly 10 million people are estimated to develop TB each year.
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However, in 2020, only 5.8 million cases were notified worldwide [1], of which 4.8 million

were diagnosed with pulmonary TB. Three million were bacteriologically confirmed, and only

2.1 million were tested for rifampicin (RIF) resistance [1]. Furthermore, nearly half a million

people developed rifampicin-resistant TB (RR-TB) in 2020; the majority of these cases were

multi-drug resistant (MDR; defined as resistant at least to RIF and isoniazid [INH]) [1], and

only 1 in 3 cases were notified and treated for MDR/RR-TB. Closing these gaps in the cascade

of care requires a multi-faceted approach, including developing next-generation drug suscepti-

bility testing (DST) technologies. Such tests should have improved accuracy, cover priority

drugs, be easy to use, offer short turnaround times, and enable near-patient testing [2, 3].

Phenotypic DST remains the reference standard for detecting resistance to many anti-TB

medicines, and although accurate for most drugs, access is limited due to infrastructure and

technical skill requirements. Phenotypic DST is rarely available outside of reference laborato-

ries or centralised levels of healthcare systems, and confirming mycobacterial growth and

detecting drug resistance requires prolonged time–up to two months for full first-line and sec-

ond-line resistance profiling. The resulting diagnostic delays impact timely treatment adapta-

tion and may lead to inadequate treatment, thereby amplifying drug resistance. Rapid DST

platforms endorsed by the World Health Organization (WHO) [4] have significantly reduced

turnaround time from months to hours [5]. However, a limitation of such assays is that their

development has primarily focused on detecting resistance to a single first-line drug–RIF.

More recently, newer platforms have incorporated testing for INH and other medicines, but

rapid detection of resistance for repurposed and some newer medicines is limited to next-gen-

eration sequencing-based tests (see below).

The WHO’s latest definitions of extensively drug-resistant (XDR) TB and pre-XDR-TB [6]

in 2021 have further prioritised other key second-line drugs that are important in managing

drug-resistant TB. XDR-TB is now defined as MDR/RR-TB that is also resistant to any fluoro-

quinolone (FQ) and at least one additional Group A drug (bedaquiline [BDQ] and linezolid

[LZD]), while pre-XDR-TB is now defined as MDR/RR-TB that is also resistant to any FQ.

Now more than ever, these changes and the evolving treatment pipeline underscore the need

for better and faster DST methods for TB programmes and end-users.

The urgency of meeting the global TB elimination targets for 2035 combined with tackling

the pressing threat of drug resistance requires redoubled efforts, innovation, and the ability to

identify drug resistance early. Fortunately, recent years have seen advances in TB diagnostics

pipeline, such as next-generation sequencing (NGS) [7, 8] or end-to-end tests for integrated

TB and drug resistance detection [9], with some potentially deployable at peripheral levels of

healthcare systems [10, 11]. The increased availability of diagnostic technologies that can sup-

port drug resistance detection at peripheral sites and are based on affordable, easy-to-adopt

technologies is critical for timely triaging of patients and initiation of the most appropriate and

effective treatment regimens.

In 2014, WHO published a series of high-priority target product profiles (TPPs) for a vari-

ety of TB diagnostic tests to be prioritised for investment, research and development [12].

These TPPs were developed to plan and better guide the development of ‘fit for purpose’ tests,

detailing technical specifications critical to end-users. As diagnostic technologies and therapies

have evolved in the last few years [13–15], the projected timeframe of 5 years to attain the 2014

high-priority products was reached; a revision and update of the TPP to address the current

gaps was therefore needed. One of the TPPs titled “Next-generation drug-susceptibility testing

at microscopy centres” is the base chapter for the current update.

In this paper, we draw attention to the prevailing and urgent needs for prioritising TB DST,

with emphasis on the development of tools for use at peripheral centres as the TB treatment

landscape and patient needs continue to evolve [16].
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Methods

This TPP largely summarises the specifications across four key domains: (i) scope and prioriti-

sation of anti-TB agents for testing; (ii) analytical performance; (iii) operational and infrastruc-

ture requirements; and (iv) pricing; all considered in the context of feasibility, affordability

and adoption of novel tools. To better identify and capture the desired characteristics for next-

generation DST for peripheral healthcare facilities, the process centred around engagement

and collaborative efforts involving key stakeholders and partners, including researchers, clini-

cians, TB advocates, members of civil society organisations and policy makers. To maximise

the public health value of this TPP and accelerate research and development efforts, funding

agencies and industry partners were also invited to share their experience and views on this

process.

The TPP was updated in three steps − a Delphi-like process, public comment on the TPP

document, and the final WHO stakeholders’ consultation meeting.

Delphi-like process

A draft TPP document was prepared to promote discussion between the different groups of

stakeholders. The working document was drafted in collaboration with the New Diagnostics

Working Group’s NGS and Next-generation DST Task Force between April and December

2018. The draft was circulated for expert review in January and February 2019.

A Delphi-like process was utilised to gather critical comments and feedback on the working

document in 2019. The working document and a survey questionnaire consisting of 47 specific

questions were then shared with a broader audience through the New Diagnostics Working

Group website and the Global Tuberculosis Network (for draft TPP, survey questions based

on draft TPP, survey comments, and updated draft TPP see https://stoptb.org/wg/new_

diagnostics/assets/documents/NDWG_TPP_microscopy%20centres_REPORT%20SURVEY

%202019_ver21Jun2019.pdf). Additional working groups such as the Global Laboratory Initia-

tive (GLI-TB) and the European Laboratory Initiative (ELI-TB) were also invited to respond to

the Delphi-like survey. The survey was available online from 29 April to 24 May 2019. Partici-

pants were requested to express their level of agreement on the proposed characteristics that

require updating; their agreement was measured using Likert scale ranging from 1 to 5 (1-dis-

agree, 2-mostly disagree, 3-don’t agree or disagree, 4-mostly agree, 5-fully agree). In cases

where stakeholders disagreed with any of the proposed updated desired characteristics, they

also had the opportunity to provide comments. Agreement was reached if�80% of respon-

dents scored 4 (Mostly agree) or 5 (Fully agree) for the content and wording of a particular

characteristic. If so, the characteristic remained as originally proposed and progressed to the

next step.

Public comment

The TPP document was revised to integrate comments received through the Delphi process

and then redistributed in 2019 through a public comment process (see S1 File for questions

included in public comment survey). A second round of public comments were elicited to

incorporate the perspectives of a broader audience; the revised document and an additional

survey of 29 questions were published on the WHO website for public comment from 7 Janu-

ary 2021 to 7 February 2021. Individuals were asked to provide comments on any characteris-

tic in the TPP document (as presented before or after public comment) with which they

disagreed.
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WHO stakeholder consultation

Feedback received through the public comment process was presented and discussed at the

virtual WHO stakeholder consultation in 2021. During this meeting, each characteristic of the

TPP was presented as proposed, with dissenting comments accompanying the text to generate

discussion. Consensus was sought for each characteristic via discussion and use of the virtual

chat function to ask for agreement or disagreement at the end of a characteristic’s

consideration.

Assumptions

Specific requirements of the test were described by individual characteristics, and for each

characteristic, ‘Optimal’ and ‘Minimal’ specifications were defined. ‘Optimal’ criteria provide

the ideal output for a particular characteristic that is believed to be achievable; a test character-

istic that is ‘Optimal’ would provide the greatest impact for end users, clinicians, and people

affected by TB. ‘Minimal’ criteria describe the lowest acceptable output for a particular test

characteristic, i.e., test products must meet the ‘Minimal’ criteria in order to be acceptable. In

certain instances, a test may still be deemed acceptable if any shortcomings pertain to some

targets, so long as criteria for the most critical characteristics (Table 1) are still met.

Table 1. Key changes between 2021 and 2014 TPPs for peripheral TB drug-susceptibility testing.

2014 2021

Optimal Minimal Optimal Minimal

Goal Diagnosis of TB disease and detection of drug resistance to inform

decision-making about the optimal first-line regimen (HRZE, REMox or

PaMZ) for treatment, and possibly to detect the presence of additional

resistance to second-line anti-TB agents and the need for further testing

Diagnosis of TB disease and

detection of drug resistance to

inform decision-making about the

optimal (individualised) regimen

Diagnosis of TB disease and

detection of drug resistance to

provide rapid triage of patients and

identification of adequate

treatment regimen (first-line

treatment versus second-line

treatment)

Priority drugs In order of decreasing importance:

1.RIF

2. FQs (including MFX)

3. INH and PZA (equally important)

4. AGs and CAP

Optimally all drugs would be included, but as a minimum at least RIF

should be included

In order of decreasing importance:

Minimal +

1. PZA + LZD + Pa/DLM + CFZ

2. AMK + DCS

3. Any additional drug listed

in the WHO treatment guidelines

RIF + INH+ FQ + BDQ (see

explanation on BDQ in the main

text) (FQ always includes LFX and

MFX)

Target

population

Target groups are all patients suspected of having TB, with a special

focus on those at high risk of morbidity and mortality from drug-

resistant TB, such as people living with HIV and those at high risk of

having MDR-TB (for example, household contacts of patients diagnosed

with MDR-TB, and persons with a history of TB, especially those for

whom first-line therapy has failed) in countries with a medium

prevalence to a high prevalence of TB as defined by WHO

People of all ages in need of evaluation for TB and those requiring drug

resistance assessment

Sample type Unprocessed sputum Unprocessed sputum and

additional clinically relevant

specimens for TB or other targeted

diseases (see “Multi-use platform”)

Sputum and other clinically

relevant specimens for TB,

including (but not limited to)

gastric aspirate, induced sputum,

nasopharyngeal aspirate, and stool.

Abbreviations: AGs–aminoglycosides; AMK–amikacin; BDQ–bedaquiline; CAP–capreomycin; CFZ–clofazimine; DCS–D-cycloserine; DLM–delamanid; FQ–

fluoroquinolone; HRZE–regimen of isoniazid, rifampicin, pyrazinamide, and ethambutol; INH–isoniazid; LFX–levofloxacin; LZD–linezolid; MDR-TB–multi-drug

resistant TB; MFX–moxifloxacin; Pa–pretomanid; PaMZ–regimen of pretomanid, moxifloxacin, pyrazinamide; PZA–pyrazinamide; ReMOX–regimen of moxifloxacin,

rifampicin, pyrazinamide and one of ethambutol or isoniazid; RIF–rifampicin; TB–tuberculosis; TPP–target product profile; WHO–World Health Organization.

https://doi.org/10.1371/journal.pgph.0001754.t001
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Ethical considerations

As this study was based on multiple rounds of questionnaires and discussion and no biological

samples were required, the study was exempt from needing institutional review board approval.

Results

Participants

The TPP document and survey were responded to by 46 individuals in the Delphi-like process,

while the call for public comment was responded to by 85 individuals. The largest proportion

of contributors to the Delphi-like process and call for public comment were from the WHO

European Region (42%, 55/131), with the smallest proportion from Western Pacific Region

(3%, 4/131) (Fig 1A). Respondents to the Delphi survey and public comment represented vari-

ous constituencies (Fig 1B). Academic researchers (20%, 26/131, NTPs (13%, 17/131), and

industry (12%, 16/131) participated in high numbers, with stakeholders from implementation

partners, the laboratory sectors, and civil society groups also well-represented. There were

almost 70 stakeholders from 25 countries at the WHO virtual consultation throughout its four

days.

Changes to the TPP through the consensus-building process

The working document first circulated for comment in a Delphi-like process was broadly

accepted by the expert group surveyed. Notably, agreement was reached for 42/47 (89%) com-

ponents of the document. Exceptions included characteristics related to the prioritisation of

anti-TB agents targeted by the assays for resistance detection, pricing, and performance char-

acteristics. After revision and circulation for public comment, the broader audience continued

to express some disagreement with revised characteristics pertaining to the prioritisation of

anti-TB agents, test pricing, the target population of the updated TPP, and time-to-result.

Primary updates to a TPP for DST at peripheral centres

The overall aim of the TPP is to describe the desired characteristics of assays that would detect

Mycobacterium tuberculosis (MTB) and provide antimicrobial susceptibility testing results at

peripheral centres to inform timely anti-TB treatment decisions, with special consideration

given to new TB treatment regimens. Notable and important changes in the 2021 TPP [16]

compared to the 2014 TPP [17] were made to reflect current diagnostic needs and technology

advancements, and concern characteristics describing goals, priority drugs, target population,

and sample type (Table 1). The remaining characteristics were updated to mirror these funda-

mental updates [16].

New priority guidance highlights the need to move from assays mainly focused on first-line

drugs to more comprehensive solutions to inform optimal, individualised regimens for sec-

ond-line treatment.

With updated treatment regimens now recommended by WHO, the TPP was altered to

reflect these new realities (including the updated definitions of pre-XDR and XDR-TB) [15,

18]. First, the priority of anti-TB agent resistance testing now includes BDQ and INH as Mini-

mal criteria, joining RIF and FQ (which always includes moxifloxacin [MFX] and levofloxacin

[LFX]). This replaces the previous Priority Drugs Minimal criteria of RIF- and MFX-resistance

testing, which would have informed then-current optimal first-line treatment regimens (i.e.,

HRZE [regimen of isoniazid, rifampicin, pyrazinamide, and ethambutol], REMox [regimen of

moxifloxacin, rifampicin, pyrazinamide and one of ethambutol or isoniazid], or PaMZ [regi-

men of pretomanid, moxifloxacin, pyrazinamide]). The inclusion of INH enables improved
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treatment decisions for patients with RIF-susceptible and INH-resistant TB, which is largely

missed but requires appropriate treatment [15]. Because BDQ has now replaced the injectable

agents in all MDR/RR-TB regimens and is used in pre-XDR-TB regimens [15], it was judged

important enough to include as a Minimal target. It should be noted that while BDQ is a high

Fig 1. Participants in Delphi-like survey and call for public comment, grouped by A) World Health Organization

region and B) Constituency type. AFRO–African Regional Office; EMRO–Eastern Mediterranean Regional Office;

EURO–European Regional Office; NR–Not reported; NRL–National TB reference laboratory; PAHO–Pan-American

Health Office; SEARO–South-East Asian Regional Office; SRL–Supranational TB reference laboratory; TB–

tuberculosis; WPRO–Western Pacific Regional Office.

https://doi.org/10.1371/journal.pgph.0001754.g001
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priority drug for treatment, resistance is still low globally and relevant mutations associated

with resistance have yet to be fully elucidated. It thus remains an aspirational criterion cur-

rently for molecular-based testing, but is expected to be attainable in three to five years. Along

with drugs listed under Minimal priority, the Optimal priority of drugs reflects the decreased

importance or outright recommendation against the use of specific second-line injectable

agents [15], and the increased prominence of pyrazinamide (PZA), LZD, and clofazimine

(CFZ) in treating drug-resistant forms of TB. PZA has enabled the treatment of drug-suscepti-

ble TB to be shortened from nine to six months and plays an important role in treating RR/

MDR-TB if effective regimens cannot be otherwise constructed (e.g., groups A and B drugs

unavailable). However, since PZA resistance is significantly associated with RIF resistance,

PZA should only be used to treat RR/MDR-TB if susceptibility is first confirmed [19]. There-

fore, determining PZA susceptibility patterns accurately is crucial to designing appropriate

treatments. LZD (a group A drug together with FQ and BDQ, thus relevant for defining

XDR-TB), can increase treatment effectiveness if used for at least six months; however, given

the toxicity potentially limiting its use the drug was included among the Optimal requirement.

Additional drugs belonging groups B and C follow in decreasing order of priority: pretomanid

(Pa)/delamanid (DLM) + CFZ, AMK + DCS.

Another important update under the scope of the TPP is that the target population has

been made more inclusive. All individuals of any age who require evaluation for TB are

included under a common Minimal and Optimal requirement for the characteristic Target

population. This brings the TPP in line with the End TB Strategy’s call for universal DST for

all individuals undergoing TB testing [20]. The Sample Type characteristic has been updated

to stress that new assays should be able at Minimum to test other processed or unprocessed

specimens besides sputum, with additional unprocessed clinically relevant specimens given as

Optimal requirements. Accordingly, the 2021 TPP includes consideration that assay perfor-

mance should be independent of interfering substances. Relevant specimens for extrapulmon-

ary TB should also be considered. The revision of these characteristics reflects the reality and

difficulty in obtaining sputum samples from specific populations, including children and peo-

ple living with HIV, and the growing evidence base for non-sputum samples, including tongue

swabs and aerosol capture for molecular diagnostics. The updated TPP also highlights the

desire for a multi-use platform (previously not considered among Minimal requirements).

Indeed, the possibility of implementing multi-disease solutions at primary healthcare centres

would greatly improve triage and access to treatment for people affected by TB. It could be par-

ticularly relevant for diseases presenting with overlapping symptoms with TB, as recently dem-

onstrated during the COVID-19 pandemic [21]. In that vein, the TPP was worded to

encourage movement away from current sputum-based diagnostics and emphasises that the

assay defined by the TPP should be scalable at peripheral centres. Therefore, point-of-care

tests are now included as an Optimal requirement and reflect technology changes that appear

to be bringing these approaches within reach.

Secondary updates

In general, further updates have been driven by the need to align the document with the cur-

rent state-of-art or new technologies entering the diagnostics market.

Performances characteristics

Performances of the assay defined in the document for MTB detection should not be inferior

to current available rapid diagnostic assays (Minimal: limit of detection�104 CFU/mL, sensi-

tivity on smear-negative >60%, sensitivity on smear-positive�99%, specificity�98%).
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Whereas specificity for DST should be>98% against both genotypic (whole genome/targeted

sequencing) and phenotypic (culture-based) reference standards, sensitivity for DST com-

pared with phenotypic DST as reference consider current knowledge on the genetic determi-

nants of drug resistance to new and repurposed drugs (Minimal: RIF >95%; INH, FQ >90%;

BDQ, LZD, CFZ, DLM, pretomanid, AMK, PZA�80%). Considering continuous updates and

increasing understanding of genotypic-phenotypic associations, new assays should aim at

>95% sensitivity for all the drugs considered (Optimal requirement). Sensitivity for DST

against a genotypic reference standard should be>98% to guarantee accurate detection of

genetic mutations.

Under ideal conditions, phenotypic DST can be used to detect resistance when 1% or more

of the bacterial population is drug-resistant, except in the case of PZA [22]. However, the limit

of detection of rapid genotypic assays to detect minor populations of resistant mutants greatly

depends upon the method used [23]. New technologies (e.g., next-generation sequencing

(NGS)) may reach the sensitivity of culture-based DST. For this reason, a limit of detection of

minor variants has been included as a new characteristic for the assay described in the TPP

(Minimal�20%; Optimal�3%).

Another important update to the TPP is the Minimal requirements for the Time to result

characteristic. At Minimal, a new test should produce detection and DST results in under 6

hours to allow next-day treatment decisions. Optimally, these same results should be available

in under 30 minutes to permit same-day treatment decisions. While a short time-to-result is

important to reduce pretreatment loss to follow-up [24], compared to the 2014 TPP [17], these

Minimal and Optimal durations have been increased to reflect the reality of sequencing tech-

nologies. Next-generation sequencing is being increasingly rolled out [25], and the TPP must

balance what is technologically possible in this space with realities in peripheral healthcare set-

tings, particularly since sequencing may be the only option for the detection of mutations that

are known to arise across the entire sequence of genes associated with drug-resistance.

Operational characteristics

Directly linked to Time to result, Daily throughput and Walk-away operation characteristics

are slightly revised. Regarding Daily throughput, new tests should Minimally run at least 10

tests a day, and Optimally should run at least 25 tests a day; 10 tests was chosen as a cut-off as

most peripheral centres will not regularly need to run more tests than that. A Sample capacity

and throughput characteristic is included to indicate that batching of samples should be possi-

ble and that the running of one specimen on the instrument should not preclude starting

another run. The Walk-away operation characteristic indicates that no more than one step of

operator intervention should be needed once the sample has been placed into the system. All

of these characteristics aim to improve the simplicity of laboratory workflows and increase the

number of samples that can be handled each day. As outlined for the time-to-result character-

istic, the Manual preparation of samples intended as the number of steps needed after obtain-

ing a sample has been slightly increased (Minimal� 5 steps vs� 2 steps in 2014) to reflect the

reality of some currently innovative technologies.

Biosafety and Waste disposal characteristics for the assay described in the TPP document

have been aligned with current requirements for low-risk TB laboratories and WHO-endorsed

TB assays at the peripheral level. A call for reusable, recyclable or non-plastic alternatives to

disposable materials is also included. Additional operational characteristics (Instrument,

Power requirements, Maintenance and calibration, Data export and analysis, Reagent trans-

port and storage, Training and education) have been marginally revised to improve clarity and

highlight some critical aspects encountered during the roll-out of new molecular assays at
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peripheral levels in the past few years. Particular attention has been paid to environmental con-

ditions (dust, humidity, temperature) and the possibility of providing remote assistance for

maintenance/calibration, data handling, and training.

Pricing of tests and instruments

For assays able to detect resistance to the highest priority anti TB agents identified as part of

the Minimal characteristics (RIF, INH, FQ), the price has been set at 10–15 USD under the

Minimal scenario, while under the Optimal scenario the maximum price for this combination

would be 5 USD. Pricing for BDQ requires additional consideration because resistance testing

for this drug would likely require add-on or different technology, and the molecular basis of

BDQ-resistance has yet to be fully elucidated. It was not possible at this time to set pricing

requirements for assays able to target the highest priority anti TB agents indicated under the

Optimal scenario, as there are no data regarding the cost of covering new drugs like DLM,

LZD, and CFZ. However, it should be noted that the price of the new Xpert XDR-TB assay,

which tests for resistance to INH, FQ, second-line injectables, and ethionamide, is around 20

USD [26]: a price much higher than this would have to be justified by significant added value

in terms of accuracy, deployability in peripheral locations, and the array of anti-TB agents

which it can test.

Capital costs for the instrument have been updated to Minimal less than 20,000 USD and

Optimally less than 5000 USD, with warranties, services contracts, and technical support for 3

years included in both conditions. Lower capital costs would decrease a significant barrier to

their implementation in resource-limited settings, which should lead to an increase in DST

rates. Manufacturers should consider novel acquisition models, such as reagent rental or a

cost-per-result model to improve affordability of instruments for low- and middle-income

countries.

Discussion

The 2014 TPPs [12] have set requirements for specific use-cases of new diagnostic tests and

served to inform the development of several new TB diagnostics such as Xpert XDR and

molecular tests for PZA since their publication. It is now common to see diagnostic accuracy

studies of new tools, such as biomarkers [27, 28], transcriptional signatures [29, 30], or artifi-

cial intelligence-aided chest radiographs [31] reported and discussed with respect to their rele-

vant TPP. In this way, it is evident that TPPs serve as platforms to aid communication between

various stakeholders by laying out a set of criteria.

Meeting the End TB goals will require further scale-up of current tools, as well as innovative

new tools to improve the quality of TB care and further reach people with TB in peripheral set-

tings when they first present. With aspirational Optimal characteristics specified to reflect

‘best-case scenarios’, the TPP’s Minimal characteristics have been specified with the realities

and needs of peripheral healthcare centres in mind, particularly in low- and middle-income

countries (LMICs), providing pragmatic product requirements for developers. To ensure these

novel DST tools will be impactful, they must be designed for use in and be accessible to

LMICs; once a product is developed, operational research to understand logistical issues, barri-

ers to use, and guide implementation will be necessary [32]. This updated TPP is intended to

guide development of products that will lead to increased availability to TB and DST testing

through simplified, user-friendly assays that are affordable, accurate, and reliable in peripheral

settings. Recent advances in technology combined with the characteristics specified in the new

TPP are expected to facilitate the rapid development of high-priority products [33].
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Developing accurate molecular tests for drug resistance relies on knowing the mutations

associated with drug resistance that should be targeted. As previously mentioned, for newer or

repurposed drugs like BDQ or CFZ, WHO-endorsed molecular assays are not yet available,

but standard culture-based phenotypic testing capabilities also remain limited [34]. Further-

more, interpretation of the genotype-phenotype associations is hampered by current gaps in

our understanding of the genetic basis of resistance. The WHO published its first catalogue of

mutations and their association with resistance to address this need and facilitate research and

development [35, 36]. Regular updates are planned, and improvements to the catalogue are

expected as more resistant isolates are collected, especially for new and repurposed drugs.

Appropriate classification of borderline mutations is another knowledge gap. Research includ-

ing in vivo and in vitro selection experiments and on the association between mutations (or

combinations of mutations) and minimum inhibitory concentrations is needed to provide

clarity [37].

TPPs are a useful starting point for a longer product development process for product

developers and researchers seeking to bring new tests to market. The total cost of implement-

ing a product is another important factor influencing uptake, and cost-effectiveness analyses

to understand the added value while considering the willingness to pay thresholds will be help-

ful. Lastly, it is important to note that TPPs are a guide. A product that does not fulfil all Mini-

mal requirements but offers important public health benefits could still be considered for

WHO policy recommendations.

Conclusions

Updating the TPP for DST in peripheral settings was a collaborative effort that gathered exten-

sive inputs from the TB community and a broad coalition of stakeholders. The TPP serves to

guide research and development of new products to address the greatest expected needs in TB

DST in the upcoming five years. The revised document is aligned with the latest WHO defini-

tions of drug resistance and treatment regimens, while also considering the future landscape.

Advances in diagnostic technologies have progressed substantially in the past several years and

have been particularly accelerated by efforts in combatting SARS-CoV-2; these development

could represent an opportunity for novel TB assays. The TPP is now more patient-centred and

inclusive, considering different types of TB, target populations, and a broader array of sample

types. Achieving the ambitious target of ending TB by 2035 will require significant, sustained

investments in diagnostic tools that can maximally impact the patient pathway to deliver

rapid, accurate, and quality-assured results to inform timely treatment decisions [38].

Supporting information
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