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Abstract

The rapid and accurate diagnosis of Mycobacterium tuberculosis (MTB) infection, along with timely
detection of drug resistance, is crucial for controlling tuberculosis (TB) globally. Over the past two
decades, molecular diagnostic assays have transformed TB detection, ranging from centralized high-
throughput platforms to portable point-of-care systems. Our review provides a comprehensive
overview of key WHO-endorsed and emerging molecular assays for TB diagnosis and drug
resistance detection. Cartridge-based systems such as Xpert MTB/RIF, Xpert MTB/RIF Ultra, and
Xpert MTB/XDR (Cepheid) have revolutionized TB diagnostics by offering automated, rapid
detection with high sensitivity and specificity, especially in resource-limited settings. High-
throughput platforms like COBAS MTB and MTB-RIF/INH (Roche) and line probe assays such as
GenoType MTBDRplus and MTBDRsl (Hain Lifescience) have proven valuable in centralized
laboratories for resistance profiling. Decentralized and portable systems, including Truenat MTB
(Molbio Diagnostics), TB-LAMP (Eiken Chemical), and EasyNAT TB (Ustar Biotech), address critical
diagnostic gaps in peripheral settings, offering rapid results with simplified workflows. The SS-
LAMP assay (MAScIR) and the Deeplex-MycTB targeted sequencing assay (Genoscreen) exemplify
regionally developed and advanced molecular approaches, respectively, contributing to improved
diagnosis and surveillance efforts. Despite the diversity of these platforms, challenges remain
concerning cost, infrastructure, and implementation in high-burden, low-resource environments.
This review highlights the strengths, limitations, and roles of each assay within TB diagnostic
strategies, emphasizing the need for integrated approaches to achieve global TB control targets.

Keywords: Mycobacterium tuberculosis; tuberculosis; diagnostic assays

Background

Tuberculosis (TB) continues to affect millions of people each year, despite decades of global
efforts to control and eliminate the disease. In 2022, the World Health Organization (WHO) estimated
that 10.6 million people fell ill with TB and 1.3 million died from it. An additional 167,000 deaths
were reported among people living with HIV [1]. The burden of TB is overwhelmingly concentrated
in low- and middle-income countries, which account for more than 95% of global TB-related deaths
[1].

While TB most commonly affects the lungs, it can also involve other parts of the body, such as
the lymph nodes, pleura, bones, and central nervous system. These formsknown as extrapulmonary
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TB are particularly common in people with weakened immune systems. In fact, among individuals
living with HIV, extrapulmonary or disseminated TB can account for up to 60% of all TB cases [2].

Early and accurate diagnosis is critical not only to initiate timely treatment and improve patient
outcomes but also to prevent ongoing transmission within communities [3]. However, widely used
diagnostic methods such as sputum smear microscopy have significant limitations. Although simple
and inexpensive, smear microscopy has poor sensitivity, especially in children and people living with
HIV, and it cannot distinguish Mycobacterium tuberculosis from other mycobacteria [4-6].

Culture-based diagnostics remain the gold standard, offering higher sensitivity and the ability
to test for drug resistance. Yet these methods are slow, often taking several weeks,and require well-
equipped laboratories and trained personnel [7]. In many settings, these challenges result in delayed
diagnoses and missed opportunities for treatment.

To address these gaps, molecular diagnostics have emerged as powerful tools for the rapid and
accurate detection of M. tuberculosis and its resistance to key antibiotics. Technologies such as PCR,
real-time PCR, and loop-mediated isothermal amplification (LAMP) can provide results in under two
hours, directly from clinical specimens. Platforms like Xpert MTB/RIF Ultra, Truenat, and TB-LAMP
are now widely, used and have been endorsed by the WHO for their speed and reliability [8-10].

Despite the progress made, many of these tools were developed for pulmonary TB and remain
less validated for extrapulmonary forms. Nevertheless, clinicians are increasingly using them off-
label for non-respiratory specimens, filling an important diagnostic gap [11-13]. Meanwhile, more
than 50 new diagnostic tests are currently under development, reflecting ongoing innovation in this
field [14].

This review provides an updated overview of WHO and FDA-endorsed molecular diagnostics
for tuberculosis. We highlight not only the technologies currently in use, but also those in late-stage
evalutaion (CE-marked) that could soon transform how we diagnose TB in a variety of clinical
settings.

Xpert MTB/RIF Assay (Cepheid, USA)

The Xpert MTB/RIF assay (Cepheid, USA) represents a significant breakthrough in tuberculosis
(TB) diagnostics, combining automated nucleic acid amplification with real-time detection of
Moycobacterium tuberculosis (MTB) and rifampicin (RIF) resistance mutations. Endorsed by the World
Health Organization (WHO) in 2010 as the initial diagnostic test for suspected pulmonary TB, Xpert
MTB/RIF delivers results within approximately two hours, with minimal hands-on time, making it a
cornerstone of rapid TB diagnosis worldwide [1]. Meta-analyses have demonstrated its high
sensitivity (89%) and specificity (98%) for pulmonary TB, particularly in smear-positive patients, and
a significant diagnostic yield in HIV-infected populations [4]. However, sensitivity drops in smear-
negative and extrapulmonary TB cases, highlighting the need for improved detection in
paucibacillary samples (ref).

To address this, the Xpert MTB/RIF Ultra was introduced in 2017, featuring optimized assay
chemistry and additional molecular targets, which lowered the limit of detection from 131 CFU/mL
to 16 cfu/mL. Clinical studies have reported Ultra’s superior sensitivity, especially in smear-negative
and HIV-associated TB, albeit with a slight decrease in specificity due to trace-positive results [8]. The
WHO endorsed Ultra in 2017 as a replacement for the original assay [15].

Looking beyond rifampicin resistance, the Xpert MTB/XDR assay (launched in 2021) allows for
the rapid detection of resistance to isoniazid, fluoroquinolones, ethionamide, and second-line
injectable agents, offering critical insights for multidrug-resistant TB (MDR-TB) management [16].
Despite these advancements, implementation in low-resource settings faces challenges related to
cartridge cost, instrument maintenance, and supply logistics.

Nevertheless, WHO recommends Xpert-based testing as the initial diagnostic approach in both
high- and low-burden countries, supported by global donor programs and concessional pricing
agreements [6]. Furthermore, decentralized testing has been facilitated by portable GeneXpert
systems such as Omni platforms. The widespread adoption of Xpert assays has transformed TB
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diagnostics, contributing to earlier treatment initiation, improved patient outcomes, and
strengthened global TB control strategies [17] (Table 1, Table 2).

COBAS® MTB and MTB-RIF/INH Assays (Roche Diagnostics, Switzerland)

The COBAS® MTB and COBAS® MTB-RIF/INH assays (Roche Diagnostics, Switzerland) are
fully automated real-time PCR-based molecular diagnostic tests performed on the COBAS® 6800/8800
systems. These assays allow for the detection of Mycobacterium tuberculosis complex DNA and
simultaneous identification of mutations in the rpoB gene (rifampicin resistance), as well as inthe katG
gene and inhA promoter region (isoniazid resistance). Approved under the CE-IVD mark in 2019,
the COBAS platform offers high-throughput, sample-to-result processing, capable of analyzing up to
384 samples per 8-hour shift on the 8800 system [18].

In multicenter studies, the COBAS MTB assay demonstrated high diagnostic accuracy, with
reported sensitivity of 95% for smear-positive and 68% for smear-negative pulmonary TB samples,
and specificity consistently exceeding 98% [19]. For drug resistance detection, the MTB-RIF/INH
assay showed strong concordance with phenotypic drug susceptibility testing (DST), with rifampicin
resistance detection sensitivity of 96% and isoniazidresistance detection sensitivity of 94%, both with
specificity above 98% [20] (Table 1, Table 2).

Unlike cartridge-based systems like GeneXpert, which are optimized for decentralized and near-
patient settings, the COBAS platform is designed for centralized laboratories with high-throughput
needs, benefiting from integrated automation, minimal hands-on time, and seamless connectivity
with laboratory information systems. The fully automated workflow, from sample extraction to
amplification and detectionreduces the risk of cross-contamination and ensures process
standardization. The WHO recognized in its 2020 consolidated guidelines the potential role of
COBAS in centralized laboratory networks for TB diagnosis and esistance surveillance [11].

GenoType® MTBDRplus and MTBDRsl Assays (Hain Lifescience, Germany)

The GenoType® MTBDRplus and GenoType® MTBDRsl assays (Hain Lifescience, Germany) are
line probe assays (LPAs) based on multiplex PCR followed by reverse hybridization on nitrocellulose
strips, enabling simultaneous detection of Mycobacterium tuberculosis complex (MTBC) and mutations
associated with resistance to first- and second-line anti-tuberculosis drugs.

The GenoType MTBDRplus assay, introduced in 2008, targets mutations in the rpoB gene
(rifampicin resistance), katGgene, and inhA promoter region (isoniazid resistance), offering critical
information for the detection of multidrug-resistant TB (MDR-TB). Large multicenter studies have
reported high diagnostic accuracy, with pooled sensitivity for rifampicin resistance detection
exceeding 95% and specificity above 98%, while isoniazid resistance detection shows a slightly lower
sensitivity around 85-90% [21].The WHO endorsed the use of MTBDRplus as an initial test for
rifampicin resistance detection in 2008 and reaffirmed its role in subsequent guidelines [22].

The GenoType MTBDRsl assay complements MTBDRplus by detecting mutations linked to
resistance against fluoroquinolones (gyrA, gyrB genes), second-line injectable drugs (rrs gene), and
ethambutol (embB gene) [].The first version (MTBDRsl v1.0) showed variable sensitivity, particularly
for injectable drug resistance detection prompting the development of MTBDRsl v2.0, which
improved diagnostic performance, especially for second-line drugs [23]. Studies have reported
sensitivities exceeding 90% for fluoroquinolone resistance and improved detection of kanamycin and
amikacin resistance with v2.0 [15].

The WHO has recommended LPAs for both first- and second-line drug resistance testing in
settings with appropriate infrastructure [11]. Despite the need for laboratory expertise, GenoType
assays remain a key component of TB drug-resistance surveillance, providing rapid and
comprehensive mutation-based resistance profiles.

FluoroType® MTB Assay (Hain Lifescience, Germany)
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The FluoroType® MTB assay (Hain Lifescience, Germany) is a semi-automated real-time PCR
testdeveloped for the detection of Mycobacterium tuberculosis complex (MTBC) DNA in respiratory
samples. Using the FluoroLyse® extraction system and FluoroCycler® 96, the assay provides a closed,
contamination-reduced workflow with real-time fluorescence detection.

Designed for centralized laboratories, FluoroType MTB offers high-throughput capacity and has
shown performance comparable to the Xpert MTB/RIF system in clinical gstudies. Barletta et al.
reported sensitivities of 100% in smear-positive and 89.3% in smear-negative samples, with specificity
of 99.6% [24].

Although the assay lacks integrated resistance detection, it is valued for its high analytical
sensitivity and compatibility with automated platforms. Its main limitation remains the
infrastructure required for operation, restricting its use in decentralized settings. The FluoroType
MTB assay is included in several national guidelines for TB screening in Europe but has not yet been
endorsed by the WHO for global implementation [11] (Table 1 & Table 2).

Truenat® MTB Assay (Molbio Diagnostics, India)

The Truenat® MTB assay (Molbio Diagnostics, India) is a chip-based, micro-PCR platform
designed for decentralized and near-patient TB diagnosis. The system consists of a battery-operated
Truelab® device, the Trueprep® sample preparation unit, and disposable microchips, allowing for a
portable, closed-system workflow ideal for peripheral laboratories.

Endorsed by the WHO in 2020 for initial TB diagnosis, the Truenat MTB assay offers a rapid
turnaround time of approximately one hour [11]. Clinical evaluations have demonstrated sensitivity
of up to 88% in smear-negative patients and specificity exceeding 98% [25].

The Truenat system addresses many barriers faced by low-resource settings, such as electricity
dependency and complex instrumentation, positioning it as a viable alternative for decentralized
testing. Its WHO endorsement emphasizes its role in expanding accesstomolecular diagnostics in
peripheral settings and its contribution to closing diagnostic gaps in TB care.

PURE-LAMP (TB-LAMP) (Eiken Chemical, Japan)

The PURE-LAMP, also known as TB-LAMP (Eiken Chemical, Japan), is a manual loop-mediated
isothermal amplification assay for the detection of Mycobacterium tuberculosis complex. It was
endorsed by the WHO in 2016 as a replacement for smear microscopy in peripheral laboratories [10].

TB-LAMP uses a simple heating block to perform amplification at a constant temperature, and
the results can be visually read under UV light, eliminating the need for advanced equipment. In a
multicenter evaluation, TB-LAMP achieved a sensitivity of 80% in smear-negative, culture-positive
pulmonary TB cases and over 98% specificity [26].

Its advantages include ease of use, low cost, and suitability for microscopy centers with minimal
infrastructure. However, TB-LAMP does not provide drug resistance information and remains a
screening tool rather than a comprehensive diagnostic solution. Despite this, its deployment in
endemic areas has contributed to improved case detection, particularly in high-burden countries with
limited laboratory capacity.

SS-LAMP (MAScIR, Morocco)

The SS-LAMP assay (MAScIR, Morocco) is an in-house developed single-step loop-mediated
isothermal amplification method tailored for the detection of Mycobacterium tuberculosis complex
directly from sputum samples. Unlike standard LAMP assays, SS-LAMP is designed for single-tube,
closed-system amplification, minimizing contamination risks while simplifying handling in field
condjitions.

In a study conducted by Bentaleb et al., SS-LAMP demonstrated a sensitivity of 82.93 % in smear-
positive TB cases and a specificity of 100%, confirming its diagnostic potential in low-resource
settings [27]. The method is characterized by its rapid turnaround time, simplicity, and cost-
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effectiveness, making it particularly suitable for decentralized testing where molecular infrastructure
is limited.Although it has not yet been endorsed by the WHO, SS-LAMP represents a promising
innovation in the field of TB diagnostics in North Africa.

EasyNAT® TB Assay (Ustar Biotech, China)

The EasyNAT® TB assay (Ustar Biotech, China) is a cartridge-based, isothermal nucleic acid
amplification test designed for point-of-care detection of Mycobacterium tuberculosis complex.
Utilizing cross-priming amplification (CPA) technology, the system operates with a closed cartridge
format, reducing contamination risks and requiring minimal hands-on time.Targeted primarily at
low-resource settings, EasyNAT TBoffers a rapid diagnostic solution with visual readout suitable for
primary care levels. Jia et al. reported a sensitivity of 76% in smear-negative pulmonary TB cases and
a specificity of 98% [28].

Although it lacks drug resistance detection capability and is not yet endorsed by WHO,
EasyNAT TB’s affordability and portability make it a promising candidate for decentralized TB
control programs. Its integration into community-based screening initiatives could expand access to
molecular diagnostics in underserved regions.

Deeplex® Myc-TB Assay (Genoscreen, France)

The Deeplex® Myc-TB assay (Genoscreen, France) is a targeted deep sequencing assay designed
for comprehensive detection of Mycobacterium tuberculosis complex, drug resistance mutations, and
phylogenetic lineage identification. Utilizing multiplex PCR amplification of key resistance-
associated genomic regions followed by next-generation sequencing (NGS), Deeplex-MycTB
provides high-resolution resistance profiling covering first- and second-line anti-TB drugs. Clinical
studies have shown excellent concordance with phenotypic drug susceptibility testing and whole-
genome sequencing, with high sensitivity for resistance mutations and rapid turnaround when
processed in equipped laboratories [29].

Deeplex-MycTB is increasingly used in research and surveillance, particularly for its capacity to
generate comprehensive resistance data from clinical samples or culture isolates [30]. Its main
limitations are the need for sequencing infrastructure and trained personnel, making it more suitable
for reference laboratories rather than routine clinical diagnostics.

Table 1. Commercially available molecular assays approved by WHO, FDA, or CE-Marked for rapid detection
of Mycobacterium tuberculosis and drug resistance.

Test Xpert [ Xpert [Xpert | Xper | COB |Geno |GenoT |Fluoro | Truen [PURE- [SS- EasyN [ Deeple

specific | MTB/RI | MTB/ [MTB/ |t AS | Type |ype Type |at LAMP |LAMP [ATTB |x-

ation F RIF  |[OMNI|MTB [Taq |MTB [MTBD [MIB |MTB (MAScI MycTB
Ultra /XD |Man |DRpl |Rsl R)

R MTB |us

Compan | Cephei | Cephe [Cephe|Cep |Roch [Hain [Hain |[Hain [Molbi [Eiken [MAScl |Ustar [Genosc

y d id id heid |e Lifesc | Lifesci | Lifesci |o Chemi |R Biotech [reen
Diag |ience [ence [ence [Diagn [cal nologie
nosti ostics | Co., s
cs Ltd.

Year 2010 2017 2017 | 2021 (2008 (2008 [2012 2016 2019 2012 2016 2014 2018

Country | USA USA [USA |[USA |Switz [ Germ |Germa |Germa |India |Japan |Morocc |China [France

erlan |any |ny ny o
d
Technol | Autom | Auto |Auto |Auto|Real- |Multi | Multip [Real- [Real- [Isother |Single [Isother |Targete
ogy ateal- [mated [mated|mate |time [plex |lex time [time [mal Step mal d NGS
time real- [real- |d PCR |PCR +|PCR +|PCR |micro- |amplif |Isother |amplifi
PCR time [time |real- revers |revers |with |PCR [ication [ mal cation
(molec |PCR [PCR e e fluores (Loop- | amplifi
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beacons [ular  [ular |PCR dizati |ization | meltin | chip ed) (Loop-
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s) ns) curve ed)
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inhA and
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A,
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, eis,
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Results min | min [hours|hours |hours |hours min [29] hours
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sensitiv | for operat| ensi | good [linked [ FLQ operat [neede [low- e[31] d
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Table 2. Diagnostic accuracy of endorsed molecular assays for rapid detection of drug-resistant tuberculosis.

Test Drug Resistance | Sensitivity (%) [95% | Specificity (%) [95% | Reference
Detection CIl CIl

Xpert MTB/RIF | Rifampicin 89% [85-92%] 98% [98-99%] [4]

Xpert MTB/RIF | Rifampicin 95% [92-97%] 96% [94-98%] [8,15]

Ultra

COBAS TagMan |[No DST (only MTB|96% [78-86%] 98% [97-99%] [19,20]

MTB detection)

GenoType Rifampicin, Isoniazid 95% [90-97%] 98% [98-100%] [21,22]

MTBDRplus

FluoroType MTB [No DST (only MTB |89% [84-91%] 98% [97-99%] [24]
detection)

Truenat MTB Rifampicin (Truenat | 88% [75-86%] 98% [97-99%] [25]
MTB-RIF Dx)

PURE-LAMP No DST (only MTB|98% [95.5to 99.9%] 99% [98.1 to 99.9%] [26]
detection)

SS-LAMP No DST (only MTB|82.93 % [67.94-92.85] [99.14% [95.29-99.98] |[27]
detection)

EasyNAT TB No DST (only MTB |85% [78-90%] 98% [88-97%] [28]
detection)

Deeplex-MycTB [Rifampicin, INH, FQ,|98-100% agreement | 98-100% agreement | [29,30]
SLID with WGS with WGS
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Conclusion

The increasing portfolio of molecular diagnostic tools for tuberculosis (TB) has reshaped the
landscape of TB detection and drug resistance profiling. From automated cartridge-based systems
like Xpert MTB/ultra and COBAS MTB to line probe assays such as GenoType MTBDRplus and
MTBDRs], and from decentralized platforms like Truenat MTB, TB-LAMP, EasyNAT, and SS-LAMP
to advanced sequencing-based assays like Deeplex-MycTB, each technology offers unique
advantages tailored to specific diagnostic needs and healthcare settings. These assays have
contributed to shortening the diagnostic delay, enabling earlier treatment initiation, and improving
patient management, particularly in high-burden and resource-limited countries. However,
significant challenges remain, including the cost of reagents, infrastructure requirements,
maintenance, and equitable access in remote areas. No single assay meets all diagnostic needs across
all contexts. Therefore, an armada of integrated diagnostic strategies combining centralized high-
throughput platforms, decentralized rapid tests, and advanced resistance profiling tools are essential
to contribute in global elimination of TB
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Abbreviations

The following abbreviations are used in this manuscript:

TB: Tuberculosis

MTB: Mycobacterium tuberculosis

RIFRifampicin

MDR-TB: Multidrug-Resistant Tuberculosis

XDR-TB: Extensively Drug-Resistant Tuberculosis

WHO: World Health Organization

CE-IVD: Conformité Européenne — In Vitro Diagnostic

PCR: Polymerase Chain Reaction

LPA: Line Probe Assay

NGS: Next-Generation Sequencing

DST: Drug Susceptibility Testing

SS-LAMP: Single-Step Loop-Mediated Isothermal Amplification
TB-LAMP: Tuberculosis Loop-Mediated Isothermal Amplification
CFU: Colony Forming Unit

INH: Isoniazid
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