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Introduction

Molecular diagnostics represent a significant advancement in tuberculosis (TB)
detection, offering faster and more accurate results than traditional methods [1].
These techniques, including nucleic acid amplification tests (NAATs) and whole-
genome sequencing (WGS), are crucial for rapid identification of Mycobacterium
tuberculosis complex (MTBC) and for detecting drug resistance [1]. WGS, in par-
ticular, is increasingly used for outbreak investigations and understanding trans-
mission dynamics [1]. Challenges remain in accessibility and cost, especially in
resource-limited settings, but ongoing research aims to overcome these barriers
[1]. The GeneXpert MTB/RIF Ultra assay has become a cornerstone of molecular
TB diagnosis, offering improved sensitivity and detecting rifampicin resistance [2].
Its widespread implementation has transformed TB case finding and management
globally [2]. Whole-genome sequencing (WGS) is emerging as a powerful tool for
detailed molecular epidemiology of TB, allowing for high-resolution strain typing
and identification of novel drug resistance mutations [3]. WGS data can also in-
form public health interventions by revealing transmission pathways, though inter-
pretation and integration require further development [3]. Beyond GeneXpert, line
probe assays (LPAs) and other NAATs play a vital role in detecting resistance to
first- and second-line anti-TB drugs, enhancing treatment guidance for multidrug-
resistant TB (MDR-TB) [4]. Detecting drug-resistant TB is a major public health pri-
ority, with molecular diagnostics at the forefront by simultaneously detecting MTBC
and resistance to key drugs like rifampicin and isoniazid [5]. The development
of novel molecular targets and improved assay design continues to enhance our
ability to combat drug-resistant TB strains [5]. The integration of molecular diag-
nostics into routine TB programs, particularly in low- and middle-income countries,
is critical, despite challenges like infrastructure and cost [6]. However, the bene-
fits of rapid diagnosis, reduced treatment delays, and improved patient outcomes
underscore the importance of expanding access to these technologies [6]. Emerg-
ing molecular technologies, such as CRISPR-based diagnostics, hold promise for
even faster and more accessible TB detection, potentially enabling point-of-care
testing with high sensitivity and specificity [7]. Continued research and develop-
ment are crucial for their clinical validation and widespread adoption [7]. The ac-
curate diagnosis of extrapulmonary tuberculosis (EPTB) remains a challenge, and
molecular methods are increasingly vital due to the paucibacillary nature of EPTB
[8]. Molecular assays, particularly those with higher sensitivity like Xpert MTB/RIF
Ultra, have significantly improved detection rates of EPTB from various clinical
specimens [8]. Genomic surveillance for TB is becoming increasingly important
for understanding transmission patterns and guiding public health interventions,
allowing identification of transmission clusters and tracking drug-resistant strains
[9]. This data-driven approach complements traditional epidemiological methods
[9]. The development of novel molecular diagnostic platforms for TB is ongoing,

aiming to improve speed, accuracy, and accessibility, with a focus on multiplex
assays and reducing cost and complexity for resource-limited settings [10].

Description

Molecular diagnostics have revolutionized tuberculosis (TB) detection by provid-
ing faster and more accurate results compared to traditional methodologies [1].
Techniques such as nucleic acid amplification tests (NAATs) and whole-genome
sequencing (WGS) are instrumental in the rapid identification of Mycobacterium
tuberculosis complex (MTBC) and in detecting drug resistance [1]. WGS, in partic-
ular, is increasingly employed for investigating outbreaks and understanding trans-
mission dynamics, though accessibility and cost remain significant challenges in
resource-limited regions, which ongoing research seeks to address [1]. A piv-
otal molecular diagnostic tool is the GeneXpert MTB/RIF Ultra assay, which has
demonstrated improved sensitivity, especially for smear-negative pulmonary TB
and extrapulmonary TB, and detects mutations conferring rifampicin resistance,
thus enabling quicker treatment decisions and transforming global TB case finding
and management [2]. Whole-genome sequencing (WGS) is emerging as a power-
ful technology for detailed molecular epidemiology of TB, enabling high-resolution
strain typing, outbreak investigations, and the identification of novel drug resis-
tance mutations [3]. The data generated from WGS can significantly inform public
health interventions by elucidating transmission pathways, although the interpreta-
tion and integration of WGS data into routine diagnostics require further standard-
ization and development [3]. Complementing GeneXpert, other molecular assays
such as line probe assays (LPAs) and various NAATs play a crucial role in TB diag-
nosis and drug resistance detection [4]. LPAs are particularly useful for the rapid
identification of mutations associated with resistance to both first- and second-line
anti-TB drugs, thereby enhancing the ability to effectively guide treatment regi-
mens, especially for patients with multidrug-resistant TB (MDR-TB) [4]. The de-
tection of drug-resistant TB is a paramount public health concern, and molecular
diagnostics are at the forefront of this endeavor [5]. Assays capable of simultane-
ously detecting MTBC and resistance to essential drugs like rifampicin and isoni-
azid are indispensable for timely and appropriate treatment initiation [5]. Ongoing
research and development are focused on identifying novel molecular targets and
refining assay designs to enhance the detection andmanagement of drug-resistant
TB strains [5]. Integrating molecular diagnostics into routine TB control programs,
particularly in low- and middle-income countries, is essential for improving patient
outcomes [6]. Addressing challenges related to infrastructure, personnel training,
and cost-effectiveness is critical for successful implementation [6]. Nevertheless,
the advantages of rapid diagnosis, reduced treatment delays, and enhanced pa-
tient outcomes strongly advocate for expanding access to these advanced diagnos-
tic technologies [6]. Emerging molecular technologies, including CRISPR-based
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diagnostics, show significant promise for achieving even faster and more accessi-
ble TB detection [7]. These platforms offer the potential for sensitive and specific
point-of-care testing, which could fundamentally change TB diagnostics in remote
and underserved settings [7]. Continued research and clinical validation are imper-
ative for the widespread adoption of these innovative technologies [7]. Accurately
diagnosing extrapulmonary tuberculosis (EPTB) poses a significant challenge, and
molecular methods are increasingly playing a vital role [8]. EPTB often presents
with a low bacterial load, making conventional diagnostic methods less effective
[8]. Molecular assays, such as the highly sensitive Xpert MTB/RIF Ultra, have sub-
stantially improved the detection rates of EPTB from diverse clinical specimens
[8]. Genomic surveillance of TB is gaining prominence as a tool for understand-
ing transmission dynamics and informing public health strategies [9]. Analyzing
the genomes of MTBC isolates allows for the identification of transmission clus-
ters, tracking the spread of drug-resistant strains, and monitoring the efficacy of
control programs, thereby complementing traditional epidemiological approaches
[9]. The ongoing development of novel molecular diagnostic platforms for TB aims
to enhance speed, accuracy, and accessibility [10]. Research efforts are directed
towards creating multiplex assays capable of simultaneously detecting multiple tar-
gets, including different MTBC species and a wider spectrum of drug resistance
mutations, while also striving to reduce the cost and complexity of these tests for
broader applicability in resource-limited settings [10].

Conclusion

Molecular diagnostics have significantly advanced tuberculosis (TB) detection, of-
fering faster and more accurate results than traditional methods. Techniques like
NAATs and WGS are crucial for identifying MTBC and drug resistance, with WGS
also valuable for outbreak investigations. The GeneXpert MTB/RIF Ultra assay is
a cornerstone for rapid diagnosis and resistance detection. Other molecular tests,
including LPAs, aid in guiding treatment for drug-resistant TB. Genomic surveil-
lance provides insights into transmission patterns. Emerging technologies like
CRISPR-based diagnostics promise greater accessibility. Despite challenges in
cost and implementation, especially in low-resource settings, the benefits of rapid
diagnosis and improved patient outcomes underscore the importance of expand-
ing molecular diagnostics for TB control.
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