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Abstract

Tuberculosis (TB) remains a major global health threat, and the emergence and spread
of drug-resistant Mycobacterium tuberculosis continue to undermine control efforts.
Multidrug-resistant and rifampicin-resistant TB (MDR/RR-TB) is associated with prolonged
treatment, higher toxicity, increased costs, and poorer outcomes compared to susceptible
TB, making rapid and accurate drug susceptibility testing (DST) essential for effective patient
management and transmission prevention. This review summarizes the current methods for
DST in TB, focusing on the principles, strengths, and limitations of phenotypic and molecular
approaches. Phenotypic DST, including the proportion, absolute concentration, and resistance
ratio methods, and automated liquid culture systems, remains the conventional reference
standard; however, conventional methods are limited by long turnaround times and technical
complexity for certain drugs (such as pyrazinamide). Molecular DST targets resistance-
associated mutations in key genes and is represented by line probe assays and cartridge-
based platforms such as the Xpert MTB/RIF, which provide rapid results but are restricted to
predefined genetic loci and may exhibit discordance with phenotypic DST, particularly with
regard to borderline resistance. Next-generation sequencing (NGS)-based assays, including
whole-genome sequencing and targeted NGS panels, offer comprehensive resistance profiling
with high diagnostic accuracy and are increasingly being incorporated into international
guidelines. Finally, we discuss the clinical interpretation of discordant results between
genotypic and phenotypic DST, the impact of revised rifampicin critical concentrations, and
the integration of DST results into contemporary World Health Organization guidelines and
Korean treatment recommendations for MDR/RR-TB. Informed, methodologically grounded
use of DST is crucial for optimizing the diagnosis and management of drug-resistant TB.

Keywords: Mycobacterium tuberculosis, Microbial sensitivity tests, Multidrug-resistant
tuberculosis, Next generation sequencing

Introduction

Tuberculosis (TB) remains one of the most notable threats to global health, and millions of people continue
to suffer from it. According to the World Health Organization (WHO), an estimated 10.7 million TB cases
and 1.23 million TB-related deaths occurred in 2024 [1]. The emergence and spread of drug-resistant TB
are major obstacles to global TB control [1]. Drug resistance not only compromises the effectiveness of
standard regimens, but also leads to prolonged treatment, increased toxicity, higher costs, and worse clinical
outcomes than susceptible TB [2]. Therefore, the rapid and accurate detection of drug resistance is essential
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for optimizing patient management, preventing transmission, and improving treatment outcomes [2].

In this review, we summarize the current methods for drug susceptibility testing (DST), including the
key principles of phenotypic testing, molecular assays, and emerging next-generation sequencing (NGS)
technologies. We also highlight the causes and implications of the discordant results between genotypic and
phenotypic DST (pDST) and discuss how recent WHO guidelines incorporate these diagnostic advances
into the management of drug-resistant TB.

Anti-TB drug resistance and treatment

Drug resistance in Mycobacterium tuberculosis primarily arises from spontaneous chromosomal
mutations, which occur at a low frequency, typically ranging between 10108 per bacterium per generation,
depending on the drug [3]. When patients receive inappropriate regimens or demonstrate poor treatment
adherence, susceptible bacterial populations are progressively eliminated under selective pressure, allowing
the expansion of resistant subpopulations [2,3]. The resistance that emerges as a result of this process is
referred to as acquired resistance. In contrast, resistance resulting from infection with drug-resistant strains is
termed primary resistance. From an epidemiological standpoint, drug resistance is often classified according
to treatment history: new cases, defined as patients with no prior TB treatment or less than one month of
previous therapy; and previously treated cases, defined as individuals who have received anti-TB drugs
for one month or longer. The standard categories of drug-resistant TB based on resistance patterns are

summarized in Table 1.

Table 1. Drug-resistant tuberculosis classifications

Drug-resistance Description

Isoniazid-resistant TB (rifampicin-susceptible) (Hr-TB) Tuberculosis caused by Mycobacterium tuberculosis strains that are resistant to isoniazid but remain
susceptible to rifampicin.

Rifampicin-resistant TB (RR-TB) TB caused by strains resistant to rifampicin, with or without resistance to other first-line drugs.

Multidrug-resistant TB (MDR-TB) TB caused by strains resistant to at least both isoniazid and rifampicin.

Pre-extensively drug-resistant TB (pre-XDR-TB) RR-TB or MDR-TB with additional resistance to any fluoroquinolone.

Extensively drug-resistant TB (XDR-TB) RR-TB or MDR-TB with additional resistance to any fluoroquinolone and at least one Group A agent

(e.g., bedaquiline or linezolid).

Abbreviation: TB, tuberculosis.

DST for M. tuberculosis is broadly categorized into phenotypic and molecular DST (mDST) [4]. Both the
WHO and Korean guidelines for TB recommend the combined use of these two approaches, as they provide
complementary information [4,5]. The primary objective of DST is early detection of multidrug-resistant
TB (MDR-TB). Accordingly, susceptibility to both isoniazid (INH) and rifampicin (RIF) should be assessed
using phenotypic and molecular methods. Once resistance to INH and RIF is confirmed, determining
fluoroquinolone (FQ) resistance is crucial for selecting an appropriate treatment regimen [4,5]. As most
RIF-resistant strains are also resistant to INH and RIF-resistant TB is managed similarly to MDR-TB, RIF
resistance serves as a reliable surrogate marker for MDR-TB. Therefore, the current WHO and domestic
guidelines classify MDR-TB and RIF-resistant TB (RR-TB) within the same clinical category [1,4].

According to WHO estimates, the global prevalence of MDR/RR-TB in 2024 was 3.2% and 16% among
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new and previously treated patients, respectively [4]. Historically, the highest resistance rates have been
reported in countries in the former Soviet Union, where more than half of the previously treated cases were
MDR/RR-TB [1]. In Korea, comprehensive nationwide surveillance data on drug resistance remain limited
because routine population-based surveys have not been conducted. Based on the national TB notification
data, the proportion of MDR/RR-TB cases in 2022 was 3% among new cases and 8.4% among previously
treated cases.

The standard regimen for drug-susceptible TB (2HRZE/4HR) consists of an initial intensive phase with
INH, RIF, ethambutol, and pyrazinamide (PZA) for two months, followed by a four-month maintenance
phase with INH and RIF [6]. Historically, the treatment of INH-monoresistant TB (Hr-TB) involved the
extension of first-line therapy. However, because Hr-TB treated with only first-line drugs is associated
with a high risk of relapse, treatment failure, and acquired resistance, FQs are now recommended as part
of the treatment regimen [7,8]. The Korean guidelines for TB (fifth edition) classify the drugs used for the
treatment of MDR/RR-TB into Groups A, B, and C (Table 2) [5]. The regimens prioritize Group A agents
first, followed by Group B or C drugs, as needed. Unlike the WHO classification, the Korean guidelines

categorize delamanid as a Group A agent.

Table 2. Classification of drugs used in multidrug- and rifampicin-resistant tuberculosis treatment
regimens in Korea [5]
Group  Anti-TB drug
A Levofloxacin or Moxifloxacin
Bedaquiline
Delamanid
Linezolid
B Cycloserine
Clofazimine
C Amikacin or Kanamycin (Streptomycin)
Ethambutol
Imipenem-cilastatin or Meropenem

Para-aminosalicylic acid (PAS)

Prothionamide

Pyrazinamide
Group A: Highly effective core medicines that should be included in all longer MDR/RR-TB regimens unless
contraindicated due to toxicity, intolerance, or known resistance; Group B: Companion medicines selected after
Group A agents when constructing long regimens; Group C: Additional medicines that may be incorporated when
an adequate regimen cannot be composed of Group A or B agents alone.
Abbreviation: TB, tuberculosis; MDR/RR-TB, multidrug-resistant/rifampicin-resistant TB.

In alignment with the updated WHO recommendations, Korean guidelines endorse shorter clinically
validated regimens for MDR/RR-TB. FQ susceptibility testing is essential for patients with confirmed MDR/
RR-TB [5]. If the strain is FQ-susceptible, recommended regimens include a six-month BPaLM regimen
(bedaquiline, pretomanid, linezolid, and moxifloxacin) or nine-month MDR-END regimen (levofloxacin,
delamanid, linezolid, and PZA) [9,10]. If the strain is FQ-resistant, a six-month BPal regimen (bedaquiline,
pretomanid, and linezolid) is recommended [11]. For patients who are not eligible for short-course regimens
due to clinical or microbiological considerations, long, individualized regimens should be used [5].
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pDST

The pDST, also referred to as the conventional DST, encompasses culture-based methods used to assess
the susceptibility of M. tuberculosis to anti-TB drugs. Conventional pDST include the absolute concentration
method, resistance ratio method, proportion method, and assays performed using automated liquid culture
systems [12]. Testing must be performed according to the critical concentrations recommended by WHO,
which vary depending on the assay platform and culture medium (Table 3) [4,13]. The critical concentration
is defined as the lowest drug concentration that inhibits 99% of phenotypically wild-type isolates of the M.
tuberculosis complex in vitro [14].

Table 3. Critical concentrations of drugs recommended for treating drug-susceptible and
multidrug- or rifampicin-resistant tuberculosis

Critical concentrations (pg/mL) by medium

Category Drug L] Middicbrook 7HI0 Middiebrook 7HI1  MGIT
Drug-susceptible TB
First-line drugs Rifampicin 40.0 0.5 1.0 0.5
Isoniazid 02 02 02 0.1
Ethambutol” 20 50 75 50
Pyrazinamide” - - - 100.0
MDR/RR-TB
Group A Levofloxacin 2.0 1.0 - 1.0
Moxifloxacin 1.0 0.5 0.5 0.25
Moxifloxacin (CB) - 2.0 - 1.0
Bedaquiline - - 0.25 1.0
Linezolid - 1.0 1.0 1.0
Group B Clofazimine - - - 1.0
Cycloserine/Terizidone - - - 16.0
Group C Delamanid” - - 0016 0.06
Imipenem-cilastatin - - - -
Meropenem - - - -
Amikacin 30.0 2.0 - 1.0
(or Streptomycin) 4.0 2.0 2.0 1.0
Ethionamide 40.0 5.0 - 5.0
Prothionamide 40.0 - - 2.5
PAS - - - -

“Ethambutol and pyrazinamide are also classified as Group C agents for MDR/RR-TB regimens according to the
World Health Organization (WHO) guidelines; ” Although delamanid is categorized as a Group C drug according
to the WHO guidelines, it is classified as a Group A agent in the Korean guidelines for TB.

Abbreviations: LJ, Lowenstein-Jensen; MGIT, mycobacterial growth indicator tube; TB, tuberculosis; MDR/RR-
TB, multidrug-resistant/rifampicin-resistant TB; CB, critical breakpoint concentration; PAS, para-aminosalicylic
acid.

The proportion method, which is regarded as the standard method, involves preparing a bacterial
suspension adjusted to a McFarland No. 1 standard and subsequently diluting it to 102 and 10*. These
suspensions are inoculated into drug-free control media and media containing the drug. When the control
medium yields 50-150 colonies, results can be interpreted: growth on drug-containing media > 1% of the
control colony count indicates resistance. This method is robust and minimally influenced by the inoculum

size.
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In the absolute concentration method, test strains are inoculated onto drug-free and drug-containing media,
and their growth is compared directly. Because the results depend heavily on the initial inoculum, precise
standardization of the inoculum density is essential. This method can be performed on Lowenstein—Jensen
media, agar media, or broth microdilution systems. Several commercial kits allow the determination of the
minimum inhibitory concentration (MIC) of both first- and second-line agents using microdilution formats.

The resistance ratio method determines the resistance by comparing the MIC of the test isolate with that
of the standard M. tuberculosis strain H37Rv (ATCC 27294). Two sets of media containing serial dilutions
of the anti-TB drugs are inoculated with the test and reference strains. Resistance ratio is defined as the
MIC of the test strain divided by that of the reference strain. Ratios < 2 indicate susceptibility; a ratio of 4 is
considered borderline and warrants repeat testing; and ratios > 8 indicate resistance. Similar to the absolute
concentration method, the results may be affected by variations in inoculum size.

Automated liquid culture systems, such as BACTEC Mycobacteria Growth Indicator Tube (MGIT) 960,
are being increasingly used in clinical laboratories. Although their operating principles are similar to those of
the proportion method, these systems offer fast turnaround times and standardized workflows. Commercial
kits (e.g., MGIT streptomycin, INH, RIF, and ethambutol [SIRE] kit) are available for first-line drugs, and
critical concentrations have also been established for selected second-line agents [13,15].

PZA requires an acidic environment, making standard media unsuitable for testing. Solid media are not
appropriate for PZA testing as M. tuberculosis does not grow sufficiently under acidic conditions to permit
PZA activity. The BACTEC MGIT 960 PZA kit provides an acidified liquid medium and is commercially
available; however, its incubation period is relatively long (up to three weeks). Altemative methods include
testing for pyrazinamidase (PZAase) activity, which converts PZA into pyrazinoic acid and ammonia [16,17].
The loss of PZAase activity is strongly correlated with PZA resistance. The molecular detection of mutations
inpncA, the gene encoding PZAase, is a valuable approach for predicting PZA resistance [18].

mDST

Mutations in genes associated with the targets or activation pathways of anti-TB drugs confer resistance
in M. tuberculosis [2,19,20]. The major resistance-associated genes and mechanisms of action of each drug
are summarized in Table 4 [20]. The primary target of RIF, a critical first-line agent, is the 3-subunit of DNA-
dependent RNA polymerase. rpoB mutations have also been detected in the vast majority of RIF-resistant
strains. INH is a prodrug activated by the catalase—peroxidase enzyme, encoded by katG. katG mutations
are the most common cause of INH resistance. Additional inhA, kasA, and ahpC mutations also contribute
to INH resistance development. Based on these well-established genetic determinants, rapid molecular tests
have been commercialized and widely adopted for RIF and INH resistance detection [4]. These assays can
be performed directly on smear-positive clinical specimens or cultured isolates, offering a markedly shorter
turnaround time than conventional pDST.
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Table 4. Functions of resistance-associated genes and drug resistance mechanisms in Mycobacterium tuberculosis [20]

WHO category ~ Drug or drug class Resistance gene Gene function Mechanism of drug resistance
First-line agents ~ Rifampicin poB RNA polymerase Target modification
Isoniazid katG Catalase-peroxidase enzyme Decreased drug activation
nhA NADH-dependent enoyl-acyl carrier protein Target amplification or modification
Pyrazinamide pncA Pyrazinamidase Decreased drug activation
panD Aspartate decarboxylase Unknown
1psA Ribosomal protein S1 Target modification
Ethambutol embCAB operon  Arabinosyl transferase Target modification
ubiA Arabinogalactan synthesis Gain-of-function
Group A Levofloxacin A DNA gyrase A Target modification
Moxifloxacin B DNA gyrase B Target modification
Bedaquiline atpE ATP synthase Target modification
pepQ Putative Xaa-Pro aminopeptidase Unknown
Rv0678 Transcriptional regulator of mmpL5 Drug efflux
Linezolid ml 23S rRNA Target modification
mplC 508 ribosomal protein L3 Target modification
Group B Clofazimine pepQ Putative Xaa-Pro aminopeptidase Drug efflux
Rv0678 Transcriptional regulator of mmpL5 Drug efflux
Cycloserine/Terizidone  ald L-alanine dehydrogenase Substrate shunting
alr Alanine racemase Target modification
ddl D-alanine-D-alanine ligase Target modification
cycA D-serine/L- & D-alanine/glycine/D-cycloserine  Mechanism not confirmed
proton symporter
Group C Delamanid/Pretomanid ~ ddn Oxidative stress Decreased drug activation
fedl Glucose-6-phosphate oxidation Decreased drug activation
Imipenemy/cilastatin crfA Unknown Drug inactivation
Injectables s 16S rRNA Target modification
Streptomycin psL 12S ribosomal protein Target modification
1rs 16S TRNA Target modification
gidB 7-Methylguanosine methyltransferase Target modification
Ethionamide ethA Mono-oxygenase Decreased drug activation
(Prothionamide)
ethR Transcriptional regulatory repressor protein Decreased drug activation
nhA NADH-dependent enoyl-acyl carrier protein Target amplification or modification
Other medicines ~ Kanamycin eis Aminoglycoside acetyltransferase Inactivating mutation
Capreomycin tlyA rRNA methyltransferase Target modification

Abbreviations: WHO, World Health Organization; NADH, nicotinamide adenine dinucleotide (reduced form); ATP, adenosine triphosphate.

1. Line probe assays (LPAs)

LPAs are the most widely used rapid molecular tests for drug resistance detection in M. tuberculosis [21].
The GenoType® MTBDRplus assay (Hain Lifescience) identifies mutations in 1poB, katG, and the inhA
promoter region, enabling simultaneous RIF and INH resistance detection. The reported sensitivities were
98.4% for RIF resistance and 88.7% for INH resistance, with specificities of 98.9% and 99.2%, respectively
[21]. Other LPAs capable of MDR-TB detection include MolecuTech REBA MTB-MDR (YD Diagnostics),
INNO-LiPA Rif. TB (Fujirebio), and AdvanSure MDR-TB GenoBlot (Invitros) [22-24]. Although these
assays differ in technical features, their underlying principles are similar. To detect RIF resistance, LPAs
amplify the RIF resistance-determining region of the 1poB gene and hybridize the product with wild-type
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and mutation-specific probes. Loss of hybridization to any wild-type probe or binding to a mutated probe
indicates resistance [23]. LPAs capable of detecting resistance to additional drug classes are also available,
including GenoType MTBDRsl (Hain Lifescience), GENOSCHOLAR™ FQ+KM-TB II (Nipro),
and GENOSCHOLAR™ PZA-TB 1I (Nipro) [4]. However, LPAs require multiple manual steps after
polymerase chain reaction (PCR) amplification, complicating the workflow and making it time-consuming,
Moreover, the sensitivity of such LPAs is suboptimal for smear-negative samples; therefore, LPAs are

generally restricted to smear-positive specimens or cultured isolates.

2. Xpert MTB/RIF

The Xpert MTB/RIF (Xpert) assay is an automated cartridge-based molecular test that simultaneously
detects M. tuberculosis and RIF resistance using real-time PCR, targeting the rpoB gene using molecular
beacon probes [25]. The WHO recommends Xpert as the first-line diagnostic test for individuals with
suspected pulmonary or extrapulmonary TB. According to a systematic review, this assay demonstrated a
sensitivity of 67% for smear-negative/culture-positive specimens and 98% for smear-positive/culture-positive
specimens, with a pooled specificity of approximately 98% [25].

The new Xpert MTB/RIF Ultra (Xpert Ultra) was developed to enhance diagnostic sensitivity by
amplifying two multicopy insertion sequences (IS6110 and IS1081) [26-28]. This dual-target strategy
markedly improves the detection of paucibacillary disease, although it is accompanied by a slight reduction
in specificity, particularly among patients with a history of TB. Xpert Ultra has also introduced a “trace”
category, indicating low levels of M. tuberculosis DNA [29]. Interpretation of the trace results can be
challenging. However, current recommendations suggest that, in patients without prior TB and with
compatible clinical or radiological features, a trace result may be interpreted as indicative of TB [4]. Clinical
correlation remains essential when incorporating Xpert Ultra in diagnostic decision-making,

3.NGS

Conventional molecular tests are limited by the number of genes and mutations identified. Because
TB drug resistance arises from a broad spectrum of chromosomal mutations, these targeted assays cannot
fully capture the complexity of the resistance profiles. In addition, the ongoing identification of resistance
mechanisms and introduction of novel anti-TB agents further complicate DST. This has increased interest in
NGS as a comprehensive approach for drug resistance detection.

NGS-based testing for TB drug resistance involves two major strategies, whole-genome sequencing
(WGS) and targeted NGS (tNGS) [30]. Theoretically, WGS provides the most comprehensive analysis
because it examines the entire genome, offering information on resistance-associated mutations, phylogeny,
transmission clusters, and other genomic features [20,30]. However, performing WGS directly on clinical
specimens is complicated. It generates large datasets requiring extensive analysis, and it is relatively
expensive [30]. In contrast, tNGS amplifies selected resistance-associated regions prior to sequencing,
enabling high analytical sensitivity and direct application to clinical samples [4,30]. tNGS offers a lower
cost, shorter turnaround time, and improved feasibility in routine diagnostic settings than WGS. Reflecting
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these advantages, the WHO included recommendations for targeted NGS in its 2024 updated guidelines [4].
Commercially available targeted NGS assays include: Deeplex® Myc-TB (Genoscreen), AMPORE-TB®
(Oxford Nanopore Diagnostics), and TBseq® (Hangzhou ShengTing Medical Technology Co.) [4].

Recent evidence demonstrates that tNGS has a high overall diagnostic accuracy, with a pooled sensitivity
of 94% and specificity of 98% for all drugs [31]. Sensitivity varied by agent, ranging from ~77% for
capreomycin to > 99% for RIF, while specificity ranged from ~93% for ethambutol to > 99% for amikacin [31].
Notably, tNGS showed comparable diagnostic performance for detecting resistance to RIF, INH, ethambutol,
streptomycin, and FQs when performed on primary clinical specimens and culture isolates [31].

Discordant results between mDST and pDST

As mDST and pDST detect resistance through fundamentally different mechanisms, discordant results are
inevitable. When the Xpert was first introduced, concerns were raised regarding possible “false-positives” for
RIF resistance, and pDST results were often used as the reference standard. However, subsequent studies
have demonstrated that discrepancies reflect structural differences between genotypic and phenotypic assays
rather than test errors [32-36].

A common pattern involves isolates identified as RIF-resistant by Xpert but susceptible by pDST [14,
35-37]. Sequence analyses revealed specific mutations responsible for these mismatches. Molecular assays,
such as Xpert, infer resistance from the presence of mutations, but certain mutations confer only low-level
resistance, resulting in phenotypically susceptible results at standard critical concentrations. These mutations
have been referred to as discordant, low-level resistance, or disputed mutations; however, the WHO now
recommends the term borderline resistance mutations [14]. Seven RIF borderline resistance mutations have
been identified (L430P, D435Y, H445L, H445S, H445N, LA452P, and [491F), which collectively account
for approximately 12% of all RIF-resistant isolates [14]. Although the MICs for isolates with borderline
mutations may fall near or slightly below the traditional critical concentration, treatment outcomes with first-
line regimens containing RIF resemble those observed in typical RIF-resistant TB [37]. Therefore, the WHO
recommends that RIF resistance due to borderline mutations should be managed as MDR/RR-TB [4]. In
addition, to improve detection of these mutations, WHO recently lowered the critical concentration for RIF
in Middlebrook 7H10 and MGIT systems from 1.0 pg/mL to 0.5 pg/mL [4,14]. According to a recent study
conducted in Korea, applying the revised critical concentration of RIF to Middlebrook 7H10 resulted in an
approximately 10% increase in the RIF resistance [38]. In contrast, another study that applied the revised
critical concentration for RIF using the MGIT system reported little change in RIF resistance [15].

Recent evidence indicates that the risk of false-positive RIF resistance in Xpert assays increases
substantially in paucibacillary TB [39-41]. In patients whose sputum samples yield a low M. tuberculosis
burden on Xpert MTB/RIF or Xpert MTB/RIF Ultra, the positive predictive value for RIF resistance
declines markedly, and recent studies have demonstrated that 80%-90% of such initial resistance calls may
be reclassified as susceptible upon repeat testing with pDST or rpoB sequencing [39,40]. These findings
suggest that a low bacillary load is a major driver of discordance between molecular and phenotypic results,

Annals of Clinical Microbiology 2025 December Vol.28(4) 8



Drug susceptibility testing for Mycobacterium tuberculosis. a review

most likely due to amplification bias and probe hybridization instability when the target DNA is present
at extremely low concentrations. Therefore, molecular detection of RIF resistance in samples categorized
as having a low M. tuberculosis load should not be interpreted as definitive evidence of resistance. Under
such circumstances, confirmatory testing is recommended to avoid the unnecessary initiation of MDR-TB
treatment [40].

In addition to RIF, molecular assays generally show a lower sensitivity than pDST for many other drugs.
Resistance mechanisms often involve multiple genes and the full spectrum of resistance-associated mutations
for several drugs remains unclear. Although several genes contribute to INH resistance, most commercial
rapid tests detect mutations only in katG and the inhA promoter, resulting in a lower sensitivity than RIF
resistance detection [21]. Similar limitations apply to molecular assays of other anti-TB drugs. Therefore,
mDST result interpretation should incorporate the clinical context, including prior treatment history, known
exposure to drug-resistant TB, and local epidemiology.

Conclusion

Accurate and timely detection of drug resistance is fundamental for effective TB control and remains a
major determinant of treatment success. Although pDST is regarded as the conventional reference standard,
it remains constrained by a prolonged turnaround time. Molecular diagnostic assays have substantially
improved the speed of resistance detection; however, their performance is inherently limited by the range
of mutations that they can target. NGS offers a comprehensive framework for characterizing resistance
mechanisms and is increasingly being integrated into global diagnostic strategies.

Since molecular and phenotypic methods investigate fundamentally different biological processes,
discordant results are inevitable. Careful interpretation of such discrepancies is essential, particularly when
low or borderline resistance mutations are present. A thorough understanding of the strengths and limitations
of pDST and mDST is, therefore, critical for their appropriate clinical application and to ensure accurate,

patient-centered management of drug-resistant TB.
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