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Abstract: Despite available global efforts and funding, Tuberculosis (TB) continues to affect a 
considerable number of patients worldwide. Policy makers and stakeholders set clear goals to 
reduce TB incidence and mortality, but the emergence of multidrug-resistant TB (MDR-TB) and 
extensively drug-resistant TB (XDR-TB) complicate the reach of these goals. Drug-resistance TB 
needs to be diagnosed rapidly and accurately to effectively treat patients, prevent the transmission 
of MDR-TB, minimise mortality, reduce treatment costs and avoid unnecessary hospitalisations. In 
this narrative review, we provide a comprehensive overview of laboratory methods for detecting 
drug resistance in MTB, focusing on phenotypic, molecular and other drug susceptibility testing 
(DST) techniques. We found a large variety of methods used, with the BACTEC MGIT 960 being the 
most common phenotypic DST and the Xpert MTB/RIF being the most common molecular DST. We 
emphasise the importance of integrating phenotypic and molecular DST to address issues like 
resistance to new drugs, heteroresistance, mixed infections and low-level resistance mutations. 
Notably, most of the analysed studies adhered to the outdated definition of XDR-TB and did not 
consider the pre-XDR definition, thus posing challenges in aligning diagnostic methods with the 
current landscape of TB resistance. 

Keywords: Mycobacterium tuberculosis; multidrug-resistant; extensively drug-resistant; diagnostic 
methods; point-of-care; phenotypic methods; molecular methods; drug resistance detection; rapid 
test 

 

1. Introduction 

Mycobacterium tuberculosis (MTB) is responsible for tuberculosis (TB) disease in humans. MTB 
bacilli are transmitted from person to person through close contact by inhalation of infectious 
aerosols, establishing an infection that may remain latent, yet still maintains a 5-10% probability of 
progressing to active disease. The lungs are the preferred site of MTB bacilli infection, where they can 
multiply and cause pulmonary TB in both immunocompetent and immunocompromised hosts. 
However, in immunocompromised patients, MTB bacilli can disseminate to other body sites, causing 
extrapulmonary TB [1,2]. 

In 2022, the World Health Organization (WHO) estimated 7.5 million new TB cases and 1.3 
million deaths. Compared to the previous years, this represents a significant global increase in 
diagnosed and treated TB cases, following two years of disruptions due to the COVID-19 pandemic. 
Indeed, COVID-19 disruptions are believed to have resulted in an additional half a million TB-related 
deaths during 2020-2022, compared to what would have been expected if pre-pandemic trends had 
continued [2]. The WHO’s End TB strategy aims for a 90% reduction in TB incidence and a 95% 
decrease in TB deaths by 2035 [3]. However, this aim is complicated by drug-resistant TB; in 2022, the 
WHO estimated 410,000 cases of TB resistant to at least Rifampicin (RIF), the most effective drug in 
TB treatment [2]. 
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The main mechanism of acquisition of drug resistance in TB involves point-mutation in 
resistance-associated genes, predominantly single-nucleotide polymorphisms (SNP)s, but insertions 
and deletions are also possible. However, phenotypic resistance may result from a complex network 
of mutations in different genes, including compensatory mutations that mitigate the fitness cost of 
the resistance [4]. The WHO classifies drug-resistant TB into various types: RIF-resistant TB (RR-TB), 
multi-drug-resistant TB (MDR-TB, resistant to RIF and isoniazid (INH), two of the first-line drugs, 
FLDs), pre-extensively drug-resistant TB (pre-XDR, MDR-TB additionally resistant to any 
fluoroquinolone, FQ), and extensively drug-resistant TB (XDR-TB, MDR-TB additionally resistant to 
any FQ and at least one of the priority A drugs Linezolid (LZD) and Bedaquiline, BDQ) [2,5]. The 
category of pre-XDR and the new XDR-TB definition were introduced by the WHO in 2021; both 
definitions have significant clinical relevance [6,7]. With these changes in definitions, diagnostic 
laboratories must adapt accordingly; surveys among TB reference laboratories in the European region 
indicate that while laboratories are well-equipped to test resistance to “established” drugs such as 
FQs, LZD, or second-line injectable drugs (SLIDs) like amikacin (AMK) or kanamycin (KAN), they 
are less prepared for “novel” drugs such as BDQ, crucial for treating MDR-TB [8,9]. 

Historically, the laboratory diagnosis of TB resistance relied on phenotypic methods using MTB 
cultures grown in the presence of antibiotics (referred to hereafter as phenotypic drug-susceptibility 
testing, pDST). However, modern diagnostics methods have shifted towards molecular techniques 
that detect mutations in resistance-associated genes (referred to hereafter as molecular DST) [10,11]. 
Early and accurate diagnosis of drug-resistant TB is crucial for appropriately treating patients, 
preventing further MDR-TB transmission, reducing mortality and minimising treatment costs and 
unnecessary hospitalization. Inadequate treatment can select resistant TB subpopulations, leading to 
MDR-TB, XDR-TB, or novel resistant isolates, thus limiting the available treatment options [12–14]. 

With this narrative review, we aim to provide an overview of recent advancements in diagnostic 
methods for detecting drug resistance in MTB. One question also motivated us to write this review: 
how have the new pre-XDR and XDR-TB definitions impacted the current state of MTB drug-
resistance diagnostics? We will also discuss the challenges of implementing such methods in routine 
diagnostics across different settings, such as low- versus high-resource settings. This review is 
intended to help clinical microbiologists understand the range of available resistance detection 
methods together with their limitations and highlight the advantages and challenges of 
implementing specific methods in routine diagnostics. 

2. Materials and Methods 

The methodology to conduct this narrative review was inspired (with some obvious changes) 
by a similar article about drug-resistance diagnostics in Staphylococcus aureus published by one of the 
authors [15] and it was conducted according to the guidelines published by Ferrari [16]. 

A list of relevant keywords about the topic of this narrative review was developed. The 
databases PubMed and Web of Science (WoS) were chosen. This was the search string used in the 
PubMed database (30th April 2023): Tuberculosis, Multidrug-Resistant/diagnosis[Mesh] OR 
Extensively Drug-Resistant Tuberculosis/diagnosis[Mesh] OR (resistance detection [Title/Abstract] 
OR antimicrobial susceptibility testing [Title/Abstract] OR microbial sensitivity tests/methods[Mesh] 
OR microbial sensitivity tests/standards[Mesh] OR point-of-care testing[MeSH] OR point-of-care 
systems[MeSH] OR phenotypic drug resistance testing OR genotypic drug resistance testing OR 
resistance prediction [Title/Abstract] OR rapid detection [Title/Abstract] OR rapid diagnosis 
[Title/Abstract] OR molecular diagnosis [Title/Abstract] OR nucleic acid amplification 
test[Title/Abstract] OR (sensitivity and specificity[MeSH] AND drug resistance[MeSH])) AND 
Tuberculosis[Title/Abstract]. This was the search string used in the WoS database (advanced search, 
30th April 2023): TS = (“resistance * detection *” OR “* microbial * susceptibility test *” OR “* microbial 
* sensitivity Test *” OR “point of care“ OR phenotypic drug resistance test * OR genotypic drug 
resistance test * OR “resistance prediction *” OR “rapid detection *” OR “rapid diagnosis” OR 
“molecular diagnosis” OR “nucleic* acid* amplification test*” OR (multidrug* resistant AND 
detection) OR (multidrug* resistant AND diagnosis) OR (extensively drug* resistant AND detection) 
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OR (extensively drug* resistant AND diagnosis) OR (sensitivity specificity AND “drug * resistance 
*”)) AND TS = (“mycobacterium tuberculosis”). 

The inclusion criteria were: 1) studies published in English; 2) studies published between 1st 
January 2020 and 30th April 2023; 3) all types of articles, including journal articles, reviews, book 
chapters, editorials, etc. In Figure 1, an overview of the search strategy and the study selection is 
shown. After applying the search string and the inclusion criteria, we imported 2342 studies into 
Zotero and we excluded 694 duplicates. This led to 1648 studies which were screened for relevance 
based on their titles and abstracts. 

 
Figure 1. Flowchart of the search strategy, exclusion and selection of studies in this narrative review. 
WoS: Web of Science; MTB: Mycobacterium tuberculosis. 

A total of 679 studies were excluded due to not focusing on drug resistance detection; for 
example, they focused on MTB identification only. Another 406 studies were excluded because, 
although drug resistance was detected in these studies, the main focus was not the performance or 
the feature of a diagnostic method but the molecular epidemiology or the distribution of drug 
resistance genes. A total of 86 studies were selected for this narrative and 32 further studies were 
included through a manual search among the references of the selected studies. 

3. Results 

The results of this review are divided by phenotypic, molecular and other methods. Standard 
methods will be only briefly covered, with a focus on the latest literature highlighting discrepancies, 
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mistakes, or inaccuracies in these methods. In Table 1, we present a general overview of the major 
diagnostic methods covered in this review. In the text, we provide specific results of the studies. 

Table 1. Overview of the diagnostic methods to detect drug resistance in Mycobacterium tuberculosis 
investigated in this review. 

Method  Direct/   
 Indirect1  

TAT2  
Features Review 

section  
Ref. 

Pros Cons 
Phenotypic methods 

Mycobacteria 
Growth 

Indicator 
Tube (MGIT)  

Direct for 
ID, 

indirect 
for DST  

14-28 
days  

MTB ID and DST3   
Multiple drug testing   

Customisable4 

Not rapid   
Not easy to use5   

MIC determination   
Semiautomated   

3.1.1  [17,18]  

Sensititre  
MYCOTB  

Indirect  7-21 
days  

Multiple drug testing   
MIC determination 

MTB ID and DST   
Not customizable    

Not rapid   
Not easy to use   
Semiautomated   

3.1.2  [19]  

Colorimetric   
 assays  

Indirect  8-9 days  

Multiple drug testing   
Customisable 

Easy to use   
Costs   

Little equipment required   

MTB ID and DST   
MIC determination   

Manual   
Low accuracy/sensitivity   
Needs standardization   

Subjective interpretation   
Limited throughput   

3.1.3  [20,21] 

Thin-layer 
agar (TLA)  Direct  18 days  

Multiple drug testing   
Customisable    

Rapid   
Easy to use   

Costs   
Little equipment required   

MTB ID and DST   
MIC determination   

Manual   
Need standardization   

Low accuracy/sensitivity   
Subjective interpretation   

Limited throughput   

3.1.4  [22,23] 

Direct 
microscopy- 
based slide 

DST (SDST)  

Direct  14 days  

Multiple drug testing   
Customisable    

Rapid   
Easy to use   

Costs   
Little equipment required   

MTB ID and DST   
MIC determination   

Manual   
Need standardization   

Low accuracy/sensitivity   
Subjective interpretation   

Limited throughput   

3.1.5  [24] 

In-house flow 
cytometry  

Indirect  1 day  

Multiple drug testing   
Customisable    

Rapid   
 

MTB ID and DST   
MIC determination   

Semiautomated   
Need standardization   
Extensive equipment 

required   

3.1.5  [25] 

Molecular methods 

GeneXpert  
technology  

Direct  <2 
hours  

MTB ID and DST   
Multiple drug testing   

Easy to use   
Automated   

Interpretation standardized   

Not customisable    
 

3.2.1  [26–36] 

GenoType 
MTBDRplus 

and MTBDRsl  

Direct/  
 indirect  1-3 days  

MTB ID and DST   
Multiple drug testing   

Easy to use   
 

Not customisable    
Semiautomated   

Low accuracy on direct 
samples 

3.2.2  [37–46] 

BD MAX 
MDRTB  

Direct  4 hours  
MTB ID and DST   

Multiple drug testing   
Easy to use   

Not customisable    
 

3.2.3  [47] 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 February 2024                   doi:10.20944/preprints202402.1123.v1



 5 

 

Automated   
Interpretation standardized   

Medium throughput   

Sequencing   
 technology  

Direct/  
 indirect  

  

MTB ID and DST   
Multiple drug testing   

High throughput   
Data can be reanalysed   

Detect all genes   

Semiautomated   
Not easy to use 

3.2.4 
and 

Table 2  

3.2.4 
and 

Table 2 

In-house PCR-
ELISA 

Microplate 
Hybridization  

Indirect  4-5 
hours  

Multiple drug testing   
Customisable    

Easy to use   
Costs   

Little equipment required   

MTB ID and DST   
Manual   

 
3.2.5  [48] 

In-house   
 

QuantaMatrix 
Multiplexed  

Indirect  6 hours  
FLD and SLD testing   

 

MTB ID and DST   
Not easy to use   
Semiautomated 

3.2.5  [49] 

In-house 
target 

amplicon   
 sequencing   
 (TBNGS)  

Direct  6 days  
High throughput   

Rapid   
Multiple drug testing  

MTB ID and DST   
Not easy to use   

Not customisable    
Semiautomated   

3.2.5  [50] 

TB MDR and 
XDRA  

Direct/  
 indirect  3 hours  

MTB ID and DST   
Multiple drug testing   

Easy to use   
Automated   

Not customisable    
 3.2.6  [51] 

DNA   
 Microarray  Indirect  6 hours  

MTB ID and DST   
Costs   

Multiple drug testing   
High throughput   

Not customisable   
Not easy to use   
Semi-automated   

3.2.6  [52] 

RIF-RDp, 
LNA probes 

and HRM 
analysis  

Direct/  
 indirect  

2.2 
hours  

Costs   
 

MTB ID and DST   
Test only for RIF   
Semiautomated   
Not easy to use   

3.2.6  [53] 

MagPlex 
microsphereb

ased 
multianalyte 

profiling  

Indirect  5 hours  
Multiple drug testing   

Customisable    

MTB ID and DST   
Semiautomated   
Not easy to use   

Extensive equipment 
required   

3.2.6  [54] 

Truenat MTB-
RIF Dx  

Direct  <2 
hours  

MTB ID and DST   
Easy to use   
Portability   

Rapid   
Automated   

Can work at > 40°C and > 
80% humidity, field work   

Not customisable    
Test only for RIF   

 
3.2.6  [55] 

Other methods 

Biosensor  Indirect  <2 
hours  

Easy to use   
Multiple drug testing   

Costs   
Rapid   

Automated   
Low sample volume 

required   

MTB ID and DST   
Not customisable    

 
3.3.1  [56] 

Lab on chip  Direct  3 hours  

MTB ID and DST   
Easy to use   

Rapid   
Automated   

 3.3.2  [57,58] 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 February 2024                   doi:10.20944/preprints202402.1123.v1



 6 

 

Portability/Compact size   
Low sample volume 

required   

MALDI-TOF 
mass 

spectrometry  

Direct/  
 indirect  

1 day  

MTB ID and DST   
Multiple drug testing   

Easy to use   
High throughput   

Customisable  

Need standardisation for 
resistance detection   

Semiautomated 
3.3.3  [59–61] 

SERS  Indirect  
Not 

provide
d  

Multiple drug testing   
Label-free   

Minimal sample preparation   

Difficult spectra 
interpretation  

3.3.4  [62] 

1 Direct on clinical samples or indirect on an isolated culture (cultures must be incubated in a biosafety level 3 
laboratory). 2 Not considering the time to obtain a culture. 3 Means whether the method can perform 
simultaneously MTB ID and DST. 4 Means the ability to update or modify the method to include new drugs or 
new resistance-associated mutations to be tested. 5 Means whether the method requires specialized personnel 
and/or extensive training. DST: drug susceptibility test; FLD: first-line drugs; HRM: high-resolution melting; ID: 
identification; LNA: locked nucleic acid; MALDI-TOF: Matrix-assisted laser desorption ionization time-of-flight; 
MIC: minimum inhibitory concentration; MTB: Mycobacterium tuberculosis; RIF: Rifampicin; SERS: surface-
enhanced Raman spectroscopy; SLD: second-line drugs; TAT: turnaround time. 

3.1. Phenotypic drug susceptibility testing (pDST) 

In pDSTs, bacteria are classified as resistant when they can grow in the presence of a drug, 
indicating that the drug is ineffective. Various types of pDST are available, some of which can 
determine the exact minimum inhibitory concentration (MIC) - the lowest drug concentration that 
inhibits 99% (90% in the case of Pyrazinamide, PZA) of visible bacterial growth - while others do not 
[63,64]. pDSTs require a positive MTB culture, which can take 2-3 weeks. Moreover, the tests need to 
be conducted in a complex and expensive infrastructure such as a biosafety level 3 laboratory. An 
additional 2-3 weeks are needed to obtain drug-susceptibility results. Thus, from sample collection 
to pDST results, a total of 4-6 weeks are needed [65,66]. The gold standards for pDST are the agar 
proportion method on solid medium (such as Löwenstein–Jensen (LJ) or 7H11 Middlebrook) or the 
Mycobacterium Growth Indicator Tube (MGIT) liquid medium, which is more common and faster. 

3.1.1. Mycobacteria Growth Indicator Tube (MGIT) 960 system (Becton Dickinson) 

With the MGIT, the MTB isolate grows on only one drug concentration, the critical concentration 
(CC) and the isolates are categorized as susceptible or resistant [67,68]. In Taiwan, Wu and co-authors 
analysed the BDQ resistance through the agar proportion method, MGIT and sequencing of the atpE, 
Rv0678, and pepQ genes in RR- or MDR-TB isolates. Isolates were divided into two groups: those with 
a MIC < 0.25 μg/ml (n=28) and those with a MIC ≥ 0.25 μg/ml (n=37). Using the agar proportion 
method, 18 isolates had a BDQ MIC = 0.25μg/ml; among those, 7/18 were resistant while 11/18 were 
susceptible according to the MGIT (breakpoint set as 1 μg/ml). Therefore, the authors recommend 
that a MIC = 0.25 μg/ml should be categorized as intermediate-susceptible, to resolve possible 
discordances by using different pDST methods. A total of 22 isolates were BDQ-resistant according 
to the MGIT and 17 of them harboured mutations in the Rv0678 gene [17]. A study by Rahman et al. 
in Bangladesh assessed resistance to FLDs in 825 sputum samples, revealing MGIT’s high sensitivity 
for detecting RIF and INH resistance (97.6% and 90.0%, respectively) but lower sensitivity for 
Streptomycin (SM) and Ethambutol (EMB) (61.3% and 44.9%) compared to the proportion method 
on LJ medium. The authors highlighted the high cross-country variability in the performance of 
MGIT regarding SM and EMB detection [18]. 

3.1.2. SensititreTM Mycobacterium tuberculosis MYCOTBI AST plate (ThermoFisher Scientific Inc). 

With the Sensititre is possible to determine the MIC to 12 anti-TB drugs lyophilized on a 96-well 
plate, through the microdilutions method [69]. In Russia, Ushtanit and colleagues analysed the MICs 
to Ethionamide (ETH, a SLD) in 349 clinical isolates using the MGIT and the Sensititre MYCOTB with 
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a CC of 5 mg/L. The authors observed a poor correlation between the results of the two pDST methods 
but did not provide any explanation. The authors proposed to lower the CC to 2.5 mg/L since the 
majority of ETH-susceptible isolates had a MIC < 2.5 mg/L [19].  

3.1.3. Colorimetric assays 

The Crystal Violet Decolorization Assay can detect RIF and INH resistance and was developed 
by Reghunath and co-authors in India. The assay is based on the principle that drug-resistant isolates 
can decolorize crystal violet dye, while drug-susceptible isolates cannot. Despite the limited number 
of analysed resistant isolates (14 MDR and 5 INH-monoresistant), the assay demonstrated 100% 
sensitivity and > 94.0% specificity for both RIF and INH resistance detection. The assay is easy to 
perform since it requires only antibiotics, dye and Middlebrook broth media. The TAT was nine days 
and the estimated cost was approximately six euro per sample [20]. 

Akbal and co-authors evaluated five colorimetric methods for PZA resistance detection in 15 
susceptible and 15 resistance isolates and compared the results with the MGIT system. The authors 
found a good correlation (>90%) with all methods, and that the fastest TAT was eight days. Larger 
multicenter studies are needed to explore the feasibility of these colorimetric methods, especially in 
low-resource high-MDR-TB incidence settings [21]. 

3.1.4. Thin-layer agar (TLA) 

Another cheap and rapid diagnostic test that could be useful in low-resource settings or field 
conditions is the direct thin-layer agar (TLA) DST. Ardizzoni et al. assessed its efficacy in Eswatini 
using both smear-positive and negative samples, benchmarking against a composite reference of 
Xpert MTB/RIF and pDST. In the TLA assay, clinical samples are decontaminated and then directly 
inoculated in 4-quadrant polystyrene agar plates with and without antibiotics. With a TAT of 18.4 
days from sample collection to RR result, the TLA showcased superior performance for RR detection 
with a sensitivity of 93.0% and specificity of 99.4%, surpassing Xpert MTB/RIF’s 62.5% sensitivity and 
99.3% specificity. TLA’s advantage was attributed to its detection of the I491F mutation in the rpoB 
gene (outside of the rifampicin resistance determining region, RRDR), which is common in southern 
Africa but not included in the Xpert MTB/RIF test [22]. 

In Ethiopia, Shibabaw and co-authors developed a colorimetric TLA-based assay, the 
MDR/XDR-TB Colour Test (TB-CX) for RIF-, INH- and ciprofloxacin (CIP)-resistance detection 
directly from sputum samples. Compared to pDST, the TB-CX method showed a sensitivity of 59.0%, 
96.0%, and 95.0% for INH, RIF and MDR-TB detection and a specificity of 96.0%, 94.0%, and 98.0%, 
respectively. The low sensitivity observed for INH was explained by the suboptimal storage 
conditions of the TB-CX (four months versus the recommended 66 days) or by the different INH 
concentrations used between pDST and the TB-CX [23]. 

3.1.5. Other phenotypic methods 

A rapid direct microscopy-based slide DST assay was evaluated in Uganda for the detection of 
RR on 122 smear-positive sputum samples from re-treatment TB patients. Compared with traditional 
pDST, the sensitivity and specificity of the assay were 96.0% and 97.8% in the 26 RR-detected isolates 
[24]. Lee and colleagues developed a rapid pDST method that detects viable MTB isolates by their 
capacity to hydrolyse fluorescein diacetate. This process releases free fluorescein, which can then be 
identified through flow cytometry. The authors tested the viability of 39 clinical isolates with anti-TB 
drugs such as RIF, INH and EMB. All resistant isolates according to traditional pDST (INH-resistant 
n=12, RIF-resistant n=4 and EMB-resistant n=5) were resistant also according to the flow cytometry. 
The test is promising since it can deliver susceptibility results in 24 hours after a positive MTB culture 
is incubated with the respective drug, but more resistant isolates need to be tested [25]. 

3.2. Molecular drug susceptibility tests 
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Molecular DSTs for detecting drug-resistance in MTB are mostly based on the detection of 
mutations in resistance-associated genes. Molecular DSTs are simpler and faster than pDST, with the 
added advantage of being applicable directly to clinical samples without the need for a prior culture. 
However, their scope is limited to detecting only known mutations, which means new, unknown, or 
rare mutations conferring drug resistance may go undetected. Also, molecular DST cannot determine 
the MICs [70]. The gold standards for the molecular detection of drug resistance in MTB are the 
commercial WHO-endorsed PCR-based Xpert MTB/RIF and Xpert MTB/RIF Ultra (for detection of 
TB and RIF resistance) [71], the line probe assays (LPA) based GenoType MTBDRplus (Hain 
LifeScience) and Nipro NTM + MDRTB detection kit (Nipro Corp.), (for testing RIF and INH 
resistance) and the GenoType MTBDRsl (Hain LifeScience) (for testing FQs and aminoglycosides) 
[72]. 

3.2.1. Xpert MTB/RIF, Xpert MTB/RIF Ultra and Xpert MTB/XDR 

The Xpert MTB/RIF (Cepheid, Sunnyvale, CA, United States) allows identifying MTB and its 
resistance to RIF directly on clinical samples in ca. 90 minutes. This system is based on automated 
nested real-time PCR in a cartridge and it targets mutations in the rpoB gene [71]. The Xpert MTB/RIF 
Ultra has improved sensitivity for RIF resistance detection by incorporating additional targets and 
reducing the limit of detection compared to Xpert MTB/RIF [73,74]. The Xpert MTB/XDR system was 
approved for testing INH, FQ, AMK, KAN and ETH from sputum samples after a positive result 
from one of the two previous Xpert assays [75]. 

In their meta-analysis, Liu and co-authors found that Xpert MTB/RIF used on bronchoalveolar 
lavage (BAL) samples had a sensitivity of 87.0% and a specificity of 92.0%. Although more invasive, 
BAL samples are a valid alternative to sputum samples, especially in patients with sputum smear-
negative samples or in patients who cannot produce enough quantity of sputum [26]. In their 
prospective observational study, Ngabonziza and colleagues analyzed the false positive RIF- 
resistant results when using Xpert MTB/RIF in Rwanda. Of the 154 patients initially diagnosed with 
RIF resistance using the Xpert MTB/RIF, only 35% had their RIF resistance confirmed upon repeat 
testing. Patients with a low bacterial load on sputum (94/154) had a higher probability of having a 
discordant result compared to patients with a high bacterial load. The Xpert MTB/RIF assay was 
found to have a low positive predictive value (53%) for RIF resistance in samples with a low bacterial 
load, implying that almost half of the RIF resistance results could be false positives. The authors gave 
two major explanations for that poor performance: 1) the known specificity limitations of the Xpert 
MTB/RIF in settings with a low RIF-resistance prevalence and 2) the high number of patients with 
paucibacillary disease due to the expanded testing indications encouraging early-stage disease 
testing. The authors recommended that when using the Xpert MTB/RIF, if initial testing indicates RIF 
resistance in a sample with a low bacterial load, additional sputum samples should be collected to 
repeat Xpert testing before starting MDR-TB treatment [36]. 

Xia et al. analysed 57 borderline RIF-resistance isolated cultures in China and found that Xpert 
MTB RIF showed a superior capacity to detect borderline RIF resistance (48/57, 84.2%) when 
compared to LJ-based DST (25/57, 43.9%) and microdilution plates (Thermo Fisher, Scientific Inc., 
USA) (33/57, 57.9%). The authors showed that borderline RIF-resistance detection with pDST can be 
achieved by reducing the MIC value to 0.5μg/mL or by extending the incubation time to six weeks in 
LJ-based DST [27]. In Uganda, Ssengooba and co-authors investigated the discordances between the 
initial and the repeated XpertMTB/RIF testing. The Global Laboratory Initiative recommends 
repeating the RIF resistance testing in patients with a low pretest probability, for example, new TB 
cases in a low RR/MDR-TB prevalence setting without previous contact with a resistant TB patient. 
To determine whether RR was truly detected, the authors used pDST, Genotype MTBDRplus and 
XpertMTB/RIF Ultra. The authors found that 15/96 (15.6%) isolates had a discordant RR result 
between the initial and repeated XpertMTB/RIF testing and that 10/96 (10.4%) isolates were false-
positive RR isolates. A low bacillary load on the initial sputum was four times more likely to produce 
discordant RR results upon repeating the XpertMTB/RIF test [28]. 
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In China, Wang and colleagues evaluated the accuracy of the Xpert MTB/RIF test in 251 TB 
patients who were re-tested due to a low initial bacterial load. The authors found that for samples 
initially identified by the Xpert MTB/RIF test as RIF-resistant (n=65), the results were not reliable, as 
only 25 remained RIF-resistant, 10 became RIF-susceptible, and 30 were negative for MTB. Culture 
and MGIT results further corroborated this, with 36 of the initially RIF-resistant isolates turning out 
to be culture-negative. The study emphasized that the Xpert MTB/RIF test may yield a significant 
number of false-resistant results when dealing with paucibacillary samples [29]. 

In China, Wu and colleagues showed that the implementation of Xpert increased of 9% the DST 
coverage and by 1% the RIF resistance detection. Also, the Xpert MTB/RIF reduced the median time 
from the first visit to a TB hospital to RR-TB detection from 62 to 9 days [30]. In Korea, Jeon and 
colleagues retrospectively analysed the diagnostics of 621 MDR-TB/RR-TB patients and found that 
the median time to start the treatment was 0 days using Xpert MTB/ RIF, in comparison with 22 days 
using MTBDRplus and 72 days using pDST. The median treatment delay was 2 days for Xpert, in 
comparison with 5 days using MTBDRplus and 13 days using pDST [31]. 

Georghiou and colleagues validated the Xpert MTB/XDR assay and highlighted three major 
findings. First, the limit of detection of the Xpert MTB/XDR was similar or better compared to the 
Xpert MTB/RIF (6323 vs. 15241 genomes/ml). Second, the Xpert MTB/XDR detected all mutations 
conferring resistance to INH, ETH, FQ and the injectable SLD (AMK, KAN and Capreomycin, CAP) 
in 29 MTB isolates. Third, the Xpert MTB/XDR assay was able to detect heteroresistance (HR, see 
section 3.2.7) when the populations contained at least 10% INH resistance, 25% FQ resistance, 50% 
ETH, AMK and KAN resistance and 60% CAP resistance isolates [32]. Cao and co-authors developed 
a 10-color reflex Xpert MTB/XDR assay (CE-IVD only) to detect resistance to INH, FQ, ETH and SLIDs 
directly from MTB-positive sputum samples. To detect resistance-associated mutations, the assay 
analyses mutation-specific melting temperatures using sloppy molecular beacon probes. The assay 
correctly detected all mutations (except one gyrB mutation) in a sample of 16 resistant isolates. In 214 
clinical and 100 sputum isolates, the assay had a sensitivity ranging from 94.1% to 100% in all drugs 
(except for ETH, where the sensitivity was 88.5%) when compared to sequencing. When compared 
to pDST, the assay reported slightly less sensitivity, ranging from 70.0% (CAP) to 98.3% (INH). The 
modified Xpert MTB/XDR assay can be useful as a follow-up test for MTB-positive samples and to 
assist in diagnosing the primary types of resistance in MDR-TB isolates [33]. Truden and colleagues 
analyzed 80 MTB isolates in the Balkan area with Xpert MTB/XDR and compared the results with 
pDST and sequencing. The results showed high specificity for all drugs (100%) except INH (66,7%), 
due to a mutation in the promoter region of the oxyR-ahpC –57c.t gene, which is of uncertain 
significance according to the WHO mutation catalog [76]. The sensitivity was 91,9% for INH, 100% 
for SLID and FQ and 51.9% for ETH resistance, due to widespread mutations across the ethA gene. 
Therefore, the authors concluded that the Xpert MTB/XDR, while it can confirm the presence of ETH 
resistance, is not reliable for excluding it [34]. 

The GeneXpert Omni system is a portable point of care (POC) molecular diagnostic system. The 
Omni system can be used in field settings or remote areas because it is portable, battery-powered and 
has cloud-based connectivity which allows for data transfer. Georghiou and colleagues evaluated the 
performance of the Xpert MTB/RIF Ultra cartridges when run on the Omni device compared to the 
traditional Xpert. The authors also evaluated the Omni system under field stress conditions such as 
high temperature and humidity. Already characterized clinical MTB-positive and negative samples 
were analyzed. In 145/156 (92.9%) cases, the RIF resistance was correctly detected by both assays. The 
presence of HR isolates might be responsible for the few discrepant cases. The diagnostic 
performance of Omni system was not affected by stressful field conditions [35]. 

3.2.2. GenoType MTBDRplus and GenoType MTBDRsl 

The GenoType MTBDRplus (Bruker, Germany) allows the identification of MTB complex and 
its resistance to RIF and INH directly from both pulmonary clinical samples or isolated cultures. The 
system is based on LPA, PCR amplification and reverse hybridisation of amplified genes with a TAT 
of ca. five hours [77]. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 February 2024                   doi:10.20944/preprints202402.1123.v1



 10 

 

The GenoType MTBDRsl (Hain Lifescience, Germany) can detect resistance to SLDs as FQ (e.g., 
ofloxacin, OFL and moxifloxacin, MOX) and SLIDs (KAN, AMK and CAP). Van Rie and co-authors 
used the Genotype MTBDRplus (on smear-positive sputum samples or smear-negative isolated MTB 
culture) and Xpert MTB/RIF (on sputum samples) and analysed the discrepant results in South Africa. 
They identified 43 discordant results among the 297 (14.5%) paired samples. In 42/43 of these 
discordant results, the MTBDRplus identified RIF susceptibility while the Xpert identified RIF 
resistance. To explain those discordances, the authors suggested the following: the detection of a 
resistance mutation by the Xpert MTB/RIF which was not included in the MTBDRplus assay; HR, 
which was possible to detect by Xpert in sputum samples but not possible to detect in cultured 
samples by MTBDRplus due to the loss of minor resistant population; false positive molecular assay 
detecting RIF resistance but the MIC was <1 µg/ml; human/administrative errors [38]. 

Shi and co-authors compared the treatment management and outcome in MDR-TB patients in 
two groups, before (n=114) and after (n=128) the implementation of molecular resistance detection 
with Genotype MTBDRplus/MTBDRsl in two Chinese hospitals. The time to diagnose an MDR-TB 
was significantly more rapid using the Genotype assays compared to the traditional pDST (16 vs. 62 
days), as well as a more rapid median culture conversion time (12 vs. 24 months) and a higher rate of 
treatment success (68% vs. 47%). Lastly, the Genotype assays allowed for a reduction in the duration 
of ineffective treatment (59 vs. 11 days) [37]. 

In a study conducted in South-Africa, Mahomed and co-authors compared the RIF- and INH-
resistance results of the Genotype MTBDRplus with the MGIT in 8273 isolates. The Genotype 
MTBDRplus reported a sensitivity and specificity of 95% and 75% for RIF and 93% and 95% for INH. 
In 14.6% and 7.2% of the cases, a discordant result for RIF and INH resistance was detected. The 
authors highlighted that if clinicians had started treatment based solely on the MTBDRplus results, 
25% of TB-patients would have erroneously received treatment for MDR-TB, while 5% of the TB-
patients, who had MDR-TB infection, would have erroneously treated with drugs ineffective against 
MDR-TB isolates [39]. 

In Bangladesh, Rahman and colleagues evaluated the performance of GenoType MTBDRsl 
directly on 218 smear-positive sputum samples (from MDR-TB patients) in detecting OFL, KAN and 
EMB resistance. Compared with pDST, the Genotype MTBDRsl reported a sensitivity and specificity 
of 81.8% and 98.8% for OFL, 65.1% and 86.7% for EMB and 100% for KAN. The study was conducted 
using the older definition of XDR and before the introduction of the pre-XDR definition. If the new 
pre-XDR definition had been applied, the relatively low reported sensitivity for OFL could have 
overlooked numerous clinically relevant pre-XDR isolates, which would have been inaccurately 
identified as MDR. The low sensitivity observed for EMB resistance was attributed to the limited 
knowledge about EMB resistance mutations and the absence of relevant targets in the MTBDRsl 
assay. Furthermore, the MTBDRsl assay was evaluated solely on smear-positive sputum samples, 
suggesting that performance might deteriorate further when applied to smear-negative 
(paucibacillary) samples [40]. 

In India, Rufai and colleagues tested the MTBDRsl on 113 MDR-TB isolates and found that the 
accuracy of the assay in detecting FQ resistance was 100%, compared to the MGIT. The sensitivity for 
the XDR detection was 85.7% (6/7). In considering a national implementation of this assay, the authors 
discussed the need to reduce the costs, which were estimated to range from 17.3 to 20.2 USD per test 
[41]. In another study in India, Jain and co-authors applied the Genotype MTBDRplus and MTBDRsl 
on extrapulmonary samples and compared the results with Xpert MTB/RIF. Although the authors 
did not perform any pDST, the two methods reached a good agreement (98.2%) in 94 RIF-susceptible 
and 15 RIF-resistance isolates [42]. Pinhata and colleagues analysed 385 MDR-TB (according to the 
MGIT results) isolates in Brazil and found that the MTBDRsl could detect 99.7% of MDR, 87.8% of 
the pre-XDR and 73.9% of the XDR-TB isolates. The found a sensitivity of 86.4%, 100%, 85.2% and 
76.4% for FQ, AMK/KAN, CAP and EMB [43]. 

In another study conducted in India, the GenoType MTBDRsl assay revealed good performance 
in detecting resistance to FQ and SLIDs directly from smear-positive sputum samples after 
confirmation of RR status by Xpert MTB/RIF. Compared with pDST in 225 RR isolates, the sensitivity 
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and specificity of the GenoType MTBDRsl for FQ resistance detection were 100% and 92.3%, whereas 
for the SLIDs sensitivity and specificity were both 100% [46]. 

In South Africa, Pillay and co-authors highlighted the high amount of non-actionable results 
(i.e., indeterminate or invalid results) of the Genotype MTBDRplus and MTBDRsl in smear-negative 
samples. They found non-actionable results in 92 out of 476 isolates (19.3%) when using MTBDRsl 
and in 171 out of 427 isolates (40.0%) when using MTBDRsl. Non-actionable results might cause 
diagnostic and treatment delays and missed resistance [44]. For a systematic review and meta-
analysis on the performance of several types of LPAs, we recommend the work of Lin and co-authors 
[45]. 

3.2.3. BD MAX MDR-TB from Becton Dickinson 

The BD MAX™ MDR-TB test is an automated system that extracts DNA and performs real-time 
PCR and can detect MTB and its resistance to RIF and INH from respiratory samples. In a prospective 
multicentre (South Africa, Uganda, India, and Peru) study, Shah and co-authors found that the BD 
MAX showed a sensitivity for RIF resistance detection of 90.0% and a specificity of 95.0% when 
compared to pDST. For INH, the sensitivity was 81.5% and the specificity was 100%. Although the 
authors found only a small sample of resistance isolates, the BD MAX seems promising since it is 
automated and can process 24 specimens in one round with a TAT of four hours from testing start to 
results [47]. 

3.2.4. Sequencing 

While other drug-resistance diagnostic tests identify mutations in a few resistance-associated 
genes, whole-genome sequencing (WGS) analyse all genes and compensatory mutations. Another 
advantage is that sequencing data could be analysed retrospectively once newly identified resistance 
genes or mutations are discovered [78,79]. However, there are also disadvantages of using WGS: the 
need for a positive MTB culture (usually a flagged positive MGIT culture), complex bioinformatic 
expertise to interpret the results, high costs (approximately 100 Eur per sample [80]) and complex 
laboratory manual work [78,79]. To shorten the TAT, sequencing can be performed directly on 
sputum samples. However, this approach may yield lower sensitivity compared to sequencing from 
positive cultures, due to the presence of other microorganisms or contaminants in the sputum and/or 
due to low bacterial load [70]. 

Several platforms exist to perform WGS, such as Illumina, Ion Torrent, PacBio SMRT RSII or 
Oxford Nanopore MinION [81]. And several tools exist to predict drug resistance profiles from raw 
WGS data (e.g., fastq files), simplifying the bioinformatic workflow, such as KvarQ [82], TBProfiler 
[83], CASTB [84], Mykrobe Predictor [85], PhyResSE [86], Resistance Sniffer [63] or Treesist-TB [87]. 
Lists of resistance-associated mutations are developed and serve as a global standard for interpreting 
molecular information for drug resistance prediction [88]. In Table 2, we summarise the studies where 
sequencing methods have been compared with pDST to predict drug resistance. 

Table 2. Overview of the studies included in this narrative review which compared sequencing with 
pDST. 

Sequencing  
technology 

Direct/  
Indirect 1 

Origin, no. 
and type 

of isolates 

Major Diagnostic 
performance 2 Additional comments 3 Referen

ce 

WGS  
Illumina 

HiSeq 
Indirect 

China 
4880 MTB 

 

Sensitivity 
RIF 96.7%, 
INH 94.2%, 
EMB 92.9% 
PZA 50.5% 

Specificity 
INH 98.9% 
RIF 98.8% 

EMB 98.1% 
PZA 99.2% 

 

Several EMB resistance mutations 
fell within the sub-

epidemiological cutoff range and 
therefore were missed by pDST 

methods. 
Expected low sensitivity for PZA 

detection as MGIT test often yields 
false-positive results for PZA 

resistance 

[89] 
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WGS 
Illumina 
NextSeq 

500 

Indirect 

Tanzania  
42 

RR/MDR-
TB 

 

Overall agreement 
RIF 95% 
INH 81% 
EMB 57% 
SM 81% 

pDST detected resistances to FQ (6 
cases), Clofazimine (1 case), and 

Cycloserine (1 case) not identified 
by WGS.  

Discrepancies arose from unclear 
MIC breakpoints, limited 

knowledge of resistance mutations 
for these drugs and an unsuitable 
5% cutoff for resistance variants in 

WGS. 

[90] 

WGS  
Illumina 

HiSeq 
Indirect 

China  
Russia  

215 MTB  
 
 

Sensitivity 
RIF 79.7%, 
INH 86.3%, 
EMB 76.5%, 
SM 88.4%, 
OFL 83.3%, 
AMK 70.0% 
CAP 70.0% 

The best mutation combination to 
predict MDR-TB was rpoB S450L + 
rpoB H445A/P + katG S315T + inhA 

I21T + inhA S94A 

[91] 

WGS  
Illumina 

HiSeq 
Indirect 

China  
59 RR-TB 

 

Sensitivity 
RIF 100% 

INH 95.9% 
EMB 100% 
SM 97.3% 
LEV 100% 

AMK 75.0% 
CAP 80.0% 

Specificity 
RIF -  

INH 90.0% 
EMB 64.1% 
SM 100% 

LEV 97.2% 
AMK 100% 
CAP 96.3% 

The low specificity for EMB could 
be due to the unreliability of pDST 

for EMB resistance 
[92] 

Sanger  
 

Indirect 
Ethiopia 
209 MTB 

 

Overall agreement 
RIF 95.2% 
INH 93.8% 
EMB 99.0% 
PZA 94.7% 
SM 78.9% 

pDST plus Sanger sequencing of 
selected genes is a reliable 

approach in Ethiopia 
[93] 

WGS  
Illumina 

HiSeq 
Indirect 

Indonesia 
30 MTB 

Overall agreement 
RIF 93.3% 
INH 76.6% 
EMB 63.3% 
SM 83.3% 
OFL 76.7% 

 

WGS detected 15 EMB-resistant 
isolates compared to 5 by pDST, 

with the discrepancy attributed to 
a high breakpoint (5 µg/ml) for 

EMB testing. 
WGS found five OFL-resistant 
isolates, while MGIT found 12. 

Discrepancy attributed to the CC 
of 2 µg/ml or a limited FQ-

mutation database 

[94] 

WGS  
Illumina 
MiSeq 

Indirect 
Belgium 
306 MTB 

 

Sensitivity 
RIF 100 % 

INH 90.5 % 
EMB 100 % 
PZA 61.1 % 

Specificity 
>98.0% in all 
four FLDs. 

pDST identified 14 PZA-resistant 
isolates not detected by WGS, 

possibly due to undetected 
resistance mutations in the pncA 

gene promoter. 

[95] 

WGS 
Ion Torrent 

Indirect 
Sweden 

1248 MTB 
 

Sensitivity 
RIF 100% 

INH 93.5% 
EMB 90.0% 
PZA 92.2% 
OFL 100% 
MOX 100% 
KAN 100% 
CAP 100% 
ETH 57.1% 

Specificity 
RIF 99.5% 
INH 100% 
EMB 98.8% 
PZA 100% 
OFL 100% 

MOX 92.5% 
KAN 100% 
CAP 100% 
ETH 89.6% 

An in-house mutation catalogue 
was used for molecular DST 

[96] 
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Targeted 
NGS  

Ion Torrent 
Indirect 

Taiwan  
35 MTB 

 

Sensitivity 
RIF 100% 
INH 100% 
EMB 92.9% 
PZA 100% 
SM 100% 

MOX 100% 
LEV 92.9% 

Specificity 
RIF 100% 
INH 100% 
EMB 93.8% 
PZA 100% 
SM 100% 

MOX 100% 
LEV 100% 

One of the few studies where 
isolates resistant to BDQ (n=2) and 

LZD (n=2) were analysed 
[97] 

Oxford  
Nanopore 
MinION 

Indirect/ 
Direct 

 

US  
431 DNA 
extracts 

 

Sensitivity: 
RIF 100% 
INH 91% 
EMB 80% 
PZA 76% 
SM 78% 

AMI 50% 
KAN 100% 

FQ 40% 
ETH 42% 

Specificity: 
RIF 98% 

INH 100% 
EMB 100% 
PZA 97% 
SM 93% 

AMI 100% 
KAN 98% 
FQ 100% 
ETH 97% 

DNA was extracted from early-
positive (2-4 days) MGIT cultures. 
The approach could be considered 

between direct and indirect. 
Low sensitivities might be caused 
by the small number of resistant 

isolates 

[98] 

DNA-
enrichment

-based 
WGS 

Illumina 

Direct 

India  
52 sputum 

samples 
 

Sensitivity:  
RIF 100% 
INH 100% 
KAN 100% 
AMK 100% 

FQ 100% 
ETH 93.3% 

Specificity 
RIF 92.3% 
INH 100% 
KAN 100% 
AMK 100% 
FQ 95.0% 

ETH 93.3% 

The authors did not test smear-
negative samples. 

The authors did not compare WGS 
results for EMB, PZA, LZD or 

BDQ 

[99] 

Targeted 
NGS  

Oxford  
Nanopore 
MinION 

Direct 
Italy  

104 DNA 
extracts  

100% concordance for RIF, 
INH, PZA, EMB, SM and 
CAP resistance between 

MinION and Illumina MiSeq 
with minimum coverage 
variant thresholds of 40X 

DNA was extracted from smear-
positive sputum sediments 
previously sequenced with 

Illumina MiniSeq. 
The TAT was 3 days 

[80] 

Targeted  
sequencing 

Deeplex-
MycTB  

Direct 
Germany 
50 clinical 
samples 

Overall agreement: 
RIF 97.4% 
INH 94.9% 
EMB 97.4% 
PZA 97.4% 

ETH/PTH 75.0% 

In 11 samples the sequencing 
failed (seven of which were smear 

negatives) 
[86] 

Sanger  Indirect 
China  

152 MDR-
TB 

Sensitivity and specificity for 
PZA resistance detection 

were 89.5% and 89.4% 
considering only pncA 

Considering the genes pncA, rpsA, 
and panD, the sensitivity increased 

to 92.4% while the specificity 
remained the same 

[100] 

1 Dierct on clinical samples or indirect on an isolated culture. 2 As compared to a reference method, often a pDST. 
3 These could be study limitations, general observations or conclusions, other key findings, discrepancies 
explanations or additional remarks. AMK: Amikacin; BDQ: Bedaquiline; CAP: Capreomycin; CC: Critical 
Concentration; DST: Drug Susceptibility Test; EMB: Ethambutol; ETH: Ethionamide; FLD: First-line drugs; FQ: 
Fluoroquinolones; INH: Isoniazid; KAN: Kanamycin; LEV: Levofloxacin; MDR-TB: Multidrug-resistant 
tuberculosis; MOX: Moxifloxacin; OFL: Ofloxacin; PTH: Prothionamide; PZA: Pyrazinamide; RIF: Rifampicin; 
RR-TB: Rifampicin-resistant tuberculosis; SLD: Second-line drugs; SM: Streptomycin; WGS: Whole genome 
sequencing. 

At the Belgian National Reference Centre for Mycobacteria, WGS is prospectively applied to all 
MTB complex isolates. Genomic DNA is extracted and purified from the MGIT tubes, without the 
need for a sub-culture. Soetaert and colleagues found that the TAT for the WGS ranged between eight 
and 15 days (from the time of culture arrival to the complete reporting of the resistance results). In 
contrast, pDST required a TAT of eight weeks. The authors observed two major impediments to the 
routine implementation of WGS: first, insurance systems do not reimburse for the use of WGS and 
second, the physicians lack confidence or experience in the WGS results [95]. 
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Solari used WGS to analyse discrepant results between pDST and the GenoType MTBDRplus 
for RIF resistance (n=16) and INH resistance (n=21). Thanks to the WGS, the authors identified 
missense mutations (missed from the GenoType MTBDRplus) that could justify the resistance to RIF 
and INH [101]. 

In England and Wales, Mugwagwa and colleagues found several benefits of replacing routine 
pDST with WGS: reduced TAT for obtaining drug-resistance results, reduced time that patients 
spend on inappropriate treatment, reduced treatment duration, reduced number of patients in 
treatment and reduced diagnostics costs of £780,089 in year 1. Their model predicted that in 10 years, 
the WGS can have a net cost saving of £7.2M (£3.3M–£11.1M). The authors also showed that the Xpert 
MTB/RIF or the Xpert MTB/RIF Ultra showed several benefits such as earlier initiation of appropriate 
treatment (which reduces transmission and number of new infections), reduced unnecessary 
treatment and hospitalization for TB-negative patients, reduced time to treatment (13 days less for 
smear-negative TB and 27 days less for MDR-TB) and reduced unnecessary patient isolation. The 
author concluded that WGS is cheaper than pDST and that greater health advantages could be 
achieved by combining the major advantages of the WGS (high-throughput) and the Xpert 
technology (rapidity) [14]. 

In another study in England, Park and co-authors found that in 12 TB cases, the median TAT 
from sample collection to WGS results was 35 days (including 16 days to obtain a culture) which was 
53.5 days earlier compared to the pDST. WGS also allowed for a more rapid de-escalation of therapy. 
By using Xpert, in 9/12 TB cases the results were available within 24 hours from the time of sample 
collection. Treatment for those patients was adjusted based on the subsequent WGS results; for 
example, INH was stopped in six cases. The authors conclude that although more rapid than DST, 
WGS still required more than a month to provide results, highlighting logistics problems in sample 
transportation or slow communication of the results to clinicians [102]. 

In seven high TB-burden countries, Zurcher and co-authors analysed the mortality in TB patients 
depending on the concordance or discordance between drug-resistance results predicted by WGS or 
drug resistance results determined locally (through Xpert MTB/RIF, LPA or pDST). A total of 130 of 
the 582 analysed isolates (22%) had discordant drug-resistant results. Drug-resistance result 
agreement between WGS and locally-done DST was 80% for pan-susceptible, 66% for MDR and 33% 
for pre-XDR and XDR. Local laboratories accurately detected resistance to RIF and INH, but rarely 
tested for resistance to other drugs. The mortality varied from 6% in correctly treated pan-susceptible 
patients to 32% in resistant TB patients receiving inadequate treatment due to discordant results. The 
authors highlighted that routine WGS could enhance TB treatment and decrease mortality [13]. 

Vogel et al. conducted a proof-of-concept project over 93 weeks to explore the feasibility of 
routine WGS implementation in the Kyrgyz Republic. They estimated a weekly workload of 55 TB-
WGS. Initial implementation costs amounted to just over 230,000 USD. The first WGS sequence cost 
was 277 USD, projected to decrease to approximately 150 USD with improved training. Five trainings 
for the staff have cost approximately 48,250 USD. The authors highlighted the following challenges 
during the implementation: higher-than-expected sequencing costs, capacity building requiring more 
time than anticipated, infrastructure requirements and the need for careful planning and ongoing 
expert support [103]. 

Smith and colleagues compared in real-time the drug-resistance results of the Oxford Nanopore 
MinION sequencing with those from the Illumina MiSeq sequencing and pDST. MiSeq and MinIon 
had similar TAT (approximately three days), however, the MinION is more flexible because it might 
be terminated at any moment when a sufficient throughput for analysis has been reached. The Minion 
had a lower cost, 57 USD per sample compared to 130 USD with the MiSeq. Features that make the 
MinION a valuable tool in clinical settings are improved logistics, economic advantages, portability 
and flexibility [98]. In Australia, Lam and colleagues prospectively analysed the benefits of the 
routine implementation of WGS compared to pDST and GeneXpert MTB/RIF. Over 3 years, they 
found 29 MDR-TB from 1107 MTB isolates. By detecting mutations outside of the traditional 
resistance-determining areas, routine WGS increased drug resistance detection by 20% in contrast to 
the Xpert MTB/RIF [104]. 
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Green and co-authors used WGS coupled with machine learning (ML) models to predict 
antibiotic resistance. They developed two deep convolutional neural networks to predict resistance 
to 13 antibiotics. By comparing the genetic resistance prediction with pDST results publicly available 
for 23,049 MTB isolates, they found that the ML reached >90% sensitivity and specificity for FLD and 
SLDs. In addition, the models also identified 18 genomic sites not previously associated with 
resistance. The use of ML in WGS analysis holds promise in identifying novel loci, genes, and 
mutations associated with drug resistance [105]. 

We advise the readers to go to the respective reference for: a review highlighting recent research 
on the potential of WGS to expedite personalized care, the latest advancements in direct WGS on 
sputum samples and targeted sequencing [106]; a review analysing ML approaches in predicting 
resistance [107]; an overview of the WGS workflow on MTB isolates [108]. 

3.2.5. In-house developed molecular methods 

Zhou and colleagues developed a rapid method based on PCR and hybridization assay on a 96-
well ELISA microplate to detect RIF (rpoB gene) and INH (katG, and inhA genes) resistance mutations. 
They tested this PCR-ELISA method in 32 MDR- and 22 pan-susceptible TB isolates and compared 
the results with pDST and sequencing. The sensitivity of the PCR-ELISA for detecting RIF and INH 
resistance was 93.7% and 87.5%, while the specificity was 100% for both drugs [48]. 

In Myanmar, Chang and co-authors developed the QuantaMatrix Multiplexed Assay Platform 
(QMAP), an assay based on reverse hybridization. In the assay, a gene probe is attached to magnetic 
micro-particles. Each probe can hybridise with a PCR product present in a sample, which then emits 
fluorescence. The QMAP assay permitted to identify resistances to RIF, INH, EMB, FQ and SLIDs in 
six hours from a positive MTB culture. In 190 MTB isolates the QMAP results were 87.9% concordant 
with pDST. The lowest concordance rate was observed for EMB, where pDST identified 108 resistant 
isolates while the QMAP only 67. The authors explain this low concordance with the lack of 
appropriate probes for EMB-resistance-associated genes, unknown mutations responsible for drug 
resistance, HR or low-level resistance. A total of 23 isolates had a discordant result between QMAP 
and pDST. The sequencing of the resistance genes in these 23 isolates showed full concordance with 
QMAP results, demonstrating that the QMAP represents a faster and easier alternative to WGS in the 
identification of MDR- and XDR-TB [49]. 

In China, Leung and colleagues developed an in-house target amplicon sequencing assay (TB-
NGS) for direct use on respiratory samples, with a TAT of six hours. The system detects 17 mutations 
conferring resistance to eight anti-TB drugs. The TB-NGS was performed on all the resistant isolates 
identified through LPAs – 12 resistant to at least one drug, four MDR-TB and six pre-XDR-TB. In 
59/62 isolates, the TB-NGS showed a concordant result with pDST. The three cases that showed 
discordance were identified as pan-susceptible by pDST but were recognized by TB-NGS as minor 
variant cases with a mutation frequency below 35%. These minor variants, with a frequency < 35%, 
were differentiated from dominant resistance mutations typically seen at frequencies > 60%. While 
minor variants do not pose challenges to initial resistance determination, it would be important to 
further study them for potential progression to full resistance [50]. 

3.2.6. Other molecular methods 

Cho and colleagues evaluated the performance of TBMDR® and XDRA®, assays based on Real-
Time PCR for the detection of RIF/INH and FQ/SLID resistance from isolated cultures with a TAT of 
three hours. The authors analysed 234 clinical samples and compared the results with MGIT and 
sequencing. The TBMDR reported a sensitivity and a specificity of 95.7% for RIF resistance and a 
sensitivity of 81.2% and a specificity of 95.8% for INH resistance detection. The XDRA reported a 
sensitivity of 84.1% and a specificity of 99.1% for FQ resistance and a sensitivity of 67.4% and a 
specificity of 100% for SLID resistance detection. A concordance rate >95% was observed when 
comparing the two assays with direct gene sequencing. Although the authors tested these two assays 
on isolated cultures, both assays can be performed also on sputum samples [51]. 
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In China, Sun and colleagues evaluated the performance of the CapitalBio DNA microarray in 
detecting RIF and INH resistance in 825 TB patients. Compared to the MGIT, the assay reported a 
sensitivity and a specificity of 84.0% and 94.0% for RIF-resistance detection and 73.0% and 97.0% for 
INH-resistance detection. However, it was not possible to determine which mutations in the rpoB, 
inhA and katG genes were targeted by the microarray system, making it difficult to compare it with 
other DST methods [52]. 

In a study, four methods – Abbott RealTime MTB and MTB RIF/INH (Abbott), Hain Lifescience 
FluoroType MTBDR (Hain), BD Max MDRTB (BD) and Roche cobas MTB and MTB-RIF/INH (Roche) 
– were compared with Xpert MTB/RIF and GenoType MTBDRplus for RIF and INH resistance 
detection. Although the authors did not use real-life clinical samples (but a collection of well-
characterized resistant isolates), and although they used a score rather than the classical comparison 
with pDST, all four methods reported performance similar to Xpert and GenoType MTBDRplus with 
a TAT ranging from three to seven hours from an isolated culture. A particular advantage of these 
essays is that, apart from the BD Max MDRTB, they can process a large number of samples (n=94) in 
a single run [109]. For a systematic review and meta-analysis of the performance of the Abbott 
RIF/INH, the FluoroType MTBDR and the BD Max MDR-TB please refer to Kohli and colleagues 
[110]. 

In Thailand, Thant and colleagues evaluated the RIF-RDp assay for RIF-resistance detection. The 
assay combined the locked nucleic acid (LNA) probes with high-resolution melting (HRM) curve 
analysis. Briefly, in HRM analysis, the differences in real-time PCR melting curves are analysed to 
detect resistance-associated mutations. Since the HRM analysis cannot detect all SNPs, LNA probes 
were used; LNA probes are modified nucleic acids with higher thermal stability and specificity which 
improve the SNPs detection. Compared to pDST, the assay showed a sensitivity and specificity of 
94.6% (52/55) and 98.2% (54/55) for rpoB-based RIF-resistance detection in isolated MTB culture. The 
TAT was 2.5 h and with an estimated cost per test of 7.18 USD, compared for example to 13.54 USD 
for Gene Xpert in Thailand. The authors tested the assay in isolated cultures, but validations in clinical 
samples are needed [53]. 

Ou and colleagues evaluated the Luminex MagPlex microsphere-based multi-analyte profiling 
platform (Luminex Corp. Austin, TX, USA) to detect resistance to RIF, INH and EMB. The platform 
is based on a multiplex PCR amplification of ten resistance-associated mutations. Then, labeled 
microspheres hybridise with the amplicons and are detected through streptavidin reaction. They 
analysed 353 MTB isolates from China. Compared to pDST, sensitivity and specificity for RIF-
resistance detection were 94.9% and 98.9%, for INH 89.1% and 100%, for EMB 82.1% and 99.7% [54]. 

The Truenat MTB-RIF Dx is a diagnostic test for the rapid detection of MTB and RIF-resistance 
directly in sputum samples in approximately 90 min. The system is based on a microchip-based real-
time PCR technology. Penn-Nicholson and colleagues evaluated the performance of the Truenat 
MTB-RIF Dx against the Xpert MTB/RIF, Xpert MTB/RIF Ultra and pDST. In 552 samples with pDST 
results, the Truenat MTB-RIF Dx assay reported a sensitivity of 84% and a specificity of 95% for RIF-
resistance detection. In 252 samples with valid Truenat MTB-RIF Dx and Xpert MTB/RIF results, the 
sensitivity of Truenat MTB-RIF Dx and Xpert MTB/RIF tests were 83% and 88% while the specificity 
was 97% for both assays [55]. 

Liu and colleagues used the CRISPR/Cas technology and developed a Cas12a RR detection 
system combined with recombinase polymerase amplification, to detect SM resistance in 49 MTB 
isolated cultures. Compared to sequencing, the assay reached 100% sensitivity and specificity with a 
TAT of 60 min [111]. 

3.2.7. Mixed infections, heteroresistance (HR) and low-level drug resistance mutations 

Three additional factors complicate the interpretation of phenotypic and molecular DST results: 
1) the polyclonal (or mixed) TB infections, when the patient harbours at least two different MTB 
strains with different drug-resistance patterns [112]; 2) the HR, where drug-susceptible and drug-
resistant isolates co-exist in the same host [113]. The HR might originate from a polyclonal infection 
or when a bacterial subpopulation (or single clone) develops resistance under antibiotic treatment, 
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particularly with subtherapeutic drug levels. HR can be an intermediate step towards full resistance 
development [114]. For a systematic review of HR in MTB isolates we advise consulting [115]; 3) low-
level drug-resistant mutations, when mutations cause a MIC that is below the breakpoint and 
therefore the isolate is classified as susceptible. But, low-level drug-resistance mutations might be 
responsible for poor clinical outcomes or can be an intermediate step towards full resistance 
development [116,117]. 

Shea and co-authors prospectively tested 1779 MTB isolates for RIF resistance in the US. The 
authors identified 53 isolates with mutations associated with RIF resistance; in 49/53 isolates the RIF 
mutation was within the RRDR (a highly conserved region of 81 bp of the rpoB gene, encoding for 
the RNA polymerase β-subunit [118]), while 4/53 harboured mutations outside the RRDR. Of note, 
mutations outside of the RRDR are missed by goldstandard molecular DST tests [119]. Of those 53 
mutations, 43 had a MIC > 1 µg/ml, while the other ten (seven within RRDR and three outside of the 
RRDR) had a MIC between 0.25 and 1 µg/ml and were categorized as low-level RIF resistance (while 
the MIC for the RIF susceptible isolates was lower, between 0.12 and 0.5 µg/ml). The authors 
suggested that diagnostics algorithms should be developed to detect those low-level RIF-resistance 
mutations, possible for both pDST (e.g., measuring the MICs below the breakpoint of 1 µg/ml) and 
molecular DST (e.g., extending the range of detected rpoB mutations) [120]. 

In a study in Thailand, the authors investigated HR in nine drugs by calculating the frequencies 
of the variants occurring in less than 100% of reads through WGS and comparing those results with 
pDST. They found a direct relationship between the frequency of resistance-conferring alleles and 
MIC values especially for RIF, KAN and AMK. For example, an isolate with 64% reads indicating the 
mutation Ser441Leu was susceptible to RIF (lower MIC), whereas another isolate with 96% reads 
indicating the same mutation was resistant to RIF (higher MIC). Although few resistant isolates were 
analysed, the study highlighted the potential use of WGS to detect HR [121]. 

In another study, Narang and co-authors developed a SuperSelective Primer-Based Real-Time 
PCR Assay, to detect rare resistance-associated mutations within a wild-type population. 
SuperSelective primers are designed with a non-specific 5′ anchor sequence and a short 3′ foot 
sequence, specific for the target mutations. The assay allows for selective and exponential 
amplification of resistance mutations. In 23 clinical MTB isolates (including 11 MDR and 6 INH-
monoresistant isolates) the assay detected HR populations with a detection limit of 0.01%. The assay 
is ultrasensitive, but not all isolates were compared with WGS and or with pDST [122]. Tamilzhalagan 
and co-authors retrospectively performed WGS on MTB isolates from India to detect mutations that 
might have been undetected by the MGIT. The MGIT classified 131 isolates as RIF-resistant while 
WGS detected RIF-resistance mutations in 146 isolates. Therefore, the WGS helped identify 15 further 
isolates with a low-level RIF resistance compared to the MGIT DST [123]. 

Werngren and co-authors studied the HR in PZA using the MGIT 10% proportion method [124], 
the Wayne’s test (an enzymatic test detecting a functioning Pyrazinamidase – an enzyme, encoded 
by the pncA gene, that converts the prodrug PZA into Pyrazinoic acid, which is bactericidal for MTB 
isolates) and WGS. They experimentally mixed susceptible and resistant bacterial populations. The 
MGIT detected HR in 13/15 mixed populations and the WGS was able to identify all HR populations 
except in one case (containing 5% resistance and 95% susceptible population). But, when the authors 
used less strict filters, e.g., a variant detected in only one read, HR was detected. However, applying 
less strict filters in WGS might cause more background noise and less specificity because sequencing 
artifacts or other contaminant bacteria could be reported as “true variants”. The Wayne’s test did not 
detect any HR [125]; these poor results are in contrast with a systematic review and meta-analysis, 
where Nasiri found that the sensitivity and specificity of the Wayne test were 86.6% and 96.0% [126]. 

Whitfield and colleagues also investigated HR to PZA in RR-TB patients in South Africa by 
comparing the MGIT with several molecular DST methods. The authors reported a discordant 
phenotype/genotype result in 14/358 isolates (3.9%). Of those 14, HR isolates were detected in three 
isolates. Those isolates were phenotypically susceptible but contained a resistance mutation at low 
frequency (2.0%, 6.7% and 3.0%). To identify as much HR as possible, the authors set a very low 
threshold (1%) of minor variant calling; this limit might be appropriate for deep targeted sequencing 
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(i.e., sequencing specific DNA regions at a higher depth), but not for WGS, where such a low 
threshold can produce false positives [127]. Wang and co-authors investigated the MICs of isolates 
with low-level RIF-resistance mutations with the MGIT and microplate alamarBlue assay. They 
found that a high proportion of isolates with low-level RIF resistance mutations could be missed by 
using the WHO-recommended CC of 0.5 µg/ml. All but one RIF-resistance isolates were detected by 
reducing the CC breakpoints to 0.125 µg/ml, and therefore the authors suggest lowering the RIF CC 
breakpoint to 0.125 µg/ml [128]. 

3.3. Other diagnostics methods 

3.3.1. Biosensor 

Hu and colleagues developed a fluorescence nanomaterial-based biosensor to detect RIF and 
INH (rpoB and katG genes) resistance. When the target genes hybridise with the probes, fluorescence 
is emitted and the two resistance genes can be detected. The fluorescence biosensor correctly detected 
five MDR, three RIF-resistance, five INH-resistance and seven pan-susceptible clinical isolates in 
approximately 95 min [56]. 

3.3.2. Lab-on-chip 

Colman and co-authors evaluated the performance of the Integrated System (Akonni 
Biosystems, MD) in detecting resistance to RIF and INH from sputum samples. This automated assay 
is based on DNA extraction and a Lab-on-a-Film disposable to perform the PCR. In 25 sputum 
samples collected from patients at risk of MDR-TB, the assays revealed a sensitivity and a specificity 
of 100% and 66.7% for RIF resistance detection and 100% agreement for INH resistance detection 
compared to pDST. The low specificity to RIF was due to two samples with low-level resistance 
mutations [58]. Ou and colleagues evaluated the VereMTBTM Detection Kit, a Lab-on-Chip assay 
based on PCR and microarray. Compared with the MGIT, the assay reported sensitivity and a 
specificity of 85.7% and 93.9% for RIF and 75.0% and 95.7% for INH-resistance detection in 124 
sputum samples. The TAT was three hours. The system can detect in one-step MTB, MDR-TB and 
also non-tuberculous mycobacteria [57]. 

3.3.3. Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF 
MS) 

The MassARRAY is a MALDI-TOF MS system that detects resistance-mutations for SM, RIF, 
INH, EMB and FQ. In China, Yang and colleagues evaluated the performance of the MassARRAY in 
94 respiratory samples as well as in 128 MTB isolated cultures. Compared to Sanger sequencing, the 
assay reached 100% accuracy. Compared with the MGIT, the assay’s accuracy ranged from 90.6% for 
EMB to 98.4% for SM. The assay was also able to detect HR if the resistant sub-population ranged 
from 5–25%. The assay can process 384 samples in a single run with a TAT of 24 hours [59]. 

In another study in China the MassARRAY was evaluated for the detection of resistance to RIF, 
INH, EMB, SM, FQ and SLID in respiratory samples from patients with relapsed TB. Compared to 
the MGIT, the MassARRAY had a sensitivity of 96.4% and a specificity of 100% for INH, a sensitivity 
of 93.9% and a specificity of 93.7% for RIF and a sensitivity of 88.9% and a specificity of 100% for 
EMB. Worst performances were obtained in the sensitivity to other drugs, while the specificity was 
good (>94.4%). The lower sensitivity was attributed to the incomplete list of resistance genes and the 
direct application of the assay on clinical samples, rather than on isolated cultures [60]. Wu and 
colleagues used a nucleotide MALDI-TOF-MS assay, Conlight TB&DR® Detection (Shanghai 
Conlight Medical Laboratory Co., Ltd.), to detect resistance to eight anti-TB drugs. The method 
consists of a PCR in the region of gene mutation, a primer extension step using a terminator 
nucleotides and analysis of the products on MALDI-TOF-MS assay. For the 168 isolates analysed, the 
average agreement with pDST across all eight drugs was 91.3% [61]. 

3.3.4. Surface-enhanced Raman spectroscopy (SERS) 
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SERS is a technique that amplifies the Raman scattering signals of molecules/target genes which 
are immobilized on nanostructured metallic surfaces, such as silver. This allows for the detection of 
very low concentrations of molecules. The target genes can be differentiated based on their unique 
vibrational spectra produced in the SERS process. In a study in China, Wang and co-authors used the 
SERS to differentiate between pan-susceptible (n=47) and resistant MTB isolates (n=76). ML 
algorithms permitted the analysis of different spectra and determined the drug resistance status with 
99.59% accuracy when compared to pDST [62]. 

4. Discussion 

In this study, we provided an overview of the laboratory methods used to detect drug resistance 
in MTB. Key parameters for choosing a drug-resistance test for MTB include rapid result turnaround, 
simplicity of the procedure, cost per test, eventual equipment costs and the sensitivity and specificity 
of the method. As we expected, the most widely used pDST method was the BACTEC MGIT 960. 
Although not the most economical or fastest, it has some advantages, for example it can provide the 
drug susceptibility for a full panel of drugs. Moreover, it complements WGS by supporting the 
interpretation of results and identification of new mutations associated with drug resistance. A major 
disadvantage of the MIGT, especially in low-resource settings, is the initial and ongoing costs 
associated with the installation, maintenance, and upgrade of this automated system. Lastly, as with 
all culture-based methods, there is a contamination risk during sample handling, potentially leading 
to inaccurate results [67,68]. 

The most commonly used molecular tests were Hain MTBDRplus, MTBDRsl and the GenXpert 
systems. Regarding the GenXpert, its performance is less optimal when the assay is performed in 
paucibacillary samples and low RIF-resistance settings, see for example [28,29,36], where the authors 
reported false-positive results. In those conditions, it is recommended to repeat the Xpert testing in 
case of a first positive result. Other in-house molecular methods are also available, and they might be 
useful especially at the local level or in low-resource settings since they are relatively inexpensive, 
see for example [52,53]. However, standardization and cross-laboratory reproducibility are difficult 
to obtain with these methods. Among the molecular tests, WGS should be by far the best choice, since 
it provides a fast, reliable and complete antibiogram, giving also additional information, such as 
molecular typing to identify circulating clones and potential clusters. From a practical standpoint, 
regional centers for WGS would enable peripheral hospitals or laboratories to send strains or 
extracted DNA for analysis. Moreover, we found relatively few studies, see for example [80,86,99], 
where the authors applied sequencing technologies directly to clinical samples. Although this 
approach is promising, challenges remain for its routine implementation. A valid competitor of WGS 
is MALDI-TOF, as seen in [59–61], which can provide the same information with similar limitations 
concerning instrument costs and the need for skilled personnel to interpret the results. While 
numerous molecular DST methods have been developed, an integrated approach that combines 
phenotypic and molecular DST is still necessary. This approach is particularly crucial for managing 
mixed infections, HR isolates and isolates with low-level drug resistance mutations, for example 
[121,127]. 

Here are the four most common challenges/limitations that we found by reviewing the literature. 
First, the large majority of the analyzed studies considered the old definition of XDR and did not 
consider the pre-XDR definition, with few exceptions [13,43,50]; thus, it is impossible to translate the 
findings in the context of the new pre- and XDR definitions. Also, we found few studies that also 
analysed isolates resistant to LZD or BDQ, for example [17,97], both in terms of resistance mutations 
(via WGS) or pDST. Maybe retroactively it should be possible to re-analyse the studies in light of the 
new pre- and XDR definitions, since for example FQs were often tested. However, the feasibility of 
this re-analysis remains to be seen. There is a need to implement and standardize the DST on LZD 
and BDQ, possibly by improving both the phenotypic DST (for example via the MGIT) and the 
resistance-mutations detection at the molecular level [6,129]. Not surprisingly, BDQ resistance is 
emerging in several countries, raising concerns that DST and/or regimens are not sufficiently robust 
to avoid accrual of resistance [130]. 
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Second, the majority of studies we analysed focused on the classical diagnostic performance, 
such as sensitivity and specificity, of a particular method. But, few studies, for example [30,31,37], 
also evaluated the clinical utility, such as reduced TAT or treatment duration, mortality reduction, 
improved treatment or cost-effectiveness of implementing a certain method. Those parameters are 
crucial to implement and evaluate a diagnostic test. Third, most of the analysed studies were 
retrospective; very few studies (e.g., [47,95]) conducted a real-time prospective analysis to observe 
how a certain diagnostic test influences clinical decisions. We found rarely (an exception is [37]) a 
comparison between patients receiving treatment based on standard pDST versus patients receiving 
treatment based on the results of a specific molecular DST method. Fourth, as we expected, many 
emerging POC-based methods are still at the proof of concepts stage (e.g., [53,58]) and were tested 
on a few clinical isolates. Although rapid and easy to use, their applicability at a scale for routine 
diagnostics is uncertain. Among those, portable POC tests directly on sputum are particularly 
promising, for example the automated Truenat MTB-RIF Dx assay [55]. 

Two further considerations regarding our review: 1) we were very inclusive with the search 
strategy and we employed broad terms, so we screened a large volume of studies and our literature 
review was both broad and deep. We could advise authors who want to do similar reviews to 
carefully consider a balance between breadth and specificity in search terms; 2) although narrative 
reviews are inherently more subjective than systematic reviews – for example in the study selection 
and in the extent to which we reported and discussed every study – in our review we offered a more 
general and context-rich analysis, we wanted to stimulate discussion and to offer a broader rather 
than a narrow overview of the current literature, its limitations and open challenges. 

Microbial drug resistance threatens to be the pandemic of the century, with TB being not 
immune to this emergence. Among the tools we have to fight drug-resistant TB, the progress of 
diagnostic methods certainly plays a central role. The choice of the laboratory method to investigate 
TB-related resistance is a major concern, especially in low-resource settings where TB is most often 
present. In these contexts, it is not so much the difference between phenotypic or molecular methods 
that drives the choice, but other criteria such as expertise, facilities, laboratory safety, financial 
commitment and speed of diagnosis. All these characteristics should be considered when analyzing 
the various methods in making the most appropriate choice. 
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