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Definitions  

 

Critical concentration (CC) = the critical concentration is the lowest concentration of an anti-

tuberculosis (TB) agent that will inhibit in vitro growth of 99% of phenotypically wild-type strains 

of the M. tuberculosis complex (MTBc) (Reference: 62, Chapter 1).  

 

Clinical Breakpoint (CB) = the concentration of an antimicrobial agent, which defines a minimal 

inhibitory concentration (MIC) above the critical concentration that separates strains that will 

likely respond to treatment from those that will likely not respond to treatment (Reference: 52, 

Chapter 1). 

 

Epidemiological cut-off (ECOFF) = within a species it is the highest concentration of the drug 

lacking phenotypically expressed resistance.  The wild type is presented as WT ≤ z µg/ml and 

non-wild type as NWT > z µg/ml (Reference: European committee on antimicrobial susceptibility 

testing) 

Multi drug resistant tuberculosis (MDR-TB) = TB disease caused by an MTBc strain that is 

resistant to rifampicin and isoniazid (Reference: 52, Chapter 1). 

Pre-extensively drug resistant tuberculosis (pre-XDR-TB) = TB disease caused by an MTBc 

strain that is resistant to rifampicin (and may also be resistant to isoniazid), and that is also 

resistant to at least one fluoroquinolone (either levofloxacin or moxifloxacin) (Reference: 52, 

Chapter 1).  

Rifampicin-resistant tuberculosis (RR-TB) = TB disease caused by an MTBc strain that is 

resistant to rifampicin. These strains may be susceptible or resistant to isoniazid (MDR-TB), or 

resistant to other first-line or second-line TB medicines (Reference: 52, Chapter 1). 

Extensively drug-resistant tuberculosis (XDR-TB) = TB disease caused by a MTBc strain that is 

resistant to rifampicin (and may also be resistant to isoniazid), and that is also resistant to at 

least one fluoroquinolone (levofloxacin or moxifloxacin) and to at least one other “Group A” 

drug (bedaquiline or linezolid) (Reference: 52, Chapter 1). 
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Summary 
 

In 2022, nearly half a million people worldwide were infected with multi-drug-resistant (MDR) 

or rifampicin-resistant (RR) tuberculosis (TB) resulting in an estimated 160,000 fatalities. 

Approximately 18% of these MDR/RRTB cases exhibited additional resistance to 

fluoroquinolone (pre-XDR TB). In 2022, estimated treatment coverage for MDR/RRTB was far 

below optimal, with just 43% of individuals who developed the disease receiving proper 

treatment. If proper surveillance, diagnosis, and treatment are not accelerated, nearly 75 

million people will develop drug-resistant (DR) TB by 2050, posing a significant amount of 

human suffering and a burden on the global economy.  

To date, for the majority of anti-TB drugs, phenotypic drug-susceptibility testing (pDST) remains 

the gold standard. However, owing to the time-consuming pDST methods that require 

sophisticated infrastructure and skilled labor, genotypic DST (gDST) methods are increasingly 

used. The most accessible rapid gDST methods only rule in resistance as they have a limited 

sensitivity except for rifampicin and do not cover the novel and re-purposed drugs. More 

advanced versions of the WHO-endorsed targeted next generation sequencing (tNGS) assays 

such as Genoscreen Deeplex Myc-TB XL assay are being evaluated to include more resistance 

associated genes linked to novel and re-purposed drugs. However, regardless of the sequencing 

technique with which polymorphisms are detected, the interpretation of gDST results will 

remain a persistent challenge, particularly for drugs targeting non-essential genes, such as 

nitroimidazoles, for which thousands of different loss-of-function mutations can theoretically 

confer resistance. Whole-genome sequencing (WGS) provides a more comprehensive view of 

the entire genome, yet still relies on Mycobacterium tuberculosis (MTB) culture isolation. The 

specialized bioinformatics tools compare each WGS against a WHO catalogue to interpret the 

results. For classic TB drugs WGS analysis has high accuracy for the detection of resistance, 

much less so for newer and repurposed drugs with a more diverse and less well-defined genetic 

basis of resistance. Thus, even countries that have implemented routine WGS cannot entirely 

abandon pDST.  

During my PhD research, we investigated the factors impeding the fast and accurate detection 

of phenotypic drug resistance, and whether the broth microdilution-based minimum inhibitory 
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concentration (MIC) testing, recently endorsed by the World Health Organization (WHO), 

provides advantages relative to traditional pDST.  

pDST relies on growth inhibition of MTBc in/on drug-containing culture media. The WHO 

recommends several culture media for performing pDST of MTBc. Each of these media has its 

specific critical concentration (CC) for distinct anti-TB drugs. DST failure or false-susceptible 

results due to lack of growth/slow growth, particularly in fastidious MTBc isolates, is one factor 

impeding fast and accurate pDST results in MTBc, more or less across all recommended media. 

However, there is no consensus on which medium should be preferred for such isolates. In 

Chapter 3 We compared two commonly used agar media for pDST in MTBc, Middlebrook 7H10 

and Middlebrook 7H11 for the occurrence of invalid results and their turnaround time (TAT) to 

yield interpretable results. Our data suggests that Middlebrook 7H11 reduces both the 

occurrence of DST failure due to lack of growth and TAT compared to Middlebrook 7H10 

medium, while maintaining DST accuracy. Such comparisons of media allow laboratories to 

make educated decisions regarding the choice of media.  

MTBc strains can exhibit varying degrees of resistance to anti-TB drugs, ranging from low- to 

high-level resistance. However, conventional culture-based DST methods typically categorize 

strains as either resistant or susceptible based on predefined drug- and medium-specific CCs. 

This binary classification may overlook strains with borderline or low-level resistance, which are 

nevertheless important to identify for guiding appropriate treatment regimens. In Chapters 4 

and 5, we assessed the current WHO-recommended CCs for two key anti-TB drugs (classes), 

fluoroquinolones and rifampicin, in the Mycobacterial Growth Indicator Tube (MGIT960) 

system, the most used pDST medium worldwide, including low and middle-income settings. 

Targetted sanger sequencing of the canonical genes or WGS was used as the reference standard 

in both analyses. For both rifampicin and fluoroquinolones, the current MGIT-CCs misclassified 

the mutants associated with borderline resistance or low-level MIC increase, emphasizing the 

necessity of MIC testing to properly detect such resistance around the CC. However, MIC testing 

in MGIT or solid media requires a separate slant or tube for each concentration and the drug 

used making the process labor intensive and costly. 

In addition, current knowledge on the CCs for anti-TB drugs is largely biased toward globally 

dominant MTBc lineages L2 and L4 and not based on sufficient data to accurately define the 

epidemiological cut-off value (ECOFF) for each drug. In Chapter 6, we demonstrated the MTBc 
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lineage-dependent differences in intrinsic susceptibility to pretomanid, a novel anti-TB drug, 

used in the now-preferred all-oral regimen for treating RR-TB comprising bedaquiline, 

pretomanid and linezolid (complemented with moxifloxacin) (BPal(M). This study further 

underlines the importance of the European Committee on Antimicrobial Susceptibility Testing 

(EUCAST) requirements to consider MIC data from phylogenetically diverse MTBc strains when 

defining the cut-offs. 

The current gaps in CC-based pDST for the MTBc underscore the urgent need for its 

standardization ensuring consistency and reliability in DST results across different laboratories 

and settings. The endorsement by the WHO in 2022 for MIC testing of the MTBc using the 7H9 

medium-based broth microdilution (BMD) method, along with interim cut-offs for key anti-TB 

drugs, represents a significant step towards standardization in pDST for TB. In Chapter 7, we 

validated this method, integrating it with an automated digital dispenser for filling plates with 

serial dilutions of the drugs, normalized for the solvent. Our results show the method can be 

successfully used to determine the MICs of the MTBc and quantify the level of resistance, 

however, further optimization of some areas, such as standardizing inoculum preparation, plate 

reading and interpretation of pinpoint growth, is crucial for refining the method and ensuring 

its robustness and reliability in different laboratory settings. Additionally, exploring the use of 

freshly grown MGIT cultures as a basis for BMD inoculum, as opposed to standard inoculum 

preparation from cultures grown on solid medium, could lead to faster TATs and increased field-

friendliness, and hence addressing some of the challenges associated with traditional pDST 

methods. Our preliminary data (Chapter 8) are encouraging in this regard.  

Moving forward, continued efforts to promote the widespread adoption of MIC testing using 

standardized BMD methods, as endorsed by the WHO, will be essential for enhancing the 

quality and reliability of pDST for MTBc and ultimately improving TB treatment outcomes 

globally. 
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Samenvatting 
 

In 2022 werden wereldwijd bijna een half miljoen mensen geïnfecteerd met multiresistente 

(MDR) of rifampicineresistente (RR) tuberculose (tbc/TB), met naar schatting 160.000 dodelijke 

slachtoffers tot gevolg. Ongeveer 18% van deze MDR/RRTB-gevallen vertoonde daarbovenop 

fluoroquinolonen resistentie (pre-XDR TB). Naar schatting was de behandelingsgraad voor 

MDR/RRTB ver onder het optimum: slechts 43% van de personen die de ziekte ontwikkelden, 

kreeg de juiste behandeling. Als de tijdige detectie van tuberculose, de diagnose van resistentie 

en de juiste behandeling niet worden versneld, zullen tegen 2050 bijna 75 miljoen mensen 

geneesmiddelenresistente tbc ontwikkelen.. Dit zal leiden tot veel menselijk leed en een zware 

belasting voor de wereldeconomie.Tot op heden zijn fenotypische 

antibioticagevoeligheidstesten (pDST) nog steeds de gouden standaard voor de meeste 

medicijnen tegen tbc. Vanwege de tijdrovende pDST-methoden die een aangepaste 

infrastructuur en opgeleid personeel vereisen, worden genotypische DST-methoden (gDST) 

steeds vaker gebruikt. De meest toegankelijke en snelle gDST-methoden kunnen alleen 

resistentie bevestigen, omdat ze, met uitzondering van rifampicine, niet gevoelig genoeg zijn 

om resistentie uit te sluiten. Daarnaast zijn deze genetische technieken nog niet geschikt voor 

de nieuwe geneesmiddelen of de oudere geneesmiddelen die opnieuw worden ingezet voor de 

behandeling van MDR-TB.Meer geavanceerde versies van door de 

Wereldgezondheidsorganisatie (WGO) goedgekeurde doelwitgerichte sequencingstests 

(tNGS), zoals de Genoscreen Deeplex Myc-TB XL-test, worden momenteel geëvalueerd. Deze 

versies zijn bedoeld om meer genen te detecteren die in verband worden gebracht met 

resistentie tegen nieuwe en opnieuw gebruikte geneesmiddelen. Ongeacht de 

sequentietechniek waarmee genetische varianten worden gedetecteerd, blijft de interpretatie 

van gDST-resultaten een grote uitdaging. Dit voornamelijk voor geneesmiddelen zoals 

nitroimidazolen die gericht zijn tegen niet-essentiële genen waarin theoretisch duizenden 

verschillende mutaties met functieverlies van de gecodeerde eiwitten kunnen voorkomen. 

Sequentiebepalingen van het volledige genoom (WGS) geven een vollediger beeld van 

genetische varianten, maar is tot op heden enkel mogelijk vanaf in vitro gekweekte 

Mycobacterium tuberculosis (MTB) bacillen. Gespecialiseerde bio-informaticatools vergelijken 

de bekomen WGS data met een WGO-catalogus om de resultaten te interpreteren. Voor 

klassieke tbc-medicijnen heeft WGS-analyse een hoge nauwkeurigheid voor de detectie van 
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resistentie, maar veel minder voor nieuwere en hergebruikte geneesmiddelen die een meer 

diverse en minder duidelijk gedefinieerde genetische basis van resistentie vertonen. Dus zelfs 

landen die routinematig WGS hebben geïmplementeerd, kunnen pDST niet helemaal weglaten.  

Tijdens mijn onderzoek onderzochten we de factoren die een snelle en nauwkeurige detectie 

van fenotypische geneesmiddelenresistentie in de weg staan, en of de op vloeibaar medium 

(7H9) gebaseerde microverdunningstest voor de bepaling van de minimaal inhiberende 

concentratie (MIC), die onlangs werd goedgekeurd door de WGO, voordelen biedt ten opzichte 

van de traditionele pDST.  

pDST is gebaseerd op groeiremming van MTBc in/op antibioticabevattende kweekmedia. De 

WGO beveelt verschillende kweekmedia aan voor het uitvoeren van pDST van MTBc. Elk van 

deze media heeft een specifieke kritische concentratie (CC) voor verschillende anti-tbc 

medicijnen. Het mislukken van DST’s of het voorkomen van vals-gevoelige resultaten door 

gebrek aan groei of een te lage groei, is één de factoren die snelle en nauwkeurige pDST-

resultaten bij MTBc in de weg staan,  vooral bij moeilijk groeiende MTBc-isolaten, en dit voor 

de meeste van de aanbevolen media. Er is echter geen consensus over welk medium de 

voorkeur verdient voor dergelijke isolaten. In Hoofdstuk 3 hebben we twee veelgebruikte agar-

media voor pDST van MTBc, namelijk Middlebrook 7H10 en Middlebrook 7H11, vergeleken op 

het voorkomen van ongeldige resultaten en hun doorlooptijd (turn-around-time, TAT) om 

interpreteerbare resultaten op te leveren. Onze gegevens suggereren dat 7H11 zowel het 

optreden van DST-falen door gebrek aan groei als de TAT vermindert in vergelijking tot 7H10, 

terwijl de DST-nauwkeurigheid behouden blijft. Dergelijke vergelijkingen van media stellen 

laboratoria in staat om weloverwogen beslissingen te nemen over de keuze van het te 

gebruiken medium.  

MTBc-stammen kunnen verschillende niveaus van resistentie tegen anti-tbc medicijnen 

vertonen, variërend van een laag tot een hoog niveau van resistentie. Conventionele DST-

methoden op basis van kweek categoriseren stammen echter meestal als resistent of gevoelig 

op basis van vooraf gedefinieerde geneesmiddel- en mediumspecifieke CC's. Deze binaire 

classificatie kan stammen met grenswaarden of een laag niveau van resistentie over het hoofd 

zien. Desalniettemin is het belangrijk om deze te identificeren om een aangepast 

behandelingsschema’s te kunnen voorstellen. In Hoofdstukken 4 en 5 hebben we de huidige 

door de WGO aanbevolen CC's voor twee belangrijke (klassen van) anti-tbc middelen, namelijk 
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de fluoroquinolonen en rifampicine, geëvalueerd in het Mycobacterial Growth Indicator Tube 

(MGIT960)-systeem, het meest gebruikte pDST-medium wereldwijd, zowel in hoge- als lage- en 

middelinkomst landen. Gerichte Sanger sequentiebepaling van de canonieke genen of WGS 

data werden gebruikt als referentiestandaard in beide analyses. De huidige MGIT-CC's voor 

zowel rifampicine als fluoroquinolonen classificeerden de mutanten die geassocieerd werden 

met borderline resistentie of een kleine verhoging van de MIC-waarde verkeerd, wat de 

noodzaak van MIC-testen benadrukt om dergelijke resistentie rond de CC-waarde goed te 

detecteren. Voor het bepalen van de MIC-waarde in het MGIT960 systeem of in vaste 

voedingsbodems is het echter nodig om voor elke concentratie van het te testen geneesmiddel 

een extra buis toe te voegen, waardoor het proces arbeidsintensief en kostbaar is. 

Bovendien is de huidige kennis over de concentraties die effectief zijn tegen 

tuberculosemiddelen voornamelijk gebaseerd op de wereldwijd dominante MTBc-stammen L2 

en L4. Er is echter onvoldoende gevarieerde data van de verschillen MTBc-stammen om de 

epidemiologische grenswaarde (ECOFF) voor elk geneesmiddel nauwkeurig vast te stellen. In 

Hoofdstuk 6 hebben we laten zien dat er verschillen zijn in de natuurlijke gevoeligheid voor 

pretomanide tussen verschillende stammen van MTBc, afhankelijk van de MTBc-stam waartoe 

ze behoren. Pretomanide is een nieuw anti-tbc middel dat gebruikt wordt in het aanbevolen 

volledig orale behandelregime voor MDR/RR-TB, namelijk BPal(M), dat bestaat uit bedaquiline, 

pretomanide, linezolid en eventueel moxifloxacineDit onderzoek benadrukt verder het belang 

van de vereisten van het European Committee on Antimicrobial Susceptibility Testing (EUCAST) 

om MIC-gegeves van fylogenetisch diverse MTBc-stammen in overweging te nemen bij het 

bepalen van de cut-offs. 

De huidige tekortkomingen in de concentratiegebaseerde fenotypische 

geneesmiddelenresistentietests (pDST) voor Mycobacterium tuberculosis complex (MTBc) 

benadrukken de nood om deze methoden te standaardiseren. Dit is essentieel om de 

consistentie en betrouwbaarheid van de DST-resultaten in verschillende laboratoria en 

omstandigheden te waarborgen. De goedkeuring door de Wereldgezondheidsorganisatie 

(WGO) in 2022 voor het gebruik van MIC-tests op MTBc met de op 7H9-gebaseerde 

bulkmicroverdunningsmethode (BMD), samen met tijdelijk voorgestelde afkapwaarden voor de 

belangrijkste anti-tuberculosemedicijnen, is een belangrijke stap in de richting van 

standaardisatie van pDST voor tuberculose. In Hoofdstuk 7 hebben we de BMD-methode 
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gevalideerd en geïntegreerd met een geautomatiseerde digitale dispenser, waarmee platen 

worden gevuld met seriële verdunningen van de geneesmiddelen, inclusief normalisatie voor 

de oplosmiddelen van de geneesmiddelen. Onze resultaten tonen aan dat de methode 

succesvol kan worden gebruikt om de minimale inhiberende concentraties (MIC-waarden) van 

MTBc-isolaten te bepalen en het resistentieniveau te kwantificeren. Toch is verdere 

optimalisatie van enkele aspecten, zoals de standaardisatie van de inoculumbereiding, 

plaataflezing en interpretatie van puntgroei, essentieel om de methode te verfijnen en de 

robuustheid en betrouwbaarheid ervan in verschillende laboratoriumomgevingen te 

waarborgen. Bovendien zou onderzoek naar het gebruik van vers gekweekte MGIT-culturen als 

basis voor het enten van BMD-platen, in plaats van de standaard inoculumvoorbereiding van 

culturen gekweekt op vast medium, kunnen bijdragen aan snellere doorlooptijden en een 

betere toepasbaarheid in veldomstandigheden. Dit zou enkele van de uitdagingen van 

traditionele pDST-methoden kunnen verhelpen. Onze voorlopige gegevens (Hoofdstuk 8) zijn 

in dit opzicht veelbelovend.  

In de toekomst zullen verdere inspanningen nodig zijn om de brede implementatie van MIC-

tests met gestandaardiseerde BMD-methoden, zoals aanbevolen door de WGO, te bevorderen. 

Dit is essentieel om de kwaliteit en betrouwbaarheid van pDST voor MTBc te verbeteren en 

uiteindelijk wereldwijd betere resultaten in de behandeling van tuberculose te bereiken. 

 

 

  



27 
 

CHAPTER 1 

 

 

Introduction 

 

 

 

  



28 
 

1.1 Tuberculosis  

 

Tuberculosis (TB), historically known as consumption, wasting disease and the white plague, 

has long been a significant public health concern (1-3). While estimates of the time and 

geographical origin of the M. tuberculosis complex (MTBc) remain uncertain, one of the oldest 

known TB cases was identified in the remains of a woman found on the Atlit-Yam archaeological 

site, located on the northern coast of Israel, which dates back to the Neolithic era, 

approximately 9,000 years ago (4, 84).   

In 2022, 7.5 million newly confirmed TB cases were recorded, the highest number for a single 

year since the World Health Organization (WHO) started worldwide TB monitoring in the mid-

1990s (5) (Figure 1.1). TB caused 1.30 million fatalities in 2022, a decrease compared to the TB 

mortality during the SARS-CoV-2 pandemic, yet returning to pre-pandemic levels and far re-

moved from the endTB strategy's 2025 milestone of reducing 75% of TB fatalities between 2015 

and 2025 (5, 6) (Figure 1.2). Despite decades of research, and ongoing vaccine trials such as the 

M72/AS01E vaccine in phase 3 testing, a vaccine that efficaciously protects adults from getting 

TB does not exist yet. Thus, TB remains a prominent cause of mortality and morbidity in the 

world, ranking second only to SARS-CoV-2 in 2022 as the highest cause of death from a single 

infectious agent (5, 7, 8). 

 

 

 

 

 

 

Figure 1.1: Global trend in case notifications of         Figure 1.2: Global trend in the estimated 

number of people newly diagnosed with TB,             deaths caused by TB, 2010-2022.            

2010–2022                                                                        

Source: Global Tuberculosis Report 2023 (5)               Source: Global Tuberculosis Report 2023 

(5) 

                                                                                                     Shaded areas represent 95% uncertainty levels. 
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1.2 Etiology of TB 
 

On March 24, 1882, Dr. Robert Koch, a German physician and microbiologist, announced 

Mycobacterium tuberculosis (MTB), as the bacterium that causes TB, to the Physiological 

Society of Berlin (9). MTB is a member of the MTBc, that comprises nine other members of the 

genus Mycobacterium, namely M. bovis, M. microti, M. africanum, M. pinnipedii, M. caprae, M. 

canettii, and three newly described members, M. orygis, M. mungi and M. suricattae (10-13). 

While all MTBc members have been found to cause TB in humans (14-18), MTB and M. 

africanum are the primary cause of TB in humans, with MTB being the most common globally 

(19, 20). 

 

1.3 Phylogeography of the MTBc 
 

Among the MTBc members, there are ten human-adapted lineages: MTB lineages 1-4 and 7-8, 

M. africanum lineages 5,6,9 and 10 (21-23). These lineages are obligate pathogens of humans 

and humans are their primary reservoir with occasional spill over to animals such as ferrets and 

cats, etc. (24). 

 

Figure 1.3: Phylogeny and global distribution of the MTBc lineages 1-9 (22, 25)  

 

The geographical distribution of the ten human-adapted lineages varies significantly, with some 

lineages showing a global distribution while others are geographically restricted (Figure 1.3). 

Africa is the only continent where all ten lineages are present. 

Lineage 2 (also known as the East-Asian lineage) and lineage 4 (also known as the Euro-

American lineage) occur worldwide. Lineage 1, an ‘ancestral’ MTB lineage (also known as the 
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Indo-Oceanic lineage) occurs around the Indian Ocean, and, lineage 3 (also known as Central-

Asian Strain) is found in parts of East Africa, Central and South Asia (26). Lineages 5 (also known 

as West African 1 lineage) and 6 (also known as West African 2 lineage) are highly restricted to 

West Africa while lineage 7 occurs almost exclusively in Ethiopia (27, 28). The more recently 

identified lineage 8 was found in Africa’s Great Lakes region, lineage 9 in Djibouti and Somalia, 

and lineage 10 in Central Africa (21-23), with only occasional occurrence of strains from lineages 

8, 9 and 10.  

 

1.4 Transmission and pathogenesis of tuberculosis 
 

TB is transmitted from person to person by breathing infected aerosol droplets generated by 

an individual with active pulmonary TB. In approximately 70% of people, when inhaled bacteria 

reach the alveoli, alveolar macrophages engulf and break them down without leading to an 

infection, while in 20-30% of exposed people, bacteria can reproduce and cause an infection 

(25) (Figure 1.4). It is estimated that nearly 20-25% of the world population is infected with M. 

tuberculosis, however, ~90% of people infected with MTBc never develop active disease (29). 

Instead, their immune system controls the infection, they remain immunoreactive to anti-TB 

antigens but show no clinical or radiological evidence of the disease. Until recently, it was 

believed that the bacteria remain in the body of these individuals resulting in latent TB and 

approximately, 10% of those with latent TB develop active TB during their lifetime, usually 

within the first five years of infection (30) and for those with a weakened immune system due 

to HIV-AIDS, malnutrition, immunosuppressive medications, etc, this risk is ~7-10% each year 

(31-33). However, more recent studies suggest these individuals’ immune system clears out the 

infection retaining only the immunological memory and the minority who develop active TB, do 

so mostly during the first two years following the infection (34, 35).               

TB can affect various parts of the human body, leading to different clinical presentations. TB is 

classified into two types based on the place of infection: pulmonary TB (PTB) and 

extrapulmonary TB (EPTB). PTB, which primarily affects the lungs, is the most frequent, 

accounting for approximately 80% of reported TB cases globally. EPTB, on the other hand, refers 

to cases where TB affects organs or sites other than the lungs. EPTB can occur almost anywhere 

in the human body, most commonly found in lymph nodes, pleura, bones, genitourinary 
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system, meninges, gastrointestinal system, etc. About one out of every five TB cases presents 

as EPTB (36, 37). Independent risk factors for EPTB include young age, HIV infection, female 

gender, and Asian-African ethnicity (38). Patients can have both PTB and EPTB; such cases are 

classified as PTB. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: TB transmission, infection, and progression to disease 

 

1.5 Treatment for TB 
 

In 1943, Waksman and his team isolated streptomycin from the soil bacterium Streptomyces 

griseus. Streptomycin was the first effective antibiotic for the treatment of TB (39). Prior to the 

availability of streptomycin, the main treatment for TB involved rest and isolation in 

sanatoriums, where patients were encouraged to spend time in fresh air and sunlight (40, 41). 

Patients who had streptomycin injections had their sputum temporarily cleared of TB bacilli, 

but despite ongoing treatment, they began excreting the bacilli again, this time a more 

hazardous type that was streptomycin resistant (42). Within the next few decades, with the 

advent of various other anti-TB drugs, combination therapy became the norm for TB treatment 

(43). Despite the fact that combination therapy significantly improved TB treatment, the 

emergence of resistance to two key first-line drugs, isoniazid, and rifampicin, in the 1980s 

marked the onset of multidrug-resistant TB (MDR-TB) and posed a significant challenge to TB 

control efforts (44). To treat MDR-TB, second-line drugs such as fluoroquinolones, thioamides 
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and the injectable drugs of aminoglycosides and cyclic peptides were required. Second-line 

drugs often have more side effects, and their use requires careful monitoring. The prolonged 

treatment duration and complexity of the regimens make adherence challenging for patients. 

In 2010, Van Deun et.al published the first highly effective short course regimen against MDR-

TB, ushering in a new age of shorter, more effective treatments with less severe side effects 

(45). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Evolution of anti-TB drugs and treatment regimens (54, 55) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1943 - Streptomycin (Str) 

1948 - Para-amino salicylic acid (PAS) 

1952 - Isoniazid (H) 

1954 - Pyrazinamide (Z) 

1955 - Cycloserine (Cs) 

1957 - Kanamycin (K) 

1960 - Ethionamide (Eth) 

1961 - Ethambutol (E) 

1963 - Capreomycin (C), Rifampicin (Rif) 

2012 - Bedaquiline (Bdq) 

2014 - Delamanid (Dlm) 

2019 - Pretomanid (PA) 

1940 
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1980 
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1990 
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2000 

1 

2010 

1 

2020 

1 

1943: First randomized trial for Str 

monotherapy: led to Str-resistant TB  

1952: First multi-drug regimen – Str+ PAS or 

Str+H for 24 months 

1960s: PAS replaced by E – Str/H/E for 18 

months 

1970s: Addition of R: Str/H/Rif/E- 9-12 months 

of therapy 

1980s: Str replaced by Z – H/Rif/E/Z for 6 

months, oral therapy  
1998 - Levofloxacin (Lfx), Rifapentine (Rpt) 

1999 - Moxifloxacin (Mfx) 

2000 - Linezolid (Lzd) 

1980 - Ofloxacin (Ofx) 

1972 - Amikacin (Amk) 

2016 – 9-12 month long treatment regimens 

containing fluoroquinolone and second line 

injectables for MDR/RR-TB 

2022 – 4 months all oral regimens for DS- 

pulmonary TB, 6 month BPaL for MDR/RR-TB 

and BPaLM for MDR/RR-TB with additional 

resistance for fluoroquinolones 

1980s: 18-24 month long treatment regimens 

containing fluoroquinolone and second line 

injectables for MDR/RR-TB 

2019 – K and C were excluded from TB 

treatment, Amk and S were recommended 

only for individualized longer MDR/RR TB 

treatment 
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In the early 2000, reports began to surface about extensively drug-resistant MTBc (XDR-TB) 

strains, in those days defined as resistant to isoniazid, rifampicin, fluoroquinolones, and 

aminoglycosides (46, 47). Treating XDR-TB was even more challenging due to the limited 

availability of effective drugs, the increased risk of adverse effects, and the need for prolonged 

treatment regimens. In 2012, marking the end of a four-decade-long TB drug discovery void, a 

new drug called bedaquiline was developed. Subsequently, in 2014 delamanid was approved, 

followed in 2019 by pretomanid, providing new hopes to treat drug-resistant TB (DR-TB) (48-

50).  

Historically, TB treatment required prolonged regimens, often lasting six to nine months for 

drug-susceptible (DS-) TB and as long as 24 months for DR-TB. With advancements in drug 

development and treatment optimization, shorter-course all-oral regimens have reduced DS-

TB treatment to four months (not yet widely implemented) and MDR/Pre-XDR TB to six months 

(Figure 1.5). The 2019, WHO recommendation to exclude the second line injectables such as 

kanamycin and capreomycin from short-course MDR/RR-TB treatment as well as classifying 

amikacin and streptomycin as group C drugs necessitated a re-definition of XDR-TB. Thus in 

2020, the WHO redefined XDR-TB as resistance to fluoroquinolones and at least to one group 

A drug in addition to rifampicin and isoniazid (51) (Table 1.1). Treatment options for XDR-TB 

are still limited, requiring prolonged use of toxic drug combinations, often without DST results, 

and success is far from guaranteed (52, 53).  

 

Drug group Drug included 

Group A Levofloxacin/Moxifloxacin, Bedaquiline, Linezolid, Pretomanid* 

Group B Clofazimine, Cycloserine/Terizidone 

Group C Ethambutol, Delamanid, Pyrazinamide, Imipenem/Meropenem, 

Ethionamide/Protionamide, Amikacin/Streptomycin, Para-amino salicylic acid 
 

Table 1.1: Current list of drugs recommended by the WHO for treating MDR-TB (52) 

Group A = Include all drugs in the regimen 
Group B = Add one or both drugs 
Group C = Add to complete the regimen and when medicines from Groups A and B cannot be used  
Group B and C drugs are not applicable for the BPal(M) regimens 
 

* Pretomanid is currently not included in any of the drug groups, however, as Pa is mandatory in BPaL(M), here 

we grouped it under Group A. BPaL(M) = Bedaquiline, Pretomanid, Linezolid (Moxifloxacin) 
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Different anti-tuberculosis drugs target various aspects of Mycobacterium tuberculosis biology, 

including protein synthesis, nucleic acid synthesis and inhibition of cell wall synthesis (Figure 

1.6). For some drugs, the mechanisms of action have not been fully identified. 

 

Figure 1.6: Mechanisms of actions of some anti-TB drugs 

Source: National Institute of Allergy and Infectious Diseases 

 

1.6 Diagnosis of TB and its drug susceptibility 

1.6.1 Clinical diagnosis 

The diagnostic cascade for TB begins with the identification of presumptive TB cases, patients 

who exhibit signs and symptoms compatible with TB. Possible PTB symptoms include cough, 

typically lasting more than two weeks, possibly with hemoptysis, and constitutional symptoms 

like fever, significant weight loss, and night sweats. Patients with EPTB have constitutional 

symptoms and may have infection site-specific symptoms (Figure 1.7) (56, 57). 
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Figure 1.7: Site-specific symptoms of EPTB.                                                                                    

Source: https://ntep.in/node/540/CP-presumptive-ep-tb (58) 

 

1.6.2 Radiological diagnosis 

Imaging studies, particularly chest X-rays, are commonly used for TB diagnosis. Typical findings 

include pulmonary infiltrates, cavities, and lymphadenopathy. However, chest X-rays alone may 

not provide a definitive diagnosis and require correlation with clinical and laboratory findings 

(57). 

Figure 1.8: Examples of chest X-ray findings suggesting pulmonary tuberculosis.  

The following are indicated by the blue boxes: A- Enlarged hilar and mediastinal lymph nodes,     

B- A thick-walled cavitary lesion in the left upper lobe, C- Bilateral apical thick-walled cavities 

and multifocal satellite air space opacities. 
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1.6.3 Immunological assays 

The tuberculin skin test (TST) and interferon-gamma release assays (IGRA) are the only 

immunological procedures approved by the WHO for TB diagnosis. However, because 

individuals whose infection was cured after treatment have been reported to remain 

immunoreactive to TB antigens for years, responsiveness to TB antigens does not imply an 

ongoing TB infection or persistent TB, but rather signals being infected with TB without 

reflecting an outcome (34, 35). Thus these tests are not recommended for use in settings with 

high TB burden (59).  

IGRA measures the host-immune response to TB-specific antigens using blood samples, while 

the TST involves injecting a small amount of TB antigen under the skin and measuring the 

immune response.  One of the main advantages of the IGRA is that it does not cross-react with 

the Bacillus Calmette-Guerin (BCG) vaccine or some NTM infections, which may cause false-

positive results with the TST, particularly in high-TB burden countries. Furthermore, the IGRA 

test requires only one visit, while the TST requires multiple visits to read and interpret the 

results. 

 

1.6.4 Microbiological diagnostic methods 

Rapid and accurate diagnosis of MTBc and its drug susceptibility is key for effective patient-

centered management. In recent years, traditional methods for detecting mycobacteria have 

been continuously improved, and considerable efforts have been made for the development of 

new methods. Despite these advances, TB and its drug susceptibility are still missed or 

diagnosed late. In 2022, an estimated 30% of people with tuberculosis were undiagnosed, thus 

untreated and only 47% of the patients diagnosed received a rapid molecular test as the initial 

test, as recommended by the WHO, while the rest were diagnosed by sputum smear 

microscopy (5).  

 

 

1.6.4.1 Sputum smear microscopy 
 

Smear microscopy is one of the oldest and simplest procedures for detecting TB bacilli, and it is 

still employed as an initial diagnostic test, especially in resource-limited settings, as well as for 
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treatment monitoring across the world. Expectorated sputum is stained using different acid-

fast staining methods such as Ziehl-Neelson, Kinyoun, or auramine-rhodamine fluorochrome 

staining. The staining procedure involves a phenol-containing primary stain that, when heated, 

penetrates the mycolic acid-rich mycobacterial cell wall, and remains even after acid-alcohol 

decolorization (Figure 1.9). 

Even though sputum smear microscopy is fast, cost-effective, and simple enough to be 

performed, even in settings with rudimentary facilities, it has relatively a low sensitivity with a 

limit of detection of 5000-10,000 bacilli/ml and a 60% to 70% detection rate for pulmonary TB 

compared to culture (44). This technique detects all members of the genus Mycobacterium, 

thus the presence of acid-fast bacilli (AFB) in a sputum smear does not confirm presence of 

MTBc, even though very likely in TB-high endemic settings. In addition, smear microscopy 

cannot distinguish drug-resistant from drug-susceptible bacteria, nor live from dead bacteria. 

 

 

 

 

 

 

Figure 1.9: A- Acid-fast bacilli stained with Kinyoun stain; B- Auramine-rhodamine staining 

(60). 

 

1.6.4.2 Culture 

Culturing MTBc is the gold standard for bacteriological confirmation of TB. Clinical samples 

decontaminated with N-acetyl-L-cysteine (NALC) and sodium hydroxide (NaOH) are inoculated 

on culture media that support the growth of mycobacteria (60). Culture requires only 10-100 

bacilli/ml to detect MTBc thus much more sensitive compared to sputum smear microscopy 

(60). In addition, culturing MTBc has several other advantages such as confirming the presence 
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of viable bacilli, which is useful for treatment monitoring, identifying the specific species within 

the MTBc, and performing drug-susceptibility testing (DST) (60).   

There are several types of such culture media: solid media such as egg-based Löwenstein-

Jensen (LJ) medium, agar-based Middlebrook 7H10 and Middlebrook 7H11 and liquid media 

such as Middlebrook 7H9, semi-automated commercial MGIT 960 (Becton and Dickinson), 

Versa TREK (Trek Diagnostic Systems) and, MB/BacT Alert 3D (bioMérieux). Like most 

mycobacterial species, MTBc grows best at 35-37 °C, and growth is stimulated by the presence 

of 5-10% CO2 in air, particularly on agar media. MTBc often grows faster in liquid media 

compared to solid media, nevertheless, solid media facilitates detection of mixed cultures 

containing MTBc and non-tuberculous mycobacteria (NTM) by observing colony morphology 

and macroscopic growth. In addition, liquid media are more prone to contamination by non-

mycobacteria compared to solid media (60, 61).   

 

Figure 1.10: A - Cream color, rough and buff MTBc colonies on LJ medium, B - MTBc colonies 
on Middlebrook 7H11 (Source for A and B: https://www.fishersci.ca) and, C - MGIT 960 
automated liquid culture system, the mostly used commercial liquid culture system for MTBc 
(60). 

 

On solid media, the development of bacterial colonies over time indicates a positive culture; in 

commercial liquid media systems, such as the MGIT 960, oxygen consumption in the tube; for 

the Versa TREK, pressure differences in the tube; and for BacT/Alert, CO2 production in the tube 

indicate culture positivity.  To confirm a pure MTBc culture, particularly liquid positive cultures 

require further testing, such as the MPT64 antigen test, smear microscopy, and blood agar 

culture (60).  
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Culture of MTBc is not used as an initial diagnostic test in most countries due to the long 

turnaround time (TAT), cost, and infrastructure requirements. However, culture plays an 

important role in diagnosing pediatric and EPTB, and treatment monitoring. 

Culture media are essential components in phenotypic DST (pDST) for MTBc, which involves 

assessing the growth of MTBc in the presence of a specific anti-TB drugs as compared to drug-

free media, particularly for new and repurposed drugs. 

 

1.6.4.3 Phenotypic drug-susceptibility testing methods 

pDST methods are currently the gold standard for drug-resistance detection for the majority of 

anti-TB drugs. Traditionally, pDST methods for MTBc are performed after obtaining a pure 

culture from a clinical specimen and rely on testing a single concentration of the anti-TB drug 

known as the critical concentration (CC), which is the lowest concentration of the drug that will 

inhibit the in vitro growth of 99% of phenotypically wild type strains of MTBc to determine 

susceptibility or resistance (62). Historically, determining the CC for anti-TB drugs relied heavily 

on expert advice and consensus within the scientific communities, however, the introduction 

of the epidemiological cut-off values (ECOFFs) by the European Committee on Antimicrobial 

Susceptibility Testing (EUCAST) marks a shift towards a more data-driven approach to 

determining susceptibility breakpoints. ECOFFs are essentially minimum inhibitory 

concentrations (MICs) below which wild-type isolates of a microorganism are expected to be 

found. In the TB context, ECOFFs help to distinguish between wild-type strains and those with 

acquired resistance associated genetic variants (63, 64). 

In addition, for some drugs such as fluoroquinolones, there is also a clinical breakpoint (CB) 

established to differentiate between mutant isolates that may still respond to the drug at higher 

concentrations (low-level resistance) and those that are unlikely to respond to the drug at any 

concentration (high-level resistance). Current WHO-recommended pDST methods include 

amongst others the indirect proportion method on solid media, MGIT-960-based commercial 

liquid DST, and MIC testing using broth microdilution (BMD) (62, 64). 
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- Indirect proportion method on solid media 

In this method, a standardized inoculum (ex: a bacterial suspension of an optical density of 

McFarland 1 or 1 mg/ml of bacteria density) is inoculated onto the medium containing a known 

concentration of the drug tested and two 10-fold serial dilutions (10–1 and 10–3 or 10–2 and 10–

4 dilutions) of the inoculum are inoculated onto the drug-free control media (Figure 1.11). The 

visual growth, which is the number of colonies corrected for the dilution factor on a control 

medium without the drug, is compared with the growth present on medium containing the CC 

of the drug. Resistance is defined when at least 1% of growth is observed at the critical 

concentration of drug in the culture medium. Due to slow growth of MTBc on solid medium it 

can take 28-42 days to obtain results using this method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11: An example of inoculation and interpretation of an indirect DST on solid 

 

- Indirect proportion method on commercial MGIT-960 system 

A standardized inoculum from a pure MTBc culture is added to a MGIT tube containing the CC 

of the drug, and 1% of the standard inoculum is added to a drug-free MGIT tube. Unlike on solid 
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media where visual growth on drug-containing and drug-free media is compared, here the 

MGIT machine through hourly monitoring compares the increase in fluorescence, due to 

oxygen consumption by the MTBc, in the drug-containing and drug-free tubes, and 

automatically interprets the results as either susceptible or resistant. Compared to solid media, 

MTBc grows faster in liquid media, resulting in a shorter TAT time of 4-14 days compared to 28-

42 days on solid media. However, faster interpretation of the results in MGIT has been reported 

to result in false-susceptible results in slow growing MTBc isolates, such as those with 

borderline rpoB mutations conferring resistance to rifampicin yet tend to be missed in MGIT 

based pDST (65).   

 

- Broth microdilution (BMD) 

Employing the classical pDST methods such as the proportion method on solid or in liquid 

medium for MIC determination is labor-intensive and costly. As an alternative approach, in 

2022, the WHO endorsed 96-well plate-based BMD to determine the MICs of MTBc.  

 

 

 

 

 

 

 

 

 

 

Figure 1.12: An example of a microtiter plate and interpretation of MIC results 

Source: https://www.mdpi.com/2079-6382/8/4/174 (84) 

MIC-minimum inhibitory concentration. 

https://www.mdpi.com/2079-6382/8/4/174
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MIC testing offers several advantages such as,  

-  MIC values can quantify the level of resistance, which is not (always) possible by classic 

pDST or rapid molecular tests and is particularly important for new drugs.  

- MIC testing allows determining the ECOFF, which is the upper end of the wildtype MIC 

distribution and is used as the surrogate critical concentration in case molecular 

mechanisms remain unknown. This is particularly important for novel anti-TB drugs as 

for such drugs a knowledge gap remains on the association of potential resistance-

conferring mutations and the MICs.  

- MIC testing helps in resolving discordant gDST/pDST results for those mutations causing 

a MIC around the CC.   

- MIC testing allows laboratories to detect systematic/technical errors more rapidly. 

- MIC testing of serial isolates from the same patient may be a useful tool for treatment 

outcome monitoring; a serial MIC increase in patients microbiologically failing treatment 

(i.e. cultures remain positive) may indicate drug resistance amplification. 

 

The current WHO-recommended pDST methods require sophisticated infrastructure such as 

biosafety level 3 laboratory facilities to manipulate MTBc-positive cultures and trained 

personnel, and thus are often restricted to the central or regional level in low- and middle-

income countries, if at all available. Furthermore, pDST also is time-consuming, thus gDST 

approaches for the MTBc are gaining popularity. However, pDST offers several advantages over 

gDST methods such as, 

- pDSTs have superior sensitivity in identifying minority-resistant populations, often 

detecting resistance at levels as low as 1%, the ‘clinically relevant cut-off of resistant 

proportion’. Only deep sequencing analysis by targeted NGS may reach the same limit of 

detection. 

 

- pDSTs can rule in and out resistance, particularly for novel and repurposed anti-TB 

medicines. 
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- pDSTs reflect the interactions between multiple mutations, which may be missed when 

investigating only selected genes, such as in the case of epistasis at the level of mmp5 efflux 

pump mechanism for bedaquiline resistance.  

 

In addition to the indirect methods, the WHO has recommended three non-commercial DST 

methods with the potential to be applied directly to sputum reducing the TAT, a major 

limitation of indirect pDST, 

- Microscopic observation of drug susceptibility (MODS), a broth-microtiter plate-based 

method recommended as a direct or indirect test for rapid screening of patients suspected 

of having MDR-TB. Has never been widely rolled out, mostly because of biosafety concerns 

and the need for microscopic reading (67).  
 

- Colorimetric reduction assays (CRA) , broth-microtiter plate-based method relying on color 

changes on day 7 after inoculation, recommended as a direct or indirect test for rapid 

screening of patients suspected of having MDR-TB. Has never been widely rolled out, mostly 

because of biosafety concerns and the observation of invalid results for fastidious growing 

MTBc strains (67). 

 

- Nitrate reduction assay (NRA) - recommended as a direct or indirect test for rapid screening 

of patients suspected of having MDR-TB. This assay requires high-bacillary load sputa to be 

applied directly and does not work for nitrate reductase negative MTBc, however such 

strains are rare (67). 

Furthermore, like the above direct methods, the thin layer agar (TLA) approach, another direct 

DST method that has not yet been recommended by the WHO, provides a faster TAT and is less 

expensive than commercial methods. However, these technologies have not yet been 

substantially verified for novel and repurposed medications, and standardization of reading 

remains a concern (62, 66, 67).  
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1.6.5 Molecular diagnostics 

Molecular diagnostic tools, often referred to as nucleic acid amplification tests (NAATs), play a 

crucial role in the rapid detection of MTBc and its drug susceptibility. Most NAATs are designed 

to amplify specific genes associated with MTBc and drug resistance to anti-TB drugs, typically 

by polymerase chain reaction (PCR). 

 

 

1.6.5.1 GeneXpert MTB/Rif, GeneXpert MTB/Rif Ultra and GeneXpert XDR 

The first WHO-recommended rapid diagnostic test (WRD) for TB, GeneXpert MTB/Rif (Cepheid, 

USA) is the most widely used NAAT for TB. It is a semi-nested real-time PCR that can 

simultaneously detect MTBc and resistance to rifampicin. In 2017, this assay was upgraded to 

GeneXpert MTB/Rif Ultra (Ultra), which incorporates two different multicopy amplification 

targets, IS6110 and IS1081, and has a bigger DNA reaction chamber than Xpert MTB/RIF 

cartridges, hence has a lower limit of detection of 15.6 CFU/ml compared to 112.6 CFU/ml for 

GeneXpert MTB/RIF (68, 69). While these assays has a good sensitivity (~90%) and specificity 

(>95%) for respiratory specimens, their limit of detection for minority-resistant populations can 

vary from 20% to 80% depending on the specific rpoB mutations (70). Furthermore, Xpert 

MTB/RIF has been reported to generate false rifampicin-resistant results for the samples with 

low bacillary load (21, 71). The Xpert Ultra assay is anticipated to address this issue, as it uses 

melting curve analysis for the rpoB gene, while the classical Xpert MTB/RIF relied on the 

absence of probe binding to detect RR. Nevertheless, it appears from recent field reports that 

the Xpert Ultra test is still producing false rifampicin-resistant results in samples with low 

bacillary burden. (Cuella et al, unpublished data). 

In 2021, Cepheid developed a new GeneXpert cartridge, GeneXpert XDR, to detect resistance 

to isoniazid, fluoroquinolones, ethionamide, and second-line injectable TB medicines. This 

assay can also distinguish between fluoroquinolone resistance at low and high levels and 

resistance to second-line injectable anti-TB medicines. When compared to gene sequencing, 

GeneXpert XDR is reported to have a sensitivity of 94% to 100%, and a specificity of 100% for 

all drugs, except ethionamide. Currently, this assay is intended to be used as a reflex assay for 

specimens that have been diagnosed as positive for MTBc (72). 
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The operational advantages of the GeneXpert platform include shorter TATs, a streamlined 

cartridge-based workflow that reduces biohazardous risk, cross-contamination, and the 

requirement for technical expertise. It also has operational constraints, such as a high initial 

implementation cost, the demand for a continuous power supply, maintenance and calibration, 

dust-free temperature and humidity-controlled environment, and limited flexibility. 

 

1.6.5.2 Line Probe Assays (LPA) 

LPA is another WRD NAAT that utilizes nitrocellulose membrane strips embedded with MTBc-

specific and drug-resistance-related probes. Commercially available WHO-endorsed LPAs 

include Genotype MTBDRplus and Genotype MTBDRsl assays (HAIN Life Sciences, Germany), 

INNO-LiPA Rif.TB assay (Innogenetics, Belgium) and Nipro NTM+MDRTB assay (Nipro, Japan). 

The Genotype MTBDRplus assay, which can detect MTBc as well as resistance to rifampicin and 

isoniazid simultaneously, and the Genotype MTBDRsl assay, which can detect MTBc as well as 

resistance to fluoroquinolones and second-line injectables, are the most commonly used LPAs 

in low- and middle-income countries (73). Although LPAs are technically more complex 

compared to GeneXpert and can only be done in district or regional level labs, they offer similar 

advantages such as rapid results, usually available within 1-2 days (unless batched testing is 

done), good sensitivity (98% for rifampicin, 86% for fluoroquinolones) and specificity (99%) and 

better limit of detection for minority resistant populations compared to GeneXpert MTB/ultra 

assays (70). However, LPAs are being phased out in most settings due to its higher complexity 

in comparison to GeneXpert and the introduction of GeneXpert XDR. 

 

1.6.5.3 Loop Mediated Isothermal Amplification (LAMP) 

LAMP was endorsed by the WHO in 2016 as a replacement to smear microscopy to diagnose 

PTB in symptomatic adults or as a follow-on test for smear-negative adults with symptoms of 

PTB (74). This assay offers many operational advantages such as temperature-independent 

DNA amplification without the need for a thermal cycler, being self-contained without requiring 

complex biosafety requirements or laboratory infrastructure, requiring minimal technical 

expertise, and having a TAT of less than one hour (74). The main operational drawbacks of this 

test are that it requires a continuous power supply like for many other WRDs, is only applicable 
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to sputum samples, is more prone to carry-over contamination and, cannot detect drug 

resistance (75). 

 

1.6.5.4 Truenat MTB, Truenat MTBPlus and Truenat MTB MTB-Rif Dx assays   

Truenat MTB and MTBPlus assays are chip-based real-time PCR tests for the semi-quantitative 

detection MTBc while Truenat MTB-Rif Dx is a reflex test to detect rifampicin resistance in 

samples found positive for MTBc (by the Truenat MTB and MTBPlus assays). In 2020, the WHO 

recommended the Truenat MTB and MTBPlus assays as initial diagnostic test to diagnose TB in 

adults and children with symptoms of PTB, and Truenat MTB Rif Dx as an initial diagnostic test 

for rifampicin resistance rather than pDST. The sensitivities of the Truenat MTB and MTBPlus 

assays are 83% and 89% respectively while specificity is reported to be 99% for the MTB and 

98% for the MTBPlus assay (76).  

All three Truenat assays are battery operated, thus unlike GeneXpert, LPA or LAMP assays, this 

assay does not require stable power supply and could be used as a (near) point of care test in 

resource limited settings. In addition, Truenat assays require minimal laboratory infrastructure 

and provide results in less than one hour. On the other hand, Truenat assays include several 

hands-on steps including micro-pipetting thus requiring some level of technical expertise. 

 

1.6.5.5 Targeted next generation sequencing (tNGS) 

tNGS utilizes next generation sequencing to a set of selected genes to detect drug resistance, 

usually to multiple drugs at the same time. Unlike the WRDs, which often target the hotspot 

regions of specific genes, tNGS can interrogate the entire gene of interest, improving the 

diagnostic accuracy, and is able to detect mutations to several new and repurposed anti-TB 

drugs. In addition to drug resistance profiling, currently used tNGS assays offer MTBc species 

and lineage identification. The ability of tNGS to be used directly on smear-positive clinical 

specimens improves the TAT. However, tNGS methods are more expensive and technically 

demanding compared to the WRDs (77, 78). 

Three commercial tNGS methods have been endorsed by the WHO so far (79),  
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- Deeplex Myc-TB (Genoscreen, France) can detect resistance to streptomycin, isoniazid, 

rifampicin, ethambutol, fluoroquinolones, second line injectables, linezolid, clofazimine, 

and bedaquiline.  

- NanoTB (Oxford Nanopore Technologies, UK) can detect resistance to isoniazid, 

rifampicin, fluoroquinolones, amikacin, linezolid, and streptomycin. 

- TBSeq (ShengTing Biotech, China) is designed to detect resistance to ethambutol. 

There is currently no commercial tNGS assay that can detect resistance to the nitroimidazoles 

delamanid and pretomanid.   

 

1.6.5.6 Whole genome sequencing (WGS) 

WGS is a sophisticated molecular technology that provides a genome-wide analysis of MTBc, 

offering a comprehensive and thorough perspective of the genetic makeup, including drug 

resistance, genomic diversity, and transmission dynamics. Compared to WRDs and tNGS, WGS 

offers higher resolution, and the ability to analyze the entire genome making it a valuable tool 

for research, surveillance, and clinical applications. However, factors such as high cost, the need 

for concentrated pure DNA (and hence culture isolates), creation of massive datasets, and 

required bioinformatics expertise for analyzing and interpreting data hamper the widespread 

implementation of WGS for clinical decision making. Furthermore, in the latest version of the 

WHO mutation catalogue for MTBc, only a limited number of high-confidence mutations are 

listed, particularly for linezolid and nitroimidazoles, and the sensitivity and specificity for 

bedaquiline resistance detection is still not optimal, thus WGS alone may not be a reliable 

diagnostic tool for these drugs (80). 
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CHAPTER 2 

 

 

Problem statement and Research Objectives 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



56 
 

2.1 Rationale and problem statement 

 

In 2022, nearly half a million people worldwide were infected with multi-drug-resistant (MDR) 

or rifampicin-resistant (RR) tuberculosis (TB) resulting in an estimated 160,000 fatalities. 

Approximately 18% of these MDR/RRTB cases exhibited additional resistance to 

fluoroquinolone (pre-XDR TB). In 2022, estimated treatment coverage for MDR/RRTB was far 

below optimal, with just 43% of individuals who developed the disease receiving proper 

treatment (1). 

Even though access to the WHO recommended rapid diagnostics (WRD) tests  is increasing 

significant variations have been reported in the availability of testing for drug resistance among 

different countries (Figure 2.1). In 2022, only 47% of people who were newly diagnosed with 

tuberculosis, received a WRD (1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Percentage of people newly diagnosed with TB who were initially tested with a WRD 

in the world, 2022 

 

The global coverage of testing for fluoroquinolone resistance was significantly lower, at slightly 

over 50% (2). While worldwide data is limited, in the WHO-Europe region, nearly half of 

countries that had access BPaL and BPAL(M) regimens had access to the DSTs for the drugs used 

in these regimens (3).  

 

Reports of resistance to new and repurposed anti-TB medications are emerging from different 

parts of the world. A recent Moldovan study found that more than 15% of the MDR patients 

who received bedaquiline amplified resistance to it (4).  In South Africa and Taiwan, around 3% 
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of the MDR/RR-TB population had already been exposed to bedaquiline or clofazimine is 

reported to be resistant to bedaquiline (5). A meta-analysis including 25 studies from 14 

different countries reports 4.2% pooled frequency of linezolid resistance among MDR isolates 

(6). Lastly, worrisome results have been reported concerning pretomanid, another key drug 

used in the BPaL(M) regimens. Most notably, MTBc lineage 1, which accounts for 28% of 

tuberculosis cases globally, is reported to be intrinsically less susceptible than the other major 

MTBC lineages, raising the question whether L1 responds equally well to BPaL(M) compared 

with other lineages (7). In addition, clinical strains with pretomanid resistance due to mutations 

in known canonical resistance genes have been identified without known nitroimidazole 

exposure, suggesting genetic drift or yet unknown selective pressures (8, 9) 

 

Given these results, expanding access to DST is a crucial component of efforts to end the global 

TB epidemic by 2030. Timely and accurate diagnosis of drug-resistant TB is essential for 

initiating appropriate treatment and preventing the further spread of resistant strains.  

 

For most anti-TB drugs, the reference standard for determining drug susceptibility is pDST, 

which mostly involves testing at the CC, to differentiate likely drug-sensitive strains from likely 

drug-resistant strains. For certain drugs, there is also a clinical breakpoint (CB) established to 

differentiate between mutant isolates that may still respond to the drug at higher 

concentrations (low-level resistance) and those that are unlikely to respond to the drug at any 

concentration (high-level resistance). This binary classification in susceptible versus resistant 

strains without intermediate classification contrasts with other bacterial pathogens, for which 

usually quantitative DSTs are performed by determining minimal inhibitory concentrations 

(MICs), and is fraught with challenges such as, 

 

1. As pDST relies on growth inhibition in/on drug-containing media, fastidious MTBc strains 

may result in invalid results due to lack of growth in/on the drug-free control 

tubes/wells, or in unreliable (false-susceptible) results due to too slow growth in/on 

drug-containing media. Also, the current WHO-recommended BMD method relies on 

the MTBc inoculum prepared from a solid culture, which requires long incubation, 

limiting its use for making clinical decisions. 
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2. Only a single CC value is used for most drugs, yielding a binary classification of resistance 

or susceptibility which may not always capture nuances in the level of resistance, thus 

not effectively guiding treatment decision-making. In addition, the current BMD cut-offs 

recommended by the WHO as an alternate approach for MIC testing of MTBc are 

provisional.  

 

3. Current knowledge on in-vitro susceptibility to anti-TB drugs has been largely biased 

toward the globally dominant MTBc lineages L2 and L4. However, other MTBc lineages, 

such as L1, L3, L5, and L6, are prevalent in specific geographic areas where they can co-

circulate with L2 and L4. Some recent evidence suggests lineage-specific drug 

susceptibility and even treatment outcomes (7, 10). 

 

It is essential to expand research efforts on understanding the current gaps in DST and to study 

in vitro susceptibility across all lineages, to gain a more complete understanding of the drug-

resistance landscape, identify lineage-specific variations in susceptibility to key drugs used for 

rifampicin-resistant TB (RR-TB) treatment and to develop effective TB control and treatment 

strategies tailored to the local epidemiological context. 
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2.2 Research objectives  

Figure 2:2 Research objectives 

 

This PhD project has three main objectives.  

1. To investigate the current limitations impeding speedy and accurate CC-based pDST 

for MTBc isolates. 

Under this objective, we investigated the effect of, 

- nutritional conditions in the culture medium (Chapter 3) 

- binary categorization of resistance or susceptibility (Chapters 4 and 5) 

- genetic diversity within the MTBc (Chapter 6) 

on the timeliness and accuracy of pDST results for MTBc isolates. 

 

2. To validate a semi-automated MIC-testing method based on BMD for quantifying 

drug resistance in MTBc isolates.  

Under this objective, we established the,  

- Quality control ranges 

- Wildtype MIC distribution 

- Preliminary epidemiological cut-off (ECOFF) values  

- Sensitivity and specificity of the provisional cut offs  

- Repeatability, reproducibility of the semi-automated BMD method  

for fluoroquinolones, repurposed and new anti-tuberculosis drugs (Chapter 7). 

3. To develop a protocol for faster, semi-automated MIC testing from freshly positive, 

actively growing MGIT cultures with a turnaround time similar to MGIT-based DST 

(Chapter 8). 
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CHAPTER 3 

 

 

Middlebrook 7H11 Reduces Invalid Results and Turnaround Time of 

Phenotypic Drug-Susceptibility Testing of M. tuberculosis. 
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Abstract 

Background 

Phenotypic drug-susceptibility testing (pDST), which relies on growth inhibition in the drug-containing media, 

remains a challenge for fastidious Mycobacterium tuberculosis complex (MTBc) isolates due to insufficient 

growth on the growth controls (GC). Middlebrook 7H11 (M7H11) medium contains casein hydrolysate, which 

may favor the growth of such strains. 

  

Method 

In this study, we tested whether M7H11 reduces invalid results due to insufficient growth on the GCs and the 

turnaround time (TAT) of pDST for MTBc compared to Middlebrook 7H10 (M7H10) without affecting the 

accuracy of the pDST results and how it differs between rifampicin- and isoniazid-susceptible non multi-drug 

resistant (non-MDR), MDR and MDR with additional resistance to fluoroquinolones (Pre-XDR) MTBc isolates. 

We compared the proportions of invalid pDST results due to lack of growth on the GCs, TATs of valid parallel 

drug-susceptibility testing as an indicator of speed of MTBc growth, and colony-forming unit (CFU) count on 

the most diluted GC of the parallel pDSTs after equal incubation periods as an indicator of growth abundance 

on M7H11 and M7H10. We also analyzed the agreement between the pDST results of the same drug or drugs 

in the same drug class, tested in parallel on both media.  

 

Results 

For MDR and pre-XDR isolates, relative to M7H10, M7H11 significantly reduced the occurrence of invalid pDST 

results due to insufficient growth on the GCs (odds ratio [OR] = ∞ [95% confidence interval (CI) 1.9–∞], P = 

0.004 for MDR, OR = ∞ [95% CI 3.3–∞], P = 0.0001 for pre-XDR) and the TAT of pDSTs (OR = 17 [95% CI 2.6–

710.4], P = 0.0001 for MDR, OR = 9.3 [95% CI 4.0–26.5], P < 0.0001 for pre-XDR). The growth abundance of 

MTBc on M7H11 was significantly higher compared to M7H10 (17 CFU on M7H10 vs. 28 on M7H11), 

irrespective of drug-resistance profiles. The agreement between the pDST results between the two media 

was high (Cohen’s k > 0.98).  

 

Conclusion 

Our study findings suggest that M7H11 is preferred over M7H10 for pDSTs of MTBc isolates.  

Middlebrook 7H11 Reduces Invalid Results and Turnaround Time of Phenotypic Drug-

Susceptibility Testing of M. tuberculosis 
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3.1 Introduction 
 

The prompt and accurate diagnosis of drug resistance is key to assign an effective treatment 

regimen, which minimizes further development and transmission of drug-resistant tuberculosis 

(TB). Due to the slow-growing nature of the Mycobacterium tuberculosis complex (MTBC), as 

well as the cost and the demand for the sophisticated infrastructure of conventional phenotypic 

DST (pDST), rapid genotypic DST (gDST) represents the most convenient option to obtain drug-

susceptibility data for the clinical management of the patients. However, for most anti-TB 

drugs, culture-based pDST remains the reference standard, also for resistance conferred by 

mutations outside the “hotspot” regions targeted by World Health Organization (WHO)-

endorsed rapid molecular tests, such as GeneXpert MTB/RIF (Cepheid, USA), Genotype 

MTBDRplus and MTBDRsl (Hain Life Sciences, Germany) (1-4). More importantly, rapid 

molecular tests are not yet available for novel anti-TB drugs, for which a knowledge gap remains 

on the correlation of resistance-conferring mutations and MICs, and the clinical breakpoint is 

not yet known (5). Therefore, pDST remains important for accurate diagnosis of drug resistance.  

The indirect proportion method is the most used pDST method to determine the drug 

susceptibility of MTBc starting from a pure culture. This method compares the colony forming 

unit (CFU) count of a known inoculum on a drug-free medium known as the growth control (GC) 

versus the CFU count on the drug-containing media containing the critical concentration (CC) 

of a drug (6). Lowenstein-Jensen (LJ), Middlebrook 7H10 (M7H10), and Middlebrook (M7H11) 

are commonly used solid media for this method (7,8). Agar-based, M7H11, and M7H10 have 

advantages over egg-based LJ medium as growth appears earlier and it is easy to visualize 

colonies on transparent agar-based media (7). M7H11 is considered an improved version of 

M7H10 due to the presence of casein hydrolysate in M7H11; that provides nitrogen, vitamins, 

and amino acids and is reported to favor the growth of fastidious, drug resistant MTBc that 

grow poorly on M7H10 (7,9).  

The most complex treatment decisions pertain to patients whose strain is already resistant to 

rifampicin. Such strains have mutations in the essential rpoB gene that encodes the β sub-unit 

of RNA polymerase in MTBc, resulting in variable degrees of growth defects (10). Since pDST 

methods measure growth inhibition in drug-containing media, such mutations may lead to 

higher proportions of failed pDSTs due to insufficient growth on the growth controls (GCs) or 

result in false susceptibility if the GC yields a valid result but the lower fitness strain requires 
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longer incubation to grow in the presence of rifampicin (11). We, therefore, analyzed if M7H11 

could reduce the occurrence of invalid results due to insufficient growth on the growth controls, 

and increase growth speed, and growth abundance compared to M7H10 without affecting the 

accuracy of the pDST results. We also assessed whether results differed between rifampicin and 

isoniazid susceptible (non-MDR), multi-drug resistant (MDR), and MDR with additional 

resistance to fluoroquinolones (Pre-XDR) MTBc isolates. 

 

3.2 Materials and method 
 

3.2.1 Sample size and inclusion criteria 

A total of 401 MTBc isolates, originating from Afghanistan, Armenia, Belarus, Georgia, India, 

Kenya, Kyrgyzstan, Mozambique, Myanmar, and Ukraine, with known resistance profiles for 

rifampicin, isoniazid, and fluoroquinolones, were included in this study. Based on 

resistance/susceptibility to rifampicin, isoniazid, and fluoroquinolones; we categorized these 

isolates into three drug resistance (DR) groups: non-MDR (23 isolates susceptible to rifampicin, 

isoniazid, and fluoroquinolones), MDR (102 isolates resistant to rifampicin, isoniazid but 

susceptible to fluoroquinolones) and Pre-XDR (276 MDR with additional resistance to 

fluoroquinolones). The study design and the workflow are summarized in Figure 3.1. 

 

3.2.2 Media and antibiotics 

M7H10 and M7H11 media were prepared as per the manufacturer's recommendations (12) and 

stored at 2–8°C for six months maximum. Stock solutions were prepared for ofloxacin (Sigma-

Aldrich, O8757) and levofloxacin (Sigma–Aldrich, 28266) at 10000 mg/L in 0.1 N sterile NaOH, 

and for linezolid (Sigma–Aldrich, PZ0014) at 10000 mg/L in dimethyl sulfoxide [DMSO (Sigma–

Aldrich, D5879)]. All stock solutions were stored in aliquots at below -18 °C for 12 months 

maximum.  
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Figure 3.1: Flow diagram for the use of isolates for different analyses.  

A = Used to compare the proportion of invalid results for the pDSTs performed in parallel on M7H10 and M7H11 
B = Used to compare the growth speed between the two media 
C = Used to compare growth abundance on GC2 between M7H10 and M7H11 
D = Used to analyze the agreement between pDSTs between the two media 
CFU = Colony Forming Units 
FQ = Fluoroquinolones 
GC2 = The most diluted growth control (1%) 
pDST = phenotypic drug susceptibility testing 

 

pDSTs for linezolid (1 µg/ml) on both M7H11 and M7H10, levofloxacin (1 µg/ml) on M7H10, 

and ofloxacin (2 µg/ml) on M7H11 were performed in parallel, by the same operator on the 

same day using the same bacterial suspension, using the proportion method. Bacterial colonies 

were scraped from fresh MTBc cultures on LJ slants, not older than two weeks after the first 

colonies were visible, and thoroughly homogenized in sterile water with glass beads. The 

density of the suspension was visually adjusted to McFarland 1. An inoculum of 10-1 of 

McFarland 1 was used for the drug-containing tubes and the least diluted growth control (GC1), 

while the most diluted growth control (GC2) was inoculated with a 10-3 dilution. CFUs were 

enumerated after four weeks of incubation at 34-38 °C with 5-10% CO2, using the quantitative 

scale shown in Table 3.1.  
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Table 3.1: Quantitative scale used for the growth of Mycobacterium tuberculosis on solid 

media. 

CFU = Colony forming units 

 

If both GC1 and GC2 had sufficient growth at this point, i.e. GC1 ≥ 1+ (51-100 CFUs) and ≤ 1+ 

GC2 > 3 CFUs, CFU counts were recorded accordingly and pDST results were interpreted. An 

isolate was considered resistant to the drug tested if the drug-containing tube had equal or 

more growth than the GC2. If GC1 and/or GC2 had insufficient CFU counts at four weeks, tubes 

were incubated at 37 °C for two more weeks. Any test that had insufficient CFU counts on GC1 

and/or GC2 after six weeks of incubation or that had more than 1+ growth on GC2 was 

considered invalid.  

Targeted deep sequencing (gyrA and gyrB for fluoroquinolones, rplC, and rrl for linezolid) was 

performed using the Deeplex-MycTB assay (Genoscreen, Lille, France) described elsewhere (13) 

on any isolate that had discrepant pDST results between the two media.   

 

3.2.3 Quality control 

The pan susceptible MTBc strain H37Rv (ATCC 27294, BCCM/ITM 2008-03715) and reference 

strains for each drug (BCCM/ITM 102197 for levofloxacin and ofloxacin, and 130318 for 

linezolid) were included as quality control strains for each new batch of drug stock solutions 

and media. 

 

 

 

CFU count Recording method 

0-50 The exact number of colonies 

51-100 1+ 

101-200 2+ 

>201 3+ 

Confluent growth 4+ 
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3.2.4 Statistical analysis 

Statistical data analysis was performed using Stata/SE 17.0 software (Stata Corp, USA). The 

Exact McNemar’s test was used to compare paired categorical data such as the occurrence of 

an invalid result and the TAT of the pDSTs between the two media. The TAT of the pDSTs was 

used as an indicator of the growth speed and all isolates with a valid pDST result on both media 

in parallel were included in this data set. CFU count on the GC2 of a sub-set of these isolates, 

whose pDST results were interpreted after equal incubation time (e.g., pDSTs that were 

interpreted after four weeks of incubation on both media) and with countable colonies (0-50 

colonies) on the GC2 of both media was compared as an indicator of growth abundance using 

Wilcoxon matched-pairs signed-rank test. The occurrence of invalid pDST results due to 

insufficient growth on the GCs, TAT, and growth abundance between the two media were 

compared irrespective of the DR profile (overall) and separately for the three DR groups. The 

difference in proportion or mean difference was calculated with a 95% confidence interval (CI) 

and p-value, which was considered significant at <0.05. Cohen's Kappa coefficient was used to 

analyze the extent of agreement between pDST results for the same drug/drugs in the same 

drug class on M7H11 and M7H10.  

 

3.3 Results 

3.3.1 Percentage of invalid results 

Of 401 parallel pDSTs, 32 (7.9%) were invalid at least on one medium: 8 (2.0%) were invalid on 

both media, 24 (6.0%) were invalid only on M7H10, and none was invalid only on M7H11. All 

32 pDSTs were invalid due to less than three CFUs on the GC2 after six weeks of incubation.  

Overall, there was a statistically significant reduction [OR = ∞ (95% CI 6.01-∞), p < 0.0001, Table 

3.2] of invalid pDST results due to lack of growth on the GC2 on M7H11 compared to M7H10 

(Figure 3.1). When stratified by the DR profile, in both MDR [OR=∞ (95% CI 1.9-∞), p=0.004] 

and Pre-XDR groups [OR=∞ (95% CI 3.3-∞), p=0.0001], the occurrence of invalid pDST results 

due to lack of growth on the GC2 was significantly higher on M7H10 but not in the non-MDR 

group [OR=∞ (95% CI 0.025-∞), p=1.0, Table 3.2].  
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Table 3.2: Occurrence of initially invalid pDST results due to <3 CFU on the most diluted 

growth control (GC2) 

CFU = Colony Forming Units, GC2 = Most diluted growth control (10-3), pDST = Phenotypic Drug Susceptibility 

Testing, MDR = Multi-Drug Resistant, XDR = Extensively Drug-Resistant 

 

3.3.2 Growth speed   

A total of 369 isolates had a valid pDST result in parallel on both media, using the same bacterial 

suspension. Overall, there was a significant reduction of the TATs of the pDSTs on M7H11 

compared to M7H10 [OR=10.8 (95% CI 5.0-27.9), p<0.0001], thus the growth speed of MTBc 

was significantly higher on M7H11 (Table 3.3). When stratified by the DR profile, the TATs of 

the pDSTs on M7H11 were significantly lower compared to M7H10 in the MDR [OR=17 (95% CI 

2.6-710.4), p=0.0001] and Pre-XDR groups [OR=9.3 (95% CI 4.0-26.5), p<0.0001] but not in the 

non-MDR group [OR=∞ (95% CI 0.41-∞), p=0.25] (Table 3.3). 

Table 3.3: Turnaround time of the parallel pDSTs with a valid result 

pDST = Phenotypic Drug Susceptibility Testing, 4W = four weeks, 6W = six weeks, MDR = Multi-Drug Resistant, 

XDR = Extensively Drug-Resistant 
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3.3.3 Growth abundance  

Of 401 pDSTs inoculated on both media using the same bacterial suspension, 286 (71.3%) were 

interpreted after equal incubation periods. From these, we excluded 37 pDSTs with 1+ growth 

on the GC2 of both/any pDSTs and compared the CFU count on GC2 of the remaining 249. On 

M7H11 growth abundance was significantly higher (Wilcoxon signed-rank test p<0.0001) with 

a median of 28 CFUs (IQR 27) compared to 17 CFUs (IQR 23) on M7H10 (Figure 3.2). The 

difference was significant across all DR groups [(Wilcoxon signed-rank test p=0.03 (non-MDR), 

p=0.004 (MDR), p<0.0001 (Pre-XDR)] (Table 3.4). 

 

Table 3.4: Median CFUs on GC2 of parallel pDSTs interpreted after equal incubation periods 

CFU = Colony Forming Units, GC2 = Most diluted growth control (10-3), pDST = Phenotypic Drug Susceptibility 

Testing, MDR = Multi-Drug Resistant, XDR = Extensively Drug-Resistant 

 

 

                                                X= mean of the plotted colony counts 

 

 

 
Figure 3.2: Distribution of the colony forming units (CFU) count on growth control 2 (GC2) of 
249 phenotypic drug-susceptibility tests inoculated on M7H11 and M7H10 agar in parallel using 
the same bacterial suspension.  
 
Y axis represents the absolute number of colonies observed in the most diluted growth control (GC2) 
 
 

  
Median CFU count on GC2  Wilcoxon signed-rank p-

value M7H10 M7H11 

Overall 17 (IQR=23) 28 (IQR=27) p<0.0001 

Non-MDR 17 (IQR=22) 30 (IQR=27) p=0.03 

MDR 17 (IQR=24) 28 (IQR=27.5) p=0.004 

Pre-XDR 17 (IQR=24) 28 (IQR=27) p<0.0001 
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3.3.4 Agreement between the pDST results 

A total of 250 isolates had valid pDST results for linezolid in parallel on both media. All but one 

pDST results were concordant (99.6% agreement, Cohen’s k: 0.98). One isolate was resistant to 

linezolid on M7H10 but susceptible on M7H11. Targeted deep sequencing of this isolate did not 

detect any drug-resistance conferring mutations in the rplC and rrl genes. A total of 314 isolates 

had valid pDST results for levofloxacin (1 µg/ml) on M7H10 and ofloxacin (2 µg/ml) on M7H11 

in parallel. All pDST results for levofloxacin and ofloxacin had an excellent agreement of 100%. 

 

3.4 Discussion 

In this retrospective study, we tested if M7H11 reduces the occurrence of invalid results due to 

lack of growth on the GCs and increases the growth speed and abundance of MTBc isolates 

compared to M7H10. Our results showed that, for non-MDR-TB isolates, the differences 

between the proportions of invalid pDST results due to lack of growth on the GCs or TATs 

between the two media were not significant. However, for MDR and pre-XDR isolates, 

compared to M7H10, the M7H11 medium not only significantly lowered the occurrence of 

invalid results due to lack of growth on the GCs, thus reducing the need to repeat the tests but 

also significantly reduced the TAT of the pDST results, (~19% of pDSTs had a net gain of two 

weeks in TAT) without affecting the accuracy of the pDST results. Any decrease in TAT of pDSTs 

is precious for the clinical management of the patients. Even though some researchers have 

suggested that the addition of casein hydrolysate makes no difference to the growth of MTBc 

(14), our study results suggest casein hydrolysate improves the growth of MTBc, especially for 

isolates with drug resistance-conferring mutations, which are known to affect in vitro fitness to 

different degrees (15).  

This study has limitations. While most rifampicin-resistance conferring mutations carry a 

significant fitness cost, we did not study the impact of casein hydrolysate on the growth of 

different rpoB mutants and different lineages of MTBc. In addition, in this study, we did not 

study if M7H11 provides an advantage for the growth of MTBc already exposed to anti-TB drugs 

as suggested by Joloba et al (16). Another limitation is the comparison of levofloxacin (1 µg/ml) 

on M7H10 with ofloxacin (2 µg/ml) pDST results on M7H11. Even though in our data set, there 
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was a perfect agreement between the results, these two drugs have different levels of in-vitro 

activity against MTBc.  

Finally, for non-MDR isolates, M7H11 showed no statistically significant advantages over 

M7H10 to reduce the proportion of invalid pDSTs due to lack of growth on the GCs or the TAT 

of the pDSTs. However, this should be generalized with caution as the sample size of non-MDR 

isolates included in this analysis was smaller compared to the other two DR groups and it might 

have impacted the power of statistical analyses performed for non-MDR isolates. Moreover, 

we did not find a detrimental effect of using M7H11 for non-MDR isolates. Patients infected 

with RR-TB often require additional drug resistance testing for new/repurposed anti-TB drugs 

for which genotypic drug susceptibility testing is not yet well established, based on our study 

findings we recommend M7H11 medium over M7H10, for pDSTs of not only MDR or pre-XDR 

but also for non-MDR isolates. 
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3.6 Supplementary material 

Lab ID DST profile 

DST valid/Invalid TAT CFU count DST FQ DST LZD 

M7H10 M7H11 M7H10 M7H11 M7H10 M7H10 LFX-M7H10 OFX-M7H11 LZD-M7H10 LZD-M7H11 

2015-02524 Pre-XDR valid valid 4 4 16 29 S S S S 

2015-02555 Pre-XDR valid valid 4 4 5 17 R R NA NA 

2015-02558 Pre-XDR valid valid 4 4 26 29 R R NA NA 

2015-02559 Pre-XDR valid valid 4 4 17 40 R R NA NA 

2015-02682 Pre-XDR valid valid 4 4 3 4 R R NA NA 

2015-02756 MDR valid valid 4 4 3 22 S S NA NA 

2016-00153 Pre-XDR valid valid 6 4 NA NA S S S S 

2016-00347 Pre-XDR Invalid Invalid NA NA NA NA NA NA NA NA 

2016-00402 MDR valid valid 4 4 24 10 S S S S 

2016-00592 MDR Invalid valid NA NA NA NA NA NA S NA 

2016-00594 Pre-XDR valid valid 4 4 9 26 R R NA NA 

2016-00635 Pre-XDR valid valid 4 4 15 50 S S S S 

2016-00639 MDR Invalid valid NA NA NA NA NA NA NA NA 

2016-00641 MDR valid valid 4 4 5 8 S S NA NA 

2016-00655 Pre-XDR valid valid 4 4 10 28 R R NA NA 

2016-00686 Pre-XDR valid valid 4 4 6 14 R R NA NA 

2016-00687 Pre-XDR valid valid 4 4 1+ 45 R R NA NA 

2016-00696 MDR Invalid valid NA NA NA NA NA NA NA NA 

2016-00697 Pre-XDR valid valid 4 4 6 7 S S S S 

2016-00703 Pre-XDR valid valid 4 4 38 41 S NA NA S 

2016-00704 Pre-XDR valid valid 4 4 4 6 R R NA NA 

2016-00705 MDR valid valid 4 4 45 45 NA S NA NA 

2016-00733 Pre-XDR valid valid 6 4 NA NA R R NA NA 

2016-00770 MDR valid valid 4 4 20 30 S S NA NA 
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2016-00771 Pre-XDR Invalid valid NA NA NA NA NA NA NA NA 

2016-00772 Pre-XDR valid valid 6 4 NA NA R R NA NA 

2016-00774 Pre-XDR valid valid 6 4 NA NA R R NA NA 

2016-00775 Pre-XDR valid valid 4 4 9 29 R R NA NA 

2016-00776 Pre-XDR valid valid 4 4 10 1+ R R NA NA 

2016-00777 MDR valid valid 4 4 30 11 S S NA NA 

2016-00778 MDR valid valid 6 4 NA NA S S NA NA 

2016-00827 Pre-XDR valid valid 6 4 NA NA S S S S 

2016-00829 Pre-XDR valid valid 6 4 NA NA S S S S 

2016-00830 Pre-XDR valid valid 6 4 NA NA S S S S 

2016-00831 MDR valid valid 4 4 9 50 S S NA NA 

2016-00841 Pre-XDR valid valid 4 4 29 23 S S S S 

2016-00868 Pre-XDR valid valid 4 4 50 24 R R NA NA 

2016-00869 Pre-XDR Invalid valid NA NA NA NA NA NA NA NA 

2016-00870 Pre-XDR valid valid 4 4 40 1+ R R NA NA 

2016-00871 Pre-XDR valid valid 4 4 21 16 R R NA NA 

2016-00872 Pre-XDR valid valid 6 4 NA NA R R NA NA 

2016-00874 MDR valid valid 4 4 45 25 S S NA NA 

2016-00927 MDR valid valid 6 4 NA NA S S NA NA 

2016-01029 Pre-XDR valid valid 4 4 3 11 R R NA NA 

2016-01037 Pre-XDR valid valid 4 4 50 50 S S S S 

2016-01038 MDR valid valid 4 4 40 34 S S NA NA 

2016-01039 MDR valid valid 4 4 5 19 S S NA NA 

2016-01040 MDR valid valid 4 4 30 50 S S NA NA 

2016-01041 MDR Invalid valid NA NA NA NA NA NA NA NA 

2016-01042 Pre-XDR valid valid 4 4 1+ 1+ R R NA NA 

2016-01050 Pre-XDR valid valid 4 6 NA NA R R NA NA 

2016-01051 MDR valid valid 4 4 4 6 S S NA NA 

2016-01052 Pre-XDR valid valid 4 4 9 19 S S S S 

2016-01053 MDR Invalid valid NA NA NA NA NA NA NA NA 

2016-01078 Pre-XDR valid valid 4 4 30 1+ R R NA NA 
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2016-01079 MDR valid valid 4 4 50 40 S S NA NA 

2016-01088 MDR valid valid 6 4 NA NA S S NA NA 

2016-01089 MDR Invalid valid NA NA NA NA NA NA NA NA 

2016-01093 Pre-XDR valid valid 4 4 40 50 R R NA NA 

2016-01095 Pre-XDR valid valid 4 4 1+ 11 R R NA NA 

2016-01141 Pre-XDR valid valid 6 4 NA NA R R NA NA 

2016-01142 Pre-XDR valid valid 6 4 NA NA R R NA NA 

2016-01160 MDR valid valid 4 4 12 31 S S NA NA 

2016-01161 Pre-XDR valid valid 4 4 1+ 1+ R R NA NA 

2016-01174 MDR valid valid 4 4 7 19 S S NA NA 

2016-01178 MDR Invalid valid NA NA NA NA NA NA NA NA 

2016-01298 Pre-XDR valid valid 4 4 29 28 NA R NA NA 

2016-01465 MDR valid valid 4 4 34 30 S S NA NA 

2016-01481 MDR valid valid 6 6 13 5 S S NA NA 

2016-01483 Non.MDR valid valid 4 4 28 28 S S NA NA 

2016-01484 MDR valid valid 4 4 50 50 S S NA NA 

2016-01485 Non.MDR valid valid 4 4 35 28 S S NA NA 

2016-01486 Non.MDR valid valid 6 6 24 35 S S NA NA 

2016-01491 Pre-XDR valid valid 4 4 20 12 R R NA NA 

2016-01493 Pre-XDR valid valid 6 6 3 4 R R NA NA 

2016-01494 Pre-XDR valid valid 4 4 12 6 R R NA NA 

2016-01501 Pre-XDR valid valid 4 4 1+ 1+ R R NA NA 

2016-01502 MDR valid valid 6 4 NA NA S S NA NA 

2016-01503 Pre-XDR valid valid 4 4 3 12 R R NA NA 

2016-01637 Pre-XDR valid valid 4 4 5 3 R R NA NA 

2016-01638 MDR Invalid valid NA NA NA NA NA NA NA NA 

2016-01639 Pre-XDR valid valid 6 4 NA NA R R NA NA 

2016-01697 MDR valid valid 6 4 NA NA S S NA NA 

2016-01698 MDR valid valid 4 4 29 14 S S NA NA 

2016-01699 MDR valid valid 6 4 NA NA S S NA NA 

2017-00012 Pre-XDR valid valid 4 4 24 23 S S S S 
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2017-00138 Pre-XDR valid valid 6 4 NA NA R R NA NA 

2017-00139 Pre-XDR valid valid 6 4 NA NA R R NA NA 

2017-00265 MDR valid valid 6 4 NA NA NA NA NA NA 

2017-00269 Pre-XDR valid valid 6 4 NA NA R R NA NA 

2017-00271 MDR valid valid 6 4 NA NA S S NA NA 

2017-00272 MDR valid valid 4 4 34 37 NA NA NA NA 

2017-00347 MDR valid valid 4 4 40 42 NA NA NA NA 

2017-00350 MDR valid valid 6 6 9 11 S S S S 

2017-00351 MDR valid valid 4 4 25 1+ NA NA NA NA 

2017-00366 Pre-XDR valid valid 4 4 46 44 S S S S 

2017-00367 Pre-XDR valid valid 4 4 7 30 S S S S 

2017-00382 Non.MDR valid valid 6 4 NA NA NA NA NA NA 

2017-00391 MDR valid valid 6 4 NA NA NA NA NA NA 

2017-00392 MDR valid valid 4 4 1+ 1+ NA NA NA NA 

2017-00407 Non.MDR valid valid 4 4 1+ 1+ NA NA NA NA 

2017-00419 MDR valid valid 6 4 NA NA NA NA NA NA 

2017-00442 Pre-XDR valid valid 4 4 20 1+ NA NA NA NA 

2017-00463 Pre-XDR valid valid 4 4 1+ 1+ NA NA NA NA 

2017-00609 Pre-XDR Invalid valid NA NA NA NA NA NA NA NA 

2017-00610 MDR valid valid 4 4 36 39 NA NA NA NA 

2017-00611 Pre-XDR valid valid 4 4 50 36 NA NA NA NA 

2017-00612 MDR valid valid 4 4 8 23 NA NA NA NA 

2017-00613 MDR valid valid 6 6 5 4 NA NA NA NA 

2017-00620 Pre-XDR valid valid 4 4 1+ 1+ NA NA NA NA 

2017-00674 MDR valid valid 4 4 1+ 1+ NA NA NA NA 

2017-00675 Pre-XDR valid valid 4 4 50 1+ NA NA NA NA 

2017-00708 MDR valid valid 4 4 11 1+ NA NA NA NA 

2017-00810 Pre-XDR Invalid valid NA NA NA NA NA NA NA NA 

2017-00838 MDR valid valid 4 4 1+ 1+ NA NA NA NA 

2017-00839 Pre-XDR valid valid 4 4 1+ 1+ NA NA NA NA 

2017-00840 Pre-XDR valid valid 4 4 50 1+ NA NA NA NA 
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2017-00841 MDR valid valid 4 4 1+ 1+ NA NA NA NA 

2017-00844 MDR valid valid 4 4 1+ 1+ NA NA NA NA 

2017-00845 MDR valid valid 6 4 NA NA NA NA NA NA 

2017-00863 Pre-XDR valid valid 6 6 3 3 NA NA NA NA 

2017-00864 Pre-XDR valid valid 4 4 1+ 1+ NA NA NA NA 

2017-00865 Pre-XDR valid valid 4 4 1+ 1+ NA NA NA NA 

2017-00870 MDR valid valid 4 4 1+ 1+ NA NA NA NA 

2017-00891 MDR valid valid 4 4 11 1+ NA NA NA NA 

2017-00968 Pre-XDR valid valid 6 4 NA NA NA NA NA NA 

2017-01082 Non.MDR valid valid 4 4 1+ 1+ NA NA NA NA 

2018-00275 Pre-XDR valid valid 4 4 27 50 S NA NA S 

2018-00292 Pre-XDR valid valid 6 6 44 50 S S S S 

2018-00293 Pre-XDR valid valid 4 4 26 41 S S S S 

2018-00295 Pre-XDR valid valid 4 4 7 42 NA S S NA 

2018-00306 Pre-XDR valid valid 4 4 36 47 S S S S 

2018-00307 Non.MDR valid valid 4 4 27 37 S S S S 

2018-00310 Pre-XDR valid valid 4 4 45 50 S S S S 

2018-00312 Pre-XDR valid valid 4 4 40 50 S NA NA S 

2018-00320 Pre-XDR valid valid 4 4 50 40 S S S S 

2018-00323 MDR valid valid 4 4 24 19 S S S S 

2018-00325 MDR valid valid 6 6 44 46 S S S S 

2018-00326 Pre-XDR valid valid 6 4 NA NA S S S S 

2018-00327 Pre-XDR valid valid 6 6 41 42 S S S S 

2018-00329 Pre-XDR valid valid 4 4 50 45 S S S S 

2018-00332 Pre-XDR valid valid 4 4 42 42 S S S S 

2018-00333 Pre-XDR valid valid 4 4 27 36 S S S S 

2018-00335 MDR valid valid 4 4 16 26 S S S S 

2018-00343 Pre-XDR valid valid 4 4 50 32 S S S S 

2018-00943 Pre-XDR valid valid 4 4 45 50 NA S S NA 

2018-01031 Pre-XDR Invalid valid NA NA NA NA NA NA NA NA 

2018-01041 Pre-XDR valid valid 4 4 40 50 NA NA NA NA 
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2018-01058 Pre-XDR valid valid 4 4 32 50 R R R R 

2018-01075 Pre-XDR valid valid 4 4 4 7 NA NA NA NA 

2018-01082 Pre-XDR valid valid 4 4 40 50 NA NA NA NA 

2018-01265 MDR valid valid 4 4 27 40 NA NA NA NA 

2018-01269 MDR valid valid 4 4 33 41 NA S S NA 

2018-01459 Pre-XDR valid valid 4 4 5 39 NA NA NA NA 

2018-01512 Pre-XDR Invalid valid NA NA NA NA NA NA NA NA 

2018-02849 Non.MDR valid valid 6 4 NA NA NA S S NA 

2018-03227 Pre-XDR valid valid 4 4 1+ 1+ S S S S 

2018-03296 Pre-XDR valid valid 6 4 NA NA R R R R 

2018-03407 Pre-XDR valid valid 4 4 22 50 S S S S 

2018-03412 MDR valid valid 4 4 5 46 S S S S 

2018-03428 Pre-XDR valid valid 4 4 25 50 S S S S 

2018-03741 Pre-XDR valid valid 4 4 1+ 47 R R R R 

2018-03823 Pre-XDR valid valid 4 4 37 28 S S S S 

2018-03833 Pre-XDR valid valid 4 4 6 37 S S S S 

2018-03835 Pre-XDR valid valid 6 6 5 15 S S S S 

2019-00236 Pre-XDR valid valid 4 4 19 43 S S S S 

2019-00238 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-00240 Pre-XDR valid valid 4 4 17 33 S S S S 

2019-00377 Pre-XDR valid valid 4 4 36 42 S S S S 

2019-00449 Pre-XDR valid valid 4 4 4 26 S S S S 

2019-00450 Pre-XDR Invalid valid NA NA NA NA NA NA NA NA 

2019-00452 Pre-XDR Invalid valid NA NA NA NA NA S S NA 

2019-00458 Pre-XDR valid valid 4 4 4 11 S S S S 

2019-00495 MDR valid valid 6 4 NA NA S S S S 

2019-00497 Pre-XDR valid valid 4 4 10 17 S S S S 

2019-00504 Pre-XDR valid valid 6 6 4 41 S S S S 

2019-00505 Pre-XDR valid valid 4 4 26 33 S S S S 

2019-00513 Pre-XDR valid valid 4 4 26 32 R R R R 

2019-00522 Pre-XDR valid valid 4 4 10 6 S S S S 
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2019-00541 MDR valid valid 4 4 4 13 S S S S 

2019-00544 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-00545 Pre-XDR valid valid 4 4 8 8 S S S S 

2019-00546 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-00547 Pre-XDR Invalid valid NA NA NA NA NA NA NA NA 

2019-00548 Pre-XDR valid valid 4 4 26 36 S S S S 

2019-00549 Pre-XDR valid valid 4 4 13 50 S S S S 

2019-00551 Pre-XDR valid valid 4 4 5 6 S S S S 

2019-00552 Pre-XDR valid valid 4 4 16 16 S S S S 

2019-00553 Pre-XDR valid valid 4 4 7 11 S S S S 

2019-00555 Pre-XDR valid valid 4 6 NA NA S S S S 

2019-00556 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-00557 Pre-XDR valid valid 4 4 6 22 S S S S 

2019-00558 MDR valid valid 4 4 9 40 S S S S 

2019-00559 MDR valid valid 4 6 NA NA S S S S 

2019-00560 MDR valid valid 4 4 24 50 S S S S 

2019-00561 MDR valid valid 4 4 5 17 S S S S 

2019-00562 Pre-XDR valid valid 4 4 37 37 S S S S 

2019-00563 Pre-XDR valid valid 4 4 23 41 S S S S 

2019-00564 Pre-XDR valid valid 4 4 4 5 S S S S 

2019-00565 Pre-XDR Invalid valid NA NA NA NA S S S S 

2019-00566 Pre-XDR valid valid 4 4 15 31 S S S S 

2019-00567 Pre-XDR valid valid 4 4 8 15 S S S S 

2019-00568 MDR valid valid 4 4 5 7 S S S S 

2019-00569 Pre-XDR valid valid 4 4 4 10 S S S S 

2019-00570 Pre-XDR valid valid 4 4 13 17 S S S S 

2019-00571 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-00572 Pre-XDR valid valid 4 4 7 19 S S S S 

2019-00573 Pre-XDR valid valid 4 6 NA NA S S S S 

2019-00574 Pre-XDR valid valid 4 6 NA NA S S S S 

2019-00575 Pre-XDR valid valid 4 4 6 7 S S S S 
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2019-00576 MDR valid valid 4 4 24 30 S S S S 

2019-00577 Pre-XDR valid valid 4 4 5 15 S S S S 

2019-00578 Pre-XDR valid valid 4 4 49 47 S S S S 

2019-00579 Pre-XDR valid valid 4 4 9 40 S S S S 

2019-00580 Pre-XDR valid valid 4 4 1+ 1+ S S S S 

2019-00581 Pre-XDR Invalid valid NA NA NA NA NA NA NA NA 

2019-00582 Pre-XDR valid valid 4 4 7 14 R R R R 

2019-00583 Pre-XDR valid valid 4 4 31 33 S S S S 

2019-00585 MDR valid valid 4 4 16 13 S S S S 

2019-00586 MDR valid valid 4 4 33 40 S S S S 

2019-00587 Pre-XDR valid valid 6 4 NA NA S S R S 

2019-00588 Pre-XDR valid valid 4 4 11 40 S S S S 

2019-00589 Pre-XDR valid valid 4 4 35 35 S S S S 

2019-00590 MDR valid valid 4 4 32 23 S S S S 

2019-00591 Pre-XDR valid valid 4 4 4 14 S S S S 

2019-00592 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-00593 Pre-XDR valid valid 4 4 15 19 S S S S 

2019-00595 Pre-XDR valid valid 6 4 NA NA R R R R 

2019-00596 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-00597 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-00598 MDR valid valid 4 4 6 8 S S S S 

2019-00599 Pre-XDR valid valid 4 4 7 26 S S S S 

2019-00600 Pre-XDR valid valid 4 4 5 15 S S S S 

2019-00601 Pre-XDR valid valid 4 4 29 11 S S S S 

2019-00602 Pre-XDR valid valid 4 4 5 4 S S S S 

2019-00603 Pre-XDR valid valid 4 4 9 41 S S S S 

2019-00604 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-00605 Pre-XDR valid valid 4 4 5 34 S S S S 

2019-00606 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-00614 Pre-XDR valid valid 4 4 16 36 S S S S 

2019-00621 Pre-XDR valid valid 6 4 NA NA S S S S 
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2019-00622 Pre-XDR valid valid 4 4 42 46 S S S S 

2019-00837 MDR valid valid 6 4 NA NA S S S S 

2019-00840 Pre-XDR valid valid 4 4 5 46 S S S S 

2019-00842 Pre-XDR valid valid 4 6 NA NA S S S S 

2019-00843 Pre-XDR valid valid 4 4 17 21 R R R R 

2019-00844 Pre-XDR valid valid 4 4 7 11 R R R R 

2019-00845 Pre-XDR valid valid 4 4 6 19 R R R R 

2019-00846 MDR Invalid valid NA NA NA NA NA NA NA NA 

2019-00847 MDR valid valid 6 4 NA NA S S S S 

2019-00848 Pre-XDR valid valid 4 6 NA NA S S S S 

2019-00849 Pre-XDR valid valid 4 4 14 41 S S S S 

2019-00851 MDR valid valid 4 4 5 48 S S S S 

2019-00853 MDR valid valid 6 4 NA NA S S S S 

2019-00854 MDR valid valid 6 4 NA NA S S S S 

2019-00855 MDR valid valid 6 6 5 11 S S S S 

2019-00857 MDR valid valid 4 4 6 6 S S S S 

2019-00858 MDR valid valid 4 4 6 29 S S S S 

2019-00861 MDR valid valid 6 6 16 9 S S S S 

2019-00863 Pre-XDR valid valid 4 4 8 4 S S S S 

2019-00864 Pre-XDR valid valid 4 4 19 8 S S S S 

2019-00865 Pre-XDR valid valid 4 4 28 49 S S S S 

2019-00867 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-00868 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-00869 Non.MDR valid valid 6 4 NA NA S S S S 

2019-00870 MDR valid valid 6 4 NA NA S S S S 

2019-00871 MDR valid valid 4 4 10 19 S S S S 

2019-00872 Pre-XDR valid valid 4 4 5 4 S S S S 

2019-00874 Pre-XDR valid valid 4 4 5 6 S S S S 

2019-00875 Pre-XDR valid valid 6 6 6 4 S S S S 

2019-00876 Pre-XDR valid valid 4 4 15 38 R R R R 

2019-00877 Pre-XDR valid valid 4 4 6 9 R R R R 
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2019-00878 Pre-XDR valid valid 4 4 40 50 S S S S 

2019-00879 Pre-XDR valid valid 6 6 8 4 S S S S 

2019-00880 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-00881 MDR valid valid 4 4 8 6 S S S S 

2019-00928 Pre-XDR valid valid 4 4 11 1+ S S S S 

2019-00930 Pre-XDR valid valid 4 4 12 1+ S S S S 

2019-00931 MDR valid valid 4 4 1+ 1+ S S S S 

2019-00933 Pre-XDR valid valid 4 4 10 25 S S S S 

2019-00955 MDR valid valid 4 4 13 23 S S S S 

2019-00956 Pre-XDR valid valid 4 4 43 27 S S S S 

2019-00966 Pre-XDR valid valid 4 4 11 42 S S S S 

2019-01102 Pre-XDR valid valid 4 4 4 30 S S S S 

2019-01411 Pre-XDR Invalid valid NA NA NA NA S S S S 

2019-01447 Pre-XDR valid valid 4 4 8 38 R R R R 

2019-01450 MDR valid valid 4 4 19 22 S S S S 

2019-01461 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-01572 Pre-XDR Invalid valid NA NA NA NA NA S S NA 

2019-01573 Pre-XDR Invalid valid NA NA NA NA NA NA NA NA 

2019-01584 MDR valid valid 4 4 21 23 S S S S 

2019-01593 Pre-XDR valid valid 6 6 20 28 S S S S 

2019-01594 MDR valid valid 4 4 8 22 S S S S 

2019-01595 MDR valid valid 4 4 9 4 S S S S 

2019-01597 Pre-XDR Invalid valid NA NA NA NA NA NA NA NA 

2019-01598 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-01599 MDR valid valid 4 4 32 27 S S S S 

2019-01600 Pre-XDR Invalid valid NA NA NA NA NA NA NA NA 

2019-01601 Pre-XDR valid valid 4 4 7 22 S S S S 

2019-01628 Non.MDR valid valid 4 4 5 7 S S S S 

2019-01629 Pre-XDR valid valid 4 4 8 26 R R R R 

2019-01630 Pre-XDR valid valid 4 4 17 38 S S S S 

2019-01631 Pre-XDR valid valid 6 4 NA NA S S S S 
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2019-01632 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-01633 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-01634 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-01637 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-01638 Pre-XDR valid valid 4 4 17 22 S S S S 

2019-01639 Pre-XDR valid valid 4 4 20 7 S S S S 

2019-01640 Pre-XDR valid valid 4 4 16 31 S S S S 

2019-01641 Pre-XDR valid valid 4 4 22 24 R R R R 

2019-01642 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-01643 Pre-XDR valid valid 4 4 4 5 S S S S 

2019-01644 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-01645 Pre-XDR valid valid 6 4 NA NA R R R R 

2019-01646 Pre-XDR valid valid 4 4 6 5 R R R R 

2019-01647 MDR valid valid 4 4 23 44 S S S S 

2019-01648 MDR valid valid 4 4 31 25 S S S S 

2019-01649 Pre-XDR valid valid 4 4 23 45 S S S S 

2019-01650 Pre-XDR valid valid 4 4 5 5 S S S S 

2019-01651 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-01652 MDR valid valid 4 4 33 34 S S S S 

2019-01653 MDR valid valid 4 4 25 7 S S S S 

2019-01654 Pre-XDR valid valid 4 4 45 43 S S S S 

2019-01655 Pre-XDR valid valid 4 4 18 40 S S S S 

2019-01656 Pre-XDR valid valid 4 4 48 50 S S S S 

2019-01657 Pre-XDR valid valid 4 4 48 50 S S S S 

2019-01658 Pre-XDR valid valid 4 4 27 18 S S S S 

2019-01659 Pre-XDR valid valid 4 4 50 50 S S S S 

2019-01660 Pre-XDR valid valid 4 4 19 36 S S S S 

2019-01661 Pre-XDR valid valid 4 4 23 26 S S S S 

2019-01662 Pre-XDR valid valid 4 4 28 39 S S S S 

2019-01663 Pre-XDR valid valid 4 4 21 40 S S S S 

2019-01664 Pre-XDR valid valid 6 4 NA NA S S S S 
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2019-01665 Pre-XDR valid valid 4 4 19 38 S S S S 

2019-01666 Pre-XDR valid valid 4 4 36 43 S S S S 

2019-01668 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-01672 Pre-XDR valid valid 4 4 47 44 S S S S 

2019-01673 Pre-XDR valid valid 4 4 32 44 S S S S 

2019-01677 Pre-XDR valid valid 4 4 21 26 S S S S 

2019-01679 Pre-XDR valid valid 4 4 31 37 S S S S 

2019-01682 Pre-XDR valid valid 4 4 7 18 S S S S 

2019-01688 Pre-XDR valid valid 4 4 48 36 S S S S 

2019-01690 Pre-XDR valid valid 4 4 12 24 S S S S 

2019-01714 Pre-XDR Invalid valid NA NA NA NA NA S S NA 

2019-02047 Pre-XDR Invalid valid NA NA NA NA NA S S NA 

2019-02149 Pre-XDR valid valid 4 4 1+ 32 R R R R 

2019-02150 MDR Invalid valid NA NA NA NA NA S S NA 

2019-02455 Pre-XDR valid valid 4 4 12 5 S S S S 

2019-02750 Pre-XDR valid valid 4 4 26 38 S S S S 

2019-02833 Pre-XDR valid valid 4 4 13 31 R R R R 

2019-02836 Pre-XDR valid valid 4 4 18 48 R R R R 

2019-02865 Pre-XDR valid valid 4 4 4 22 R R R R 

2019-04083 Pre-XDR valid valid 4 4 5 19 S S S S 

2019-04306 Pre-XDR valid valid 4 4 9 14 R R R R 

2019-04438 Pre-XDR valid valid 4 4 18 47 R R R R 

2019-04904 Pre-XDR valid valid 6 6 17 13 S S S S 

2019-04905 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-04906 Pre-XDR valid valid 4 4 50 50 S S S S 

2019-04907 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-04908 MDR Invalid valid NA NA NA NA NA S S NA 

2019-04909 MDR valid valid 6 6 5 4 S S S S 

2019-04910 Pre-XDR valid valid 4 4 47 47 S S S S 

2019-04911 MDR valid valid 4 4 38 50 S S S S 

2019-04912 Pre-XDR valid valid 6 4 NA NA S S S S 
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2019-04913 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-04914 Pre-XDR valid valid 4 4 14 8 S S S S 

2019-04915 Pre-XDR valid valid 4 4 22 19 S S S S 

2019-04916 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-04917 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-04918 Pre-XDR valid valid 4 4 19 12 S S S S 

2019-04919 Pre-XDR valid valid 4 4 4 11 S S S S 

2019-04920 Pre-XDR valid valid 4 4 10 41 S S S S 

2019-04921 Pre-XDR valid valid 4 4 42 48 S S S S 

2019-04922 Pre-XDR valid valid 4 4 22 26 S S S S 

2019-04923 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-04924 Pre-XDR valid valid 4 4 27 47 S S S S 

2019-04925 Pre-XDR valid valid 4 4 41 50 S S S S 

2019-04926 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-04927 Pre-XDR valid valid 4 4 19 43 S S S S 

2019-04928 Pre-XDR valid valid 4 4 42 27 S S S S 

2019-04929 Pre-XDR valid valid 6 6 7 10 S S S S 

2019-04930 Pre-XDR valid valid 4 4 4 4 S S S S 

2019-04931 MDR valid valid 4 4 6 11 S S S S 

2019-04932 Pre-XDR valid valid 6 4 NA NA S S S S 

2019-04933 Pre-XDR valid valid 6 4 NA NA S S S S 

2020-00269 MDR valid valid 4 4 29 1+ R R R R 

2020-00290 MDR valid valid 4 4 14 48 R R R R 

2019-03938 Non.MDR valid valid 6 6 28 33 NA NA NA NA 

2020-01888 Non.MDR Invalid valid NA NA NA NA NA NA NA NA 

2020-01889 Non.MDR valid valid 4 4 27 32 NA NA NA NA 

2020-01890 Non.MDR valid valid 4 4 16 16 NA NA NA NA 

2021-00461 Non.MDR valid valid 4 4 42 1+ NA NA NA NA 

2021-00498 Non.MDR valid valid 4 4 10 32 NA NA NA NA 

2021-00716 Non.MDR valid valid 4 4 14 36 NA NA NA NA 

2021-00805 Non.MDR valid valid 4 4 9 8 NA NA NA NA 
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2021-00813 Non.MDR valid valid 4 4 26 46 NA NA NA NA 

2021-01320 Non.MDR valid valid 4 4 13 33 NA NA NA NA 

2021-00472 Non.MDR valid valid 4 4 33 1+ NA NA NA NA 

2021-02247 Non.MDR valid valid 6 6 15 42 NA NA NA NA 

2020-00799 Non.MDR Invalid valid NA NA NA NA NA NA NA NA 
 

Table 3.S1: Supplementary data 
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Abstract 

 

Background 

Fluoroquinolones (FQs) have substantial activity against the Mycobacterium tuberculosis complex (MTBc) by 

preventing bacterial DNA synthesis through DNA gyrase inhibition. The reference standard for FQ‑resistance 

testing is phenotypic drug‑susceptibility testing (pDST) based on growth inhibition of MTBc in drug‑containing 

Mycobacteria Growth Indicator Tube system (MGIT) media at a critical concentration (CC) that differentiates 

phenotypically wild‑type from nonwild‑type MTBc and at a clinical breakpoint that identifies strains that will 

likely still respond to treatment at higher doses. Despite the recent introduction of powerful new TB drugs, 

highly sensitive detection of clinically defined FQ resistance remains key. 

 

Method 

In this study, we re‑evaluated the current WHO‑recommended CCs of Lfx (1.0 mg/ml), Mfx (0.25 mg/ml), Gfx 

(0.25 μg/ml), and the nowadays, obsolete CC of Ofx (2.0 mg/ml) for MGIT, using 147 MTBc isolates with known 

gyrA and gyrB sequences including both high-and low-level FQ resistance‑conferring mutants. We tested a 

wide range of drug concentrations covering the current and former/obsolete WHO-recommended CCs for 

FQs and some intermediate concentrations to challenge the current WHO-recommended CCs. 

 

Results 

The specificity of all four CCs was 100%. The sensitivities varied: 92.4% for Ofx and Lfx, 85.7% for Mfx, and 

83.2% for Gfx. Lowering the CC of Mfx to 0.125 mg/ml would allow us to correctly classify all wild‑type and 

mutant isolates while lowering the CC of Gfx to 0.125 mg/ml would still misclassify some gyrA/gyrB mutants 

as susceptible. 

 

Conclusion 

Based on our findings, a minimal inhibitory concentration of 0.125 mg/ml on MGIT medium is a more 

appropriate CC for Mfx and probably also as a surrogate for overall FQ resistance in the MTBc. 

Re‑evaluation of Critical Concentrations of Anti-tuberculosis Fluoroquinolones 

in the Mycobacteria Growth Indicator Tube 960 System 
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4.1 Introduction 

The nalidixic acid derivatives fluoroquinolones (FQs) have substantial in vitro activity against 

the Mycobacterium tuberculosis complex (MTBc) by preventing bacterial DNA synthesis 

through DNA gyrase inhibition (1,2). Multiple FQs have various in vitro and in vivo activity levels 

against the MTBc: fourth‑generation FQs such as moxifloxacin (Mfx) and gatifloxacin (Gfx) have 

lower minimal inhibitory concentration (MICs) compared to the second‑ and third‑generation 

FQs such as ofloxacin (Ofx) and levofloxacin (Lfx) (1-4). FQs are classified as group A drugs for 

the treatment of multidrug‑resistant tuberculosis (MDR‑TB), defined as resistant to the 

first‑line drugs rifampicin and isoniazid (5). Despite the recent widespread use of the other 

group A drugs, bedaquiline, and linezolid, Mfx, and Lfx remain key in most regimens to treat 

rifampicin‑resistant (RR)/MDR‑TB (6,7). Thus, sensitively detecting the (level of) FQ resistance 

remains crucial for proper RR/MDR‑TB patient management.  

FQ resistance is mostly associated with mutations in the quinolone‑resistance determining 

region (QRDR) of the gyrA gene (codons 74–113) and to a lesser extent in the gyrB gene (codons 

461–499) (8‑11). However, previous studies have shown that not all phenotypically FQ‑resistant 

isolates carried mutations in the QRDR (9,12). This compromises the sensitivity and specificity 

of rapid molecular diagnostic methods that target only the QRDR of gyrA/gyrB genes such as 

the Genotype MTBDRsl (Bruker, Germany) and the GeneXpert XDR (Cepheid, USA). Thus, the 

reference standard for FQ‑resistance testing remains phenotypic drug‑susceptibility testing 

(pDST) based on the growth inhibition of MTB. The automated Mycobacteria Growth Indicator 

Tube system (MGIT; Becton Dickinson, USA) has been proposed as the reference method for 

performing pDST for second‑line anti‑TB drugs, by exposing the bacilli to a critical concentration 

(CC) of the drugs (9,12‑16). A reference standard represents the highest level of reference and 

is the best available method for determining the presence or absence of a condition of interest, 

thus MGIT960‑based pDST for FQs should be able to correctly differentiate phenotypically 

gyrA/gyrB wild‑type and clinically relevant nonwild‑type MTBc strains (17). In the context of 

MTBc, the current definition for the CC is the lowest concentration of an anti‑TB agent that will 

inhibit the in vitro growth of 99% of phenotypically wild‑type isolates (18). CC values for FQs 

have been defined for various testing media (16).  

In this study, we re‑evaluated the current WHO‑recommended CCs for Lfx (1.0 μg/ml) and Mfx 

(0.25 μg/ml), as well as the now‑obsolete CCs for Ofx (2.0 μg/ml) and Gfx (0.25 μg/ml) for the 
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MGIT960 system. Furthermore, we re‑evaluated if any of these four FQs may be used as a proxy 

for MTBc susceptibility to all FQs previously served by ofloxacin. 

 

4.2 Materials and Method 
 

4.2.1 Isolates 

 

A total of 147 MTBc isolates with previously published gyrA and gyrB sequences (1) were 

included in this study. Among these, 40 were gyrA/gyrB wild‑type or carrying mutations that 

do not confer resistance to FQs as per the WHO catalog of mutations (Version 1) (19). Of 147, 

107 isolates had mutations in the QRDR of gyrA/gyrB associated with both low and high levels 

of FQ resistance, all of them resulting in amino acid substitutions, predominantly in codon 94 

(62/107, 58%) and codon 90 (28/107, 26%). Of 147 isolates, 90 had data on their lineage (L): 17 

L1, 27 L2,24 L3, and 22 L4. 

 

 

4.2.2 FQ powders and stock solutions 

 

Stock solutions were prepared for Ofx (Sigma‑Aldrich, O8757), Lfx (Sigma‑Aldrich, 28266), Mfx 

(Molekula, 85126158), and Gfx (Sigma‑Aldrich, G7298) at 10000 μg/ml in 0.1 N sterile NaOH 

and stored in aliquots at or below‑20°C for 6 months maximum. Aliquots were thawed on the 

day of use; leftovers were not refrozen. Subsequent working dilutions were made in sterile 

reverse‑osmotic/distilled water. 

 

 

4.2.3 FQ test concentrations and breakpoints 

 

Initially, we tested two‑fold dilutions around the CCs suggested in the WHO guidelines on 

drug‑susceptibility testing from 2008 and 2014 (20) and, some intermediate concentrations to 

challenge these CCs (Table 4.1). In 2018, WHO revised the CC of Lfx from 1.5 μg/ml to 1.0 μg/ml, 

and the revised CC was not included in our initial concentrations tested for Lfx (16). Therefore, 

we retested the isolates with an initial Lfx‑MIC of 1.12 μg/ml (n = 8) at a single concentration of 

1 μg/ml in MGIT 960. 
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Mycobacteria Growth Indicator Tube (MGIT) system inoculation and reading One hundred 

microliter of the appropriate drug solution was added to the drug‑containing MGIT tubes to 

achieve the desired final concentrations as described in Table 4.1. These tubes were 

supplemented with 800 μl of OADC (oleic acid, albumin, dextrose, and catalase) and inoculated 

with 500 μl from an initial MGIT broth culture after 1–2 days of showing positive by the 

instrument (day 1 to day 2) or diluted 1:5 for day 3 to 5 positive tubes. For each strain, a 

drug‑free control vial was inoculated with a 1:100 dilution of the inoculum to represent 1% of 

the bacterial population. MGIT tubes were then loaded into the MGIT 960 system for incubation 

and automated reading. The MIC was determined to be the lowest concentration at which the 

growth value was <100 growth units (GU), at the moment, the growth control had reached 400 

GU. An invalid test (code ×200 or ×400) was repeated once for that strain and drug. Translation 

from MIC results to resistant (R) versus susceptible (S) was done as follows: if the MIC >set CC, 

a strain was declared R and if the MIC ≤set CC, it was considered S. 

Drug Tested concentrations (µg/ml) 

Ofx   0,5 1.0 1,5 2.0a 4.0 6.0 8.0 

Lfx 0,37 0,75 1.0b 1,12 1,5c 3.0 4,5 6.0  

Mfx 0,125 0,187 0,25b 0,5 1.0 1,5 2.0   

Gfx 0,125 0,187 0,25b 0,5 1.0 1,5 2.0   
 

Table 4.1: Tested concentrations in MGIT960 for each of the fluoroquinolones 

aObsolete WHO recommended CC for Ofx (20) 

bLatest WHO recommended CCs (16) 

cFormer WHO recommended CC for Lfx (20) 

Ofx = ofloxacin; Lfx = levofloxacin; Mfx = moxifloxacin; Gfx = gatifloxacin, CC = critical concentration 

 

4.2.4 Quality control 
 

As an internal quality control, the pan‑susceptible MTB H37Rv reference strain (ITM 2008–

03715) was included in the runs monthly (~every two runs). MIC range of 0.06–0.25 μg/ml was 

considered acceptable for H37Rv for Mfx and Gfx while an MIC of ≤1 μg/ml was considered 

acceptable for Lfx (21,22). In addition, an FQ mono‑resistant (ITM number 102197, TB Pannet 

in vitro selected, MIC expected to be ≥1 μg/ml) QC strain, as well as the FQ‑susceptible MDR 
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(ITM number 2002–01617) and kanamycin‑capreomycin‑resistant (ITM number 1999–01856) 

strains were tested for every new batch of FQ stock solution. 

 

4.3 Results 
 

4.3.1 MIC results for quality control strain 
 

For H37Rv, the MICs ranged from 0,5–1 μg/ml for Ofx, ≤0,37 μg/ml for Lfx, ≤0,125–0,187 μg/ml 

for Mfx, and ≤0,125 μg/ml for Gfx, thus meeting the predefined criteria, albeit data are 

truncated at the lower end. The FQ‑susceptible control strains were found susceptible for all 

FQs, with a MIC within the range of H37Rv. The in vitro selected Ofx‑resistant control strain was 

found resistant with ≥1 μg/ml MICs for all four FQs. 

 

4.3.2 MIC results for quality control strains  
 

4.3.2.1  Ofloxacin 
 
 

The MIC distributions for the four FQs are shown in Table 4.2 and Figure 4.1. Of 147 clinical 

isolates tested, 145 (98.6%) had a valid final MIC result for Ofx. At 2.0 μg/ml CC (20), all (40/40) 

wild‑type isolates were correctly identified as susceptible with a MIC range of ≤0.5–1.0 μg/ml, 

while eight resistance‑associated gyrA/gyrB mutants (8/105, 7.6%) would be misclassified as 

susceptible to Ofx. Five of these have a mutation in gyrB (Asn499Thr, Asn499Arg, Thr500Ala, 

Thr500Asn, and Thr500Ile) and three in gyrA (Asp89Asn, Ala90Val, and Asp94Ala) (Table 4.2). 

The remaining 97 (97/105, 92.4%) gyrA/gyrB mutants with a valid MIC result were correctly 

classified as resistant, with overall higher MICs for Asp94Asn/ Asp94Gly/ Asp94His/ Asp94Tyr 

mutants (combined 48/48 (100%) with MIC ≥4.0 μg/ml; 45/48 (94%) with MIC ≥6.0 μg/ml; and 

26/48 (54%) with MIC ≥8.0 μg/ml) compared to MIC values for  Ala90Val/Ser91Pro/Asp94Ala 

mutants (combined 49/49 (100%) with MIC ≥4.0 μg/ml, 11/49 (22.4%) with MIC ≥6.0 μg/ml; 

and only 2/49 (4.1%) with MIC ≥8.0 μg/ml). The sensitivity for the obsolete CC of 2 μg/ml of Ofx 

to detect FQ resistance was 92.4%, with 100% specificity (Table 4.3). 
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4.3.2.2  Levofloxacin 
 

Of 147 clinical isolates tested, 143 (97.3%) had a valid final MIC result for Lfx. At 1.0 μg/ml, the 

current WHO‑recommended CC (16), all (38/38) wild‑type isolates were correctly identified as 

susceptible while eight resistance‑associated gyrA/gyrB mutants (8/105, 7.6%) would be 

misclassified as susceptible to Lfx (Table 4.2). Only six of these eight isolates were the same as 

the missed Ofx‑resistance ones. The remaining gyrA/gyrB mutants with a valid MIC result 

(97/105, 92.4%) were correctly classified as resistant, with overall higher MICs for 

Asp94Asn/Asp94Gly/Asp94His/Asp94Tyr mutants (combined 49/49 (100%) with MIC ≥3.0 

μg/ml, 28/49 (57%) with MIC ≥4.5 μg/ml, 9/49 (18.3%) with MIC ≥6.0 μg/ml,) compared to MIC 

values for other mutants (combined 43/48 (89.5%) with MIC ≥1.5 μg/ml, 23/48 (47.9%) with 

MIC ≥3.0 μg/ml, and 2/48 (4.2%) with MIC ≥4.5 μg/ml). The sensitivity for the current CC of Lfx 

to detect FQ resistance was 92.4%, with 100% specificity (Table 4.3), the same as for Ofx. 

 
4.3.2.3  Moxifloxacin 

 

Of 147 clinical isolates tested, 143 (97.3%) had a valid final MIC result for Mfx. At 0.25 μg/ml CC 

(16), all (38/38) wild‑type isolates were correctly identified as “susceptible” while 15 

resistance‑associated gyrA/gyrB mutants (15/105, 14.3%) would be misclassified as 

“susceptible” to Mfx (Table 4.2), which is more than for Ofx and Lfx. Two of these have a 

mutation in gyrB (Thr500Ile and Thr500Asn) and 13 in gyrA (Ala90Val and Asp94Ala). The 

remaining 90 (90/105, 85.7%) gyrA/gyrB mutants with a valid MIC result were correctly 

classified as resistant, with overall higher MICs for Asp94Asn/Asp94Gly/ Asp94His/Asp94Tyr 

mutants (combined 47/47 (100%) with MIC ≥0.5 μg/ml, 46/47 (98%) with MIC ≥1.0 μg/ml, 24/47 

(51%) with MIC ≥1.5 μg/ml and 8/47 (17%) with MIC ≥2.0 μg/ml) compared to MIC values for 

other mutants (combined 43/43 (100%) with MIC ≥0.5 μg/ml, 18/43 (41.8%) with MIC ≥1.0 

μg/ml, and 2/43 (4.6%) with MIC ≥1.5 μg/ml). The sensitivity of the current CC of Mfx to detect 

FQ resistance (85.7%) was lower compared to Ofx and Lfx, with 100% specificity (Table 4.3). 

 

 

 

 

 



94 
 

4.3.2.4  Gatifloxacin 
 
 

Of 147 clinical isolates tested, 145 (98.6%) had a valid final MIC result for Gfx. At 0.25 μg/ml CC 

(16), 100% of (38/38) wild‑type isolates were correctly identified as “susceptible” while 18 

resistance‑associated gyrA/gyrB mutants (18/107, 16.8%) would be misclassified as 

“susceptible” to Gfx (Table 4.2), which is more than for Ofx, Lfx, and Mfx. Four of these have a 

mutation in gyrB (Thr500Ala, Asn499Arg, Thr500Asn, and Thr500Ile), 13 in gyrA (Ala90Val and 

Asp94Ala), and one had both gyrA and gyrB mutations (Ala90Val + Gly512Arg). The latter 

showed low‑level resistance for Ofx, Lfx, and Mfx (Table 4.2). The remaining 89 (89/105, 84.8%) 

gyrA/gyrB mutants with a valid MIC result were correctly classified as resistant, with overall 

higher MICs for Asp94Asn/Asp94Gly/Asp94His/Asp94Tyr mutants (combined 49/49 (100%) 

with MIC ≥0.5 μg/ml, 38/49 (77.5%) with MIC ≥1 μg/ml, and 4/49 (8.2%) with MIC 1.5 μg/ml 

and none above 1.5 μg/ml) compared to MIC values for other mutants (combined 40/40 (100%) 

with MIC ≥0.5 μg/ml, 8/40 (20.0%) with MIC ≥1.0 μg/ml, and 1/40 (2.5%) with MIC 1.5 μg/ml). 

The sensitivity of the CC of Gfx to detect FQ resistance (83.2%) was the lowest of all four FQs 

tested, with 100% specificity (Table 4.3). 
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Table 4.2: MIC distribution of the Mycobacterium tuberculosis isolates with final valid phenotypic MGIT960 results, stratified per drug and 

gyrA/gyrB mutation.   

*Strains with wild type gyrA and gyrB genes or gyrA/gyrB mutations that are not associated with resistance to fluoroquinolones (WHO Mutation Catalogue, Version 1.0) (3). 

gyrA/gyrB mutants misclassified as S by the current WHO recommended CCs for Lfx, Mfx and Gfx and the obsolete CC for Ofx are boxed with bold text. 
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Figure 4.1: Minimal inhibitory concentration (MIC) distribution of the drugs tested in relation to the gyrA/gyrB mutations.  

CC = critical concentration, MIC = minimal inhibitory concentration, MUT = mutation/s
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CC (µg/ml) 
Mutants showing resistance to the drug at the depicted critical concentration (number of isolates) 

Ofx 2.0 µg/ml Lfx 1.0 µg/ml Mfx 0.25 µg/ml Gfx 0.25 µg/ml 
None of the four 

CCs 
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Ofx 2.0 NA 

gyrA_Asp94Ala (1) gyrA_Asp89Asn (1) gyrA_Asp89Asn (1) 

NA gyrA_Asp89Asn (1) gyrB_Thr500Ala (1) 
gyrB_Asn499Thr 

(1) 

  gyrB_Asn499Thr (1)   

Lfx 1.0 

gyrA_Ala90Val (1) 

NA 

gyrA_Asp89Asn (1) gyrA_Asp89Asn (1) 

NA gyrA_Asp89Asn (1) gyrB_Thr500Ala (1) 
gyrB_Asn499Thr 

(1) 

  gyrB_Asn499Thr (1)   

Mfx 0.25 
gyrA_Ala90Val (9) gyrA_Ala90Val (8) 

NA gyrA_Ala90Val (3) NA 
gyrA_Asp94Ala (2) gyrA_Asp94Ala (3) 

Gfx 0.25 

gyrA_Ala90Val (8) gyrA_Ala90Val (7) gyrA_Ala90Val (2) 

NA NA 
gyrA_Asp94Ala (3) gyrA_Asp94Ala (4) gyrA_Asp94Ala (1) 

gyrA_ Ala90Val 
gyrB_Gly512Arg (1) 

gyrA_Ala90Val + 
gyrB_Gly512Arg (1) 

gyrA_ Ala90Val + gyrB_Gly512Arg (1) 

    gyrB_Thr500Ala (1) 

All four 
CCs 

NA NA NA NA 

gyrA_Ala90Val (1) 

gyrB_Thr500Asn (1) 

gyrB_Thr500Ile (1) 
 

 Table 4.3: Overview of gyrA/gyrB mutants classified as susceptible to one or more of the FQs tested at the current critical concentrations 
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At the lowest concentrations evaluated in this study, Ofx (0.5 μg/ml) and Lfx (0.375 μg/ml) 

exhibited overlapping MICs of wild‑type and gyrB mutants, Gfx (0.125 μg/ml) exhibited 

overlapping MICs of both gyrA and gyrB mutants with wild types, whereas at 0.125 μg/ml of 

Mfx, gyrA/gyrB wild types could be distinguished from the mutants, as the MICs of the 

gyrA/gyrB mutants were ≥0.187 μg/ml. Overall, gyrB mutants exhibited lower MICs to all four 

FQs, with the exception of Asn499Ser which showed MIC values at the upper end for all four 

FQs. The gyrB_Asn499Thr and Thr500Ala were only detected by Mfx testing, two (Thr500Asn 

and Thr500Ile) were missed by all four CCs, and Asn499Arg, which did not have a valid MIC for 

Mfx‑was missed by the other three FQs (Tables 4.2 and 4.4). 

 

Drug and CC Resistance 
associated 
mutations  

R/S by MIC testing in MGIT 

S R Total Sensitivity    

[95% CI] 

 

Specificity  

[95% CI] 

 
Ofx 

2.0 µg/ml 

Absent* 40 8 48 92.4%  

[85.5% to 96.7%] 

100.0% 

[91.2% to 100.0%] 

 

Present 0 97 97 

Total 40 105 145 

Mfx 

0.25 µg/ml 

Absent* 38 15 53 85.7%  

[77.5% to 91.8%] 

100.0%  

[90.8% to 100.0%] 
Present 0 90 90 

Total 38 105 143 

Lfx 

1.0 µg/ml 

Absent* 38 8 46             92.4% 

[85.5% to 96.6%] 

100.0% 

[90.8% to 100.0%] 
Present 0 97 97 

Total 38 105 143 

Gfx 

0.25 µg/ml 

Absent* 38 18 56             83.2% 

[74.7% to 89.7%] 

              100.0% 

[90.8% to 100.0%] 
Present 0 89 89 

Total 38 81 145 

 

Table 4.4: Sensitivity and specificity of the obsolete CC for Ofx and the current CCs for Lfx, 
Mfx and Gfx along with their 95% confidence intervals (CI). 
 

*Includes trains with wild type gyrA and gyrB genes or gyrA/gyrB mutations that are not associated with 
resistance to fluoroquinolones (WHO Mutation Catalogue, version 1.0) (19). 
 
CC = critical concentration; Ofx = ofloxacin; Lfx = levofloxacin; Mfx = moxifloxacin; Gfx = gatifloxacin; S = 

susceptible; R = resistant; MIC = minimal inhibitory concentration 
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4.4 Discussion 

 

FQs are recommended by the WHO for use in the 4‑month short‑course therapy of 

drug‑sensitive TB, in the treatment of RR TB without FQ resistance, and in salvage regimens 

with low‑level FQ resistance (6,23). Thus, there is an important need for accurate detection of 

FQ resistance. The WHO recommends testing the specific FQs used in treatment regimens 

proposing the MGIT960‑based pDST as the reference method (16). In this study, we 

re‑evaluated the current WHO‑recommended CCs for Lfx (1.0 μg/ml) and Mfx (0.25 μg/ml), as 

well as the now‑obsolete CCs for Ofx (2.0 μg/ml) and Gfx (0.25 μg/ml) for the MGIT960 system. 

The specificity of the CCs of all four FQs tested was 100%. However, the sensitivity of the CCs 

varied, with Ofx and Lfx showing the highest sensitivity (92.4%), followed by Mfx 0.25 μg/ml 

(85.7%) and Gfx 0.25 μg/ml (83.2%). 

Discordance between phenotypic and genotypic DSTs for FQs has previously been observed, 

particularly for low‑level FQ resistance‑conferring gyrA/gyrB mutations, and breakpoint 

artifacts can be a key contributor to such discordances (24,25). Based on previously published 

MIC data of clinical isolates, the WHO lowered the CCs of Mfx and Lfx in 2018 to correspond 

to the epidemiological cutoff (ECOFF), the upper end of the wild‑type MIC distribution (16,26). 

Our findings suggest that the current CC of Mfx may be above the highest end of the wild‑type 

MIC distribution, with the isolates included in this investigation all falling at least one dilution 

below the current CC. However, our truncated data in the lower concentration ranges do not 

allow a clear view of the wild‑type MIC distribution. In addition, the isolates included in this 

study represented only two South Asian countries, Bangladesh, and Pakistan, and 90 isolates 

with lineage data represent only four MTBc lineages, thus their wild‑type MIC distribution may 

not represent the global wild‑type MIC distribution of MTBc for FQs. Further, in this study, we 

did not test at least 100 wild‑type isolates as per CLSI guidelines. Thus, we were not able to 

conclude if the current CCs represent the ECOFF. 

In line with previous studies, our data also suggest that different mutations in gyrA and gyrB 

cause variable levels and patterns of resistance to different FQs (27‑30). While non‑Ala codon 

94 mutations in the gyrA gene showed overall higher MIC increases to all the FQs, the other 

commonly found gyrA mutations such as Ala90Val and Asp94Ala mutations showed a 

low‑to‑moderate increase of the MICs, notably for Mfx and Gfx, leading to false‑susceptibility. 

In addition, three of the five gyrB mutants with a valid MIC to Mfx showed resistance while 
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only one of them showed resistance to all four FQs, implying that gyrB mutations may have a 

greater impact on Mfx than the other FQs and highlights the importance of testing the specific 

FQs used in treatment regimens and further investigating the possible use of Lfx for such 

mutants.  

In MGIT, the gyrB mutation Thr500Asn has previously been reported to exhibit variable 

patterns of FQ resistance, however, in our study, this was classified as susceptible by all four 

FQs with MICs one dilution lower than the current CCs, probably underscoring the lack of 

reproducibility of pDSTs for the low‑level FQ resistance‑conferring mutations (10,27,31). 

Despite the fact that the now obsolete CC of Ofx and the current CC of Lfx showed the highest 

sensitivity in this study, they still misclassified mutants, notably the gyrB mutations, which may 

cause clinically relevant resistance at least for Mfx, thus may not be suitable as a surrogate for 

FQ susceptibility in MTBc. 

On the other hand, lowering the CC of Mfx to 0.125 μg/ml would allow us to correctly classify 

all wild‑type and mutant isolates while lowering the CC of Gfx to 0.125 μg/ml would still 

misclassify some gyrA/gyrB mutants. Based on our findings, 0.125 μg/ml in MGIT medium may 

be an appropriate CC for Mfx as well as a surrogate for FQ resistance in MTBc. 
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4.9 Supplementary material 
 

Lab nr Origin Lineage PCR gyrase 
MIC in MGIT (µg/ml) 

OFX LVX MFX GFX 

72228 Bangladesh NA 94Ala 4 1.5 0.5 0.25 

90829 Bangladesh 1.1.3.1 539Ala 1.5 0.75 0.5 0.187 

111485 Bangladesh NA 90Val, 551Arg 4 1.5 0.5 0.25 

120583 Bangladesh NA 90Val 4 1.5 0.5 0.25 

131127 Pakistan 1.2.2 90Val 4 1.12 0.5 0.25 

140938 Pakistan 4.1.3 538Arg 1 ≤0,37 X ≤0,125 

1077 Bangladesh 4.3.4.2 90Val 6 3 1 0.5 

22934 Bangladesh 3 90Val 4 1,5 0.25 0.25 

51552 Bangladesh 4.3.4.2 94Gly 6 3 1 1 

51580 Bangladesh 1 539Asn 1.5 0.75 0.25 0.25 

52144 Bangladesh 2.2.1 WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 

52169 Bangladesh 4.8 WT 1 ≤0,37 ≤0,125 ≤0,125 

52398 Bangladesh 4.3.4.2 90Val 4 3 0.5 0.5 

52427 Bangladesh 4 90Val 6 4.5 0.5 0.5 

52879 Bangladesh NA WT 1 0.75 ≤0,125 ≤0,125 

60626 Bangladesh 1.1.3 90Val 6 3 1 0.5 

61618 Bangladesh 2.2.1 90Val 4 3 0.5 0.5 

61934 Bangladesh 3.1 WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 

63450 Bangladesh 1.1.3.3 WT ≤0,5 X ≤0,125 X 

63452 Bangladesh 4.3.4.2 90Val X X 0.5 0.5 

64048 Bangladesh 2.2.1 WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 

70053 Bangladesh NA WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 

71338 Bangladesh 4.3.4.2 WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 

72225 Bangladesh 4.1.3 538Ser >8 6 1.5 >2 

72422 Bangladesh 3 WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 

73097 Bangladesh 2.2.1 94Ala 4 1.5 0.5 0.5 

73311 Bangladesh 1.2.2.2 94Ala 4 3 0.5 0.5 

80072 Bangladesh NA 90Val 4 1.5 0.25 0.5 

82030 Bangladesh 3 90Val 4 1.5 0.25 0.25 

82038 Bangladesh 4.3.4.2 90Val 4 3 0.5 0.5 

140348 Bangladesh NA 94Gly 6 3 1 0.5 

141128 Bangladesh 3.1.2.1 94Gly 4 3 0.5 0.5 

141201 Bangladesh 4.1.3 91Pro 4 3 1 1 

141969 Bangladesh 1.2.2.2 WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 

83358 Bangladesh 2 94Gly, 551Arg 8 4.5 1.5 1 

83113 Bangladesh NA 94Gly 6 3 1 0.5 

83145 Bangladesh 2.2.1 94Ala 4 1.5 0.5 0.5 

83694 Bangladesh 4.1.3 94His >8 6 2 1 

84277 Bangladesh NA 94Ala 4 3 0.5 0.5 

90102 Bangladesh NA 94Asn >8 >6 >2 1.5 

90490 Bangladesh 4.3.4.2 94Gly 8 4.5 1.5 1 

90798 Bangladesh NA 90Val 4 1.5 0.25 0.5 

91126 Bangladesh NA 94Gly 6 3 1.5 1 

91130 Bangladesh NA 94Gly >8 6 1.5 1 

92032 Bangladesh NA 94Ala 4 1.5 0.25 0.25 
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92333 Bangladesh 3 91Pro 4 3 0.5 0.5 

93573 Bangladesh 4 94Ala 2 1.5 0.25 0.25 

100380 Bangladesh NA 94Gly 6 4.5 1.5 1 

100271 Bangladesh 4.1.3 94Ala 4 1.5 1 0.5 

101140 Bangladesh 2 91Pro, 551Arg 4 1.5 1 0.5 

101142 Bangladesh NA 90Val 6 3 1 0.5 

102091 Bangladesh 1.2.2.2 94Ala 4 3 1 1 

101905 Bangladesh 4 94Ala 6 3 1 0.5 

102106 Bangladesh 3 90Val 4 1.5 0.187 0.25 

102627 Bangladesh NA 94Gly 4 3 1 0.5 

110113 Bangladesh NA 89Asn 2 1.12 0.5 1 

110339 Bangladesh NA 90Val 4 1.5 0.25 0.5 

110632 Bangladesh 4 94Gly >8 6 1.5 1 

110617 Bangladesh 3 94Gly 8 4.5 1 0.5 

110911 Bangladesh 4 94Ala 4 1.5 0.25 0.25 

111209 Bangladesh NA 90Val 6 3 1 0.5 

111160 Bangladesh 4.1.1.1 94Gly >8 4.5 1 1 

111502 Bangladesh NA 94Ala 4 3 0.5 0.5 

112382 Bangladesh NA 90Val 6 3 1 0.5 

120036 Bangladesh 2.2.1 94Gly 6 4.5 1.5 1 

120065 Bangladesh NA 94Gly, 551Arg 6 3 1 1 

120375 Bangladesh 2 91Pro, 551Arg 4 1.5 1 1 

120718 Bangladesh 2 539Ile ≤0,5 ≤0,37 0.187 ≤0,125 

121038 Bangladesh 2.2.1 90Val 4 0.75 0.25 ≤0,125 

121808 Bangladesh NA 94Gly 8 4.5 1.5 1 

130235 Bangladesh NA 94Gly 4 3 1 0.5 

131004 Bangladesh NA 94Tyr 8 4.5 2 1 

131010 Bangladesh NA 91Pro 4 1.12 1 1 

131011 Bangladesh 4.1.1.1 90Val 4 1.5 0.5 0.5 

131039 Bangladesh 2.2.1 94Gly 6 3 1.5 1 

131041 Bangladesh 2.2.1 94Gly 6 3 1 0.5 

131781 Bangladesh NA 94Gly >8 4.5 1 1 

132224 Bangladesh 1.1.2 90Val 4 3 0.5 0.5 

130233 Bangladesh 2.2.1 94Gly 6 4.5 1 1 

130549 Bangladesh 2.2.1 94Gly 6 3 1.5 1 

51554 Bangladesh NA WT 1 ≤0,37 X ≤0,125 

51852 Bangladesh NA WT 1 ≤0,37 ≤0,125 ≤0,125 

52088 Bangladesh NA WT 1 ≤0,37 ≤0,125 ≤0,125 

60639 Bangladesh NA WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 

61597 Bangladesh NA WT ≤0,5 X ≤0,125 ≤0,125 

62401 Bangladesh NA WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 

62518 Bangladesh NA WT 1 ≤0,37 ≤0,125 ≤0,125 

64063 Bangladesh NA WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 

70097 Bangladesh NA WT 1 0.75 ≤0,125 ≤0,125 

70235 Bangladesh NA WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 

71769 Bangladesh NA WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 

71851 Bangladesh NA WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 

72209 Bangladesh NA WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 

72503 Bangladesh NA WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 

72506 Bangladesh NA WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 
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73296 Bangladesh NA WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 

73309 Bangladesh NA WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 

52675 Bangladesh 2.2.1 WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 

52873 Bangladesh NA WT 1 ≤0,37 ≤0,125 ≤0,125 

60633 Bangladesh 4.3.4.2 WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 

111257 Pakistan NA 94Tyr 8 6 1.5 1 

131057 Pakistan 1.1.3 94Tyr >8 6 2 1 

131062 Pakistan NA 94Tyr 8 4.5 1 1 

131157 Pakistan 3 94Gly 6 3 1 0.5 

131188 Pakistan 3 94Gly 6 3 1 0.5 

131223 Pakistan NA Asn538Thr 2 1 0.5 1 

131228 Pakistan 2.2.1.1 90Val 2 1 0.25 0.187 

131240 Pakistan 3 94Gly 6 3 1 1 

131498 Pakistan 1.1.3 91Pro 6 3 1 1 

131569 Pakistan 2.2.1 94Asn 8 3 2 1.5 

131579 Pakistan 2.2.1 94Asn 8 4.5 1.5 1 

131580 Pakistan 2.2.1 94Asn 8 4.5 1.5 1 

132271 Pakistan 2.2.1 90Val 4 1.12 0.25 0.25 

132301 Pakistan NA 94Gly >8 6 2 1 

132317 Pakistan 2.2.1 94Gly 6 3 1 0.5 

132393 Pakistan 1.1.3 90Val 8 3 1 0.5 

132396 Pakistan 1.1.3 90Val 6 3 1 0.5 

132401 Pakistan NA 94Gly 8 4.5 1.5 1 

132402 Pakistan 3 90Val 4 1.12 0.25 0.25 

132435 Pakistan NA 90Val 4 X 0.5 0.5 

132671 Pakistan 2.2.1.2 94Ala 4 1.5 0.5 0.5 

132746 Pakistan NA 94Gly >8 >6 >2 1.5 

140112 Pakistan 4.1.2.1 94Asn >8 6 >2 1.5 

130687 Pakistan 3 89Asn 4 1 0.5 0.5 

130704 Pakistan 2.2.1 94Gly 8 3 1.5 1 

130751 Pakistan 3 94Asn 8 4.5 1.5 1 

130769 Pakistan 2.2.1 94Gly 6 3 1 1 

130789 Pakistan 2.2.1 94Gly 8 4.5 1.5 1 

132059 Pakistan NA 94Tyr X 3 1 1 

132139 Pakistan 3 94Gly 6 3 1 1 

132143 Pakistan NA 94Gly 6 3 1 1 

132149 Pakistan 3 94Gly 6 4.5 1 0.5 

132151 Pakistan 3 94Gly >8 4.5 1 1 

140009 Pakistan 3.1.2 94Asn 8 4.5 1 1 

140015 Pakistan 3 91Pro 4 3 0.5 0.5 

140097 Pakistan 3 91Pro 4 1.5 0.5 0.5 

141502 Pakistan NA 91Pro 4 3 X 0.5 

132284 Pakistan 2.2.1 WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 

132312 Pakistan 1.1.3 WT 1 ≤0,37 ≤0,125 ≤0,125 

132323 Pakistan 1.1.3 WT 1 ≤0,37 ≤0,125 ≤0,125 

132338 Pakistan NA WT 1 ≤0,37 ≤0,125 ≤0,125 

132349 Pakistan 1.1.3 WT 1 ≤0,37 ≤0,125 ≤0,125 

130637 Pakistan 3 WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 

130707 Pakistan 3 WT 1 ≤0,37 ≤0,125 ≤0,125 

132109 Pakistan 3 WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 
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140045 Pakistan 1.1.2 WT ≤0,5 ≤0,37 ≤0,125 ≤0,125 

140071 Pakistan 3 WT ≤0,5 ≤0,37 X X 

083715 Quality control 4 H37Rv replicate 1 ≤0,37 ≤0,125 ≤0,125 

083715 Quality control 4 H37Rv replicate 1 ≤0,37 ≤0,125 ≤0,125 

083715 Quality control 4 H37Rv replicate 1 ≤0,37 ≤0,125 ≤0,125 

083715 Quality control 4 H37Rv replicate 1 ≤0,37 ≤0,125 ≤0,125 

083715 Quality control 4 H37Rv replicate 1 ≤0,37 0.187 ≤0,125 

083715 Quality control 4 H37Rv replicate ≤0,5 ≤0,37 ≤0,125 ≤0,125 

083715 Quality control 4 H37Rv replicate 1 ≤0,37 ≤0,125 ≤0,125 

083715 Quality control 4 H37Rv replicate 1 ≤0,37 ≤0,125 ≤0,125 

083715 Quality control 4 H37Rv replicate 1 ≤0,37 X ≤0,125 

083715 Quality control 4 H37Rv replicate ≤0,5 ≤0,37 ≤0,125 X 
 

Table 4.S1: Supplementary data 
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CHAPTER 5 

 

 

 

Reduced critical concentration might not have improved MGIT-based 

DST's sensitivity to rifampicin 
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Abstract 

Recent studies have shown that phenotypic drug susceptibility testing (pDST) is not a reliable reference as it 

frequently misses rpoB mutations associated with borderline phenotypic resistance, especially in the 

Mycobacteria Growth Indicator Tube (MGIT), due to impaired bacterial growth.  

Consequently, WHO now recommends sequencing the entire rpoB gene as the new reference standard and 

revised the CC in MGIT from 1.0 µg/ml to 0.5 µg/ml to boost its ability to detect borderline rpoB mutations.  

We assessed the ability of the revised CC for rifampicin in MGIT using 37 isolates found genotypically 

rifampicin-resistant but susceptible at 1.0µg/ml in MGIT.  

We performed indirect rpoB sequencing on the isolates and direct rpoB sequencing on the sediments from 

which the isolates originated. Meanwhile, the isolates were retested in MGIT at the revised CC (0.5 µg/mL) in 

single replicates.  

All, 37 isolates carried rpoB mutations: 32 Group-1, four Group-2, and one Group-5. In total, 28 of the 32 

isolates with Group-1 rpoB mutations had a borderline rpoB mutation, alone or together with a Group-1 or 

Group-2 rpoB mutation. At the revised CC, 2/32 (6.2%) of Group-1 rpoB mutants were classified as resistant, 

with only 1/28 (3.6%) Group-1-borderline rpoB mutations; this is much less than the WHO’s predicted 21% 

reduction in misclassifying borderline rpoB mutations by reducing the rifampicin CC in MGIT.  

Our data suggest that despite revising the CC in MGIT, genotypic tests are better at detecting these mutations.  

Reduced critical concentration might not have improved MGIT-based DST's sensitivity to 
rifampicin 
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5.1 Introduction 

Rifampicin plays a pivotal role in the first-line treatment of tuberculosis, and resistance to 

rifampicin is a significant concern, often indicating multi-drug resistant tuberculosis (MDR-TB). 

Rifampicin inhibits the elongation of messenger RNA of the Mycobacterium tuberculosis 

complex (MTBc) by binding to the β-subunit of the RNA polymerase, thus the majority of 

rifampicin-resistant MTBc isolates harbor mutations in the 81-base pair long ‘hotspot’ region of 

the rpoB gene that codes for the β-subunit of the RNA polymerase (1).  

Historically, phenotypic drug susceptibility testing (pDST) based on bacilli growth in media 

containing the critical concentration (CC) of rifampicin was considered the gold standard for 

detecting rifampicin resistance. CC is the lowest concentration of an anti-tuberculosis drug that 

inhibits 99% phenotypically wildtype MTBc in vitro and is specific to the culture medium used 

(2). However, recent studies have underscored its limitations, particularly in Mycobacteria 

Growth Indicator Tube (MGIT), which frequently misses borderline rpoB mutations associated 

with impaired bacterial growth (3-5). As a result, WHO now recommends sequencing the entire 

rpoB gene as the new reference standard (6, 7) and revised the CC in MGIT from 1.0 µg/ml to 

0.5 µg/ml to boost its ability to detect the borderline rpoB mutations (6, 8). This study assesses 

whether the revised CC increases MGIT's ability to detect borderline rpoB mutations. 

 

5.2 Method 

Thirty-seven pre-treatment isolates from participants of the Unitaid-funded endTB and endTB-

Q clinical trials in Pakistan (n=33), and Peru (n=4) were included in this analysis. These isolates 

were genotypically rifampicin-resistant by the MTBDRplus assay and phenotypically susceptible 

at 1.0 µg/ml in MGIT (9). We sequenced the rpoB gene of the isolates (indirect sequencing) 

using Sanger-sequencing or whole genome sequencing (WGS) and direct rpoB sequencing using 

Sanger-sequencing or the Genoscreen Deeplex® Myc-TB test on the sediments from which the 

isolates were isolated. Meanwhile, the isolates were retested in MGIT at the revised CC in single 

replicates. 

 

 

 



112 
 

5.3 Results 

All 37 isolates carried rpoB mutations: 32 Group-1, four Group-2, and one Group-5 (7) (Table 

5.1). Twenty-eight of the 32 isolates with Group-1 rpoB mutations, had a borderline rpoB 

mutation, alone or together with a Group-1 or Group-2 rpoB mutation. Thirty of the 37 

sediments had valid direct rpoB sequences: all were concordant with the indirect rpoB 

sequences. At the revised CC, 2/32 (6.2%) of Group-1 rpoB mutants were classified as resistant, 

with only 1/28 (3.6%, 95% CI = 0.09%-18.3 95% CI) Group-1-borderline rpoB mutations. 

 

5.4 Discussion 

In 2021, with the revised CC, the WHO estimated a 21% decrease in misclassifying borderline 

rpoB mutations (8). However, our results show an overall decrease of only 6.2% in 

misclassification of group 1 rpoB mutations. Moreover, the revised CC picked up only 1/28 

(3.6%, 95% CI = 0.09%-18.3 95% CI) Group-1-borderline rpoB mutations, much less than the 

21% reduction by the WHO, indicating that lowering the CC in MGIT has not resolved the 

impaired sensitivity of MGIT-based pDST for rifampicin. 

In the endTB/endTBQ clinical trials, patients with rifampicin resistance detected by genotypic 

testing received second-line anti-tuberculosis treatment, therefore we were unable to assess 

the clinical response of different borderline rpoB mutations to rifampicin-based treatment.  

However, it has been reported that borderline rpoB mutations may have the same clinical 

significance and transmission potential as high-confidence rpoB mutations, thus misdiagnosing 

them can lead to treatment failure and further transmission of rifampicin-resistant tuberculosis 

(8, 9). Our data suggest that despite revising the CC in MGIT genotypic tests are better at 

detecting these mutations. However, we tested only a limited number of isolates from just two 

distinct geographical locations and did not include MIC or replicate testing. A larger study 

including MIC and replicate testing would provide more comprehensive assessment of the MIC 

distribution of the borderline rpoB mutations and whether further reduction of the CC is 

required.  
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Isolate ID 
Direct rpoB sequencing using 

the sputum sediment 
Indirect rpoB sequencing using 

the culture isolate 
WHO grouping of the rpoB 

mutation (7) 
pDST results at the revised CC for 

rifampicin (0.5 µg/ml) in MGIT 

PE-1 Asp435Val Asp435Val Group-1 S 

PK-1 His445Arg His445Arg Group-1 S 

PE-2 His445Cys His445Cys Group-1 R 

PK-2 NA His445Tyr Group-1 S 

PK-3 Asp435Tyr Asp435Tyr Group-1-borderline S 

PK-4 Asp435Tyr* Asp435Tyr Group-1-borderline S 

PK-5 Asp435Tyr Asp435Tyr Group-1-borderline S 

PK-6 Asp435Tyr Asp435Tyr Group-1-borderline S 

PK-7 Asp435Tyr Asp435Tyr Group-1-borderline S 

PK-8 Asp435Tyr Asp435Tyr Group-1-borderline R 

PK-9 Asp435Tyr Asp435Tyr# Group-1-borderline S 

PK-10 His445Asn His445Asn Group-1-borderline S 

PK-11 His445Asn His445Asn Group-1-borderline S 

PK-12 His445Asn* His445Asn Group-1-borderline S 

PK-13 His445Asn His445Asn Group-1-borderline S 

PK-14 His445Asn* His445Asn Group-1-borderline S 

PK-15 His445Asn His445Asn Group-1-borderline S 

PE-3 His445Asn His445Asn Group-1-borderline S 

PK-16 Leu430Pro Leu430Pro Group-1-borderline S 

PK-17 Leu430Pro Leu430Pro Group-1-borderline S 

PK-18 Leu430Pro* Leu430Pro Group-1-borderline S 

PK-19 Leu430Pro Leu430Pro Group-1-borderline S 

PK-20 Leu430Pro Leu430Pro Group-1-borderline S 

PK-21 Leu430Pro Leu430Pro Group-1-borderline S 

PK-22 Leu452Pro Leu452Pro Group-1-borderline S 

PK-23 NA Leu452Pro Group-1-borderline S 

PK-24 NA His445Leu Group-1-borderline S 

PK-25 NA His445Leu# Group-1-borderline S 
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PK-26 His445Leu His445Leu# Group-1-borderline S 

PK-27 Asp435Tyr; Met434Ile Asp435Tyr; Met434Ile Group-1-borderline + Group-2 S 

PK-28 NA Asp435Tyr; Met434Ile Group-1-borderline + Group-2 S 

PK-29 Leu430Pro;Met434Ile Leu430Pro;Met434Ile Group-1-borderline + Group-2 S 

PK-30 NA Asp435Gly Group-2 S 

PK-31 NA Asp435Gly Group-2 S 

PE-4 His445Gln His445Gln Group-2 S 

PK-32 Lys446Arg Lys446Arg Group-2 S 

PK-33 Thr444Thr  Thr444Thr Group-5 S 
 

Table 5.1: Overview of the results from the 37 clinical isolates included in this analysis. 

Direct rpoB sequencing using the sediments was done using the GenoScreen Deeplex® Myc-TB assay or targeted Sanger sequencing - *rpoB sequences by Sanger 

sequencing 

Indirect rpoB sequencing using the isolates was done using the targeted Sanger sequencing or WGS - #rpoB sequences by WGS 

R= Resistant, CC= Critical Concentration, pDST = Phenotypic Drug Susceptibility Testing, NA = interpretable direct rpoB sequencing results not available 

Group 1 – Associated with resistance 

Group 2 – Associated with resistance - interim 

Group 3 – Uncertain significance in resistance 

Group 4 – Not associated with resistance - interim 

Group 5 – Not associated with resistance 

This analysis did not include His445Ser, the sixth Group-1-borderline rpoB mutation (7). 

 

 

5.5  Ethics considerations 

The endTB and endTBQ trials were approved by institutional review/ethics boards of Harvard Medical School, Interactive Research and 

Development, Institute of Tropical Medicine, Médecins Sans Frontières, and each participating site. 
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CHAPTER 6 

 

 

Refined understanding of the impact of the Mycobacterium 
tuberculosis complex diversity on the intrinsic susceptibility to 
pretomanid 
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Abstract 

Previous work reported unprecedented differences in the intrinsic in vitro susceptibility of the Mycobacterium 

tuberculosis complex (MTBC) to pretomanid (Pa) using the Mycobacteria Growth Indicator Tube (MGIT) 

system.  

We tested 125 phylogenetically diverse strains from all known MTBC lineages (1–9) without known Pa 

resistance mutations and four strains with known resistance mutations as controls.  

This confirmed that MTBC, unlike most bacteria-antimicrobial combinations, displayed substantial differences 

in the intrinsic susceptibility relative to the technical variation of Pa MIC testing. This was also the case for the 

Middlebrook 7H11 (7H11) medium, demonstrating that these differences were not specific to MGIT.  

Notably, lineage 1 was confirmed to have intrinsically elevated MICs compared with lineages 2, 3, 4, and 7 

(L2–4/7), underlining the urgent need for WHO to publish its decision of whether lineage 1 should be deemed 

treatable by BPaL(M), the now preferred all-oral regimen for treating rifampin-resistant tuberculosis.  

Lineages 5 and 6, which are most frequent in West Africa, responded differently to Pa, with lineage 5 being 

more similar to L2–4/7 and lineage 6 being more susceptible. More data are needed to determine whether 

7H11 MICs are systematically lower than those in MGIT. 

This study confirmed that the Mycobacterium tuberculosis complex lineage 1, responsible for 28% of global 

tuberculosis cases, is less susceptible to pretomanid (Pa). It also refined the understanding of the intrinsic 

susceptibilities of lineages 5 and 6, most frequent in West Africa, and lineages 8 and 9.  

Regulators must review whether these in vitro differences affect the clinical efficacy of the WHO-

recommended BPaL(M) regimen and set breakpoints for antimicrobial susceptibility testing accordingly. 

Notably, regulators should provide detailed justifications for their decisions to facilitate public scrutiny. 

Refined understanding of the impact of the Mycobacterium tuberculosis complex diversity 
on the intrinsic susceptibility to pretomanid 
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6.1 Introduction 

Pretomanid is a prodrug that goes through bio reductive activation through deazaflavin-

dependent nitroreductase (ddn) enzyme. The all-oral BPaL(M) regimen, consisting of 

bedaquiline, pretomanid (Pa), linezolid, and moxifloxacin (moxifloxacin is stopped if 

fluoroquinolone resistance is detected) is becoming the preferred option for treating rifampin-

resistant tuberculosis (TB) (1, 2). Pa poses two challenges in this context. First, Bateson et al. 

described unprecedented differences in the intrinsic susceptibility of different Mycobacterium 

tuberculosis complex (MTBc) lineages to Pa using the Mycobacteria Growth Indicator Tube 

(MGIT) system (3). Most notably, lineage 1 (L1), which accounts for 28% of TB cases globally, 

was found to be intrinsically less susceptible than the other major MTBC lineages [lineage 2 

(L2), lineage 3 (L3) and lineage 4 (L4)], raising the question whether  L1 responds equally well 

to BPaL(M) compared with L2-4 (3). 

Second, clinical strains with high Pa MICs due to mutations in known Pa resistance genes were 

identified without known nitroimidazole exposure, suggesting genetic drift or yet unknown 

selective pressures (3-5). In the few settings with good surveillance or routine antimicrobial 

susceptibility (AST) results, these mutants are rare (5, 6). However, because these mutants are 

known to be transmissible, it is plausible that some settings exist in which an intrinsically Pa-

resistant cluster is frequent, underlining the need for routine AST (4, 7). Yet, rapid AST directly 

from clinical samples is currently impossible as no commercial genotypic AST assay exists that 

interrogates ddn (Rv3547), fbiA (Rv3261), fbiB (Rv3262), fbiC (Rv1173), fbiD (Rv2983), and fgd1 

(Rv0407), the six genes required for the activation of the pro-drug Pa (no resistance mutations 

have been described in dprE2 (Rv3791), the target of Pa, to date) (8-10). Although efforts are 

underway to address this diagnostic gap (e.g. Genoscreen is evaluating Deeplex Myc-TB XL, an 

updated version of its WHO-endorsed targeted next-generation sequencing assay), the 

interpretation of genotypic AST results will remain a persistent challenge as the 

aforementioned resistance genes are non-essential and, consequently, thousands of different 

loss-of-function mutations can theoretically confer resistance (9, 11, 12). 

The goal of this study was two-fold. First, we used MGIT to refine the current understanding of 

the effect of the MTBC diversity on susceptibility, with a particular focus on the less frequent 

lineage 5 (L5), lineage 6 (L6), lineage 7 (L7), lineage 8 (L8), and lineage 9 (L9) that were not 

tested or were underrepresented in the literature (3, 13, 14). Second, we used Middlebrook 
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7H11 (7H11) as an alternative medium to investigate whether the differences observed with 

MGIT were media specific. 

 

6.2 Methods 

 

6.2.1 Strains 

We tested 125 MTBc strains from L1-9 from patients who had never received nitroimidazole 

treatment originating from 45 different countries in five different continents. Of these, 118 

lacked known resistance mutations in the six canonical Pa-resistance genes and the remaining 

seven did not have whole genome sequencing data but were selected based only on the 

treatment naivety to nitroimidazoles to augment L5 and L6.  Of 125 strains, 49% (n=61) were 

drug-susceptible (DS), 27% (n=34) mono-/poly-resistant (mono/PDR) to other TB drugs other 

than Pa, 23% (n=29) were multidrug-resistant (MDR) and 1% (n=1) was pre-extensively drug-

resistant (pre-XDR) (Table 6.S1) (15). All 125 strains were tested on 7H11 whereas a subset of 

41 isolates were tested in MGIT. In addition, four Pa-resistant strains with known resistance 

mutations were included for both methods (Table 6.1). Ten of the total 129 strains had also 

tested in Bateson et al. (Table 6.S2) (3). As per the ITM-IRB consultation, the fully anonymized 

use of clinical isolates for test validation did not require ethical review. 

 

6.2.2 7H11 MIC testing 

Pa powder (Sigma-Aldrich SML-1290) was dissolved in DMSO (Sigma D5879) to prepare a stock 

solution of 4000 µg/mL and stored in 600 µL aliquots at -80 °C. Standard 7H11 base was 

supplemented with 10% (v/v) oleic acid-albumin-dextrose-casein (OADC) enrichment and 0.5% 

(v/v) glycerol to prepare the 7H11 solid medium. A two-fold dilution series of Pa ranging from 

1 to 0.002 µg/mL plus 0.75 µg/mL (i.e. 11 concentrations in total) were tested for all strains, 

except for the four Pa-resistant strains, for which 0.25-8 µg/mL were used instead. Bacterial 

colonies were scraped from Löwenstein-Jensen slants and thoroughly homogenized in sterile 

water with glass beads. The density of the suspension was adjusted visually to McFarland 1. The 

least diluted growth control (GC1) and the drug-containing media in polypropylene tubes were 

inoculated with a 10-1 dilution of the McFarland 1 suspension, while the most diluted growth 
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control (GC2) was inoculated with a 10-3 dilution. Colony forming units (CFU) were enumerated 

after four weeks of incubation at 34-38 °C with 5-10% CO2. If both growth controls had sufficient 

growth at this point (i.e., at least 1+ (51-100 CFUs) on GC1 and 3 CFUs on GC2), CFU counts 

were recorded accordingly, and MIC results were interpreted. If GC1 and/or GC2 had 

insufficient CFUs at four weeks, tubes were incubated for two more weeks. Any test with 

insufficient CFUs on GC1 and/or GC2 after six weeks of incubation or more than 1+ growth on 

the GC2 was considered invalid and repeated once. The MIC was defined as the lowest drug 

concentration that inhibits the growth of more than 99% of the MTBC population. 

Since MIC testing of Pa on 7H11 had not yet been established in our laboratory at the Unit of 

Mycobacteriology, Institute of Tropical Medicine, we first tested 30 replicates of the pan-

susceptible H37Rv reference strain (BCCM/ITM CT2008-03715/ITM500735), using three 

different batches of Pa-containing medium, with repeated testing on different days over ten 

weeks. Subsequently, H37Rv was included as control in every batch of clinical strains. 

 

 

6.2.3 MGIT MIC testing 

Pa working solutions prepared from the same stock solution used for 7H11 testing were added 

to MGIT tubes (100 µL each) to achieve ten two-fold Pa dilutions from 0.002 to 1 µg/mL, 

whereas higher concentrations (0.25-4 µg/mL) were tested for Pa-resistant strains. An inoculum 

was prepared directly from a positive MGIT tube that had flagged within 1-2 day or after a 1 in 

5 dilution of a positive MGIT tube that had flagged within 3-5 days, and 500 µL of inoculum was 

added to the Pa-containing tubes supplemented with 800 µL of OADC. The drug-free control 

vial was inoculated with a 1:100 dilution of the inoculum. MICs were determined using MGIT 

960 TBeXIST extended protocol according to the manufacturer’s instructions. The MIC was 

determined to be the lowest concentration at which the growth value of the drug-containing 

tube was <100 when the growth control had reached 400 growth units. A test resulting in an 

invalid code (X200 or X400) was repeated once. Based on Bateson et al., 0.06-0.5 µg/mL was 

used as a tentative quality control (QC) range and a corresponding QC target of 0.125-0.25 

µg/mL for H37Rv, which was included in every batch of clinical strains (3). 
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6.3 Results 
 

6.3.1 Technical reproducibility of Pa MIC testing 

A good technical reproducibility was observed for both methods. Pa MICs in MGIT were 0.125-

0.25 µg/mL and on 7H11 0.06-0.125 µg/ml for H37Rv. 

 

6.3.2 MICs for strains with Pa resistance mutations 

The four strains with known Pa resistance mutations had MICs of >4 µg/mL in MGIT, which was 

in line with earlier results, and >8 µg/mL using 7H11 (Table 6.1) (3). 

 

Table 6.1: MICs for Pa-resistant strains 

NT = not tested, a = In vitro mutant, b = Selected by WHO as resistant control strain for delamanid and Pa in the 

forthcoming AST manual, c = Recognized as conferring cross-resistance to delamanid and Pa in the second 

edition of the WHO mutation catalogue (12). 

 

6.3.3 MICs for strains without Pa resistance mutations 

Bateson et al. reported a mode of 1 µg/mL and 99th percentile of 2 µg/mL for L1 MICs in MGIT, 

which was elevated compared with the mode of 0.125 µg/mL and 99th percentile of 0.5 µg/mL 

for L2-4/7 (3). The MGIT MIC data from this study agreed with these findings (Table 6.2). L6 

strains were even more susceptible with MICs ≤0.016 µg/mL in both studies. L5 MICs were 0.03-

0.06 µg/mL in both studies, but we tested a greater number of, demonstrating that the 

susceptibility of L5 was more similar to that of L2-4/7 than that of L6. Based on a single replicate 

for one strain each, it was unclear whether L8 was more similar to L1 or L2-4/7, whereas L9 

most resembled L6. 

Strain ID Lineage 
DR 

profile 
Genome 
accession 

Pa resistance mutation Study Pa MIC (µg/mL) 

ddn fbiC  7H11 MGIT 

2013-02481a 1.1.3 PDR ERR8025345 - Arg536Leu 
Current >8 >4 

Bateson NT >16 

2020-00011 1.1.3 MDR ERR12115304 Trp27Stopc - 
Current >8 >4 

Bateson NT NT 

2020-03565 1.1.3 DS SAMN11179707 Trp27Stopc - 
Current >8 >4 

Bateson NT >8 

2020-03568b 2.2.1 DS ERR7361928 Gln58Stopc - 
Current >8 >4 

Bateson NT >16 
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Lineage Medium Study 
Pa MIC range 

(µg/mL) 

7H11 MICs (µg/mL) 
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0
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0
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0
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0
.0

0
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0
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1
6

 

0
.0

3
 

0
.0

6
 

0
.1

2
5

 

0
.2

5
 

0
.5

 

0
.7

5
 

1
 

2
 

4
 

1a 

7H11 Current 0.25-1 - - - - - - - - 4 9 6 2 NT NT 21 

MGIT 
Current 0.5-1 - - - - - - - - - 1 NT 4 NT NT 5 

Bateson 0.125-2 - NT NT NT - - - 2 3 39 NT 76 7 - 127 

2b 

7H11 Current 0.03-0.25 - - - - - 2 21 5 2 - - - NT NT 30 

MGIT 
Current 0.125-0.25 - - - - - - - 1 3 - NT - NT NT 4 

Bateson 0.06-1 - NT NT NT - - 1 22 24 15 NT 1 NT NT 63 

3 

7H11 Current 0.06-0.125 - - - - - 2 6 3 - - - - NT NT 11 

MGIT 
Current 0.125 - - - - - - - 5 - - NT - NT NT 5 

Bateson 0.06-0.125 - - NT NT - - 4 8 - - NT - NT NT 12 

4c 

7H11 Current 0.03-0.25 - - - - - 17 15 5 1 - - - NT NT 38 

MGIT 
Current 0.125-0.25 - - - - - - - 5 2 - NT - NT NT 7 

Bateson 0.03-0.5 - - - - - 3 25 52 31 2 NT - NT NT 113 

4-H37Rvd 

7H11 Current 0.06-0.125 - - - - - - 2 36 - - - - NT NT 38 

MGIT 
Current 0.125-0.25 - - - - - - - 2 3 - NT - NT NT 5 

Bateson 0.06-0.5 - NT NT NT - - 8e 47e,f 60e,f 2e NT NT NT NT 117 

5 

7H11 Current 0.03-0.125 - - - - - 4 6 1 - - - - NT NT 11 

MGIT 
Current 0.03-0.06 - - - - - 2 6 - - - NT - NT NT 8 

Bateson 0.03-0.06 - NT NT NT - 1 1 - - - NT - NT NT 2 

6 

7H11 Current ≤0.002-0.004 1 1 9 - - - - - - - - - NT NT 11 

MGIT 
Current ≤0.002-0.008 - 1 7 1 - - - - - - NT - NT NT 9 

Bateson 0.004-0.016 - - 1 1 1 - - - - - NT - NT NT 3 

7c 

7H11 Current 0.125 - - - - - - - 1 - - - - NT NT 1 

MGIT 
Current 0.125 - - - - - - - 1 - - NT - NT NT 1 

Bateson 0.25 - NT NT NT - - - - 3 - NT - NT NT 3 

8 

7H11 Current 0.25 - - - - - - - - 1 - - - NT NT 1 

MGIT 
Current 1.0 - - - - - - - - - - NT 1 NT NT 1 

Bateson NT 0 

9 

7H11 Current  1 - - - - - - - - - - - NT NT 0 

MGIT 
Current ≤0.002 - 1 - - - - - - - - NT - NT NT 1 

Bateson NT 0 

M. bovis 

7H11 Current NT 0 

MGIT 
Current NT 0 

Bateson 0.03 - NT NT NT - 3 - - - - NT - NT NT 3 

M. caprae 

7H11 Current NT 0 

MGIT 
Current NT 0 

Bateson 0.03 - NT NT NT - 1 - - - - NT - NT NT 1 

M. microti 

7H11 Current NT 0 

MGIT 
Current NT 0 

Bateson 0.125 - NT NT NT - - - 1 - - NT - NT NT 1 

M. 
pinnipedii 

7H11 Current NT 0 

MGIT 
Current NT 0 

Bateson 0.06 - NT NT NT - - 1 - - - NT - NT NT 1 

M. canetti 

7H11 Current NT 0 

MGIT 
Current NT 0 

Bateson 2-4 - NT NT NT - - - - - - NT - 18 3 21 
 

Table 6.2: MICs for H37Rv and clinical strains without known Pa resistance mutations. 

NT= not tested. Modes of MIC distributions are highlighted in bold text. a Two strains were tested in both studies 

(Table 6.S2).b Three strains were tested in both studies (Table 6.S2).   c One strain was tested in both studies 

(Table 6.S2). d Replicates of H37Rv. e Tentative QC range based on Bateson et al. (3). f Tentative QC target based 

on Bateson et al. (3). 
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Similar relative susceptibilities of the different lineages were observed on 7H11 (Table 6.2). For 

example, the 99th percentile of the L1 distribution at 1 µg/mL was two doubling dilutions higher 

than for L2-4. MGIT MICs for L1-4 were approximately twice as high as the corresponding 7H11 

MICs (Table 6.3), which was also apparent when comparing the modes of their MIC 

distributions (Table 6.2). In contrast, the absolute MICs for L5 and L6 were similar for both 

media. As only a single strain was tested for L7-8, no meaningful comparison was possible for 

these lineages.  

Lineage 
No of stains with their MICMGIT/MIC7H11 ratio 

0.5 1 2 4 8 

1 - 2 2 1 - 

2 - - 1 3 - 

3 - - 4 1 - 

4 - - 4 2 1 

4-H37Rv - 1 4 - - 

5 1 5 2 - - 

6 - 7 - - - 

7 - 1 - - - 

8 - - - 1 - 
 

Table 6.3: MGIT to 7H11 MIC ratio for H37Rv and clinical strains without Pa resistance 

mutations 

L9 was excluded as no 7H11 MIC was available, and the ratio was not calculated for strains with at least one 

truncated MIC (see Table 6.S2 for more details). 

 

 

6.4 Discussion 

 

This study confirmed that Pa MICs were elevated in L1, regardless of medium used and 

phenotype measured (7H11 MIC testing relies on visual growth inhibition on solid medium, 

whereas MGIT measures oxygen consumption in liquid medium (16)). The fundamental 

question for regulators is whether BPaL(M) should be used for L1, even though the clinical 

outcome data demonstrating good outcomes are more limited for L1 compared with L2-4, 

therefore remains pressing in light of the ongoing adoption of this regimen globally (3). In 

January 2023, the European Committee on Antimicrobial Susceptibility Testing (EUCAST) set a 

“provisional screen value” of 2 µg/mL for MGIT, which was reaffirmed in 2024, without an 



125 
 

accompanying explanation of the meaning or intended use of this concentration (17, 18). Given 

a history of mistakes when setting breakpoints for MTBC by multiple regulators, we call on 

EUCAST to publish a justification for its decision to enable external scrutiny (19-22). Moreover, 

EUCAST should engage with the European Medicines Agency to review its breakpoint for MGIT 

given that the current choice of 1 mg/L for MGIT is too high for L2-4/7 and too low for L1 (23). 

WHO reviewed these questions independently and is due to publish its decision shortly. 

L6, which causes up to half of TB in some West African countries yet appears underrepresented 

among rifampicin-resistant strains, was more susceptible than L5 and L2-4/7 and should, 

therefore, respond better to BPaL(M) (3, 24). More MICs are needed for L8, L9, and the different 

animal-adapted MTBC genotypes (e.g., M. bovis) would be desirable to clarify their likely 

response to BPaL(M), although this is not a priority as these are much rarer than L1-7 (3, 14, 

24). 

MICs for L1-4 appeared to be systematically lower in 7H11 than in MGIT in this single-site study, 

requiring confirmation in other laboratories (i.e., technical variability may account for this 

apparent difference, as previously observed for H37Rv tested in different media in MGIT (3, 25-

27)). 

Our findings further underline the importance of the EUCAST requirements to consider MIC 

data from multiple laboratories and from phylogenetically diverse MTBC strains (3, 25, 26). 

Accordingly, the TB Alliance is preparing a study to define the L1 and non-L1 MIC distributions 

using the EUCAST reference method (26). Commercial phenotypic AST devices (e.g. a lyophilised 

Pa product for MGIT or a lyophilised broth microdilution assay, which would be preferable to 

manually weighing Pa for MGIT testing as is the only option currently) will have to be calibrated 

against the reference method to ensure that any MIC differences are fully systematic (e.g. that 

the technical variability is not excessive, resulting in wider MIC distributions and, thus, 

increasing the likelihood of very major diagnostic errors) (26, 28, 29). In the future, such quality-

assured and comprehensively validated commercial AST assays should be co-developed with 

novel relevant antimicrobials given that empiric use risks their long-term utility (30-32). 
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1 
7H11 21 17% 11 7 3 - 1 0 12 2 0 6 

MGIT 5 12% 5 - - - 0 0 2 1 0 2 

2 
7H11 30 24% 5 12 13 - 1 0 10 5 0 14 

MGIT 4 10% 2 - 2 - 0 0 0 2 0 2 

3 
7H11 11 9% 9 2 - - 4 0 2 3 1 1 

MGIT 5 12% 4 1 - - 0 0 2 2 0 1 

4 
7H11 38 30% 14 12 11 1 13 8 3 8 1 5 

MGIT 7 17% 6 - 1 - 2 1 1 3 0 0 

5 
7H11 11 9% 10 - 1 - 10 1 0 0 0 0 

MGIT 8 19% 7 - 1 - 7 1 0 0 0 0 

6 
7H11 11 8% 10 - 1 - 9 1 0 1 0 0 

MGIT 9 22% 8 - 1 - 7 1 0 1 0 0 

7 
7H11 1 1% 1 - - - 1 0 0 0 0 0 

MGIT 1 2% 1 - - - 1 0 0 0 0 0 

8 
7H11 1 1% - 1 - - 1 0 0 0 0 0 

MGIT 1 2% - 1 - - 1 0 0 0 0 0 

9 
7H11 1 1% 1 - - - 1 0 0 0 0 0 

MGIT 1 2% 1 - - - 1 0 0 0 0 0 

Table 6.S1: Overview of the 125 MTBC strains without Pa resistance mutations from Table 6.2 included in this study 

DS= drug-susceptible, MDR= multi-drug resistant, PDR= poly-drug resistant, Pre-XDR= MDR+ resistant to a fluoroquinolone. 
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Strain ID 
Genome 
accession  

Lineage Origin 
7H11 
MIC 

(µg/mL) 

MGIT 
MIC 

(µg/mL) 

MGIT 
MIC 

batch 
Nr 

MIC 
MGIT/7H11 

ratio 
BCCM ID 

If included in 
Bateson et al., 
strain ID used; 

MGIT MIC 
(µg/mL) 

1968-01344 ERR12115306 5.2 United States 0.03 0.06 1 2 ITM-500032 - 

1973-03608 ERR12115307 5.1.3 Central African Republic 0.06 0.06 2 1 ITM-500084 - 

1982-08470 ERR12115308 6.1.1 France 0.004 0.004 1 1 ITM-500120 - 

1991-07531 ERR12115309 5 Burkina Faso 0.06 0.03 3 2 ITM-500255 - 

1992-08557 WGS not available 5 Cote D'Ivoire 0.06 - - - ITM-500259 - 

1996-00683 ERR3132183 1.1.3 Bangladesh 0.5 1 1 2 ITM-500321 - 

1996-00723 ERR3132226 1.1.3 Bangladesh 0.5 - - - ITM-500322 - 

1996-01650 ERR3132259 4.3.4.2 Bangladesh 0.03 0.125 1 4 ITM-500338 - 

1996-01863 ERR3132281 2.2.1 Bangladesh 0.06 - - - ITM-500340 - 

1997-00472 ERR3132292 1.1.2 Bangladesh 0.75 - - - ITM-500342 - 

1997-00991 ERR3132073 2.2.2 Bangladesh 0.03 - - - ITM-500345 - 

1997-01510 ERR3132084 1.1.2 Bangladesh 0.25 - - - ITM-500350 - 

1998-00166 ERR3132106 4.4 Bangladesh 0.06 - - - ITM-500352 - 

1998-00277 ERR12115310 1.1.3.1 Bangladesh 0.25 - - - ITM-500354 - 

1998-01164 ERR3132117 1.2.2 Bangladesh 0.5 - - - ITM-500357 TB-TDR-0014; 2 

1999-00020 ERR12115311 2.2.1 Russian Fed 0.125 - - - ITM-500364 - 

1999-00168 ERR3132128 2.2.1 Bangladesh 0.125 - - - ITM-500365 - 

1999-01202 ERR3132139 4.6.1.2 DR Congo 0.03 0.125 4 4 ITM-500367 - 

1999-01341 ERR3132172 2.2.1 Azerbaidjan 0.06 0.25 2 4 ITM-500370 
TB-TDR-0019; 

0.25 

1999-01545 ERR3132212 4.3.3 DR Congo 0.06 - - - ITM-500374 - 

1999-01548 ERR3132220 4.6.1.2 DR Congo 0.06 - - - ITM-500375 - 

1999-01994 ERR3132221 1.2.2 Bangladesh 0.5 - - - ITM-500378 - 

2000-00092 ERR12115312 1.1.3.2 Malawi 0.75 - - - ITM-500385 - 

2000-00288 ERR3132225 4.4.1.1 Azerbaidjan 0.06 - - - ITM-500386 - 

2000-00440 ERR3132228 2.2.1 Kazakstan 0.06 - - - ITM-500388 - 

2000-00446 ERR3132229 2.2.1 Bangladesh 0.06 - - - ITM-500389 
TB-TDR-0032; 

0.25 
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2000-00448 ERR3132230 4.7 Belgium 0.03 - - - ITM-500390 - 

2000-00611 ERR3132232 2.2.1 Bangladesh 0.06 - - - ITM-500394 - 

2000-01353 ERR3132234 1.2.2 Bangladesh 1 - - - ITM-500404 - 

2000-01699 ERR3132238 2.2.1 Bangladesh 0.06 - - - ITM-500408 - 

2001-00204 WGS not available 1 Bangladesh 0.5 - - - ITM-500414 - 

2001-00294 ERR3132239 3 Bangladesh 0.03 0.125 1 4 ITM-500416 - 

2001-00299 ERR3132240 1.1.2 Bangladesh 1 - - - ITM-500417 - 

2001-00966 ERR3132242 2.2.1 Bangladesh 0.06 - - - ITM-500432 - 

2001-01466 WGS not available 1 Bangladesh 0.75 - - - ITM-500447 - 

2002-02478 ERR12115313 2.2.1 Bangladesh 0.06 - - - ITM-500477 - 

2003-01714 ERR3132257 4.6.1.2 Burundi 0.125 - - - ITM-500488 - 

2003-01801 ERR3132260 4.3.4.2.1 Burundi 0.06 - - - ITM-500490 - 

2004-00851 ERR3132266 4.1.1.3 South Africa 0.06 - - - ITM-500504 - 

2004-01086 ERR3132089 4.6.1.2 Rwanda 0.125 - - - ITM-500506 - 

2004-01195 ERR3132279 2.2.1 South Korea 0.06 0.25 2 4 ITM-500517 - 

2004-01198 ERR3132283 2.2.1 South Korea 0.06 - - - ITM-500520 - 

2004-01199 ERR3132284 2.2.1 South Korea 0.06 - - - ITM-500521 - 

2004-01200 ERR3132285 3 South Korea 0.06 0.125 2 2 ITM-500522 - 

2004-01202 ERR3132286 2.2.1 South Korea 0.125 - - - ITM-500523 - 

2004-01203 ERR3132287 2.2.1 South Korea 0.06 - - - ITM-500524 - 

2004-01204 ERR3132288 2.2.1 South Korea 0.06 - - - ITM-500525 - 

2004-01205 ERR3132289 4.9 South Korea 0.125 - - - ITM-500526 - 

2004-01207 ERR3132291 4.5 South Korea 0.03 - - - ITM-500528 - 

2004-01212 ERR3132296 4 South Korea 0.03 - - - ITM-500532 - 

2004-01219 ERR3132302 2.2.2 South Korea 0.06 - - - ITM-500538 - 

2004-01220 ERR3132074 2.2.2 South Korea 0.06 - - - ITM-500539 - 

2004-01237 ERR3132268 2.2.2 South Korea 0.03 - - - ITM-500550 - 

2004-01239 ERR3132087 2.2.2 South Korea 0.06 - - - ITM-500551 - 

2004-01241 ERR3132112 2.2.1 South Korea 0.06 - - - ITM-500553 - 

2004-01244 ERR3132092 2.2.2 South Korea 0.06 - - - ITM-500556 - 

2004-01248 ERR3132094 4 South Korea 0.06 - - - ITM-500558 - 

2004-01259 ERR3132100 2.2.2 South Korea 0.25 - - - ITM-500563 - 

2004-01285 ERR3132105 4 Brazil 0.06 - - - ITM-500568 - 



133 
 

2004-01286 ERR3132107 4.3.4.2 Brazil 0.03 0.25 2 8 ITM-500569 - 

2004-01289 ERR3132108 4.3.4.2 Brazil 0.03 - - - ITM-500570 - 

2004-01458 ERR3132111 4.3.4.2.1 Rwanda 0.06 - - - ITM-500574 - 

2004-01659 ERR3132116 4.6.1.1 Germany 0.03 - - - ITM-500582 - 

2004-01670 ERR3132123 4.8 Ukraine 0.03 - - - ITM-500589 - 

2004-01679 ERR3132126 2.2.1 Nepal 0.25 - - - ITM-500592 - 

2004-02160 ERR3132142 4.6.1.2 Rwanda 0.125 - - - ITM-500599 - 

2004-02613 ERR3132151 4.1.2.1 Peru 0.03 - - - ITM-500618 - 

2004-02614 ERR3132152 4 Peru 0.25 - - - ITM-500619 - 

2004-02760 ERR3132154 1.2.1 Philippines 0.25 - - - ITM-500621 - 

2004-02763 ERR3132156 1.2.1 Philippines 0.5 - - - ITM-500623 - 

2004-02765 ERR3132157 1.2.1 Philippines 0.75 - - - ITM-500624 - 

2004-02911 ERR3132162 4.1.2 Germany 0.03 - - - ITM-500630 - 

2004-02915 ERR3132166 3 Pakistan 0.06 0.125 1 2 ITM-500634 - 

2004-02916 ERR3132167 4.6.2.2 Nigeria 0.03 - - - ITM-500635 - 

2004-02921 ERR3132171 1.1.2 China (Tibet) 0.5 - - - ITM-500639 TB-TDR-0189; 1 

2004-02924 ERR3132174 4.3 Peru 0.06 - - - ITM-500641 - 

2004-02926 ERR3132176 4.3.4.2 Portugal 0.03 - - - ITM-500643 - 

2004-02927 ERR3132177 4.3.4.2 Rep. Domin. 0.06 - - - ITM-500644 - 

2005-00691 ERR3132186 4.3 Peru 0.03 - - - ITM-500652 - 

2005-00706 ERR3132200 4.1.2.1 Peru 0.03 - - - ITM-500665 - 

2005-02460 ERR439931 4.1.2.1 Cameroon 0.06 0.125 2 2 ITM-501055 - 

2006-00789 ERR439937 5.1.2 Benin 0.03 - - - ITM-501069 - 

2006-00790 ERR439938 6.2.1 Benin ≤0.002 ≤0.002 3 NC ITM-501070 - 

2006-00795 ERR439941 5.1.4 Benin 0.06 0.06 3 1 ITM-500691 - 

2006-00800 ERR439945 5.3 Benin 0.03 0.03 1 1 ITM-500692 - 

2006-02410 ERR12115314 5.1.1 Guinea 0.06 0.06 3 1 ITM-500699 - 

2006-02732 ERR3132210 2.2.1 Georgia 0.125 - - - ITM-500701 - 

2006-02951 ERR12115315 3.1.1 Zambia 0.06 - - - ITM-500703 - 

2008-00618 WGS not available 6 Senegal 0.004 0.004 1 1 ITM-500722 - 

2008-01456 ERR439971 6.3.1 Guinea 0.004 0.004 1 1 ITM-501058 - 

2008-04431 ERR3132213 2.2.1 DR Congo 0.06 - - - ITM-500737 - 

2009-02073 ERR3132215 4.6.2.2 Niger 0.03 - - - ITM-500745 - 
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2010-01231 WGS not available 6 Senegal 0.004 0.004 3 1 ITM-500758 - 

2011-02171 ERR12115303 6 Gambia 0.004 0.004 1 1 ITM-500782 - 

2012-00445 ERR12115316 3 Sweden 0.125 - - - ITM-500785 - 

2012-00752 ERR12115317 5.1.2 Niger 0.06 0.06 2 1 ITM-501059 - 

2013-00036 ERR12115318 6.1.1 United States 0.004 0.004 2 1 ITM-500811 - 

2013-02158 ERR12115319 3.1.1 Kenya 0.06 - - - ITM-500854 - 

2013-02481 ERR8025345 1.1.3 Belgium >8 >4 - - ITM-500859 ITM 500859; >16 

2013-03157 WGS not available 6 Gambia 0.004 0.004 3 1 ITM-500873 - 

2013-03158 WGS not available 6 Gambia 0.004 - - - ITM-500874 - 

2014-01606 ERR12115320 1.2.2.2 Belgium 0.75 - - - ITM-500884 - 

2018-00082 ERR2704704 1.2.1 Philippines 0.75 1 3 1 ITM-500941 - 

2018-00083 ERR2704680 1.1.2 India 0.5 1 2 2 ITM-500942 - 

2018-00089 ERR2704675 3.1 India 0.06 0.125 3 2 ITM-500947 - 

2018-00090 ERR2704693 3.1.3 Afghanistan 0.125 - - - ITM-500948 - 

2018-00091 ERR2704678 3 Ethiopia 0.125 - - - ITM-500949 - 

2018-00092 ERR2704705 4.6.2.2 Ghana 0.06 - - - ITM-500950 - 

2018-00095 ERR2704686 5.1.1 Ghana 0.125 0.06 3 0.5 ITM-500953 - 

2018-00097 ERR2704706 5.1 Sierra Leone 0.03 - - - ITM-500955 - 

2018-00098 ERR2704687 6.3.1 Ghana invalid 0.008 5 NC ITM-500956 - 

2018-00099 ERR2704681 6.1.1 Gambia 0.004 - - - ITM-500957 - 

2018-00101 ERR2704711 7 Ethiopia 0.125 0.125 3 1 ITM-500959  12195/18; 0.25 

2018-00102 ERR2704679 1.1.1 China 0.5 0.5 2 1 ITM-500960 - 

2018-01172 ERR12115321 8 Rwanda 0.25 1 5 4 ITM-500961 - 

2018-03241 ERR2704677 2.2.2 China 0.06 0.125 2 2 ITM-500976 - 

2019-03960 ERR12115322 3.1.1 Tanzania 0.03 - - - ITM-501067 - 

2020-03563 ERR7361924 1 United Kingdom 0.25 1 5 4 ITM-501090 - 

2020-03564 ERR7361925 3 United Kingdom 0.06 0.125 4 2 ITM-501091 - 

2020-03565 SAMN11179707 1.1.3 United Kingdom >8 >4 5 NC ITM-501092 
PRE_004, 

(TN34503), ITM 
501092; >8 

2020-03567 ERR7361927 4 United Kingdom 0.06 0.125 5 2 ITM-501094 - 

2020-03568 ERR7361928 2.2.1 Ukraine >8 >4 5 NC ITM-501095 14A1; >16 
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2020-03572 SAMN11179714 4.8 United Kingdom 0.125 0.25 4 2 ITM-501099 
PRE_012 

(TN33547), ITM 
501099; 0.5 

2021-00504 ERR12115323 9 Rwanda invalid ≤0.002 5 NC ITM-501138 - 

2020-03571 SAMN11179698 2.2.1 United Kingdom 0.06 0.25 5 4 ITM-501098 
PRE_011 

(TN11265), ITM 
501098; 0.25 

2020-03570 ERR7361929 4.3.3 United Kingdom 0.06 0.125 4 2 ITM-501097 - 

2020-00018 ERR12115305 2 India 0.125 - - - NA - 

2020-00011 ERR12115304 1.1.3 Bangladesh >8 >4 2 NC NA - 

1996-01852 ERR3132270 4 Bangladesh 0.03 - - - ITM-500339 - 

H37Rv - 4 BCCM/ITM 0.06 0.125 1 2 ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 0.125 2 1 ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 0.25 3 2 ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 0.25 4 2 ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 0.25 5 2 ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.06 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 
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H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 

H37Rv - 4 BCCM/ITM 0.125 - - - ITM-500735 - 
 

Table 6.S2: Pa MICs for all strains included in this study. 

NC= Not calculated due to truncated/invalid MIC for at least on one medium, W = Week, B= 7H11-Pa batch nr. 

Lineage was determined using WGS data for strains with WGS data and Spoligotyping for strains without WGS data. All strains with a BCCM ID can be purchased from the 

BCCM/ITM Mycobacteria Collection (https://bccm.belspo.be/about-us/bccm-itm).  

To measure the technical variability of MIC testing, 30 replicates of H37Rv (BCCM/ITM, ITM 500735/CT2008-03715) were tested weekly for ten weeks using three different 

batches of 7H11-Pa media. 

 

https://bccm.belspo.be/about-us/bccm-itm
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CHAPTER 7 

 

 

Implementation validation of the WHO-endorsed broth 
microdilution testing for the minimal inhibitory concentration of 
MTBc 
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Abstract 

 

Background 

The World Health Organization (WHO) has endorsed 96-well-plate broth microdilution testing (BMD) for 

Mycobacterium tuberculosis complex MICs. The Institute of Tropical Medicine in Antwerp integrated this 

method with an automated drug-dispenser system. This study determined the quality control range (QC 

range) and preliminary epidemiological cut-off (ECOFF) values for clofazimine, levofloxacin, moxifloxacin, 

bedaquiline, linezolid, and delamanid, assessed the sensitivity and specificity of the current interim cut-off 

values for these drugs, and the reproducibility and repeatability of the semi-automated BMD procedure 

integrated with an automated dispenser system. 

 

Method 

The H37Rv reference strain was used to assess the QC range, reproducibility, and repeatability; ECOFF was 

determined using probable drug-susceptible isolates, while the sensitivity and specificity of the interim cut-

off values were assessed using both probable susceptible and probable resistance isolates for each drug. Each 

parameter was assessed for both full (MIC100) and “99%” (MICclassic) inhibition. 

 

Results 

All tested drugs had acceptable maximum 3-dilution QC ranges, and good technical reproducibility and 

repeatability for both MICclassic and MIC100. At the tentative cut-offs, all tested drugs had 100% sensitivity and 

all but clofazimine had >95% specificity for both MICclassic and MIC100. For clofazimine, MIC100 did not meet 

the pre-defined >95% specificity criterium.  

 

Conclusions 

Considering both sensitivity and specificity, MICclassic provides more accurate MICs for all drugs tested, making 

it the ultimate result to report with reading at day 14. 

 

Implementation validation of the WHO-endorsed broth microdilution testing for the 

minimal inhibitory concentration of MTBc  
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7.1 Introduction 
 

In 2022, globally 410,000 people were infected with multi-drug-resistant (MDR) or rifampicin-

resistant (RR) tuberculosis (TB) (1). It is anticipated that without proper surveillance and 

diagnosis, nearly 75 million individuals will develop drug-resistant (DR) TB by 2050, costing the 

world economy $16.7 trillion (2). Owing to the time-consuming phenotypic drug-susceptibility 

testing (DST) methods that require sophisticated infrastructure and skilled labor, genotypic DST 

methods for the Mycobacterium tuberculosis complex (MTBc) have become increasingly 

popular (3). However, phenotypic DST of MTBc remains indispensable, especially for the novel 

and re-purposed anti-TB drugs for which often multiple genes are associated with resistance, 

complicating the development of rapid molecular tests, and the mechanisms of resistance 

which are not fully understood (4-6).  

In most laboratories, phenotypic DST for MTBc relies on the proportion method on solid 

medium or in the liquid BACTEC MGIT 960 system. Traditionally, DST for MTBc is done by testing 

only the breakpoints to separate probably susceptible (wild type) from probably resistant 

(mutant) isolates, known as critical concentrations (CC) and, if applicable in some cases, the 

clinical breakpoints (CB) to separate low- from high-level resistance (7, 8). Minimal inhibitory 

concentration (MIC) testing is not widely used for MTBc as both solid medium or MGIT960 for 

quantitative DST are labor-intensive and costly. However, MIC testing offers several 

advantages, such as quantifying the resistance level - which is not always possible by classic 

phenotypic DST or rapid molecular tests alone -, resolving discordances between genotypic and 

phenotypic DST results for mutations resulting in a MIC increase around the CCs, allowing 

laboratories to detect systematic errors in a more sensitive manner, and for defining DST 

breakpoints for novel anti-TB drugs for which a knowledge gap remains on the correlation of 

potential resistance-conferring mutations and their resistance phenotype. As an alternative 

approach, the World Health Organization (WHO) has endorsed 96-well-plate-based broth 

microdilution testing (BMD) to determine the MICs of MTBc (9). At the Institute of Tropical 

Medicine, Antwerp, this method was integrated with an automated dispenser system (HP 

D300e digital dispenser instrument), which was already validated for plate based MIC testing 

using the colorimetric resazurin microtiter assay (REMA). The HP D300e digital dispenser 

enables dispensing antibiotic solutions in dimethyl-sulfoxide (DMSO) or surfactant-containing 

aqueous solutions in different plate formats, directly from the stock solution. The system makes 
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use of a single-use dispense head to dispense solutions directly and contact-free in the assay 

plate in the picolitre to microliter range. The system is also able to normalize the matrix 

concentration in the plate (e.g., equal DMSO concentration in the entire plate). The use of the 

D300e system eliminates the need of working solutions, serial dilutions, and laborious manual 

workflows to fill the (normalized) plates and should facilitate standardization of BMD testing. 

In addition, the dispenser system allows printing large batches of plates in a short time.   

The objectives of this analysis included (i) determining the quality control (CQ) range and 

preliminary epidemiological cut-off (ECOFF) values for clofazimine, levofloxacin, moxifloxacin, 

bedaquiline, linezolid, and delamanid, (ii) assessing the sensitivity and specificity of the current 

interim cut-off values for these drugs, as well as (iii) determining the reproducibility and 

repeatability of the semi-automated BMD procedure integrated with the automated drug 

dispenser. 

 

7.2 Method  
 

7.2.1 Plate layout and drug concentrations tested 

Stock solutions of bedaquiline, clofazimine, linezolid, and delamanid were dissolved in dimethyl 

sulfoxide (DMSO) whereas stock solutions of moxifloxacin and levofloxacin were dissolved in 

0.1N sodium hydroxide (NaOH). Inner wells of the sterile, 96-well, round bottom polystyrene 

microtiter plates were filled manually with 100 µl of 7H9-S medium (7H9 broth + 10% OADC + 

0.5% glycerol + 0.1% casitone), and outer wells with sterile distilled water (SDW) or 7H9-S 

(Figure 7.1). Serial two-fold dilutions of levofloxacin, moxifloxacin, clofazimine, bedaquiline, 

linezolid and delamanid were distributed directly in the 7H9-S wells using the HP D300e 

dispenser.  The final DMSO concentration was normalized to 0.2% across all wells containing 

DMSO-dissolved drugs, as well as DMSO-containing positive and negative controls, except for 

the well with 4 µg/ml clofazimine, which contained 0.4% DMSO.  

For water-based stock solutions of levofloxacin and moxifloxacin, 0.03% Tween 20 was added 

as surfactant according to the dispenser procedure. The Tween 20 concentration was 

normalized to 0.3% across all wells containing water-dissolved drugs, as well as Tween-

containing positive and negative controls. 
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Stability of the drugs in dispensed plates was assessed prior to this study by REMA; all drugs 

but delamanid assessed in that study were stable up to 10 weeks of storage in plastic sealed 

bags at -20°C.  Therefore, delamanid was added freshly using the dispenser just before the 

inoculation of the plates. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1: Plate layout with serial diluted drug concentrations tested during this broth 

microdilution validation. 

GC = growth control, NC = negative control, BDQ= bedaquiline, LNZ = linezolid, DLM = delamanid, CFZ = 

clofazimine, MFX = moxifloxacin, LFX = levofloxacin, TW=Tween 20 

 

7.2.2 Inoculum preparation 

A sterile loop was used to transfer bacterial colonies from 2-3 weeks old MTBc cultures grown 

on Löwenstein-Jensen (LJ) medium into a 15 ml sterile screw-cap glass tube containing 5-10 

sterile glass beads. About three drops of SDW were added to this tube, which was then firmly 

closed and vortexed vigorously for one minute, paying attention to the beads rolling down the 

glass tube's wall, until the clumps were well dispersed. After allowing the closed tube to stand 

for 5 minutes to settle aerosols, 5 ml of SDW was added, the tube was tightly closed, and the 

contents were vigorously vortexed for 15 seconds until the tube’s content was homogenized. 

After letting the closed tube stand for 30 minutes for the clumps to settle, the supernatant was 

transferred into a new sterile glass tube. Using the densitometer, the turbidity of the 

supernatant was adjusted to McFarland standard (McF) 0.5 using SDW, and then further diluted 
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1:100 in 7H9-S broth to prepare a 10-2 of the McF 0.5 bacterial suspension. If the undiluted 

supernatant’s density was below McF 0.5, a new suspension was prepared. 

Using sterile filter tips, the drug-containing wells and the 100% growth controls (B11, D11 and 

F11, Figure 7.1), were inoculated with 100 µl of the 10-2 of McF 0.5 bacterial suspension. The 

10-2 McF bacterial suspension was further diluted 1:100 using 7H9-S broth to prepare the 10-4 

McF bacterial suspension, which was used to inoculate the 1% growth controls (C11, E11 and 

G11, Figure 7.1). After inoculation, the plates were incubated at 36°C (±2°C) for a maximum of 

21 days.  

 

7.2.3 Reading and interpretation of the MICs 

The plates were read by visual inspection using an inverted mirror to detect growth in the wells. 

Systematic reading was done at day 7 and day 14 of incubation. If there was still no growth of 

the GC1% after day 14, the incubation was extended to a maximum of 21 days. As soon as the 

growth GC100% and the GC1% were positive, or when at least 2/3rd of the GC1% positive 

controls of the same isolate were positive, the MICclassic and MIC100 values were interpreted. 

MICclassic = the highest concentration of the serial drug dilution that did not have MTBc growth, 

disregarding pinpoint MTBc growth (see Figure 7.2 for pinpoint growth) when trailing pinpoint 

growth was observed. 

MIC100 = the highest concentration of the serial drug dilution that did not have any MTBc growth 

at all. 

 

When a single skipped well or a single well with pinpoint growth bordered by wells with clear 

growth was observed, MICs were interpreted disregarding the single skipped/pinpoint well. 

When multiple skipped wells or wells with pinpoint growth bordered by wells with growth were 

observed, MICs were considered invalid, and the test was repeated (10). 
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Figure 7.2: Examples of pinpoint growth and skipped wells 

Circled in yellow is a skipped well, circled in red are pinpoint growth, tiny buttons of bacterial growth 

significantly smaller than the 1% growth control (marked in green). Marked in blue are 100% growth 

controls. 
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7.2.4 Strain selection and pre-defined acceptance criteria for different test categories 

Test category No of isolates Selection criteria Test procedure and acceptance criterium  

Quality control range 

and reproducibility 

1 Pan-susceptible H37Rv strain H37Rv was tested using three different batches of 

printed BMD plates with repeated testing on 

different days by different operators to evaluate 

inter-day variability on each of three different 

media lots. Tests were scheduled twice a week for 5 

weeks.  In total 30 different MIC values per drug 

were generated, i.e., 10 values per lot tested. Each 

replicate must use individually prepared inoculum 

suspensions. Plate layout used as in Figure 7.1. 

 

Acceptance criterium: ≥95% of the replicate MICs 

for each drug should fall below the tentative cut-

off values, differ by max 1 drug dilution, and fall 

within a maximum of a three-dilution MIC range. 

Repeatability 1 Pan-susceptible H37Rv strain Five replicates of the H37Rv strain were tested by 

the same lab technician on the same day using the 

same bacterial suspension and BMD plates from the 

same batch. Plate layout used is in Figure 7.1. 
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≥95% of the replicate MICs for each drug should 

fall below the tentative cut-off values, differ by 

max 1 drug dilution. 

Wildtype MIC 

distribution 

Preliminary ECOFF 

Specificity of provisional 

cut-offs 

 

Levofloxacin 

Moxifloxacin 

Bedaquiline 

 

Clofazimine 

 

Linezolid 

Delamanid 

 

 

 

 

 

 

304 

304 

275 

 

285 

 

297 

265 

Selection criteria for MTBc WT isolates* 

 

 

 

 

 

No group 1-2 gyrA/gyrB mutations present 

No group 1-2 gyrA/gyrB mutations present 

No group 1-3 mmpS5/mmpL5/mmpR5/ 

atpE/pepQ/Rv1979c mutations present 

No group 1-3 mmpL5/mmpR5/pepQ 

mutations present 

No group 1-3 rrl/rplC mutations present 

No group 1-3 ddn/fgd1/fbiA/fbiB/fbiC/fbiD 

mutations present 

Isolates were tested using the plate layout shown in 

Figure 7.1. 

 

Acceptance criterium: The wild-type MICs follow a 

normal (Gaussian) distribution  

≥95% specificity 

Sensitivity of the 

tentative cut-offs 

 

 

Selection criteria for MTBc MUT isolates** 

 

Isolates were tested using the plate layout shown in 

Figure 7.1. 
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Levofloxacin 

 

Moxifloxacin 

 

Bedaquiline 

 

Clofazimine 

 

Linezolid 

 

Delamanid 

34 

 

34 

 

9 

 

9 

 

2 

 

12 

At least one group 1-2 gyrA/gyrB mutation 

present 

At least one group 1-2 gyrA/gyrB mutation 

present 

At least one group 1-2 mmpR5/atpE/pepQ 

mutation present 

At least one group 1-2 mmpR5 /pepQ 

mutation present 

At least one group 1-2 rrl/rplC mutation 

present 

Delamanid resistant reference strains/ 

clinical isolates with fbiB/fbiC or ddn 

mutations amplified while receiving 

delamanid 

Tentative cut-off values applied (9) 

Levofloxacin – 1 µg/ml 

Moxifloxacin – 0.25 µg/ml 

Bedaquiline – 0.25 µg/ml 

Clofazimine – 0.5 µg/ml 

Linezolid – 1.0 µg/ml 

Delamanid – 0.125 µg/ml 

 

Acceptance criterium: ≥95% of the probable 

resistant isolates should have MICs higher than the 

tentative cut-offs applied 

 

Table 7.1: Overview of the strains used and acceptance criterium applied for each test category. 

Based on the WHO Mutation Catalogue Version 2 (2023): Group 1: Associated with resistance, Group 2: Associated with resistance interim, Group 3: Unknown significant in 

resistance, Group 4: Not associated with resistance interim, Group 5: Not associated with resistance (5) 

All clinical isolates used to determine the wildtype MIC distribution and specificity and sensitivity of the interim cut-offs were multi-drug resistant M. tuberculosis complex 
(MTBc) strains with or without additional resistance to fluoroquinolones.
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7.3 Results  
 

7.3.1 Quality control ranges and reproducibility 

For all tested drugs, 100% of the MIC100 and MICclassic for H37Rv fell within a maximum three 

dilution range (Figure 7.3), thus met the pre-defined acceptance criteria. For all but 

clofazimine the mode of MIC100 and MICclassic were the same. For clofazimine the MIC100 mode 

was one dilution more than the mode of MICclassic. Both our observed MIC100 and MICclassic for 

clofazimine were one dilution higher than the ones proposed by CLSI and Jansen, while the 

ranges for the other drugs fell within the expected values (9) (Table 7.2).  

Of the 30 H37Rv replicates, 20 (67%) had interpretable growth at day 7, whereas the 

remaining 10 took 14 days to have interpretable growth.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3: Quality control ranges of the H37Rv reference strain for clofazimine, moxifloxacin, 
levofloxacin, bedaquiline, linezolid and delamanid 
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Drug 

QC ranges - ITM-BMD method QC ranges - other frozen format methods (9) 

MICclassic 

(µg/ml) 
MIC100 

(µg/ml) 
CLSI 

(µg/ml) 
Jansen - Tier 2 

(µg/ml) 
Jansen - Tier 3 

(µg/ml) 

Cfz 0.125-0.5 0.25-0.5 ≤0.06-0.25 

b,d−0.25 

≤0.06-0.25 ≤0.03-0.25 

Mfx 0.125-0.25 0.125-0.25 - - - 

Lfx 0.25-0.5 0.25-0.5 ≤0.125-1.0 

 

≤0.125-1.0 

 

0.25-1.0 

Bdq 0.016-0.06 0.016-0.06 0.016-0.06 0.016-0.06 0.016-0.125 

Lzd 0.25-1.0 0.5-1.0 0.25-2.0 0.25-2.0 0.25-2.0 

Dlm 0.004-0.016 0.004-0.016 - - - 
 

Table 7.2: Quality control ranges of the H37Rv reference strain for clofazimine, moxifloxacin, 
levofloxacin, bedaquiline, linezolid and delamanid 

Cfz= clofazimine, Mfx= moxifloxacin, Lfx= levofloxacin, Bdq= bedaquiline, Lzd= linezolid, Dlm= 
delamanid 

 

7.3.2 Repeatability 

For all drugs evaluated, both MICclassic and MIC100 met the pre-defined acceptance criteria for 

repeatability, with 100% of the MIC values of the H37Rv replicates for each drug falling below 

the proposed cut-off values and varied by no more than one drug dilution (Table 7.3). 

H
3

7
R

v 

rep
licate 

MICclassic MIC100 

Cfz Mfx Lfx Bdq Lzd Dlm Cfz Mfx Lfx Bdq Lzd Dlm 

1 0.25 0.25 0.5 0.06 0.5 0.008 0.25 0.25 0.5 0.06 0.5 0.008 

2 0.25 0.125 0.5 0.06 0.5 0.008 0.25 0.125 0.5 0.06 0.5 0.008 

3 0.25 0.25 0.5 0.06 0.5 0.008 0.25 0.25 0.5 0.06 0.5 0.008 

4 0.25 0.25 0.5 0.06 0.5 0.008 0.25 0.25 0.5 0.06 0.5 0.008 

5 0.5 0.25 0.5 0.06 0.5 0.008 0.5 0.25 0.5 0.06 0.5 0.008 
 

Table 7.3: Repeatability of the H37Rv MIC results 

Cfz= clofazimine, Mfx= moxifloxacin, Lfx= levofloxacin, Bdq= bedaquiline, Lzd= linezolid, Dlm= 
delamanid 
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7.3.3 Wildtype distribution and tentative ECOFF using probable drug susceptible MTBc 
isolates 
 

The majority of the clinical isolates (>95%) had interpretable growth in both the GC100% and 

GC1% growth controls only after 14 days of incubation. For all the drugs, the wild type MIC 

distribution followed a Gaussian distribution (Figure 7.4). The tentative ECOFFs for each drug 

are shown in Table 7.4. Our data is based on a single site testing and did not include MTBc 

lineages 5-10, thus our ECOFF is considered “tentative”.   

Drug Tentative ECOFF1 ECOFF from other methods (9) 

ITM-BMD for both 
MICclassic/MIC100 

Dry format 
CRyPTIC 

Dry format  
Janssen 

Frozen format 
Janssen 

Cfz 1.0 µg/ml/1.0 µg/ml 0.25 - 0.5 

Mfx 0.5 µg/ml/1.0 µg/ml - - - 

Lfx 1.0 µg/ml/2.0 µg/ml 1 - 1 

Bdq 0.25 µg/ml/0.25 µg/ml 0.25 0.125 0.125 

Lzd >2.0 µg/ml/>2.0 µg/ml 1 - 2 

Dlm 0.125 µg/ml/0.125 µg/ml 0.125 - - 
 

 Table 7.4: Tentative ECOFFs  

Cfz= clofazimine, Mfx= moxifloxacin, Lfx= levofloxacin, Bdq= bedaquiline, Lzd= linezolid, Dlm= delamanid. 

1Definition of ECOFF (EUCAST, ECDC): within a species it is the highest concentration of the drug lacking 

phenotypically expressed resistance”.  The wild type is presented as WT ≤ z µg/ml and non-wild type as NWT > z 

µg/ml (EUCAST. Definitions of clinical breakpoints and epidemiological cut-off value. Växjö: EUCAST; 2012. 

Available from: http//www. Srga.org/Eucastwt/eucastdefinitions.html). 

 

The tentative ECOFFs from our study are higher than the ECOFFs reported from other BMD 

methods for clofazimine (both MIC100 and MICclassic), levofloxacin (only MIC100) and linezolid 

(both MIC100 and MICclassic) (Table 7.4). In addition, although our QC range for bedaquiline was 

consistent with both the CRYPTIC and Janssen Tier 2 studies, our bedaquiline tentative ECOFF 

is consistent with the CRYPTIC study but one dilution higher than the Janssen study. 
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Figure 7.4: MIC distribution of probable drug-susceptible and drug-resistant clinical strains 

WT = Wildtype, MUT = Mutant, ATU= Area of technical uncertainty  

*Refer to selection criteria for WT isolates in Table 7.1, **Refer to selection criteria for MUT isolates in Table 7.1 

Marked in red dashed lines are the tentative cut-offs applied (9). 

 

 

7.3.4 Sensitivity and specificity of the current tentative cut-off values 

Sensitivity and specificity for the drugs tested applying the current tentative cut-off values 

were excellent (100%) for bedaquiline and delamanid regardless of MICclassic or MIC100 

interpretation (Table 7.5). For clofazimine and linezolid, 100% sensitivity was reached when 

using the MICclassic with a good respective specificity of 98.3% and 97.9% respectively. Applying 

the MIC100 interpretation, maintained the 100% sensitivity but at a minor cost in specificity for 

linezolid (97.3%) and a high cost in specificity for clofazimine (91.6%). For moxifloxacin, the 

MICclassic resulted in a good sensitivity of 97.1% and a similar specificity. MIC100 interpretation 

resulted in a 96.4% sensitivity and a specificity of 97.4%. The lowest sensitivity was observed 

 

 

Figure 4: MIC distribution of probably drug susceptible and drug-resistant strains 

 
 

ATU 

ATU 
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for levofloxacin regardless of the applied interpretation (91.2% at MICclassic and MIC100), with 

a slight loss in specificity when applying MIC100 (99.7% compared to 100% for MICclassic).  

To investigate potential causes for false-R results, we analyzed targeted next-generation 

sequencing data (Deeplex Myc/TB) on the sediments of the sputum specimens the MTBc 

isolates originated from to check for presence of relevant (minority) variants, and we assessed 

likely exposure to the drug(s) of concern. 

From the 11 MTBc isolates with probable false-R results for moxifloxacin, eight had Deeplex 

results available, of which seven had WT gyrA/gyrB genes and one had a gyrA_Ala74Ser 

mutation, known to be not associated with fluoroquinolone resistance (Table 7.6). Three of 

them were baseline isolates from patients before starting MDR-TB treatment. The isolates 

belonged to lineages 2 and 4. 

The two isolates with probable false-linezolid-R results had WT rrl or rplC genes and belonged 

to lineage 2 or 3. Previous exposure to linezolid was unlikely, as both were baseline isolates 

(Table 7.6). 

The five isolates that had false-clofazimine-R results at MICclassic, had WT Rv0678 genes by 

Deeplex and belonged to lineage 4. Two of these patients had been exposed to Cfz/Bdq for 2-

12 weeks. In addition, from the 19 isolates that were only false-clofazimine-R at MIC100, 11 

had Deeplex results available. Ten of them had WT Rv0678 genes, while one showed minority 

variant Val150Ala of uncertain significance in gene Rv0678. Nine of the 19 patients had been 

exposed to Cfz/Bdq for 2 to 43 weeks (Table 7.6). 

We detected pinpoint growth for all drugs at varied frequencies, most notably for clofazimine, 

where pinpoint growth was more common and had a greater influence on resulting in 

probable false-R results by MIC100 than for the other drugs (Table 7.7). 
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Drug and 
the 

tentative CC 
(4) 

Resistance 
associated 

mutations*, ** 

R/S by MICclassic  R/S by MIC100 

S R Total Sensitivity     
[95% CI] 

 

Specificity 
[95% CI] 

 

S R Total Sensitivity     
[95% CI] 

 

Specificity 
[95% CI] 

 

Clofazimine 

0.5 µg/ml 

Absent 280 5 285 100.0%  

[69.15% to 100.0%] 

98.3% 

[95.9% to 99.4%] 

 

261 24 285 100.0% 

[59.04% to 100%] 

91.6% 

[87.7% to 94.5%] 

 

Present 0 9 9 0 9 9 

Total 280 14 294 261 33 294 

Moxifloxacin 

0.25 µg/ml 

Absent 296 8 304 97.1%  

[84.7% to 99.9%] 

97.4% 

[94.9% to 98.9%] 

293 11 304 97.1% 

[84.6% to 99.9%] 

96.4% 

[93.6% to 98.1%] 
Present 1 33 34 1 33 34 

Total 297 41 338 294 44 338 

Levofloxacin 

1.0 µg/ml 

Absent 304 0 304 91.2% 

[76.3% to 98.1%] 

100.0% 

[98.7% to 100.0%] 

303 1 304 91.2% 

[76.3% to 98.1%] 

99.7% 

[98.2% to 99.99] 
Present 3 31 34 3 31 34 

Total 306 33 338 306 33 338 

Bedaquiline 

0.25 µg/ml 

Absent 275 0 275 100.0% 

[66.3% to 100.0%] 

100.0% 

[98.7% to 100.0%] 

275 0 275 100.0% 

[66.3% to 100.0%] 

100.0% 

[98.7% to 100.0%] 
Present 0 9 9 0 9 9 

Total 275 9 284 275 9 284 

Linezolid 

2.0 µg/ml 

Absent 291 6 297 100.0% 

[15.8% to 100.0%] 

97.9% 

[95.6% to 99.3%] 

289 8 297 100.0% 

[15.8% to 100.0%] 

97.3% 

[94.7% to 98.8%] 
Present 0 2 2 0 2 2 

Total 291 8 299 289 10 299 

Delamanid 

0.125 µg/ml 

Absent 265 0 265 100.0% 

[73.5% to 100.0%] 

100.0% 

[98.6% to 100.0%] 

265 0 265 100.0% 

[73.5% to 100.0%] 

100.0% 

[98.6% to 100.0%] 
Present 0 12 12 0 12 12 

Total 265 12 277 265 12 277 
 

Table 7.5: Sensitivity and specificity for various anti-TB drugs, applying the current tentative cut-offs.  

*Refer to selection criteria for WT isolates in Table 7.1, **Refer to selection criteria for MUT isolates in Table 7.1 

R = Resistant, S = Susceptible, CI= Confidence intervals 
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CT Probable false-R for 

drug(s) at 

Lineage Deeplex info for 

gene(s) relevant to 

the tested drugs1 

Exposure to the drug(s) of concern2 

MICclassic MIC100 Duration Remark 

2019-04865 Mfx  Mfx L4.4.1.1 Not available Unlikely exposed  Baseline isolate 
2019-04853 Mfx Mfx L2.2.2 gyrAB WT Unlikely exposed  Baseline isolate 
2019-01783 Mfx Mfx L4.3.3 gyrA Ala74Ser Unlikely exposed  Baseline isolate 
2019-01779 Mfx Mfx L4.3.3 gyrAB WT Unlikely exposed  Baseline isolate 
2020-03299 Mfx Mfx L4.3.3 gyrAB WT Unlikely exposed  Baseline isolate 
2019-00479 Mfx Mfx L2.2.1 Not available Unlikely exposed  Baseline isolate 
2020-03234 Mfx Mfx 

Lfx 

L4.3.3 gyrAB WT Unlikely exposed  Baseline isolate 
2020-03337  Mfx L4 gyrAB WT Unlikely exposed  Baseline isolate 
2023-01688  Mfx 

Cfz 

L2.2.1 gyrAB WT 

Rv0678 WT 

Unlikely exposed  Baseline isolate 
2023-02198 Mfx Mfx 

Cfz 

L2.2.1 gyrAB WT 

Rv0678 WT 

Unlikely exposed  Baseline isolate 
2020-03298  Mfx 

Cfz 

L4.3.2 Not available Unlikely exposed  Baseline isolate 
2023-00579 Lzd Lzd L3.1.2.1 rrL/rplC WT Unlikely exposed  Baseline isolate 
2023-01615 Lzd Lzd L2.2.1 rrL/rplC WT Unlikely exposed  Baseline isolate 
2020-03239 Cfz Cfz L4.3.3 Rv0678 WT Unlikely exposed  Baseline isolate 
2020-03244 Cfz Cfz L4.3.3 Rv0678 WT Unlikely exposed  Baseline isolate 
2020-03430 Cfz Cfz L4.3.3 Rv0678 WT Unlikely exposed  Baseline isolate 
2023-00732 Cfz Cfz L4.3.3 Rv0678 WT Cfz/Bdq for 12 weeks  
2023-00791 Cfz Cfz L4.8 Rv0678 WT Cfz/Bdq for 2 weeks  
2019-02712  Cfz L2.2.1 Not available Cfz/Bdq for 43 weeks  
2020-01261  Cfz L2.2.1 Not available Cfz/Bdq for 12 weeks  
2020-01266  Cfz L2.2.1 Not available Cfz/Bdq for 4 weeks  
2020-03246  Cfz L4.3.3 Rv0678 WT Unlikely exposed  Baseline isolate 
2020-03275  Cfz L4.3.3 Rv0678 WT Unlikely exposed  Baseline isolate 
2020-03287  Cfz L4.3.3 Rv0678 WT Unlikely exposed  Baseline isolate 
2020-03317  Cfz L4.3.3 Not available Unlikely exposed  Baseline isolate 
2021-02318  Cfz L4.3.4 Not available Unlikely exposed  Baseline isolate 
2023-00577  Cfz L4.3.5 Not available Cfz/Bdq for 28 weeks  
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2023-00639  Cfz L4.3.6 minority Rv0678 

Val150Ala 

Unlikely exposed  Baseline isolate 
2023-00734  Cfz L4.3.7 Rv0678 WT Unlikely exposed  Pre-secreening 

isolate 2023-00735  Cfz L4.3.8 Rv0678 WT Cfz/Bdq for 2 weeks  
2023-00737  Cfz L4.3.9 Rv0678 WT Cfz/Bdq for 8 weeks  
2023-00781  Cfz L4.3.10 Rv0678 WT Cfz/Bdq for 4 weeks  
2023-00783  Cfz L4.3.11 Not available Cfz/Bdq for 14 weeks  
2023-00786  Cfz L4.3.12 Rv0678 WT Cfz/Bdq for 15 weeks  

 

Table 7.6: Overview of the MTBc isolates that had likely false-R MIC results to one or more drugs.  

1 Deeplex MycTB assay was performed on the decontaminated sputum sediment from which these isolates were originated  

2 Patients who had more than 30 days exposure to the experimental drugs within the last five years or have had household contact with someone proven to be resistant to 

an experimental drug were excluded from the endTB trial, thus baseline isolates were considered as ‘unlikely’ exposed to FQs, clofazimine, bedaquiline, linezolid or 

delamanid.  

Mfx= moxifloxacin, Lfx= levofloxacin, Cfz= clofazimine, Bdq= bedaquiline 

 

 

 

Table 7.7: Occurrence of pinpoint growth and its impact on the susceptibility status for different drugs tested.  

1 Deeplex MycTB assay was performed on the decontaminated sputum sediment from which these isolates were originated. Mfx= moxifloxacin, Lfx= levofloxacin, Cfz= 

clofazimine, Bdq= bedaquiline 

Drug 

Total 
number of 

isolates 
tested 

Number of 
isolates with 

pinpoint 
colonies in any 

well 

Number of wells with pinpoint 
growth 

% switched from S to R due 
to pinpoint growth (MIC100) 

1 2 3 4 

Cfz 294 96 (33%) 89 6 1 0 19 (6%) 

Mfx 338 56 (17%) 55 1 0 0 2 (1%) 

Lfx 338 34 (10%) 34 0 0 0 1 (0.2%) 

Bdq 284 54 (19%) 54 0 0 0 0 (0%) 

Lzd 299 53 (18%) 52 1 0 0 0 (0%) 

Dlm 277 44 (16%) 37 3 2 2 0 (0%) 
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7.4 Discussion 

Our data shows good technical reproducibility and repeatability for both MICclassic and MIC100 

for all the drugs tested, indicating the consistence and precision of the semi-quantitative BMD 

method integrated with the HP D300e digital dispenser. We observed inconsistencies between 

our QC ranges and tentative ECOFF and those from other methods such as CRYPTIC and Jansens 

plate formats (9). However, as we did not further investigate the technical details such as 

inoculum concentration, inoculum preparation method, reading time and, interpretation 

criteria of the MICs of these methods, we were not able to further investigate the possible 

causes for the inconsistencies observed (9). In addition, for some drugs, such as linezolid and 

levofloxacin, the tentative ECOFF values were increased due to one or two probably susceptible 

isolates having outlier MIC values. Two isolates with no mutations in the rrL/rplC genes 

exhibited MICs >8 µg/ml for linezolid. Both isolates had Deeplex done on the sediments of the 

sputum specimens they originated from, and no mutation was identified in the rrL/rplC genes. 

Although these isolates lacked resistance-associated genes, we can’t exclude they are actually 

drug-resistant via alternative mechanisms such as efflux pumps (11) (Table 7.6). Furthermore, 

11/24 (46%) of the isolates with likely false-R clofazimine by MIC100 and 2/5 (40%) of the isolates 

with likely false-R clofazimine by MICclassic were isolated while the patients were receiving 

clofazimine or bedaquiline treatment (Table 7.6), implying the presence of minority 

clofazimine-resistant populations or clofazimine resistance via mechanisms other than 

mutations in the known canonical genes is possible. 

We observed overlapping wild-type and mutant MIC distributions for both fluoroquinolones. 

This has been reported not only for fluoroquinolones, but also for the majority of the anti-TB 

drugs, where low-level resistance conferring mutations overlap with the MIC distribution of the 

susceptible strains (8, 12, 13). Testing additional drug concentrations could in theory minimize 

this overlap. The EUCAST has introduced the term ‘area of technical uncertainty’ (ATU) which 

is normally a one dilution where the overlap occurs (9). MICs falling within the ATU should be 

carefully interpreted, as such isolates may not be equivocally classified as resistant or 

susceptible based on a single MIC result.  In this analysis the ATUs are 0.5-1.0 µg/ml for 

levofloxacin and 0.25–0.5µg/ml for moxifloxacin. However, at 0.5 µg/ml for levofloxacin and 

0.25 µg/ml for moxifloxacin, the percentage of the gyrAB mutants overlapping with the wild 

types is less than 2%, whereas at 1 µg/ml for levofloxacin and 0.5 µg/ml for moxifloxacin, it is 
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around 10-20% (Figure 7.4). Thus, it would be acceptable to report MICs <1.0 µg/ml for 

levofloxacin as susceptible and MICs <0.5 µg/ml for moxifloxacin as susceptible, MICs >1.0 

µg/ml for levofloxacin and >0.5 µg/ml for moxifloxacin as resistant and MICs of 1.0 µg/ml for 

levofloxacin and 0.5 µg/ml for moxifloxacin as inconclusive. Inconclusive MICs could be further 

interpreted considering other data available, i.e., if a known drug-resistance conferring 

mutation is detected in an isolate with inconclusive MIC results, the final results should be 

considered ‘resistant’. 

There are currently no EUCAST guidelines for interpreting pinpoint growth in MTBc, thus, we 

continue to record both MIC100 and MICclassic, while MICclassic has shown higher sensitivity and 

specificity overall (Table 7.5). Hence, we report MICclassic, amongst others for the endTB and 

endTBQ clinical trials. Meanwhile, additional research, such as modifying the inoculum 

preparation method and reading the plates between days 7 and 14 (for example, day 10) should 

be conducted in an attempt to reduce the occurrence of pinpoint growth and improve the 

reading and interpretation.  

 

7.5 Conclusions 

1. Good technical reproducibility was observed for both MICclassic and MIC100 for all the 

drugs tested. 

2. All tested drugs had acceptable maximum 3-dilution quality control ranges of the H37RV 

reference strain for both MICclassic and MIC100. 

3. The tentative cut-offs of all drugs tested except levofloxacin had >95% sensitivity for 

both MICclassic and MIC100. For clofazimine, bedaquiline, linezolid and delamanid, wide 

confidence intervals for sensitivity were observed, suggesting that the true sensitivity of 

the test could vary over a broad range. In practical terms, this means that we are less 

certain about the accuracy of the sensitivity estimate. This is likely due to the small 

number of known resistant strains included in this analysis, consequently, while we 

accept the current sensitivities, they should be recalculated at a later stage using a 

greater number of known resistant isolates. 



157 
 

4. The tentative cut-offs of all but clofazimine had >95% specificity for both MICclassic and 

MIC100. For clofazimine, MIC100 did not meet the pre-defined >95% specificity criterium. 

5. Considering both sensitivity and specificity, MICclassic provides more accurate MICs for 

all drugs tested, making it the ultimate result to report for all previously tested isolates 

at day 14. 
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7.7 Supplementary material  

CT No 
MFX 
D14 

MIC100 

LFX 
D14 

MIC100 

MFX 
D14 

MICclassic 

LFX 
D14 

MICclassic 
Lineage FQ S/R? gyrA mutations gyrB mutations 

2019-00461 0.125 0.25 0.125 0.25 2.2.1 S - - 

2019-00463 2 >2 2 >2 2.2.1 R Asp94Gly (1.0) - 

2019-00465 0.125 0.25 0.125 0.25 4.8 S - - 

2019-00467 0.125 0.5 0.125 0.5 4.3.3 S - - 

2019-00469 0.125 0.25 0.125 0.25 2.2.1 S - - 

2019-00469 0.25 0.25 0.125 0.25 2.2.1 S - - 

2019-00471 >2 >2 >2 >2 2.2.1 R Asp94Gly (1.0) - 

2019-00475 0.125 0.25 0.125 0.25 4.1 S - - 

2019-00475 0.25 0.5 0.125 0.25 4.1 S - - 

2019-00477 0.125 0.25 0.125 0.25 2.2.1 S - - 

2019-00477 0.25 0.25 0.125 0.25 2.2.1 S - - 

2019-00479 0.25 0.5 0.25 0.5 2.2.1 S - - 

2019-00479 0.5 0.5 0.5 0.5 2.2.1 S - - 

2019-00481 0.125 0.25 0.125 0.25 2.2.1 S - - 

2019-00483 0.125 0.5 0.125 0.5 4.3.3 S - - 

2019-00485 0.25 0.25 0.25 0.25 2.2.1 S - - 

2019-00487 0.125 0.25 0.125 0.25 2.2.1 S - - 

2019-00489 0.125 0.25 0.125 0.25 4.2.1 S - - 

2019-01715 0.25 0.5 0.25 0.5 4.3.3 S - - 

2019-01717 0.125 0.5 0.125 0.5 4.3.3 S - - 

2019-01721 0.25 0.5 0.125 0.5 4.3.3 S - - 

2019-01723 0.25 0.5 0.25 0.5 4.3.3 S - - 

2019-01725 0.25 0.5 0.25 0.5 4.3.3 S - - 

2019-01727 0.25 0.5 0.25 0.5 4.3.3 S - - 

2019-01729 0.25 0.5 0.25 0.5 4.3.4.1 S - - 
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2019-01731 0.125 0.5 0.125 0.5 4.3.3 S - - 

2019-01733 0.25 0.25 0.25 0.25 4.8 S - - 

2019-01735 0.25 0.5 0.25 0.5 4.8 S - - 

2019-01737 0.125 0.5 0.125 0.25 4.3.3 S - - 

2019-01739 0.25 0.5 0.125 0.25 4.3.4.1 S - - 

2019-01741 0.125 0.25 0.125 0.25 4.1.2.1 S - - 

2019-01743 0.25 0.5 0.25 0.5 4.3.4.2 S - - 

2019-01745 0.25 0.5 0.25 0.5 4.8 S - - 

2019-01747 0.125 0.25 0.125 0.25 4.1.2.1 S - - 

2019-01749 0.25 1 0.25 1 4.3.3 S - - 

2019-01751 0.25 0.5 0.25 0.5 4.3.3 S - - 

2019-01753 0.25 0.5 0.25 0.5 4.3.3 S - - 

2019-01755 0.25 0.5 0.25 0.5 4.8 S - - 

2019-01757 0.25 0.5 0.25 0.5 4.3.3 S - - 

2019-01759 0.125 0.25 0.125 0.25 4.3.3 S - - 

2019-01759 0.25 0.5 0.25 0.5 4.3.3 S - - 

2019-01761 0.125 0.25 0.125 0.25 4.8 S - - 

2019-01765 0.125 0.25 0.125 0.25 4.1.2.1 S - - 

2019-01767 0.25 0.5 0.25 0.5 4.1.2.1 S - - 

2019-01769 0.125 0.5 0.125 0.5 4.1.2.1 S - - 

2019-01771 0.125 0.5 0.125 0.5 4.3.3 S - - 

2019-01775 0.25 0.5 0.25 0.5 4 S - - 

2019-01777 0.25 0.5 0.25 0.5 4.3.3 S - - 

2019-01779 0.5 1 0.5 1 4.3.3 S - - 

2019-01783 0.5 1 0.5 1 4.3.3 S - - 

2019-01785 0.25 0.5 0.25 0.5 4.3.3 S - - 

2019-01789 0.25 0.5 0.25 0.5 4.3.3 S - - 

2019-01791 0.125 0.25 0.125 0.25 4.3.4.2 S - - 

2019-01793 0.125 0.5 0.125 0.5 4.3.3 S - - 

2019-01795 0.125 0.5 0.125 0.5 4.3.3 S - - 
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2019-01797 0.25 1 0.125 0.5 4.3.3 S - - 

2019-01799 0.25 0.5 0.25 0.5 4.1.2.1 S - - 

2019-01801 0.125 0.25 0.125 0.25 4.3.3 S - - 

2019-01803 0.25 0.5 0.25 0.5 4.3.3 S - - 

2019-01805 0.125 0.25 0.125 0.25 4.8 S - - 

2019-01809 2 2 2 2 4.3.3 R Ala74Ser, Ala90Val (1.0) Thr500Asn (1.0) 

2019-01811 0.125 0.25 0.125 0.25 4.8 S - - 

2019-01813 0.06 0.125 0.06 0.125 4.1 S - - 

2019-01815 0.125 0.5 0.125 0.5 4.3.3 S - - 

2019-01819 0.125 0.25 0.125 0.25 2.2.1 S - - 

2019-01821 0.125 0.25 0.125 0.25 4.3.4.2 S - - 

2019-01823 0.25 0.5 0.125 0.5 4.3.3 S - - 

2019-01827 0.125 0.5 0.125 0.5 4.3.3 S - - 

2019-01831 0.25 0.5 0.125 0.5 4.3.3 S - - 

2019-01833 0.25 0.5 0.25 0.5 4.3.3 S - - 

2019-01835 0.25 0.5 0.125 0.5 4.3.3 S - - 

2019-01837 0.125 0.5 0.125 0.5 4.3.3 S - - 

2019-01839 0.25 0.5 0.25 0.5 4.3.3 S - - 

2019-01843 0.125 0.25 0.125 0.25 4.3.2 S - - 

2019-01845 0.125 0.25 0.125 0.25 4.8 S - - 

2019-01845 0.25 0.5 0.25 0.5 4.8 S - - 

2019-01853 0.125 0.5 0.125 0.5 4.3.3 S - - 

2019-01857 4 8 4 8 4.3.3 R Asp94Tyr (1.0) - 

2019-02066 0.125 0.25 0.125 0.25 4.1.1.3 S - - 

2019-02068 0.125 0.25 0.125 0.25 4.1.1 S - - 

2019-02084 0.125 0.25 0.125 0.25 2.2.1 S - - 

2019-02086 0.125 0.25 0.125 0.25 2.2.1.1 S - - 

2019-02089 0.125 0.25 0.125 0.25 2.2.1.1 S - - 

2019-02089 0.125 0.25 0.125 0.25 2.2.1.1 S - - 

2019-02090 0.25 0.5 0.25 0.5 2.2.1.1 S - - 
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2019-02680 0.125 0.25 0.125 0.25 2.2.1 S - - 

2019-02682 0.125 0.25 0.125 0.25 2.2.1 S - - 

2019-02684 0.125 0.25 0.125 0.25 2.2.1 S - - 

2019-02688 0.125 0.25 0.125 0.25 2.2.1.1 S - - 

2019-02696 0.25 0.25 0.25 0.25 2.2.1 S - - 

2019-02698 0.125 0.25 0.125 0.25 2.2.1 S - - 

2019-02702 0.125 0.25 0.125 0.25 2.2.1 S - - 

2019-02704 0.125 0.25 0.125 0.25 2.2.1 S - - 

2019-02706 0.125 0.25 0.125 0.25 2.2.1 S - - 

2019-02710 0.5 2 0.5 2 2.2.1 R Asp94Ala (1.0) - 

2019-02712 2 4 2 4 2.2.1 R Asp94Gly (1.0) - 

2019-02716 0.25 0.25 0.25 0.25 2.2.1 S - - 

2019-02718 0.125 0.25 0.125 0.25 2.2.1 S - - 

2019-02724 0.125 0.25 0.125 0.25 2.2.1 S - - 

2019-02726 0.125 0.25 0.125 0.25 2.2.1 S - - 

2019-02730 0.125 0.25 0.125 0.25 2.2.1 S - - 

2019-02734 0.125 0.25 0.125 0.25 2.2.1 S - - 

2019-04829 0.125 0.25 0.125 0.25 2.2.1 S - - 

2019-04830 0.25 0.5 0.25 0.5 2.2.1 S - - 

2019-04833 0.125 0.25 0.125 0.25 2.2.1.1 S - - 

2019-04836 0.125 0.25 0.125 0.25 2.2.1.1 S - - 

2019-04838 0.25 1 0.25 1 4.3.2.1 S - - 

2019-04841 0.125 0.25 0.125 0.25 2.2.1.1 S - - 

2019-04842 1 2 1 2 2.2.1 R Ala90Val (0.97),Asp94Tyr (0.01) Glu501Asp (0.03) 

2019-04847 0.25 0.5 0.25 0.5 4.4.1.1 S - - 

2019-04853 0.5 0.5 0.5 0.5 2.2.2 S - - 

2019-04859 0.125 0.25 0.125 0.25 4.3.4.2.1 S - - 

2019-04863 0.125 0.25 0.125 0.25 2.2.1 S - - 

2019-04865 0.5 1 0.5 1 4.4.1.1 S - - 

2019-04866 0.25 0.25 0.25 0.25 2.2.1 S - - 
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2019-04879 0.25 0.25 0.25 0.25 4.4.1.1.1 S - - 

2019-04881 0.25 0.5 0.125 0.25 4.4.1.1 S - - 

2019-04885 0.125 0.25 0.125 0.25 4.1.1.3 S - - 

2019-04934 0.125 0.25 0.125 0.25 2.2.1 S - - 

2020-01235 0.125 0.5 0.125 0.5 3, 1.1 S - - 

2020-01237 0.06 0.25 0.06 0.25 3 S - - 

2020-01241 0.06 0.25 0.06 0.25 3, 1.1 S - - 

2020-01243 0.06 0.25 0.06 0.25 3, 1.1 S - - 

2020-01245 0.125 0.25 0.125 0.25 3.1.2.1, 1.1 S - - 

2020-01247 0.06 0.25 0.06 0.25 3, 1.1 S - - 

2020-01249 0.125 0.25 0.06 0.25 3, 1.1 S - - 

2020-01261 0.25 0.25 0.125 0.25 2.2.1 S - - 

2020-01266 0.125 0.25 0.125 0.25 2.2.1 S - - 

2020-01281 0.25 0.25 0.125 0.25 2.2.1 S - - 

2020-01283 0.25 0.25 0.125 0.25 2.2.1 S - - 

2020-03226 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03227 0.25 0.5 0.25 0.5 4.1.2.1 S - - 

2020-03228 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03231 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03234 1 2 0.5 1 4.3.3 S - - 

2020-03239 0.25 0.5 0.25 0.5 4.3.3 S - - 

2020-03242 0.06 0.25 0.06 0.25 4.3.3 S - - 

2020-03244 0.25 0.5 0.125 0.5 4.3.3 S - - 

2020-03245 0.25 0.5 0.125 0.5 4.3.3 S - - 

2020-03246 0.25 0.5 0.25 0.5 4.3.3 S - - 

2020-03246 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03250 0.25 0.5 0.25 0.5 4.8 S - - 

2020-03252 0.25 0.5 0.25 0.25 4.1.1.3 S - - 

2020-03254 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03255 0.06 0.125 0.06 0.125 2.2.1 S - - 
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2020-03256 0.03 0.125 0.03 0.125 2.2.1 S - - 

2020-03258 0.125 0.5 0.125 0.25 4.3.3 S - - 

2020-03259 0.125 0.25 0.06 0.25 2.2.1 S - - 

2020-03260 0.125 0.25 0.125 0.25 4.1.1 S - - 

2020-03262 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03263 0.125 0.25 0.125 0.25 2.2.1 S - - 

2020-03264 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03265 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03266 0.25 0.5 0.25 0.5 4.3.3 S - - 

2020-03267 0.125 0.125 0.125 0.125 4.3.3 S - - 

2020-03268 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03269 0.25 0.5 0.25 0.5 4.3.3 S - - 

2020-03270 0.25 0.5 0.125 0.5 4.3.3 S - - 

2020-03272 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03273 0.25 0.5 0.25 0.5 4.3.3 S - - 

2020-03275 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03276 0.25 0.25 0.125 0.25 4.1.1.3 S - - 

2020-03278 0.06 0.25 0.06 0.25 4.3.3 S - - 

2020-03280 0.25 0.5 0.125 0.5 4.3.3 S - - 

2020-03281 0.25 0.5 0.25 0.5 4.3.4.2 S - - 

2020-03282 0.25 0.5 0.25 0.5 4.1.1.3 S - - 

2020-03284 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03285 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03286 0.25 0.5 0.25 0.5 4.3.3 S - - 

2020-03287 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03288 0.125 0.25 0.125 0.25 4.3.3 S - - 

2020-03289 0.25 0.5 0.125 0.5 4.3.3 S - - 

2020-03290 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03294 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03295 4 8 2 8 4.3.3 R Ala74Ser (1.0), Ala90Val (1.0) - 
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2020-03297 2 8 2 8 4.3.3 R Ala74Ser (1.0); Ala90Val (0.38) Ala504Thr (0.63) 

2020-03298 0.5 0.5 0.25 0.5 4.3.2 S - - 

2020-03299 0.5 1 0.5 1 4.3.3 S - - 

2020-03300 0.125 0.25 0.125 0.25 4.3.4.2 S - - 

2020-03302 0.25 0.5 0.125 0.5 4.3.3 S - - 

2020-03303 0.25 0.5 0.125 0.5 4.3.3 S - - 

2020-03304 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03305 0.125 0.25 0.125 0.25 4.3.3 S - - 

2020-03306 >4 >8 >4 >8 4.3.3 R Asp94Asn (1.0) - 

2020-03308 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03309 0.06 0.25 0.06 0.25 4.3.3 S - - 

2020-03310 0.125 0.25 0.125 0.25 4.8 S - - 

2020-03311 2 2 2 2 4.8 R Asp89Asn (1.0) - 

2020-03312 0.125 0.25 0.125 0.25 2.2 S - - 

2020-03314 0.06 0.125 0.06 0.125 4.3.4.2 S - - 

2020-03315 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03316 0.25 0.5 0.25 0.5 4.3.3 S - - 

2020-03317 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03319 0.06 0.125 0.06 0.125 4.8 S - - 

2020-03320 0.25 1 0.25 1 4.3.3 S - - 

2020-03321 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03322 0.125 0.25 0.125 0.25 4.3.4.1 S - - 

2020-03323 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03324 0.25 0.5 0.125 0.5 4.3.3 S - - 

2020-03325 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03326 0.125 0.25 0.125 0.25 4 S - - 

2020-03329 0.25 0.5 0.125 0.5 4.3.3 S - - 

2020-03330 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03331 0.25 0.5 0.25 0.5 4.8 S - - 

2020-03332 0.25 0.5 0.25 0.5 4.3.3 S - - 
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2020-03333 0.25 0.5 0.25 0.5 4.1.1 S - - 

2020-03335 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03336 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03337 0.5 0.5 0.25 0.25 4 S - - 

2020-03338 0.125 0.25 0.125 0.25 4.3.3 S - - 

2020-03339 0.25 0.5 0.125 0.5 4.8 S - - 

2020-03340 0.125 0.25 0.125 0.25 4.3.2 S - - 

2020-03342 0.25 0.5 0.25 0.25 4.3.2 S - - 

2020-03343 0.125 0.25 0.06 0.125 2.2.1 S - - 

2020-03344 0.125 0.25 0.125 0.25 4.1.1 S - - 

2020-03347 0.125 0.25 0.125 0.25 4.1.1.3 S - - 

2020-03348 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03349 0.25 0.5 0.25 0.25 4.3.4.2 S - - 

2020-03351 0.125 0.25 0.06 0.125 2.2.1 S - - 

2020-03352 0.25 0.25 0.25 0.25 2.2.1 S - - 

2020-03353 0.125 0.5 0.125 0.5 4.3.3 S - - 

2020-03355 0.25 0.5 0.125 0.5 4.1.2.1 S - - 

2020-03356 0.25 0.5 0.125 0.25 4.8 S - - 

2020-03358 0.25 0.25 0.25 0.25 4.8 S - - 

2020-03359 0.25 0.5 0.25 0.5 4.3.4.2 S - - 

2020-03374 0.25 0.5 0.125 0.5 4.3.3 S - - 

2020-03381 4 8 4 8 4.3.3 R Asp94His (1.0) - 

2020-03430 4 >8 4 >8 4.3.3 R Ala74Ser (1.0), Ala90Val (1.0) - 

2021-00873 0.25 0.25 0.25 0.25 4.8 S - - 

2021-00876 0.125 0.25 0.125 0.25 2.2.1 S - - 

2021-00879 0.25 0.5 0.125 0.25 4.8 S - - 

2021-00885 0.125 0.25 0.125 0.25 2.2.1 S - - 

2021-00889 0.125 0.25 0.125 0.25 2.2.1 S - - 

2021-00893 0.125 0.25 0.125 0.25 4.4.1.1 S - - 

2021-00897 0.25 0.25 0.125 0.25 2.2.1.1 S - - 
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2021-00899 0.25 0.5 0.125 0.25 2.2.1.1 S - - 

2021-00908 0.125 0.25 0.125 0.25 2.2.1 S - - 

2021-00915 0.125 0.5 0.125 0.5 4.4.1.1 S - - 

2021-00918 0.125 0.25 0.125 0.25 2.2.1 S - - 

2021-00922 0.125 0.25 0.125 0.25 2.2.1 S - - 

2021-00924 0.125 0.25 0.125 0.25 2.2.1 S - - 

2021-00925 0.25 0.5 0.25 0.5 4.1.1.3 S - - 

2021-00927 0.125 0.25 0.125 0.25 2.2.1 S - - 

2021-00932 0.25 0.25 0.125 0.25 2.2.1 S - - 

2021-00936 0.125 0.25 0.125 0.25 4.1.1.3 S - - 

2021-00939 0.25 0.5 0.25 0.5 4.4.1.1 S - - 

2021-00942 0.25 0.5 0.25 0.5 4.3.2.1 S - - 

2021-00944 0.25 0.5 0.25 0.5 2.2.1.1 S - - 

2021-00945 0.5 1 0.5 1 1.2.2.2 R Gly88Ala (1.0) - 

2021-01208 0.125 0.25 0.125 0.25 2.2.1 S - - 

2021-01236 0.125 0.25 0.125 0.25 3.1 S - - 

2021-01240 0.06 0.25 0.06 0.25 3 S - - 

2021-01244 0.06 0.25 0.06 0.25 3 S - - 

2021-01246 0.06 0.25 0.06 0.25 3 S - - 

2021-01248 0.125 0.25 0.125 0.25 3 S - - 

2021-01715 0.125 0.25 0.125 0.25 2.2.1 S - - 

2021-01725 0.25 0.5 0.25 0.5 2.2.1 S - - 

2021-02299 0.125 0.25 0.125 0.25 4.8 S - - 

2021-02318 0.125 0.5 0.125 0.5 4.3.3 S - - 

2021-02320 0.125 0.5 0.125 0.5 4.3.3 S - - 

2021-02340 0.125 0.25 0.125 0.25 2.2.1 S - - 

2022-00049 0.125 0.5 0.125 0.5 1.2.2.2 S - - 

2022-00053 0.125 0.25 0.125 0.25 2.2.1.1 S - - 

2022-00061 0.25 0.5 0.125 0.25 2.2.1 S - - 

2022-00101 4 8 4 4 2.2.1 R Asp94Gly (1.0) - 
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2022-00240 0.06 0.25 0.06 0.25 3 S - - 

2022-00266 0.06 0.25 0.06 0.25 3.1 S - - 

2022-00274 0.06 0.25 0.06 0.25 3.1 S - - 

2022-00306 0.25 0.5 0.25 0.5 1.1.2 S - - 

2022-00322 0.125 0.5 0.125 0.5 1.1.2 S - - 

2022-00354 0.25 0.5 0.25 0.5 1.1.2 S - - 

2022-00356 0.25 0.5 0.25 0.5 1.1.2 S - - 

2022-00564 0.125 0.25 0.125 0.25 2.2.1 S - - 

2022-00566 0.125 0.25 0.125 0.25 2.2.1 S - - 

2022-01169 0.06 0.25 0.06 0.25 3.1 S - - 

2023-00337 0.125 0.25 0.06 0.25 4.3.3 S - - 

2023-00347 4 8 4 8 4.3.3 R Asp94Asn (1.0) - 

2023-00397 0.125 0.25 0.125 0.25 2.2.1 S - - 

2023-00408 4 4 4 4 2.2.1 R Asp94Asn (1.0) - 

2023-00457 0.25 0.5 0.125 0.5 2.2.1 S - - 

2023-00549 0.125 0.5 0.06 0.25 3.1 S - - 

2023-00569 0.125 0.5 0.06 0.25 3 S - - 

2023-00571 0.125 0.25 0.125 0.25 3 S - - 

2023-00575 0.06 0.25 0.06 0.25 3 S - - 

2023-00577 0.25 0.5 0.06 0.25 3 S - - 

2023-00579 0.06 0.25 0.06 0.25 3.1.2.1 S - - 

2023-00581 0.125 0.5 0.06 0.25 3.1.2.1 S - - 

2023-00593 0.125 0.5 0.06 0.25 3.1 S - - 

2023-00595 0.125 0.5 0.06 0.25 3 S - - 

2023-00599 0.25 0.5 0.25 0.5 2.2.1 R - Thr500Asn (0.11) 

2023-00607 0.125 0.25 0.125 0.25 2.2.1 S - - 

2023-00615 0.25 0.5 0.25 0.5 1.1.2 S - - 

2023-00639 0.125 0.25 0.06 0.25 3.1.2 S - - 

2023-00732 4 8 2 8 4.3.3 R Asp94Tyr (1.0) - 

2023-00733 invalid invalid invalid invalid 4.3.3 R Asp94Asn (1.0) - 
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2023-00734 >4 >8 >4 >8 4.3.3 R Asp94Asn (1.0) - 

2023-00735 0.25 0.5 0.25 0.5 4.3.3 S - - 

2023-00737 0.25 1 0.25 1 4.3.3 S - - 

2023-00740 0.125 0.5 0.125 0.5 4.3.3 S - - 

2023-00741 0.125 0.5 0.125 0.5 4.3.3 S - - 

2023-00744 4 8 4 8 4.3.3 R Asp94His (1.0) - 

2023-00748 0.125 0.25 0.125 0.25 2.2.1 S - - 

2023-00749 0.125 0.25 0.125 0.25 2.2.1 S - - 

2023-00750 0.125 0.5 0.125 0.25 2.2.1 S - - 

2023-00762 0.25 0.5 0.25 0.25 2.2.1 S - - 

2023-00766 0.25 0.5 0.125 0.5 4.3.3 S - - 

2023-00767 0.25 0.5 0.125 0.5 4.3.3 S - - 

2023-00771 2 8 2 8 4.3.3 R Ala74Ser (1.0), Ala90Val (0.1) - 

2023-00772 4 8 4 8 4.3.3 R Ala74Ser (1.0) Thr500Asn (0.17) 

2023-00773 4 8 4 4 4.3.3 R Ala74Ser (1.0) Thr500Asn (1.0) 

2023-00774 4 8 4 4 4.3.3 R Ala74Ser (1.0) Thr500Asn (1.0) 

2023-00781 0.25 0.5 0.125 0.5 4.3.3 S - - 

2023-00783 >4 >8 >4 >8 4.3.3 R Asp94Asn (1.0) - 

2023-00784 >4 >8 >4 >8 4.3.3 R Asp94Asn (1.0) - 

2023-00786 >4 >8 >4 >8 4.3.3 R Asp94Asn (1.0) - 

2023-00789 0.125 0.5 0.125 0.25 4.8 S - - 

2023-00791 0.125 0.25 0.125 0.25 4.8 S - - 

2023-00813 0.25 0.5 0.25 0.5 4.3.3 S - - 

2023-01162 >4 >8 >4 >8 4.3.3 R Asp94Asn (1.0) - 

2023-01181 0.25 0.5 0.25 0.5 4.3.3 S - - 

2023-01366 0.125 0.5 0.125 0.5 4.9 S - - 

2023-01366 0.06 0.25 0.06 0.25 4.9 S - - 

2023-01366 0.06 0.25 0.06 0.25 4.9 S - - 

2023-01372 0.25 0.5 0.25 0.5 2.2.1 S - - 

2023-01375 0.06 0.25 0.06 0.25 3.1.2 S - - 
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2023-01383 0.5 2 0.5 2 3.1.2 R Ala90Val (1.0) - 

2023-01604 0.25 0.5 0.125 0.25 2.2.1 S - - 

2023-01608 4 8 4 8 2.2.1 R Asp94Gly (1.0) - 

2023-01615 0.125 0.5 0.125 0.5 2.2.1 S - - 

2023-01688 0.5 1 0.25 0.5 2.2.1 S - - 

2023-01720 0.25 0.5 0.125 0.25 2.2.1 S - - 

2023-01981 1 0.5 1 0.5 3.1.2.1 R - Glu501Asp (1.0) 

2023-01983 2 8 2 8 3 R Asp94Gly (0.98) - 

2023-02138 0.25 0.5 0.25 0.5 4.3.2.1 S - - 

2023-02138 0.125 0.5 0.125 0.25 4.3.2.1 S - - 

2023-02167 0.25 0.5 0.25 0.5 4.3.4.2.1 S - - 

2023-02171 2 4 2 4 2.2.1 R Ala90Val (0.86), Asp94Ala (0.1) - 

2023-02198 0.5 1 0.5 0.5 2.2.1 S - - 

2023-02199 0.25 0.5 0.25 0.5 2.2.1.1 S - - 
 

Table 7.S1: Isolates used for validation of fluoroquinolone MIC testing using BMD 
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CT No CFZ 
D14 

MIC100 

BDQ 
D14 

MIC100 

CFZ 
D14 

MICclassic 

BDQ 
D14 

MICclassic 

Lineage CFZ/BDQ 
S/R? 

mmpL5 
mutations 

mmps5 
mutations 

mmpr5 (rv0678) 
mutations 

atpE 
mutations 

pepQ 
mutations 

Rv1979c 
mutations 

2012-01331 1 .5 1 0.5  1.1.3 R - - c.343_343del,  - - - 
2013-01327 >4 02 >4 2  1.1.3 R - - c.343_343del - - - 
2013-02481 4 0.5 4 0.5  1.1.3 R - - c.343_343del - - - 
2019-00461 0.5 invalid 0.5 invalid 2.2.1 Cfz S - - - - - - 
2019-00463 0.125 0.25 0.125 0.25 2.2.1 S - - - - - - 
2019-00465 0.5 0.125 0.5 0.125 4.8 S - - - - - - 
2019-00467 0.06 invalid 0.06 invalid 4.3.3 Cfz S - - - - - - 
2019-00469 0.25 invalid 0.25 invalid 2.2.1 Cfz S - - - - - - 
2019-00469 0.25 0.03 0.25 0.03 2.2.1 S - - - - - - 
2019-00471 0.25 0.125 0.25 0.125 2.2.1 S - - - - - - 
2019-00475 0.5 invalid 0.5 invalid 4.1 Cfz S - - - - - - 
2019-00477 0.25 invalid 0.25 invalid 2.2.1 Cfz S - - - - - - 
2019-00477 0.25 0.03 0.125 0.03 2.2.1 S - - - - - - 
2019-00479 0.25 invalid 0.25 invalid 2.2.1 Cfz S - - - - - - 
2019-00479 0.25 0.03 0.25 0.03 2.2.1 S - - - - - - 
2019-00481 0.25 0.06 0.25 0.06 2.2.1 S - - - - - - 
2019-00483 0.5 0.25 0.5 0.25 4.3.3 S - - - - - - 
2019-00485 0.25 0.125 0.25 0.125 2.2.1 S - - - - - - 
2019-00487 0.25 0.25 0.25 0.25 2.2.1 S - - - - - - 
2019-00489 0.5 0.125 0.5 0.125 4.2.1 S - - - - - - 
2019-01715 0.25 0.06 0.25 0.015 4.3.3 S - - - - - - 
2019-01717 0.125 0.03 0.125 0.03 4.3.3 S - - - - - - 
2019-01721 0.25 0.03 0.125 0.03 4.3.3 S - - - - - - 
2019-01723 0.25 0.03 0.25 0.03 4.3.3 S - - - - - - 
2019-01727 0.5 0.06 0.5 0.06 4.3.3 S - - - - - - 
2019-01731 0.5 0.03 0.5 0.03 4.3.3 S - - - - - - 
2019-01733 0.25 0.03 0.25 0.03 4.8 S - - - - - - 
2019-01735 0.5 0.06 0.25 0.06 4.8 S - - - - - - 
2019-01737 0.5 <=0.008 0.125 <=0.008 4.3.3 S - - - - - - 
2019-01741 0.25 0.03 0.25 0.03 4.1.2.1 S - - - - - - 
2019-01743 0.25 0.03 0.25 0.03 4.3.4.2 S - - - - - - 
2019-01745 0.25 0.015 0.25 0.015 4.8 S - - - - - - 
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2019-01747 0.125 0.015 0.125 0.015 4.1.2.1 S - - - - - - 
2019-01749 0.5 0.125 0.5 0.125 4.3.3 S - - - - - - 
2019-01751 0.5 0.03 0.25 0.03 4.3.3 S - - - - - - 
2019-01753 0.5 0.03 0.5 0.03 4.3.3 S - - - - - - 
2019-01755 0.25 0.03 0.25 0.03 4.8 S - - - - - - 
2019-01757 0.5 0.06 0.25 0.03 4.3.3 S - - - - - - 
2019-01759 0.25 0.03 0.25 0.03 4.3.3 S - - - - - - 
2019-01759 0.25 0.06 0.25 0.06 4.3.3 S - - - - - - 
2019-01761 0.25 0.06 0.25 0.06 4.8 S - - - - - - 
2019-01765 0.25 0.03 0.25 0.03 4.1.2.1 S - - - - - - 
2019-01769 0.5 0.03 0.5 0.03 4.1.2.1 S - - - - - - 
2019-01771 0.125 0.06 0.125 0.06 4.3.3 S - - - - - - 
2019-01777 0.25 0.03 0.25 0.03 4.3.3 S - - - - - - 
2019-01779 0.5 0.03 0.5 0.03 4.3.3 S - - - - - - 
2019-01783 0.25 0.06 0.25 0.06 4.3.3 S - - - - - - 
2019-01785 0.25 0.03 0.25 0.03 4.3.3 S - - - - - - 
2019-01787 0.5 0.06 0.5 0.06 4.3.3 S - - - - - - 
2019-01789 0.25 0.03 0.25 0.03 4.3.3 S - - - - - - 
2019-01791 0.125 0.03 0.125 0.03 4.3.4.2 S - - - - - - 
2019-01793 0.25 0.03 0.25 0.03 4.3.3 S - - - - - - 
2019-01795 0.125 0.03 0.125 0.03 4.3.3 S - - - - - - 
2019-01797 0.5 0.25 0.5 0.25 4.3.3 S - - - - - - 
2019-01797 0.5 0.06 0.25 0.03 4.3.3 S - - - - - - 
2019-01799 0.5 0.06 0.5 0.06 4.1.2.1 S - - - - - - 
2019-01803 0.5 0.03 0.5 0.03 4.3.3 S - - - - - - 
2019-01805 0.25 0.03 0.25 0.03 4.8 S - - - - - - 
2019-01809 0.25 0.03 0.25 0.03 4.3.3 S - - - - - - 
2019-01811 0.25 0.015 0.25 0.015 4.8 S - - - - - - 
2019-01815 0.5 0.06 0.25 0.06 4.3.3 S - - - - - - 
2019-01819 0.5 0.06 0.5 0.06 2.2.1 S - - - - - - 
2019-01821 0.25 0.03 0.25 0.03 4.3.4.2 S - - - - - - 
2019-01823 0.5 0.03 0.25 0.03 4.3.3 S - - - - - - 
2019-01827 0.5 0.03 0.5 0.03 4.3.3 S - - - - - - 
2019-01831 0.5 0.06 0.25 0.06 4.3.3 S - - - - - - 
2019-01833 0.25 0.125 0.25 0.125 4.3.3 S - - - - - - 
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2019-01835 0.25 0.06 0.25 0.06 4.3.3 S - - - - - - 
2019-01837 0.25 0.03 0.25 0.03 4.3.3 S - - - - - - 
2019-01837 0.25 0.06 0.25 0.06 4.3.3 S - - - - - - 
2019-01839 0.5 0.03 0.25 0.03 4.3.3 S - - - - - - 
2019-01843 0.125 0.03 0.125 0.03 4.3.2 S - - - - - - 
2019-01845 0.25 0.03 0.25 0.015 4.8 S - - - - - - 
2019-01845 0.25 0.125 0.25 0.06 4.8 S - - - - - - 
2019-01849 0.5 0.03 0.25 0.015 4.3.4.2 S - - - - - - 
2019-01853 0.5 0.03 0.5 0.03 4.3.3 S - - - - - - 
2019-01857 0.25 0.03 0.25 0.03 4.3.3 S - - - - - - 
2019-02066 0.25 0.06 0.25 0.06 4.1.1.3 S - - - - - - 
2019-02084 0.125 0.06 0.125 0.06 2.2.1 S - - - - - - 
2019-02680 0.125 0.06 0.125 0.06 2.2.1 S - - - - - - 
2019-02682 0.25 0.03 0.25 0.03 2.2.1 S - - - - - - 
2019-02684 0.25 0.125 0.25 0.125 2.2.1 S - - - - - - 
2019-02696 0.5 invalid 0.5 invalid 2.2.1 Cfz S - - - - - - 
2019-02698 0.25 0.015 0.25 0.015 2.2.1 S - - - - - - 
2019-02704 0.25 0.03 0.25 0.03 2.2.1 S - - - - - - 
2019-02706 0.25 0.03 0.25 0.03 2.2.1 S - - - - - - 
2019-02710 0.125 0.03 0.125 0.015 2.2.1 S - - - - - - 
2019-02712 1 0.03 0.5 0.03 2.2.1 S - - - - - - 
2019-02718 0.25 0.03 0.25 0.03 2.2.1 S - - - - - - 
2019-02724 0.25 0.03 0.25 0.03 2.2.1 S - - - - - - 
2019-02726 0.5 0.03 0.125 0.03 2.2.1 S - - - - - - 
2019-02730 0.25 0.03 0.125 0.03 2.2.1 S - - - - - - 
2019-02734 0.25 0.03 0.25 0.03 2.2.1 S - - - - - - 
2019-04829 0.25 0.25 0.25 0.25 2.2.1 S - - - - - - 
2019-04830 0.25 0.015 0.25 0.015 2.2.1 S - - - - - - 
2019-04842 0.25 0.015 0.125 0.008 2.2.1 S - - - - - - 
2019-04847 0.25 invalid 0.25 invalid 4.4.1.1 Cfz S - - - - - - 
2019-04859 0.5 0.25 0.5 0.25 4.3.4.2.1 S - - - - - - 
2019-04863 0.125 invalid 0.125 invalid 2.2.1 Cfz S - - - - - - 
2019-04866 0.5 0.03 0.5 0.03 2.2.1 S - - - - - - 
2019-04879 0.5 0.125 0.5 0.125 4.4.1.1.1 S - - - - - - 
2019-04881 0.25 0.015 0.125 0.015 4.4.1.1 S - - - - - - 
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2019-04885 0.125 0.03 0.125 0.03 4.1.1.3 S - - - - - - 
2019-04934 0.25 0.06 0.25 0.06 2.2.1 S - - - - - - 
2020-00016 NA 2 NA 2 NA Bdq R - - - Ala63Pro - - 
2020-00024 2 NA 2 NA NA Cfz R - - Ins140 - - - 
2020-01237 0.25 invalid 0.25 invalid 3 Cfz S - - - - - - 
2020-01241 0.5 invalid 0.5 invalid 3;La1.1 Cfz S - - - - - - 
2020-01243 4 2 4 2 3;La1.1 R - - Leu117Arg (1.0) - - - 
2020-01249 0.5 0.06 0.25 0.06 3;La1.1 S - - - - - - 
2020-01261 1 0.06 0.5 0.03 2.2.1 S - - - - - - 
2020-01266 1 0.125 0.5 0.125 2.2.1 S - - - - - - 
2020-01281 0.5 0.06 0.25 0.06 2.2.1 S - - - - - - 
2020-01283 0.25 0.015 0.25 0.015 2.2.1 S - - - - - - 
2020-03226 0.25 0.06 0.25 0.06 4.3.3 S - - - - - - 
2020-03228 0.5 0.03 0.5 0.03 4.3.3 S - - - - - - 
2020-03231 0.5 0.06 0.5 0.06 4.3.3 S - - - - - - 
2020-03234 0.5 0.06 0.25 0.06 4.3.3 S - - - - - - 
2020-03239 1 0.06 1 0.06 4.3.3 S - - - - - - 
2020-03242 0.25 0.015 0.25 0.015 4.3.3 S - - - - - - 
2020-03244 1 0.125 1 0.06 4.3.3 S - - - - - - 
2020-03245 0.5 0.06 0.25 0.03 4.3.3 S - - - - - - 
2020-03246 0.5 0.06 0.5 0.06 4.3.3 S - - - - - - 
2020-03246 1 0.03 0.5 0.03 4.3.3 S - - - - - - 
2020-03250 0.5 0.06 0.5 0.06 4.8 S - - - - - - 
2020-03252 0.5 0.06 0.25 0.06 4.1.1.3 S - - - - - - 
2020-03254 0.25 0.03 0.25 0.03 4.3.3 S - - - - - - 
2020-03255 0.125 0.015 0.125 0.015 2.2.1 S - - - - - - 
2020-03256 0.125 0.015 0.125 0.015 2.2.1 S - - - - - - 
2020-03258 0.25 0.03 0.125 0.03 4.3.3 S - - - - - - 
2020-03259 0.5 0.06 0.25 0.06 2.2.1 S - - - - - - 
2020-03260 0.125 0.015 0.06 0.015 4.1.1 S - - - - - - 
2020-03262 0.25 0.03 0.25 0.03 4.3.3 S - - - - - - 
2020-03264 0.25 0.06 0.25 0.03 4.3.3 S - - - - - - 
2020-03265 0.5 0.06 0.25 0.03 4.3.3 S - - - - - - 
2020-03266 0.5 0.06 0.5 0.03 4.3.3 S - - - - - - 
2020-03267 0.5 0.03 0.5 0.03 4.3.3 S - - - - - - 
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2020-03268 0.5 0.03 0.25 0.03 4.3.3 S - - - - - - 
2020-03270 0.25 0.06 0.25 0.03 4.3.3 S - - - - - - 
2020-03272 0.25 0.06 0.25 0.03 4.3.3 S - - - - - - 
2020-03273 0.5 0.06 0.25 0.06 4.3.3 S - - - - - - 
2020-03275 1 0.03 0.5 0.03 4.3.3 S - - - - - - 
2020-03276 0.5 0.03 0.25 0.03 4.1.1.3 S - - - - - - 
2020-03278 0.25 0.03 0.25 0.03 4.3.3 S - - - - - - 
2020-03280 0.5 0.06 0.25 0.06 4.3.3 S - - - - - - 
2020-03281 0.5 0.03 0.25 0.03 4.3.4.2 S - - - - - - 
2020-03282 0.5 0.03 0.5 0.03 4.1.1.3 S - - - - - - 
2020-03284 0.5 0.03 0.5 0.03 4.3.3 S - - - - - - 
2020-03285 0.5 0.03 0.25 0.03 4.3.3 S - - - - - - 
2020-03286 0.25 0.06 0.25 0.06 4.3.3 S - - - - - - 
2020-03287 1 0.06 0.5 0.06 4.3.3 S - - - - - - 
2020-03288 0.25 0.03 0.125 0.03 4.3.3 S - - - - - - 
2020-03289 0.5 0.06 0.25 0.06 4.3.3 S - - - - - - 
2020-03290 0.25 0.06 0.125 0.06 4.3.3 S - - - - - - 
2020-03294 0.5 0.03 0.5 0.03 4.3.3 S - - - - - - 
2020-03295 0.25 0.03 0.125 0.015 4.3.3 S - - - - - - 
2020-03297 0.5 0.03 0.5 0.03 4.3.3 S - - - - - - 
2020-03298 1 0.06 0.125 0.06 4.3.2 S - - - - - - 
2020-03300 0.25 0.03 0.25 0.015 4.3.4.2 S - - - - - - 
2020-03302 0.5 0.125 0.5 0.06 4.3.3 S - - - - - - 
2020-03303 0.5 0.125 0.5 0.125 4.3.3 S - - - - - - 
2020-03304 0.25 0.015 0.25 0.015 4.3.3 S - - - - - - 
2020-03305 0.125 0.03 0.125 0.03 4.3.3 S - - - - - - 
2020-03306 0.25 0.06 0.25 0.06 4.3.3 S - - - - - - 
2020-03308 0.5 0.03 0.5 0.03 4.3.3 S - - - - - - 
2020-03309 0.125 0.015 0.125 0.015 4.3.3 S - - - - - - 
2020-03310 0.5 0.06 0.5 0.06 4.8 S - - - - - - 
2020-03311 0.25 0.03 0.25 0.03 4.8 S - - - - - - 
2020-03312 0.125 0.015 0.125 0.015 2.2 S - - - - - - 
2020-03314 0.125 0.015 0.125 0.015 4.3.4.2 S - - - - - - 
2020-03315 0.5 0.06 0.5 0.06 4.3.3 S - - - - - - 
2020-03316 0.5 0.06 0.5 0.03 4.3.3 S - - - - - - 
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2020-03317 1 0.03 0.5 0.03 4.3.3 S - - - - - - 
2020-03319 0.06 <0.008 0.06 <0.008 4.8 S - - - - - - 
2020-03320 0.5 0.125 0.5 0.125 4.3.3 S - - - - - - 
2020-03321 0.5 0.06 0.25 0.06 4.3.3 S - - - - - - 
2020-03322 0.25 0.03 0.25 0.03 4.3.4.1 S - - - - - - 
2020-03323 0.5 0.06 0.25 0.06 4.3.3 S - - - - - - 
2020-03325 0.5 0.125 0.5 0.125 4.3.3 S - - - - - - 
2020-03329 0.25 0.06 0.25 0.03 4.3.3 S - - - - - - 
2020-03330 0.5 0.125 0.5 0.125 4.3.3 S - - - - - - 
2020-03331 0.25 0.03 0.25 0.03 4.8 S - - - - - - 
2020-03332 0.5 0.03 0.5 0.03 4.3.3 S - - - - - - 
2020-03333 0.5 0.03 0.5 0.03 4.1.1 S - - - - - - 
2020-03335 0.25 0.015 0.25 0.015 4.3.3 S - - - - - - 
2020-03336 0.5 0.06 0.5 0.06 4.3.3 S - - - - - - 
2020-03338 0.125 0.03 0.125 0.015 4.3.3 S - - - - - - 
2020-03339 0.5 0.125 0.25 0.125 4.8 S - - - - - - 
2020-03340 0.25 0.03 0.25 0.03 4.3.2 S - - - - - - 
2020-03342 0.125 0.03 0.125 0.03 4.3.2 S - - - - - - 
2020-03344 0.125 0.03 0.125 0.03 4.1.1 S - - - - - - 
2020-03347 0.125 0.03 0.125 0.03 4.1.1.3 S - - - - - - 
2020-03348 0.25 0.06 0.25 0.06 4.3.3 S - - - - - - 
2020-03349 0.25 0.03 0.25 0.03 4.3.4.2 S - - - - - - 
2020-03352 0.25 0.015 0.25 0.015 2.2.1 S - - - - - - 
2020-03353 0.5 0.03 0.5 0.015 4.3.3 S - - - - - - 
2020-03355 0.5 0.06 0.25 0.06 4.1.2.1 S - - - - - - 
2020-03356 0.5 0.125 0.25 0.125 4.8 S - - - - - - 
2020-03358 0.25 0.03 0.25 0.03 4.8 S - - - - - - 
2020-03359 0.5 0.06 0.25 0.06 4.3.4.2 S - - - - - - 
2020-03374 0.5 0.06 0.25 0.03 4.3.3 S - - - - - - 
2020-03381 0.25 0.03 0.25 0.03 4.3.3 S - - - - - - 
2020-03430 1 0.06 1 0.03 4.3.3 S - - - - - - 
2021-00873 0.25 0.015 0.25 0.015 4.8 S - - - - - - 
2021-00876 0.25 0.03 0.25 0.03 2.2.1 S - - - - - - 
2021-00879 0.06 0.015 0.06 0.015 4.8 S - - - - - - 
2021-00885 0.25 0.03 0.25 0.03 2.2.1 S - - - - - - 
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2021-00889 0.25 0.125 0.25 0.125 2.2.1 S - - - - - - 
2021-00893 0.25 0.06 0.25 0.06 4.4.1.1 S - - - - - - 
2021-00908 0.5 0.06 0.25 0.06 2.2.1 S - - - - - - 
2021-00915 0.125 0.015 0.125 0.015 4.4.1.1 S - - - - - - 
2021-00922 0.25 0.03 0.25 0.03 2.2.1 S - - - - - - 
2021-00924 0.25 0.06 0.25 0.06 2.2.1 S - - - - - - 
2021-00925 0.5 0.06 0.25 0.06 4.1.1.3 S - - - - - - 
2021-00927 0.125 <0.008 0.125 <0.008 2.2.1 S - - - - - - 
2021-00932 0.25 <=0.008 0.25 <=0.008 2.2.1 S - - - - - - 
2021-00936 0.25 0.06 0.125 0.06 4.1.1.3 S - - - - - - 
2021-00939 0.25 0.03 0.25 0.03 4.4.1.1 S - - - - - - 
2021-00942 0.125 0.06 0.125 0.06 4.3.2.1 S - - - - - - 
2021-01200 1 0.5 NA 0.5 3 R - - DelC frameshiift* - - - 
2021-01208 0.25 0.015 0.125 0.015 2.2.1 S - - - - - - 
2021-01236 0.5 0.03 0.5 0.03 3.1 S - - - - - - 
2021-01244 0.25 0.06 0.25 0.06 3 S - - - - - - 
2021-01725 0.5 0.06 0.25 0.06 2.2.1 S - - - - - - 
2021-02299 0.25 0.03 0.25 0.03 4.8 S - - - - - - 
2021-02318 1 0.06 0.5 0.03 4.3.3 S - - - - - - 
2021-02320 0.25 0.06 0.25 0.06 4.3.3 S - - - - - - 
2021-02340 0.125 0.015 0.125 0.015 2.2.1 S - - - - - - 
2022-00053 0.25 0.015 0.25 0.015 2.2.1.1 S - - - - - - 
2022-00061 0.5 0.06 0.5 0.03 2.2.1 S - - - - - - 
2022-00101 0.125 0.015 0.125 0.015 2.2.1 S - - - - - - 
2022-00240 0.5 0.06 0.5 0.06 3 S - - - - - - 
2022-00266 0.5 0.125 0.5 0.125 3.1 S - - - - - - 
2022-00274 0.25 0.06 0.25 0.03 3.1 S - - - - - - 
2022-00564 0.25 0.03 0.25 0.03 2.2.1 S - - - - - - 
2022-00566 0.25 0.03 0.25 0.015 2.2.1 S - - - - - - 
2022-01169 0.125 0.03 0.125 0.03 3.1 S - - - - - - 
2023-00397 0.125 0.03 0.125 0.03 2.2.1 S - - - - - - 
2023-00457 0.5 0.125 0.25 0.125 2.2.1 S - - - - - - 
2023-00552 2 0.5 2 0.5  3.1.1 R - - DelG frameshiift* - - - 
2023-00571 0.5 0.03 0.5 0.015 3 S - - - - - - 
2023-00575 0.25 0.25 0.25 0.25 3 S - - - - - - 
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2023-00577 1 0.015 0.5 0.015 3 S - - - - - - 
2023-00579 0.25 0.125 0.25 0.125 3.1.2.1 S - - - - - - 
2023-00581 0.5 0.25 0.5 0.25 3.1.2.1 S - - - - - - 
2023-00593 0.5 0.125 0.25 0.125 3.1 S - - - - - - 
2023-00595 0.25 0.125 0.125 0.125 3 S - - - - - - 
2023-00599 0.5 0.015 0.5 0.015 2.2.1 S - - - - - - 
2023-00607 0.5 0.03 0.25 0.03 2.2.1 S - - - - - - 
2023-00639 1 0.03 0.5 0.03 3.1.2 S - - - - - - 
2023-00732 1 0.03 1 0.03 4.3.3 S - - - - - - 
2023-00733 0.25 0.06 0.25 0.06 4.3.3 S - - - - - - 
2023-00734 1 0.25 0.5 0.25 4.3.3 S - - - - - - 
2023-00735 1 0.06 0.5 0.03 4.3.3 S - - - - - - 
2023-00737 1 0.06 0.5 0.06 4.3.3 S - - - - - - 
2023-00740 0.5 0.125 0.25 0.06 4.3.3 S - - - - - - 
2023-00741 0.5 0.06 0.25 0.03 4.3.3 S - - - - - - 
2023-00744 0.5 0.125 0.5 0.06 4.3.3 S - - - - - - 
2023-00748 0.25 0.03 0.25 0.03 2.2.1 S - - - - - - 
2023-00749 0.25 0.03 0.125 0.015 2.2.1 S - - - - - - 
2023-00750 0.5 0.015 0.5 0.015 2.2.1 S - - - - - - 
2023-00762 0.5 0.06 0.25 0.06 2.2.1 S - - - - - - 
2023-00766 0.5 0.125 0.5 0.125 4.3.3 S - - - - - - 
2023-00767 0.5 0.06 0.5 0.06 4.3.3 S - - - - - - 
2023-00771 0.25 0.125 0.25 0.06 4.3.3 S - - - - - - 
2023-00772 0.5 0.06 0.25 0.06 4.3.3 S - - - - - - 
2023-00773 0.5 0.06 0.25 0.03 4.3.3 S - - - - - - 
2023-00774 0.5 0.06 0.5 0.06 4.3.3 S - - - - - - 
2023-00780 0.5 0.06 0.25 0.06 4.3.3 S - - - - - - 
2023-00781 1 0.125 0.5 0.06 4.3.3 S - - - - - - 
2023-00783 1 0.06 0.5 0.06 4.3.3 S - - - - - - 
2023-00784 0.5 0.125 0.25 0.125 4.3.3 S - - - - - - 
2023-00786 1 0.125 0.5 0.125 4.3.3 S - - - - - - 
2023-00789 0.25 0.06 0.125 0.06 4.8 S - - - - - - 
2023-00791 1 0.06 1 0.06 4.8 S - - - - - - 
2023-00813 0.25 0.06 0.25 0.03 4.3.3 S - - - - - - 
2023-01162 0.25 0.06 0.25 0.06 4.3.3 S - - - - - - 
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2023-01181 0.25 0.06 0.125 0.06 4.3.3 S - - - - - - 
2023-01366 0.25 <=0.008 0.125 <=0.008 4.9 S - - - - - - 
2023-01366 0.06 0.015 0.03 0.015 4.9 S - - - - - - 
2023-01366 0.06 0.015 0.06 0.015 4.9 S - - - - - - 
2023-01372 0.25 0.125 0.25 0.125 2.2.1 S - - - - - - 
2023-01375 0.25 0.03 0.25 0.03 3.1.2 S - - - - - - 
2023-01383 0.25 0.06 0.25 0.06 3.1.2 S - - - - - - 
2023-01394 2 1 2 0.5 2 R - - DelC frameshiift* - - - 
2023-01604 0.25 0.03 0.125 0.03 2.2.1 S - - - - - - 
2023-01615 0.5 0.03 0.5 0.03 2.2.1 S - - - - - - 
2023-01688 1 0.06 0.25 0.06 2.2.1 S - - - - - - 
2023-01720 0.25 0.06 0.125 0.03 2.2.1 S - - - - - - 
2023-01981 0.25 0.06 0.125 0.03 3.1.2.1 S - - - - - - 
2023-02138 0.5 0.03 0.25 0.03 4.3.2.1 S - - - - - - 
2023-02138 0.25 0.03 0.25 0.03 4.3.2.1 S - - - - - - 
2023-02167 0.5 0.06 0.5 0.06 4.3.4.2.1 S - - - - - - 
2023-02171 0.5 0.03 0.5 0.03 2.2.1 S - - - - - - 
2023-02198 1 0.06 0.5 0.03 2.2.1 S - - - - - - 
2023-02892 2 0.5 2 0.5 2 R - - DelC frameshiift* - - - 

 

Table 7.S2: Isolates used for validation of bedaquiline and clofazimine MIC testing using BMD 

*deeplex data 
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CT No 
LZD 

D14 MIC100 
LZD 

D14 MICclassic 
Lineage LZD S/R? rplC mutations rrL mutations 

2019-00461 0.5 0.5 2.2.1 S - - 
2019-00463 0.5 0.5 2.2.1 S - - 
2019-00465 0.5 0.5 4.8 S - - 
2019-00467 1 1 4.3.3 S - - 
2019-00469 0.5 0.5 2.2.1 S - - 
2019-00469 0.5 0.5 2.2.1 S - - 
2019-00471 0.5 0.5 2.2.1 S - - 
2019-00477 0.5 0.5 2.2.1 S - - 
2019-00477 0.5 0.5 2.2.1 S - - 
2019-00481 0.5 0.5 2.2.1 S - - 
2019-00483 0.5 0.5 4.3.3 S - - 
2019-00485 0.5 0.5 2.2.1 S - - 
2019-00487 0.5 0.5 2.2.1 S - - 
2019-00489 0.5 0.5 4.2.1 S - - 
2019-01715 1 1 4.3.3 S - - 
2019-01717 0.5 0.5 4.3.3 S - - 
2019-01721 0.5 0.5 4.3.3 S - - 
2019-01723 1 1 4.3.3 S - - 
2019-01725 1 1 4.3.3 S - - 
2019-01729 0.5 0.5 4.3.4.1 S - - 
2019-01731 0.5 0.5 4.3.3 S - - 
2019-01733 0.5 0.5 4.8 S - - 
2019-01735 1 0.5 4.8 S - - 
2019-01737 0.5 0.5 4.3.3 S - - 
2019-01739 0.5 0.25 4.3.4.1 S - - 
2019-01741 0.5 0.5 4.1.2.1 S - - 
2019-01743 0.5 0.5 4.3.4.2 S - - 
2019-01745 0.5 0.5 4.8 S - - 
2019-01747 0.25 0.25 4.1.2.1 S - - 
2019-01749 1 1 4.3.3 S - - 
2019-01751 1 1 4.3.3 S - - 
2019-01753 1 1 4.3.3 S - - 
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2019-01755 0.5 0.5 4.8 S - - 
2019-01757 2 1 4.3.3 S - - 
2019-01759 0.5 0.5 4.3.3 S - - 
2019-01759 0.5 0.5 4.3.3 S - - 
2019-01765 0.25 0.25 4.1.2.1 S - - 
2019-01767 0.5 0.5 4.1.2.1 S - - 
2019-01769 1 1 4.1.2.1 S - - 
2019-01771 0.5 0.5 4.3.3 S - - 
2019-01775 0.5 0.5 4 S - - 
2019-01777 1 1 4.3.3 S - - 
2019-01783 1 1 4.3.3 S - - 
2019-01785 0.5 0.5 4.3.3 S - - 
2019-01787 1 1 4.3.3 S - - 
2019-01789 0.5 0.5 4.3.3 S - - 
2019-01791 0.5 0.5 4.3.4.2 S - - 
2019-01793 1 1 4.3.3 S - - 
2019-01795 1 0.5 4.3.3 S - - 
2019-01797 1 1 4.3.3 S - - 
2019-01797 0.5 0.5 4.3.3 S - - 
2019-01799 0.5 0.5 4.1.2.1 S - - 
2019-01801 0.5 0.5 4.3.3 S - - 
2019-01803 1 1 4.3.3 S - - 
2019-01805 0.5 0.5 4.8 S - - 
2019-01809 0.5 0.5 4.3.3 S - - 
2019-01811 1 1 4.8 S - - 
2019-01813 0.5 0.5 4.1 S - - 
2019-01819 1 1 2.2.1 S - - 
2019-01821 0.5 0.5 4.3.4.2 S - - 
2019-01823 0.5 0.5 4.3.3 S - - 
2019-01827 1 1 4.3.3 S - - 
2019-01831 1 0.5 4.3.3 S - - 
2019-01833 2 2 4.3.3 S - - 
2019-01837 0.25 0.25 4.3.3 S - - 
2019-01837 1 1 4.3.3 S - - 
2019-01839 1 1 4.3.3 S - - 
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2019-01843 0.5 0.5 4.3.2 S - - 
2019-01853 0.5 0.5 4.3.3 S - - 
2019-01857 0.5 0.5 4.3.3 S - - 
2019-02066 0.5 0.5 4.1.1.3 S - - 
2019-02068 0.5 0.5 4.1.1 S - - 
2019-02084 0.5 0.5 2.2.1 S - - 
2019-02086 0.5 0.5 2.2.1.1 S - - 
2019-02089 0.5 0.5 2.2.1.1 S - - 
2019-02089 0.5 0.5 2.2.1.1 S - - 
2019-02090 1 1 2.2.1.1 S - - 
2019-02680 1 1 2.2.1 S - - 
2019-02682 1 0.5 2.2.1 S - - 
2019-02688 0.25 0.25 2.2.1.1 S - - 
2019-02688 1 0.25 2.2.1.1 S - - 
2019-02696 0.5 0.5 2.2.1 S - - 
2019-02698 0.5 0.5 2.2.1 S - - 
2019-02704 0.5 0.5 2.2.1 S - - 
2019-02706 1 1 2.2.1 S - - 
2019-02710 0.25 0.25 2.2.1 S - - 
2019-02712 1 0.5 2.2.1 S - - 
2019-02716 1 1 2.2.1 S - - 
2019-02718 0.5 0.5 2.2.1 S - - 
2019-02724 0.5 0.5 2.2.1 S - - 
2019-02726 0.5 0.5 2.2.1 S - - 
2019-02730 1 0.5 2.2.1 S - - 
2019-04829 0.5 0.5 2.2.1 S - - 
2019-04830 1 0.5 2.2.1 S - - 
2019-04833 1 1 2.2.1.1 S - - 
2019-04836 1 1 2.2.1.1 S - - 
2019-04838 1 1 4.3.2.1 S - - 
2019-04842 0.5 0.5 2.2.1 S - - 
2019-04847 0.5 0.5 4.4.1.1 S - - 
2019-04853 2 2 2.2.2 S - - 
2019-04859 0.5 0.5 4.3.4.2.1 S - - 
2019-04863 0.5 0.5 2.2.1 S - - 
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2019-04865 0.5 0.5 4.4.1.1 S - - 
2019-04866 0.5 0.5 2.2.1 S - - 
2019-04879 0.5 0.5 4.4.1.1.1 S - - 
2019-04881 1 0.5 4.4.1.1 S - - 
2019-04885 0.25 0.25 4.1.1.3 S - - 
2019-04934 0.5 0.5 2.2.1 S - - 
2020-00013 >2 >2 4 R - Gly2061Thr 
2020-00027 >2 >2 4 R - Gly2061Thr 
2020-01237 0.5 0.5 3 S - - 
2020-01241 0.5 0.5 3;La1.1 S - - 
2020-01245 0.5 0.5 3.1.2.1;La1.1 S - - 
2020-01261 0.5 0.5 2.2.1 S - - 
2020-01266 0.5 0.5 2.2.1 S - - 
2020-01281 0.5 0.5 2.2.1 S - - 
2020-01283 0.5 0.5 2.2.1 S - - 
2020-03226 0.5 0.5 4.3.3 S - - 
2020-03227 1 0.5 4.1.2.1 S - - 
2020-03228 1 1 4.3.3 S - - 
2020-03231 0.5 0.5 4.3.3 S - - 
2020-03234 0.5 0.5 4.3.3 S - - 
2020-03239 1 1 4.3.3 S - - 
2020-03242 0.25 0.25 4.3.3 S - - 
2020-03244 0.5 0.5 4.3.3 S - - 
2020-03245 0.5 0.5 4.3.3 S - - 
2020-03246 0.5 0.5 4.3.3 S - - 
2020-03246 1 0.5 4.3.3 S - - 
2020-03250 0.5 0.5 4.8 S - - 
2020-03252 0.5 0.5 4.1.1.3 S - - 
2020-03254 0.5 0.5 4.3.3 S - - 
2020-03256 0.5 0.5 2.2.1 S - - 
2020-03258 0.5 0.25 4.3.3 S - - 
2020-03260 0.25 0.25 4.1.1 S - - 
2020-03262 0.5 0.5 4.3.3 S - - 
2020-03263 0.5 0.5 2.2.1 S - - 
2020-03264 1 0.5 4.3.3 S - - 
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2020-03265 1 0.5 4.3.3 S - - 
2020-03266 1 1 4.3.3 S - - 
2020-03268 0.5 0.5 4.3.3 S - - 
2020-03270 1 0.5 4.3.3 S - - 
2020-03272 0.5 0.5 4.3.3 S - - 
2020-03273 1 1 4.3.3 S - - 
2020-03275 0.5 0.5 4.3.3 S - - 
2020-03276 0.5 0.5 4.1.1.3 S - - 
2020-03278 0.25 0.25 4.3.3 S - - 
2020-03280 0.5 0.5 4.3.3 S - - 
2020-03281 0.5 0.5 4.3.4.2 S - - 
2020-03282 0.5 0.5 4.1.1.3 S - - 
2020-03284 1 1 4.3.3 S - - 
2020-03285 0.5 0.5 4.3.3 S - - 
2020-03286 1 1 4.3.3 S - - 
2020-03287 1 0.5 4.3.3 S - - 
2020-03288 0.5 0.5 4.3.3 S - - 
2020-03290 0.5 0.5 4.3.3 S - - 
2020-03294 0.5 0.5 4.3.3 S - - 
2020-03295 0.5 0.5 4.3.3 S - - 
2020-03297 0.5 0.5 4.3.3 S - - 
2020-03299 1 0.5 4.3.3 S - - 
2020-03300 0.5 0.5 4.3.4.2 S - - 
2020-03302 0.5 0.5 4.3.3 S - - 
2020-03303 1 0.5 4.3.3 S - - 
2020-03304 0.5 0.5 4.3.3 S - - 
2020-03309 0.25 0.25 4.3.3 S - - 
2020-03312 0.25 0.25 2.2 S - - 
2020-03314 0.25 0.25 4.3.4.2 S - - 
2020-03315 0.5 0.5 4.3.3 S - - 
2020-03316 1 1 4.3.3 S - - 
2020-03319 0.25 0.25 4.8 S - - 
2020-03320 1 1 4.3.3 S - - 
2020-03321 0.5 0.5 4.3.3 S - - 
2020-03322 0.5 0.25 4.3.4.1 S - - 
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2020-03323 0.5 0.5 4.3.3 S - - 
2020-03324 0.5 0.5 4.3.3 S - - 
2020-03325 1 1 4.3.3 S - - 
2020-03326 0.5 0.25 4 S - - 
2020-03329 0.5 0.5 4.3.3 S - - 
2020-03330 2 2 4.3.3 S - - 
2020-03331 0.5 0.5 4.8 S - - 
2020-03332 1 1 4.3.3 S - - 
2020-03333 0.5 0.25 4.1.1 S - - 
2020-03335 0.5 0.5 4.3.3 S - - 
2020-03336 0.5 0.5 4.3.3 S - - 
2020-03337 0.5 0.5 4 S - - 
2020-03338 0.5 0.5 4.3.3 S - - 
2020-03339 1 1 4.8 S - - 
2020-03340 0.5 0.5 4.3.2 S - - 
2020-03342 0.5 0.5 4.3.2 S - - 
2020-03343 1 0.5 2.2.1 S - - 
2020-03344 0.25 0.25 4.1.1 S - - 
2020-03348 0.5 0.5 4.3.3 S - - 
2020-03349 0.5 0.5 4.3.4.2 S - - 
2020-03351 0.25 0.25 2.2.1 S - - 
2020-03352 0.5 0.5 2.2.1 S - - 
2020-03353 0.5 0.5 4.3.3 S - - 
2020-03355 0.5 0.5 4.1.2.1 S - - 
2020-03356 1 0.5 4.8 S - - 
2020-03358 0.5 0.5 4.8 S - - 
2020-03359 0.5 0.5 4.3.4.2 S - - 
2020-03374 1 0.5 4.3.3 S - - 
2020-03381 0.5 0.5 4.3.3 S - - 
2020-03430 1 1 4.3.3 S - - 
2021-00873 1 1 4.8 S - - 
2021-00876 0.5 0.5 2.2.1 S - - 
2021-00879 1 1 4.8 S - - 
2021-00885 0.25 0.25 2.2.1 S - - 
2021-00893 0.5 0.5 4.4.1.1 S - - 
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2021-00897 0.5 0.5 2.2.1.1 S - - 
2021-00899 1 0.5 2.2.1.1 S - - 
2021-00908 1 0.5 2.2.1 S - - 
2021-00915 0.5 0.5 4.4.1.1 S - - 
2021-00918 0.5 0.5 2.2.1 S - - 
2021-00922 1 1 2.2.1 S - - 
2021-00924 0.5 0.5 2.2.1 S - - 
2021-00925 0.5 0.5 4.1.1.3 S - - 
2021-00927 0.5 0.5 2.2.1 S - - 
2021-00932 0.5 0.5 2.2.1 S - - 
2021-00939 0.5 0.25 4.4.1.1 S - - 
2021-00942 0.5 0.5 4.3.2.1 S - - 
2021-00944 0.5 0.5 2.2.1.1 S - - 
2021-00945 0.5 0.5 1.2.2.2 S - - 
2021-01208 0.25 0.25 2.2.1 S - - 
2021-01236 0.5 0.5 3.1 S - - 
2021-01240 0.5 0.5 3 S - - 
2021-01244 0.5 0.5 3 S - - 
2021-01246 0.5 0.5 3 S - - 
2021-01248 0.5 0.5 3 S - - 
2021-01715 0.5 0.5 2.2.1 S - - 
2021-01725 1 1 2.2.1 S - - 
2021-02340 0.5 0.25 2.2.1 S - - 
2022-00049 0.5 0.5 1.2.2.2 S - - 
2022-00053 0.5 0.5 2.2.1.1 S - - 
2022-00061 0.5 0.5 2.2.1 S - - 
2022-00101 0.5 0.5 2.2.1 S - - 
2022-00240 1 1 3 S - - 
2022-00266 1 1 3.1 S - - 
2022-00274 0.5 0.5 3.1 S - - 
2022-00306 0.5 0.5 1.1.2 S - - 
2022-00322 0.5 0.5 1.1.2 S - - 
2022-00354 0.5 0.5 1.1.2 S - - 
2022-00356 0.5 0.5 1.1.2 S - - 
2022-00564 1 1 2.2.1 S - - 
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2022-00566 0.5 0.25 2.2.1 S - - 
2022-01169 0.25 0.25 3.1 S - - 
2023-00397 0.25 0.25 2.2.1 S - - 
2023-00408 0.5 0.5 2.2.1 S - - 
2023-00457 0.5 0.5 2.2.1 S - - 
2023-00549 1 0.5 3.1 S - - 
2023-00569 2 1 3 S - - 
2023-00571 0.125 0.125 3 S - - 
2023-00575 1 0.5 3 S - - 
2023-00577 0.5 0.25 3 S - - 
2023-00579 >8 >8 3.1.2.1 S - - 
2023-00581 1 0.5 3.1.2.1 S - - 
2023-00593 0.5 0.5 3.1 S - - 
2023-00595 1 0.5 3 S - - 
2023-00599 0.5 0.5 2.2.1 S - - 
2023-00607 0.5 0.25 2.2.1 S - - 
2023-00615 1 1 1.1.2 S - - 
2023-00639 0.5 0.5 3.1.2 S - - 
2023-00732 0.5 0.5 4.3.3 S - - 
2023-00733 0.25 0.25 4.3.3 S - - 
2023-00734 1 0.5 4.3.3 S - - 
2023-00735 2 2 4.3.3 S - - 
2023-00737 1 1 4.3.3 S - - 
2023-00740 1 0.5 4.3.3 S - - 
2023-00741 1 0.5 4.3.3 S - - 
2023-00744 0.5 0.5 4.3.3 S - - 
2023-00748 0.5 0.5 2.2.1 S - - 
2023-00749 0.5 0.5 2.2.1 S - - 
2023-00750 0.5 0.5 2.2.1 S - - 
2023-00762 0.5 0.5 2.2.1 S - - 
2023-00766 1 1 4.3.3 S - - 
2023-00767 1 1 4.3.3 S - - 
2023-00771 1 0.5 4.3.3 S - - 
2023-00772 1 1 4.3.3 S - - 
2023-00773 1 1 4.3.3 S - - 
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2023-00774 1 1 4.3.3 S - - 
2023-00813 0.5 0.5 4.3.3 S - - 
2023-01162 0.5 0.5 4.3.3 S - - 
2023-01181 1 0.5 4.3.3 S - - 
2023-01366 1 0.5 4.9 S - - 
2023-01366 1 1 4.9 S - - 
2023-01366 1 1 4.9 S - - 
2023-01372 0.5 0.5 2.2.1 S - - 
2023-01375 1 1 3.1.2 S - - 
2023-01383 1 1 3.1.2 S - - 
2023-01604 0.5 0.5 2.2.1 S - - 
2023-01608 0.5 0.5 2.2.1 S - - 
2023-01615 >8 >8 2.2.1 S - - 
2023-01688 1 1 2.2.1 S - - 
2023-01720 0.5 0.5 2.2.1 S - - 
2023-01981 0.5 0.25 3.1.2.1 S - - 
2023-02138 0.5 0.25 4.3.2.1 S - - 
2023-02138 0.5 0.5 4.3.2.1 S - - 
2023-02167 0.5 0.5 4.3.4.2.1 S - - 
2023-02171 1 1 2.2.1 S - - 
2023-02198 1 1 2.2.1 S - - 
2023-02199 0.5 0.5 2.2.1.1 S - - 

 

Table 7.S3: Isolates used for validation of linezolid MIC testing using BMD 
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CT No 
Dlm 
D14 

MIC100 

Dlm 
D14 

MICclassic 
Lineage Dlm S/R? 

fgd1 
mutations 

fbiC mutations 
fbiD 

mutations 
fbiA 

mutations 
fbiB mutations ddn mutations 

2015-01882 >0.5 >0.5 NA R - - - - - 3987023 Ins 

2015-01887 >0.5 >0.5 NA R - - - - - 3987149 Del 

2019-00461 0.008 0.008 2.2.1 S - - - - - - 

2019-00463 0.008 0.008 2.2.1 S - - - - - - 

2019-00467 0.06 0.06 4.3.3 S - - - - - - 

2019-00469 0.06 0.06 2.2.1 S - - - - - - 

2019-00471 0.03 0.03 2.2.1 S - - - - - - 

2019-00475 0.008 0.004 4.1 S - - - - - - 

2019-00477 0.015 0.008 2.2.1 S - - - - - - 

2019-00479 0.008 0.008 2.2.1 S - - - - - - 

2019-00481 0.008 0.008 2.2.1 S - - - - - - 

2019-00485 0.03 0.03 2.2.1 S - - - - - - 

2019-00487 0.03 0.03 2.2.1 S - - - - - - 

2019-01715 0.008 0.008 4.3.3 S - - - - - - 

2019-01717 0.015 0.015 4.3.3 S - - - - - - 

2019-01721 0.03 0.015 4.3.3 S - - - - - - 

2019-01723 0.008 0.008 4.3.3 S - - - - - - 

2019-01727 0.004 0.004 4.3.3 S - - - - - - 

2019-01729 0.008 0.008 4.3.4.1 S - - - - - - 

2019-01731 0.008 0.008 4.3.3 S - - - - - - 

2019-01733 0.008 0.008 4.8 S - - - - - - 

2019-01735 0.008 0.008 4.8 S - - - - - - 

2019-01737 0.008 0.008 4.3.3 S - - - - - - 

2019-01739 0.015 0.008 4.3.4.1 S - - - - - - 

2019-01743 0.008 0.008 4.3.4.2 S - - - - - - 

2019-01745 0.03 0.03 4.8 S - - - - - - 

2019-01749 0.125 0.125 4.3.3 S - - - - - - 
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2019-01751 <=0.002 <=0.002 4.3.3 S - - - - - - 

2019-01753 0.008 0.008 4.3.3 S - - - - - - 

2019-01755 0.004 0.004 4.8 S - - - - - - 

2019-01757 0.03 0.03 4.3.3 S - - - - - - 

2019-01759 0.008 0.008 4.3.3 S - - - - - - 

2019-01759 0.008 0.008 4.3.3 S - - - - - - 

2019-01761 0.06 0.06 4.8 S - - - - - - 

2019-01771 0.008 0.008 4.3.3 S - - - - - - 

2019-01775 0.008 0.004 4 S - - - - - - 

2019-01777 0.008 0.008 4.3.3 S - - - - - - 

2019-01779 0.008 0.008 4.3.3 S - - - - - - 

2019-01783 0.008 0.008 4.3.3 S - - - - - - 

2019-01785 0.008 0.008 4.3.3 S - - - - - - 

2019-01787 0.06 0.06 4.3.3 S - - - - - - 

2019-01789 0.03 0.03 4.3.3 S - - - - - - 

2019-01791 0.008 0.008 4.3.4.2 S - - - - - - 

2019-01793 0.008 0.008 4.3.3 S - - - - - - 

2019-01795 0.015 0.015 4.3.3 S - - - - - - 

2019-01801 0.004 <=0.002 4.3.3 S - - - - - - 

2019-01803 0.008 0.008 4.3.3 S - - - - - - 

2019-01805 0.008 0.008 4.8 S - - - - - - 

2019-01809 0.008 0.008 4.3.3 S - - - - - - 

2019-01811 <=0.002 <=0.002 4.8 S - - - - - - 

2019-01813 0.008 0.008 4.1 S - - - - - - 

2019-01815 0.008 0.004 4.3.3 S - - - - - - 

2019-01821 0.008 0.008 4.3.4.2 S - - - - - - 

2019-01827 0.03 0.03 4.3.3 S - - - - - - 

2019-01831 0.008 0.008 4.3.3 S - - - - - - 

2019-01833 0.03 0.03 4.3.3 S - - - - - - 

2019-01835 0.015 0.015 4.3.3 S - - - - - - 
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2019-01837 0.008 0.008 4.3.3 S - - - - - - 

2019-01837 0.015 0.015 4.3.3 S - - - - - - 

2019-01839 0.008 0.008 4.3.3 S - - - - - - 

2019-01843 0.008 0.008 4.3.2 S - - - - - - 

2019-01845 0.015 0.015 4.8 S - - - - - - 

2019-01845 0.06 0.06 4.8 S - - - - - - 

2019-01849 0.03 0.008 4.3.4.2 S - - - - - - 

2019-01853 0.004 0.004 4.3.3 S - - - - - - 

2019-02066 0.004 0.004 4.1.1.3 S - - - - - - 

2019-02084 0.015 0.015 2.2.1 S - - - - - - 

2019-02086 0.125 0.125 2.2.1.1 S - - - - - - 

2019-02682 0.008 0.008 2.2.1 S - - - - - - 

2019-02684 0.008 0.008 2.2.1 S - - - - - - 

2019-02688 0.004 0.004 2.2.1.1 S - - - - - - 

2019-02688 0.015 0.015 2.2.1.1 S - - - - - - 

2019-02698 0.015 0.015 2.2.1 S - - - - - - 

2019-02702 0.008 0.008 2.2.1 S - - - - - - 

2019-02710 0.008 0.008 2.2.1 S - - - - - - 

2019-02716 0.015 0.015 2.2.1 S - - - - - - 

2019-02718 0.008 0.008 2.2.1 S - - - - - - 

2019-02724 0.008 0.008 2.2.1 S - - - - - - 

2019-02726 0.008 0.008 2.2.1 S - - - - - - 

2019-02734 0.008 0.008 2.2.1 S - - - - - - 

2019-04829 0.008 0.008 2.2.1 S - - - - - - 

2019-04830 0.03 0.015 2.2.1 S - - - - - - 

2019-04838 0.03 0.03 4.3.2.1 S - - - - - - 

2019-04842 0.008 0.008 2.2.1 S - - - - - - 

2019-04847 0.004 0.004 4.4.1.1 S - - - - - - 

2019-04853 0.015 0.015 2.2.2 S - - - - - - 

2019-04859 0.008 0.008 4.3.4.2.1 S - - - - - - 
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2019-04865 0.008 0.008 4.4.1.1 S - - - - - - 

2019-04866 0.015 0.015 2.2.1 S - - - - - - 

2019-04881 0.004 0.004 4.4.1.1 S - - - - - - 

2019-04885 <=0.002 <=0.002 4.1.1.3 S - - - - - - 

2019-04934 0.03 0.03 2.2.1 S - - - - - - 

2020-01235 0.008 0.008 3, 1.1 S - - - - - - 

2020-01243 0.015 0.015 3, 1.1 S - - - - - - 

2020-01245 0.008 0.008 3.1.2.1, 1.1 S - - - - - - 

2020-01247 0.004 0.004 3, 1.1 S - - - - - - 

2020-01261 0.03 0.03 2.2.1 S - - - - - - 

2020-01266 0.008 0.008 2.2.1 S - - - - - - 

2020-01281 0.03 0.015 2.2.1 S - - - - - - 

2020-01283 0.008 0.008 2.2.1 S - - - - - - 

2020-03228 0.004 0.004 4.3.3 S - - - - - - 

2020-03231 0.004 0.004 4.3.3 S - - - - - - 

2020-03234 0.008 0.008 4.3.3 S - - - - - - 

2020-03242 0.004 0.004 4.3.3 S - - - - - - 

2020-03244 0.008 0.008 4.3.3 S - - - - - - 

2020-03245 0.004 0.004 4.3.3 S - - - - - - 

2020-03246 0.008 0.008 4.3.3 S - - - - - - 

2020-03250 0.008 0.008 4.8 S - - - - - - 

2020-03252 0.008 0.008 4.1.1.3 S - - - - - - 

2020-03254 0.008 <=0.002 4.3.3 S - - - - - - 

2020-03255 <=0.002 <=0.002 2.2.1 S - - - - - - 

2020-03258 0.004 <=0.002 4.3.3 S - - - - - - 

2020-03262 0.004 0.004 4.3.3 S - - - - - - 

2020-03263 0.015 0.015 2.2.1 S - - - - - - 

2020-03264 0.004 0.004 4.3.3 S - - - - - - 

2020-03265 0.008 0.008 4.3.3 S - - - - - - 

2020-03266 0.004 0.004 4.3.3 S - - - - - - 
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2020-03267 0.008 0.008 4.3.3 S - - - - - - 

2020-03268 0.004 0.004 4.3.3 S - - - - - - 

2020-03269 0.008 0.008 4.3.3 S - - - - - - 

2020-03270 0.004 0.004 4.3.3 S - - - - - - 

2020-03275 0.008 0.004 4.3.3 S - - - - - - 

2020-03276 0.008 0.008 4.1.1.3 S - - - - - - 

2020-03278 0.004 0.004 4.3.3 S - - - - - - 

2020-03280 0.004 0.004 4.3.3 S - - - - - - 

2020-03281 0.06 0.004 4.3.4.2 S - - - - - - 

2020-03284 0.008 0.008 4.3.3 S - - - - - - 

2020-03285 0.03 0.03 4.3.3 S - - - - - - 

2020-03286 0.015 0.015 4.3.3 S - - - - - - 

2020-03287 0.008 0.004 4.3.3 S - - - - - - 

2020-03288 0.008 0.004 4.3.3 S - - - - - - 

2020-03289 0.03 0.03 4.3.3 S - - - - - - 

2020-03290 0.008 0.004 4.3.3 S - - - - - - 

2020-03294 0.008 0.008 4.3.3 S - - - - - - 

2020-03295 0.004 0.004 4.3.3 S - - - - - - 

2020-03297 >0.5 >0.5 4.3.3 R - 1268dupG** - - - - 

2020-03298 0.03 0.015 4.3.2 S - - - - - - 

2020-03299 0.008 0.008 4.3.3 S - - - - - - 

2020-03302 0.015 0.008 4.3.3 S - - - - - - 

2020-03303 0.008 0.008 4.3.3 S - - - - - - 

2020-03304 0.008 0.008 4.3.3 S - - - - - - 

2020-03305 0.004 0.004 4.3.3 S - - - - - - 

2020-03308 0.008 0.008 4.3.3 S - - - - - - 

2020-03309 0.004 0.004 4.3.3 S - - - - - - 

2020-03311 0.03 0.03 4.8 S - - - - - - 

2020-03312 0.004 0.004 2.2 S - - - - - - 

2020-03314 <0.002 <0.002 4.3.4.2 S - - - - - - 
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2020-03315 0.004 0.004 4.3.3 S - - - - - - 

2020-03316 0.03 0.008 4.3.3 S - - - - - - 

2020-03317 0.004 0.004 4.3.3 S - - - - - - 

2020-03319 0.008 0.008 4.8 S - - - - - - 

2020-03321 0.015 0.015 4.3.3 S - - - - - - 

2020-03322 0.004 0.004 4.3.4.1 S - - - - - - 

2020-03323 0.004 0.004 4.3.3 S - - - - - - 

2020-03324 0.015 0.015 4.3.3 S - - - - - - 

2020-03325 0.008 0.008 4.3.3 S - - - - - - 

2020-03326 0.004 0.002 4 S - - - - - - 

2020-03329 0.008 0.004 4.3.3 S - - - - - - 

2020-03330 0.008 0.008 4.3.3 S - - - - - - 

2020-03331 0.004 0.004 4.8 S - - - - - - 

2020-03332 0.008 0.008 4.3.3 S - - - - - - 

2020-03333 0.008 0.004 4.1.1 S - - - - - - 

2020-03335 0.004 0.004 4.3.3 S - - - - - - 

2020-03336 0.008 0.008 4.3.3 S - - - - - - 

2020-03337 0.004 0.004 4 S - - - - - - 

2020-03338 0.004 0.004 4.3.3 S - - - - - - 

2020-03339 0.004 0.004 4.8 S - - - - - - 

2020-03340 0.015 0.015 4.3.2 S - - - - - - 

2020-03342 0.008 0.008 4.3.2 S - - - - - - 

2020-03343 0.008 0.008 2.2.1 S - - - - - - 

2020-03344 0.004 0.004 4.1.1 S - - - - - - 

2020-03349 0.008 0.008 4.3.4.2 S - - - - - - 

2020-03351 0.004 0.004 2.2.1 S - - - - - - 

2020-03352 0.008 0.008 2.2.1 S - - - - - - 

2020-03353 0.004 0.004 4.3.3 S - - - - - - 

2020-03358 0.004 0.004 4.8 S - - - - - - 

2020-03374 0.004 0.004 4.3.3 S - - - - - - 
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2020-03381 0.015 0.015 4.3.3 S - - - - - - 

2020-03430 >0.5 >0.5 4.3.3 R - 
1268dupG 
(0.68)** 

- - - - 

2021-00873 0.03 0.03 4.8 S - - - - - - 

2021-00876 0.008 0.008 2.2.1 S - - - - - - 

2021-00879 0.06 0.06 4.8 S - - - - - - 

2021-00885 0.03 0.03 2.2.1 S - - - - - - 

2021-00887 0.015 0.015 4.3.3 S - - - - - - 

2021-00889 0.015 0.015 2.2.1 S - - - - - - 

2021-00893 0.015 0.015 4.4.1.1 S - - - - - - 

2021-00897 0.015 0.015 2.2.1.1 S - - - - - - 

2021-00899 0.008 0.008 2.2.1.1 S - - - - - - 

2021-00908 0.015 0.015 2.2.1 S - - - - - - 

2021-00915 0.008 0.008 4.4.1.1 S - - - - - - 

2021-00922 0.008 0.008 2.2.1 S - - - - - - 

2021-00925 0.008 0.004 4.1.1.3 S - - - - - - 

2021-00927 0.015 0.015 2.2.1 S - - - - - - 

2021-00932 0.015 0.015 2.2.1 S - - - - - - 

2021-00939 0.015 0.008 4.4.1.1 S - - - - - - 

2021-00942 0.015 0.015 4.3.2.1 S - - - - - - 

2021-00944 >0.5 0.5 2.2.1.1 R - - - - c.-378C>T (1.0)** - 

2021-00945 0.008 0.008 1.2.2.2 S - - - - - - 

2021-01208 0.004 0.004 2.2.1 S - - - - - - 

2021-01240 0.004 0.004 3 S - - - - - - 

2021-01244 0.004 0.004 3 S - - - - - - 

2021-01246 0.004 0.004 3 S - - - - - - 

2021-01248 0.004 0.004 3 S - - - - - - 

2021-01715 0.008 0.008 2.2.1 S - - - - - - 

2021-01725 0.125 0.015 2.2.1 S - - - - - - 

2021-02299 0.03 0.03 4.8 S - - - - - - 
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2021-02318 0.015 0.015 4.3.3 S - - - - - - 

2021-02320 0.015 0.015 4.3.3 S - - - - - - 

2021-02340 0.004 0.004 2.2.1 S - - - - - - 

2022-00049 0.004 0.004 1.2.2.2 S - - - - - - 

2022-00053 0.004 0.004 2.2.1.1 S - - - - - - 

2022-00061 0.004 0.004 2.2.1 S - - - - - - 

2022-00306 0.004 0.004 1.1.2 S - - - - - - 

2022-00322 0.008 0.008 1.1.2 S - - - - - - 

2022-00354 0.008 0.008 1.1.2 S - - - - - - 

2022-00356 0.004 0.004 1.1.2 S - - - - - - 

2022-00564 0.004 0.004 2.2.1 S - - - - - - 

2022-00566 0.015 0.015 2.2.1 S - - - - - - 

2023-00337 0.008 0.008 4.3.3 S - - - - - - 

2023-00347 >0.5 >0.5 4.3.3 R - 598dupG (1.0)** - - - - 

2023-00397 0.008 0.008 2.2.1 S - - - - - - 

2023-00408 >0.5 >0.5 2.2.1 R - - - - 1070dupC (0.79)** - 

2023-00457 0.06 0.008 2.2.1 S - - - - - - 

2023-00575 0.004 0.004 3 S - - - - - - 

2023-00577 0.008 0.004 3 S - - - - - - 

2023-00579 0.008 0.008 3.1.2.1 S - - - - - - 

2023-00581 >0.5 >0.5 3.1.2.1 R - - - - - 113delG (0.9)** 

2023-00595 0.008 0.004 3 S - - - - - - 

2023-00599 0.004 0.004 2.2.1 S - - - - - - 

2023-00607 0.015 0.015 2.2.1 S - - - - - - 

2023-00615 0.004 0.004 1.1.2 S - - - - - - 

2023-00639 0.015 0.015 3.1.2 S - - - - - - 

2023-00732 0.03 0.03 4.3.3 S - - - - - - 

2023-00734 >0.5 >0.5 4.3.3 R - 
1087dupG (0.35); 
1884_1885dupGC 

(0.16)** 
- - - 

Pro63Leu 
(0.46)** 
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2023-00735 0.008 0.008 4.3.3 S - - - - - - 

2023-00737 0.015 0.015 4.3.3 S - - - - - - 

2023-00740 0.008 0.008 4.3.3 S - - - - - - 

2023-00741 0.015 0.008 4.3.3 S - - - - - - 

2023-00744 0.03 0.03 4.3.3 S - - - - - - 

2023-00748 0.008 0.008 2.2.1 S - - - - - - 

2023-00749 0.004 0.004 2.2.1 S - - - - - - 

2023-00750 0.008 0.008 2.2.1 S - - - - - - 

2023-00762 0.015 0.015 2.2.1 S - - - - - - 

2023-00766 0.008 0.008 4.3.3 S - - - - - - 

2023-00767 0.008 0.004 4.3.3 S - - - - - - 

2023-00771 0.008 0.008 4.3.3 S - - - - - - 

2023-00772 0.008 0.008 4.3.3 S - - - - - - 

2023-00773 0.03 0.008 4.3.3 S - - - - - - 

2023-00774 0.008 0.008 4.3.3 S - - - - - - 

2023-00780 0.015 0.008 4.3.3 S - - - - - - 

2023-00781 0.015 0.008 4.3.3 S - - - - - - 

2023-00783 0.008 0.008 4.3.3 S - - - - - - 

2023-00784 0.06 0.03 4.3.3 S - - - - - - 

2023-00789 0.03 0.03 4.8 S - - - - - - 

2023-00791 0.06 0.06 4.8 S - - - - - - 

2023-00813 0.004 0.004 4.3.3 S - - - - - - 

2023-01162 >0.5 >0.5 4.3.3 R - - - - - 
Pro63Leu 
(0.97)** 

2023-01181 0.03 0.015 4.3.3 S - - - - - - 

2023-01366 0.008 0.004 4.9 S - - - - - - 

2023-01366 <=0.002 <=0.002 4.9 S - - - - - - 

2023-01366 0.008 0.008 4.9 S - - - - - - 

2023-01372 >0.5 >0.5 2.2.1 R - - - - - 311delA (1.0)** 

2023-01375 0.004 0.004 3.1.2 S - - - - - - 
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2023-01383 0.004 0.004 3.1.2 S - - - - - - 

2023-01604 0.004 0.004 2.2.1 S - - - - - - 

2023-01608 0.03 0.03 2.2.1 S - - - - - - 

2023-01615 0.004 0.004 2.2.1 S - - - - - - 

2023-01688 0.03 0.03 2.2.1 S - - - - - - 

2023-01720 0.015 0.015 2.2.1 S - - - - - - 

2023-01981 0.004 0.004 3.1.2.1 S - - - - - - 

2023-01983 <=0.002 <=0.002 3 S - - - - - - 

2023-02138 0.03 0.015 4.3.2.1 S - - - - - - 

2023-02138 0.008 0.008 4.3.2.1 S - - - - - - 

2023-02167 0.008 0.008 4.3.4.2.1 S - - - - - - 

2023-02171 0.03 0.03 2.2.1 S - - - - - - 

2023-02198 0.06 0.015 2.2.1 S - - - - - - 
 

Table 7.S4: Isolates used for validation of delamanid MIC testing using BMD 

**These mutations amplified while patients were receiving treatment regimens containing delamanid, thus considered as associated with delamanid resistance. 
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Abstract 

Background 

The current WHO-endorsed 96-well-plate-based broth microdilution testing (BMD) for minimum inhibitory 

concentration (MIC) testing of Mycobacterium tuberculosis complex (MTBc) relies on inoculum prepared from 

a solid-medium culture, which requires long incubation, limiting its use in clinical settings. We aimed to 

develop a protocol for BMD-MIC testing from freshly positive, actively growing MGIT cultures.  

 

Method 

Bacterial suspensions were prepared by resuspending well-dispersed pellets obtained by centrifuging the 

contents of purity-confirmed, 3-5 days old positive MGIT cultures in sterile distilled water (SDW). The bacterial 

suspensions with optical density (OD) ≤McF 0.5, were diluted 1:100 in supplemented 7H9 broth to be used as 

the inoculum for BMD-MIC testing while those with OD >McF0.5 were diluted in SDW to obtain an OD of McF 

0.5 before diluting 1:100 in 7H9. MICs obtained for moxifloxacin, levofloxacin, clofazimine, bedaquiline, 

linezolid, and delamanid using an MGIT inoculum were compared to the MICs obtained using a solid medium 

inoculum. 

 

Results  

We tested 19 MTBc isolates, yielding 114 MICs: 13/19 MGIT inocula achieved an OD of McF 0.45-0.55, the OD 

of the remaining six ranged between McF0.26-0.40. Of the 19 MGIT inocula, only eight yielded CFU counts 

within the acceptable range of 5 x 104 - 5 x 105. However, irrespective of the optical densities/CFU counts, all 

19 inocula yielded interpretable MICs for all drugs tested. Among the 114 BMD-MGIT MIC values, 107 (94%) 

showed a maximum +/- 1 dilution difference from BMD-LJ MIC values, with five (4%) of them shifting from 

resistant to susceptible or vice versa. Of the remaining seven isolates, 6 exhibited a +/- two-fold change in 

MICs between the two techniques, with one causing a shift in susceptibility pattern. For all drugs except 

clofazimine and linezolid, BMD-MGIT MICs were systematically higher than that of BMD-LJ, however the 

majority had only one dilution increase. The average turnaround time (TAT) from MGIT culture inoculation to 

BMD-MGIT MIC results were 26 days, roughly half of the 50 days TAT of BMD-LJ method starting from LJ 

cultures.  

 

Conclusion 

Our results suggest that standardized MGIT inocula yield comparable BMD-MICs to that of solid medium 

inoculum while reducing the turn-around time by half. 

Broth microdilution plate-based minimal inhibitory concentration testing using MGIT-
positive cultures 
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8.1 Introduction 
 

In 2022, the World Health Organization (WHO) endorsed 96-well plate-based broth 

microdilution testing (BMD) to test the minimum inhibitory concentrations (MIC) of the 

Mycobacterium tuberculosis complex (MTBc), which could serve as an alternative to 

conventional phenotypic drug-susceptibility testing (pDST) assays such as the agar proportion 

method and the Mycobacterial Growth Indicator Tube (MGIT) system (1). The main advantage 

of BMD-MIC testing is that it enables all-in-one antibiotic panel testing and provides 

quantitative (MICs) rather than binary test results, which can be particularly important in the 

accurate detection of low-level resistance and defining breakpoints to new anti-TB drugs (1).  

So far, the BMD method relies on the MTBc inoculum prepared from a solid culture, which 

requires long incubation, limiting its use for clinical purpose.  This study aims to develop a 

protocol for reliable MIC testing from freshly positive, actively growing MGIT cultures. 

 

8.2 Method 

 

8.2.1 Sample selection 
 

Stored (-20°C) sputum sediments from isolates that had valid BMD-MIC results using the solid-

culture-based approach were re-inoculated in MGIT medium supplemented with OADC (Oleic 

acid, Albumin, Dextrose, Catalase) and PANTA (Polymyxin B, Amphotericin B, Nalidixic Acid, 

Trimethoprim, Azlocillin) to obtain a new positive MGIT culture that could be utilized to create 

a standard inoculum for BMD from MGIT, after check of purity on blood agar and presence of 

acid-fast bacilli by microscopic examination. 

 

8.2.2 Inoculum preparation and inoculation of plates 
 

The entire content of a purity confirmed positive MGIT culture not older than 3-5 days since 

flagged positive by the MGIT machine, was transferred into a sterile 50 ml falcon tube, and 

centrifuged for 20 minutes at 3500 g and 4 °C. After letting the tube stand for 5 minutes to 

settle aerosols, the supernatant was carefully discarded without disturbing the pellet. About 2-

3 drops of sterile distilled water (SDW) and 5-10 sterile glass beads (diameter 2 mm) were added 
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1 2 3 4 5 6 7 8 9 10 11 12

A
H20 H20 H20 H20 H20 H20 H20 H20 H20 H20 H20

B

H20
BDQ

2,0

BDQ

1,0

BDQ

0,5

BDQ

0,25

BDQ

0,125

BDQ

0,06

BDQ

0,03

BDQ

0,015

BDQ

0,008
GC 100%

DMSO

NC

DMSO

C

H20
LNZ

8,0

LNZ

4,0

LNZ

2,0

LNZ

1,0

LNZ

0,5

LNZ

0,25

LNZ

0,125

LNZ

0,06

LNZ

0,03
GC 1%

DMSO

NC

DMSO

D

H20
DLM

0,5

DLM

0,25

DLM

0,125

DLM

0,06

DLM

0,03

DLM

0,015

DLM

0,008

DLM

0,004
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0,002
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E
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4,0
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2,0

CFZ

1,0
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0,5

CFZ
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0,125
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F
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MFX

1,0

MFX

0,5

MFX

0,25
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0,125

MFX
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to the tube containing the pellet, which was then firmly closed and vortexed vigorously for one 

minute, paying attention to the beads rolling down the glass tube's wall, until the clumps were 

well dispersed. After allowing the closed tube to stand for 5 minutes to settle aerosols, 1 ml of 

SDW was added, the tube was tightly closed, and vigorously vortexed for 15 seconds until the 

tube’s content was homogenized. After letting the closed tube stand for 30 minutes for the 

clumps to settle, the supernatant was transferred into a new sterile glass tube. Using the 

densitometer (Grant Instruments, United Kingdom), the optical density of the supernatant was 

adjusted to MacFarland standard (McF) 0.5 using SDW, and then further diluted 1:100 in 7H9-

S broth (7H9 broth + 10% OADC + 0.5% glycerol + 0.1% casitone) to prepare a 10-2 of the McF 

0.5 bacterial suspension.  

Using sterile filter tips, the drug-containing wells and the 100% growth controls (B11, D11, and 

F11, Figure 8.1), were inoculated with 100 µl of the 10-2 of McF 0.5 bacterial suspension. The 

10-2 McF bacterial suspension was further diluted 1:100 using 7H9-S broth to prepare the 10-4 

McF bacterial suspension, which was used to inoculate the 1% growth controls (C11, E11, and 

G11, Figure 8.1). Even if the optical density of the undiluted supernatant was less than McF 0.5, 

it was processed in the same way as a McF 0.5 inoculum and inoculated in the BMD plate. After 

inoculation, the plates were incubated at 36°C (±2°C) for a maximum of 21 days.  

 

 

 

 

 

 

 

 

 

Figure 8.1: Plate layout, drugs and the serial dilutions tested.  

GC = growth control, NC = negative control, BDQ= bedaquiline, LNZ = linezolid, DLM = delamanid, CFZ = 

clofazimine, MFX = moxifloxacin, LFX = levofloxacin, TW=Tween 20 
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8.2.3 Reading and interpretation of the MICs 
 

The plates were read by visual inspection using an inverted mirror to detect positive and 

negative growth in the wells. Systematic reading was done on day 7 and day 14 of incubation. 

If there was still no growth of the GC1% on day 14, the incubation was extended to a maximum 

of 21 days. As soon as the GC100% and the GC1% were positive, or when at least 2 of 3GC1% 

positive controls of the same strain were positive, the MICclassic values were interpreted.  

When we observed a single skipped well or a single well with pinpoint growth bordered by wells 

with clear growth, MICs were interpreted disregarding the single skipped/pinpoint well. When 

multiple skipped wells or wells with pinpoint growth bordered by wells with growth were 

observed, MICs were considered invalid, and the test was repeated. 

Readers were blinded to the previously obtained MIC results by solid-medium-based BMD. 

 

8.2.4 Quantification of the inoculum 
 

 

 

 

 

Ten microliters of the 10-2, 10-3 and 10-4 inoculum dilutions from were plated on Middlebrook 

7H11 agar in triplicate. Colony forming units (CFU) counts were enumerated after four, six, and 

eight weeks of incubation at 36°C ± 2°C. The targeted CFU count for the 10-2 of the McF 0.5 

suspension was 1x105 CFU/ml, with an acceptable range of 5x104 to 5x105 CFU/ml. 

 

 

8.2.5 Comparison of the MIC results 
 

BMD-MICs obtained from the previously obtained standard solid-culture-based method (BMD-

LJ) were compared with those obtained from the inocula prepared using MGIT cultures (BMD-

MGIT). When available, MGIT-DST results and direct genotypic DST results by 

deeplex/GeneXpert XDR for the drugs under evaluation were also compared with the MICs 

obtained from the two methods. MICs with a maximum +/- 1 dilution difference between the 

two methods were deemed acceptable (3). 
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8.3 Results 
 

So far, we have tested 19 MTBc isolates by BMD-MGIT method, yielding 114 MICs across six 

different drugs. Most (13/19, 68%) MGIT-based inocula achieved an optical density within the 

acceptable range of McF 0.45-0.55, while the remaining six had optical densities ranging from 

McF 0.26 to 0.40. There was no clear correlation between the growth units (GU) in the MGIT 

culture and the optical density of the inoculum. For example, sample S16 had the highest GUs 

but the lowest optical density, whereas S1, S4 and S8 had lower GUs but reached the desired 

optical density. There was also no clear correlation between the smear grade of the sediments 

and the time to positivity (TTP) of the MGIT cultures or the growth units at TTP (Table 8.1).  

Of the 19 MGIT-based inocula, only eight yielded CFU counts within the acceptable range of 5 

x 104 - 5 x 105 CFU/ml. However, irrespective of the optical densities/CFU counts, all 19 inocula 

yielded interpretable MICs for all drugs tested. Only one isolate (S7, Table 8.1) had both 

GC100% and GC1% positive after one week by both LJ- and MGIT-BMD, whereas the remaining 

18 had interpretable growth in the GCs only after 14 days by both methods. The TTP of the 

primary culture was 10 days in MGIT and 34 days on LJ. Including the two additional days 

required for purity confirmation of the MGIT cultures, the average turnaround time (TAT) from 

MGIT culture inoculation to BMD-MGIT MIC results were 26 days, roughly half of the 50 days 

TAT of BMD-LJ method starting from LJ cultures (Table 8.1).  

 

Among the 114 BMD-MGIT MIC values, 107 (94%) showed a maximum +/- 1 dilution difference 

from BMD-LJ MIC values, with five (4%) of them shifting from resistant to susceptible or vice 

versa. Of the remaining seven isolates, 6 exhibited a +/- two-fold change in MICs between the 

two techniques, with one causing a shift in susceptibility pattern. Among these six, three 

isolates' MGIT-based inoculums could not achieve the necessary OD; yet, in all three cases, MICs 

by BMD-MGIT were greater than MICs by BMD-LJ, indicating that the OD had little effect on the 

MIC. One isolate (S17), whose MGIT-based inoculum did not reach the desired OD, exhibited a 

three-fold change in the delamanid MIC compared to the MIC from BMD-LJ method, but no 

alteration in susceptibility pattern occurred. 
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ID 
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GU 
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D
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/
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D
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M
FX

 

LFX
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D

Q
 

LN
Z 

D
LM

 

C
FZ 

LFX
 

B
D

Q
 

LN
Z 

D
LM

 

C
FZ 

LFX
 

B
D

Q
 

LN
Z 

S1 87 5 0.5 invalid 0.5 0.25 0.5 0.25 0.5 0.015 21 26 0.25 0.125 0.25 0.06 0.5 0.008 41 S S S S S NA NA NA NA 

S2 420 10 0.5 1.2E+4 0.25 0.125 0.25 0.03 0.25 0.008 26 20 0.25 0.25 0.25 0.06 0.5 0.004 35 S S S S S NA S* NA NA 

S3 243 4 0.5 1.5E+4 1.0 2.0 2.0 0.25 0.5 0.015 20 41 0.5 1.0 1.0 0.125 0.5 0.004 56 S R S S S NA S* NA NA 

S4 81 9 0.45 5.0E+4 0.125 0.25 0.25 0.03 0.5 0.004 25 41 0.5 0.125 0.125 0.03 0.5 0.008 56 S S S S S NA S* NA NA 

S5 148 11 0.54 2.0E+3 1.0 0.25 0.5 0.25 0.5 0.008 27 47 1.0 0.125 0.25 0.125 0.5 0.004 62 R S R S S NA S* NA NA 

S6 406 12 0.38 1.0E+4 0.25 0.25 0.5 0.125 0.5 0.004 28 36 0.25 0.125 0.25 0.06 0.5 0.002 51 S S S S S NA S* NA NA 

S7 559 8 0.53 2.5E+5 0.25 1.0 2.0 0.06 0.5 0.004 17 15 0.25 1.0 2.0 0.03 0.5 0.004 22 S R S S S S R S S 

S8 80 10 0.5 invalid 2.0 0.25 0.5 1.0 0.5 0.008 26 32 2.0 0.125 0.25 0.5 1.0 0.008 47 S S S S S NA S* NA NA 

S9 120 12 0.4 8E+4 0.25 2.0 4.0 0.06 0.5 0.008 28 36 0.125 2.0 4.0 0.015 0.5 0.004 51 S R S S S S R S S 

S10 230 17 0.55 1.0E+4 0.125 0.125 0.25 0.03 0.5 0.015 29 28 0.25 0.125 0.25 0.03 0.5 0.008 43 S S S S S NA S* NA NA 

S11 324 11 0.55 4.6E+4 0.5 0.125 0.25 0.125 0.5 0.008 27 26 1.0 0.06 0.125 0.5 0.5 0.008 41 S S S S S NA S* NA NA 

S12 198 11 0.47 2.5E+4 0.25 0.125 0.5 0.125 0.5 0.004 27 56 0.125 0.06 0.25 0.03 0.25 0.004 71 S S S S S NA NA NA NA 

S13 2587 14 0.53 5.0E+4 1.0 2.0 8.0 0.5 0.5 0.015 30 28 0.5 2.0 4.0 0.5 0.5 0.008 43 R R R S S R R R S 

S14 106 12 0.43 invalid 0.125 0.06 0.125 0.06 0.25 0.008 28 43 0,25 0,25 0.25 0.015 0,5 0,008 58 S S S S S S S S S 

S15 151 10 0.55 1.1E+5 0.25 0.125 0.25 0.125 0.5 0.008 26 43 0,25 0,25 0,5 0,06 1.0 0,008 58 S S S S S NA S* NA NA 

S16 3885 7 0.26 5.5E+3 0.25 0.25 0.5 0.03 0.5 0.008 23 43 0,5 0,5 1.0 0,03 0,5 0,008 58 S S S S S S S S S 

S17 286 16 0.3 2.5E+2 0.125 0.25 0.25 0.25 1.0 0.03 32 28 0.25 0.125 0.25 0.125 2.0 0.004 43 S R S S R NA S* NA NA 

S18 85 9 0.36 5.0E+4 0.125 0.125 0.25 0.125 1.0 0.008 25 27 0.25 0.125 0.25 0.06 0.5 0.008 42 S S S S S NA S* NA NA 

S19 1722 4 0.52 1.2E+5 0.25 0.25 0.125 0.03 0.5 0.008 20 49 0.25 0.125 0.25 0.06 0.5 0.008 64 S S S S S NA S* NA NA 

Average  10         26 35       50          

Table 8.1: Inoculum, MIC and DST data of the 19 isolates used.  

GU = Growth Units, OD= Optical density, TTP = Time to Positivity in days, CFU = Colony forming units, NA = Not available, Invalid = no growth observed in any of the CFU counting plates,  
*Fluoroquinolone resistance data by GeneXpert XDR. MIC values discordant with the MGIT DST results are highlighted in red.                                                                                                                                                                                                                                                                           
Cut off values used in BMD → clofazimine (CFZ) = 0.5 µg/ml, moxifloxacin (MFX) = O.25 µg/ml, levofloxacin (LFX) = 1.0 µg/ml, Bedaquiline (BDQ) = 0.25 µg/ml, Linezolid (LZD) = 1.0 µg/ml, 
Delamanid (DLM) = 0.125 µg/ml.  Cut off values used in MGIT → CFZ = 1.0 µg/ml, MFX = O.25 µg/ml, LFX = 1.0 µg/ml, BDQ = 0.25 µg/ml, LZD = 1.0 µg/ml, DLM = 0.6 µg/ml 
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Below we discuss the MIC results by both methods per drug. 

8.3.1 Clofazimine  
 

Seven isolates had the same clofazimine-MIC by both methods, 11 isolates had a +/- one dilution 

difference and one isolate (S4) had a +/- two dilution difference between the two methods. Five 

of these 12 isolates exhibiting a MIC difference between the two methods had higher MICs using 

BMD-MGIT, whereas seven had higher MICs using BMD-LJ (Figure 8.2). 

Two isolates, S3 and S13, switched from clofazimine-susceptible to clofazimine-resistant by the 

BMD-MGIT method; S13 was clofazimine-resistant also by MGIT DST and deeplex MTB assay on 

the sputum sediment favoring the BMD-MGIT method. S11 switched from clofazimine-resistant 

to clofazimine-susceptible by BMD-MGIT. For S8, MICs from both BMD methods indicated 

clofazimine resistance, while MGIT DST was susceptible (Figure 8.2).  

 

 

 

 

 

 

 

 

 

Figure 8.2: Clofazimine MICs by the two different methods 

S = Susceptible, R = Resistant, NA = Not available, Cfz = Clofazimine; DST = drug-susceptibility testing, CFU = colony 

forming units, OD = optical density, MGIT = Mycobacteria Growth Indicator tube, LJ = Löwenstein-Jensen, MIC = 

minimal inhibitory concentration. 

ODs and CFU counts below the desired range are depicted in red text. 
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8.3.2 Moxifloxacin  

 

Six isolates had the same moxifloxacin-MIC using both methods, 12 isolates had a maximum +/- 

one dilution difference, and one isolate (S14) had a +/- two dilution difference between the two 

methods. Ten of the 13 isolates with a MIC difference between the two methods had higher 

MICs using BMD-MGIT, whereas just three had higher MICs using BMD-LJ, possibly indicating a 

systematic increase in MICs by the BMD-MGIT approach (Figure 8.3). 

One isolate S16, switched from moxifloxacin-susceptible to moxifloxacin-resistant by BMD-

MGIT method. This isolate was levofloxacin susceptible by MGIT DST and no moxifloxacin DST 

results were available. GeneXpert XDR performed on the respective processed sputum sediment 

showed no fluoroquinolone resistance (Figure 8.3), favoring the BMD-LJ MIC. 

 

Figure 8.3: Moxifloxacin MICs by the two different methods 

S = Susceptible, R = Resistant, NA = Not available, Cfz = Clofazimine; DST = drug-susceptibility testing, CFU = colony 

forming units, OD = optical density, MGIT = Mycobacteria Growth Indicator tube, LJ = Löwenstein-Jensen, MIC = 

minimal inhibitory concentration. 

ODs and CFU counts below the desired range are depicted in red text. 

*FQ susceptibility data from GeneXpert XDR on sputum sediment 
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8.3.3 Levofloxacin 
 

Seven isolates had the same levofloxacin-MIC using both methods, 11 isolates had a maximum 

+/- one dilution difference, and one isolate (S19) had a +/- two dilution difference between the 

two methods. Ten of the 12 isolates with a MIC difference between the two methods had higher 

MICs using BMD-MGIT, whereas only two had higher MICs using BMD-LJ, suggesting a 

systematic increase in MICs by the BMD-MGIT approach. (Figure 8.4). 

S3 switched from levofloxacin-susceptible to levofloxacin-resistant when the MGIT inoculum 

was used: this isolate was also levofloxacin resistant by MGIT DST and Xpert XDR on the sputum 

sediment indicated fluoroquinolone resistance (Figure 8.4), favoring the BMD-MGIT-MIC. 

 

Figure 8.4: Levofloxacin MICs by the two different methods 

S = Susceptible, R = Resistant, NA = Not available, Cfz = Clofazimine; DST = drug-susceptibility testing, CFU = colony 

forming units, OD = optical density, MGIT = Mycobacteria Growth Indicator tube, LJ = Löwenstein-Jensen, MIC = 

minimal inhibitory concentration. 

ODs and CFU counts below the desired range are depicted in red text. 

*FQ susceptibility data from GeneXpert XDR on sputum sediment 
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8.3.4 Bedaquiline 
 

Four isolates had the same bedaquiline-MIC using both methods, 10 isolates had a maximum 

+/- one dilution difference, and five isolates had a +/- two dilution difference between the two 

methods. Twelve of the 15 isolates with a MIC difference between the two methods had higher 

MICs using BMD-MGIT, whereas only three had higher MICs using BMD-LJ, suggesting a 

systematic increase in MICs by the BMD-MGIT approach. (Figure 8.5).  

For S1, S9, S12, and S15, MICs with the MGIT-inoculum were two dilutions higher than LJ-based 

MICs. S11, which was bedaquiline-resistant using the BMD-LJ method, exhibited a two-fold drop 

in MIC utilizing the BMD-MGIT method, making it bedaquiline-susceptible. This isolate was 

bedaquiline-susceptible by MGIT DST, favoring the BMD-MGIT MIC. 

S5 had bedaquiline MICs on/below the cut-off by both BMD methods, but this isolate was 

bedaquiline-resistant by MGIT DST, and S8 had MICs above the cut-off by both BMD methods 

but was bedaquiline-susceptible by MGIT DST (Figure 8.5). 

 

Figure 8.5: Bedaquiline MICs by the two different methods 

S = Susceptible, R = Resistant, NA = Not available, Cfz = Clofazimine; DST = drug-susceptibility testing, CFU = colony 

forming units, OD = optical density, MGIT = Mycobacteria Growth Indicator tube, LJ = Löwenstein-Jensen, MIC = 

minimal inhibitory concentration. 

ODs and CFU counts below the desired range are depicted in red text. 
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8.3.5 Linezolid 
 

Twelve isolates had the same linezolid-MIC using both methods, and seven isolates had a +/- 

one dilution difference. Four of the seven isolates with a MIC difference between the two 

techniques had higher MICs using BMD-LJ, whereas three had higher MICs using BMD-MGIT 

(Figure 8.6).  

S17, switched from linezolid-resistant to linezolid-susceptible by the BMD-MGIT method; this 

isolate was linezolid-susceptible also by MGIT DST favoring the BMD-MGIT MIC. 

 

Figure 8.6: Linezolid MICs by the two different methods 

S = Susceptible, R = Resistant, NA = Not available, Cfz = Clofazimine; DST = drug-susceptibility testing, CFU = colony 

forming units, OD = optical density, MGIT = Mycobacteria Growth Indicator tube, LJ = Löwenstein-Jensen, MIC = 

minimal inhibitory concentration. 

ODs and CFU counts below the desired range are depicted in red text. 
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8.3.6 Delamanid 
 

Nine isolates had the same delamanid-MIC using both methods; eight isolates had a maximum 

+/- one dilution difference; one isolate (S3) had a +/- two dilution difference; and one isolate 

(S17) had a +/- three dilution difference between the two methods. Seven of the 10 isolates with 

a MIC difference between the two methods had higher MICs using BMD-MGIT, whereas only 

three had higher MICs using BMD-LJ, suggesting a systematic increase in MICs by the BMD-MGIT 

approach. (Figure 8.7).  

S17, which had a three dilution increase in the MICs by BD-MGIT method, was delamanid-

resistant by MGIT DST. 

 

Figure 8.7: Delamanid MICs by the two different methods 

S = Susceptible, R = Resistant, NA = Not available, Cfz = Clofazimine; DST = drug-susceptibility testing, CFU = colony 

forming units, OD = optical density, MGIT = Mycobacteria Growth Indicator tube, LJ = Löwenstein-Jensen, MIC = 

minimal inhibitory concentration. 

ODs and CFU counts below the desired range are depicted in red text. 

 

 

 

 

 

 

 

 

MIC - DLM (µg/ml)

0.125- Cut-off

0.06-

0.03- n

0.016- n n n n

0.008- n n n n nn n n nn n nn nn nn nn nn

0.004- n n n n n nn n nn n

0.002- n

Sample ID S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 S17 S18 S19

OD - BMD-MGIT 

inoculum (McF)
0.5 0.5 0.5 0.45 0.54 0.38 0.53 0.5 0.4 0.55 0.55 0.47 0.53 0.43 0.55 0.26 0.3 0.36 0.52

CFU count - BMD-

MGIT inoculum

CFU/ml In
va

lid

6x
10

3

5x
10

3

5x
10

4

1.
2x

10
4

1x
10

4

2.
4x

 1
0

5

In
va

lid

8x
10

4

1x
10

4

5x
10

4

1.
6x

10
4

5x
10

4

In
va

lid

1.
2x

 1
0

5

5x
10

3

1.
2x

 1
0

2

5 
x 

10
4

1.
2 

x 
10

5

MGIT DST - DLM S S S S S S S S S S S S S S S S R S S

n BMD-LJ n BMD-MGIT



212 
 

8.4 Discussion  
 

Our results suggest that standardized MGIT inocula yield comparable BMD-MICs to that of solid 

medium inoculum while reducing the turn-around time nearly by half where MGIT is used for 

primary MTBc isolation.  

We used a densitometer to measure the OD of the inocula, reducing potential bias introduced 

by subjective visual assessments of turbidity. Although the optical density of four inocula did not 

meet the desired optical density range of McF 0.45 - 0.55, the growth controls of the BMDs 

inoculated from these inocula exhibited interpretable growth after 14 days of incubation, similar 

to those that attained the desired OD. Furthermore, we did not observe inocula with lower OD 

yielding systematically lower or higher MICs. However, the sample size included in this study 

thus far does not allow an accurate analysis of the impact of the optical density on the MICs. In 

addition, the densitometer required at least one milliliter of the inoculum to be introduced into 

the cuvette; consequently, regardless of the size of the pellet obtained by centrifugation of the 

MGIT culture, all were dissolved in 1 ml of SDW, most likely excessively diluting the smaller 

pellets. In the future, options for measuring the OD with lower inoculum volumes should be 

explored. 

We found that the CFU count on Middlebrook 7H11 did not always correspond well with an 

inoculum's OD or capacity to yield an interpretable MIC. In particular, three inocula with ODs ≥ 

McF 0.5 and did not develop on the CFU plates; yet had interpretable MICs by BMD-MGIT. We 

did not investigate the probable root reasons for these discrepancies.  

For all drugs except clofazimine and linezolid, we observed a systematic increase in the MICs by 

the BMD-MGIT method, however, in most cases, this increase was restricted to one dilution, 

thus within the acceptable range of technical variation.  

Given the intrinsic variance of BMD, and the accepted variability of one dilution difference on 

repeat testing, the MICs around the cut-offs may shift from resistant to susceptible or 

susceptible to resistant, which affected six isolates.  

We used retrospective BMD-LJ data in this comparison, hence no CFU counting was done on the 

inocula prepared using LJ cultures. However, during the validation of the densitometer in our 
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laboratory, CFU counting was performed for inocula prepared using LJ cultures, and the same 

inconsistencies between the OD and CFU count as with MGIT-based inocula were observed. 

While this preliminary data shows that inocula prepared using MGIT cultures can yield 

comparable MIC results to that prepared from solid cultures, more testing is required to 

conclude on its accuracy (including repeatability and reproducibility) and applicability in a 

routine diagnostic context. 
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CHAPTER 9 

 

 

General Discussion 
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The gap in tuberculosis (TB) diagnostics has been a persistent challenge, spanning decades of 

efforts to improve the detection of Mycobacterium tuberculosis complex (MTBc) and its drug 

resistance (1). Roll-out of new drugs without availability of accurate DST both for patient care 

and surveillance risks repeating errors of the past, and rapidly losing these drugs to resistance 

when patients are ‘blindly’ treated with already compromised regimens. Expanding research 

efforts to understand the current gaps in phenotypic drug-susceptibility testing (pDST) in MTBc 

is crucial for gaining a more comprehensive understanding of the drug-resistance landscape and 

improving patient-centered TB management strategies. 

During my PhD research, we investigated the factors impeding the fast and accurate detection 

of phenotypic drug resistance, and whether the broth microdilution-based minimum inhibitory 

concentration (MIC) testing, recently endorsed by the World Health Organization (WHO), 

provides advantages relative to traditional pDST.  

 

Effect of culture medium on the pDSTs 

The most complex treatment decisions pertain to patients who are infected with rifampicin-

resistant tuberculosis (RR-TB) strains with additional resistance to novel anti-TB drugs. Such 

strains have mutations in the rpoB gene, which encodes the beta subunit of RNA polymerase in 

MTBc, causing varying degrees of in vitro growth defects. Since pDST methods measure growth 

inhibition in drug-containing media, such mutations can lead to higher proportions of failed 

pDSTs due to insufficient growth on the growth controls (GCs) or result in false susceptibility in 

case sufficient growth in GCs supports a valid result but the lower fitness of the mutant strains 

requires longer incubation to grow in the presence of rifampicin. This may be the case for rpoB 

borderline mutations (16). To date, there is no single standard medium universally accepted to 

assess MTBc’s susceptibility to all anti-TB drugs, particularly for fastidious MTBc strains. The 

choice of culture media for DST can vary depending on factors such as drug to be assessed, 

laboratory infrastructure, available resources, and local preferences. In Chapter 3, we compared 

two commonly used solid media Middlebrook 7H11 and Middlebrook 7H10 agar. Our results 

suggest 7H11 being better at reducing the occurrence of invalid results and improving the turn-

around time (TAT), particularly in drug-resistant (DR) MTBc. The major difference between these 

two media is that 7H11 contains an additional nutritional supplement, casein hydrolysate, which 
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is known to provide essential nutrients and growth factors that support bacterial growth. Even 

though 7H11 improved pDST outcomes compared to 7H10, indirect pDSTs on solid medium still 

takes longer than in liquid media. Liquid media such as MGIT are known to promote faster 

growth in MTBc, however, they are also known to cause false susceptible DST results in 

fastidious MTBc, particularly borderline rpoB mutants (2-4). Although several growth promoters 

such as nutrient broth, vitamin B12, pyruvate, zinc etc. and resuscitation factors such as 

antimicrobial peptides have been shown in multiple studies to enhance MTBc recovery in liquid 

medium from clinical specimens, their potential to improve pDST has not yet received as much 

attention (5, 6, 17, 18).   

 

Review of critical concentrations (CC) for fluoroquinolones and rifampicin 

The CCs have undergone several revisions since the WHO initially introduced them in the 1960s, 

incorporating data on clinical outcomes, PK/PD, and wildtype distribution where available. 

However, as such data is still relatively rare for the majority of anti-TB drugs, the current CCs 

may not always correctly reflect the epidemiological cut-off (ECOFF)(7, 8). In addition, due to 

the lack of standardization across different pDST methods, the technical variations between 

different laboratories further complicate comparing data from different laboratories (9). In 

Chapters 4 and 5 we evaluated the current CCs recommended by the WHO for fluoroquinolones 

and rifampicin. Our results from Chapter 4 suggest that for fluoroquinolones, there is an overlap 

between the gyrA/B wildtypes and low-level fluoroquinolone resistance-conferring mutations. 

Our findings emphasize the need of quantitative DST rather than binary classification as resistant 

or susceptible using a single CC and use of an area of technical uncertainty (ATU) as introduced 

by the European Committee on Antimicrobial Susceptibility Testing (EUCAST) (12).  

Recognizing that the MGIT 960 system misclassifies rifampicin resistance conferred by 

borderline rpoB mutations, the WHO reduced the CC from 1.0 to 0.5 in MGIT in 2022, 

anticipating a 21% decrease in misclassifying such mutations (15); however, our results in 

Chapter 5 show that, despite this reduction, the vast majority of borderline rpoB mutations are 

still misclassified as susceptible in MGIT. Our study included only a limited number of isolates 

from just two distinct geographical locations and did not include MIC or replicate testing.  
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Torrea et.al (19) have shown that extending the incubation period beyond the standard 

maximum of 13 days increased the sensitivity for borderline rpoB mutations significantly, from 

5.7% using the standard procedure at 1 µg/ml with the pre-set incubation time, to 68.6% using 

1µg/ml at 21 days, and to 65.7% using 0.5µg/ml at 15 days. However, extending the incubation 

time of the MGIT DSTs should be further evaluated on a larger rpoB wildtype sample to 

determine the risk of generating false-resistant results. Additionally, extended incubation 

requires the TBeXIST software module, which requires manual interpretation of the DST data. 

Therefore, our data support the recommendation that genotypic DST should overrule MGIT DST 

for rifampicin, and MGIT should not be used for confirmation of genotypically determined 

rifampicin resistance despite the updated CC. 

 

Effect of MTBc genetic diversity on the CCs 

Increasing evidence on the impact of genetic diversity in MTBc on the in-vitro susceptibility of 

different drugs has not yet been widely integrated into the CCs (10, 11). The existing knowledge 

on in-vitro susceptibility to the majority of anti-TB drugs has been largely based on globally 

dominant lineages 2 and 4. In Chapter 6 we demonstrated that MTBc lineage 1  (L1) has 

intrinsically higher and MTBc lineage 6 (L6) has intrinsically lower MICs to the novel anti-TB drug, 

pretomanid, underscoring the need to expand research to gain a more complete understanding 

of the drug resistance landscape and identify lineage-specific variations in susceptibility to key 

drugs used for DR-TB treatment, and to develop effective TB control and treatment strategies 

tailored to the local epidemiological context.  

In 2024, the WHO recommended two cut-off values for pretomanid in MGIT medium, 0.5 and 

2.0 µg/ml. If no growth is observed at 0.5 µg/ml, the strain is considered pretomanid-

susceptible. If growth is observed at 0.5 µg/ml but not at 2.0 µg/ml, the strain is considered 

pretomanid-susceptible, with a comment on uncertainty. Any strain with growth at 2.0 µg/ml is 

considered pretomanid-resistant (14). With this categorization, a subset of MTBc lineage 1 

strains will be identified as phenotypically susceptible. The accuracy of these cut-offs should be 

carefully monitored (more details in Chapter 10). 
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Broth microdilution-based MIC testing as an alternative to CC-based pDST 

 

We assessed the recently approved BMD approach by the WHO in Chapter 7. This method may 

be a substitute for some problems associated with CCs; nevertheless, its implementation in low- 

and middle-income settings is still complex (12) as manual dispensing of the drugs to the wells, 

normalization of DMSO across the wells containing drugs dissolved in DMSO and manual 

interpretation of the results are labor intensive. Thus, cost-effective automation is required to 

make this approach more field friendly. 

While the BMD method could serve as an alternative to the CC-based pDST, certain issues may 

not be fully resolved by this method either. We observed overlapping wild-type and mutant MIC 

distributions for both moxifloxacin and levofloxacin. The overlap may theoretically be reduced 

by evaluating additional intermediate drug concentrations, although two-fold dilutions are 

usually examined in MIC testing. Future WHO recommendations should include ATU (12), along 

with a warning that MICs falling within the ATU should be interpreted carefully, as such isolates 

may not be classified as resistant or susceptible based on a single MIC result. 

In addition, more standardized guidance should be provided particularly for the interpretation 

of pinpoint colonies that are substantially smaller than the growth observed in the 1% growth 

control.  

In Chapter 8, we assessed the feasibility of using freshly positive actively growing MGIT cultures 

to yield accurate MIC results for fluoroquinolones, new and repurposed anti-TB drugs using the 

BMD method. Since BMD offers semi-quantitative DST results with the same turnaround time 

as the commercial, more expensive MGIT DST, it could serve as an alternative to MGIT-DST, 

providing a quantitative result. While our data in Chapter 7 shows promising results, to 

conclude, further testing including all key anti-TB drugs and testing in multiple laboratories is 

required. 
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CHAPTER 10 

 

 

Future Research 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



224 
 

10.1 Implementation and clinical application of MIC testing for MTBc at the supranational 

and national reference laboratory level 

 

During this PhD research work, we have demonstrated the feasibility of using freshly positive 

actively growing MGIT cultures to yield accurate MIC results for fluoroquinolones, new and 

repurposed anti-TB drugs using the BMD method. Since BMD offers quantitative DST results 

with the same turnaround time as the commercial, more expensive MGIT DST, it could serve as 

an alternative to MGIT DST. However, several further research questions need to be addressed 

to ensure the field friendliness of this method. 

 

During the implementation validation of BMD at ITM, we noted the occurrence of pinpoint 

colonies that are substantially smaller than the growth observed in the 1% growth control. While 

most drugs show no trailing or have only a single pinpoint well at the end of their trailing growth, 

other drugs, such as delamanid and pretomanid, can show multiple pinpoint wells. The EUCAST 

multicenter validation study so far experienced little to no pinpoint colonies, and one of the 

primary differences between the EUCAST and BMD methods is that during inoculum preparation 

the EUCAST technique requires twice two minutes of vortexing the bacterial suspension, 

whereas the BMD method employs one minute of vortexing followed by another 15 seconds of 

vortexing. Thus, it should be investigated if increasing the vortexing period in the BMD inoculum 

production process reduces the prevalence of pinpoint colonies. Furthermore, it should be 

explored if the second reading is done between day 7 and day 14 rather than day 14 reduces 

the occurrence of pinpoint growth. 

 

Then, BMD relies on human interpretation for the presence or lack of macroscopic growth; 

indeed, plate readings can be subjective to the reader and, in some situations, to lighting 

conditions. Presence of pinpoint growth increases the risk of inter-reader variability. To 

minimize the impact of such external factors, further research on automated plate reading that 

can provide reliable data at a low cost is required. 

 

In addition, since the BMD method involves pipetting of minute volumes, human pipetting is 

extremely time-consuming and prone to errors, hence automated dispensing of antibiotics 

should be used in conjunction with this method. Thus, to ensure the implementation of this 

method is affordable in low- and middle-income settings, further research should be performed 
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to determine the market availability of low-cost, open-source alternatives for automated drug 

distribution/DMSO normalization.  

 

Further, a comprehensive multicenter validation including all key anti-TB drugs, all MTBc 

lineages and both low- and high-level resistance conferring mutations should be conducted, 

preferably in settings with high prevalence of DR-TB before implementing this method in field 

level for clinical use. 

 

Since MIC testing is not yet widely used for MTBc, the correlation between treatment outcomes 

and DST results is often based on categorical DST that relies on testing at the CC or for 

fluoroquinolones additionally at the clinical breakpoint. Such analysis excludes a refined analysis 

on the impact of the level of drug resistance on treatment outcome. Thus, efforts should be 

made to correlate treatment outcomes to MIC data for key drugs, preferably alongside 

genotypic data to enrich the WHO mutation catalogue. 

 

Furthermore, serial MIC testing of patients who remain culture positive may identify a 

progressive increase in MICs due to early stages of amplifying drug resistance, even if the MIC 

remains lower than the CC. Thus, the potential of serial MIC testing as an early treatment 

response predictor should be investigated. 

 

 

10.2 Collateral drug resistance/susceptibility in MTBc  
 

During the first phase of in-vitro selection for clofazimine resistance, one isolate had a deletion 

at codon 344-345 of the rv0678 gene after being exposed to 4 µg/ml clofazimine. This mutation 

demonstrated low-level phenotypic resistance to both clofazimine (1 µg/ml by BMD) and 

bedaquiline (0.5 µg/ml by BMD). A fbiC mutation, Arg536Leu was amplified during the second 

round of selection, when the same isolate was exposed to a higher concentration of clofazimine 

(>4≤8µg/ml), which further increased the MIC of clofazimine (4 µg/ml by BMD). This isolate was 

tested in the study “Refined understanding of the impact of the Mycobacterium tuberculosis 

complex diversity on the intrinsic susceptibility to pretomanid” (Chapter 5) included in this PhD 

thesis and was found also phenotypically resistant to pretomanid and delamanid. Random 
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amplification of nitroimidazole resistance during in-vitro selection of clofazimine-resistant 

strains has also been observed elsewhere (Ismail, N. et al, unpublished data). 

Collateral drug-resistance is commonly found in drugs or drug classes that share the same 

mechanism of action however, the above examples warrant further investigation of collateral 

resistance between unrelated drugs/drug classes, particularly in clinical isolates to design more 

effective treatment regiments. In addition to collateral drug-resistance, understanding collateral 

drug-susceptibility among different anti-TB drugs is important in choosing the most optimal 

treatment combinations.  

Further, the isolate that amplified nitroimidazole resistance after being exposed to clofazimine 

belonged to the MTBc lineage 1. MTBc lineage 1 is reported to have intrinsically high MICs to 

one of the two nitroimidazoles, pretomanid. Thus, it is worth investigating if the bacterial 

genetic backbone has an impact on collateral drug-susceptibility or resistance. 

Finally, investigating potential past clofazimine exposure in clinical isolates reported resistant to 

nitroimidazoles without being previously exposed to nitroimidazoles may give greater insight 

into whether clofazimine exposure might cause nitroimidazole resistance in MTBc. 

 

10.3 Lineage and intrinsically high MICs for different anti-TB drugs 
 

Mycobacterium tuberculosis Lineage 1 (MTBc L1) is a distinct and ancient lineage with unique 

genetic, epidemiological, and clinical characteristics. L1 is predominant in the Indo-Oceanic 

region and, compared to the modern lineages, less virulent, and less frequently associated with 

MDR-TB (4,12,13). In Chapter 5 of this PhD thesis, we demonstrated that MTBc L1 has 

intrinsically higher MICs to pretomanid than the other MTBc lineages, which is consistent with 

prior findings by Bateson et al (3). This is not the only instance where MTBc L1 has demonstrated 

higher MICs to anti-TB medicines. At the 41st European Society of Mycobacteriology meeting in 

Bologna, Battaglia et al. reported that MTBc L1 exhibits higher pyrazinamide MICs than other 

lineages (2). In addition, at ITM, we evaluated the lineage-specific response to a new 

ethionamide-boosting drug (brand name withheld until publication of the results at the request 

of the manufacturer) and discovered that L1 is unresponsive to this molecule.  
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Understanding the historic genetic background variation in the evolution of drug resistance, 

between the MTBc lineages, which has not been thoroughly investigated, is critical in the 

development of innovative anti-TB drugs. Thus, a lineage-specific genome-wide association 

study to investigate the potential cause behind L1’s intrinsically high MICs/unresponsiveness to 

certain anti-TB drugs should be conducted. 

In addition, it is important to monitor if all isolates that belong to the ‘uncertain’ category by the 

current WHO-recommended cut-offs for pretomanid are explained by L1, and if not, non-L1 

lineages that belong to the ‘uncertain’ category carry mutations in any of the canonical genes 

associated with nitroimidazole resistance. 

Further as demonstrated in Chapter 5, given the intrinsic hyper susceptibility of L6 to 

pretomanid, it should be investigated if pretomanid-resistance-conferring mutations in the 

known canonical genes confer the same level of phenotypic resistance as for the other lineages, 

without misclassifying them when the current WHO-recommended cut-offs are applied. 

 

10.4 Cross resistance between the anti-TB nitroimidazoles 
 

Delamanid and pretomanid are two relatively new anti-TB drugs that belong to a class of 

compounds known as nitroimidazoles (5). Delamanid is currently recommended as part of the 

9-months or longer MDR-TB treatment regimens, whilst pretomanid is recommended as a part 

of the 6-month BPal(M) regimens. Both drugs have a comparable dual mode of action, inhibiting 

the synthesis of mycolic acids, essential components of the mycobacterial cell wall and 

respiratory poisoning (6). Given the similarities in mode of actions, the likelihood of cross 

resistance between the two drugs is high. However, several studies using pre-clinical or limited 

clinical isolates have reported varying levels of cross resistance (8-11). While mutations in the 

genes involved for metabolic activation of both drugs, fbiA, fbiB, fbiC, fbiD, fgd1, and ddn, have 

been linked to resistance to delamanid and pretomanid, additional genes, such as ndh, may also 

be linked to delamanid resistance (7,8).  

To date, there is limited data on the frequency and levels of pretomanid resistance in clinical 

isolates, that have amplified resistance to delamanid after receiving delamanid-containing 

treatment regimens, and their eligibility to receive the now-preferred BPal(M) regimen and vice 
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versa. Our study will include the clinical isolates from the patients who received delamanid-

containing treatment regimens in the endTB observational study,  as well as the endTB and 

endTB-Q clinical trials, and who developed delamanid resistance during treatment. We will 

analyze whole genome sequencing data and MICs for pretomanid and delamanid, aiming to 

understand, 

- the frequency and the level of pretomanid resistance in delamanid-resistant isolates 

- the potential gene mutations associated with resistance to both nitroimidazoles, as well 

as individual resistance to delamanid and pretomanid 

- the frequency of bedaquiline and linezolid resistance among delamanid-resistant, 

pretomanid-susceptible isolates 

Currently, only a small number of clinical isolates that amplified pretomanid resistance during 

BPal(M) regimens are available; however, with the growing use of this regimen over the world, 

such isolates may become more common. In that case, a similar analysis should be performed 

on such isolates to understand if delamanid can still be used for certain patients that amplified 

resistance to pretomanid.  

In addition, since MTBc L1 shows intrinsically higher MICs to pretomanid, it is worth investigating 

if the risk of acquiring pretomanid resistance during BPal(M) regimens is relatively higher for 

MTBc lineage 1 strains. 
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