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ABSTRACT This comparative study aimed at qualifying a broth microdilution (BMD) 
assay for phenotypic drug susceptibility testing (pDST) of Mycobacterium tuberculosis 
complex (MTBC) strains for implementation in a routine DST workflow. The assay was 
developed based on the EUCAST (European Committee on Antimicrobial Susceptibility 
Testing) reference protocol for determination of the minimum inhibitory concentration 
(MIC) of 14 anti-tuberculous drugs (isoniazid [INH], rifampicin [RIF], ethambutol [EMB], 
amikacin [AMI], moxifloxacin [MFX], levofloxacin [LFX], bedaquiline [BDQ], clofazimine 
[CFZ], delamanid [DLM], pretomanid [PA], para-aminosalicylic acid [PAS], linezolid [LZD], 
ethionamide [ETH], and cycloserine [CS]). Forty MTBC strains with various drug resistance 
profiles were tested to determine the agreement between MIC results and genotypic 
drug susceptibility testing (gDST) results derived from whole-genome sequencing 
(WGS). The agreement between the BMD and gDST results was solid for the majority of 
the drugs (average agreement 98%, range 90%–100%), including key drugs such as INH, 
RIF, MFX, LFX, BDQ, DLM, and PA. Ten discrepancies were identified (corresponding to 
1.8% of the total number of MIC determinations) and most (8/10) were characterized by 
MICs equal or close to the potential critical concentration (pCC) applied in the BMD assay. 
Importantly, the assay can be adjusted to new drug recommendations and concentra­
tions, tailored to local needs. We conclude that the BMD assay provides reliable results, 
and its implementation in our MTBC routine workflow will produce valuable data that 
improve our understanding and management of MTBC drug resistance.

KEYWORDS tuberculosis, broth microdilution, MIC determination, antimicrobial 
susceptibility

A t present, phenotypic drug susceptibility testing (pDST) of the Mycobacterium 
tuberculosis complex (MTBC) is, in most countries, heavily dependent on the 

BACTEC MGIT 960 system. Although MGIT remains a valuable solution in settings 
and laboratories that are dependent on an automated system for pDST, this method 
is subject to limitations such as the inherent weaknesses of binary pDST methods 
(e.g., detection of low-level resistance) (1–3). Furthermore, recent studies piloting broth 
microdilution (BMD) assays for pDST of MTBC predominantly used commercial standar­
dized or customized BMD plates (1, 4–6), offering limited flexibility for adjustments to 
suit individual laboratory or epidemiological needs and creating dependence on the 
availability of specific commercial products.

In the past, critical concentrations (CCs) used for susceptibility testing of MTBC have 
been experimentally determined on microbiological and clinical evidence but only 
for certain drugs and culture media with a methodological testing variation that has 
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complicated the use of these values (7–9). Due to the lack of a reference method for 
determination of the minimum inhibitory concentration (MIC) of MTBC historically, the 
EUCAST-AMST (European Committee on Antimicrobial Susceptibility Testing – subcom­
mittee on Antimycobacterial Susceptibility Testing) developed a protocol for BMD testing 
that was endorsed by EUCAST as the reference method to set quality control ranges, 
epidemiological cutoffs (ECOFFs), and clinical breakpoints (CBs) for the MTBC (10). 
MIC determination is used to assess the ECOFF, defined as the highest MIC value 
measured for phenotypically wild-type isolates, i.e., those without acquired resistance 
mechanisms (11). EUCAST sets CBs by evaluating ECOFFs, pharmacokinetic/pharmacody­
namic (PK/PD) and clinical outcome data together (12). In parallel, there have been other 
initiatives aiming at determining ECOFFs for MTBC BMD assays (13–16). The CCs used for 
DST of MTBC are in turn defined by the World Health Organization (WHO) who review 
and quality assure MIC and ECOFF data sets reported from laboratories using different 
methods (17). The EUCAST reference method for determining the MIC of MTBC was 
established in 2019 and to date, sufficient data are not available to endorse CCs for this 
method.

During the last decade, the development and implementation of robust pipelines 
for genotypic drug susceptibility testing (gDST) of MTBC based on whole-genome 
sequencing (WGS) data have prompted significant changes in diagnostic algorithms 
(18, 19). These pipelines have proven their ability to reliably predict the phenotypic drug 
resistance pattern of MTBC isolates (1, 20, 21), and settings such as the Netherlands 
and New York State have already adopted diagnostic algorithms where pDST has been 
substantially reduced (22, 23). In Sweden, a typical low-incidence setting with 3.4 cases 
of tuberculosis (TB) per 100,000 inhabitants as reported in 2023 (24), a similar adjustment 
of the diagnostic algorithm is currently underway. Essentially, in order to fully optimize 
the potential of gDST, MTBC isolates will be sequenced locally at clinical TB laboratories, 
and those with at least one known or ambiguous resistance mutation (approximately 
15% of MTBC isolates per year [23]) will be forwarded to the National Reference 
Laboratory for tuberculosis at the Public Health Agency of Sweden for extended pDST.

Here, we present a comparative study where a BMD assay, based on the EUCAST 
reference protocol (10) and used for determining the MIC of MTBC, was assessed against 
our routine gDST. The assay’s agreement with gDST was evaluated using a panel of 40 
MTBC strains covering various resistance profiles, with the objective of qualifying the 
assay for implementation in our routine workflow.

MATERIALS AND METHODS

Selection of MTBC isolates

Thirty-four clinical strains, five quality-control (QC) strains, and one vaccine strain (BCG 
SSI 1331) from the MTBC strain collection at the Public Health Agency of Sweden were 
included in the study. The test panel encompassed MTBC lineages 1 (n = 9), 2 (n = 8), 
3 (n = 4), 4 (n = 13), 5 (Mycobacterium africanum, n = 1), and 7 (n = 1) in addition to 
two mixed genotypes (lineage 2 + 4 and lineage 1 + 4) and two Mycobacterium bovis 
(both BCG) strains (25). The collection comprises a mix of drug-susceptible and drug-
resistant strains (21 susceptible to all drugs, 12 multidrug resistant [MDR], 1 extensively 
drug resistant [XDR], and 6 non-MDR displaying resistance to one or more drugs) as 
determined by routine testing with BACTEC MGIT 960, Löwenstein Jensen proportion 
method, or BACTEC 460. The lineage classification and the results from the routine pDST 
are presented in the supplementary material (Table S1).

Genotypic drug susceptibility testing

DNA extraction and WGS were performed as previously described (26), except raw 
Illumina reads from strains SEA200400001 and BCG SSI 1331, which were obtained 
from the Sequence Read Archive and the European Nucleotide Archive, respectively. 
Accession numbers are available in Table S1.
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The sequencing data were screened for mutations present in our in-house mutation 
catalog. The catalog is divided into one set of well-characterized resistance mutations 
(Table S2) (isolates with such a mutation are classified as genotypically resistant to the 
corresponding drug/s) and one set of ambiguous or less well-known mutations (Table 
S3) that might play a role in phenotypic resistance (described as candidate mutations 
in this article). The mutation catalog was first assembled prior to the release of the first 
edition of the WHO mutation catalog (27) but has since been updated according to the 
WHO documents (essentially, all mutations in groups 1 and 2 not already present in 
the in-house catalog have been added to either the list of well-characterized mutations 
or the candidate list). In detail, raw sequencing reads were mapped against genes and 
regions from the H37Rv NC_000962.3 reference genome covering the mutations present 
in the mutation catalog (CLC Assembly Cell version 4.4.2, QIAGEN, Aarhus, Denmark). 
The extracted variants (CLC Assembly Cell version 4.4.2, QIAGEN, Aarhus, Denmark) were 
filtered (in-house script; minimum frequency of reads calling single nucleotide polymor­
phisms: 10%; minimum frequency of reads calling insertions and deletions: 80%), and the 
remaining variants were compared against the in-house mutation catalog.

Broth microdilution assay

A detailed protocol for the BMD assay is provided in the Supplementary methods, and 
the preparation of drug stock solutions is presented in Table S4. The final assay layout is 
shown in Figure 1.

In summary, the assay included two plates for water-soluble drugs isoniazid (INH), 
rifampicin (RIF), ethambutol (EMB), amikacin (AMI), moxifloxacin (MFX), levofloxacin 
(LFX), para-aminosalicylic acid (PAS), linezolid (LZD), ethionamide (ETH), and cycloserine 
(CS), along with one plate for non-water-soluble drugs bedaquiline (BDQ), clofazimine 
(CFZ), delamanid (DLM), and pretomanid (PA). MIC testing was performed using Middle­
brook 7H9 supplemented with 10% oleic acid dextrose catalase (OADC) and 0.2% 
glycerol. All drugs were tested at 10 concentrations, and bacterial inoculums were 
prepared according to the EUCAST reference protocol (10). Four negative controls and 
two growth controls (GC1% and GC100%) were included in each BMD plate.

The plates were incubated at 36°C ± 1°C and read at day 7, 10, 14, and 21. The MICs 
were determined at the point the GC1% well showed visible growth.

The reference strain H37Rv ATCC 27294 was tested on eight occasions to examine the 
technical reproducibility of the assay (including the determination of colony forming unit 
[CFU] counts for each replicate).

Data analysis

Results of the BMD assay were used to classify MTBC strains as susceptible or resistant 
using the potential critical concentrations (pCCs) specified in Table S5, including 
references. Because established CCs are lacking for the BMD assay described here, the 
pCCs were derived from other BMD studies and the recommended test concentrations in 
MGIT. Importantly, these pCCs have not been endorsed by any breakpoint committee 
and are therefore highly preliminary and used for comparison in the present study only.

MTBC strains carrying at least one well-characterized resistance mutation present in 
the mutation catalog were considered resistant to a specific drug. The association 
between each candidate resistance mutation and BMD results were discussed separately. 
All calculations and plots were performed using the epiR and ggplot2 packages in R 
version 4.2.2 (28–30).

RESULTS

The agreement between the BMD assay (based on pCC) and gDST for all 14 anti-TB drugs 
ranged from 90% to 100% with an average of 98%, as shown in Table 1. All drugs but LZD 
had at least one strain displaying genotypic or phenotypic resistance, and strains 
carrying known resistance mutations displayed consistent phenotypic resistance for 
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eight drugs (INH, RIF, AMI, MFX, LFX, DLM, PA, and PAS). A list of discrepant genotypic and 
phenotypic results is given in Table 2. Among the 10 identified discrepancies (corre­
sponding to 1.8% of the total number of MIC determinations), eight strains (seven of 
them judged as genotypically resistant) had an MIC equal or close to the pCC, and four of 
them involved EMB. The two strains (XTB_16-019 and XTB_16-001) that obtained a mixed 

FIG 1 Layout of the broth microdilution (BMD) assay for the determination of minimum inhibitory 

concentration of 14 anti-tuberculous drugs. The assay is distributed in three 96-well plates. Plates 1 

and 2 include water-soluble drugs isoniazid (INH), rifampicin (RIF), ethambutol (EMB), amikacin (AMI), 

moxifloxacin (MFX), levofloxacin (LFX), para-aminosalicylic acid (PAS), linezolid (LZD), ethionamide (ETH), 

and cycloserine (CS). Plate 3 includes non-water-soluble drugs bedaquiline (BDQ), clofazimine (CFZ), 

delamanid (DLM), and pretomanid (PA). The concentration of each drug is displayed in its corresponding 

well in milligrams per liter (mg/L). All plates include negative controls (NC) and growth controls (GC1% 

and GC100%). Plate 3 also contained 0.5% dimethyl sulfoxide (DMSO).
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genotype in the lineage classification displayed resistance mutations in a fraction of the 
sequencing reads (frequency ranging from 21% to 86%) (Table S1). Additionally, low 
sequencing depth did not allow a conclusive determination of the ethA genotype in one 
strain (XTB_16-019).

MIC distributions produced by the BMD assay are shown in Figure 2, including the 
presence of known and candidate resistance mutations. Importantly, all strains classified 
as fully susceptible by gDST were also susceptible to all drugs in the BMD assay, and 
all MDR/RIF-monoresistant strains were correctly identified as such by the BMD assay. 
Resistance phenotypes of strains carrying candidate mutations are shown in Table 
3, including the BMD assay and prior MGIT or Löwenstein Jensen proportion results. 
Notably, the BMD assay had to be repeated for the two strains carrying the folC mutation 
Ile43Thr (associated with PAS resistance) because of the slow growth (the impaired 
growth rate was also observed in the routine MGIT testing). All resistance mutations 
identified in our MTBC panel and their corresponding categorical pDST and BMD results 
are listed in Table S1.

A broad assessment of the agreement between routine pDST and gDST was 
performed for a subset of drugs with sufficient MGIT data, showing a strong agreement 
for INH (100%, n = 40), RIF (95%, n = 40), and PA (100%, n = 31). Agreement was slightly 

TABLE 1 Two-by-two tables showing the classification of 40 Mycobacterium tuberculosis complex strains as 
genotypically resistant or susceptible (gR or gS) based on whole-genome sequencing, and phenotypically 
resistant or susceptible (pR or pS) using the broth microdilution assay containing 14 anti-tuberculous 
drugsa

Drugb gR gS Agreement

AMI pR 1 0 100%
pS 0 39

BDQ pR 3 0 97%
pS 1 35

CFZ pR 2 0 97%
pS 1 36

CS pR 0 0 95%
pS 2 37

DLM pR 5 0 100%
pS 0 34

EMB pR 6 0 90%
pS 4 29

ETH pR 7 0 97%
pS 1 27

INH pR 14 0 100%
pS 0 26

LFX pR 2 0 100%
pS 0 38

LZD pR 0 0 100%
pS 0 40

MFX pR 2 0 100%
pS 0 38

PA pR 5 0 100%
pS 0 34

PAS pR 2 1 97%
pS 0 36

RIF pR 15 0 100%
pS 0 25

aThe percentage agreement between the two methods is included. Phenotypic classification was determined 
using the potential critical concentrations (pCC) listed in Table S5. Strains carrying candidate mutations are 
excluded.
bAMI, amikacin; BDQ, bedaquiline; CFZ, clofazimine; CS, cycloserine; DLM, delamanid; EMB, ethambutol; ETH, 
ethionamide; INH, isoniazid; LFX, levofloxacin; LZD, linezolid; MFX, moxifloxacin; PA, pretomanid; PAS, para-amino­
salicylic acid; and RIF, rifampicin.
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lower for EMB (89%, n = 37), in line with previously reported poor categorical agreement 
between pDST and gDST for this drug (34) (Table S1).

For 5 out of 14 anti-tuberculous drugs, the MICs of the eight H37Rv ATCC27294 
replicates displayed the same MIC. Among the remaining drugs, the H37Rv replicates 
exhibited either two consecutive MIC (seven drugs) or three consecutive MIC (two 
drugs). In all instances, H37Rv replicates fell within the susceptible category (Fig. 
2). The CFU counts were also within the acceptable range specified in the EUCAST 
reference protocol for seven out of eight H37Rv replicates (100–140 CFUs from plating 
10 microliters of the 10−3 dilution of the McFarland 0.5 inoculum suspension) (10). The 
remaining replicate was non-determinable due to a growth problem on the 7H10 agar.

DISCUSSION

Adequate CCs are a crucial aspect of pDST, and generating abundant BMD reference 
MIC data is essential to improve accuracy and relevance, and to develop guidelines 
that enhance the utility and standardization of MTBC pDST across laboratories. In 
addition to supporting the implementation of adequate CCs, our workflow will provide 
a combination of genotypic and phenotypic data that will improve our understanding 
of the association between specific mutations and MIC values. This knowledge will 
help us optimize the value of gDST and facilitate timely treatment decisions. Moreover, 

TABLE 2 List of discrepancies observed between genotypic drug susceptibility testing (gDST), based on identification of resistance mutations by whole-genome 
sequencing, and minimum inhibitory concentrations (MICs) determined by our broth microdilution (BMD) assaya

Drugb Sample ID gDST BMD MIC 
(mg/L)

Possible explanation(s) behind discrepancy

EMB SEA201600522 embB: Met306Ile 4 MIC close to the potential critical concentration; embB resistance 
mutations can confer MICs around 4 mg/L (4, 13)

SEA201700328 embB: Met306Val 4 MIC close to the potential critical concentration; embB resistance 
mutations can confer MICs around 4 mg/L (4, 13)

XTB_16-019 embB: Asp354Ala (77%) 4 Mixed genotype; DNA not extracted from the same subculture as the 
BMD inoculum was prepared from (higher proportion of the suscepti­
ble population in the BMD assay?); MIC close to the potential critical 
concentration. embB resistance mutations can confer MICs around 
4 mg/L (4, 13)

XTB_16-020 embB: Asp354Ala 4 MIC close to the potential critical concentration; embB resistance 
mutations can confer MICs around 4 mg/L (4, 13)

BDQ XTB_16-019 atpE: Glu61Asp (21%) 0.016 Mixed genotype; DNA not extracted from the same subculture as the 
BMD inoculum was prepared from (higher proportion of the susceptible 
population in the BMD assay?)

CFZ XTB_16-001 Rv0678: Leu136Pro (50%) 1.0 MIC close to the potential critical concentration; mixed genotype; DNA 
not extracted from the same subculture as the BMD inoculum was 
prepared from (higher proportion of the susceptible population in the 
BMD assay?)

PAS M. bovis BCG
SSI 1331

No resistance mutation or 
candidate mutation
identified

2 MIC close to the potential critical concentration; trailing endpoints for PAS 
make MIC interpretation difficult in this case

ETH SEA201800080 ethA: Met1Arg 0.5 Mutation also reported in many ETH susceptible isolates (27)
CS SEA200400001

(BCG)
cycA: Gly122Ser 32 MIC close to the potential critical concentration; BCG strains typically 

have a reduced susceptibility for CS (31, 32), but the MIC distribution in 
BMD assays has not been thoroughly studied

M. bovis BCG
SSI 1331

cycA: Gly122Ser 16 MIC close to the potential critical concentration; BCG strains have a 
reduced susceptibility for CS (31, 32), but the MIC distribution in BMD 
assays has not been thoroughly studied

aThe table includes possible explanations for the discrepancies as judged by the authors.
bEMB, ethambutol; BDQ, bedaquiline; CFZ, clofazimine; PAS, para-aminosalicylic acid; ETH, ethionamide; and CS, cycloserine.
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such information will become available for isolates with novel or candidate mutations, 
contributing to resolving or identifying gaps in mutation catalogs.

The BMD assay was able to assign MIC data in agreement with the presence/absence 
of known resistance mutations for a majority of the strains and drugs tested. Most 
discrepancies between BMD and gDST results (9/10) were susceptible phenotypes 
in strains with known resistance mutations. Among the discrepancies, eight strains 
displayed MICs adjacent to the critical concentration of the corresponding drug, 
highlighting the importance of non-binary susceptibility data and shedding light on 
the impact of specific mutations on susceptibility, such as some of the observed embB 
mutations, which confer MICs very close to the EMB pCC. In the Swedish diagnostic 
algorithm, these gDST results would overrule the pDST results, and the drug in question 
should consequently be excluded from the treatment regimen. The discrepancies 
observed in the strains with resistance mutations at frequencies <80% would benefit 
from a combined workflow with genotypic and phenotypic methods as described above. 
Another discrepancy consisting of an ETH MIC three twofold dilutions below the pCC 
(0.5 mg/L) while carrying the ethA mutation Met1Arg further supported the notion 
that this mutation confers variable ETH phenotypes (27). Furthermore, regarding ETH, 
we observed that both BCG strains in the test panel exhibited MICs above the pCC, a 
finding in line with a previous study where both BCG SSI 1331 and BCG Connaught were 
resistant to ETH at 5 mg/L in BACTEC MGIT 960 (35).

FIG 2 Minimum inhibitory concentration (MIC) of a panel of 40 Mycobacterium tuberculosis complex (MTBC) strains against 

14 anti-tuberculous drugs in the presence/absence of resistance mutations as determined by whole-genome sequencing, 

as determined by the broth microdilution (BMD) assay developed based on the EUCAST reference method. Susceptible 

genotypes and presence of specific resistance mutations or MTBC lineages are indicated by colors for each drug. Eight 

technical replicates of reference strain H37Rv ATCC27294 are included alongside the panel of 40 strains. The 14 drugs included 

isoniazid (INH), rifampicin (RIF), ethambutol (EMB), amikacin (AMI), moxifloxacin (MFX), levofloxacin (LFX), bedaquiline (BDQ), 

clofazimine (CFZ), delamanid (DLM), pretomanid (PA), para-aminosalicylic acid (PAS), linezolid (LZD), ethionamide (ETH), and 

cycloserine (CS). Drug concentrations are given in milligrams per liter. Potential critical concentrations (pCCs) are indicated by 

black vertical dot-dash lines. For PA, the purple vertical dotted line indicates an alternative MGIT test concentration (0.5 mg/L) 

according to the WHO policy statement (33).
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To our knowledge, this study is the first to provide PAS susceptibility testing data 
using the EUCAST reference method. Previous studies showed poor reproducibility of 
PAS pDST by other BMD methods (5), partly because of the difficulty in interpreting 
trailing endpoints due to the bacteriostatic effect of this drug (36), and the WHO has 
advised against its inclusion in BMD assays (37). Our PAS BMD results showed an MIC 
distribution with a notable gap between susceptible genotypes and strains harboring 
known resistance mutations (Fig. 2). Two strains (one susceptible genotype and one 
strain carrying a candidate mutation) presented an MIC of 2 mg/L, placing them next 
to the susceptible population, yet one dilution step above the pCC of 1 mg/L. Suscepti­
ble genotypes with PAS MICs above the pCCs have also been observed by others (4). 
Adjusting the pCC to 2 mg/L would fully corroborate the genotypic results in our study, 
but our strain collection had only two strains with known PAS resistance mutations, 
which does not allow us to confirm the MIC gap or propose a pCC of 2 mg/L (other 
resistance mutations could arguably confer MIC values around 2–4 mg/L). Additionally, 
the presence of mutations not yet cataloged for PAS cannot be ruled out. Of relevance, 
MIC determination of our strains with folC Ile43Thr mutation required the use of 
completely fresh bacterial inocula due to the slow growth seen in this genotype (folC 
has previously been predicted to be essential for in vitro growth of M. tuberculosis [38]).

Second, the EMB MIC of 4 mg/L observed in four strains carrying embB mutations 
supports previous suggestions that the EMB pCC of 4 mg/L may be too high (4) and the 
proposal for introducing a borderline category (13). Alternatively, an area of technical 
uncertainty (ATU) according to the EUCAST guidelines (39) could be discussed for this 
MIC, in line with the “inconclusive” category introduced for the commercially available 
MIC plates by the Clinical and Laboratory Standards Institute (CLSI) (40). Further studies 
are, however, needed to understand which embB mutations confer MICs below 8 mg/L, 
and whether EMB can be used for treatment in these instances. Third, historic pDST 
using MGIT and other BMD methods has described elevated PA MICs in MTBC lineage 
1 strains lacking resistance mutations (41, 42). Similar to other studies (42), the BMD 
assay used here assigned elevated PA MIC values to lineage 1 strains, but 9/10 strains 
still remained in the susceptible category (PA MIC ≤2). The remaining lineage 1 strain 

TABLE 3 Resistance phenotype of strains carrying candidate mutations (S = susceptible, R = resistant), 
including the broth microdilution assay (BMD) and prior relevant phenotypic drug susceptibility tests, 
BACTEC MGIT 960 (MGIT) or Löwenstein Jensen proportion method (LJ prop)a

Drugb Genotype MGIT MGIT CC BMD BMD MIC BMD pCC

EMB embA: C-8A S 5 R 8 4
BDQ Rv0678: Leu40Ser R 1 R 0.25 0.12
CFZ Rv0678: Leu40Ser R 1 R 2 1
DLM fbiC: Arg536Leu R 0.06 R 0.5 0.06
PAS ribD: G-12A R 4c R 2 1
ETH ethA: Deletion of nt 

883-1470
S 5 R 8 4

ETH ethA: 1332insG S 5 S 2 4
ETH ethA: 1051delG S 5 R >8 4
ETH ethA: 1051delG S 5 R >8 4
PA Lineage 1 + fbiC: 

Arg536Leu
Not available 0.5 and 2d R >2 2

Drugb Genotype LJ prop LJ prop CC BMD BMD MIC BMD pCC

CS cycA: Pro188Ala S 30e S 32 32
aPotential critical concentration (pCC) used and minimum inhibitory concentration (MIC) are provided in 
milligrams per liter. Each row represents a strain. Strains carrying candidate mutations in combination with known 
resistance mutations within each specific drug are excluded from the table.
bEMB, ethambutol; BDQ, bedaquiline; CFZ, clofazimine; DLM, delamanid; PAS, para-aminosalicylic acid; ETH, 
ethionamide; PA, pretomanid; and CS, cycloserine.
cProvisional CC.
dRecommended test concentrations according to the World Health Organization (WHO) policy statement.
eCC not endorsed by the WHO.
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was phenotypically resistant (PA MIC >2 mg/L) with the fbiC mutation Arg536Leu. 
The clinical relevance of the elevated PA MIC values in lineage 1 is still under consid­
eration, with no definitive decision made yet by the WHO (42). Fourth, both strains 
harboring the so-called borderline rpoB mutations (His445Asn together with Ala451Val 
in SEA201600522, and Leu452Pro in SEA23-09441) had RIF MICs well above the pCC. 
This contrasts the susceptible phenotypes obtained in the routine MGIT test, possibly 
indicating a higher sensitivity of the BMD assay to detect RIF resistance in strains with 
borderline rpoB mutations, but this finding remains to be confirmed by other studies 
(34). Last, the MIC distribution for several drugs (e.g., AMI, PA, LFX, LZD, and ETH) 
suggests further improvement of the assay layout by adjusting the drug concentration 
ranges upward in order to avoid truncation of the MIC values for resistant strains and 
thereby provide a more comprehensive view of the susceptibility profiles and improve 
treatment decision-making accuracy.

We were able to investigate the effect of candidate mutations on MIC in 10 out of 
13 mutations (Table 3), excluding those presenting in combination with other mutations 
that confer resistance to a specific drug. A majority of these candidate mutations (8/10) 
conferred MICs above the pCC. The same pattern extends to the PA candidate fbiC 
mutation Arg536Leu, although this mutation was present within a lineage 1 strain, 
potentially correlating with a higher MIC.

The main study limitation was our sample size, which was relatively small and 
included a low number of resistant isolates for several drugs. Moreover, the lack of 
established CCs for BMD assays obstructs a thorough performance analysis. For PA, 
we adopted the recommended test concentrations in MGIT (33), and the agreement 
between BMD and gDST was determined by using a pCC of 2 mg/L, partly to overcome 
the issue of elevated PA MICs for lineage 1 strains. It is clear that more robust recom­
mendations regarding CCs for BMD assays are urgently needed, and future studies 
can hopefully contribute to confirm the validity of the pCCs used here or else refine 
them (notably, the EUCAST guidelines for setting for ECOFF values state that the MIC 
distributions used for setting an ECOFF value must be based on the MIC data from at 
least five laboratories [43]). Nevertheless, we consider the assay sufficiently robust for 
integration into our routine DST algorithm.

In conclusion, the BMD assay shows the feasibility and reliability to perform 
successfully in combination with gDST as part of our MTBC susceptibility testing 
workflow, generating valuable data to enhance the understanding and management 
of MTBC drug resistance. Furthermore, MIC data generated with the EUCAST reference 
protocol are scarce, and the present study will, together with its implementation in 
our routine workflow, contribute to the body of knowledge regarding MIC distributions 
for clinical MTBC isolates. Although commercial plates for pDST offer a higher degree 
of standardization, the BMD assay presented in this study provides specialized TB 
laboratories with the flexibility to promptly adjust to new drug recommendations and 
concentration ranges, tailored to local needs. We argue that the adaptability, regard­
ing concentration ranges and set of included drugs, of this BMD assay outweighs the 
advantages of the currently available commercial assay for MIC determination of MTBC. 
Preferably, isolates should be prioritized based on gDST, using methods such as WGS 
or screening by PCR, and selected for extended MIC determination if the identified 
mutation/s has implications for the choice of treatment regimen (the BMD assay may be 
less clinically relevant for isolates that are genotypically susceptible to all first-line drugs, 
even when gDST indicates resistance to second-line drugs like DLM and PA, although it 
remains valuable for tracking the emergence of resistance and monitoring trends).
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