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Criteria deﬁning bedaquiline resistance for tuberculosis have been proposed addressing an emerging concern. We evaluated bedaquiline phenotypic drug
susceptibility testing (pDST) criteria using drug-resistant tuberculosis clinical isolates
tested at ﬁve reference laboratories. Isolates were tested at the proposed bedaquiline MGIT960 and 7H11 agar proportion (AP) critical concentrations and also at
higher dilutions. The epidemiological cutoff value for the broth microdilution (BMD)
plates (frozen and dry) was investigated. Sanger sequencing was performed (atpE
and Rv0678 genes) for any isolate testing resistant. The composite reference standard (CRS) deﬁned susceptibility or resistance as is if all pDST methods agreed. If the
pDST result was discordant, sequencing results were used for ﬁnal classiﬁcation.
Geographically diverse and bedaquiline-unexposed isolates were tested (n ⫽ 495).
The epidemiological cutoff value for BMD was conﬁrmed to be 0.12 g/ml. The majority of isolates were determined to be susceptible by all methods (467/495; 94.3%),
and 28 were determined to be resistant by at least one method; 4 of these were determined to be resistant by all methods. Of the 28 resistant isolates, 12 harbored
Rv0678 mutations exclusively. Isolates with insertions/deletions were more likely to
be determined to be resistant by more than one method (5/7) compared to isolates
with a single nucleotide polymorphism (1/5). Applying the CRS to 24 discordant
pDST, BMD dry correctly detected most (15/24; 63%), followed by MGIT960 and BMD
frozen (13/24; 61%) and lastly AP (12/24; 50%). Applying the CRS, the prevalence of
bedaquiline resistance was 2.2% and ranged from 1.4 to 3.4%, depending on the
method used. All methods performed well for bedaquiline susceptibility determination; however, resistance detected should be investigated by a second, alternative
method.
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lobally, multidrug-resistant and extensively drug-resistant tuberculosis (MDR-TB
and XDR-TB) have poor clinical outcomes, with only 55% of MDR-TB and 34% of
XDR-TB cases achieving treatment success (1). There are, however, positive signs that
outcomes are improving with the use of new and repurposed drugs. Bedaquiline (BDQ)
is a novel antimycobacterial agent that has been shown to have signiﬁcant in vitro and
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in vivo activity against Mycobacterium tuberculosis, and it is associated with improved
clinical outcomes (2–4). Although it has delayed early clinical activity, it achieves potent
clearance of M. tuberculosis, leading to a signiﬁcant reduction in time to culture
conversion (4–7). The World Health Organization (WHO) classiﬁed the drug as group A,
to be used for the ﬁrst-line treatment of drug-resistant TB (8).
The use of BDQ globally has increased signiﬁcantly, with more than 60 countries
reporting use of the drug by the end of 2017 (1), and it will continue to expand
exponentially with the updated guidance from the WHO. Resistance to BDQ has
emerged during treatment (9–11) and is expected to increase over time. Importantly,
cross-resistance between BDQ and clofazimine, a WHO group B drug (8), has been
shown in both laboratory-engineered and clinical isolates (12–14).
Increased MICs to BDQ are associated with mutations in the ATP synthase target
atpE (2) and the efﬂux pump regulator Rv0678 (12, 15, 16), which have been observed
in clinical isolates (12, 17). The mutations in the clinically relevant atpE and Rv0678
mutants include single nucleotide insertions, deletions and substitutions, large deletions, and random insertions of sequence elements (12, 15, 16). It is not possible to
detect these mutations with the rapid molecular drug susceptibility testing systems
available today, including the GeneXpert and Line Probe Assay platforms, but it is
possible using targeted next-generation sequencing technology. Moreover, the association between speciﬁc mutations and BDQ MIC with clinical outcome has not been
established yet.
As a result, there is a lack of algorithms to predict poor clinical outcomes due to
these mutations, and whole-genome sequencing alone might not provide sufﬁcient
clinical guidance at this stage. Phenotypic drug susceptibility testing (pDST) for BDQ
will be used for these purposes in the near future, and the combination of pDST with
molecular methods, such as whole-genome sequencing or targeted next-generation
sequencing for drug resistance surveillance purposes, will be valuable for improving
their predictive capability.
Quality control parameters for the BDQ pDST using 7H10 and 7H11 agar dilution, as
well as 7H9 broth microdilution (BMD) MIC methods, have been established in a
multicountry, multilaboratory study (18). BDQ DST using the MGIT960 system has also
been reported. Keller et al. (19) proposed a BDQ MGIT960 epidemiological cutoff value
(ECOFF) of 1.6 g/ml, while Torrea et al. (20) proposed 1 g/ml. In the latter study, the
BDQ 7H11 agar MIC ECOFF was proposed at 0.25 g/ml.
A recent study by Ismail et al. included 391 clinical M. tuberculosis isolates where
whole-genome sequencing was performed, together with BDQ MGIT960 and 7H9 BMD
MIC (17). Susceptible and intermediate categories were determined to have BDQ MICs
of ⱕ0.12 and 0.25 g/ml using BMD and of ⱕ1 and 2 g/ml using MGIT960. The study
by Ismail et al. was a single-country study and excluded agar dilution MIC.
In 2018, the WHO systematically reviewed the available data on BDQ pDST (agar
dilution MIC and MGIT960) from both the literature and the sponsor. This review did not
include BMD MIC method. Based upon the totality of the evidence, BDQ interim critical
concentrations (CCs) of 0.25 and 1 g/ml were established for the 7H11 agar proportion
(AP) method and the MGIT960 system, respectively (21). The WHO-proposed CC was
based on multiple studies that lacked standardization and did not include BMD. An
external quality assessment (EQA) study by Kaniga et al. conﬁrmed the appropriateness
of the susceptible interpretive criterion by Ismail et al. and WHO interim CCs using a set
of well-characterized isolates (22).
In this study, we evaluate the performance of the breakpoints (BPs) for BDQ pDST
comparing different methods across multiple regions, assess the molecular basis of
phenotypic resistance, and determine the prevalence of BDQ phenotypic resistance by
each method among BDQ treatment-naive DR-TB patients.
RESULTS
A total of 495 geographically diverse isolates, representing 28 countries across four
continents, were successfully tested using the different methodologies in ﬁve WHO
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FIG 1 BDQ MIC distribution for BMD frozen plates by particular laboratory (a) and by all laboratories
(n ⫽ 494) (b). The total number of isolates was 494 (Lab 1, 104; Lab 2, 100; Lab 3, 100; Lab 4, 91; and Lab
5, 99). The arrow indicates the ECOFF determined by visual inspection.

Supranational Reference laboratories. The resistance proﬁle of the isolates included:
MDR-TB (276; 56%), pre-XDR-TB (135; 27%), XDR-TB (39; 8%), and the remainder a mixed
pattern (45; 9%). For the BDQ BMD ECOFF determination, 494 isolates provided valid
results for both frozen and dry microtiter plates. The histograms are shown in Fig. 1 and
2, respectively.
The overall BMD MIC distributions were unimodal, with a mode of 0.03 g/ml for
both frozen and dry plates. For the dry plate, two laboratories had a mode of
0.06 g/ml, which is probably normal assay variation. As expected, there were some
differences in susceptibility of isolates to BDQ across laboratories. The ECOFF determined by visual observation of the histograms is 0.12 g/ml (shown as the downward
vertical arrows in ﬁgure). The raw data were entered into the ECOFFinder tool (23, 24).
The wild-type (WT) ECOFF at 97.5% was 0.125 g/ml, which was consistent with
histogram-based ECOFF. The WT ECOFF 99% was 0.25 g/ml (Fig. 3).
Of the total set of isolates, 467 (94.3%) were determined to be susceptible by all
methods, and 28 were determined to be resistant by at least one method with four of
these resistant by all. Of the 28 resistant isolates, 16 were classiﬁed as wild type for the
BDQ genes of interest (Table 1). The remaining 12 isolates had mutations in the Rv0678
gene. Isolates that had a genetic insertion, denoted by “ins” in Table 1, were more likely
to have more than one method classifying resistance (5/7) compared to isolates with a
single nucleotide polymorphism (SNP; 1/5). None of the isolates had an atpE mutation.
Of the 28 strains classiﬁed as phenotypically resistant, 17 (61%) were classiﬁed as
resistant by only one method and 11 (39%) were classiﬁed as resistant by more than
one method. Among the 17, 11 (65%) isolates did not harbor any mutation; 9 of these
11 isolates showed no growth (i.e., were susceptible) when tested at a double-dilution
September 2020 Volume 64 Issue 9 e00479-20
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FIG 2 BDQ MIC distribution for BMD dry plates by particular laboratory (a) and by all laboratories
(n ⫽ 494) (b). The total number of isolates was 494 (Lab 1, 104; Lab 2, 100; Lab 3, 100; Lab 4, 91; and Lab
5, 99). The arrow indicates the ECOFF determined by visual inspection.

higher concentration. The remaining six isolates had a mutation, and ﬁve of these
showed no growth when tested at a double-dilution higher concentration. Thus, these
isolates, although classiﬁed as resistant, had an MIC very close to the cutoff applied.
Among the 11 isolates classiﬁed as resistant by more than one method, six (55%)
had a mutation. These six isolates were tested with all four methods (i.e., 24 individual
tests), 18 tests conﬁrmed resistance at the BP. These were then further tested at a
double-dilution higher concentration; 10 (10/18; 56%) showed no growth. Of the ﬁve
isolates that did not harbor a mutation and tested by all four methods (i.e., 20 individual
tests), 16 tests conﬁrmed resistance at the individual BP. Nine of the 16 individual tests
(56%) showed no growth at a double-dilution higher concentration.
Applying the composite reference standard (CRS) to the 24 discordant isolates, 14
were reclassiﬁed as susceptible, and 10 remained resistant. Of the 14 CRS susceptible
isolates, MGIT960 correctly classiﬁed 12/14 (86%), followed by BMD dry (11/14; 79%),
while the other two methods classiﬁed 7/14 each (50%) (Fig. 4a). The majority (12/14)
were classiﬁed by more than one method as susceptible. Among the 10 CRS resistant
isolates, the pattern was reversed with BMD frozen detecting the most (6/10; 60%),
followed by AP (5/10; 50%), BMD dry (4/10; 40%), and MGIT (1/10; 10%) (Fig. 4b).
Similarly, the majority (8/10) were classiﬁed by more than one method as resistant. Of
the 24 discordant isolates using the CRS as the ﬁnal classiﬁcation (susceptible or
resistant), BMD dry classiﬁed the most correctly (15/24; 63%), followed by MGIT960 and
BMD frozen (13/24; 54%) and lastly by AP (12/24; 50%) (Fig. 4).
The prevalence of BDQ resistance by all methods, including the CRS is shown in
Table 2. Applying the CRS, the prevalence was 2.2% (11/492) and varied by method:
1.4% (MGIT960), 2.2% (BMD dry), 3.2% (AP), and 3.4% (BMD frozen).
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FIG 3 ECOFF plots and values for BMD frozen (a) and dry (b) plates.

DISCUSSION
Resistance to BDQ is an emerging concern impacting on the successful management of drug-resistant TB globally. This study provides important data on the robustness of different methods for susceptibility testing against BDQ. Isolates from 28
countries across 4 continents were processed in ﬁve supranational TB reference laboratories according to standardized methods. Our ﬁndings have conﬁrmed the critical
concentration criteria set out by the WHO applied to AP and MGIT960 at concentrations
of 0.25 and 1 g/ml, respectively. We have also conﬁrmed the validity of the BP
proposed for the BMD methods. EUCAST has established noncommercial BMD as the
reference method for mycobacterial DST (25), and our ﬁndings, albeit using a commercially manufactured assay, conﬁrm the appropriateness of this selection. The MGIT960
and AP methods are established and widely used across TB laboratories globally and,
applying the WHO criteria, they were comparable to BMD.
The ECOFFs determined in this study for both the frozen and dry BMDs matched
those in the Ismail et al. study based on ECOFFs of 95, 97.5, and 99% (17). Although the
ECOFF 99% is preferred, the Kaniga et al. study showed that using a well-characterized
EQA panel, the ECOFF of 0.12 g/ml based upon 97.5% was the most robust concentration to clearly delineate wild-type from non-wild-type populations (22). In the
present study, applying this cutoff yielded good overall performance for correctly
classifying susceptibility.
All methods were highly concordant for excluding resistance in patients without
prior BDQ exposure with 94.3% (467/495) classiﬁed as susceptible across all methods.
The prevalence of BDQ resistance was determined to be 2.2% when applying the
composite reference standard. The prevalence ranged between 1.4 and 3.4% depended
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TABLE 1 Rv0678 variants and number of DST methods classifying resistance (n ⫽ 28)a
No. of methods
classifying
resistance

Rv0678 (NP_215192.1) mutation

Insertion

None

Nucleotide change
c. 220 C⬎G
c. 350 T⬎G
c. 320 G⬎T
c. 74 G⬎A
c. 136 T⬎C
c.
c.
c.
c.
c.
c.
c.

466 insC
126 insG/WT
135 insG/WT
139 insG
144 insC
198 insG/c. 417 G⬎A/WT
ins46 TGTGATC

WT

Total
aRAV,

1
1

2

3

4
1

1
1
1

Total
1
1
1
1
1

1

1
1
1
1
1
1
1

1
1
1
1
1
1
11

1

2

2

16

17

3

4

4

28

Downloaded from http://aac.asm.org/ on October 14, 2020 at INSTITUTE OF TROPICAL MEDICINE

Mutation type
Single nucleotide polymorphism

resistance-associated variant; WT, wild-type (includes the –11C⬎A mutation in one isolate).

on the method applied, and such variance is expected at this low prevalence. The
relatively low prevalence observed is appropriate, since BDQ resistance is not expected
to be high currently, and these isolates were not selected based on prior BDQ exposure.
Our ﬁndings are within the range of what was reported in the Ismail et al. study from
South Africa (17) and in the study by Villellas et al. when applying the revised BPs to
their data (12). The latter study included baseline isolates from two phase 2b clinical
trials.
The genetic basis of resistance to BDQ is not fully elucidated; however, mutations in
Rv0678 and the atpE gene have been associated with resistance (12, 15, 16). Not all
variants in these genes confer resistance and, for Rv0678, prior exposure and activation
of the encoded efﬂux pump impacts the MIC and consequent resistance development
(17). Isolates that harbored insertions rather than SNPs were also more likely to test
resistant by more than one method, indicating a signiﬁcant impact on the functional
activity of the efﬂux pump and development of true resistance.
Many of the isolates with discordant pDST results had an MIC that was a single
dilution above the breakpoint. It should also be noted that Rv0678 mutations have
variable MICs, making a clear assessment of resistance determination challenging (11,
26). Testing on an alternative phenotypic method, however, does seem to be a
reasonable approach to conﬁrm resistance at this stage when discordance is detected.
If this is not possible, repeat testing with the same method at the BP, and a dilution
higher may clarify a technical error or an MIC that is close to the BP. The use of
sequencing would be useful, but interpretation may be challenging, particularly for
isolates that have an SNP rather than an insertion or deletion.
A limitation of the study was that we did not sequence all isolates. There was,
however, high agreement across all methods for BDQ susceptibility, and not sequencing the susceptible isolates is unlikely to have affected the results. The ECOFF for BMD
did include the later-deﬁned R strains and may have skewed the results to the right.
This is unlikely to have been signiﬁcant since they accounted for ⬍2.5% of the total
(12/494) and accommodates the ECOFF at 97.5%. Our application of the CRS using
sequencing to resolve discordant pDST may not be completely accurate, since the
genetic basis of BDQ resistance is not fully understood. Nonetheless, the use of genetic
results provides an independent method unaffected by technical challenges with
phenotypic testing and is a reasonable approach.
Overall, this study has provided further evidence of the robustness of the methods
September 2020 Volume 64 Issue 9 e00479-20
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FIG 4 Diagrammatic representation of BDQ DST results for discordance isolates by method stratiﬁed by CRS susceptible
(n ⫽ 14) (a) and resistant (n ⫽ 10) (b). AP, agar proportion; BMD, broth microdilution.

for use as a diagnostic tool for determination of BDQ phenotypic resistance and BMD
as a reference method for BDQ DST. We conﬁrmed the criteria previously set, and based
on the multicountry study design, using the standardized protocols, these ﬁndings are
generalizable. The BMD dry plate performed well classifying the largest number of
strains correctly and highly comparable to the existing WHO-endorsed methods
(MGIT960 and AP). The BMD dry method also offers practical advantages over the
frozen plates and should be considered for review by the WHO and regulatory agencies
for clinical use in the future.
MATERIALS AND METHODS
We conducted a multicountry study, which included ﬁve laboratories from the WHO Supranational
TB Reference Laboratory Network: Belgium, Italy, Japan, Pakistan, and South Africa. Each site tested
approximately 100 BDQ treatment-naive DR-TB clinical isolates collected from different geographic areas,
using a standardized approach with multiple methods: AP, MGIT960, and BMD (frozen and dry).
For the 7H11 AP method, laboratories were provided with BDQ active pharmaceutical ingredient, lot
number A17HB1824 (Janssen Pharmaceutica, Beerse, Belgium). For the 7H9 BMD MIC testing, the
following materials were provided by Thermo Fisher Scientiﬁc (Oakwood Village, OH): frozen panels
containing prediluted 2⫻ drugs in 2⫻ medium (7H9 broth/oleic acid albumin dextrose catalase [OADC])
and dry panels containing lyophilized prediluted 1⫻ drugs. All dilutions were made in polystyrene
microtiter plates. The BDQ concentration range was 0.008 to 4 g/ml. For MGIT960 DST, lyophilized BDQ
vials containing 170 g/vial potency-adjusted BDQ (Becton Dickinson, Franklin Lakes, NJ) was reconstituted in 2 ml of dimethyl sulfoxide/vial. Clinical isolates were tested by MGIT960 and AP at the

TABLE 2 Prevalence of BDQ resistance by method and composite reference standarda
DST method
AP
BMD frozen
BMD dry
MGIT960
CRS

CC or BP (g/ml)
0.25
0.12
0.12
1
NA

No.
495
494
494
492
492

% resistant (range)
3.2 (1.9–5.2)
3.4 (2.0–5.5)
2.2 (1.1–3.9)
1.4 (0.6–2.9)
2.2 (1.1–3.9)

aCC,

critical concentration; BP, MIC breakpoint; NA, not applicable; CRS, composite reference standard. The
CC is indicated for the agar proportion (AP) and MGIT960 methods; the BP is indicated for BMD frozen and
BMD dry methods.
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