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Background. Bedaquiline (BDQ) resistance presents a critical challenge in the fight against tuberculosis (TB), particularly
multidrug-resistant (MDR) strains. The emergence of resistance to BDQ, a key drug in treating MDR-TB, poses significant
threats to TB treatment effectiveness.

Methods. The National Institute of Tuberculosis and Respiratory Diseases in Delhi and the Médecins Sans Frontiéres clinic in
Mumbai provide BDQ, delamanid, and carbapenem-based regimens for patients with suspected or confirmed treatment failure.
BDQ phenotypic drug-susceptibility testing (DST) was performed for all BDQ-exposed patients. Treatment regimens were
individualized based on exposure history, comorbidities, drug interactions, prior adverse drug reactions, and DST results.

Results. Of 117 BDQ-exposed patients from December 2020-December 2022, 42 (36%) exhibited a BDQ-resistant strain.
Median (IQR) age was 24 (22-32) years, with 63 (54%) females and 94% with pulmonary TB. Patients with a BDQ-resistant
strain were older (median age: 27 vs 23 years; P =.04), more likely to have lung cavities (risk ratio [RR]: 1.8; 95%-CI: 1.1-3.1;
P =.02), and be resistant to clofazimine (RR: 2.3; 95%-CI: 1.5-3.6; P=.001). Overall, 102 patients initiated treatment. Patients
with BDQ-resistance had higher risk of unfavorable outcomes compared with BDQ-susceptible patients (RR:2.1; 95%-CI: 1.5-
2.8; P<.001). Overall, 87% (33/38) of patients with BDQ-resistance experienced unfavorable treatment outcomes: 15 (40%)
died, 15 (40%) had treatment failure, and 3 (8%) were lost-to-follow-up.

Conclusions. The study highlights a concerning rate of BDQ-resistance among previously treated patients, resulting in poor
treatment outcomes. To prevent treatment failure, we recommend implementing BDQ-DST, developing affordable and accurate

rapid tests for BDQ-resistance, and intensifying research and development efforts for newer TB drugs.
Keywords. drug resistance; operational research; India; drug-susceptibility testing.

According to the Global Tuberculosis (TB) Report 2023, there were
410 000 new cases of multidrug-resistant/rifampicin-resistant TB
(MDR/RR-TB) worldwide in 2022 [1]. India has the largest share
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globally, accounting for 27% of the world’s burden of TB and
MDR/RR-TB [1]. Extensively drug-resistant TB (XDR-TB) is TB
disease caused by a strain of Mycobacterium tuberculosis complex
that is resistant to rifampicin, isoniazid and, at least 1 fluoroquino-
lone (FQ) (levofloxacin or moxifloxacin) and at least 1 other “group
A” drug (bedaquiline [BDQ] or linezolid).

Bedaquiline has been designated as a group A drug by the
World Health Organization (WHO) for the management of
multidrug-resistant TB (MDR-TB) and XDR-TB. India brought
BDQ into use in 2016 under the Conditional Access Program
following strict enrollment criteria and close monitoring [2].

The Indian National TB Elimination Program (NTEP) in-
cluded the shorter oral BDQ-containing MDR/RR-TB regimen
in the 2021 national guidelines for the management of
drug-resistant TB (DR-TB) [3].

With increased use of BDQ across the country there is con-
cern regarding development of resistance. Resistance to BDQ
was first described in 2015 and is a growing problem [4-7].
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A systematic review published in 2022, which included 13 stud-
ies on BDQ resistance including data from India, found that the
median proportion of participants with baseline phenotypic
BDQ resistance was 2.8% (interquartile range [IQR]: 1.9%-
3.3%) and the median frequency of acquired BDQ resistance
during treatment was 2.2% (IQR: 1.1%-4.6%) [8].

In a study in programmatic contexts in South Africa from
2015 to 2019, 3.8% (95% CI: 2.9%-4.6%) of patients exhibited
resistance to BDQ. The BDQ-resistant patients showed poorer
treatment outcomes (odds ratio [OR]: .5; 95% CI: .3-1) [9].

The study aims to describe BDQ resistance in a cohort of pa-
tients with DR-TB who have been exposed to BDQ and with
suspected or confirmed treatment failure. It describes potential
risk factors for BDQ resistance and the treatment outcomes of
these patients treated with individualized regimens.

METHODS

Study Design
This was a multicentric retrospective cohort study using pro-
grammatic data.

Study Setting and Study Population
This study used data from 2 sites treating patients with DR-TB
with extensive resistance patterns who require newer drugs
and have limited treatment options: the National Institute of
Tuberculosis and Respiratory Diseases (NITRD) in New Delhi
and the Médecins sans Frontiéres (MSF) clinic in Mumbai, India.
The patients with DR-TB in the study population encompass
TB patients with MDR/RR-TB, pre-XDR TB, and XDR-TB
who had been treated with BDQ-based regimens for a mini-
mum of 1 month and had experienced treatment failure and
were therefore referred to either NITRD or MSF clinics be-
tween December 2020 and December 2022.

Description of Activities in NITRD and MSF Clinics
The patients with DR-TB referred to the NITRD and MSF clin-
ic were evaluated by a multidisciplinary team. A detailed med-
ical history and relevant microbiological, radiological, and
laboratory investigations were performed as per the Indian
NTEP guidelines in a national accredited laboratory [3].
Drug-susceptibility testing was performed at the suprana-
tional reference laboratory of India using the Mycobacteria
Growth Indicator Tube (MGIT; BD, Franklin Lakes, NJ,
USA) in modified Middlebrook 7H9 broth medium for BDQ,
second-line injectable agents (kanamycin, amikacin, capreomy-
cin), ethionamide, para-aminosalicylic acid, clofazimine (CFZ),
linezolid, and FQs [10]. In addition, HAIN genotype line probe
assays were performed to elicit the mutations for injectable
agents (kanamycin, amikacin, capreomycin) and FQs [11].
After enrolling eligible patients with treatment failure, new
treatment regimens were individualized using BDQ, delamanid

(DLM) and carbapenem, and other appropriate drugs to form
an optimized background regimen. This was based on drug-
exposure history, comorbidities, interactions with concomitant
medications, previous history of adverse drug reactions
(ADRs), and DST.

The patients were followed up every 2 weeks for the first 2
visits and then monthly at the NITRD or MSF clinic to check treat-
ment response, ADRs, laboratory abnormalities, and nutritional
status and to receive psychosocial support. Systematic monitoring
of patients’ progress was carried out and recorded in an electronic
database.

Operational Definitions

Culture conversion, culture reversion, and treatment outcomes
were defined according to the WHO 2021 Definitions and
Reporting Framework for Tuberculosis [12]. Accordingly,
treatment completion and cured is considered as “treatment
success.” Treatment failure, death, and loss to follow-up were
considered as “unfavourable treatment outcomes.”

We defined culture conversion as 2 consecutive negative cul-
tures taken at least 30 days apart following an initial positive
culture. We defined time to initial culture conversion as the
time in months from the date of start of DR-TB treatment to
the date of specimen collection for the first of 2 consecutive
negative sputum culture results, irrespective of whether there
was a subsequent sputum culture positive result. We defined
culture reversion to positive when at least 2 subsequent positive
sputum cultures were recorded after initial culture conversion.

Data Management and Statistical Analysis

Patient data from both MSF and NITRD clinics were entered
from patients’ treatment files into a Microsoft Excel spread-
sheet (Microsoft Corporation, Redmond, WA, USA) by trained
data entry operators.

Patients’ demographic and treatment characteristics were
summarized using frequencies and percentages for categorical
variables and medians and IQRs for continuous variables. All
statistical differences were tested in univariable analyses using
chi-square, Fisher’s exact, or Wilcoxon rank-sum tests, as ap-
propriate. Risk factors with P <.05 in univariate analysis or
clinically important variables were further analyzed in a multi-
variable logistic regression model.

All estimates were reported with their respective 95% Cls.
P values below the threshold of .05 were considered statistically
significant. All analyses were performed using R software (ver-
sion 4.3.2; The R Foundation, Vienna, Austria).

Ethics

The study fulfilled the exemption criteria set by the MSF Ethics
Review Board (ERB) for a posteriori analysis of routinely
collected clinical data and thus did not require MSF ERB
full review. The study received ethics approval from the
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Institutional Review Board of the NITRD, Delhi (NITRD/EC/
2022/1947).

RESULTS

During the study period, 121 patients with confirmed TB with
previous exposure to BDQ and suspected or confirmed treat-
ment failure underwent DST for BDQ. Four patients refused
treatment and hence were excluded from the analysis (Figure 1).

Of the remaining 117 patients, the baseline demographic and
clinical characteristics of patients stratified by BDQ-resistance
status are shown in Table 1. Forty-two (36%) patients had
strains of BDQ resistance; the median (IQR) age was 24
(22, 32) years and 63 (54%) were females. The majority (96%;
n=112) had pulmonary TB. All patients were human immu-
nodeficiency virus (HIV) seronegative.

In the univariate analysis the patients with strains of BDQ
resistance were older (median age: 27 vs 23 years; P=.04),
in contrast to patients who were susceptible to BDQ. A
greater proportion of BDQ-resistant patients had lung cavities
(OR =2.5; 95% CI: 1.2-5.6; P =.02) and were resistant to CFZ
(OR = 4.9; 95% CI: 2.0—12.0; P=.001) (Table 1).

In the multivariable logistic regression analysis, the presence
of lung cavities and resistance to CFZ were significantly associ-
ated with higher odds of BDQ resistance (Table 1). Figure 2
shows the patients’ baseline resistance pattern to BDQ, FQs,
linezolid, and CFZ.

Of the 117 patients, 7 (6.0%) patients died before initiating
treatment and 8 (6.8%) were transferred to another health fa-
cility to continue treatment (Figure 1). The treatment regi-
men and treatment outcome of the remaining 102 patients
stratified by BDQ-resistance status are shown in Table 2.
Among these 102 patients, 38 patients were BDQ resistant
and, among them, 87% (33/38) experienced unfavorable
treatment outcomes compared to 42% (27/64) in the
BDQ-susceptible cohort (risk ratio [RR] =2.1; 95% CI: 1.5
2.8; P<.001).

Risk factors for unfavorable treatment outcomes are shown
in Table 3. On univariate analysis, older age (P =.016) and in-
volvement of both lungs (P = .035) were associated with a high-
er risk of unfavorable treatment outcomes. However, none of
the variables retained statistical significance (P < .05) in a mul-
tivariable logistic regression model that incorporated age, lung
involvement, and CFZ resistance (Table 3).

Number of patients diagnosed with DR-TB
who have been exposed to bedaquiline for 2
1 month and have suspected or confirmed
treatment failure who underwent bedaquiline
drug susceptibility testing = 121

Number of patients

4

h 4

refused treatment = 4

Number of patients included in the
analysis = 117

Y

Bedaquiline
resistant = 42

Did not initiate
treatment=4
-Died=1

A

v

A 4

Bedaquiline
susceptible = 75

Did not initiate
treatment = 11
-Died=6

A

- Transferred out = 3

Treatment initiated = 38
- Cured = 4 (11%)
- Treatment completed = 1 (2.6%)
- Died = 15 (39%)
- Treatment failed = 15 (39%)
- Lost to follow-up = 3 (7.9%)

- Transferred out = 5

Treatment initiated = 64
- Cured = 21 (33%)
- Treatment completed = 16 (25%)
- Died = 8 (13%)
- Treatment failed = 18 (28%)
- Lost to follow-up = 1 (1.6%)

Figure 1. Flow chart. Abbreviation: DR-TB, drug-resistant tuberculosis.
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Table 1. Baseline Patient Characteristics Stratified According to Their Bedaquiline Resistance Profile

Bedaquiline Bedaquiline
Characteristics Overall (n=117) Resistant (n =42) Susceptible (n=75) P2 aOR (95% Cl) P
Age group .8
<20y 21 (18%) 7 (17 %) 14 (19%)
20 to <40y 85 (73%) 30 (71%) 55 (73%)
40 to <60y 11 (9.4%) 5(12%) 6 (8.0%)
Median (IQR) age, y 24 (22, 32) 27 (22, 37) 23 (21, 29) .043 1.1(1.0,1.1) A
Gender .077
Female 63 (54%) 18 (43%) 45 (60%) Reference
Male 53 (45%) 23 (55%) 30 (40%) 1.8(.7,4.5) .
Transgender female 1(0.9%) 1(2.4%) 0 (0%) >.9
Site of tuberculosis 3
Pulmonary 112 (96 %) 42 (100%) 70 (93%)
Extrapulmonary 3(2.6%) 0(0%) 3(4.0%)
Disseminated 2 (1.7%) 0 (0%) 2 (2.7%)
Lung involvement® 6
Unilateral 25 (22%) 8 (19%) 17 (24%)
Bilateral 89 (78%) 34 (81%) 55 (76 %)
Lung cavity .02
No 56 (48%) 14 (33%) 42 (56%) Reference
Yes 61 (52%) 28 (67%) 33 (44 %) 2.8(1.1,7.5) .032
Diabetes >.9
No 107 (91%) 39 (93%) 68 (91 %)
Yes 10 (8.5%) 3(7.1%) 7 (9.3%)
Nutritional status 2
BMI >16 kg/m? 57 (49%) 24 (57%) 33 (44 %) Reference
BMI <16 kg/m2 60 (51%) 18 (43%) 42 (56%) 5(.2,1.3) 2
Resistance profile
Clofazimine-resistant 28 (25%) 18 (44%) 10 (14%) <.001 5.5 (2.1, 15.7) <.001
Missing data® 6 1 5
Linezolid-resistant 33 (30%) 15 (37%) 18 (26%) 2 1.1 (.4, 3.0) 9
Missing data® 6 1 5
Fluoroquinolone-resistant 100 (90%) 38 (93%) 62 (89%) 7
Missing data® 6 1 5

Data are presented as n (%) or median (IQR).

Abbreviations: aOR, adjusted odds ratio; BMI, body mass index; Cl, confidence interval; IQR, interquartile range.

Fisher’s exact test; Wilcoxon rank-sum test; Pearson’s chi-square test.
°Lung involvement does not include extrapulmonary (3 patients).

°Missing data means the drug-resistance profiles of some patients were not available.

Twenty-four (67%) of the 38 BDQ-resistant patients and 43
(69%) of the 64 BDQ-sensitive patients culture-converted in a
median of 75 days (IQR: 60-135 days) and 90 days (IQR: 60—
150 days), respectively, following baseline positive culture re-
sults, as shown in Table 4. However, 10 of 24 (41.7%)
BDQ-resistant patients who achieved culture conversion expe-
rienced culture reversion in a median of 240 days (IQR: 120-
128 days). Of the remaining 14 (58.3%) patients who remained
culture-converted, 2 were found to have failed treatment based
on the clinical and radiological results, 2 were lost to follow-up,
and 5 died despite being continuously culture-negative.

DISCUSSION

The emergence of DR-TB poses a significant challenge to global
TB control efforts. In this study, we investigated the prevalence

of BDQ resistance among patients with TB with previous expo-
sure to BDQ who had experienced treatment failure, and its im-
pact on subsequent treatment outcomes. Our findings also
provide evidence on important clinical factors associated with
BDQ resistance and its implications for TB management.

In a study from South Africa during a surveillance period
spanning from 2015 to 2019 within programmatic contexts,
the prevalence of BDQ resistance was 11.1% (1/9; 95% CI:
.3%-48.3%) in patients previously exposed to BDQ [9]. Our
study indicates a concerning prevalence of BDQ resistance at
36% (42/117) in people previously exposed to BDQ.

Our study results concurred with the observations of Ismail
et al [9] that resistance to CFZ was significantly associated with
BDQ resistance. The correlation between CFZ and BDQ resis-
tance was observed to be lower, probably due to the small sample
size and lack of mutation elicitation in absence of whole-genome
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sequencing [13]. This indicates that BDQ resistance was associat-
ed with prior exposure to either BDQ or CFZ [9]. We have seen
no such significant difference in BDQ resistance among the pa-
tients harboring FQ resistance and FQ-sensitive strains, and the
reason for the difference is not quite clear.

Our study revealed a significantly higher risk of unfavorable
treatment outcomes among BDQ-resistant patients compared
with BDQ-susceptible patients (RR=2.1; 95% CI: 1.5- 2.8;
P <.001). Similarly, Ismail et al’s study reported a 1.5 times higher
incidence of unfavorable outcomes in the BDQ-resistant group
compared with the BDQ-susceptible group [9].

Mortality was higher in BDQ-resistant cases at 40% com-
pared to 13% in BDQ-sensitive cases. This mortality rate

Clofazimine Linezolid

Bedaquiline

Fluoroquinolone

Figure 2. Clofazimine-, linezolid-, and fluoroquinolone-resistance profile of
patients (N = 115).

demonstrates the impact of BDQ resistance on the success of
the regimen for patients with DR-TB.

In our study, older age, the presence of cavities, and concom-
itant resistance to CFZ were identified as significant risk factors
for BDQ resistance on univariate analysis. Lung cavities are
known to harbor bacilli due to parenchymal destruction, lead-
ing to poor drug penetration and possible exposure to a subop-
timal concentration of BDQ during treatment, leading to
resistance. Multivariable analyses of these factors, however,
were found to be non-statistically significant, probably due to
the small sample size and resistance to CFZ and BDQ only elic-
ited by phenotypic DST (pDST) [14-16].

Treating individuals with BDQ resistance is challenging as
effective drugs are limited; in our cohort, intravenous carbape-
nems were required by 87% of patients. These drugs pose a sig-
nificant financial and logistical challenge to national programs
in resource-constrained countries. Most patients would not be
able to afford these drugs if not covered by national programs.

In the BDQ-resistant cohort, time to culture conversion was
unexpectantly shorter than that of the BDQ-susceptible cohort,
although the numbers for comparison are small. Although a
considerable proportion of BDQ-resistant patients achieved
culture conversion during treatment, a significant proportion
of those patients experienced subsequent culture reversion.
This underscores the challenges in achieving treatment success
in patients with strains of BDQ resistance and highlights the
need for close monitoring and follow-up to prevent relapse
and treatment failure.

The use of pDST for anti-TB drugs, including BDQ, is rec-
ommended to detect resistance early, reduce the risk of devel-
oping further resistance, and to ensure patients are on the most
effective regimens [17]. Although BDQ has been recommended
for programmatic use in India since 2016, access to BDQ pDST
is still limited. According to the latest definition of XDR-TB

Table 2. Treatment Outcome Among Patients Who Initiated Treatment Stratified by Bedaquiline-Resistance Profile

Bedaquiline Bedaquiline
Overall (n=102) Resistant (n=238) Susceptible (n = 64) Pe

Characteristic

Treatment included bedaquiline 76 (75%) 8 (74%) 48 (75%) 9

Treatment included delamanid 101 (99%) 38 (100%) 63 (98%) >.9

Treatment included carbapenems 84 (82%) 3 (87 %) 51 (80%) 4

Treatment included linezolid 75 (74%) 27 (71%) 48 (75%) 7
Treatment success 42 (41%) 5 (13%) 37 (58%) <.001

Completed treatment 17 (17%) 1(2.6%) 16 (25%)

Cured 25 (25%) 4(11%) 21 (33%)
Unfavorable treatment outcomes 60 (59%) 3 (87 %) 27 (42%) <.001

Died 23 (23%) 5 (40%) 8 (13%)

Treatment failure 33 (32%) 5 (40%) 18 (28%)

Lost to follow-up 4 (3.9%) 3(7.9%) 1(1.6%)

Data are presented as n (%).
?Pearson’s chi-square test; Fisher's exact test.
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Table 3. Risk Factors for Unfavorable Treatment Outcome Among Patients Resistant to Bedaquiline

Treatment Unfavorable
Characteristics Overall (n=38) Success (n=5) Outcome (n=33) P aOR (95% CI) P2
Age 3
<20y 7 (18%) 2 (40%) 5 (15%)
20 to <40y 27 (71%) 3 (60%) 24 (73%)
40 to <60y 4 (11%) 0(0%) 4 (12%)
Median (IQR) age, y 28 (22, 37) 20 (17, 23) 31 (24, 37) .016 1.2(1.0,1.7) 12
Sex >.9
Female 14 (37 %) 2 (40%) 12 (36%)
Male 23 (61%) 3 (60%) 20 (61%)
Transgender female 1(2.6%) 0 (0%) 1 (3.0%)
Lung involvement .035
Unilateral 7 (18%) 3 (60%) 4 (12%) Reference
Bilateral 31 (82%) 2 (40%) 29 (88%) 3.9(.3,50.2) 3
Lung cavity 14
No 12 (32%) 3 (60%) 9 (27 %)
Yes 26 (68%) 2 (40%) 24 (73%)
Diabetes >.9
No 36 (95%) 5(100%) 31 (94%)
Yes 2 (5.3%) 0(0%) 2 (6.1%)
Nutritional status >.9
BMI >16 kg/m? 21 (55%) 3 (60%) 18 (65%)
BMI <16 kg/m? 17 (45%) 2 (40%) 15 (45%)
Resistance profile at baseline
Clofazimine-resistant 17 (46%) 4 (80%) 13 (41%) 2 0.2 (0.01, 2.9) 3
Missing 1 0 1
Linezolid-resistant 12 (32%) 3 (60%) 9 (28%) 3
Missing 1 0 1
Fluoroquinolone-resistant 34 (92%) 5(100%) 29 (91%) >.9
Missing 1 0 1

Data are presented as n (%) or median (IQR).

Abbreviations: aOR, adjusted odds ratio; BMI, body mass index; Cl, confidence interval; IQR, interquartile range.

@Fisher’s exact test; Wilcoxon rank-sum test.

Table 4. Time to Culture Conversion According to Bedaquiline-
Resistance Profile

Bedaquiline Bedaquiline
Overall Resistant Susceptible
Characteristic (n=102) (n=38) (n=64)
Culture conversion
Yes 67 (68%) 24 (67 %) 43 (69%)
No 31 (32%) 12 (33%) 19 (31%)
Missing data® 4 2 2
Median no. of days to 90 (60, 50) 75 (60, 135) 90 (60, 150)
culture conversion
Culture reversion 16 (24%) 10 (42%) 6 (14%)
Median no. of days to 315 (195,  240(120, 128) 435 (300, 323)
culture reversion 420)

Data are presented as n (%) and median (IQR).
Abbreviation: 1QR, interquartile range.

#Missing data means that after baseline culture no further culture report is available.

[18], without BDQ DST we are underestimating the burden of
XDR-TB. Bedaquiline DST should be widely scaled-up at treat-
ment initiation and especially for retreatment patients with a

history of BDQ exposure. The results of these tests can take
weeks to months in programmatic settings and there is an ur-
gent need for rapid cartridge-based molecular tests for BDQ re-
sistance to be developed or to further evaluate DST methods,
such as thin-layer-agar-based DST, which are quicker than
traditional alternatives [19, 20]. As the laboratory capacity of
the country improves, we recommend baseline BDQ DST
for all patients with TB with BDQ-containing regimens.
Drug-susceptibility testing for linezolid and CFZ is already
part of the NTEP diagnostic algorithm in India, and DLM
whenever feasible. In India, laboratory capacity is being scaled-
up to include DST for other newer drugs including BDQ, DLM,
and pretomanid. Next-generation sequencing can evaluate
drug resistance in a single test, and the WHO has found it prac-
tical and cost-effective; however, it is not yet widely available
[21]. Well-supported, person-centered models of care are nec-
essary to address patient needs from care-seeking all the way to
effective cure. Finally, addressing the financial shortage for TB
programs and research is crucial to meeting the demands. India
has been using BDQ since 2016; hence, the observation of high
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resistance among BDQ-treated patients is of concern as the
country rolls out the newer BPaLM (bedaquiline [B], pretoma-
nid [Pa], linezolid [L], and moxifloxacin [M]) regimen India is
aiming to implement BDQ DST at baseline for all patients start-
ed on the BPaLM regimen. The main limitation of this study
is that it concerns a highly selected cohort, and its findings
might be highly contextual with very limited generalizability.
However, we believe that the resistance patterns emerging in
epidemic hotspots such as Mumbai’s and Delhi’s urban slums,
where the majority of patients in this study lived, might indi-
cate what could occur in similar contexts. The small study sam-
ple size and the retrospective study design limit its power to
produce robust estimates. Despite these limitations, the lack
of knowledge on BDQ resistance, especially in patients failing
BDQ-based regimens, make the results an important contribu-
tion to the growing evidence base.

Conclusions

In conclusion, our study highlights the high occurrence of BDQ
resistance among patients with TB with previous exposure to
the drug and its impact on treatment outcomes. The presence
of lung cavities and concomitant CFZ resistance was indepen-
dently associated with BDQ resistance in the multivariable
analysis. These findings highlight the importance of monitor-
ing for drug resistance and the need for tailored treatment
strategies to optimize outcomes in this high-risk patient
population.
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