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Background. Bedaquiline and delamanid are newly available drugs for treating multidrug-resistant tuberculosis (MDR-TB); 
however, there are limited data guiding their use and no comparison studies.

Methods. We conducted a prospective, observational study among patients with MDR-TB in Georgia who were receiving a 
bedaquiline- or delamanid-based treatment regimen. Monthly sputum cultures, minimal inhibitory concentration testing, and ad-
verse event monitoring were performed. Primary outcomes were culture conversion rates and clinical outcomes. Targeted maximum 
likelihood estimation and super learning were utilized to produce a covariate-adjusted proportion of outcomes for each regimen.

Results. Among 156 patients with MDR-TB, 100 were enrolled and 95 were receiving a bedaquiline-based (n = 64) or delamanid-
based (n = 31) regimen. Most were male (82%) and the median age was 38 years. Rates of previous treatment (56%) and cavitary 
disease (61%) were high. The most common companion drugs included linezolid, clofazimine, cycloserine, and a fluoroquino-
lone. The median numbers of effective drugs received among patients on bedaquiline-based (4; interquartile range [IQR], 4–4) and 
delamanid-based (4; IQR, 3.5–5) regimens were similar. Rates of acquired drug resistance were significantly higher among patients 
receiving delamanid versus bedaquiline (36% vs 10%, respectively; P < .01). Adjusted rates of sputum culture conversion at 2 months 
(67% vs 47%, respectively; P = .10) and 6 months (95% vs 74%, respectively; P < .01), as well as more favorable clinical outcomes 
(96% vs 72%, respectively; P < .01), were higher among patients receiving bedaquiline versus delamanid.

Conclusions. Among patients with MDR-TB, bedaquiline-based regimens were associated with higher rates of sputum culture 
conversion, more favorable outcomes, and a lower rate of acquired drug resistance versus delamanid-based regimens.
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While the scourge of multidrug-resistant tuberculosis 
(MDR-TB) constitutes a global public health crisis, the recent 
implementation of new and repurposed drugs has provided 
hope for patients and health-care providers [1]. Bedaquiline 
is the first anti-tuberculosis agent to be approved by the Food 
and Drug Administration in >50 years and delamanid has re-
ceived “conditional approval” by the European Medicines 
Agency. Both drugs have appealing properties, including 
unique mechanisms of action, the ability to kill replicating 
and nonreplicating Mycobacterium tuberculosis organisms, 
and narrow spectrums of action limited predominantly to 
Mycobacteria species [2]. The repurposing of linezolid and the 
reemergence of clofazimine have also offered key additional 

agents for MDR-TB. While guidance and recommendations for 
the use of the above-mentioned drugs has been included in re-
cent World Health Organization (WHO) guidelines [3] there 
remains limited data on the clinical outcomes of patients treated 
with these agents under programmatic conditions, including 
no comparison of patients treated with bedaquiline- versus 
delamanid-based regimens.

Evidence for bedaquiline use stems from early in vitro studies 
displaying bactericidal activity, to Phase II and IIb clinical trials 
and a recent individual patient data meta-analysis demonstrating 
improved clinical outcomes [1, 4, 5]. In contrast, positive  results 
from a Phase II study of delamanid were not replicated in a 
Phase III trial, which found no difference in clinical outcomes 
with or without delamanid [6, 7]. Of note, the programmatic 
roll out and use of bedaquiline has been more widespread and, 
consequently, there are more reports on the clinical outcomes 
of patients using bedaquiline and scarce reports of delamanid 
(precluding evaluation in the above-mentioned meta-analysis) 
[5, 8]. Further experience with delamanid will better define its 
role and, moreover, comparisons of bedaquiline and delamanid 
will help determine the relative efficacy and safety of each agent.
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Our study was conducted in Georgia; similar to other 
former Soviet Union republics, Georgia has one of the 
highest rates of MDR-TB in the world [1]. With support from 
government and various agencies, the Georgian National 
Tuberculosis Program (NTP) implemented bedaquiline, 
delamanid, linezolid, and clofazimine into programmatic use 
for the treatment of MDR-TB and extensively drug-resistant 
(XDR) TB in 2015. We concurrently developed a prospective, 
observational study to evaluate clinical outcomes among pa-
tients receiving these drugs, with a main aim of comparing 
outcomes among patients receiving bedaquiline versus 
delamanid. Our overall goal was to provide valuable data on 
the programmatic use of new drugs to help define their ap-
propriate and responsible use.

METHODS

Setting

The study was carried out at the National Center for Tuberculosis 
and Lung Diseases (NCTLD) in Tbilisi, Georgia. Patients 
≥16 years old with a sputum culture positive for M. tuberculosis 
and confirmed multidrug resistance who started bedaquiline, 
linezolid, clofazimine, and/or delamanid from December 2015 
through May 2017 were eligible for inclusion. Written informed 
consent was required and ethics approvals were obtained from 
the institutional review boards of Emory University and the 
NCTLD.

Laboratory

All sputum specimens underwent acid-fast bacilli (AFB) smear 
microscopy, and AFB sputum cultures were performed at the 
National Reference Laboratory using Löwenstein-Jensen–based 
solid medium and the BACTEC mycobacterial growth indicator 
tube 960 broth culture system. Positive cultures were confirmed 
to be M. tuberculosis complex using the M. tuberculosis related 
antigen test. Phenotypic first- and second-line drug suscepti-
bility testing (DST) were carried out as previously described, and 
the MTBDRplus assay was performed on positive culture iso-
lates [9]. Pyrazinamide DST was conducted per manufacturer’s 
instructions using a critical concentration of 100 µg/ml. M. tu-
berculosis isolates were frozen at −80°C for later minimal inhib-
itory concentration (MIC) testing, which was performed using 
customized Thermo Scientific Sensititre Mycobacterium tuber-
culosis MYCOTB MIC plates [10]. Additional drugs added to 
the standard M. tuberculosis MIC panel included capreomycin, 
clofazimine, levofloxacin, linezolid, and bedaquiline. The re-
ported MIC was the lowest antibiotic concentration to inhibit 
visible growth. Full methodology and plate configurations are 
available in the Supplementary Materials. Sputum samples were 
collected monthly until culture conversion and at least through 
the first 12 months. Patients were asked to return approximately 
6 months posttreatment for follow-up and to provide a sputum 
sample.

Treatment

Patients were hospitalized at the initiation of MDR-TB treatment 
and were advised to remain hospitalized until sputum smear mi-
croscopy conversion and clinical improvement. Treatment regi-
mens were individualized based on DST results and following 
NTP and WHO guidlines [11–13]. All treatment regimens 
were reviewed and decided upon by the NTP Drug Resistance 
Committee, which meets twice weekly. Bedaquiline use was pre-
ferred for patients with pre-XDR-TB and XDR-TB; delamanid 
used was preferred for patients with an albumin <3 grams/dL 
and in patients with human during delaminid use was preferred 
in patients with human immunodeficiency virus, hepatitis C 
virus infection, and diabetes, due to less potential for hepatotox-
icity and drug-drug interactions. The standard of care for treat-
ment duration during the study period was 20–24 months. All 
treatment was administered through directly observed therapy.

Data Management

Baseline information on patient demographics, medical his-
tory, clinical presentation, radiology, and laboratory data was 
collected and prospectively gathered for sputum culture and 
laboratory results and for adverse event and final treatment 
outcomes. Adverse event monitoring, including laboratory 
and electrocardiogram monitoring, was carried out through 
the NTP pharmacovigilance monitoring system [14]. An ef-
fective drug was defined as a drug received and with suscep-
tibility confirmed by MIC testing [10, 15], with 2 exceptions 
for drugs without susceptibility testing: delamanid was always 
considered an effective drug, while unknown pyrazinamide re-
sults were considered resistant [16].

The time to sputum culture conversion was defined as the 
number of days from the initiation of bedaquiline or delamanid 
to the first of 2 consecutive, negative sputum culture results 
≥28 days apart [17]. Acquired drug resistance was defined either 
as a drug going from susceptible on baseline MIC testing to re-
sistant on follow-up MIC testing or as a 2-fold increase in MIC 
value. Clinical treatment outcomes were defined using WHO 
criteria [11], with 1 exception: patients with a loss to follow-up 
(LFU) were reclassified as having a poor outcome if they had a 
documented positive culture after LFU or as having a favorable 
outcome if they had initial culture conversion and a subsequent 
posttreatment negative sputum culture. The NCTLD database 
was checked on 1 March 2019 to evaluate for relapses. Patients 
with a relapse were defined as having a poor outcome regardless 
of the initial (end of treatment) treatment outcome.

Statistical Analysis

Our primary outcome analyses examined differences between 
bedaquiline- and delamanid-based treatment regimens in re-
gards to sputum culture conversion by 2 and 6 months and to 
clinical treatment outcomes. A  targeted maximum likelihood 
estimation (TMLE) was used to estimate the covariate-adjusted 
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proportion of outcomes under each regimen [18]. TMLE is 
a robust analytic method that, for our analysis, combined 2 
models to estimate an adjusted proportion of sputum culture 
conversion over time under bedaquiline- versus delaminid-
based regimens. These quantities were estimated using super 
learning, a flexible regression technique that selects the com-
bination of pre-specified regression algorithms that provides 
the best estimated fit to the data [19]. Pre-specified regressions 
are listed in the Supplementary Materials. We used a level 0.05 
Wald test of the null hypothesis of no difference in proportion 
of the outcome. In secondary analyses, we estimated the weekly 
cumulative probability of sputum culture conversion over the 
duration of the study and pointwise 95% confidence intervals. 
We conducted sensitivity analyses by computing E-values [20]. 
The E-value is an estimate of the minimum strength of associa-
tion between an unmeasured cofounder and treatment and be-
tween the same confounder and the outcome that would negate 
the observed treatment-outcome association. Large E-values 
indicate a strong unmeasured confounder would be needed 
to negate the observed association. Analyses were carried out 
using R [21] software, using drtmle [22] and SuperLearner [19] 
packages.

RESULTS

Among 156 patients with MDR-TB who were approached for 
enrollment, 100 agreed to participate and 95 initiated treatment 
with bedaquiline or delamanid and were included in analyses 
(Figure 1). There were 64 patients (67%) initiating treatment 
with a bedaquiline-based regimen and 31 (33%) initiating treat-
ment with a delamanid-based regimen. Patients initiating treat-
ment with either a bedaquiline- or delamanid-based regimen 

were similar in regards to age, body mass index, rates of drug 
use, and comorbidities; the 2 patients coinfected with human 
immunodeficiency virus received bedaquiline, given they were 
taking albumin at <3 g/dl (Table 1). Rates of smear positivity 
and bilateral or cavitary disease were not significantly different. 
Table 1 contains a comparison of available baseline characteris-
tics. Baseline MIC testing revealed no significant difference in 
rates of XDR-TB (Supplementary Table S1).

In regards to treatment characteristics, over half of the pa-
tients in each group received bedaquiline (53%) or delamanid 
(61%) within 2 weeks of any TB treatment initiation; the me-
dian numbers of days from treatment initiation were 4  days 
for delamanid and 15 days for bedaquiline (P = .14) (Table 2).  
There was a total of 64 unique, initial treatment regimens 
(Supplementary Table S2), with the most commonly used com-
panion drugs being linezolid, cycloserine, clofazimine, and an in-
jectable agent. More patients on delamanid received clofazimine, 
but the difference was not statistically significant (81% vs 67% 
on bedaquiline; P = .09). Cycloserine was more likely to be used 
among those on bedaquiline, compared to delamanid (91% vs 
65%, respectively; P <  .01). The median overall number of ef-
fective drugs received per patient was 4 in each treatment group 
(P  =  .98), while the median number of effective Class A  or B 
drugs received was 2 in each group (P = .43). There were 6 pa-
tients who underwent adjunctive surgical resection, including 
1 (3%) receiving delamanid and 5 (8%) receiving bedaquiline 
(P = .39). The median overall treatment durations were 549 days 
for patients receiving a bedaquiline-based regimen and 533 days 
for patients receiving a delamanid-based regimen.

There were 4 patients who had a negative culture when 
initiating bedaquiline or delamanid; thus, 91 patients were 
evaluated for sputum culture conversion. The median numbers 

Figure 1. Study flow diagram including patient clinical treatment outcomes. *Patients with LFU during treatment and no post treatment follow-up were excluded while 
those with post treatment follow-up were included and final outcomes were determined by follow up culture results. Abbreviation: LFU, loss to follow-up. 
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of serial sputum cultures collected were 11 for patients on 
delamanid and 12 for those on bedaquiline. The sputum culture 
conversion rates for the whole cohort at 2 and 6 months and 
overall were 58%, 88%, and 90%, respectively (Table 2). In an ad-
justed analysis, the estimated proportions of patients achieving 
sputum culture conversion were higher in patients receiving a 
bedaquiline-based regimen, as compared to a delamanid-based 
regimen, at 2 months (67% vs 47%, respectively; P = .10) and at 
6 months (95% vs 74%, respectively; P < .01; Table 3; Figure 2). 
The E-value for the 6-month culture conversion was 1.56 (an 
unmeasured confounder would need an odds ratio of ≥1.56 
with both treatment drug [predictor] and culture conversion 

(outcome] to negate the association). Acquired drug resist-
ance occurred in 17 patients (Supplementary Table S3) and was 
more common among patients receiving a delamanid- versus 
bedaquiline-based regimen (36% vs 10%, respectively; P < .01).

There were 68 patients (72%) with MDR-TB who had an in-
itial favorable outcome, and the remaining 27 patients (28%) 
had poor outcomes, including death (2%), failure (7%), and 
LFU (19%). Both deaths and 6 of 7 treatment failures were 
among patients receiving a delamanid-based regimen. The 1 
patient with treatment failure who was receiving bedaquiline 
had culture conversion at 3 months with clinical improvement, 
but a positive end-of-treatment 24-month sputum culture. 

Table 1. Characteristics of Patients with Multidrug-resistant Tuberculosis Receiving a Bedaquiline- or Delamanid-Based Treatment Regimen

Characteristic Delamanid, n = 31, n (%) Bedaquiline, n = 64, n (%) Pa

Median age, years (IQR) 38.3 (28.9–47.4) 37.3 (27.7–50.7) .98

Median BMI, kg/m2 (IQR) 20.4 (18.3–23.5) 19.8 (18.4–22.1) .66

Male 21 (68) 57 (89) .01

From Tbilisi 23 (74) 39 (61) .20

History of imprisonment 7 (31) 16 (25) .80

Any tobacco use 14 (45) 35 (55) .38

 ≥1 pack 9 (29) 16 (25)  

Any alcohol use 11 (36) 19 (30) .38

 Heavyb 4 (13) 8 (13)  

Diabetes mellitus 4 (13) 8 (13) .96

Hepatitis C antibody positive 7 (23) 13 (20) .80

HIV infection 0 2 (3)c .32

Known mental health disorder 0 0  

Tuberculosis presentation

 Case definition .25

 New 10 (32) 32 (50)  

 Prior treatment with first-line drugs 6 (19) 8 (13)  

 Prior treatment with second-line drugs 15 (48) 24 (38)  

 Disease location .98

 Pulmonary only 30 (97) 62 (97)  

 Pulmonary and extrapulmonaryd 1 (3) 2 (3)  

 Chest radiology

 Multilobar 20 (65) 52 (81) .07

 Bilateral 18 (58) 37 (58) .98

 Cavity 21 (68) 37 (58) .35

 Bilateral cavities 5 (16) 13 (20) .63

 AFB sputum smear positivee 24 (77) 48 (75) .80

 Drug resistance

 Extensive drug resistance 9 (29) 12 (19) .26

Median baseline laboratory values (IQR)

 White blood cell count 9.4 (7.1–12.8) 8.8 (7.4–11.0) .33

 Hemoglobin 12.0 (10.9–14.1) 12.8 (11.4–14.0) .30

 Platelets 371 (283–466) 371 (293–430) .97

 Creatinine .77 (.70–.87) .69 (.60–.84) .03

 Alanine transaminase 17 (11–24) 17 (12–25) .88

 Albumin, n = 37 3.6 (3.4–4.0) 3.6 (3.0–4.0) .72

Abbreviations: AFB, acid-fast bacilli; BMI, body mass index; HIV, human immunodeficiency virus; IQR, interquartile range.
aDifferences in categorical variables were tested using the Chi-square test and differences in continuous variables were tested using a 2-sample t test. 
b>15 drinks per week for men, >8 drinks per week for women.
cCD4 counts of 4 and 7, not on antiretroviral therapy. 
dBone, joint, and ear involvement. 
eAt time of new drug initiation.
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The median follow-up time after the initial treatment outcome 
was 367 days for patients receiving bedaquiline and 396 days 
for those receiving delamanid. There was 1 case of relapse de-
tected in each group during the study surveillance period. Of 
the 18 LFU patients, 7 presented for a follow-up evaluation and 
were able to be re-classified as either a poor outcome (n = 2) 
based on a positive sputum culture or a favorable outcome 
(n = 5) based on the lack of symptoms and a negative sputum 
culture (Table 2; Supplementary Table S4). The remaining 11 

LFU patients were not included in the final treatment outcome 
analysis. In an adjusted analysis, the proportion of patients 
with a favorable outcome was higher in patients receiving a 
bedaquiline- versus delamanid-based regimen (96% vs 72%, 
respectively; P < .01). The E-value for our treatment outcome 
was 1.98 (Table 3).

There were 2 patients who required premature discontinu-
ation of bedaquiline (hepatoxicity and severe rash) and 1 pa-
tient who required premature discontinuation of delamanid 

Table 2. Treatment Characteristics and Clinical Outcomes of Patients With Multidrug-resistant Tuberculosis Receiving a Bedaquiline- or  Delamanid-Based 
Treatment Regimen

Characteristic, median (IQR) Delamanid, n = 31 Bedaquiline, n = 64 P

Days from SLD initiation to starting bedaquiline or delamanid 4 (0–31) 15 (0–71) .14

Initiated bedaquiline or delamanid <15 days from treatment start 19 (61) 34 (53) .45

Bedaquiline or delamanid duration, days 182 (173–206) 171 (166–190)

Initial hospitalization duration, days 111 (72–209) 103 (64–174) .27

Subsequent hospitalizations 1 (1–2) 1 (1, 2) .49

Follow-up sputum cultures 11 (9–13) 12 (9–14) .83

Adjunctive surgical resection, n (%) 1 (3) 5 (8) .39

Treatment duration, days 533 (283–608) 549 (394–609)

Initial companion drugs, n (%) 

 Linezolid 25 (81) 50 (78) .78

 Clofazamine 26 (81) 43 (67) .09

 Imipenem 11 (36) 9 (14) .01

 Pyrazinamide 4 (13) 7 (11) .78

 Ethambutol 1 (3) 5 (8) .39

 Levofloxacin or moxifloxacin 11 (36) 25 (39) .74

 Capreomycin or kanamycin 19 (61) 43 (67) .57

 Para-aminosalicylic acid 5 (16) 15 (23) .41

 Cycloserine 20 (65) 58 (91) .002

 Prothionamide 6 (19) 26 (41) .04

 Median drugs received, n (IQR) 5 (4–6) 5 (5, 6) .17

 Median effective drugs received, n (IQR) 4.0 (3.5–5) 4.0 (4) .98

 Effective Class A or B drugs received 2 (2–3) 2 (2, 3) .43

Clinical outcomes, n (%)

 Median follow-up time since treatment initation, days (IQR) 905 (812–992) 855 (716–1016) .72

 Median follow-up time post–treatment outcome, days (IQR) 396 (258–579) 367 (230–545) .57

 Sputum culture conversion, n = 91 23 (74) 59 (98)

 Culture conversion within 60 days, n = 91 15 (48) 38 (63) a

 Culture conversion within 180 days, n = 91 23 (74) 57 (95) a

 Acquired drug resistance 11 (36) 6 (10) <.01

 Initial treatment outcome

 Cured 17 (54) 42 (66)  

 Completed 4 (13) 5 (8)  

 Loss to follow-up 2 (7) 16 (25)  

 Failure 6 (19) 1 (2)  

 Death 2 (7) 0  

 Loss to follow-up with recategorized outcomes, n = 18

 Poor 1 (3) 1 (2)

 Favorable 0 5 (8)

Relapse 1 (3) 1 (2)  

 Overall treatment outcomes, n = 84 … … a

 Poor 10 (33) 3 (6)  

 Favorable 20 (67) 51 (94)  

There were 68 patients (72%) with MDR-TB who had an initial favorable outcome; the remaining 27 patients (28%) had poor outcomes, including death (2%), failure (7%), and LFU (19%).

Abbreviations: IQR, interquartile range; LFU, loss to follow-up; MDR-TB, multidrug-resistant tuberculosis; SLD, second-line drugs.
aSee Table 4 for adjusted analyses.
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(hepatoxicity; Table 4). Only 3 patients had a corrected QT in-
terval (QTc) >500 ms (501, 508, and 515 ms) and neither drug 
was discontinued due to prolonged QTc. There were 4 patients 
who developed severe hepatitis (alanine transaminase > 5x time 
normal), including 1 on delamanid and 3 on bedaquiline (1 pa-
tient required temporary bedaquiline interruption).

DISCUSSION

Our prospective, observational cohort study found high rates of 
favorable outcomes among patients with pulmonary MDR-TB 
who were treated with new and repurposed drugs. In an adjusted 
analysis, bedaquiline-containing regimens were associated with 
improved clinical outcomes, as compared to delamanid-based re-
gimens (96% vs 72%, respectively; P < .01). To our knowledge, this 
is the first study comparing clinical outcomes among patients re-
ceiving bedaquiline- versus delamanid-based regimens, and our 
results support recent WHO guidelines including bedaquiline as a 
Class A priority drug for all patients with MDR-TB and delamanid 
as a Class C agent recommended for use when there are not enough 
Class A and B drugs available [3]. The strengths of our study in-
clude a well-characterized prospective cohort with intensive fol-
low-up, including MIC testing, and our robust analytic approach. 
Our observational cohort study adds novel data to the evidence 
base of clinical outcomes with newly approved anti-TB drugs.

The development of new treatments for MDR-TB has been 
urgently needed given poor outcomes and high rates of adverse 
events with previously used regimens [23]. Observational clinical 
study data is an important adjunct to clinical trial data to help 

inform the optimal use of new drugs and various different drug 
regimens. This is highlighted by the recent WHO drug-resistant 
treatment guidelines, which were informed by an individual pa-
tient meta-analysis of 50 mainly observational cohort studies [5]. 
Our prospective, observational cohort study adds important data 
to the field and demonstrates that among a group of patients with 
MDR-TB with high rates of previous treatment, cavitary disease, 
and drug resistance, high rates of successful outcomes can be 
achieved. It also demonstrates that bedaquiline-based regimens 
may be superior to delamanid-based regimens. In looking at var-
ious outcomes, bedaquiline use was associated with higher rates 
of sputum culture conversion at 2 and 6 months, better clinical 
treatment outcomes, and less development of acquired drug re-
sistance. In the absence of existing data from randomized con-
trolled trials of bedaquiline versus delamanid, the results from our 
study help inform clinicians and national tuberculosis programs 
on the relative efficacy of bedaquiline versus delamanid. Our an-
alytic approach utilized a robust TMLE method to control for all 
measured confounders and evaluate numerous models, and our 
sensitivity calculation of E-values found that a moderate to strong 
unmeasured confounder would have been needed to negate the 
association of bedaquiline with favorable clinical outcomes. 
Ongoing clinical trials that will help further define bedaquiline 
and delamanid use include an AIDS clinical trials group study 
looking at the safety and tolerability of combining both drugs 
(NCT02583048) and the endTB study (NCT02754765), which is 
utilizing an adaptive study design to compare clinical treatment 
outcomes in bedaquiline- versus delamanid-based regimens.

Table 3. Adverse Events Among Patients With Multidrug-resistant Tuberculosis Receiving a Bedaquiline- or Delamanid-Based Treatment Regimen

Characteristic Delamanid, n = 31, n (%) Bedaquiline, n = 64, n (%)

Premature permanent discontinuation secondary to adverse event 1 (3)a 2 (3)b

EKG results

 Mean baseline QTc 397 (27) 400 (22)

 Mean follow-up EKGs (SD) 9 (3) 8 (4)

 Highest mean follow-up QTc (SD) 448 (26) 432 (31)

 Patients with follow-up QTc ≥ 500 ms 2 (7)c 1 (2)d

 Mean largest QTc increase from baseline (SD) 50 (31) 31 (34)

 Patients with QTc increase ≥ 60 ms 9 (29) 12 (19)

Laboratory follow-up results

 Mean follow-up laboratory tests (SD) 9 (3) 8 (4)

 White blood cell count < 2000/mm3 0 0

 Hemoglobin ≤ 7.9 g/dl 2 (7) 1 (2)

 Platelets < 100 000 per microliter 3 (10) 6 (9)

 Increase in serum creatinine > 2 times baseline 5 (16) 15 (23)

 Potassium < 3.4 mEq/L 0 0

 ALT > 3x time upper limit of normal 4 (13) 5 (8)

 ALT > 5x time upper limit of normal 1 (3) 3 (5) 

Abbreviations: ALT, alanine transaminase; EKG, electrocardiogram; QT, Q wave to the end of the T wave; QTc, corrected QT interval; SD, standard deviation.
aReceived total of 18 weeks of delamanid, which was stopped along with all other treatment due to hepatotoxicity.
bBedaquiline stopped along with other treatment due to hepatoxicity and exfoliative dermatitis after 23 and 13 weeks, respectively.
cOccurred at 3 months (515 ms) and 5 months (501 ms); both cases had decrease of QTc 1 month later and did not have interruption of delamanid.
dOccurred at 3 months (508 ms) and had decreased QTc 1 month later; no interruption of bedaquiline.
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Table 4. Adjusted Sputum Culture Conversion Rates and Treatment Outcomes Among Patients With Multidrug-resistant Tuberculosis Receiving a 
Bedaquiline- or Delamanid-Based Treatment Regimen

Outcome Delamanid (95% CI) Bedaquiline (95% CI) P Value E Value

SCC at 2 months, n = 91 .47 (.27–.68) .67 (.56–.78) .10 1.23

SCC at 6 months, n = 91 .74 (.60–.88) .95 (.89–1.00) <.01 1.56

Favorable outcomes, n = 84 .72 (.61–.82) .96 (.91–1.00) <.01 1.98

Variables adjusted for in all analyses included age, body mass index, gender, history of imprisonment, tobacco and alcohol use, diabetes mellitus, hepatitis C, human immunodeficiency virus 
infection, new versus prior treatment case, sputum smear status, cavitary disease, and number of effective drugs.

Abbreviations: CI, confidence interval; SCC, sputum culture conversion.

Figure 2. Sputum culture conversion among patients with multidrug-resistant tuberculosis receiving a bedaquiline- or delamanid-based treatment regimen. A, Adjusted 
proportion of culture conversion. B, Adjusted difference in proportion of culture conversion. Bars represent 95% confidence intervals. Abbreviations: BDQ, bedaquiline; DLM, 
delamanid.
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In regard to delamanid, our results provide needed data 
on use in a programmatic setting. Beyond the Phase III ran-
domized clinical trial, which found no difference in outcomes 
whether delamanid was or was not added an optimized back-
ground regimen (76.5% vs 77.2%, respectively) [7], there is little 
reported experience. A  retrospective cohort of 19 MDR-TB 
patients from Latvia who were receiving delamanid found 16 
patients with a cure and 3 patients LFU [24]. Another retro-
spective cohort from South Africa reporting on 12-month in-
terim outcomes among 46 MDR-TB patients found 2- and 
6-month culture conversion rates of 52% and 81%, respectively, 
and favorable outcomes in 61% [25]. Our study clinical out-
comes were most consistent with the larger study from South 
Africa and similarly showed that delamanid was well tolerated 
and safe. Our results provide novel data on the rate of acquired 
drug resistance, which was high and may have been underesti-
mated given our lack of delamanid MIC testing. Further clinical 
outcomes data are needed from other settings to see whether 
similar rates of treatment failure and acquired drug resistance 
are seen with delamanid use.

The rates of culture conversion and favorable outcomes 
with the use of bedaquiline were extremely high, with almost 
all  patients achieving culture conversion (96%) and, after ex-
cluding patients LFU, achieving a favorable outcome (95%). 
These results compare favorably with a trend towards better 
outcomes than the bedaquiline Phase IIB clinical trial (24-
week culture conversion 79%; cure rate 58%) [26] and with an-
other large multicounty cohort of 537 patients [27]. The use of 
linezolid, clofazimine, and beta-lactams may have contributed 
to improved outcomes in our cohort, as compared to the Phase 
IIb study, as these drugs were not part of routine trial regimens. 
Treatment regimens in the cohort study were more similar to 
ours, as were results including a 6-month culture conversion 
rate of 78% and, when excluding patients LFU, a treatment suc-
cess rate of 80%. Utilizing an active drug safety and monitoring 
program, we also found reassuring data on the safety and toler-
ability of bedaquiline. The high rates of LFU in our study (19%) 
and in the above-mentioned cohort study (15%) are worth 
mentioning and highlight the challenges of completing treat-
ment. Further observational study will be important to evaluate 
whether the implementation of injectable-free and shorter-
duration regimens decrease LFU.

There are additional important implications from our 
study. Among 95 patients, there were 64 unique initial 
treatment regimens utilized. This finding is remarkable 
in demonstrating the breadth of possible regimens and 
showing that when using a common backbone, there are 
many effective regimens, thus allowing clinicians the ability 
to adjust treatment based on clinical assessments and to 
provide patient-centered care. Through MIC testing and 
posttreatment surveillance, we  detected 1 bedaquiline- and 
clofazimine-treated case with  disease relapse, with a 3-fold 

increase in bedaquiline (0.03  → 0.25) and clofazimine 
(0.06  → 0.50) MICs. This case illustrates that bedaquiline 
and clofazimine resistance commonly occur together, which 
is thought to be due to mutations in efflux pumps and brings 
attention to the concern that the long half life (~5 months) of 
bedaquiline may increase the risk of increasing MIC values 
in patients who relapse [28].

Our observational study design introduces the possibility 
of bias by unmeasured or uncontrolled confounding. This po-
tential for bias was mitigated by the fact that patients receiving 
each regimen had similar, commonly measured characteristics 
and by using a robust TMLE approach. TMLE utilizes flexible 
regression techniques to estimate both outcome regression and 
propensity scores, and it can yield consistent estimates even in 
small samples. Additionally, in performing a sensitivity analysis, 
we found E-values that indicate a moderate to strong unknown 
confounder would be needed to negate our findings. The lack 
of delamanid MIC testing also prevented us from determining 
baseline and acquired drug resistance to the drug. Based on 
other reports [29], and no prior delamanid use in Georgia, it is 
unlikely that baseline delamanid resistance existed. However, if 
baseline resistance existed, this may in part explain treatment 
failures on delaminid. Forthcoming whole-genome sequencing 
data will also allow us to infer phenotypic resistance.

In summary, we provide novel and encouraging clinical 
data on the treatment outcomes among patients receiving 
bedaquiline- versus delamanid-based regimens and, notably in 
a programmatic setting, excellent clinical outcomes with the use 
of bedaquiline.
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