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Abstract Background/Purpose(s): Bedaquiline and delamanid were recently approved for
multidrug resistant tuberculosis (MDR-TB). Bedaquiline carries a black box warning of
increased risk of death compared to the placebo arm, and there is a need to establish the risks
of QT prolongation and hepatotoxicity for bedaquiline and delamanid.
Methods: We retrospectively analyzed data of MDR-TB patients retrieved from the South Korea
national health insurance system database (2014e2020) to assess the risks of all-cause death,
long QT-related cardiac event, and acute liver injury associated with bedaquiline or delama-
nid, compared with conventional regimen. Cox proportional hazards models were used to es-
timate hazard ratios (HR) with 95% confidence intervals (CI). Stabilized inverse probability of
treatment weighting based on propensity score was used to balance characteristics between
the treatment groups.
Results: Of 1998 patients, 315 (15.8%) and 292 (14.6%) received bedaquiline and delamanid,
respectively. Compared with conventional regimen, bedaquiline and delamanid did not in-
crease risk of all-cause death at 24-month (HR 0.73 [95% CI, 0.42e1.27] and 0.89 [0.50
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e1.60], respectively). Bedaquiline-containing regimen increased risk of acute liver injury (1.76
[1.31e2.36]), while delamanid-containing regimen increased risk of long QT-related cardiac
events (2.38 [1.05e3.57]) within 6 months of treatment.
Conclusion: This study adds to the emerging evidence refuting the higher mortality rate
observed in the bedaquiline trial population. Association between bedaquiline and acute liver
injury needs careful interpretation considering for other background hepatotoxic anti-TB
drugs. Our finding on delamanid and long QT-related cardiac events suggest careful risk-
benefit assessment in patients with pre-existing cardiovascular disease.
Copyright ª 2023, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Introduction

Bedaquiline and delamanid were recently approved exclu-
sively for treatment of Multidrug-resistant tuberculosis
(MDR-TB). Bedaquiline exerts bactericidal activity against
M. tuberculosis through inhibition of a mycobacterial ATP
synthase, and it shortened time to culture conversion and
improved treatment outcomes,1e4 subsequently receiving
Group A recommendation in the recent 2019 WHO consoli-
dated guidelines.5 Delamanid, bactericidal against M.
tuberculosis by inhibiting mycolic acid biosynthesis, has yet
demonstrated its efficacy over placebo in the most recent
phase III trial,6 and effectiveness data from observational
studies have been descriptive in nature.7,8 Moreover, while
generally regarded as safe and less toxic than the second-
line injectables (SLI), safety of bedaquiline and delamanid
outside the trial population warrants further investigation.

There are safety concerns on the risk of death associ-
ated with bedaquiline, and adverse events (AEs) including
QT prolongation and elevated liver enzymes reported in the
bedaquiline and delamanid arms.9e11 Bedaquiline carries a
black box warning based on the finding of more deaths
occurring in the bedaquiline vs. placebo arm (12.7% vs.
2.5%; p Z 0.02) in the phase II trial.1 Both bedaquiline and
delamanid cause modest QT prolongation, presumably via
inhibition of cardiac delayed rectifier potassium chan-
nels.10,12 While the magnitude of QT prolongation has been
described, no study to date have explored risk of cardiac
events manifesting from prolonged QT interval. Moreover,
drug-induced hepatotoxicity is not rare during MDR-TB
treatment,13 yet elevation of liver enzymes observed in
bedaquiline and delamanid arms have received relatively
little attention.9 These are certainly an important issue to
consider when designing an optimal background regimen
given that several other anti-TB drugs are also known to
affect QT interval and hepatotoxic.14,15

As much research were done in experimental setting,
there is a need to explore safety of bedaquiline and
delamanid in a broader population with less stringent
eligibility criteria and using comparative safety study
design. Also, there is scant data on their use in the high-
income countries with high-resource setting. It has been
previously reported that higher incidences of AEs from MDR-
TB treatment were observed in high-resource setting,
compared with low-resource setting,16 thereby making it
more suitable to explore rare safety endpoints. South Korea
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is one of the few countries with high-income, intermediate
TB burden, and where both bedaquiline and delamanid are
equally accessible. In this regard, we conducted a
population-based cohort study to evaluate the risk of all-
cause death, long-QT related cardiac event, and acute
liver injury in South Korean patients who received
bedaquiline-or delamanid-containing regimens.

Methods

Setting

South Korea has considerably high TB burden with the
annual incidence of 44.6 cases per 100,000 population in
2021, which is the highest and more than 7 times higher
than the average of member countries of the Organization
for Economic Cooperation and Development (OECD).17,18

The 2017 South Korea treatment guidelines for drug-
resistant TB is generally in line with the 2016 WHO treat-
ment guidelines; the shorter MDR-TB regimen newly rec-
ommended by WHO in 2016 was not endorsed in the South
Korean guideline due to high prevalence of the additional
drug resistance rate in South Korea.19,20

Bedaquiline and delamanid entered national formulary
to be covered under the national health insurance plan
since May 2015. The use of these drugs requires approval
from the national TB expert review committee (NTBERC),
launched in September 2016 by the Korea Disease Control
and Prevention Agency. NTBERC oversees the appropriate
use of these drugs, granting approval for use based on an
individual’s underlying medical conditions, laboratory data,
electrocardiogram, drug susceptibility test (DST), and pre-
vious treatment outcomes. Eligible cases include pre-
extensively drug resistant (XDR)/XDR-TB, MDR-TB resistant
to pyrazinamide, or for whom fluoroquinolones (FQs) or SLIs
cannot be tolerated.21

Data source

This study was conducted using the South Korea National
Health Insurance System (NHIS) database between 2014 and
2020. It contains all administrative medical claims of 97.1%
of the population, including demographics, income-based
insurance premium tiers as a proxy for income level and
socioeconomic status, medical diagnosis, procedure,
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prescription, and type of medical institution. Diagnoses are
coded using the Korea Standard Classification of Diseases,
7th revision (KCD-7), which is based on the International
Classification of Diseases, 10th revision (ICD-10), and in-
formation on procedures and drugs are coded using the
domestic coding system.

Study design and participants

We conducted a retrospective cohort study of MDR-TB pa-
tients identified in the NHIS database between 2016 and
2019. Study population included individuals aged 18 years
or older diagnosed with MDR-TB and received a guideline-
directed treatment regimen. MDR-TB was identified using
diagnosis codes for pulmonary TB (ICD-10: A15-A16) and
“resistance to tuberculostatic drugs (KCD-7: U84.3)”
recorded in the primary and secondary diagnosis positions,
respectively. Guideline-directed treatment regimen
comprised of at least 4 second-line anti-TB drugs, ascer-
tained by reviewing drug records on or after date of the
diagnosis. The full list of anti-TB drugs included in the
analysis is presented in the Supplementary Table 1 in the
supplement.

Bedaquiline and delamanid groups included patients
treated with bedaquiline or delamanid, respectively, plus
at least 3 second-line anti-TB drugs. Those who did not
receive either drug was classified as conventional regimen
group. Conventional regimen was defined as at least 4
second-line anti-TB drugs including core second-line
agents, FQs and/or SLIs (i.e., aminoglycosides), plus other
anti-TB drugs. The date patients initiated bedaquiline,
delamanid, or core second-line agents were assigned as
index date for bedaquiline, delamanid, and conventional
regimen groups, respectively. We excluded individuals who
had rifampin, less than 4 drugs included in the regimen,
received both bedaquiline and delamanid on the same
date, or without any core second-line agents among pa-
tients who received conventional regimen (Supplementary
Figs. 1 and 2 in the Supplement).

This study was reported in accordance with the
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) reporting guideline.22

Outcomes

The outcomes of interest were all-cause death, long QT-
related cardiac events, and acute liver injury. The date and
cause of death (ICD-10 coded) were obtained through
linkage to the national statistics data. Intent-to-treat
approach was used to follow patients from index date to
date of death or end of study period (31 December 2020).

Long QT-related cardiac events included medical diag-
nosis or death related to QT prolongation. Acute liver injury
was identified using ICD-10 codes adopted from published
literature on capturing drug-induced hepatotoxicity in a
medical claims data (Supplementary Table 2 in the Sup-
plement). The captured events were restricted to di-
agnoses during hospitalization or emergency department
visit. To ensure captured events were incident outcomes,
we excluded patients with any records of these events 6
months preceding the date of MDR-TB diagnosis. As-treated
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approach was used to follow patients from index date to
outcome of interest, censored at discontinuation of index
drugs, death, or end of study period, whichever was earlier.
For conventional regimen group, the index drug was either
FQs or SLIs, whichever was discontinued first. Treatment
discontinuation was ascertained with a gap exceeding 14
days between the end date of prescription and start date of
subsequent prescription.

Statistical analysis

To account for biases related to non-randomized treatment
allocation in real-world population, we used propensity
score (PS) method to estimate probability of receiving
exposure of interest conditional on the measured con-
founders.23 PS for receiving bedaquiline or delamanid was
estimated by fitting a multivariable logistic regression
model using the baseline covariates. Then, inverse proba-
bility of treatment weight (IPTW) based on PS was
computed to construct a weighted cohort with balanced
distribution of the measured confounders across treatment
groups. Moreover, stabilization of IPTW was achieved by
multiplying the marginal overall prevalence of treatment in
the study cohort to avoid any extreme or unstable weight
being assigned to a patient with very low probability of
receiving treatment.24

Baseline covariates were assessed prior to MDR-TB
diagnosis, and included age, sex, household income level,
lifestyle factors including smoking status and alcohol con-
sumption, past TB or MDR-TB treatment, Charlson comor-
bidity index (CCI),25 comorbidities associated with poor
prognosis and prescription records for drugs with potential
QT prolongation or hepatotoxicity (Supplementary Table 3
in the Supplement).

Descriptive analyses were conducted to summarize the
baseline characteristics and treatment characteristics using
mean (SD) for continuous variables, median with inter-
quartile range (IQR) for time duration, and frequencies with
percentages for categorical variables. For comparing the
balance of baseline characteristics between treatment
groups, we computed absolute standardized difference
(aSD), with a value less than 0.1 considered balanced.

For each outcome, we calculated incidence per 100
person-year with 95% CI based on Poisson distribution, and
plotted KaplaneMeier cumulative incidence curve with log-
rank test between the treatment groups. We used cause-
specific Cox proportional hazards models, with death
treated as a censoring event, to estimate HR for each
outcome, except for all-cause death, in bedaquiline and
delamanid groups. Risk of all-cause death was estimated at
12-, 24-, and 36-months after treatment initiation. Details
on the post-hoc subgroup and sensitivity analyses can be
found in eMethod in the supplement.

Results

Of 1998 patients, 315 (15.8%) and 292 (14.6%) received
bedaquiline and delamanid, respectively. The mean ages
were 53.2 (SD 17.2), 50.4 (17.0), and 53.3 years (17.8) for
bedaquiline, delamanid, and conventional regimen groups,
respectively, and there were more men across all groups.
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Baseline characteristics that varied across the groups were
balanced in the weighted cohort after applying IPTW
(Table 1).

Median time from diagnosis to initiation of bedaquiline
or delamanid were 47 days (IQR, 4e100) and 36 days
(3.5e93), respectively (Table 2). Median treatment dura-
tion with bedaquiline and delamanid were 5.7 months
(5.2e6.1) and 6.0 months (5.8e6.4), respectively. Most
frequently administered background drug in bedaquiline
and delamanid groups was cycloserine (87.0% and 91.1%),
Table 1 Demographic and clinical characteristics of MDR-TB pa

Characteristic Bedaquiline Delamanid

N Z 315 (%) N Z 292 (%)

Age, mean (SD) 53.2 (17.2) 50.4 (17.0
Male 220 (69.8) 184 (63.0
Lifestyle factors

Smoking (ever) 83 (26.4) 80 (27.4
Alcohol (>1 time/week) 75 (23.8) 95 (32.5

Household income level

Q1 (most deprived) 72 (22.9) 51 (17.5
Q2 78 (24.8) 72 (24.7
Q3 70 (22.2) 87 (29.8
Q4 (most affluent) 59 (18.7) 62 (21.2
Medicaid 36 (11.4) 20 (6.8)

Treatment year

2016 49 (15.6) 55 (18.8
2017 79 (25.1) 82 (28.1
2018 74 (23.5) 95 (32.5
2019 113 (35.9) 60 (20.5

Previous treatment history

1st-line anti-TB drugs only 253 (80.3) 237 (81.2
2nd-line anti-TB drugs 38 (12.1) 36 (12.3

CCI

Mean (SD) 1.1 (1.3) 1.2 (1.3)
0-1 226 (71.7) 212 (72.6
2-3 86 (27.3) 74 (25.3
4þ 3 (1.0) 6 (2.1)

Comorbidity

Cardiovascular disease 87 (27.6) 75 (25.7
Chronic kidney disease 27 (8.6) 18 (6.2)
Asthma 46 (14.6) 43 (14.7
COPD 80 (25.4) 82 (28.1
Diabetes 120 (38.1) 86 (29.5
Solid organ transplant 3 (1.0) 4 (1.4)
Viral hepatitis 28 (8.9) 17 (5.8)
Cancer 38 (12.1) 35 (12.0
AIDS 1 (0.3) 5 (1.7)

Comedication

QTc prolonging drugs 60 (19.0) 52 (17.8
Hepatotoxic drugs 180 (60.3) 175 (59.9
a Absolute standardized mean difference less than 0.10 considered
b Stabilized IPTW based on propensity score for receiving bedaquili

using the covariates measured on or prior to MDR-TB diagnosis (c-stati
regimen).
Abbreviations: MDR-TB, multidrug resistant tuberculosis; aSD, absolut
probability of treatment weighting; CCI, Charlson comorbidity index;
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followed by FQs (73.3% and 72.9%), protionamide (73.0%
and 71.9%), and linezolid (50.2% and 43.5%).

Cumulative incidence of all-cause death was non-
significantly lower (Fig. 1A), whereas that of long QT-
related cardiac events were non-significantly higher in
delamanid group, compared with conventional regimen
group (Fig. 1B). While the cumulative incidence curves
showed a trend toward increased risk of acute liver injury
for bedaquiline and delamanid groups, the risk was signifi-
cantly higher only for bedaquiline group (Fig. 1C).
tients initiating treatment between 2016 and 2019.

Conventional regimen Maximum pairwise aSDa

N Z 1391 (%) Before IPTW After IPTWb

) 53.3 (17.8) 0.17 0.03
) 950 (68.3) 0.11 0.02

) 369 (26.5) 0.02 0.03
) 306 (22.0) 0.24 0.04

0.19 0.04
) 289 (20.8)
) 322 (23.1)
) 354 (25.4)
) 269 (19.3)

157 (11.3)
0.58 0.07

) 516 (37.1)
) 359 (25.8)
) 280 (20.1)
) 236 (17.0)

) 1093 (78.6) 0.07 0.01
) 139 (10.0) 0.07 0.04

0.10 0.08
1.1 (1.4)

) 1031 (74.1)
) 338 (24.3)

22 (1.6)

) 345 (24.8) 0.06 0.05
53 (3.8) 0.20 0.02

) 211 (15.2) 0.02 0.03
) 346 (24.9) 0.07 0.04
) 459 (33.0) 0.11 0.06

4 (0.3) 0.12 0.05
87 (6.3) 0.10 0.04

) 184 (13.2) 0.04 0.06
8 (0.6) 0.11 0.03

) 257 (18.5) 0.02 0.03
) 854 (61.4) 0.03 0.05

balanced.
ne or delamanid by fitting multivariable logistic regression model
stics: 0.673 for bedaquiline, 0.675 for delamanid vs. conventional

e standardized difference; SD, standard deviation; IPTW, inverse
COPD, chronic obstructive pulmonary disease.



Table 2 Treatment characteristics of MDR-TB patients receiving treatment between 2016 and 2020.

Bedaquiline (n Z 315) Delamanid (n Z 292) Conventional regimen (n Z 1391) P-valuea

Interval from diagnosis to index drug initiation

Median (IQR), days 47 (4e100)b 36 (3.5e93)c 0 (0-0)b,c <0.001
Treatment with bedaquiline or delamanid

Median (IQR), months 5.7 (5.2e6.1) 6.0 (5.8e6.4) e <0.001
Number of drugs in initial regimen

Median (IQR) 5 (4e6)b 5 (4e6)c 5 (4e5)a,b <0.001
4 drugs, n (%) 88 (27.9) 84 (28.8) 489 (35.2)
5 drugs, n (%) 110 (34.9) 109 (37.3) 582 (41.8)
6 drugs or more, n (%) 117 (37.1) 99 (33.9) 320 (23.0)

Initial regimen composition, n (%)

Fluoroquinolones 231 (73.3)b 213 (72.9)c 1369 (98.4)b,c <0.001
Second-line injectables 105 (33.3)b 95 (32.5)c 663 (47.7)b,c <0.001
Linezolid 158 (50.2)b 127 (43.5)c 62 (4.5)b,c <0.001
pyrazinamide 137 (43.5)b 103 (35.3)c 1176 (84.5)b,c <0.001
Cycloserine 274 (87.0) 266 (91.1) 1262 (90.7) 0.112
protionamide 230 (73.0)b 210 (71.9)c 1204 (86.6)b,c <0.001
p-aminosalicylic acid 77 (24.4) 89 (30.5)c 297 (21.4)c 0.003
Carbapenems 41 (13.0)b 42 (13.3)c 50 (15.9)b,c <0.001
Amoxicillin-clavulanate 55 (17.5)b 45 (14.3)c 31 (9.8)b,c <0.001
a Based on chi-square test (or Fisher’s exact test) for categorical variables and ANOVA (or KruskaleWallis test) for continuous vari-

ables. Bonferroni test was performed for post hoc correction to account for comparisons of three groups.
b p-value<0.05 for bedaquiline vs. conventional regimen.
c p-value<0.05 for delamanid vs. conventional regimen.

Abbreviations: MDR-TB, multidrug resistant tuberculosis; SD, standard deviation; IQR, interquartile range.
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Incidence rates (per 100 person-year) of each outcome are
available in the Supplementary Table 4 in the supplement.

Risks of all-cause death, long QT-related cardiac events,
and acute liver injury in bedaquiline and delamanid groups,
compared with conventional regimen group, before and
after IPTW, are presented in Table 3. A total of 284 deaths
were identified at 36-month, corresponding to 43 (13.7%),
30 (10.3%), and 211 (15.2%) deaths in bedaquiline, delam-
anid, and conventional regimen groups, respectively. In the
weighted cohort, bedaquiline showed a non-significant
mortality risk reduction at 12-month (adjusted HR 0.73
[95% CI, 0.48e1.12]), compared with conventional regimen
group. The risk estimates shifted toward null association at
24- and 36-months (1.04 [0.75e1.44] and 0.99 [0.72e1.36],
respectively). Delamanid showed a non-significant mortal-
ity risk reduction at 12-month (0.75 [0.45e1.23]) and 24-
month (0.83 [0.55e1.25]), but not at 36-month (1.05
[0.75e1.49]).

Overall, there were few patients with long QT-related
cardiac events during treatment (5 in bedaquiline, 8 in
delamanid, and 23 in standard regimen groups). Of these
events, there were only 2 deaths due to long QT-related
cardiac events in conventional regimen group
(Supplementary Table 5 in the supplement). Compared with
conventional regimen, concerning trends toward increased
risk of long QT-related cardiac events were observed for
bedaquiline (1.43 [0.57e3.57]) and delamanid (2.38
[1.05e5.37]). There were significantly more patients diag-
nosed with acute liver injury in bedaquiline group (63;
21.7%), compared with conventional regimen group (195;
15.2%), corresponding to aHR of 1.76 (1.31e2.36). The risk
846
in delamanid group was comparable to that of conventional
regimen group with HR of 1.14 (0.81e1.61) (Table 3).

In post-hoc subgroup analyses, effect modification by
several covariates were identified (Fig. 2). Bedaquiline
demonstrated significant mortality benefit among patients
with type 2 diabetes (0.41 [0.18e0.94; Pinteraction Z 0.040]),
linezolid in the background regimen (0.16 [0.04e0.66;
Pinteraction Z 0.002]) and did not receive SLIs (0.51
[0.27e0.97, Pinteraction Z 0.010]). While a similar trend was
observed in patients treated with delamanid and linezolid
(0.21 [0.05e0.87; Pinteraction Z 0.279]), the interaction did
not reach statistical significance. Moreover, effect modifi-
cation by these interaction terms on all-cause death were
no longer observed at 24-month (Supplementary Fig. 3 in
the supplement). The results from sensitivity analyses
remained largely consistent with that of main analysis
(Supplementary Tables 7-10 in the supplement).
Discussion

In this nationwide retrospective cohort study, addition of
bedaquiline or delamanid demonstrated a promising trend
towards mortality risk reduction during the early course of
MDR-TB treatment. Notably, substantial early mortality
benefits were observed among bedaquiline group with type
2 diabetes and linezolid included in their background regi-
mens. While it was reassuring to note that there were only
few cases manifesting from potential QT prolongation, the
observed trend towards increased risk of cardiac events,
especially with the use of delamanid, requires careful risk-



Figure 1. Cumulative incidence curves of (A) all-cause death, (B) long QT-related cardiac event, and (C) acute liver injury in
MDR-TB patients receiving bedaquiline, delamanid, and conventional regimen.
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benefit assessment in patients with pre-existing cardiovas-
cular disease. Acute liver injuries during intensive treat-
ment phase were not rare, thereby underpinning active
monitoring for drug-induced hepatotoxicity.

There has been growing evidence refuting the signal of
mortality from the phase 2b bedaquiline trial. Schnippel
et al. conducted a retrospective cohort study using the
South African TB registry data to evaluate the risk of all-
cause death among drug-resistant TB patients receiving
bedaquiline. Significantly less patients in bedaquiline group
died, compared with the comparator group (12.6% vs.
24.8%), resulting in the HR of 0.35 (95% CI, 0.28e0.46).26

However, the generalizability of this substantial benefit of
bedaquiline was subject to survival and selection biases,
subsequently exaggerating the protective effect of beda-
quiline.27 Another study by Zhao et al. found null associa-
tion of all-cause death among South African patients
treated with bedaquiline, compared with those treated
with the SLI-based regimen at 12-month after treatment
initiation (7.6% vs. 7.5%; p Z 0.97).3

The significant mortality risk reduction with bedaquiline
among patients with diabetes is noteworthy given that
diabetes not only increases risk of MDR-TB but also nega-
tively affect the treatment outcome mainly via delayed
clearance of M. tuberculosis.28 We believe that the
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accelerated culture conversion by bedaquiline may have
subsequently led to early mortality benefit in this subgroup.
Co-treatment with linezolid, a repurposed drug, also led to
substantial mortality risk reduction. In a recent meta-
analysis, concomitant use of bedaquiline and linezolid in
HIV patients with higher CD4þ T-cell count at baseline was
associated with a higher treatment success rate,29 and we
add to this evidence by showing the potential for syner-
gistic effect by bedaquiline and linezolid in improving sur-
vival in general population.

To our knowledge, this is the first study to generate
comparative safety data on delamanid. Unlike bedaquiline,
delamanid remains as group C drug in the most recent WHO
treatment guidelines due to the finding from phase 3 clin-
ical trial that failed to show significant difference in time to
culture conversion, compared with placebo arm.6 In the
most recent non-inferiority trial, treatment success rate at
24-month in delamanid group was non-inferior to that of
conventional regimen (75.0% vs. 70.6%; absolute difference
4.4% [97% one-sided CI -9.5% to N]).30 Despite the lack of
robust efficacy data on delamanid, bedaquiline and
delamanid are being used in parity in South Korea. Hwang
et al. recently showed comparable effectiveness between
bedaquiline and delamanid by using the NTBERC data in
South Korea between 2016 and 2018.21 Our safety finding on



Table 3 Risk of all-cause death, long QT-related cardiac event, and acute liver injury in MDR-TB patients receiving beda-
quiline, delamanid, and conventional regimen.

No. of
patient,
n

No. of
event,
n (%)

Unweighted model Stabilized IPTW modela

Crude HR
(95% CI)

Adjusted HRb

(95% CI)
Crude HR (95% CI) Adjusted HRb

(95% CI)

Death (all-cause)c

12-month

Bedaquiline 315 26 (8.3) 0.81 (0.53e1.23) 0.70 (0.45e1.09) 0.83 (0.55e1.25) 0.73 (0.48e1.12)
Delamanid 292 15 (5.1) 0.50 (0.29e0.84) 0.74 (0.43e1.30) 0.64 (0.39e1.04) 0.75 (0.45e1.23)
Conventional
regimen

1391 140 (10.1) Ref. Ref. Ref. Ref.

24-month

Bedaquiline 315 40 (12.7) 0.99 (0.70e1.39) 0.89 (0.62e1.28) 1.15 (0.83e1.58) 1.04 (0.75e1.44)
Delamanid 292 23 (7.9) 0.58 (0.38e0.90) 0.83 (0.53e1.31) 0.74 (0.50e1.11) 0.83 (0.55e1.25)
Conventional
regimen

1391 184 (13.2) Ref. Ref. Ref. Ref.

36-month

Bedaquiline 315 43 (13.7) 0.98 (0.70e1.36) 0.88 (0.62e1.24) 1.07 (0.79e1.46) 0.99 (0.72e1.36)
Delamanid 292 30 (10.3) 0.67 (0.46e0.99) 0.97 (0.65e1.44) 0.97 (0.69e1.35) 1.05 (0.75e1.49)
Conventional
regimen

1391 211 (15.2) Ref. Ref. Ref. Ref.

Long QT-related cardiac eventd

Bedaquiline 313 5 (1.6) 1.13 (0.42e3.05) 1.07 (0.38e3.04) 1.39 (0.57e3.41) 1.43 (0.57e3.57)
Delamanid 286 8 (2.8) 1.87 (0.81e4.31) 2.35 (0.98e5.64) 2.24 (1.00e5.01) 2.38 (1.05e5.37)
Conventional
regimen

1372 23 (1.7) Ref. Ref. Ref. Ref.

Acute liver injuryd

Bedaquiline 290 63 (21.7) 1.75 (1.31e2.35) 1.68 (1.24e2.29) 1.77 (1.32e2.37) 1.76 (1.31e2.36)
Delamanid 266 42 (15.8) 1.16 (0.82e1.62) 1.11 (0.78e1.58) 1.15 (0.82e1.62) 1.14 (0.81e1.61)
Conventional
regimen

1272 195 (15.2) Ref. Ref. Ref. Ref.

a IPTW based on propensity score for receiving bedaquiline or delamanid by fitting multivariable logistic regression model using the
covariates measured on or prior to MDR-TB diagnosis.

b Adjusted for demographics, life-style factors, previous exposure to 1st or 2nd line anti-TB drugs, CCI, comorbidities, and past use of
QT prolonging drugs or hepatotoxic drugs for long QT-related cardiac event and acute liver injury, respectively.

c Intention-to-treat analysis with follow-up from index date to date of death, censored at each specified follow-up period.
d As-treated analysis with follow-up from index date to date of event, censored at the earliest date of discontinuation of index drugs,

death, or end of study period.
Abbreviations: MDR-TB, multidrug-resistant tuberculosis; IPTW, inverse probability of treatment weight; HR, hazard ratio; CI, confidence
interval; CCI, Charlson Comorbidity index.
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delamanid complements the available data to support a
need for reappraisal of the current treatment position of
delamanid in the WHO guidelines and expand its access.

QT prolonging effect of bedaquiline and delamanid has
been attributed to their inhibitory action on the cardiac
delayed rectifier potassium channels, predominantly by
their metabolites, M2 for bedaquiline and DM-6705 for
delamanid. Cardiac toxicity of bedaquiline is dose-
dependent, and delayed QT prolonging effect persisting
beyond discontinuation of bedaquiline had been attributed
to its long terminal half-life of 5e6 months.31 Similarly,
cardiac toxicity of delamanid was also shown to be dose-
dependent, with its QT prolonging effect peaking at
around 6e10 weeks of treatment.32 The magnitude of QT
prolongation by bedaquiline and delamanid have been
848
described, yet there is paucity of data on the risk of cardiac
events manifesting from QT prolongation. In a retrospective
data analysis of bedaquiline treatment episodes from 25
countries, 9.7% experienced QTcF >500msec, but none
translated into poor clinical outcomes.33 Data from WHO
active Drug Safety Monitoring project observed 17 (2.6%)
cases of QTcF >500msec, of which 8 cases resulted in
serious cardiac events (4 cases attributed to bedaquiline
and none for delamanid).34 In the most recent observa-
tional study using endTB project data, grade 3 or 4 QT
prolongation (QTcF >500msec or Torsade de pointes or
polymorphic ventricular tachycardia) were observed in 2.2%
of patients exposed to bedaquiline or delamanid.35 In our
study, it is reassuring to find that there were few long QT-
related cardiac events and no death from bedaquiline and



Figure 2. Risk of all-cause death at 12-month in the selected subgroups of MDR-TB patients receiving (A) bedaquiline or (B)
delamanid compared with those receiving conventional regimen. MDR-TB, multidrug resistant tuberculosis; sIPTW, standardized
inverse probability of treatment weight; HR, hazard ratio; CI, confidence interval; SLI, second-line injectables; FQ,
fluoroquinolones.
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delamanid groups were attributed to these events. It should
also be noted that the observed trends toward increased
risk in bedaquiline and delamanid groups may be subject to
detection bias as NTBERC requires periodic electrocardio-
graphic monitoring for all approved cases.

Of safety concerns associated with bedaquiline to date,
hepatic related AEs have received little attention. Biolog-
ical plausibility of bedaquiline-induced hepatotoxicity has
been attributed to its high lipophilicity, and lipophilic drugs
are generally prone to hepatotoxicity. While it has been
speculated that this structural characteristic of bedaqui-
line is responsible for phospholipidosis, an intracellular
accumulation of phospholipids, that manifest into hepa-
totoxicity,36 clinical implication of this mechanistic link of
bedaquiline to hepatic related AEs still remains to be
explored. Meanwhile, the proportion of patients with acute
liver injury while receiving bedaquiline in our study was
considerably higher than the 8.8% reported from pooled
safety data of bedaquiline trials.31 Indeed, our study pop-
ulation were generally older than the trial population, and
age >60 years had been shown to increase the risk of drug-
induced liver injury by 3.5-fold during TB treatment.37

Moreover, 2-fold increased risk of drug-induced hepatitis
in Asian men during TB treatment also implies a need for
future research on genetic susceptibility for bedaquiline-
induced hepatotoxicity.38 Alternatively, it should be
noted that diagnosis code-based identification of drug-
induced hepatotoxicity in medical claims data only
showed modest accuracy,39 and the captured cases may
not reflect true prevalence of acute liver injury manifested
by bedaquiline.

With their efficacy in facilitating culture conversion had
been explored extensively, optimizing dosing regimen and
minimizing side effects of anti-TB drugs remains a next
challenge. In Nix-TB trial, a 26-week treatment regimen
comprised bedaquiline, pretomanid and high-dose linezolid
(BpaL regimen) demonstrated an outstanding treatment
success rate of 90% (98 of 109 patients), yet treatment-
limiting toxicities including myelosuppression (48%) and
peripheral neuropathy (81%) were highly prevalent.40

Interestingly, a pharmacokinetic data analysis of Nix-TB
trial patients revealed no relation between treatment
outcome and trough level of BPaL regimen measured up to
16 weeks, suggesting a need for monitoring side effects
over therapeutic drug concentration.41 Hence, healthcare
resources should be weighted towards monitoring and
managing side effects upon achieving initial culture
conversion.

Several limitations must be considered in interpreting
our study’s findings. First, despite of including all pa-
tients treated for MDR-TB in South Korea, our study did
not have enough statistical power due to small population
size to detect significant differences of the outcomes
across the treatment groups. Specifically, the impact of
background anti-TB drugs included in the initial regimen
on the risk of long QT-related cardiac events could not be
analyzed due to very small number of the cases during
study period. Further studies using large-scale, multi-
national data are needed to assess the magnitude of
impact of individual background drugs on the potential
cardiotoxic effect by bedaquiline and delamanid in a
much larger population.
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Second, information on the DST patterns were not
available. It was not possible to ascertain whether the
resistance category differed between treatment groups.
However, given the strict eligibility criteria set by NTBERC,
patients treated with bedaquiline or delamanid were likely
to have harbored more drug resistances. In fact, 62.9% of
patients approved for bedaquiline or delamanid by NTBERC
had either pre-XDR or XDR-TB between 2016 and 2018,21

whereas it was only 21.6% in 2015 according to a retro-
spective analysis of TB registry data of South Korea.42 Given
this, it is worthy to note the trend towards early mortality
risk reduction observed for bedaquiline and delamanid
despite of this differential risk profiles.

Third, we could not validate whether the captured out-
comes were truly drug-induced events. Capturing of AEs in
the medical claims data is certainly challenging, especially if
the AE does not result in clinically significant event(s). In our
case, electrocardiogram and liver function test results were
not available, and relied on diagnosis codes for medical
conditions manifesting from these signs. Underestimation of
the outcomes is possible if the signs of QT interval prolon-
gation and liver enzyme elevation did not manifest into
symptomatic episode requiring medical intervention.

Lastly, our findings may not be readily generalizable
considering that our study cohort was generally much older
and had low prevalence of AIDS, compared with general
MDR-TB population.

Notwithstanding these limitations, we addressed the
limited data on the comparative safety of bedaquiline and
delamanid in hope to expand patient’s access to these
novel treatment approaches. Given their potential for
cardiac toxicity, bedaquiline and delamanid should be used
with caution in patients with pre-existing cardiovascular
disease, considering for risk vs benefit, until more definitive
evidence can be established. Concern on bedaquiline-
induced acute liver injury calls for additional research to
explore the magnitude of its impact on the MDR-TB treat-
ment outcomes.
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