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Abstract

Rationale: Current recommendations for the treatment of
rifampicin- and multidrug-resistant tuberculosis include
bedaquiline (BDQ) used for 6 months or longer. Evidence is
needed to inform the optimal duration of BDQ.

Objectives: We emulated a target trial to estimate the effect of
three BDQ duration treatment strategies (6, 7-11, and =12 mo) on
the probability of successful treatment among patients receiving a
longer individualized regimen for multidrug-resistant tuberculosis.

Methods: To estimate the probability of successful treatment, we
implemented a three-step approach comprising cloning,
censoring, and inverse probability weighting.

Measurements and Main Results: The 1,468 eligible
individuals received a median of 4 (interquartile range, 4-5)
likely effective drugs. In 87.1% and 77.7% of participants, this
included linezolid and clofazimine, respectively. The adjusted
probability of successful treatment was 0.85 (95% confidence

interval [CI], 0.81-0.88) for 6 months of BDQ, 0.77 (95% CI,
0.73-0.81) for 7-11 months, and 0.86 (95% CI, 0.83-0.88) for
=12 months. Compared with 6 months of BDQ, the ratio of
treatment success was 0.91 (95% CI, 0.85-0.96) for 7-11 months
and 1.01 (95% CI, 0.96-1.06) for =12 months. Naive analyses
that did not account for bias revealed a higher probability of
successful treatment with =12 months (ratio, 1.09 [95% CI,
1.05-1.14]).

Conclusions: BDQ use beyond 6 months did not increase the
probability of successful treatment among patients receiving
longer regimens that commonly included new and repurposed
drugs. When not properly accounted for, immortal person-time
bias can influence estimates of the effects of treatment duration.
Future analyses should explore the effect of treatment duration of
BDQ and other drugs in subgroups with advanced disease and/or
receiving less potent regimens.
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At a Glance Commentary

Scientific Knowledge on the
Subject: The World Health
Organization recommends that
bedaquiline (BDQ) be used in longer
(18-20 months) individualized
regimens for 24 weeks, the duration
studied in two randomized trials.
Although evidence supports the safety
of BDQ use beyond 24 weeks, there is
no evidence on the effectiveness of
BDQ beyond this period.

What This Study Adds to the
Field: We found no evidence that
BDQ use beyond 6 months increased
the probability of successful
treatment among patients receiving
longer regimens that commonly
included new and repurposed drugs,
such as BDQ, delamanid, linezolid,
and clofazimine. Although future
analyses should examine the
effectiveness of longer durations of
BDQ among patient subgroups at
high risk of unfavorable outcomes,
these results suggest that in regimens
with enough potent companion
drugs, 6 months of BDQ may be
sufficient for many patients. To
address this question, we used the
target trial approach, an analytic
framework novel to the study of
tuberculosis treatments. This
framework enabled the articulation of
a clear, relevant research question
and the design of an analysis that
corrected for potential biases
common to studies of treatment
duration. Results from naive analyses
using prevailing methods showed
bias. The target trial framework may
be a useful tool for future analyses of
tuberculosis treatment cohorts.

Since its approval nearly a decade ago, the
anti-tuberculosis (TB) drug bedaquiline
(BDQ) has contributed importantly to safer,
more tolerable, and more effective treatment
for rifampicin-resistant (RR) and multidrug-
resistant (MDR) TB. In 2018, the World
Health Organization (WHO) recommended
that BDQ be used in longer (18-24 mo)
individualized regimens for 24 weeks, the
duration studied in two pivotal randomized
trials (1, 2), and cited a lack of evidence on
the safety and effectiveness of BDQ beyond
this period (3). Two years later, in 2020,
WHO determined that BDQ use beyond

24 weeks was safe. However, although
identifying the optimal duration of BDQ
had been a key research priority, no new
guidance was provided for BDQ duration.
This was due to limited data on the
effectiveness of use beyond 24 weeks and
potential residual confounding by indication
in an analysis of observational data (4). In
other words, sicker patients and/or those
with weaker regimens were more likely to
receive BDQ for longer durations;
inadequately accounting for this
confounding could introduce a bias that
would attenuate or invert a beneficial effect
of prolonged use.

Current recommendations for the
treatment of RR/MDR-TB include regimens
with durations longer than 6 months;
therefore, there is a critical need for high-
quality evidence to inform the optimal
duration of BDQ. This evidence should be
generated from analyses that fully avail of
detailed longitudinal data sets and analytic
methods that address the time-varying
confounding by indication (5, 6) that
precluded conclusions on the efficacy of
BDQ use beyond 6 months in the 2020
WHO review. Also critical are methods
that account for the potential immortal time
bias that arises in analyses of treatment
duration because people who survive for
longer can be treated for longer (7).

Though commonly used in other fields (8),

appropriate methods to adjust for
time-varying confounding (e.g., inverse
probability [IP] weighting) and immortal
person-time bias have rarely been applied in
analyses of TB treatment cohorts (5).

In this study, we examined the
comparative effectiveness of prolonged BDQ
use (i.e., for 7-11 or =12 mo relative to
6 mo), on favorable end-of-treatment
outcomes. To do so, we emulated a target
trial (9) to account for key biases and
compared our findings with those of analyses
that did not adjust for these biases.

Methods

We emulated a (hypothetical) target trial
using data from the endTB (Expand new
drug markets for TB) observational study, a
multicountry cohort of 2,789 patients with
RR/MDR-TB who were treated with a longer
(18-24 mo) regimen, containing BDQ
and/or delamanid. Patients enrolled in the
endTB observational study were treated
according to WHO and national guidelines,
under routine programmatic conditions,
with additional guidance from the endTB
clinical guide (10). Enrollment took place

in 17 countries between 2015 and 2018, and
patients were followed through the end of
treatment. A common protocol was used
across sites (11). Drug prescription start

and stop dates, and reasons for regimen
changes were tracked. Clinically relevant
adverse events were reported, adverse events
were graded by the reporting physician
according to the Médecins sans Frontieres
severity scale, and serious adverse events were
reported to the Médecins sans Frontieres
pharmacovigilance unit, which routinely
reconciled data with the electronic medical
record at each site (12). For this analysis, we
excluded individuals from the Democratic
People’s Republic of North Korea because of
differences in diagnosis and treatment
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Table 1. Protocol and Emulation of a Target Trial of Bedaquiline Duration Using Data from a Longitudinal Cohort of Patients
Undergoing Treatment for Rifampicin-Resistant/Multidrug-Resistant Tuberculosis

Characteristics

Eligibility

Treatment strategies

Treatment assignment

Follow-up

Outcome

Causal contrast

Statistical analysis

Target Trial Protocol

e Confirmed RR/MDR-TB

¢ Initiated BDQ within the first month of MDR
treatment

e Completed 24 wk of BDQ within the first 27 wk
of treatment

e BDQ was likely to be effective at the end of
Week 23

e Not treated in the Democratic People’s Republic
of Korea

1. BDQ for 6 mo

2. BDQ for 7-11 mo

3. BDQ for =12 mo

e The content and duration of background
regimen (i.e., other TB drugs included in the
multidrug regimen) are determined on the basis
of clinical judgment.

e Participants can deviate from their assigned
treatment arm (BDQ duration) for <2 wk for any
prescribed reason (e.g., adverse event, out of
stock).

e Adverse events resulting in suspension of BDQ
for =2 wk are managed according to clinical
judgment.

e BDQ can be reinitiated after stopping when
clinically indicated.

Patients are randomly assigned to one of the three
strategies and are aware of the strategy to
which they are assigned.

Follow-up starts in Week 24 of BDQ and ends at
the end of treatment.

TB treatment success (i.e., cure or treatment
completion). Those who die, who are lost from
treatment, and in whom treatment fails are
considered to have unsuccessful outcomes.

Intention-to-treat effect, per-protocol effect

Intention-to-treat analysis: probabilities of the
outcome under each assigned strategy are
compared via ratios and differences.
Per-protocol analysis is the same, but patients
are censored when they deviate from their
assigned strategy, and potential selection bias is
adjusted for using IP weighting.

Emulated Trial Using
Observational Data

Same

Same

Patients are assigned (via clones) to all
the strategies compatible with their
data at time zero

Same

Same

Observational analogue of the per-
protocol effect

Same per-protocol analysis, except that
patient clones are used

Definition of abbreviations: BDQ = bedaquiline; IP = inverse probability; MDR = multidrug-resistant; RR =rifampicin-resistant; TB = tuberculosis.

(including the use of shortened regimens)
compared with the rest of the cohort.

Specification of the Target Trial

The target trial (9) would enroll patients aged
10-78 years with RRZMDR-TB who initiated
BDQ within a month of treatment initiation,
who completed 24 weeks of BDQ doses
within the first 27 weeks of treatment, and in
whom there was no prior exposure or
evidence of resistance to BDQ, at Week 23
(Table 1). At Week 24, each eligible
participant would be randomized to one of

three durations of BDQ: 6 months (from
Week 24 through Week 28), 7-11 months
(from Week 29 through Week 47), or

=12 months (from Week 48 through the end
of treatment). Under all three strategies,
BDQ could be stopped after an adverse
event, with subsequent management (e.g.,
drug substitutions or additions) left to the
clinician’s discretion. BDQ could be
reinitiated after the stoppage indicated by the
assigned strategy, if clinically directed.
Clinician-directed BDQ interruptions of less
than 14 days, for any reason (e.g., drug out of

Trevisi, Hernan, Mitnick, et al.: Bedaquiline for Multidrug-Resistant Tuberculosis

stock) would not be considered protocol
deviations. Background regimens would
follow WHO guidelines and local norms and
would be adjusted if clinically indicated.
Participants would be followed from
assignment until the end of treatment, at
which time treatment outcomes would be
calculated on the basis of 2013 WHO
guidance (13, 14). Successful treatment, the
outcome of interest, would include cure and
treatment completion, whereas unsuccessful
treatment would include outcomes of death,
loss to follow-up, and treatment failure.
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2,789 TB patients screened

1,316 excluded

- 24 not RR/MDR-TB
- 609 never started BDQ

A 4

weeks of treatment
beginning

weeks

- 155 treated in Democratic People’s Republic of Korea

- 394 did not complete 24 BDQ weeks within the first 27
- 119 initiate BDQ >1 month of MDR-TB treatment

- 15 receiving BDQ that was not likely effective at 23

1,473 TB patients analyzed

A 4

- 5 not evaluated

- 1288 treatment successful
- 180 treatment unsuccessful

Figure 1. Flowchart of analysis inclusion, endTB (Expand New Drug Markets for TB) Cohort, 2015-2018. BDQ = bedaquiline; MDR = multidrug-
resistant; RR =rifampicin-resistant; TB = tuberculosis.

Emulation of the Target Trial

We emulated the target trial using the
endTB observational data set (Table 1). We
used the same eligibility criteria as the target
trial to define the patient population. In total,
1,473 participants in the endTB study met
these criteria (Figure 1), of whom 5 were
eventually censored from the analysis
because of outcomes recorded as “not
evaluated.” Time zero of follow-up was the
24th week of BDQ prescription. We then
followed a three-step analysis procedure to
compare the three treatment strategies

(9, 15). First, we created a data set with three
copies (clones) of each patient. Each copy
was assigned to one of the three BDQ
treatment strategies. This cloning avoids the
immortal time bias that can occur if the
treatment strategy is assigned on the basis of
the observed duration of treatment. Second,
we artificially censored each patient copy
if/when it deviated from its assigned strategy.
For example, clones assigned to the strategy
BDQ for 7-11 months were censored if they
stopped BDQ for the first time before Month
7 or after Month 11 for a reason other than
an adverse event. Third, we used IP
weighting to adjust for potential selection
bias introduced by the artificial censoring
(16). Informally censored individuals transfer
their weight to similar (in terms of specified
covariates) uncensored individuals to create
a hypothetical population in which

1528

everybody followed their assigned strategy.
Figure E1 in the online supplement provides
an overview of the cloning, censoring, and
IP weighting steps, including how they were
implemented and which potential biases
they address.

Statistical Analysis

IP-weighted model. We fit an IP-weighted
logistic regression model for the probability
of treatment success among uncensored
patient copies. The logistic model included
age (continuous), sex, and the most recent
values of the following covariates assessed at
Week 23 (i.e., baseline): cumulative
adherence > 80% (binary, with missing
counted as <80%), extensive disease (i.e.,
cavitary disease with a sputum smear result
of 2+ or 3+), number of severe adverse
events (binary: none vs. one or more),
functional status (17) (categorical: fully
active, restricted in physically strenuous
activity but ambulatory, ambulatory with
full self-care vs. limited self-care, or
completely disabled), body mass index
(BMI) < 18.5 kg/mz, culture result (positive
or negative), number of drugs in the regimen
(count variable), prescription of cycloserine,
and prescription of the following drugs that
were likely to be effective in the patient:
fluoroquinolone, linezolid, clofazimine, and a
second-line injectable. A drug was
considered likely effective if I) all reported

testing (phenotypic or genotypic) to that
drug confirmed susceptibility or 2) no
resistance to the drug was reported and the
patient had not previously received the drug
for 1 month or more. Otherwise, the drug
was not considered likely effective. We use
this model to estimate the unconditional
probability of successful treatment. These
probabilities were compared via ratios and
differences. Ninety-five percent confidence
intervals were computed using the
nonparametric bootstrap with 500 samples.
Calculation of IP weights. To estimate
the denominator of the IP weights, we fita
logistic model for the probability of being
uncensored (i.e., remaining on BDQ) for
each patient-week with week of follow-up
(linear and quadratic terms), the baseline
covariates listed above, and time-varying
covariates (see Table E1). Time-varying
covariates were updated when values
changed and included the cumulative
number of prior severe adverse events,
current use of cycloserine, current use of a
second-line injectable that was likely to be
effective, BMI < 18.5 kg/m”, culture result,
and functional status. We estimated
stabilized IP weights with a numerator
estimated using a second logistic model for
probability of being uncensored with
baseline covariates only. The distributions of
the weights are shown in Table E2. Missing
data were rare (5-10% for most key variables).
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Table 2. Characteristics of 1,468 Patients Receiving Bedaquiline for at Least 24
Weeks, endTB (Expand New Drug Markets for TB) Cohort, 20152018

Characteristic

Assessed at treatment initiation
Age at treatment initiation, yr, median
(IQR; range)
Female sex
HIV infection
Hepatitis C
Previous TB treatment with second-line
drugs
Resistance profile
RR/MDR-TB with FQ and injectable
both sensitive
RR/MDR-TB without testing to FQ and
injectable
RR/MDR-TB with injectable
resistance, FQ sensitive
RR/MDR-TB with FQ resistance,
injectable sensitive
RR/MDR-TB with FQ and injectable
both resistant
Not tested for RR/MDR-TB
Assessed at 23 wk
Complete data on adherence
Adherence rate > 80% among those with
complete adherence (n=1,294)
Positive sputum culture
Extensive disease
No cavitary disease, no smear 3+
Cavitary disease, smear <3+
No cavitary disease, smear 3+
Cavitary dlsease smear 3+
BMI < 18.5 kg/m?
Functional status
Fully active
Ambulatory
Capable of self-care
Limited self-care
Completely disabled
FQ

Likely effective®
Linezolid

Likely effective
Clofazimine

Likely effective
Cycloserine

Likely effective
Delamanid

Likely effective
Number of likely effective drugs, median

(IQR; range)

n (%)* Missing [n (%)]

34 (26-45; 10-78)
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D
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Definition of abbreviations: BMI

=body mass index; FQ =fluoroquinolone; IQR =

interquartile

range; MDR = multidrug-resistant; RR = rifampicin-resistant; TB = tuberculosis.

*Unless otherwise noted.

TA drug was considered likely effective if 1) all reported testing (phenotypic or genotypic) of
that drug confirmed susceptibility or 2) no resistance to the drug was reported and the patient
had not previously received the drug for 1 month or more. Otherwise, the drug was not

considered likely effective.

Unless otherwise specified, we used missing
indicator variables to account for missingness
in baseline and time-varying covariates (18).
To examine the impact of increasing
covariate adjustment, we report estimates

from unadjusted analyses, age- and sex-
adjusted analyses, baseline-adjusted analyses,
and baseline-adjusted and IP-weighted
analyses. For comparison purposes, we
reanalyzed data using methods that did not

Trevisi, Hernan, Mitnick, et al.: Bedaquiline for Multidrug-Resistant Tuberculosis

account for immortal time bias by
categorizing patients according to their
observed BDQ treatment duration (6, 7-11,
and =12 mo). All analyses were conducted
using SAS 9.4 (SAS Institute).

Research Ethics

The endTB observational study protocol was
approved by central ethics review
committees for each consortium partner, and
local ethics approval was obtained in all
endTB countries. Participants provided
written informed consent for inclusion in the
observational cohort.

Results

Baseline Characteristics

The 1,468 participants had a median age of
34 years (interquartile range, 2645 yr) and
were predominantly men (63.8%; Table 2).
HIV and hepatitis C infection cooccurred
with TB in 6.5% and 9.5% of patients,
respectively. Only a small fraction of
participants had extensive disease (0.7%).
Almost a third of participants (30.5%) had
BMIs < 18.5 kg/m?, and more than 50% had
some degree of impairment to their activities
of daily living. The median number of likely
effective drugs included in the regimen was
4 (interquartile range, 4-5), and 87.1%,
77.7%, and 33.7% of patients were receiving
linezolid, clofazimine, and a fluoroquinolone
that was likely to be effective, respectively
(Table 2).

Primary Effectiveness Analysis

In both the baseline-adjusted analyses and
IP-weighted analyses, the predicted
probability of successful treatment was 0.85
(95% confidence interval [CI], 0.81-0.88) for
6 months of BDQ, 0.77 (95% CI, 0.73-0.81)
for 7-11 months, and 0.86 (95% CI,
0.83-0.88) for =12 months (Table 3).
Compared with 6 months of BDQ, the
treatment success ratio was 0.91 (95% CI,
0.85-0.96) for 7-11 months and 1.01 (95%
CI, 0.96-1.06) for =12 months (Table 4).
Unadjusted and age- and sex-adjusted
estimates were more extreme than adjusted
estimates (Table 4). Treatment success
differences were —0.08 (95% CI, —0.13 to
—0.03) and 0.01 (95% CI, —0.03 to 0.05)
for 7-11 and =12 months, respectively
(Table 4).
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Table 3. Probabilities of End-of-Treatment Success under Several Bedaquiline Duration Strategies, endTB (Expand New Drug

Markets for TB) Cohort, 20152018

Unweighted Models

Unadjusted

Adjusted for Age
and Sex

Baseline Adjusted*

Weighted and
Baseline Adjusted*

Prob. of Treatment

BDQ Duration Success (95% CI)

6 mo 0.88 (0.85-0.90)
7-11 mo 0.75 (0.71-0.80)
=12 mo 0.84 (0.82-0.87)

Prob. of Treatment
Success (95% Cl)

Prob. of Treatment
Success (95% Cl)

Prob. of Treatment
Success (95% Cl)

0.87 (0.85-0.90) 0.85 (0.81-0.88) 0.85 (0.81-0.88)
0.75 (0.71-0.80) 0.77 (0.73-0.81) 0.77 (0.73-0.81)
0.84 (0.82-0.87) 0.86 (0.83-0.88) 0.86 (0.83-0.88)

Definition of abbreviations: BDQ = bedaquiline; Cl = confidence interval; Prob = probability.
All analyses shown here were conducted on the cloned data set and were therefore adjusted for immortal time bias.

*The model was adjusted for age (years; continuous), sex, cumulative adherence >80% (binary, with missing counted as <80%), extensive
disease (i.e., cavitary disease with a sputum smear result of 2+ or 3+), number of severe adverse events (binary: none vs. one or more),
functional status (categorical: fully active, restricted in physically strenuous activity but ambulatory, ambulatory with full self-care vs. limited self-
care, or completely disabled), body mass index < 18.5 kg/m?, culture result (positive or negative), number of drugs in the regimen (count
variable), prescription of cycloserine, and prescription of the following drugs that were likely to be effective in the patient: fluoroguinolone,
linezolid, clofazimine, and a second-line injectable.

Naive Analysis

A baseline-adjusted analysis that introduced
immortal person-time bias yielded a
treatment success ratio of 1.09 (95% CI,
1.05-1.14) for =12 months of BDQ
compared with 6 months (Table 5).

Discussion

In patients receiving 18- to 20-month
individualized regimens (with a median of
four drugs), BDQ used for longer than 6
months did not improve the probability of

treatment success over the 85% achieved
with 6 months of treatment. The high
proportion of success observed here
confirmed—or improved on—results from
several landmark trials and observational
studies among patients treated with 6
months of BDQ in conventional regimens
lasting 18-24 months (19-22). More
recently, the TB-PRACTECAL (Pragmatic
Clinical Trial for a More Effective Concise
and Less Toxic MDR-TB Treatment
Regimen[s]) and STREAM-2 (The
Evaluation of a Standard Treatment Regimen
of Anti-Tuberculosis Drugs for Patients with

Multi-Drug-Resistant Tuberculosis) trials
have revealed the efficacy of shorter
regimens, lasting 6-9 months, that contain
BDQ (23, 24). Taken together, these results
suggest that in regimens with enough potent
companion drugs, 6 months of BDQ may be
sufficient for many patients. To date, it is
unknown whether certain subsets of
patients (i.e., those with cavitary and highly
smear-positive disease [25, 26], those with
fluoroquinolone resistance [27, 28], and those
on less potent regimens) could benefit from a
longer duration of BDQ or of other drugs.
Addressing this question will likely require

Table 4. Estimated Effectiveness of Several Bedaquiline Duration Strategies on Successful End-of-Treatment Outcome, endTB
(Expand New Drug Markets for TB) Cohort, 2015-2018

Unweighted Models

Unadjusted

Adjusted for Age and Sex

Baseline Adjusted*

Weighted and
Baseline Adjusted*

BDQ Duration SR (95% Cl)

6 mo Ref.

7-11 mo 0.86 (0.80 to 0.91)

=12 mo 0.96 (0.92 to 1.01)
SD (95% CI)

6 mo Ref.

7-11 mo —0.12 (—0.17 to —0.07)

=12 mo —0.03 (—0.07 to 0.008)

SR (95% Cl)

Ref.
0.86 (0.81 to 0.91) 0.91
0.97 (0.92 to 1.01) 1.01
SD (95% Cl)

Ref.
—0.12 (—0.17 to —0.07)
—0.03 (—0.07 to 0.009)

SR (95% Cl)

Ref.
(0.85 to 0.96)
(0.96 to 1.06)

SD (95% Cl)

Ref.
—0.08 (—0.13 to —0.03)
0.01 (—0.03 to 0.05)

SR (95% Cl)

Ref.
0.91 (0.85 to 0.96)
1.01 (0.96 to 1.06)

SD (95% ClI)
Ref.

—0.08 (—0.13 to —0.03)
0.01 (—0.03 to 0.05)

Definition of abbreviations: BDQ = bedaquiline; Cl = confidence interval; Ref =reference; SD =success difference; SR =success ratio.

All analyses shown here were conducted on the cloned data set and were therefore adjusted for immortal time bias.

*The model was adjusted for age (years; continuous), sex, cumulative adherence >80% (binary, with missing counted as <80%), extensive
disease (i.e., cavitary disease with a sputum smear result of 2+ or 3+), number of severe adverse events (binary: none vs. one or more),
functional status (categorical: fully active, restricted in physically strenuous activity but ambulatory, ambulatory with full self-care vs. limited self-
care, or completely disabled), body mass index < 18.5 kg/m?, culture result (positive or negative), number of drugs in the regimen (count
variable), prescription of cycloserine, and prescription of the following drugs that were likely to be effective in the patient: fluoroquinolone,
linezolid, clofazimine, and a second-line injectable.
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Table 5. Naive Analysis: Estimated Effectiveness of Bedaquiline Duration on
Successful End-of-Treatment Outcome, endTB (Expand New Drug Markets for TB)

Cohort, 2015-2018

BDQ Duration n

Successful Outcome [n (%)]

Adjusted SR (95% Cl)

6 mo 538 470 (87.4) Ref.
7-11 mo 272 215 (79) 0.93 (0.88-0.99)
=12 mo 658 603 (91.6) 1.09 (1.05-1.14)

Definition of abbreviations: BDQ = bedaquiline; Cl = confidence interval; Ref =reference;

SR = success ratio.

pooling across studies to obtain sufficient
sample sizes of the subgroups of interest.

The research question addressed here,
whether longer use of BDQ improves the
probability of treatment success, was inspired
by the 2019 WHO treatment guideline
update, which listed a similar question as one
of four priority areas guiding the review and
analysis of evidence. Although our analysis
focused on BDQ, the optimal durations of
most other second-line TB drugs (e.g.,
clofazimine, delamanid, fluoroquinolones)
have never been studied. It is therefore
possible that replicated for other individual
drugs in the context of BDQ-containing
regimens, the analyses performed here would
also find a lack of evidence supporting an
overall benefit of longer exposure. The
recommended administration of BDQ had
been limited to 6 months, both because this
was the duration at which it was tested in
pivotal trials (1) and because of initial
concerns about BDQ cardiotoxicity, which
led to a black-box warning. However,
subsequent prospective studies have shown
that the risk of serious corrected QT interval
prolongation, arrhythmia, and sudden death
is quite low, even when used in combination
with other corrected QT interval-prolonging
anti-TB drugs (delamanid, fluoroquinolones,
and clofazimine) (12, 29, 30). Other second-
line drugs (such as linezolid, clofazimine,
and second-line injectables for as short as
8 weeks) do have toxicity or tolerability issues
(24). In circumstances in which treatment is
longer than 6 months, BDQ prolongation
may have a favorable benefit/risk profile
compared with these and other drugs: its
extension could enable reduced exposure
to other more toxic drugs, while maintaining
overall regimen effectiveness and improving
the patient experience. Our findings
should not be taken to mean that there is
no role for BDQ use beyond 24 weeks.
Determining the optimal durations of
individual drugs (and regimens) to improve

effectiveness and avert toxicity will require
larger studies.

Specifically, large randomized trials with
high adherence and no loss to follow-up
would yield effect estimates that are not
expected to be affected by confounding. In
the absence of such trials, observational
analyses that explicitly emulate trials estimate
treatment effects under assumptions of no
residual or unmeasured confounding, no
selection or information bias, and correct
model misspecification (31, 32). Our explicit
target trial emulation allowed us to answer a
clearly specified research question and to
avoid immortal person—time bias. The
impact of immortal time bias is evident when
comparing the effect estimates between our
analysis (success ratio, 1.01; 95% CI,
0.96-1.06) and the “naive” analysis (success
ratio, 1.09; 95% CI, 1.05-1.14); the latter
would have led to the erroneous conclusion
that =12 months of BDQ increased the
probability of successful treatment. The
potential for confounding is also evident: the
unadjusted and age- and sex-adjusted effect
estimates suggested a greater benefit than
those adjusted for baseline covariates.
Further adjustment for time-varying
confounders in the IP-weighted analyses had
little impact on the effect estimates.

We estimated a small decrease in the
probability of successful treatment for
7-11 months compared with 6 months of
BDQ (success difference, —0.08 [95% CI,
—0.13 to —0.03]). It is unlikely that this is
due to additional exposure to BDQ,
considering its excellent efficacy and safety
profile. Instead, this finding could be easily
explained by random variability or
misclassification of treatment adherence.

In the programmatic setting, data on TB
treatment adherence are typically reported by
health workers via monthly treatment cards,
which may overestimate adherence (33) and
result in some missing values (12% in our
cohort). Furthermore, the adherence data

Trevisi, Hernan, Mitnick, et al.: Bedaquiline for Multidrug-Resistant Tuberculosis

collected were for treatment overall, so we
lacked data specific to BDQ. This
misclassification of adherence would
disproportionately bias estimates for the

7- to 11-month group because BDQ was
often extended by the number of missed
doses during the first 6 months. Those who
missed three or more weeks of BDQ
(consecutively or intermittently) during the
first 6 months of treatment would have been
classified in the 7- to 11-month group and
may have experienced a lower probability of
end-of-treatment success (34, 35) than those
who completed their full courses of
treatment in 6 months.

Conclusions

We did not find much evidence that
treatment with BDQ beyond 28 weeks
increased the probability of treatment success
among patients receiving longer regimens
that typically consisted of at least four likely
effective new and repurposed drugs, such as
clofazimine, linezolid, and delamanid. Future
analyses should focus on subgroups with
advanced disease, extensively drug-resistant
strains, and/or less potent regimens that
could potentially benefit from longer
durations. This is among the first
observational analyses of drug duration for
RR/MDR-TB to appropriately account for
time-varying confounding and immortal
person-time bias. Collaborative efforts to
develop and share longitudinal data sets will
be critical to enabling rigorous analyses of
observational data in the future. As
longitudinal data sets of RR/MDR-TB
become more available, the target trial
framework will be a useful tool for specifying
clear research questions and avoiding
immortal time bias, with the overall goal of
improving the evidence informing patient
care and, ultimately, reducing TB-related
morbidity and mortality.
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