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BACKGROUND
In patients with rifampin-resistant tuberculosis, all-oral treatment regimens that 
are more effective, shorter, and have a more acceptable side-effect profile than 
current regimens are needed.

METHODS
We conducted an open-label, phase 2–3, multicenter, randomized, controlled, 
noninferiority trial to evaluate the efficacy and safety of three 24-week, all-oral 
regimens for the treatment of rifampin-resistant tuberculosis. Patients in Belarus, 
South Africa, and Uzbekistan who were 15 years of age or older and had rifampin-
resistant pulmonary tuberculosis were enrolled. In stage 2 of the trial, a 24-week 
regimen of bedaquiline, pretomanid, linezolid, and moxifloxacin (BPaLM) was 
compared with a 9-to-20-month standard-care regimen. The primary outcome was 
an unfavorable status (a composite of death, treatment failure, treatment discon-
tinuation, loss to follow-up, or recurrence of tuberculosis) at 72 weeks after ran-
domization. The noninferiority margin was 12 percentage points.

RESULTS
Recruitment was terminated early. Of 301 patients in stage 2 of the trial, 145, 128, 
and 90 patients were evaluable in the intention-to-treat, modified intention-to-
treat, and per-protocol populations, respectively. In the modified intention-to-treat 
analysis, 11% of the patients in the BPaLM group and 48% of those in the stan-
dard-care group had a primary-outcome event (risk difference, −37 percentage 
points; 96.6% confidence interval [CI], −53 to −22). In the per-protocol analysis, 
4% of the patients in the BPaLM group and 12% of those in the standard-care 
group had a primary-outcome event (risk difference, −9 percentage points; 96.6% 
CI, −22 to 4). In the as-treated population, the incidence of adverse events of grade 
3 or higher or serious adverse events was lower in the BPaLM group than in the 
standard-care group (19% vs. 59%).

CONCLUSIONS
In patients with rifampin-resistant pulmonary tuberculosis, a 24-week, all-oral 
regimen was noninferior to the accepted standard-care treatment, and it had a 
better safety profile. (Funded by Médecins sans Frontières; TB-PRACTECAL Clinical-
Trials.gov number, NCT02589782.)
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In 2019, approximately 465,000 patients 
had rifampin-resistant tuberculosis world-
wide.1 A total of 59% of the patients with 

rifampin-resistant tuberculosis who began re-
ceiving treatment in 2018 have had successful 
outcomes, and this incidence has not improved 
much in the past 5 years.2

The recommended duration of treatment for 
rifampin-resistant tuberculosis in programmatic 
care settings is 9 to 20 months3 and involves up 
to 20 tablets per day. Cost,4 adverse events,5 and 
social disruption are prominent challenges. 
More effective, shorter treatments with a more 
acceptable side-effect profile are needed.6 In a 
two-stage, phase 2–3 clinical trial (Pragmatic 
Clinical Trial for a more Effective, Concise and 
Less Toxic Regimen [TB-PRACTECAL]), we eval-
uated the safety and efficacy of 24-week, all-oral 
regimens for the treatment of rifampin-resistant 
tuberculosis.

In stage 1 of the trial, the primary objective 
was to identify regimens containing bedaqui-
line, pretomanid, and linezolid (BPaL) for evalu-
ation in stage 2 on the basis of safety and effi-
cacy at 8 weeks after randomization. The 
primary objective in stage 2 was to evaluate the 
safety and efficacy of a 24-week regimen con-
taining BPaL plus moxifloxacin (BPaLM) for the 
treatment of rifampin-resistant tuberculosis. We 
report the outcomes of both stages of the trial 
as well as the results of additional analyses in-
volving the groups that were not included in 
stage 2 of the trial.

Me thods

Trial Design and Oversight

We conducted an open-label, phase 2–3, multi-
center, randomized, controlled noninferiority 
trial to compare the safety and efficacy of three 
investigational 24-week regimens with those of 
the accepted 9-to-20-month standard-care treat-
ment for rifampin-resistant pulmonary tubercu-
losis. The trial was designed to seamlessly tran-
sition from a phase 2b trial to a phase 3 trial 
with one or two investigational groups. Further 
details are provided in Section S4 in the Supple-
mentary Appendix and the protocol, both of 
which are available with the full text of this ar-
ticle at NEJM.org. The trial was approved by in-
stitutional ethics boards as well as local ethics 
committees and national regulatory authorities 
in the countries where the trial was conducted.

The trial was designed by the protocol devel-
opment team (Section S1.1 in the Supplementary 
Appendix). The data were collected by the site 
investigators, and the statistical analysis was 
performed by the tenth and last authors and 
interpreted by all the authors. The first draft of 
the manuscript was written by the first four au-
thors and the last author. All the authors par-
ticipated in revision of the manuscript, approved 
the submitted versions, and vouch for the accu-
racy and completeness of the data and for the 
fidelity of the trial to the protocol.

Patients

Patients 15 years of age or older who had rifampin-
resistant pulmonary tuberculosis were enrolled 
at seven sites in Belarus, South Africa, and Uz-
bekistan. The investigators were notified of new 
cases of laboratory-diagnosed rifampin-resistant 
tuberculosis from within the catchment areas.

The major inclusion criterion was Mycobacte-
rium tuberculosis infection (as confirmed by a posi-
tive sputum smear) with resistance to rifampin. 
Patients were included irrespective of fluoroqui-
nolone resistance, human immunodeficiency vi-
rus (HIV) status, or CD4 count. Patients were 
excluded if they were pregnant or if they had an 
alanine aminotransferase level or an aspartate 
aminotransferase level higher than 3 times the 
upper limit of the normal range, a corrected QT 
interval calculated with the use of Fridericia’s 
formula (QTcF) greater than 450 msec, struc-
tural heart disease, or suspected resistance to 
bedaquiline, pretomanid, or linezolid. All the 
patients provided written informed consent.

Treatment

In stage 1 of the trial, enrolled patients were 
randomly assigned to the locally accepted stan-
dard-care treatment or to one of three investiga-
tional regimens. The standard-care regimen con-
sisted of locally accepted treatment regimens. 
These regimens were closely aligned with the 
World Health Organization (WHO) guidelines 
for treatment of drug-resistant tuberculosis,3 
and the agents (some oral and some intravenous) 
were administered at least 6 days per week with 
food and under observation (see Section S5).

All the investigational agents were adminis-
tered orally, with food and under observation, 
7 days per week. The BPaL regimen consisted of 
the following: bedaquiline at a dose of 400 mg 
daily for 2 weeks, followed by 200 mg three 

A Quick Take 
is available at 
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times per week for 22 weeks; pretomanid at a 
dose of 200 mg daily for 24 weeks; and linezolid 
at a dose of 600 mg daily for 16 weeks, followed 
by 300 mg daily for 8 weeks. The BPaLM regi-
men included BPaL plus moxifloxacin at a dose 
of 400 mg daily for 24 weeks, and the BPaLC 
regimen included BPaL plus clofazimine at a 
dose of 100 mg daily (or 50 mg if the patient 
weighed <30 kg) for 24 weeks. In stage 2 of 
the trial, patients were enrolled either into the 
standard-care group or into one of two investi-
gational groups.

Procedures

Patients were randomly assigned in a 1:1:1:1 ra-
tio in stage 1 of the trial and in a 1:1 ratio in 
stage 2 of the trial (see the Supplementary Ap-
pendix). Randomization lists were prepared by 
the trial statisticians, and randomization was 
stratified according to trial site.

The trial schedule (see the protocol) included 
weekly visits for the first 2 weeks, monthly visits 
until week 24, and then visits every 2 months 
until week 108. Each visit included laboratory 
tests, three electrocardiographic assessments, 
and a physical examination that included a neu-
rologic assessment. Assessments of visual acuity 
and color blindness and audiometric testing 
were also performed according to the schedule. 
The investigators assessed adverse events at each 
visit. Serious adverse events, adverse events of 
special interest, pregnancies, and overdoses that 
were identified were reported to the pharmaco-
vigilance officer within 24 hours.

At inclusion and at scheduled time points, 
two sputum samples were obtained for smear 
microscopy and culture in liquid medium with 
the use of the Mycobacteria Growth Indicator 
Tube (MGIT) system (Becton Dickinson). Drug-
susceptibility testing was performed in M. tuber-
culosis isolates that were obtained at baseline and 
in any samples that were culture positive at week 
16 or later. Culture conversion was defined as at 
least one positive culture at baseline and at least 
two consecutive negative cultures obtained at 
least 2 weeks apart. Paired whole-genome se-
quencing was conducted in the event of treat-
ment failure or recurrence of tuberculosis.

Outcomes

In stage 1 of the trial, the primary efficacy out-
come was culture conversion in MGIT liquid 
medium at 8 weeks after randomization. The 

primary safety outcome was the incidence of 
death or discontinuation of treatment for any 
reason by week 8.

In stage 2 of the trial, the primary outcome 
was an unfavorable status (a composite of death, 
treatment failure, treatment discontinuation, 
loss to follow-up, or recurrence of tuberculosis) 
at 72 weeks after randomization. The secondary 
efficacy outcomes were culture conversion at 12 
weeks, time to culture conversion, composite un-
favorable outcomes at 24 weeks and 108 weeks 
after randomization, and recurrence of tuber-
culosis by week 48 after randomization (in the 
investigational groups only).

The safety outcomes in stage 2 of the trial 
were at least one serious adverse event or an 
adverse event of grade 3 or higher at 72 and 108 
weeks after randomization and at the end of 
treatment and the incidence of prolongation of 
the QTcF interval at week 24. Deaths and adverse 
events of special interest were also reported.

Analysis Populations

In the efficacy analyses, the intention-to-treat 
population included all patients who had under-
gone randomization. In the safety analyses, the 
as-treated population comprised all patients who 
had undergone randomization and received at 
least one dose of trial medication, and the pa-
tients were evaluated according to the regimen 
they received. The modified intention-to-treat 
population included patients in the intention-to-
treat population who had received at least one 
dose of trial medication and excluded patients 
who did not have microbiologically proven rifam-
pin-resistant tuberculosis. The per-protocol pop-
ulation included patients in the modified inten-
tion-to-treat population except those who did 
not complete a protocol-adherent course of treat-
ment (>80% of doses within 120% of the pre-
scribed duration) for any reason other than 
treatment failure or death and for those who 
discontinued treatment early because after they 
had received the first dose of trial treatment it 
was discovered that they had not met the inclu-
sion or exclusion criteria.

Enrollment was terminated early for benefit, 
on March 18, 2021, in accordance with a recom-
mendation from the data and safety monitoring 
board. We then performed an unplanned analy-
sis, the results of which are presented here. In 
this analysis, the populations were restricted to 
include patients who could have had a prespecified 
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outcome event at a given time point (i.e., week 24, 
week 72, and week 108).

Additional Analyses

After the stage 1 analysis, no analyses involving 
patients who were not included in stage 2 of the 
trial were planned. These patients were also fol-
lowed to week 108, and these supportive data 
were viewed as important. All prespecified stage 
2 analyses that involved the BPaLM group also 
were performed in the BPaLC and BPaL groups.

Statistical Analysis

The sample-size calculation is provided in the 
Supplementary Appendix. With the assumption 
that at 72 weeks after randomization 50% of the 
patients in the standard-care group and 45% of 
those in the investigational groups would have 
an unfavorable outcome event, we determined that 
a sample of 181 patients per group in trial stage 2 
would provide the trial with approximately 85% 
power to detect a noninferiority margin of 12 
percentage points. An alpha level of 1.7% (equiv-
alent to a two-sided 96.6% confidence interval) 
was chosen to allow for both the adaptive nature 
of the design and the multiple comparisons of 
up to three groups. The estimated sample was 
increased to 201 patients per group to allow for 
patients who could not be evaluated. A noninfe-
riority margin of 12 percentage points as the 
upper boundary of the confidence interval was 
determined to be a reasonable clinical and pub-
lic health trade-off limit, given the benefits of a 
shorter treatment duration, decreased pill bur-
den and regimen cost, and the all-oral nature of 
the investigational regimens. This noninferiority 
margin was congruent with that in recent trials 
involving patients with drug-resistant tuberculo-
sis in which the noninferiority margin was 10 to 
12 percentage points.7,8

The efficacy outcomes were analyzed in the 
intention-to-treat, modified intention-to-treat, 
and per-protocol populations, and the safety out-
comes were analyzed in the as-treated popula-
tion. Binary outcomes were summarized with 
absolute risk differences (with the use of a gen-
eralized linear model for a binomial outcome 
with an identity function) and risk ratios (with 
the use of a generalized linear model for a bino-
mial outcome with a log-link function). Adjust-
ment for randomization site was planned in all 
analyses. For the primary efficacy and safety 

outcomes, corresponding two-sided 96.6% con-
fidence intervals were reported for effect esti-
mates, and two-sided 95% confidence intervals 
were reported for secondary efficacy outcomes. 
The secondary outcomes were not adjusted for 
multiplicity. Prespecified subgroup analyses were 
conducted for the primary efficacy outcome. For 
binary safety outcomes, risk differences are re-
ported with the use of the same approach as that 
described above. For the safety outcome of the 
QTcF value at 24 weeks, the difference in the 
mean value in each investigational group from 
the mean value in the standard-care group was 
assessed with adjustment for baseline QTcF val-
ues and with the use of linear regression.

Additional analyses of safety and efficacy were 
conducted in the BPaLC and BPaL groups with 
the use of the same approach but with two-sided 
95% confidence intervals. Additional details are 
provided in the Supplementary Appendix.

R esult s

Patients

The first patient underwent randomization in 
January 2017. A total of 552 patients were ran-

Figure 1 (facing page). Trial Populations and Design.

Panel A shows the populations involved in the primary 
efficacy and safety analyses in stage 2 of the trial, in-
cluding the patients who were excluded from the trial. 
Panel B shows the trial design. The trial was designed 
as a phase 2–3 clinical trial with a seamless transition 
from phase 2b to phase 3. Stage 1 included 240 patients 
with 60 patients in each group. A planned analysis involv-
ing the investigational groups only was then conducted 
to select groups for evaluation in stage 2. Evaluable pa-
tients included those who were enrolled in stage 1 and 
subsequently were included in the groups in stage 2. 
The first patient underwent randomization and the first 
visit occurred in January 2017, and stage 1 recruitment 
was completed in mid-2019. All three investigational 
groups met the eligibility criteria for progression to 
stage 2, but the trial steering committee elected to pro-
ceed with the BPaLM group only. Recruitment contin-
ued through the transition period across all four groups. 
This transition was delayed owing to the coronavirus 
disease 2019 pandemic. Recruitment was terminated 
for efficacy on March 18, 2021. Patients in all the groups 
underwent follow-up in accordance with the protocol 
for a minimum of 72 weeks after randomization. BPaL 
denotes bedaquiline, pretomanid, and linezolid; BPaLC 
bedaquiline, pretomanid, linezolid, and clofazimine; 
and BPaLM bedaquiline, pretomanid, linezolid, and 
moxifloxacin.
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A Screening, Randomization, and Follow-up

B Trial Design

552 Underwent randomization

680 Patients were assessed for eligibility

128 Were excluded
70 Did not meet eligibility criteria
19 Declined to participate
35 Were withdrawn by site

investigator
4 Had unknown reason

152 Were assigned to the standard-
care group and were included in
the safety as-treated population

123 Were assigned to the BPaL
group and were included in the

safety as-treated population

73 Completed 72 wk of follow-up
and were included in the

intention-to-treat population

7 Were excluded
5 Had negative 

baseline culture
2 Had rifampin-

sensitive tuber-
culosis

70 Completed 72 wk of follow-up
and were included in the

intention-to-treat population

151 Were assigned to the BPaLM
group and were included in the

safety as-treated population

72 Completed 72 wk of follow-up
and were included in the

intention-to-treat population

126 Were assigned to the BPaLC
group and were included in the

safety as-treated population

10 Were excluded
7 Had negative

baseline culture
2 Had rifampin-

sensitive tuber-
culosis

1 Did not receive
medication

10 Were excluded
3 Had negative 

baseline culture
7 Had rifampin-

sensitive tuber-
culosis

8 Were excluded
4 Had negative 

baseline culture
4 Had rifampin-

sensitive tuber-
culosis

72 Completed 72 wk of follow-up
and were included in the

intention-to-treat population

66 Were included in the modified
intention-to-treat population

2 Were lost to follow-up
(included in the analysis)

62 Were included in the modified
intention-to-treat population

2 Were lost to follow-up
(included in the analysis)

64 Were included in the modified
intention-to-treat population

3 Were lost to follow-up 
(included in the analysis)

60 Were included in the modified
intention-to-treat population

3 Were lost to follow-up
(included in the analysis)

33 Were excluded
22 Did not com-

plete prescribed
treatment owing
to early discon-
tinuation

7 Withdrew
consent

4 Were still 
receiving
treatment 

8 Were excluded
(did not complete

prescribed treatment
owing to early

discontinuation)

5 Were excluded
(did not complete

prescribed treatment
owing to early

discontinuation)

6 Were excluded
(did not complete

prescribed treatment
owing to early

discontinuation)

33 Were included in the
per-protocol population

57 Were included in the
per-protocol population

58 Were included in the
per-protocol population

52 Were included in the
per-protocol population

60 92

60 63BPaL Group (N=123)

60 66BPaLC Group (N=126)

60 91BPaLM Group (N=151)

Stage 1 Stage 2

2021

Standard-Care Group (N=152)

Stage 1 dataset
analysis

Termination of
recruitment

2017 2018 2019 2020

Transition to
stage 2 complete

Protocol-defined
stage 2 analyses

Additional
analyses
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Table 1. Baseline Characteristics of the Patients.*

Characteristic
Standard-Care 

Group
BPaLM 
Group

BPaLC 
Group

BPaL 
Group

Intention-to-treat population

No. of patients 152 151 126 123

Geographic distribution — no. (%)

Belarus 29 (19.1) 28 (18.5) 21 (16.7) 21 (17.1)

South Africa 54 (35.5) 56 (37.1) 48 (38.1) 47 (38.2)

Uzbekistan 69 (45.4) 67 (44.4) 57 (45.2) 55 (44.7)

Median age (range) — yr 37 (18–71) 35 (17–71) 32 (15–67) 35 (15–72)

Female sex — no. (%) 56 (36.8) 66 (43.7) 42 (33.3) 58 (47.2)

Median BMI (IQR)† 19.9 (17.3–22.8) 19.8 (17.7–22.7) 19.5 (17.7–22.2) 20.0 (18.1–22.4)

HIV-positive status — no. (%) 41 (27.0) 38 (25.2) 33 (26.2) 41 (33.3)

Median CD4 cell count (IQR) in HIV-infected patients 
— cells/mm3‡

250 (132–460) 330 (209–547) 297 (114–481) 326 (153–550)

Smear positivity — no. (%) 98 (64.5) 91 (60.3) 84 (66.7) 77 (63)

Cavitation on chest radiography present — no. (%) 95 (62.5) 80 (53.0) 79 (62.7) 74 (60.2)

Fluoroquinolone-resistant tuberculosis — no./total 
no. (%)

32/131 (24.4) 32/134 (23.9) 22/118 (18.6) 25/104 (24.0)

QTcF interval — msec§ 401±19 398±19 395±19 398±19

Median ALT level (IQR) — IU/liter¶ 20 (15–28) 19 (14–28) 17 (14–26) 20 (14–31)

Modified intention-to-treat population with 
72 wk of follow-up

No. of patients 66 62 64 60

Geographic distribution — no. (%)

Belarus 12 (18) 10 (16) 10 (16) 11 (18)

South Africa 18 (27) 16 (26) 19 (30) 16 (27)

Uzbekistan 36 (55) 36 (58) 35 (55) 33 (55)

Median age (range) — yr 36 (19–71) 34 (18–61) 29 (19–63) 34 (18–62)

Female sex — no. (%) 33 (50) 26 (42) 24 (38) 28 (47)

Median BMI (IQR) 19.2 (17.3–22.0) 19.8 (18.1–22.1) 18.8 (17.4–22.0) 20.5 (18.2–22.8)

HIV-positive status — no. (%) 15 (22.7) 14 (23) 14 (22) 14 (23)

Median CD4 cell count (IQR) — cells/mm3‖ 317 (154–383) 268 (182–364) 394 (112–511) 283 (153–424)

Smear positivity — no. (%) 50 (76) 40 (65) 43 (67) 45 (75)

Cavitation on chest radiography present — no. (%) 47 (71) 33 (53) 39 (61) 41 (68)

Fluoroquinolone-resistant tuberculosis — no./total 
no. (%)

18/65 (28) 17/60 (28) 16/62 (26) 19/56 (34)

QTcF interval — msec 398±18 396±18 393±20 398±18

Median ALT level (IQR) — IU/liter** 20 (15–27) 18 (14–27) 18 (15–27) 19 (14–27)

*  Plus–minus values are means ±SD. Percentages may not total 100 because of rounding. The intention-to-treat population included all 
patients who had undergone randomization, and the modified intention-to-treat population included all patients in the intention-to-treat 
population who had received at least one dose of trial medication and excluded those who did not have microbiologically proven rifampin-
resistant tuberculosis. ALT denotes alanine aminotransferase; BPaL bedaquiline, pretomanid, and linezolid; BPaLC bedaquiline, pretoma-
nid, linezolid, and clofazimine; BPaLM bedaquiline, pretomanid, linezolid, and moxifloxacin; HIV human immunodeficiency virus; IQR 
interquartile range; and QTcF corrected QT interval, calculated with Fridericia’s formula.

†  The body-mass index (BMI) is the weight in kilograms divided by the square of the height in meters. Data on BMI were missing for one 
patient in the standard-care group.

‡  Data on CD4 cell count were missing for two patients each in the standard-care, BPaLM, and BPaL groups and for one patient in the BPaLC 
group.

§  Data on the QTcF interval were missing for one patient in the standard-care group.
¶  Data on the ALT level were missing for one patient each in the standard-care, BPaLM, and BPaLC groups.
‖  Data on the CD4 cell count were missing for one patient each in the standard-care, BPaLC, and BPaL groups.
**  Data on the ALT level were missing for one patient in the BPaLM group.
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domly assigned to one of the four groups; of 
these patients, 303 (54.9%) were included in the 
trial stage 2 groups (the standard-care group or 
the BPaLM group). On the date when enrollment 
was terminated, 145 patients (73 in the stan-
dard-care group and 72 in the BPaLM group) 
were included in the intention-to-treat popula-
tion, 128 patients (66 in the standard-care group 
and 62 in the BPaLM group) were included in the 
modified intention-to-treat population, and 90 
patients (33 in the standard-care group and 57 
in the BPaLM group) were included in the per-
protocol population. These patients could un-
dergo 72 weeks of follow-up. In addition, of the 
patients who were originally assigned to one of 
four groups, 142 patients (72 in the BPaLC 
group and 70 in the BPaL group) in the inten-
tion-to-treat population, 124 patients (64 in the 
BPaLC group and 60 in the BPaL group) in the 
modified intention-to-treat population, and 110 
patients (58 in the BPaLC group and 52 in the 
BPaL group) in the per-protocol population 
could undergo 72 weeks follow-up as well as ad-
ditional evaluations (Fig. 1A and 1B).

The baseline demographic characteristics of 
the patients were generally balanced among the 
trial groups in the intention-to-treat, modified 
intention-to-treat, and per-protocol populations 
that underwent follow-up for 72 weeks. In the 
modified intention-to-treat analysis, the standard-
care group had a higher proportion of female 
patients and patients with smear-positive and 
cavitary disease than the investigational groups 
(Table 1). Most patients in the standard-care 
group received at least two WHO group A drugs3 
as part of their regimen (Table S7); these drugs 
were f luoroquinolones (in 95%), linezolid (in 
77%), and bedaquiline (in 76%).

Efficacy Outcomes

In stage 1 of the trial, the percentages of pa-
tients with culture conversion in liquid medium 
at 8 weeks after randomization were 77%, 67%, 
and 46% in the BPaLM, BPaLC, and BPaL 
groups, respectively (Table S8 in the Supplemen-
tary Appendix); 8%, 6%, and 10% of the pa-
tients, respectively, discontinued treatment or 
died. The BPaLM regimen was selected for 
analysis in stage 2 of the trial.

In stage 2, by 72 weeks of follow-up in the 
intention-to-treat population, 39 of 73 patients 
in the standard-care group (53%) and 17 of 72 of Ta
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patients in the BPaLM group (24%) had an unfa-
vorable status (the primary composite outcome). 
In the modified intention-to-treat population, 32 
of 66 patients in the standard-care group (48%) 
and 7 of 62 patients in the BPaLM group (11%) 
had an unfavorable status. The unadjusted risk 
difference was –37 percentage points (96.6% 
confidence interval [CI], –53 to –22), and the 
BPaLM regimen was both noninferior and supe-
rior to the standard regimen. In the per-protocol 
population, 4 of 33 patients in the standard-care 
group (12%) and 2 of 57 patients in the BPaLM 
group (4%) had an unfavorable status. No recur-
rences of tuberculosis or treatment failures were 
detected in either group (Table 2).

There was no evidence that treatment effects 
varied according to age, sex, HIV infection, spu-
tum smear status, the presence of cavities on 
chest radiographs, f luoroquinolone resistance, 
or country of recruitment in the subgroup analy-
ses. More details are provided in Table S22.

In stage 2, with regard to the secondary effi-
cacy outcomes, the risk of a composite unfavor-
able outcome event at 24 and 108 weeks was 
broadly consistent with that with the primary 
outcome. In the modified intention-to-treat pop-
ulation, 78 of 99 patients in the standard-care 
group (79%) and 85 of 96 patients in the BPaLM 
group (88%) had culture conversion at 12 weeks; 
these results were similar in the per-protocol 
population. In a time-to-event analysis, the haz-
ard ratio for culture conversion was 1.59 (95% 
CI, 1.18 to 2.14) in the modified intention-to 
treat population and 1.67 (95% CI, 1.14 to 2.45) 
in the per-protocol population (Table S13). At 
week 48, there were no recurrences of tubercu-
losis in the BPaLM group.

In additional efficacy analyses, by 72 weeks 
of follow-up in the modified intention-to-treat 
population, 12 of 64 patients in the BPaLC 
group (19%) and 14 of 60 patients in the BPaL 
group (23%) had an unfavorable composite out-
come event. The unadjusted risk difference as 
compared with standard care was −30 percent-
age points (95% CI, –45 to −14) in the BPaLC 
group and −25 percentage points (95% CI, –41 
to −9) in the BPaL group. In the per-protocol 
population, 6 of 58 patients in the BPaLC group 
(10%) and 6 of 52 patients in the BPaL group 
(12%) had an unfavorable composite outcome 
event. The unadjusted risk difference as com-
pared with the standard of care was −2 percent-

age points (95% CI, –15 to 12) in the BPaLC 
group and −1 percentage point (95% CI, –15 to 
14) in the BPaL group. In the per-protocol popu-
lation, one treatment failure and one tuberculo-
sis recurrence were observed in the BPaLC group; 
in the BPaL group, three tuberculosis recurrences 
were observed (Table 3).

Safety Outcomes

By 72 weeks of follow-up, 43 of 73 patients in 
the standard-care group (59%) had a total of 69 
events (at least one serious adverse event or an 
adverse event of grade ≥3), and 14 of 72 patients 
in the BPaLM group (19%) had a total of 16 
events (risk difference, –40 percentage points; 
96.6% CI, –55 to –24). At least one serious ad-
verse event or an adverse event of grade 3 or 
higher occurred in 23 of 72 patients (32%; 32 
events) in the BPaLC group and 15 of 69 patients 
(22%; 24 events) in the BPaL group (Table 4).

By 72 weeks, the most frequently observed 
serious or grade 3 or higher adverse events were 
hepatic disorders. These affected 8 of 73 patients 
in the standard-care group (11%), 3 of 72 pa-
tients in the BPaLM group (4%), 3 of 72 patients 
in the BPaLC group (4%), and 2 of 69 patients 
in the BPaL group (3%). None of the patients in 
any of the groups met the Hy’s law criteria for 
drug-induced liver injury (Fig. S4).

QTcF prolongation, the second most frequent 
serious or grade 3 or higher adverse event, af-
fected 14 patients: 10 of 73 patients in the 
standard-care group (14%), 1 of 72 patients in 
the BPaLM group (1%), 3 of 72 patients in the 
BPaLC group (4%), and none of the patients in 
the BPaL group. QTcF prolongation for more 
than 500 msec led to early discontinuation of 
treatment in 6 patients in the standard-care 
group and in 1 patient in any of the investiga-
tional groups (the BPaLC group). At 24 weeks 
after randomization, the mean difference in a 
QTcF from the standard-care group, with adjust-
ment for baseline QT, was –18.1, –5.4, and –20.0 
msec in the BPaLM group, BPaLC group, and 
BPaL group, respectively.

Peripheral neuropathy (any grade) was seen in 
28 of 150 patients in the standard-care group 
(19%; a total of 33 events), in 14 of 151 patients 
in the BPaLM group (9%; a total of 15 events), 
in 10 of 126 patients in the BPaLC group (8%; 
a total of 10 events), and in 16 of 122 patients in 
the BPaL group (13%; a total of 19 events). A 
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Table 4. Safety Outcomes (As-Treated Population).*

Variable
Standard-Care 

 Group
BPaLM 
Group

BPaLC 
Group

BPaL 
Group

QTcF interval at 24 wk

No. of patients with data† 71 98 92 92

QTcF interval at 24 wk — msec 441.8±18.0 423.5±18.5 435.7±17.6 423.1±18.5

Mean difference (CI) — msec‡§ — −18.1 (−23.4 to −12.8) −5.4 (−10.3 to −0.6) −20.0 (−25.1 to −14.9)

Serious adverse event or grade ≥3 adverse event 
within 108 wk after randomization

Patients with at ≥1 event — no./total no. (%) 26/43 (60) 10/40 (25) 18/43 (42) 11/43 (26)

No. of events 48 11 22 21

Risk difference — percentage points CI)§ — −36 (−57 to −14) −19 (−39 to 2) −35 (−54 to −15)

Serious adverse event or grade ≥3 adverse events 
during treatment and up to 30 days 
after treatment end date

to

Patients with ≥1 event — no./total no. (%) 25/43 (58) 7/40 (18) 11/43 (26) 10/43 (23)

No. of events 46 7 14 12

Risk difference — percentage points (CI)§ — −41 (−61 to −20) −33 (−52 to −13) −35 (−54 to −16)

Serious adverse event or grade ≥3 adverse events 
within 72 wk after randomization

Patients with at ≥1 event — no./total no. (%) 43/73 (59) 14/72 (19) 23/72 (32) 15/69 (22)

No. of events 69 16 32 24

Risk difference — percentage points (CI)§ — −40 (−55 to −24) −27 (−43 to −11) −37 (−52 to −22)

Hepatic disorder, grouped

No. of events 10 3 5 2

Patients with events — no./total no. (%) 8/73 (11) 3/72 (4) 3/72 (4) 2/69 (3)

QTcF prolongation¶‖

No. of events 12 1 3 0

Patients with events — no./total no. (%) 10/73 (14) 1/72 (1) 3/72 (4) 0

Creatinine renal clearance decreased

No. of events 7 1 0 2

Patients with events — no./total no. (%) 5/73 (7) 1/72 (1) 0 2/69 (3)

Anemia

No. of events 6 2 0 1

Patients with events — no./total no. (%) 6/73 (8) 2/72 (3) 0 1/69 (1)

Neutropenia

No. of events 2 3 0 0

Patients with events — no./total no. (%) 2/73 (3) 3/72 (4) 0 0

Lipase level increased or pancreatitis

No. of events 1 2 2 2

Patients with events — no./total no. (%) 1/73 (1) 2/72 (3) 2/72 (3) 2/69 (3)

Acute kidney injury

No. of events 1 1 0 1

Patients with events — no./total no. (%) 1/73 (1) 1/72 (1) 0 1/69 (1)
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single event of grade 3 peripheral neuropathy 
occurred in a patient in the standard-care group 
75 days after randomization. No episodes of 
optic neuropathy were observed.

Ten of the 549 patients (2%) in the as-treated 
population died; 7 of these patients were in the 
standard-care group. Four patients died during the 
treatment period, 3 died during follow-up, and 
3 died after early withdrawal from the trial. Four 
of the deaths (all in the standard-care group) 
were considered by the investigators to be treat-
ment-related. None of the deaths were attributed 
by the investigators to tuberculosis (Table S20).

Discussion

In the modified-intention-to-treat population in 
this phase 2–3 trial, BPaLM was both noninfe-
rior and superior to the accepted standard care 

with respect to the primary composite outcome; 
89% and 52% of the patients, respectively, had a 
favorable outcome. The percentages of patients 
with favorable outcomes in the BPaLC group 
(81%) and the BPaL group (77%) were also 
higher than the percentage in the standard-care 
group. The difference was principally driven by 
early discontinuation of treatment owing to ad-
verse events in the standard-care group. The 
difference between the standard-care and inves-
tigational groups was less pronounced in the 
per-protocol analysis in which early discontinu-
ations were excluded. These findings suggest 
that the standard-care treatment was similarly 
efficacious when patients could receive it with-
out adverse effects.

The safety outcomes also favored BPaLM, 
with lower percentages of patients with adverse 
events of grade 3 or higher or serious adverse 

Or al Regimen for Rifampin-Resistant Tuberculosis

Variable
Standard-Care 

 Group
BPaLM 
Group

BPaLC 
Group

BPaL 
Group

Hemoptysis‖

No. of events 2 0 1 0

Patients with events — no./total no. (%) 1/73 (1) 0 1/72 (1) 0

Vomiting

No. of events 2 0 0 0

Patients with events — no./total no. (%) 2/73 (3) 0 0 0

Lymphocyte count decreased

No. of events 0 1 1 1

Patients with events — no./total no. (%) 0 1/72 (1) 1/72 (1) 1/69 (1)

Pneumonia

No. of events 1 0 2 1

Patients with events — no./total no. (%) 1/73 (1) 0 2/72 (3) 1/69 (1)

Other‖

No. of events 25 2 18 14

Patients with events — no./total no. (%) 23/73 (32) 2/72 (3) 18/72 (25) 12/69 (17)

*  Plus–minus values are means ±SD. The as-treated population included all patients who underwent randomization and received at least one 
dose of trial medication.

†  This category excludes patients who were not participating in the trial at week 24, even if they discontinued owing to QTcF prolongation.
‡  The mean difference was adjusted for the baseline QTcF interval.
§  Confidence intervals for the BPaLM group group as compared with the standard-care group are two-sided 96.6% confidence intervals. 

Confidence intervals for the BPaLC group and BPaL group as compared with the standard-care group are two-sided 95% confidence inter-
vals and are not adjusted for multiplicity.

¶  QTcF prolongation includes prolonged QT on electrocardiography and syncope.
‖  One patient had two events.

Table 4. (Continued.)
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events for all outcomes (at week 72, at week 108, 
and during treatment). In additional safety analy-
ses, the BPaLC and BPaL regimens were also 
safer than the standard care. The QTcF interval 
at week 24 was lower in the BPaLM group than 
in the standard-care group and more closely re-
sembled the QTcF in the BPaL group. The QTcF 
in the BPaLC group was similar to that in the 
standard-care group. This finding corroborates 
evidence suggesting that clofazimine is a primary 
driver of QTcF prolongation in bedaquiline-con-
taining regimens.

These findings are generally consistent with 
those from other trials of shorter bedaquiline, 
pretomanid, and linezolid regimens.9,10 In those 
trials, 84 to 93% of the patients had a successful 
outcome, percentages that were similar to those 
in trials involving patients with drug-sensitive 
tuberculosis.11 In our trial, BPaL did not appear 
to perform as well as the regimen in the Nix-TB 
study,9 with fewer successful outcomes and 
slower culture conversion. The trial design may 
explain this difference (Table S27).

These results are also consistent with data 
from trials of other shorter regimens. In the 
STREAM (Standard Treatment Regimen of Anti-
Tuberculosis Drugs for Patients with MDR-TB) 
trial, 78.8% of patients in the short-regimen 
group had a successful outcome.7 A meta-analy-
sis of the current 9-to-11-month all-oral regimen 
recommended by the WHO showed a successful 
outcome in 73% of patients.12 A retrospective 
study of a shorter regimen including linezolid 
showed a successful outcome in 75.2% of pa-
tients.13 Although the percentage of patients 
with unfavorable outcomes in the standard-care 
group in our trial is consistent with those re-
ported worldwide,1,2 it is lower than what has 
been reported in recent clinical trials involving 
patients with drug-resistant tuberculosis.7 En-
hanced monitoring and stringent discontinua-
tion criteria in our trial probably explain this 
difference. The criteria for discontinuation were 
applied to all groups equally.

Our trial has several strengths. This random-
ized, controlled, regulatory-level trial enrolled 
patients who were broadly representative of pa-
tients in the epidemic of rifampin-resistant tu-
berculosis, with the inclusion of patients with 
fluoroquinolone-resistant tuberculosis and HIV 
coinfection (Table S2). The trial was patient-
centered, with assistance in adherence to treat-

ment adapted to the patients’ circumstances. 
The safety of patients was paramount, with fre-
quent visits to ensure that adverse events were 
identified and managed promptly. These visits 
were complemented by centralized safety over-
sight. TB-PRACTECAL substudies are also under 
way to provide explanatory data, specifically re-
garding the costs of new regimens for patients 
and providers, as well as their cost-effectiveness 
and effect on patients’ poverty levels,14 patient-
reported outcomes,15 and pharmacokinetics and 
pharmacodynamics.16

The TB-PRACTECAL trial was terminated for 
efficacy after recruitment of 75% of the planned 
sample. Trials that are terminated early for ben-
efit have been suggested to overestimate treat-
ment effects,17 although it has been argued that 
this overestimation is limited.18 Recruitment 
into our trial was terminated on the recommen-
dation of the data and safety monitoring board 
after the prespecified stopping rule was trig-
gered.19 A study of follow-up data for at least 72 
weeks after randomization in all patients who 
underwent randomization is under way.

The limitations of our trial include the open-
label design. Poorer performance of the standard-
care treatment was driven by early discontinua-
tions in the modified intention-to-treat population, 
but the criteria for discontinuation owing to 
poor adherence to treatment or adverse events 
were prespecified (see the protocol). Although 
17 of the 28 discontinuations in the standard-care 
group in the modified intention-to-treat popula-
tion were due to adverse events, the remainder 
could have been subject to performance bias. 
Seven patients withdrew consent in the stan-
dard-care group while receiving treatment. Our 
inability to measure minimum inhibitory con-
centrations in all patients for this report limited 
the subgroup analyses. We were unable to per-
form whole-genome sequencing at the trial site 
where the recurrences of tuberculosis occurred, 
so we cannot rule out the possibility that these 
recurrences were caused by reinfection. The 
standard-care regimens were updated through-
out the trial, in line with international recom-
mendations. However, these changes meant that 
the standard care differed over time and accord-
ing to trial site. Current standard-care regimens 
include less toxic drugs than those used earlier 
in the trial.5 Of note, most patients in the stan-
dard-care group received at least two WHO 

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e
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group A drugs3 as part of their regimen, an ap-
proach consistent with current guidelines. As 
planned, the data and safety monitoring board 
reviewed summary data every 3 to 6 months to 
ensure adequate oversight. In November 2020, 
the data and safety monitoring board requested 
the treatment effect and confidence interval for 
the composite outcome; no adjustment in the 
alpha level was made for this analysis.

This multicountry, randomized, controlled 
trial of 24-week, all-oral regimens containing 
bedaquiline, pretomanid, and linezolid for the 
treatment of rifampin-resistant tuberculosis 
showed that treatment with BPaLM was more 
effective and had a better safety profile than 
standard care. BPaLC and BPaL were also highly 
efficacious.
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