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Background. Effectiveness, safety, tolerability, and adherence are critical considerations in shifting to shorter tuberculosis (TB)
regimens. Novel 6-month oral regimens that include bedaquiline (B), pretomanid (Pa), and linezolid (L), with or without a fourth
drug, have been shown to be as or more effective than the established longer regimens for the treatment of multidrug-resistant/
rifampicin-resistant TB (MDR/RR-TB). We aimed to evaluate the safety and tolerability of linezolid in BPaL-containing
regimens for the treatment of MDR/RR-TB among recently completed clinical trials.

Methods. A review and meta-analysis was undertaken including published and unpublished data from clinical trials, conducted
between 2010 and 2021, that evaluated regimens containing BPaL for the treatment of MDR/RR-TB. Individual patient data were
obtained. For each BPaL-containing regimen, we evaluated the frequency and severity of treatment-related adverse events. The risk
difference of adverse events for each regimen was calculated, in comparison to patients assigned to receiving the lowest cumulative
exposure of linezolid.

Results. Data from 3 clinical trials investigating 8 unique BPaL-containing regimens were included, comprising a total of 591
participants. Adverse events were more frequent in groups randomized to a higher cumulative linezolid dose. Among patients who
were randomized to a daily dose of 1200 mg linezolid, 68 of 195 (35%) experienced a grade 3—4 adverse event versus 89 of 396 (22%)

patients receiving BPaL-containing regimens containing 600 mg linezolid.

Conclusions.

Regimens containing BPaL were relatively well tolerated when they included a daily linezolid dose of 600 mg.

These novel regimens promise to improve the tolerability of treatment for MDR/RR-TB.
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Every year there are approximately half a million new cases of
multidrug-resistant/rifampicin-resistant tuberculosis (MDR/
RR-TB) diagnosed globally, with 150 000 deaths [1]. Over the
last decade, the treatment success rate for patients with MDR/
RR-TB has increased from 50% to 60% [1]. New and repurposed
antibiotics promise to shorten the duration, improve the tolera-
bility, and improve the efficacy of treatment for MDR/RR-TB:
Mycobacterium tuberculosis that is resistant to the 2 most effec-
tive, first-line anti-TB antibiotics, isoniazid and rifampicin [2, 3].
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Between 2019 and 2022, the World Health Organization
(WHO)-recommended regimens, based on data from pro-
grammatic settings, for the treatment of MDR/RR-TB included
a minimum of 5 drugs. These included the 3 most effective
“group A drugs” (bedaquiline, linezolid, and a fluoroquino-
lone), where tolerated and susceptible [2]. The treatment dura-
tion recommended in these guidelines varied from a 9-month
(“short course”) regimen, for selected patients to a longer
18-month regimen. However, toxicity commonly associated
with these regimens included hepatotoxicity and hematological
and neurological toxicity due to the use of injectable agents and
prolonged therapy [4].

In 2022, WHO commissioned a revision to the MDR/RR-TB
treatment guidelines, following the completion of clinical trials
that evaluated all-oral regimens including the antibiotics beda-
quiline (B), pretomanid (Pa), and linezolid (L) [5-7]. The TB
pragmatic clinical trial for a more effective, concise and less
toxic regimen (PRACTECAL), Nix, and ZeNix trials evaluated
treatment outcomes of a number of BPaL regimens, with
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varying linezolid doses [5, 6]. The safety of regimens containing
BPaL, with or without the addition of a fourth antimicrobial
agent (henceforth, called BPaL-containing regimens), remains
an important consideration. Linezolid is an oxazolidinone an-
tibiotic that has been repurposed for use in treatment of TB.
Particularly at high doses, linezolid has been associated with pe-
ripheral neuropathy, optic neuropathy, and bone marrow tox-
icity [6, 8]. In contrast, bedaquiline, a diarylquinoline that
blocks ATP synthase, and pretomanid, a nitroimidazole, are
generally well tolerated. However, QT prolongation and hepa-
totoxicity have been reported [9, 10].

We undertook a review and individual patient data meta-
analysis as a part of the 2022 WHO Guideline Development
Group process. The study aimed to compare the cumulative in-
cidence of adverse events among patients taking linezolid in
6-to-9-month BPaL-containing regimens for the treatment of
MDR/RR-TB within recent clinical trials.

METHODS

Study Design and Participants

A review and individual patient data analysis were undertak-
en, and reported using the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) guidelines
[11]. We included clinical trials for which results were
available on 30 September 2021. Studies included patients
with MDR/RR-TB with additional resistance to a fluoro-
quinolone antibiotic or second-line injectable agent (pre-
extensively drug resistant [preXDR]-TB) or extensively
drug resistant (XDR)-TB (resistance to both fluoroquino-
lone and second-line injectable agents), who were treated
with BPaL-containing regimens. We used the 2018 WHO
definitions for XDR-TB [12].

Search Strategy

A public call was issued in July 2021 by the WHO Global TB
Program (GTP) to identify studies that met the following crite-
ria: (1) parallel-group or single-arm clinical trials, who were
treated with BPaL, with or without an additional “companion”
drug, regardless of dose and duration of the regimen; (2) in-
cluding patients with bacteriologically confirmed MDR/
RR-TB that was either pulmonary or extra-pulmonary; (3) in-
cluding at least 25 patients commencing treatment; and (4)
availability of individual participant data, including the indi-
vidual regimen(s) used, the duration of treatment, and for
which sufficient data were available to allow assignment of
treatment outcomes for the majority of participants. Datasets
were excluded if they were not a clinical trial and if they did
not investigate a BPaL-containing regimen. Consultation was
done with experts in the field and by searching public clinical
trial registries to identify trials not yet published. A search of
databases (MEDLINE, PubMed, EMBASE) did not reveal fur-
ther studies that met the inclusion criteria.

Data Collection

Contributors were asked to provide complete datasets and
study protocol with de-identified individual patient data, which
were reviewed for safety and efficacy outcomes. Participants
were included in the final analysis for both the standard-of-care
and BPaL-containing regimen, if all of the following criteria
were met: (1) bacteriologically confirmed M. tuberculosis; (2)
rifampicin resistance or MDR/RR-TB, confirmed by genotypi-
cal or phenotypical drug susceptibility testing; (3) any age; (4)
pulmonary or extra-pulmonary TB; (5) treatment outcomes
that could be classified according to WHO definitions [3];
and (6) a defined treatment regimen including information
about composition and treatment duration. Participants within
a trial were excluded from the present analysis if the patient re-
ceived treatment exceeding 12 months in duration.

Adverse events were classified according to each individual
trial based on the Common Terminology Criteria for Adverse
Events version 5 (grade 1 to 4) [13] or the Division of
Microbiology and Infectious Diseases [14] Adult Toxicity
Table 2007 (draft) (grade 1 to 4; Supplementary Table 1).
Adverse events of special interest (AESI) to the WHO GTP
were specified a priori based upon common and serious toxic-
ities known to occur with bedaquiline, pretomanid, and line-
zolid. These included bone marrow toxicity, peripheral
neuropathy (henceforth, defined collectively by terms using
the Standardized MedDRA Queries [SMQ] [15]), optic neurop-
athy, QT interval (QTc¢) prolongation, and hepatotoxicity. A se-
vere adverse event was defined as being an adverse event of
grade 3—-4. In the primary intention-to-treat population, partic-
ipants were classified according to their intended dose and du-
ration of linezolid at the time of randomization.

End-of-treatment outcomes were reported for each regimen ac-
cording to the 2020 WHO MDR/RR-TB outcome definitions [3].
Successful treatment outcomes encompassed those who achieved
an outcome of cure or treatment completed. Unfavorable treat-
ment outcomes comprised individuals with an outcome of failed
treatment or who died or were lost to follow-up [3].

The intended treatment duration was defined as the duration
assigned to each participant at the time of commencing MDR/
RR-TB treatment, according to the study protocol. The intended
treatment dose for linezolid was defined as the dose of linezolid
assigned to each participant at the time of treatment commence-
ment (1200 mg or 600 mg). The actual treatment duration was
calculated as the number of weeks for which the treatment reg-
imen or drug was actually used, excluding periods of drug inter-
ruption. Treatment discontinuation occurred when 1 or more
drugs within the intended regimen was permanently stopped,
without recommencement of the same drug or regimen.

Statistical Analysis
Descriptive statistics were used to describe participants’ demo-
graphic and clinical features. Comparisons were made between
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arms of each trial; however, similar regimens (eg, regimens using
the exact same drugs) between trials were not combined due to
differences in the doses, adverse event monitoring, and setting
between trials. The cumulative incidence was calculated for all
adverse events, AESI resulting in treatment discontinuation,
and for all grade 3-4 AESI. Adverse events within each study
arm were compared with a reference group, which was identified
as the group with the lowest intended linezolid exposure.
Differences in the proportion of adverse events are presented
as a risk difference (RD) with 95% confidence intervals (CIs), cal-
culated using the Score method. Statistical analyses were per-
formed using SAS version 9.4 (SAS Institute) and RStudio
2022.02.2 + 485 (R Foundation for Statistical Computing).

Ethical Issues

Ethical approval for the included trials was provided by the in-
stitutional review boards of each responsible ethics committee
(TB Alliance and Médecins sans Frontiéres). Approval to share
data for this study was provided by the trial steering commit-
tees or sponsor. No additional data were obtained. This work
was funded by the World Health Organisation.

RESULTS

Only 3 trials were identified, and all met the eligibility criteria. A
total of 8 unique BPal-containing regimens were included
(Table 1 and Supplementary Table 1). In the Nix-TB trial partic-
ipants were assigned to BPaL with 1200 mg of linezolid for up to
26 weeks (Nix-TB 1200-26) [5]. In the ZeNix trial participants
were randomized to one of four 26-39-week treatment groups
with (1) linezolid 600 mg for 9 weeks (ZeNix 600-9), (2) linezolid
600 mg for 26 weeks (ZeNix 600-26), (3) linezolid 1200 mg for 9
weeks (ZeNix 1200-9), or (4) linezolid 1200 mg for 26 weeks
(ZeNix 1200-26) [6]. The primary outcome for both the
Nix-TB and ZeNix trials was the incidence of unfavorable out-
comes defined as treatment failure or relapse of disease [5, 6].

The TB-PRACTECAL trial aimed to evaluate the safety and
efficacy of 3 intervention regimens against a composite of
locally accepted standards of care (including regimens with
injectables and regimens of 18-24 months in duration) [7].
The 3 intervention regimens were 24 weeks of BPaL, BPaL
with moxifloxacin (BPaLM), or BPalL with clofazimine
(BPaLC). The dose of linezolid in each arm was 600 mg daily
for 16 weeks, then 300 mg daily for the remaining 8 weeks, or
earlier if not well tolerated. Permanent cessation of linezolid
alone was not permitted in TB-PRACTECAL. Enrollment in
the TB-PRACTECAL trial was terminated in March 2021 on
the recommendation of the Data and Safety Monitoring
Board, after an interim analysis demonstrated superior efficacy
for the BPaLM investigational arm in comparison to the stan-
dard of care [7].

A total of 591 participants who were assigned BPaL or a
BPaL-containing regimen were included from the 3 trials.

Furthermore, an additional 108 participants were assigned to
a standard-of-care regimen in the TB-PRACTECAL study.
Demographic characteristics of the participants by regimen
are shown in Table 2. A higher proportion of participants
were resistant to fluoroquinolones in the Nix-TB and ZeNix tri-
als (60-76%) compared with TB-PRACTECAL (19-26%). The
Nix trial had the highest proportion of participants who were
persons with human immunodeficiency virus (HIV) (51%).
Successful end-of-treatment outcomes were reported for more
than 80% of participants in all trial arms (Supplementary
Table 2).

Figure 1 presents the proportion of the intended linezolid
dose that was completed by participants in each group.
Table 3 presents the actual weeks of linezolid received in each
group. The proportion of patients completing 26 weeks of line-
zolid at a dose of 1200 mg daily was 35 of 108 (32%) for the
Nix-TB 1200-26 cohort and 31 of 44 (70%) in ZeNix 1200-26
cohort (overall, 66/152 [43%]). Among participants initially re-
ceiving 600 mg daily linezolid (ZeNix 600-26 and all arms of TB
PRACTECAL), 320 of 354 (90%) participants were able to tol-
erate linezolid for the intended duration of at least 24 weeks.
Five individuals who were unable to complete the intended du-
ration of 600 mg daily linezolid, permanently ceased the drug
or regimen (Table 4). For the remaining 29 participants, the
daily dose of linezolid was reduced or interrupted, allowing
completion of the intended regimen.

Among patients taking the Nix-TB 1200-26 regimen, discon-
tinuation of linezolid due to an adverse event occurred in 18 of
108 (17%) patients. The most common cause for cessation of
drug therapy was peripheral neuropathy, affecting 16 of 18
(89%) participants (Table 5). The ZeNix 1200-26 regimen
was better tolerated, with only 1 individual discontinuing all
3 drugs due to adverse events, which resulted in a classification
of treatment failure. Among other participants who discontin-
ued drugs, only linezolid was ceased. Myelosuppression and
hepatoxicity were also more frequent in the Nix-TB 1200-26
regimen compared with ZeNix 1200-26 regimen.

The permanent discontinuation of linezolid was rare among
individuals receiving either the 600-26, 600-9, or 1200-9 regi-
mens (15/439, 3%). Two participants who permanently discon-
tinued linezolid were assigned a treatment failure outcome (1
participant in the ZeNix 1200-26 group and 1 participant in
the TB-PRACTECAL BPaLC group). The remaining partici-
pants who ceased linezolid while receiving a BPaL-containing
regimen achieved a successful treatment outcome.

Although AESI were common (Supplementary Table 3), the
vast majority were grade 1 or 2 (Supplementary Table 3).
Peripheral neuropathy was more likely to be experienced among
participants in South Africa (Supplementary Figure 1). A greater
number of adverse events were noted for participants receiving
high doses of linezolid for longer durations. Adverse events at-
tributable to bedaquiline or pretomanid were frequently noted;
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Continued

Table 1.

TB-PRACTECAL Trial

ZeNix Trial

Nix-TB Trial

Trial Name

Unfavorable outcome at 72 wk post-randomization (composite of death,

Incidence of bacteriological failure or relapse at 12 mo

Incidence of bacteriological failure or relapse at 12 mo

Primary endpoint

treatment failure, treatment discontinuation, loss to follow-up,

recurrence, still on treatment at 72 wk)

Grades 1to 4

post-treatment initiation

post-treatment initiation

Grades 1 to 4

Severity (grades 1 to 4)

Adverse event

Serious adverse events (death, life-threatening, prolonged

Serious adverse events (death, life-threatening,

Serious adverse events (death, life-threatening,

classification

hospitalization, persistent disability, birth defect, other serious event)

prolonged hospitalization, persistent disability, birth

defect, other serious event)

prolonged hospitalization, persistent disability, birth

defect, other serious event)

MGIT drug-susceptibility testing MGIT drug-susceptibility testing

MGIT drug-susceptibility testing

Drug susceptibility

testing
Follow-up duration

Location

108 wk post-treatment initiation
South Africa, Uzbekistan, Belarus

78 wk post-treatment completion

104 wk post-treatment completion

South Africa

South Africa, Russia, Georgia, Moldova

Uzbekistan: hospitals including outpatient clinics and TB treatment

Eleven dedicated trial centers, including inpatients and

Three hospitals in South Africa, including inpatients and

Healthcare settings

outpatients

outpatients

centers

South Africa: 4 hospitals including inpatients and outpatients

Belarus: patients initially hospitalized

The monitoring of adverse events is summarized in Supplementary Table 1.

Abbreviations: B, bedaquiline; BMI, body mass index; L, linezolid; MDR/RR, multidrug-resistant/rifampicin-resistant; MGIT, Mycobacteria growth indicator tube; Pa, pretomanid; QTc, QT interval; TB, tuberculosis; TB PRACTECAL, Pragmatic Clinical Trial for a

more Effective, Concise and Less Toxic Regimen, XDR, extensively drug resistant.

“The standard-of-care regimens were a composite of acceptable regimens at the study sites at the time of enrollment. These include the standard short-course regimen (9 months injectable-based “Bangladesh regimen”, all oral bedaquiline-based short

regimens, injectable-based long-course regimen, all oral bedaquiline-based long-course regimens).

however, most events were grade 1 or 2 and did not require treat-
ment cessation.

Comparative Analyses

Table 4 shows the proportions of patients experiencing adverse
events resulting in treatment discontinuation, by linezolid dose.
The proportions of treatment-related severe adverse events
(grade 3-4) observed with each regimen are shown in Table 5.
Grade 3-4 peripheral neuropathy was more frequent in those re-
ceiving the Nix-TB 1200-26 regimen than for those receiving the
ZeNix 600-9 regimen (RD, .22;95% CI, .13-.31). The proportion
of adverse events reported by patients receiving lower doses and
durations of linezolid was similar to those receiving the lowest
dose of linezolid (ZeNix 600-9). The frequency of myelosuppres-
sive events and peripheral neuropathy was lower in all ZeNix reg-
imens compared with Nix-TB 1200-26 (Supplementary Table 4).
Adverse events were more frequent in those receiving the TB
PRACTECAL standard-of-care regimen than those receiving
BPaL-containing regimens (Supplementary Table 5).

DISCUSSION

Three recent clinical trials have evaluated the safety and effec-
tiveness of 8 BPaL-containing regimens. The incidence of
treatment-related grade 3 to 4 adverse events was highest
among those taking regimens with an initial dose of 1200 mg
daily linezolid. A starting dose of 600 mg per day of linezolid
appeared to be the best tolerated. These studies have informed
recent changes to WHO guidelines, which recommend the
adoption of a regimen containing BPaLM for 6 months for
the treatment of MDR/RR-TB without fluoroquinolone resis-
tance and the BPaL regimen for 6-9 months for those with
MDR/RR-TB and fluoroquinolone resistance [16] (the updated
WHO definition for pre-XDR-TB) [3].

Severe adverse events were relatively uncommon among partic-
ipants receiving each of the BPaL-containing regimens. Toxicity
was lowest for those with a starting dose of 600 mg of linezolid.
Nevertheless, lower-grade (grade 1 and 2) adverse events were fre-
quently reported. These findings are consistent with previous
studies in which bedaquiline and linezolid have been used—while
adverse events of any grade are frequent [17], severe (grade 3-4)
adverse events of any kind were less common [18, 19].

Peripheral neuropathy was among the most common ad-
verse events leading to treatment discontinuation. At the high-
est dose and duration of linezolid, Nix-TB 1200 mg daily for 26
weeks, peripheral neuropathy required treatment cessation in
15% of patients. The reasons for this are multifactorial.
Patients in all 3 studies were closely monitored for evidence
of early neuropathy by regular clinical assessment during treat-
ment, meaning that misclassification is unlikely. Fewer partic-
ipants in the ZeNix 1200 mg regimen experienced adverse
events. As the ZeNix trial was performed after the Nix-TB trial,
the ability to adapt to early signs of peripheral neuropathy may
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W 0-24% of duration
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Proportion of individuals receiving each BPal-containing regimen who completed the intended duration of linezolid treatment. For ZeNix 600-9 the intended

linezolid dose and duration was 600 mg daily for 9 weeks, for ZeNix 600-26 the intended linezolid dose and duration was 600 mg daily for 26 weeks, for ZeNix 1200-9
the intended linezolid dose and duration was 1200 mg daily for 9 weeks, for ZeNix 1200-26 the intended linezolid dose and duration was 1200 mg daily for 26 weeks,
and for Nix-TB the intended linezolid dose and duration was 600 mg daily for 26 weeks. For all TbP the intended linezolid dose and duration was 600 mg daily for 16 weeks
and then 300 mg daily for 9 weeks, or earlier if moderately tolerated. Abbreviations: BPaL, bedaquiline, pretomanid, and linezolid; BPalLC, bedaquiline, pretomanid, and line-
zolid with clofazimine; BPaLM, bedaquiline, pretomanid, and linezolid with moxifloxacin; ToP, TB PRACTECAL.

have been more nuanced and may have prevented more severe
events in the ZeNix trial. Interestingly, the incidence of periph-
eral neuropathy varied considerably by region, with the highest
incidence among those treated in South Africa. Ultimately, this
study demonstrates the importance of carefully monitoring
patients for neuropathy throughout treatment with
BPaL-containing regimens.

Optic neuropathy, another recognized complication of line-
zolid therapy, was infrequently observed in these 3 trials. In
contrast, observational studies in other settings have measured
the incidence of optic neuropathy, using monthly visual assess-
ment, to be between 5.8% and 48.5% of participants taking a
linezolid-containing regimen, although this was often revers-
ible after cessation of linezolid [20, 21]. Myelosuppression, an-
other commonly reported side effect of linezolid [20], was
relatively uncommon with the BPaL-containing regimens, ex-
cept in those receiving 1200 mg daily linezolid. While early
phase 2 trials identified QTc prolongation as a potentially con-
cerning adverse event attributable to bedaquiline, clofazimine,
or moxifloxacin [22], this concern has not been borne out in
subsequent cohort studies where treatment was given for a lon-

ger duration [23], or in the trials included in this review.

An important concern regarding the use of 3-drug regimens
to treat MDR-TB is the potential for acquired drug resistance,
particularly if one of the included antibiotics needs to be inter-
rupted [24]. Reassuringly, few patients stopped treatment
among those taking BPaL-containing regimens using 600 mg
of linezolid. This needs to be confirmed in programmatic set-
tings and, until then, including 4 drugs as per WHO guidelines
may be an alternative. Permanent discontinuation of bedaqui-
line and pretomanid was also infrequent, consistent with previ-
ous studies, showing that toxicity-related cessation of
bedaquiline is rare [25].

This study had several limitations. The number of partici-
pants in each treatment group was relatively small. Therefore,
less common but serious complications of these therapies
may not have been detected. Second, the monitoring for ad-
verse events differed between the 3 studies, in particular for
hepatotoxicity and myelosuppression. This may have contrib-
uted to differences in the frequency of lower grade events re-
ported between studies—such as the higher incidence of
gradel and 2 events reported in the TB-PRACTECAL regi-
mens. Third, a lack of standard-of-care arms in the Nix-TB
and the ZeNix trials precluded a comparison of the toxicity
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with BPaL to established longer injectable-based or all oral reg-
imens in these studies. In TB-PRACTECAL, a higher incidence
of adverse events was noted in standard-of-care arms.

A key strength of the study was the inclusion of 3 recent tri-
als, which allowed an unbiased comparison of the safety of dif-
ferent linezolid doses (ZeNix) and companion drugs
(TB-PRACTECAL). The studies also monitored adverse events
more closely compared with operational settings, permitting a
broader understanding of the toxicity of BPaL-containing reg-
imens. Furthermore, as the study included data provided in a
public call, the risk of publication bias was reduced.

Further research is required to evaluate the tolerability of
BPaL-containing regimens. As the new WHO guidelines are
implemented more widely, routine monitoring for adverse
events and for acquired drug resistance will be important.
Furthermore, active TB Drug Safety Monitoring and
Management will play an important role in guiding scale-up
within national TB programs to detect less common adverse
events [26]. There is some evidence that linezolid 300 mg daily
has been used in MDR-TB successfully, although not as an ini-
tial dose in a shorter BPaL regimen [8, 27]. The optimal dose of
linezolid may differ in individuals due to the pharmacokinetic
properties of linezolid [28]. Therapeutic drug monitoring is 1
strategy that may balance the treatment toxicity and optimal
dose of linezolid [29] and further study in this realm is re-
quired. While the BPaL-containing regimens have been shown
to be effective when M. tuberculosis is susceptible to all 3 drugs,
resistance to 1 or 2 drugs in the regimen may compromise the
effectiveness of the regimen. Hence, the introduction of novel
regimens must be accompanied by routine monitoring for
drug resistance. New rapid molecular tools promise to expedite
early detection of drug resistance [30].

In conclusion, BPaL-containing regimens offer a promising
range of new options for patients with MDR/RR-TB and more
advanced drugresistance. Three recent trials have demonstrated
the safety and tolerability of these regimens in a clinical trial set-
ting. In accordance with recent WHO recommendations, a
starting dose of 600 mg linezolid daily appears to be the best tol-
erated, while remaining efficacious. The availability of more ef-
fective, better tolerated, and shorter treatment options for
patients, such as BPaL-containing regimens, will make an im-
portant contribution to the global ambition to eliminate TB.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors,
so questions or comments should be addressed to the corresponding
author.
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