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Background: Drug-resistant tuberculosis (DR-TB) remains a major public health concern worldwide. Bedaquiline, a
novel diarylquinoline, was added to the WHO-recommended all-oral regimen for patients with multidrug-resistant
tuberculosis. We performed a systematic review and meta-analysis to determine the effect of bedaquiline on tubercu-

Methods: We searched the PubMed, Web of Science and EMBASE databases for relevant studies published up to
March 12, 2021. We included studies in which some participants received bedaquiline and others did not. Stata
version 16.0 (Stata Corp., College Station, Texas, USA) was used to analyze the results of the meta-analysis. Risk ratios
(RRs) with 95% confidence intervals (95% Cls) were calculated to evaluate the effect of bedaquiline on drug-resistant
tuberculosis. Between-study heterogeneity was examined by the I-squared test. Randomized controlled trials were
assessed for quality using the Jadad scale, and cohort studies were assessed using the Newcastle—Ottawa scale.

Results: Eight studies, including 2 randomized controlled trials and 6 cohort studies involving a total of 21,836 sub-
jects, were included. When compared with the control, bedaquiline treatment was associated with higher rates of cul-
ture conversion (risk ratio (RR):1.272 (1.165-1.389), P <0.001). We found substantial evidence of a significant reduction
in all-cause death (RR: 0.529 (0.454-0.616), P <0.001)) in the bedaquiline treatment group. There was no significant
reduction in treatment success (RR=0.980 (0.948-1.013, P=10.234)).

Conclusions: This study demonstrated that compared with patients who do not receive bedaquiline, this drug has
the potential to achieve a higher culture conversion rate and a lower mortality risk among drug-resistant tuberculosis
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Background

Tuberculosis (TB) remains an important global infectious
disease. TB is caused by mycobacterium tuberculosis
(MTB) and remains one of the leading causes of infec-
tion-related death worldwide. According to the World
Health Organization (WHO), there were 10.0 million
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(range, 8.9-11.0 million) new TB patients in 2019 [1].
Globally, an estimated 1.4 million TB deaths occurred in
2019, including 1.2 million among human immunode-
ficiency virus (HIV)-negative people and an additional
208,000 deaths among HIV-positive people [1]. Drug-
resistant TB (DR-TB) is a major public health concern.
Rifampicin-resistant TB (RR-TB) requires treatment with
second-line drugs. Multidrug-resistant TB (MDR-TB) is
resistant to both rifampicin and isoniazid (the two most
effective anti-TB drugs), and extensively drug-resistant
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tuberculosis (XDR-TB) is MDR-TB that is also resist-
ant to fluoroquinolone, and injectable agent. Globally,
in 2019, 3.3% of new cases and 18% of previously treated
cases had MDR/RR-TB. It is estimated that there were
465 000 incident cases of MDR/RR-TB in 2019, and
the global proportion of RR-TB cases estimated to have
MDR-TB was 78% [1]. The three countries with the
heaviest burden of drug-resistant tuberculosis are India,
China and the Russian Federation [1].

In 2019, total of 177,099 MDR/RR-TB patients were
reported to have received treatment [1], up from 156,205
in 2018. However, 86% of the 206,030 people with MDR/
RR-TB who were detected and notified in 2019 started
MDR-TB treatment. Treatment outcomes for MDR/
RR-TB remain poor even in advanced healthcare sys-
tems. Overall, only 57% of MDR/RR-TB patients in the
2017 cohort successfully completed treatment (cured or
treatment completed) [1]. Hence, unsuccessful treatment
of MDR-TB is a key problem that requires action.

The novel diarylquinoline, bedaquiline, was added to
the WHO-recommended all-oral regimen to replace the
injectable treatments for MDR-TB patients [2]. Bedaqui-
line has been shown to improve sputum conversion rates
in clinical studies [3, 4] and was shown to improve treat-
ment outcomes in some observational studies [5-7].
It is thus necessary to review and summarize the over-
all treatment outcomes for MDR-TB patients who were
treated with bedaquiline in recent years. We conducted
this systematic review and meta-analysis to summa-
rize the existing evidence of the effect of bedaquiline on
DR-TB treatment outcomes.

Methods

The meta-analysis was prepared based on the Preferred
Reporting Items for Systematic Reviews and Meta-Anal-
yses guidelines for systematic reviews and meta-analyses
[8]. Since this was a meta-analysis of existing articles and
no individual patient data were handled, ethical approval
was unnecessary for this study.

Search strategy and study selection

The PubMed, Web of Science and EMBASE databases
was searched to identify relevant studies (Additional
file 1: Table S1). English-language studies published
until March 12, 2021, were retrieved using the fol-
lowing keywords: “bedaquiline”, or “tuberculosis,” or
“multidrug resistant tuberculosis” or “extensively drug
resistant tuberculosis’, and their synonyms or similar
words. Two independent reviewers (MG and SQ) read
and assessed the titles and abstracts of all articles iden-
tified by the search strategy. The full-text study reports
of all potentially eligible studies were also indepen-
dently screened by two review authors (MG and SQ)
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according to a standardized form containing the inclu-
sion and exclusion criteria.

The inclusion criteria were: (1) patients were
aged > 18 vyears; (2) had laboratory-confirmed DR-TB;
(3) and received anti-TB therapy containing bedaqui-
line as an intervention; (4) the control group was
treated with drugs other than bedaquiline; (5) culture
conversion or outcomes of success (including cure or
treatment completion), failure, and death according
to the WHO classification were reported [9]; and (6)
the study was designed as a retrospective study, rand-
omized controlled trial, or prospective cohort study.
When data were duplicated or reported in more than
one study, the first published study was included in the
meta-analysis.

Articles were excluded if they were editorials, case
reports, conference abstracts, animal studies, or had a
sample size of less than 10.

Assessment of methodological quality

All studies included in the meta-analysis were indepen-
dently assessed for quality by 2 reviewers, and the high-
quality studies were further analyzed. For randomized
controlled trials (RCTs), the two review authors inde-
pendently used the Jadad scale [10] to assess the meth-
odological quality of each included study by using the
following variables: random scheme and allocation con-
cealment, blinding of participants, and follow-up. The
maximum score was five points. A score of >3 was con-
sidered to indicate high quality. For cohort studies, the
quality of studies was assessed with a modified version
of the Newcastle—Ottawa scale (NOS) (http://www.ohri.
ca/programs/clinical_epidemiology/oxford.asp) by two
reviewers independently. Studies were evaluated on the
basis of adequate participant selection, comparability of
studies based on design and analysis, and adequate ascer-
tainment of outcomes. This scale awards a maximum
of nine points. A score of>7 was considered to indicate
high quality.

Data extraction

Two review authors (MG and SQ) worked independently
to extract data on the following characteristics: study
characteristics (author; publication year; country, study
design), characteristics of participants (sample size, gen-
der, age, HIV coinfection), intervention arms and con-
trols (intervention drug and dose, follow-up duration,
and anti-TB therapy protocol), and treatment outcomes
(culture conversion, treatment success (cure or treatment
completed), and death). Disagreements were resolved
through discussion and consensus.
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Statistical analysis

All the statistical analyses were performed by using
the Stata version 16.0 (Stata Corp., College Station,
Texas, USA). To evaluate the effect of bedaquiline on
drug-resistant tuberculosis, meta-analysis calculations
were performed using individual data from patients
with clear treatment outcomes (culture conversion and
treatment success (including cure or treatment comple-
tion) and all-cause mortality). The risk ratio (RR) and
95% confidence interval (95% CI) was used as the meas-
ure of treatment outcome (all-cause mortality, culture
conversion, or treatment success). Between—study het-
erogeneity was examined by the I-squared test [11].
Publication bias was tested by Egger’s linear regression
test and Begg’s test.
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Results

Study flow diagram

A total of 3484 citations were identified from the scien-
tific literature search. After duplicates were removed, the
title and abstract of 2041 records were screened, and 80
articles were found to be relevant for full-text analysis
and reference list screening. From these, 72 articles did
not fulfil the inclusion criteria and were excluded, and
8 studies were identified as eligible for inclusion in the
meta-analysis [3—7, 12—14] (Fig. 1).

Characteristics of included studies

The characteristics of the studies and the number of cases
analyzed in the systematic review and meta-analysis
are summarized in Table 1. The 8 included studies were

3484 records identified through
database searching

:

2041 records after
duplicates removed

Y

80 full-text articles
assessed for eligibility

8 studies included in review

2 randomized; 3 prospective
cohort; 3 retrospective cohort

8 studies eligible for meta-analysis

Fig. 1 Study flow diagram

1961 records excluded

Un-related studies (n = 1842)
Case-report, reviews, conference
abstract, letter or editor (n = 110)
Language not in English (n =2)
Ineligible full-text (n=7)

72 full-text articles excluded for following
reasons:

Patients < 18 years (n =5)

No extractable data (n =9)

Without appropriate control (n = 53)
Short follow-up period (n = 4)
Duplicated data (n= 1)
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conducted in 13 countries. Regarding regional distribu-
tion, more than half were conducted in South Africa [3—
7, 14] (Table 1). Approximately 75% (n=26) of the studies
were published in the last 5 years. Of the eight included
studies, two were RCTs [3, 4], three were retrospective
cohort studies, and three were prospective cohort studies
[5-7, 12—14].

In total, there were 21,845 patients from the 8 included
studies (Table 1), including 1784 patients treated with
bedaquiline and 20,061 not treated with bedaquiline.
Nearly 66.3% were HIV positive, and 55.9% were males.
The antiviral treatment of HIV-positive patients in both
the case group and the control group was consistent
among the studies. In the bedaquiline treatment group,
bedaquiline was generally administered at 400 mg daily
for 2 weeks, followed by 200 mg three times per week for
22 weeks. The duration of treatment was > 6 months. The
sample sizes of the studies included in the meta-analysis
ranged from 61 [12] to 19,617 [7].

Treatment outcomes

The meta-analysis found that the risk of culture con-
version was higher in patients receiving bedaqui-
line-containing regimens than in those not receiving
bedaquiline-containing regimens (RR: 1.272 (1.165—
1.389), P<0.001) (Fig. 2). However, bedaquiline treat-
ment did not have a statistically significant effect on the
outcome of success (RR: 0.980 (0.948-1.013), P=0.234)
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(Fig. 3). There were significant differences in the pro-
portion of deaths due to any cause between those who
received bedaquiline-containing regimens versus the
controls. Patients receiving bedaquiline had a lower risk
of all-cause mortality than those not receiving bedaqui-
line (RR: 0.529 (0.454-0.616), P <0.001) (Fig. 4).

Significant heterogeneity was detected between the
results of the studies, with an I* value of 91.4% for culture
conversion, 94.8% for successful treatment, and 62.6% for
all-cause mortality. Due to the significant heterogeneity,
we performed sensitivity analyses to explore the sources
of heterogeneity. The heterogeneity was significantly
reduced after the removal of Diacon (2014) (from 62.6%
to 6.2%) for all-cause mortality [4].

Assessment of risk of bias and publication bias

We assessed the risk of bias for the included RCTs using
the Jadad scale, and the two included RCTs were of high
quality (score>3). For cohort studies, we assessed the
risk of bias using the NOS tool, and all included cohort
studies were considered to be high quality. The results of
the risk of bias analysis for the included studies are sum-
marized in Additional file 1: Tables S2 and S3.

Begg’s and Egger’s regression tests were performed to
assess publication bias. No substantial publication bias
was found by either test. The Begg’s funnel plot is shown
in Fig. 5.

Kempker 2020

+

)
355 1

Fig. 2 Forest plot of the effect of bedaquiline on culture conversion. RR risk ratio, C/ confidence interval
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Fig. 5 Funnel plots for publication bias. A Funnel plots for publication bias of culture conversion; B Funnel plots for publication bias of treatment
success; C Funnel plots for publication bias of all-cause death. logor natural log of odds ratio, s.e. of logor standard error of logor

Discussion

To our knowledge, this is the first meta-analysis to inves-
tigate the effects of bedaquiline on patients with DR-TB.
We analyzed data from 8 studies conducted in 13 coun-
tries, including 21,836 DR-TB patients. The results of this
meta-analysis revealed the efficacy of bedaquiline in the
treatment of drug-resistant tuberculosis.

For DR-TB, especially MDR/RR-TB and XDR-TB,
bedaquiline was always administered in combination
with other antitubercular drugs. Thus, treatment out-
comes may not be entirely attributable to bedaquiline.
Nevertheless, since all patients with DR-TB were treated
with a background regimen, we believe that bedaquiline
may be the most important factor affecting the treatment
outcome in this meta-analysis. We found that bedaqui-
line could increase culture conversion (RR: 1.272 (1.165—
1.389), P<0.001) and decrease the risk of all-cause
mortality (RR: 0.529 (0.454-0.616), P<0.001). However,
the administration of bedaquiline did not increase treat-
ment success among DR-TB patients (P =0.234).

Bedaquiline is a new antituberculosis drug belonging
to the diarylquinoline class of compounds. It contains

a quinolinic central heterocyclic nucleus with alcohol
and amine side chains that play an important role in
antituberculosis activity [15]. Studies have shown that
bedaquiline is an inhibitor of mycobacterial ATP syn-
thase; it binds to and perturbs the a-c subunit interface
of Fo and leads to an ineffective proton cycle, which is
fatal to mycobacterium [16, 17]. A multicenter study con-
ducted in 25 centers and 15 countries on five continents
found that at the end of treatment, the negative sputum
smear and culture conversion rates in MDR-TB cases
were 88.7% and 91.2%, respectively, and 71.3% achieved
treatment success [18]. In other words, bedaquiline-con-
taining regimens achieved high conversion and success
rates when used to treat MDR-TB patients [18]. Another
retrospective French cohort study showed that 97% of
culture-positive TB patients achieved culture conversion
after 6 months of bedaquiline treatment [19]. Our study
evaluated the efficacy of bedaquiline for the treatment
of DR-TB in RCTs and cohort studies. We found that
DR-TB patients can benefit from the use of bedaquiline;
such treatment can achieve a better sputum conversion
rate and a lower risk of death. The WHO consolidated
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guidelines on DR-TB treatment recommend bedaqui-
line as one of the priority drugs (group A) for MDR-TB
patients [2]. The use of bedaquiline may constitute a
new era in the treatment of DR-TB patients, contribut-
ing to curbing the spread of this disease and reducing its
mortality.

Taune et al. conducted a retrospective cohort study to
describe the implementation of bedaquiline treatment
and assess the safety and interim effectiveness for MDR-
TB patients commenced on bedaquiline. The results
showed that bedaquiline is a safe and well-tolerated drug
with good interim effectiveness [20]. Studies of children
and adolescents with DR-TB also show that bedaquiline-
containing regimens are effective and well tolerated in
children and adolescents, which may provide new direc-
tions for tuberculosis treatment in this group and con-
tribute to the global strategy to end tuberculosis [20-22].
However, we did not evaluate the efficacy of bedaquiline
in the treatment of child and adolescent patients with
DR-TB, and further studies are needed.

There are many adverse reactions to bedaquiline, such
as hyperuricemia, nausea, arthralgia, liver injury and
QT prolongation [18-24]. Guglielmetti et al. found that
nearly 20% of patients experienced a> =60-ms increase
in QT interval, leading to bedaquiline discontinuation
in 6% of patients [19]. A multicenter study found that
adverse events presumably due to bedaquiline occurred
in 19.4% of treated patients, and 5.8% of patients inter-
rupted their bedaquiline treatment because of adverse
events [18]. It is thought that most patients treated with
bedaquiline will have adverse drug reactions, but most
reactions are mild and do not lead to discontinuance [18,
19, 23, 25]. However, fatal arrhythmias can cause death
[23].

Our review has some limitations. First, we included
cohort studies and RCTs, which may have led to het-
erogeneity. Second, due to the limited data, we were
unable to evaluate the safety of bedaquiline in the treat-
ment of MDR/RR-TB and XDR-TB, and further studies
are needed. In addition, we did not evaluate the effect of
bedaquiline on DR-TB treatment outcomes among HIV-
positive, child or adolescent patients. Further research
focusing on these populations is necessary. Third, only
eight studies were included in this meta-analysis, and the
sample size of some of these studies was small. Additional
randomized controlled trials with larger sample sizes
are needed to further evaluate the efficacy and safety
of bedaquiline in the treatment of DR-TB. Finally, our
review processes had some limitations. To ensure feasi-
bility, we were only able to include published articles, and
unpublished articles were not screened. Furthermore, the
language was limited to English, and articles published in
other languages were not reviewed.
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Conclusion

The use of bedaquiline combined with other active drugs
has the potential to achieve a higher culture conver-
sion rate and a lower mortality risk among MDR/RR-TB
and XDR-TB patients compared with those who do not
receive this drug. Thus, the use of bedaquiline in DR-TB
patients should be encouraged.
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