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Effectiveness and Safety of Contemporary Drug Regimens
for Multidrug- and Extensively Drug-resistant Tuberculosis in
Children and Adolescents

A Global Systematic Review and Meta-analysis

Wamaka Kaminyoge, MD, MSc,* Reuben Simfukwe, MD,1 Mwiza Singini, BSc, MSc, PhD,}
Norman Sitali, MD, MSc,§ and Felix P Chilunga™, MD, MSc, PhDY

Background: Children and adolescents with multidrug-resistant (MDR)
or extensively drug-resistant (XDR) tuberculosis (TB) face major treatment
challenges. Although newer all-oral regimens have transformed adult TB
care, their use in younger populations has largely been extrapolated from
adult studies, despite important biologic and clinical differences. Systematic
and up-to-date evidence on the effectiveness and safety of contemporary
regimens in children and adolescents is lacking. We conducted a global sys-
tematic review and meta-analysis to address this gap.

Methods: We systematically searched PubMed, EMBASE, Web of Sci-
ence, Cochrane Library and Google Scholar for studies published between
January 1, 2015, and September 1, 2025. Eligible studies included children
0-19 years old with confirmed or presumed MDR/XDR-TB or rifampicin-
TB receiving pharmacologic treatment. Outcomes were pooled using a
random-effects meta-analysis. The primary outcome was treatment success
(cure or completion); severe (grade 3/4) adverse events were assessed as
secondary outcomes.

Results: We included 14 studies comprising 490 children across 13 coun-
tries. Overall pooled treatment success was 89% (95% confidence interval:
84%-93%; I = 51.9%). Newer all-oral regimens achieved slightly higher
success (91%) than injectable-containing regimens (83%). Severe grade 3/4
adverse event were sparse (7 of 14 studies); events occurred in 21% (95%
confidence interval: 13%-33%), most commonly QT prolongation and ane-
mia, with limited specific drug attribution.
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Conclusions: Newer, all-oral bedaquiline- and delamanid-based regi-
mens for pediatric MDR/XDR-TB are effective and generally well toler-
ated, though the full safety profile remains incompletely characterized. In
pediatric MDR/XDR-TB, where studies are rare, our findings provide the
best available evidence and a foundation for improved treatment guidelines
and future research.
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Despite sustained global efforts to control tuberculosis (TB), it
remains one of the leading infectious causes of death world-
wide.!?2 The persistent burden of TB-related morbidity and mor-
tality underscores the urgent need for more effective and tailored
interventions.'2 This challenge is further compounded by the emer-
gence and global spread of drug-resistant forms of TB—namely
multidrug-resistant TB (MDR-TB) and extensively drug-resistant
TB (XDR-TB)—which threaten to derail decades of progress
toward global TB elimination.’# According to the World Health
Organization (WHO), MDR-TB is caused by Mycobacterium
tuberculosis strains resistant to at least isoniazid and rifampicin,
while XDR-TB refers to MDR-TB with additional resistance to
any fluoroquinolone and at least 1 Group A drug (bedaquiline or
linezolid).’

Managing MDR/XDR-TB is particularly complex due to
prolonged, toxic and costly treatment regimens.® These regimens
impose a heavy burden on patients, caregivers, healthcare sys-
tems and national TB control programs.” Treatment outcomes for
MDR/XDR-TB are often suboptimal, with high rates of treatment
failure, relapse and severe adverse events such as hepatotoxicity,
nephrotoxicity and ototoxicity.® The situation is especially dire
in low- and middle-income countries, where access to advanced
diagnostics and newer therapeutics remains limited. Reflecting this
disproportionate burden, the WHO prioritizes the 30 most affected
countries through its High-Burden Country lists to guide global
TB control efforts, resource allocation, surveillance and research.?
These lists encompass MDR/rifampicin (RR)-resistant TB (MDR/
RR-TB), where RR-resistant TB (RR-TB), defined by resistance to
RR regardless of resistance to other drugs, is classified and treated
within the same framework as MDR-TB and is routinely reported
alongside it in the literature without disaggregation by resistance
subtype.%10

Children and adolescents face additional and unique vulner-
abilities in the context of MDR/XDR-TB.!! They often present with
nonspecific symptoms, possess developing immune systems, and
are at heightened risk of rapid progression from TB infection to
TB disease.!2 In high-burden settings, household exposure is a
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major driver of primary drug-resistant TB infection among younger
age groups.’*!4 Beyond clinical implications, MDR/XDR-TB in
children and adolescents disrupts education, affects mental health,
places substantial financial strain on families and contributes to
ongoing community transmission.!s

Over the last decade, treatment for MDR/XDR-TB has
evolved significantly with the introduction of newer, shorter and
safer all-oral regimens, notably those containing bedaquiline and
delamanid.'s'” However, the supporting evidence for these regi-
mens remains largely derived from adult studies.'s Data specific
to children and adolescents—on pharmacokinetics, safety, tolera-
bility and optimal dosing—are still limited.'s As a result, treatment
guidelines for children and adolescents often rely on indirect evi-
dence, potentially overlooking important age-related physiologic
and metabolic considerations.!$-20

Two previous systematic reviews and meta-analyses have
assessed treatment outcomes in children and adolescents with
XDR- and pre-XDR-TB, reporting pooled success rates between
65% and 89%!2! However, the first primarily evaluated older,
injectable-based regimens, while the second—conducted in
2020—included only a small proportion (7%) of patients treated
with newer all-oral regimens and was mainly based on studies from
India and South Africa.!2! Since then, a growing number of studies
from a wider range of countries have examined the effectiveness
of contemporary regimens in children and adolescents increasing
the evidence base (over 5 years global new literature).!22 However,
there is still no up-to-date and comprehensive meta-analysis that
has assessed the effectiveness and safety of contemporary all-oral
regimens among children and adolescents.

Given the evolving therapeutic landscape and expand-
ing global experience, there is a pressing need to synthesize the
most current evidence on MDR/XDR-TB treatment in children
and adolescents. We therefore conducted a systematic review and
meta-analysis to assess the effectiveness of contemporary all-oral
regimens in this younger population. Safety was also evaluated
from the identified studies, with particular attention to grade 3 and
4 adverse events as classified by the Common Terminology Cri-
teria for Adverse Events (CTCAE), which represent severe and
life-threatening toxicities most likely to necessitate drug discontin-
uation or hospitalization, to enable an integrated assessment of the
benefit-risk profile of these treatments. The findings aim to sup-
port the development of age-appropriate clinical guidelines, inform
national and global policy initiatives, and align with priorities set
by the WHO and the United Nations High-Level Meeting on TB.!6

METHODOLOGY

Study Design and Registration

We conducted a systematic review and meta-analysis
to evaluate the effectiveness of contemporary drug treatment
options for MDR/XDR-TB in children and adolescents (019
years). Contemporary regimens were defined as newer all-oral
combinations, containing either bedaquiline, delamanid or
pretomanid. Injectable-containing regimens were the longer
treatment courses of 18—-24 months that often-included inject-
able agents such as kanamycin, amikacin or capreomycin, in
combination with other second-line drugs. Both types of regi-
mens were included if studied within the review window, ena-
bling a comparative analysis between newer all-oral therapies
and the injectable-containing regimens. The review followed
the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (2020) guidelines. The protocol was prospec-
tively registered in the International Prospective Register of
Systematic Reviews (registration number: CRD42024604224).
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Eligibility Criteria

We included studies involving children and adolescents
0-19 years of age with pulmonary and/or extrapulmonary MDR/
XDR-TB. Studies that included patients with RR-TB were also eli-
gible, as RR-TB is managed within the same treatment framework as
MDR-TB and is routinely reported alongside MDR-TB in the liter-
ature without disaggregation.®!%2> Both pulmonary and/or extrapul-
monary disease forms were included to ensure comprehensive
capture of pediatric MDR/XDR-TB, as most studies report mixed
presentations and pulmonary TB remains the most common form.
We included studies with microbiologically confirmed or presumed
MDR/XDR-TB. Microbiologic confirmation was based on culture
or molecular drug susceptibility testing. Presumed MDR/XDR-TB
was defined as a clinical diagnosis based on prior TB treatment
history, contact with a known drug-resistant TB case, or failure of
first-line therapy despite documented good adherence. Presumed
cases were included to account for limited diagnostic capacity in
low-resource settings, where microbiologic confirmation is often
unavailable. We included studies that assessed treatment effective-
ness and/or safety and used eligible designs, including randomized
controlled trials, nonrandomized trials, cohort studies, case—control
studies or case series. We included only studies reporting pediatric-
specific outcomes, including adolescents 15-19 years old. We
excluded studies that focused exclusively on adults, evaluated only
first-line TB regimens, did not report pulmonary TB outcomes or
were not published in English.

Information Sources and Search Strategy

We systematically searched 4r electronic databases—
PubMed, EMBASE, Web of Science and the Cochrane Library—
for studies published from January 1, 2015, to September 1, 2025
(as newer all-oral regimens started appearing in the mid to late
2010s and to capture the most recent contemporary treatments).
Gray literature was searched via Google Scholar.

The primary objective of the search was to identify studies
reporting on the effectiveness of pharmacologic treatment regimens
for MDR/XDR-TB in children and adolescents. Safety outcomes
were extracted secondarily from these effectiveness studies to allow
for an integrated assessment of the benefit-risk profile. Accord-
ingly, the search strategy was primarily structured around treatment
effectiveness, with safety data collected where available from the
same set of studies.

The search strategy combined Medical Subject Head-
ings (MeSH) and free-text keywords related to tuberculosis,
drug resistance, pediatric populations and pharmacologic treat-
ment. The following MeSH terms were used: “Tuberculo-
sis, Multidrug-Resistant” [MeSH], “Tuberculosis, Extensively
Drug-Resistant” [MeSH], “Therapeutics” [MeSH], “Drug Ther-
apy” [MeSH], “Child” [MeSH], “Infant” [MeSH], and “Adoles-
cent” [MeSH]. Drug-specific MeSH terms included “Bedaquiline”
[MeSH], “Delamanid” [MeSH], Pretomanid” [MeSH], “Linezolid”
[MeSH], “Clofazimine” [MeSH] and “Fluoroquinolones” [MeSH].

We also included relevant free-text terms such as “tuber-
culosis,” “MDR-TB,” “XDR-TB,” “drug-resistant tuberculosis,”
“treatment outcome,” “children,” “pediatric,” “paediatric,” “bedaq-

” “pretomanid, “clofazimine,”

uiline,” “delamanid,” “linezolid,

“fluoroquinolones,” “capreomycin,” “amikacin,” “levofloxacin”
and “moxifloxacin.” Older medications, including capreomycin,
amikacin, levofloxacin and moxifloxacin, were included to ensure
comprehensive coverage of all drug regimens for MDR/XDR-TB
in children within the study window. This approach enables a com-
parative analysis between newer all-oral regimens and older inject-
able/oral drugs, providing context for improvements in treatment
outcomes with newer therapies.
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Boolean operators (AND, OR) were used to combine
search terms, and filters were applied to limit results to human
studies published in English. Reference lists of included articles
were manually screened to identify any additional eligible stud-
ies. Adverse events were extracted only when studies reported
effectiveness.

Study Selection and Data Extraction

All retrieved records were imported into EndNote X9 for
de-duplication. Two reviewers independently screened titles and
abstracts and assessed full texts for eligibility and extracted rel-
evant data into Microsoft Excel. Disagreements were resolved
by discussion or through consultation with a third reviewer. Data
extraction was performed using a standardized form and included
study characteristics (author, year and location), clinical setting,
participant demographics, diagnostic methods, treatment regimens,
treatment duration, comorbidities and treatment outcomes. Resist-
ance categories were not classified in this review, but were retained
as reported in the original studies. Adverse events were extracted
when reported as severe or classified as grade 3 or 4, based on the
CTCAE.>* Severe or grade 3—4 adverse events were prioritized
because they represent clinically significant toxicity, often require
treatment modification or discontinuation, and are essential for
assessing the benefit-risk profile of MDR/XDR-TB regimens in
pediatric populations. Adverse effects reporting across studies was
inconsistent, as some studies did not use a formal grading system.
Treatment outcomes were defined according to the 2020 WHO
guidelines.?? Favorable outcomes included cure or treatment com-
pletion, while unfavorable outcomes included treatment failure and
death, and lost to follow-up.

Quality Assessment

The methodologic quality of the included studies was
assessed using validated tools. Observational studies were evalu-
ated using the Newcastle-Ottawa Scale,> which assesses quality
across selection, comparability and outcome domains. Scores of
7-9 were classified as high quality. Randomized controlled tri-
als were assessed using the Cochrane Risk of Bias Tool,2® which
evaluates risk across multiple domains including sequence gener-
ation, allocation concealment, blinding, incomplete outcome data
and selective reporting. Publication bias was assessed using fun-
nel plots and Egger’s test. The overall certainty of evidence was
assessed using the GRADE approach, which considers risk of bias,
inconsistency, indirectness, imprecision and publication bias. Dis-
crepancies were resolved through consensus or, when necessary,
third-party adjudication.

Data Synthesis and Statistical Analysis

A meta-analysis was conducted to estimate the over-
all pooled proportion of children and adolescents achieving
favorable treatment outcomes during the study period, as well
as the overall proportion experiencing severe (grade 3—4)
adverse events. Individual serious adverse events were sparsely
reported to be meta-analyzed separately or by drug attribution.
Ninety-five percent confidence intervals (Cls) were calculated
using the Wilson score interval method. A random-effects model
(DerSimonian and Laird method) was applied to account for
between-study heterogeneity. Heterogeneity was assessed using
Cochran’s Q test (with 2 < 0.10 considered significant to allow
detection of even moderate heterogeneity) and quantified using
the /2 statistic. 2 values of 25%, 50% and 75% were interpreted
as indicating low, moderate and high heterogeneity, respectively.
All statistical analyses were performed in R version 4.4.2 using
the meta and metafor packages.

© 2026 The Author(s). Published by Wolters Kluwer Health, Inc.

Subgroup and Sensitivity Analysis

Subgroup analyses were conducted by regimen type (all-oral
vs. injectable-containing), inclusion of bedaquiline or delamanid
(yes vs. no), regimen duration and type (3 groups: all-oral short
(=12 months), all-oral long (>12 months) and injectable-containing
long (>12 months), as no injectable-containing short-duration stud-
ies existed in this dataset), country income level (to reflect resource
settings) and TB burden (high vs. non-high, to capture epidemio-
logic context). Sensitivity analyses were performed by excluding
studies with 100% success rates, which may inflate pooled esti-
mates, and by restricting analyses to studies with a low risk of bias
to reduce methodologic influence.

RESULTS

Study Selection

A total of 955 records were identified through systematic
database searches: 905 from PubMed, EMBASE, Web of Sci-
ence and the Cochrane Library, and an additional 50 from Google
Scholar (Figure, Supplemental Digital Content 1, https://links.
Iww.com/INF/G621). After removal of 460 duplicates, 495 unique
records were screened based on titles and abstracts, resulting in the
exclusion of 439 studies. The remaining 56 full-text articles under-
went detailed review, with 42 further excluded due to not meeting
the inclusion criteria. Ultimately, 14 studies fulfilled all eligibil-
ity requirements and were included in the systematic review and
meta-analysis (Figure, Supplemental Digital Content 1, https:/
links.lww.com/INF/G621).

Study Characteristics

The 14 included studies were published between 2016 and
2024 and involved 490 children with MDR- or XDR-TB (Table 1;
Table, Supplemental Digital Content 2, https://links.lww.com/INF/
G622). The studies were conducted in diverse countries, includ-
ing Belarus, Ukraine, South Africa, India, Tajikistan, Uzbeki-
stan, Russia, Philippines, United States, Chile, China, Brazil and
Afghanistan. Most studies used a retrospective cohort design, with
3 clinical trials and 2 observational studies. Across studies, diag-
nosis and resistance confirmation were established using culture
and/or molecular tests (eg, Xpert Mycobacterium tuberculosis/
rifampicin), line probe assays with study-specific diagnostic path-
ways summarized in Table, Supplemental Digital Content 2, https://
links.lww.com/INF/G622. Comorbidities reported included HIV,
undernutrition, anemia, epilepsy, diabetes and hepatitis. Treatment
regimens frequently include bedaquiline and/or delamanid, often
combined with linezolid, fluoroquinolones (Levofloxacin and Mox-
ifloxacin), cycloserine, clofazimine and injectables (amikacin,
capreomycin, kanamycin and streptomycin; Table, Supplemental
Digital Content 2, https://links.lww.com/INF/G622).

Treatment durations ranged from 6 to 36 months (Table 1).
Duration of regimen taking less than or equal to 12 months was
categorized as short, while those taking more than 12 months as
long. Regimens were classified as all-oral if no injectable agent was
used and injectable-containing if an injectable agent was included.
Across the included studies, 12 studies used all-oral regimen, and
2 studies used an injectable-containing regimen. Bedaquiline-
containing regimen was reported in 10 studies and delamanid-
containing regimen was reported in 9 studies (Table 1; Table,
Supplemental Digital Content 2, https://links.lww.com/INF/G622).

Treatment Success Proportions by Study

Individual study success proportions ranged from 74% to
100% (Table 1). Most studies reported success rates above 80%.
The study from China (Sun et al) contributed the largest number
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Treatment Success

Treatment Duration (Outcomes Available)

Injectable
Used (Y/N)

(Reported/Analyzed) Drug Regimen

Sample Size (Enrolled/  Resistance Category
Analyzed)

Age Range
(yr)

Study Design

Continued
Author, Year, Study
Country

TABLE 1.

S
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of children successfully treated (74 of 79, 94%; Table 1). Several
smaller studies reported 100% success rates, including those by
Solodovnikova et al (Belarus), Sakhelashvili et al (Ukraine), Achar
et al (South Africa, Tajikistan, Uzbekistan), Pirmahmadzoda et al
(Tajikistan) and Hafkin et al (multinational). The lowest success
rate (74%) was observed in the Brazilian study by Da Costa et al,
where the burden of HIV and undernutrition was high.

Overall Pooled Treatment Effectiveness

Among the 490 children analyzed, 445 achieved favorable
outcomes. The overall pooled treatment success rate was 89% (95%
CI: 84%-93%, Fig. 1). Heterogeneity across studies was moderate
(2 = 51.9%), with Cochran’s Q test indicating statistical signifi-
cance (P < 0.10). This variability likely reflects differences in drug
regimens, diagnostic criteria, healthcare systems and patient-level
factors such as comorbidities.

Subgroup Analyses on Pooled Effectiveness

Subgroup analyses are presented in Figure 2 and Figure,
Supplemental Digital Content 3-7, https://links.lww.com/INF/
G622. All-oral regimens achieved a slightly higher success rate
(91%) than injectable-containing regimens (83%), though this
difference was not statistically significant (P = 0.304). Similarly,
bedaquiline-containing regimens showed marginally higher suc-
cess (92%) than those without (84%), and delamanid-containing
regimens performed comparably (90%) relative to delamanid-free
regimens (88%); neither difference reached statistical significance
(P =0.062 and P = 0.637, respectively). Regarding duration, all-
oral short regimens (<12 months) achieved the highest success
rate (96%), followed by all-oral long regimens (>12 months) at
84% and injectable-containing long regimens (>12 months) at
83%; the difference between all-oral short and all-oral long regi-
mens was statistically significant (P = 0.002). Success rates were
slightly higher in low-income settings (93%) than in upper- and
middle-income settings (90%), and in non-high-burden countries
(93%) compared with high-burden settings (90%); however, neither
difference was statistically significant (P = 0.481 and P = 0.448,
respectively). Across all subgroup analyses, moderate heterogene-
ity was observed (2 =51.9%, P =0.0123).

Sensitivity Analyses on Pooled Effectiveness
Sensitivity analyses confirmed robustness, with success pro-
portions of 91% (95% CI: 84%—-95%) when restricted to low-risk
studies and 87% (95% CI: 79%—94%) when studies with 100%
success were excluded (Figures, Supplemental Digital Content
8-10, https://links.lww.com/INF/G622). Reporting of extrapul-
monary TB, as well as the proportion of XDR or pre-XDR cases
and outcomes in children under 5 years, was sparse across studies,
limiting subgroup analyses in these clinically important categories.

Adverse Events

Only serious adverse events (CTCAE grade 3/4) were
extracted, as these reflect severe or life-threatening toxicity most
relevant to weighing the risks and benefits of MDR/XDR-TB treat-
ment in children, and were reported in half of the included studies
(7 of 14) (Fig. 3, Table, Supplemental Digital Content 11, https://
links.lww.com/INF/G622). The pooled proportion of patients expe-
riencing such events was 21% (95% CIL: 13%-33%; ?=51.1%),
with rates varying widely across studies. QT prolongation was the
most frequently reported event, appearing in 3 studies and affecting
up to 12.5% of patients, followed by anemia, eosinophilia, hepatic
enzyme elevation and vomiting (Table, Supplemental Digital Con-
tent 11, https://links.lww.com/INF/G622). Where drug attribu-
tion was reported, anemia was linked to linezolid, cardiac events
to bedaquiline, and hypomagnesemia and thrombocytopenia to
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OVERALL

Weight Weight

Study Success Total Treatment Success Proportion Proportion 95% CI (Random) (Fixed)
Da Costa 2023 34 46 —.— 074 [0.59,0.86] 127% 225%
Mohr-Hailand 2020 17 2 —ai 077 [0.55,092]  98% 9.8%
Ghosh 2022 20 25 + 080 [0.59;093]  99% 102%
Moodliar 2021 9 11 —_— 082 [0.48,098]  63% 42%
Mesic 2024 23 27 —q:— 085 [0.66;0.96]  93% 87%
Garcia- Prats 2022 33 37 7., 089 [0.75;097]  95% 91%
Smimova 2016 47 52 —. 090 [0.79:097]  104% 115%
Hafkin 2018 6 6 —r'—' 100 [0.54;1.00]  25% 12%
Sun 2024 74 79 e 094 [0.86,098] 105% 11.9%
Das 2020 23 24 —~—e 096 [0.79,1.00]  44% 24%
Pirmahmadzoda 2021 58 60 —l 097 [088;100]  7.0% 49%
Achar 2017 23 23 - 1.00 [0.85,1.00]  26% 1.2%
Solodovnikova 2021 38 38 —- 100 [0.91;1.00]  26% 13%
Sakhelashvili 2023 40 40 s 100 [0.91;1.00)  26% 1.3%
Common effect model 490 s 0.87 [0.83; 0.90] . 100.0%
Random effects model < 0.89 [0.84;0.93] 100.0%

o I
Heterogeneity: I =51 9%, = 0.3794, p = 0.0123,
0 0.2 0.4

06 08 1

FIGURE 1. Forest plot illustrating overall pooled treatment success across all 14 included studies. Cl indicates confidence

interval.

delamanid, though most studies did not specify a causative drug.
Notably, ototoxicity and nephrotoxicity, typically associated with
injectable-containing regimens, were not reported among serious
adverse events despite 2 studies including injectable-containing
regimens. However, these toxicities were reported in the included
studies but were generally of lower severity and did not meet the
threshold for classification as serious adverse events. For example,
in Da Costa et al,’ adverse reactions were observed in nearly half
of participants, including mild renal toxicity and mild hearing loss,
neither of which were classified as serious.?* Subgroup analyses
comparing safety between bedaquiline-containing and delamanid-
containing regimens, or between all-oral and injectable-containing
regimens, were not possible due to sparse and inconsistent adverse
event reporting; serious grade 3/4 events were documented in only
7 of 14 studies, and drug attribution was explicitly provided in only
3 of those (Fig. 3, Table, Supplemental Digital Content 11, https://
links.lww.com/INF/G622).

Bias and Certainty of Evidence

All 11 observational studies were rated as good quality with
NOS scores ranging from 7 to 9, performing well in selection and
outcome domains but generally weaker in comparability, with only
Ghosh et al and Sun et al receiving full points for adjustment of
confounding factors; all 3 clinical trials showed low risk of bias
across key domains using the Cochrane Risk of Bias Tool (Table,

6 | www.pidj.com

Supplemental Digital Content 12, https://links.lww.com/INF/
G622; Figure, Supplemental Digital Content 13, https://links.lww.
com/INF/G622). Funnel plot in the overall pooled effectiveness and
Egger’s regression test showed some potential small-study effects (¢
=3.30,df =12, P =0.0063, Figures, Supplemental Digital Content
14-16, https://links.lww.com/INF/G622).

DISCUSSION
Summary of Key Findings

This contemporary systematic review and meta-analysis
evaluated drug regimens for pediatric MDR- and XDR-TB
across 14 studies involving 490 children from 13 countries.
The pooled treatment success rate was 89% with moderate het-
erogeneity (/2 = 51.9%). Regimens using all oral combinations
(91%), bedaquiline (92%) or delamanid (90%) showed slightly
higher effectiveness than regimens with injectables (83%) or
those without bedaquiline (84%) or delamanid (88%). All-oral
short regimens of 12 months or less achieved slightly higher
success (96%) than all-oral long regimens (84%) and injectable-
containing long regimens (83%), with a significant difference
between the 2 all-oral approaches. Treatment success was also
slightly higher in low-income (93%) and non-high-burden (93%)
settings than in upper- and middle-income (90%) and high-
burden (90%) settings. Adverse events were reported in half of

© 2026 The Author(s). Published by Wolters Kluwer Health, Inc.
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ALL ORAL vs INJECTABLE CONTAINING

Weight Weight

Study Success Total Treatment Success Proportion Proportion 95% Cl (Random) (Fixed)
subgroup = All-oral i
Mohr-Holland 2020 17 22 —.—i— 0.77 [0.55;0.92] 9.8% 9.8%
Ghosh 2022 20 25 —.é— 0.80 [0.59; 0.93] 9.9% 10.2%
Moodliar 2021 9 1 —l—i"— 0.82 [0.48; 0.98] 6.3% 4.2%
Mesic 2024 23 27 —.:-— 0.85 [0.66; 0.96] 93% 8.7%
Garcia-Prats 2022 33 37 —II— 0.89 [0.75;0.97] 95% 9.1%
Hafkin 2018 6 6 —é-‘—*‘ 1.00 [0.54; 1.00] 25% 12%
Sun 2024 74 79 é—‘.- 0.94 [0.86; 0.98] 10.5% 11.9%
Das 2020 23 24 —i—'— 0.96 [0.79; 1.00] 44% 24%
Pirmahmadzoda 2021 58 60 i~—l— 0.97 [0.88; 1.00] 7.0% 4.9%
Achar 2017 23 23 ‘:——‘ 1.00 [0.85; 1.00] 26% 12%
Solodovnikova 2021 38 38 i —‘ 1.00 [0.91;1.00] 2.6% 1.3%
Sakhelashvili 2023 40 40 i—' 1.00 [0.91; 1.00] 26% 1.3%
Common effect model 392 :0 0.90 [0.85; 0.93] 66.0%
Random effects model :’ 0.91 [0.85; 0.94] 76.9%
Heterogeneity: /% = 40.3%, <> = 0.3236, p = 0.0722 E

IH

IH
subgroup = Injectable-containing i
Da Costa 2023 34 46 —.—é 0.74 [0.59; 0.86] 12.7% 22.5%
Smirnova 2016 47 52 —E.— 0.90 [0.79;0.97] 10.4% 11.5%
Common effect model 98 ‘E' 0.81 [0.71; 0.88] 34.0%
Random effects model -‘: 0.83 [0.60; 0.94] 23.1%
Heterogeneity: /° = 76.8%, © = 0.5521, p = 0.0380 E

;
Common effect model 490 ‘ 0.87 [0.83; 0.90] . 100.0%
Random effects model ‘ 0.89 [0.84; 0.93] 100.0%

f T T T T 1
0 0.2 0.4 0.6 0.8 1

Heterogeneity: /° = 51.9%, ©* = 0.3794, p = 0.0123
Test for subgroup differences (common effect): xf =4.31,df =1 (p =0.0378)

Test for subgroup differences (random effects): yj =1.06, df = 1 (p = 0.3035)

FIGURE 2. Forest plot illustrating treatment success by regimen type: all-oral versus injectable-containing regimens. Cl

indicates confidence interval.

the studies. Among serious grade 3 or 4 events, QT prolongation
and anemia were most common, while eosinophilia, vomiting,
elevated hepatic enzymes, hypomagnesemia, thrombocytopenia
and bronchial hyperreactivity were rare. The pooled proportion
of serious grade 3 or 4 adverse events was 21%.

Interpretation of Key Findings

The reviewed studies demonstrate consistently marginally
high treatment success rates (overall 89%) for pediatric MDR/
XDR-TB in the period from 2015 to date. Bedaquiline was initially
approved and recommended by WHO for adult MDR-TB in 2013,
with subsequent expansion of recommendations to adolescents and
later to younger children in updated WHO guidelines (from 2019

© 2026 The Author(s). Published by Wolters Kluwer Health, Inc.

onwards). Similarly, delamanid was approved for adults in 2014,
with WHO recommendations for pediatric use introduced first for
older children and adolescents and later expanded to younger age
groups in subsequent guideline updates (from 2016 onwards).!®
The proportions of success in our study, irrespective of regimen
type, are slightly higher than or comparable to outcomes reported
in previous systematic reviews based on injectable-containing reg-
imens.!*?! In the first review, the pooled success rate for MDR-TB
was 82%, while another review reported rates of 69% for pre-
XDR-TB and 89% for XDR-TB.!2! These findings suggest that
all-oral regimens can achieve at least comparable—and often supe-
rior—treatment outcomes, representing a major advancement in
pediatric MDR/XDR-TB care.
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SERIOUS (grade3/4 ) ADVERSE EFFECTS

Study Events Total Random-Effects Pooled Proportion Proportion 95% Cl Weight
Garcia-Prats et al. 2 37 & 0.05 [0.01;0.18] 7.2%
Sun et al. 13 79 R 0.16 [0.09;0.26] 19.7%
Mohr-Holland et al. 4 22 —— 0.18 [0.05;0.40] 10.6%
Smirnova et al. 10 52 —a— 0.19 [0.10;0.33] 17.5%
Solodovnikova et al. 10 40 —H— 0.25 [0.13;0.41] 16.9%
Achar et al. 5 20 0.25 [0.09;0.49] 11.6%
Moodliar et al. 12 30 — 0.40 [0.23;0.59] 16.6%
Random effects model 280

1 ) # 0.21 [0.13; 0.33] 100.0%
Heterogeneity: I” = 51.1%, 1 = 0.1579, p = 0.0564

01 02 03 04 05
Proportion of Patients with 21 Serious Adverse Event

FIGURE 3. Forest plot illustrating the pooled proportion of patients experiencing serious adverse events (CTCAE grade 3/4)
across included studies. Cl indicates confidence interval; CTCAE, Common Terminology Criteria for Adverse Events.

Studies reporting complete success (100%) included Solo-
dovnikova et al (Belarus),? Sakhelashvili et al (Ukraine),?’” Achar
et al (South Africa, Tajikistan, Uzbekistan),’* Hafkin et al (South
Africa, India, Chile, USA),32 and Das et al (India, 96%).2° These
studies predominantly utilized all-oral regimens including bedaqui-
line and/or delamanid combined with linezolid and fluoroquinolo-
nes.20:27.293032 Bedaquiline disrupts bacterial adenosine triphosphate
synthase, impairing energy metabolism,?” while delamanid inhibits
mycolic acid synthesis, essential for bacterial cell wall integrity.
Linezolid adds robust bactericidal effects but requires monitoring
for hematologic side effects.?*

Studies reporting relatively high success (80%—99%)
included Sun et al (China, 94%),> Mesic et al (Afghanistan, 85%),"?
Garcia-Prats et al (Philippines, South Africa, 89%),3* Moodliar et al
(Philippines, Russia, South Africa, 82%)* and Ghosh et al (Russia,
India, South Africa, 80%).3! These studies employed oral regimens
typically containing bedaquiline or delamanid along with clo-
fazimine, cycloserine, pyrazinamide and protionamide.!0.19.2231.33.35
Clofazimine provides anti-inflammatory and antimycobacterial
benefits,* whereas cycloserine interferes with bacterial cell wall
synthesis.*! Fluoroquinolones (levofloxacin or moxifloxacin) con-
tributed to regimen potency despite potential concerns about mus-
culoskeletal effects in pediatric populations.*

Studies reporting moderate success (below 80%) included
Mohr-Holland et al (South Africa, 77%)2 and Da Costa et al (Bra-
zil, 74%).3¢ These studies faced challenges related to high HIV
co-infection rates and undernutrition, complicating treatment out-
comes.>* They frequently included injectable regimens featuring
amikacin and capreomycin.** The exception is Smirnova et al
(Russia, 90%),?* which used injectables but reported comparably
high success.

Subgroup analyses revealed slightly higher effectiveness in
low-burden (93%) than high-burden (90%) settings. This indicates
that oral regimens remain effective even under resource-constrained,
high-burden conditions, supporting global applicability. Sensitiv-
ity analyses excluding studies with high risk of bias continued to
show success above 80%, underscoring robustness. On the other
hand, incomplete reporting of adjunctive antibiotics administered
alongside bedaquiline and delamanid limited the precise analysis of
regimen-specific effectiveness. Additionally, variations in TB moni-
toring protocols and culture-confirmation practices contributed to
observed outcome variability. Nevertheless, the consistent favora-
ble outcomes across studies (diverse settings and methodologies)
underscore the effectiveness and generalizability of bedaquiline- and
delamanid-based regimens. In contrast, individual participant data
meta-analysis, as opposed to study-level aggregate data meta-analyses,

8 | www.pidj.com

has demonstrated the added value of patient-level adjustment and
stratified analyses in clarifying heterogeneity of treatment results and
identifying subgroup differences in response.># Therefore, this study
should be interpreted as a complementary descriptive synthesis, pro-
viding an overview of treatment effectiveness and reported adverse
effects. The study-level meta-analysis approach in this study pre-
cluded adjustment for important prognostic factors such as the comor-
bidities. These factors are known to substantially influence treatment
outcomes in pediatric MDR/XDR-TB and may vary considerably
across settings and studies.**

Despite overall favorable outcomes, adverse effects remain
an important consideration. Serious adverse events (CTCAE grade
3/4) werereported in half of the included studies, and where reported,
they were generally infrequent, providing important insights into
the safety profile of these regimens. Among the 7 studies that did
report such events, QT prolongation and anemia were most fre-
quently observed, both associated with drugs such as bedaquiline,
linezolid and fluoroquinolones. Although serious, these events were
generally manageable, as reflected by the high proportion of partic-
ipants who successfully completed treatment. Other serious events,
including hepatic enzyme elevation, hypomagnesemia and eosin-
ophilia, were rare and highlight the importance of comprehensive
laboratory and clinical monitoring. Attribution of adverse events to
specific drugs was variably reported, reflecting differences in study
design and available healthcare resources. Building on these find-
ings, future research should prioritize standardized adverse event
monitoring and harmonized pharmacovigilance frameworks to fur-
ther strengthen the characterization of safety profiles of pediatric
MDR/XDR-TB regimens.

Strengths and Limitations

This review provides the most comprehensive synthesis to
date of pediatric MDR/XDR-TB regimens involving newer drugs,
drawing on studies from diverse geographic and economic con-
texts. The structured quality assessment enhances the external
validity and credibility of the findings.

Pediatric TB research remains rare and chronically under-
funded, underscoring the urgent need for greater global invest-
ment. This scarcity of evidence explains many of the limitations of
the current literature. Most available studies were observational,
with only a few randomized controlled trials, although their find-
ings were broadly consistent, suggesting that the strong treatment
effects observed may be robust. Sparse reporting of extrapulmo-
nary TB and the proportion of specific resistance categories pre-
vented subgroup analyses in these clinically important categories.
Outcomes in children under 5 years of age, who face the highest

© 2026 The Author(s). Published by Wolters Kluwer Health, Inc.
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risk of severe disease and rapid progression, were also rarely
reported, limiting insights for this critical group. This review
focused on serious CTCAE grade 3/4 adverse events, which are
clinically significant and may require treatment modification
or discontinuation, and may alter the course of treatment. This
approach provides a clear and clinically meaningful assessment
of safety by prioritizing events with the greatest impact on patient
management. While milder grade 1/2 toxicities generally permit
treatment continuation and were not systematically captured, the
reported serious events offer valuable insight into clinically rel-
evant safety outcomes. Serious grade 3/4 events were reported
in 7 of 14 studies, with explicit drug attribution available in 3,
enabling identification of key safety signals. Notably, injectable-
related toxicities such as ototoxicity and nephrotoxicity were not
reported among serious adverse events despite 2 studies including
injectable-containing regimens; these toxicities were present and
generally of lower severity, and did not meet the threshold for clas-
sification as serious. Documentation of regimen composition and
duration, as well as adjustment for confounding variables, varied
across studies and still allowed for meaningful interpretation of
overall trends. Restriction to English-language publications may
also have excluded relevant evidence. Furthermore, although
studies including RR-TB patients were eligible and retained,
disaggregated outcomes by resistance subtype (MDR-, XDR- or
RR-TB) were not reported in most included studies, precluding
a sensitivity analysis restricted to MDR/XDR-TB patients only.

In the meantime, as robust clinical trials in children with MDR/
XDR-TB remain unavailable, this synthesis represents the best availa-
ble evidence and can help guide clinical practice and policy.

CONCLUSION

This meta-analysis shows that newer, all-oral bedaquiline-
and delamanid-based regimens for pediatric MDR/XDR-TB have
similar or slightly superior effectiveness compared with injectable-
containing regimens, with available adverse event data suggesting
that these regimens may be generally well tolerated. In pediatric
MDR/XDR-TB, where studies are rare, these findings provide the
best available evidence and a foundation for improved treatment
guidelines and future research.
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