Journal of Clinical Tuberculosis and Other Mycobacterial Diseases 36 (2024) 100449

Contents lists available at ScienceDirect

MYCOBACTERIAL
DISEASES

Journal of Clinical Tuberculosis and Other
Mycobacterial Diseases

FI. SEVIER

journal homepage: www.elsevier.com/locate/jctube

Multidrug-resistant tuberculosis in children: A practical update on
epidemiology, diagnosis, treatment and prevention

James T. Gaensbauer »” ", Nabaneeta Dash ¢, Sanjay Verma ¢, DJ Hall ¢, Felice C. Adler-Shohet
Guyu Li°, Grace Lee?, Laura Dinnes ¢, Kristen Wendorf"

& Mayo Clinic Center for Tuberculosis, Mayo Clinic, Rochester, MN, USA

Y Division of Pediatric Infectious Diseases, Department of Pediatrics and Adolescent Medicine, Mayo Clinic, Rochester, MN, USA

¢ Department of Telemedicine, Postgraduate Institute of Medical Education and Research, Chandigarh, India

4 Division of Pediatric Infectious Diseases, Department of Pediatrics, Postgraduate Institute of Medical Education and Research, Chandigarh, India
€ Division of Pediatric Hospital Medicine, Department of Pediatrics and Adolescent Medicine, Mayo Clinic, Rochester, MN, USA

f Division of Pediatric Infectious Diseases, Department of Pediatrics, Harbor-UCLA Medical Center, Torrance, CA, USA

8 Department of Pharmacy, Mayo Clinic, Rochester, MN, USA

1 Department of Pediatrics, University of California San Francisco Benioff Children’s Hospital, Oakland, CA, USA

ARTICLE INFO ABSTRACT

Keywords: Pediatric multidrug-resistant tuberculosis (MDR-TB) remains a significant global problem, and there are

Drug-resistance numerous barriers preventing children with MDR-TB from being identified, confirmed with microbiologic tests,

EugfrCIfIOSls and treated with a safe, practical, and effective regimen. However, several recent advances in diagnostics and
ediatrics

treatment regimens have the promise to improve outcomes for children with MDR-TB. We introduce this review
with two cases that exemplify both the challenges in management of MDR-TB in children, but also the potential
to achieve a positive outcome. More than 30,000 cases of MDR-TB per year are believed to occur in children but
less than 5% are confirmed microbiologically, contributing to poorer outcomes and excess mortality. Rapid
molecular-based testing that provides information on rifampin susceptibility is increasingly globally available
and recommended for all children suspected of TB disease-but remains limited by challenges obtaining appro-
priate samples and the paucibacillary nature of most pediatric TB. More complex assays allowing better char-
acterization of drug-resistant isolates are emerging. For children diagnosed with MDR-TB, treatment regimens
have traditionally been long and utilize multiple drugs associated with significant side effects, particularly
injectable agents. Several new or repurposed drugs including bedaquiline, delamanid, clofazimine and linezolid
now allow most treatment regimens to be shorter and all-oral. Yet data to support short, all-oral, novel regimens
for young children containing pretomanid remain insufficient at present, and there is a compelling need to
conduct pediatric trials of promising therapeutics and MDR-TB treatment regimens.

1. CASE 1: Chandigarh, India

An 11-year-old girl presented to hospital during her ninth month of
first-line anti-tuberculous treatment (ATT) with isoniazid, rifampin,
pyrazinamide, and ethambutol for presumptive pulmonary tuberculosis
(TB) based on abnormal X-ray findings and household contact to active
TB. Two relatives (paternal uncle and aunt) had died from tuberculosis a
year prior to her illness. A history of chronic, intermittent diffuse
abdominal pain and weight loss was noted as well as more recent
symptoms including vomiting, loose stools, altered sensorium and
inability to walk. On examination she was severely emaciated (weight:
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12 kg, height 130 cm) and pale. She had multiple matted, non-tender,
lymph nodes palpable in posterior triangle of neck. There was bilat-
eral pitting pedal edema and digital clubbing. Her abdomen was dis-
tended and slightly tender with presence of shifting dullness but no
organomegaly. Breath sounds were reduced bilaterally with dullness on
percussion. She had altered sensorium (Glasgow coma scale was 9/15),
4-extremity hypotonia, and absent deep tendon and plantar reflexes.
There was no obvious cranial nerve palsy, and no neck rigidity. Labo-
ratory investigations showed anemia, thrombocytopenia, leukocytosis,
hypoalbuminemia. Imaging features were suggestive of pulmonary TB
with pulmonary thromboembolism, intestinal involvement, and embolic
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infarcts in brain. A Xpert MTB/RIF done on a gastric lavage sample
detected Mycobacterium tuberculosis (MTB) with rifampin resistance.

The patient was started on second-line ATT comprised of two World
Health Organization group A drugs (linezolid and levofloxacin), two
group B drugs (cycloserine and clofazimine) and two group C drugs
(amikacin and ethambutol) [1]. Bedaquiline was not started as her
weight was 11 kg, below the minimum weight of 15 kg required to start
the drug in accordance with Drug-Resistant-TB (DR-TB) program
guidelines of India in 2021. She received supportive care and nutritional
support and was discharged from hospital after 3 weeks. Her gastric
lavage sample culture subsequently showed growth of MTB. First- and
second-line drug line probe assays (LPAs) demonstrated katG and InhA
mutations denoting resistance to isoniazid, and a gyrA gene mutation
denoting resistance to fluoroquinolones. The isolate was genotypically
sensitive to aminoglycosides. Liquid-media sensitivity testing showed
additional resistance to pyrazinamide. Levofloxacin was stopped and
she continued linezolid, clofazimine, cycloserine, amikacin and etham-
butol. The amikacin was given daily for three months and then on
alternate days for three months; hearing assessment before and after
amikacin therapy was normal. She was continued on linezolid, cyclo-
serine, clofazimine and ethambutol. The child responded well to treat-
ment with weight gain, reduced cough, and improved abdominal pain.
Repeat gastric lavage after 3 months showed no growth of MTB. Repeat
imaging after 16 months of therapy showed resolution of brain infracts
and pulmonary thrombus, but presence of fibrocalcific and fibronodular
changes in the lungs and intestinal short segment mural thickening, both
suggestive of healed disease. At the time of this report the child is in her
17th month of ATT with a plan to repeat cultures before stopping
therapy at 18 months.

2. CASE 2: Rochester, Minnesota, U.S.

A 14-year-old male presented with epistaxis, cough, and hemoptysis.
His family history was significant for a parent who had been treated for
pulmonary tuberculosis three years prior. The parent’s TB isolate was
initially isoniazid mono-resistant but developed additional culture-
confirmed rifampin resistance in the setting of poor initial treatment
compliance. The child converted from negative to positive interferon-
gamma release assay (IGRA) 6 months after his initial contact eval-
uation—timing suggestive of exposure following development of
rifampin resistance. His family declined LTBI treatment and elected to
undergo medical monitoring, and he was lost to follow-up after 18
months. Two years later he presented following an episode of hemop-
tysis and worsening cough. His chest x-ray had a new right upper lobe
opacity and given clinical symptoms, chest x-ray findings, and known
previous exposure, reactivation of his drug-resistant-LTBI was sus-
pected. A chest CT confirmed multiple pulmonary opacities, calcified
right hilar and mediastinal lymph nodes, and no evidence of cavitation.
Laboratory evaluation included a normal complete blood count (CBC),
complete metabolic profile (CMP), CRP and ESR. HIV antibody/antigen
screen was nonreactive. Testing for endemic fungi and viral agents was
normal. ECG was normal. Multiple sputum specimens were collected,
and all were acid-fast smear and MTB PCR negative. His family declined
bronchoscopy.

A repeat CT revealed progressive disease. The combination of
worsening imaging, known exposure, and clinical course were con-
cerning for pulmonary tuberculosis despite negative microbiologic
testing. His family was very reluctant to start treatment and discussions
were impacted by significant cultural and linguistic barriers. Given the
previous family history of poor compliance, prior declination of LTBI
treatment and loss to follow-up after exposure, there were significant
concerns for compliance with a complex, prolonged or high-side effect
regimen. Therefore, after extensive discussion of the uncertainties of the
regimen in children, he was initiated on bedaquiline, pretomanid, and
linezolid (BPal) by weekday directly observed therapy (DOT) and
asynchronous weekend video DOT. Dosing based on his weight of 45 kg
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was bedaquiline 400 mg once daily for 2 weeks followed by 400 mg
three times weekly, pretomanid 200 mg once daily and linezolid 600 mg
daily.

Follow up chest x-ray six weeks after treatment initiation demon-
strated improvement, though not resolution of right upper lobe opaci-
ties. A CT scan two months after treatment initiation demonstrated
interval cavitation but overall improvement. He continued to do well
clinically without fever, chills, night sweats, cough, or hemoptysis. He
denied side effects of his medication regimen including nausea, vomit-
ing, diarrhea, headache, rashes, changes in vision, palpitations, weak-
ness, or tingling. He did express mild depressive symptoms early in
treatment which resolved after he was able to increase his activities and
be less isolated. CBC, CMP, and liver enzymes all remained normal on
serial assessment. There was no QTc abnormality noted on monitoring
EKG. Therapeutic drug monitoring (TDM) was performed on two occa-
sions: at approximately 1 month of treatment his linezolid 25-hour
trough was 0.55 mcg/mL, pretomanid 25-hour trough was 1.88 mcg/
mL and bedaquiline 50-hour trough was 0.73 with a n-monodesmethyl
bedaquiline of 0.43 mcg/mL, all within target ranges. At 2 months of
therapy, linezolid 2-hour peak was 9.94 mcg/mL, and 24-hour trough
was 2.12 mcg/mL; bedaquiline and pretomanid were not assessed. There
were no dose adjustments made on the basis of TDM.

The patient completed 26 weeks of daily therapy and chest x-ray at
the end of treatment demonstrated the right upper lobe mild nodular
and streaky opacities had further decreased in size but not completely
resolved. Chest x-ray 6 months after treatment demonstrated continued
subtle improvement and no new abnormalities.

3. Epidemiology of pediatric MDR-TB

According to the WHO, in 2021 there were an estimated 10 million
people worldwide with tuberculosis (TB) disease, 1.2 million of whom
were children < 15 years of age [2]. Children also account for approx-
imately 14 % of the 1.4 million TB deaths internationally and most
childhood disease and death occurs in low- and middle-income countries
[3,4]. Worldwide, TB in children has long been a neglected disease, so
cases are often unrecognized and case counts remain an estimate. The
reasons for this include lack of public health resources devoted to
identifying pediatric cases and inherent health disparities and adverse
social determinants of health among populations at risk of TB, as well as
insufficient diagnostic tools to identify disease in children who often
have paucibacillary disease, inability to expectorate sputum, and
extrapulmonary disease. Thus, it is particularly challenging to deter-
mine the burden of multidrug resistant-TB (MDR-TB) in children. This is
made even more difficult by limited access to resistance testing and
treatment regimens for MDR-TB. It is estimated that globally only 3-4 %
of pediatric MDR-TB cases are diagnosed and treated, with 22 % of
children dying as a result of their infection [5].

Several researchers have attempted to determine the global burden
of MDR-TB in children through different modeling studies. A 2014 study
estimated 32,000 annual incident pediatric MDR-TB cases, and also
found that the proportion of children with incident MDR-TB in any one
setting reflects the proportion of adult incident cases in that same setting
[6]. An alternate model in 2016 predicted 25,000 annual incident pe-
diatric MDR-TB cases globally [3]. Both studies found that pediatric
MDR-TB accounted for approximately 3 % of all pediatric TB, far more
than what had previously been diagnosed or treated. WHO regions with
higher rates of MDR-TB in the general population also have higher rates
in children. A study from South Africa found a prevalence of pediatric
MDR-TB of 8 % while another from China showed that among children
with TB 18.9 % had drug-resistant (DR)-TB and 6.9 % had MDR-TB
[7,8]. A meta-analysis of MDR-TB reports in children found a much
higher rate of MDR-TB among middle income countries (lower-middle-
income countries: 6.3 %; upper-middle-income countries: 7.3 %)
compared to high-income countries (1.8 %) [9].

The burden of MDR-TB in children is a function of the burden of MDR
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LTBI. Knight et al. in 2019 used World Health Organization (WHO) data
to estimate the global incidence of latent TB infection due to drug-
resistant MTB found a prevalence 2.9 % among children < 15 years,
which was significantly higher than that of the total population (1.2 %)
[7]. The highest proportion of LTBI in children due to MDR MTB
occurred in the WHO European region (14.1 %) with other regions
having between 2-4 %; prevalence was increasing in all WHO regions.

In the U.S., TB cases in children account for approximately 4 % of
total TB cases [10]. The highest rates of childhood TB are in immigrants,
international adoptees and refugees from high-prevalence regions as
well as children with close contact to non-US-born adults from TB
endemic countries [11]. Identifying U.S. children with MDR-TB is
important for management of the child as well as recognizing recent
transmission in the community. A survey of the US National Tubercu-
losis Surveillance System (NTSS) from 1993 to 2014 showed that of
culture confirmed pediatric TB, 1.7 % of children (82 total) had MDR-TB
with 1-6 pediatric MDR-TB cases reported annually [12]. This preva-
lence was similar to the overall prevalence in the U.S. Two-thirds of
children were US-born, indicating transmission of MDR-TB within the
US, and most children had pulmonary TB only. Of the 82 confirmed
MDR-TB cases, 66 (81 %) had resistance to first-line drugs in addition to
rifampin and isoniazid, and one third (24/73) had resistance to at least
one second-line drug. Importantly, 9 % of MDR-TB cases had fluo-
roquinolone (FQ) resistance and 6 % had resistance to FQ plus an
additional injectable agent.

Children most often acquire MDR-TB from close adult or adolescent
contacts, typically, but not exclusively, in a household. A study from
Peru showed children exposed to MDR-TB at home had TB disease rates
approximately 30 times higher than children in the general population
[13]. A meta-analysis looking at yield of contact investigations of pa-
tients with DR-TB found that 4 % and 27.3 % of pediatric contacts
developed active and latent TB respectively [14]. These studies serve to
reinforce the importance of public health infrastructure for initial
diagnosis of TB cases and contact investigations as a tool to slow the
spread of MDR-TB.

The COVID-19 pandemic has had a significant impact on the burden
of TB worldwide. According to the WHO there was a 4.5 % global in-
crease in the incidence of TB in the general population between 2020
and 2021 with a 3 % increase in DR-TB [15]. This was accompanied by a
decline in global spending for TB services. In 2022, there was a recovery
in numbers of patients diagnosed and treated with TB, but treatment
starts for MDR-TB remained below pre-pandemic levels. Children may
have been affected by the COVID-19 pandemic in several ways including
misdiagnosis of TB as COVID-19, delayed diagnosis due to public health
resources that shifted from TB to COVID-19, disrupted TB program and
health system capacity, and prolonged exposures to adult contacts
whose diagnosis was also delayed. Caregivers may have also been hes-
itant to seek care for an ill child due to concern for coming into contact
with SARS-CoV-2. The full impact of the pandemic on TB including
MDR-TB in children has yet to be established though a recent study
suggests that after years of increasing TB notification counts in children,
global notifications were 35.4 % lower than predicted for children 0-4
years old in 2020 [16].

4. Diagnostic considerations for pediatric drug-resistant
tuberculosis

There are several instances in which DR-TB should be considered in
children—most notably when the child is in contact with a
microbiologically-proven case of DR-TB or when drug resistance in a
contact is suggested based on clinical information (for instance, if the
source case had a treatment failure, required retreatment or died from
TB). Drug resistance should also be suspected when the pediatric patient
is not responding to first-line therapy despite good adherence, if a child
previously treated for TB presents with disease recurrence, or if the child
is part of a community with links to countries in the WHO global lists of
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high burden countries for MDR-TB or a local community where MDR-TB
has been detected [15]. When DR-TB is suspected, every effort should be
made to confirm the diagnosis by obtaining specimens for culture and
drug susceptibility testing (DST) but it is important to recognize that
young children often cannot produce sufficient sputum samples and
develop paucibacillary respiratory or extrapulmonary disease making
microbiologic-confirmation difficult. Thus, all available microbiological
data should be obtained from the (frequently adult) source case if
known.

4.1. Pediatric tuberculosis: General diagnostic considerations

In recent years there have been several important advances in TB
diagnostics with implications for the approach to microbiologic confir-
mation and detection of resistance in children [17]. The current
recommendation from the WHO is to use Xpert MTB/RIF or Xpert MTB/
RIF Ultra as the initial diagnostic test for TB detection and identification
of rifampin resistance in sputum specimens, in place of conventional
approaches such as microscopy and culture-based DST [18]. The pooled
sensitivity of the Xpert MTB/RIF in a recent WHO meta-analysis was
64.6 % (95 % Confidence interval (CI) 55.3 to 72.9) compared to a
microbiologic standard, and 19.7 % (95 % CI 12.1 to 30.4) compared to
a composite standard; specificity was 99.0 % (95 % CI 98.1 to 99.5) for
microbiologic standard and 100 (95 % CI 100-100) for composite
standard [18]. In the case of Xpert MTB/RIF Ultra (currently not
available in the U.S.), diagnostic sensitivity is improved—particularly
among paucibacillary samples—over the Xpert MTB/RIF through in-
clusion of two multicopy gene targets (IS1081 and IS6110) in addition to
the rpoB gene [19]. Samples that are positive for these genes but nega-
tive for rpoB result in a “trace call” result, which, despite slight decreases
in specificity, should be considered positive results for children, persons
living with HIV and in extrapulmonary specimens [18]. Though data on
the performance of the Ultra assay are still relatively sparse in pediatric
patients (3 studies with approximately 700 participants), the pooled
sensitivity was 72.8 % (95 % CI 64.7 to 79.6) and specificity was 97.5 %
(95 % CI 95.8 t0 98.5) and 23.5 % (95 % CI 20.0 to 27.4) and 99.2 % (95
% CI 96.9 to 99.8) compared to a microbioligc and composite standard,
respectively. These assays may be used on sputum, nasopharyngeal as-
pirates, gastric aspirates, or stool for children with suspected pulmonary
TB, and on cerebrospinal fluid, lymph node biopsy, pleural, pericardial
and peritoneal fluids, and urine for extrapulmonary TB, and in blood for
suspected disseminated TB among children living with HIV infection
[20].

Stool collection is non-invasive and practical, and thus a compelling
sample type for children. A recent systematic review and meta-analysis
of stool Xpert MTB/RIF found pooled sensitivity and specificity against a
microbiologic reference standard of 67 % (95 % CI, 52 to 79 %) and 99 %
(95 % CI, 98 to 99 %), respectively; sensitivity among children living
with HIV was 79 % (95 % CI, 68 to 87 %) [21]. A previous barrier to
more widespread adoption of PCR testing in stool was complex dilution
and filtratration requirements for sample processing prior to testing, but
a more straightforward and less resource intensive method known as the
Simple One-Step (SOS) has been validated, and its performance
demontrated in the clinical setting [22]. Future research will be needed
to define optimal implementation of stool PCR testing. Because of a high
positive predictive value, a positive result, particularly when it indicates
rifampin resistance, is a high-value outcome while a negative result
cannot be used to rule out TB because of a low negative predictive value.
WHO estimates it is likely to be cost effective to perform stool PCR in
countries with TB prevalence > 3 % when used in situations where no
additional diagnostic testing is performed [20].

4.2. Diagnostic considerations specific to MDR-TB in children: rapid/
initial tests

Identification of rifampin resistance using Xpert MTB/RIF or Ultra



J.T. Gaensbauer et al.

provides essential information for initiating an effective treatment
regimen, but there are notable limitations to relying on these assays for
MDR-TB/RR-TB detection. Among these is the obvious limitation in
susceptibility prediction to rifampin only. Furthermore, “trace call” re-
sults are reported as having indeterminate rifampin susceptibility
because the rpoB gene is not detected. Due to the paucibacillary nature
of pediatric TB, a significant proportion of Xpert Ultra results will be
trace call. Multiple studies have noted a frequency of approximately 20
% trace call results in pediatric sputum samples and higher rates are
observed in non-sputum samples [23-24]. For example, one study of
447 children noted an overall sensitivity in stool for the Xpert Ultra of
83.3 % among bacteriologically-confirmed cases, but 80.0 % of these
were trace call and would therefore give no additional information
regarding drug resistance [25]. There is insufficient data to determine
the sensitivity and specificity of Xpert Ultra for detection of rifampin
resistance in children or to compare performance to Xpert MTB/RIF, on
any specimen type Kay et al., 2022;9 [26].

The Truenat MTB-RIF Dx assay, developed by Molbio in India, rep-
resents an additional point-of-care method for the detection of MDR-TB
using sputum samples, particularly in low-resource primary healthcare
settings. Its applicability is limited to individuals with positive results
from the Truenat MTB or MTB Plus tests. With diagnostic performance
comparable to that of the Xpert MTB/RIF assay for diagnosing pediatric
tuberculosis in sputum samples, it is included in WHO guidelines as an
acceptable alternative initial test for TB detection and rifampin resis-
tance [18].

There are an increasing number of available rapid diagnostic tech-
nologies that provide additional drug susceptibilitiy data. The class of
moderate complexity automated NAATSs including the Abbott RealTime
MTB RIF/INH (Abbott Molecular, USA), BD MAX™ MDR-TB (Becton
Dickinson, USA), FluoroType® MTBDR (Bruker-Hain, Germany) and the
cobas® MTBRIF/INH (Roche, Switzerland) are generally available
outside the U.S. and can be used in sputum samples for the detection of
TB and resistance to rifampin, but also include targets for katG and inhA
mutations which confer resistance to isoniazid. These assays may be
used for pediatric sputum samples, though test performance character-
istics (generally very high sensitivity and specificity) are mostly
extrapolated from adult data at present [27].

4.3. Diagnostic considerations specific to MDR-TB in children: higher
complexity testing

In all cases of confirmed MDR-TB on initial testing, further DST
should be performed to exclude XDR-TB and to help establish an effec-
tive treatment regimen. Culture-based DST remains an important
component of MDR-TB diagnostic evaluation in many settings, despite
disadvantages related to requirements for technological expertise,
biosafety and slow result turn-around. This is particularly true for
detection of resistance to newer and repurposed drugs including the
fluoroquinolones, bedaquline, linezolid and delaminid. In addition to
detecting resistance to rifampin, several products provide molecular
resistance testing for other anti-TB drugs. First-line line-probe assays
(LPAs) detect resistance to rifampin, isoniazid, and fluoroquinolones.
Second-line LPAs can provide additional information for detecting
resistance to injectable drugs (amikacin, kanamycin, and capreomycin).
Low-complexity automated NAATS, including the Xpert MTB/XDR assay
(Cepheid, USA), can detect additional resistance to fluoroquinolones,
ethionamide and second-line injectable drugs. High-complexity reverse
hybridization-based NAATSs can also detect resistance to pyrazinamide;
sensitivity of these assays in a 2021 WHO meta-analysis was 81 % (95 %
CI 75.4 to 85.8) compared to phenotypic drug susceptibility testing
(which itself may overcall pyrazinamide resistance) [27-28]. Most of
the tests require technical and biosafety resources that are available only
in referral laboratories and typically require either MTB cultured iso-
lates or at a minimum smear- or NAAT-positive samples and cannot be
performed on stool. Thus, access to these platforms continues to be
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limited by the lower microbiologic yield in children with TB disease
compared to adults.

In contrast to probe-based assays, next-generation sequencing
(NGS)-based assays can provide detailed and accurate sequence infor-
mation for the whole genomes of mycobacterial species, including
whole-genome sequencing (WGS), pyrosequencing, and targeted NGS
for detecting extensively drug-resistant (XDR)-TB. These approaches
have largely replaced line-probe assays in the U.S. and other high-
resource countries where a preferred approach is a low-complexity
NAAT followed by a sequencing-based DST [29]. One example is the
Molecular Detection of Drug Resistance (MDDR) service provided by the
Centers for Disease Control and Prevention in the U.S, that utilizes tar-
geted NGS supplemented by growth-based DST. This service is available
free of charge through the U.S. public health laboratory system and is
accessed via state and local public health TB programs. Information is
available at: https://www.cdc.gov/tb/topic/laboratory/mddr-user
-guide.htm#intro. Acceptable samples for this service include NAAT-
positive sediment, pure Mycobacterium tuberculosis complex (MTBC)
isolates, or mixed cultures known to contain MTBC.

5. Therapeutics for pediatric MDR-TB

After a long period with few additions to the MDR-TB therapeutic
armamentarium, the last decade has seen the development of new drugs,
as well as a repurposing of several older medications, which together
have the potential to transform the treatment of children with MDR-TB.
An overarching theme of recent progress is the emergence of shorter
duration, all-oral treatment regimens which allow for much wider
dissemination, fewer required resources, higher likelihood of successful
treatment completion and lower toxicity. However, despite progress,
data to inform broader utilization of newer medications and regimens
for children lags behind that which is available for adult patients. In this
section, several of these newer or repurposed medications are described
individually, followed by identification of several resources available to
pediatric clinicians building a pediatric MDR-TB treatment regimen.

5.1. Bedagquiline

Bedaquiline is a diarylquinolone that inhibits mycobacterial ATP
synthase, providing potent bactericidal activity and sterilization [30].
Two pediatric studies have demonstrated that children, including those
< 6 years have similar PK and safety profiles and informed the current
WHO recommendation for use of bedaquiline for all ages as a component
of MDR-TB treatment regimens, and provision of age and weight based-
dosing (Table 1) [31-32], (IMPAACT p1108, data not published but
reviewed by WHO)) Bedaquiline dosing is less well-established in chil-
dren compared to adults. Currently, bedaquiline dosing recommenda-
tions in the pediatric population are based on age and weight to account
for known PK/PD differences compared to adults. Bedaquiline is pri-
marily undergoes oxidative metabolism in the liver (e.g., CYP3A4
metabolism), and given that the pediatric CYP450 enzyme is less mature
compared to adults, bedaquiline clearance is decreased [30]. The cur-
rent WHO recommendations account for the decreased bedaquiline
clearance with overall lower doses in pediatric patients. Currently, pe-
diatric bedaquiline dosing scheme mimics the adult bedaquiline dosing
frequency of daily for the first 2 weeks (load), then 3 times a week
(maintenance) [30]. Bedaquiline dosing guidance in pediatric patients
may change as further evidence emerges [32]. The 20-mg tablet is
scored and may be cut in half, crushed, and mixed with soft food, or
dispersed in water and given through a feeding tube. Oral bioavailability
is significantly enhanced up to 95 % when taken with food. Once
absorbed, bedaquiline widely distributes into peripheral tissues. The
slow release of bedaquiline and its metabolite from peripheral tissues is
thought to contribute to an extremely long half-life (164 days (range
62-408) after 8 weeks standard TB dosing) [33]. The prolonged
persistence even after cessation has implications for side effects
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Table 1
Pediatric MDR-TB antibiotics.
Medication Usual Dosing Formulation®® Considerations
Moxifloxacin ~ 10-15 mg/kg/dose every 24 v Non-dissolvable tablets can be crushed and suspended in water for immediate administration.
h (max dose: 400-800 mg) Crushed tablets have bitter taste and may not be tolerated.'®
Tablet (100 mg (dissolving), 400 Administer 4 h before or 8 h after products containing magnesium, aluminum, iron, or zinc
mg) including antacids, sucralfate, multivitamins, and didanosine.
Levofloxacin 15-20 mg/kg/dose every 24 v Non-dissolvable tablets may be crushed and suspended in water for immediate administration.
h (max dose: 1000-1500 mg)
Oral Solution
Tablet (100 mg (dissolving), 250 Administer at least 2 h before or 2 h after antacids containing magnesium or aluminum,
mg, 500 mg, 750 mg) sucralfate, metal cations (eg, iron), multivitamin preparations with zinc, or didanosine
chewable/buffered tablets or the pediatric powder for solution.
Pretomanid Age 14 years and older: 200 Tablet (100 mg, 200 mg) IMPAACT 2034 study (NCT05586230) is a phase 1, multi-site, open-label, PK, safety,
mg once daily tolerability, and acceptability study of a singly-dose of pretomanid in pediatric patients.
Safety and effectiveness not
established in pediatric
patients < 14 years.
Delamanid Age- and weight-based: Tablet (25 mg, 50 mg) The 25-mg tablet is formulated as a non-scored, palatable, dispersible tablet that may be
dispersed up to 10 mL of water per 25 mg. Dissolve for at least 30 s and mix gently. Additional
3to < 5kg: 25 mg every 24 h 10 mL of water should be used to administer the residual dose.
5to < 10 kg:
<3 months: 25 mg
- every24h
>3 months: 25 mg The 50-mg tablet may also be crushed and dispersed in 5 mL water (dose < 50 mg) or in 10 mL
every 12 h water (dose > 50 mg), which may take up to 5 min to dissolve. To improve palpability, 5 to 15
>3 months: 25 mg every 12 h mL of sugar syrup may be added. Additional 5 mL of water should be used to administer the
10 to < 16 kg: 25 mg every residual dose. Halved or crushed 50-mg tablet can also be added to soft food (i.e., mashed
12h banana, peanut butter, yogurt).’
16 to < 30 kg: 50 mg every
morning and 25 mg every
night
>30 to < 46 kg: 50 mg every
12h
>46 kg: 100 mg every 12 h
Linezolid 5to < 10 kg: 15 mg/kg/dose IV Tablet may be crushed if needed.
every 24 h
10 to 23 kg: 12 mg/kg/dose Oral suspension
every 24 h
>23kg: 10 mg/kg/dose daily ~ Tablet (150 mg (dissolving), 600 Caution with tyramine containing foods, selective serotonin repute inhibitors (SSRIs), and
mg) monamine oxidase inhibitors (MAOIs) due to the risk of serotonin syndrome.
(max dose: 600 mg)
Clofazimine 2-5 mg/kg/dose every 24 h Capsule (50 mg, 100 mg) May administer higher doses (e.g., double the dose (4-10 mg/kg/dose) every other day) if
(max dose: 100 mg) needed due to tablet/capsule size.
Tablet (50 mg, 100 mg)
For patients who can only obtain the capsule product and cannot swallow capsules whole or
who need tube administration, capsules may be macerated in 15 mL of hot water (120°F).
Manipulation of the capsules can result in staining any item that encounters the slurry.®
Bedaquiline Age- and weight-based: Tablet (20 mg (dissolving), 100 20-mg tablet is formulated as a scored, dispersible tablet. There are three administration

Loading (weeks 1-2)

<3 months: 30 mg daily
3 to < 6 months: 60 mg daily
>6 months:
7 to < 10 kg: 80 mg
every 24 h
10 to < 16 kg: 120 mg
every 24 h
16 to < 30 kg: 200 mg
every 24 h
>30 kg: 400 mg every
24 h

Maintenance (weeks > 3)
<3 months: 10 mg three
times weekly
3 to < 6 months: 20 mg three
times weekly
>6 months:
7 to < 10 kg: 40 mg
three times weekly
10 to < 16 kg: 60 mg
three times weekly

mg)

methods of the 20-mg tablet: 1) Take intact tablet or cut tablet in halve along the score line. 2)
Crush tablet and mix with soft food. 3) Disperse tablet in water. May be given through a
feeding tube.

100-mg tablet may also be crush if needed.®

(continued on next page)
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Table 1 (continued)
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Medication  Usual Dosing Formulation®®

Considerations

16 to < 30 kg: 100 mg
three times weekly
>30 kg: 200 mg three
times weekly

attributed to bedaquiline which cannot be expected to resolve quickly,
and for potential emerging resistance in the setting of incompletely
treated or recurrent TB disease, as it essentially becomes a single drug in
the system over time. Bedaquiline is hepatically metabolized to an active
metabolite, primarily through CYP3A4 enzyme. The active N-desmethyl
metabolite (M2) is about 5 times less potent then bedaquiline itself and
has a similarly long half-life [34]. Notable adverse effects in the pedi-
atric clinical trials of bedaquiline included arthralgia, nausea, abdom-
inal pain, QTc prolongation, and hepatoxicity. Children generally
tolerate bedaquiline better than adults [1]. Bedaquiline was FDA
approved to treat children with pulmonary MDR-TB in 2019. The safety
profile in pediatric was based on a phase 2, open-label, multicenter,
single-arm study, in which the safety of bedaquiline assessment was
based on week 24 analysis from 30 pediatric patients [31]. In the study,
bedaquiline was generally well tolerated in pediatric patients. The most
common adverse effects (>10 %) in patients age 12-17 years patients
included arthralgias, nausea, and abdominal pain. The most common
adverse effects (>10 %) in patients 5-11 years included elevated liver
transaminases. Importantly, no serious cardiac events were reported.

5.2. Nitroimidazoles (delamanid, pretomanid)

Delamanid and pretomanid are prodrugs that are activated by a
mycobacterial nitroreductase enzyme to inhibit mycolic acid synthesis
and produce nitrogen radicals. The two mechanisms of actions allow for
bactericidal activity against both active and dormant Mycobacterium
tuberculosis [35-36]. In a phase 1, PK and safety trial in pediatric pa-
tients with MDR-TB, the delamanid safety profile in pediatric patient
aged < 17 years old was comparable to the adults; the most common
adverse effects reported in the study included nausea, vomiting, upper
abdominal pain, insomnia, and headache [37]). Delamanid is currently
recommended to be dosed according to age and weight by WHO
(Table 1; further pediatric dosing trials are underway [38-39]. For all
ages except those under 3 months of age or weight < 5 kg, dosing of
delamanid is twice daily, which may provide additional logistical
challenges for provision of directly observed therapy (DOT), which is
typically based on once-daily dosing of TB medications [38].

Pretomanid is FDA-approved as a component of novel MDR-TB
regimens consisting of bedaquiline, pretomanid, linezolid with or
without moxifloxacin. Pretomanid is not well studied in younger
children—a phase 1/2 trial planned for 2023 will evaluate pharmaco-
kinetics after a single pretomanid dose [40]. A frequently mentioned
concern with relevance to pediatric patients is the observation of
testicular atrophy and impaired fertility observed in rodents treated
with pretomanid, a phenomenon that has been observed with similarly-
structured nitroimidazoles, including metronidazole [36]. However,
reductions in human male reproductive hormone levels among patients
treated with pretomanid-containing regimens were not observed in four
clinical trials, summarized in a 2022 meta-analysis [41]. Additionally, in
a paternity survey, 38 men previously treated with pretomanid for 4-6
months fathered 44 children (unpublished data, reviewed by WHO) [1].
A clinical trial assessing sperm counts in patients that were treated with
pretomanid is underway [42]. Thus, there is no current evidence that
pretomanid at therapeutic doses impacts fertility [43].

Delamanid and pretomanid are available as oral tablets. The oral
bioavailability of both delamanid and pretomanid is enhanced when
taken with a fatty meal [35-36]. Both drugs have a large volume of

distribution, and limited murine data supports central nervous system
penetration with pretomanid [44]. Adverse effects that require close
monitoring include QTc prolongation, hepatotoxicity, peripheral neu-
ropathy, nausea, vomiting, and abdominal pain. Night terrors associated
with sleep disturbances were reported with delamanid. Emergence of
psychiatric side effects should be monitored, especially if patient is on
other medications with neuropsychiatric side effects, such as cyclo-
serine. Night terrors should typically not be an indication of therapy
change [38].

5.3. Fluoroquinolones

Fluoroquinolones are an important components of multi-drug resis-
tant TB treatment. They target DNA gyrase, which when inhibited re-
sults in disruption of DNA synthesis and cell death [45-46]. Newer
generation fluoroquinolones, levofloxacin and moxifloxacin, are
preferred for treatment of TB due to increased potency and decreased
likelihood to develop resistance [47]. Higher maximum doses have been
utilized when there is low-level resistance, such as in the presence of a
90Val gyrA mutation that is typically associated with an moxifloxacin
MIC of < 1, though the efficacy of this approach has recently been
questioned [45]. The maximum dose for moxifloxacin is 15 mg/kg daily
capped at 600-800 mg per dose and for levofloxacin is 20 mg/kg daily
capped at 1250-1500 mg per day [48-50]. Modeling studies suggest
that current dose bands may result in lower drug exposure in children
and doses > 20 mg/kg daily may be more optimal [51-52]. Although
moxifloxacin is a potential agent that may be added to the MDR TB
regimen, if both levofloxacin and moxifloxacin are available, levo-
floxacin is preferred due to fewer known drug interactions, a better
characterized pediatric safety profile, and more frequent use and current
literature in children for TB and for other indications [50]. The main
adverse effects noted by the 2022 WHO guidelines include sleep dis-
turbances, gastrointestinal upset, arthralgia/arthritis, headache, idio-
pathic intracranial hypertension, and QT prolongation [1]. Although
moxifloxacin is thought to have a greater propensity to prolong QTc
compared to levofloxacin, it is important to monitor QTc when admin-
istered with other QTc prolonging medications (i.e. clofazimine, beda-
quiline) regardless of the fluoroquinolone chosen. Monthly monitoring
is recommended for the first few months until all drugs reach steady
state which can take weeks to months due to long half-lives and then
periodically thereafter [20].

5.4. Clofazimine

Clofazimine is a repurposed drug of the antimicrobial class of rimi-
nophenazines, and exact mechanisms of action and antimicrobial
resistance are not well understood. Clofazimine dosing is based on
capsule size and patient weight. Capsules are available in 50 and 100 mg
and a usual weight-based range is 2-5 mg/kg/dose once daily. Capsules
can be administered every other day or every two days if the mg/kg/day
dose is too high. Higher doses may be considered in patients when there
are concerns for absorption or if the capsules will be manipulated and
some drug may be lost [50]. For treatment of non-tuberculous myco-
bacterial infections in children a dose range of 1-3 mg/kg/day is most
commonly reported [53-54]. Clofazimine should always be adminis-
tered with food and due to its high lipophilicity property, absorption can
be significantly improved when administered with a high fat containing
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meal. Once absorbed, it is rapidly distributed to the peripheral tissues
with slow re-equilibrium back to the central compartment. Clofazimine
has a very long half-life, with a median half-life of 34.2 days in adults
(49.5 days for females and 21.8 days for males) [49,55]. As with
bedaquiline, the long half-life may result in viable bacilli being exposed
to subtherapeutic concentrations without protection against resistance
from additional medications after treatment cessation; however, the
clinical significance of this phenomenon is unclear. The long half-life of
clofazimine also has implications for the time required for resolution of
potential adverse effects. Notable clofazimine side effects include
reddish-brown or blackish skin discoloration (slowly reversible after
clofazimine discontinuation), ichthyosis, QT prolongation, and abdom-
inal pain [20,56-57].

5.5. Linegolid

Linezolid is an oxazolidinone antimicrobial that inhibits protein
synthesis by binding to the 50S ribosomal subunit and blocking forma-
tion of the initiation complex for protein synthesis. Resistance to line-
zolid develops by target mutations that modify this ribosomal subunit.
The dosing recommendation for linezolid for use in MDR-TB is once
daily and the total daily dose is reduced by > 50 % (e.g., 10-15 mg/kg/
day versus 30 mg/kg/day) compared to dosing recommendations for
other infectious syndromes (e.g. osteoarticular infections, pneumonia).
This typically results in increased tolerability and less adverse effects
such as peripheral neuropathy, cytopenias, lactic acidosis, and optic
neuropathy. Children tend to have fewer side effects than adults, how-
ever peripheral neuropathy may be hard to recognize in children and
can be irreversible [58-59]. Other notable adverse effects include
diarrhea, headache, nausea, and pancreatitis. If there is a concern for
toxicity, therapeutic drug monitoring can be considered if accessible.
Adjusting the daily dose to a goal trough level of < 2 mcg/mL has been
reported to reduce side effects [60]. However, appropriate AUC/MIC
ratios should be maintained for efficacy. In some cases, temporary
cessation of linezolid may be needed to assess for other causes or allow
for count recovery as bone marrow suppression related to linezolid is
usually reversible once therapy is stopped. If re-starting linezolid is
necessary, a lower dose or increased dosing interval may be considered
Mase et al., 2022;9 [61]:0fac500.. Co-administration of linezolid with
pyridoxine can be considered in select clinical situations where the pa-
tient may benefit (i.e. HIV, malnutrition). The benefit of pyridoxine
added to linezolid administration in pediatric patients with TB is not
well-characterized. There are reports that pyridoxine may help with
reversal of cytopenias, but there is no recommendation for co-
administration in current WHO guidelines [1,62].

5.6. Building a treatment regimen for pediatric MDR-TB

In addition to familiarity with novel drugs that are available for the
treatment of MDR-TB in children, there are several resources—including
guidance from the WHO, the Sentinel Project on Pediatric Drug-
Resistant Tuberculosis, and the Curry International Tuberculosis Cen-
ter—available to help clinicians determine an optimal regimen,
including decisions about the components of the regimen as well as the
duration.

The short, all oral regimens comprised of bedaquiline, pretomanid,
linezolid (BPal) and moxifloxacin (BPaLM) are perhaps the most
notable recent advances in the treatment of MDR-TB, and they are
currently endorsed by WHO for use in children 14 years of age and older.
Data that informs use of these treatment regimens in adolescents come
from key studies including the TB-PRACTECAL, Nix-TB and ZeNix trials
which enrolled a small number of adolescent patients. The TB-
PRACTECAL used an innovative trial design among patients with
rifampin-resistant TB [63]. In the first phase, three regimens were
assessed for 8-week culture conversion: BPaL—46 %, BPaLM—77 % and
BPaL plus clofazimine (BPaLC)—67 %. BPaLM was then selected for a
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phase 2-3 non-inferiority trial compared with standard of care; the trial
was stopped early as the regimen was demonstrated to be non-inferior
and superior. The Nix-TB trial demonstrated high rates (90 %) of
favorable outcomes among adults (lowest age enrolled was 17 years)
with MDR-TB treated with BPaL, but peripheral neuropathy and mye-
losuppression were common and attributed primarily to linezolid dosed
at 1200 mg daily [64]. The follow-up ZeNix trial demonstrated lower
toxicity and continued high efficacy of BPaL with linezolid dosed at 600
mg daily [65].

Though there is no current guidance for the use of BPaL/M in chil-
dren younger than 14, pre-teen/early teen patients—particularly if they
are of adult body weight—may warrant consideration of the regimen if
BPaL/M represents the safest or most effective regimen. In this context it
is important to consider recognized toxicities and limitations of more
traditional regimens when assessing the uncertainties of BPaL. At the
current date, it is not appropriate to consider BPaL in younger children,
particularly given uncertainties regarding dosing of pretomanid, but if
initial pharmacokinetic and safety studies are reassuring, it may not be
necessary in all cases to wait for conclusive clinical trial data, as there is
little reason to believe that the shorter, all oral course will not be equally
(or more) effective in children than have been demonstrated in adults.

For younger children and others for whom a short BPaL. or BPaLM
regimen is not appropriate, two approaches to MDR-TB treatment in
children are suggested in to the most recent WHO guidelines from 2022
[1]. The preferred regimen for eligible children is a standardized shorter
duration, all-oral, bedaquiline-containing regimen composed of 6
months of bedaquiline in addition to 4 months of a fluoroquinolone,
ethambutol, high-dose isoniazid, pyrazinamide, clofazimine and either
ethionamide or linezolid (linezolid is only given for 2 months) followed
by 5 months of a fluoroquinolone, clofazimine, ethambutol and pyr-
azinamide, for a total of 9 months. The extremely long bedaquiline half-
life allows drug exposure well after the drug is stopped. Children with
severe or extensive disease, additional resistance to any component of
the regimen (except INH) or exposure > 1 month to a component of the
regimen without confirmed susceptibility to that drug are not eligible for
the standardized short regimen. This regimen is supported by pro-
grammatic data primarily from South Africa and recent evidence that
bedaquiline-containing regimens are superior and safer than similar
regimens using injectable medications [1,66]. For children unable to
receive the preferred regimen, a longer and more traditional individu-
alized regimen is recommended. Designing such regimens involves
selecting drugs to which the isolate is known or suspected to be sus-
ceptible from a framework of drugs categorized into groups according to
potency: Group A (bedaquiline, levofloxacin/moxifloxacin, linezolid),
Group B (clofazimine, cycloserine/terizidone), and Group C (etham-
butol, delamanid, pyrazinamide, imipenem-cilastatin, amikacin/strep-
tomycin, ethionamide/prothionamide, p-aminosalicylic acid). If a
longer individualized regimen must be utilized the best approach to start
with is bedaquiline, levofloxacin/moxifloxacin, linezolid and at least
one agent from Group B. If only one to two Group A agents can be used,
then both Group B agents should also be in the regimen. Finally, if the
regimen cannot utilize medications from Group A and B alone, the
Group C agents are added. At minimum, four anti-TB agents likely to be
susceptible should always be utilized as part of the treatment plan. WHO
recommended treatment durations for individualized regimens are
18-24 months, with some potential shortening for children with milder
disease.

Guidance from the Sentinel Project on Pediatric Drug Resistant
Tuberculosis outlines a similar approach to drug selection as the WHO
individualized regimen, but with a few key differences, including a
recommendation that regimens contain at least 4 drugs, with a 5th
added for severe TB [67]. This is in contrast to the 7 drugs recommended
in current WHO guidance. Sentinel Project guidance also expresses a
preference for delamanid among group C medications if a regimen
cannot be built using Group A or B drugs only. Additionally, the Sentinel
Project suggests treatment durations as short as 6 months for non-severe
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disease. Another resource for developing an effective regimen for MDR-
TB in younger children is the Drug Resistant Tuberculosis: A Survival
Guide for Clinicians, produced by the Curry International TB Center and
California Department of Public Health [29]. A proposed approach
recommends a fluoroquinolone (levofloxacin or moxifloxacin), linezolid
and bedaquiline, plus at least one (for milder disease) or two (for more
involved disease) drugs from among clofazimine, cycloserine, delam-
anid or pyrazinamide. Clinicians can consider dropping one drug
(keeping the FQ, linezolid and BDQ) after 4 months. For children with
pulmonary or lymph node disease a duration of 9 months (with
consideration to limit 6 months of BDQ given the long half-life as in the
WHO standard short course but acknowledging that there is no data
comparing the two durations) is likely sufficient; longer courses are
required for disseminated or more severe disease.

Pediatric TB formulations are available through Stop TB’s Global
Drug Facility (GDF) for more than 100 countries. Many high-income
countries require more stringent regulatory approval which limits
some ability to obtain medications; in the US for example, delamanid is
available only through compassionate use programs, and clofazimine is
an orphan drug available for children only under single patient emer-
gency investigational new drug application through FDA [56].

5.7. Drug-resistant latent tuberculosis infection in children

Tuberculosis preventive treatment (TPT) is of particular importance
in the context of MDR-TB, but until recently there has been no standard
approach to drug resistant latent tuberculosis in children. Limited
studies in children have demonstrated that preventative treatment of
drug resistant LTBI is effective [68]. Very young children and adoles-
cents have higher rates of progression from infection to TB disease, a
factor which should be considered when assessing risks, benefits and
uncertainties related to drug-resistant LTBI treatment. Results from two
recently concluded clinical trials have now provided critical data on the
performance of levofloxacin-based TPT for both adults and children. The
TB-CHAMP study was a cluster randomized trial enrolling 922 South
African children < 5 years with household exposure to MDR-TB to either
6 months of levofloxacin (dose 15-20 mg/kg) or placebo, resulting in a
56 % reduction (5 cases (1.1 %) in treatment arm and 12 (2.6 %) in
placebo arm) [69-70]. The VQUIN trial, conducted in Vietnam, ran-
domized adults and children to 6 months levofloxacin or placebo and
noted a 45 % reduction in TB cases [71]. These data informed a recent
WHO rapid communication endorsing the use of levofloxacin for TPT for
MDR-TB contacts of all ages [72]. Where resources exist to characterize
resistance patterns of likely source cases and carefully monitore fluo-
roquinolone therapy, treatment of drug-resistant LTBI in children should
be strongly considered. Where resources are more limited and source
case identification and characterization is more difficult, logistical bar-
riers currently limit wider utilization of drug-resistant LTBI treatment,
levofloxacin TPT should be considered for high-risk individuals
including children, particularly after a recent household contact with a
case of MDR-TB [73]. Scant data inform approaches to LTBI due to drug-
resistant TB that is also fluoroquinolone-resistant; an ongoing clinical
trial is assessing tolerability and efficacy of delamanid for preventative
treatment after household exposure among high-risk individuals,
including children < 5 years of age [74]. A prospective cohort study
conducted in Peru demonstrated a protective effect of INH-based TPT in
primarily pediatric household contacts to MDR-TB, suggesting that INH
may have a different mechanism of protection in LTBI than in treatment
of active disease; these findings warrant further study and confirmation
before widespread utilization of this strategy [75]. In all settings,
infection control and public health efforts to limit transmission of MDR-
TB are essential to preventive efforts.

6. Conclusion

The world has achieved significant progress toward a better
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capability to diagnose, treat and prevent MDR-TB in children, but the
burden of disease and challenges remain significant. Clinical trials
enrolling children continue to lag significantly behind the adult coun-
terpart. The current status of pretomanid is a clear example: this drug
has U.S. FDA approval for adults and multiple clinical trials demon-
strating efficacy as part of a short all-oral regimen, yet pediatric studies
are just commencing to assess dosing and safety. Even as diagnostic
technologies and novel therapeutics become available, access remains
inconsistent across regions, countries or among the most vulnerable
populations in any given setting. And while an effective vaccine may one
day have a “game-changing” influence on the global burden of TB,
effective and practical candidates remain elusive. For the present, the
intent of this “practical” review is to provide up-to-date and concrete
information so clinicians can apply the best and current information in
the care of children with suspected or proven MDR-TB.

CRediT authorship contribution statement

James T. Gaensbauer: Writing — review & editing, Writing — orig-
inal draft, Conceptualization. Nabaneeta Dash: Writing — original draft,
Conceptualization. Sanjay Verma: Writing — review & editing,
Conceptualization. DJ Hall: Writing — original draft, Conceptualization.
Felice C. Adler-Shohet: Writing — original draft, Conceptualization.
Guyu Li: Writing — original draft, Conceptualization. Grace Lee:
Writing — original draft, Conceptualization. Laura Dinnes: . Kristen
Wendorf: Writing — review & editing, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

[1] World Health Organization. WHO consolidated guidelines on tuberculosis: module
4: treatment: drug-resistant tuberculosis treatment 2022. Available at: https://
www.who.int/publications/i/item/9789240007048. Accessed December 26,
2023.

[2] World Health Organization. Tuberculosis 2023. Available at: https://www.who.

int/news-room/fact-sheets/detail/tuberculosis. Accessed December 26, 2023.

Dodd PJ, Yuen CM, Sismanidis C, Seddon JA, Jenkins HE. The global burden of

tuberculosis mortality in children: a mathematical modelling study. Lancet Glob

Health 2017;5(9):e898-906.

[4] Yerramsetti S, Cohen T, Atun R, Menzies NA. Global estimates of paediatric

tuberculosis incidence in 2013-19: a mathematical modelling analysis. Lancet Glob

Health 2022;10(2):e207-15.

Jenkins HE, Yuen CM. The burden of multidrug-resistant tuberculosis in children.

Int J Tuberc Lung Dis 2018;22(5):3-6.

Jenkins HE, Tolman AW, Yuen CM, Parr JB, Keshavjee S, Perez-Velez CM, et al.

Incidence of multidrug-resistant tuberculosis disease in children: systematic review

and global estimates. Lancet 2014;383(9928):1572-9.

Knight GM, McQuaid CF, Dodd PJ, Houben R. Global burden of latent multidrug-

resistant tuberculosis: trends and estimates based on mathematical modelling.

Lancet Infect Dis 2019;19(8):903-12.

[8] Tao NN, He XC, Zhang XX, Liu Y, Yu CB, Li HC. Drug-Resistant Tuberculosis among
Children, China, 2006-2015. Emerg Infect Dis 2017;23(11):1800-5.

[9] Song WM, Li YF, Liu YX, Liu Y, Yu CB, Liu JY, et al. Drug-Resistant Tuberculosis
Among Children: A Systematic Review and Meta-Analysis. Front Public Health
2021;9:721817.

[10] Centers for Disease Control and Prevention. TB and Children 2022. Available at:
https://www.cdc.gov/tb/topic/populations/tbinchildren/default.htm. Accessed
December 26, 2023.

[11] American Academy of Pediatrics. Tuberculosis. In: Kimberlin DW BE, Lynfield R,
Sawyer MH, editor. Red Book: 2021-2024 Report of the Committee on Infectious
Diseases: American Academy of Pediatrics; 2021. p. 786-814.

[12] Smith SE, Pratt R, Trieu L, Barry PM, Thai DT, Ahuja SD, et al. Epidemiology of
Pediatric Multidrug-Resistant Tuberculosis in the United States, 1993-2014. Clin
Infect Dis 2017;65(9):1437-43.

[13] Becerra MC, Franke MF, Appleton SC, Joseph JK, Bayona J, Atwood SS, et al.
Tuberculosis in children exposed at home to multidrug-resistant tuberculosis.
Pediatr Infect Dis J 2013;32(2):115-9.

[14] Shah NS, Yuen CM, Heo M, Tolman AW, Becerra MC. Yield of contact
investigations in households of patients with drug-resistant tuberculosis:
systematic review and meta-analysis. Clin Infect Dis 2014;58(3):381-91.

[3

=

[5

=

[6

—

[7

—


http://refhub.elsevier.com/S2405-5794(24)00036-6/h0015
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0015
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0015
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0020
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0020
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0020
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0025
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0025
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0030
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0030
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0030
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0035
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0035
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0035
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0040
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0040
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0045
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0045
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0045
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0060
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0060
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0060
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0065
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0065
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0065
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0070
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0070
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0070

J.T. Gaensbauer et al.

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

World Health Organization. Global Tuberculosis Report, 2022. Available at:
https://www.who.int/teams/global-tuberculosis-programme/tb-reports/global-
tuberculosis-report-2022. Accessed December 26, 2023.

Ranasinghe L, Achar J, Groschel MI, Whittaker E, Dodd PJ, Seddon JA. Global
impact of COVID-19 on childhood tuberculosis: an analysis of notification data.
Lancet Glob Health 2022;10(12):e1774-81.

Shaikh A, Rodrigues C. What’s New in the Molecular Diagnosis of Childhood
Tuberculosis? Pediatr Infect Dis J 2023;42(10):e377-9.

World Health Organization. WHO consolidated guidelines on tuberculosis: module
3: diagnosis: rapid diagnostics for tuberculosis detection, 2021 update 2021.
Available at: https://www.who.int/publications/i/item/9789240029415.
Accessed December 26, 2023.

Chakravorty S, Simmons AM, Rowneki M, Parmar H, Cao Y, Ryan J, et al. The New
Xpert MTB/RIF Ultra: Improving Detection of Mycobacterium tuberculosis and
Resistance to Rifampin in an Assay Suitable for Point-of-Care Testing. MBio 2017;8
.

World Health Organization. WHO Consolidated Guidelines on Tuberculosis:
Module 5: Management of Tuberculosis in Children and Adolescents 2022.
Available at: https://www.who.int/publications/i/item/9789240046764.
Accessed December 26, 2023.

MacLean E, Sulis G, Denkinger CM, Johnston JC, Pai M, Ahmad KF. Diagnostic
Accuracy of Stool Xpert MTB/RIF for Detection of Pulmonary Tuberculosis in
Children: a Systematic Review and Meta-analysis. J Clin Microbiol 2019;57(6).
de Haas P, Yenew B, Mengesha E, Slyzkyi A, Gashu Z, Lounnas M, et al. The Simple
One-Step (SOS) Stool Processing Method for Use with the Xpert MTB/RIF Assay for
a Child-Friendly Diagnosis of Tuberculosis Closer to the Point of Care. J Clin
Microbiol 2021;59(8):e0040621.

Sabi I, Rachow A, Mapamba D, Clowes P, Ntinginya NE, Sasamalo M, et al. Xpert
MTB/RIF Ultra assay for the diagnosis of pulmonary tuberculosis in children: a
multicentre comparative accuracy study. J Infect 2018;77(4):321-7.

Nicol MP, Workman L, Prins M, Bateman L, Ghebrekristos Y, Mbhele S, et al.
Accuracy of Xpert Mtb/Rif Ultra for the Diagnosis of Pulmonary Tuberculosis in
Children. Pediatr Infect Dis J 2018;37(10):e261-3.

Kabir S, Rahman SMM, Ahmed S, Islam MS, Banu RS, Shewade HD, et al. Xpert
Ultra Assay on Stool to Diagnose Pulmonary Tuberculosis in Children. Clin Infect
Dis 2021;73(2):226-34.

Kay AW, Ness T, Verkuijl SE, Viney K, Brands A, Masini T, et al. Xpert MTB/RIF
Ultra assay for tuberculosis disease and rifampicin resistance in children. Cochrane
Database Syst Rev 2022;9(9):CD013359.

World Health Organization. Update on the use of nucleic acid amplification tests to
detect TB and drug-resistant TB: rapid communication 2021. Available at: https://
www.who.int/publications/i/item/9789240020269. Accessed April 23, 2025.
Association of Public Health Laboratories. Issues in Mycobacterium tuberculosis
Complex Drug Susceptibility Testing: Pyrazinamide 2022. Available at: https://
www.aphl.org/aboutAPHL/publications/Documents/ID-2022-MTBC-DST-
Pyrazinamide.pdf. Accessed April 26, 2024.

Curry International Tuberculosis Center and California Department of Public
Health, editor. Drug Resistant Tuberculosis: A Survival Guide for Clinicians, 3rd
Edition, 2022.

Bedaquiline 2012.

Moodliar R, Aksenova V, Frias MVG, van de Logt J, Rossenu S, Birmingham E, et al.
Bedaquiline for multidrug-resistant TB in paediatric patients. Int J Tuberc Lung Dis
2021;25(9):716-24.

World Health Organization. Use of bedaquiline in children and adolescents with
multidrug- and rifampicin-resistant tuberculosis: Information note 2023. Available
at: https://www.who.int/publications/i/item/9789240074286. Accessed
December 26, 2023.

Diacon AH, Donald PR, Pym A, Grobusch M, Patientia RF, Mahanyele R, et al.
Randomized pilot trial of eight weeks of bedaquiline (TMC207) treatment for
multidrug-resistant tuberculosis: long-term outcome, tolerability, and effect on
emergence of drug resistance. Antimicrob Agents Chemother 2012;56(6):3271-6.
van Heeswijk RP, Dannemann B, Hoetelmans RM. Bedaquiline: a review of human
pharmacokinetics and drug-drug interactions. J Antimicrob Chemother 2014;69
(9):2310-8.

Xavier AS, Lakshmanan M. Delamanid: A new armor in combating drug-resistant
tuberculosis. J Pharmacol Pharmacother 2014;5(3):222-4.

United States Food and Drug Administration. Drug prescribing information:
Pretomanid 2019 [Available from: https://www.accessdata.fda.gov/drugsatfda_
docs/nda/2019/2128620rig1s000Lb]. pdf.

Garcia-Prats AJ, Frias M, van der Laan L, De Leon A, Gler MT, Schaaf HS, et al.
Delamanid Added to an Optimized Background Regimen in Children with
Multidrug-Resistant Tuberculosis: Results of a Phase 1/1I Clinical Trial. Antimicrob
Agents Chemother 2022;66(5):e0214421.

World Health Organization. Use of delamanid in children and adolescents with
multidrug- and rifampicin-resistant tuberculosis: information note2023 October
18, 2023. Available at: https://www.who.int/publications/i/item/
9789240074309. Accessed December 26, 2023.

Garcia-Prats AJW, E. Evaluating the Pharmacokinetics, Safety, and Tolerability of
Delamanid in Combination With Optimized Multidrug Background Regimen (OBR)
for Multidrug-Resistant Tuberculosis (MDR-TB) in HIV-Infected and HIV-
Uninfected Children With MDR-TB. clinicaltrials.gov2018.

Weld E. Study of a Single Dose of Pretomanid Added to an Optimized Background
Regimen in Children With Rifampicin-Resistant Tuberculosis clinicaltrials.gov2023
[Available from: https://clinicaltrials.gov/study/NCT05586230.

[41]

[42]

[43]

[44]

[45]
[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Journal of Clinical Tuberculosis and Other Mycobacterial Diseases 36 (2024) 100449

Boekelheide K, Olugbosi M, Nedelman J, Everitt D, Smith E, Betteridge M, et al.
Male reproductive hormones in patients treated with pretomanid. Int J Tuberc
Lung Dis 2022;26(6):558-65.

Lombardi A. A Trial to Evaluate the Male Reproductive Safety of Pretomanid in
Adult Male Participants With Drug Resistant Pulmonary Tuberculosis Volunteers
(PaSEM). clinicaltrialsgov 2023.

Burke A, Alffenaar J, Denholm J. Evidence of safety for pretomanid and male
reproductive health. Int J Tuberc Lung Dis 2022;26(6):473-4.

Mota F, Ruiz-Bedoya CA, Tucker EW, Holt DP, De Jesus P, Lodge MA, et al.
Dynamic (18)F-Pretomanid PET imaging in animal models of TB meningitis and
human studies. Nat Commun 2022;13(1):7974.

United States Food and Drug Administration. Drug prescribing information:
Levofloxacin. 2008.

United States Food and Drug Administration. Drug prescribing information:
Moxifloxacin. 2016.

Thee S, Garcia-Prats AJ, Draper HR, Mcllleron HM, Wiesner L, Castel S, et al.
Pharmacokinetics and safety of moxifloxacin in children with multidrug-resistant
tuberculosis. Clin Infect Dis 2015;60(4):549-56.

Radtke KK, Hesseling AC, Winckler JL, Draper HR, Solans BP, Thee S, et al.
Moxifloxacin Pharmacokinetics, Cardiac Safety, and Dosing for the Treatment of
Rifampicin-Resistant Tuberculosis in Children. Clin Infect Dis 2022;74(8):1372-81.
Nahid P, Mase SR, Migliori GB, Sotgiu G, Bothamley GH, Brozek JL, et al.
Treatment of Drug-Resistant Tuberculosis. An Official ATS/CDC/ERS/IDSA
Clinical Practice Guideline. Am J Respir Crit Care Med 2019;200(10):e93-142.
World Health Organization. WHO consolidated guidelines on drug-resistant
tuberculosis treatment 2019. Available at: https://www.who.int/publications-
detail-redirect/9789241550529. Accessed April 23, 2024.

Denti P, Garcia-Prats AJ, Draper HR, Wiesner L, Winckler J, Thee S, et al.
Levofloxacin Population Pharmacokinetics in South African Children Treated for
Multidrug-Resistant Tuberculosis. Antimicrob Agents Chemother 2018;62(2).
White YN, Solans BP, Denti P, van der Laan LE, Schaaf HS, Vonasek B, et al.
Pharmacokinetics and Optimal Dosing of Levofloxacin in Children for Drug-
Resistant Tuberculosis: An Individual Patient Data Meta-Analysis. Clin Infect Dis
2024;78(3):756-64.

Cameron LH, Peloquin CA, Hiatt P, Mann M, Starke JR, Faircloth J, et al.
Administration and monitoring of clofazimine for NTM infections in children with
and without cystic fibrosis. J Cyst Fibros 2022;21(2):348-52.

Adler-Shohet FC, Singh J, Nieves D, Ashouri N, Tran MT, Flores MC, et al. Safety
and Tolerability of Clofazimine in a Cohort of Children With Odontogenic
Mycobacterium abscessus Infection. J Pediatric Infect Dis Soc 2020;9(4):483-5.
United States Food and Drug Administration. Drug prescribing information:
Clofazimine. 2019.

Garcia-Prats AJ, Starke JR, Waning B, Kaiser B, Seddon JA. New Drugs and
Regimens for Tuberculosis Disease Treatment in Children and Adolescents.

J Pediatric Infect Dis Soc 2022;11(Supplement 3):S101-9.

Stadler JAM, Maartens G, Meintjes G, Wasserman S. Clofazimine for the treatment
of tuberculosis. Front Pharmacol 2023;14:1100488.

United States Food and Drug Administration. Drug prescribing information:
Linezolid. 2014.

Espinosa-Pereiro J, Sanchez-Montalva A, Aznar ML, Espiau MMDR. Tuberculosis
Treatment Medicina (Kaunas) 2022;58(2).

Song T, Lee M, Jeon HS, Park Y, Dodd LE, Dartois V, et al. Linezolid Trough
Concentrations Correlate with Mitochondrial Toxicity-Related Adverse Events in
the Treatment of Chronic Extensively Drug-Resistant Tuberculosis. EBioMedicine
2015;2(11):1627-33.

Mase A, Lowenthal P, True L, Henry L, Barry P, Flood J. Low-Dose Linezolid for
Treatment of Patients With Multidrug-Resistant Tuberculosis. Open Forum. Infect
Dis 2022;9(12):0fac500.

Spellberg B, Yoo T, Bayer AS. Reversal of linezolid-associated cytopenias, but not
peripheral neuropathy, by administration of vitamin B6. J Antimicrob Chemother
2004;54(4):832-5.

Nyang'wa BT, Berry C, Kazounis E, Motta I, Parpieva N, Tigay Z, et al. A 24-Week,
All-Oral Regimen for Rifampin-Resistant Tuberculosis. N Engl J Med 2022;387
(25):2331-43.

Conradie F, Diacon AH, Ngubane N, Howell P, Everitt D, Crook AM, et al.
Treatment of Highly Drug-Resistant Pulmonary Tuberculosis. N Engl J Med 2020;
382(10):893-902.

Conradie F, Bagdasaryan TR, Borisov S, Howell P, Mikiashvili L, Ngubane N, et al.
Bedaquiline-Pretomanid-Linezolid Regimens for Drug-Resistant Tuberculosis.

N Engl J Med 2022;387(9):810-23.

Goodall RL, Meredith SK, Nunn AJ, Bayissa A, Bhatnagar AK, Bronson G, et al.
Evaluation of two short standardised regimens for the treatment of rifampicin-
resistant tuberculosis (STREAM stage 2): an open-label, multicentre, randomised,
non-inferiority trial. Lancet 2022;400(10366):1858-68.

Sentinel Project on Pediatric Multidrug-Resistant Tuberculosis. Management of
Drug-Resistant Tuberculosis in Children: A Field Guide, 5th Edition 2021.

Marks SM, Mase SR, Morris SB. Systematic Review, Meta-analysis, and Cost-
effectiveness of Treatment of Latent Tuberculosis to Reduce Progression to
Multidrug-Resistant Tuberculosis. Clin Infect Dis 2017;64(12):1670-7.

Hesseling Ac DT, PUrchase S, Schaaf H, Martinson N, Fairlie L, Staples S, Conradie
F, McGowan C, Gibb D, Seddon JA. Efficacy and safety of levofloxacin preventive
therapy in child and adolescent household contacts of multidrug-resistant TB: the
TB-CHAMP double-blind placebo-controlled, cluster randomised trial Union
Against Tuberculosis and Lung Disease; November 15, 2023; Paris, France2023.
Seddon JA, Garcia-Prats AJ, Purchase SE, Osman M, Demers AM, Hoddinott G,
et al. Levofloxacin versus placebo for the prevention of tuberculosis disease in child


http://refhub.elsevier.com/S2405-5794(24)00036-6/h0080
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0080
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0080
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0085
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0085
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0095
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0095
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0095
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0095
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0105
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0105
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0105
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0110
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0110
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0110
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0110
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0115
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0115
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0115
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0120
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0120
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0120
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0125
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0125
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0125
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0130
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0130
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0130
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0150
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0155
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0155
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0155
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0165
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0165
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0165
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0165
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0170
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0170
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0170
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0175
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0175
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0185
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0185
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0185
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0185
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0205
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0205
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0205
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0210
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0210
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0210
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0215
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0215
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0220
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0220
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0220
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0235
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0235
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0235
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0240
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0240
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0240
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0245
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0245
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0245
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0255
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0255
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0255
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0260
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0260
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0260
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0260
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0265
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0265
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0265
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0270
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0270
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0270
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0280
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0280
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0280
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0285
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0285
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0295
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0295
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0300
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0300
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0300
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0300
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0305
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0305
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0305
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0310
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0310
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0310
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0315
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0315
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0315
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0320
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0320
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0320
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0325
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0325
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0325
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0330
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0330
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0330
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0330
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0340
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0340
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0340
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0350
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0350

J.T. Gaensbauer et al.

[71]

[72]

contacts of multidrug-resistant tuberculosis: study protocol for a phase III cluster
randomised controlled trial (TB-CHAMP). Trials 2018;19(1):693.

Fox GJ. N, VN, Nguyen CB, Nguyen TA, Nguyen BH, Garden F, Benedette A, Behr
M, Graham SM, Marais BJ, Menzies D, Marks GB. . The effectiveness of levofloxacin
for the treatment of latent TB infection among household contacts of patients with
multidrug-resistant TB: the VQUIN MDR Trial. World Conference on Lung Health
2023 of the International Union Against Tuberculosis and Lung Disease; November
15, 2023; Paris, France2023.

World Health Organization. Tuberculosis preventive treatment: rapid
communication 2024. Available at: https://www.who.int/publications/i/item/
9789240089723. Accessed April 26, 2024.

10

[73]

[74]

[75]

Journal of Clinical Tuberculosis and Other Mycobacterial Diseases 36 (2024) 100449

World Health Organization. WHO consolidated guidelines on tuberculosis: module
1: prevention: tuberculosis preventive treatment 2022. Available at: https://www.
who.int/publications/i/item/9789240001503. Accessed April 26, 2024.
Churchyard G. Protecting Households On Exposure to Newly Diagnosed Index
Multidrug-Resistant Tuberculosis Patients (PHOENIx MDR-TB). clinicaltrialsgov
2023.

Huang CC, Becerra MC, Calderon R, Contreras C, Galea J, Grandjean L, et al.
Isoniazid Preventive Therapy in Contacts of Multidrug-Resistant Tuberculosis. Am
J Respir Crit Care Med 2020;202(8):1159-68.


http://refhub.elsevier.com/S2405-5794(24)00036-6/h0350
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0350
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0370
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0370
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0370
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0375
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0375
http://refhub.elsevier.com/S2405-5794(24)00036-6/h0375

	Multidrug-resistant tuberculosis in children: A practical update on epidemiology, diagnosis, treatment and prevention
	1 CASE 1: Chandigarh, India
	2 CASE 2: Rochester, Minnesota, U.S.
	3 Epidemiology of pediatric MDR-TB
	4 Diagnostic considerations for pediatric drug-resistant tuberculosis
	4.1 Pediatric tuberculosis: General diagnostic considerations
	4.2 Diagnostic considerations specific to MDR-TB in children: rapid/initial tests
	4.3 Diagnostic considerations specific to MDR-TB in children: higher complexity testing

	5 Therapeutics for pediatric MDR-TB
	5.1 Bedaquiline
	5.2 Nitroimidazoles (delamanid, pretomanid)
	5.3 Fluoroquinolones
	5.4 Clofazimine
	5.5 Linezolid
	5.6 Building a treatment regimen for pediatric MDR-TB
	5.7 Drug-resistant latent tuberculosis infection in children

	6 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	References


