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Background. Pediatric tuberculous meningitis (TBM) commonly causes death or disability. In adults, high-dose rifampicin may
reduce mortality. The role of fluoroquinolones remains unclear. There have been no antimicrobial treatment trials for pediatric TBM.

Methods. TBM-KIDS was a phase 2 open-label randomized trial among children with TBM in India and Malawi. Participants
received isoniazid and pyrazinamide plus: (i) high-dose rifampicin (30 mg/kg) and ethambutol (R, HZE, arm 1); (ii) high-dose ri-
fampicin and levofloxacin (R, HZL, arm 2); or (iii) standard-dose rifampicin and ethambutol (R, .]HZE, arm 3) for 8 weeks, followed
by 10 months of standard treatment. Functional and neurocognitive outcomes were measured longitudinally using Modified Rankin
Scale (MRS) and Mullen Scales of Early Learning (MSEL).

Results.  Of 2487 children prescreened, 79 were screened and 37 enrolled. Median age was 72 months; 49%, 43%, and 8% had
stage I, I1, and IIT disease, respectively. Grade 3 or higher adverse events occurred in 58%, 55%, and 36% of children in arms 1, 2, and
3, with 1 death (arm 1) and 6 early treatment discontinuations (4 in arm 1, 1 each in arms 2 and 3). By week 8, all children recovered
to MRS score of 0 or 1. Average MSEL scores were significantly better in arm 1 than arm 3 in fine motor, receptive language, and

expressive language domains (P < .01).
Conclusions.

In a pediatric TBM trial, functional outcomes were excellent overall. The trend toward higher frequency of adverse

events but better neurocognitive outcomes in children receiving high-dose rifampicin requires confirmation in a larger trial.
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Tuberculous meningitis (TBM) is a devastating illness, with high
risk of mortality or neurologic sequelae [1]. Young children are
at high risk for disseminated tuberculosis (TB) [2], including TBM
[3]. While neurologic injury may occur in patients of all ages—via
direct bacterial effects, vasculitis from host response, or blockage
of cerebrospinal circulation [4]—risk of developmental sequelae
is unique to children, as the disease and its treatment occur during
critical periods of neurocognitive development [5-8].

Received 20 December 2021; editorial decision 4 March 2022; published online 15 March 2022.
Correspondence: K. Dooley, Johns Hopkins University School of Medicine, 600 N Wolfe St,
Osler 527, Baltimare, MD 21287 (kdooley1@jh.edu).

Clinical Infectious Diseases® 2022;75(9):1594-601

© The Author(s) 2022. Published by Oxford University Press for the Infectious Diseases Society
of America. This is an Open Access article distributed under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs  licence  (https://creativecommons.org/licenses/
by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any
medium, provided the original work is not altered or transformed in any way, and that the
work is properly cited. For commercial re-use, please contact journals.permissions@oup.com
https://doi.org/10.1093/cid/ciac208

The current standard of care (SOC) for treatment of TBM ac-
cording to the World Health Organization (WHO) is the same as
for pulmonary TB: an intensive phase of 2 months of isoniazid,
rifampicin, pyrazinamide, and ethambutol, followed by a contin-
uation phase of isoniazid and rifampicin, with doses the same as
for pulmonary TB [9, 10]. The only difference is that treatment
for TBM is prolonged to 12 months, and in adults, the WHO sug-
gests that streptomycin replace ethambutol. Recommendations
do not account for differences in central nervous system (CNS)
penetration. While isoniazid and pyrazinamide easily access the
blood and cerebrospinal fluid (CSF) [11], rifampicin, etham-
butol, and streptomycin do not [12, 13]. Recent trials in adults
with TBM suggest that increasing the dose of rifampicin may
reduce mortality [14]. Fluoroquinolones have excellent CNS
penetration. Whether or not fluoroquinolones provide benefit
in TBM remains unclear [15].

Based on emerging evidence from adult TBM trials sug-
gesting that higher-dose rifampicin provided benefit and
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fluoroquinolones could potentially improve outcomes, we
(PK/PD)
models to select doses of rifampicin and levofloxacin for

developed pharmacokinetic/pharmacodynamic

children [16]. We designed the TuBerculous Meningitis in
Kids (TBM-KIDS) trial to test regimens employing those
doses. Additionally, since children have different outcomes
than adults, they require different tools to measure them.
We used the Modified Rankin Scale (MRS) to measure func-
tional status. We adapted the Mullen Scales of Early Learning
(MSEL) tool to assess neurocognitive status longitudinally
[17-19]. Here we report results from TBM-KIDS, the first
randomized clinical trial (RCT) of antimicrobials for children
with TBM.

METHODS

Study Design and Participants

TBM-KIDS (NCT02958709) is a phase 2, open-label RCT
among children with TBM. The trial was approved by local
ethics committees at each site, the Johns Hopkins University in-
stitutional review board, and national regulatory bodies in each
country. The trial was monitored by an independent data and
safety monitoring committee. Participants’ parent(s) provided
written informed consent, and children >7 years of age pro-
vided assent, when their neurologic status permitted.

Three sites participated in the study: B] Government
Medical College and Sassoon Hospital, Pune, India; Indian
Council of Medical Research-National Institute for Research
in Tuberculosis and Institute of Child Health and Hospital for
Children (Chennai, India); and University of North Carolina
Project Malawi and Kamuzu Central Hospital (Lilongwe,
Malawi). Sites were selected based on affiliations with hospitals
that could care for critically ill children and had demonstrated
experience with pediatric TB trials. Inclusion criteria were age
6 months to 12 years; weight >6 kg; and probable or definite
TBM by consensus research case definition (children with pos-
sible TBM committed to TBM treatment by their treating clin-
icians could also participate) [20]. Children were excluded for
>10 days of TB treatment prior to enrollment; exposure to or
personal history of rifampicin-resistant TB; death expected
within 24 hours; grade >2 creatinine, alanine aminotransferase,
or direct bilirubin; and human immunodeficiency virus with
planned use of protease inhibitors or nevirapine.

Randomization

Trial randomization was computer-generated centrally, with
1:1:1 allocation. Randomization was stratified by study site and
age group (<2 years, 2 to <5 years, 5-12 years).

Study Treatment and Procedures
Families of hospitalized children with symptoms of menin-
goencephalitis (eg, fever, confusion, neurologic abnormality)

and/or plans to undergo lumbar puncture (LP) were ap-
proached. Clinical data were collected via medical record re-
view and parental interview. At screening, head computed
tomography or magnetic resonance imaging, CSF laboratory
tests (cell count, glucose, protein; Gene Xpert; mycobacterial
culture), and safety laboratory tests (complete blood count,
comprehensive metabolic panel) were performed. Possible,
probable, definite, or no TBM status was assigned based on
Consensus Research Definition (Supplementary Table 1) [20].
Children underwent staging of disease severity by Medical
Research Council scale [21], assessment of neurologic func-
tion by MRS [22], and neurocognitive assessment by MSEL at
entry [17, 23].

Participants were randomized to treatment arm and received
study treatment for 8 weeks via directly observed therapy. All pa-
tients received isoniazid (H) and pyrazinamide (Z) at standard
doses. In arm 1, participants additionally received high-dose
rifampicin and ethambutol (HR30ZE); in arm 2, participants re-
ceived high-dose rifampicin and levofloxacin (HR,,ZL); in arm
3, participants received SOC per WHO guidelines (HR ,ZE)
(Supplementary Table 2). Children were then transitioned to
study-provided isoniazid and rifampicin at standard doses to
complete 12 months of therapy.

Children underwent regular clinical assessments and safety
evaluations (Supplementary Table 3). MRS was repeated at
weeks 8, 24, and 52. MSEL was done at weeks 8 and study com-
pletion (week 52 or 72). On-treatment LPs were performed at
weeks 1 and 6 (£2), to coincide with intensive plasma PK sam-
pling. Protocol-defined criteria for early treatment discontin-
uation included treatment with disallowed medications, drug
toxicity that met permanent drug discontinuation criteria, sus-
tained nonadherence, or diagnosis of drug-resistant TB. Early
in the study, participants were followed for 72 weeks; later, fol-
low-up ended at 52 weeks in the context of study completion
timelines.

Outcomes

The primary clinical outcome measure was MRS (scale of
0 [no symptoms] to 6 [death], (Supplementary Table 4)
[22]. We employed the Gross Motor Function Classification
System—Expanded and Revised to more objectively assign an
MRS value [24]. The primary safety outcome was grade 3 or
higher adverse events (Division of AIDS Grading Table, ver-
sion 2.1, March 2017). MSEL score, a secondary endpoint,
was adapted for local use, as previously described [17], and
available in Hindi, Marathi, Tamil, or Chichewa. Overall score
and subscale scores were recorded. TB treatment outcome was
recorded.

Statistical Considerations
Statistical analyses were performed using Stata version 17.0
(StataCorp, College Station, Texas). For safety, adverse events
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were summarized using frequencies and percentages and com-
pared using a Fisher exact test at 5% level of significance. For
MRS, using study site and children as random effects, change
in MRS over time across treatment arms was estimated using
a multilevel ordered logistic regression model adjusted for age,
sex, and baseline MRS. For MSEL, T-scores were calculated for
each domain and summarized using median and interquar-
tile range (IQR). Adjusted differences in T-scores by treatment
arm were estimated using a multilevel mixed-effects model
with random effects for study site and baseline MRS score. The
sample size target was 100 children to achieve >80% power to
detect a 30% difference in treatment efficacy using a longitudi-
nally measured graded outcome of functional status, measured
by MRS. Based on previous studies in pediatric TBM, we pos-
ited a distribution of outcomes in the SOC arm of 35% death
or severe impairment, 30% moderate disability, 15% mild disa-
bility, and 20% full recovery.

RESULTS

Demographics

Between March 2017 and November 2019, 2487 children were
prescreened, 79 were screened, and 37 were enrolled. The
target sample size could not be reached owing to slower-than-
expected enrollment. Reasons for low enrollment have been de-
scribed in detail previously [25] (Figure 1). Children presenting
with neurologic complaints, fever, or other indication for LP
were numerous, with a broad range of diagnoses and reasons
for prescreening failure (Figure 1) [26]. The most common
cause for screening failure was TBM diagnostic score <12.
Median age was 72 (IQR, 22-98) months, and 49%, 43%, and
8% had stage I, II, and III disease, respectively (Table 1). The
majority (57%) had definite TBM. Common symptoms in-
cluded reduced playfulness (84%), lethargy (68%), fever (57%),
irritability (49%), neck stiffness (46%), and altered conscious-
ness (38%) (Supplementary Table 6).

Efficacy Outcomes

At entry, median (range) MRS scores were 4 (1-5), 1 (1-4),
and 2 (1-5) in arms 1-3, respectively. Rapid improvement
was seen by week 8 in all arms with almost all children re-
covering to a score of 0 or 1 (little to no disability) by week
24 (Figure 2). Compared to SOC, after adjusting for age, sex,
and baseline MRS, the adjusted ratio of the odds of having
a higher rather than lower MRS over the study period was
3.31 (95% confidence interval [CI], .17-63.8; P = .43, arm
1 vs arm 3) and 1.52 (95% CI, .06-36.9; P = .80, arm 2 vs
arm 3). Because functional outcomes were excellent across
the board, planned primary PK/PD analyses linking PK to
MRS could not be performed. In neurocognitive assessments,
compared to SOC, children receiving high-dose rifampicin
(arm 1) had statistically significantly better longitudinal fine

motor, receptive language, and expressive language scores,
after adjusting for age and baseline MRS (Table 2). There was
a trend toward better neurocognitive outcomes in arm 2 com-
pared to arm 3, but these were modest and only statistically
significant for gross motor function. One child with prob-
able TBM (CSF Gene Xpert and culture negative; grandfather
with drug-sensitive TB) in arm 1 who initially responded
well to treatment developed a spinal abscess at month 8 with
Mycobacterium tuberculosis discovered to be resistant to ri-
fampicin and isoniazid [27]. There were no other treatment
failures or relapses.

Safety and Tolerability Results

Grade 3 or higher adverse events were common, occurring in
49% of participants: 7 of 12 (58%) in arm 1, 6 of 11 (55%) in
arm 2, and 5 of 14 (36%) in arm 3 (P =.50) (Supplementary
Table 7). There were 6 early treatment discontinuations, 4 in
arm 1 (3 for toxicity), 1 in arm 2 (for toxicity), and 1 in arm
3 (disallowed medicine). Of the 4 early treatment discontinu-
ations for toxicity, only 2 occurred during experimental therapy,
while the other 2 occurred during standard continuation phase
treatment. There was 1 death, in arm 1, in the setting of crit-
ical illness characterized by worsening mental status, end organ
damage (including liver injury), and worsening CSF param-
eters. All other children completed the study.

DISCUSSION

We report here outcomes from the first RCT of antimicrobials
for the treatment of pediatric TBM. Unexpectedly, almost all
children who participated in the trial did well from a functional
standpoint, with most children having no detectable physical
disabilities by the end of 8 weeks of study treatment or upon
longer-term follow-up, many having started their treatment
with earlier-stage disease. Given the excellent functional out-
comes across study arms and limited sample size, we were un-
able to detect differences in functional outcome by treatment
assignment, perhaps in part because the MRS scale is unlikely
to detect more subtle effects on functional status. While adverse
events were common, as would be expected in a cohort of ill,
hospitalized children receiving multidrug therapy for TBM,
most did not result in early treatment discontinuation, and
those that did were equally likely to occur during the intensive
phase of TBM (when experimental treatment was offered) as
during the continuation phase (when SOC was provided to all
children). Importantly, children receiving higher-dose rifam-
picin had statistically better neurocognitive outcomes in fine
motor, receptive language, and expressive language domains
than children receiving SOC dosing, a finding that requires
confirmation in a larger trial. These data are consistent with
cohort studies reporting favorable outcomes among children
given regimens that are high-dose rifampicin based.
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Children with Suspected
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(n=5348)
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. Age < 6 months or > 12 years (n=600)
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. Known seizure disorders (n= 547)
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Children with Suspected
Meningitis Pre-Screened
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!

Children with Suspected
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Children with TBM Enrolled
(n=137)

. Febrile seizures (n= 457)
. Systemic comorbidities (n= 70)

. Death prior to pre-screening (n= 17)

Ineligible for screening (n= 2408)
. Meningitis ruled out (n= 1133)

. Meningitis/encephalitis/encephalopathy/brai
n abscess/malignancy, but TBM ruled out
(n=434)

. Neurological comorbidities (n= 517)
(Developmental delay, cerebral palsy,
tumors)

. Moribund condition (n= 196)

. HIV positive on disallowed ART regimen (n=
26)

. Need for CT scan prior to LP but CT scan
equipment malfunctioned (n= 14)

. Death prior to TBM confirmation (n=7)

. Death after TBM diagnosis (n=6)

Screening failures (n=42)

. TBM diagnostic score less than 12 (n= 14)

. Deteriorating clinical condition or death (n=
7)

. Alternative diagnosis (n= 11)

. Exposed to 2nd line ATT more than 7 days
(n=1)

. Absconded from the ward (n= 2)

. Discharged against medical advice (n= 1)

. HIV positive and receiving or commencing

Figure 1. Consolidated Standards of Reporting Trials (CONSORT) diagram. Abbreviations: ART, antiretroviral therapy; ATT, antitubercular treatment; CT, computed tomog-

raphy; HIV, human immunodeficiency virus; LP, lumbar puncture; TB, tuberculosis.

Despite having better functional outcomes than expected
in TBM-KIDS and not meeting the target sample size, we
were able to detect a treatment effect on neurocognitive out-
comes. Given the small sample size, this finding will need to
be replicated in larger trials to ensure it is a true finding. In
addition to neurologic sequelae, children with brain injury
due to TBM or other causes often suffer “invisible disabil-
ities” related to effects of the disease or its treatment on the
developing brain. In the case of CNS TB, there is an additional
feature—M. tuberculosis replicates in microglia, cells that both
participate in the immune response to the pathogen and also
play a critical role in neurodevelopment [5]. Higher-dose

rifampicin, delivered early in treatment, appeared to improve
the neurocognitive outcomes in children with TBM, in fine
motor, receptive language, and expressive language domains.
Our study highlights the importance of studying treatments
in special populations rather than extrapolating from adult
trials when outcomes are expected to be different. Our trial
and observational studies point to the need for neurocognitive
testing among children with TBM and provision of compre-
hensive rehabilitation focused not just on physical therapy but
also on speech and language therapy plus other tailored serv-
ices [8, 28]. Testers described children as being inattentive and
behaviorally dysregulated. Parents may benefit from training
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Table 1. Demographic and Clinical Information About Enrolled Participants, by Arm

Overall Arm 1: R, HZE Arm 2: R, HZL Arm 3: R ;HZE

Baseline Characteristic (N=37) (n=12 (n=1 (n=14)
Age, y, median (IQR) 72 (22-98) 56 (16-100) 57 (29-125) 72 (22-91)
Female sex 14 (38) 4 (33) 5 (45) 5 (36)
Weight, kg, median (IQR) 11 (6.9-21.0) 18.1 (10.4-22.0) 11.0 (1.0-21.0) 8.7 (6.9-20.0)
Head CT

Normal 7 (19) 3 (25) 1(9) 3(21)

Abnormal 26 (70) 7 (58) 10 (91) 9 (64)

Not done 4(11) 2(17) 0 2 (14)
CSF laboratory tests, median (IQR)

WABC count, cells/uL 59 (7-140) 99 (6-360) 35 (0-68) 70 (20-140)

Lymphocytes, % 85 (25-98) 90 (65-97) 57 (40-90) 75 (25-98)

Glucose, mg/dL 45 (25-68) 45 (19-68) 38 (25-70) 49 (25-68)

Total protein, g/dL 109 (48-211) 131 (62-311) 90 (50-152) 105 (38-141)
TBM classification®

Definite 21 (57) 9(75) 5 (46) 7 (50)

Probable 10 (27) 3(25) 3(27) 4 (29)

Possible 6 (16) 0 3(27) 3(21)
Baseline Modified Rankin Scale score, median (range) 3 (1-4) 4 (1-5) 1(1-4) 2 (1-5)
Stage

| 18 (49) 3(25) 8(73) 7 (50)

1A 10 (27) 5 (42) 2(18) 3(21)

1B 6 (16) 2(17) 1(9) 3(21)

1 3(8) 2(17) 0 1(7)

Data are presented as No. (%) unless otherwise indicated.

Abbreviations: CSF, cerebrospinal fluid; IQR, interquartile range; R,;HZE, standard-dose rifampicin (15 mg/kg/day), isoniazid, pyrazinamide, ethambutol; ; R, HZE, high-dose rifampicin (30 mg/
kg/day), isoniazid, pyrazinamide, ethambutol; R, HZL, high-dose rifampicin (30 mg/kg/day), isoniazid, pyrazinamide, levofloxacin; TBM, tuberculous meningitis; WBC, white blood count.

#As per the consensus TBM research definitions by Marais et al [20].
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Figure 2. Modified Rankin Score, over time, with treatment, by arm. Abbreviations: R, HZE, standard-dose rifampicin (15 mg/kg/day), isoniazid, pyrazinamide, ethambutol;
R,,HZE, high-dose rifampicin (30 mg/kg/day), isoniazid, pyrazinamide, ethambutol; R, HZL, high-dose rifampicin (30 mg/kg/day), isoniazid, pyrazinamide, levofloxacin.
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Table 2. Neurocognitive Outcomes, Comparing the 3 Arms, Assessed Longitudinally Over the Course of Study Participation

Univariable Analysis Multivariable Analysis®

Outcome Variable Study Arm Estimated Difference (95% ClI) PValue Estimated Difference (95% CI) P-Value
Visual reception R, HZE Ref Ref

R,,HZE 1.96 (-5.65 t0 9.57) .61 3.56 (-2.72 t0 9.83) 27

R,,HZL 0.45 (713 to 8.03) 91 —2.83 (-9.77 to 4.10) 42
Fine motor R,;HZE Ref Ref

R,,HZE 10.7 (3.19-18.28) .005 12.0 (5.46-18.5) <.01

R,,HZL 5.20 (-2.39t0 12.8) 18 2.40 (-4.82 10 9.62) .52
Receptive language R HZE Ref Ref

R,,HZE 11.78 (3.61-20.0) .005 12.2 (5.87-18.5) <.01

R,HZL 4.80 (-3.36 to 13.0) .25 1.30 (-5.68 to 8.28) 72
Expressive language R HZE Ref .03 Ref

R,,HZE 13.2 (1.4-24.9) 22 14.9 (4.45-25.28) .01

R,,HZL 72 (-4.4t018.8) 2.64 (-8.4510 13.7) .64
Gross motor R,;HZE Ref 24 Ref

R,,HZE 5.02 (-3.37 t0 13.41) 4.15 (-1.20 to 9.50) A3

R, HZL 16.02 (7.37-25.54) <.001 7.20 (-.31 to 14.71) .06

Abbreviations: Cl, confidence interval; R HZE, standard-dose rifampicin (156 mg/kg/day), isoniazid, pyrazinamide, ethambutol; R, HZE, high-dose rifampicin (30 mg/kg/day), isoniazid,
pyrazinamide, ethambutol; R, HZL, high-dose rifampicin (30 mg/kg/day), isoniazid, pyrazinamide, levofloxacin.

?Adjusted for age, sex, and baseline Modified Rankin Scale.

in management of challenging behaviors, and educational
supports may be needed.

It is common for outcomes in TB treatment trials to be
better than in general practice, including in SOC control arms
[29-31]. This is related, in part, to trial conditions—patients
in trials are monitored closely via frequent visits and provided
enhanced adherence support. Equally importantly, but less
frequently chronicled, individuals who are qualified for and
choose to enroll in a trial are often different from those who
do not or cannot. The same appears to be true for pediatric
TBM. Meta-analyses and scoping reviews conclude that among
children with TBM, about 20% die, while more than half who
survive have significant disabilities [32, 33]. In TBM-KIDS,
outcomes were excellent, with rates of mortality and functional
disability very low, across treatment arms. To participate in a
TBM trial, a child must survive long enough to undergo diag-
nostic testing and treatment initiation, have parents who live
in the trial site catchment area and agree for their critically ill
child to participate, speak a language provided on a consent
form, and meet laboratory inclusion criteria [26]. Children
cannot have been on treatment for more than a few days be-
fore joining a therapeutic trial, so children doing poorly on
treatment initiated at outside centers cannot join. Additionally,
children may be identified to have TBM earlier at a trial site
and therefore treated earlier. Thus, even in areas where TB rates
are high, enrollment into a pediatric TBM trial is challenging,
and participants do not mirror the general population of chil-
dren with TBM.

In adults with TBM, high-dose rifampicin appears to reduce
mortality [14], though this finding is not universal [34], and
benefit is likely to be dose-dependent. There are several phase

3 trials of 35 mg/kg underway in adults, which will provide a
definitive answer to this question [35]. From a clinical pharma-
cology standpoint, it is logical to choose drugs and doses that
achieve therapeutic concentrations at the site of disease, and ri-
fampicin displays poor penetration into the brain and CSF [12,
36, 37]. A cohort study in Vietnam that recruited children with
later-stage disease demonstrated that rifampicin concentrations
were higher in those children who recovered well than in those
with neurologic sequelae [36]. Together, these results, those
from cohort studies in South Africa in which high-dose rifam-
picin is used routinely, and results from our trial suggest that
children with TBM should receive higher doses of rifampicin.
We were unable to detect a benefit of using a fluoroquinolone
rather than ethambutol, perhaps because of small sample size,
but this lack of benefit is consistent with adult trials 34, 38]. Tt is
unclear whether or not use of fluoroquinolones negated, in part,
the benefit from high-dose rifampicin [39], as the high-dose ri-
fampicin treatment effect was reduced and not statistically sig-
nificant in the arm that included a fluoroquinolone. Whether
or not higher doses of isoniazid or use of drugs with better
CNS penetration like ethionamide, linezolid, or delamanid will
improve outcomes in adults or children with TBM remains to
be proven. WHO guidelines were recently updated to include
a 6-month regimen of higher-dose rifampicin (22-30 mg/kg)
and isoniazid plus pyrazinamide and ethionamide, otherwise
known as the “Cape Town regimen,” as an alternative for chil-
dren with TBM [40].

Our trial has several limitations. First, we did not achieve
the target sample size [26, 41]. With coronavirus disease 2019
and given the slow enrollment pace, enrollment was closed in
March of 2020 at the request of the funder so children could
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complete study visits prior to the funding end date of 2021.
Prior to our trial, only about 500 children had ever been en-
rolled in RCTs for pediatric TBM, including assessments of
anti-inflammatory medications and surgical interventions. To
evaluate regimens for TBM more fully and efficiently, infor-
mative translational work plus a large network of sites will be
needed, given that TBM in children is rare and there is signifi-
cant variability in disease presentation and response to therapy.
Second, we could not compare safety across arms conclusively
given the small sample size. The safety profile of high-dose ri-
fampicin in adults and children with pulmonary TB and TBM
in other studies appears to be generally favorable [42, 43].
Fluoroquinolones may be less safe in TBM, with 1 meta-analysis
suggesting higher risk of vision loss or seizures [15]. More data
in children with TBM are needed. Third, the dose of rifampicin
that we tested may have been too low. While it was based on
pre-trial modeling work [16], even higher doses may be more
efficacious [14]. Fourth, assessing neurocognitive outcomes
across a broad range of ages (0-12 years) and different culture
settings using a single, consistently applied tool is challenging
[8,17, 26, 41]. While MSEL was culturally adapted to trial set-
tings, with systematic and longitudinal training of all testers in
TBM-KIDS, other tools are needed to facilitate studies such as
ours. Last, this study was open-label, which may have intro-
duced bias. However, a placebo-controlled blinded trial was
not feasible, as pill burdens were high and there were a large
number of weight bands, to allow precision dosing across chil-
dren of all different ages. Neurocognitive testers were masked
to treatment arm.

CONCLUSIONS

In this first-ever trial of antimicrobials specifically for pedi-
atric TBM, functional outcomes were favorable, across arms.
Neurocognitive outcomes were statistically better in children
who received high-dose rifampicin compared to those who did
not, but this finding requires replication in larger trials. There
was no discernable benefit of levofloxacin, though small sample
size precluded a thorough assessment of the potential risks and
benefits of levofloxacin substitution for ethambutol.

Supplementary Data

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