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Summary

Multidrug-resistant (MDR) tuberculosis (TB), defined as TB disease or infection caused
by Mycobacterium tuberculosis with resistance to at least both isoniazid and rifampicin,
threatens global TB control, with an estimated 490,000 incident cases of MDR-TB
globally in 2016. The burden of paediatric MDR-TB has been poorly characterized to
date. However, recent modeling studies estimate that there are approximately 26,000-

32,000 incident MDR-TB cases in children (< 15 years of age) worldwide each year.

Traditionally, treatment regimens for adults and children were constructed using a
minimum of four second-line antituberculosis drugs likely to be effective, including a
second-line injectable medication, for up to 6 months, and a total duration of treatment
of up to 18-24 months. In 2016, the World Health Organization (WHO) recommended a
shortened (9-12 month) treatment regimen, which still includes an injectable drug for
four months. In addition, the development and increasing use of the novel TB drugs
bedaquiline and delamanid, are radically altering the MDR-TB treatment landscape,

although children have lagged behind in accessing these important developments.

Treatment outcomes for adults with MDR-TB have been persistently poor, with 54%
successfully treated in 2014 both overall globally, and in South Africa. In contrast,
treatment outcomes among children with MDR-TB are generally good, with 78-90%
successfully treated under routine clinical conditions. However, current paediatric
MDR-TB treatment regimens have important limitations. These current regimens
remain long (9-18 months or more), which is costly and burdensome. There are also
frequent adverse effects, including from the second-line injectable medications
(amikacin, kanamycin, capreomycin) that cause permanent sensorineural hearing loss
in up to 24% of children treated long-term. Additionally, the injectables are mainly
given by painful daily intramuscular injections, resulting in trauma and distress for
patients, their caregivers and healthcare providers. Therefore, it is an urgent priority to
develop more optimal treatment regimens for children with MDR-TB that retain their
efficacy but are shorter, more child-friendly, are better tolerated, safer and which do not

require the use of an injectable medication.

The purpose of this doctoral research was to address critical knowledge gaps in
paediatric MDR-TB treatment, with the aim of informing more effective, safer, and more

child-friendly MDR-TB treatment strategies in children. I identified critical knowledge
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gaps related to the pharmacokinetics, including the effects of formulation, optimal
dosing, safety, and tolerability of key second-line and novel antituberculosis drugs in
children, and completed complementary studies on ofloxacin, levofloxacin, linezolid,

amikacin and bedaquiline designed to address these knowledge gaps.

In an observational study of the pharmacokinetics and safety of ofloxacin in children
routinely treated for MDR-TB disease or exposure, exposures after a daily 20mg/kg
ofloxacin dose were well below target exposures from adults receiving the routine 800
mg dose. Ofloxacin was safe and well tolerated, with few musculoskeletal complaints or
serious adverse events. This data adds to the evidence of the safety of fluoroquinolones
in children even with long-term use, and identifies the need to revise ofloxacin

paediatric doses.

Subsequently, in this large observational study, the population pharmacokinetics of
levofloxacin among children with MDR-TB disease or exposure was characterized using
non-linear mixed effects modeling. One hundred and nine children treated with the
routinely available adult 250 mg tablet formulation of levofloxacin at daily doses of 15
mg/kg or 20 mg/kg were included. Levofloxacin’s apparent oral clearance (CL/F) was
higher than expected based on previously published data, possibly due to the
formulation studied. Simulations using the final model targeting exposures in adults
with TB receiving 750 mg of levofloxacin identified weight-banded doses that were
much higher than previously in use (18 mg/kg to nearly 40 mg/kg daily). It was
concluded that levofloxacin dosing in children should be reassessed, formulation effects
explored further, and that safety should be carefully evaluated if higher levofloxacin

doses are used.

Building on this data, I completed an evaluation of the safety of long-term levofloxacin
in children treated for MDR-TB. Among 70 children, median age 2.1 years, treated for a
median of 11.6 months, levofloxacin was generally safe and was well tolerated. There
were no Grade 4 or serious adverse events, and few musculoskeletal events. There was
no QT-interval prolongation and no association of QT interval with levofloxacin
concentration. This study supported the safety of long-term fluoroquinolone treatment
in children, and provided novel data on the QT prolonging effect of levofloxacin, which
is needed, as increasingly levofloxacin is being combined with other QT prolonging

medications.
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The effects of drug formulation in pharmacokinetic studies are critically important. In a
lead-in pharmacokinetics study to the TB-CHAMP trial (phase 3 cluster randomized trial
comparing levofloxacin vs. placebo for prevention of TB in child contacts of MDR-TB
cases), 24 children had pharmacokinetic sampling with a novel dispersible tablet
formulation of levofloxacin. The levofloxacin exposures were much higher with this
novel formulation compared to those seen in the previously reported study using the
adult 250 mg levofloxacin tablet. Combining these two data sets using non-linear mixed
effects modeling identified that reduced bioavailability of the adult 250 mg tablet
formulation compared to the dispersible levofloxacin tablet was the explanation for the
substantial differences in exposures. This study highlighted the importance of
formulation considerations to paediatric pharmacokinetic studies and provided
practical weight-banded dosing guidelines for use of this formulation now becoming

available in the field.

Linezolid is a key drug with an increasingly important role in the treatment of MDR-TB
strains with additional resistance and in central nervous system TB disease. I
performed a structured review of the literature on linezolid to inform its use in children
for MDR-TB treatment and identify knowledge gaps for future research. Few children
treated with linezolid for MDR-TB were described in the literature. As in adults,
linezolid appeared to be effective but was associated with frequent adverse events.
There was no data on linezolid pharmacokinetics in children with TB. Practical interim
guidance was provided for linezolid use in children. Priority research needs identified
included studying linezolid pharmacokinetics in children with TB, characterization of its
safety with long-term use, and its optimal dose for TB in MDR-TB regimens going

forward.

Following on this review, an analysis of linezolid pharmacokinetics and safety from
children with MDR-TB was performed with data from 48 children combined from two
observational studies using non-linear mixed effects modeling. Seventeen children
received long-term linezolid and were monitored longitudinally for safety; 31 children
only contributed cross-sectional pharmacokinetic data after a single-dose of linezolid.
After accounting for the effects of weight with allometric scaling, no other covariates
significantly contributed to the model. Exposures were higher than expected, based on

previously reported data. Ten of 17 participants had a linezolid related adverse event,

Vi
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including five Grade 3 or 4 events; anaemia was the most common event. This first data
on linezolid pharmacokinetics in children demonstrated higher than expected
exposures and frequent, serious linezolid-related adverse events, and will inform the
use and future dosing recommendations of this increasingly important antituberculosis

medication in children.

While drug substitutions for injectable drugs are not yet available for many children,
improving the tolerability of the continued use of second-line injectable medications is
an important question to address in children. A randomized two-period crossover
study was designed to characterize the effect of co-administration of lidocaine on the
pain and pharmacokinetics of intramuscular amikacin. Children each received a dose of
amikacin with and without additional lidocaine on separate days, and were randomized
to the sequence of treatments; pain assessments and pharmacokinetic sampling were
performed on each day. Twelve children were enrolled and completed the study. The
addition of lidocaine reduced pain immediately after the injection, was safe, and did not
affect the pharmacokinetics of amikacin in children, and should be considered as a

routine policy in patients with MDR-TB receiving an injectable agent.

The novel drug bedaquiline is increasingly used globally and in South Africa for adults
with MDR-TB, and ongoing paediatric trials will characterize the pharmacokinetics,
safety and optimal dose in children. The paediatric formulation, which is being
evaluated in at least one of the ongoing paediatric trials, may not be available for
routine care for some time. In order to inform the rational use of the adult bedaquiline
formulation in young children, a randomized two-period crossover study in healthy
adult volunteers was designed. Adult bedaquiline tablets administered suspended in
water were bioequivalent to adult tablets swallowed whole. The suspended tablets
were also found to be acceptable and palatable to the majority of participants, an
important finding considering that crushing or suspending some tablets, such as the
fluoroquinolones, reduces their palatability and acceptability substantially. This data

will accelerate access to bedaquiline for young children in research and routine care.

In conclusion, this doctoral research has addressed a number of important key
knowledge gaps related to more optimal paediatric MDR-TB treatment. This research

has raised a number of follow-up questions that have informed subsequent studies that

Vii
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will continue to advance the field towards a goal of effective, safe, shorter MDR-TB

treatment for all children.
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Opsomming

Multimiddel-weerstandige (MMW) tuberkulose (TB), wat gedefinieér word as as TB
siekte of infeksie wat veroorsaak word deur Mycobacterium tuberculosis met
weerstandigheid teen ten minste isoniasied en rifampisien, bedreig wéreldwye TB
beheer, met ‘n geskatte 490,000 nuwe gevalle van MMW-TB wéreldwyd in 2016. Die
lading van pediatriese MMW-TB is tot op hede swak omskryf. Onlangse
modeleringstudies beraam egter dat daar elke jaar ongeveer 26,000-32,000 nuwe

MMW-TB gevalle in kinders (<15 jaar oud) wéreldwyd voorkom.

Tradisioneel was die behandelingsregimens vir volwassenes en kinders saamgestel
deur ‘n minimum van vier waarskynlik effektiewe tweede-linie antituberkulosemiddels
te gebruik, insluitend ‘n tweede-linie inspuitbare middel vir tot 6 maande en totale
behandelingsduur van tot 18-24 maande. In 2016 het die Wéreldgesondheids-
organisasie (WGO) ‘n verkorte (9-12 maande) behandelingsregimen, wat steeds ‘n
inspuitbare middel vir 4 maande ingesluit het, aanbeveel. Hierby het die ontwikkeling
en toenemende gebruik van die nuwe TB middels, bedakwilien en delamanid, gelei tot
radikale veranderinge in die MMW-TB omgewing, alhoewel kinders in die toegang tot

hierdie belangrike ontwikkelinge agtergebly het.

Die uitkomste van behandeling van MMW-TB in volwassenes was aanhoudend swak
met 54% suksesvolle behandeling in 2014 beide algeheel globaal, sowel as in Suid-
Afrika. In teenstelling hiermee is die uitkomste van behandeling in kinders met MMW-
TB oor die algemeen goed, met 78-90% suksesvolle behandeling onder roetine kliniese
sorg. Huidige pediatriese MMW-TB behandeling het egter belangrike beperkings. Die
huidige behandeling bly egter van lange duur (9-18 maande of langer) wat dit duur en
moeilik maak. Daar is ook dikwels nadelige gevolge, soos byvoorbeeld permanente
sensorineurale gehoorsverlies in tot 24% van kinders wat langtermyn behandeling
ontvang en wat deur die tweede-linie inspuitbare middels (amikasien, kanamisien,
kapreomisien) veroorsaak word. Daarby word die inspuitbare middels hoofsaaklik per
pynlike binnespierse inspuiting toegedien wat trauma en angstigheid in die pasiént, die
versorger en die gesondheidsverskaffers veroorsaak. Daarom is dit ‘n belangrike
prioriteit om meer optimale behandelingsregimens vir kinders met MMW-TB te
ontwikkel wat hulle effektiwiteit behou, van korter duur en meer kindervriendelik is,

wat beter verduur word, veiliger is en wat nie enige inspuitbare middels bevat nie.
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Die oogmerk van hierdie doktorale navorsing was om kritieke kennisleemtes in die
behandeling van pediatriese MMW-TB aan te spreek, met die doel om meer effektiewe,
veiliger en meer kindervriendelike MMW-TB behandelingstrategieé in kinders toe te lig.
Ek het kritieke kennisleemtes verwant aan die farmakokinetika, insluitend die effek van
formulerings, optimale dosering, veiligheid en verdraagsaamheid van sleutel tweede-
linie en nuwe antituberkulose middels in kinders geidentifiseer en het komplimentére
studies oor ofloksasien, levofloksasien, linezolied, amikasien en bedakwilien ontwerp

om hierdie kennisleemtes aan te spreek.

In ‘n waarnemingstudie oor die farmakokinetika en veiligheid van ofloksasien in
kinders wat normaalweg vir MMW-TB siekte of blootstelling behandel is, was die
blootstellingsvlakke na ‘n daaglikse dosis van 20 mg/kg ofloksasien duidelik laer as die
teikenblootstellingsvlakke wat bereik word deur volwassenes wat ‘n roetine dosis van
800 mg ontvang. Ofloksasien was veilig en is goed verduur met min muskuloskeletale
klagtes of ernstige nadelige gevolge. Hierdie inligting dra by tot die bewyse dat die
fluorokwinolone veilig is in kinders selfs met langtermyn gebruik en toon die behoefte

aan om die pediatriese dosisse van ofloksasien te hersien.

Hierna, in hierdie groot waarnemingstudie, is die populasiefarmakokinetika van
levofloksasien in kinders met MMW-TB siekte of blootstelling bepaal deur die nie-
lineére gemengde-effekte modeleringstegniek te gebruik. Eenhonderd-en-nege kinders
wat met die normaalweg beskikbare volwasse-formulering 250mg levofloksasien
tablette behandel is met ‘n daaglikse dosis van 15 mg/kg of 20 mg/kg, is ingesluit.
Levofloksasien se oénskynlike mondelingse opruiming (CL/F) van levofloksasien was
hoér as wat verwag was volgens vorige gepubliseerde inligting, moontlik as gevolg van
die formulering wat bestudeer is. Simulasies wat die finale model gebruik het wat
blootstellingsvlakke in volwassenes wat 750 mg levofloksasien ontvang, geteiken het,
het gewigsgebaseerde dosisse geidentifiseer wat baie hoér is as wat voorheen gebruik is
(18 mg/kg tot byna 40 mg/kg daagliks). Daar is tot die slotsom gekom dat
levofloksasiendoserings in kinders hersien moet word, formuleringseffekte verder
ondersoek moet word en dat, as hoér doserings van levofloksasien gebruik sou word,

veiligheid versigtig nagegaan moet word.

Op grond van hierdie inligting het ek die veiligheid van die langtermyngebruik van

levofloksasien in kinders met MMW-TB bestudeer en voltooi. In 70 kinders, mediane
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ouderdom 2.1 jaar, wat behandel is vir ‘n mediane duur van 11.6 maande, was
levofloksasien oor die algemeen veilig en is dit goed verduur. Geen Graad 4 of ernstige
nadelige effekte het voorgekom nie en net enkele muskuloskeletale effekte het
voorgekom. Geen verlenging van QT-interval het voorgekom nie en daar was geen
verband waargeneem tussen levofloksasienkonsentrasies en QT-intervalle nie. Hierdie
studie het die veiligheid van die langtermyn-gebruik van fluorokwinoloon-behandeling
in kinders ondersteun en het nuwe inligting oor die QT-verlengingseffek van
levofloksasien verskaf wat baie nodig is, want levofloksasien word toenemend tesame

met ander QT-verlengende middels aangewend.

Die effekte van middelformulerings in farmakokinetikastudies is van kritiese belang.
Tydens ‘n inleidende farmakokinetikastudie vir die TB-CHAMP studie (fase-3 cluster
ewekansige studie wat levofloksasien met plasebo vergelyk vir die voorkoming van TB
in kinderkontakte van MMW-TB gevalle) het 24 kinders farmakokinetiese
monsterneming gehad tydens die gebruik van ‘n nuwe oplosbare tablet van
levofloksasien. Die levofloksasien blootstellingsvlakke was baie hoér met hierdie nuwe
formulering in vergelyking met dié wat in die vorige studie met die gebruik van die 250
mg volwasse tablette gevind is. Deur hierdie twee inligtingstelle te kombineer deur
gebruik te maak van die nie-lineére gemengde-effekte modeleringstegniek, het dit
geblyk dat die verminderde biobeskikbaarheid tussen die volwasse 250 mg tablette en
die oplosbare levofloksasien tablette die rede is vir die aansienlike verskil in
blootstellingsvlakke. Hierdie studie het die belangrikheid van middelformulerings
oorwegings in pediatriese farmakokinetika beklemtoon en het praktiese gewigs-
gebaseerde doseringsriglyne daargestel vir die gebruik van hierdie formulering wat nou

in die veld beskikbaar raak.

Linezolied is ‘n sleutelmiddel met ‘n toenemend belangrike rol in die behandeling van
MMW-TB stamme met bykomende weerstandigheid sowel as in sentraal senuweestelsel
TB siekte. Ek het ‘n gestruktureerde oorsig van die literatuur oor linezolied onderneem
om duidelikheid te kry oor die gebruik daarvan in kinders met MMW-TB en om
kennisleemtes vir toekomstige navorsing te identifiseer. Slegs enkele kinders wat
behandel is vir MMW-TB is in die literatuur opgeteken. Soos in die geval van
volwassenes, het linezolied effektief blyk te wees, maar was met gereelde nadelige

effekte geassosieer. Daar was geen inligting oor oor die farmakokinetika van linezolied

Xi
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in kinders met TB beskikbaar nie. Praktiese tussentydse riglyne vir die gebruik van
linezolied in kinders is voorsien. Navorsingsprioriteite wat geidentifiseer is, het
linezolied farmakokinetika in kinders met TB, kenmerke van linezolied se veiligheid
met langtermyn gebruik en sy optimale dosering vir TB in MMW-regimens vorentoe,

ingesluit.

Na hierdie oorsig is ‘n analise van linezolied-farmakokinetika en veiligheid in kinders
met MMW-TB gedoen met inligting verkry van 48 kinders saamgevat uit twee
waarnemingstudies deur gebruik te maak van nie-lineére gemengde-effekte
modelering. Sewentien kinders het langtermyn linezolied ontvang en is longitudinaal
vir veiligheid opgevolg; 31 kinders het slegs deursnit farmakokinetiese inligting na ‘n
enkeldosis linezolied verskaf. Na die effek van gewig met behulp van ‘n allometriese
skaal in bereking gebring is, het geen ander medevariante betekenisvol tot die model
bygedra nie. Blootstellingsvlakke was hoér as wat verwag was in vergelyking met vorige
gerapporteerde inligting. Tien van 17 deelnemers het ‘n linezolied-verwante nadelige
effek getoon, wat vyf Graad 3 of 4 effekte ingesluit het; anemie was die mees algemene
effek. Hierdie eerste inligting oor linezolied-farmakokinetika in kinders het hoér as
verwagte blootstellingsvlakke en gereelde, ernstige linezolied-verwante nadelige
effekte aangetoon; dit sal die gebruik en toekomstige doseringsaanbevelings van hierdie

toenemend-belangrike antituberkulose middel toelig.

Terwyl middelvervangings vir die inspuitbare middels vir baie kinders nog nie
beskikbaar is nie, is dit belangrik om die verbeterde verduring van die voortgesette
gebruik van die tweede-linie inspuitbare middels in kinders aan te spreek. ‘n
Ewekansige twee-periode oorkruis-studie is ontwerp om die effek van mede-toediening
van lidokaien op die pyn en farmakokinetika van binnespierse amikasien te bepaal.
Kinders het elk ‘n dosis van amikasien met en sonder addisionele lidokaien op aparte
dae ontvang en was ewekansig vir die volgorde van toediening ingedeel; pynevaluering
en monsterneming vir farmakokinetika is op beide dae uitgevoer. Twaalf kinders is
ingesluit en almal het die studie voltooi. Die toevoeging van lidokaien het die pyn
onmiddelik na die toediening van die inspuiting verlig, was veilig, het nie die
farmakokinetika van amikasien beinvloed nie en behoort as roetine beleid in pasiénte

met MMW-TB wat inspuitbare middels ontvang, oorweeg te word.

Xii
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Die nuwe middel bedakwilien word toenemend wéreldwyd en in Suid-Afrika vir die
behandeling van volwassenes mt MMW-TB gebruik en voortgesette pediatriese studies
sal die farmakokinetika, veiligheid en optimale dosering in kinders toelig. Die
pediatriese formulering wat in ten minste een van die voortgesette studies evalueer
word, sal moontlik nie binnekort vir roetinegebruik beskikbaar wees nie. Om die
rasionele gebruik van die volwasse bedakwilienformulering in jong kinders toe te lig, is
‘n ewekansige twee-periode oorkruis-studie in gesonde volwasse vrywilligers ontwerp.
Volwasse bedakwilien-tablette toegedien opgelos in water was bioekwivalent aan
volwasse tablette wat heel ingesluk is. Die opgeloste tablette was ook aanvaarbaar en
smaakaanvaarbaar vir die meerderheid van die deelnemers wat ‘n belangrike bevinding
is as inaggeneem word dat die fyndruk en oplos van sommige tablette, soos
byvoorbeeld die fluorokwinolone, die smaak en aanvaarbaarheid aansienlik verminder.
Hierdie inligting sal toegang tot bedakwilien vir jong kinders in navorsing en in

algemene sorg bespoedig.

Ten slotte het hierdie doktorale navorsing ‘n aantal belangrike kennisleemtes
aangespreek in verband met die meer optimale behandeling van MMW-TB in kinders.
Hierdie navorsing het gelei tot ‘n aantal opvolgvrae wat daaropvolgende studies
toegelig het wat op hulle beurt die weg na ‘n doelwit van effektiewe, veilige, korter

MMW-TB behandeling vir alle kinders baan.
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Chapter 1: Introduction, rationale and literature review

1.1 Epidemiology of multidrug-resistant tuberculosis, impact on children and

public health relevance

Multidrug-resistant (MDR) tuberculosis (TB), defined as TB disease or infection caused
by Mycobacterium tuberculosis with resistance to at least both isoniazid and rifampicin,
is a growing health problem, threatening global TB control. Rifampicin monoresistant
(RMR) TB (i.e,; M. tuberculosis with rifampicin resistance but isoniazid susceptibility),
was previously unusual but is now being identified more often and is treated with the
same drug regimens as MDR-TB. The World Health Organization (WHO) estimates that
in 2016 there were 490,000 incident cases of MDR-TB globally, with an additional
110,000 TB cases with rifampicin resistance (without documentation of isoniazid
susceptibility) (1). Of these 600,000 estimated incident cases, there were roughly
240,000 deaths and only 350,000 cases were notified (i.e. were registered and treated)
(1). MDR-TB with additional resistance to either a second-line injectable drugs or a
fluoroquinolone is often referred to as pre-extensively drug-resistant (pre-XDR)-TB,
with extensively drug-resistant (XDR) TB defined as MDR-TB with additional resistance
to both a fluoroquinolone and a second-line injectable TB drug. XDR-TB is also
increasingly diagnosed worldwide, with 6.7% of MDR-TB cases having XDR-TB and

20% of MDR-TB isolates tested having fluoroquinolone resistance in 2016 (1).

There is an evolving understanding of how M. tuberculosis acquires drug resistance.
Drug resistance may be acquired, primarily through true or functional monotherapy
due to suboptimal regimen prescription or adherence to treatment, differential lesion
penetration by different drugs, or pharmacokinetic variability that selects for resistant
organisms (2, 3). Until recently it was believed that the majority of patients with MDR-
TB had acquired their resistance during therapy for one of these reasons. However,
patients with MDR-TB may also transmit their resistant strain on to others, including
children. More recent analysis has demonstrated that globally, transmission of drug-
resistant strains of M. tuberculosis likely accounts for 95.9% of MDR-TB in new TB cases
and even 61.3% of MDR-TB in retreatment cases (4). This has important implications

for children, for whom the risk of acquiring drug resistance during treatment is low
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because they usually have a low burden of organisms (paucibacillary disease)(5), but

who are susceptible to transmission of resistant strains (6).

The burden of paediatric MDR-TB has been underestimated and poorly characterized to
date. Until recently it was largely believed that children were at low risk for MDR-TB, in
part due to the inaccurate previous belief that MDR-TB was most commonly due to
acquisition of resistance during inadequate treatment, rather than due to primary
transmission of MDR-TB as described above. The underestimated risk of MDR-TB in
children also persisted because of challenges in confirming the diagnosis in children,
due to the paucibacillary nature of TB in the majority of paediatric cases, and challenges
in obtaining respiratory samples, especially in young children (7, 8). However, recent
data have shown that children have a similar setting-specific risk of MDR-TB as
antituberculosis treatment-naive adults (9). Modeling studies estimate that there are
roughly 26,000-32,000 incident MDR-TB cases in children (defined by the WHO as < 15
years of age) worldwide each year (10, 11), and that there may be as many as two
million children currently infected globally with MDR strains of M. tuberculosis (11).
South Africa has one of the highest burdens of MDR-TB globally (12), including a
substantial paediatric disease burden, with 13.2% of the overall national burden of TB
in South Africa occurring in children <15 years of age in 2016 (13). In enhanced
hospital-based surveillance at Tygerberg Hospital, Western Cape Province, South Africa
from 2003-2013, the prevalence of MDR-TB among children with bacteriologically
confirmed TB ranged from 5.4% to 8.9% (14). Due to improved implementation of
prevention of mother to children transmission (PMTCT) of HIV, the HIV prevalence in
children with bacteriologically confirmed TB has declined from a high of 29% during
2007-2009, to 15.3% between 2011-2013, and is expected to continue to decrease

further with additional improvements to PMTCT programs (14).

MDR-TB will remain an important health problem in children in South Africa and

globally for the foreseeable future.

1.2 Treatment of MDR-TB in children: evolving approaches, successes and

limitations

1.2.1 A landscape of rapidly evolving approaches to MDR-TB treatment
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Data contributing to this doctoral research was collected between 2012 and 2018, a
time when new evidence and policy guidelines for MDR-TB treatment have been rapidly

evolving, especially for adults.

Treatment regimens for MDR-TB in adults and children have traditionally been
constructed using the “second-line antituberculosis drugs”. Prior to 2016, the WHO
categorized antituberculosis drugs in five groups (see Table 1.1) (15). MDR-TB
treatment regimens during this period were recommended to include pyrazinamide, a
second-line injectable agent from Group 2, a fluoroquinolone from Group 3, and then
additional drugs from Groups 4 and 5 to create a treatment regimen with at least 4-5
effective drugs (15, 16). WHO guidelines recommended an intensive phase duration
(i.e. injectable-agent duration) of at least 8 months, and a total treatment duration of at
least 20 months (16). Prior to 2016, there was limited formal guidance on treatment
regimens for children with MDR-TB. However, the same general approach to
constructing a regimen was taken. One exception was that children, who frequently had
paucibacillary TB, could often be successfully treated with shorter durations of
injectables and overall treatment, as part of individualized treatment regimens (see
2.1.2) (17). Many of the studies contributing to this doctoral work were conceived and

implemented during the time these approaches guided MDR-TB treatment.

WHO MDR-TB treatment guidelines were revised in 2016 and a number of important
changes were made to global MDR-TB recommendations (18): antituberculosis drug
groupings were altered to reflect emerging data (Table 1.2), with the fluoroquinolones
recognized as the key drugs for MDR-TB treatment, stronger roles were identified for
the repurposed drugs linezolid and clofazimine, and recommendations were made
regarding the inclusion of the novel TB drugs bedaquiline and delamanid under specific

conditions (18)
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Table 1.1 World Health Organization antituberculosis drug groupings prior to 2016

Group Group Name Drugs

1 First-line oral agents I[soniazid
Rifampicin
Ethambutol
Pyrazinamide
Rifabutin
Rifapentine

2 Injectable agents Kanamycin
Amikacin
Capreomycin
Streptomycin

3 Fluoroquinolones Moxifloxacin
Levofloxacin
Ofloxacin

4 Oral bacteriostatic second-line agents Ethionamide
Prothionamide
Cycloserine
Terizidone
Para-aminosalicylic acid

5 Agents with unclear efficacy or Clofazimine
concerns regarding usage Linezolid

Amoxicillin-clavulanic acid
Thiacetazone
Meropenem-clavulanic acid
Imipenem/cilastatin
High-dose isoniazid
Clarithromycin

Table 1.2. Revised WHO groupings of medicines for the treatment of rifampicin-resistant
and multidrug-resistant tuberculosis (2016)

Group A. Fluoroquinolones Levofloxacin
Moxifloxacin
Gatifloxacin

Group B. Second-line injectable agents Amikacin
Capreomycin
Kanamycin
(Streptomycin)

Group C. Other core second-line agents Ethionamide/prothionamide
Cycloserine/terizidone
Linezolid
Clofazimine

Group D. Add-on agents D1 Pyrazinamide

Ethambutol
High-dose isoniazid

D2 Bedaquiline
Delamanid

D3  Para-aminosalicylic acid (PAS)
Imipenem-cilastin
Meropenem
Amoxicillin-clavulanate
(Thioacetazone)
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Most significantly, these guidelines have recommended a shortened (9-12 month)
treatment regimen for patients, including for children, with pulmonary RMR-TB and
MDR-TB who did not have evidence of fluoroquinolone or second-line injectable
resistance and previous exposure to second-line drugs. The new shorter regimen
included 4-6 months of kanamycin, moxifloxacin, prothionamide, clofazimine,
pyrazinamide, high-dose isoniazid, and ethambutol, followed by 5 months of
moxifloxacin, clofazimine, pyrazinamide, and ethambutol (18). This recommendation
was based on multiple high quality observational studies in adults with MDR-TB that
consistently demonstrated cure in 80% (19-21), and is now further supported by
preliminary results from a randomized controlled trial (STREAM 1, NCT02409290) of
this regimen in adults (22). Children and adults not eligible to receive this 9-12 month
shortened regimen were recommended to be treated with a more conventional
approach for 20-24 months duration with at least five effective drugs, including
pyrazinamide, a drug from Group A, a drug from Group B, and 2 drugs from Group C. If
aregimen with five effective drugs cannot be constructed, then drugs from D2 and D3

should be added based on these guidelines.

The revised 2016 WHO MDR-TB treatment guidelines have for the first time included
some specific paediatric recommendations. In addition to recommending the new 9-12
month shortened regimen and the more conventional approach described above, the
new guidelines allow that children with clinically diagnosed MDR-TB (i.e. MDR-TB that
is not microbiologically confirmed, and diagnosed based on signs, symptoms,
radiography and exposure to MDR-TB, which usually reflects less severe clinical
spectrum of disease), could be treated without an injectable drug in the standard (i.e.
not shortened) regimen, usually for 15-18 months (see supportive data for this
recommendation in 1.2.2) (18). These important changes reflect data from ongoing and
emerging paediatric data, including individual studies and a global evidence synthesis

(23), some generated during this doctoral research.

In addition to the new WHO MDR-TB treatment recommendations made in 2016, the
development and increasing use of the novel TB drugs bedaquiline and delamanid is
radically altering the MDR-TB treatment landscape. Bedaquiline is a diarylquinoline

that inhibits mycobacterial ATP-synthase, resulting in potent activity against M.
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tuberculosis in vitro (24) and in mice, with the potential to shorten treatment
substantially (25-27). The U.S. Food and Drug Administration (FDA) granted
accelerated approval for bedaquiline in 2012 for MDR-TB treatment in adults, and the
WHO issued recommendations for its use (28), based on phase 2 studies in adults with
MDR-TB showing significantly improved culture conversion (29) and treatment
outcome at 120 weeks (30). Delamanid is a nitro-dihydro-imidazooxazole antibiotic
that blocks M. tuberculosis mycolic acid synthesis (31), resulting in potent
antimycobacterial activity in vitro and treatment shortening potential in mice (31).
Delamanid was granted conditional registration from the European Medicine Authority
(EMA) in 2013 for MDR-TB treatment (32), and WHO issued guidance for its use in
adults with limited treatment options (33), based on a Phase 2 trial showing delamanid
in combination with an optimized background regimen (OBR) in adults with MDR-TB,
resulted in improved 2-month culture conversion (34) and 24-month treatment
outcomes (35). Although both drugs are likely to be critical for future MDR-TB
treatment regimens in adults and children (see Section 1.5.1), paediatric trials of both
drugs have been delayed and few children have accessed these medications to date in

routine care.

1.2.2 Successes of current MDR-TB treatment regimens in children: markedly better

treatment outcomes compared to adults

Treatment outcomes for adults with MDR-TB have been persistently poor (12), with
54% reported successfully treated in 2014 both overall globally and in South Africa
from routine programmatic data (1). This is also consistent with data from the
metropolitan Cape Town area. Among adults with MDR-TB treated in the Khayelitsha
sub-district from 2008-2012, only 359 of 757 (47.4%) were successfully treated (i.e.
cured or treatment completed) (36). A systematic review and individual patient data
meta-analysis of observational or experimental studies of adults treated for MDR-TB
reported 61% of 12,030 patients had successful outcomes (37). In contrast, treatment
outcomes among children with MDR-TB are generally good. In a 2012 systematic
review including eight studies, 82% of 315 children treated for MDR-TB had a
successful outcome (defined as a composite outcome of bacteriological cure or
treatment completed) (38). In a recently completed large systematic review and

individual patient data meta-analysis including 975 children from 18 countries treated
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for probable or confirmed MDR-TB, 78% were successfully treated (23) according to
WHO outcome definitions (39). Better outcomes, with >90% successfully treated
(cured or treatment completed) have been reported in some observational studies in
the context of routine care (17). All these data include children treated with traditional
regimens prior to those recommended in 2016, including the use of older

fluoroquinolones including ofloxacin in the majority of cases.

There is limited data on treatment outcomes among children treated with the WHO-
shortened 9-12 month regimen recommended in 2016 several years after data
collection for this doctoral thesis work was started. This policy recommendation was
based on adult data (see Section 1.2.1), and only a small observational cohort from West
Africa including 47 children <18 years of age with MDR-TB treated with the shortened

regimen, which reported successful outcomes in 83% (40).

The good outcomes among children treated with more traditional and shortened
regimens highlights the potential for children to benefit from effective but shorter and
safer MDR-TB regimens, especially given the paucibacillary nature of the majority of TB

and MDR-TB cases in children.

1.2.3 Limitations of current MDR-TB treatment regimens in children: regimens are long,

toxic and poorly tolerated

Despite the good treatment outcomes described above, current paediatric MDR-TB

treatment regimens have important limitations.

Even considering the newly recommended shortened regimen of 9-12 months, current
regimens remain long, and some children will still require the more typical duration of
15-18 months or more. This is costly and burdensome for children, their caregivers and

the health system, and is a challenge for adherence.

Secondly, the second-line antituberculosis medications are often poorly tolerated and
associated with frequent and severe adverse effects. Although mostly mild, adverse
events such as rash and vomiting are frequent, occurring in 24% and 18% of children
treated for MDR-TB, respectively; other events such as pain, lethargy, headache, sleep
disturbance, and reduced appetite are also common (17). Abnormal thyroid function
tests have been documented in up to 54% of children treated with ethionamide or para-

aminosalicylic acid, with 23% requiring levothyroxine supplementation (17, 41);
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untreated, this hypothyroidism may have effects on neurodevelopment, particularly in
young children. Additionally, the use of multiple hepatotoxic drugs raises the risk of
liver injury during treatment, although this risk has not been well characterized.
Additionally, the lack of child-friendly formulations of almost all second-line
antituberculosis drugs means that adult tablets must often be crushed or split for
administration in young children who cannot swallow these tablets whole. Although
not well characterized, this formulation manipulation often reduces the palatability and
acceptability of these medications further (42). Acceptability is the overall suitability of
a dosage formulation, including factors such as palatability, dose volume or size, dosing
frequency, dosing device for liquid medications, and directions for use (43). Palatability
is defined as the overall acceptance of the taste, smell, volume or size, and texture of a
medication to be taken orally (43), and is a particularly important determinant of

medication acceptability in children.

The most troubling adverse effects are related to the second-line injectable medications
(amikacin, kanamycin, capreomycin). These medications accumulate in cochlear hair
cells, eventually resulting in cell death and permanent sensorineural hearing loss that
progresses from higher to lower frequencies as the damage increases (44). Long-term
treatment (i.e. for 4-6 months duration) with these injectable drugs has been reported
to cause hearing loss in up to 24% of children (45). Although disastrous at any age,
hearing loss is particularly devastating in young children, resulting in long-term
developmental and functional challenges. Additionally, in most high MDR-TB burden
settings, the injectables are mainly given by painful daily intramuscular injections,
resulting in trauma and distress for patients, their caregivers and healthcare providers.
This also contributes to the need for long-term hospitalization of children with MDR-TB
in many settings, which may interrupt education, and peer and family bonds in older

children, and may affect attachment in younger children.

Although the newly WHO recommended 9-12 month shortened regimen has the
advantage over conventional regimens of a reduced treatment duration, safety and
tolerability continue to be concerns, with limited available data in this regard. In the
only cohort reported to date of children with MDR-TB receiving the 9-12 month
shortened regimen, 75% experienced at least one adverse event, including 41% with

some degree of hearing loss (40). These data highlight the persistent challenges
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remaining for children; even with this newly recommended shortened regimen, an
injectable drug continues to be required, with its associated pain and unacceptable risk
of permanent hearing loss, adverse events remain frequent, and the duration (minimum
of 9 months) is still long. This is ironic, given the excellent treatment outcomes and low
bacillary burden in most children with MDR-TB, in whom less aggressive shorter

regimens are likely to be highly successful.

Therefore, as treatment outcomes with previously and currently recommended MDR-
TB regimens are good, and dramatically better than reported in adults, it is an urgent
priority to develop more optimal treatment regimens for children with MDR-TB that
retain their efficacy but are shorter, more child-friendly, better tolerated, safer and

which do not require the use of an injectable medication.

1.3 Overall approach to improving MDR-TB treatment in children

The following three-pronged approach will inform the development of efficacious, but
shorter, more child-friendly, better tolerated, safer and injectable-sparing treatment

regimens for children with MDR-TB.

1) Optimize the use of existing second-line antituberculosis treatments: This aspect has
formed the majority of this doctoral work, given the paucity of data in this regard, and is

discussed in detail in Section 1.4.

2) Study currently available novel TB drugs in children to inform their effective, safe and
acceptable paediatric use: Paediatric phase 1/2 for-registration trials to establish the
dose and safety of both bedaquiline and delamanid have been in planning or
implementation during the course of this doctoral work, but were beyond its scope.
However some aspects of the paediatric use of these new medications, such as the
impact of formulation manipulation (i.e. crushing or splitting tablets), have not
traditionally been studied in such trials but could inform the practical use of these drugs

in the field (see 1.4.3).

3) Combine existing and novel antituberculosis drugs into shorter, safer, injectable-
sparing regimens: Once the optimal dosing and safety of existing second-line and novel
antituberculosis drugs have been established, these drugs must be combined into short,

all-oral regimens, and the efficacy, safety and acceptability of these regimens



Stellenbosch University https://scholar.sun.ac.za

established. Such research is beyond the scope of this doctoral work, but is being

informed by data emerging from this doctoral research.

1.4 Approach to optimizing the use of existing second-line antituberculosis

treatments

Because of differences in the pathophysiology of TB in children, especially regarding the
disease spectrum and paucibacillary nature of the majority of paediatric TB, and the
difficulties in obtaining sputum specimens in young children (7, 8), the evaluation of the
efficacy of antituberculosis drugs or regimens, which has generally relied on
microbiologic endpoints, is more challenging in children than in adults. Additionally,
repeating efficacy studies of individual antituberculosis drugs in children is
unnecessary. There is clear international consensus, including from regulatory
authorities, that efficacy can be extrapolated to children from adult studies, as it is
reasonable to assume that antituberculosis agents shown to be efficacious in adults will
be at least as efficacious in children, as long as drug exposures are similar in children
(46,47). Key priorities therefore for evaluating and optimizing the use of
antituberculosis drugs in children, are establishing the doses in representative ages that
result in exposures similar to those in adults receiving doses shown to be efficacious,
and rigorously evaluating safety and tolerability in children at those doses (48).
Development of appropriate child-friendly formulations, especially relevant to younger
children, is also a priority. Prior to this research, the pharmacokinetics, safety and
tolerability of most of the second-line antituberculosis drugs in children had been
poorly characterized and the evidence base for their optimal use in current or new

treatment regimens was limited.

1.4.1 Pharmacokinetics and optimal doses of second-line antituberculosis drugs in

children

Doses of the second-line antituberculosis medications in children that achieve adult
target concentrations were not established (42), with most of these drugs being used
off-label in children, with mg/kg doses extrapolated from adult data. This approach
does not take into account the known effects of body size and age on pharmacokinetics

(developmental pharmacology). Allometry, the study of how biological processes,

10
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volumes and body parts scale with body size, can help describe the effect of body size
on pharmacokinetics (49). Drug clearance, a key determinant of total drug exposure,
scales with weight at a less than proportional rate, meaning that the same mg/kg dose
will result in underexposure of drugs in children relative to adults, that is worse in small
children (50). The relationship of clearance, and other key primary pharmacokinetic
parameters, with body size can be accounted for mathematically with allometric scaling
in population pharmacokinetic modeling that utilizes non-linear mixed effects (NLME)
modeling techniques (50). The pharmacokinetics of drugs are also affected by the
development and maturation of many physiologic processes, including changes in gut
structure and function, metabolic capacity (enzyme function), renal function and body
volumes (51). Maturation of these processes can affect drug absorption, distribution,
metabolism and elimination. The development and maturation of these processes
depend on post-gestational age and post-natal age, and vary from process to process in
how rapidly they develop. There is often rapid development in the first days and weeks
of life, and then more slow maturation thereafter. This has the greatest impact on
pharmacokinetics during the first 6 months of life, and by 2-3 years of age, most
relevant processes have matured to near adult levels (51, 52). The effect of age can be
difficult to reliably predict and must be evaluated in young children, and for each
relevant drug. Itis therefore important to include a substantial number of young
children, if possible of different racial and genetic origins, in studies of antituberculosis
drug pharmacokinetics in order to characterize this maturation and inform dosing

across the age spectrum.

Ensuring that paediatric doses of the existing second-line antituberculosis drugs are
used that achieve target exposures will ensure that these agents are being utilized more
optimally. This will help maximize their efficacy and thus potentially allow for
treatment regimens in children that are shorter or that use fewer agents (i.e. could

allow treatment without injectable drugs).
1.4.2 Safety and tolerability of existing second-line antituberculosis drugs in children

Knowledge of the safety profile of key second-line antituberculosis drugs at optimal
doses, will be critical to inform the optimal use of existing drugs in current regimens

and in combination with new and repurposed drugs in novel regimens.

11
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The safety of medications in children can be informed by juvenile animal studies and
adult trials. However this cannot be assumed and must be evaluated carefully in
paediatric studies that include children across the age spectrum and of different racial
and genetic origins. Children may have fewer or less severe adverse effects compared
to animal studies or adult trials, which may result in potentially beneficial medications
not being used in children (53, 54). An example is the fluoroquinolones in which
juvenile animal studies showed a frequent severe arthropathy which has not been seen
in children with short-term fluoroquinolone use (55). Children may also have more
severe or unexpected adverse effects. Chloramphenicol, which was used widely in
adults without serious concerns, caused “grey baby syndrome” in young infants due to
immature metabolic pathways (56). The safety profile of current MDR-TB regimens in
children has not been well characterized for key second-line drugs, such as the
fluoroquinolones and linezolid (see Sections 1.5.2, 1.5.3). Safety evaluations of existing
second-line antituberculosis drugs should also proactively consider overlapping
toxicities with the novel medications bedaquiline and delamanid, as this will inform
optimal regimen design. The key adverse effect of both bedaquiline and delamanid in
adults is QT-interval prolongation (33, 57). Additional considerations are the study of
these drugs in HIV-infected children in combination with appropriate antiretroviral

therapy (ART) regimens.

Whereas the safety of a medication refers to the medical risk it poses to a patient, a
medication’s tolerability is the degree to which its adverse effects can be tolerated by a
patient (58). The least well tolerated second-line antituberculosis drugs are the
injectables. In addition to their serious safety concerns, the need for these medications
to be given by daily, painful injections is a serious problem for their tolerability, and
contributes to serious distress in MDR-TB patients. These injections are frequently
cited as one of the worst aspects of current MDR-TB treatment and likely contribute to
the high proportion of MDR-TB regimens not completed (59). Ulimately, the goal is to
develop regimens which do not include the injectables, but in the meantime, strategies

to improve the injectables’ tolerability could substantially improve current regimens.

Understanding the appropriate, safe and tolerable use of the existing second-line
antituberculosis drugs is a priority for improving MDR-TB treatment regimens in

children.

12
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1.4.3 Formulation considerations for existing second-line antituberculosis drugs in

children

The impact of drug formulation on the pharmacokinetics and tolerability of medications
in children is increasingly being recognized (60, 61). There have been few if any widely
available child-friendly formulations of the second-line TB medications (62), and the
routine practice of manipulating adult formulations by crushing or splitting tablets can
affect drug exposures, with the magnitude and the direction of these effects difficult to
predict (60). Formulation manipulation may result in reduced drug exposures, as has
been seen with rifapentine in children (63), potentially increasing the risk of poor
treatment response and theoretically the acquisition of additional resistance, or may
increase drug exposures with a higher potential risk of adverse effects. Work is ongoing
to develop child-friendly dispersible tablet formulations of the existing second-line and
novel TB drugs. However there are many challenges with making these formulations
available in the field, including financial, technical, market and regulatory barriers (62,
64). To improve MDR-TB treatment in children, a pragmatic approach to formulation
development is needed, which in parallel seeks data on the optimal dosing of new child-
friendly formulations in children and characterizes the effects of formulation

manipulation where child-friendly formulations are unlikely to be readily available.
1.4.4 Summary

Addressing critical gaps in our current understanding of the pharmacokinetics, safety
and tolerability of key second-line and novel TB drugs has the potential to substantially
improve MDR-TB treatment strategies in children in the immediate future.
Understanding the effects of formulation and formulation manipulation effects on drug
pharmacokinetics in children is important for the effective and safe use of
antituberculosis drugs and regimens in children. Improved knowledge in these areas
will help optimize existing treatment regimens that utilize currently available
medications. It will also inform future paediatric treatment of MDR-TB, by positioning
children to be able to access novel, shorter and safer regimens currently being
evaluated and even recommended in some adult populations in the rapidly evolving

global MDR-TB treatment landscape.

13
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1.5 Key existing and novel second-line antituberculosis drugs: the

fluoroquinolones, linezolid, the second-line injectables and bedaquiline
1.5.1 Priority second-line and novel antituberculosis drugs

In order to address critical knowledge gaps for MDR-TB treatment with high potential
impact on MDR-TB management, this PhD work has focused on the pharmacokinetics,
dosing, safety and tolerability of key existing and novel antituberculosis medications.
High priority medications were considered to be those that: 1) were critically important
to current regimens from an efficacy, safety or tolerability perspective; 2) and/or were
likely to be important in future treatment regimens (see Table 1.3 for list of ongoing or
planned trials of MDR-TB treatment or prevention in adults or children); 3) and for

which persistent important knowledge gaps had remained.

Of the existing second-line antituberculosis drugs, the fluoroquinolones, linezolid, the
second-line injectables and bedaquiline were identified as priority agents for this
doctoral work for which new data had high potential to improve the efficacy, safety or
tolerability of MDR-TB treatment in children. Research on delamanid was also
considered a high priority, but was collaboratively pursued beyond the scope of this
body of doctoral research. Pretomanid, being very behind in its paediatric evaluation,

was not considered an immediate priority.

Table 1.3. Planned or ongoing Phase 2 or 3 trials of MDR-TB treatment or preventive
therapy

MDR-TB Treatment trials MDR-TB Preventive therapy trials
Components of intervention
Trial arm Trial Components of intervention arm
NCO005 PZA, BDQ, PTA VQUIN LFX
Opti-Q LFX + standard of care TB-CHAMP  LFX
STREAM II BDQ, CFZ, EMB, PZA, LFX, INH, PHOENIx DLM
PTO
NIX-TB LZD, BDQ, PTA
STAND PZA, MFX, PTA
NEXT-TB PZA, LFX, ETO/hdINH, LZD, BDQ
C208 BDQ + standard of care
Trial 213 DLM + standard of care
endTB Combinations including LZD,
BDQ, CFZ

PZA-pyrazinamide; BDQ-bedaquiline; PTA-pretomanid; LFX-levofloxacin; EMB-ethambutol; MFX-
moxifloxacin; PTO-prothionamide; CFZ-clofazimine; hdINH-high dose isoniazid; LZD-linezolid; ETO-
ethionamide; DLM-delamanid; BOLD indicates drugs included in this doctoral research.

14
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1.5.2 The fluoroquinolones for treatment of MDR-TB in children

The fluoroquinolones inhibit the action of bacterial DNA gyrase, resulting in disruption
of DNA synthesis and subsequent cell death (65). In addition to broad-spectrum
activity against both Gram-negative and -positive organisms, the fluoroquinolones have
potent anti-mycobacterial activity. The fluoroquinolones most commonly used for TB
treatment to date have been ofloxacin, levofloxacin and moxifloxacin (66). Ofloxacin
was one of the first quinolones used for treatment of MDR-TB and because of its low
cost and widespread availability became the fluoroquinolone of choice for TB treatment
until recently. Levofloxacin, the I-isomer and the active component of the ofloxacin
racemate (67), has approximately twice the activity of ofloxacin, and since 2012-2013
has been recommended over ofloxacin for MDR-TB treatment globally. Moxifloxacin is
the most potent of the three fluoroquinolones against M. tuberculosis, and has been the
fluoroquinolone of choice for MDR-TB treatment. However there have been important
barriers to its use in children, including limited paediatric pharmacokinetic data (68),
lack of a child-friendly formulation (only 400 mg unscored tablets available in most
settings), and very poor palatability especially when crushed (66). Therefore
moxifloxacin has been used much less in children. Ofloxacin (200 mg and 400 mg
tablets) and now levofloxacin formulations (250 mg tablets), although imperfect, are in
strengths that allow reasonably accurate dosing in children and are less bitter than
moxifloxacin, and have been the fluoroquinolones of choice for children (66), with good

treatment outcomes documented in children (23).

The fluoroquinolones are the most important component of current MDR-TB regimens
(16,69, 70). The early bactericidal activity (EBA) of levofloxacin (1000 mg) and
moxifloxacin (400 mg), defined as the fall in colony forming units per mL of sputum
from days 0 to 2 of treatment (71), were 0.45 and 0.33 respectively, approaching that of
300 mg of isoniazid (0.67) (72). They are therefore critical for rapidly reducing the load
of metabolically active mycobacteria early in treatment and for preventing acquisition
of resistance to companion drugs. In addition to their role in current regimens, the
fluoroquinolones are being evaluated as components of multiple novel regimens for
MDR-TB treatment (Table 1.3) (73-75). Recent data has also shown that levofloxacin

had comparable activity to isoniazid in a mouse model of latent infection with M.
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tuberculosis (73), and appeared effective in high quality observational studies of MDR-
exposed children and adults (76, 77). Two randomized controlled trials comparing
levofloxacin versus placebo for the prevention of TB in in high-risk children (TB-
CHAMP, South Africa, ISRCTN92634082) and adults (VQUIN, Vietnam,
ACTRN12616000215426) exposed to MDR-TB were in development during the period
during which this PhD research was undertaken, and both have now opened and are

enroling (Table 1.3).

The pharmacokinetics and safety of ofloxacin and levofloxacin have been poorly
described in children with TB. The fluoroquinolones are well absorbed with oral
bioavailability of 85-95% for ofloxacin and >99% for levofloxacin; neither medication
has significant food affects and both are primarily eliminated unchanged in the urine
(66). Clinically significant drug-drug interactions between ofloxacin or levofloxacin and
antiretrovirals or other antituberculosis drugs have not been described and are not
expected (66) . The fluoroquinolones are concentration-dependent antibiotics with the
area under the concentration time curve (AUC) to minimum inhibitory concentration
(MIC) ratio most closely tied to efficacy (78); exposures in children should be targeted
to approximate the AUC in adults receiving the recommended, efficacious dose (79-81).
Prior to this PhD research, there was a single study of ofloxacin pharmacokinetics in
children with typhoid fever (82), and limited published data on levofloxacin paediatric
pharmacokinetics (83, 84). In previous work, we described a small cohort of 23
children receiving levofloxacin (15 mg/kg daily) or ofloxacin (20 mg/kg daily) for MDR-
TB treatment or preventive therapy, and documented exposures of both drugs that
were low relative to adult target values. However this study was small, had a limited
ability to explore the impact of key covariates, such as age and HIV infection, on
pharmacokinetics of the fluoroquinolones (85), and primarily used non-compartmental
analysis (NCA). Data on levofloxacin pharmacokinetics in 50 children treated for MDR-
TB exposure or disease in the Federated States of Micronesia and the Republic of the
Marshall Islands suggested a dose of 15-20 mg/kg once daily would be appropriate, but

few young children and no HIV-infected children were included (86).

Although the fluoroquinolones are generally well tolerated, they are known to cause a
variety of adverse effects. Mild gastrointestinal effects such as nausea, vomiting,

diarrhoea are the most common events described in clinical trials (66). A variety of
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central nervous system effects have been described with the fluoroquinolones,
including dizziness, headaches, confusion, psychosis, and seizures (66). Sleep
disturbance, insomnia and hallucinations (with overdose), have been well documented
in children receiving fluoroquinolones (77, 87, 88). QT prolongation is also a classwide
effect of the fluoroquinolones, mediated by dose-dependent inhibition of cardiac
potassium rectifier (HERG) channels (89). Moxifloxacin has the largest QT prolonging
effect (89, 90), while even at doses as high as 1500 mg in adults, levofloxacin results in
minimal clinically important QT prolongation (91). The QT prolonging effects of the
fluoroquinolones in children have not been well described. However this information
was urgently needed, as the fluoroquinolones will increasingly be combined in novel
regimens with the new and repurposed drugs bedaquiline, delamanid and clofazimine,
all of which cause QT prolongation (33, 57). This was also important for understanding
the expected background QT interval in order to interpret the QT effects of bedaquiline
and delamanid in paediatric trials, in which the drugs will be added to an optimized
background regimen. The primary limiting factor for fluoroquinolone use in children to
date has been a concern for arthropathy based on animal data (66). Damage to the
weight-bearing joints induced by fluoroquinolones was demonstrated in all juvenile
animal models tested, with juvenile dogs being the most sensitive (92). However, to
date multiple large evaluations have not demonstrated a significant risk of serious
arthropathy in children treated with fluoroquinolones for short durations (66). One
non-blinded long-term follow-up study of levofloxacin-treated children did report a
significant increase in musculoskeletal complaints, primarily subjective arthralgia; the
lack of blinding may have biased the findings, especially given the subjective nature of
the events (55). However other large studies, including a review of over 7000 children
and another including 6000 children, did not identify patients with severe arthropathy
or an increased risk of musculoskeletal disorders (92, 93). However there is limited
high quality prospective data on fluoroquinolone safety for the long durations and at

the doses in use for MDR-TB treatment and concerns about arthropathy have persisted.

Given the particular importance of the fluoroquinolones in current and future MDR-TB
treatment and prevention, it was critically important to understand the
pharmacokinetics, impact of key covariates (including the effect of formulation and
formulation manipulation), optimal doses, safety and tolerability of ofloxacin (see

Section 1.8, Chapter 2) and levofloxacin in children with MDR-TB (Section 1.8, Chapters
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3,4 and 5), in order to optimize current and future MDR-TB treatment regimens in

children.
1.5.3 Linezolid for the treatment of MDR-TB in children

Linezolid is an oxazolidinone antibiotic, that binds the 50s ribosomal subunit, inhibiting
protein synthesis (94). Linezolid is active against Gram-positive bacteria and is used in
adults and children for the treatment of skin and soft-tissue infections and for resistant
Gram-positive organisms (94). Relatively recently it has also been identified to have
antimycobacterial activity, and has been used increasingly and very effectively in
difficult to treat drug-resistant TB such as XDR-TB for which there are very few effective
treatment options available (95-97). Its excellent cerebrospinal fluid (CSF) penetration
makes it an important option for the treatment of MDR-TB meningitis (98, 99). Trials in
adults to evaluate the best dose and duration of linezolid to optimize efficacy while
minimizing adverse effects have been in planning or are underway, and linezolid is a
component of a number of novel MDR-TB regimens under evaluation (Table 1.3). Asin
adults, linezolid has been used off-label in children with difficult to treat forms of DR-
TB, however the evidence for this was limited to case reports and case series, and there
was no formal guidance on its use or dose in paediatric MDR-TB. During the course of
this PhD research, linezolid has become an even more important treatment option for
MDR-TB. The Nix-TB study (NCT02333799), an open-label single arm phase 3 study
that opened in 2015 is evaluating a regimen of bedaquiline, linezolid and pretomanid
for 6 months among adults with XDR-TB or with MDR-TB failure or intolerance (100).
This patient population has very poor treatment outcomes, with <25% successfully
treated in some studies (101). However interim results of the trial were very
encouraging, with death reported in only 4 of 61 and all surviving patients culture
negative at 4 months and 74% culture negative at 8 weeks; there were substantial
adverse effects mostly attributed to linezolid (100). Final results are pending and a
follow-up study, ZeNix (NCT03086486) that aims to evaluate different linezolid dosing

strategies is now underway.

Linezolid has nearly 100% oral bioavailability, and food does not significantly affect
total exposures (94, 102). Linezolid has complex metabolism with formation of
multiple metabolites and undergoes both renal and non-renal elimination (102).

Linezolid pharmacokinetics has been studied in children treated short-term (<28 days)
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for Gram-positive bacterial infections, and there are recommended paediatric doses
that approximate exposures in adults receiving 600 mg twice daily (103). However
there is no published data in children with TB with or without HIV-infection, and it is
not clear what dose in children will result in exposures that approximate the 600 mg

once daily dose of linezolid most commonly in use for adults with TB.

For the short durations that are recommended for treatment of Gram-positive
infections (<28 days), linezolid has been shown to be safe and well tolerated in adults
and children (104). However linezolid is associated with dose and time-dependent
serious adverse effects, including peripheral neuropathy, optic neuropathy,
myelosuppression (anaemia, thrombocytopaenia and leucopenia), and more rarely
pancreatitis and lactic acidosis (105, 106). These have been described to occur
frequently in adults treated with long durations of linezolid for MDR-TB (96, 107),
however the frequency, severity, and risk factors for these serious adverse effects in

children treated long-term with linezolid for MDR-TB have been poorly characterized.

Considering the importance of linezolid currently for treatment of children with XDR-
TB or MDR-TB meningitis, its potential to substitute for the second-line injectable
agents, and its likely key role in future MDR-TB treatment regimens, it was identified
that there was insufficient evidence to inform its use in children with MDR-TB (see
Section 1.8, Chapter 6). Data were urgently needed on linezolid pharmacokinetics,
optimal dose and safety with long treatment duration in children with MDR-TB (Section

1.8, Chapter 7).
1.5.4 The second-line injectable TB medications for the treatment of MDR-TB in children

The aminoglycosides amikacin and kanamycin and the cyclic polypepetide capreomycin
are often referred to together as the second-line injectable antituberculosis drugs.
These medications have similar mechanisms of action, pharmacology, requirement for
intravenous (IV) or intramuscular (IM) route of administration, and adverse effect
profiles. All three bind to different bacterial ribosomal subunits, inhibiting protein
synthesis (108, 109). Along with the fluoroquinolones, they have traditionally been
considered a key component of existing MDR-TB treatment regimens. This has begun to
be questioned, as these agents have a minimal EBA (110) and evidence from early
clinical trials with streptomycin suggests that they have minimal if any sterilizing effect

(111). However, for now they remain recommended components of routinely used
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MDR-TB treatment regimens for most adults and children globally (18). The second-line
injectables are rapidly degraded if given orally, so must be given either [V or IM, and are
eliminated unchanged in the urine (108). The pharmacokinetics of amikacin,
kanamycin and other aminoglycosides have been studied in children for non-TB
indications but not in children with TB, and there is minimal data in general on
capreomycin pharmacokinetics in children (112). The most important concern for
using the second-line injectables in MDR-TB treatment regimens is the high risk of
ototoxicity. These medications cause cochlear hair cell death resulting in permanent
sensory neural hearing loss (44). The most important risk factor for this ototoxicity
appears to be cumulative drug exposure (113, 114). The incidence of ototoxicity with
long-term second-line injectable treatment varies widely, from 2.6-61% in adults, but is
likely towards the higher end of this range (115). Paediatric studies have reported
hearing loss in up to 24-41% of children receiving long-term injectables (17, 40, 45).
MDR-TB treatment regimens that avoid the use of the injectables are thus desperately
needed. But until other treatment options are available, improved characterization of
the pharmacokinetics, optimal dose, and safety (including incidence of and risk factors
for ototoxicity) of the second-line injectables in children are needed. This work was

undertaken but was outside the scope of my PhD research thesis.

In addition to the serious safety concerns regarding ototoxicity, the daily intramuscular
injections of the injectable agents are painful, poorly tolerated, and a significant source
of distress for children, caregivers and healthcare workers. This has not been well
documented in children, but in adults has been identified as one of the worst aspects of
current MDR-TB treatment regimens (59). As the second-line injectables continued to
be recommended as a component of existing MDR-TB treatment regimens in many
countries, identifying approaches to improve the tolerability of the injectables was a
priority. Strategies to reduce the pain of intramuscular injections could substantially
improve their tolerability. The addition of local anaesthetic to other antibiotic
injections, such as ceftriaxone or benzathine penicillin, has been shown to reduce
injection pain without affecting pharmacokinetics (116, 117). A similar strategy had not
been evaluated with the second-line injectables, but had the potential to substantially
improve the tolerability of the second-line injectables when they are required to be

given (see Section 1.8, Chapter 8). Such a risk-reduction strategy would be a
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temporizing measure until other medications or injectable-sparing regimens could be

developed, in part informed by work in this PhD.
1.5.5 Bedaquiline

As described in Section 1.2.1, the novel antituberculosis drug bedaquiline received
accelerated approval in 2012 from the U.S. FDA for adults with MDR-TB, and the WHO
provided recommendations for its use (28, 57). Since then it has been registered in
many countries, and is becoming widely available globally (118). In South Africa, after
registration in 2014, aggressive roll-out in routine care settings has provided access to
bedaquiline for thousands of adults and some adolescents with good treatment
outcomes including reduced mortality (119, 120). Bedaquiline is also being evaluated in
adults as a component of many novel, shortened regimens for MDR-TB treatment (Table
1.3). Bedaquiline is clearly a critically important antituberculosis medication for
current and future MDR-TB treatment. Paediatric bedaquiline trials have unfortunately
been very delayed, and were in planning or ongoing during this PhD research. This has
been a major barrier to paediatric access to bedaquiline. The Janssen-sponsored C211
phase 1/2 trial of bedaquiline pharmacokinetics and safety in HIV-uninfected children
only (NCT02354014), only opened in 2016. A paediatric bedaquiline dispersible tablet
formulation was developed for the trial and will be studied in children less than 6 years
of age in the study. The IMPAACT P1108 phase 1/2 trial of bedaquiline
pharmacokinetics and safety (NCT02906007) includes HIV-infected and —-uninfected
children with MDR-TB and opened at the end of 2017. These studies will characterize
the pharmacokinetics, optimal dose and safety of bedaquiline in children, and should
lead to a paediatric indication. However access to the paediatric formulation in routine
care settings is likely to be very delayed, even after data from the paediatric trials on
dosing and safety in young children is available. The adult formulation, already widely
available, could be manipulated through crushing or suspending in water for
administration to young children, but it is unclear if and how this would affect its
bioavailability. This question, of significant practical importance, was not being studied
in the paediatric trials. A trial characterizing the affect of suspending adult bedaquiline
tablets in water on its bioavailability would inform the rational use of the adult
formulation in young children, greatly improving access until the paediatric formulation

is more widely available (Section 1.8, Chapter 9).
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The novel TB drug delamanid received conditional approval from the EMA in 2013 and
the WHO issued recommendations for its use in adults with MDR-TB in 2014 (see
Section 1.2.1) (32, 33). Registration of delamanid in high TB burden settings has been
very slow, however the paediatric phase 1/2 trials are further along than bedaquiline.
Otsuka-sponsored phase 1 (242-12-232) (NCT01856634) and phase 2 (242-12-233)
(NCT01859923) paediatric trials of delamanid opened in 2013, including in South
Africa. These age de-escalation trials aimed to characterize delamanid
pharmacokinetics and safety over 10 days (trial 232) and 6 months of dosing (trial
233). The older age cohorts (6 to <18 years of age) have completed the trials, and the
WHO issued recommendations for delamanid use in children ages 6-17 years with
MDR-TB (121). The younger cohorts have completed enrolment, with only long-term
follow-up in the youngest group expected to be completed in early 2019. Two
paediatric formulations (5 and 25 mg dispersible tablets) were developed for and
studied in these trials. However, similar to bedaquiline, it is expected that access to
these paediatric formulations in routine settings are likely to be very delayed. A similar
pragmatic approach of studying the effect on bioavailability of manipulating the adult
formulation through crushing or suspending in water would facilitate rational use of
this formulation in young children until the paediatric formulation is available. Such a
study would be very useful, but was not included in the scope of this PhD research,
partly because delamanid was not registered in South Africa, so access to the adult

formulation was limited.

1.6 Purpose and scope of proposed research

The purpose of this PhD research was to address critical knowledge gaps in paediatric
MDR-TB treatment, with the aim of informing more effective, safer, and more child-
friendly MDR-TB treatment strategies in children. This includes: characterizing the
pharmacokinetics and safety of currently recommended doses of key second-line
antituberculosis drugs including ofloxacin, levofloxacin, and linezolid in children with
MDR-TB, investigating the impact on pharmacokinetics and pain of administration
practices for intramuscular injections of amikacin in children with MDR-TB, and
characterizing the effects of formulation and/or formulation manipulation on the

pharmacokinetics of levofloxacin and bedaquiline. Identifying paediatric doses of these
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second-line antituberculosis drugs that better approximate target exposures will ensure
that the efficacy of these key medications is optimized and will allow for extrapolation
of efficacy to children from adult MDR-TB regimens under evaluation. Optimal
paediatric dosing may also facilitate the use of shorter, safer regimens in children for

MDR-TB prevention and treatment compared to adults in future.

1.7 Overall objective

The overall objective of this doctoral research was to characterize the
pharmacokinetics, including the effects of formulation, optimal dose, safety, and
tolerability of key second-line and novel antituberculosis drugs in children in order to

inform the safer and effective treatment of children with MDR-TB.

1.8 Hypotheses and proposed studies

The following complementary hypotheses and related studies were proposed to

address the key knowledge gaps described above:

Hypothesis 1, Study 1 (Chapter 2): The WHO-recommended dose of ofloxacin
(20mg/kg once daily) is safe and achieves adequate target drug concentrations in children

with MDR-TB exposure or disease.

The study aim was to characterize the pharmacokinetics and safety of ofloxacin among
HIV-infected and uninfected children aged 0 to <15 years routinely treated for MDR-TB
disease or exposure. This was a prospective observational intensive pharmacokinetic

study. Pharmacokinetic measures were estimated using non-compartmental analysis.

Hypothesis 2, Studies 2, 3, 4: The paediatric dose of levofloxacin (15-20mg/kg once
daily) in use for MDR-TB exposure or disease is safe and achieves target drug

concentrations

Study 2 (Chapter 3) aimed to characterize the pharmacokinetics of levofloxacin
15mg/kg and 20mg/kg oral doses, given routinely to children 0 to <15 years of age for
prevention or treatment of MDR-TB. In this prospective observational pharmacokinetic

study, children underwent intensive pharmacokinetic sampling. The analysis used
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population pharmacokinetic modeling techniques and clinical trial simulations to

characterize levofloxacin pharmacokinetics and optimal doses.

Study 3 (Chapter 4) characterized levofloxacin (15mg/kg and 20mg/kg) safety in
children with MDR-TB disease in this same cohort. Clinical and laboratory adverse
events were assessed for severity according to standard grading and for attribution to

levofloxacin.

Study 4 (Chapter 5) characterized the pharmacokinetics and short-term safety of a
novel, child-friendly 100 mg scored dispersible tablet. In an open-label
pharmacokinetic study as a lead-in to the TB-CHAMP phase III trial (levofloxacin vs.
placebo for MDR-TB prevention), children 0 to <5 years of age had intensive
pharmacokinetic sampling following weight-banded doses of this novel levofloxacin
formulation. NLME modeling was used to compare the primary pharmacokinetic
parameters with the historical cohort evaluated in Study 2; simulations identified

optimized weight-banded dosing for this formulation.

Hypothesis 3, Study 5, 6: The currently used dose of linezolid for MDR-TB and XDR-TB

in children is safe and achieves target concentrations.

The aim of Study 5 (Chapter 6) was to review and synthesize the literature on the use
of linezolid for the treatment of MDR-TB in children. This scoping review undertook a
sensitive search of the literature for all evidence that could inform use of linezolid in
children with MDR-TB, including pre-clinical and clinical data on its efficacy, its safety in
adults and children with prolonged use, and its pharmacokinetics in adults and children.
Reports of linezolid use in children with MDR-TB were combined to estimate its efficacy
and safety in children, and other results were synthesized to create practical

recommendations for linezolid in children with MDR-TB.

Study 6 (Chapter 7) combined data from two prospective observational intensive
sampling pharmacokinetic studies of linezolid in children with MDR-TB. Linezolid
pharmacokinetic parameters were estimated using NLME modeling and optimal doses

were identified using clinical trial simulations, and safety described.

Hypothesis 4, Study 7 (Chapter 8): Lidocaine co-administered with intramuscular
injections of amikacin results in reduced pain and similar amikacin plasma concentrations

in children with MDR-TB.

24



Stellenbosch University https://scholar.sun.ac.za

This study assessed the effect of co-administering lidocaine with intramuscular
amikacin injections on injection-associated pain and on the amikacin pharmacokinetics
using intensive sampling. This was a randomized, double-blind, two-period crossover
study in children aged 8 to <18 years with MDR-TB routinely receiving amikacin for
MDR-TB. Children received a standard mg/kg dose of amikacin either with or without a
weight-banded dose of lidocaine. Pain was assessed before, and then immediately, 30
minutes and 60 minutes after the injection. Pharmacokinetic measures were estimated

using non-compartmental analysis.

Hypothesis 5, Study 8 (Chapter 9): Bedaquiline 400 mg administered as tablets
suspended in water is bioequivalent to bedaquiline 400 mg swallowed as whole tablets in

healthy adult volunteers.

This was a randomized, open label, crossover, bioequivalence study with two single
treatment periods, separated by a 14 day washout period. Twenty-four healthy male
and female volunteers with similar demographics were randomly assigned 1:1 to one of
two treatment sequences in order to receive either first the crushed form of
bedaquiline, as the experimental, and secondly the whole tablet as the approved dosing
form, or vice versa. NLME modeling was used to estimate the potential difference in
bioavailability for crushed compared to whole tablets. 95% confidence intervals of the

estimate were compared to formal bioequivalence criteria.
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Chapter 2: The pharmacokinetics and safety of ofloxacin in children

treated for drug-resistant tuberculosis

Rationale

The fluoroquinolones are critical components of treatment regimens for MDR-TB. Until
2013-2014 ofloxacin was the most widely used fluoroquinolone for TB treatment in
both adults and children globally. The WHO recommended a dose of 15-20 mg/kg once
daily in children, however there was little data on ofloxacin use in children to inform
this recommendation and it was unknown if this dose achieved the exposures achieved
in adults after the standard recommended 800 mg dose (median AUCo-24 103 pg - h/ml)
(81).

Study aims

The objective of this study was to characterize the pharmacokinetics and long-term
safety of ofloxacin in HIV-infected and -uninfected children routinely receiving ofloxacin

for MDR-TB disease or exposure.
Methods

The MDRPK1 study (Pharmacokinetics and toxicity of second-line antituberculosis drugs
in HIV-infected and —uninfected children, P] Hesseling, Schaaf, HD 069169-01) was an
NIH RO1 funded study targeting 318 HIV-infected and uninfected children receiving
second-line antituberculosis drugs for pharmacokinetic sampling and longitudinal
follow-up for safety and treatment outcomes. The primary objective of the study was to
characterize the pharmacokinetics of the second-line antituberculosis drugs in children;
other objectives were to characterize the safety of the second-line antituberculosis
drugs and any potential drug-drug interactions with antiretrovirals (ARVs) in HIV-
infected children. The study was open from 2011-2015, and recruited children with
MDR-TB disease or exposure from Tygerberg Hospital and Brooklyn Hospital for Chest
Diseases, Cape Town as well as Brewelskloof Hospital, Worcester. Children were
eligible for the study if they were 0 to <15 years of age, routinely treated with second-
line antituberculosis drugs for >2 weeks but <8 weeks for treatment of MDR-TB disease
or as preventive therapy for MDR-TB exposure, HIV-infected or —uninfected, and on

ART for >2 weeks if HIV-infected. Exclusion criteria included laboratory documented
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anaemia (haemoglobin <8 g/dL) or weight <5 kg. Local guidelines in Cape Town used a
three-drug MDR-TB preventive therapy regimen composed of ethambutol, high-dose
isoniazid and either ofloxacin (prior to 2013) or levofloxacin (from 2013) to children <5
years of age or HIV-infected and <15 years of age with a recent documented exposure to
MDR-TB but no evidence of TB disease at the time. Children enrolled in the study on
MDR-TB preventive therapy had cross-sectional intensive pharmacokinetic sampling,
and were followed in the routine care programme, but within the study were not
followed for safety or long-term outcomes, as data on the safety of this regimen had
already been documented (77). Children in the study who were receiving treatment for
MDR-TB disease had intensive pharmacokinetic sampling and were followed

longitudinally for safety and treatment outcome.

Children enrolled in MDRPK1 who were less than 15 years of age and routinely treated
with ofloxacin for the prevention or treatment of MDR-TB were included, primarily
during 2011-2013, prior to the introduction of levofloxacin. All children had
pharmacokinetic sampling between 2 and 8 weeks of treatment with ofloxacin as a
component of their routine treatment regimens. The routinely available formulation of
ofloxacin was used (200 mg tablets, Sanofi Aventis, Midrand, South Africa). On the day
of pharmacokinetic sampling, an exact 20 mg/kg dose of ofloxacin was administered by
the study team, and samples taken pre-dose and at 1, 2, 4, 8 and either 6 or 11 hours
post-dose. Ofloxacin was administered either as whole tablets, or as crushed tablets
either orally or by nasogastric tube, depending on what the child was able to tolerate.
Ofloxacin plasma concentrations were measured using a validated liquid
chromatography tandem mass spectrometry (LC MS/MS) assay at the University of
Cape Town Division of Clinical Pharmacology. Key pharmacokinetic measures were
calculated using NCA, and univariable and multivariable linear regression used to assess
associations between pharmacokinetic measures and clinical and other covariates of
interest using Stata 12.1 SE software (StataCorp., College Station, Texas). Children
receiving ofloxacin as a component of a treatment regimen for MDR-TB disease had 1-2
monthly safety monitoring until the completion of MDR-TB treatment (typically 12-18
months). All adverse events were assessed for both severity using standard Division of
AIDS criteria (DAIDS Table for Grading the Severity of Adult and Pediatric Adverse
Events version 1.0, December 2004, updated August 2009) (122) and attribution to
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ofloxacin. Frequency and rates of adverse events were reported by grade and by

relation to ofloxacin.
Results

Eighty-five children, median (IQR) age 3.4 years (1.9 to 5.2), were included in this study.
Eleven (13%) were HIV-infected; 85% received ofloxacin as crushed tablets in water (as
opposed to tablets swallowed whole, due to feasibility reasons). The mean ofloxacin
(range) Cmax, AUCo-g, and t12 were 8.97 ng/ml (2.47 to 14.4), 44.2 pg - h/ml (12.1 to
75.8), and 3.49 h (1.89 to 6.95), respectively. The mean AUCo-24, estimated in 72
participants, was 66.7 pg - h/ml (range, 18.8 to 120.7). In multivariable analysis, AUCo-
24 was increased by 1.46 pg - h/ml for each 1-kg increase in body weight (95% CI, 0.44
to 2.47; p=0.006). No other assessed variable contributed to the model. No grade 3 or 4

adverse events at least possibly attributed to ofloxacin were observed.
Conclusions and recommendations

In this largest study of ofloxacin in children to date, ofloxacin was safe and well
tolerated in children routinely receiving an ofloxacin-containing regimen for MDR-TB
treatment or prevention. However, ofloxacin exposures were well below the values
typically achieved in adults. The long-term safety of ofloxacin demonstrated in this
study is reassuring, as historical concerns about fluoroquinolone adverse effects in
children have persisted in many settings despite emerging evidence to the contrary.
Only weight was associated with AUCo-24 in multivariable analysis. Notably, neither HIV
co-infection nor ofloxacin formulation manipulation (receiving crushed tablets vs.
whole) was associated with ofloxacin exposure. The study identified that higher doses
of ofloxacin than currently recommended will likely be needed in children to achieve
the target exposures achieved in adults receiving an 800 mg daily dose. Although
ofloxacin was no longer the fluoroquinolone of choice in the period following this
publication, this work importantly demonstrated the safety of long-term
fluoroquinolone treatment in young children and also identified that the recommended
dose of this antituberculosis drug resulted in low exposures in children, raising the

concern that there may be similar considerations for other fluoroquinolones.

Citation: Garcia-Prats AJ, Draper HR, Thee S, Dooley KE, Mcllleron HM, Seddon JA,
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Ofloxacin is widely used for the treatment of multidrug-resistant tuberculosis (MDR-TB). Data on its pharmacokinetics and
safety in children are limited. It is not known whether the current internationally recommended pediatric dosage of 15 to 20
mg/kg of body weight achieves exposures reached in adults with tuberculosis after a standard 800-mg dose (adult median area
under the concentration-time curve from 0 to 24 h [AUC,_,,], 103 pg - h/ml). We assessed the pharmacokinetics and safety of
ofloxacin in children <15 years old routinely receiving ofloxacin for MDR-TB treatment or preventive therapy. Plasma samples
were collected predose and at 1, 2, 4, 8, and either 6 or 11 h after a 20-mg/kg dose. Pharmacokinetic parameters were calculated
using noncompartmental analysis. Children with MDR-TB disease underwent long-term safety monitoring. Of 85 children (me-
dian age, 3.4 years), 11 (13%) were HIV infected, and of 79 children with evaluable data, 14 (18%) were underweight. The ofloxa-
cin mean (range) maximum concentration (C,,,,), AUC,_g, and half-life were 8.97 png/ml (2.47 to 14.4), 44.2 pg - h/ml (12.1 to
75.8), and 3.49 h (1.89 to 6.95), respectively. The mean AUC, _,,, estimated in 72 participants, was 66.7 pg - h/ml (range, 18.8 to
120.7). In multivariable analysis, AUC,_,, was increased by 1.46 g - h/ml for each 1-kg increase in body weight (95% confidence
interval [CI], 0.44 to 2.47; P = 0.006); no other assessed variable contributed to the model. No grade 3 or 4 events at least possibly
attributed to ofloxacin were observed. Ofloxacin was safe and well tolerated in children with MDR-TB, but exposures were well

below reported adult values, suggesting that dosage modification may be required to optimize MDR-TB treatment regimens in

children.

lobally, in 2013 there were an estimated 480,000 new cases of

multidrug-resistant tuberculosis (MDR-TB), defined as My-
cobacterium tuberculosis resistant to isoniazid (INH) and rifampin
(RIF) (1). Precise incidence data in children are unavailable, but
modeling estimates suggest that there were 33,000 new pediatric
MDR-TB cases in 2010 (2). In addition, assuming an average of
two child contacts for each adult MDR-TB source case (3), there
may be as many as 900,000 children newly exposed to MDR-TB
globally each year. Fluoroquinolones are a key component of ex-
isting regimens for treatment (4) and prevention (5) of MDR-TB
in adults and children.

Ofloxacin, a fluoroquinolone, has potent activity against M.
tuberculosis (6, 7) and has been routinely used in MDR-TB
treatment. The current World Health Organization (WHO)
recommended adult dose of ofloxacin for MDR-TB is 800 mg
daily. Ofloxacin is not metabolized; rather, it is excreted un-
changed in the urine (8). It is well absorbed after oral admin-
istration, and food intake does not affect its pharmacokinetics
appreciably (9-12).

There are limited data on ofloxacin pharmacokinetics in chil-
dren, particularly in children <5 years of age, to guide appropriate
dose selection (11, 13). The WHO recommends a pediatric ofloxa-
cin dose for MDR-TB of 15 to 20 mg/kg of body weight daily (14);
however, it is unknown if this dose achieves exposures in children
approximating those in adults after the recommended 800-mg
dose. Concerns regarding arthropathy (15, 16) had initially lim-
ited the use of fluoroquinolones in children. Although safe in
short courses (16-18), there are limited data on fluoroquinolone
safety in children with long-term use (5, 19).
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The more potent fluoroquinolones levofloxacin and moxi-
floxacin (20, 21) are beginning to replace ofloxacin for MDR-TB
treatment. However, because of its low cost and widespread avail-
ability, ofloxacin is still used for MDR-TB in many settings, and
optimizing its use in children remains important.

The objective of this study was to evaluate the pharmacokinet-
ics and safety of ofloxacin among a large cohort of HIV-infected
and uninfected children of representative ages who were routinely
receiving ofloxacin for the prevention or treatment of MDR-TB.

MATERIALS AND METHODS

Study design. This was a prospective observational pharmacokinetic
study.

Study setting. The study took place in the Western Cape, South Africa,
where in 2010 the TB notification rate was 954.1 cases per 100,000 popu-
lation, and from 2009 to 2011 MDR-TB represented 7.1% of culture-
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confirmed cases in children <13 years old (22, 23). The diagnosis of
MDR-TB was based on (i) culture of M. tuberculosis from sputum or other
relevant specimens with drug susceptibility testing (DST) demonstrating
resistance to INH and RIF, (ii) clinical and radiologic evidence of TB and
contact with an MDR-TB source case, or (iii) failure of first-line TB treat-
ment. Treatment for MDR-TB in children was provided independent of
the study, according to local and international guidance, based on the
DST of the child’s isolate or the isolate of their most likely source case.
Treatment included at least four drugs likely to be active given for at least
12 to 18 months (14, 24).

In the study setting, child contacts of adult MDR-TB cases are referred
to a specialty clinic for preventive therapy. Children <5 years of age and
those HIV infected without evidence of TB were prescribed 6 months of a
three-drug preventive therapy regimen: ofloxacin, ethambutol, and high-
dose INH (5).

Study population. Children were recruited from a large provincial
referral hospital (Tygerberg Children’s Hospital) and two provincial TB
hospitals (Brooklyn Hospital for Chest Diseases and Brewelskloof Hospi-
tal). Children <15 years of age routinely started on ofloxacin for preven-
tion or treatment of MDR-TB were eligible. Exclusion criteria were a
weight of <5 kg or hemoglobin of <8.0 g/dl. Children treated for
MDR-TB disease were followed longitudinally to assess safety and tolera-
bility during treatment. The safety of this preventive therapy regimen has
been previously documented; these children were followed independent
of the study (5). Data from 23 children from a substudy of this cohort were
previously published and are included in the present analysis (13).

Data collection. Children were categorized as receiving ofloxacin ei-
ther for MDR-TB treatment or prevention. TB was categorized as con-
firmed, probable, or possible according to international consensus defi-
nitions (25) and as pulmonary, extrapulmonary, or both. HIV status was
ascertained in all participants. Weight-for-age Z-score (WAZ) was calcu-
lated using the 1990 British growth reference (26).

All participants underwent intensive pharmacokinetic sampling 2 to 8
weeks after starting ofloxacin. Ofloxacin (200-mg tablets; Sanofi Aventis,
Midrand, South Africa) at a dose of 15 to 20 mg/kg once daily was rou-
tinely prescribed. On pharmacokinetic sampling days, an exact 20 mg/kg
dose of ofloxacin was weighed and administered by the study team after a
minimum 4-h fast with a small amount of water. Medications were given
either as whole tablets or were crushed and given by mouth or nasogastric
tube, depending on what the child would tolerate. Crushed tablets were
ground with a mortar and pestle, mixed with a small amount of water in a
plastic cup along with any other crushed TB medications, and adminis-
tered immediately. Any residue in the cup was rinsed 1 to 2 times with
additional water and administered to the child. All other anti-TB medica-
tions in the regimen were given together with the ofloxacin. One hour
after the TB medications, antiretrovirals were administered (if applicable)
and a standard breakfast was offered. Samples for pharmacokinetic anal-
ysis were drawn predose and then at 1, 2, 4, 8, and either 6 or 11 h post-
dose. Whole-blood samples were collected in EDTA-containing tubes and
immediately centrifuged, and plasma was separated and frozen at —80°C.
Ofloxacin concentrations were determined by high-performance liquid
chromatography coupled with triple quadrupole mass spectrometry (LC-
MS/MS) using a previously described method validated over a range of
0.0781 to 20.0 pg/ml (27).

Children receiving ofloxacin for MDR-TB treatment had clinical
monitoring monthly for the first 6 months and then every 2 months there-
after and laboratory monitoring (potassium, creatinine, alanine amino-
transferase [ALT], total bilirubin, thyroid functions) every 2 months. Ad-
verse events were graded according to standardized Division of AIDS
(National Institute of Allergy and Infectious Diseases) criteria (28) and
were considered attributable to ofloxacin if they were (i) at least possibly
drug related and (ii) thought by the investigator to be likely related to
ofloxacin or if they were not otherwise attributed to another drug. The
person-time of observation began at the initial study visit and ended at
either the final study visit or the date of treatment completion; observa-
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tion periods in which the child received an alternative fluoroquinolone for
part of the time (treatment guidelines changed during the study period)
were excluded from safety analyses.

Statistical analysis. Demographic and clinical characteristics were
summarized using descriptive statistics. Pharmacokinetic measures were
estimated using noncompartmental analysis (NCA). Observed maximum
plasma drug concentration (C,,,,,) and time to C,,,,., (T\,,,) were recorded
directly from the concentration-time data. The area under the concentra-
tion time curve from 0 to 8 h (AUC,_,) was calculated using the linear
trapezoidal rule. Oral clearance (CL/F), half-life (¢, ,,), and AUC,_,, were
estimated in patients with at least 3 concentration data points in the elim-
ination phase, with the latter based on exponential extrapolation from the
final three time-concentration data points. Fifteen predose drug concen-
trations below the limit of quantification (0.078 g/ml) were set to zero in
analyses.

The C,,,.» AUC,_5, AUC,,_,,, and t,,, were compared by age group (0
to <2 years, 2 to <5 years, and =5 years), HIV status, nutritional status
(WAZ, <—2 versus =—2), and administration method (crushed versus
whole tablets). Using simple linear regression, the AUC,, ,,and C,,,, were
analyzed separately for associations with age, weight, height, HIV status,
nutritional status, gender, ethnicity, disease status (receiving preventive
therapy versus treatment for MDR-TB), and administration method. Co-
variates with a P of <0.05 in univariable analysis, and factors known to
affect drug disposition (age and weight) were included in multivariable
models. We also assessed whether body surface area (BSA) (29) or lean
body mass (LBM) (30) were better predictors than weight and height.

All analyses were performed using Stata 12.1 SE software (StataCorp,
College Station, TX).

Ethical considerations. Written informed consent was obtained from
the parents or legal guardian, and informed assent was collected from all
children =7 years of age. Ethical approval was provided by the Health
Research Ethics Committees of the Faculty of Medicine and Health Sci-
ences of Stellenbosch University and the Faculty of Health Sciences of the
University of Cape Town.

RESULTS

Baseline characteristics. Eighty-five children were included (Ta-
ble 1). All age groups were well represented. The median age was
3.4 years (interquartile range [IQR], 1.9 to 5.2 years). Eleven
(13%) participants were HIV infected. Fourteen of the 79 patients
with evaluable data (18%) were underweight for age (WAZ, <—2)
and 11 of these children were HIV infected (79%). Overall, 72 of
85 (85%) received crushed tablets on the day of pharmacokinetic
sampling (97% of those <5 years old and 41% of those =5 years
old).

Pharmacokinetics and determinants of drug exposures.
With a dose of 20 mg/kg, the mean AUC,,_4 (1 = 85) was 44.2 u.g -
h/ml and AUC,_,, (n = 72) was 66.7 g - h/ml; other summary
measures with reported adult values for comparison are shown in
Table 2. Pharmacokinetic values by age group, HIV status, WAZ
category, and type of administration are presented in Table 3.
Half-life was shorter in the youngest children, and there was a
trend toward a higher C,,,,, in children receiving crushed tablets.
In simple linear regression, no variables assessed were significantly
associated with C,,,,, and only weight was significantly associated
with AUC,_,,. In multivariable analysis, C,,,, was reduced by 0.44
pg/ml for each 1-year increase in age (95% confidence interval
[CI], —0.74 to —0.13; P = 0.005) and was increased by 0.13 pg/ml
for each 1-kg increase in body weight (95% CI, 0.10 to 0.24; P =
0.029). In multivariable analysis, AUC,_,, was increased by 1.46
g - h/ml for each 1-kg increase in body weight (95% CI, 0.44 to
2.47; P = 0.006). Controlling for age and weight, no other assessed
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TABLE 1 Baseline demographic and clinical characteristics of children
receiving ofloxacin for treatment or prevention of drug-resistant
tuberculosis

Ofloxacin Pharmacokinetics and Safety in Pediatric TB

TABLE 2 Summary statistics for ofloxacin pharmacokinetic measures in
children receiving treatment or prevention for multidrug-resistant
tuberculosis”

No. (%) with No. (%) receiving

Values for Values for adults with

MDR-TB MDR-TB preventive No.of  children in the TB given an 800-mg
Characteristic” disease (n = 55)  therapy (n = 30) Parameter” children  present study ofloxacin dose®
Age at enrollment Cinax (Rg/ml) 85 8.97 (2.47-14.4) 10.5 (8.0-14.3)
0to <2yr 16 (29.1) 8 (26.7) T,.. (h) 85 2.0 (1.0-4.0) 1.03 (0.5-6)
2to <5yr 17 (30.9) 22 (73.3) ty/, (h) 72 3.49 (1.89-6.95)  7.34(3.53-28.3)
5to <15yr 22 (40.0) 0 (0.00) CL/F (liter/h/kg) 72 0.31 (0.11-1.06)  0.12(0.02-0.32)
V (liter/kg) 72 1.45 (0.86-6.49)  1.28 (0.78-2.83)
Male sex 32(58.2) 15 (50.0) AUCy g (pg-h/ml) 85 44.2 (12.1-75.8)
) ) ) AUC)_,, (pg-h/ml) 72 66.7 (18.8-120.7) 103 (48-755)
Certamty. of T.B diagnosis . “ All values are presented as means (ranges), except for T,,.,, CL/F, and V, which are
Bacteriological confirmation 20 (36.4) presented as medians (ranges); adult values are all reported as medians (ranges).
Probable TB 32(58.2) b €, Maximum serum concentration; Ty, time to maximum serum concentration;
SUSPeCted TB 3(5.5) t1/,> half-life; CL, clearance; F, fraction absorbed; V, volume of distribution; AUC,_g,
area under the concentration time curve from 0-8 h; AUC,,_,,, area under the
TB disease type (n = 55) concentration time curve from 0-24 h.
PTB only 40 (72.7) “n = 11(10).
EPTB only 5(9.1)
PTB and EPTB 10 (18.2)
HIV infected 11 (20.0) 0(0.0) (44.1 pg - h/ml) in our study are lower than would be expected
Weight-for-age Z-score <—2.0 11 (22.5) 3 (10.0) with a 2.5X higher dose given that ofloxacin exposures should be
(n=79)" dose proportional in the dosing range tested (8, 10). It is unclear if
Height-for-age Z-score <—2.0  19(35.9) 4(14.3) this is because of differences in the study population or drug for-
(n = 81)* mulation used, but our findings underline the importance of not
Weight-for-length Z-score 2 (6.3) 1(3.6)

<—2.0 (n = 60)°

“ PTB, pulmonary tuberculosis; EPTB, extrapulmonary tuberculosis.
b Weight-for-age Z-scores only available for patients aged <10 years.
¢ The sample size is <85 due to missing data.

variables contributed to these models. Neither LBM nor BSA im-
proved the model fit over weight.

Safety. Forty-six children contributed a total of 23.8 years of
observation time on ofloxacin to the safety assessment, with a
median time per child of 4.9 months (IQR, 1.2 to 10.2 months)
(Table 4). Adverse events were mostly mild in severity; vomiting
and pruritus were the most frequent. Most adverse events were
not attributed to ofloxacin but represented known toxicities re-
lated to companion MDR-TB drugs. The only grade 3 or 4 events
were two episodes of asymptomatic ALT elevation due to con-
firmed acute hepatitis A, which resolved without complication
after brief interruptions of some TB medications while awaiting
the hepatitis A results.

DISCUSSION

Ofloxacin given at the WHO-recommended dose of 20 mg/kg to
children was safe and well-tolerated, but exposures in this sub-
stantial pediatric cohort were considerably lower than those
achieved in adults taking the standard MDR-TB treatment dose of
800 mg daily.

Although ofloxacin has been widely used for treatment and
prevention of MDR-TB in children, the appropriate dosage has
not been established. Indeed, only one other study evaluating the
pharmacokinetics of ofloxacin in children has been conducted to
our knowledge. In a study in Vietnam, 17 children (aged 5 to 17
years) with typhoid fever received a single oral dose of 7.5 mg/kg of
ofloxacin (11). A C,,, of 5.73 pg/ml and an AUC,_;, of 26.5
pg/ml were achieved (11). The C,,, (8.97 pg/ml) and AUC,_4
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relying on a single study conducted in one geographic location to
inform global dosing recommendations in children.

The differing AUC,_g and AUC,_,, trends by age in univari-
able analysis may be due to the fact that the proportion of the total
daily AUC that is captured in the first 8 h after dosing is greater in
younger children (data not shown) due to more rapid absorption
and clearance compared to older children. Children with slower
absorption and elimination, and most likely a higher AUC, would
be more likely to be excluded from our estimates of AUC,_,,.
Indeed, AUC,_,, was not estimated in a higher proportion of
older children (Table 3), suggesting we may have underestimated
the AUC,,_,, in children =5 years old. The differences in t, , by age
in univariable analysis and association of AUC,,_,, with weight
are consistent with the principle of allometric scaling, in which
smaller body size is associated with more rapid clearance.

Our large sample allowed us to evaluate covariate effects on the
pharmacokinetics of ofloxacin. In multivariable analysis, age and
weight were associated with AUC,,_4 and C,,,,, and weight was
associated with AUC,_,,. HIV and undernutrition are frequent
concomitant conditions among children with MDR-TB and have
been associated with failure to culture convert at 2 months and
death (31). HIV infection may affect concentrations of some TB
medications (32); however, we did not observe any significant
effect of HIV infection on ofloxacin pharmacokinetics. This is
consistent with the available adult literature (9, 10). Undernutri-
tion also did not have a clinically significant impact on ofloxacin
pharmacokinetics. These data suggest that worse outcomes
among children with HIV coinfection or undernutrition are not
likely due to reduced concentrations of ofloxacin, the key bacteri-
cidal drug in the regimen.

The lack of child-friendly formulations of second-line TB
medications is a major challenge for MDR-TB treatment in chil-
dren, and the impact of formulation manipulation, such as the
crushing or breaking of adult tablets, has not been evaluated fully.
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TABLE 3 Pharmacokinetic measures for ofloxacin (20 mg/kg) in children receiving treatment or prevention for multidrug-resistant tuberculosis, by

age, HIV status, nutritional status, and administration method”

No. of AUC_4 No. of AUC_,,

Parameter children  C,, (pg/ml)  Pvalue  (pg-h/ml)  Pvalue  children  (pg-h/ml)  Pvalue ¢, (h) P value
Age group

0to <2yr 24 10.43 (1.96) 45.9 (8.8) 23 63.9 (15.3) 3.01 (0.53)

2to <5yr 39 8.52 (2.37) 43.8 (12.0) 35 66.5 (20.9) 3.52 (0.75)

=5yr 2 8.18 (2.01) <0.001  43.1(8.9) 0.632 14 71.7 (17.8) 0473 418(1.22)  <0.001
HIV status

HIV infected 11 8.42 (1.51) 42.5 (9.0) 9 63.4 (16.4) 3.35 (0.59)

Not HIV infected 74 9.05 (2.44) 0.404 44.4 (10.6) 0.560 63 67.1 (19.0) 0.579 3.51 (0.93) 0.614
WAZ

<-2.0 18 8.94 (2.35) 42.7 (11.4) 15 61.0 (20.1) 3.06 (0.49)

=-20 67 8.98 (2.35) 0.953 44.6 (10.1)  0.498 57 68.2(18.1)  0.190 3.60 (0.94)  0.004
Administration

Whole 11 7.87 (1.67) 42.2 (10.6) 8 72.4 (23.4) 4.32 (1.45)

Crushed 72 9.16 (2.40) 0.089 44.6 (10.4) 0.481 62 66.1 (18.1) 0.375 3.39 (0.76) 0.114

@ HIV status, nutritional status, and administration method comparisons were generated using ¢ tests; age group comparisons were generated using one-way analyses of variance
(ANOVAgs); all values are presented as means (standard deviations). A total of 85 children participated in the study.

Many children in our study were unable to swallow whole ofloxa-
cin tablets and took them crushed. In univariable analysis, there
was a trend toward a higher C,,, with crushed tablets; however,
crushing did not contribute to the multivariable model, which
included age and weight. The associations of C, ,, with age and
weight described here are somewhat unexpected and should be
interpreted cautiously, as crushing was highly associated with
younger age and less so with weight, and it may have been difficult
to separate these effects in the model. There was no association
between crushing and AUC,_g or AUC,,_,,. Although this does
not replace a formal assessment of relative bioavailability of
crushed versus whole tablets, it suggests that crushing tablets does
not negatively impact drug exposures and crushing may, in fact,
increase the rate or magnitude of absorption.

When efficacy of a TB drug has been established in adults,
efficacy studies may not be required in children, but studies char-
acterizing a drug’s pharmacokinetics and safety in children are
essential. This allows the selection of dosages that achieve concen-
trations associated with treatment success in adults (9, 10). In a
study of ofloxacin pharmacokinetics after an 800-mg dose (me-
dian dose, 14.5 mg/kg) in adults with MDR-TB at two sites in
South Africa, estimated pharmacokinetic parameters were a ,,, of
7.8 h and a C,,,, of 8.8 to 10.4 mg/liter (9). In a U.S. study, 11
adults with TB (median age, 42 years [range, 22 to 57 years]; me-
dian weight, 64 kg [range, 50 to 86 kg]; 3 HIV infected) underwent
intensive pharmacokinetic sampling on ofloxacin at steady state
with a median dose of 800 mg (range, 600 to 1,200 mg). Assays
were performed using high-performance liquid chromatography,
and data were analyzed using population pharmacokinetic mod-
eling (Table 2). Using simulations based on their population
model generated from these data and from an additional group in
this study having sparse pharmacokinetic sampling, estimated
pharmacokinetic parameters after an 800-mg once-daily dose
werean AUC 0f100.7 pg-h/mlanda C,,,, 0f9.35 ug/ml (10). The
Cinax in our children was only slightly below these reported adult
values, although the children received a higher milligram per ki-
logram dose (20 mg/kg) compared to the adults (9). However, the
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estimated AUC,,_,, in our children of 66.7 g - h/ml was far below
the adult value (103 g - h/ml) (10). This is likely related to the
more rapid clearance of ofloxacin in children; calculated t,,, in
children in our study was 3.5 h compared to 7 to 8 h in the adult
studies. That currently recommended dosages of ofloxacin result
in AUC:s in children well below those of adult targets has impor-
tant implications for MDR-TB treatment and prevention, partic-
ularly given the fluoroquinolones’ high bactericidal activity (33)
and their key role in current treatment regimens (34). The AUC is
believed to be the most important pharmacodynamic measure for
the fluoroquinolones against M. tuberculosis (35). As our data
were derived in an optimal setting with an exact 20-mg/kg dose,
drug exposures with unsupervised dosages closer to the lower end
of the recommended range (15 to 20 mg/kg) may be even lower.
Although additional studies corroborating the findings in our
study would be useful, it may not be prudent to wait on such
studies before reevaluating pediatric dosing. Population pharma-
cokinetic modeling can be used to predict dosages most likely to
achieve adult targets; this information is urgently needed, and
such an analysis is planned from this cohort. Higher dosages
should be introduced carefully, though, to assess their safety and
tolerability, particularly given that the C,,, may exceed the C,,
in adults receiving 800 mg daily.

Ofloxacin was generally safe and well tolerated. The overall
person-time of observation for adverse events was more lim-
ited than expected, as many children were switched from
ofloxacin to levofloxacin or moxifloxacin during their treat-
ment, following a national treatment guideline change mid-
study. Adverse effects were of low grade, and there were no
ofloxacin-related grade 3 or 4 events. There was no evidence of
arthralgia or arthropathy in our cohort. Subtle arthralgia may
not have been reported, but it is unlikely clinically significant
arthralgia or arthritis would have been missed. There were two
reports of insomnia attributable to ofloxacin, a well-described
adverse effect of this medication (5, 36). Anecdotally, we have
seen self-limited, mild insomnia and nightmares attributable
to ofloxacin not infrequently; our data may underestimate the
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Ofloxacin Pharmacokinetics and Safety in Pediatric TB

incidence, as many children were admitted to hospital wards
early in their treatment and sleep disturbance may be less no-
ticeable by ward staff than by parents. Our safety assessment is
limited by the lack of a control group and by the difficulty in
attributing adverse effects to individual drugs in a multidrug
regimen that typically includes ethambutol, pyrazinamide,
amikacin, ethionamide, terizidone, and high-dose INH. Our
approach was, however, conservative and more likely to have
overestimated ofloxacin-related adverse effects. These data add
to a growing body of evidence that the fluoroquinolones are
safe in children, including in long-term use (37). The lack of
adverse effects may be related to the relatively low exposures,
and safety should continue to be monitored closely if dosages
are increased.

Treatment outcomes in this cohort were generally good and
will be reported elsewhere; however, one child had docu-
mented acquisition of ofloxacin resistance during treatment.
This HIV-infected child had a complicated course with large
recurrent tuberculous brain abscesses requiring the use of mul-
tiple immunosuppressant medications and was treated with
multiple fluoroquinolones prior to resistance development,
making it difficult to ascribe the resistance acquisition solely to
ofloxacin concentrations. Additionally, this child’s ofloxacin C,,,,
and AUC were each above the median. Despite generally good
outcomes, optimized dosing of the fluoroquinolones in children
remains an important priority and may potentially improve out-
comes further and facilitate the use of shorter, injectable sparing
MDR-TB treatment regimens.

In conclusion, in this large cohort of children receiving ofloxa-
cin, exposures were lower than those in adults. Although ofloxacin
is being phased out of MDR-TB treatment regimens in favor of
more potent fluoroquinolones, it is still used in many places and it
is likely underdosed in children. That ofloxacin was safe and well
tolerated is reassuring, particularly if higher dosages that will be
needed to reach adult reference exposure targets are to be evalu-
ated. A better understanding of the pharmacokinetics and safety
profiles of all second-line anti-TB drugs is essential to ensure the
provision of appropriate drugs at appropriate dosages to children
with MDR-TB to optimize treatment outcomes.
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Chapter 3: Levofloxacin population pharmacokinetics in children

treated for multidrug-resistant tuberculosis

Rationale

Levofloxacin is the l-isomer and the active component of the ofloxacin racemate,
conferring levofloxacin with nearly twice the antimycobacterial activity of ofloxacin.
Therefore levofloxacin became favoured over ofloxacin for MDR-TB treatment and
prevention. This was reflected in WHO guidance, which recommended phasing out
ofloxacin and prioritizing levofloxacin or moxifloxacin for MDR-TB during 2012-2013,
during the time field research contributing towards this doctoral dissertation was
underway. The WHO recommended variable doses of levofloxacin for children,
including: 7.5-10 mg/kg once daily (15, 123) and 15-20 mg/kg/day divided twice daily
for < 5 years of age, 10-15 mg/kg once daily for > 5 years of age (124). However the
optimal levofloxacin doses in children that achieve target concentrations in adults after
a 750 mg dose (96.8 pg - h/ml) (79) had not yet been characterized. This routine
change in policy recommendation by WHO was followed by a South African National TB
Programme (SA NTP) recommendation in 2012-2013 to use levofloxacin in children
below 8 years of age, and moxifloxacin in older children and adults with MDR-TB during
(125). The rationale for recommending different fluoroquinolones in children was
primarily due to formulation considerations. Moxifloxacin was only available as an
unscored 400 mg tablet, making accurate dosing in young children very difficult, and
when crushed or dissolved/suspended in water it is very bitter and poorly palatable. In
contrast, levofloxacin was available as a 250 mg tablet, which could be split to
accurately dose most children, and although still bitter when crushed was more

palatable than moxifloxacin.

Study aims

The aim of this prospective observational pharmacokinetic study was to characterize
the pharmacokinetics and optimal dosing strategy of levofloxacin in children routinely

treated for MDR-TB disease or exposure.

Methods
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Children in this evaluation of levofloxacin were enrolled in the MDRPK1 study (see
Chapter 2). Similar in design to the study of ofloxacin in Chapter 2, children <15 years
routinely receiving levofloxacin for MDR-TB disease or exposure at one of the three
study facilities in Cape Town and Worcester, were included in this study, primarily from
2013-2015. On pharmacokinetic sampling days, samples were taken pre-dose and at 1,
2,4, 8 and 6 or 11 hours after an observed exact dose of 15 mg/kg or 20 mg/kg, taken
as either whole tablets, or crushed tablets either swallowed or administered via
nasogastric tube. The routinely available levofloxacin adult 250 mg tablets (Austell,
Johannesburg, South Africa) were used throughout the study. Levofloxacin plasma
concentrations were measured using a validated LC MS/MS assay at the University of
Cape Town Division of Clinical Pharmacology. Pharmacokinetic parameters were
estimated using NLME modeling, and the effect on the model fit of key covariates was
explored, including HIV status, MDR-TB status (disease vs. exposure), undernutrition,
ethnicity, and administration method (whole tablets vs. crushed tablets taken orally vs.
crushed tablets administered via nasogastric tube). Simulations using the final model
were used to estimate weight-banded doses achieving the adult target exposure. This
optimized dosing regimen was targeted to achieve a median AUC in each weight band
within 20% of the target exposure, with the simulated Cmax not exceeding by more than
20% that observed to be safe in adult studies. Safety data for levofloxacin are reported

in Chapter 4.

Results

One-hundred and nine children were included in the study, with a large proportion of
young (median age 2.1 years, range 0.3 to 8.7) and small (median weight 12 kg, range 6
to 22 kg) children. Levofloxacin followed two-compartment kinetics with first-order
elimination and absorption with a lag time. Inclusion of allometric scaling improved the
model fit, and clearance in a typical child (weight 12 kg, age 2 years) was 4.7 liters/h;
HIV infection reduced levofloxacin clearance by 16%. Crushing of tablets or use of a
nasogastric tube did not significantly affect the overall bioavailability. Levofloxacin
exposures in children with the 250 mg adult tablet were considerably lower than
reported in adults receiving a similar dose on a mg/kg basis even after accounting for
the effect of body size with allometric scaling. The reason for this is not clear, but

possibilities include effects of the formulation used in the study or effects of formulation
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manipulation (crushing tablets). To achieve exposures in children equivalent to adult
target exposure values with the routine adult formulation studied, higher levofloxacin
doses than currently recommended would be required, varying from 18 mg/kg/day for

younger children (3-4 kg) up to 40 mg/kg/day for older children.

Conclusions and recommendations

Currently recommended doses of levofloxacin with the routine adult levofloxacin
formulation studied resulted in exposures in children well below current routine target
values in adults. Based on our data, the largest paediatric levofloxacin pharmacokinetic
study to date, weight-banded doses in children that would be expected to achieve target
values with the studied formulation were proposed, for careful prospective evaluation
of pharmacokinetics and safety. Even after accounting for the effects of body size,
exposures were lower in this study than has been previously reported. This unexpected
difference could not be explained by our data, however the effects of formulation or
formulation manipulation were considered possibilities. The effects of formulation and
formulation manipulation on levofloxacin pharmacokinetics need further evaluation.

As pharmacokinetic targets evolve in adults based on ongoing trials, paediatric studies
would be required to evaluate the required doses to achieve these new exposures and

safety at those doses.
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ABSTRACT Levofloxacin is increasingly used in the treatment of multidrug-resistant tu-
berculosis (MDR-TB). There are limited pediatric pharmacokinetic data to inform dose se-
lection for children. Children routinely receiving levofloxacin (250-mg adult tablets) for
MDR-TB prophylaxis or disease in Cape Town, South Africa, underwent pharmacokinetic
sampling following receipt of a dose of 15 or 20 mg/kg of body weight given as a
whole or crushed tablet(s) orally or via a nasogastric tube. Pharmacokinetic parameters
were estimated using nonlinear mixed-effects modeling. Model-based simulations were
performed to estimate the doses across weight bands that would achieve adult expo-
sures with 750-mg once-daily dosing. One hundred nine children were included. The
median age was 2.1 years (range, 0.3 to 8.7 years), and the median weight was 12 kg
(range, 6 to 22 kg). Levofloxacin followed 2-compartment kinetics with first-order elimi-
nation and absorption with a lag time. After inclusion of allometric scaling, the model
characterized the age-driven maturation of clearance (CL), with the effect reaching 50%
of that at maturity at about 2 months after birth and 100% of that at maturity by 2
years of age. CL in a typical child (weight, 12 kg; age, 2 years) was 4.7 liters/h. HIV infec-
tion reduced CL by 16%. By use of the adult 250-mg formulation, levofloxacin exposures
were substantially lower than those reported in adults receiving a similar dose on a
milligram-per-kilogram basis. To achieve adult-equivalent exposures at a 750-mg daily
dose, higher levofloxacin pediatric doses of from 18 mg/kg/day for younger children
with weights of 3 to 4 kg (due to immature clearance) to 40 mg/kg/day for older chil-
dren may be required. The doses of levofloxacin currently recommended for the treat-
ment of MDR-TB in children result in exposures considerably lower than those in adults.
The effects of different formulations and formulation manipulation require further inves-
tigation. We recommend age- and weight-banded doses of 250-mg tablets of the adult
formulation most likely to achieve target concentrations for prospective evaluation.

KEYWORDS NONMEM, allometric scaling, dosing recommendations,
fluoroquinolones, maturation, pediatric, population PK modeling

he fluoroquinolones, with their potent antimycobacterial activity, are increasingly
important medications for tuberculosis (TB) prevention and treatment, particularly
for multidrug-resistant (MDR) TB (i.e., TB caused by Mycobacterium tuberculosis strains
resistant to both isoniazid and rifampin), against which the fluoroquinolones are a key
component of current regimens. Levofloxacin, the L-isomer and the more active com-
ponent of the ofloxacin racemate (1, 2), is the fluoroquinolone most commonly used in
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young children with TB, partly due to the availability of smaller, child-friendly formu-
lations. Levofloxacin also has the advantage of having a reduced QT-prolonging effect
compared to that of other fluoroquinolones (like moxifloxacin) (3), making it more
suitable for use in explorations of the effects of increased doses and its combined use
with the novel and repurposed anti-TB drugs bedaquiline, delamanid, pretomanid, and
clofazimine, all of which can cause QT interval prolongation (4). Levofloxacin is also
increasingly used as a substitute for isoniazid in the treatment of isoniazid-resistant TB
and is being evaluated for the treatment of tuberculous meningitis. Data from an
animal model of latent TB infection and from observational studies in children suggest
a potential role for the fluoroquinolones in MDR-TB-preventive therapy as well, and two
phase Il clinical trials (the TB-CHAMP trial in South Africa [International Standard
Randomized Controlled Trial number ISRCTN92634082] and the V-QUIN trial in Vietnam
[trial identifier, ACTRN12616000215426]) comparing levofloxacin and placebo are on-
going (5, 6). Given these broad indications for the use of levofloxacin against TB, it is
likely to be more widely used in children affected by TB (7, 8).

There are currently limited data on levofloxacin pharmacokinetics (PK) in children
with TB. The fluoroquinolones are concentration-dependent antibiotics, with the area
under the concentration-time curve (AUC) and maximum plasma concentrations (C,.,.)
being considered the pharmacokinetic parameters most closely correlated with efficacy
(9). Levofloxacin is rapidly absorbed after oral administration with a bioavailability of
>90% and is mainly renally eliminated (10). The doses of levofloxacin in children that
result in exposures approximating those in adults receiving the current World Health
Organization (WHO)-recommended dose of 750 mg once daily for the treatment of TB
are not well defined (11). The levofloxacin dose currently recommended by WHO for
MDR-TB treatment in children is 15 to 20 mg/kg of body weight/day divided into two
doses daily in children aged =5 years and 10 to 15 mg/kg/day once daily in children
aged >5 years; however, published data supporting this recommendation are limited
(11). A small study of 22 South African children aged 0 to 8 years with MDR-TB disease
or exposure who received levofloxacin at 15 mg/kg once daily showed lower exposures
(median C,,,,, 6.79 mg/liter; median AUC, 32.9 mg - h/liter) than healthy adults after a
standard 750-mg dose (mean C, .. 9-3 mg/liter; mean AUC, 101 mg - h/liter) (10, 12).
On the basis of data from a study of 50 children receiving levofloxacin for MDR-TB
treatment or preventive therapy in the Federated States of Micronesia and the Republic
of the Marshall Islands, a 15- to 20-mg/kg once-daily dose was recently recommended
(13). However, few young children were included in that study, with the study including
only three children younger than 2 years of age, the age range during which renal
function is rapidly maturing (13). Data for HIV-infected children also remain limited.

The objective of this study was to describe the population pharmacokinetics of
levofloxacin among children receiving levofloxacin for MDR-TB and to use this infor-
mation in simulations to predict the dosing that would achieve the exposures seen in
adults receiving the currently recommended 750-mg dose.

RESULTS

Study population and pharmacokinetic samples. The study included 109 chil-
dren. The median age was 2.1 years (range, 0.3 to 8.7 years), and the median weight
was 12 kg (range, 6 to 22 kg); 16 were HIV infected and on antiretroviral therapy (ART)
containing either lopinavir-ritonavir (n = 13) or efavirenz (n = 3). Patient characteristics
are shown in Table 1. A total of 662 samples were available for analysis (3 participants
contributed data from more than one sampling occasion), with the levofloxacin con-
centrations in 36 (5.4%) samples being below the limit of quantification of the assay,
and all of these were observed in the predose sample.

Pharmacokinetic model. The pharmacokinetics of levofloxacin was well described
using 2-compartment disposition kinetics (with respect to a 1-compartment model, the
change in the objective function value [AOFV] was 43.8; 2 degrees of freedom [df]; P <
0.001), first-order elimination and absorption, and inclusion of an absorption lag time
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TABLE 1 Characteristics of children with MDR-TB disease or exposure treated with
levofloxacin?

Characteristic Value
No. (%) of children of the following ethnicity:

Black 69 (63.3)

Mixed race 40 (36.7)
No. (%) of male children 56 (51.4)
Median (range) age (yr) 2.1 (0.32-8.65)
Median (range) wt (kg) 12.4 (5.88-21.8)
Median (range) wt-for-age Z-score (WHO) —0.39 (—4.18-3.32)®
Median (range) ht-for-age Z-score (WHO) —1.31 (—4.70-1.45)
Median (range) wt-for-length Z-score (WHO) 0.60 (—4.88-4.33)
No. (%) of children with the following MDR-TB disease status:

MDR-TB disease (treatment) 71 (65.1)

MDR-TB exposure (preventive therapy) 38(34.9)
Median (range) levofloxacin total dose (mg) 212 (88.5-435)
Median (range) levofloxacin dose (mg/kg) 15 (10-21.4)
Median (range) creatinine clearance (ml/min)e 119 (66.6-181)

No. (%) of children administered drug by the following procedure:

Whole tablet, orally 7 (6.4)

Crushed tablet, orally 12(11)

Crushed tablet, nasogastric tube 90 (82.6)
No. (%) of children HIV infected 16 (14.7)

aData are for 109 children. WHO, World Health Organization.

bTwelve children had a Z-score of <-—2.

Thirty-three children had a Z-score of <—2.

9Two children had a Z-score of <—2.

€The revised formula of Schwartz et al. (47) was used; the serum creatinine concentration was measured only
in the patients treated for TB disease (n = 71, 65.1%).

(AOFV, 68.5; 2 df; P < 0.001). The final parameter estimates of the model, along with
their precisions, are shown in Table 2.

After the inclusion of allometric scaling with total body weight, which substantially
improved the fit (AOFV, 118), the model could characterize the effect of age, as shown
in Fig. 1 (AOFV, 18.5; 2 df; P < 0.001): the model estimated that levofloxacin clearance
(CL) reaches 50% maturity at about 2 months after birth and is nearly fully mature
around 2 years of age. The use of fat-free mass (14) for allometric scaling did not
provide meaningful improvements to the fit.

The model estimated the typical value of CL in a 12-kg, 2-year-old child to be 4.7
liters/h. The use of a nasogastric tube (NGT) for drug administration was found to
increase the speed of absorption by shortening the absorption lag time (AOFV, 11.4; 1
df; P < 0.001), but no significant effect on bioavailability was detected when either the
tablet was crushed or an NGT was used. Additionally, HIV-infected children had a 16%
lower CL (AOFV, 9.3; 1 df; P < 0.01) and, hence, higher exposure. This difference could
not be ascribed to a particular ART regimen, due to the small sample size of this
subgroup. Creatinine clearance was tested as an alternative to weight and age as a
predictor of CL in the subset for which serum creatinine concentration measurements
were available but did not provide a better model fit. No significant differences were
found between children receiving treatment for MDR-TB and those receiving preven-
tive treatment, and there was no effect of undernutrition or ethnicity.

After adjustment for all the predictors mentioned above, the model still identified a
moderate random between-subject variability (BSV) in CL, a large between-occasion
variability (BOV) in the absorption parameters, and a moderate BOV in bioavailability.
The model significantly improved (AOFV, 51.4; 1 df; P < 0.001) when the estimate of the
greater variability (~4.5-fold) in the bioavailability of the unobserved doses was
allowed. This additional parameter was included to adjust for the greater uncertainty
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TABLE 2 PK parameter values for levofloxacin in children with MDR-TB disease or exposure

Variability as CV% (95% Cl)

PK parameter Typical value (95% Cl) [eta shrinkage (%)]

CL (liters/h)e 4.70 (4.37, 5.00) for HIV— BSV: 15.2 (10.6, 19.0) [24]
V,_ (liters)? 19.2 (10.9, 21.8)

Q (liters/h)e 0.796 (0.332, 4.76)

Vp (liters)@ 3.40 (2.53, 38.7)

Tag (h) 0.242 (0.0385, 0.654) for oral dosing BOV: 130 (30.9, 303) [76]
k, (1/h) 1.61 (0.855, 2.78) BOV: 64.8 (43.4, 80.9) [43]
F 1 (fixed) BOV: 21.8 (13.7, 28.4) [10]
HIV* on CL (%) —15.9 (—26.6, —5.93)

NGT on T,,q (%) —85.6 (—99.3, —34.6)

Scaling of BOV in F for unobserved doses (fold)® 4.48 (3.31, 7.08)

PMAGE;, (mo) 10.6 (7.55, 12.9)

y 3.39 (1.42, 4.98)

Additive error (mg/liter)< 0.0160, i.e., 20% of LLOQ (fixed)

Proporational error (%) [epsilon shrinkage (%)] 11.6 (10.0, 12.7) [29]

aAll clearance and volume parameters have been scaled with allometric scaling. The typical values reported here refer to a 12-kg child aged 2 years. Age affects
clearance, since maturation was used. At 2 years after birth, maturation is predicted to be 97.9% complete.
bThis is a multiplicative factor increasing the BOV in bioavailability for all predose concentrations, which follow an unobserved dose.
<The estimate of the additive error hit the stipulated lower boundary (20% of LLOQ), so it was fixed to this value.
dValues in parentheses are empirical 95% confidence intervals obtained with a 500-sample nonparametric bootstrap. The PK parameter variability was included either
as between-subject variability or between-occasion variability, assuming a lognormal distribution. It is reported here as the approximate coefficient of variation (in
percent). CL, clearance; V., central volume of distribution; Q, intercompartmental clearance; V,,, peripheral volume of distribution; T,4, absorption lag time;
k., absorption rate constant; F, bioavailability; PK, pharmacokinetic; PMAGEs,, postmenstrual age at which 50% maturation is reached; v, shape factor for the
maturation function; BSV, between-subject variability; BOV, between-occasion variability; HIV* and HIV~ HIV-infected and uninfected children, respectively; NGT, drug
administration with a nasogastric tube.

expected to affect the information on the timing of doses and accurate dosing
procedures on the days prior to the day of the visit when the dose was observed to
have been given and samples were collected for pharmacokinetic analysis (Table 2).
The model fit the data adequately, as shown in the visual predictive check (VPC) in
Fig. 2, which also highlights the differences between the pharmacokinetic profiles
obtained using different administration procedures and the effect of HIV infection.
Simulated exposures. The final model was used to simulate the exposures
achieved in children with different weights and ages, and these were compared with
the values for adults. We first explored the expected AUC and C,,,, in children receiving
levofloxacin at a 20-mg/kg dose (the high end of the currently used dosing range of 15
to 20 mg/kg). The resulting exposures (AUC and C,,,,) across different weights are
shown in Fig. 3. These simulations show that the AUC achieved in children after dosing
of a 20-mg/kg dose using the 250-mg adult formulation was considerably lower than

Clearance maturation vs. age
100%

90%

80%

PMAGEY
PMAGEY +PMAGEY

70% Maturation =

60%

Maturation %

50%
40%

30%
0 12 24 36 48 60
Age (months)

FIG 1 Maturation function of levofloxacin clearance. The percent maturation achieved versus postnatal
age, assuming a standard duration of gestation (9 months), is shown.
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Whole Tablet Crushed Tablet

Levofloxacin [mg/L]

Crushed Tablet +
Nasogastric Tube L

HIV-

Levofloxacin [mg/L]

HIV+

Time after dose [h]

FIG 2 Visual predictive check of the levofloxacin concentration versus time after dose, stratified by either the administration method (top) or HIV infection status
(bottom). The solid and dashed lines represent the 50th, 5th, and 95th percentiles of the observed data, while the shaded areas represent the model-predicted

95% confidence intervals for the same percentiles. The dots are the observed concentrations.

the chosen target for all age groups. Additionally, a fixed dose on a milligram-per-
kilogram basis achieved a progressively lower AUC as age and weight decreased down
to ~9 kg (for children <~1 year of age), at which point the effect of maturation
reversed this trend. C,,,, was also lower than that previously reported in adults. We
then evaluated an alternative dosing scheme, shown in Table 3, designed to more
closely approximate the proposed target exposures in adults. To attain an AUC in
children similar to that in adults, our model predicts that children in the weight band
of between 8 and 11 kg may require considerably higher doses of this formulation of
up to almost 40 mg/kg on a milligram-per-kilogram basis compared with the dose in
adults. Children below 2 years of age, in whom the maturation of clearance is still
incomplete, would require a slightly lower dose on a milligram-per-kilogram basis
compared with the dose in adults, and the weight bands for very young children must
be narrow to provide appropriate doses, given the substantial impact of body size and
age on the pharmacokinetics of levofloxacin in younger children.

DISCUSSION

Among children who routinely receive the standard adult formulation of levofloxa-
cin for the treatment or prevention of MDR-TB at currently recommended doses,
exposures were substantially lower than those for adults receiving levofloxacin at the
standard 750-mg dose for the same indication. This was true even in young children in
whom renal function is still immature (15). As fluoroquinolones are considered the most
important component of MDR-TB regimens, underdosing of these drugs is particularly
concerning (16).
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FIG 3 Simulated levofloxacin steady-state AUC from time zero to 24 h (AUC,_,,) (top) and C,,,., (bottom) versus body weight. (Left) The concentrations achieved
with dosing at 20 mg/kg; (right) the suggested optimized dosing. The dashed lines for C,.,, (15.55 mg/liter) are the median values observed by Peloquin et
al. (15) with dosing at 1,000 mg daily, while the dashed lines for AUC (96.8 mg - h/liter) represent the median exposure from the same study, after rescaling
of the dose from 1,000 mg to 750 mg daily, the dose currently recommended for the treatment of tuberculosis in adults.

Our findings are generally consistent with those described in previous reports (13,
17) of the pharmacokinetics of levofloxacin in children (also determined using a
standard 250-mg formulation), which showed lower exposures in children than in
adults when both groups were dosed at the same milligram-per-kilogram level. Only
part of the difference between the exposures in children and adults could be explained
by the nonlinear effect of differences in body size described by allometric scaling. After
standardizing the value of CL to a 70-kg individual with allometric scaling, our estimate
is higher than the values previously reported for pediatric populations (13, 17) and, in
keeping with the findings of other studies, is higher than the CL values reported in
studies with adults (Table 4) (15, 18, 19). Why the levofloxacin concentrations in our
study were lower than expected after adjustment for body size is unclear. Compared to
other studies with pediatric populations, our CL values are greater than any of the
values previously reported and are closest to those reported by Chien et al. (17) for the
youngest cohorts in their study (<2 years old). As differences in body composition
could play a role, we tested fat-free mass (FFM) as a descriptor of size for allometric

TABLE 3 Suggested optimized weight-banded dosing of once-daily levofloxacin in
children to approximate an adult 750-mg once-daily dose?

Wt band (kg) No. of 250-mg tablets Daily dose (mg) Median daily dose (mg/kg)

3-<4 0.25 62.5 18
4-<5 0.5 125 28
5-<6 0.75 187.5 34
6-<8 1 250 36
8-<11 1.5 375 39
11-<15 2 500 38
15-<20 25 625 36
20-<25 3 750 33
25-<30 3.5 875 32
30-<35 4 1,000 31

9The target was a steady-state AUC,_,, of 96.8 mg - h/liter (rescaled from 1,000 mg to 750 mg from
Peloquin et al. [15]).
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TABLE 4 Comparison of scaled AUC and CL of levofloxacin in South African children with MDR-TB treatment or exposure with previously
reported values in adults and children

Median
and/or Dose AUC scaled to CL (liters/h)
Author (reference or No. of Median range age Route of __ AUC 1,000 mg or scaled to a
source) patients Country wt (kg) (yr) administration mg mg/kg (mg - h/liter) 20 mg/kg 70-kg adult?
Preston et al. (19) 272 USA 77.5 47 Oral 500 ~6.5 7253 145 8.35
Thwaites et al. (18) 15 Vietnam 48 33 Intravenous 1000 ~20.8 155 155 8.56
Peloquin et al. (15) 10 Brazil 56 44 Oral 1000 ~17.9 129 129 9.16
Mase et al. (13) 50 Pacific Islands 1-15 Oral gel ~14 ~55 ~80 11.6
Chien et al. (17) 8 USA 11 0.5-2 Oral 7 25.8 13.7
8 USA 15.6 2-5 Oral 7 259 15.4
8 USA 26.1 5-10 Oral 7 29.0 13.7
8 USA 42.5 10-12 Oral 7 37.3 11.7
8 USA 60.7 12-16 Oral 7 411 12.2
Denti et al. (this study) 109 South Africa 12 2.4 (0.6-8.6) Oral 17.7 45 51 18.8

aAllometric scaling was applied with the exponent 3/4 to scale the value from the median weight in the original study to 70 kg.

scaling, but this did not significantly improve the model. Although we did not identify
a significant effect of the use of crushed tablets versus whole tablets in the model, our
study may have been underpowered to detect a difference, as only 7 of 109 children
received whole tablets. Differences in bioavailability between formulations are increas-
ingly recognized, and this is an important potential explanation for the variability in
exposures between those found in previous work and those found in our study. This
possibility should be evaluated in future work, as it has important practical implications.
Other explanations could be differences in the ethnicities of the patients evaluated,
differences between the drug formulations used our study and those used in previous
studies, or the concomitant use of other antituberculosis drugs. Novel dispersible
levofloxacin formulations (e.g., a 100-mg scored dispersible pediatric formulation [Ma-
cleods, India]) which are currently undergoing prequalification by WHO and which will
be used in several trials for the treatment of MDR-TB in children should be evaluated,
since bioavailability may vary substantially by formulation (20).

Our study was unique in that a large number of very young children were included,
and we were able to characterize the developmental pharmacokinetics of levofloxacin.
Specifically, levofloxacin CL was estimated to reach 50% of the value at maturity at
about 2 months after birth. Seventeen children in our cohort were younger than 1 year
of age. Since the youngest participants were about 4 months of age, the predicted
exposure for infants under age 4 months is a model extrapolation and should be
interpreted with caution. However, the parameter values for the maturation of levo-
floxacin clearance were estimated with reasonable precision and they are similar to
those reported for the maturation of glomerular filtration rate (21). This is consistent
with the fact that levofloxacin’s main route of elimination is renal excretion. It is
important to appropriately dose the youngest children, as these children are at the
highest risk of progression to TB disease following M. tuberculosis infection; have the
highest risk of disseminated TB in hard-to-reach compartments, such as the cerebro-
spinal fluid (CSF); and have the highest rates of TB-related mortality (22).

HIV infection was associated with a lower clearance of levofloxacin. The effect was
small and is unlikely to be clinically significant. As all HIV-infected children were on ART,
we could not separate the effects of HIV infection and ART. The lower levofloxacin
clearance could be related to a drug-drug interaction, possibly with ritonavir, which has
broad effects on metabolizing and transport enzymes. However, our study had an
insufficient power to ascribe this finding to a single antiretroviral drug. Recently, high
levels of immune activation have been associated with reduced isoniazid clearance in
adults coinfected with M. tuberculosis and HIV (23). We did not routinely measure
markers of inflammation in the children to explore this hypothesis, which may deserve
further evaluation in the future. A previous study in adults failed to identify a significant
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increase in levofloxacin concentrations when levofloxacin was given to HIV-infected
patients treated with efavirenz or nelfinavir, but that study had no HIV-infected control
group, and the comparison was instead made with historical data (24). The lack of an
effect of the drug administration method on the overall bioavailability of levofloxacin
is reassuring, given the limited availability of child-friendly levofloxacin formulations
and the frequent need to crush levofloxacin tablets intended for use by adults for
administration to young children. However, only 7 of the 109 children in this study
received whole tablets, and those were the oldest children. This limits the power of our
analysis to investigate this effect. Confirmation in other studies is necessary. Further-
more, the pharmacokinetics of a novel dispersible levofloxacin formulation should be
evaluated in children, to inform the safe and effective dosing of levofloxacin for the
treatment of MDR-TB.

The structure of our pharmacokinetic model, which has 2 compartments and
delayed first-order absorption, differs from that of most previous models, which have
1 compartment and different models of absorption. These differences are likely due to
different sampling schedules: the beta phase of the pharmacokinetic profile predicted
by our model did not affect the concentration during first hours after the dose, but it
improved our description of the minimum concentration at 24 h postdosing.

To achieve exposures similar to those in adults receiving the routine daily 750-mg
dose used for the treatment of TB, the dose in children would need to be substantially
increased from the currently recommended doses. In general, small children may need
doses much higher on a milligram-per-kilogram basis (up to 40 mg/kg) than the 10- to
15-mg/kg dose used in adults. However, for infants (age, <1 year), who may have an
immature clearance function, the dose increase needed to achieve the pharmacokinetic
targets is more modest (18 to 28 mg/kg). Different formulations (e.g., dispersible
tablets) may, however, have different dosing requirements.

The use of higher doses of levofloxacin in children may have implications for safety,
particularly if similar exposures produce more serious adverse effects in children than
in adults. Our most immediate concern would be for central nervous system (CNS)
toxicity. Hallucinations, serious sleep disturbances, severe headaches, and other clini-
cally significant CNS events, such as intracranial hypertension, have been described in
children and adults receiving fluoroquinolones. These have particularly been observed
with doses higher than those that were previously recommended but that were still
within the range of the doses required to achieve the target concentrations in adults
after the administration of 750-mg doses (25-28).

As can be seen from the simulations, if children are dosed once daily to target AUC
values similar to adults on the current 750-mg dose, this will also result in C,,,, values
in children substantially higher than those in adults; the C,,., values in some children
will exceed those observed in adults on a 1,000-mg dose. The relationship between
Cax @nd some adverse effects of concern (such as CNS side effects or muscle or joint
toxicity) is poorly characterized. As the C,,., values expected with the once-daily
simulated doses exceed what has been shown to be safe in adults to date, these doses
would need to be carefully assessed in children before they are recommended for
routine use for either the treatment or prevention of MDR-TB. For MDR-TB prevention,
the risk/benefit ratio needs to be even more carefully considered, given the fact that
well children are treated to prevent future MDR-TB disease. Although the QT interval-
prolonging effect of levofloxacin appears to be less of a concern, the very high peak
concentrations achieved with the simulated once-daily doses in children might still
pose a risk of QT prolongation that would need to be assessed carefully. Splitting of the
total daily dose into twice-daily doses would be a way to preserve the AUC without
producing such a high C,,,.; however, in this situation, the balance between potentially
(but perhaps only modestly) improved safety and the burden to drug treatment
programs and/or the impact on adherence to the treatment regimen must be consid-
ered. The relationship between pharmacokinetic parameters (C,,,., versus AUC) and
other toxicities, such as the CNS effects, has not been characterized. Therefore, splitting
of the daily dose to reduce the expected C,,,, may not eliminate the risk of adverse
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effects if they are, in fact, more closely associated with the AUC. Exploration of the use
of higher doses of levofloxacin would therefore need to be carried out thoughtfully
with careful safety monitoring. It should also be noted that the use of higher levo-
floxacin doses for the treatment of MDR-TB in adults is being explored in a phase Il trial
(the Opti-Q trial; ClinicalTrials.gov registration number NCT01918397); depending on
the results from that study, target levofloxacin exposures may be higher than the
current target exposures, which would impact dosing in the pediatric population.

Favorable outcomes are reported in 75 to 90% of children with MDR-TB (29, 30). This
is much better than that in adults with MDR-TB, where globally only 50% are success-
fully treated (31). However, there are a number of reasons for the further optimization
of levofloxacin doses in children with MDR-TB disease. First, there is scope for improv-
ing successful MDR-TB treatment outcomes further in children beyond the current 75
to 90% rate. Second, increasing evidence shows that low drug exposures are associated
with poor TB treatment outcomes (including death and treatment failure) in children
(32, 33), and low drug exposures may increase the risk of acquired drug resistance (34).
Third, tuberculous meningitis is a relatively frequent form of TB in young children and
is associated with devastating morbidity and mortality. A recently published analysis
showed that doses of levofloxacin considerably higher than those currently used in
children, approximately 19 to 33 mg/kg, are needed to obtain optimal concentrations
in the CSF (35). Lastly, revised WHO guidance provided in 2016 recommended avoid-
ance of the use of injectable medications in children with clinically diagnosed MDR-TB;
optimization of the exposures to the fluoroquinolone in the regimen is especially
important to ensure the potency of injectable-sparing MDR-TB treatment regimens (16)
Additionally, the extrapolation of efficacy to children from the results of ongoing or
planned trials of treatments for TB in adults, many of which contain levofloxacin, is, in
principle, dependent on achieving similar drug exposures in children (36, 37).

There are limitations to the approach of using adult exposures as targets to define
pediatric doses for anti-TB drugs. However, in the absence of other more optimal, validated
approaches to defining doses in children, we believe that it remains a useful strategy. The
use of pharmacokinetic (PK)/pharmacodynamic (PD) targets, such as the AUC/MIC, is an
option. However, exposures in plasma may not reflect exposures at the site of disease.
Differences in drug penetration into lesions or macrophages, which may not be reflected
in the levels of plasma exposure, may have important implications for efficacy. These are
potentially important limitations to the targeting of PK/PD indices. Interesting work on the
development of hollow-fiber models of pediatric TB to establish drug targets has recently
been undertaken (38); however, in the absence of validation of the exposure targets
generated by these hollow-fiber models, we believe that it is premature to define doses on
the basis of that work. Therefore, despite the limitations, the use of exposures in adults
associated with efficacy remains a reasonable approach to establishing pediatric doses for
anti-TB drugs. We would argue that TB disease in children differs from that in adults both
in severity and in type (extrapulmonary versus pulmonary). Although a small proportion of
children, mostly older children and adolescents, develop cavitating, adult-type TB, the
majority of children develop less severe, paucibacillary disease, which is likely to be more
responsive to treatment. It is therefore possible that children may be successfully treated
with less intense treatment. However, what less intense treatment means needs to be
carefully defined. We can be confident that the doses in children resulting in exposures
approximating those seen with efficacious doses in adults would be as efficacious or more
efficacious in children. It may be that exposures lower than those needed in adults with TB
may still be efficacious in children; however, in the absence of a clear definition of “lower,”
targeting of adult exposures remains a reasonable approach. One approach would be to
maintain good exposures early in treatment to ensure a rapid response to treatment and
a rapid reduction in organism burden but then to reduce the intensity of treatment by
shortening the treatment duration in children. Such a strategy is being evaluated in the
SHINE trial (International Standard Randomized Controlled Trial number ISRCTN63579542),
which is a study of 4 versus 6 months of treatment for nonsevere intrathoracic TB in
children.
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A limitation of our study was the lack of older children, as moxifloxacin was routinely
used in children 8 years of age and older in the local setting. However, pharmacoki-
netics is easier to predict in older children than in younger children. Another limitation
is the lack of clear documentation of previous dosing times prior to the day on which
samples were collected for pharmacokinetic analysis. Incomplete data on creatinine
values, which were not collected for all children, limited our ability to assess whether
renal function could explain some of the variability in clearance. Finally, we cannot
explain the differences between our data and those published previously, such as
higher values for clearance, and we cannot rule out the possibility of a contribution of
the formulation used. We were unable to include different levofloxacin formulations in
this study. This may need further evaluation, and the levofloxacin doses derived from
our simulations should not be used routinely in children before additional careful
evaluations have been completed.

In the large cohort of young South African children treated for MDR-TB described
here, levofloxacin doses of 15 to 20 mg/kg resulted in exposures (C,,,,, and AUC) lower

max

than those seen in adults receiving the standard 750-mg daily dose for the same
indication, even in those very young children with immature renal function. Consider-
ably higher levofloxacin doses will thus be needed for children. Model-derived dose
recommendations are provided and should be explored prospectively, with special
attention being given to safety.

MATERIALS AND METHODS

Study design. This was a prospective observational intensive pharmacokinetic study.

Setting and population. The study was performed in Cape Town, South Africa. Children were
eligible if they were 0 to 14 years of age, were routinely treated with levofloxacin for the treatment of
pulmonary or extrapulmonary MDR-TB disease or exposure, had been on TB treatment and antiretroviral
therapy (ART) for at least 2 weeks if they were HIV infected, and provided written informed consent and
assent. Children with body weights of <5 kg or with hemoglobin concentrations of <8 g/dl were
excluded or enroliment was deferred. Children were diagnosed with confirmed or probable TB on the
basis of signs, symptoms, microbiology, and radiography. In addition, the following was required:
isolation from the child of an M. tuberculosis strain with resistance to both isoniazid and rifampin (i.e.,
confirmed MDR-TB disease), exposure to a case of infectious MDR-TB (probable MDR-TB), or clinical
evidence of the failure of adherent first-line TB treatment (possible MDR-TB) (39). Children with MDR-TB
disease were treated according to local and international recommendations with at least four drugs
confirmed or likely to be effective against the infecting strain plus pyrazinamide and ethambutol. Local
guidelines recommended the use of levofloxacin for children <8 years of age and moxifloxacin for adults
and children >8 years of age on the basis of the available drug formulations (250 mg levofloxacin; Austel,
South Africa). In our setting, high-risk contacts of an infectious MDR-TB source case, including children
aged <5 years and HIV-infected children aged <14 years, without evidence of TB disease were
prescribed preventive therapy against MDR-TB consisting of levofloxacin, ethambutol, and high-dose
isoniazid daily for 6 months. All children in the study were routinely tested for HIV by an HIV-specific
enzyme-linked immunosorbent assay if they are =18 months of age and by a PCR for HIV DNA if they
are <18 months of age. All HIV-infected children in the study received ART on the basis of local
recommendations, including lopinavir-ritonavir (children <3 years of age) or efavirenz (children >3 years
of age) in combination with two nonnucleoside reverse transcriptase inhibitors, usually lamivudine (3TC)
with abacavir or zidovudine.

Levofloxacin dosing and pharmacokinetic sampling. Children received standard doses of 10 to 15
mg/kg once daily during the beginning of the study (2012 and 2013), according to the dose used for
routine care at the time. Following interim analyses showing low drug exposures with these doses, the
dose used for routine care was increased to 15 to 20 mg/kg once daily (2013 to 2017) (12). Pharmaco-
kinetic sampling was performed between 2 and 16 weeks after the start of the anti-TB treatment. On the
day of sampling, after an overnight fast, a levofloxacin dose of 15 mg/kg (during 2012 and 2013) or 20
mg/kg (from 2013 to 2015) (exact milligram-to-kilogram dosing to 0.1 mg adjusted to body weight) was
administered by the study team together with all other anti-TB medications in the child’s MDR-TB
regimen. Medications were administered either as whole tablets (for older children able to swallow pills)
or as tablets crushed and dissolved in water and given either orally or via a nasogastric tube (NGT),
depending on what the child would tolerate. One hour after the anti-TB medication was dosed, a
standard meal was offered. For HIV-infected children, antiretrovirals were also administered at that time.
Blood samples were collected predose and then at 1, 2, 4, 6, and 8 h after levofloxacin dosing.

Levofloxacin assay. A method for the quantification of levofloxacin in plasma was validated and
consisted of protein precipitation using acetonitrile, followed by high-performance liquid chromatogra-
phy with tandem mass spectrometry (LC-MS/MS) detection. The calibration curve fit a linear (weighted
by 1/concentration) regression over the range of 0.0781 to 5.00 mg/liter on the basis of the peak area
ratios for levofloxacin. Levofloxacin-d8 was used as the internal standard. The lower limit of quantifica-
tion (LLOQ) was set at the concentration of the lowest validated standard for levofloxacin, 0.0781
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mg/liter. Inter- and intraday coefficients of variation were below 7% for all quality control samples.
Dilutions were performed using a validated dilution procedure for samples with concentrations greater
than the upper limit of the assay.

Population pharmacokinetic model development. The data were interpreted using nonlinear
mixed-effects modeling (NONMEM software, version 7.3) (40) and an algorithm with first-order condi-
tional estimation with a eta-epsilon interaction. Summary statistics were calculated using the R program,
and model development was assisted and graphic diagnostics were generated using the R program (41)
and the Perl-Speaks-NONMEM, Xpose4, and Pirana programs (42). Several structural models were tested,
including models with 1- and 2-compartment dispositions with first-order elimination and first-order
absorption with and without the use of a lag time or a chain-of-transit compartment to model the onset
of absorption (43). Random between-subject variability (BSV) and between-occasion variability (BOV)
were assumed to have a lognormal distribution, and the error model included both an additive
component and a proportional component. Concentrations below the LLOQ of the assay were imputed
as LLOQ/2, as suggested in the M6 method of Beal (44), and the additive error component was
constrained to be at least 20% of the LLOQ. The effect of differences in body size on the pharmacokinetic
parameters was described using allometric scaling, with exponents fixed to 3/4 for clearance parameters
and 1 for volumes of distribution (45), while the effect of growth and development was tested with a
maturation function using postmenstrual age (i.e., postnatal age plus the estimated gestational age) (46),
as shown in the following equation: maturation = [PMAGEY(PMAGEY, + PMAGEY)]), where PMAGE
denotes postmenstrual age, PMAGE,, is the value of PMAGE at which 50% of the maturation is complete,
and vy is a parameter changing the shape of the relationship. Since no information on the actual
gestational age of the children was available, the postmenstrual age was assumed to be the postnatal
age plus 9 months.

Additionally, other covariate effects were explored, including HIV infection status, MDR-TB disease
versus exposure status, ethnicity, undernutrition, the method of drug administration (crushed tablets via
an NGT, crushed tablets orally, whole tablets orally), and coadministration of antituberculosis or anti-
retroviral drugs (the regimens are shown in Table S1 in the supplemental material). Creatinine clearance
(estimated using the serum creatinine concentration and the revised formula of Schwartz et al. [47]) was
also explored as a covariate; however, it was available only for children receiving MDR-TB treatment and
not those receiving preventive therapy. Additionally, since administration of the dose 1 day prior to the
day of sampling for pharmacokinetic analysis was not observed by the study team and the exact time
and method (crushed versus whole tablets) of dose administration were not always accurately recorded,
the inclusion of a larger BOV for the absorption and bioavailability pharmacokinetic parameters was
tested for the pharmacokinetic profiles following a nonobserved dose (i.e., all the predose concentra-
tions) (Table 2). Model development was guided by the use of the change in the objective function value
(AOFV), considering decreases of 3.84 points to be significant at a P value of <0.05 for the inclusion of
one additional parameter (denoted as the number of degrees of freedom [df]), by inspection of
goodness-of-fit plots, and by the use of visual predictive checks (48). The precision of the final parameter
estimates was evaluated using a nonparametric bootstrap with replacement (n = 500).

Levofloxacin dosing simulations. Simulations from the final model were used to optimize the doses
across different weight bands. To account for the effect of age (in addition to weight), simulations were
performed using in silico patients with combinations of age and weight relevant for the population for
whom the dosing guidelines are designed. To increase the granularity of the simulations and reflect the
fact that children affected by TB generally have weights lower than those of children in the general
population, we used a model of weight for age developed with children with TB to generate in silico
patients: 100 males and 100 females at each 1-month age step from 0 to 18 years of age (49). Those in
the weight range of 4 to 35 kg were retained for the simulations. All in silico children were assumed to
be born at term, to be HIV uninfected, and to be dosed every 24 h with whole or crushed tablets without
an NGT. Values of AUC and C,,,,, were collected.

The pharmacokinetic target was the AUC expected in adults with normal renal function treated for
TB with levofloxacin at the currently recommended 750-mg daily dose. The AUC target was set at 96.8
mg - h/liter, a value that was obtained after rescaling the median AUC reported by Peloquin et al. (15)
from 1,000 mg (reported in the study) to a 750-mg daily dose, since the pharmacokinetics of levofloxacin
has been reported to be linear in this dose range (50). The study by Peloquin et al. (15) was chosen as
it provides the only current data on levofloxacin pharmacokinetics in adults treated for TB. Reassuringly,
the AUC rescaled to 750 mg is similar to the value reported to be obtained with a 750-mg dose in healthy
adults without TB (mean AUC, 101 mg - h/liter) (10). As there may be implications for toxicity, we
compared the simulated C,,., levels with the original C,,,, values from the same study (median C,,..,.
15.55 mg/liter) (15), without any rescaling of the dose, since these adult TB patients received 1,000 mg
and levofloxacin was reported to be well tolerated during a 7-day dosing period. The optimized dosing
regimen was designed to achieve a median AUC in each 1-kg weight band within a 20% tolerance of the
target while ensuring that the median C,,,, would not exceed by 20% the value previously observed in
adults receiving the well-tolerated 1,000-mg dose. Finally, the doses in each weight band were adjusted
to account for the fact that levofloxacin is currently available as a 250-mg tablet, which can be split in
half or into quarters, if needed.

Ethical considerations. Informed consent was provided by the parent(s) or legal guardian of all
participants, and assent was provided by all participants aged 7 years and older. Ethics approval for the
study was provided by the Health Research Ethics Committees of Stellenbosch University (N11/03/59)
and the University of Cape Town (397/2011).
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Chapter 4: Clinical and cardiac safety of long-term levofloxacin in

children treated for multidrug-resistant tuberculosis

Rationale

The long-term use of fluoroquinolones for TB in children has traditionally been limited
to date due to safety concerns, based largely on studies in juvenile animals which
showed that fluoroquinolones were associated with a destructive arthropathy (66, 92).
Extensive experience with the short-term use of fluoroquinolones in children has
however not found a meaningful risk of similar events (55, 93), and the
fluoroquinolones, including levofloxacin, are routinely recommended for use in children
for specific clinical indications such as MDR-TB (126). However, persistent concerns
among healthcare providers remained a barrier to using fluoroquinolones in children
with MDR-TB in many settings, and there was limited safety data for levofloxacin at the
doses and durations currently used for MDR-TB. QT-interval prolongation is a class-
wide adverse effect of the fluoroquinolones that has not been well characterized in
children. Data was, however, urgently needed as novel and repurposed antituberculosis
drugs (clofazimine, bedaquiline, delamanid) also prolong the QT-interval. Therefore, in
addition to establishing the optimal paediatric dose of levofloxacin for children with
MDR-TB, its long-term safety at current doses should also be demonstrated to inform
current treatment as well as future research evaluating levofloxacin used in regimens

with other QT prolonging medications.

Study aims
The aim of this study was to characterize the safety of levofloxacin in children enrolled

in the previously described prospective cohort study (Chapter 3).

Methods

Children were enrolled as a part of the MDRPK1 study. Children who were a part of the
previously described levofloxacin pharmacokinetics study (Chapter 3, aged less than 15
years and routinely treated with levofloxacin) and who received levofloxacin (10-20
mg/kg/day) as a component of the routinely used 6-7 drug treatment regimen for MDR-
TB disease had longitudinal follow-up to document safety (i.e. not those treated with

preventive therapy for MDR-TB exposure who only contributed cross-sectional
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pharmacokinetic data). Standard clinical and laboratory monitoring was completed 1-2
monthly, and 12-lead electrocardiograms (ECGs) were done on pharmacokinetic
sampling days pre-dose and at 2 hours post-levofloxacin dose (expected maximum
plasma concentration) and QT-interval estimated using the Fridericia correction (QTcF)
by one of two paediatric cardiologists. ECGs were only implemented later during the
study, based on emerging data from adults, so not all children contributed to the
analysis on the QT-interval. All adverse events were recorded, assessed for attribution
to levofloxacin, and graded according to standard criteria and summarized using
descriptive statistics. Multivariable linear regression was used to characterize the
association between QT-interval and levofloxacin concentrations (from the

pharmacokinetic study in Chapter 3).

Results

Seventy children (median age 2.1 years, range 0.4 to 7.3) were included in this analysis
and were observed for a total person time of 68.5 years (median 11.6 months, IQR 9.2 to
14.7); 41 children contributed ECG data (median age 2.1 years, range 0.2 to 4.8). There
were no Grade 4 or serious adverse events, and levofloxacin was not permanently
discontinued for any adverse events. There were few and only mild and self-limited
musculoskeletal events. No child had a QTcF >450 ms, and 5 (13%) and 1 (3%) had a
change in QTcF from pre-dose to 2 hours post-dose of 30 to 60 ms or >60 ms
respectively. In multivariable linear regression, only age (p=0.028), and not change in
levofloxacin concentration, was associated with change in QTcF from pre-dose to 2

hours post-dose.

Conclusions and recommendations

Levofloxacin was safe and well tolerated in this cohort of children treated for MDR-TB.
Although the levofloxacin-associated risk of some events, such as sleep disturbance,
may have been underestimated and the risk of some non-specific events such as
vomiting, alanine aminotransferase (ALT) elevation, overestimated, this study provides
important and robust evidence on the safety of levofloxacin with currently used doses
and for long durations. The lack of substantial QT-interval prolongation in these

children is reassuring considering plans to combine levofloxacin with other QT
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prolonging drugs in novel MDR-TB regimens. This study provides important data to

guide current and future MDR-TB treatment regimens in children.

Citation (this study was accepted for publication and is currently in press):

Garcia-Prats AJ, Draper HR, Finlayson H, Winckler |, Burger A, Fourie B, Thee S,
Hesseling AC, Schaaf HS. Clinical and cardiac safety of long-term levofloxacin in children
treated for multidrug-resistant tuberculosis. Clin Infect Dis. 2018 May 16. doi:
10.1093/cid/ciy416. [Epub ahead of print] PMID: 29788331. Reproduced by

permission of Oxford University Press.
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Abstract

Safety concerns persist for long-term pediatric fluoroquinolone use. Seventy children

(median age 2.1 years) treated with levofloxacin 10-20 mg/kg once daily for multidrug-
resistant tuberculosis (median observation time 11.8 months) had few musculoskeletal
events, no levofloxacin-attributed serious adverse events, and no QTcF >450 ms. Long-

term levofloxacin was safe and well tolerated.
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Introduction

Levofloxacin is a key component of multidrug-resistant tuberculosis (MDR-TB)
treatment regimens in children, typically for 9-18 months duration [1]. Levofloxacin is
also used as preventive therapy for MDR-TB in children in some settings for 6 months
or longer. Fluoroquinolones cause a destructive arthropathy in juvenile animals, which
had traditionally limited their use in children [2]. In addition, the fluoroquinolones may
cause the following: Achilles tendon rupture; nausea, vomiting, diarrhea; central
nervous system effects such as hyperactivity, insomnia, hallucinations, and raised

intracranial pressure; dysglycemia; and QT-interval prolongation [3].

Despite these historical concerns, accumulating data has not demonstrated serious
arthropathy, tendinopathy, or other serious safety concerns in children over short
durations (7-14 days) [2, 4, 5]. Fluoroquinolones are now recommended by the World
Health Organization (WHO) and others for use in children where there are limited
treatment options, including for MDR-TB [6]. However, there is a paucity of data in
children on levofloxacin safety and tolerability over long durations and at the higher
doses currently used for MDR-TB treatment. Levofloxacin’s QT-interval prolonging
effects in children have also not yet been well described, however this information is
needed as levofloxacin is increasingly being combined in treatment regimens with novel

TB drugs, which also cause QT-interval prolongation [7].

We aimed to characterize the safety and tolerability of levofloxacin in children routinely

treated for MDR-TB.

Patients and Methods

Study design, setting and population: We have previously described the design of this
prospective observational pharmacokinetics study in Cape Town, South Africa, in detail
[8]. Briefly, children were included in this study if they were <15 years of age, >5 kg
body weight, and routinely treated for MDR-TB with levofloxacin. In this setting,
children with MDR-TB are treated with 6-7 drug regimens, which usually contain a
fluoroquinolone, amikacin, ethionamide, terizidone, high-dose isoniazid, pyrazinamide,
ethambutol, and occasionally para-aminosalicylic acid, linezolid and clofazimine.

Levofloxacin (250 mg tablets) was the recommended fluoroquinolone for children with
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MDR-TB <8 years of age due to challenges with administering the moxifloxacin 400 mg
tablet formulation used in children >8 years of age and adults. Levofloxacin routine
dosing in our setting changed from 10-15 mg/kg once daily to 15-20 mg/kg once daily
during the study. Children are often hospitalized for 1-6 months at the beginning of

MDR-TB treatment, and then complete their treatment as outpatients.

Parents or legal guardians provided informed consent. The Health Research Ethics

Committees of Stellenbosch University provided study approval (N11/03/059).

Data collection: Standard clinical and laboratory assessments [alanine
aminotransferase (ALT), bilirubin, creatinine, potassium] were done 1-2 monthly
throughout treatment. All adverse events were recorded, assessed for attribution to
levofloxacin, and graded for severity (DAIDS Grading Table, Version 1.0, August 2009)
[9]. Twelve-lead electrocardiograms (ECGs) were performed in triplicate on
pharmacokinetic sampling days just prior to the pharmacokinetic blood draws pre-dose
and at 2 hours post-dose (expected maximum levofloxacin plasma concentration). ECGs
were only started later during the study and were interpreted by one of two pediatric
cardiologists; the measured QT-interval was corrected using the Fridericia correction
(QTcF) and the mean of the triplicate QTcF values used for analysis. Pre-dose and 2
hour levofloxacin concentrations were obtained according to previously described
methods [8]; concentrations below the limit of quantification (BLQ) were assigned a

value of zero for this analysis.

Analysis: Demographic and clinical characteristics, and QTcF results were summarized
using descriptive statistics. The frequency of adverse events was reported by grade for
all events, and also for events that were possibly, probably or definitely related to
levofloxacin. Person time was calculated from the baseline study assessment until the
treatment completed or the last available study visit. Event rates were reported per

100 person-years.

Multivariable linear regression was done to characterize the association between the
change in QTcF with the change in levofloxacin concentration, controlling for gender,
HIV status, and age. The standard errors were adjusted to account for one patient with
two sets of levofloxacin concentatration and ECG data from different days. Stata/SE
14.0 was used to analyze the data (StataCorp. 2105. Stata Statistical Software: Release
15. College Station, TX: StataCorp LP).
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Results

Seventy children (median age: 2.1 years, range 0.4, 7.3) were included in the safety
analysis; 38 (54%) were male and 12 (17%) were HIV-infected (see Supplemental Table
1). These children were observed for a total duration of 68.5 person-years (median
11.6 months, interquartile range [IQR] 9.2-14.7). Table 1 shows all adverse events and
those at least possibly related to levofloxacin. There were no Grade 4 or any serious
adverse events attributed to levofloxacin, and no adverse event resulted in permanent

levofloxacin discontinuation.

ECG results were available in 41 children, median age 2.1 years (range: 0.2-4.8 years);
20 (49%) were male and 10 (24%) were HIV-infected. All HIV-infected children were
on antiretroviral therapy; 9 were on lopinavir/ritonavir with two nucleoside reverse
transcriptase inhibitors (NRTIs) and 1 was on efavirenz with two NRTIs. Three
patients had one ECG at 2 hours only and two patients had one ECG at both 0 and 2
hours. There were 38 pre-dose (0 hour) ECGs, and 41 2-hour ECGs, with 37 children
contributing 38 paired results. The mean [standard deviation (SD)] QTcF was 359 ms
(21.0) at 0-hours and 365.4 ms (26.6) at 2-hours; no QTcF was >450 ms. The mean (SD)
change in QTcF from 0 to 2 hour reading was 4.7 ms (27.3). Five (13%) had a change in
QTcF of 30 to <60 ms from 0 to 2 hour readings, and 1 (3%) had a change >60ms. For
the children with paired ECG results, the mean (SD) levofloxacin concentration pre-dose
was 0.33 pg/mL (0.61) and at 2 hours was 8.57 ug/mL (2.55); 11 (28.9%) pre-dose
concentrations were BLQ. Figure 1 shows the change in QTcF vs. change in levofloxacin
concentrations from 0 to 2 hours. In multivariable linear regression, only age (p=0.028)
was significantly associated with change in QTcF from 0 to 2 hours, with every 1 year
increase in age associated with a 7.36 ms increase in QTcF change (Supplemental Table
2). The one patient treated with clofazimine, known to prolong the QT-interval, had a

QTcF change of 44 ms.

Discussion

In this cohort of children with MDR-TB, long-term levofloxacin treatment was safe and

well-tolerated. The few musculoskeletal complaints (pain, arthralgia) were mild and
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self-limited. Mild musculoskeletal complaints and those in young children may have
been underestimated, however it is unlikely that more severe events were missed, such
as those having objective signs of arthritis or those resulting in gait abnormalities or
failure to bear weight. This should be reassuring to clinicians and TB programs, some of

whom are still hesitant to treat children affected by TB with fluoroquinolones.

Hyperactivity and sleep disturbances have been well described in children treated with
fluoroquinolones [10], however we observed few such events. These may be
underestimated due to children being admitted early in their treatment to the TB
hospital without their caregivers, which may have obscured reported changes in

behavior and sleep patterns.

The most common events overall were non-specific, such as rash, nausea, vomiting, and
ALT elevation. These likely represent overestimates of the rate of these events due to
levofloxacin; more likely these were due to other medications such as isoniazid,
pyrazinamide (ALT elevation) and ethionamide (nausea, vomiting). We erred on the
side of attributing these events at least possibly to levofloxacin, unless there was strong
evidence of the relationship with another medication. The poor palatability of
levofloxacin formulation, especially when crushed, may have contributed to some of the

nausea and vomiting.

No child had a QTcF >450 ms, and few had a change >30 ms from pre-dose to 2 hours.
We did not observe a relationship between QTcF and levofloxacin concentration.
Fluoroquinolone-associated QT prolongation is mediated through dose-dependent
inhibition of cardiac potassium channels that varies by agent, with moxifloxacin,
gatifloxacin having a more potent effect than levofloxcin, ciprofloxacin and ofloxacin
[11]. In previous adult studies, 1000 mg levofloxacin resulted in a mean change in QTc
of 3.5-4.8 ms compared to placebo [12], and doses as high as 1500 mg in adults had a
minimal impact on QTc [13]. This is consistent with our findings. The association of
older age with QTcF change in our cohort needs further evaluation. A limitation to our
study is that these children did not have true pre-treatment QTcF values for
comparison, as all had already been on levofloxacin for atleast one week at the time
ECGs were completed. However, the pre-dose concentrations were generally low,
including many that were BLQ, so the change in QTcF from pre-dose remains a useful

evaluation. This data therefore also provides support for using levofloxacin in
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combination with other QT-prolonging TB medications such as clofazimine, bedaquiline
and delamanid. It also establishes a baseline for QT-intervals in children treated with
levofloxacin-containing MDR-TB regimens for interpreting cardiac safety results of

ongoing pediatric bedaquiline and delamanid trials.

A limitation of our study is the lack of children >8 years of age who may have a different
adverse event profile, would likely be able to report subjective symptoms better, and

may have different QT effects, and should be included in future studies.

In summary, levofloxacin, at doses up to 20 mg/kg once daily, was safe and well-

tolerated and should remain a mainstay of pediatric MDR-TB treatment.
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Table 1. Adverse events in children (n=70) treated for multidrug-resistant tuberculosis with levofloxacin

All adverse event by grade

Adverse effects possibly, probably, definitely attributed to
levofloxacin by grade

Event Event
# of total Rate # of total Rate
Adverse Event atients Grade Grade Grade Grade  #of (per patients Grade Grade Grade Grade  # of (per 100
batt 2 3 4 event 100 with 1 2 3 4  event P
with event person-
s person- event
years)
years)
Arthralgia 0 0 0 3 4.4 2 2 0 0 0 2 29
Arthritis 0 0 0 0 -- 0 0 0 0 0 0 --
Pain other than trauma 11 11 0 0 0 11 16.1 4 4 0 0 0 4 5.8
Headache 4 4 0 1 0 5 7.3 2 1 0 1 0 2 29
Neurosensory alteration 0 0 0 1 1.5 0 0 0 0 0 0 -
Insomnia 1 0 1 0 0 1 1.5 1 0 1 0 0 1 1.5
Fatigue/malaise 1 0 0 0 1 1.5 0 0 0 0 0 0 -
Nausea 12 13 0 0 0 13 19.0 8 9 0 0 0 9 13.1
Vomiting 19 23 1 0 0 24 35.1 14 16 0 0 0 16 23.4
Anorexia 11 5 0 0 13 19.0 7 4 3 0 0 7 10.2
Cutaneous reaction 12 6 0 0 14 20.4 4 0 0 10.2
Pruritus 13 16 1 0 0 17 24.8 1 0 0 11.7
ALT elevation 22 17 3 2 5 27 39.4 16 16 2 0 0 18 26.3
Bilirubin elevation 0 0 0 0 0 0 - 0 0 0 0 0 0 -

Total person time of observation = 68.5 years
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Figure 1. Change in QTcF versus change in levofloxacin concentration in children treated
for multidrug-resistant tuberculosis
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Supplemental Table 1. Demographic and clinical characteristics of children with
multidrug-resistant tuberculosis treated with levofloxacin (n=70)

Age at enrollment (%)

0-2 years 31 (44.3)

2-5 years 35 (50.0)

6-15 years 4 (5.7)
Male sex (%) 38 (54.3)
Ethnicity (%)

Black 43 (61.4)

Mixed race 27 (38.6)
Certainty of TB diagnosis (%)

Bacterioloical confirmation 22 (31.4)

Probable TB 26 (68.6)
TB disease type (%)

PTB only 54 (77.1)

EPTB only 4 (5.7)

PTB and EPTB 12 (17.1)
HIV-infected (%) 12 (17.1)
If HIV-infected, ART regimen [n=12]

Efavirenz + 2 NRTIs 3(25%)

Lopinavir/ritonavir + 2 NRTIs 9 (75%)
Weight-for-age-Z-score <-2.0 (%) [n = 69]2 16 (23.2)
Height-for-age-Z-score <-2.0 (%) [n = 69]2 24 (34.8)

aThe sample size is less than 70 due to missing data
NRTI = nucleoside reverse transcriptase inhibitor
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Supplemental Table 2. Univariable and multivariable linear regression of change in
QTcF prior to and 2 hours post-levofloxacin-dose in children with multidrug-resistant

tuberculosis (N=38)

Univariable Multivariable
Coefficient 8 Coefficient (3
(95% CI) p-value (95% CI) p-value
i i -2.14 -0.38
Change in llevoﬂoxacm 0212 0.673
concentration (ug/mL) (-5.56 t0 1.28) (-2.19t0 1.43)
. 9.18 7.36
Age in years 0.002 0.028
(3.60-14.77) (0.86 - 13.87)
-20.01 -12.15
HIV status 0.050 0.319
(-40.03 to 0.04) (-36.53t0 12.23)
9.07 4.54
Male gender 0.292 0.569
(-8.15 to 26.28) (-11.47 to 20.54)

*R2 =0.238; QTcF= QT interval corrected using the Fridericia method
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Chapter 5: Pharmacokinetics, safety and dosing of novel levofloxacin
dispersible tablets in children with exposure to multidrug-resistant

tuberculosis

Rationale

The TB-CHAMP trial (ISRCTN92634082) is a phase IlI cluster randomised placebo-
controlled trial to assess the efficacy of levofloxacin vs. placebo for prevention of TB in
child household contacts of adult MDR-TB source cases. For the trial, a levofloxacin 100
mg dispersible tablet was developed for the trial by Macleods Pharmaceuticals
(Mumbai, India). In order to characterize exposures with this novel formulation in the
target population (young children below 5 years of age) prior to utilizing it in this large
phase 3 efficacy trial (n=1556), a lead-in pharmacokinetic study was designed.
Macleods have since submitted this formulation for WHO Prequalification and is making
it commercially available, so this study would potentially inform its use in routine care
in addition to informing its use in the TB-CHAMP trial. This work builds directly on the
work from Chapter 3, in which we identified questions regarding the potential effects of

formulation on the levofloxacin exposures observed in that study.

Study Aims

The aim of this study was to characterize the pharmacokinetics, safety and optimal
dosing of a novel 100 mg dispersible tablet formulation of levofloxacin in children with
MDR-TB exposure, to inform its use in the context of a large phase 3 preventive therapy

trial.

Methods

This was an open-label pharmacokinetic lead-in study to the TB-CHAMP trial. Children
less than 5 years of age who were household contacts of an adult MDR pulmonary TB
index case diagnosed during the previous 6 months were eligible. Exclusion criteria
included prevalent TB disease at enrolment, receipt of preventive therapy with
isoniazid or a fluoroquinolone for = 16 weeks, or known concurrent exposure to an
isoniazid-susceptible source case. Levofloxacin 100 mg dispersible tablets were

prescribed according to weight bands (15-20 mg/kg once daily). Doses were dispersed
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in 2.5-10 mL of clean water in a syringe and cup, and administered. The dosing
containiner was then rinsed with clean water and administered. Pharmacokinetic
sampling was performed 7-14 days after starting levofloxacin, with samples taken just
prior to, and at 1, 2, 4, 6, and 8 hours after an observed dose. Assays were performed at
the University of Cape Town Division of Clinical Pharmacology according to the same
method described in Chapter 3 (LC MS/MS). NLME modelling was used to analyse data
from the current study pooled with the levofloxacin data reported in Chapter 3 of this
dissertation from children receiving the standard adult 250 mg tablet formulation, as
the population, site, sampling schema, sampling procedures and laboratory assays were
similar to this study. After refitting the model with the new data, pharmacokinetic
parameters were re-estimated. Optimal weight-banded doses for the 100 mg
dispersible tablet were estimated using clinical trial simulations targeting the same AUC
as in Chapter 3 (96.8 mg-h/L). Any adverse events occurring during the time the child
was on the study drug were reported, attribution to levofloxacin assessed and graded
according to standard Division of AIDS (DAIDS) Table for Grading the Severity of Adult
and Pediatric Adverse Events (Corrected version 2.1, July 2017) (127).

Results

Twenty-four children (median age 2.1 years; IQR 1.2 to 2.7) completed the study; none
were HIV-infected. The levofloxacin pharmacokinetic model structure was the same
and the parameter values not significantly different from the previous analysis, except
for the bioavalability of the new dispersible tablets. When the new dispersible tablet
was chosen as reference for biavailability (F=1), the standard 250 mg adult tablets used
in the previous study were found to be 41% less bioavailable. The value of CL/F for a
typical 2-year old, 12 kg child was 2.8 L /h. After adjusting for full maturation and using
allometric scaling to resize to a 70-kg adult,