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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

The 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 III 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 (Cmax)
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 Cmax, 6.79 mg/liter; median AUC, 32.9 mg · h/liter) than healthy adults after a
standard 750-mg dose (mean Cmax, 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 [ΔOFV] 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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(ΔOFV, 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 (ΔOFV, 118), the model could characterize the effect of age, as shown
in Fig. 1 (ΔOFV, 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 (ΔOFV, 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 (ΔOFV, 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 (ΔOFV, 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

TABLE 1 Characteristics of children with MDR-TB disease or exposure treated with
levofloxacina

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)b

Median (range) ht-for-age Z-score (WHO) �1.31 (�4.70–1.45)c

Median (range) wt-for-length Z-score (WHO) 0.60 (�4.88–4.33)d

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.
cThirty-three children had a Z-score of ��2.
dTwo children had a Z-score of ��2.
eThe 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%).
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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 Cmax 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 Cmax) 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

TABLE 2 PK parameter values for levofloxacin in children with MDR-TB disease or exposured

PK parameter Typical value (95% CI)
Variability as CV% (95% CI)
[eta shrinkage (%)]

CL (liters/h)a 4.70 (4.37, 5.00) for HIV� BSV: 15.2 (10.6, 19.0) [24]
Vc (liters)a 19.2 (10.9, 21.8)
Q (liters/h)a 0.796 (0.332, 4.76)
Vp (liters)a 3.40 (2.53, 38.7)
Tlag (h) 0.242 (0.0385, 0.654) for oral dosing BOV: 130 (30.9, 303) [76]
ka (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 Tlag (%) �85.6 (�99.3, �34.6)
Scaling of BOV in F for unobserved doses (fold)b 4.48 (3.31, 7.08)
PMAGE50 (mo) 10.6 (7.55, 12.9)
� 3.39 (1.42, 4.98)
Additive error (mg/liter)c 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.
cThe 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; Vc, central volume of distribution; Q, intercompartmental clearance; Vp, peripheral volume of distribution; Tlag, absorption lag time;
ka, absorption rate constant; F, bioavailability; PK, pharmacokinetic; PMAGE50, postmenstrual age at which 50% maturation is reached; �, 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.

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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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. Cmax 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).

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.
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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

FIG 3 Simulated levofloxacin steady-state AUC from time zero to 24 h (AUC0 –24) (top) and Cmax (bottom) versus body weight. (Left) The concentrations achieved
with dosing at 20 mg/kg; (right) the suggested optimized dosing. The dashed lines for Cmax (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.

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

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 2.5 625 36
20-�25 3 750 33
25-�30 3.5 875 32
30-�35 4 1,000 31
aThe target was a steady-state AUC0 –24 of 96.8 mg · h/liter (rescaled from 1,000 mg to 750 mg from
Peloquin et al. [15]).
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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

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

Author (reference or
source)

No. of
patients Country

Median
wt (kg)

Median
and/or
range age
(yr)

Route of
administration

Dose
AUC
(mg · h/liter)

AUC scaled to
1,000 mg or
20 mg/kg

CL (liters/h)
scaled to a
70-kg adultamg mg/kg

Preston et al. (19) 272 USA 77.5 47 Oral 500 �6.5 72.53 145 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 25.9 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 41.1 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.
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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 Cmax values
in children substantially higher than those in adults; the Cmax values in some children
will exceed those observed in adults on a 1,000-mg dose. The relationship between
Cmax and some adverse effects of concern (such as CNS side effects or muscle or joint
toxicity) is poorly characterized. As the Cmax 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 Cmax; 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 (Cmax versus AUC) and
other toxicities, such as the CNS effects, has not been characterized. Therefore, splitting
of the daily dose to reduce the expected Cmax 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 II 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 (Cmax and AUC) lower
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 enrollment 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 � �PMAGE�⁄�PMAGE50

� � PMAGE���), where PMAGE
denotes postmenstrual age, PMAGE50 is the value of PMAGE at which 50% of the maturation is complete,
and � 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
(ΔOFV), 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 Cmax 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 Cmax levels with the original Cmax values from the same study (median Cmax,
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 Cmax 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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