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Summary

Aims: Oxcarbazepine is an antiepileptic drug with an activity mostly due to its monohydroxy
derivative metabolite (MHD). A parent-metabolite population pharmacokinetic model in
children was developed in order to evaluate the consistency between the recommended
pediatric doses and the reference range for trough concentration (Cyough) 0f MHD (3-35

mg/L).

Methods: A total of 279 plasma samples were obtained from 31 epileptic children (2-12y)
after a single dose of oxcarbazepine. Concentration-time data were analyzed with Monolix
4.3.:2. The probability to obtain Cyougn between 3-35 mg/L was determined by Monte Carlo

simulations for doses ranging from 10 to 90 mg/kg/day.

Results: A parent-metabolite model with two compartments for oxcarbazepine and one
compartment for MHD best described the data. Typical values for oxcarbazepine clearance,
central and peripheral distribution volume and distribution clearance were 140 L/h/70kg, 337
L/70kg, 60.7 L, and 62.5 L/h respectively. Typical values for MHD clearance and distribution
volume were 4.11 L/h/70kg and 54.8 L/70kg respectively. Clearances and distribution
volumes of oxcarbazepine and MHD were related to body weight via empirical allometric
maodels. Enzyme-inducing antiepileptic drugs (EIAEDS) increased MHD clearance by 29.3%.
Fifty kg children without EIAEDs may need 20-30 mg/kg/day instead of the recommended
target maintenance dose (30-45 mg/kg/day) to obtain Cyougn Within the reference range. By
contrast, 10kg children with EIAEDs would need 90 mg/kg/day instead of the maximum

recommended dose of 60 mg/kg/day.



Conclusion: This population pharmacokinetic model of oxcarbazepine supports current dose
recommendations, except for 10kg children with concomitant EIAEDS and 50kg children

without EIAEDs.

What is already known about this subject?

e Oxcarbazepine is an antiepileptic compound with an activity mainly due to its
maonohydroxy metabolite (Monohydroxy Derivative: MHD).

e Enzyme inducing antiepileptic drugs increase the metabolism of both oxcarbazepine
and MHD.

e Younger children present a higher weight-normalized MHD clearance than older

children.

What this study adds?

e A new parent-metabolite population model of oxcarbazepine was developed.

e 10 kg children may need higher doses than recommended if they are taking
concomitant enzyme inducing antiepileptic drugs.

e 50 kg children not taking any inducing co-medication may need lower doses than

recommended.



Introduction

Oxcarbazepine (OXC) is an antiepileptic drug (AED) indicated for the treatment of partial
onset seizures, with or without secondary generalization, as monotherapy or in combination,
in adults-and children from 2 or 6 years of age (in the US and EU respectively). It acts by

blocking voltage-gated sodium channels in excitatory glutamatergic neurons. This stabilizes

hyper-excited neuronal membranes and inhibits repeated neuronal firing and its spread. OXC

also modulates potassium and calcium activities, and reduces glutamatergic transmission [1].

Administered orally, OXC is well absorbed and rapidly and almost completely transformed in
its monohydroxy derivative (MHD), by cytosolic arylcetone reductases [2]. The formation of
MHD is enantioselective with a predominance of the (S)-enantiomer [3,4]. Despite this
difference in exposition (the ratio of the area under the curve (AUC) values of (S)-MHD over
(R)-MHD is 3,8 when OXC is administered orally [4]), other pharmacokinetic (PK)
parameters of the two enantiomers, such as the half-lives, are similar and they both present a
similar pharmacological activity [3,4]. In fact, MHD, as the sum of the two enantiomers, is
the main responsible for oxcarbazepine antiepileptic action and exposure to MHD is about 15
times higher than exposure to OXC [5]. MHD is principally eliminated by glucuronidation
(about 45%), by renal clearance (about 28%), and minor amounts are eliminated by
dihydroxylation leading to the formation of its dihydroxy derivative (DHD) [4,6]. An
equilibrium between OXC and MHD is established with the back-transformation of the

metabolite in its oxidized form [4].

For 4-16 years old children, it is recommended to start oxcarbazepine at 8-10 mg/kg/day,
divided into two intakes, and to increase it by 5 mg/kg/day every third day until reaching the
target maintenance dose of 30-45 mg/kg/day (900 mg/day for 20-29 kg children, 1200

mg/day for 29.1-39 kg children and 1800 mg/day for children over 39 kg). For 2-4 years old


http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7254
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=82
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=81
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=80

children, recommendations indicate to initiate the medication at 16-20 mg/kg/day, divided
into two intakes, achieving maintenance dose over two to four weeks, not to exceed 60

mg/kg/day [1].

Therapeutic drug monitoring can be a tool for physicians to adapt the dose for each of their
patients. In 2008, ILAE Commission on Therapeutic Strategies created guidelines for the
therapeutic drug monitoring of antiepileptic drugs [7]. They concluded that the reference
range of MHD trough (Cougn) cOncentrations should be 3-35 mg/L, since it corresponded to
trough concentrations of responding patients [7]. Indeed, it is well established that toxic
concentrations begin between 35-40 mg/L [8-10], and some studies have shown data of

responding children with MHD trough concentrations below 5 mg/L [11,12].

Factors accounting for pharmacokinetic variability of oxcarbazepine in children are age and
association with enzyme-inducing antiepileptic drugs (EIAEDs) [13]. It was demonstrated
that young children (2 to 5 years) presented a higher MHD clearance, so a shorter half-life
(30% lower), and that they required a greater dose per body weight [11]. Co-medication with
EIAEDs, such as carbamazepine, phenobarbital and phenytoin, were intensively investigated

and it was established that these drugs were able to induce MHD metabolism [14-17].

To date, OXC and MHD pharmacokinetics in children have only been studied partially by
non-compartmental approaches, that did not consider the continuous effect of age or body
weight [3-5,14,18-20]. Some studies investigated population pharmacokinetics in children
[15-17,21-24], modeling MHD directly from OXC administration. This method does not
allow to distinguish pharmacokinetic changes related to OXC transformation to MHD from
those related to MHD clearance. Thus, it does not permit a correct estimation of MHD

pharmacokinetic parameters.



The aim of the present study was to develop a parent-metabolite population pharmacokinetic
model and to use this model to evaluate whether the recommended pediatric doses allow to
obtain Cyough of MHD within the reference range (3-35 mg/L) for therapeutic drug

monitoring.

Materials and methods

Patients

This population analysis was performed using data collected for a previously published
ancillary pharmacokinetic (PK) study with a non-compartmental analysis of oxcarbazepine
and MHD [11]. The study included pediatric patients aged 2 to 12 years. Because the main
objective-of the clinical trial was to evaluate the efficacy of OXC as add-on medication, only
children with inadequately controlled partial-onset and/or generalized atonic, tonic, or tonic-
clonic seizures were included. Thus patients were only eligible if they experienced at least
one seizure per week despite being treated by one to three AEDs that remained unchanged for

at least one month before inclusion into the study.

The exclusion criteria were as follows : (1) contraindications to treatment with
oxcarbazepine; such as atrioventricular disorders, blood pressure disorders or hypersensitivity
to carbamazepine or tricyclic antidepressants; (2) conditions likely to modify OXC
pharmacokinetics, such as renal or hepatic failure, untreated known hypothyroidism,
congenital metabolic diseases, abnormal body weight (more than two standard deviations),
concomitant medication with an enzyme inducing or inhibiting drug (except for AEDSs),
alcoholism or drug abuse; (3) previous or current use of oxcarbazepine; and (4) no

cooperation from the patient or his family.



Study design

Children were randomized to receive a single OXC dose of 5 or 15 mg/kg, administered as an
oral suspension after an overnight fast. Blood samples of 1 mL were collected into
heparinized tubes at baseline (before administration) and, approximately, 1, 2, 4, 6, 8, 12, 24,
36 and 48 hours after administration. Times of dosing and sampling were recorded, as were
the investigated covariates (age, body weight, sex, comedications). The samples were

centrifuged and the separated plasma was stored at -80°C until analysis.

Ethics

The study was conducted in accordance with the Declaration of Helsinki and their protocol
was-approved by the ethical committee of Cochin, Saint-Vincent de Paul, and Saint-Anne
hospitals. Written informed consent was provided by a parent or legal guardian for all

participating children.

Analytical method

Total MHD and OXC were assayed in plasma samples using a previously reported non-
enantioselective high-performance liquid chromatography method [25]. (S) and (R)
enantiomers were consequently not distinguished. Precision and inaccuracy were below 15%.
The lower limits of quantification (LOQ) for OXC and MHD were 0.05 mg/L and 0.1 mg/L,

respectively.

Population pharmacokinetic model development

The population pharmacokinetic analysis was performed using a non-linear mixed-effect

approach, with the Monolix® software (version 4.3.2; Lixoft, Antony, France).



Model development

Population parameters for oxcarbazepine and MHD were estimated using the stochastic
approximation expectation maximization (SAEM) algorithm. Data below the limit of
quantification (BLQ) were handled as left-censored data, by an extended SAEM algorithm
which simulate BLQ data with a right-truncated Gaussian distribution [26]. For each patient,
only the first BLQ was kept in the dataset and was taken into account in the estimation via the

CENS item in the database, corresponding to the M3 method [27].

For OXC, the structural PK models evaluated were composed by one, two or three
compartments, and the absorption phases were evaluated with first- or zero-order models,
with or without lag time. Based on previous results evidencing a bioavailability of OXC of
0.99, this parameter was fixed to 1[4]. For racemic MHD one- and two-compartment models
were tested. Based on previous results showing that no OXC was found unchanged in the
urine [4,28], it was assumed that all the parent was converted into MHD. Pre-systemic
metabolite formation was investigated with a non-physiological model where the dose enters
both parent and metabolite compartments with two independent absorption rate constants,
with and without dose apportionment [29]. Elimination of OXC was tested with first- or zero-
order models. Due to the linearity of MHD pharmacokinetics [6], its elimination was
assumed.-to be ruled by a first-order process. A back-transformation of MHD into OXC was
also tested, as it was evidenced that the enantiomers can be oxidized into the parent

compound [4].

Exponential models were used to describe inter-individual variability, as illustrated bellow

(Eq. 1):

(Eq.1)



Where 6; is the estimated value of a parameter in an individual i, 61y is the typical value of
this parameter in the population and n; is the individual deviation from this typical value, i e,
the inter-individual variability, that is assumed to be normally distributed with a mean of 0

and a variance of 2.

Additive, proportional and mixed residual error models were tested for each dependent

variable.

Covariate analysis

Demaographic variables (weight, age and sex) and co-medication with enzyme inducing
antiepileptic drugs (EIAEDs), such as carbamazepine, phenobarbital and phenytoin, were
tested as potential covariates. First, variables were added one by one and were selected if
their addition was able to cause a significant drop of the log-likelihood (LL). Because the
reduction in LL follows a chi-square distribution, a decrease of 3.84 was considered
significant at the 5% level (p < 0.05, one degree of freedom). Once all the covariates were
tested, the significant ones were added to the model, obtaining the full model, and a backward
elimination was performed. Covariates were retained if their elimination resulted in an
augmentation greater than 6.63 (p < 0.01, one degree of freedom) of the LL. After all non-

significant covariates were removed, the final model was obtained.

The continuous covariates were included in the model using a power function equation (Eqg.

2).

— (Eq. 2)

where cov is the value of the covariate, COVmegian 1s its median and 6Oy IS the factor describing

the relationship between the covariate and the parameter.



For body weight, cOVnegian Was fixed to the standard adult value of 70kg and several models
were tested:
1. 0c was empirically estimated
2. 0cov Was fixed to the theoretical values of 0.75 for clearance and to 1 for volume
3. two independents 0., Were empirically estimated for children > 6 years and children
< 6 years, for MHD clearance
4. the body-weight dependent exponent (BDE) model was also tested for MHD
clearance [30]. In this model the allometric exponent changes in a sigmoidal fashion

with respect to bodyweight:

(Eq.3)
Where Ko is the value of the exponent at a theoretical bodyweight of 0 kg, Knax is the
maximum decrease of the exponent, kso is the bodyweight at which 50 % of the
maximum decrease of the exponent is attained, and v is the Hill coefficient.
In the case of theoretical allometry, age was additionally tested as a covariate in two different

ways: with Eg.2 and with a maturation function (Eqg. 4):

(Eq. 4)

where y represents the Hill coefficient and Ages, the age at which half of the maturation is

reached.

Categorical covariates (sex and EIAEDs) were incorporated using a similar model (Eq. 5), as

illustrated bellow:

(Eq. 5)

where.cov is 1 or 0 in the presence or absence of the covariate.



Comparison of the tested models

The possible difference between the empirical allometry model and the theory-based
allometry model was assessed by normalized prediction distribution errors (NPDE) and
prediction and variability corrected visual predictive checks (pvcVPC) against body weight.
These NPDE were realized with an add-on package on R [31] using 1000 simulation of the
dataset. pvcVPC were also performed using 1000 simulations with the design of the original
dataset and the investigated model using Perl-speaks for NONMEM ® (PsN,version 4.4.8;

SourceForge) [32].

External evaluation of the tested models and comparison with previous models

In order to evaluate the reliability of the investigated models, the steady-state MHD trough
concentrations reported in children by Li et al. [33] were compared to the population trough
concentrations predicted by the models for similar doses and body weights. In their study, Li
and colleagues collected blood samples from 52 children aged from 0.58 to 15 years, and
provided age, weight-normalized doses and individual MHD steady-state trough
concentrations for each child [33]. Since their paper did not provide any, body weights were
estimated using the Advanced Paediatric Life Support (APLS) manual formulae [34], which
are (2 x age in years) + 8 for 1 to 5 years old patients and (3 x age in years) + 7 for 6 to 12
years.old children. Patients without concomitant medication and whose age was not included
in the 2 to 12 years interval were excluded from the analysis. Using these calculated body
weights and the corresponding doses, trough MHD concentrations at steady-state were
calculated using the empirical model, the theory-based allometry model, as well as previously
published population PK models [15-17,22]. Adequacy between actual and predicted
concentrations was investigated by calculating precision (RMSE) and bias (MPE) using the

following formulae:



where,; Cogs is the observed concentration and Cprep IS the predicted concentration of the

subject i and n is the total number of subjects.

Evaluation of the final model

Lack of bias of the final model was investigated by visual inspection of goodness of fit curves
(population prediction (PRED) versus observed concentration (DV), individual weighted
residuals (IWRES) and NPDE versus PRED or time after administration). Prediction-
corrected visual predictive checks (pcVPC), stratified by the categorical covariate EIAED or

not, were also performed using 500 simulations of the original dataset.

Dose evaluation

Monte Carlo simulations were performed with NONMEM 7.3 using the final model in order
to obtain steady-state areas under the curve (AUC,.1,) and steady-state trough concentrations
(Cirough) OF MHD, at different daily doses in a bid regimen. One thousand children per body
weight, dose and co-treatment were simulated. Investigated body weights were 10, 20, 30, 40
and 50 kg. Investigated doses were 10, 20, 25, 30, 40, 50, 60 and 90 mg/kg per day, divided
into two intakes. The presence or absence of EIAEDs was also explored. Then, for each
combination dose/body weight/co-medication, the probabilities to obtain steady-state Cirougn
within the reference range (3-35 mg/L) and to reach the toxicity threshold (>35 mg/L) [7]

were calculated.



Nomenclature of Targets and Ligands

Key protein targets and ligands in this article are hyperlinked to corresponding entries in
http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS
Guide to PHARMACOLOGY [35], and are permanently archived in the Concise Guide to

PHARMACOLOGY 2015/16 [36].

Results

Patient characteristics

Thirty-one children (13 girls and 18 boys) were included in the study, having a median
(range) age of 8.08 (2.25 — 12.5) years and a median (range) body weight of 23 (12.7 — 56)
kg. Of these children, fourteen received a dose of 5 mg/kg and seventeen received a dose of
15 mg/kg. Six patients were co-treated with one AED, nineteen with two AEDs and six with
three AEDs. Concomitant AEDs are described in Table 1. Twenty-four of these patients were
co-medicated with at least one EIAED. These thirty-one patients provided 277 and 279
sampling points for OXC and MHD, respectively. Two OXC sampling points were discarded
because of analytical issues. Of these measured concentrations, 32% of OXC and 11.5% of
MHD observations were below the LOQ. After keeping only the first BLQ of each patient,

13.7% and 6.5% of the observations remained BLQ for OXC and MHD, respectively.

Population pharmacokinetic modelling

The best base model was a two-compartment model with first-order absorption (without lag-
time) and elimination for OXC, and a one compartment model with first-order elimination for
MHD. Taking into account the equilibrium between OXC and its metabolite MHD via a
constant representing the back-transformation of MHD into OXC improved the fit. The
structural parameters for this model were the absorption rate constant of OXC (Ka), the

apparent central and peripheral distribution volumes of OXC (Vcoxc/F, where F is the



bioavailability, and Vpoxc/F), the apparent elimination and distribution clearances of OXC
(CLoxc/F, Qoxc/F), the apparent elimination clearance of MHD (CLwmup/F), the apparent
volume of distribution of MHD (Vcumup/F), and the back-transformation constant rate (Kgr)
of MHD into OXC. The fraction of oxcarbazepine metabolized to MHD (Fm) was fixed to 1
and.it was assumed that OXC was completely eliminated via metabolic conversion to MHD.
The fraction of the dose that directly reached the metabolite compartment after oral
absorption was estimated to 5.4% with the first-pass effect model. However, this model was
not retained as it did not decrease significantly the LL. Inter-individual variability was
estimated for all the parameters, except Ka. The residual error model used was proportional

for OXC and combined for MHD.

The co-administration of EIAEDs was found to influence CLynp/F but no influence was
found on CLoxc/F. Addition of body weight as a covariate on CLoxc/F, Vcoxc/F, CLmnp/F
and Vcwrp/F via an allometric function also significantly improved the fit with models 1 and
2. For model 3, where two separate allometric exponents for CLuyp depending on the child
age (over.or under 6 years) were estimated, two very similar estimates were obtained for both
age range (0.498 for children >6y and 0.541 for children <6y) and both values were very
similar to the value obtained for the all population (0.549). The BDE model (model 4) on
CLwnp did not provide satisfying results (the -2LL increased and the parameters of the BDE
were poorly estimated). Estimated exponents (model 1) allowed a better fit of the data than
the theory-based allometric model (model 2), which was not improved by the addition of age
viaan allometric function or a maturation function. NPDE versus body weight and pvcVPC
with body weight as the independent variable were performed for both models (with
empirical allometric exponents and with fixed theoretical allometric exponents) (Figures 1
and 2). Nosignificant bias was observed for each model, showing that they both described

well the data across the range of body weights included in the study. However, the model



with estimated allometric exponents performed better on the external evaluation than the
model with fixed exponents, despite a slight over prediction of the concentrations. It also
performed better than formerly published models that included only MHD data (Table 2).
Thus, the empirical model was chosen as the final model and was considered reliable enough

to predict steady-state exposure of MHD.

The final model was then:

where MED is 0 or 1, if enzyme-inducing antiepileptic drugs were associated or not, and WT

is the patient body weight in kilograms.

The estimated values of the parameters of the final model and of the theory-based allometry

model and their precisions are reported on Table 3.

No significant bias was observed on the plot of observed versus population prediction for
OXC and MHD (data not shown). For OXC, IWRES versus time or PRED did not present
any bias (data not shown), whereas a small bias was seen in NPDE versus time graph for time

= 48h (Figure 3). Since almost all observations at this time were BLQ data, and the drug



intake is usually twice-a-day, it was considered that this bias would not penalize the
prediction of PK profiles, for a bid regimen, with the model. No bias was observed for all the
goodness of fit curves for MHD (Figure 3). pcVVPC revealed no bias as the observed
concentrations were homogeneously distributed around the 50™ percentile of simulated
concentrations (Figure 4). When stratified by the covariate EIAED, no bias was observed as

well (data no shown).

Dose Evaluation

For a same dose, steady-state AUC.1, of MHD increased with increasing body weight, and
was lower in patients taking EIAEDs than in those without concomitant EIAEDs (Table 4).
Similarly, MHD Cyougn increased too with body weight and dose, and its value was also lower

in patient co-treated with EIAEDs (Table 5).

For 10 kg children (i.e. children roughly 2 years old) without EIEADs, a probability > 95 %
to be within the 3-35 mg/L reference range for MHD Ciougn Was obtained for 40-60 mg/kg

daily doses (Figure 5B), which is in agreement with current recommendations.

For children with body weights between 20 and 40 kg, and without EIAEDs, a probability >
95% was obtained with daily doses between 20 and 40 mg/kg (Figure 5B), which is also

consistent with current recommendations.

For 50 kg children without EIAEDS, a probability > 95% was obtained with daily doses
between 20 and 30 mg/kg (Figure 5B). Of note, these doses are inferior to the target
recommended maintenance dose of 30-45 mg/kg/day for 4-12 years old children. With such

doses, around 10 % of the patients would reach the 35 mg/L toxicity threshold (Figure 5D).

In case of combined treatment with EIAEDs, the probability of target attainment was lower,

so higher doses were needed. The most important impact of EIAEDs was observed for 10 kg



children, who may need doses up to 90 mg/kg/day (Figure 5A), which is 50% above the

maximal-recommended maintenance dose.

Discussion

This study was conducted with the aim to develop a parent-metabolite population model of
OXC and MHD in order to characterize the pharmacokinetic parameters of both compounds
and the covariates associated with their inter-individual variability. This model allows a
better understanding of MHD pharmacokinetics resulting from its formation from OXC and
its elimination and takes into account the back-transformation of MHD into its parent
compound. Previous population PK studies directly related OXC dose to MHD concentration,
without considering OXC concentration [15-17,21-24]. Such an approach can be supported
by the high bioavailability of OXC and the fact that OXC is almost completely converted into
MHD. However, since MHD concentration at a given time is the result of several
phenomenon (MHD formation from OXC, MHD elimination, and MHD back-transformation
to OXC), we believed a parent-metabolite model would allow a better prediction of the PK
profile of MHD. Based on the results of the external evaluation displayed on Table 2, it
appeared indeed that such a model provided a better prediction of MHD concentration at a

given time.

The present model could not take into account the pre-systemic transformation of OXC into
MHD [3], since the first-pass effect model investigated to describe this phenomenon [29] did
not improve the fit. In fact, estimating all PK parameters could not be possible with oral data
only and would require IV data as well [29,37]. However, a previous report determined that
the fraction of the administered oxcarbazepine dose pre-systemically converted to MHD was
only 6.5% (this fraction was estimated to 5.4% with our first-pass effect model), minimizing

its impact [38].



A mean time to reach the maximum concentration (Tmax) of around 1h can be derived from
our.mean PK estimates for OXC, which is in accordance with the value provided by Flesch et
al. [4]. OXC mean apparent weight-normalized clearance was 140 L/h/70kg. This value is in
accordance with the reported value of 170,1 L/h/70kg in adults after a single dose [39].
Concerning MHD, apparent weight-normalized clearances were 4.11 L/h/70kg for children
taking EIAEDs and 3.18 L/h/70kg for children not taking these medication. Those values are
in agreement with the results of Sallas et al. (3.2 L/h/70kg) [15]. Flesch et al. [4] reported an
absolute bioavailability of 99% after oral administration of OXC as well as a clearance of
3.5-5.5 L/h, for racemic MHD, in healthy volunteers after an intravenous administration of
MHD. Considering that the bioavailability is almost total, our estimates are in accordance

with these values.

MHD weight-normalized clearance decreased with increasing age (Figure 6). This was
already evidenced in the non-compartmental study from Rey et al. [10] and some population
approaches [15,16]. This phenomenon is frequent in children, and was already observed for
other antiepileptic drugs like clobazam [40], carbamazepine [41], phenobarbital [42],
felbamate [43] and valproic acid [44]. The main elimination route of MHD is
glucuronidation, and the maturation of the hepatic abundance/activity depends on the UGT
isoforms.considered: it can sometimes reach adult levels two to three months after birth,
while it can be upregulated beyond two years of age in other cases [45]. Of note, UGT
isaform(s) responsible for MHD glucuronidation have not yet been identified. Renal
excretion-has a minor contribution in MHD elimination (less than 20% of the MHD dose
administered intravenously was found unchanged in the urine [4]), nonetheless, as renal
clearance follows the same allometric principles as metabolic clearance, it may also explain

the decrease of weight-normalized clearance with age.



In the present study, OXC mean apparent volume of distribution was 397.7 L/70kg (5.7L/kQ).
This value is in agreement with the adult values described in the literature which are 3.9-12.5
L/kg (273-875 L/70kg) [6]. MHD mean apparent weight-normalized volume was 54.8
L/70kg. It differed greatly from the values displayed in some former population
pharmacokinetic studies in children (285.6 L/70kg [16], 171.5 L/70kg [16] and 312.9 L/70kg
[23]). However, according to the allometric principles, weight normalized-volume should be
similar inall age groups [46]. Of note, the value we obtained in this study is similar to the
values observed in adults, after an 1\ administration of MHD, that were 54,7 L for (R)-MHD

and 45.9 L for (S)-MHD [4].

A summary of a size-standardized estimates and literature values is provided on Table 6.

In pediatric population pharmacokinetic studies, body weight is a factor reflecting changes in
body size, and is related to clearance and volume via an allometric model with theoretical
exponents of 0.75 or 0.67 for clearance and 1 for the volume [47]. Fixed and estimated
allometric exponents were both tested. For oxcarbazepine, the estimated exponents for
CLoxc/F and Vcoxc/F were 0.798 and 2.4, respectively. For MHD, those values were 0.549
and 1.09 for CLyvnp/F and Vewnp/F, respectively. Although the obtained values were not
exactly similar to the theoretical exponents (principally the 2.4 exponent related to Vcoxc/F),
the model with estimated exponents performed better on the external evaluation (Table 2), as
evidenced by the lower Mean Prediction Error obtained with the empirical model. The reason
for this result is unclear to us. A possible explanation for the great difference between the
exponent of 2.4 that was estimated for Vcoxc/F and the theoretical value of 1 may result from
the study design. Indeed, our PK parameters allow to calculate a distribution half-life of 0.53
h. 1t is therefore possible our study design did not include enough samples during the
distribution phase, which may have penalized the estimation of this allometric factor. The

estimated exponent for CLyup/F (0.549) is in accordance with the empirical allometric



exponent obtained by Sugiyama et al [16] in their population model of MHD (0.555). It was
previously demonstrated that the theory-based allometric exponent of 0.75 for CL could be
inaccurate in some situations [48-50]. Indeed, if this theory-based exponent accurately
predicts CL in all cases in adolescents (from 12 to 18 years) [51], it may not be relevant for
some drugs in younger children, especially < 5 years [48-50]. The fact that our population
included children between 2 and 12 years and that half of them were below 6 years of age
may explain the difference between the empirical allometric exponent of CLywnp/F and the
theoretical value of 0.75. Based on these results, we decided to use the empirical exponents to
perform the dose evaluation. Nonetheless, because of the inconsistency with the allometric
principles, we believe an important limitation of the present model is its inapplicability for

children-under 2 years.

Monte Carlo simulations were performed with the aim to evaluate the consistency between
the recommended pediatric doses and the reference trough concentration of MHD (Cyrougn) for
therapeutic drug monitoring. Older children, represented by higher body weights, achieved an
AUC about 104.5% higher than younger patients (Table 4). This is consistent with the
observation that weight-normalized clearance decreased with age. For 10 kg children, the
probability for their MHD Cyougn to be within the reference range increased from 23% to
98.3% with increasing doses (from 10 to 60 mg/kg/day) while, in 50 kg children, it decreased
from 98.7% to 40.6% with increasing doses (for 10 and 60 mg/kg/day), as more Cirough
exceeded the limit of 35 mg/L and reached possibly toxic concentrations (Supplementary
data, Table 1). This confirms that older children need lower weight-normalized doses when

compared to younger children.

Association with enzyme inducing drugs is another factor accounting for oxcarbazepine
variability [13]. Most of the patients were on concomitant enzyme-inducing AEDs, so, MHD

clearance was modelled as the clearance induced by EIAEDs and the covariate was the



absence of concomitant EIAEDs. Those AEDs increased MHD clearance by 29.3%. This
phenomenon is well known and has been verified in most population models [15-17,23,24].
The drugs involved are carbamazepine, phenobarbital and phenytoin and it was demonstrated
that they can reduce MHD concentration by 20 to 40% [14,52,53]. With our model, patients
medicated with concomitant enzyme-inducing antiepileptic drugs had about 24% lower
exposition to MHD than patients not co-treated with EIAEDs (Table 4). Therefore, it seems
that children taking EIAEDSs require greater weight-normalized doses to reach similar
expositions. For these patients, probabilities to be within the reference range increased with
dose/kg and weight and it was less likely for them to reach the toxicity threshold

(Supplementary data, Table 2).

Figure 7 shows daily oxcarbazepine doses allowing the attainment of a maximum probability
(> 95%) for MHD Cyougn to be within the reference range with respect to body weight, with
and without associated enzyme-inducing antiepileptic drugs. Recommended doses seem
convenient, except for 50 kg children not co-medicated with EIAEDs, who would need less
than the recommended target dose of 30-45 mg/kg/day, since a maximum probability of
being within the reference range is attained between 20 and 30 mg/kg/day, and the risk of
toxicity increases with higher doses. On the other hand, 10 kg children receiving concomitant
EIAEDs would need more than the maximum recommendation of 60 mg/kg/day to have at
least 95% chance to be within the reference range. It is not uncommon for clinicians to
exceed the recommendations, as verified by Borusiak et al. in their retrospective study, where
epileptic children were given oxcarbazepine doses from 19 to 123 mg/kg/day [9].
Considering a narrower reference range of 15-35 mg/L, as proposed by May et al. [6], the
need for higher doses is, as expected, increased for 10kg children with EIAEDs who only

have, for a 90 mg/kg/day dose, a 33.8% probability to be within this reference range



(Supplementary data, Tables 1 and 2). Nonetheless, despite smaller probabilities to reach

therapeutic trough concentrations, the risk of toxicity remains the same.

The present model is only applicable to 2 to 12 years old epileptic patients and was developed
based on-oral suspension data. This formulation is optimal for young children (< 8 years) who
may have swallowing issues, but the tablet formulation is preferable for older children. In
adults, bioequivalence between the oral suspension and the film-coated tablet was evidenced
[54,55], allowing us to assume that our model is applicable to the use of tablets in children.
Due to exclusion criteria, this model cannot be applied neither to patients with body weights
differing more than 2 SDs from normal body weight such as obese and malnourished

children.

In conclusion, a parent-metabolite population pharmacokinetic model of oxcarbazepine and
its monohydroxy derivative was developed in epileptic children. It identified body weight and
concomitant enzyme-inducing antiepileptic drugs as important covariates explaining inter-
individual pharmacokinetic variability of these two compounds. This model also allowed to
evidence that the doses currently used by clinicians are appropriate to obtain trough
concentrations of MHD within the recommended reference range [7], except for 10 kg
children receiving concomitant enzyme-inducing antiepileptic drugs who could need doses
higher than recommended, and 50 kg children without concomitant enzyme inducing drugs
who may need doses lower than recommended. However, as this reference concentration
range is wide and the correlation between MHD plasma concentration and its antiepileptic
effect has not been well established [10], only clinical responsiveness and adverse events
occurrence can ultimately allow the clinicians to decide which dose their patient requires.
When the dose/effect relationship will be elucidated, this model could be useful to determine

optimal dose regimens for children, especially the youngest ones.
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Table 1. Concomitant antiepileptic drugs

Associated Antiepileptic Drug Patients (%)
Carbamazepine 19 (61.3 %)
Vigabatrin 14 (45.2 %)
Clobazam 8 (25.8%)
Phenytoin 5 (16.1%)
Valproic acid 4 (12.9 %)
Clonazepam 3 (9.7 %)
Lamotrigine 3 (9.7%)
Diazepam 2 (6.5%)
Phenobarbital 2 (6.5%)
Ethosuccimide 1 (3.2%)

Progabide 1 (3.2%)




Table 2. Comparison between MHD steady-state trough concentrations obtained in
therapeutic drug monitoring by Li et al. [29] and predicted by different models

Model MPE RMSE
Parent-metabolite model with back-transformation and estimated allometric 27.7% 7.2
coefficients

Parent-metabolite model with back-transformation and fixed allometric 39 % 7.8
coefficients

MHD model developed by Peng et al. [22] 44.1% 145
MHD model developed by Sallas et al. [15] 95.6% 14.2
MHD model developed by Sugiyama et al. [16] 69.1% 114

MHD model developed by Wang et al. [17] 145.1% 245




Table 3. Values and precision of the parameters of the estimated allometric exponent and
fixed allometric exponent models

Model with estimated allometric Model with fixed allometric
Parameter exponents exponents
Estimated value RSE (%) Estimated value RSE (%)
Ka(h™) 1.83 4 1.81
CLoxc/F (L/h/70kg) 140 24 116 8
Vcoxc/F (L/70kg) 337 41 55.7 22
Qoxc/F (L/h) 62.5 21 119/70kg 21
Vpoxc/F (L) 60.7 25 235/70kg 23
CLmnp/F (L/h/70kg) 4.11 14 5.1
Vcuno/F (L/70kg) 54.8 16 47.7
Ker (™) 0.0622 15 0.0476 16
OWT 0.798 26 0.75 FIXED
OWT 24 17 1 FIXED
OWT - - 0.75 FIXED
- - 1 FIXED
on -0.257 42 -0.276 40
OWT 0.549 21 0.75 FIXED
OWT 1.09 13 1 FIXED
®CLoxc/F 0.393 15 0.361 16
©VCoxc/F 0.601 22 1.07 16
®Qoxc/F 0.919 18 0.928 17
®Vpoxc/F 1.26 15 1.11 15
oCLvno/F 0.235 14 0.247 15
®Vemnp/F 0.211 25 0.209 23
oKgr 0.63 16 0.587 17
Goxc 0.32 7 0.321 7
omip () 0.993 13 0.972 13
omrp (0) 0.0398 21 0.0406 20

RSE relative standard error, Ka absorption rate constant, F bioavailability, Vcoxc central
volume of distribution of OXC, CLoxc elimination clearance of OXC, Qoxc
intercompartmental clearance of OXC, Vpoxc peripheral volume of distribution of OXC,
CLwynp elimination clearance of MHD, Vcunp central volume of distribution of MHD, Kgt
back-transformation constant, 6 factor describing the relationship between the covariate and
the parameter, WT body weight, nEIAEDs absence of enzyme-inducing antiepileptic drug,
inter-individual variability, o residual error, (a) additive, (b) proportional, OXC
oxcarbazepine, MHD monohydroxy derivative



Table 4. Median and non-parametric 95% confidence interval (95CI) of simulated steady-state AUCy.1, of MHD according to the daily dose of
oxcarbazepine administered as a bid regimen

10 mg/kg/d 20 mg/kg/d 40 mg/kg/d 60 mg/kg/d 90 mg/kg/d
Body weight ) . ) ) )
(ko) Co-treatment Median [95CI] Median [95CI] Median [95CI] Median [95CI] Median [95CI]
10 46.5 [31.0-72.3] | 92.9 [61.9-144.7] |185.8 [123.8 —289.3]|278.8 [185.7 —434.0] |412.1 [267.1 - 662.6]
20 62.2 [38.5-101.8](124.4 [77.0-203.5] |248.7 [154.0 -407.0](373.1 [231.0 -610.4] |561.3 [357.6 —897.9]
30 Without EIAEDs | 75.5 [48.0 —119.8][151.0 [96.1 —239.6] |302.0 [192.1-479.2] [453.0 [288.2 -718.7]|680.0 [420.2 -1110.2]
40 84.9 [56.3-132.6](169.9 [112.5-265.1]|339.7 [225.0 -530.2]|509.6 [337.5-795.3]|771.3 [472.3 -1232.7]
50 95.1 [60.4—148.4](190.2 [120.9 —296.9]|380.4 [241.8-593.8]|570.6 [362.7 —890.6] |861.0 [538.1 —1349.3]
10 355 [21.9-57.4] | 71.1 [43.9-114.7] |142.2 [87.7-229.4] [213.3 [131.6 —344.2] |317.6 [206.3 —503.9]
20 48.7 [30.0-77.3] | 97.3 [60.1-154.6] [194.6 [120.1-309.1]|291.9 [180.2 —463.7] |432.8 [271.9 - 697.7]
30 With EIAEDS |[58.3 [35.5-92.8] [116.5 [71.0-185.6] |233.1 [141.9-371.2](349.6 [212.9 -556.8]|519.9 [330.1 - 824.5]
40 66.3 [41.4-104.3](132.6 [82.8—208.6] |265.2 [165.5—417.2](397.8 [248.3 —625.8] |602.0 [383.5—938.0]
50 72.3 [46.0 -113.8]|144.6 [92.0 -227.5] [289.1 [184.1-455.1]|433.7 [276.1 -682.6]|673.2 [405.4 —1033.0]

EIAEDS: Enzyme Inducing Anti-Epileptic Drugs; 95CI: non parametric 95% confidence Interval



Table 5. Median and non-parametric 95% confidence interval (95CI) of simulated steady-state MHD trough concentrations according to the
daily dose of oxcarbazepine administered as a bid regimen

10 mg/kg/d 20 mg/kg/d 40 mg/kg/d 60 mg/kg/d 90 mg/kg/d
Body weight ) ) ) ) )

(ko) Co-treatment | Median [95CI] | Median [95CI] Median [95CI] Median [95CI] Median [95CI]
10 2.2 [06-45] | 44 [1.3-91] | 8.9 [25-18.1] |13.3 [3.8-27.2] [19.2 [5.2-41.4]
20 3.3 [1.3-6.7] | 6.6 [25-13.5]|13.2 [5.1-27.0] |19.7 [7.6—40.4] [29.6 [11.6—57.9]
30 Without EIAEDs |45 [1.9-8.0] | 8.9 [3.8—16.0]|17.9 [7.7-32.0] |26.8 [11.5—48.0]|39.5 [16.4—74.0]
40 54 [2.7-9.4] [10.8 [5.3-18.7]|21.7 [10.6—37.5]|32.5 [16.0—56.2] |48.7 [22.8—87.9]
50 6.3 [3.4-10.9][12.5 [6.7-21.9]|25.1 [13.5—-43.7]|37.6 [20.2—-65.6]|56.9 [28.6—96.9]
10 15 [0.3-34] | 29 [06-6.9] | 59 [1.1-13.7] | 88 [1.7-20.6] |12.2 [2.8-29.2]
20 2.3 [07-4.7] | 46 [1.4-93] | 9.1 [29-18.7] |13.7 [4.3-28.0] |20.0 [5.8—42.2]
30 WIthEIAEDs 31 [1.2-59] | 6.1 [25-11.7]|12.3 [5.0-23.5] |18.4 [7.5-35.2] |27.4 [10.5—53.6]
40 3.8 [1.6-7.1] | 7.7 [3.3-14.2]|15.3 [6.6—28.4] |23.0 [9.9-42.6] |34.9 [14.5-62.9]
50 44 [21-79] | 88 [41-15.9]|17.7 [8.3-31.8] [26.5 [12.4—47.6]|40.9 [18.4—72.1]

EIAEDSs: Enzyme Inducing Anti-Epileptic Drugs; 95CI: non parametric 95% confidence Interval



Table 6. Comparison of size-standardized estimates and values reported in the literature.

Parameter Estimate Literature value Ref.
Cloxc/F 140 L/h/70kg 170,1 L/n/70kg [39]
VoxclF 397.7 L/70kg 273-875 L/70kg [6]
CLywo/F 3.18 L/h/70kg 3.2 L/h/70kg [15]
3.5-5.5 L/h*2 [4]
Vmnao/F 54.8 L/70kg 54.7 L (S)-MHD *2 [4]
45.9 L (R)-MHD *2 [4]

* obtained from IV data
2 no.body weight was provided by the authors; study included 12 healthy volunteers (6 females and 6 males)
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Figure 1. NPDE versus body weight (BW) of oxcarbazepine (A) and its monohydroxy
derivative (MHD) (B) for the empirical model and of oxcarbazepine (C) and MHD (D) for
the allometry theory based model. Upper blue area represents the simulation-based 95%
confidence interval of the 95th percentile; pink area represents the simulation-based 95%
confidence interval of the 50th percentile; lower blue area represents the simulation-based

95% confidence interval of the 5th percentile
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Figure 2. Prediction and variability corrected visual predictive checks against body weight
obtained with the empirical model for oxcarbazepine (OXC) (A) and monohydroxy
derivative (MHD) (B) and obtained for the theory-based allometry model for OXC (C) and
MHD (D). Blue dots represent the predicted and variability corrected observed
concentrations; upper blue area represents the simulation-based 95% confidence interval of
the 95th percentile; pink area represents the simulation-based 95% confidence interval of the
50th percentile; lower blue area represents the simulation-based 95% confidence interval of
the 5th percentile; upper and lower blue solid lines represent the 5™ and 95" empirical
percentiles of the observations; red solid line represents the 50" empirical percentile of the

observations
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Figure 3. NPDE versus time (top) and population predictions (below) of oxcarbazepine (left)

and its monohydroxy derivative (MHD) (right). Blue dots are observed data; red dots are

BLQ data (sampled from the conditional distribution

), where 1 and

are the estimated individual and population parameters, respectively); upper blue area

represents the simulation-based 90% confidence interval of the 90" percentile; pink area

represents the simulation-based 90% confidence interval of the 50" percentile; lower blue

area represents the simulation-based 90% confidence interval of the 10™ percentile
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Figure 4. Prediction-corrected visual predictive checks obtained with the final model.
Oxcarbazepine (OXC) on top, monohydrody derivative (MHD) below. Blue dots represent
the observed concentrations; red dots represent the BLQ data (sampled from the conditional
distribution); green lines represent 5™, 50™ and 95" empirical percentiles of the observations;
upper blue area represents the simulation-based 95% confidence interval of the 95"
percentile; pink area represents the simulation-based 95% confidence interval of the 50"
percentile; lower blue area represents the simulation-based 95% confidence interval of the 5™

percentile; red area represents outliers
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Figure 5. Probability of steady-state MHD trough concentration to be within reference range
(3-35 mg/L) depending on dose and body weight when enzyme-inducing antiepileptic drugs
are associated (A) or not (B); Probability of steady-state MHD trough concentration to reach
toxicity threshold (>35 mg/L) depending on dose and body weight when enzyme-inducing

antiepileptic drugs are associated (C) or not (D)
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Figure 6. Relationship of monohydroxy derivative (MHD) weight-normalized clearance with
respect to age. Orange circles represent children taking concomitant enzyme-inducing
antiepileptic drugs; green crosses represent children not taking enzyme-inducing antiepileptic

drugs
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Figure 7. Daily doses to obtain a maximum probability (> 95%) to be within the reference
range. Orange line represents doses for children taking concomitant enzyme-inducing
antiepileptic drugs; green line represents doses for children not taking concomitant enzyme-

inducing antiepileptic drugs



List of Hyperlinks for Crosschecking

Oxcarbazepine :
http://www.quidetopharmacology.orq/GRAC/LigandDisplayForward?ligandld=7254.

Voltage-gated sodium channels :
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyld=82

Potassium:
http://www.quidetopharmacology.org/GRAC/FamilyDisplayForward?familyld=81

Calcium : http://www.quidetopharmacology.org/GRAC/FamilyDisplayForward?familyld=80



http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7254
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=82
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=81
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=80



