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Abstract
Modeling and simulations were used to support body weight-based dose selection for eslicarbazepine acetate (ESL) in

pediatric subjects aged 4–17 years with partial-onset seizures. A one-compartment pediatric population pharmacokinetic

model with formulation-specific first-order absorption, first-order elimination, and weight-based allometric scaling of

clearance and distribution volume was developed with PK data from subjects 2–18 years of age treated with ESL 5–30 mg/

kg/day. Covariate analysis was performed to quantify the effects of key demographic and clinical covariates (including

body weight and concomitant use of carbamazepine, levetiracetam, and phenobarbital-like antiepileptic drugs [AEDs]) on

variability in PK parameters. Model evaluation performed using a simulation-based visual predictive check and a non-

parametric bootstrap procedure indicated no substantial bias in the overall model and in the accuracy of estimates. The

model estimated that concomitant use of carbamazepine or phenobarbital-like AEDs with ESL would decrease the

exposure of eslicarbazepine, and that concomitant use of levetiracetam with ESL would increase the exposure of esli-

carbazepine, although the small effect of levetiracetam may not represent a true difference. Model-based simulations were

subsequently performed to apply target exposure matching of selected ESL doses for pediatric subjects (aged 4–17 years)

to attain eslicarbazepine exposures associated with effective and well-tolerated ESL doses in adults. Overall, model-based

exposure matching allowed for extrapolation of efficacy to support pediatric dose selection as part of the submission to

obtain FDA approval for ESL (adjunctive therapy and monotherapy) in subjects aged 4–17 years, without requiring an

additional clinical study.
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Introduction

Eslicarbazepine acetate (ESL) is a once-daily (QD), oral

antiepileptic drug (AED) for the treatment of partial-onset

seizures (POS) in patients C 4 years of age in the USA,

and in patients[ 6 years of age in Europe. Following oral

administration, ESL undergoes rapid first-pass hydrolysis

to the primary active metabolite eslicarbazepine and its

glucuronide metabolites, which together account for 94%

of oral systemic exposure; R-licarbazepine and oxcar-

bazepine are minor active metabolites [1].

A recent analysis conducted by the US Food and Drug

Administration (FDA), the University of Maryland, and the

Pediatric Epilepsy Academic Consortium for Extrapolation

(PEACE), provided evidence across AEDs that exposure–

response relationships are preserved between adult and

pediatric subjects (aged C 4 years) with POS [2]. From

this analysis, the FDA set three criteria for acceptable ex-

trapolation of the effectiveness of AEDs in adult subjects to

pediatric subjects (C 4 years) with POS: (1) an approved

indication for treatment of POS in adults; (2) a pharma-

cokinetic (PK) analysis that allows selection of dosing
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regimens for pediatric patients aged 4–17 years resulting in

exposures similar to those that have been demonstrated to

be safe and effective in adults; and (3) a long-term, open-

label safety study in pediatric patients C 4 years [3–8].

Since ESL is approved for the treatment of POS in adults,

the first FDA requirement is met. Also, placebo-controlled

studies up to 12 weeks in duration, with long-term, open-

label extensions, have demonstrated that ESL is well-tol-

erated in pediatric patients C 4 years of age [9–11], thus

satisfying the third FDA requirement. Therefore, this paper

focuses on the PK modeling and simulation strategies

implemented to satisfy the second FDA requirement. Pre-

viously developed population PK (PPK) and exposure–re-

sponse models describing the PPK, safety, and efficacy of

ESL (adjunctive therapy and monotherapy) in adults with

POS [12, 13] were utilized for this purpose. In addition, PK

data from two multiple-dose studies of adjunctive ESL in

pediatric subjects aged C 2 years with POS (Studies BIA-

2093-202, BIA-2093-305) supported pediatric PPK model

development, which allowed subsequent targeted exposure

matching.

The strategy applied in this analysis was consistent with

FDA recommendations for bridging efficacy data from

adult to pediatric populations, as described in the pediatric

study decision tree in the FDA guidance document, as

follows: when there is an assumption of similar disease

progression and similar response to intervention, and it is

reasonable to assume similar concentration–response in

pediatric and adult subjects, it is appropriate to conduct PK

studies to select doses that result in exposures similar to

those in adults [6].

The Pediatric Research Equity Act (PREA) requires that

all applications to the FDA for a new active ingredient

contain a pediatric assessment [14]. As such, the safety and

effectiveness of ESL for POS must be demonstrated in all

relevant pediatric subpopulations with data to support

dosing and administration in these patients.

This paper describes the PPK modeling and simulation

strategy (as shown in Fig. 1) that was applied to support

ESL dose selection for pediatric subjects aged 4–17 years.

Methods

Study data

The data used to develop the PPK model in pediatric

subjects were obtained from Studies BIA-2093-202 and

BIA-2093-305, hereafter referred to as Studies 202 and

305, respectively. Data from Study BIA-2093-208 were

included in the safety analyses. Details of these studies are

summarized in Table 1.

Dose selection in subjects aged 4–17 years using
extrapolation

Theoretical: development of a PPK model for pediatric
subjects aged ‡ 2 years

A pediatric PPK model for subjects aged C 2 years was

developed using NONMEM, version 7, level 1.2 (2010;

ICON Development Solutions, Ellicott City, MD) and

KIWI, version 1.1 (2012; Cognigen Corporation, Buffalo,

NY). Key steps of the PPK model development were:

exploratory analysis of the data collected in Studies 202

and 305, application and refinement of the one-compart-

ment model previously developed for adjunctive ESL

therapy in adults [15], evaluation of covariate effects, final

model refinement, and model evaluation.

The evaluation of covariates on clearance and distribu-

tion volume included the following demographic and

clinical covariates: age, estimated glomerular filtration rate

[16], height, race, and sex. The following concomitant

AEDs (used by[ 10% of the analysis population) were

evaluated: carbamazepine, valproic acid, lamotrigine,

topiramate, levetiracetam, phenobarbital-like inducers

(phenobarbital, primidone and phenytoin). A univariate

stepwise forward selection–backward elimination method

was used in the covariate analysis to identify statistically

significant predictors of PK variability.

The final model was evaluated using a simulation-based

visual predictive check (VPC) methodology to assess

concordance between the observed data and the model-

based, simulated data [17]. In addition, a non-parametric

bootstrap procedure was performed using the analysis

dataset and the final model, to assess the accuracy of the

final parameter estimates.

Determination of recommended dosing for pediatric
subjects aged 4–17 years

Model-based simulations were performed to support dose

recommendations for pediatric subjects aged 4–17 years.

Previous exposure–response analyses demonstrated that

minimum steady-state concentrations (Cmin,ss) best

describe the relationship between eslicarbazepine exposure

and efficacy in adults [18]. Furthermore, eslicarbazepine

maximum concentration (Cmax) was not found to be a

statistically significant predictor of the time to first occur-

rence of the most common adverse events in adults [19].

Therefore, Cmin,ss was selected as the metric for target

exposure matching for efficacy and was calculated using a

closed-form equation in all simulations [20]. A target range

for Cmin,ss was set, based on the mean Cmin achieved for

approved adult titration (400 mg) and maintenance
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(800–1600 mg) doses in subjects taking ESL QD as a

monotherapy. Cmax at the highest approved ESL mainte-

nance dose (1600 mg) was considered when setting the

upper limit of the targeted exposure range. Cmin,ss values

were compared between pediatric and adult subjects and

pediatric doses were selected to ensure that Cmin,ss values

would be maintained within the effective and well-toler-

ated range.

Stochastic simulations were performed for the four

scenarios of ESL therapy (oral tablets as adjunctive therapy

and monotherapy in adults and pediatric subjects) using

either the adult or pediatric PPK model. A deterministic

simulation was also performed to predict exposures in a

typical pediatric subject over a range of expected body

weights.

Virtual subjects were created by random resampling of

characteristics of the actual subjects in the specific analy-

sis. Covariate values were resampled as a vector to ensure

that the distributions and covariances between covariates

were realistic and consistent with the distributions

observed in the analysis population. In the deterministic

simulations, body weight was randomly assigned from 22

values (ranging from 10 to 74 kg, the possible weight range

for pediatric subjects aged C 2 years). The 22 values rep-

resented 10% increments, starting at the 3rd percentile of

weight in 2-year-olds (10 kg), up to the typical weight of

an adult (74 kg) [21].

The recommended dosing for pediatric subjects was

determined for four categories of body weight over the

range expected for subjects aged 4–17 years: 11–21,

22–31, 32–38, and[ 38 kg.

Results

Dose selection in subjects aged 4–17 years using
extrapolation

Development of a PPK model for pediatric subjects aged ‡
2 years

A PPK model was developed for 146 pediatric subjects

aged C 2 years, using subject data (857 eslicarbazepine

concentrations) from Studies 202 and 305. Demographic

information is shown in Table 2.

The final model was a one-compartment model with

formulation-specific first-order absorption, first-order

elimination, and weight-based allometric scaling of clear-

ance (CL) and volume (V). The available data supported

the estimation of inter-individual variability in CL, V, and

the formulation-specific absorption rate constants using

exponential error models, with the variance assumed to be

bFig. 1 Modeling and simulation strategies applied to support ESL

dose selection for pediatric subjects aged 4–17 years with POS.
aPrimary active metabolite. bBased on mean minimum observed

plasma concentration at steady state (Cmin,ss) predicted for 400, 800,

1200 and 1600 mg QD ESL in adults (adjunctive and monotherapy).

CL, apparent oral clearance; Cmin,ss, minimum plasma concentration

at steady state; ESL, eslicarbazepine acetate; GI, gastrointestinal;

i, ith subject; ka, absorption rate constant; LeveF, yes/no (subject

co-administered levetiracetam); PHENLF, yes/no (subject co-admin-

istered phenobarbital-like drug); PK, pharmacokinetic; POS, partial-

onset seizures; PPK, population PK; QD, once daily; V, apparent

volume of distribution; WTKG, weight in kg

Table 1 Study data used to develop the PPK model, and to evaluate the safety of ESL in pediatric subjects

BIA-2093-202 BIA-2093-208 BIA-2093-305

Included in

model/analysis

PPK Safety PPK

Subjects n = 30

Pediatric subjects aged 2–17 years

n = 120

Pediatric subjects aged 4–17 years

n = 118

Pediatric subjects aged 2–18 years

Study design 3 consecutive 4-week treatment

periods

Titration: 4 weeks

Maintenance: 8 weeks

Titration: 6 weeks

Maintenance: 12 weeks

ESL dosage Oral, QD

5, 15, and 30 mg/kg/day (maximum

dose: 1800 mg/day) during the 1st,

2nd and 3rd 4-week treatment

periods, respectively

Oral, QD

Titration: 10, 20 mg/kg/day

Maintenance: 30 mg/kg/day

(target dose)

Oral, QD

Titration: 10, 20 mg/kg/day

Maintenance: 10, 20 or 30 mg/kg/day

(maximum dose: 1200 mg/day)

Type of therapy Adjunctive therapy Adjunctive therapy Adjunctive therapy

Plasma sample

collection

* 21 samples/subject: Frequent

sampling intervals from 0.5 to 24 h

post-dose on the last day of each

4-week treatment period

* 3 samples/subject: Sparse sampling

in weeks 2, 6 and 18, mostly

between 12 and 24 h post dose

ESL eslicarbazepine acetate, PPK population pharmacokinetic, QD once daily
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the same for the oral suspension and tablet formulations

(Table 3). The residual variability (RV) was modeled using

an additive plus proportional error model. The covariate

effects included in the final PPK model were body weight

(on CL and V) and concomitant administration of carba-

mazepine (on bioavailability), levetiracetam (on CL), and

phenobarbital-like AEDs (i.e., phenobarbital, phenytoin,

and primidone; on CL). The typical value of CL and V in a

subject of weight WTKGi can be calculated as follows:

~CLi ¼ 1:69 � WTKGi

33:0

� �0:75

�ð1 � 0:176 � LEVEFiÞ

� ð1 þ 0:626 � PHENLFiÞ

~Vi ¼ 32:8 �WTKGi

33:0

where LEVEFi and PHENLFi indicate the use (1) or not (0)

of levetiracetam and phenobarbital-like AEDs,

respectively.

The parameter estimates (including bootstrap-based

confidence intervals) for the final PPK model (Table 3) and

VPC plots (Fig. 2) illustrated the good performance of this

model.

Assuming administration of the same mg/kg ESL dose, a

10 and 79 kg subject were predicted to have a 25.8% lower

and 24.4% higher area under the concentration versus time

curve at steady-state (AUC0–24,ss), respectively, compared

with a 33 kg subject. Eslicarbazepine CL would be 17.6%

lower in pediatric subjects receiving concomitant leve-

tiracetam compared with those not receiving this AED,

which would result in a 21.4% higher AUC0–24,ss. Esli-

carbazepine CL would be 62.6% higher in pediatric sub-

jects receiving concomitant phenobarbital-like AEDs

compared with those not receiving these AEDs, which

would result in a 38.5% lower AUC0–24,ss. The concomitant

administration of carbamazepine with ESL would decrease

eslicarbazepine bioavailability and AUC0–24,ss by 32.1%,

compared with no concomitant carbamazepine use.

The final PK model described the observed data well

(Fig. 3) and was used in the following simulations.

Determination of recommended dosing for pediatric
subjects aged 4–17 years

Simulations initially determined the eslicarbazepine expo-

sures (Cmin,ss) in adults that corresponded with effective

and well-tolerated doses of ESL taken as adjunctive ther-

apy and monotherapy during titration (400 mg QD) and

maintenance (800–1600 mg QD) treatment. Mean eslicar-

bazepine Cmin,ss for ESL 400 mg QD (3.7 lg/mL) was

assigned as the target exposure during the titration period,

and mean Cmin,ss for ESL 800, 1200 and 1600 mg (7.4, 11

and 14.7 lg/mL, respectively) were assigned for the

maintenance period.

Additional simulations predicted steady-state eslicar-

bazepine exposures for pediatric subjects receiving ESL

Table 2 Summary of

demographic and baseline

characteristics for pediatric

subjects with POS included in

the PPK model for

eslicarbazepine

Subject characteristic Study Overall

BIA-2093-202 BIA-2093-305

Mean age (years) (SD) 8.0 (4.0) 10.0 (4.0) 10.0 (4.0)

Mean height (cm) (SD) 129.0 (23.0) 136.0 (23.0) 135.0 (23.0)

Mean weight (kg) (SD) 28.9 (13.7) 36.0 (16.2) 34.7 (16.0)

Age group (years), n (%)

2–6 11 (42.3) 27 (22.5) 38 (26.0)

7–11 8 (30.8) 45 (37.5) 53 (36.3)

12–18 7 (26.9) 48 (40.0) 55 (37.7)

Weight category (kg), n (%)

10–19 9 (34.6) 30 (25.0) 39 (26.7)

[ 19– B 32 9 (34.6) 27 (22.5) 36 (24.7)

[ 32– B 45 5 (19.2) 31 (25.8) 36 (24.7)

[ 45– B 79 3 (11.5) 32 (26.7) 35 (24.0)

Race, n (%)

White 26 (100.0) 110 (91.7) 136 (93.2)

Asian 0 10 (8.3) 10 (6.8)

Sex, n (%)

Male 10 (38.5) 58 (48.3) 68 (46.6)

Female 16 (61.5) 62 (51.7) 78 (53.4)

PK pharmacokinetic, POS partial-onset seizures, SD standard deviation
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QD dosing regimens (100–1600 mg, in 100 mg incre-

ments) as monotherapy or adjunctive therapy (i.e., with or

without concomitant levetiracetam and/or phenobarbital-

like AEDs, or carbamazepine). An additional scenario

determined typical eslicarbazepine Cmin,ss in pediatric

subjects receiving specific ESL doses in the absence of any

concomitant AEDs (Fig. 4). These exposures were

matched to adult target exposures (Fig. 4) to propose a

pediatric dosing regimen (Table 4). For example, Fig. 4

shows that a typical subject weighing 20 kg would require

400–600 mg ESL QD to achieve eslicarbazepine exposures

equivalent to those observed in adults taking ESL

800–1200 mg QD. A sufficient number of subjects were

exposed to ESL in Studies BIA-2093-208 and 305 to

Table 3 Parameter estimates, standard errors, and bootstrap-based CIs from the final PPK model for eslicarbazepine in pediatric subjects with

POS

Parameter Final parameter

estimate

Interindividual

variability/residual

variabilitya

Bootstrap estimateb

Typical value %SEM Magnitude %SEM 90% CI

CL: apparent elimination clearance (L/h) 1.69 2.92 25.0 %CV 15.5 1.61, 1.77

CL: proportional shift for levetiracetam use (–) - 0.176 25.6 - 0.247, - 0.101

CL: proportional shift for use of phenobarbital-like AEDs (–) 0.626 18.8 0.439, 0.86

V: apparent volume of distribution (L) 32.8 4.78 13.2 %CV 65.1 30.8, 45.8

KAT: first-order absorption rate constant for tablet (1/h) 0.895 Fixed 83.8 %CV Fixed Fixed

KAO: first-order absorption rate constant for oral suspension (1/h) 4.18 Fixed Fixed

F1: relative bioavailability during carbamazepine use (–) 0.679 6.76 NE NE 0.61, 0.761

RV CCV component 0.0543 11.6 328–23.3 %CV

F [100–50,000]

NA 0.0443, 0.0643

RV additive component 107,000 53.2 32,300, 224,000

Minimum value of the objective function = 14,283.727

%CV coefficient of variation expressed as a percentage, %SEM standard error of the mean expressed as a percentage, AED antiepileptic drug, CI

confidence interval, CCV constant coefficient of variation, NA not applicable, NE not estimated, POS partial-onset seizures, PPK population PK,

RV residual variability
aThe residual variability (%CV) was calculated using the following equation: (sqrt (F2 9 0.0543 ? 107,000)/F) 9 100, where F is the model-

predicted concentration
bStatistics of bootstrap estimates excluded the runs that completed with error messages about early termination, rounding errors, or estimates near

boundary

Fig. 2 Visual predictive check

of the final PPK model for ESL

in pediatric subjects

aged C 2 years with POS. ESL

eslicarbazepine acetate, PPK

population pharmacokinetic,

POS partial-onset seizures.

Medians and percentiles are

plotted at the median time since

last dose of the data observed

within each time since last dose

interval
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provide adequate safety data to allow for ESL use in

pediatric subjects C 11 kg at dose regimens up to 1200 mg

QD.

Simulation scenarios for monotherapy or adjunctive

therapy with carbamazepine demonstrated that adminis-

tration of ESL to pediatric subjects, within the selected

dose ranges (Table 1), would yield similar eslicarbazepine

exposures whether taken as adjunctive therapy or as a

monotherapy, and that eslicarbazepine exposures would be

comparable to those observed in the adult population with

effective and well-tolerated doses of ESL (800–1600 mg

QD).

Discussion

A recent FDA analysis provides evidence across AEDs that

exposure–response relationships are preserved between

adult and pediatric subjects with POS (4 years of age and

older) [2]. We used the results from previous pediatric

clinical trials of ESL and the analyses outlined in this

manuscript to satisfy the three FDA criteria needed to

obtain an indication for ESL in the treatment of POS in

pediatric subjects (C 4 years). We illustrate the application

of adult exposure matching for pediatric dose selection,

which was submitted to the FDA as part of the application

for a pediatric indication for ESL (adjunctive therapy and

monotherapy) in patients 4 years and older with POS,

Fig. 3 Goodness-of-fit plots for

the final PPK model in pediatric

subjects with POS. PPK

population pharmacokinetic,

POS partial-onset seizures

Journal of Pharmacokinetics and Pharmacodynamics (2018) 45:649–658 655
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without the need to conduct a controlled clinical trial for

efficacy. Furthermore, as previous studies have demon-

strated that ESL is well-tolerated in pediatric subjects aged

4–17 years [9–11], we used a PPK modeling and simula-

tion strategy to provide a quantitative basis to support ESL

dose selection for pediatric subjects aged 4–17 years.

The final structural PK model was adequately charac-

terized by a one-compartment model with formulation-

specific first-order absorption and first-order elimination. In

the final model, the typical first-order absorption rate

constant (KA) estimates for the tablet and oral suspension

formulations were fixed to estimates obtained from the

Study 202 data, as there were large differences in KA

estimates between studies when these parameters were

estimated separately. The KA estimates from Study 202

were from richly sampled data, and considering the lack of

formulation differences between studies and the similarity

of covariate distributions between studies, were deemed

more reliable than the KA estimates obtained from the

sparse data collected in Study 305. Body weight was

identified as the only statistically significant demographic

covariate for clearance and volume of distribution. Allo-

metric scaling with exponents of 0.75 and 1 were used to

account for weight-based changes in clearance and volume

of distribution, respectively. An alternative model with

estimated exponents was evaluated, but not selected (as per

recommendations in Holford et al. [22], and Anderson and

Holford [23]) due to the potential for imprecision of

empirical estimates from typical sized datasets with limited

numbers of subjects, and the proximity of the estimate

exponents to theoretical values (e.g., 0.648 vs 0.75 for the

power on CL, and 1.19 vs 1 for the power on V).

The covariate analysis concluded that concomitant use

of carbamazepine, levetiracetam, and phenobarbital-like

AEDs with ESL are significant determinants of eslicar-

bazepine PK in pediatric subjects. The model estimated

Fig. 4 Comparison of simulated

plasma concentrations of

eslicarbazepine at selected dose

levels (100–1600 mg/day ESL,

solid lines) in pediatric subjects,

relative to targeted

concentration ranges for

titration and maintenance

(shaded regions; derived from

adult exposure levels at

effective and well-tolerated

doses). Cmin, minimum

concentration; Cmax, maximum

concentration; ESL,

eslicarbazepine acetate

Table 4 Proposed ESL

(adjunctive therapy or

monotherapy) titration and

maintenance dosing regimens

for pediatric patients between

the ages of 4 and 17 years

Body weight range (kg) Titration dose (mg/day) Minimum–maximum maintenance dose (mg/day)a

11–21 200 400–600

22–31 300 500–800

32–38 300 600–900

[ 38 400 800–1200

Doses were selected to target exposures that are known to be safe and effective in adults
aDue to the absence of safety data in pediatric subjects for daily doses above 1200 mg, the maximum

proposed maintenance dose in pediatric subjects is 1200 mg QD

ESL eslicarbazepine acetate, QD once daily
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that concomitant use of carbamazepine with ESL would

decrease the bioavailability, and thus the overall exposure,

of eslicarbazepine. Concomitant use of phenobarbital-like

AEDs with ESL would increase the clearance of eslicar-

bazepine, and would therefore also decrease the overall

exposure of eslicarbazepine. The predicted effects of car-

bamazepine and phenobarbital-like AEDs on eslicar-

bazepine PK were similar for pediatric and adult subjects

[12, 13]. Levetiracetam decreased eslicarbazepine clear-

ance in pediatric subjects, but had no statistically signifi-

cant effect on clearance in adults. However, the small

effect of levetiracetam on clearance of eslicarbazepine in

pediatric subjects may be an artifact of limited sample size,

study design, and/or variability, and may not represent a

true difference in clearance. Overall, the parameters of the

final PK model were precisely estimated. The final PK

model described the observed data well and it was deemed

appropriate for use in simulations.

Previously developed adult PPK models [12, 13] were

used in model-based simulations to identify adult eslicar-

bazepine exposures that corresponded with effective and

well-tolerated doses of ESL in adults. Additional simula-

tions, using the pediatric PPK model, were used to deter-

mine typical eslicarbazepine concentrations in pediatric

subjects aged 2–17 years receiving specific ESL doses.

Targeted exposure matching (matching of pediatric esli-

carbazepine exposures to eslicarbazepine exposures in

adults taking effective and well-tolerated doses of ESL)

was then used to determine an appropriate dosing regimen

for pediatric subjects aged 4–17 years (Table 1). Among

the different measures of eslicarbazepine exposure in

adults, the relationship with efficacy was strongest for

Cmin,ss, which was therefore used as the metric for targeted

exposure matching in the pediatric PPK model. Previously

it was reported that Cmax is not a statistically significant

predictor of common adverse events associated with ESL

use in adults [19]. Nevertheless, Cmax at the highest

approved adult ESL maintenance dose (1600 mg) was

considered in setting the upper limit of the targeted expo-

sure range. The proposed doses for subjects aged

4–17 years apply to those taking ESL as an intact tablet, as

a crushed tablet, or as an oral suspension, as previous

clinical investigations have demonstrated the bioequiva-

lence of these formulations [24–26].

Conclusions

Overall, the analyses described herein represent a com-

prehensive effort to use modeling and simulation-based

strategies to extrapolate efficacy data from adults to pedi-

atric patients (aged 4–17 years). Furthermore, this analysis

supports ESL (adjunctive therapy or monotherapy) dose

selection in pediatric patients, without having to conduct an

additional US-based clinical trial for efficacy in these

patients.
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