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A B S T R A C T

A combined adult and pediatric population pharmacokinetic model including covariate effects was developed;
simulations were subsequently performed to guide intravenous pediatric dosing adaptations. Two pharmaco-
kinetic trials with sparse blood sampling were conducted in children with epilepsy and two trials in healthy
adults with serial blood sampling. Lacosamide plasma concentration–time data were available from 43 healthy
adults (18–45 years of age; body weight 50–101 kg; n=1735 concentration vs time records), and from 79
children with epilepsy (6 months–17 years of age; body weight 6–76 kg; n=402 concentration vs time records),
with 14, 22, 25 and 18 participants in age groups< 2 years, 2 to<6 years, 6 to<12 years and 12 to< 18
years, respectively. A two-compartment population pharmacokinetic model was developed using nonlinear
mixed effects modeling. Plasma clearance was scaled using a fixed allometric exponent on body weight, while
central volume of distribution used a freely estimated allometric exponent. The model-based pharmacokinetic
predictions suggested that there is no need to adapt the recommendations regarding intravenous infusion
durations in children compared with adults.

1. Introduction

Lacosamide (tablet and oral solution, LCM) is approved as ad-
junctive therapy and monotherapy for adults and children aged ≥4
years with focal epilepsy (UCB Pharma, 2018a,b). Lacosamide in-
travenous (IV) infusion is currently approved for adults (≥16 years of
age) in the United States (US) and for adults and children (≥4 years of
age) in the European Union (EU) (UCB Pharma, 2018a,b). The solution
for IV infusion is injected over a period of 15–60min twice daily.
Conversion to and from oral and IV administration can be done directly
without titration. The total daily dose and dosing regimen should be
maintained. The maximum recommended dose is determined according
to body weight band. In the EU, the approved maximum maintenance
dose when prescribed as adjunctive therapy is 12mg/kg/day for pe-
diatric patients weighing< 20 kg, 10mg/kg/day for pediatric patients
weighing 20 to< 30 kg, 8mg/kg/day for pediatric patients weighing
30 to<50 kg, and 400mg/day for pediatric patients weighing ≥50 kg
and for adults; and as monotherapy is 12mg/kg/day for pediatric pa-
tients weighing<40 kg, 10mg/kg/day for pediatric patients weighing

40 kg to<50 kg, and 600mg/day for pediatric patients weighing
≥50 kg and for adults. In the US, the approved maximum maintenance
dose when prescribed as adjunctive or monotherapy is 400mg/day.

Clinical pharmacology studies in healthy young and elderly parti-
cipants and in patients with focal epilepsy, established the overall ab-
sorption, distribution, metabolism, and elimination properties of LCM.
Data from these trials have indicated that LCM demonstrates high oral
bioavailability, linear and dose-proportional pharmacokinetics (PK),
low inter- and intra-individual variability, and low potential for
drug–drug interactions. These results are important because they es-
tablish the predictable PK profile of LCM and help inform clinician
decisions to achieve the desired drug response profile (Cawello et al.,
2014).

Previously, a population PK model for oral LCM had been developed
in children with epilepsy from 1 month to 17 years of age using non-
linear mixed effects modeling based on two early phase clinical trials
(SP0847, clinicaltrials.gov identifier: NCT00938431; SP1047, EudraCT
number: 2014-002629-36) (Winkler et al., 2015). Trial SP0847 was a
Phase II, open-label, dose-titration study investigating LCM oral
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solution (titrated from 2mg/kg/day to up to 12mg/kg/day) as ad-
junctive therapy in 47 children (1 month to 17 years of age) (Ferreira
et al., 2015). Patients with uncontrolled focal seizures on a stable dose
regimen of one to three AEDs were enrolled. Trial SP1047 was an open-
label study to investigate the pharmacokinetics of LCM (tablet or oral
solution) in 32 children (1 month to 17 years of age) who were pre-
scribed LCM for epilepsy. Patients had to be on a stable LCM dose re-
gimen as prescribed by a physician for at least 7 days before study entry
with no missed doses within 3 days before PK sampling. In both studies,
sparse blood samples were taken at prespecified time points for plasma
LCM determination.

Together with these two pediatric trials, the present report in-
corporated data from two crossover bioavailability/bioequivalence
studies in healthy adults with administration of both oral and IV infu-
sions of different duration (Cawello et al., 2012). Study SP645 involved
16 participants who received single doses of LCM 200mg orally and as
a 15-min infusion, and plasma concentration was measured over time
up to 72 h after each administration; study SP658 included 27 partici-
pants who received single doses of LCM 200mg orally and as 30-min
and 60-min infusion, respectively (Cawello et al., 2012).

The objective of this analysis was to develop a population PK model
for LCM in healthy adults and in children with epilepsy using nonlinear
mixed effects modeling, in order to predict pediatric IV PK profiles and
to perform simulations of different dosing regimens of IV infusions of
LCM in children with epilepsy and to assess the need for dosing adap-
tations.

2. Methods

A PK analysis using the population approach was conducted to de-
termine the population PK parameters of LCM in healthy adults and in
children with epilepsy after IV infusion and oral dosing with tablet/
solution, respectively. The analyses were performed using NONMEM
software (version 7.2.0, ICON Development Solutions, Ellicott City, MD,
USA) with first order conditional estimation with interaction (FOCE-I).
Influence of body weight on clearance was included a priori as a
structural part of the model. From a previous analysis co-administration
of inducing AEDs (carbamazepine, phenobarbital and phenytoin) was
associated with a faster LCM clearance and was therefore included.
After successful model evaluation, a pediatric dataset with 100 in-
dividuals per body weight category and infusion duration, ranging from
5 to 75 kg (in increments of 5 kg) and from 15 to 60min (in increments

of 15min), respectively, as well as with and without co-administration
of inducer AED was simulated (total of N=24,000 individuals).
Subsequently, the final model was used to predict different LCM IV
dosing regimens (dosing by weight at 8, 10 and 12mg/kg/day, and
constant dose of 400 or 600mg/day), with varying infusion duration
(15–60min) to propose dose adaptation rules in children with epilepsy.

3. Results

Lacosamide plasma concentration–time data were available from 43
healthy adult participants (18–45 years of age, body weight 50–101 kg)
with serial blood sampling (n = 1735 concentration vs time records),
and from 79 children (body weight 6–76 kg) with infrequent blood
sampling (n=402 concentration vs time records), with 14, 22, 25 and
18 participants in age groups< 2 years, 2 to< 6 years, 6 to< 12 years
and 12 to<18 years, respectively.

Initial development of the population PK model started in the adult
dataset with a one-compartment population PK model with first order
absorption and elimination and an allometric scaling effect of body
weight on clearance and central volume of distribution. To ensure
capturing the initial concentration peak after IV infusion, a two com-
partment model was tested as well, which resulted in a large, highly
significant drop in objective function value (OFV) of 634 points.
Allowing the allometric exponent to be estimated freely for clearance
did not result in model improvement, but a significant drop was ob-
served when the exponent for central volume of distribution was esti-
mated freely (dOFV=45.9). Changing from only first order absorption
to sequential zero then first order absorption for oral administration
was superior to introducing a lag time. The inclusion of lag time is
essentially described by a change-point model (no absorption until end
of lag time), while sequential zero then first order absorption model
accounts for a more gradual absorption leading to an improvement in
the description of the absorption phase. Incorporation of a full omega
matrix resulted in a further drop in OFV of 72 points. Residual error was
modeled using separate proportional error terms for the adult and pe-
diatric population, respectively. No formal covariate search was con-
ducted, but the effect of enzyme-inducing AEDs on LCM clearance in
children with epilepsy was kept from the previous pediatric population
PK model (Winkler et al., 2015). Final PK parameters are shown in
Table 1.

Model diagnostics demonstrated adequate goodness of fit, boot-
strapping indicated a close correspondence between NONMEM-

Table 1
Pharmacokinetic parameter estimates for the final LCM model in healthy adults and children with epilepsy using body weight-dependent CL/F and V/F.

Parameter (units) Population estimate 95% confidence interval Inter-individual variability (CV)

CL/F (L/h) 2.57 2.43 / 2.71 23.0%
Vc/F (L) 28.2 24.5 / 32.0 35.6%
Ka (1/h) 4.05 3.28 / 4.82 70.9%
Vp (L) 13.1 10.6 / 15.7 55%
Q (L/h) 39.1 33.6 / 44.5
F 1.01 0.989 / 1.030 3.8%
Allometric scaling exponent on CL 0.75 (fixed)
Allometric scaling exponent on Vc 0.722 0.647 / 0.796
D1 0.401 0.327 / 0.476 58.0%
Fold-change in CL with CBZ co-administration 1.50 1.33 / 1.71
Fold-change in CL with PB co-administration 2.59 2.32 / 2.89
Fold-change in CL with PHT co-administration 1.56 1.17 / 2.08
Proportional residual error (SD/mean), peds 0.250 0.213 / 0.287
Proportional residual error (SD/mean), adults 0.129 0.112 / 0.147

CBZ= carbamazepine, CL=plasma clearance; CV= coefficient of variation; D1 = duration of zero-order oral absorption; F= bioavailability; Ka = absorption rate
constant; PB= phenobarbital, peds= pediatric subjects, PHT=phenytoin, Q= inter-compartmental clearance; Vc = central volume of distribution; Vp = per-
ipheral volume of distribution. Full equation for CL= exp((log(Θ5) + Θ8 * log(WT/70) + CBZ * Θ13 + PB * Θ14 + PHT * Θ15) + ETA1).
Full equation for Vc = exp((log(Θ6) + Θ12 * log(WT/70)) + ETA2).
Θ5=population estimate of CL, Θ6= population estimate of Vc, Θ8=allometric scaling factor for CL (0.75 fixed), Θ12= allometric scaling factor for Vc (freely
estimated), Θ13=estimate of CBZ coadministration effect, Θ14= estimate of PB coadministration effect, Θ15=estimate of PHT coadministration effect, ETA1= IIV
on CL, ETA2= IIV on Vc.
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estimated precision and bootstrapped results, and visual predictive
checks demonstrated that the model was capable of simulating the
original data.

Different pediatric dosing adaptations were simulated with the aim
of proposing IV dosing regimens in this patient population. Steady-state
peak plasma concentration (Cmax) and area-under-the-plasma curve
(AUCτ) after twice daily IV infusions in children with epilepsy that were
dosed in mg/kg were predicted to increase with increasing body weight
up to the maximum body weight in that dosing group; on the other

hand, as expected, a progressive concentration decrease was seen with
increasing body weight when a fixed dose was used for body weights
≥50 kg. This is illustrated in Fig. 1 in the adjunctive setting, without
enzyme-inducing AEDs. The same pattern was obtained in presence of
inducers, or in monotherapy, but with slightly modified Cmax and AUCτ
values (UCB, data on file). Median steady-state Cmax at the end of a 15-
min IV infusion were predicted to be 9–21% higher compared with
median Cmax values after oral administration across the body weight
range of 5–75 kg; this decreased to 2–10% after a 60-min IV infusion

Fig. 1. Predicted steady-state median (5th–95th percentiles) LCM Cmax and AUCτ across body weight following IV and PO administration as adjunctive therapy
(without inducer AEDs).
Footnote
Weight< 20 kg: 12mg/kg/day; 20 to< 30 kg: 10mg/kg/day; 30 to<50 kg: 8mg/kg/day; ≥50 kg: 400mg/day. The solid red line shows the median, and the blue
area shows the 5th–95th percentiles of 100 simulated children per 5 kg weight band. AEDs= antiepileptic drugs; AUCτ = area under the plasma curve over a dosing
interval; Cmax = peak plasma concentration; IV= intravenous.
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compared with oral administration. However, values of AUCτ were
fairly similar between oral administration and IV infusion and in-
dependent of infusion duration.

4. Discussion

A population PK model after IV infusion and oral administration
was developed for LCM in a combined dataset of 43 healthy adults and
79 children with epilepsy. The two-compartment model adequately
described the plasma concentration of LCM as a function of body weight
and concomitant inducer AEDs.

Different pediatric dosing adaptations were simulated with the aim
of proposing IV dosing regimens in this patient population. Using the
dosing scheme per body weight band as recommended for oral ad-
ministration, IV infusion durations of 15–60min were predicted to yield
similar peak (Cmax) and average (Cav=AUCτ/12) exposures, not dif-
fering substantially from those after oral dosing. Median steady state
Cmax at the end of a 15-min IV infusion were predicted to be 9–21%
higher compared to values after PO administration across the simulated
dose range; this decreased to 2–10% after a 60-min IV infusion com-
pared to PO administration. The predicted steady state Cmax at the end
of a 15-min IV infusion were considered to be the worst-case scenario in
terms of possible exposure in order to best ensure that a safe regimen
will be used. These results indicate that the known efficacy and safety
characteristics (including cardiovascular), should not be altered by
switching from oral dosing to IV infusion in children, like in adults. The
model-based PK predictions suggested that there is no need to adapt the
recommendations regarding IV infusion durations in children using
weight-based dosing aiming to reach exposures in the same range as in
adults.

Although this analysis has reached its aims, there were some lim-
itations. First, pediatric data were mostly sparse and only few subjects
provided serial plasma samples compared to the adult population.
Secondly, developmental changes in kidney function and expression of
metabolizing enzymes were not included in the model due to the lim-
ited data in younger age; however, they were indirectly taken into ac-
count with the dosing adaptation by both weight and age. And thirdly, a
formal covariate search has not been conducted, but from a previous
analysis based on the same pediatric data co-administration of inducer
AEDs was associated with a modification in clearance and was therefore

included.
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