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CYP2C19 genotype and sodium channel blockers in lacosamide-treated children with
epilepsy: two major determinants of plasma lacosamide concentration or treatment

This study examined the impact of genetic factors and drug combinations on the
effectiveness and plasma concentrations of lacosamide, an antiseizure medication, in
patients under 18. Analyzing blood samples from 316 patients at the Children’s Hospital of
Nanjing Medical University, researchers discovered that genetic variations in the CYP2C19
(i.e. *2 and *3), along with metabolic capacity, and co-medication with sodium channel
blockers, all influence plasma lacosamide concentration. Understanding these genetic
influences could inform personalized dosing strategies, improving the medication’s
management for pediatric epilepsy patients.
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Introduction

Lacosamide (LCM: R-2-acetamido-N-benzyl-3-
methoxypropionamide) is used to control partial
onset seizures in adults and children 1month of
age and older. LCM is also used in combination
with other antiseizure medications (ASMs) to
control primary generalized tonic—clonic seizures
in children 4years of age and older and adults.!
Published studies have revealed its good tolerabil-
ity and effectiveness in pediatric patients.2*
However, some patients continue to experience
suboptimal or even unsuccessful seizure control,
and the underlying factors contributing to this
conundrum have remained elusive yet and war-
rant further investigation.

The LCM metabolic pathway may be involved.
The metabolism of LCM has been investigated in
a number of m wirro and m wvivo studies.’
Approximately 60% undergoes metabolic pro-
cesses mediated by various cytochrome PP450
(CYP) enzymes, including CYP2C19, CYP2C9,
and CYP3A4, or follows CYP-independent routes,
while the remaining 40% of LCM is excreted
through renal pathways as an unchanged active
compound.®” Indeed, the specific contribution of
the above three isoforms to the metabolic conver-
sion of LCM is currently unclear, but it is generally
believed that CYP2C19 is the most important

contributor.® Nevertheless, genetic variations in
CYP2C19, CYP2C9, and/or CYP3A4 influence the
metabolism of LCM, which may potentially affect
its dosing, tolerability, and clinical response.

Evidence can be found in previous reports. In
fact, the gene—drug interaction between CYP2C19
and various drugs has gained extensive attention,
and the involved guidelines are widely applied in
clinical practice.®1° Recently, Ahn et al.!! found
that the genetic polymorphisms of the CYP2C19
affect the serum LLCM concentration in Korean
adult patients with epilepsy, and cases carrying
two no-function alleles (*2 or *3) were likely to
have higher serum concentrations of LCM.
However, the research findings from adults may
not be directly extrapolated to pediatric patients,
because changes in mRNA and protein expres-
sion levels and associated functional activity
between the perinatal period until adulthood
impact drug disposition.!? It is evident that
LCM’s exposure depends on age, requiring rou-
tine concentration monitoring to tailor the dosage
that guarantees therapeutic efficacy with accept-
able tolerability.® Thus, studying the interplay
between genotype and age would help to improve
understanding of LCM’s disposition and clinical
response in children due to the polymorphic pro-
tein CYP2C19 involved.
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In addition, ASMs like LCM sometimes fail to
achieve therapeutic concentrations at the target
sites, partly due to active efflux mechanisms
orchestrated by locally overexpressed drug trans-
porter proteins in the brain. Notably,
P-glycoprotein, encoded by the multidrug-resist-
ant transporter gene ATP-binding cassette sub-
family B member 1 (ABCBI), plays a crucial role
in this process.!> Some studies suggested that spe-
cific genetic variations in the ABCB1 and ABCC2
(also known as multidrug resistance protein 2)
have been directly linked to drug resistance in epi-
lepsy patients.14-16

Add-on therapy or polytherapy of LCM is some-
times preferred for patients with refractory epi-
lepsy. Some co-medications like inhibitors or
inducers of these enzymes may cause complex
drug-drug interactions (DDIs), thereby changing
the systemic exposure to LCM.:11L17:18 However,
these studies are either not conducted only in chil-
dren, so the number of children involved in the
research is relatively small [e.g. =22 (ref. 18) or
n="175 (ref. 17)] or they are studies in children, but
the number of subjects is still very limited (z=76).!
Therefore, the conclusions are inconsistent, or the
generalizability of the research findings has been
affected due to the low statistical reliability.

The differences in pharmacodynamics are also an
inherent mechanism behind the varied treatment
responses in patients. Epilepsy involves essential
genes, such as SCN14, SCN2A, SCN9A4, and
SCN1B, encoding some voltage-gated sodium
channels, which play pivotal roles in the intricate
regulation of neuronal excitability.!%20 Previous
studies highlight the possibility that o and 3 subu-
nits of these channels may affect the function of
sodium channels and result in different respon-
siveness to ASMs.21-23 However, there is a nota-
ble dearth of studies investigating such potential
associations in pediatric patients.

To bring clarity to these issues, this study primar-
ily aimed to evaluate how the genetic variants of
genes encode these CYP enzymes and efflux
transporters, as well as some voltage-gated
sodium channel proteins, on plasma LCM con-
centrations or its clinical response. Another aim
of this study was to examine the potential DDIs
and to identify other key determinants of plasma
LCM concentrations.

Materials and methods

Study design and participants

This retrospective study was carried out at a sin-
gle center, the Children’s Hospital of Nanjing
Medical University, to recruit patients who
underwent regular therapeutic drug monitoring
(TDM) for LCM during the period from June
2021 to March 2023.

Eligible participants in this study were individuals
under the age of 18, who had received treatment
for epilepsy for a minimum of 1month and had
routine TDM of LCM. Patients were excluded
from the study if they had an underlying metabolic
and systemic disorder, or their detailed informa-
tion was absent in the hospital information system.
The Ethics Committee of the Children’s Hospital
of Nanjing Medical University approved the study
(Protocol number 202204021-1). The require-
ment for written consent was waived due to the
retrospective nature of the study.

Epilepsy types were made after reviewing the semi-
ology of seizures, electroencephalography (EEG),
and magnetic resonance imaging (MRI) findings,
as defined by the current International League
Against Epilepsy criteria.?* The following parame-
ters were collected: current age, sex, weight, age at
seizure and treatment onset, type of epilepsy, con-
comitant medication, dosage of LCM, duration of
treatment, duration of epilepsy, percentage of
reduction in seizure frequency, and adverse effects
(AEs). The percentage of reduction in seizure fre-
quency was calculated from the total frequency of
seizures in the month before and at each follow-up
point after LCM treatment.

Treatment protocol

The dose regimen was given by the pediatrician
regarding the package insert and a comprehensive
assessment of the patient’s disease. LCM was
administered orally in tablet form twice daily.

In general, for children aged =4years, the initial
dose was 2 mg/kg/day, which should be increased
to a therapeutic dose of 4 mg/kg/day after 1 week.
Depending on the clinical response and toler-
ance, the maintenance dose can be increased by
2mg/kg/day every week. Gradually titrate the
dose until the best response is achieved.
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For pediatric patients below the age of 4years
with focal epilepsy, informed consent was
obtained from each patient’s parent due to the
nature of off-label use. According to the package
insert, the dose tailoring was performed based on
the weight, that is, the recommended dosages for
weighing 6 to <11 kg and weighing <6 kg.

Clinical outcomes assessment

Patients were stratified into subgroups based on
the percentage reduction in seizure frequency
compared to the baseline at the time of follow-
up. Individuals with a reduction in seizure fre-
quency of 50% or greater were classified as
‘responders’, whereas those with less than 50%
were categorized as ‘nonresponders’. The
responder rate was calculated by considering the
proportion of responders, while the seizure-free
rate was determined based on the proportion of
patients who remained seizure-free for a mini-
mum of 6 months.

Efficacy was also evaluated by the retention rate,
that is, the long-term efficacy, defined as the
probability of patients maintaining their thera-
peutic benefits following 1 month of seizure con-
trol, was assessed using Kaplan—Meier survival
curves.

AEs were recorded according to parents’ and
physicians’ observations.

Routine therapeutic monitoring of LCM

The trough concentration (C,) of LCM was
quantified through the liquid chromatography-
tandem mass spectrometry (LC-MS/MS) meth-
odology. For the monitoring of 15 ASMs,
including LCM, a previously published method
by our team was employed.?>

The bioanalysis procedures were executed utiliz-
ing an LC-MS/MS system, which comprised of a
Triple Quad™ 4500MD mass spectrometer
(MS) (AB Sciex Pte. Ltd, USA). This MS was
interfaced with a Turbo V™ jon source, which
was in turn coupled with a Jasper™ liquid chro-
matography (LC) system (AB Sciex Pte. Ltd,
USA). The LC system was equipped with essen-
tial components, including a binary pump (Sciex
Dx™, USA), an online degasser (Sciex Dx™,
USA), an autosampler (Sciex Dx™, USA), and a
column oven (Sciex Dx™, USA).

The analytical control, data acquisition, and data
processing for the LC-MS/MS system were facili-
tated using the AB-SCIEX Analyst software
packages (version 1.6.3, AB Sciex Pte. Ltd,
USA). This software was responsible for oversee-
ing the LC-MS/MS system’s operations and
managing the acquisition and processing of data.
The inter-batch precision (relative standard devi-
ation, RSD, %) and accuracy (relative error, RE,
%) results of plasma LCM concentration based
on three-level quality control samples were less
than or equal to =6.7% and within the acceptable
criteria (< =15%) (Supplemental Table 1).

The C, values from patients were normalized by
dividing them by the ratio of the total daily dose,
yielding the C,/D ratio of LCM. To meet the data
distribution requirements for statistical analysis,
logarithmic transformation was applied to the
C,/D values.

Genotype analysis

The selection of genetic polymorphisms for anal-
ysis was informed by previous research!3:16,1926
and data sourced from the PharmGKB database
(https://www.pharmgkb.org). Finally, we focused
on 26 single nucleotide polymorphisms (SNPs)
from 14 genes known to be associated with
LCM’s disposition and/or its pharmacological
mechanisms of action were genotyped, including
ABCBI (rs1045642, rs2032582, and rs3789243),
ABCC2 (rs3740066 and rs717620), BCL11A
(rs2556375), CYP2C9 (rs1057910), CYP2C19

(*2, rs4244285; =*3, rs4986893; and =17,
rs3758581), GABRAI (rs2279020 and
rs2290732), GABRA6 (rs3219151), GABRG?2
(rs211037), GLOI  (rs1049346), SCNIA
(rs10188577, rs2298771, 1rs3812718, and
rs6730344), SCNIB (rs55742440), SCNZ2A
(rs17183814, 1rs2060198, and 1rs17183814),

SCN9A (rs3750904 and rs9646771), and STAT3
(rs1053005).

DNA was extracted from patients’ venous blood
(which had been previously stored at —80°C) by
using a blood DNA kit (ZhongkeBio Medical
Technology, Nanjing, China). The selected 26
SNPs in 14 human genes were genotyped using the
Agena MassARRAY platform 4.0 with iPLEX gold
chemistry (Agena Bioscience, Inc., CA, USA).

The design of polymerase chain reaction (PCR)
assays and extension primers for these SNPs was
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performed using MassARRAY design software
(v.4.0, Agena Bioscience, Inc., CA, USA). The
primers used are listed in Supplemental Table 2.
PCR master mixtures were obtained using the Agena
PCR reagent set, the PCR procedures were started,
and then the mixtures were treated with shrimp alka-
line phosphatase. The masses of the primer exten-
sion products, corresponding to specific genotypes,
were determined through matrix-assisted laser des-
orption/ionization time-of-flight mass spectrometry
(Agena Bioscience, Inc., CA, USA). Final genotypes
were ascertained using MassARRAY TYPER 4.0
software (Agena Bioscience, Inc., CA, USA).

Based on the CYP2C19 genotype, the patients
were classified into three phenotype groups.?” A
normal metabolizer (NM) is an individual carry-
ing two normal function alleles (*1*1) or one nor-
mal function allele (*1) and one increased
function allele (*17). An intermediate metabo-
lizer (IM) is an individual carrying one no or
decreased function allele (*2 or *3) in combina-
tion with either one normal function allele (*1) or
one increased function allele (*17). A poor
metabolizer (PM) is an individual carrying two no
function alleles (*2 or *3).

Statistical analysis

All data analysis was carried out using GraphPad
Prism 9 (GraphPad Software, La Jolla, CA, USA)
and R software (version 4.3.0; R Foundation for
Statistical Computing, Vienna, Austria). The
sample size was evaluated using power analysis.
The assessment of normality was conducted via
Shapiro—-Wilk tests. Demographic information
and clinical characteristics were summarized with
frequency counts for categorical variables, means,
and standard deviations for continuous variables
that exhibited a normal distribution, and medians
with interquartile ranges for continuous variables
with non-normal distributions.

Comparisons of continuous variables were exe-
cuted employing the Mann—Whitney U test, while
distinctions between independent groups were
assessed using the Kruskal-Wallis test. Correlations
were analyzed using Spearman’s correlation coeffi-
cient. Univariate and multivariate linear regression
analyses were performed to discern potential fac-
tors influencing the C,/D ratio. Categorical varia-
bles were compared using Pearson’s Chi-square
test and Fisher’s exact test as appropriate.

The allele and genotype frequencies of various
genes were examined for deviation from the
Hardy—Weinberg equilibrium using the good-
ness-of-fit Chi-square test. The relationship
between genetic phenotypes and treatment effi-
cacy was explored through logistic regression
analysis.

Statistical significance was defined as a p-value of
less than 0.05.

Results

Pediatric patients

The final study cohort comprised a total of 316
children, who were selected based on adherence
to the specified inclusion and exclusion criteria.
The demographic and pharmacologic character-
istics of the patients are summarized in Table 1.

Overall treatment response

Patients achieved 90.1% and 68.9% responder
rates in LCM mono- and add-on therapy, respec-
tively. During a 6-month follow-up period, 80.5%
of patients (33/41) in the monotherapy group
achieved complete seizure remission, and corre-
spondingly, the seizure-free rate in the add-on
therapy group was also acceptable (57.4%). The
efficacy outcomes of LCM under various treat-
ment durations are presented in Supplemental
Table 3.

Among the 292 patients who achieved favorable
seizure control in the initial month, the retention
rates were as follows: 94.4% at 6 months, 88.9%
at 12months, and 56.0% at 36 months (Figure
1(a)). Statistically significant differences in the
time to relapse were evident between the groups
treated with LCM monotherapy and add-on ther-
apy (p=0.011, Figure 1(b)).

Plasma C, of LCM

The plasma C, was monitored throughout the
entire treatment period. To avoid introducing
bias from multiple samples from each patient, the
latest measure was used when more than 1 result
was available. In total, 316 measurements were
recorded for all the 316 patients, with the median
C, values of 3.71 pg/mL (range: 2.58-4.89
ug/mL, Table 1).
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Table 1. Demographic and pharmacologic Table 1. (Continued)
characteristics of the patients.
Characteristics Value
Characteristics Value
Abnormal EEG
Age, years
n (%) 264 (83.5)
Mean (=SD) 8.3+3.2
Adverse events
Weight, kg
n (%) 15 (4.7)
Median (range]) 30 (23-40)
Dizziness 7 (46.7%)
Sex
Somnolence 3 (20%)
M/F 179/137
Headache 2 (13.3%)
Duration of epilepsy, month
Skin rashes 2(13.3%)
Median (range) 23 (12-41)
_ Diplopia and 1 (6.7%)
Type of epilepsy, n (%) somnolence
FOCE][ 222 [702] Efficacy
Generalized 22 (7.0) Responder, n (%)
Combined 50 (15.8) Monotherapy 137 (90.1)
Unknown 22(7.0) Add-on therapy 113 (68.9)
Duration of LCM treatment, month ASM, antiseizure medication; EEG,
) electroencephalography; F, female; LCM, lacosamide; M,
Median (range) 10 (5-19) male; MRI, magnetic resonance imaging; SCB, sodium

] channel blocker; SD, standard deviation.
Daily dose, mg

Median (range) 200 (150-250)
The therapeutic plasma LCM concentration

Pl trati L . .
asma concentration, ug/m ranged from 2 to 7 ug/mL, referring to our previ-

Median (range) 3.71 (2.58-4.89) ously published study.! Notably, 82.6% exhibited

therapeutic plasma LCM concentrations, 10.1%

Co/D, (ng/mL}/(mg) had subtherapeutic concentrations, and 7.3%
Median (range) 0.0205 (0.0142-0.0281) displayed supratherapeutic levels.

ASMs in add-on, n (%)
Potential determinators of LCM efficacy

0 152 (48.1] Genetic variability. We assessed a total of 26 SNPs

1 115 (36.4) in 14 genes. The frequencies of genetic variants in
the patient cohort aligned with those observed in

2 36 (11.4) the East Asian population of the Genomes Aggre-
gation Database and demonstrated agreement

>2 13611 with Hardy—Weinberg equilibrium (p>0.05).

With SCB 18 (5.7) The overall mean call rate across these 26 SNPs
was 98%, with individual SNP call rates ranging

Abnormal MRI from 88% to 100%.
n (%) 130 (41.1)

Supplemental Table 4 provides an overview of
(Continued]  the characteristics of these 26 SNPs derived from
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Figure 1. Kaplan-Meier survival estimates for probability to remain responders. (a) In 292 patients (median
survival time: 37 months). (b) Divided into monotherapy and add-on therapy groups.

14 genes in a cohort of 316 patients who received
either LCM monotherapy or add-on therapy.
Among these SNPs, only the dominant variant
of rs4244285 in CYP2C19 exhibited a statisti-
cally significant association with achieving a
responsive outcome (odds ratio: 1.82; 95% con-
fidence interval: 1.05-3.15; p=0.031). However,
after applying the Bonferroni correction for mul-
tiple comparisons, this association was no longer
statistically significant (Bonferroni corrected
p-value=0.868).

Dose regimen. Out of the 316 individuals who
adhered to the prescribed dosing regimen, they
received a median dose of 6 mg/kg. A dose-depen-
dent trend was observed, where an increase in
dosage correlated with a progressive reduction in
the responder rate. Patients administered an ini-
tial therapeutic dose (4 mg/kg) up to the 75th per-
centile dose (7.5mg/kg) exhibited a more
favorable response to LCM when compared to
those receiving doses exceeding 7.5mg/kg (p=
0.009, Figure 2).This corresponded with a statis-
tically significant elevation in C, levels with higher
dosages (median: 4.29 vs 3.71 ug/mL, p=0.027,
Figure 2), but there was a weak correlation
between concentration and daily dose (r=0.277,
$»<<0.001, Supplemental Figure 1).

Exposure levels. A total of 250 patients were cat-
egorized as responders, and among them, 58.8%
displayed either heterozygous or homozygous
mutations of the CYP2C19 2 variant. Statisti-
cally significant distinctions in plasma LCM con-
centrations were observed when comparing

= 12 ¢ -100
% ° 836%
= o
c 8 68.6% 75
] %
=)
g %
c
<)
o
©
£ . -25
©
o ®
0
<4mgkg 4~7.5mgkg >7.5mgkg
(n=27) (n=219) (n=70)

abejuasiad

Figure 2. Plasma LCM concentrations and responder rate between low

dose, medium dose, and high dose groups.
LCM, lacosamide.

patients with heterozygous or homozygous
CYP2C19 *2 mutations in the responder group to
patients with wild-type variants in the non-
responder group (median: 4.23 vs 3.26 ug/mL,
p»=0.004, Figure 3). However, there was no sig-
nificant difference in C, values between respond-
ers and nonresponders in patients with LCM
monotherapy or add-on therapy (Figure 4).

Furthermore, in children with LCM mono- or
add-on therapy, 82.2% and 82.9% of the plasma
trough concentrations of LCM were within the
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concentration group, therapeutic concentration
group, and supratherapeutic concentration group
(Figure 4).

GG genotype GA or AA genotype

12 - ®

10 Influencing factors on the C,/D ratio of LCM

In both the monotherapy and add-on therapy
groups of pediatric patients, univariate and multi-
variate linear regression analyses were conducted
to explore the relationship between potential fac-

tors and the natural logarithm of the Cy/D ratio.

(<]
1
e eo

Similar findings were observed in both groups,
where the C,/D ratio exhibited significant associa-
tions with age, weight, and CYP2C19 phenotypes
(Tables 2 and 3).

Plasma concentration (ug/mL)

To be specific, in the monotherapy group, the
C,/D ratio was negatively correlated with age or
weight (=-0.052, p=0.001; p=-0.204,
p=0.024; Table 2). Patients with the NM pheno-
type exhibited lower drug exposure levels when
compared to the IM and PM groups (3=-0.189,
$»<<0.001; Table 2). This pattern held true in the
add-on therapy group as well, with NM individu-
als displaying lower exposure levels than IM and
PM groups (=-0.374, p<0.001; Table 3).
Additionally, the presence of the rs717620

0 T T T T
Responders Non-responders Responders Non-responders
(n=103) (n=37) (n=147) (n=29)

Figure 3. Comparison of LCM concentrations between responders and
nonresponders, stratified by the CYP2C19 *2 genotype.

*#%p < 0.01.

LCM, lacosamide.

recommended reference range (i.e. 2-7 ug/mL),

respectively. Correspondingly, the response rate
was 89.6% and 69.9%. No significant difference
in response rate between the subtherapeutic

(C>T) variant, located in ABCC2, was signifi-
cantly associated with lower exposure levels in
monotherapy (B=-0.305, p=0.048; Table 2).

Monotherapy
127 5) response rate in C,
<2 pg/mL: 89.5%
2~7 pg/mL: 89.6%
104 (@) > 7pg/mL: 100%

Add-on therapy | @ Responders
® responserateinCy | @  Non-responders
[5) <2 pg/mL: 61.5%
2 ~7 pg/mL: 69.9%
) > 7ug/mL: 66.7%

Plasma concentration (ug/mL)

0

Figure 4. Comparison of LCM concentrations between responders and nonresponders, divided into

monotherapy and add-on therapy.
LCM, lacosamide.
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Table 2. Result from linear regressions (univariate and multivariate associations) in monotherapy.

Covariates Dose-corrected LCM concentration (ug/mL)/(mg)
B 95% CI p-Value
Univariate associations
Sex Females -0.09 -0.25t0 0.71 0.271
Age (years) -0.464 -0.1t0 -0.53 <0.001*
Weight =30kg -0.448 -0.579 to -0.297 <0.001*
Duration of epilepsy =24m 0.092 -0.07510 0.274 0.26
Duration of LCM therapy =>12m 0.027 -0.134 10 0.186 0.745
MRI Normal -0.048 -0.139 to 0.075 0.556
EEG Normal 0.072 -0.105 to 0.276 0.375
Efficacy Responder 0.133 -0.043 to 0.481 0.101
Genotypes
CYp2C19 Normal -0.296 -0.294 to -0.093 <0.001*
metabolizer
G R2E7 rs1057910 -0.156 -0.595 to 0.006 0.054
ABCB1 rs1045642 -0.164 -0.221 to -0.003 0.044*
rs2032582 0.062 -0.03 to 0.067 0.449
rs3789243 -0.039 -0.15 to 0.091 0.633
ABCC2 rs3740066 -0.171 -0.285 to -0.01 0.035*
rs717620 -0.216 -0.336 to -0.053 0.008*
Multivariate associations
Age (years) -0.052 -0.081 to -0.023 0.001*
Weight =30kg -0.204 -0.38 to -0.027 0.024*
Genotypes
CYp2C19 Normal -0.189 -0.276 to -0.102 <0.001*
metabolizer
ABCB1 rs1045642 -0.04 -0.131 to 0.052 0.393
ABCC2 rs3740066 0.198 -0.092 to 0.488 0.179
rs717620 -0.305 -0.607 to -0.003 0.048*
*p<0.05.

Cl, confidence interval; LCM, lacosamide; EEG, electroencephalography; MRI, magnetic resonance imaging.
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Table 3. Result from linear regressions (univariate and multivariate associations) in add-on therapy.

Covariates Dose-corrected LCM concentration (ug/mL)/(mg)
B 95% CI p-Value
Univariate associations
Sex Females 0.081 -0.071 to 0.242 0.303
Age [years] -0.472 -0.091 to -0.05 <0.001*
Weight =30kg -0.347 -0.510 to -0.209 <0.001*
Duration of epilepsy =24m -0.129 -0.302 to 0.027 0.1
Duration of LCM therapy =>12m -0.123 -0.286 to 0.032 0.118
MRI Normal 0.038 -0.112t0 0.184 0.632
EEG Normal 0.109 -0.098 to 0.510 0.182
ASMs in add-on With SCB -0.236 -0.635 to -0.140 0.002*
Efficacy Responder -0.009 -0.182 t0 0.162 0.91
Genotypes
CYP2C19 Normal metabolizer -0.271 -0.238 to -0.069 <0.001*
Ccypzce9 rs1057910 -0.005 -0.276 t0 0.260 0.951
ABCB1 rs1045642 -0.076 -0.184 to 0.063 0.336
rs2032582 0.057 -0.028 to 0.062 0.468
rs3789243 -0.024 -0.140 t0 0.103 0.764
ABCC2 rs3740066 -0.002 -0.128t0 0.125 0.983
rs717620 -0.04 -0.165 to 0.097 0.611
Multivariate associations
Age (years) -0.424 -0.089 to -0.038 <0.001*
Weight =30kg -0.099 -0.281 t0 0.075 0.256
ASMs in add-on With SCB -0.204 -0.539 to -0.129 0.002*
Genotypes
CYP2C19 Normal metabolizer -0.374 -0.283 to -0.140 <0.001*
*p<0.05.

ASM, antiseizure medication; EEG, electroencephalography; LCM, lacosamide; MRI, magnetic resonance imaging.

Furthermore, in the add-on therapy group, age
still exerted a negative impact on the C,/D ratio

or topiramate) exhibited lower exposure levels
(B=-0.204, p=0.002; Table 3).

(B=-0.424, p<0.001; Table 3). Individuals

coadministered with sodium channel blocker
(SCB) (i.e. oxcarbazepine (OXC), lamotrigine,

Results of SNP analysis of the CYP2C19. The fre-
quencies of CYP2C19 genotypes, phenotypes,
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and LCM C, values within these therapeutic
groups are presented in Figure 5.

Notably, the frequency of the CYP2C19 *2 wild-
type (GQG) genotype was significantly lower in the
therapeutic concentration group in comparison
|to the subtherapeutic concentration group
(»p=0.008), and significantly higher when con-
trasted with the supratherapeutic concentration
group (p=0.015). Furthermore, the frequency of
heterozygous mutations (GA) was significantly
higher in the therapeutic concentration group as
opposed to the subtherapeutic concentration
group (p=0.023). The CYP2C19 %17 G allele fre-
quency was also notably higher in the therapeutic
concentration group in comparison to the supra-
therapeutic concentration group (p<<0.001).

In the therapeutic concentration group, 52% of
patients were classified as IMs, which was higher
than the percentage of NMs (36%) and PMs
(12%). Conversely, in the subtherapeutic con-
centration group, 63% of patients were identified
as NMs, a percentage significantly higher than
that of IMs and PMs (p=0.007). In the suprath-
erapeutic concentration group, 52% of patients
were classified as IMs, a figure significantly
greater than that of NMs and PMs (p=0.014).

CYP2C19 genes affect the Cy/D ratio of LCM. The
demographics and TDM findings of patients
belonging to the three CYP2C19 phenotypes are
summarized in Table 4. Daily dosage and the pro-
portion of patients administered SCBs did not
exhibit significant differences among the NM,
IM, and PM groups. The sole factor that dis-
played a noteworthy difference among these three
groups was the C,/D ratio.

In monotherapy, the median Cy/D ratio in the
NM group was 8% lower than that in the IM
group (p=0.002) and 28% lower than that in the
PM group (p<<0.001). Additionally, IM individ-
uals exhibited significantly lower C,/D ratios in
comparison to PM individuals (p=0.038, Figure
6(a)). A similar trend was observed in add-on
therapy, where NM individuals had lower LCM
exposure levels than IM (p=0.048) and PM
(p=0.002), as illustrated in Figure 6(b).

Interestingly, the impact of CYP2C19 *2 on the
C,/D ratio was more significant compared to
CYP2C19 #3 (p<0.001, Figure 7).

SCBs affect the Cy/D ratio of LCM. Simultaneous
administration of SCBs significantly decreased
plasma LCM levels, leading to 22% lower drug
exposure in individuals compared to those receiv-
ing LCM monotherapy (p=0.01, Figure 6(c)).
When further categorized them into three pheno-
type groups, similar trends were observed in both
LCM monotherapy and LCM administered con-
comitantly with SCBs (Figure 6(d)).

Discussion

This study investigated how the genetic variations
of genes encoding drug-metabolizing enzymes,
drug transporters, and drug targets affect the
plasma trough concentration and clinical response
of LCM in children with epilepsy and also evalu-
ated some other determining factors like dosage,
age, weight, sex, and co-medications. Of note, the
genotype of CYP2C19 and concomitant use of
SCBs are two key determinants affecting the
plasma concentration and/or efficacy of LCM,
thus necessitating dose adjustments for certain
pediatric patients.

In the present study, children on LCM mono-
therapy achieved an impressive responder rate of
90.1%, and although slightly lower in add-on
therapy, it remained substantial at 68.9%. It’s
important to note that previous studies have
underestimated the long-term effectiveness of
LCM in the pediatric population.* Our study,
with a large sample size, revealed a slight decline
in LCM efficacy over time, with a retention rate
of 56.0% at 36 months (Figure 1). Indeed, the
higher responder rate in our study might also be
due to the mild epilepsy severity of the enrolled
patients and the fact that nearly 50% of the
patients were on monotherapy. Previous studies
have indicated that LCM was effective and well-
tolerated in a cohort of children with refractory
focal seizures, but with 42% responders and a
notable retention rate after 12 months.?8

A major finding of this study was that the genetic
polymorphisms of CYP2C19 were associated with
the plasma concentration and clinical response of
LCM. For children taking LCM monotherapy,
CYP2C19 PMs, carrying two nonfunctional
alleles (*2 or *3), exhibited a substantial 39.6%
and 27.9% increase in the Cy/D ratio compared to
NMs and IMs (Figure 6), respectively. In addi-
tion, individuals carrying CYP2CI19 *1/%2 or
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Figure 5. Frequencies of CYP2C19 genotypes, phenotypes, and plasma LCM concentrations by therapeutic
group: subtherapeutic (<2 ug/mL), therapeutic (2-7 ug/mL), or supratherapeutic range (>7ug/mL).

*2/+2 genotypes exhibited notably elevated C,/D
ratios (by 24.1% and 37.4%, respectively) com-
pared to individuals with *1/*1 genotypes, while
no comparable statistically significant difference
was observed in those with the CYP2C19 *3 gen-
otype (Figure 7). To the best of our knowledge,
this is the first study completed in children that
revealed an association between the CYP2C19
genotype and the plasma trough concentration of
LCM. This was in line with the very recent report
performed on Korean adult patients with epi-
lepsy.!! This finding holds great clinical value due
to the higher prevalence of CYP2C19 *2 and *3
alleles in Asian populations.29-31 Thus, the next
clinical challenge will be dose tailoring based on
the CYP2C19 genotypes.

Intriguingly, CYP2C19 *2 (rs4244285; G to A),
but not *3 (rs4986893), was observed to be asso-
ciated with the clinical response of LCM.

Children carrying alleles GA or AA achieved bet-
ter efficacy (Supplemental Table 4). Nevertheless,
this association did not retain statistical signifi-
cance after applying the Bonferroni correction for
multiple comparisons. Moreover, the plasma
trough concentration of LCM in nonresponders
with wild GG genotypes was significantly lower
than those responders with GA or AA genotypes
(Figure 3). These findings suggest that individu-
als who have a better efficacy should have higher
plasma concentrations, which was consistent with
previous research.!8:32 However, no statistical dif-
ference in concentration between responders and
nonresponders was observed in our study.

CYP2C19 *2 mutation leads to reduced enzyme
activity, resulting in increased plasma LCM con-
centration in pediatric patients carrying this allele.
If there is no clear correlation between the drug
concentration and clinical response to LCM,
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Table 4. Demographics and TDM findings in four CYP2C19 phenotype groups.

Characteristic CYP2C19 phenotypes p-Value

Normal metabolizer Intermediate Poor metabolizer

metabolizer

Monotherapy (n=152) (n=54) (n=75) (n=23)
Mean age years), SD 8.1 (+2.6) 7.9 (+3.2) 7.7 (+3.3) 0.872
Median weight (kg), range 30 (24-35) 30 (22-40) 28 (22-40) 0.899
Sex (M/F]) 25/29 46/29 7/16 0.402
Median LCM daily dose (mg], 200 (150-200) 175 (138-225) 200 (100-200) 0.953
range
Median Cy/D (ug/mL)/(mg), range  0.0187 (0.0123-0.0224)  0.0204 (0.016-0.0298)  0.0261(0.0212-0.036)  <0.001*
Responder, n (%) 48 (88.9%) 68 (90.7%]) 21 (91.3%) 0.926
Add-on therapy (n=164) (n=64) (n=82) (n=18]
Mean age [years), SD 8.3 (+3.6) 8.5 (=3.5) 9.4 (+2.9) 0.509
Median weight (kg), range 28 (22-41) 31 (24-45) 37 (30-46) 0.123
Sex (M/F) 32/32 46/36 10/8 0.753
Median LCM daily dose (mg], 200 (150-250) 200 (150-250) 200 (150-250) 0.728
range
Concomitant SCB, n (%) 6(9.3%) 8 (9.8%) 4 (22.2%) 0.269
Median Cy/D (ng/mL})/[mg), range 0.0177 (0.0127-0.0236) 0.0212 (0.0145-0.0304)  0.025 (0.0214-0.0372) 0.006*
Responder, n (%) 42 (65.6%) 57 (69.5%]) 14 (77.8%) 0.607

*p<0.05.

ASM, antiseizure medication; F, female; LCM, lacosamide; M,

male; SCB, sodium channel blocker.

then this phenomenon cannot be reasonably
explained from a pharmacokinetic perspective.
Currently, however, there is no right research on
whether the CYP2C19 *2 mutation directly affects
the clinical efficacy of LCM from a pharmacody-
namic perspective.

The relationship between dosage and plasma
trough concentration, as well as the relationship
between plasma trough concentration and clinical
efficacy, is indeed a topic worthy of discussion.
Indeed, the plasma concentration and the dosage
of LCM are not linearly correlated (r=0.277,
Supplemental Figure 1). This was in line with our
previous report,! but other studies revealed linear
pharmacokinetics with a direct correlation
between the administered dose and plasma/serum
concentrations.® In this study, as the dosage

increases (<4, 4-7.5, >7.5mg/kg/day), there is a
noticeable trend of increased plasma trough con-
centration of LCM, but the corresponding clini-
cal response exhibits a bell-shaped trend of
initially rising and then declining (70.4%, 83.6%,
and 68.6%; Figure 2). In other words, for some
patients, increasing the dosage results in higher
plasma LCM concentrations without an improve-
ment in the therapeutic effect yet. Thus, explor-
ing the underlying reasons for this phenomenon is
beneficial for improving seizure control manage-
ment in these patients.

Interestingly, among patients with high doses
(>7.5mg/kg/day) and high plasma LLCM concen-
trations but with poor clinical response, the pro-
portion receiving add-on therapy with two or
more ASMs is twice that of the intermediate dose
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*p < 0.05.%*p<0.01. ***p<0.001.
LCM, lacosamide; SCB, sodium channel blocking.

group (4-7.5 mg/kg/day; 24% vs 12%) (Figure 2).
Thus, this is just selection bias that there are more
refractory patients in this group (taking >2
ASMs).

It should also be noted that for elderly and heav-
ier children, the clinical use of doses ranging from
8 to 12mg/kg/day is rare, as this dosing strategy
may result in a daily total dose reaching or exceed-
ing adult levels (400 mg/day). This situation fur-
ther highlights the significance of conducting
routine TDM of LCM to tailor the most appro-
priate dosage for children in this age group.

Next, we further discussed the effects of age and
weight on the plasma trough concentration of
LCM. After total daily dose correction, LCM
trough concentration is negatively correlated with
age or weight (Tables 2 and 3). This finding and

previous report! could corroborate with each
other. We are interested in age to evaluate the
impact of CYP2C19 ontogeny on plasma LCM
concentration. Indeed, human mRNA and pro-
tein expression data remain very limited for
CYP2C19, and the only data we have mainly
comes from studies on cynomolgus monkeys, in
which CYP2C19 shows a rapid increase and nor-
malizes at the adult values.!2 Based on this, it can
be inferred that the influence of CYP2C19 ontog-
eny on plasma LCM concentration may be negli-
gible. The true mechanism behind the influence
of age may be related to the higher hepatic and
renal clearance due to the larger relative size of
the liver and kidney.3? Arguably, we also cannot
rule out the impact of renal tubular transporter
ontogeny, considering that close to 40% of LCM
is excreted in its unchanged form through urine.®
In addition, the tendency of LCM to distribute in
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the extracellular fluid determines the influence of
total body water on the plasma trough concentra-
tion, which may help explain why C,/D ratios are
relatively lower in pediatric patients with higher
weight.0-34

Another relevant finding in the present study was
the DDIs caused by the co-medications between
LCM and SCBs. Of note, SCBs significantly
decreased the plasma LCM concentration (22%
lower than monotherapy) in children taking LCM
only in a CYP2C19 phenotype-independent man-
ner (Figure 6(c) and (d)). This finding indicates
that the DDIs caused by concomitant SCBs are
an independent influencing factor distinct from
the CYP2C19 phenotype. It also reminds us to
give sufficient attention in clinical practice.

Indeed, many studies have shown that enzyme-
inducing antiseizure medications (EIASMs, par-
ticularly for carbamazepine) can significantly
reduce LCM concentrations.?>37 Coadmin-
istration with an EIASM resulted in a 30%—-40%
decrease in trough concentrations of LCM, with
a more pronounced impact when more than one
EIASM was co-administered with LCM.!7
Intriguingly, very limited data accumulated today
demonstrated that OXC did not reduce the con-
centration of LCM, unlike carbamazepine.!®

However, in this study, there was a clear associa-
tion that SCBs, OXC-dominated (56%),
decreased the plasma LCM levels. OXC is known
to induce CYP enzymes in the liver and exert its
antiseizure effects by modulating sodium chan-
nels.3® Thus, OXC and LCM may interact on
drug disposition and pharmacodynamic path-
ways. Moreover, co-medication with more than 1
SCB was found to be associated with an increased
risk of AEs.3 TDM may be beneficial in monitor-
ing this and ensuring that the LCM concentration
does not drop significantly when interacting with
an add-on ASM.

One more question needs to be further discussed.
In our previous study,! we tried to define a refer-
ence range of LCM (i.e. 2—7 ug/mL) to match the
clinical response and tolerability for Chinese chil-
dren with epilepsy. In the present study, we con-
firmed the above finding (Figure 4) with a large
number of subjects (#=316). In children with
LCM mono- or add-on therapy, 82.2% and 82.9%
of the plasma trough concentrations of LCM were
within the recommended reference range, respec-
tively. Unexpectedly, there is no clear association
between the clinical response to LCM treatment
and the reference range in those children with epi-
lepsy. So, the question is, what is the significance
of implementing TDM in clinical practice?
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Various reports recommended TDM for LCM,
but they did not consistently agree on the refer-
ence range, fluctuating within the range of
2-20 ug/mL.18:40-45 Preferring recommendation
for TDM of LCM in clinical practice may be
based on various reasons, including but not lim-
ited to the following, despite controversial con-
clusions regarding the correlation between
concentration and efficacy or AEs in stud-
ies.11:32:46-49 First, TDM can identify outliers who
may still experience variability in drug metabo-
lism and may be helpful for personalizing adjust-
ments. Second, certain patient groups, such as
those with hepatic or renal impairment, may dis-
pose of drugs differently. In such cases, TDM
could be valuable to ensure the maintenance of
therapeutic levels. Third, TDM can assist in han-
dling scenarios where drug interactions may
impact LCM metabolism, guiding dose adjust-
ments if patients are taking other medications
that influence LCM levels. Lastly, regular TDM
can provide insight into the patient’s medication
adherence, which is particularly crucial for sei-
zure management.

This is the first study focusing on the impact of
CYP2C19 genetic polymorphisms on plasma
LCM concentrations and clinical response in
pediatric patients with epilepsy, with a total of
316 children included in the study. An important
strength of our study was the ability to assess the
impact of genetic polymorphisms on the exposure
and response to LCM therapy, examining 26
SNPs in 14 genes (Supplemental Table 4). These
genes encode various proteins linked to the dispo-
sition of LCM and/or its pharmacological mecha-
nisms. Of note, the impact of CYP2C19 genetic
variations stands out, indicating a greater contri-
bution of CYP2C19 to the disposition of LCM.
Thus, personalized dose adjustments based on
the genotype or phenotype of this CYP enzyme
are feasible.

Another strength of this study was the inclusion
of both children receiving LCM monotherapy
(n=152) and those receiving LCM in combina-
tion with other ASMs (n=164), which facilitated
our assessment of potential DDIs. Indeed, we did
observe that OXC reduced LCM plasma drug
concentrations. Further research is needed to
determine whether dose adjustments are neces-
sary when LCM is used concomitantly with
SCBs, including OXC, and how these adjust-
ments should be made.

However, there are several limitations in our
study due to its retrospective design nature.
Firstly, our assessment of AEs was very limited.
In this study, the overall incidence of AEs related
to LCM was 4.7%, with dizziness being the most
common AE at 46.7%. When compared with the
results of a systematic safety review of LCM,3°
our study reported fewer AEs, which might sug-
gest the safety of LCM, but also due to the retro-
spective design nature. No questionnaire or
quantitative analysis of AEs associated with the
LCM was conducted in this study. Secondly, the
lack of a clear correlation between plasma LCM
concentrations and efficacy or AEs cannot be
explained. While this association was found in
healthy subjects and adult epilepsy patients, it
does not hold true for children, warranting fur-
ther exploration into the underlying reasons.
Furthermore, in our clinical practice, we use sei-
zure frequency, MRI, and video EEG (VEEG)
data for comprehensive epilepsy treatment evalu-
ation, and the absence of MRI and vEEG data in
this study is a limitation that we plan to address in
future research. Thirdly, 40% of LCM is excreted
unchanged in the urine, but the specific excretion
mechanism remains unclear, and we are unable
to assess the impact of genetic variations in the
renal transporter encoding genes that may be
involved. This aspect of research deserves atten-
tion. Finally, we did not attempt to assess the
potential effects of CYP3A44 %22 due to its minor
allele frequency of less than 0.6%. Indeed, the
observed variability in activity was believed to
have a limited contribution from genetic variants
in CYP3A4 due to the unimodal distribution of
enzyme activity and the wide range of hepatic
protein expression.’! In addition, although our
sample size is the largest currently reported, the
sample size for certain methods may still be insuf-
ficient, which could affect the statistical power of
some analysis results. Further expansion of the
sample size is needed in the future to explore the
reliability of the results.

Conclusion

Children with epilepsy carrying the CYP2C19 *2
or *3 genotypes tend to achieve higher plasma
drug concentrations after receiving LCM mono-
therapy or adjunctive therapy. Additionally, those
carrying the CYP2CI19 #2 mutation exhibit
slightly better clinical efficacy. Concurrent use of
LCM with SCBs, particularly OXC, also signifi-
cantly reduces LCM plasma drug concentrations.
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Data from our cohort of 316 pediatric patients
once again emphasizes that the reference range
for LCM plasma concentration can be defined
as 2—7 ug/mL, despite the lack of a clear correla-
tion between plasma drug concentration and
efficacy or adverse reactions. Addressing the chal-
lenge of considering CYP2CI19 genotypes and
concomitant SCB therapy to guide individualized
dose adjustments presents a noteworthy clinical
concern.

Declarations

Ethics approval and consent to participate

The Ethics Committee of the Children’s Hospital
of Nanjing Medical University approved the
study (Protocol number 202204021-1). The
requirement for Written consent was waived by
the ethics committe due to the retrospective
nature of the study.

Consent for publication
Not applicable.

Author contributions

Yue Li: Conceptualization; Data curation; Formal
analysis; Investigation; Methodology; Resources;
Software; Validation; Visualization; Writing — orig-
inal draft; Writing — review & editing.

Hong-Li Guo: Funding acquisition; Invest-
igation; Methodology; Project administration;
Resources; Software; Supervision; Validation;
Visualization; Writing — review & editing.

Jie Wang: Data curation; Formal analysis;

Methodology.

Yuan-Yuan Zhang: Data curation; Formal

analysis; Methodology.

Wei-Jun Wang: Data curation; Formal analysis;
Methodology.

Jian Huang: Data curation; Formal analysis;
Methodology.

Lin Fan: Data curation; Formal

Methodology; Supervision.

analysis;

Ya-Hui Hu: Conceptualization; Investigation;
Project administration; Supervision; Validation;
Visualization; Writing — review & editing.

Xiao-Peng Lu: Conceptualization; Funding
acquisition; Investigation; Project administration;

Supervision; Validation; Writing — review &
editing.

Feng Chen: Conceptualization; Funding acqui-
sition; Investigation; Methodology; Project
administration; Resources; Software; Supervision;
Validation; Visualization; Writing — review &
editing.

Acknowledgements
None.

Funding

The authors disclosed receipt of the following
financial support for the research, authorship,
and/or publication of this article: This research
was supported by the Specially Appointed
Medical Expert Project of the Jiangsu Commission
of Health (2019), China International Medical
Foundation-Chinese Society of Clinical Pharmacy
Fund (Z-2021-46-2101), Jiangsu Research
Hospital Association for Precision Medication
(JY202108), the CAAE Epilepsy Research Fund
of China Association Against Epilepsy (CU-
2022-024), and by the Hospital Pharmacy
Foundation of Jiangsu Pharmaceutical Association
(A202217).

Competing interests
The authors declare that there is no conflict of
interest.

Availability of data and materials

The data that support the findings of this study
are available from the corresponding author upon
reasonable request.

ORCID iD
Yue Li
150X

https://orcid.org/0000-0003-3176-

Supplemental material
Supplemental material for this article is available
online.

References
1. LiY, Guo HL, Zhang YY, et al. Plasma
lacosamide monitoring in children with
epilepsy: focus on reference therapeutic range
and influencing factors. Front Pediair 2022; 10:
949783.

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan
https://orcid.org/0000-0003-3176-150X
https://orcid.org/0000-0003-3176-150X

THERAPEUTIC ADVANCES in
Neurological Disorders

Volume 17

10.

11.

12.

Auvin S, Arzimanoglou A, Beller C, et al. Safety,
tolerability, and efficacy of adjunctive lacosamide
in pediatric patients with epilepsy syndromes
associated with generalized seizures: phase 2,
open-label exploratory trial. Epilepsia 2023; 64:
2947-2957.

Bauer S, Willems LM, Paule E, et al. The efficacy
of lacosamide as monotherapy and adjunctive
therapy in focal epilepsy and its use in status
epilepticus: clinical trial evidence and experience
Ther Adv Neurol Disord 2017; 10: 103-126.

Rosati A, Ilvento L, Rizzi R, et al. Long-
term efficacy of add-on lacosamide treatment
in children and adolescents with refractory
epilepsies: a single-center observational study.
Epilepsia 2018; 59: 1004-1010.

Cawello W, Boekens H and Bonn R. Absorption,
disposition, metabolic fate and elimination of
the anti-epileptic drug lacosamide in humans:
mass balance following intravenous and oral
administration. Eur ¥ Drug Metab Pharmacokinet
2012; 37: 241-248.

Carona A, Bicker ], Silva R, et al. Pharmacology
of lacosamide: from its molecular mechanisms
and pharmacokinetics to future therapeutic
applications. Life Sci 20215 275: 119342,

Eltalal S, El Ayouty M, El-Said A, et al. CYP2C9
(*2&#*3) and CYP2C19 (*2&*3) polymorphisms
among children with nonlesional epilepsy: a
single-center study. Acta Neurol Belg 2021; 121:
1623-1631.

Doty P, Rudd GD, Stoehr T, et al. Lacosamide.
Neurotherapeutics 2007; 4: 145-148.

Lee CR, Luzum JA, Sangkuhl K, et al. Clinical
pharmacogenetics implementation consortium
guideline for CYP2C19 genotype and clopidogrel
therapy: 2022 update. Clin Pharmacol Ther 2022;
112: 959-967.

Lima JJ, Thomas CD, Barbarino J, et al. Clinical
pharmacogenetics implementation consortium
(CPIC) guideline for CYP2C19 and proton
pump inhibitor dosing. Clin Pharmacol Ther 2021;
109: 1417-1423.

Ahn SJ, Oh J, Kim DY, et al. Effects of CYP2C19
genetic polymorphisms on the pharmacokinetics
of lacosamide in Korean patients with epilepsy.
Epilepsia 2022; 63: 2958-2969.

van Groen BD, Nicolai J, Kuik AC, et al.
Ontogeny of hepatic transporters and drug-
metabolizing enzymes in humans and in
nonclinical species. Pharmacol Rev 20215 73:
597-678.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Zubiaur P, Del Peso-Casado M, Ochoa D, et al.
ABCBI1 C3435T, G2677T/A and C1236T
variants have no effect in eslicarbazepine
pharmacokinetics. Biomed Pharmacother 2021;
142: 112083.

Magadmi R, Alyoubi R, Moshrif T, et al.
Polymorphisms in the drug transporter gene
ABCBI are associated with drug response in
Saudi epileptic pediatric patients. Biomedicines
2023; 11: 2505.

Zhao T, Li HJ, Feng ], et al. Impact of
ABCBI1 polymorphisms on lacosamide serum
concentrations in Uygur pediatric patients with
epilepsy in China. Ther Drug Monit 2022; 44:
455-464.

Zhao T, Li H], Zhang HL, et al. Impact of
ABCC2 1249G>A and -24C>T polymorphisms
on lacosamide efficacy and plasma concentrations
in Uygur pediatric patients with epilepsy in
China. Ther Drug Monit 2023; 45: 117-125.

May TW, Helmer R, Bien CG, et al. Influence
of dose and antiepileptic comedication on
lacosamide serum concentrations in patients with
epilepsy of different ages. Ther Drug Monit 2018;
40: 620-627.

Svendsen T, Brodtkorb E, Baftiu A, et al.
Therapeutic drug monitoring of lacosamide in
Norway: focus on pharmacokinetic variability,
efficacy and tolerability. Neurochem Res 2017; 42:
2077-2083.

Baum L, Haerian BS, Ng HK, et al. Case—control
association study of polymorphisms in the
voltage-gated sodium channel genes SCN1A4,
SCN2A, SCN3A, SCN1B, and SCN2B and
epilepsy. Hum Gener 2014; 133: 651-659.

Rogawski MA, Tofighy A, White HS, et al.
Current understanding of the mechanism of
action of the antiepileptic drug lacosamide.
Epilepsy Res 20155 110: 189-205.

Calderon-Ospina CA, Galvez JM, Lopez-

Cabra C, et al. Possible genetic determinants of
response to phenytoin in a group of Colombian
patients with epilepsy. Front Pharmacol 2020; 11:
555.

Li M, Zhong R, Lu Y, et al. Association between
SCN1A rs2298771, SCN1A rs10188577,
SCN2A rs17183814, and SCN2A rs2304016
polymorphisms and responsiveness to
antiepileptic drugs: a meta-analysis. Front Neurol
20205 11: 591828.

Lin CH, Ho C]J, Lu YT, et al. Response to
sodium channel blocking antiseizure medications

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

Y Li, H-L Guo et al.

and coding polymorphisms of sodium channel
genes in Taiwanese epilepsy patients. BMC
Neurol 2021; 21: 367.

24. Scheffer IE, Berkovic S, Capovilla G, et al. ILAE
classification of the epilepsies: position paper
of the ILAE commission for classification and
terminology. Epilepsia 2017; 58: 512-521.

25. Zhang YY, Xia Y, Guo HL, et al. An
LC-ESI-MS/MS assay for the therapeutic
drug monitoring of 15 antiseizure medications
in plasma of children with epilepsy. Biomed
Chromatogr 2022; 36: ¢5484.

26. Wang S, Cai X, Liu S, et al. A novel BCL11A
polymorphism influences gene expression,
therapeutic response and epilepsy risk: a
multicenter study. Front Mol Neurosci 20225 15:
1010101.

27. Brouwer J, Nijenhuis M, Soree B, et al. Dutch
Pharmacogenetics Working Group (DPWG)
guideline for the gene—drug interaction between
CYP2C19 and CYP2D6 and SSRIs. Eur ¥ Hum
Gener 2022; 30: 1114-1120.

28. Grosso S, Parisi P, Spalice A, et al. Efficacy and
safety of lacosamide in infants and young children
with refractory focal epilepsy. Eur ¥ Paediatr
Neurol 2014; 18: 55-59.

29. Biswas M, Jinda P and Sukasem C.
Pharmacogenomics in Asians: differences and
similarities with other human populations. Experz
Opin Drug Metab Toxicol 20235 19: 27-41.

30. ShiY, Yang Y, Feng M, et al. Differences in
the proportion of CYP2C19 loss-of-function
between cerebral infarction and coronary artery
disease patients. Int ¥ Gen Med 2023; 16:
3473-3481.

31. Yuan XW, Yuan SY, Wu GX, et al. Genetic
polymorphism of clopidogrel metabolism related
gene CYP2C19 gene in Chinese from Foshan area
of Guangdong Province. Hematrology 2022; 27:
1056-1061.

32. Ishikawa N, Eguchi Y, Izumo H, et al. Clinical
impact of the dose and blood concentration of
lacosamide in Japanese pediatric patients with
epilepsy: a cohort study. Epilepsy Behav 2022;
129: 108614.

33. Batchelor HK and Marriott JF. Paediatric
pharmacokinetics: key considerations. Br ¥ Clin
Pharmacol 201535 79: 395-404.

34. May TW, Brandt C, Helmer R, et al.
Comparison of lacosamide concentrations in
cerebrospinal fluid and serum in patients
with epilepsy. Epilepsia 20153 56:
1134-1140.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Contin M, Albani F, Riva R, et al. Lacosamide
therapeutic monitoring in patients with epilepsy:
effect of concomitant antiepileptic drugs. Ther
Drug Monir 2013; 35: 849-852.

Perrenoud M, Andre P, Alvarez V, et al.
Intravenous lacosamide in status epilepticus:
correlation between loading dose, serum levels, and
clinical response. Epilepsy Res 2017; 135: 38-42.

Winkler J, Schoemaker R and Stockis A.
Population pharmacokinetics of adjunctive
lacosamide in pediatric patients with epilepsy. ¥
Chin Pharmacol 2019; 59: 541-547.

Wang P, Yin T, Ma HY, et al. First analysis of
the association between CYP3A4/5, ABCB1
genetic polymorphisms and oxcarbazepine
metabolism and transport in Chinese epileptic
patients with oxcarbazepine monotherapy and
bitherapy. ¥ Pharm Pharm Sci 2015; 18: 256-265.

Driessen JT, Wammes—van der Heijden EA,
Verschuure P, et al. Effectiveness and tolerability
of lacosamide in children with drug resistant
epilepsy. Epilepsy Behav Rep 20235 21: 100574.

Yamamoto Y, Terada K, Araki Y, et al.
Therapeutic monitoring of lacosamide in
Japanese patients with epilepsy: clinical response,
tolerability, and optimal therapeutic range. Ther
Drug Monir 2020; 42: 754-759.

Reimers A, Berg JA, Burns ML, et al. Reference
ranges for antiepileptic drugs revisited: a practical
approach to establish national guidelines. Drug
Des Devel Ther 2018; 12: 271-280.

Patsalos PN, Spencer EP and Berry D]J.
Therapeutic drug monitoring of antiepileptic
drugs in epilepsy: a 2018 update. Ther Drug Monit
2018; 40: 526-548.

Otero Torres S, Juvany Roig R, Falip Centellas
M, et al. Therapeutic drug monitoring of
lacosamide: is 10 to 20 mg/L a suitable
reference range for patients with epilepsy? Clin
Neuropharmacol 20235 46: 39-42.

Larsen Burns M, Nikanorova M, Baftiu A,

et al. Pharmacokinetic variability and clinical
use of lacosamide in children and adolescents in
Denmark and Norway. Ther Drug Monit 2019;
41: 340-347.

Greenaway C, Ratnaraj N, Sander JW, et al. A
high-performance liquid chromatography assay to
monitor the new antiepileptic drug lacosamide in
patients with epilepsy. Ther Drug Monit 2010; 32:
448-452.

Hillenbrand B, Wisniewski I, Jurges U, et al.
Add-on lacosamide: a retrospective study on
the relationship between serum concentration,

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

THERAPEUTIC ADVANCES in
Neurological Disorders

Volume 17

Visit Sage journals online
journals.sagepub.com/
home/tan

SSagejournals

47.

48.

49.

dosage, and adverse events. Epilepsy Behav 2011;
22:548-551.

Zhao T, Li H], Zhang HL, et al. Therapeutic
drug monitoring of lacosamide in Chinese
pediatric patients with epilepsy: efficacy and
factors influencing the plasma concentration. Eur
F Drug Metab Pharmacokinet 2023; 48: 41-49.

Halford JJ and Lapointe M. Clinical perspectives
on lacosamide. Epilepsy Curr 2009; 9: 1-9.

Patsalos PN, Berry D], Bourgeois BFD, et al.
Antiepileptic drugs — best practice guidelines for
therapeutic drug monitoring: a position paper
by the subcommission on therapeutic drug
monitoring, ILAE commission on therapeutic
strategies. Epilepsia 2008; 49: 1239-1276.

50. Yang C, Peng Y, Zhang L, et al. Safety and

tolerability of lacosamide in patients with
epilepsy: a systematic review and meta-analysis.
Front Pharmacol 20215 12: 694381.

. Pratt VM, Cavallari LH, Fulmer ML,

et al. CYP3A4 and CYP3AS5 genotyping
recommendations: a joint consensus
recommendation of the Association for
Molecular Pathology, Clinical Pharmacogenetics
Implementation Consortium, College of
American Pathologists, Dutch Pharmacogenetics
Working Group of the Royal Dutch

Pharmacists Association, European Society for
Pharmacogenomics and Personalized Therapy,
and Pharmacogenomics Knowledgebase. ¥ Mol
Diagn 2023; 25: 619-629.

20

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan
https://journals.sagepub.com/home/tan
https://journals.sagepub.com/home/tan

