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AIMS
This study aimed to develop a population pharmacokinetic model for quantitative evaluation of the influence of genetic variants in
metabolic enzymes and transporters on lamotrigine pharmacokinetics while taking into account the influence of various clinical,
biochemical and demographic factors.

METHODS
We included 100 patients with epilepsy on stable dosing with lamotrigine as mono or adjunctive therapy. Lamotrigine and
lamotrigine N-2-glucuronide concentrations were determined in up to two plasma samples per patient. Patients were genotyped
for UGT1A4, UGT2B7, ABCB1 and SLC22A1. Population pharmacokinetic analysis was performed by non-linear mixed effects
modelling. Prior knowledge from previous pharmacokinetic studies was incorporated to stabilize the modelling process. A
parent–metabolite model was developed to get a more detailed view on the covariate effects on lamotrigine metabolism.

RESULTS
With a base model absorption rate (interindividual variability) was estimated at 1.96 h�1 (72.8%), oral clearance at 2.32 l h�1

(41.4%) and distribution volume at 77.6 l (30.2%). Lamotrigine clearance was associated with genetic factors, patient’s weight,
renal function, smoking and co-treatment with enzyme inducing or inhibiting drugs. In patients with UGT2B7–161TT genotype
clearance was lower compared with GT and GG genotypes. Clearance was particularly high in patients with UGT2B7 372 GG
genotype (compared with AA genotype it was 117%; 95% CI 44.8, 247% higher).

CONCLUSIONS
Variability in lamotrigine pharmacokinetics is large and quantification of its sources may lead tomore precise individual treatment.
Genotyping for UGT2B7 may be useful in various clinical settings.
© 2016 The British Pharmacological Society DOI:10.1111/bcp.12984
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WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Interindividual variability in lamotrigine pharmacokinetics is large and therapeutic drug monitoring may be warranted.
• Lamotrigine disposition is mediated by UDP-glucuronosyltransferases, mainly by UGT1A4 and UGT2B7. ABCB1 and SLC22A1
transporters appear to be also involved.

• Polymorphisms in UGT1A4, UGT2B7, ABCB1 and SLC22A1 genes affect protein activity and expression.

WHAT THIS STUDY ADDS
• Influences of polymorphisms of UGT2B7, patient’s weight, renal function, smoking and co-treatment with enzyme inducing or
inhibiting drugs on lamotrigine pharmacokinetics were quantified.

• No significant association of lamotrigine pharmacokinetics with UGT1A4, SLC22A1 and ABCB1 polymorphisms was observed.
• Clearance of lamotrigine-N-2-glucuronide depends on renal function and body weight.
Introduction
Lamotrigine (LTG) is a second generation anti-epileptic drug
(AED) that has been widely used for focal and generalized sei-
zures in adults and children as monotherapy or in combina-
tion with other AEDs [1, 2]. Moreover, because of its safety
profile it has been accepted as a first line drug for treatment
of women of childbearing age and during pregnancy [3].

LTG exhibits first order linear pharmacokinetics. Follow-
ing oral administration it is rapidly and completely absorbed
into the systemic circulation with a maximum concentration
in plasma after 1–3 h [4]. The predominant route of LTG elimi-
nation is hepatic metabolism. Renal excretion of unchanged
LTG accounts for less than 10% [5]. Metabolic inactivation is
catalyzed by UDP-glucuronosyltransferases (UGT), mainly by
UGT1A4 and UGT2B7 [6]. The main metabolite, LTG-N-2-
glucuronide (LTG-glu) is excreted in urine [4]. Previous studies
suggest that LTG metabolism and distribution is mediated also
with some transporter proteins such as ATP-binding cassette
protein B1 (ABCB1) [7] and solute carrier family 22, member 1
(SLC22A1) alias organic cation transporter 1 (OCT1) [8].

There is a large inter-individual variability in the pharma-
cokinetics of LTG which is influenced by patient’s age,
weight, co-medications, gender, liver and renal function,
and specific physiological states such as pregnancy [9]. These
characteristics suggest that LTG use may be facilitated by
therapeutic drug monitoring (TDM). The reference range of
serum LTG concentration in patients treated with therapeu-
tic doses is 2.5–15 mg l�1 [10]. Concomitant treatment with
enzyme inducing AEDs increases clearance and shortens
half-life of LTG. On the other hand, in patients taking
valproic acid, the half-life of LTG is substantially prolonged
[10]. LTG has been extensively evaluated in pregnancy and
in women taking oral contraceptives because of the reported
decrease in serum LTG concentrations [11–15]. LTG
glucuronidation appears to be induced with estradiol [16].
Moreover, in the UGT1A4 [17, 18], UGT2B7 [19, 20] and
ABCB1 genes [21], polymorphisms were described which af-
fect protein expression and activity. These polymorphisms
may also affect the clearance of LTG and its concentration
in blood plasma and the central nervous system and conse-
quently the effectiveness and safety of treatment. A signifi-
cant association of UGT2B7–161C > T (rs7668258) with
LTG concentration : dose ratio was found in a multivariate
analysis in a Hispanic population [20]. In another study the
influence of UGT1A4 polymorphisms on LTG plasma
400 Br J Clin Pharmacol (2016) 82 399–411
concentration was investigated and a 52% decrease in the
concentration of LTG was found in patients carrying the
UGT1A4 142G > T (rs2011425) polymorphism compared
with patients with wild-type alleles [18]. Similar findings on
the effect of this polymorphism were also obtained in
Chinese patients with epilepsy [22, 23]. On the other hand,
a previous study showed no association of UGT1A4
142G > T polymorphism with LTG pharmacokinetics,
whereas UGT2B7–161C > T significantly influenced LTG oral
clearance [19]. In addition, Lovric et al. studied the associa-
tion of LTG serum concentration with polymorphisms of
ABCB1 (1236C > T, 2677G > T/A and 3435C > T) and found
that patients with ABCB11236CC genotype have higher LTG
concentration compared with groups with CT and TT geno-
type [21].

The majority of published pharmacogenetic studies with
LTG evaluated variation in concentration to dose ratio and
its association with single gene variability, and did not take
into account variation in other factors such as dosing regi-
men, blood sampling times and patient specific covariates
including demographics, co-medication and biochemical pa-
rameters. There is only one study in a Thai population that
investigated the influence of specific genetic variants of
UGT1A4 and UGT2B7, along with some non-genetic factors,
on LTG pharmacokinetics using the population pharmacoki-
netic approach [19]. The available published studies provide
limited information on the association of LTG pharmacoki-
netics with genetic factors.

Furthermore, the majority of previous population phar-
macokinetic studies with LTG were based on very sparse con-
centrationmeasurements (trough concentration only). There
is only one study [24] where all pharmacokinetic parameters
and their inter-individual variability were estimated. In the
remaining published studies parameters related to LTG ab-
sorption rate and distribution were fixed to literature values
or only their typical population values without inter-
individual variability were estimated. There is a concern with
such analyses as the precision of the prior estimates is not
taken into account.

The aim of the present study was to develop a population
pharmacokinetic model for quantitative evaluation of the in-
fluence of genetic variability in LTG metabolizing enzymes
(UGT1A4 and UGT2B7) and transporters (ABCB1 and
OCT1) on LTG pharmacokinetics while taking into account
the influence of various clinical, biochemical and demo-
graphic factors. In the analysis we incorporated external data
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from preceding pharmacokinetic studies to stabilize the model-
ling process in a non-linear mixed effects modelling analysis of
poorly informative data. To obtain informative priors for the
analysis we conducted a meta-analysis of published population
pharmacokinetic studies. Moreover, in the analysis we incorpo-
ratedmeasurements of LTG-glu to obtainmore precise estimates
of the covariate effects on LTG metabolism. To our knowledge
this is the first population pharmacokinetic study with LTG in-
corporating the metabolite data.
Methods

Patients and blood sampling
This prospective study was conducted in adult patients with
epilepsy on stable LTG treatment for at least 2 months at
the Department of Neurology, University Medical Centre Lju-
bljana, Slovenia during their regular ambulatory visits. Pa-
tients of both genders older than 18 years with confirmed
epilepsy who were on oral LTG treatment either as a mono-
or combination therapy were eligible for the study. Chronic
renal and hepatic diseases and pregnancy were exclusion
criteria for the study. All enrolled patients were previously in-
formed about the purpose of the study and provided written
informed consent. The study was approved by the National
Medical Ethics Committee of the Republic of Slovenia (25p/
04/12) and was carried out according to the Declaration of
Helsinki.

Demographic data (age, weight, height, gender), smoking
status, adverse event data, duration of current AED therapy,
concomitant drug therapy, co-morbidities and LTG dosing
regimen were collected at the time of enrolment into
the study. Biochemical parameters, including serum creatinine
(Crs), aspartate aminotransferase (AST) and alanine transami-
nase (ALT) were obtained from the patient’s charts. Patient
compliance with LTG treatment was assessed by the attending
neurologist and all subjects suspected of non-compliance were
excluded from the study. Patients were asked to record the time
of the last dose before the ambulatory visit. Two blood samples
were drawn, approximating trough (immediately before dosing)
and peak (after 2–4 h) steady-state concentrations. Exact blood
sampling times were recorded by the laboratory personnel.
The collected blood samples were immediately centrifuged at
3000 g for 10 min, transported to a central storage facility and
stored at �80°C until analysis.

Drug assay
For plasma concentration measurements of LTG and LTG-glu,
an h.p.l.c. method with u.v. detection from Saracino et al. was
adapted [25]. The assay was calibrated over the concentration
rangeof0.25–20mg l�1 (r2>0.9997) for LTGand0.25–15mg l�1

(r2> 0.9998) for LTG-glu. The accuracy of themethod expressed
as biaswas better than 13.1% and the precision (RSD) was below
3.8%. The lower limit of quantification was 0.25 mg l�1 for
both analytes.

Genotyping
Isolation of genomicDNA fromperipheral blood leukocytes was
performed using the Qiagen FlexiGene kit (Qiagen, Hilden,
Germany). The genotyping of UGT1A4 70C > A (rs 6 755571),
UGT2B7–161C > T (rs7668258) and 372 A > G (rs28365063)
was performed by real-time PCR genotyping using the
Taqman Allelic Discrimination Assays (Applied Biosystems,
Foster City, CA, USA) assay on the ABI 7500 instrument
(Applied Biosystems, Foster City, California, USA). Genotyping
of SLC22A1 1222G > A (rs628031), ABCB1 3435C > T
(rs1045642) and 1236C > T (rs1128503) polymorphisms was
carried out using a fluorescence-based competitive allele-specific
(KASPar) assay (KBiosciences, Herts, UK). ABCB1 2677G > T/A
(rs2032582) polymorphism was determined using PCR amplifi-
cation followed by the analysis of PCR fragments on agarose
gel as previously described [26]. The genotype distributions
were evaluated for Hardy–Weinberg equilibrium (HWE) by χ2

test applying Yates’ correction.

Meta-analysis of previous population
pharmacokinetic studies with LTG
Since pharmacokinetic data in this study did not provide in-
formation on all structural and variability parameters, we
used prior information from population pharmacokinetic
studies with LTG to stabilize the model. For calculation of
priors we performed a literature search throughMEDLINE da-
tabase for studies published until December 2014. The search
strategy was: lamotrigine[tw] AND pharmacokinetics[tw]
AND (NONMEM[tw] OR population[tw]). Searching was lim-
ited to studies in adults published in English language. From
all identified studies we extracted information on typical
values (geometric means) of pharmacokinetic parameters in
the population of patients, their interindividual variability
(IIV) and relative standard errors (RSE) of all estimates. Before
the analysis the data on IIV of the parameters were trans-
formed into log-domain, i.e. ω2 were calculated from the
reported coefficient of variation (CV%) values. Meta-analysis
of the parameters was performed using a random effects
model approach, taking into consideration heterogeneity of
the studies [27]. Normal inverse Wishart distribution for the
fixed effects and interindividual variability was used. Degrees
of freedom (DF) for the inverse Wishart distribution on ω2

were calculated using equation (1) [28].

DF ¼ 2� ω2

SEω2

� �2
þ 1 (1)

Model development
Population pharmacokinetic analysis was performed by a
non-linear mixed effects modelling approach using NONMEM

software (ver. 7.3, Icon Development Solutions, Ellicott City,
MD, USA). Model building steps and graphical presentations
were managed using Perl-speaks-NONMEM (PsN)® (ver. 3.7.6;
http://psn.sourceforge.net/) and Xpose® (ver. 4.4.1; http://
xpose.sourceforge.net). Pharmacokinetic analysis was per-
formed in two steps. Initially, only the measurements of
LTG concentration (parent drug) were taken into analysis.
The structural model used was a one compartment model
with first order absorption and elimination (ADVAN2/
TRANS2 PREDPP subroutine). Since absolute bioavailability
cannot be estimated based on oral data only, the estimated
Br J Clin Pharmacol (2016) 82 399–411 401

http://xpose.sourceforge.net
http://xpose.sourceforge.net


D. Milosheska et al.
parameters were absorption rate constant (Ka), apparent
volume of distribution (V) and apparent clearance after
oral dosing (CL). A log-normal distribution of individual pa-
rameter values was assumed and an exponential model was
used to estimate IIV. Additive, proportional and combination
(additive + proportional) error models were evaluated to
describe the residual intra-individual variability of the LTG
concentration. Prior information from meta-analyses was in-
corporated into the model using NONMEM prior functionality
[29]. The first order conditional method with interaction
(FOCE-I) was used for parameter estimation.

Stepwise covariate modelling procedure was used to build
the final model. Categorical covariates including patient’s
gender, smoking status, co-therapy with inducers (carbamaz-
epine, oxcarbazepine, phenytoin, phenobarbital, oral contra-
ceptives) or inhibitors (valproic acid (VPA), sertraline) of LTG
metabolism, and genetic polymorphisms in UGTs, SLC22A1
and ABCB1 were tested. Association with genetic polymor-
phisms were tested using a co-dominant model. This model
compares heterozygous and homozygous variant genotypes
to the homozygous wild-type. Additionally, dominant and re-
cessive models were evaluated. Moreover, the effect of ABCB1
haplotype was tested. Continuous covariates considered for
inclusion were patient’s weight, ideal body weight (IBW) cal-
culated using the Devine equation, age, Crs, Cockroft–Gault
estimate of creatinine clearance (CLcr), liver enzymes (AST,
ALT), and LTG daily dose. Continuous covariates were
centred to the population mean covariate values and were
incorporated using linear and power models. Missing
covariate data were substituted with themean covariate value
(continuous) or most frequent value (categorical covariates).
In the forward addition step criteria for covariate inclusion
into the model were set at P < 0.05. A difference in objective
function value (OFV) is approximately χ2 distributed, with
degrees of freedom equal to the difference in the number of
parameters between the two hierarchical models. The final
model was determined by backward elimination of covariates
from the full model using a more stringent criterion
(P < 0.01) to compensate for multiple comparisons. An addi-
tional criterion for the retention of a covariate was reduction
in the unexplained IIV. The model adequacy was checked by
standard diagnostic plots of predicted vs. observed concentra-
tion and weighted residuals vs. observed concentration or
time. The final pharmacokinetic model was further evaluated
for precision by a bootstrap procedure. The bootstrap re-
sampling method with replacement using 1000 replications
was applied to calculate parameter standard errors and non-
parametric 95% confidence intervals (95% CI). Internal
predictive ability was evaluated by visual predictive check
(VPC) applying prediction and variability correction.
Multiple imputation analysis described by Johansson et al.
[30] was used to evaluate the influence of the missing covari-
ate data on smoking status.

To get further insight into disposition of LTG, the data on
LTG-glu concentration measurements were included into
analysis in the second step. An additional compartment was
introduced for LTG-glu plasma concentration. We assumed
that LTG was completely converted to LTG-glu. This assump-
tion seems reasonable as mass balance studies with LTG
indicate that renal elimination of unchanged LTG is insignif-
icant and accounts for less than 10% and that conversion to
402 Br J Clin Pharmacol (2016) 82 399–411
LTG-N-5-glucuronide is a minor route of LTG metabolism
[5]. The model was coded by differential equations
employing NONMEM’s ADVAN 6 subroutine. Pharmacokinetic
parameters estimated were apparent LTG-glu volume of
distribution (VLTG-glu) and LTG-glu elimination clearance
(CLLTG-glu), in addition to the parameters related to
disposition of LTG. Covariate effects on the pharmacokinetic
parameters CL, V, CLLTG-glu and VLTG-glu were tested as
described above.

Sensitivity analysis
Sensitivity of the model parameters to specification of the
priors was evaluated by re-estimation of the final model by
variation of the prior mean and variance by �50% and
+50%. Additionally, we evaluated the sensitivity of the pa-
rameters to informativeness of the prior using more and less
informative prior. For this purpose we altered the precision
of the prior by changing standard errors to �50% and +50%.
Results

Patients
We included 100 patients with epilepsy on monotherapy
with LTG (n = 54) or in combination with other AEDs
(n = 46), including carbamazepine, oxcarbazepine, valproic
acid, phenytoin, phenobarbital, levetiracetam, topiramate,
lacosamide, zonisamide, pregabalin, clonazepam and clo-
bazam. All patients were on stable AED therapy for at least
2 months; therefore we assumed that LTG pharmacokinetics
were in steady-state and that potential induction or inhibi-
tion of LTG metabolism with other AEDs was complete. A
total of 195 LTG and 195 LTG- glu concentration measure-
ments were available for analysis. The measured concentra-
tions ranged from 0.7–23.18 mg l�1 and 0.32–8.52 mg l�1

for LTG and LTG-glu, respectively. Characteristics of the
patients included in the study are summarized in Table 1.

Genotyping
Genotypes and allele frequencies are presented in Table 2.
ABCB1 2677GA genotype was observed in one patient and
was analyzed in the ABCB1 2677GT group. All genotype fre-
quencies were in Hardy–Weinberg equilibrium (P > 0.05).
Linkage disequilibrium was observed between all three
ABCB1 loci (D’(2677G > T/A, 3435C > T) = 0.79,
D’(2677G > T/A, 1236C > T) = 0.89, D’(3435C > T,
1236C > T) = 0.72, all P < 0.001). ABCB1 1236C > T-
2677G > T-3435C > T haplotypes were constructed. ABCB1
T–T-T haplotype was observed in 53% of patients, followed
by C-G-C (23%) and C-G-T (14%). Frequencies of other
ABCB1 haplotypes were minor, accounting for <3%.

Calculation of priors
Eleven eligible studies were identified by the systematic liter-
ature search (Table 3) and were used for calculation of priors.
Collectively, all relevant studies estimated the typical value of
CL (θCL) and its IIV (IIVCL). Typical values of Vwere estimated
only in six studies while in other studies it was fixed to a liter-
ature value. Typical values of Ka were estimated in only three



Table 1
Summary of patient characteristics

Patient characteristic Value

Demographic data

Number of patients (n) 100

Gender (female/male) 70 (70)/30 (30)

Age (years) 39.8 (20.7–80.4)

Weight (kg) 70 (50–124)

Body mass index (kg m�2) 24.5 (18.7–41.3)

Height (m) 1.67 (1.52–1.90)

Biochemical assessment

ALT (μkat l�1) 0.33 (0.14–1.57)

AST (μkat l�1) 0.31 (0.16–0.91)

Crs (μmol l�1) 74 (39–125)

CLcr (ml min�1) 107.6 (40.84–246)

Co-medication

Inducers

Carbamazepine (n) 4 (4)

Oxcarbazepine (n) 6 (6)

Phenytoin (n) 2 (2)

Phenobarbital (n) 2 (2)

Oral contraceptives (n) 2 (2)

Inhibitors

Valproic acid (n) 13 (13)

Sertraline (n) 2 (2)

Other

LTG dose (mg day–1) 200 (50–600)

Somatic diseases (Yes/No) 18 (19)/78 (79)

Smokers/Non-smokers 17 (22)/59 (78)

Continuous data are presented as median (range) and categorical
data as the number of patients (%). ALT, alanine transaminase;
AST, aspartate transaminase; CLcr, Cockroft–Gault estimate of cre-
atinine clearance; Crs, serum creatinine.

Table 2
Genotype and allele frequency

Polymorphism

Genotype frequency (%)

Homozygous wild type Heterozygous

SLC22A1

rs628031 1222G > A 39 (39.8) 45 (45.9)

UGT2B7

rs7668258 -161C > T 21 (22.3) 46 (48.9)

rs28365063 372 A > G 72 (72.7) 25 (25.3)

UGT1A4

rs6755571 70C > A 91 (93.8) 6 (6.2)

ABCB1

rs2032582 2677G > T/A 40 (42.6) 42 (44.7)

rs1045642 3435C > T 28 (28.0) 56 (56.0)

rs1128503 1236C > T 40 (40.0) 49 (49.0)

*Hardy–Weinberg notation for allele frequencies: p, frequency of wild-type al
Weinberg equilibrium.

Pharmacokinetics of lamotrigine and its metabolite N-2-glucuronide
studies and most of the studies used a fixed value, previously
estimated by Grasela et al. [24]. Moreover, this is the only
study which estimated IIVKa. IIVV was estimated in three
population analyses. In a study by Milovanovic et al. a one
compartment model with first-order elimination without
absorption (intravenous bolus) was used [31], while in a study
by Gidal et al. a steady-state pharmacokinetic model
(continuous i.v. infusion) was used for the analysis [32]. The
Q-statistic (P < 0.0001) demonstrated heterogeneity among
studies in all parameters, except IIVV. Graphical summary of
the meta-analysis, prior estimates used for population
pharmacokinetic analysis and NONMEM code are given in the
online supporting information.
Population pharmacokinetic analysis of
lamotrigine
A total of 100 pharmacokinetic profiles were available for
analysis. With the base model, the population geometric
means of Ka, CL and V and their IIV (CV%) were estimated
at 1.96 h�1 (72.8%), 2.32 l h�1 (41.4%) and 77.6 l (30.2%), re-
spectively. Residual variability was most adequately described
using a proportional error model and was estimated at 19.8%.
Graphical exploration of the relationship between individual
Bayesian estimates of the base model and various patient spe-
cific covariates indicated a trend of higher LTG CL in patients
who smoke and patients who are concomitantly treated with
enzyme inducing AEDs including carbamazepine, phenobar-
bital and phenytoin, but not with oxcarbazepine. Since in-
duction magnitude of carbamazepine, phenobarbital and
phenytoin appeared similar and the number of patients on
combination treatment was relatively small, we combined
these patients into one group (Figure 1). Additionally, there
was a trend of higher CL in patients taking oral contracep-
tives, but the number of these patients (n = 2) was too small
to be tested within NONMEM. On the other hand, there was a
trend towards lower LTG CL in patients taking VPA and
sertraline. Again, the magnitude of these two effects was
Allele frequency* p(HWE)†

Homozygous variant p q 0.861

14 (14.3) 0.628 0.372 0.867

27 (28.7) 0.468 0.532 0.921

2 (2.0) 0.854 0.146 0.753

0 (0.0) 0.969 0.031 0.851

12 (12.8) 0.649 0.351 0.173

16 (16.0) 0.560 0.440 0.484

11 (11.0) 0.645 0.355 0.861

lele; q, frequency of variant allele; †χ2-test for deviation from Hardy–
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Table 3
Pharmacokinetic parameters from reference studies

Reference
Patients
(n)

Typical values Interindividual variability (CV%)

CL (l h�1) V (l) Ka (h�1) IIVCL IIVV IIVKa

Brzakovic et al. [33] 53 4.23 (8.2) 84** 3.5* 42.2 (13) / /

Wegner et al. [12] 23 3.17 (12) 132† 1.3† 35 (61) / /

Mallaysamy et al. [38] 95 2.27 (4.1) 56.3 (14) 0.379 (17) 28.8 (8.4) 30.6 (21) /

Singkham et al. [19] 75 2.49 (8.4) 156 (47) 1.3† 22.4 (50) / /

Wegner et al. [39] 809 2.56 (4.2) 105† 1.3† 43 (11) / /

Punyawudho et al. [35] 148 2.39 (20) 115 (15) 3.5* 34.2 (17) / /

Milovanovic et al. [31]‡ 38 1.98 (17) 78.9 (17) / 30 (16) / /

Rivas et al. [36] 600 1.96 (2.1) 105† 1.3† 27.5 (9.4) / /

Gidal et al. [32]§ 62 2.25 (7.0) / / 24.1 (26) / /

Grasela et al. [24] 527 4.23 (12) 132 (12) 1.30 (17) 32.2 (11) 44.3 (44) 77.5 (137)

Hussein et al. [43] 163 2.28 (2.9) 77.4 (6.6) 3.18 (14) 32.1 (16) 33.6 (43) /

Meta-analysis 2.55 (5.1) 89.8 (12.4) 1.54 (40.4) 31.8 (9.5) 31.8 (17.7) 77.5 (137)

Data reported as parameter estimates (% relative standard error); *Parameter not estimated, fixed to a literature value (Chan et al. [46]); †Parameter
not estimated, fixed to a literature value (Grasela et al. [24]); ‡Absorption rate not estimated, compartmental model with bolus intravenous injection
was used; §Steady-state pharmacokinetic model (continuous intravenous infusion) was used for analysis.

D. Milosheska et al.
comparable. Among genetic factors evaluated, the effect of
UGT2B7 polymorphisms was evident. Interestingly, LTG CL
appeared lower in patients with UGT2B7–161TT genotype
compared with patients who were not carriers of this allele.
However, with UGT2B7 372 A > G patients homozygous for
the variant allele (372GG genotype) had higher CL than
patients with the 372AA genotype, while patients who were
heterozygous (372AG) were in-between. There was no
evident genotype–smoking or genotype–co-treatment with
inhibitors of metabolism interaction (online supporting
information).

With stepwise covariate modelling, during forward inclu-
sion CL was found to be significantly (P < 0.05) affected by
weight, cigarette smoking, LTG DD, CLcr, co-therapy with
inducers and inhibitors, genetic polymorphisms of UGT2B7
(�161C > T and 372 A > G) and ABCB1 (2677G > T/A).
Furthermore,Vwas found to be influenced by patient weight.
During the backward elimination step the influences of
LTG DD and ABCB1 genotype were found insignificant
(P > 0.01) and were excluded from the model. Of the contin-
uous covariates included in the final model the effect of pa-
tient weight on LTG CL was described with the power
model, while the effects of weight on V and CLcr on CL were
more adequately described with the linear model. Parameter
estimates of the final model along with the bootstrap results
are presented in Table 4.

Results of the bootstrap indicate that the parameters are
estimated with reasonable precision. In comparison with
the base model, unexplained IIV of CL decreased from 41.4
to 33.1%. Diagnostic plots of population predicted vs. ob-
served concentrations and individual predicted vs. observed
concentrations (Figure 2) demonstrate adequate performance
of the model. Compared with the base model, the final model
showed an improved fit. Internal predictive performance of
the final model was adequate (Figure 3).

Except for smoking status (24%) the proportion of miss-
ing covariate data was low (maximum 6% per individual
404 Br J Clin Pharmacol (2016) 82 399–411
covariate). To ensure that handling of the missing smoking
status did not affect the results of the final model we applied
multiple imputation analysis (online supporting informa-
tion). The mean estimate of the effect of smoking on LTG
CL obtained with multiple imputation was 0.418 with the
relative standard error (RSE) of 22.7% and was in good agree-
ment with the estimate obtained when non-smoking status
was imputed to missing smoking data (Table 4).
Sensitivity analysis
Sensitivity analysis of the final model revealed that the effect
of the prior uncertainty on parameter estimates and the
modelling conclusions is minor. By changing standard errors
of the priors to +50% and �50%, parameter estimates
remained within ±15% range. Moreover, using less or more in-
formative priors on all structural and variability parameters of
the model did not importantly influence the covariate
relationships, as all of the identified relationships remained sig-
nificant. However, the influence of priormeans on structural pa-
rameters Ka and V was more profound. Changing the prior
means on these parameters to +50% and �50% resulted in esti-
mates between +30% and �18% compared with the reference
parameter estimates. The effect of prior mean on CL was more
complex. Altering the prior mean on CL to +50% and �50%
shifted this parameter to +37% and�24%, respectively. The im-
pact on the magnitude of covariate effects was even more pro-
found. However, the influence of the covariates on CL stayed
significant. More detailed analysis of these results revealed that
when patients were stratified according to the covariate values,
LTG CL in each patient stratum was relatively unaffected. The
covariate effects resulting from alteration of prior mean on CL
therefore compensated for the change in the typical estimate
of CL. As expected, changing the prior on IIV of Ka and V
resulted in almost identical change in the estimates of these
parameters, indicating that there is little information on the
IIV of these parameters in our data.



Figure 1
Post hoc estimates of individual patient’s lamotrigine clearance (CL) with the base populationmodel according to co-treatmentwith inhibitors ofmetabolism
(A: None, Sertraline, Valproic acid), inducers (B: None, Carbamazepine, Phenobarbital, Phenytoin), cigarette smoking (C), ABCB1 2677G > C/A
genotype (D), UGT2B7–161C > T genotype (E) and UGT2B7 372 A > G genotype (F)
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Table 4
Parameters of the final pharmacokinetic model of lamotrigine and results of the bootstrap analysis

Parameter Estimate

Bootstrap

Mean RSE (%) 95% CI

Ka (h�1) 1.96 1.97 6.69 (1.72, 2.24)

CL (l h�1) 2.40 2.40 2.13 (2.30, 2.50)

Covariate effects on CL

Co-treatment with inhibitors* �0.579 �0.582 8.52 (�0.674, 0.483)

Body weight 0.938 0.937 20.9 (0.558, 1.32)

Cigarette smoking 0.340 0.331 33.5 (0.147, 0.590)

Co-treatment with inducers† 0.546 0.567 49.6 (0.114, 1.21)

UGT2B7 372 A > G genotype

AG vs. AA 0.194 0.199 47.4 (0.0331, 0.392)

GG vs. AA 1.17 1.26 43.2 (0.448, 2.47)

UGT2B7–161C > T genotype

CT vs. CC �0.0358 �0.0338 204 (�0.161, 0.098)

TT vs. CC �0.204 �0.197 38.7 (�0.336, �0.0364)

CLcr 0.00328 0.00333 44.7 (0.000550, 0.00640)

V (l) 76.2 75.8 5.60 (66.9, 84.2)

Covariate effects on V

Body weight 0.0181 0.0178 19.0 (0.0102, 0.0239)

Interindividual variability

IIVKa (%) 71.1 74.4 32.4 (0.329, 0.691)

IIVCL (%) 33.1 32.6 5.00 (0.0921, 0.112)

IIVV (%) 30.1 30.3 5.40 (0.0831, 0.0959)

Residual variability (%) 18.0 17.2 19.3 (10.4, 23.5)

CL(l h�1) = 2.40 × (1� 0.579 Inh) × (Wt/70)0.938 × (1 + 0.340 Tob) × (1 + 0.546 Ind) × (1� 0.0358 UGT2B7�161CT) × (1� 0.204 UGT2B7�161TT) ×
(1 + 0.194 UGT2B7372AG) × (1 + 1.17 UGT2B7372GG) × (1 + 0.00328 (CLcr � 110)) V(l) = 76.2 × (1 + 0.0181(Wt� 70))
*Valproic acid or sertraline (Inh); †Carbamazepine, phenobarbital or phenytoin (Ind); Patient weight (Wt); Tobacco smoking (Tob); Creatinine
clearance (CLcr). Categorical covariates including patient genotype are assigned a value of 1 (present) or zero (absent).
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Population pharmacokinetic analysis of the
lamotrigine-N-2-glucuronide
To confirm our findings we incorporated the data on LTG-glu
plasma concentration in the population pharmacokinetic
analysis. Typical value of CLLTG-glu was estimated at
3.16 l h�1 and was found affected by the patient’s renal func-
tion (linear model, a decrease of 0.759% per 1 ml min�1 de-
crease in CLcr) and patient weight (power model, exponent
1.01). Unexplained IIV on CLLTG-glu was 41.7%. Distribution
volume of the metabolite (VLTG-glu) was estimated at 110 l.
Due to sparse concentration measurements and no prior data
on pharmacokinetics of themetabolite we were not able to es-
timate the IIV of VLTG-glu. The residual (intra-individual) var-
iability of LTG-glu concentration was 13.8%. The estimates of
the pharmacokinetic parameters and covariate relationships
related to the parent LTG obtained with this model were very
similar to those obtained with the parent drug model.
Discussion
The majority of published population pharmacokinetic stud-
ies with LTG is based on sparse concentration measurements.
In most of these studies parameters related to LTG absorption
406 Br J Clin Pharmacol (2016) 82 399–411
rate and distribution were fixed to literature values or only
their typical population values without IIV were estimated.
There is a concern with such analyses as the precision of
the previous estimates is not taken into account. In the pres-
ent analysis plasma concentration measurements of LTG and
LTG-glu were insufficient to estimate all parameters.
Therefore we used prior information from previous popula-
tion pharmacokinetic studies with LTG to stabilize the model
using NONMEM prior functionality. With this approach the
objective function based on the current data is augmented
by a penalty term which is a representation of previous
knowledge with regards to model parameters [29].

Data for elicitation of priors for the one compartment
pharmacokinetic model parameters of LTGwere derived from
11 studies. In comparison with the priors, our estimates of the
typical values of Ka, V and CL obtained with the base model
were 1.96 vs. 1.54 h�1, 77.6 vs. 89.8 l and 2.32 vs. 2.55 l h�1,
respectively. This suggests that our data were informative on
the typical values of pharmacokinetic parameters. On the
other hand, our estimates of the IIV of Ka and V were very
similar to the priors used for the analysis, 72.8% vs. 77.5%
for Ka and 30.2% vs. 31.7% for V, while our estimate of the
IIV on CL was considerably larger, 41.4% vs. 31.8%. This
suggests either that the priors on IIV of Ka and V accurately
described our data or that our data contained very little



Figure 2
Diagnostic plots of the final lamotrigine population pharmacokinetic
model. Population predicted vs. observed concentrations (A) and in-
dividual predicted vs. observed concentrations (B) with line of iden-
tity (solid) and LOESS fit (dashed)

Figure 3
Visual predictive check of the final model with prediction and vari-
ability correction. Median (solid line), 5th and 95th percentiles
(dashed lines) of the binned observed data (circles) with correspond-
ing 95% confidence intervals of the simulations (shaded areas)
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information on IIV of these two parameters. Collectively,
comparison with priors indicates that our data are
informative on CL, which is important from the modelling
perspective as we were primarily interested in covariate
relationships with CL. For all the estimated parameters RSE
was less than 10%, except for IIVKa (32.4%).

Previous published studies showed that various factors
such as weight [31–38], age [39–41], pregnancy [13], smoking
[42], blood urea nitrogen : serum creatinine ratio [35], race
[24, 43], LTG daily dose [31], oral contraceptives [11, 12, 14,
44] and use of concurrent AEDs [13, 24, 31–38, 41, 45–47]
influence LTG plasma concentrations. Additionally, genetic
polymorphisms in genes encoding drug-metabolizing en-
zymes UGT1A4 [18, 19, 22, 23], UGT2B7 [19, 20] and ABCB1
transporter [21] were also suggested to contribute to the IIV of
LTG CL. However, the relative contribution of these factors to
the variability in LTG pharmacokinetics is controversial. In
this study we systematically explored the influence of various
covariates on LTG pharmacokinetics by a non-linear mixed
effects modelling approach. Furthermore, in the analysis we
incorporated metabolite data to obtain more precise esti-
mates of the covariate effects on LTG metabolism. To our
knowledge this is the first population pharmacokinetic study
with LTG which systematically studied various demographic,
genetic and clinical factors and incorporated in the analysis
the data on disposition of the metabolite.

Results from our study provide evidence for the influence
of UGT2B7 polymorphisms, weight, creatinine clearance,
smoking and co-therapy with enzyme inducers and inhibi-
tors on LTG pharmacokinetics. Additionally, we found that
LTG-glu clearance was affected by the patient’s renal function
and patient’s weight.

We confirmed previously a demonstrated effect of smo-
king on LTG metabolism [42]. Compared with non-smokers,
LTG clearance was 34% (95% CI 14.7, 59.0%) higher in
patients who smoked. Since LTG is not a CYP 450 substrate
and UGT1A4 activity may not be affected by nicotine
[42, 48] it is suggested that the effect of tobacco smoking is
Br J Clin Pharmacol (2016) 82 399–411 407
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mediated by UGT2B7. Considering the magnitude of the effect
of smoking on LTGCL and the fact that smoking is still a widely
spread habit we recommend smoking habits to be taken into
account in the evaluation of treatment with this drug.

We confirmed that LTG CL and V depended on patient’s
body weight. Similar results have been reported by other au-
thors in paediatric and adult populations of epileptic patients
[31, 33, 35–37]. In accordance with the allometric scaling ap-
proach the effect of weight on V was more adequately de-
scribed with the linear model, while a power model was
more appropriate for the relationship of weight with CL.
The exponent for the effect of weight on CL was 0.932 and
the 95% CI (0.558, 1.32) included the theoretical value of
0.75. Accordingly, a 100 kg patient would require a 40% larger
dose to achieve similar steady-state LTG concentrations
found in a 70 kg patient, while in a lean 45 kg patient LTG
dose should be reduced by 34%. However, the dose per body
weight is very similar, as the estimated exponent for the effect
of weight is close to 1. Additionally, we have found that pa-
tient’s body weight also has an effect on CL of LTG-glu.

Concomitant administration of inhibitors or inducers of
LTG metabolism proved to have an effect on LTG CL, as
would be expected for a drug mainly eliminated by metabo-
lism. Concomitant administration of VPA and sertraline,
which are commonly prescribed, results in reduction of LTG
CL by 58%. The mechanism behind the interaction with
VPA is competitive inhibition of glucuronidation by VPA
[49]. Previous reports on lamotrigine interaction with
sertraline are conflicting [49, 50]. Our data suggest that co-
treatment with sertraline decreases LTG CL. We hypothesize
that sertraline inhibits LTG glucuronidation through
competitive inhibition with resultant increased plasma
concentration. On the other hand, LTG CL in patients
concomitantly treated with inducers of hepatic metabolism
(carbamazepine, phenytoin and phenobarbital) was 55%
higher. This is consistent with the previous reports [24, 33,
35, 36, 38]. The current guidelines for LTG dosing account
for the clearance alteration in patients when using enzyme
inducing or inhibiting drugs [52].

Moreover, CL of LTG and LTG-glu was influenced by
the patient’s renal function. Since renal excretion of un-
changed drug is a minor route of LTG elimination the influ-
ence of CLcr on CLLTG is relatively small (a decrease by
0.328% per 1 ml deviation from a standard CLcr of
110 ml min�1). Based on this estimate a decrease in CLLTG
up to 31% is predicted in patients with stage 4 chronic kidney
disease (CLcr 15–30 ml min�1). The influence of renal func-
tion on CLLTG-glu is more pronounced (a decrease by 0.759%
per 1 ml deviation from a standard CLcr of 110 ml min�1).
Collectively these results indicate that impaired renal func-
tion has little effect on the plasma concentrations of LTG
achieved for a given dosing regimen which is in accordance
with a previous report [53]. Nevertheless, due to limited clin-
ical experience, LTG should be used with caution in patients
with significant impairment of renal function [52].

LTG seems to be primarily metabolized by UGT1A4which
explains its interaction with hormonal contraceptives.
Nevertheless, previous in vitro studies indicate that UGT2B7
is also involved in LTG glucuronidation and that inhibition
of this metabolic route is the mechanism behind the
observed interaction with VPA [6]. In our study, patients
408 Br J Clin Pharmacol (2016) 82 399–411
carrying the UGT2B7–161 TT genotype had 20.4% lower
CLLTG compared with patients with CC genotype which is
in accordance with the previously published data [19, 20].
In patients who were heterozygous for UGT2B7–161C > T
the difference in CLLTG was only minor (�3.7%) and insignif-
icant in comparison with the patients with the UGT2B7–161
CC genotype. Contrary to the previous studies investigating
the effects of UGT2B7 genotypes [19, 20] we observed a signif-
icant effect of UGT2B7 372 A >G on CLLTG. In patients carry-
ing the UGT2B7 372 GG genotype CLLTG was 117% higher
compared with patients with the UGT2B7 372 AA genotype,
while in patients who were heterozygous CLLTG was 19.4%
higher compared with patients who were homozygous for
the wild type allele. The frequency of patients having the
UGT2B7–161 TT and UGT2B7 372 AG genotype in our popu-
lation was relatively high (48.9% and 25.3%, respectively),
suggesting that these polymorphisms could be considered
to facilitate LTG dosage adjustments. UGT2B7 372 GG geno-
type is rare, accounting for 2% in our population. Neverthe-
less, having in mind the magnitude of its effect, LTG
treatment could be ineffective in patients with this genotype
due to underdosing. The results from our study are consistent
with those of previous studies which reported no association
of UGT1A4 70C > A polymorphism with LTG pharmacoki-
netics [18, 19, 23].

To our knowledge this is the first study that simulta-
neously evaluated the influence of ABCB1 and SLC22A1 poly-
morphisms on LTG pharmacokinetics. In contrast to the
study by Lovric et al. [21] who investigated the association
of ABCB1 genotypes with LTG concentration and LTG con-
centration to dose ratio, we observed no significant influence
of ABCB1 1236C > T on LTG pharmacokinetics. In our data,
compared with patients with the ABCB1 2677 TT genotype
we observed a trend of 22% and 9% lower CLLTG in patients
with ABCB1 2677 GG and ABCB1 2677 GT genotypes,
respectively. However, during the backward elimination step
this effect was insignificant. Futhermore, our analysis did not
reveal any association of ABCB1 haplotypes with LTG pharma-
cokinetics despite the fact that haplotype frequencies in our
study were very similar to those reported by Lovric et al. [21].

Previous in vitro studies indicated that LTG is a substrate
for OCT1 at brain endothelial cells [8]. In a systematic study
on genetic determinants of LTG dosing, Grant [54] studied
the association between SLC22A1 1222G > A and mainte-
nance dose of LTG in 96 epilepsy patients. This is a coding
non-synonymous polymorphism which results in a
Met408Val amino acid substitution in the OCT1 protein. In
the multivariate analysis (not corrected for multiple compar-
isons) Grant observed that patients who were homozygous
for a major allele (GG) require a higher maintenance dose of
LTG than the heterozygous group (GA) and the
homozygous-minor allele group (AA). The geometric mean
ratios of maintenance doses were 1.28 for GG vs. GA geno-
type and 0.895 for AA vs. GA genotype. We observed similar
non-significant trends in our group of patients (P = 0.600).
However, the magnitude of the influence on CLLTG in our
study was smaller. Compared with patients with GA genotype
CL in patients with GG genotype was 8.58% higher, while in
patients with AA genotype it was 3.06% lower. These data re-
veal that SLC22A1 1222G > A has a very minor influence on
LTG pharmacokinetics. However, since this transporter is also
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expressed in the blood brain barrier it may be involved in the
disposition of LTG in the central nervous system.

The major limitation of our study was the relatively low
number of patients to determine association of the genetic
polymorphisms other than UGT2B7. Another limitation of
the study is sparse sampling strategy which did not support
precise estimation of Ka and its IIV. Nevertheless, with inclu-
sion of the prior knowledge we were able to overcome this
limitation. Moreover, our analysis indicates that our results
are relatively robust to the choice of priors. Additionally, the
effects of each enzyme-inducing (carbamazepine, phenytoin,
phenobarbital, oral contraceptives) and enzyme-inhibiting
drug (VPA, sertraline) were not quantified separately for each
of these drugs, as the number of patients using phenytoin,
phenobarbital, oral contraceptives and sertraline was small.
Nevertheless, we were able to quantify the contribution of ge-
netic, demographic and clinical factors to the IIV of LTG
pharmacokinetics. Our results are further supported by the
pharmacokinetic analysis of the LTG metabolite. Although
the metabolite is not active, it provides additional evidence
on kinetics of LTG metabolism.

In conclusion, to our knowledge this is the first popula-
tion pharmacokinetic study which systematically evaluated
the effects of genetic, demographic and clinical factors on
LTG pharmacokinetics. This study indicates that there is a
considerable variability in LTG pharmacokinetics and there-
fore TDM may be warranted. Genotyping could be useful in
various clinical settings for therapy individualization. The
population pharmacokinetic model could be used for Bayes-
ian estimation of the patient’s individual pharmacokinetic
parameters based on sparse plasma sampling and for selec-
tion of the optimal dosing regimen in routine patient care.
Nevertheless, the clear benefit of TDM and genotyping, like
decrease of risk for serious adverse effects, is yet to be demon-
strated in a clinical study.
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