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Abstract
Objective To investigate the impact of age and co-treatment
with other drugs on the serum concentrations of lamotrigine
in children and adolescents.
Methods A review of routine serum concentration measure-
ments of lamotrigine performed in our laboratory yielded a
total of 744 serum samples from 296 subjects (110 males,
186 females, age: 2–19 years) suitable for statistical analysis.
The primary outcome variable was the dose-corrected
lamotrigine serum concentration, expressed as the lamotri-
gine concentration/dose (C/D) ratio. A linear mixed model
that allowed multiple observations from the same patient
was used to identify and quantify the effect of factors
influencing the lamotrigine C/D ratio.

Results According to the model, the lamotrigine C/D ratio
decreases by 6% per year of age. Valproate and levetiracetam
were found to raise the lamotrigine C/D ratio, whereas the
following co-medications reduced it: carbamazepine, cloba-
zam, fluoxetine, clonazepam and ethinyl estradiol. The
effect of carbamazepine decreased with increasing age. No
gender difference was detected.
Conclusions Age is an important factor with respect to the
pharmacokinetics and the extent of drug interactions of
lamotrigine in children and adolescents. In this population,
older individuals will need higher doses than younger ones
in order to achieve the same serum concentrations.
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Introduction

Lamotrigine is an anticonvulsant drug with efficacy in
various kinds of epileptic disorders in adults and in
children. It has become a first-choice drug for a variety of
seizure types and epileptic syndromes in childhood [1] and
is also licensed for the treatment of bipolar disorder [2].
Children tolerate lamotrigine well, although the incidence
of rash is higher than in adults [3, 4].

In humans, lamotrigine is not biotransformed by the
hepatic cytochrome P-450 (CYP) system. Instead, it is
metabolised almost exclusively via glucuronidation by uri-
dindiphosphate glucuronosyltransferase (UGT), mainly
UGT1A4. Only 10% of a given dose of lamotrigine is excret-
ed unchanged [5]. Although these properties prevent lamo-
trigine from drug interactions involving the CYP system,
several drugs, including combined oral contraceptives, may

Eur J Clin Pharmacol (2007) 63:687–692
DOI 10.1007/s00228-007-0308-2

A. Reimers (*) :O. Spigset
Department of Clinical Pharmacology,
St. Olavs University Hospital,
7006 Trondheim, Norway
e-mail: arne.reimers@legemidler.no

A. Reimers
Department of Neuroscience, Faculty of Medicine,
Norwegian University of Science and Technology (NTNU),
Trondheim, Norway

E. Skogvoll
Unit for Applied Clinical Research, Department of Cancer
Research and Molecular Medicine, Faculty of Medicine,
Norwegian University of Science and Technology (NTNU),
Trondheim, Norway

E. Skogvoll
Department of Anaesthesiology, St. Olavs University Hospital,
Trondheim, Norway

J. K. Sund
The Central Norway Pharmaceutical Trust,
Trondheim, Norway



alter lamotrigine serum concentrations considerably, often
necessitating dose adjustment [6–9].

Several studies on the pharmacokinetics of lamotrigine
in pediatric populations have been published [10–14].
However, infants, children and adolescents do not form a
homogenous group since it is well documented that drug
metabolism is subject to developmental changes within
childhood [15]. This applies particularly to the glucuroni-
dation capacity, which may take from months to years post-
partum to reach adult values [16, 17]. Recently, there has
been growing interest for such developmental aspects of
drug disposition [18]. While the pharmacological concept of
clearance is central in this context, serum concentration and
dose are more familiar terms for most clinicians [19]. The
ratio formed by serum concentration divided by dose (C/D
ratio) is essentially equivalent to 1/apparent clearance and
thus equally suited to describe the relation between serum
concentration and dose.

The aim of this study was to investigate the impact of
age and drug interactions on the C/D ratio of lamotrigine,
based on a large number of serum samples sent to our
routine therapeutic drug monitoring service.

Materials and methods

Collection and analysis of samples

We reviewed all serum samples of patients aged 0–19 years
which were analysed for lamotrigine in our laboratory over
a period of 40 months. Our request form requires, among
other information, statements of exact time for intake of the
last dose and time of blood sampling, daily lamotrigine
dose, number of daily intakes, diagnosis, co-medication and
body weight. Age and gender were obtained from the
population registry number on the request form. Unfortu-
nately, body weight was not stated in the vast majority of
samples. Samples without information on dose and/or time
interval between last dose and sampling were excluded from
the analysis. Moreover, samples taken less than 10 h or
more than 24 h after intake as well as samples with a serum
concentration below the limit of quantification of the
analytical method were also excluded. Following these
procedures, we obtained a total of 744 samples from 296
subjects aged 2.4 to 19.9 (median: 13.8) years that were
suitable for statistical analysis.

All samples were analysed with a liquid chromatogra-
phy-mass spectrometry (LC-MS) method as described
previously [8]. In brief, the calibrated range of this method
was 0.5–100 μmol/L. Six quality control samples covering
the range from 2 to 45 μmol/L were analysed with every
batch of unknown samples. The between-day coefficient of

variation calculated from quality control samples was better
than 9% at 2 μmol/L and 5% at 35 μmol/L. The lower limit
of quantification was 0.2 μmol/L.

Statistical analysis

Basic descriptive statistic analysis of the raw data was
performed with Microsoft Excel 2000 (Microsoft Corp,
Redmond, Wash.), and with SPSS ver. 12 for Windows
(SPSS Chicago, Ill.). Data are presented as means with
standard deviations (SD) or 95% confidence interval (95%
CI), or as medians with inter-quartile ranges (IQR) and/or
total ranges, as appropriate. The lamotrigine C/D ratio was
calculated by dividing the serum concentration of lamo-
trigine (expressed as μmol/L) by the total daily dose (in mg),
and thus expresses the serum concentration per milligram
lamotrigine given.

In terms of the elimination phase, we assumed a simple
exponential model [5]. The distribution of the lamotrigine
C/D ratio was found to be heavily right-skewed, and to
achieve near normality, the natural logarithm of lamotrigine
C/D ratio [i.e. loge (lamotrigine C/D ratio)] was employed
as the outcome variable in the analysis.

Multiple samples were often available in the same patient.
In order to utilise these data, we employed a linear mixed
model that allows correlation between repeated observations
[20]. This model assumes that each individual patient pos-
sesses a random intercept, i.e. an individual “offset”, in
addition to being affected by the fixed factors. Model
parameters, including variance components, were estimated
using the method of restricted maximum likelihood
(REML) with the software programme R ver. 2.4.0 [21, 22].

Model estimation proceeded backwards, starting with all
potential explanatory variables (gender, age, and co-medi-
cations) in the model. At each successive step, the least
significant factor was removed, and the model was re-fitted
until only statistically significant factors, defined as p<0.05,
were present in the model. The generalised coefficient of
determination, analogous to r2 in multiple linear regression,
which can take values between 0 and 1, was calculated
from the residual variance under the null and full model,
respectively [23]. According to the model, the expected
lamotrigine C/D ratio can be calculated by the following
equation:

lamotrigine C
�
D ratio ¼ eβ0þβ1þβ2þ:::βi

where β0 represents the overall intercept and β1 to βi

represent the coefficients of additional fixed factors.
The following co-medication was included in the model:

valproate (n=164), carbamazepine (n=95), topiramate (n=30),
oxcarbazepine (n=18), nitrazepam (n=14), clobazam (n=13),
clonazepam (n=12), combined oral contraceptives (n=
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12), diazepam (n=11), levetiracetam (n=9), fluoxetine (n=9)
and phenobarbital/primidone (n=8).

Results

Basic demographic and clinical data are given in Table 1. The
distributions of dose, serum concentration and lamotrigine
C/D ratio were all right-skewed, and values are therefore
given as median with the IQR range in parentheses (n=
744): dose, 125 (75–200) mg/day; serum concentration,
13.1 (7.8–19.4) μmol/L; lamotrigine C/D ratio, 0.087
(0.055–0.148) (μmol/L)/(mg/day).

Table 2 gives the values for β0 (which represents the
overall intercept) and for β1 to βi (representing the co-
efficients of additional fixed factors). No effect of gender was
detected, but a significant age effect of −0.062 per year of age
was estimated (note the logarithmic scale). The minus sign
implies that the lamotrigine C/D ratio decreases with

increasing age. We present here an example of how the β-
coefficients are used: the intercept (β0) has a value of −1.694.
The expected lamotrigine C/D ratio in a 4-year-old child
(regardless of gender, and without co-medication) is therefore
0.14 (μmol/L)/(mg/day), as given by

lamotrigine C=D ratio ¼ e�1:694þ4� �0:062ð Þ¼ 0:14

since the value for β1 is −0.062 (per year of age). In other
words, each 1 mg lamotrigine given to a 4-year-old would be
expected to raise the serum concentration by 0.14 μmol/L,
and a daily dose of 100 mg would yield an expected con-
centration of 14 μmol/L. In contrast, a 12-year-old child
would have a lamotrigine C/D ratio of e�1:694þ12�ð�0:062Þ¼
0:09 ðμmol=LÞ=ðmg=dayÞ, and a daily dose of 100 mg
would therefore yield a concentration of only 9 μmol/L. This
is illustrated in Fig. 1.

If one or more of the other fixed factors were present, the
expected C/D ratio would be altered accordingly (Table 2). If,
for example, the above-mentioned 4-year-old child also was
taking valproate, the expected lamotrigine C/D ratio would
be e�1:694þ4� �0:062ð Þþ1:013¼ 0:40 μmol=Lð Þ= mg=dayð Þ, with
the profound consequence that a daily dose of 100 mg is
expected to yield a serum concentration of 40 μmol/L.

Among the 13 drugs included in the initial model, we
found not only the classical interacting agents valproate and
carbamazepine to have a significant impact on lamotrigine
C/D ratio, but also combined oral contraceptives, clobazam,
clonazepam, levetiracetam, and fluoxetine (Table 2). Com-
pared to valproate and carbamazepine, the effects of these
drugs on the lamotrigine C/D ratio were smaller, and the
relatively wide confidence intervals for these effects should

Table 1 Demographic data and lamotrigine doses in the various age
groups

Total number of patients, n 296
Males, n (%) 110 (37)
Females, n (%) 186 (63)
Lamotrigine dose, mg/day (median, range)
All samples (n=744) 125 (5–850)
Age: 0–4.9 years (n=41) 60 (10–250)
Age: 5–9.9 years (n=177) 75 (5–400)
Age: 10–14.9 years (n=204) 125 (20–750)
Age: 15–19.9 years (n=322) 200 (25–850)

Fig. 1 Lamotrigine serum concentration/dose ratio, expressed as (μmol/L)/(mg/day), according to age (in years). Each dot represents one sample.
One outlier is removed to enhance visual clarity. The line shows the expected effect of age
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be noticed. Oxcarbazepine (18 samples) and phenobarbital/
primidone (eight samples) did not have statistically signif-
icant effects in our model.

The effect of carbamazepine on the lamotrigine C/D
ratio was strongly age-dependent, as can be seen from the
significant age and carbamazepine interaction term. The
positive sign means that the effect of carbamazepine
decreases with increasing age. As a final example of the
calculation, consider again the 4-year old child, who this
time is taking carbamazepine in addition to lamotrigine.
The expected lamotrigine C/D ratio now equals
e�1:694þ4� �0:062ð Þ�1:138þ4�0:039¼0:05 μmol=Lð Þ= mg=dayð Þ, and
the expected serum concentration at a daily dose of 100 mg
would be 5 μmol/L. This means a reduction in C/D ratio by
65%, compared to lamotrigine monotherapy (C/D ratio: 0.14;
expected serum concentration at 100 mg/day: 14 μmol/l).
Accordingly, a 12-year-old with the same medication would
have a C/D ratio of e�1:694þ12� �0:062ð Þ�1:138þ12�0:039¼ 0:045,
which means a lower reduction of the lamotrigine C/D ratio
by carbamazepine of only 50%, (compared to the C/D ratio
in monotherapy: 0.09). No interaction between age and
valproate was detected.

For practical reasons, it may be desirable to know the
dose necessary to achieve an intended target serum concen-
tration. Using the above equation, and since the C/D ratio
equals the serum concentration divided by dose, the required
dose D can be found by the equation:

D ¼ C

e β0þβ1þβ2þ:::βI

which is equivalent to:

D ¼ C� e
� β0þβ1þβ2þ:::βIð Þ

where D is the daily dose in milligrams, and C is the target
serum concentration in μmol/L (note the sign change of
the exponent after transformation). For example, to
achieve a target concentration of 20 μmol/L, an 8-year
old individual not taking any of the drugs listed in Table 2
will need a dose of 20 × e� �1:69þ8� �0:062ð Þð Þ¼178 mg=d. If
this patient was also taking clonazepam, a dose increase
towards 250 mg would be necessary to achieve the same
serum concentration, according to the model.

On the log scale, the inter-individual (i.e. between
patients) and intra-individual (i.e. within patients) variance
components were estimated to be 0.412 and 0.352, respec-
tively, yielding an intra-class correlation coefficient of 0.58,
or 58%. This figure may be interpreted as the percentage of
residual variation that can be attributed to individual
patients [20].

The generalized coefficient of determination was found
to be 0.35; thus, age and co-medication in Table 2 may be
interpreted as explaining approximately 35% of the varia-
tion in the C/D ratio. Graphical residual analysis revealed
no important deviations from the model assumptions of
conditional normality or homoscedasticity (not shown).

Discussion

In accordance with established knowledge, we found that
valproate was associated with an increased lamotrigine C/D

Table 2 Model parameter estimates, including intercept and explanatory factors, found to influence the lamotrigine serum concentration-to-dose
ratio (lamotrigine C/D ratio)

Variable [samples (n); patients (n)]a loge(lamotrigine C/D ratio) Lamotrigine C/D ratio [(μmol/L) (mg/d)]

Value 95% CI p Expected value 95% CI % change vs. intercept

Interceptb −1.694 −1.869; −1.519 <0.0001 0.184 0.154; 0.219 n.a.
Agec −0.062 −0.074; −0.050 <0.0001 0.173 0.171; 0.175 −6
Valproate (164; 75) 1.013 0.910; 1.117 <0.0001 0.506 0.423; 0.606 +175
Carbamazepine (95; 38) −1.138 −1.454; −0.821 <0.0001 0.061 0.045; 0.083 −68
Clobazam (13; 7) −0.278 −0.511; −0.044 0.0200 0.139 0.105; 0.185 −24
Levetiracetam (9; 6) 0.324 0.040; 0.609 0.0256 0.254 0.182; 0.355 +38
Fluoxetine (9; 4) −0.522 −0.879; −0.166 0.0042 0.109 0.073; 0.163 −41
Clonazepam (12; 9) −0.340 −0.608; −0.071 0.0134 0.131 0.094; 0.181 −29
Ethinyl estradiol (12; 8) −0.416 −0.682; −0.150 0.0023 0.121 0.088; 0.168 −34
Age : carbamazepinec 0.039 0.015; 0.063 0.0017 0.191 0.187; 0.196 +4

The lamotrigine C/D ratio is the expected increase in serum concentration of lamotrigine (in μmol/L) per mg lamotrigine administered daily.
The last column displays the percentage change in serum concentration when the respective factor is present. 95% CI=95% confidence
interval; n.a.=not applicable

a n is the number of samples and patients, respectively
b Reference group; i.e. age set to 0 years, taking lamotrigine but none of the other listed medications
c The value of the estimate must be multiplied with the age in years
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ratio and that carbamazepine and combined oral contra-
ceptives were associated with a decreased lamotrigine C/D
ratio. These effects were statistically highly significant. The
extent of these interactions were very similar to what has
been reported earlier [8, 9, 14, 24], which supports the
validity of our present model.

In addition, fluoxetine was identified as a factor reducing
the lamotrigine C/D ratio. This result appears to be
unexpected, but a study in adult patients [8] found the same
effect, and of a similar magnitude. Fluoxetine is generally
known as a potent enzyme inhibitor [25]. However, the
enzymes known to be inhibited by fluoxetine all belong to
the CYP system. Lamotrigine is not metabolized by CYP
enzymes, but by UGT. As such, it can not be ruled out that
fluoxetine exerts a dual effect on drug-metabolizing enzyme
systems such as, for example, ethinyl estradiol. Ethinyl
estradiol inhibits the CYP enzymes but induces UGT
enzymes [26, 27].

We also found that the benzodiazepines clobazam and
clonazepam reduced the lamotrigine C/D ratio, although this
effect was comparatively weak. Clonazepam has previously
been reported to reduce the serum levels of phenytoin to a
small degree [28, 29]. However, other studies have failed to
reproduce these findings [30–32], and it should be noted
that the confidence intervals of our results were rather wide
(Table 2). One may therefore speculate whether some of
these findings may have arisen by chance. The same applies
for levetiracetam. Levetiracetam has not previously been
reported to alter the metabolism of other drugs, and its
pharmacokinetic properties provide no good reason for the
slightly increased lamotrigine C/D ratio.

Surprisingly, the effects of the enzyme-inducing drugs
phenobarbital/primidone and oxcarbazepine did not reach
statistical significance (p=0.89; 95% CI: −0.394, 0.454 and
p=0.11; 95% CI: −0.404, 0.039, respectively). However,
these drugs were used by a few patients serving with
multiple samples, and many of these patients also used
valproate. It is well known that the enzyme−inhibiting effect
of valproate generally overrides the effects of concomitantly
used enzyme-inducers [9, 22, 31]. Thus, these findings are
most likely less reliable than the other observations in the
present study.

In general, it should be noted that the results of this study
do not enable firm conclusions to be drawn on possible
causal relationships in terms of drug interactions. Routine
data from a TDM service unit have its inherent limitations,
mainly from the uncertain reliability and incompleteness of
the clinical information accompanying the blood samples.
Nevertheless, it is reasonable to believe that the large
number of observations to some degree counterbalance
these weaknesses.

In the recent years, there has been a growing interest in the
ontogenic aspects of pharmacokinetics, and age is, of course,

a crucial factor in this respect [18]. It has been proposed –
based on population pharmacokinetic modeling – that
lamotrigine pharmacokinetics in children may not be related
to age but to body weight [33]. Unfortunately, information
on body weight was generally not available in our material.
In children, nevertheless, body weight is not an independent
variable since it is mainly determined by age [34]. Moreover,
age does not determine only body weight, but also organ
weight, enzymatic function and regional blood flows [15–
18, 35, 36]. Thus, it appears logical to focus on age as a
determinant of drug disposition, and we found that age
indeed has a highly significant effect on the lamotrigine C/D
ratio, resulting in lower dose-normalized lamotrigine serum
concentrations in older children.

On the basis of the data presented in Fig. 1, it seems that
the variation in the lamotrigine C/D ratio decreases with
increasing age. This may be due to a larger variation in the
metabolic capacity among younger children compared to
older ones as a result of differences in the degree of the
maturation of their glucuronidating capacity [37]. The
interaction of age with the effects of carbamazepine on
the lamotrigine C/D ratio fits very well with this concept.
We found that the impact of carbamazepine was most
pronounced in younger children and decreased with
increasing age. It has long been known that carbamazepine
induces the glucuronidation of lamotrigine [9, 11, 14, 24].
Thus, it appears logical that the enzyme-inducing effect of
carbamazepine is greater at a younger age, when the
baseline glucuronidation capacity is low.

In summary, our results suggest that age influences the
C/D ratio of lamotrigine in children and adolescents. This is
supported by the finding that the impact of carbamazepine
on lamotrigine serum concentration is also age-dependent.
In accordance with previous studies, we found that
valproate, carbamazepine and combined oral contraceptives
had a significant impact on the lamotrigine serum levels in
children. Clobazam, clonazepam, levetiracetam, and fluox-
etine may also alter the serum levels of lamotrigine, but
only to a small degree. Whether these latter findings are
real or caused by method artifacts remains to be confirmed.
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