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Klinisk farmakokinetikk av lamotrigin

Sammendrag

Lamotrigin (LTG) er det mest brukte antiepileptikum i Norge, som ogsa brukes i ut-
strakt grad ved manisk-depressive lidelser og andre psykiatriske sykdommer. Dette
arbeidet undersgker bruken av LTG samt faktorer som pavirker metabolismen og ut-
skillelsen av LTG, med fokus pa kvinner og kvinnelige hormoner. Bade retrospektive
database-analyser og prospektive kliniske studier ble brukt.

Det langt stgrste antall serumkonsentrasjonsmalinger pa LTG utfgres pa prgver fra
kvinner. De fleste som bruker LTG far midlet for en psykiatrisk lidelse, mange av disse
utenfor godkjent indikasjon. Kvinner har hgyere serumkonsentrasjoner enn menn ved
samme dose. Barn, ungdom og eldre har hgyere serumkonsentrasjoner enn 20-65 ar
gamle voksne. Utover kjente interaksjoner med klassiske enzyminduktorer og —hem-
mere ble det oppdaget at etinylgstradiol i p-piller reduserer LTG-serumkonsentrasjo-
nen med over 50 %, noe som ofte medfgrer tap av anfallskontroll og behov for dose-
gkning av LTG. De fleste psykofarmaka kan trygt kombineres med LTG. De fysiologiske
hormonsvingningene gjennom en normal menstruasjonssyklus synes ikke a pavirke
LTG i en klinisk relevant grad. Svangerskap derimot fgrer til et raskt og stort fall av LTG-
serumkonsentrasjonen allerede tidlig i fgrste trimester. Dette skyldes sannsynligvis
den fysiologisk gkte blodgjennomstrgmning i nyrene. Senere i graviditeten tilkommer
raskere metabolisme av LTG gjennom gstrogen-indusert gkt aktivitet av leverenzymet
UGT1A4.

Funnene i dette arbeidet understreker nytten av serumkonsentrasjonsmalinger av LTG,
spesielt hos barn og eldre, men ogsa hos pasienter som samtidig bruker andre lege-
midler inkludert kombinerte p-piller, og spesielt hos gravide kvinner.
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Summary in English

Background and objectives

Lamotrigine (LTG) is a first-line drug for the treatment of epilepsy in adults and child-
ren. Besides, it is widely used as a mood stabilizer for the treatment of affective dis-
orders. Due to its favorable safety profile and its comparatively low potential for drug
interactions, many neurologists and psychiatrists prefer LTG to other drugs, especially
for the treatment of women of childbearing age.

After oral administration, LTG is rapidly and almost completely absorbed. Metabolism
takes place by conjugation with glucuronic acid, catalyzed by UDP-glucuronosyltrans-
ferase 1A4 (UGT1A4). The resulting LTG-N2-glucuronide is then excreted via the kid-
neys, and up to 90 % of an oral dose of LTG appears as the N2-glucuronide in the urine.
There is, however, considerable inter-individual variation in the pharmacokinetics of
LTG. Several factors may account for this. Apart from pharmacogenetic polymorph-
isms, these factors may include concomitant diseases, drug interactions, age-depen-
dent changes in metabolic capacity, as well as hormonal influences.

The aim of the present work was to identify and describe such factors and their impact
on the clinical pharmacokinetics of LTG, with special focus on the use of LTG in women.

Materials and methods

Both retrospective analyses and prospective clinical studies were used in this work.
The database of the Department of Clinical Pharmacology provided pharmacoepi-
demiological information, as well as information on drug interactions and the relev-
ance of age and gender (papers |, Il and VI).

Prospective clinical studies at the Department of Neurology and Clinical Neurophysiol-
ogy investigated the impact of female sexual hormones on the pharmacokinetics of
LTG (papers Ill, IV and V). These studies focused on endogenous estrogen as well as
ethinyl estradiol and progestins used for hormonal contraception. The largest of these
studies (paper V) examined the pharmacokinetic changes induced by pregnancy and
their underlying mechanisms.

The analysis of LTG and LTG-N2-glucuronide in serum and urine was performed by lig-
uid chromatography-mass spectrometry methods developed at the Department of
Clinical Pharmacology.



Results

The vast majority of LTG serum concentration analyses are performed in samples
from women. Most patients used LTG for a broad variety of psychiatric disorders,
many of them off-label. These trends appear to continue and accelerate (paper ).

The median serum concentration-to-dose ratio (CDR) of LTG is about 0.06 which
means that, e.g., a daily dose of 200 mg LTG will give an average serum concentra-
tion of 12 umol/l. Women have a slightly higher CDR than men. Children, adoles-
cents and the elderly show higher CDRs than adults aged 20 — 65 years (papers Il
and VI).

With regard to drug interactions, the findings of previous studies could not only be
confirmed, but also further quantified. Classical enzyme inducers such as carbama-
zepine, oxcarbazepine, or phenytoin reduce LTG serum concentrations, while co-ad-
ministration of valproate leads to considerably higher serum levels. Most psycho-
tropic drugs can be safely combined with LTG (paper VI).

Ethinyl estradiol-containing combined oral contraceptives reduce LTG serum con-
centrations by up to 60 %, whereas progestin-only contraceptives do not. Evidence
was found that it is the ethinyl estradiol component in combined oral contracep-
tives which reduces LTG levels, and not the progestin-component (paper Ill).

The fluctuations of estradiol and progesterone during a normal menstrual cycle do
not seem to affect LTG kinetics to a clinically relevant degree (paper IV).

Pregnancy may reduce LTG serum levels by over 50 %, with a rapid, marked decline
already in the first trimester. This first-trimester decline is probably due to in-
creased renal blood flow, whereas the following, additional decrease is caused by
estradiol-dependent induction of LTG-glucuronidation (paper V).

Conclusions

The preponderance of LTG use in women and in psychiatric conditions is of interest

both from a clinical and from a public health view. As these trends appear to

accelerate, they may become even more important in the future.

UGT1A4 activity is low in young children, but increases by age. This phenomenon af-

fects the metabolism of LTG and is subject to large interindividual variability. Thus, the
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treatment of children and adolescents with LTG demands close clinical and laboratory
monitoring of these patients.

Oral contraceptives containing ethinyl estradiol will often necessitate an increase of
the LTG dose to maintain effective seizure control. Progestin-only contraceptives can
be safely combined with LTG treatment without such adjustments.

Pregnancy increases the metabolism and excretion of LTG considerably, a phenomen-
on that needs to be kept in mind by clinicians who treat women wishing to become
pregnant. Special attention should be paid to the marked fall of LTG serum concen-
trations already in the first trimester.

Renal blood flow emerged as a significant factor with respect to the accelerated elimi-
nation of LTG and its main metabolite in pregnancy. It may also become significant in
individuals in whom renal blood flow is altered due to other causes, e.g. in renal dis-
ease or in elderly patients.
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Sammendrag pa norsk

Bakgrunn og malsetting

Lamotrigin (LTG) er et fgrstehandspreparat mot epilepsi bade for voksne og barn. Det
brukes dessuten som stemningsstabilisator ved behandling av affektive lidelser. Den
gunstige sikkerhetsprofilen og det forholdsvis lave interaksjonspotensialet har medfgrt
at mange nevrologer og psykiatere foretrekker LTG fremfor andre legemidler, seerlig
hos kvinner i fertil alder.

LTG metaboliseres ved konjugering med glukuronsyre, katalysert av UDP-glukuronosyl-
transferase 1A4 (UGT1A4). Metabolitten, LTG-N2-glukuronid, skilles ut gjennom nyre-
ne. Inntil 90 % av en oral dose finnes igjen i urinen som N2-glukuronid. Farmakokinetik-
ken til LTG viser imidlertid betydelig interindividuell variasjon. Dette har ulike arsaker,
f.eks. farmakogenetiske polymorfismer, sykdom, interaksjoner med andre legemidler,
aldersavhengige forskjeller i metabolsk kapasitet eller hormonell pavirkning.

Malet med dette arbeidet var & identifisere og beskrive disse faktorene og hvordan de
pavirker farmakokinetikken til LTG, seerlig med fokus pa spesielle forhold hos kvinner.

Materiale og metode

Bade retrospektive og prospektive studier ble brukt i dette arbeidet. Databasen ved
Avdeling for klinisk farmakologi leverte farmako-epidemiologisk informasjon, data om
legemiddelinteraksjoner, samt informasjon om betydningen av alder og kjgnn
(publikasjonene 1, 1l og VI).

Prospektive kliniske studier ble giennomfg@rt ved Avdeling for nevrologi og klinisk
nevrofysiologi for & undersgke effekten av kvinnelige seksualhormoner pa
farmakokinetikken til LTG (publikasjonene Il, IV og V). Studiene Il og IV fokuserte pa
endogene hormoner savel som etinylgstradiol og progestiner, som begge brukes i
hormonell kontrasepsjon. Publikasjon V undersgkte hvilke farmakokinetiske
forandringer et svangerskap induserer og hvilke mekanismer som ligger bak.

Analysene av LTG og LTG-N2-glukuronid i serum og urin ble gjennomfgrt med
vaeskekromatografisk-massespektrometriske metoder (LC-MS) utarbeidet ved Avdeling
for klinisk farmakologi.

13



Resultater

Det overveiende flertall av serumkonsentrasjonsmalinger pa LTG utfgres pa prgver
fra kvinner. De fleste pasienter far LTG for ulike psykiatriske lidelser, mange av dem
utenfor godkjent indikasjon. Disse trendene ser ut til & vedvare (publikasjon I).

Den mediane serumkonsentrasjons/dose-ratio (CDR) til LTG er 0,06. Det betyr at
eksempelvis en dggndose pa 200 mg LTG vil gi en median serumkonsentrasjon pa
12 umol/l. Kvinner har en noe hgyere CDR enn men. Barn, ungdom og eldre har
hgyere CDR enn 20-65 ar gamle voksne (publikasjonene Il og VI).

Funn fra tidligere studier angaende legemiddelinteraksjoner ble bekreftet og
naermere kvantifisert. Klassiske enzyminduktorer som karbamazepin, oxkarbazepin
og fenytoin reduserer LTG-serumkonsentrasjonen, mens bruk av valproat gir
betydelig hgyere serumkonsentrasjoner. De fleste psykofarmaka kan trygt
kombineres med LTG (publikasjon VI).

Kombinerte orale prevensjonsmidler (p-piller) reduserer LTG-serumkonsentrasjonen
med opptil 60 %. Prevensjonspreparater som kun inneholder et progestin pavirker
ikke LTG. Vi viste dermed at det er etinylgstradiol i kombinerte ”p-piller” som
reduserer LTG-serumkonsentrasjonen og ikke progestiner (publikasjon llI).

Svingningene i gstradiol- og progesteron-serumkonsentrasjoner giennom en normal
menstruasjonssyklus ser ikke ut til & pavirke farmakokinetikken til LTG i klinisk rele-
vant grad (publikasjon 1V).

Under svangerskap kan LTG-serumkonsentrasjonen synke med over 50 %. Det
opptrer et raskt og kraftig fall allerede i fgrste trimester. Denne tidlige nedgangen
skyldes mest sannsynlig gkt blodgjennomstrgmning i nyrene, mens den pafglgende
nedgangen sannsynligvis skyldes gstradiolavhengig gkt glukuronidering av LTG
(publikasjon V).

Konklusjoner

Bade fra samfunnsmedisinsk og klinisk perspektiv er det av interesse at det er flest

kvinner som bruker LTG, og at de fleste bruker det for psykiatriske lidelser. Da denne

trenden er gkende, vil dette bli mer uttalt i fremtiden.

UGT1A4-aktiviteten er lav hos barn, men gker med alderen. Dette har betydning for

metabolismen til LTG. Den interindividuelle variasjonen er stor. Barn og unge som

bruker LTG bgr derfor fglges tett, bade klinisk og med serumkonsentrasjonsmalinger.

14



Eldre mennesker utvikler ofte hgyere CDR; redusert renal blodgjennomstrgmning kan
veere arsaken.

P-piller som inneholder etinylgstradiol vil ofte medfgre behov for dosegkning av LTG
for at anfallskontrollen skal opprettholdes. Preparater som kun inneholder et
progestin pavirker ikke LTG-konsentrasjonen.

Under graviditet gpker metabolismen og utskillelsen av LTG betydelig. God kjennskap til
dette er viktig i behandlingen av kvinner med graviditetsgnske. Det raske og store
fallet i LTG-serumkonsentrasjonen i fgrste trimester bgr vies szerlig oppmerksomhet.
@kt renal blodgjennomstrgmning synes a vaere arsaken til dette.

15
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Abbreviations and definitions

AED
BL
CDR
CL
coc
CYP
DDD
EE
LTG
LTG-GLUC
PG
t1/2
TDM

UGT

antiepileptic drug

baseline
concentration/dose-ratio
clearance

combined oral contraceptive
cytochrome P450

defined daily dose

ethinyl estradiol

lamotrigine
lamotrigine-N2-glucuronide, the main metabolite of LTG
progestin

serum half-life

therapeutic drug monitoring

uridinediphosphate (UDP) glucuronosyltransferase

LTG-concentrations are sometimes given in molar units. For conversion to mass units,

the molar concentration has to be divided by 3.9. E.g., a lamotrigine concentration of
15 umol/l equals 15/3.9 = 3.8 mg/I. Vice versa, mass units have to be multiplied by 3.9
to give molar units.
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1. Introduction

1.1. The history of lamotrigine

Lamotrigine (6-(2,3-dichlorophenyl)-1,2,4-triazine-3,5-diamine; LTG) was introduced in
1992 as one of the first so-called second-generation antiepileptic drugs (AED). It has no
structural similarity with any other AED (Fig 1). LTG was originally developed as a folate
antagonist [1] as it had been observed that some older AEDs were associated with low
folate serum concentrations. This in turn led to the assumption that folate antagonism
by itself might represent an antiepileptic mechanism (a hypothesis which is now aban-
doned) [2]. LTG's antiepileptic effect has later been shown to be based on blocking of
sodium channels and anti-glutamatergic effects. Moreover, its antifolate properties
appear to be too weak to be clinically relevant [3].

Cl
Cl

NQ‘

=

\

HoN™ N° NH

Figure 1: Chemical structure of lamotrigine.

After first having been used as add-on treatment together with older-generation AEDs,
LTG is now licensed worldwide for monotherapy of partial and generalised epilepsy in
adults, and for add-on treatment in children.

During the clinical development as an AED, patients reported considerable improve-
ments in mood and general well-being. [4]. At that time, carbamazepine and valproate
were the only AEDs which were established as treatment for mood disorders (apart
from lithium, antidepressants and antispychotics). However, their use is compromised
by numerous adverse effects and their teratogenic potential. Being a potent enzyme
inducer and -inhibitor, respectively, their use is further complicated by pharmacokine-
tic drug interactions. LTG, which has a more favourable safety and drug interaction
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profile, was therefore tried as an alternative treatment in mood disorders. It was
found to be efficient in the prophylaxis of depressive episodes in bipolar Il disorder,
but not in the treatment of mania, acute depressive episodes, or unipolar depression.
Today, LTG is licensed worldwide for the prevention of depressive episodes in patients
with bipolar disorder.

The favorable safety profile of LTG was a crucial factor for its success. Soon after the
launch of LTG for partial epilepsy, it was found that it was effective in generalized
epilepsy as well. VPA had for decades been the first-line AED for generalized epilep-
sies, but the focus on safety issues of VPA increased, particularly with respect to
teratogenicity and endocrine side effects. Hence, LTG soon became a first choice
alternative for the treatment of women, not only in neurology but also in psychiatry.

LTG is the most used AED in Norway, both in terms of Defined Daily Doses (DDD) and
number of users. According to the Norwegian Prescription Registry, 22 977 408 DDD of
LTG were prescribed to 22 348 individual users in 2009 [5]. The DDD of LTG has been
set to 300 mg by the WHO.

6 000000
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4000000
3000000 -
2000000 -
1000000 -
0 -
R NH 'b(.’\b é\o @@ A&Qjo é@s & \é\‘\ &
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Figure 2: Prescribed defined daily doses (DDD) of AEDs in Norway in 2009
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Figure 3: Number of individual users of antiepileptic drugs in Norway in 2009

1.2. Pharmacokinetics

The common daily dose of LTG is 200 - 400 mg, ranging from 100 to 800 mg [6]. After
oral dosing, absorption of LTG is almost complete and unaffected by food [7]. LTG is
mainly biotransformed by uridinediphosphate (UDP-)-glucuronosyltransferase 1A4
(UGT1A4) to a pharmacologically inactive metabolite, lamotrigine-N2-glucuronide
(LTG-GLUC; figure 4). Seventy to 90 % of an orally administered dose appear as LTG-
GLUC in urine, and approx. 10% as unchanged LTG. Two percent may appear in the
faeces [8, 9]. Glucuronidation in the N5-position has been postulated [9], but the
putative LTG-N5-glucuronide has never been demonstrated. Other metabolites have
been found in animals, but occur only in very small amounts in humans [9-11].

Cl
Cl

OH

HO OH

| Noo 20 oo
*'?l\

H,N” “N” NH,

Figure 4: Lamotrigine-N2-glucuronide, the main metabolite of lamotrigine
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Basic pharmacokinetic data of LTG are shown in table 1 [12-17]. LTG shows first-order,
linear pharmakokinetics, which means that the maximum, trough, and average serum
concentrations are proportional to the dose.

The relationship between serum concentration and the clinical effect of LTG has not
been firmly established, but based upon the results of several clinical studies, a re-
ference range of 3-14 mg/L (or 10-50 umol/L) has been accepted by most neurologists
[18]. A reference range for the use of LTG in mood disorders has not been established
and remains a matter of discussion. However, a standard daily dose of 200 mg is re-
commended by the manufacturer for this indication. Based on the bioavailability and
the Vp stated in table 1, this dose would give serum concentrations of 1.7 - 2.2 mg/L
(or 7-9 umol/L) in a person weighing 75 kg.

Table 1. Basic pharmacokinetic data of lamotrigine in healthy adults (averaged from
multiple studies).

Oral bioavailability | 98 %

tmax 2-3 hours

ti2 23-37 hours

CL 2.14+/-0.81 L/h
Vb 1.2-1.5 L/kg

tmax: time to maximum serum concentration after oral intake; t1/,: serum half-life; CL:
plasma clearance; Vp: apparent volume of distribution.

Although LTG pharmacokinetics are quite predictable, there is a certain degree of
interindividual variation, as with all drugs. Age, sex, pregnancy, co-medication and,
putatively, genetic polymorphisms of UGT enzymes may all have an impact on LTG
kinetics. These issues are among the main subjects of this thesis and will be discussed
in detail.
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1.3. Pharmacokinetic drug interactions

No drug interactions of LTG regarding absorption, distribution or elimination have
been established so far. Pharmacokinetic drug interactions with LTG appear to be
restricted to metabolism, as the clearance of LTG by UGT1A4 can be increased or
decreased by other drugs. Enzyme inducers, e.g. phenytoin, phenobarbital or
carbamazepine, as well as combined oral contraceptives (COC) may reduce the half-life
and serum concentrations of LTG by more than 50 %. By contrast, valproic acid
increases LTG's half-life and serum concentrations by about 100 % [19-23]. Especially
the interaction of LTG with COC has received much attention in recent years. This
interaction was first discovered 10 years after the introduction of LTG and was an
unexpected finding [23]. Enzyme-inducing AEDs had for decades been known to impair
the anticontraceptive effect of COCs. LTG was the first AED to have its efficacy reduced
by a COC. It has later been found that COCs also may reduce the serum concentrations
of valproate [24, 25]. Drug interactions with LTG, represent one of the main subjects of
this thesis.

1.4. UDP-glucuronosyl transferases (UGTs)

UDP-glucuronosyltransferases (UGTs) are a mammalian superfamily of phase Il
metabolizing enzymes, of which UGT1A and UGT2B are the most important
subfamilies. To date, 25 UGT1A and UGT2B isozymes have been identified in humans
[26]. UGTs catalyze the binding of glucuronic acid to endo- and exogenous compounds,
e.g. hormones or drugs. This is an important process that increases their solubility in
water and aids in their urinary excretion. UGTs have been found in a variety of organs
and tissues, including liver, lungs, intestinal mucosa, brain, uterus and placenta, in both
animals and humans [26-30].

UGT activity is regulated by various pre- and posttranslational mechanisms, e.g.
hormones, liver-enriched transcription factors, ligand-activated transcription factors,
and the aryl hydrocarbon receptor [31, 32]. These findings relate mostly to
experiments with hepatic UGT. Very little is known on the extent and intrinsic
regulation of human placental UGT activity. External factors like enzyme inducing
drugs, ethinyl estradiol or cigarette smoke may increase UGT-activity. Some UGT1A4-
substrates, e.g. LTG, may even induce their own metabolism to a certain degree [15,
19, 33-35].
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1.5. Pharmacoepidemiology

Data from prescription registries often form the basis for pharmacoepidemiological
studies. Their value may be enhanced by coupling with other databases which give
information on indications and dosing [36-38]. Information on serum concentrations
may further increase the usefulness of pharmacoepidemiological investigations.

Serum concentration measurement of LTG was established soon after its introduction
as an AED [19]. Collected systematically over long time, data from such measurements
may represent a platform for pharmacoepidemiological research and may reveal
trends and changes in the pattern of clinical drug use. Apart from giving information
about dosages, indications and co-medications, such research may also address the
clinical relevance of recommended reference ranges, and to what degree treatment
guidelines reflect clinical reality (and vice versa). Previous naturalistic studies on
pharmacoepidemiological aspects of LTG-treatment investigated mainly its clinical
effectiveness and safety issues [39-43]. Little is known about changes in its pattern of
use over time [44].

1.6. Gender issues

1.6.1. Contraceptives

By contrast to VPA, LTG has so far not been associated with endocrine or metabolic
disturbances like, e.g., polycystic ovary syndrome or diabetes, and it has therefore
been regarded as a preferable choice in women [45, 46]. However, LTGs interaction
potential with sexual hormones still remains largely unexplored. Women of child-
bearing age often use hormonal contraception , and it is now well-established that
COCs reduce LTG serum concentrations by more than 50 % [23, 47, 48], which may
require dose adjustment of LTG. In turn, LTG may reduce serum levels of
levonorgestrel, although not to a clinically relevant degree [48]. COCs contain a
combination of a synthetic estrogen derivative, usually ethinyl estradiol (EE), and a
progestin (a synthetic progesterone derivative, often levonorgestrel). There are also
several progestin-only contraceptives on the market. Moreover, in addition to oral
compounds, hormone-containing parenteral, transdermal, intravaginal, and
intrauterine products are available. Therefore, it was desirable to find out whether the
interaction between LTG and hormonal contraception was due to the EE or to the
progestin. Moreover, it was useful to know whether this interaction is restricted to oral
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application of the hormones or whether it also is present with topical/parenteral
methods.

1.6.2. Menstrual cycle

With respect to the interaction of LTG with COC, it has been found that LTG serum
levels increase quickly and by over 100 % during the pill-free week [48]. Thus, one
might hypothesise that the effect of changing estrogen-levels on the metabolism of
LTG may both develop and disappear within a few days. The question arises whether
the physiological fluctuations of female sex hormones during a normal menstrual cycle
as well may lead to short-term fluctuations of the LTG serum levels. If this was the
case, it might have clinical consequences for the treatment of women with epilepsy. It
might also have implications for choosing the day of the cycle for measuring the LTG
serum concentrations. The study described in paper IV was designed to answer this
question.

1.6.3. Pregnancy

Epilepsy is the most common neurological problem which requires pharmacological
treatment in pregnant women [49]. Indeed, a considerable number of female patients
take LTG during pregnancy [50]. The balance between seizure control and potential
teratogenic risks, and the pharmacokinetic changes of AEDs during pregnancy and
puerperium often represent significant challenges to the clinician [49, 51, 52].

Several studies have shown that LTG clearance may increase by 65 - 230 % during
gestation. Accordingly, serum concentrations may decrease by more than 60 %, often
requiring dose adjustments to maintain seizure control. [33, 53-60]. These pharmacoki-
netic changes are subject to marked interindividual variability [57]. They are thus
largely unpredictable, and close therapeutic drug monitoring is recommended [61].
Serum concentrations return to pre-pregnancy values within 2-3 weeks postpartum
[54, 55, 59], a phenomenon which also requires close clinical follow-up of the patients.
Increased glucuronidation of LTG in the N2-position has been proposed as the
mechanism behind its increased clearance during pregnancy [33]. However, pregnancy
induces a variety of significant physiological changes which may affect LTG
pharmacokinetics and lead to a fall in its serum concentrations [62, 63]. Further
knowledge of the mechanisms behind pregnancy-induced changes in the
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pharmacokinetics of LTG was desirable. The study presented in paper V was performed
to address this issue.
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2 Aims

The general objective of this thesis was to extend the knowledge on the clinical
pharmacokinetics and use of lamotrigine, with a particular focus on women. The
specific aims were:

— to collect and analyse epidemiological data and to document current status,
trends and historical changes in the clinical use of LTG

— to document and evaluate possible drug interactions with other drugs
— to study and describe age- and gender-related aspects of LTG pharmacokinetics

— to investigate practical aspects related to the increasing use of LTG in women,
especially the impact of hormonal contraception and pregnancy on LTG
pharmacokinetics

— to describe and investigate the nature of the underlying physiological
mechanisms which lead to changes in LTG pharmacokinetics in pregnancy
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3 Methods

3.1 Data collection

Table 2 gives a methodological overview of the papers included in this thesis.

Table 2. Methodological overview

. . Pro-/retro-
Study design Study subject . n
spective
Paper | Database analysis routine samples retrospective | 12 107
Paper Il Database analysis routine samples retrospective | 1733
Paper llI Clinical study women with epilepsy prospective 45
Paper IV Case study women with epilepsy prospective 2
. pregnant women with .
PaperV Clinical study . prospective 21
epilepsy
routine samples from
Paper VI Database analysis patients aged 2-19 retrospective 744
years

For papers I, Il and VI, the database of the Department of Clinical Pharmacology at St.
Olavs University Hospital was used. This database consists of data from routine sam-
ples sent to the department for measurement of the serum concentration of drugs.
The request form asks for exact times of intake of the last dose and blood sampling,
daily dose, number of daily intakes, diagnosis, and co-medication. Age and gender was
derived from each individual’s population registry number found on the request form.
Samples without information on dose and/or time interval between last dose and
sampling were excluded from evaluation. Moreover, only samples taken 10-24 hours
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after intake were included. Samples with a serum concentration below the lower limit
of quantification of the analytical method were excluded from all studies.

Paper Il was a three-armed, open, prospective study. LTG serum concentrations of 45
consecutively enrolled women, either using no hormonal contraception, an EE-
containing COC, or a progestin-only compound, were measured. Some women partici-
pated in more than one group and thus served as their own controls in a cross-over
fashion. Blood samples were drawn drug-fasting in the morning and at steady-state
conditions, but not standardized in relation to the menstrual cycle. Time intervals be-
tween blood samplings in patients who changed group were at least one month to
allow wash-out, and their LTG doses remained unchanged.

For paper IV, repeated blood samples were taken from two female outpatients, and
the serum concentrations of LTG, estradiol and progesterone were determined. All
blood samples were taken by the same nurse under identical conditions. The time in-
tervals from intake of the last dose to blood sampling were always between 10-14
hours. The time intervals between consecutive samples did not exceed three days. This
study design required an extremely high degree of co-operation from the participants,
which may explain that only two patients could be recruited. In both patients, com-
pliance was found to be excellent.

Paper V was an open, prospective clinical study. A total of 21 pregnant outpatients
treated for epilepsy with LTG, were consecutively included. Exclusion criteria were:
liver- or kidney disease and co-medication with carbamazepine, oxcarbazepine, pheny-
toin, phenobarbital, primidone, valproate, topiramate, rifampicin, fluoxetine or lithium
[64]. Patients with a history of low treatment adherence or substance abuse were also
excluded. Patients were asked to enroll as soon as the attending neurologist had been
informed about their pregnancy. Thus, all patients were in gestational week 5 or later
at the time of the first visit. Baseline samples were collected at least four weeks post-
partum since it had been shown that LTG pharmacokinetics return to pre-pregnancy
values within two to three weeks after delivery [54, 55, 59, 65].

Morning trough blood samples were collected at the first visit, and then once every
month throughout pregnancy. Body weight was recorded at each visit.

On two occasions, once in the third trimester and once at least four weeks after deli-
very, blood samples were taken at 0800 hours (drug fasting, immediately before the
morning dose), and then 2, 4, 8 and 12 hours after the morning dose. The 12-hour pe-
riod was chosen because all patients were on a twice-daily-regimen of LTG. The pa-
tients” urine was collected in the same 12-hour period.
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3.2 Sample analysis

Blood samples were centrifuged at 350 G for 10 minutes and the serum supernatant
was carefully transferred to sample vials. The total volume of the collected urine was
recorded and a 20 ml urine sample was taken for analysis of LTG and LTG-GLUC. Serum
and urine samples were stored at -18 °C until analysis.

Before analysis, urine samples were diluted 1:100 because of their very high LTG-GLUC
concentrations exceeding the assay’s measuring range. Apart from this, serum and
urine samples were treated identically. To 100 uL sample volume, 25 pL minoxidil (in-
ternal standard) and 75 pL 1 % formic acid were added. Serum and urine sample prep-
aration was then performed on OMIX™ Tomtec mixed mode phase SPE tips (Varian,
Walnut Creek, CA) by means of a Tomtec Quadra 96 model 320 automatic liquid hand-
ler (Tomtec, Hamden, CT) equipped with 1.2 ml Varian 96-well plates. The OMIX tips
were conditioned successively by methanol and 0.1 % formic acid. After sample aspira-
tion, the OMIX tips were washed with 1 % methanol and elution was performed with
50 pL methanol:ammonia (95:5).

The eluent was transferred to a deep well plate and injected on an Agilent MSD 1100
LC-MS system (Agilent, Palo Alto, CA). The LC-MS system consisted of a G1379A de-
gasser, a G1311A quaternary pump, a G1313A auto sampler, a G1316A column oven
and a G1946D mass spectrometer. Separation was performed on a Supelguard Discov-
ery 18 (20 x 4 mm) column with a mobile phase consisting of methanol:formic ac-
id:ammonium acetate (3:6:91) at a flow of 1000 ml/min. LTG was monitored after posi-
tive APCl ionization at m/z 256.3 (target ion) and 258.3 (qualifier ion), LTG-GLUC at m/z
432.3 (target ion) and 434.3 (qualifier ion), and the internal standard minoxidil at m/z
210.1 (target ion) and 164.1 (qualifier ion).

The calibrated ranges in both serum and urine were 0.5 — 10 ug/mL (LTG) and 1-20
pg/mL (LTG-GLUC). Three quality control samples of LTG and LTG-GLUC, covering the
range from 0.5 - 20 ug/mL, were analysed with every sample batch. Between-day ana-
lytical variation of quality controls in serum was better than 8.4 % at 0.5 pug/mL and
10.4 % at 10 pg/mL for LTG, and 10.3 % at 1 ug/mL and 17.5 % at 20 pg/mL for LTG-
GLUC. Analytical variation in urine was better than 4.1 % at 1 ug/mL and 2.6 % at 10
ug/mL for LTG, and 7.4 % at 2 pg/mL and 10.5 % at 20 ug/mL for LTG-GLUC.

Serum estradiol analysis was performed on a Roche Modular E 170. The calibrated
measuring range of this method was 5.0-4300 pg/mL (CV ranging from 2.2 to 12 %).
Progesterone, erythrocyte volume fraction (EVF), serum sodium, serum creatinine and
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serum bilirubine were analyzed by the respective routine methods of the Department
of Medical Biochemistry at St. Olavs University Hospital.

3.3 Data analysis

Calculations were performed by Kinetica 5.0, Microsoft Excel 2007, SPSS 15, and the
statistical software R. Where necessary, dose-corrected LTG and LTG-GLUC serum
concentrations were calculated by dividing the serum concentration (mg/L) by the
daily LTG dose (mg/day) in order to compensate for possible dose adjustments. In
paper V, some pharmacokinetic calculations were performed after dose-normalisation.

For the pharmacokinetic calculations in paper V, a one-compartment model with first-
order absorption and elimination was chosen [7, 14]. Five serum concentration/time
points per participant were available for calculation of baseline and month 8
pharmacokinetic parameters, respectively. To enable comparison between dose-
dependent pharmacokinetic parameters at baseline and at month 8 despite dose
adjustments, dosages and the corresponding values were normalized to 400 mg/day.
Renal clearance (CLgr) was calculated using the following formula:

where Cy = concentration in collected urine (in mg/L); Q = total urine volume excreted
during the 12-hour collection period (in L/h); Cs v = average serum concentration at
steady state during one dosing interval (in mg/L).

Because of different times of enrolment and possibility to participate, study subjects
contributed in various degrees to paper V. Mean values were therefore calculated
from pooled data of a varying number of contributing individuals (minimum n =5,
maximum n = 20).

Results in all papers are generally presented as mean = standard deviation except
where otherwise stated. According to the various study designs, different statistical
tests were used for comparison between groups (t-test, z-test, Wilcoxon rank sum
test). A p-value <0.05 was considered statistically significant in all studies.
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3.4 Ethics

All studies were approved by the Regional Ethics Committee in Mid-Norway. With
respect to the prospective studies (papers I, IV and V), all participants were informed
both orally and in written form, and gave their written consent before enrolment.
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4 Results

4.1 Overview

According to papers | and Il, the median CDR is about 0.06, which means that, e.g. a
daily dose of 200 mg LTG will give a serum concentration of 12 pmol/l. Male patients
will have only slightly lower serum concentrations than women. Children and the eld-
erly have higher serum concentrations per mg LTG given than adults aged 20 - 65.

The majority of today's LTG-users are women, and most prescriptions of LTG are for
psychiatric disorders (papers |, Il and VI).

With regard to drug interactions, the findings of previous studies could not only be
confirmed, but also further quantified. Classical enzyme inducers such as car-
bamazepine, oxcarbazepine, or phenytoin reduce LTG serum concentrations, while co-
administration of valproate leads to higher serum levels. EE-containing COCs reduce
LTG serum concentrations, while progestin-only contraceptives do not (papers Il and
IIl). Moreover, evidence is provided that it is indeed the EE in COCs which reduces LTG
levels, and not the progestin-component (paper lil).

The fluctuations of estradiol and progesterone during a normal menstrual cycle do not
seem to affect LTG kinetics to a clinically relevant degree (paper IV). By contrast, preg-
nancy may reduce LTG serum levels by over 50 % with a rapid decline in the first tri-
mester. This is mainly due to increased renal blood flow, followed by estradiol-induced
glucuronidation (paper V).

4.2 Summary of paper |

Trends and changes in the clinical use of lamotrigine.

Arne Reimers. Pharmacoepidemiology and Drug Safety 2009;18(2):132-9.
Purpose: To investigate long-term trends and changes in the pattern of use of LTG.
Methods: Retrospective survey of a routine therapeutic drug monitoring database.

Results: 12,107 samples analysed from October 1999 to May 2007 were surveyed ret-
rospectively. During this period, the mean daily dose rose from 183 to 253 mg. The
majority of samples are taken from female LTG users. The distribution of neurological
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and psychiatric diagnoses differed between male and female patients. The mean pa-
tient age increased from 34 to 41 years. The proportion of samples from psychiatric
patients became larger than that of neurological patients, and is still growing. A total
of 131 different diagnoses were stated, most of them psychiatric. The mean serum
concentration was 14.8 umol/L, and remained quite stable during the whole observa-
tion period. Neurological patients had higher mean serum concentrations than psy-
chiatric patients. Thirty percent of the neurological and 41 % of the psychiatric patients
had serum concentrations below the reference range. 68 % of the patients used addi-
tional medication. Among the 10 most frequent co-medications were five psychotropic
drugs, two anticonvulsants, and two sedatives.

Conclusions: Significant trends and changes in the pattern of use of LTG have taken
place during the observation period. These findings may be useful for discussions
where detailed pharmacoepidemiological information is needed.

4.3 Summary of paper Il

Drug interactions between lamotrigine and psychoactive drugs: Evidence from a
therapeutic drug monitoring service.

Arne Reimers, Eirik Skogvoll, Janne Kutschera Sund , Olav Spigset. Journal of Clinical
Psychopharmacology 2005;25(4):342-348

Purpose: To present a systematic study on the interaction potential of LTG, with focus
on psychoactive drugs.

Methods: A review of routine serum concentration measurements of LTG performed
in our laboratory yielded a total of 1733 serum samples from 829 patients (530
women, 299 men) suitable for statistical analysis.

Results: Main results for the whole study population were (median; interquartile range
in parentheses): dose, 200 (100-300) mg; serum concentration, 2.97 (1.82—-4.74)
mg/mL; LTG-CDR, 14.8 (9.9-24.6) (ng/mL)/(mg/d). A linear mixed model, allowing mul-
tiple observations from the same patient, was used to identify and quantitate the ef-
fect of factors influencing the LTG-CDR. In addition to age and gender, a total of 35
different co-medications (25 drugs used in psychiatry as well as 10 other drugs) were
evaluated. With women younger than 70 years as the reference group, factors found
to lower the LTG-CDR significantly were: male gender, and co-medication with car-
bamazepine, ethinyl estradiol, fluoxetine, lithium, phenytoin, phenobarbital, or topi-
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ramate. Factors associated with a significantly higher LTG-CDR were: age > 70 years,
and co-treatment with valproate. No antidepressants other than fluoxetine and none
of the antipsychotic drugs included were associated with an altered LTG-CDR.

Conclusions: Concerning pharmacokinetic drug interactions, we conclude that LTG can
be safely combined with most psychotropic drugs.

4.4 Summary of paper lll

Ethinyl estradiol, not progestogens, reduces lamotrigine serum concentrations.

Arne Reimers, Grethe Helde, Eylert Brodtkorb. Epilepsia 2005;46(9):1414-7

Purpose: To study the interaction between LTG and hormonal contraception.

Methods: LTG serum concentrations of female patients using either no hormonal con-
traception (n=18), an EE-containing (n = 11) or a PG-only-containing compound (n =
16) were analysed. Patients were recruited prospectively, and blood samples were
drawn drug-fasting and at steady-state conditions. Comedication with enzyme induc-
ers, valproate, topiramate, or sertraline was not allowed.

Some patients changed group and thus served as their own controls. Samples were
analysed by a GC/MS method. The Mann-Whitney U-test was used for statistical com-
parison of the groups.

Results: The LTG-CDR, expressed as (mg/L)/(mg/d) was significantly lower in women
using EE than in the control group (mean + SD, 0.010 + 0.004 vs. 0.017 + 0.006, p =
0.003). The CDR in women using PG was 0.02 + 0.007 which was not statistically differ-
ent from controls. Also, there was no difference in CDR between women using either
oral, topical or parenteral PG. Five women switched from the control to the EE group
and experienced a considerable reduction in CDR. A rise of the CDR towards control
level was seen in the two women who changed from EE to PG.

Conclusions: 1t is the EE component of oral contraceptives which interacts with LTG.
The PG-only compounds did not alter LTG serum concentrations in this study. These
findings should be considered when treating and counselling women with epilepsy in
childbearing age.
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4.5 Summary of paper IV

Lamotrigine serum concentrations throughout the menstrual cycle — a study of two
subjects.

Arne Reimers, Eylert Brodtkorb, Grethe Helde, Olav Spigset. Journal of Clinical Neuro-
pharmacology 2006; 29(3):160-2

Purpose: To measure the serum concentrations of LTG throughout a complete men-
strual cycle.

Methods: Serum concentrations of LTG, estradiol, and progesterone throughout a
menstrual cycle were measured in two young women not using hormonal contracep-
tion.

Results and Conclusions: The physiological hormonal fluctuations during an ovulatory
cycle were not associated with clinically relevant changes in LTG serum concentrations.

4.6 Summary of paper V

Lamotrigine and its N2-glucuronide during pregnancy: the significance of renal clear-
ance and estradiol.

Arne Reimers, Grethe Helde, Geir Brathen, Eylert Brodtkorb. Epilepsy Research. Sub-
mitted November 01, 2010.

Purpose: To investigate the physiological mechanisms behind the pronounced decline
of LTG serum concentrations during pregnancy.

Methods: Serum and urine concentrations of LTG and its main metabolite, LTG-GLUC,
were measured monthly in 21 pregnancies of 19 women using LTG. Simultaneously, a
panel of biochemical variables was monitored to evaluate liver and kidney function
and possible hemodilution effects. Pharmacokinetic parameters were calculated once
at baseline and once in gestational month 8.

Results: Initially, LTG and LTG-GLUC serum concentrations fell simultaneously by 27 %
and 38 %, respectively (gestational month 2). Subsequently, the ratio of the LTG-
GLUC/LTG serum concentrations increased gradually, correlating strongly with rising
serum estradiol concentrations. In gestational month 8, the ratio was 164 % higher
than at baseline. At that time, LTG total clearance had increased by 118 %, and the
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amount of unchanged LTG in urine had dropped by 40 % while the amount of LTG-
GLUC had increased by a corresponding 37 %.

Conclusions: The simultaneous decline of LTG and LTG-GLUC serum concentrations in
early pregnancy suggests that in this phase, increased renal blood flow is the major
cause. After gestational month 2, estradiol-induced glucuronidation of LTG becomes
more important, leading to a further fall of LTG serum concentrations and a gradual
rise of the LTG-GLUC/LTG-ratio through the remaining pregnancy. An expanded vol-
ume of distribution may also contribute to reduced LTG serum concentrations in preg-
nancy.

4.7 Summary of paper VI

Lamotrigine in children and adolescents: The impact of age on its serum concen-
trations and on the extent of drug interactions.

Arne Reimers, Eirik Skogvoll, Janne Kutschera Sund, Olav Spigset. European Journal of
Clinical Pharmacology 2007;63(7):627-629

Purpose: To investigate the impact of age and co-treatment with other drugs on the
serum concentrations of LTG in children and adolescents.

Methods: A review of routine serum concentration measurements of LTG performed in
our laboratory yielded a total of 744 serum samples from 296 subjects (110 males, 186
females, age 2 to 19 years) suitable for statistical analysis. The primary outcome
variable was the dose-corrected lamotrigine serum concentration, expressed as the
CDR. A linear mixed model, allowing multiple observations from the same patient, was
used to identify and quantify the effect of factors influencing the LTG-CDR.

Results: According to the model, the LTG-CDR decreases by 6 % per year of age.
Valproate and levetiracetam were found to raise the LTG-CDR, whereas the following
co-medications reduced it: carbamazepine, clobazam, 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 LTG 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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5 Discussion

5.1 Pharmacoepidemiological aspects

Previous pharmacoepidemiological studies of LTG investigated mainly its clinical effec-
tiveness and safety issues [39-44]. The study presented in paper | adds more specific,
diagnosis-related information on the clinical use of LTG.

Since its introduction, LTG has undergone an interesting development. In the begin-
ning an add-on drug for localisation-related epilepsy, it is now the most used AED in
Norway [5]. It has not only become a first-line monotherapy treatment for both local-
isation-related and generalised epilepsies, it has also become a widely used drug in
psychiatry, being prescribed for a plethora of diagnoses, most of them being off-label.
It also appears that LTG is emerging as a first-line treatment for women during their
reproductive years [66] and during pregnancy [67, 68]. Paper | suggests that prescrip-
tions for psychiatric conditions exceed the number of prescriptions for neurological
disorders in Norway, and that females appear to represent the majority of LTG users.
In fact, in 2009, 13208 individual LTG users were females vs. 9140 males, according to
the Norwegian prescription registry [5]. However, this may not necessarily be the case
in other countries, where treatment guidelines, health care regulations and medical
traditions may lead to different patterns of use of LTG [69].

Comparisons of pharmacoepidemiological studies from different countries should be
done with caution if such studies are based on data from prescription databases where
the mere number of prescriptions is counted, either as original prescriptions or as De-
fined Daily Doses (DDDs). AEDs are not only used for treating epilepsy. In Norway, LTG
is now predominantly used for psychiatric disorders, as suggested by paper I. Other
AEDs as well are widely used for non-epilepsy conditions like mood disorders, migraine
or pain, where different daily doses may be used [36, 37, 70-72]. Thus, the number of
prescribed DDDs alone does not indicate the disorder that the drug was prescribed for
and gives weak, if not false, results when used for calculation of, e.g. disease preva-
lences [73]. In addition, the prevalence of psychiatric comorbidity in epileptic patients
may be as high as 32 % [74]

Moreover, the DDD of a certain drug as defined by the WHO is "the assumed average
maintenance dose per day for a drug used for its main indication in adults" [75]. From
this definition, it becomes clear that the DDD does not necessarily reflect the real av-
erage dose used in everyday clinical practice, especially when a drug classified as an

AED in reality is mainly used against non-epilepsy conditions, where other mean daily
dosages may be common [72]. Indeed, both the mean and the median doses found in
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paper | were considerably lower than the DDD of 300 mg as suggested by the WHO
[76]. This finding confirms the results of a previous study suggesting that, compared to
clinical practice, the DDD appears to be too high and should be reconsidered [77]. In
addition, commonly used doses and, thus, serum concentrations, of LTG may differ
considerably between countries, as discussed in paper .

Papers | and Il show that the gender difference was small during the first years after
LTG was launched, but has increased ever since (figure 5).
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Figure 5: Cumulative number of female (solid line) and male (dotted line) patients dur-
ing the observation period (October 1999 — May 2007).

Data from the Norwegian prescription database confirm this [5]. This development
may be due to changing use of LTG which initially was restricted to epilepsy where the
gender difference is indeed small, whereas affective disorders are more frequent in
females. Additionally, it may also reflect that LTG is particularly recommended for fer-
tile women, mainly because it does not impair hormonal contraception, its lack of en-
docrine side effects, and the notion that it is less teratogenic than other drugs, particu-
larly, valproate [78-82]. On this background, one would expect a lower mean age of
females compared to male LTG users. However, paper | did not confirm such a differ-
ence, and it can only be speculated on the reasons.
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On average, females have seven percent higher LTG serum concentrations per mg
given than males, but this difference is hardly of clinical relevance. Also, the mean and
median daily doses of males and females are practically identical. Consequently, the
CDR also is essentially similar. However, this applies to the entire study population.
The large standard deviations indicate that there may be considerable differences be-
tween individuals.

As shown by paper |, the majority of LTG prescriptions is at present given for psychiat-
ric conditions (figure 6).
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Figure 6: Cumulative number of psychiatric (solid line) and neurologic (dotted line) di-
agnoses during the observation period (October 1999 — May 2007).

LTG is licensed in many countries, including Norway, for the prevention of depressive
episodes in patients with bipolar disorder [83]. However, about 45 different psychiatric
diagnoses (ICD-10 first level codes) were stated on the laboratory request forms, which
implies a considerable degree of off-label use of LTG (table 3).
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Table 3: Diagnoses as provided on the laboratory request forms. Number of samples (n)
in brackets. Second level codes/subdiagnoses (e.g., G40.1) not shown.

Major (first level) ICD-10 code

Neurologic (2,877)

epilepsy (2,843) G40; G41

other neurologic (34) G10; G25; G32; G35; G43; G50; G61
Psychiatric (4,289)

bipolar (1,750) F31

manic (14) F30

other affective (935) F32; F33; F34; F38; F39

schizoaffective (242) F25

schizophrenic and delusional (186) |F20; F21; F22; F29

neurotic, stress-related and F40; FA1; FA2; F43; F44; FA5; F48

somatoform (169)

behavioural syndromes (15) F50; F51

personality disorders (140) F60; F62; F63; F69

mentally retarded (4) F70; F71; F79

impaired psychological F84; F89;

development (37)

dementia (9) FOO; FO1; FO2; FO3

other psychiatric (86) FO6; F10; F12; F13; F15; F19; F90; F91; F94;

F95

unspecified psychiatric (702) F99

Other (43) Q90; nursed infant of mother using LTG

In other words, LTG is widely being used for poorly documented or even undocumen-
ted conditions. The reasons remain to be elucidated, but this finding recalls the gabap-
entin story which received much attention some years ago. In brief, the AED Neu-
rontin’ (gabapentin) had been massively marketed for off-label indications, mainly
bipolar disorder, despite two double-blind, randomised controlled trials demonstrating
its lack of efficacy in this indication. At one point, over 78 % of all Neurontin” prescrip-
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tions were for off-label uses [84]. The story ended in 2004 in a lawsuit where the man-
ufacturer pleaded guilty and was fined 430 million dollars for illegal marketing practic-
es [84-87].

Papers | and Il demonstrate that roughly 70 % of LTG users take at least one drug in
addition to LTG, although this figure does not distinguish between neurological and
psychiatric patients. However, polypharmacy is very common in psychiatry. The num-
ber of additional drugs in these two studies ranged from 1-19. Interestingly, female
patients used significantly more additional drugs than men, on average three (vs. two).
Polypharmacy implies a risk for drug-drug interactions, and of course, the risk grows
with increasing number of drugs prescribed to a single person. LTG is subject to various
drug interactions because of its extensive metabolism [88].

5.2 Concentration-dose relationship

The serum concentration of LTG is directly proportional to its dose (linear, first-order
kinetics) [7, 8, 16, 17]. In the individual patient, the new serum concentration after a
dose change may thus be predicted on the basis of any serum concentration measured
before the dose change. A practical tool for calculation is the CDR, which is derived by
simply dividing the measured trough serum concentration by the actual daily dose. The
CDR may also be used reversely, i.e., to determine the dose needed to achieve a de-
sired serum concentration.

We found that the mean LTG-CDR of the whole study population was 0.06, which
means that, on average, 1 mg LTG will give a serum concentration of 0.06 pmol/I. Ac-
cordingly, the median daily LTG-dose of about 230 mg (papers | and Il) would give 13.8
umol/Il, which is near the lower bound of the generally accepted reference range of 10-
50 umol/Il. However, these are average values for a whole population. Age, sex, co-
medication and, presumably, pharmacogenetic polymorphisms all are factors which
may affect the LTG-CDR significantly in the individual patient, as described in detail in
papers |, 11, Il and VI.
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Figure 7: Scatterplot of serum concentration vs. daily dose of LTG (n = 11 855). Each dot
represents one sample.

In fact, the 10- and 90-percentiles of the LTG-CDR were 0.03 and 0.16, respectively,
indicating large interindividual variation, and underlining the usefulness of therapeutic
drug monitoring (figure 7).

On the other hand, the intraindividual variation of the LTG-CDR is low (paper ll). Thus,
the CDR of the individual patient may be a simple and useful tool in the management
of patients treated with LTG.

5.3 Drug interactions

Drug-drug interactions are a major problem in both primary care and hospital medi-
cine [89-92]. They may lead to adverse drug reactions, cause or prolong hospital ad-
missions, and they may even be fatal [93-96]. Since LTG is often prescribed together
with other drugs (papers |, Il and VI), physicians should be aware of its interaction po-
tential.
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LTG is a weak inducer of its own metabolism [15], but apart from single reports, there
is no evidence that it affects the pharmacokinetics of other drugs. It has been ob-
served, though, that the combination with carbamazepine may put patients at a higher
risk for neurotoxic side effects, but this appears to be due to a pharmacodynamic inte-
raction rather than a pharmacokinetic one [97-100].

However, the metabolism of LTG itself may be considerably affected by other drugs.
Classical enzyme inducers like carbamazepine, phenytoin and phenobarbital decrease
its serum concentrations by about 50 %, whereas valproate, a classical enzyme inhibi-
tor, roughly doubles them. Treatment with LTG in patients using valproate requires
particular attention to avoid potentially lethal hypersensitivity reactions like Stevens-
Johnson syndrome or toxic epidermal necrolysis, as high serum concentrations of LTG
may facilitate the formation of toxic or reactive metabolites [101-107]. These impor-
tant interactions were discovered soon after the introduction of LTG [19] and have
since been confirmed by multiple studies, including papers | and II. Interactions with
enzyme inducers and -inhibitors can, theoretically, completely be compensated for by
simply adjusting the LTG dose. In addition, serum level monitoring of LTG is easily ac-
cessible in Norway, and represents a practical tool to find the right dose. Despite of
that, the mean LTG serum concentration in users with concomitant valproate is consi-
derably higher than the population average, while it is considerably lower in patients
using enzyme inducers (paper 1). Several clinical studies have postulated a therapeutic
synergism between LTG and valproate which is independent of pharmacokinetic inte-
ractions [107, 108]. However, due to methodological weaknesses in these studies, it
cannot be ruled out that this putative synergism is in fact caused by increased LTG se-
rum levels.

Less well established than the above discussed interactions is the interaction with topi-
ramate, described in paper Il, which may lead to decreased serum levels of LTG. While
one previous study found similar results [109], two others did not [110, 111]. However,
given in doses >200 mg/day, topiramate induces the metabolism of EE [112], and EE,
like LTG, is a UGT-substrate [113]. Thus, clinicians should be aware of this possible drug
interaction.

While these interactions were not really surprising, the interaction of LTG with COCs
was unexpected. Epileptologists had for decades been aware of the fact that enzyme
inducing AEDs weaken the effect of hormonal contraception [114-116]. By contrast, a
drug interaction in the form of an impaired effect of the AED while the effect of the
COC remains unaltered was new and surprising at the time of its discovery. This may
explain why the LTG-COC interaction was not reported until 2001 [23], more than 10
years after the first launch of LTG in the UK [117]. On the other hand, EE, which
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represents the estrogen component in most COCs, has long been known for its poten-
tial to affect other drugs through induction of UGT [118-120]. Today, it is well estab-
lished that COCs may reduce LTG serum concentrations by >50 % [23, 47, 121-124].
The growing interest in the effect of COCs on the metabolism of LTG raised the ques-
tion whether COCS also affect the serum concentrations of valproate, an AED which
also is mainly metabolised by glucuronidation [125, 126]. Indeed, COCs have been
found to increase the clearance of valproate, although to a much lesser, and presuma-
bly clinically irrelevant, degree than LTG [24, 25].

COCs consist of a synthetic estrogen (usually EE) and a progestin component. Thus, the
decrease of LTG serum concentrations might theoretically be caused by a) EE alone, b)
the progestin alone, or c) both of them. Paper lll strongly suggests that it is indeed EE
alone which decreases LTG serum concentration, and that progestins do not affect LTG
kinetics, regardless of their mode of administration (figure 8). On the other hand, LTG
may reduce the serum levels of levonorgestrel (a progestin commonly used in COCs),
but only to a minor, clinically insignificant degree [122].
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Figure 8: Boxplot showing the median (horizontal line), interquartile range (lower and

upper edge of the box) and total range of the LTG-CDR of the 3 study groups. EE:
ethinyl estradiol; PG: progestin. ***: p = 0.003 vs. control group.

Interestingly, it has also been found that in COC users, LTG serum levels increase by up
to 116 % within the pill-free week [48, 121], which practically represents a complete
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reversal of the enzyme-inducing effect of the COC. In fact, LTG levels increased by 27,
63 and 116 % on days 3, 5 and 7 days after cessation of the COC, respectively [48].
Likewise, the inducing effect of EE-containing COCs develops within one week [121].
Thus, the LTG-EE interaction is characterised by an unusually rapid induction and dein-
duction of UGT1A4.

5.4 Hormones and the menstrual cycle

The discovery of the LTG-EE interaction raised the question if, and to what extent, en-
dogenous female sex hormones, particularly estradiol, do interact with LTG. Endoge-
nous estradiol is known as both a substrate and an inducer of UGT [31, 127]. Because
of the unusually rapid induction and de-induction of LTG metabolism, it was of special
interest to find out whether the physiologic fluctuations of estradiol during a normal
menstrual cycle may have an impact on LTG pharmacokinetics. Paper IV showed that
LTG serum concentrations are quite stable throughout the whole cycle, although one
of the subjects in this paper showed a slight, clinically insignificant decrease in the lu-
teal phase when estradiol and progesterone serum concentrations are high. A similar
decrease has been described in a later study [24], but also here the change was consi-
dered clinically insignificant. Moreover, yet another study did not find significant fluc-
tuations of the LTG clearance during the menstrual cycle [128].

Different types of estrogen vary in the strength of their pharmacologic effects, and
several forms of synthetic estrogens that are used in COCs may be more enzyme induc-
ing than estradiol [129, 130]. This might possibly account for the apparently greater
effect of COCs than the cyclic variation of estradiol during the natural menstrual cycle.
If this hypothesis is correct, it implies that larger variations of estradiol serum levels
than those present during a menstrual cycle may affect LTG serum concentrations.
During pregnancy, estradiol levels rise several hundred times and, indeed, LTG levels
may decrease by more than 60 %.

5.5 Pregnancy

The decrease of LTG serum concentrations during pregnancy was first described by a
case report in 1997 [53] and later confirmed by several small studies [33, 54-59]. These
studies showed that LTG clearance increases by 65 - 230 %, while its serum concentra-
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tions may decrease by more than 60% in pregnant women. The results presented in
paper V confirmed these previous findings, and provided additional evidence for in-
creased glucuronidation of LTG during pregnancy, as we could demonstrate that the
ratio of the mean LTG-GLUC/LTG serum concentrations increases throughout gestation
(figure 9).

L-GLUC/LTG ratio (%)

100 € / T T T T T T 1

BL 2 3 4 5 6 7 8 9

Gestational month

Figure 9: Relative change of the mean LTG-GLUC/LTG serum concentration ratio during
pregnancy (baseline = 100%, n = 5-20). BL: baseline

The maximum increase, observed in gestational month 8, was is in good agreement
with the results of a previous study [33]. Moreover, while the proportion of LTG ex-
creted in urine as the unchanged parent drug decreased by 40 %, the amount found as
the LTG-GLUC metabolite increased by almost the same amount (37 %; table 4 in paper
V). These findings strongly suggest increased glucuronidation of LTG during pregnancy.

In addition, paper V also shows a strong correlation between rising estradiol serum
concentrations and the increasing LTG-GLUC/LTG ratio (figure 10).
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Figure 10: LTG-GLUC/LTG ratio at each gestational month as a function of estradiol
serum levels (n = 7-13)

Of course, such a correlation may be due to coincidence. However, there are several
findings which strongly suggest a causal relationship:

1. Ethinyl estradiol, a synthetic estrogen, induces UGT enzymes and may reduce LTG
serum levels by over 50 % [34, 47, 119, 120].

2. Animal data show that UGT1A1 and UGT1A4 are in fact induced during pregnancy
[131].

3. In-vitro experiments with human liver- and breast-cancer cells show that endoge-
nous estradiol induces the up-regulation of UGT1A4 [127] and UGT2B15 [132].

4. Hormone replacement therapy with natural equine estrogens may reduce LTG se-
rum levels by 25-30 % [133].

Thus, there appears to be sufficient reason to assume that the strong correlation be-
tween elevated estradiol levels during pregnancy and increased glucuronidation of LTG
is due to causality rather than coincidence.

An important finding in paper V, which previously was unrecognised, is that LTG serum
concentrations decrease markedly already in gestational month 2 and by 50% in
month 3, and that this early decrease is mostly due to increased renal blood flow. It
appears that induced glucuronidation becomes predominant first later in pregnancy,
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as can be seen from the course of the LTG-GLUC serum concentrations. It is important
that clinicians are aware of this early, first-trimester fall of LTG serum levels, as de-
creased serum concentrations of LTG have previously been found to represent a sig-
nificant risk for seizure deterioration in pregnant patients [57, 60, 65].

5.6 UDP-glucuronosyltransferase (UGT)

Glucuronidation is the conjugation of glucuronic acid to an exogenous or endogenous
substrate with a functional group, e.g. an amine, carboxylic acid, thiol, or hydroxyl
group. This conjugative reaction is catalysed by UGTs. Although predominantly ex-
pressed in the liver, UGTs have been found in a large variety of tissues and organs [26-
30]. Glucuronidation is an important metabolic pathway for many drugs, including
AEDs like LTG and valproate which are mainly excreted as their glucuronides [125, 126]

Generally, UGTs are less well studied than the cytochrome P450 (CYP) system, as clear-
ly illustrated by the number of publications. A PubMed search for "UGT" on November
25, 2010 gave 1304 hits, while "CYP" yielded 7762 hits [134]. However, a large number
of medicinal drugs are primarily metabolised by UGTs, and there is growing interest
and increasing knowledge concerning UGTs.

There is considerable interindividual variation in UGT activity. Age, gender, co-
medication with enzyme inducers or -inhibitors, and genetic polymorphisms are fac-
tors that have been implicated as sources of this variability. However, the significance
of these factors may vary for the individual UGT isozyme [135, 136]. A four to five-fold
interindividual variability in the activity of UGT1A4 has been demonstrated in experi-
ments with human liver cells [137]. Papers Il and VI also revealed considerable interin-
dividual variability in the kinetics of LTG.

LTG is mainly metabolised by UGT1A4, although a minor role of UGT2B7 is currently
being disputed [137-139].

Two genetic polymorphisms associated with reduced UGT1A4 activity, with a preva-
lence of eight and nine percent, respectively, have so far been described [140]. The
degree at which UGT1A4 activity is reduced differs between the two mutations and
may range from about 30 % to 100 % (i.e., a complete loss of catalytic activity), de-
pending on the substrate studied. However, the effect of these polymorphisms on LTG
biotransformation has not been examined and, thus, their clinical relevance remains
unclear.
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Sex differences in UGT activity are comparatively small, if we put pregnancy aside
[135]. Indeed, paper Il found only minimal and clinically insignificant differences be-
tween male and female users of LTG. Other (albeit smaller) studies did not find any
gender difference at all [13-15].

As shown by papers Il, V and VI, the most important and clinically relevant factors af-
fecting LTG kinetics are co-medication, pregnancy and age.

5.7 Age

The expression of UGTs prior to and immediately following birth is quite limited, which
might explain the susceptibility of neonates and nursing infants to certain drug toxici-
ties [141, 142]. In the case of LTG, serum concentrations in nursing infants have been
reported to reach 9.2 to 22.7% of the mother's serum concentration [143]. Although
LTG is generally regarded as safe with breastfeeding, severe apnoea in a fully breast-
fed infant has recently been reported [144].

Previously, it has been proposed by population pharmacokinetic modeling that LTG
pharmacokinetics in children may not be related to age but to body weight [145]. Un-
fortunately, information on body weight was generally not available in our material.
However, in children, body weight is not an independent variable since it is strongly
determined by age [146]. Moreover, age does not only determine whole body weight,
but organ weight, enzymatic function and regional blood flows as well [142, 147-151].
Thus, it appears logical to focus on age as a determinant of drug disposition in children,
and we found indeed that age has a highly significant effect on LTG kinetics in children.

Paper VI shows clearly that the great interindividual variation in LTG CDR in 2-year old
children becomes less with increasing age (figure 11).
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Figure 11: LTG-CDR, expressed as (umol/L)/(mg/day), versus age (in years). Each dot
represents one sample. The line shows the expected effect of age on the LTG-CDR.

It is most likely that this phenomenon is due to maturating enzyme activity since it has
been suggested that maximum UGT1A4 activity is not reached before 19 years of age
[152]. The interaction of age with the effects of carbamazepine on LTG CDR fits very
well into this concept. We found that the impact of carbamazepine was most pro-
nounced in younger children and decreased with increasing age. Carbamazepine is a
classical enzyme inducer and enhances the glucuronidation of LTG [19, 21, 22, 153].
Thus, it appears logical that the enzyme-inducing effect of carbamazepine is greater at
a younger age, when the baseline glucuronidation capacity is low. The great interindi-
vidual variability of LTG kinetics in young children clearly requires close clinical follow-
up of these patients, and serum level measurements of LTG should be used as an aid in
finding the right dose.

Interestingly, it has recently been shown that human liver microsomes from elderly
subjects (>65 years) metabolise LTG as fast as microsomes from younger subjects
[137]. This is apparently in contrast to the finding of paper Il, that elderly patients have
a higher LTG CDR than younger patients. However, serum concentrations of LTG do not
depend on glucuronidation capacity alone. As indicated by paper V, renal blood flow is
a very important factor, and renal blood flow is usually decreased in the elderly. More-
over, the elimination half-life of lamotrigine has been shown to be approximately
doubled in uraemic patients, compared to healthy volunteers [154].
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6 Future perspectives

The papers presented in this thesis confirm and extend relevant knowledge on the
clinical pharmacokinetics of LTG. The methods used have their strengths, but also
some limitations, as discussed in detail in the respective papers. Thus, particularly the
new findings should be reproduced to confirm their validity.

Our results also raise new questions. For example, if part of the increased clearance of
LTG during pregnancy is due to estradiol-induced glucuronidation, does this glucuroni-
dation take place only in the liver? Since UGT is expressed in many extrahepatic tissues
including the placenta, does placental UGT contribute? If yes, to what extent? It has
been shown that LTG crosses the human placenta and is found in the newborn and
umbilical cord blood in considerable amounts [53, 58, 59, 155]. In vitro and ex vivo
studies suggest that human placenta at term does not metabolise LTG to a significant
degree [155-157]. On the other hand, UGT enzymes of the 1A family have been found
in human placenta [158]. Unfortunately, more specific data on the expression of the
various UGT1A isozymes in placenta is not available at present. There is some evidence
that not only UGT1A4, but also UGT2B7 may glucuronidate LTG to some (low) degree
[138, 139]. UGT2B7 has indeed been found in human placenta [159], but studies on
the significance of UGT2B7 for the metabolism of LTG have been contradictive [137].
More research is needed to clarify this issue.

Another question relates to the significance of pharmacogenetic polymorphisms of
UGT1A4. There is great interindividual variation in the pharmacokinetics and metabo-
lism of LTG and the impact of drug interactions or pregnancy varies considerably
among individuals. As mentioned in the Discussion section, two UGT1A4 polymor-
phisms have been discovered so far, but their impact on LTG metabolism has not been
examined. Moreover, further, yet undiscovered polymorphisms may exist. Since
UGT1A4 does not only metabolise LTG but other, frequently used drugs as well, phar-
macogenetic polymorphisms of UGT1A4 definitely deserve further study. A great num-
ber of genetic polymorphisms have also been discovered for other UGT isozymes. Their
clinical significance is largely unknown and should be explored.

It was the emerging knowledge on the LTG-COC interaction and decreased LTG serum
concentrations during pregnancy that opened a new perspective also with respect to
other drugs that are primarily metabolised by UGT. In recent years, the possible inter-
action of the AED valproate with COCs has received some attention. Other drugs which
are primary UGT substrates include the new AED retigabine and more established
drugs like, e.g., morphine, acetaminophen, benzodiazepines like oxazepam, irinotecan,
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tolbutamide or olanzapine, one of the most frequently used antipsychotics. The possi-
ble interactions of these and other UGT-metabolised drugs with COCs, and the possible

impact of pregnancy on their pharmacokinetics represent important areas for future
research.
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7 Conclusions

The analysis of extensive material from a routine drug monitoring database and three
prospective clinical studies yielded interesting and clinically relevant findings concern-
ing the clinical pharmacokinetics of LTG.

Paper | gave insight into the historical development and the current pattern of use of
LTG in Norway. From an epidemiological and from a public health viewpoint, it is
important information that the majority of LTG users are females, and that most
prescriptions are for a large variety of psychiatric conditions, many of them off-label.
Moreover, these trends appear to increase further and will, thus, become even more
important in the future.

Drug interactions with LTG are well-studied, and have been confirmed by papers I, llI
and VI. Moreover, paper Il provided first-time evidence that it is the estrogen
component in COCs (i.e., EE) which causes low LTG serum concentrations. By contrast,
progestin-only contraceptives may safely be combined with LTG treatment.

Since up to 90 % of an LTG dose is metabolised by UGT1A4, this enzyme plays a major
role concerning drug interactions with LTG. Apart from classical enzyme inducers like
carbamazepine or phenytoin, or the classical enzyme inhibitor valproate, estrogens
have turned out to affect LTG kinetics considerably. The synthetic estrogen derivative
EE as well as endogenous estradiol obviously increase UGT1A4 activity. Paper IV
demonstrates that the comparatively small physiological fluctuations of estradiol
during a normal menstrual cycle do not affect LTG kinetics to a clinically relevant
degree. By contrast, paper V shows a strong correlation between the several hundred-
fold increase of estradiol levels during pregnancy and the increasing rate of
glucuronidation of LTG.

On a general basis, UGT activity is relatively poor in young children, but increases with
age. This phenomenon is subject to large interindividual variability, as shown by paper
VI. Thus, the treatment of children with LTG or other drugs which are UGT substrates
demands close monitoring of these patients. Although the interindividual variability of
LTG kinetics decreases with age, it is still of considerable magnitude even in adults.
Drug interactions, pregnancy and, possibly, genetic polymorphisms may explain most
of these variations in this age group. Moreover, paper V demonstrates that renal blood
flow also may become a significant factor. This is of importance not only during preg-
nancy, when increased renal blood flow may contribute to low LTG serum concentra-
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tions. It may also become significant in individuals with reduced renal blood flow, e.g.
in renal disease, or in elderly patients treated with LTG.

Increased renal blood flow is assumed to be the major cause of the rapid fall of LTG
serum concentrations in early pregnancy (paper V). This is a previously unrecognised
finding and should be carried in mind when treating patients on LTG who want to be-
come pregnant.

Continued research is needed to further elucidate these issues.
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SUMMARY

Purpose To investigate long-term trends and changes in the pattern of use of lamotrigine (LTG).
Methods Retrospective survey of a large, routine therapeutic drug monitoring database.
Results Twelve thousand one hundred and seven samples from 4123 subjects were analysed from October 1999 to May 2007. Within this

period, the mean daily dose rose from 183 to 253 mg, whereas the median dose remained unchanged at 200 mg. Females became the majority
of LTG users, and they had a higher proportion of psychiatric diagnoses than male patients. The mean patient age increased from 34 to
41 years. The proportion of samples from psychiatric patients became larger than that of neurologic patients. A total of 130 different diagnoses
were stated, most of them psychiatric off-label. The mean serum concentration was 3.8 mg/L and it remained quite stable during the whole
observation period. Neurologic patients had a higher mean serum concentration than psychiatric patients. 30% of the neurologic and 41% of
the psychiatric patients had serum concentrations below the reference range. Sixty-eight per cent of the patients used additional drugs.
Females used a higher number of additional medications than males. The 10 most frequent co-medications consisted of seven psychotropic

drugs, two anticonvulsants, and thyroxine.

Conclusions Significant changes in the pattern of use of LTG have taken place during the observation period and some significant trends

could be identified. Copyright © 2008 John Wiley & Sons, Ltd.
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INTRODUCTION

Lamotrigine (LTG) was introduced in the early 1990s
and is today widely prescribed as an anticonvulsant to
adults and children. In recent years, it has also been
licensed for the treatment of bipolar disorder in many
countries. Serum concentration measurement of LTG
was established soon after its introduction.' Collected
systematically over long time, data from such
measurements may represent a platform for phar-
maco-epidemiological research and may reveal trends
and changes in the pattern of clinical drug use. Apart
from giving information about dosages, indications and
co-medications, such research may also address the
clinical relevance of recommended reference ranges,
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The author declares that he has no conflicts of interest.
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and to what degree treatment guidelines reflect clinical
reality (or vice versa).

Previous naturalistic studies on pharmaco-epide-
miological aspects of LTG-treatment investigated
mainly its clinical effectiveness and safety issues.”™®
Little is known about changes in its pattern of use over
time.”

Our laboratory receives serum samples from many
parts of Norway and has built up a database containing
data from several thousand serum samples analysed for
LTG over many years. In this article, we present a
survey of this database. The main aim was to
investigate trends or changes in the clinical use of
LTG, and to identify differences between patient
groups.

METHODS

All serum samples sent to our laboratory and analysed
for LTG in the period from October 1999 to May 2007
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were reviewed. Data from samples analysed before
October 1999 were not accessible due to technical
reasons.

All raw information linked to the samples was
transferred from the routine laboratory data system
(NonStopLab ver. 5.5.3, Tietoenator, Oslo, Norway) to
a spreadsheet program (Microsoft™ Excel 2007,
Microsoft Corp., Redmond, WA, USA). Patient names
were replaced by an electronically generated ID
number to secure privacy. Information on gender
was derived from each patient’s population registry
number. After calculation of the patient’s age at the
time of sampling, the population registry number
(which contains the date of birth) was also deleted.
Serum concentrations, originally recorded in molar
units, were converted to mass units using a conversion
factor of 3.9. The LTG serum concentration-to-dose
ratio (CDR) was calculated by dividing the serum
concentration by the total daily dose, i.e. CDR = (mg/L)/
(mg/day). Thus, the CDR represents the serum
concentration per each mg LTG given. (Note that by
transformation, this formula becomes CDR = 1/L x
day, which is equivalent to 1/oral clearance.)

In the final database, each sample had its own
dataset, consisting of the following variables: ID
number, sampling date, age at time of sampling,
gender, time between last drug intake and blood
sampling, total daily dose, CDR, diagnosis (ICD-10
coded), all co-medication (generic names), and
eventual other non-numeric information given on the
request form in free text.

Data are presented as mean = standard deviation
(SD) or as median and range, as appropriate. The #-test
or, where appropriate, the z-test, were used to calculate
p- Given the large sample sizes, the level for statistical
significance was set to p <0.01. As a rule, testing for
statistical significance was performed only in cases
where numerical differences were considered clini-
cally relevant.

Ethics

This survey has been performed in accordance with the
Norwegian rules and laws concerning privacy protec-
tion.

RESULTS

The final database consisted of datasets of
12107 samples analysed from October 1999 to May
2007. In many cases, the request forms had been filled
in only partially, yielding many incomplete datasets.
Accordingly, the number of samples used for each
statistical analysis varied.

Copyright © 2008 John Wiley & Sons, Ltd.
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Figure 1. Cumulative number of samples from female (solid line) and

male (dotted line) patients during the observation period (October 1999—
May 2007)

The mean time between last drug intake and blood
sampling was 13.9 £ 5.2 h, respectively (range: 1-38 h;
n=10515). Most (80%) of the samples had been taken
within 10.0-24.0h.

The mean number of samples analysed per month
was 136 +70. However, the mean number of samples
analysed per month in the first complete 6 months was
39 +£9 (November 1999-April 2000), whereas it was
258 =29 for the last complete 6 months (September
2006-February 2007) (p < 0.01).

Gender and age

Of the 12107 samples, 4745 were from males, and
7362 tfrom females. The samples could be assigned to
1695 male and 2428 female individuals. Thus, each
male and female patient contributed with an average
number of three samples. Over time however, there was
a clear trend towards a higher proportion of samples
from female patients (Figure 1).

Mean age + SD of the total study population was
39.3 £ 18.3 years (range: 0.2-94.5 years). There was
no significant difference between males and females:
the mean age of the male and female patients was
39.2 £ 18.7 years (range: 0.3-92.1 years), and 39.4 +
18.0 years (range: 0.2-94.5 years), respectively.

The mean age of subjects with a neurologic
diagnosis was 35+20years, while it was 41+
15years for subjects with a psychiatric diagnosis
(p<0.0001). Among neurologic patients, 7.8% were
younger than 10 years, and 25.5% were younger than
20years, while among those with a psychiatric
diagnosis, it was only 0.1 and 4.7%, respectively.

Over time, the mean patient age rose. While the
mean age for the first 1000 samples was 34 £ 19 years
(range: 1-89years), it was 41 £ 18 years (range: 0—
92 years) for the last 1000 samples. This difference was
highly significant (p <0.01).

Pharmacoepidemiology and Drug Safety, (2008)
DOI: 10.1002/pds



TRENDS IN LAMOTRIGINE USE

Table 1. Diagnoses as provided on the request forms

Major ICD-10 code

Neurologic (2877)
Epilepsy (2843)
Other neurologic (34)
Psychiatric (4289)
Bipolar (1750)
Manic (14)
Other affective (935)
Schizoaffective (242)
Schizophrenic and delusional (186)
Neurotic, stress-related and somatoform (169)
Behavioural syndromes (15)
Personality disorders (140)
Mentally retarded (4)
Impaired psychological development (37)
Dementia (9)
Other psychiatric (86)
Unspecified psychiatric (702)
Other (43)

G40; G41
G10; G25; G32; G35; G43; G50; G61

F31
F30
F32; F33; F34; F38; F39
F25
F20; F21; F22; F29
F40; F41; F42; F43; F44; F45; F48
F50; F51
F60; F62; F63; F69
F70; F71; F79
F84; F89;
F00; FO1; FO2; FO3
FO6; F10; F12; F13; F15; F19; F90; F91; F94; Fo5
F99
Q90; nursed infant of mother using LTG

Number of samples () in brackets. Subdiagnoses (e.g. G40.1) not shown

Diagnosis

The diagnosis was provided in 59.5% (n =7209) of all
samples. Table 1 gives an overview of the diagnoses
stated on the request forms. A total of 130 different
diagnoses were stated, most of them psychiatric off-
label. In 97 cases, more than one diagnosis was stated.
In 43 of them it was one or more psychiatric diagnoses
in addition to a neurologic (epilepsy: 91%), the
remaining cases were combinations of either 2 or
3 psychiatric diagnoses.

While females represented 53% of all neurologic
patients, they represented 65% of all psychiatric
patients. Also, the proportions of neurologic and
psychiatric diagnoses differed between males and
females. Of all male patients, 52.7% (n=1479)
had one or more psychiatric diagnoses and 47.3%
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Figure 2. Cumulative number of psychiatric (solid line) and neurologic
(dotted line) diagnoses during the observation period (October 1999—
May 2007)

Copyright © 2008 John Wiley & Sons, Ltd.

(n=1327) one or more neurologic, while the
respective numbers for females were 64.3% psychiatric
(n=2728) and 35.7% neurologic (n=1515). These
differences were statistically significant (p < 0.01 for
both diagnoses). The proportion of psychiatric
indications rose over time (Figure 2).

Dose

The mean total daily dose of the entire study population
(n=11855) was 229 £ 146 mg (median: 200 mg/day;
range: 5-1100mg). As can be seen from the moving
average line shown in Figure 3, the mean daily dose
rose from 183 &+ 136 mg (median, 150 mg/day; first
500 samples) to 253 4+ 158 mg (median, 200 mg/day;
last 500 samples). The difference between the mean
values was statistically highly significant (p <0.01).
However, it should be noted that the median value

1200

:

Daily dose (mg)

oct9% oct00 oct0Dl oct02 oct03 octD4 oct0S octO6

Figure 3. Scatterplot of stated daily doses of LTG versus time
(n=11855). Each circle represents one sample. The line indicates the
moving average of 500 samples

Pharmacoepidemiology and Drug Safety, (2008)
DOI: 10.1002/pds



A. REIMERS

remained unchanged throughout the observation
period.

The mean daily doses per age group were as follows:
0-9 years, 112 mg/day (n =384); 10-19 years, 188 mg/
day (n=1250); 20-29 years, 241 mg/day (n=2313);
30-39years, 252mg/day (n=2495); 40-49years,
255mg/day (n=2092); 50-59years, 238 mg/day
(n=1704); 60-69 years, 201 mg/day (n="706); 70—
79 years, 186 mg/day (n=>530); >80years, 170 mg/
day (n=314).

Female patients used a numerically higher mean
daily dose than male patients (232 + 148 mg/day vs.
224 4 142 mg/day), whereas the median dose for both
genders was 200 mg/day.

Patients with a neurologic diagnosis (n =2788) were
prescribed a mean total daily LTG dose of 226 £+
162 mg/day (median: 200 mg; range: 5—1000 mg/day).
Patients with a psychiatric diagnosis (n =4158) were
prescribed a mean dose of 232 + 136 mg/day (median:
200 mg/day; range: 5-1100 mg/day). A more detailed
distribution of dose versus diagnosis is given in
Table 2.

Serum concentration

The mean serum concentration of all samples was 3.8 +
2.6mg/L (median: 3.2mg/L; range: 0.3-41.4mg/L).
After exclusion of those cases where overdose or
intoxication was stated (n=24), the numbers were
virtually the same: 3.8 2.5 mg/L (median: 3.4; range:
0.3-32.2mg/L). Mean serum concentrations for male
and female patients were 3.7£2.5mg/L (median:
3.3mg/L; range: 0.3-24.2mg/L), and 3.8 2.6 mg/L
(median: 3.2 mg/L; range: 0.3-32.2 mg/L), respectively.

There was only an insignificant trend of the serum
concentration to rise with time. The mean serum
concentration of the first 500 samples was
3.7 £2.6mg/L (median: 3.2 mg/L), while for the last
500 samples it was 3.9 + 2.5 mg/L (median: 3.4 mg/L)
(p=0.07).

Figure 4 displays clearly that there is great variability
in the LTG serum concentration at any given dose. The
distribution of serum concentration versus dose,
according to neurologic or psychiatric diagnosis, can
be seen from Table 2.

The reference range for LTG in our laboratory is
10-50 wmol/l, which corresponds to 2.6-12.8 mg/L
and thus is almost identical with that reported by
Morris et al.'® Of the samples linked to a psychiatric
diagnosis, 40.7% were below this reference range, and
59% were lower than 4 mg/L. For samples linked to a
neurologic diagnosis, the values were 29.7 and 56%,
respectively.

Copyright © 2008 John Wiley & Sons, Ltd.

~800
6.5 (2.6-14.3)

0.4 (11)
0.3 (13)

701-800

0.7 (19)

4.8 (1.0-242) 4.7 (13-15.6) 6.1 (1.5-18.7) 6.1 (1.9-18.7) 5.6 (2.0-11.2) 5.3 (4.4-7.4)
0.3 (12)

601-700
4.1 (0.4-147) 4.9 (1.3-15.6) 5.5 (1.0-14.3) 6.4 (1.6-102) 5.8 (2.9-8.3)

1.3 35)
0.7 (28)

501-600

3.3 (93)
2.4 (98)

401-500

4.7 (130)

Daily dose (mg/day)
3.3 (139)

301-400

11.0 (306)
10.7 (444)

201-300
13.8 (385)

3.4 (03-13.9) 3.7 (0.5-16.7)
20.4 (849)

101-200
343 (957)
40.4 (1680)

1.4 (03-7.9) 2.6 (03-14.8) 3.7 (0.3-17.0)

5-100

2.8 (03-1)
21.5 (896)

30.6 (853)

All
3.6 (0.3-24.2)
2.9 (0.3-17.0)

Serum conc. (mg/L)"
Psychiatric diagnosis % (n) 100 (4159)

Serum conc. (mg/L)"

Table 2. Distribution of daily dose and serum concentration according to diagnosis (as provided on the request form)

Neurologic diagnosis % (n) 100 (2789)

Median (range).

*

Pharmacoepidemiology and Drug Safety, (2008)
DOI: 10.1002/pds
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Figure 4.  Scatterplot of serum concentration versus daily dose (n=11855). Each dot represents one sample
Concentration-to-dose ratio (CDR) (but without valproate) was: carbamazepine,

The mean CDR of all samples with known dose
(n=11847) was 0.022 £ 0.023 (mg/L)/(mg/day) while
the median was only 0.015 (range: 0.001-0.536).
Indeed, the frequency distribution of the CDR was
considerably right-skewed, as can be seen from
Figure 5. After exclusion of all samples with any
co-medication, the mean CDR was 0.019 +0.017 (mg/
L)/(mg/day) (median 0.016; n=3674). Without any
co-medication, a daily dose of 200 mg LTG would thus
be expected to give a serum concentration of
200 x 0.019 =3.8 mg/L, while 300mg would give
5.7 mg/L.

The mean CDR of all samples with valproate as co-
medication was 0.054+0.03 (n=1508). The mean
CDR of samples with other interacting co-medication
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Figure 5. Frequency distribution of the LTG serum concentration/dose-

ratio (n=11855)

Copyright © 2008 John Wiley & Sons, Ltd.

0.01 £0.01 (n=565); oxcarbazepine, 0.013 £0.01
(n=185); fenytoin, 0.008 £0.008 (n =76), phenobar-
bital, 0.01 + 0.005 (n=43), topiramate, 0.015 £ 0.01
(n=186); ethinyl estradiol, 0.01 +0.008 (n=2300),
fluoxetine,  0.0154+0.008 (n=113); lithium,
0.0154+0.008 (n=617). All mean values were
significantly different from both the total study mean
CDR and the mean CDR of all samples where no co-
medication was stated (p < 0.01 in all cases).

The median CDR according to age was as follows:
0-9years, 0.03 (n=358); 10-19years, 0.02 (n=
1248); 20-29years, 0.015 (n=2313); 30-39years,
0.013 (n=2493), 40-49years 0.013 (n=2092); 50—
59years, 0.015 (n=1704); 60-69 years, 0.015 (n=
796); 70-79years, 0.02 (n=1529); >80years, 0.02
(n=314).

There was no clinically relevant difference in the
mean and median CDR between male (n =4634) and
female (n=7213) patients. Mean values were
0.023 +0.023 and 0.021 4 0.023; median values were
0.015 and 0.016, respectively.

Over time, the CDR decreased. While the mean CDR
of the very first 1000 samples was 0.027 4= 0.029
(median: 0.017; range: 0.001-0.232), it was
0.020£0.019 (median: 0.014; range: 0.001-0.188)
for the last 1000 samples. This difference was highly
significant (p <0.01)

Patients with a neurologic diagnosis (n =2788) had a
mean CDR of 0.027 +0.028 (median: 0.018; range:
0.002-0.387), while psychiatric patients (n=4158)

Pharmacoepidemiology and Drug Safety, (2008)
DOI: 10.1002/pds
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had a mean CDR 0.017 £ 0.016 (median: 0.014; range:
0.001-0.536). The difference was highly significant
(p<0.001)

Co-medication

Co-medication was stated on 68.4% (n=8285) of all
request forms. A total of 274 different generic entities
were stated (antibiotics and vitamin preparations were
each counted as one generic type of co-medication).
The mean and median number of co-medications per
sample was 2 (range: 1-19). Samples from female
patients had a mean number of 3 +2 co-medications
(range: 1-16; n=5031), which was significantly
different from the number of 2+2 (range: 1-19;
n=3252) co-medications for samples from male
patients (p < 0.01).

The relative frequency of the number of additional
drugs was: (1) 39.8% (n=23294); (2) 22.9% (n=
1899); (3) 14.2% (n=1174); (4) 10.0% (n=23831); (5)
6.0% (n=493); (6) 3.8% (n=318); (7) 1.9% (n=
160), (8) 0.7% (n=157);(9) 0.3% (n=28); (>10) 0.4%
(n=310).

The 25 most frequently stated co-medications were
valproate (n=1508), citalopram/escitalopram (n=
1035), olanzapine (n=873), venlafaxine (n=742),
zopiclone (n = 734), lithium (n = 653), carbamazepine
(n=1650), thyroxine (n=639), quetiapine (n=1>555),
oxazepam (n = 530), clonazepam (n =492), alimema-
zine (n=453), acetylsalicylic acid (n=431), mirta-
zapine (n=407), chlorprothixene (n=355), levetir-
acetam (n=327), oral contraceptives containing
ethinyl estradiol (n = 304), mianserin (n = 290), sertra-
line (n=277), clozapine (n=276), diazepam (n=
276), risperidone (n =275), vitamins (n = 255), topir-
amate (n=217), metoprolol (n=215).

Of the samples where valproate was stated as co-
medication and a diagnosis was stated, 72.6%
(n=670) were assigned a neurologic diagnosis,
26.5% (n=245) a psychiatric and 0.9% (n=28) a
neurologic plus a psychiatric one.

Patients using valproate (n = 1422) had a mean LTG
serum concentration of 6.2 +3.2mg/L (median: 5.6;
range: 0.33-24.2), which was significantly higher than
the total population mean of 3.8 +2.6 mg/L (median:
3.2mg/L; range: 0.3-41.4mg/L) (p <0.01). Conver-
sely, patients using carbamazepine (n=>564) had a
mean serum concentration of only 2.9 £2.3mg/L
(median: 2.4; range: 0.26-23 mg/L) (p < 0.01 vs. total
study population mean). The serum concentration of
patients using both valproate and carbamazepine
(4.0 £ 1.8 mg/L; n=86) was not statistically different
from the total population mean.

Copyright © 2008 John Wiley & Sons, Ltd.

More detailed investigations on pharmacokinetic
drug interactions were not performed since this issue
has been subject to previous research.®’

Overdose/intoxication

Twenty-four samples from 24 patients aged 17—
78 years (8 males, 17 females) were marked as known
or suspected overdose/intoxication. Of these, eight
samples had serum concentrations above 12.8 mg/L
(50 pmol/L), ranging from 13.9 to 41.3 mg/L. Clinical
data were mostly unclear and incomplete. Taken
dosages were stated in some cases of known
intoxication, ranging from ‘3 daily doses’ to ‘30—
40 tablets of 100 mg’. The patient’s diagnosis (the
underlying disease) was stated in only three cases
(epilepsy: two; depression: one).

DISCUSSION

Due to the nature of the underlying database, this
survey has both strengths and limitations. The strengths
are the large number of samples, the long observation
period and the naturalistic setting which allows a
unique insight into everyday clinical practice. A
limitation is that the diagnosis and the clinical
indication for the analysis were not stated in all cases.
It should also be remembered that all data were
collected in one single country, and that results may be
strongly influenced by national treatment routines and
health care premises which may differ from those of
other countries. Nevertheless, Scandinavia is a suitable
part of the world to perform such research since
therapeutic drug monitoring for decades has been
considered a valuable tool in the treatment of various
diseases. This survey confirms that monitoring of
serum concentrations of LTG is common practice in
Norway, as reflected by the number of samples
analysed monthly.

Gender and age

Females seem to represent the majority of today’s LTG
users. This gender difference was small during the first
years but has increased ever since, which may reflect
that the initial use of LTG was restricted to epilepsy
where the gender difference is indeed small, whereas
affective disorders are more common in females.'® It
may also reflect that LTG soon after its launch was
particularly recommended for fertile women, mainly
due to its lack of induction of the metabolism of
hormonal contraception, its lack of endocrine side

Pharmacoepidemiology and Drug Safety, (2008)
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effects and the notion that it was less teratogenic than
other drugs. ''~'® Having this in mind, it is interesting
that there was no difference in the mean age between
males and females.

There was no clinically significant difference in the
mean and median dose and serum concentration
between males and females. Indeed, the values were
practically identical. Consequently, the CDR was also
essentially similar. However, this applies to the entire
study population. The large SDs indicate that there may
be considerable differences between individuals.

In accordance with previous findings, there was a U-
shaped effect of age on the CDR, with higher serum
concentrations per mg in children and in the
elderly."*'> Interestingly, the average serum concen-
tration itself did not seem to change very much with
age, while the prescribed doses (and consequently, the
CDR) did.

Diagnosis

More samples are now taken from psychiatric patients
than from those with a neurologic diagnosis. Psychia-
trists may consider serum concentration measurements
more important than neurologists because of a greater
need to follow up patient compliance. The finding that
the median age of patients with a psychiatric diagnosis
was higher than that of patients with a neurologic one
was not surprising. This simply reflects that bipolar and
schizoaffective disorders are less common in the very
young, compared to epilepsy.

Dose

The mean prescribed dose rose during the observation
period. However, the median dose remained
unchanged at 200 mg/day. Both the mean and the
median doses found in this survey are considerably
lower than the defined daily dose (DDD) as suggested
by the WHO, which is 300 mg."® This finding confirms
the results of a previous study suggesting that,
compared to clinical practice, the DDD appears to
be too high and should be reviewed.'”

While the mean prescribed doses were essentially
identical among psychiatric and neurologic patients,
there was a trend towards higher serum concentrations
in neurologic patients. This may be explained by the
fact that roughly three-fourth of patients using
valproate (which inhibits LTG metabolism) were
neurologic patients. Accordingly, the mean CDR
was higher among patients with a neurologic diagnosis.

Copyright © 2008 John Wiley & Sons, Ltd.

Serum concentrations, CDR and co-medication

Generally, the results with respect to drug interactions
of LTG were as expected and will not be discussed in
detail since this issue has been subject to previous
investigations.®® It should however be noted that
patients on valproate had higher serum concentrations
than the total population mean, while patients using
enzyme inducers had considerably lower concen-
trations. This suggests that the effects of enzyme-
inhibiting and -inducing co-medications are not
completely compensated by, e.g. dose adjustments.

Figure 4 and Table 2 show clearly that there is no
obvious correlation between dose and serum concen-
tration. Whether this might be explained by different
degrees of non-compliance, different time between last
intake and blood-sampling, interindividual differences
in metabolic capacity, drug—drug interactions or other
factors: in any case, these results indicate that one and
the same LTG dose can give very different serum
concentrations in different patients, and that measure-
ment of LTG serum concentrations thus may be useful.

Another interesting finding is the distribution of
measured serum concentrations in relation to estab-
lished reference ranges. Of the three largest labora-
tories in Norway, two (including our own) use a
reference range of 2.6-12.8 mg/L (10-50 wmol/L), and
one uses 2.6—15.4 mg/L (10-60 pmol/L) for epilepsy
(for bipolar disorder, no reference range has been
established). The present survey shows that the average
serum concentration lies around 3.8 mg/L, which is
close to the lower limit of these reference ranges. This
could mean that an average serum concentration of
3.8 mg/L represents an optimum risk/benefit balance
for the most patients. It may also reflect the common
clinical aim of treating the patient with as low a dose as
possible.

The very first suggested reference range for LTG
was 1-4mg/L."® Other reference ranges have been
suggested later, with lower limits of 1-3mg/L, and
upper limits of 10-20 mg/L."*">* The fact that 41% of
the psychiatric and 30% of the neurologic patients in
the present survey had serum concentrations below
2.5mg/L may suggest that the currently used lower
limit is too high. It might also be speculated whether
the majority of these patients had problems with
regular drug intake, and if suspected non-compliance
was the reason for analysis. However, when consider-
ing the average daily dose and the CDR of LTG, it
becomes more likely that these low serum concen-
trations are due to low prescribed doses rather than low
compliance. Interestingly, a similar survey as the
present one, recently performed in Australia, found
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that 75% of all serum concentrations were above 7 mg/
L.* This indicates that drug treatment routines may
differ considerably between countries, a finding that
should be taken into consideration when discussing
reference ranges or treatment guidelines on an
international level.

In conclusion, this survey revealed significant trends
and changes in the pattern of use of LTG during recent
years.
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Ethinyl Estradiol, Not Progestogens, Reduces Lamotrigine
Serum Concentrations
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Summary: Purpose: To study the interaction between lamot-
rigine (LTG) and hormonal contraception.

Methods: LTG serum concentrations of female patients using
either no hormonal contraception (n = 18), an ethinyl estra-
diol (EE)-containing (n = 11), or a progestogen (PG)-only—
containing compound (n = 16) were analyzed. Patients were
recruited prospectively, and blood samples were drawn during
drug fasting and at steady-state conditions. Comedication with
enzyme inducers, valproate, topiramate, or sertraline was not al-
lowed. Some patients changed groups and thus served as their
own controls. Samples were analyzed by a gas chromatography/
mass spectroscopy method. The Mann—Whitney U test was used
for statistical comparison of the groups.

Results: The LTG serum concentration-to-dose ratio (CDR),
expressed as (mg/L)/(mg/d) was significantly lower in women

using EE than in the control group (mean & SD, 0.010 % 0.004
vs.0.017 £ 0.006; p = 0.003). The CDR in women using PG was
0.02 = 0.007, which was not statistically different from controls.
No difference was found in CDR between women using either
oral, topical, or parenteral PG. Five women switched from the
control to the EE group and experienced a considerable reduction
in CDR. An increase of the CDR toward control level was seen
in the two women who changed from EE to PG.

Conclusions: It is the EE component of oral contraceptives
that interacts with LTG. The PG-only compounds did not alter
LTG serum concentrations in this study. These findings should be
considered when counselling women with epilepsy in the child-
bearing ages. Key Words: Lamotrigine—Ethinyl estradiol—
Progestogens—Serum concentration—Drug interaction.

Lamotrigine (LTG) is a broad-spectrum antiepileptic
drug (AED) that is increasingly used worldwide for both
epileptic and psychiatric disorders. Currently, much atten-
tion is directed toward possible endocrine side effects of
AEDs in women (1). LTG has so far not been reported
to be associated with such disturbances and has therefore
been regarded as a preferable choice in this patient group
(1,2). However, its interaction potential with sexual hor-
mones has still not been extensively studied. Women of
childbearing age often use hormonal contraception, and
it has recently been reported that combined oral con-
traceptives reduce LTG serum concentrations by <64%
(3,4), which may require dose adjustment of LTG. Most
oral contraceptives contain a combination of an estrogen
derivative, ethinyl estradiol (EE), and a progestogen (PG).
In addition to oral compounds, hormone-containing par-
enteral, intravaginal, and intrauterine products are on the
market. We wanted to know whether the interaction be-
tween LTG and hormonal contraception is due to the EE
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or the PG component. Moreover, we wanted to investigate
whether this interaction is restricted to oral application of
the hormones or whether it also can be seen with topi-
cal/parenteral methods.

METHODS

This was a three-armed, open, prospective study. LTG
serum concentrations of consecutively enrolled female
patients of childbearing age using no hormonal con-
traception, an EE-containing compound, or a PG-only-
containing compound were analyzed.

Some patients participated in more than one group and
thus served as their own controls.

Concomitant treatment with drugs known or suspected
to reduce (enzyme inducers, topiramate) or increase (val-
proate, sertraline) LTG serum concentrations was not al-
lowed (1,5-7). Patients with liver or kidney disease, known
compliance problems, or a history of drug abuse were not
included. Blood samples were drawn during drug fast-
ing in the morning and at steady-state conditions, but not
standardized in relation to the menstrual cycle. Time in-
tervals between blood samplings in patients who changed
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group were >1 month, and their LTG doses remained
unchanged.

All samples were analyzed with a liquid chromatog-
raphy/mass spectrometry (LC/MS) method. LTG was
extracted from 0.1 ml serum with 0.5 ml dichlorome-
thane/isopropanol (9:1) after addition of internal stan-
dard solution (50 pl of 10 pg/ml minoxidil in methanol)
and alkalinization with 0.1 ml 0.2M sodium bicarbon-
ate. After mixing and centrifugation, the organic extract
was transferred to vials and injected on an Agilent MSD
1100 LC/MS system (Agilent, Palo Alto, CA, U.S.A.).
The LC/MS system consisted of a G1379A degasser,
a GI311A quaternary pump, a G1313A autosampler, a
G1316A column oven, and a G1946A mass spectrometer.
Separation was performed on a SB-LC18 Zorbax (30 x
4.6 mm, 3 pum) column with a mobile phase consisting
of methanol/ammonium acetate, 45:55. LTG was moni-
tored after positive electrospray ionization at m/z 256.0,
and the internal standard minoxidil, at m/z 210.2. The cal-
ibrated range was from 0.13 to 25.6 pug/ml. Six quality-
control samples covering the range from 0.5 to 11.5 pg/ml
were analyzed with every batch of unknown samples.
Between-day relative standard deviation calculated from
quality-control samples was >9% at 0.5 pug/ml and 5%
at 9 pug/ml. The limit of quantification of the method was
<0.06 pg/ml.

To correct for varying daily doses, the concentration-to-
dose ratio (CDR) was calculated by dividing serum con-
centration by total daily dose. By accepting an «-error
of 0.05 and a B-error of 0.10, the minimal number of
participants necessary to detect a difference greater than
the usual fluctuation (defined by us as >33% deviation
from the mean LTG CDR value of the control group) was
calculated to be seven in the test groups and 13 in the
control group. The nonparametric Mann—Whitney U test
was applied for comparison of the EE and the PG groups
vs. control, respectively. The study was approved by the

Regional Committee for Ethics in Medical Research. All
patients gave written informed consent.

RESULTS

Forty-five women, age 17 to 44 years, were included
in the study, 18 without hormonal contraception, 11 using
combined contraceptives containing EE, and 16 using PG-
only compounds. All comedications with LTG, including
the administration mode of the contraceptive method, are
shown in Table 1. No significant differences were found
in mean age or body mass index (BMI) or mean daily LTG
dose between groups, although the doses were somewhat
lower in the EE group (225 4= 193 mg) than in the control
group and the PG group (323 + 182 mg and 291 £+ 110
mg, respectively).

EE users had clearly lower serum concentrations at
identical doses, compared with controls and PG users. The
mean serum concentrations were 5.6 & 3.1 mg/L (control
group), 2.0 £ 1.3 mg/L (EE group), and 5.4 &+ 2.1 mg/L
(PG group). The difference between the EE group and
controls was highly significant (p < 0.001).

The ranges, medians, and percentiles of the dose-
corrected serum concentrations, expressed as serum
concentration-to-dose ratio (CDR), are shown in Fig. 1.
The difference between the EE group and the control group
was highly significant (p = 0.003), whereas no statistical
difference was found between the controls and the PG
group. The patients in the latter group had been using PG
for a median period of 8 weeks (range, 4 to 208 weeks)
before blood sampling.

Figure 2 shows the change in CDR of patients taking
part in more than one group. Switches occurred in either
direction along the X-axis in individual patients, and the
time interval between measurements was >4 weeks. LTG
serum concentrations of patients who switched from EE

TABLE 1. Comedications with lamotrigine

Contraceptive method

Group No. Administration Compounds and doses Other drugs (no.)
Contr. 12 - - -

6 - - LEV (4); ZNS (1); GBP (1)
EE 3 Oral EE, 35 nug; cyproterone acetate, 2 mg LEV (1)

3 Oral EE, 30/40/30 j.g; levonorgestrel, 50/75/125 jug (triphasic) -

2 Oral EE, 30 p1g; drospirenone, 3 mg —

1 Oral EE, 30 pg; desogestrel, 150 g —

1 Oral EE, 30 pg; levonorgestrel, 150 g —

1 Vaginal ring EE, 15 g + etonogestrel, 120 p1g/24 h -
PG 3 Oral Desogestrel, 75 ug -

1 Oral Noretisteron, 0.35 mg —

7 Subdermal Etonogestrel, 68 mg LEV (1), ZNS (1)

1 Subdermal Levonorgestrel, 36 mg -

1 M Depot-medroxyprogesterone, 150 mg every 12 wk -

3 Intrauterine levonorgestrel, 20 1g/24 h LEV (1)

Contr, controls; EE, ethinyl estradiol; PG, progestogens; LEV, levetiracetam; ZNS, zonisamide; GBP, gabapentin.

Epilepsia, Vol. 46, No. 9, 2005
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FIG. 1. Box plot showing the median (horizontal line), interquar-
tile range (lower and upper edge of the box), and total range of
the serum concentration-to-dose ratio of the three study groups.
EE, ethinyl estradiol; PG, progestogen. ***p = 0.003 (EE group
compared with controls).

(mg/L)/(mg/d)

to PG increased to control value levels. Patient A first
switched from control to the EE group, and then from
the EE to the PG group. Accordingly, her CDR decreased
from 0.026 to 0.011, and then returned to 0.022. One pa-
tient of the control group (patient D) was later treated
with a topical EE—containing vaginal ring. Her CDR de-
creased from 0.023 to 0.012, whereas her LTG dose re-
mained unchanged.

DISCUSSION

This study suggests that PG-only contraceptive com-
pounds do not reduce LTG serum concentrations. In
accordance with previous findings (3,4), our results

0,030
0,025
= A
g 0,020 ——B
£ E
S 0015 /E' it
g e F
= 0,010 o6
==t
0,005

Control EE PG

FIG. 2. Lamotrigine serum concentration-to-dose ratios in individ-
ual patients (A—H) who changed groups. Contraceptive methods
were as follows. A: Ethinyl estradiol (EE) + levonorgestrel, depot-
medroxyprogesterone IM. B, C: Etonogestrel subdermal implant.
D: Etonogestrel vaginal ring. E, F: EE + cyproteronacetate. G:
EE + levonorgestrel, etonogestrel subdermal implant. H: EE +
cyproteronacetate.
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show that the use of combined oral contraceptives is
associated with considerably reduced LTG serum lev-
els. Interestingly, reduced LTG concentrations also were
demonstrated in one patient using an EE-containing vagi-
nal ring (see Fig. 2). Although the mean EE serum
concentrations achieved with this device generally are
somewhat lower than those with conventional oral contra-
ceptives, the average minimal EE concentrations are quite
similar (8).

Although no reports indicate significant fluctuations of
the LTG serum concentrations throughout the physiologic
menstrual cycle, it has recently been shown that LTG con-
centrations may increase considerably toward the end of
the pill-free week in women taking combined oral contra-
ception (9). In the previous studies by Sabers et al. (3,4),
and in the present study, blood sampling was not standard-
ized in relation to the menstrual cycle. Nevertheless, the
effect of EE on the LTG serum concentrations could be
clearly demonstrated. The more patients who were in the
pill-free period, the more would our results underestimate
the true effect of EE on the LTG serum concentration. With
respect to PG, it should be noted that the PG compounds
used in our study were administered on a continuous long-
term basis without regular drug-free intervals.

LTG is metabolized mainly via glucuronidation by
uridine-diphosphate glucuronosyltransferase (UGT) 1A4
at the N2 position and then eliminated via the kidneys
(10). EE, which itself is glucuronidated by UGT1Al, is
a known inducer of UGTs and may thereby increase the
clearance of other glucuronidated drugs (11). Hence it is
reasonable to assume that the reduction of LTG serum con-
centration also is due to increased glucuronidation, leading
to accelerated renal elimination of LTG. This remains to
be proven by studies of the LTG metabolite pattern. The
observed reduction in LTG-CDR by >50% is of compa-
rable magnitude to the effect of carbamazepine comedi-
cation (12) and may thus require dose adjustment in many
patients.

PG-only compounds did not influence LTG serum con-
centrations, regardless of the administration mode, which
either was oral, subdermal, intramuscular, or intrauterine
in our study. Moreover, we could not detect any differences
related to the various application forms, but the number
of patients was limited. Marked differences are found in
the pharmacokinetic and pharmacodynamic properties of
the various PGs on the market. Only limited information
is available on their dose-response relation in humans,
and only progestational effects have been studied exten-
sively. Nevertheless, all PG-only compounds in this study,
except the intrauterine device used by three participants,
were administered systemically, and all of them have
demonstrated contraceptive efficacy at the doses used,
indicating biologically active serum concentrations (13).
Moreover, no differences in LTG-CDR were related to the
administration mode of the PG compounds in our study.
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Removal of the three patients using an intrauterine drug-
delivery system caused only marginal statistical changes.
Hence all PG users were considered a uniform group in
the final statistical analysis.

We also could also not see any association between the
CDR and the duration of PG treatment, which ranged from
1 to 6 months (median, 8 weeks), a period that should have
been sufficiently long to allow any potential effect on glu-
curonidating liver enzymes to develop. In contrast to our
results, it was recently reported that the oral PG compound,
desogestrel, increased LTG serum concentrations in seven
of 10 patients (14). However, the effect varied consider-
ably (0-96%), and similar effects of PG on other drugs
have, to our knowledge, not previously been reported in
the literature.

Recently, LTG was shown to reduce the area under the
concentration—time curve (AUC) of the PG component of
some combined oral contraceptives, as in levonorgestrel,
by 19% (9). The clinical relevance of this interaction re-
mains to be elucidated. Given the comparatively more brit-
tle mechanism of PG-only pills exclusively targeting the
cervical mucus and the endometrium, the risk for con-
traceptive failures should be considered in women who
also use LTG. However, the novel 75-u1g desogestrel-only
pill differs from other PG-only pills in having a more ro-
bust mechanism, providing consistent ovulation inhibition
with a performance appearing to be very similar to that of
combined oral contraceptives (15).

In conclusion, our study adds further information on
the interaction potential of LTG that should be considered
when counselling women with epilepsy of childbearing
age.
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KEYWORDS Summary o ) )
Lamotrigine; Purpose: To investigate the physiological mechanisms behind the pronounced decline of lamot-
Pregnancy; ’ rigine (LTG) serum concentrations during pregnancy.

Glucuronide; Methods: Serum and urine concentrations of LTG and its main metabolite, LTG-N2-glucuronide
UGT1A4; (LTG-GLUC), were measured monthly in 21 pregnancies of 19 women using LTG. Simultaneously,
a panel of biochemical variables was monitored to evaluate liver and kidney function and pos-
sible hemodilution effects. Pharmacokinetic parameters were calculated once at baseline and
once in gestational month 8.

Results: Initially, LTG and LTG-GLUC serum concentrations fell simultaneously by 27% and 38%,
respectively (gestational month 2). Subsequently, the ratio of the LTG-GLUC/LTG serum concen-
trations increased gradually, correlating strongly with rising serum estradiol concentrations. In
gestational month 8, the ratio was 164% higher than at baseline. At that time, LTG total clear-
ance had increased by 118%, and the amount of unchanged LTG in urine had dropped by 40%
while the amount of LTG-GLUC had increased by a corresponding 37%.

Conclusions: The simultaneous decline of LTG and LTG-GLUC serum concentrations in early
pregnancy suggests that in this phase, increased renal blood flow is the major cause. After
gestational month 2, estradiol-induced glucuronidation of LTG becomes more important, leading
to a further fall of LTG serum concentrations and a gradual rise of the LTG-GLUC/LTG-ratio
through the remaining pregnancy. An expanded volume of distribution may also contribute to
reduced LTG serum concentrations in pregnancy.

© 2011 Elsevier B.V. All rights reserved.

Renal clearance;
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Introduction

Epilepsy is the most common neurological problem which
requires pharmacological treatment in pregnant women
(Brodtkorb and Reimers, 2008). The balance between
seizure control and potential teratogenic risks, and the phar-
macokinetic changes of antiepileptic drugs during pregnancy
and puerperium, often represent challenges to the clini-
cian (Pennell, 2006; Brodtkorb and Reimers, 2008; Sabers
and Tomson, 2009). Lamotrigine (LTG) is a widely used
antiepileptic drug, indicated for various forms of epilepsy
as well as for mood disorders (Viguera et al., 2002; Yonkers
et al., 2004). Females constitute the majority of patients
taking LTG, with a large proportion in childbearing age
(Reimers, 2009). Consequently, a considerable number of
female patients take LTG during pregnancy (Sabers et al.,
2004).

Several studies have shown that LTG clearance may
increase by 65—230% during gestation (Tomson et al., 1997;
Ohman et al., 2000; Tran et al., 2002; de Haan et al., 2004;
Pennell et al., 2004; Petrenaite et al., 2005). Accordingly,
serum concentrations may decrease by more than 60%, often
requiring dose adjustments. These pharmacokinetic changes
are subject to marked interindividual variability (Petrenaite
et al., 2005). They are thus largely unpredictable, and
close therapeutic drug monitoring is recommended (Sabers
and Petrenaite, 2009). Serum concentrations return to pre-
pregnancy values within 2—3 weeks postpartum (Ohman
et al., 2000; Tran et al., 2002; de Haan et al., 2004).

After oral dosing, LTG is completely absorbed (Cohen
et al., 1987) and mainly metabolised by uridinediphosphate-
glucuronosyltransferase 1A4 (UGT1A4) in the N2-position. Up
to 90% of an orally administered dose appear as the phar-
macologically inactive N2-glucuronide (LTG-GLUC) in urine,
and 10% as unchanged LTG. Two percent appear in the faeces
(Doig and Clare, 1991; Dickens and Chen, 2002). An N5-
glucuronide has been postulated (Doig and Clare, 1991), but
never demonstrated. Other metabolites occur only in very
small amounts in humans (Doig and Clare, 1991; Wootton
et al., 1997; Beck et al., 2006). Increased glucuronidation
of LTG in the N2-position has therefore been proposed as the
mechanism behind its increased clearance during pregnancy
(Ohman et al., 2008).

However, pregnancy induces a variety of physiological
changes which may affect LTG pharmacokinetics and lead
to a fall in its serum concentrations (Anderson, 2005; Pavek
et al., 2009). The aim of the present study was there-
fore to further investigate possible mechanisms behind
the pregnancy-induced changes in the pharmacokinetics
of LTG.

Methods

Study design

Twenty-one LTG-using pregnant outpatients with epilepsy were
prospectively and consecutively included in this study. Exclusion
criteria were: liver- or kidney-disease, or co-medication with car-
bamazepine, oxcarbazepine, phenytoin, phenobarbital, primidone,
valproate, topiramate, rifampicin, fluoxetine or lithium (Reimers
et al., 2005b). Patients with a history of compliance problems or

substance abuse were also excluded. Patients were asked to enrol
as soon as the attending neurologist had been informed about their
pregnancy. Thus, most participants were in gestational week 8 or
later at the time of the first visit. Baseline samples were col-
lected at least four weeks postpartum as it has been shown that
LTG pharmacokinetics return to pre-pregnancy values within two
to three weeks after delivery (Ohman et al., 2000; Tran et al.,
2002).

Morning trough blood samples (10—16 h after the last dose) for
analysis of LTG, LTG-GLUC and for various biochemical parameters
(see next paragraph) were obtained at the first visit, then monthly
throughout pregnancy, and at baseline. Body weight was recorded
at each visit.

On two occasions, once in the third trimester (gestational month
8) and once at least four weeks after delivery (=baseline), blood
samples were taken at 0800 (immediately before the morning dose),
and then 2, 4, 8 and 12 h later. The 12-h period was chosen as all
patients were on a twice-daily-regimen of LTG. Urine was collected
during the same 12-h period.

Sample analysis

Blood samples were centrifuged at 350 x g for 10 min and the serum
supernatant was carefully transferred to sample vials. The total
volume of the collected urine was recorded and a 20 mL sample was
taken for analysis of LTG and LTG-GLUC. Serum and urine samples
were stored at —18 °C until analysis.

Before analysis, urine samples were diluted 1:100 because of
their very high LTG-GLUC concentrations exceeding the assay’s
measuring range. Serum and urine samples were then treated iden-
tically. To 100 p.L sample volume, 25 pL minoxidil (internal standard)
and 75pL 1% formic acid were added. Serum and urine sample
preparation was then performed on OMIX™ Tomtec mixed mode
phase SPE tips (Varian, Walnut Creek, CA) by means of a Tomtec
Quadra 96 model 320 automatic liquid handler (Tomtec, Hamden,
CT) equipped with 1.2 mL Varian 96-well plates. The OMIX tips were
conditioned successively by methanol and 0.1% formic acid. After
sample aspiration, the OMIX tips were washed with 1% methanol and
elution was performed with 50 pL methanol:ammonia (95:5).

The eluent was transferred to a deep well plate and injected
on an Agilent MSD 1100 LC—MS system (Agilent, Palo Alto, CA). The
LC—MS system consisted of a G1379A degasser, a G1311A quater-
nary pump, a G1313A auto sampler, a G1316A column oven and a
G1946D mass spectrometer. Separation was performed on a Supel-
guard Discovery 18 (20mm x 4mm) column with a mobile phase
consisting of methanol:formic acid:ammonium acetate (3:6:91) ata
flow of 1000 mL/min. LTG was monitored after positive APCl ioniza-
tion at m/z 256.3 (target ion) and 258.3 (qualifier ion), LTG-GLUC
at m/z 432.3 (target ion) and 434.3 (qualifier ion), and the internal
standard minoxidil at m/z 210.1 (target ion) and 164.1 (qualifier
ion).

The calibrated ranges in both serum and urine were
0.5-10 pg/mL (LTG) and 1—20 wg/mL (LTG-GLUC). Three quality
control samples of LTG and LTG-GLUC, covering the range from 0.5
to 20 pg/mL, were analysed with every sample batch. Between-day
analytical variation of quality controls in serum was better than 8.4%
at 0.5 pg/mL and 10.4% at 10 wg/mL for LTG, and 10.3% at 1 pg/mL
and 17.5% at 20 pg/mL for LTG-GLUC. Analytical variation in urine
was better than 4.1% at 1 wg/mL and 2.6% at 10 ug/mL for LTG, and
7.4% at 2 pg/mL and 10.5% at 20 p.g/mL for LTG-GLUC.

Serum estradiol analysis was performed on a Roche Modu-
lar E 170. The calibrated measuring range of this method was
5.0—4300 pg/mL (CV ranging from 2.2 to 12%).

In order to monitor general liver- and kidney function, as well as
to discover potential hemodilution effects, further blood samples
were taken monthly and analysed for erythrocyte volume fraction
(EVF), serum sodium, serum creatinine and serum bilirubine.
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Calculations and data analysis

All calculations were performed by Kinetica 5.0 and Microsoft Excel
2007. Where necessary, dose-corrected LTG and LTG-GLUC serum
concentrations were calculated by dividing the serum concentration
(mg/L) by the daily LTG dose (mg/day) in order to compensate for
possible dose adjustments.

For pharmacokinetic calculations, a one-compartment model
with first-order absorption and elimination was chosen, and the
trapezoidal rule was used. Five serum concentration/time points
per participant were available for calculation of both baseline
and month 8 pharmacokinetic parameters. To enable comparison
between dose-dependent pharmacokinetic parameters at baseline
and at month 8 despite dose adjustments, dosages were normalized
to 400 mg/day.

Renal clearance (CLg) was calculated using the follow-
ing formula: Cy (mg/L) x urine flow (L/h)/Css av (mg/L) where
Cy =concentration in collected urine; urine flow = total urine vol-
ume excreted during the 12-h collection period); Css ay =average
serum concentration at steady state during one dosing interval.

Because of different times of enrolment and variable ability to
participate, all study subjects could not contribute to all analy-
ses. Mean values were therefore calculated from pooled data of
a varying number of contributing individuals (minimum n=5, max-
imum n=20) and are presented with +standard deviation except
where otherwise stated. The t-test for unpaired samples was used
for comparison between groups. A p-value <0.05 was considered
statistically significant.

This study was approved by the regional ethics committee and
all participants gave their informed written consent.

Results

A total of 21 pregnancies in 19 subjects were included. Two
pregnancies were spontaneously aborted (one in week 11
and one in week 12), and one was terminated by caesarean
section in week 30. The remaining 18 pregnancies were
uneventful. Demographic data, treatment and pregnancy
characteristics are summarised in Table 1.

In 10 of the 21 pregnancies, the dose was adjusted
according to clinical judgement. This led to a rise of
the mean daily LTG dose of the study population from
255+ 144mg/d at conception to 342 +180mg/d at child-

9% 404

~e--o""

Table 1 Demographic, treatment and pregnancy
characteristics.
Number of pregnancies, n 21
Number of participants 19
Age at inclusion (years), mean (range)  26.8 (17—39)
Co-medication, n

Levetiracetam 2

Zonisamide and clobazam
Chlorprothixene + mirtazapine
Daily LTG dose (mg), mean (range)
At concepation

At childbirth

1
1

255 (100—800)
344 (200—800)

Body weight (kg), mean (range)
At inclusion
At childbirth
Gestational age (weeks), mean (range)
At inclusion
At childbirth

72.9 (54-98)
82.4 (66.8—106.2)

11 (5-23)
38 (30—42)

birth, an increase by 34%. Body weight rose by a mean of
13% (range, 5.3—27.7%).

Fig. 1 shows an initial decline of the LTG and LTG-GLUC
serum concentrations in early pregnancy. Subsequently,
while LTG concentrations continued to fall and stay low,
LTG-GLUC concentrations began to rise accordingly. The rel-
ative change over time in the ratio between the absolute
serum concentrations of the LTG-GLUC metabolite and the
LTG mother substance is displayed in Fig. 2 (baseline = 100%).
A maximum increase by 148% was found (gestational month
8). This increase correlated strongly (R?=0.88) with the
increase in the mean estradiol serum concentration, which
rose from 41 pg/mL at baseline to 22,235 pg/mL in month 8
(Fig. 3).

Changes in the basic pharmacokinetic parameters of LTG
at baseline and at gestational month 8 are presented in
Table 2. Compared to baseline, Cmin, Cmax, and AUC were
significantly reduced at month 8, while total LTG clearance,
volume of distribution and t;,, all were increased.

-

—e—-o---¢

BL 2 3 4

5

6 7 8 9

Gestational month

Solid line with squares: lamotrigine (n = 5-20); dashed line with circles: lamotrigine-N2-

glucuronide (n = 5-18); BL: baseline

Figure 1

Relative change of mean dose corrected LTG and LTG-GLUC serum concentrations, respectively, during pregnancy. Solid

line with squares: lamotrigine (n=5—20); dashed line with circles: lamotrigine-N2-glucuronide (n=5—-18); BL: baseline.
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BL: baseline; LTG-GLUC: lamotrigine-N2-glucuronide; LTG: lamotrigine

Figure 2

Urine data are shown in Table 3. At month 8, the renal
clearances (CLg) of LTG and LTG-GLUC were 77% and 63%
higher than at baseline.

Table 4 shows the results of the biochemical laboratory
analyses. As expected, serum sodium remained fairly sta-
ble. Bilirubin concentrations showed a small, non-significant
decrease, and returned to baseline level by gestational
month 9. EVF and serum creatinine concentrations declined
modestly, but significantly. However, all biochemical values
stayed within their proposed reference ranges for pregnant
women (Jamjute et al., 2009; Klajnbard et al., 2010).

Discussion
Pharmacokinetics

This prospective, naturalistic study provides a detailed time
profile of the changing LTG serum concentrations from
the 2nd gestational month throughout pregnancy. A rapid
decline was seen already in the first trimester. Decreased
serum concentrations of LTG have previously been found to
represent a significant risk for seizure deterioration in preg-

3,0 7
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Serum estradiol concentration (pg/mL)

Figure 3  LTG-GLUC/LTG ratio at each gestational month as a

function of estradiol serum levels (n=7-13).

Relative change of the mean LTG-GLUC/LTG serum concentration ratio during pregnancy (baseline =100%, n=5—-20). BL:
baseline; LTG-GLUC: lamotrigine-N2-glucuronide; LTG: lamotrigine.

nant patients (Petrenaite et al., 2005; Pennell et al., 2008).
Our results indicate that this risk is present already from the
early phase of pregnancy. This has previously not been shown
in such detail as most previous studies presented pooled data
trimester-wise.

Baseline pharmacokinetic parameters of LTG in our study
were consistent with previously published data on LTG phar-
macokinetics in non-pregnant populations (Cohen et al.,
1987; Garnett, 1997; Chan et al., 2001; Milovanovic and
Jankovic, 2009). Also, the observed changes in the third
trimester were within the range of previous reports (Tran
et al., 2002; de Haan et al., 2004; Pennell et al., 2008;
Fotopoulou et al., 2009).

Interestingly, while the dose-corrected LTG serum con-
centration fell by as much as 70%, serum half-life (ti,;)
increased. This unexpected finding may be explained by the
following relation between serum half-life (t;,,), apparent
volume of distribution (Vy), total clearance (CL), and the
fact that V4 increased slightly more than CL:

f 0693 x Ve
2T

However, because of the interdependence of ty,,, CL, and
V4, these calculated parameters should be interpreted with
caution. Also, all women in this study were on a twice daily
dosing regimen. Samples for calculation of pharmacokinetic
parameters were taken during the dosing interval of 12h
which is considerably shorter than the serum half-life of
LTG, making our results for t;,; somewhat uncertain. How-
ever, the fact that our calculated values for V4 and tq/; at
baseline are in good agreement with previous studies in non-
pregnant populations suggests that our data are reasonably
valid (Cohen et al., 1987; Garnett, 1997; Chan et al., 2001;
Milovanovic and Jankovic, 2009).

Renal blood flow

During pregnancy, renal blood flow and glomerular filtration
rate increase by 50—80%, starting shortly after conception
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with persistence throughout the second trimester and with
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LTG-GLUC metabolite increased by almost the same amount
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Table 3  Steady state LTG pharmacokinetics at baseline and at month 8 (mean +5SD).

Baseline (n=6) Month 8 (n=7) Relative change (%) p-Value
tmax (D) 2.0+ 0.2 2.3 +0.7 +15 0.35
Crmax (mg/L)? 14.5 +£ 9.2 5.3+ 4.3 —63 0.04
Crin (Mg/L)? 8.5 + 3.1 2.2+1.6 —74 0.001
CL (L/h) 1.7 £ 0.7 3.7+ 1.5 +118 0.004
AUC (mg/L®h)? 137.3 + 66.4 43.4 + 34.2 —68.4 0.009
Vg (L/kg) 1.0 £ 0.1 2.4+ 0.6 +140 <0.001
ti2 (h) 25.8 +£5.8 35.5 £ 11.1 +38 0.02

tmax: time from intake to maximum serum concentration; Cmax: maximum serum concentration; Cpi,: minimum serum concentration;
CL, total apparent clearance; AUC: area under the curve during one dosing interval; V: apparent volume of distribution; t{/;: serum

half-life.

2 Dose-corrected values (standard daily dose of 400 mg) in order to compensate for dose adjustments.

Table 4 Urine data (12-h collected urine, i.e. during one dosing interval).

Baseline (n=6) Month 8 (n=8) Relative change (%) p-Value
CLg (L/h)
LTG 0.09+0.06 0.16 +0.06 +77 0.04
LTG-GLUC 2.7+1.3 4.4+1.5 +63 0.03
% of LTG dose appearing in urine as
LTG? 5.54+2.2 2.8+1.5 —40 0.04
LTG-GLUC? 65+18 89+23 +37 0.02

CLg: renal clearance; LTG: lamotrigine; LTG-GLUC: lamotrigine-N2-glucuronide.

@ Calculated on a mg basis.

(37%; Table 4). These findings strongly suggest increased
glucuronidation of LTG during pregnancy.

Estradiol

There was a high correlation between the rising estra-
diol serum concentrations and the increasing LTG-GLUC/LTG
ratio. Although other gestational hormones such as proges-
terone and HCG also rise during pregnancy, they were not
monitored because we were not aware of any evidence for
their possible interaction with LTG pharmacokinetics or UGT
enzymes. By contrast, endogenous estrogen is known both as
a substrate and an inducer of UGT (Chen et al., 2009; Bock,
2010). While the comparatively small physiological fluctu-
ations of endogenous estradiol during a normal menstrual
cycle apparently do not seem to affect LTG serum concentra-
tions to a clinically significant degree (Reimers et al., 2006;
Wegner et al., 2009), our data as well as results from other
studies indicate that the huge increase in estradiol serum
levels during pregnancy does (Fig. 3). Animal data show-
ing induction of UGT1A1 and UGT1A4 during pregnancy also
support the idea of estradiol-induced LTG-glucuronidation
(Chen et al., 2005). Moreover, ethinyl estradiol is a strong
inducer of UGT enzymes and may reduce LTG serum levels
by over 50% (Shenfield, 1993; Sabers et al., 2003; Reimers
et al., 2005a), and hormone replacement therapy with
equine estrogens may reduce LTG serum levels by 25—30%
(Harden et al., 2006). Taken together, there appears to be
sufficient reason to assume that the correlation between
increased estrogen levels and increased glucuronidation of
LTG is due to causality rather than coincidence.

Study design

The naturalistic setting of this study had its strengths and
weaknesses. Participants were volunteering outpatients,
and only patients with a history of good compliance were
included. Due to the varying opportunity and willingness of
the pregnant women to attend to all scheduled visits, the
number of data points (n) per parameter measured or cal-
culated ranged from five to 20, which, however, is of the
same magnitude as in previous studies on LTG in pregnancy
(Tomson et al., 1997; Ohman et al., 2000; Tran et al., 2002;
de Haan et al., 2004; Pennell et al., 2004; Petrenaite et al.,
2005). Moreover, where comparison with earlier studies (in
both pregnant and non-pregnant populations) was possible,
our data were in good agreement, indicating their validity.

Conclusions

The rapid, initial fall of LTG and LTG-GLUC serum concen-
trations in early pregnancy appears to be mainly caused
by increased renal blood flow. Later, estradiol-induced
increased glucuronidation of LTG seems to predominate,
leading to a further fall of LTG serum concentrations and
a rise of the LTG-GLUC/LTG-ratio. An expanded volume of
distribution may also contribute to lower LTG serum concen-
trations, although to a minor degree.

The temporal pattern of the decline of LTG serum con-
centrations should be acknowledged in the management
of pregnant women, particularly the marked early first
trimester fall. It should also receive attention in the pre-
gestational counselling and education of these women.
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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.
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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.

Keywords Age - Children - Drug interactions -
Lamotrigine - Serum concentration

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
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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 umol/L. Six quality control samples covering
the range from 2 to 45 umol/L were analysed with every
batch of unknown samples. The between-day coefficient of
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variation calculated from quality control samples was better
than 9% at 2 umol/L and 5% at 35 pmol/L. The lower limit
of quantification was 0.2 pmol/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 umol/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. log, (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 7 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 = Mttt b

where (3o represents the overall intercept and 3; to (3;
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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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)

12), diazepam (n=11), levetiracetam (n=9), fluoxetine (2=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) umol/L; lamotrigine C/D ratio, 0.087
(0.055-0.148) (umol/L)/(mg/day).

Table 2 gives the values for (3, (which represents the
overall intercept) and for (3; to [(3; (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 (3-
coefficients are used: the intercept (3¢) 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 (umol/L)/(mg/day), as given by

lamotrigine C/D ratio = ¢~ 0%4+4x(=0:02)_ ¢ 14

since the value for 3, 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 pmol/L,
and a daily dose of 100 mg would yield an expected con-
centration of 14 pumol/L. In contrast, a 12-year-old child
would have a lamotrigine C/D ratio of e~ !694+12x(-0.002) —
0.09 (umol/L)/(mg/day), and a daily dose of 100 mg
would therefore yield a concentration of only 9 pumol/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~ 1:694+4x(=0.062)+1.013_ 40 (p.mol/L)/(mg/day), with
the profound consequence that a daily dose of 100 mg is
expected to yield a serum concentration of 40 pmol/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
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Fig. 1 Lamotrigine serum concentration/dose ratio, expressed as (umol/L)/(mg/day), according to age (in years). Each dof represents one sample.
One outlier is removed to enhance visual clarity. The /ine 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’l’694+4X(’0'062)71"38+4X0'O39:0.05(p.mol/L)/(mg/day), and
the expected serum concentration at a daily dose of 100 mg
would be 5 pmol/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 pmol/l).
Accordingly, a 12-year-old with the same medication would
have a C/D ratio of ¢! -69412x(=0.062)~1.138+12x0.039 _ ) 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:

C

D= @ BotBitBat By

which is equivalent to:

D=Cx e*(/g*f[*}z+ Br)

where D is the daily dose in milligrams, and C is the target
serum concentration in pumol/L (note the sign change of
the exponent after transformation). For example, to
achieve a target concentration of 20 pmol/L, an 8-year
old individual not taking any of the drugs listed in Table 2
will need a dose of 20 x ¢~ (~1:09+8x(=0.002)) _178 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 0.41% and 0.35%, 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 (1)]* log.(lamotrigine C/D ratio)

Lamotrigine C/D ratio [(umol/L) (mg/d)]

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

Intercept® —1.694 -1.869; —1.519 <0.0001 0.184 0.154; 0.219 n.a.
Age® -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 : carbamazepine® 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 pmol/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
?n is the number of samples and patients, respectively

® Reference group; i.e. age set to 0 years, taking lamotrigine but none of the other listed medications

“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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108.Roar Stenseth: THORACIC EPIDURAL ANALGESIA IN AORTOCORONARY BYPASS SURGERY.
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114.Hans Stifoss-Hanssen: SEEKING MEANING OR HAPPINESS?

115.Anne Kvikstad: LIFE CHANGE EVENTS AND MARITAL STATUS IN RELATION TO RISK AND PROGNO-
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dren at ages one and six years.

127.Knut Bjgrnstad: COMPUTERIZED ECHOCARDIOGRAPHY FOR EVALUTION OF CORONARY ARTERY
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128.Grethe Elisabeth Borchgrevink: DIAGNOSIS AND TREATMENT OF WHIPLASH/NECK SPRAIN INJU-
RIES CAUSED BY CAR ACCIDENTS.

129.Tor Elsas: NEUROPEPTIDES AND NITRIC OXIDE SYNTHASE IN OCULAR AUTONOMIC AND SENSORY
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133.Stale Nordgard: PROLIFERATIVE ACTIVITY AND DNA CONTENT AS PROGNOSTIC INDICATORS IN
ADENOID CYSTIC CARCINOMA OF THE HEAD AND NECK.

134.Egil Lien: SOLUBLE RECEPTORS FOR TNF AND LPS: RELEASE PATTERN AND POSSIBLE SIGNIFICANCE
IN DISEASE.

135.Marit Bjgrgaas: HYPOGLYCAEMIA IN CHILDREN WITH DIABETES MELLITUS

136.Frank Skorpen: GENETIC AND FUNCTIONAL ANALYSES OF DNA REPAIR IN HUMAN CELLS.

137.Juan A. Pareja: SUNCT SYNDROME. ON THE CLINICAL PICTURE. ITS DISTINCTION FROM OTHER,
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138.Anders Angelsen: NEUROENDOCRINE CELLS IN HUMAN PROSTATIC CARCINOMAS AND THE
PROSTATIC COMPLEX OF RAT, GUINEA PIG, CAT AND DOG.
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FERENT ENTITIES?
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142.Harm-Gerd Karl Blaas: THE EMBRYONIC EXAMINATION. Ultrasound studies on the development of
the human embryo.

143.Noemi Becser Andersen:THE CEPHALIC SENSORY NERVES IN UNILATERAL HEADACHES. Anatomical
background and neurophysiological evaluation.

144.Eli-Janne Fiskerstrand: LASER TREATMENT OF PORT WINE STAINS. A study of the efficacy and limi-
tations of the pulsed dye laser. Clinical and morfological analyses aimed at improving the thera-
peutic outcome.

145.Bard Kulseng: A STUDY OF ALGINATE CAPSULE PROPERTIES AND CYTOKINES IN RELATION TO IN-
SULIN DEPENDENT DIABETES MELLITUS.

146.Terje Haug: STRUCTURE AND REGULATION OF THE HUMAN UNG GENE ENCODING URACIL-DNA
GLYCOSYLASE.

147.Heidi Brurok: MANGANESE AND THE HEART. A Magic Metal with Diagnostic and Therapeutic Pos-
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148.Agnes Kathrine Lie: DIAGNOSIS AND PREVALENCE OF HUMAN PAPILLOMAVIRUS INFECTION IN
CERVICAL INTRAEPITELIAL NEOPLASIA. Relationship to Cell Cycle Regulatory Proteins and HLA
DQBI Genes.

149.Ronald Marvik: PHARMACOLOGICAL, PHYSIOLOGICAL AND PATHOPHYSIOLOGICAL STUDIES ON
ISOLATED STOMACS.

150.Ketil Jarl Holen: THE ROLE OF ULTRASONOGRAPHY IN THE DIAGNOSIS AND TREATMENT OF HIP
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STEM.
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160.Christina Vogt Isaksen: PRENATAL ULTRASOUND AND POSTMORTEM FINDINGS — A TEN YEAR
CORRELATIVE STUDY OF FETUSES AND INFANTS WITH DEVELOPMENTAL ANOMALIES.

161.Holger Seidel: HIGH-DOSE METHOTREXATE THERAPY IN CHILDREN WITH ACUTE LYMPHOCYTIC
LEUKEMIA: DOSE, CONCENTRATION, AND EFFECT CONSIDERATIONS.

162.Stein Hallan: IMPLEMENTATION OF MODERN MEDICAL DECISION ANALYSIS INTO CLINICAL DIAG-
NOSIS AND TREATMENT.



163.Malcolm Sue-Chu: INVASIVE AND NON-INVASIVE STUDIES IN CROSS-COUNTRY SKIERS WITH
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164.0le-Lars Brekke: EFFECTS OF ANTIOXIDANTS AND FATTY ACIDS ON TUMOR NECROSIS FACTOR-
INDUCED CYTOTOXICITY.

165.Jan Lundbom: AORTOCORONARY BYPASS SURGERY: CLINICAL ASPECTS, COST CONSIDERATIONS
AND WORKING ABILITY.

166.John-Anker Zwart: LUMBAR NERVE ROOT COMPRESSION, BIOCHEMICAL AND NEUROPHYSI-
OLOGICAL ASPECTS.

167.Geir Falck: HYPEROSMOLALITY AND THE HEART.

168.Eirik Skogvoll: CARDIAC ARREST Incidence, Intervention and Outcome.

169.Dalius Bansevicius: SHOULDER-NECK REGION IN CERTAIN HEADACHES AND CHRONIC PAIN SYN-
DROMES.

170.Bettina Kinge: REFRACTIVE ERRORS AND BIOMETRIC CHANGES AMONG UNIVERSITY STUDENTS IN
NORWAY.

171.Gunnar Qvigstad: CONSEQUENCES OF HYPERGASTRINEMIA IN MAN

172.Hanne Ellekjeer: EPIDEMIOLOGICAL STUDIES OF STROKE IN A NORWEGIAN POPULATION.
INCIDENCE, RISK FACTORS AND PROGNOSIS

173.Hilde Grimstad: VIOLENCE AGAINST WOMEN AND PREGNANCY OUTCOME.

174.Astrid Hjelde: SURFACE TENSION AND COMPLEMENT ACTIVATION: Factors influencing bubble
formation and bubble effects after decompression.

175.Kjell A. Kvistad: MR IN BREAST CANCER — A CLINICAL STUDY.

176.Ivar Rossvoll: ELECTIVE ORTHOPAEDIC SURGERY IN A DEFINED POPULATION. Studies on demand,
waiting time for treatment and incapacity for work.

177.Carina Seidel: PROGNOSTIC VALUE AND BIOLOGICAL EFFECTS OF HEPATOCYTE GROWTH FACTOR
AND SYNDECAN-1 IN MULTIPLE MYELOMA.

2001

178.Alexander Wahba: THE INFLUENCE OF CARDIOPULMONARY BYPASS ON PLATELET FUNCTION AND
BLOOD COAGULATION — DETERMINANTS AND CLINICAL CONSEQUENSES

179.Marcus Schmitt-Egenolf: THE RELEVANCE OF THE MAJOR hISTOCOMPATIBILITY COMPLEX FOR THE
GENETICS OF PSORIASIS

180.0drun Arna Gederaas: BIOLOGICAL MECHANISMS INVOLVED IN 5-AMINOLEVULINIC ACID BASED
PHOTODYNAMIC THERAPY

181.Pal Richard Romundstad: CANCER INCIDENCE AMONG NORWEGIAN ALUMINIUM WORKERS

182.Henrik Hjorth-Hansen: NOVEL CYTOKINES IN GROWTH CONTROL AND BONE DISEASE OF MULTI-
PLE MYELOMA

183.Gunnar Morken: SEASONAL VARIATION OF HUMAN MOOD AND BEHAVIOUR

184.Bjgrn Olav Haugen: MEASUREMENT OF CARDIAC OUTPUT AND STUDIES OF VELOCITY PROFILES IN
AORTIC AND MITRAL FLOW USING TWO- AND THREE-DIMENSIONAL COLOUR FLOW IMAGING

185.Geir Brathen: THE CLASSIFICATION AND CLINICAL DIAGNOSIS OF ALCOHOL-RELATED SEIZURES

186.Knut Ivar Aasargd: RENAL INVOLVEMENT IN INFLAMMATORY RHEUMATIC DISEASE. A Study of
Renal Disease in Wegener’s Granulomatosis and in Primary Sjogren’s Syndrome

187.Trude Helen Flo: RESEPTORS INVOLVED IN CELL ACTIVATION BY DEFINED URONIC ACID POLYMERS
AND BACTERIAL COMPONENTS

188.Bodil Kavli: HUMAN URACIL-DNA GLYCOSYLASES FROM THE UNG GENE: STRUCTRUAL BASIS FOR
SUBSTRATE SPECIFICITY AND REPAIR

189.Liv Thommesen: MOLECULAR MECHANISMS INVOLVED IN TNF- AND GASTRIN-MEDIATED GENE
REGULATION

190.Turid Lingaas Holmen: SMOKING AND HEALTH IN ADOLESCENCE; THE NORD-TR@NDELAG HEALTH
STUDY, 1995-97

191.@yvind Hjertner: MULTIPLE MYELOMA: INTERACTIONS BETWEEN MALIGNANT PLASMA CELLS AND
THE BONE MICROENVIRONMENT
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194.Guanglin Cui: FUNCTIONAL ASPECTS OF THE ECL CELL IN RODENTS

195.Ulrik Wislgff: CARDIAC EFFECTS OF AEROBIC ENDURANCE TRAINING: HYPERTROPHY, CONTRACTIL-
ITY AND CALCUIM HANDLING IN NORMAL AND FAILING HEART

196.@yvind Halaas: MECHANISMS OF IMMUNOMODULATION AND CELL-MEDIATED CYTOTOXICITY IN-
DUCED BY BACTERIAL PRODUCTS

197.Tore Amundsen: PERFUSION MR IMAGING IN THE DIAGNOSIS OF PULMONARY EMBOLISM

198.Nanna Kurtze: THE SIGNIFICANCE OF ANXIETY AND DEPRESSION IN FATIQUE AND PATTERNS OF
PAIN AMONG INDIVIDUALS DIAGNOSED WITH FIBROMYALGIA: RELATIONS WITH QUALITY OF LIFE,
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199.Tom Ivar Lund Nilsen: PROSPECTIVE STUDIES OF CANCER RISK IN NORD-TR@NDELAG: THE HUNT
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200.Asta Kristine Haberg: A NEW APPROACH TO THE STUDY OF MIDDLE CEREBRAL ARTERY OCCLU-
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2002

201.Knut Jgrgen Arntzen: PREGNANCY AND CYTOKINES

202.Henrik Dgliner: INFLAMMATORY MEDIATORS IN PERINATAL INFECTIONS

203.Asta Bye: LOW FAT, LOW LACTOSE DIET USED AS PROPHYLACTIC TREATMENT OF ACUTE INTESTI-
NAL REACTIONS DURING PELVIC RADIOTHERAPY. A PROSPECTIVE RANDOMISED STUDY.

204.Sylvester Moyo: STUDIES ON STREPTOCOCCUS AGALACTIAE (GROUP B STREPTOCOCCUS) SUR-
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206.Li Lixin: ON THE REGULATION AND ROLE OF UNCOUPLING PROTEIN-2 IN INSULIN PRODUCING B-
CELLS

207.Anne Hildur Henriksen: SYMPTOMS OF ALLERGY AND ASTHMA VERSUS MARKERS OF LOWER
AIRWAY INFLAMMATION AMONG ADOLESCENTS

208.Egil Andreas Fors: NON-MALIGNANT PAIN IN RELATION TO PSYCHOLOGICAL AND ENVIRONTEN-
TAL FACTORS. EXPERIENTAL AND CLINICAL STUDES OF PAIN WITH FOCUS ON FIBROMYALGIA

209.Pal Klepstad: MORPHINE FOR CANCER PAIN

210.Ingunn Bakke: MECHANISMS AND CONSEQUENCES OF PEROXISOME PROLIFERATOR-INDUCED
HYPERFUNCTION OF THE RAT GASTRIN PRODUCING CELL

211.Ingrid Susann Gribbestad: MAGNETIC RESONANCE IMAGING AND SPECTROSCOPY OF BREAST
CANCER

212.Rgnnaug Astri @degard: PREECLAMPSIA — MATERNAL RISK FACTORS AND FETAL GROWTH

213.Johan Haux: STUDIES ON CYTOTOXICITY INDUCED BY HUMAN NATURAL KILLER CELLS AND DIGI-
TOXIN
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217.Elisabeth Qvigstad: EFFECTS OF FATTY ACIDS AND OVER-STIMULATION ON INSULIN SECRETION IN
MAN



218.Arne Asberg: EPIDEMIOLOGICAL STUDIES IN HEREDITARY HEMOCHROMATOSIS: PREVALENCE,
MORBIDITY AND BENEFIT OF SCREENING.

219.Johan Fredrik Skomsvoll: REPRODUCTIVE OUTCOME IN WOMEN WITH RHEUMATIC DISEASE. A
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221.Marit S. Jordhgy: THE IMPACT OF COMPREHENSIVE PALLIATIVE CARE

222.Tom Christian Martinsen: HYPERGASTRINEMIA AND HYPOACIDITY IN RODENTS — CAUSES AND
CONSEQUENCES
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227.Vibeke Nossum: THE EFFECT OF VASCULAR BUBBLES ON ENDOTHELIAL FUNCTION

228.Sigurd Fasting: ROUTINE BASED RECORDING OF ADVERSE EVENTS DURING ANAESTHESIA — APPLI-
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229.Solfrid Romundstad: EPIDEMIOLOGICAL STUDIES OF MICROALBUMINURIA. THE NORD-
TR@GNDELAG HEALTH STUDY 1995-97 (HUNT 2)

230.Geir Torheim: PROCESSING OF DYNAMIC DATA SETS IN MAGNETIC RESONANCE IMAGING

231.Catrine Ahlén: SKIN INFECTIONS IN OCCUPATIONAL SATURATION DIVERS IN THE NORTH SEA AND
THE IMPACT OF THE ENVIRONMENT

232.Arnulf Langhammer: RESPIRATORY SYMPTOMS, LUNG FUNCTION AND BONE MINERAL DENSITY IN
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WITH MENTAL RETARDATION

246.Reidar Fossmark: GASTRIC CANCER IN JAPANESE COTTON RATS
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253.Eystein Stordal: ASPECTS OF THE EPIDEMIOLOGY OF DEPRESSIONS BASED ON SELF-RATING IN A
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SULTS FOLLOWING OPEN SURGERY

258.Daniel Kondziella: GLIAL-NEURONAL INTERACTIONS IN EXPERIMENTAL BRAIN DISORDERS
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260.Kenneth McMillan: PHYSIOLOGICAL ASSESSMENT AND TRAINING OF ENDURANCE AND
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261.Marit Seebg Indredavik: MENTAL HEALTH AND CEREBRAL MAGNETIC RESONANCE IMAGING IN
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262.0le Johan Kemi: ON THE CELLULAR BASIS OF AEROBIC FITNESS, INTENSITY-DEPENDENCE AND
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263.Eszter Vanky: POLYCYSTIC OVARY SYNDROME — METFORMIN TREATMENT IN PREGNANCY

264.Hild Fjeertoft: EXTENDED STROKE UNIT SERVICE AND EARLY SUPPORTED DISCHARGE. SHORT AND
LONG-TERM EFFECTS

265.Grete Dyb: POSTTRAUMATIC STRESS REACTIONS IN CHILDREN AND ADOLESCENTS
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282.1dar Kirkeby-Garstad: CLINICAL PHYSIOLOGY OF EARLY MOBILIZATION AFTER CARDIAC SURGERY
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HOOD

296.Paul Jarle Mork: MUSCLE ACTIVITY IN WORK AND LEISURE AND ITS ASSOCIATION TO MUSCU-
LOSKELETAL PAIN
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LEPSY
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WITH EMPHASIS ON MARINE N-3 FATTY ACIDS
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311.Vidar Beisvag: PHYSIOLOGICAL GENOMICS OF HEART FAILURE: FROM TECHNOLOGY TO PHYSI-
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313.Anne Brantberg: FETAL AND PERINATAL IMPLICATIONS OF ANOMALIES IN THE GASTROINTESTI-
NAL TRACT AND THE ABDOMINAL WALL

314.Erik Solligard: GUT LUMINAL MICRODIALYSIS
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TRONDELAG HEALTH STUDIES (HUNT)

316.Anne-Tove Brenne: GROWTH REGULATION OF MYELOMA CELLS

317.Heidi Knobel: FATIGUE IN CANCER TREATMENT — ASSESSMENT, COURSE AND ETIOLOGY

318. Torbjgrn Dahl: CAROTID ARTERY STENOSIS. DIAGNOSTIC AND THERAPEUTIC ASPECTS

319.Inge-Andre Rasmussen jr.: FUNCTIONAL AND DIFFUSION TENSOR MAGNETIC RESONANCE IMAG-
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STUDY, NORD-TR@NDELAG, NORWAY
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BUBBLES

323.Rune Bang Leistad: PAIN, AUTONOMIC ACTIVATION AND MUSCULAR ACTIVITY RELATED TO EX-
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324.Svein Brekke: TECHNIQUES FOR ENHANCEMENT OF TEMPORAL RESOLUTION IN THREE-
DIMENSIONAL ECHOCARDIOGRAPHY



325. Kristian Bernhard Nilsen: AUTONOMIC ACTIVATION AND MUSCLE ACTIVITY IN RELATION TO
MUSCULOSKELETAL PAIN

326.Anne Irene Hagen: HEREDITARY BREAST CANCER IN NORWAY. DETECTION AND PROGNOSIS OF
BREAST CANCER IN FAMILIES WITH BRCA1IGENE MUTATION

327.Ingebjgrg S. Juel : INTESTINAL INJURY AND RECOVERY AFTER ISCHEMIA. AN EXPERIMENTAL
STUDY ON RESTITUTION OF THE SURFACE EPITHELIUM, INTESTINAL PERMEABILITY, AND RELEASE
OF BIOMARKERS FROM THE MUCOSA

328.Runa Heimstad: POST-TERM PREGNANCY

329.Jan Egil Afset: ROLE OF ENTEROPATHOGENIC ESCHERICHIA COLI IN CHILDHOOD DIARRHOEA IN
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332. Andreas Mgllerlgkken: REDUCTION OF VASCULAR BUBBLES: METHODS TO PREVENT THE AD-
VERSE EFFECTS OF DECOMPRESSION

333.Anne Hege Aamodt: COMORBIDITY OF HEADACHE AND MIGRAINE IN THE NORD-TR@NDELAG
HEALTH STUDY 1995-97

334. Brage Hgyem Amundsen: MYOCARDIAL FUNCTION QUANTIFIED BY SPECKLE TRACKING AND TIS-
SUE DOPPLER ECHOCARDIOGRAPHY — VALIDATION AND APPLICATION IN EXERCISE TESTING AND
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335.Inger Anne Naess: INCIDENCE, MORTALITY AND RISK FACTORS OF FIRST VENOUS THROMBOSIS IN
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336.Vegard Bugten: EFFECTS OF POSTOPERATIVE MEASURES AFTER FUNCTIONAL ENDOSCOPIC SINUS
SURGERY
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339.Svein Arne Aase: METHODS FOR IMPROVING QUALITY AND EFFICIENCY IN QUANTITATIVE ECHO-
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SHORT AND LONG TERM EFFECTS
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