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ABSTRACT - This review focuses on the evolution of approaches to dos-
ing of antiepileptic drugs (AEDs) in clinical practice through history. There
has been a shift in the view of treatment of epilepsy, from “one dose fits all
patients” in the early days to individualisation of treatment. Over the past 50
years, our knowledge of pharmacological variability of AEDs has markedly
increased through implementation of therapeutic drug monitoring (TDM).
The use of TDM has demonstrated extensive pharmacokinetic variability for
AEDs and a need to individualise the treatment for an optimal outcome. Fac-
tors that contribute to pharmacokinetic variability include external factors
(including food and comedication), physiological factors (gender, age, and
pregnancy), pathological conditions (organ dysfunction), and genetic fac-
tors (polymorphisms in metabolising enzymes). Patient groups of children,
pregnant women, and the elderly, in whom the most extensive pharma-
cokinetic changes occur, need special attention and close follow-up of
treatment. Patients with complicated and changing combination treatments
are also vulnerable. Therapeutic drug monitoring may be particularly help-
ful in such situations. There are also challenges regarding the use and
misuse of therapeutic drug monitoring, such as the use of drug monitoring
without a clear indication, misinterpretation of the reference range, and
erroneous sampling times.
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The present review covers the evolution of how
antiepileptic drugs (AEDs) have been used in the treat-
ment of epilepsy from the early 1900s, with emphasis
on dose individualisation. There has been a shift in the
view of treatment of epilepsy, from “one dose fits all
patients” to individualisation of treatment by imple-
mentation of therapeutic drug monitoring (TDM) in
order to optimise efficacy and tolerability. This review
is restricted to individualised dosing of AEDs. Other
aspects of individualisation, such as when to treat and
with which drug, are not covered. The concepts and
definitions related to the use of TDMin clinical practice
are discussed with examples. Challenges regarding
use and misuse of TDM, as well as a lack of clinical
studies, are also discussed.

One of the founders of modern pharmacotherapy, Sir
William Osler, stated in 1903 that “Variability is the law
of life, and as no two faces are the same, so no two
bodies are alike, and no two individuals react alike
and behave alike under abnormal conditions which
we know as disease” (Lesko and Schmidt, 2012). The
history of AEDs has confirmed this early observation
and demonstrated that pharmacological variability is
important for understanding how patients react dif-
ferently. Pharmacological variability implies variability
in pharmacodynamic and pharmacokinetic properties,
including genetic variability that may affect both.

The purpose of the present review is to give a histor-
ical overview of dosing strategies of AEDs from the
early beginning, how AEDs are used today to provide
the individual patient with an optimal treatment, and
future aspects, specifically related to the role of TDM.

Search criteria and literature review

This review is mainly based on published articles iden-
tified by searches in PubMed and Google Scholar
from November 2015 to August 2016, in addition to
the authors’ files. Selected peer-reviewed publications
with emphasis on dosing strategies and pharmacologi-
cal variability of AEDs in recognised international jour-
nals in English were included. Primary sources were
preferred and selected, but review articles giving a
broad and updated overview were also included. Non-
English articles, case reports, and clinical studies with
methodological and clinical limitations were excluded.
The following search terms were used:

— All antiepileptic drugs: brivaracetam, carba-
mazepine, clobazam, clonazepam, eslicarbazepine
acetate, ethosuximide, felbamate, gabapentin,
lacosamide, lamotrigine, levetiracetam, oxcar-
bazepine, perampanel, phenobarbital, phenytoin,
pregabalin, primidone, retigabine, rufinamide,
stiripentol, sultiame, tiagabine, topiramate, valproic
acid, vigabatrin, and zonisamide.

— Other search terms: absorption, adverse drug
effects, analytical procedures, clinical study, distri-
bution, efficacy, elimination, excretion, formulation,
generic substitution, metabolism, pharmacokinetics,
pharmacology, pharmacogenetics, safety, special pop-
ulations, surveillance, therapeutic drug monitoring,
teratogenicity, tolerability.

The past:
the early era of antiepileptic drugs

The first drug treatment for epilepsy was potassium
bromide, introduced as early as 1857 and prescribed
in standard doses.

In 1912, phenobarbital was approved for use against
epilepsy, prompted by Alfred Hauptmann’s studies of
this hypnotic agent in patients with severe epilepsy,
and when bromide was not effective (Yasiry and
Shorvon, 2012). Doses of up to 300 mg/day were used.
Today, phenobarbital, listed by the WHO as an essen-
tial drug, is still used around the world, though in lower
doses.

In 1937, phenytoin was the first drug to be approved
with known antiseizure activity, based on animal
models. During a number of years after phenytoin’s
introduction, it was prescribed in many countries as
duotherapy with phenobarbital. A daily dose of 300 mg
phenytoin and 100 mg phenobarbital, often as fixed
combination tablets, was “standard” treatment until
the introduction of drug level monitoring during the
early 1960s and carbamazepine and valproic acid later
on, in around 1980 (Layning, 1983).

Dosing strategies: assessing efficacy
and tolerability in relation to serum
concentration measurements

Buchthal and co-workers were the first to publish
studies on serum concentrations of phenytoin and
phenobarbital and their relation to clinical effects
(Buchthal and Svensmark, 1960), findings inspiring fur-
ther pharmacokinetic studies on AEDs (Kutt et al.,
1964). This resulted in a series of books about AEDs
starting with Antiepileptic Drugs by Woodbury et al.
(1972). A series of workshops, known as WODADIBOFs
(Workshop on the Determination of Antiepileptic
Drugs in Body Fluids), took place between 1972 and
1979 (Meijer et al., 1973) that established a multi-
disciplinary collaboration between pharmacologists,
pharmacists, toxicologists, neurologists, and paedi-
atricians. It was anticipated that new information
concerning the relationship of serum concentrations
to seizure control and toxicity would improve utilisa-
tion of AEDs.
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From the 1970s, it was possible to measure serum
concentrations of AEDs in routine practice in many
laboratories. The fact that phenytoin, with the knowl-
edge of its saturation kinetics (Johannessen and
Strandjord, 1972; Richens, 1975a), was one of the
most commonly used AEDs at that time contributed
to rapid establishment of TDM in routine practice.
Pronounced pharmacokinetic variability was demon-
strated (Johannessen and Strandjord, 1972; Richens,
1975a), but this is not only seen with AEDs.

Further reasons for the rapid establishment of TDM
in the treatment of epilepsy are related to the nature
of the condition and its treatment. Treatment is pro-
phylactic and symptoms of the disease (i.e. seizures)
occurwithirregularand unpredictable intervals. There
are no reliable surrogate markers of effect. At the
same time, a therapeutic failure can have drastic con-
sequences for the patient. For these reasons, it is
particularly difficult to individualise the AED dose
based on clinical response alone.

The significant challenges in epilepsy treatment were
clearly highlighted in a comparison between dosing
regimens before the introduction of TDM for pheny-
toin versus warfarin, adrug used for other prophylactic
purposes, but for which intermediate measures of
efficacy are available (Koch-Weser, 1981). Out of 200
patients on phenytoin, 180 were given 300 mg daily
as a standard dose, but when serum concentrations
of phenytoin were measured they ranged from 0 to
50 mg/l. Less than 30% of the patients had concen-
trations within the recommended range, suboptimal
concentrations were present in 60%, and potential
toxic concentrations in 11% of the patients. In contrast,
with warfarin, for which the International Normalised
Ratio (INR) could be used as a pharmacodynamic
biomarker to guide dosing, the doses varied from less
than 2 mg to more than 11 mg daily. Similarly, with the
antihypertensive drug guanethidine, for which dose
requirements were guided by the patients’ blood pres-
sure, the doses varied from <10 mg to >100 mg daily
(Koch-Weser, 1981).

The early studies of routine TDM data showed pharma-
cokinetic variability of phenytoin and phenobarbital,
as well as carbamazepine and valproic acid, and the
impact of comedication, along with the relationship
between serum drug concentrations and clinical effect
and tolerability (Johannessen and Strandjord, 1972;
Strandjord and Johannessen, 1972, 1980; Lund, 1974;
Eichelbaum et al., 1976; Henriksen and Johannessen,
1982; Tomson et al., 1984; Schmidt and Haenel, 1984;
Schmidt et al., 1986). This further supported a more
general use of TDM for the treatment of epilepsy.

The development of methods to measure serum drug
concentrations thus made it possible to study relation-
ships between drug dosage, serum concentrations,
and clinical effect. It was soon realised that an optimal
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clinical effect was often seen within a certain range of
serum concentration below which a suboptimal effect
was more common, while concentrations above the
range were more often associated with side effects
(Shorvon et al., 1978; Strandjord and Johannessen,
1980; Schmidt and Haenel, 1984; Schmidt et al., 1986).
Thus, it became apparent that variability in treatment
response observed between patients could, to a large
extent, be explained by the extensive pharmacokinetic
variability that was revealed, highlighting the need to
individualise dosing (e.g. Koch-Weser, 1981).

Quality assurance of serum concentration
measurements

Successful use of serum concentration measurements
in patient management relies on simple, accurate,
reproducible, and preferably inexpensive, analytical
assays. Soon after the introduction of TDM, it was
recognised that quality control programmes of drug
measurements were needed due to a great variation
in analytical results in the early years (Pippenger et
al., 1978). The first quality control schemes for AED
measurements were established in 1972 with later
follow-ups (Richens, 1975b; Wilson et al., 1989; Williams
et al., 2003).

The present:
50 years of evolution of knowledge
of pharmacological variability

A number of new AEDs have become available dur-
ing the past 50 years, and the knowledge of variability
between patients or within the same patients treated
with one AED, or combinations of several AEDs, has
evolved. New challenges in dosing of AEDs include
the wide range of combinations of AEDs available,
a large number of possible pharmacokinetic drug
interactions, and changes in pharmacokinetics due to
physiological changes in various patient groups.

Implementation of therapeutic drug monitoring

The TDM concept rests on the assumption that clin-
ical effects correlate better with drug concentrations
than with dose. TDM has become of particular value
in the treatment of epilepsy since it is difficult to
determine the optimal dose on clinical grounds alone
(Koch-Weser, 1981; Patsalos et al., 2008), as discussed
above. The aim of TDM is to adjust for pharmacoki-
netic variability in order to optimise drug therapy in
the individual patient (figure 7). Proposed indications
for TDM of AEDs are summarised in table 7 and phar-
macokinetic characteristics of AEDs in table 2.
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failure)

Pharmacokinetic variability
(Absorption, Distribution, Metabolism, Excretion)

e External factors (environmental factors,
comedication giving PK interactions)

¢ Physiological factors and concurrent illness
(pregnancy (lamotrigine), hepatic/renal

¢ Genetic factors (polymorphisms in CYPs/
UGTs, clobazam, phenytoin, lamotrigine?)

TDM

e Serum (most often), saliva
(for certain AEDs)

¢ Total concentrations (most
often), free, unbound
concentrations
(valproate, phenytoin)

* Reference ranges

Figure 1. Dosing of antiepileptic drugs, reasons for pharmacokinetic variability, and implementation of therapeutic drug monitoring
(TDM) in the optimisation of treatment outcome. PK: pharmacokinetic; CYP: cytochrome P450; UGT: uridine glucuronosyl transferase.

From the concept of therapeutic ranges
to individual reference concentrations

In 1993, the International League Against Epilepsy
(ILAE) issued its first guidelines for TDM of AEDs
(Commission on Antiepileptic Drugs, 1993). This was
extensively revised and updated recommendations
were published in 2008 as a position paper from the
ILAE: Antiepileptic drugs-best practice guidelines for
therapeutic drug monitoring (Patsalos et al., 2008).

Terminology and definitions

The ILAE position paper recommends the use of two
different terms to define drug concentration ranges in
relation to their clinical effects (Patsalos et al., 2008).
Areference range is defined as a range of drug concen-
trations quoted by a laboratory with a lower limit for
therapeutic response and an upper limit above which
toxicity is more likely to occur.

A therapeutic range is defined as the range of drug
concentrations associated with the optimal response

inacertain patientand may vary between patients. This
individual therapeutic concentration is considered a
better guide to individualisation than reference ranges
(Patsalos et al., 2008).

Reference ranges

Most of the older AEDs have a more or less well-
defined reference range of steady-state serum concen-
trations (Tomson and Johannessen, 2000; Johannessen
et al., 2003) with a high probability of seizure con-
trol and low risk of toxicity, but this must not be
strictly interpreted. In less severe epilepsy, seizure
control may frequently be attained at concentrations
below the reference range (Lund, 1974; Shorvon et
al., 1980; Strandjord and Johannessen, 1980; Beardsley
et al., 1983; Perucca, 2000). The dose should then not
be increased in order to reach suggested “therapeu-
tic” serum concentrations. On the other hand, some
patients with severe epilepsy require concentrations
above the reference range in order to have optimal
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Table 1. Therapeutic drug monitoring (TDM): practical recommendations.

Indications for TDM

therapeutic concentration

Adverse effects, intoxications
Therapeutic failure
Suspected/expected pharmacokinetic interactions

Suspicion of poor adherence
Change of drug formulation
In emergency situations or status epilepticus

After initiation of drug therapy and when preliminary assessment of effect is possible, to establish an individual

After a dose change. Especially important for AEDs with non-linear pharmacokinetics
In special patient populations (children, pregnant women, elderly, comorbidity)

Special pathological situations (renal failure, hepatic failure, etc.)

What to measure?

concentration-related side effects are suspected

measurements and a reference value

Serum or plasma concentrations at steady-state at a standard blood sampling time, or during the day if

Free/unbound concentrations in certain cases only (for highly bound AEDs, >90% protein bound)
Saliva sampling. Only when unbound concentrations are needed and when blood sampling is not possible
Measure with standardisation of blood/saliva sampling time and drug fasting in the morning, to have comparable

How to measure?

Immunological methods (various immunoassays)
A quality assurance programme is essential

Chromatographic methods (HPLC, UPLC, UV/MS-detection)*

*HPLC: high performance liquid chromatography; UPLC: ultra performance liquid chromatography; UV: ultraviolet; MS: mass spectrum.

response. Patients may also experience adverse effects
with serum concentrations within the reference range.
The optimal serum concentrations may also differ with
regards to seizure type. The dose should therefore be
adjusted to an optimal serum concentration for the
individual patient.

Individual therapeutic concentrations

This is defined as the serum concentration in which
the individual patient shows the optimal response.
It can be achieved by adjusting the dosage on clin-
ical grounds, whereafter serum concentrations are
measured over time (Perucca, 2000). A period with-
out seizures is not necessarily the same as a period
of seizure control, as the occurrence of seizures may
be unpredictable. The individual therapeutic concen-
tration is useful for subsequent management. It can
be used to identify causes of intercurrent events lead-
ing to seizure recurrence or toxicity (e.g. due to poor
adherence or a drug interaction). The concept of indi-
vidual therapeutic concentrations may be applied to
AEDs regardless of the existence of a well-defined ref-
erence range (Perucca, 2000).

Reasons for pharmacokinetic variability

Most AEDs are metabolised in the liver and this pro-
cess is susceptible to influence from various individual
host factors, including genetics, age, physiological
state, and hepatic failure. Also, concomitant use of
drugs with enzyme inducing or inhibiting properties
contributes to their pharmacokinetic variability. This
variability may be detected and controlled for by mea-
surement of serum concentrations (figure 7).

External factors

External factors affecting the pharmacokinetics
include environmental factors, such as cigarette smok-
ing, food, and drink. Hepatic enzymes, such as phase |
cytochrome P-450 (CYP), more specifically CYP3A4,
may be inhibited by intake of grapefruit juice. Smoking
may induce certain CYPs (CYP1A2) and phase Il uridine
glucuronosyltransferases (UGTs) (UGT1A4). Comedi-
cation with AEDs or other drugs is the most important
external factor since many AEDs have a pronounced
potential to cause pharmacokinetic interactions, as
there are both strong enzyme inhibitors (valproic
acid, stiripentol, and felbamate) and inducers (car-
bamazepine, phenytoin, and phenobarbital), as well
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as AEDs which are substrates for interactions. Drugs
like lamotrigine and clobazam are affected by both
inducers and inhibitors and thus pronounced changes
in serum concentrations are observed (Bartoli et al.,
1997; Johannessen Landmark et al., 2012a; Burns et al.,
2016). One example is the interaction between lam-
otrigine and oral contraceptives, in which the serum
concentrations of lamotrigine are reduced by 50% on
average, as compared to women not using oestradiol-
containing oral contraceptives (Sabers et al., 2003).
About 20% of the population of patients with epilepsy
use AEDs as polytherapy, and 30% of patients with
epilepsy are prescribed drugs for psychiatric comorbid
disorders (Karouni et al., 2010; Johannessen Landmark
et al., 2011). Numerous pharmacokinetic interactions
exist for AEDs used in combination and when AEDs
are used concomitantly with other CNS-active drugs
(Johannessen Landmark and Patsalos, 2010).

The most recent example of the importance of mea-
suring AEDs is the concomitant use of cannabinoids
and clobazam, which has been shown to increase
the concentration of N-desmethylclobazam, the active
metabolite of clobazam, by a factor of five, causing
adverse effects (Geffrey et al., 2015).

Physiological factors and concurrent illness
Physiological changes affect the pharmacokinetic
characteristics, e.g. age and pregnancy. Concurrent ill-
ness, such as hepatic or renal failure, can also have
an impact. In children, elimination organs develop fast
during the first year of life. Metabolising capacity in
the early years of life may vary according to isoen-
zyme. Both blood flow and metabolising capacity for
drugs are at a peak at the age of 5-6 years. After that
age, pharmacokinetics are similar to adults until 65
years of age when a gradual decrease in clearance is
seen (Johannessen Landmark et al., 2012b; Italiano and
Perucca, 2013).

Pronounced physiological changes occur during
pregnancy. Studies of lamotrigine revealed extensive
changes in metabolism during pregnancy, with up to
a three-fold increase in clearance with a rapid return
to baseline values shortly after delivery (Ohman et al.,
2000; Pennell et al., 2004; Reimers et al., 2005). Other
newer AEDs, such as oxcarbazepine, levetiracetam,
and topiramate, also show pronounced pharmacoki-
netic changes throughout pregnancy (Christensen et
al., 2006; Tomson et al., 2007a; Westin et al., 2009). Even
though the experience of handling AED dosage during
pregnancy has increased considerably over the years,
the importance of taking pharmacokinetic changes
into account was already suggested in 1977 (Eadie
et al., 1977). These authors stated that the altered
anticonvulsant requirement is more likely to depend
mainly on an increased rate of biotransformation, and
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anticonvulsant plasma levels should be monitored
regularly from the outset of pregnancy and more
frequently after birth (Eadie et al., 1977).

Genetic factors

Another cause of pharmacokineticvariability is genetic
polymorphisms in drug metabolising enzymes, which
may be revealed by genotyping (Sirot et al., 2006;
Loscher et al., 2009; Cascorbi, 2010). However, in many
cases it is easier to monitor the serum concentra-
tion. Complementary pharmacogenetic testing may,
however, elucidate the reason for unexpected rela-
tionships between dose and serum concentrations of
certain AEDs when CYP2C9 and 2C19, and to some
extent UGTs, are shown to have polymorphisms that
may give rise to a poor metaboliser phenotype. Sus-
ceptible AEDs are clobazam, phenytoin, and to alesser
extent, lamotrigine (Lee et al., 2007; Gulcebi et al.,
2011; Burns et al., 2016; Reimers et al., 2016). Genetic
variability in drug transporters, as a mechanism for
pharmacoresistance, is still under debate and needs
further research (Loscher et al., 2009).

Non-adherence

The use of TDM may reveal poor or variable adherence
to the prescribed medication. By using TDM data, poor
adherence has been shown to be a major reason for
hospitalisation due to break-through seizures (when
serum concentrations were <50% of baseline values),
even in patients denying non-adherence (Samsonsen
et al., 2014).

Experience with the recent and most recent AEDs

Among the newer, second generation AEDs, the
following may be good candidates for TDM: felba-
mate, gabapentin, lamotrigine, levetiracetam, oxcar-
bazepine, pregabalin, tiagabine, topiramate, and
zonisamide, since these drugs show marked pharma-
cokinetic variability likely to contribute to differences
in dosage requirements (Krasowski and McMillin,
2014; Johannessen Landmark et al., 2012b). The
most recently available AEDs include eslicarbazepine
acetate, lacosamide, perampanel, rufinamide, and
stiripentol. Various studies demonstrate extensive
pharmacokinetic variability and potential for interac-
tions also for these drugs (Perucca et al., 2008; May et
al., 2012; Markoula et al., 2014; Johannessen Landmark
et al., 2016; Patsalos et al., 2016).

For AEDs with short half-lives (levetiracetam,
gabapentin, pregabalin, and tiagabine), interpretation
of TDM data may be complicated due to fluctuations
in serum concentrations within the dosing interval,
causing variability if the blood sampling time is not
well standardised. Gabapentin and rufinamide have a
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capacity-limited absorption, and thus the dose itself
is not a good measure of drug exposure. Stiripentol
exhibits extensive pharmacokinetic variability, satura-
tion kinetics similar to those of phenytoin, and many
interactions with other AEDs (May et al., 2012).

What and how to measure?

For most AEDs, the total concentration of bound
and unbound drug of the main active compound is
measured. The blood sampling time should be stan-
dardised in the morning before intake of the dose at
assumed steady state (Tomson and Johannessen, 2000).

Serum concentrations of metabolites

Some AEDs have pharmacological active metabo-
lites. For instance, primidone is metabolised to
phenylethylmalonamide and phenobarbital. Most
often, the concentration of the derived phenobarbi-
tal is used. The main metabolite of carbamazepine,
carbamazepine 10-11-epoxide, accounts for 10-50% of
the serum concentration of the parent drug, but there
is no constant relationship between the concentra-
tion of the epoxide and carbamazepine. Measuring the
metabolite is usually not included in routine monitor-
ing. Oxcarbazepine is rapidly metabolised to its mono-
hydroxyderivative, (R)/(S)-licarbazepine. The prodrug
eslicarbazepine acetate is rapidly converted to (S)-
licarbazepine or eslicarbazepine. These derivatives can
be measured for monitoring purposes by the same
analytical method or by a stereoselective method.

For drugs for which the parent molecule and active
metabolite are present at high concentrations (i.e.
clobazam and N-desmethylclobazam), both can be
measured and various metabolite/parent compound
ratios used in the interpretation of the results (Burns
et al., 2016).

Unbound drug concentrations

Measurement of the unbound drug concentration may
be of importance in special situations, since this is the
fraction of the drug that is pharmacologically active.
In certain situations, the level of binding of a drug to
plasma proteins may be lower than normal, in which
case measuring the total concentration can be mislead-
ing and may lead to an underestimation of the amount
of pharmacologically active drug. This is, however, only
relevant when interpreting the serum concentrations
of highly-protein-bound (>90%) drugs, such as pheny-
toin and valproic acid (Patsalos et al., 2008), as well as
some of the newer AEDs, i.e. tiagabine, stiripentol, and
perampanel (Krasowski and McMillin, 2014).

In conditions with hypoalbuminaemia, for example
during neonatal age, old age, pregnancy, chronic
liver disease and uraemia, protein binding may be

decreased. The net effect of such a decrease in pro-
tein binding is a decline in the total (bound plus
unbound) serum concentration of the drug, while the
unbound drug concentration, the pharmacologically
active concentration, may be essentially unchanged.
Measurement of the free concentration might be
preferable in e.g. pregnant women using valproic acid
if a more precise estimate of the exposure of the drug
to the foetus is considered necessary (Tomson et al.,
2013). This may facilitate the interpretation of ther-
apeutic monitoring data since therapeutic and toxic
effects may be observed at lower total concentrations
than usual and inappropriate dosage adjustments can
be avoided.

Saliva concentrations and blood spots

Most often, serum or plasma samples are used
for TDM, but saliva can be an alternative medium
for several AEDs (Patsalos and Berry, 2013) since
the concentration in saliva reflects the unbound
concentration in serum (except for valproic acid and
phenobarbital due to their physicochemical proper-
ties). Saliva sampling is simple and non-invasive and is
useful in children who fear venepuncture. The saliva
concentrations may, however, be affected by the sam-
pling conditions and contamination of mucus and the
presence of residual drug and food.

Many publications are available regarding the use of
dried blood spots, although there are some method-
ological limitations. A recent study demonstrated its
use in children with epilepsy, in the assessment of
adherence of their prescribed drugs, but the method
is not yet well established in clinical routine practice
(Shah et al., 2013).

The future:
dosing strategies towards
improved personalised medicine

More studies are warranted in special patient pop-
ulations regarding pharmacokinetic variability. This
will contribute to better understanding of the need to
individualise treatment with AEDs. Currently, 50% of
prescriptions of AEDs are for indications other than
epilepsy (Baftiu et al., 2016), e.g. neuropathic pain,
psychiatric disorders, and migraine, with new and
partly unexplored possibilities of drug interactions.
Thus, TDM of AEDs may be important in patient popu-
lations beyond epilepsy as part of pharmacovigilance
(Haen, 2011).

Recent initiatives from the European Medicines
Agency (EMA) now support further the implementa-
tion of pharmacogenomics in drug development and
surveillance (Ehmann et al., 2014). Genetically suscep-
tible subgroups of patients can avoid certain drugs
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and hence possible toxic or fatal effects. Consequently,
more tailored therapy might be offered to the indi-
vidual patient in the future using a combination of
TDM and pharmacogenomic test panels (Hiemke and
Shams, 2013).

For research purposes, TDM databases are suitable
for identification and monitoring of safety aspects
related to intra- and inter-patient pharmacokinetic
variability. The potential for pharmacokinetic interac-
tions of new drugs is usually incompletely described
prior to and early after marketing, and therefore
deserves more attention (Johannessen Landmark and
Johannessen, 2012).

Lessons learned with retrospect

The past experience of the last 50 years with TDM
have clearly shown that one AED dose does not fit all
patients, and that doses need to be adjusted over time
in the individual patient. There are, however, certain
requirements for TDM to be useful. The concept rests
on the assumption that there is a correlation between
the serum concentration and clinical effect, and that
this is stronger than between dose and effect. For most
AEDs, the serum concentration can be considered a
measure of the exposure of the drug at its site of action
in the brain. However, the drug effect at the site of
action also needs to be reversible in order to obtain a
meaningful concentration-effect relationship.

Use and misuse of TDM

Criticism has been directed towards the overuse of
TDM and the method should obviously not be used
without clear indications (see table 1 for details and
recommendations). Routine overuse of TDM without
aproper clinical evaluation was pointed outas an issue
many years ago. It was stated that “treating patients is
much more important than treating blood concentra-
tions” (Chadwick, 1987).

There are also several pitfalls regarding the interpre-
tation of TDM results. There is no strict correlation
between efficacy and toxicity of an AED and the corre-
sponding serum concentration in individual patients
(St. Louis, 2009). The establishment of individual ther-
apeutic concentrations that differ from the suggested
reference ranges may be challenging to accept for the
clinician and the patient. Furthermore, changes in the
underlying seizure condition may require reestablish-
ment of these individual therapeutic concentrations
(Krasowski, 2010).

Erroneous or random sampling times are also a cause
of variability, which may cause difficulties in interpret-
ing the results in a patient over time. Standardisation
of blood sampling time and drug-fasting in the morn-
ing (before intake of the morning dose) at steady
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state should be the standard procedure for possi-
ble comparisons of the measurements over time in
the individual patient and in relation to the reference
ranges for each AED (Tomson and Johannessen, 2000;
Patsalos et al., 2008). In cases where adverse effects are
suspected at peak concentrations, as sometimes seen
with e.g. oxcarbazepine (Nunes et al., 2013), a blood
sample may be drawn a few hours after drug intake
when adverse effects are suspected.

Other challenges

Despite what has been discussed above, there is a
lack of class | evidence of the clinical impact of TDM
on treatment outcome in epilepsy. In a Cochrane
review of TDM of AEDs in epilepsy patients from 2007,
only one study met the inclusion criteria by assessing
efficacy outcomes of AED monotherapy with or with-
out TDM (Tomson et al., 2007b). In this randomised
study, 180 patients with newly diagnosed epilepsy,
treated with carbamazepine, valproate, phenytoin,
phenobarbital or primidone, were followed for one
year. Efficacy and tolerability measures were simi-
lar between those randomised to dosing guided by
TDM or those without TDM. It was concluded that
there was no clear evidence to support aiming at
predefined target ranges (Januzzi et al., 2000), which,
however, no longeris recommended practice (Patsalos
et al., 2008). So far, there are no other studies in
which the impact of implementation of TDM on out-
come of epilepsy treatment has been investigated as a
primary goal.

For several of the new AEDs it has been claimed,
sometimes for commercial reasons, that TDM is not
useful or needed; the claimed disadvantage of TDM
being the inconvenience of undertaking the sampling
and analysis, and the consequent costs relating to the
analysis (Perucca, 2000). The example of lamotrigine
interactions with contraceptives (Sabers et al., 2003)
and drastic changes in pregnancy (Ohman et al., 2000)
has demonstrated the importance of a critical atti-
tude towards such claims. The role of TDM of the
newer generation and future AEDs needs investiga-
tion and is a continuous challenge. Development and
testing of newer AEDs should include an evaluation
of TDM early in specifically designed clinical stud-
ies, preferably using monotherapy. Proper use of TDM
should therefore be an integrated part of drug devel-
opment (Commission on Antiepileptic Drugs, 1989,
1993; Perucca, 2000).

The FDA and the American Association for Clinical
Chemistry have suggested early availability of drug
assays. This strategy has not, however, so far been
implemented as an integrated part of drug develop-
ment and investigations. Hopefully, more commercial
low-cost reagents will be available for TDM of the
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1857- 1912 -1937- >

Past:

The early era of AEDs

- Bromide 1857,
phenobarbital 1912, phenytoin 1937
standard dosing

- Dosing strategies: Assessing
efficacy and tolerability in
relation to serum
concentration measurements,
1970->

- Quality assurance of serum
concentration measurements

1970-2016

Present:

50 years of evolution of Knowledge

of pharmacological variability

- Increasing number of AEDs

- Implementation of TDM more
common in clinical practice
many places

- Concept and definitions of
reference ranges evolving

- Reasons for pharmacokinetic
variability explored in various
patient groups (children,
pregnant women, elderly)

2016->

Future:

Dosing strategies towards

improved personalized

medicine

- TDM available for
more drugs

- Analytical progress

- Advances in
pharmacogenomics

- Increased use of
genotyping for AEDs

- Increased focus on
special patient groups

Figure 2. Overview of dosing strategies of antiepileptic drugs through the past, present, and future.

newer AEDs in more countries. Better understanding
of individual therapeutic serum concentrations and
reference ranges, especially for the newer AEDs, is
needed e.g. in children and the elderly, as well as
during pregnancy and breastfeeding. It was recently
highlighted that future research is needed to define
better reference ranges also for non-epilepsy applica-
tions (Krakowski and McMillin, 2014).

Conclusions

The past, present, and future perspective of dose indi-
vidualisation is summarised in figure 2. In a historical
perspective, in which AEDs have been used to treat
epilepsy for more than a century, we have learned that
a standard dose is not an optimal dosing strategy. We
have learned from history, and through application of
TDM, that the use of AEDs implies variability regard-
ing dose and serum concentration relationships, due
to external, physiological, as well as genetic factors.
Patient groups, such as children, pregnantwomen, and
the elderly, in whom the most extensive pharmacoki-
netic changes occur, need special attention and close
follow-up of their treatment, as do patients with com-
plicated and changing combination treatments. The
main reasons for misuse of TDM include use of TDM
without a clear indication, misinterpretation of the
reference range, and erroneous sampling times. AED
therapy should be tailored to the individual patient for
an optimal treatment outcome and balance between
efficacy and tolerability, and TDM can, in many situa-
tions, facilitate this strategy. [

Supplementary data.
Summary  didactic  slides are
www.epilepticdisorders.com website.

available  on the

Disclosures.
None of the authors have any conflict of interest to declare.

References

Baftiu A, Johannessen Landmark C, Rusten IR, Feet SA, Johan-
nessen Sl, Larsson PG. Changes in utilisation of antiepileptic
drugs in epilepsy and non-epilepsy disorders-a pharma-
coepidemiological study and clinical implications. Eur J Clin
Pharmacol 2016; 72(10): 1245-54.

Bartoli A, Guerrini R, Belmonte A, Alessandri MG, Gatti
G, Perucca E. The influence of dosage, age, and comedi-
cation on steady state plasma lamotrigine concentrations
in epileptic children: a prospective study with preliminary
assessment of correlations with clinical response. Ther Drug
Monit 1997;19(3): 252-60.

Beardsley RS, Freeman JM, Appel FA. Anticonvulsant serum
levels are useful only if the physician appropriately uses
them: an assessment of the impact of providing serum level
data to physicians. Epilepsia 1983; 24(3): 330-5.

Buchthal F, Svensmark O. Aspects of the pharmacology of
phenytoin (Dilantin) and phenobarbital relevant to their
dosage in the treatment of epilepsy. Epilepsia 1960; 1: 373-84.

Burns ML, Baftiu A, Opdahl MS, Johannessen SI, Johannessen
Landmark C. Therapeutic drug monitoring of clobazam and
its metabolite - impact of age and comedication on pharma-
cokinetic variability. Ther Drug Monit 2016; 38(3): 350-7.

Cascorbi I. The promises of personalized medicine. Eur J Clin
Pharmacol 2010; 66: 749-54.

380

Epileptic Disord, Vol. 18, No. 4, December 2016


http://www.ncbi.nlm.nih.gov/pubmed?term=Changes in utilisation of antiepileptic drugs in epilepsy and non-epilepsy disorders-a pharmacoepidemiological study and clinical implications
http://www.ncbi.nlm.nih.gov/pubmed?term=The influence of dosage, age, and comedication on steady state plasma lamotrigine concentrations in epileptic children: a prospective study with preliminary assessment of correlations with clinical response
http://www.ncbi.nlm.nih.gov/pubmed?term=Anticonvulsant serum levels are useful only if the physician appropriately uses them: an assessment of the impact of providing serum level data to physicians
http://www.ncbi.nlm.nih.gov/pubmed?term=Aspects of the pharmacology of phenytoin (Dilantin) and phenobarbital relevant to their dosage in the treatment of epilepsy
http://www.ncbi.nlm.nih.gov/pubmed?term=Therapeutic drug monitoring of clobazam and its metabolite - impact of age and comedication on pharmacokinetic variability
http://www.ncbi.nlm.nih.gov/pubmed?term=The promises of personalized medicine

Chadwick DW. Overuse of monitoring of blood concen-
trations of antiepileptic drugs. Br Med | (Clin Res Ed)
1987;294(6574): 723-4.

May TW, Boor R, Mayer T, et al. Concentrations of stiripentol
in children and adults with epilepsy: the influence of dose,
age, and comedication. Ther Drug Monit 2012; 34(4): 390-7.

Christensen J, Sabers A, Sidenius P. Oxcarbazepine concen-
trations during pregnancy: a retrospective study in patients
with epilepsy. Neurology 2006; 67(8): 1497-9.

Commission on Antiepileptic Drugs of the International
League Against Epilepsy. Guidelines for therapeutic drug
monitoring of antiepileptic drugs. Epilepsia 1993;34(4):
585-7.

Commission on Antiepileptic Drugs. Guidelines for clinical
evaluation of antiepileptic drugs. Epilepsia 1989; 30(4): 400-8.

Eadie M), Lander CM, Tyrer JH. Plasma drug level monitoring
in pregnancy. Clin Pharmacokinetics 1977;2(6): 427-36.

Ehmann F, Caneva L, Papaluca M. European Medicines
Agency initiatives and perspectives on pharmacogenomics.
Br ] Clin Pharmacol 2014;77(4): 612-7.

Eichelbaum M, Bertilsson L, Lund L, Palmér L, Sjoqvist F.
Plasma levels of carbamazepine and carbamazepine-10,11-
epoxide during treatment of epilepsy. Eur | Clin Pharmacol
1976; 9(5-6): 417-21.

Geffrey AL, Pollack SF, Bruno PL, Thiele EA. Drug-drug inter-
action between clobazam and cannabidiol in children with
refractory epilepsy. Epilepsia 2015; 56(8): 1246-51.

Gulcebi MI, Ozkayaynacki A, Goren MZ, Aker RG, Ozkara
C, Onat FY. The relationship between UGT1A4 polymor-
phism and serum concentration of lamotrigine in patients
with epilepsy. Epilepsy Res 2011;95(1-2):1-8.

Haen E. Therapeutic drug monitoring in pharmacovig-
ilance and pharmacotherapy safety. Pharmacopsychiatry
2011; 44(6): 254-8.

Henriksen O, Johannessen SI. Clinical and pharmacokinetic
observations on sodium valproate - a 5-year follow-up in 100
children with epilepsy. Acta Neurol Scand 1982; 65(5): 504-23.

Hiemke C, Shams M. Phenotyping and genotyping of drug
metabolism to guide pharmacotherapy in psychiatry. Curr
Drug Deliv 2013;10(1): 46-53.

Italiano D, Perucca E. Clinical pharmacokinetics of new-
generation antiepileptic drugs at the extremes of age: an
update. Clin Pharmacokinet 2013;52(8): 627-45.

Januzzi G, Cian P, Fattore C, et al. A multicenter randomized
controlled trial on the clinical impact of therapeutic drug
monitoring in patients with newly diagnosed epilepsy. The
Italian TDM study group. Epilepsia 2000; 41(2): 222-30.

Johannessen Sl, Strandjord RE. The concentration of carba-
mazepine (Tegretol®) in serum and in cerebrospinal fluid in
patients with epilepsy. Acta Neurol Scand 1972; 51: 445-6.

Johannessen Sl, Johannessen Landmark C. Antiepilepticdrug
interactions- Basic principles and clinical implications. Cur-
rent Neuropharm 2010; 8: 254-67.

Dosing strategies for antiepileptic drugs

Johannessen Sl, Battino D, Berry DJ, et al. Therapeutic drug
monitoring of the newer antiepileptic drugs. Ther Drug Monit
2003; 25(3): 347-63.

Johannessen Landmark C, Patsalos PN. Drug interactions
involving the new second and third generation antiepileptic
drugs. Expert Rev Neurother 2010; 10(1): 119-40.

Johannessen Landmark C, Johannessen SI. Drug safety
aspects of antiepileptic drugs- Focus on pharmacovigilance.
Pharmacoepidemiol Drug Saf 2012;21(1): 11-20.

Johannessen Landmark C, Fossmark H, Larsson PG, Ryt-
ter E, Johannessen SI. Prescription patterns of antiepileptic
drugs in patients with epilepsy in a nation-wide population.
Epilepsy Res 2011;95:51-9.

Johannessen Landmark C, Baftiu A, Tysse I, etal. Phar-
macokinetic variability of four newer antiepileptic drugs,
lamotrigine, levetiracetam, oxcarbazepine and topiramate-
a comparison of the impact of age and comedication. Ther
Drug Monit 2012a; 34(4): 440-5.

Johannessen Landmark C, Johannessen SI, Tomson T.
Host factors affecting antiepileptic drug delivery- Phar-
macokinetic variability. Adv Drug Delivery Rev 2012b; 64:
896-910.

Johannessen Landmark C, Svendsen T, Dinarevic J, et al. The
impact of pharmacokinetic interactions with eslicarbazepine
acetate versus oxcarbazepine and carbamazepine in clinical
practice. Ther Drug Monit 2016; 38(4): 499-505.

Karouni M, Arulthas S, Larsson PG, Rytter E, Johannessen Sl,
Johannessen Landmark C. Psychiatric comorbidity in patients
with epilepsy: a population-based study. Eur J Clin Pharmacol
2010; 66(11): 1151-60.

Koch-Weser ). Serum drug concentrations in clinical perspec-
tive. Ther Drug Monit 1981; 3(1): 3-16.

Krasowski MD. Therapeutic drug monitoring of the
newer anti-epilepsy medications. Pharmaceuticals (Basel)
2010; 3(6): 1909-35.

Krasowski MD, McMillin GA. Advances in anti-epileptic drug
testing. Clin Chim Acta 2014; 436: 224-36.

Kutt H, Wintes W, Kokenge R, McDowell F. Diphenylhy-
dantoin metabolism, blood levels, and toxicity. Arch Neurol
1964; 11: 642-8.

Lee SY, Lee ST, Kim JW. Contributions of CYP2C9/CYP2C19
genotypes and druginteraction to the phenytoin treatmentin
the Korean epileptic patients in the clinical setting. ] Biochem
Mol Biol 2007; 40(3): 448-52.

Lesko L), SchmidtS. Individualization of drug therapy: history,
present state, and opportunities for the future. Clin Pharma-
col Ther 2012; 92(4): 458-66.

Loscher W, Klotz U, Zimprich F, Schmidt D. The clinical
impact of pharmacogenetics on the treatment of epilepsy.
Epilepsia 2009; 50(1): 1-23.

Lund L. Anticonvulsant effect of diphenylhydantoin relative
to plasma levels. A prospective three-year study in ambu-
lant patients with generalized epileptic seizures. Arch Neurol
1974;31(5): 289-94.

Epileptic Disord, Vol. 18, No. 4, December 2016

381


http://www.ncbi.nlm.nih.gov/pubmed?term=Overuse of monitoring of blood concentrations of antiepileptic drugs
http://www.ncbi.nlm.nih.gov/pubmed?term=Concentrations of stiripentol in children and adults with epilepsy: the influence of dose, age, and comedication
http://www.ncbi.nlm.nih.gov/pubmed?term=Oxcarbazepine concentrations during pregnancy: a retrospective study in patients with epilepsy
http://www.ncbi.nlm.nih.gov/pubmed?term=Guidelines for therapeutic drug monitoring of antiepileptic drugs
http://www.ncbi.nlm.nih.gov/pubmed?term=Guidelines for clinical evaluation of antiepileptic drugs
http://www.ncbi.nlm.nih.gov/pubmed?term=Plasma drug level monitoring in pregnancy
http://www.ncbi.nlm.nih.gov/pubmed?term=European Medicines Agency initiatives and perspectives on pharmacogenomics
http://www.ncbi.nlm.nih.gov/pubmed?term=Plasma levels of carbamazepine and carbamazepine-10,11-epoxide during treatment of epilepsy
http://www.ncbi.nlm.nih.gov/pubmed?term=Drug-drug interaction between clobazam and cannabidiol in children with refractory epilepsy
http://www.ncbi.nlm.nih.gov/pubmed?term=The relationship between UGT1A4 polymorphism and serum concentration of lamotrigine in patients with epilepsy
http://www.ncbi.nlm.nih.gov/pubmed?term=Therapeutic drug monitoring in pharmacovigilance and pharmacotherapy safety
http://www.ncbi.nlm.nih.gov/pubmed?term=Clinical and pharmacokinetic observations on sodium valproate - a 5-year follow-up in 100 children with epilepsy
http://www.ncbi.nlm.nih.gov/pubmed?term=Phenotyping and genotyping of drug metabolism to guide pharmacotherapy in psychiatry
http://www.ncbi.nlm.nih.gov/pubmed?term=Clinical pharmacokinetics of new-generation antiepileptic drugs at the extremes of age: an update
http://www.ncbi.nlm.nih.gov/pubmed?term=A multicenter randomized controlled trial on the clinical impact of therapeutic drug monitoring in patients with newly diagnosed epilepsy. The Italian TDM study group
http://www.ncbi.nlm.nih.gov/pubmed?term=The concentration of carbamazepine (Tegretolprotect $
elax 
egd $) in serum and in cerebrospinal fluid in patients with epilepsy
http://www.ncbi.nlm.nih.gov/pubmed?term=Antiepileptic drug interactions- Basic principles and clinical implications
http://www.ncbi.nlm.nih.gov/pubmed?term=Therapeutic drug monitoring of the newer antiepileptic drugs
http://www.ncbi.nlm.nih.gov/pubmed?term=Drug interactions involving the new second and third generation antiepileptic drugs
http://www.ncbi.nlm.nih.gov/pubmed?term=Drug safety aspects of antiepileptic drugs- Focus on pharmacovigilance
http://www.ncbi.nlm.nih.gov/pubmed?term=Prescription patterns of antiepileptic drugs in patients with epilepsy in a nation-wide population
http://www.ncbi.nlm.nih.gov/pubmed?term=Pharmacokinetic variability of four newer antiepileptic drugs, lamotrigine, levetiracetam, oxcarbazepine and topiramate-a comparison of the impact of age and comedication
http://www.ncbi.nlm.nih.gov/pubmed?term=Host factors affecting antiepileptic drug delivery- Pharmacokinetic variability
http://www.ncbi.nlm.nih.gov/pubmed?term=The impact of pharmacokinetic interactions with eslicarbazepine acetate versus oxcarbazepine and carbamazepine in clinical practice
http://www.ncbi.nlm.nih.gov/pubmed?term=Psychiatric comorbidity in patients with epilepsy: a population-based study
http://www.ncbi.nlm.nih.gov/pubmed?term=Serum drug concentrations in clinical perspective
http://www.ncbi.nlm.nih.gov/pubmed?term=Therapeutic drug monitoring of the newer anti-epilepsy medications
http://www.ncbi.nlm.nih.gov/pubmed?term=Advances in anti-epileptic drug testing
http://www.ncbi.nlm.nih.gov/pubmed?term=Diphenylhydantoin metabolism, blood levels, and toxicity
http://www.ncbi.nlm.nih.gov/pubmed?term=Contributions of CYP2C9/CYP2C19 genotypes and drug interaction to the phenytoin treatment in the Korean epileptic patients in the clinical setting
http://www.ncbi.nlm.nih.gov/pubmed?term=Individualization of drug therapy: history, present state, and opportunities for the future
http://www.ncbi.nlm.nih.gov/pubmed?term=The clinical impact of pharmacogenetics on the treatment of epilepsy
http://www.ncbi.nlm.nih.gov/pubmed?term=Anticonvulsant effect of diphenylhydantoin relative to plasma levels. A prospective three-year study in ambulant patients with generalized epileptic seizures

Johannessen Landmark C., et al.

Layning L. Antiepileptic drugs. In: Sakshaug S, Andrew M,
Hjort PF, Lunde PKM, @ydvin K, eds. Drug utilization in Nor-
way during the 1970s-increases, inequalities and innovations.
Oslo, Norway: The Norwegian Medicinal Depot, 1983, 197-
201.

Markoula S, Teotonio R, Ratnaraj N, Duncan JS, Sander
JW, Patsalos PN. Lacosamide serum concentrations in adult
patients with epilepsy: the influence of gender, age, dose,
and concomitant antiepileptic drugs. Ther Drug Monit
2014;36(4): 494-8.

Meijer JWA, Meinardi H, Gardener-Thorpe C, Kleijn E,
van der. Methods of analysis of anti-epileptic drugs. Ams-
terdam: Excerpta Medica (New York: American Elsevier),
1973.

Nunes T, Rocha JF, Falcao A. Steady-state plasma and
cerebrospinal fluid pharmacokinetics and tolerability of
eslicarbazepine acetate and oxcarbazepine in healthy volun-
teers. Epilepsia 2013; 54(1): 108-16.

Ohman, Vitols S, Tomson T. Lamotrigine in pregnancy: phar-
macokinetics during delivery, in the neonate, and during
lactation. Epilepsia 2000; 41(6): 709-13.

Patsalos PN, Berry DJ, Bourgeois BF, et al. Antiepileptic drugs-
best practice guidelines for therapeutic drug monitoring: a
position paper by the subcommission on therapeutic drug
monitoring, ILAE Commission on Therapeutic Strategies.
Epilepsia 2008; 49(7): 1239-76.

Patsalos PN, Berry DJ. Therapeutic drug monitoring of
antiepileptic drugs by use of saliva. Ther Drug Monit
2013; 35:4-29.

Patsalos PN, Gougoulaki M, Sander JW. Perampanel serum
concentrations in adults with epilepsy: effect of dose, age,
sex, and concomitant anti-epileptic drugs. Ther Drug Monit
2016; 38(3): 358-64.

Pennell PB, Newport DJ, Stowe ZN, Helmers SL, Montgomery
JQ, Henry TR. The impact of pregnancy and childbirth on the
metabolism of lamotrigine. Neurology 2004; 62(2): 292-5.

Perucca E. Is there a role for therapeutic drug monitor-
ing of new anticonvulsants? Clin Pharmacokinet 2000; 38(3):
191-204.

Perucca E, Cloyd J, Critchley D, Fuseau E. Rufinamide: clinical
pharmacokinetics and concentration-response relationships
in patients with epilepsy. Epilepsia 2008; 49(7): 1123-41.

Pippenger CE, Penry JK, Kutt H. Antiepileptic drugs: quan-
titative analysis and interpretation. New York: Raven Press,
1978.

Reimers A, Helde G, Brodtkorb E. Ethinyl estradiol, not
progestogens, reduces lamotrigine serum concentrations.
Epilepsia 2005; 46(9): 1414-7.

Reimers A, Sjursen W, Helde G, Brodtkorb E. Frequencies of
UGT1A4*2 (P24T) and *3 (L48V) and their effects on serum
concentrations of lamotrigine. Eur | Drug Metab Pharma-
cokinet 2016; 41(2): 149-55.

Richens A. Serum phenytoin levels in management of
epilepsy. Lancet 1975a; 2: 247-8.

Richens A. Quality control of drug estimations. Acta Neurol
Scand Suppl 1975b; S60: 81-4.

Sabers A, Ohman |, Christensen ), Tomson T. Oral
contraceptives reduce lamotrigine plasma levels. Neurology
2003; 61(4): 570-1.

Samsonsen C, Reimers A, Brathen G, Helde G, Brodtkorb E.
Nonadherence to treatment causing acute hospitalizations
in people with epilepsy: an observational, prospective study.
Epilepsia 2014; 55(11): e125-8.

Schmidt D, Haenel F. Therapeutic plasma levels of pheny-
toin, phenobarbital, and carbamazepine: individual variation
in relation to seizure frequency and type. Neurology
1984; 34(9): 1252-5.

Schmidt D, Einicke I, Haenel F. The influence of seizure
type on the efficacy of plasma concentrations of pheny-
toin, phenobarbital, and carbamazepine. Arch Neurol
1986; 43(3): 263-5.

Shah NM, Hawwa AF, Millership JS, Collier PS, McElnay
JC. A simple bioanalytical method for the quantification of
antiepileptic drugs in dried blood spots. | Chromatogr B Ana-
lyt Technol Biomed Life Sci 2013; 923-4: 65-73.

Shorvon SD, Chadwick D, Galbraith AW, Reynolds EH. One
drug for epilepsy. Br Med ] 1978;1(6111): 474-6.

Shorvon SD, Galbraith AW, Laundy M, Vydelingum L,
Reynolds EH. Monotherapy for epilepsy. In: Johannessen S,
Morselli PL, Pippenger CE, Richens A, Schmidt D, Meinardi
H, eds. Antiepileptic therapy: advances in drug monitoring.
New York: Raven press, 1980, 213-9.

Sirot JE, van der Velden JW, Rentsch K, Eap CB, Baumann P.
Therapeutic drug monitoring and pharmacogenetic tests as
tools in pharmacovigilance. Drug Saf 2006; 29(9): 735-68.

St Louis EK. Monitoring antiepileptic drugs: a level-headed
approach. Curr Neuropharmacol 2009; 7(2): 115-9.

Strandjord RE, Johannessen SI. One daily dose of diphenyl-
hydantoin (DPH) to patients with epilepsy. Acta Neurol Scand
Suppl 1972; 51: 499-500.

Strandjord RE, Johannessen Sl. Single-drug therapy with
carbamazepine in patients with epilepsy: serum levels and
clinical effect. Epilepsia 1980; 21(6): 655-62.

TomsonT. Interdosage fluctuations in plasma carbamazepine
concentration determine intermittent side effects. Arch Neu-
rol 1984; 41(8): 830-4.

Tomson T, Johannessen SI. Therapeutic drug monitoring of
new antiepilepticdrugs. Eur/ Clin Pharmacol2000; 55(10): 697-
705.

Tomson T, Palm R, Killén K, et al. Pharmacokinetics of leve-
tiracetam during pregnancy, delivery, in the neonatal period,
and lactation. Epilepsia 2007a; 48(6): 1111-6.

Tomson T, Dahl ML, Kimland E. Therapeutic drug monitoring
of antiepileptic drugs for epilepsy. Cochrane Database Syst
Rev 2007b; 1: CD002216.

Tomson T, Johannessen Landmark C, Battino D. Antiepileptic
drug treatment in pregnancy: changes in drug disposition
and their clinical implications. Epilepsia 2013; 54(3): 405-14.

Westin AA, Nakken KO, Johannessen SI, Reimers A,
Lillestglen KM, Brodtkorb E. Serum concentration/dose ratio
of topiramate during pregnancy. Epilepsia 2009; 50(3): 480-5.

382

Epileptic Disord, Vol. 18, No. 4, December 2016


http://www.ncbi.nlm.nih.gov/pubmed?term=Lacosamide serum concentrations in adult patients with epilepsy: the influence of gender, age, dose, and concomitant antiepileptic drugs.
http://www.ncbi.nlm.nih.gov/pubmed?term=Steady-state plasma and cerebrospinal fluid pharmacokinetics and tolerability of eslicarbazepine acetate and oxcarbazepine in healthy volunteers
http://www.ncbi.nlm.nih.gov/pubmed?term=Lamotrigine in pregnancy: pharmacokinetics during delivery, in the neonate, and during lactation
http://www.ncbi.nlm.nih.gov/pubmed?term=Antiepileptic drugs- best practice guidelines for therapeutic drug monitoring: a position paper by the subcommission on therapeutic drug monitoring, ILAE Commission on Therapeutic Strategies
http://www.ncbi.nlm.nih.gov/pubmed?term=Therapeutic drug monitoring of antiepileptic drugs by use of saliva
http://www.ncbi.nlm.nih.gov/pubmed?term=Perampanel serum concentrations in adults with epilepsy: effect of dose, age, sex, and concomitant anti-epileptic drugs
http://www.ncbi.nlm.nih.gov/pubmed?term=The impact of pregnancy and childbirth on the metabolism of lamotrigine
http://www.ncbi.nlm.nih.gov/pubmed?term=Is there a role for therapeutic drug monitoring of new anticonvulsants?
http://www.ncbi.nlm.nih.gov/pubmed?term=Rufinamide: clinical pharmacokinetics and concentration-response relationships in patients with epilepsy
http://www.ncbi.nlm.nih.gov/pubmed?term=Ethinyl estradiol, not progestogens, reduces lamotrigine serum concentrations
http://www.ncbi.nlm.nih.gov/pubmed?term=Frequencies of UGT1A4*2 (P24T) and *3 (L48V) and their effects on serum concentrations of lamotrigine
http://www.ncbi.nlm.nih.gov/pubmed?term=Serum phenytoin levels in management of epilepsy
http://www.ncbi.nlm.nih.gov/pubmed?term=Quality control of drug estimations
http://www.ncbi.nlm.nih.gov/pubmed?term=Oral contraceptives reduce lamotrigine plasma levels
http://www.ncbi.nlm.nih.gov/pubmed?term=Nonadherence to treatment causing acute hospitalizations in people with epilepsy: an observational, prospective study
http://www.ncbi.nlm.nih.gov/pubmed?term=Therapeutic plasma levels of phenytoin, phenobarbital, and carbamazepine: individual variation in relation to seizure frequency and type
http://www.ncbi.nlm.nih.gov/pubmed?term=The influence of seizure type on the efficacy of plasma concentrations of phenytoin, phenobarbital, and carbamazepine
http://www.ncbi.nlm.nih.gov/pubmed?term=A simple bioanalytical method for the quantification of antiepileptic drugs in dried blood spots
http://www.ncbi.nlm.nih.gov/pubmed?term=One drug for epilepsy
http://www.ncbi.nlm.nih.gov/pubmed?term=Therapeutic drug monitoring and pharmacogenetic tests as tools in pharmacovigilance
http://www.ncbi.nlm.nih.gov/pubmed?term=Monitoring antiepileptic drugs: a level-headed approach
http://www.ncbi.nlm.nih.gov/pubmed?term=One daily dose of diphenylhydantoin (DPH) to patients with epilepsy
http://www.ncbi.nlm.nih.gov/pubmed?term=Single-drug therapy with carbamazepine in patients with epilepsy: serum levels and clinical effect
http://www.ncbi.nlm.nih.gov/pubmed?term=Interdosage fluctuations in plasma carbamazepine concentration determine intermittent side effects
http://www.ncbi.nlm.nih.gov/pubmed?term=Therapeutic drug monitoring of new antiepileptic drugs
http://www.ncbi.nlm.nih.gov/pubmed?term=Pharmacokinetics of levetiracetam during pregnancy, delivery, in the neonatal period, and lactation
http://www.ncbi.nlm.nih.gov/pubmed?term=Therapeutic drug monitoring of antiepileptic drugs for epilepsy
http://www.ncbi.nlm.nih.gov/pubmed?term=Antiepileptic drug treatment in pregnancy: changes in drug disposition and their clinical implications
http://www.ncbi.nlm.nih.gov/pubmed?term=Serum concentration/dose ratio of topiramate during pregnancy

Williams J, Bialer M, Johannessen S, et al. Interlaboratory vari-
ability in the quantification of new generation antiepileptic
drugs based on external quality assessment data. Epilepsia
2003; 44(1): 40-5.

Wilson JF, Tsanaclis LM, Williams ], Tedstone JE, Richens
A. Evaluation of assay techniques for the measurement of
antiepileptic drugs in serum: a study based on external qual-
ity assurance measurements. Ther Drug Monit 1989;11(2):
185-95.

Woodbury DM, Penry JK, Schmidt RP, eds. Antiepileptic
Drugs. USA: Raven Press, 1972.

Yasiry Z, Shorvon S. How phenobarbital revolutionized
epilepsy therapy: the story of phenobarbital therapy
in epilepsy in the last 100 years. Epilepsia 2012;53(8):
26-39.

Dosing strategies for antiepileptic drugs

Further reading

Lesko L), SchmidtS. Individualization of drug therapy: history,
present state, and opportunities for the future. Clin Pharma-
col Ther 2012; 92(4): 58-66.

Koch-Weser ). Serum drug concentrations in clinical perspec-
tive. Ther Drug Monit 1981; 3(1): 3-16.

Johannessen Sl, Battino D, Berry DJ, et al. Therapeutic drug
monitoring of the newer antiepileptic drugs. Ther Drug Monit
2003; 25(3): 347-63.

Patsalos PN, Berry D], Bourgeois BF, et al. Antiepileptic drugs-
best practice guidelines for therapeutic drug monitoring: a
position paper by the subcommission on therapeutic drug
monitoring, ILAE Commission on Therapeutic Strategies.
Epilepsia 2008; 49(7): 1239-76.

measuring the serum concentration?

(2) What is meant by a “reference range”?

TEST YOURSELF

(1) Which factors contribute to pharmacokinetic variability of antiepileptic drugs that may be discovered by

(3) What is meant by “individual therapeutic concentrations?”

Note: Reading the manuscript provides an answer to all questions. Correct answers may be accessed on the
website, www.epilepticdisorders.com, under the section“The EpiCentre”.
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