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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.

Key words: lessons from history, antiepileptic drugs, dosing strategies,
efficacy, individualisation, pharmacokinetic variability, tolerability,
therapeutic drug monitoring
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he present review covers the evolution of how
ntiepileptic drugs (AEDs) have been used in the treat-
ent of epilepsy from the early 1900s, with emphasis

n dose individualisation. There has been a shift in the
iew of treatment of epilepsy, from “one dose fits all
atients” to individualisation of treatment by imple-
entation of therapeutic drug monitoring (TDM) in

rder to optimise efficacy and tolerability. This review
s restricted to individualised dosing of AEDs. Other
spects of individualisation, such as when to treat and
ith which drug, are not covered. The concepts and
efinitions related to the use of TDM in clinical practice
re discussed with examples. Challenges regarding
se and misuse of TDM, as well as a lack of clinical
tudies, are also discussed.
ne of the founders of modern pharmacotherapy, Sir
illiam Osler, stated in 1903 that “Variability is the law

f life, and as no two faces are the same, so no two
odies are alike, and no two individuals react alike
nd behave alike under abnormal conditions which
e know as disease” (Lesko and Schmidt, 2012). The
istory of AEDs has confirmed this early observation
nd demonstrated that pharmacological variability is
mportant for understanding how patients react dif-
erently. Pharmacological variability implies variability
n pharmacodynamic and pharmacokinetic properties,
ncluding genetic variability that may affect both.
he purpose of the present review is to give a histor-

cal overview of dosing strategies of AEDs from the
arly beginning, how AEDs are used today to provide
he individual patient with an optimal treatment, and
uture aspects, specifically related to the role of TDM.

earch criteria and literature review

his review is mainly based on published articles iden-
ified by searches in PubMed and Google Scholar
rom November 2015 to August 2016, in addition to
he authors’ files. Selected peer-reviewed publications
ith emphasis on dosing strategies and pharmacologi-

al variability of AEDs in recognised international jour-
als in English were included. Primary sources were
referred and selected, but review articles giving a
road and updated overview were also included. Non-
nglish articles, case reports, and clinical studies with
ethodological and clinical limitations were excluded.

he following search terms were used:
All antiepileptic drugs: brivaracetam, carba-
68

azepine, clobazam, clonazepam, eslicarbazepine
cetate, ethosuximide, felbamate, gabapentin,
acosamide, lamotrigine, levetiracetam, oxcar-
azepine, perampanel, phenobarbital, phenytoin,
regabalin, primidone, retigabine, rufinamide,
tiripentol, sultiame, tiagabine, topiramate, valproic
cid, vigabatrin, and zonisamide.

1
d
p
a
c
t
t

Other search terms: absorption, adverse drug
ffects, analytical procedures, clinical study, distri-
ution, efficacy, elimination, excretion, formulation,
eneric substitution, metabolism, pharmacokinetics,
harmacology, pharmacogenetics, safety, special pop-
lations, surveillance, therapeutic drug monitoring,

eratogenicity, tolerability.

he past:
he early era of antiepileptic drugs

he first drug treatment for epilepsy was potassium
romide, introduced as early as 1857 and prescribed

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

n 1937, phenytoin was the first drug to be approved
ith known antiseizure activity, based on animal
odels. During a number of years after phenytoin’s

ntroduction, it was prescribed in many countries as
uotherapy with phenobarbital. A daily dose of 300 mg
henytoin and 100 mg phenobarbital, often as fixed
ombination tablets, was “standard” treatment until
he introduction of drug level monitoring during the
arly 1960s and carbamazepine and valproic acid later
n, in around 1980 (Løyning, 1983).

osing strategies: assessing efficacy
nd tolerability in relation to serum
oncentration measurements

uchthal and co-workers were the first to publish
tudies on serum concentrations of phenytoin and
henobarbital and their relation to clinical effects

Buchthal and Svensmark, 1960), findings inspiring fur-
her pharmacokinetic studies on AEDs (Kutt et al.,
964). This resulted in a series of books about AEDs
tarting with Antiepileptic Drugs by Woodbury et al.
1972). A series of workshops, known as WODADIBOFs
Workshop on the Determination of Antiepileptic
rugs in Body Fluids), took place between 1972 and
Epileptic Disord, Vol. 18, No. 4, December 2016

979 (Meijer et al., 1973) that established a multi-
isciplinary collaboration between pharmacologists,
harmacists, toxicologists, neurologists, and paedi-
tricians. It was anticipated that new information
oncerning the relationship of serum concentrations
o seizure control and toxicity would improve utilisa-
ion of AEDs.
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rom the 1970s, it was possible to measure serum
oncentrations of AEDs in routine practice in many
aboratories. The fact that phenytoin, with the knowl-
dge of its saturation kinetics (Johannessen and
trandjord, 1972; Richens, 1975a), was one of the
ost commonly used AEDs at that time contributed

o rapid establishment of TDM in routine practice.
ronounced pharmacokinetic variability was demon-
trated (Johannessen and Strandjord, 1972; Richens,
975a), but this is not only seen with AEDs.
urther reasons for the rapid establishment of TDM
n the treatment of epilepsy are related to the nature
f the condition and its treatment. Treatment is pro-
hylactic and symptoms of the disease (i.e. seizures)
ccur with irregular and unpredictable intervals. There
re no reliable surrogate markers of effect. At the
ame time, a therapeutic failure can have drastic con-
equences for the patient. For these reasons, it is
articularly difficult to individualise the AED dose
ased on clinical response alone.
he significant challenges in epilepsy treatment were
learly highlighted in a comparison between dosing
egimens before the introduction of TDM for pheny-
oin versus warfarin, a drug used for other prophylactic
urposes, but for which intermediate measures of
fficacy are available (Koch-Weser, 1981). Out of 200
atients on phenytoin, 180 were given 300 mg daily
s a standard dose, but when serum concentrations
f phenytoin were measured they ranged from 0 to
0 mg/l. Less than 30% of the patients had concen-
rations within the recommended range, suboptimal
oncentrations were present in 60%, and potential
oxic concentrations in 11% of the patients. In contrast,
ith warfarin, for which the International Normalised
atio (INR) could be used as a pharmacodynamic
iomarker to guide dosing, the doses varied from less

han 2 mg to more than 11 mg daily. Similarly, with the
ntihypertensive drug guanethidine, for which dose
equirements were guided by the patients’ blood pres-
ure, the doses varied from <10 mg to >100 mg daily
Koch-Weser, 1981).
he early studies of routine TDM data showed pharma-
okinetic variability of phenytoin and phenobarbital,
s well as carbamazepine and valproic acid, and the
mpact of comedication, along with the relationship
etween serum drug concentrations and clinical effect
nd tolerability (Johannessen and Strandjord, 1972;
trandjord and Johannessen, 1972, 1980; Lund, 1974;
ichelbaum et al., 1976; Henriksen and Johannessen,
982; Tomson et al., 1984; Schmidt and Haenel, 1984;
pileptic Disord, Vol. 18, No. 4, December 2016

chmidt et al., 1986). This further supported a more
eneral use of TDM for the treatment of epilepsy.
he development of methods to measure serum drug
oncentrations thus made it possible to study relation-
hips between drug dosage, serum concentrations,
nd clinical effect. It was soon realised that an optimal
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Dosing strategies for antiepileptic drugs

linical effect was often seen within a certain range of
erum concentration below which a suboptimal effect
as more common, while concentrations above the

ange were more often associated with side effects
Shorvon et al., 1978; Strandjord and Johannessen,
980; Schmidt and Haenel, 1984; Schmidt et al., 1986).
hus, it became apparent that variability in treatment
esponse observed between patients could, to a large
xtent, be explained by the extensive pharmacokinetic
ariability that was revealed, highlighting the need to
ndividualise dosing (e.g. Koch-Weser, 1981).

uality assurance of serum concentration
easurements

uccessful use of serum concentration measurements
n patient management relies on simple, accurate,
eproducible, and preferably inexpensive, analytical
ssays. Soon after the introduction of TDM, it was
ecognised that quality control programmes of drug
easurements were needed due to a great variation

n analytical results in the early years (Pippenger et
l., 1978). The first quality control schemes for AED
easurements were established in 1972 with later

ollow-ups (Richens, 1975b; Wilson et al., 1989; Williams
t al., 2003).

he present:
0 years of evolution of knowledge
f pharmacological variability

number of new AEDs have become available dur-
ng the past 50 years, and the knowledge of variability
etween patients or within the same patients treated
ith one AED, or combinations of several AEDs, has
volved. New challenges in dosing of AEDs include
he wide range of combinations of AEDs available,

large number of possible pharmacokinetic drug
nteractions, and changes in pharmacokinetics due to
hysiological changes in various patient groups.

mplementation of therapeutic drug monitoring

he TDM concept rests on the assumption that clin-
cal effects correlate better with drug concentrations
han with dose. TDM has become of particular value
n the treatment of epilepsy since it is difficult to
etermine the optimal dose on clinical grounds alone
369

Koch-Weser, 1981; Patsalos et al., 2008), as discussed
bove. The aim of TDM is to adjust for pharmacoki-
etic variability in order to optimise drug therapy in

he individual patient (figure 1). Proposed indications
or TDM of AEDs are summarised in table 1 and phar-

acokinetic characteristics of AEDs in table 2.
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Pharmacokinetic variability
(Absorption, Distribution, Metabolism, Excretion)

TDM

Aim of the use of TDM

•  External factors (environmental factors,
    comedication giving PK interactions)
•  Physiological factors and concurrent illness
    (pregnancy (lamotrigine), hepatic/renal
    failure)
•  Genetic factors (polymorphisms in CYPs/
    UGTs, clobazam, phenytoin, lamotrigine?)

f dos
safety

•   Serum (most often), saliva
    (for certain AEDs)
•  Total concentrations (most 
    often), free, unbound
    concentrations
    (valproate, phenytoin)
•   Reference ranges
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• To adjust for pharmacokinetic variability. Adjustment o
• Optimal dosing according to efficacy, tolerability  and 

igure 1. Dosing of antiepileptic drugs, reasons for pharmacokin
TDM) in the optimisation of treatment outcome. PK: pharmacok

rom the concept of therapeutic ranges
o individual reference concentrations

n 1993, the International League Against Epilepsy
ILAE) issued its first guidelines for TDM of AEDs
Commission on Antiepileptic Drugs, 1993). This was
xtensively revised and updated recommendations
ere published in 2008 as a position paper from the

LAE: Antiepileptic drugs-best practice guidelines for
herapeutic drug monitoring (Patsalos et al., 2008).

erminology and definitions
he ILAE position paper recommends the use of two
ifferent terms to define drug concentration ranges in
70

elation to their clinical effects (Patsalos et al., 2008).
reference range is defined as a range of drug concen-

rations quoted by a laboratory with a lower limit for
herapeutic response and an upper limit above which
oxicity is more likely to occur.

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

b
a
e
b
t
p
a

age?

variability, and implementation of therapeutic drug monitoring
; CYP: cytochrome P450; UGT: uridine glucuronosyl transferase.

n a certain patient and may vary between patients. This
ndividual therapeutic concentration is considered a
etter guide to individualisation than reference ranges

Patsalos et al., 2008).

eference ranges
ost of the older AEDs have a more or less well-

efined reference range of steady-state serum concen-
rations (Tomson and Johannessen, 2000; Johannessen
t al., 2003) with a high probability of seizure con-
rol and low risk of toxicity, but this must not be
trictly interpreted. In less severe epilepsy, seizure
ontrol may frequently be attained at concentrations
Epileptic Disord, Vol. 18, No. 4, December 2016

elow the reference range (Lund, 1974; Shorvon et
l., 1980; Strandjord and Johannessen, 1980; Beardsley
t al., 1983; Perucca, 2000). The dose should then not
e increased in order to reach suggested “therapeu-

ic” serum concentrations. On the other hand, some
atients with severe epilepsy require concentrations
bove the reference range in order to have optimal



Journal Identification = EPD Article Identification = 0880 Date: December 13, 2016 Time: 1:33 am

E

Dosing strategies for antiepileptic drugs

Table 1. Therapeutic drug monitoring (TDM): practical recommendations.

Indications for TDM

After initiation of drug therapy and when preliminary assessment of effect is possible, to establish an individual
therapeutic concentration
After a dose change. Especially important for AEDs with non-linear pharmacokinetics
In special patient populations (children, pregnant women, elderly, comorbidity)
Adverse effects, intoxications
Therapeutic failure
Suspected/expected pharmacokinetic interactions
Special pathological situations (renal failure, hepatic failure, etc.)
Suspicion of poor adherence
Change of drug formulation
In emergency situations or status epilepticus

What to measure?

Serum or plasma concentrations at steady-state at a standard blood sampling time, or during the day if
concentration-related side effects are suspected
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
measurements and a reference value

How to measure?

)*

* form
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Chromatographic methods (HPLC, UPLC, UV/MS-detection
Immunological methods (various immunoassays)
A quality assurance programme is essential

HPLC: high performance liquid chromatography; UPLC: ultra per

esponse. Patients may also experience adverse effects
ith serum concentrations within the reference range.
he optimal serum concentrations may also differ with
egards to seizure type. The dose should therefore be
djusted to an optimal serum concentration for the
ndividual patient.

ndividual therapeutic concentrations
his is defined as the serum concentration in which
he individual patient shows the optimal response.
t can be achieved by adjusting the dosage on clin-
cal grounds, whereafter serum concentrations are

easured over time (Perucca, 2000). A period with-
ut seizures is not necessarily the same as a period
pileptic Disord, Vol. 18, No. 4, December 2016

f seizure control, as the occurrence of seizures may
e unpredictable. The individual therapeutic concen-

ration is useful for subsequent management. It can
e used to identify causes of intercurrent events lead-

ng to seizure recurrence or toxicity (e.g. due to poor
dherence or a drug interaction). The concept of indi-
idual therapeutic concentrations may be applied to
EDs regardless of the existence of a well-defined ref-
rence range (Perucca, 2000).

m
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ance liquid chromatography; UV: ultraviolet; MS: mass spectrum.

easons for pharmacokinetic variability

ost AEDs are metabolised in the liver and this pro-
ess is susceptible to influence from various individual
ost factors, including genetics, age, physiological
tate, and hepatic failure. Also, concomitant use of
rugs with enzyme inducing or inhibiting properties
ontributes to their pharmacokinetic variability. This
ariability may be detected and controlled for by mea-
urement of serum concentrations (figure 1).

xternal factors
xternal factors affecting the pharmacokinetics
nclude environmental factors, such as cigarette smok-
ng, food, and drink. Hepatic enzymes, such as phase I
ytochrome P-450 (CYP), more specifically CYP3A4,
ay be inhibited by intake of grapefruit juice. Smoking
ay induce certain CYPs (CYP1A2) and phase II uridine
371

lucuronosyltransferases (UGTs) (UGT1A4). Comedi-
ation with AEDs or other drugs is the most important
xternal factor since many AEDs have a pronounced
otential to cause pharmacokinetic interactions, as

here are both strong enzyme inhibitors (valproic
cid, stiripentol, and felbamate) and inducers (car-
amazepine, phenytoin, and phenobarbital), as well
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s AEDs which are substrates for interactions. Drugs
ike lamotrigine and clobazam are affected by both
nducers and inhibitors and thus pronounced changes
n serum concentrations are observed (Bartoli et al.,
997; Johannessen Landmark et al., 2012a; Burns et al.,
016). One example is the interaction between lam-
trigine and oral contraceptives, in which the serum
oncentrations of lamotrigine are reduced by 50% on
verage, as compared to women not using oestradiol-
ontaining oral contraceptives (Sabers et al., 2003).
bout 20% of the population of patients with epilepsy
se AEDs as polytherapy, and 30% of patients with
pilepsy are prescribed drugs for psychiatric comorbid
isorders (Karouni et al., 2010; Johannessen Landmark
t al., 2011). Numerous pharmacokinetic interactions
xist for AEDs used in combination and when AEDs
re used concomitantly with other CNS-active drugs
Johannessen Landmark and Patsalos, 2010).
he most recent example of the importance of mea-
uring AEDs is the concomitant use of cannabinoids
nd clobazam, which has been shown to increase
he concentration of N-desmethylclobazam, the active

etabolite of clobazam, by a factor of five, causing
dverse effects (Geffrey et al., 2015).

hysiological factors and concurrent illness
hysiological changes affect the pharmacokinetic
haracteristics, e.g. age and pregnancy. Concurrent ill-
ess, such as hepatic or renal failure, can also have
n impact. In children, elimination organs develop fast
uring the first year of life. Metabolising capacity in

he early years of life may vary according to isoen-
yme. Both blood flow and metabolising capacity for
rugs are at a peak at the age of 5-6 years. After that
ge, pharmacokinetics are similar to adults until 65
ears of age when a gradual decrease in clearance is
een (Johannessen Landmark et al., 2012b; Italiano and
erucca, 2013).
ronounced physiological changes occur during
regnancy. Studies of lamotrigine revealed extensive
hanges in metabolism during pregnancy, with up to
three-fold increase in clearance with a rapid return

o baseline values shortly after delivery (Öhman et al.,
000; Pennell et al., 2004; Reimers et al., 2005). Other
ewer AEDs, such as oxcarbazepine, levetiracetam,
nd topiramate, also show pronounced pharmacoki-
etic changes throughout pregnancy (Christensen et
l., 2006; Tomson et al., 2007a; Westin et al., 2009). Even
pileptic Disord, Vol. 18, No. 4, December 2016

hough the experience of handling AED dosage during
regnancy has increased considerably over the years,

he importance of taking pharmacokinetic changes
nto account was already suggested in 1977 (Eadie
t al., 1977). These authors stated that the altered
nticonvulsant requirement is more likely to depend
ainly on an increased rate of biotransformation, and

e
F
g
o
i
c
w

Dosing strategies for antiepileptic drugs

nticonvulsant plasma levels should be monitored
egularly from the outset of pregnancy and more
requently after birth (Eadie et al., 1977).

enetic factors
nother cause of pharmacokinetic variability is genetic
olymorphisms in drug metabolising enzymes, which
ay be revealed by genotyping (Sirot et al., 2006;

öscher et al., 2009; Cascorbi, 2010). However, in many
ases it is easier to monitor the serum concentra-
ion. Complementary pharmacogenetic testing may,
owever, elucidate the reason for unexpected rela-

ionships between dose and serum concentrations of
ertain AEDs when CYP2C9 and 2C19, and to some
xtent UGTs, are shown to have polymorphisms that
ay give rise to a poor metaboliser phenotype. Sus-

eptible AEDs are clobazam, phenytoin, and to a lesser
xtent, lamotrigine (Lee et al., 2007; Gulcebi et al.,
011; Burns et al., 2016; Reimers et al., 2016). Genetic
ariability in drug transporters, as a mechanism for
harmacoresistance, is still under debate and needs

urther research (Löscher et al., 2009).

on-adherence
he use of TDM may reveal poor or variable adherence
o the prescribed medication. By using TDM data, poor
dherence has been shown to be a major reason for
ospitalisation due to break-through seizures (when
erum concentrations were <50% of baseline values),
ven in patients denying non-adherence (Samsonsen
t al., 2014).

xperience with the recent and most recent AEDs

mong the newer, second generation AEDs, the
ollowing may be good candidates for TDM: felba-

ate, gabapentin, lamotrigine, levetiracetam, oxcar-
azepine, pregabalin, tiagabine, topiramate, and
onisamide, since these drugs show marked pharma-
okinetic variability likely to contribute to differences
n dosage requirements (Krasowski and McMillin,
014; Johannessen Landmark et al., 2012b). The
ost recently available AEDs include eslicarbazepine

cetate, lacosamide, perampanel, rufinamide, and
tiripentol. Various studies demonstrate extensive
harmacokinetic variability and potential for interac-

ions also for these drugs (Perucca et al., 2008; May et
l., 2012; Markoula et al., 2014; Johannessen Landmark
377

t al., 2016; Patsalos et al., 2016).
or AEDs with short half-lives (levetiracetam,
abapentin, pregabalin, and tiagabine), interpretation
f TDM data may be complicated due to fluctuations

n serum concentrations within the dosing interval,
ausing variability if the blood sampling time is not
ell standardised. Gabapentin and rufinamide have a
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apacity-limited absorption, and thus the dose itself
s not a good measure of drug exposure. Stiripentol
xhibits extensive pharmacokinetic variability, satura-
ion kinetics similar to those of phenytoin, and many
nteractions with other AEDs (May et al., 2012).

hat and how to measure?

or most AEDs, the total concentration of bound
nd unbound drug of the main active compound is
easured. The blood sampling time should be stan-

ardised in the morning before intake of the dose at
ssumed steady state (Tomson and Johannessen, 2000).

erum concentrations of metabolites
ome AEDs have pharmacological active metabo-

ites. For instance, primidone is metabolised to
henylethylmalonamide and phenobarbital. Most
ften, the concentration of the derived phenobarbi-

al is used. The main metabolite of carbamazepine,
arbamazepine 10-11-epoxide, accounts for 10-50% of
he serum concentration of the parent drug, but there
s no constant relationship between the concentra-
ion of the epoxide and carbamazepine. Measuring the

etabolite is usually not included in routine monitor-
ng. Oxcarbazepine is rapidly metabolised to its mono-
ydroxyderivative, (R)/(S)-licarbazepine. The prodrug
slicarbazepine acetate is rapidly converted to (S)-

icarbazepine or eslicarbazepine. These derivatives can
e measured for monitoring purposes by the same
nalytical method or by a stereoselective method.
or drugs for which the parent molecule and active
etabolite are present at high concentrations (i.e.

lobazam and N-desmethylclobazam), both can be
easured and various metabolite/parent compound

atios used in the interpretation of the results (Burns
t al., 2016).

nbound drug concentrations
easurement of the unbound drug concentration may

e of importance in special situations, since this is the
raction of the drug that is pharmacologically active.
n certain situations, the level of binding of a drug to
lasma proteins may be lower than normal, in which
ase measuring the total concentration can be mislead-
ng and may lead to an underestimation of the amount
f pharmacologically active drug. This is, however, only
elevant when interpreting the serum concentrations
78

f highly-protein-bound (>90%) drugs, such as pheny-
oin and valproic acid (Patsalos et al., 2008), as well as
ome of the newer AEDs, i.e. tiagabine, stiripentol, and
erampanel (Krasowski and McMillin, 2014).

n conditions with hypoalbuminaemia, for example
uring neonatal age, old age, pregnancy, chronic

iver disease and uraemia, protein binding may be

l
(
R
A
t
s
t

ecreased. The net effect of such a decrease in pro-
ein binding is a decline in the total (bound plus
nbound) serum concentration of the drug, while the
nbound drug concentration, the pharmacologically
ctive concentration, may be essentially unchanged.
easurement of the free concentration might be

referable in e.g. pregnant women using valproic acid
f a more precise estimate of the exposure of the drug
o the foetus is considered necessary (Tomson et al.,
013). This may facilitate the interpretation of ther-
peutic monitoring data since therapeutic and toxic
ffects may be observed at lower total concentrations
han usual and inappropriate dosage adjustments can
e avoided.

aliva concentrations and blood spots
ost often, serum or plasma samples are used

or TDM, but saliva can be an alternative medium
or several AEDs (Patsalos and Berry, 2013) since
he concentration in saliva reflects the unbound
oncentration in serum (except for valproic acid and
henobarbital due to their physicochemical proper-

ies). Saliva sampling is simple and non-invasive and is
seful in children who fear venepuncture. The saliva
oncentrations may, however, be affected by the sam-
ling conditions and contamination of mucus and the
resence of residual drug and food.
any publications are available regarding the use of

ried blood spots, although there are some method-
logical limitations. A recent study demonstrated its
se in children with epilepsy, in the assessment of
dherence of their prescribed drugs, but the method
s not yet well established in clinical routine practice
Shah et al., 2013).

he future:
osing strategies towards

mproved personalised medicine

ore studies are warranted in special patient pop-
lations regarding pharmacokinetic variability. This
ill contribute to better understanding of the need to

ndividualise treatment with AEDs. Currently, 50% of
rescriptions of AEDs are for indications other than
pilepsy (Baftiu et al., 2016), e.g. neuropathic pain,
sychiatric disorders, and migraine, with new and
artly unexplored possibilities of drug interactions.
hus, TDM of AEDs may be important in patient popu-
Epileptic Disord, Vol. 18, No. 4, December 2016

ations beyond epilepsy as part of pharmacovigilance
Haen, 2011).
ecent initiatives from the European Medicines
gency (EMA) now support further the implementa-

ion of pharmacogenomics in drug development and
urveillance (Ehmann et al., 2014). Genetically suscep-
ible subgroups of patients can avoid certain drugs
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nd hence possible toxic or fatal effects. Consequently,
ore tailored therapy might be offered to the indi-

idual patient in the future using a combination of
DM and pharmacogenomic test panels (Hiemke and
hams, 2013).
or research purposes, TDM databases are suitable
or identification and monitoring of safety aspects
elated to intra- and inter-patient pharmacokinetic
ariability. The potential for pharmacokinetic interac-
ions of new drugs is usually incompletely described
rior to and early after marketing, and therefore
eserves more attention (Johannessen Landmark and

ohannessen, 2012).

essons learned with retrospect

he past experience of the last 50 years with TDM
ave clearly shown that one AED dose does not fit all
atients, and that doses need to be adjusted over time

n the individual patient. There are, however, certain
equirements for TDM to be useful. The concept rests
n the assumption that there is a correlation between

he serum concentration and clinical effect, and that
his is stronger than between dose and effect. For most
EDs, the serum concentration can be considered a
easure of the exposure of the drug at its site of action

n the brain. However, the drug effect at the site of
ction also needs to be reversible in order to obtain a
eaningful concentration-effect relationship.

se and misuse of TDM

riticism has been directed towards the overuse of
DM and the method should obviously not be used
ithout clear indications (see table 1 for details and

ecommendations). Routine overuse of TDM without
proper clinical evaluation was pointed out as an issue
any years ago. It was stated that “treating patients is
uch more important than treating blood concentra-

ions” (Chadwick, 1987).
here are also several pitfalls regarding the interpre-
ation of TDM results. There is no strict correlation
etween efficacy and toxicity of an AED and the corre-
ponding serum concentration in individual patients
St. Louis, 2009). The establishment of individual ther-
peutic concentrations that differ from the suggested
eference ranges may be challenging to accept for the
linician and the patient. Furthermore, changes in the
nderlying seizure condition may require reestablish-
pileptic Disord, Vol. 18, No. 4, December 2016

ent of these individual therapeutic concentrations
Krasowski, 2010).
rroneous or random sampling times are also a cause
f variability, which may cause difficulties in interpret-

ng the results in a patient over time. Standardisation
f blood sampling time and drug-fasting in the morn-

ng (before intake of the morning dose) at steady

1
T
C
a
i
m
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Dosing strategies for antiepileptic drugs

tate should be the standard procedure for possi-
le comparisons of the measurements over time in

he individual patient and in relation to the reference
anges for each AED (Tomson and Johannessen, 2000;
atsalos et al., 2008). In cases where adverse effects are
uspected at peak concentrations, as sometimes seen
ith e.g. oxcarbazepine (Nunes et al., 2013), a blood

ample may be drawn a few hours after drug intake
hen adverse effects are suspected.

ther challenges

espite what has been discussed above, there is a
ack of class I evidence of the clinical impact of TDM
n treatment outcome in epilepsy. In a Cochrane
eview of TDM of AEDs in epilepsy patients from 2007,
nly one study met the inclusion criteria by assessing
fficacy outcomes of AED monotherapy with or with-
ut TDM (Tomson et al., 2007b). In this randomised
tudy, 180 patients with newly diagnosed epilepsy,
reated with carbamazepine, valproate, phenytoin,
henobarbital or primidone, were followed for one
ear. Efficacy and tolerability measures were simi-
ar between those randomised to dosing guided by
DM or those without TDM. It was concluded that
here was no clear evidence to support aiming at
redefined target ranges (Januzzi et al., 2000), which,
owever, no longer is recommended practice (Patsalos
t al., 2008). So far, there are no other studies in
hich the impact of implementation of TDM on out-

ome of epilepsy treatment has been investigated as a
rimary goal.
or several of the new AEDs it has been claimed,
ometimes for commercial reasons, that TDM is not
seful or needed; the claimed disadvantage of TDM
eing the inconvenience of undertaking the sampling
nd analysis, and the consequent costs relating to the
nalysis (Perucca, 2000). The example of lamotrigine
nteractions with contraceptives (Sabers et al., 2003)
nd drastic changes in pregnancy (Öhman et al., 2000)
as demonstrated the importance of a critical atti-

ude towards such claims. The role of TDM of the
ewer generation and future AEDs needs investiga-

ion and is a continuous challenge. Development and
esting of newer AEDs should include an evaluation
f TDM early in specifically designed clinical stud-

es, preferably using monotherapy. Proper use of TDM
hould therefore be an integrated part of drug devel-
pment (Commission on Antiepileptic Drugs, 1989,
379

993; Perucca, 2000).
he FDA and the American Association for Clinical
hemistry have suggested early availability of drug
ssays. This strategy has not, however, so far been
mplemented as an integrated part of drug develop-

ent and investigations. Hopefully, more commercial
ow-cost reagents will be available for TDM of the
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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

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)

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

1970-2016 2016->
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dosage in the treatment of epilepsy. Epilepsia 1960; 1: 373-84.
igure 2. Overview of dosing strategies of antiepileptic drugs th

ewer AEDs in more countries. Better understanding
f individual therapeutic serum concentrations and
eference ranges, especially for the newer AEDs, is
eeded e.g. in children and the elderly, as well as
uring pregnancy and breastfeeding. It was recently
ighlighted that future research is needed to define
etter reference ranges also for non-epilepsy applica-

ions (Krakowski and McMillin, 2014).

onclusions

he past, present, and future perspective of dose indi-
idualisation is summarised in figure 2. In a historical
erspective, in which AEDs have been used to treat
pilepsy for more than a century, we have learned that
standard dose is not an optimal dosing strategy. We
ave learned from history, and through application of
DM, that the use of AEDs implies variability regard-

ng dose and serum concentration relationships, due
o external, physiological, as well as genetic factors.
atient groups, such as children, pregnant women, and
he elderly, in whom the most extensive pharmacoki-
etic changes occur, need special attention and close

ollow-up of their treatment, as do patients with com-
licated and changing combination treatments. The
80

ain reasons for misuse of TDM include use of TDM
ithout a clear indication, misinterpretation of the

eference range, and erroneous sampling times. AED
herapy should be tailored to the individual patient for
n optimal treatment outcome and balance between
fficacy and tolerability, and TDM can, in many situa-
ions, facilitate this strategy. �
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ww.epilepticdisorders.com website.
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