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1 | INTRODUCTION

Abstract

Antiseizure medications (ASMs) are the cornerstone of treatment for patients with
epilepsy. Several new ASMs have recently been introduced to the market, making
it possible to better tailor the treatment of epilepsy, as well as other indications
(psychiatry and pain disorders). For this group of drugs there are numerous phar-
macological challenges, and updated knowledge on their pharmacodynamic and
pharmacokinetic properties is, therefore, crucial for an optimal treatment out-
come. This review focuses on educational approaches to the following learning
outcomes as described by the International League Against Epilepsy (ILAE): To
demonstrate knowledge of pharmacokinetics and pharmacodynamics, drug in-
teractions with ASMs and with concomitant medications, and appropriate moni-
toring of ASM serum levels (therapeutic drug monitoring, TDM). Basic principles
in pharmacology, pharmacokinetic variability, and clinically relevant approaches
to manage drug interactions are discussed. Furthermore, recent improvements
in analytical technology and sampling are described. Future directions point to
the combined implementation of TDM with genetic panels for proper diagnosis,
pharmacogenetic tests where relevant, and the use of biochemical markers that
will all contribute to personalized treatment. These approaches are clinically rel-
evant for an optimal treatment outcome with ASMs in various patient groups.
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internationally.'™ The armamentarium of drugs to choose

The pharmacology of antiseizure medications (ASMs)
has been in focus for the past century. ASMs are the cor-
nerstone of treatment for patients with epilepsy. In re-
cent years several new ASMs have been introduced to
the market, and around 30 different drugs are available

from helps to tailor the treatment for groups and indi-
viduals with epilepsy and also in other disorders, that is,
psychiatry and pain management.*’ Pharmacological
challenges with all these drugs are numerous and there-
fore warrant detailed knowledge of the pharmacody-
namic and pharmacokinetic properties of the drugs. Their
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mechanisms of action often include several molecular tar-
gets, the pharmacokinetic variability is extensive, and few
other drug classes involve such a large number of drug
interactions as ASMs.*®® Often there is an unpredictable
relationship between the dosage given and the exposure
in the body in the individual patient. Factors such as en-
vironmental, physiological, and genetic factors contribute
to extensive variability in the obtained serum concentra-
tions of any given ASM.F10 Therapeutic drug monitoring
(TDM) can be used to determine and adjust for pharma-
cokinetic variability and—interactions, and thereby facili-
tate optimal dosing in the individual patient.'*** TDM is
used in many countries as part of the follow-up in patients
with e.g. refractory epilepsy, even if there is a lack of evi-
dence to support the routine use of TDM. There is level A
evidence that TDM does not provide benefits in the man-
agement of patients with epilepsy on a general basis, and
a Cochrane review found no clear evidence to support the
routine use of ASMs.'>' Thus, it is important to know
how to use TDM correctly in clinically relevant situations.

To cover pharmacological aspects of ASMs, we aimed at
elucidating lines “from basic mechanisms to clinical con-
siderations of drug interactions and use of therapeutic drug
monitoring.” The purpose of the present review is to develop
a seminar educational paper addressing three learning objec-
tives of the International League Against Epilepsy (ILAE) cur-
riculum,'® based on the literature as well as clinical experience:

 3.1.2 Demonstrate knowledge of pharmacokinetics and
pharmacodynamics

+ 3.1.4 Demonstrate knowledge of appropriate monitor-
ing of AED (=ASM) serum levels

« 3.1.5 Demonstrate knowledge about drug interactions
(e.g. enzyme induction, etc.) for AED/AED and AED/
concomitant medication (e.g. oral contraceptives, treat-
ment of tuberculosis (TB), HIV, etc.)

2 | METHODS

2.1 | Literature search and selection
criteria

This review was based on published articles and search in rele-
vant databases, Google Scholar and PubMed, up to December
2022, with a focus on recent advances during the last decade.
Peer-reviewed articles in international journals and scientific
books written in English were included, and primary sources
were preferred. Included search terms were one or more of
the following, alone or in combination: antiseizure medica-
tions or antiepileptic drugs; individual ASMs: brivaracetam,
cannabidiol, carbamazepine, cenobamate, clobazam, clon-
azepam, diazepam, eslicarbazepine acetate, ethosuximide,

Learning objectives of the International
League Against Epilepsy (ILAE) curriculum
and details on how these are achieved
through this article

 3.1.2 Demonstrate knowledge of pharmacokinet-

ics and pharmacodynamics

o Pharmacokinetic processes: Absorption,
Distribution, Metabolism, Excretion.

o Pharmacokinetic variability in various pa-
tient groups.

o Pharmacodynamics = Mechanisms of action
of antiseizure medications (ASMs).

« 3.1.4 Demonstrate knowledge of appropriate

monitoring of AED (=ASM) serum levels

o Principles for therapeutic drug monitoring.

o Recent advances in analytical procedures
and sample collection.

o Implementation of TDM in a clinical setting.

3.1.5 Demonstrate knowledge about drug interac-

tions (e.g., engyme induction, etc.) for AED/AED

and AED/concomitant medication (e.g., oral con-

traceptives, treatment of tuberculosis (TB), HIV, etc.)

o Principles for pharmacokinetic and pharma-
codynamic interactions.

o Examples of clinically relevant interactions
between ASMs and with other drug classes.

o Clinical handling of interactions and use of
TDM.

Key points

Pharmacokinetic processes: Absorption, Dis-
tribution, Metabolism, Excretion.
Pharmacokinetic variability in various patient
groups.

Pharmacodynamics =Mechanisms of action of
antiseizure medications (ASMs).

Principles for therapeutic drug monitoring (TDM).
Recent advances in analytical procedures and
sample collection.

Implementation of TDM in a clinical setting.
Principles for pharmacokinetic and pharmaco-
dynamic interactions.

Clinically relevant interactions between ASMs
and with other drug classes.

Clinical handling of interactions and use of
TDM.
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everolimus, felbamate, fenfluramine, gabapentin, ganaxolone,
lacosamide, lamotrigine, levetiracetam, midazolam, oxcar-
bazepine, perampanel, phenobarbital, phenytoin, pregaba-
lin, primidone, rufinamide, stiripentol, sulthiame, tiagabine,
topiramate, valproic acid, vigabatrin, and zonisamide. Other
terms: cytochrome P450 (CYP)-enzymes, uridine glucuronyl
transferase (UGT), drug interactions, epilepsy, mechanism of
action, pharmacology, pharmacodynamics, pharmacokinet-
ics, pharmacokinetic variability, pharmacogenetics, precision
medicine, serum, or plasma, therapeutic drug monitoring.

3 | MAIN BODY

3.1 | Basic pharmacology—
pharmacodynamics and pharmacokinetics

In this section, the following learning outcome should be
fulfilled: 3.1.2 Demonstrate knowledge of pharmacokinetics
and pharmacodynamics.”

3.1.1 | Spectrum of activity

In Table 1 all ASMs are listed according to their classi-
fication of 1st, 2nd, or 3rd generation drugs. In general,
the spectrum of activity varies, where the majority of
drugs first have approved indication as add-on drug in
focal seizures, and following clinical experience, the in-
dications may be expanded, such as for lamotrigine and

TABLE 1 Antiseizure medications.

Older drugs/first generation

Bromide (BRM) Felbamate (FBM)
Carbamazepine (CBZ) Gabapentin (GBP)®
Clonazepam (CNP) Lamotrigine (LTG)
Clobazam (CLB) Levetiracetam (LEV)
Ethosuximide® (ESM) Oxcarbazepine (OXC)
Phenobarbital (PB) Pregabalin (PGB)?
Phenytoin (PHT) Tiagabine (TGB)
Primidone (PRM) Topiramate (TPM)
Sulthiame! (SLT) Vigabatrin® (VGB)
Valproic acid (VPA) Zonisamide (ZNS)

Newer drugs/second generation

et Disorders
levetiracetam. Benzodiazepines and valproic acid are gen-
erally indicated in generalized epilepsies.® Drugs with spe-
cific and narrow indications are noted in Table 1.

3.2 | Pharmacodynamics:
Mechanisms of action of ASMs

Most drugs currently used in the treatment of epilepsy pre-
vent its symptom (seizures), and not the underlying dis-
ease. Hence, the use of the term ‘antiseizure medications’
(ASMs) for describing them.'® Primary mechanisms of
action of ASMs are depicted in Figure 1 and pharmacoki-
netic processes with examples of interactions in Figure 2.

3.2.1 | Inhibition of voltage-gated
ion channels

The primary mechanism of action of phenytoin, carbamaz-
epine, oxcarbazepine, eslicarbazepine acetate, lamotrigine,
and lacosamide is the blockade of voltage-gated sodium
channels, which prevents repetitive neuronal firing.
Sodium channel blockade also contributes to the activity
of felbamate, rufinamide, topiramate, zonisamide, and ce-
nobamate.*'”*® Ethosuximide reduces the flow of calcium
ions through T-type calcium channels. This inhibits the
thalamic rhythm in the spikes-and-wave discharges of ab-
sence seizures. Gabapentin and pregabalin also exert their
effects by binding to voltage-activated calcium channels."®

Newest drugs/third generation

Brivaracetam (BRV)
Cannabidiol® (CBD)
Cenobamate (CNB)
Eslicarbazepine (ESL)
Everolimus® (EVR)
Fenfluramine® (FNF)
Ganaxolone® (GNX)
Lacosamide (LCM)
Perampanel (PMP)
(Retigabine)® (RTG)
Rufinamide® (RFM)
Stiripentol® (STM)

Note: Classification of the ASMs used for prophylactic treatment, according to the time of approval, from the 1850s for bromide, to fenfluramine in 2021 was

based on previous reviews, see.>'!! Abbreviations in parentheses.

#Orphan drugs, specific indications in one or more of the following; Dravet syndrome, Lennox Gastaut syndrome or epilepsy associated with tuberous sclerosis
complex (TSC), CDKL5-related epilepsy (cyclin-dependent kinase-like 5) deficiency disorder.

®Indication in tuberous sclerosis complex only.

“Withdrawn from the marked due to adverse effects.

dLimited use in infantile spasms due to visual field restriction.
“Used in absence epilepsies, primarily in children/adolescents.

fUsed in benign childhood epilepsies in some countries. In addition to these drugs, steroids were also mentioned, as treatment in specific immune-related epilepsies.

8Gabapentin and pregabalin are now considered as NO2A, Other analgesics, from 2023, according to the whocc.no/atc_ddd_index.

25UB01"] SUOLLLIOD SA1IE10 3ol dde a1 Aq paue0b a2 I YO 88N J0 S9N 10} AIRIGIT8U1IUO 43I UO (SUOIPUOD-PUE-SWLEYWIOD™ A3 1A AIRIq1PUIUO//STIY) SUONIPUOD) PUE SIS 1 841 39S [£20Z/90/T0] UO ARIqITaUIIUO AB1IA ‘S0 JO AISIAIN Ad 69002 ZPA0/Z00T 0T/10p/w00" /3 A AIRIq1PUIIUO//STIY LUoA Popeojumod ‘0 ‘Sr69056T



JOHANNESSEN LANDMARK ET AL.

| Epileptic.—
v Disorders
Inhibitory synapse

Presynaptic
neuron

Na*

GABA .,

¢

valproate

GABA turnover
reuptake

. . . (]
barbiturates, benzodiazepines, ° o
stiripentol, ganaxolone, e o
topiramate, cenobamate ° °

Postsynaptic GABA,
neuron receptor

Glutamate

AMPA
receptor

Excitatory synapse

phenytoin, carbamazepine, oxcarbazepine,
eslicarbazepine, lamotrigine, lacosamide,
cenobamate, topiramate, rufinamide,
I zonisamide
Voltage-gated Na* channel
Depolarization -> vesicular release

Ca?* channel

|— gabapentin, pregabalin

Presynaptic
neuron

GPR55

RPV1 ENT1

Ol levetiracetam, brivaracetam |

perampanel | felbamate topiramate |
o

T-type Ca?* Postsynaptic
Na+ a2+
receptor ! channel neuron

(Ca%*

FIGURE 1 Pharmacodynamic features of antiseizure medications with their main proposed mechanisms of action. Left, inhibitory

synapse; right, excitatory synapse. AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; ENT, equilibrative nucleoside
transporter; GABA, gamma amino-butyric acid; GAT, GABA transporter; NMDA, N-methyl-D-aspartate; GPR55, G protein-coupled
receptor-55; TRPV, transient receptor potential vanilloid. The mechanisms of action of fenfluramine and everolimus are not shown. The

figure is based on.>*

Pharmacokinetic interactions
Changes in plasma levels which might lead to altered effects

Pharmacodynamic interactions
Modified target effects without a change in plasma
concentrations

Altered absorption Altered distribution

¢ Food effect (e.g., fatty food
increases cannabidiol absorption)

(¥

Altered hepatic metabolism Altered renal excretion

e Altered clearance of the parent +  Altered drug clearance due
to changes in renal blood
flow or transporter activity
(e.g., enhanced excretion of
apixaban due to induction of
renal P-glycoprotein activity

drug (e.g., enhanced elimination
of lamotrigine when combined
with oral contraceptives)

¢ Altered elimination of the drug’s
metabolites (e.g., when
cannabidiol is combined with
clobazam

by carbamazepine)

* For highly protein-bound
drugs in serum (e.g.
phenytoin + valproate)

Altered antiseizure activity

* (e.g., with valproate and lamotrigine)

Enhanced adverse effects on the CNS

¢ (e.g., sedation, ataxia with combined use of
sodium channel blockers))

Enhanced systemic adverse effects
¢ (e.g., impaired cardiac conductance, hyponatremia)

FIGURE 2 Pharmacokinetic and pharmacodynamic interactions with examples of drugs involved.

3.2.2 | Effects on GABAergic targets

Benzodiazepines (e.g., clobazam, clonazepam, diazepam
and midazolam) and barbiturates (phenobarbital and its

prodrug primidone) are allosteric modulators of GABA,
receptors. Binding of these ASMs to the receptor enhances
chloride influx in response to GABA and membrane po-
larization.>'”'® Phenobarbital and its prodrug primidone
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at high dosages may also act as agonists of GABA, recep-
tors, limiting the use (because of the risk of overdose/
death). Allosteric modulation of GABA , receptors is also a
mechanism of action of stiripentol, felbamate, topiramate,
ganaxolone, and cenobamate.'® Vigabatrin and tiagabine
increase the accumulation of GABA in the brain by irre-
versible inhibition of its degradation by GABA transami-
nase or blockade of its reuptake into presynaptic neurons
and glia, respectively.>'”'®

3.2.3 | Effects on glutamatergic targets
Among the glutamate receptors, two types that play a role
in the generation and propagation of seizures are targeted
by ASMs: (1) the alpha-amino-3-hydroxy-5-methyl-4-
isoxazole-propionic acid (AMPA) receptors are selectively
and non-competitively inhibited by perampanel; (2)
blockade of the type N-methyl-D-aspartate (NMDA) re-
ceptors contribute to the pharmacological activity of
felbamate and topiramate’ 1718 [ evetiracetam and brivar-
acetam bind to the synaptic vesicle protein 2A (SV2A) lo-
cated presynaptically. The effect of binding is assumed to
modulate vesicle fusion to the plasma membrane of nerve
terminals and subsequent release of neurotransmitters to
the synapse.'®

3.2.4 | Other mechanisms

The recently approved drug cenobamate is considered to
have a dual mechanism of action, acting as both an in-
hibitor of voltage-dependent sodium channels and a weak
allosteric modulator of GABA,, receptors.”'® Topiramate
and zonisamide, in addition to their aforementioned
mechanisms of action, are weak inhibitors of carbonic
anhydrase in the central nervous system.'® Valproic acid
has various mechanisms of action which are still not fully
understood, but include stimulation of GABAergic activ-
ity, blockade of voltage-dependent sodium channels, and
weak inhibitory effect on T-type calcium currents.>!”!®
The recently approved fenfluramine (repurposed as an
orphan drug) in Dravet and Lennox Gastaut syndrome in-
directly stimulates serotonergic 5-HT,. and 5-HT,, recep-
tors and interacts with sigma-1 receptors.™® Cannabidiol
has yet other proposed mechanisms, as it may exert its
therapeutic activity by antagonism of G protein-coupled
receptor-55 (GPR55), desensitization of transient recep-
tor potential vanilloid (TRPV1) channels, decreasing
Ca-mediated excitation, and enhancement of adenosine-
mediated signaling.lg’20 For example, by inhibiting its up-
take into microglia.'®*

Epileptic.—._Ls
et Disorders
Everolimus differs from other ASMs by targeting the
underlying disease pathology. Everolimus inhibits mam-
malian target of rapamycin (mTOR), a protein kinase that
is a central cell growth regulator. The rationale for using
everolimus in the treatment of tuberous sclerosis complex
is the hyperactivity of the mTOR signaling cascade under-
lying abnormal cerebral cortical development that leads
to seizures.'®

3.3 | Principles of pharmacokinetics
Pharmacokinetics implies the processes of what the body
does to handle the drug, that is, absorption, distribution,
metabolism, and excretion (Figure 2). In general, ab-
sorption is extensive and bioavailability is high for most
ASMs.?' Exceptions are gabapentin which displays dose-
related absorption and cannabidiol with extensive first-
pass metabolism and limited absorption (around 6%),
which increases 4-5-fold with fat-rich food.”*** For both
these drugs there is, therefore, an unpredictable variabil-
ity in bioavailability.** Most ASMs are lipid-soluble and
can readily cross the blood-brain barrier, and are gener-
ally widely distributed in the body.?' However, valproic
acid, gabapentin, and pregabalin are ionized in serum and
their cerebral distribution is largely mediated by uptake
transport across the blood-brain barrier.”> The degree of
protein binding varies between drugs.’® ASMs that are
>90% protein bound, include phenytoin, and valproic
acid, in addition to cannabidiol, clobazam, clonazepam,
perampanel, stiripentol, and tiagabine.” Alterations in
protein binding, and a change in the proportion of free,
unbound pharmacologically active drug, can occur in
cases of hypoalbuminemia, chronic liver or renal disease,
pregnancy, and displacement from binding sites by other
highly protein-bound drugs or endogenous substances
(e.g., in uremia).u’27 Under such circumstances, these
changes may be of clinical significance and call for close
follow-up and monitoring.

The majority of ASMs undergo extensive metabolism,
mainly through oxidation by cytochrome P450 (CYP) en-
zymes (phase I reactions) or glucuronidation by UGTs
(phase II reactions).?’*® Exceptions include levetirace-
tam and rufinamide which undergo hydrolysis, and ga-
bapentin, pregabalin, and vigabatrin which are excreted
unchanged through the kidneys.*® Polymorphisms in
CYP2C9/19 genes may affect serum concentrations of
phenytoin, cannabidiol, and N-desmethylclobazam (the
active metabolite of clobazam).>>* Altered renal function
is an important determinant of the clearance of drugs that
are predominantly eliminated through renal excretion, in-
cluding levetiracetam, gabapentin, and pregabalin.21
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3.4 | Pharmacokinetic variability

Most ASMs are subject to pronounced pharmacoki-
netic variability both between and within patients.
Pharmacokinetic variability is much larger between pa-
tients than within patients, and for most drugs (with few
exceptions including phenytoin), there is a linear and pre-
dictable correlation between drug dose and serum con-
centration in the individual patient.’*>*' Pharmacokinetic
variability is an important determinant of differences in
response to ASMs.*” It may be a result of differences in
absorption, distribution, metabolism, and excretion and
is determined by genetic factors, age, physiological states,
pathological conditions, environmental factors, and inter-
actions with other drugs.® As numerous factors contribute
to this variability, the net effect in the individual patient
can be hard to predict, and it is therefore difficult to an-
ticipate exposure based on dose alone. Based on the as-
sumption that clinical effect correlates better with drug
concentrations than dose, TDM can be used to tailor treat-
ment to the patient.*”**3 In TDM, quantification of
drug levels in blood or serum is combined with informa-
tion on pharmaceutical properties, patient characteristics,
and a clinical evaluation of effects and adverse effects to
individualize treatment.'*

3.5 | Drug interactions involving ASMs

In this section, the following learning outcome is empha-
sized: 3.1.5 Demonstrate knowledge about drug interactions
(e.g., engyme induction, etc.) for AED/AED and AED/con-
comitant medication (e.g., oral contraceptives, treatment
of TB, HIV, etc.), according to the roadmap presented by
Blumcke et al."”

Approximately 20%-25% of patients with epilepsy and
>75% of patients with drug-resistant epilepsy are treated
with two or more ASMs.**>*® Polypharmacy in which
ASMs are co-prescribed with other drugs is also common,
and the number of concomitant drugs is higher among the
elderly, due to co-morbidities.**” Patients may addition-
ally use over-the-counter medications and dietary supple-
ments that are not always reported to caregivers.*®> With a
larger number of concomitant drugs, the risk of adverse
reactions due to drug-drug interactions (DDIs) increases,
and DDIs have long been recognized as a preventable
cause of morbidity and mortality.*®

Many clinically important DDIs involving ASMs are
pharmacokinetic (when one drug alters the concentra-
tions of the other), resulting from induction or inhi-
bition of drug metabolism (Figure 2). This is because
many ASMs are substrates, inducers, and/or inhibi-
tors of drug-metabolizing enzymes. The magnitude of

interaction, which is one determinant of its clinical rel-
evance, depends on the fraction of the dose that is elim-
inated by the affected pathway. The elimination of many
ASMs (e.g., carbamazepine, everolimus, lamotrigine,
and midazolam) depends largely on one predominant
drug-metabolizing enzyme. Therefore, they are prone
to DDIs as the interaction “victims” (Figure 2, Table 2).
Displacement-interactions at the site of protein binding
are relevant in a few combinations such as stiripentol
+ valproic acid, leading to an altered balance between
the bound and free (pharmacologically active) fraction
of the drug. Although drug interactions may result in
lower protein binding, this seldomly results in signifi-
cant symptoms of overdose because the free fraction of a
drug is also the part eliminated, resulting in lower total
(free + bound) concentrations and thus not necessarily
an increase in the free concentration of the drug.

3.5.1 | Drug interactions between ASMs
Carbamazepine, phenytoin, phenobarbital, and primi-
done are strong inducers of CYP isoenzymes, UGTs,
and several drug transporters.***’ Accordingly, they can
reduce the efficacy of co-administered ASMs such as la-
motrigine (a UGT substrate), perampanel, and everoli-
mus (CYP3A4/5 substrates). The newer ASMs topiramate
(at doses >200mg/day), oxcarbazepine, eslicarbazepine
acetate, cenobamate, felbamate, and rufinamide also re-
duce the serum concentrations of some concomitantly
administered ASMs. However, they are generally weak-
to-moderate and not strong inducers. ¥ Valproic acid,
cannabidiol, cenobamate, clobazam, felbamate, and stirip-
entol inhibit drug-metabolizing enzymes. For instance,
valproic acid can reduce the clearance of lamotrigine by
one-half, leading to an increased risk of lamotrigine intox-
ication and life-threatening hypersensitivity reactions.**
Combination of cannabidiol and clobazam increases ex-
posure to major metabolites of both compounds, particu-
larly N-desmethylclobazam.*

Enzyme inhibition-based interactions have relatively
rapid timelines, with new steady-state concentrations
achieved within hours or days. In contrast, the maximal
effect of enzyme induction may be observed only days to
weeks after the onset of co-medication due to the time re-
quired to synthesize more metabolizing enzymes. Caution
is also required when the inducer is discontinued, because
serum concentrations of the affected drug(s) may return to
baseline even weeks after the change.*>** It is worth men-
tioning that the induction/de-induction of UGT is much
more rapid than the induction/de-induction of CYP.*

Pharmacodynamic DDIs between ASMs involve
additive effects, synergism, or antagonism of the drug
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TABLE 2 Classification of drugs that may cause pharmacokinetic interactions with ASMs, and other drug classes (clinically relevant

examples).
Enzyme inducers Mixed inducer/inhibitor Neutral ASMs Enzyme inhibitors
ASMs
Carbamazepine Cenobamate Clonazepam (Brivaracetam)
Phenobarbital (Clobazam) Ethosuximide Cannabidiol
Phenytoin Eslicarbazepine Everolimus Stiripentol
Primidone Felbamate Gabapentin Sulthiame
Rufinamide Oxcarbazepine Lacosamide Valproic acid (certain
enzymes)
Topiramate (<200 mg/day) Lamotrigine
Levetiracetam
Perampanel
Pregabalin
Tiagabine
Vigabatrin
Zonisamide
Other drug classes
Ethinyl-estradiol Erythromycin
Carbapenem antibiotics (e.g. imipenem, Isoniazid

meropenem)

Cisplatin

Proton pump inhibitors
(e.g. omeprazole)

Ritonavir (used for
Covid-19)

Azole antifungals

Note: The table is based on main categories, even if some drugs may exhibit some properties of induction/inhibition as shown in vitro or specific combinations.
The table is not exhaustive but points to a clinically relevant approach of categorization. Based on the following references: [8, 10, 11, 42, 43, 90] and

Prescribing Information of the various drugs.

action without alterations in their serum concentra-
tions. Such DDIs may be beneficial or hazardous. One
example is the potentiation of the lamotrigine effect by
valproic acid. Although this combination can improve
the therapeutic outcomes, adverse effects may be ex-
acerbated as well.** Combinations of sodium channel
blockers are often associated with increased incidence
of CNS side effects in the absence of significant additive
efficacy.*>*7#

3.5.2 | Interactions between ASMs and other
drug classes

Valproic acid, felbamate, and, to a lesser extent, ceno-
bamate, can decrease the clearance of drugs other than
ASMs, including psychotropic drugs, calcium channel
blockers, and anticoagulants, and lead to toxicity.‘”’43
Cannabidiol is emerging as an inhibitor of multiple
drug-metabolizing enzymes, which can inhibit the clear-
ance of many drugs.***® Drugs that require adjustments

when prescribed with enzyme-inducing ASMs include
old and new anticoagulants, calcium channel blockers
and statins, immunosuppressants, and chemotherapeu-
tic agents, antibiotics and anti-HIV drugs, psychotropic
drugs, antidiabetic drugs, and oral contraceptives.43’44’50
Proton pump inhibitors may increase the concentration
of CYP2C19-substrates such as N-desmethyl-clobazam,
carbapenem antibiotics (e.g., imipenem, meropenem) can
reduce the serum concentration of valproic acid, and the
chemotherapeutic agent cisplatin can decrease phenytoin
concentrations.****

The preferred contraception methods in women
treated with enzyme-inducing ASMs is the use of
copper-containing intrauterine devices, medroxypro-
gesterone acetate-depot, or levonorgestrel-releasing
intrauterine devices.*® Vice versa, the use of combined
contraceptive pills may decrease serum lamotrigine con-
centrations by approximately 50% or more,” resulting
in seizures in some women. The underlying mecha-
nism is the induction of lamotrigine glucuronidation by
ethinylestradiol.>*
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As a group, DOACs are particularly prone to phar-
macokinetics interactions with ASMs as “victims” of
enzyme and transporter induction or inhibition.” All
DOACs are substrates of P-glycoprotein (P-gp) whose
induction would reduce their concentrations in plasma.
However, DOACs differ in their metabolic pathways.
CYP3A4 is responsible for the metabolism of rivar-
oxaban (50%) and to a lesser extent apixaban (20%).
Edoxaban and dabigatran are minimally dependent on
CYP450-mediated metabolism.**> Co-administration
of DOACs and enzyme-inducing ASMs can lower the
serum concentrations of DOACs and may predispose
the patient to therapeutic failure. In addition, DOAC-
ASM pharmacodynamic interactions may result from
the effects of ASMs on the coagulation system, e.g. by
valproic acid-induced thrombocytopenia or bleeding
with concomitant use of phenytoin, valproic acid, or
levetiracetam® In a nested case—control study involv-
ing 89284 patients with atrial fibrillation and venous
thromboembolism, the use of DOACs combined with
phenytoin, carbamazepine, valproic acid, and levetirac-
etam was associated with 2.18 higher risk of stroke and
systemic embolism.’® Levetiracetam has however been
associated with a lower risk of cardiovascular death as-
sociated with levetiracetam compared with carbamaze-
pine treatment in patients with poststroke epilepsy in
a population-based setting.’” To date, the clinical sig-
nificance of DOAC interactions with mild-to-moderate
CYP3A4/P-gp-inducing ASMs such as oxcarbazepine
and cenobamate or enzyme-inhibiting ASMs (e.g., can-
nabidiol, felbamate) is unknown. According to the rel-
evant European Heart Rhythm Association Guide,”
when an ASM therapy should be started in a patient
treated with a DOAC (or vice versa), interdisciplinary re-
view with the treating cardiologist, neurologist, primary
care physician, and clinical pharmacist is crucial, and
measurement of DOAC serum concentrations and close
follow-up is advised.> Notably, some adverse effects of
ASMs and other medications used in cardiovascular dis-
orders may be additive due to a pharmacodynamic inter-
action. For instance, the combination of carbamazepine
or oxcarbazepine with diuretics is associated with an in-
creased risk of hyponatremia.>®
Concerns of DDIs peaked with the emergency autho-
rization of the anti-Covid-19 nirmatrelvir/ritonavir com-
bination. Both compounds are CYP3A4 substrates and
ritonavir is a strong and irreversible inhibitor of CYP3A4,
a weak-to-moderate inhibitor of several other CYP iso-
enzymes, and an UGT inducer. Accordingly, it has been
recommended that everolimus should not be combined
with this preparation. Patients treated with ASMs that
are CYP3A4 substrates or lamotrigine should be moni-
tored for drug efficacy and adverse reactions. In addition,

benzodiazepines other than buccal midazolam were sug-
gested as rescue therapy.*’

3.5.3 | Other interactions (food,
environmental factors)

The most striking example of a food-ASM interaction
currently documented is the 4-5-fold increase in canna-
bidiol exposure when taken with a high-fat meal.”® Use
of the antidepressant St. John's wort (an inducer of drug-
metabolizing enzymes) can result in subtherapeutic lev-
els of several ASMs, particularly those which are CYP3A4
substrates, but the effect is mostly observed with high-
dose preparations of the plant.*’

Alcohol consumption is generally not recommended
for patients with epilepsy, particularly those who use bar-
biturates or benzodiazepines and perampanel, due to ad-
ditive CNS suppression or mood changes.

3.5.4 | Practical advice

Given the abundance of potential DDIs involving ASMs,
drug interaction compendia may be used by prescribers
for optimizing comedication. However, databases vary
in the information provided, especially when the inter-
action is theoretical, relying on class effects.’’ In such
cases, it is recommended to access the primary source
of information, if available, or consult a pharmacist or
a clinical pharmacologist. Also, serum concentration
measurements of drugs in question, if available, can re-
veal and determine the magnitude of pharmacokinetic
interactions.

In this section, the following learning outcome is high-
lighted: 3.1.4 Demonstrate knowledge of appropriate moni-
toring of AED serum concentrations."

Theoretical aspects are accompanied by practical ad-
vice on the appropriate use of TDM in a clinical setting in
appropriate situations, as listed in Table 3, and the con-
cepts are illustrated in Figure 3.

3.6 | Principles and clinical use of TDM

3.6.1 | Concepts and use of TDM

A key concept to the appropriate implementation of TDM
includes a proper clinical evaluation and rationale for
measuring the serum concentration. There are several
reasons why TDM has become a commonly used tool to
optimize treatment in epilepsy: Unpredictable pharma-
cokinetic variability and drug interactions as described
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TABLE 3 Examples of situations where therapeutic drug monitoring is considered useful.

Situation
After initiation of therapy
Treatment outcome is satisfactory

Seizure control is not achieved despite
apparently adequate dosage

Unexpected change in seizure control
Change in dose

Change in other treatment (ASMs or
other drugs)
Suspected adverse events, toxicity, or

overdose

In infants, children, or elderly

During and after pregnancy

Comorbidities

Change in drug formulations

Examine adherence

Rationale

Detect unexpected pharmacokinetics
Establish individual therapeutic range

Determine actual exposure to drug

Aid in diagnosis and management
Especially if ASM displays non-linear pharmacokinetics

Potential (change in) pharmacokinetic interactions
Establish new therapeutic range in case of pharmacodynamic interactions
Measurement of free concentration when combining highly bound ASMs

Aid in diagnosis and management

Change in pharmacokinetic parameters over time Particularly large pharmacokinetic
variability at extremes of age

Difficulties in communicating adverse effects

Presence of comorbidities in many elderly patients

Measurement of free concentration for highly bound ASMs in infants/elderly given the
possible deviation in protein binding

Ensuring adequate therapy in mother, while minimizing exposure to the fetus

Changes in pharmacokinetics expected for many ASMs but large individual differences

Measurement of free concentrations, highly bound ASMs

Avoid overexposure of mother or the breastfed infant due to change in dosage during
pregnancy

Altered organ function (liver/kidney) that can affect the pharmacokinetics of drugs
Measurement of free concentrations of highly bound ASMs

Use of concomitant drugs, identify (or exclude) drug-drug interactions
Difficulty/inability to communicate adverse effects

Potential change in serum concentrations

Patients often take medications differently from how they are prescribed

Non-adherence has been shown to be an important cause of hospitalizations in patients with

epilepsy

Emergency situations, status epilepticus  Aid in clarifying the reasons for loss of seizure control

Aid in dose titration

Note: Based on the following references: [10-12, 21, 42, 62, 66].

above, as well as adherence and other treatment chal-
lenges, where TDM contributes to provide a quality assur-
ance of the treatment (Figure 3). Treatment of epileptic
seizures is prophylactic, with seizures occurring at unpre-
dictable intervals, there are no reliable clinical surrogate
markers of effect, and therapeutic failure can have dras-
tic consequences.''? Furthermore, signs and symptoms
of toxicity can be subtle and difficult to distinguish from
the illness itself."> TDM should be used on clear indica-
tions®!"!%%% and Table 3 provides some examples of situa-
tions where TDM is usually considered useful.

3.6.2 | Definitions

The ILAE issued guidelines for TDM in 1993 and
these were updated in 2008.'* Further updates on

recommendations and use have been published in 2018
and 2020.'*'*%* The following terms should be used: The
“reference range” is defined as “a range of drug concentra-
tions, which is quoted by a laboratory and specifies a lower
limit below which a therapeutic response is relatively un-
likely to occur, and an upper limit above which toxicity is
relatively likely to occur”.'” Patients may achieve thera-
peutic benefit at concentrations outside these ranges, and
hence one should use “individual therapeutic concentra-
tions,” defined as “the range of drug concentrations which
is associated with the best achievable response in a given
person”.'*** Thus, based on the correct interpretation of
these concepts, the clinical use of TDM relies on subse-
quent measurements over time in the individual patient,
and the individual therapeutic concentration may then be
established and followed when various patient- and drug-
related factors vary over time.
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Dose adjustment (if
relevant)
Communication
(clinician-patient/carer)

Pre-analytic,
analytic and post-
analytic errors or

variability
Communication
| (lab-clinician)

TDM

Clinical evaluation and
serum concentration
measurement

Adherence
Drug formulation

Drug intake

i

Clinical effect (seizure

Pharmacokinetic variability:
Absorption
Distribution
Metabolism

Excretion

Serum concentration

Distribution to target
organ

reduction, adverse
effects)

Pharmacodynamic val
Disease factors
Psychological factors

FIGURE 3 Pharmacokinetic processes and implementation of therapeutic drug monitoring. The light blue squares indicate factors
affecting the various processes or actions, and the yellow square highlights factors that affect the results or interpretation of the results of

serum concentration measurements.

Hands-on use of TDM: When and what to measure

During the day?

From dose intake?

At steady state?

Follow-up?

Total drug
concentration

What to measure?

Establish an individual
reference concentration

concentration?

Standard in the morning drug-fasting, before the morning dose

12-24 h after dose intake, or at C,,,, for evaluation of adverse effects

At steady state, maintenance concentration is reached, 5 x t;/,

Variable for various patients and drugs, after
dosage adjustments, variable adherence,
interactions, toxicity, adverse effects?

Free, unbound Biochemical Pharmacogenetic

markers? tests?

FIGURE 4 Practical and hands-on advice on the use of TDM: When and what to measure. The figure summarizes important

considerations for the use of TDM in clinical practice.

3.6.3 | What and when to measure

Practical advice and hands-on use of TDM are summa-
rized in Figure 4. Total drug concentrations are usually
measured. However, the pharmacologically active part
of a drug is the “free unbound” proportion. It has been
demonstrated that, for example, the concentration of
topiramate in cerebrospinal fluid (CSF) is equal to the un-
bound proportion of topiramate in plasma. Thus, serum/
plasma is a relevant matrix for TDM.®® The same applies

to carbamazepine in serum and CSF, based on an older
study.® If altered protein-binding of highly bound ASMs
is suspected, measurements of free, unbound concentra-
tions can be performed where available, and carefully
considered when interpreting the results in the clinical
context. This is illustrated in, for example, vulnerable
young patients with Dravet syndrome.*! This is most often
done for valproic acid and phenytoin, ASMs with protein
binding >90%, in acute as well as maintenance situa-
tions. If protein binding is significantly altered, the total
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drug level is no longer representative for the exposure to
pharmacologically active drug. The result of serum con-
centration measurements in such situations needs to be
interpreted in light of this,'*'>¢%6>

Therapeutic drug monitoring should be used with
serum concentration measurements at a standard time
point, drug-fasting before intake of the morning dose at
steady-state conditions. For subsequent measurement and
to establish the individual reference concentration for a
patient, the first measurements could then be used as a
basis for comparison within that patient and related to
the reference range for the drug(s) in use, as illustrated in
Figure 3.2 If concentration-related adverse effects are
suspected, a serum sample may be drawn after a few hours
around C,,, to evaluate whether for instance a switch to a
sustained-release formulation or division of the daily dose
could be advised (Figure 4).

3.6.4 | Special patient groups across the ages
During the transition from childhood to adoles-
cence, adulthood, and further to older age, signifi-
cant changes in physiology (such as hepatic and renal
function) occur and pathology may develop, affecting
the pharmacokinetics of various ASMs.*'*® Children
are in rapid development, and careful consideration
should be given to physiology and organ function and
maturation, pharmacokinetic features, and overall ca-
pacity for drug elimination.'®'*” Recent studies with
young and vulnerable children include cannabidiol
and fenfluramine.®**

Pregnancy is a time of particularly rapid and pronounced
pharmacokinetic changes. Absorption may be affected by
physiological changes or vomiting, volume of distribution
can change due to an increase in body water and fat stores,
and free, unbound concentrations of highly protein-bound
drugs may increase.'*'*¢%>7" Furthermore, the activity of
drug-metabolizing enzymes is altered during pregnancy.
The activity of e.g. UGT1A4 and many of the CYPs in-
crease whereas a few CYPs display decreased activity.*®7""!
In addition, renal blood flow and glomerular filtration rate
increase, affecting renal clearance.>'*% Pharmacokinetics
changes documented for ASMs include a decrease in serum
concentrations of lamotrigine, levetiracetam, phenytoin,
phenobarbital, licarbazepine (measured when oxcarbaze-
pine or eslicarbazepine is used), topiramate and total car-
bamazepine and VPA, but data are limited or lacking for
a number of other ASMs.”®”* Such changes vary consider-
ably between individuals and are also influenced by other
patient-related and environmental factors. Regular monitor-
ing on a monthly basis is therefore recommended to avoid
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breakthrough seizures and to ensure a consistent exposure
of ASMs that may also reduce the risks for the offspring.'®”!

In the elderly clearance is generally lower than in
younger adults, either as a result of decreased renal func-
tion and/or less efficient drug-metabolizing activity, but
factors such as frailty, nutritional status, and comorbidi-
ties common to old age also play important roles.®!!®

To better follow up vulnerable patients, long-term
TDM in patients with multiple measurements has been
introduced as a tool to investigate intra- and interpatient
pharmacokinetic variability of drugs over a long time as re-
cently demonstrated with carbamazepine over 20years,”?
or TDM used in specific epilepsy syndromes such as juve-
nile myoclonus epilepsy and Dravet syndrome.'**

3.6.5 | Analytical methodologies and recent
development of TDM

Antiseizure medication measurements are performed
using laboratory-developed methods or commercial Kkits,
for research purposes and/or clinical analyses. Most labo-
ratories presently use chromatographic methods or im-
munoassays in serum/plasma or alternative biological
fluids such as saliva."”* Immunoassays are usually easy to
use, specific, rapid to perform, and are available for most
of the old-generation ASMs and for some of the newer
ASMs. These assays are limited to the determination of
a single drug.”> Chromatographic separation techniques
permit the simultaneous quantification of several ASMs
and related metabolites in a single analysis. Liquid chro-
matography combined with tandem mass spectrometry
(LC-MS/MS) represents the most used methodology due
to its high sensitivity and specificity.”*”

Serum or plasma represents the matrixes normally used
for TDM and they can be used interchangeably. Saliva is
an alternative matrix to serum/plasma of increasing util-
ity for some ASMs as sample collection is non-invasive.®®
In addition, for many ASMs the measured levels in saliva
correlate with the unbound, pharmacologically active
component in blood.'* Other biological matrices are rarely
used in a clinical setting.”®

Due to recent advances in LC-MS techniques with a
major improvement in sensitivity, alternative microsam-
pling techniques, include dried blood spots and volumet-
ric absorptive microsampling have become feasible. Dried
blood spot analysis is useful when venipuncture is unde-
sirable, and it is based on the collection of a blood spot
onto a piece of filter paper. After drying, the sample can be
mailed to the laboratory where the dried blood spot sample
will be processed. This approach has been implemented
for many ASMs, but there are still technical issues needing
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improvement.”” Volumetric absorptive microsampling
is another technique successfully applied to monitor
ASMs.3#¥ These devices are porous hydrophilic tips that
allow the collection of a small, fixed blood volume (10 or
30puL) avoiding hematocrit bias.*> Further advances in
the clinical validation of these methods are needed, as
analytical errors can result in inappropriate clinical deci-
sions, and patient correlation studies are scarce.

As a general rule, any laboratory providing TDM ser-
vices should be involved in internal and external quality
assessment programs to ensure interlaboratory consistent
results.®

3.6.6 | Proper implementation of TDM

TDM should be used based on a clinical indication and
thus indiscriminate or routine use of TDM without an in-
dication in unselected groups of patients is not advised.
The impact in refractory patients with various treatment
challenges or in situations such as during pregnancy is
far more useful. There is not a clear correlation between
clinical effects and serum concentrations for all ASMs,
and therefore “therapeutic range” is not used as a term
to define within what range the patient should stay for
maintenance therapy. The term “individual therapeutic
range” is therefore more suitable, as it elucidates where
the individual patient has the best treatment outcome.
Such outcomes are not easily investigated through ran-
domized controlled trials (RCTs). Serum concentrations
are difficult to blind, and vulnerable patients are not
ethical to randomize to omit necessary measurements.
Appropriate studies on the value of the use of TDM have
therefore been difficult to implement. There is a lack of
high-level evidence for the use of TDM. There are only
a few RCTs trying to determine the impact of TDM in
patients with epilepsy without conclusive evidence in
favor of the use of TDM. Limitations of these studies in-
clude properly defined clinical outcomes and difficulties
in design, blinding, and randomization.'>'**® This poses
challenges when it comes to pre-selection of patients
where the probability of TDM being clinically useful is
high and ethical considerations of the value for individ-
ual patients. Before conducting such studies, it must be
considered whether true equipoise exists for the clinical
indication for TDM that is to be studied. It must also be
emphasized that the need for TDM is much more promi-
nent in patients with refractory epilepsy than in those
with new-onset seizures. Real-life studies examining the
clinical efficacy and tolerability of ASMs in relation to
serum concentrations have in our experience been valu-
able in improving TDM services for the recently approved

ASMs. 748698788 There is a need for studies in selected
populations and for homogeneous indications for TDM
to increase the level of evidence and benefits of use in
terms of improved patient treatment and care, patient
safety, and economical outcomes.

3.7 | Future perspectives

In the transition from medicine to personalized medicine
also in the treatment of epilepsy, the use of TDM together
with supplementary testing may facilitate proper treat-
ment decisions. This constitutes an important part of fu-
ture directions. Genetic panels are increasingly used to
assess genetic epileptic etiologies and enable proper treat-
ment choices such as certain precision treatment with
everolimus in seizures associated with tuberous sclerosis.
Furthermore, pharmacogenetic testing may be indicated
to adjust the dosage to the individual better from the ini-
tiation of therapy in those patients who have deviating
drug metabolizing capacities or to avoid exposure of drugs
such as carbamazepine in patients with HLA-B*1502 pol-
ymorphism increasing the risk of serious adverse effects.
Biochemical markers may also be used to monitor ASM
therapy,89 adverse effects, and avoid hepatotoxicity seen
with valproic acid or cannabidiol.

4 | CONCLUSIONS

Insight into and understanding of basic and clinical phar-
macology forms the basis for rational and safe treatment
with ASMs in various patient groups. Pharmacological
challenges include pronounced pharmacokinetic variabil-
ity and numerous interactions both between ASMs and
between ASMs and other drug classes. These are clinical
indications for the individualized treatment approach in
epilepsy by using TDM. To provide the best possible moni-
toring and follow-up and safe treatment of patients with
epilepsy, it is essential that research and routine go hand
in hand to facilitate safer and more efficacious treatment
with ASMs in vulnerable patient groups. Future direc-
tions point to the combined implementation of TDM with
complementary tests, such as genetic panels for proper
diagnosis, pharmacogenetic tests where relevant, and the
use of biochemical markers that will all contribute to per-
sonalized treatment.
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APPENDIX

TWO CASES

Case, interactions with food and drugs

A young boy, three years old with Dravet syndrome and difficult seizure situation uses valproate and clobazam. In ad-
dition, cannabidiol was recently added. The parents report increasing drowsiness, unsteady gait, sleepiness, reduced
appetite and weight loss during the past weeks. The patient was admitted to hospital, and clinical and laboratory inves-
tigations were performed. The serum concentration of the active metabolite N-desmethyl-clobazam had doubled since
the last analyses. A dosage reduction by 50% of clobazam led to improvement in the symptoms. Furthermore, when the
appetite increased, diet adjustment was done with fat-rich food in the morning and evening.

What kind of interactions happened here?

Comments:

Cannabidiol inhibits the metabolism of clobazam, leading to the increase in N-desmethyl-clobazam, which gave rise to
excessive adverse effects. Cannabidiol has limited and variable absorption (about 5%), but this increases 4-5-fold if it is taken
with fat-rich food. Thus, upon increased apetite, the absorption of cannabidiol will possibly increase. Close follow-up to moni-
tor the efficacy and tolerability will be necessary.

Case, pregnancy: PK changes and use of TDM
A woman, 28 years, with JME has been seizure free for one year. She uses valproate, 600 mg/day + lamotrigine, 100 mg/
day with stable serum concentrations for some time (se illustration). Adherence has been a challenge but is now better.
Now valproate was tapered due to restrictions in use in women of childbearing age. She experienced a generalized tonic
clonic (GTC) seizure for the first time in several years, and the serum concentration of lamotrigine was low and below the
reference range. The dose was doubled and she continued on monotherapy. After some months she became pregnant,
and at a control in week 14, showed that the serum concentration of lamotrigine was lower than at the last visit, but no
dosage adjustment was done. In week 26 she experienced another GTC, and the serum concentration of lamotrigine was
again very low.

What is next? What would you do? How often should she be followed? Possible pharmacokinetic interactions, use of TDM
and changes during pregnancy?
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LTG 100 mg/day + Taper and LTG dose Pregnant, week 14,
VPA 600 mg/day (420 umol/L) withdrawal of VPA increased to no dosage change
Seizure free for one year => GTC seizure 200 mg/day Week 26, after GTC
1 1 1 1
1 2 3 4 5 6

Time point of measurements

Comments:

Initially, when valproate is tapered, a de-inhibition will
occur, which led to a decrease in the serum concentration of
lamotrigine from around 20 to 10 uymol/L. The dose of lamo-
trigine was therefore increased from 100 to 200 mg/day, and
the next measurement showed 17 umol.

Treatment with lamotrigine during pregnancy is a
strong clinical indication for the use of TDM in a pro-active
manner. This includes to monitor baseline values and
regular serum concentrations (every 1-3 months) during
pregnancy, aiming at increasing the dose when the serum
concentration tends to decrease to avoid breakthrough sei-
zures. By using the baseline value as her reference as an
optimal therapeutic concentration, dosage adjustments
should aim at keeping the same level. Valproate should be

Test yourself

avoided according to international restrictions in women,
but it is possible that this drug kept her seizure free before.
Valproate inhibits the metabolism of lamotrigine through
UGT1A4, and therefore the serum concentration of la-
motrigine dropped when the inhibitor was discontinued.
During pregnancy the increased endogenous estrogen will
induce the metabolism of lamotrigine through the same
metabolic pathway, leading to a decrease in the serum
concentration. Thus, the dosage of lamotrigine should be
increased, here perhaps 2.5-fold to reach pre-pregnancy
values. TDM of lamotrigine should also be performed at
the time of birth and afterwards, as this de-induction rap-
idly normalizes to pre-pregnancy state within few days.
Then the dosage of lamotrigine should be adjusted to base-
line, at 200 mg/day.

1. Antiseizure medications commonly act through the following mechanisms:

A. Inhibition of chloride channels.

B. Asligands of receptors for GABA or glutamate.

C. Activation of voltage-gated sodium channels.
D. Inhibition of voltage-gated sodium channels.

2. Pharmacological variability may include:
A. Pharmacodynamic factors.
B. Pharmacokinetic factors.
C. Pharmacogenetic factors.
D. All of the above.

3. Factors that contribute to pharmacokinetic variability between or within patients include:

A. Age.

B. Pregnancy.

C. Comedication.

D. Pharmacodynamic differences.
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4. During pregnancy, the following ASMs often need a dosage increase due to increased metabolism and a
decrease in serum concentration in the order of 30% or more:
A. Carbamazepine.
B. Lamotrigine.
C. Levetiracetam.
D. Oxcarbazepine.

5. Which statement(s) is/are correct regarding pharmacological variability in children:
A. Age-dependent changes do not require dosage adjustments of ASMs.
B. Physiological changes affect pharmacokinetic processes (absorption, distribution, metabolism, and
excretion).
C. Pharmacodynamic sensitivity is not regarded as a factor of variability.
D. Children aged about 2-6years have a high capacity of eliminating drugs.

6. Common pharmacological challenges in the elderly may include:
A. Increased clearance of drugs that are metabolized in the liver.
B. Decreased clearance of drugs that are excreted renally.
C. Increased blood flow to eliminating organs, liver, and kidneys.
D. Decreased blood flow to the brain.

7. If an enzyme inhibitor is added to a treatment, is it most possible that:
A. Itwill inhibit the formation of active metabolites.
B. Itwill induce metabolizing enzymes and decrease the serum concentration of concomitantly used drugs.
C. It will inhibit metabolizing enzymes and increase the serum concentration of concomitantly used drugs.
D. Itwill induce metabolizing enzymes and increase the serum concentration of concomitantly used drugs.

8. Pharmacokinetic interactions often involve enzyme induction or inhibition. Which statement(s) is/are

correct:

A. Enzyme induction usually occurs within 2-4 weeks for CYP-enzymes.

B. The process of enzyme inhibition is dependent on the half-life of the inhibited drug only and not the one
causing the interaction.

C. Enzyme inhibition by one drug may increase the serum concentration of other drugs several-fold.

D. Pharmacogenetic variability in metabolizing enzymes will not affect drug-drug interactions caused by
enzyme induction or inhibition.

9. Which of the following is a clinical indication for the use of therapeutic drug monitoring:
A. The patient using lamotrigine is starting an oral contraceptive.
B. Variable adherence is a challenge.
C. Comedication with possible drug-drug interactions.
D. Use of vigabatrin for infantile spasms.

10. How would you react during interpretation of a serum concentration measurement?
A. Ask the patient how he/she is doing and do no changes in the dosages of ASMs.
B. Increase the dose if the patient has a serum concentration below the reference range.
C. Evaluate how the patient is doing (seizures and adverse effects) and compare with the patient’s concen-
tration of antiseizure medication before possible dosage adjustments.
D. Evaluate the result in relation to the reference range and do dosage adjustments accordingly.

Answers may be found in the supporting information.
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