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Abstract | Epilepsy affects all age groups and is one of the most common and most disabling
neurological disorders. The accurate diagnosis of seizures is essential as some patients will be
misdiagnosed with epilepsy, whereas others will receive an incorrect diagnosis. Indeed, errors in
diagnosis are common, and many patients fail to receive the correct treatment, which often has severe
consequences. Although many patients have seizure control using a single medication, others require
multiple medications, resective surgery, neuromodulation devices or dietary therapies. In addition,
one-third of patients will continue to have uncontrolled seizures. Epilepsy can substantially impair
quality of life owing to seizures, comorbid mood and psychiatric disorders, cognitive deficits and
adverse effects of medications. In addition, seizures can be fatal owing to direct effects on autonomic
and arousal functions or owing to indirect effects such as drowning and other accidents. Deciphering
the pathophysiology of epilepsy has advanced the understanding of the cellular and molecular events
initiated by pathogenetic insults that transform normal circuits into epileptic circuits (epileptogenesis)
and the mechanisms that generate seizures (ictogenesis). The discovery of >500 genes associated with
epilepsy has led to new animal models, more precise diagnoses and, in some cases, targeted therapies.
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Epilepsy is a neurological disorder that is characterized
by an enduring predisposition to generate epileptic
seizures and the associated cognitive, psychological
and social consequences'. An epileptic seizure is a
transient behavioural change that might be objective
signs or subjective symptoms (such as loss of aware-
ness, stiffening, jerking, a sensation that rises from
the abdomen to the chest, a smell of burnt rubber or
déja vu), caused by abnormal excessive or synchro-
nous neuronal activity in the brain. Seizure onset can
be focal (when abnormal neuronal activity arises in
one or more localized brain regions or hemisphere),
generalized (when abnormal neuronal activity begins
in a widespread distribution over both hemispheres)
or of unknown onset (if the available clinical and
laboratory data cannot identify whether the onset is
focal or generalized). Onset is determined when there
is >80% confidence about the mode of onset based on
the clinical features, electroencephalography (EEG)
and neuroimaging findings? (BOX 1; FIC. 1). Although
the cause of epilepsy in many patients is unknown,
seizures can be the result of almost any insult that per-
turbs brain function. These insults include acquired
causes (for example, after stroke or traumatic brain
injury), infectious diseases (such as neurocysticer-
cosis), autoimmune diseases and genetic mutations.
To date, >500 genes associated with epilepsy have
been identified.

The International League Against Epilepsy
Classification framework, which was revised in 2017
(REFS 2,3), is the key tool for the diagnosis of individu-
als presenting with seizures. The epilepsy classification
framework begins with the diagnosis of the type of epi-
leptic seizure and assumes that non-epileptic events have
been ruled out (FIC. 2). Building on this with findings
from EEG and imaging, an epilepsy type and, ideally,
an epilepsy syndrome (a group of clinical and electrical
features that together define a distinctive clinical disor-
der) are diagnosed. At all points during the diagnostic
work up, the clinician should consider the aetiology of
the patient’s epilepsy and look for comorbidities, such as
learning difficulties and psychiatric disorders, including
depression and autism spectrum disorder.

The first-line treatment for epilepsy is anti-seizure
drugs (ASDs), of which >20 drugs have been approved
by the US FDA and the European Medicines Agency.
However, despite the availability of many ASDs,
approximately one-third of patients fail to achieve sei-
zure control. Epilepsy surgery has the highest chance
to render these patients seizure free, although only
a small number of patients are eligible for surgery*.
Indeed, most patients with drug-resistant epilepsy are
not suitable for surgery, and for those in whom epilepsy
surgery has failed to control seizures, neurostimulation
devices, dietary therapies or clinical trials of new ASDs
are alternative options.
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For many patients, seizures can remit, and some might
relapse, as shown by long-term follow-up studies. In gen-
eral, epilepsy is considered resolved when an individual
is seizure free and older than the applicable age for an
age-dependent epilepsy syndrome or, alternatively, when
the person has remained seizure free for 210 years with
no anti-seizure medication for the past 5 years'.

This Primer discusses the epidemiology and patho-
physiology of epilepsy. In addition, this Primer includes
a detailed discussion of the diagnostic work-up of
patients with suspected epilepsy and describes the man-
agement of both the seizures and the comorbidities of
epilepsy in addition to the quality of life (QOL) issues
faced by patients.

Epidemiology

Incidence and prevalence

Almost 10% of people will experience a seizure during
their lives®. Epilepsy is the third leading contributor to
the global burden of disease for neurological disorders®
and affects 65 million people worldwide’. According to a
meta-analysis of international studies, the prevalence of
epilepsy is 6.4 cases per 1,000 persons and the annual inci-
dence is 67.8 cases per 100,000 person-years®. Prevalence
and incidence estimates have been calculated in many
geographical regions, although studies use different
methodologies and under-ascertainment is a concern,
particularly in countries where the stigma associated
with seizures is rampant. Both prevalence and incidence
are higher in low-income and middle-income countries
(LMICs) than in high-income countries®. This finding
might partly result from a higher frequency of traffic
accidents, birth injuries and neuroinfectious disorders
(such as neurocysticercosis) that can cause epilepsy in
LMICs’. In general, causes of epilepsy include struc-
tural (for example, stroke and brain tumours), genetic
(for example, SCN1A-related epilepsies), infectious (for
example, bacterial or viral brain infections), metabolic
(for example, solute carrier family 2, facilitated glucose
transporter member 1 (GLUT1) deficiency), immune
(for example, multiple sclerosis and autoimmune
encephalitis) and unknown aetiologies’.

The incidence of epilepsy tends to be highest in
younger age groups (for example, in infancy and early
childhood) and older age groups (for example, more
than 50-60 years of age), whereas prevalence tends to be
lowest in infants and children, increases in early adult-
hood-midlife and decreases later in life®. No sex differ-
ences in incidence and prevalence were demonstrated
in one systematic review?®, although some studies have
demonstrated a male preponderance, possibly owing
to under-reporting by women, particularly in regions
where a woman with epilepsy would be marginalized or
considered unmarriable if her diagnosis was known'’.

Mortality

Epilepsy can be lethal owing to the direct effects of sei-
zures (for example, sudden unexpected death in epilepsy
(BOX 2), status epilepticus, drowning, motor vehicle acci-
dents, falls and burns) or the indirect effects of seizures
(for example, aspiration pneumonia, suicide and adverse
effects of ASDs or psychiatric drugs, such as obesity and
cardiovascular effects)"'. Mortality estimates in epilepsy
are influenced by methodological factors, including
ascertainment methods, the choice of control group
and lack of adjustment for confounders (especially the
presence of comorbidities). Most studies report a higher
risk of premature mortality in individuals with epilepsy
than in individuals without epilepsy. The standardized
mortality ratio (SMR) for epilepsy is the ratio of the
number of observed deaths of individuals with epilepsy
to the number of expected deaths of individuals with-
out epilepsy in a population. A weighted SMR of 2.3 for
patients with epilepsy in high-income countries and an
SMR of 2.6 in LMICs was demonstrated in one system-
atic review'>">. Most studies demonstrate higher SMRs
in both men and women with epilepsy than in those
without epilepsy, and the SMR in patients with epilepsy
is often highest in the youngest individuals, particu-
larly during the first year of life (SMR 22.3)". Epilepsy
of structural origin (for example, in individuals with a
demonstrable brain lesion) and drug-resistant epilepsy
are associated with a higher SMR". In LMICs, mortality
is often due to preventable causes, such as a lack of access
to medical facilities, status epilepticus and drowning'.

Mechanisms/pathophysiology

Most studies of the pathophysiology of epilepsy use
animal models that mimic human epilepsy or human
brain specimens and EEG. The study of epileptogenesis
focuses on the cellular and molecular alterations caused
by pathogenetic events that result in an active epilep-
tic condition. These events can include brain injuries
(TABLE 1) and genetic alterations (BOX 3). The study of
ictogenesis investigates the causes of seizure generation
and recurrence.

Animal models

Rodents with spontaneous seizures that mimic the fea-
tures of human epilepsy can be used to study patho-
genetic mechanisms and potential therapeutic targets
of epilepsy. Acquired models of epilepsy are produced
by inducing postnatal brain injuries or mimicking
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infectious agents to rodents, whereas genetic models
harbour spontaneous or induced genetic modifications
that lead to seizures (TABLE 1). The sex, age or strain of
rodents affects several factors that contribute to epilepto-
genesis, including the acute brain response to injury™
or the phenotypic expression of a genetic mutation',
therefore affecting the onset time of spontaneous sei-
zures, seizure frequency and severity and the develop-
ment of neurological comorbidities. Non-rodent species
have also been used to study seizures and epilepsy.
Cats and dogs with naturally occurring or induced epi-
lepsy have been used to test ASDs and treatments'®"’.
Non-mammalian species, such as zebrafish, can be used
to study epilepsy genes and drug responses. Animal
models with hyperexcitability or reduced seizure thresh-
olds without spontaneous seizures are not reviewed here
as they do not reproduce the spontaneous and recurrent
seizures of human epilepsy.

Data obtained from animal models are often com-
pared with data from surgically resected or post-mortem
human brain tissue and with intracerebral recordings
obtained during presurgical evaluation of patients.

Box 1| Key terms

PRIMER

The cross-validation of animal and human findings
adds considerable value to epilepsy research because it
contributes to the deeper understanding of the mecha-
nisms of epileptogenesis and ictogenesis. Despite this,
there are no clinical studies of human epileptogenesis
to prove the therapeutic effects of some treatments that
demonstrated efficacy in animal models. The absence of
these studies is mainly due to the lack of validated bio-
markers to stratify patients with a high risk of developing
epilepsy after a brain insult. However, proof-of-principle
clinical studies in chronic epilepsy that tested drugs used
in animal models, such as, anti-inflammatory drugs,
have been carried out'®.

Epileptogenesis

Epileptogenesis (BOX 1) is initiated by a pathogenetic
event (‘an epileptogenic insult’) or a genetic alteration,
although many patients have an unknown cause. The
process of epileptogenesis occurs before and persists
beyond the first unprovoked seizure'*; this process
and the frequency and severity of spontaneous seizures
can progress over several weeks in animal models and

Acute symptomatic seizures

Seizures that occur at or near the time of a systemic or brain insult?®,
such as alcohol withdrawal, drug intoxication or withdrawal, central
nervous system infection, metabolic derangement, traumatic brain injury
or electrolyte disturbances.

Ambulatory electroencephalography
Electroencephalography (EEQ) carried out in the home environment
that permits longer recordings than standard EEG.

Automatisms
Unconscious behaviours that can occur during some epileptic seizures,
such as lip smacking and hand fidgeting, picking or rubbing.

Clonic seizure
A seizure accompanied by rhythmic muscle jerks.

Drop attacks
Sudden falls with or without loss of consciousness. Also known as an
atonic seizure.

Epileptogenesis
A multifactorial process that underlies the development and extension
of brain tissue that generates spontaneous seizures.

Interictal spike
Brief discharges that can be observed using EEG in seizure-free periods
in patients with epilepsy.

Myoclonic seizure
A seizure accompanied by rapid, involuntary muscle twitches.

Paroxysmal event
Acute onset and brief duration of a symptom or sign.

Reactive gliosis

Hypertrophy and proliferation of glial cells (including astrocytes and
microglial cells) in response to central nervous system injury or increased
neuronal activity.

Reflex seizures
Seizures that are elicited by a specific stimulus, such as flashing lights,
hot water or reading.

Remote symptomatic seizure
Seizures that occur months to years following a brain injury or event.

Sleep-deprived EEG
EEG of an individual who was prevented from falling asleep or was

Focal seizure
A seizure that originates in one or more localized parts of the brain.

Generalized seizure
A seizure that originates from widespread regions on both hemispheres
of the brain.

Hippocampal sclerosis
Scarring and neuronal loss in the hippocampus. This pathology is
commonly found in patients with temporal lobe epilepsy.

Hyperkinetic seizure
A seizure accompanied by intense motor activity.

Ictogenesis
The dynamic changes responsible for seizure onset, progression and
termination and for the transition from the interictal state into seizures.

Interictal state
The period between seizures.

allowed to sleep for a considerably shorter-than-usual period the night
before the EEG.

Spike and wave discharges
Wave forms that can be observed using EEG; commonly observed in
patients with generalized epilepsy and animal models of absence epilepsy.

Status epilepticus
Abnormally long seizures that can occur in individuals with or without
epilepsy. The seizures can be convulsive or non-convulsive.

Tonic seizure
A seizure accompanied by sustained muscle contraction.

Tonic—clonic seizure

A seizure characterized by initial muscle contraction (tonic phase),
usually causing the patient to fall, followed by rhythmic muscle jerks
(clonic phase).

Unprovoked seizure
A seizure occurring in the absence of a precipitating factor.
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for years in humans'>*, which provides a broad win-
dow for anti-epileptogenic therapeutic interventions.
Discovering the pathogenetic alterations that occur dur-
ing epileptogenesis and lead to seizure onset, recurrence
and progression is essential for therapeutic innovations.

The most commonly used models to study the mech-
anisms of epileptogenesis mimic acquired brain inju-
ries, such as neurotrauma, status epilepticus, infections,
hypoxia or ischaemia (TABLE 1). Mechanisms of epilepto-
genesis include widespread alterations in both neuronal
and non-neuronal cells at several levels in the brain,
including genetic and epigenetic alterations and molec-
ular and structural changes that result in the dysfunction
of neuronal circuits. Most mechanisms occur during a
specific time frame before the onset of spontaneous sei-
zures, although some mechanisms persist during disease
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Figure 1| Seizure classification. a| According to the International League Against
Epilepsy 2017 basic seizure classification, which is intended for use by practitioners not
specializing in epilepsy, epileptic seizures can be classified as focal onset, generalized
onset or unknown onset. When possible, focal seizures are divided into seizures with
preserved awareness or with impaired awareness. Focal aware seizures were previously
referred to as simple partial seizures, and focal impaired awareness seizures were
previously referred to as complex partial seizures. Focal-onset, generalized-onset and
unknown-onset seizures can include motor and non-motor forms. Focal seizures include
seizures that progress to bilateral tonic—clonic seizures (formerly referred to as
secondarily generalized tonic—clonic seizures). This classification also distinguishes
between bilateral seizures (which propagate to both hemispheres) and generalized
seizures (which originate simultaneously in both hemispheres). b | The expanded seizure
classification is intended for use by clinicians with expertise in the diagnosis and
treatment of epilepsy. This classification has a structure similar to that of the basic
classification, but the motor and non-motor categories are further divided according to
features that might be present during seizures, such as automatisms and myoclonus.
Adapted with permission from REF. 2, John Wiley & Sons.

progression. Neurological dysfunction can precede the
manifestation of spontaneous seizures, and some com-
mon mechanisms might underlie epilepsy and comor-
bidities*'. The plethora of epileptogenic mechanisms
that have been identified in animal models suggests that
epileptogenesis depends on a network of interacting
pathogenetic and compensatory changes (FIC. 3). Some of
the alterations that have been demonstrated in multiple
animal models of acquired epilepsy have been validated
in brain tissue resected from patients with drug-resistant
epilepsy, such as neuronal and glial plasticity and molec-
ular mechanisms that generate a state of hyperexcitabil-
ity associated with a low seizure threshold*. In addition,
these mechanisms affect at least one relevant outcome of
epilepsy, such as spontaneous seizure onset, severity or
progression, histopathological changes or comorbidities.

Structural and morphological cellular changes.
Plasticity in the dentate gyrus in temporal lobe epilepsy
(TLE) with hippocampal sclerosis includes granule cell
axon sprouting (also known as mossy fibre sprouting),
which predominantly occurs into the inner molecular
layer and hilar region and might establish excitatory
feedback loops with the somata and dendrites of normal
and ectopic granule cells®. A competing model suggests
that aberrant mossy fibres innervate inhibitory basket
cells located in the granule cell layer and reduce neuronal
excitability*. Mossy fibre sprouting is likely started by
the degeneration of excitatory mossy cells and the loss
of inhibitory y-aminobutyric acid (GABA)-ergic and
neuropeptidergic hilar interneurons®. In addition, mossy
fibre sprouting can be promoted by the increased expres-
sion of several factors by granule cells, such as neuro-
modulin (also known as growth-associated protein 43),
brain-derived neurotrophic factor (BDNF), extracellular
matrix proteins® and mechanistic target of rapamycin
(mTOR) activation (see Molecular pathways, below).

Mossy fibre sprouting is also linked to granule
cell neurogenesis. Indeed, the developmental stage
of newly born granule cells determines whether they
contribute to mossy fibre sprouting after an epilepto-
genic injury**, In addition, granule cell neurogenesis
is acutely accelerated shortly after the epileptogenic
insult but is inhibited in chronic epilepsy?. The ectopic
migration and dispersion of granule cells into the hilar
region in experimental and human TLE are partly due
to a loss of reelin expression, which is caused by injury
of hippocampal interneurons®. Interestingly, the devel-
opment of epilepsy and cognitive deficits are attenuated
by reducing aberrant neurogenesis in rodents*. Mossy
fibre sprouting can be suppressed in the kainic acid® or
pilocarpine models of epilepsy?? using rapamycin (an
mTOR inhibitor), but spontaneous seizure frequency is
reduced only in the kainic acid model. However, drugs
that selectively blocks mossy fibre sprouting are not
available, limiting data interpretation by confounding
treatment effects.

Reactive gliosis occurs in the epileptogenic zone in
brain tissue from patients who underwent surgery for
epilepsy and in genetic and injury-induced epilepsy
models*. Changes in glial cell phenotype are causally

4| ARTICLE NUMBER 18024 | VOLUME 3

www.nature.com/nrdp

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



PRIMER

e N
Seizure types*
( Focal ) CGeneralized) (Unknown)
Identify aetiology
l e Structural
Identif ¢ Genetic
[13% . . i
s
( Focal ) (Generalized) (Combined generalized and focal) ( Unknown ) o Immune
l * Unknown
L ( Epilepsy syndromes ) )

Figure 2 | Framework for the classification of the epilepsies. This framework begins with the diagnosis of an epileptic
seizure, following which, the diagnosis of an epilepsy type and, if possible, an epilepsy syndrome. After diagnosis of an
epileptic seizure, the aetiology should be identified where possible. Associated comorbidities should also be considered.
* Denotes seizure onset. Adapted with permission from REF. 3, John Wiley & Sons.

linked to epileptogenesis®*. Activated astrocytes have
several molecular alterations that can promote neuronal
network hyperexcitability, including the downregula-
tion of gap junction connexins, glutamate transporters,
potassium channels (for example, Kir4.1) and aqua-
porin 4 channels®, and lead to altered neuronal expres-
sion of cation-chloride co-transporters **. Moreover,
decreased glutamine synthetase (which converts gluta-
mate into glutamine) activity in astrocytes disrupts
the balance of glutamate and GABA in glutamatergic
and GABAergic neurons throughout the brain, and
increased adenosine kinase (AK) activity in astrocytes
(which regulates adenosine levels by converting the
purine ribonucleoside adenosine into 5" -AMP) reduces
inhibitory adenosine around synapses; both mechanisms
can cause spontaneous seizures*>*. In epileptic mice,
the functional non-overlapping domain organization
of astrocytes is disrupted with reactive astrocytes; this
phenomenon is associated with an increased density
of dendritic spines on excitatory neurons, which might
contribute to hyperexcitability®’. Finally, activated
astrocytes release gliotransmitters and cytokines, which
increase neuronal network synchronization®.
Microglia activation is one of the earliest cellular
events occuring during epileptogenesis and is detected
within minutes of status epilepticus onset®. Microglia
can be activated by several molecules, such as ATP,
high mobility group protein B1 (HMGB1) and vari-
ous neurotransmitters that are released by functionally
activated viable cells or damaged cells (such as neurons,
astrocytes and brain endothelial cells) and can also be
activated by blood-circulating molecules or molecules
imported by leukocytes across the blood-brain barrier
(BBB)*. Microglia have been implicated in seizure-
induced neurodegeneration®, although neuronal cell
loss is not required for microglial activation, as shown
in non-lesional seizure models*. Indeed, microglial
activation precedes neuron degeneration in a model of
Unverricht-Lundborg progressive myoclonus epilepsy
(which is caused by mutations in CSTB)*. In addition,
microglial activation precedes astrocyte activation
and myoclonus, suggesting a critical role for micro-
glia in the disease pathogenesis*’. Microglia can also
activate astrocytes and modulate neuronal activity in
epilepsy?®’. Reciprocal microglia—neuron signalling

has been demonstrated by the release of the chemo-
kine fractalkine by neurons, which activates microglial
CXC-chemokine receptor 1 (CXCR1). CXCRI signal-
ling affects neurogenesis, neuronal survival and synaptic
plasticity®. Activated microglia and astrocytes release
cytokines (for example, IL-1p and tumour necrosis fac-
tor), chemokines (for example, CC-chemokine ligand 2)
and danger signals (for example, HMGB1 and ATP)
that lead to neuronal hyperexcitability***, contribut-
ing to epileptogenesis. However, minocycline (a potent
microglia inhibitor) administration had no anti-epilep-
togenic effects in electrical status-epilepticus-exposed
rats, but reduced spatial learning deficits and attenuated
spontaneous seizures and neuronal loss in pilocarpine-
injected mice*>*. Microglia can have pathogenetic as
well as restorative functions?; thus, the selective block-
ade of detrimental microglia functions is critical to try
to stop epileptogenesis.

BBB dysfunction can be caused by brain vessel
inflammation due to cytokines and chemokines released
by activated glial cells* or induced in endothelial cells
following AK activation®, or by the interaction of cir-
culating leukocytes with adhesion molecules that are
upregulated on activated endothelial cells®. BBB dys-
function is common in acquired or structural epilepsies
in animal models and patients and is associated with the
development of epilepsy in animal models®*.

Neuroprotection does not prevent spontaneous
seizures in models of epileptogenesis induced by status
epilepticus or neurotrauma®’; moreover, animal mod-
els of epilepsy (such as models of febrile seizures) can
show no evidence of neurodegeneration®, suggesting
that neuronal death is not required for epileptogenesis.
However, in some models of epilepsy, such as TLE with
hippocampal sclerosis, cell death contributes to mal-
adaptive plasticity in the dentate gyrus, leading to
neuronal hyperexcitability.

Transcriptomic and epigenetic modifications. Genes
are differentially expressed during epileptogenesis, and
microarray of epileptogenic tissue from animal models
has revealed common molecular pathways*>**. Both
transcriptional and epigenetic mechanisms contrib-
ute to alterations in voltage-gated and receptor-gated
ion channels during epileptogenesis. For example, the
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Box 2 | SUDEP

Sudden unexpected death in epilepsy (SUDEP) occurs in ~1 in 1,000 adults with
epilepsy?®’. SUDEP is under-ascertained, and European and North American medical
examiners fail to identify SUDEP as a potential or definite cause of death in one-half to
two-thirds of cases?%?°.

Individuals with generalized tonic—clonic (GTC) seizures have a tenfold increased risk
of SUDEP compared with individuals without GTC seizures, whereas individuals with
more than three GTC seizures per year have a 15.5-fold increased risk of SUDEP?7!.
Thus, physicians must try to control GTC seizures in patients. Aside from the presence
of GTC seizures, other risk factors for SUDEP with moderate to high levels of supporting
evidence include a higher frequency of GTC seizures, a lack of seizure freedom for
1-5 years and being randomized to placebo instead of an active anti-seizure drug (ASD)
in clinical trials for patients with drug-resistant epilepsy?’?. Factors associated with a
reduced risk of SUDEP include nocturnal supervision (for example, listening or
measuring bed movement) and nocturnal monitoring devices (for example, devices
that detect motion or changes in electrodermal skin activity)?’.

Most cases of SUDEP follow GTC seizures during sleep, and individuals are often
found in the prone position. Postulated SUDEP mechanisms include postictal
suppression of brain activity and arousal associated with impaired respiratory,
autonomic and cardiac function?%. SUDEP is more common in individuals of low
socioeconomic status than in those of moderate to high socioeconomic status; in a
study of individuals of low socioeconomic status in Ohio, young adults with epilepsy
died 16.9 years prematurely?’?. The prevention of SUDEP focuses on reducing seizures,
especially GTC seizures. Studies support that reducing seizure frequency using ASDs,
resective surgery or neurostimulation can reduce the incidence of SUDEP?2,

transcriptional upregulation of low threshold T-type
calcium channels (such as Cav3.2 channels) during
epileptogenesis increases the intrinsic burst firing of
pyramidal neurons, thereby promoting seizures. By con-
trast, genetic deletion of CACNAIH (encoding Cav3.2)
reduces spontaneous seizures and attenuates neuro-
pathology in status-epilepticus-exposed mice®, and
pharmacological inhibition of T-type calcium channels
by ethosuximide before the onset of absence seizures
in rats decreased spike and wave discharges (SWDs;
BOX 1)* and reduced depressive-like behaviours”. These
therapeutic effects were associated with normalization
of epileptogenic changes in voltage-gated sodium chan-
nels (such as Navl.1 and Nav1.6) and potassium/sodium
dendritic hyperpolarization-activated cyclic nucleo-
tide-gated channel 1 channels. Mutations in sodium
channels are responsible for genetic epilepsy syndromes
with a wide range of severities®, and reduction of hyper-
polarization-activated cyclic nucleotide-gated channel
function leads to perturbations of dendritic excita-
bility in epilepsy®, with both alterations contributing
to seizures.

The RE1-silencing transcription factor is induced
during epileptogenesis and affects the expression of
genes encoding ion channels, receptors and other neu-
ronal proteins. Blocking RE1-silencing transcription
factor function attenuates epileptogenesis®. In addition,
the Janus kinase (JAK)- signal transducers and activa-
tors of transcription (STAT) transcriptional pathway
is activated during epileptogenesis and modifies the
expression of genes involved in the cell cycle and sur-
vival. Inhibition of the JAK-STAT pathway decreases
the severity of epilepsy in rats®'. Other transcriptomic
alterations have been described in epilepsy, although the
consequence of these is poorly understood (FIC. 3).

Epigenetic mechanisms also affect gene expression
during epileptogenesis and include DNA methyla-
tion, histone modification and microRNA (miRNA)
expression®*®’, DNA hypomethylation (leading to gene
activation) occurs within 1 day of experimental status epi-
lepticus whereas DNA hypermethylation (gene silencing)
occurs in chronic epilepsy models and in patients with
TLE®. In addition, broad-spectrum DNA methylation
inhibitors and adenosine-induced DNA hypomethyl-
ation reduce seizure-like activity in rodent brain slices
and attenuate seizure progression in vivo® . Histone
acetylation and phosphorylation also affect the expres-
sion of genes that have a role in epileptogenesis. Indeed,
histone deacetylase inhibitors (such as valproate)® reduce
aberrant neurogenesis in the dentate gyrus and induce
neuroprotection in models of status epilepticus, but their
role in affecting seizure generation is controversial®.
Finally, >100 miRNAs, including miRNAs targeting den-
dritic spines, neurotransmitter receptors, transcriptional
regulators and inflammatory signalling, are altered dur-
ing epileptogenesis in rodents and in hippocampi from
patients with TLE®>". Interventions with small-molecule
inhibitors of miRNA (such as antagomir) or with oligo-
nucleotides that mimic the action of miRNA in animal
models demonstrated that targeting specific miRNAs,
such as miR-146a, which controls the activation of the
neuroinflammatory IL-1 receptor-Toll-like receptor 4
pathway®, or miR-134, which negatively regulates den-
dritic spine volume®, strongly inhibits epileptogenesis.
miRNAs control broad epileptogenic pathways, but
further confirmation of their precise roles in epilepsy
is needed.

Molecular pathways. Several molecular pathways with
potential pathogenetic or homeostatic roles are altered
during epileptogenesis. Paradoxically, the same molec-
ular pathway might have either role, depending on
the time point of activation or decay and changes in the
tissue microenvironment®?,

BDNF signalling through the BDNF/NT3 growth
factors receptor (TrkB) is activated in the hippocampal
mossy fibre pathway during epileptogenesis in rodents.
BDNF-TrkB binding potentiates glutamatergic neuro-
transmission and impairs inhibitory synapse function®.
Indeed, BDNF-TrkB signalling alters the transcription of
GABA, receptor subunits in granule cells in the dentate
gyrus, leading to a receptor composition that is permis-
sive for hyperexcitability”. Pharmacological or chemo-
genetic mimicry of BDNF-TrkB signalling increased the
number of seizures, whereas reduced BDNF-TrkB sig-
nalling prevents spontaneous seizures, conveys neuro-
protection and rescues cognitive deficits and anxiety-like
behaviours in rodent models of epilepsy®.

mTOR signalling has a role in synaptic plasticity,
neurogenesis, dendritic morphology and axonal sprout-
ing”'. mTOR hyperactivation has been demonstrated
in patients with tuberous sclerosis complex (TSC), in
genetic models of TSC and in acquired epilepsy mod-
els. In several epilepsy models, such as murine genetic
TSC, absence epilepsy and post-traumatic epilepsy”,
suppressing mTOR complex 1 activity using rapamycin
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reduced seizure frequency, neurological comorbidi-
ties and neuronal and glial pathology, and disrupted
epileptogenesis; however, some benefits were reversed
after drug discontinuation”. Rapamycin has limited

PRIMER

anti-seizure effects in acute seizure tests in naive mice’4,
although this drug reduces epileptic spasms in a rat
model of West syndrome (an epilepsy syndrome)”
and has anti-seizure properties in children with TSC’.

Table 1| Animal models of epilepsy

Aetiology
Structural

Neurotrauma

De novo status
epilepticus

Stroke

Blood-brain barrier
damage

Developmental
epileptic
encephalopathies

Cortical dysplasia

Glioblastoma

Infectious
Viral encephalitides

Cerebral malaria

Rodent model

® Fluid-percussion-induced cortical injury
* Controlled cortical impact-induced injury
e Cortical undercut injury

e Electrical stimulation-induced, such as hippocampal or perforant path stimulation

* Chemoconvulsant-induced, such as intrahippocampal, intracortical or intra-amygdala kainic acid,
or systemic pilocarpine or kainic acid

* Hyperthermia-induced

e Cortical photothrombosis
¢ Permanent middle cerebral artery occlusion
e Intracortical endothelin 1

* Cortical exposure to albumin or intracerebroventricular infusion of albumin
* TGFB1 intracerebroventricular infusion

Hypoxia—ischaemia injury in rats

* Multiple-hit rat model®
e Intracortical or intrahippocampal tetrodotoxin in rats

* Pten-knockout, Dcx-knockout and Otx1-knockout mice
* Knock-in of human PAFAH1B1 (also known as LIS1)
* Arx mutations in mice

* Inutero rat irradiation
* [nutero alkylant agents (MAM and BCNU)

* Neocortical transplantation of human glioma cells in SCID mice
¢ Neocortical transplantation of glioma cell lines in rats

Theiler murine encephalomyelitis virus

ANKA strain of Plasmodium berghei murine model

Genetic or presumed genetic

Tuberous sclerosis
complex

Spontaneous
mutations

Induced
monogenic
mutations

Developmental
epileptic
encephalopathies

Models are in live animals and include both rats and mice unless otherwise indicated. BCNU, carmustine (1,3-bis(2-chloroethyl)-1-nitrosourea);

Cell-specific conditional Tsc1-knockout or Tsc2-knockout mice

* Genetic absence epilepsy rat from Strasbourg
* Wistar Albino Glaxo Rijswijk rats
* High-voltage spike and wave spindles in rats

* Tottering mice

e Lethargic mice

e Stargazer mice

* Mocha 2j mice

* Slow-wave mice

* Ent mice

* Ducky mice

* Gabrg2 conditional knock-in mutation in mice

* Knockout or knock-in mutations of voltage-gated ion channel subunits (sodium, potassium and calcium)
inmice

* Knockout or knock-in mutations of neurotransmitter receptor subunits (GABA, and nicotinic) and
transporters

* Knockout or knock-in mutations of accessory synaptic proteins

e Cstb-knockout mice

SCN1A or SCN1B knock-in of human mutations in mice or constitutive or conditional knockout mice

* ARX knock-in of human mutations in mice or constitutive or conditional knockout mice
* Apc conditional knockout mouse

SCN8A knock-in of human mutations in mice

Epilepsy type

Multiple

TLE

Multiple

Multiple

Multiple

Infantile spasms

Multiple

Multiple

Multiple

TLE
Multiple

Tuberous
sclerosis complex

Rat absence
epilepsy

Absence
epilepsy

Multiple

Dravet syndrome

Infantile spams

Infantile spams

MAM, methylazoxymethanol acetate; SCID, severe combined immunodeficient; TGFB1, transforming growth factor-p1; TLE, temporal lobe epilepsy.
*Multiple-hit rat model: intracerebral injections of doxorubicin and lipopolysaccharide, with or without intraperitoneal injection of p-chlorophenylalanine.
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The efficacy of rapamycin in models of TLE is contro-
versial*"*2. The precise mechanism of action behind
the therapeutic effects of rapamycin might depend
on the animal model and aetiology.

Neurons and astrocytes are major sources of adeno-
sine, and adenosine cellular levels are regulated by AK””.
Adenosine has anticonvulsive properties that are medi-
ated by adenosine A1 receptors; indeed, mice lacking
adenosine A1 receptors develop lethal status epilepticus™.
Adenosine Al receptors are reduced in seizure-gener-
ating areas in rodent models of epilepsy, which could
contribute to epileptogenesis’. In addition, astrogliosis
is associated with persistent AK hyperactivity, which
reduces adenosine levels*. In mice, transient delivery of
adenosine to the brain after the onset of epilepsy inhib-
its disease progression, even after delivery of adenosine
ceases®. In addition, the focal delivery of AK inhibitors
into the epileptogenic zone or dietary interventions that
reduce AK expression (such as the ketogenic diet) reduce
seizures in animal models of epilepsy**”.

BBB dysfunction allows albumin extravasation into the
central nervous system (CNS), leading to transforming
growth factor-p (TGFp) signalling in astrocytes, which
causes the induction of inflammatory mediators and the
downregulation of Kir4.1, aquaporin 4 and excitatory
amino acid transporter 2 (GLT1, a glutamate transporter)
in astrocytes®. Cortical astrocytes that have been exposed
to albumin or TGFp mediate excitatory synaptogenesis™
and affect inhibitory neurons by releasing glycoproteins
that interact with the extracellular matrix. Both of these
effects could lead to a state of hyperexcitability®. Reducing
TGFp signalling reduces spontaneous seizure generation
in acquired epilepsy models®'.

Increased neuronal activity or brain injury activates
CNS innate immune responses that promote the produc-
tion and release of inflammatory mediators***2. During

Box 3 | Epilepsy genetics

Many epilepsy genes have been identified, including genes that increase the risk of
different types of epilepsy, such as generalized and focal epilepsy and the
developmental and epileptic encephalopathies (DEEs). The DEEs are associated with
>60 genes; these genes have a role in ion channel and synaptic dysfunction, as well as
transcriptional regulation, among other functions'®.

Genomic copy number variants, such as microdeletions and microduplications, cause
4% of DEEs and contribute to the aetiology of others'®. 3% of patients with genetic
(idiopathic) generalized epilepsy have a copy number variant that acts as a
susceptibility allele rather than being wholly causative?.

Focal epilepsy — which accounts for 60% of all epilepsy — can be caused by
mutations in several genes, including genes encoding ion channels and genes that
regulate cell growth. In particular, genes associated with the mechanistic target of
rapamycin (mTOR) pathway have been implicated, and pathogenetic variants might
result in both lesional (such as focal cortical dysplasia and cortical malformations) and
non-lesional epilepsy. nTOR pathway genes that cause focal epilepsy include TSC1,
TSC2, MTOR and the GATOR1 complex genes DEPDC5, NPRL2 and NPRL3
(REFS 257,27 4).

The main advances in epilepsy genetics have been in monogenic disorders. Most
mutations occur in the protein-coding exons, which comprise ~1.5% of the genome;
however, mutations in non-coding regions have been identified, including non-coding
repeat expansions in familial adult myoclonic epilepsy?”®
Whole-genome sequencing will be able to detect these variants, but analysis remains
challenging and is the focus of considerable research effort.

, and more are likely to emerge.

post-injury epileptogenesis and in some genetic epilepsy
models*, neuroinflammation is associated with oxida-
tive stress®. Indeed, reactive oxygen species (generated
by mitochondrial dysfunction) and increased NADPH
oxidase and xanthine oxidase activity induces inflam-
matory genes and promotes the release of IL-1B and the
redox-sensitive protein HMGBI1 from activated micro-
glia and astrocytes®. These molecules activate neuronal
IL-1 receptor type 1 and Toll-like receptor 4, leading to
hyperexcitability®, and activate the transcription of genes
involved in the neuroinflammatory cascade in glial cells.
Both neuroinflammation and oxidative stress (which also
includes reactive nitrogen species generated by inducible
nitric oxide synthase) have been implicated in neuronal
death, seizures, epileptogenesis and the comorbidities
of epilepsy***. Anti-inflammatory or antioxidant ther-
apies have demonstrated efficacy in preliminary studies
in paediatric and adult treatment-resistant epilepsies®”*s.

Other mechanisms. Epileptogenesis might also be fos-
tered by a relative deficiency of molecules that limit neu-
ronal activation. These molecules include neuroactive
peptides®, neurosteroids from astrocytes that promote
GABA,, receptor inhibition®, astrocytic sphingosine 1-
phosphate receptors (which have anti-inflammatory
activity)®!, erythropoietin and peroxisome prolifera-
tor-activated receptor-y activation®. Deficits in these
molecules are speculated to lead to hyperexcitability.

Ictogenesis

Interictal and ictal discharges (BOX 1) can be observed
and recorded at high temporal resolution using neuro-
physiology tools and electrodes that measure population
events (the activity of multiple neurons) and single neu-
ron activity, and are ideally studied by combining elec-
trophysiology with functional or molecular imaging and
optogenetics®. Ictogenesis can be modelled in animals
with chronic epilepsy or acute seizures using different
experimental preparations that retain different degrees
of brain connectivity and functionality®. In vivo exper-
iments using epileptic animals allow limited access to
brain circuitry, whereas in vitro seizure models are ideal
for the analysis of local ictogenic networks, although
electrical or pharmacological stimulation is needed to
induce seizure-like activity®. Studies using in vivo and
in vitro models of epilepsy and seizures have demon-
strated substantially different ictogenic networks for
focal and generalized seizures.

Generalized-onset seizures. Bilaterally synchronous
SWDs are frequently observed in patients and in ani-
mal models of absence epilepsy®. The SWD core is sus-
tained by thalamo-cortical networks and is generated
by the resonant intrinsic membrane properties of these
neurons and by interactions between neurons in the
thalamo-cortical relay nuclei, nucleus reticularis thal-
ami and the neocortex”. Increased calcium currents and
GABA-mediated inhibition occur in thalamic neurons
in genetic and acquired models of absence epilepsy®>®.
In addition, single gene mutations in mice with general-
ized SWDs correlate with enhanced tonic (long-lasting)
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Figure 3 | Mechanisms of epi
that occur in the brain during
acquired or genetic epilepsy.
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GABA-mediated inhibition and de-inactivated T-type
calcium channels, both of which promote thalamo-
cortical loop bursting activity'®. Limbic circuitry might
also form an integral component of SWDs in typical and
atypical absence seizures'®.

Multisite recordings in rat models of absence seizures
demonstrated that a region of the somatosensory cortex
initiates the SWD and rapidly recruits thalamo-cortical
circuits'®. The leading role of the cortex in SWD onset
was confirmed by functional imaging in animal models
of absence seizures'” and in patients with generalized
epilepsy'®. Whether these ictogenic mechanisms apply
to other generalized epilepsies is unknown.

Focal seizures. Focal ictogenesis can be studied either
in naive brains in which acute seizures that mimick
human EEG patterns are generated or in epileptic brains
exposed to epileptogenic insults to reproduce human
epilepsies'®. Interictal and ictal epileptiform discharges
not only rely on increased excitatory synaptic trans-
mission and reduced inhibitory synaptic transmission
but are also due to non-synaptic and non-neuronal
mechanisms of synchronization'”.

PRIMER

The two main interictal events observed in focal
epilepsy are interictal epileptiform spikes (IESs) and
high-frequency oscillations (HFOs). In animal models
of epilepsy, IESs are generated by enhanced excitatory
synaptic transmission and by calcium spikes in prin-
cipal (glutamatergic) cortical neurons'*®!?”. IESs are
associated with transient hyperexcitability of cortical
principal neurons, followed by a slow synaptic inhibitory
potential that silences principal neurons (FIC. 4), which
dampens tissue excitability and has been proposed to
protect against seizure generation'®. Supporting this
hypothesis, IESs induced by low-frequency stimulation
prevented seizures in animal models'® and in patients
with epilepsy''®. Whether IESs are always generated by
hyperactivity of principal neurons is questioned by data
from unit recordings of animal models and patients''".
In acute seizure models, IESs that are followed by less-
pronounced slow waves are not sensitive to a-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)
and N-methyl-p-aspartate (NMDA) glutamatergic
receptor antagonists and are sustained by the hyper-
activation of GABAergic interneurons''?. Moreover, in
a model of TLE, IESs lacking the inhibitory slow wave
increase in frequency during early epileptogenesis
whereas spikes followed by a large slow wave decrease
in frequency when spontaneous seizures emerge''>!!,

HFOs occur in epileptogenic regions in patients
and might be biomarkers of epileptogenesis'>!'®.
Interictal HFOs at 80-250 Hz can be sustained by both
inhibitory and excitatory synaptic transmission and
by non-synaptic network mechanisms in physiolog-
ical conditions and in epileptic tissue'*®. Fast HFOs at
250-600 Hz are likely generated by out-of-phase firing of
cortical neurons in areas of brain damage''”'*%.

Overall, interictal events are generated by patho-
logically rearranged cortical networks that might have
different functions in ictogenesis, as their role in seizure
generation is still debated'**'*. Studies of seizure onset
patterns in vivo and in vitro demonstrated that increased
activity in both excitatory neurons and inhibitory
interneurons can initiate a seizure (FIC. 4). For example,
in a rat model of mesial TLE, pathologically intercon-
nected principal neurons fire in synchronous bursting
clusters that increase in size and coalesce to generate
limbic seizures with a hypersynchronous onset'? (FIG. 4b).
By contrast, in acute and chronic models, low-voltage
fast activity at seizure onset correlates with interneu-
ronal GABA-mediated network activation without the
early involvement of principal neurons'*>'? (FIC. 4c). This
neuronal activity pattern during low-voltage fast activity
was confirmed using unit recordings in patients with epi-
lepsy'®. The enhanced inhibitory activity before a focal
seizure might indicate an attempt at seizure prevention'*.
However, others have proposed that enhanced GABA-
mediated activity paradoxically precipitates seizures,
possibly via increased extracellular potassium levels due
to interneuron hyperactivity'*'?. Indeed, extracellular
potassium released during neuronal activity accumu-
lates in the epileptogenic region and enhances neuronal
excitability'””. High extracellular potassium levels lead to
neuronal depolarization and eventually cause a selective
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Figure 4 | Ictogenesis of focal seizures. a | Schematic sequence of
neuronal network activity during ictogenesis of focal seizures. Interictal
epileptiform spikes are characterized by transient synchronous
hyperexcitability of glutamatergic principal neurons, followed by
recurrent interneuron activation. Similar network events on a different
spatial scale are responsible for pathological high-frequency oscillations.
b | A seizure pattern characterized by a prevalent excitatory network
activation at onset (that is, hypersynchronous pattern in mesial temporal
lobe epilepsy). In this pattern, synchronized principal neurons are active
and recruit other principal neurons and interneurons into a larger seizure
network. At the same time, extracellular space alterations can enhance
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neuronal excitability. ¢ | Seizure pattern characterized by a prevalent
network involvement of y-aminobutyric acid (GABA)-ergic interneurons
at onset (that is, low-voltage fast activity pattern in temporal lobe
epilepsy). The initial hyperactivation of inhibitory interneurons and the
associated extracellular space modifications recruit synchronous firing of
principal neurons. Extracellular changes can contribute either to seizure
maintenance and progression (increase in potassium levels, decrease
in calcium levels and alterations in pH) or to seizure termination
(increase in adenosine and ATP). Darker shading indicates more intense
changes in the extracellular space. *Denotes neurons with a physiological
background activity.

depolarization block of inhibitory neurons, thereby
impairing inhibitory transmission. High potassium levels
induce regenerative potentials in principal cells and pro-
mote the synchronous firing of these cells, which medi-
ates seizure progression and propagation'?*. These
are not the only seizure onset mechanisms described.
A recent report demonstrated that in the extratemporal
olfactory cortex, low-voltage fast activity at seizure onset
is sustained by a fast-rising potassium increase due to
synaptic hyperactivity of layer I synapses, possibly ampli-
fied by further potassium release from unmyelinated
fibres located in the same layer™'.

Seizures are self-terminating events that use homeo-
static feedback mechanisms induced by the ictal dis-
charge to terminate'*>. Although drastic changes in
neuronal membrane properties and energy or neuro-
transmitter depletion are unlikely during seizures'?,
activity-dependent changes in extracellular ions and pH
and increased release of adenosine and other inhibitory
neuromodulators during the ictal state reduce tissue excit-
ability’*2. During the late phase of a focal seizure, firing of
principal cells and GABAergic neurons is enhanced and is
synchronized in bursts of spikes. The simultaneous and
opposing increased excitation and increased post-burst
depression might stop seizures when post-burst inhibition
is large enough to prevent the reactivation of excitation'**.

Neuronal synchronization and ictogenesis are also
supported by extrasynaptic dysfunction, such as alter-
ations in gap junctions, extracellular ion changes and
field effects generated by the synchronous activity of
neurons'*>*. Glia dysfunction can cause seizure-like
events in vitro'¥, and modified astrocyte and BBB func-
tions contribute to seizure generation and spread®"*!%.
Alterations in astrocytes and microglia functions that
regulate neuron-glia interactions (for example, the pro-
duction and release of inflammatory molecules such
as cytokines, danger signals and chemokines****), ion
homeostasis and neuronal metabolism also contribute to
seizure generation®>'"’. Finally, the BBB and the periph-
ery can influence seizure activity and onset, and sei-
zures can impair BBB integrity'"'; these might represent
underexplored aspects of ictogenesis.

Ictogenesis in patients. The diffusion of long-term
(5-10 days) recording with intracranial and intracere-
bral electrodes during presurgical diagnostic monitoring
in patients with drug-resistant focal epilepsy promoted
research on human ictogenesis. This research focused
mainly on identifying biomarkers of the epileptogenic
zone and ictogenesis'*>'*, studying cortical processing
during cognitive tasks and cortical function, and epileptic
network mapping'**. Computer-assisted algorithms can
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detect and predict seizure occurrence during long-term
intracranial presurgical recordings. Seizure prediction
algorithms have been limited by a lack of reproducibil-
ity and within-subject and between-subject variation'*’;
larger and more specific data sets are needed to reliably
detect pre-seizure states and achieve accurate seizure
prediction'*. Close-loop prediction and/or detection
devices have been developed and used in patients, with
only detection paradigms showing efficacy at this time'*’.

Ictogenesis and intracranial monitoring

The broad use of diagnostic intracranial monitoring in
patients with focal epilepsy who are candidates for epi-
lepsy surgery contributed to new data on brain activity
during and between seizures. For example, long-term
intracranial recordings in patients with the Responsive
NeuroStimulation device (see Management) revealed
multidien periodicities, most often 20-30 days in dura-
tion, that are fairly stable for up to 10 years®. These
findings changed our view on ictogenesis and refo-
cused basic science studies on human seizure patterns.
The analysis of intracranial human recordings has set
a new standard to develop animal models that mimic
human conditions and will inform the development of
novel therapeutic targets and strategies for drug-resistant
epilepsy. Neuropathological studies using excised sur-
gical tissue can provide detailed cellular and molecular
information on the brain lesions underlying seizures in
focal epilepsies'.

Diagnosis, screening and prevention

The definition of epilepsy, based on combined clinical
and epidemiological evidence!, includes the following:
patients with two or more unprovoked or reflex seizures
that are >24 hours apart; patients with one unprovoked
or reflex seizure who have a 260% chance of further
seizures over the following 10 years (for example,

Box 4 | Differential diagnosis and epilepsy mimics

Epileptic seizures are often confused with other physiological disorders and psychiatric
disorders**’. Indeed, many conditions can mimic epileptic seizures (see REF. 151 for the
full list) and can commonly be misdiagnosed as epilepsy, such as benign paroxysmal
positional vertigo, breath-holding attacks, daydreaming, migraine, parasomnias

(such as REM sleep behaviour disorder), narcolepsy and/or cataplexy, periodic leg
movements during sleep, panic attacks, paroxysmal dyskinesia, psychogenic
non-epileptic seizures, sleep apnoea, syncope, tics, transient global amnesia and
transient ischaemic attacks'**?’®. Misdiagnosis of one of these conditions as epilepsy
can lead to the improper use of anti-seizure medications leading to anti-seizure-drug-
associated adverse effects, the loss of driving privileges, social stigma, employment
difficulties and failure to diagnose a life-threatening disorder (such as long QT
syndrome). By contrast, failure to diagnose epilepsy might lead to a clinician not
identifying another condition causing the epilepsy (such as brain tumours or blood
vessel malformations) or a seizure that can lead to injury or death.

To further complicate the differential diagnosis, certain disorders commonly coexist.
For example, epilepsy often occurs alongside: toxicity due to anti-seizure medications,
leading to symptoms that can be mistaken for seizures (which can lead to dose
escalation); migraine; anxiety disorders; panic attacks; and cardiac disorders.

Indeed, some disorders are often confused with epilepsy and might have clinical and
mechanistic overlaps (for example, migraine and depression). Patients with these
disorders are more likely to develop epilepsy and vice versa?”’. Both genetic and
environmental factors might underlie this relationship?’®.

PRIMER

patients with a known structural lesion such as stroke,
severe traumatic brain injury or brain infection'*); or
patients with one or more seizures in the context of a
well-defined epilepsy syndrome (for example, childhood
epilepsy with centrotemporal spikes).

After one or more paroxysmal events that are sug-
gestive of an epileptic seizure, patients should undergo a
thorough clinical assessment and a multistep diagnostic
process, including assessment of medical history, physical
examination, EEG and neuroimaging. The first step in
the diagnosis of epilepsy is to establish whether the event
was an epileptic seizure or a seizure mimic'*' (BOX 4).
Distinguishing a seizure from a seizure mimic can be
challenging, particularly if the event was not witnessed
by others or if witness reports are inaccurate. In addition,
distinguishing these disorders depends on the context,
signs and duration of the event, in addition to post-
event features. The second step in diagnosis determines
whether the epileptic seizure was unprovoked, reflex or
acute symptomatic (BOX 1). Acute symptomatic seizures
have a lower risk of subsequent unprovoked seizures than
an initial unprovoked seizure'*. Indeed, the cumulative
risk of unprovoked seizures was 18.7% within 10 years
after a first acute symptomatic seizure, compared with
64.8% after a first unprovoked seizure after a static brain
lesion, in a population-based study in the United States'.
The third step is to ascertain whether patients presenting
with a first unprovoked or reflex seizure have epilepsy.
The presenting or ‘index seizure’ might be preceded by
unrecognized seizures, such as isolated epileptic déja vu.
Epileptic déja vu differs from physiological déja vu as it
lasts longer (typically >5 seconds), is intense and unpleas-
ant and the patient cannot control it. Other types of subtle
seizures that might escape recognition include olfactory
hallucinations and myoclonic seizures. If previous subtle
seizures are identified, then epilepsy can be diagnosed
at presentation as the patient has had more than one
seizure'”. Owing to the psychological and social effects
of epilepsy, the diagnosis should be based on strong
evidence'™*. The fourth step is classifying the seizures
into seizure type or types? epilepsy type and, where
possible, an epilepsy syndrome (Supplementary Box 1).
Throughout the diagnostic work-up, there should be
strenuous attempts to identify the aetiology of epilepsy” as
this has important treatment and prognostic implications.

This stepwise diagnostic framework applies to any
clinical setting. However, compared with high-income
countries, LMICs often face challenges such as lim-
ited access to key diagnostic tools, EEG and neuro-
imaging'?, and in some settings, limited or no access to
expert health-care professionals to formulate an accurate
epilepsy diagnosis'®.

Medical history

Epilepsy is primarily a clinical diagnosis that relies on a
detailed medical history, including a meticulous evalu-
ation of the presenting event and possible precipitating
factors. Of patients who have had a seizure and present
for medical attention, 23-57% have a history suggestive
of prior undiagnosed seizures'**'*’. The previous seizures
can include: focal aware seizures with intense déja vu,
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a rising epigastric sensation or gustatory or olfactory
hallucinations; brief language difficulties or other fea-
tures; focal impaired awareness seizures; absence sei-
zures; or myoclonic seizures'®. In one study of patients
presenting with an epileptic seizure, 11.3% had a pre-
vious unrecognized seizure and 29.5% had two or more
previous seizures'”’. The time frame between the first
unrecognized seizure to the presenting seizure can range
from weeks to decades'*!*%. Patients presenting with an
apparent first seizure should be scrutinized for prior
unrecognized seizures, as the presenting seizure — such
as a tonic—clonic seizure — is often the first recognized
seizure that suggests an epilepsy diagnosis'®.

The patient’s experience of the seizure, in addition to
eye-witness accounts of the seizure, should be sought as
part of the diagnostic work-up. Indeed, witness accounts
should be obtained whenever possible and are even
more critical for patients who cannot provide a history
themselves, such as young children, those with intel-
lectual disability or individuals with peri-ictal amnesia.
As many patients have altered awareness or loss of con-
sciousness during seizures, they might deny the event
occurred'. The widespread use of mobile devices,
such as smartphones, provides an excellent opportunity
to video events, allows the collection of more-detailed
and more-accurate data than witness recollections and
can help to identify the seizure type. In addition, vid-
eos can be used to differentiate epileptic seizures from
non-epileptic events and can be used to identify clinical
features (for example, head and eye version) that are not
reported by witnesses. In LMICs with limited access to
diagnostic tests such as EEG, home videos can be more
reliable for identifying seizure signs and classifying the
epilepsy type than the description of the events provided
by patients caregivers'®.

Clinicians should ask patients to describe their expe-
riences immediately before, at onset, during and imme-
diately after the event in addition to the context in which
the event occurred. Symptoms at the onset that are sug-
gestive of an aura, such as intense déja vu, a rising epi-
gastric sensation and hallucinations (olfactory, gustatory,
visual, auditory or tactile), often indicate a focal seizure
and might signal the brain region from which seizures
arise. Other features that occur during the seizure and
might indicate focal epilepsy include prolonged oral or
manual automatisms, unilateral unnatural (dystonic)
limb posturing, forced eye and head deviation to one
side and asymmetric or unilateral limb jerking. By con-
trast, generalized seizures are characterized by loss of
consciousness at onset.

The patient’s medical history should start before birth
and include developmental milestones, learning concerns
and identify whether the individual has a family history
of epilepsy, febrile seizures and other disorders (including
intellectual disability, autism spectrum disorder and psy-
chiatric conditions). Other factors that should be taken
into account include the age at onset, event duration, trig-
gering factors, diurnal variation, event frequency (includ-
ing specific patterns of occurrence, such as clustering),
the presence of other types of events, the maximum
event-free period and injuries related to events.

Physical and neurological examination

Diagnostic work-up should also include a full physical
examination, including a neurological examination.
Some features, such as lateral tongue biting, can dis-
tinguish epileptic seizures from non-epileptic events.
Indeed, lateral tongue biting was observed in 22 out of
100 individuals after tonic—clonic seizures but in 0 out
of 47 individuals after psychogenic non-epileptic sei-
zures'®. Syncope might be associated with biting the tip
of the tongue rather than the side'®. Dysmorphic fea-
tures can suggest genetic syndromes; for example, Down
syndrome is associated with infantile spasms, and asym-
metry in limb or fingernail size might suggest a peri-
natal stroke associated with focal seizures'®. Stigmata of
neurocutaneous syndromes include the following: café
au lait spots and iris hamartomas in neurofibromatosis;
facial port-wine stain in Sturge-Weber syndrome;
and facial angiofibromas, periungual fibromas, hypo-
melanotic macules and shagreen patches in TSC ', All
patients with epilepsy should be screened for potential
cognitive deficits (such as memory problems) and mood
or behavioural disturbances (such as depression) and
should be considered for more extensive assessment and
treatment when indicated. QOL should also be assessed.

EEG

A routine EEG should be performed in patients pre-
senting with an apparent first unprovoked seizure or
suspected epilepsy and can help differentiate epileptic
seizures from non-epileptic events, classify seizure types
and epilepsy syndromes and assist with predicting the
risk of seizure recurrence'®>'% (FIC. 5). However, a normal
EEG does not exclude an epilepsy diagnosis. Conversely,
an abnormal EEG in the absence of a convincing seizure
history is not diagnostic of epilepsy. In adults with a first
unprovoked seizure, the initial EEG shows epileptiform
discharges in an average of 29% of cases (range 8-50%)
1. The likelihood of detecting epileptiform and non-
epileptiform abnormalities is as high as 71% when the
EEG is performed within 48 hours of the first seizure'®’.
If the initial routine EEG is negative, a sleep-deprived
EEG detects epileptiform discharges in an additional
13-35% of cases'®®'?”. If diagnostic uncertainty persists,
long-term ambulatory EEG or inpatient video-EEG
monitoring (when paroxysmal events are fairly frequent)
should be considered, when available. The interpreta-
tion of long-term EEG data can be aided by automated
algorithms for the detection of epileptiform discharges
or patients’ events'®. Overall, these tests can improve
diagnostic accuracy, particularly if habitual events are
recorded, and revise the pre-admission diagnosis in
~60% of patients'”.

Neuroimaging

Neuroimaging should be obtained in all patients with
new-onset seizures, except in individuals with genetic
(idiopathic) generalized epilepsies, such as childhood
absence epilepsy and juvenile myoclonic epilepsy™'s.
Neuroimaging can aid diagnosis, affect management
strategies'’”> and can be used to identify epilepto-
genic lesions. Common epileptogenic lesions include
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prenatal or perinatal cerebral injury, malformations of
cortical development (including focal cortical dysplasia),
tumours'”', post-stroke or post-traumatic encephaloma-
lacia, vascular anomalies and hippocampal sclerosis'”.
MRI is the key imaging modality (FIC. 6) and detects an
epileptogenic lesion in 14-35% of patients with newly
diagnosed unprovoked seizures'”?. CT is often the initial
neuroimaging technique used owing to ease of access, but
misses many epileptogenic abnormalities. Indeed, 57%
of lesions that were identified using MRI were missed
using CT in adults and children with a first unprovoked
seizure'®; additional concerns regarding the use of CT
include exposure to radiation, particularly in children.
Epilepsy-specific MRI protocols and interpretation, and
sometimes re-review, of the images by expert neuroradi-
ologists increase the identification of subtle epileptogenic
lesions'”. Advanced post-processing of MRI images can
increase the likelihood of detecting subtle abnormali-
ties'”*. Identifying an epileptogenic lesion can inform
prognosis and guide management, including the consid-
eration and planning of epilepsy surgery if seizures are
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Figure 5| Interictal abnormalities detected using EEG. a | A moderate-amplitude left
temporal spike in a patient with non-lesional left temporal lobe epilepsy. b | A 2-second
burst of bilateral, symmetric, synchronous, high-amplitude, 4 Hz polyspike and wave

(a type of spike and wave discharge) in a patient with genetic generalized epilepsy. The
abbreviations to the left refer to the location of the electroencephalography (EEG) leads.
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not controlled by ASDs. Although the identification of
cortical lesions such as tubers or giant cell ependymomas
in TSC can influence the selection of anti-epileptic ther-
apy, such as mTOR inhibitors, in general, surgical lesions
do not currently influence the choice of ASD therapy”.
This practice might change as the role of mTOR inhib-
itors in focal epilepsies is established, as these disorders
have a molecular aetiology deriving from pathogenetic
variants in the mTOR pathway.

Laboratory investigations

After an apparent first unprovoked seizure, several lab-
oratory investigations, such as a complete blood count,
assessment of blood glucose levels and electrolyte lev-
els, lumbar puncture and toxicology screening, might be
indicated in specific circumstances'®'*. The awareness
of autoimmune aetiologies of epilepsy is increasing'”>.
In patients with new-onset and established epilepsies,
11-35% of patients have detectable serum neurological
autoantibodies, such as anti-voltage-gated potas-
sium channel antibodies and anti-NMDA receptor
antibodies'’*"””. However, whether these antibodies are
causative in some patients is unclear. Autoantibody test-
ing is indicated in rare cases in which an autoimmune
aetiology is strongly suspected (for example, new onset
of frequent seizures, memory impairment and psychi-
atric symptoms in a previously healthy individual or
leucine-rich glioma-inactivated protein 1 autoantibody
testing in patients presenting with faciobrachial dystonic
seizures and memory deterioration)'”®. Future studies are
required to determine whether autoantibody screening
should be extended to other clinical presentations.

Genetic testing

Advances in genetic sequencing technologies have
dramatically increased the identification of genes and
genetic disorders that are associated with epilepsy'”.
Genetic testing is increasingly part of routine patient
care; it can lead to a molecular diagnosis and improve
clinical outcomes by altering patient management'.
Several types of genetic testing for epilepsy are availa-
ble, and the use of these techniques should be decided
on the basis of the patient’s phenotype, test availability
and costs'®"'% (BOX 3; TABLE 2). Genetic testing has the
highest yield for developmental and epileptic enceph-
alopathies, which are associated with many causative
genes'®. In these severe epilepsies, the diagnostic yield
of chromosomal microarray (also known as a molecu-
lar karyotype, single nucleotide polymorphism array or
array comparative genome hybridization) is ~5%'* and
is 20-50% for gene panels or whole-exome sequencing'®.
In addition, the aetiology of focal epilepsies can some-
times be identified using genetic testing. For example, in
one pilot study, whole-exome sequencing with targeted
gene panel analysis detected pathogenetic or likely patho-
genetic variants in 12.5% of patients with non-lesional
focal epilepsy and a family history of epilepsy or febrile
seizure in at least one first-degree or second-degree rela-
tive'®, The detection of epilepsy-causing genetic variants
can affect management. For example, the detection of an
SCNIA mutation in a patient with treatment-resistant
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Figure 6 | Epileptogenic lesions. MR has high sensitivity for detecting subtle
epileptogenic lesions, such as hippocampal sclerosis and focal cortical dysplasia
Identifying focal lesions using MRl improves the likelihood that a patient is a good
candidate for epilepsy surgery. a | Hippocampal sclerosis (arrow) in a patient with
temporal lobe epilepsy detected using coronal fluid-attenuated inversion recovery
(FLAIR) imaging. b | Focal cortical dysplasia in the left superior frontal gyrus (arrow) in
a patient with left frontal lobe epilepsy detected using coronal FLAIR imaging.
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TLE led to the discontinuation of longstanding car-
bamazepine treatment (which can worsen seizures
in SCNIA-related epilepsies), resulting in the patient
obtaining seizure freedom'.

Management

The care of patients with epilepsy aims to eliminate or
reduce seizures, minimize the adverse effects of treat-
ment, improve medical and neuropsychiatric comorbid-
ities and foster an excellent QOL. ASDs are the primary
therapy for epilepsy and are symptomatic treatments
that reduce seizure occurrence and severity but do not
mitigate the course of the disorder®’.

ASDs

ASDs suppress the generation, propagation and severity
of epileptic seizures. Early drugs (such as bromide and
phenobarbital) had relatively unfavourable efficacy-to-
tolerability profiles. Some of the new drugs that have
been introduced since the 1990s have advantages over
the older ASDs in terms of pharmacokinetics and drug
interactions, and some drugs have better tolerability and
potentially fewer long-term adverse effects and reduced
teratogenicity, although this remains to be proven.
However, new drugs have not increased the percentage
of seizure-free patients'®'%,

ASDs must be taken between one and four times
per day during the epileptic state, which can persist for
years, and often for the patient’s lifetime. Effective ASD
treatment can reduce mortality'**'*'. Inadequate adher-
ence to ASD treatment is common and often leads to
seizure recurrence, which is associated with increased
death rates, injuries, hospital admissions and costs'".
Unlike other disorders, such as hypertension, in which
an 80% adherence is associated with adequate disease
management, a single missed dose of an ASD can lead
to a fatal seizure.

ASDs have diverse mechanisms of action, and most
drugs have many different cellular effects'®? (TABLE 3),
although the full cellular mechanism of many ASDs, par-
ticularly valproate, remains uncertain. The mechanisms

of action of ASDs correlate poorly with the spectrum of
clinical efficacy. The introduction of ASDs with novel
mechanisms of action has not reduced the frequency of
drug-resistant epilepsy's®'®. Further, the use of rational
polytherapy (that is, attempting to improve efficacy by
combining drugs with different mechanisms of action) has
minimal supporting evidence. However, the mechanism
of action of ASDs can predict adverse effects in patients
using ASD polytherapy; for example, patients using two
or more ASDs that have a sodium-channel-modulating
function have an increased incidence of neurotoxic side
effects, such as dizziness, unsteadiness and diplopia'®.

When to commence treatment. Whether to commence
treatment with ASDs after the first seizure is controver-
sial, and the decision is based on relative risks, benefits
and lifestyle issues. After the first seizure, ~50% of indi-
viduals have a second seizure within 3-5 years, with
most recurrences within 1 year'**'%. Several factors can
increase the risk of seizure recurrence, including abnor-
mal results on neurological examination, brain imag-
ing or EEG, a family history of epilepsy or a personal
history of remote symptomatic seizures'”. Presenting
with multiple seizures within 24 hours or with status
epilepticus does not increase the risk of seizure recur-
rence'. In patients with one or more risk factors for
seizure recurrence, an ASD is often started after the first
seizure. Patient’s QOL and safety issues (for example, the
patient’s occupation, driving status and recreational activ-
ities) must be considered in the decision to commence
treatment. As previously mentioned, patients with a his-
tory of previous seizures have epilepsy, and these patients
have a high risk of seizure recurrence without ASDs'*.
Several large trials demonstrated a reduced risk of seizure
recurrence in the first 2 years with early ASD treatment
but no benefit in long-term seizure control'**'?’.

Selecting an ASD. Many different ASDs are available for
the treatment of epilepsy. The initial ASD should be indi-
vidualized on the basis of the epilepsy syndrome and sei-
zure type, the adverse effects profile, the pharmacokinetic
profile, potential interactions with other drugs or other
medical conditions, the age of the patient, reproductive
issues and cost'*®. Randomized controlled trials have
demonstrated comparable efficacy of the different ASDs
in controlling seizures in patients with focal epilepsy*.
However, in patients with newly treated idiopathic gen-
eralized epilepsy, the time to 12-month seizure remission
was significantly longer in patients receiving valproate
than in those receiving lamotrigine, and the time to
treatment failure (for example, due to inadequate seizure
control and/or intolerable adverse effects or the addition
of other ASDs) was longer in patients receiving valproate
than in those receiving topiramate or lamotrigine'”.
Accordingly, valproate is the first-line therapy in patients
with idiopathic generalized epilepsy, except in women of
childbearing potential (BOX 5). In children with absence
epilepsy, ethosuximide and valproate had equal efficacy
at seizure control, and both drugs were superior to lamo-
trigine. However, ethosuximide was associated with less
attentional dysfunction than valproate or lamotrigine>®.
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Adbverse effects. After starting ASDs, 80% of patients will
have adverse effects, and 30-40% of patients will have
adverse effects that substantially impair QOL or result
in medication cessation or non-adherence'”’. The acute
side effects of ASDs are minimized by starting these
drugs at low doses and slowly increasing the dose, in
addition to reducing the dose if adverse effects develop.
The adverse effects and efficacy of these drugs are highly
variable between patients; if a patient has troublesome
adverse effects with one ASD, another drug might be
well tolerated™”".

All ASDs have acute dose-related effects, primarily
neurological effects such as sedation, dizziness, unstead-
iness, blurred vision, diplopia and tremor, in addition
to neurocognitive and psychiatric symptoms. These
effects are found across the different ASDs'#2!, but
some drugs are better tolerated than others; for example,
lamotrigine and levetiracetam are better tolerated that
carbamazepine in elderly patients®”. Psychiatric adverse
effects include depression, anxiety, irritability, impaired
concentration, mood changes, hyperactivity, and, in rare
cases psychosis. Although the newer ASDs are touted
as better tolerated than older drugs, psychiatric adverse
effects are common with levetiracetam, topiramate,
zonisamide, vigabatrin and perampanel*”. However,
lamotrigine, carbamazepine, valproate, gabapentin
and pregabalin have mood-stabilizing effects in some
patients and less frequently cause behavioural or psy-
chiatric effects®®. Patients with a past history or a family
history of psychiatric disorders or intellectual disabil-
ity have an increased risk of psychiatric adverse effects
with ASD treatment, and patients’ mood influences the
reporting of adverse effects®. Suicide rates are signifi-
cantly increased in patients with epilepsy compared with

PRIMER

the general population®®. In 2008, the FDA reported an
increased risk of suicidal ideation, suicide attempts and
completed suicide in randomized controlled add-on
trials of ASDs in patients with epilepsy or with other
disorders®®. The increased risk was similar across the
11 ASDs examined and across epilepsy and non-epilepsy
indications. However, the FDA alert was widely criti-
cized as other studies and systematic reviews reported
no association between ASD treatment and suicidal-
ity*””. However, one case—control study demonstrated
that newer ASDs that have a high potential of causing
depression were associated with a threefold increased
risk of self-harm or suicidal behaviour in patients with
epilepsy?®. In addition, many ASDs have teratogenic
effects (BOX 5).

Subacute idiosyncratic adverse effects usually occur
weeks or months after starting ASDs, are more common
with some drugs and are mostly immune-mediated. The
most common effect is an erythematous maculopapu-
lar rash, which occurs in 5-10% of patients commenced
on carbamazepine, but can also occur with phenytoin,
oxcarbazepine, phenobarbitone and lamotrigine. The
incidence of lamotrigine erythematous maculopapu-
lar rash is reduced by starting patients on low doses
and slowly increasing the dose, particularly in patients
receiving concomitant valproate. Most ASD-induced
rashes are self-limiting if the ASD is stopped, but some
can be severe, such as erythema multiforme, Stevens—
Johnson syndrome and toxic epidermal necrolysis, the
latter of which can be fatal. In Han Chinese, Hong Kong
Chinese or Thai individuals, the HLA-B*15:02 allele is
associated with an increased risk of Stevens—Johnson
syndrome with carbamazepine treatment*”; accord-
ingly, these individuals should be screened for this allele

Table 2 | Diagnostic genetic testing

Genetic defect detected

Copy number variations (such

Genetic test Indication

Currently used

Chromosomal * Epilepsies with comorbid intellectual disability,

microarray autism spectrum disorder or dysmorphic features
* Developmental and epileptic encephalopathies

Karyotyping Suspected ring chromosome 20 syndrome

Single gene test

Gene panel

Whole-exome

sequencing

Future relevance

Whole-genome

sequencing

e Specific epilepsy syndromes (such as Dravet syndrome
or PCDH19-associated epilepsy)
* Developmental and epileptic encephalopathies

* Developmental and epileptic encephalopathies

* Progressive myoclonic epilepsies

e Focal epilepsies

* Other specific epilepsy phenotypes (such as genetic
epilepsy with febrile seizures plus)

¢ Individuals in whom chromosomal microarray or gene
panels did not identify a molecular diagnosis but in
whom a genetic cause is highly suspected

* Patients with nonspecific or broad phenotypes in
whom a genetic cause is highly suspected

Individuals in whom whole-exome sequencing is
negative and a genetic aetiology is likely

as deletions, duplications and
insertion-deletions)

® Large-scale chromosomal abnormalities
¢ Ring chromosomes (not detected on
chromosomal microarray)

Pathogenetic variants in a single gene
(for example, SCN1A or PCDH19)

Pathogenetic variants in up to 500
established epilepsy genes

Pathogenetic variants in protein-coding
regions of genome

Pathogenetic variants in protein-coding
and in non-coding regions of the genome
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Table 3 | Putative mechanisms of action and efficacy spectrum of ASDs

Drug name Voltage- Voltage- Enhancement Inhibition of Other Efficacy spectrum
gated gated of GABA glutamate mechanisms?
sodium  calcium transmission transmission
channel channel
blockade blockade

First-generation ASDs
Barbiturates - ? ++ ? + Most seizure types, excluding absence seizures

Benzodiazepines - - ++ - - All seizure types but can precipitate tonic seizures,
especially after intravenous administration in patients
with Lennox—Gastaut syndrome

Carbamazepine ++ + ? + + Focal seizures and generalized tonic—clonic seizures.
Can precipitate or aggravate absence seizures and
myoclonic seizures

Ethosuximide - ++ - - ? Absence seizures

Phenytoin ++ ? ? ? 4 Focal seizures and generalized tonic—clonic seizures.
Can precipitate or aggravate absence seizures and
myoclonic seizures

Valproic acid ? + + + ++ All seizure types

Second-generation ASDs

Brivaracetam + = ? - ++ Focal seizures

Eslicarbazepine ++ - - - - Focal seizures. Can precipitate or aggravate absence

acetate seizures and myoclonic seizures

Everolimus ? ? ? ? ++ Seizures associated only with tuberous sclerosis

Felbamate ++ + + ++ + Focal seizures and drop attacks associated with
Lennox-Gastaut syndrome

Gabapentin - ++ ? - ? Focal seizures. Can precipitate or aggravate myoclonic
seizures

Lacosamide ++ - - - + Focal seizures

Lamotrigine ++ ++ + ++ + Most seizure types. Can precipitate or aggravate

myoclonic seizures. Efficacy is best reported in
focal seizures, generalized tonic—clonic seizures,
absence seizures and drop attacks associated with
Lennox-Gastaut syndrome

Levetiracetam - + ? ? ++ Most seizure types. Efficacy against tonic and atonic
seizures has not been documented. Efficacy is best
reported in focal seizures, generalized tonic—clonic
seizures and myoclonic seizures

Oxcarbazepine  ++ + ? + + Focal seizures and generalized tonic—clonic seizures.
Can precipitate or aggravate absence seizures and
myoclonic seizures

Perampanel = — - ++ - Focal seizures and generalized tonic—clonic seizures

Pregabalin - ++ - - = Focal seizure types. Can precipitate or aggravate
myoclonic seizures

Rufinamide ++ - - ? - Focal seizures and drop attacks associated with
Lennox—Gastaut syndrome

Stiripentol = - ++ - = Only indicated for use in combination with clobazam
and valproic acid for tonic—clonic seizures associated
with Dravet syndrome

Tiagabine - - ++ - — Focal seizure types. Can precipitate or aggravate
absence seizures and myoclonic seizures

Topiramate ++ + ++ ++ + Most seizure types. Efficacy against absence seizures
has not been reported. Efficacy is best reported in focal
seizures, generalized tonic—clonic seizures and drop
attacks associated with Lennox-Gastaut syndrome

Vigabatrin - - ++ - - Focal seizure types and infantile spasms. Can precipitate
or aggravate myoclonic seizures

Zonisamide ++ ++ + ? + Most seizure types. The efficacy in most types of
generalized seizure is poorly documented. Efficacy is
best reported in focal seizures
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Table 3 (cont.) | Putative mechanisms of action and efficacy spectrum of ASDs

Drug name Voltage- Voltage- Enhancement Inhibition of Other Efficacy spectrum
gated gated of GABA glutamate mechanisms?
sodium  calcium transmission transmission
channel channel
blockade blockade

Selected in-development ASDs (phase lll studies)

Cannabidiol - ? ? ? + Motor seizures associated with Dravet syndrome and
drop attacks associated with Lennox—Gastaut syndrome

Cenobamate ++ ? ? ? ? Focal seizures

Ganaxolone ? ? ++ ? ? Focal seizures and infantile spasms

+indicates a secondary mechanism action; ++ indicates primary mechanism of action; —indicates that this mechanism has not been described; ? indicates controversy.
ASDs, anti-seizure drugs; GABA, y-aminobutyric acid. ?Include synaptic vesicle 2A modulation (levetiracetam and brivaracetam), mechanistic target of rapamycin
(mTOR) pathway inhibition (everolimus) and carbonic anhydrase inhibition (zonisamide and topiramate). Adapted with permission from (REF. 289), Elsevier.

before carbamazepine is prescribed. Uncommon sub-  symptomatology?"®. Drug-resistant epilepsy is associated
acute hypersensitivity reactions to ASDs include sys-  with an increased risk of injury and death, greater med-
temic hypersensitivity syndrome, which causes malaise, ication burden and adverse effects, increased psychi-
fever, lymphadenitis, arthralgia, eosinophilia, hepatitis, ~ atric and neurocognitive comorbidities, socioeconomic
acute haemorrhagic pancreatitis, blood dyscrasias and  disadvantage and reduced QOL**.
hyponatraemia. Treatment options for drug-resistant epilepsy include
Long-term adverse effects of ASDs that manifest trying other ASDs, epilepsy surgery, neurostimulation
after years of treatment can affect metabolic, neuro-  devices and dietary therapies. Of these, epilepsy sur-
logical, haematological, dermatological, immunolog-  gery offers the greatest chance of achieving long-term
ical and other systems. Patients treated with ASDs  seizure control, but only a minority of patients are good
have a twofold to threefold increased risk of bone candidates. Patients with seizures that persist after two
fractures®'?, which likely reflects a combined effect of ~appropriate ASDs should be referred to an epilepsy
the ASDs on bone health and fragility and balance centre to confirm the diagnosis and evaluate whether
rather than a direct effect of seizures*’. In addition, they are suitable for epilepsy surgery*'*. This evaluation
increased body weight and fat are common in patients  ideally includes long-term inpatient video-EEG moni-
using valproate, carbamazepine, gabapentin, pregaba-  toring and is extremely useful, as up to 30% of patients
lin, vigabatrin and perampanel and can lead to serious  with drug-resistant epilepsy have non-epileptic seizures,
health consequences associated with obesity, increased  and many patients undergo therapeutic changes on the
abdominal fat, metabolic syndrome and increased car-  basis of video-EEG findings'”’. In addition, pseudo-drug
diovascular disease risk*''. However, some ASDs (such  resistance, due to the wrong diagnosis, the incorrect
as topiramate, zonisamide, felbamate, stiripentol and  drug for the epilepsy syndrome, inadequate dosing,
rufinamide) can cause weight loss, and some have no  medication non-adherence or lifestyle factors (such as
effect on weight. sleep deprivation, drug or alcohol abuse), should be
considered in patients with uncontrolled seizures?™*.
Drug-resistant epilepsy
In patients with epilepsy who commence ASD treat-  Resective surgery. Resective surgery can lead to long-
ment, ~50% will achieve seizure control after the first term seizure control in some patients, with some
drug, a further 13% will achieve seizure control after ~ eventually ceasing ASD therapy. The most frequently
the second drug but <4% will achieve seizure control  performed epilepsy surgery is an anterior temporal
after the failure of two ASDs. 36% of patients have lobectomy in patients with drug-resistant mesial TLE.
uncontrolled seizures no matter how many ASDs are  Indeed, this surgery is superior to continued medica-
trialled, using monotherapy or combination drugs*?.  tion for long-term seizure freedom in patients with
The outcomes of newly treated epilepsy and chances of ~ drug-resistant mesial TLE".
drug resistance remain largely unchanged from earlier An MRI lesion (for example, mesial temporal scle-
studies, despite the availability of multiple new ASDs'®.  rosis, focal cortical dysplasia or a neocortical mass) that
Drug-resistant epilepsy is defined as the failure of can be completely resected is the strongest prognostic
adequate trials of two or more tolerated, appropriately ~ factor for long-term postoperative seizure control in
chosen and appropriately used ASD regimens (whether  patients with drug-resistant epilepsy*'®. Indeed, 280%
administered as monotherapies or in combination) to  of patients with these lesions remain seizure free for
achieve seizure freedom***'*, This condition is more =12 months after surgery*'**"’. In addition, after epi-
common in patients who have multiple (more than  lepsy surgery, seizure-free patients have improved QOL
five) seizures before treatment, a longer duration of epi-  (including patient satisfaction, employment and inde-
lepsy before treatment, an abnormal MRI, epileptiform  pendence’) and reduced medication burden?', injury,
discharges detected using EEG, focal seizures, a remote  hospitalization, death rates*®, psychiatric morbidity?"
symptomatic aetiology and neurocognitive deficits or  and direct costs of care?®. However, epilepsy surgery
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can lead to memory or language deficits for dominant-
hemisphere resections, mood disturbances, headaches,
infections and strokes in a minority of patients.
Patients lacking a localized MRI lesion, particu-
larly if the epileptogenic zone is outside the temporal
lobe, have poorer outcomes for seizure control after
epilepsy surgery than patients with a localized MRI
lesion®'*. New imaging techniques such as PET, sub-
traction (ictal-interictal) single-photon emission CT
and magnetoencephalography can be used to identify
the epileptogenic zone in some patients with non-le-
sional drug-resistant focal epilepsy and improve sei-
zure freedom rates with epilepsy surgery**'. However,
most patients with non-lesional epilepsy who have an
epileptogenic zone outside the temporal lobe require
implantation with intracranial EEG electrodes to localize
the epileptogenic zone before resective epilepsy surgery,
but these studies increase the risk of morbidity and mor-
tality*?2. Functional imaging, such as functional MRI,
can identify cortical regions involved in specific cog-
nitive and sensorimotor functions. These studies guide
safe resection to avoid loss of critical functions during

epilepsy surgery.

Neurostimulation. The implantation of a neurostimu-
lation device is an alternative therapy for patients with

Box 5 | Treatment of women of childbearing potential

Anti-seizure drugs (ASDs) can cause harmful effects to the fetus in pregnant women.
Indeed, birth defects occur in 6-8% of pregnancies in women with epilepsy who use
ASDs during the first trimester compared with ~3% in the general population or in
women with epilepsy who do not use ASDs?”°. Most first-generation ASDs, and some
second-generation ASDs, are classified as pregnancy category D (proven human
teratogens), whereas the other newer ASDs are classified as pregnancy category C
(not enough supporting evidence ensure these drugs are safe in pregnancy, but some
data from animal studies or the pharmacology of the drugs raise concern). However,
despite teratogenicity, many women need to continue to take these drugs during
pregnancy owing to the potential dangerous effects of uncontrolled seizures on both
maternal or fetal health.

International pregnancy registers provide invaluable information on the relative
teratogenic risks of ASDs and doses?®. Valproate and phenobarbitone are particularly
teratogenic as monotherapy or polytherapy. Indeed, valproate-induced teratogenicity
is dose-dependent and is associated with higher risk of spina bifida and
hypospadias®'?82. Consequently, the International League Against Epilepsies and the
American Academy of Neurology guidelines recommend avoiding the administration
of valproate to women of childbearing potential unless other ASDs cannot control the
seizures, in which case the dose should be kept as low as possible. Indeed, some
patients with idiopathic generalized epilepsy can control their seizures only with
valproate. The increased teratogenic effects associated with polytherapy versus
monotherapy remain controversial’*?%*; combining low-dose valproate with
lamotrigine or levetiracetam in patients with idiopathic generalized epilepsy has less
risk of teratogenicity than high-dose valproate monotherapy. Topiramate polytherapy is
associated with an increased risk of teratogenicity compared with monotherapy?®.

The use of ASDs during pregnancy increases the risk of neurocognitive problems in
offspring during infancy and childhood, including autism spectrum disorder?®¢2%,

This risk is greatest with valproate therapy. Although teratogenic effects are largely
limited to the use of ASDs during the first trimester (during organogenesis), effects
on brain development can occur with ASD use during any stage of pregnancy.

In addition, brain development continues following birth; thus, exposure to ASDs in
breast milk could affect postnatal development. However, children of mothers using
ASDs, including valproate, who were breastfed have |Q outcomes at least as high as
children who were not breastfed?®.

drug-resistant epilepsy who are not suitable for resec-
tive surgery. The vagus nerve stimulator (VNS) was the
first approved neurostimulation device for epilepsy.
Randomized controlled trials demonstrated a 24-31%
reduction in seizure frequency over 3 months in patients
receiving a therapeutic high VNS treatment paradigm
compared with a reduction of 6-15% in patients who
received a low, subtherapeutic stimulation*?. However,
open-labelled, uncontrolled studies with longer
follow-up periods have demonstrated a 250% reduc-
tion in seizure frequency in at least 50% of patients,
with the maximum efficacy achieved after only 2 years
in some patients. VNS is also associated with improved
QOL, fewer hospitalizations due to status epilepticus
and reduced mortality?*****. More recently, a rand-
omized, double-blind, controlled trial demonstrated a
reduction in seizure frequency with neurostimulation
using electrodes implanted into the anterior nucleus of
the thalamus?* and closed-loop stimulation with the
Responsive NeuroStimulation device, which uses surface
and/or depth electrodes, compared with sham stimula-
tions**. The responder rate was similar across the three
devices, as was evidence of improved QOL and reduced
mortality during the open-label follow-up study, but no
study directly compared them. Few patients are rendered
seizure free with neurostimulation; thus, these devices
are not alternatives to epilepsy surgery in patients with
well-defined seizure foci that can be safely removed.
Devices to record and treat epilepsy are rapidly develop-
ing, with ongoing efforts to predict seizures or enhance
memory or other cognitive functions?”.

Dietary therapies. Although the ketogenic diet has been
used since the 1920s, mainly in children with severe epi-
lepsies, the past two decades have seen a resurgence in
the use of dietary therapies for epilepsy, including broader
dietary options (such as the modified Atkins diet or the
low-glycaemic diet) and use in different patient popu-
lations (such as adults)****. More than 50% of patients
treated with a ketogenic diet have a >50% seizure reduc-
tion, one-third have >90% seizure reduction and some
patients are rendered seizure free?””. The ketogenic diet
is the treatment of choice for some metabolic disorders
that can cause epilepsy (such as GLUT1 deficiency and
pyruvate dehydrogenase deficiency) and might be effec-
tive for refractory status epilepticus?. The mean percent-
age reduction in seizure frequency relative to baseline in
a randomized controlled trial in children with epilepsy
was lower in the ketogenic diet versus control group (62%
versus 137%), with 38% versus 6% having >50% seizure
reduction®'. The ketogenic diet has a similar efficacy in
patients with drug-resistant focal and generalized epi-
lepsy. However, the ketogenic diet has poor tolerability
and adverse effects (such as constipation, vomiting, lack
of energy and hunger) that limit adherence in adults, who
adhere better to the modified Atkins diet*2. Long-term
complications of dietary therapies include nutritional
deficiency, growth impairment in children, abnormal lipid
profile, osteopenia and kidney stones?. Rigorous clinical
trials in adults are required before the effectiveness and
long-term safety of these dietary therapies is established.
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Quality of life

Doctors traditionally view patients with epilepsy using
the main outcome measures of seizure control and
medication adverse effects. However, practitioners and
patients have different concerns; for example, patients
are more concerned about memory deficits than prac-
titioners®. In adult and paediatric epilepsy, QOL meas-
ures reveal important patient-reported outcomes of
treatments?*>?*¢, and abbreviated QOL measures can
be incorporated into routine care. Although clinicians
assume that seizure frequency predicts QOL in patients
with epilepsy, only seizure freedom — not a reduced sei-
zure frequency — is associated with higher health-related
QOL*. Indeed, in patients with treatment-resistant epi-
lepsy, seizure frequency is a poor predictor of QOL*7%%,
Other key determinants of QOL (such as the presence
of mood disturbances, adverse effects of ASDs, reduced
sexual function, stress and sleep disturbances) are often
unrecognized and untreated by neurologists.

Comorbidities

Mental health. Depressive symptoms and other symp-
toms of low mental health are the strongest independent
predictor of QOL in patients with epilepsy**, and sub-
clinical depressive symptoms can severely affect QOL*”.
This finding is particularly important as depression
is found in ~30% of patients with epilepsy** and in
>50% of patients with treatment-resistant epilepsy*.
Depression is a major cause of mortality and mor-
bidity in patients with epilepsy and is associated with
reduced adherence to medication, seizure control, sleep,
employment and sexual function, which further impair
QOL*#, Other psychiatric disorders, such as anxiety
and psychosis, can also severely impair QOL in patients
with epilepsy**. Attempted and completed suicides are
more than threefold higher in patients with epilepsy
than in the general population'***. In addition, patients
with epilepsy and comorbid psychiatric disorders are
13-fold more likely to die owing to suicide, vehicular
accidents, falls, drowning and drug poisoning (mainly
psychiatric and opioid medications) than patients
without psychiatric illness**.

Individuals with epilepsy also report higher levels of
stress than the general population, and stress can pro-
voke seizures, either directly or indirectly (by impairing
sleep or medication adherence)**. In addition, stress-
ful events can increase EEG epileptiform activity®*,
blood-oxygen-level-dependent functional MRI reactiv-
ity, heart rate and cortisol levels*®. Anxiety, stress and
depression correlate with increased seizure frequency in
longitudinal studies; depression was associated with the
highest seizure frequency?¥. These findings emphasize
the importance of diagnosing and treating depression
and other psychiatric disorders in patients with epilepsy.

Sexual function. Sexual dysfunction is common in
patients with epilepsy and is associated with reduced
QOL*8. These problems can result from pharmacolog-
ical or illness-specific mechanisms**°. Many ASDs are
metabolized in the hepatic cytochrome P450 system,
which induces enzymes that increase the metabolism of

PRIMER

sex hormones and the synthesis of sex hormone-binding
globulin — both of which can diminish sexual function.
However, in many cases, the involvement of areas that
regulate emotions and drive-related behaviours by the
underlying cause of epilepsy or seizures can also impair
libido or sexual function.

Management of comorbidities. Therapeutic inter-
ventions targeting behavioural changes and self-
management skills can reduce stress and depressive
symptoms in patients with epilepsy**. Self-management
is a critical part of patient-centred care and can focus on
medication adherence, lifestyle changes (for example,
improved sleep hygiene and avoidance of excess alco-
hol) and/or depressive symptoms. For example, project
UPLIFT is an 8-week self-management intervention that
combines cognitive behavioural therapy, mindfulness
and relaxation techniques and can improve depressive
symptoms and life satisfaction in patients with epilepsy**.
In addition, one prospective, randomized study demon-
strated an improvement in mood with supervised exer-
cise in adults with epilepsy, compared with those with
no intervention®*. Indeed, increased physical activity is
associated with lower levels of depression in patients with
epilepsy®', and exercise might also reduce seizure activ-
ity*2. Furthermore, low cardiovascular fitness in early life
is associated with an increased risk of epilepsy**. Finally,
for individuals with sexual dysfunction, the potential role
of ASDs should be considered and referral for psycholog-
ical or sex therapy can be considered. Use of medications
for erectile dysfunction (for example, phosphodiesterase
inhibitors) or low libido (for example, flibanserin) is safe
for patients with epilepsy.

Outlook

The future for people with epilepsy grows brighter with
time. Major inroads are being made into areas such as
imaging, genetics and neurophysiology. Conversely,
some issues are still to be addressed, such as the debili-
tating, life-changing impact of the unpredictable nature
of seizures (for example, how to prevent the cascade of
events that leads to a seizure occurring at a particular
time). Seizure prediction tools are emerging but are yet
to become sophisticated enough to assist most patients
with epilepsy?”. Why some epilepsies are drug-resistant,
and how this can be changed also require further study.
Inflammation is emerging as a critical player in epilepsy
and suggests that greater understanding of the role of
anti-inflammatory therapies has the potential to alleviate
the impact of this disorder.

Improvements in imaging

Novel imaging techniques are delineating epilepsy net-
works, including white matter tracts as well as regions
of abnormal formation and connectivity, inflammation
and metabolism. Functional imaging techniques can
identify patterns of seizure onset and spread and inform
the safety and efficacy of surgical approaches. Ongoing
studies in animal models and patients are investigating
whether neuroimaging techniques can predict neuro-
logical outcomes and the development of epilepsy after
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acute brain injuries. In addition, an increasing list of
potential prognostic blood-based biomarkers are being
validated in both animal models and patients, and these
biomarkers might also predict the therapeutic response
in patients.

Epilepsy genetics

Two decades ago, genetic factors were rarely considered
in the aetiology of epilepsy. However, the discovery of
many epilepsy genes has radically altered this view, with
exciting new insights into epilepsy genetics emerging on
a weekly basis. (BOX 3).

High levels of mosaicism (in which there are two pop-
ulations of cells that are genetically distinct) are found
in normal brains and are relevant when searching for
genetic causes of epilepsy as they might cause the patient’s
epilepsy®***. Low levels (<20%) of a mosaic mutation are
not detected by conventional Sanger sequencing, and a
pathogenetic variant is likely to be missed if present at
alow level of mosaicism unless special molecular studies
are conducted. In some instances, the mutation might be
somatic and limited to brain tissue and not detectable in
blood or other tissues. Mosaicism limited to the gonads is
a critical issue for reproductive testing as it considerably
increases the recurrence risk of a family. Often, paren-
tal mosaicism is not recognized until the family has two
children with epilepsy, highlighting the need for earlier
and more rigorous approaches to parental testing, such
as high-depth coverage of their child’s mutation to detect
low levels of mosaicism®*.

Other potential novel genetic mechanisms include
epigenetic abnormalities, in which changes in DNA
methylation affect gene transcription. In addition, little
is known about environmental effects on gene expres-
sion, which remains a critical target for future research
as the concordance of epilepsy in identical twins varies
from 40% (for focal epilepsies) to 85% (for generalized
epilepsies), supporting a role for gene—environment
interactions.

For patients with developmental and epileptic
encephalopathies, detecting mutations (pathogenetic
variants) in 30-50% of patients has greatly changed
diagnosis and management'®. In addition, identifying
the molecular basis of focal epilepsy informs clinical
management; for example, patients with DEPDC5 muta-
tions should undergo high-resolution MRI to detect a
subtle focal cortical dysplasia that might allow epilepsy
surgery”’. Understanding pathogenetic variants that
cause epilepsy offers new therapeutic opportunities.
For example, upregulating the expression of the normal
gene in patients with haploinsufficiency disorders is an
enticing possibility; loss of function is usual in Dravet
syndrome, which is due to an SCN1A mutation in >80%
cases. Accordingly, global initiatives to solve the genetics
of the common epilepsies are underway. These disorders
might result from complex inheritance, involving multi-
ple genes and possible environmental factors. The large
number of patients required for these studies, together
with the requisite technology and bioinformatics exper-
tise, are now possible, and exciting results are expected
in the next few years.

Targeted ‘precision’ therapies

As knowledge regarding the aetiologies of epilepsy and
the pathophysiology of seizures increases, targeted ther-
apies are becoming a reality (Supplementary Table 1).
Critical insights from gene discovery in epilepsy are
driving this change. In addition, increased knowledge
of the molecular alterations that lead to permanent
changes in neuronal network structure and function after
epileptogenic brain insults has opened new avenues for
developing new mechanism-based treatments. Further
studies into the mechanisms of epileptogenesis induced
by genetic mutations and comparison with mecha-
nisms induced by acquired brain insults are warranted.
Notably, drugs targeting epileptogenic mechanisms used
for other clinical indications are being considered for use
in epilepsy?"25$2%,

Precision medicine holds great promise for patients
with epilepsy. Small targeted studies using a novel or repur-
posed compound are now being employed to reverse the
dysfunction caused by a genetic mutation. For example,
in vitro, quinidine (a potassium channel blocker) counters
gain-of-function mutations in KCNT1 (encoding a potas-
sium channel subunit)-associated epilepsies****'. Patients
with KCNT1 mutations develop either of two severe epi-
lepsy syndromes: epilepsy of infancy with migrating focal
seizures or severe autosomal dominant nocturnal frontal
lobe epilepsy (ADNFLE)*"*2 Case reports suggest that
quinidine significantly reduces seizure frequency and
improves development in children with KCNTI muta-
tions**%; however, quinidine treatment was ineffective
in a double-blind, randomized, placebo-controlled trial
in patients with severe ADNFLE*®. These contradictory
findings might be due to the specific mutation type or
the location of the mutation within the gene, the cell type
expressing the mutant protein, modifier genes or other
factors such as clinical trial design. Rigorous therapeutic
trials of precision medicines are needed to ensure safety
and efficacy. However, developing specific drugs for each
gene may be unrealistic. More ‘generic’ approaches might
emerge as we identify the convergence of overlapping
pathways. For instance, patients with genetic abnormal-
ities in the mTOR pathway leading to focal epilepsy might
benefit from mTOR inhibitors. A well-designed trial has
already demonstrated efficacy for everolimus in reducing
seizure frequency in patients with TSC™.

Prevention

Cerebral insults, such as severe traumatic brain injury,
brain tumours and stroke, or CNS infections are asso-
ciated with a substantially increased risk of epilepsy**.
Conceptually, these insults initiate an epileptogenic
process that culminates in an unprovoked seizure after
weeks, months or years. This latent period is a potential
opportunity to intervene and stop this process, thereby
preventing the development of epilepsy. However,
although many ASDs have been investigated for their
ability to prevent the occurrence of unprovoked seizures
after a major cerebral insult, none have prevented epi-
lepsy®?’. Identifying biomarkers of epileptogenesis and
pathogenetic mechanisms in animal models could allow
the development of targeted preventive therapies**%.
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