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ABSTRACT

In this review we propose a new epilepsy-taxonomy, based on recent
sleep- and epilepsy research. It has been evidenced that sleep is a “cradle”
of human cognitive development, and epileptogenesis — as an inbuilt risk -
is underlined by the pathologic increase of the homeostatic NREM sleep
regulation and the derailment of synaptic plasticity. Therefore, NREM sleep
has an essential role in epileptogenesis and across the course of epilepsies.
This approach goes hand in hand with the emerging system-concept
abolishing the “Procrustean bed” of the now untenable focal-generalized
epilepsy classification.

Based on the system-approach, we briefly reinterpret the most frequent
epilepsies each presenting with system-specific features both ictally and
interictally while sharing the common mechanism of disfigured epileptic
“learning”.

© 2025 European Society of Medicine 1


https://doi.org/10.18103/mra.v13i5.6537
https://doi.org/10.18103/mra.v13i5.6537
https://doi.org/10.18103/mra.v13i5.6537
https://doi.org/10.18103/mra.v13i5.6537

New epilepsy-taxonomy based on the system epilepsy concept — A mini-review and proposal

Introduction

Sleep research has provided important aspects on
the reason why sleep persists across the phylogeny

and takes one third of human life.

First it has become evident that the amount of
sleep is regulated by the duration of the preceding
waking-time." Then it has turned out that not the
duration, rather the degree of synaptic use is
decisive.?? An emblematic experiment showed that
the strong vibration of the arm in waking, resulted
in an increase of delta-activity over the cortical

representation-field of that arm in the next sleep.”

We have learned that sleep is under use-dependent
homeostatic regulation best represented by EEG

Slow wave-increase
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Synaptic load increasing
(synaptic upscaling)

Awake state

Epilepticinterictal manifestation

slow wave activity (SWA), a substrate and measure
of NREM sleep homeostasis. During the day,
homeostatic pressure increases paralleling sleep-
propensity and EEG SWA. When we fall asleep, SWA
continues increasing during the first sleep cycles;
then it decreases exponentially in the subsequent
ones. Slow wave activity seems to be necessary for
recovering synaptic capacity for the next day,
however, the mechanism of this process remains
unclear.?*® It has been evidenced, too, that use-
dependent slow wave homeostasis boosts
homeostatic plasticity. Therefore, sleep homeostasis
goes hand in hand with the increase of plasticity,

providing multilevel support to learning and to the

adaptability of our brain. (Fig 1)
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Fig. 1: Slep propensity, homeostatic pressure, sleep slow waves, and synaptic economy, during awake state and NREM

sleep. In awake state the homeostatic pressure, the amount of slow waves, and the synaptic load increase exponantially,

durinthe first cycles of sleep; the homeostatic pressure, the slow wave power, and the sleep propensity is highest. later

decrease together with the synaptic revovery exponentially. The red/yellow insert indicate the degree of interictal

epileptic manifestationsm being the highest amount during the end of day and the first sleep cycles. Yellow square=

wake, blue = square sleep state.
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Here we arrive to epilepsy; suspected for long to be
resulted by a derailment (exaggeration) of plasticity;
a chronic increase of excitability in the archi-, and
neocortex; that may lead to epileptic seizures.
Buzsaki® remembered the work of Goddard’ first
supposing that the plastic processes of memory
engram-formation and epileptogenesis are similar.
The repetitive stimulation of a neuron may generate
long term potentiation (LTP) in a synaptically
connected one, resulting in engram-formation.
Similarly, in epileptic kindling, the enduring
stimulation of epilepsy-prone brain structures leads
to after-discharges and epilepsy. If epilepsy starts
in early life at the time of intensive development,
the epileptic over-excitation may alter the function
of the affected brain systems, based on the Hebbian
.firing together, wiring together” principle, and take
over their regulation. Beenhakker and Huguenard?®
called this epileptic learning the , hijacking” of certain
brain systems. The assumption that epilepsy would be
a derailment of inherent plasticity, seems plausible.
This approach explains the high prevalence of
epilepsy and make it the by-product of the ability
to learn.

Therefore Tononi's witty idea: epilepsy is the price
of plasticity seems valid. In other words, sleep
homeostatic plasticity carries the risk for epileptic

upregulation.

In recent years, there is increasing interest in the
relationship of sleep and epilepsy. Most papers

deal with sleep disorders "

, affecting people with
epilepsy, and call attention to the cognitive harm
of those sleep disturbances. This is an important
aspect, but just a few works focus on its reverse:

the augmenting effect of NREM sleep on epilepsy’.

The development of epilepsy is a long process that
remains hidden before the first epileptic seizures
appear. The first hit triggering this process may be a
genetic change or any brain lesion; going unnoticed
until epilepsy highlight them. The histological
analyses of resected epileptic brain-specimens

have revealed those years-lasting transformations

evolving between the first hit and the appearance

of epileptic symptoms'.

The relationship of interictal EEG activity and clinical
seizures is not fully understood. The localisation,
timing and types of spiking and seizures are variable.
There are no long-term follow-up studies of spiking
in self-limiting epilepsies and the appearance of
seizures after symptomless spiking periods is not
enough studied. At the same time, the leading roles
of interictal spiking surpassing those of seizures in
certain epilepsies, highlight their epileptogenic
significance.

Longitudinal tracking of patients after successful
epilepsy-surgery, reveal a running-down of spikes
supporting their significance, and show high-
frequency oscillations as important severity-markers
of epilepsy; giving support to the importance of
interictal activity as well.

System-epilepsies as the building
stones of a new epilepsy taxonomy

The emerging system-epilepsy concept has not been
built into the prevailing concept of epileptogenesis’™
8 This approach requires functional anatomic
knowledge of the affected systems. Reflex-triggers
are required to be congruent with the function of
the system (Fig 2) and also seizure-symptoms need
to represent it in a positive or negative way, e.g.
memory disturbances in mesiotemporal seizures,
focal motor symptoms in seizures of the motor
system. The localisation of EEG symptoms and
imaging alterations need to cover the system’s
anatomy (e.g. hippocampal sclerosis in the epilepsy
of the memory system) and long-term functional
deficits related to system-features need to be
recognised (e.g. neuropsychological deficits in

perisylvian epilepsies (see later).

© 2025 European Society of Medicine 3
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Physiologic and epileptic activation by system-specific stimuli
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Fig. 2: Upper panel: Schematic view of the physiological and epileptical activation by system specific stimuli and by
putting into motion of the systems by previously upgraded epileptic systems. System specific afferent stimuli evoke
system specific system responses, while epiletically facilitated (upgraded) systems respond with system specific seizures.

Lower panel:Certain sleep related systems (for example falling in sleep or arousal from sleep) triggers system specific
seizures.

Mild, language-related cognitive deficits
fueled by the perisylvian communication
network

Centrotemporal spikes and somato-
sensory.motor faciobrachial seizure
in sleep

~ PB
A1’ AB
Fig. 3: Schematic view of the perisylvian human communication. System specific network with representation of speach,
reading writing, hearing linguistic and musical functions. A1, AB, PB = acoustic, PF, PM, Ml =prefrontal. premotor and
motor fields, The red arrow points to the onset zones of centrotemporal spikes and focal facio-brachial seizures. The upper
right texts charactrizes the widespread mild cognitive impairment detected by neuropsychological studies Schematic
view of physiologic (blue) and epileptically upgraded (red) brain nerworks response activated by the same system specific

afferent stimuli. (After Schomers et al modified?®)
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Epilepsies re-classified based on

the system-concept

MEDIAL TEMPORAL LOBE EPILEPSY (THE MOST
FREQUENT EPILEPSY OF ADULTHOOD): AN
EPILEPSY OF THE DECLARATIVE MEMORY SYSTEM
Typical structural abnormality is the hippocampal
sclerosis or any anterior temporal lesion affecting
the hippocampus and/or amygdala. An epileptic
histological and electro-morphological transformation
produces the anterior temporal EEG spikes and the
focal onset seizures with gastrointestinal, emotional
and memory symptoms. Long term declarative
memory deficit (with diagnostically important side-
differences) may evolve. This memory deficit is caused
by the chronic deficit of memory consolidation; due
to hippocampal sharp wave-ripples’ (essential in
memory consolidation) transformation to epileptic
spikes and pathological high frequency (> 200 Hz)
ripples
discharging hippocampus sends nonsense messages
to the frontal lobe, disturbing the NREM sleep-related
hippocampo-frontal correspondence and distorting

1920 Consequently, the damaged but

the consolidation of memory.

ABSENCE EPILEPSY: AN EPILEPSY OF THE
THALAMOCORTICAL NETWORK AND NREM
SLEEP-PROMOTION.

The main symptoms are brief interruptions of
consciousness (absences) in childhood, occurring
in the transition-periods between wakefulness and
NREM sleep. Full wakefulness and REM sleep inhibit
them. The burst-firing working mode of the thalamic
reticular nucleus involving cortical pyramidal neurons
and the thalamic relay cells, produces slow waves
and sleep spindles, the typical EEG pattern of NREM
sleep. A genetic mutation affecting GABAergic
intra-reticular inhibition may reverse this system to
produce 3-4 Hz bilateral spike-waves?!, the EEG
pattern of absences, instead of spindles. Recent
studies have revealed a more complex regulation
with cortical driver zones and the basal ganglia’s

participation?.

JUVENILE MYOCLONIC EPILEPSY (JME): AN
EPILEPSY OF THE THALAMOCORTICAL NETWORK
It is in spectral link with absence epilepsy, involving

broader cortical fields.

It appears between the teenage years and young

adulthood and may last life-long.

JME and absence epilepsy share absence seizures,
but in JME, the main seizure type is myoclonus -
jerking of the limbs - and generalized tonic-clonic
(GTC) seizures. JME is remarkably sensitive for
sleep-deprivation (i.e. the elevation of homeostatic
pressure). Due to globally increased cortical
excitability, variable (visual, sensory-motors etc.)
stimuli can act as reflex seizure-triggers; e.g. in the
form of photo-myoclonic jerks, among others.

SLEEP-RELATED HYPERMOTOR EPILEPSY (SHE):
AN EPILEPSY OF AROUSAL FROM NREM SLEEP,
underlined by genetic mutations modifying the
function of the ascending brainstem reticular arousal-
system. Mutations of the CHRNA4, CHRNB2 CHRNA2
genes encoding the neuronal acetylcholine receptor

(a4, B2, and a2 subunits, respectively) were found
in 10-20% of SHE patients with a positive family
history but just in 5% of sporadic cases®.

These mutations affect the pore-forming M2
transmembrane segments, likely causing increased
sensitivity to acetylcholine. In addition, mutations
in the corticotropin-releasing hormone (CRH) gene
of locus 159* containing genes, have been identified
in patients with SHE Patients experience hyperarousal
with epileptic level over-shoots of excitation
culminating in NREM sleep.

This epilepsy seems to be the Yin-Yang counterpart
of absence epilepsy, nestling in the sleep-promoting
system. Newly, some doubt has emerged around
the epileptic nature of hypermotor seizures. We?
have raised the possibility that not all symptoms of
hypermotor seizures are epileptic; some may
represent a Cannon-Selye stress response ignited
by the salience network, which is activated by ictal
excitation of the fronto-medial region.

© 2025 European Society of Medicine 5
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SENSORY-MOTOR EPILEPSY: AN EPILEPSY OF
THE SENSORY-MOTOR SYSTEM

This epilepsy may evolve due to any developmental
or lesional change of the primary sensory-motor
cortex. The motor seizures are ignited by movement
initiation or sensory impulses. Neuroimaging may
reveal the underlying focal changes, and the ictal/

interictal EEG coincides with those sites.

VISUAL EPILEPSY: AN EPILEPSY OF THE VISUAL
SYSTEM

It is a conventional reflex epilepsy, activated by
photic stimuli. It may be underlined by any structural
lesion. The electrophysiology is a similar burst-firing
mode as seen in absence epilepsy?, based on the
cooperation of the pulvinar thalami, the reticular
nuclei and the visual cortex. In seizures, visual

phenomena appear.

The pulvinar thalami, as a part of the posterior

thalamocortical ~system, participates in the
coordination of the visual system during NREM
sleep. Experimental studies have shown that visual
learning was successful only if a NREM sleep period

was involved.

SELF-LIMITING FOCAL CHILDHOOD EPILEPSIES:
EPILEPSIES OF THE PERISYLVIAN
COMMUNICATION NETWORK (FIG 3)

This is the most prevalent epilepsy spectrum in
childhood. It is constituted by conditions occurring
between 3 and 14-15 years. A group of them used
to be considered benign with no cognitive harm;
ceasing by the adolescence. Recently the spectrum
has been re-interpreted®.

The typical interictal discharges of the most common
variant Rolandic epilepsy (termed self-limiting epilepsy
with centrotemporal spikes - SelLFE- or benign
centrotemporal epilepsy), are the centrotemporal
spikes distributed bilaterally and independently
with a leading hemisphere in most cases. The
sensory-motor seizures of the facio-brachial region
may generalise; typically in NREM sleep. Interictal
and ictal manifestations share the same intrasylvian

localisation in the motor strip?.Interictal discharges

are frequent, but seizures are rare and accumulate
in NREM sleep. Neuropsychological studies revealed
subtle cognitive symptoms in those benign forms,
mainly affecting language. A more severe variant of
the spectrum is atypical Rolandic epilepsy showing
more cognitive loss and atypical EEG symptoms
with spike-wave paroxysms. Rarely, opercular status
epilepticus may evolve. In the sixties, a malignant and
progressive syndrome, electrical status epilepticus in
sleep (ESES, recently termed epileptic encephalopathy
with continuous spike-wave activity in sleep; EE-
SWAS), has also be included in the spectrum? often
occurring in atypical Rolandic epilepsy children.?=°
It had been deemed rare affecting just 5-10% of
Rolandic epilepsy patients, but recent studies using
a more permissive definition of ESES, found its
proportion at 30%.%" In these children, while the
awake EEG keeps showing the rare centrotemporal
discharges, continuous high voltage discharges- a
bilateral ‘tsunami ‘of spikes and slow waves - cover a
substantial part of NREM sleep and blur the borders
of sleep stages while leading to the regress of
cognitive development”. There are reports on
successful  Sulthiam, ketamine and magnetic
stimulation therapies®. Several publication reported
early intrathalamic haemorrhages in found in those
children developed later ESES encephalitis.** A
rare regional posterior variant of ESES is Landau-
Kleffner syndrome, where the Wernicke network is
involved resulting in acquired aphasia. These
malignant variants typically resist to traditional anti-
seizure therapy; they respond to steroids.

The centrotemporal spike parallels the severity of the
syndromes across the spectrum. The mildest variants
seen in non-epileptic relatives of patients, are single
and random sharp waves with no associating ripple;
in Rolandic epilepsy, ripples ‘crown’ centro-temporal
spikes, and in the encephalopathic variants, ripple

activity increases®>.

If the ESES pattern persists for more than 18 months,
the regression of mental development may be
irreversible. Genetic and minor developmental
alterations®~” were found in the background of the

syndrome.

© 2025 European Society of Medicine 6
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Reflex epilepsies of the perisylvian

communication network
1) Reading epilepsy: a system epilepsy of the
brain network for reading®*. In reading induced
seizures, the epileptically upregulated reading-
network produces ictal myocloni and visual
symptoms. To our knowledge, no systematic

seep studies have been performed in this
group.

2) Musicogenic (and singing, playing music)
epilepsy: the epilepsy of the musical

communication-system.

Its seizures are triggered by specific and in
most cases, subjectively meaningful music.
While the triggering music may be different,
the evolving seizures, -typically temporal ones
with propagation to the limbic system- may
be similar.

Post-injury epilepsies manifest the

features of the injured network.

Post-injury epilepsy seems to be a good model of
epileptogenesis. The late Mircea Steriade school
and its successors have recognised in the sleep EEGs
of human post-injury epilepsy, the increase of NREM
sleep slow wave down-states and their penetration
to both REM sleep and wakefulness. Since the amount
of bistable slow oscillations is an accepted measure
of sleep homeostatic pressure, the excess of slow
wave down states, would suggest the pathological
upregulation of homeostasis. Experimental studies®*'
have revealed the development of paroxysmal activity
in those animals with brain-injuries; confirming the
link between epilepsy and augmented sleep

homeostasis.

Recently a study™ on stroke patients reported similar
enhancement of sleep-like slow wave up - and down
- states, but the percentage of epileptic-development

in the studied patients is unknown.

To our knowledge, no systematic sleep studies have

been performed in post-injury epilepsy either.

The role of NREM sleep in epilepsies

Most epilepsies can be linked to a functional system,

and NREM sleep seems to have an essential role.

During epileptogenesis, NREM sleep rhythms
transform to interictal epileptic discharges.””® In
absence epilepsy, due to a mutation affecting
intranuclear GABAergic transmission in the thalamic
reticular nucleus, spindle production of NREM

sleep may switch to spike-wave production?'.

In epilepsies of the sleep promoting and arousal-
systems to and from NREM sleep; seizures are
initiated by the activation of the respective brain
networks'™.

In a functional MRI study of JME patients falling
asleep into NREM, the functional connectivity
increased compared to normal controls®. In an
experimental study in rats, the fractional activation
of the sleep-promoting system in waking, could
elicit absence-like seizures. Authors suggested that
wake-sleep transitions promote absence-activation
in genetic rat model®.

Paralleling the progress of perisylvian epilepsies,
NREM sleep-related ripple activity increases®.In
post-injury epilepsies that “model” epileptogenesis,
sleep slow wave down states of NREM sleep, intrude
also into waking and REM sleep, likely fuelling sleep
plasticity*®'.

Some symptomatologic and

taxonomic considerations

The present epilepsy-classification struggles to
maintain the focal/generalized dichotomy, while it
is increasingly recognized that focal epilepsy is not
focal enough and generalized epilepsies present
many focal features. The prevailing epilepsy-
classification fails also to explain the permanent
affinity (togetherness) of manifestations constituting
the known epilepsy-syndromes. For example the
typical mesiotemporal seizures with acute memory-
loss, gastrointestinal and limbic features; the anterior
temporal interictal EEG signs; the characteristic

© 2025 European Society of Medicine 7
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permanent memory deficits as well as hippocampal
sclerosis point to the epileptic transformation of
the declarative memory-system. The intensive
plasticity of this system accounts for MTLE’s high

prevalence.

Another unclarified issue of the present taxonomy
is the spectral belonging of apparently distinct
epilepsy conditions, e.g. SeLFE and EE-SWAS,

absence epilepsy and juvenile myoclonic epilepsy.

The system-epilepsy approach can resolve these
issues and clarify those spectral relations; however,
the mechanism and factors of epileptic progression

or regression need additional research.

The progress of epilepsy is strongly linked to the
notion of secondary epileptogenesis. This is well
seen in the dynamic bi-lateralisation-phenomenon
in epilepsies typically involving pared-, or midline
structures with lateral connections (e.g. mediotemporal
lobe epilepsy and hypothalamic hamartomas). These
phenomena are obviously related also to the
concept of cooperation between the left and right
hemisphere (seen among others, in memory functions).

Epilepsies are constituted by chains of dynamic
processes. We do not know the exact mechanism
of epilepsy induction in a linked, secondary structure
(does kindling fully explain this? do chemical or other
electric effects have an impact? What is the role of
the receiving structure?

In this paper we propose a system-based epilepsy
classification, which may provide opportunities to

clarify several now unresolved issues.

All these issues are related to the epileptic upgrading
process by which a normally functioning brain network
may turn to an epileptic working mode.

Future lines of research

We propose to use sleep EEG not just as a diagnostic
tool; rather, as an observation-device of the hidden
epileptic transformation. Of course, this approach
needs a systematic methodological workup including
the creation of a normative data-store of sleep

grapho-elements, especially during periods of
development. Artificial intelligence and spread of
long-term home video-EEG monitoring could help.

Summary

In this brief review we aimed to present the
development of sleep-research about the homeostatic
regulation of NREM sleep and synaptic plasticity.
These data alighting sleep as cradle of human
cognitive development have importantly impacted
on epilepsy research as well. Most importantly,
epileptogenesis is seen as an inbuilt risk; the
derailment in homeostatic plasticity. This approach
goes hand in hand with the emerging system- concept
of epilepsies abolishing the “Procrustean bed” of the
forced focal- generalized epilepsy-concept. Based on
the system concept, we apply the system-approach
and briefly reinterpret the most frequent epilepsies
that are underlined by different aetiologies but
shared mechanisms; and suggest a need of a new

taxonomy.

© 2025 European Society of Medicine 8
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