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ABSTRACT

We aimed to provide a comprehensive review of the system epilepsy
concept and adapt its principles to major epilepsy syndromes. We present
our views on epileptogenesis: NREM sleep and especially sleep
homeostatic plasticity are essential contributors of the epileptic
transformation, upgrading and derailing normal brain networks. We
follow the common process and specific features epileptic transformation
in major epilepsies.
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Introduction

Epilepsy is a ,secondary disease”. A ,first hit”, be it a
brain lesion or a gene mutation, sets in motion the silent
and years-lasting process of epileptogenesis with
structural and functional changes of the affected brain
network.! Age and the developmental stage determine
epileptogenesis that may have a common mechanism in
different brain systems.?

The role of plasticity in epileptogenesis has been raised
for a long time. Plasticity is defined as an “activity-
dependent alteration of the strength of inter-neuronal
connections, through which information is stored”3. First
Goddard et al.# supposed that the plastic process of
engram-formation and epileptogenesis were similar. Bliss
and Lomo® demonstrated that the repetitive stimulation of
a neuron may generate long-term potentiation (LTP) in

another one in synaptic connection, by increasing the
strength of the synapse. LTP has become the elementary
model of plasticity. Kindling is similar; daily electrical
stimulation may result in an epileptic process leading to
spontaneous  seizures.® Accordingly, experimental
epileptic foci that bombard distant regions with spikes,
may establish secondary interictal spike foci becoming
independent later. Those secondary cortical spots “learn
to be epileptic”” due to a progressive plastic process
induced by recurrent stimulation.®

Since the eighties of the past century, sleep research has
penetrated into epilepsy research. NREM sleep
homeostasis has been shown to be related to synaptic
plasticity; NREM sleep slow wave-power seems to
regulate synaptic “re-charging” as a general regulating
factor of neural excitability. *-11 (FIG 1)
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Figure 1: Relationship between homeostatic pressure, slow waves, sleep propensity and synaptic economy. In waking, the homeostatic
pressure increases due to synaptic use. Slow waves and sleep propensity increase as well. During sleep, the homeostatic pressure,
slow waves and sleep propensity decrease and the synapses recover. The red highlight shows the increase of interictal epileptic
discharges (IEDs) during the first sleep cycles. Sleep and waking interdigitate through antagonistic twin working modes.

Non-REM (NREM) sleep is the strongest multilevel
activator of ictal and interictal epileptic symptoms!213,
while also sleep-deprivation activates seizures. NREM
sleep and its deprivation countermarch, but the
augmentation of homeostatic pressure (increasing sleep
need) after sleep deprivation evidenced by
exponentially increasing delta-power in post-deprivation
sleep, renders it epileptogenic, even more than NREM
sleep itself.

The epoch-making work of Beenhakker and
Huguenard' highlighted the crucial facts of the sleep-

Box 1

epilepsy relationship. They have shown in two epilepsy
prone circuits (the hippocampo-frontal memory-network
and the thalamocortical network) the basic features of a
normal networks® epileptic transformation (Box 1) in a
circuit-specific way (sleep spindle transforms to bifrontal
spike-wave pattern in idiopathic ,,generalized,,
epilepsy; and sharp wave-ripple to spike-fast ripple in
medial temporal lobe epilepsy). It has become clear
that normal networks provide sleep-,templates” for the
epileptic variants.

Epileptic transformation

The process of ‘epileptic transformation’ involves the following changes in a brain-system: an increase of excitability
manifested in seizure-proneness; the transformation of sleep-, (sometimes also waking) EEG patterns to interictal
epileptiform discharges (IEDs) in a system-specific way; and variable-degree permanent dysfunction of the system likely

caused by IEDs including high frequency oscillations.

We follow Beenhacker’s and Huguenard's way showing
epileptogenesis in additional epilepsies such as the self-
limited focal childhood epilepsy (SelFE) spectrum —
resulting from the transformation of the perisylvian
network (PN); and frontal lobe epilepsies building upon

the transformation of the arousal-system. We extend the
neural network-concept (substituting the focal concept
linking functions to single foci) to epilepsies, considering
them as ,,system epilepsies”. (Box 2)
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Box 2

System epilepsy

Seizures produced by a network, manifest its distorted functions. The idea that epilepsy "grabs” the hosting brain-systems,
has led to the concept of system epilepsy!5-1? with the following implications: 1) Both the seizure-triggers and the ictal
symptoms identify the hosting system; 2) The epileptic transformation favors developmental periods; and 3) it prefers
plastic brain-structures such as the corticothalamic, the fronto-hippocampal and the visual system; the perisylvian network
and the systems of vigilance-regulation; 4) A “second disease” character: an early precipitator injury is followed by a
hidden, long-lasting ripening-period with synaptic reorganization.

We deal with ictogenesis, i.e. the issue of spontaneous
versus triggered seizures. While the classic definition of
epilepsies requires spontaneous seizures, in several
epilepsies not belonging to the ‘reflex-epilepsy’ group,
careful analysis reveals a consistent seizure-trigger,
which is a certain activity or process that evokes the
function of the affected brain network. Out of many

In this sense, absence epilepsy (AE) would be the ‘reflex’-
epilepsy of sleep-promotion, sleep related hypermotor
epilepsy (SHE) would be that of the arousal-system. 15

Postinjury epilepsies implement an “experiment of
nature” and model the essential trajectories of
epileptogenesis in any brain-localization. We devote a

examples, a simple one is a tumor in the motor strip
causing symptomatic epilepsy, in which focal motor
seizures are triggered by flexing the paralyzed limb. In
other words, apparently spontaneous seizures are
actually triggered by the activation of the affected brain
network; constituting an extended reflex epilepsy
concept. 20

separate section to this group.
Medial temporal lobe epilepsy (MTLE) links with the

hippocampo-frontal declarative memory-system and
plasticity (Box 3)

Box 3

The hippocampo-frontal declarative memory system

The role of the hippocampus in memory formation is now evident. In the early fifties, when bilateral hippocampal
resections of MTLE patients have led to catastrophic permanent amnestic states 21, neurology learned a big lesson about
hippocampal memory functions; a whole generation of neuropsychologist has grown up with the new knowledge about
memory-organization.

The team of lan Born 2223 and the Buzsdki-school 24 presented experimental data on the process - encoding, consolidation
and recall - of memory-formation evidencing the two-steps memory model. In waking, information streams through the
entorhinal cortex to the hippocampus, where transient memory-traces (engrams) are made. During the subsequent NREM
sleep, those engrams are replayed and transmitted to the frontal lobe where they get consolidated in a permanent
“store”.

Thalamocortical oscillations contribute to the memory process. 25-2¢ Sleep spindles are “enveloped” by the up states of

(~ 1 Hz) slow oscillations, and couple with ripples in learning. The fine-tuning of these interlinked oscillations render the
cortex receptive for plastic changes and orchestrate the hippocampo-cortical dialogue. Spindle-density and the length
of phase 2 NREM sleep increased after learning, evidencing the involvement of those oscillations in the memory-process.
The increase of spindling correlated with after-sleep performance and spindling was shown to be participating in the
protection of engrams during memory-consolidation. 29-31

reorganization and sprouting of mossy fibers. The hidden
histological transformation lasts several years before the
first seizure. 35-41

Evidence linking MTLE with the

mediotemporal-hippocampal network.
Hughlings Jackson has early recognized the psychic or
intellectual aura” phenomenon, also termed “dreamy
state”. The patient has a delusive experience (e.g.
childhood scenes), while in parallel, they are aware of
the reality. Jackson precisely localized this peculiar state
to the uncus hippocampi by the post-mortem study of his
famous patient Z, revealing a small cystic lesion in the
uncus hippocampi. 32 Later Penfield elicited memory-
fragments by electric stimulation of the exposed
temporal cortex of epileptic patients during surgery. 33
Stimulating certain neocortical spots during stereotactic
epilepsy-surgery later, a neuronal network far beyond
the uncus hippocampi could be shown to operate behind
epileptic delusion. 34

How does the declarative memory-function and
memory-network transform to medial temporal lobe
epilepsy?
While interictal spikes are eminent epileptic patterns,
their role in epileptogenesis and the course epilepsy is
not clear. Their hippocampal origin in (MTLE) had
remained hidden until the use of foramen ovale and
intracranial electrodes. Due to the ‘hiding’ of
hippocampal spikes42 and the lack of systematic
neuropsychology assessments, IEDs’ deleterious effect on
memory in MTLE, had passed undetected for a long time.
The close connection between hippocampal spikes and
memory disturbances has been recognized late.
One of the most studied epilepsies is MTLE. It develops
from an early damage of anterior limbic structures and IEDs’ cognitive harm in MTLE patients has been confirmed
mainly affects the CA 3 sector of the hippocampus by sleep studies. 4346 Later studies found that
leading to hippocampal sclerosis through synaptic hippocampal spindles correlated negatively with
© 2024 European Society of Medicine 3




interictal spike-counts, suggesting that spiking lowered
the rate of spindling#’, like the supposed swap of spindles
to spike wave discharges (SWs) in AE. 48 (See further
studies later in the absence epilepsy paragraphs).

The epileptic transformation renders the hippocampus a
“discharging body” ejecting spikes and seizures, which
impair memory especially in NREM sleep, the period of
intense spiking in animals and humans. IEDs have been

The transformation of sharp wave-ripple (SpW-R) to
spikes and pathological (fast, 200-500 Hz) ripples

The most important link between the MTLE and the
memory system is the transformation of SpW-R, a key
graphoelement of the memory-system, to epileptic spike
and pathological ripple pattern.

SpW-Rs “teeter on the edge” of epileptic over-excitation
wherever plastic changes occur; making the hippocampus

a most epilepsy-prone structure. Physiological SpW-R’s
epileptic counterpart is spike-pathological ripple. The
pathological ripple is considered the essential marker of
epilepsy. 4° The transformation of physiological SpW-R
(with <200 Hz ripples) to spikes and pathologic ripples
(Fig 2). marks the epileptic transformation. 24 50 (Box 4)

assumed to interfere (as ,,dummies”) with memory-
consolidation. 4¢
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Figure 2: The change of working mode of the Thalamocorhcal network leading to NREM sleep. Schematic drawing of the relationship
between thalamocortical neurons and the brainstem. At NREM sleep onset, brainstem cholinergic neurons inhibit the reticular nuclei
and (red arrow) and the thalamic relay cells forwarding the inhibition toward the cortex (thin arrows). This intermittent reticulo-cortical
inhibition produces NREM sleep EEG, shown by the hypnogram. Spindles and K-complexes in stage 2 and slow waves in stage 3.
(Based on Steriade’s works)

Box 4

Sharp wave-ripple and memory consolidation

SpW-R is a robust, far-reaching population episode, the most synchronized event of the mammalian brain, augmenting
the excitability of the hippocampus and connected structures. 24 It originates in the CA1 region of the hippocampus in
close relation with the sharp wave emerging in the CA3. It appears relaxed waking and NREM sleep, while active waking
inhibits it. In humans, the ripple-component’s frequency is <150 Hz and the sharp wave is a 40-150miliseconds lasting,
~2.5 mV amplitude pattern involving ~ 50% of the hippocampal pyramidal cells (50-150,000 neurons). The “resection”
of SpW-Rs abolished memory-consolidation, evidencing their role. The finding that cellular spike-sequences in NREM
sleep were identical with their sequences during SpW-Rs (just faster and compressed), supported this. Memory-
consolidation takes place during consummator periods and especially NREM sleep, when recurrent spontaneous SpW-Rs
emerge by the iterative potentiation of those synapses, in which the engram was encoded in waking; SpW-Rs transmit
the engrams to the neocortex.

Further considerations about MTLE and memory
disturbances

We propose to continue exploring the memory-relations
of MTLE seizures. The ictal ‘disturbance of consciousness’
might reflect a transient memory-loss caused by the
interference of seizure with memory-recall; the patient

cannot recognize self and environment. These seizures
may be resulted from an ictal “knock-out” of the
hippocampus.

Seizure-related acute memory-loss is obvious unlike
chronic memory-impairment. In the past, just cross-

© 2024 European Society of Medicine 4



sectional histology studies were available. The
development of neuroimaging has allowed studying
structural  and  brain-connectivity  changes, and
neuropsychology has provided in vivo follow-up

Box 5

measurements. 51 While a progressive loss of declarative
memory affects 25% of MTLE patients, the picture is far
from being clear. 52 (Box 5)

The discharging damage of the hippocampus interferes with memory consolidation

The memory disturbance in MTLE seems to have a dual nature. The hippocampal damage progressively impairs side-
specific memory (reflecting the step-by-step histological transformation detected in resected surgery-samples) on one
hand; and the evolving epileptic spiking (sending meaningless information in the frames of the hippocampo-frontal

dialogue) obstructing memory consolidation on the other.

The main arguments supporting that MTLE is the
epilepsy of the declarative memory-system, are the
followings:

1. The hippocampus is a protagonist of the memory
process; hippocampal sclerosis and other
hippocampal lesions are essential substrates of
MTLE.

2. Clinical and experimental data evidence the
existence of memory disturbances in MTLE.

3. SpW-R, the key element of the memory-process,
is prone to transform to spike-pathological
ripple, its epileptic variant.

Absence epilepsy and juvenile myoclonic epilepsy; the
spectrum of corticothalamic system-epilepsies

Absence epilepsy

The “sleep working-mode” within the corticothalamic
system

A change of the corticothalamic system’s working-mode
induces sleep. The decrease of arousing stimuli coming
from the ascending reticular system liberates the reticulo-
thalamo-cortical loop. It sends then recurrent inhibitory
stimuli towards the thalamus and cortex, which in turn
produce spindling and 0.75-4.0 Hz slow oscillations
(dominating NREM sleep), providing the thalamocortical
structures with almost continuous inhibition. When the
reticular nucleus (nRE) is destroyed, spindle-production
ceases.

The recurrent inhibition from the reticular nuclei creates
the so called ,burst-firing” mode throughout the
thalamocortical system; manifesting sleep slow waves
and coalescent spindles in scalp EEG.53

Absence epilepsy roots in the NREM sleep working
mode of the thalamocortical network; basal ganglia
are also involved.

The corticothalamic system produces bilateral 3-4 Hz
spike-waves (SW). Due to the diffuse projections of the
nRE to thalamic relay cells, a wide inhibitory synchroniza-
tion comes off, obstructing the corticothalamic communi-
cation during SW /absences.5“ This change interrupts the
information-flow between the environment and the cor-
tex.

The pathological upgrading of the burst-firing mode may
lead to the epileptic transformation of the thalamocorti-
cal network. The GABAergic neurons in the nRE complex
of the thalamus inhibit each other. The strength of the in-
tra-nuclear inhibition determines the characteristics of the
thalamic oscillations. A genetic abnormality may increase
the strength of inhibition, facilitating a transformation of
spindle-production to spike-wave generation.5> In other

words; spindles do transform to spike-waves as supposed
by Gloor. 48 The coexistence of spindles with SW-parox-
ysms in AE, accords with this mechanism.

Steriade and Contreras¢ revealed intermittent transitions
of normal NREM sleep-patterns to SW in cats. They
showed that “SW originate in the neocortex and are dis-
seminated through mono-, oligo-, and multi-synaptic in-
tracortical circuits, before they spread to the reticular nu-
cleus of the thalamus and exhibit generalized features.”
They supported the cortical origin by several ablation-
experiments and stressed the focal to widespread prop-
agation dynamics of seizures. Out of the numerous factors
influencing nRE neurons’ excitability, the most powerful
ones are the stimuli originating from the cortex and the
substantia nigra%7.

In a study on rat genetic absence-model, cortical seizure-
spots entrained the frontal cortex, thalamic structures and
the whole thalamocortical system culminating in SW-syn-
chronization. 5859 Frontal neuroimaging changes preced-
ing ictal SWs, support the cortical initiation of SWéC blur-
ring the boundaries of focal versus generalized epilep-
sies ¢1; also clinical reports have verified this possibility
6263 The data about cortical high frequency oscillations
(HFO) participating in the electrophysiologial picture of
absences give another support to cortical involvement. ¢4
Several interesting molecular features of those driver
zones have been described.%5

For a long period of absence research, there was a con-
tradiction in neuroimaging (fMRI, PET, SPECT) and EEG
data. Neuroimaging suggested a lack of activation ¢6-¢8,
while high amplitude epileptic discharges on the EEG
pointed to an increase of activity. Recent experimental
work has resolved this contradiction revealing a decrease
of thalamocortical neuronal activity during absences®?.

In summary, both the focal and generalized concept of
AE seems to be challenged by the finding that wide-
spread dynamic networks outside the thalamocortical sys-
tem involving the cortex and the basal ganglia, initiate
the ictal symptoms. 58

Micro-sleep oscillations towards NREM sleep promote
SW / absences

SW occur in a certain vigilance-window called “critical
vigilance-level” at the transition-zones towards light
NREM sleep as well as other transitional periods.
Arousing stimuli and REM sleep inhibit SW /absences '5in
humans, as well as in genetic rat models. 71 While
absences can appear in the period of wakefulness, their
relation with drops of vigilance-level even within the

© 2024 European Society of Medicine 5




awake-domain is evident. When arousing stimuli from
sleep induce absences, the actual link with reactive sleep-
like anti-arousal responses can be shown.”2

Box 6

The cyclic alternating pattern

The cyclic alternating pattern (CAP) is a micro-cyclicity of NREM sleep. It can appear spontaneously or be elicited by
sensory stimuli. In low homeostatic-pressure periods, arousing stimuli evoke the classic EEG-arousal with desynchronization

(CAP A3/A2). In periods of high homeostatic pressure, slow wave “antiarousa

I”

responses (CAP A1) appear. 7!

This vigilance-level dependence explains absences’
distribution throughout the 24-hour sleep-wake cycle.
There is a positive correlation between cyclic CAP A1 and
SW (Box 6). Through vigilance-level oscillations, sensory
stimuli may influence the number of SW. More SW occur
during fluctuations towards NREM sleep compared to
shifts towards waking or REM sleep. There was
significantly higher SW-count during CAP A compared to
non-CAP, and CAP B inhibited SW.72

The link of absences with NREM sleep-promotion is sup-
ported by the increased connectivity of the anterior tha-
lamic structures during the falling asleep period of juve-
nile myoclonic epilepsy (JME) patients.”3 In experimental
works, absence seizures can be elicited by the stimulation
of the sleep-promoting GABA-ergic hypothalamic ven-
trolateral preoptic system in WAG/Rij rats (a genetic
model of human absence epilepsy).74 75

Therefore, AE can be considered the (reflex) epilepsy
of the NREM sleep-promoting system.

This accords with the finding that a GABA-ergic gene mu-
tation allows the nRE thalami producing SW /absences in-
stead of spindles.

Absence epilepsy and juvenile myoclonic epilepsy:
two members of a spectrum

Although AE is considered an age-dependent condition
disappearing in adolescence, this happens only in 58-
65% of patients. Fifteen to 44% of AE cases progress to
JME between age 11-20 years; “where absence
epilepsy decreases, JME starts”. 76:77

Several novel features of JME have come to light, but its
sleep-link has remained: the bilateral synchronous
polyspike-waves associate with CAP A, especially in

periods of high homeostatic-pressure, like the SW in AE.
78

Generalized tonic-clonic seizures, polyspike-waves in
EEG and an enhanced responsivity to transcranial
magnetic stimulation (paralleling homeostatic pressure)
highlight the augmented excitability in JME compared to
AE. Photosensitivity and other seizure-triggers mostly
related to the perisylvian network (PN) such as reading,
writing, talking, music, calculation and praxis: show JME'’s
kinship with reflex-epilepsies. More than half of JME-
patients present reflex-epileptic traits; contrasting focal
epilepsies where this is rare. Frontal connectivity-changes
and prominent behavioral issues highlight the extension
of JME’s network to the frontal lobe; the typical myoclonic
jerks suggest an increased motor excitability. 79-84

Therefore, JME is a multisystem epilepsy with visuo-motor
dominance and widespread excitable areas involving the

whole cortical mantle (see more details in “The network
of juvenile myoclonic epilepsy and reading induced
seizures” section).

Summary

The corticothalamic system’s burst-firing working-mode
produces NREM sleep. Those rhythmic alternating
excitatory-inhibitory cycles of this working-mode
generate spindles regulated by the nRe. Frontal cortical
drivers can ignite this system, also influenced by the
substantia nigra. Experimental data gained on un-
anaesthetized animal models reveal that during ictal SW
paroxysms, the thalamocortical neuronal discharges
decrease; resolving the contradictory findings of EEG and
neuroimaging studies. The new findings support the
unsustainability of the “generalized epilepsy” concept,
and provide arguments challenging also the
focal/generalized dichotomy introducing the concept of
“initiating network” instead of “secondary
generalization”.

Absences emerge in a critical vigilance-window between
wakefulness and  superficial NREM sleep; full
wakefulness, REM and deep slow wave sleep inhibit them.
SW seem to couple with “antiarousal” slow waves (CAP
A1) of the sleep microstructure, representing a dynamic
shift toward the deepening of NREM sleep.

AE and JME constitute the epilepsy-spectrum of the
thalamocortical ~ system;  sharing  absences  as
endophenotypes. JME involves multiple additional fields.

We propose that AE is the epilepsy of the sleep-
promoting system, contrasting the epilepsy of the
arousing-system; sleep-related hypermotor epilepsy.

Sleep-related hypermotor epilepsy and the role of the
ascending nicotinic acetylcholinergic arousal system

The macro- and microstructure of NREM sleep and the
arousal phenomenon

Arousability and reactivity to sensory stimuli are essential
features of sleep, discriminating it from coma and
keeping the sleeper in contact with the environment.
Microarousals (arousals without awakening) serve the
reversibility of sleep and carry an alarm-function in
danger.

Microarousals used to be considered sleep-
disturbing /destabilizing factors; however, as inherent
parts of the dynamic sleep-microstructure and the CAP-
system, they turned out to regulate sleep . 72

The concepts on the nature of sleep, have been changing.
Those data revealing local/regional sleeping and
waking areas, have challenged the ‘global’ sleep-idea.

© 2024 European Society of Medicine 6
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The normal, alternating “split-brain” i.e. one hemisphere
sleeping, the other one awake; protects deep-water
mammals under water and birds of passage during their
long flights. There is a (use-dependent) mosaic-like
pattern of different vigilance-levels in mammals including
humans as well. 85-88

Sleep-related hypermotor epilepsy

SHE has an adventurous history reflected by changing
denominations. The first one “nocturnal paroxysmal
dystonia” was consistent with a concept of sleep-related
movement-disorder. 8° The second name ‘idiopathic
nocturnal frontal-lobe epilepsy’ (NFLE) suggested the
idea of an epileptic disorder as well as the most recent
one ‘sleep related hypermotor epilepsy’. 90-92 SHE
incorporates each form of sleep-related epilepsies
presenting with hypermotor seizures, irrespectively from
etiologies, EEG-features, movement-types and seizure-
onset zones.?3

In most SHE cases, hardly any IEDs occur either in waking
or sleep, appearing in ~50% of patients; and a frank
ictal EEG-pattern is also rare. 92 The variable projections
and seizure-spreads as well as the hidden ictal zones,
hamper localization. Those symptomatic cases underlain
by cortical dysplasias, seem to make a distinct SHE-
population based on the abundance of IEDs appearing
in this group.

Sleep related epilepsy and the cholinergic arousal-system
Acetylcholine (Ach) is an important agent of arousals. The
thalamus and the frontal cortex are rich in cholinergic
fibers originating from the basal nucleus of Meynert.?4.95
Both trans-synaptic and non-synaptic Ach-release are
significant.?¢

Most SHE cases are cryptogenic, while in a minority of
patients, gain-of-function mutations in the nicotinic
acetylcholine-receptor (nAChR) gene sub-unit 97 as well
as other mutations?® have been shown. SHE with mutant
nAChR (autosomal dominant sleep related hypermotor
epilepsy; ADSHE) is electro-clinically indistinguishable
from the cryptogenic forms.?2 The mutant nAChRs causing
frontal hyper-activation, range in the thalamus, the
mesencephalic tegmentum, the frontal cortex and the
adjacent parts of the diencephalon and cerebellum?9.100,

Disorders of arousal and SHE link to arousals

Disorders of arousal (DOA) (first systematized by
Broughton'°') and SHE are parallel spectra of epileptic
and non-epileptic  “siblings”.  Their  “increasing-
complexity” manifestations 93 are considered as a
continuum.

Based on video-EEG monitoring by Derry et al, “DOA
and SHE episodes present with three fundamental
patterns and their composites”. 102 (1) Simple arousal
behavior (92%): eye-opening, head-elevation, staring,
face-rubbing, yawning, stretching, moaning or mumbling.
(2) Non-agitated arousal (72%): sitting forward,
manipulating nearby objects, orientating themselves with
a passive or perplexed look and motor automatisms
originating from the basal ganglia. (3) A pattern with
fierce emotional behaviors (51%) facial, verbal and
autonomic signs of fear. The last pattern is termed
hypermotor seizure in SHE, sleep terror in DOA. In these
episodes, patients showed fearful arousal-behaviors,
screamed, and behaved frantically. Restraining them
evoked aggression. A trigger was more frequent in DOA
than in SHE.

The origins of 31 degree seizures'9? with escape-
reactions, panic-like behaviors and hypermotor features
are dubious. They might reflect the epileptic activation of
automatic movement “conserves” normally suppressed in
sub-cortical generators. When the descending frontal
inhibition ceases due to a seizure, those atavistic
behaviors disengage.’03

Our retrospective analysis 194 has revealed overlaps of
the activated fields in DOA-events and the seizure-onset
zones of hypermotor seizures, covering the anterior
cingulate cortex, anterior insula and the ventral medio-
frontal cortex anterior to the supplementary sensory-
motor area. These regions are consistent with the hubs of
the salience network (SN; a brain-network, signalizing
subjectively meaningful events). Based on the activation
of SN and the alarm-like symptoms seen in both
conditions’ 3¢ degree episodes; an over-activated SN
driving an acute stress-response (fight-flight response of
Cannon and Selye) has been raised recently.'04 This fight-
flight response would manifest a false alarm (escape
without a chaser) in a sleeping brain. Sleep dissociation
can be traced here 195 (Fig 3) as in other DOA episodes
as confirmed by neuroimaging. 106-108

© 2024 European Society of Medicine 7



DOA and SHE share circuits
Dissociation during DOA episode

. Sleep-like activity in fronto-dorsal cortex

Wake -like activity in anterior and middle
cingulate area

Cannon-Selye
-_— _—
> acute stress-response

Cortical seizure onset-zones of
successfully operated SHE patients

Figure 3: SHE and DOA share the same circuit. In sleep terror, there is arousal in the anterior cingulate gyrus; overlapping with the
seizure-onset zones of successfully operated SHE patients. This anterior cingulate field overlaps with the salience network as well. The

activated SN drives the Cannon-Selye acute stress response.

While DOA-events are rare, several SHE seizures/night
may emerge. Both conditions’ episodes manifest in the
first or second sleep-cycles of night-sleep accumulating in
the first one; the episodes’ frequency decreases overnight
paralleling the homeostatic decay. Both DOA and SHE
patients have a fragmented sleep with frequent
microarousals, evidencing the dominance of arousal-
forces.

Genetic relations

In a survey of 100 SHE cases %, more than 1/3 of
patients had a family history for epilepsy and 1/3 of
them had DOA. Bisulli et al.’'® compared 33 SHE patients
and their 200 relatives with 31 age, sex, education, and
residence-area matched controls and 194 relatives, for
the occurrence of DOA. The lifetime prevalence of DOA
was more frequent in SHE patients’ relatives compared to
the relatives of controls. Some DOA-cases developed
SHE later.

Two recent works reviewed the complex genetic relations
of SHE, especially ADSHE (having an estimated incidence
of 1.8/100000). In a study " on 103 SHE patients, 4
kinds of mutation have been identified in altogether 8%
of patients; CHRN4 (2.9%), KCTI (1.0%), DEPDC5
(3,9%), NPRL2 (1.0%). The DEPDC5 variant favoured
patients with structural lesions. Another study revealed
additional gene mutations (CHRNA4, CHRNB2,
CHRRNAZ2). 112

The gain of function mutations affecting the nicotinic
acetylcholine receptors (CHRNA4, CHRNB2, CHRRNA?2)
fit well with the hypersensitivity of the ascending arousal
system causing SHE seizures.

While population-genetic findings strongly link SHE and
DOA; the molecular genetic relations are less clear. An
increased cholinergic excitation leading to epilepsy is
evident in ADSHE, but the only feature supporting the
cholinergic upregulation in DOA, is the fragmented sleep
of those patients. However, the similarity of the two

conditions’ episodes, the shared link to NREM sleep
microarousals, and similar sleep-distribution, suggest a
common origin.113,114

AE and SHE manifest the epileptic transformation of the
antagonistic sleep-, and arousal-promoting systems. AE is
resulted from the derailment of normal corticothalamic
function - producing sleep spindles and slow waves; SHE
is built upon the epileptic facilitation of arousal from
sleep.

Self-limiting focal childhood epilepsies represent an
epilepsy spectrum of the perisylvian human
communication network.

Composition of the spectrum

The understanding of self-limiting childhood focal
epilepsies (SelFE) has been changing; the most recent
modification was published in 2022.115 SelFE accounting
for ~20% of childhood epilepsies include Rolandic
epilepsy (RE), Panayiotupuolos syndrome (PS), Gastaut’s
late  childhood occipital epilepsy (GOE) and
photosensitive occipital epilepsy (POE).

Rolandic epilepsy

We focus here on one branch of the spectrum from self-
limiting epilepsy with centrotemporal spikes (SelLECTS,
traditionally termed Rolandic epilepsy - RE - or benign
centrotemporal epilepsy), where centrotemporal spikes
(CTS, Rolandic spikes) couple with ripples; atypical
SelECTS; and epileptic encephalopathy with spike-wave
activation in sleep (EE-SWAS; electrical status epilepticus
in sleep -ESES- and its regional variant Landau-Kleffner
syndrome - LKS). The sparse CTS appearing without
ripples in the sleep of children with autism spectrum- and
attention-deficit hyperactivity disorder (ADHD), loosely
link also these conditions to the spectrum. (Box 7)

We do not deal here with PS that is an autonomic
epilepsy with occipital IEDs, a vague seizure-onset zone;
and partially overlapping genetics with SeLECTS. We do
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not incorporate GOE and POE either, because they don’t with an enlargement of that region 118119, most spectac-
show the severity-order as SelECTS and the related ular in higher association cortices.

conditions above do.

The human language network interweaves the sensory,
motor, auditory and articulatory machinery and occupies
the perisylvian cortex with premotor, anterior temporal
and, temporo-occipital associative fields. (Fig 4) The main
information stream is organized through the dorsal and
ventral pathways. The dorsal arcuate pathway, bi-direc-

SelFE may mutually transform to each other. They occur
in a common age-window''¢ between 3-10 years with a
peak at age 6—7; and typically recover by 15-16.117

Cognitive impairment is an essential feature of the SelECTS

spectrum w " tionally connecting the Broca and Wernicke areas, is in-
I;"i)hos’r of these epilepsies is the perysilvian network volved in executive and comprehensive language func-

tions. This bundle has importantly increased during human
evolution allowing faster transmission of information.
Communication functions developed in close relation to
cognitive abilities. They require high-level plasticity, sub-
stantially represented by the large perisylvian cortex.
118,119 |t is no wonder that this multifunctional and strate-
gically important territory may harbor several forms of
epileptic derailment.

The perisylvian cortex, widely covering the frontal-pre-
frontal temporal and temporo-occipital cortices, deserves
the name ‘human communication system’ for its key roles
in functions related to speaking, reading and writing. 118

Language research has revealed the enormous develop-
ment of the PN from chimpanzees to humans; associated
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Figure 4: The perisylvian language network (after Schomers et al 2017 119). Top: the interconnection of the perysylvian areas in
apes. The numbers represent Brodmann areas. Black lines show interconnections. Bottom: the human perisylvian communication
network. M1= primary motor area of speech expression (flesh-like-color), PM= premotor Broca area, PF= prefrontal area working
memory (pink), A1, AB, PB auditory areas. The purple arrows represent the interconnections between areas; those connections
existing only in humans. Green arrows: interconnections only in animals.

The centro-temporal spike is the spectrum-specific interictal discharge

Box 7

The centrotemporal spike

A ~88 milliseconds-duration centro-temporal sharp-wave is termed CTS. Its EEG amplitude-map shows a characteristic
frontal positive and temporal negative tangential dipole perpendicular to the Sylvian fissure, followed by a lower
amplitude slow wave of generalized SW. lts topography is diverse; preferring the face-field of the somatomotor gyrus.
Abundant spiking may emerge from the opposite hemisphere to seizure-onset zones; the spikes may be independent
bilateral or poly-focal even within one recording. CTS are not necessarily concordant with the seizure-onset zones and
interestingly, they may slide wide around the PN. CTS accumulate during NREM sleep, the strongest activation (highest
amplitude, broadest field and bilateralization of potentials) occurring in N3 sleep, on the descending slopes of the first
sleep-cycles.'?! Its frequency varies from rare to frequent.

Unlike most epilepsies where IEDs couple with CAP Al slow waves, CTS associate with spindles?22-124, The significance of
IEDs’ diverse coupling with sleep-components is unclear; it may be related to IEDs’ cognitive relations.

© 2024 European Society of Medicine 9




Box 8

The neuroimaging background of centrotemporal spikes

The development in neuroimaging allowed studying the morphology-features and networks underlying IEDs, including
CTS. Several studies revealed deficits of brain-maturation, decreased fractional anisotropies in subcortical structures (e.g.
the putamen and caudate nucleus), as well as in the sensorimotor and language-networks of SeLECTS children. There
were complex connectivity-changes and disorganization in the small world of the epileptogenic zone and in a widespread
related network, preceding and following CTS in a 400ms timespan. The brain maturation-impairment affected a wide

network seemingly connected to IEDs beyond the epileptogenic area.12512¢6

Interictal and ictal symptoms
Most SelLECTS patients experience <10 seizures; 10-
20% of them present with just one. The seizures favor
NREM sleep or drowsiness; the probability of awake
seizures is less than 10%120,
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The CTS is an endophenotype overarching the SeLECTS
spectrum, including non-epileptic relatives

CTS occurs in the sleep EEGs of 1-2% of healthy 5-12-
year-old children, and only 18-25% of CTS-holders have
epilepsy.'? Rarely, CTS occurs during sleep in autism
spectrum and ADHD-children.28-132 (Fig. 5)
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Augmented continuous CTS
+pathological ripples (not shown)

in electrical status epilepticus

The frequency, voltage and synchrony of interictal ripples increase proportionally with the severity
of epilepsies in the spectrum

Figure 5: Three forms of centro-temporal spike (CTS) across the self-limited focal childhood epilepsy spectrum. Left: CTS without
epilepsy; middle: Rolandic epilepsy with ripples on the top of CTS (spectrogram; top: averaged spikes, middle: spectral frequencies
on the top of spikes (red arrow) Right: electrical status epilepticus in sleep; the discharge pattern assumed to be augmented CTS with
pathological ripples (not shown) evidenced by Kobayashi (2011 133),

The ‘epileptic’ CTS associates with a HFO (ripple crown),
while there is no ripple if CTS doesn’t associate with
epilepsy'33. Most CTS fade away with age. In some CTS-
carriers, a peculiar giant middle-latency somatosensory
potential (SEP), can be evoked by electrical stimulation of
the median nerve or touch;'34 disappearing before age
12 alike CTS. Since the main negative component of the
giant SEP resembles CTS'35, and there are similar giant
SEPs in myoclonic syndromes’36, the possibility of giant
SEP’s involvement in epileptogenesis can be raised.

The parameters of HFO mark the clinical severity of
spectrum-members; the number of ripples (unlike spikes)
correlating with the numbers of seizures. Ripples appear
on CTS in SelECTS, more ripples associate in atypical
SelECTS, and when EE-SWAS evolve, the number,
voltage and amplitude of ripples augment further. 137

Atypical Rolandic epilepsy: a missing link of the
SeLECTS spectrum.

The warning signs forecasting an encephalopathic
progression were first summarized by Fejerman'38; and
confirmed by others.139.140 Those warning sings included
atypical seizures, oro-motor status epilepticus, a more
important cognitive loss, and higher frequency ripples 147,
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than in the “benign” forms; SW-runs, frequent CTS, and
an abnormal EEG-background. The atypical forms may
represent transit-stops towards the EE-SWAS or
genetically distinct variants.

The progress of SeLECTS to epileptic encephalopathies
(electrical status epilepticus in sleep and Landau-Kleffner
syndrome)

A study on 196 SelLECTS patients suggested that ~7% of
them progressed to epileptic encephalopathies (status
electricus in sleep-ESES- and Landau-Kleffner syndrome
(EE-SWAS) representing 65% of the “atypical” forms'16,
About one-third of ESES cases had a previous diagnosis
of SelLECTS.139

The history of EE-SWAS has begun with the report on a
“peculiar EEG pattern occurring almost continuously
during sleep, characterized by apparently subclinical
spike-and-waves for variable length of time (months to
years)” in six children with cognitive deficits. 143 After this
first publication, Tassinari et al 44 introduced the term
“encephalopathy related to electrical status epilepticus
during slow wave sleep” (ESES). They suggested that “the
condition of a protracted (years) status electricus in sleep
can be the factor leading to severe mental deterioration
10



and psychic disturbances.”'45 Initially, ESES was deemed
rare but more and more cases have been identified later.
Due to its broader ‘reputation’ and looser definition, it
has become a relatively frequent diagnosis recently.
More than 50% of patients have a severe lesional
background, and the rest evolve from SelFE.

First Kellerman'4¢ documented patients with acquired
epileptic aphasia (LKS). The children had localized
activation of abundant spike-and-slow wave discharges
during NREM sleep consistent with a regional ESES,
therefore, several authors have considered LKS an ESES-
variant. 147-150 The evolving aphasia of LKS points to a
circumscribed  dysfunction of the speech-related
perisylvian (Wernicke) network in the posterior part of
the first temporal convolution.

SelECTS and the malignant EE-SWAS used to be
considered distinct entities. The supposed big gap
between the cognitive outcomes hindered their
unification, and also the terminology-chaos caused
confusion 42, However, the recognition of subtle
language-dysfunctions in SeLECTS, and even more of
them in the atypical forms, facilitated their convergence.
Sleep patterns’ epileptic transformation in ESES/LKS and
the progress to those severe phenotypes; as well as the
genetic relations need further research.

The anatomo-functional background of neuropsychological
symptoms in SeLECTS

There are variable neuropsychological symptoms
belonging to the self-limited spectrum. They originate in
a wide territory of the hosting PN (a rich assembly is
given in the exemplary work of Guliyeva et al'5!). Those
symptoms may be related to a developmental delay
revealed by mild and transient morphological changes
(e.g. cortical thinning'52). CTS emerge early; while
seizures may evolve later from the motor strip’s intra-
sylvian part; an apparently different area compared to
the supposed wide region of neuropsychology symptoms.
In view of the rare development of LKS from the milder
SelECTS conditions; a continvity of early and mild
language-symptoms and the tragic LKS-symptoms needs
to be considered. (BOX 8)

Summary

The conditions hosted by the broad PN and association
cortices, make a spectrum from typical and atypical
SelECTS to EE-SWAS. These conditions meet the criteria
of system epilepsies. The progressive epileptic
transformation of the PN may have genetic and
developmental origins.

The severity of epilepsies within the spectrum is signalized
by ripple-parameters. The |EDs of EE-SWAS seem to be
consistent  with  augmented, synchronized and
bilateralized CTS with pathological HFO. Each type of
ripples enhances in NREM sleep.'53 NREM sleep is a
central player or a master-card; participating in each
essential symptom of the SeLECTS-spectrum.

It seems contradictory, that CTS and seizures localize to
the intra-sylvian cortex, while the cognitive loss associates
with much wider regions, without consequent traces of
epileptic discharges. Those findings showing cognitive
deficits before the appearance of epilepsy offer a clue:

SelECTS might emerge in a developmentally
compromised brain; a secondary epileptic-derailment of
a handicapped PN (as suggested by early cortical
thinning'52) may be assumed.

Reading-, and language-induced epilepsies of the
perisylvian network

In addition to reading, there are various seizure-triggers
denominated by the term reading epilepsy (EwRIS);
including calculation, writing, shorthand, higher cognitive
tasks and plays. Therefore, the term “language-induced
epilepsy” has been suggested.154

The PN hosting complex communication-functions is
vulnerable to genetic, developmental or early hypoxic
damages that may lead to variable epileptic
transformations. The individual organization and inter-
connections of the involved functions, result in colorful
syndrome-patterns.

Wolf 155 reviewed 111 EwRIS cases. The seizures have
been suggested to occur within a wide-spread neuronal
network with no single focus. A polygenic etiology has
been assumed. Recently Puteikis et al 15¢ summarized the
demographic, clinical and imaging data of 101 cases
collected by PubMed and Web of Science search;
published between 1991 and 2022. Reading aloud was
a stronger seizure-trigger than silent reading and if
reading required concentration, seizure-occurrence was
more likely. Seizures followed reading with some delay;
the epilepsy-prone system needing to “warm up”. The
abnormal interictal and ictal EEGs had various extensions
and localizations mostly in the dominant hemisphere.
Sleep records were not mentioned in the paper.

MRI findings were reported in ~50% of patients; 14%
were abnormal. More sophisticated imaging and EEG
data were available in 26% of cases. Functional imaging
and magnetic source localization studies showed first
activation over the frontal lobe and in the supplementary
sensory-motor area region, but the results were
inconsistent. In addition to typical oro-facial myocloni,
other ictal symptoms including visual or dyslexic ones
occurred.

The network of juvenile myoclonic epilepsy and reading-
induced seizures

Focal triggering (such as reading etc.) of evoked seizures
in the frameworks of JME occur, contrasting its supposed
"primary generalized" nature.

In JME, there is a widespread epileptic network primarily
including the visual and motor cortices besides the
thalamocortical system.”9-84 This network of facilitated
subsystems  accounts for the myoclonic jerks,
photosensitivity; as well as the occurrence of reading-
induced apparently ‘generalized’ seizures (myoclonic,
tonic-clonic or absences) of JME.

While JME is held to be a ‘generalized’ epilepsy, many
of its seizures might be related to the epileptic
hypersensitivity of focal areas entraining the
thalamocortical system.

EwRIS differs from SelFE conditions in its obvious stimulus
dependence only. The proximity of SeLECTS and EwRIS is
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supported by a report on a Rolandic epilepsy patient,
who has progressed to EwRIS later. 157

Other reflex epilepsies precipitated by communication-
functions likely belonging to the perisylvian network

Wolf 58 stated about reflex-mechanisms in JME, that “they
proved the ictogenic role of functional-anatomic
subsystems serving physiological functions”. This seems
valid also in other reflex-epilepsies.

Here we list some reflex-epilepsies induced by speech,
writing, singing and high-level sensory inputs, related to
human communication.

Language-induced seizures may have two or more
triggers.’>? In two graphogenic epilepsy cases also the
thought of writing was a trigger.1¢0 Seizures lateralized
to the left centro-parietal area as in other cases of
graphogenic epilepsy. 161-164 The seizures manifested
contralateral hand-jerks. Note the triggering power of
imagination; we witness here the ‘materialization’ of
phantasy.

Playing music and singing - other forms of communication
also related to the PN -, can trigger epileptic seizures as
well.165166  An interesting condition is the rare (1/10
million) musicogenic epilepsy with temporolateral or
orbitofrontal involvement. The participation of the
superior temporal gyrus puts also this epilepsy into the
PN spectrum. The triggering music is usually familiar to
the patient, who may be emotionally involved.
Interestingly, most affected patients are educated in
music (Wolf, personal communication). The seizures are
similar to non-provoked temporal ones. A frontal
propagation (to the insula, middle cingulate cortex,
orbitofrontal cortex, accumbens nucleus, and frontal pole)
with more right side-involvement, may be related to the
emotional symptoms.1¢7-173

Functional neuroimaging studies in non-epileptic persons
have shown a more circumscribed activation-region in the
upper temporal convexity by sound or music, compared
to the widespread activation during musicogenic seizures.
The seizure-onset may follow the trigger with a long
delay; suggesting a wide network-activation.

Commonalities of epileptogenesis related to focal brain-
injury

In 2018, a group of researchers issued a review ,to
examine the evidence for possible commonalities in
epileptogenic processes”, in different types of brain-
injuries and acquired epilepsies. They explored, whether
evidence from animal-models could be adapted for
human epilepsy?, finding several shared features of
animal and human epileptogenesis as well as of post-
injury and other acquired epilepsies.

Post-injury epileptogenesis and its experimental model
After any brain insult, acute symptomatic seizures may
emerge within the first days post trauma. Head-traumas,
cerebrovascular accidents or other brain-injuries cause
20-60% of epilepsies 74 Most acute symptomatic
seizures is followed by a second one in the next two
years, however, 25-40% long-term remission rate has
been reported. The estimated rate of early post-ischemic
stroke-seizures range from 2% to 33%, and the incidence
of early seizures and epilepsy after parenchymal brain-
hemorrhages is 11.8—15.4%. 175

The Steriade-school studied posttraumatic
epileptogenesis in the nineties, Timofeev and co-workers
have continued this research. The starting point was that
isolated neo-cortical areas were hyper-excitable and
produced local suppression-burst activity.'7¢ It was
hypothesized, that the bursts had a homeostatic
stabilizing function, compensating low neuronal activity
after de-afferentation'”?. The results supported the role
of homeostatic synaptic. After a large transection of
white matter underneath the suprasylvian cortex
producing the isolated cortex model, Avramescu and
Timofeev studied cats with intra-, and extra-cellular
electrodes for 2-, 4 and 6 weeks. (FIG 6) The EEG-
parameters were compared with those seen before
surgery. First, a low neuronal activity of the de-
afferented slabs had appeared. Later, this activity
increased, reaching the level of paroxysmal high
amplitude bursts; finally, in free-moving animals,
epilepsy developed. They attributed the increase of
activation to a homeostatic compensating process in
response to de-afferentation; leading to an uninhibited
facilitation (overshot) of homeostatic plasticity. In sleep,
they found an increase of the silent down-states
(hyperpolarized periods) of the bi-stable slow
oscillation.'”8 (FIG 7)
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Sleep is a Major Participant of Epileptogenesis in Physiological Brain Networks
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Figure 6: Progressive increase in neuronal excitability after cortical undercut. A, Responses to depolarizing current pulses of RS
neurons from control and undercut cortex. The membrane potential is indicated for each example. B, Number of spikes recorded in
RS neurons in response to depolarizing current pulses of increasing. C, Instantaneous firing rate (reciprocal of the first interspike
interval) in response to depolarizing current Note the decline of both number of spikes and instantaneous firing rate immediately
after injury, followed by the progressive increase in excitability at 2, 4, and 6 weeks after trauma. Ctrl, Control; Ac, acute; W, weeks.
Error bars indicate SEM. +Left: (A) Long-lasting silent periods in all states of vigilance in the undercut cortex of cat. Localization of
undercutting shown by arrows on the cat brain- (B) Intracellular field potential recordings during different states of vigilance.
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Figure 7: Cat brain depicting the localization of the undercut (arrows), global view — left, frontal section — middle and sagittal section
— right. B. Intracellular and field potential recordings during different states of vigilance. Epochs indicated by horizontal bars are
expanded below. Note the presence of large amplitude hyperpolarizing potentials, indicated by shadowed area, during NREM,
REM sleep and waking (in the highlight). C. Intracellular neuronal recording in the intact cortex. EOG= electro-oculogram, EMG=
electromyogram, TRAUMA= injured animal (Modified from Timofeev et al 2010) (108).
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Recently, an interesting work of Massimini 79 appeared,
evidencing a special bistability-like compensating
process after stroke-related brain injuries; penetrating
into NREM sleep, wakefulness and REM sleep. These
studies confirm the importance of slow wave bistability in
homeostatic healing processes after brain damages and
the potential (inherent) epileptic derailment.

Discussion

In this paper, we applied the system-epilepsy concept,
for studying epileptogenesis; a long-lasting process
whatever the precipitating agent is. This concept is not
new.'5-19 The epileptic derailment of NREM sleep
homeostatic plasticity is an inherent hazard. In epilepsies
we reviewed, one may recognize the common ways of
transformation; normal sleep-EEG patterns serving
plasticity turn to epileptic transients. The features of the
affected systems and their relation to sleep, determine
the types of transformations. Postinjury epilepsy seems to
be a good model of epileptic transformation, deserving
further studies.

The epileptic derailment in the vigilance-regulating twin-
systems (AE linked to sleep promotion and SHE linked to
the arousal system) is special, highlighting that the normal
functioning of an epilepsy-prone system, may trigger
seizures.

The link between DOA and SHE is also worth discussing.
The first one is a sleep disorder; the second one is
epilepsy, while they share several features, such as sleep-
relatedness, symptoms, genetic overlaps, and an arousal-
related sleep-dissociation mechanism with autonomic,
motor and emotional arousals occurring within a sleeping
brain. The regions of activation in DOA-episodes, overlap
with the seizure-onset zones of SHE-seizures and co-
localize with hubs of the salience network. Since the SN is
interconnected with the hypothalamo-hypopituitary-
adrenal axis producing the Cannon-Selye type acute
stress reaction, DOA and hypermotor seizures may both
manifest false alarm-symptoms (without any danger).

In epilepsies we reviewed, IEDs in NREM sleep carry more
important roles in epileptogenesis than seizures. In case
ofSel

ECTS, IEDs (CTS) appear to be the functional building-
stones signalizing the state of the epileptic process both
in progression and in regression. It is unclear whether the
paramount role of NREM sleep seen in childhood
epilepsies prevails also in epilepsies starting in
adulthood; featured by less plasticity.

In contrast to HFO, traditional IEDs’ (spikes’) rate is not a
measure of seizure-threshold or clinical severity. Those
epilepsies with abundant IEDs and hardly any seizures,
challenge the old dogma that epilepsy does not exist
without seizures.

There is an implicit agreement that ,sleep-related
epilepsy” means sleep-related seizures. We feel that
also IEDs need to be taken into account in this respect.

Recently, the development of fMRlI has helped
understanding the hidden network and effect of IEDs,
including CTS.

A big mass of evidence on IEDs’ influence on the cognitive
sphere has come from studies on SeLECTS children.

It has been evidenced that SeLECTS may progress to EE-
SWAS, where augmented CTS flood NREM sleep in
association with increased pathological HFO.

CTS may signalize a time-limited regional delay of
cortical development with increased cortical excitability
that can progress to epilepsy. Without this epileptic
evolution, normal development may restore and CTS
disappear, while a further epileptic evolution may
interfere with cognitive development.

IEDs interfere with sleep-plastic functions, therefore, the
actual cognitive loss originates from the impairment of
NREM sleep-related synaptic plasticity.179-181

SelFE and reading-induced seizures seem to be the
products of PN, hosting language functions. PN anchors
several known variants of epileptic derailment in the
human communication-system, the majority waiting for
categorization.

NREM sleep-homeostatic plasticity has a major role in
epilepsy. Homeostatic plasticity is a compensatory
(healing) process, correcting or recovering cell-loss or
functional decrease, however, it goes together with the
increase of excitability that may reach an epileptic level.
In system-epilepsies we investigated, we found supports
to this attractive  theoretical ~model. During
epileptogenesis, normal functions partially transform to
an epileptic working mode. 182

Conclusion

The epileptic transformation can be traced in several
physiological  brain  systems. Epileptogenesis is
intertwined with sleep. Sleep-homeostatic plasticity
repairs any disturbance of NREM sleep, it provides a
strong protection and recovery-mechanism for the brain
enabling it to develop; but it also carries a risk of
epilepsy. If the powerful NREM sleep homeostatic-force
derails, sleep EEG patterns may transform to epileptic
spikes and pathological ripples.

NREM sleep is a mediator, in which exaggerated
homeostatic  plasticity may transform physiologic
networks to dysfunctional and discharging epileptic
systems; up-and-down states of sleep slow oscillations
may play a key role.

Epilepsy seems to be the most important sleep disorder.
The parameters of pathologic HFO signalize
epileptogenesis and the epileptic progress.

NREM sleep potentiates epileptic phenomena, which in
turn, interfere with sleep-functions. This vicious circle
working every night, may transform brain-functions, fuel
seizures and cognitive impairment, especially in flexible
childhood periods and plastic systems of development.

MTLE, AE, JME, SHE and SelFE (including language
induced reflex-epilepsies), are hosted by plastic brain
systems. Each of them links to sleep homeostatic plasticity.
The system-epilepsy concept has led us to a potential new
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approach of epilepsy taxonomy, which would consider
spectral lines, too.

Practical consequence: Whole-night EEG is not simply an
“activation” procedure (like hyperventilation), but a
sampling probe revealing the dynamics of the epileptic
process, acting unnoticeably every night. Therefore,
whole night EEG studies are most important diagnostic
tools to be used in each patient with epilepsy.

Suffix

This paper does not systematize all epilepsies according
to the system approach. The most important shortage is

the scrutiny of epileptogenesis in the visual system. The
understanding of the photo-paroxysmal response, the
axial phenomenon related to visual system-epilepsy, is
still lacking; it is present in a much wider-, even non-
epileptic-population, beyond epileptic patients. The
biology of photosensitivity would exceed the frames of
the present review.
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