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Abstract

Epilepsy surgery is the therapy of choice for many patients with drug-resistant
focal epilepsy. Recognizing and describing ictal and interictal patterns with in-
tracranial electroencephalography (EEG) recordings is important in order to
most efficiently leverage advantages of this technique to accurately delineate the
seizure-onset zone before undergoing surgery. In this seminar in epileptology, we
address learning objective “1.4.11 Recognize and describe ictal and interictal pat-
terns with intracranial recordings” of the International League against Epilepsy
curriculum for epileptologists. We will review principal considerations of the im-
plantation planning, summarize the literature for the most relevant ictal and in-
terictal EEG patterns within and beyond the Berger frequency spectrum, review
invasive stimulation for seizure and functional mapping, discuss caveats in the
interpretation of intracranial EEG findings, provide an overview on special con-
siderations in children and in subdural grids/strips, and review available quan-
titative/signal analysis approaches. To be as practically oriented as possible, we
will provide a mini atlas of the most frequent EEG patterns, highlight pearls for
its not infrequently challenging interpretation, and conclude with two illustrative
case examples. This article shall serve as a useful learning resource for trainees in
clinical neurophysiology/epileptology by providing a basic understanding on the
concepts of invasive intracranial EEG.

KEYWORDS

atlas, interictal epileptiform discharges, intracranial electroencephalography, low-voltage fast
activity, pathology, prognosis, seizure-onset pattern, stereo-electroencephalography

~at- Disorders

For Affiliation refer page on 47

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2024 The Authors. Epileptic Disorders published by Wiley Periodicals LLC on behalf of International League Against Epilepsy.

Epileptic Disorders. 2024;26:1-59.

wileyonlinelibrary.com/journal/epd2

1


www.wileyonlinelibrary.com/journal/epd2
mailto:
https://orcid.org/0000-0001-6064-1529
https://orcid.org/0000-0002-5445-2526
https://orcid.org/0000-0001-7232-6673
https://orcid.org/0000-0002-1132-302X
https://orcid.org/0000-0002-6035-6581
https://orcid.org/0000-0001-7979-2343
https://orcid.org/0000-0002-0178-4332
https://orcid.org/0000-0002-7855-7066
https://orcid.org/0000-0001-7775-6576
https://orcid.org/0000-0003-3261-7120
https://orcid.org/0000-0002-7448-2183
https://orcid.org/0000-0003-1258-5678
https://orcid.org/0000-0001-6775-5318
http://creativecommons.org/licenses/by/4.0/
mailto:birgit.frauscher@duke.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fepd2.20190&domain=pdf&date_stamp=2024-02-13

FRAUSCHER ET AL.

:| Epileptic.—

e Disorders

Learning objective of the International
League against Epilepsy curriculum

To recognize and describe ictal and interictal
patterns with intracranial recordings:

« To learn basic principles of invasive intracra-
nial EEG

» To describe the most common ictal and inter-
ictal intracranial EEG patterns

« To recognize basic considerations of invasive
cortical stimulation

« To be aware of pitfalls and potential limitations
of intracranial EEG

1 | INTRODUCTION

Epilepsy surgery is the treatment of choice for many pa-
tients with drug-resistant focal epilepsy.! The standard
investigations of phase 1 presurgical epilepsy work-up
comprise video electroencephalography (EEG), neuro-
imaging, neuropsychological assessment, and auxiliary
tests such as electromagnetic source imaging, positron
emission tomography, single photon emission computed
tomography, and functional magnetic resonance imag-
ing.” Invasive intracranial EEG is the method of choice
for patients who do not fulfill criteria for proceeding di-
rectly to surgery, but who are still deemed to be poten-
tially good surgical candidates.” Two techniques are
differentiated: subdural grids/strips recordings and stereo-
electroencephalography (SEEG). Whereas this review will
predominantly focus on SEEG given its recent increase
in use around the world,*” it will cover principles related
to both techniques and have a section dedicated to spe-
cial considerations in subdural grids/strips. Furthermore,
whereas most principles of interpretation are transferable
to the pediatric population, special considerations in chil-
dren will be highlighted in a separate section.

This educational review paper addresses the follow-
ing learning objective of the International League against
Epilepsy curriculum: “1.4.11 Recognize and describe
ictal and interictal patterns with intracranial recordings.”
Having a very good understanding of the current princi-
ples and pitfalls of this methodology is critical in order to
most efficiently leverage advantages of this technique to
accurately delineate the surgical targets in patients with
drug-resistant focal epilepsy. One important difference to
scalp EEG recording is the inherent sampling bias when
using invasive intracranial EEG, which is independent of
the technique used. This explains why one of the main
questions to ask oneself when interpreting invasive intra-
cranial EEG is always if the “true” initial seizure onset is

Key points

» The purpose of intracranial EEG is to identify
the seizure-onset zone, delineate the wider epi-
leptic network and resection margins, and lo-
calize relevant eloquent cortex in relation to the
epileptic network.

« Given similar efficacy to identify the epilepto-
genic zone at significant lower complication
rates, SEEG has become the method of choice
for most intracranial EEG investigations.

« Seizure-onset patterns containing fast activity
are associated with a better postsurgical prog-
nosis than seizure-onset patterns not including
fast activity.

« Seizure semiology is shaped by both spatial and
temporal aspects of the ictal EEG change.

« Interictal intracranial patterns are generally just
partiallymirroring underlying histopathological
signatures.

« Frequencies outside the Berger frequency spec-
trums such as high-frequency oscillations and
direct current shifts have been shown to be use-
ful to delineate the epileptogenic zone.

« Seizure stimulation is integral part of every

SEEG investigation given its usefulness to

probe the epileptic network.

Even though subdural grids/strips may remain

the preferred option for assessment of cortex

in close vicinity to eloquent cortex, functional
mapping is possible with SEEG.

« Understanding consequences of the limited
spatial sampling of intracranial EEG is impor-
tant for a correct interpretation of the “appar-
ent” seizure-onset zone.

« Computerized approaches for the detection of
the epileptogenic zone hold promise to assist
the neurophysiologist/epileptologist in the in-
terpretation of intracranial EEG studies.

sampled, or whether what we see in the intracranial EEG
corresponds to propagated activity as we are blind to the
“true” seizure onset. Therefore, using the term “apparent
seizure onset” may be more appropriate to reflect this im-
portant practical limitation.

In the following, we will review principal consid-
erations of the implantation planning, summarize the
literature for the most relevant ictal and interictal EEG
patterns, review invasive stimulation for seizure and
functional mapping, discuss caveats in the interpreta-
tion of intracranial EEG findings, provide an overview on
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special considerations in children and in subdural grids/
strips, and review available quantitative/signal analysis
approaches and conclude with providing two illustrative
case examples. After careful reading of this article, train-
ees in clinical neurophysiology/epileptology should have
a basic understanding on the concepts of invasive intra-
cranial EEG.

Importantly, different recording methods influence
how the seizure “looks” different to the EEGer, which in
fact led to different and somewhat contradictory concep-
tual models of how seizures arise in the brain.® Different
uses of terminology and nomenclature also arose from
these different models. The term “epileptogenic zone
(EZ)” was first used by the French pioneers of SEEG, Jean
Bancaud, and Jean Talairach, from the 1960s onward to
indicate the “primary seizure organization”’ reflecting
the fact that seizure activity was typically observed near-
simultaneously in a set of connected structures rather
than a single structure. This term also reflects their view
on the importance of early seizure propagation in seizure
expression. A different definition of the EZ was later pro-
posed by specialists of epilepsy surgery based on subdu-
ral grid use and especially by the school of Hans Luders,
as the “area of cortex indispensable for the generation of
epileptic seizures,” the removal of which was necessary
and sufficient for seizure freedom after surgery.® “Seizure-
onset zone” (SOZ) according to this subdural grid-derived
model was defined as the “region where the clinical sei-
zures originate”.® While the term SOZ does not capture
the importance of initial seizure spatiotemporal dynamic
architecture as evidenced by SEEG, in this article for sim-
plicity, we have chosen to mainly use the term SOZ, recog-
nizing its limitations and ambiguities.’

2 | PLANNING OF THE
IMPLANTATION: FROM
INDICATION TO IMPLANTATION

The past decade has seen the widespread adoption of
SEEG for invasive exploration of the brain in patients with
drug-resistant focal epilepsy.* A SEEG study aims to con-
firm or refute hypotheses of likely primary organization of
seizures, in patients in whom non-invasive investigations
alone suggest possible unifocal and operable epilepsy, but
in whom alternative hypotheses need to be excluded to
enable optimal surgical decision making. The goal of pre-
implantation analyses of all non-invasive data of phase 1
work-up is to synthesize the findings into a most likely hy-
pothesis as well as to identify secondary hypotheses to be
excluded.'® When there is complete concordance among
the non-invasive data and there is no ambiguity in impli-
cating a single brain region or well-defined network, an
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invasive evaluation may be superfluous, unless for exam-
ple relation to functional cortex requires to be investigated
prior to surgical decision making. SEEG is primarily in-
dicated when the non-invasive data are discordant or in-
sufficient or point to multiple plausible brain regions, but
only if a hypothesis of a single, spatially constrained, po-
tentially operable region is supported by the non-invasive
data. The end-goal of SEEG is resolution of these ambigui-
ties by identifying the SOZ and early seizure organization
in relation to any epileptogenic lesion (if present), to the
zone involved by interictal spikes, and the functional spe-
cificities of the explored regions.'' Apart from its primary
indication, there are growing indications where SEEG
is performed with the view to perform radiofrequency
thermocoagulation or responsive neurostimulation, even
though the SOZ is likely known or multifocal, such as, for
example, in periventricular nodular heterotopia or bilat-
eral mesiotemporal lobe epilepsy.'***

SEEG is an invasive procedure that is not without risks.
Complication rates in SEEG are in general estimated to be
between 0.6% and 2.0% depending on the individual center’s
experience.’> ™’ Up to 40% of patients undergoing SEEG are
subsequently not offered surgery because the SOZ is less
focal than expected, cannot be identified, or shows signifi-
cant overlap between the SOZ and eloquent areas preventing
a successful surgical intervention.>™"” In order to reduce an
unnecessary invasive diagnostic burden on patients where
no focal SOZ can be identified, the 5-SENSE score was de-
veloped and validated to assist clinicians to predict patients
where SEEG is unlikely to record a unifocal, spatially con-
strained SOZ (https://lab-fraus.cher.github.io/Sense_calc/).18
Positive predictive variables of the score are the presence of
a focal lesion on structural magnetic resonance imaging, the
absence of bilateral independent spikes in scalp electroen-
cephalography (with the exception of bitemporal spikes), a
localizing neuropsychological deficit, a strongly localizing
semiology, and a regional ictal scalp electroencephalogra-
phy onset. Results of the score need to be interpreted in the
clinical context. In the absence of overlap with functional
areas, large and multilobar resections are sometimes possi-
ble and may allow to achieve good clinical outcomes.

A SEEG implantation has been originally designed
around the concept of an epileptic “network”: a set of con-
nected anatomical structures that allow for an “anatomo-
clinical-electrical correlation”,'® wherein electro-clinical
correlations of successive features of seizure semiology
are analyzed with respect to the sampled anatomical sites.
The results obtained depend largely upon the accuracy of
the SEEG implantation, which in turns depends on the
prior hypotheses that have been formulated from the non-
invasive phase. An early observation from SEEG stud-
ies was that the electrical disturbances arising from the
presence of an epileptogenic cerebral lesion were often
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non-contiguous with lesional anatomic boundaries. In ad-
dition, seizures could be observed to arise from structures
distant from the lesion and even separate from the region
of maximal interictal spiking." In ~40% of cases, the SOZ
corresponds to a relatively restricted area of the brain, in
which seizure onset is limited to a unique dysfunctional
area (focal organization), a situation corresponding to the
classical notion of an “epileptogenic focus.” In ~60% of
cases, the seizure onset is characterized by discharges that
simultaneously or very rapidly involve several distributed
brain regions (network organization).” Signal analysis
studies applied to SEEG data have allowed quantification
of epileptogenicity (see section “Overview on quantita-
tive / signal analysis approaches”), with the seizure onset
being distinguishable from propagation and non-involved
zones.

In general, involvement of specific brain networks is
suspected on the basis of seizure semiology and ictal sur-
face EEG (as well as supporting data from neuroimaging):
for instance, a rising abdominal feeling followed by oro-
alimentary automatisms is classically associated with a
mesial temporal lobe seizure origin.*! Another example
is a unilateral somatosensory aura progressing to hemi-
clonic movements associated with a contralateral per-
irolandic process. Thus, one speaks of a limbic network
(involving one or more of the hippocampi, amygdala, tem-
poral neocortex, cingulate, orbitofrontal, insular, and me-
dial parietal areas) or a central network (vertical extent of
the pre- and post-rolandic areas, the cingulate motor area,
and mid-insular region). Other examples of networks are
medial frontal (the mesial premotor frontal cortex, cingu-
lum, postcentral parietal lobe, dorsolateral frontal cortex,
and the contralateral mesial frontal cortex), frontopolar/
orbitofrontal (basal frontal lobe, anterior cingulate region,
temporal pole, anterior opercular-insular region), or pos-
terior cortex (medial and lateral occipital lobe, posterior
temporal region, posterior parietal lobe, and precuneus)
networks.'

While seizure organization may be non-contiguous
with a certain lesion, the presence of lesion and especially
type of pathology contributes heavily to implantation
strategy. For large single lesions (e.g., lobar pachygyria,
polymicrogyria, and schizencephaly) or multiple lesions
(periventricular nodular heterotopia, tuberous sclerosis),
in which surgical decision making will be heavily influ-
enced by lesional boundaries, SEEG network interroga-
tion may comprise sampling as much of the lesional area
as possible, with additional electrodes placed to assess
relevant adjacent cortical function and to decide whether
initial ictal involvement suggests that a lesional target for
resection is likely to produce seizure freedom.

SEEG evaluation aims above all to inform surgical de-
cision making by confirming and refuting hypotheses of

epilepsy organization. It fulfills the following sub-goals:
(i) to identify the SOZ, or alternatively the core regions
of the epileptogenic network when onsets are simulta-
neous over more than one structure; (ii) to delineate the
early propagation epileptic network; (iii) to localize rele-
vant functional cortex in relation to the epileptic network;
and (iv) to refute alternative hypotheses. Figures 1 and 2
show these principles in practice in two patients. The sub-
goals of SEEG need to be achieved with a fixed maximum
number of electrodes and recording contacts, constraints
that demand specific details of the implantation strategy
with reference to each electrode, such as the number of
contacts on that electrode and its optimum trajectory of
passage. In addition, the implantation should achieve an
equipoise between using the available contacts to sam-
ple widely — to cover the structures connected within the
primary hypothesized network and refute alternative hy-
potheses — and to sample closely and densely - for exam-
ple to map sensorimotor function in the central region.
Figure 1 illustrates the first situation and Figure 2 the
second. Though traditionally orthogonal trajectories (i.e.,
parallel to the gridlines defining the Talairach coordinate
system) are used, oblique trajectories possible with mod-
ern stereotaxic systems are increasingly used to maximize
the sampling yield. Orthogonal trajectories carry clear
advantages, for example, in the temporal lobe where both
lateral and mesial structures are systematically sampled or
in the frontal lobe where a single electrode can target both
the supplementary motor area, the frontal eye field, and
the hand motor area. Finally, and due to the fundamen-
tally visual nature of SEEG interpretation, clear diagram-
matic depictions of the implantation map at the planning
stage (Figures 1B, 2B) and accurate in situ views of the
electrodes in the patient's native MRI space after implan-
tation (Figures 1C, 2D) are essential.

SEEG is a highly interdisciplinary clinical enterprise,
involving at minimum personnel from neurology, clini-
cal neurophysiology, neurosurgery, and neurodiagnostic
technology. The procedural aspects of SEEG are complex
and prone to human error. Communication among key
personnel remains paramount: between neurology and
neurosurgery in formulating an overall management and
implantation strategy, between neurodiagnostics and op-
erating room staff to ratify the actual electrodes used with
their unique identifiers, and between neurology and neu-
rodiagnostics for checking physical connections during
EEG hookup. Although a 200/256 Hz sampling frequency
may be sufficient for conventional routine visual review of
SEEG," for more complex analyses, it is recommended to
sample at much higher frequency rates (512, 1024, 2048,
or higher) for research or advanced clinical applications
(e.g., high-frequency oscillation (HFO) analysis). In ad-
dition, the high-pass filter should be chosen as close to
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FIGURE 1 Implantation strategy to SEEG to resection on a 23-year-old right-handed man with drug-resistant sleep-related bilateral
tonic—clonic seizures. Neurological examination, 3T structural MRI, and PET were normal. Interictal EEG showed right paracentral
rhythmic slowing and generalized but maximum right hemispheric spikes/polyspikes. Ictal EEG showed a rapidly generalizing pattern
preceded by a right hemispheric maximal polyspike discharge (A; arrows). Seizure semiology comprised asymmetric tonic posturing

followed by generalized tonic and clonic movements incorporating a “sign of 4” with left arm extension suggesting right hemispheric
lateralization. Spike sources localized by MEG were in the right inferior and middle frontal gyri (extending to the superior frontal sulcus)
and anterior insula. Neuropsychological evaluation identified frontal executive deficits. The implantation strategy (B) is driven by the
hypothesis of a right anterior frontal lobe epilepsy with secondary bilateral synchrony. The lack of an imaging lesion mandated broad
premotor coverage that included MEG sources. Both hemispheres were sampled with a right-sided emphasis covering the precentral

region and the insula, with medial contacts of RSMA and LSMA intended to sample supplementary motor area and the other orthogonal
electrodes targeting the medial frontal cortex more anteriorly along the superior frontal and cingulate gyri. Two oblique trajectories sampled

the anterior and posterior insular cortex. However, all non-insular electrodes were verified on reconstruction to lie anterior to the SMA.

Electrodes were visualized by co-registration (C; bone-windowed and green-yellow colored). The coronal slice shows the relative positions
of all seven non-insular electrodes along the midline of the right frontal lobe. The red ellipse encircles the RSMA and RPM electrodes. The
coronal view is in the plane of the RPM/LPM electrodes. Interictal SEEG showed profuse multifocal and bilateral spike/polyspike trains
and bursts, with the RSMA electrode consistently leading or simultaneously with RPM (not shown). The ictal recording (D; 4s window
shown for clarity, double-distance bipolar montage, 1-128 Hz passband) showed a polyspike activity occurring near-simultaneously across
widespread bilateral regions, led by the middle and lateral contacts of RSMA (arrow). Concurrent scalp recordings recapitulated the Phase
I findings with rapid bilateral involvement (boxed). Electrical stimulation confirmed the absence of eloquent function in any of the right
frontal electrodes, with marked hyperexcitability of multiple contacts of RSMA and RPM. The patient underwent a resection of the mid-
portion of the right superior frontal gyrus delimited approximately by the trajectories of the RSMA and RPM electrodes (E). He was deficit
free post-operatively, and at 2-year follow-up, he was seizure-free on medications.

direct current (DC) as possible to be able to benefit from
the very low-frequency components of the signal (see sec-
tion “Beyond the Berger frequency band: high-frequency
oscillations and DC shifts”). It is important to remember
that high frequencies can be aliased into lower frequen-
cies on conventional computer screens and a 10s page dis-
play.** Redisplay on a higher resolution computer screen
and/or an expanded timescale (5s or less per page) will
clarify the presence of aliased power. Alternatively, the

low-pass filter can be adjusted downward on the display
software or the digitized signal down sampled prior to
review. We recommend that preliminary montages are
made in advance of the patient returning from the oper-
ating room after their implantation; upon connection, it is
straightforward to check signal fidelity and exclude noisy
and flat channels and often also channels localized in
white matter to create more compact final montages. It is
important to have precise co-registration of the electrodes
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FIGURE 2 Non-invasive data (A, C) to implantation strategy (B) electrode visualization (D) and ictal SEEG (E) in a 29-year-old right-
handed man with a family history of left handedness. Epilepsy onset was in his teens with sleep-related bilateral tonic-clonic seizures
persisting despite multiple antiseizure medications as frequent episodes of nausea and confusion. MRI brain was normal. Interictal EEG
showed frequent right mid- and posterior temporal spikes and runs of rhythmic delta, with rarer left anterior temporal spikes. Seizures
were recorded as episodes of cognitive slowing with hesitant speech and incorrect answers to simple questions that were recollected in
retrospect as a “funny” internal feeling. Ictal EEG showed a diffuse maximum right temporal pattern. FDG-PET showed right temporal
hypometabolism. Neuropsychology indicated better nonverbal than verbal performance with some difficulty with verbally mediated tasks.
Intracarotid methohexital (Wada test) confirmed bilateral-dependent language representation and impaired free recall memory in the right
hemisphere. Scalp interictal EEG spikes (A) were source-localized to the mid and posterior temporal regions (B; minimum L2 norm estimate
of current source density heat map with brown ball-stick indicating location of the corresponding dipole). The implantation strategy

(C) queried a right neocortical temporal hypothesis in the right co-dominant hemisphere. A single sentinel electrode was placed in the
opposite hippocampus. This was due to the combination of his ambidexterity as well as the interictal and ictal EEG not completely excluding
a significant left temporal lobe contribution to his seizure syndrome. Paralimbic structures often implanted in suspected mesial temporal
lobe syndromes (orbitofrontal cortex, insular cortex) were not sampled due to the strongly neocortical nature of the presentation. Electrodes
were visualized by image co-registration between a pre-implantation T1-weighted volumetric MRI and the post-implantation volumetric
CT to show the lateral surface electrode entry points (D) as well as the deeper trajectories. Ictal onset on SEEG (E) was confirmed over the
lateral mid- and posterior temporal region with later hippocampal involvement. The single page shown (10s, 5-100 Hz bandpass, bipolar
montage with selected isoelectric channels removed for clarity) demonstrates a herald spike over multiple right hemispheric contacts with
paroxysmal fast activity evolving to rhythmic spikes in the lateral contact of the RPH and RPT electrodes (solid arrows). The spiking right
hippocampus was recruited later in the seizure; the left hippocampal electrode remained quiet. Fast activity was also seen within 500 ms at
the RRS and RPT lateral contacts (hollow arrows) that evolved less robustly. Stimulation mapping for language did not definitely confirm
functional impairment at any site. The patient underwent a conventional right anterior temporal lobectomy with the posterior margin
defined by the posterior-most neocortical electrode contact active at ictal onset. Word-finding difficulties were noted in the immediate
post-operative period that gradually resolved over several months. He remained seizure free for a year though seizures recurred when he
self-discontinued antiseizure medications. He has since restarted medications and remains seizure-free under regular follow-up.

on the patient-specific MRI to exactly delineate where
each recording lead is located. To do so, there are several
freely and commercially available software platforms.* To
create final montages is important and will allow proper
visualization of the selected SEEG channels; having all
SEEG channels displayed at the same sensitivity will not
allow proper inspection of the SEEG signals as certain

pathologies such as periventricular nodular heterotopias
and certain anatomical structures such as the amygdala
have a significant lower amplitude than other pathologies
such as hippocampal sclerosis or certain anatomical struc-
tures such as the hippocampus.

As for scalp EEG, choice of the reference and ground
electrode is important in SEEG. The various centers follow
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different strategies and most centers select a “flat” white
matter contact as reference. Alternatively, an epidural
electrode fixed in the bone far from the epileptic field (e.g.,
over the parietal lobe opposite to the epileptic focus) can be
used. Traditionally, SEEG tracings are viewed in a bipolar
montage between adjacent contacts of one electrode (e.g.,
1-2, 2-3, 3-4, 4-5, 5-6, 6-7, 7-8, 8-9, 9-10, with 1 being
the deepest contact and 10 being the most superficial con-
tact), whereas activity of interest picked up on this mon-
tage can then be also analyzed in a referential montage.
Commonly used SEEG electrodes have cylindrical 5-18
contacts usually with a 2mm length, 0.8 mm diameter,
and 1.5-mm inter-contact spacing (Figure 3). Differently
from scalp EEG, sensitivity/amplitude is adjusted channel
specifically to allow for optimal visualization. To facilitate
the review of SEEG tracings involving often more than 150
contacts, some authors suggest a “screening” (or “double-
distance”) bipolar montage (where an electrode with con-
tacts 1-10 would be connected in the five derivations 1-2,

Epileptic.— L7

i DisOrders

3-4, 5-6, 7-8, and 9-10). No electrode contact is repeated
in the scheme and data display on the screen is minimized,
allowing for rapid “bird's-eye” review of long segments.

2.1 | Interictal patterns

The most important interictal SEEG pattern is deter-
mined by the epileptogenicity of the investigated brain
site (i.e., by the presence of interictal spikes+ pathologic
high-frequency oscillations, HFOs). Nonetheless, an un-
derstanding of normal and abnormal non-epileptiform
interictal activity is useful.

2.1.1 | Physiological EEG patterns

Physiological SEEG activities vary from one region
to another, and for example, faster beta activities

(A)

Contact length
\

— 2mm —» Diameter

—1.5mm— 1
h |

Inter-contact spacing

(8)
@ e ® ©
@ O 0 e
0o
@ G e o

® 00 @

\

FIGURE 3 Different types of electrodes used in invasive EEG studies. (A) 15-contact SEEG depth electrode. Contact length, inter-
contact spacing, and electrode diameter are displayed in the inset. Contacts are numbered starting from the tip of the electrode. (B)
16-contact subdural grid, arranged in four rows of four contacts each. Contact diameter is 4.0 mm, with a 10-mm contact spacing. Larger grid
sizes (i.e., 32 contacts) are also commercially available (C) 4-contact subdural strip. Contact diameter and spacing are the same as in grids.

All electrode images are used with authorization of DIXI medical.
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(20-24Hz) are particularly prominent in the frontal
lobes,** while theta and alpha frequencies are prevalent
in the temporo-parieto-occipital recordings.*>*® Within
the temporal lobes, delta activity can be found as well
(0.75-2.25Hz), with a maximum over the hippocampal
regions.?® The mu and alpha rhythms are easily seen in
central (mu is abolished by hand movement) and occipi-
tal regions.”> Well-sustained beta frequencies of about
25Hz were described in the precentral and postcentral
gyri with lower frequencies present in the postcentral
region (Figure 4).”” In the brain atlas of normal SEEG
recordings based on data of 106 subjects from three ter-
tiary epilepsy centers, alpha activity was seen in a lower
frequency in the temporal lobe (7.75-8.25Hz) when
compared to the occipital regions.26 But still, in clini-
cal practice, it is complicated to reliably identify brain
regions just from their SEEG patterns. Physiologic high-
frequency oscillations (HFOs) mostly occurring in the

ripple range (80-250 Hz) are predominantly seen in the
pre- and postcentral gyri, the mesiotemporal region and
the occipital lobe (Figure 5).

2.1.2 | Specifics on interictal epileptiform
discharges in SEEG

The definition of interictal epileptiform discharges
(IEDs) follows the same criteria as the ones used in
the visual analysis of scalp EEG. The International
Federation of Clinical Neurophysiology defines an IED
as a waveform that fulfills at least 4 out of 6 of the fol-
lowing: (1) di- or tri-phasic wave with sharp or spiky
morphology (i.e., pointed peak); (2) different wave du-
rations than the ongoing background activity; (3) asym-
metry of the waveform, with a sharply rising ascending
phase and a more slowly decaying descending phase, or

RCp1-RCp2 M“WWMWWWNWWMWWWWMWMWMMWMW’MM

-~ -

RCp2-RCp3 o eseniely Il i - AT " S — S LN
RCp3-RCp4 | Ay YN RTTY

RCp4-RCp5 - BTN [ WA | i Ao " e WMNM'WMMM}‘MV \ " WWWWV\%
RCp5-RCp6 "NNWN“A I Y o A e MU AP AR A gy sttt pr o

fRep:RCPT MMWWWWWWMWWWWMMMWWMMWWMWWMNMWMWW
RCp7-RCp8 WMMWWW@WMMMMWMMMWWWWMWMMMWMNMWMMWW
RCP8-RCpO MWWWWWMMWWWWMWWMWWAMMWWWMWWWMWWWW

RCp9-RCp10 " e — ” A I Mﬂ

RCp10-RCp11 M ! " W\ " e Mm nmﬂ MWM,W’NW ! W~ " o ,w \ Nf"
RSM““RSMAwWMmedwwwwmwMWWWMWwW%MMWMWwW

RSMAa2-RSMA,, |

RSMAa3-RSMA,

o MMM, " o

S N A TN

RSMAa4-RSMA,

REMAGS-REMA, o o? ATt s s AT WWMMMMWWWMWWWW

— 1sec

FIGURE 4 Physiological beta activity. SEEG recording during wakefulness from a 42-year-old man with a right orbitofrontal DRE.
Bursts of beta activity (blue arrows) are typically present over the motor and premotor areas. RCp was targeting the right mid-cingulate, and
RSMAa was targeting the right pre-supplementary motor area. Display parameters: Bipolar montage — a selection of electrodes is showed for
educational purposes — BP: [0.5-100 Hz]. DRE, Drug-resistant epilepsy; SEEG, Stereo-electroencephalography.
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FIGURE 5 Physiological high-frequency oscillations (HFO). SEEG recording during wakefulness from a 26-year-old woman with a left
temporal DRE. LCu was targeting the left cuneus. Display parameters: Bipolar montage — a selection of electrodes is showed for educational
purposes — BP: [0.5-100 Hz] before the zoom. After applying a high-pass filter of 150 Hz, a physiological HFO with more than four oscillations
(blue arrow) is visible over the contacts targeting the cuneus. DRE, Drug-resistant epilepsy; SEEG, Stereo-electroencephalography.

vice versa; (4) the transient is followed by an associated
slow after-wave; (5) the background activity surround-
ing IEDs is disrupted by the presence of the IEDs; (6)
distribution of the negative and positive potentials on
the scalp suggests a source of the signal in the brain,
corresponding to a radial, oblique, or tangential orien-
tation of the source.”® Special clarification needs to be
mentioned regarding the 6th criterion, considering that
(a) artifact signals are far less frequently seen in intrac-
erebral contacts in comparison with the scalp, (b) the
non-uniform distribution of the sensor space in SEEG
does not allow for a quick access to voltage maps, and
(c) in intracerebral recordings, it is not unusual for IEDs
to have positive and/or negative polarities (in referential
montage), and more than one positive and/or negative
phase reversal (in bipolar montage). This is explained
by the orientation in which the electrode contacts face
the dipole layer.*® Signals are also significantly sharper
contoured and of higher amplitude than what is seen
on the scalp given lack of attenuation by the skull, and
also due to the solid angle in which the contacts see the
dipole layer.?? Most of the time the visual analysis by a
trained neurophysiologist is enough to establish that the
source of the suspected IED is in the brain. In the case
of very focal IEDs, analysis of polarity reversal along the
set of contacts could be used to locate the generator. In
this situation, analyzing the SEEG tracings in a referen-
tial montage could be useful.

2.1.3 | Pathology-specific patterns

Historically, interictal non-epileptiform activity, in particu-
lar persistent focal slowing, has been used to define the le-
sional zone by SEEG.” However, the correspondence with
the SOZ is limited (Figure 6). Unfortunately, no specific
pattern for the temporal lobe epilepsy interictal activity has
been described in the literature yet — see comprehensive
review of Paredes-Aragon et al..*® Recordings from hip-
pocampal sclerosis are characterized with a mixture of slow
activities and high-amplitude spikes or spike slow waves
(Figures 7 and 8). But analogous findings can be seen in the
gliotic or histologically normal hippocampus.

In contrast however, several interictal SEEG patterns
have been described in focal cortical dysplasia (FCD): (i)
continuous or subcontinuous epileptiform discharges
(Figures 9 and 10): rhythmic epileptiform discharges oc-
curring for at least 10s in frequency of >1Hz," (ii) repet-
itive bursting spikes: burst of rhythmic polyspikes lasting
2-10s,°? (iii) slow wave/gamma burst: slow wave or
spike-and-slow wave complex (0.5-1 Hz) superimposed by
low-voltage gamma oscillations (40-55Hz).”>**** The ex-
istence of a peculiar interictal pattern characterized by the
presence of repetitive and rhythmic spike and polyspike
and wave, frequently associated with short bursts of fusi-
form micro polyspikes (Figure 11), has been revealed in
FCD type IIb by the group at the Niguarda Hospital, Milan,
Italy.* Later, the same group characterized lesion-specific
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FIGURE 6 Pathological slow wave activity. SEEG recording during wakefulness from a 36-year-old woman with a left insular DRE.

While normal awake background was seen over LS, pathological slow wave activity in the delta range was visible over the contacts targeting

the left anterior insula-anterior temporal gyrus (LIal-6) as well as the contacts targeting the left Heschl's gyrus (LHe3-7). LS was targeting

the left postcentral gyrus, LIa was targeting the left anterior insula, and LHe was targeting the posterior insula-Heschl's gyrus. Display

parameters: Bipolar montage — a selection of electrodes is showed for educational purposes — BP: [0.5-100 Hz]. DRE, Drug-resistant epilepsy;

SEEG, Stereo-electroencephalography.

interictal activity in FCD type II by total absence of back-
ground activity and pseudoperiodical occurrence of
“brushes” - repetitive, high amplitude, and fast spikes.*
A lesion-specific interictal SEEG activity was shown in
periventricular nodular heterotopia: intranodular back-
ground rhythms consisted of flattening periods mixed
with low-voltage low-frequency activities, with frequent
angled high-voltage spikes, asynchronous among differ-
ent nodules and synchronous with the overlying cortex
in the majority of cases (Figure 12).*® Interictal lesion-
specific findings have been described for tubers, present-
ing as continuous or near-continuous trains of rhythmic

focal spike-and-wave discharges on an attenuated back-
ground.””* In the case of polymicrogyria, an interictal
pattern characterized by low-voltage background associ-
ated with fast activities has also been described.*®

To conclude, interictal SEEG patterns are generally
just partially and weakly mirroring the underlying ep-
ileptogenic lesion. In selected cases, detailed analyses
of interictal SEEG signals, including HFO rates, spikes,
and their characteristics, together with functional con-
nectivity measures seem to be able to uncover a lesion-
specific “fingerprint,” and using a predictive model to
identify the quintessence of the epileptogenic lesion.*
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High-amplitude spikes and spike-slow waves within the sclerotic hippocampus (contacts B 1-5) propagating to the

ipsilateral amygdala (contacts A 1-4).
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FIGURE 8 Typical interictal pattern of hippocampal sclerosis. SEEG recording from a 22-year-old woman with a left mesiotemporal
DRE. The interictal activity from wakefulness is characterized by abundant low-frequency high-amplitude pseudo-periodic spikes
involving mainly the anterior hippocampus (b_1-3) with a diffusion to the left amygdala (a_1-4), and posterior hippocampus (c_1-

4). An increase of the sensitivity is needed for the visualization of the activity in the amygdala. Electrode a_ was targeting the left
amygdala, b_ was targeting the left anterior hippocampus, and c¢_ was targeting the left posterior hippocampus. This patient underwent
a standard left anterior temporal lobectomy. Pathology confirmed hippocampal sclerosis. She is Engel Ia with a follow-up of 4 years.
Display parameters: Bipolar montage — a selection of electrodes is showed for educational purposes — BP: [0.5-100 Hz]. Figure showed with
the courtesy of Dr Philippe Kahane from the University Hospital of Grenoble (France). DRE, Drug-resistant epilepsy; SEEG, Stereo-
electroencephalography.
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FIGURE 9 Continuous epileptiform discharges in FCD Ila (contacts F1-3) (A) Bipolar montage, (B) Unipolar montage.
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FIGURE 10 Typical interictal pattern of a FCD type II. Interictal SEEG recording of a 23-year-old woman with a right temporo-insular
DRE. The interictal SEEG pattern is characterized by high-frequency low-amplitude repetitive spiking in the lateral contacts of electrode

HP (HP 7-8, HP 8-9, HP 9-10) as well as the mesial contacts of electrode IPi (IPi 1-2, IPi 2-3, IPi 3—4, IPi 4-5) and to a lesser extent IPs (IPs
1-2, IPs2-3, IPs 3-4). Electrode HP was targeting the posterior part of the hippocampus with the most active contacts (HP 7-8, HP 8-10)
located in the superior temporal gyrus, close to the Heschl's convolutions, concordant with the semiology of unilateral acoustic sensations as
the initial symptom of the patient's seizures. Electrode IPi and IPs targeted the posterior part of the insula inferior and superior. The patient
underwent laser ablation of the right superior temporal gyrus and posterior part of the insula with a seizure outcome of Engel 1B.
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FIGURE 11 Rhythmic spikes and polyspike and waves in FCD IIb in a referential montage (contacts T'1-T'2). Analyzing the SEEG
tracings in a referential montage can be useful for locating the generator and should be used in addition to the analysis in a bipolar montage.
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FIGURE 12 Typical interictal pattern of periventricular nodular heterotopia. SEEG recording from a 29-year-old woman with a

left posterior quadrant DRE. The interictal activity from NREM 2 sleep is characterized by abundant bursts of LVFA (blue arrow) and
low-amplitude spikes (purple arrows), sometimes associated with spikes with a triangular morphology, involving mainly L2N 1-2. For
visualization, an increase of the sensitivity is needed to correctly evaluate the activity within the nodular heterotopia. L2N was targeting one
of the left posterior nodules, R1IN was targeting one of the posterior nodules. Display parameters: Bipolar montage — a selection of electrodes
is shown for educational purposes — BP: [0.5-100 Hz]. DRE, Drug-resistant epilepsy; LVFA, Low-voltage fast activity; NREM, Non-rapid eye
movement; SEEG, Stereo-electroencephalography.

2.2 | ICTAL PATTERNS

respect to the interictal activity (in FCD, one often sees an
acceleration of interictal spikes followed by a polyspike

Given that a seizure is a dynamic process, it is important
to carefully analyze the dynamics and pay attention to the
following four points: (i) The first clinical signs should be
observed after or at least concomitantly with the SEEG
onset (otherwise the “true” SOZ has been missed); (ii) it
is important how the onset emerges from the trace with

discharge prior to LVFA); (iii) it should be analyzed how
the discharge evolves (some channels may exhibit a con-
vincing fast activity at onset, but the evolution shows that
they stop seizing); and (iv) a careful analysis of the offset
is important as well and it should be assessed which chan-
nels are flat at seizure termination.
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2.3 | Description of intracranial EEG
seizure-onset patterns
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Infograph 1. The most commonly described intracranial
o

EEG seizure-onset patterns:
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- Low-voltage fast activity (LVFA)
- Low-frequency high-amplitude periodic spikes
Sharp activity at <13 Hz

Rhythmic spike-wave or sharp-wave activity
Burst of high-amplitude polyspikes
Burst-suppresion

Delta brush
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The seizure-onset pattern is marked by an asterisk on the
corresponding channel.

ROI6-ROI7

Intracranial EEG signals at seizure-onset can be classi-
fied* according to different parameters, including fre-
quency, spatial distribution, and morphology.41 Here, we
focus on morphological patterns based on visual inspec-
tion. Numerous descriptions of intracranial EEG seizure-
onset patterns exist in the literature, and consensus on
which terminology should be used is still lacking.** Also,
some of the terms used in SEEG deviate from standard
EEG terminology,42 another aspect that may benefit from
standardization. Generally speaking, we can differentiate
between seizure-onset patterns with and without low-
voltage fast activity (LVFA). Rather than listing all pub-
lished descriptions, we refer to the first comprehensive
classification describing intracranial EEG seizure-onset
patterns,43 which include the following:

1. LVFA characterized by a clearly visible >13 Hz activity,
typically <10pV in initial amplitude, which may be
accompanied by a slow wave or DC shift?*-36:41:43-46
(Figure 13). LVFA is the most common and most
important intracranial EEG seizure-onset pattern,
found in approximately 60% of patients undergoing
SEEG investigations®***2%*} or intracranial recordings
with subdural strips/grids.* LVFA can be extremely
focal, but also widely extended (focal versus network
organization).
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FIGURE 13 Type 1 seizure-onset pattern characterized by a 20-25pV LVFA and baseline shift in electrode contacts ROp 5-9 and ROs
6-10. Display parameters: Bipolar montage — a selection of electrodes is shown for educational purposes — BP: [0.5-100 Hz]. LVFA, Low-voltage

fast activity; RLi, Right lingual gyrus; ROi, Right occipital inferior; ROp, Right occipital pole; ROs, Right occipital superior.
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2. Low-frequency high-amplitude periodic spikes, consist-
ing of high-voltage spiking at 0.5-2.0Hz, which lasts
>5520434748 (Figure 14). The prevalence of this patternsin
series of patients undergoing intracranial EEG recordings
varies widely (0%-20%), according to the type of patients
studied and is most frequently found in mesiotemporal
lobe epilepsy with hippocampus sclerosis.***4¢

3. Sharp activity at<13Hz is defined by low- to medium-
voltage (higher than LVFA) sharply contoured or sinu-
soidal rhythmic activity, typically in the alpha-theta
range that shows a clear evolution in time?*3¢41:43-449
(Figure 15). This pattern has been found in 10%-
20% of patients undergoing intracranial EEG
investigations.****

4. Rhythmic spike-wave or sharp-wave activity is char-
acterized by medium- to high-voltage spike-wave or
sharp-wave complexes, generally occurring at a greater
frequency than low-frequency high-amplitude periodic
spikes (i.e., >2.0 Hz)*:44:4649 (Figure 16). This pattern has
been reported in 5%-15% of implanted patients.***34

5. Burst of high-amplitude polyspikes consist of a single
brief (<5s) burst of high-voltage, high-frequency (typi-
cally >12Hz) polyspikes, followed by LVEA?#434
(Figure 17). This definition shows some deviation from
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EEG standard terminology, in that burst should not be
used as synonym of paroxysm, and in its stricter sense,
the designation of paroxysm of high-amplitude poly-
spikes might be better aligned with the current stand-
ard EEG terminology.

6. Burst suppression, or better termed repetitive spike bursts,
is defined by brief bursts of medium- to high-voltage
spikes alternating with brief periods of voltage attenua-
tion, followed by sustained fast activity*>* (Figure 18).

7. Delta brush consists of rhythmic delta waves occurring
at 1.0-2.0Hz, with brief bursts of low-amplitude fast (20-
30Hz) activity superimposed on each delta wave. Similar
to other patterns, delta brush is typically followed by
LVFA® (Figure 19). In standard EEG terminology how-
ever, delta brush is a designation used to describe a normal
neonatal graphoelement that consists of a combination of
delta wave with superimposed fast activity >8 Hz.**

The most commonly described intracranial EEG
seizure-onset patterns are shown in Infograph 1. Burst of
high-amplitude polyspikes, burst suppression, and delta
brush are less common than other patterns, having been
described in <10% of patients undergoing intracranial
EEG investigations.?****
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Type 2 seizure-onset pattern characterized by low-frequency and high-amplitude periodic spikes seen in RH 1-3. Display

parameters: Bipolar montage — a selection of electrodes is shown for educational purposes — BP: [1.0-100 Hz]. RA, Right amygdala; RH, Right

anterior hippocampus; RHp, Right posterior hippocampus.
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FIGURE 15 Type 3 seizure-onset pattern characterized by <13 Hz sharp activity seen in LH 1-3 and LHp 1-2. Display parameters:
Bipolar montage — a selection of electrodes is shown for educational purposes — BP: [1.0-100 Hz]. LC, Left cingulate; LH, Left anterior
hippocampus; LHp, Left posterior hippocampus.
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FIGURE 16 Type 4 seizure-onset pattern characterized by spike-and-wave activity seen in ROF 7-10. Display parameters: Bipolar
montage — a selection of electrodes is shown for educational purposes — BP: [1.0-100 Hz]. RA, Right amygdala; ROF, Right orbitofrontal.
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FIGURE 17 Type 5 seizure-onset pattern characterized by a burst of high-amplitude polyspikes involving multiple contacts in
electrodes RLp, RLa, and RCag. Display parameters: Bipolar montage — a selection of electrodes is shown for educational purposes — BP:
[1.0-100 Hz]. RCag, Right anterior cingulate gyrus; RLa, Right hemisphere anterior to lesion; RLp, Right hemisphere posterior to lesion.
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FIGURE 18 Type 6 seizure-onset pattern characterized by 2.0-2.5s bursts of polyspikes alternating with 1.0-1.5s voltage attenuation
periods involving contacts LO 1-4. This pattern has been described in previous publications as a “burst suppression-like” pattern. Display
parameters: Bipolar montage — a selection of electrodes is shown for educational purposes — BP: [1.0-100 Hz]. RLa, Right hemisphere anterior to
lesion; RLp, Right hemisphere posterior to lesion; RSMA, Right supplementary motor area.
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FIGURE 19 Type 7 seizure-onset pattern characterized by rhythmic delta activity with superimposed fast activity (delta brush-like
activity), involving multiple contacts in electrodes LFS, LCM, and LCA. Display parameters: Bipolar montage — a selection of electrodes is
shown for educational purposes — BP: [0.5-100 Hz]. LCA, Left anterior cingulate; LCM, Left mid-cingulate; LFS, Left superior frontal; LOF,

Left orbitofrontal.

2.4 | Spectral analysis of
seizure-onset patterns

Spectrograms can be useful for the assessment of the dif-
ferent seizure-onset patterns. Some of the ictal patterns
described above, as well as their interictal-to-ictal tran-
sition, show distinctive visual features that can be easily
identified, depending on the characteristics of the time-
frequency plot obtained. LVFA seizure-onset patterns
are accompanied by a decrease or suppression of power
in lower frequency bands (i.e., delta-theta), and more
distinctively, they are associated with an abrupt increase
in power in one or more narrow high-frequency bands
(gamma or higher) that show a progressively descending
slope, also known as down-chirping (Figure 20).° These
patterns can be immediately preceded by a single spike or
a burst of rhythmic pre-ictal spikes, which are character-
ized by short and repetitive broadband increases in power,
mainly in the slow (delta to theta) and high (gamma or
higher)-frequency power bands (Figure 20). Special meth-
odologies of signal processing can be further applied to
visually emphasize these specific seizure-onset changes
(also known as “fingerprint”), which will be described
later in this article (see Figure 44).

2.5 | Significance of seizure-onset
patterns

Research of the past decade revealed that accounting for the
different seizure-onset patterns is important for postsurgi-
cal prognosis.’ On a group level, it was shown that patterns
including LVFA are associated with a better postsurgical
seizure outcome than slow seizure-onset patterns not in-
cluding LVFA. In general, patterns with rhythmic alpha,
theta, and delta activity should raise suspicion of a propagat-
ing instead of a true “ictal onset” pattern (Figure 21). This
suspicion, however, should be based on more arguments
than the seizure-onset pattern alone, as some patients with
slow seizure-onset patterns do indeed become seizure free
after epilepsy surgery.” Finally, it is also important to con-
sider that the simple presence of LVFA does not necessarily
imply that implanted electrodes sample the “true” SOZ but
may also be seen in propagation areas including subcortical
structures such as the thalamus (Figure 22).

It is known that similar lesions can generate dis-
tinct seizure-onset patterns, and conversely, that a
seizure-onset pattern can be generated by distinct le-
sions.2*¥***3! Nevertheless, some seizure-onset patterns
are more frequently encountered in certain pathologies.
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FIGURE 20 Spectrograms in different anatomical structures and pathologies. Time-frequency plots obtained from SEEG contacts
located inside the SOZ of four patients with focal DRE showcasing pre-ictal spikes, fast activity, and suppression of low frequencies. Time
0 represents the ictal SEEG onset. Right after the onset, down-chirps (preceded or not by brief up-chirps) can be seen as a narrow band in
the fast activity fundamental frequency, accompanied by one or more additional narrow bands in supraharmonic frequencies. (A) contacts
RLa 4-5 are located in the anterior margin of a lesion (FCD 2B) in the right superior parietal lobule. (B) contacts RLi 3-4 are located in

the inferior margin of a lesion (FCD 2A) in the right frontal convexity. (C) contacts LHa 3-4 are located inside a periventricular nodular
heterotopia in the vicinity of the left anterior hippocampus. (D) contacts LH 2-3 are located in the left anterior hippocampus in a patient
with anterior temporal FCD 3A and hippocampal sclerosis. Time-frequency plots were computed in MATLAB using the method described
by Grinenko et al.,*® without applying a baseline normalization. DRE, Drug-resistant epilepsy; FCD, Focal cortical dysplasia; LH, Left
hippocampus; LHa, Left anterior hippocampus; RLa, Right lesion anterior; RLi, Right lingual gyrus; SOZ, Seizure-onset zone.
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FIGURE 21 Missed real seizure onset. SEEG performed in a 36-year-old woman with right temporal drug-resistant epilepsy and history
of two previous anterior temporal lobe resections. (A) First ictal changes (red arrow) were seen 4.5s after the patient recognized the first
clinical symptoms (blue arrow) in the posterior hippocampus. (B) Sagittal T2 FLAIR displaying the distal contacts of electrodes RHa, RHp,
and RHe, located inside or in the vicinity of the posterior hippocampus. Notice the previous resection cavity and increased signal of the
anterior mesiotemporal remnant. Lack of electrodes in that region was due to technical constraints during the implantation procedure.
Display parameters: Bipolar montage — a selection of electrodes is shown for educational purposes — BP: [0.5-100 Hz]. RFug, Right fusiform
gyrus; RHa, Right anterior hippocampus; RHp, Right posterior hippocampus; RLi, Right temporal lobe (inferior to lesion). Only selected
electrodes are seen for display purposes.
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Low-frequency high-amplitude periodic spikes are a typ-
ical feature of seizures arising from the mesiotemporal
lobe, especially in the presence of hippocampal sclero-
sis.??**7*8 1 ow-frequency high-amplitude periodic spikes
were shown to be associated with a good surgical outcome
in mesiotemporal lobe epilepsy.”* In contrast, bursts of
polyspikes prior to LVFA and delta brush-like patterns are
typically seen in focal cortical dysplasia (FCD) provided
that they are preceded by an acceleration of the “interic-
tal” subcontinuous spiking activity.*>** This latter finding
is also of particular clinical interest in patients with MRI-
negative epilepsy, because in this case, the observation
of these patterns suggests the presence of an underlying

pathology of FCD type II that is classically associated with
a better postsurgical seizure outcome.

Apart from region and pathology, age may also play a
role in the expression of the seizure-onset pattern. It was
shown that children who had LVFA as their predominant
seizure-onset pattern type were older than patients who
did not have LVFA.> Finally, in a patient with unifocal ep-
ilepsy, more than one single seizure-onset pattern may be
observed (Figure 23).>* It was shown that the presence of
multiple seizure-onset patterns emerging from the same
SOZ compared to the presence of a single seizure-onset
pattern was associated with a less favorable postsurgical
outcome.”
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FIGURE 22 LVFA as an ictal propagation pattern. SEEG performed in a patient with left occipital drug-resistant epilepsy. First ictal
changes were characterized by a 25-30 uV LVFA in infracalcarine contacts (red arrows in LOi 7-8 > LE 1-2; this was preceded by an increase
in rhythmicity of the habitual interictal continuous spike/polyspike and wave pattern), before spreading to supracalcarine contacts (blue
arrow), in which a LVFA pattern is also seen. If undersampled, the assumption of a seizure-onset zone in the supracalcarine cortex could
have been made in this case. However, key here is that this LVFA was not preceded by the typical spike evolution as seen in the SOZ.

This example illustrates how important it is to carefully analyze not only the seizure itself but the interictal-ictal transition to be able to
differentiate the true SOZ from propagated activity. Display parameters: Bipolar montage - a selection of electrodes is showed for educational
purposes — BP: [0.5-100 Hz]. LE, Lesion; LO, Left occipital pole; LOi, Left infracalcarine cortex; LOs, Left supracalcarine cortex; LPC, Left
precuneus; LVFA, Low-voltage fast activity.

FIGURE 23 Different SOPs arising from the same region. Right temporal DRE in a patient with HS. (A) typical mesial temporal lobe
onset pattern (red arrow) is seen in LH 1-2, characterized by 1.0 Hz periodic spiking followed seconds later by rhythmic spikes at 4.0-5.0 Hz.
(B) SOP is seen in LH 1-2 (red arrow), characterized by a 18-22uV LVFA that later evolves into a rhythmic 10-11 Hz activity. (C) SOP
characterized by 9-10 Hz repetitive spikes in LH 1-2 (red arrow), and also in LA 1-3, and LHp 1-3. Display parameters: Bipolar montage — a
selection of electrodes is showed for educational purposes — BP: [0.5-100 Hz]. DRE, Drug-resistant epilepsy; HS, Hippocampal sclerosis; LA,
Left amygdala; LFP, Left frontal pole; LH, Left anterior hippocampus; LHp, Left posterior hippocampus; LOF, Left orbitofrontal cortex;
LVFA, Low-voltage fast activity; SOP, Seizure-onset pattern.
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2.6 | Ictal patterns and correlation with
clinical semiology

Analyzing clinical expression of seizures in conjunction
with electrical onset pattern is a fundamental process
in epileptology. Since Henri Gastaut's first proposals for
classification of seizures and of epilepsies, electro-clinical
patterns have formed the basis of seizure categorization.>
The electrical and clinical aspects of a seizure can be
considered as two different expressions of the same un-
derlying network dynamic.® However, deciphering the
relation between these is not always very straightforward
or intuitive. This is further complicated by the fact that
SEEG for the most part ignores participation of subcorti-
cal regions for ictal semiology and has a limited spatial
sampling (see also section 3 “Caveats in the interpretation
of intracranial EEG findings”).

Electro-clinical correlations vary markedly accord-
ing to anatomical location of the seizure onset, for ex-
ample, in terms of whether unimodal or heteromodal
cortex is involved and whether the seizure organization
is very focal or widespread.”” Unimodal cortex seizure

Affichage |

onset will usually be clearly indicated by clinical seizure
expression involving the physiological function of that
cortex (e.g., clonic jerks in primary motor cortex; au-
ditory hallucinations in auditory cortex). On the other
hand, heteromodal cortex (cortical regions including the
prefrontal cortex and parieto-occipital cortex, which re-
ceive input from multiple sensory or multimodal areas)
is involved functionally in more complex or integrated
activities, and thus, seizures in these regions tend to give
rise to more complex and diverse semiological patterns
that have complex relation to electrical activity® (see
Figure 24, prefrontal seizure).

Seizure semiology is most often expressed during the
propagation phase of the seizure, that is, with a certain
time delay (which may be more or less short) between
electrical seizure onset and clinical onset. This usually
coincides with changes in electrical seizure organization
that may involve a wider set of anatomical structures
than the electrical onset alone (see Figure 25, example
of a mesial temporal lobe seizure). It may also coincide
with changes in discharge characteristics, for example,
emergence of slower frequencies than those occurring at

danse 1)nlolmolsl|

=|@f= 3 [ £ s o J < J == Onset of rhythmic
: T EE rocking
SA” [
(T IRN——

LM

PM6-PM?

FIGURE 24 SEEG trace of a habitual seizure characterized by abrupt onset of rhythmic antero-posterior body rocking in a 32-year old

lady with pharmacoresistant frontal lobe epilepsy (MRI-negative). Semiological onset occurred 2 s after onset of low-voltage fast activity

(blue arrow). Lower right inset shows schematic representation of SEEG electrodes in the right hemisphere. Six orthogonal electrodes

explored the right frontal lobe, reaching mesial structures. There is also one contralateral electrode FD’, symmetric with FD (not shown in

figure). The red oval represents the zone maximally involved by seizure onset (electrodes FP, CR, and FD), and the yellow oval represents

the zone of seizure propagation (electrodes SA, PM, and CC). The top right inset shows a map of the Epileptogenicity Index

149 (see text

for explanation) for this seizure, which shows maximal values at seizure onset in the external contacts of FD and CR (right dorsolateral

prefrontal cortex). Reproduced with permission (Elsevier) from Zalta A, Hou JC, Thonnat M, Bartolomei F, Morillon B, McGonigal A.

Neural correlates of rhythmic rocking in prefrontal seizures. Neurophysiologie Clinique. 2020 Oct 1;50(5):331-8.%°

85UB017 SUOLULLIOD BAERID 3ol dde 3y} Aq pauRA0B 818 S3[ e YO ‘SN J0 S3INI 104 ARIq1T 3UIIUO AB|IA UO (SUOIPUCD-PUR-SWRYWOD A8 | 1M ARR1q | BU1|UO//:SHNY) SUORIPUOD PUe swid | 84} 835 *[7202/20/T0] U0 A%eiqiauliuo A8|im ‘suuesne nog Aq 06T0Z ZPde/200T 0T/I0pALI0D A8 | ImAReiq 1 Ul juo//:SdNY WOy papeo|umod ‘T ‘¥202 ‘S690S6T



FRAUSCHER ET AL.

seizure onset. Assessment of these is dependent on SEEG
sampling as well as the role of anatomical (spatial) spread.
Some work from SEEG studies has shown a correlation
between the appearance of specific semiological patterns
or features and specific changes in the time patterns of
the discharge,® for example, desynchronization between
orbitofrontal cortex and amygdala seizure activity in sei-
zures with acute alteration in emotional behavior,”® and
synchronization in theta band activity between temporal
lobe and opercular cortex structures during ictal chewing
automatisms.”® Even when the semiological expression
is complex, not clearly localizable to individual cortical
regions and likely dependent on cortico-subcortical in-
teractions, a cortical time-signature may be detectable by
studying quantified SEEG signal, for example, in prefron-
tal seizures characterized by rhythmic body rocking® (see
Figure 24).
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Main differences can be seen between mesial temporal
lobe seizures and neocortical seizures involving associa-
tive cortex. Mesial temporal seizures tend to evolve slowly
and with propagation phases that involve lower discharge
frequencies, reflected in a fairly slow evolution and long
duration of clinical signs that remain within a limited rep-
ertoire across patients (hence, readily recognizable to cli-
nicians) (see Figure 25). In contrast, neocortical seizures,
especially of extra-temporal origin, are typically character-
ized by high-frequency discharges with faster and more
widespread and variable propagation patterns; seizure se-
miology may emerge in a rapid and explosive way in the
context of a widespread fast discharge involving multiple
connected regions (Figure 24). This helps to explain the
diverse semiological manifestations of frontal lobe sei-
zures for example. The underlying etiology plays another
important factor for seizure dynamics.

FIGURE 25 Example of a habitual right mesial temporal seizure in a 60-year-old man undergoing SEEG for MRI-negative, PET-

negative drug-resistant cryptogenic temporal lobe epilepsy. Thirty seconds of trace are shown on this page; sensitivity 50 microvolts/

mm, high-frequency filter 300 Hz, low-frequency filter 0.53 Hz. Pre-ictal spikes (blue arrows) are seen in the mesial contacts of electrode

B exploring the right hippocampus, followed by a baseline shift and low-voltage fast activity (red arrows), which also recruits the mesial
contacts of electrode E (right entorhinal cortex), P (right parahippocampal cortex), and, to a lesser and slightly later degree, A (right
amygdala) and TP (right temporal pole). The orange vertical line marks an increase on heart rate on ECG. The yellow line marks the first
objective clinical sign, which is a change in facial expression as if the patient feels something. This occurs around 7s after electrical onset, at
which time the discharge has propagated more widely to mesial temporal structures with a slower frequency than seizure onset, the green
line is the moment when the patient presses the button to signal the seizure. When the nurse enters, he can converse normally and describes
a feeling of déja vu, his habitual seizure onset. There is some bilateral upper limb and lower limb piloerection but no other objective signs.
Inset: model of electrode placement using Brainstorm software. A measure of Epileptogenicity Mapping based on energy ratio of signal over
the seizure has been calculated and shows maximal values (purple color) in the right mesial temporal region.
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2.6.1 | Beyond the Berger frequency band:
HFOs and DC shifts

The invasive EEG contains information in frequencies
that were not reviewed and even filtered away for a long
time. This concerns on the high end of the spectrum,
above the gamma frequency, HFOs (conventionally sepa-
rated into ripples from 80 to 250 Hz, fast ripples from 250
to 500 Hz, and very fast ripples above 500 Hz) and on the
low end infra slow activity (ISA), also described as DC
shifts or ictal baseline shifts (IBS). HFOs and ISA have
been related to the SOZ.

HFOs have been found in invasive SEEG, electro-
corticography, intraoperative electrocorticography, sur-
face EEG, and magnetoencephalography.”’®> HFOs are

Epileptiform ripple

thought to represent out-of-phase firing of groups of hy-
persynchronous firing neurons in epileptogenic cortex.®
HFOs exist as interictal and ictal events and about 50%
of the interictal HFOs co-occur with spikes.®” Fast ripples
seem more specific for epileptogenic tissue than ripples,
and very fast ripples above 500 Hz seem even more spe-
cific.®® Fast ripples that co-occur with ripples or spikes and
ripples that co-occur with spikes seem more specific than
single events.®” The normal brain does not produce these
high frequencies except for some areas, which are typically
the hippocampus, sensorimotor cortex, visual cortex, and
language areas.”””> Physiological HFOs have slightly dif-
ferent morphology, with longer duration, lower amplitude,
and a more waxing and waning appearance, compared to
epileptic HFOs (Figure 26).”

Electrode artifact Muscle artifact

Low-frequency «’V\ /\ i J\ /\(W(JL
event T WY i VUV
Amplitude lower higher T baseline increase
P AW AV g 1/\Aﬁ /\/VV\/\/VVW\/V\/\/\/\/\/V\/t\/
Duration longer shorter longer g——
Frequency lower peak »/\w\ﬁ- variable
AW —WW\— ‘V\M}U UW—
Timing upst%\ downstroke at top variable
Location seizure onset zone functional areas any superficial
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MWWy Any e
SO0z
,\/\/W\l Any AR AMPAAAN A
S0z AV Sup VMAAMA MW

FIGURE 26 Some clues on how to distinguish physiological ripples, electrode artifacts, and muscle artifacts from epileptiform ripples.

Clues can be found in the co-occurring low-frequency events, ripple amplitude, ripple duration, ripple frequency, timing compared to lower

frequencies events, and location within the brain. F1, functional area 1; F2, functional area 2; SOZ, seizure-onset zone; Sup, superficial

intracranial EEG channel.

FIGURE 27 High-frequency oscillations (HFOs) and common visual analysis differentials. Examples of SEEG signals with different
LPF and spectrograms of spike-ripple, fast ripple, physiological ripple, artifact ripple, and spike-filtering effect are shown. Visual analysis
of the HFOs was performed using finite impulse response (FIR) high-pass filter, with a cutoff frequency set accordingly to the band to

be analyzed (displayed in every example). Time zero in each spectrogram matches the (*) seen in EEG signals. (A) Spike associated with
aripple. Spectrogram shows a blob with a maximum power between 150 and 200 Hz. LCp, Left posterior cingulate (B) Fast ripple seen
independently from spikes. RDa, Electrode implanted close to lesion. (C) Physiological ripple registered in visual cortex contacts. RCu,
Right cuneus. (D) Myogenic artifact seen in the more superficial intercerebral contacts. Scalp EEG channel F4-C4 added for comparison,
showing a rhythmic myogenic masticatory artifact that is synchronous to the ripple-band activity captured in SEEG contacts RLA9-10.
Time-frequency plots were obtained using MATLAB wt function, after computing the filter banks using 40 db Voices Per Octave and the
frequency limits shown in each example. RLa, Right lingual gyrus. (E) Spiker-filtering effect seen after applying a LPF of 80 Hz. ROF, Right
orbitofrontal. Display parameters: Bipolar montage — a selection of electrodes is shown for educational purposes. LPF = Low-pass filter.
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The literature on the clinical value of recording HFOs
is contradictory. A recent randomized controlled trial
using electrocorticography tested the non-inferiority
of HFO-guided tailoring of epilepsy surgery to spike-
guided tailoring on seizure freedom at lyear. The pri-
mary endpoint of non-inferiority of HFOs versus spikes
was not reached. Only secondary and post hoc analyses
controlling for pathology associated with poor prognosis
showed non-inferiority for extra-temporal but not tem-
poral lobe epilepsy.”” The low clinical value for record-
ing HFOs in temporal lobe epilepsy where the question
is often whether the hippocampus needs to be removed
may result from the physiological high-frequency activity
produced by the hippocampus.”

For the recording of HFOs, a sampling rate of
>2000 Hz is recommended. Software containing a high-
order finite impulse response high-pass filter of 80 and
250Hz is needed to visualize HFOs. For visual inspec-
tion, a time resolution of 1s is usually selected. Multiple

automated detection algorithms exist. Caution is war-
ranted to misinterpret high-frequency filtered artifacts
from broken electrodes, spike-filtering effects, muscle
activity, or movements as epileptic HFOs (Figures 26
and 27). Innovative recording methods like high-density
electrocorticography may yield improved gain from re-
cording HFOs.”®"®

Another only more recently introduced marker is
spike-gamma®*®: gamma activity in the 30-100Hz fre-
quency range that precedes a spike.®” In a large group of 83
patients, it was shown to be the best of 135 spike features
for predicting surgical outcome. More specifically, the rate
of spikes with preceding gamma activity in wakefulness
performed better for surgical outcome classification than
the SOZ and the ripple rate. This was true across all pa-
tients and across various pathologies with FCD showing
the best discrimination. Channels with a spike-gamma
rate exceeding 1.9/min had an 80% probability of being in
the SOZ.*° Spike-gamma seems therefore to be promising
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FIGURE 28 Spike-gamma activity during wakefulness was recorded from a 25-year-old woman with a right precuneal-cingulate

DRE (Appendix A). In Panel A, the onset (blue*) of typical interictal activity (a burst of polyspikes) from FCD type II is shown. Panel B
demonstrates the spike-gamma activity after applying a finite impulse response (FIR) filter with a high-pass cutoff of 30 Hz. It should be
noted that the gamma activity preceded the onset of the polyspikes over the contacts RDb1-RDb2 and RDb2-RDb3. No gamma activity was
observed before the spike over the contact RSMp9-RSMp10. To properly evaluate the spike-gamma activity, it is necessary to increase the
sensitivity and expand the time scale for visualization. Panel C displays the time-frequency plots corresponding to each marked activity
over RDb1-RDb2, RDb2-RDb3, and RSMp9-RSMp10. The isolated blobs confirm that a gamma activity (30-100 Hz) started before the
onset (time zero) of the burst of polyspikes over RDb1-RDb2 and RDb2-RDb3, while no gamma activity was observed over RSMp9-RSMp10.
These results suggest that RDb1-RDb2 and RDb2-RDb3 are involved in the presumed epileptogenic zone, contrary to RSMp8-RSMp 9,
which constitutes a propagated zone. This patient underwent a tailored precuneal-cingulate resection without removing any contact of the
electrode RSMp. The pathology confirmed FCD Ila. She is Engel Ia with a follow-up of 4 years. Time-frequency plots were computed using
Brainstorm (Morlet wavelets). Display parameters: Bipolar montage — a selection of electrodes is shown for educational purposes — Panel A
BP: [0.5-100 Hz/, Panel B FIR BIP: [30-100 Hz]. RDb was targeting the FCD visible in the structural MRI and RSMp was targeting the mid-
cingulate gyrus. DRE, Drug-resistant epilepsy; FCD, Focal cortical dysplasia.
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marker, in particular as it is also easily accessible to visual
analysis. Examples are provided in Figure 28.

DC shifts are EEG changes over a time constant of >2s.
DC shifts were described as ictal phenomena in animal
models.®” Recording these low-frequency shifts is a chal-
lenge for DC amplifiers. Modern alternating current (AC)
amplifiers allow filter settings to record near DC shifts: a
time constant of 10s corresponds to the cutoff frequency
of a high-pass filter above 0.016 Hz. They can be recorded
with electrocorticography and with scalp EEG.*® They ap-
pear restricted to a few channels on electrocorticography
within the borders of the presumed epileptogenic area and
have been suggested to help define the SOZ.** They have
been related to potassium shifts and glial activity.*> DC
shifts either precede (active DC shift as seen in habitual
seizures in chronic epilepsy where the DC shift usually
precedes the ictal HFOs) or follow the seizure onset (pas-
sive DC shift as seen in acute symptomatic seizures).*®

Ictal DC shifts can occur on the same electrocorticog-
raphy channels as ictal HFOs, in which case the DC shifts
tend to precede the HFOs.*” A direct comparison showed
higher occurrence rate of ictal DC shifts compared to ictal
HFOs, while complete resection of both areas predicted
favorable outcome.® HFOs and DC shifts co-occur also in
the interictal periods.®®

REM

Epileptic.._L2

et Disorders

2.6.2 | Modulation of interictal and ictal
activity across the sleep-wake cycle

As known from scalp EEG, sleep is a significant modula-
tor of both interictal and ictal activities®*: non-rapid eye
movement (NREM) sleep is known to increase rates and
the field of IEDs and HFOs, whereas rapid eye move-
ment (REM) sleep decreases rates and the field of IEDs
and HFO0s.*™® This behavior undergoes further spe-
cific spatiotemporal dynamics, with earlier sleep having
higher rates as compared to late sleep, and mesiotempo-
ral regions being differently modulated than neocortical
regions.**>** Finally, morphology of interictal activities
was shown to be affected as well as seen particular well
in FCD and mesiotemporal lobe structures (Figures 29
and 30). Seizures are reported to occur more often dur-
ing NREM sleep as compared to wakefulness with lowest
rates occurring in REM sleep.”® Interestingly, a recent
work showed that the dynamics of seizures occurring
during wake and NREM sleep did not deviate from the
variability between one of the two states. This suggests
that once the brain surpasses the seizure threshold, it
will follow the underlying epileptic network irrespective
of the vigilance state.’ It is further interesting that even
minor electro-clinical seizures or pure EEG discharges

FIGURE 29 Modulation of IEDs during sleep-wake cycle in a patient with a right frontal FCD. 30-s SEEG epochs during wakefulness
(W), NREM 2 (N2), NREM 3 (N3) and REM stages. Notice the variation in frequency and field extension of spikes in deep contacts of RDa,
RDp, and RDb, with a decrease in both features during N3 and notably during REM sleep. Physiological graphoelements of NREM sleep
can be seen in superficial contacts of some electrodes, such as RDp. Display parameters: Bipolar montage — a selection of electrodes is showed
for educational purposes — BP: [0.5-100 HzJ. FCD, Focal cortical dysplasia; IEDs, Interictal epileptiform discharges; NREM, Non-rapid eye
movement sleep; RDa, Right frontal anterior to dysplasia; RDb, Right frontal inferior to dysplasia; RDp, Right frontal posterior to dysplasia;
REM, Rapid eye movement sleep; RSMAa, Right supplementary motor area anterior; RSMp, Right supplementary motor area posterior.

85U8017 SUOILIOD BAITe1D) 3|edldde ayp Aq peussnob are saoile O sn JO Sa|nJ o} AriqiT 8UIIUO 4|1 UO (SUONIPUOD-pUe-SWLRILI0Y" AB 1M AR 11 |UO//SANY) SUORIPUOD Pue SWB | 8U1 38S *[17202/20/T0] Uo AReiqiauluo A8|IM ‘suuesre] nog Aq 06T0Z ZPde/200T 0T/I0p/LI0d A3 | 1M Arelq 1 puljuo//Sdny woly papeo|umod ‘T ‘¥20Z ‘S690S6T



FRAUSCHER ET AL.

» | Epileptic..-

e Disorders

PG ﬁmw T N e

FIGURE 30 Modulation of IEDs during the sleep-wake cycle in a patient with left mesiotemporal epilepsy. 30-s SEEG epochs during
wakefulness (W), NREM 2 (N2), NREM 3 (N3), and REM stages. Notice the increase in frequency of spikes seen in deep contacts of LHa,
LHp, LA, and LEc during N2, and also REM sleep. Display parameters: Bipolar montage — a selection of electrodes is showed for educational
purposes — BP: [0.5-100 Hz/. IEDs, Interictal epileptiform discharges; LA, Left amygdala; LEc, Left entorhinal cortex; LHa, Left anterior
hippocampus; LHp, Left posterior hippocampus; LOF, Left orbitofrontal; LTp, Left temporal pole, NREM, Non-rapid eye movement sleep;

REM, Rapid eye movement sleep.

can result in awakenings and hence sleep fragmenta-
tion,”” something that cannot be well appreciated in
scalp EEG recordings.

2.6.3 | Stimulation

Stimulation parameters and patterns

Electrical stimulation is considered an essential part
of every SEEG investigation. It is used during presur-
gical phase 2 epilepsy evaluation for both mapping of
the seizure network and functional mapping.'® Seizure
stimulation dates back to the pioneering work of Jasper
and Penfield, who used stimulation to reproduce the
habitual auras in patients with epilepsy in the operat-
ing theater.”® Later, Bancaud and Talairach applied this
method in the operating theater to help confirm organi-
zation of the EZ, when stimulation of specific structures
could trigger seizures that reproduced all or part of the
habitual electro-clinical pattern. They found seizure
stimulation particularly useful given time restraints
preventing to record spontaneous seizures in the acute
setup (since video-telemetry was not yet available in the
earliest days of SEEG) and to disentangle the primary
epileptogenic area from areas of propagation.’

In clinical practice, electrical stimulation is most fre-
quently done as either high-frequency or train stimulation
at 50 or 60 Hz, or low-frequency or pulse (shock) stimu-
lation at 1.0Hz. High-frequency stimulation in SEEG is
usually performed with increasing intensities using bi-
phasic pulses at 0.5-1.0ms and a total train duration of
3-8s, whereas low-frequency stimulation is done for du-
rations of 20-60s at a single output current (many centers
use 3.0mA) and a pulse width of 0.5-3.0ms." The output
current is dependent on the duration of the pulse width
and electrode size and can be calculated based on the fol-
lowing equation:

,uC _ ms 2
D (cﬁ) —I(mA)xtI(cm )

where D is the charge density in uC/cm?, I the intensity
in mA, ¢ the time in ms, and A the geometric surface area
in cm”.

Important is to keep in mind that the charge density per
phase should not exceed 57 xC/cm?>" The contact surface
for a typical SEEG contact is around 0.05cm? whereas the
contact surface for a typical subdural contact is 0.08 cm?.
Intensities are therefore usually significant lower in SEEG
as compared to subdural grids/strips (see review of Prime
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FIGURE 31 High-frequency stimulation artifact. Bipolar stimulation was performed on electrode contacts ROs 3-4 using the following
parameters: 50 Hz frequency, 2.0 mA intensity, 0.5 ms biphasic pulse, 5s of duration. A high-frequency artifact can be seen during the 5s of
stimulation involving stimulated contacts (higher amplitude), as well as nearby or functionally connected contacts and electrodes (lower
amplitude). Display parameters: Bipolar montage — a selection of electrodes is shown for educational purposes — BP: [1.0-100 Hz]. RCp, Right
posterior cingulate gyrus; ROs, Right superior occipital (supracalcarine cortex); ROi, Right inferior occipital (infracalcarine cortex).
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FIGURE 32 Low-frequency stimulation artifact. Bipolar stimulation was performed on electrode contacts RL 1-2 using the following
parameters: 1.0 Hz frequency, 2.0 mA intensity, 1.5 ms biphasic pulse, 25s duration. A low-frequency monomorphic artifact can be seen
during the 25-s stimulation involving stimulated contacts (higher amplitude), as well as nearby and functionally connected contacts and
electrodes (lower amplitude). Display parameters: Bipolar montage — a selection of electrodes is shown for educational purposes — BP: [1.0-
100 HzJ. RCa, Right anterior cingulate gyrus; RFP, Right frontal pole; RL, Right lesion (targeting the vicinity of the epileptogenic lesion).
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FIGURE 33 Polyspike bursts pattern. Thirty-second epoch showing a high-frequency bipolar stimulation on contacts LHp 2-3 at
1.5mA. Elicited discharges were characterized by polyspike bursts lasting 22s involving mesiotemporal contacts (LHp 1-5, LHa 1-6, and LA
1-7). No clinical response was observed. Display parameters: Bipolar montage — a selection of electrodes is shown for educational purposes —
BP: [1.0-100Hz]. LA, Left amygdala; LHp, Left posterior hippocampus; LHa, Left anterior hippocampus.
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FIGURE 34 Sequential spikes pattern. Thirty-second epoch showing a 50 Hz bipolar stimulation on contacts RHa 1-2 at 2.0 mA.
Elicited discharges were characterized by sequential spikes interspersed with 1.0- to 1.5-s attenuation periods (“pauses”), involving contacts
RHa 1-6. No clinical response was observed. Display parameters: Bipolar montage — a selection of electrodes is shown for educational purposes
- BP: [1.0-100 Hz]. LHa, Left anterior hippocampus; RHa, Right anterior hippocampus; RFug, Right fusiform gyrus.
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FIGURE 35 Spike-wave pattern. 50 Hz bipolar stimulation on contacts LSM 4-5 at 1.0mA. Elicited discharges were characterized by

spike and waves involving contacts LSM 1-5 and LMH 3-8. There was no spatial evolution, and no clinical response was observed. Display

parameters: Bipolar montage — a selection of electrodes is shown for educational purposes — BP: [1.0-100 Hz]. LSM, Left primary sensory cortex;

LMH, Left primary motor cortex.

et al.'®). According to the above formula, a SEEG stimula-
tion at 3mA with a 1 ms pulse duration results in a charge
density of 60 pC/cm?, thus slightly above the upper recom-
mended safety limit. We are aware of centers performing
low-frequency stimulations with a pulse duration of 3ms
or stimulation intensities of up to 8 mA, and thus recom-
mend avoiding pulse durations >1ms or >3mA at a 1ms
pulse duration. Figures 31 and 32 show two representative
examples of the artifacts seen with both stimulation types.

Note is made that for high-frequency stimulation most of
the after-discharges or evoked discharges are seen only
after the train stimulation artifact.

Most centers do stimulations after at least one sponta-
neous seizure has been recorded, but it can also be done
without prior seizure recording. Moreover, seizure stim-
ulation is usually performed first with 1.0Hz and then
50Hz stimulation and comprises multiple short record-
ing sessions of 1-2h. Even though no systematic data are
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FIGURE 36 Sequential waves of approximately constant period. This 20-s epoch shows a 50 Hz bipolar stimulation on contacts LA 4-5
at 1.6mA. Elicited discharges were characterized by rhythmic 9-10 Hz activity involving contacts LA 5-9 and LTp 5-6. No clinical response
was observed. Display parameters: Bipolar montage — a selection of electrodes is shown for educational purposes — BP: [1.0-100 Hz/. LA, Left
amygdala; LTp, Left temporal pole. A selection of electrodes is shown for educational purposes.
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FIGURE 37 Sequential waves evolving into spike and waves. This 20-s epoch shows a 50 Hz bipolar stimulation artifact on contacts
LPC 14-15 (not displayed). Elicited discharges were characterized by rhythmic 11-12 Hz activity transitioning into rhythmic spike and wave
involving contacts LPC 13-14. No clinical response was observed. Display parameters: Bipolar montage — a selection of electrodes is shown for
educational purposes — BP: [1.0-100 Hz]. LPC, Left precuneus; LRS, Left.
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FIGURE 38 Seizure induced by low-frequency stimulation at 1.0 Hz and 2.0 mA. A seizure onset characterized by fast activity can be
seen on electrode contacts LH 1-3 while stimulation is still ongoing (red arrow). There is simultaneous involvement of other mesiotemporal
and orbitofrontal structures, which can be seen as LVFA in contacts LHp 1-3, LA 1-5, and LOF 1-5 (i). Seizure duration was 48s (ii, offset
marked by blue arrow). Display parameters: Bipolar montage — a selection of electrodes is shown for educational purposes — BP: [1.0-100 Hz].
LA, Left amygdala; LH, Left anterior hippocampus; LHp, Left posterior hippocampus; LOF, Left orbitofrontal cortex; LVFA, Low-voltage
fast activity.
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FIGURE 39 Seizure induced by high-frequency stimulation at 50 Hz and 1.0mA. 300 ms after the beginning of stimulation on electrode

contacts LA 2-3, an ictal onset pattern characterized by a sharp wave followed by fast activity can be seen in contacts LH 1-5 and LOF 1-7.

Two seconds later, reacceleration of the ictal pattern in the form of 18-20 pV LVFA can be seen in LH 1-4, with rapid involvement of LHp

1-4. LA 1-5 shows an ictal pattern right after the stimulus artifact offset is seen, meaning that an earlier involvement of those contacts

cannot be ruled out. Seizure duration was 55seconds (ictal offset marked by black arrow). Display parameters: Bipolar montage — a selection

of electrodes is shown for educational purposes — BP: [1.0-100 Hz]. LA, Left amygdala; LH, Left anterior hippocampus; LOF, Left orbitofrontal

cortex; LHp, Left posterior hippocampus; LVFA, Low-voltage fast activity.
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available, most centers do electrical stimulation while
on full medication or only slightly reduced medication,
given the suspected higher risk of generalization or non-
habitual seizures when completely off medication.

Here, we describe the most common EEG patterns
observed during electrical stimulation with SEEG and
comment on their clinical significance. After-discharges
are rhythmic, usually repetitive, sharply contoured dis-
charges that are mostly triggered at the stimulated chan-
nel and potentially further connected channels.'” The
most frequently observed pattern consists of polyspike
bursts (Figure 33). Other patterns comprise in descend-
ing frequency: sequential spikes with and without pause,
spike waves at 1.0-3.0Hz, rhythmic waves, and rhythmic
waves evolving into spike waves (see Figures 34-37). It is
important to be aware that the hippocampus, the superior
temporal neocortex, the motor cortex, the visual cortex,
and certain pathologies such as FCD type II require usu-
ally a much lower stimulation intensity to induce elicited
discharges than other anatomical structures and other pa-
thologies. Moreover, it can be recommended to always start
with low-frequency stimulation in the hippocampus and
the motor cortex, and avoid high-frequency stimulation
in those regions if low-frequency stimulations have been
positive.'*>'% After discharge thresholds and occurrences
vary from trial to trial, as can the distribution of electrodes
showing elicited discharges. Systematic investigations show
that there is no consistent relationship between the site of
stimulus eliciting discharges and that of spontaneous sei-
zures.'*"1%19 O the contrary, pure occurrence of elicited
discharges and lack of evoking a habitual electro-clinical
seizure are suggestive that the given anatomical site is not
part of the SOZ. Finally, elicited discharges are frequently
observed when higher output currents are used in high-fre-
quency stimulation.

For seizure stimulation, subthreshold stimulation
should be avoided. Contrary to functional mapping,
evoking elicited discharges is actually the intended goal
to differentiate non-epileptogenic from epileptogenic
areas. In two large case series, the frequency of evoked
electro-clinical seizures ranged between 57% and 75%,
with high-frequency stimulation having a higher prob-
ability to induce seizures than low-frequency stimula-
tion.'%*!7 In contrast to elicited discharges, habitual
electro-clinical seizures were shown to provide similar
information to spontaneous seizures and to predict sur-
gical outcome. Evoking habitual electro-clinical seizures
during stimulation was shown to be associated with good
surgical outcome, and removal of channels eliciting ha-
bitual electro-clinical seizures as well as removal of the
SOZ of evoked seizures was associated with a more favor-
able outcome than incomplete removal of these sites.'?
Furthermore, it was shown that the risk of recurring
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seizures after surgery was lower when a seizure could
be triggered with low-frequency stimulation.'®” Lack of
stimulating a habitual electro-clinical seizure might in-
deed point to a more widespread SOZ or missed SOZ,
but could also be explained by differences in underlying
pathologies. Importantly, the absence of stimulating a
seizure should not prevent a patient to undergo surgery
if all other findings are in favor of having identified the
SOZ. Electrographically, seizures most often arise from
sequential spiking.'®® Figures 38 and 39 provide SEEG
examples of evoked electro-clinical seizures during both
1.0Hz and 50Hz stimulation. Videos 1-3. provide ex-
amples of evoked habitual electro-clinical seizures. It
is important to clarify the resemblance of the recorded
seizures compared to the ones observed habitually at
home with the patient or family. A recent work suggests
that the semiological evolution pattern might be more
rapid than the one observed in spontaneous seizures.'*®
Seizure subjective symptoms without EEG changes are
indicative of the symptomatogenic zone depending on
the anatomical localization or could alternatively indi-
cate possibly suboptimal sampling. Finally, the risk of
evoking non-habitual seizures with SEEG is low, being
around 8% for high-frequency stimulation and 1.5% for
low-frequency stimulation.'®

In summary, we recommend seizure stimulation as
an integral part of every SEEG investigation to provide a
controlled observation of seizures. Given complementary
information, we suggest performing both low-frequency
and high-frequency stimulation, whenever possible.
Habitual electro-clinical seizures were shown to have a
good correlation with spontaneous electro-clinical sei-
zures, and removal of the SOZ and eliciting channels of
these evoked seizures was associated with a better surgical
outcome. Finally, eliciting seizures by cortical stimulation
is a marker of favorable surgical outcome.

Stimulation for functional evaluation

Many aspects of the mechanisms underlying electro-clinical
observations in patients undergoing direct electrical stimu-
lation studies in SEEG remain poorly understood,'®'*
and both excitatory and inhibitory effects may occur.'*
Functional mapping from the SEEG point of view is closely
intertwined with electro-clinical observations from spon-
taneous and stimulated seizures, which can bring evidence
as to the functional role of individual cortical regions. For
example, in a case of language-dominant temporal epilepsy
in which lateral temporal cortical stimulation triggers a sei-
zure involving the superior temporal gyrus, and where the
patient retains language function over a certain timescale
during visible EEG change within key structures, this could
help in defining the safe posterior limit of the surgical mar-
gins. The occurrence of an after-discharge is considered in
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VIDEO 1 Focal seizure with impaired awareness elicited by 50 Hz stimulation at 5.0 mA in a 37-year-old right-handed woman with
left mesiotemporal epilepsy. Stimulated contacts LEc 1-2 were located in left entorhinal cortex. Display parameters: Bipolar montage — a
selection of electrodes is shown for educational purposes - BP: [1.0-100 Hz]. LA, Left amygdala; LEc, Left entorhinal cortex; LFua, Left
anterior fusiform gyrus; LFup, Left posterior fusiform gyrus; LHa, Left anterior hippocampus; LHp, Left posterior hippocampus.
Keywords: SYNDROME: focal non-idiopathic mesiotemporal (MTLE with or without HS) ETIOLOGY: hippocampal sclerosis or atrophy
PHENOMENOLOGY: consciousness (alteration), automatisms, aphasia (postictal) LOCALIZATION: temporal mesial, temporal lobe (left).
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Focal aware motor seizure elicited by 50 Hz stimulation at 1.5mA in a 36-year-old right-handed woman with right postcentral

epilepsy. Stimulated contacts RLa 1-2 were located close to motor cortex, and in the anterior margin of the lesion (right paramedian

postcentral FCD). Display parameters: Bipolar montage — a selection of electrodes is shown for educational purposes — BP: [1.0-100Hz]. RLa,
Right lesion anterior; RLI, Right lesion inferior; RLp, Right lesion posterior; RPC, Right precuneus; RSMA, Right supplementary motor area.
Keywords: SYNDROME: focal non-idiopathic parietal ETIOLOGY: focal cortical dysplasia (type II) PHENOMENOLOGY: left, motor seizure
(simple), tonic posture LOCALIZATION: central (left).
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VIDEO 3 Focal seizure with impaired awareness elicited by 50 Hz at 2.0mA in a 61-year-old right-handed woman with left
mesiotemporal epilepsy. Stimulated contacts LEc 1-2 were located in left entorhinal cortex. Display parameters: Bipolar montage — a
selection of electrodes is shown for educational purposes — BP: [1.0-100 Hz]. LA, Left amygdala; LEc, Left entorhinal cortex; LFO, Left
frontal operculum; LFua, Left anterior fusiform gyrus; LHa, Left anterior hippocampus; LHp, Left posterior hippocampus; Lia, Left anterior
insula; LOF, Left orbitofrontal.

Keywords: SYNDROME: focal non-idiopathic mesiotemporal (MTLE with or without HS) ETIOLOGY: lesion (unknown nature)
PHENOMENOLOGY: consciousness (alteration), automatisms, fear LOCALIZATION: temporal mesial, temporal lobe (left).

SEEG practice to contribute potentially useful information,
in helping to define the effective stimulation threshold and
sometimes in revealing a non-local effect of stimulation in
connected structures that demonstrates their reduced thresh-
old for excitation.'”” As such, assessing the after-discharge
threshold is useful because it would allow inference of a
more local and specific effect of stimulation when language
disturbance is obtained below this threshold."*! In general, it
is important to keep in mind that the effect of stimulation is
far from being focal, and disrupts large networks of cortical
areas that are connected; this can be seen when looking at
elicited widespread high-frequency responses.''*

Both high frequency (50 Hz) and low frequency (most
often 1 Hz, also 3-6 Hz) can be used in stimulation studies
for functional mapping, but 50 Hz stimulation is consid-
ered overall most useful for language mapping, as low-
frequency stimulation may lack sensitivity for testing this
function.’””! An effect of stimulation current charge
density has been observed, with higher charge densities,
essentially reflected in greater stimulation amplitudes, re-
sulting in a higher proportion of positive stimulations'”’
and after-discharges.111 Low-frequency stimulation, in the
contrary, can be useful for motor mapping, since it allows
also to stimulate fibers and help to localize the motor tract.

Stimulation tasks and mapping strategy are tailored to
the exploration of the individual patient. During stimula-
tion, patients are sitting in bed and asked to relax, with team
members present (e.g., medical and technical staff) who will
perform clinical examination during stimulation. The tasks
chosen should be simple enough to avoid errors, which can
be checked by testing the patient's ability to perform the
tasks before starting stimulation. It is important to avoid
over-stimulation of the same electrode pair or structure, by
leaving at least a couple of minutes between successive stim-
ulations; too much repetition of stimulation tends to induce
a refractory period that may be a source of “false-negative”
stimulation results. When language is to be tested, tasks of
expressive and receptive language function will be used,
including picture naming, automatic speech (e.g., count-
ing or saying the days of the week), word repetition tasks,
and reading aloud; stimulation is considered positive if any
stimulation-related errors such as tip of the tongue phenom-
enon, response delay, paraphasia, speech arrest, or pronun-
ciation errors are observed.'”” When motor function is being
tested, the patient may be asked to hold their upper limbs
outstretched for example, to better enable detection of sub-
tle weakness or clonic jerks; positive stimulation findings
may include clonic jerks or transient impairment of motor
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function, for example, when stimulating a “negative” motor
area. Adding electromyography leads for motor mapping is
useful.

Even though functional mapping is possible with
SEEG electrodes, grids-strips or performance of an awake
electro-corticography after SEEG may still seem prefera-
ble by some authors in situations where extensive map-
ping is required.*

3 | CAVEATS IN THE
INTERPRETATION OF
INTRACRANIAL EEG FINDINGS

Intracranial EEG suffers from a number of significant ca-
veats and limitations, which need to be well understood.
The most important issue is that of spatial sampling, the
choice of which is determined by the clinical teams' hy-
potheses as well as surgical issues. Whether using sub-
dural grids or SEEG, only a small volume of the cortex
can be explored in a given patient. A detailed comparative
analysis of the overall cortical volume sampled by both
methods in 20 patients (10 for each method) showed that
SEEG provided a 20% greater volume of gray matter sam-
pling than subdural grids.'** A single SEEG contact (cyl-
inder of 0.5mm in diameter and 2mm length, providing
a recording surface of 5mm?®) primarily captures intrac-
ranial EEG activities generated within a 5-mm distance,
thus sampling a volume of about 30 mm®. Accordingly, a
typical SEEG with 12 electrodes and 150 contacts within
the gray matter will sample a total volume of 4.5cm?, cor-
responding to 75 million neurons. This only represents
0.5% of the total human cortical brain volume (900cm”)
and number of neurons (16 billions). Of course, intracer-
ebral electrodes are not positioned in a random way, but
rather guided by a number of presurgical investigations
and the hypothesis regarding the localization of the SOZ
and anatomical considerations, which altogether dramati-
cally reduce the cortical regions of interest. Yet, the scale
of the sampling issue is such that one always needs to con-
sider the paradigm of the “missing electrode.” This is par-
ticularly true for MRI-negative FCD type 2, the very small
size of which can easily be missed. In such case, the typical
interictal and ictal SEEG pattern can be completely unde-
tected if electrodes are located more than 1cm away from
the border of the FCD. In a patient with a very small MRI-
negative postero-superior insular FCD, no ictal discharge
was even detected during typical somatosensory seizures
with preserved awareness, despite several electrodes im-
planted in his epileptogenic insula, while a second SEEG
captured very localized ictal discharges during the same
clinical seizures, thanks to an additional electrode located
less than 1 cm away from the previous ones.

The above issue invites to distinguish the “true” SOZ from
the “apparent” SOZ delineated by intracranial EEG recordings.
This distinction is important when considering how the EZ is
being defined based on intracranial EEG recordings. It is often
considered that the EZ differs from the observed SOZ, due to
the fact that operating only the latter fails to control seizures
in a significant proportion of patients, an observation that can
have different explanations. One possibility would be that part
of the epileptogenic tissue is not involved in the initial ictal
discharge, but can generate a seizure once the SOZ has been
removed. This possibility is consistent with the views that the
EZ includes areas of early propagation,”!!* and/or that it is
organized as a distributed network rather than within a single
region.115 However, a credible alternative explanation is that
the true SOZ simply differs or is more extensive than the ap-
parent SOZ. There is currently no robust method to solve this
dilemma, leaving a large room for personal experience and
empirical considerations to guide intracranial EEG interpreta-
tion. From there, it is clear that removing areas of early prop-
agation is likely to offer greater chances of seizure freedom,
possibly not because these areas are truly epileptogenic, but
due to the fact that a larger resection increases the chance of
removing the “true” seizure onset. This is actually a generic
issue that might apply to many other potential biomarkers of
the SOZ (e.g., neuroimaging, neurophysiology) whereby the
presence of any findings promoting larger resections neces-
sarily increases the chance of seizure freedom.

One could hope that the intracranial EEG seizure-onset
pattern enables to distinguish a true ictal zone from a prop-
agated discharge. This is a complicated issue, however,
due to the other factors influencing the type of ictal EEG
pattern, namely, the underlying pathology and the affected
lobe. Nevertheless, many would consider that LVFA is
more likely to reflect the true ictal onset zone than other
seizing patterns. This would account for the presence of
such patterns to be associated with more favorable post-
operative seizure outcome, %116 Yet, it is not unusual to ob-
serve widely extensive LVFA at ictal onset or later during
the seizure that clearly surpasses the extent of the SOZ,
suggesting that LVFA can also represent a propagation pat-
tern (see also Figure 13).

Another impact of the intracranial EEG sampling
limitation is the risk of misinterpretation of the spatial
propagation of the ictal discharge. Looking through the
narrow prism of the implanted electrodes (see also solid
angle principle by Gloor®®), one might get the impression
that the ictal discharge travels between the sampled brain
regions as if the latter were directly connected. In many
instances, this is likely not the case, with propagated dis-
charges resulting from multi-synaptic short- and long-
term connections and/or cortico-subcortical loops.

Overall, the many unknowns that complicate the in-
terpretation of intracranial EEG data invite to a cautious
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approach, whereby all available data need to be consid-
ered to reduce the risks of erroneous conclusions. These
shall include the known or suspected underlying pathol-
ogy, results from all other relevant presurgical investiga-
tions and all information gathered during intracranial
EEG, including interictal abnormalities, ictal semiology,
and results from electrical stimulation and radiofrequency
thermocoagulation when available."'’~'*

4 | SPECIAL CONSIDERATIONS
IN CHILDREN

4.1 | General considerations for
intracranial EEG in children

Intracranial EEG recordings are considered a safe and
well-tolerated diagnostic method in children. In recent
years, a paradigm shift has happened moving from centers
using both intracranial depth and subcortical electrodes for
chronic implantation toward SEEG being the most com-
mon method."”®'*! In young patients, seizure networks
are often more widespread and resection sizes are usually
larger compared to adults. Patients requiring very early sur-
gery therefore often undergo large resections or disconnec-
tions such as multilobectomies and hemispherectomies.'*?
In these larger resections, intracranial EEG is of minor
importance.'*
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Literature suggests that intracranial stereo-EEG can be
safely used in children as young as 18 months of age.'*'
Indications are similar to those in adults, and SEEG is
usually used to identify a SOZ in patients with inconclu-
sive non-invasive presurgical workups. Most commonly, it
is used in non-lesional cases or to define the boundaries of
the SOZ in structural epilepsy with larger lesions or mul-
tiple lesions. Across Europe, pediatric cases for epilepsy
surgeries have become more complex and SEEG usage
has increased over the last decade.'** Overall, 20%-30% of
pediatric epilepsy surgery cases undergo intracranial di-
agnostics prior to surgery.'**!'#* Of note, the use of SEEG
is rather correlated with lower rates of seizure freedom as
epilepsy in children is usually more complex if requiring
SEEG.'® Compared to adults, the percentage of structural
cases in pediatric SEEG is higher. Larger developmental
lesions are more common.'?* Additionally, cortical mat-
uration might complicate identifying lesions and their
boundaries.'?® Due to the differences in etiology and in-
dication for intracranial EEG, children more often have
neocortical explorations and less frequently typical mesio-
temporal explorations.'*’

4.2 | Interictal patterns

For the most part, interictal epileptic discharges are
very similar in children as in adults. Like in scalp EEG,
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FIGURE 40 Widespread multifocal IEDs in a patient with tuberous sclerosis complex. Seven tubers were covered on the left (SEEG
channels displayed above) and two on the right hemisphere. MRI shows distribution of intracranial electrodes aiming to cover the left
hemispheric tubers. SEEG shows abundant independent IEDs generated from all covered tubers, matching the epileptic encephalopathy

findings seen in the scalp EEG.
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epileptic discharges might be more frequent and show
a faster propagation than typically noted in adult EEGs.
As structural lesions are common, patterns typical for
FCDs are often seen. These include continuous or sub-
continuous rhythmic spike discharges in a frequency of
1-10Hz.'”

Epileptic encephalopathies with frequent and con-
tinuous interictal EEG changes are closely linked to the
patient's age. These patterns include hypsarrhythmia in
West syndrome, spike slow waves, and tonic patterns in
Lennox-Gastaut syndrome and sleep activated patterns
like epileptic encephalopathy with spike-and-wave acti-
vation in sleep (EE-SWAS). They have in common that
they are usually poorly localizing and show abundant
interictal activity, while normal background rhythms are
suppressed.'?® As discussed, earlier most of the children
affected by encephalopathic EEG patterns either do not
qualify as surgical candidates or undergo large resections
without intracranial EEG.

Nevertheless, intracranial EEG can be helpful in those
with multiple lesions or to define seizure onset and func-
tional region in the case of large lesion areas.'**'** Typical
examples are patients with infantile spasms in the context of
tuberous sclerosis complex or large hemispheric lesions.'*
As can be seen in Figure 40, interictal activity is often wide-
spread and non-localizing. It is important to be aware that
epileptic areas cannot be just identified by selecting regions
with the highest spiking rates and the risk of falsely local-
izing is high. Especially in cases with deeper structural

regions, propagation of spikes can often be seen over all cov-
ered cortical areas.'”® Like for most intracranial investiga-
tions, a hypothesis-driven coverage of important areas and
recording of seizures is crucial for success.

4.3 | Ictal patterns

There is no systematic difference between seizure-
onset patterns in children vs adults. As children might
fail to report auras or are unable to describe subjective
symptoms, any time lag between start of symptoms and
seizure onset on EEG needs to be taken seriously. A com-
bination of scalp and intracranial EEG can help to avoid
false localization and lateralization. Depending on etiol-
ogy, some seizure-onset patterns are more common than
others.™!

A specific seizure semiology for children is infantile
spasms. A typical intracranial EEG pattern is shown in
Figure 41. The intracranial EEG pattern is very similar to
what is seen during spasms in scalp EEG. EEG changes at
the time of a spasms can be unilateral or bilateral and are
most likely widespread. They consist of LVFA, which can be
isolated or in combination with a high-amplitude slow wave.
Slow waves can either precede or follow the low-voltage fast
activity.'* The best indicator for localization purposes is
focal or focal onset LVFA. In cases with widespread LVFA,
electrodes might not be located in the seizure onset and
false localization should be considered.'**
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FIGURE 41 Typicalictal SEEG pattern seen in infantile spasms, characterized by widespread LVFA followed by high-amplitude slow
wave and generalized suppression. The red box shows a zoomed-in image of the TOL electrode, which showed the earliest LVFA change.
This finding can be used as a localization feature in an otherwise widespread seizure-onset pattern. The seizure onset is marked by a vertical

blue line.
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4.4 | Stimulation
As highlighted earlier in the article, stimulation can be
used for functional mapping or SOZ identification during
SEEG. Overall, systematic stimulation of all implanted
electrodes is less common in children than adults for
compliance reasons. However, there is good evidence that
functional mapping of motor and language areas can be
successfully conducted in children as young as 4-5years
of age."*®> The same is true for the stimulation to elicit
typical seizures and auras. Data about stimulation param-
eters in children traditionally came from use of subdural
grids, but has also been validated in SEEG."* However,
there has been a debate about reproducibility and reli-
ability of stimulation findings in children. Especially, over
the motor cortex, higher stimulation parameters than in
adults are needed to elicit a functional response.'** This is
likely a result of the not fully myelinated immature brain
and more prominent in younger children.'*® In children
with epileptic encephalopathies and nearly continuous
interictal spiking, both functional responses as well as sei-
zures might be harder to elicit. Failure to adjust the stimu-
lation paradigm and unawareness of these pitfalls might
lead false-negative results.

In conclusion, intracranial EEG especially SEEG is
safe in children and can help to localize epileptic areas
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and increase eligibility for epilepsy surgery. Interictal pat-
terns are often more abundant and widespread than in
adults and have to be interpreted with caution. Except for
infantile spasms, seizure-onset patterns and their inter-
pretation equal to those of adults and depend mostly on
etiology and localization.

5 | SPECIAL CONSIDERATIONS
IN SUBDURAL GRIDS/STRIPS

Subdural electrodes are typically made of platinum-iridium
in forms of strips and grids. Strip electrodes consist of 1-2
rows of electrodes, whereas subdural grids consist of 4-8
rows of electrodes. Each row of electrode has 4-8 contacts.
The contacts are disks mounted in a thin, flexible silastic
sheet with 2-5mm diameter exposed to the cortical sur-
face. Inter-contact distance is usually 5-10mm (Figures 3
and 42). Strip electrodes can be inserted through burr holes.
However, both the implantation and removal of subdural
grids require craniotomy, which may increase the risks of
complications compared with SEEG investigations, includ-
ing intracranial infection, hemorrhage, and elevated in-
tracranial pressure.m’139 Furthermore, in case of subdural
grids/strips, patients will need to be operated at the end of
the procedure.

¢» Language cortex

@ Seizure onset zone

@ Resection margin

FIGURE 42 A 3-D view of subdural electrodes co-registered onto a patient's cortex using pre-implant brain MRI and post-implant head

CT images. A combination of strips and grids was placed on the left temporal and orbitofrontal cortex in the patient with temporal lobe

epilepsy. Red contacts mark the seizure-onset zone derived from EEG recording. Green contacts mark the language cortex derived from

electrical stimulation mapping. Purple line is the proposed margin for a tailored resection of seizure-onset zone, while sparing the eloquent
cortex. LATS, Left anterior temporal 1 x 8 strip; LITS, Left interior temporal 1x 8 strip; LMTG, Left mid-temporal 4 x 8 grid; LPTS, Left

posterior temporal 2 x 8 strip; LOFS, Left orbitofrontal 1 x 8 strip.
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FIGURE 43 Simultaneous intracranial (left panel) and scalp (right panel) EEG recording of a left temporal lobe seizure using subdural
electrodes. The seizure-onset zone is neocortical (~20cm? in area, red color), involving most of the inferolateral and lateral temporal

electrodes. Given that the cortical ictal discharges are widespread and synchronous at onset, a 2 Hz left anterior-inferior temporal seizure

rhythm appears simultaneously on the scalp (marked by arrow). The patient underwent left anterior temporal lobectomy and remained

seizure free for 3years during post-operative follow-up. Display parameters: common average montage, band pass: (1-50 Hz. LATS, Left

anterior temporal strip; LITS, Left inferior temporal strip; LMTG, Left mid-temporal grid; LPTS, Left posterior temporal strip.

Subdural electrodes are placed directly onto the cortical
surface in a free-hand fashion and are commonly used to lo-
calize the epileptogenic focus in the cortical convexity, basal
cortex, and inter-hemispheric cortex. When implanted in
large arrays, they can determine both the extent and location
of the SOZ. EEG data from subdural electrodes are easier to
interpret because they are predominantly near-field record-
ing from cortical gray matter directly under the electrodes,
and localization of neocortical spikes and seizure genera-
tors can be accurate (Figure 43).*” Moreover, subdural elec-
trodes are well adapted for electrical stimulation mapping
to localize sensory, motor, and/or language cortex."*” They
are particularly useful for the localization of seizure focus
in proximity to eloquent cortex, which allows for the extra-
operative mapping of the margins of the SOZ in relation to
eloquent cortex, and thus guide a tailored resection of SOZ,
while sparing eloquent cortex (Figure 42). Unlike depth elec-
trodes, subdural electrodes are not suited to localize seizure
generators in deep brain structures, such as hippocampus
and insular cortex.

The relative merits of subdural versus depth electrodes
have long been a subject of debate. A wealth of observa-
tional studies suggested that both are equally reliable in
the localization of SOZ as demonstrated by seizure free-
dom rates following resective surgery guided by subdural
and depth electrodes.*'** A systematic review showed
that seizure freedom in studies utilizing depth electrodes
was observed in 56%-68% patients, as compared with
studies utilizing subdural electrodes showing seizure free-
dom in 30%-70% patients. There was no significant dif-
ference in seizure freedom rates between subdural and
SEEG electrodes.'* This was confirmed in a recent com-
parative multicenter study. Even though the use of SEEG
electrodes was associated with a higher seizure freedom
rate compared to subdural electrodes (55% vs. 41%), the
use of SEEG electrodes went along with less subsequent
resections after surgery than subdural grids/strips making
surgical results overall cornparable.S In contrast, side ef-
fects and complications were significantly lower in SEEG
compared to subdural grids/strips.’
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In practice, the type of electrodes selected for the in-
tracranial EEG study is dependent upon the strengths and
limitations of each type of electrodes as determined by the
putative location of the epileptic focus from non-invasive
studies.'? A hybrid approach using both subdural and depth
electrodes is often considered to leverage the strengths of
both modalities and delineate seizure foci involving both
subcortical and cortical networks.'*>'*® In recent years,
there has been a dramatic surge in the utilization of depth
electrodes due to the advances in neuroimaging, stereotac-
tic robot, and minimally invasive surgical techniques.'*”**3
Despite this emerging trend, many patients still benefit
from intracranial EEG recording using subdural electrodes,
particularly in specific circumstances such as seizure focus
restricted in the neocortex or in proximity to eloquent
cortex. In contrast, situations where subdural grids/strips
can be misleading are bottom-of-the sulcus FCDs with a
focal onset in the depth and rapid distant propagation or
a burned-out ipsilateral hippocampus with rapid seizure
propagation to the contralateral site (strips record not from
the hippocampus directly, but the para-hippocampal gyrus
and this structure may be activated on the contralateral
side first in case of a severely atrophic ipsilateral structure).

6 | OVERVIEW ON
QUANTITATIVE/SIGNAL ANALYSIS
APPROACHES

Since the advent of digital EEG recording in the late
1990s, signal analysis of SEEG has been a key methodol-
ogy in understanding epilepsy as a network disorder.>
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Computational algorithms and quantitative analysis can
complement the traditional evaluation process and (i)
help define the initial zone of seizure organization, (ii)
provide precise and more objective results, and (iii) im-
prove understanding of EEG patterns and their relation to
semiological expression.

Two principal approaches are available to analyze simulta-
neously recorded multi-channel neuronal activity: linear and
non-linear. Frequency is one of the most used quantitative
characteristics of linear EEG analysis, because its evolution is
a key feature of seizure dynamics. A seizure originates from
one or several regions in the brain, characterized by high-
frequency (beta and/or gamma) discharges before propaga-
tion to a second set of structures generating lower frequency
oscillations. The structures involved in seizure onset and ini-
tial seizure organization are considered the most epileptogenic
and in the traditional SEEG school are collectively called the
“EZ” according to Bancaud's original term,> and quantitative
tools have aimed at detecting the SOZ. Most have aimed at
quantifying the change in signal energy (heavily dependent
on frequency) at seizure onset (see Table 1). The first of these,
the Epileptogenicity Index (EI) was developed by Bartolomei
et al.,'* building on earlier work from the Marseille school."*
Subsequent methods developed in conjunction with expe-
rienced SEEG teams have incorporated additional features
when quantifying the SOZ. The Epileptogenicity Map from
David et al."! used time series of statistical parametric maps
to illustrate dynamic ictal changes in 3-D space. Gnatkovsky
et al.'>? combined three elements — fast (narrow band) activ-
ity, slow depolarizing shift and flattening (i.e., suppression of
the background activity) — and validated their method in a
prospective sample. In earlier work, these authors had also

TABLE 1 Quantitative tools for detection of the epileptogenic zone.

Year First author Journal Method

2008 Bartolomei’® Brain Epileptogenicity
Index (EI)

2011 David"! Brain Epileptogenicity Map

2014 Gnatkovsky'* Epilepsia Computable
biomarkers of the
EZ

2018 Grinenko®  Brain EZ “fingerprint”

2022 Nakatani®* Brain
Communications

Ictal DC shifts +ictal
high-frequency
oscillations

Description

EI energy ratio compares relative energy of high- versus low-
frequency activity at seizure onset and detects earliness of
involvement of the energy change in different electrode contacts:
structures showing high EI have higher energy ratio and are
considered more epileptogenic.

Combined SEEG signal quantification with spatial neuroimaging
data in the form of time series of statistical parametric maps, to
facilitate visualization of dynamic changes

SOZ/EZ found to be characterized by the combined detection of three
biomarkers observed at seizure onset: (1) fast activity at 80-120 Hz
associated with (2) very slow transient polarizing shift and (3)
voltage depression (flattening).

Time-frequency pattern that can differentiate the EZ from areas of
propagation, characterized by the association of three elements:
pre-ictal spikes, fast activity, and suppression.

Uses EEG datasets recorded with a longer time constant of 10s using
an alternate current amplifier; detection of DC shifts and HFOs in
relation to seizure onset
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FIGURE 44 Epileptogenic zone fingerprint in different anatomical structures and pathologies. Time-frequency plots obtained from
SEEG contacts located inside the SOZ of four patients with focal DRE showcasing pre-ictal spikes, fast activity, and suppression of low
frequencies using the method described by Grinenko et al..>® Spectrograms were obtained from the same patients and channels shown in

Figure 20. Spectrograms obtained from the same patients and channels are shown in Figure 11. (A) contacts RLa 4-5 are located in the
anterior margin of a lesion (FCD 2B) in the right superior parietal lobule. (B) contacts RLi 3-4 are located in the inferior margin of a lesion
(FCD 2A) in the right frontal convexity. (C) contacts LHa 3-4 are located inside a periventricular nodular heterotopia in the vicinity of the
left anterior hippocampus. (D) contacts LH 2-3 are located in the left anterior hippocampus in a patient with anterior temporal FCD 3A and

hippocampal sclerosis. DRE, Drug-resistant epilepsy; FCD, Focal cortical dysplasia; LH, Left hippocampus; LHa, Left anterior hippocampus;

RLa, Right lesion anterior; RLi, Right lingual gyrus.

shown reproducible, patient-specific narrow frequency band
patterns at seizure onset*’; the reproducibility of ictal electri-
cal pattern at the individual patient level is in keeping with
earlier observations of temporal lobe seizures."™ Grinenko
and colleagues proposed a novel time-frequency analysis of
the epileptogenic “Fingerprint” associating pre-ictal spikes,
fast activity, and suppression, allowing the differentiation of
the SOZ from the propagation zone (Figure 44).>° Work from
Ikeda and colleagues has highlighted the role of ictal DC shifts
(<1Hz), with or without associated ictal HFOs >80 Hz.*

An example of the use of non-linear methods of seizure
quantification includes work by Schindler and colleagues'”
who analyzed the temporal evolution of the correlation be-
tween structures involved in focal seizures, by using a multi-
variate analysis of the zero-lag correlation matrix with a
sliding time window. They found that the zero-lag correla-
tion of multi-channel EEG either remained approximately
unchanged or especially in the case of evolution to a bilateral

tonic—clonic seizure decreased during the first half of the sei-
zure. The correlation gradually increases again before the
seizures terminate, which might be a mechanism of seizure
termination. Since this pattern could occur in different epilepsy
localizations, it was proposed to be a generic property of focal
onset seizures. Quantitative methods also allow modeling of
seizures,">*'> a rapidly evolving domain that is promising and
may in the future contribute to therapeutic decision making.'*®
However, trials demonstrating the usefulness of these methods
to improve epilepsy surgery outcome are not yet available.

7 | CONCLUSION

This Seminars in Epileptology article aims to provide fun-
damental principles on intracranial EEG, with a particular
focus on SEEG. It serves as a valuable learning resource for
trainees in clinical neurophysiology/epileptology offering a
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basic understanding of invasive intracranial EEG concepts.
Knowledge of invasive intracranial EEG is important for all
neurophysiologists/epileptologists. Despite the increasing
use of non-invasive technologies, invasive EEG continues to
play a significant role in epilepsy presurgical investigation,
with new indications and applications extending beyond
pure diagnostic purposes. Efforts must be made to better se-
lect those patients who really can benefit from SEEG, in view
of the high rate of patients who are not operated after it.
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Test yourself
1. Which answers are true regarding the indication and purpose of SEEG:
I  Given its low complication profile, SEEG has become the method of choice for invasive intracranial
EEG investigation around the world.
II The purpose of SEEG is to identify the SOZ, delineate the wider epileptic network and resection mar-
gins, and localize relevant eloquent cortex in relation to the epileptic network.
IIT  95% of patients undergoing SEEG will benefit from a subsequent surgical intervention.
A. 1,1I, and III are true.
B. 1, II, and III are false.
C. TandII are true, III is false.
D. Iistrue, IT and III are false.
E. IIandIII are true, I is false.
2. Which of the following statements regarding intracranial EEG seizure-onset patterns is correct?
A. Low-voltage fast activity is not seen with subdural grids or strips.
B. Sharp activity at <13Hz is seen in 60%-70% of patients undergoing intracranial EEG investigations.
C. Burst of high-amplitude polyspikes is typically followed by low-voltage fast activity.
D. Delta brush is the second most common intracranial EEG seizure-onset pattern.
E. Burst suppression typically evolves to low-frequency high-amplitude periodic spikes.
3. Regarding seizure semiology, which of the following statements is FALSE?
A. Seizure semiology usually reflects the propagation of seizures.
B. Both spatial and temporal aspects of EEG change are related to clinical seizure expression.
C. Hyperkinetic seizures are highly specific for frontal lobe origin.
D. Auditory aura is highly suggestive for lateral temporal lobe localization.
E. Signal analysis of SEEG ictal data can show changes in coupling between specific brain structures,
correlated with semiological expression.
4. What interictal SEEG pattern is typical for focal cortical dysplasia?
A. Continuous or subcontinuous epileptiform discharges.
B. High-voltage gamma activity.
C. Repetitive bursting spikes.
D. Low-voltage fast activity.
E. Physiological background activity inside the dysplastic cortex.
5. Which of the following statements are true regarding infraslow activity and high-frequency oscillations
(HFOs):
I DC shifts and HFOs both occur more inside than outside the seizure-onset zone.
II DC shifts and HFOs both occur more often at seizure onset than after the seizure onset.
IIT DC shifts and HFOs are two mutually exclusive phenomena.
A. I+IIare true, III is false.
B. I+1II are false, III is true.
C. [Iistrue, IT and III are false.
D. [IlIistrue,Iand III are false.
E. Allare true.
6. Subdural grids/strips is the best indicated method for intracranial EEG in which of the following

situations?

Mesial temporal epilepsy.

Periventricular nodular heterotopia.

Insulo-opercular epilepsy.

Neocortical focal epilepsy in the proximity to eloquent cortex.
Orbitofrontal focal epilepsy.
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7.  Which of the following statements is true for cortical stimulation?
A. Cortical stimulation is performed exclusively for seizure stimulation.
B. Cortical stimulation evoked habitual electro-clinical seizures are a positive predicting factor to achieve

a seizure-free surgical outcome.

C. The only purpose of cortical stimulation is mapping of physiological functions.
D. Electrode contacts evoking auras with no EEG correlate are localized to the epileptogenic zone.
E. After-discharges are specific for the epileptogenic zone.

8. Which of the following statements is true:

A. Whether using subdural grids or SEEG, only a tiny portion of the cortex can be explored in a given

patient.

B. Exploring the insula with three orthogonal electrodes inserted via the frontal, centro-parietal, and
temporal operculum is sufficient to exclude an insular seizure generator.
C. Subdural grids/strips are a good alternative to avoid the spatial sampling bias of SEEG.
D. Subdural grids/strips and SEEG are equally well poised to explore bottom-of-the sulcus dysplasias.
E. Only low-voltage fast activity is going along with seizure freedom post-resection.
9. Which of the following statements are true regarding computerized signal analysis approaches in

SEEG?

A. The Epileptogenicity Index is applicable for all seizure-onset patterns independent of the fast activity

content.

B. Time-frequency analysis is needed to visualize high-frequency oscillations.
C. Computerized signal analysis approaches are widely implemented in clinical practice.
D. The epileptogenic “fingerprint” is based on pre-ictal spikes, fast activity, and suppression of slow fre-

quencies in the epileptogenic zone.

E. Computerized signal analysis is needed to assess presence of a DC shift.
10. Which of the following statements are true regarding the following SEEG markers for prognostication:
I A seizure-onset pattern without low-voltage fast activity does result in seizure-free outcome in 70% of

cases.

II Habitual electro-clinical seizures evoked by low-frequency stimulation are predictive of a good post-

surgical outcome.

III Most interictal patterns allow for correct prediction of the underlying pathology.

I+1I are true, III is false.
I+11 are false, III is true.
Iis true, IT and IIT are false.
11 is true, I and III are false.
All are true.

moawp

Answers may be found in the supporting information S1

APPENDIX A

Case 1. A 25-year-old right-handed woman had drug-
resistant, sleep-related hyper-motor epilepsy with sei-
zure onset at age 12years. Seizures were characterized
by an ill-defined sensation going along with tactile hy-
persensitivity involving the entire body, which would
be like a “wave starting in the middle of her stomach
and going up and down” followed by restlessness, anxi-
ety, and at times left leg clonic movements and smiling.
Prolonged video-EEG recording demonstrated seizures
occurring mostly out of sleep, with sudden onset of
tonic posture of the left arm, lasting approximately 30s.
Sometimes, a left leg clonic movement followed by an
impaired awareness was observed after the tonic left

arm movement. Ictal onset was difficult to evaluate
due to muscular artifact. Later, a low-amplitude alpha
rhythmic activity over the central midline and right
parasagittal head region was seen. The interictal EEG
remained inconclusive. The 3-Tesla MRI showed an
unusual sulco-gyral morphology of the right posterior
cingulate with subtle transmantle sign that could cor-
respond to a FCD type II. The FDG-positron emission
tomography (PET) showed no area of hypometabolism.
Source imaging was non-contributory, as no spikes were
recorded. The neuropsychological evaluation showed
deficits consistent with frontal lobe interference with
a right predominance. The SEEG implantation was
planned to confirm the generator in the suspected FCD
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FIGURE A1 Typical pattern of FCD II. Ictal SEEG recording from a 25-year-old woman with a right precuneal-cingulate DRE. The
SOP is characterized by repetitive polyspike and waves seen in the contacts RDb1-3, RDal-6, and RDp1-4, followed by a LVFA seen in the
same contacts (red arrows). The seizure propagated to RSMp8-9 (black arrow) before reaching other contacts. Three electrodes (RDa, RDp,
and RDb) were targeting the suspected FCD visible in the structural MRI to allow a better delineation of the surgical borders and thermo-
coagulate the most active channels. RDa was targeting the anterior part of the FCD; RDp was targeting the posterior part of the FCD; RDb
was targeting the base of the FCD; RSMp was targeting the mid-cingulate gyrus; and RCp was targeting the posterior cingulate gyrus. This
patient underwent a tailored precuneal-cingulate resection. The pathology confirmed FCD Ila. She is Engel Ia with a follow-up of 4 years.
Display parameters: Bipolar montage — a selection of electrodes is shown for educational purposes — BP: [0.5-100 Hz/]. FCD, Focal cortical
dysplasia; DRE, Drug-resistant epilepsy; LVFA, Low-voltage fast activity; SOP, Seizure-onset pattern; SEEG, Stereo-electroencephalography.

area over the right posterior cingulate gyrus, to deline-
ate the resection borders, and to rule out the alterna-
tive hypotheses of an anterior insula generator with fast
mesio-frontal propagation or a mesio-frontal generator.
A right hemispheric SEEG implantation with 16 depth
electrodes was performed. Ictal (Figure A1) and interic-
tal (Figure A2) EEG demonstrated a typical FCD type II
pattern over the right precuneal-cingulate cortex. The
patient underwent a tailored precuneal-cingulate re-
section. Pathology confirmed FCD IIa, and the patient
has been seizure-free (Engel Ia) for 4 years of follow-up.

APPENDIX B

Case 2. A 22-year-old right-handed woman had drug-
resistant temporal epilepsy with seizure onset at age
11years. Seizures were characterized by rising epigastric
sensation and anxiety, followed by impaired awareness,
flushing, staring, oromandibular and bimanual au-
tomatisms, and hypersalivation before the clinical end.
These auras were often times followed by speech arrest,
and post-ictal aphasia. Prolonged video-EEG record-
ing captured focal seizures with a left temporal onset,
which very rapidly spread to left precentral and anterior
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FIGURE A2 Typical interictal pattern of FCD II recording from a 25-year-old woman with a right precuneal-cingulate DRE. The
interictal activity from NREM 3 sleep is characterized by a pseudo-continuous polyspike and polyspike-waves seen mostly in the contacts
RDb1-5, RDal-6, RDpl-4, and RSMp7-10. RDa, RDp, and RDb were targeting the FCD visible in the structural MRI. RDa was targeting the
anterior part of the FCD; RDp was targeting the posterior part of the FCD; RDb was targeting the base of the FCD; RSMp was targeting the
mid-cingulate gyrus; and RCp was targeting the posterior cingulate gyrus. * shows one of the spindles. This patient underwent a tailored
precuneal-cingulate resection. The pathology confirmed FCD IIa. She is Engel Ia with a follow-up of 4 years. Display parameters: Bipolar
montage — a selection of electrodes is shown for educational purposes — BP: [0.5-100 Hz]. Abbreviations: FCD, Focal cortical dysplasia; DRE,

Epileptic.._L¥

Drug-resistant epilepsy; SOP, Seizure-onset pattern; SEEG, Stereo-electroencephalography; NREM, Non-rapid eye movement.

frontal regions. Interictally, there were left anterior-mid-
temporal spikes with a voltage field extending to ipsi-
lateral precentral, frontal pole, or vertex regions. These
findings raised the question of a temporal-plus epilepsy
with involvement of the anterior insula. MRI showed a
T2/FLAIR hyperintensity, decreased volume and internal
architecture loss on left hippocampus, and accompanied
by poor gray-white matter differentiation and atrophy
of left temporal pole. Functional MRI showed bilateral
frontal and temporal activations for language. FDG-PET
showed left temporal hypometabolism with mesial pre-
dominance, and extension to temporo-occipital, lower

parietal, and anterior frontal regions. The SEEG implan-
tation was planned to confirm a left mesiotemporal gen-
erator, to delineate the resection borders, and to rule out
the alternative hypothesis of a perisylvian/anterior insula
generator. A left-hemisphere SEEG implantation with 14
electrodes was performed. Ictal (Figure B1) and interictal
(Figure B2) SEEG recording demonstrated a typical hip-
pocampal sclerosis pattern on mesiotemporal contacts.
The patient underwent a standard left anterior tempo-
ral lobectomy, and pathology confirmed a hippocampal
sclerosis. The patient has been seizure free (Engel Ia) for
4years of follow-up.
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FIGURE B1 Typical pattern of HS. Ictal SEEG recording from a 22-year-old woman with a left mesial temporal lobe DRE. The pattern
displayed is characterized by the appearance of low-frequency high-amplitude spikes seen involving contacts LHp 1-3 and LHa 1-2 (red
arrow) that seconds later evolved into a rhythmic sharply contoured alpha-theta activity involving other mesiotemporal adjacent contacts
(LA 1-3), and later also anterior insula and temporal pole contacts. SEEG was planned to rule out a perisylvian generator (see Case 2). LHa
was targeting the left anterior hippocampus; LHp was targeting the left posterior hippocampus; LA was targeting the left amygdala; LIa
was targeting the left anterior insula; LTp was targeting the left temporal pole. This patient underwent a left anterior temporal lobectomy.
Pathology confirmed a HS, patient is Engel Ia with a follow-up of 4 years. Display parameters: Bipolar montage — a selection of electrodes is
showed for educational purposes — BP: [1.0-100 Hz]. Case and figure showed with the courtesy of Dr Philippe Kahane from the University
Hospital of Grenoble (France). HS, Hippocampal sclerosis; DRE, Drug-resistant epilepsy; SOP, Seizure-onset pattern; SEEG, Stereo-
electroencephalography.
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FIGURE B2 Typical interictal pattern of HS. Recording from a 22-year-old woman with a left mesial temporal lobe DRE. The interictal
activity is characterized by abundant high-amplitude spikes involving contacts LHa 1-2. SEEG was planned to rule out a perisylvian
generator (see Appendix B). LHa was targeting the left anterior hippocampus; LHp was targeting the left posterior hippocampus; LA was
targeting the left amygdala; LIa was targeting the left anterior insula; LTp was targeting the left temporal pole. This patient underwent a left
anterior temporal lobectomy. Pathology confirmed a HS, patient is Engel Ia with a follow-up of 4years. Display parameters: Bipolar montage
- a selection of electrodes is shown for educational purposes — BP: [1.0-100 Hz]. Case and figures showed with the courtesy of Dr Philippe
Kahane from the University Hospital of Grenoble (France). HS, Hippocampal sclerosis; DRE, Drug-resistant epilepsy; SOP, Seizure-onset
pattern; SEEG, Stereo-electroencephalography.
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