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KEY POINTS

� The article highlights the stereoelectroencephalography (SEEG) method and discuss its principles
and techniques.

� The article discuss the nuances of SEEG implantations and resections in lesional epilepsies.

� The artcile discuss different clinical examples related to lesional epilepsies evaluated by the SEEG
method.
INTRODUCTION of the EZ, taking into consideration the temporal
ic
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One of the main aims of epilepsy surgery is the
complete resection (or complete disconnection)
of the cortical and subcortical areas responsible
for the primary organization of the epileptogenic
activity. This hypothetical cortical area is named
the epileptogenic zone (EZ). Because the EZ can
eventually overlap with functionally indispensable
cortical areas (so-called eloquent cortex), preser-
vation of highly important brain functions is
another primary goal of surgical resections in pa-
tients with medically refractory epilepsy.1–7

Because successful resective epilepsy surgery
relies on accurate preoperative localization of the
EZ, a well performed and interpreted presurgical
evaluation is necessary to obtain the most accurate
spectrum of information from clinical, anatomic,
and neurophysiologic aspects, with the ultimate
goal of performing an individualized surgical treat-
ment. The noninvasive methods of seizure localiza-
tion (videoelectroencephalogram [video-EEG]
imaging, magnetoencephalography [MEG], and so
forth) are complementary and results must be inter-
preted in conjunction, in an attempt to compose
localization hypotheses of the anatomic location
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and spatial organizational pattern of the epilepto-
genic activity. When the noninvasive data are insuf-
ficient to define the EZ, extraoperative invasive
monitoring may be indicated. Stereoelectroence-
phalography (SEEG) is an extraoperative invasive
method that is applied in patients with medically re-
fractory focal epilepsy in order to anatomically
define the EZ and the related functional cortical
areas. This method has been under development
in France for more than 50 years. The concept of
EZwas created by the pioneers of themethod in or-
der to differentiate the region from where the
seizure originate from the interictal activity
anatomic distribution and from the lesion. Hence,
the delineation of 3 zones (epileptogenic, irritative,
and lesional) becomes the goal of every SEEG
(Chauvel, Gonzalez-Martinez, Bulacio, 2019). It
has been a custom rather than a rationale to limit
SEEG indications to MRI-negative epilepsies and
to operate without presurgical investigation of epi-
lepsies with a visible lesion on the MRI. This habit
is unsubstantiated because it is well documented
that ablating hippocampal sclerosis does not cure
temporal epilepsy (Bujarski et al, 2013), and
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removing a suspected cortical dysplasia image or a
cavernoma does not make the patient 100%
seizure free (Aubert et al, 2009; Sevy et al, 2014).
The principles of electrode implantation in SEEG
in patients with visible lesions onMRI are discussed
in this article.
BASIC PRINCIPLES RELATED TO THE
STEREOELECTROENCEPHALOGRAPHY
METHODOLOGY

The principle of SEEGmethodology remains similar
to the principles originally described by Bancaud
and Talairach,10 which is based on anatomoelec-
troclinical correlations (AECs) with the main aim to
figure out the three-dimensional spatial-temporal
organization of the epileptogenic discharge within
the brain.7–22 The implantation strategy is individu-
alized, with electrode placement based on preim-
plantation hypotheses that take into consideration
the patient’s seizures, electroclinical correlations,
and their relation with a suspected lesion. For these
reasons, the preimplantation AEC hypothesis
formulation is the single most important element
in the process of planning the placement of SEEG
electrodes. If the preimplantation hypotheses are
incorrect, the placement of the depth electrodes
will be inadequate and the interpretation of the
SEEG recordings will not give access to any defini-
tion of the EZ in the patient.
CHOOSING
STEREOELECTROENCEPHALOGRAPHYAS THE
APPROPRIATE METHOD FOR
EXTRAOPERATIVE INVASIVE MONITORING IN
THE LESIONAL MRI CLINICAL SCENARIO

As briefly discussed earlier, multiple noninvasive
techniques and methods may be applied in order
to achieve the challenging goal of localizing the
EZ: scalp videoelectroencephalogram monitoring
is needed to confirm the diagnosis of focal epi-
lepsy (including interictal and ictal electroenceph-
alogram [EEG] recordings), and to identify the
cortical structure of the hypothetical networks
that may be involved in seizure organization
(through analysis of the recorded clinical and elec-
trical semiology) leading to the formulation of clear
anatomic-electric-clinical hypotheses. Further
validation of the anatomic hypothesis is achieved
through structural imaging (the identification of
lesion on MRI), with or without metabolic imaging
(including 18F-fluorodeoxyglucose PET hypome-
tabolism, which may point to focal regions of
cortical dysfunction). Other studies include ictal
single-photon emission computed tomography
(SPECT), MEG, and EEG–functional MRI.6,23,24
These noninvasive studies allow a plausible
localization of the EZ in more than half of patients
undergoing presurgical work-up. However, a
formulation of a clear and unique AEC hypothesis
may not be possible in the other patients. In such
cases, focal or focal/regional epilepsy is likely,
but the noninvasive phase does not allow clini-
cians to decide between 2 or 3 hypotheses in the
same hemisphere or if there is a sound regional hy-
pothesis but not enough arguments in favor of 1
hemisphere. Alternatively, hypotheses may be
generated but the exact location of the EZ, its
extent, and/or its overlap with functional (eloquent)
cortex may remain unclear.
The main indications for an invasive evaluation

in focal pharmacoresistant epilepsy are to address
the main challenges and limitations of the noninva-
sive techniques. Apart from the obvious case of
MRI-negative epilepsies, based on the limitations
of those techniques outlined earlier, an invasive
evaluation should be considered in any of the
following cases:

1. Electroclinical and MRI data discordance. The
anatomic location of the MRI-identified lesion
is not concordant with the electroclinical
hypothesis.
� A per definition discordance, where the

lesion cannot generate any neuronal activity,
such as in encephalomalacia, cavernomas,
and posttraumatic lesions.

� Incongruence may result from an epilepto-
genic network configuration that cannot be
reduced to the lesion vicinity by its dimension
or by its semiological expression.

� The preceding situation can hold to the
network dimension or to the lesion dimension
with only a part of it being epileptogenic (as in
polymicrogyria).

� Multiple disorders may cause epilepsy to be
multifocal (ie, temporal epilepsy aggravated
by per ictal traumatic brain injuries).

� Caused by pathology single disorder but
multiple lesions, the EZ may be related to
only 1 of them (as in tuberous sclerosis or in
parasitic lesions such as cysticercosis), or a
limited number of them closely related in
the same hemisphere (postencephalitic
lesions).

� The special case of dual disorders in tem-
poral or occipitotemporal epilepsies
(cortical dysplasia or cavernoma and hip-
pocampal sclerosis) is a clear indication of
SEEG.

� A possible bilateral epilepsy must always be
checked, even with unilateral lesions and
especially in frontal and parietal-occipital
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epilepsies. Conversely, there are bilateral le-
sions with unilateral epilepsies.

� Some lesions pose the question of their
intrinsic epileptogenicity, such as hypotha-
lamic hamartomas or nodular heterotopias.

2. Discrepancies between MRI, functional imag-
ing, and video-EEG.

Electroclinical correlations in video-EEG provide
network localization hypotheses. Their limitation
holds to their level of heteromodality or supramo-
dality that conditions their more or less direct
behavioral/cognitive translation. In difficult cases,
frontal/parietal hypotheses or occipital/temporal
hypotheses can account for a similar semiology.
In such cases, very different localizations of ictal
versus interictal EEG, MEG interictal sources,
PET hypometabolism, ictal SPECT, or MRI abnor-
malities can be observed. These cases include
deeply seated brain lesions such as periventricular
nodular heterotopia or deep sulcal lesions. In addi-
tion, scalp EEG recordings in 85% to 100% of pa-
tients with focal cortical dysplasia (FCD) show
interictal spikes that range in their distribution
from lobar to lateralized, from difficult to localize
to diffuse (including generalized spike-wave pat-
terns in some cases of subependymal heteroto-
pia).15,16,20,25–27 The spatial distribution of
interictal spikes is usually more extensive than
the structural abnormality as assessed by intrao-
perative inspection or MRI visual analysis.28

3. A particular case is the post-surgical failures.
Another unsubstantiated habit is to complete
the resection. A better plan is to make every
effort possible to understand where the previ-
ous presurgical management failed, and why
the EZ is still totally or partly in the patient’s
brain. Given the previous incomplete or wrong
hypotheses and the new clinical tableau with
similar or different seizures, a basis for an
SEEG can be set up. This method is more
rational than to perform another blind surgery.
PLANNING THE
STEREOELECTROENCEPHALOGRAPHY
IMPLANTATION IN PATIENTS WITH VISIBLE
LESIONS ON MRI

As indicated earlier, the development of an SEEG
implantation plan requires the clear formulation
of precise AEC hypotheses to be tested. The
translation of these hypotheses in the actual
SEEG planning and final electrode placement re-
quires the integration of several anatomic con-
straints and nuances. These anatomic
constraints and nuances are of 3 kinds:
1. The existence of identified structural abnormal-
ities, and their topographic extension and
location

2. The generic anatomofunctional corticosubcort-
ical organization

3. The individual specificities of this organization
in the present patient

Implantation is typically limited to several elec-
trodes (between 10 or fewer and 20). Implanta-
tion of more than 20 electrodes must be
exceptional and should alert clinicians to a lack
of a precise preimplantation hypothesis or poor
SEEG implantation planning. The selection of
the investigated structures is therefore of utmost
importance.

In general, for patients with lesional MRIs, 4
kinds of targets should be reviewed
systematically:

1. The lesional and perilesional area (1 or several
depending on the size and the location). Such
generic formulation covers a variety of
anatomic situations according to sharp or fuzzy
boundaries of the lesioned cortex: an FCD is
not implanted like an encephalomalacia or like
a polymicrogyria.

2. The primary electroclinical hypothesis, which is
usually the topography indicated by the corre-
lation between early signs and surface EEG
discharge, should be implemented indepen-
dent of the location of the lesion, but the transi-
tion/relation between the two should also be
hypothesized.

3. Surgical vicinity structures must also be
included in the implantation strategy; this is
one of the keys to a rational implantation. Im-
plantation must be planned not only in order
to map the ictogenic networks from where the
EZ will be defined but, SEEG being a presurgi-
cal exploration, electrodes should also be
placed in anticipation of the design of the even-
tual surgery, taking into account the proximity
of motor or language areas, for instance, and
natural anatomic boundaries pertinent to rele-
vant anatomic structures (eg, the anatomic po-
sition of the vein of Labbé in the basal temporal/
occipital areas).

4. Evaluation of 1 or several possibilities accord-
ing to the hypotheses made on the direct or in-
direct relation between the lesion and the EZ.

Fig. 1 provides an example of an occipital ence-
phalomalacia, with a focal epilepsy in the contra-
lateral posterior superior temporal gyrus. SEEG
dismissed any possible involvement of the perile-
sional cortex and clearly localized a circumscribed
EZ in the left planum temporale.



Fig. 1. SEEG evaluation from patient
with medically refractory epilepsy
and lesional MRI. (A) MRI consistent
with right occipital lesion, likely ence-
phalomalacia. The noninvasive data,
including MEG (B), suggested left
temporal epileptogenicity. (C) The
anatomic position of orthogonal
depth electrodes (blue dots),
exploring the left temporal/occipital
areas on the left side and the occipital
lesion on the right side. (D) The ictal
recordings from 3 different episodes
associated with typical clinical semi-
ology (auditory aura). The anatomoe-
lectroclinical correlation analysis
localized the EZ in the posterior por-
tions of the planum temporale.
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HOW THE EXISTENCE OF AN
MRI-IDENTIFIABLE STRUCTURAL
ABNORMALITY CHANGES THE
STEREOELECTROENCEPHALOGRAPHY
IMPLANTATION PLAN

The identification on imaging and especially on the
magnetic resonance of a lesion obviously influ-
ences the hypotheses about the localization of
the EZ and tends to orientate the investigations.
This process is called questions addressed to
SEEG, which are different from the EZ hypotheses
(Chauvel, Gonzalez-Martinez, Bulacio, 2019). In
such cases, SEEG is oriented toward a central
question such as, "Do the contours of this lesion
fully or partially overlap those of the EZ?" or
"Was this lesion causative of the epilepsy but no
longer related to ictal onset?" or "Is this lesion un-
related to this epilepsy?.” The discovery of a lesion
statistically comes with a higher probability of
operability and cure. However, this statistical
relation could be linked with topographic guidance
for an epileptologist otherwise lacking sound hy-
potheses. In cases where the electroclinical corre-
lation is not orientated in the direction of the
lesional area, a careful first phase must follow the
precepts of independence between lesional, inter-
ictal, and ictal information. The SEEG methodol-
ogy is based on the concept of epileptogenic
network as opposed to the concept of focus,
even though a small EZ can take the shape of a
focal network.
The common statement that the discovery of an

MRI-identifiable structural abnormality is enough
for definition of a surgical therapeutic strategy is
incorrect and misleading. At least 3 main reasons
to avoid stand-alone MRI-guided lesionectomies
can be discussed: first, the EZ is not always orga-
nized around the location of the lesion (see Fig. 1).
Second, even if the EZ is organized around the
lesion, this information is not enough to determine
the limits of the EZ and thus the necessary extent
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of the surgery (Fig. 2). Third, the demonstration of
the organization of the EZ around the lesion is
compatible with the involvement of distant cortical
or subcortical structures in the epilepsy (Fig. 3)
(Aubert at al., 2009; Sevy et al, 2013).

The type of lesion matters. The nature of the
structural abnormality changes the localizing po-
wer of the lesion. Thus, the EZ is more likely to
be related to the topology of the lesion in the
case of a Taylor-type dysplasia compared with a
cavernoma. Discrete abnormal gyration patterns
can also be markers of the EZ.29 Encephaloclastic
lesions as perinatal infarcts are often not associ-
ated with epileptogenicity (see Fig. 1). Importantly,
the absence of visible abnormality on high-
resolution structural magnetic resonance is not a
contraindication for SEEG even in the frontal
lobe.30,31
GENERIC ANATOMOFUNCTIONAL
CORTICOSUBCORTICAL ORGANIZATION

Basic knowledge about anatomic circuitry is
frequently taken into account in the SEEG planning
in patients with MRI structural abnormalities: some
practical examples are highlighted next.
When a lesion located in the temporal pole is
suspected, our group tends to systematically
place electrodes in the posterior paralimbic part
of the orbital frontal cortex (BA13) and orthogonal
lateral electrodes in the anterior insular, limen insu-
lae, and subcallosal cingulate areas, which are
both paralimbic cortices highly connected to the
pole of the temporal lobe. In addition, in order to
better define the involvement (or not) of the adja-
cent amygdaloid complex and hippocampus for-
mation, depth electrodes are also placed in these
respective regions, in orthogonal fashion. The var-
iations and extensions to this implantation plan
depend primarily on patient semiology, and
secondarily on the results of other preimplantation
methods of localization.

It is important to take into consideration that the
amygdaloid complex has dense connectivity to
the anterior perisylvian areas, the rostral portions
of the superior temporal gyrus (planum polare),
and frontal opercular areas. Consequently, these
cortical areas should be explored in patients
whose semiology indicates amygdala and peria-
mygdala onset.

When the lesion involves the mesial temporal
lobe structures, in addition to an electrode in the
Fig. 2. SEEG evaluation from patient
with medically refractory epilepsy
and lesional MRI. (A and B) MRI
consistent with right superior tempo-
ral gyrus lesion (increased cortical
thickness associated with fluid-
attenuated inversion recovery [FLAIR]
hypersignal, suggestive of focal
cortical dysplasia). The noninvasive
data, including MEG (B) suggested
left temporal epileptogenicity. (C)
The anatomic position of orthogonal
depth electrodes (blue dots),
exploring the right temporal area.
(D) The ictal recording located in elec-
trode T and U, located in the planum
polare, in close proximity with the
lesion. The anatomoelectroclinical
correlation analysis localized the EZ
in the rostral portions of the superior
temporal gyrus, without involvement
of the middle temporal gyrus and
the caudal portions of the superior
temporal gyrus. Focal resection was
performed, resulting in permanent
seizure freedom. Pathology reviewed
Taylor-type cortical dysplasia.



Fig. 3. SEEG evaluation from patient
with medically refractory epilepsy
and lesional MRI. (A) MRI consistent
with extensive bilateral periventricu-
lar nodules in temporal-occipital
(TO) regions. (B) The anatomic posi-
tion of orthogonal and oblique depth
electrodes (blue dots), exploring the
bilateral periventricular nodules
(PVNs) and adjacent basal temporal
areas (Basal TO). (C) The ictal record-
ings originated from electrodes
located in the PVNs (red demarcated
area) on the left side with simulta-
neous activation of the left basal tem-
poral region.
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amygdaloid complex, the head, the body, and the
tail of the hippocampus, electrodes are systemat-
ically implanted in the perirhinal and entorhinal
cortex through the collateral fissure because of
the known role of these structures in subtypes of
Mesial Temporal Lobe Epilepsy (MTLE)32,33 with
projections to the frontal cortex.
When an involvement of the supplementary mo-

tor area and frontal eye field (Brodman area 6–8) is
suspected, with the presence of a lesion close by,
our group systematically implants the posterior
parietal operculum (Brodman area 40) and the
anterior border of the superior parietal lobule and
rostral positions of the intraparietal sulcus (BA
7A). These 3 structures are known to be densely
connected and, on several occasions, we have
observed rapid propagation of the ictal discharge
between these 3 distant structures.
The three-dimensional recognition of fine sulco-

gyral anatomy using subsegmentation in sulcal
roots (or sulcal pits) can be the driver for more pre-
cise implantation.34–38 In the example of the supe-
rior temporal sulcus (STS), the 5 sulcal roots of this
structure39 have different phylogenetic and
ontogenetic origins with a clearly different pattern
of connectivity, which can be used to check po-
tential distant propagation pathways.40 Based on
this segmentation of the STS and the specific con-
nectivity of each of its sulcal domains, specific
distant areas may be implanted.
The critical role played by the limbic structures

in most of the temporal epilepsies is an argument
for questioning the role of the paleocortex and
archeocortex in general. Thus, even if the pre-
SEEG hypotheses are pointing to the frontal pari-
etal or occipital lobe, regardless of the presence
of a lesion or not, our group tends to systemati-
cally investigate the associated limbic cortices.
The cytoarchitectonic trends of dual origin of the
human cortex described by Pandya and col-
leagues41 and the organization of the gyration in
meridians connected to the paleocortical (insular
core) and archeocortical (ventral and dorsal) hip-
pocampus described based on structural based
morphometry are both pointing to the specific
anatomic role of these limbic cortices and the
need for exploration of the adjacent limbic
structures.
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SUMMARY

The method related to SEEG explorations in MRI-
visible cases favors the fundamental concept that
epileptic activity organizes itself by recruiting
different functional structures within a large-scale
neural network. The presence of a lesion, in
some circumstances, indicates the proximity of
this network and the structures that are likely
involved in the generation of a specific seizure
semiology, rather than by itself defining the surgi-
cal treatment. Type of lesion, location, semiology,
and duration of the epileptic syndrome are impor-
tant factors in using hypotheses for SEEG implan-
tation and ultimately the resection strategy.
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