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SUMMARY

Many patients with medically refractory epilepsy now undergo successful surgery based
on noninvasive diagnostic information, but intracranial electroencephalography (IEEG)
continues to be used as increasingly complex cases are considered surgical candidates.
The indications for IEEG and the modalities employed vary across epilepsy surgical
centers; each modality has its advantages and limitations. IEEG can be performed in
the same intraoperative setting, that is, intraoperative electrocorticography, or
through an independent implantation procedure with chronic extraoperative record-
ings; the latter are not only resource intensive but also carry risk. A lack of understand-
ing of IEEG limitations predisposes to data misinterpretation that can lead to denying
surgery when indicated or, worse yet, incorrect resection with adverse outcomes.
Given the lack of class | or 2 evidence on IEEG, a consensus-based expert recommen-
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KEY PoINTS

e A consensus-based expert recommendation on the
diagnostic utility of IEEG is presented

e [t provides an overview of various IEEG modalities,
emphasizing their strengths, limitations, and risks

e The general indications for IEEG usage are proposed
followed by specific scenarios for which each IEEG
modality is believed to be best suited

for surgery, the establishment of many more epilepsy cen-
ters willing to carry out IEEG, and the increasing confi-
dence in the safety of IEEG.

Recommendations published through the joint efforts of
the International League Against Epilepsy (ILAE) Diagnos-
tic Methods Commission and the Pediatric Epilepsy Surgery
Task Force' helped to standardize the overall evaluation
process and guide utilization in specific substrates com-
monly encountered in children. Even so, epilepsy center
experiences and biases continue, especially related to IEEG
use. Although some centers are comfortable performing sur-
gical resections based entirely on noninvasive data, espe-
cially in the presence of a magnetic resonance imaging
(MRI) lesion, others regularly pursue intraoperative electro-
corticography (ECoG) or extraoperative IEEG assessments
to tailor resections. Extraoperative IEEG is not only
resource intensive but carries risk of adverse effects.>* Fur-
thermore, some centers rely on a single IEEG modality
almost exclusively, whereas others adapt the modality they
believe is best suited clinically for each case. Thus, there is
a need to further define the continuing role of IEEG and
standardize its use.

These recommendations address the indications for
IEEG, with emphases on the various modalities and tech-
niques of IEEG recording. The general IEEG indications
are outlined first and then further specified in the context of
the strengths, limitations, and risks of each modality. Rec-
ognizing that a unified IEEG strategy that is acceptable to
all epilepsy centers is unachievable, the recommendations
are devised to minimize overutilization and underutiliza-
tion, especially that which could jeopardize patient care.
The intent is not to enforce changes in current practices at
established epilepsy centers, but rather to present options
that are believed to be reasonable in light of available data
and experience, thus retaining substantial flexibility in each
center’s ability to design its IEEG protocols.

METHODOLOGY

A panel formed from the ILAE Neurophysiology Task
Force of the Diagnostic Methods Commission reviewed lit-
erature on the utility of IEEG in presurgical evaluation using
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the American Academy of Neurology guidelines.’ This
review revealed that there is no class 1 or 2 evidence that
supports IEEG application in specific clinicopathologic set-
tings. Data interpretation was confounded by several fac-
tors: (1) most studies combine adult and pediatric age
groups and include patients with heterogeneous pathophysi-
ologic substrates; (2) IEEG sensitivity and specificity is dif-
ficult to assess without the availability of a “gold standard”
to define the epileptogenic zone, the closest approximation
being the outcome after resection; (3) access to and use of
IEEG vary considerably across centers; and (4) comparison
of studies is difficult as there is usually a bias with the speci-
fic IEEG modality at any given center.

Given the lack of class 1 and class 2 evidence, a consen-
sus opinion of a broad-based global panel of experts was
deemed appropriate. Special consideration was given to the
known strengths and limitations, risks, and incremental
costs versus perceived effectiveness of each modality. The
panel assumed that each epilepsy center has a multidisci-
plinary team with appropriate standard of proficiency and
the minimal diagnostic capabilities required.' The panel
recognized that resource-limited regions of the world face
unique challenges, with limited access to costly extraopera-
tive IEEG technologies or expertise.

BACKGROUND CONSIDERATIONS

The primary goal of IEEG is to “complement” the nonin-
vasive evaluation in guiding surgical resections by provid-
ing more precise information on the localization of the
presumed epileptogenic zone (EZ) and its relationship to
eloquent cortex (EC) via electrical stimulation mapping
(ESM). The term EZ refers to the minimum cortical area(s)
that have to be removed (disconnected) to render the patient
seizure free. The surgical planning at any center generally
occurs within a multidisciplinary case conference setting
and is guided by an analysis of all pertinent data including
the general medical and social history and seizure semiol-
ogy. Detailed analyses of the scalp EEG interictal and ictal
patterns, neuropsychological evaluation, and high-resolu-
tion MRI with epilepsy protocols are considered manda-
tory'; ancillary tests including positron emission
tomography (PET), ictal single-photon emission computed
tomography (SPECT), magnetic resonance spectroscopy
(MRS), functional MRI (fMRI), and electrical or magnetic
source imaging may be optionally employed. This analysis
leads to the generation of a reasonable hypothesis (or
hypotheses) concerning the underlying etiology, the site(s)
of seizure onset, the possible region that needs to be resected
or disconnected, that is, the presumed EZ and its relation-
ship to EC. The resources and expertise for noninvasive test
evaluation at each center influence the team’s level of confi-
dence in this hypothesis and the need for additional informa-
tion through IEEG. Center biases can exist in the weight
assigned to the information from various noninvasive tests
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and thus contribute heavily to the decision to proceed with
IEEG recordings,1 and if so, the regions over one or both
hemispheres that need to be sampled. Additional ancillary
tests may be performed to help minimize the extent of cov-
erage required.

All IEEG electrodes share some common recording fea-
tures based on physical principles. Being close to or
within the neuronal electrical source, the spatial resolution
is high and the information is precise. However, in keep-
ing with the solid angle theory,® only a small portion of
brain tissue can be sampled by each electrode, estimated
to be a sphere of about 5-mm radius beyond its bound-
aries,7’8 therefore, making IEEG recording “blind” if the
electrodes are placed in insufficient numbers, or even a
short distance from the focus. This fact underscores the
need for a clear hypothesis of the presumed EZ based on
all noninvasive data, as erroneous implantation may lead
to either withholding resection altogether or resection of
inappropriate regions. Furthermore, some epileptic genera-
tors may behave as closed fields and require sampling
with depth electrodes. The aim, in general, is to place
enough electrodes to allow the best possible delineation of
cortical areas involved in seizure onset and early propaga-
tion, and also to allow for an understanding of functional
networks involved in further spread. Additional coverage
is required to perform ESM as needed.

The challenges to IEEG are further compounded by the
fact that the interpretation of IEEG findings is subjective
and often empirical, and that interobserver agreement is
poor.” Thus, how these interpretations are used to define a
proposed surgical resection can also be, to some extent, sub-
jective. The different aspects of interpreting IEEG data will
be addressed in detail in a separate ILAE report but are sum-
marized below. Interictal epileptiform discharges (IEDs)
and background abnormalities recorded on intraoperative
ECoG may be used to tailor some resections.'®'> ECoG
may reveal continuous epileptiform discharges (CEDs), a
finding increasingly being considered as a reliable marker
of the EZ."®?° Capture of the ictal-onset zone is cited as the
primary added value by proponents of extraoperative IEEG
modalities, although the specific IEEG patterns and the
timeframe that characterizes the ictal-onset zone remain to
some extent subjective.” There are several specific IEEG
patterns, such as high-frequency oscillations*!*? and analy-
ses of epileptic discharges within the conceptual construct
of an epileptogenic network?~* that are gaining increased
attention but currently have insufficient data or experience
to be addressed in these recommendations.

The end point of an IEEG exploration may be the
following:

(1) A decision to proceed with resection of the entire EZ (in
this context, it is important to be mindful of the ambigu-
ities of IEEG interpretation discussed earlier and to
exercise caution in extending the resection to EC);

(2) A limited resection or ablation of the EZ to preserve EC
and minimize postoperative deficits;

(3) A decision to withhold resection altogether if there is no
clear focus identified or the risk of deficit is deemed too
high. The proportion of implanted patients who do not
undergo resection can reach as much as 35-40%.252° A
well-defined hypothesis prior to the IEEG study helps
minimize this undesirable and costly end point; or

(4) Undergoing reimplantation using the same or different
IEEG modality>>*” or following corpus callosotomy,*®
to further clarify ambiguities from the initial
implantation. Resections following such multistaged
implantations may result in seizure freedom, but their
cost-benefit relationship becomes incrementally diffi-
cult to justify and they are strongly discouraged as a
general strategy.

GENERAL INDICATIONS

The case conference serves as the main forum where
due considerations are given to pragmatic issues that
guide IEEG use (Table 1). Use of IEEG purely as an
exploratory procedure without a hypothesis, that is, “a
fishing expedition with extensive bilateral implantations,”
or where the goals are palliative, is strongly discouraged.
IEEG is unwarranted when it is not expected to change
the surgical plan such as in typical cases of hypothala-
mic hamartoma or hemispheric syndromes with no hemi-
spheric functions. Cognitive/behavioral disturbances or a
medical comorbidity may also represent contraindications
for extraoperative IEEG modalities in some patients. The
need to obtain the added information must be weighed
against the limitations, risks, and costs associated with
IEEG studies. Finally, following a full understanding of
the risks and benefits of resecting the presumed EZ, the
patient (or the family) is empowered to participate in the

Table I. Pragmatic considerations leading to a
decision to use IEEG

| Is there a reasonable hypothesis (or hypotheses) concerning the
underlying etiology, the EZ, and its relationship to EC that can
lead to resective surgery?

2. Can the “inconclusive” or apparent “divergent” noninvasive
information be explained by known limitations of the scalp EEG and
functional imaging data?

3. Are there any other noninvasive techniques that could eliminate the
need for [EEG?

4. Will the added information obtained through IEEG be likely to
change the end point, that is, the resection plan?

5. Is this added information achievable with intraoperative ECoG?

6. Are there medical comorbidities that contraindicate
extraoperative IEEG studies?

7. Which of the extraoperative IEEG modalities is best suited?

8. Is the patient/family fully empowered to participate in the team’s
decision?

Epilepsia, 57(11):1735-1747,2016
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team’s decision of whether or not to proceed with the
IEEG study.

The decision in any clinical case is strongly influenced by
the underlying pathologic substrate. A graded scale of IEEG
use ranging from “highly recommended/mandatory,” to
“optional,” to “little use/unwarranted” was recommended
by the ILAE Diagnostic Methods Commission and the Pedi-
atric Epilepsy Surgery Task Force.! The MRI-negative
cohort that may have very restricted or extensive neocortical
involvement presents one of the strongest justifications for
IEEG.” In general, IEEG is more often utilized in MRI-
negative extratemporal than temporal lobe foci. The tempo-
ral lobe cases are usually related to differentiating mesial
from neocortical involvement, or they extend beyond the
temporal lobe,*® or the side of seizure onset in patients with
bilateral temporal epilepsy. Evaluation of mesial temporal
structures with or without hippocampal sclerosis is a partic-
ularly common indication in adults, where bilateral IEEG
recordings are used to confirm or refute lateralized-onset
hypotheses.”’

IEEG studies are also useful in some patients with focal
cortical dysplasia, where the MRI visible structural abnor-
mality often reflects only a part of the EZ,*? a scenario more
often encountered in type I dysplasia. IEEG is also valuable
in patients with MRI features suggestive of “dual” pathol-
ogy, where the primary lesion is associated with dysplasia,
or reveals multiple lesions such as tuberous sclerosis and
nodular heterotopias or in hemispheric syndromes such as
polymicrogyria®® with preserved function. The role of IEEG
in other specific lesional substrates such as discrete devel-
opmental tumors, acquired/low-flow vascular lesions, or
Sturge-Weber syndrome is considered optional especially
in the absence of MRI evidence of “dual” pathology. Some
centers advocate primarily a lesionectomy, whereas others
opt for using IEEG to extend the resection beyond the ana-
tomic lesion with hopes of achieving higher rates of seizure
freedom. '

Table 2 summarizes the general indications and scenar-
ios that prompt IEEG use. Inconclusive noninvasive data,
where there is ambiguity in the consistent lateralization or
precise location and extent of the EZ, is one of the most

common indications. Resolving divergent data occur when
noninvasive evaluation reveals discrepancies between clini-
cal, anatomic (if any), neurophysiologic, neuropsychologi-
cal, and functional imaging data. Adequate sampling of all
possible sources is particularly crucial in the context of
divergent noninvasive data that is often related to complex
patterns of seizure propagation with interaction between
multiple regions. It is worth emphasizing that divergence
may at times be explained by known limitations of the scalp
EEG, neuropsychological evaluations, and functional imag-
ing tests that predispose to false lateralizing or localizing
information thereby prompting unnecessary IEEG record-
ing. These limitations are covered in depth by the ILAE
diagnostics test utility recommendations.' Finally, defining
the cortex that is subserving eloquent functions via ESM
may be required, since noninvasive tests such as fMRI,
magnetoencephalography, transcranial magnetic stimula-
tion, or Wada test cannot always lateralize and localize
function unambiguously, a limitation particularly encoun-
tered when delineating the extent of language cortex. Some
lesions such as focal cortical dysplasia (FCD) type IIb and
developmental tumors are generally nonfunctional, whereas
other lesions such as polymicrogyria and type 1 FCD may
retain eloquent function®*>%; atypical representation may
occur in malformative substrates even when MRI is nega-
tive.”” Like the recording of IEEG, ESM can be performed
either in the intraoperative or extraoperative setting. In one
study,®® extraoperative IEEG was found to have greatest
utility for resolving discordant data and inconclusive
extratemporal and multilobar EZ.

As a supplement to the primary indications discussed ear-
lier, electrical stimulation of the suspected cortex may be
used to provoke manifestations that mimic spontaneous sei-
zures or to provoke afterdischarges at low thresholds to fur-
ther corroborate the EZ, although the variability of response
precludes wide acceptance of this technique.” IEEG may
also provide information of prognostic value by accurately
defining the nature of abnormalities beyond the resection.
In specific circumstances, the IEEG recording electrodes
can also be used for radiofrequency thermocoagulation to
selectively ablate defined targets and serve a therapeutic

Table 2. General indications for IEEG

2. To resolve divergence of
noninvasive data pointing to
two or more regions

3. To map eloquent cortical
function precisely

4. Secondary indications

thermocoagulation

Indication Clinical scenarios

|. To define the EZ precisely Common scenarios include rapidly “generalized” seizures such as those seen in early childhood, differentiating regional
when noninvasive data are versus lobar or multilobar involvement (e.g., temporal vs. temporal plus epilepsy), determining the side of mesial
inconclusive temporal onset, mesial versus neocortical temporal involvement, “dual” temporal lobe pathology, defining deep seated

or interhemispheric cortical sources especially those related to occult dysplasia not evident on MRl scans
Divergence is not uncommon; scenarios particularly prone include bilateral mesial temporal foci, large lesions such as
encephalomalacia, multiple lesions such as those in tuberous sclerosis or nodular heterotopia

EZ encroaching or involving EC. Unlike acquired tumors or early acquired atrophic/gliotic lesions that tend to displace
function, developmental substrates often retain eloquent function and may manifest atypical representations
To further corroborate the EZ or provide information of prognostic value, to selectively ablate active regions using

Epilepsia, 57(11):1735-1747,2016
doi: 10.1111/epi.13515
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role. The scenarios in which this approach is efficacious are
still being evaluated.**** Finally, given the privileged
access provided to human brain structures, IEEG may be
used under approved research protocols to study the mecha-
nisms underlying normal or abnormal functions.

MoDALITIES FOR IEEG STUDIES

There are several modalities available to perform IEEG,
based on type of electrodes used and the specific technique
employed. Table 3 summarizes the salient features of the
types of electrodes used to perform IEEG recordings. The
electrodes may be made of different metals including stain-
less steel, gold-chromium alloy, nickel-chromium compos-
ite, or platinum-iridium composite. Electrodes made of
nickel-chromium or platinum-iridium composite are
favored because they are nonmagnetic and compatible with
MRI, provided adequate safety testing has been performed
and local protocols for safe MR scanning with the IEEG
electrodes are in place. Silver and copper electrodes are not
used because of their toxic effects. The configurations,
sizes, and number of contacts vary with each type of elec-
trode and can be further tailored to suit the clinical needs of
individual cases. Special designs such as microcontacts
available for research purposes are not addressed in these
recommendations.

One of the main factors differentiating various IEEG
modalities is whether the study is done just prior to the
resection but in the same intraoperative setting, that is,
intra-operative ECoG, or done through an independent
implantation procedure with chronic extraoperative moni-
toring; the main indications for the latter are the need for
ictal capture or where intraoperative ESM is not feasible.
Scenarios requiring ictal capture include patients with
divergent noninvasive data, or with inconclusive noninva-
sive data in the context of “dual” pathology or multiple
lesions such as tuberous sclerosis and nodular heterotopias.
In hemispheric syndromes such as polymicrogyria with pre-
served function, ictal capture through extraoperative IEEG
may be the only means to allow focal/lobar resections
instead of a more extensive surgery such as hemispherec-
tomy that may lead to functional deficits.>® For chronic
extraoperative monitoring, the following modalities can be

distinguished: (1) subdural grids, strips, or a combination of
subdural grids/strips and depth electrodes can be implanted
through an open craniotomy (CEEG); (2) intracerebral
depth electrodes can be implanted stereotactically (SEEG)
through burr holes; (3) a combination of subdural strips and
depth electrodes can be implanted through burr holes
employing a hybrid (HEEG) of fluoroscopy and stereotaxy;
(4) linear strands of electrodes can be placed through the
foramen ovale; or (5) peg electrodes are placed epidurally
through twist drill holes or burr holes. There is no single
“best” IEEG modality. Each has unique resource needs,
advantages, limitations, and risks that make it more or less
suitable in specific clinical scenarios (Table 4).

Intraoperative ECoG

Technique

The IEEG recording and ESM are done intraoperatively
through the craniotomy, prior to, during, and often follow-
ing resection. A combination of subdural strip/grid and
depth electrodes can be used. The subdural electrodes can
be slipped under the dura beyond the craniotomy to cover
basal or interhemispheric regions. Depth electrodes can be
inserted manually between the subdural electrodes to sam-
ple deep structures either under direct visual or neuronavi-
gational system guidance. Alternatively, individual wire-
tipped “wick” electrode held in place over exposed cortical
surface and secured in a frame can be used to record over
the exposed hemispheric convexity. The spacing between
the wick electrodes can be adjusted, thereby allowing
greater flexibility in sampling uneven regions of the con-
vexity cortex. However, wick electrodes cannot be used for
interhemispheric or basal foci.

Strengths and limitations

A major advantage of ECoG is that it avoids the discom-
fort, risks and costs of staged implantation and extraopera-
tive IEEG monitoring, and the need for a second surgical
procedure. An added advantage is that recording and ESM
mapping can be conducted prior to, periodically during, and
at the end of resection to maximize removal of all regions
revealing significant abnormality while preserving
function.

Table 3. Types of electrodes for IEEG studies

Type

Characteristics

Subdural electrodes

Intracerebral (depth)
electrodes

semi-rigid

Epidural peg electrodes Mushroom-shaped single contacts

Wick electrodes

Foramen ovale electrodes Linear strands with 4-6 contacts

Configured as discs 4-5 mm in diameter and spaced 5-10 mm apart center-to-center. They are embedded in silastic
strips (4-8 contacts) or rectangular grids (20128 contacts). Special shapes for interhemispheric placement

Configured as strands of serial cylindrical contacts (ranging from 4 to 18), spaced 2—10 mm apart, diameter of | mm or
less, recording areas of 3-5 mm?. The electrodes are either flexible with a retractable rigid stylet used for insertion, or

Multiple flexible strands with single recording contact at the tip

Epilepsia, 57(11):1735-1747,2016
doi: 10.1111/epi.13515
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Table 4. Modalities for IEEG studies

Modality

Strengths

Limitations

Risk/morbidity

Specific indications

ECoG
Intraoperative |[EEG using
subdural, depth, or wick
electrodes placed under
direct visualization or guided
by neuronavigational
systems

CEEG
Extraoperative IEEG using
subdural, depth electrodes
or their combination
implanted through an open
craniotomy, often guided by
neuronavigational systems

SEEG
Extraoperative IEEG using
intracerebral depth
electrodes placed
stereotactically through burr
holes

HEEG
Combinations of subdural
strips and intracerebral
depth electrodes placed
through burr holes using
fluoroscopy and stereotaxy

Epidural peg
Extraoperative IEEG using
epidural peg electrodes
placed through burr holes

Foramen ovale
Extraoperative IEEG using
strand electrodes placed
through the foramen ovale

No additional invasive
procedure, allows
maneuvering of placement and
periodic recording and ESM
during the resection, low
resource requirement

Wide coverage of neocortical
gyral surface along with select
coverage of deep targets,
allows maneuvering of

placement during implantation,

allows precise ESM of the
cortical surface, can be used in
infancy

Accurate sampling of all deep
targets with some coverage of
gyral surface, extensive uni- or
bilateral implantation, findings
can be standardized in a
common stereotactic space
allowing intersubject
comparisons, allows ESM of
white matter tracts

Accurate sampling of deep
targets and selective
neocortical convexity,
extensive coverage without
craniotomies

Easy to install through twist drill

or burr holes bilaterally,
satisfactory coverage of
neocortical convexity

Easy to install without skull
opening, considered as “semi-
invasive”

Limited temporal sampling and
absence of ictal capture, language
mapping only if patient is awake,
prolonged operative times, effect
of anesthesia on EEG and motor
mapping thresholds. Wick
electrodes cannot sample
interhemispheric or basal regions.
Limited time for decision making

Large craniotomy (especially for
grids), limited precision for deep
targets, higher morbidity, difficulty
for bilateral exploration or in cases
being reoperated

Limited coverage of gyral surface,
less well suited for exhaustive ESM
of the cortical surface (especially
mapping atypical representations),
only a subset of electrode contacts
sample gray matter, cannot be
used below age 2-3 years

Limited coverage of neocortical
areas further away from site of
burr holes; may require additional
craniotomies; less suitable for
detailed ESM of gyral surface

No sampling of basal or deep
structures; no direct recording of
the brain; sensitivity of the dura
precludes ESM

Limited sampling with poor
coverage over anterior
hippocampus/amygdala

Minimal risk of
bleeding related
to electrode
insertion. Small
incremental risk
related to length
of anesthesia

Low risk of
infection,
bleeding, CSF
leak, raised ICP,
significant
discomfort

Little or no
discomfort, low
infection,
bleeding risk

Little or no
discomfort, low
infection,
bleeding

Low morbidity

Low morbidity

Cortical dysplasia,
tuberous sclerosis,
scalp EEG consistent
with CEDs,
extraoperative IEEG
not feasible

Extensive unilateral
neocortical EZ
requiring surface as
well as select deep
sampling and accurate
assessment of EC that
may be atypical

Exploration of all deep
targets including mesial
temporal, insula,
heterotopic nodules,
bilateral exploration
when indicated

Distinguishing gyral
surface from deep EZ,
extensive bilateral
exploration when
indicated

Used in conjunction
with other modalities
to sample contralateral
or remote sites

Bilateral mid-posterior
mesial temporal
coverage

The main limitation of ECoG is the time constraint of the
recording that generally lasts 20—60 min. It thus records
mainly IEDs or CEDs and is unsuitable when ictal data or
advanced analyses such as high-frequency oscillations are
considered essential for ensuring surgical success. Place-
ment of electrode within specific deep targets is less accu-
rate without stereotactic guidance. Furthermore, for
practical reasons ECoG generally uses fewer electrodes
compared to CEEG, SEEG, or HEEG and although large
areas may be sampled, these are generally recorded sequen-
tially rather than simultaneously, such that interpretation of
propagated IEDs and ictal rhythms is limited. Finally,
although the effects of anesthesia generally do not impede
recording of abnormalities or ESM,43’44 the effects are
unpredictable and may occasionally render the study
unhelpful. Recordings performed with the patient awake

Epilepsia, 57(11):1735-1747,2016
doi: 10.1111/epi.13515

maximize the yield but are not feasible in young or uncoop-
erative patients.

Risk/morbidity

Because ECoG is performed during surgery it carries vir-
tually no risk/morbidity other the small incremental risk
related to prolongation of anesthesia. In that sense it may be
regarded as the only “noninvasive” IEEG modality avail-
able.

Specific indications

A growing number of centers consider focal CEDs to be
reliable markers for the EZ and use ECoG to tailor resec-
tions guided by periodic recording until the CEDs are abol-
ished,'®'"?* thus alleviating the need for ictal capture
through extraoperative IEEG. Although typically associated
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with dysplastic substrate (especially type II FCD), CEDs
may also be evident in patients with tuberous sclerosis,
encephaloclastic lesions, and ulegyria.'®'**> In some
patients, CEDs may be evident on scalp EEG and they help
in planning the surgical strategy. Similar considerations
apply for patients with specific types of CEDs such as focal
continuous spike wave during sleep, or those associated
with epilepsia partialis continua.

The utility of traditional IEDs and background abnormal-
ities to tailor resection beyond the boundaries of an ana-
tomic lesion is equivocal.' ECoG proponents have claimed
improved outcomes after its use compared to lesionectomy
alone in a variety of substrates.'*'* ECoG is considered use-
ful to tailor resection in patients with dual-pathology, for
example, MRI-proven mesial temporal sclerosis associated
with cortical dysplasia. In contrast, in patients with mesial
temporal sclerosis alone, several studies failed to document
correlation of ECoG findings with surgical outcome, argu-
ing against its use for tailoring mesial resections.®*’
Finally, ECoG may be the only option available in cases
where medical contraindications or resource limitations pre-
clude the use of extraoperative IEEG.

Extraoperative IEEG through open craniotomy (CEEG)

Technique

As with ECoG, CEEG uses subdural grids/strips or a
combination of subdural electrodes and depth electrodes
that are placed under direct observation following an open
craniotomy. Although the location and size of the cran-
iotomy are important for achieving the desired electrode
coverage, it should also take the anticipated resection into
consideration. Special configuration such as “hockey stick”
aid placement along interhemispheric regions and may be
designed to record simultaneously from both hemi-
spheres.*® MRI-generated gyral maps revealing venous/sul-
cal landmarks and intraoperative neuronavigation facilitate
the implantation.

When using combined subdural and depth electrodes, the
latter can be placed between or through grids and strips and
fixed to the silicone. A splitting or perforation of the grids is
frequently required to insert the depth electrode. A brief
ECoG recording may be acquired at the end of the implanta-
tion to check whether the electrodes work or the abnormali-
ties extend beyond the coverage, so that the electrode
positioning can be adjusted. Photographs of the cortex and
electrodes taken intraoperatively help define electrode
placement, but the exact location can be determined extra-
operatively on MRI or high-resolution CT scan co-regis-
tered to the MRL.*

Strengths and limitations

The main strength of the CEEG modality is that it allows
coverage afforded by both subdural grids/strips and select
depth electrodes. Subdural electrodes provide excellent

coverage of large areas of the hemispheric surface, coverage
over the convexity is generally easier than interhemispheric
or basal cortex. The fixed setting within the silastic sheet al-
lows accurate depiction of the surface distribution of the EZ
and its relationship to EC, especially the motor and lan-
guage cortex on the convexity. Both the subdural and depth
electrodes can be used as strategic guides during resection.
CEEG can be used safely in young children and is generally
well tolerated even in infancy.”*>!

It must be remembered, however, that subdural electrodes
may miss activity from deep epileptogenic sources or closed
fields, a limitation overcome by concomitant use of intrac-
erebral depth electrodes placed in select deep targets. The
number of depth electrodes implanted during CEEG is in
general limited compared to SEEG/HEEG studies, and the
electrodes are shorter but the open access enables greater
sampling of lesion or cortex compared to white matter. The
information from subdural and depth electrodes is generally
complementary, depending on the location and extent of the
EZ>%*%; in some patients, epileptic discharges may be evi-
dent only on the subdural contacts,”*>” and in others they
may be seen only in the intracerebral depth contacts.””

The subdural grid may pose problems in allowing optimal
contact over uneven cortical surfaces or avoiding vascular
structures. Bilateral grid placements are cumbersome and
usually not done because of the large craniotomy required
and significant risks of complications.’® Wrapping all three
surfaces of one hemisphere (dorsolateral, basal, and mesial)
with grids also increases the risk of venous occlusion and
brain swelling. The trajectory of basal or interhemispheric
electrodes is difficult to control because irregularities of the
adjacent bone or dural adhesions tend to deflect the elec-
trodes from their intended targets. Interhemispheric cover-
age may be particularly challenging due to bridging veins at
the midline, but it is generally still feasible and safe.*® Fur-
thermore, subdural electrode placement is usually challeng-
ing in patients who have undergone prior surgery because
the dura is often adherent and difficult to peel. Extradural
placement may be an option in such cases although it pre-
cludes performing ESM. Alternatively, depth electrodes
may be used alone. Finally, CEEG requires a generous cran-
iotomy at the time of implantation and may occasionally
have to be extended at the time of resection when all data
are analyzed.

Risks/morbidity

CEEG is generally less well tolerated compared to
SEEG/HEEG. Complications including wound infection,
cerebrospinal fluid (CSF) leak, intracranial bleeding, raised
intracranial pressure, and symptomatic pneumocephalus
have all been reported but are rare.””® Depth placements
may lead to intracerebral microhemorrhage; subdural elec-
trodes may cause local inflammatory reactions. Prophylac-
tic steroids help minimize the risk of reaction to the implant,
but might theoretically reduce seizures and IEDs in some
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patients. Permanent neurologic deficit or death associated
with implantation is rare. In one series of 198 monitoring
sessions on 187 patients, one death and 3 cases of permanent
neurologic deficits occurred,”® and 2 deaths were reported
in another series of 71 implanted patients.” In the latter
study, complication rates correlated with maximal size of
grid used, greater number of electrodes, and electrode den-
sity per cortical surface implanted.

In a recent review and meta-analysis of 21 studies with a
total of 2,542 patients, the reported mean number of elec-
trodes per patient and duration of monitoring varied from 52
t0 95, and 5 to 17 days, respectively.* Neurologic infections
(pooled prevalence 2.3%, 95% CI 1.5-3.1), superficial
infections (3.0%, 1.9—4.1), intracranial hemorrhage (4.0%,
3.2-4.8), and elevated intracranial pressure (ICP) (2.4%,
1.5-3.3) were found to be the most common adverse events.
Up to 3.5% of patients required additional surgical proce-
dure(s) for management of these adverse events. Increased
number of electrodes (>67) was found to be independently
associated with increased incidence of adverse events (fairly
specific to raised ICP).

Specific risks may arise from region-related coverage; for
example, placements over the interhemispheric regions may
be associated with leg weakness. In a subgroup of patients,
the complications may be sufficiently severe to warrant
early surgical interventions. Risks are expectedly higher in
patients who are reoperated but do not appear to be a signifi-
cant concern.® Bilateral implantations have been associated
with an increased risk for the occurrence of complications.
In one series, two of the three patients having permanent
neurologic deficit after subdural grid implantation had
undergone bilateral placement of grid electrodes.”®

Specific indications

CEEG is suited for most general indications for IEEG
monitoring” including in infants and young children.’!
CEEG is specifically indicated when needing evaluation of
large areas of the hemispheric surface for accurate topo-
graphic mapping of EC along with select deep targets/le-
sions.>*®162 1t is particularly well suited for patients with
hemispheric polymicrogyria with preserved function or
other large ill-defined dysplastic lesions or tubers adjacent
to EC, which may have atypical representation and need
detailed cortical mapping. Likewise, patients with hip-
pocampal sclerosis and FCD (dual pathology) often benefit
from combined electrode use as do those presenting with
divergent data in the context of large or deep-seated lesions.

Stereotactic intracerebral EEG (SEEG)

Technique

The SEEG method uses only intracerebral depth elec-
trodes, but the number of depth electrodes used is much lar-
ger compared to CEEG, where use of the depth electrodes is
restricted to only a few specific deep targets. The
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trajectories of the depth electrodes must be planned thor-
oughly in a three-dimensional (3D) gadolinium-enhanced
MRI dataset to avoid crossing blood vessels; in some cen-
ters, however, angiography is still acquired and co-regis-
tered with the 3D MRI. Generally 5-18 multicontact
electrodes are implanted under general anaesthesia. They
are inserted stereotactically through a twist drill hole or burr
hole and placed either with a frame or under neuronaviga-
tional guidance, and sometimes, robotic assistance. The
position of the electrodes is reconstructed using CT super-
imposed on MRI, or directly visualized on MRI if the elec-
trodes are MRI compatible.

Strengths and limitations

The main advantage of SEEG is that it can provide an
accurate sampling of all cortical areas, not only at the lateral
and mesial aspects of the cerebral hemispheres, but also at
the bottom of the sulci or deep-seated structures or
lesions.®®> ® When electrodes are densely implanted in a par-
ticular region, it may be possible to provide a 3D assessment
of the epileptogenic network by interpolation, a philosophi-
cal objective that is purportedly different from CEEG studies
where only a few depth electrodes are used. In the scenarios
requiring bilateral implantation, SEEG allows extensive cov-
erage of both hemispheres without performing large cran-
iotomies. A technical advantage compared to CEEG is the
capability to remove the electrodes after completion of the
SEEG study without a second operative procedure and to
plan the craniotomy for resection after all data are analyzed.

SEEG electrodes sample the gyral crowns, but do not pro-
vide as extensive a coverage of gyral surfaces as subdural
grids and strips. Thus, although ESM is feasible with SEEG,
its accuracy is generally more restricted than CEEG, espe-
cially for mapping atypical representations of EC. SEEG
also allows ESM of white matter tracts that may be of added
value in defining motor pathways and planning resection,
but precise anatomic coregistration is required to differenti-
ate effects of gray matter stimulation. SEEG recordings can
be more difficult to perform in very young children younger
than age 2-3 years for technical reasons (i.e., thickness of
the skull).

Risks/morbidity

The morbidity reported using SEEG may vary from 0%
to 7.5%, and is related predominantly to hemorrhagic or
infectious complications.®® In this meta-analysis, the pooled
prevalence of complications was low (1.3%), with perma-
nent neurologic deficits being 0.6%, a rate similar to that
reported following CEEG. Mortality related directly to the
procedure is rare but can occur.’” A few studies reported
specifically the risks of SEEG in children; the procedure
also appears to be safe in this age group.?®®®

In one series of 215 SEEG implantations in 211 patients,
morbidity related to electrode implantation occurred in 12
procedures (5.6%), with severe permanent deficits from
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intracerebral hemorrhage in 2 (1%) patients.68 Indeed,
intracerebral hematomas are the main complications
reported, occurring either during or shortly after insertion or
immediately after withdrawal of the SEEG electrodes upon
completion of invasive monitoring. Recent advances in
implantation techniques including acquisition of brain 3D
angiography and MRI in frameless and markerless condi-
tions, advanced multimodal planning, and robot-assisted
implantation may help in further reducing morbidity.®

Specific indications

As with CEEG use, SEEG can be applied to most general
indications for IEEG. SEEG is best suited to record all deep
structures, particularly the amygdala-hippocampal com-
plex, the insula, and subcortical targets such as heterotopic
gray matter. When exploration of both hemispheres is indi-
cated, SEEG (or HEEG) is safer than CEEG and becomes
the preferred modality.

Hybrid extraoperative EEG (HEEG)

Technique

As a hybrid between CEEG and SEEG, HEEG allows
implantations of subdural strips and depth electrodes, and
extensive coverage either unilaterally or bilaterally. Subdu-
ral strips are implanted through frontocentral trephine holes
under fluoroscopic guidance to cover the cerebral convex-
ity. Using the same trephine holes, an additional number of
depth electrodes may be implanted to sample deep targets
using a stereotactic head frame. The technique has under-
gone several modifications in the course of time, and it
remains the preferred approach of IEEG monitoring in sev-
eral epilepsy centers.?>>>7072

Strengths and limitations

HEEG allows extensive sampling from the cortical con-
vexity and deep regions, and the removal of the electrodes
without a second operative procedure. The limitations are
primarily undersampling of the posterior temporobasal and
the interhemispheric cortical surfaces, which may not be
reached by the subdural strip electrodes. The coverage of
the cortical surface on the hemispheric convexity is limited
relative to CEEG.

Risks/morbidity

In one series of 70 bilaterally and symmetrically
implanted cases, transient complications occurred in 4.2%,
whereas in 1.4% there was possibly permanent slight neu-
rologic deficit due to intracerebral hemorrhage after
implantation of an intracerebral electrode.” More recently,
a study of 163 adults reported overall complications in 8
(4.9%), of whom 5 required treatment or led to neurologic
impairment, although no permanent morbidity or mortality
was recorded. Infection occurred in 1.2% and hemorrhage
in 3.7% of patients.”?

Specific indications

The primary indication for HEEG is extensive explo-
ration of the convexity neocortex and deeper regions includ-
ing cases where bilateral implantations are required in
patients with nonlateralizing and/or divergent noninvasive
data but in whom there is clinical suspicion of a resectable
lateralized focus.*>>

Foramen ovale IEEG

Technique

This electrode is a multicontact electrode placed under
local or mild general anesthesia inferior to the zygoma and
medial to the anterior ramus of the mandible in an approach
similar to the surgical approach taken to coagulate the
Gasserian ganglion for tic douloureux.”* A hollow-bore
needle is placed through the foramen ovale, through which
the electrode is threaded so that it comes to lie along the
long axis of the hippocampus. These electrodes are usually
placed bilaterally.

Strengths and limitations

The main advantage is that it employs a natural skull
opening and is thus considered “semi-invasive.” Foramen
ovale recordings are generally technically satisfactory but
the sampling is mainly from the middle and posterior hip-
pocampus. A large proportion of discharges seen at the most
distal foramen ovale contacts, possibly representing sources
in the posterior parahippocampal gyrus, are not seen at the
more anterior contacts.”> As such, they are less accurate in
detecting sources in the very anterior portions of the hip-
pocampi or in the amygdalae as compared to the SEEG/
HEEG.

Risks/morbidity

The complication rate for this modality is significantly
less than for other extraoperative IEEG modalities. Still,
occasional subarachnoid hemorrhages, infection, and occa-
sional postremoval tic-like pain syndrome have been
reported.”®”’

Specific indications

The main clinical indication is unclear laterality of a
likely mesial temporal seizure focus.”®’” The approach
appears to be gaining converts to its use, and in a recent pub-
lication has shown its continued utility in differentiating
side of onset of mesial or inferior temporal seizures.

Epidural IEEG

Technique

Epidural peg electrodes are placed through a tight-fitting
twist drill hole; the base of the electrode sits on top of the
exposed skull, whereas the stem penetrates the skull.”®”
The length of the stem can be varied and made to match the
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thickness of the skull where it is being inserted. The tip of
the electrode resides in the epidural space overlying the cor-
tex of interest. Because the electrode is limited in the field
of recording, multiple electrodes are usually used.

Strengths and limitations

The epidural peg modality is less invasive than CEEG
and SEEG/HEEG, but limited to sampling the convexity.
Furthermore, epidural placement precludes ESM.

Risks/morbidity
Although technically it is a fairly easy to insert, there is a
significant risk of infection.®

Specific indications

The modality has no use by itself but occasionally may be
employed in conjunction with other invasive approaches to
monitor large areas of contralateral brain or sites that are
more remote from the site where more invasive electrodes
have been used.

Intra-operative ECoG

e CEDs on scalp EEG

e CEDs likely: discrete
FCD, TS

e Ictal capture not
required

e Intra-op ESM feasible

* Limited resources or
medical
contraindications
preclude extra-

FrLow CHART PROTOCOL

In an attempt to reconcile various practices and make
general recommendations to guide strategy, the recommen-
dations for various modalities are schematically summa-
rized within the framework of a flow chart protocol (Fig. 1)
based on their known strengths, limitations, risks, and costs
discussed earlier. The decisions generally occur within the
context of a multidisciplinary case conference in which all
noninvasive data are reviewed. Once the scenarios where
IEEG is unwarranted or contraindicated are excluded, the
next key step is deciding the region(s) to be sampled and
choosing the modality that is best suited within the con-
straints of each center’s resources and experience.

Intraoperative ECoG is gaining increasing popularity at
many centers worldwide and is not just relegated to
resource-poor regions. In those patients where the ECoG
study turns out to be uninformative, the electrodes may be
implanted for extraoperative IEEG studies—a flexible cost-

Extra-operative
IEEG

e |ctal capture
required (see text)

e Intra-op ESM not
feasible

l Figure I.
o CEEG- Unilateral Protocol guiding IEEG strategies.

: wide neocortical, Epilepsia © ILAE
operative IEEG encroaching EC
1 ¢« SEEG or HEEG-
Bilateral, mesial
Inadeq u.ate temporal, insula,
Information? heterotopia
i + Foramen Ovale
Adequate o or Epidural peg-
Information? highly select
tl scenarios
Consi.der intra- e Inadequate
operative ECoG to Information?
clarify = 1 -

Explant - Palliative

consideration
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effective strategy often well accepted by patients/families.
In general, the main choice for extraoperative IEEG is
between the CEEG, SEEG, and HEEG modalities; foramen
ovale and epidural peg play very specific and restricted
roles. Whereas CEEG is better suited for unilateral wide-
spread cortical EZs that require detailed ESM, SEEG and
HEEG are better suited for exploration of deep or bilateral
regions. The latter two are much better tolerated than
CEEQG, a factor driving their increasing popularity. Further-
more, an added advantage is that the craniotomy for resec-
tion is designed after the surgical plan is finalized, whereas
CEEG requires a more generous craniotomy at the time of
implantation that may occasionally have to be extended at
the time of resection when all data are analyzed.

Finally, IEEG may fail to provide the necessary informa-
tion and lead to explantation without resection. A continued
refinement of surgical candidacy and selection of modality
will help minimize this unfortunate and disheartening sce-
nario. Note that the flow chart refrains from depicting the
loop representing multistaged implantation IEEG, a strategy
discouraged for general application as it diminishes the need
for a clear hypothesis prior to the initial implantation and
promotes an “exploratory’ use of the procedure.

CONCLUSIONS

The consensus-based recommendations presented herein
strive to achieve an optimal balance between perceived effi-
cacy, safety, and incremental cost-benefit. Neither the posi-
tion of insisting on one particular [IEEG modality in all cases
nor rejecting its added value altogether in any scenario lends
itself to scientific scrutiny or meets the complex needs of
various clinical cohorts. Asking the seminal question of
when and how the added information from a particular
IEEG modality altered the resection from a surgical plan
based on noninvasive data alone and how this improved out-
come in specific clinical scenarios will be an essential step
toward minimizing cultural biases across centers and an
important step toward standardization.
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