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Summary

Many patients with medically refractory epilepsy now undergo successful surgeqd/danon-
invasive diagnostic information, but intracranial EEG (IEEG) continues to be sised a
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, ieojr@raive
electrocorticography, or through an independent implantation procedure with chroaic ext
operative recordings; the latter are not only resource intensive but alsoiglarA lack of
understanding of IEEG limitations predisposes to data misintatjgprethat can lead to either

denying surgery when indicated or worse yet, incorrect resection with adverse cutGovea

the lack ofselass 1 or 2 evidence on IEEG, a consdvassed expert recommendation on the
diagnosticwutility of IEEG is presented, with emphasis on the application of vanimdalities in

specific substrates or locations, taking into account their relative efficacy, safety, ease, and
incremental cosbenefitThese recommendations aim to curtail outlying indications that risk the
overor underutilization of IEEG, while retaining substantial flexibility in keeping with most
standard-practices at epilepsy centers and addressing some of the needs of resource poor regions

around the world.

Introduction

Epilepsy surgery is now widely used for the management of both adult and pediatntspati
with medically'refractory focal epilepsy. Resection strategies can oftéefimed through non-
invasive diagnostic techniques but a subgroup of patients may require additionahiitfiortinat
can only be obtained from intracranial EEG (IEEG) studies. Although the progress-in
invasive diagnestic techniques has reduced the need for IEEG in some settings, this trend is
partially offsetby the wider etiological sgteum and complexity of cases being considered for
surgery, theestablishment of many more epilepsy centers willing to carryksat #ad the

increasing confidence in the safety of IEEG.

Recommendations published through the joint efforts of the ILAE Diagnostic Methods

Commission and the Pediatric Epilepsy Surgery Task Ebelped to standardize the overall
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evaluation process and guide utilization in specific substrates commonly encoumignddren.
Even so, epilepsy centers’ experiences and b@as#mue, especially related to IEEG usage.
While some centers are comfortable performing surgical resections based entirely on non
invasive data, especially in the presence of an MRI lesion, others regularly pursopéngiive
electrocorticegraphy (E&S) or extraeperative IEEG assessments to tailor resections. -Extra
operative [EEG is not only resource intensive but carries risk of adverse &fféEtsthermore,
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 usage.

These recommendations address the indications for IEEG, with emphases orotiee vari
modalities and techniques of IEEG recording. The general IEEG indications are outkhed fir
and then further specified in the context of the strengths, limitations, and risk$ ohedality.
Recognizing that a unified IEEG strategy that is acceptable to Epspicenters is
unachievablethe recommendations are devised to minimize-caed underutilization

especially thatwhich coul@opardize patient care. The intent is not to enforce changes in
currentpractices at established epilepsy centausrathempresent options that are believed to be
reasonable“in light of available data and experience rétaming 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 literatuoa the utility of IEEG in presurgical evaluation using the
AmericanAcademy of Neurology guidelin$his review revealed that there is no class 1 or 2
evidence thatssupport IEEG applicatiorspecific clnico-pathological settingData
interpretationswas confounded by several factors: (i) most studies combine acdtzatdc

age groups‘and include patients with heterogeneous pathophysiological sul{gjriEéss
sensitivity andwspecifity is difficult to assess without the availability of a “gold standacd”
define the epileptogenic zone, the closest approximation beirmytbeme after resectiofiii)
access to and usagelBEG vary considerably across centeaad (iv) comparisonf studies is

difficult as there is usually a bias with the specific IEEG modality at any given center.
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Given the lack of class 1 and class 2 evidence, a consensus opinion of a broad based global panel
of experts was deemed appropri&pecial consideteon was given to the known strengths and
limitations, risksand incremental costs versus perceived effectiveness of each moldadity

panel assumed that each epilepsy center has a multidisciplinary team with appropriate standard

of proficiency and the mimal diagnostic capabilities requirédhe panel recognized that

resource limited regions of the world face unique challenges, with limited access to costly extra

operative TEEG technologies or expertise.

Background considerations

The primary goal of IEEG is to “complement” the non-invasive evaluation in guiding surgical
resections.by-providing more precise information on the localization of the presumed
epileptogenie.zone (EZ) and its relationship to eloquent c@&EX via electrical stimulation
magping (ESM).The term EZ refers to the minimum cortical area(s) taaeho be removed
(disconnectepto render the patient seizdiree. The surgical planningt any center generally
occurs within,a multidisciplinary case conference setting and is guided by an anébjéi
pertinent«data which includes the general medical and social history and semigiegy.

Detailed malyses of the scalp EEG interictal and ictal patterns, neuropsychologiceltmra

and highresolution MRIwith epilepsy protoolsare considered mandatdryancillary tests
including PET,ictal SPECT, magnetic resonance spectroscopy, fMRI, and electrical or magnetic
source imaging may be optionally employed. This analysis leads to the generation of a
reasonable hypothesis (oypotheses) concerning the underlying etiology, the site(s) of seizure
onset, thespossible region that needs to be resected or disconegdteslpresumed EZ, and its
relationshipstesECThe resources and expertise for fiovasive tests evaluation aeh center
influence thedam'’s level of confidence in this hypothesis and the need for additional
informationthrough IEEG Center biases can exist in the weight assigned to the information
from various'nen-invasive tests and thus contribute heavily to the decision as torwheibieto
proceed with IEEG recordingsand if sothe regions over one or both hemispheres that need to
be sampled. Aditional ancillary testsnay be performed to help minimize tletent of coverage

required.
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All IEEG electrods share some common recording features based on physical principles. Being
very close to or within the neuronal electrical source, the spatial resolution is very high and the
information.is.precise. However, in keeping with solid angle tfeonly a small portion of

brain tissue can be sampled by each electestimated to be a sphere of about 5mm radius
beyond its'boundari&§, therefore making IEEG recording ‘blind’ if the electrodes are placed in
insufficient numbers, or even a short distance away from the fobissfact underscores the need

of having a.clear hypothesi$ the presumed EZ based on all viovasive datas eroneous
implantation.may lead to either withholding resection altogether otti@set inappropriate

regions Furthermore, some epileptic generators may behave as closed fields and require
sampling with depth electrode$he aim, in general, is to plaesaough electrodes to allow the

best possible delineation of cortical areas involved in seizure onsetpegrggation and also

allow for amrunderstanding of functional networks involved in further spredditidnal
coveragas-requiredo perform ESMasneeded.

The challenges:to IEEG are further compounded by the fact that the interpretaE&eGof
findings is subjective and often empirical, and that inteserver agreement is pdofhus, how
these interpretations are used to define a proposedalurgsection can also be, to some extent,
subjective, The different aspects of interpreting IEEG data will be addressed in detail in a
separate ILAE report but are summarized below. Interictal epileptiform discharges (IEDs) and
background abnormalitiesaerded on intra-operative ECoG may be used to tailor some
resections>+>EC0G may reveal continuous epileptiform discharges (CEDs), a finding
increasingly-being considered as a reliable marker of th&#ZCapture of the ictal onset zone

is cited as the"primargdded-value by proponents of extra-operative IEEG modalities, although
the specific IEEG patterns and the timeframe that characterizes the ictal onsenzaineo

some extent subjectivelThere are several specific IEEG patternshsas fgh frequency
oscillations™#* and analyses 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 trexsenmendations.
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The end point of an IEEG exploration may be: (1) a decision to proceed with resectien of t
entire EZ. In this context, it is important to be mindful of the ambiguities of IEEG interpretation
discussed above and exercise caution inneiibg the resetion to EC, (2) a limited resection or
ablation of the EZ in order to preserve EC and minimize post-operative dé8riathhold
resection altegether if there is no clear focus identified or the risk of deficit is deemed too high.
The proportion/of implanted patients that do not undergo resection can reach as much as 35-
40%2>28 prwelldefined hypotheses prior to the IEEG study helps minimize this undesirable
costly end"point, or, (4) undergoiraplantation using the same or different IEEG modafit§’

or following corpus callosotom§? to further clarify ambiguities from the initial implantation.
Resections fallewing such mukitaged implantations may result in seizure freedom, but their
costbenefittbecomes incrementally ddfilt to justify and are strongly discouraged as a general

strategy.
General Indications

The case conference serves as the main forum where due considerations arepgiggnetioc
issues that guide=EG usage (Table 1). Usage of IEEG purely asxqtoratory procedure

without a hypothesis, i.e. “a fishing expeditwith extensivebilateral implantatioris or where

the goals-are palliative, is strongly discouraged. IEEG is unwarranted whemitexpected to
change the surgical plan such asypital cases of hypothalamic hamartoma or hemispheric
syndromes,with, no hemispheric functions. Cognitive/behavioural disturbancesealical co-
morbidity may also represent contra-indications for extraoperative IEEG meslalisome
patients.The'need to obtain the added information must be weighed against the limitatians, ris
and costsiassociated with IEEG studiesstly, following a full understanding of the risks and
benefits of resecting the presumed Hig patient (or the familyy empowereda participatan

the teans decision of whether or not to proceed with IEEG study.

The decision in any clinical case is strongly influenced by the underlying pattallegbstrate.

A graded scale,of IEEG usage ranging frongtity recommended/mandatory”, to "optional”, to
“little use/unwarrantedivas recommended by the ILAE Diagnostic Methods Commission and
the Pediatric Epilepsy Surgery Task Fof@heMRI negative cohort that may have very

restricted oextensive neocortical involvement presents one of the strongest justifidations
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IEEG2° In general, IEEG is more often utilizedMRI-negativeextratemporal than temporal
lobe foci. The tempordbbe cases are usually related to differentiating mé&sial neocortical
involvement, or the extent beyond the temporal {9t the side of seizure onset in patients
with bilateral temporal epilepsivaluation of mesial temporal structures with or without
hippocampal.sclerosis is a particularly commonaation in adults, where bilateral IEEG
recordings-areused to confirm or refute lateralized onset hypotfieses.

IEEG studies aralso useful in some patients with focal cortical dysplasia whefdRievisible
structural ‘abnormality often reflects onlyart of the E?? a scenario more often encountered in
type | dysplasia. IEEG is also valuable in patievitt MRI features suggestive of “dual”
pathologywhere the primary lesion associated with dysplasia, mvealsmultiple lesions such
as tuberousclerosis and nodul&eterotopia®r in hemispheric syndromes such as
polymicrogyrig>with preserved functioriThe role of IEEG in other specific lesional substrates
such as discrete developmental tumacsjuired/low-flow vascular lesions, or Stungksber
syndromegdseonsidered optionaspecially in the absence of MRI evidence of “dual” pathology
Some centerssadvocate primarily a lesionectomy whereas ofitdosusing IEEG to extend the

resectionbeyond the anatomic lesion with hopes of achieighgihrates of seizure freeddfh.
15

Table 2 summarizes the general indications and scenarios that prompt IEEG usage. Inconclusive
non-4nvasive'data, where there is ambiguity in the consistent lateralization or precise location
and extent'efithe EZ, is one of the commonest indications. Resolving divergent datavbecurs
non-4nvasive evaluation reveals discrepancies between clinical, anatomical (if any),
neurophysiological, neuropsychological and functional imaging data. Adequate sampling of all
possible sources is particularly crucial in the context of divergent non-invasavéhdais often
related to complex patterns of seizure propagation with interaction betwetgplemelgionslt is
worth emphasizing that divergence may at times be explained by known limitatiblescélp

EEG, neuropsychological evaluations, and functional imaging tests that predisfaise to
lateralizing or localizing information therelpyompting unnecessary IEEG recording. These
limitations are covered in depth by theAE diagnostics test utility recommendaticrisastly,

defining the cortex subserving eloquent functions via ESM may be required since noninvasive
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tests such as fMRI, magnetoencephalography, transcranial magnetic stimulation, or Wada test
are unable to alays lateralize and localize function unambiguously; a limitation partigularl
encountered when delineating the extent of language codme &sions sucasFCD type llb

and developmental tumors ayenerally non-functional, whereas other lesions such as
polymicrogyria.and Type 1 FCD may retain eloquent functidfy atypical representation may
occur in malformative substrates even when MRI is negatilike the recording of IEEG,

ESM can be"petformed either in the intjgerative or extr@perative etting. In one study,
extraoperative lEEG was found to have greatest utility for resolving discordant data and

inconclusive extra-temporal and multi-lobar EZ.

As a supplement to the primary indications discussed above, electrical samué the
suspected cortex may be used to provoke manifestations mimicking spontaneous seiture
provoke afterdischarges at letwresholds to further corroborate the EZ although the variability

of response_precludes wide acceptance of this techfidEEG mayalso provide information

of prognostiewvalue by accurately defining the nature of abnormalities beyond theoresecti
specific cifcumstances, the IEEG recording electrodes can also be used fefreqakmcy
thermocoagulation to selectively ablate defined targets and serve a therapkutic The
scenarios«in"which this approach is efficacious are still being evaftdfe@inally, given the
privileged access provided to human brain structures, IEEG may be used under approved

research protocols taugly the mechanisms 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 madéoént metals including

stainless steel, goichromium alloy, nickethromium composite or platinuimdium composite.
Electrodes'made of nickehromium or platinumiridium composite are favored because they

are nonmagnetic and compatible with MRI pa®d adequate safety testing has been performed
and local protocols for safe MR scanning with the |Et€&trodesre in placeSilver and

copper electrodes are not used because of their toxic effects. The configurations, sizes, and
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number of contacts vamyith each type of electrode and can be further tailored to suit the clinical
needs of individual cases. Special designs suahi@e-contacts available for research purposes

are not addressed in these recommendations.

One of the main factors differentilag various IEEG modalities is whether the study is done just
prior to the resection but in the same intpeerative setting, ie, intra-operative ECoG, or done
through an.independent implantation procedure with chronic extra-operative monitioeing
mainindications for the latter are the need for ictal capture or wheredpadive ESM is not
feasible.Scenarios requiring ictal capture include patients with divergeninvaisive data, or

with inconclusive non-invasive data in the contextdafal” pathologyor multiple lesions such

as tuberoussselerosis and nodular heterotopias. In hemispheric syndromes suainiasoggtia
with preserved‘function, ictal capture through extra-operative IEEG ménelmnly means to
allow focal/lobar resections instead of a more extensive surgery such as hemispherectomy that
may lead to functional deficit§.For chronicextraoperativemonitoring, the following

modalities can be distinguished: (1) Subdural grids, strips or a combination of subdural
grids/stripssand-depth electrodes can be implanted through an open craniotomy,(QEEG)
intra-cerebral.depth electrodes can be implanted stereotactically (SE&GJHHurr 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 elsateode

be placed through the foramen ovale, or (5) peg electrodes are placed epidurally thistugh t
drill holesior burr holesThere is no single “bestEEG modality. Each has unique resource
needs, advantages, limitations, and risks that make it more or less suitable in specific clinical
scenarios:(Table 4)

IntraoperativesEC0G

Technique:
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The IEEG recording and ESM are done intra-operatively through the craniotomy, prioiirtg, dur
and often following resection. A combination of subdural strip/grid and depth electrodes ca
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 eleetrodes to sample deep structures either under direct visual enanegational

system guience. 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 adjustdidwing
greater flexibility in sampling uneven regions of the convexity cortex. However, vackalies
cannot beused for interhemispheric or basal foci.

Srengths and-limitations

A major advantage of ECoG is that it avoids the discomfort, risks and costgexd sta
implantation and extra-operative IEEG monitoring and the need for a second sonagealure.
Added advantage is that recording and ESM mapping can be conducted prior to, piriodical
during, and at the end of resection to maximize removal of all regions reveigimfgcant
abnormality-while preserving function.

The main limitation of ECoG is the time constraint of the recording that generally laéfs 20
minutes. lthusrecords mainly IEDs or CEDs and is unsuitable when ictabdatdvanced
analyses such as high frequency oscillations are considered essential for ensuring surgical
success. Placement of electrode within specific deep targets is less accurate witluactstere
guidance.Furthermore, for practical reasons ECoG generally uses fewer electrodes compared to
CEEG, SEEG-or HEEG anhile large areas may be sampled, these are generally recorded
sequentially-rather than simultaneously, such that intergmetat propagated IEDs and ictal
rhythms'islimited. Lastly, although the effects of anesthesia generally do naokeimgmording

of abnormalities or ESM***, the effects are unpredictable and may occasionally render the
study unhelpful: Recordings perfoed with the patient awake maximize the yield but are not

feasiblein young or uncooperative patients.

Risk/morbidity
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Since ECoG is performed during surgery it carries virtuallyisidmorbidity otherthe small
incremental riskelated to prolongatioaf anesthesia. In that sense it may be regarded as the

only “non-4nvasive” IEEG modality available.

Soecific Indications

A growing number of centers consider focal CEDs to be reliable markers for the EZ and use
ECoG to tailorresections guided by periodic recording until the CEDs are abdfishéhthus
alleviating'the'need for ictal capture through extra-operative IEEG. Althgpgtally associated
with dysplastic substrate (especially type Il focal cortical dysplasia), CEDs may also be evident
in patients.withytuberous sclerosis, encephaloclastic lesions and uf€gyfiain some patients,
CEDs may-berevident on the scalp EEG and help in planning the surgical stratelgy. Si
considerations apply for patients with specific types of CEDs ssifibcal continuous spike

wave during sleep, or those associated with epilepsia partialis continua.

The utility ofitraditional IEDs and background abnormalities to tailor resebgyond the
boundaries'of:an anatomic lesion is equivddaCoG proponents have claimed improved
outcomes-after its usage compared to lesionectomy alone in a variety of substtaf30G is
considered-useful to tailor resection in patients with ga#thology, e.g., MRproven mesial
temporal sclerosis associated with mattdysplasia. By contrast, in patients with mesial
temporal Sclerosis alone, several studies failed to document correlak@o6f findings with
surgical outeome arguing against its usage for tailoring mesial reseétdhsastly, ECoG may
be the onJ option available in cases where medical contraindications or resource limitations
preclude the use of extaperative IEEG.

Extraoperative/lEEG through open craniotomy [CEEG]

Technique:
As with ECoG, CEEG uses subdural grids/strips or a combination of subduraldsecra
depth electrodes thate placed under direct observation following an open craniotornye e

location and size of the craniotomy are important for achievingehiged electrode coverage, it
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should also take the anticipated resection into consider&ypatial configuration such as

“hockey stick” aid placement along interhemispheric regions and may igeet&$o record

simultaneously from both hemisphef@8/1RI-generated gyral maps revealing venous/sulcal
landmarks and intra-operative neuravigation facilitatehe 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 grittequently

required to'insert the depth electrode. A brief ECoG recording may be acquireciadl thiethe
implantation“to” check whether the electrodes work or the abnormalities extend beyond the
coverageso that the electrode positioning can be adjusiimhtographs of the cortex and
electrodes taken int@peratively help define electrode placement but the exact locatiobecan

determined-extraperatively on MRI or highesolution CT scan egisteredo the MR*°

Srengths and-limitations

The main(strength of the CEEG modality is that it allows coverage afforded byuiboliral
grids/strips and_select depth electrodesdbiral electrodes provide excellent coverage of large
areas of the hemispheric surface, coverage over the convexity is lyezesar than

interhemispherie or basal cort&he fixed setting within the silastic sheet allows accurate
depiction of the'surface distribution of the EZ and its relationship tedp€cially the motor and
language cortex on the convexiBoth the subdural and depth electrodes can be used as strategic
guides during resection. CEEG can be used safely in young childrengamasly well

tolerated even in infangy>*

It must be‘remembered, however, that subdural electrodes may miss faotivitleep

epileptogenic sources closed fieldsa limitation overcome by concomitant usage of ioteebral

depth electrodes placed in select deep targhtsnumber of depth electrodes implanted during
CEEG is in general limited compared to SEEG/HEEG studies and the electrodes are shorter but
the @oen access enables greater sampling of lesion or cortex compared to whitelimatter.
information_fremsubdural and depth electrodes is generally complementary depending upon the
location and.extent of the EZ°% in some patients, epileptic dischargesyrbe evident only on

the subdural contact$™, in others they may be seen only in the intracerebral depth cofitacts.
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The subdural gridhay pose problems in allowing optimal contact over uneven cortical surfaces
or avoiding vascular structureBilateral grid placements are cumbersome and usually not done
because of the large craniotomy required and significant risks of catiplis>® Wrapping all

three surfaces of one hemisphere (dorsolateral, basal and mesialjdgitigp increases the risk o
venous occlusion and brain swelling. The trajectory of basal or intespleeric electrodes is

difficult to control since irregularities of the adjacent bone or dutasidns tend to deflect the
electrodesfrom'their intended targets. Interhemisphevierage may be particularly challenging
due to bridgingveins at the midline but is generally still feasible dad®Jurthermore, subdural
electrode placement is usually challenging in patients who have undergorsurgery since the
dura is often adherent and difficult to peel. Extumal placement may be an option in such cases
although it'precludes performing ESM. Alternativelgpth electrodes may be used alone. Lastly,
CEEG requiresia generous craniotomy at the time of implantation and may occasionally have to

be extended at time of resection when all data is analysed.

Risks/mor hidity

CEEGis:generallyless well tolerated compared to SEEG/HEEG. Complications including
wound infection, CSF leak, intracranial bleeding, raised intracranial peessigsymptomatic
pneumocephalts have all been reported but aré’f&rBepth placements may lead to
intraceebral micrehemorrhage, subdural electrodes may cause local inflammatory reactions.
Prophylactic steroids help minimize the risk of reaction to the implant, but might theoretically
reduce seizures and IEDs in some patients. Permanent neurologicabdefezth associated

with implantatien is rare. In one seri@s198 monitoring sessions on 187 patients, 1 death and 3
cases ofspermanent neurological deficits occifré@deaths were reported in another series of
71 implanted patients in the latter tidy, mmplication rates correlated with maximal size of

grid used, greater number of electrodes, and electrode density per cortical surface implanted.

In a recent review and metanalysis of 21 studies with a total of 2,542 patients, thedrepeanh
numker of electrodes per patient and duration of monitoring varied from 52 to 95, and 5 to 17
days, respectively.Neurologic infections (pooled prevalence 2.3%, 95% confidence interval
1.5-3.1), superficial infections (3.0%, 14€1), intracranial hemorrhage (4.0%, -3.3), and
elevated intracranial pressure (ICP) (2.4%;3.3 were found to be the most common adverse
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events. Up to 3.5% of patients required additional surgical procedure(s) fogenaata of these
adverse events. Increased number of elees@eh7) 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, e.g., placements over the interhemispheric
regions may be associated with leg weakness. In a subgroup of patients, theatmmplioay

be severe“enough to warrant early surgical interventions. Risks are dipaajber in patients

who are reoperatecbut do not appear to be a significant coné&ilateral implantations hae

been assaciated with an increased risk for the occurrence of complications. In one series two of
the three patients having permanent neurological deficit after subdural guliantation had

undergonesbilateral placement of grid electroes.

Soecific Indications

CEEGis suited/for most general indications for IEEG monitdfimgluding infants and young
children> "CEEG is specifically indicated wheneeding evaluation of large areasf the
hemispheric,_surface for accuratepographical mapping of EC along with select deep
targets/lesions.°**? It is particularly well suited for patients with hemispheric polymicrogyria
with preserved function or othéarge illdefined dysplastic lesions or tubers adjacent to EC,
which may. have atypat representation and need detailed cortical mapping. Likewise, patients
with hippoeampal sclerosis and FCD (dual pathology) often benefit from combinedddectr

usage as deithosegsenting with divergent data in the context of large or-deeped lesius.

Stereotactic'intra-cerebral EEG (SEEG)

Technique:

The SEEG'method uses only intra-cerebral depth electrodes, but the wdiadyeth electrodes

usedis muchlarger compared to CEEG, where use of the depth electrodes is restricted to only a
few specific deep targets. The trajectories of the depth electrodes must be planned thoroughly in
a 3D-Gadolinium enhanced-MRI data set to avoid crossing bloods/@sssome centers,

however, angiography is still acquired and co-registered with the 3D MRI. Ggretall8
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multi-contact electrodes are implanted under general anaesthesia. They are inserted
stereotactically through a twist drill hole or burr holel aaced either with a frame or under
neuro-navigational guidance, and sometimes, robotic assistance. The positioreftthdes is
reconstructed using CT superimposed on MRI, or directly visualized on MRI if theodiestre

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'latéral and mesial aspect of the cerebral hemispheres, but also the bottom of the sulci
or deepseated structures or lesici8> When electrodes are densely implanted in a particular
region, itimay'be possible to provide aD3assessment of the epileptogenic network by
interpolatieny=a=philosophical objective that is purportedly different from CEH@es where

only a fewsdepthelectrodes are used. In the scenarios requiring bilateral implantatiog SEE
allows extensive coverage of both hemispheres without performing large crangotomie
technical advantage compared to CEEG is the capability to remove the electrodes after
compktion of the SEEG study without a second operative procedure and the ability to plan the

craniotomy-forresection after all data is analyzed.

SEEG electrodes sample the gyral crowns, but do not provide 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 especially for mapping atypical reatesentof EC.

SEEG also allows ESM of white matter tracts that may be of added value imgefioitor
pathways andsplanning resectibat precise anatomic coregistration is required to differentiate
effects of-grey=matter stimulation. SEEG recordings can be more difficult to perform in very

young childrenbelow age 2years because of technicahsons (i.e. thickness of the skull).

Risks/mor bidity

The morbidity reported using SEEG may vary from 0 to 7.5%, and is predominantly related to
hemorrhagi¢ erinfectious complicatio?fdn this meta analysishe pooled prevalence of
complications wasolw (1.3%) with permanent neurological deficits being 0.6%; a rate similar to
that reported following CEEG. Mortality related directly to the procedure is very rare but can

occur®’ A few studies reported specifically the risks of SEEG in children; theedtoe also
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appears to be safe in this age gréup’

In one series of 215 SEEG implantations in 211 patients, morbidity related to edectrod
implantation occurred in 12 procedures (5.6%), with severe permanent deficitafraceiebral
hemorrhage.i2 (1%) patient§® Indeed, intracerebral hematomas are the main complications
reported, occurring either during or shortly after insertion or immediately after withdrawal of the
SEEG électrodes upon completion of invasive monitoring. Recent advances in itiglanta
techniques including acquisition of brain 3-dimensional angiography and magnetic resonance
imaging in frameless and markerless conditions, advanced multimodal planning, and robot-

assisted implantation may help in further reducing morbfdity.

Specific Indications

As with CEEGusage, SEEG can be applied to most general indications for IEEG isSds6G
suited to record all deep structures particularly the amyddpfocampal complex, the insula,
and subcortical targets such as heterotopic gegyem When exploration of both hemispheres is
indicated, SEEG (or HEEG) is safer than CEEG and becomes the preferredynodalit

Hybrid extraoperative EEG (HEEG)

Technique

As a hybrid between CEEG and SEEG, HEEG allows implantations of subdural strips dnd dept
electrodes and extensive coverage either unilaterally or bilaterally. Subdural strips are implanted
through fronto-central trephine holes under fluoroscopy to cover the cerebral conveixity. Us

the same trephine holes, an additional number ohdapttrodes may be implanted to sample

deep targetssusing a stereotactic head frame. The technique has undergone several modifications
in the course of time and it remains the preferred approach of IEEG monitoringrial seve

epilepsy centers.> 072

Strengths.and limitations
HEEG allows extensive sampling from the cortical convexity and deep regions, aaththak
of the electrodes without a second operative procedure. The limitations aaelprim

undersampling of the posterior temporobasalthednterhemispheric cortical surfaces, which
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may not be reached by the subdural strip electrodes. The coverage of the corticalsutfe
hemispheric convexity is limited compared to CEEG.

Risks/morhidity

In one series of 70 bilaterally and symnezthy implanted cases, transient complications
occurred in 4.2%, while in 1.4% there was possibly permanent slight neurologicdldiefito
intracerebtal haemorrhage after implantation of an intracerebral ele€tidee recently a

study of 163 adudt reportedverall complications in 8 (4.9%), of whom 5 required treatment or
led to neurolegical impairment though no permanent morbidity or mortality was recorded.
Infection accurred in 1.2% and hemorrhage in 3.7% of patfénts.

Specific indications

The primary indication for HEEG is extensive exploration of the convexity neocortex gret dee
regions including cases where bilateral implantations are redqaipatients with non-

lateralizing and/or divergent non-invasive data but in whom there is clinigat&usof a

resectable-lateralized focts>>

ForamenOvale IEEG

Technique

This electrode is a muitiontact electrode placed under local or mild general anesthesia inferior
to the zygoma and medial to the anterior ramus of the mandibleajppaoach similar to the
surgical appreach taken to coagulate the Gasserian ganglion for tic doulBukenotlow bore
needle issplaced through the foramen ovale, through which the electrode isdlsedaat it

comes to'lie"along the long axis of thpgocampus. These electrodes are usually placed

bilaterally.

Strengths.and limitations

The main advantage is that it employs a natural skull opening and thus consideried “se
invasive”. Foramen Ovale recordings are generally technically satisfactaityebsampling is
mainly from the middle and posterior hippocampus. A large proportion of discharges geen at
most distal foramen ovale contacts, possibly representing sources in the posterior
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parahippocampal gyrus, are not seen at the more anteriactdRAs such, they are less
accurate in detecting sources in the very anterior portions of the hippocampeamygdalae
as compared to the SEEG/HEEG.

Risks/mor bidity
The complication rate for this modality is significantly less than for atReeoperative IEEG
modalities., Still, occasional subarachnoid hemorrhages, infection and oetgsish removal

tic-like pain’syndrome have been report&d.

Soecific indications
The main elinical indication is unclear laterality of a likely mestahporal seizure focu§.”
The approach-appears to be gaining converts to its use and in a recent publicatmwhas

continued utility in differentiating side of onset of mesial or inferior temporal seizures.

Epidural IEEG

Technique

Epidural pegelectrodes are placed through a tight fitting twist drill hole; the base of the electrode
sits on top'6f the exposed skull whereas the stem penetrates th& SKiiie length of the stem

can be varied and made to match the thickness of the skull where it is being insertgrofhe

the electrode resides in the epidural space overlying the cortex of interest. Since 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 t

sampling the canvexity. Furthermore, epidural placement precludes ESM.

Risks/morbidity
While technically it is a fairly easy to insert, there is a significant risk of infe€tion.

Soecific indications
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Themodality has no use by itself botcasionallymay be employedh conjunction with other
invasive approaches to monitor large areas of contralateral brain or more remote sites from the

site where more invasive electrodes have been used.

"Flow Chart" Protocol

In an attempt ta@ reconcile various practie@sl make general recommendations to guide
strategy the recommendations for various modalities are schematically summarized within the
framework of a flow chart protocol (Figure iased on their known strengths, limitationsks

and costsliscussed above. The decisions generally occur within the context of a
multidisciplinary case conference reviewing all Ainwasive data. Once the scenarios where
IEEG is unwarranted or contraindicated are excluded, the next key step is decidimggotig)e

to be sampledand choosing the modality that is best suited within the constraicts cérgar’s

resources and experience.

Intra-operative ECoG is gaining increasing popularity at mamers worldwide and is not just
relegated to resource poor regions. In those patients where the ECoG turns out to be
uninformative,the electrodes may be implanted for eoprerative IEEG studiesa flexible
costeffective strategy often wedlccepted Y patients/familiesln general the main choice for
extraoperative IEEG is between the CEEG, SEEG, and HEEG modalitiesdro@vale and

epidural peg play very specific and restricted roles. Whereas CEEG is better suited for unilateral
widespread corticdtZs that require detailed ESM, SEEG or HEEG are better suited for
explorationsef-deep or bilateral regions. The latter two are much bettetedi¢nan CEEG, a

factor drivingstheir increasing popularity. Furthermore, an added advantage is that the
craniotomy-for resection is designed after the surgical plan is finalized whereas CEEG requires a
more generous,craniotomy at the time of implantation that may occasionalljohzextended

at time of resection when all data is analyzed.

This article is protected by copyright. All rights reserved



Lastly, IEEG may dil to provide the necessary information and lead to explantation without
resection. A continued refinement of surgical candidacy and selection of modaltelywil
minimize this unfortunate and disheartening scenario. Note that the flow fnaiis fom
depicting the loop representing multi-staged implantation IEEG, a strategy digeduor
general application as it diminishes the need for a clear hypothesis prior to the initial
implantation and promotes an “exploratory” usage of the procedure.

Conclusions

The consensus based recommendations presented herein strive to achieve an optimal balance
between perceived efficacy, safety and incrementaflmarstfit. Neither the position of insisting

on one particular IEEG modality in all casesejecting its added value altogether in any

scenario lend themselves to scientific scrutiny or meet the complex needs of various clinical
cohorts. Asking the seminal question of when and how the added information from a particular
IEEG modality-altered theesection from a surgical plan based on non-invasive data alone and
how this‘improved outcome in specific clinical scenarios will be an essential step towards

minimizing-Cultural biases across centers and an important step towards standardization.

Key points:
e A consensus-based expert recommendation on the diagnostic utility of IEECeistpdes
e |t provides an overview of various IEEG modalities emphasizing their strengths,
limitations, and risks.
e The general indications for IEEG usage are proptsxived by specific scenarios
where each IEEG modality is believed to be best suited
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Figure legends

Figure 1. Protocol guiding IEEG strategies.

Tablel. Pragmatic considerations leading to a decision to use IEEG

1._ls there a reasonalthgpothesis (or hypotheses) concerning the

7 underlying etiology, the EZ and its relationship to EC that can lea(d to

resective surgery?

| 2. Can the “inconclusive’ or apparent “divergent” non-invasive

di
information be explained by known limitations of the scalp EEG annc}/

functional imaging data? _
regional versu

h4\Y]

3. Are there any other non-invasive techniques that would potentiall
. nt (e.g. temporg
eliminate the need for IEEG?

: : . . , etermining the
4. «Willthe added information obtained through IEEG be likely to

o ) t, mesial vs.
change the end point, i.e., the resectiompla
. . _ _ _ _ nent, “dual”
5. Is'this added information achievable with intieerative ECoG? _
ning desgated

6.7Are there medical canorbidities that contraindicate extoperative
IEEG studies?
7. Which of the extrasperative IEEG modalities is best suited?

ources especia

a not evident o

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

decision?
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2. To resolve divergence of non-invasivg

data pointing to two or more regions.

Divergence is hot uncommon; scenarios
particularly prone iolude bilateral mesial
temporal foci, large lesions such as
encephalomalacia, multiple lesions such as
those in tuberous sclerosis or nodular

heterotopia.

3. To mapweloquent cortical function

precisely.

EZ encroaching or involving EC. Unlike
acquired tumors or early acquired
atrophic/gliotic lesions that tend to displace
function, developmental substrates often ret
eloquent function and may manifest atypical

representations.

ain

4. Secondary indications.

To further corroborate the EZ or provide
information of prognostic value, to selectivel
ablate active regions using thermo-coagulat

on.

Table 3. Typesof electrodes for IEEG studies

Type

Characteristics

Subdural electrodes.

Configured as discs8 mmin diameter and spaced 5
to 10 mm apart centd¢o-center. They are embedded

silastic strips (4 to 8 contacts) or rectangular grids (

to 128 contacts). Special shapes for interhemispher

placement.

Intra-cerebral (depth) electrode

Configured astsands of serial cylindrical contacts
[ranging from 4-18], spaced 2-10 mm apart, diamé
of 1 mm or less, recording areas & 3nm2. The

electrodes are either flexible with a retractable rigid

stylet used for insertion, or seinngid.

n

c

pter

Epidural pecelectrodes

Mushroom shaped single contacts.
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Wick electrodes

contact at the tip.

Multiple flexible strands with single recording

Foramen ovale electrodes

Linear strands with-6 contacts.

Table 4. Modalities forlEEG studies

Modality Strengths Limitations Risk/ Specific
Morbidity Indications
ECoG No additional | Limited temporal Minimal risk | Cortical
Intraoperative | | invasive sampling angbsence | of bleeding | dysplasia,
IEEG using procedure, of ictal capture related to tuberous
subdural, depth, | allows language mapping only electrode sclerosis,
or wick maneuvering of if patient is awake, insertion. scalp EEG
electrodesplacedplacement and | prolonged operative Small consistent with
under direct periodic times, effect of incremental | CEDs, extra

visualization or
guided by neuro-
navigational

systems.

recording and
ESM during
the resection,
low resource

requirement.

anesthesia on EEG an

motor mapping
thresholds. Wick
electrodes cannot

sample

interhemispheric or

basal regiond.imited

time for cecision

making.

drisk related
to length of
anesthesia.

operative IEEG

not feasible.
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CEEG Wide coverage | Large craniotomy Low risk of | Extensive
Extraoperative | of neocortical | [especially for grids], | infection, unilateral
IEEG using gyral surface | limited precision for bleeding, neocortical EZ
subdural, depth_ | along with deep targets, higher | CSF leak, | requiring surface
electrodes or select coverage morbidity, difficulty for | raised ICP, | as wellas select
their of deep bilateral exploration or | significant | deep sampling
combination targets, allows | in cases being re discomfort, | and accurate
implanted maneuvering of operated. assessment of E
through an open| placement that may be
craniotomyy during atypical.
often guided by | implantation,
neuro- allows precise
navigational ESM of the
systems. cortical

surface, can be|

used in infancy
SEEG Accurate Limited coverage of Little or no | Exploration of all
extraoperative | sampling of all | gyral surface, less well| discomfort, | deep targets
IEEG using deep targets | suited for exhaustive | low including nesial
intra-cerebral with some ESM of the cortical infection, temporal, insula,
depth electrodes| coverage of surface(especially bleeding heterotopic
placed gyralsurface, | mapping atypical risk. nodules, bilatera

stereotactically
through burr

holes.

extensive uni-
or bilateral
implantation,
findings can be
standardized in
a common
stereotactic
space allowing

intersubject

representations), only 4
subset of electrode

contacts sample grey
matter, cannot be used

below age 2-3 yrs.

exploration when

indicated.
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comparisons,
allows ESM of

white matter

tracts.
HEEG Accurate Limited coverage of Little or no | Distinguishing
Combinations of| sampling of neocortical areas furtheriscomfort, | gyral surface

subdural strips | deep targets | away from site of burr | low from deep EZ,
and intra- and selective | holes; may require infection, extensive
cerebral depth™ | neocortical additional craniotomies;; bleeding. bilateral
electrodes placedconvexity, less suitable for detailed exploration when
through burr extensive ESM of gyral surface. indicated.
holes using coverage
fluoroscopy and | without
stereotaxy. craniotomies.
Epidural Peg Easy to install | No sampling of basal o] Low Used in
Extraoperative= | through twist | deep structures; no morbidity. conjunction with
IEEG using drill or burr direct recording of the other modalities
epidural peg holes brain; sensitivity of the to samplecontra-
electrodes placedbilaterally, dura precludes ESM. lateral or remote
through burr satisfactory sites.
holes. coverage of

neocortical

convexity.
Foramen ovale | Easy to install | Limited sampling with | Low Bilateral mid
extraoperative | | without skull poor coverage over morbidity. posterior mesial
IEEG using opening, anterior temporal
strand electrodes considered as | hippocampus/amygdalé. coverage.

placed through
the foramen

ovale.

"semi

invasive".
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