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Background and Purpose: Although some surgeons utilize interictal spikes recorded via electrocorticography
(ECoG) when planning extensive peritumoral resection in patients with tumor-related epilepsy, the
association between interictal spikes and epileptogenesis has not been fully described. We investigated
whether the resection of interictal spikes recorded by ECoG is associated with more favorable surgical
outcomes in tumor-related epilepsy.

Methods: Of 132 patients who underwent epilepsy surgery for tumor-related epilepsy from 2006 to 2013,
seven patients who underwent extraoperative ECoG were included in this study. In each patient, ECoG
interictal spike sources were localized using standardized low-resolution brain electromagnetic
tomography and were co-registered into a reconstructed brain model. Correspondence to the resection
volume was estimated by calculating the percentage of interictal spike sources in the resection volume.
Results: All patients achieved gross total resection without oncological recurrence. Five patients
achieved favorable surgical outcomes, whereas the surgical outcomes of two patients were unfavorable.
Correspondence rates to the resection volume in the favorable and unfavorable surgical outcome
groups were 44.6%+27.8% and 43.5%122.8%, respectively (p=0.96). All patients had interictal spike
source clusters outside the resection volume regardless of seizure outcome.

Conclusions: In these cases of tumor-related epilepsy, the extent of the resection of ECoG interictal
spikes was not associated with postoperative seizure outcomes. Furthermore, the presence of interictal
spike sources outside of the resection area was not related to seizure outcomes. Instead, concentrating
more on the complete removal of the brain tumor appears to be a rational approach. (2019;9:126-133)
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in patients with paralimbic grade Il glioma, even when the hippo-
campus had not been invaded.

Tumor-related epilepsy is pharmacoresistant in more than 50% of
cases, and early surgical intervention is recommended." Previous
studies reported that gross total tumoral resection is superior to sub-
total resection.” However, there is disagreement over the extent of
surgery to enable seizure control while minimizing neurologic
sequelae. Phi et al.> showed tailored resection focusing on the tumor
to be necessary for seizure control, even for tumors confined to the
amygdala or parahippocampal gyrus. However, some investigators
have advocated the extensive resection of the peritumoral cortex.”
Ghareeb and Duffau’ reported the significance of hippocampectomy

Moreover, there has been some debate over the use of electro-
corticography (ECoG) as an electrophysiological guide for tumor-re-
lated epilepsy surgery. Some surgeons utilize interictal epileptiform
discharges recorded by intraoperative ECoG to delineate the re-
section margin. However, whether the use of intraoperative ECoG
improves surgical outcomes is inconclusive.” It has been suggested
that the irritative zone, i.e., the region generating frequent interictal
spikes, identified via subdural electrodes, needs to be resected along
with the tumor considering that the infiltrated peritumoral neocortex
may function as a key structure in epileptogenesis.” In contrast, an-
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other group reported equivalent rates of seizure control irrespective
of the use of intraoperative ECoG, undermining the use of intra-
operative ECoG in tumor-related epilepsy surgery.®’

Several previous studies have investigated the usefulness of irrita-
tive zone removal in tumor-related epilepsy.””* However, those stud-
ies simply compared surgical outcomes of gross total tumor removal
alone with those of extended surgery involving the removal of the irri-
tative zone, and the spatial relationship between the interictal spikes
and the resection volume has not been investigated, which may help
to determine usefulness of interictal spikes recorded by ECoG in delin-
eation of resection margin in tumor-related epilepsy. Regarding this is-
sue, the extraoperative ECoG, rather than intraoperative ECoG, pro-
vide a unique opportunity to comprehensive comparison of spatial re-
lationship between interictal spikes of ECoG and resection volume,
since it could provide 3-dimensional interictal spike source locations in
the brain model rather than the position of the electrodes on the 2-di-
mensional cortical surface. Since all study patients who conducted ex-
traoperative ECoG underwent computerized tomography (CT) after
subdural electrode insertion, accurate determination of the electrode
locations on the 3-dimensional space was possible. Moreover, epilepti-
form activity can be altered under anesthetic condition” and extra-
operative ECoG allows the longer observation periods in broader
areas, which could help to achieve a comprehensive understanding of
the relationship between irritative zone and epileptogenic zone in tu-
mor-related epilepsy.

Therefore, in order to investigate whether the inclusion of inter-
ictal spikes recorded by ECoG to the resection margin could improve
surgical outcomes in tumor-related epilepsy, we used interictal spike

Table 1. Patient profiles
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data from extraoperative ECoG and applied source localization
technique. Correspondence between interictal spike sources and the
resection volume was then compared according to the surgical out-
come of tumor-related epilepsy patients.

Methods

Patient profile

Based on a final diagnosis of focal epilepsy with a single brain tu-
mor, we selected consecutive patients who underwent extra-
operative ECoG and epilepsy-related surgery from 2006 to 2013. All
patients were operated on by the senior author. Patients’ clinical data
were retrospectively reviewed. The present study was approved by
the Institutional Review Board of Seoul National University Hospital.

One hundred thirty-two patients were finally diagnosed, based on
a pathologic examination, as tumor-related epilepsy during the study
period. Although it is not routinely used for a presurgical evaluation,
eight of 132 patients underwent extraoperative ECoG for one or
more of the following reasons: 1) since the magnetic resonance
imaging (MRI) findings were ambiguous to interpret as typical brain
tumor, non-tumor related epilepsy could not be excluded; 2) dis-
agreement over the suspected epileptogenic zone among epileptolo-
gists, thus requiring further investigation; and 3) a lesion close to the
eloquent cortex. One of these patients was excluded because the
number of inserted electrodes was deemed too small for a proper
analysis (three 1x4 grids on temporal lobe). Thus, seven patients
were included in the present study. Their surgical outcomes were
evaluated by applying Engel’s classification.'® An Engel | was consid-

Sex/age  Duration of  PostOp F/U Tumor . . L
Pt. . . Reason for invasive monitoring
(years) illness (years)  (months)  involvement
G1 M/25 3 115 Lt. ant-lat T The MRI finding was not corresponded with typical brain tumor
G2 M/24 14 98 Lt. ant-lat T The MRI finding was not corresponded with typical brain tumor
G3 M/25 3 78 Rt. post-lat T The MRI finding was not corresponded with typical brain tumor
G4 M/27 20 58 Rt. O 1. The MRI finding was not corresponded with typical brain tumor
2. Very broad epileptogenic zones (Rt. T-P-O) were suspected when using
noninvasive modalities
G5 F/42 22 32 Lt. med T 1. Hippocampal sclerosis was the likely suspect on MRI
2. Interictal spikes were widely dispersed from ant to post T on EEG and MEG
B1 M/51 15 117 Rt. post-lat T The MRI finding was not corresponded with typical brain tumor
B2 F/46 20 25 Lt. post-lat T 1. The lesion on MRI was close to the eloquent cortex

2. Discrepant results were obtained from noninvasive modalities

Pt., patient; PostOp, post-operative; F/U, follow-up; M, male; Lt., left; ant, anterior; lat, lateral, T, temporal lobe; MRI, magnetic resonance
imaging; Rt., right; O, occipital lobe; P, parietal lobe; F, female; med, medial; EEG, electroencephalography; MEG, magnetoencephalography.
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ered a favorable outcome, whereas Engel II-IV were considered un-
favorable outcomes.

The patient group consisted of five men and two women with ages
ranging from 24 to 51 years (meanz+standard deviation, 34.3+11.6)
at the time of surgery. Patients" illness duration was between 3 and
22 years (mean, 13.9+7.9). All patients had taken at least three an-
ti-epileptic drugs before being considered for epilepsy surgery. Brain
tumors were located in the lateral temporal lobes in five patients and
in the medial temporal and occipital lobes in one patient each. The
patient with the occipital lobe brain tumor (G4) had undergone pre-
vious brain tumor resection; the second surgery was due to seizure
recurrence and a residual tumor (Table 1).

Invasive monitoring and epilepsy surgery

Subdural electrodes were placed primarily on the lesion detected

-

Brain CT ol
after electrode insertion

PSSR N FCSFRESCES T RESLAES INSEPEER - SIS M SUH I LI 1

Subdural grids and strips

via MRI and surrounding areas, including the eloquent cortex.
Additional electrodes were placed based on the results from other
noninvasive evaluation modalities. The inter-electrode distance was
10 mm, and the electrode diameter was 4 mm. After electrode im-
plantation, electrode positions were recorded by means of CT. All pa-
tients' ECoG tracings were continuously recorded using a multi-
channel digital electroencephalography (EEG) acquisition system
(Telefactor; Grass Technologies, West Warwick, RI, USA) for at least
24 hours until sufficient seizure events were observed.
Determination of the extent of surgery was based on the location
of the tumor and the ictal onset zone as determined with extraoper-
ative ECoG.” The ictal onset zone included those electrode positions
that first showed sustained rhythmic ECoG changes that could be
distinguished from background or interictal activities." When the tu-
mor involved the hippocampus, an anterior temporal lobectomy with

BEM model

Segmented cortex with the resection volume
delineated by postoperative MR

ECoG data ™ |_

ls

Source localization
using sSLORETA

Coregistration of source locations
nto the segmented cortex

Figure 1. A schematic illustration of the procedures of ECoG source localization of interictal spikes using the case of the patient G1. All visually detected
ECoG interictal spikes (indicated by either red or black arrows) were used for source localization. The result of interictal spike source localization indicated by
the red arrow is described. Following the source localization, the coordinates of each calculated source were registered into the individual’s segmented
cortex to establish the interictal spike source distribution. The resection volume in the segmented cortex, marked with green, was delineated with
postoperative MRI. CT, computerized tomography; BEM, boundary element model; MR, magnetic resonance; ECoG, electrocorticography; sLORETA,
standardized low-resolution brain electromagnetic tomography; MRI, magnetic resonance imaging.
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amygdalohippocampectomy along with resection of the ictal onset
zone was conducted. In other cases, the resection volume was de-
lineated based on the lesion identified via MRI and the ictal onset
zone.” Following surgery, the patients underwent follow-up visits in
an outpatient clinic for at least 25 months (mean, 74.7+37.7).

ECoG source localization of interictal spikes

The procedure for the ECoG source localization of interictal spikes
is illustrated in Fig. 1. Preoperative T1-weighted sagittal MRI was
used for segmentation of the cortex and reconstruction of a sin-
gle-compartment boundary element model (BEM), a realistic volume
conductor of an individual brain. The positions of the subdural grids
and strips were manually detected using each patient’s axial CT sli-
ces, and their coordinates were projected onto the relevant volume
conductor. A 10 minutes interictal period showing frequent spikes
with small artifacts was selected from the entire extraoperative ECoG
monitoring period, and the peak values of all visually detected inter-
ictal spikes in the selected period were used for source localization.
This approach was used because the highest spatial resolution can
be obtained from the peak values." Signals recorded by depth elec-
trodes were not used for source localization because the potentials
generated by depth electrodes are not suitable for a BEM model.”
Three 1x4 depth electrodes were inserted into the right temporal
lobe of patient G3, but the data acquired from the depth electrodes
was not utilized during the delineation of the resection margin. For
these processes, standardized low-resolution brain electromagnetic
tomography (sLORETA) with the Curry 7.0 software (Compumedics
NeuroScan, Charlotte, NC, USA) was used." Because sLORETA re-
turns a current distribution rather than a single dipole, the point with
the maximum F-distribution value was selected for assessment, as it
is assumed to be the position best fitting the actual source location. "

Table 2. Postoperative outcome
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Following the source localization of all interictal spikes within the
selected period, the coordinates of each calculated source were reg-
istered into the individual's segmented cortex to establish the inter-
ictal spike source distribution. Correspondence to the resection vol-
ume was estimated by determining the percentage of interictal spike
sources located within the resection volume as delineated by post-
operative T1-weighted MRI. We also examined whether patients had
interictal spike sources exclusively clustered in the resection volume,
or had other source clusters outside the resection volume.

Results

Of the seven patients in this study, five patients (71.4%) achieved
a favorable outcome (G1-G5) and two patients had an unfavorable
outcome (B1, B2). The patients’ profiles and the reasons for the ex-
traoperative ECoG are shown in Table 1. Gross total tumor resection
was achieved in all patients, and no tumor recurrence was observed
during the follow-up visits. Patients G3 and G5, diagnosed as having
a World Health Organization grade Il malignant tumor, did not re-
ceive additional therapy. Instead, they were annually evaluated by
means of brain MRI for tumor recurrence. Based on a presurgical
evaluation, patient G5 was diagnosed with hippocampal sclerosis,
but after surgical resection this patient was finally diagnosed with
dual pathology (anaplastic astrocytoma and hippocampal sclerosis).

Al patients” ictal onset zones were included in the resection vol-
ume except G3 and G4. For patient G3, the ictal onset zone was de-
tected adjacent to the brain tumor, but the surgery was not extended
to the ictal onset zone. Instead, the operator concentrated on com-
plete tumor resection. The ictal onset zone of patient G4 was widely
dispersed from the posterior temporal lobe to the occipital lobe. The
resection margin in this case was limited to the brain tumor because

Pt. Types of surgery Engel COR (%) Pathology

G1 L | 63.6 Mixed tumor (ganglioglioma, gangliocytoma, DNET), FCD type IIB
G2 L | 71.2 Glioneuronal tumor

G3 L | 0 Anaplastic ganglioglioma

G4 L | 47.4 Ganglioglioma

G5 ATL+AH | 40.7 Anaplastic astrocytoma with HS, FCD type llIA, 1B

B1 L 1l 27.3 Ganglioglioma

B2 L \% 59.6 Pleomorphic xanthoastrocytoma

Pt., patient; COR, correspondence to the resection volume; L, lesionectomy; DNET, dysembryoplastic neuroepithelial tumor; FCD, focal cortical
dysplasia; ATL, anterior temporal lobectomy; AH, amigdalohippocampectomy; HS, hippocampal sclerosis.
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total resection of the entire ictal onset zone may have resulted in se-
vere neurologic sequelae.

Types of surgery, outcomes, rates of correspondence of interictal
spike sources to the resection volume, and the pathologic results of
each patient are shown in Table 2. The source localization results of
patients with favorable and unfavorable outcomes are shown in Figs.

2 and 3, respectively. Ictal onset zones are also delineated in the
figure. All patients had interictal spike source clusters outside of the
resection volume. The rates of correspondence to the resection vol-
ume among the patients with favorable and unfavorable outcomes
were 44.6%zx27.8% and 43.5%:+22.8%, respectively (£=0.96).

Figure 2. Interictal spike source localization results from tumor-related epilepsy patients with favorable surgical outcome. The figures on the second row

indicate the same patients of the first row shown from the different direction. The ictal onset zone is delineated with black line. The resection volume is

marked with green. The numbered blue dots indicate electrodes. Each red sphere represents an interictal spike source located inside the resection volume,
and each yellow sphere represents an interictal spike source outside of the resection volume.

Figure 3. Interictal spike source localization results from tumor-related epilepsy patients with unfavorable surgical outcome. The figures on the second row

indicate the same patients of the first row shown from the bottom.
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Discussion

In the present study, we analyzed ECoG-identified interictal spike
sources in seven tumor-related epilepsy patients. Interictal spike
source clusters were found both inside and outside the resection vol-
ume irrespective of the surgical outcome, and the differences be-
tween the rates of correspondence relative to the resection volume
were not significant between the favorable and unfavorable surgical
outcome groups. These results extend the findings of previous scalp
EEG-based studies which showed that the irritative zone in tumor-re-
lated epilepsy tends to be extensive and can even be located on the
contralateral side.'®

Interictal spike patterns of patients with tumor-related epilepsy
appear to differ from those of non-tumor-related epilepsy patients.
Our previous study had analyzed 32 temporal lobe epilepsy patients
who underwent both extraoperative ECoG monitoring and epilepsy
surgery in Seoul National University Hospital from 2006 to 2010." In
that study, patients with favorable surgical outcomes tended to have
concentrated interictal spike source clusters located exclusively in the
resection volume, whereas concentrated source clusters tended to be
located outside the resection volume in patients with unfavorable
surgical outcomes, thus suggesting that interictal spike sources are
closely associated with the epileptogenesis and may help delineate
the resection volume.

However, of the seven patients in the present study with interictal
spike source clusters remote from their brain tumors, leaving spike
clusters unresected did not result in unfavorable surgical outcomes in
five patients. Based on this result, we speculate that spurious inter-
ictal activities occurring near the tumor or in peritumoral tissue oper-
ate via a mechanism different from that associated with seizure
onset. Therefore, resection of areas with spurious interictal spikes is
not necessary. Some interictal spike sources appear to reflect epi-
leptic activities, as they overlap with the resection volume. However,
discrimination of interictal spikes relevant to ictogenesis from those
unrelated to ictogenesis may not be simple, making the use of inter-
ictal spikes during the delineation of the resection volume implausible.

Such a difference may indicate the presence of different mecha-
nisms linking interictal spikes and seizures. There may be genes
uniquely associated with seizure onset and others uniquely asso-
ciated with interictal spikes."® If this is the case, these two phenom-
ena may require distinct therapeutic approaches. A previous study re-
ported that rats generating interictal spikes were induced by injecting
tetanus toxin into somatosensory cortex. They showed layer-2/3-spe-
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cific CREB activation;" this has also been observed in an interictal
state of both tumor- and non-tumor-related epilepsy patients.””*' In
the rat study, administration of a MAPK inhibitor prevented layer-2/3
CREB activation and significantly reduced the frequency of interictal
spikes, but there were no improvements in seizure scores. ™ Although
this study did not consider tumor-related epilepsy, it is suggested
that interictal and ictal activities utilize different molecular pathways.

Tumor-related mass effects that induce increased intracranial pres-
sure, focal ischemic damage, acidosis, and disruption of the
blood-brain barrier may also explain the different results obtained
from non-tumor-related epilepsy patients.' Focal cortical dysplasia
(FCD), the second most common cause of refractory chronic partial
epilepsy,* is frequently associated with brain tumors. Our group pre-
viously reported that 32% of patients with ganglioglioma had peritu-
moral architectural abnormalities associated with FCD.” FCD ad-
jacent to a tumor may influence epileptogenesis. It was reported that
tumors accompanied with FCD tended to have higher seizure fre-
quencies than those associated with solitary tumors.”* Additional re-
section of the cortex when it exhibits FCD has been asserted as nec-
essary for seizure control,” although this was contradicted by anoth-
er study.” In the present study, given that the pathologic findings of
only two patients (G1 and G5) showed FCD adjacent to a tumor, the
influence of FCD on epileptogenesis could not be assessed. In addi-
tion, because cortical dysplasia is usually found near a tumor, the
presence of interictal spikes distant from the tumor could not be ex-
plained by the presence of peritumoral cortical dysplasia.

Of the five patients with favorable outcomes, two patients” ictal
onset zones were not completely resected (G3 and G4, in Fig. 2). It is
possible that the ictal onset zone may not have been precisely de-
lineated by subdural electrodes, as subdural electrodes cannot detect
activity which originates at the subcortical level.”’ Because the ictal
onset zone of patient G4 was observed broadly to include the occipi-
tal lobe to the posterior temporal lobe, subdural electrodes may have
detected propagated activities rather than the actual ictal onset.
However, complete tumor resection led to seizure freedom despite
leaving a wide ictal onset zone unresected. Therefore, we suggest
that complete tumor resection is more important than the resection
of the ictal onset zone recorded from extraoperative ECoG in tu-
mor-related epilepsy.

The small number of patients analyzed in the present study in-
evitably limits our capacity to fully describe the features of tumor-re-
lated epilepsy. Although the identification of the ictal onset zone via
extraoperative ECoG following subdural electrode placement has
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been considered as the gold standard in determining the resection
area of non-tumor-related epilepsy, extraoperative ECoG has rarely
been used in tumor-related epilepsy, as the primary goal of this type
of surgery is not making seizure free but maximal tumor resection
while minimizing neurologic sequelae.*'”*’ In addition, the presence
of a subdural electrode in situ for several days increases the risk of in-
creased intracranial pressure; the most formidable complication as-
sociated with intracranial mass lesions. In our institute, the patients
did not undergo extraoperative ECoG when the brain tumor was
highly suggested by MRI. In case of the seven patients in the present
study, the equivocal MRI findings could not exclude non-tumor-re-
lated epilepsy, and tumor-related epilepsy was finally diagnosed
after pathologic examination. Therefore, performing extraoperative
ECoG in tumor-related epilepsy patients was unavoidably rare.

Notwithstanding, due to its advantages of extraopertive ECoG
over intraoperative ECoG, which provides more accurate electrode
locations, longer monitoring period, and broader area on the cortex,
we could compare the relationship between removal of interictal
spikes from ECoG and the surgical outcome in tumor-related epilepsy
patients. Further study with more subjects and longer follow-up peri-
ods is necessary to identify the spatial and functional relationship be-
tween interictal spikes and brain tumors.

In the present study, ECoG interictal spike sources were localized
in seven tumor-related epilepsy patients. In all patients, tumor re-
section margins were delineated by MRI results and the ictal onset
zone determined by extraoperative ECoG. The difference between
the rates of correspondence of the interictal spike sources to the re-
section volume in the favorable and unfavorable surgical outcome
groups was not significant. All patients had interictal spike source
clusters outside of the resection volume. While some interictal spike
sources overlapped the resection volume, the post-surgical presence
of nonresected interictal spike sources was not associated with an
unfavorable surgical outcome. We conclude that some interictal
spike sources tend to reflect spurious activities associated with the
brain tumor; thus, the inclusion of interictal spike sources in the re-
section volume may be unwarranted. Complete tumor resection is
more important than the use of ECoG.
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