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Abstract 
Background.  Epileptogenesis and glioma growth have a bidirectional relationship. We hypothesized people with 
gliomas can benefit from the removal of epileptic tissue and that tumor-related epileptic activity may signify tumor in-
filtration in peritumoral regions. We investigated whether intraoperative electrocorticography (ioECoG) could improve 
seizure outcomes in oncological glioma surgery, and vice versa, what epileptic activity (EA) tells about tumor infiltration.
Methods.  We prospectively included patients who underwent (awake) ioECoG-assisted diffuse-glioma resection 
through the oncological trajectory. The IoECoG-tailoring strategy relied on ictal and interictal EA (spikes and sharp 
waves). Brain tissue, where EA was recorded, was assigned for histopathological examination separate from the 
rest of the tumor. Weibull regression was performed to assess how residual EA and extent of resection (EOR) re-
lated to the time-to-seizure recurrence, and we investigated which type of EA predicted tumor infiltration.
Results.  Fifty-two patients were included. Residual spikes after resection were associated with seizure recurrence 
in patients with isocitrate dehydrogenase (IDH) mutant astrocytoma or oligodendroglioma (HR = 7.6[1.4–40.0], 
P-value = .01), independent from the EOR. This was not observed in IDH-wildtype tumors. All tissue samples re-
sected based on interictal spikes were infiltrated by tumor, even if the MRI did not show abnormalities.
Conclusions.  Complete resection of epileptogenic foci in ioECoG may promote seizure control in IDH-mutant 
gliomas. The cohort size of IDH-wildtype tumors was too limited to draw definitive conclusions. Interictal spikes 
may indicate tumor infiltration even when this area appears normal on MRI. Integrating electrophysiology guid-
ance into oncological tumor surgery could contribute to improved seizure outcomes and precise guidance for 
radical tumor resection.

Key Points

• Residual epileptic activity in intraoperative electrocorticography is associated with 
seizure recurrence in IDH-mutant tumors.

• Spikes indicated tumor infiltration in brain tissue without distinct MRI-abnormality.

Glioma-related epilepsy is one of the symptoms of diffuse 
low- and high-grade gliomas.1,2 The burden of epilepsy and 
anti-seizure medication significantly reduce the quality of 
life and induce additional cognitive impairments.3–5 The 
current treatment paradigm is to aim for maximal tumor 

resection, performed in a safe fashion when needed with 
the help of awake craniotomy to define functional brain 
tissue.6 Removal of all epileptogenic tissue, which can ex-
tend beyond the tumor borders both locally and distantly, 
is crucial for achieving postoperative seizure freedom.4,7–11 

Intraoperative mapping of epileptogenic foci and tumor 
infiltration in neuro-oncology patients with epilepsy  
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Intraoperative electrocorticography (ioECoG) is used to 
identify the epileptogenic tissue by recording epileptic 
activities directly from the cortex, which translates to 
surgical decisions in real time.12–15 This method is called 
“ioECoG-tailoring.” Incomplete resection of tissue with ep-
ileptic activity is associated with postoperative seizure re-
currence, and ioECoG may contribute to favorable seizure 
outcomes.13,16–18

Literature on ioECoG-tailoring in diffuse glioma patients 
is sparse and mainly conducted in epilepsy surgery set-
tings. The results of these studies are not generalizable 
to oncology patients as both trajectories involve different 
presurgical evaluation, surgical approaches, and patient 
selection. People in the oncological neurosurgery trajec-
tory typically exhibit shorter epilepsy duration, thus limited 
epilepsy-related plasticity and diminished epileptogenic 
network. Their seizures are not always refractory to medi-
cation, in contrast to the epilepsy surgery population.19–21 
This suggests a need for exploring the surplus of ioECoG-
tailored surgery in oncological neurosurgery.

There may be a bidirectional relationship between ep-
ilepsy and glioma growth, and seizure reduction and 
cytoreduction are associated.4,7,22–25 Epileptic activity in 
ioECoG may signify tumor infiltration in the peritumoral 
regions and support the pursuit of a greater extent of re-
section (EOR) effectively. Greater EOR correlates with 
prolonged survival and favorable seizure outcome, but 
gross-total resection (GTR) and supramaximal resection 
are difficult to achieve as glioma cells permeate beyond 
the borders of MRI abnormalities.4,22,26–30 Extending the 
resection outside the macroscopic abnormalities should 
ideally be guided by tools that help identify tumor infil-
tration.31 We hypothesize that ioECoG can assist in dis-
tinguishing glioma-infiltrated tissue from healthy brain 
tissue based on the electrophysiological signature of 
glioma cells.

We propose that seizure reduction should be an aim of 
oncological surgery in addition to cytoreduction. We hy-
pothesize that these aims work synergistically. We studied 
the potential of ioECoG-tailoring to delineate epileptogenic 
foci and improve seizure outcomes. Additionally, we aimed 
to investigate whether epileptic activity in ioECoG could 
identify tissue infiltrated by tumor cells that would have 
been unrecognized otherwise.

Materials and Methods

Patient Cohort

IoECoG-tailoring was prospectively performed in all pa-
tients who underwent surgical resection of diffuse glioma 
with GRE in the University Medical Center Utrecht unless 
ioECoG was unavailable due to logistical difficulties. We 
included all patients in the neurooncological trajectory 
operated with ioECoG in 2016–2022. Patients with histo-
pathological diagnoses other than diffuse gliomas or pa-
tients with pre-existing medically intractable epilepsy 
disorders in their medical history were excluded.

Ethical Approval

All patients were participants of the Registration data-
base for Epilepsy surgery patients in het UMC Utrecht 
and Stichting Epilepsie Instellingen Nederland (RESPect 
database), which is registered by the institute’s Medical 
Research Ethical Committee under protocol number 
18-109. Patients who were included after 2018 gave in-
formed consent for data collection. For all data before 
2018, the need for informed consent was waived.

Anesthetic Techniques

All but 1 patient was operated under “awake” conditions 
with local anesthesia to enable intraoperative functional 
brain mapping using direct electrical stimulation. Patients 
were operated with fully awake procedures under local 
anesthesia. Microscope view, intraoperative ultrasound 
and neuronavigation were used for surgical guidance. 
Patients were positioned in park bench positions, allowing 
the patients to lay in a comfortable fashion facing the neu-
ropsychologist and/or anesthesiologists during surgery. 
Local anesthesia (a mix of 5 mg/mL chirocaine 1:1 v:v and 
2% lidocaine with adrenaline 1:200 000) was injected at 
the pin sites during the placement of the Mayfield clamp 
and around the planned surgical site before the incision. 
After removal of the bone flap, anesthetics mix-soaked 
gelatin foam was applied onto the dura at the level of the 

Importance of the Study

Intraoperative electrocorticography (ioECoG) can 
record interictal epileptic activity directly from the 
cortex to delineate the epileptogenic foci. Evidence on 
the surplus of ioECoG-tailored surgery in diffuse-glioma 
patients is limited in neuro-oncology. We prospectively 
studied the potential of ioECoG to guide glioma surgery 
in the neuro-oncology setting, and aimed to answer 2 
questions: (1) Could ioECoG map the epileptogenic foci 
and improve seizure outcome? and (2) What does epi-
leptic activity reveal about tumor infiltration? We dem-
onstrated that complete resection of epileptogenic 

foci identified through ioECoG was associated with fa-
vorable seizure outcomes in patients with IDH-mutant 
gliomas, independent from the extent of resection. The 
presence of interictal spikes signified tumor infiltration 
even in areas without distinct abnormalities on MRI 
in both IDH-mutant and IDH-wildtype gliomas. These 
findings suggest that integrating intraoperative elec-
trophysiology guidance into oncological tumor surgery 
may contribute to improved seizure outcomes and pre-
cise guidance for radical tumor resection.
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meningeal arteries. Patients received titrated pain seda-
tion with short-acting opioids (eg remifentanil) and low-
dose propofol. One patient was operated under general 
anesthesia with propofol. This patient remained asleep 
throughout the procedure and did not undergo functional 
mapping. Propofol administration was stopped before 
each ioECoG recording until a continuous background pat-
tern with minimal propofol effects was obtained.

IoECoG Recording & Tailoring

IoECoG was recorded using 4 × 4 silicone grids embedded 
with 4.2 mm2 contact surface electrodes with 1 cm spa-
cing (DIXI Medical) or 8 × 16 grids with 1 mm2 contact 
surface electrodes with 3 mm spacing (PMT). IoECoG sig-
nals were recorded with a 24 or 128-channel EEG system 
(Micromed) at 2048 Hz sample frequency. IoECoG findings 
and interpretation were available through clinical reports. 
The location of the ioECoG electrodes was captured by 
photographs taken during surgery. IoECoG was recorded 
multiple times during surgery to tailor the resection of 
epileptogenic tissue. We classified all ioECoG recordings 
before the final resection as tailorECoG and all record-
ings after the final resection as postECoG. IoECoG record-
ings were analyzed and interpreted by a dedicated clinical 
neurophysiology team of a physician assistant or techni-
cian and a supervising clinical neurophysiologist during 
surgery. The tailoring strategy during surgery focused on 
finding the presumed epileptogenic tissue based on epi-
leptic activity in the normal frequency range (ie sporadic 
spikes, continuous spiking patterns, sporadic sharp waves, 
continuous pattern of sharp waves, and seizures). Epileptic 
activity in the postECoG was referred to as residual epi-
leptic activity. In clinical practice, ioECoG guided the tumor 
resection in the following ways:

1. In case of epileptic activity was recorded and the epi-
leptogenic tissue was located within the borders of 
the original resection plan based on MRI, the neuro-
surgeon started with resection of this area first before 
removing the other parts of the tumor. This way, the ep-
ileptogenic focus was removed before potential cortical 
reorganization;

2. In case of epileptic activity was recorded outside the 
borders of the original resection plan, this tissue was 
subsequently resected, provided this area exhibited no 
eloquent functions and was in proximity to the tumor. 
Epileptic activity distant from the planned resection 
area was not removed.

3. In case of the absence of epileptic activity, the original 
resection plan was executed.

Clinical, Imaging, and Histopathological Data

Clinical data collected from the electronic patient records 
were sex, age at surgery, seizure type before surgery, 
previous brain surgery, affected hemisphere, and ana-
tomical location of the tumor. We collected postopera-
tive seizure outcomes at the longest available follow-up. 
Seizure freedom was defined as free from seizures and 

auras after surgery in concordance with ILAE class I.32 The 
seizure-free period (SF-period) was defined as the period 
between the surgery and the first postoperative seizure. 
Patients with only acute postoperative seizures (ie seiz-
ures within the first 7 days after surgery) were considered 
seizure-free.

Routinely performed pre and postoperative 3D MRIs 
were available for imaging postprocessing analyses. Pre 
and postoperative (residual) tumor volumes (in cm3) were 
rendered with ITK Snap V3.6.0 using the pre and postop-
erative (within 24–72 h after surgery) 3D navigation MRI. 
We primarily used 3D T2-weighted fluid-attenuated inver-
sion recovery (FLAIR) series for rendering nonenhancing 
tumors and MRI-T1 with gadolinium series for contrast-
enhancing tumors. The extent of resection (EOR) was cal-
culated as (preoperative tumor volume – postoperative 
residual tumor volume) /preoperative tumor volume × 
100%). Gross-total resection was defined as no residual 
hyper-intensity on postoperative 3D FLAIR series for 
nonenhancing tumors and no residual contrast enhance-
ment on postoperative contrast-enhanced T1-weighted 
series for contrast-enhancing tumors. The resection was 
considered to be subtotal when GTR was not reached. 
Radiographic images were reviewed by DS and supervised 
by the neurosurgeon (PR) and the neuroradiologist (JWD).

Histopathological diagnosis was determined according 
to the revised 2021 WHO classification of tumors of the 
central nervous system (CNS).33 We collected tumor type 
and WHO grade. In case brain tissue that was resected 
based on epileptic activity in ioECoG could be removed 
“en bloc” during surgery, this tissue was analyzed for 
histopathology separate from the rest of resected tumor 
tissue (Figure 1). We did not analyze the extent of tumor 
infiltration in our specimen. The epileptic tissue could be 
located either within or outside the borders of the MRI-
abnormalities. The location of epileptogenic tissue was de-
termined by neurosurgeons directly during surgery based 
on neuronavigation MRIs and cortical landmarks and con-
firmed retrospectively by comparing the gyri and sulci pat-
tern on intraoperative photographs to the preoperative 
and neuronavigation MRIs (Figure 1). MRI-abnormalities 
were identified using the T2-FLAIR series for nonenhancing 
tumors and MRI-T1 with gadolinium series for contrast-
enhancing tumors.

Statistical Analyses

The data were not normally distributed thus we applied 
nonparametric statistical methods. We reported contin-
uous variables as medians with interquartile ranges (IQR) 
and categorical variables as frequencies and percentages 
(%). We investigated the association between the baseline 
characteristics and the presence of epileptogenic activity in 
tailorECoG. The following tests were used: the chi-square 
test, Fisher’s exact test, or the Fisher’s–Freeman–Halton 
test for categorical variables, and the Mann–Whitney U test 
for continuous variables. We investigated potential asso-
ciations between MRI-abnormalities, discharge types and 
pattern types in ioECoG with tumor infiltration in the tissue 
samples designated for separate histopathological exami-
nation. We compared (1) the group with MRI abnormalities 
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to the group without MRI abnormalities; (2) the spike 
group to the sharp-waves group and the electrographic 
seizure group, and (3) the continuous patterns group to the 
sporadic interictal discharge group. For these analyses, we 
used the Fisher’s exact test and the the Fisher’s–Freeman–
Halton test. To evaluate the association between residual 

activity and seizure outcome, we performed time-to-event 
analysis, in other words, time-to-seizure recurrence (TSR in 
months) analysis. For this analysis, we categorized the pa-
tients into 2 groups based on tumor classification (group 
I: astrocytoma, IDH-mutant or oligodendroglioma, IDH-
mutant; and group II: glioblastoma, IDH-wildtype). For the 
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Figure 1. Example of ioECoG-tailored surgery. A—C: Oligodendroglioma WHO grade II in the right parietal lobe on the presurgical MRI FLAIR. D: 
The tumor is exposed after craniotomy. E: Intraoperative electrocorticography was placed on the cortex after partial tumor resection (tailorECoG). 
The numbers 1–20 on the grid mark the positions of the electrodes. One of the epileptogenic focuses was found under electrodes 2 and 3 (within 
rectangle) which was outside the MRI-abnormality, just over the sulcus. F: Final result after ioECoG-tailored tumor surgery. The epileptogenic 
focus was resected en bloc (blue) and analyzed for histopathology. G: 20 s of ioECoG data (high pass filter 1.6 Hz, low pass filter 80.0 Hz, gain 50 
uV/cm, Notch filter on). Continuous spikes pattern was recorded in multiple electrodes. Signal recorded in electrodes 2 and 3 (blue) was most 
prominent and resected during surgery.
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univariable analysis, we carried out Kaplan–Meier mod-
eling with log-rank testing in covariates that could be as-
sociated with seizure outcome including seizure type, 
reoperation, tumor location, tumor grade, the extent of 
resection, and residual spikes. For the multivariable anal-
ysis, we used the Weibull regression model, a parametric 
regression model for multivariable analysis including vari-
ables with a P-value of ≤.10 from the univariable analyses. 
Residual spikes and EOR were included in the multivariable 
Weibull model regardless of the P-value in the univariable 
analyses given their important association with seizure 
outcomes described in the literature. A P-value of <.05 was 
considered statistically significant. Statistical analyses 
were performed in IBM SPSS Statistic (Version 26.0.: IBM 
Corp), and Rstudio (RStudio, Inc.).

Results

Patient Cohort

We included 52 patients with GRE who underwent ioECoG-
tailored oncological neurosurgery (Table 1). Twenty-two 
patients were diagnosed with astrocytoma, IDH-mutant. 
Thirteen patients were diagnosed with oligodendroglioma, 
IDH-mutant. Sixteen patients were diagnosed with glio-
blastoma, IDH-wildtype. The pathology analyses were in-
conclusive in determining the nature of the anomaly in 
1 patient. Reoperation was conducted in 5 patients diag-
nosed with IDH-mutant astrocytoma, in 3 patients diag-
nosed with IDH-mutant oligodendroglioma, and in 2 

Table 1. Patient Characteristics

Main Characteristics Complete Cohort (N = 52) EA in TailorECoG (N = 42)

Clinical characteristics EA Present (%) P-Value

Sex (n, %) Male 29 (56) 22 (52)

Female 23 (44) 20 (48) .48c

Age (y)  (median, IQR) 45 [37–59] 45 [37–58] .68d

Seizure type before surgery (n, %)a Focal 24 (46) 22 (52)

(sec.) generalized 27 (52) 20 (48) .15c

Reoperation (n, %) Yes 10 (19) 8 (19) 1.00e

Hemisphere (n, %) Left 30 (58) 24 (57)

Right 22 (42) 18 (43) 1.00c

Tumor location (n, %) Frontal 27 (52) 19 (45)

Temporal 14 (28) 14 (33)

Parietal 3 (6) 3 (7)

Multilobar 8 (15) 6 (14) .09e

Preoperative tumor volume (cm3) (median, IQR) 25 [16–56] 29 [16–57] .78d

Rest tumor volume (cm3) (median, IQR) 7 [0–19] 7 [0–22] .59d

EOR (%) (median, IQR) 77 [58–100] 76 [56–100] .68d

Postoperative seizure outcome at last available follow-up (n, %)b Seizure free 28 (54) 22 (55)

Seizure recurrence 22 (42) 18 (45) 1.00c

Follow-up period (months)b (median, IQR) 23 [13–37] 26 [12–37] .80d

Pathology according to WHO 2021

Tumor classification Astro, IDH-mutant 22 (42) 16 (44)

Oligo, IDH-mutant 13 (25) 9 (25)

GBM, IDH-WT 16 (31) 11 (31) 1.00

Gliosis 1 (2) Not included

Tumor grade (n, %) 2 26 (50) 19 (53)

3 7 (14) 4 (11)

4 18 (35) 13 (36) .71e

Other 1 (2) Not included

Abbreviations: %: percentage listed in brackets; EOR: extent of resection; GBM: glioblastoma; IDH: isocitrate dehydrogenase mutation status; IQR: 
interquartile range; n: number of patients; sec: secondary; WHO: World Health Organization; WT: wildtype; y: year.
a1 missing data.
b2 lost to follow-up.
c = Fisher’s exact test.
d = Mann–Whitney U test.
eFisher–Freeman–Halton test.

 



 6 Sun et al.: Intraoperative mapping of epilepsy and tumor tissue

patients diagnosed with IDH-wildtype glioblastoma. The 
median [IQR] postoperative follow-up period was 23 [13–
37] months. Fifteen patients (32%) had 1 or more seizures 
within 6 months after surgery.

Epileptic Activity in Intraoperative 
Electrocorticography

Epileptic Activity on TailorECoG.—TailorECoG was re-
corded in all 52 patients. Epileptic activity was recorded 
in the tailorECoG of 42 patients. The presence of epileptic 
activity was not correlated to the baseline characteristics 
(Table 1). Interictal spikes were recorded in 30 patients 
(58%). We found sporadic spikes in 19 patients and contin-
uous spiking patterns in 11 patients. Sixteen out of these 
30 patients also showed interictal sharp waves. Seven pa-
tients had interictal sharp waves without interictal spikes.

Spontaneous electrographic seizures were recorded in 8 
patients (15%). Seizures were asymptomatic in 3 patients 
and associated with focal symptoms in 5 patients (focal 
sensory seizures in 2 patients and focal motor seizures in 3 
patients). Intraoperative seizures were observed in 2 out of 
22 patients (9%) diagnosed with IDH-mutated astrocytoma, 
2 out of 13 patients (15%) with IDH-mutated oligodendro-
glioma, and 4 out of 16 (31%) patients with IDH-wildtype 
glioblastoma (P = .34, Fisher’s–Freeman–Halton test).

Residual Epileptic Activity in PostECoG

PostECoG was recorded in 51 patients. PostECoG was 
not performed in 1 patient; this patient did not show epi-
leptic activity in the tailorECoG. Residual interictal spikes 
were recorded in 10 patients: 9 patients showed sporadic 
spikes and 1 patient showed a continuous spiking pat-
tern. Eight patients had residual sharp waves without 
spikes. Electrographic seizures were not recorded in the 
postECoG.

PostECoG Epileptic Activity and Seizure Outcome

Patients Diagnosed with IDH-Mutated Tumors.—We inves-
tigated the association between residual epileptic activity 
in postECoG and seizure recurrence. Thirty-four patients 
with IDH-mutated astrocytoma or IDH-mutated oligo-
dendroglioma underwent postECoG. Residual epileptic 
activity was recorded in eleven (32%) patients. Residual 
spikes were recorded in 6 (18%) patients and 2 of them also 
showed sharp waves. Sharp waves without spikes were re-
corded in 4 (11%) patients. One patient with residual spikes 
was lost to follow-up.

Univariable Kaplan–Meier modeling revealed a signif-
icant association between residual spikes and seizure re-
currence. Patients with residual spikes experienced earlier 
seizure recurrence than patients without residual spikes. 
The mean duration until seizure recurrence in the residual 
spike groups was 12 months [IQR = 1–23] in contrast to 48 
months [IQR = 37–60] for patients without residual spikes; 
(P = .05, log-rank test; Figure 2A). Seizure type, reoperation, 
tumor location, tumor grade and the EOR were not sig-
nificantly associated with seizure recurrence and did not 

meet the inclusion criteria for the multivariable analyses. 
Multivariable analysis included residual spikes and EOR. 
The presence of residual spikes was significantly associ-
ated with early seizure recurrence after surgery (HR [95% 
CI] = 7.6 [1.4–40.0], P-value = .01, Table 2). Subtotal resec-
tion was not associated with seizure recurrence (HR [95% 
CI] = 3.4 [0.6–21.0], P-value = .17, Table 2).

Patients Diagnosed with IDH-Wildtype 
Glioblastomas

Sixteen patients with glioblastoma, IDH-wildtype under-
went postECoG. Residual epileptic activity was recorded 
in 7 (44%) patients. Residual spikes were recorded in 4 
(25%) patients. Residual sharp waves without spikes were 
recorded in 3 (21%) patients. One patient without residual 
epileptic activity was lost to follow-up.

We performed univariable Kaplan–Meier analyses and 
no covariates showed P-value ≤ .10. Patients with and 
without residual spikes have a similar time to seizure recur-
rence (respectively 10 months [IQR = 1–19] and 16 months 
[IQR = 7–26], P = .66, log-rank test; Figure 2B). We included 
residual spikes and EOR in the multivariable analyses. The 
presence of residual spikes and EOR were not significantly 
associated with seizure recurrence (Table 2).

Histopathological Analyses of Tissue Samples 
Showing Epileptic Activity

Recorded Electrographic Activity.—Interictal spikes, 
interictal sharp waves, or electrographic seizures were 
recorded in the tailorECoG of 42 patients. In 24 patients, 
tissue resected based on epileptic activity could not be 
separated from tissue resected based on the original sur-
gical plan. Eventually, 26 specimens from 18 patients 
could be analyzed for histopathology separate from the 
tissue resected based on the original surgical plan (Table 
3). Sixteen samples were resected based on interictal 
spike discharges: 7 showed a continuous spiking pattern 
and 9 showed only sporadic spikes. One of these sam-
ples showed both interictal spike discharges (continuous 
spiking pattern) and electrographic seizures. This sample 
was assigned to the interictal spikes discharge group for 
the subsequent analyses. Seven samples were resected 
based on interictal sharp-wave discharges: 1 continuous 
pattern and 6 sporadic sharp wave. Four samples were re-
sected based on electrographic seizure discharges.

Tumor Infiltration in Tissue Samples

In the whole group, 19 out of 26 samples were infiltrated by 
tumor cells. Seventeen samples were obtained from areas 
that appeared normal on MRI, and out of these, 13 sam-
ples showed tumor infiltration (76%). Nine resected sam-
ples were resected from areas with MRI-abnormalities, and 
6 samples showed tumor infiltration (67%). The presence 
of abnormalities on MRI was not associated with tumor in-
filtration (P = .66, Fisher’s exact test, Table 4). All 16 sam-
ples resected based on interictal spike discharges showed 
tumor infiltration (100%). Two out of 7 samples resected 
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Figure 2. Time-to-seizure recurrence. A: Time-to-seizure recurrence based on residual spikes in postECoG of patients with IDH-mutant tumors 
(red/longest curves = residual spikes absent, blue/shortest curves = residual spikes present). B: Time-to-seizure recurrence based on residual 
spikes in postECoG in patients with IDH-wildtype tumors (red = residual spikes absent, blue = residual spikes present).
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Table 2. Multivariable Weibull Analyses of Factors Associated with Seizure Recurrence

Parameters HR [95% CI] P-Value

IDH-mutated gliomas Residual spikes No 1

Yes 7.6 [1.4–40.0] .01

EOR GTR 1

Subtotal resection 3.4 [0.6–21.0] .17

IDH-wildtype glioblastomas Residual spikes No 1

Yes 1.4 [0.3–5.9] .68

EOR GTR 1

Subtotal resection 1.0 [0.2–3.8] .96

Abbreviations: 95% CI: 95% confidence interval; EOR: extent of resection; GTR: gross-total resection; HR: hazard ratio.
Bold: P <.05.

 

Table 3. Overview of Tissue Samples Resected Based on ioECoG Findings

Patient ID And sample Number Histopathology Characteristics of Tissue Samples Resected Based on ioECoG

MRI Characteristics TailorECoG Epileptic Activity Tumor Cell Infiltration

Tumor Type Discharge Pattern

A_1 GBM_IDHwt Abnormal Spikes & ES Continuous & ES Yes

B_1 AA, IDH+ Normal Spikes Continuous Yes

C_1 AA, IDH+ Normal Spikes Continuous Yes

D_1 OG_IDH+ Normal Spikes Continuous Yes

D_2 OG, IDH+ Normal Spikes Continuous Yes

E_1 GBM, IDHwt Normal Spikes Continuous Yes

E_2 GBM, IDHwt Normal Spikes Continuous Yes

F_1 AA, IDH+ Abnormal Spikes Sporadic Yes

G_1 OG, IDH+ Abnormal Spikes Sporadic Yes

H_1 AA, IDH+ Normal Spikes Sporadic Yes

I_1 AA, IDH+ Normal Spikes Sporadic Yes

J_1 OG, IDH+ Normal Spikes Sporadic Yes

K_1 OG, IDH+ Normal Spikes Sporadic Yes

D_3 GBM, IDHwt Normal Spikes Sporadic Yes

D_4 GBM, IDHwt Normal Spikes Sporadic Yes

L_1 GBM, IDHwt Normal Spikes Sporadic Yes

M_1 AA, IDH+ Abnormal Sharp waves Continuous Yes

N_1 AA, IDH+ Abnormal Sharp waves Sporadic Yes

O_1 OG, IDH+ Abnormal Sharp waves Sporadic No

F_2 AA, IDH+ Normal Sharp waves Sporadic No

N_2 OG, IDH+ Normal Sharp waves Sporadic No

P_1 OG, IDH+ Normal Sharp waves Sporadic No

A_2 GBM, IDHwt Normal Sharp waves Sporadic No

Q_1 OG, IDH+ Abnormal ES ES Yes

R_1 GBM, IDHwt Abnormal ES ES No

R_2 GBM, IDHwt Abnormal ES ES No

Abbreviations: AA: astrocytoma; blue: abnormal on MRI; continuous: continuous pattern; discharge: ioECoG discharge; ES: electrographic seizure; 
GBM: glioblastoma; green: normal on MRI; IDH: IDH status; M: mutated; OG: oligodendroglioma; pattern: pattern of the interictal discharges; WT: wild 
type.
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based on interictal sharp waves were infiltrated by tumor 
cells (29%). Two out of 3 samples with electrographic seiz-
ures showed tumor infiltration (33%). The presence of 
interictal spike discharges was associated with tumor in-
filtration (P < .001, Fisher–Halton–Freeman test, Table 4). 
The interictal discharge pattern (continuous interictal dis-
charges versus sporadic interictal discharges) was not 
associated with tumor infiltration. All tissue samples 
resected based on continuous patterns of interictal dis-
charges showed tumor infiltration (100%), and 10 out of 15 
samples resected based on sporadic patterns of interictal 
discharges showed tumor infiltration (67%, P = .06, Fisher–
Halton–Freeman test, Table 4).

Discussion

IoECoG may guide the mapping of epileptogenic foci and 
tumor infiltration during neurooncological surgery. On 
the aspect of epilepsy foci mapping, we observed that 
the complete resection of spikes was linked to favorable 
seizure outcome, as demonstrated by a significantly pro-
longed period of seizure freedom in this group compared 
to patients with residual epileptogenic foci in postECoG, 
with a mean difference of seizure recurrence of 36 months 
in patients with IDH-mutant astrocytoma and oligodendro-
glioma. In the context of tumor tissue mapping, interictal 
spikes in ioECoG appeared to be distinctive electrophysi-
ological features of glioma infiltration in both IDH-mutant 
and IDH-wildtype tumors. All tissue samples resected 
based on interictal spikes contained infiltrative tumor cells, 
even when this area appeared normal on MRI.

Residual spikes in postECoG were associated with poor 
seizure outcomes in patients with IDH-mutant gliomas. 
IoECoG is frequently studied in epilepsy surgery and is 
suggested to render a higher chance of seizure freedom 
compared to lesionectomy alone in low-grade tu-
mors.16,18,34–36 Whether the application of ioECoG is neces-
sary to accomplish favorable seizure outcomes in epilepsy 
surgery is unresolved, as other studies did not convey the 

same results.37–39 Low-grade diffuse gliomas represented 
small subsets in these studies and were often not studied 
in separate cohorts. Electrophysiological features and sei-
zure outcomes in low-grade tumors vary.40,41 We evaluated 
ioECoG-tailored surgery in a cohort of diffuse glioma pa-
tients within the neuro-oncological trajectory. In patients 
with IDH-mutated tumors, incomplete resection of spikes 
was associated with an early seizure recurrence with a 
hazard ratio of 7.6 compared to the group without residual 
spikes in postECoG. We suspect that postresection ioECoG 
predicted seizure outcome so fiercely in this cohort be-
cause diffuse glioma patients in neuro-oncology trajectory 
typically proceed to surgery promptly regardless of their 
responses to anti-seizure medication. This brief history of 
seizures, in contrast to the long-term refractory epilepsy 
in epilepsy surgery cohorts, limits epilepsy-related plas-
ticity and diminishes the epileptogenic network, which 
may reduce the risks of areas outside the original seizure 
onset zone acquiring the potential to generate seizures.19–21 
Complete resection of epileptic foci identified by ioECoG 
may help to directly improve seizure control in patients 
with IDH-mutant tumor-associated epilepsy who undergo 
tumor resection through the neuro-oncology trajectory.

Studies conducted in low-grade glioma surgery without 
ioECoG have shown that GTR was the key to seizure con-
trol.4,23,37,42–45 In our IDH-mutated tumor cohort, however, 
the EOR was not associated with seizure outcome. We hy-
pothesize that the targeted resection of the epileptogenic 
foci using ioECoG-tailoring determined the seizure out-
come rather than the EOR in our cohort, while in surgery 
without ioECoG, expanding the EOR increases the likeli-
hood of resecting the epileptogenic foci. IoECoG-tailoring 
helps to precisely target the epileptogenic foci for resec-
tion, limiting the benefits of GTR on seizure freedom. 
Among those patients without epileptogenic focus in 
ioECoG, GTR could retain its capacity to achieve seizure 
freedom.

In our glioblastoma, IDH-wildtype cohort, residual 
spikes, and EOR were not associated with seizure out-
come. These results should be interpreted cautiously given 
the limited sample size of our cohort, but are relevant 

Table 4. Tumor Infiltration of Tissue Samples Resected Based on Epileptic Activity

Characteristics of Tissue Samples Tumor Infiltrated No Tumor Infiltration P-Value

MRI-findings Abnormal 6 (67) 3 (33)

Normal 13 (76) 4 (24) .66a

Type of epileptic activity Interictal spikes 16 (100) 0 (0)

Interictal sharp waves 2 (29) 5 (71)

Electrographic seizures 1 (33) 2 (67) <.001b,*

Pattern of epileptic activity Continuous interictal activity 8 (100) 0 (0)

Sporadic interictal activity 10 (67) 5 (33)

Ictal activity 1 (33) 2 (67) .06b

Abbreviation: %: percentage listed in brackets.
aFisher’s exact test.
bFisher–Freeman–Halton test.
*Indicates statistical significance.
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when pondering the potential cost-effectiveness of ioECoG 
for patients with IDH-wildtype glioblastomas. Several fac-
tors may contribute to the different results between the 
IDH-wildtype tumor group and the IDH-mutated tumor 
group. Due to the aggressive nature of the disease, sei-
zure outcomes in glioblastoma, IDH-wildtype patients may 
be clouded by tumor recurrence and radio-necrosis. The 
 follow-up period is short, considering the short life expect-
ancy.29 Furthermore, the seizure pathophysiology behind 
glioblastoma, IDH-wildtype differs from tumors with IDH-
mutation. Epileptogenesis in glioblastoma involves acute 
tissue damage, increased permeability of the blood–brain 
barrier, and strongly altered local electrolyte and neuro-
transmitter balance, while deafferent cortical networks are 
believed to play a more pivotal role in the seizure onset of 
IDH-mutant tumors.11,46

We found that ioECoG could assist in identifying glioma 
infiltration not only in regions concordant with MRI ab-
normalities but also in regions without evident MRI ab-
normalities. Interictal spikes appeared to be a distinct 
electrophysiological feature of glioma cells, and their pres-
ence signified tumor infiltration in 100% of our cases. Tissue 
samples showing sharp waves or electrographic seizures 
did not hold this value. Epileptogenesis and tumor growth 
have shared mechanisms, and their interaction is recip-
rocal. Gliomas induce neuronal hyperexcitability and pro-
mote epileptogenesis through increased glutamate release 
and reduced inhibitory interneurons in the surrounding mi-
croenvironment.47,48 Neuronal hyperexcitability in gliomas 
can be recorded. Slices of glioma-infiltrated tissue could 
generate interictal-like discharges.49 Tumor infiltrated brain 
areas have distinguishable electrophysiological charac-
teristics in in-human electrocorticography, expressed by 
increased high-gamma power and higher power law com-
ponent compared to healthy tissue.10,25 Building upon these 
findings, we showed that interictal spikes could feature as 
markers for glioma-related neuronal hyperexcitability, en-
abling the identification of tumor infiltration even before 
distinct abnormalities are visible on MRI.

This study presents prospectively collected data on 
ioECoG-tailoring in oncological neurosurgery trajectory 
and is, to our knowledge, the first to correlate ioECoG dis-
charges directly to pathology findings in glioma patients. 
This study has limitations. We recorded ioECoG prospec-
tively but collected the postoperative seizure outcome 
retrospectively from the patient’s health records, which 
could introduce some imprecision in the dates of recur-
rent seizures. Our cohort consisted of various underlying 
tumor pathologies, which allowed us to compare IDH-
mutant tumor with IDH-wildtype tumor cases. The limited 
size of the IDH-wildtype cohort restricts the generalizability 
of our results. Whether ioECoG-assisted resection of IDH-
wildtype should be applied in common practice should be 
investigated further. To resemble the clinical practice, we 
analyzed the presence of the epileptic activity instead of 
calculating the rate of the interictal discharges, and we did 
not analyze ioECoG biomarkers that were not (yet) incor-
porated into daily practice. The lack of standardized ioECoG 
recording and analysis techniques across centers is an in-
herent limitation of invasive EEF and especially ioECoG. 
The issue of objective and/or quantifiably analysis may 
be mitigated by technical innovations like intraoperative 

MRI, neuronavigation MRI that can project the location 
of ioECoG and analyses aided by artificial intelligence to 
standardize ioECoG localization and signal interpretation. 
For research, we standardize the ways we report and struc-
ture our data.50 Our study methods did not include control 
tissue samples of the nonepileptic peritumoral area. The 
nonresected, nonepileptic peritumoral area surrounding 
the visible edges of the tumor could be infiltrated by tumor 
cells. This is the basis of the concept of supramaximal re-
section of brain tumors. Supramaximal resections can 
result in removing functional brain tissue involved in cog-
nitive functions that are not always testable preoperatively 
and may not always recover completely. In this context, de-
fining areas where tumor infiltration is present, on the basis 
of ioECoG, may help with the preoperative decision of re-
moving “supramarginal” brain tissue, especially in light 
of the fact that this tissue show signs of epileptogenicity. 
We did not clarify to what extent the removal of the spike-
positive tumor cells contributed to the resected volume 
compared to nonepileptic peritumoral tissue in all patients. 
The effect of spikes predicting tumor infiltration may be 
overestimated, as the correlation could be partially “coin-
cidental.” We did compare it to peritumoral tissue showing 
sharp waves and we showed that spikes generating tissue 
were infiltrated by tumor while this was not the case for 
sharp waves.

IoECoG could be a beneficial and multifunctional tool in 
oncological neurosurgery, employed to assist in epilepto-
genic foci mapping and tumor tissue mapping. We showed 
that ioECoG-guided surgery may have a positive effect on 
reducing seizure recurrence. Seizures negatively impact 
the quality of life of brain tumor patients.3 We believe that 
(short-term) improvement in seizure management can be 
clinically significant for these patients. Longer  follow-up 
duration is desired to assess the long-term effects of 
ioECoG-tailoring on seizure outcome. In future studies, it 
would be valuable to explore whether the combination of 
spikes with other electrophysiological biomarkers, such 
as high-frequency oscillations, spectral power, and con-
nectivity measures, further improves the delineation of 
epileptogenic foci and distinguish tumor infiltrated tissue 
from healthy tissue. We recommend considering inte-
grating intraoperative electrophysiology guidance into 
neuro-oncological surgery for the value of epilepsy and 
tumor mapping. This could provide valuable, real-time 
information to optimize GTR and guide the pursuit of 
supramaximal tumor resection of adult diffuse gliomas.
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