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Quick Response Code: INTRODUCTION

Focal motor epilepsy typically involves swift and complex motor behaviors,[14,18] and negative 
motor seizures (NMS) and supplementary motor area (SMA) seizures present with various 
symptoms.[10] ese seizures often have an epileptogenic focus in the mesial or near-mesial 
frontal lobe.[2] In studies using electrocorticographic (ECoG) data, Ikeda et al.[8] and Ohara 
et al.[13] suggested that NMS and SMA seizures differ from other focal motor seizures involving 
the primary motor cortex and that these ictal discharges spread rapidly from the epileptogenic 
focus to the symptomatic zone, that is, the primary motor cortex. ese features make it difficult 
to accurately diagnose epileptogenic foci in NMS and SMA seizures based on conventional 
electroencephalography (EEG) findings.[11]

ABSTRACT
Background: Focal motor epilepsy is difficult to localize within the epileptogenic zone because ictal activity 
quickly spreads to the motor cortex through ictal networks. We previously reported the usefulness of gamma 
oscillation (30–70 Hz) regularity (GOR) correlation analysis using interictal electrocorticographic (ECoG) data 
to depict epileptogenic networks. We conducted GOR correlation analysis using ictal ECoG data to visualize the 
ictal networks originating from the epileptogenic zone in two cases — a 26-year-old woman with negative motor 
seizures and a 53-year-old man with supplementary motor area (SMA) seizures.

Case Description: In both cases, we captured several habitual seizures during monitoring after subdural electrode 
implantation and performed GOR correlation analysis using ictal ECoG data. A significantly high GOR suggestive 
of epileptogenicity was identified in the SMA ipsilateral to the lesions, which were connected to the motor cortex 
through supposed ictal networks. We resected the high GOR locations in the SMA and the patients’ previously 
identified tumors were removed. e patients were seizure-free without any neurological deficits after surgery.

Conclusion: e GOR correlation analysis using ictal ECoG data could be a powerful tool for visualizing ictal 
networks in focal motor epilepsy.
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In view of the context of epilepsy as a network disorder,[7] 
it has been challenging to depict epileptogenic networks 
using EEG methods such as stereo EEG (SEEG)[1] and 
magnetoencephalography.[5] In particular, in focal motor 
seizures, where seizure activity propagates quickly from 
the epileptogenic focus to the adjacent motor cortex,[3] 

visualization of the epileptogenic network enables accurate 
assessment of the epileptogenic focus and improves surgical 
treatment outcomes.[7] Recent studies have shown that 
gamma oscillation (30–70  Hz) regularity (GOR) in ECoG 
data is significantly associated with epileptogenicity in 
the epileptogenic focus.[15,16] Furthermore, researchers 
have reported successful intraoperative visualization of 
epileptogenic networks connecting the lateral temporal 
lobe to the ipsilateral hippocampus using GOR correlation 
analysis of ECoG data in a patient with dual foci in temporal 
lobe epilepsy.[9] In this context, we hypothesized that applying 
GOR correlation analysis to ictal ECoG data in focal motor 
epilepsy would make it possible to depict the ictal networks 
between the epileptogenic focus and the associated motor 
cortex.

CLINICAL PRESENTATION

Case 1

e patient was a 26-year-old woman who experienced 
an indescribable aura and subsequent atonic seizures in 
the right hemibody without loss of consciousness for more 
than 5  years, which was considered to be NMS. Contrast-
enhanced magnetic resonance imaging (MRI) showed a 27 × 
21 mm tumor within the left frontal lobe in contact with the 
SMA. e tumor comprised solid and cystic components and 
no calcification was observed [Figure 1a]. Iomazenil single-
photon emission computed tomography (IMZ-SPECT) 
showed decreased accumulation in the left prefrontal 
cortex [Figure  1b]. Interictal scalp EEG revealed no 
significant epileptic discharge. To evaluate the epileptogenic 
focus accurately, we performed video/intracranial ECoG 
monitoring with subdural grid electrodes placed on the 
left frontal lobe [Figure  1c]. Interical ECoG showed spikes 
at electrodes 12 and 13 [Figure  1d]. GOR analysis with 
interictal ECoG data revealed a significantly high GOR 
at electrodes 7, 8, 12, and 13 [Figure  1e]. Habitual seizures 
started with spike activity at electrode 12, followed by seizure 
activity spreading into electrodes 7, 8, and 13 [Figure  1f]. 
GOR correlation analysis with ictal ECoG data revealed ictal 
networks between the epileptogenic focus and the ipsilateral 
motor cortex [Figure 1g]. ese results led us to the diagnosis 
of intractable NMS with an epileptogenic focus originating 
from the SMA.

e patient underwent cortical resection of the epileptogenic 
focus (electrodes 7, 8, 12, and 13) within the SMA and 

subsequent tumor removal [Figure  1h]. e patient was 
seizure-free and had no complications. Postoperative 
pathological examination confirmed the diagnosis of 
ganglioglioma.

Case 2

e patient was a 53-year-old man who experienced short 
tonic posturing of the left hand for over 2  years. Contrast-
enhanced MRI showed a 9.2 × 9.4  mm tumor at the right 
mesial frontal lobe, and high intensity was seen in fluid-
attenuated inversion recovery (FLAIR) images [Figure  2a]. 
IMZ-SPECT showed slightly decreased accumulation in the 
right mesial frontal cortex [Figure 2b]. Interictal scalp EEG 
revealed no significant epileptic discharge. We performed 
video/intracranial ECoG monitoring with subdural grid 
electrodes placed on the right mesial and lateral frontal lobes 
[Figure  2c]. Interical ECoG showed fast activity and spikes 
at electrodes 21 and 22 on the right mesial frontal cortex 
[Figure 2d]. GOR analysis with interictal ECoG data revealed 
a significantly high GOR at electrodes 21 and 22 [Figure 2e]. 
Habitual seizures started with spike activity at electrodes 21 
and 22, followed by seizure activity spreading into electrodes 
12, 13, 14, 17, 18, and 19 [Figure  2f]. GOR correlation 
analysis with ictal ECoG data revealed ictal networks 
between the epileptogenic focus and the ipsilateral premotor 
and motor cortex [Figure 2g]. ese results led us to diagnose 
intractable SMA seizures. e patient underwent cortical 
resection of the epileptogenic focus (electrodes 21 and 22) 
within the SMA with high intensity in FLAIR [Figure  2h]. 
e patient subsequently became seizure-free and had no 
complications. Postoperative pathological examination 
confirmed the diagnosis of anaplastic astrocytoma.

ECoG data recordings

ECoG data were recorded using a Nihon Kohden Neurofax 
EEG system (Nihon Kohden, Tokyo, Japan) with a bandpass 
filter from 0.16 to 300 Hz with a sampling rate of 1 kHz. A 60-Hz 
notch filter was applied to all channels and the sensitivity was 
between 30 and 100 µV/mm according to the amplitudes of the 
background activities and epileptic discharges. Recordings were 
obtained using a reference electrode placed on the forehead. All 
selected ECoG epochs were inspected to ensure that they were 
not contaminated by artifacts.

GOR analysis

e detailed algorithm employed for GOR analysis using the 
sample entropy method has been described in the previous 
studies.[9,17] In each step of the GOR correlation analysis, 
we selected 20 s of ECoG data without any significant 
artifacts. ECoG data were down-sampled to 200  Hz, where 
the timescale factor (τ) = 3–7 corresponded to the gamma 
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frequency (28.6–66.7 Hz). We defined the GOR as an average 
score with (τ) = 3–7. e time-series GOR was then obtained 
by sweeping the 5-s analysis interval by 0.1 s over the entire 
10 s (i.e., 51 time-series GOR). e correlation coefficient rij 
for the time series GOR at electrodes i and j was defined as:

＝ ij
ij

i j

s
r

s s

Sij is the covariance of electrodes i and j, and Si is the 
standard deviation of electrode i. In the network diagram, 
the threshold was set to 0.7 in this case. e edge was placed 
between nodes i and j when rij = 0.7. We weighted the 
threshold between 0.7 and 1 linearly with the thickness of the 

edge. To visually assess the GOR, we color-coded the average 
GOR over 10 s. ese procedures were performed using a 
custom program developed in cooperation with EFken Inc. 
(Tokyo, Japan).

DISCUSSION

Focal motor epilepsy is difficult to diagnose because of its 
very rapid propagation, and abnormalities in scalp EEG often 
remain undetected.[14,18] Among focal motor epilepsies, SMA 
seizures and NMS are known to express various worrisome 
symptoms. e SMA is divided into two areas — the rostral 
part (pre-SMA) and the dorsal part (SMA-proper). e pre-
SMA is connected to the prefrontal cortex. e SMA-proper 

Figure 1: Illustrative results of Case 1. (a) Preoperative contrast-enhanced magnetic resonance imaging shows a tumor in the left mesial 
frontal lobe. (b) Iomazenil single-photon emission computed tomography shows decreased accumulation in the left prefrontal cortex. 
(c)  Intracranial electrocorticographic (ECoG) monitoring shows seizre onset zone (SOZ) at electrode 12, and right-hand motor areas at 
electrodes 3, 4, 5, 9, 10, 14, and 15. (d) Interictal ECoG shows spikes at electrodes 12 and 13. (e) Gamma oscillation (30–70 Hz) regularity 
(GOR) analysis with interictal ECoG data reveals significantly high GOR at electrodes 7, 8, 12, and 13. (f) Ictal ECoG shows spikes at 
electrode 12, which spread into electrodes 7, 8, and 13. (g) GOR correlation analysis with ictal ECoG data reveals ictal networks between the 
epileptogenic focus (electrodes 7, 8, 12, and 13) and ipsilateral motor cortex (electrodes 3, 9, and 14). (h) e epileptogenic focus (electrodes 
7, 8, 12, and 13) within the supplementary motor area was resected, and the tumor was subsequently removed.
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projects to the primary motor cortex, dorsal premotor cortex 
and spinal cord. Furthermore, the SMA is suggested to be 

involved in other functions such as spatial and language 
processing[6] and is related to negative motor responses (e.g., 

Figure 2: Illustrative results of Case 2. (a) Preoperative contrast-enhanced magnetic resonance imaging shows a tumor at the right mesial 
frontal lobe. (b) Iomazenil single-photon emission computed tomography shows slightly decreased accumulation in the right mesial frontal 
cortex. (c) Intracranial electrocorticographic (ECoG) monitoring shows SOZ at electrodes 21 and 22 on the right mesial frontal cortex and 
left-hand motor areas at electrodes 11, 12, 17, and 18 on the lateral frontal cortex. (d) Interictal ECoG shows spikes at electrodes 21 and 22. 
(e) Gamma oscillation (30–70 Hz) regularity (GOR) analysis with interictal ECoG data reveals significantly high GOR at electrodes 21 and 
22. (f) Ictal ECoG shows spikes at electrodes 21 and 22, which spread into electrodes 12, 13, 14, 17, 18, and 19. (g) GOR correlation analysis 
with ictal ECoG data reveals ictal networks between the epileptogenic focus (electrode 22) and ipsilateral premotor cortex (electrode 19) and 
motor cortex (electrode 12). (h) e epileptogenic focus (electrodes 21 and 22) within the supplementary motor area was removed.
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atonic seizures and speech arrest) in addition to positive 
motor responses (e.g., convulsions).[13] e NMA is also 
separated into two subareas: the primary NMA and the 
supplementary NMA. ese two subareas correspond to area 
44 in Broadmann’s map and pre-SMA, respectively.[8] ese 
anatomical and functional complexities make the diagnosis 
of SMA seizures and NMS very difficult.

We previously reported the usefulness of GOR analysis in 
locating the epileptogenic focus[9,15-17] and showed that GOR 
correlation analysis is an effective method to depict the 
interictal epileptogenic network intraoperatively.[9] In the 
present study, we applied GOR correlation analysis to ictal 
ECoG data in two patients with NMS and SMA seizures 
and revealed the ictal networks between the SMA region 
corresponding to the epileptogenic focus and the motor 
areas, which has been difficult to assess using conventional 
methods. e ability to depict ictal networks in focal motor 
epilepsy, which is structurally and functionally complex, 
allows for reasonable and minimally invasive epilepsy 
surgery. Furthermore, our GOR correlation analysis may be 
applicable not only to epilepsy but also to the study of motor-
related networks.

e brain’s U-fibers, which connect the neighboring cortical 
regions,[12] play a major role in frontal cortex formation.[4] e 
fact that these U-fibers are tightly connected to the various 
motor-associated areas may be related to the very fast 
propagation of seizure activities in focal motor epilepsy. 
We assume that the ictal networks visualized with our GOR 
correlation analysis indicate the connection between the 
SMA/NMA and motor-associated areas through the U-fibers, 
although further studies are needed to confirm this.

A limitation of this study is that the networks are presented 
as an undirected graph; hence, the direction of the seizure 
propagation cannot be strictly evaluated. As we were able to 
show that there is a connection between the epileptogenic 
focus and the motor areas as symptomatic zones and that 
the removal of such epileptogenic foci resulted in liberation 
from seizures, we can only indirectly understand that seizure 
activities start from the epileptogenic focus and subsequently 
propagate to the motor areas. To solve this problem, we are 
currently developing a GOR correlation analysis to depict 
visualized networks as a directed graph. In addition, ECoG 
data can only be used for planar network analysis. Our goal is 
to use SEEG data with our GOR correlation analysis to enable 
three-dimensional network depiction for more minimally 
invasive epilepsy surgery.

CONCLUSION

GOR correlation analysis using ictal ECoG data as described 
here could be a very useful method for visualizing ictal 
networks in focal motor epilepsy.
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