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Weaimed to evaluate the clinical value of gamma oscillations inMEG for intractable neocortical epilepsy patients
with cortical dysplasia by comparing gamma and interictal spike events. A retrospective analysis of MEG record-
ings of 30 adult neocortical epilepsy patientswas performed. Gamma (30–70Hz) and interictal spike eventswere
independently identified, their independent or concurrent presence determined, and their source localization
rates compared. Of 30 patients, gamma activities were detected in 28 patients and interictal spikes in 24 patients.
Gamma events alone appeared in 5 patients, interictal spikes alone in 1 patient, and no events in 1 patient.
Gamma co-occurred with interictal spikes in 20.1 ± 22.1% and interictal spikes co-occurred with gamma in
15.0±19.2%. Rates of event localization within the resection cavity were significantly different (p=0.042) be-
tween gamma (63.3±32.6%) and interictal spike (47.0±41.3%) events. In 4 of the 5 gamma-only patients the
mean localization rate was 42.5%. Comparedwith the interictal spike localization rate, 4 of 9 seizure-free patients
had higher gamma localization rates, 4 had the same rate, and 1 had a lower rate. Individual gamma events canbe
detected independently from interictal spike presence. Gamma can be localized to the resection cavity at least
comparably to or more frequently than that from interictal spikes. Even when interictal spikes were undetected,
gamma sources were localized to the resection cavity. Gamma oscillations may be a useful indicator of epilepto-
genic focus.

© 2013 The Authors. Published by Elsevier Inc. All rights reserved.
1. Introduction

For over a decade, there has been interest in fast oscillations (N30Hz)
exhibited by the epileptic brain. Recent studies have suggested that fast
oscillations may be a good indicator of the seizure onset zone (SOZ)
and may be related to the outcome of epilepsy surgery (Andrade-
Valenca et al., 2012; Blanco et al., 2011; Brazdil et al., 2010; Haegelen
et al., 2013; Jacobs et al., 2008, 2009, 2010; Park et al., 2012; Urrestarazu
et al., 2007; Worrell and Gotman, 2011; Zijlmans et al., 2009, 2012). For
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clinical application, noninvasive recording modalities such as scalp-EEG
and MEG are advantageous to invasive intracranial recording methods
due to their relative safety and freedom fromselection bias. Furthermore,
MEG ismore advantageous than scalp-EEGwhenused to localize sources
because a much simpler forwardmodel is acceptable. Moreover, gamma
activity in MEG is less susceptible than EEG to contamination frommus-
cle activity (Claus et al., 2012; Zimmermann and Scharein, 2004).

Since previous MEG studies employed interictal spike occurrence
timing to detect fast oscillations, it has been difficult to evaluate the clin-
ical value of fast oscillations as a diagnostic measure that can be used
independently from the measurement of interictal spikes (Guggisberg
et al., 2008; Mohamed et al., 2007). Although some previous studies
have detected MEG gamma oscillations without the aid of interictal
spike occurrence timing, one study used high gamma oscillations de-
tected in intracranial EEG as a ‘trigger’ event for MEG (Rampp et al.,
2010),while another study used sums of divided time segment spectro-
grams of 2 min MEG recordings (Xiang et al., 2009). Neither of those
studies directly compared interictal spike and gamma oscillations.

Postoperative seizure outcome of neocortical epilepsy associatedwith
focal cortical dysplasia (FCD) is poorer than that of epilepsy associated
with hippocampal sclerosis or tumor (Chung et al., 2005; Jeong et al.,
2012). To improve surgical outcome, epileptogenic focus localization
ved.
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that uses data on gamma oscillations in MEG may be feasible. This study
evaluated the clinical value of gamma oscillations (30–70Hz) in MEG for
intractable neocortical epilepsy patients with cortical dysplasia by com-
paring independently detected and localized gamma and interictal spike
events.
2. Material and methods

2.1. Subjects

Initially included in this retrospective study were 64 patients with
intractable epilepsy and histologically proven FCD who underwent
MEG examination and surgical resection between 2005 and 2011 at
Seoul National University Hospital. Of that total, 16 patients with pa-
thology CD type III (by definition associated with other pathologies), 7
patients aged b19 years at surgery, 3 patients without postoperative
MRI, 4 patients who underwent more than two surgeries, and 1 patient
with no follow-up history were excluded. Also excluded were three
patients who had seizures during MEG. As a result, 30 adult neocortical
epilepsy patients (mean age at surgery = 29.6 years; SD = 7.78; 15
females) were included in the study. The mean postoperative follow-
up period was 4.6 years (SD=1.8 years; range, 1.0–7.3 years). Table 1
presents a summary of the patients' profiles. All patients provided in-
formed consent. This study was approved by the institutional review
board of Seoul National University Hospital (IRB No. H-0607-029-178).
2.2. Magnetic resonance imaging

All patients were examined before and after surgery by using either
a GE 1.5 or 3 T MRI unit (GE Horizon Echospeed) or a Siemens 1.5 T
scanner (Siemens Avanto System, Erlangen, Germany). The images
were reconstructed offline and transferred to a UNIX workstation (HP
C3750) for registration with MEG source images.
Table 1
Patients' characteristics.

# Age at surgery Sex Resection lobe MRI findings

1 19 F Rt T Rt hippocampus, atrophy with hyper SI
2 20 M Lt F Lt F lobe, focal cortical atrophy and cor
3 21 F Rt T Rt T lobe, cyst like lesion
4 26 F Lt T WNL
5 27 F Rt T WNL
6 36 M Rt T Rt T lobe, mild increased cortical thickn
7 26 F Lt T WNL
8 22 M Rt T Rt hippocampus, atrophy with hyper SI
9 28 F Lt F Lt frontal cortex, focal cortical thickenin
10 30 F Rt F Rt F gyrus and white matter, focal hype
11 39 M Rt T WNL
12 22 M Lt T WNL
13 28 M Lt T WNL
14 43 F Rt T WNL
15 19 F Rt T WNL
16 26 M Lt F Lt F gyrus, focal cortical thickening with
17 24 F Rt T WNL
18 29 F Lt T Lt hippocampus, mild hyper SI
19 29 M Rt F WNL
20 30 F Rt T WNL
21 32 F Rt F WNL
22 33 M Rt F Rt F subcortical white matter and indis
23 34 F Lt F WNL
24 39 M Lt T Lt hippocampus, atrophic change
25 41 M Rt F WNL
26 44 M Rt O WNL
27 47 M Rt T WNL
28 25 M Lt F Lt F lobe, focal decreased SI and
29 22 M Rt F Rt parasylvian area, focal cortical thicke
30 26 F Lt TP WNL

Rt: right, Lt: left, F: frontal, T: temporal, P: parietal, O: occipital, WNL: within normal limit, SI: s
2.3. MEG recording

Magnetic and EEG activities were simultaneously recorded using a
306 channel,whole-headMEG system (VectorView™, Elekta Neuromag
Oy, Helsinki, Finland). SpontaneousMEG/EEG signalswere acquired in a
magnetically shielded room for approximately 60 min while patients
were supine and with eyes closed. The sampling rate was 600Hz with
an analog filter of 0.1–200Hz. A bipolar electro-oculogram and an elec-
trocardiogram were simultaneously recorded in order to monitor eye
movement and cardiac artifacts. The procedure for co-registration of
MRI and MEG data has been previously reported (Jeong et al., 2012).
Ten minutes of artifact-free data for use in gamma and interictal spike
analyses was selected from within 60min of recorded data by visually
inspecting simultaneously recorded MEG–EEG raw signals.

2.4. Interictal spike

MEG interictal spikes were visually inspected and localized by using
the single equivalent current dipole (ECD) method in Neuromag soft-
ware (Elekta Neuromag, Helsinki, Finland). The ECDs were estimated
by performing a least-squares search in a spherical volume conductor
model and by using subsets of 20–50 channels surrounding the max-
imum signals. Only ECDwith a goodness-of-fit value N85% and a con-
fidence volume b3 mm3 were accepted. The accepted ECDs were
superimposed on patients' individual postoperative MR images (Fig. 1).

2.5. Gamma oscillation

Being to qualify as a gamma oscillations required a root-mean-
square amplitude increase of more than five times the SD (compared
to baseline activity) and the presence of more than six peaks that
were greater than 3 SD above the mean baseline activity level (Staba
et al., 2002). Ten minutes of data was used as the baseline activity
level. A 30–70Hz bandpass filter and a 60Hz notch filter were applied
before gamma detection and source localization. For comparison to
Pathology ILAE outcome

FCD IA 1
tical tissue loss FCD IA 1

FCD IA 1
FCD IA 1
FCD IA 1

ess and hyper SI FCD IA 1
FCD IB 1
FCD IIA 1

g FCD IIB 1
r SI FCD IIB 1

FCD IA 2
FCD IA 3
FCD IA 3
FCD IA 3
FCD IIB 3

subtle hyper SI FCD IIB 3
FCD IA 4
FCD IA 4
FCD IA 4
FCD IA 4
FCD IA 4

tinct gray–white matter junction, focal subtle hyper SI FCD IA 4
FCD IA 4
FCD IA 4
FCD IA 4
FCD IA 4
FCD IA 4
FCD IIB 4

ning with subcortical hyper SI FCD IA 5
FCD IA 6

ignal intensity, FCD: focal cortical dysplasia.



Fig. 1. Example of interictal spike source localization. (A) Time course of gradiometer signals (red) and power magnitude in 40 channels surrounding the maximum signals (blue).
(B) Topographical map of the magnetic fields corresponding to (A). (C–E) ECDs (blue) superimposed on postoperative MR images, (C) axial view, (D) coronal view, and (E) sagittal
view. R: right, L: left, H: head, F: foot, A: anterior, P: posterior. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the baseline activity, the SD of the bandpass-filtered signal at each
channel during the baseline period was computed. A 200ms detecting
window with a 50ms overlap was sequentially moved along the MEG
signals to detect gamma oscillations. If PGOswere consecutively detect-
ed, the segment showing the highest SD was selected from the consec-
utive segments. To image the detected gamma in a 200ms timewindow
at a bandpass of 30–70 Hz, a continuous wavelet transform was
performed in all MEG channels (Morlet, 1983). A complexMorletwave-
let function with a wavelet width of 7 was used. The real and imaginary
parts of the wavelet transform at the source space were computed sep-
arately by applying the sLORETA algorithm. Subsequently, the power
spectrum was reconstructed in the source space by combining the real
and imaginary parts in the source space. The mean power of the time
window and the frequency band in the source space were also estimat-
ed. Details on the source–space power spectrumanalysis have been pre-
viously reported (Kim and Chung, 2008). Finally, source images were
overlain on individual postoperative MR images. To select only strong
gamma in the brain, gamma activities over 80% maximum of source
amplitudes in the whole brain were displayed.

2.6. Artifact rejection

After cessation of recording, a temporal signal space separation
method was applied in order to reduce environmental and biological
noise (Taulu and Hari, 2009); a preprocessing procedure was recom-
mended for artifact removal for data recordedwith the Elekta-MEG sys-
tem (Hillebrand et al., 2013). To reduce the risk of confusing an artifact
with a gamma, we adopted the artifact rejection procedure used in a
previous scalp-EEG study (Andrade-Valenca et al., 2011). Oscillations
with irregular morphology, very high amplitude compared to the back-
ground, or with great variation in amplitude and frequency during the
oscillation period were considered artifacts. We also regarded oscilla-
tions involvingmore than 25MEG channels simultaneously as artifacts.
Subsequently, the original MEG and simultaneously recorded EEG data
were reviewed and artifacts were excluded from the record to be
analyzed. We are confident that, by using this approach, the oscillations
used in the analysis are of cerebral origin.

2.7. Surgery

Surgical procedures have been described in a previous report (Chung
et al., 2005). We evaluated surgical outcome after a follow-up period of
at least 1year. Surgical outcomewas classified according to the ILAE out-
come classification (Wieser et al., 2001). Pathology was reviewed in all
patients who underwent resection. All patients had FCD,whichwas clas-
sified according to Blumcke's criteria (Blumcke et al., 2011). Type of FCD,
surgical outcome, and other clinical information are presented in Table 1.

2.8. Statistical analysis

We analyzed gamma and interictal spike event rates, their co-
occurrences, and their rates of localization within the resection cavity.
All analyseswere performed by using SPSS 19.0 software (IBM, Armonk,
NY, USA). We applied the Shapiro–Wilk test to determine the type of
distribution of the variables. Since the variables had a normal distribu-
tion, we used the parametric Student's paired t-test and the indepen-
dent two-sample t-test. A value of p b 0.05 was considered statistically
significant. Data are presented as mean±SD.

3. Results

3.1. Frequency of gamma and interictal spikes

In 10min recordings, the number of events per patient was 21.9±
29.7 (range= 0–155) for gamma and 16.9± 27.7 (range= 0–92) for
interictal spikes (p=0.352). Of the 30 patients, gamma activities were
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Fig. 3. Source localization of gamma in resting state network regions. (A) Medial prefrontal cortex; (B) posterior cingulate cortex; (C) superior parietal cortex, left; (D) sensory–motor
cortex, right; and (E) sensory–motor cortex, left. R: right, L: left.
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detected in 28 patients and interictal spikes were detected in 24 pa-
tients. Five patients had gamma-only, 1 patient had interictal spikes-
only, and neither event typewas detected in 1 patient. In the 23 patients
exhibiting both gamma and interictal spikes, gamma co-occurred with
interictal spikes in 20.1±22.1% and interictal spikes co-occurred with
gamma in 15.0 ± 19.2%. Fig. 2 shows representative examples of
gamma oscillations co-occurring with spikes and independently of
spikes, respectively.
3.2. Event localization within the resection cavity

The event localization ratewithin the resection cavitywas expressed
as a percentage [(events localized to the resection cavity / total
events)× 100]. The gamma and interictal spike localization rates were
41.2 ± 30.7% and 43.7 ± 41.7%, respectively (p = 0.811). Of the 629
gamma events, 235 were localized in resting state network (RSN) re-
gions such as the medial prefrontal cortex, posterior cingulate cortex,
cerebellum, sensory–motor cortex, and superior parietal areas (Fig. 3)
(Raichle et al., 2001). Of the 508 interictal spike events, 57 were local-
ized to RSN regions. The gamma and interictal spike localization rates
to the RSN were 36.8 ± 25.9% and 9.4 ± 19.3%, respectively (p =
0.000). The localization rate increased to 58.1 ± 32.8% and 45.1 ±
41.5% for the gamma and interictal spikes, respectively, when activities
in the RSN areas were excluded. No statistically significant differences
were found between gamma and interictal spikes (p=0.213). Differ-
ences in event localization rates were assessed among the 23 patients
who exhibited both gamma and interictal spike events. In those 23
patients, gamma (63.3±32.6%) and interictal spike (47.0±41.3%) lo-
calization rates were significantly different (p=0.042, paired-sample
t-test). Furthermore, in 4 of the 5 patients who exhibited gamma-only,
the localization rate, after exclusion of gamma activities in RSN regions,
was 42.5%.
3.3. Surgical outcome

Surgical outcome was ILAE class 1 in 10 patients, class 2 in 1, class 3
in 5, class 4 in 12, class 5 in 1, and class 6 in 1 patient. Table 1 presents a
summary of the patients' profiles.We compared the localization rates of
gamma and interictal spikes in relation to surgical outcome. For the
pathologic gamma oscillations, no statistically significant differences
were detected between favorable (n = 15; ILAE 1–3; 57.3 ± 34.0%)
and unfavorable (n = 13; ILAE 4–6; 58.9 ± 32.6%) surgical outcome
groups (p=0.899). In addition, no statistically significant difference in
interictal spike localization rates was detected between favorable
(n=15, 55.6±49.5%) and unfavorable (n=13, 36.1±32.6%) surgical
outcome groups (p=0.258).
Fig. 2. Examples of gamma oscillations co-occurring with and without interictal spikes in MEG
70 Hz. (B) Interictal spike filtered from 0.1 to 40 Hz co-occurs with PGO. (C, F, I) Source map
40Hz. (H) Spike-like activity filtered from 0.1 to 40Hz co-occurs with gamma. R: right, L: left.
Localization rates for gamma and interictal spike events were also
compared in the 10 seizure-free patients. Neither gamma nor interictal
spikes were detected in 1 patient whereas 3 patients only exhibited
gamma events. The gamma source localization rates of those 3 patients
were 50%, 20%, and 0%. Of the 6 patients who exhibited both event
types, higher gamma localization than interictal spike localization
rates were observed in 2 patients (50% vs. 0% and 59% vs. 22%). Three
of those 6 patients had the same gamma and interictal spike localization
rates (100%, 100%, and 0%), and 1 patient had a better interictal spike lo-
calization rate than gamma localization rate (100% vs.73%). In short,
among the 9 seizure-free patients who had either gamma or interictal
spike events or exhibited both events, 4 had better event localization
rate in gamma and 4 had the same event localization rate, and 1 showed
better event localization rate in interictal spike.

4. Discussion

Recently, researchers have attempted to elucidate the role of gamma
band oscillations in epilepsy by using noninvasive modalities. Early
noninvasive studies used scalp-EEG to demonstrate the feasibility of
gamma oscillation detection and its relation to SOZ (Andrade-Valenca
et al., 2011; Willoughby et al., 2003; Wu et al., 2008; Yamazaki et al.,
2009). Although those previous scalp-EEG studies demonstrated a rela-
tionship between gamma oscillation and SOZ, they only assessed the
relationship at the channel level. In general, fast oscillation decreases
according to the power law; thus, gamma activity may undergo subtle
change. Both MEG and EEG signals are picked up outside the scalp,
and each such sensor measures mixed signals coming from the entire
brain. To clarify signal sources in such a mixture, source–space analysis
may be advantageous, particularly when detecting subtle changes in
gamma activities. Moreover, source–space analysis can identify the lo-
cation of the gamma source, thus allowing comparison of gamma source
and surgical resection area. In the study of the source localization, MEG
has advantages over scalp-EEG since MEG has sufficient signal-to-noise
ratio and requires a much simpler forward model than EEG.

A previous MEG-based study reported that sources of beta and
gamma oscillations of interictal spikes were concordant with ECDs
of interictal spikes and with SOZ delineated from intracranial EEG
(Mohamed et al., 2007). Moreover, those sources were localized to the
epileptogenic zone, which corresponded to the surgically resected
areas in patients with good surgical outcomes (Guggisberg et al., 2008).
Other previous MEG studies also showed that source localization of fast
frequency components, including gamma band, was concordant with
the epileptic focus (Rampp et al., 2010; Xiang et al., 2009). Those studies
demonstrate that gamma oscillations detected inMEG recordings can be
correlated to SOZ and surgical outcome. However, because none of the
previous MEG studies on gamma oscillations compared interictal spikes
. Graph shows 26 channels near the left frontal area. (A, D, G) Gamma filtered from 30 to
s of (A, D, G) signals, respectively. (E) No prominent interictal spike filtered from 0.1 to
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and gamma oscillations separately, and without the aid of another elec-
trophysiologicalmodality such as intracranial EEG, it has been difficult to
evaluate the value of gammaoscillations inMEG as an independent diag-
nostic measure. In the present study, we detected gamma activity inde-
pendently in MEG. In our study, by performing bandpass filtering of
the raw data, gamma activities were detected in 28 of 30 patients with-
out the aid of interictal spike timing andwithout the use of other assess-
ment modalities.

In this study, we compared event rates and co-occurrence of gamma
events with interictal spike events. The number of detected gamma
events in 10 min (21.9 ± 29.7) was not significantly different from
that of interictal spikes (16.9± 27.7). Andrade-Valenca et al. reported
an interictal spike rate of 1.93 ± 2.08/min and a gamma event rate of
0.65 ± 1.03/min in scalp-EEG (Andrade-Valenca et al., 2011), a rate
lower than that reported in this study. This difference might be due to
fast oscillation sensitivity differences between MEG and scalp-EEG
modalities.

With regard to temporal overlap of events, gamma events co-
occurred with interictal spikes in 20% of interictal spikes and interictal
spikes co-occurred with gamma oscillations in 15% of gamma events.
Andrade-Valenca et al. reported that gamma co-occurred with spikes
in 77.5% of their spike events, and spikes co-occurred with gamma in
14.5% of gamma events (Andrade-Valenca et al., 2011). Although the
percentage of spikes that co-occurred with gamma events is similar to
that in our study, Andrade-Valenca et al. reported a much higher per-
centage of spikes co-occurring with gamma events. Although gamma
events frequently co-occurred with spike-like activity in the present
study (Fig. 2), many of those spike-like activities had low amplitude,
low goodness of fit, and high confidence volume, thus not meeting the
conventional spike-detection criteria we used in this study. Hence, the
present study did not include these activities as they were not deemed
significant.

Most importantly among the results in this study, we observed that
gamma oscillation in MEG does occur independently from interictal
spike activity, thus suggesting that the use of gamma oscillation events
as an independent diagnostic measure is feasible, even though its appli-
cation would be limited to areas outside the RSN.

We also compared source locations of gamma events and interictal
spikes with the location of the resection cavity. As far as we can deter-
mine, in MEG, detection and localization of interictal gamma activity
independently from the observation of interictal spikes have not been
reported previously. In our study, the mean gamma event (41.2 ±
30.7%) and interictal spike (43.7±41.7%) localization rates to the resec-
tion cavity were not significantly different. Of 629 gamma events de-
tected in this study, 235 were localized in previously well-known RSN
regions including the sensory–motor network and the default mode
network, which reflects a resting state brain function (Raichle et al.,
2001). Although RSN regions have mostly been studied by using func-
tional MRI, recent efforts have been made to reveal RSN characteristics
by direct electrophysiological brain activity by using MEG (Brookes
et al., 2011; de Pasquale et al., 2010, 2012). Since the inclusion of RSN
in high-frequency domain studies is just emerging, more studies are
required to determine RSN characteristics at frequencies N0.1 Hz. The
possibility of finding similar RSN topographies in functional MRI and
MEG suggests the need for studies focusing on gamma band RSN.

It seemed prudent to determine whether gamma activities detected
in the present studywere pathological or physiological. Previous studies
on epileptic fast oscillation activities consistently reported that patho-
logical oscillations overlap with physiological oscillations (Zijlmans
et al., 2012), and that reliance on spectral frequency alone is insufficient
for separating normal from pathologic oscillations (Bragin et al., 2010).
Although several characteristics, such as cellular mechanisms, specific
regional and laminar distributions, as well as their shape, focal or
scattered distribution, and other properties, may differ between physio-
logical and epileptic gammaactivities, and possiblymay help to discrim-
inate these two in experimental settings, at present it is not clinically
possible to differentiate physiological from pathological gamma activity
(Bartos et al., 2007; Jacobs et al., 2012). Clinically there is only one
circumstantial difference between these two activities; that is, fast oscil-
lations are muchmore frequently observed inside the SOZ than outside
of it (Jacobs et al., 2012).

In the present study, we observed that gamma sources were local-
ized predominately in SOZ and RSN regions. We speculate that sources
in the SOZ may reflect the pathological properties of gamma activity
whereas sources in the RSN may reflect physiological properties of
gamma activity. Supportive indirect evidence is that gamma activities
co-occurred with interictal spikes, which may imply pathological prop-
erties of gamma events, andwere localized to the SOZ 92% of the time in
the present study. When it comes to physiological gamma oscillations,
providing similarly obvious evidence is more difficult. As mentioned
above, the role of RSN in gamma band activity has not been fully eluci-
dated. Although not yet reported, because gamma activity is a result of a
sequence of synchronous inhibitory and excitatory postsynaptic poten-
tials (Bartos et al., 2007), there might be a relationship between RSN
and gamma band.

When gamma events appearing in RSN-related areas, which we
regarded as physiological gamma, were excluded, the gamma localiza-
tion rate increased to 58.1±32.8% from41.2±30.7%. To compare differ-
ences between gamma and interictal spike localization rates at the
individual patient level, we analyzed data from 23 patients who exhib-
ited both gamma and interictal spike events. A larger percentage of
gamma (63.3 ± 32.6%) than interictal spike (45.6 ± 41.6%) events
were localized within the resection cavity (p=0.029). Furthermore, in
4 of 5 patients who only exhibited gamma events (excluding gamma
events localized to RSN areas), the mean localization rate was 42.5%.
Therefore, even in the absence of interictal spikes, gamma sources
were localized within the resection cavity.

With regard to surgical outcome, we found no difference in localiza-
tion rates between gamma and interictal spike events. It is well known
that surgical outcome of FCD patients is affected by various factors, such
as the types of FCD,MRI visible abnormality, and lobar distribution (Kim
et al., 2009; Rowland et al., 2012). The failure to detect differences in sei-
zure outcome according to gamma or interictal spike source localiza-
tions in the present study may be due to our small sample size, which
was too small to permit analysis of the various predictors of surgical
outcome.

Among the 10 seizure-free patients, one did not exhibit gamma or
interictal spike activity. Among the remainder, there was a better local-
ization rate in the gamma event results than in those of interictal spikes:
four of the nine patients had better localization through the use of
gamma, four had the same localization rate from both event types,
and one had a better localization rate in the interictal spike data. Inter-
estingly, in one patient whose interictal spikes had a better localization
rate than that of the gamma events, the gamma event localization rate
was high (73%). Although further investigation is required, our results
suggest that diagnostic usage of MEG gamma oscillation events in epi-
lepsy surgery is feasible.

In this study, we only included neocortical epilepsy patients with
FCD, which was pathologically verified. FCD is a common pathology in
neocortical epilepsy patients whose surgical outcome is relatively unfa-
vorable. There are few reports on fast oscillations (N30Hz) in epilepsy
patients with FCD. An EEG study on an epilepsy patient group with
FCD, mesial temporal atrophy, and nodular heterotopias reported that
high-frequency oscillation (80–500 Hz) rates were associated with
SOZ, regardless of the underlying pathology; however, only one FCD pa-
tient was included in that analysis (Jacobs et al., 2009). More recently,
stereo EEG recordings of four epilepsy patients with FCD type IIA were
analyzed, and their ripple (80–200 Hz) event rate was higher within
the SOZ than outside of it (Brazdil et al., 2010). In our 30 FCD patients,
gamma activities were detected and highly localized to the resection
cavity. To the best of our knowledge, this is the first study of fast oscilla-
tions that included a reasonably large number of epilepsy patients with
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FCD. In accord with previous studies, our results suggest that fast oscil-
lation activity can be used to delineate the epileptogenic focus in FCD
patients.

In this study, we showed that gamma oscillation detection and local-
ization can be used as an independent diagnosticmethod to delineate the
epileptogenic area of the brain. To provide additional support for this
assertion, further studies are needed to assess whether the gamma-
determined area is clinically significant in terms of surgical outcome.
For example, there should be a difference in results of resections of
gamma-determined areas between favorable and unfavorable surgical
outcome groups. Such confirmatory studies would help elucidate the
role of gamma events in epilepsy surgery. Since resection of the entire ir-
ritative zone is not necessary to achieve a seizure free outcome, it would
also be interesting to investigate whether gamma oscillation represents
the ictal onset zone or the irritative zone. This could be possibly achieved
by assessing average distances from the locations of gamma sources to
the resection cavity.

In addition, systematic characterization of gamma oscillations in
normal human brain for comparison with those in the epileptic brain
is not possible when using invasive recording methods. Future studies
of normal human brain with MEG could contribute to elucidating the
pathological and physiological aspects of gamma oscillations. This fur-
ther investigation may be particularly helpful to epilepsy patients who
have their epileptogenic focus in RSN regions.

Nevertheless, in this study we have demonstrated the feasibility of
using gamma oscillations, recorded by usingMEGmodality, in neocorti-
cal epilepsy patient surgery. Individual gamma events in the 30–70Hz
range can be detected independently, without concomitant interictal
spike activity, and can be localized to the resection cavity at a rate that
is comparable to, or more frequent than, that of interictal spikes. In ad-
dition, in cases in which interictal spikes were not detected, gamma
activities were correctly localized to the resection cavity. Therefore,
we suggest that gamma oscillation events in MEG can be an important
indicator of an epileptogenic focus.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgment

This work was partly supported by the Original Technology Research
Program for Brain Science through the National Research Foundation of
Korea (NRF) funded by theMinistry of Education, Science and Technology
(no. 2009-0094093) and by the Materials & Components Development
Program funded by the Ministry of Trade, Industry & Energy (MOTIE,
Korea) (no. 10043826).

References

Andrade-Valenca, L.P., Dubeau, F., Mari, F., Zelmann, R., Gotman, J., 2011. Interictal scalp
fast oscillations as a marker of the seizure onset zone. Neurology 77, 524–531.

Andrade-Valenca, L., Mari, F., Jacobs, J., Zijlmans, M., Olivier, A., Gotman, J., Dubeau, F.,
2012. Interictal high frequency oscillations (HFOs) in patients with focal epilepsy
and normal MRI. Clin. Neurophysiol. 123, 100–105.

Bartos, M., Vida, I., Jonas, P., 2007. Synaptic mechanisms of synchronized gamma oscilla-
tions in inhibitory interneuron networks. Nat. Rev. Neurosci. 8, 45–56.

Blanco, J.A., Stead, M., Krieger, A., Stacey, W., Maus, D., Marsh, E., Viventi, J., Lee, K.H.,
Marsh, R., Litt, B., Worrell, G.A., 2011. Data mining neocortical high-frequency oscilla-
tions in epilepsy and controls. Brain 134, 2948–2959.

Blumcke, I., Thom, M., Aronica, E., Armstrong, D.D., Vinters, H.V., Palmini, A., Jacques, T.S.,
Avanzini, G., Barkovich, A.J., Battaglia, G., Becker, A., Cepeda, C., Cendes, F., Colombo,
N., Crino, P., Cross, J.H., Delalande, O., Dubeau, F., Duncan, J., Guerrini, R., Kahane, P.,
Mathern, G., Najm, I., Ozkara, C., Raybaud, C., Represa, A., Roper, S.N., Salamon, N.,
Schulze-Bonhage, A., Tassi, L., Vezzani, A., Spreafico, R., 2011. The clinicopathologic
spectrum of focal cortical dysplasias: a consensus classification proposed by an ad
hoc Task Force of the ILAE Diagnostic Methods Commission. Epilepsia 52, 158–174.

Bragin, A., Engel Jr., J., Staba, R.J., 2010. High-frequency oscillations in epileptic brain. Curr.
Opin. Neurol. 23, 151–156.
Brazdil, M., Halamek, J., Jurak, P., Daniel, P., Kuba, R., Chrastina, J., Novak, Z., Rektor, I.,
2010. Interictal high-frequency oscillations indicate seizure onset zone in patients
with focal cortical dysplasia. Epilepsy Res. 90, 28–32.

Brookes, M.J., Woolrich, M., Luckhoo, H., Price, D., Hale, J.R., Stephenson, M.C., Barnes, G.R.,
Smith, S.M., Morris, P.G., 2011. Investigating the electrophysiological basis of resting
state networks using magnetoencephalography. Proc. Natl. Acad. Sci. U. S. A. 108,
16783–16788.

Chung, C.K., Lee, S.K., Kim, K.J., 2005. Surgical outcome of epilepsy caused by cortical
dysplasia. Epilepsia 46 (Suppl. 1), 25–29.

Claus, S., Velis, D., Lopes da Silva, F.H., Viergever, M.A., Kalitzin, S., 2012. High frequency
spectral components after secobarbital: the contribution of muscular origin—a
study with MEG/EEG. Epilepsy Res. 100, 132–141.

de Pasquale, F., Della Penna, S., Snyder, A.Z., Lewis, C., Mantini, D., Marzetti, L., Belardinelli,
P., Ciancetta, L., Pizzella, V., Romani, G.L., Corbetta, M., 2010. Temporal dynamics of
spontaneous MEG activity in brain networks. Proc. Natl. Acad. Sci. U. S. A. 107,
6040–6045.

de Pasquale, F., Della Penna, S., Snyder, A.Z., Marzetti, L., Pizzella, V., Romani, G.L., Corbetta,
M., 2012. A cortical core for dynamic integration of functional networks in the resting
human brain. Neuron 74, 753–764.

Guggisberg, A.G., Kirsch, H.E., Mantle, M.M., Barbaro, N.M., Nagarajan, S.S., 2008. Fast
oscillations associated with interictal spikes localize the epileptogenic zone in
patients with partial epilepsy. Neuroimage 39, 661–668.

Haegelen, C., Perucca, P., Chatillon, C.E., Andrade-Valenca, L., Zelmann, R., Jacobs, J.,
Collins, D.L., Dubeau, F., Olivier, A., Gotman, J., 2013. High-frequency oscillations,
extent of surgical resection, and surgical outcome in drug-resistant focal epilepsy.
Epilepsia 54, 848–857.

Hillebrand, A., Fazio, P., de Munck, J.C., van Dijk, B.W., 2013. Feasibility of clinical magne-
toencephalography (MEG) functional mapping in the presence of dental artefacts.
Clin. Neurophysiol. 124, 107–113.

Jacobs, J., LeVan, P., Chander, R., Hall, J., Dubeau, F., Gotman, J., 2008. Interictal high-
frequency oscillations (80–500Hz) are an indicator of seizure onset areas independent
of spikes in the human epileptic brain. Epilepsia 49, 1893–1907.

Jacobs, J., Levan, P., Chatillon, C.E., Olivier, A., Dubeau, F., Gotman, J., 2009. High frequency
oscillations in intracranial EEGs mark epileptogenicity rather than lesion type. Brain
132, 1022–1037.

Jacobs, J., Zijlmans, M., Zelmann, R., Chatillon, C.E., Hall, J., Olivier, A., Dubeau, F., Gotman,
J., 2010. High-frequency electroencephalographic oscillations correlate with outcome
of epilepsy surgery. Ann. Neurol. 67, 209–220.

Jacobs, J., Staba, R., Asano, E., Otsubo, H., Wu, J.Y., Zijlmans, M., Mohamed, I., Kahane, P.,
Dubeau, F., Navarro, V., Gotman, J., 2012. High-frequency oscillations (HFOs) in clin-
ical epilepsy. Prog. Neurobiol. 98, 302–315.

Jeong,W., Chung, C.K., Kim, J.S., 2012. Magnetoencephalography interictal spike clustering
in relation with surgical outcome of cortical dysplasia. J. Korean Neurosurg. Soc. 52,
466–471.

Kim, J.S., Chung, C.K., 2008. Language lateralization using MEG beta frequency
desynchronization during auditory oddball stimulation with one-syllable words.
Neuroimage 42, 1499–1507.

Kim, D.W., Lee, S.K., Chu, K., Park, K.I., Lee, S.Y., Lee, C.H., Chung, C.K., Choe, G., Kim, J.Y.,
2009. Predictors of surgical outcome and pathologic considerations in focal cortical
dysplasia. Neurology 72, 211–216.

Mohamed, I.S., Gaetz, W., Otsubo, H., Snead Iii, O.C., Cheyne, D., 2007. Localization
of interictal spikes using an event-related beamformer. Int. Congr. Ser. 1300, 669–672.

Morlet, J., 1983. Sampling Theory and Wave Propagation. In: Chen, C.H. (Ed.), Issues in
Acoustic Signal — Image Processing and Recognition. Springer, Berlin Heidelberg,
pp. 233–261.

Park, S.C., Lee, S.K., Che, H., Chung, C.K., 2012. Ictal high-gamma oscillation (60–99 Hz) in
intracranial electroencephalography and postoperative seizure outcome in neocortical
epilepsy. Clin. Neurophysiol. 123, 1100–1110.

Raichle, M.E., MacLeod, A.M., Snyder, A.Z., Powers, W.J., Gusnard, D.A., Shulman, G.L., 2001.
A default mode of brain function. Proc. Natl. Acad. Sci. U. S. A. 98, 676–682.

Rampp, S., Kaltenhauser, M., Weigel, D., Buchfelder, M., Ingmar Blumcke, I., Dorfler, A.,
Stefan, H., 2010. MEG correlates of epileptic high gamma oscillations in invasive
EEG. Epilepsia 51, 1638–1642.

Rowland, N.C., Englot, D.J., Cage, T.A., Sughrue, M.E., Barbaro, N.M., Chang, E.F., 2012. A
meta-analysis of predictors of seizure freedom in the surgical management of focal
cortical dysplasia. J. Neurosurg. 116, 1035–1041.

Staba, R.J., Wilson, C.L., Bragin, A., Fried, I., Engel Jr., J., 2002. Quantitative analysis of high-
frequency oscillations (80–500 Hz) recorded in human epileptic hippocampus and
entorhinal cortex. J. Neurophysiol. 88, 1743–1752.

Taulu, S., Hari, R., 2009. Removal ofmagnetoencephalographic artifactswith temporal signal–
space separation: demonstration with single-trial auditory-evoked responses. Hum.
Brain Mapp. 30, 1524–1534.

Urrestarazu, E., Chander, R., Dubeau, F., Gotman, J., 2007. Interictal high-frequency
oscillations (100–500 Hz) in the intracerebral EEG of epileptic patients. Brain
130, 2354–2366.

Wieser, H.G., Blume, W.T., Fish, D., Goldensohn, E., Hufnagel, A., King, D., Sperling, M.R.,
Luders, H., Pedley, T.A., Commission on Neurosurgery of the International League
Against, E., 2001. ILAE Commission Report. Proposal for a new classification of out-
come with respect to epileptic seizures following epilepsy surgery. Epilepsia 42,
282–286.

Willoughby, J.O., Fitzgibbon, S.P., Pope, K.J., Mackenzie, L., Medvedev, A.V., Clark, C.R.,
Davey, M.P., Wilcox, R.A., 2003. Persistent abnormality detected in the non-ictal elec-
troencephalogram in primary generalised epilepsy. J. Neurol. Neurosurg. Psychiatry
74, 51–55.

Worrell, G., Gotman, J., 2011. High-frequency oscillations and other electrophysiological
biomarkers of epilepsy: clinical studies. Biomark. Med 5, 557–566.

http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0010
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0010
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0005
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0005
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0015
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0015
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0020
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0020
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0025
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0025
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0025
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0030
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0030
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0035
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0035
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0040
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0040
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0040
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0045
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0045
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0050
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0050
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0050
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0055
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0055
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0055
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0060
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0060
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0065
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0065
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0065
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0200
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0200
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0200
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0075
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0075
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0075
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0080
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0080
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0080
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0080
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0080
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0085
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0085
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0085
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0095
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0095
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0090
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0090
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0100
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0100
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0100
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0110
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0110
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0110
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0105
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0105
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0115
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0115
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0205
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0205
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0205
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0120
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0120
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0120
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0120
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0120
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0125
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0130
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0130
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0135
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0135
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0135
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0140
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0140
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0140
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0140
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0140
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0145
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0145
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0145
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0150
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0150
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0150
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0150
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0150
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0210
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0210
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0210
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0160
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0160
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0160
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0165
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0165


514 W. Jeong et al. / NeuroImage: Clinical 3 (2013) 507–514
Wu, J.Y., Koh, S., Sankar, R., Mathern, G.W., 2008. Paroxysmal fast activity: an interictal
scalp EEG marker of epileptogenesis in children. Epilepsy Res. 82, 99–106.

Xiang, J., Liu, Y., Wang, Y., Kirtman, E.G., Kotecha, R., Chen, Y., Huo, X., Fujiwara, H.,
Hemasilpin, N., Lee, K., Mangano, F.T., Leach, J., Jones, B., DeGrauw, T., Rose, D.,
2009. Frequency and spatial characteristics of high-frequency neuromagnetic signals
in childhood epilepsy. Epileptic Disord 11, 113–125.

Yamazaki,M., Chan, D., Tovar-Spinoza, Z., Go, C., Imai, K., Ochi, A., Chu, B., Rutka, J.T., Drake,
J., Widjaja, E., Matsuura, M., Snead III, O.C., Otsubo, H., 2009. Interictal epileptogenic
fast oscillations on neonatal and infantile EEGs in hemimegalencephaly. Epilepsy
Res. 83, 198–206.

Zijlmans, M., Jacobs, J., Zelmann, R., Dubeau, F., Gotman, J., 2009. High-frequency oscilla-
tions mirror disease activity in patients with epilepsy. Neurology 72, 979–986.

Zijlmans, M., Jiruska, P., Zelmann, R., Leijten, F.S., Jefferys, J.G., Gotman, J., 2012. High-
frequency oscillations as a new biomarker in epilepsy. Ann. Neurol. 71, 169–178.

Zimmermann, R., Scharein, E., 2004. MEG and EEG show different sensitivity to myogenic
artifacts. Neurol. Clin. Neurophysiol. 2004, 78.

http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0170
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0170
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0175
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0175
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0180
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0180
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0180
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0185
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0185
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0190
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0190
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0195
http://refhub.elsevier.com/S2213-1582(13)00126-5/rf0195

	Localization of MEG pathologic gamma oscillations in adult epilepsy patients with focal cortical dysplasia
	1. Introduction
	2. Material and methods
	2.1. Subjects
	2.2. Magnetic resonance imaging
	2.3. MEG recording
	2.4. Interictal spike
	2.5. Gamma oscillation
	2.6. Artifact rejection
	2.7. Surgery
	2.8. Statistical analysis

	3. Results
	3.1. Frequency of gamma and interictal spikes
	3.2. Event localization within the resection cavity
	3.3. Surgical outcome

	4. Discussion
	Conflict of interest
	Acknowledgment
	References


