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ABSTRACT

Objective: High frequency oscillations (HFO) of 100-500 Hz have been reported in epileptic human brain.
However, the questions of how fast these oscillations can reach, and which frequency range is clinically
important remain unanswered. We recorded interictal and ictal very high frequency oscillations (VHFO)
of 1000-2500 Hz by subdural electrodes using 10 kHz sampling rate. We describe the characteristics of
VHFO, and discuss their underlying mechanism and clinical significance.

Methods: Five patients with neocortical epilepsy were studied. All patients underwent intracranial EEG
monitoring with subdural electrodes. EEG recording with sampling rate of 10 kHz was conducted. Histo-
pathology revealed malformation of cortical development in all cases.

Results: In four of five patients, very high frequency activities of 1000-2500 Hz were detected in highly
localized cortical regions (one to four electrodes in individual patient). We named these activities “very
high frequency oscillations (VHFO)". Interictally, VHFO appeared intermittently, and were interrupted by
spikes. Sustained VHFO without spikes appeared around the start of seizures.

Conclusions: Both interictal and ictal VHFO can be recorded by subdural electrodes. Compared to HFO
previously reported, VHFO have much higher frequency, more restricted distribution, smaller amplitude,
and different timing of onset.

Significance: Recording of VHFO may be useful for identifying the epileptogenic zone.

© 2010 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.

1. Introduction

Animal studies of strychnine discharges have already elucidated
the association between high frequency oscillations (HFO) and ictal
phenomena (Gastaut and Fischer-Williams, 1959). The occurrence
of HFO having frequencies higher than the conventionally analyzed
range in focal epilepsy has attracted attention. Most studies re-
ported interictal HFO in the medial temporal lobe using microelec-
trodes (Bragin et al., 1999, 2002; Staba et al, 2002), or a
combination of microelectrodes and macroelectrodes (Worrell
et al., 2008). Recent reports have described ictal HFO during focal
seizures recorded by macroelectrodes (Ochi et al., 2007; Jirsch
et al., 2006; Khosravani et al., 2009; Yamaguchi et al., 2008;
Nakamura et al., 2008). In these reports, the frequency range of ic-
tal HFO was less than 500 Hz at sampling rate of 2-5 kHz. Because
HFO were observed only at a limited number of electrodes within
the epileptogenic zone, ictal HFO have been suggested to be clini-
cally useful in epilepsy surgery. However, the questions of how fast

* Corresponding author. Address: National Epilepsy Center, Shizuoka Institute of
Epilepsy and Neurological Disorders, Urushiyama 886, Aoi-ku, Shizuoka 420-8688,
Japan. Tel.: +81 54 245 5446; fax: +81 54 247 9781.

E-mail address: n-usui@szec.hosp.go.jp (N. Usui).

these oscillations can reach, and which frequency range is clini-
cally important remain unanswered.

In four of five patients with intractable neocortical epilepsy, we
recorded interictal and ictal very high frequency oscillations
(VHFO) of 1000-2500 Hz by routinely used subdural electrodes
using a very high sampling rate of 10 kHz. Such high frequency
EEG activities have never been reported previously. In this report,
we describe the characteristics of VHFO, and discuss their possible
underlying mechanism and clinical significance.

2. Methods

Five patients with intractable neocortical epilepsy (one with pari-
etal lobe epilepsy, and four with frontal lobe epilepsy) were moni-
tored with a sampling rate of 10 kHz. Histopathology revealed
malformation of cortical development in all cases. The clinical char-
acteristics of the patients are shown in Table 1. All patients under-
went intracranial EEG monitoring as a part of presurgical
evaluation. Subdural electrodes (Ad-tech Medical Instrument Cor-
poration, Racine, Wi, 2.3 mm contact, effective area 4.15 mm?,
10 mm spacing, platinum/iridium alloy) were implanted over the
cortical areas depending on the finding of the noninvasive presurgi-
cal evaluation (Fig. 1). Reference electrodes were placed on the

1388-2457/$36.00 © 2010 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

doi:10.1016j.clinph.2010.04.018
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Table 1
Clinical characteristics of the patients.

N. Usui et al./Clinical Neurophysiology 121 (2010) 1825-1831

Patient - Diagnosis Age at onset (yrs) Age at surgery (yrs) Seizure Interictal scalp EEG Ictal scalp EEG MRI

1 PLE 4 14 Tonic posturing Right parietal sharp waves Right hemisphere Right medial parietal

2 FLE 4 27 Gestural Automatism Right F-T spikes Right F-T Right frontal operculum
3 FLE 3 19 Gestural Automatism Normal Right hemisphere Right basal frontal

4 FLE 5 14 Tonic facial contraction  Left frontal sharp waves Left frontal Left frontal operculum
5 FLE 0 22 Tonic posturing Left central spikes Nonlateralizing Left posterior frontal

PLE, parietal lobe epilepsy; FLE, frontal lobe epilepsy; F-T, fronto-temporal.

surface of the skull, with the contacts of the electrodes facing away
from the skull to avoid the referential activation. The EEG signals
were digitally recorded by EEG-1000 (Nihon-Kohden Corporation,
Tokyo)atasampling rate of 200 Hz and time constant of 10 s for clin-
ical purposes. After completing the routine EEG recording at a sam-
pling rate of 200 Hz, EEG recording using a higher sampling rate of
10 kHz was conducted. The time constant was set at 10 s. Due to
the limitation of the EEG machine, only 16 channels could be moni-
tored simultaneously. To visualize high frequency activities, the hor-
izontal (time) and vertical (amplitude) axes of the EEG display were
expanded, and EEG was digitally high-pass filtered at 160 Hz (a time
constant of 0.001 s) and low-pass filtered at 3 kHz. Peaks of high fre-
quency activities were visually identified on CRT screen, and the fre-
quency, amplitude, and duration of these activities were measured
by cursors with computer assistance (Fig. 2). n this study, high fre-
quency activities faster than 200 Hz are defined as HFO, and those
faster than 1000 Hz as VHFO.

Both ictal and interictal recordings were analyzed. Interictal sec-
tions of more than two hours were visually analyzed. They were dis-
tant from the seizures from 20 h to more than 40 h in each patient.

3. Results (Table 2)

Using 10 kHz sampling rate, two seizures were recorded in Pa-
tient 1, three seizures in Patient 2, four seizures in Patient 3, two
seizures in Patient 4, and two seizure in Patient 5. In Patient 5,
no high frequency activities faster than 200 Hz were detected both

Fig. 1. MRI lesion and subdural electrodes (Patient 2). (A) Brain MRI with FLAIR
sequences showing a high intensity area in the right frontal operculum (arrow). (B)
X-ray photographs showing subdural electrodes. Subdural grid electrodes were
implanted over the right fronto-temporal, and parietal areas.

ictally and interictally. Fig. 1 shows the MRI lesion and the loca-
tions of subdural electrodes in Patient 2. In both interictal and pre-
ictal recordings, intermittent VHFO of very low amplitude were
detected at two electrodes in Patient 1, one electrode in Patient
2, two electrodes in Patient 3, and four electrodes in Patient 4.
VHFO were not detected at other electrodes (Figs. 3 and 4). The fre-
quencies of intermittent VHFO ranged from 1000 to 2500 Hz. VHFO
were interrupted by spikes. Interictal VHFO and preictal VHFO had
identical characteristics in terms of frequency, amplitude, duration,
temporal relationship with spikes, and distribution. The ampli-
tudes of VHFO were 3.5-29.4 uV in Patient 1, 44-24.7 uV in Pa-
tient 2, 3.5-19.4 uV in Patient 3, and 5.3-15.0 uV in Patient 4.
The VHFO durations were 4-45 ms in Patient 1, 2-75 ms in Patient
2, 20-226 ms in Patient 3, and 6-18 ms in Patient 4 (Fig. 5).

Sustained VHFO without interrupting spikes appeared at the start
of seizures, superimposing on slower rhythmic activities (70-
100 Hz) (Figs. 3 and 4). The VHFO lasted approximately 10s in
Patient 1, 12-13 s in Patient 2, 35-53 s in Patient 3, and 10~12 s in
Patient 4. The frequencies of sustained VHFO were 1000-2000 Hz
in Patient 1, 1000-2500 Hz in Patient 2, and 1000-1500 Hz in Pa-
tients 3 and 4. The amplitudes of sustained VHFO were 3.5-
19.6 uVin Patient 1, 7.4-26.5 pV in Patient 2, 5.3-15.0 pV in Patient
3, and 6.2-10.6 pV in Patient 4. VHFO were detected in all seizures
recorded with 10 kHz sampling rate. The characteristics of sustained
VHFO were consistent among seizures in each patient.

On interictal recordings, HFO of 300-700 Hz were detected at
ten electrodes including the three electrodes detecting VHFO in Pa-
tient 1 (Figs. 5A and 6A). HFO of 350-600 Hz were detected at nine
electrodes including the one electrode detecting VHFO in Patient 2
(Figs. 5B and 6B). No HFO were detected in Patient 3 (Fig. 6C). HFO
of 400-600 Hz were detected at six electrodes including the four
electrodes detecting VHFO in Patient 4 (Fig. 6D). The amplitudes
of interictal HFO were 11.8-279.4 uV in Patient 1, 8.8-150.0 uV
in Patient 2, and 10.3-71.5 uV in Patient 4. The durations of inter-
ictal HFO were 7-33 ms in Patient 1, 8-35 ms in Patient 2, and
18-29 ms in Patient 4. Ictally, no HFO (over 200 Hz) were observed
when sustained VHFO were recorded, while 70-100 Hz rhythmic

" activities were seen.

duration

Cc D

Fig. 2. Schematic illustrations of typical VHFO waveform. (A) Interictally and
preictally, intermittent VHFO are followed by spikes. (B) VHFO become sustained at
the start of the seizures. They are superimposed on slower rhythmic activities. (C)
Then, slower rhythmic activities become less prominent, and disappear. (D)
Thereafter, VHFO are intermixed with spikes.

- 110 -



N. Usui et al./Clinical Neurophysiology 121 (2010) 1825-1831 1827

Table 2
The characteristics of VHFO and HFO. '
Patient Number of Number of electrodes Amplitude Duration Amplitude Number of electrodes Amplitude Duration
seizures with VHFO (interictal) (uV) (ms) (ictal) (uv) with HFO (uv) (ms)
1 2 3 3.5-294 4-45 3.5-19.6 10 11.8-2794 7-33
2 3 1 4.4-24.7 2-75 7.4-26.5 9 8.8-150.0 8-35
3 4 2 3.5-194 20-226 5.3-15.0 0 - -
4 2 4 5.3-15.0 6-18 6.2-10.6 6 103-71.5 18-29

In four patients with VHFO, the electrodes recording VHFO were was performed. The locations of the electrodes with VHFO, those
located above the MRI lesions, and surgical resection of the MRI le- with HFO, and those with interictal spikes, seizure onset zone de-
sion together with the sites where the electrodes recorded VHFO fined by conventional EEG, MRI lesion, and the extent of surgical
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Fig. 3. Ictal EEG recorded at a samipling rate of 10 kHz (Patient 1). (A) Ictal EEG shown using conventional filter settings (low-pass filter 120 Hz, time constant 0.1 s). Only 10
channels are shown. Ictal EEG shows initial spike burst at HI1-4/HS1-4 and spike-and-waves at A5-6, followed by electrodecremental pattern and low amplitude fast
activities at HI1-3/HS1. Filled circle and straight line indicate the presence of VHFO. The EEG at B, C, and D is shown using VHFO filter settings. (B and C) Preictal VHFO
detected visually using low-pass filter of 3 kHz and time constant of 0.001 s. Preictal VHFO of 1000-2500 Hz are observed at HI1 and HI2 electrodes (underlined). They appear
intermittently before the start of seizures, and are interrupted by spikes. The amplitudes are 3.5-22.1 uV (note the calibrations), and the durations were 12-27 ms. These
activities are not observed at other electrodes. HFO of 350-550 Hz are seen at HS1-2 and HI1-2 electrodes, with durations of HFO of 10-14 ms and the amplitudes of 22.6—
234.7 uV. Representative HFO peaks are marked by triangles (B). (D) VHFO recorded at HI1, HI2 (both electrodes also record preictal VHFO) and HS1 electrodes become
sustained at the start of seizure. The frequencies of VHFO are 1000-2000 Hz and the amplitudes are around 8.8~14.1 uV. These activities superimpose on the slower rhythmic
activities (70-90 Hz) (marked by triangles). Sustained VHFO lasted approximately 10 s. Again, these activities are not observed at other electrodes, although rhythmic
activities are recorded.
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channels are shown. Ictal EEG shows that repetitive spiking is replaced by spike bursts at ictal onset. Spike bursts are later followed by electrodecremental pattern. Filled
circle and straight line indicate the presence of VHFO. The EEG at B, C, and D is shown using VHFO filter settings. (B) Preictal VHFO detected visually using low-pass filter of
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triangles. They are interrupted by spikes. (C) Intermittent VHFO of 1400-2000 Hz are recorded at G8 electrode around seizure onset. The duration is 7 ms, and the amplitudes
are 8.8-17.6 pV. (D) VHFO of 1000-2500 Hz become sustained after the electrodecremental pattern appears using conventional EEG setting. The sustained VHFO
superimpose on the slower rhythmic activity (80-100 Hz) (marked by triangles). The amplitudes are 8.8-20.6 pV.

resection in each patient are summarized in Fig. 6. The area with
VHFO was always located within the seizure onset zone, the irrita-
tive zone, and area with HFQ. In Patient 5, MRI lesion involved the left
frontal lobe including the precentral gyrus, and the irritative zone
and seizure onset zone defined by conventional EEG were located
over the MRI lesion, Partial frontal resection sparing the precentral
gyrus was performed. The postoperative follow-up period was nine
months, seven months, ten months, two months, and four months, in
Patients 1-5, respectively. Postoperatively, Patient 1 has only simple
partial seizures characterized by lightheadedness and blurred vision
for several seconds. The other three patients with VHFO (Patients 2—
4) have been seizure free. Patient 5 had several motor seizures.

4. Discussion

Using routine subdural electrodes and 10 kHz sampling rate, we
were able to identify visually low amplitude VHFO of 1000-
2500 Hz both in the interictal and ictal states. Although we could
record similar frequency “VHFO" in median nerve SEP (Sakura
et al., 2009), such high frequency activities have never been re-
ported before in association with spontaneous epileptic discharges
in humans. Moreover, as described later, we suspect that the
underlying pathophysiology of these activities is different from
that of HFO. Therefore, we named these activities “very high fre-
quency oscillations (VHFO)” to distinguish them from HFO.
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100 pv

10 msec

Fig. 5. Interictal EEG recorded at a sampling rate of 10 kHz (Patients 1 and 2).
Interictal VHFO detected visually using low-pass filter of 3 kHz and time constant of
0.001 s. Only electrodes with VHFO are shown. Underlines indicate the presence of
VHFO. Representative HFO peaks are marked by triangles. (A, Patient 1) Interictal
VHFO of 1000~2500 Hz are observed at HI1 and HI2 electrodes. They are followed
by spikes. Ten samples of VHFO for each electrode are shown. The amplitudes of
interictal VHFO were 3.5-29.4 pV, and the durations were 4-45 ms. (B, Patient 2)
Interictal VHFO of 1000-2500 Hz are observed at G8 electrode. Ten samples of
VHFO are shown. The amplitudes of interictal VHFO were 4.4-24.7 1V, and the
durations were 2~75 ms.

VHFO were highly localized and were recorded by one to four
electrodes in each patient. Therefore, these activities were most
likely not muscular or other artifacts although an extracranial ref-
erence electrode was used. VHFO were interrupted by spikes in the
interictal state, while spikes were not seen when VHFO became
sustained at the onset of seizures. Therefore, we speculate that
the VHFO may be excitatory phenomena, and the spikes may have
an inhibitory effect on VHFO, and probably inhibit seizure initia-
tion. It has also been proposed that the after-inhibition produced
by interictal spikes protects against the occurrence of ictal dis-
charges by maintaining a low level of excitation in a general condi-
tion of hyperexcitability determined by the primary epileptogenic
dysfunction (de Curtis and Avanzini, 2001).

Synchronously firing bursting neurons have been considered to
be the mechanism of HFO generation (Bragin et al., 2002). Mean-
while, the amplitude of VHFO was very low, and the frequency was
markedly higher than that of HFO. Considering that individual neu-
ronal firing rates do not approach the VHFO range because of the
presence of refractory period, we speculate that low amplitude
VHFO recorded by macroelectrodes may represent summated activ-
ities from multiple subgroups of neurons with various, non-synchro-
nous firing rates and phases. Synchronization of population activity
may be important for the generation of HFO, whereas non-synchro-
nized firing of many neuronal groups may be necessary for the gen-
eration of VHFO. The distribution of VHFO was more restricted than
that of HFO. Considering that the distribution and the onset timing of
VHFO are also different from those of HFO, VHFO and HFO may have
different pathophysiological mechanisms.

The next question is why previous studies did not demonstrate
VHFO. Khosravani et al. (2009) used 5 kHz sampling rate and re-
corded 100-500 Hz HFO in patients with temporal lobe epilepsy,
but they did not detect VHFO faster than 1000 Hz. Worrell et al.
(2008) also did not observe VHFO faster than 1000 Hz from the
temporal lobe even though they used 32 kHz sampling. This differ-
ence in VHFO detection may be due to the location of the epilepto-
genic zone (temporal in previous studies versus extratemporal in
this study) or pathology of epileptogenic lesions. Considering that
histology revealed malformation of cortical development in our
four cases, abnormal cellular profiles of malformation of cortical
development may be important for the generation of VHFO. Fur-
ther studies of epileptogenic lesions other than malformation of
cortical development are necessary.

VHFO were recorded in highly localized cortical regions (only
one to four electrodes in individual patient). The electrodes at
which ictal VHFO were recorded were located within the seizure
onset zone identified by conventional EEG recordings. The ictal dis-
charges captured by conventional EEG usually spread from ictal
onset zone to the other cortical areas, whereas the distribution of
VHFO never spread during seizures in our four cases. Therefore,
VHFO may be very specific for epileptogenic zone and/or ictal onset
zone. The detection of VHFO may be clinically useful for identifying
core of the epileptogenic zone although the whole epileptogenic
zone cannot be delineated by VHFO. Although the reason why
VHFO were not detected in one patient (Patient 5) is not clear, -
the core of the epileptogenic zone might not be covered by the
electrodes considering that the patient has not been seizure free
postoperatively.

In summary, VHFO were recorded by routinely used subdural
electrodes with 10 kHz sampling rate. Compared to HFO previously
reported, VHFO have much higher frequency, more restricted
distribution, smaller amplitude, and different timing of onset.
Therefore, VHFO generation may involve mechanisms different
from those of HFO. It is likely that VHFO may directly reflect
summation of activities arising from non-synchronized multiple
neuronal subgroups, and will provide further insight into epilepto-
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Fig. 6. The location of the electrodes with VHFO (red) and those with HFO (green circles), and those with interictal spikes (dotted circles), seizure onset zone defined by
conventional EEG (solid line), MRI lesion (purple line), and the extent of surgical resection (orange broken line).

genesis and.ictogenesis. The detection of VHFO may be very useful
for identifying the epileptogenic zone. Further studies are neces-
sary to clarify the clinical significance of VHFO.
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o Ictal high frequency oscillations (HFO) were detected unilaterally.

o They were detected ipsilateral to the side of hippocampal sclerosis (HS).

e They were not propagated contralaterally except for one patient.

« In one case with bitemporal onset, ictal HFO were detected only on the side of HS.
o Ictal HFO in the medial temporal lobe is the electrophysiological signature of HS.

ABSTRACT

Objective: To clarify the clinical significance of ictal high frequency oscillations (HFO) in the medial tem-

poral lobe.

Methods: This study included 19 patients who underwent intracranial electrode implantation in bilateral

temporal lobes and had at least one seizure recorded at 1 kHz sampling rate. The characteristics of ictal

HFO in the medial temporal lobe, and the relations between the presence of HFO, pathology, and postop-

erative seizure outcome were analyzed.

Results: Ictal HFO were detected from medial temporal structures in 11 patients with medial temporal

lobe epilepsy (MTLE). Among eight patients without HFO, only three were diagnosed with MTLE. Ictal

HFO were detected from unilateral medial temporal structures ipsilateral to the side of hippocampal scle-

rosis (HS). In one patient with bitemporal independent seizure onset, ictal HFO were detected only on the

side of HS. HS was detected in all 11 patients with HFO, but in only one of four patients without HFO.

Seizure outcome did not differ between patients with and without HFO.

Conclusions: Ictal HFO in the medial temporal lobe may be a specific marker for MTLE with HS.

Significance: Recording of ictal HFO in the medial temporal lobe may be useful for presurgical evaluation

of MTLE.

© 2011 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved.

1. Introduction

cies ranging from 170 to 400 Hz, usually with fast frequencies of
260-270Hz [fast ripple: FR (Bragin et al, 1999), very high

Electrophysiological studies in animals revealed that high frequency band: VHF (Jirsch et al., 2006)]; (3) usually detected

frequency oscillations (HFO) with frequencies of 400-1000 Hz
were recorded in the vicinity of epileptogenic foci (Gastaut and
Fischer-Williams, 1959). Recently, HFO have attracted attention
in epilepsy surgery. Previous studies have reported the character-
istics of HFO in medial temporal lobe epilepsy (MTLE) as follows;
(1) recorded from hippocampus or entorhinal cortex; (2) frequen-

* Corresponding author. Address: National Epilepsy Center, Shizuoka Institute of
Epilepsy and Neurological Disorders, Urushiyama 886, Aoi-ku, Shizuoka 420-8688,
Japan. Tel.: +81 54 245 5446; fax: +81 54 247 9781.

E-mail address: n-usui@szec.hosp.go.jp (N. Usui).

on the side of surgical resection; (4) not detected in the region of
secondary propagation; (5) can be recorded ictally or interictally;
(6) appear as clusters of short bursts with a duration of 6-53 ms;
(7) usually associated with ictal spikes on conventional EEG; (8)
detected by only 1-2 macroelectrode channels; and (9) low
amplitudes of 5-30 uV (Bragin et al.,1999, 2002; Jirsch et al,
2006; Yamaguchi et al., 2008).

As for ictal HFO, Jirsch et al. (2006) reported ictal HFO in 10 pa-
tients with focal seizures, including four with medial temporal on-
set seizures. They used the EEG seizure onset as a surrogate for the
epileptogenic area, and did not evaluate the postoperative seizure

1388-2457/$36.00 © 2011 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.clinph.2011.02.006
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Table 1
Clinical characteristics of 19 patients.
Patient Age (yrs)/sex Age at onset (yrs) Semiology Interictal EEG Ictal EEG
1 20/M 7 Automotor Lt Rt
2 21/F 1 Automotor Bil Rt
(Lt predominant)
3 32/F 10 Dysmnestic aura — automotor Rt Rt
4 36/F 15 Aura — automotor Rt Lt
5 43/F 9 Dialeptic Bil Lt
(Lt predominant)
6 34/[F 1 Aura — automotor Bil Bil
(Lt predominant) (Lt predominant)
7 30/F 4 Automotor Rt Lt
8 19/M 3 Abdominalaura — automotor Bil Bil
(Lt predominant) (Rt predominant)
9 43(F 9 Aura - dialeptic Rt Lt
10 37/F 18 Automotor Bil Lt
11 39/M 10 Aura — automotor Bil Rt
(Rt predominant)
12 36/M 27 Dialeptic Bil Lt
13 21/M 15 Abdominal aura - dialeptic Rt Rt
14 29/M 16 Aura - automotor Bil Lt
15 26/F 15 Automotor Rt Rt
16 26/M 5 Hypermotor Bil Bil
17 16/F 11 Automotor Bil Bil
(Lt predominant)
18 31/F 11 Automotor Lt Bil
(Lt predominant)
19 21/M 15 Aura — automotor Bil Lt

M: male; F: female; Rt: right; Lt: left; Bil: bilateral independent spikes on right and left.

outcome. Khosravani et al. (2009) also studied ictal HFO in seven
TLE patients. However, the clinical significance of ictal HFO on sur-
gical decision-making has not been fully examined.

To clarify the clinical relevance of ictal HFO, we analyzed their
characteristics including the spatial distribution of ictal HFO in the
medial temporal lobe, and compared the presence or absence of ictal
HFO with hippocampal pathology and postoperative seizure out-
come. We also demonstrated the clinical usefulness of detecting ictal
HFO in surgical decision-making for bitemporal epilepsy.

2. Patients and methods
2.1. Patients

Previously, we proposed the following criteria for omitting
intracranial EEG monitoring in patients with temporal lobe
epilepsy; (1) appearance of focal epileptic discharges in unilateral
sphenoidal lead during the phase of simple partial seizures, or uni-
lateral discharges predominantly in the sphenoidal lead during the
early phase of complex partial seizures; (2) interictal spikes on
scalp-recorded EEGs localizing unilaterally in the anterior region
of the temporal lobe, and if bilaterally independent, presenting
with unilateral predominance in a ratio of greater than 4:1; (3)
presence of autonomic signs in the initial phase of signal symp-
toms; and (4) neuroimaging findings in the mesial temporal region
showing elongated T2 on MRI and HS, or a tumorous lesion
(Mihara et al., 1992). Consequently, between May 2005 and May
2008, 19 patients underwent implantation of combined depth
and subdural electrodes in bilateral temporal lobes (Mihara and
Baba, 2001), and had at least one seizure recorded at 1 kHz sam-
pling rate. These 19 patients were included in this study. Before
intracranial video/EEG monitoring, all patients underwent non-
invasive presurgical evaluations including history-taking, video/
scalp sphenoidal EEG monitoring, neuroimagings, and neuropsy-
chological tests. Brain MRI was performed at 1.5 tesla and 5-mm
slice thickness, and axial, coronal, and sagittal T1-weighted,
T2-weighted, and FLAIR images were acquired. The clinical charac-

teristics of the 19 patients are shown in Table 1. Seizures were
classified by the semiological seizure classification proposed by
Liiders et al. (1998).

Depth electrodes (Unique Medical, Japan, 0.8 mm diameter,
1 mm length, either 5 or 10 mm center-to-center spacing) were
placed in bilateral hippocampi and amygdala using MRI stereotaxy.
Subdural electrodes (Ad-tech Medical Instrument, Racine, WI.
2.3 mm contact, effective area 4.15 mm?, 10 mm spacing) were
also placed over bilateral temporal regions including the basal
and anterior aspects, and the adjacent parieto-occipital areas
(Fig. 1). Reference electrodes were placed on the surface of the
skull, with the contacts of the electrodes facing away from the skull
to avoid the referential activation. Analyses were performed on ref-
erential montages. Antiepileptic medications were reduced, and
EEG recording was started approximately 1 week after electrode
placement and continued for approximately 2 weeks. The EEG sig-
nals were digitally recorded by EEG-1000 (Nihon Kohden) at a
sampling rate of 200 Hz and a time constant of 10 s for conven-
tional EEG analysis. For detection of HFO, EEG was low pass filtered
at 300 Hz, recorded at a sampling rate of 1 kHz and a time constant
of 10s.

Fig. 1. Skull X ray showing the location of intracranial electrodes. Left: anteropos-
terior view. Right: lateral view. Two depth electrodes are inserted into the medial
temporal structure on each side. RA and LA are aimed at amygdala, and RH and LH
are at hippocampus. Basal temporal areas are covered by subdural electrodes.
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