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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).

¢ They were not propagated contralaterally except for one patient.

o 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.
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Epilepsy surgery

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 media) 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. Intreduction cies ranging from 170 to 400 Hz, usually with fast frequencies of
260-270Hz [fast ripple: FR (Bragin et al, 1999), very high
frequency band: VHF (Jirsch et al., 2006)]; (3) usually detected

on the side of surgical resection; (4) not detected in the region of

Electrophysiological studies in animals revealed that high
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).

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 detectingictal
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
Liders 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, WL
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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3. Resuits
3.1. Characteristics of ictal HFO

A total of 58 seizures were recorded at 1 kHz sampling rate.
The seizure onset zone identified on the conventional EEG record-
ing; number of seizures recorded at 1kHz sampling rate; elec-
trodes detecting HFO; frequency, amplitude and duration of
HFO; inter-HFO interval; total duration; and time lag from HFO
onset to EEG seizure onset are shown in Table 2. Ictal HFO were
detected in 11 patients. In nine of 11 patients with HFO, all sei-
zures recorded at 1kHz sampling originated from the medial
temporal regions ipsilateral to the side of surgical resection. In
Patient 2, independent seizure onset from the left and right med-
ial temporal regions was recorded. In Patient 9, five seizures were
recorded. Three seizures originated from the right medial tempo-
ral area, while the remaining two seizures arose from the right
temporo-parietal area preceding the discharges in the right med-
ial temporal area two to 3 days after withdrawal of carbamaze-
pine. Medial temporal onset seizures and temporo-parietal
onset seizures occurred on the same day. Finally, based on all
the information, including intracranial EEG findings, all 11 pa-
tients with ictal HFO in the medial temporal area were diagnosed
with MTLE and underwent resection surgery. Among the remain-
ing eight patients in whom no HFO were detected in the medial
temporal structures, only three were diagnosed with MTLE (pa-
tients 12, 13, and 15), while the seizure onset zones were heter-
ogeneous or poorly localized in the others. In one patient with no
ictal HFO recorded in the medial temporal lobe (Patient 19), ictal
HFO were detected in the basal temporal area (electrodes LBAS

and LBP5). Conventional ictal EEG also revealed seizure onset in
the left basal temporal region (LBA3-6, LBP3-6). Basal temporal
language area was also identified in the same region (LBA2-4,
LBP3). This patient did not undergo resection surgery, considering
the risk of language deficit.

The HFO in all 11 patients were segmental, lasted 19-75 ms
(mean value), were detected in 1-4 channels, and had frequencies
of 200-333 Hz. HFO could not be detected outside this frequency
range. In eight of 11 patients, HFO were detected at more than
one electrode. The mean amplitudes of HFO ranged from 17.3 to
49.3 pV. They were localized in unilateral medial temporal struc-
tures, mainly in the hippocampus (Fig. 2), and/or the amygdala.
In three patients (patients 4, 9, and 10), ictal HFO were exclusively
detected in the amygdala. HFO were also detected by subdural
electrodes placed over the mediobasal temporal region (parahip-
pocampal gyrus, TB) in five patients. HFO detected by subdural
electrodes always appeared simultaneously with the HFO detected
by depth electrodes. The electrodes with ipsilateral HFO were in-
cluded in the seizure onset zone defined by conventional EEG in
10 patients. In the remaining patient (Patient 3), the electrodes
with HFO were outside the seizure onset zone. However, both
the electrodes with HFO and seizure onset zone of the patient were
included in the left medial temporal structures and resected to-
gether by amygdalohippocampectomy.

HFO (ipsilateral to the side of surgical resection) onset preceded
conventional EEG ictal onset by 5.0-74.5s (mean values). The
characteristics of HFO were consistent among seizures in each
patient.

Ictal HFO were usually associated with spikes. When HFO were
associated with spikes, they followed the peaks of the spikes. The

EEG onset +

LHqJ’\'MW

Neo

0.1 mv

0.1 sec

Fig. 2. Ictal EEG and HFO in Patient 1. (A) Conventional EEG (low-pass filter 120 Hz, time constant 0.1 s) reveals periodic sharp waves at LH1-3. The periodic sharp waves are
followed by more repetitive sharp waves in the left hippocampus and amygdala. Filled circles indicate the presence of HFO. (B) HFO waveforms (low-pass filter 300 Hz, time
constant 0.003 s). 200-250 Hz high frequency activities are detected at LH1-3. Note the calibration, which shows that HFO waves have very small amplitude and short

duration.
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Fig. 3. Ictal EEG and HFO in Patient 7. (A) On conventional EEG (low-pass filter 120 Hz, time constant 0.1 s), ictal EEG starts with a large positive sharp wave at RH1 and RH2,
followed by beta activities at the same electrodes. Seven seconds later, rhythmic beta waves start at RA1 and RA2 with gradual evolution. Approximately 45 s later, left-sided
electrodes (LH1-4 and LA1-4) start showing small spikes, followed by beta activities in the same electrodes Filled circles and the bold line indicate the presence of HFO. (B)
HFO waveforms before conventional EEG onset, around onset, and around conventional EEG onset at the left hemisphere (low-pass filter 300 Hz, time constant 0.003 s). These
demonstrate 200-333 Hz high-frequency activities at 1-4 electrodes in the right side (RA1, RA2, RH1 and RH2). These also demonstrate high-frequency activities at LA1-2 and
LH1 around the conventional EEG onset on the left side. Circles indicate the locations of HFO.

mean total duration of ictal HFO ranged from 28.8 to 79.5 s. Con-
tralateral seizure propagation was seen in 10 of 11 patients with
ictal HFO. Except for one patient (Patient 7), HFO were not detected
in the areas of contralateral seizure propagation. In Patient 7, three
seizures were recorded at 1 kHz sampling rate. All seizures origi-
nated from the right medial temporal region, and propagated to
the left side. Ictal HFO were detected by the right medial temporal
electrodes (RA1-2, RH1-2). In this exceptional case, ictal HFO were
also detected in the left medial temporal electrodes (LA1-2, LH1) in
two of three seizures. HFO on the left side were observed only two
or three times, and the total durations of these contralateral HFO
were 0.36-0.64 s, much shorter than those of HFO recorded on
the resection side (Fig. 3).

In another patient (Patient 2), five seizures were recorded at
1 kHz sampling rate. On conventional EEG, three of five seizures
originated from the right medial temporal region, and the remain-
ing two from the left medial temporal region. Ictal HFO in the right
medial temporal structures were observed in the three seizures
originating on the right. Even in the two seizures originating from
the left side, ictal HFO were detected only in the right medial tem-
poral structures and preceded the left temporal EEG onset by 74.5 s
(Fig. 4).

Interictal HFO were also detected in 10 patients (Patients 2-5,
7-11, and 18) (Table 3). These interictal HFO appeared more
irregularly, and the inter-burst intervals of HFO lasted longer than
those of ictal HFO. In eight patients, interictal HFO were detected
only on the side of resection. In one patient (Patient 11), interictal

HFO were detected in bilateral hippocampi, although the fre-
quency of appearance was much higher on the ipsilateral side.
In the remaining patient who did not proceed to surgery (Patient
18), interictal HFO were detected in the unilateral medial tempo-
ral structure.

3.2. Ictal HFO and hippocampal pathology

Surgical procedures and hippocampal pathology are shown in
Table 4. In 11 patients who had ictal HFO, histological examination
revealed HS in all the patients (type 1a in nine, and type 2 in two).
In three patients (Patients 4, 9, and 10) showing ictal HFO exclu-
sively in the amygdala, HS (type 1a) was also identified histologi-
cally. In eight patients who showed no ictal HFO, five underwent
medial temporal resection (amygdalohippocampectomy in three,
anterior temporal lobectomy including medial temporal structures
in two), and pathological results were available in four of five pa-
tients. Classic sclerosis (type 1a) was observed in one patient,
while no HS was found in the remaining three patients. The asso-
ciation between the presence of ictal HFO and HS was statistically
significant (p = 0.008791).

3.3. Ictal HFO and postoperative seizure outcome
Favorable seizure outcome (Engel's class I) was obtained in

eight of 11 patients with ictal HFO (Table 4). In one patient with
class Il outcome (Patient 11), a few seizures were observed soon
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Fig. 4. Ictal EEG and HFO in Patient 2. (A) On conventional EEG (low-pass filter
120 Hz, time constant 0.1 s), ictal EEG starts with repetitive spikes at LA1, LH2, LH3,
and LH4, as well as rhythmic alpha activity at LH1 at the same time. The spikes
spread widely in the left temporal area, and are replaced by rhythmic beta waves at
LH1, LH2, LH3, and LH4. The right hemispheric electrodes do not show clear ictal
activities throughout. Filled circles and bold line indicate the presence of HFO. (B)
HFO waveforms before conventional EEG onset, and around onset (low-pass filter
300 Hz, time constant 0.003 s). 200-333 Hz high frequency activities are recorded
at 1 to 3 electrodes on the right side (RA1, RH1, and RH2). Circles indicate the
locations of HFO. Although spikes are seen on the left side, HFO is not recorded at
the left-sided electrodes.

after surgery, and the seizures were controlled by increasing anti-
epileptic medications. In one patient (Patient 9) with poor outcome
(class 1), seizures arising from contralateral temporal region were

Table 3
Detection and parameters of interictal high frequency oscillations.

in one. Favorable seizure outcome (Engel’s class I) was obtained in
three of five patients without HFO who underwent resective sur-
gery including medial temporal structures. Comparing the patients
who underwent amygdalohippocampectomy in the two groups,
favorable seizure outcome was obtained in seven of 10 patients
with ictal HFO, and in two of three patients without HFO. Seizure
outcome was not statistically different between the patients with
and without ictal HFO.

4. Discussion
4.1. Characteristics of ictal HFO in medial temporal lobe

HFO in medial temporal structures have been reported in recent
years. Most reports of HFO in patients with MTLE analyzed the
interictal state with microelectrodes, usually during non-REM
sleep (Staba et al., 2004). Fast ripples are considered to represent
hypersynchronous discharges of locally interconnected principle
neurons capable of generating spontaneous seizures (Staba et al.,
2002). Fast ripples are most often recorded on a single microwire,
supporting the hypothesis that fast ripple HFO are primarily gener-
ated by highly localized, sub-millimeter scale neuronal assembles
that are most effectively sampled by microwire electrodes (Worrell
et al,, 2008). However, other reports have demonstrated that mac-
roelectrodes also detect HFO in medial temporal structures (Jirsch
et al, 2006; Khosravani et al, 2009; Yamaguchi et al, 2008).
Although interictal HFO in the medial temporal lobe have been
widely studied, the clinical significance of ‘ictal’ HFO in the medial
temporal lobe has not been specifically studied.

In this study, multiple sites of the medial temporal regions were
investigated with both depth and subdural electrodes. Ictal HFO
appeared in a relatively stereotyped segmental fashion, and were
detected mainly in the hippocampus andfor the amygdala. They
were mostly located unilaterally ipsilateral to the side of HS, in
contrast to interictal HFO in medial temporal lobe, which can be
detected bilaterally (Staba et al., 2002). In eight patients, ictal
HFO were detected at multiple electrode contacts, suggesting that
HFO may reflect synchronous discharges widely located within
unilateral medial temporal region. The sensitivity of subdural elec-
trodes in detecting HFO was lower than that of depth electrodes.

Patient Electrodes detecting HFO Frequency (Hz) Amplitude (pV) Duration (ms) Inter-HFO Interval (s)

1 None - - - -

2 RH1-2 . 200-333 48.5 (30.9-70.6) 31 (33-71) 244 (6.4-42.9)

3 LH2-3 200-333 42.7 (17.6-61.8) 25(19-28) 1.5 (0.3-3.3)

4 RA1 200~-333 25.0(10.3-88.2) 30 (18-43) 12.1 (1.4-73)

5 LA1-2, LBP1-2 200-333 39.5 (22.6~-55.8) 23 (16-32) 2.5(04-17.9)

6 None - - - -

7 RA1 200-333 42.7 (20.6-85.3) 22 (13-34) 18.3 (10.6-23.7)

8 LH2, LBP1 200-250 29.4 (26.5-35.3) 50 (29-67) 4.3 (1.6-18.7)

9 RA1-2 200-333 32.0 (12.0-39.7) 25 (19-34) 241 (0.4-6.8)

10 RA1 200-250 29.4 (20.6-38.2) 19 (15-25) 27.8 (3.6-121)

11 RH1 200-250 57.8 (44.1-76.5) 26 (10-46) 4.3 (0.8-16.3)
LH2 200-250 35.3 (26.5-44.1) 20 (17-23) 90 (40-199)

12 None - - - -

13 None - - - -

14 None - - - -

15 None - - - -

16 None - - - -

17 None - - - -

18 LH1-2, LBP1-2 200-333 26.8 (13.2-41.2) 27 (22-32) 31 (1-131)

19 None - - B -
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Table 4
Surgery, hippocampal pathology, and seizure outcome in 19 patients.

Patient Surgery Follow-up (months) MRI Pathology (Bliimcke) Outcome (Engel)
1 Lt AHE 49 Lt HS HS (Type 1a) Ia
2 Rt AHE 51 Rt HS HS (Type 1a) Id
3 Lt AHE 13 Lt HS HS (Type 1a) JHES
4 Rt AHE 43 Rt HS HS (Type 1a) Ic
5 Lt ATL 33 Lt HS HS (Type 1a) Id
6 Lt AHE 12 Lt HS HS (Type 2) la
7 Rt AHE 22 Rt HS HS (Type 2) Ia
8 Lt AHE 26 Lt HS HS (Type 1a) b
9 Rt AHE 24 Rt HS HS (Type 1a) MMa
10 Rt AHE 12 Rt HS HS (Type 1a) Ia
11 Rt AHE 17 Normal HS (Type 1a) b
12 Lt AHE 54 Normal No HS Tib
13 Rt AHE 35 Rt AH No HS la
14 Lt LTR 37 Normal NA JUE
15 Rt AHE 48 Rt HS HS (Type 1a) Ic
16 Lt ATL 40 Normal No HS Ia
17 Lt ATL 24 Normal NA Itla
18 No - Lt HS - -
19 No - Normal - -

Rt: right; Lt: left; AHE: amygdalohippocampectomy; ATL: anterior temporal lobectomy; LTR: lateral temporal resection; HS: hippocampal sclerosis; AH: amygdalar

hypertrophy; NA: data not available.

Depth electrodes were inserted into subiculum, Ammon’s horn,
and amygdala, whereas subdural electrodes were implanted over
the parahippocampal gyrus. One reason for the different sensitivity
may be the different locations of the electrodes. Subiculum, Am-
mon’s horn, and amygdala may generate ictal HFO more frequently
than parahippocampal areas. Another reason may be the wider
contact surface of subdural electrode (4.15mm?) than that of
depth electrode (2.6 mm?, calculated from the diameter and the
length). In addition to the location of electrodes, the difference in
contact surface of the electrodes may affect the sensitivity.

In 10 of 11 patients with ictal HFO, the electrodes with ipsilat-
eral ictal HFO were included in the seizure onset zone, whereas in
the remaining patient, they were outside the seizure onset zone.
Since both the areas with HFO and seizure onset zone were re-
sected, whether HFO or seizure onset zone is superior for deciding
the area of resection cannot be determined.

Usually, HFO followed the peaks of the spikes. In a separate study
of neocortical epilepsy, we found that very high frequency activities
faster than 1000 Hz usually preceded the spikes. In other words,
spikes seem to interrupt very high frequency activities in neocortical
epilepsy. Therefore, we speculate that spikes may be an inhibitory
phenomenon in neocortical epilepsy (Usui et al., 2010). On the con-
trary, the temporal relation between spikes and HFO in the medial
temporal lobe suggests that the spikes may trigger HFO. Therefore,
spikes may be an excitatory phenomenon in MTLE.

In a conventional EEG setting, inter-observer differences are
common even for the interpretation of ictal onset, since conven-
tional EEG waveforms can be very variable. On the contrary, the
characteristics of medial temporal ictal HFO were very consistent
among patients. Therefore, the identification of ictal HFO may sup-
port interpretation of ictal EEG.

Ictal HFO (ipsilateral to the side of surgical resection) always
appeared before conventional EEG seizure onset. Except in one pa-
tient, ictal HFO did not appear in the region of contralateral spread.
Moreover, they did not spread outside the medial temporal re-
gions. These findings suggest that HFO are strongly related to epi-
leptogenicity. Jirsch et al. (2006) also reported concordant results.
In one exceptional case, HFO appeared in the area of contralateral
seizure spread, but the total duration of contralateral HFO was
much shorter. In this case, amygdalohippocampectomy on the side
of seizure origin was performed, and the patient has been seizure
free for approximately 2 years. Careful follow-up of this patient is
necessary to evaluate epileptogenicity in the contralateral medial
temporal lobe.

Temporal lobe epilepsy has been considered as a bilateral dis-
ease (Margerison and Corsellis, 1966). It is often difficult to decide
the surgical indication and the side of resection in patients with
bitemporal epilepsy, even with intracranial EEG. In one patient,
clinical seizures originated independently from bilateral medial
temporal lobes when assessed on conventional EEG. However, ictal
HFO were detected unilaterally. The findings in this patient
strongly suggest that ictal HFO may not be just a part of ictal
EEG changes, but probably represent electrophysiclogical phenom-
ena independent of the activity usually detected by conventional
EEG, and that epileptogenicity and ictogenicity could be differenti-
ated by ictal HFO. Crépon et al. (2010) recently studied interictal
HFO with macroelectrodes, and reported detection of interictal
HFO unilaterally in a case of bitemporal seizure onset. They sug-
gested the usefulness of interictal HFO for defining the seizure on-
set zone. In our patients, interictal HFO were detected in 10
patients, and they were unilateral and ipsilateral to the side of
resection in eight patients. Therefore, interictal HFO may be also
useful for deciding the side of resection. However, interictal HFO
in medial temporal lobe has also been detected bilaterally (Staba
et al., 2002). The one reason for disagreement may be the extended
periods of recording in the study by Staba et al. (2002) (the mean
length of time analyzed was 177 = 7 min of non-REM sleep) com-
pared with our study (5 min). Further studies are necessary for
clarifying the usefulness of ictal and interictal HFO for deciding
the side of resection in bitemporal epilepsy.

4.2. Correlation with hippocampal pathology

Using microelectrodes, Staba et al. (2007) reported that higher
fast ripples to ripple ratios are associated with histopathologic
changes found in HS in TLE patients. Recently, Ogren et al. (2009)
studied interictal HFO recorded by hippocampal microelectrodes
in 10 patients with MTLE, and demonstrated the proximity between
fastripples and local hippocampal atrophy. Our study demonstrated
a strong association between ictal HFO (fast ripple range) in medial
temporal lobe detected by macroelectrodes and HS. In Patient 11,
preoperative MRI did not reveal clear HS. However, ictal HFO were
detected in the right hippocampal electrode and HS was detected
pathologically. Ictal HFO in the medial temporal lobe may be the
electrophysiological signature of HS. Neuron loss and synaptic reor-
ganization may contribute to the generation of HFO (Ogren et al.,
2009).
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Among the four patients without ictal HFO who underwent
resection of the medial temporal lobe, histopathology revealed
no HS in three of four patients. In Patient 13 with no HS, amygdalo-
hippocampectomy was performed and the patient became seizure
free. Ictal HFO may be absent in patients with MTLE without HS. In
one patient who had HS (classic sclerosis) but no HFO (Patient 15),
seizures continued with somatomotor signs for 2 years after amy-
gdalohippocampectomy, and then became controlled without
medication adjustment, and she has been seizure-free for more
than 2 years (Engel’s class Ic). Although the reason for late seizure
remission in this patient is not clear, the epileptogenic zone might
not be restricted to medial temporal structures. In addition to HS,
primary epileptogenicity in the medial temporal lobe may be a req-
uisite for generating ictal HFO.

4.3. Correlation with postoperative seizure outcome

Eight of 11 patients with HFO achieved Engel’s class I outcome,
and one patient had class Il outcome. In one case (Patient 9), con-
tralateral temporal onset seizures were recorded after surgery,
although contralateral HFO was never recorded during invasive
monitoring. Although an association between resection of ictal
HFO generating zone and favorable seizure outcome in neocortical
epilepsy has been suggested (Ochi et al., 2007), such a relationship
could not be proven in this study. However, this result should be
interpreted with caution. A strong association with ictal HFO and
HS was established in this study. All patients with ictal HFO were
diagnosed with MTLE. Subsequently, seven of 10 patients with
HFO who underwent amygdalohippocampectomy obtained good
seizure outcome. On the contrary, only three of eight patients
without HFO were diagnosed with MTLE. In other patients, the epi-
leptogenic zone was heterogeneous or poorly localized. The pres-
ence of ictal HFO in the medial temporal lobe strongly favors a
diagnosis of MTLE with HS and subsequent resective surgery. The
small number of patients without HFO may lead to the negative re-
sult for seizure outcome. Further study including more patients
without HFO may clarify the relationship between the presence
of ictal HFO and postoperative seizure outcome.

Jacobs et al. (2010) analyzed interictal HFO in 20 patients, and
compared rates and extents of HFO in resected and non-resected
areas with surgical outcome. Patients with a good outcome (Class
I or 1) had a significantly larger proportion of HFO-generating
areas removed than patients with a poor outcome (Class 1l or
IV). In our 11 patients with ictal HFO, HFO-generating areas were
completely resected in all 11 patients. However, there were two
patients with a poor outcome (Class III). The discordance may be
due to the fact that Jacobs et al. included both fast ripples and rip-
ples as HFO, whereas we did not include ripples as HFO. Ripples
can be either pathologic or memory-related. Further studies for dif-
ferentiating pathological ripples from healthy, memory-related
ones are necessary.

4.4. Clinical significance of absence of HFO in the medial temporal lobe

In eight patients, no ictal HFO was detected in the medial tem-
poral lobe. Compared to patients with HFO, the epileptogenic
zones of patients without HFO were more heterogeneous or poorly
localized.

When no ictal HFO is detected in the medial temporal area, two
possibilities should be considered. One is that the diagnosis is not
MTLE. In Patient 16, lateral temporal lobe epilepsy was diagnosed
and left anterior temporal lobectomy, including medial temporal
lobe, was performed with complete seizure control, and histopathol-
ogy revealed no HS. In this case, absence of ictal HFO in the medial
temporal lobe may simply reflect that the medial temporal lobe
might not be included in the epileptogenic zone. In Patient 19 with

no HFO in the medial temporal lobe, ictal HFO were detected in the
basal temporal lobe. Ictal high frequency activities recorded from
neocortex have been reported (Jirsch et al., 2006; Ochi et al., 2007;
Usui et al,, 2010). However, most of the patients in this study were
diagnosed with possible temporal lobe epilepsy. Therefore neocorti-
cal HFO was not common. Another possibility is that the diagnosis is
MTLE without HS. In Patient 13, amygdalohippocampectomy re-
sulted in seizure control, and histopathology revealed no HS. There-
fore, in some patients with MTLE without HS, ictal HFO may not be
detected. Although further research is needed, ictal HFO in the med-
ial temporal lobe may be a specific marker for MTLE with HS.
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