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Summary

Purpose—Intracranial electroencephalography (EEG) is performed as part of an epilepsy
surgery evaluation when noninvasive tests are incongruent or the putative seizure-onset zone is
near eloquent cortex. Determining the seizure-onset zone using intracranial EEG has been
conventionally based on identification of specific ictal patterns with visual inspection. High-
frequency oscillations (HFOs, >80 Hz) have been recognized recently as highly correlated with
the epileptogenic zone. However, HFOs can be difficult to detect because of their low amplitude.
Therefore, the prevalence of ictal HFOs and their role in localization of epileptogenic zone on
intracranial EEG are unknown.

Methods—We identified 48 patients who underwent surgical treatment after the surgical
evaluation with intracranial EEG, and 44 patients met criteria for this retrospective study. Results
were not used in surgical decision making. Intracranial EEG recordings were collected with a
sampling rate of 2,000 Hz. Recordings were first inspected visually to determine ictal onset and
then analyzed further with time-frequency analysis. Forty-one (93%) of 44 patients had ictal HFOs
determined with time-frequency analysis of intracranial EEG.

Key Findings—Twenty-two (54%) of the 41 patients with ictal HFOs had complete resection of
HFO regions, regardless of frequency bands. Complete resection of HFOs (n = 22) resulted in a
seizure-free outcome in 18 (82%) of 22 patients, significantly higher than the seizure-free outcome
with incomplete HFO resection (4/19, 21%).

Significance—Our study shows that ictal HFOs are commonly found with intracranial EEG in
our population largely of children with cortical dysplasia, and have localizing value. The use of
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ictal HFOs may add more promising information compared to interictal HFOs because of the
evidence of ictal propagation and followed by clinical aspect of seizures. Complete resection of
HFOs is a favorable prognostic indicator for surgical outcome.

Keywords

High-frequency oscillations; Intracranial EEG; Time-frequency analysis; Surgical outcome;
Nonlesional epilepsy

Twenty percent to 30% of all patients diagnosed with epilepsy will be medically intractable
(Hauser & Hesdorfeer, 1990; Schuele & Luders, 2008). For patients with intractable focal
epilepsy, the identification and resection of the epileptogenic zone, defined as “the minimum
amount of cortex [that] must be resected, inactivated, or completely disconnected to produce
seizure freedom” (Luders et al., 2006), can be curative (Engel, 1996; Wiebe et al., 2001). In
children with predominantly neocortical epilepsy, intracranial electroencephalography
(ICEEG) is often used to further define the epileptogenic zone. With rapid digitization rates
of ICEEG and high signal to noise ratio (SNR) observed in intracranial recordings compared
to scalp EEG, it is possible to identify very fast oscillations after applying sufficient high-
pass filtering (i.e., 80 Hz). These oscillations have been termed high-frequency oscillations
(HFOs, >80 Hz) (Bragin et al., 1999a; Staba et al., 2004; Engel et al., 2009).

Differentiating between physiologic and epileptogenic HFOs is critical. Physiologic HFOs
in the high gamma/low ripple range (70-150 Hz) have been observed in primary motor
cortex (Huo et al., 2010, 2011): those in the ripple range (80-200 Hz) have been associated
with memory consolidation (Buzsaki et al., 1992; Axmacher et al., 2008; Le Van Quyen et
al., 2008), and much faster oscillations (>600 Hz) have been associated with somatosensory
evoked responses (Curio et al., 1994; Hashimoto et al., 1996; Ozaki et al., 1998). Following
Bragin et al., 1999a,b description of pathologic HFOs in the range of 200-600 Hz, there
have been numerous reports regarding the association between frequency bandwidth and
specific pathologies (Jacobs et al., 2008, 2009a,b; Kobayashi et al., 2009; Zijlmans et al.,
2009; Jacobs et al., 2010; Zijimans et al., 2011). It has been suggested that HFOs generated
by the hippocampus tend to be more robustly identified and of faster frequency, including
the fast ripple range, whereas neocortical structures tend to generate pathologic HFOs in the
ripple range (Jacobs et al., 2008).

Recent studies have shown that resection of interictal HFO regions correlate with seizure
freedom in children, suggesting that the majority of HFO discharges observed during
ICEEG monitoring are epileptogenic (Jacobs et al., 2010; Wu et al., 2010). However,
sometimes it is difficult to distinguish HFOs from artifact by visual inspection during the
interictal state, especially after high-pass filtering (e.g., >80 Hz). The presence of HFOs
during ictal onset has been increasingly recognized as well, but few studies report the
usefulness of ictal HFO analysis compared to conventional visual analysis of ICEEG in the
pediatric population (Bragin et al., 1999b; Akiyama et al., 2005, 2006; Jirsch et al., 2006; Le
Van Quyen et al., 2006; Ochi et al., 2007; Staba et al., 2007; Urrestarazu et al., 2007; Jacobs
et al., 2009a, 2010). We hypothesized that complete resection of cortex generating ictal
HFOs is associated with a more favorable clinical outcome when compared to incomplete
HFO resection.

Materials and Methods

Patient population

Patients were identified retrospectively and included in the study if they had ICEEG
recording followed by surgical resection between September 2008 and December 2009.
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Information regarding HFO location was not available for surgical decision making.
Exclusion criteria were the following: (1) patients who had ICEEG with no focal resection
(hemispherectomy, but patients who first had a focal resection and then subsequently went
to hemispherectomy were included) and (2) patients with <1 year postsurgical follow-up.
The placement of intracranial electrodes was guided by standard presurgical evaluation,
including prolonged scalp video-EEG monitoring and multimodality brain imaging studies
as described previously (Seo et al., 2011). Resections were individually tailored based on the
results of ICEEG and functional mapping. The patients' antiepileptic drugs were stopped or
reduced during the ICEEG monitoring in order to record sufficient seizures. This study was
approved by the Cincinnati Children's Hospital Medical Center Institutional Review Board.

Intracranial EEG (ICEEG) video monitoring data acquisition

All patients underwent surgery for the placement of intracranial grid and/or strip electrodes
made with platinum disks in silastic and arranged in a grid pattern with center-to-center
interelectrode distance of 1 cm (INTEGRA, Plainsboro, NJ, U.S.A.). Each electrode has an
exposed surface diameter of <2.5 mm. The ICEEGs were recorded with a sampling rate of
2,000 Hz per channel (Stellate, Montreal, QC, Canada). The recordings were performed
referentially with a scalp electrode as a reference, but subsequently referenced to two
adjacent intracranial electrodes without active epileptiform discharges or nonphysiologic
artifacts in order to diminish 60 Hz environmental artifacts and eliminate myogenic artifacts.

Selection of seizures and identification of ictal onset

All seizures included in the study were identified as the patients' habitual clinical seizures. If
the patient had more than one seizure type recorded, two of each type were selected for
analysis. In the case of more than two seizures recorded for a given type, the recording with
the least amount of artifact was selected for analysis. All electrodes without prolonged
artifact were retained. The ictal onsets were defined by initial visual inspection and had to be
clearly distinguishable from the ongoing background rhythms as well as not explained by
artifact or physiologic state changes (Gotman et al., 1993) using regular bandwidth filtering
with high pass filter of 1 Hz and low pass filter of 100 Hz. Evolution of rhythmic discharges
in frequency, time, and amplitude was necessary to identify the visualized onset, and
distinguish from transient artifactual changes. Time-frequency analysis (TFA) for the
identification of HFOs was started 5 min prior to the visualized ictal onset. TFA was
performed in 1-s time windows over the course of the 5 min before the visualized ictal onset.

Data analysis

TFA was performed using the power spectrum with short-time Fast Fourier Transform
(STFT) (Prism: Spectrum and Insight 1I; Persyst Development Corp, Prescott, AZ, U.S.A.).
This analysis was performed on at least two seizures for each clinical seizure type. TFA was
applied to all additional seizures that demonstrated a different EEG onset based on visual
inspection, even if the clinical semiology was unchanged from previously analyzed
examples. For each seizure, TFA was applied to the 5-min duration before the onset point
defined by the initial visual inspection, with a one second time window. Once HFOs were
detected, the window resolution was increased to 200 msec from that point until
generalization; the overlap between windows was 50%. The ordinate scale in the time
window was spectral power from 10 to 100 V2. TFA windows for all electrodes were then
visually reviewed simultaneously in an array for the detection of spectral power changes
above the threshold. TFA was applied to each bandwidth: 80-150 Hz, 150-300 Hz, and
300-500 Hz separately.

In addition to TFA, each time window segment (200 msec) was analyzed with frequency
domain analysis (FDA, [Prism: Spectrum and Insight Il; Persyst Development Corp]) with
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averaged power within each separate frequency bandwidth. Then each time window
segment for each separate frequency bandwidth was transformed to an FDA topography
overlaid onto an image of the grids either from the intraoperative photographs of the brain
with electrode placement or the three-dimensional (3D) reconstructed brain images using the
patients' own coregistered magnetic resonance imaging (MRI) and computed tomography
(CT) with grids (CURRY®6; Compumedics Limited, Abbotsford, Victoria, Australia). The
resection areas were confirmed with intraoperative postresection photographs.

Determination of SOZ

Seizure-onset zone (SOZ) electrodes were defined by TFA. Although rapid propagation of
HFOs often occurred in the seizures analyzed, it was possible to distinguish a small number
of electrodes with the first evident spectral power increase detected by the STFT power
spectrum. Empirically, we found that up to five adjacent electrodes could show similar
onset, followed by a well-defined group of electrodes with HFOs prior to diffuse spread. It
was critical to distinguish relevant pathologic HFOs from HFOs related to artifact, so
specific criteria were applied. SOZ inclusion criteria were the following: (1) presence of a
group of five or fewer electrodes showing significant spectral power shift in the measured
bands (80-500 Hz); (2) onset of ictal HFOs prior to clinical seizure; (3) spectrogram
demonstrating a discrete localized “on” phenomenon (Fig. S2 for an example of this); and
(4) electrodes with early HFO spread were included up to the point of diffuse spread.
Specific exclusion criteria were the following: (1) absence of ictal HFOs on spectrogram
before clinical onset and (2) spectrogram showing widespread scatter pattern with lack of
discrete “on” phenomenon (consistent with high frequency artifact, see Fig. S3 for
characteristics of an “artifactual” HFO). For the case of patients with more than one seizure
type, electrodes showing ictal HFOs for each seizure type were added, without weighting, to
define the ictal HFOs for the patient. Although these areas were usually tightly overlapping,
in some cases the addition of different seizure types increased the total number of electrodes.

Furthermore, we aimed to determine the difference between electrodes identified using TFA
versus conventional visual inspection of ICEEG. Using conventional bandpass filters as
described earlier, the putative epileptogenic zone was identified by visual inspection for
each seizure analyzed. Criteria for electrodes included in the epileptogenic zone were
presence of rhythmic, evolving epileptiform discharges at visualized ictal onset, or in
neighboring electrodes within 10 s of ictal onset but prior to diffuse spread. This was
performed by a blinded reviewer (HG), a pediatric epileptologist who did not participate in
the surgical evaluations or frequency analyses described.

Determination of completeness of HFO resection

After resection was completed, all patients had intraoperative photographs demonstrating
extent of resection. This information was compared to coregistered preoperative MRI and
3D reconstructions of grids to identify whether the cortex associated with each electrode was
resected. In 16 (36%) of 44 cases, a postoperative MRI was obtained for clinical purposes.
In these 16 patients, a second method was used to validate the visual assessment of resection
margin using intraoperative photographs: the resection areas were assessed by coregistration
of postoperative MR images and CT with grid locations (CURRY6; Compumedics Limited,
Abbotsford, Victoria, Australia). Complete HFO resection was defined as inclusion of all
ICEEG electrodes with ictal HFOs, as defined by TFA. HFO resection ratio was defined as
the ratio of the number of electrodes with ictal HFOs included in the resected area to the
total number of electrodes with ictal HFOs.
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Classification of surgical outcome

Surgical outcome was measured using the following four categories: seizure-free, >90% of
seizure reduction (>90%), >50% seizure reduction (>50%), and no improvement. The
clinical outcome at the most recent postsurgical follow-up clinic visit was used. For two
patients who had a focal resection followed by second surgery with functional
hemispherectomy, their first ICEEG recordings were analyzed and surgical outcome was
scored based on postsurgical follow-up from the initial surgery. The seizure-free outcomes
were compared between the two groups of patients with complete and incomplete resection
of the ictal HFOs using Fisher's exact test.

Classification of MRI findings

Results

Imaging studies were assessed by a neuroradiologist (ABR certified with added qualification
in neuroradiology) with 15 years of experience in epilepsy imaging (JLL). Analysis of
imaging was performed in a two-step process. Initially, the imaging studies were reviewed
blinded to clinical history (other than intractable epilepsy), results of other tests, and
resection location. The studies were then re-reviewed with knowledge of all additional
clinical history, EEG results, additional imaging results, and resection location (by analysis
of resection location on postoperative imaging studies). In two subjects, MRI findings were
identified on second review that were not noted initially. In one case there was a small
region of nonspecific subcortical white matter signal increase on fluid-attenuated inversion
recovery (FLAIR) images (nonspecific classification), and in another case there were
findings of hippocampal sclerosis (increased hippocampal signal and volume loss) that were
overlooked (lesional classification). The MRI studies were classified as either (1)
nonlesional: no finding of intracranial parenchymal abnormality or only nonspecific findings
(volume loss or small regions of white matter increased signal, not related to subcortical
regions or clear gyral malformation) or (2) lesional: abnormalities that included findings
compatible with cortical dysplasia (at least two of the following: abnormal gyral pattern,
cortical thickening, abnormal blurring of the cortical/white matter interface, increased To
signal in cortex and/or white matter) as well as findings consistent with tuberous sclerosis,
tumor, cavernoma, encephalomalacia, or other localized brain lesion.

Patient characteristics and overall surgical outcome

We identified 48 patients (age range 9 months to 25 years, mean age 10 years, male-to-
female ratio 29:19) who underwent ICEEG-video monitoring that ranged from 2 to 13 days.
All but one patient was younger than 18 years of age. All 48 patients had epilepsy surgery.
Three patients who had functional hemispherectomy as the initial surgery and one patient
with insufficient follow-up were excluded. Therefore, a total of 44 patients were included.
The postsurgical follow-up duration ranged between 12 and 26 months (mean 14 months)
(Table 1). Overall seizure-free outcome was seen in 52% (23 patients). For the remaining
patients, the distribution of the surgical outcomes was >90%, seven patients (16%); >50%,
nine patients (20%); no improvement, five patients (11%). Seventy-seven percent (34/44) of
our patient population were diagnosed as focal cortical dysplasia based on final pathology.
Of the remaining 10 patients, 8 had tuberous sclerosis, 1 had subpial gliosis, and 1 had
chronic inflammation. These patients were more likely to be seizure-free. Seven of 10
noncortical dysplasia cases were seizure-free (70% v. 39%, p = 0.025 Fisher's exact test).

Completeness of HFO resection and surgical outcome

Overall, the majority of patients (41/44, 93%) had ictal HFOs. In those with ictal HFOs,
between 1 and 21 electrodes were identified in each patient, with a median of 4. Complete
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HFO resection, defined as cortical resection of all electrodes showing ictal HFOs, occurred
in 22/41 (54%) (Table 1). The distribution of surgical outcomes was the following: seizure-
free, 18 patients (82%); >90%, 2 (9%); >50%, 2 (9%); no improvement, 0 (0%). Of the 19
patients who had incomplete HFO resection (19/41, 46%), only 4 (21%) were seizure-free.
The distribution of surgical outcomes was the following: seizure-free, four patients (21%);
>90%, 4 (21%); >50%, 6 (32%); no improvement, 5 (26%). Complete resection of ictal
HFOs resulted in a significantly better rate of seizure freedom (82%) than incomplete
resection (21%, p < 0.0001). In incomplete HFO resection cases, there were several factors
limiting surgical margins that may have led to incomplete resection: (1) Ictal HFOs were in
motor cortex in four patients (seizure-free, 1; >90%, 1; >50%, 2); (2) ictal HFOs were in
functional language area defined by electrical cortical stimulation in two patients (>50%, 1;
no improvement, 1); (3) ictal HFOs included hemisphere contralateral to subdural grid
placement and eventual surgical side, detected by interhemispheric electrodes, observed in
one patient (seizure-free); (4) interictal diffuse random high frequencies made it difficult to
distinguish ictal HFOs in one patient (no improvement); (5) HFOs spread to more >30% of
entire electrodes within <20 msec in three patients (seizure-free, 1; >90%, 1; no
improvement, 1). For the other eight patients with incomplete HFO resection, HFOs defined
by TFA were not included in the surgical plan, since the epileptogenic zone defined by
conventional visual inspection did not identify those electrodes (seizure-free, 1; >90%, 2;
>50%, 3; no improvement, 2). Failure to resect HFOs in any of the three bandwidths was
equally associated with poor surgical outcome. No statistical difference was noted when
comparing outcome with resection of ictal HFOs in different bandwidths (Fisher's exact test,
p =0.538).

Complete resection of the putative epileptogenic zone, as defined by conventional visual
inspection rather than TFA, was observed in 26 patients. Fifteen (58%) of 26 were seizure-
free, compared to 82% seizure-free with complete HFO resection, showing a trend toward
favorable prognosis with HFO resection over resection of conventionally defined
epileptogenic zone. This did not reach statistical significance (p = 0.118) (Table 2).

Comparison between different pathologic diagnoses was limited by the small sample size of
noncortical dysplasia cases. Eight of 10 noncortical dysplasia patients had complete HFO
resection, which showed a trend toward statistical significance (80% v. 42%, p = 0.069,
Fisher's exact test). This trend likely contributes to the superior seizure-free outcome in this
group, since complete resection of HFOs correlated with outcome overall.

Confirmation of resection margin based on postoperative MRI versus intraoperative
photographs

In the 16 patients with available postresection MRIs, resection margins, confirmed by fusion
of postresection MRI and preresection 3D grid reconstruction, did not differ substantially
from the ones confirmed by pre- and postresection intraoperative photographs. In 13 (82%)
of 16, the resection margins were identical using the two methods (Fig. S1 shows this
similarity). In two patients, the resections were slightly larger on MRI compared to
intraoperative photographs. In one patient the resection appeared smaller on MRI. In these
three slightly incongruent cases, the electrodes differentially included/excluded by the two
methods did not change the categorization of complete or incomplete HFO resection
between methods. The HFO resection ratio in these patients was not altered, since they met
complete HFO resection criteria (100%) using both methods.

Nonlesional MR image cases (normal MRI) versus lesional cases

Fifteen patients had normal or nonspecific MRI findings; six patients (40%) became seizure-
free (Table 3) postoperatively. Six (40%) of the 15 nonlesional patients had complete HFO
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resection; five of these six patients (83%) became seizure-free. Figures 1, 2 and S1 shows
the pattern of onset and spread of HFOs and the correlation of STFT findings and surgical
merging in one of the patients who had a normal MRI. In contrast, 9 of the 15 nonlesional
patients had incomplete HFO resection. Only one patient (1 of 9, 11%) categorized as
nonlesional with incomplete HFO resection became seizure-free. This patient had an HFO
resection ratio >0.3 but <0.5. Twenty-six patients (63%) were considered lesional. Of these,
18 (69%) of 26 had complete HFO resection. Fifteen (83%) of these 18 were seizure-free
(Fig. S2 shows the spreading pattern of HFO, STFT analysis, and correlation between
surgical margin and lesion in a patient who had lesional MRI).

Discussion

Planning a resection margin in pediatric epilepsy surgery is challenging. When an MRI-
visible lesion exists, this can serve as a “target” or starting point for resection. In fact, in our
surgical population the number of electrodes implanted was higher in the group of
nonlesional cases (85 electrodes) compared to the lesional cases (72 electrodes) (Table 3).
The most common pathologic cause found in pediatric cases is focal cortical dysplasia
(FCD) (Wyllie et al., 1998); in this condition, the epileptogenic zone usually encompasses a
larger area than is visible on MRI (Hemb et al., 2010; Kim et al., 2010). Even in other
pathologies with well-circumscribed lesions on MRI, lesionectomy is not always sufficient
for seizure freedom (Bollo et al., 2008). Therefore a successful surgical outcome depends on
both MRI and other modalities to define the boundaries of the epileptogenic network that
should be resected (Krsek et al., 2009).

With the ability to combine temporal resolution with excellent spatial resolution by direct
electrode coverage over the cortex, ICEEG remains the gold standard for defining the
epileptogenic zone in intractable neocortical epilepsy. However, conventional visual
analysis of ICEEG has significant limitations of its own, such as the following: (1) surface
findings of grid electrodes may not well represent deeper cortical sources in the bottom of a
sulcus; (2) depth electrode recording is available for the deeper source, but often impractical
and only feasible in a small region of interest; (3) in the case of an epileptogenic focus with
a tangential orientation, the source spreads quickly and may be undetectable above the noise
because its amplitude (power) is low and widespread (Jacobs et al., 2009a); and (4) the grid
electrodes may be misplaced outside the true SOZ.

HFO analysis is emerging as an important tool for improving the accuracy of the
information ICEEG provides. In our study, we found that ictal HFOs were commonly
present. Our report found that 93% of patients had ictal HFOs during their habitual seizure
onset. This is consistent with observations of prior studies demonstrating HFOs detectable in
the SOZ prior to clinical seizure onset. In a study of 79 seizures in nine patients, 78 of 79
showed ictal HFOs (Ochi et al., 2007). Other work describing ictal patterns in ICEEG found
the most common ictal onset pattern was a low voltage fast activity in 15 of 28 patients
(Wetjen et al., 2009). This study was performed using a lower sampling rate (250 Hz) with
low pass filter of 100 Hz. This low voltage, high-frequency ictal activity is usually identified
by conventional settings in the high beta and low gamma bandwidths. However, by
increasing the low pass filter it is usually possible to detect rhythmic oscillations faster than
80-100 Hz, fulfilling the current definition of HFOs (Bragin et al., 1999b). The upper limit
of significant brain activity defined as HFOs is currently being explored, but may be as high
as 1,000-2,500 Hz (Usui et al., 2010). In our experience, we have found that this pattern of
low voltage fast activity detectable with conventional visual inspection is the “tip of the
iceberg” of high-frequency activity. When a higher sampling rate and TFA is performed,
HFOs may be evident during ictal onset or even several seconds before. In addition,
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classically evolving spike and wave detectable by visual inspection is often preceded by
HFOs, particularly in neocortical epilepsy (Worrell et al., 2004; Khosravani et al., 2009).

This study represents the largest to date examining the relationship between ictal HFO
resection and surgical outcome. Seizure outcome was significantly improved in cases with
complete removal of HFOs (82% vs. 21%). In the 19 cases with incomplete resection, 11
cases could be attributed to either avoidance of adjacent eloquent cortex (6 cases) or
difficulty identifying the HFO source as a clearly defined resectable region associated with
ictal onset (5 cases). For instance, HFOs may be present diffusely or contralaterally near
ictal onset, or occur frequently interictally, which possibly might instead represent
physiologic HFOs. Moreover, interictal HFOs have been reported as pathologic and also as
physiologic phenomena. It is not yet clear how to definitively distinguish between these two
important HFO types, especially for the purpose of surgery (Rampp & Stefan, 2006;
Nagasawa et al., 2011). However, the promise of ictal HFOs is the ability to distinguish
pathologic from physiologic phenomenon by the temporal and spatial relationship to the
clinical ictal event.

In our study, the remaining eight patients with incomplete HFO resection may have
benefited from improved seizure outcome with likely little additional risk if the resection
margin had included all HFO-generating cortices. The fact that four patients (21%) with
incomplete HFO resection became seizure-free suggests ictal HFOs are an imperfect
biomarker of the epileptogenic zone. Although not 100% specific, they represent at the least
a complementary tool for assessing the epileptogenic zone. Recent reports showed a
correlation between seizure-free outcome and percentage of HFO-generating cortex included
in the resection (Ochi et al., 2007; Modur et al., 2011). Modur et al. (2011) even suggested
that defining the epileptogenic zone with HFO analysis may allow for smaller resections
than those typically recommended based on conventional visual analysis in neocortical
epilepsy, as long as HFO resection is possible. In our population, we found a similar trend:
percentage of HFOs resected correlated well with surgical outcome, and appeared more
important than presence or absence of an MRI lesion in determining outcome (Table 3).

Our surgical outcome based on conventional visual inspection criteria alone yielded a 58%
seizure-free rate, comparable to previously published seizure-free rates for pediatric epilepsy
surgery series (Wyllie et al., 1998; Bauman et al., 2008; Goyal & Robinson, 2008).
Resection of HFOs yielded a higher seizure-free outcome (82%), although not quite
approaching statistical significance. It is possible that this difference may be confounded by
limitations of study design, including the difference in how ictal onset was identified in the
two methods.

The question remains as to whether HFOs can be a biomarker for pathologic etiology. In this
regard, we cannot draw any conclusions from our study, since the majority of our patients
had a pathologic diagnosis of focal cortical dysplasia (77%, 34/44). It is not clear whether
ictal HFOs are more prevalent with certain epileptogenic pathologies or seizure types.
Recently a few studies concluded that there was no particular relationship between HFO
rates or any other feature of epileptic discharges and type of underlying pathology (Jacobs et
al., 2010). HFOs have been found in both hippocampus and neocortex of patients with
different types of seizures and underlying pathologies (Jacobs et al., 2009a; Kim et al.,
2010). Moreover, much higher frequency range (>500 Hz) has been found at seizure onset in
patients with mesial temporal lobe epilepsy (Worrell et al., 2008; Kobayashi et al., 2010a).

In order to use ictal HFO analysis as part of the decision-making process for resection
planning, a few important questions need to be answered. First, how do we reliably
differentiate a physiologic signal in many eloquent cortical areas from the pathologic ones?
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This may be determined in the near future (Engel et al., 2009; Frei et al., 2010); however, it
remains a fundamental issue. Secondly, does absence of ictal HFOs predict surgical failure
and should surgery be discouraged? Third, is the ictal HFO more specific than the interictal
HFO? Fourth, HFO analysis of ICEEG is subject to the same undersampling bias inherent to
ICEEG after grid placement. Electrode coverage is limited based on surgical risk and does
not typically cover deep sources. Because of potential surgical risks, how important is it to
assess deep sulcal ictal onsets?

Our study has some significant limitations. First, in more than half of the patients,
postresection MRI was not obtained; therefore, we relied on the intraoperative postresection
photo, which may have not given an accurate view, especially in the case of medial frontal
or medial temporal resection. However, we did not find significant differences in the result
regardless of whether a postoperative photograph or postoperative MRI coregistration
confirmation was used. Second, the reference electrode was chosen from the
electrophysiologically quiet region per conventional visual analysis, but may have been
potentially contaminated with HFOs, including both pathologic and physiologic HFOs,
which may not be detectable visually with conventional filter settings. Third, surgical
resection margin was not only based on ICEEG, but also on the MRI, positron emission
tomography (PET), ictal single photon emission computed tomography (SPECT)
abnormality, magnetoencephalography (MEG), and even on the postresection
electrocorticography. Fourth, although it is common practice at our institution to perform
broad multilobar grid coverage in cases of presumed focal cortical dysplasia (FCD), slightly
fewer electrodes were placed in lesional cases (Table 3). More restrictive sampling for cases
in which lobar localization is more assured based on the presurgical evaluation may
contribute to undersampling of HFO-containing regions. Because surgical outcome in
lesional epilepsy is generally good, this may have created a selection bias in our sample.

Recent studies have demonstrated that it is feasible to detect HFOs in epileptic patients
noninvasively using advanced neurophysiology techniques (Xiang et al., 2010) and even
with scalp EEG recordings (Kobayashi et al., 2010b; Andrade-Valenca et al., 2011;
Kobayashi et al., 2011; von Ellenrieder et al., 2011). In addition, automated detection of
interictal HFOs has been introduced as a possible surrogate marker of the epileptogenic zone
(Gardner et al., 2007; Schevon et al., 2009; Brazdil et al., 2010; Crépon et al., 2010;
Akiyama et al., 2011; Zijlmans et al., 2011). These advances may better standardize the
study of HFOs and expand the study of HFOs to patients without intractable epilepsy,
including generalized epilepsy syndromes such as childhood absence epilepsy.

Ictal HFOs are commonly found in ICEEG in pediatric patients with intractable epilepsy.
Complete resection of ictal HFOs is a favorable prognostic indicator for surgical outcome.
Our data suggest that supplementing conventional visual inspection with ictal HFO analysis
may improve surgical outcome. Owing to the distribution of etiologies in the current study,
these findings are largely applicable to children with cortical dysplasia. Future prospective
studies using automated detection methods and involving a larger number of surgical
candidates are necessary before incorporating HFO analysis into the standard clinical
decision making process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonlesional MRI (normal MRI) case. Ictal onset was followed by immediate spread to
symptomatogenic zone in a 13-year-old left-handed girl with seizures since 8 years of age
(A: showing partial number of electrodes; 49 of total 96 electrode placement, B1: expanded
view of ICEEG at line in A, high-pass filtered at 40Hz; which approximately 250 msec
before the clinical seizure onset, reveals the initial appearance of ictal HFO). After applying
TFA through 1-min time window TFA analysis for each bandwidth (80-150, 150-300, 300—
500 Hz) in 5-min segmentation before the initial seizure onset, HFOs were found (B2: 300-
500 Hz, B3: 150-300 Hz) approximately 250 msec preceding clinical seizure onset defined
by both video and muscle artifact seen in the electrocardiography electrode.
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Figure2.
Ictal ICEEG recording showing ictal HFOs (A1) and symptomatogenic onset (high pass, 40
Hz) (B1). Time frequency analysis (TFA) using short-time Fast Fourier Transform (STFT)
revealed ictal HFOs (300-500 Hz) localized in anterior mesial frontal (AIH5) and superior-
posterior (PIH2) with secondary spread to lateral direction (LAF31, LPF27) (A2, B2).
Frequency domain analysis superimposed on the picture of 3D reconstructed
interhemispheric strip and intraoperative photo with grid placement showing the propagation
of HFOs (A3, B3). 3D reconstructed left hemisphere image showing the intracranial
electrodes by coregistration of MRI and post—grid placement CT images (A4, B4). The red
(A4) and orange (B4) circle indicate AIH5 and PHI2 electrodes, respectively, as the first
electrodes of SOZ, and dark blue (A4) and light blue (B4) indicate LAF31 and LPF27,
respectively, as the first electrodes of secondary spreading location. The each area defined
by dotted line on A3 and B3 indicate the area of the SOZ and secondary spread area. The
yellow lines in A3 and B3 indicate the resection margin. Post, posterior; Ant, anterior.
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Table 2

Comparison of surgical outcome between complete resection of HFO defined by TFA and complete resection
of epileptogenic zone defined by conventional visual inspection

Complete HFO resection %  Complete resection of SOZ defined by visual inspection %

Total number of patients 22 26
Seizure-free 18 82 15 58
Not seizure-free 4 18 11 42

p = 0.118, Fisher's exact test.
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Table 3

Comparison of the surgical outcome with HFO resection ratio between nonlesional versus lesional cases
among 41 patients who had HFOs at the seizure onset

Nonlesional Lesional

HFO resection ratio

1 (%) 6 (40) 18 (69)
Seizure-free 5 15
Not seizure-free 1 3
>0.8 (%) 2(13) 3(12)
Seizure-free 0 1
Not seizure-free 2 2
0.5 (%) 1 (6) 3(12)
Seizure-free 0 1
Not seizure-free 1 2
0.3 (%) 3(20) 2(7)
Seizure-free 1 0
Not seizure-free 2 2
<0.3 (%) 3(20) 0 (0)
Seizure-free 0 0
Not seizure-free 3 0
Average of total number of implanted electrodes 85 74
Total 15 26

HFO resection ratio = (number of electrodes with HFOs in resected area)/(total number electrodes with HFOs presence).
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