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Abstract
Object—Patients with normal MR imaging (nonlesional) findings and medically refractory
extratemporal epilepsy make up a disproportionate number of nonexcellent outcomes after epilepsy
surgery. In this paper, the authors investigated the usefulness of intracranial electroencephalography
(iEEG) in the identification of surgical candidates.

Methods—Between 1992 and 2002, 51 consecutive patients with normal MR imaging findings and
extratemporal epilepsy underwent intracranial electrode monitoring. The implantation of intracranial
electrodes was determined by seizure semiology, interictal and ictal scalp EEG, SPECT, and in some
patients PET studies. The demographics of patients at the time of surgery, lobar localization of
electrode implantation, duration of follow-up, and Engel outcome score were abstracted from the
Mayo Rochester Epilepsy Surgery Database. A blinded independent review of the iEEG records was
conducted for this study.

Results—Thirty-one (61%) of the 51 patients who underwent iEEG ultimately underwent resection
for their epilepsy. For 28 (90.3%) of the 31 patients who had epilepsy surgery, adequate information
regarding follow-up (> 1 year), seizure frequency, and iEEG recordings was available. Twenty-six
(92.9%) of 28 patients had frontal lobe resections, and 2 had parietal lobe resections. The most
common iEEG pattern at seizure onset in the surgically treated group was a focal high-frequency
discharge (in 15 [53.6%] of 28 patients). Ten (35.7%) of the 28 surgically treated patients were seizure
free. Fourteen (50%) had Engel Class I outcomes, and overall, 17 (60.7%) had significant
improvement (Engel Class I and IIAB with ≥ 80% seizure reduction). Focal high-frequency
oscillation at seizure onset was associated with Engel Class I surgical outcome (12 [85.7%] of 14
patients, p = 0.02), and it was uncommon in the nonexcellent outcome group (3 [21.4%] of 14
patients).

Conclusions—A focal high-frequency oscillation (> 20 Hz) at seizure onset on iEEG may identify
patients with nonlesional extratemporal epilepsy who are likely to have an Engel Class I outcome
after epilepsy surgery. The prospect of excellent outcome in nonlesional extratemporal lobe epilepsy
prior to intracranial monitoring is poor (14 [27.5%] of 51 patients). However, iEEG can further
stratify patients and help identify those with a greater likelihood of Engel Class I outcome after
surgery.
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Partial epilepsy represents the most common type of intractable epilepsy, and partial seizures
originating from neocortex are notoriously difficult to localize and treat.11,44 Presently,
treatment options for patients with medically refractory epilepsy are limited to implantation of
a vagus nerve stimulator, which has similar efficacy to medical therapy.13 Epilepsy surgery
has the best chance of producing a cure, that is, complete seizure freedom, but it is a viable
option only if the brain region generating seizures can be accurately localized and safely
removed.10,17,18,26 Thus, accurate localization of epileptogenic brain is of paramount
importance.

Recent studies investigating neuronal activity in humans and animals have described a wide
dynamic range of EEG activity, from gamma oscillations (~ 30–60 Hz) that are believed to
play a role in learning and memory21,25 and ripple oscillations (~ 100–200 Hz) that may be
important for memory consolidation,7–9 to somatosensory-evoked potential oscillations (~
600 Hz).10,14,15 In addition to normal brain function, high-frequency oscillations have been
described in human epileptic foci at seizure onset.3–6,20,39 To date, with the exceptions
discussed later in this paper, human iEEG studies performed as part of presurgical evaluations
have focused on a limited dynamic range (~ 0.1–40 Hz) of iEEG activity.35–38 This limited
frequency range may reflect the fact that oscillations with frequencies higher than ~ 30 Hz are
usually very low amplitude, and they are obscured by cerebral activity in the lower frequency
(0.1–20 Hz) range28 when using standard clinical reviewing parameters.45,48 In fact, the use
of broadband digital EEG recordings and spectral analysis has allowed detection of high-
frequency activity (> 40 Hz) at the onset of neocortical seizures in adult3,4,20,45,48 and
pediatric39 patients. There is now accumulating evidence to support the idea that pathological
HFEOs are an electrophysiological signature of epileptogenic brain, and they may play a role
in neocortical ictogenesis.39,45,48

Although preliminary results from pediatric and adult patients with refractory neocortical
epilepsy are interesting, the clinical significance and usefulness of the aforementioned findings
are yet to be determined. Unfortunately, information about the overall prevalence of HFEOs
in neocortical epilepsy is limited. In a retrospective study of consecutive patients, we previously
showed that high-frequency oscillations are a common seizure onset pattern in neocortical
epilepsy, independent of the cause of epilepsy.48 However, the total number of patients (6) in
that study was small, and all the other studies cited above have described only small numbers
of highly selected patients.3,4,20 There is even less information regarding accurate localization
of epileptogenic brain by interictal and ictal iEEG, but the preliminary data support this concept
in neocortical partial epilepsy.4,48 Presently, it is not known whether ictal and interictal high-
frequency oscillations offer improved localization of epileptogenic brain and whether resection
of the regions with high-frequency activity leads to improved surgical outcomes. In this study,
we investigate the prevalence of HFEOs, here defined as seizure onset frequency > 20 Hz, and
their role in achieving good surgical outcomes in a cohort of consecutive patients with normal
MR imaging findings who were undergoing evaluation for epilepsy surgery.

Methods
Patient Population

Between 1992 and 2002, 51 consecutive patients with normal MR imaging findings underwent
iEEG monitoring for presurgical evaluation of intractable extratemporal epilepsy. These
patients were identified by a retrospective review of the Mayo Clinic electronic record system.
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Each patient gave informed consent for participation, and the Mayo Clinic Internal Review
Board approved the study. An electrophysiologist and epileptologist (G.A.W.) reviewed each
patient’s iEEG recordings.

Electroencephalography Electrodes
Each patient had intracranial electrodes placed according to standard presurgical evaluation
protocols.17,35,36 All patients underwent comprehensive evaluation, including asleep and
awake EEG with standard activating procedures, MR imaging, neuropsychological studies,
visual perimetry, and long-term video-EEG monitoring. Magnetic resonance imaging was
performed according to a standardized seizure protocol with a 1.5-T Signa unit (GE Medical
Systems).22 This protocol included a spin echo T1-weighted whole-brain volumetric series
consisting of 124 contiguous 1.5-mm-thick slices, acquired either coronally or perpendicularly
along the long axis of the hippocampal formation. Axial T1-weighted images, coronal and axial
T2-weighted and proton density images, and coronal FLAIR images were acquired with a 3-
mm slice thickness and a 2-mm interslice gap. Ictal and interictal SPECT was performed in all
patients, and in 15 patients, SISCOM was performed.29–33 Ad-Tech subdural grids, strips,
and depth electrodes (Ad-Tech Medical Instrument Corp.) were used for all studies. The
location of subdural electrode placement was decided based on findings from the noninvasive
studies (interictal and ictal scalp EEG and SPECT, and seizure semiology). The individual
electrode contacts of the subdural grids were 4.0-mm-diameter platinum-iridium discs with a
center-to-center electrode distance of 10 mm.

Intracranial EEG Data Collection and Storage
Continuous video-EEG and iEEG were collected using 1 of 2 clinical digital acquisition
systems: the XLTEK (XLTEK Corp.; 128-channel 16-bit A/D, and sampling frequency 500
Hz) or the NCI (Lamont Medical; 128-channel, 16-bit A/D, and sampling frequency of 250
Hz). All analyses were performed using a high-pass filter of 1.0 Hz and low-pass filter of 100
Hz (1–100 Hz dynamic range). Bipolar and referential electrode montages were reviewed, and
in the majority of cases the bipolar montage was used to eliminate common mode artifact. A
digital 60-Hz notch filter was used when necessary to eliminate line noise.

Determination of Seizures and Seizure Onset Zone
Seizure onset times were determined by visually identifying an electrographic seizure
discharge and then looking backward in the record for the earliest EEG change from baseline
associated with the seizure. The earliest EEG change was selected as the seizure onset time.
Only the neocortical onset seizures were selected for analysis. The seizure onset zone, defined
by the electrode(s) with the earliest onset of seizure activity, was documented for each seizure
and was classified as frontal, parietal, or occipital. The seizure onset iEEG pattern was
characterized by the waveform morphology, frequency of discharge, and spatial extent (focal
[≤ 4 contacts] or regional [4–8 contacts], or multilobar or diffuse).

Coregistration of Subdural Electrodes and MR Imaging
To evaluate the concordance of the aforementioned EEG features and to localize the
epileptogenic zone, the subdural grids were coregistered with the patient’s postresection MR
image. The epileptogenic zone is the region that, when resected, produced excellent seizure
control. The epileptogenic zone is thus defined in relation to surgical outcome and not
electrographic onset pattern (seizure onset zone). We have previously used this technique to
correlate the seizure onset zone with functional imaging modalities (Fig. 1).47 Coregistration
of subdural electrodes with the postresection MR images allowed detailed correlation of the
interictal and ictal EEG measurements used to define epileptogenic brain (size of area involved,
focal, extended, or multifocal) and anatomical structures (frontal, parietal, and occipital lobes).
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This degree of anatomical detail allows the completeness of resection of epileptogenic brain,
as determined by the ictal features, to be compared with seizure-free outcome.

Data Analysis
Neocortical seizures were analyzed provided the seizure onset was preceded by ≥ 1 minute of
uninterrupted artifact-free interictal EEG. Seizure onset times and the seizure onset zone
(electrode location and number) were both determined by visual review and spectral analysis.
The frequency of oscillation at seizure onset was then determined by spectral analysis, selecting
the frequency of the dominant spectral peak obtained from the initial 3 ± 5 seconds at seizure
onset or exclusively by visual review. The seizure onset was analyzed using short-time
spectrogram (MATLAB, Inc.) by using a 0.25-second sliding window and a 0.2-second overlap
(Fig. 1). Because of the limited number of patients identified (51), we combined all seizures
with onset frequency discharges > 20 Hz (20–100 Hz) into a single group (HFEO group). A
neuropathologist confirmed the pathological diagnosis of resected tissue.

Statistical Analysis
The association among seizure onset pattern, SPECT location, and seizure outcome (Engel
Class42) was tested using the chi-square and Fisher exact tests when there were < 5 patients
within each group. An association between total number of intracranial electrodes and seizure
outcome was tested using the rank-sum statistic. A probability value ≤ 0.05 was considered
statistically significant. All data were recorded and entered into a spreadsheet (MS Excel,
Microsoft Corp.), and statistical analyses were performed using JMP (version 6.0, SAS
Institute).

Results
Thirty-one (61%) of the 51 patients undergoing iEEG had epilepsy surgery. The decision for
resection of epileptic brain was based on the results of iEEG monitoring. In 20 patients (39%),
the evaluation did not yield adequate localizing information for seizure origin, and these
patients were not considered suitable candidates for resection. The precise locations of grid
placement varied with each patient depending on seizure semiology and the results of the scalp
EEG, SPECT, and SISCOM31 studies. For 28 (90.3%) of the 31 patients (22 men and 9 women)
who underwent epilepsy surgery, adequate information regarding follow-up (> 1 year), seizure
frequency, and iEEG recordings was available. The average age at seizure onset was 8.5 years,
and the average duration of seizures was 16.5 years (Fig. 2).

The number of subdural electrodes varied widely across patients, from 24 to 128 electrodes
(mean 43 ± 24.5 electrodes), and reflected the degree of confidence of localization based on
the noninvasive presurgical evaluation. The number of subdural electrodes did not correlate
with seizure outcome from surgery (p = 0.7, rank-sum).

All patients in this study underwent interictal and ictal SPECT studies. In 15 of the 31 patients
undergoing resection, a region of SPECT abnormality was identified, and subdural electrodes
were placed directly over this region. However, in this study we did not find a correlation
between a regional SPECT abnormality and seizure-free outcome (p = 0.75).

The most common iEEG pattern at seizure onset in the surgically treated group was a focal
HFEO (in 15 [53.6%] of 28 patients), and 3 patients had diffuse HFEO. Four patients each had
rhythmic spiking or δ wave activity at seizure onset, and 2 had α-θ activity (5–12 Hz). Twenty-
six patients (92.9%) had frontal lobe neocortical resections, and 2 patients had parietal lobe
resections. In most patients (25 [89.3%] of 28) who underwent resections, gliosis was noted
on pathological examination, and the remainder had cortical dysplasia. There was no significant
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association between seizure onset type and region of seizure onset. All patients with cortical
dysplasia had high-frequency seizure onset, but an association between the two was not
statistically significant. On repeated review of the MR images in patients with cortical
dysplasia, there was no abnormality apparent.

Ten (35.7%) of the 28 surgically treated patients were seizure free. Fourteen (50%) had Engel
Class I outcomes,42 and overall 17 (60.7%) had significant improvement (Class I and IIAB
with ≥ 80% seizure reduction). A focal HFEO at seizure onset was associated with Engel Class
I surgical outcome (12 [85.7%] of 14 patients, p = 0.02), and it was uncommon in the Engel
Class II–IV out-come group (3 [21.4%] of 14 patients, p = 0.02). Twelve (66.7%) of 18 patients
with HFEO onset had Engel Class I surgical outcome, and all of these patients had focal on-
sets that could be completely resected (Fig. 3). No patient with diffuse high-frequency onset
or δ wave activity at onset had a good surgical outcome. There was no relationship between
pathological findings or location of seizure onset and seizure outcome.

Discussion
Seizure outcomes are favorable in the majority of patients with mesial temporal lobe epilepsy
and lesional neocortical epilepsy. Concordant results of electrophysiological and MR imaging
studies have a predictive value for excellent surgical outcome (up to 80–90% in some series).
41 However, MR imaging is ineffective in 20–30% of patients in localizing a lesion, particularly
in those with cortical dysplasia and gliosis, and an increasing number of patients referred to
epilepsy surgery centers have normal MR imaging results. Patients with intractable epilepsy
and normal MR imaging results or nonlesional, neocortical substrate now represent 20–30%
of patients undergoing presurgical evaluation at major epilepsy centers.12,16,38 The rate of
seizure freedom in this challenging group of patients after surgery has been poor. Even in those
deemed surgical candidates, only 30–50% achieve seizure freedom, thus demonstrating the
present limitation of epilepsy surgery.19,27,40,43,49 Characteristics of neocortical epilepsy, such
as widespread epileptogenic process, rapid propagation of ictal rhythm, and the presence of
eloquent areas, contribute to a poor prognosis. In this study we provided further evidence that
patients with nonlesional extratemporal neocortical epilepsy are more likely to have poor
surgical outcomes. Only 35.7% of patients were seizure free after surgery, and only 50% had
Engel Class I outcomes.

Previous studies that included patients with or without lesions on MR imaging and
extratemporal partial epilepsy have shown a correlation between outcome and complete
resection of a SISCOM abnormality.31 In the present study of patients with nonlesional MR
imaging, we did not find an association between a localizing SPECT study and seizure
outcome. However, it should be noted that only 15 of the patients had SISCOM performed in
the current study. The current study is also biased by the fact that patients with positive findings
on SPECT and SISCOM studies are more likely to be considered for epilepsy surgery.

Intracranial monitoring has been found to be indispensable in the diagnostic workup of patients
with extratemporal epilepsy and normal MR imaging findings. The intracranial seizure onset
pattern48 and spread24 have been suggested to be important in predicting seizure outcome.
High-frequency discharges on iEEG are a frequent observation at the onset of neocortical
seizures. We observed these discharges in 15 (53.6%) of 28 patients who underwent surgical
evaluation for intractable nonlesional neocortical epilepsy. Although high-frequency
oscillations have been previously described in human epileptic foci at seizure onset,1–4,6,20,
23,34,48 most iEEG studies performed to date in humans as part of a presurgical evaluation
have reported only a limited dynamic range (~ 0.1–40 Hz) of activity.35–38
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Recently, the use of broadband digital EEG recordings and spectral analysis has allowed
detection of high-frequency activity at the onset of neocortical seizures in adult3,4,20,48 and
pediatric1,2,34,39 patients. Clinically, it appears beneficial to identify areas of focal high-
frequency onset to improve surgical outcome. We identified 15 (53.6%) of 28 investigated
patients with focal HFEOs at seizure onset and an additional 3 patients with diffuse high-
frequency oscillations. Twelve of 14 patients with Engel Class I surgical outcome underwent
resection of the region in which these focal high-frequency oscillations at seizure onset
occurred. Resection of the area of seizure onset has been shown to improve seizure outcome.
Identification of a high-frequency onset zone may be an important seizure onset pattern to
identify to achieve this goal.

Conclusions
A focal high-frequency (> 20 Hz) seizure onset on iEEG may identify nonlesional
extratemporal epilepsy patients likely to have an excellent (Engel Class I) outcome after
epilepsy surgery. Overall, the chance of an excellent outcome in nonlesional extratemporal
lobe epilepsy prior to intracranial monitoring is poor (14 [27%] of 51 patients). However, iEEG
can further stratify patients and identify those with a high likelihood of Class I outcome after
surgery. In fact, multiple studies4,5,23,46,49 have pointed to potentially useful information at
frequencies > 100 Hz. Determination of the optimal clinical bandwidth for iEEG will have to
wait for the results of ongoing clinical trials.

Abbreviations used in this paper

HFEO high-frequency epileptiform oscillation

iEEG intracranial electroencephalography

SISCOM subtracted ictal�interictal SPECT coregistered with MR imaging
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FIG 1.
A: A SISCOM image showing the localization of right mesial frontal epileptogenic zone. B:
Sagittal MR images showing interhemispheric electrodes in position over the SISCOM
localization of the frontal epileptogenic zone. C: Tracing showing seizure onset with focal
high-frequency activity. D: Spectrogram showing the neocortical seizure onset in C.
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FIG 2.
Bar graph showing the demographic and surgical outcome data based on sex, age at seizure
onset, duration of epilepsy, and length of follow-up of 31 consecutive patients with nonlesional
extratemporal epilepsy undergoing resection. Differences in seizure outcomes were not
statistically significant among the categories.
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FIG 3.
Bar graph showing the relationship of seizure onset pattern on iEEG to surgical outcome. The
presence of a focal high-frequency onset was correlated with Engel Class I outcome.
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