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SUMMARY

Using intracranial electrocorticography, we determined how cortical gamma-oscillations (50—
150Hz) were induced by different visual tasks in nine children with focal epilepsy. In all children,
full-field stroboscopic flash-stimuli induced gamma-augmentation in the anterior-medial occipital
cortex (starting on average at 31-msec after stimulus presentation) and subsequently in the lateral-
polar occipital cortex; minimal gamma-augmentation was noted in the inferior occipital-temporal
cortex; occipital gamma-augmentation was followed by gamma-attenuation in three children.
Central-field picture-stimuli induced sustained gamma-augmentation in the lateral-polar occipital
cortex (starting on average at 69-msec) and subsequently in the inferior occipital-temporal cortex in
all children and in the posterior frontal cortex in three children; the anterior-medial occipital cortex
showed no gamma-augmentation but rather gamma-attenuation. Electrical stimulation of the
anterior-medial occipital cortex induced a phosphene in the peripheral-field or eye deviation to the
contralateral side, whereas that of the lateral-polar occipital cortex induced a phosphene in the central-
field. In summary, full-field, simple and short-lasting visual information might be preferentially
processed by the anterior-medial occipital cortex, and subsequently by the lateral-polar occipital
cortex. Gamma-attenuation following augmentation in the striate cortex might be associated with a
relative refractory-period to flash-stimuli or feed-forward inhibition by other areas. Central-field
complex visual information might be processed by a network involving the lateral-polar occipital
cortex and the inferior occipital-temporal cortex. A plausible interpretation of posterior-frontal
gamma-augmentation during central-field picture stimuli includes activation of the frontal-eye-field
for visual searching. Gamma-attenuation in the anterior-medial occipital cortex during central-field
picture-stimuli might be associated with relative inattention to the peripheral visual field during
central-field object visualization.

INTRODUCTION

Previous studies using neuroimaging and neurophysiologic techniques have increased our
understanding in the functional architecture of the human visual system, but the short-latency
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dynamics of visual processing involving both anterior-medial and lateral polar occipital
cortices have not been fully elucidated. Neuroimaging techniques such as functional MRI
(Levy et al., 2001; Prado et al., 2005; Stenbacka and Vanni, 2007; Di Russo et al., 2007,
Yotsumoto et al., 2008) and positron emission tomography (Nobre et al., 1997; Vandenberghe
et al., 2000) have good spatial but insufficient temporal resolution to assess such short-latency
cortical dynamics. Noninvasive neurophysiologic techniques such as event-related potentials
(ERPs) on scalp EEG (Tallon-Baudry et al., 1996; Csibra et al., 2000; Ohla et al., 2007) and
event-related magnetic fields on magnetoencephalography (MEG) (Pavlova et al., 2004; Inui
et al., 2006; Poghosyan and loannides, 2007) have good temporal resolution to assess such
cortical dynamics involving the lateral cortices, but poor signal-noise ratio in measurement of
cortical activity from deeply-situated cortices such as anterior-medial occipital and inferior
occipital-temporal cortices. It has been reported that scalp EEG recording may provide
inaccurate estimation of the deep source (Wang and Gotman, 2001). Intracranial
electrocorticography (ECoG) recording using subdural electrodes in presurgical evaluation for
patients with uncontrolled epilepsy can offer a unique situation to study the short-latency
dynamics of cortical processing involving the deeply-situated cortices with a spatial resolution
of 1 cm or below and a temporal resolution of 10 msec or below (Bruns and Eckhorn., 2004;
Huettel et al., 2004; Lachaux et al., 2005; Tallon-Baudry et al., 2005; Gaillard et al., 2006;
Farrell et al., 2007; Yoshor et al., 2007).

Previous human studies of event-related spectral analysis of intracranial ECoG have suggested
that augmentation of gamma-oscillations can be used as an electrophysiological marker of local
neuronal activation (Crone et al., 1998; Lachaux et al., 2005; Sinai et al., 2005; Tallon-Baudry
et al., 2005; Miller et al., 2007; Privman et al., 2007; Sederberg et al., 2007; Rudrauf et al.,
2008). Cortical modulation of gamma-range oscillations associated with visual object
processing was demonstrated in both human and animal studies using intracranial ECoG
recording (Gray and McCormick, 1996; Kruse and Eckhorn, 1996; Bruns and Eckhorn,
2004; Lachaux et al., 2005; Tallon-Baudry et al., 2005; Tanji et al., 2005; Niessing et al.,
2005; Womelsdorf et al., 2006; Privman et al., 2007). Yet due to the limited spatial sampling,
the short-latency dynamics of visual processing involving (i) the anterior-medial occipital
region, (ii) the lateral-polar occipital region, and (iii) the inferior occipital-temporal region
have not been fully elucidated previously.

In the present study of children with focal epilepsy, we specifically hypothesized that full-field
stroboscopic flash-stimuli would induce augmentation of gamma-oscillations in the anterior-
medial occipital cortex, according to the results of a recent study of six healthy adults using
MEG (Inui et al., 2006). We also hypothesized that central-field picture-stimuli would induce
augmentation of gamma-oscillations in the lateral-polar occipital cortex and subsequently in
the inferior occipital-temporal cortex, according to the results of a previous fMRI study (Levy.,
2001). To test these hypotheses, we delineated the dynamic change of cortical gamma-
oscillations induced by visual stimuli on an individual three-dimensional MR image. We also
determined whether different visual tasks induced differential cortical activations in large
cortical networks. We finally determined the spatial relationship between the neural sources
of induced gamma-oscillations and the observation of electrical brain stimulation, in order to
clarify the functional correlate of modulation of gamma-oscillations on ECoG. In the present
study, ‘induced oscillations’ were defined as oscillatory responses consisting of both phase-
locked (i.e.: a component present after averaging) and non-phase-locked (a component absent
after averaging) components, as defined in a previous study (Fukuda et al., 2008).
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The inclusion criteria of the present study consisted of: (i) age of two years or above, (ii) normal
or corrected-to-normal vision, (iii) a two-stage epilepsy surgery using chronic subdural ECoG
recording in Children’s Hospital of Michigan, Detroit between October 2006 and September
2007, (iv) functional cortical mapping for the visual area by measurement of visually-induced
gamma-oscillations, (v) functional cortical mapping for the visual area using electrical
stimulation, (vi) subdural electrode placement involving the anterior-medial occipital region
(defined as the anterior-medial surface of Brodmann Area 17/18 in the present study), (vii)
subdural electrode placement involving the lateral-polar occipital region (defined as the lateral-
to-polar surface of Brodmann Area 17/18), and (viii) subdural electrode placement involving
the inferior occipital-temporal region (defined as the inferior surface of Brodmann Area 19/37)
(Talairach and Tournoux, 1988). The exclusion criteria consisted of: (i) a visual-field deficit
detected by confrontation tests prior to surgery, (ii) the presence of MRI-visible structural
lesion involving the occipital cortex, (iii) the presence of massive brain malformations (such
as large porencephaly or perisylvian polymicrogyria) which are known to confound the
anatomical landmarks for the central sulcus or calcarine sulcus, (iv) history of previous brain
surgery, and (v) history of photosensitivity or photo-paroxysmal response on previous scalp
EEG recordings. We studied a consecutive series of nine children (age: 3 years - 17 years; five
girls and four boys) who satisfied the inclusion and exclusion criteria (Table 1). Seven children
were right-handed, and the remaining two children with the epileptogenic focus localized in
the left hemisphere were left-handed (Table 1). The study has been approved by the Institutional
Review Board at Wayne State University, and written informed consent was obtained from the
parents or guardians of all subjects.

Subdural electrode placement

For extraoperative video-ECoG recording, platinum grid electrodes (10mm inter-contact
distance; 4mm diameter; Ad-tech, Racine, W1, USA) were surgically implanted on the
presumed epileptogenic hemisphere (right-sided implantation in six children and left-sided
implantation in three). As shown in our previous report (Fukuda et al., 2008), all electrode
plates were stitched to adjacent plates and/or the edge of the dura mater to avoid movement.
In addition, intraoperative photographs were obtained with a digital camera before dural
closure to enhance the spatial accuracy of electrode display on the three-dimensional brain
surface reconstructed from MRI. Placement of intracranial electrodes was guided by the results
of scalp video-EEG recording, structural lesions on MRI, and glucose-metabolism positron
emission tomography. Subdural strip electrodes were placed in the posterior head region, in
order to determine the posterior resection margin. The lateral portion of pre- and post-central
gyri was also covered with electrodes for subsequent functional mapping in all nine cases. The
total number of electrode contacts ranged from 96 to 128 for each patient.

Coregistration of subdural electrodes on individual three-dimensional MRI

MRI including a T1-weighted spoiled gradient echo image as well as fluid-attenuated inversion
recovery image was obtained preoperatively. Planar x-ray images (lateral and anteroposterior)
were acquired with the subdural electrodes in place for electrode localization on the brain
surface; three metallic fiducial markers were placed at anatomically well-defined locations on
the patient’s head for co-registration of the x-ray image with the MRI (von Stockhausen et al.,
1997; Muzik et al., 2007). A three-dimensional surface image was created with the location of
electrodes as directly defined on the brain surface, as previously described (von Stockhausen
et al., 1997; Muzik et al., 2007; Brown et al., 2008; Fukuda et al., 2008). The accuracy of this
procedure was reported previously as 1.24 £ 0.66 mm with a maximal misregistration of 2.7
mm (von Stockhausen et al., 1997).
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Extraoperative video-ECoG recording

Extraoperative video-ECoG recordings were obtained for three to five days, using a 192-
channel Nihon Kohden Neurofax 1100A Digital System (Nihon Kohden America Inc, Foothill
Ranch, CA, USA), which has an input impedance of 200 MQ, a common mode rejection ratio
greater than 110 dB, an A/D conversion of 16 bits, a sampling frequency at 1,000-Hz and the
amplifier band pass at 0.08- to 300-Hz. The averaged voltage of ECoG signals derived from
the fifth and sixth electrodes (system reference potential) was used as the original reference.
ECoG signals were then re-montaged to a common average reference, as previously reported
(Crone et al., 2001). Channels contaminated with large interictal epileptiform discharges or
artifacts were excluded from the common average reference (Fukuda et al, 2008). No notch
filter was used for further analysis in any subjects (Brown et al., 2008; Fukuda et al., 2008).
As a part of clinical procedures, surface electromyography electrodes were placed on the left
and right deltoid muscles, and electrooculography electrodes were placed 2.5 cm below and
2.5 cm lateral to the left and right outer canthi. Antiepileptic medications were discontinued
or reduced during ECoG monitoring until a sufficient number of habitual seizures were
captured, and seizure onset zones were identified as described in our previous reports (Brown
et al., 2008; Fukuda et al., 2008).

Visual tasks

Full-field stroboscopic flash stimuli—All tests necessary for visual mapping by
measurement of visually-induced gamma-oscillations were performed while each patient was
awake, unsedated, and comfortably seated on the bed in a room with all lights off (Tanji et al.,
2005). Yet, complete darkness in the room (Vingerhoets et al., 2007) was not tenable in the
present study, since each patient was connected to several bio-monitoring systems placed
outside the patient’s visual field. During video-ECoG recording, a series of 20 full-field
stroboscopic flash stimuli were given to each patient with a frequency of 1 Hz, at a distance
of 30 cm from the closed eyes (Coburn et al., 2005), using the square-shape xenon photic
stimulator LS-703A (Nihon Kohden America Inc), which is connected to the Digital EEG
system via the TTL trigger signal, has a stimulus field size of 13 x 3.5 cm, a maximum flash
energy of 1.28 J, a flash duration of 20 psec, and a mean luminance of 30,000 cd/m2.

Central-field picture stimuli—During video-ECoG recording, a series of 60 central-field
picture stimuli were presented to each patient, using a 17-inch Acer AL1714 LCD computer
monitor (Acer America, San Jose, CA, USA) placed 60 cm in front of subjects; the monitor
cables and power cables were placed at least 60cm away from the subject as well as the ECoG
Recording System. The monitor had a refresh rate of 75 Hz and a luminance of 370 cd/mZ.
Picture stimuli consisted of 20 faces, 20 houses and 20 abstract shapes (Woods et al., 2004),
of which size ranged from 6-10 cm in height and width. Picture stimuli were binocularly
presented at the center of the monitor, in grayscale, on the black background, in a
pseudorandom order, for 1,000 msec with an inter-stimulus interval of 1,000 msec, using
Presentation Software (Neurobehavioral Systems Inc, Albany, CA, USA). A trigger signal
synchronized with the onset of each picture presentation was delivered to the ECoG recording
system by a Windows-98 PC computer running the Presentation Software.

Time-frequency analysis of ECoG time-locked to the onset of visual stimulus

Event-related amplitude modulations were evaluated using the trigger point set at the onset of
visual stimulus. ECoG data were analyzed using BESA® EEG V.5.1.8 software (Hoechstetter
etal., 2004; MEGIS Software GmbH, Gréfelfing, Germany), and the following time-frequency
ECoG analysis was employed to a series of ECoG epochs time-locked with the onset of visual
stimulus. The length of each ECoG epoch (trial) was 1,000 msec (starting 250-msec before
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and ending 750-msec after the trigger) for the analysis of ECoG modulation induced by full-
field stroboscopic flash stimulus.

The length of ECoG epoch was 2,000 msec (starting 500-msec before and ending 1,500-msec
after the trigger) for the analysis of ECoG modulation induced by central-field picture stimulus.
The inclusion criteria defining ECoG epochs suitable for this time-frequency analysis for full-
field flash stimuli included: the subject faced towards the photic stimulator without blockage
by hand or arm. The inclusion criteria for central-field picture stimuli included: the subject
apparently watched the monitor with the eyes opened according to the simultaneous video
recording. The exclusion criteria included: i) visual assessment revealed that ECoG trace was
affected by movement artifacts (Klem, 2003); ii) visual ECoG assessment revealed that
interictal epileptiform discharges were present at an occipital channel; iii) ECoG trace was
affected by electrographic seizures. In order for data analysis to progress to completion, at least
50% of ECoG epochs must have satisfied the above criteria. If a child failed to have 50% of
ECoG epochs satisfying the above criteria, a repeat task was employed in the following day.
All ECoG epochs which satisfied all of the inclusion and exclusion criteria were utilized for
the time-frequency ECoG analysis described below.

Each suitable ECoG epoch was transformed into the time-frequency domain using complex
demodulation technique as featured in the BESA software (Hoechstetter et al., 2004; Fan et
al., 2007; Brown et al., 2008; Fukuda et al., 2008). In that technique, the time-frequency
transform was obtained by multiplication of the time-domain signal with a complex
exponential, followed by a low pass finite impulse response (FIR) filter of Gaussian shape.
Details on the complex demodulation technique for time-frequency transformation are
described elsewhere (Papp and Ktonas, 1977; Hoechstetter et al., 2004). This is equivalent to
a wavelet transformation with constant wavelet width across frequencies. As a result of this
transformation, the signal was assigned a specific amplitude and phase as a function of
frequency and time (relative to the onset of visual stimulus). In the present study, only the
amplitude (i.e.: square root of power) averaged across all trials, was used for further analysis.
It was previously reported that the amplitude spectrum is easier to visually relate to the raw
signal record than is the power spectrum (da Silva, 1999). Time-frequency transformation was
performed for gamma-band frequencies between 30- and 200-Hz and latencies between 250-
msec before and 750-msec after the trigger for the analysis of ECoG modulation induced by
full-field stroboscopic stimulus, in steps of 5-Hz and 10-msec as performed in our previous
study (Brown et al., 2008). This corresponded to a time-frequency resolution of +/-7.1 Hz and
+/-15.8 msec (50% power drop of the FIR filter). We recognize that this time-frequency
resolution is suited to the analysis of short-latency visually-induced gamma-oscillations but
may not be suited to analyze slower and narrow-frequency oscillations such as alpha-band
oscillations. Similarly, time-frequency transformation was performed for the same gamma-
band frequencies and latencies between 500-msec before and 1,500-msec after the trigger for
the analysis of ECoG modulation induced by central-field picture stimulus.

At each time-frequency bin (with a size of 5-Hz and 10-msec), we analyzed the percentage
change in amplitude (averaged across trials) relative to the mean amplitude in a reference
period, defined as the resting state prior to visual stimuli. This parameter is commonly termed
“event-related synchronization and desynchronization” (Pfurtscheller, 1977), whereas a less
suggestive terminology is “temporal spectral evolution” (TSE) (Salmelin and Hari, 1997). In
the present study, the reference period for full-field stroboscopic flash stimulus was set at a
period of 250 msec immediately prior to the onset of visual stimulus. The reference period for
central-field picture stimulus was set at a period of 500 msec immediately prior to the onset of
visual stimulus. We assumed that the above reference periods consisted of the baseline resting
state in the present study.

Neuroimage. Author manuscript; available in PMC 2010 April 1.
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To test for statistical significance for each obtained TSE value, two-step statistics was
performed using the BESA software: First, statistics based on bootstrapping approach
(Davidson et al., 1999) was applied to obtain an uncorrected p-value at each time-frequency
bin. In a second step, correction for multiple testing was performed, since each electrode was
analyzed at 3,500 time-frequency bins per 1,000 msec, with TSE values at neighboring bins
being partially dependent. A modification of the correction developed by Simes (1986) was
used as suggested for time-frequency analysis by Auranen (2002): p values of one frequency
bin and channel were sorted in ascending order (pj, i=1, ..., N). The maximum index m in the
sorted array for which p; < a*i/N was determined. All uncorrected p-values with i<m were
accepted as significant. The corrected significance level o was set to 0.05. This approach is
less conservative than the classic Bonferroni correction and is specifically suited for partially
dependent multiple testing (Simes, 1986; Auranen, 2002). In all figures in the present study,
red color indicated a significant increase of amplitude, blue color a significant decrease in the
corresponding time-frequency bin relative to the baseline during the reference period.

Since the number of subdural electrodes ranged from 96 to 128 across subjects, an additional
correction for testing in multiple electrodes was employed, as described in our previous study
(Brownetal., 2008). TSE values in a given electrode were declared to be statistically significant
only if a minimum of 8 voxels in the gamma-band range were arranged in a continuous array
spanning (i) at least 20-Hz in width and (ii) at least 20-msec in duration. Such correction
provides a very small probability of Type-I error in determination of gamma-augmentation or
attenuation. We recognize that this analysis may potentially underestimate gamma-
modulations with a restricted frequency band (less than 20-Hz in width) or that with a short
duration (less than 20-msec in duration). The onset latency of induced gamma-augmentation
was defined as the initial epoch showing a significant gamma-augmentation according to the
above-mentioned criteria (Brown et al., 2008).

Visual mapping using neurostimulation

Visual mapping by neurostimulation was performed during extraoperative ECoG recording,
using a method similar to those described previously (Farrell et al., 2007; Miller et al., 2007;
Brown et al., 2008; Fukuda et al., 2008). A pulse-train of electrical stimuli was delivered using
the Grass S88 constant-current stimulator (Astro-Med, Inc, West Warwick, RI, USA); clinical
responses associated with stimulations were observed by at least two investigators. In order to
minimize the risk of a subject feeling scared or overwhelmed, each subject was informed that
she/he might have a temporary sensorimotor, auditory, visual or language symptom, prior to
the initiation of neurostimulation study. Each subject was aware of the timing of each
stimulation trial but unaware of the location of stimulated sites. To minimize the risk of
stimulation-induced seizures, a loading dose of phenytoin (20 mg/kg) was administered
intravenously prior to the mapping session (Fukuda et al., 2008). To determine the presence
of after-discharges, video-ECoG was recorded continuously during the procedure.

Subdural electrode pairs were stimulated by an electrical pulse-train of 10-sec maximum
duration using pulses of 300 usec duration. Initially, stimulus intensity was set to 3-mA and
stimulus frequency was set to 50 Hz. Stimulus intensity was increased from 3-to 9-mAina
stepwise manner by 3-mA until a clinical response or after-discharge was observed. When
after-discharge threshold was determined, stimulus intensity above that threshold was not used.
When the patient noticed visual symptoms, he/she was asked to tell what he/she noticed and
to point out the direction of symptoms. Brain regions at which stimulation consistently induced
a clinical response (at least twice in a row) were declared ‘eloquent for that function’. When
after-discharge without an observed clinical response or when neither clinical response nor
after-discharge was induced by the maximally-intense stimuli, the brain region was declared
‘not proven eloguent’. When both clinical response and after-discharges occurred, another
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pulse-train of the same or 1-mA smaller intensity was used until either clinical response or
after-discharge failed to develop.

Delineation of ECoG data on three-dimensional MRI

ECoG data for each electrode channel were exported to the given electrode site on the individual
three-dimensional brain surface in two different ways (Figures 1-3). In order to delineate
‘when’, ‘where’ and “at what frequency band’ significant alteration of spectral amplitude
occurred, time-frequency plot matrixes created above were placed onto a three-dimensional
MR at the cortical sites corresponding to their respective subdural electrode positions. In order
to animate ‘when’, ‘where’ and ‘how many fold” gamma-oscillations were increased or
decreased, ‘gamma-range amplitude’ (defined as the spectral amplitude averaged across 50-
to 150-Hz frequency bands and normalized to that of the reference period) was sequentially
delineated on the individual three-dimensional MRI (Figures 1 and 2; Videos S1-S4), using a
method previously described (Brown et al., 2008). ‘Gamma-range amplitude” was calculated
without a frequency band at 60Hz if visual inspection revealed a 60-Hz artifact peak on the
amplitude spectral curve for all subdural electrodes (Nishida et al, 2007). ‘Gamma-range
amplitude’ for each electrode channel at each 10-msec epoch was registered into the SurGe
Interpolation Software 1.2 (Web site: http://mujweb.cz/www/SurGe/surgemain.htm), and
interpolated topography map of ‘gamma-range amplitude’ at each 10-msec epoch was
accurately superimposed to the individual three-dimensional MRI. This procedure yielded a
movie file showing a sequential alteration of gamma-oscillations induced by visual stimuli
(Brown et al., 2008).

RESULTS

Visual assessment of ECoG traces during visual tasks

Full-field flash stimuli were satisfactorily given to all subjects; none of the ECoG epochs were
affected by movement artifacts, interictal epileptiform discharges involving the occipital sites
or electrographic seizures. Thus, all epochs were included into the analysis of ECoG
modulation induced by full-field flash stimuli.

During the presentation of central-field picture stimuli, on the other hand, a 5-year-old girl
(patient #3) had interictal spike-wave bursts at 1-4 Hz intermittently involving the occipital
electrodes; visual assessment revealed that interictal epileptiform discharges were present in
the occipital sites in 32 of the 60 ECoG epochs (53%) (Figure 4). Thus, a repeat session of
central-field picture presentation was employed to this subject in the following day, when
interictal spike-wave discharge was absent at occipital sites; all ECoG epochs in the second
session were utilized for further analysis of patient #3. The remaining eight subjects did not
have ECoG epochs affected by movement artifacts, interictal epileptiform discharges involving
the occipital sites or electrographic seizures; thus, all epochs were included into the analysis
of ECoG modulation induced by central-field picture stimuli.

Spectral amplitude modulations associated with full-field stroboscopic flash stimuli

Spatial and temporal patterns of amplitude modulations associated with full-field stroboscopic
flash stimuli are summarized in Table 2. Full-field stroboscopic flash stimuli resulted in
visually-induced gamma oscillations (most prominent at 50-150 Hz range) initially augmented
in the anterior-medial occipital region (the anterior-medial surface of Brodmann Area 17/18)
in all nine children; such anterior-medial occipital gamma augmentation became significant,
on average, at 31 msec after stimulus presentation (standard deviation [SD]: 7.8 msec; 95%
confidence interval [95%CIl]: 25 to 37 msec). The mean offset latency of such anterior-medial
occipital gamma augmentation was 187 msec (SD: 78 msec; 95%CI: 116 to 237 msec). The
mean duration of such anterior-medial occipital gamma augmentation was 156 msec (SD: 80
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msec; 95%CI: 94 to 217 msec). The maximal increase of ‘gamma-range amplitude’ in the
anterior-medial occipital region was 202% on average across nine patients (SD: 116%). In
three children (patients #3, 5, and 7), visually-induced gamma augmentation in the anterior-
medial occipital region was subsequently followed by temporary gamma attenuation
(compared to the baseline measures) in the same or adjacent electrodes (Table 2).

Significant gamma-augmentation involving the lateral-polar occipital region (the lateral-to-
polar surface of Brodmann Area 17/18) was noted in seven children. In five subjects (patients
#4,5,7,8and 9; Table 2), such lateral-polar occipital gamma augmentation became significant
20-30 msec after anterior-medial occipital gamma augmentation became significant. In two
subjects (patients #2 and 6; Table 2), both lateral-polar and anterior-medial occipital gamma
augmentation simultaneously became significant. The mean onset latency of flash-induced
gamma augmentation in the lateral-polar occipital region was 44 msec (SD: 9.8 msec; 95%Cl:
35 to 53 msec). The mean offset latency of flash-induced gamma augmentation in the lateral-
polar occipital region was 160 msec (SD: 51 msec; 95%CI: 113 to 207 msec). The mean
duration of flash-induced gamma augmentation in the lateral-polar occipital region was 126
msec in these seven subjects (SD: 50 msec; 95%Cl: 79 to 172 msec). The maximal increase
of ‘gamma-range amplitude’ in the lateral-polar occipital region was 98% on average across
seven patients (SD: 50%).

The Wilcoxon Signed Ranks Test suggested that the onset latency of flash-induced gamma

augmentation was smaller in the anterior-medial occipital region compared to the lateral-polar
occipital region (p=0.03) but failed to demonstrate a significant difference in the offset latency
between the anterior-medial and lateral-polar occipital regions (p=0.9). The Wilcoxon Signed
Ranks Test also suggested that the maximal increase of ‘gamma-range amplitude” was larger
in the anterior-medial occipital region compared to the lateral-polar occipital region (p=0.04).

In three children (patients #3, 5, and 7), visually-induced gamma augmentation in the lateral-
polar occipital region was subsequently followed by brief gamma attenuation in the same or
adjacent electrodes (Table 2; Figure 3). In five children (patients #1, 4, 6, 8 and 9), visually-
induced gamma augmentation subsequently involved the inferior occipital-temporal area (the
inferior surface of Brodmann Area 19/37); the mean duration of such inferior occipital-
temporal gamma augmentation was 142 msec (SD: 82 msec).

Spectral amplitude modulations associated with central-field picture stimuli

Spatial and temporal patterns of amplitude modulations associated with central-field picture
stimuli are summarized in Table 3. Central-field picture stimuli resulted in gamma
augmentation (most prominent at 50-150 Hz range) initially involving the lateral-polar
occipital region (the lateral-to-polar surface of Brodmann Area 17/18) in all nine children, and
such lateral-polar occipital gamma augmentation became significant, on average, at 69 msec
after stimulus presentation (SD: 21 msec; 95%Cl: 52.3 to 85.4 msec) and persisted during the
picture presentation. The mean duration of lateral-polar occipital gamma augmentation was
1,147 msec (SD: 127 msec).

Among electrodes in the lateral-polar occipital region (Figures S1), ‘a larger distance of
electrode site from the occipital pole” was associated with ‘a larger onset latency of induced
gamma-augmentation’ (mean regression slope across nine patients: 55 msec/cm; SD: 40.5
msec/cm; 95%CI: 23.7 to 86.0 msec/cm). This finding suggests that each 1 cm increase in
distance from the occipital pole was associated with a 55 msec increase in the onset latency of
induced gamma-augmentation among the analyzed lateral-polar occipital sites. Among
electrodes in the lateral-polar occipital region, ‘a larger distance of electrode site from the
occipital pole’ was associated with ‘a smaller offset latency of induced gamma-
augmentation’ (mean regression slope across nine patients: =117 msec/cm; SD: 142 msec/cm;

Neuroimage. Author manuscript; available in PMC 2010 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Asano et al.

Page 9

95%Cl: —226 to —7.6 msec/cm). This finding suggests that central-field stimulus-induced
gamma-augmentation sustained longer at the site close to the occipital pole and subsided sooner
at the site distant from the occipital pole and that each 1 cm increase in distance from the
occipital pole was associated with a 117 msec decrease in the offset latency of induced gamma-
augmentation among the analyzed lateral-polar occipital sites.

Among electrodes in the lateral-polar occipital region, ‘a larger distance of electrode site from
the occipital pole’ was associated with ‘a smaller maximum gamma-range amplitude
measure’ (mean regression slope across nine patients: —15.3 %/cm; SD: 16.6 %/cm; 95%Cl:
—28.0 to —2.6 %/cm). This finding suggests that central-field stimulus-induced gamma-
augmentation was more intense at the site close to the occipital pole and less intense at the site
distant from the occipital pole and that each 1 cm increase in distance from the occipital pole
was associated with a 15.3% decrease in the induced gamma-range amplitude among the
analyzed lateral-polar occipital sites.

Visually-induced gamma oscillations subsequently involved the inferior occipital-temporal
region (the inferior surface of Brodmann Area 19/37) in all nine subjects. The mean latency
of the onset of inferior occipital-temporal gamma augmentation was 132 msec (SD: 52 msec;
95%Cl: 92.3 to 172.1 msec). The mean duration of such inferior occipital-temporal gamma
augmentations was 928 msec (SD: 265 msec).

Significant gamma-augmentation was subsequently noted in the posterior frontal cortices in
three children (patients #1, 4 and 8) (Table 3; Figure 2). None of the children showed
augmentation of gamma-oscillations in the anterior-medial occipital cortex during central-field
picture stimuli; rather, three children (patients #1, 8 and 9) showed brief gamma attenuation
in the anterior-medial occipital cortex during stimulus presentation (Table 3).

Relationship between presumed visual areas suggested by ECoG analyses and those by
neurostimulation

The spatial relationship between the visual cortices suggested by ECoG spectral amplitude
analyses and visual symptoms induced by neurostimulation is described in Figures 2 and 3. In
short, neurostimulation of the anterior-medial occipital cortex induced a phosphene in the
contralateral peripheral field in six children, eye deviation toward the contralateral side in one
child and no symptom in the remaining two children. Neurostimulation of the lateral-polar
occipital cortex induced a phosphene in the central field in six children and no symptom in the
remaining three children. Reported phosphenes were characterized by simple, bright, short-
lasting flash with either dot, circular or unformed shape; none of the subjects reported a
complex-form object associated with neurostimulation. A single child (patient #9) reported
that the size of phosphene was larger when the anterior-medial occipital cortex was stimulated
compared to when the lateral-polar occipital cortex was stimulated. The size of visual-related
cortices suggested by significant gamma-augmentation on ECoG analyses was larger than that
of neurostimulation. No other visual-related symptoms (such as formed visual hallucination)
were induced by neurostimulation in the inferior occipital-temporal region or the posterior
frontal region in the present study.

Four children (patients #2, 3, 5, and 9) had surgical resection involving both anterior-medial
as well as the lateral-polar occipital cortices and developed a hemianopsia postoperatively
(Table 1). A child (patient #6) who had a temporal lobectomy developed a quadrant
hemianopsia postoperatively (Table 1). None of the remaining subjects postoperatively
developed visual field deficits detected by confrontation tests.
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DISCUSSION

The major findings in the present study can be summarized in three points. i) Full-field
stroboscopic flash stimuli induced gamma-augmentation in the anterior-medial occipital cortex
(the anterior-medial surface of Brodmann Area 17/18) starting on average at 31 msec after
stimulus presentation and subsequently in the lateral-polar occipital cortex (the lateral-to-polar
surface of Brodmann Area 17/18), while minimal gamma oscillations were noted in the inferior
occipital-temporal cortex (the inferior surface of Brodmann Area 19/37). ii) As best shown in
animation movies (Video S2 and S4), central-field picture stimuli induced sustained gamma
augmentation in the lateral-polar occipital cortex starting on average at 69 msec, subsequently
in the inferior occipital-temporal cortex in all children, and in the posterior frontal cortex in
three children; the anterior-medial occipital cortex showed no gamma augmentation but rather
brief gamma attenuation. iii) Electrical stimulation of the anterior-medial occipital cortex
induced a phosphene in the contralateral peripheral field, whereas that of the lateral-polar
occipital cortex induced a phosphene in the more central field. These results increase our
understanding of the physiology of the human visual system.

Significance of gamma augmentation and attenuation in the anterior-medial occipital cortex
following flash visual stimulus

The present study using intracranial ECoG recording demonstrated that the initial cortical
activation represented as gamma augmentation occurred on average at 31 msec following short-
lasting full-field flash stimuli in humans. This novel observation is quite consistent with a
previous study of four macaque monkeys using intracranial unit recording showing that most
units in the striate cortex had visual response latencies in the range of 30-50 msec under the
stimulus conditions used and that the shortest latency recorded in the four animals ranged from
20 to 31 msec (Maunsell and Gibson, 1992). A recent study of six healthy adults using MEG
also showed that the initial peak of visual-evoked magnetic fields following full-field flash
stimuli was about 37 msec; a single equivalent current dipole analysis estimated the generator
of this peak located in a part of the medial occipital striate cortex (Inui et al., 2006). A previous
study of adults with focal epilepsy using intracranial ECoG recording demonstrated that
checkerboard pattern stimuli presented in the central field yielded a visually-evoked response
in the occipital pole initially exceeding the baseline voltage level at 56 msec (Yoshor et al.,
2007).

The present study also demonstrated how the neural processing for full-field flash stimulus
involved the areas surrounding the striate cortex. As best seen on an animation movie (Video
S1) in the present study, flash visual stimulation induced augmentation of gamma oscillations
initially in the anterior-medial occipital cortex, subsequently in the lateral-polar occipital
cortex, while minimal gamma augmentation was noted in the inferior occipital-temporal cortex
known as a part of visual association cortex (Kaas and Lyon, 2001). Preferential activation of
the anterior-medial occipital cortex may be associated with full-field, short-lasting visual
stimulus used in the present study. Since full-field flash visual stimulus was given with the
eyes closed in a darkened room, we speculate that visual stimulus was processed initially by
the retinal rod-photoreceptors sensitive to scattered light, concentrated in the periphery of the
retina, and outnumbering the cone-photoreceptors (Kandel et al., 2000). Visual signals
processed by the periphery of the retina are known to be transmitted to the anterior-medial
striate cortex, according to previous studies of adults with occipital lesions using anatomical
MRI and healthy adults using functional MRI (Wond and Sharpe, 1999; Levy et al.,
2001;Stenbacka and Vanni, 2007). Previous studies of adults with focal epilepsy (Yoshor et
al., 2007) and anesthetized monkeys (Rols et al, 2001) using intracranial ECoG recording
showed that visual stimuli presented in the peripheral field yielded a visually-evoked potential
(YYoshor et al., 2007) and gamma augmentation (Rols et al, 2001) predominantly involving the
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medial occipital region and those in the central field yielded such cortical responses
predominantly involving the lateral occipital region. In the present study, furthermore,
neurostimulation confirmed that the anterior-medial occipital cortex showing the flash stimuli-
induced gamma augmentation was a part of the primary visual cortex for the peripheral field
in a substantial proportion of subjects.

The present study also provided a novel observation that full-field flash stimulus induced
occipital gamma augmentation followed by significant gamma attenuation in three out of the
nine children. We speculate that such brief gamma attenuation may represent a relative
refractory period following the neural processing of flash stimulus, and refractoriness may
occur between the retinal and cortical levels. A previous study of healthy adults using functional
MRI showed that checkerboard pattern stimuli with an in interpair interval of 1 sec induced a
hemodynamic response from the visual cortex 45% less than that with an interpair interval of
6 sec (Huettel and McCarthy, 2000). A study of ganglion cells in the isolated retina of the larval
tiger salamanders using multi-microelectrode arrays showed that the firing rate from ganglion
cells was decreased following each flicker visual stimulus (Berry and Meister, 1998). On the
other hand, a study of healthy adults using transcranial magnetic stimulation revealed that a
paired-pulse occipital stimulation with an inter-stimulus interval of 67 msec rather reduced the
phosphene threshold to 74% of the threshold for single pulses (Gothe et al., 2002). Another
possible explanation for the observation of occipital gamma attenuation following flash-
induced gamma augmentation includes feed-forward inhibition by other areas (Shapley et al.,
2003; Blitz and Regehr, 2005; Marifio et al., 2005; Priebe and Ferster, 2008).

Significance of successive gamma augmentation involving the lateral-polar occipital,
inferior occipital-temporal and posterior frontal cortices

The present study demonstrated that central-field picture stimuli induced successive gamma
augmentation involving the lateral-polar occipital cortex (the primary visual cortex for the
central field) and the inferior occipital-temporal cortex regardless of recorded hemisphere; the
anterior-medial occipital cortex (the primary visual cortex for the peripheral field) showed no
gamma augmentation but rather gamma attenuation during stimulus presentation in some
children. These observations add complementary data to the previous human studies of
visually-induced gamma modulation using intracranial depth electrodes (Lachaux et al.,
2005; Tallon-Baudry et al., 2005). These studies clearly demonstrated sustained gamma
augmentation in the lateral occipital cortex and the inferior occipital-temporal area, both of
which were considered to play a role in visual object processing (Lachaux et al., 2005; Tallon-
Baudry et al., 2005). Yet, these studies did not fully explain the observation of gamma
attenuation in the anterior-medial striate cortex during central-field picture stimulus (Lachaux
et al., 2005), possibly because of the lack of sampling from the primary visual cortex for the
central field (Tallon-Baudry et al., 2005). In the present study, ECoG assessment revealed
gamma attenuation in the primary visual cortex for the peripheral field, while gamma
oscillations in the primary visual cortex for the central field were augmented. Thus, we
speculate that gamma attenuation in the anterior-medial occipital cortex during central-filed
object visualization may be associated with relative inattention to the peripheral visual field
during presentation of central-field picture stimuli.

The present study demonstrated a novel observation that gamma augmentation was noted in
the posterior frontal area following central-field picture stimuli in three children (Table 3;
Video S4). One of the plausible interpretations of this posterior frontal gamma augmentation
during picture stimuli includes activation of frontal eye field for visual searching. As most
children love watching TV, our subjects appeared to actively attend the visual tasks, although
no other tasks (such as pressing button) were assigned in the present study. In order to increase
attention of subjects, we selected a variety of pictures including faces, houses and abstract
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shapes. A previous study of healthy adults using functional MRI revealed a hemodynamic
activation in the bilateral frontal eye fields associated with central-field simple picture stimulus
(Mukai etal., 2007). A previous study of healthy adults using high-density scalp EEG recording
reported that the source of ERP peak associated with visual searching was estimated to be
located in the frontal eye field (Saron etal., 2001). We currently plan to investigate the temporal
and spatial patterns of gamma modulation in the frontal region, using the eye-tracking system,
which would allow assessment of ECoG changes time-locked to the onset of eye movement
(Yuval-Greenberg et al, 2008).

Methodological limitations in the present study

Potential methodological limitations of our study should be discussed. One of the major
limitations of extraoperative ECoG recordings is sampling error. In the present study, subdural
electrodes were placed only in the presumed epileptogenic hemisphere; we were not able to
evaluate cortical activation in the other hemisphere. Electrode placement was also limited by
the location of bridging veins abundant in the posterior head region. Thus, neither lack of
cortical activation on ECoG analysis nor lack of clinical symptoms induced by
neurostimulation provides evidence for the absence of cortical function in the present study.
Since the assumption that subdural electrodes covered the same anatomical locations across
the subjects was not tenable in the present study, we were not able to determine the relationship
between the age of subjects and the characteristics of visually-induced gamma augmentation.

Failure to induce a clinical symptom using neurostimulation of a cortical site does not prove
the absence of eloquent function in that site in children. Previous studies of humans (Haseeb
etal., 2007) and cats (Chakrabarty and Martin, 2000) showed that neurostimulation of the
Rolandic cortex more frequently failed to elicit motor responses in younger subjects. Another
human study using transcranial magnetic stimulation showed that the motor threshold was
negatively correlated with the age of subjects (Muller et al., 1991). Previous studies of children
with focal epilepsy showed that neurostimulation via subdural electrodes frequently failed to
induce language symptoms in children younger than 10 years old (Ojemann et al., 2003;
Schevonetal., 2007). It has been speculated that immature development of cortical myelination
may be associated with failure to electrically induce clinical responses in young children
(Muller et al., 1991).

The location of a phosphene induced by neurostimulation was determined not quantitatively
but qualitatively in the present study. Thus, the present study failed to confirm fine estimates
of the retinotropic organization of the occipital cortex. A previous study of adults with focal
epilepsy using intracranial ECoG recording estimated the retinotropic organization of the
occipital cortex using the amplitude of visual-evoked potentials (Yoshor et al., 2007). A future
study using a similar experimental task may determine how visual stimuli at each visual field
induce alteration of gamma-oscillations at each occipital site.

In the present study of children undergoing extraoperative ECoG recording, the protocol did
not include a visual task consisting of purely-peripheral visual stimuli. Presentation of visual
stimuli solely in the peripheral field has remained a challenge in human studies (Stenbacka and
Vanni, 2007), since subjects are required to fixate a central point of the monitor while visual
stimuli are presented peripherally. The majority of previous human studies to delineate
peripheral visual field representation using functional MRI and intracranial ECoG were
performed in adults not children.

Central-field picture stimuli had a larger amount of semantic information compared to full-
field stroboscopic stimuli in the present study. Thus, these two visual stimulus conditions not
only varied by the extent of the visual field covered, but also varied by the amount of semantic
information. It is therefore possible that the differential cortical activation induced by two
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different visual tasks may be at least partly explained by the difference in the amount of
semantic information in the visual stimuli. Future studies using a different combination of
visual tasks may determine what portion of cortical activation is explained by the amount of
semantic information and what is explained by the topography of visual field.

Antiepileptic drugs may affect the findings of cortical mapping using neurostimulation as well
as measurement of gamma-oscillations on ECoG. In the present study, phenytoin was loaded
intravenously prior to the mapping session to minimize the risk of stimulation-induced seizures.
A previous study of healthy adults demonstrated that phenytoin elevated motor thresholds to
transcranial magnetic stimulation but had no effect on motor-evoked potential amplitudes,
silent period duration, or intracortical excitability (Chen et al., 1997).

It has been reported that no truly ‘inactive’ reference is available in clinical EEG studies and
any analytic approach using any reference has some limitations (Pivik et al., 1993). In the
present study, ECoG amplitude measures were calculated using a common average reference.
Usage of a common average reference has been previously reported in previous ECoG studies
in which event-related gamma-oscillations were measured (Crone et al., 2001; Tanji et al.,
2005; Fukuda et al., 2008; Brown et al., 2008; Towle et al., 2008). Yet, the common average
reference unavoidably introduces a common signal into all channels; the unwanted influence
of such a common signal may alter ECoG amplitude measures, when only a small number of
intracranial electrodes are implanted or when even a large number of electrodes were placed
on a restricted area of interest. In a previous study of event-related gamma-oscillations, where
only five to nine electrodes were included into time-frequency analysis, not a common average
reference but a most inactive electrode overlying the brain tumor was selected as a reference
electrode (Edwards et al., 2005). In another study where a single grid electrode array
(containing 27 — 36 electrodes) was placed in the posterior temporal region of interest (Tallon-
Baudry et al., 2004), a current source density approach based on splines (Perrin et al., 1987)
was applied in order to suppress the effect of the common reference. On the other hand, a
previous study using scalp EEG recording suggested that the common average reference
derived from a large number of electrodes (such as 128 channels) can provide a good
approximation of an inactive reference (Junghofer et al., 1999). In the present study, the total
number of intracranial electrodes ranged from 96 to 128 (per subject); combination of grid and
strip electrodes were placed on widespread regions involving all four cerebral lobes. None of
the subjects showed significant gamma-augmentation or gamma-attenuation simultaneously
involving all electrode sites; differential visually-induced gamma augmentation involving two
occipital regions was consistent with cortical stimulation findings. Thus, we speculate that the
effect of signal distortion derived from a common average reference on ECoG amplitude
measures was small in the present study.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Results of visual mapping using ECoG amplitude analysis and neurostimulation in a 17-
year-old girl with uncontrolled focal epilepsy (Patient #9)

(A-D) Full-field flash stimuli (upper frames) induced short-lasting gamma augmentation (red)
initially involving the right anterior-medial occipital area and subsequently in the lateral-polar
occipital area. Minimal gamma-augmentation was noted in the inferior occipital-temporal area.
(E-H) Central-field picture stimuli (lower frames) induced sustained gamma augmentation
initially involving the lateral-polar occipital area and subsequently involving the inferior
occipital-temporal area; no gamma-augmentation was noted in the anterior-medial occipital
area. (1) ECoG traces during full-field flash stimuli are presented. Brief gamma augmentation
was noted in the anterior-medial occipital area following each flash stimulus. Oval arrows
indicate the onset of stimuli. Low-frequency filter: 53 Hz. High-frequency filter: 300 Hz. (J)
ECoG traces during central-field picture stimuli are presented. Sustained gamma augmentation
was noted in the lateral and inferior occipital areas during presentation of stimuli.

Neuroimage. Author manuscript; available in PMC 2010 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Asano et al.

posterior

posterior

=

posterior

Page 20

Full-field £} \.4 /,\n /,\o /,\.a

Flash Stimuli

Central-field
Picture Stimuli

IA) 30 msec (B) 130 msec (C) 230 msec (D) 330 msec

¢ %

QQ*

/]\.a /,\.1

PN

(E) 30 msec (F) 130 msec (G) 230 msec (H) 330 msec

Ch1
Anterior
Medial
Occipital
Cortex

Ch2
Lateral
Polar
Occipital
Cortex

Ch3
Inferior
Occipital
Temporal
Cortex

Ch4
Inferior
Frontal

Cortex

Full-field
Flash Stimuli

Central-field
Picture Stimuli

o\
ke

30Hz
0 750msec 0

) (K)

1000msec

Figure 2. Results of visual mapping using ECoG amplitude analysis and neurostimulation in a 7-
year-old boy with uncontrolled focal epilepsy (Patient #4)
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(A-D) Full-field flash stimuli (upper frames) induced short-lasting gamma augmentation (red)
involving the right anterior-medial occipital area (arrowhead). (E-H) Central picture stimuli
(lower frames) induced sustained gamma augmentation initially involving the lateral-polar
occipital area and subsequently involving the inferior occipital-temporal area. Sustained
gamma augmentation was also noted in the right frontal region just front of the precentral gyrus
(arrow). (I) Neurostimulation of the anterior-medial occipital region (yellow arrow) induced a
white circular phosphene in the left-side peripheral field, whereas neurostimulation of the
occipital polar region (red arrow) induced a white circular phosphene in the more central field.
(J) Time-frequency plot matrixes show that full-field flash stimuli induced significant gamma
augmentation initially in the anterior-medial occipital cortex and subsequently in the lateral-
polar occipital cortex. (K) Central-field picture stimuli induced significant gamma
augmentation initially in the lateral-polar occipital cortex and subsequently in the inferior
occipital-temporal area. Sustained gamma augmentation was also noted in the right frontal
region just front of the precentral gyrus.
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Figure 3. Results of visual mapping using ECoG amplitude analysis and neurostimulation in a 5-
year-old girl with uncontrolled focal epilepsy (Patient #3)

(A) Neurostimulation of the anterior-medial occipital region (yellow arrow) induced a
phosphene in the left-side peripheral field, whereas neurostimulation of the occipital polar
region (red arrow) induced a phosphene in the more central field. The patient reported that she
saw something bright but could not describe the exact shape or color. (B) Full-field flash stimuli
resulted in short-lasting gamma augmentation (red) involving the right anterior-medial
occipital area and subsequently resulted in gamma attenuation (blue) in the same area as well
as the lateral-polar occipital area. (C) Central picture stimuli induced sustained gamma
augmentation initially involving the lateral-polar occipital area and subsequently involving the
inferior occipital-temporal area.
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Figure 4. ECoG trace during central-field picture stimuli in a 5-year-old girl with uncontrolled

focal epilepsy (Patient #3)

The first and second picture stimuli induced sustained gamma-augmentation (arrowheads) in
Channels 1 and 2 on the right lateral occipital cortex. No such gamma-augmentation was noted
following the third, fourth or fifth picture stimuli, when interictal spike-wave bursts involved
the occipital cortex. Low-frequency filter: 50 Hz. High-frequency filter; 300 Hz. A repeat

session of central-field picture presentation was employed to this subject in the following day

and the results are shown in Figure 3.
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Table 2

Visually-Induced Gamma Modulation Associated with Full-field Flash Stimuli
The periods (after stimulus presentation) showing significant regional gamma-augmentation are shown. Similarly, the
periods showing significant regional gamma-attenuation are shown in parentheses. NS: No significant gamma
alteration.

Page 25

Gamma oscillations in the anterior-

Gamma oscillations in the lateral-

Gamma oscillations in the
inferior occipital-temporal

Gamma oscillations in the

Patients | medial occipital region polar occipital region region posterior frontal region
1 30-230 NS 310-400 NS
2 30-250 30-140 NS NS
3 50-120(240-610) NS (200-510) NS NS
4 30-130 50-180 120-320 NS
5 30-100 (210-480) 50-190 (330-570) NS NS
6 30-100 30-160 70-290 NS
7 30-330 (120-320) 50-80 (420-630) NS NS
8 30-180 50-130 260-390 NS
9 20-150 50-240 60-80 NS
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The periods (after stimulus presentation) showing significant regional gamma-augmentation are shown. Similarly, the
periods showing significant regional gamma-attenuation are shown in parentheses. NS: No significant gamma
alteration.

Gamma oscillations in the

Gamma oscillations in the

Gamma oscillations in the
inferior occipital-temporal

Gamma oscillations in the

Patients | anterior-medial occipital region lateral-polar occipital region region posterior frontal region
1 NS (320-640) 120-930 210-1190 270-800

2 NS 50-1230 80-1370 NS

3 NS 80-1320 120-1150 NS

4 NS 70-1230 150-1240 150-880

5 NS 70-1180 210-800 NS

6 NS 60-1220 150-730 NS

7 NS 60-1260 100-700 NS

8 NS (150-290) 60-1250 100-1050 520-650

9 NS (520-810) 50-1230 70-1220 NS
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