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SUMMARY
We determined how visuomotor tasks modulated gamma-oscillations on electrocorticography in
epileptic patients who underwent epilepsy surgery. Each visual-cue consisted of either a sentence or
hand gesture instructing the subject to press or not to press the button. Regardless of the recorded
hemisphere, viewing sentence and gesture cues elicited gamma-augmentation sequentially in the
lateral-polar occipital and inferior occipital-temporal areas; subsequently, button-press movement
elicited gamma-augmentation in the Rolandic area. The magnitudes of gamma-augmentation in the
Rolandic and inferior occipital-temporal areas were larger when the hand contralateral to the recorded
hemisphere was used for motor responses. A double dissociation was found in the left inferior
occipital-temporal cortex in one subject; the lateral portion had greater gamma-augmentation elicited
by a sentence-cue, whereas the medial portion had greater gamma-augmentation elicited by a gesture-
cue. The present study has increased our understanding of the physiology of the human visuomotor
system.

INTRODUCTION
Movements of humans are frequently triggered by visual cues. A typical example of visually-
cued movement is a driver’s response according to a traffic signal or policeman’s gesture.
Visually-cued movement tasks have been used to localize the primary motor cortex in
presurgical evaluation for patients with medically-uncontrolled epilepsy. Previous studies
using intracranial electrocorticography (ECoG) have shown that visually-cued motor tasks
elicited augmentation of gamma-oscillations in the Rolandic area [1–5], and that the area
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showing such movement-related gamma-augmentation was highly concordant with the
primary motor area proven by electrical neurostimulation [6]. It has been generally accepted
that event-related gamma-oscillations can be treated as quantitative measures of cortical
activation [7]. In short, augmentation of gamma-oscillations is considered to represent cortical
activation [8–12], whereas attenuation of gamma-oscillations is considered to represent cortical
deactivation [13–15]. The benefits of ECoG recording include: (i) minimal artifacts from
cranial muscles [1], (ii) a better signal-to-noise ratio compared to scalp electroencephalography
(EEG) and magnetoencephalography (MEG), which record cortical signals from outside of the
scalp [16–18] and (iii) a better temporal resolution compared to functional MRI (fMRI) [19].

Some ECoG studies showed that centrally-presented picture stimuli elicited gamma-
augmentation sequentially in the lateral-polar occipital region and the inferior occipital-
temporal region [15,20], but no motor task was simultaneously employed in these studies. It
still remains uncertain how gamma-oscillations are modulated in the occipital and posterior
temporal regions during ‘visuomotor’ tasks. In the present study of patients whose ECoG
sampling involved both the occipital, posterior temporal and Rolandic areas, we addressed
three questions described below. (i) We first determined whether visuomotor tasks elicit
gamma-augmentation sequentially in the lateral-polar occipital region (defined as the lateral-
to-polar surface of Brodmann Area 17/18 [15]), the inferior occipital-temporal region (defined
as the inferior surface of Brodmann Area 19/37) and the Rolandic area (i.e.: the pre- and post-
central gyri). (ii) We subsequently determined whether sentence- and gesture-cues
differentially modulate gamma-oscillations in the occipital and posterior temporal regions
during visuomotor tasks, and determined whether there was a double dissociation between the
type of tasks and the location of gamma-modulation. (iii) Furthermore, we determined whether
the laterality of motor responses affects gamma-modulation in the occipital and posterior
temporal regions during a visuomotor task. Our recent study of auditory-motor tasks [21]
demonstrated that the magnitude of gamma-augmentation in the superior temporal gyrus was
larger when the hand contralateral to the recorded hemisphere needs to be used for motor
responses, compared to when the ipsilateral hand does, and we hypothesize that a similar
phenomenon can be seen during visuomotor tasks, too.

METHODS
Patients

The inclusion criteria of the present study consisted of: (i) patients with focal epilepsy
undergoing extraoperative subdural ECoG recording as a part of presurgical evaluation in
Children’s Hospital of Michigan, Detroit, between April 2007 and March 2009, (ii) completion
of visuomotor tasks described below, and (iii) subdural electrodes chronically implanted on
both pre- and post-central gyri at least 4 cm above the Sylvian fissure as well as at least on a
portion of the lateral-polar occipital region (defined as the lateral-to-polar surface of Brodmann
Area 17/18) or the inferior occipital-temporal region (defined as the inferior surface of
Brodmann Area 19/37) [15]. The exclusion criteria consisted of: (i) the presence of massive
brain malformations (such as large porencephaly, perisylvian polymicrogyria or
hemimegalencephaly) which are known to confound the anatomical landmarks for the central
sulcus or calcarine sulcus, (ii) history of previous epilepsy surgery, and (iii) the presence of
epilepsia partialis continua. 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 and video-ECoG recording
For chronic extraoperative ECoG recording and subsequent functional cortical mapping,
platinum grid electrodes (10 mm intercontact distance, 4 mm diameter; Ad-tech, Racine, WI)
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were surgically implanted (Figure S1 on the website) [22,23]. MRI including a T1-weighted
spoiled gradient echo image as well as fluid-attenuated inversion recovery image was
preoperatively obtained [24–26]. Using planar x-ray images (lateral and anteroposterior) were
acquired with the subdural electrodes in place for electrode localization on the brain surface
[27–31]. A three-dimensional surface image was created with the location of electrodes directly
defined on the brain surface [27,29,31].

Extraoperative video-ECoG recordings were obtained for 3 to 10 days, using a 192-channel
Nihon Kohden Neurofax 1100A Digital System (Nihon Kohden America Inc, Foothill Ranch,
CA, USA), as previously described [25,26]. For evaluation of interictal and ictal activities as
well as event-related gamma-oscillations, the sampling rate was set at 1,000 Hz with the
amplifier band pass at 0.08 – 300 Hz. Antiepileptic medications were discontinued or reduced
during ECoG monitoring until a sufficient number of habitual seizures were captured.

Visuomotor tasks
Sentence-cue visuomotor tasks—None of the subjects had a seizure within two hours
prior to the visuomotor tasks. Each subject was awake, unsedated, and comfortably seated on
the bed in a dimly lit room. Each subject was instructed to press the button using the thumb
when a sentence-cue saying “Press the button” was visually presented and not to press the
button when one saying “Do not press” was presented (Figure S2 on the website).

Each subject completed two sentence-cue visuomotor tasks (one for each hand); each task
contained 40 trials, following a practice session prior to each task. Thereby, 20 sentence-cues
saying “Press the button” and 20 saying “Do not press” were presented in a pseudorandom
sequence during each task. Sentence-cues were presented using a 17-inch LCD computer
monitor placed 60 cm in front of subjects. Sentence cues were binocularly presented at the
center of the monitor, in grayscale, on the black background, for 1,500 msec with an inter-
stimulus interval of 2,000 msec [15]. The reaction time was defined as the period between the
onset of presentation of sentence-cue saying “Press the button” and the onset of button-press.
We determined whether the mean or standard deviation (SD) of reaction time differed between
the right and left hands or between the contralateral and ipsilateral hands (Wilcoxon-Signed
Ranks Test). We also determined whether the reaction time was correlated with the age of
subjects (Spearman’s Rank Test).

Gesture-cue visuomotor tasks—Each subject subsequently completed two gesture-cue
visuomotor tasks (one for each hand) following a practice session prior to each task, which
contained 40 trials (20 to press and 20 not to press the button). Subjects were instructed to press
the button using the thumb when a gesture of pressing the button was visually presented and
not to press the button otherwise (Figure S3 on the website). Otherwise, the task parameters
were the same as those employed in the sentence-cue visuomotor task.

Measurement of ECoG amplitude modulations elicited by visuomotor tasks
Each ECoG trial was transformed into the time-frequency domain, and we determined ‘when’
and ‘where’ gamma-oscillations were modulated. The time-frequency analysis used in the
present study was previously validated [32–35]. The measures of interest in the present study
included a percent change of the amplitude of gamma-oscillations relative to that during the
reference period (i.e.: the resting baseline) as well as statistical significance of task-related
augmentation of gamma-oscillations. Specifically, a percent change of amplitudes averaged
across 50- to 150-Hz frequency bands was defined as ‘gamma-range amplitude’ in the present
study [15,21,33]. The methodological details are described in the supplementary document on
the website (Supplementary Document S1).
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Assessment of the effect of laterality of motor responses on event-related gamma-
augmentation

We determined whether the magnitude of gamma-augmentation in the ‘visual sites’ was
different between when the hand contralateral to the sampled hemisphere was used for motor-
responses and when the ipsilateral hand was used; thereby, ‘visual sites’ were defined as those
in the lateral-polar occipital and inferior occipital-temporal regions showing significant
gamma-augmentation elicted by either sentence- or gesture-cue visual stimuli. Using ECoG
traces time-locked to the onset of motor responses [21], the maximum ‘gamma-range
amplitude’ in each ‘visual site’ was compared between the contralateral and ipsilateral hands
as well as between the left and right hands (Wilcoxon-Signed Ranks Test)

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. 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 MRI 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’ was sequentially delineated on the individual three-dimensional MRI [15,21,33].
‘Gamma-range amplitude’ for each electrode channel at each 10-msec epoch was registered
into Insight II software (Persyst, Prescott, AZ, USA) [21,36], and the 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 elicited by the visuomotor task (Videos S1 and S2 on the
website). The spatial and temporal patterns of gamma-modulation can be better appreciated
via animation movies [21,25].

Functional cortical mapping using neurostimulation
Functional cortical mapping by electrical neurostimulation was performed during
extraoperative ECoG recording as previously described (Supplementary Document S1). We
determined whether neurostimulation of the ‘visual sites’ elicited visual symptoms more
frequently than did that of the others in the lateral-polar and inferior occipital-temporal areas
(Fisher’s exact probability test). Previous studies including our own have already demonstrated
that ‘motor sites’ showing movement-related gamma-augmentation are highly concordant with
the primary motor area proven by electrical neurostimulation [6,21].

RESULTS
The present study included a total of 11 right-handed patients with focal epilepsy who satisfied
both inclusion and exclusion criteria (age range: 8–18 years; 7 females) (Table 1). All patients
were included in our previous study of gamma-oscillations modulated by an auditory-motor
task [21].

Behavioral data
Regardless of sentence- or gesture-cues, there was no difference in the mean number of
included trials between the right and left hands or between the contra- and ipsilateral hands,
according to the group analysis across the 11 patients (Table S1 on the website; p>0.3 on the
Wilcoxon-Signed Ranks Test). Regardless of sentence- or gesture-cues, there was no difference
in the mean or SD of reaction time between the right and left hands or between the contralateral
and ipsilateral hands (Table S1 on the website; p>0.1 on the Wilcoxon-Signed Ranks Test).
The Spearman’s Rank Test revealed a significant negative correlation between ‘the age of
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subjects’ and ‘the reaction time averaged across the whole trials’ (rho = −0.70; p=0.02),
suggesting that older children may have been more motivated, more attentive or less exhausted
during the visuomotor tasks compared to younger ones.

Sequential gamma-augmentation in the lateral-polar occipital and inferior occipital-temporal
areas

Intracranial electrodes involved the lateral-polar occipital area in 10 patients (all but patient 8)
and the inferior occipital-temporal area in 11 patients (Table S2 on the website). The total
number of electrode sites in the lateral-polar occipital area was 39 (mean: 3.5 per patient; 7 on
the left and 32 on the right hemisphere), and that in the inferior occipital-temporal area was 81
(mean: 7.4 per patient; 30 on the left and 51 on the right hemisphere). Time-frequency ECoG
analysis relative to the onset of visual-cue presentation revealed significant visually-elicited
gamma-augmentation as follows. In the sentence-cue visuomotor task, significant gamma-
augmentation was noted at 31 lateral-polar occipital sites (7 in the left and 24 in the right side)
and 37 inferior occipital-temporal sites (15 in the left and 22 in the right side). In the gesture-
cue visuomotor task, significant gamma-augmentation was noted at 22 lateral-polar occipital
sites (7 in the left and 15 in the right side) and 32 inferior occipital-temporal regions (11 in the
left and 21 in the right side). Thereby, a total of 31 lateral-polar occipital sites (7 in the left and
24 in the right side) and 44 inferior occipital-temporal sites (16 in the left and 28 in the right
side) were treated as ‘visual sites’, since these 75 sites showed significant gamma-
augmentation elicited by either sentence- or gesture-cues. No significant gamma-augmentation
was noted in the Rolandic area immediately following presentation of visual-cues.

The earliest onset of sentence-cue visual-related gamma-augmentation was +114 msec on
average (SD: 73 msec; 10 subjects) in the lateral-polar occipital area; patient 8 had no subdural
electrodes involving the lateral-polar occipital area (Table S2 on the website). The earliest
onset of sentence-cue visual-related gamma-augmentation was +185 msec on average (SD:
117 msec; 10 subjects) in the inferior occipital-temporal area; no significant gamma-
augmentation was noted in the inferior occipital-temporal area in patient 3, whose inferior
occipital-temporal area was involved by cortical dysplasia associated with the seizure onset on
ECoG.

The earliest onset of gesture-cue visual-related gamma-augmentation in the lateral-polar
occipital area was +125 msec on average across 8 subjects (SD: 68 msec); no significant
gamma-augmentation was noted in patients 9 and 11, whose lateral-polar occipital areas were
involved by the seizure onset zone. The earliest onset of gesture-cue visual-related gamma-
augmentation in the inferior occipital-temporal area was +170 msec on average across 8
subjects (SD: 58 msec); no significant gamma-augmentation was noted in patients 3, 6 and 9,
whose seizure onset zones involved a portion of the inferior occipital-temporal area.

The Wilcoxon-Signed Ranks test revealed that the lateral-polar occipital area exhibited
significant visual-related gamma-augmentation earlier than the inferior occipital-temporal area
in the sentence-cue (p=0.02) as well as gesture-cue tasks (p=0.03).

The effect of laterality of motor responses on visual-related gamma-augmentation in the
inferior occipital-temporal areas

Time-frequency ECoG analysis relative to the onset of sentence-cue presentation also revealed
that the maximum ‘gamma-range amplitude’ in the inferior occipital-temporal ‘visual sites’
was larger when the contralateral hand was used for motor responses, compared to when the
ipsilateral hand was used (mean: 54% [SD: 33%] vs 44% [SD: 28%]; p<0.001 on the Wilcoxon-
Signed Ranks Test); there was no difference in the maximum ‘gamma-range amplitude’ in the
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inferior occipital-temporal ‘visual sites’ between the left and right hands (mean: 49% [SD:
30%] vs 49% [SD: 32%]; p=0.7).

Similarly, time-frequency ECoG analysis relative to the onset of gesture-cue presentation also
revealed that the maximum ‘gamma-range amplitude’ in the inferior occipital-temporal ‘visual
sites’ was larger when the contralateral hand was used for motor responses, compared to when
the ipsilateral hand was used (mean: 47% [SD: 29%] vs 41% [SD: 23%]; p=0.02); there was
no difference in the maximum ‘gamma-range amplitude’ in the inferior occipital-temporal
‘visual sites’ between the left and right hands (mean: 45% [SD: 27%] vs 42% [SD: 15%];
p=0.2).

The effect of laterality of motor responses on visual-related gamma-augmentation in the
lateral-polar occipital areas

Time-frequency ECoG analysis relative to the onset of sentence-cue presentation revealed that
the maximum ‘gamma-range amplitude’ in the lateral-polar occipital ‘visual sites’ was larger
when the contralateral hand was used for motor responses, compared to when the ipsilateral
hand was used (mean: 106% [SD: 56%] vs 87% [SD: 42%]; p=0.003) also somewhat larger
when the left hand was used for motor responses, compared to when the right hand was used
(mean: 102% [SD: 46%] vs 92% [SD: 54%]; p=0.06).

Time-frequency ECoG analysis relative to the onset of gesture-cue presentation revealed that
the maximum ‘gamma-range amplitude’ in the lateral-polar occipital ‘visual sites’ was larger
when the contralateral hand was used for motor responses, compared to when the ipsilateral
hand was used (mean: 106% [SD: 65%] vs 89% [SD: 63%]; p<0.001) and also larger when
the left hand was used for motor responses, compared to when the right hand was used (mean:
106% [SD: 66%] vs 88% [SD: 62%]; p<0.001).

It was difficult to determine whether the usage of ‘contralateral hand’ or ‘left hand’ had a
dominant effect on ‘gamma-range amplitudes’ measured in the lateral-polar occipital area, due
to the collinearity problem. The sample size in the lateral-polar occipital area was small; only
7 electrodes were placed on the left lateral-polar occipital sites, whereas 30 electrodes were
placed on the left inferior occipital-temporal area.

Gamma-augmentation in the Rolandic area
Intracranial electrodes involved the Rolandic area at least 4 cm above the Sylvian fissure in 12
hemispheres of all 11 patients (Table S2 on the website). The number of electrode sites in the
Rolandic area at least 4 cm above the Sylvian fissure was 9.1 per hemisphere on average. Time-
frequency ECoG analysis relative to the onset of motor-responses revealed movement-related
gamma-augmentation in the Rolandic area as follows. The earliest onset of movement-related
gamma-augmentation elicited by the contralateral hand responses was −165 msec on average
(SD: 169 msec) in the sentence-cue visuomotor task and −145 msec on average (SD: 137 msec)
in the gesture-cue visuomotor task. Taking into account the reaction time of about 1,000 msec
in either visuomotor task, we can conclude that significant gamma-augmentation in the
Rolandic areas was preceded by gamma-augmentation in the inferior occipital-temporal areas.
No significant gamma-augmentation was noted in the lateral-polar or inferior occipital-
temporal area during motor responses.

Time-frequency ECoG analysis for the sentence-cue visuomotor task revealed that the
maximum ‘gamma-range amplitude’ in the Rolandic area was larger when the contralateral
hand was used for motor responses, compared to when the ipsilateral hand was used (mean:
174% [SD: 55%] vs 41% [SD: 29%]; p=0.002 on the Wilcoxon-Signed Ranks Test); difference
in the maximum ‘gamma-range amplitude’ between the left and right hands failed to reach
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significance (mean: 139% [SD: 77%] vs 77% [SD: 74%]; p=0.1). Similarly, time-frequency
ECoG analysis for the gesture-cue visuomotor task revealed that the maximum ‘gamma-range
amplitude’ in the Rolandic area was larger when the contralateral hand was used for motor
responses, compared to when the ipsilateral hand was used (mean: 160% [SD: 54%] vs 39%
[SD: 34%]; p=0.003 on the Wilcoxon-Signed Ranks Test); difference in the maximum
‘gamma-range amplitude’ between the left and right hands failed to reach significance (mean:
121% [SD: 61%] vs 78% [SD: 86%]; p=0.2).

Differential gamma-augmentation elicited by sentence- and gesture-cues
Time-frequency ECoG analysis relative to the onset of visual-cues revealed a functional double
dissociation in patient 10; the relatively lateral portion of inferior occipital-temporal area had
greater gamma-augmentation elicited by a sentence-cue, whereas the relatively medial portion
had greater gamma-augmentation elicited by a gesture-cue (Figure 1). The spatial and temporal
patterns of differential gamma-augmentation can be best appreciated via animation movies
(Videos S1 and S2 on the website). Group analysis of seven subjects (excluding patients 3, 6,
9 and 11 whose seizure onset zones involved a portion of the lateral-polar or inferior occipital-
temporal areas) revealed a double dissociation between the type of visuomotor tasks and the
location of gamma-modulation (Figure 2). Five sites in the left and none in the right lateral-
polar occipital areas showed gamma-augmentation preferably elicited by sentence-cues more
than gesture-cues, whereas 2 sites in the left and 9 in the right lateral-polar occipital areas
showed gamma-augmentation preferably elicited by gesture-cues more than sentence-cues
(p=0.007 on the Fisher’s exact probability test). Similarly, 3 sites in the left and none in the
right inferior occipital-temporal areas showed gamma-augmentation elicited by sentence-cues
more than gesture-cues, whereas 2 sites in the left and 11 in the right inferior occipital-temporal
areas showed gamma-augmentation elicited by gesture-cues more than sentence-cues (p=0.02).
Such double dissociation at the group level failed to reach significance when all 11 subjects
were included (p>0.05; Figure 2). These findings suggest that sentence-cues preferably elicited
gamma-augmentation in the left and gesture-cues preferably in the right ventral visual cortices
among subjects only whose seizure onset zones did not involve the ventral visual cortices.

Correlation between ‘visual sites’ suggested by ECoG analysis and symptoms elicited by
neurostimulation

Electrical stimuli were delivered to 17 electrode pairs including the lateral-polar occipital
‘visual sites’; a phosphene was elicited by neurostimulation of 13 out of the 17 pairs. No visual
symptom was elicited when electrical stimuli were delivered to a single electrode pair in the
lateral-polar occipital area not classified as ‘visual sites’. Electrical stimuli were delivered to
28 electrode pairs including the inferior occipital-temporal ‘visual sites’, and a phosphene was
elicited by neurostimulation of 11 pairs and visual-language failure was elicited by
neurostimulation of a pair. Electrical stimuli were delivered to seven electrode pairs in the
inferior occipital-temporal area not classified as ‘visual sites’; a phosphene was elicited by
neurostimulation of only 1 of the seven pairs. The chance of neurostimulation of pairs including
‘visual sites’ eliciting a visual symptom was 4.4 times higher than that of the remaining pairs
in the ventral visual cortices assessed in the present study (p=0.05, Fisher’s exact probability
test).

DISCUSSION
(i) Both sentence- and gesture-cue visuomotor tasks elicited sequential gamma-augmentation
in the lateral-polar occipital, inferior occipital-temporal and Rolandic areas. (ii) A double
dissociation was found in the left inferior occipital-temporal area in one subject; the lateral
portion had greater gamma-augmentation elicited by a sentence-cue, whereas the medial
portion had greater gamma-augmentation elicited by a gesture-cue. (iii) The magnitudes of
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gamma-augmentation in the inferior occipital-temporal and the Rolandic areas in the recorded
hemisphere were larger when the hand contralateral to the recorded hemisphere was used for
motor responses, compared to when the ipsilateral hand was. (iv) Neurostimulation of the sites
showing significant visually-elicited gamma-augmentation frequently resulted in congruent
clinical symptoms.

Significance of gamma-augmentation in the lateral-polar occipital and inferior occipital-
temporal areas

Our observation of visually-elicited gamma-augmentation is consistent with previous ECoG
studies. It was previously demonstrated that centrally-presented objects such as abstract shapes,
faces, and houses elicited gamma-augmentation at 30 to 200 Hz [15,20] and large evoked
potential peaks [37,38] initially in the lateral-polar occipital area and subsequently in the
inferior occipital-temporal area in either hemisphere. Such a well-replicated observation
supports the notions that early gamma-augmentation in the lateral-polar occipital area
represents the early cortical processing for external visual stimuli and that subsequent gamma-
augmentation in the inferior occipital-temporal area may represent further cognitive
processing associated with the nature of visual stimuli.

Double dissociation of the left inferior occipital-temporal sites showing gamma-augmentation
elicited by sentence- and gesture-cue visual stimuli is a novel finding in the present study,
although this is a finding in a single subject whose ECoG was sampled from the left hemisphere.
This observation supports the notions that the lateral portion of the inferior occipital-temporal
region (i.e.: posterior inferior temporal gyrus) on the left side plays a crucial role in word
recognition, whereas the medial portion of inferior occipital-temporal region (i.e.: the fusiform
gyrus) plays a role in body part recognition. Previous ECoG studies have shown that visually-
presented language stimuli elicited gamma-augmentation [39–42] in the posterior inferior
temporal gyrus on the left side more intensely than on the right side [39,42]. It was also reported
that focal resection of the left posterior inferior temporal region resulted in a marked reading
deficit, while recognition of other visual categories remained intact [43]. Previous studies of
healthy subjects using fMRI also showed that viewing words was associated with increased
blood oxygen level-dependent (BOLD) responses in the posterior inferior temporal gyrus on
the left side more intensely than on the right side [44,45]. On the other hand, other fMRI studies
showed that imitation of a body gesture resulted in increased BOLD responses in the fusiform
gyri bilaterally [46,47].

Group analysis of seven subjects whose seizure onset zones failed to involve the ventral visual
pathway revealed a double dissociation between the type of visuomotor tasks and the location
of gamma-modulation. The left ventral visual pathway was activated by sentence-cues more
than gesture-cues whereas the right ventral visual pathway was activated by gesture-cues more
than sentence-cues. This novel observation seems to be consistent with the generally-accepted
notion that language information is processed preferably in the left hemisphere [39,42,44,45].

The effect of the laterality of movements on activation in the inferior occipital-temporal areas
The magnitude of gamma-augmentation in the inferior occipital-temporal ‘visual sites’ was
larger by 15 – 23% when the hand contralateral to the recorded hemisphere needed to be used
for motor responses, compared to when the ipsilateral hand was. A similar observation was
noted in our recent ECoG study of auditory-motor tasks, which demonstrated that the
magnitude of gamma-augmentation in the superior temporal gyrus was larger when the
contralateral hand was used, compared to when the ipsilateral hand was [21]. Increased
attention or movement preparation given to the assigned hand might have resulted in increased
functional connectivity between the contralateral Rolandic and inferior occipital-temporal
areas via back-projections in an intra-hemispheric pathway. A previous fMRI study showed
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that tactile stimulation to a hand enhanced visually-induced BOLD responses in the inferior
occipital-temporal area on the side contralateral to the hand [48].

Methodological limitations
Inevitable limitations of ECoG recording include: sampling limitation, antiepileptic drugs, and
inability to study healthy volunteers. In our study, most of patients had subdural electrodes
placed only on the cortical surface of the presumed epileptogenic hemisphere; we were not
able to evaluate the other hemisphere or subcortical structures. Since large bridging veins were
present, we were not able to place large grid subdural electrodes but strip electrodes in the
lateral-polar occipital and inferior occipital-temporal areas in the majority of our patients. It
has been reported that interictal epileptiform activities in animals and patients with focal
epilepsy include paroxysmal gamma-band oscillations (also known as ‘ripples’) [49], which
may potentially influence the measurements of event-related gamma-oscillations. Such ripples
are observed most frequently during non-REM sleep and rather rarely during wakefulness
[50]. In order to reduce the effects of ‘ripples’ on the results of time-frequency analysis, trials
affected by runs of interictal epileptiform discharges were excluded from the analysis. All
subjects included in the present study had a diagnosis of focal epilepsy and the sampled
hemispheres were suspected to be dysfunctional. It is possible that the effects of interictal spikes
might be lingering and we still don’t know the duration of their effects on cortical function in
the areas showing interictal spikes or the remote effects of spikes occurring elsewhere. Thus,
interpretation and generalization of our results must be made cautiously along with the
observations in studies of healthy humans using noninvasive diagnostic modalities such as
fMRI [48]. Our observation of the magnitudes of visually-elicited gamma-augmentation being
larger when the contralateral hand was used would be difficult to explain by the effect of
underlying disease process alone. Antiepileptic drugs may affect the findings of
neurostimulation and time-frequency ECoG analysis. Here, phenytoin was loaded
intravenously prior to neurostimulation to minimize the risk of stimulation-related seizures. It
was reported that phenytoin elevated motor thresholds to TMS but had no effect on motor-
evoked potential amplitudes [51]. We recognize that failure to elicit clinical symptoms by
neurostimulation could be partially attributed to the acute effect of phenytoin given prior to
neurostimulation. The sentence-cue task was given prior to the gesture-cue task in all patients.
Although all patients had a practice session prior to each task, we cannot rule out the effects
of order of tasks on the results of time-frequency analysis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Differential gamma-augmentation elicited by sentence- and gesture-cues in patient 10
Time-frequency ECoG matrixes relative to the onset of visual-cues revealed a functional
double dissociation in patient 10. The sentence-cue visuomotor task resulted in gamma-
augmentation in the lateral portion but not in the medial portion of the inferior occipital-
temporal area (upper row). The gesture-cue visuomotor task resulted in gamma-augmentation
in the medial and lateral portions of the inferior occipital-temporal area with greater intensity
in the medial portion (middle row). Comparison of amplitudes between sentence- and gesture-
cues revealed that the relatively lateral portion of inferior occipital-temporal area had
significantly greater gamma-augmentation elicited by a sentence-cue (denoted by red areas in
the bottom row), whereas the relatively medial portion had significantly greater gamma-

Nagasawa et al. Page 13

Epilepsy Behav. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



augmentation elicited by a gesture-cue (denoted by blue areas in the bottom row). Please also
see Videos S1 and S2 on the website.
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Figure 2. Differential gamma-augmentation elicited by sentence- and gesture-cues at the group
level
Red circles represent electrode sites showing gamma-augmentation elicited by sentence-cues
significantly more than gesture-cues. Blue circles represent electrode sites showing gamma-
augmentation elicited by gesture-cues significantly more than sentence-cues. The number in
each circle indicates the patient number (Table 1).
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