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Abstract

We determined if high-frequency gamma-oscillations (50- to 150-Hz) were induced by simple
auditory communication over the language network areas in children with focal epilepsy. Four
children (ages: 7, 9, 10 and 16 years) with intractable left-hemispheric focal epilepsy underwent
extraoperative electrocorticography (ECoG) as well as language mapping using neurostimulation
and auditory-language-induced gamma-oscillations on ECoG. The audible communication was
recorded concurrently and integrated with ECoG recording to allow for accurate time-lock upon
ECoG analysis. In three children, who successfully completed the auditory-language task, high-
frequency gamma-augmentation sequentially involved: i) the posterior superior temporal gyrus when
listening to the question, ii) the posterior lateral temporal region and the posterior frontal region in
the time interval between question completion and the patient’s vocalization, and iii) the pre- and
post-central gyri immediately preceding and during the patient’s vocalization. The youngest child,
with attention deficits, failed to cooperate during the auditory-language task, and high-frequency
gamma-augmentation was noted only in the posterior superior temporal gyrus when audible questions
were given. The size of language areas suggested by statistically-significant high-frequency gamma-
augmentation was larger than that defined by neurostimulation. The present method can provide in-
vivo imaging of electrophysiological activities over the language network areas during language
processes. Further studies are warranted to determine whether recording of language-induced
gamma-oscillations can supplement language mapping using neurostimulation in presurgical
evaluation of children with focal epilepsy.
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Michigan. 3901 Beaubien St., Detroit, MI, 48201, USA. Phone: 313-745-5547; FAX: 313-745-0955; E-mail: eishi@pet.wayne.edu.
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INTRODUCTION

Cortical areas essential for language are highly variable in location between individuals with
focal epilepsy (Ojemann et al., 1989; Duchowny et al., 1996). Thus, functional cortical
mapping for language is often performed in patients with intractable neocortical epilepsy to
assess the risk of language deficit following resection of the presumed epileptogenic zone.
Neurostimulation via implanted subdural electrodes has been demonstrated as a powerful
technique for language mapping in a large number of patients and remains today’s ‘gold-
standard’ for such use. However, a recent study found neurostimulation inadequate for
language mapping in children under age 10 years (Schevon et al., 2007), and alternative
language mapping techniques would be highly desirable in these cases.

Quantitative measurement of high-frequency gamma-range oscillations (80- to 100-Hz) on
extraoperative electrocorticography (ECoG) during a picture naming task has been proposed
as an alternative language mapping technique. Utilizing picture naming tasks, spatial
concordance was observed between the language areas determined by such ECoG analysis and
neurostimulation in presurgical evaluation for patients ranging in age from mid-adolescence
well into adulthood (Crone et al., 2001b; Sinai et al., 2005). However, the literature does not
reveal such language mapping by ECoG analysis performed upon patients younger than mid-
adolescence.

In the present study, we determined ‘where’ and ‘when’ an auditory communication task
increased high-frequency gamma-oscillations (50- to 150-Hz) on subdural electrodes
implanted on the left hemisphere in children with intractable focal epilepsy. We also
determined the spatial relationship between the presumed language areas suggested by
increased high-frequency gamma-oscillations and those suggested by neurostimulation as well
as the brain’s anatomical structures.

MATERIALS AND METHODS

Subjects

The present study included four native English speaking children who were diagnosed to have
intractable focal epilepsy with the presumed epileptogenic zone in the left hemisphere (3 girls
ages 7, 9and 10 years; 1 boy age 15 years). All patients underwent a two-stage epilepsy surgery
between January and May of 2007. All four children underwent preoperative scalp video-
electroencephalography (video-EEG), preoperative magnetic resonance imaging (MRI), 2-
deoxy-2-[18F]fluoro-D-glucose positron emission tomography (FDG PET), preoperative
neuropsychological examination, extraoperative intracranial electrocorticography (ECoG),
and extraoperative functional cortical mapping for language using neurostimulation. Recording
of high-frequency gamma-oscillations was employed on ECoG, while each patient was
evaluated for baseline language performance. The study was approved by the Institutional
Review Board at Wayne State University, and written informed consent was obtained from the
parents or guardians of all subjects.

Clinical data are summarized in Table 1. Patient 1 had previously undergone unsuccessful
tumor resection of the superior portion of the left precentral gyrus at another institution. Patient
2 possessed a solitary tumor in the left superior frontal region. Patient 3 had multiple cortical
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tubers involving both hemispheres. MRI was normal in patient 4 but FDG PET scan showed
widespread cortical regions with glucose hypometabolism in the left hemisphere.

Patient 3 underwent preoperative intracarotid sodium amobarbital procedure (also known as
Wada test) as part of her neuropsychological evaluation; left-hemispheric language dominance
was proven. Language dominance was assumed to be left-hemispheric in patient 1 and patient
2 due to right-handedness (Knecht et al., 2000). The assumption of left-hemispheric language
dominance in patient 2 was also supported by the prolonged post-ictal aphasia that
characterized her seizures. Due to left-handedness and widespread glucose hypometabolism
involving the left hemisphere, patient 4 had less certain lateralization of language dominance
prior to resective surgery.

Subdural electrode placement

For extraoperative video-ECoG recording, platinum grid electrodes (10mm inter-contact
distance; 4mm diameter; Ad-tech, Racine, WI, USA) were surgically implanted on the
presumed epileptogenic hemisphere. In all patients, electrodes also covered the lower pre- and
post-central gyri, posterior inferior frontal region, and lateral temporal region. Additionally,
electrode strips were placed in the inter-hemispheric space to record the ECoG of medial
frontal, parietal or occipital regions. One or more additional strips were also placed under the
medial temporal region. The total number of electrode contacts ranged from 74 to 128 (Table
1).

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. 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).

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 M, 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. ECoG signals were re-montaged to an average
reference, to obtain reference-free topographic maps of spectral measures. Channels
contaminated with large interictal epileptiform discharges or artifacts were excluded from the
average reference. Antiepileptic medications were discontinued or reduced during ECoG
monitoring until a sufficient number of habitual seizures were captured, and seizure onset zones
were visually identified.

Language mapping using time-frequency analysis of EcoG

Auditory language task—All tests necessary for language mapping by measurement of
auditory-language-induced gamma-oscillations were performed while each patient was awake
and comfortably seated on the bed. The patient received a series of 60 custom-made question-
and-answer trials, and the patient’s baseline performance was evaluated. Provided questions
ranged from 1 to 2 seconds in duration. All questions were read aloud by a neuropsychologist
(R.R.) and designed to elicit 1 or 2 word answers with nouns; i.e. Q: ‘What flies in the sky?’
The list of questions used in the present study is available in Table S1. This audible session
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was recorded using a Digital Voice Recorder (WS-300M, Olympus America Inc, Hauppauge,
NY, USA) concurrently with ECoG recording, and the amplified audio waveform was
integrated into the Digital ECoG Recording System (Figure S1). Subsequently, the onset of
auditory question as well as the onset of the patient’s vocalization of the answer was marked
for each question-and-answer session (Figure 1). Cool Edit Pro version 2.00 (Syntrillium
Software Corp., Phoenix, AZ, USA) was used to visually and audibly aid in the manual
determination of the onset of the patient’s vocalization (Figure 1).

Analysis of high-frequency gamma-oscillations relative to ‘the onset of patient’s
vocalization’—Data analysis was performed using BESA® EEG V.5.1.8 software (MEGIS
Software GmbH, Gréfelfing, Germany). Language event-related amplitude modulations were
evaluated using the trigger point set at the onset of patient’s vocalization. Especially, alteration
of high-frequency gamma-range (at 50-Hz or above) amplitude (unit: uV) time-locked to
patient’s vocalization was assessed; this analytic method was designed to evaluate sequential
brain activation associated with comprehension, word retrieval and vocalization (Figure 2).

The inclusion criteria defining ECoG epochs suitable for this time-frequency analysis included:
i) patient’s vocalization of the answer must be not longer than 1,000-msec in duration; ii) the
variability of delay between offset of the question and onset of the patient’s vocalization must
be within 1,000-msec across trials; iii) a period of silence (as a reference period) lasting 200-
msec must be available between 1,000- to 1,400-msec after onset of the patient’s vocalization;
iv) another period of silence lasting 200-msec must be present immediately prior to the above-
defined reference period of 200-msec, in order to minimize the potential effect of lingering
self-vocalization-induced amplitude modulation on each reference period; and v) the patient
only vocalized a correct answer. The exclusion criteria included: i) ECoG trace was affected
by movement artifacts; ii) ECoG trace was affected by electrographic seizures; and iii) ECoG
trace from the left superior temporal gyrus was affected by runs of interictal epileptiform
discharges. All ECoG epochs (starting 2,000-msec prior to and ending 1,400-msec after the
trigger) which satisfied all of the inclusion and exclusion criteria were utilized for the time-
frequency ECoG analysis described below.

Each suitable ECoG trial 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). 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
etal., 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 the patient’s vocalization).
In this study, only the amplitude averaged across all trials, was used for further analysis. Time-
frequency transformation was performed for frequencies between 30- and 200-Hz and latencies
between -2,000 msec and +1,400 msec relative to the onset of the patient’s vocalization, in
steps of 5-Hz and 10 msec. This corresponded to a time-frequency resolution of +/-7.1 Hz and
+/-15.8 msec (50% power drop of the FIR filter).

At each time-frequency bin we analyzed the percentage change in amplitude (averaged across
trials) relative to the mean amplitude in a reference period, defined as the resting state following
patient’s vocalization. This parameter is commonly termed “event-related synchronization and
desynchronization” (Pfurtscheller et al., 1979), whereas a less suggestive terminology is
“temporal spectral evolution” (TSE) (Salmelin and Hari, 1997).
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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 (each electrode was
analyzed at 11,935 time-frequency bins, 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 pj < 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, blue color indicated
a significant decrease of amplitude, red color a significant increase in the corresponding time-
frequency bin relative to the baseline as obtained by this procedure.

An additional correction for testing in multiple electrodes (the number of subdural electrodes
ranged from 74 to 128 across subjects) was employed; TSE values in a given electrode were
declared to be statistically significant only if a minimum of 8 voxels in the high-frequency
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-
| error in determination of cortical activation or deactivation. 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).

Analysis of high-frequency gamma-oscillations relative to ‘the onset of auditory
guestion’—Language event-related amplitude modulations were also evaluated using the
trigger point set at the onset of auditory question, and this analytic method was designed to
evaluate brain activation associated with the initiation of auditory question. Limitation of this
analytic method includes a potential temporal overlap between the sounds presented by the
neuropsychologist and the sounds produced by the patient. Since the duration of questions was
not uniform, the onset of patient’s vocalization in a session with short question may begin
before the offset of auditory question in another session with a relatively longer question
(Figure 2).

The inclusion criteria defining ECoG epochs suitable for this time-frequency analysis included:
i) at least 300-msec of silence occurred before the onset of auditory question; and ii) the patient
was observed to have heard the question - indicated by any relevant response. The same
exclusion criteria described above were applied. All 3,300-msec ECoG epochs (starting 300-
msec prior to and ending 3,000-msec after the onset of auditory question) which satisfied all
of the inclusion and the exclusion criteria were utilized for the time-frequency ECoG analysis.
A reference period of 200-msec was set within the period of silence at 300- to 100-msec prior
to the auditory question. Alteration of ECoG amplitude was determined using the statistical
approach as described above.

Language mapping using neurostimulation

Language mapping by neurostimulation was performed during extraoperative ECoG recording,
using a method similar to those described previously (Sinai et al., 2005; Haseeb et al., 2007).
Questions that could not be answered quickly and reliably at the baseline evaluation were
eliminated from the protocol used in stimulation mapping. A pulse-train of electrical stimuli
was delivered using the Grass S88 constant-current stimulator (Astro-Med, Inc, West Warwick,
RI, USA). To minimize stimulation-induced seizure risk, a loading dose of phenytoin was
administered intravenously prior to the mapping session (Haseeb et al, 2007). To determine
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the presence of after-discharges, subdural ECoG and video were recorded continuously during
the procedure.

Subdural electrode pairs were stimulated by an electrical pulse-train of 10-sec maximum
duration using pulses of 300-psec 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-mA ina
stepwise manner by 3-mA until a clinical response or after-discharge was observed. During
each period of 10-sec stimulation, each patient was asked to answer two brief questions used
in the above-mentioned language mapping task. Other tasks such as picture naming, counting
and reciting ABC’s were also assigned as needed. When the patient failed to answer a question
or complete the assigned task during a stimulation period, he/she was asked why he/she failed.
Brain regions at which stimulation consistently induced a clinical response 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 to have not been proven eloquent. This neurostimulation session
required 1 to 2 hours of patient time.

Delineation of ECoG data on three-dimensional MRI

RESULTS

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 ECoG 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 (Figures 2, 3, S2 - S5). In
order to animate ‘when’, “‘where’ and “how many fold’ high-frequency gamma-oscillations
were increased, ‘gamma-range amplitude’ (defined as the amplitude averaged across 50- to
150-Hz frequency bands and normalized to that of the baseline) was sequentially delineated
on the individual three-dimensional MRI (Figure 2), using a method similar to that previously
described (Asano et al., 2005). In short, ‘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. Finally, all interpolated topography maps were sequentially registered to
the Microsoft Windows Movie Maker 5.1 (Microsoft Corporation, Redmond, WA, USA), and
this procedure yielded a movie file showing a sequential alteration of high-frequency gamma-
oscillations related to language activity (Video S1).

High-frequency gamma-oscillations time-locked to patient’s vocalization

Behavioral data are presented in Table 2. Three (patients 1 - 3) out of four patients satisfactorily
completed the auditory-language task. A total of 42, 44, and 40 trials, respectively, were
considered to be suitable and included for time-frequency analysis time-locked to the onset of
patient’s vocalization. About one-third of epochs failed to be included, mostly because
vocalization of the answer lasted longer than 1 second, the response was much delayed
compared to the others, the answer was not correct, and the presumed reference period of
silence was affected by some forms of noise. Conversely, the youngest child with attention
deficits (patient 4) was highly uncooperative during the question-and-answer session, and only
six ECoG epochs were found to be suitable for the analysis. We recognized that patient 4 more
readily answered questions relating to sleep and animals, whereas questions concerning
airplanes, hospitals, or everyday objects were of little interest and were often not answered.
This question-and-answer session required 10 to 20 minutes of patient time. Data analysis
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required up to 4 hours of unmanned computing time. Once the statistical data were processed,
a quick review revealed regions of important language function.

Spatial and temporal patterns of amplitude modulations are described in Figures 2, 3, S2 - S5,
Table 3 and Video S1 in detail; a substantial inter-subject variability in the spatial distribution
of language-induced gamma augmentation was noted. In short, cortical activation mostly
presented as increased high-frequency gamma-oscillations at 50- to 150-Hz and sequentially
involved: i) the posterior superior temporal gyrus when listening to the question, ii) the
posterior inferior-and-middle temporal gyri, the inferior frontal gyrus, the medial-superior
frontal region and the medial temporal lobe structure in the time interval between question
completion and the patient’s vocalization, iii) the pre-and post-central gyri immediately
preceding and during the patient’s vocalization and iv) the posterior superior temporal gyrus
following the patient’s vocalization. No significant cortical activation was noted in patient
4, probably due to the lack of sufficient number of trials included into the analysis.

High-frequency gamma-oscillations time-locked to auditory questions

Time-frequency ECoG analysis time-locked to the onset of auditory question was satisfactorily
performed for all four patients, and a total of 51, 38, 56, and 28 trials, respectively, were
considered to be suitable and included for the analysis. The remaining trials were excluded
from the analysis due to the same reasons described above. Although patient 4 frequently
failed to provide correct answers, this child appeared to listen to many questions.

Spatial and temporal patterns of amplitude modulations are described in Figures 2, 3, S2 - S5
and Table 3 in detail. In short, cortical activation involved the posterior superior temporal gyrus
when listening to the question in all patients. Further cortical activation was not noted in patient
4 since she failed to provide correct answers in most trials. In the remaining three patients,
subsequent cortical activation involved the brain regions as described in Table 3.

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

The spatial relationship between the eloquent cortices suggested by ECoG amplitude analyses
and neurostimulation is described in Figures 2, 3, S2 - S5 in detail. In short, the language-
related cortices suggested by neurostimulation showed evidence of cortical activation on the
above-mentioned ECoG analyses. The size of eloquent cortices suggested by ECoG analyses
was larger than that of neurostimulation.

Among six electrode pairs of which neurostimulation revealed underlying language functions
(1 pair: auditory response; 1 pair: receptive-language response; and 4 pairs: expressive-
language response), five pairs included at least an electrode showing language event-related
cortical activation on ECoG analyses. The remaining pair was located between two electrodes
both showing cortical activation.

Among 11 electrode pairs of which neurostimulation revealed underlying mouth-throat
sensory-motor functions, nine pairs included at least an electrode showing cortical activation
on the above-mentioned ECoG analysis. Neither electrode pair of which neurostimulation
resulted in teeth tingling showed cortical activation on ECoG analyses. An electrode pair, of
which neurostimulation resulted in lip movement, was not be satisfactorily assessed by the
ECoG analysis time-locked to patient’s vocalization, since patient 4 failed to cooperate to the
language tasks as described above.

The spatial relationship between the presumed language areas and the extent of cortical
resection is shown in Figures 2, 3, S2 - S5. None of the children developed apparent language
deficits postoperatively. Following resective surgery, patients 1 - 3 have been seizure-free,
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while patient 4 experienced two complex partial seizures (the mean follow-up: 6 months). As
expected preoperatively, Patient 1 developed a slight worsening of hemiparesis in the right-
sided upper extremity and Patient 4 developed a right-sided hemianopsia.

DISCUSSION

In the present study of children with uncontrolled focal epilepsy, measurement of event-related
high-frequency gamma-oscillations delineated not only ‘where’ but also ‘how’ the brain
cortices participated in language activity with high temporal and spatial resolution. In-vivo
animation of event-related gamma-oscillations on an individual three-dimensional MRI
surface image is a novel technique which increases our understanding of the cortical pathway
and activation pattern related to auditory language activity. Localization of the presumed
language-related cortices suggested by the ECoG amplitude analyses was concordant with the
generally-accepted functional brain map derived from a number of previous studies using other
diagnostic modalities. The size of language-related cortices suggested by the ECoG amplitude
analyses was generally larger than that by neurostimulation in the present study.

Successive cortical activations involving the left temporal neocortices

The ECoG amplitude analyses in the present study revealed successive cortical activations
involving two distinct temporal neocortical areas. Cortical activation initially involved the
superior temporal gyrus and such cortical activation was present during auditory questions.
Cortical activation subsequently involved the posterior part of middle or inferior temporal gyri.
The observed pattern of cortical activation is consistent with the results in previous human
studies. An intraoperative neurostimulation study in 12 adults with brain tumors showed that
stimulation of the posterior inferior temporal region temporally elicited semantic paraphasia
(Mandonnet et al., 2007). An auditory evoked potential study of healthy adults using object
discrimination tasks revealed that an initial cortical potential involved the posterior part of the
left superior temporal gyrus 70-msec after stimulus onset and subsequently involved the lateral
aspect of the inferior temporal gyrus 200- to 250-msec after stimulus onset (Murray et al,
2006). A study of adults with focal epilepsy using extraoperative ECoG recording
demonstrated that gamma augmentation (80- to 100-Hz) was induced by auditory tones in the
left superior temporal gyrus (Crone et al., 2001a). Another study of adults with focal epilepsy
using intraoperative ECoG recording also showed that auditory tones induced gamma
augmentation in the left superior temporal gyrus and that the frequency band of maximum
response could appear anywhere from 70 to 160 Hz (often around 100 Hz) (Edwards et al.,
2005). A functional-MRI study in healthy adults showed that auditory semantic words stimuli
induced increased blood-oxygen-level dependent (BOLD) signals in the left posterior superior
temporal gyrus 4-sec after auditory stimuli and subsequently in the posterior part of the middle-
and-inferior temporal gyri 10- to 12-sec after the auditory stimuli (Humphries et al., 2007).
Thus, we speculate that initial cortical activation in the superior temporal gyrus seen in the
present study represented the auditory processing, whereas the secondary activation in the
posterior middle-inferior temporal gyri represented the processing of semantic comprehension.
Based on the task given in the present study, however, we are not able to determine whether
the initial cortical activation in the superior temporal gyrus was specifically responsible for
acoustic perception, linguistic function or both of those. Further studies using a contrasting
task may address this issue.

Successive cortical activations in the left supra-sylvian neocortices

The ECoG amplitude analyses in the present study revealed successive cortical activations
involving three supra-sylvian neocortices. Cortical activation involved the inferior frontal
gyrus and the medial-superior frontal gyrus; such frontal activation occurred prior to activation
in the pre- and post-central gyri and subsided with the onset of vocalization. Immediately prior
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to and during vocalization, cortical activation involved the pre- and post-central gyri. The
observed pattern of such successive cortical activations is consistent with observations from
previous studies described below.

It has been shown that adults with focal lesions in the left inferior frontal gyrus often exhibit
impaired semantically appropriate word generation (Thompson-Schill et al., 1998). A study of
healthy adults showed that repetitive transcranial magnetic stimulation of the left inferior
frontal gyrus temporarily blocked both capacities of speaking aloud and internally (Aziz-Zadeh
et al., 2005). Studies in adults with focal epilepsy showed that electrical stimulation of the
inferior frontal gyrus induced speech arrest as well as evoked potentials in the orofacial
representational area of primary motor cortex (Greenlee et al., 2004; Matsumoto et al., 2005).
Studies using functional MRI suggested that syntactic and semantic processing tasks induced
increased BOLD signals in the inferior frontal gyrus (Embick et al., 2000; Roskies et al.,
2001). Thus, we speculate that cortical activation in the inferior frontal gyrus seen in the present
study represented the processing of semantically appropriate word generation.

It has been suggested that the medial superior frontal cortices (including the supplementary
motor area, the pre-supplementary motor area, and the cingulate gyrus) play a role in voluntary
control over the initiation and suppression of vocal utterance, whereas the pre- and post-central
gyri carry out voluntary control over the acoustic structure of vocalizations (Jirgens, 2002). A
study in monkeys showed that neurostimulation of the cingulate cortex resulted in vocalization
(Jurgens and Pratt, 1979). A study of adults with focal epilepsy showed that neurostimulation
of the pre-supplementary motor area induced various forms of clinical responses including
vocalization, speech arrest and slowing of speech (Fried et al., 1991). It has been also reported
that cerebral infarction or surgical resection involving the left medial superior frontal gyrus
resulted in temporary mutism, defined as a state where a patient is conscious but unable to talk
(Masdeu et al., 1978; Crutchfield et al., 1994). A study of adults with focal epilepsy showed
that movement-related potentials were noted in the medial superior frontal gyrus 300-msec
prior to voluntary orofacial movements (lkeda et al., 1992). Functional MRI studies in healthy
adults showed that overt verbal fluency tasks induced increased BOLD signals not only in the
left inferior frontal gyrus but also in the medial superior frontal gyrus (Abrahams et al.,
2003). Thus, we speculate that cortical activation in the medial superior frontal gyrus seen in
the present study represented the preparation of fluent vocalization, and that activation in the
pre- and post-central gyri represented the active process of voluntary control over the acoustic
structure of vocalizations.

Relationship between the presumed language areas suggested by increased gamma-
oscillations and those suggested by neurostimulation

In the present study, the size of language areas suggested by increase of gamma-oscillations
was larger than that by neurostimulation, and this observation is in contrast to the observation
in a previous study (Sinai et al., 2005) that the size of language areas suggested by
neurostimulation was larger than that by analysis of gamma-oscillations. This discrepancy in
the results of two studies may be partly attributed to differences in the study population. The
present study included only children with focal epilepsy, whereas the study by Sinai et al
(2005) included adults and mid-adolescents. Previous studies of young patients with focal
epilepsy demonstrated a positive correlation between the age of patients and the number of
sites where neurostimulation produced naming errors in language mapping (Ojemann et al.,
2003; Schevon et al., 2007). Difference in methodologies between the present study and the
study by Sinai et al (2005) also includes the approach to determine significant increase of
gamma-oscillations in each electrode site. Our ECoG analysis included a frequency range from
30- to 200-Hz; significant activations across this spectrum were determined using corrected p-
values spanning at least 20-Hz frequency bands and 20-msec in duration. On the other hand,
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the study by Sinai et al (2005) evaluated sequential changes of ECoG powers at an 80- to 100-
Hz band using 100-msec epochs. Finally, it should be also noted that auditory-naming tasks
were given in the present study, whereas picture naming tasks were given in the study by Sinai
et al (2005).

Methodological limitations in the present study

Few investigators have reported language mapping using ECoG amplitude modulations in
children with uncontrolled focal epilepsy. Potential methodological limitations of such analysis
should be discussed. First, data collection for the purpose of functional cortical mapping for
language by ECoG required the performance of many simple language tasks to enable statistical
analysis. Ideal patient performance involves maintaining a consistent answer delay following
the provided questions as well as a period of silence after each answer. This requires a certain
level of verbal intelligence and motivation to cooperate that may be hard to find in very young
children; i.e. patient 4 of the present study, a 7-year-old girl, prevented ECoG analysis time-
locked to patient vocalization by exhibiting uncooperative behavior.

Significant cortical activation (or deactivation) was determined using corrected p-values. This
indicates that cortical activation (or deactivation) could fail to reach significance due to
insufficient number of suitable trials. Thus, a number of question-and-answer sessions
enjoyable by young children should be prepared to minimize the risk of such a Type-II error
in statistical tests. It should be also noted that cortical activation (or deactivation) could fail to
reach significance if temporal variability across events of interest is large. In order to minimize
such a temporal variability of events, we analyzed the ECoG data using two distinct time-lock
triggers initially set at the onset of patient’s vocalization and subsequently set at the onset of
auditory questions (Figure 2).

Inthe ECoG analysis time-locked to patient’s vocalization, a silent period of 200-msec between
answer and question was utilized as a reference period; each 200-msec reference period had
twenty time-frequency sampling points for each frequency band. We recognize that usage of
a longer reference period would have further increased the statistical power to determine
significant cortical activation as well as deactivation. Yet, presence of various types of external
sounds (such as coughing and next auditory questions) prevented a reference period from
expanding longer than 200-msec in the present study. We recognize that the selection of
reference period could have influenced the results in the present study, particularly if there was
a lingering brain activation following the offset of the patient’s vocalization (Trautner et al.,
2006). In the ECoG analysis time-locked to auditory question, on the other hand, we cannot
rule out the possibility that expectancy or readiness-related brain activation may have been
present during the reference period of 200 msec.

It should be noted that focal alpha- and beta-attenuation (also known as alpha-and beta-
desynchronization) have been previously reported as evidence of focal cortical activation
(Pfurtscheller, 1977; Crone et al., 1998; Hirata et al., 2004; Miller et al., 2007). ECoG
oscillations slower than 30 Hz were not evaluated in the present study, and language-induced
alpha- and beta-attenuation could be the subject of future studies.

One of the major limitations of extraoperative ECoG recordings is sampling error. ECoG
analysis was limited to the brain region where subdural electrodes were placed. 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. Patient 4 had very little
induced gamma-oscillations in the left superior temporal gyrus and no apparent language
deficits following the surgical resection involving the left temporal-occipital-parietal region
as well as a part of the middle-inferior frontal gyri; we assume patient 4 had right-sided
language dominance. Yet, we were not able to prove language event-related cortical activation
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in the right hemisphere, since subdural electrode placement on the right hemisphere was not
indicated in this patient.

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 stimulation-induced seizure risk. A
previous study of healthy volunteers 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).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ECoG

electrocorticography
MRI

magnetic resonance imaging
FDG

2-deoxy-2-[18F]fluoro-D-glucose
PET

positron emission tomography
BOLD

blood-oxygen-level dependent
EEG

electroencephalography
FIR

finite impulse response
TSE

temporal spectral evolution
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Figure 1. Simultaneous Recording of ECoG and Vocal Sound Waves in Patient 1

(A) An example of ECoG trace suitable for quantitative analysis is shown with a lowfrequency
filter of 53-Hz and a high-frequency filter of 300-Hz. VVocal sound waves were simultaneously
recorded with intracranial ECoG. The time-lock trigger was placed at the onset of patient’s

vocalization.

(B) Vocal sound wave on Cool Edit Pro Software is shown, and this was used to visually and
audibly aid in the manual determination of the onset of the patient’s vocalization.
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Figure 2. Language Mapping in Patient 1

(A) Neurostimulation: Stimulation of an electrode pair of the posterior temporal lobe (Ch33
& 34; denoted by a yellow box) induced language comprehension deficit. Stimulation of an
electrode pair of the posterior frontal lobe (Ch54 & 70; denoted by a pink-blue box) resulted
in pure speech arrest at 6 mA of stimulation and induced speech arrest associated with facial
movement at 9 mA of stimulation. Stimulation of three electrode pairs on the post- and pre-
central gyri (Ch53 & 54; 52 & 53; 67 & 68; denoted by green boxes) resulted in tingling of the
mouth including the tongue. Stimulation of electrode pairs (Ch75 & 76; 83 & 84; denoted by
green boxes) resulted in sensory responses involving the right upper extremity. Language
function was not satisfactorily assessed in the following electrode sites, where neurostimulation
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induced prominent motor responses and stimulation had to be prematurely terminated before
completion of a question-and-answer trial. Facial movement was induced by stimulation of an
electrode pair of the inferior portion of the pre-central gyrus (Ch69 & 77; denoted by a blue
box), and motor responses involving the right upper extremity were induced by stimulation of
electrode pairs of the superior portion of the pre- and post-central gyri (Ch83 & 91; 91 & 92;
90 & 97; 98 & 99; denoted by blue boxes). Surgical resection of the superior precentral gyrus
and the superior premotor region resulted in worsening of hemiparesis in the right-sided upper
extremity but no postoperative language deficits were noted.

(B - G) ECoG time-frequency analysis time-locked to patient’s vocalization: This analytic
method was designed to evaluate sequential brain activation associated with comprehension,
word retrieval, and vocalization. A greater than 50% increase in ’'gamma-range

amplitude’ (across 50- to 150-Hz frequency bands) was noted in the left superior temporal
gyrus at 1350-msec prior to the patient’s vocalization (B), in the left middle temporal gyrus at
590-msec prior to the patient’s vocalization (C), in the left middle temporal gyrus, inferior
frontal gyrus and superior frontal gyrus at 430-msec prior to the patient’s vocalization (D), in
the left superior frontal gyrus as well as pre- and postcentral gyri at the onset of patient’s
vocalization (E), and in the left superior temporal gyrus, superior frontal gyrus as well as pre-
and post-central gyri at 130-msec after the patient’s vocalization (F). (G) Sound waveform
recording data showed no temporal overlap between the sound of auditory questions and that
of patient’s vocalization. Highfrequency gamma-augmentation began to involve the superior
temporal gyrus (Ch 36) at 1,750-msec prior to the onset of patient’s vocalization, the middle
temporal gyrus (Ch 33) at 740-msec prior to the onset of patient’s vocalization, the inferior
frontal gyrus (Ch 56) at 510-msec prior to the onset of patient’s vocalization, the inferior pre-
central gyrus (Ch 54) at 470-msec prior to the patient’s vocalization, and the superior temporal
gyrus (Ch 36) at 70-msec after the onset of patient’s vocalization.

(H) ECoG time-frequency analysis time-locked to auditory guestions: This analytic method
was designed to evaluate brain activation associated with the initiation of auditory question.
Sound waveform recording data showed the evidence of temporal overlap between the sounds
derived from auditory questions and patient’s vocalization. Thus, high-frequency gamma
augmentation in the superior temporal gyrus (Ch 36) was probably induced by both auditory
questions and patient’s vocalization at some point. The time-frequency matrixes for the entire
subdural electrode sites are presented as supplementary data on the website.
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Figure 3. Language Mapping in Patient 3

(A) Neurostimulation: Stimulation of two electrodes pairs on the occipital lobe resulted in
visual symptoms (Chl & 2; 49 & 50; denoted by light-blue boxes). Stimulation of an electrode
pair of the inferior pre-central gyrus (Ch105 &113; denoted by a pink-blue box) induced speech
arrest associated with throat movement. Stimulation of an electrode pair of the inferior post-
central gyrus (Ch106 & 114; denoted by a green box) resulted in tingling of teeth. Language
function was not satisfactorily assessed in the following electrode sites, where neurostimulation
induced positive motor responses and stimulation had to be prematurely terminated before
completion of a question-and-answer trial. Stimulation of an electrode pair of the pre- and post-
central gyrus (Ch121 & 129; denoted by a blue box) resulted in movement of mouth.
Stimulation of an electrode pair of the post-central gyrus (Ch122 & 129; denoted by a blue
box) resulted in movement of the thumb. Stimulation of a pair of the medial frontal region
(Ch6 & 7; denoted by a blue box) resulted in tonic extension of the bilateral upper extremities.
(B) ECoG time-frequency analysis time-locked to patient’s vocalization: This analytic method
was designed to evaluate sequential brain activation associated with comprehension, word
retrieval, and vocalization. No cortical activation represented as gamma-augmentation was
observed in the superior temporal gyrus (Ch 93) during auditory questions. High-frequency
gamma-augmentation began to involve the posterior inferior temporal gyrus (Ch 55) at 1,220-
msec prior to the onset of patient’s vocalization, the inferior frontal gyrus (Ch 103) at 590-
msec prior to the onset of patient’s vocalization, and the inferior pre-central gyrus (Ch 129)
immediately prior to the patient’s vocalization.
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(C) ECoG time-frequency analysis time-locked to auditory questions: This analytic method
was designed to evaluate brain activation associated with the initiation of auditory question.
High-frequency gamma augmentation began to involve the left superior temporal gyrus (Ch
93) at 70-msec after the onset of auditory questions, the posterior inferior temporal gyrus (Ch
55) at 1,020-msec after the onset of auditory questions, and the inferior frontal gyrus (Ch 103)
at 910-msec after the onset of auditory questions. The time-frequency matrixes for the entire
subdural electrode sites are presented as supplementary data on the website.
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