
r Human Brain Mapping 31:1627–1642 (2010) r

Cortical Gamma-Oscillations Modulated by
Auditory–Motor Tasks-Intracranial Recording in

Patients With Epilepsy

Tetsuro Nagasawa,1 Robert Rothermel,2 Csaba Juhász,1,3 Miho Fukuda,1

Masaaki Nishida,1 Tomoyuki Akiyama,4 Sandeep Sood,5

and Eishi Asano1,3*

1Department of Pediatrics, Children’s Hospital of Michigan, Wayne State University,
Detroit Medical Center, Detroit, Michigan

2Department of Psychiatry, Children’s Hospital of Michigan, Wayne State University,
Detroit Medical Center, Detroit, Michigan

3Department of Neurology, Children’s Hospital of Michigan, Wayne State University,
Detroit Medical Center, Detroit, Michigan

4Division of Neurology, The Hospital for Sick Children, Toronto, Ontario, M5G 1X8, Canada
5Department of Neurosurgery, Children’s Hospital of Michigan, Wayne State University,

Detroit Medical Center, Detroit, Michigan

r r

Abstract: Human activities often involve hand-motor responses following external auditory–verbal com-
mands. It has been believed that hand movements are predominantly driven by the contralateral primary
sensorimotor cortex, whereas auditory–verbal information is processed in both superior temporal gyri. It
remains unknown whether cortical activation in the superior temporal gyrus during an auditory–motor
task is affected by laterality of hand-motor responses. Here, event-related c-oscillations were intracrani-
ally recorded as quantitative measures of cortical activation; we determined how cortical structures were
activated by auditory-cued movement using each hand in 15 patients with focal epilepsy. Auditory–
verbal stimuli elicited augmentation of c-oscillations in a posterior portion of the superior temporal gyrus,
whereas hand-motor responses elicited c-augmentation in the pre- and postcentral gyri. The magnitudes
of such c-augmentation in the superior temporal, precentral, and postcentral gyri were significantly larger
when the hand contralateral to the recorded hemisphere was required to be used for motor responses,
compared with when the ipsilateral hand was. The superior temporal gyrus in each hemisphere might
play a greater pivotal role when the contralateral hand needs to be used for motor responses, compared
with when the ipsilateral hand does. Hum Brain Mapp 31:1627–1642, 2010. VC 2010Wiley-Liss, Inc.
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INTRODUCTION

Humans are often required to listen to simple auditory–
verbal commands, understand the meaning of these com-
mands, make a relevant decision, and respond by moving
their fingers. Examples include a junior surgeon operating
under supervision of a senior surgeon or an individual
sharing an elevator with others. Previous studies using
functional magnetic resonance imaging (fMRI) have sug-
gested that external auditory–verbal stimuli are processed
in bilateral superior temporal gyri but predominantly on
the left side in approximately 95% of right-handed healthy
individuals [Knecht et al., 2000; Pujol et al., 1999; Springer
et al., 1999] and approximately 80% of left-handed [Pujol
et al., 1999; Szaflarski et al., 2002]. It has been also sug-
gested that hand movements are predominantly driven by
the contralateral primary sensorimotor area [Crone et al.,
1998; Penfield and Boldrey, 1937; Yousry et al., 1997].

Let us imagine the situation when an individual is
required to provide responses using the right hand. It
would be plausible in most cases to assume that simple
auditory–verbal commands are initially processed by the
superior temporal gyri predominantly on the left side [Cal-
vert et al., 1997; Démonet et al., 1992; Poldrack et al., 2001;
Price et al., 1996] and relevant signals are transferred to
the left primary sensorimotor area [Abler et al., 2006;
Crone et al., 1998; Miller et al., 2007b] in an intrahemi-
spheric manner [Barrick et al., 2007; Gazzaniga, 2000]. If
the same individual is required to provide responses using
the left hand, can we still assume that auditory–verbal
commands are processed predominantly in the left supe-
rior temporal gyrus and relevant signals are somehow
transferred to the right primary sensorimotor area in an
interhemispheric manner, for example, via the corpus cal-
losum [Gazzaniga, 2000; Josse et al., 2008]? Or, would it be
possible that the right superior temporal gyrus plays a
greater role and that relevant signals are transferred to the
right primary sensorimotor area through shorter neural
circuits in an intrahemispheric manner? It has been
hypothesized that such a signal transfer occurs more effi-
ciently via an intra- than interhemispheric pathway [Gaz-
zaniga, 2000]. Thus, we have wondered whether cortical
activation in the superior temporal gyrus during an audi-
tory–motor task is affected by laterality of motor
responses, regardless of the side of language dominance.

In this study using electrocorticography (ECoG) record-
ing, we hypothesize that (i) sequential cortical activation
elicited by an auditory–motor task includes the superior
temporal gyrus and the pre- and postcentral gyri in the
recorded hemisphere and (ii) the magnitude of cortical
activation in the gyri of interest (superior temporal, pre-
central, and postcentral gyri) is larger when the hand con-
tralateral to the recorded hemisphere needs to be used for
motor responses, compared with when the ipsilateral hand
does. We tested the above-mentioned hypotheses, using
event-related c-oscillations as quantitative measures of
cortical activation [Pfurtscheller and Lopes da Silva, 1999].

In short, augmentation of c-oscillations was considered to
represent cortical activation [Crone et al., 1998; Ray et al.,
2008a; Tallon-Baudry and Bertrand, 1999], whereas attenu-
ation of c-oscillations was considered to represent cortical
deactivation [Asano et al., 2009; Towle et al., 2008]. Bene-
fits of ECoG recording include: (i) less artifacts from cra-
nial muscles [Crone et al., 1998] and (ii) a better signal-to-
noise ratio compared to scalp electroencephalography
(EEG) and magnetoencephalography (MEG), which record
cortical signals from outside of the scalp [Dalal et al., 2009;
Gaetz et al., 2008; Pfurtscheller and Cooper, 1975].

MATERIALS AND METHODS

Patients

The inclusion criteria of this study consisted of (i) age 4
years or above, (ii) patients with focal epilepsy undergoing
chronic subdural ECoG recording as a part of presurgical
evaluation in Children’s Hospital of Michigan, Detroit,
between April 2007 and March 2009, (iii) measurement of c-
oscillations modulated by auditory–motor tasks described
below, and (iv) subdural electrodes chronically implanted
on both pre- and postcentral gyri at least 4 cm above the Syl-
vian fissure as well as a posterior portion of the superior
temporal gyrus at least 5 cm posterior to the temporal pole.
The exclusion criteria consisted of the following: (i) the pres-
ence of massive brain malformations (such as large porence-
phaly, perisylvian polymicrogyria or hemimegalencephaly)
which are known to confound the anatomical landmarks for
the central 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

For chronic extraoperative ECoG recording and subse-
quent functional cortical mapping, platinum grid electro-
des (10 mm intercontact distance, 4 mm diameter; Ad-
tech, Racine, WI) were surgically implanted [Brown et al.,
2008]. The total number of electrode contacts in each sub-
ject ranged from 100 to 150. All electrode plates were
stitched to adjacent plates and/or the edge of dura mater,
to avoid movement of subdural electrodes after placement.
In addition, intraoperative pictures were taken with a digi-
tal camera before dural closure, to confirm the spatial ac-
curacy of electrode display on the three-dimensional brain
surface reconstructed from MRI.

Coregistration of Subdural Electrodes to the

Individual Three-Dimensional MRI

MRI including a T1-weighted spoiled gradient echo
image as well as fluid-attenuated inversion recovery image
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was preoperatively obtained. The spoiled gradient
sequence generates 164 contiguous 1.2-mm sections of the
entire head, performed in the sagittal plane, using a (TR/
TE/TI ¼ 5/3/450 ms) pulse sequence, flip angle of 12�,
matrix size of 256 � 256, and field of view of 220 �
220 mm. 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 coregistration of the X-
ray image with the MRI. A three-dimensional surface
image was created with the location of electrodes directly
defined on the brain surface [Juhasz et al., 2009; Muzik
et al., 2007; von Stockhausen et al., 1997]. The accuracy of
this procedure was reported previously as 1.24 � 0.66 mm
with a maximal misregistration of 2.7 mm [von Stockhau-
sen et al., 1997], and was confirmed by intraoperative digi-
tal photographs showing in situ locations of the subdural
electrodes [Asano et al., 2005; Wellmer et al., 2002]. The
central sulcus, the precentral gyrus and postcentral gyrus
were identified according to anatomical MRI landmarks
[Berger et al., 1990; Fukuda et al., 2008; Yousry et al.,
1997].

Extraoperative Video-ECoG Recording

Extraoperative video-ECoG recordings were obtained
for 3 to 10 days, using a 192-channel Nihon Kohden Neu-
rofax 1100A Digital System (Nihon Kohden America Inc,
Foothill Ranch, CA), which has an input impedance of 200
Megaohm, a common mode rejection ratio greater than
110 dB, an A/D conversion of 16 bits, and a sampling fre-
quency selectable from 200 to 10,000 Hz. For evaluation of
interictal and ictal activities as well as event-related c-
oscillations, the sampling rate was set at 1,000 Hz with the
amplifier band pass at 0.08–300 Hz. The averaged voltage
of ECoG signals derived from the fifth and sixth electrodes
of the ECoG amplifier (system reference potential) was
used as the original reference. ECoG signals were then
remontaged to a common average reference [Fukuda et al.,
2008; Miller et al., 2007b; Towle et al., 2008]. Advantage
and limitation of usage of a common average reference for
measurement of event-related c-oscillations were previ-
ously discussed [Asano et al., 2009; Crone et al., 2001].
Channels contaminated with large interictal epileptiform
discharges or artifacts were excluded from the average ref-
erence [Fukuda et al., 2008]. No notch filter was used for
further analysis in any subjects. Antiepileptic medications
were discontinued or reduced during ECoG monitoring
until a sufficient number of habitual seizures were
captured.

Auditory–Motor Tasks

None of the patients had a seizure within two hours
prior to the auditory–motor tasks. The tasks were

employed in a sound-attenuated room, and each patient
was awake, unsedated, and comfortably seated on the bed
during the tasks. Subjects held a button in one hand and
placed the hand on the thigh (Supporting Information Fig.
S1 on the journal website). Before the formal auditory–
motor tasks started, each subject was provided with a
practice period. Thereby, auditory–verbal commands say-
ing ‘‘Press’’ as well as ‘‘Do not press’’ were given, and the
intensity of auditory-syllable was adjusted to a comforta-
ble hearing level [Towle et al., 2008]. Each subject was
instructed to press the button using the thumb when a
prerecorded verbal command saying ‘‘Press’’ was given
and not to press the button when a verbal command say-
ing ‘‘Do not press’’ was given. Subjects practiced how to
press the button using each hand following auditory–
verbal commands, until they felt comfortable.

Subsequently, each subject completed two formal audi-
tory–motor tasks (one for each hand). An auditory–motor
task contained 40 trials; 20 auditory–verbal commands say-
ing ‘‘Press’’, and 20 commands saying ‘‘Do not press’’
were given in a pseudorandom sequence during each task.
Auditory–verbal commands used in this study are avail-
able on the journal website (Supporting Information Audio
Files S1–S8). Auditory–verbal commands were given,
using Presentation Software (Neurobehavioral Systems Inc,
Albany, CA), with an approximate intensity of 65–70 dB,
via two open-field speakers, and with inter-stimulus inter-
vals randomized between 2.5 and 3.0 s.

The auditory–verbal commands were recorded using a
Digital Voice Recorder (WS-300M, Olympus America Inc,
Hauppauge, NY) concurrently with ECoG recording, and
the amplified audio waveform was integrated into the Dig-
ital ECoG Recording System [Brown et al., 2008]. Cool Edit
Pro version 2.00 (Syntrillium Software Corp., Phoenix, AZ)
was used to visually and audibly aid in the manual deter-
mination of the onset of verbal command as needed
[Brown et al., 2008]. The onset (i.e., button-press) and off-
set (i.e., button-release) of motor responses were also inte-
grated into the Digital ECoG Recording System via its DC
input (Supporting Information Fig. S2 on the journal web-
site). The reaction time was defined as the period between
the onset of auditory–verbal command saying ‘‘Press’’ 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 contralat-
eral and ipsilateral hands (Wilcoxon-Signed Ranks Test).
We also determined whether the reaction time was corre-
lated with the age of subjects (Spearman’s Rank Test).

Measurement of ECoG Amplitude Modulations

Elicited by Auditory–Motor Tasks

Analysis of c-oscillations relative to ‘the onset of
auditory–verbal command’

This time-frequency analysis was designed to evaluate
initial cortical activation associated with the onset of
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auditory–verbal commands and to identify the auditory-
related area presumably located in the superior temporal
gyrus on the recorded hemisphere. Since the duration of
auditory–verbal commands was not uniform across trials,
this analytic method was not designed to evaluate sequen-
tial cortical activation associated with subsequent finger-
motor responses, as suggested in our previous study
[Brown et al., 2008]. ECoG amplitude modulations elicited
by perception of auditory–verbal commands were eval-
uated using the trigger point set at the onset of all types of
verbal commands. In this study, ‘‘event-related’’ ECoG
oscillations were defined as oscillatory responses consist-
ing of both phase-locked (i.e., a component present after
averaging; also often known as ‘‘evoked’’ oscillations) and
nonphase-locked (i.e, a component absent after averaging;
also often known as ‘‘induced’’ oscillations) components
[Crone et al., 2001; Pfurtscheller and Lopes da Silva, 1999;
Towle et al., 2008].

The inclusion criteria defining ECoG epochs suitable for
this time-frequency analysis included: (i) at least 600-ms of
silence (i.e., no auditory noise such as coughing) occurred
prior to the onset of auditory–verbal command and (ii) ei-
ther auditory–verbal command saying ‘‘Press’’ or ‘‘Do not
press’’ was given. The exclusion criteria were: (i) ECoG
trace was affected by movement artifacts on visual assess-
ment; (ii) ECoG trace was affected by electrographic seiz-
ures during the task; and (iii) ECoG trace derived from the
superior temporal gyrus was affected by runs of interictal
epileptiform discharges during the task. In this study,
ECoG traces were visually inspected with a low-frequency
filter at 53 Hz and a sensitivity of 20 lV/mm, and very
high frequency signals synchronized with facial muscle
activities detected on electrooculography electrodes [Asano
et al., 2009] were treated as movement artifacts [Otsubo
et al., 2008]. Exclusion of ECoG epochs was performed by
an investigator (T.N.) while being blinded to the final
results of time-frequency analysis. All ECoG epochs (up to
80 ECoG epochs derived from two auditory–motor tasks)
which satisfied all of the inclusion and exclusion criteria
were utilized for the time-frequency ECoG analysis
described below.

Time-frequency analysis was performed using BESAVR

EEG V.5.1.8 software (MEGIS Software GmbH, Gräfelfing,
Germany); each suitable ECoG trial was transformed into
the time-frequency domain using complex demodulation
technique [Asano et al., 2009; Brown et al., 2008; Fan et al.,
2007; Hoechstetter et al., 2004; Papp and Ktonas, 1977]. 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 filter. The low-pass fil-
ter used here was a finite impulse response filter of Gaus-
sian shape, making the complex demodulation effectively
equivalent to a Gabor transform. Details on the complex
demodulation technique for time-frequency transformation
are described elsewhere [Hoechstetter et al., 2004; Papp
and Ktonas, 1977]. 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
verbal command). In this study, only the amplitude (also
known as ‘‘square root of power’’) averaged across all tri-
als, was used for further analysis. Time-frequency transfor-
mation was performed for frequencies between 30 and
200 Hz and latencies between �600 ms and þ2,000 ms rela-
tive to the onset of verbal command, in steps of 5 Hz and
10 ms. This corresponded to a time-frequency resolution of
�9.9 Hz and �22.2 ms (defined as the 50% amplitude drop
of the finite impulse response 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 rest-
ing state of 400 ms in duration between �600 and �200 ms
relative to the onset of auditory–verbal command. This
parameter is commonly termed ‘‘event-related synchroni-
zation and desynchronization’’ [Pfurtscheller and Lopes
da Silva, 1999] or ‘‘temporal spectral evolution’’ (TSE)
[Salmelin and Hari, 1994].

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 and Hinkley, 1999] was applied to obtain an
uncorrected P-value at each time-frequency bin. In a sec-
ond step, correction for multiple testing was performed
(each electrode was analyzed at 7,700 time-frequency bins,
with TSE values at neighboring bins being partially de-
pendent). 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 (Pi, I ¼ 1, : : : ,
N). The maximum index m in the sorted array for which
Pi < a*i/N was determined. All uncorrected P-values with
i < m were accepted as significant. The corrected signifi-
cance level a was set to 0.05. This approach is less con-
servative than the classic Bonferroni correction and is
specifically suited for partially dependent multiple testing
[Auranen, 2002; Simes, 1986]. In all figures, blue color indi-
cates a significant attenuation of amplitude, and red color
a significant augmentation of amplitude in the correspond-
ing time-frequency bin relative to the reference period.

As described in our previous studies [Asano et al., 2009;
Brown et al., 2008], an additional correction for testing in
multiple electrodes (the number of subdural electrodes
ranged from 100 to 150 across subjects) was employed.
TSE values in a given electrode were declared to be statis-
tically significant only if a minimum of eight time-fre-
quency bins in the c-band range were arranged in a
continuous array spanning (i) at least 20 Hz in width and
(ii) at least 20 ms in duration. Such correction provides a
very small probability of Type-I error in determination of
cortical activation or deactivation. We recognize that this
approach may potentially underestimate c-modulations
with a restricted frequency band (less than 20 Hz in
width) or that with a short duration (less than 20 ms).
Some previous studies using scalp EEG recording showed
augmentation of a narrow-range c-band oscillations
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around 40 Hz [Tallon-Baudry et al., 1996], whereas event-
related c-modulations observed in studies using intracra-
nial ECoG recording commonly involved wide-range fre-
quency bands ranging at least 20 Hz in width [Asano
et al., 2009; Brown et al., 2008; Fukuda et al., 2008; Tallon-
Baudry et al., 2005].

Analysis of c-Oscillations Relative to ‘‘the Onset

of Motor Response’’

ECoG amplitude modulations were also evaluated using
the trigger point set at the onset of motor response
(defined as the onset of button press in this study). This
analytic method was designed to evaluate sequential corti-
cal activation consisting of: (i) comprehension of given
verbal commands, (ii) relevant decision making, and (iii)
execution of button-press [Brown et al., 2008]. Since the
duration between the onset and offset of button-press was
not uniform across trials, this analytic method was not
designed to evaluate cortical activation associated with the
offset of button-press (i.e., the onset of button-release).

The inclusion criteria defining ECoG epochs suitable for
this time-frequency analysis included: (i) the patient pro-
vided a correct motor response; (ii) the variability of delay
between the onset of auditory–verbal commands and the
onset of button-press must be within 1,000-ms across trials;
(iii) the duration between the onset and offset of button-
press must be not longer than 1,000-ms; and (iv) a period
of silence lasting 400-ms must be available as a reference
period between þ1,600 ms to þ2,000 ms after the onset of
button-press. The exclusion criteria were: (i) ECoG trace
was affected by movement artifacts; (ii) ECoG trace was
affected by electrographic seizures; and (iii) ECoG trace
from the pre- or postcentral gyri was affected by runs of
interictal epileptiform discharges. All 3,000 ms ECoG
epochs (starting 1,000 ms prior to and ending 2,000 ms af-
ter the onset of motor responses) which satisfied all of the
inclusion and the exclusion criteria were utilized for the
time-frequency ECoG analysis; inclusion of ECoG epochs
was employed independent of the analysis relative to ‘‘the
onset of auditory–verbal command’’. Alteration of ECoG
amplitude was determined using the statistical approach
as described above.

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-dimen-
sional brain surface in two different ways [Asano et al.,
2009; Brown et al., 2008]. 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 sub-
dural electrode positions (Fig. 1). To animate ‘‘when’’,

‘‘where’’, and ‘‘how many fold’’ c-oscillations were
increased or decreased, ‘‘c-range amplitude’’ (defined as
the spectral amplitude averaged across 50 to 150 Hz fre-
quency bands and normalized to that of the reference pe-
riod) was sequentially delineated on the individual three-
dimensional MRI (Figs. 1 and 2; Supporting Information
Video 1 on the journal website) [Akiyama et al., 2006;
Asano et al., 2009; Brown et al., 2008]. ‘‘Gamma-range am-
plitude’’ was calculated without a frequency band at
60 Hz if visual inspection revealed a 60-Hz artifact peak
on the amplitude spectral curve for all subdural electro-
des. ‘‘Gamma-range amplitude’’ (unit: %) for each elec-
trode channel at each 10-ms epoch was registered into
Insight II software (Persyst, Prescott, AZ), and the interpo-
lated topography map of ‘‘c-range amplitude’’ at each 10-
ms epoch was accurately superimposed to the individual
three-dimensional MRI. This procedure yielded a movie
file showing a sequential alteration of c-oscillations elicited
by the auditory–motor task.

Functional Cortical Mapping Using

Neurostimulation

Functional cortical mapping by electrical neurostimula-
tion was performed during extraoperative ECoG recording
[Asano et al., 2009; 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); clinical responses associated with stim-
ulations were observed by at least two investigators. Sub-
dural electrode pairs were stimulated by an electrical
pulse-train of 5-s maximum duration using pulses of 300-
ls duration. Initially, stimulus intensity was set to 3 mA
and stimulus frequency was set to 50 Hz. Stimulus inten-
sity was increased from 3 to 9 mA in a stepwise manner
by 3 mA until a clinical response or after-discharge was
observed. Brain regions at which stimulation consistently
elicited a clinical response were declared ‘‘eloquent for
that function’’. When after-discharge without a clinical
response or when neither clinical response nor after-dis-
charge was elicited by the maximally intense stimuli, the
brain region was declared ‘‘not proven eloquent’’.

Functional Correlate of Event-Related

c-Augmentation

The presumed eloquent areas determined by event-
related c-augmentation were correlated with the results
of neurostimulation. In time-frequency ECoG analysis
relative to the onset of auditory–verbal commands, we ini-
tially localized the electrode site showing the largest ‘‘c-
range amplitude’’ elicited by auditory–verbal commands.
Thereby, a site showing the largest ‘‘c-range amplitude’’ was
defined as ‘‘the center of auditory event-related c-augmenta-
tion’’ in this study. We subsequently determined whether
neurostimulation of ‘‘the center of auditory event-related
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Figure 1.

Time-frequency analysis of c-oscillations relative to ‘‘the onset

of button-press’’ in patient 13. (A) Subdural electrodes were

placed on the right hemisphere. (B and C) In the auditory–

motor task when the subject was required to provide responses

using the left hand, significant c-augmentation (red) involving

90–130 Hz was noted at electrode A39 located in the right

superior temporal gyrus at 360–210 ms prior to the onset of

button-press. Subsequently, significant c-augmentation involving

75–165 Hz was noted at electrode A62 located over the right

central sulcus between �110 ms and þ100 ms relative to the

onset of button-press. Furthermore, significant c-augmentation

involving 80–135 Hz was noted in the same site between 660

and 990 ms following the onset of button press; this late c-aug-
mentation may be associated with button-release movement.

Neurostimulation of this electrode site elicited movement of the

left-sided fingers. (D and E) In the task with the right hand used

for motor responses, no significant c-augmentation was noted

at electrode A39 or A62. (F and G) In the task for the left

hand, ‘‘c-range amplitude’’ was increased by 77% at electrode

A39 in the right superior temporal gyrus at �300 ms relative to

the onset of button-press and increased by at least 70% at mul-

tiple sites overlying the central sulcus and postcentral gyrus at

the onset of button press. (H and I) In the task for the right

hand, ‘‘c-range amplitude’’ was increased by 43% at electrode

A39 at �300 ms relative to the onset of button press but the

magnitude of c-augmentation did not reach significance defined

in this study. No significant c-augmentation was noted in the

precentral or postcentral gyrus. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 2.

Time-frequency analysis of c-oscillations relative to ‘‘the onset

of button-press’’ in Patient 10 with a diagnosis of MR nonlesional

focal epilepsy. ‘‘Gamma-range amplitudes’’ at the onset of but-

ton-press using the left hand (A and B) and the right hand (C

and D) are shown. ‘‘Gamma-range amplitudes’’ were increased

in each Rolandic area, to a greater extent, when the hand con-

tralateral to the recorded hemisphere was used for motor-

responses. It also seems as if the left-hand movement elicited

rather bilateral c-augmentation, whereas the right-hand move-

ment elicited unilateral c-augmentation confined to the left

Rolandic area. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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c-augmentation’’ elicited positive auditory symptoms or
receptive language impairment more frequently than did
that of the other sites (Chi-square test).

Similarly, in time-frequency ECoG analysis relative to
the onset of motor-responses, we localized the site show-
ing the largest ‘‘c-range amplitude’’ elicited by motor
responses using the contralateral hand. This electrode site
was defined as ‘‘the center of movement-related c-aug-
mentation’’ of each recorded hemisphere. Subsequently,
we determined whether neurostimulation of ‘‘the center of
movement-related c-augmentation’’ elicited contralateral
hand movement more frequently than did that of the other
sites (Chi-square test).

We are aware that sensitivity of electrical neurostimula-
tion is not as good in children as in adults and that failure
to elicit a clinical symptom using neurostimulation does
not prove the absence of eloquent function in the stimu-
lated site [Haseeb et al., 2007; Ojemann et al., 2003; Sche-
von et al., 2007]. Nevertheless, statistically significant
concordance between the results of time-frequency ECoG
analysis and electrical neurostimulation, if present, can
provide validation to our methodology for localization of
the auditory-language related and sensorimotor areas in
children.

Assessment of Cortical Activation in the

Superior Temporal Gyrus

We determined whether the magnitude of cortical acti-
vation in ‘‘the center of auditory event-related c-augmenta-
tion’’ was different between when the hand contralateral
to the recorded hemisphere was used for motor-responses
and when the ipsilateral hand was used. The maximum
‘‘c-range amplitude’’ occurring prior to the onset of but-
ton-press was measured in ‘‘the center of auditory event-
related c-augmentation’’ in each auditory–motor task in
each subject, using ECoG traces time-locked to the onset of
button press. The maximum ‘‘c-range amplitude’’ was
then compared between the contralateral and ipsilateral
hands (Wilcoxon-Signed Ranks Test).

Assessment of Cortical Activation

in the Rolandic Area

We determined whether the magnitude of cortical acti-
vation in ‘‘the center of movement-related c-augmenta-
tion’’ was different between when the hand contralateral
to the recorded hemisphere was used for motor-responses
and when the ipsilateral hand was used. The maximum
‘‘c-range amplitude’’ around the onset of button-press was
measured in ‘‘the center of movement-related c-augmenta-
tion’’ of each hemisphere, using ECoG traces time-locked
to the onset of button-press. The maximum ‘‘c-range am-
plitude’’ in ‘‘the center of movement-related c-augmenta-
tion’’ was then compared between the contralateral and
ipsilateral hands (Wilcoxon-Signed Ranks Test).

RESULTS

A total of 17 patients met the inclusion criteria, but two
patients were excluded due to a history of previous epi-
lepsy surgery. Thus, we studied 15 right-handed patients
with a diagnosis of medically-uncontrolled focal seizures
(age range, 6–18 years; nine females) (Supporting Informa-
tion Table S1 on the journal website). Locations of seizure
onset zones or interictal epileptiform activity are described
in Table I; the seizure onset zone involved a portion of the
pre- and postcentral gyri in Patients 6 and 10 and involved
a portion of the superior temporal gyrus in Patient 10.

Behavioral Data

According to the group analysis across the 15 patients,
the mean number of trials per task satisfying both inclu-
sion and exclusion criteria was 19.3 when the right hand
was used for motor responses, 19.0 for the left hand, 19.3
for the contralateral hand, and 18.9 for the ipsilateral
hand. There was no difference in the mean number of
included trials between the right and left hands or
between the contra- and ipsilateral hands (P > 0.3 on the
Wilcoxon-Signed Ranks Test). The mean reaction time was
818 ms (SD 170 ms) when the right hand was used for
motor-responses, 847 ms (SD 188 ms) for the left hand, 813
ms (SD 167 ms) for the contralateral hand, and 851 ms (SD
191 ms) for the ipsilateral hand. 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 (P > 0.4 on the Wilcoxon-Signed Ranks Test). The
Spearman’s Rank Test revealed a significant negative cor-
relation between the age of subjects and the reaction time
(rho: �0.65 when the right hand was used, �0.62 for the
left hand, �0.52 for the contralateral hand, and �0.70 for
the ipsilateral hand; P < 0.05), suggesting that older chil-
dren may have been more motivated, more attentive or
less exhausted during the auditory–motor tasks compared
to younger ones.

Gamma-Augmentation in the Superior

Temporal Gyrus

Auditory–verbal commands elicited significant gamma
augmentation in the superior temporal gyrus in the
recorded hemisphere in all 15 patients. The mean number
of electrode sites showing c-augmentation in the temporal
neocortex following auditory–verbal commands was 6.7
per subject (SD: 2.7) without a significant difference
between the left and right hemispheres (P ¼ 0.9 on the
Mann-Whitney Test). There was no correlation between
the age and the number of temporal-lobe sites showing c-
augmentation (P ¼ 0.9 on the Spearman’s Rank Test). The
site showing the largest ‘‘c-range amplitude’’ (i.e., ‘‘the
center of auditory event-related c-augmentation’’) was
located in the superior temporal gyrus at 6.3 cm (SD,
0.8 cm) posterior from the temporal pole on average across
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the 15 patients, and localized in the seizure onset zone in
Patient 10. ECoG analysis relative to ‘‘the onset of audi-
tory–verbal commands’’ showed that the maximum ‘‘c-
range amplitude’’ in ‘‘the center of auditory event-related
c-augmentation’’ was 100% on average (SD, 51%) and that
the peak latency of ‘‘c-range amplitude’’ was þ222 ms
(SD, 124 ms) on average; neither measures were signifi-
cantly correlated with the age of subjects (P � 0.1 on the
Spearman’s Rank test).

Electrical neurostimulation of an electrode pair includ-
ing ‘‘the center of auditory event-related c-augmentation’’
was performed in 12 patients (all but Patients 1, 6, and 8).
Among these 12 patients, neurostimulation of 6 out of the
12 pairs including ‘‘the center of auditory event-related c-
augmentation’’ elicited congruent clinical symptoms. Posi-
tive auditory symptoms were elicited in Patients 4, 7, 9,
and 15, whereas receptive language impairment was eli-
cited in patients 3 and 12. Among the same 12 patients,
neurostimulation of 6 out of the total of 475 pairs other
than ‘‘the center of auditory event-related c-augmentation’’
elicited congruent clinical symptoms (auditory symptoms:
three pairs in Patient 4 and a pair in Patient 7; receptive
language impairment: a pair in Patients 3 and 14). The chi-
square test revealed that neurostimulation of pairs includ-
ing ‘‘the center of auditory event-related c-augmentation’’
elicited congruent clinical symptoms more frequently than
that of other pairs (P < 0.0001).

ECoG analysis relative to ‘‘the onset of motor response’’
assessed how ‘‘c-range amplitude’’ was modulated in ‘‘the
center of auditory event-related c-augmentation’’ prior to

the onset of button-press; we found that the maximum ‘‘c-
range amplitude’’ in ‘‘the center of auditory event-related
c-augmentation’’ was larger when the contralateral hand
was used for motor responses, compared to when the ipsi-
lateral hand was used (mean, 82% [SD: 35%] vs. 63% [SD,
38%]; P ¼ 0.01 on the Wilcoxon-Signed Ranks Test; Fig. 3).
Exclusion of patient 10, whose seizure onset zone involved
‘‘the center of auditory event-related c-augmentation’’,
from this analysis yielded a similar result (mean, 85% [SD:
34%] vs. 64% [SD: 39%]; P ¼ 0.005). Additional group
analysis demonstrated no difference in the maximum ‘‘c-
range amplitude’’ in ‘‘the center of auditory event-related
c-augmentation’’ between the right and left hands (mean,
71% [SD: 38%] vs. 75% [SD, 37%]; P ¼ 0.5). Again, exclu-
sion of Patient 10 from this analysis yielded a similar
result (mean, 72% [SD, 39%] vs, 77% [SD, 37%]; P ¼ 0.4).

Gamma-Augmentation in the Rolandic Area

Motor-responses using the contralateral hand elicited
significant gamma augmentation in the pre- or postcentral
gyri in all 16 hemispheres of the 15 patients, regardless of
the age of patient, location of seizure focus, or location of
structural lesion. In Patient 10 with subdural electrodes
placed on both hemispheres (Fig. 2), c-oscillations were
differentially augmented in each Rolandic area when the
contralateral hand was used. Motor-responses using the
contralateral hand elicited significant c-augmentation in
5.1 Rolandic sites per hemisphere on average (SD, 2.0),

TABLE I. Patient profile

Patient Gender
Age

(years)
Antiepileptic
medications

Electrode
placement

Seizure onset
zones on ECoG

Resected
areas Histology

1 M 6 LEV, OXC, ZNS Rt FPTO Rt PO Rt POT Tumor
2 F 8 LEV, OXC Rt FPTO Not captureda Rt FP Gliosis
3 M 8 OXC Lt FPTO Not capturedb Lt T Tumor
4 F 10 OXC, TPM Lt FPTO Lt TP Lt T Tumor
5 M 10 LEV, OXC, TPM Rt FPTO Rt O Rt OPT Dysplasia
6 F 11 LEV, OXC, VPA Rt FPTO Rt FP Rt FP Dysplasia
7 F 11 LEV, OXC Rt FPTO Rt T Rt TF Dysplasia
8 M 14 LEV, OXC, TPM Rt FPTO Rt PT Rt PT Dysplasia
9 F 16 CBZ Rt FPTO Not capturedc Not applicable Not Available

10 F 16 CZP, PHT, TPM Rt FPTO Lt FP Rt FPT Rt FPT Gliosis
11 M 16 OXC, TPM Rt FPTO Rt T Rt T Dysplasia; Hippocampal Sclerosis
12 F 17 LTG Lt FPTO Lt F Lt F Gliosis
13 F 17 LEV, OXC Rt FPTO Rt O Rt O Gliosis
14 M 17 OXC Lt FPTO Lt T Lt T Tumor
15 F 18 LTG, OXC, ZNS Rt FPTO Rt PTO Rt PTO Ulegyria

aFrequent interictal spikes were noted in the right inferior frontal-parietal regions.
bOccasional generalized spike-wave discharges were noted; lesionectomy of the tumor in the left temporal region was performed.
cHabitual seizures failed to be captured during chronic ECoG recording; no resective surgery was performed. However, habitual seizures
characterized by forced head-deviation toward the left side were captured during preoperative scalp EEG recording; thereby, delayed ictal
discharges were noted over the right hemisphere but further localization of the presumed epileptogenic zone was not tenable in Patient 9.
F, female; M, male; Lt, left; Rt, right; CBZ, carbamazepine; CZP, clonazepam; LEV, levetiracetam; LTG, lamotrigine; OXC, oxcarbaze-
pine; PHT, phenytoin; TPM, topiramate; VPA, valproic acid; ZNS, zonisamide; F, frontal; P, parietal; T, temporal; O, occipital.
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whereas those using the ipsilateral hand did in 0.6 sites
per hemisphere (SD, 1.0). The Wilcoxon-Signed Ranks Test
suggested that the number of Rolandic sites showing sig-
nificant c-augmentation was larger when the contralateral
hand was used compared to when the ipsilateral hand
was (P < 0.001).

’’The center of movement-related c-augmentation’’ was
located in the precentral gyrus in two hemispheres, in the
postcentral gyrus in 10 hemispheres and on the central
sulcus in four hemispheres. The seizure onset zone
involved ‘‘the center of movement-related c-augmentation’’
in Patients 6 and 10. The maximum ‘‘c-range amplitude’’
elicited by the contralateral hand movement in ‘‘the center
of movement-related c-augmentation’’ was 178% (SD, 71%)
on average across the 16 hemispheres, and the peak la-
tency of ‘‘c-range amplitude’’ was þ50 ms (SD, 77 ms) fol-
lowing the onset of button-press; neither measures were
correlated with the age of subjects (P > 0.7 on the Spear-
man’s Rank Test).

Electrical neurostimulation of a pair including ‘‘the cen-
ter of movement-related c-augmentation’’ was performed
in all 15 patients. Neurostimulation was employed only in
the left hemisphere for Patient 10. Contralateral hand
movement was elicited by neurostimulation of 11 out of
the 15 pairs including ‘‘the center of movement-related c-
augmentation’’ (all but patients 2, 4, 8, and 14). Neurosti-
mulation of 50 out of the 538 pairs other than ‘‘the center

of movement-related c-augmentation’’ elicited contralateral
hand movement. The chi-square test revealed that neuro-
stimulation of pairs including ‘‘the center of movement-
related c-augmentation’’ elicited contralateral hand move-
ment more frequently than that of other electrode pairs
(P < 0.0001).

Gamma-Augmentation in the Rolandic Area

Ipsilateral to the Movement

In ‘‘the center of movement-related c-augmentation’’, the
maximum ‘‘c-range amplitude’’ elicited by the ipsilateral
finger movement was 42% on average across the 16 hemi-
spheres (SD, 31%), showing no correlation with the age of
subjects (P > 0.3 on the Spearman’s Rank Test). Group
analysis showed that the magnitude of c-augmentation eli-
cited by the ipsilateral finger movement was smaller than
that elicited by the contralateral finger movement (P <
0.001 on the Wilcoxon-Signed Ranks Test; Fig. 4) but was
significantly larger than zero (P < 0.001). Additional group
analysis demonstrated no difference in the maximum ‘‘c-
range amplitude’’ in ‘‘the center of movement-related c-
augmentation’’ between the right and left hands (mean,
96% [SD, 103%] vs. 123% [SD, 70%]; P ¼ 0.4). Exclusion of
Patients 6 and 10, whose seizure onset zone involved ‘‘the
center of movement-related c-augmentation’’ from the
above analyses yielded similar results (Fig. 4).

Figure 3.

The magnitude of c-augmentation elicited in the superior tem-

poral gyrus. The maximum ‘‘c-range amplitude’’ (unit: %) in ‘‘the

center of auditory event-related c-augmentation’’ is shown by a

bar graph. ECoG analysis relative to the onset of motor

responses showed that the maximum ‘‘c-range amplitude’’ was

82% on average when the hand contralateral to the recorded

hemisphere was used for motor responses and 63% on average

when the ipsilateral hand was used. AVE, average across the 15

hemispheres (error bars shown).
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DISCUSSION

The auditory–motor tasks elicited sequential c-augmen-
tation in the superior temporal gyrus and the Rolandic
area. Neurostimulation of the site showing the largest
event-related c-augmentation frequently elicited congruent
clinical symptoms. The magnitudes of c-augmentation in
the superior temporal gyrus and the Rolandic area on the
recorded hemisphere were larger when the hand contralat-
eral to the recorded hemisphere was required to be used
for motor responses, compared with when the ipsilateral
hand was.

Significance of c-Augmentation in the Superior

Temporal Gyrus

Our observation of c-augmentation initially elicited in
the superior temporal gyrus is consistent with previous
ECoG studies. It was demonstrated that nonlinguistic au-
ditory tones elicited c-augmentation at 40–160 Hz in the
superior temporal gyrus on either hemisphere [Bidet-Cau-
let et al., 2007; Crone et al., 2001; Edwards et al., 2005; Ray

et al., 2008b; Towle et al., 2008]. It was also reported that
c-augmentation at 50–100 Hz was elicited in the same site
within the left superior temporal gyrus commonly by au-
ditory tones and simple vocal sounds [Brosch et al., 2002;
Chandrasekaran and Ghazanfar, 2009; Crone et al., 2001].
Other studies demonstrated that c-augmentation at 50–150
Hz was elicited initially in the left superior temporal gyrus
by auditory semantic verbal words [Brown et al., 2008;
Lachaux et al., 2007; Towle et al., 2008].

Our observation of c-augmentation in the superior tem-
poral gyrus was also consistent with previous fMRI stud-
ies. Studies of healthy adults have localized overlapping
regions for processing of both speech and nonspeech
sounds in the posterior portions of superior temporal gyri
bilaterally [Belin et al., 2000; Binder et al., 2000; Burton
and Small, 2006; Callan et al., 2004; Jäncke et al., 2002; Joa-
nisse and Gati, 2003; Rimol et al., 2006; Warren et al.,
2002]. It was reported that the magnitude of cortical acti-
vation in the superior temporal gyri was greater when
semantic auditory verbal stimuli were given compared
with when vocal syllables or auditory tones were given
[Binder et al., 2000; Jäncke et al., 2002; Joanisse and Gati,

Figure 4.

The magnitude of c-augmentation elicited in the Rolandic area.

The maximum ‘‘c-range amplitude’’ (unit, %) in ‘‘the center of

movement-related c-augmentation’’ is shown by a bar graph;

thereby, ‘‘the center of movement-related c-augmentation’’ was

defined as the site showing the largest ‘‘c-range amplitude’’ eli-

cited by the contralateral hand movement. The maximum ‘‘c-
range amplitude’’ was 178% on average when the hand contralat-

eral to the recorded hemisphere was used for motor responses

and 42% on average when the ipsilateral hand was used. The

maximum ‘‘c-range amplitude’’ elicited by the ipsilateral hand

movement was noted in a site different from ‘‘the center of

movement-related c-augmentation’’ in two patients (Patients 5

and 11). ‘‘The center of movement-related c-augmentation’’ was

localized in the postcentral gyrus in Patient 5 and in the site

over the central sulcus in Patient 11; the maximum ‘‘c-range am-

plitude’’ elicited by the ipsilateral hand movement was noted in

the precentral gyrus in both patients. Difference in the maxi-

mum ‘‘c-range amplitude’’ between the ipsi- and contra-lateral

hand responses was larger in the Rolandic area, compared to

that in the superior temporal gyrus (see also Fig. 3). AVE, aver-

age across the 16 hemispheres (error bars shown); Lt, left; Rt,

right.
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2003; Rimol et al., 2006; Vouloumanos et al., 2001]. Thus,
cortical activation represented by c-augmentation in the
superior temporal gyrus may represent neural processing
for auditory information at least at acoustic and phonetic
levels and possibly at a semantic level. One cannot exclude
the possibility that some of our subjects may have com-
pleted the auditory–motor tasks without fully understand-
ing the semantic meaning of the auditory–verbal
commands, since two types of commands used in this
study (i.e., ‘‘Press’’ and ‘‘Do not press’’) had different pho-
netic features and length.

Gamma-augmentation in the superior temporal gyrus
seen in our study might also represent neural processing
for decision making occurring before relevant motor-
responses. A previous study using fMRI reported that the
amount of blood oxygen level-dependent (BOLD) in the
superior temporal gyri predicted accuracy in responses on
a sound-identification task, and suggested that the supe-
rior temporal gyri play a role in decision making in addi-
tion to auditory–sensory processing [Binder et al., 2004].
Other studies using fMRI and positron emission tomogra-
phy (PET) also demonstrated that the superior temporal
gyri were activated by tasks involving decision making
following perception of auditory or visual stimuli [Abler
et al., 2006; Braver et al., 2001; Carreiras et al., 2007; Hol-
comb et al., 1998; Lee et al., 2008; Rissman et al., 2003].

The Effect of the Laterality of Movements on

Activation in the Superior Temporal Gyrus

The magnitude of c-augmentation in the superior tem-
poral gyrus on the recorded hemisphere was larger by
30% on average when the contralateral hand was used,
compared with when the ipsilateral hand was. Increased
attention or movement preparation given to the assigned
hand might have resulted in increased functional connec-
tivity between the contralateral Rolandic and superior tem-
poral gyri via an intrahemispheric pathway. Our novel
observation is consistent with the hypothesis that local
and short neural circuitries are more predominantly uti-
lized for proper coordination and integration of informa-
tion, compared to distant and long circuitries in humans
[Gazanniga, 2000].

Our observation may have an important implication for
fMRI studies to determine language dominant hemisphere,
taking into account the tight correlation between c-aug-
mentation on ECoG and increased BOLD signals on fMRI
[Niessing et al., 2005]. In general, fMRI is susceptible to
motion artifacts, and language tasks involving overt
speech are not easy to apply to even healthy adults and
adolescents, due to inevitable motion during speech [Pul-
vermüller et al., 2006]. Therefore, subjects are often
instructed to provide relevant responses by a finger in
some fMRI studies [Springer et al., 1999; Szaflarski et al.,
2002]. Our observation suggests that laterality of finger-
motor responses may potentially confound BOLD signals

in the superior temporal gyri in fMRI studies to determine
language dominant hemisphere. A similar study using
fMRI may be warranted to directly address this issue.

Intracranial electrodes were placed on the left hemi-
sphere in four patients and primarily on the right hemi-
sphere in the remaining 11 patients. One may be
concerned that such unbalanced ECoG sampling may have
a potential effect on the results. It has been reported that
two tasks performed close together in time often elicit
response delays [i.e., dual-task interference phenomena,
reviewed in Pashler, 1994]. Previous studies of healthy
adults and children showed that a concurrent reading task
slowed down the speed of right-finger movement com-
pared to that of left-finger movement [Kosaka et al., 1993;
Van Hoof and Van Strien, 1997; Waldie and Mosley, 2000].
Yet, group analysis in this study demonstrated no signifi-
cant difference in the mean or SD of reaction time between
the left and right hands, or between the contralateral and
ipsilateral hands. Thus, there is no strong evidence sug-
gesting that our observations can be explained primarily
by the dual-task interference phenomena.

Significance of c-Augmentation in the

Rolandic Area

This study of children demonstrated that c-augmenta-
tion was elicited in the Rolandic area around the onset of
button-press, and larger c-augmentation was elicited by
the contralateral finger movement than the ipsilateral one.
Movement of the contralateral hand was frequently eli-
cited by neurostimulation of the site showing the largest
movement-related c-augmentation. Our observations are
consistent with previous ECoG studies primarily focusing
on adults with focal epilepsy. It was demonstrated that c-
augmentation at 40–200 Hz was elicited in both pre- and
postcentral gyri by movement of the contralateral hand
[Crone et al., 1998; Miller et al., 2007a,b; Ohara et al., 2000;
Pfurtscheller et al., 2003; Szurhaj et al., 2005; Schalk et al.,
2008; Wisneski et al., 2008; Zanos et al., 2008]. A study of
five adults with focal epilepsy suggested that c-augmenta-
tion was elicited over the Rolandic area strictly during
contralateral movement but not during ipsilateral move-
ment [Crone et al., 1998]. Another study of a 27-year-old
male with focal epilepsy showed that slight c-augmenta-
tion was elicited over the Rolandic area during ipsilateral
thumb movement [Zanos et al., 2008]. Group analysis
employed in our study demonstrated the presence of
weak but significant c-augmentation elicited in the ipsilat-
eral Rolandic area. Our individual-based analyses also
demonstrated the presence of movement-related c-aug-
mentation over the ipsilateral Rolandic area in 6 out of the
15 children. Previous studies using several diagnostic
modalities have suggested that hand-movement-related
cortical activation in the contralateral Rolandic area may
represent processing for motor execution, whereas such
cortical activation in the ipsilateral Rolandic area may
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represent planning or selection of movement [Catalan
et al., 1998; Haaland et al., 2004; Kawashima et al., 1998;
Rao et al., 1993; Wisneski et al., 2008].

Movement-related c-augmentation in the postcentral
gyrus does not necessarily represent pure somatosensory
processing. Previous human studies showed that neurosti-
mulation of the postcentral gyrus frequently resulted in
movement of the contralateral extremities [Fukuda et al.,
2008; Nii et al., 1996], regardless of the age, the presence
of dysplastic lesion, or seizure onset involving the frontal
lobe [Haseeb et al., 2007]. Another human study suggested
that resection of the postcentral gyrus resulted in more
pronounced deficits of the contralateral extremities com-
pared to those after resection of the precentral gyrus [Pol-
key, 2000]. Previous studies of healthy adults using
transcranial magnetic stimulation (TMS) demonstrated that
the TMS-related current flowing across the central sulcus
not in an ‘‘anterior-to-posterior’’ but a ‘‘posterior-to-ante-
rior’’ direction optimally activated the motor cortex [Bra-
sil-Neto et al., 1992; Werhahn et al., 1994]. A study of
healthy adults using diffusion tensor images showed that
the cortico-spinal tracts were connected to the postcentral
gyrus in addition to the precentral gyrus [Hua et al.,
2008]. Furthermore, statistical analyses in this study sug-
gested that neurostimulation of the sites showing move-
ment-related c-augmentation frequently elicited hand
movement.

Methodological Limitations

Inevitable limitations of ECoG recording include: sam-
pling limitation, antiepileptic drugs, and inability to study
healthy volunteers. In our study, most of patients had sub-
dural electrodes placed only on the cortical surface of the
presumed epileptogenic hemisphere; we were not able to
evaluate the other hemisphere or subcortical structures. It
has been reported that interictal epileptiform activities in
animals and patients with focal epilepsy include paroxys-
mal c-band oscillations (also known as ‘‘ripples’’) [Bag-
shaw et al., 2009; Buzsáki et al., 1992], which may
potentially influence the measurements of event-related c-
oscillations. Such ripples are observed most frequently
during non-REM sleep and rather rarely during wakeful-
ness [Bagshaw et al., 2009]. In this study, visual assess-
ment failed to observe interictal spike discharges
originating from the Rolandic area during the tasks. All
subjects included in this study had a diagnosis of focal
epilepsy and the sampled hemispheres were suspected to
be dysfunctional; thus, interpretation and generalization of
our results must be made cautiously along with the obser-
vations in studies of healthy humans using noninvasive
diagnostic modalities such as fMRI. We found that the
locations of eloquent cortices suggested by ECoG analyses
in this study were concordant with those reported in pre-
vious fMRI studies of healthy adults [Belin et al., 2000;
Binder et al., 2000; Yousry et al., 1997]. Our observation of

the magnitudes of event-related c-augmentation being
larger when the contralateral hand was used would be dif-
ficult to explain by the effect of underlying disease process
alone. Even if localization of eloquent cortices may have
been altered in some of our subjects, it would be plausible
to assume that the sequential order of eloquent areas par-
ticipating in the auditory–motor process (i.e., perception of
externally presented auditory–verbal commands, compre-
hension of given verbal commands, relevant decision mak-
ing, and execution of button-press) would be similar
between epileptic patients and healthy individuals.

Antiepileptic drugs may affect the findings of neurosti-
mulation and time-frequency ECoG analysis. Here, phe-
nytoin 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
[Chen et al., 1997]. We recognize that failure to elicit clini-
cal symptoms by neurostimulation could be partially
attributed to the acute effect of phenytoin given prior to
neurostimulation. Studies of healthy volunteers using
other diagnostic modalities should be taken into account
for interpretation of the results of our study.

Time-frequency ECoG analyses in this study satisfacto-
rily determined ‘‘the centers of auditory- and movement-
related c-augmentation’’ in all 15 subjects. Yet, we recog-
nize that the number of trials in each auditory–motor task
could have influenced the results of ECoG analyses. More
electrode sites potentially could have shown c-augmenta-
tion reaching significance, if a larger number of trials were
administered to our children and if the whole tasks were
successfully completed. Because of the limited time frame
with each patient room being quiet and due to the limited
attention span in some of our children, we recognized that
a larger number of trials were difficult to assign to all of
our subjects.
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